
Complimentary Contributor Copy



Complimentary Contributor Copy



 

CHEMISTRY RESEARCH AND APPLICATIONS 

 

 

 

 

 

 

 

 

 

LIPID PEROXIDATION 
 

INHIBITION, EFFECTS AND MECHANISMS 
 

No part of this digital document may be reproduced, stored in a retrieval system or transmitted in any form or
by any means. The publisher has taken reasonable care in the preparation of this digital document, but makes no
expressed or implied warranty of any kind and assumes no responsibility for any errors or omissions. No
liability is assumed for incidental or consequential damages in connection with or arising out of information
contained herein. This digital document is sold with the clear understanding that the publisher is not engaged in
rendering legal, medical or any other professional services. 

Complimentary Contributor Copy



 

CHEMISTRY RESEARCH AND APPLICATIONS 
 

 

Additional books in this series can be found on Nova’s website  

under the Series tab. 

 

 

Additional e-books in this series can be found on Nova’s website  

under the eBook tab. 

 

Complimentary Contributor Copy



 

CHEMISTRY RESEARCH AND APPLICATIONS 

 

 

 

 

 

 

 

 

LIPID PEROXIDATION 
 

INHIBITION, EFFECTS AND MECHANISMS 
 

 

 

 

 

 

 

 

ANGEL CATALÁ 

EDITOR 
 

 

 

 

 

 

 

 

 

 

 

 

 
New York 

 

Complimentary Contributor Copy



 

Copyright © 2017 by Nova Science Publishers, Inc. 

 
All rights reserved. No part of this book may be reproduced, stored in a retrieval system or transmitted in any form 

or by any means: electronic, electrostatic, magnetic, tape, mechanical photocopying, recording or otherwise without 

the written permission of the Publisher. 

 

We have partnered with Copyright Clearance Center to make it easy for you to obtain permissions to reuse content 

from this publication. Simply navigate to this publication’s page on Nova’s website and locate the “Get Permission” 

button below the title description. This button is linked directly to the title’s permission page on copyright.com. 

Alternatively, you can visit copyright.com and search by title, ISBN, or ISSN.  

  

For further questions about using the service on copyright.com, please contact:  

Copyright Clearance Center 

Phone: +1-(978) 750-8400 Fax: +1-(978) 750-4470  E-mail: info@copyright.com. 

 

NOTICE TO THE READER 

The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or implied warranty 

of any kind and assumes no responsibility for any errors or omissions. No liability is assumed for incidental or 

consequential damages in connection with or arising out of information contained in this book. The Publisher shall 

not be liable for any special, consequential, or exemplary damages resulting, in whole or in part, from the readers’ 

use of, or reliance upon, this material. Any parts of this book based on government reports are so indicated and 

copyright is claimed for those parts to the extent applicable to compilations of such works. 

 

Independent verification should be sought for any data, advice or recommendations contained in this book. In 

addition, no responsibility is assumed by the publisher for any injury and/or damage to persons or property arising 

from any methods, products, instructions, ideas or otherwise contained in this publication. 

 

This publication is designed to provide accurate and authoritative information with regard to the subject matter 

covered herein. It is sold with the clear understanding that the Publisher is not engaged in rendering legal or any 

other professional services. If legal or any other expert assistance is required, the services of a competent person 

should be sought. FROM A DECLARATION OF PARTICIPANTS JOINTLY ADOPTED BY A COMMITTEE 

OF THE AMERICAN BAR ASSOCIATION AND A COMMITTEE OF PUBLISHERS. 

 

Additional color graphics may be available in the e-book version of this book. 

 

Library of Congress Cataloging-in-Publication Data 

 
Names: Catalba, Angel, editor. 

Title: Lipid peroxidation : inhibition, effects, and mechanisms / Angel  

   Catalba (Instituto de Investigaciones Fisicoqubimicas Teboricas y  

   Aplicadas, Facultad de Ciencias Exactas, Universidad Nacional de La Plata,  

   Argentina), editor. 

Description: Hauppauge, New York : Nova Science Publishers, Inc., [2017] |  

   Series: Chemistry research and applications | Includes bibliographical  

   references and index. | Description based on print version record and CIP  

   data provided by publisher; resource not viewed. 

Identifiers: LCCN 2016050763 (print) | LCCN 2016050155 (ebook) | ISBN  

   9781536105308 () | ISBN 9781536105063 (hardcover) 

Subjects: LCSH: Lipids--Peroxidation. | Lipids--Oxidation. 

Classification: LCC QP751 (print) | LCC QP751 .L55244 2017 (ebook) | DDC  

   572/.57--dc23 

LC record available at https://lccn.loc.gov/2016050763 

 

Published by Nova Science Publishers, Inc. † New York 

 

Complimentary Contributor Copy



 

 

 

 

 

 

 

 

 

 

CONTENTS 
 

 

Preface  vii 

Chapter 1 Progress in the Knowledge of Lipid Peroxidation, from the First 

Evidences Issued by Nicolas - Theodore De Saussure in Paris 1804 1 
Angel Catalá 

Chapter 2 Fighting against Lipid Peroxidation in the Brain:  

The Unique Story of Docosahexaenoic Acid 15 
Mario Díaz, Verónica Casañas-Sánchez, Raquel Marín and  

José Antonio Pérez 

Chapter 3 Protective Effects of Melatonin and Structurally-Related Molecules 

in Reducing Membrane Rigidity due to Lipid Peroxidation 27 
J. J. García, L. López-Pingarrón, E. Esteban-Zubero,  

M. C. Reyes-Gonzales, A. Casanova, J. O. Alda, D. Pereboom and 

R. J. Reiter 

Chapter 4 Synergistic Effects of Antioxidant Compositions during Inhibited 

Lipid Autoxidation 49 
Vessela D. Kancheva and Silvia E. Angelova 

Chapter 5 Lipid Peroxidation and Animal Longevity 83 
A. J. Hulbert, Nicolas Martin and Paul L. Else 

Chapter 6 Free Radicals and Lipid Peroxides in Health and Disease 99 
Naveen K. V. Gundala, Siresha Bathina and Undurti N. Das 

Chapter 7 Lipid Peroxidation in Autoimmune Diseases: Friend or Foe? 125 
Ana Reis and M. Rosário M. Domingues 

Chapter 8 Aldehydes Derived from Lipid Peroxidation in  

Cancer and Autoimmunity 147 
Giuseppina Barrera, Stefania Pizzimenti, Martina Daga,  

Chiara Dianzani, Giovanni P. Cetrangolo, Alessio Lepore,  

Alessia Arcaro and Fabrizio Gentile 

Complimentary Contributor Copy



Contents vi 

Chapter 9 The Role of Reactive Oxygen Species and Lipid Peroxidation in the 

Neurodegenerative Process after Spinal Cord Injury 173 
E. García, R. H. Rodríguez-Barrera, M. Goldberg and A. Ibarra 

Chapter 10 Kinetics and Mechanism of Inhibited Lipid Autoxidation in 

Presence of 4-Substituted-Coumarins 213 
Vessela D. Kancheva, Silvia E. Angelova and  

Adriana K. Slavova-Kazakova 

Chapter 11 Hypoxia and Oxidative Stress: Cell Signaling Mechanisms and 

Protective Role of Vitamin C and Cilnidipine 249 
Kusal K. Das, Swastika N. Das and Jeevan G. Ambekar 

Chapter 12 Characterization of Oxidative Stress and Antioxidant’s Potency: 

Pay Attention to Time and Location 263 
Dov Lichtenberg and Ilya Pinchuk 

Chapter 13 Lipid Peroxidation in Aquatic Organisms:  

Ontogenic, Phylogenic and Ecological Aspects 271 
I. I. Rudneva and V. G. Shaida 

Chapter 14 Chemistry of Lipid Oxidation in Edible Oils 309 
Alam Zeb 

Chapter 15 Menopause Progression and Oxidative Stress: Associated 

Mechanisms and the Importance of Physical Exercise 321 
Randhall Bruce Kreismann Carteri 

About the Editor 333 

Index  335 

Complimentary Contributor Copy



 

 

 

 

 

 

 

 

 

 

PREFACE 
 

 

This book presents an overview of lipid peroxidation: inhibition, effects and mechanisms. 

The topics analyzed, cover a broad spectrum of functions played by lipid peroxidation and 

presents new information in this area of research. The topics analyzed include: progress in the 

knowledge of lipid peroxidation, from the first evidences issued by Nicolas Theodore de 

Saussure in Paris 1804; fighting against lipid peroxidation: the unique story of 

docosahexaenoic acid in the brain; protective effects of melatonin and structurally-related 

molecules in reducing membrane rigidity due to lipid peroxidation; synergistic effects of 

antioxidant compositions during inhibited lipid autoxidation; lipid peroxidation and animal 

longevity; free radicals in health and disease; lipid peroxidation in autoimmune diseases; 

aldehydes derived from lipid peroxidation in cancer and autoimmunity; the role of reactive 

oxygen species and lipid peroxidation in the neurodegenerative process after spinal cord 

injury; kinetics and mechanisms of inhibited lipid autoxidation in presence of 4-substituted-

coumarins; hypoxia and oxidative stress: cell signaling mechanisms and protective role of 

vitamin C and cilnidipine; characterization of oxidative stress and antioxidant potency; 

paying attention to time and location; lipid peroxidation in aquatic organisms: ontogenetic, 

phylogenetic and ecological aspects; chemistry of lipid oxidation in edible oils; and 

menopause progression and oxidative stress: associated mechanisms and the importance of 

physical exercise. 

Chapter 1 - The first evidences for the peroxidation of lipids were published in Paris 1804 

by the Swiss chemist Nicolas–Theodore de Saussure in the book “Recherches chimiques sur 

la végétation” In his book he described the principal components of plants, their synthesis and 

decomposition. New observations on the chemical performance of plant lipids lay the basis of 

the understanding of their oxidative properties. The major credit for developing the 

hydroperoxide hypothesis of lipid autoxidation is due to Farmer and co-workers, reported in 

the 1940s (Farmer et al., 1943). Later in the 1950s, the significance of lipid peroxidation to 

biological systems and medicine began to be widely explored. In this chapter, the author 

reviews the progress in the knowledge of lipid peroxidation, from the first evidences issued 

by Nicolas - Theodore de Saussure and then the author describes important hand marks in the 

knowledge of lipid peroxidation from 1940s up to now. The author also reviews some basic 

concepts of the chemistry and biochemistry of lipid peroxidation as well as specific markers 

of lipid peroxidation. 

Chapter 2 - Brain parenchyma is extremely sensitive to oxidative stress. Several factors 

determine such susceptibility. First, brain is highly enriched in polyunsaturated fatty acids, 
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which are easily peroxidable. Second, brain tissues contain high contents of transition metals, 

such as iron and copper, which favour the so-called Fenton reactions. And third, the high rate 

of aerobic metabolism of nerve cells yields reactive oxygen species (ROS) as a consequence 

of incomplete metabolic reduction of oxygen to water. Paradoxically, brain is the organ 

containing the largest amount of docosahexaenoic acid (DHA) in the whole body, which, in 

turn, is predominant amongst all fatty acids in the brain membranes. The question arises on 

how this highly peroxidable polyunsaturated fatty acid can be homeostatically regulated to be 

protected from oxidative stress in nerve cell membranes. Recent evidences have aid to 

unravel part of the mechanisms whereby DHA levels are preserved in such pro-oxidant 

scenario, without substantial peroxidation. Indeed, beyond its essential role as membrane 

phospholipid constituent, DHA is also a powerful modulator of transcriptional activity in 

nerve cells. Thus, DHA can efficiently stimulate gene expression of different antioxidant 

complexes, including thioredoxin and glutathione systems. Noteworthy, DHA is a powerful 

modulator of different isoforms of the phospholipid-hydroperoxide glutathione peroxidase 

(Gpx4) gene expression. GPx4 is unique in that it is the only family of isoforms capable of 

reducing oxidized phospholipids in membranes without the need of deacylation by 

phospholipase A2 (PLA2). The final scenario is that DHA modulates neuronal antioxidant 

capacity to ensure its self-protection from oxidative threats.  

Chapter 3 - Lipid peroxidation is the expression of free radicals damage in biological 

membranes. The biochemical reaction is an autooxidative and degenerative process in which 

the acyl chains of the phospholipids are especially vulnerable to free radical attack. Structural 

changes in biomembranes produced during lipid peroxidation disrupt molecular motion in the 

membrane and tends to increase phospholipid bilayer rigidity. Changes in membrane fluidity 

are critically important for the homeostasis of numerous cell functions. Even slight changes in 

membrane fluidity may cause aberrant cellular function and induce pathological processes. 

Thus, there is considerable interest in molecules which are able to preserve fluidity levels in 

the membranes because of their protective effects against lipid peroxidation. 

The discovery of melatonin as a highly efficient free radical scavenger and general 

antioxidant in a wide variety of tissue homogenates and organisms as well, has stimulated a 

large number of studies related to the ability of this molecule to stabilize membranes from 

oxidative damage. While numerous reports have shown the ability of this indoleamine to 

preserve optimal levels of fluidity in biological membranes and to resist the rigidity induced 

by free radical attack, there is little information regarding the antioxidant ability of other 

indoleamines and β-carbolines synthesized in the pineal gland. In the present work, the 

authors review the current findings related to the beneficial effects of melatonin and 

structurally-related compounds in maintaining the fluidity of biological membranes against 

lipid peroxidation, and further, the authors discuss its implications in ageing and disease. 

Chapter 4 - Biologically active compounds with antioxidant potential, i.e., bio-

antioxidants (natural and their synthetic analogs) have a wide range of applications. They are 

important drugs, antibiotics, agrochemical substitutes, food preservatives, etc. Many of the 

drugs today are synthetic modifications of naturally obtained substances with both biological 

and antioxidant activities. Nowadays bio-antioxidants play an important role in disease 

prevention as components of food additives and antioxidant drugs in mono- or in complex 

therapy.  

Twenty antioxidant compositions, containing mono-, bi- and polyphenols, have been 

selected for this study. Various kinetic parameters and theoretical descriptors were applied to 
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explain the effects observed and mechanisms of action of these antioxidant compositions. It 

has been proven that the synergism observed between components in the studied mixtures is 

mainly due to regeneration of the stronger antioxidant in the binary mixture. 

If two or more antioxidants are added to the oxidizing lipid substrate, their combined 

inhibitory effect can be additive (summary), antagonistic (negative) or synergistic (positive). 

Different effects of various antioxidant compositions were compared and discussed. 

Synergism - when the combined inhibiting effect of the mixture (IPAOH + TOH) is higher than 

the sum of inhibiting effects (IPAOH + IPTOH) of the individual components, i.e., IPAOH + TOH > 

IPAOH + IPTOH. Additivism - when the antioxidant mixture ensured the same inhibiting effect 

as the sum of the inhibiting effects of the individual components, i.e., IPAOH + TOH = IPAOH + 

IPTOH. Antagonism - when the combined inhibiting effects of the antioxidant mixtures is 

lower/weaker than the sum of the individual components, i.e., IPAOH + TOH < IPAOH + IPTOH. 

The synergism observed can be explained by two kinds of reaction mechanisms: 

 

 H atom transfer from the studied antioxidant (AOH) to the tocopheryl 

radical (TO•), which is reversible, but in case of synergism the equilibrium is 

shift to the right direction, i.e., to the regeneration of TOH, which is the 

stronger antioxidant. 

 Cross-dissproportionation reaction between phenoxyl (AO•) and tocopheryl 

(TO•) radicals with regeneration the stronger antioxidant (TOH) and 

formation of quinone (A = O) from AOH. 

In case of antagonism between AOH and TOH: 

 H atom transfer leads to the regeneration of the weaker antioxidant (AOH), 

but not the stronger one (TOH). 

 Cross-recombination reaction between both phenoxyl radicals (AO•) and 

(TO•) to inactive compounds is preferred. 

 Cross-dissproportionation reaction between both phenoxyl radicals (AO•) 

and (TO•) with the regeneration of the weaker antioxidant (AOH) and 

tocopheryl methylene quinone (T = O) formation. 

 

The behavior of the studied antioxidants (AOH) when mixed with TOH has been 

rationalized on the basis of the calculated BDEs (Bond Dissociation Enthalpies), chemical 

structures of the molecules and the possible formation of intermolecular complexes. New 

equations for determination of different effects observed (synergism and antagonism) and 

calculation (in %) are proposed here for the first time.  

Chapter 5 - Ageing is universal among animals and different animal species have 

distinctive maximum lifespans. This variation in longevity achieved by evolution is several 

orders-of-magnitude greater than that achieved by experimental or genetic manipulation and 

can provide considerable insight into the mechanisms of ageing. Following the observation 

that membrane fatty acid composition varies with body size among mammal species, it 

became apparent that the fatty acid composition of membrane lipids was also strongly 

correlated with the maximum lifespan of mammals. This emphasised the importance of lipid 

peroxidation in ageing and determination of longevity. While saturated and monounsaturated 

fatty acids are resistant to lipid peroxidation, polyunsaturated fatty acids are peroxidised and 

the more polyunsaturated the fatty acid the more susceptible it is to peroxidation. It is possible 

to calculate a peroxidation index (PI) for a particular membrane fatty acid composition and 

this PI value expresses the calculated susceptibility of the membrane to peroxidative damage 
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as well as the relative abundance of secondary lipid-based reactive species produced by the 

primary ROS made from mitochondrial respiration. The PI value of membranes is inversely 

related to lifespan of mammals. Furthermore, exceptionally long-living mammal species 

(naked mole rats, echidnas and humans) have membrane lipid PI values lower-than-expected 

for their body size but as expected for their specific lifespan. Similarly, within a mammal 

species (mice) long-living strains have membrane lipids with a low PI. The experimental 

treatment of calorie-restriction, known to extend lifespan of mammals, has also been shown 

to decrease membrane PI values. Birds are longer-living than similar-sized mammals and 

show the same relationship between membrane composition and longevity. An inverse 

relationship between membrane lipid PI and longevity is also observed in invertebrates, 

although it is not the same precise relationship as observed in mammals and birds. 

Experiments to test the link between maximum longevity and membrane composition via diet 

manipulation have been generally unsuccessful because membrane PI appears to be 

homeostatically regulated with respect to diet PI. Other recent experimental alterations of 

membrane composition (e.g., by RNAi knock-down in C. elegans) support a link between 

membrane fatty acid composition, resistance to oxidative stress and longevity. Other aspects 

of membrane lipid composition (e.g., plasmalogens and non-methylene-interrupted fatty 

acids) may also be important for some species. These observations suggest lipid peroxidation 

is central to the biology of ageing and the determination of the distinctive longevities of 

different animals.  

Chapter 6 - Free radicals and consequent lipid peroxidation process and lipid peroxides 

have direct effects on cell growth and development, cell survival and play a significant role in 

various diseases including cancer. During the electron-transport steps of ATP production, due 

to the leakage of electrons from mitochondria, reactive oxygen species (ROS), e.g., 

superoxide anion (O2-.) and hydroxyl (OH.) radicals, are generated. These ROS, in turn, lead 

to the production of hydrogen peroxide (H2O2), from which further hydroxyl radicals are 

generated in a reaction that depends on the presence of Fe2+ ions. Free radicals and lipid 

peroxides have both beneficial and harmful actions. Free radicals are needed for signal-

transduction pathways that regulate cell growth, reduction-oxidation (redox) status, and as a 

first line of defense by leukocytes against infections. Paradoxically, excess of free radicals 

and lipid peroxides start lethal chain reactions that can inactivate vital enzymes, proteins and 

other important subcellular elements needed for cell survival and may also induce apoptosis. 

Thus, free radicals and lipid peroxides are like a double-edged sword and play a significant 

role in health and disease. Physiological amounts of free radicals and lipid peroxides are 

needed for normal health of cells, tissues and organs while excess may induce sufficient 

damage to cells and tissues and lead to their dysfunction and disease(s). In view of their 

potent actions, concentrations of free radicals and lipid peroxides are regulated by the 

antioxidant status of cells. Thus, the balance between free radicals and lipid peroxides and 

antioxidants is important for normal health and disease. There is evidence to believe that free 

radicals, lipid peroxides and antioxidants participate in inflammation, immune response and 

thus, play a significant role in atherosclerosis, cardiovascular diseases, Alzheimer’s disease, 

cerebrovascular diseases, Parkinson’s disease, and other neurodegenerative and/or 

neuroinflammatory diseases, rheumatological conditions, obesity, diabetes mellitus, 

hypertension, metabolic syndrome, cancer and several other diseases/disorders. Hence, 

methods designed to fine tune free radicals/lipid peroxidation/antioxidant status of cells may 

form a new approach to several diseases. 
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Chapter 7 - Auto immune diseases (AIDs) comprise over 80 different disorders that affect 

1-2% of the world population. AIDs are triggered by genetic, environmental and metabolic 

factors affecting mucous, gastric, cutaneous, neuronal, connective, lung, bone and other 

tissues. The reported low antioxidant levels in autoimmune diseases suggest a redox 

imbalance and evidence that oxidative stress and oxidative modifications to biomolecules 

generating neoepitopes triggering an exacerbated inflammatory response and a major role in 

pathophysiology of these diseases. Increased carbonyl content and lipid hydroperoxides 

quantified in biological fluids evidences for an active role of lipid peroxidation in the onset 

and progression of autoimmune diseases. Lipid peroxidation is a very complex chain reaction 

that generates an overwhelming array of lipid peroxidation products (LPP) with epitopes 

recognized by the immune system and able to modulate the immune response. Given the 

complexity of the LPP likely to be formed, their accurate identification and quantification in 

the various biological fluids is challenging. 

This chapter describes the current knowledge on LPP identified in AIDs, their levels in 

fluids, cells and tissues, and methodological approaches applied for their detection and 

quantification. An overview on the advantages and limitations associated with the 

identification and quantification using specific and unspecific strategies will also be provided. 

Based on the findings, the authors describe their role in the onset and resolution of immune 

response and the validity of lipid peroxidation products (LPP) as potential AIDs biomarkers 

for early diagnosis and monitoring disease status. 

Chapter 8 - The unsaturated aldehydes derived from lipid peroxidation (LPO), such as 4-

hydroxy-2-nonenal (HNE), which are characterized by high chemical reactivity, diffusibility, 

and relatively long life, are considered to act as second messengers of oxidative stress. The 

majority of the cellular effects of reactive aldehydes are mediated by their interactions with 

either low-molecular-weight compounds, such as glutathione, or macromolecules, as proteins 

and DNA. In particular, aldehyde-protein adducts have been extensively investigated in 

disease conditions characterized by the pathogenic contribution of oxidative stress, such as 

cancer and autoimmune diseases. 

In cancer, these aldehydes can act as either positive or negative regulators, depending on 

their concentration and the tissue considered. As a consequence, the role of reactive 

aldehydes in cancer is double-sided. The ‘dark-side’ of reactive aldehydes has to do with their 

carcinogenic potential, while they also display anti-cancer effects, such as the inhibition of 

cell proliferation, angiogenesis, cell adhesion and the induction of differentiation and/or 

apoptosis in various tumor cell lines.  

The modification of self antigens via the formation of adducts of unsaturated aldehydes, 

such as HNE, is also linked to the breaking of immunological tolerance to self antigens in 

various autoimmune diseases. In experimental mice, T cell sensitization to HNE-modified 

autoantigens, such as SS-A2/Ro60, a prominent autoantigenic target of antinuclear 

autoantibodies in systemic lupus erythematosus (SLE) and Sjögren syndrome (SS), promoted 

the intramolecular spreading of the immune response to formerly tolerated epitopes of the 

native self antigen and the intermolecular spreading to other protein antigens and to DNA. 

Further investigations of the molecular mimicry between the adducts of HNE and its analog 

4-oxo-2-nonenal (ONE) with proteins and DNA and of the specificity of antibodies found in 

mice immunized with HNE-modified proteins and in patients with SLE suggest that HNE-

containing neoepitopes formed upon HNE generation and reaction with cell proteins can be 

instrumental for the breaking of immunological tolerance to self protein antigens and for the 
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production of bispecific autoantibodies, cross-reacting with native and aldehyde-modified 

DNA. 

Chapter 9 - The discovery of free radicals in biological materials first took place 50 years 

ago. Free radicals are classified as reactive nitrogen species (RNS) or reactive oxygen species 

(ROS). The latter are known to be responsible for the oxidation of lipids, proteins and DNA. 

Ordinarily, antioxidants ensure the maintenance of the appropriate redox homeostasis. The 

problem occurs when these protective mechanisms are overtaken by the excessive presence of 

ROS. Therefore, the presence of the latter results in significant functional consequences in a 

variety of diseases. 

The central nervous system (CNS) is an easy target for ROS due to its low antioxidant 

level and high concentration of Fe2+
,
 oxygen, and polyunsaturated fatty acids (PUFAs). 

Consequently, the activation of auto-destructive mechanisms after spinal cord injury (SCI), 

such as the inflammatory response, induce an elevated presence of ROS and lipid 

peroxidation (LP) of PUFAs, which lead to axonal demyelination and cell death. LP is 

perhaps one of the most important tissue damaging phenomenon after SCI. LP is a process 

that spreads over the surface of the cell membrane altering the PUFAs, which in turn causes 

an impairment of phospholipid-dependent enzymes, disruption of ionic gradients, and even 

membrane lysis. These alterations reduce the generation and transmission of electrical 

potentials, and causes membrane and motor dysfunction. A significant increase in LP 

products is observed after SCI as early as 15 min after injury. Two well-characterized and 

highly toxic products of LP in SCI are 4-hyroxynonenal (4-HNE) and acrolein. 

LP after SCI is caused by elevated free radical concentrations that are released primarily 

by inflammatory cells. In fact, evidence shows that the presence of infiltrating inflammatory 

cells is significantly correlated with the amount of tissue damage after injury. When the 

inflammatory response is activated, high concentrations of free radicals, principally 

superoxide anion (O2-•) and nitric oxide (NO•), are produced. Together, these molecules have 

the capacity to generate neurotoxic compounds such as peroxynitrite that initiates the LP 

process. 

The discovery of therapeutic strategies that promote neuroprotection has been the aim of 

several research projects. At the moment, the use of pharmacological compounds is perhaps 

the most experimentally recurred strategy to counteract LP. These pharmacological 

interventions include: compounds that either inhibit the formation of ROS and RNS prior to 

the initiation of LP, compounds that inhibit the propagation of LP reactions or the use of 

scavengers for lipid radicals (LOO•) and the alkoxyl radical (LO•) posterior to the initiation 

of LP. 

Protective autoimmunity is an innovative strategy based on the modulation of 

autoreactive mechanisms in order to promote neuroprotection. Evidence has demonstrated 

that immunization with neural-derived antigens modulates this autoreactive response and 

inhibits LP after SCI. Several neuroprotective strategies have been proposed, in order to 

decrease the amount of ROS, NO• and LP after SCI. The first objective of this chapter is to 

describe the relationship between ROS, lipid peroxidation, and the inflammatory response 

after SCI. The second objective of this chapter is to describe the effects of diverse therapeutic 

strategies in the before-mentioned mechanisms. 

Chapter 10 - Coumarins are a large group of 1,2-benzopyrones derivatives widely 

distributed in natural plant sources. They have been studied in vivo and in vitro for their 

biological activities: anti-inflammatory, anti-carcinogenic, anti-viral, anti-thrombotic, anti-
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allergic, hypo-lipidemic and antioxidant activity. Some of them are considered to be 

interesting compounds for pharmaceutical research because of their wide spectrum of 

potentially positive pharmaceutical activities. Especially their antioxidant, anti-aggregant, 

lipid lowering, anti-inflammatory and vasorelaxing effects may predetermine them for the 

treatment and/or prevention of cardiovascular diseases. In fact, rare in vivo studies on 

coumarins suggested their positive role in the treatment of some cardiovascular diseases. 

However, the biochemical mechanisms underlying these effects are not clear. Some of the 

pharmaceutical activities of coumarins could be ascribed to their capacity to inhibit 

lipoxygenase and cycloxygenase and to scavenge reactive oxygen species. 

The antioxidant activity, as well as biological activity, of these compounds is strongly 

influenced by their chemical structure. The tendency to form mutagenic and toxic 3,4-

coumarin epoxide intermediates during metabolic degradation of 3,4-unsubstituted coumarins 

has limited their pharmaceutical application. Design of novel derivatives of coumarins (as 

drugs) may be a good strategy to overcome this problem. In contrast to unsubstituted 

coumarins, 4-substituted ones do not induce formation of epoxide. For this reason, they could 

be better candidates for pharmaceutical use. For example, 4-methylcoumarins are known to 

have some pharmaceutical effects: choloretic, analgetic, anti-spermatogenic, anti-tubercular, 

anti-diuretic, anti-inflammatory activities. 4-Hydroxycoumarins have a lot of applications as 

drugs with anticoagulant, spasmolytic, bacteriostatic, potential anti-HIV, antifungal and 

herbicide activities. Some of them are known for their antibiotic activity; furthermore some of 

them show low toxicity and dose-dependent anticoagulant activity in vivo. The most widely 

used antithrombotic agent in USA and Canada is racemic sodium Warfarin. All compounds of 

this group inhibit Vitamin K epoxide reductase, however, they cause some side effects. By 

synthesis of different 3,3’-arylidene-bis-(4-hydroxy-2H-chromen-2-ones) it is possible to 

obtain compounds with biological activity comparable to that of Warfarin, but with low 

toxicity and lower side effects. 

The study of the antioxidant inhibiting activity is an exciting challenge from both 

experimental and theoretical viewpoints. A comprehensive knowledge of the chemical and 

functional properties and antioxidant activities of 4-methyl-, and 4-hydroxycoumarin 

derivatives could help to develop design strategies for creating non-toxic coumarins with 

antioxidant activity. Here the authors present the structure-antioxidant activity relationships 

of over forty 4-substituted coumarin derivatives (mainly 4-methyl-, and 4-hydroxycoumarins) 

studied by using combined experimental and theoretical approaches: radical scavenging 

activity, chain-breaking antioxidant activity during inhibited lipid autoxidation and theoretical 

methods using the density functional theory (DFT) for the calculation of quantum chemical 

features. The fundamental role of catecholic moiety in the inhibiting activity and the 

importance of substituents at positions 3 and 4 for the molecular structure are discussed. 

Chapter 11 - Hypoxia is a pathological condition that can directly impair the metabolic 

pathways in the living cells. Interestingly, physiological hypoxia is an important micro-

environmental signal, in a range of processes including new blood vessel formation 

(angiogenesis) during development, wound healing, regulation of vascular tone and response 

to exercise. Its effects are usually mediated via the activation of hypoxia inducible factor 1 

(HIF-1α), besides nitric oxide (NO) - an important key factor of hypoxia-induced responses. 

The low oxygen sensing at the cellular level exerts its defense through HIF-1α by increasing 

hypoxia adaptability but it cannot prevent the generation of free radicals through endothelial 

cellular oxidative stress which may lead to lysosomal, mitochondrial and microsomal 
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damage, resulting in organelle dysfunction. Beside these actions, hypoxia induced oxidative 

stress greatly impairs cell signal transduction by altering gene expression in hypoxia sensitive 

tissues. It has also been found that cellular adaptation to low oxygen is compromised in the 

presence of hyperglycemia, culminating in increased cell death and tissue dysfunction. An 

excessive accumulation of reactive oxygen species can elevate antioxidant enzymes and then 

impair beta cell functions. Recent observation reveals that chronic intermittent hypoxia (CIH) 

activates NADPH oxidase which is very important for HIF-1α expression and ROS 

production. NADPH oxidase hyperactivity also changes intracellular calcium homeostasis 

and stimulate further HIF-1α production, subsequently resulting in more ROS generation. 

High concentration of ROS excites carotid bodies that influences sympathetic adrenergic 

activities via chemoreflex, alters catecholamine and insulin secretary mechanisms. 

A link between hypoxia and glucose homeostasis has already been established. Present 

authors further ascertained that glucose homeostasis due to hypoxia can be modulated by 

supplementation of either vitamin C or L/N type calcium channel blocker, cilnidipine. 

This chapter provides understanding of the relationship between hypoxia induced 

increased sympathetic activation and consequent impaired glucose homeostasis. The chapter 

also highlights how hyperglycemia augments oxidative stress and induces the overproduction 

of ROS which modulates HIF-1α regulation and possible protective actions of antioxidant 

(vitamin c) and L/N type of Ca++ channel blocker (cilnidipine) against hypoxia induced 

altered pathophysiology in mammalian systems. 

Chapter 12 - Most of the commonly used assays of oxidative stress (OS) are based on the 

level of the studied biomarker, as measured at one time-point. OS, as evaluated with different 

assays do not correlate with each other, so that OS cannot be defined in universal terms. 

Furthermore, some biomarkers are not very stable in withdrawn blood and their level may 

depend on whether their level is measured immediately after being withdrawn or a half an 

hour later, particularly if the assay involves a stage of pretreatment. Most assays of 

antioxidants are conducted in solutions, whereas in biological systems amphiphilic 

phospholipids reside either in membranes or in emulsion micro-emulsion particles 

(lipoproteins) and peroxidation therefore occurs at the lipid-water interface. This, in turn, 

means that the relative activities of different antioxidants should be assayed in the medium of 

interest. Hence, an assay utilized to compare antioxidants in the search for improved 

inhibitors of peroxidation used as stabilizers of food-stuff, may have to be considerably 

different from the assay to be used in the search for antioxidants that will maximize the shelf 

life of a given drug. The authors propose evaluating oxidative status based on the length of 

the lag preceding copper-induced peroxidation of serum lipids and ranking antioxidants on 

the basis of the concentration of antioxidant required to double the lag. 

Chapter 13 - Lipid peroxidation (LPO) plays an important role in the evolution of living 

organisms and their adaptation to various environments. LPO attributes of the organism 

environmental stress caused the changes of natural conditions and anthropogenic impact. In 

recent years, there has been considerable interest in the use of biochemical indices within 

aquatic species, because they are the main source of food for people, and they contain many 

essential compounds including antioxidants, unsaturated fatty acids, carotenoids, vitamins, 

and etc. Lipid peroxidation parameters are good biomarkers, characterizing oxidative stress in 

the aquatic organisms, caused toxicants containing in effluents and sewage. To the other 

hand, LPO level in the animals depends on their physiological status, stage of development, 

age, abiotic (seasonal variations, temperature, oxygen concentration, physical and chemical 
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conditions in the habitats, and etc.), biotic factors (food composition, its consumption, 

parasitic and microbial infection) and anthropogenic impact. The study of LPO in different 

species may help to understand the mechanisms of reactive oxygen species (ROS) generation 

and their role in the origin of life and evolution of the living organisms belonging to various 

taxa. This chapter discusses the following areas including (1) lipid peroxidation levels in 

aquatic organisms in their early life and related to age; (2) lipid peroxidation level in the 

tissues of aquatic animals belonging to different taxa and ecological groups; (3). fluctuations 

of lipid peroxidation level in aquatic organisms inhabiting locations, characterizing different 

environmental conditions; (4) use LPO parameters as biomarkers of aquatic animals health, 

exposed to pollution and toxicants.  

Chapter 14 - Edible oils are rich in triacylglycerols, which are made of saturated and 

unsaturated fatty acids. Triacylglycerols are oxidized by different factors such as light, heat in 

the presence of oxygen. Triacylglycerols composition plays important role in the chemistry of 

oxidation process. The formation of triacylglycerol free radicals are the starting point in the 

free radical mechanism. This chapter provides an insight in to the reaction mechanism of the 

formation of different primary oxidation compounds of triacylglycerol oxidation. The 

formation of hydroperoxides of linolenic, linoleic and oleic acids moieties are explained. The 

mechanism of formation of primary oxidation products such as hydroperoxides, epoxides, 

hydroxides, epidioxides and epoxy epidioxides are given. The presence of oxidized products 

of edible plays significant role in the rancidity of foods and health effects in human. 

Chapter 15 - The increasing number of elderly people is a phenomenon that encourages 

the search for strategies to promote health and decrease the risk of age-related diseases. 

Studies have related that the decrease in physical activity, dyslipidemia, oxidative stress and 

changes in oxidative enzymes are associated with increased risk of cardiovascular disease in 

postmenopausal women. Acutely, exercise can increase the production of reactive oxygen 

species through several mechanisms. Additionally, studies involving chronic responses to 

exercise suggest that training promotes beneficial adaptations in postmenopausal women. 

However, studies involving the acute response of oxidative stress markers with different 

modes of exercise in this population are scarce. Since aerobic and resistance exercise have 

beneficial effects on the antioxidant system and markers of oxidative stress, the aim of this 

review is to relate menopause and its progression to oxidative stress and discuss the 

importance of exercise as a protective factor against oxidative stress.  
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ABSTRACT 
 

The first evidences for the peroxidation of lipids were published in Paris 1804 by the 

Swiss chemist Nicolas–Theodore de Saussure in the book “Recherches chimiques sur la 

végétation” In his book he described the principal components of plants, their synthesis 

and decomposition. New observations on the chemical performance of plant lipids lay the 

basis of the understanding of their oxidative properties. The major credit for developing 

the hydroperoxide hypothesis of lipid autoxidation is due to Farmer and co-workers, 

reported in the 1940s (Farmer et al., 1943). Later in the 1950s, the significance of lipid 

peroxidation to biological systems and medicine began to be widely explored. In this 

chapter, I review the progress in the knowledge of lipid peroxidation, from the first 

evidences issued by Nicolas - Theodore de Saussure and then I describe important hand 

marks in the knowledge of lipid peroxidation from 1940s up to now. I also review some 

basic concepts of the chemistry and biochemistry of lipid peroxidation as well as specific 

markers of lipid peroxidation. 

 

 

 

 

 

                                                           
* catala@inifta.unlp.edu.ar. 
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INTRODUCTION 
 

Five decades ago PUFAs were of negligible interest, for their only value was as 

constituents of drying oils. They were known to be components of nutritional fats, but were 

considered to be functional only as a source of calories. In 1929, George Oswald Burr and his 

wife Mildred, published a paper (Burr and Burr, 1929) which discovered that elimination of 

fat from the diet of animals induced a deficiency illness, and their afterward papers showed 

that this illness could be prevented or cured by the addition of linoleic acid in the diet (Burr 

and Burr, 1930) and (Burr, 1942). Thus, they proved convincingly that linoleic acid was an 

essential fatty acid, and introduced the concept that fats should no longer be considered just as 

a source of calories and as a carrier of fat-soluble vitamins, but that fats have an intrinsic 

specific nutritive value. Much more would be discovered later about the functions of the 

essential fatty acids. 

My first experience with polyunsaturated fatty acids started in 1964 (five decades ago) 

when I was accepted as “research assistant” without salary at the Department of 

Biochemistry, Institute of Physiology, Faculty of Medical Sciences, National University of La 

Plata, Argentina. This was before the era of molecular biology and the limitations in 

biochemical science were organic and analytical chemistry. Polyunsaturated fatty acids has 

followed me during my whole scientific career and I have published a number of studies 

concerned with different aspects of them such as: chemical synthesis, mechanism of 

enzymatic formation, metabolism, transport, physical, chemical, and catalytic properties of a 

reconstructed desaturase system in liposomes, lipid peroxidation and its biological 

implications, quantitative methods for its analysis (Catala, 2013). 

In this chapter I would like to review some basic concepts of the chemistry and 

biochemistry of lipid peroxidation, and then I will review some selective parts of the research 

I was involved that range from the early sixties up to now.  

 

 

LIPIDS ARE A HETEROGENEOUS GROUP OF COMPOUNDS 
 

Lipids are a heterogeneous group of compounds having numerous significant functions in 

the body (Benedetti et al., 1980). They are also important nutritional constituents not only 

because of their high-energy value but also because of the fat-soluble vitamins and essential 

fatty acids that are contained in natural foods. About 85–90% of the oxygen consumed by 

humans is utilized by the mitochondria for energy production (Benedetti et al., 1980, Schulz, 

2008). When lipids are oxidized without release of energy, unsaturated lipids go rancid due to 

oxidative deterioration when they react with molecular oxygen. This process is named lipid 

peroxidation and the introduction of an oxygen molecule is catalyzed by free radicals (non-

enzymatic lipid peroxidation) or enzymes (enzymatic lipid peroxidation) (Halliwell and 

Gutteridge, 1980; Halliwell and Chirico, 1993; Gutteridge, 1995). 
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The Discovery of Essential Fatty Acids 
 

In the years 1927 and 1929, two discoveries were made almost at the same time: vitamin 

E (Evans et al., 1927) and the essential unsaturated fatty acids (Burr and Burr, 1929) Vitamin 

E was introduced with great display and was a continuous preferred of the media, but there is 

little doubt today that the polyunsaturated fatty acids are a more significant dietary 

component than is vitamin E.  

Linoleic acid (18:2n-6) is the predominant plant-derived nutritional n-6 PUFA and is a 

precursor for arachidonic acid (20:4n-6) and eicosanoids. -Linolenic acid (18:3n-3) is the 

predominant plant-derived nutritional n-3 PUFA and is a precursor for docosahexaenoic acid 

22:6n-3 (DHA). 

 During the last four decades the interest in polyunsaturated fatty acids has augmented 

manifolds and the number of published studies is rising each year. The current impetus for 

this interest has been mainly the observation that polyunsaturated fatty acids (PUFAs) and 

their metabolites have a diversity of physiological roles including: energy provision, 

membrane structure, cell signaling and regulation of gene expression. In addition the 

observation that PUFAs are targets of lipid peroxidation opens a new important area of 

investigation. Lipid peroxidation is one of the major outcomes of free radical-mediated injury 

to tissue. Peroxidation of fatty acyl groups occurs mostly in membrane phospholipids. 

Peroxidation of lipids can greatly alter the physicochemical properties of membrane lipid 

bilayers, resulting in severe cellular dysfunction. In addition, a variety of lipid byproducts is 

produced as a consequence of lipid peroxidation, some of which can exert adverse and/or 

beneficial biological effects.  

 

 

First Evidences for the Peroxidation of Lipids 
 

The first evidences for the peroxidation of lipids were published in Paris 1804 by the 

Swiss chemist Nicolas – Theodore de Saussure in the book “Recherches chimiques sur la 

vegetation.” In his book he described the principal components of plants, their synthesis and 

decomposition. New observations on the chemical performance of plant lipids lay the basis of 

the understanding of their oxidative properties. 

This type of lipid oxidation has been documented since ancient times as a difficulty in the 

storage of fats and oils, and lipid peroxidation has long been studied by food chemists, 

polymer chemists and even museum curators involved in the oxidative degradation of 

precious paintings. The major credit for developing the hydroperoxide hypothesis of lipid 

autoxidation is due to Farmer and co-workers, reported in the 1940s (Farmer and Sutton, 

1943; Farmer et al., 1943). Later in the 1950s, the significance of lipid peroxidation to 

biological systems and medicine began to be widely explored. 

 

 

The Lipid Peroxidation Process, Basic Concepts 
 

Unsaturated organic molecules with weak C-H bonds are particularly prone to undergo 

autoxidation, a process that proceeds by a free radical chain mechanism. Autoxidation of 
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polyunsaturated fatty acid esters and sterols, known as lipid peroxidation, has attracted 

increased research attention over the last few decades. One reason for this interest is due to 

the unique role that lipid-derived peroxides play in biology, both as modulators of enzymes 

and as intermediates in biosynthetic processes. The study of free radical autoxidation has a 

history dating from the 1940s and its relevance to issues in chemistry and biology continues 

to grow. “Oxidative stress” has importance in pathologies as diverse as aging, cancer, as well 

as in cardiovascular and neurodegenerative diseases. 

Oxidative stress that occurs in the cells, because an imbalance between the 

prooxidant/antioxidant systems, cause damage to biomolecules such as nucleic acids, 

proteins, structural carbohydrates, and lipids (Sies and. Cadenas, 1985). Among these targets, 

the peroxidation of lipids is basically harmful because the formation of lipid peroxidation 

products leads to spread of free radical reactions. The general process of lipid peroxidation 

consists of three stages: initiation, propagation, and termination (Catalá, 2006). The initiation 

phase of lipid peroxidation includes hydrogen atom abstraction. Several species can abstract 

the first hydrogen atom and include the radicals: hydroxyl (●OH), alkoxyl (RO●), peroxyl 

(ROO●), and possibly HO2
● but not H2O2 or O2−● (Gutteridge, 1988).  

The membrane lipids, mainly phospholipids, containing polyunsaturated fatty acids are 

predominantly susceptible to peroxidation because abstraction from a methylene (-CH2-) 

group of a hydrogen atom, which contains only one electron, leaves at the back an unpaired 

electron on the carbon, -●CH-. The presence of a double bond in the fatty acid weakens the 

C–H bonds on the carbon atom nearby to the double bond and thus facilitates H● subtraction. 

The initial reaction of ●OH with polyunsaturated fatty acids produces a lipid radical (L●), 

which in turn reacts with molecular oxygen to form a lipid peroxyl radical (LOO●). The 

LOO● can abstract hydrogen from a adjacent fatty acid to produce a lipid hydroperoxide 

(LOOH) and a second lipid radical (Catalá, 2006). The LOOH formed can suffer reductive 

cleavage by reduced metals, such as Fe++, producing lipid alkoxyl radical (LO●). Both alkoxyl 

and peroxyl radicals stimulate the chain reaction of lipid peroxidation by abstracting 

additional hydrogen atoms (Buettner, 1993). Figure 1 shows the schematic diagram of lipid 

peroxidation mechanism applied to any PUFA. In the figure arachidonic acid was used as 

example  

Peroxidation of lipids can perturb the assembly of the membrane, causing changes in 

fluidity and permeability, alterations of ion transport and inhibition of metabolic processes 

(Nigam and Schewe, 2000). Injure to mitochondria induced by lipid peroxidation can direct to 

further ROS generation (Green and Reed, 1998).  

 

 

SPECIFIC MARKERS OF LIPID PEROXIDATION 
 

Biomarkers are defined as measures that can be used as indicators of normal biological 

processes, pathological processes, or pharmacologic and/or biochemical responses to 

therapeutic/nutritional intervention. Biomarkers are used for health examination, diagnosis of 

pathologic processes, assessment of treatment response and prognosis, safe and efficient drug 

development, and evaluation of the effects of drugs, foods, beverages, and supplements. 
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Figure 1. Schematic diagram of lipid peroxidation mechanism applied to any PUFA. In the figure 

arachidonic acid was used as example. 

 

Table 1. Specific markers of lipid peroxidation  

 

Biomarker Comments/ method of measurement 

Hydroperoxides Primary product of lipid peroxidation, not stable (LC-UV, CL, FL. MS, 

DPPP) 

Hydroxides Reduced from hydroperoxides (HODE and HETE/LC-UV, MS, GC-MS 

EIA) 

Isoprostanes Free radical mediated oxidation product of arachidonic acid (LC-MS, GC-

MS, EIA, RIA) 

Neuroprostanes Free radical mediated oxidation product of DHA (LC-MS, GC-MS) 

TBARs MDA Thiobarbituric acid reactive substances measuring MDA and possibly 

others (spectrophotometry, HPLC) 

Conjugated diene, ethane, 

pentane, aldehydes, ketones 

1, 3 diene of hydroperoxides and hydroxides (UV-234 nm). Fragment 

product of hydroperoxides in exhaled gas (GC). Secondary products from 

hydroperoxides (DNPH-UV/vis; EIA, RIA). 

LysoPC, Hydrolysis of PC by phospholipases A2 (TLC, LC-MS) 

7 hydroxyxcholesterol Reduction of 7 hydroxyxperoxicholesterol, enzymatic oxidation (GC-MS) 

7 cetocholesterol Free radical oxidation of cholesterol (GC-MS) 

CL, chemiluminescence; DNPH, dinitrophenylhydrazine; DPPP, diphenylpirenylphophine; EIA, enzyme 

immunoassay; FL, fluorescence; HETE, hydroxyeicosatetraenoic acid; HODE, hydroxyoctadecadienoic 

acid; GC, gas-chromatography; LC liquid-chromatography; LPO, lipid peroxidation; Lyso-PC, 

lysophosphatidylcholine; MS, mass spectrometry; RIA, radio immunoassay; TLC, thin layer-

cromatography; UV/V, ultraviolet/ visible spectrophotometry 
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Several markers of lipid peroxidation are available with different degrees of specificity, 

from malondialdehyde as a global marker, to F(2)-isoprostane, which is specifically produced 

from arachidonic acid. Among these, 4-hydroxynonenal is recognized as a breakdown 

product of fatty acid hydroperoxides, such as 15-hydroperoxy-eicosatetraenoic acid and 13-

hydroperoxy-octadecadienoic acid from the n -6 fatty acids. Furthermore, 4-hydroxyhexenal 

(4-HHE) derives from n -3 fatty acid hydroperoxides. Lagarde et al., (Guichardant et al., 

2004) have described the occurrence of 4-hydroxydodecadienal (4-HDDE) from the 12-

lipoxygenase product of arachidonic acid 12-hydroperoxy-eicosatetraenoic acid. These three 

hydroxy-alkenals may be measured in human plasma by GC-MS, but they may partly be 

generated in the course of sampling, and the relative volatility of 4-HHE makes its 

measurement quite unreliable. These researches have successfully characterized and 

measured the stable oxidized carboxylic acid products from the hydroxy-alkenals 4-HNA, 4-

HHA and 4-HDDA in urine. The ratio between 4-HHA and 4-HNA found in the same urinary 

sample might provide useful information on the location of lipid peroxidation, accounting for 

the high enrichment of the brain-vascular system with docosahexaenoic acid, the main n -3 

fatty acid in humans. 

 

 

Lipid Peroxidation of Membrane Phospholipids Generates Hydroxy-

Alkenals and Oxidized Phospholipids Active in Physiological  

and/or Pathological Conditions 
 

Membrane phospholipids containing polyunsaturated fatty acids are particularly 

susceptible to oxidation and can contribute in chain reactions that amplify damage to bio 

molecules. Lipid peroxidation often occurs in response to oxidative stress, and a great 

diversity of phospholipid oxidation products and aldehydes is formed when lipid 

hydroperoxides break down in biological systems. Bioactivities of these phospholipids on 

vascular wall cells, leukocytes, and platelets have been described. Some of these aldehydes 

are highly reactive and may be considered as second toxic messengers which disseminate and 

augment initial free radical events. The aldehydes most intensively studied up to now are 4-

hydroxy-2-nonenal and 4-hydroxy-2-hexenal. 4-Hydroxy-2-nonenal (HNE) is known to be 

the main aldehyde formed during lipid peroxidation of n-6 polyunsaturated fatty acids, such 

as linoleic acid C18:2 n-6 and arachidonic acid C20:4 n-6 whereas lipid peroxidation of n-3 

polyunsaturated fatty acids such as α-linolenic acid C18:3 n-3 and docosahexaenoic acid 

C22:6 n-3 generates a closely related compound, 4-hydroxy-2-hexenal (HHE). During lipid 

peroxidation, biomolecules such as proteins or amino lipids can be covalently modified by 

these lipid decomposition products, which damage membrane structure modifying its physical 

properties. In addition this review provide a synopsis of identified effects of hydroxy-alkenals 

and oxidized phospholipids on cell signaling, from their intracellular production, to their 

action as intracellular messenger, up to their influence on transcription factors and gene 

expression (Catalá, 2009).  
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The Lipid Peroxidation Process Produces Oxidized Phospholipids That 

Acquire New Biological Activities Not Characteristic of Their  

Unoxidized Precursors 
 

Membranes form selective barriers that separate, communicate and define cells and their 

internal organelles, and they also receive and propagate important signals that control cellular 

behavior. Biomembranes contains different phospholipid classes (head group heterogeneity), 

subclasses (acyl, alkyl chains) and species (chain length and unsaturation degree). PC is the 

major phospholipid in all mammalian cells (40–50%) and thus, most oxidized phospholipids 

detected in mammalian tissues have the choline moiety. However, recently oxidized PE has 

been found in the retina, a tissue that contains very high quantities of ethanolamine lipids 

(Gugiu et al., 2006) enriched in docosahexaenoic acid (Guajardo et al., 2006). In addition, 

there are also reports providing evidence for the presence of oxidized PS in the surface of 

apoptotic cells (Matsura et al., 2005). Furthermore, oxidized phospholipids have been 

demonstrated to act as signals in monocyte activation, programmed cell death, and 

phagocytotic clearance of apoptotic cells (Cole et al., 2003; Greenberg et al., 2006; Maskrey 

et al., 2007; Tyurina et al., 2004; Walton et al., 2003). 

In eukaryotic phospholipids, the sn-1 position is either linked to an acyl residue via an 

ester bond or an alkyl residue via an ether bond, whereas the sn-2 position almost exclusively 

contains acyl residues. The highly oxidized (n-3 and n-6 polyunsaturated fatty acids) are 

preferably bound to the sn-2 position of glycerophospholipids. Thus, most of the oxidized 

phospholipids are modified at this position. At the sn-1 position of glycerol a saturated fatty 

acid is frequently bound. Plasmalogens (alkenylacylglycerophospholipids) contain a vinyl 

ether bond in position sn-1 and, as a result, they are also susceptible to oxidative 

modifications at the sn-1 position. 

The divergences in chemical structure of diverse types of phospholipids determine the 

physical properties of the membrane. PC tends to form bilayers with small curvature, while 

PE imposes a negative curvature on these lipid bilayers (Walton et al., 2003). Conversely, 

introduction of the micelle-forming LPC into a PC membrane results in a positive curvature. 

In addition to the polar head groups the polarity, length and unsaturation of the phospholipid 

acyl chains have also an impact on physical membrane properties. Thus, phospholipid 

oxidation products are very likely to change the properties of biological membranes, because 

their polarity and shape may differ considerably from the structures of their parent molecules. 

Thus, they may modify lipid–lipid and lipid–protein interactions and, as a consequence, also 

membrane protein functions. 

When the sn-2 fatty acids of phospholipids are oxidized by radicals, numerous different 

types of oxidative products is formed (Catala, 2009). These comprise phospholipids 

containing fatty acid oxidation products (usually referred to as oxidized phospholipids), 

lysophospholipids, and fragmentation products of fatty acid oxidation. Some of these 

products, lysophosphatidic acid or lysophospholipids, can be formed both enzymatically and 

nonenzymatically. Work from several laboratories have identified a diversity of phospholipid 

oxidation products and confirmed bioactivities of these phospholipids on vascular wall cells, 

leukocytes, and platelets. Because of the great number of fatty acid oxidation products that 

have been identified, it is almost sure that many other bioactive oxidized phospholipids will 

be find out. There are several significant issues that confront investigators concerned in 
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bioactive phospholipids, including preparation, identification, quantification, and biological 

checking.  

Changes in phospholipid-induced oxidation reactions generates a large number of 

structurally dissimilar oxidation products, which difficult their isolation and characterization. 

Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) using the soft ionization 

methods (electrospray and matrix-assisted laser desorption ionization) are the optimum 

approaches for the study of oxidized phospholipids. Product ions in tandem mass spectra of 

oxidized phospholipids allows identify changes in the fatty acyl chain and specific features 

such as existence of new functional groups in the molecule and their position along the fatty 

acyl chain (Lee et la., 1996). 

 

 

Important Handmarks in the Knowledge of Lipid Peroxidation from  

1804 Up to Now 
 

In the last five decades, the significance of lipid peroxidation to biological systems and 

medicine began to be widely explored; the most important hand marks in the knowledge of 

lipid peroxidation from 1804 up to now are listed below: 

 

 1804 Nicolas – Theodore de Saussure in the book “Recherches chimiques sur la 

végétation.” In his book he described the principal components of plants, their 

synthesis and decomposition. New observations on the chemical performance of 

plant lipids lay the basis of the understanding of their oxidative properties. 

 1929 Burr and Burr described a new deficiency disease produced by the rigid 

exclusion of fat from the diet. 

 1930 Burr and Burr described the nature and role of the fatty acids essential in 

nutrition, 

 1942 Burr described the significance of the essential fatty acids. 

 1943 Farmer et al., The major credit for developing the hydroperoxide hypothesis of 

lipid autoxidation is due to Farmer and co-workers, reported in the 1940s.  

 1956 James and Martin. Described gas-liquid chromatography for the separation and 

identification of the methyl esters of saturated and unsaturated acids from formic acid 

to n-octadecanoic acid 

 1967 Barber and Bernheim reviewed lipid peroxidation: its measurement, 

occurrence, and significance in animal tissues  

 1970 Tappel described the Biological antioxidant protection against lipid 

peroxidation damage. 

 1971 Lejsek and Hais reviewed the biological effect of lipo-peroxidation and free 

radicals to aging and neoplasic processes. 

 1976 Gutteridge and Stocks reviewed the peroxidation of cell lipids.  

 1978 Tappel described and analyzed the protection against free radical lipid 

peroxidation reactions. 

 1980 Vladimirov et al., described specific studies related to lipid peroxidation in 

membranes. 
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 1985 Sevanian and Hochstein reviewed the mechanisms and consequences of lipid 

peroxidation in biological systems. 

 1985 Girotti provides an overview of how peroxidation of unsaturated lipids takes 

place and how it can be measured. Several different aspects of free-radical-mediated 

lipid peroxidation are discussed, including: (a) the catalytic role of chelated iron and 

other redox metal ions; (b) induction by reducing agents such as superoxide, 

ascorbate, and xenobiotic free radicals; (c) suppression by antioxidant chemicals and 

enzymes; and (d) how peroxidation that depends on pre-existing hydroperoxides 

(lipid hydroperoxide-dependent initiation of lipid peroxidation) can be distinguished 

from that which does not (lipid hydroperoxide-independent initiation of lipid 

peroxidation). Attention is also given to non-radical, singlet oxygen-driven 

peroxidation and how this can be resolved from radical-driven processes. 

 1986 Galeotti et al., reviewed the membrane alterations in cancer cells and the role of 

oxy radicals. These authors determine that membranes isolated from tumor cells 

present profound alterations in their composition, structural organization, and 

functional properties and. reported some of these alterations in microsomal and 

plasma membranes of hepatomas with different growth rate and degree of 

differentiation. Considering all of the data, the authors are inclined to think that 

tumor membranes are altered structurally and functionally in part as the result of an 

oxy radical-induced damage that takes place in vivo under conditions of increased 

oxygen toxicity. 1987 Niki reviewed the role of antioxidants (water-soluble and 

lipid-soluble, chain-breaking) in lipid peroxidation.  

 1988 Chatterjee and Agarwae described the properties, production and 

characterization of liposomes with special reference to their use as membrane model 

for the study of lipid peroxidation. The authors presented briefly the methods that can 

be used for the assay of liposomal lipid peroxidation and brings out the special 

advantages these liposomes provide in elucidating the mechanism of lipid 

peroxidation by different physical and chemical agents. 

 2009 Catalá provides an overview of how lipid peroxidation of membrane 

phospholipids generates hydroxy-alkenals and oxidized phospholipids active in 

physiological and/or pathological conditions. In addition this review is intended to 

provide an appropriate synopsis of identified effects of hydroxy-alkenals and 

oxidized phospholipids on cell signaling, from their intracellular production, to their 

action as intracellular messenger, up to their influence on transcription factors and 

gene expression. 

 2012 Yin and Zhu reviewed the free radical chemical mechanisms that lead to 

cardiolipin (CL) oxidation, recent development in detection of oxidation products of 

CL by mass spectrometry and the implication of CL oxidation in mitochondria-

mediated apoptosis, mitochondrial dysfunction and human diseases. 

 2012 Ullery and Marnett discuss the biological importance of lipid electrophile 

protein adducts including current strategies employed to identify and isolate protein 

adducts of lipid electrophiles as well as approaches to define cellular signaling 

mechanisms altered upon exposure to electrophiles. 
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 2013 Fritz and Petersen reviewed the generation and chemical reactivity of lipid-

derived aldehydes with a special focus on the homeostatic responses to electrophilic 

stress. 

 2013 Guo and Davies summarize the current understanding of aldehyde-modified 

PEs (al-PEs) as a novel family of mediators for inflammation. The authors described 

formation, detection, structural characterization, physiological relevance and 

mechanism of action. 

 2013 Volinsky and Kinnunen summarize In a mini review, recent findings on the 

biophysical characteristics of biomembranes following oxidative derivatization of 

their lipids, and how these altered properties are involved in both physiological 

processes and major pathological conditions 

 2013 Lagarde et al., reviewed most of the diverse oxygenated metabolites of essential 

fatty acids at large and their immediate degradation products. Their biological 

function and life span are considered. Overall, this is a fluxolipidomics approach that 

is emerging. 

 2013 Pizzimenti et al., described the behavior of membrane proteins affected by lipid 

peroxidation-derived aldehydes, under physiological and pathological conditions. 

 2014 Niki presented the in vitro and in vivo evidence of the function of vitamin E as 

a peroxyl radical-scavenging antioxidant and inhibitor of lipid peroxidation. 

 2014 Vasil’ev et al., provide an introduction into the chemistry and biological 

relevance of protein adductions by electrophilic lipoxidation products and then give 

an overview of tandem mass spectrometry approaches that have been developed in 

recent years for the interrogation of protein modifications by electrophilic oxylipid 

species. 

 2014 Reiter et al., Describes how melatonin reduces lipid peroxidation and 

membrane viscosity 

 2015 Galano et al., described in this review the formation of isoprostanoids from 

their respective fatty acids, and their application as biomarkers for oxidative damage 

in vivo, considering human dietary intervention studies evaluating plasma and urine, 

using mass spectrometry technique 

 2015 Schaur et al., described the mechanisms of covalent adduct formation and 

discussed the (patho-) physiological consequences 4-Hydroxy-nonenal-A Bioactive 

Lipid Peroxidation Product. 

 2015 Spickett and Pitt. Describes how studies of oxidized phospholipids in biological 

samples, from both animal models and clinical samples, can be facilitated by the 

recent improvements in MS, especially targeted routines that depend on the 

fragmentation pattern of the parent molecular ion and improved resolution and mass 

accuracy. MS can be used to identify selectively individual compounds or groups of 

compounds with common features, which greatly improves the sensitivity and 

specificity of detection. Application of these methods has enabled important 

advances in understanding the mechanisms of inflammatory diseases such as 

atherosclerosis, steatohepatitis, leprosy, and cystic fibrosis, and it offers potential for 

developing biomarkers of molecular aspects of the diseases. 

 2016 Hauck AK, Bernlohr DA. In this review the authors discuss the generation and 

metabolism of reactive lipid aldehydes as well as their signaling roles.  
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Lipid Peroxidation and Related Subjects (in Books or Book Chapters) 
 

Books 

 Editor Angel Catala. Lipid Peroxidation: Biological Implications. Research Signpost 

2011 ISBN: 978-81-7895-527-8. 

 Editor Angel Catala. Open Access book project: “Lipid Peroxidation” ISBN 980-

953-307-143-0 InTech - Open Access Publisher 2012.  

 Editor Angel Catala. Tocopherol: Sources, Uses and Health Benefits. Nova Science 

Publishers 2012. 

 Editor Angel Catala. Polyunsaturated Fatty Acids: Sources, Antioxidant Properties 

and Health Benefits. Nova Science Publishers 2013 ISBN: 978-1-62948-151-7. 

 Hosted by Angel Catala Invited Research topic: Impact of lipid Peroxidation on the 

physiology and Pathophysiology of cell membranes in Frontiers in Membrane 

Physiology and Biophysics 2013-2014. 

 Editor Angel Catala. “Reactive Oxygen Species, Lipid Peroxidation and Protein 

Oxidation” Nova Science Publishers 2014, ISBN:978-1-63463-192-1. 

 Editor Angel Catala. “Sphingolipids: Biology, Synthesis and Functions’Nova 

Science Publishers 2015 ISBN: 978-1-63483-019-5. 

 Editor Angel Catala. Indoleamines: sources, role in biological processes and health 

effects Nova Science Publishers 2015. Book ISBN: 978-1-63482-097-4. 

 Editor Angel Catala. “Membrane organization and lipid rafts in the cell and artificial 

membranes “Nova Science Publishers 2016 ISBN: 978-1-63484-581-6. 

 Editor Angel Catala “Lipid peroxidation: inhibition, effects and mechanisms” Nova 

Science Publishers 2016 ISBN. 

 

Book Chapters 

 Angel Catala, Leikin, A., Nervi, A. M., Brenner, R. R. Protein factor involved in 

fatty acid desaturation of linoleic acid In: Function and Biosynthesis of Lipids Edited 

by Bazan, Brenner, Giusto ed. Berlin/Heidelberg : Springer, Plenum Press Adv Exp 

Med Biol 1977, 83: 111-118/. 

 Terrasa, A.M., Guajardo, M.H., Catala A. Chemiluminescence studies on the effect 

of fatty acid hydroperoxides in biological systems with emphasis in retina. In: Popov, 

I., Lewin, G. (Eds.), Handbook of chemiluminescent methods in oxidative stress 

assessment. Research Signpost 2008, 263-279. 

 Angel Catala. Lipid peroxidation. Principles of Free Radical Biomedicine. Volume 1 

Editors Kostas Pantopoulos and Hyman Schipper, eds McGill University. 2011. 

Nova Science Publishers. 

 Natalia Fagali and Angel Catala. Liposomes as a tool to study lipid peroxidation in 

retina. in Open Access book project: “Lipid Peroxidation” ISBN 980-953-307-143-0 

InTech – Editor Angel Catala. Open Access Publisher 2012. 

 Natalia Fagali and Angel Catala. Lipid peroxidation of n3 and n6 polyunsaturated 

fatty acids: their impact on cell membranes and cell signalling, in: Polyunsaturated 

Fatty Acids: Sources, Antioxidant Properties and Health Benefits. Nova Science 

Publishers 2013 ISBN: 978-1-62948-151-7. 
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 Angel Catala. Lipid peroxidation of phospholipids in the vertebrate retina or in 

liposomes made of retinal lipids. in Reactive oxygen species, lipid peroxidation and 

protein oxidation. Nova Science Publishers 2015 ISBN: 978-1-63321-886-4. 

 Angel Catala Function of indoleamines in biological processes with emphasis on 

lipid peroxidation in Indoleamines: sources, role in biological processes and health 

effects Nova Science Publishers 2015. Book ISBN: 978-1-63482-097-4. 

 Angel Catala Membrane Assembly and Lipid Rafts in the Cell and Artificial 

Membranes: Effect of Lipid Peroxidation in “Membrane organization and lipid rafts 

in the cell and artificial membranes “Nova Science Publishers 2016 ISBN: 978-1-

63484-581-6. 

 Angel Catala Progress in the knowledge of lipid peroxidation, from the first 

evidences issued by nicolas - theodore de saussure in paris 1804 in “‘Lipid 

peroxidation: inhibition, effects and mechanisms” Nova Science Publishers 2016 

ISBN. 
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ABSTRACT 
 

Brain parenchyma is extremely sensitive to oxidative stress. Several factors 

determine such susceptibility. First, brain is highly enriched in polyunsaturated fatty 

acids, which are easily peroxidable. Second, brain tissues contain high contents of 

transition metals, such as iron and copper, which favour the so-called Fenton reactions. 

And third, the high rate of aerobic metabolism of nerve cells yields reactive oxygen 

species (ROS) as a consequence of incomplete metabolic reduction of oxygen to water. 

Paradoxically, brain is the organ containing the largest amount of docosahexaenoic acid 

(DHA) in the whole body, which, in turn, is predominant amongst all fatty acids in the 

brain membranes. The question arises on how this highly peroxidable polyunsaturated 

fatty acid can be homeostatically regulated to be protected from oxidative stress in nerve 

cell membranes. Recent evidences have aid to unravel part of the mechanisms whereby 

DHA levels are preserved in such pro-oxidant scenario, without substantial peroxidation. 

Indeed, beyond its essential role as membrane phospholipid constituent, DHA is also a 
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powerful modulator of transcriptional activity in nerve cells. Thus, DHA can efficiently 

stimulate gene expression of different antioxidant complexes, including thioredoxin and 

glutathione systems. Noteworthy, DHA is a powerful modulator of different isoforms of 

the phospholipid-hydroperoxide glutathione peroxidase (Gpx4) gene expression. GPx4 is 

unique in that it is the only family of isoforms capable of reducing oxidized 

phospholipids in membranes without the need of deacylation by phospholipase A2 

(PLA2). The final scenario is that DHA modulates neuronal antioxidant capacity to 

ensure its self-protection from oxidative threats.  

 

 

1. INTRODUCTION 
 

DHA (Docosahexaenoic acid, 22:6n-3) is the most abundant n-3 LCPUFA (n-3 long-

chain polyunsaturated fatty acid) in brain parenchyma. Indeed, brain (and particularly retina) 

is the organ containing the largest amount of DHA in the whole organism. It seems that the 

singular physicochemical properties and structural flexibility of DHA were selected to favour 

a special biochemical microenvironment in nerve cell membranes to accomplish rapid 

chemical and electrical intercellular communication. Phylogenetically, this selective pressure 

was maximal during the cephalization process of vertebrates, particularly in the evolution of 

modern hominid brains during the last 200.000 years approximately (Crawford et al., 1999; 

Simopoulus, 2011), where the cephalization quotient apparently didn’t follow a linear 

Darwinian progression, but rather suffered an exponential growth (Crawford et al., 1999). 

Noteworthy, in humans, it is in the last trimester of gestation, during a phase named brain 

accretion, when a massive incorporation of DHA to foetal brains occurs (Kuipers et al., 

2012), which is essential for neurodevelopment (Hadley et al., 2009). This might represent 

another paradigmatic example of Haeckel’s biogenetic law: “ontogeny recapitulates the 

phylogeny.”  

 

 

2. DHA IS A PLEIOTROPIC MOLECULE 
 

Within nerve cells membranes, DHA esterifies the sn-2 position of the glycerol backbone 

of glycerophospholipids. There exists a high degree of selectivity in the destiny of DHA. 

Thus, DHA is largely esterified to phosphatidylethanolamine (PE, the most abundant 

phospholipid in nerve cell membranes) and forms up to 35% of the fatty acids bound to 

phosphatidylserine. Cumulative evidence has revealed that DHA is truly a pleiotropic 

molecule. The multitude of functions attributed to DHA may be grouped as:  

 

 

2.1. Role in Membrane Organization 
 

As per its covalent binding to PE, DHA is largely determinant of the structural and 

physicochemical properties of nerve cell plasma membrane. Indeed, intrinsic membrane 

properties like phase separation and microdomain segregation, domain microviscosity, lateral 

mobility, stability of membrane proteins and conformational transitions, lipid-protein and 

protein-protein interactions, all have been shown to be modulated (but not exclusively) by 
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DHA (Uauy et al., 2001; Almansa et al., 2003; Stillwell and Wassal, 2003; Esmann and 

Marsh, 2006; Díaz et al., 2012; Cornelius, 2015). To a great extent, these influences are 

secondary to the fact that DHA impose a general physical effect on the bilayer’s 

physicochemical state as it has conformational properties that keep highly structured but fluid 

membranes capable to accommodate rapid protein conformational changes (Stillwell and 

Wassall, 2003; Diaz et al., 2012). Moreover, the mutual aversion of DHA and cholesterol 

drives the lateral segregation of DHA-containing phospholipids into highly-disordered 

domains away from cholesterol-ordered domains (Stillwell and Wassall, 2003; Diaz et al., 

2012). The later ordinarily enriched in saturated sphingolipids and specific proteins, named 

lipid rafts, which serve as signalling platforms (Brown and London, 2000; Edidin, 2003). 

Both domains are compositionally and organizationally opposite, but also contain different 

subsets of integral proteins which render them different physiological roles in nerve cells.  

 

 

2.2. Precursor of Bioactive Metabolites 
 

Besides its structural role, DHA participates in the activation of signalling pathways for 

neuronal survival against oxidative and inflammatory cascades (Oster and Pillot, 2010; 

Bazinet and Layé, 2014). DHA may be removed from membrane phospholipids by 

phospholipase A2 and oxidized by lipoxigenases to produce few bioactive docosanoids, 

namely 17-HDHA, resolvin D5, maresin-1 and neuroprotectin D1 (NPD1), collectively called 

specialized pro-resolving mediators (Bazinet and Layé, 2014; Serham, 2014), which 

stimulate cellular events that counter-regulate pro-inflammatory mediators and regulate 

neutrophilic polymorphonuclear leucocytes (PMN), monocyte and macrophage responses, 

leading to resolution (Serham, 2014). Of these, NPD1 is perhaps the best studied. In the brain, 

NPD1 sustains homeostatic synaptic and circuit integrity, anti-inflammatory and 

inflammatory resolving activities, upregulates anti-apoptotic BCL2, BCLXL and BFL1 

proteins, downregulates pro-apototic BAD, BAX and BID, and induces cell survival against 

different neurotoxic stimuli, such oxidative stress, neurotrophins, hyperexcitability, 

ischemia/reperfusion and amyloid-beta (Aβ42) (Musto et al., 2011; Bazan et al., 2011; Bazan 

2013; Bazinet and Layé 2014). In addition, all these toxic challenges are inducers of NPD1 

synthesis (mostly in glial cells), though the molecular details of this induction are not 

completely understood (Bazan et al., 2011). 

 

 

2.3. Role in Neuromodulation and Neuroprotection 
 

Compelling evidence obtained both in vitro and in vivo demonstrates that DHA is 

essential for nerve cells homeostasis, not only during development, but also throughout 

lifespan. The formation and differentiation of neurites, synaptogenesis, refinement of synaptic 

connectivity, neurotransmitter release, and memory consolidation processes are modulated by 

DHA (Alessandrini et al., 2004; Calderon and Kim, 2004; Innis, 2007; Kaduce et al., 2008; 

Cao et al., 2009; Moriguchi et al., 2013). The relevance of DHA for brain health is 

highlighted by extensive epidemiological and experimental evidence associating its depletion 

with the development of neurodegenerative diseases (Söderberg et al., 1991; Prasad et al., 

1998; Huang, 2010; Martín et al., 2010; Calon, 2011; Fabelo et al., 2011; Díaz and Marín, 
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2013; Calandria et al., 2015) and mood disorders such major depression or bipolar disorder 

(Igarashi et al., 2010; Lin et al., 2010; McNamara et al., 2013). DHA also exerts potent 

neuroprotective effects in different models of brain injury, including ischemic stroke and 

focal cerebral ischemia, yet the mechanisms of neuroprotection are not completely understood 

(Belayev et al., 2009; 2011). Previous studies have shown that DHA protects neurons and 

astrocytes within the infarcted areas (Belayev et al., 2009; 2011; Hong et al., 2014). 

Interestingly, DHA rescues more neurons by protecting astrocytes (which are engaged in the 

maintenance and protection of neurons) and by downregulation of microglia activation in the 

infarcted areas (Wu et al., 2004; Belayev et al., 2009). The astrocyte triggered-

neuroprotection occurs through secretion of growth and neurotrophic factors, such as brain-

derived neurotrophic factor BDNF (Wu et al., 2004), NPD1 (Bazan, 2013; Bazinet and Layé, 

2014) and perhaps synaptamide, an endocannabinoid-like derivative of DHA with 

cannabinoid-independent function (Kim and Spector, 2013).  

 

 

2.4. Regulation of Transcriptional Activities 
 

PUFA (including DHA) have been established as key controllers of lipid synthesis and 

catabolism in different tissues, including liver, adipose tissue, muscle and probably brain 

(Alessandrini et al., 2004; Jump et al., 2008). Indeed, DHA controls the 26S proteasomal 

degradation of the nuclear form of SREBP-1 (a major transcription factor that controls the 

expression of multiple genes involved in the synthesis and desaturation of fatty acids). The 

binding of DHA to retinoid X receptor (RXR) transcription factor heterodimers has been 

evidenced in mouse brain and transfected cells (de Urquiza et al., 2000; Lengqvist et al., 

2004). This ubiquitous transcription factor regulates the transcriptional activity of a number 

of genes implicated in lipid metabolism through its interaction with other transcription 

factors, such as RARα (retinoic acid receptor) and the LXR (liver X receptors, also expressed 

in the rodent brain) (Alessandrini et el., 2004). Moreover, we have recently demonstrated that 

modulation of lipid metabolism and related genes in mouse hippocampus appear to be 

subjected to complex interplay between dietary DHA and oestrogens, indicating 

transcriptional cross-talks between pathways triggered by RXR and estrogen receptors (Díaz 

et al., 2015). DHA also modulates transcriptional activity of genes related to proliferation, 

differentiation, apoptosis in neural cells, and neuronal activity (Alessandrini et al., 2004). For 

instance, in human retinal explants in culture, DHA significantly increased the expression of 

336 different genes (out of 2400 assayed in microarrays) (Rojas et al., 2003). Among the 

genes whose transcription was stimulated by DHA are many of those playing roles in 

neurogenesis, neurotransmission and intercellular connections.  

 

 

3. THE PRO-OXIDANT ENVIRONMENT OF THE BRAIN 
 

The brain is characterized by a very high metabolic rate and elevated oxygen 

consumption, which inevitably will produce significant amounts of reactive oxygen and 

nitrogen species as by-products, including the highly reactive superoxide anion O2
− that is 

converted to H2O2 (Dröge, 2002). In addition, brain is especially rich in redox transition 
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metals, particularly iron and copper. By virtue of Fenton reaction Iron (II) reacts with 

endogenous H2O2, to produce iron(III) as well as the highly reactive hydroxyl radical OH• or 

peroxynitrite (ONOO-) at the expense of endogenous reducing agents. These highly oxidant 

radicals easily react with polyunsaturated lipids (PUFA) forming lipid radicals (L•) which in 

the presence of oxygen form lipid peroxyl radicals (LOO•) and lipid peroxide (LOOH) during 

the so-called propagation phase. One feature of this phase is that it is self-propagating, as 

LOO• reacts with other PUFA to generate additional L• in a sort of chain reaction. In the 

brain, LCPUFA (arachidonic acid and DHA) account for nearly 30% of total fatty acids, and 

therefore are major targets for lipid peroxidation. In the degradation phase, as a result of 

electron rearrangements, products of lipid peroxidation undergo fragmentation and yield a 

range of reactive intermediates called reactive carbonyl species (RCS) such as 

malondialdehyde, unsaturated aldehydes including 4-hydroxy-2-trans-nonenal (HNE), 4-

hydroxy-2-trans-hexenal (HHE), and 2-propenal (acrolein), with different degrees of 

reactivity (Niki et al., 2005; Catalá, 2009; Fritz and Petersen, 2013). These RCS react with 

proteins, forming stable covalent adducts to histidine, lysine and cysteine residues through 

Michael addition, thereby introducing carbonyl functionalities into proteins following 

lipoxidative damage, and altering structural, anabolic, catabolic, and transport proteins 

(Dröge, 2002; Niki et al., 2005). Further, as most polyunsaturated lipids in the brain are 

integrated into phospholipids, the main outcome of their peroxidation is the structural damage 

of membranes (Catalá, 2009; Reis and Spicket, 2012), which severely affect membrane 

viscosity, permeability, neurotransmission, transduction, ion transport and impaired electrical 

conduction.  

There is another important aspect that makes brain especially susceptible to oxidative 

damage. Brain contents of antioxidant enzymes and metabolites are relatively low (Dringen, 

2000; Salminen and Paul 2014). Moreover, specific activities are particularly low compared 

to other tissues. For instance, in mouse brain the specific activity of cytosolic glutathione 

peroxidase (GPx) is less than 5% that of kidney and liver, and that of glutathione reductase 

representing 32% and 65% that of kidney and liver, respectively (Dringen, 2000). On the 

other hand, the tripeptide glutathione, as the main antioxidant metabolite, is found in 

remarkably low concentrations in nerve cells, a phenomenon that is exacerbated by aging 

(Dröge, 2005; Salminen and Paul 2014).  

Overall, the concurrency of all these factors indicates the high vulnerability of brain 

parenchyma to free radical-induced peroxidation of LCPUFA, and especially DHA (Dröge, 

2002; Dröge, 2005; Niki et al., 2005; Salminen and Paul 2014). 

 

 

4. THE SOPHISTICATED COMBAT OF DHA 

AGAINST LIPID PEROXIDATION 
 

Given the aforementioned scenario, a paramount question arises on how DHA can be 

present in high amounts in brain phospholipids without being oxidized in such adverse 

conditions. Recent experimental evidence is just starting to decipher this enigma. It is known 

that nerve cells are endowed with different antioxidant systems that render them resistant to 

oxidative damage. In addition to the widespread and canonical superoxide dismutase/catalase 

system, protection against oxidative threats is accomplished by phase II detoxifying enzymes 
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belonging to two main antioxidant systems: the thioredoxin/peroxiredoxin system and the 

glutathione/glutaredoxin system. Both enzymatic systems make use of hydrophilic thiol-

containing molecules as electron donors (thioredoxin and glutathione, respectively), to 

generate conjugated metabolites (Arnér and Holmgren, 2000; Imai and Nakagawa, 2003). We 

have recently demonstrated that DHA supplementation triggers a transcriptional regulation of 

different genes belonging to both antioxidant systems in hippocampal neurons (Casañas-

Sánchez et al., 2014). Indeed, we observed that DHA exposure upregulates the expression of 

genes encoding for cytoplasmic thioredoxin and thioredoxin reductase (Txn1 and Txnrd1), 

and mitochondrial counterparts (Txn2 and Txnrd2), and these effects were paralleled by an 

equivalent increase in total thioredoxin reductase activity. These observations are 

physiologically relevant since mammalian thioredoxin reductase (TrxR) can reduce some 

non-disulphide-containing molecules, such lipid hydroperoxides and other organic 

hydroperoxides, independently of the thioredoxin (Björnstedt et al., 1995; Arnér and 

Holmgren 2000). Within the thioredoxin/peroxiredoxin system, DHA also upregulated the 

expression of 2-Cys type peroxiredoxin genes (cytosolic Prdx2 and mitochondrial Prdx3), as 

well as Srxn1 gene (encoding for sulfiredoxin). These combinations of transcriptional effects 

are mechanistically very important since sulfiredoxin is responsible for the ATP-dependent 

reactivation of peroxiredoxins when their active site cysteine has been hyperoxidated to 

sulfonic acid (Jeong et al., 2012).  

To achieve a more global protection against the pro-oxidant conditions in brain 

parenchyma, DHA further regulates a second antioxidant system, namely 

glutathione/glutaredoxin system. In hippocampal cells, we have recently demonstrated that 

supplementation of cultures with DHA, brings about the up-regulation of Gclc and Gsr genes 

(encoding for the catalytic subunit of glutamate-cysteine ligase and glutathione reductase, 

respectively), which was accompanied by an increase in the amount of total glutathione and 

in the enzyme activity of cytosolic glutathione reductase (Casañas-Sánchez et al., 2014). 

However, the most striking effect of DHA was the upregulation of Gpx4 gene, which encodes 

for phospholipid hydroperoxide glutathione peroxidase (GPx4/PHGPx). GPx4 is a unique 

member of the selenium-dependent glutathione peroxidases in mammals that exists as a 

cytosolic (c-GPx4), mitochondrial (m-GPx4), and nuclear (n-GPx4) isoforms, all derived 

from a single gene by alternative splicing (Imai and Nakagawa 2003; Savaskan et al., 2007; 

Scheerer et al., 2007). Of note, all transcripts were up-regulated by DHA treatment, and total 

GPx4 activity was stimulated soon after transcriptional upregulation was detected (Casañas-

Sánchez et al., 2014). The enormous relevance of these effects of DHA lies in the fact that 

GPx4 is the only member of the glutathione peroxidases family that can directly recover 

oxidized phospholipids in membrane, without prior action of phospholipase A2 (Imai and 

Nakagawa 2003; Savaskan et al., 2007). Therefore, by upregulating Gpx4 gene and increasing 

GPx4 activity, DHA initiates a self-protective strategy in hippocampal cell membranes to 

keep under controlled conditions the non-enzymatic peroxidation of DHA-containing 

phospholipids in nerve cell membranes (Casañas-Sánchez et al., 2015), Figure 1. 

Overall, the effects of DHA on thioredoxin and glutathione antioxidant systems described 

up to now, indicate that DHA triggers a global strategy to improve the ROS scavenging 

capacity of hippocampal cells by at least five mechanisms: 1) by upregulating mitochondrial 

and cytoplasmic Txn-Txnrd gene expression and cellular TrxR activity; 2) by increasing 

transcriptional activation of mitochondrial peroxiredoxins; 3) by ensuring the reactivation of 

hyperoxidated peroxiredoxins catalyzed by sulfiredoxin; 4) by upregulating genes involved in 
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the synthesis and reduction of glutathione; and 5) by upregulating Gpx4 gene expression and 

GPx4 isoform activities, DHA improves the cellular capability to recover oxidized 

phospholipids directly in cellular membranes.  

 

 

Figure 1. Hypothetical model on how DHA activates antioxidant pathways. Upon entering hippocampal cells, 

excess DHA (not bound to phospholipids) in the cytoplasm undergoes non-enzymatic oxidation and yields 

reactive aldehyde by-products (such 4-hydoxi-2-hexenal) which, in turn, activates Nrf2 transcription factor. 

Activated Nrf2 translocate to the nucleus and binds to promotor regions of different genes belonging to 

thioredoxin and glutathione antioxidant systems to trigger transcriptional activation, including Gpx4 gene 

which improves the cellular capability to recover oxidized phospholipids directly in cellular 

membranes. In this way, DHA behaves as an “Indirect antioxidant”  

One important issue that remains unsolved is what is (are) the transcriptional pathway(s) 

underlying the genetic responses elicited by DHA. One recent observation indicates that, 

upon DHA supplementation, low but significant levels of the specific DHA-derived peroxyl 

radical 4-hydroxy-2-hexenal (HHE) (Van Kuijk et al., 1990; Casañas-Sánchez et al., 2014) 

are produced just before changes in gene expression are observed. This finding has been 

interpreted as HHE providing the signal to trigger the DHA-induced transcriptional regulation 

(Casañas-Sánchez et al., 2014). In this sense, it is accepted that the transcription factor Nrf2 

(NF-E2-related factor 2) is the key factor for the regulation of ARE (antioxidant response 

elements) in different tissues, including the brain (Kobayashi and Yamamoto 2005; Zhang et 

al., 2013). Indeed, some of the genes upregulated by DHA in hippocampal cells, contain ARE 

in their promoter regions (Singh et al., 2010; Hawkes et al., 2013). Further, 4-hydroxy-2-

hexenal has been demonstrated to be an activator ligand of Nrf2 (Ishikado et al., 2013), and 

recent studies in non-neuronal tissues have shown that, upon generation of HHE, DHA 

stimulates transcription of antioxidant and phase II detoxifying enzymes through activation of 

Nrf2 (Kusunoki et al., 2013; Yang et al., 2013). In line with these ideas, a plausible 

hypothesis for brain parenchyma is that a fraction of DHA (likely unesterified) undergo non-

enzymatic oxidation to yield HHE which, in turn, would activate a Nrf2-initiated 
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transcriptional program aimed to provide oxidative refractoriness to DHA (and probably to 

other abundant highly unsaturated fatty acids in brain phospholipids, such is the case of 

arachidonic acid). The loss of efficiency of such homeostatic mechanisms might underlie 

DHA (and LCPUFA) depletion observed during normal aging and, especially, in 

neurodegenerative diseases (Martin et al., 2010; Fabelo et al., 2011; Diaz and Marin, 2013). 
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ABSTRACT 
 

Lipid peroxidation is the expression of free radicals damage in biological 

membranes. The biochemical reaction is an autooxidative and degenerative process in 

which the acyl chains of the phospholipids are especially vulnerable to free radical attack. 

Structural changes in biomembranes produced during lipid peroxidation disrupt 

molecular motion in the membrane and tends to increase phospholipid bilayer rigidity. 

Changes in membrane fluidity are critically important for the homeostasis of numerous 

cell functions. Even slight changes in membrane fluidity may cause aberrant cellular 

function and induce pathological processes. Thus, there is considerable interest in 

molecules which are able to preserve fluidity levels in the membranes because of their 

protective effects against lipid peroxidation. 

The discovery of melatonin as a highly efficient free radical scavenger and general 

antioxidant in a wide variety of tissue homogenates and organisms as well, has stimulated 

a large number of studies related to the ability of this molecule to stabilize membranes 

from oxidative damage. While numerous reports have shown the ability of this 
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indoleamine to preserve optimal levels of fluidity in biological membranes and to resist 

the rigidity induced by free radical attack, there is little information regarding the 

antioxidant ability of other indoleamines and β-carbolines synthesized in the pineal gland. 

In the present work, we review the current findings related to the beneficial effects of 

melatonin and structurally-related compounds in maintaining the fluidity of biological 

membranes against lipid peroxidation, and further, we discuss its implications in ageing 

and disease. 

 

 

INTRODUCTION 
 

Biological membranes are found surrounding the entire cell and enclosing most of the 

cell organelles. Although membranes perform a variety of functions, their most universal 

function is to act as a selective barrier to the passage of molecules. In addition, plasma 

membrane plays an important role in detecting chemical signals from other cells and 

anchoring cells to other cells. 

All membranes consist of a double layer of lipid molecules in which proteins are 

embedded. Membrane lipids can be broadly divided into three large groups: 1) 

glycerophospholipids or phospholipids; 2) sphingolipids; and 3) sterols. The major membrane 

lipids are phospholipids, and all these molecules contain a common glycerol backbone with 

L-configuration and a phosphate group ester-linked to the sn-3 carbon of the glycerol 

backbone. The common structural feature to all sphingolipids is the sphingosine backbone. 

Sterols, however, have four fused rings (Huang, 1998). 

Membrane phospholipids are amphipathic molecules composed of polar (or hydrophilic) 

and nonpolar (or hydrophobic) moieties. The polar regions are oriented toward the surfaces of 

the membranes as a result of their attraction to the polar water in the extracellular fluid and 

cytosol. The nonpolar fatty acid chains are organized in the middle of the bilayer. The plasma 

membrane also contains a large amount of cholesterol, whereas intracellular membranes 

contain very little cholesterol. Cholesterol, like the phospholipids, is inserted into the lipid 

bilayer with its polar region, the β-hydroxyl group at C-3, at a bilayer surface and its nonpolar 

hydrophobic rings are oriented to the interior, in association with the fatty acid chains of the 

phospholipids. However, the hydrophilic region of cholesterol is smaller than a water 

molecule, consequently, cholesterol is weakly amphipathic, and it can readily dissolve into 

the middle of the phospholipids bilayer (Huang, 1998). 

From a physical point of view, membrane fluidity is defined as the quality of ease of 

movement and refers to the viscosity of the lipid bilayer of a biological membrane (Zimmer et 

al., 1993; Tsuda and Nishio, 2003). In general, the term means a combination of the mobility 

of the lipid membrane components. There are no chemical bounds linking the phospholipids 

to each other or to the membrane proteins. Thus, lipids are free to diffuse in the plane of the 

membrane, the long fatty acid chains can bend and wiggle back and forth, and, even, “flip-

flop” from one phospholipid leaflet to the other at slow rates (Figure 1). 

Membrane fluidity can be modulated by several factors such as: 1) the length of the fatty 

acid chains. Lipids with shorter chains are less stiff because they are more susceptible to 

changes in kinetic energy due to their smaller molecular size and because they have less 

surface area to undergo stabilizing interactions with neighboring hydrophobic chains; 2) the 

degree of saturation of the fatty acid chains. Lipid chains with double bounds are more fluid 
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than lipids that are saturated (Gennis, 1989); 3) the concentration of cholesterol in the lipid 

bilayer; 4) the membrane protein density; 5) the nature of polar head groups, e.g., 

incorporation of sphingomyelin into synthetic lipid membranes is known to stiffen a 

membrane (Heimburg, 2007); 6) the temperature. When lipids acquire thermal energy, they 

move around more, making the membrane more fluid. At low temperatures, the lipids are 

laterally ordered in the membrane, and the lipid chains are mostly pack well together; 7) the 

pressure; and 8) the presence of natural or synthetic amphipathic substances in the bilayer, for 

example, steroids, vitamins, anesthetics and barbiturics (Hegner, 1980; Shinitzky, 1984). 

 

 

Figure 1. Movements for phospholipids in a biological membrane: a) Lateral diffusion in the plane of 

the lipid bilayer; b) flip-flop or migration from the monolayer on one side to the other; c) rotation of the 

lipid about its long axis; d) flexion-extension of the hydrocarbon chains. 

Since lipid bilayer serves as a matrix for embedded proteins, which functioning as ion 

channels, receptor-effector coupled systems, transporters, enzymes, etc, it seems reasonable 

to think that membrane fluidity modulates the function of these proteins associated with the 

membrane structure (Gennis, 1989; Sunshine and McNamee, 1994; Heimburg and Marsh, 

1996; Schroeder et al., 1996; Emmerson et al., 1999; Prasad et al., 1999; Oghalai et al., 2000; 

Parks et al., 2000; Tekpli et al., 2013). Consequently, membrane-dependent functions, such as 

phagocytosis and cell signaling, can be regulated by the fluidity of the lipid bilayer 

(Helmreich, 2003). Changes in the optimal fluidity of membrane have a negative effect on 

their functions. Moreover, altered membrane fluidity levels have been implicated in aging as 

well as in numerous disease processes (McGrath et al., 1995; Choe et al., 1995; Choi and Yu, 

1995). 

Several procedures have been proposed to evaluate membrane fluidity in a wide variety 

of biological membranes. Fluorescence measurements involve fluorescent probes 

incorporated into the membrane. The most extensively used has been the fluorescence 

polarization anisotropy of diphenylhexatriene derivatives. Electron paramagnetic resonance 

measurements involve the use of fatty acid spin-label agents (Zimmer et al., 1993). 
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LIPID PEROXIDATION AND MEMBRANE FLUIDITY 
 

Lipid peroxidation is an autooxidative process initiated by a variety of free radicals to 

which lipids containing carbon-carbon double bound(s), especially polyunsaturated fatty acids 

present in biological membranes, are susceptible (Bindoli, 1988). 

The overall process of lipid peroxidation is divided into three successive phases: 

initiation, propagation, and termination (Kanner et al., 1987; Girotti, 1998; Vance and Vance, 

2002). In the initiation step, free radicals such as hydroxyl radicals (•OH), abstract the allylic 

hydrogen forming the carbon-centered alkyl radical (L•), with a simultaneous rearrangement 

of the double bounds to become conjugated. Thereafter, L• formed rapidly reacts with 

oxygen, which is nonpolar and, thereby, soluble in the hydrocarbon core of lipid bilayer, 

resulting in lipid peroxyl radicals (LOO•). Propagation takes place because the unstable 

LOO• formed is able to abstract a hydrogen from a neighbouring lipid molecule generating a 

new L• and lipid hydroperoxide (Figure 2). Finally, termination is generally believed to take 

place by an interaction between two free radicals, resulting in the formation of a non-radical 

product (Halliwell and Gutteridge, 1999). 

 

 

Figure 2. Process of lipid peroxidation in biological membranes. Initiation takes place through an 

abstraction of hydrogen from a fatty acid containing two o more separated double bound, leading to a 

alkyl radical, with a simultaneous rearrangement of the double bounds to become conjugated. 

Thereafter, the alkyl radical formed reacts with oxygen given rise to a lipid peroxyl radical. Propagation 

involves the abstraction of hydrogen atom from a neighbouring fatty acid by peroxyl radicals, and 

results in the formation of a lipid hydroperoxide and a new alkyl radical. 

Lipid peroxidation of biological membranes produces a wide variety of oxidation 

products. The main primary products of lipid peroxidation are lipid hydroperoxides. These 

compounds can also undergo degradation into hydrocarbons, alcohols, ethers, epoxides and 

aldehydes. Among the latter, malondialdehyde (MDA) is of special importance because of its 
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facile reaction with thiobarbituric acid (Pryor, 1989; Esterbauer and Cheeseman, 1990). 

Consequently, MDA is one of the most popular and reliable markers to evaluate lipid 

peroxidation in clinical situations (Giera et al., 2012). Some of the products of lipid 

peroxidation are highly reactive and may be considered as secondary toxic messengers which 

disseminate and increase initial free radical injury (Catalá, 2007). 

Lipid peroxidation is generally thought to be one of the major mechanisms of cell injury 

in aerobic organisms exposed to oxidative stress. It is well documented that one of the 

phenomenological consequences of lipid peroxidation in biological membranes is the 

decrease of its fluidity (Rice-Evans and Burdon, 1993). Several structural reasons have been 

proposed as a causal relationship for the rigidity during oxidative stress. The first suggestion 

is a reduction in the polyunsaturated/saturated fatty acid ratio in the membrane, which could 

be explained by higher susceptibility of polyunsaturated fatty acids of membrane 

phospholipids to free radicals (Rice-Evans and Burdon, 1993; Gutteridge, 1995). Second, the 

formation of cross-linking among the membrane lipid moieties may limit motion within the 

membrane contributing to rigidity (Blair, 2008). Finally, a third cause may be the oxidation of 

membrane proteins (García et al., 2014). 

 

 

INDOLEAMINE METABOLISM AND Β-CARBOLINE SYNTHESIS 
 

Tryptophan is an essential amino acid. These cannot be synthesized in the human body 

and must be supplied by the diet (Young, 1994; Sainio, 1996). While typical intake for many 

individuals is approximately 900 to 1000 mg daily, the recommended daily allowance for 

adults is estimated of 3.5 to 6.0 mg/kg of body weight per day. Some common sources of 

tryptophan are oats, bananas, dried prunes, milk, tuna fish, cheese, bread, chicken, turkey, 

peanuts, and chocolate (Richard et al., 2009). Tryptophan may be observed in the circulating 

blood torrent free or bound to albumin (80-90%). The main tryptophan role is to be a 

constituent of our proteins, but, moreover, it may be metabolized in several organs, including 

gut, liver, and brain, generating a wide variety of derivatives (Sainio, 1996). Basically, there 

are two metabolic pathways for tryptophan metabolism: kynurenine (Harper, 1993; Sainio, 

1996), and indoleamine synthesis (Sainio, 1996). 

In quantitative terms, kynurenine synthesis is the most prevalent metabolic pathway of 

tryptophan, which accounts for approximately 90% of its catabolism (Stone, 2001). The most 

important enzymes involved in kynurenine formation are tryptophan 2,3-dioxygenase and 

indoleamine 2,3-dioxygenase. While the first one interacts specifically with tryptophan, 

indoleamine 2,3-dioxygenase is an important enzyme in tryptophan, 5-hydroxitryptophan, 

serotonin, and melatonin metabolisms (Hirata and Hayaishi, 1972; Iwasaki et al., 1978). 

Tryptophan 2,3-dioxygenase is a hemoprotein founded in several organs, including kidney 

and brain, and, especially, liver (Schutz, 1972; Gál, 1980). On the other hand, indoleamine 

2,3-dioxygenase may be founded in brain, gut, lung, placenta, testes, and other endocrine 

glands (Hayaishi, 1976; Watanabe et al., 1981). Tryptophan 2,3-dioxygenase pathway begins 

by the cleavage of the indole ring of tryptophan, which results in the formation of N-formyl-

kynurenine followed by kynurenine in an ensuing step due to formamidase activity (Gál, 

1980; Speciale et al., 1989). Kynurenine may be metabolized by kynurenine 3-hydroxilase, 

kynurenine aminotransferase and kynureninase activities. Finally, nicotinic acid is 
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synthesized from quinolinic acid due to quinolinic acid phosphoribosyltransferase, which 

finishes the process with the generation of nicotinamide and nicotinamide dinucleotide 

(Erickson et al., 1992; Toma et al., 1997; Stone, 2001). 

Indoleamine synthesis from tryptophan (Figure 3) begins by the formation of 5-

hydroxytryptophan (Figure 4A), due to tryptophan-5-hydroxylase activity. This indole is 

precursor of 5-hydroxytryptamine or serotonin, which is generated by tryptophan 

descarboxilase. In the pineal gland, serotonin may be deaminated by the enzyme 

monoaminoxidase (MAO) forming 5-hydroxyindole acetaldehyde. However, serotonin may 

also generate N-acetyl-serotonin (Figure 4B) and N-acetyl-5-methoxytryptamine or melatonin 

(Figure 4C) due to N-acetyltransferase (NAT) and hydroxyindole-O-methyltransferase 

(HIOMT) activities (Singh and Jadhav, 2014). N-acetylserotonin and melatonin show light-

controlled daily rhythms in their synthesis with peak production occurring at night and a nadir 

during the photophase. These rhythms are a consequence of the increased activity of NAT at 

night (Pang et al., 1984; Ho et al., 1985; Namboodiri et al., 1985; Míguez et al., 1996; 

Viswanathan et al., 1998). 

 

 

Figure 3. Pathway for tryptophan metabolism and indoleamine synthesis in mammals. 

 

 

Figure 4. Chemical structure of 5-hydroxytryptophan (A), N-acetyl-serotonin (B), melatonin (C), and 5-

methoxytryptophol (D). 
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5-methoxytryptamine is formed in the pineal gland via deacetylation of melatonin 

(Galzin et al., 1988). Biosynthesis of 5-methoxytryptophol (Figure 4D) occurs from either 

serotonin or melatonin and it is catalyzed by MAO, alcohol dehydrogenase, and HIOMT 

(McIsaac et al., 1965; Hardeland et al., 1993). 5-methoxytryptophol concentrations in the 

pineal gland show a daily rhythm, opposite that of melatonin; 5-methoxytryptophol is found 

in highest concentrations during daytime and low concentrations during the nighttime 

(Míguez et al., 1996; Zawilska et al., 1998). 

Finally, 6-methoxy-1,2,3,4-tetrahydro-β-carboline or pinoline is not a indoleamine, but it 

is structurally related to melatonin. Pinoline formation has been proposed via Pictet–Spengler 

reaction (Figure 5) by condensation between indoleamines and aldehydes (Hardeland et al., 

1993; Callaway et al., 1994; Pähkla et al., 1998). Several laboratories claim that pinoline is 

present in the pineal gland and in other tissues as well (Shoemaker et al., 1978; Kari, 1981; 

Langer et al., 1984). 

 

 

Figure 5. 6-Methoxy-1,2,3,4-tetra-hydro-carboline or pinoline formation has been proposed via Pictet–

Spengler reaction by condensation between indoleamines and aldehydes. AAA: Aryl acyl amidase. 

HIOMT: Hydroxyindole-O-methyltransferase. 

 

MAIN ASPECTS OF MELATONIN FUNCTION IN MAMMALS 
 

The pineal gland is one of the various organs in which melatonin is produced. The main 

regulator of melatonin secretion by the vertebrate pineal gland is the light-dark cycle. During 

night, both NAT and HIOMT activities increase (Reiter, 1980; Sugden et al., 1987). 

Consequently, acting via the suprachiasmatic nucleus, through a multisynaptic sympathetic 

pathway which includes a stimulation of cyclic adenosine monophosphate (cAMP), during 

darkness it promotes the production and release of melatonin (Stehle et al., 2011). Because of 

its high liposolubility, melatonin crosses easily the lipid bilayer membrane increasing its 

levels in blood torrent and in all body compartments (Reiter, 1991). Accordingly, at day, 

human plasma melatonin concentrations are low (5–20 pg/mL), while at night, its blood 

levels reach peak values (80–150 pg/mL) (Dziegiel et al., 2008). These chronobiotic 

properties of melatonin are the major physiological effects of the indoleamine produced by 

the pineal gland. 
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Melatonin also exhibits remarkable functional versatility due to its actions on the neural, 

immune and endocrine systems as well as its effects on metabolism (Itoh et al., 1996; 

Carrillo-Vico et al., 2007; Agil et al., 2012; Cardinali et al., 2012; Hardeland et al., 2012; 

Mauriz et al., 2013). Several tissues including the retina, ovary, testes, gut, bone marrow, gut, 

placenta, and liver produce their own melatonin (Tan et al., 1999; Venegas et al., 2012; Reiter 

et al., 2013; Acuña-Castroviejo et al., 2014). The physiological significance of melatonin 

produced in peripheral tissues seems to have autocrine and paracrine roles as this indoleamine 

does not enter the circulation (Tan et al., 2003; Carrillo-Vico et al., 2004; Acuña-Castroviejo 

et al., 2007). Melatonin has become in a needed molecule for maintaining the cell 

homeostasis and the amount of melatonin that one cell or tissue needs is different from the 

other cell or tissue. It is believed that each one produces what it needs (Hardeland et al., 

2005). Thus, when we refer to physiological levels of melatonin, we cannot consider only 

plasma levels of melatonin, because melatonin concentrations in several tissues such as bone 

marrow and gut, display 2-3 orders of magnitude higher than those in plasma (Stefulj et al., 

2001; Reiter et al., 2005; Acuña-Castroviejo et al., 2007). 

We can classify melatonin mechanisms of action in three main categories, namely 

receptor-mediated, cytosolic protein-mediated and non-receptor-mediated effects. Numerous 

studies document that melatonin acts binding to membrane and nuclear receptors (Acuña-

Castroviejo et al., 1994; Dubocovich, 2005). Other evidences clearly demonstrated the 

interaction of melatonin with cytosolic proteins, for example, calmodulin. In this way, 

melatonin-calmodulin interaction produced changes in the cytoskeleton rearrangements 

(Benítez-King, 2006). 

The non-receptor mediated actions of melatonin include the antioxidant and free radical 

scavenger roles of melatonin. Melatonin is especially effective as an antioxidant because it 

utilizes a wide variety of means to reduce oxidative stress and lipid peroxidation. Firstly, 

melatonin scavenges several free radicals, including •OH (Tan et al., 1993; Galano, 2011; 

Galano et al., 2011). When the indoleamine interacts with •OH, it initiates a scavenging 

cascade reaction in which the metabolites produced, cyclic 3-hydroxymelatonin, N1-acetyl-

N2-formyl-5-methoxykynuramine (AFMK) and N1-acetyl-5-methoxykynuramine (AMK), 

also function neutralizing free radicals (Tan et al., 1998; Reiter et al., 2001; Hardeland et al., 

2006 and 2007; Galano et al., 2013). Thus, one molecule of melatonin eventually may 

scavenge up to eight or more radicals. Additionally, melatonin also detoxifies peroxynitrite 

anion, hydrogen peroxide, superoxide anion radical, singlet oxygen, as well as other toxic 

reactants (Reiter, 1995; Pappolla et al., 2000; Tan et al., 2000; Allegra et al., 2003; 

Hardeland, 2005; Zavodnik et al., 2006; Tan et al., 2007; Peyrot and Ducroq, 2008). In 

addition to its direct scavenging actions, melatonin functions as an indirect antioxidant as 

well. It does so by means of its ability to stimulate the expression and activity of antioxidant 

enzymes (Barlow-Walden et al., 1995; Pablos et al., 1995 and 1998; Reiter et al., 2000; 

Rodríguez et al., 2004; Tomás-Zapico and Coto-Montes, 2005). Also, melatonin, or its 

metabolite AMK, inhibits pro-oxidative enzymes such as inducible nitric oxide synthase 

(Bettahi et al., 1996; Rodríguez-Reynoso et al., 2001; León et al., 2006). Finally, one 

additional important functional feature of melatonin’s ability to reduce oxidative stress 

depend on its chemical characteristics, that is, melatonin is lipophilic and hydrophilic, and 

thus, it crosses all cell barriers with ease and is available to all tissues, cells and subcellular 

organelles. Therefore, the melatonin’s beneficial actions extend to every organism and every 

organ. This is particularly important in the mitochondria, the organelle with higher free 
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radical production into the cell. Recently, it was reported that melatonin improve the 

efficiency of oxidative phosphorylation by enhancing the activity of mitochondrial complexes 

I and IV, and thus, fostering ATP synthesis and reducing free radical generation (Martín et 

al., 2000; Acuña-Castroviejo et al., 2011). 

 

 

MELATONIN REDUCES LIPID PEROXIDATION AND MEMBRANE 

RIGIDITY IN BIOLOGICAL MEMBRANES 
 

Membrane fluidity is a physicochemical feature of biological membranes that plays an 

essential role in modulating numerous cellular functions. Thus, optimal fluidity levels are 

important to maintain adequate cell physiology and there is an interest in those molecules that 

are able to protect membranes against oxidative stress. Melatonin has been found to protect 

against lipid peroxidation in many in vitro and in vivo experimental models, and, even, in the 

development of aging and a variety of pathological events (García et al., 1997 and 2011; 

Cuzzocrea et al., 2001; Fulia et al., 2001; Dziegel et al., 2002; Baydas et al., 2002; Sener et 

al., 2006; Catalá, 2007; Aranda et al., 2010; Tan et al., 2015). In vitro assays showed that 

incubation of hepatic microsomes isolated from Sprague-Dawley rats with FeCl3, adenosine-

5-diphosphate (ADP) and nicotinamide adenine dinucleotide phosphate (NADPH) was 

followed by MDA and 4-hydroxyalkenals (4-HDA) accumulation. The addition of melatonin 

prevented the rise in lipid peroxidation in an indoleamine concentration-dependent manner 

(García et al., 1997). These results are in agreement with observations reported using an 

ascorbate-Fe2+ system to induce lipid peroxidation in brain homogenates and brain and liver 

microsomes (Teixeira et al., 2003), as well as in microsomes and mitochondria isolated from 

rat testis (Gavazza and Catalá, 2003). 

Melatonin treatment of animal models of cerebral hypoxia–ischaemia significantly 

attenuated isoprostane concentrations, an index of lipid peroxidation in the cerebral cortex 

and reduced the encephalopathy mediated by the inflammatory cell recruitment and glial cell 

activation in these areas, when compared to non-treated animals (Signorini et al., 2009; 

Balduini et al., 2012). Also, melatonin reduced the production of 8-isoprostanes following 

experimental umbilical occlusion of mid-gestation foetal sheep (Welin et al., 2007). In 

addition to these reports that have documented the neuroprotective effects of melatonin, the 

indoleamine also reduced isoprostane generation in the liver, kidney and plasma of rats 

following treatment with the herbicide diquat (Zhang et al. 2006; Xu et al., 2007). It is 

remarkable that the measurements of isoprostanes in the biological membranes are considered 

a more sensitive method to evaluate lipid peroxidation than MDA concentrations are (Morrow 

and Roberts, 1997). 

Given that melatonin reduces lipid peroxidation in every cell and tissue, it was assumed 

that, in doing so, the indole would also maintain cell membranes in a state of optimal fluidity 

(Catalá, 2007; García et al., 2014). We have tested the effect of melatonin on membrane 

fluidity, monitored using fluorescence spectroscopy, of microsomes isolated from rat liver in 

which lipid peroxidation was induced by the addition of FeCl3, ADP and NADPH. Membrane 

rigidity increased during induced lipid peroxidation, while melatonin reduced, in a 

concentration-dependent manner, both membrane rigidity and lipid peroxidation (García et 

al., 1997 and 1998). The concentrations of melatonin required to inhibit by 50%, i.e., IC50, 
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lipid peroxidation and membrane rigidity were 1.25 mM, and 1.5 mM, respectively (Table 1). 

The close relationship between MDA+4-HDA formation and the decrease in membrane 

fluidity, make likely a scavenging mechanism of melatonin to explain the reduction in 

membrane rigidity. 

 

Table 1. Concentrations of melatonin and structurally-related molecules required to 

inhibit in vitro by 50%, i.e., IC50, malondialdehyde and 4-hydroxy-alkenals formation, 

and membrane rigidity of microsomes isolated from the liver of Sprague-Dawley rats in 

a FeCl3-ADP-NADPH system to induce lipid peroxidation. 

 

Molecule 
IC50 (mM) 

References 
Lipid peroxidation Membrane rigidity 

Melatonin 1.25 1.50 García et al, 1997 

5-hydroxytryptophan 1.38 2.40 Reyes-Gonzales et al, 2009 

N-acetylserotonin 0.19 0.35 García et al, 2001 

5-methoxy-tryptophol 0.70 - García et al, 2000 

Pinoline 0.39 - García et al, 1999 

 

It is well documented that during lipid peroxidation free radicals attack lipid containing 

carbon-carbon double bounds, especially polyunsaturated fatty acids, and that a consequence 

of the drop in the polyunsaturated/saturated fatty acid ratio in a biological membrane is a 

decrease of its fluidity. Leaden et al. (2002) have proved that fatty acid composition of total 

lipids isolated from rat liver microsomes was modified when exposed to lipid peroxidation, 

with a decrease of both n-3 and n-6 polyunsaturated fatty acids. When microsomes were 

treated with melatonin, the indoleamine reduced the loss of docosahexanoic acid (C22:6 n-3) 

and arachidonic acid (C20:4 n-6). Moreover, the incorporation of melatonin in microsomes or 

mitochondria isolated from rat testis prevented a drop in the highly polyunsaturated fatty 

acids C20:4 n-6 and C22:5 n6 exposed to ascorbate-Fe2+ lipid peroxidation (Gavaza and 

Catalá, 2003). Consequently, melatonin may preserve biologicals membranes from the 

rigidity because the indoleamine attenuates the changes observed in their unsaturated fatty 

acid composition during lipid peroxidation process. 

Recent investigations have also shown the in vivo melatonin’s beneficial actions in 

preserving membranes against rigidity due to lipid peroxidation. Microsomal membrane 

fluidity in liver collected 12 h after the exposure of rats to ionizing radiation exhibited a 

significant reduction in membrane fluidity when compared to those of nonirradiated rats. 

Moreover, DNA from the hepatocytes had elevated concentrations of 8-hydroxy-2-

deoxyguanosine, an index of DNA damage that is considered a key biomarker related to 

carcinogenesis (Floyd, 1990). When melatonin was given in advance of ionizing radiation, it 

completely prevented both the hepatic microsomal rigidity and the rise in 8-hydroxy-2-

deoxyguanosine levels (Karbownik et al., 2000a). 

The administration of hepatotoxins such as δ-aminolevulinic acid, a precursor of haeme 

synthesis, caused in the rat liver both a significant increase in lipid peroxidation and rigidity 

in the microsomal and mitochondrial membranes when compared to these parameters in 

control animals. Also, treatment of rats with phenylhydrazine increased both lipid 

peroxidation and microsomal rigidity in the liver. Melatonin completely counteracted these 

effects of ALA (Karbownik et al., 2000b) and phenylhydrazine (Karbownik et al., 2000c). 
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As is well known, plasma and pineal concentrations of melatonin decline with aging 

(Reiter, 1980; Reiter et al., 1980; Reiter et al., 1981; Sack et al., 1986), and an inverse 

correlation between endogenous melatonin levels and oxidative damage to some tissues of 

Sprague-Dawley rats and senescence-accelerated mice has been demonstrated (Reiter et al., 

1999; Lardone et al., 2006). Using healthy Sprague–Dawley rats at the advanced age of 25 

months, we showed that membrane fluidity of microsomes isolated from the liver decreased 

when compared to young animals at age of 2 months. In these animals, we used pinealectomy 

to induce a life-long reduction of endogenous melatonin levels; rats were operated when they 

were 2 months of age, and the outcome was an exaggeration of the rigidity arising from the 

physiological aging (Reiter et al., 1999). In a more recent study, we evaluated membrane 

fluidity in synaptosomal and mitochondrial membranes obtained from the central nervous 

system neurons of prone and resistant senescence-accelerated mice at 5 and 10 months of age. 

Ageing promoted rigidity in synaptosomal and mitochondrial membranes in untreated SAMP 

mice. Chronic melatonin administration from age of 1 to 10 months reduced the rigidity 

especially in the mitochondrial membranes (García et al., 2011). 

Since free radical damage has frequently been implicated in numerous diseases, it is not 

surprising that there is a great interest to identify effective antioxidants to treat free-radical-

mediated tissue damage. Alzheimer’s disease is pathologically characterized, among other 

features, by the presence of extracellular β-amyloid plaques, which contain a 4KDa peptide 

with a significant β structure called β-amyloid peptide. The exposure of neurons to β-amyloid 

peptide induces vulnerability to excitotoxicity, synaptic loss, mitochondrial dysfunction, 

massive calcium entrance, cell death and oxidative and nitrosative stress (Kimberly et al., 

2003; Bossy-Wetzel et al., 2004). Melatonin attenuated in a dose-dependent manner the 

rigidity of membranes isolated from astroglioma C6 cells cultured and incubated with β-

amyloid peptide (Feng and Zhang, 2004). Finally, the indoleamine efficiently protected 

against lipid peroxidation and membrane rigidity in erythrocytes of patients undergoing 

cardiopulmonary bypass surgery (Ochoa et al., 2003), a therapeutic technique with a high 

degree of surgical risk (Romanoff and Kingsley, 1995; Starkopf et al., 1997). 
 

 

EFFECT OF MELATONIN STRUCTURALLY-RELATED MOLECULES ON 

MEMBRANE RIGIDITY DURING LIPID PEROXIDATION 
 

We have tested the in vitro effect of tryptophan and its 5-hydroxy derivative in reducing 

lipid peroxidation and membrane rigidity due to exposure of FeCl3 and ascorbic acid in 

hepatic cell membranes. The presence of 5-hydroxytryptophan, but not tryptophan, attenuated 

both lipid peroxidation (Table 1) and membrane rigidity. The fact that the incorporation of the 

hydroxyl group into the aminoacid activates its antioxidant behavior suggests that the 

protective effect of 5-hydroxytryptophan is related to its ability to transfer electrons to 

neighboring free radicals (Reyes-Gonzales et al., 2009). 

N-acetylserotonin is the immediate precursor of melatonin in the metabolism of 

tryptophan. Chemically, N-acetylserotonin only differs from melatonin in the substitution of a 

hydroxyl group for the methoxy group in position 5 of the indole ring. As occurs with 

melatonin, N-acetylserotonin has protective effects against toxin-induced damage in several 

organs. N-acetylserotonin protects in vitro against lipid peroxidation and membrane rigidity 

(Table 1) induced by FeCl3, ADP and NADPH in a concentration-dependent manner (García 
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et al., 2001). Although when compared to other indoleamines in stabilizing in vitro 

membranes, N-acetylserotonin was slightly more active than melatonin, caution is needed 

when interpreting these results. α-Naphtylisothiocyanate (ANIT) is a well-known toxic 

substance that produces a cholangiolitic hepatitis characterized by intrahepatic cholestasis, 

hepatocellular and biliary epithelial cell necrosis, and bile duct obstruction (Plaa and 

Priestley, 1976; Roth and Dahm, 1997). Rats treated with ANIT-developed cholestasis within 

24 h, as indicated by both, serum levels of alanine aminotransferase and aspartic acid 

aminotransferase activities, and serum total bilirubin concentration. Moreover, lipid 

peroxidation in homogenates and microsomal rigidity of membranes obtained from the liver 

were observed to be higher in the ANIT-treated rats than in control animals. Whereas 

melatonin treatment completely reversed cholestasis, lipid peroxidation and hepatic 

microsomal membrane rigidity, N-acetylserotonin failed in reducing the serum levels of 

either, hepatic enzymes or the serum total bilirubin concentration, and the cholestasis (Calvo 

et al., 2001). 

Although 5-methoxytryptophol seems less active than melatonin in terms of influencing 

reproductive physiology, it is reportedly involved in the modulation of some aspects of 

puberty and gonadal function (Reiter, 1980; Molina-Carballo et al., 1996). As occurs with 

melatonin and N-acetylserotonin, the indoleamine 5-methoxytryptophol and pinoline (Table 

1) stabilized microsomal membranes against lipid peroxidation due to exposure to FeCl3, 

ADP and NADPH (García et al., 1999 and 2000). Pinoline has been shown to increase brain 

serotonin levels because it inhibits MAO (Airaksinen et al., 1978; Langer et al., 1984). 

Recently, the in vivo antioxidant properties of pinoline have been proved. CCl4 is a toxin that 

produces hepatocyte fatty degeneration, cellular necrosis, fibrosis, cirrhosis, and cancer in rats 

and other animal species (Manibusan et al., 2007). The administration of melatonin or 

pinoline fully prevented cell membrane rigidity in the liver due to CCl4 in rats. In this study, 

treatment with melatonin was more effective than pinoline in reducing lipid peroxidation 

(Aranda et al., 2010). 

A last point of consideration of the effects of 5-methoxytryptophol and pinoline on the 

membrane fluidity should be that both molecules may disturb lipid motion in the membrane 

without oxidative stress (García et al., 1999 and 2000). In contrast to 5-methoxytryptophol 

and pinoline, melatonin, 5-hydroxytryptophan and N-acetyl-serotonin did not change fluidity 

levels in microsomes in basal conditions of oxidative stress (García et al., 1997 and 2001; 

Reyes-Gonzales et al., 2009). Since membrane fluidity modulates numerous functions of the 

cell, it may be likely limit 5-methoxytryptophol and pinoline use as therapeutic antioxidants. 

 

 

CONCLUSION 
 

When free radicals target lipids from biological membranes, they can initiate the lipid 

peroxidation process, an autooxidative chain reaction in which polyunsaturated fatty acids in 

the membrane are the substrate. There is considerable evidence that free radical attack in the 

membrane tends to reduce its fluidity. However adequate levels of fluidity are essential for 

the proper functioning of biological membranes. 

Melatonin is a powerful antioxidant that exhibits remarkable functional versatility to 

preserve biological membranes from free radical attack. These include its ability to scavenge 
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free radicals, to enhance of the activity of the antioxidant enzymes and to optimize the 

transfer of electrons through the electron transport chain in the inner mitochondrial 

membrane. Besides melatonin’s role in stabilizing membranes against lipid peroxidation, 

melatonin has other advantages because of its ubiquitous distribution in every cellular 

compartment, which is a result of the ease with which it crosses lipid bilayers. A final 

consideration is the safety of melatonin in clinical use, because melatonin treatment has no 

reproducible adverse effects in humans or animals. 

The findings presented in this chapter demonstrate that melatonin as well as other 

structurally-related compounds, such as 5-hydroxytryptophan, N-acetyl-serotonin, 5-

methoxytryptophol, and pinoline, afford protection against membrane rigidity due to lipid 

peroxidation and reinforce the idea that stabilizing cell membranes may contribute to the cell 

protective action of these molecules. 
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ABSTRACT 
 

Biologically active compounds with antioxidant potential, i.e., bio-antioxidants 

(natural and their synthetic analogs) have a wide range of applications. They are 

important drugs, antibiotics, agrochemical substitutes, food preservatives, etc. Many of 

the drugs today are synthetic modifications of naturally obtained substances with both 

biological and antioxidant activities. Nowadays bio-antioxidants play an important role in 

disease prevention as components of food additives and antioxidant drugs in mono- or in 

complex therapy.  

Twenty antioxidant compositions, containing mono-, bi- and polyphenols, have been 

selected for this study. Various kinetic parameters and theoretical descriptors were 

applied to explain the effects observed and mechanisms of action of these antioxidant 

compositions. It has been proven that the synergism observed between components in the 

studied mixtures is mainly due to regeneration of the stronger antioxidant in the binary 

mixture. 

If two or more antioxidants are added to the oxidizing lipid substrate, their combined 

inhibitory effect can be additive (summary), antagonistic (negative) or synergistic 

(positive). Different effects of various antioxidant compositions were compared and 

discussed. Synergism - when the combined inhibiting effect of the mixture (IPAOH + TOH) 

is higher than the sum of inhibiting effects (IPAOH + IPTOH) of the individual components, 

i.e., IPAOH + TOH > IPAOH + IPTOH. Additivism - when the antioxidant mixture ensured the 

same inhibiting effect as the sum of the inhibiting effects of the individual components, 

i.e., IPAOH + TOH = IPAOH + IPTOH. Antagonism - when the combined inhibiting effects of 
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the antioxidant mixtures is lower/weaker than the sum of the individual components, i.e., 

IPAOH + TOH < IPAOH + IPTOH. 

The synergism observed can be explained by two kinds of reaction mechanisms: 

 

 H atom transfer from the studied antioxidant (AOH) to the tocopheryl radical 

(TO•), which is reversible, but in case of synergism the equilibrium is shift to the 

right direction, i.e., to the regeneration of TOH, which is the stronger 

antioxidant. 

 Cross-dissproportionation reaction between phenoxyl (AO•) and tocopheryl 

(TO•) radicals with regeneration the stronger antioxidant (TOH) and formation 

of quinone (A = O) from AOH. 

In case of antagonism between AOH and TOH: 

 H atom transfer leads to the regeneration of the weaker antioxidant (AOH), but 

not the stronger one (TOH). 

 Cross-recombination reaction between both phenoxyl radicals (AO•) and (TO•) 

to inactive compounds is preferred. 

 Cross-dissproportionation reaction between both phenoxyl radicals (AO•) and 

(TO•) with the regeneration of the weaker antioxidant (AOH) and tocopheryl 

methylene quinone (T = O) formation. 

 

The behavior of the studied antioxidants (AOH) when mixed with TOH has been 

rationalized on the basis of the calculated BDEs (Bond Dissociation Enthalpies), 

chemical structures of the molecules and the possible formation of intermolecular 

complexes. New equations for determination of different effects observed (synergism and 

antagonism) and calculation (in %) are proposed here for the first time.  

 

 

1. INTRODUCTION 
 

Nowadays bio-antioxidants play an important role in human health and disease 

prevention as components of food additives and for treatment of different diseases as 

monotherapy or in complex therapy with drugs [1-3]. It has been found that in the first stage 

of atherosclerosis the system works in its normal regime. The introduction of antioxidants in 

the affected body normalizes not only the peroxide oxidation, but also the lipid content. 

Monotherapy with antioxidants also is used in early stage of atherosclerosis and in oncology. 

In this case the antioxidants are used at high concentration [4]. There are a lot of reports on 

combination therapy with drugs and antioxidants, but in this case antioxidants are mainly 

used as additives in the complex tumor therapy - they are in low concentrations. In this 

respect the medical treatment of most of diseases includes formulations based on combination 

of traditional drugs with targeted functionality and different antioxidants [5-8]. 

Density functional theory (DFT) is widely used to predict the activity of the compounds 

to scavenge free radicals by H atom abstraction and to explain the structure-activity 

relationship in phenolic compounds series [9-11]. 

Here we compare the synergic effects of various antioxidant compositions as mixtures of 

two individual components and present the reaction mechanisms explaining their effects 

obtained as well as new equations for calculation of synergistic (positive) effect and 

antagonistic (negative) effect between the individual components of the antioxidant 

compositions of equimolar binary mixtures. 
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2. STRUCTURES OF PHENOLIC ANTIOXIDANTS UNDER STUDY 
 

The structures of selected A) monophenolic and B) bi- and polyphenolic antioxidants, 

used as components of binary mixtures are presented in Figure 1. 

DL-α-tocopherol (TOH), ferulic acid (FA), caffeic acid (CA), sinapic acid (SA), 

butylated hydroxytoluene (BHT) and tert-butylhydroquinone (TBHQ) were purchased from 

Merck. 7-Hydroxy-4-methyl-coumarin (Coum 1), 7,8-dihydroxy-4-methyl-coumarin (Coum 

2), 6,7-dihydroxy-4-methyl-coumarin (Coum 3) were synthesized in the University of Delhi, 

India and previously reported [12-14]. Dehydrozingerone (DHZ), dimer of dehydrozingerone 

(DDHZ) and dimer of ferulic acid (DFA) were synthesized in CNR Institute of Biomolechular 

chemistry, Sassari, Italy, and reported previously [15]. Biscoumarins (Biscoum 1 and 

Biscoum 2) were synthesized in Pharmaceutical Faculty, Medicinal University of Sofia, 

Bulgaria, and previously reported [16]. Neolignans (Neolignan 1 and Neolignan 2) were 

synthesized in CNR Institute of Biomolechular Chemistry, Catania, Italy, and reported 

previously [17-19]. Data of equimolar binary mixtures of resveratrol (Res) and myricetin 

(Myr) with TOH are taken from refs. [20-22]. 

 

 

Figure 1. Structures of the of selected A) monophenolic and B) bi- and polyphenolic antioxidants, used 

as components in binary mixtures. 
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3. DFT CALCULATIONS 
 

The unrestricted open-shell approach UB3LYP and diffuse function-augmented or non-

augmented basis set 6-31G(d,p) [23-25] are used to optimize the geometry of compounds 

studied and their radicals without symmetry constraints with the default convergence criteria 

using the Gaussian 09 program [26]. Frequency calculations for each optimized structure are 

performed at the same level of theory. No imaginary frequency is found for the lowest energy 

configurations of any of the optimized structures. Unscaled thermal corrections to enthalpy 

are added to the total energy values. The BDEs for the generation of the respective radicals 

from the parent compounds are calculated by the formula BDE = H298(AO•) + ET(H•) - 

H298(AOH) where H298(AO•) and H298(AOH) are enthalpies calculated at 298 K for radical 

species AO• and neutral molecule AOH, respectively, and ET(H•) (calculated total energy of 

H•) is -313.93 kcal mol-1. PyMOL molecular graphics system is used for generation of the 

molecular graphics images [27]. 

The geometries of all parent compounds and possible phenoxyl radical species except 

Neoligan 1 and Neoligan 2 are optimized at UB3LYP/6-31 + G(d,p) level; the calculations for 

the neolignans are performed at UB3LYP/6-31G(d,p) level. BDE(TOH) is calculated with 

both diffuse function-augmented and non-augmented 6-31G(d,p) basis sets. The possible 

rotameric forms of neolignans, FA, DHZ, DFA, DDHZ and coumarins (and their energies) 

are discussed elsewhere [9-11]; the complete geometrical parameters for the remaining 

structures are available on request. In Figure 2 the optimized structures of possible 

conformers of Myr and Biscoum 1 with different orientation of the adjacent OH groups 

(while maintaining the maximum number of intramolecular OH hydrogen bonds) are 

presented.  

The enthalpy difference (ΔH298) between the (a) and (b) rotamers of Myr is 0.70 kcal 

mol-1, while the rotamers of Biscoum 1 are almost isoenergetic (ΔH298 = 0.12 kcal mol-1). 

Myr (b) and Biscoum 1 (b) rotamers are the stable forms of these compounds. 

The optimized geometries only of the preferred rotamers with intramolecular hydrogen 

bonds are presented on Figure 3. Only the lowest BDE value for radical formation is indicated 

for the majority of bi- and polyphenolic antioxidants, in some cases additional values are 

given (in red) for comparison purposes.  

 

 

Figure 2. Optimized structures of possible conformers of A) Myr and B) Biscoum 1.  
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Figure 3. Optimized structures of studied A) mono; B) bi- and polyphenolic antioxidants and C) TOH; 

(*) denotes the UB3LYP/6-31G(d,p) level of calculations. 

Monophenolic antioxidants: they are characterized by consistently high BDE values (in 

the range 76.57÷82.55 kcal mol-1), except TOH (70.78 kcal mol-1 at UB3LYP/6-31 + G(d,p) 

level and 69.86 kcal mol-1 at UB3LYP/6-31G(d,p) level) and BHT (72.23 kcal mol-1). In the 

structures of FA, DHZ, SA and Neolignan 1 the OH-group is involved in an intramolecular 

H-bond with the neighboring OCH3-group with bond lengths in the range 2.09÷2.11 Å  

(H-bonds are indicated on Figure 3). Coum 1 (7-hydroxycoumarin) is characterized with the 

highest BDE value, while TOH and BHT demonstrate low BDE for monophenolic 

antioxidants. BDE(DFA) and BDE(DHZ) do not differ significantly (BDE = 0.56 kcal  

mol-1; the carboxylic group at the end of the side chain leads to slightly higher BDEs. 

Bi- and polyphenolic antioxidants: the BDE values fall in wide range - from 70.74 kcal 

mol-1 (Biscoum 1) to 79.43 kcal mol-1 (DFA). These compounds can be separated in two 

groups:  
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Group 1 - compounds containing vicinal hydroxy groups (ortho di- and vicinal tri-hydric 

phenols) – they have OH-groups attached to adjacent C-atoms (CA, Coum 2, Coum 3, Myr, 

Biscoum 1, Neolignan 2). The BDE values are in the range 70.74÷77.76 kcal mol-1. In this 

group of compounds stand out Biscoum 1, which has a very low BDE value (70.74 kcal mol-

1), and Coum 2, where the hydrogen atom abstraction is hampered by the participation of the 

hydrogen in an intramolecular hydrogen bond (IMHB) with the pyrone ring O-atom (BDE = 

77.76 kcal mol-1). The formation of IMHB with the adjacent OH-groups and subsequent 

stabilization of corresponding radicals is responsible for the low BDE values calculated for 

this group of compounds. The bond lengths of IMHB correlate with the BDE values for the 

respective radical formation: compounds with strong IMHB (2.13-2.17 Å, Neolignan 2, CA 

and Biscoum 1) have lower BDEs, compounds with weaker IMHB (2.21-2.23 Å, the rest of 

group 1 compounds) have higher BDEs. A vicinal hydroxy group is more effective in 

reducing BDE than a methoxy one (CA vs. FA BDEs). 

Group 2 – compounds having separated (non-adjacent) OH-groups (TBHQ, Res, 

Biscoum 2, DFA, DDHZ). The BDE values are in wide range (74.20 ÷ 79.43 kcal mol-1). 

TBHQ forms radical from the ortho-positioned (relative to the tert-butyl group) OH-group, as 

the positive inductive effect of tert-butyl group strongly decreases the O-H bond strength and 

TBHQ is characterized by the lowest BDE value in group 2 of the bi- and polyphenolic 

compounds. According to Denisov [28] the natural phenols BDE is influenced by the 

inductive effect of alkyl groups and similar effect is observed in tocopherols: the more methyl 

substituents are present in the benzene ring of different tocopherols the weaker is O-H bond. 

A comparison between BDEs of BHT (with 2 tert-butyl groups in ortho-position, BDE = 

72.23 kcal mol-1) and of TBHQ (with 1 tert-butyl group in ortho-position, BDE = 74.20 kcal 

mol-1) discloses the magnitude of this effect. Biscoum 2 has BDE value (76.07 kcal mol-1) 

very close to that of the dimethoxy substituted monophenolic SA (76.57 kcal mol-1), i.e., it 

behaves like a monophenolic antioxidant. The couples DFA/FA and DDHZ/DHZ do not 

differ significantly in their BDE values (BDE = 0.59-0.66 kcal mol-1).  

 

 

4. LIPID AUTOXIDATION 
 

Lipid samples. Triacylglycerols of commercially available sunflower oil (TGSO) were 

cleaned from pro- and antioxidants by adsorption chromatography [29] and stored under 

nitrogen at -20°C. Fatty acid composition of the lipid substrate (in wt %): С16:0 - 6.7%, С18:0 – 

3.6%, С18:1 – 25.1%, С18:2 - 63.7%, С20:0 – 0.2%, С22:0 – 0.7%, was determined by GC 

analysis of the methyl esters of the total fatty acids obtained according to Christie [31] with 

GC-FID Hewlett-Packard 5890 equipment (Hewlett-Packard GmbH, Austria) and a capillary 

column HP INNOWAX (polyethylene glycol mobile phase, Agilent Technologies, USA) 30 

m×0.25 mm×0.25 mm. The temperature gradient started from 165°C, increased to 230°C with 

4°C min-1 and held at this temperature for 15 min; injection volume was 1 µL. Injector and 

detector temperatures were 260 and 280°C, respectively. Nitrogen was a carrier gas at a flow 

rate of 0.8 mL min-1. Lipid samples containing various antioxidants were prepared directly 

before use. Aliquots of the antioxidant solutions in purified acetone were added to the lipid 

samples. The solvents were then removed in the argon flow (99.99%).  
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Abbreviations in the kinetic scheme: LH-lipid molecule, LOOH-lipid hydroperoxides,  is the yield of 

lipid peroxide radicals (LO2
•) formation during the chain branching reaction; n is the stoichiometry 

of the reaction between antioxidant and LO2
•, i.e., how many radicals were trapped by one 

molecule of antioxidant, AOH monophenolic antioxidant, Pi are the reaction inactive products, QP- 

quinolide peroxides. 

Scheme 1. Basic kinetic scheme of lipid autoxidation –noninhibited and inhibited. 

Lipid autoxidation. The process was carried out at 80(±0.2)oC by blowing the air through 

the experimental samples (2.0 mL) in the dark at the rate of 100 mL min-1 (a kinetic oxidation 

regime). The process was monitored by withdrawing, at definite time intervals, the lipid 

samples portions and subjecting them to iodometric determination of the concentration of 

primary oxidation products (hydroxyperoxides, LOOH), i.e., the peroxide value (PV) [31].  

All kinetic data were calculated as the mean result of two independent experiments and 

were processed using the computer programs Origin Pro 8.5.1 and Microsoft Excel 2010.  

Statistical analysis of IP determination. Ten independent experiments were carried out in 

association with previous results on inhibited oxidation according to Doerffel [32]. The 

standard deviation (SD) for different mean values of IP (in h) was published previously [9, 10, 

33]. The RA and RC were quite constant varying by less than 2%. 

 

 

5. BASIC KINETIC SCHEME OF LIPID AUTOXIDATION  
 

Triacylglycerols of sunflower oil are mixture of different types fatty acids glycerol esters, 

but only those fatty acids with pentadiene (-CH = CH-CH2-CH = CH-) structures are 

vulnerable to oxidation by atmospheric oxygen. Phenolic antioxidants inhibit or retard lipid 

oxidation by interfering with either chain propagation or initiation by readily donating 

hydrogen atoms to lipid peroxide radicals. The mechanism of lipid autoxidation in 
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homogeneous solutions under sufficient oxygen pressure can be presented by the following 

reactions: for the non-inhibited lipid oxidation (in absence of antioxidant) and for the 

inhibited lipid oxidation (in presence of antioxidant). The process under consideration may be 

described by the traditional Scheme 1 suggested for the chain peroxidation inhibited by 

monophenolic (AOH) antioxidant. 

It has been proven [28, 34-36] that the efficiency of the antioxidant is generally based on 

the balance between the rate of inhibition reaction (kA) and the transfer reaction (k-A) and 

(kp’). 

The main kinetic parameters of lipid autoxidation, which are used to determine effects of 

equimolar binary mixtures, are: 

Antioxidant efficiency - means the potency of antioxidant to increase the oxidation 

stability of the lipid sample by blocking the radical chain process. It could be presented with 

the following kinetic parameters: induction period (IP) and protection factor (PF).  

 

 Induction period (IP) constitutes the time required for a complete consumption of the 

phenolic antioxidants (AOH) and is determined as a crossing point of the tangents to 

the two integral parts of the kinetic curves of lipid autoxidation [9, 37]. IPA refers to 

the kinetic curve in the presence of AOH, while IPC represents the apparent IP in a 

control experiment without AOH.  

 Protection Factor (PF) shows for how many times the antioxidant increases the 

persistence of the lipid sample against oxidation and is determined as a ratio of the 

induction period in the presence (IPA) and that in the absence (IPC) of an antioxidant, 

i.e., PF = IPA / IPC. 

 

The discussion starts with the reaction mechanisms of the individual phenolic 

antioxidants during TGSO autoxidation. 

 

 

6. REACTION MECHANISM OF MONOPHENOLIC COMPOUNDS,  

AOH, AS INDIVIDUAL ANTIOXIDANTS 
 

 

6.1. Reaction Mechanisms of AOH 
 

 with lipid peroxide radicals, LOO• (a key reaction of the inhibited lipid autoxidation) 

 

Lipid peroxide radicals (LOO•) abstract H atom from the weakest phenolic group. 

 

 
 

As a result of a reaction of lipid peroxyl radicals with monophenolic antioxidants (AOH), 

phenoxyl radicals (AO•) are produced, their further transformation leads to one or other stable 

products. 

This reaction is reversible for monophenolic antioxidants which are without sterical 

hindrance of their phenolic OH groups (e.g., Coum 1, Neolignan 1 and Res). However, for 
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BHT, which is also monophenolic antioxidant, but with strong sterical hindrance, this 

reaction is not reversible. It is known that for TOH, which is also monophenolic antioxidant 

with a partially shielded phenolic group, this reaction is reversible. 

Such a mechanism is confirmed by the following facts [36]: 

 

o Phenoxyl radicals are detected by EPR as the primary reaction products. 

Replacement of the H atom by deuterium gives rise to a kinetic isotope effect. 

Solvents, forming hydrogen bonds with a phenolic group retard this process by 

preventing an attack on the O-H bond. 

o The rate constant for the reaction of LOO• with a phenol antioxidant characterizes its 

reactivity as antioxidant and it is temperature – dependent.  

o Тhe rate of the reaction between LOO• and AOH is affected by the nature of the 

solvent, first of all, by its ability to form hydrogen bond with the O-H group.  

o The stoichiometry of chain termination of phenolic antioxidants upon oxidation is 

closely related to the reactions involving phenoxyl radical. The stoichiometry means 

how many radicals are trapped by one molecule of antioxidant. In the general case 

the stoichiometric coefficient, n, varies from 1 to 2 (per phenolic group) depending 

on the conditions of lipid oxidation. 

 

 with lipid hydroperoxides, LOOH 

 

It is known that TOH increases the LOOH decomposition into free radicals and as the 

result the lipid oxidation rate grows. Denisov et al. [38] reported that oxygen containing 

compounds are able to form different kind of complexes with hydroperoxides, but only one of 

them allows accelerated hydroperoxides decomposition. Denisov et al. [38] suggests the 

following mechanism of reaction between LOOH and oxygen containing compounds:  

 

 
 

It is known that cinnamic acid derivatives, containing –COOH group in their side chain, 

(e.g., ferulic, sinapic and caffeic acids) participate in a side reaction, increasing the lipid 

hydroperoxides decomposition, by reaction of the additional chain branching (see Scheme 1), 

in which –COOH group is involved [38]: 

 

 
 

 with oxygen, O2  

 

Phenolic antioxidants react with oxygen in the following way: 
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to generate reactive HO2• that initiate chain oxidation [38]. This reaction is very endothermic 

since H-O2 bond that is formed is 220 kJ/mol, which is much weaker than the O-H bond in 

phenolic antioxidants [28].  

 

 

6.2. Side Reactions of AO• 
 

 with lipid hydroperoxides, LOOH 

 

This reaction is reverse to the key reaction for the inhibited lipid autoxidation as we 

mention above. 

 

 with lipid substrate, LH 

 

This reaction is very important and depends on the unsaturation degree of lipid substrate 

being oxidized. It has been proven that TOH in reaction with linoleate lipid substrate is able 

to produce lipid peroxide radicals by additional reaction, especially at high concentration [28, 

34-36]; 

 

 
 

 with oxygen, O2  

 

 
 

This reaction leads to formation of dioxyethanes, epoxy-products, quinolide peroxides, 

etc. [38]. 

 

 cross-recombination reactions with LOO• 

 

In this reaction quinolide peroxides are formed, which after can be decomposed into free 

radicals. For that reason formation of quinolide peroxides is very dangerous for the lipid 

autoxidation, because this is an additional channel for producing LOO radicals [28, 34-36].  

 

 homo-recombination reactions  

 

Two types of dimers may be formed by homo-recombination reaction of two peroxide 

radicals – C-C dimers or C-O dimers [28, 34-36]. According to them in homogeneous apolar 

media C-O dimers are formed, and in polar media predominantly C-C dimers. Several 

dehydrodimers of ferulic acids have also been isolated from the cell walls of plants as they 

result from oxidative coupling of ferulic esters [39]. Scheme 2 presents the possible C-O 

dimers formed from ferulic acid derivatives. 

 

 homo-disproportionation reactions  
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Scheme 2. Possible C-O dimers of oxidative coupling of resonance stabilized radicals of ferulic acid 

and DHZ during homo-recombination reactions [39]. 

Only those of monophenolic antioxidants, which have flexible H atom in ortho- or para- 

position towards their phenolic OH group, are able to be included in homo-

dissproportionation reaction of their phenoxyl radicals [34, 36]. This reaction is very 

important for the mechanism of lipid autoxidation in presence of monophenolic antioxidants, 

because the initial antioxidant molecule can be regenerated and thus their antioxidant 

potential increases significantly. From monophenolic antioxidants selected for this 

comparative analysis, only BHT and TOH are able to be regenerated during homo-

dissproportionation reaction. The reaction mechanisms of different groups monophenolic 

antioxidants are presented below.  

 

 

6.3. Ferulic Acid, Dehydrozingerone and Sinapic Acid 
 

It is seen that these three monophenolic antioxidants differ only in the side chain (FA and 

DHZ) or in the phenolic ring (FA and SA), which are not of importance for their potential to 

scavenge lipid peroxide radicals. Different resonantly stabilized structures, including the 

unsaturated side chain, are formed from the phenoxyl radicals AO•. For that reason different 

quinolide peroxides in cross-recombination reaction with LOO radicals are possible to be 

formed (Scheme 2). 

 

 

6.4. Butylated Hydroxytoluene and DL-Alpha-Tocopherol 
 

 Reaction of homo-dissproportionation of phenoxyl radicals with regeneration of 

BHT and TOH (Scheme 4a) 

 Reaction of phenoxyl radicals with lipid peroxide radicals to the quinolide peroxide 

formation (Scheme 4b) 
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Scheme 3. Reaction mechanism of ferulic acid (R = OH, R1 = H), dehydrozingerone (R = CH3, R1 = H) 

and sinapic acid (R = OH, R1 = OCH3) during lipid autoxidation - reaction with lipid peroxide radicals, 

reaction of homo-recombination of phenoxyl radicals (AO•), resonance structures of AO• and quinolide 

peroxides formed. 

 

 

 

Scheme 4. Reaction mechanisms of BHT and TOH during lipid autoxidation. 
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Scheme 5. Reaction mechanism of 7-hydroxy-4-methylcoumarin (Coum 1) during lipid autoxidation 

and resonance structures of Coum 1 radical. 

Both BHT and TOH are unique monophenolic antioxidants, they both are able to be 

regenerated during homo-dissproportionation reaction of the phenoxyl radicals and thus their 

antioxidant potential significantly increases. With lipid peroxide radicals their phenoxyl 

radicals form quinolide peroxides like other monophenolic antioxidants. 

 

 

6.5. Monohydroxy-Coumarins 
 

It is seen that the phenoxyl O-radical (Coum 1) forms 3 different resonantly stabilized 

structures, which in fact are C-centered phenoxyl radicals. The latest react with lipid peroxide 

radicals (LOO•) by forming various quinolide peroxides. 

 

 

7. REACTION MECHANISM OF BI- AND POLY-PHENOLIC COMPOUNDS, 

Q(OH)2 AS INDIVIDUAL ANTIOXIDANTS 
 

 

7.1. Ortho-Dihydroxy-Coumarins 
 

7,8-Dihydroxy-4-methyl-coumarin (Coum 2) ensures a moderate lipid oxidation stability, 

which can be explained by the reaction mechanism presented below:  

7,8-Dihydroxy-4-methyl-coumarin (Coum 2) forms strong intramolecular H bonds, which 

increase the stability of the coumarin molecules. For that reason its antioxidant potential 

depends on the H atom abstraction, which is facilitated by the electron donating activity of the 

second OH group, however, it is hampered by the stable intramolecular H bonds. As a result 
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the antioxidant activity is moderate and weaker compared to that of 6,7-dihydroxy-4-methyl-

coumarin (Coum 3).  

 

 

Scheme 6. Reaction mechanism of 7,8-dihydroxy-4-methylcoumarin (Coum 2) during lipid 

autoxidation and resonance structures of Coum 2 radical. 

 

Scheme 7. Reaction mechanism of 6,7-dihydroxy-4-methyl-coumarin (Coum 3) during lipid 

autoxidation and resonance structures of Coum 3 radical. 
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6,7-Ortho-dihydroxy-4-methyl-coumarin (Coum 3) demonstrates the highest lipid 

oxidation stability, which can be explained by the reaction mechanism presented below 

(Scheme 7).  

It is important to note that their semiquinone radicals can form different kind of structures 

resonantly stabilized by the intramolecular H bond (see Schemes 6 and 7). The latest reduces 

significantly the level of the possible side reactions of semiquinone radicals, which can 

decrease inhibiting of lipid autoxidation. It must be noted that the initial molecule of Coum 2 

and Coum 3 can be regenerated during the lipid autoxidation process by homo-

dissproportionation reaction of semiquinone radicals (see Schemes 6 and 7). 

 

 

7.2. Bis-Coumarins 
 

Selected bis-coumarins, showing the highest antioxidant capacity in equimolar binary 

mixtures with TOH has been studied for the first time, aiming to find possible synergism 

between them [39]. Only a higher oxidation stability of oxidizing lipid substrate was obtained 

in presence of both new antioxidant compositions, compared with the individual components:  

 

IPBis-Coum2 + TOH (6.1) < IPBis-Coum2 (2.2) + IPTOH (10.5) 

 

IPBis-Coum1 + TOH (12.6) < IPBis-Coum1 (7.9) + IPTOH (10.5) 

 

However, in this case, there is no synergism between the individual components for both 

binary mixtures. Furthermore, as you can see below, they demonstrate antagonism between 

the individual components (i.e., negative effect).  

It is important to note, that in case of biscoumarins only the substitutions in the phenol 

ring is of importance for their antioxidant potential as individual antioxidants. Other structural 

fragments do not affect their capacity to scavenge lipid peroxide radicals and to inhibit lipid 

autoxidation [40]. 

 

 

7.3. Flavonoids [41-44] 
 

Bors et al. [41] indicated for the first time the main structural fragments of flavonoids, 

responsible for their strong antioxidant potential: a catecholic structure in ring B, C2-C3 

double bond in ring C and free C3-OH group. 
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In fact Myr demonstrates the strongest antioxidant potential due to the possible 

regeneration of Myr by two channels of homo-dissproportionation reactions (presented in 

Scheme 8). It is seen that the regeneration of initial molecule is possible by homo-

dissproportionation reaction of semiquinone radicals to ortho-quinone (Channel A), as a 

result of the catecholic moiety in ring B. Furthermore, Myr has a free C3 O-H group and thus 

is able to be regenerated by homo-dissproportionation reaction to para-quinone.  

Reactions of regeneration of Myr by two channels of homo-dissproportionation reactions 

forming ortho-Myr-quinone and para-Myr-quinone. 

 

 

7.4. Reaction of Q(OH)2 
 

 with lipid peroxide radicals, LOO• (a key reaction of the inhibited lipid autoxidation) 

 

The reaction of bi-phenolic antioxidants with LOO• in contrast with monophenolic 

antioxidants leads to formation of semiquinone radicals (see the Schemes above). The 

stoichiometric coefficient of these ortho- and para- hydroquinones from which semiquinone 

radicals are formed, is n = 2 only in those cases where a semiquinone radical is not involved 

in other reactions. 

 

 

Scheme 8. Reaction mechanism of Myricetin (Myr). 
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7.5. Reaction Mechanisms of Q(O•)OH 
 

 with oxygen, O2  

 

Semiquinone radicals possess a high reactivity towards oxygen. Such radicals, in 

particular, react with oxygen to generate the reactive radicals HO2•, which, usually, decreases 

the inhibitory activity of phenolic antioxidants [28, 36].  

 

 
 

 cross-dissproportionation reactions with LOO• 

 

In contrast to the monophenolic antioxidants, reacting in cross-recombination reaction 

with LOO, o- and p- semiquinone radicals react with LOO by cross-dissproportionation 

reaction, forming o- and p-quinones, respectively [28, 36]: 

 

 
 

The cross-dissproportionation reaction of semiquinone radical of caffeic acid with lipid 

peroxide radicals is presented here. 

 

 homo-dissproportionation reactions 

 

All biphenilic antioxidants selected for this study (CA, TBHQ, Coum 2, Coum 3, 

Neolignan 2) may be regenerated during the lipid autoxidation by reactions of homo-

dissproportionation of their semiquinone radicals. Polyphenolic antioxidants selected for this 

study (Myricetin, Biscoum 1) also are able to be regenerated by reaction of cross-

dissproportionation of their semiquinone radicals. Only Resveratrol (Res), which has 3 OH 

groups, and thus is polyphenolic antioxidant, in fact has only one active phenolic group in 

ring B and for that reason reacts as monophenolic antioxidant, which has been reported by 

Bors [43]. The latest has been confirmed by the quantum chemical calculations and BDEs 

given above. 
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8. REACTION MECHANISM OF MONOPHENOLIC COMPOUNDS,  

AOH, IN EQUIMOLAR BINARY MIXTURES WITH TOH 
 

 

8.1. Hydrogen Atom Transfer between AO• and TOH or TO• and AOH 
 

 Monophenolic antioxidants 

 

Scheme 9. H atom transfer and cross-recombination reaction of the phenoxyl radical of Coum 1. 

For the binary mixture Coum 1 + TOH, additivism is obtained, which can be explained 

by the reaction mechanism between individual components, presented in Scheme 9. During 

the hydrogen atom transfer, this reaction is reversible and there is equilibrium in this case. 

Cross-recombination reaction between both phenoxyl radicals leads to formation of inactive 

product. 

 

 Ferulic acid, dehydrozingerone and sinapic acid 

 

In case of FA, DHZ and SA synergism is obtained in their mixtures with TOH. For that 

reason, H atom transfer reaction is shifted to the regeneration of TOH in all cases and this 

reaction is not reversible for these monophenolic antioxidants. 
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In this case, only AOH can be regenerated by cross-dissproportionation reaction of their 

phenoxyl radicals, because FA, SA and DHZ have not flexible H atom in ortho- or para- 

position and cannot form quinones. As we mention above, this reaction is reversible for BHT 

and TOH as monophenolic antioxidants which are able to form methylene quinone and thus 

are able to regenerate TOH by H atom transfer. 

 

 

8.2. Cross-Recombination Reactions between AO• and TO• to  

Inactive Products 
 

Cross-Dissproportionation Reactions between AO• and TO• 

 

 

Scheme 10. Reactions of BHT and TOH regeneration, responsible for the synergism obtained in their 

equimolar binary mixture. 
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9. REACTION MECHANISM OF BI-AND POLY-PHENOLIC COMPOUNDS, 

Q(OH)2, IN EQUIMOLAR BINARY MIXTURES WITH TOH 
 

 

9.1. Ortho-Dihydroxycoumarins 
 

A) 7,8-Dihydroxy-4-Methyl-Coumarin (Coum 2) 

Coum 2 demonstrates synergism in its binary mixture with TOH. In this case the 

following reactions are responsible for the effect obtained. During H atom transfer and cross-

dissproportionation reactions TOH, which is the stronger antioxidant, is regenerated. 

 

 
 

B) 6,7-Dihydroxy-4-Methyl-Coumarin (Coum 3) 

In this case antagonism is obtained between Coum 3 and TOH and this effect is explained 

by the following reactions. Hydrogen atom transfer leads to regeneration not of TOH, but of 

Coum3. Cross-recombination reaction between two radicals – semiquinone radical of Coum 3 

and phenoxyl radical of TOH leads to formation of inactive products. 

 

 

Scheme 11. Reactions of H atom transfer and of cross-recombination of semiquinone radicals from 

ortho-dihydroxy-coumarins (Coum 2 and Coum 3). 
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9.2. Tert-Buthylquinone (TBHQ) 
 

 

Scheme 12. Reactions of TBHQ and TOH regeneration, responsible for the synergism obtained in their 

equimolar binary mixture. 

 

9.3. Biphenolic Antioxidants 
 

Synergism, obtained for Neolignan 2 in equimolar binary mixture with TOH is due to the 

reactions, in which the stronger antioxidant is regenerated. In our case it is TOH [10]. For 

biphenolic antioxidants Q(ОH)2 (like CA, Coum 2, Coum 3, TBHQ, Neolignan 2), the 

regeneration of the both antioxidants is possible by the following reactions:  

 

А) Cross-dissproportionation reaction: 

 

Q(ОH)О• + TO•  Q(ОH)2 + T = O with regeneration of Q(ОH)2 

 

TO• + Q(ОH)О•  TOH + Q with regeneration of TOH. 

 

where: T = O is tocopheryl quinone, and Q is quinonе of Q(ОH)2, formed by H atom 

abstraction from tocopheryl radical (TO•) and/or from the semiquinone radical (Q(ОH)О•), 

respectively.  

B) Reaction of H atom transfer from one antioxidant to the phenoxyl radical of another: 
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Q(ОH)О• + TOH  Q(ОH)2 + TO• 

 

Reactions of H atom transfer between Q(ОH)О• and TOH, as well as between Q(ОH)2 

and TO• are possible, and for that reason this reaction is reversible and depends on the 

structural characteristics of both antioxidants. However, in case of synergism, the 

regeneration of the stronger antioxidant prevails. In contrast, antagonism is observed when 

the weaker antioxidant is regenerated, or reaction of regeneration of the stronger antioxidant 

is straitened or limited by different reasons.  

 

 

9.4. Flavonoids – Myricetin 
 

The reaction mechanism of Myricetin in equimolar binary mixture with TOH is presented 

in Scheme 13. It is interesting to note that Myr is the stronger antioxidant in this binary 

mixture with TOH [21]. For that reason, the synergism observed for all binary mixtures with 

different ratios between Myr and TOH can be explained by the regeneration of Myr in higher 

extend than that of TOH. However, both antioxidants can be regenerated during the hydrogen 

atom transfer (HAT) and cross-dissproportionation reaction between their Myr radical and 

TO radical. 

 

 

 

Scheme 13. Reactions, responsible for the synergism between Myr and TOH in their binary mixture: A) 

HAT; B) cross-dissproportionation. 
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Scheme 14. Reaction of HAT, cross-dissproportionation and cross-recombination responsible for the 

antagonism observed between Res and TOH. 

 

9.5. Resveratrol and TOH and Resveratrol and Caffeic acid 
 

A) Res + TOH  

In this case antagonism is observed between Res and TOH as reported Marinova et al. 

[22]. Since TOH is the stronger antioxidant in this binary mixture, the regeneration of Res 

prevails, not of TOH. Scheme 14 presents the reaction mechanism between two antioxidants 

in their equimolar binary mixture. HAT mechanism is reversible reaction; however, in this 

case this reaction is linked to the Res regeneration. During the cross-dissproportionation 

reaction only Res can be regenerated. Cross-recombination reaction between Res radical and 

TO radical to inactive products also can explain the antagonism obtained between them. 

 

B) Res + CA 

 

 

Scheme 15. Reaction of HAT with regeneration of CA responsible for the synergism observed between 

Res and CA. Cross-dissproportionation reaction with regeneration of Res. 
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Synergism is obtained for the equimolar binary mixture of Res and CA, as reported 

Marinova et al. [22]. In this case CA is the stronger antioxidant and results obtained indicate 

that CA is regenerated by HAT mechanism. Cross-dissproportionation reaction leads to 

regeneration only of Res. However, since Res is the weaker antioxidant in the mixture, this 

reaction is not of importance, because its contribution is very small. 

 

 

10. SYNERGISTIC EFFECT OF EQUIMOLAR BINARY MIXTURES  

WITH TOH 
 

Table 1 presents the inhibiting efficiency of various binary mixtures of two antioxidants 

and experimental conditions: lipid substrate, temperature and ratios between the antioxidants 

used. 

 

 

10.1. Determination of Synergistic Effect as % Syn 
 

Antioxidant compositions of binary mixtures AOH + TOH show different effects 

between their individual components – synergism (positive effect), additivism (summary 

effect) and antagonism (negative effect). Here we present for the first time the equations for 

determination of these effects. In the literature only the composed by Frankel formula for the 

synergism of the binary mixtures is cited [45].  

 

S2) Synergism is observed when IPAOH + TOH > IPAOH + IPTOH 

IPAOH + TOH – the induction period of the mixture and IPAOH + IPTOH is the sum of both 

induction periods of the individual components. 

 

Effect of synergism in % can be calculated by the following formula: 

 

According to Frankel [45]: 

 

S2-1) %Syn = [IPAOH + TOH - (IPAOH + IPTOH)]/ (IPAOH + IPTOH] x100, %  

 

This equation can be presented as: Syn = IPAOH + TOH/(IPAOH + IPTOH) -1 

 

It is evident that when IPAOH + TOH/(IPAOH + IPTOH) is >> 1, IPAOH + TOH/(IPAOH + IPTOH) -1 

>1. %Syn can be >100%, which is not correct. 

 

For that reason we suggest new formula for determination of %Syn:  

 

Syn = [IPAOH + TOH - (IPAOH + IPTOH)]/IPAOH + TOH = 1 - (IPAOH + IPTOH)/ IPAOH + TOH < 1 

 

In all cases by this way we will obtain values lower than 1, and also %Syn<100%. 

 

S2-2)%Syn = [IPAOH + TOH-(IPAOH + IPTOH)]/IPAOH + TOH]x100, % 
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Table 1. Inhibiting efficiency of various binary mixtures and experimental conditions: 

lipid substrate, temperature and ratios between the antioxidants used. IP - induction 

periods of binary mixture (AOH + TOH) and of individual components  

(AOH and TOH) in h 

 
No Binary mixtures Concentr.  

mM 

Oxidizable 

Substrate 

t°C 

IPAOH + 

TOH 

h 

IPAOH 

 

h 

IPTOH 

 

h 

Effect,  

 

% 

Refs BDE 

kcal 

mol-1 

 Monophenolic antioxidants + TOH 

1 FA + TOH  0.1:0.1 TGSO, 80oC 18.5±0.8 2.0±0.2 10.5±0.9 Syn, 48 40 9.31 

2 DHZ + TOH 0.1:0.1 TGSO, 80oC 14.8±0.8 1.3±0.05 10.5±0.9 Syn, 25.4 tw 8.75 

3 SA + TOH 0.1:0.1 TGSO, 80oC 16.1±0.9 5.3±0.5 10.5±0.9 Add tw 5.79 

3a SA + TOH 0.1:0.1 TGL, 100oC 45.0±1.8 8.5±0.5 21.0±1.5 Syn, 52.5 46 5.79 

4 BHT + TOH 0.1:0.1 TGSO, 80oC 21.5±1.5 7.5±0.5 10.5±0.9 Syn, 19.4 tw 1.95 

5 Coum 1 + TOH 0.1:0.1 TGSO, 80oC 11.8±0.9 1.3±0.2 10.5±0.9 Add 37 11.77 

6 Neolignan 1 + 

TOH 

0.1:0.1 TGSO, 80oC 13.8±0.9 0.75±0.05 10.5±0.9 Syn, 22.1 10 10.79 

Bi- and Polyphenolic antioxidants + TOH 

7 CA + TOH 0.1:0.1 TGSO, 80oC 20.4±1.5 10.0±0.9 10.5±0.9 Add 40 0.97 

8 TBHQ + TOH 0.1:0.1 TGSO, 80oC 26.1±1.5 7.9±0.5 10.5±0.9 Syn, 41.8 Tw 3.42 

9 Coum 2 + TOH 0.1:0.1 TGSO, 80oC 14.2±0.9 2.0±0.2 10.5±0.9 Syn, 13.6 37 6.98 

10 Coum 3 + TOH 0.1:0.1 TGSO, 80oC 12.7±0.9 7.1±0.5 10.5±0.9 Ant, 38.6 37 2.60 

11 Biscoum 1 + TOH 0.1:0.1 TGSO, 80oC 12.6±0.9 7.9±0.5 10.5±0.9 Ant, 33.3 40 -0.04 

12 Biscoum 2 + TOH 0.1:0.1 TGSO, 80oC 6.1±0.5 2.2±0.2 10.5±0.9 Ant, 108 40 5.29 

13 Neolignan 2 + 

TOH 

0.1:0.1 TGSO, 80oC 14.0±0.9 2.8±0.2 10.5±0.9 Syn, 5.3 10 2.08 

14 DDHZ + TOH 0.1:0.1 TGSO, 80oC 13.2±0.8 3.2±0.2 10.5±0.9 Add tw 8.16 

15 DFA + TOH 0.1:0.1 TGSO, 80oC 21.5±0.8 2.0±0.2 10.5±0.9 Syn, 72 Tw 8.65 

16 Res + TOH 0.1:0.05 TGSO, 100oC 7.2±0.8 2.2±0.8 7.6±0.8 Ant, 36.1 22 5.63 

17 Res + CA 0.1:0.05 TGSO, 100oC 23.2±0.9 2.2±0.2 15.0±0.9 Syn, 34.9 22 4.66 

18 Myr + TOH 0.1:0.1 TGSO, 100oC 10.5±0.9 4.7±0.3 3.2±0.2 Syn, 32.9 21 2.85 

19 Myr + TOH 0.3:0.3 TGSO, 100oC 20.5±1.5 8.9±0.6 5.5±0.4 Syn, 42.4 21 2.85 

20 Myr + TOH 0.6:0.6 TGSO, 100oC 31.1±1.8 16.3±0.9 7.4±0.5 Syn, 31.2 21 2.85 

 

When we compare the effects of antioxidant compositions studied in different time with 

different control lipid samples, it is correct to use not IP as the main kinetic parameter for this 

calculations, but PF. By this assay the differences in control lipid samples are eliminated, 

because PF = IPA/IPC. 

 

S2-3) %Syn = [PFAOH + TOH - (PFAOH + PFTOH)]/PFAOH + TOH]x100, % 

 

B) Antagonism is observed when IPAOH + TOH < IPAOH + IPTOH 

There is no formula in the literature for calculation of antagonism (the opposite effect of 

the synergism).  

We suggest the similar equation for antagonism as for synergism according to Frankel: 

 

A2-1) %Ant = [(IPAOH + IPTOH) - IPAOH + TOH]/ IPAOH + TOH] x100, % 

 

However, in this case also is possible to obtain %Ant>100%, which is not real. 

We suggest new equation for antagonism: 

A2-2)%Ant = [(IPAOH + IPTOH) - IPAOH + TOH]/(IPAOH + IPTOH)] x100,% 
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By applying PF instead of IP 

 

A2-3)%Ant = [(PFAOH + PFTOH)- PFAOH + TOH]/(PFAOH + PFTOH)] x100,% 

 

It can be seen that the binary mixtures, reported previously [37] demonstrate again 

synergism (stronger effect) by replacement of IP with PF: 

 

Coum 2 + TOH (PF1 + 2> PF1 + PF2) – synergism, 12.6%, 

 

The rest of the binary mixtures reported previously [37] demonstrate antagonism: 

 

Coum 3 + TOH (PF1 + 2 < PF1 + PF2) – antagonism, 27.4%. 

 

 

10.2. Comparison of the Data Calculated by Using Frankel’s Equation and 

by Using New Corrected by Us Formula 
 

 

Table 2. Inhibiting efficiency of various binary mixtures of two phenolic antioxidants in 

equimolar concentrations 0.1mM (1-15), at 0.3;0.5;0.6mM (16-18) and in ratio 1:0.5 

(19,20) during TGSO autoxidation (1-20) and TGL autoxidation (3a) 

 
No AOH + TOH IP =  

IP1 + 2 

IPi = IP1 

+ IP2 

Effect 1 IP S2-1/A2-1 Effect 2 IP 

S2-2/A2-2 

PF PFi = PF1 

+ IP2 

Effect 3 PF 

S2-3/A2-3 

1 FA + TOH 18.50.9 12.5 Syn, 48% Syn, 32.4% 14.2 8.5 Syn, 40.1 % 

2 DHZ + TOH 14.80.8 11.8 Syn,25.4% Syn, 20.3% 11.4 8.0 Syn, 29.8%  

3 SA + TOH 16.10.9 15.8 Add Add 9.5 9.5 Add 

3a aSA + TOHTGL 45.01.5 29.5 Syn,52.5% Syn, 34.4% 25.0 16.4 Syn, 34.4% 

4 CA + TOH 20.41.5 20.3 Add Add 12.0 12.7 Add 

5 BHT + TOH 21.51.5 18.0 Syn,19.4% Syn, 16.3% 12.6 10.4 Syn, 17.5% 

6 TBHQ + TOH 26.11.5 18.4 Syn,41.8% Syn, 29.5% 15.3 10.6 Syn, 30.7% 

7 Coum 1 + TOH 11.80.9 12.0 Add Add 7.9 8.0 Add 

8 Coum 2 + TOH 14.20.9 12.5 Syn,13.6% Syn, 12.0% 9.5 8.3 Syn, 12.6% 

9 Coum 3 + TOH 12.70.9 17.6 Ant,38.6% 

27.8%333338.6%38.6% 

Ant, 27.8% 8.5 11.7 Ant, 27.4% 

10 Biscoum 1 + TOH 12.60.9 18.4 Ant,33.3% Ant, 31.5% 9.7 13.1 Ant, 26% 

11 Biscoum 2 + TOH 6.10.5 12.7 Ant,108% Ant,51.9% 4.7 8.7 Ant, 46% 

12 DDHZ + TOH 13.20.8 13.8 Add Add 10.2 9.6 Add 

13 DFA + TOH 21.50.8 12.5 Syn,72% Syn,41.8% 16.5 8.5 Syn, 48.5% 

14 Neolignan 1 + 

TOH 

13.80.9 11.3 Syn,22.1% Syn,18.1% 11.0 9.0 Syn, 18.0% 

15 Neolignan 2 + 

TOH 

14.00.9 13.3 Syn,5.3% Syn,5.0% 11.2 9.2 Syn, 17.9% 

16 bMyr0.1 + TOH0.1 10.50.9 7.9 Syn,32.9% Syn,24.8% 21.0 15.8 Syn,24.8% 

17 bMyr0.3 + TOH0.3 20.51.5 14.4 Syn,42.4% Syn,29.8% 41.0 28.8 Syn,29.7% 

18 bMyr0.6 + TOH0.6 31.11.8 23.7 Syn,31.2% Syn,23.8% 62.2 47.4 Syn,23.8% 

19 cRes1.0 + TOH0.5 7.20.8 9.8 Ant,36.1% Ant, 26.5% 14.4 19.6 Ant, 26.5% 

20 cRes1.0 + CA0.5 23.20.9 17.2 Syn,34.9% Syn,25.9% 46.4 34.4 Syn,25.9% 
aTGL, 100oC, Ratio [SA]:[TOH] = 1:1, Ref. 46; bTGSO, 100oC, Ratio [Res]:[Myr] = 1:1, Ref. 22; c TGSO, 100oC, 

Ratio [Res]:[TOH] = 1:0.5 and [Res]:[CA] = 1:0.5, Ref. 21. 
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Table 3. Structural fragments of mono, bi- and poly-phenolic antioxidants  

and the main factors affecting the effects obtained in their binary mixtures 

 
Main structural 

fragments 

R R’ AOH BDE Effect Regeneration of TOH 

by 

Regeneration of 

AOH by 

Side reactions 

of AOH 

 
 

 

- FA >0 Syn H atom transfer Cross-disspr AOH + LOOH 

AO• + LOOH 

 

- DHZ >0 Syn H atom transfer Cross-disspr AOH + LOOH 

AO• + LOOH 

 
 

DFA >0 Syn H atom transfer Cross-disspr AOH + LOOH 

AO• + LOOH 

 
 

DDHZ >0 Add H atom transfer H atom transfer AOH + LOOH 

AO• + LOOH 

 

-OCH3 SA >0 Syn H atom transfer Cross-disspr AOH + LOOH 

See Figure 1 -OCH3 Biscoum 2 0 Ant H atom transfer Cross disspropor AOH + LOOH 

See Figure 1 -H Neolignan1 >0 Syn H atom transfer Cross-disspr AOH + LOOH 

 
 

 

H CA 0 Add H atom transfer 

Cross-disspr 

H atom transfer 

Cross-disspr 

AOH + LOOH 

See Figure 1 H Neolignan 

2 

>0 Syn H atom  

transfer 

Cross-disspr  

H atom transfer 

Cross-disspr 

no 

See Figure 1 H Biscoum 1 >0 Ant H atom transfer 

Cross-disspr 

H atom transfer 

Cross-disspr 

no 

See Figure 1 OH Myr 

Reg of Myr 

>0 Syn H atom transfer 

Cross-disspr 

H atom transfer 

Cross-disspro 

no 

 
 

- Coum2 >0 Syn Cross-disspr H atom transfer 

Cross-disspr 

no 

  

- Coum3 >0 Ant H atom transfer H atom transfer 

Cross-disspr 

no 

 

t-but  BHT >0 Syn H atom transfer 

Cross-disspr 

H atom transfer 

Cross-disspr 

no 

 OH - TBHQ >0 Syn H atom transfer 

Cross-disspr 

H atom transfer 

Cross-disspr 

no 

 
  

- Res + TOH >0 Ant H atom transfer H atom transfer 

Cross-disspr 

AOH + LOOH 

AO• + LOOH 

  - Res + CA 

Reg of CA 

>0 Syn H atom transfer 

Cross-disspr 

H atom transfer AOH + LOOH 

AO• + LOOH 

  

- Coum1 >0 Add H atom transfer H atom transfer 

Cross-disspr 

AOH + LOOH 

AO• + LOOH 

 

Table 2 presents different effects obtained for various binary mixtures compared in this 

study. Synergism and antagonism are calculated according the equation of Frankel (S2-1/A2-

1) and new equations presented for the first time by us (as S2-2/A2-2 and S2-3 an A2-3). 

It is seen that by using Frankel’s equation [45] higher values were obtained. As we 

mention above, when we compare data from different experiments with different control lipid 
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sample, it is more correct to use PF instead of IP. These data are presented in the last column 

of Table 2. 

Table 3 presents the main structural fragments of mono,-bi- and polyphenolic 

antioxidants selected for this comparative study and differences in BDE between TOH and 

AOH, as well as reactions of regeneration of TOH and of AOH as side reactions, leading to a 

decrease in their inhibiting activity. 

 

 

11. BDE DIFFERENCE (ΔBDE) BETWEEN THE PHENOLIC 

ANTIOXIDANTS IN MIXTURE 
 

The BDEs of the studied antioxidants and TOH are presented in graphical form (Figure 

4). Two values for BDE (TOH) are used for comparison purposes depending on the level of 

BDE calculation for the respective antioxidant. All compounds studied except Biscoum 1 

have higher BDE values than TOH.  

In the binary mixtures with TOH а phenolic antioxidants may have (a) higher ((ΔBDE > 

0) or (b) lower (ΔBDE < 0) BDE value than that of TOH. According to our previous studues 

[10, 47, 48] in the first case the observed effect is synergism, while in the second – 

antagonism. A comparison between BDEs of the phenolic antioxidants and TOH (Res is 

studied and in binary mixture with CA) is made and the results can be summarized as follows: 

 

 synergism and positive BDE between the individual components in the binary 

mixtures, i.e., BDE > 0: FA + TOH, DHZ + TOH, DFA + TOH, Neolignan 1 + 

TOH, BHT + TOH, TBHQ + TOH, Coum 2 + TOH, Myr + TOH, Res + CA.  

 

In these cases TOH is the stronger antioxidant and synergism is realized by the 

regeneration of TOH during the lipid autoxidation. In case of Res + CA, CA is the stronger 

antioxidant in this mixture, and synergism observed is explained by the regeneration of CA.  

 

 additivism and similar BDE for the individual components in the binary mixtures, 

i.e., BDE 0: only one binary mixture - CA + TOH. 

 

In this case both antioxidants can be regenerated during the lipid autoxidation process. 

 

 antagonism and negative BDE for the individual components in the binary mixtures, 

i.e., BDE < 0 - was not found here. 

  

In fact the following binary mixtures do not follow these rules, previously formulated 

about the relation between BDE and the effects observed. 

 

 Binary mixtures with BDE > 0, demonstrating additivism: 

 

DDHZ + TOH, Neolignan 2 + TOH, Coum 1 + TOH. 

 

 Binary mixtures with BDE > 0, demonstrating antagonism: 
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Res + TOH, Coum 2 + TOH, Coum 3 + TOH, Biscoum 1 + TOH, Biscoum 2 + TOH. 

 

 

Figure 4. BDEs (in kcal mol-1). The position of OH group from which H atom is abstracted is denoted 

in Figure 2. 

 

CONCLUSION 
 

We present here new comparative study of twenty antioxidant compositions, containing 

selected mono-, bi- and polyphenols. Various kinetic parameters and theoretical descriptors 

were applied to explain the effects observed and mechanisms of action of these antioxidant 

compositions. New equations for determination of the different effects observed (synergism 

and antagonism) and calculation (in %) were proposed here for the first time. It could be 

concluded from these results, that not only BDE is responsible for the effects observed. 

There are other factors that affect the total effect: reaction of the stronger antixidant 

regeneration (responsible for synergism obtained), reaction of other antioxidant regeneration 

(resulting in lower antioxidant efficiency) and participation in side reactions of AOH, leading 

also to the lower inhibition activity. 

On the basis of the results reported, one can arrange new antioxidant compositions with 

expected effects between their individual components. 
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ABSTRACT 
 

Ageing is universal among animals and different animal species have distinctive 

maximum lifespans. This variation in longevity achieved by evolution is several orders-

of-magnitude greater than that achieved by experimental or genetic manipulation and can 

provide considerable insight into the mechanisms of ageing. Following the observation 

that membrane fatty acid composition varies with body size among mammal species, it 

became apparent that the fatty acid composition of membrane lipids was also strongly 

correlated with the maximum lifespan of mammals. This emphasised the importance of 

lipid peroxidation in ageing and determination of longevity. While saturated and 

monounsaturated fatty acids are resistant to lipid peroxidation, polyunsaturated fatty 

acids are peroxidised and the more polyunsaturated the fatty acid the more susceptible it 

is to peroxidation. It is possible to calculate a peroxidation index (PI) for a particular 

membrane fatty acid composition and this PI value expresses the calculated susceptibility 

of the membrane to peroxidative damage as well as the relative abundance of secondary 

lipid-based reactive species produced by the primary ROS made from mitochondrial 

respiration. The PI value of membranes is inversely related to lifespan of mammals. 

Furthermore, exceptionally long-living mammal species (naked mole rats, echidnas and 

humans) have membrane lipid PI values lower-than-expected for their body size but as 

expected for their specific lifespan. Similarly, within a mammal species (mice) long-

living strains have membrane lipids with a low PI. The experimental treatment of calorie-

restriction, known to extend lifespan of mammals, has also been shown to decrease 

membrane PI values. Birds are longer-living than similar-sized mammals and show the 

same relationship between membrane composition and longevity. An inverse relationship 

between membrane lipid PI and longevity is also observed in invertebrates, although it is 
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not the same precise relationship as observed in mammals and birds. Experiments to test 

the link between maximum longevity and membrane composition via diet manipulation 

have been generally unsuccessful because membrane PI appears to be homeostatically 

regulated with respect to diet PI. Other recent experimental alterations of membrane 

composition (e.g., by RNAi knock-down in C. elegans) support a link between membrane 

fatty acid composition, resistance to oxidative stress and longevity. Other aspects of 

membrane lipid composition (e.g., plasmalogens and non-methylene-interrupted fatty 

acids) may also be important for some species. These observations suggest lipid 

peroxidation is central to the biology of ageing and the determination of the distinctive 

longevities of different animals.  

 

 

1. INTRODUCTION 
 

Cells in living systems contain abundant membranes composed of a bilayer of lipid 

molecules. The lipids that make up these bilayer membranes are predominantly 

phosphoglyceride lipids that, in turn, generally contain two fatty acids. The metabolic 

pathways involved in fatty acid synthesis (i.e., lipogenesis) are normally presented in 

textbooks, and taught, in the context of energy storage. However, the evolution of fat 

synthesis is much better understood as a pathway to manufacture the lipid bilayer membranes, 

that are essential for life as we know it. The synthesis of triglyceride molecules for energy 

storage is a later evolutionary modification of the pathways to make membrane lipids from 

non-lipid sources. Indeed, a triglyceride molecule is synthesised by adding a third fatty acid 

chain to a phosphoglyceride. This emphasises the importance of membranes in the evolution 

of lipid metabolism [1]. 

The fatty acid synthesised by ‘fatty acid synthase’ (a multi-enzyme protein in both 

prokaryotes and eukaryotes) is palmitic acid, which is a 16-carbon long saturated 

hydrocarbon chain (identified as 16:0). This fatty acid is, in turn, modified by elongase and 

desaturase enzymes to make the other fatty acids found in biological membrane lipids. These 

fatty acids can be identified by a numbering system where the first number is the length of the 

hydrocarbon chain and the second specifies the number of double bonds in the molecule. 

Thus, oleic acid is identified as 18:1, while linoleic acid is 18:2 and docosahexaenoic acid is 

22:6. We will use this numbering system to identify fatty acids in this chapter.  

The selection pressure for the evolution of the various desaturase enzymes, which 

introduce double bonds into fatty acid chains was almost certainly the need for biological 

membranes to have an appropriate “fluidity” (or viscosity) for normal function. It was 

demonstrated over forty years ago that bacteria modify the fatty acid composition of their 

membranes to maintain a “homeoviscous” state in response to varying environments [2]. In 

bacteria, such as Escherischia coli, this “homeoviscosity” is achieved by modifying the 

relative abundance of membrane phosphoglycerides containing either; two saturated fatty 

acids (i.e., SFA/SFA), two monounsaturated fatty acids (i.e., MUFA/MUFA), or one 

saturated and one monounsaturated fatty acid (i.e., SFA/MUFA). Such bacteria do not 

produce polyunsaturated fatty acids (PUFA) and thus PUFA are not present in their 

membrane lipids [3]. 
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2. MEMBRANE LIPIDS AND MEMBRANE PEROXIDATION INDEX 
 

While the introduction of more than one double bond into a fatty acid chain affects the 

physical properties of the molecule (and thus membrane function) it can have an additional 

chemical consequence. This is because in most PUFA molecules the double bonds are three 

carbons apart. That is, in the hydrocarbon chain of most PUFA there will be at least one 

section with the =CH-CH2-CH= structure. Because a double bond weakens the bond energy 

of the C-H bonds on the next carbon atom, the H atoms attached to the middle C atom in this 

triplet (known as bis-allylic hydrogens) have the lowest bond energy in the total hydrocarbon 

chain and are most susceptible to removal by free radicals and reactive oxygen species [4].  

Only polyunsaturated fatty acids (PUFA) possess bis-allylic C-H bonds and when 

attacked by reactive oxygen species (ROS), they produce carbon-centred radicals, which, in 

turn, initiate the autocatalytic process of lipid peroxidation. This is because the carbon-

centred radical products of peroxidation of PUFA each in turn consume an oxygen molecule 

to produce a lipid peroxyl radical which can then attack another bis-allylic C-H bond in a 

PUFA molecule to produce both a lipid hydroperoxide as well as another carbon-centred 

radical. In this way, an autocatalytic chain reaction is initiated. The lipid hydroperoxides can 

be further modified to produce a wide range of other reactive molecules that are responsible 

for oxidative damage to many other cellular components. These processes are covered in 

more detail elsewhere in this book. Empirical studies of oxygen consumption during 

peroxidation of different PUFA have shown the more polyunsaturated the PUFA the greater 

the rate of oxygen consumed [e.g., 5]. The relative oxygen consumption values of different 

PUFA have been used to calculate factors that indicate the relative peroxidative potential for 

individual PUFA types. In such studies, the factor for linoleic acid (18:2) is normally given a 

value of ‘1’. Both SFA and MUFA lack bis-allylic C-H bonds and thus do not undergo 

significant lipid peroxidation compared to PUFA.  

Biological membranes generally consist of hundreds of different phosphoglyceride 

molecular species and thus membrane bilayers contain a mixture of SFA, MUFA and PUFA 

molecules. Knowing the fatty acid composition of membrane lipids, it is possible to calculate 

a PI value for that particular membrane lipid mixture. This dimensionless number is 

calculated by summing the products of percent composition of specific types of PUFA and 

the factor indicating their particular potential for peroxidation. Furthermore, as will be 

described in the rest of this chapter, the PI value of biological membranes from a range of 

animal species has been correlated with the maximum longevity of these different animal 

species. In all the studies cited in this chapter, the PI value is calculated as sum of (% 

monoenoics * 0.025) + (% dienoics * 1) + (% trienoics * 2) + (% tetraenoics * 4) + (% 

pentaenoics * 6) + (% hexaenoics * 8).  

When rat liver cells are subjected to oxidative stress, the PUFA in phospholipids are 

peroxidatively damaged and during the process of membrane remodelling such damaged 

PUFA are replaced by new PUFA sourced from the undamaged PUFA in triglyceride 

molecules [6]. This remodelling process is so rapid that there is negligible change, during 

such oxidative stress, in the measured fatty composition of phospholipids but greater change 

observed in triglyceride fatty acid composition. Furthermore, the rate of remodelling is so 

rapid in the normal situation, that there is no increase in its rate during mild oxidative stress to 

maintain membrane homeostasis [6]. Although there is no change in membrane composition 
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during mild oxidative stress, because of this rapid remodelling of membrane lipids, such 

oxidative stress will increase the production of lipid-based ROS which in turn will damage 

other cellular molecules, such as protein, DNA etc., [4].  

 

 

3. MEMBRANE COMPOSITION AND LONGEVITY OF  

MAMMALS AND BIRDS 
 

One of the first scientific examinations as to why different mammals have different 

lifespans was that of Rubner, who, in 1908, noted that the lifespan of five mammal species 

(guinea pigs, cats, dogs, cows and horses) increased with increasing body mass. He calculated 

that the lifetime mass-specific metabolic rate was similar for all five species [7]. This 

observation led to the “rate of living theory of ageing”, which linked aerobic metabolism to 

maximum lifespan and this theory gained significant popular currency in phrases such as 

“live fast – die young”. Although Rubner’s study proposed a link between metabolic rate and 

longevity, later studies demonstrated that differences in metabolic rate are inadequate as an 

explanation for differences in animal longevity in a wide variety of situations [for discussion 

see 8]. The link between metabolic rate and longevity was a reflection that (i) mass-specific 

metabolic rate decreased, while (ii) maximum lifespan increased with increasing body mass 

in mammals. This proposed metabolism-lifespan link led to the “free-radical theory of 

ageing” [9], which suggested free radicals derived from metabolic activity were causative 

agents in ageing and the determination of lifespan. This theory later developed into the 

“oxidative stress theory of ageing” which is currently the most popular theory of ageing. 

Lipid peroxidation is a significant component of the “oxidative stress theory”.  

Efforts to understand the mechanistic basis as to why resting metabolic rate varied among 

different species of animals led to the development of the “membrane pacemaker theory of 

metabolism” [10, 11]. An important finding in these efforts was the discovery that membrane 

fatty acid composition of liver and kidneys from different-sized mammals varied in a 

systematic manner such that membranes from the small mammal species were highly 

polyunsaturated but low in MUFA, while those from larger mammals were highly 

monounsaturated and low in PUFA [12]. A later study showed that this relationship between 

membrane fatty acid composition and body size of mammals was also observed for other 

tissues, such as skeletal muscle and heart [13].  

After the discovery of the body-size-related variation in membrane fatty acid composition 

of mammalian tissues [12], a Spanish team demonstrated correlations between membrane 

fatty acid composition (specifically mitochondrial membrane peroxidation index) and 

maximum longevity of different-sized mammals [14-16]. The findings from these early 

studies have been aggregated with other findings into the “membrane pacemaker theory of 

ageing” [17]. See [8] for an extensive review. 

The “membrane pacemaker theory of ageing” posits membrane fatty acid composition is 

an important determinant of animal lifespan (but not the only factor) in a variety of situations. 

It is supported by an inverse relationship between the PI (calculated from membrane fatty 

acid composition) and maximum lifespan of different species in a number of comparisons, 

both inter-specific and intra-specific. It should be stressed that this theory proposes a 

significant role for the products of membrane lipid peroxidation on other non-lipid cellular 

molecules. A high PI value for membrane lipids indicates not only a high susceptibility of the 
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membrane to peroxidative damage but also a high production of potent damaging molecules 

that will negatively interfere with many aspects of cell function [8].  

The fatty acid composition of membrane lipids is not as labile as commonly assumed and 

appears to be relatively distinctive for each species. Animals can synthesize both SFA and 

MUFA from non-lipid sources but most cannot synthesise PUFA de novo, which must thus be 

obtained preformed in their diet (or synthesized by symbiotic microbes or plants). Animals, 

by definition, consume other organisms and will thus normally obtain their PUFA molecules 

from this source which includes the membranes that constitute these food items. Membrane 

fatty acid composition appears to be homeostatically regulated. When rats were fed 12 

different moderate-fat diets that were complete and identical in all aspects but differed only in 

relative content of SFA, MUFA and PUFA, their phospholipids from all tissues measured 

maintained a constant SFA, MUFA and PUFA content irrespective of the abundance of these 

fat types in the diet [18]. Furthermore, the PI of membrane lipids of the rats in this study was 

homeostatically regulated (i.e., was relatively constant) despite wide variation in diet PI. The 

same homeostatic situation for membrane PI has been measured in larvae and adults of the 

insect Calliphora stygia when larval diets varied greatly in PI [for both plots see Figure 4 of 

ref 1]. 

Although membrane PI is relatively constant for a species it varies in a systematic 

manner between species related to their longevity. The inverse relationship between 

membrane PI and maximum lifespan of mammals is presented in Figure 1. This figure 

presents the PI values calculated from membrane lipids of skeletal muscle and liver 

mitochondria, as these are the tissues for which there is the greatest amount of data. In both 

plots the slope of the relationship is similar. 

 

Figure 1. Relationship between maximum longevity and the peroxidation index of (A) skeletal muscle 

phospholipids and (B) liver mitochondrial phospholipids from mammals and birds. Equations in top 

right-hand corner of each figure describe the relationship between peroxidation index (PI) and 

maximum longevity (ML). Data are from references [17], [19], [20], [21], [25], [27], [32], [35] and 

[52]. The data points for some particular species mentioned in text are identified.  
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While maximum lifespan of mammalian species increases with increased body size there 

is considerable variation in this relationship [see Figure 5B of ref 8]. This variation means 

there are some mammal species that are exceptionally long-living for their body size. For 

example, naked mole-rats (Heterocephalus glaber) have about the same body mass as the 

house mouse (Mus musculus) but while house mice live for a maximum of 4 years, the naked 

mole-rat is exceptionally long-living for its size, having a maximum lifespan of 31 years [19]. 

Similarly, the short-beaked echidna (Tachyglossus aculeatus) has an adult body mass of 3-

4kg and for its body size has a predicted maximum lifespan of ~14 years [20] but individuals 

both in captivity and in the wild have lived for 49-50 years [19]. The fatty acid composition 

of membrane lipids have been measured for tissues from both of these exceptionally long-

living mammal species and they both have less PUFA and more MUFA than expected for 

mammals of their body size [20, 21]. When the PI values are calculated and plotted they are 

as expected for their respective maximum lifespans (see Figure 1). 

Humans are another exceptionally long-living species of mammal. A mammal with an 

adult body mass of 70-80kg is predicted to live for a maximum of 26-27 years [8]. For 

example, sheep (Ovis aries; ~80kg) have a recorded maximum lifespan of 23 years, while for 

Homo sapiens the record is 122 years [19]. The limited data for humans show the PI of their 

membrane lipids is that expected for their lifespan (see Figure 1). This suggests the rate of 

lipid peroxidation in humans may be relatively low for a mammal of its body size. Evidence 

for such a statement is that the volatile gas, ethane, is one of the products of peroxidation of 

omega-3 PUFA and is exhaled during breathing. When ethane exhalation rate is expressed 

relative to oxygen consumption, the value for humans is 0.02 mole ethane per mole of oxygen 

which is ~1/4 of the average value of 0.08 mole/mole calculated for mice, rats, dogs and 

horses (range = 0.06 – 0.10; see Figure 8 of ref [8]).  

Within humans, twin studies have shown that longevity has a heritability value of 0.25 

[22], which means that the children of long-living parents tend to live longer than control 

shorter-living parents. Taking advantage of this fact, Puca and colleagues [23] measured the 

membrane fatty acid composition of erythrocytes from the children of nonagenerian parents 

(i.e., living into their nineties) and compared them to the children of both matched and 

unmatched controls. They found that children of the long-living parents had red blood cell 

membrane lipids with a significantly lower PI value than both the matched and unmatched 

controls [23]. 

There are other examples of where longevity differences within a mammal species are 

associated with membrane fatty acid composition differences. For examples, some strains of 

mice (Mus musculus) derived from wild-populations have been shown to have significantly 

longer lifespan in captivity compared to a genetically-diverse population of mice derived 

from an intercross lab strain [24] and these long-living wild-derived mice also have 

membrane lipids with a lower PI than the shorter-living lab mice [25]. This finding is of 

interest because all mice strains were kept in the same environment and fed the same diet for 

their entire lives, which supports a genetic basis for the measured differences in membrane 

composition. As well as longevity differences being recorded between wild-derived mice and 

lab mice, longevity differences have also been observed among different laboratory strains of 

mice. One such strain is the Ames dwarf strain of mice, which was the first mammalian 

mutant found to have an increased longevity. For this strain of mice, homozygous recessive 

mice are smaller and longer-living (+50-70%) than heterozygous littermates [26]. When 

compared to normal littermates, Ames dwarf mice (i.e., recessive homozygotes) have 
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membrane lipids (from muscle, heart and liver) with significantly lower PI values [27]. Once 

again, as these mice were fed identical diets and kept in the same environment, this is 

evidence that membrane fatty acids differences are ultimately due to genetic differences. In 

this case, the membrane fatty acid difference is likely mediated by hormonal differences, as 

Ames dwarf mice have both low growth hormone and thyroid hormone levels [26]. 

There are few physiological treatments that extend longevity and can thus be used to 

experimentally investigate the mechanisms underlying ageing and the determination of 

lifespan. However, one such experimental treatment is calorie-restriction, which when used in 

the 1930s, as a treatment to manipulate body size of laboratory rats, it was also found to 

extend their lifespan [28]. Since then, it has been investigated extensively in many species, 

and the only general agreement as to how it extends longevity is that it reduces oxidative 

stress [8]. Calorie-restriction has been shown in several studies [e.g., 29, 30] to alter the 

membrane fatty acid composition of tissues such that the altered composition is more 

peroxidation-resistant, that is it lowers the PI value of membrane lipids. In one study, these 

membrane composition changes were the earliest effects measured [30] and the degree of PI 

change and expected longevity extension was consistent with the maximum lifespan / 

membrane PI relationship observed for mammals in general. 

 Mammals are the most studied group of vertebrate animals in the investigation of the 

mechanisms of ageing and determination of lifespan. Birds have also been studied and have 

provided some insight. Birds, in general, are longer-living than similar-sized mammals, and 

larger bird species tend to have longer lifespans than smaller birds [see 8]. Membrane fatty 

acid composition varies with body mass of bird species in a similar manner to the way it does 

in mammals, namely larger bird species have membrane lipids that are less polyunsaturated 

and more monounsaturated than smaller species [31, 32], but although the trends are similar 

in birds and mammals the precise relationships differ. When PI values are calculated for 

membrane lipids from birds and plotted against the species maximum lifespan, the data for 

birds follows the same relationship as observed for mammals (see Figure 1). 

Although pigeons (Columba livia) are approximately the same size as rats (Rattus 

norvegicus) and have a similar metabolic rate, pigeons can live for up to 35 years compared 

to 4 years for the rat [19]. This pigeon-rat comparison highlights that the inadequacy of the 

“rate of living theory” to explain lifespan. This comparison has been used to investigate the 

importance of various aspects of the oxidative stress theory in explaining the longevity 

difference between pigeons and rats but most studies have been limited in the parameters and 

tissues compared. In a recent study, which compared the most extensive range of parameters; 

mitochondrial ROS production, antioxidant defenses, oxidative damage and membrane fatty 

acid composition in a wide range of tissues from pigeons and rats, it was observed that the 

only substantial and consistent pigeon-rat difference related to their longevity difference, was 

that membrane lipids had a significantly lower PI in pigeons compared to rats [33]. 

As with mammals, some bird species differ in longevity compared to other similar-sized 

bird species. For example, as a group, petrels and albatrosses (Procellariformes) are relatively 

long-living birds while fowl (Galliformes) are relatively short-living birds. The fatty acids of 

heart phospholipids have been compared between these bird groups and petrels have a 

significantly lower PI than fowl [34]. Parrots as a group are also relatively long-living birds 

and measurement of the PI for their membrane lipids from muscle and liver mitochondria 

demonstrate an inverse relationship between their maximum longevity and PI value and have 

PI values expected for their maximum lifespan [35]. Quail species are relatively short-living 
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birds but have PI values lower than expected for their respective maximum longevity (see 

Figure 1) [35]. 

Generally, there is a significant relationship between membrane fatty acid composition 

and maximum longevity of both mammals and birds, which supports an inverse relationship 

between lipid peroxidation and longevity of warm-blooded vertebrates.  

  

 

4. MEMBRANE COMPOSITION AND LONGEVITY  

OF INVERTEBRATES 
 

There is also evidence of a relationship between membrane fatty acid composition and 

longevity in invertebrate animals. Although the invertebrate examples to be outlined do not fit 

on the same relationship as described for warm-blooded vertebrates in the previous section, 

all of the invertebrate examples also show an inverse relationship between membrane PI and 

lifespan. 

A comparison of membrane fatty acid composition of gill mitochondria from five species 

of marine molluscs [36] ranging in maximum recorded lifespans from 28 years (Mya 

arenaria) to 507 years (Arctica islandica) has shown an inverse relationship between PI and 

longevity (see Figure 2a). The mud clam (Arctica islandica) is the longest-living metazoan 

animal species known. This relationship is not restricted to mitochondrial membranes as an 

inverse relationship is also observed between the longevity of these molluscs and the PI 

calculated from the membrane fatty acid composition of gill cell debris [36]. In a later 

comparison of two of these bivalve species, these authors demonstrated that the longevity 

related differences in PI were not affected by age, diet or season and thus appear to be 

intrinsic to the individual species [37]. There are other aspects of membrane lipids of these 

bivalves that show a relationship to longevity and these will be discussed in a later section. 

 

 

Figure 2. Relationship between maximum longevity and peroxidation index for three invertebrate 

animals. (A) Relationship for gill mitochondrial phospholipids from five species of bivalve molluscs 

that differ in maximum longevity. Data from [36]. (B) Relationship for phospholipid peroxidation index 

and maximum longevity difference between worker and queen honeybees. Data from references [19] 

and [38]. (C) Relationship between total lipid peroxidation index and relative lifespan of strains of C. 

elegans that differ in longevity. Data from [43]. 
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The honeybee (Apis mellifera) is another invertebrate animal in which a relationship has 

been observed between membrane composition and longevity. Female honeybees can be 

either ‘workers’ or ‘queens’ and while the maximum longevity of worker honeybees is 

recorded to be between 0.2 and 0.4 years, the recorded maximum longevity of queen 

honeybees is 8 years [19]. As workers and queens are genetically identical this dramatic 

longevity difference is determined by differences in their nutrition. The membrane fatty acid 

composition of larvae and pupae of both workers and queens is highly monounsaturated with 

very small amounts of PUFA and consequently very low PI values [38]. In queen honeybees 

membrane lipid PI remains low throughout adult life, compared to worker honeybees where 

although PI is low immediately following emergence there is ~5-fold increase in PI during the 

first 4 days of adult life and this higher membrane PI is maintained throughout the remainder 

of the adult life of workers [38]. The worker-queen difference in PI is observed in all parts of 

the adult honeybee (i.e., head, thorax and abdomen) and has been postulated to be responsible 

for the worker-queen longevity difference [39]. It is plotted in Figure 2b.  

This change in membrane PI coincides with a change in the diet of the honeybee. Larval 

honeybees (both queens and workers) feed on the fluid in their cells that has been secreted by 

nurse adult worker bees and this fluid (called “jelly”) has a negligible PUFA content [38, 40]. 

Throughout their adult life, queen honeybees are fed mouth-to-mouth by worker honeybees, 

and do not consume pollen [41]. This is not the case for the worker honeybees themselves, 

which, after emergence, start eating honey and pollen from storage cells in the honeycomb 

and continue eating honey and pollen throughout their adult life [41]. While honey is 

essentially lipid-free, pollen contains a significant amount of lipid and furthermore pollen 

lipid has a very high PUFA content [39, 42]. It is the commencement of feeding on pollen by 

adult worker honeybees that results in an increase in the PI of their membrane lipids [38].  

Perhaps the animal most investigated in the study of ageing is the nematode 

Caenorhabditis elegans. This invertebrate is different compared to higher animals, in that it 

has all the desaturase enzymes necessary to synthesize PUFA and therefore has no essential 

dietary requirement for PUFA. The majority of studies using this invertebrate have been 

genetic in nature and a number of mutant strains with extended longevity have been 

produced. However, few studies have measured membrane fatty acid composition. One study 

measured and compared the fatty acid composition of lipids from six mutant strains of C. 

elegans that span a 10-fold range in longevity among a uniform genetic background [43]. 

These authors reported several strong correlations between fatty acid composition and 

longevity. The vast majority of these correlations related to various aspects of PUFA 

composition and the relationship between PI and longevity is plotted in Figure 2c. Although 

they measured total lipids in this study, it is likely the correlations observed reflect a 

relationship between membrane fatty acid composition and longevity. This is because 

phospholipids are the dominant contributors to total lipids in C. elegans and furthermore 

PUFA molecules are found overwhelming in phospholipids and not in triglycerides (see ref 

[1] for discussion). It is also of interest that a number of lipid metabolism genes have been 

strongly implicated in C. elegans longevity [44]. However, while most discussion of this 

finding has concentrated on role of energy stores in longevity, it has been observed that long-

living mutant nematodes differ in their adiposity but there is no consistent relationship 

between fat stores and extended longevity of C. elegans [45]. 
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5. EXPERIMENTAL TESTS OF LINK BETWEEN MEMBRANE 

COMPOSITION AND LONGEVITY 
 

Most of the evidence presented so far consists of correlations and consequently cannot 

prove there is a causal link between membrane fatty acid composition and longevity. A causal 

link requires correlation (in that, the absence of correlation means there is no causal link) but 

by itself correlation is inadequate and experimental evidence is required to support a causal 

link. Some of the evidence presented so far is experimental in nature, namely calorie-

restriction is an experimental treatment that extends lifespan and one its early effects are 

changes in membrane composition.  

The experimental approach requires treatments that change membrane fatty acid 

composition in a predictable manner that also change longevity in an expected direction. Diet 

manipulation is an obvious experimental technique that may alter membrane fatty acid 

composition and has been used in a series of experiments on the blowfly Calliphora stygia to 

experimentally test the “membrane pacemaker theory of ageing” [46]. Larval blowflies were 

raised on media that differed dramatically in fatty acid composition. Following their eclosion, 

the different adult blowflies were all fed a fat-free diet and their adult lifespan recorded. 

There was no effect of larval diet on adult longevity and this lack of effect was due to the fact 

membrane fatty acid composition of both larvae and adults was not affected by different 

larval diets. As noted previously in this chapter, membrane PI is homeostatically regulated 

irrespective of large differences in diet PI value [46]. Diet is also unlikely to be an adequate 

experimental treatment to test a relationship in mammals, as in rats, membrane PI is 

homeostatically regulated despite wide variation in diet PI [see Figure 4 of ref 1]. Although 

there is evidence that membrane fatty acid composition is (i) genetically determined and (ii) 

homeostatically regulated with respect to diet [18], the precise mechanisms involved in the 

regulation of membrane fatty acid composition are unknown and therefore experimental 

manipulation is difficult. 

One situation where diet manipulation might be an appropriate experimental treatment is 

the case of the adult worker honeybee. If it is the consumption of pollen following emergence 

that is responsible for the large increase in PI during the first 4 days of adult life of a worker 

honeybee and this higher PI is responsible for the shorter adult lifespan of workers compared 

to queen honeybees [38, 39], then provision of different foods, with and without PUFA, to 

honeybees after emergence should result in adults with different PI values and consequently 

influence adult lifespan. Such experiments are currently underway.  

Diet manipulation has been used in an experiment where C. elegans were raised in the 

presence of different fatty acids added to their normal food. The average lifespans of the 

nematodes were only 7.8 and 14.0 days when nematodes were fed food supplemented (at 

1.5mg per dish) with 18:2 and 18:3 respectively, compared to average lifespan of 20.2 days 

when supplemented with 18:1, while the average lifespan of controls (solvent only added) 

was 21.5 days [47]. Thus, while addition of a MUFA had a very small effect on longevity, the 

addition of PUFA to their growth medium resulted in substantial shortening of the lifespan of 

C. elegans. Unfortunately these authors did not measure whether membrane fatty acid 

composition was changed by their treatments. 

Because the nematode worm C. elegans is (i) fed a diet of E. coli which do not contain 

PUFA, and (ii) has all the elongase and desaturase enzymes necessary to synthesise de novo 
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all of its membrane PUFA, it provides a different experimental system to test the link between 

membrane composition and longevity, that is not available in higher animals. By feeding the 

worms E. coli engineered to produce specific RNAi it is possible to selectively inhibit the 

production of specific enzymes and consequently alter membrane composition. In one study 

[43], worms were fed RNAi to knock-down some of the desaturase enzymes and both the 

effect on longevity and resistance to oxidative stress (hydrogen peroxide exposure) were 

measured. The fat-4 gene in C. elegans is the desaturase enzyme responsible for the 

manufacture of the two most polyunsaturated PUFA in the nematode, namely 20:4 and 20:5. 

Worms fed RNAi for fat-4 gene produced both the greatest extension of longevity and the 

greatest resistance to oxidative stress [43]. Although this study did not measure membrane fat 

acid composition in these experiments, others have shown that fat-4 mutant C. elegans (i.e., 

fat-4 gene knockout animals) have a membrane composition with a calculated PI value of 123 

compared to 174 in wild-type worms [48]. Thus, in C. elegans experimental manipulations 

that likely alter membrane fatty acid composition confirm a causal connection between 

membrane PUFA content and longevity.  

 

 

6. OTHER MEMBRANE LIPIDS AND LONGEVITY 
 

As noted earlier in this chapter, the most common PUFA molecules have a single 

methylene group (-CH2-) between double-bonded carbons and it is H atoms attached to this 

carbon (the bis-allylic H atoms) that have the lowest C-H bond energy and are removed 

during the initiation of lipid peroxidation. Although uncommon, there are some PUFA that 

have more than one –CH2- group between double bonded carbons. Such PUFA are called 

“non-methylene interrupted” (NMI) polyunsaturated fatty acids and because of their 

distinctive structure, they provide the physical properties of a PUFA molecule without the 

susceptibility to peroxidative damage (because they lack the bis-allylic hydrogens found in 

normal PUFA). They are peroxidation–resistant PUFA and occur in significant amounts in 

the membrane lipids of marine bivalve molluscs [49] but not in warm-blooded vertebrates or 

insects. These unusual PUFA may also be important membrane constituents in the 

determination of an animal’s lifespan. For example, they constitute 37-42% of membrane 

PUFA in the exceptionally long-living mud clam (Arctica islandica; maximum longevity = 

507 years) but only 12-13% of membrane PUFA in the much shorter-living bivalve Mya 

arenaria (maximum longevity of 28 years) while, the three bivalve species with intermediate 

longevities had intermediate levels of NMI fatty acids in their membrane lipids [36]. 

Another class of membrane lipids that may be important in the determination of longevity 

are the plasmalogens. These membrane lipids differ from other phosphoglycerides in that the 

fatty acid chain in the sn-1 position is linked to the glycerol backbone by a vinyl ether linkage 

rather than the normal ester linkage. The vinyl ether linkage includes a double bond that is 

especially attacked by ROS and the products of such an attack rapidly decompose into 

molecules that do not propagate lipid peroxidation [4]. In this way, plasmalogens can act as 

endogenous membrane lipid antioxidants; being ROS scavengers, sparing other normal 

membrane PUFA from ROS attack, and consequently stopping the autocatalytic processes of 

lipid peroxidation. Tissues from the exceptionally long-living naked mole-rat 

(Heterocephalus glaber; maximum longevity = 31 years) have plasmalogen levels that are 
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several times those found in the similar-sized but short-living house mouse (Mus musculus; 

maximum longevity = 4 years) [50]. Marine bivalves have membrane lipids that contain 

significant amounts of plasmalogens [49], and in the comparison of marine bivalves that 

differed in maximum recorded longevity, the shortest-living species (28 years) had 

significantly lower levels of plasmalogen than the longer-living (507 years) species of 

mollusc [36].  

 

 

CONCLUSION 
 

Animal species have distinctive maximum lifespans and these differ greatly between 

species. The natural variation in longevity achieved by evolution exceeds many-fold the 

variation achieved by experimental science in the study of ageing. The mechanisms 

controlling ageing and determining maximum longevity are unknown. One of the theories 

suggested to be responsible is the “membrane pacemaker theory of ageing” which posits that 

membrane fatty acid composition, and particularly the PUFA composition of membranes is 

an important determinant of animal longevity. This proposal is based on the fact that, unlike 

SFA and MUFA, the PUFA molecules in membrane lipids are important substrates in the 

initiation and maintenance of lipid peroxidation. The more polyunsaturated the PUFA 

molecule the more prone it is lipid peroxidation and knowing the relative abundance of 

different PUFA in membrane lipids it is possible to calculate a number (the peroxidation 

index, PI) that expresses both the relative susceptibility of the membrane to peroxidation as 

well as the relative production of potent damaging molecules from peroxidation of the lipids 

that constitute the membrane. The greater the manufacture of products from lipid 

peroxidation the greater the cellular damage incurred during oxidative stress. For more 

detailed review see [8]. 

When the PI is calculated for membrane lipids from different species and plotted against 

the maximum lifespan of the species, a significant inverse relationship is observed. This has 

been done for the warm-blooded vertebrates; mammal and birds (see Figure 1), as well as for 

three very different types of invertebrate animals; marine bivalves, female honeybees and the 

nematode worm C. elegans (see Figure 2). In all these inverse relationships, the slope of the 

relationship is relatively similar with PI found to be proportional to a power function of 

maximum lifespan. The exponents for these relationships range from -0.13 for bivalve 

molluscs (Figure 2A) to -0.30 for mammals and bird mitochondria (Figure 1B) with an 

average value of -0.24. Such an exponent means that for every doubling of lifespan there is a 

15% decrease in the PI of membrane lipids. 

Differences in membrane fatty acid composition are not restricted to between-species 

differences in longevity but have also been demonstrated for within-species differences in 

longevity (e.g., between mice strains, between worker and queen honeybees as well as 

between mutant strains of C. elegans). They are also evident when longevity is extended by 

the physiological treatment of calorie-restriction.  

Attempts to experimentally test this theory by manipulation of diet fat composition, have 

had limited success, primarily because it has not always been possible to alter membrane PI 

by altering diet PI. However, experimental testing of the theory has been successful in C. 
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elegans when diet has been manipulated and also when membrane composition is altered by 

use of RNAi to inhibit enzymes involved in PUFA synthesis.  

It is also of interest that an evolutionary scan of 5.7 million codon sites to identify the 

genetic targets responsible for the wide variation in lifespan across 25 mammal species 

demonstrated that genes involved in lipid composition had collectively undergone increased 

selective pressure in long-lived mammals, whereas genes involved in either DNA 

replication/repair or antioxidant defences had not undergone such selective pressure [51]. 

Membrane PUFA composition is not the only aspect of membrane lipid composition that 

provide a link between lipid peroxidation and animal longevity. Both NMI polyunsaturated 

fatty acids and plasmalogens are types of membrane lipids that diminish the intensity of lipid 

peroxidation. Both have been positively associated with animal longevity in some species and 

deserve more experimental attention.  
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ABSTRACT 
 

Free radicals and consequent lipid peroxidation process and lipid peroxides have 

direct effects on cell growth and development, cell survival and play a significant role in 

various diseases including cancer. During the electron-transport steps of ATP production, 

due to the leakage of electrons from mitochondria, reactive oxygen species (ROS), e.g., 

superoxide anion (O2-.) and hydroxyl (OH.) radicals, are generated. These ROS, in turn, 

lead to the production of hydrogen peroxide (H2O2), from which further hydroxyl radicals 

are generated in a reaction that depends on the presence of Fe2+ ions. Free radicals and 

lipid peroxides have both beneficial and harmful actions. Free radicals are needed for 

signal-transduction pathways that regulate cell growth, reduction-oxidation (redox) 

status, and as a first line of defense by leukocytes against infections. Paradoxically, 

excess of free radicals and lipid peroxides start lethal chain reactions that can inactivate 

vital enzymes, proteins and other important subcellular elements needed for cell survival 

and may also induce apoptosis. Thus, free radicals and lipid peroxides are like a double-

edged sword and play a significant role in health and disease. Physiological amounts of 

free radicals and lipid peroxides are needed for normal health of cells, tissues and organs 

while excess may induce sufficient damage to cells and tissues and lead to their 

dysfunction and disease(s). In view of their potent actions, concentrations of free radicals 

and lipid peroxides are regulated by the antioxidant status of cells. Thus, the balance 

between free radicals and lipid peroxides and antioxidants is important for normal health 

and disease. There is evidence to believe that free radicals, lipid peroxides and 

antioxidants participate in inflammation, immune response and thus, play a significant 
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role in atherosclerosis, cardiovascular diseases, Alzheimer’s disease, cerebrovascular 

diseases, Parkinson’s disease, and other neurodegenerative and/or neuroinflammatory 

diseases, rheumatological conditions, obesity, diabetes mellitus, hypertension, metabolic 

syndrome, cancer and several other diseases/disorders. Hence, methods designed to fine 

tune free radicals/lipid peroxidation/antioxidant status of cells may form a new approach 

to several diseases. 

 

 

1. INTRODUCTION 
 

A free radical is a molecule that contains an odd number of electrons. Radical possess 

free electron that renders it chemically active. These molecules are energetically unstable and 

hence, they are extremely reactive. Free radicals interact with themselves or with non radical 

molecules to form peroxides. Radicals are natural by-products of metabolism and are 

involved in the regulation of cell cycle and metabolism. They are also involved in the body’s 

defense against microorganisms at low or moderate doses. But, if in excess, they damage 

body cells and tissues and, thus, play a role in disorders like cardiac and neuronal ischemic 

states. Free radicals are highly unstable molecules that generally attack cellular proteins, 

lipids and even DNA. Commonly radiation and oxygen miscarriage in the sub cellular 

organelles leads to the formation of free radicals. The sub cellular organelles like 

mitochondria, peroxisome, Lysosome and endoplasmic reticulum are involved in radical 

generation. Among these, mitochondria is the major cell organelle to generate the free 

radicals. During hypoxic conditions limited oxygen molecules are available for oxidative 

phosphorylation in mitochondria to accept the final electrons from NADH/FADH and hence 

they form oxygen free radicals like superoxide (O2.-1) and peroxide (O2.-2) radicals due to 

partial oxidation. The superoxide radical is the common molecule froms at complex 4 and 5 

enzymatic reactions of oxidative phosphorylation. 

 

O2 + e-  O2.
-1 

 

Lipid peroxidation process (LPO) is considered as the main molecular mechanism 

involved in the oxidative damage to cell structures and in the toxicity process that lead to cell 

death. It was first studied in relation to the oxidative deterioration of foods. In 1955, the 

oxygenase enzyme was discovered by Hayaishi et al. [1] and Mason et al. [2] independently, 

and since then LPO, lipoxygenases and cyclooxygenases have been studied extensively. LPO 

involves the formation and propagation of lipid radicals, the uptake of oxygen, a 

rearrangement of the double bonds in unsaturated lipids and the eventual destruction of 

membrane lipids. There is formation of a variety of breakdown products including alcohols, 

ketones, alkanes, aldehydes and ethers (Figure 1) and this process of LPO occurs in both 

plants and animals and they cause damage to proteins, DNA and lipids [3]. 

LPO can be defined as a chain reaction initiated by the hydrogen abstraction or addition 

of an oxygen radical, resulting in the oxidative damage of polyunsaturated fatty acids (PUFA) 

which cause a decrease in membrane fluidity and in the barrier functions of the membranes. 

The products formed by LPO such as hydroperoxides or their aldehyde derivatives inhibit 

protein synthesis alter macrophage actions and modulate chemotactic signals and enzyme 

activity [4]. 
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Figure 1. Formation of ROS from free radicals and generation of lipid peroxides that show an effect on 

cellular physiology. 

 

2. GENERATION OF FREE RADICALS AND LP 
 

 

2.1. Free Radicals 
 

The term free radical is used for broader sense of molecules such as superoxide (•O2
−), 

peroxides, hydrogen peroxides and peroxy nitrites. These molecules are continuously 

produced in the organisms by various stimulations. Free radicals can be generated either by 

external or internal stimuli. The external stimuli such as gamma, UV, X- ray radiations cause 

severe damage to DNA and cellular membranes which, in turn, causes the production of free 

radicals [5]. 

 

2.1.1. Exogenous 

Physical factors like ionizing and non ionizing radiation induce generation of free 

radicals in the body. Gamma radiation causes severe damage to the tissues by generating 

intolerable amounts of free radicals in the body [6]. Chemically, drugs like bleomycin and 

adriamycin produce significant amounts of ROS during their metabolism [6]. Consumption of 

high fat diet (HFD) and energy dense food induce generation of significant amounts of ROS 

in the body that may account for their deleterious actions such as obesity, type 2 diabetes 

mellitus and colon cancer [7]. 
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2.1.2. Endogenous 

The production of ROS by endogenous sources is a continuous process during the 

metabolic cycle of the cell unlike exogenous stimulations. The major sources of ROS in the 

body are mitochondria, endoplasmic reticulum and peroxisomes. 

 

 

Figure 2. Mitochondrial electron transport chain and generation of free radicals from mitochondria. 

2.1.2.1. Free Radicals from Mitochondria 

In aerobic organisms the final electron acceptor in the complete oxidation of food is 

oxygen. This oxygen molecule accepts the electron at electron transport chain or oxidative 

phosphorylation from the NADH and FADH through electron transporters (Figure 2). During 

this process ATP is produced in the mitochondria. 

The functional usage of aerobically consumed oxygen is only 95% to form water as an 

end product in electron transport chain. Remaining 5% becomes reactive oxygen species like 

superoxide and peroxide free radical ions [8]. The frequency of production of ROS from 

mitochondria depends upon the tissue of origination and metabolic state of the body [9]. 

Briefly, electron transport chain occurs in the inner mitochondrial membrane with various 

electron transporters. The electron carriers like ubiquinone, Fe-S and cytochromes complexes 

with proteins in the membrane to form 4 complexes named as complex I, II, III and IV. The 

complex IV is the final electron donor in the oxidative phosphorylation and final acceptor is 

oxygen molecule [10]. 

 

2.1.2.2. Free Radicals from Endoplasmic Reticulum (ER) 

ER is a membranous structure that extends from cytoplasmic membrane to nuclear 

membrane in the cytosol. ER is the place of the cell where protein biosynthesis, folding, 

assembly and modification occurs [11, 12]. In addition to protein biosynthetic metabolism, 

ER is a good source of Ca+2 and is also involved in fatty acid metabolism. ROS is produced in 

ER due to two reasons. Primarily ROS is produced during the processes of disulphide bond 

formation in the proteins. In this process, one pair of electrons is donated by the protein to 

protein disulphide isomerase (PDI). PDI transfers the electrons to ER oxidoreductin-1 (ERO-

1). In absence of free GSSG, ERO-1 donates the electrons to the oxygen via electron transport 

chain leading to the formation of free radicals [11]. The other pathway that leads to the 
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formation of free radicals is during the process of protein folding. The unfolded protein 

stimulates the generation of free radicals via a sequence of transcriptional factors and Ca2+ 

ions [13]. This mechanism is known as Unfolded Protein Response (UPR). This UPR 

augments the Ca+2 ions influx in the cytosol leading to free radical generation from the 

mitochondria. 

 

2.1.2.3. Free Radicals from Peroxisome 

Peroxisome is the centre for oxidoreduction reactions in the cell. Oxidation of certain 

fatty acids and amino acids occur in the peroxisome. Pathways or reactions of pathway like α 

and β oxidation of fatty acids, ether phospholipid biosynthesis, glyoxylate metabolism, 

polyamine oxidation and oxidative part of hexose mono phosphate shunt pathway take place 

in these cell organelles [14]. The oxidative enzymes like amino acid oxidase, aspartate 

oxidase, urate oxidase and other alkyl oxidases are present in the peroxisome. Due to these 

oxidative enzymes, ROS like super oxide, peroxide, hydroxyl radical, peroxy nitrites and 

hydrogen peroxides are formed. Indeed, ROS generated from peroxisomes are neutralized by 

its own enzyme catalase [15]. 

Free radicals can also be generated by the action of xanthine oxidase and dopamine in 

endothelial and neuronal cells respectively. Under certain disease conditions like ischemia 

and reperfusion, xanthine oxidase generates superoxide by converting hypoxanthine into 

xanthine and in turn xanthine into uric acid. Dopamine induced ROS generation observed due 

to aging process and Parkinson’s disease lead to the destruction of neuronal cells [16]. 

 

 

2.2. Generation of Lipid Peroxides (LP) 
 

The biological production of reactive oxygen species primarily superoxide anion (O2.) 

and hydrogen peroxide (H2O2) is capable of damaging molecules of biochemical classes 

including nucleic acids and amino acids. Exposure of reactive oxygen to proteins produces 

denaturation, loss of function, cross-linking, aggregation and fragmentation of connective 

tissues such as collagen [17]. However, the most damaging effect is the induction of lipid 

peroxidation. The cell membrane which is composed of polyunsaturated fatty acids (PUFAs) 

is a primary target for reactive oxygen species leading to cell membrane damage. LP 

generation by the action of ROS on PUFAs may be enzymatic and non-enzymatic. 

 

2.2.1. Enzymatic Formation of LP 

Both PUFAs and cholesterol are oxidized by enzymatic and non-enzymatic pathways. 

Enzymatic LP is catalyzed by the lipoxygenases family that oxygenates free and esterified 

PUFAs generating peroxy radicals and enantio-specific hydroperoxy octadecadienoates 

(HPODEs). Cholesterol upon reaction with LP form oxysterols which can also be formed 

during the following processes: 

 

 As intermediates during the partial reduction of oxygen (homolysis induced by H2O2 

and HO. generation), 

 Direct autoxidation of lipids 

 Formed as intermediates during the nitric oxide metabolism 
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 During modification of lipid membrane surface structure [18] 

 

2.2.2. Non-Enzymatic Formation of LP 

Non enzymatic lipid peroxidation is mainly initiated by the presence of molecular oxygen 

and is facilitated by Fe2+ ions/Cu+2 ions [19]. Lipid hydroperoxides, in presence or absence of 

catalytic metal ions, produce a large variety of products including short and long chain 

aldehydes and phospholipids and cholesterol ester aldehydes, which provide an equivalent 

hydrogen abstraction from an unsaturated fatty acid and thus formation of free radical [20]. 

 

2.2.3. Free Radical-Mediated Oxidation 

In this type, LP are formed by chain reaction process characterized by repetitive 

hydrogen abstraction and addition of O2 to alkyl radicals (R.) resulting in the generation of 

ROO and also in the oxidative destruction of PUFAs, in which the methylene group (=RH) is 

the main target. The free radical-mediated peroxidation of PUFAs involves hydrogen atom 

transfer from PUFAs to the chain initiating radical or chain carrying peroxyl radicals to give a 

pentadienyl carbon-centered lipid radical which react with molecular oxygen to give a lipid 

peroxyl radical. Upon fragmentation of this lipid peroxyl radical and rearrangement of 

peroxyl radical occurs which can cause damage to DNA and proteins [21]. For eg: The free 

radical-mediated oxidation of cholesterol gives 7a- and 7b-hydroperoxycholesterol. 

 

2.2.4. Non-Enzymatic, Non-Radical Oxidation 

Diphenylpyrenylphosphine (DPPP) is an interesting probe that reacts with 

hydroperoxides to give a strong fluorescent DPPP oxide. DPPP reacts with lipid 

hydroperoxides selectively and stoichiometrically, and the resulting DPPP oxide is toxic to 

cells. Thus LP can also be generated by non-enzymatic and non-radical oxidation [21]. 

 

 

3. TOXICITY AND REGULATION OF FREE RADICALS AND LP IN  

THE LIVING SYSTEM 
 

3.1. Free Radicals 
 

3.1.1. Toxicity of Free Radicals 

The moderate levels of free radicals are essential for defense against infections. But, 

higher levels of free radicals can cause chemical toxicity, cardiopulmonary complications, 

cancer, radiation injury and inflammation as well as participate in aging, arthritis and diabetes 

mellitus [22-24]. The excess production of free radicals create a state called as oxidative 

stress, a lethal process that can fatally alter the cell membranes and other structures such as 

nucleic acids, proteins, lipids, lipoproteins [25-31]. This oxidative stress can be localized or 

systemic. Type 1 diabetes mellitus is due to infiltration of pancreatic β cells by activated T 

cells, macrophages and other immunocytes that leads to intense oxidative stress and 

consequent damage to the pancreatic β cells. Alzheimer’s and Parkinson’s diseases are also 

due to oxidative stress [32, 33]. Recent research suggests that oxidative stress is a primary or 

secondary cause of many cardiovascular diseases [34]. Oxidative stress is very lethal in renal 

diseases such as glomerulonephritis and tubulointerstitial nephritis, chronic renal failure, 
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proteinuria, uremia [35]. The nephrotoxicity of certain drugs such as cyclosporine, 

gentamycin, bleomycin, and vinblastine is mainly due to oxidative stress via lipid 

peroxidation [36]. If oxidative stress is not regulated, it can induce a diversified chronic and 

degenerative diseases as well as the aging process. 

 

 

Figure 3. Enzymatic regulation of free radicals by anti-oxidant systems. 

 

 

Figure 4. Formation of aldehyde/ketone derived compounds from Lipid hydroperoxide and its effect on 

protein modification which can be studied as indicator for oxidative stress. 

3.1.2. Regulation of Free Radicals 

Although, the human body continuously confronts oxidative stress, there are several 

mechanisms to counteract it by producing antioxidants, either naturally present in situ, or 

externally supplied through food. Oxidative stress is also involved in the etiology of acute 

pathologies such as trauma, stroke infection and sepsis. Increased oxidative stress is due to an 

imbalance between antioxidants and ROS production. Oxidative stress can be neutralized by 

enzymatic and non enzymatic mechanisms. 
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3.1.2.1. Enzymatic Regulation of Free Radicals 

Enzymatic oxidative stress is generally neutralized by antioxidant enzymes like super 

oxide dismutase (SOD), catalase, glutathione peroxidase (GPx) and glutathione reductase 

(GRx) (Figure 3). SOD converts the super oxide and peroxide oxygen radicals into hydrogen 

peroxide. This hydrogen peroxide is converted to water molecule by the enzyme catalase. The 

super oxide molecule that results from the oxido-reduction reaction is neutralized by the 

glutathione metabolism (GPx and GRx). 

 

3.1.2.2. Non-Enzymatic Regulation of Free Radicals 

The non-enzymatic antioxidants are further classified into metabolic and nutrient 

antioxidants. Metabolic antioxidants are endogenous in nature, produced by metabolism in 

the body, like lipoic acid, glutathione, L-ariginine, coenzyme Q, uric acid, metal-chelating 

proteins like transferrin, etc. While nutrient antioxidants belonging to exogenous antioxidants 

are compounds which cannot be produced in the body and must be provided through foods or 

supplements, such as vitamin E, vitamin C, carotenoids, trace metals (selenium, manganese, 

zinc), flavonoids, omega-3 and omega-6 fatty acids, etc. [37]. 

 

 

3.2. Toxicity and Regulation of LP 
 

Many aldehydes are produced during the peroxidative decomposition of unsaturated fatty 

acids including free radicals and these aldehydes are highly stable and diffuse out from the 

cell and attack targets far from the site of their production (Figure 4). These are three types of 

aldehydes that include: a) saturated aldehydes (propanal, butanal, hexanal); b) 2,3-trans-

unsaturated-aldehydes (hexenal, octenal, nonenal, decenal and undecenal); c) a series of 4-

hydroxylated,2,3-trans-unsaturated aldehydes: 4-hydroxyundecenal, 4-hydroxinonenal (HNE) 

and malonyldialdehyde (MDA) [9]. Of these products of LP, HNE acts as an intracellular 

signal able to modulate gene expression, cell proliferation, differentiation and apoptosis. 

MDA, acrolein, and crotonaldehyde have been shown to modify DNA bases, yielding 

promutagenic lesions and contribute to the mutagenic and carcinogenic effects associated 

with oxidative stress-induced lipid peroxidation along with carcinogenesis [40]. 

Lipoxygenases are regulated at various levels of gene expression and there are 

endogenous antagonists controlling their cellular activity. Among the currently known 

mammalian lipoxygenase isoforms only 12/15-lipoxygenases are capable of directly 

oxygenating ester lipids even when they are bound to membranes and lipoproteins. Thus, 

these enzymes represent the pro-oxidative part in the cellular metabolism of complex 

hydroperoxy ester lipids. Its metabolic counter player, representing the antioxidative part, 

appears to be the phospholipid hydroperoxide glutathione peroxidase. This enzyme is unique 

among glutathione peroxidases because of its capability of reducing ester lipid 

hydroperoxides. Thus, 12/15-lipoxygenase and phospholipid hydroperoxide glutathione 

peroxidase constitute a pair of antagonizing enzymes in the metabolism of hydroperoxy ester 

lipids. A balanced regulation of these two proteins appears to be of major physiological 

importance that are influenced by cytokine-dependent regulatory processes and their 

regulatory interplay in the production of LP [38]. 
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4. PHYSIOLOGICAL SIGNIFICANCE OF FREE RADICALS AND LP 
 

 

4.1. Free Radicals 
 

The low and moderate concentrations of free radicals (ROS and RNS) act as potent 

signaling molecules in the cell signaling systems. The products of NADPH oxidase isoforms 

plays a key role in the regulation of intracellular signaling cascades in various types of cells 

including fibroblasts, endothelial cells, vascular smooth muscle cells, cardiac myocytes, and 

thyroid tissue. For example, nitric oxide (NO) is an intercellular messenger for control of 

blood flow, thrombosis, and neural activity. NO is also vital for nonspecific host defense, and 

for killing intracellular pathogens and tumor cells. Furthermore, free radicals are potent 

inducers of mitogenic response [25-27]. 

 

 

4.2. Metabolism of LP 
 

The secondary metabolites (aldehydes and ketones) formed during the formation of lipid 

hydroperoxides might be toxic to cell. The main goal of intracellular metabolism of LP is to 

protect proteins from modification by aldehydic lipid peroxidation products. This process 

involves degradation and metabolism of LP that leads to the formation of corresponding 

alcohol 1,4-dihydroxy-2-nonene (DHN), corresponding acid 4-hydroxy-2-nonenoic acid 

(HNA), and HNE-glutathione conjugate products. 

The type of LP products formed can be summarized according to the stress level. For 

example: 

 

 Under physiological or low stress levels, the major 4-HNE detoxification step is 

conjugation with GSH to yield glutathionyl-HNE (GS-HNE) or glutathionyl-lactone 

(GS-)lactone followed by NADH - dependent alcohol dehydrogenase (ADH-) 

catalysed reduction to glutathionyl-DNH (GS-DNH) and/or aldehyde dehydrogenase 

(ALDH-catalysed oxidation to glutathionyl-HNA (GS-HNA). 

 At moderate stress levels, 4-HNE undergoes aldehyde dehydrogenase (ALDH) 

catalysed oxidation yielding HNA, that may be further metabolized in mitochondria 

through β-oxidation by cytochrome P450 to form 9- hydroxy-HNA. 

 Under high stress levels, 4-HNE is metabolized by ADH to produce DNH by 

disrupting the Gsta4 gene that encodes the alpha class glutathione s-transferase 

(GST) isozyme GSTA4- 4 that plays a major role in protecting cells from the toxic 

effects of oxidant chemicals by attenuating the accumulation of 4-HNE. 

Overexpression and inhibition of ALDH activity reduces and increases, respectively, 

the 4-HNE toxicity and 4-HNE-protein adducts levels in cell culture [39]. 

 

Based (see Figure 5) on the HNE metabolism outlined above, it can be said that low 

levels and moderate levels of LP aid in cell survival. On the other hand, high levels of LP lead 

to protein damage, autophagy and senescence and thus, are toxic to cells. 
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Endogenous reactive oxygen species (ROS) including hydroxyl radical, superoxide 

anion, and hydrogen peroxide, are mainly produced on the mitochondrial inner membrane 

during the process of oxidative phosphorylation via the ETC (electron transport chain) as 

explained in Figure 6. 

Generally, ROS are scavenged by antioxidant system. Lipid peroxidation occurs by a free 

radical chain reaction mechanism leading to oxidative stress that affects membrane lipids, 

which results in the release of PUFA. Arachidonic acid is metabolized by COX-2 enzyme 

(activated during inflammation) to form prostaglandinsG2 and PGE2 and thromboxanes that 

exert pro-inflammatory effects [40-42]. In contrast, generation of excess of ROS in tumor 

cells can overwhelm their antioxidant system that leads to their apoptosis. On the other hand, 

oxidative stress and generation of moderate amounts of lipid peroxides inside the tumor cells 

can promote cell migration, invasion, and metastasis [43]. This suggests that the degree of 

ROS and lipid peroxides generated have a profound effect either in prevention of elimination 

of cancer cells or their ability to metastasize. 

 

 

Figure 5. Lipid peroxide metabolism which show dual action of LPO, under physiological levels and 

low levels aid in triggering of anti-oxidants and cell survival whereas medium levels and high levels 

lead to apoptosis. 

 

On the other hand, lipoxins (LXs), resolvins (Rs) and protectins (Ps) formed by the action 

of 15-LOX, and 12-LOX, play an important role in the programmed switch from 

inflammation to resolution during tissue injury. LXA4 prevents neutrophil infiltration, 

recruits and stimulates non-phagocytic monocytes, which engulf and destroy the dying 

neutrophils and facilitate resolution process. Macrophages also have the ability to produce 

LXA4 that aid in clearing debris. Resolution is further boosted by the ability of LXA4 to 

antagonize the actions of LTB4 and protect against inflammatory diseases. In addition, LXA4 

modulate ROS activated MAPK pathway, inhibit DNA-binding activity of NF-Kb and thus 

potentiate its anti-inflammatory action and ultimately improve cell survival [44]. 
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Figure 6. Generation of ROS due to various factors intracellular. Free radicals targeted molecules and 

their adverse effect. 

 

5. BENEFICIAL ACTIONS OF FREE RADICALS AND LP 
 

 

5.1. Free Radicals 
 

5.1.1. Free Radicals in Signal Transduction 

The beneficial role of NO.-1 lies in the fact that it is needed for resistance against malaria, 

cardiovascular disease, acute inflammation, cancer and diabetes mellitus [45, 46]. Growth 

factors, cytokines and other ligands generate ROS in cells through their respective membrane 

receptors. Such ROS production can mediate intracellular signaling as a secondary messenger 

molecule and enhances the corresponding transcription factors that, in turn, activate many 

genes [47, 48]. Nerve growth factor (NGF), epidermal growth factor (EGF) and platelet 

derived growth factor (PDGF) act on neuronal, human epidermoid carcinoma cells and 

platelets respectively [49, 50] and increase intracellular ROS production through signaling 

protein Rac1. The enhancing effect of ROS by tyrosine phosphorylation followed by catalytic 

activation, in EGF receptor, applies to various other intracellular signaling pathways [51, 52]. 

 

5.1.2. Free Radicals Enhance Insulin Sensitivity 

Furthermore, the role of ROS can also be found in the phosphorylation of insulin receptor 

at tyrosine moieties [53-56]. Hydrogen peroxide produced from the 1 µM of pervanadate and 

thiol-reactive agents induce insulin like affect Invitro in the absence of insulin. Hydrogen 

peroxide shows insulin like effect by inducing the expression of Insulin Receptor Kinase 

(IRK) to several folds in Chinese Hamster Ovarian cells (CHO) [57-60]. Normal 

physiological concentrations of ROS cannot trigger the autophosphorylation of insulin 
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receptor but can enhance the signaling up to a concentration of 100nM of insulin [61]. Indeed 

insulin signaling increases production of ROS in the insulin targeted tissues [62]. Hence, it 

can be said that the signaling of insulin receptor is a co regulatory process of ROS and 

insulin. 

 

5.1.3. Free Radicals in Immune Augmentation 

At low or moderate concentrations, free radicals are essential for the maturation process 

of cells in cell mediate immune system and activate other host defense mechanisms in the 

body. Both phagocytic cells as well as T lymphocytes release free radicals into the body 

fluids such that it serves as a necessary signals to immature lymphocytes to activate humoral 

immunity [63, 64]. The ROS produced from phagocytic cells interact with free iron to 

produce highly reactive hydroxyl radical, which kills the invading organisms. Leukocyte 

adherence with endothelial cells is also stimulated by ROS [65]. However, this effect is 

prevented by catalase activity but not by superoxide dismutase suggesting that hydrogen 

peroxide is the effective agent but not superoxide. ROS and/or by a shift in the intracellular 

glutathione redox state enhances the T lymphocyte activation. Physiological concentrations of 

superoxide and hydrogen peroxide have been shown to boost the production of interleukin-2 

by antigenically or mitogenically stimulated T cells [66]. ROS regulates various signaling 

cascades through various cell membrane receptors by multiple mechanisms. When Jurkat T 

cells were exposed to 50 mM of hydrogen peroxide in combination with anti-CD28 ligand it 

leads to promotion of the interleukin-2 production. Hamuro et al. [67] showed that 

macrophages release different concentrations of prostaglandins, interleukin-6 and 12 

depending on the intracellular content of glutathione. The ratio of T cells of type 1 and 2 is 

maintained by reductive and oxidative states of macrophages. 

 

 

5.2. Beneficial Effects of LP 
 

LP plays a central role in oxidative modification because reactive lipid-decomposition 

products trigger secondary modifications of proteins or nucleic acids. Among lipids, PUFAs 

like docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA), have beneficial effects on 

human health, probably because PUFAs serve as precursors of signaling molecules such as 

leukotrienes and/or prostaglandins, and also increases membrane fluidity. These PUFAs are 

metabolized to form MDA under high oxidative stress conditions and thus can show 

biological effects on the cells [68]. 

 

5.2.1. LP as a Biomarkers of Oxidative Stress 

Since PUFAs can be easily peroxidized by free radicals and enzymes, reactive aldehydes, 

HNE, malondialdehyde (MDA), 4-oxo-2-nonenal (ONE), and glyoxal, are generated which 

when come in contact with a protein, dihydropyridine type adduct is formed that can be used 

as an indicator of oxidative stress. MDA is one of the most well known secondary products of 

lipid peroxidation, and can be used as a marker of cell membrane injury. An increase in blood 

protein carbonyls has been reported in oxidative stress. When reactive oxygen and nitrogen 

species attack amino acids, lipids and carbohydrates, carbonyls groups are produced. Another 

measure that has been used to detect the extent of lipid peroxidation is F2-isoprostanes, 

isomers of prostaglandins produced by non-cyclooxygenase dependent peroxidation of 
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arachidonic acid. Thus these products of LP can be used as biomarkers of oxidative stress in 

health and disease [69]. 

 

5.2.2. Role of LP in Signal Transduction 

At moderate concentrations, when the basal level of antioxidant enzymes are not be 

sufficient to neutralize LP several transcription factors that are sensitive to stress such as 

nuclear factor erythroid 2-related factor 2 (Nrf2), activating protein-1 (AP-1), NF-𝜅B, and 

peroxisome proliferator-activated receptors (PPAR) are altered in their expression. In such a 

scenario, other stress response pathways such as mitogen-activated protein kinases (MAPK), 

EGFR/Akt pathways, and protein kinase C are also activated. Under physiological conditions 

of stress, Nrf2 is activated and translocated into the nucleus where it mediates the 

transcription of antioxidant/cytoprotective genes by binding to the antioxidant-response 

element (ARE) within DNA which plays an important role in several pathological processes 

[70]. 

 

 

6. HARMFUL EFFECTS OF FREE RADICALS AND LP 
 

 

6.1. Free Radicals 
 

Despite the perceived role of free radicals and LP as harmful molecules, physiological 

concentrations of ROS have beneficial actions. The approximate physiological concentration 

of hydrogen peroxide is 90 to 100 µm/liter of body fluids [71]. 

 

6.1.1. Cancer and Oxidative Stress 

It is believed that oxidative DNA damage is responsible for cancer. Free radicals damage 

chromosomal and mitochondrial DNA and activate oncogenes to initiate and promote cancer 

[72]. Technically, DNA damage is in the form of hydroxylated bases of DNA, strand breaks, 

sugar lesions, DNA-protein cross-links and base-free sites. 

ROS generated from redox-responsive signaling cascades have growth promoting 

actions. In addition, certain types of cancer cells produce significant amounts of ROS that 

may perpetuate further DNA damage leading to the occurrence of mutations that in turn 

activate more oncogenes, which may lead to drug resistance and metastasis. For instance, 

transformation phenotypes including H-Ras or mox1 can induce production of ROS in cancer 

[73, 74] that may explain as to why drug resistance and metastasis are more common with 

Ras mutations. A pro-oxidative shift in the plasma thiol/disulfide redox state observed in 

patients with different kinds of malignancies [75] suggests that production of higher 

concentrations of ROS does occur in cancer. 

 

6.1.2. Free Radicals in Diabetes Mellitus 

Higher levels of ROS is seen in diabetes mellitus [76, 77]. Hyperglycemic state enhances 

the production of ROS by various mechanisms. Increased ROS production was observe at 

mitochondrial complex II in cultured bovine aortic endothelial cells in subjection of 

hyperglycemia [78]. In diabetes mellitus, the hyper glycemic state enhances ROS production 
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in three ways: (i) auto-oxidation of glucose, (ii) generation of advanced glycosylation end 

(AGE) products and (iii) augmented sorbitol pathway [79]. The main cause of β cell 

destruction seen in type 1 DM is due to enhanced production of free radicals by infiltrating 

immunocytes. In hyperglycemia auto glycosylation of proteins such as collagen crystallins, 

elastin, laminin and myelin sheath occurs, wherein ROS are the byproducts of auto 

glycosylation process. 

 

6.1.3. Free Radicals in Neurological Disorders 

Oxidative stress is known to occur and may underlie the occurrence of neurological 

disorders like Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, amyotrophic 

lateral sclerosis (ALS), memory loss, and depression. The progression of neurological 

disorders is due to loss of cell membrane integrity and formation of lipid peroxides. Both 

ROS and lipid peroxides cause damage to neurons and induce loss of their vitality [80]. 

Amyotrophic lateral sclerosis (ALS) is an autosomal dominant trait inherited from one 

generation to other and is due to mutation in Cu/Zn-SOD gene, suggesting a role for ROS in 

this disease [81]. 

 

6.1.4. Free Radicals in Rheumatological Conditions 

Rheumatoid Arthritis (RA), lupus and scleroderma are characterized by chronic 

inflammation due to activation of macrophages and activated T cells that infiltrate synovial 

membranes, vascular tissue, skin, lungs and several other connective tissues. In some of these 

diseases a decrease in intracellular glutathione has been reported [82]. Synovial tissues may 

show p53 mutations due to high oxidative stress [83]. 

 

6.1.5. Free Radicals in Aging 

The free radical theory of aging states [84] that as humans advance in age DNA 

mutations accumulate due to oxidative stress. In C. elegans increase of superoxide dismutase 

and catalase activity increases the longevity of life cycle [85]. The ROS targets the ratio of 

plasma thiol/disulphide such as glutathione and cysteine, which alter with age [86, 87]. The 

ROS released from the mitochondrial electron transport chain damages the mitochondrial 

genome [88] and chromosomal DNA. Telomeres become short due to aging process. Several 

experimental data suggests that the telomeric loss is due to oxidative stress [89, 90]. Hence, 

efforts are being made to increase telomere length with the hope that this will lead to increase 

in life span. 

 

6.1.6. Free Radicals and Exercise 

Moderate exercise is essential for health. Exhaustive exercise causes an increase in ROS 

generation. The higher levels of free radicals may damage tissue and cause fatigue or 

ischemia. During exhaustive exercise, active and adequate respiration is unlikely to occur 

oxygen consumed by mitochondria is not converted into water that leads to generation of 

excess of ROS [91]. But, it need to be noted that for inexplicable reasons ROS generated 

during exercise are not harmful and in fact, exercise induced ROS lead to increase in the 

formation of endogenous SOD that protects tissues. Thus, in the long run exercise is 

beneficial as it enhances endogenous anti-oxidant capacity. On the other hand, anti-oxidants 

supplemented from external sources interfere with beneficial actions of exercise. It is also 
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possible that ROS generated are cytotoxic to tumor cells or cells that harbor DNA damage 

and thus, exercise reduces the risk of cancer. It is not clear whether the same explanation 

holds good for the beneficial actions of exercise in the prevention of obesity, type 2 diabetes 

mellitus, Alzheimer’s disease and cardiovascular diseases. This implies that ROS have 

beneficial actions when produced endogenously by physiological stimuli/events such as 

exercise. Paradoxically, it was shown [92, 93] that free radical formation by mitochondria 

during exercise is not higher but lower than at rest. This paradoxical result confirms that the 

increase of ROS is extra mitochondrial origin. This extra mitochondrial ROS production is 

due to xanthine oxidase [94]. 

The intensive muscular activity enhances ROS production (Figure 7). Free radical 

concentration increase more than two fold in rat skeletal muscle and liver tissues after intense 

exercise. Further, reduction of intracellular GSH/GSSG ratio was found in skeletal muscle of 

rats after intense muscular exercise. After exhaustive physical exercise, in humans, a 

significant decrease in the GSH/GSSG ratio in the blood and significant increase in lipid 

peroxides, malondialdehyde has been reported. Allopurinol, a potent inhibitor of xanthine 

oxidase, ameliorates symptoms due to post exhaust exercise condition. Despite the fact that 

exhaustive exercise can produce muscle damage due to excess production of ROS, once the 

subject gets accustomed to the intensity of exercise, no further damage is likely to occur. This 

indicates that acclimatization of body to such intense exercise resets the body’s homeostatic 

mechanisms such that no muscular damage occurs. This could be due to decrease in the 

amount of ROS generated due to acclimatization to intense exercise, adequate production of 

endogenous SOD that can quench excess ROS or both. Intense exercise is harmful only for 

those who perform it for the first time but regular exercise is beneficial in the long run [95]. 

 

6.1.7. PUFAs Behave as Antioxidants in Normal Cells But Are Tumoricidal 

PUFAs are important constituents of the plasma membrane. PUFAs may determine 

activity of neuronal cells based on the composition of cell membrane. PUFAs are also 

important constituents of the myelin sheath of the neuronal cells. Despite the fact that PUFAs 

are the first in the line of attack by ROS to form peroxides, they can control ROS induced 

inflammation. Arginine-induced nephrotoxicity that is due to free radical generation can be 

prevented by n3 PUFA in rats [96]. The n3 PUFAs: EPA and DHA maintain vitamin E levels 

in the plasma of Sickle cell disease (SCD) patients [97]. Oxidative stress is an important 

feature of SCD that can be controlled by EPA and DHA. Prenatal ethanol exposure causes 

serious oxidative stress that effects the levels of glutathione in the neuronal cells at dentate 

gyrate of brain in Sprague Dawley rats. The ω-3 supplementation to animals exposed to 

prenatal ethanol showed improved levels of glutathione and reduced oxidative stress [98]. 

The mechanism by which PUFAs kill tumor cells has been reported to be by their ability to 

increase free radical generation and consequent lipid peroxidation process that occurs 

specifically and selectively in the tumor cells. PUFAs control the expression of BCL2 gene 

and phosphorylation of BCL2, which shows antioxidant-like action in the tumor cells [99, 

100]. 
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Figure 7. MDA formation from PUFAs and its effect on proteins, DNA and other cellular molecules 

that may result in cell death. 

 

Figure 8. Schematic view of relationship between ROS/LP and prostaglandins (pro-inflammatory) and 

lipoxins A4 (anti-inflammatory) along with oxidative stress leading to either apoptosis or cell survival. 

Di-homo-gamma linoleic acid (DGLA), the precursor of AA induces apoptosis of colon 

cancer cell by inducing the expression of p53, a cancer suppressor gene. It was reported that 

LP directly modify mitochondrial proteins such as caspase 9 that in turn leads to their 

apoptosis [101]. 
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6.2. Harmful Effects of LP 
 

The overproduction of ROS results in oxidative stress and reduced antioxidant capacity 

causing an imbalance that might result in damage to cellular components, especially lipids. 

LP have been implicated in the pathogenesis of diseases such as diabetes, cancer and 

atherosclerosis. PUFAs on exposure to ROS form MDA and peroxides that are toxic to the 

cell. 

MDA can be generated in vivo by decomposition of arachidonic acid (AA) and other 

PUFAs as a side product by enzymatic processes or through nonenzymatic processes by 

bicyclic endoperoxides produced during lipid peroxidation (Figure 8). Once formed, MDA 

can be enzymatically metabolized to form toxic aldehydes and ketones causing cell death and 

formation of DNA and protein adducts in the cell [102]. It is known that LP can reduce the 

formation of beneficial eicosanoids such as prostacyclin (PGI2) that has anti-atherosclerotic 

action by virtue of its platelet anti-aggregatory and vasodilator properties [103]. 

 

6.2.1. LP in Cardiovascular Disease 

When the levels of free radicals increase and both the enzymatic systems and low 

molecular antioxidants are not sufficient to protect the organism, these radicals attack cell 

membranes and various cellular constituents. This could cause damage to endothelium and 

initiate the atherosclerotic lesion. NO is known as a vascular smooth muscle tone controller, it 

inhibits platelet activation, modulates apoptosis and inflammatory cell aggregation and 

activation at low concentrations. On the other hand, NO can react with superoxide anion (O2-) 

to form peroxynitrite (ONOO-), which is highly cytotoxic. Damage to the vascular 

endothelium causes vasoconstriction, platelet aggregation and inflammatory cell adhesion, 

which lead to an increased production of NO and consequently ONOO-. Associated with 

other factors, the overproduction of NO is one of the most important issues involved in the 

development of lipid atherosclerotic plaques [103]. In general, activated macrophages 

produce excess NO (iNO) that has harmful actions. On the other hand, vascular endothelium 

produces physiological amounts of NO (called a constitutive NO, eNO) that prevents platelet 

aggregation and causes vasodilatation and thus, prevents atherosclerosis. Thus, NO is a dual 

edged sword, at physiological concentrations prevents atherosclerosis whereas at high 

amounts causes atherosclerosis. 

 

6.2.2. LP in Cancer 

Lipid peroxides can cause multiple mutations of key growth regulatory genes leading to 

cancer. These genetic changes are a consequence of both the instability of DNA and DNA 

replication errors which result from exposure to exogenous genotoxins and ROS. MDA is a 

potentially important contributor to DNA damage and mutations. Studies revealed that 

oxidative stress is increased in malignant brain tumors with higher levels of MDA in the 

serum and cancer tissue compared to healthy controls. Thus, MDA can be used as one of the 

markers of malign tumors [104]. 

 

6.2.3. LP in Diabetes Mellitus 

Persistent hyperglycemia of DM may enhance free radical generation and lead to protein 

glycation or glucose auto-oxidation. MDA levels were found to be higher in type 2 DM than 
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in healthy controls. In other studies, diabetic patients with coronary heart disease (CHD) had 

higher levels of MDA than those with diabetics alone without CHD. This suggests that 

cardiovascular diseases are related not only to free radical-mediated mechanisms but also to 

lipid peroxidation process [105]. 

 

6.2.4. LP in Alzheimers Disease 

MDA is also increased in Alzheimer’s disease. Central nervous system is vulnerable to 

lipid peroxidation owing to its high oxygen consumption and rich PUFA content it is also 

relatively deficient in antioxidant enzymes. Studies confirmed the fact that plasma MDA 

levels are higher in Alzheimer’s disease patients compared to healthy controls [106]. Several 

pollutants such as metals, solvents and xenobiotics increase LP. In view of this, MDA 

quantification has been widely used in studies involving toxicity mechanisms of several 

substances such as carbon tetrachloride and metals: cadmium and aluminum [107]. 

However, the exact role played by LP on cellular toxicity has not been clearly identified. 

It is not known whether LP are the cause or effect of the disease and cellular injury. Thus, the 

elucidation of this question remains to be determined by performing further experimental and 

clinical studies. 

 

 

CONCLUSION 
 

Reactive oxygen species (ROS) in moderate or physiological concentrations are needed 

for normal physiology. If the levels of ROS are beyond the physiological limits, then it leads 

to various diseases (Figure 3). Although humans are continuously exposed to both 

endogenous and exogenous agents of ROS production and consequently an increase in the 

formation of LP occurs, in general, the efficient antioxidant system counteracts the oxidative 

toxicity. When the oxidative stress is in excess and antioxidant system fails, it leads to tissue 

damage and various diseases. 

In conclusion, free radicals and LP have both physiological and pathological significance. 

Cells exhibit a broad spectrum of responses to oxidative stress, depending on the stress type 

and level encountered. Oxidative stress that is beyond the capacity of the antioxidant defences 

induces oxidative damage, but low-level of stress may actually be beneficial and enhance the 

defense capacity. Such an adaptive response has been observed in several instances, 

particularly in low-dose irradiation, exercise, etc. 

LP is a physiological process that takes place by a non enzymatic and free-radical 

mediated reaction chain. The products and by-products of lipid peroxidation are cytotoxic 

causing oxidative stress, oxidative damage and apoptosis. Among several substrates, proteins 

and DNA are particularly vulnerable to the action of ROS and LP. MDA and 4-HNE adducts 

which might play a critical role in multiple cellular processes, can participate in secondary 

deleterious reactions by promoting intramolecular or intermolecular protein/DNA cross 

linking that may induce profound alteration in the biochemical properties of biomolecules 

involved in different pathological states. Thus, identification of specific aldehyde-modified 

molecules has led to the determination of which selective cellular function is altered and can 

be studied as bio-marker for further analysis. However, these molecules seem to have a dual 

behavior, since cell response can tend to enhance survival or promote cell death, depending of 

Complimentary Contributor Copy



Free Radicals and Lipid Peroxides in Health and Disease 117 

their cellular level and the pathway activated by them and the capacity of the antioxidant 

defences at a given point of time. 
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ABSTRACT 
 

Auto immune diseases (AIDs) comprise over 80 different disorders that affect 1-2% 

of the world population. AIDs are triggered by genetic, environmental and metabolic 

factors affecting mucous, gastric, cutaneous, neuronal, connective, lung, bone and other 

tissues. The reported low antioxidant levels in autoimmune diseases suggest a redox 

imbalance and evidence that oxidative stress and oxidative modifications to biomolecules 

generating neoepitopes triggering an exacerbated inflammatory response and a major role 

in pathophysiology of these diseases. Increased carbonyl content and lipid 

hydroperoxides quantified in biological fluids evidences for an active role of lipid 

peroxidation in the onset and progression of autoimmune diseases. Lipid peroxidation is a 

very complex chain reaction that generates an overwhelming array of lipid peroxidation 

products (LPP) with epitopes recognized by the immune system and able to modulate the 

immune response. Given the complexity of the LPP likely to be formed, their accurate 

identification and quantification in the various biological fluids is challenging. 

This chapter describes the current knowledge on LPP identified in AIDs, their levels 

in fluids, cells and tissues, and methodological approaches applied for their detection and 

quantification. An overview on the advantages and limitations associated with the 

identification and quantification using specific and unspecific strategies will also be 

provided. Based on the findings, we describe their role in the onset and resolution of 

immune response and the validity of lipid peroxidation products (LPP) as potential AIDs 

biomarkers for early diagnosis and monitoring disease status. 

 

Keywords: Autoimmune diseases, peroxidation products, carbonyl content, lipid 

hydroperoxides, lipid-protein adducts 
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1. INTRODUCTION 
 

Auto immune diseases (AIDs) are disorders caused by the activation of the immune 

response to self-antigens. AIDs affect 1-2% of the world population encompassing over 80 

different disorders [1, 2] affecting the mucous, gastric, cutaneous, neuronal, connective, lung, 

bone and other tissues. Epidemiological studies conducted so far revealed that AIDs prevail in 

northern temperate regions suggesting the relationship of environmental factors such as 

vitamin D and polluiton as a key factor in AIDs incidence. On the other hand, the apparent 

prevalence of AIDs to northern western countries may be artifactual as incidence and 

prevalence data from African, South American and Asian countries are missing due to a 

combination of cultural and socioeconomic factors [1, 3, 4]. Despite this, geoepidemiological 

data available shows an apparent steady increase in AIDs incidence in developed countries 

over the years [5]. These studies also show that within the same geographic region, where 

genetic and environmental factors are annulled, it is difficult to pinpoint the prevalence of a 

specific disorder [5, 6] over a long time frame. The lack of a noticeable trend within a defined 

region across a specific time frame may be attributed to lack of standardised methods, 

different inclusion criteria, and sampling issues [3, 5]. For instance, data gathered (Figure 1) 

reveals that the population in Denmark myositis was the prevailing disorder.  

Although data gathered globally during surveys may not be standardized, the various 

epidemiological records are consensual concerning the increased prevalence in adults and 

gender biased towards women across all continents [4, 7] namely in Systemic disorders such 

as SLE and Sjogren’s syndrome, endocrine disorders such as Grave’s disease and 

Hashimoto’s syndrome, rheumatological disorders including rheumatoid arthritis and 

psoriatic arthritis, and neurological disorders such as multiple sclerosis and Myasthenia 

Gravis. The gender trend noticedwith highest prevalence for AIDs in women though not fully 

understood it has been suggested to have a major influence to X-chromosome associated 

abnormalities [4]. 

 

Figure 1. Prevalence of AIDs in developed countries (built using data in [6]. 
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In face of the multitude and multifactorial nature of AIDs, there are no clear and distinct 

symptoms specific to each pathology, and diagnosis relies on the clinician’s ability to 

recognize and differentiate unspecific symptoms. Considering the similarity of symptoms for 

the various AIDs, the lack of suitable molecular markers and the widespread panel of 

biochemical and inflammatory parameters to monitor in screening tests, patients often go 

through innumerous tests and prolonged scrutiny before a correct diagnosis is achieved. In 

addition to the unspecificity of disease symptoms, the occurrence of disease subtypes (e.g.. 

multiple sclerosis) poses great challenges in diagnosing and the discovery of molecular 

markers is key to corroborate initial clinical assessment and to aid in AIDs prognosis and 

therapeutic outcome. Measurement of chemokines and cytokines in cerebrospinal fluid (CSF) 

and plasma [8] as alternative to expensive MRI scanning tests may be helpful in multiple 

sclerosis, but their validity in routine clinical diagnosis remains to be demonstrated [9]. 

Delays on correct diagnosis prevent patients from receiving appropriate and timely treatment 

leading to disability with major impact on the patient’s quality of life and the health cost 

burden associated. 

However, the extensive panel of AIDs, the diversity of bodyfluids screened so far 

(plasma, serum, CSF, synovial fluids, others), the small cohorts in the various studies and the 

variation introduced by other factors such as gender, age, ethnicity, eating, drinking, smoking 

habits, has not yet enabled the identification of specific biomarkers in AIDs. Search for 

specific molecular markers able to assist clinicians in the early diagnosis and proper 

treatment, to date correct diagnosis, disease stratification, prediction to response during 

therapeutic treatment and prognosis of AIDs are highly needed. 

More recently, large cohort projects such as PRECISESADS have been involved in an 

effort to gather information on the incidence and prevalence rates and to better define the 

symptons between the various AIDs [10]. In a strategic collaboration between pharma 

companies, universities and small and medium entreprises, researchers hope that by better 

defining disease symptons they will be able to assist with a timely early diagnosis. Other 

advanced approaches have also been tested including proteomics [11–13], metabolomics [14, 

15], transcriptomics [16, 17], and others [18, 19] in a attempt to identify a distint molecular 

pattern and potential molecular markers characteristic for each disorder, but these approaches 

have not yet produced the expected outcomes. Common aspects noticed across these studies 

are the imbalances involving the oxidative parameters and antioxidant (enzymatic and non-

enzymatic) systems including gluthatione (GSH), superoxide dismutase (SOD), glutathione 

peroxidase (GPx), and catalase (Cat) [20–24]. The oxidative imbalance already reported in 

patients with multiple sclerosis [22, 25], Crohn’s Disease [26], Hashimoto’s and Graves 

Disease [27], systemic lupus erythomateous [28, 29], rheumatic diseases [29], inflammatory 

bowel disease [30] support an underlying process of redox imbalance in AIDs. Though the 

oxidant/antioxidant relationship is not yet well-known to all the AIDs, evidences suggest that 

redox imbalance with modification to biomolecules may be relevant for the onset, progression 

and resolution of AIDs. Despite the many Omic strategies in the proposal of candidate 

biomarkers in AIDs [13, 15, 17, 18], some researchers focused their attention to the study of 

oxidatively modified lipids. In this chapter, we provide an overview of lipid peroxidation 

products reported in the literature for AIDs, focusing on the panel of products identified so 

far, levels in the various fluids, the analytical methods and strategies behind their detection 

and quantification. Based on the findings reported, we discuss on the validity of lipid 

peroxidation products (LPP) as candidate biomarkers in AIDs. 
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2. OCCURRENCE OF LIPID PEROXIDATION IN AIDS 
 

Surveillance of oxidant/antioxidant parameters in patients with AIDs are usually 

accompanied by increased levels of lipid hydroperoxides (LOOH) and carbonyl content 

(RCS) in fluids and tissues. These oxidative parameters are often increased when compared to 

control groups corroborating the hypothesis for modification of polyunsaturated lipids with 

occurrence of lipid peroxidation processes during the onset and progression of AIDs [21, 25, 

27–30]. In fact, among the various studies conducted with AIDs patients, there is some 

agreement on the altered levels of LOOH reported [21, 23] when compared against healthy 

controls, though there is little agreement on the basal levels of LOOH in control groups. 

Values reported in AIDs exhibit a high variation among the basal levels of LOOH obtained 

for healthy individuals [23, 31] which may be related to sampling, inclusion criteria and 

choice of analytical method. Similarly, while there is some apparent agreement regarding 

submicromolar levels of particular plasma aldehydes such as HNE [24, 32, 33], there is some 

conflicting results concerning the plasma levels of reactive carbonyl species (RCS) reported 

in health ranging between micromolar [24, 29, 30] to milimolar concentrations [34]. 

Milimolar amounts (mM range) of RCS in control group seem excessively high considering 

other values reported (< 1 μM [35]). Discrepancies in the values reported may be due to 

several factors namely sampling issues, number of aldehydic compounds screened and 

analytical method of choice [24, 34]. Based on the literature, it is evident that measurement of 

lipid hydroperoxides and total content of carbonyl as global parameters to infer on the extent 

of modification to lipids is an incorrect approach as any changes that might occur to specific 

LPP may be masked and not taken into account. This is even more relevant considering the 

multitude of lipid carbonyl and hydroperoxides species likely to be formed during lipid 

peroxidation reactions, as briefly summarized in the next section. 

 

 

3. LIPID PEROXIDATION REACTION AND  

THE DIVERSITY OF LIPID PEROXIDATION PRODUCTS 
 

Lipid peroxidation reaction is a complex radical initiated reaction with oxidative damage 

(modification) of (phospho)lipids and consequent formation of a myriad of lipid peroxidation 

products (LPP) [36]. Lipid peroxidation reactions occur by attack of reactive free radicals 

formed via non-enzymatic reactions or enzymatic systems. Regardless of the source of free 

radicals, modification of (phospho)lipids involves 3 different stages: the initiation stage with 

formation of radical lipid species by abstraction of allylic hydrogen atoms in 

(poly)unsaturated carbon chains and insertion of molecular oxygen, propagation stage with 

transfer of radical center from radical lipid species to neighboring molecules or by 

decomposition reactions with cleavage of carbon chain and formation of new radical lipid 

species, and termination stage with formation of non-radical lipid species. Among the many 

radical lipid species formed these can have the radical centered to carbon (R-C) or oxygen 

atoms (R-O). Among the non-radical lipid species formed during propagation and 

termination stages these can contain higher or lower molecular weight than the original lipid. 

The non-radical products (high and low molecular weight) can be grouped in primary 

peroxidation products resulting by insertion of oxygen atoms without decomposition of 
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carbon chain (as is the case of hydroperoxides of free fatty acids (FAOOH) and phospholipids 

(PCOOH)), secondary products formed by decomposition of oxygen and carbon centered 

lipid radicals, usually bearing carbonyl and/or carboxylic terminal groups (as is the case of 

free small aldehydes and aldehydes esterified to glycerophospholipid moiety). In addition to 

these, secondary peroxidation products such as (un)saturated aldehydes containing 

electrophilic centers such as the carbonyl group and the double bond, react with nucleophilic 

groups through cross-linking reactions with formation of Schiff bases and Michael adducts. 

Schiff adducts can further undergo rearrangement into Amadori adducts [37]. These latter 

tertiary LPP can also be named advanced lipoxidation end-products (ALE). The complex 

myriad of LPP formed involving (phospho)lipids is now well known and documented in the 

literature [35, 36, 38]. An overview of the LP products formed is shown in Figure 2. 

In practical terms, the myriad of LPP that can be formed is far too great, reaching 

hundreds of different compounds, with different chemical and structural features across a 

wide mass range. For instance, after radical oxidation of model liposomes composed of 

arachidonoyl-containing glycerophosphatidylcholine lipid standard (PAPC) and using a mass 

spectrometry approach, researchers were able to identify dozens of LPP spanning from short-

chain to long-chain products including structural and positional isomers [39–41]. In summary, 

given the complexity of lipid peroxidation reactions and the array of fatty acid chains in 

biological systems, the range of LPP is enormous generating an array of LPP (free and 

esterified) of various chain lengths and various chemical groups across a wide mass range. 

The next section describes the LPP identified so far present in fluids and tissues in patients 

with autoimmune conditions. 

 

 

Figure 2. Pyramidal scheme representing the LPP formed by free radical mediated oxidation. 
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4. IDENTIFICATION OF LPP IN AIDS 
 

Considering the existent imbalance between antioxidant enzymes and the exacerbate 

levels of carbonyl and lipid hydroperoxides content found in AIDs and the indirect link 

between lipid peroxidation in the pathogenesis of AIDs, very few studies have focused on the 

identification of lipid peroxidation products in fluids and tissues in AIDs [14, 24, 42–45]. The 

reasons behind this may be related to the challenge in identifying LPP in AIDs not only 

because of the overwhelming myriad of products formed with various structural features over 

a wide mass range, but also due to the number of autoimmune conditions and the different 

biological fluids (blood, plasma, synovial fluid, cerebrospinal fluid) screened. 

Several LPP have already been identified in patients with arthritis [24, 43, 45], multiple 

sclerosis [42, 44, 45] and SLE [46–51]. The range of LPP identified in AIDs is wide 

including primary, secondary and tertiary LPP (see Figure 2). For instance, low molecular 

weight secondary products such as free aldehydes and oxidized fatty acids identified in AIDs 

included acrolein, crotonaldehyde, malonaldehyde, hexenal, hydroxy-hexenal, hydroxy-

nonenal and oxo-nonenal found in plasma samples [24], as well as oxidized fatty acids such 

as 5,12-dihydroxy FA in synovial fluid (OxFA) [43], oxycholesterols in plasma [52] and 

isoprostaglandins in cerebrospinal fluid [44]. 

Aldehydes and oxidised fatty acids esterified to phospholipids (OxPL) were reported in 

tissue [42] and synovial fluid [45]. The OxPL identified in patients with multiple sclerosis 

was an esterified aldehyde specifically 1-palmitoyl-5-oxo-valeroyl-phosphocholine (POVPC) 

[42], one of the main OxPL products identified after PAPC oxidation [39], identified through 

immuno-based strategies and characterized by advanced mass spectrometry.  

Tertiary LPP formed by cross-linking reactions between LPP and proteins (LPP-protein 

adducts) were reported in SLE [48–51, 53] though LPP-protein adducts were also reported in 

Crohn’s disease [46], rheumatoid arthritis [24] and MS [42]. The identification of these 

tertiary peroxidation products was mainly achieved through immuno-based methods using 

specific antibodies towards to HNE. 

Based on the literature available, LPP are widespread to all biological fluids tested from 

blood, to synovial fluid, from CSF to urine. However, as consequence of the different 

experimental and methodological approaches adopted by researchers for the different AIDs, 

the panel of LPP present in each fluid and their levels is less clear. Most of the LPP here 

described was mainly achieved using unspecific methods based on spectrophotometric 

measurements that give an estimate on the total content of LPP such as secondary or tertiary 

LPP. Moreover, the screening of LPP in whole extracts [44, 45] is likely to give striking 

differences particularly when obtained using different extraction procedures such as 

methanolic extract [44], methanol/chloroform (Bligh and Dyer) extract [52] and 

methanol/MTBE extract [43]. 

The identification of LPP is often recommended to be conducted on lipid extracts as the 

extraction step acts as a pre-concentration step thus reducing the structural complexity and 

minimizes the contribution of interfering high abundant biomolecules to the analysis such as 

proteins, sugars and other metabolites. Given the wide diversity of structural features of LPP 

across a high mass range and polar character, it is feasible to assume that not all LPP (free 

aldehydes, OxPL and LPP-protein adducts) partition across the organic solvent mixture in the  

 

Complimentary Contributor Copy



Lipid Peroxidation in Autoimmune Diseases: Friend or Foe? 131 

same manner and that depending on the solvent mixture different LPP predominate over 

others introducing artifactual changes to the LPP composition in fluids. As recently shown, 

the choice of the inappropriate solvent composition for the extraction of lipids from plasma 

showed a major impact on the recovery and lipidome composition of LDL [54] where it was 

noticed that more polar lipids were preferably extracted using mixtures with higher methanol 

or MTBE solvents. In addition to the extraction step, the choice of derivatizing agent in the 

analysis free fatty acids in biological samples by GC-MS has little influence on the FA 

composition though with major impact on the amounts detected [55]. 

In overview, the wide mass range of LPP identified in fluids from patients with AIDs the 

number of LPP reported in the literature is very narrow considering the wide diversity of LPP 

described in the literature. Also, the panel of autoimmune conditions screened is very low 

since over 80 different pathologies are described. Considering the panel of LPP screened in a 

limited set of autoimmune disorders the LPP here described is hardly a representative 

description and prevents from pinpointing a trend in the range of LPP screened. 

 

 

5. LEVELS OF LIPID PEROXIDATION PRODUCTS  

IN AUTOIMMUNE DISEASES 
 

Lipid peroxidation content in auto immune disorders have been mainly accessed through 

measurement of carbonyl content and lipid hydroperoxides (LOOH) levels. These 

measurements rely mostly on spectrophotometric-based approaches that provide an overall 

estimate on the total content of carbonyl compounds (free aldehydes) and lipid 

hydroperoxides in samples tested. The following section describes the findings achieved in 

AIDs. 

 

 

5.1. Carbonylated LPP Content in AIDs 
 

Estimates on the carbonyl content as is the case of free aldehydes and hydroxy-aldehydes 

such as malonaldehyde, acrolein, crotonaldehyde, hexanal, 4-hydroxy-aldehyde, typical by-

products of -3 and -6 lipid peroxidation reaction [36, 38] usually involves measurement 

of 2-thiobarbituric acid reactive species (TBARS). The TBARS assay is often expressed in 

MDA equivalents using the molar extinction coefficient of MDA (: 1.56x105 M-1cm-1) per 

volume (MDA equivalents/mL) or per mg of protein (MDA equivalents/mg protein). 

Carbonyl content estimations have been conducted in an array of diseases including 

multiple sclerosis [25, 56], SLE [28, 29], rheumatoid arthritis [29], psoriasis [34, 57], 

Hashimoto and Graves disease [27], and inflammatory bowel disorder [30]. The MDA 

content reported in AIDs are mostly determined in plasma and expressed as plasma 

malonaldehyde (MDA) as summarized in Table 1. As noticed from Table 1, MDA levels are 

also reported in nmol/mg protein and comparison of estimates between AIDs is somewhat 

difficult as the content of protein/volume of plasma is not included in the text [25, 27, 28]. 
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Table 1. Plasma carbonyl content (expressed as MDA) in fluid samples from patients 

with autoimmune diseases determined spectrophotometric methods (TBARS) 

 

AIDs Carbonyl content Donors (age, Male/Female ratio) Ref 

Multiple sclerosis 9.1±1.0 (µmol/L) 50 (17-57yrs, 15/35) [56] 

Multiple sclerosis 1.6646±0.1511 (nmoles/mg 

protein) 

37 (35.2±5.3yrs, 17/20) [25] 

Psoriasis 3.85±0.20 (mmol/L) 40 (not mentioned) [34] 

Psoriasis 1.47±0.36 (nmol/mL) 34 (aged 9-76yrs, 20/14) [57] 

Hashimoto 0.2 (nmol/mg protein) 29 (39±17yrs, 7/22) [27] 

Graves disease 0.4 (nmol/mg protein) 16 (47±14 yrs, 6/10) [27] 

Crohn’s Disease 0.35 µmol/L 12 (25.5 yrs, 10/2) [30] 

Crohn’s Disease 1.31 µM  37 (35-45yrs, 18/19) [31] 

Ulcerative colitis 0.37 µmol/L 35 (30yrs, 29/6) [30] 

SLE 0.710±0.0969 nmol/mg 

protein) 

30 (27.5±7.5 yrs, 3/27) [28] 

SLE 2.78±0.78(nmol/mL) 30 (22.5±11.5yrs, 0/30) [29] 

RA 4.09±1.7 (nmol/mL) 30 (22.5±11.5yrs, 0/30) [29] 

RA 2440±1770 (pmol/mL) 73 (19-82 yrs, 8/65) [24] 

 

In a tentative comparative analysis of MDA equivalents in AIDs, the values reported are 

widely disperse ranging from micromolar amounts in IBD [30], in MS [56] and in SLE [29] 

to milimolar amounts detected in patients with psoriasis [34]. Given the small panel of AIDs 

screened, and the small number of studies on plasma MDA levels focused on a particular AI 

disorder are insufficient to infer on a noticeable trend for MDA content for specific AIDs or 

in all AIDs. One possible reason to account for such differences may be related to the 

selection of patients at different stages of disease as MDA values described in SLE (Table 1) 

were obtained in patients with very distinct SLEDAI scores [28, 29] despite being groups 

with similar age and gender characteristics. 

Interestingly, researchers noticed that the carbonyl content is not homogenously 

distributed throughout the various biological fluids. For instance, MDA levels found in 

plasma are lower than those described for urine [24]. Similarly, estimates on MDA levels 

obtained in cerebrospinal fluid (CSF) from patients with multiple sclerosis were 2-4 fold 

lower than those reported in plasma of patients with multiple sclerosis, corresponding to 

4.0±0.7 µM [56] and 0.5592±0.0767 nmol/mg protein [25]. The apparent heterogeneous 

distribution of carbonyl content between fluids is also found within the same fluid, as MDA 

levels in plasma have been found to be lower than those reported in red blood cells [57]. 

More accurate estimates on individual content of low molecular weight aldehydes and 

hydroxy-aldehydes carried out by GC-MS analysis in rheumatoid arthritis patients included 

acrolein, MDA, crotonaldehyde, hydroxy-hexenal (HHE), hydroxy-nonenal (HNE), oxo-

nonenal (ONE). Results gathered revealed that average levels obtained for the various 

aldehydes (C3 to C9) in patients with rheumatoid arthritis was lower (~2.6µM) than that 

reported using unspecific colorimetric methods [29]. The authors found that MDA and 

crotonaldehyde were the most abundant plasma aldehydes in patients with rheumatoid 

arthritis, while HNE and MDA were the most abundant aldehydes in urine of patients [24]. 

The results described in the literature highlight the importance to profile lipid aldehydes in 

fluids using specific advanced methods, as these are ideally suited to provide information on 
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the individual changes occurring in AIDs and provide and in depth understanding of the 

underlying mechanisms responsible for triggering the autoimmune response. 

In overview, comparison of MDA levels within the AIDs, and other carbonyl 

compounds, is difficult based on the literature available. Additional studies with larger 

cohorts are needed, preferably using advanced methods designed to measure individual free 

aldehydes. To date, it is difficult to assess if dissimilar levels of carbonyl within the same 

disorder are due to sampling issues (number of individuals recruited), by variations 

experimental approaches [24, 25, 29, 56] or introduced by ethnicity, age and gender issues. 

 

 

5.2. Lipid Hydroperoxides in AIDs 

 

Levels of lipid hydroperoxides (primary peroxidation products) are described to be 

increased in AIDs namely in rheumatoid arthritis [23], multiple sclerosis [58], celiac disease 

[21] and SLE [59] when compared to control groups. The values reported are in the order of 

micromolar amounts [21, 23, 58] though not consensual within the same condition, ranging 

between 2µM and 17µM as noticed for rheumatoid arthritis [23]. However, comparison of 

values published is not practical as the lipid hydroperoxide being quantified is not always 

identified. For instance Ferretti and colleagues quantified cholesteryl ester hydroperoxides 

while others have not mentioned the class of lipid hydroperoxides quantified. More 

intriguingly, lipid hydroperoxide estimates are often determined in whole plasma [23] and 

tissue homogenates [21] and not necessarily in lipid extracts of whole plasma. In whole 

plasma and tissue homogenates, lipid hydroperoxides found may be overestimated if 

conducted by spectrophotometric method (FOX assay) as the lack of selectivity of the method 

may also include hydroperoxides from proteins and other biomolecules also present in the 

complex biological milieu. For this reason, estimate of lipid hydroperoxides in lipid extracts 

of whole plasma is a more accurate approach than conducting measurements in whole plasma. 

Accurate levels of (phospho)lipid hydroperoxides (PCOOH and PEOOH) in healthy fluids are 

available [60–64] but unfortunately have not yet been determined in AIDs. Quantification of 

lipid hydroperoxides at the molecular level in AIDs is crucial as changes to the amount of 

individual lipid hydroperoxides may occur despite the reported unchanged levels of total lipid 

hydroperoxides in some studies [31]. Moreover, knowledge on the basal values of specific 

phospholipid hydroperoxides is crucial as age- and ethnic-related changes have been reported 

for particular hydroperoxides derivatives in plasma of healthy individuals, namely of PCOOH 

and PEOOH [61, 62]. 

 

 

5.3. Aldehyde-Protein Adducts in AIDs 

 

The occurrence of aldehydes as by-products of lipid peroxidation reactions propagates 

the extent of lipid-induced modifications by cross-linking to proteins. A number of studies 

can be found describing the identification of aldehyde-protein adducts in AIDs and 

particularly in SLE [47–51, 53]. Despite the number of works focused on one particular 

disorder as is the case of SLE, comparison of data obtained by the different authors is not 

possible as they all describe the presence of different aldehyde-protein adducts in SLE, 
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namely HNE-human serum albumin adducts [50, 51], HNE-catalase adducts [48], and HNE-

histone H2A adducts [53]. Moreover, as the overall of studies rely on immuno-based methods 

to detect tertiary LPP in biological samples, it is difficult to assess if the quantified LPP-

protein adducts are all the same, namely LPP-protein Schiff base adducts or LPP-protein 

Michael adducts, and thus the relevance of results found to the pathogenesis of SLE is 

limited. Moreover, due to the lack of a systematic study of tertiary LPP for the remaining 

AIDs it is difficult to pinpoint common structural features of tertiary LPP or concentration 

ranges that could be responsible for triggering the autoimmune response. 

In overview, plasma carbonyl (RCS) together with lipid hydroperoxides (LOOH) levels 

are used routinely to quantify and estimate on the extent of lipid peroxidation for an array of 

samples (erythrocytes, serum, plasma, CSF, synovial fluid) in AIDs patients. Based on the 

findings reported, both carbonyl and lipid hydroperoxide levels appear to be exacerbated in 

AIDs in comparison to control groups [21, 23, 25, 27, 28]. However, considering that the 

levels reported were obtained in small study groups, in some cases with a diverse population 

of donors, consensus regarding the levels of carbonyl and lipid hydroperoxides within the 

same disorder has not yet been reached. Moreover, considering the differences of MDA levels 

observed for different fluids in multiple sclerosis, it is mandatory to confirm these 

observations in larger cohort studies. Moreover, based on the unchanged values for total 

carbonyl and lipid hydroperoxide levels reported in some cases [31] more advanced and 

accurate methods able to identify changes to individual LPP species should be implemented. 

In addition to this, larger cohorts across an extended panel of AIDs are needed to help 

determine basal levels of (phospho)lipid hydroperoxides, to access variations according to 

age, gender, and ethnicity, and to assess if variations of lipid hydroperoxides in fluids and 

tissues are consistent throughout the various disorders or merely due to sampling issues. 

 

 

6. LPP AS POTENTIAL BIOMARKERS IN AUTOIMMUNE DISEASES – 

METHODOLOGICAL CHALLENGES IN THE QUANTIFICATION OF LPP 
 

According to the US Food and Drug Administration (FDA) any measurable compound 

able to assess the risk or presence of a disease is deemed as a potential biomarker. The 

proposal of LPP as potential diagnostic markers in AIDs relies heavily on the accuracy and 

sensitivity of quantification methods adopted. The choice of high accuracy and sensitive 

methods has a high impact on the predictive power of LPP as diagnostic markers considering 

the order of magnitude of concentration values found for LPP in biological fluids. 

Nonetheless, knowledge on the levels of LPP across a panel of autoimmune diseases to date is 

limited and not consensual and for this conclusions have not yet translated into clinical 

diagnosis. The main reason for the poor knowledge of LPP levels in AIDs despite AIDs 

affecting between 2-5% of the population is mainly due to the choice of rapid 

spectrophotometric-based methods to measure unstable LPP such as hydroperoxides and their 

stable decomposition products namely lipid aldehydes, rather than advanced and more 

laborious mass spectrometry based approaches ideally suitable to individually measure 

primary, secondary and tertiary LPP. However, the structural features present in LPP are far 

too extensive and no single method is able to identify such an array of compounds with 

diverse chemical properties. In addition to this, the vast panel of biological fluids (blood, 
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plasma, serum, synovial fluid, and cerebrospinal fluid) requires the use of techniques able to 

LPP across a wide concentration range which also adds extra complexity to the question. 

To overcome this, researchers have mostly focused their attention on the analysis of 

plasma samples in a small panel of AIDs [24, 25, 52, 56] although occasional studies with 

synovial fluid [43, 45] and cerebrospinal fluid [25, 44, 56] can be found in the literature. 

Being plasma the major component of blood, the analysis of LPP in this fluid provides a 

comprehensive snapshot on the whole system. For the sake of simplicity, researchers focused 

their attention on measuring specific panels of LPP, namely analysis of low molecular weight 

free aldehydes [24] or free oxidized fatty acids [43]; of oxidised phospholipids [45] or of LPP 

bound to peptides and proteins [48–51, 53], narrowing down the complexity of LPP to be 

screened. Given the chemical nature of each of these LPP, their analysis relies on different 

experimental procedures and methods, involving the use of unspecific spectrophotometric-

based approaches and others involving advanced mass spectrometry-based approaches, which 

will be described in the following section. 

 

 

6.1. Spectrophotometric-Based Approaches 
 

Measurements of lipid aldehydes (free or esterified) are typically measured by using the 

TBARS assay [65]. The method relies on the reaction of carbonyl groups to 2-thiobarbituric 

reagent (chromogenic reagent) generating a coloured solution. Taking advantage on its 

simplicity, reproducibility and speed, spectrophotometric-based approaches have become 

quite popular offering a high-throughput of samples at a lower cost. The absorbance (max: 

532nm) measured by UV/Vis provides an estimate on the total content on the panel of LPP 

and for this reason individual changes taking place to individual LPP are not detected or 

quantified. Moreover, other carbonyl-containing compounds such as sugars and degradation 

products of proteins present in the sample interfere with the TBARS assay. This is 

particularly relevant during MDA estimates by TBARS assay in plasma samples containing 

high amounts of proteins and sugars compared to lipids (Figure 3), where in fact TBARS 

assay provide a more accurate measurement of protein carbonyl derivatives rather than lipid 

peroxidation. This can be overcome by estimation on lipid extracts rather than whole plasma 

or tissue samples.  

 

 

Figure 3. Composition of blood plasma. 
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Spectrophotometric methods applied in the quantification of specific lipid aldehydes are 

also commercially available. These rely on the use of antibodies (enzymes) designed to 

specifically recognize certain aldehydes formed during lipid peroxidation. These enzyme-

linked immunosorbent assays (ELISA) provide a reliable way to estimate carbonyls arising 

from lipid peroxidation in fluids and tissue homogenates. The most popular one is the 4-

hydroxy-2-nonenal (HNE) a major LPP of -6 lipids [66]. Since HNE is one of the most 

abundant lipid aldehyde formed by lipid peroxidation in biological samples [35, 38] the 

amount of lipid aldehydes is inferred by the concentration of HNE in biological samples. 

Quantification of lipid hydroperoxides (LOOH) are used as an additional method to 

access the extent of lipid peroxidation in health and disease and their content is usually 

determined using spectrophotometric assays based on the formation of a coloured complex 

between lipid hydroperoxides and xylenol (xylenol orange) [67]. Similarly to carbonyl 

content determination, the spectrophotometric measurement of lipid hydroperoxides by 

xylenol orange assay in whole plasma samples provides an estimate of organic 

hydroperoxides (lipids, proteins, or any other biomolecule included). As the chemical reaction 

is not specific for lipid hydroperoxides [68], values of plasma lipid hydroperoxide obtained 

may be overestimated and differences observed may in fact be more subtle. One way to 

overcome the lack of specificity of the chemical reaction of xylenol towards lipid 

hydroperoxides is to conduct the assay on lipid extracts obtained from fluids or tissue 

homogenates and not on whole plasma or tissue homogenates. In this case, the method 

provides an estimate on the total content of lipid hydroperoxides (free and esterified). 

Nonetheless, individual changes to lipid hydroperoxides of certain fatty acids or phospholipid 

classes are not ascertained. 

Quantification of tertiary LPP-protein adducts are also reported in the literature 

confirming that tertiary LPP are common features in AIDs though to date this was only done 

in a narrow panel of AIDs, mainly in SLE patients [42, 47, 48, 50, 51, 53]. The amount of 

LPP-protein adducts relates to the amount of reactive aldehydes in biological samples thus 

providing an estimate on the extent of oxidative modification to lipids and of lipid 

peroxidation. LPP-protein estimates rely on the specificity of antibodies towards HNE 

(bound)-protein adducts, arising from cross-linking reaction of free HNE and proteins [46–48, 

50, 51, 53] and of specific antibodies towards esterified aldehydes (OxPL) bound to proteins 

[42]. Due to the specificity of antibody to the HNE-modification in proteins, other aldehyde-

protein adducts are not accounted for in the analysis and valuable information is lost. 

Moreover, HNE-HSA immune assays conducted in SLE patients revealed that antibodies 

used exhibited some affinity towards native HSA [50]. Levels of HNE-HSA adducts in SLE 

reported clearly revealed an increase of circulating antibodies towards HNE-modified 

albumin with 69.96 ± 3.9 (%) inhibition against the 7.95±3.3 (%) inhibition observed in 

healthy individuals [51]. 

Based on the various studies focused on HNE-protein adducts in SLE, values reported are 

consensual in the sense that all describe the increase of LPP-protein adducts in AIDs [48, 50, 

51]. However, comparison of levels reported and its significance is difficult given the panel of 

proteins covered and their relative abundance (%) in fluids and cells. Moreover, recently 

Weber and colleagues compared the performance of 2 different antibodies towards detection 

and quantification of HNE-protein adducts in human plasma samples [69]. The authors found 

that even though different antibodies gave similar trends between study groups (obese vs non-

obese control group) the absolute values obtained using commercial antibody were very 
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dissimilar (40 fold higher). Discrepancies observed between commercial and non-commercial 

antibodies were attributed to differences in the selectivities of the 2 antibodies tested and 

ultimately leading to different responses [69]. 

Likewise, ELISA estimates of OxPL-protein adducts present in circulating OxLDL are 

likely to give different responses due to the selectivity of the commercial monoclonal 

antibodies (DHL3, 4E6 and E06). The different antibodies are directed towards specific 

epitopes in LPP-protein adducts. For instance, the 4E6 recognizes the specific addition of 

aldehyde to lysine residue in proteins while the murine monoclonal antibodies DLH3 and E06 

are directed towards oxidized phosphatidylcholines [42]. In the latter case, the commercial 

antibodies provide an estimate on the OxPC-protein adducts and not an overall estimate of 

OxPL-protein adducts in biological samples. The differences in the antibodies specificity may 

account for the differences observed in the literature and not necessarily to alterations induced 

by the onset of AIDs. 

 

 

6.2. Advanced Mass Spectrometry-Based Approaches 

 

To date, many mass spectrometry strategies based on targeted and untargeted detection 

approaches have been developed and are routinely implemented for the specific and sensitive 

detection and quantification of lipid aldehydes [41, 70], lipid hydroperoxides [64] and OxPL-

protein adducts [71–74] in inflammatory and age-related diseases such as diabetes, obesity 

and cardiovascular diseases. Some of the mass spectrometry-based approaches are 

summarized in Table 2. Contrary to the simple, rapid and unspecific spectrophotometric 

approaches, quantification of LPP by advanced mass spectrometry-based methods are 

expensive and time-consuming requiring trained personnel in mass spectrometry techniques, 

chromatographic equipment, which ultimately increases the cost associated with the analysis. 

Despite this, the specificity of chemical derivatisation reaction in the quantification of lipid 

aldehydes and lipid hydroperoxides, the chromatographic separation and the increased 

sensitivity during detection, are highly advantageous for the analysis of LPP in complex 

biological samples. Quantification can be performed against the elution of pure LPP standards 

(usually deuterated lipid standards) or by mass spectrometry where structural features of the 

individual LPP are confirmed by tandem mass spectrometry experiments. Advanced methods 

based on mass spectrometry coupled to gas-chromatography (GC) or liquid chromatography 

(LC) platforms are excellent alternative approaches to accurately measure individual changes 

to LPP in fluids and tissues homogenates such as free aldehydes, lipid hydroperoxides and 

aldehyde-protein adducts and thus to get an insight into differences related to individual LPP. 

Advanced chromatographic approaches have scarcely been applied on the identification 

and quantification of LPP in AIDs. In some cases, studies report the use of mass spectrometry 

strategies in the identification of LPP [43–45, 48, 52] but very few conduct quantitative 

analysis of LPP. One exception is the individual quantification of low molecular weight 

aldehydes in rheumatoid arthritis using GC-MS [24]. Remarkably, the authors found the total 

content of low molecular aldehydes in plasma of rheumatoid arthritis patients to be lower 

(~2.6µM) than that reported using unspecific spectrophotometric assays [29] suggesting that 

other carbonyl compounds are accounted for when using unspecific spectrophotometric 

methods. 
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Table 2. Mass spectrometry based strategies for the detection and quantification of LPP 

in biological samples 

 

 LPP Plat-

form 

Derivatizing agent Mass 

spectrometer 

analyzer 

LOD linear 

range 

Ref 

 

Low 

molecular 

weight 

aldehydes 

GC O-(2,3,4,5,6-

Pentafluorobenzyl) 

hydroxylamine 

hydrochloride 

Q using SIM 

(m/z 181) 

0.006 

nmol/L 

20-20000 

nmol/L 

(hexanal) 

[32] 

 GC Pentafluorobenzyl) 

hydroxylamine 

hydrochloride 

Q using SIM 

(m/z 152 and 

333) 

2.0nmol/

L 

2.5-250 

nmol/L 

[70] 

  carnosine QqQ 0.56fmol/

uL 

- [75] 

 LC 7-(diethylamino) 

coumarin-3-

carbohydrazide 

Orbitrap XL 

using 

untargeted 

1nmol/L  10nM-

10uM 

(HNE) 

[41] 

 LC 2,4-bis-(diethylamino)-

6-hydrazino-1,3,5-

triazine 

QqQ using 

MRM (m/z 

209) 

0.1-1 

pg/mL 

- [76] 

LPP-protein 

adducts 

LC  QToF using 

PIS 184 

  [72] 

 LC ARP probe (selective 

towards carbonyls) 

Linear ion trap   [73] 

 

Quantification of lipid hydroperoxides using advanced mass spectrometry methods able 

to provide the levels of individual LOOH are still missing in biological samples of AIDs 

patients. These methods are highly advantageous as they would no longer require additional 

enrichment (lipid extraction) steps, speeding up analysis and providing useful information on 

the individual concentrations of lipid hydroperoxides in disease.  

Likewise, arguments for the use of advanced mass spectrometry approaches to measure 

aldehyde-protein adducts are similar not only by the increased sensitivity of mass 

spectrometry detection abut also because of the valuable structural information obtained by 

tandem mass spectrometry experiments. Estimates on aldehyde-protein adducts in blood and 

plasma samples should be restricted to high molecular weight proteins such as hemoglobin 

and human serum albumin as based on their high [77] abundance these are the most likely 

targets to modification by lipid aldehydes. These two proteins are most likely the transporters 

of LPP together with the low molecular weight peptides (glutathione and carnosine) which 

have also been described as targets of lipid aldehydes [77, 78]. Mass spectrometry approaches 

are able to provide information on other structural features of LPP-protein adducts, namely 

the type (Schiff base/Michael adduct), the nature of amino acid modified (His, Cys and Lys), 

the lipid moiety and the position of the modified amino acid within the protein chain. Based 

on experimental data conducted in in vitro models and liver mitochondria, researchers found 

an increased reactivity of aldehydes towards specific amino acids, specifically Cys>>His>Lys 

[73, 79]. Knowledge on the structural features of tertiary LPP in AIDs is crucial as 

modification of Cys residues are described as redox switches modulating cell signaling events 
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[80] and are key to fully understand the significance of LPP-protein in the onset and 

progression of AIDs.  

In overview, most of the studies focused on the identification and quantification of LPP 

in autoimmune diseases have been carried out using unspecific methods that provide an 

estimate on the overall content of specific LPP and not on the concentrations of individual 

LPP. In addition to this, the current knowledge of basal levels of LPP in healthy fluids (blood, 

serum, plasma, synovial fluid, and cerebrospinal fluid) is also very limited and thus 

comparison of levels of LPP reported is limited rendering them poor predictive power in early 

diagnosis or disease prognosis. For these reasons, LPP have not yet translated into biomarker 

discovery in autoimmune diseases. At present, a number of other molecular markers have 

been proposed [8, 9, 81] but their clinical significance in AIDs remains to be demonstrated. 

 

 

CONCLUSION 
 

Based on the literature available, identification of LPP in AIDs is challenging considering 

the wide range of AIDs, the panel of biological fluids and the wide structural diversity of 

LPP. For these reasons, knowledge on the LPP profile in AIDs is still limited. Quantification 

of LPP in AIDs has mainly restricted to total content of classes of LPP, and specifically 

carbonyl content and lipid hydroperoxides, obtained through unspecific spectro-photometric 

approaches. At present, knowledge on the levels of individual LPP in AIDs, as well as 

knowledge on the variations introduced by age-, gender- and ethnicity are still unknown. 

The role of LPP remains elusive when deciphering the mechanisms that trigger and 

modulate autoimmune diseases, and the potential of LPP to accurately identify and predict the 

therapeutic outcome. 

The challenge for the future is to conduct additional studies with larger cohorts using 

advanced mass spectrometry based methods with the aim to accurately identify and quantify 

LPP in AIDs. Knowledge on the profile of LPP and physiological levels is crucial to fully 

understand the mechanisms that activate, inhibit and modulate the onset, development and 

resolution of autoimmune diseases. Ultimately, search of AIDs specific biomarkers using an 

holistic approach by integration of the LPP fingerprint in each AID with other omic platforms 

may lead to the identification of a multimarker panel with increased specificty and selectivity. 
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ABSTRACT 
 

The unsaturated aldehydes derived from lipid peroxidation (LPO), such as 4-

hydroxy-2-nonenal (HNE), which are characterized by high chemical reactivity, 

diffusibility, and relatively long life, are considered to act as second messengers of 

oxidative stress. The majority of the cellular effects of reactive aldehydes are mediated by 

their interactions with either low-molecular-weight compounds, such as glutathione, or 

macromolecules, as proteins and DNA. In particular, aldehyde-protein adducts have been 

extensively investigated in disease conditions characterized by the pathogenic 

contribution of oxidative stress, such as cancer and autoimmune diseases. 

In cancer, these aldehydes can act as either positive or negative regulators, 

depending on their concentration and the tissue considered. As a consequence, the role of 

reactive aldehydes in cancer is double-sided. The ‘dark-side’ of reactive aldehydes has to 

do with their carcinogenic potential, while they also display anti-cancer effects, such as 

the inhibition of cell proliferation, angiogenesis, cell adhesion and the induction of 

differentiation and/or apoptosis in various tumor cell lines.  

The modification of self antigens via the formation of adducts of unsaturated 

aldehydes, such as HNE, is also linked to the breaking of immunological tolerance to self 

antigens in various autoimmune diseases. In experimental mice, T cell sensitization to 
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HNE-modified autoantigens, such as SS-A2/Ro60, a prominent autoantigenic target of 

antinuclear autoantibodies in systemic lupus erythematosus (SLE) and Sjögren syndrome 

(SS), promoted the intramolecular spreading of the immune response to formerly 

tolerated epitopes of the native self antigen and the intermolecular spreading to other 

protein antigens and to DNA. Further investigations of the molecular mimicry between 

the adducts of HNE and its analog 4-oxo-2-nonenal (ONE) with proteins and DNA and of 

the specificity of antibodies found in mice immunized with HNE-modified proteins and 

in patients with SLE suggest that HNE-containing neoepitopes formed upon HNE 

generation and reaction with cell proteins can be instrumental for the breaking of 

immunological tolerance to self protein antigens and for the production of bispecific 

autoantibodies, cross-reacting with native and aldehyde-modified DNA. 

 

 

1. INTRODUCTION 
 

Peroxidation of polyunsaturated fatty acids (PUFA) of cellular membranes occurs as a 

consequence of oxidative stress induced by reactive oxygen species (ROS). ROS exist under 

normal physiological conditions and are generated as by-products of cellular metabolism, 

primarily in the mitochondria [1]. They include free radicals, such as superoxide anion radical 

(O2−•), perhydroxyl radical (HO2•), hydroxyl radical (•OH), nitric oxide (NO) and other 

species, such as hydrogen peroxide (H2O2), singlet oxygen (1O2), hypochlorous acid (HOCl) 

and peroxynitrite (ONOO−) [2]. ROS production can be stimulated by the exposure of cells to 

radiation, heat, xenobiotics and metal ions [3]. Lipid peroxidation (LPO) also resents the pro-

oxidant contribution of ADP-iron and ascorbate and, as a consequence, its level is not 

univocally related with ROS production. In tumor tissues, LPO is often depressed and cannot 

be further stimulated by ADP-iron, probably because of the low activity of the enzymes of the 

monooxygenase microsomal chain or the peculiarities in the lipid composition of microsomal 

membranes, with a marked decrease in polyunsaturated fatty acids, which are the main 

substrate of LPO [3]. The hydroxyl radical •OH is the most powerful initiator of LPO; it is 

generated through the Fenton reaction and the Haber-Weiss reaction from hydrogen peroxide 

and metal species (iron or copper) [4, 5]. The peroxidation of PUFAs leads to the formation 

of the lipoperoxyl radical (LOO•), which, in turn, reacts with lipids to yield lipid radicals and 

lipid hydroperoxydes (LOOHs). LOOHs are unstable: they generate new peroxyl and alcoxyl 

radicals and decompose into secondary products [6, 7]. Such free radicals, produced during 

LPO, have very localized effects, because of their short life. However, the endproducts of the 

breakdown of lipid peroxides, the aldehydes, have a prolonged half-life and can diffuse from 

their sites of formation. For these reasons, they have been defined as ‘second messengers of 

oxidative stress’ [8]. 

 

 

2. ALDEYDES DERIVED FROM LIPID PEROXIDATION 
 

Due to their high reactivity, the aldehydes derived from LPO, such as malonaldehyde 

(MDA), hexanal, 4-hydroxynonenal (HNE) and acrolein have received much attention [8]. 

The most abundant aldehydes are HNE and MDA, while acrolein is the most reactive [9]. 

HNE is the LPO product which has displayed the highest biological activity and, for this 

reason, has been most intensively studied. On the other hand, acrolein, which is the most 
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electrophylic compound, has received less attention, because it is scarcely represented among 

LPO products. HNE and acrolein are α,β-unsaturated electrophilic compounds, which 

preferentially form 1,4-Michael type adducts with nucleophiles, such as proteins and DNA. 

Potential targets of HNE and acrolein in proteins include the side chains of cysteinyl, histidyl 

and lysyl residues, as well as free N-terminal amino groups. Although the sulfhydryl groups 

of cysteinyl residues display the highest reactivity with HNE and acrolein, they are not the 

preferential targets, as the tertiary structure of proteins can limit their accessibility. The 

modification of lysyl, histidyl and cysteinyl residues by HNE results mainly in the formation 

of hemiacetal structures via the Michael reaction [9, 10]. However, modification of lysyl 

residues via Schiff base formation can lead to the formation of pyrrole HNE-lysine adducts 

[11], while HNE-lysine cross-linking adducts can be generated through reversibly formed 

Schiff base Michael adducts [12] (Figure 1, A). Acrolein was shown to react primarily with 

histidyl residues of proteins, to form N(τ)-(3-propanal)-histidine [13], but it can react also 

with the sulfhydryl group of cysteine to generate its -substituted propanal adduct. Instead, 

the main product of the reaction of acrolein with the -amino group of lysine is the 3-formyl-

3,4-dehydropiperidine-type adduct (FDP-lysine), which requires the attachment of two 

acrolein molecules to one lysyl side chain (Figure 1, B). MDA is the most abundant LPO 

product, but shows little reactivity under physiological conditions. However, at low pH, its 

reactivity increases and, like HNE and acrolein, it can form 1,4-Michael type adducts with 

nucleophiles. Even though it does not react with glycine and GSH and reacts only slowly with 

cysteine [9], cellular proteins are much more readily modified by MDA than the latter 

substrates [14]. The major reaction of MDA in vivo entails its addition to primary amines, 

whose products include N()-(2-propenal) lysine, and fluorescent compounds, such as the 

dihydropyridine-type adduct DHP-lysine and the N,N’-disubstituted 1-amino-3-

iminopropene-type and pyridyl DHP-type lysine-lysine cross-links [10] (Figure 1, C). It 

should be kept in mind that reactive aldehydes are produced not only by the peroxidative 

degradation of PUFAs. -Ketoaldehydes, such as glyoxal (which is also a product of LPO), 

methylglyoxal (MG), 3-deoxyglucosone and glucosone are highly reactive intermediates in 

glycation reactions, which derive from the rearrangement or the oxidation of sugars or sugar 

adducts with proteins or lipids. MG can be formed also by sugar autoxidation, and acrolein by 

the oxidation of hydroxy-amino acids with myeloperoxidase, in the presence of H2O2 and 

chloride ions in vitro (reviewed in ref. [10]). 

Inside cells, the steady-state concentrations of these aldehydes depend on their rate of 

production from LPO and on their catabolic rate, which is controlled by a battery of enzymes, 

which convert these compounds to less reactive chemical species. The main reactions of 

aldehydes are: the adduction with glutathione (GSH), which can either occur spontaneously 

or be catalysed by glutathione S-transferases (GSTs), leading to the formation of HNE-

glutathione conjugates; the reduction to alcohols by aldo–keto reductases (AKRs) or alcohol 

dehydrogenase, and the oxidation by aldehyde dehydrogenases [15]. Once conjugated with 

GSH, aldehydes can be extruded from cells by transport proteins, such as the multidrug 

resistance protein MRP1 [16, 17], or RLIP76 (RalBP1, RalA-binding protein 1), an ATP-

dependent non-ABC multifunctional protein, which accounts for 80% of the HNE-GS 

conjugate transport [18]. When these aldehydes are not detoxified or extruded, they can affect 

several cellular functions, mainly through the formation of covalent adducts with cellular 

proteins [19]. Due to their amphiphilic nature, aldehydes can easily diffuse across membranes 
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and can covalently modify any protein in the cytoplasm and nucleus, far from their site of 

origin [20]. Similarly, the aldehydes formed outside the cells (i.e., in a site of inflammation or 

in plasma), can react with adjacent cells, even in cases when they are not primary sites of 

LPO. The targets of LPO-derived aldehydes are cell-type specific and dependent on both the 

pattern of proteins expressed by the cell, and the aldehyde concentration. Moreover, the 

modification of a specific protein can have different biological consequences, in relation to 

cell function. For example, the majority of research reports indicate that HNE added to cancer 

cells of diverse origins elicits a reduction of cell proliferation and the induction of apoptosis, 

which can be seen as positive effects from the standpoint of counteracting cancer growth. 

However, similar effects occurring in non-malignant cells can elicit detrimental 

consequences. This consideration can, almost in part, explain the dual role played by 

aldehydes in cancer: the carcinogenic role and the anti-cancer role. 

 

 

Figure 1. Structure of the adducts of the main LPO-derived aldehydes with proteins. A. Adducts of 

HNE: hemiacetal adducts formed via the Michael reaction with 1) histidyl, 2) cysteinyl, and 3) lysyl 

residues; 4) pyrrole adducts formed via Schiff base addition and 5) fluorescent cross-linking adducts 

with lysyl residues. B. Adducts of acrolein: -substituted propanal adducts with 6) histidyl and 7) 

cysteinyl residues; 8) 3-formyl-3,4-dehydropiperidine-type adduct with lysyl residues (FDP-lysine). C. 

Adducts of MDA: 9) N()-(2-propenal)lysine formed via addition to primary amines; 10) fluorescent 

dihydropyridine-type adduct with lysyl residues (DHP-lysine); 11) 1-amino-3-iminopropene-type and 

12) pyridyl DHP-type lysine-lysine cross-links. 
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The formation of HNE-protein and HNE-DNA adducts deeply affects both innate and 

adaptive immune responses, potentially triggering autoimmunity. Several oxidation-specific 

epitopes (OSEs) are recognized as endogenous damage-associate molecular patterns 

(DAMPs) by innate pattern recognition receptors (PRRs). Such OSEs include the oxidation 

products of membrane phospholipids and polyunsaturated fatty acids in LDLs and their 

adducts. PRRs involved include Toll-like receptors, scavenger receptors CD36 and SR-B1, C-

reactive protein, complement factor H and natural IgM antibodies [21], such as those 

recognizing the adducts of MDA and HNE with LDLs, detected in the sera of 

immunodeficient rag1-/- mice after reconstitution with B-1 cells [22]. On the other hand, 

covalent modifications of proteins and DNA with LPO products can result in the alteration of 

self antigens, with the generation of neoepitopes which, in turn, can be instrumental in 

overcoming the immunological tolerance by autoreactive T and B cells normally subjected to 

regulatory control, as it will be discussed in greater detail below, in paragraph 5. It was 

repeatedly observed that modification of macromolecular antigens with reactive aldehydes 

not only incited immunological responses to modified self antigens, but was also 

accompanied by the breaking of tolerance to their native counterparts. This effect, which 

entails the intramolecular spreading of the immune response to different, non-HNE-modified 

epitopes of the same antigens, appears to be a reflection of the multivalent character of HNE-

modified macromolecular antigens. Moreover, the intermolecular epitope spreading has been 

also reported between HNE-modified protein antigens and other proteins or DNA, either in 

native or in aldehyde-modified form, which is a reflection of the pleiotropic effects of HNE 

and of the hapten-carrier relationship between HNE and its macromolecular targets, and 

might result from such diverse mechanisms as the cross-reactivity to HNE as a shared 

antigenic determinants and the molecular mimicry between HNE-containing and structurally 

related epitopes (paragraph 5). 

 

 

3. ALDEHYDES IN CARCINOGENESIS 
 

The first evidence of the carcinogenic effect of aldehydes was provided by Chung and 

coworkers, who demonstrated that both HNE and 2,3-epoxy-4-hydroxynonanal induced liver 

tumors in male mice, but not in female mice [23]. Moreover these authors demonstrated the 

formation of HNE-DNA adducts in Salmonella strains. Subsequently, MDA-DNA adducts 

were found in human breast tumors [24], and in tumors of liver [25] and kidney [26]. In 

alcohol-induced liver damage, the formation of toxic LPO-derived aldehydes, including MDA 

and HNE, contribute to worsen the damage [27], since, like acetaldehyde, they are able to 

react with DNA to form exocyclic DNA adducts. DNA adducts, such as N2-

ethyldeoxyguanosine (N2-Et-dG) [28] and 1,N2-propano-2’-deoxyguanosine (PdG), are 

detectable in livers of alcohol-exposed mice. In alcohol-associated cancers [29] in humans, 

aldehydes generated by ethanol metabolism can also cross-react to form hybrid adducts, such 

as MDA/acetaldehyde hybrid adducts that potentiate the carcinogenic effect of single adducts 

[30, 31]. It was reported that exposure of the wild-type p53 lymphoblastoid cells to 4-HNE-

guanosine, among aldehyde-guanosine adducts, caused a high frequency of G to T 

transversion mutations at the third base of codon 249 (-AGG*-) in the p53 gene [32]. Since 

this is a mutational hotspot in human cancers, particularly in hepatocellular carcinoma, it has 
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been suggested that HNE might be an important etiological agent of human cancers carrying 

this specific mutation [33]. More recently, the presence of HNE-DNA adducts is considered 

to be also a potential cause of thyroid neoplasia [34]. 

Chronic inflammatory processes is characterized by a very high production of free 

radicals and DNA-reactive aldehydes from lipid peroxidation which can drive normal cells to 

malignancy. HNE-DNA adducts have been found in chronically inflamed target organs in 

both humans and experimental animal models [35]. A high content of HNE-DNA adducts has 

been associated with Crohn’s disease, ulcerative colitis, chronic pancreatitis and 

inflammatory cancer-prone liver diseases [36].  

Although the presence of adducts with guanosine has been indicated as a main factor of 

the carcinogenic action of aldehydes, particular HNE-protein adducts have been also 

identified and blamed for being involved in the carcinogenetic process [37]. HNE has been 

found to affect the repair capacity for benzo[a]pyrene diol epoxide- and UV light-induced 

DNA damage, mainly through interactions of HNE with cellular repair proteins [38]. 

Moreover, HNE and 4-oxo-2-nonenal (ONE) can react with high molecular weight 

chromatin-associated proteins and histones, respectively, which suggests their involvement in 

the modification of gene expression [39]. 

 

 

4. EFFECTS OF ALDEHYDES ON CANCER CELLS 
 

The majority of studies in this field report that the aldehydes derived from LPO are toxic 

for cancer cells, causing a reduction of cell proliferation and inducing apoptosis. The first 

evidence of the inhibition of proliferation by HNE and related aldehydes was obtained in 

Ehrlich ascites tumor cells by Hauptlorenz and coworkers [40]. Later on, this observation was 

confirmed in K562 leukemic cells, together with the demonstration of c-myc inhibition by 

HNE [41, 42]. c-Myc inhibition by HNE was also observed in HL-60 and in murine MEL 

erythroleukemic cells, in which HNE also induced the onset of differentiation [43, 44]. In 

HL-60 human leukemic cells, the blockade of proliferation caused an increase of the 

proportion of cells in the G0/G1 phase of the cell cycle, with a corresponding decrease of S-

phase cells [45], and the inhibition of the D1, D2 and A cyclin expression [46]. It has been 

postulated that the reduction of G1 cyclins might cause a hypophosphorylation of the pRb 

protein and a consequent blockade of the transcriptional activity of E2F [47, 48]. In SK-N-BE 

neuroblastoma cells, HNE was shown to inhibit proliferation by increasing the expression of 

p53 family members (p53, p63, and p73) and p53 target proteins (p21, bax, and G1 cyclins) 

[49]. An increase in p53 expression has been found also in germ cells and in LNCaP prostate 

cancer cells, in which HNE treatment also inhibited proliferation [50, 51]. Further evidence of 

the HNE effect on cell cycle progression has been provided in hepatocellular carcinoma 

HepG2 (p53-wild type) and Hep3B (p53-null) cells. Treatment with HNE induced G2/M 

arrest, by decreasing the expression of CDK1 and cyclin B1 and by activating p21 in a p53-

independent manner. Moreover, in these cell lines, HNE activated the signaling pathway 

mediated by ataxia telangiectasia mutated (ATM) and Rad3-related protein (ATR)/checkpoint 

kinase 1 (Chk1) [52]. 
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Figure 2. Effects of reactive aldehydes on normal and cancer cells. 

The mechanisms by which HNE can cause reductions of proliferation and induce 

apoptosis of cancer cells differ in relation to the cell type. It has been shown that the 

proliferation of some tumor cells was affected by HNE through the regulation of the MAPs 

kinase pathway. In colon cancer cells, Biasi and coworkers showed that HNE triggered 

apoptosis via the activation of the c-Jun N-terminal kinase (JNK) [53]. Like HNE, another 

LPO product, i.e., ONE, exerted cytotoxicity through the modulation of the MAP kinase 

pathway. Indeed, ONE strongly induced the phosphorylation of extracellular signal-regulated 

kinase (ERK) and JNK, but not of p38 MAPK. [54]. Besides interacting with the MAP kinase 

pathway, HNE can reduce the proliferative activity by inhibiting the expression of hTERT, 

the catalytic subunit of human telomerase, in leukemic and colon cancer cells [55, 56]. In 

MG63 human osteosarcoma cells, HNE treatment induced apoptosis through the inhibition of 

the AKT pathway and the consequent activation of caspase-3 and alteration of the Bax/Bcl-2 

apoptotic signaling [57]. It stems from these observations that LPO-derived aldehydes can 

affect the majority of signaling pathways, inducing antiproliferative and pro-apoptotic 

responses in almost all tumor types. 

Indirect confirmations of the anti-proliferative and proapoptotic effect displayed by HNE 

have come from the modulation of GSTA4, the enzyme that catalyzes the conjugation of 

HNE with GSH with high efficiency, and RLIP76 (RalBP1, RalA-binding protein 1), which 

extrudes the HNE-GS conjugate from cells. It has been shown that cancer cells can evade 

apoptosis by the upregulation of GSTs and RLIP76 and the consequent lowering of 4-HNE 

levels, as recently reviewed [58]. This highly efficient system, which eliminates the aldehydes 

derived from LPO, has been indicated as being responsible for the low toxicity of aldehydes 

in hepatoma cells with a high expression of aldehyde dehydrogenase 3, an enzyme able to 

destroy a large amount of aldehydes. The inhibition of this enzyme by the use of an antisense 

oligonucleotide had strong inhibitory effects on cell proliferation, supporting the hypothesis 

that aldehydes derived from LPO play an important role in controlling hepatoma cell growth 
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[59, 60]. Recently, it has been demonstrated that nuclear factor erythroid 2-related factor-2 

(Nrf2), a transcriptional regulator of the anti-oxidant response, exerts an important function in 

the control of HNE effects [61]. Indeed, prostate cancer cells having different protein content 

and nuclear accumulation of Nrf2 showed different sensitivities to the reduction of cell 

growth and the induction of apoptosis in response to HNE. Moreover, after Nrf2 silencing, 

HNE cytotoxic effects were strongly increased [62]. 

Finally, some experimental observations suggest that the toxic effect of aldehydes was 

more evident in cancer cells than in normal cells. Schneider and coworkers observed that in 

SH-SY5Y human neuroblastoma cells, which can be maintained in an undifferentiated state 

and can be stimulated to differentiate into a neuron-like phenotype in cell culture, the 

sensitivity to 2,3-dimethoxy-1,4-napthoquinone (DMNQ) and HNE in differentiated and 

undifferentiated cells was quite different [63]: differentiated cells were substantially more 

resistant to cytotoxicity induced by HNE or DMNQ than undifferentiated cells. A direct 

comparison between the HNE effects on the growth of human lymphatic leukemia cells and 

normal human peripheral blood lymphocytes has been done by Semlitsch and coworkers. 

These authors demonstrated that HNE showed a cytotoxic effect and caused a reduction of 

DNA synthesis in lymphatic leukemia cells, whereas it did not show any significant toxicity 

in normal lymphocytes [64]. In acute myelogenous leukemia, gene expression profiling 

showed that HNE caused similar signatures in gene expression as parthenolide (PTL). PTL 

was able to determine the ablation of bulk, progenitor and stem AML cells, while causing no 

appreciable toxicity to normal hematopoietic cells, which led the authors to hypothesize that 

other compounds, such as HNE, capable of inducing similar modifications of gene expression 

as those caused by PTL, might have similar anti-cancer properties [65]. The high 

susceptibility of cancer cells to the treatment with aldehydes might depend on the reduced 

levels of detoxifying enzymes and/or the increased ROS levels, which are higher in many 

types of cancer cells, with respect to their normal counterparts. These characteristics make 

cancer cells more vulnerable to aldehydes. The toxicity and oxidative damage exerted by 

aldehydes are further enhanced as a result of their accumulation in cancer cells and their 

ability to reduce cellular GSH levels. The effects of reactive aldehydes on normal and cancer 

cells are summarized diagrammatically in Figure 2. 

 

 

5. HNE-PROTEIN ADDUCTS IN SJÖGREN’S SYNDROME (SS)  

AND SYSTEMIC LUPUS ERYTHEMATOSUS (SLE) 
 

The adducts of HNE with some antigens targeted by antinuclear autoantibodies (ANA) 

characteristically detected in Sjögren syndrome (SS) and systemic lupus erythematosus 

(SLE), namely the SS-A/Ro and SS-B/La antigens, have been the subject of systematic 

studies. The SS-A/Ro antigens comprise: 1) a E3 ubiquitin-protein ligase of 52 kDa (SS-

A1/Ro52; TRIM21), found both in the cytoplasm and the nucleus and involved in the 

regulation of innate immunity and inflammation in response to IFN- and in the autophagic 

response [66, 67]; 2) a cytoplasmic form of 60 kDa (SS-A2/Ro60; TROVE2), involved in cell 

survival to UV damage. Both are components of Ro ribonucleoprotein particles (RNPs), in 

which they are non-covalently associated with short, non-coding, histidine-rich nuclear RNAs 

(HY-RNAs), as in spliceosomal RNPs, or small cytoplasmic RNAs. RNAs bound to SS-

Complimentary Contributor Copy



Aldehydes Derived from Lipid Peroxidation in Cancer and Autoimmunity 155 

A2/Ro60 have been shown to include the transcripts of Alu short interspersed elements, 

which are able to induce the expression of proinflammatory cytokines in response to IFN- 

and are upregulated in SLE [68]. The 48-kDa SS-B/La antigen is a transcription termination 

factor transiently associated with HY-RNAs in RNPs involved in tRNA processing and 

mRNA stabilization. Autoantibodies to SS-A2/Ro60 are found in over 60% of SS patients 

and 25-40% of SLE patients. SS-Ro and SS-La antigens are exposed at the surface of 

apoptotic cells [69]. In the congenital heart block occurring in neonatal lupus, maternal anti-

Ro and anti-La antibodies mediated the antibody-dependent cell-mediated cytotoxicity 

(ADCC) of macrophages in damage of fetal cardiocytes, [70]. Anti-SS-A/Ro antibodies 

participated in ADCC against keratinocytes in UV-sensitive SLE [71]. 

It was proposed that the breaking of tolerance to self antigens at the surface of apoptotic 

cells might be promoted by oxidative modifications occurring in the context of the oxidative 

stress that accompanies apoptosis [69]. Wuttge and coworkers had observed that murine 

serum albumin (MSA), modified in vitro with several unsaturated (MDA, HNE, heptadienal) 

and saturated aldehydes (butanal, nonanal), induced strong T-cell-dependent antibody 

responses, unlike native MSA [72]. T-cell hybridomas established from immunized mice 

recognized MDA- and HNE-modified MSA, but not native MSA, in a MHC-restricted 

manner. Only HNE-MSA and nonanal-MSA induced antibody responses to unmodified MSA 

almost as intense as to aldehyde-modified MSA, indicating that the sensitization of T cells to 

HNE-MSA favored the intramolecular spreading of the immune response to formerly 

tolerated epitopes of the native self antigen [72]. Later on, Scofield and coworkers observed 

that an autoimmune response to SS-A2/Ro60 was established faster and more strongly in 

rabbits immunized with HNE-modified SS-A2/Ro60, as compared with the native antigen 

[73, 74]. In an extension of this model, an SS-like condition, with anti-SS-A2/Ro60 

antibodies, lymphocytic infiltration and functional impairment of salivary glands could be 

induced in BALB/c mice by immunization with peptides 274-290 (Ro274) and 480-494 

(Ro480) of SS-A2/Ro60. Peptide-specific antibodies were followed in 2-3 weeks by 

antibodies directed towards other peptide epitopes of SS-A2/Ro60, as well as whole murine 

SS-A2/Ro60 and SS-B/La [75]. When whole SS-A2/Ro60 was used as the immunogen, the 

production of anti-SS-A2/Ro60 and anti-SS-B/La autoantibodies was faster when SS-

A2/Ro60 had been modified with 0.4 mM or 2 mM HNE, reaching the highest levels in the 

latter instance, in which anti-dsDNA antibodies also uniquely occurred. The antibodies 

produced by mice immunized with HNE-modified, but not with unmodified SS-A2/Ro60, 

included added subpopulations that recognized HNE or HNE-SS-A2/Ro60 and dsDNA, but 

not the unmodified antigen [76]. The formation of antibodies binding to different SS-

A2/Ro60 peptides and SS-B/La, following immunization with peptides Ro274 and Ro480, 

provides further examples of intramolecular epitope spreading, whereas the occurrence of 

anti-SS-B/La and anti-dsDNA antibodies, following immunization with unmodified or HNE-

modified SS-A2/Ro60, illustrates intermolecular epitope spreading. The susceptibility to the 

development of autoimmunity following immunization with the Ro274 peptide was under 

genetic control. In fact: BALB/c and DBA mice (H-2d) exhibited lymphocytic infiltration of 

salivary glands; PL/J mice (H-2u) mounted an antibody response to Ro274, with epitopic 

spreading to other SS-A2/Ro60 regions and to SS-B/La; C57BL/6 mice (H-2b) only produced 

anti-Ro274 antibodies; and SJL/J mice (H-2s) did not respond at all [77]. 
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Figure 3. Possible mechanisms for the breaking of tolerance to self antigens by HNE-protein adducts. 

A) Generation of neoepitopes by the covalent modification of self antigens with HNE. B) Activation of 

macrophages (M), dendritic cells (DC) and endothelial cells (EC) by HNE-protein adducts, 

accompanied by the upregulation of scavenger receptors and the maturation of their presenting 

capabilities, permitting the efficient sensitization of neoepitope-recognizing CD4+ T cells. B1) 

Cooperation of neoepitope-specific effector TH2 cells to the differentiation of neoepitope-specific B 

cells into memory B cells and plasma cells producing antibodies against HNE-containing modified self 

epitopes (C). B2) Cooperation of neoepitope-specific TH2 cells with B cells which internalize HNE-

modified proteins via self epitope-specific BCRs, but present both native and HNE-containing epitopes, 

leading to the differentiation of autoantibody-producing plasma cells and memory B cells (D). E) 

Presentation of native self epitopes and HNE-modified neoepitopes by APCs which uptake and process 

HNE-modified antigens, resulting in the recruitment of autoreactive CD4+ T cells in the adaptive 

response. Reinforcement to the expression of costimulatory molecules provided to these APCs by OSEs 

and neoepitope-specific CD4+ T cells helps them overcome the immunological tolerance of autoreactive 

naïve T cells, leading to the differentiation of autoreactive TH2 cells (F) and autoantibody-producing 

plasma cells and memory B cells (D). 

As anticipated in paragraph 2, the mechanism by which the formation of aldehyde 

adducts promotes immunological responses to formerly tolerated macromolecular self 

antigens might reflect a combination of the effects of LPO products on APCs and of the 

formation of neoepitopes by the modification of self antigens. The recognition of OSEs, 

namely HNE-containing neoepitopes within the context of HNE-protein adducts (Figure 3, 

A), as tissue damage signals by innate PRRs results in the activation of APCs, i.e., the 
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upregulation of scavenger receptors, which facilitates the uptake of HNE-modified antigens, 

and the maturation of their presenting capabilities, associated with the enhanced expression of 

costimulatory molecules, which efficiently sensitize neoepitope-recognizing CD4+ T cells 

(Figure 3, B). Such effects were documented upon binding of oxidized low-density 

lipoproteins (oxLDL) to human lectin-like, oxidized low-density lipoprotein receptor 1 

(LOX-1) at the surface of DCs [78], for which HNE-histidine adducts in oxLDL served as 

ligands [79]. Neoepitope-recognizing CD4+ T cells are selected outside the repertoire of 

autoreactive T cells, which were either clonally deleted or put under regulatory control in the 

course of lymphocyte development. Neoepitope-specific effector TH2 cells might cooperate 

with neoepitope-specific B cells which recognize HNE-containing neoepitopes with their 

BCRs (Figure 3, B1), inducing their differentiation into memory B cells and plasma cells 

producing neoepitope-specific antibodies (Figure 3, C). Because of the multivalent character 

of macromolecular protein antigens, B cells which internalize HNE-modified proteins via 

BCRs recognizing native self epitopes present both the latter to autoreactive naïve T cells and 

modified HNE-containing epitopes to neoepitope-specific effector TH2 cells (Figure 3, B2). 

In this way, they can take advantage of the cooperation provided by the latter and differentiate 

into true autoantibody-producing plasma cells and memory B cells (Figure 3, D). 

Furthermore, APCs which uptake and process HNE-modified proteins present not only HNE-

containing neoepitopes to neoepitope-specific CD4+ T cells, but also native self-antigenic 

determinants to autoreactive CD4+ T cells, which are thus recruited in the adaptive response 

(Figure 3, E). Reinforcement to the expression of costimulatory molecules might be provided 

to these APCs both by the binding of OSEs to innate PRRs and by CD4+ T cells recognizing 

HNE-containing neoepitopes, and might help them overcome the immunological tolerance of 

autoreactive naïve T cells recognizing native self epitopes, thus leading to the differentiation 

of autoreactive effector TH2 cells (Figure 3, F) and autoantibody-producing plasma cells and 

memory B cells (Figure 3, D). 

In analogy to the observations collected in mice, the immunogenicity of human serum 

albumin (HSA) in female NZW rabbits was markedly enhanced by modification with HNE. 

Although the anti-HNE-HSA antibodies thus raised were highly specific for the immunogen, 

they also recognized unmodified HSA, which suggests that sensitization to HNE-dependent 

epitopes was accompanied by intramolecular spreading to shared native HSA epitopes [80]. 

They also showed appreciable cross-reactivity with HNE-modified forms of bovine serum 

albumin (BSA), N-acetyl-L-lysine, N-acetylhistidine and cysteine, and with native and HNE-

modified calf thymus DNA [81]. Serum antibodies from 27 out of 40 patients affected by 

SLE preferentially bound to HNE-modified HSA, as compared to DNA and native HSA, 

which underscores the potential role of HNE-modifed HSA in the pathogenesis of SLE [80]. 

Indeed, the prevalences and serum titers of anti-MDA/anti-HNE-protein antibodies in SLE 

patients were significantly higher than in healthy controls and correlated with the SLE 

Disease Activity Index (SLEDAI). Serum levels of MDA/HNE-protein adducts were also in 

correlation with both SLEDAI scores and antibody levels, highlighting the possible 

pathogenic role of LPO in SLE and the potential usefulness of anti-MDA/anti-HNE-protein 

antibodies, such as anti-HNE-HSA antibodies, in predicting its progression [81, 82]. 

The ability of HNE to form adducts with a broad range of biological macromolecules, 

i.e., a large number of conjugates sharing the HNE mojety as a common antigenic 

determinant, might help understand the wide range of autoantibody responses occurring in 

SLE and SS, which might rely on crossed reactions, based in part upon the sharing of the 
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HNE modifying group as a common antigenic determinant and partly on the epitopic mimicry 

between HNE-containing and structurally related epitopes. The HNE mojety has been known 

for long to be the common antigenic determinant recognized by the antibodies raised against a 

number of HNE-protein adducts. Anti-HNE-LDL antibodies raised in rabbits also recognized, 

besides HNE-LDL, HNE-albumin and HNE-HDL3, but non MDA-LDL, which indicated 

antibody specificity towards HNE-containing epitopes, irrespective of the carrier protein [83]. 

Moreover, when HNE-specific antibodies, raised in New Zealand White (NZW) rabbits by 

immunization with a HNE-keyhole limpet hemocyanine (KLH) conjugate, were assayed 

using glyceraldehyde-3-phosphate (GAPDH) modified in vitro with HNE, the intensity of 

immunoblots was proportional to the number of HNE-histidine adducts in GAPDH and was 

completely inhibited by HNE-acetyl-L-lysine, HNE-N-acetylhistidine and HNE-glutathione 

[84]. Instead, cross-reactivity based upon molecular mimicry might be responsible for the 

detection of anti-spectrin antibodies in NZW rabbits immunized with native or HNE-modified 

SS-A2/Ro60, in view of the significant binding exhibited by anti-spectrin antibodies to SS-

A2/Ro60, SS-B/La and dsDNA [85].  

Uchida and coworkers investigated molecular mimicry between the adducts of HNE and 

its analogs with proteins and with DNA, in native or modified form, as a possible mechanism 

for the production of anti-DNA autoantibodies in response to aldehyde-modified self protein 

antigens. They found that the sequence of an anti-HNE monoclonal antibody (anti-R mAb 

310), selectively recognizing the R enantiomer of HNE-histidine Michael adducts [86], 

strictly resembled those of various clonally related anti-DNA antibodies. Despite this 

structural similarity, the cross-reactivity of mAb R310 with native dsDNA was limited, but 

strongly enhanced by the treatment of DNA with the HNE analog 4-oxo-2-nonenal (ONE). 

ONE-2’-deoxynucleoside adducts were identified as alternative epitopes of mAb R310 in 

ONE-modified DNA. The same authors highlighted the constituent chemical groups of a 

common epitope, possibly responsible for the molecular mimicry between the R-HNE-

histidine configurational isomers and the 1,N2-etheno-type ONE-2’-deoxyguanosine adducts, 

and required for the recognition by bispecific antibodies (Figure 4). On this basis, they 

proposed that endogenous electrophilic molecular species, including HNE, may be 

immunological triggers of autoimmune disease [87]. Moreover, having established a murine 

hybridoma with the splenocytes of BALB/c mice immunized with HNE-modified KLH, they 

found HNE-specific epitopes in the epidermis and dermis of patients with SLE, pemphigus 

vulgaris and contact dermatitis, as well as antibodies against HNE-modified BSA in the sera 

of patients with SLE, SS, rheumatoid arthritis, systemic sclerosis and idiopathic inflammatory 

myopathies, and of diseased, lupus-prone MRL/lpr mice. Upon repeated immunization of 

mice with HNE-modified KLH, a distinct population developed of B cell clones, which 

recognized native DNA, and, to a greater extent, ONE-modifed DNA, but not HNE-BSA. 

Anti-DNA mAbs, in turn, cross-reacted with ONE-modified BSA. These data suggested that 

HNE-specific epitopes might serve as sensitizing antigenic determinants for the production of 

bispecific antibodies against native DNA and ONE-modified proteins [88]. Indeed, Al-

Shobaili and coworkers reported that IgG antibodies raised in rabbits against HNE-modified 

HSA recognized HSA from SLE patients and cross-reacted with native and oxidized goat 

liver chromatin, while anti-native/oxidized chromatin antibodies from 41 out of 74 SLE 

patients also specifically recognized HNE-HSA [89]. 
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Figure 4. Molecular mimicry between the R-HNE-histidine and the 7-(2-oxo-heptyl)-substituted 1,N2-

etheno-type ONE-2’-deoxyguanosine adducts. Shared or closely resembling functional groups 

implicated as the constituents of a common epitope, responsible for the molecular mimicry between the 

two adducts and required for recognition by bispecific antibodies, are highlighted by background 

shades of grey. Color-code: light grey, 2’-deoxyribose-like tetrahydrofuran rings; dark grey, hydroxyl 

groups; dotted grey, nitrogen-containing heterocyclic groups (histidine and guanine). The shared alkyl 

(pentyl) groups of the HNE-histidine and ONE-2’-deoxynucleoside adducts (indicated by the bold 

broken line) are probably also involved in the recognition by antibodies. 

As a whole, these findings strongly support the pathogenic role of the adducts of LPO 

products with macromolecular self antigens in autoimmunity. 

 

 

6. HNE-PROTEIN ADDUCTS IN AUTOIMMUNE HEMOLYTIC  

ANEMIA (AIHA) 
 

Autoimmune hemolytic anemia (AIHA) is marked by the accelerated destruction of red 

blood cells (RBCs) coated with autoantibodies by splenic macrophages. New Zealand Black 

(NZB) mice spontaneously develop AIHA, from 6 months of age onward [90]. Band 3 

protein, the major RBC membrane glycoprotein, was recognized by autoantibodies eluted 

from RBC surfaces and mAbs produced by hybridomas established from NZB mice [91]. The 

breakage of tolerance to band 3 protein of aged RBCs apparently resulted from the oxidation 

of SH- groups mediated by lipid oxidation [92] and from proteolytic modifications exposing 

pathogenic antigenic determinants [93]. Subsequent studies further indicated oxidative 

modifications of RBC self antigens as potential causal factors for the triggering of 

autoimmunity to RBCs (reviewed in [94]). Knockout of the Cu, Zn-superoxide dysmutase 

gene (sod1) in C57BL/6 (B6) mice was associated with a similar phenotype as in NZB mice, 

i.e., high levels of ROS in RBCs and increased production of autoantibodies against RBC 

components, including carbonic anhydrase II [95], as well as accelerated intravascular 

hemolysis and phagocytic removal of RBCs by Kuppfer cells [96]. This condition was 

marked also by an increased production of antibodies against LPO products, such as acrolein 

and HNE. Moreover, oxidative stress in RBCs was suppressed and autoimmune responses 

and hemolytic anemia were rescued by transgenic expression of human SOD1 (hSOD1) in 

erythroid cells of sod1-/- B6 mice [97]. A significant correlation between enhanced oxidative 

stress and autoantibody production was observed also in AIHA-susceptible NZB mice [98]. 

ROS levels were higher in young NZB mice than in NZW mice, increased with age and 

correlated with the severity of anemia. The levels of LPO products and antibodies against 
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carbonic anhydrase II, 4-HNE and acrolein were also high in aging NZB mice. The injection 

of oxidized RBCs, but not normal RBCs from B6 mice into the same strain elicited the 

production of anti-RBC antibodies. ROS production and death rate were reduced by the 

transgenic expression of the hSOD1 gene in erythroid cells of NZB mice [98, 99]. 

Accumulation of HNE was reported also in aging erythrocytes [100]. Furthermore, exposure 

of intact human RBCs to HNE resulted in the selective formation of HNE--spectrin adducts 

and cross-linking of HNE-modified spectrin, as revealed by immunoblotting and mass 

spectrometry. Spectrin, the main component of the submembranous cytoskeleton of RBCs, 

plays a critical role in the stability and strength of RBC plasmamembrane. Local spectrin 

aggregation led to membrane surface area extrusion and loss, apparently by freeing the lipid 

bilayer from the underlying cytoskeleton [101]. The above observations underline the 

relevance of oxidative protein modifications mediated by LPO products both for the 

physiological destruction of RBCs and for their immune-mediated hemolysis, in conditions of 

oxidative stress. 

 

 

7. HNE-PROTEIN ADDUCTS IN AUTOIMMUNE LIVER DISEASE  

AND FERRITIN-INDUCED LIVER CYTOTOXICITY 
 

Primary biliary cirrhosis (PBC) is a nonsuppurative, autoimmune cholangiopathy marked 

by the cell-mediated destruction of small and medium-sized intrahepatic bile ducts (diameter 

<100 m). HNE-modified proteins were immunochemically detected in the cytoplasm of 

biliary cells of small bile ducts in liver biopsies from all of 20 patients with PBC. In 30% of 

them, there were HNE-protein adducts also in periportal hepatocytes, in association with 

higher serum bilirubin levels and more severe histopathology (stage 3, septal fibrosis), as 

compared with patients lacking intrahepatocytic HNE-protein adducts. Thus, in PBC, LPO 

appears to be an early event in bile duct destruction and a contributing factor to hepatocyte 

damage and reactive fibrosis, in the context of cholestasis [102]. 

Adaptive immunity appears to participate also in the progression of non-alcoholic fatty 

liver disease (NAFLD), which spans a disease spectrum, ranging from lipid accumulation 

(simple steatosis, fatty liver) to progressive nonalcoholic steatohepatitis (NASH), which is 

associated with necrosis, chronic inflammation and fibrosis, ultimately leading to liver 

cirrhosis. Autoimmune responses to self antigens covalently modified with LPO products 

appear to mediate NAFLD progression from steatosis to NASH. A correlation was observed 

between oxidative stress markers, such as HNE and 8-hydroxydeoxyguanosine, in liver and 

the severity of hepatic necrosis, inflammation and fibrosis [103, 104]. Antibody responses to 

MDA-modified antigens were associated with increased severity of lobular inflammation or 

fibrosis [105, 106]. Moreover, in a murine model of NASH, based upon mice feeding on a 

methionine-choline deficient (MCD) diet, autoimmune responses towards aldehyde-modified 

self antigens contributed to hepatic inflammation, by promoting TH1 cell differentiation 

[107]. The severity of liver damage and lobular inflammation, as reflected in hepatic 

transaminase release and TNF- expression, paralleled IgG responses towards MDA- and 

HNE-modified antigens, and liver infiltration by CD4+ and CD8+ T cells recognizing the 

same antigens. Immunization with MDA-modified BSA enhanced hepatic transaminase 

release, TNF- secretion and TH1 cell recruitment and differentiation. NASH in immunized, 
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MCD-fed mice was associated with IL-15-mediated expansion of NK T cells [107], which 

contributed to fibrosis by producing osteopontin [108]. 

HNE and other reactive aldehydes appear to play a major role also in cell death induced 

by secreted acidic ferritins [109, 110]. These acted as soluble mediators of oxidative stress 

[111], in spite of the reported antioxidant and anti-apoptotic capacities of human H chain 

ferritin [112]. Such observations deserve interest, as increased serum ferritin levels have been 

observed in various pathological conditions, including acute and chronic inflammation and 

autoimmunity [113, 114]. An acidic, H-chain-rich isoferritin (FER-CM) secreted by rat 

primary hepatocytes in vitro exhibited cytotoxic properties, which followed a dose-response 

relationship, marked by the transition from apoptosis to necrosis at concentrations above 100 

ng/mL [115]. Such pro-apoptotic activity was accompanied by cytosolic accumulation of 

immunocytochemically detectable HNE-histidine protein (HNE-His-P) adducts and DNA 

damage, with the formation of micronuclei. FER-CM-induced apoptosis and HNE-His-P 

immunoreactivity were inhibited partially by the free radical scavenger 6-hydroxy-2,5,7,8-

tetramethylchromane-2-carboxylic acid (trolox) and, more completely, by the lysosomotropic 

iron chelator desferrioxamine (DFO). It was proposed that acidic isoferritins might act as 

oxidative stress mediators, by promoting ferrous iron build-up in lysosomes, ROS production, 

LPO and lysosomal membrane permeabilization (LMP), followed by the release of ferrous 

ions, ROS and cathepsins in the cytoplasm, cytosolic LPO amplification, formation of 

aldehyde-protein/DNA adducts and mitochondrial outer membrane permeabilization, leading 

to Fas- and p53-mediated apoptosis or necrosis, depending on the severity of oxidative 

damage [111]. HNE itself was able to trigger p53 and Fas-dependent apoptosis [116]. In 

primary hepatocytes, the same ferritin species determined a rapid depletion of GSH and 

decrease of the GSH/GSSG ratio, while stimulating endosome clustering and giant endosome 

formation, accompanied by enhanced LMP, formation of HNE-modified proteins (HNE-P) 

and HNE-P aggregation. Ferritin triggered also a transient upregulation of macroautophagy, 

apparently supporting HNE-P clearance, whose inhibition by 3-methyladenine strongly 

amplified the cytotoxicity of ferritin in a dose- and time-dependent mode [117]. The JNK-

mediated induction of autophagy in response to HNE, promoting cell survival during 

oxidative stress, was observed also in rat aortic smooth muscle cells [118]. 

 

 

CONCLUSION 
 

It appears from the evidence reviewed above that formation of HNE-protein adducts can 

contribute to the pathogenesis of several diseases marked by the increased production of 

reactive oxygen species and, consequently, the increased generation of LPO products, 

namely, reactive aldehydes. Cancer behaves peculiarly, in that the increases in oxidative 

stress do not necessarily correlate with increases of LPO, which might be mainly a reflection 

of variations in membrane lipid composition of transformed cells. Furthermore, in cancer 

cells, the formation of HNE-protein adducts, by promoting apoptosis or by impairing 

functions which were dysregulated as a consequence of transformation, might effectively 

obstacle the progression of disease. 

HNE-protein and HNE-DNA adducts can incite autoimmunity by affecting both innate 

and adaptive immune responses. On one hand, they can act as DAMPs recognized by soluble 
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and cell-associated PRRs, which might favor the uptake and presentation of self antigens by 

APCs. On the other hand, the covalent modification of self antigens with HNE can lead to the 

formation of neoepitopes capable of initiating autoimmunity, by recruiting T and B cells 

outside the repertoires of autoreactive cells normally subjected to regulatory control. 

Consistent evidences indicate that the breaking of tolerance to aldehyde-modified self 

antigens can be propagated to their native counterparts, by the mechanism of intramolecular 

epitope spreading, which reflects both the recruitment of self epitope-reactive CD4+ T cells in 

the immune responses to HNE-modified epitopes and the cooperation of effector TH2 cells 

recognizing HNE-modified neoepitopes with self epitope-specific B cells. Intermolecular 

epitope spreading between HNE-modified protein antigens and other proteins or DNA, either 

in native or aldehyde-modified form, has also been observed as a reflection of the pleiotropic 

effects of HNE and might contribute to autoimmunity via crossed reactions towards shared 

HNE-related antigenic determinants and/or molecular mimicry between structurally related 

epitopes. It is our expectation that continuing investigation of the molecular targets of the 

modification with LPO products and its functional effects, using improved cell sampling and 

proteomic techniques, will unravel important aspects of the pathogenesis of cancer and 

autoimmunity in coming years. 
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ABSTRACT 
 

The discovery of free radicals in biological materials first took place 50 years ago. 

Free radicals are classified as reactive nitrogen species (RNS) or reactive oxygen species 

(ROS). The latter are known to be responsible for the oxidation of lipids, proteins and 

DNA. Ordinarily, antioxidants ensure the maintenance of the appropriate redox 

homeostasis. The problem occurs when these protective mechanisms are overtaken by the 

excessive presence of ROS. Therefore, the presence of the latter results in significant 

functional consequences in a variety of diseases. 

The central nervous system (CNS) is an easy target for ROS due to its low 

antioxidant level and high concentration of Fe2+
,
 oxygen, and polyunsaturated fatty acids 

(PUFAs). Consequently, the activation of auto-destructive mechanisms after spinal cord 

injury (SCI), such as the inflammatory response, induce an elevated presence of ROS and 

lipid peroxidation (LP) of PUFAs, which lead to axonal demyelination and cell death. LP 

is perhaps one of the most important tissue damaging phenomenon after SCI. LP is a 

process that spreads over the surface of the cell membrane altering the PUFAs, which in 

turn causes an impairment of phospholipid-dependent enzymes, disruption of ionic 

gradients, and even membrane lysis. These alterations reduce the generation and 

transmission of electrical potentials, and causes membrane and motor dysfunction. A 

significant increase in LP products is observed after SCI as early as 15 min after injury. 

Two well-characterized and highly toxic products of LP in SCI are 4-hyroxynonenal (4-

HNE) and acrolein. 
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LP after SCI is caused by elevated free radical concentrations that are released 

primarily by inflammatory cells. In fact, evidence shows that the presence of infiltrating 

inflammatory cells is significantly correlated with the amount of tissue damage after 

injury. When the inflammatory response is activated, high concentrations of free radicals, 

principally superoxide anion (O2-•) and nitric oxide (NO•), are produced. Together, these 

molecules have the capacity to generate neurotoxic compounds such as peroxynitrite that 

initiates the LP process. 

The discovery of therapeutic strategies that promote neuroprotection has been the 

aim of several research projects. At the moment, the use of pharmacological compounds 

is perhaps the most experimentally recurred strategy to counteract LP. These 

pharmacological interventions include: compounds that either inhibit the formation of 

ROS and RNS prior to the initiation of LP, compounds that inhibit the propagation of LP 

reactions or the use of scavengers for lipid radicals (LOO•) and the alkoxyl radical (LO•) 

posterior to the initiation of LP. 

Protective autoimmunity is an innovative strategy based on the modulation of 

autoreactive mechanisms in order to promote neuroprotection. Evidence has 

demonstrated that immunization with neural-derived antigens modulates this autoreactive 

response and inhibits LP after SCI. Several neuroprotective strategies have been 

proposed, in order to decrease the amount of ROS, NO• and LP after SCI. The first 

objective of this chapter is to describe the relationship between ROS, lipid peroxidation, 

and the inflammatory response after SCI. The second objective of this chapter is to 

describe the effects of diverse therapeutic strategies in the before-mentioned mechanisms. 

 

 

 

INTRODUCTION 
 

A free radical is defined as any molecule with an unpaired electron in its outermost 

orbital. Contrary to covalent chemical bonds that are formed by a pair of electrons sharing an 

orbital, these molecules have an open or half bond, which explains their extreme reactivity 

[1]. 

Oxidative and nitrosative stress could be defined as an imbalance due to high levels of 

ROS and RNS, compared to antioxidative defense mechanisms. These toxic molecules are 

formed via oxidation–reduction reactions, and are highly reactive as they have an odd number 

of electrons. ROS produced under physiological conditions are essential for life, as they are 

involved in bactericidal activity of phagocytes, and in signal transduction pathways that 

regulate cell growth and reduction–oxidation (redox) status [2]. 

The majority of the body's energy arises from oxidative metabolism, an enzyme 

controlled reaction of oxygen and hydrogen. The reduction of oxygen produces energy, and 

consequently a small amount of free radicals are formed [3]. Radicals can provide signals to 

the cell for growth, immune response and regulatory redox reactions, but an excessive amount 

may damage proteins, lipids and DNA via oxidative reactions. In normal conditions, there is a 

balance between ROS and antioxidants within the cell, the membranes and the extracelular 

space. In pathological conditions, endogenous antioxidants are surpassed by excessive 

production of ROS. ROS attack the PUFAs in the membrane lipids, hence leading to LP. In 

CNS this results in the loss of fluidity of the membranes, as well as changes in membrane 

potentials and the eventual rupture leading to the release of cell and organelle contents [4]. 

Like ROS, RNS could also have a significant role in the pathogenesis of many diseases, and 
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therefore have drawn significant attention in recent years. Oxidative stress increases as a 

result of an imbalance between free radical production and antioxidant defenses; it is 

associated as well with damage to a wide range of molecular species including lipids, proteins 

and nucleic acids. Oxidative damage to proteins and nucleic acids similarly gives rise to a 

variety of specific damage products as a result of modifications of amino acids or nucleotides. 

Nevertheless, the principal targets are the polyunsaturated lipids, in such a way that the LP 

reaction might lead to cellular dysfunction, and it might contribute to the pathophysiology of 

a broad range of diseases including SCI [5]. 

 

 

THE ROLE OF ROS AND RNS IN THE OXIDATION OF LIPIDS, 

PROTEINS AND NUCLEIC ACIDS 
 

ROS includes free radicals, such as hydroxyl (HO•), O2-•, and nonradicals, including 

hydrogen peroxide (H2O2) and singlet oxygen. Oxidative stress and generation of free radicals 

produced either primarly or secondarily have been observed in a great number of diseases [6]. 

Primary free radicals formed under oxidative stress in cells and tissues produce a cascade 

of reactive secondary radicals, which attack biomolecules with efficiency determined by the 

reaction rate constants and target concentration. Proteins are prominent targets being the 

majority of the organic content of cells and tissues. Adding to this they react readily with 

many of the secondary radicals. The reactions commonly lead to the formation of carbon-

centered radicals, the conversion in vivo to peroxyl radicals and finally to semistable 

hydroperoxides. All of these intermediates can initiate biological damage [7]. 

In the higher organisms, the primary radicals are O2-• and nitrogen monoxide, also known 

as NO•. Since their ability to cause direct molecular damage is low, in most cases the 

impairment of cell functions has to be preceded by its conversion to more reactive secondary 

species. This involves transition metals to effectively convert the O2-• to a strong oxidant, or 

fast reaction of O2-• and NO• to form peroxynitrite (PN) [8]. In fact, most of the damage in 

vivo is caused by the secondary physiologically significant radicals: HO•, peroxi- ROO•, 

alcoxi- RO•, carbon trioxide (CO3•), nitrogen dioxide (NO2•), sulfonyl radical (RS•) and 

sulphate and squalene (SQ•) [9]. 

All of them have the potential to harm a wide variety of vital biomolecules: nucleic acids, 

lipids, proteins, carbohydrates, small metabolites and antioxidants [10]. This wide choice of 

potential targets presents significant difficulties in distinguishing between the majority of 

possible reactions that cause no impairment of cell or organism function, and the small range 

that does result in damage. A major problem is that ROS are deeply involved in a wider 

(biological) context, but are frequently undefined and seldom measured unambiguously [11]. 

Macromolecules and lipid membranes constitute the most abundant molecular species in 

cells, and these are affected by ROS that acquire the capacity to affect cell function directly or 

to transfer radical damage to other molecules. There is significant experimental evidence 

demonstrating that DNA, clearly a vital target, is not the first molecule to be attacked by the 

HO•. Chromatin- DNA is strongly protected from radicals by the associated histones and 

other cell proteins [9, 12]. Proteins, which constitute about 70% of the organic cell mass, 

react readily with many of the physiologically important radicals. Furthermore, there is 
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extensive evidence of protein oxidation in cells and in whole organisms, subjected to 

oxidative stress [1]. 

An important aspect of the part played by proteins as targets and propagators of oxidative 

biological damage, is their ability to act as foci for the conversion of the ubiquitous but fairly 

inert superoxide to the potent HO•. Many proteins sequester transition (PrH) metal ions to 

form loose redox active complexes, thereby creating centers for the formation of HO• in a 

site-specific Fenton reaction [7]. Due to its high reactivity and consequent short mean free 

path, the HO• is most likely to oxidize an amino acid at the site of its formation, generating a 

centered radical, which can be converted under physiological conditions to peroxyl radical 

(PrOO-) [10]. PrOO- are strong oxidants with an estimated lifetime of 7s in tissues, allowing 

them to diffuse a considerable distance [13]. Some of them are reduced to the corresponding 

hydroperoxide (PrOOH) by acquiring an electron or a hydrogen atom from a donor molecule. 

Formation of protein hydroperoxides can lead to several forms of biological damage. First, 

the affected protein can undergo backbone fragmentation, side chain alterations, crosslinking, 

and aggregation, resulting in loss of normal function [1]. However, later studies showed that 

many oxidized proteins resist proteolysis and that PrOOH, in particular, can inhibit the 

activity of proteasome 26S [14, 15]. 

In the case of lipids, membrane lipid oxidation is frequently considered an important 

contributor to cell damage, mainly because PUFAs in a condensed phase are peroxidized in a 

long chain reaction [16]. The peroxidative destruction of membrane lipids has direct toxic 

effects on the structural integrity of cellular membranes. In addition, the fragmentation of 

PUFAs during lipid peroxidation generates highly electrophilic α,β-unsaturated carbonyl 

derivatives including acrolein, 4-HNE and 4-oxononenal (ONE; 6-8). These lipid by-products 

are capable of modifying nucleophilic side-chains on amino acid residues (Cys, His, Arg, 

Lys), primarily through 1,4-Michael-type conjugate reactions [4, 17, 18]. The generation of 

these electrophilic aldehydes and posterior adduction of protein nucleophiles might be of 

pathophysiological significance. This is evidenced by the elevated tissue levels of 4-HNE, 

acrolein and their respective protein, which adducts in disease processes that involve cellular 

oxidative damage [19, 20]. Furthermore, the formation of adducts by these reactive aldehydes 

has been linked to several cytotoxic consequences including the disruption of cell signaling, 

inhibition of enzyme activity, and mitochondrial dysfunction [17–19]. The consequences of 

adduct formation at the protein level (enzyme inhibition or altered tertiary structure) can then 

lead to defective cellular processes (reduced energy metabolism, loss of cytoskeletal 

structure) and eventual cytotoxicity. However, it is not known whether such toxicity involves 

adduction of multiple amino acids or the selective targeting of a specific residue [21]. Clearly, 

cysteine sulfhydryl thiolate groups are critically involved in the majority of cellular processes; 

i.e., they are essential for enzyme catalytic activity, metal chelation, and their function as 

ROS sensors and acceptors for redox signaling pathways. Lysine and histidine residues are 

also physiologically important; lysine residues undergo posttranslational modifications, 

histidine residues function as cellular buffers and both amino acids participate as the basic 

components of catalytic triads. Given the apparent significance of lysine, histidine, and 

especially cysteine in protein structure and function, it would seem that adduction of these 

residues by acrolein or 4-HNE could have toxicological implications. However, the 

toxicological significance of adduct formation was inferred from the presumed role of the 

targeted amino acid and its corresponding protein function [22, 23]. Although Lys is slightly 

more abundant in proteins than either Cys or His residues (7%, 3% and 2%, respectively), this 
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difference is not sufficient enough to alter the residue selectivity 4-HNE and acrolein through 

changes in mass action kinetics [22]. Results from extensive research on type-2 alkene 

toxicity [17, 23, 24] suggest that the acute effects of acrolein and 4-HNE are mediated by a 

common mechanism involving adduction of sulfhydryl thiolates in the catalytic triads of 

proteins that regulate critical cellular processes. Because many of the thiolates in these 

catalytic centers function as NO• acceptors, the irreversible formation of 4-HNE/acrolein 

adducts at these sulfhydryl groups might disrupt NO• signaling [23]. This scenario could 

account for the detection of Lys adducts, as well as Cys adducts, in tissues of patients with 

chronic diseases that presumably involve oxidative generation of acrolein/4-HNE: 

Alzheimer's disease, atherosclerosis, diabetes or SCI [25, 26]. With respect to long-term 

exposure conditions, the cell-types or regions most susceptible to 4-HNE or acrolein toxicity 

are those characterized by slower protein turnover rates. The CNS is particularly vulnerable to 

uncontrolled LP and its neurotoxic product upon injury, the principal reason for that is the 

high level of PUFAs in CNS which are the main targets of LP phenomena [16]. 

 

 

FREE RADICALS IN CNS 
 

Neurodegenerative diseases, mental disorders, stroke and CNS traumas are problems of 

immense clinical importance. The crucial role of lipids in tissue physiology and cell signaling 

is seen in many neurological disorders, including schizophrenia, and neurodegenerative 

diseases, such as Alzheimer's, Parkinson's, Niemann-Pick and Huntington diseases, that 

involve deregulated lipid metabolism [27]. Diverse alterations in lipid metabolism and 

structure are caused by uncontrolled oxidative response [28]. 

The nervous system is especially vulnerable to oxidative response for following reasons: 

 

a) High metabolic activity receiving 20% of the oxygen despite accounting for 

2% of the body weight meaning high oxygen consumption, results in 

excessive ROS produced. With such high rates of oxidative metabolic 

activity, the brain generates large quantities of reactive oxygen metabolites 

[29]. 

b) Neuronal membranes are rich in PUFAs, which are particularly vulnerable to 

free radical attack. The ratio of membrane surface area to cytoplasmic 

volume is high. Moreover, specialized neuronal conduction and synaptic 

transmission activity depend on efficient membrane function. Neurons also 

exhibit a high membrane to cytoplasm ratio and extended axonal 

morphology is prone to peripheral injury [30].  

c) The high Ca2+ traffic across neuronal membranes and interference of ion 

transport increase intracellular Ca2+, often leading to an oxidative process 

[31]. Autooxidation of neurotransmitters can generate O2-• and quinones that 

reduce glutathione (GSH). On the other hand, although multiple factors can 

precipitate intracellular oxidative stress, the neurotransmitter glutamate is 

the major effector of this process in the brain, primarily through activation of 

its ionotropic receptors. Brain extracellular concentrations of glutamate are 

normally low (<mM). Neuronal death or collapse of normal ion gradients 
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(owing to severe energy depletion) in neurons causes massive glutamate 

release [32]. Glutamate and related excitatory amino acids account for most 

of the excitatory synaptic activity in the mammalian CNS [33], and are 

released by as many as 40% of all synapses. Neurons treated with excess 

glutamate or other excitatory toxins swell rapidly and die usually by 

necrosis. Oxidative stress can damage neurons and promote the release of 

excitatory amino acids, generating a vicious cycle of events. Several ROS 

are able to decrease glutamate uptake by glial cells and to inactivate 

glutamine synthetase, preventing conversion of glutamate to glutamine [34]. 

This enzyme is inactivated in Alzheimer’s disease. The early drop in cellular 

GSH levels observed together with oxidative glutamate toxicity is very 

similar to the changes seen in vivo within neurons responding to both acute 

and chronic injury [32, 35]. 

Certain neurotransmitters can be autooxidized. For instance, dopamine, its 

precursor L-DOPA, serotonin, and norepinephrine can react with O2-• to 

generate not only O2-• but also quinones/semiquinones that can deplete 

reduced GSH and bind to protein sulfhydryl (SH) groups [36, 37]. Oxidation 

can be catalyzed by transition metal ions, but when O2-• is in excess, it can 

react with norepinephrine, dopamine, and serotonin to initiate their 

oxidation, which then leads to the production of more ROS, quinones, etc. 

Monoamine oxidase (MAO) varies in two forms, MAO-A and -B. MAO-A 

preferentially oxidizes hydroxylated amines such as serotonin and 

noradrenalin; it is found primarily in catecholaminergic neurons. MAO-B 

preferentially oxidizes nonhydroxylated amines and is located in 

serotoninergic neurons. Both oxidases are present in glial cells and are able 

to oxidize dopamine [36].  

d) High levels of redox transition metals, such as iron, can catalyze reactive 

metabolite generation [38]. The iron is required for cell proliferation and 

tissue repair. In addition, in the CNS it is also required for remyelination 

[39], but the iron accumulation participates in proinflammatory cytokines 

expression like TNFα and free radicals generation [40]. Iron accumulation 

occurs as well in the CNS in aging and also a number of neurodegenerative 

diseases [41–43]. 

e) Antioxidant defense mechanisms are modest, in particular, low levels of 

catalase, glutathione peroxidase, and vitamin E [44].  

f) ROS directly downregulate proteins of tight junctions, and indirectly activate 

matrix metalloproteinases (MMP) that contribute to open the blood–brain 

barrier (BBB), as well as to activate microglia cells that produce ROS and 

cytokines in a perpetual process.  

g) The presence of hemoglobin within the neural tissues due to spontaneous, 

iatrogenic or traumatic causes is neurotoxic. Heme and iron are released and 

promote ROS in CNS [12, 39, 43, 45].  

h) The interaction of NO• with O2-• formed PN neurotoxic compound, which is 

also implicated in neuronal degeneration [46, 47].  

i) Neuronal cells are nonreplicating and thus are sensitive to ROS [48, 49]. 
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In comparison with other organs, the neural tissue, because of its anatomic, physiological, 

and biochemical properties, may be especially vulnerable to ROS. Neuronal membrane lipids 

are rich in PUFA side chains, especially those of eicosapentanoic (C20:5) and 

decosahexanoic (C22:6) acids. PUFAs are particularly vulnerable to free radical attacks 

because of the double bonds within the membrane that allows an easy removal of hydrogen 

ions by ROS such as HO•. In addition, products of LP can injure the brain, since 4-HNE is 

especially cytotoxic to neurons, increasing Ca2+ levels, inactivating glutamate transporters, 

and damaging neurofilament proteins [22, 50]. It can also inactivate α-ketoglutarate 

dehydrogenase (α-KGDH), a key enzyme of the tricarboxylic acid cycle. 4-ONE may be 

equally or more toxic than isoprostanes (IPs) may act as vasoconstrictive agents in brain and 

can damage developing oligodendrocytes by cyclooxygenase pathway [51].  

 

 

PHYSIOPATHOLOGY OF SPINAL CORD INJURY  
 

SCI is a devastating type of CNS trauma with limited therapeutic opportunities [52]. This 

causes myelopathy or damage to nerve roots or myelinated fiber tracts that carry signals from 

and to the brain. According to the 2014 data, in the current population of 313 million people 

living in the U.S., it is estimated that the annual incidence of SCI is approximately 40 cases 

per million in the U.S. or approximately 12,500 new SCI cases each year. The number of 

people in the U.S., who are alive in 2014 with SCI, has been estimated to be approximately 

276,000. Automobile and motorcycle crashes are currently the leading cause of injury, 

followed by falls, acts of violence (gunshot wounds), and sports/recreation activities. 

Incomplete tetraplegia is currently the most frequent neurological category followed by 

incomplete paraplegia, complete paraplegia, and complete tetraplegia. Less than 1% of 

persons experienced complete neurological recovery by hospital discharge [53].  

The events that occur immediately after SCI include neuronal fiber damage, ischemia, 

neural cell necrosis and apoptosis, the destruction of microvasculature, inflammation, LP, free 

radical production, demyelination, and glial scar formation. These events lead to extensive 

secondary tissue injuries. Robust cell death in the injured region happens from seconds to 

weeks after SCI, which then results in the formation of the cavities or cysts that blocks 

ascending and descending neurotransmission [54, 55]. 

SCI leads to neurological complications and eventually to paraplegia or quadriplegia. SCI 

consists of two defined phases: the initiatory impact causes the primary injury, which is 

followed by a prolonged secondary injury consisting of evolving sub-phases that may last for 

years [56]. Primary SCI often results from mechanical impaction to the spine, present with or 

followed by compression, contusion, dislocation, stretching or kinking, and ischemia-

reperfusion of the spinal cord (SC) [56, 57]. Secondary SCI refers to the multifaceted 

pathological mechanisms that start after primary SCIs and can last up to weeks [16, 58]. 

Based on some previous SCI studies, secondary SCI can be divided into five processes:  

 

1) Vasospasm and cell death from direct impact and immediate hematoma 

formation.  

2) Spreading of the injury, due to vascular insults such as hemorrhage and 

ischemia-reperfusion. 
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3) Immune/inflammatory reactions, characterized by apoptosis, demyelination of 

surviving axons, and immune-mediated cell death.  

4) Oxidative responses enhance neural destruction and inflammatory response.  

5) Stabilization, characterized by central cavitation and chronic scar formation 

[58–61]. 

 

Recent studies have shown that oxidative stress may have a role in the pathophysiology 

of SCI. Further, the most researched molecular mechanisms involved in the secondary 

pathophysiology of acute SCI are free radical-induced, iron catalyzed LP and protein 

oxidative/nitrative damage to spinal neurons, glia, and microvascular cells. PN and its highly 

reactive free radicals are key initiators of LP and protein nitration in the injured SC [62]. 

Oxidant and antioxidant parameters have been studied in rat models of SCI, in which the 

oxidative stress markers like malondialdehyde (MDA) and advanced oxidation protein 

products (AOPP) were measured along with antioxidants such as GSH peroxidase, 

superoxide dismutase (SOD), catalase (CAT). These studies have reported significant 

increase in MDA, AOPP, SOD, and GSH peroxidase and decrease in the GSH and CAT 

activities. At last, they found that oxidative stress demonstrated by increased MDA, AOPP 

and decreased GSH and CAT support the generation of secondary injury in these rat models 

[63]. 

Free radical induced LP and the level of oxidized protein products are believed to have an 

important impact in the pathogenesis of secondary injury [64]. NO• is one of the main free 

radicals released after SCI, it´s a highly diffusible and labile gaseous messenger molecule 

involved in various biological functions including modulation of nociception, immune 

function and neurotransmission. Moreover, NO• has a physiological role in neuronal signal 

transmission and vessel dilation, but it is also involved in the secondary injury that occurs 

following SCI. NO• amount is correlated with the severity of lesion and the recovery rate in 

patients after SCI [65]. An excessive NO• production has cytotoxic effects, and induces 

neuronal apoptosis secondary to neural degeneration and neurodysfunction [66]. 

Different disorders present high levels of LP, protein oxidation and other markers. A 

study by Liu et al. [67] reported that oxidative stress levels increase markedly during the first 

weeks of strict immobilization posterior to SCI. In parallel, also 2–3 months of strict bed rest 

in healthy subjects causes an increase in oxidative stress, whereas returning to prior physical 

activity normalizes (anti) oxidative status [68]. ROS induced oxidative damage is a known 

secondary injury mechanism after CNS injury; PN has been proposed to be fundamental in 

posttraumatic oxidative damage [69], mainly because it’s highly reactive decomposition 

products nitrogen dioxide (NO2•), HO•, and carbonate radical (CO3•). These PN derived 

radicals can oxidize proteins, nitrate tyrosine residues [70]; induce cell membrane LP [69, 71] 

and cause single-strand DNA. In addition, PN can also inhibit mitochondrial respiration [72].  

Mitochondria are considered a key source of PN formation and a target of its free radical-

mediated harming effects. PN has been reported to increase mitochondrial proton leak and 

electron transport uncoupling [72–74]. In vitro studies with isolated brain mitochondria have 

shown that PN concentrations correlated with increased levels of 3-nitrotyrosine (3-NT), 

along with an elevation of LP-induced 4-HNE and protein carbonyls in mitochondrial 

proteins. This coincides with an impairment of respiratory function [72]. The relationship of 

PN generation with mitochondrial dysfunction in the injured SC has been recently 

documented by studies that have shown that the timing of post-SCI mitochondrial 
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dysfunction (that is, respiratory and Ca2+buffering impairment) is correlated with an increase 

in PN induced 3-NT, 4-HNE and protein carbonyl content in mitochondrial proteins [75]. The 

loss of mitochondrial function and the increase in oxidative damage markers, including 3-NT, 

is antagonized by early in vivo post-SCI treatment with the PN radical scavenger. 

Collectively, these studies strongly suggest that PN damage may be a major cause of 

posttraumatic mitochondrial dysfunction [76]. 

Detrimental effects of oxidative stress pathways initiate immediately after the primary 

impact of SCI, causing membrane and cellular damage. Apparently, ROS like the O2•- and 

HO are the main culprits in contused SCI [77]. In the case of SCI subjects, a milieu is created 

and drives a shift in balance towards oxidative stress (pro-oxidant state), and along with other 

cues, this evolves into an inflammatory pathology. The increase in oxidative stress is also 

correlated with progression of age, but there is a reciprocal decline in concentrations of 

antioxidants. Thus, the severity of SCI rises with age and is dependent on pro-oxidant/anti-

oxidant balance. Activated microglia and leukocytes (macrophages and neutrophils) are the 

main sources of ROS [44]. These are synthesized by enzyme systems (nicotinamide-

adeninedinucleotide phosphate (NADPH) oxidase, myeloperoxidases, cyclooxygenase and 

xanthine oxidase), both in microglia and leukocytes. ROS, proinflammatory cytokines and 

tissue debris (recognized like autoantigens) exacerbate the inflammatory response generated 

by secondary injury [44, 78].  

 

 

Inflammatory Response after SCI: Role of RNS and ROS Production 
 

The primary insult inflicted on SC triggers a number of subsequent secondary events that 

increase the original damage and may extend from months to years after the initial trauma 

[56].  

The inflammatory response is the major contributor of the lesion and results in expansion 

and further loss of neurologic function. Inflammation, directly and indirectly, dominates the 

outcomes of SCI; it is responsible for the further destruction of neuronal and glial cells, 

thereby leading to a significant extension of the injury site, and allowing damage to spread to 

adjacent SC segments, causing besides from pain, motor dysfunction and preclude neuronal 

regeneration. This milieu initiates the secondary injury concomitant with inflammatory 

cascades arising from innate (resident cells of CNS parenchyma: astrocytes and microglia, 

and peripheral cells: neutrophils, monocytes and macrophages) and adaptive (B and T 

lymphocytes) immune responses. The array of released inflammogens includes pro-

inflammatory cytokines (IFN-γ, TNF-α, IL-1, IL-6, IL-8 and IL-12)/chemokines (CXCL1, 

CXCL12), NO•, ROS, glutaminergic ions, proteases (MMPs, calpains, caspases) and 

complement proteins [56, 61, 79]. 

The inflammatory response is generated from the first minute after injury and participates 

in all the phases of neurodegenerative process after SCI [56]. Primary mechanical impact 

results in immediate localized vascular changes such as reduction of blood supply to the area 

of SCI. These alterations rapidly progress to hemorrhagic and ischemic pathogenesis [59]. 

Disruption of blood flow results in local cell injury and infarction caused by hypoxia, 

ischemia and thrombosis [80]. This pathological phenomenon initiates a complex multi-

factorial event that is facilitated by inflammatory mediators, cell death (apoptotic, autophagic 

and necrotic), oxidative stress and vascular dysfunction [81]. The BBB disruption along with 
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inflammatory mediators induce cell infiltration into the perivascular space of the gray matter 

that has been reported to be noxious to parenchymal cells, eventually leading to neuronal and 

axonal damage. In response to necrosis, local resident macrophages (microglia cells) and 

astrocytes are activated, which then exacerbate the inflammatory reaction in the injured center 

[82]. Accordingly, it is thought that the inflammatory reactions could take place over weeks 

after SCI. For its study, the inflammatory response can be spatially and temporally subdivided 

into several phases: immediate neutrophil invasion and activation of resident microglia at 0–2 

days, recruitment of blood monocytes to the lesion at 3–7 days, and resolution of the scar by 

anti-inflammatory macrophages and axonal regrowth from day 7 onward [79, 83, 84]. The 

release of inflammatory cytokines and chemokines from SC cells within or near the lesion 

starts the inflammatory responses, which lead to the sequentially orchestrated activation and 

migration of microglia towards the lesion and recruitment of circulating leukocytes to the 

injury [85–88]. 

Resident microglia are located in the immune privileged CNS tissue, including the brain, 

eye and SC, which are secluded from the peripheral circulation by a complex of barriers [89–

92]. These cells are resident macrophages that share diverse features with those from the 

periphery. In general, the phenotypes and functions of macrophages in the injured SC are 

dynamic, and can change according to the microenvironment of the lesion [93]. Depending on 

the phenotypes and activation status of macrophages, they may not only initiate secondary 

damage, but also initiate repair. As reported, M1 and M2 macrophages coexist at the lesion 

epicenter during the first week after SCI, but only M1 macrophages persist until day 28 post-

injury in mice [84]. Classical activation involves the induction of M1 macrophage by Th1 

cell-derived cytokines. Generally, the properties of M1 macrophages in inflammation during 

secondary damage are neurotoxic due to PN production and growth inhibition by the 

proinflammatory cytokines [94, 95].  

The phenotype of microglial cells known as M1 is characterized by the expression of 

CD45 (lymphocyte common antigen), CD11b (complement receptor 3, integrin αMβ2), and 

intracellular markers (inducible synthase nitric oxide: iNOS). Normally, they help clear 

cellular debris (including apoptotic cells) and are “alert” to threats against neurons, but they 

also initiate the cascade of inflammatory compounds that significantly contributes to the 

preponderance of damage (apoptosis and necrosis) to endothelia, neurons, axons, and 

oligodendrocytes. This occurs when these cells sense cues of cellular debris or tissue damage 

(damage molecular patterns: DAMPs), including myelin and other neuronal proteins, via toll-

like receptors (TLRs) [96–98]. The inflammatory cascades are channeled through multiple 

pathophysiological signaling pathways, including NFκB activation and the expression of pro-

inflammatory molecules, such as cytokines (IL1, IL-6, and TNF-α, IL-12, IL23, IFN γ), 

iNOS, cyclooxygenase-2, ROS production (O2-•, H2O2, HO•), MMPs and opsonic receptors 

such as immunoglobulin Fcγ receptors [61, 99]. All before mentioned molecules are present 

within two hours from the initial mechanical injury [100, 101]. Cytokines can additionally be 

produced by activated astrocytes, and the latter may again respond to cytokines by iNOS 

induction. The astrocytes acquire a functional polarization inflammatory state like M1 

microglia with the production of ROS, proinflamamtory cytokines, glutamate, and NO•. At 

this stage, regions of cavitation and Wallerian degradation with associated glial scarring 

(prominence of astrocytes) are notable [102]. Thus, microglia and astrocytes are major 

mediators in CNS inflammation [103–105].  
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Leukocytes (granulocytes, monocytes/macrophages and lymphocytes) are recruited to the 

epicenter of SCI. [55, 79]. Neutrophils are the first inflammatory cells to migrate to the site of 

injury with an arsenal of oxidative (NADP oxidase and myeloperoxidase) and proteolytic 

enzymes (MMP-9) causing injury to neurons, glia and endothelial cells [56, 79, 106]. 

Thereafter, macrophages are recruited and activated from 3 to 7 days post-injury, 

increasing their oxygen uptake (“respiratory burst”) with the subsequent formation of HO• 

and hypochlorus acid. This process is initially protective for the destruction of 

microorganisms and immune complexes, and in the removal of cellular debris. However, it 

also stimulates the formation of an excess ROS, which can lead to secondary damage of 

proteins, lipids, hyaluronic acid, DNA, etc, if the inflammatory process becomes chronic. In 

addition, these cells might be expected to generate NO•. The quantity of NO• generated by 

iNOS is normally far in excess of that produced by other isoforms, being iNOS highly 

implicated in inflammatory processes such as SCI. iNOS produces excessive amounts of NO• 

molecules, which react with O2-• to generate PN implicated in LP and axonal destruction [46, 

107–109].  

Axonal demyelination is one of the main degenerative events observed after SCI. It has 

been shown that acute lesions begin with phagocytosis of normal myelin sheaths by 

macrophages in the presence of infiltrating T cells from 4 to 7 days after SCI. The myelin 

macrophages could persist as antigen present cell from 1 to 2 week post-injury or as M1 until 

2-10 weeks post-injury [104, 110, 111]. Focal inflammatory demyelinating lesions are 

characterized by perivascular infiltration containing predominantly clonal expanded CD8+ T 

cells (Tc), CD4 T cells (Th), and some B and plasma cells [112, 113]. These active lesions 

contain a significant number of M1 macrophages with myelin debris in their interiors, as well 

as a significant deposit of complement factors and immunoglobulins [114]. Potential 

mechanisms of induction of degenerative progression include Wallerian degeneration and 

axonal transection by ROS and NO•, in addition to energy failure by mitochondrial 

dysfunction. The inflammatory cytokines (i.e., IL1β) produced by this phenotype along with 

the abundant release of autoantigens, contribute to the development of a process of 

autoimmunity [102, 115–117]. This has been demonstrated in animal models of multiple 

sclerosis (MS); the experimental autoimmune encephalomyelitis (EAE), where the primary 

event is the infiltration of lymphocytes and autoreactive CD4+ T cells that destroy myelin 

sheaths [118]. Th cells are the initiators and primary drivers of disease when the phenotype is 

Th1, considered proinflammatory phenotype. The evidence supporting this hypothesis shows 

that the main genetic contribution to multiple sclerosis susceptibility resides in the gene 

region of the major histocompatibility complex class II (MHC-II), which plays a key role in 

the development of the central tolerance of the T cells [114, 119]. 

Another source of oxidative stress associated with arachidonic acid signaling in the CNS 

is the lipoxygenase (LOX) pathway, which catalyzes the conversion of PUFAs into 

conjugated hydroperoxides. Therefore, neuroinflammation can trigger oxidative stress by at 

least two different mechanisms: production of high levels of ROS by activated glia, such as 

microglia and astrocytes, and arachidonic acid signaling through the activation of 

cyclooxygenase and LOX pathways [120].  

The initial event after SCI is depolarization and opening of voltage-dependent ion 

channels, and consequent massive release of neurotransmitters including glutamate. The 

accumulation of intracellular calcium initiates mitochondrial dysfunction, and activation of 

constitutive nitric oxide synthase (cNOS) and prostaglandin 2 (PLA2). The resulting 
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generation of free radicals (comprised of different species including RNS, ROS and other 

radicals) and subsequent LP is believed to be a major pathway of secondary injury in SCI. 

The death of neurons and oligodendrocytes has been strongly associated with PLA2 activity 

and its expression after SCI [121]. All the mechanisms and cells previously mentioned have 

as a result the production of ROS, the participation in LP and other destructive outcomes.  

 

 
 

Figure 1. Inflammatory participation of glial and immune cells in tissue damage after SCI. Scheme 

representing the inflammatory environment due to secondary SCI. Loss of vascular permeability leads 

to extravasation of activated leukocytes releasing inflammatory factors such as MMPs, RNS, and ROS. 

Interaction between Fe2+ and hydrogen peroxide produces more ROS by Fenton's reaction.  

The participation of different proinflammatory glial and immune cells (astrocyte, 

microglia, macrophages, neutrophils and lymphocytes) in ROS and RNS generation 

contribute to secondary neurodegenerative events as LP. Ultimately, depletion of intracellular 

levels of anti-oxidants, free radicals, and lipid peroxidation rise glutamate concentration, 

protein damage, electrophilic aldehydes lead to cell and tissue damage, resulting in necrosis 

and apoptosis. 

 

 

LIPID PEROXIDATION AND DEMYELINATION AFTER SCI 
 

The generation of ROS and RNS is an early event following injury occurring within 

minutes of mechanical impact. A key factor in this event is the PN that induced LP. 

LP after SCI follows a biphasic pattern. The initial phase begins in the first 60 min 

following injury, peaking at around 4 h, and continues until the 12 h period, where it reaches 
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basal measures. The second peak begins 24 h after SCI and continues up to 5 days (120 h) 

before returning to normal levels [122, 123]. 

Lipid peroxidation, defined as the oxidative degradation of lipids, occurs when oxygen 

radicals react with PUFAs such as arachidonic acid, linoleic acid, eicosapentaenoic acid 

(EPA), and docosahexaenoic acid (DHA) resulting in disruptions in cellular and membrane 

integrity. The process is a radical chain reaction characterized by three distinct steps: 

initiation, propagation and termination. Briefly, initiation begins with ROS-induced hydrogen 

atom abstraction from PUFAs, which yields a lipid radical (L•). In the propagation step the 

unstable L• reacts with oxygen to form a LOO•. The LOO• in turn takes a hydrogen atom 

from contiguous polyunsaturated fatty acids yielding a lipid hydroperoxide (LOOH) and a 

second L•, which sets off a series of chain reactions. These propagation reactions are 

terminated in the third step, when the substrate diminishes and a lipid radical reacts with 

another radical or radical scavenger to yield a stable non-radical end product. Two highly 

toxic products of LP are 4-HNE and acrolein, both of which have been well characterized in 

traumatic brain injury (TBI) and SCI experimental models. These aldehydic peroxidation end 

products covalently bind proteins and amino acids altering their structure and functional 

properties. Amino acids (lysine, histidine and arginine) are also targeted by oxygen radicals 

culminating in the formation of carbonyl moieties [44, 124]. 

The impact of ROS production intensifies when oxygen radicals feed back to secondary 

injury pathways creating a continuous cycle of ion imbalance, Ca2+ buffering impairment, 

mitochondrial dysfunction, glutamate-induced excitotoxicity, and microvascular disruption. 

One example of ROS-induced ionic disruption arises from LP induced damage to the plasma 

membrane Ca2+ pump and Na+/K+-ATPase, which contributes to increase intracellular Ca2+ 

concentrations, mitochondrial dysfunction and additional ROS production. Both Ca2+ pump 

and Na+/K+-ATPase disruptions result in further increases in intracellular Ca2+ and Na+ 

accumulation respectively, the latter causing reversal of the Na+/Ca2+ exchanger [125]. PN 

formed from mitochondrial Ca2+ overload contribute to mitochondrial dysfunction. NO•, 

formed from mitochondrial nitric oxide synthase (mNOS), in turn reacts with O2•− to produce 

the highly toxic PN, which impairs respiratory and Ca2+ buffering capacity via its derived free 

radicals [73]. Indeed, increased PN-derived 3NT and 4HNE has been detected during the time 

of mitochondrial dysfunction and correlates with respiratory and Ca2+ buffering impairment 

[75]. Increased synaptosomal 4-HNE content is associated with impaired synaptosomal 

glutamate and amino acid uptake [126]. Glutamate and NMDA induced damage in neuronal 

cultures is attenuated with LP inhibition confirming LP and oxidative damage as mediators of 

glutamate excitotoxicity [127]. 

Increases in O2•- and HO have been well documented in contused SC injuries. 

Specifically, Liu et al. [128] reported an immediate increase in O2•- production following rat 

SC impact injury, which remained elevated over 10 h. Early increases in HO levels occur by 5 

min extending through 3 h following impact injury to the rat SC [129]. The LP product, MDA 

measured by electron resonance spectrometry was one of the first lines of evidence for free 

radical production in SCI. Early MDA production in rat models of SCI has also been well 

established to increase as early as 2 h [130] and persist to 5 h following impact. Alternative 

approaches used to measure and support LP include immunohistochemical analysis of LP-

derived aldehydic breakdown products 4-HNE, acrolein and free-iron correlations with 

increased LP products. Time courses in contused rat SC revealed increases in 3-NT and 4-

HNE at 3 h post injury with peak levels for both at 24 h. While 3-NT levels returned to 
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control conditions by 2 weeks, 4- HNE levels remained elevated up to 2 weeks post injury 

[131]. Others also report similar immunohistochemical and immunoblot increases in the 

levels of 4-HNE [126] and acrolein [132]. Evidence for PN-induced oxidative damage via 3-

NT immunological detection occurs as early as 1 h after injury. This increase in 3-NT 

overlaps with the temporal and special time course of 4-HNE suggesting PN as the culprit of 

both forms of post-injury oxidative damage [131].  

Previous studies demonstrated that acrolein was significantly increased in the guinea-pig 

SC following a controlled compression, whereas in the rat SC after contusive SCI [132–134]. 

In order to determine whether increased acrolein is sufficient to create damage in normal CNS 

tissue, a micro-amount of acrolein was injected into the rat thoracic SC, which created cord 

tissue damage [133]. Acrolein induced significant dose dependent damage to the SC, which 

correlated to a graded loss of behavioral function. Following SCI, acrolein was significantly 

increased and peaked at 24 h post-injury [134, 135]. Hydralazine, a known acrolein 

scavenger, mitigates acrolein-mediated neuronal damage in vitro [132], and reduced tissue 

damage, and motor deficits after SCI in vivo [135]. Collectively, these results strongly 

indicate that acrolein may be fundamental in the pathogenesis of SC secondary damage. 

Acrolein is the strongest electrophile among the unsaturated aldehydes and occurs at 40 times 

greater concentration than other α, β unsaturated aldehydes such as 4- HNE [4]. Although 

increased acrolein was observed in the injured SC [134], the exact concentration of acrolein 

within the lesion has not been quantified. Acrolein induced damage with astrocytic gliotic 

response and macrophage invasion suggests that this may be critical in the pathogenesis of 

SCI [133].  

Spinal microvascular damage induced by LP was proved when the administration of LP 

inhibitors (vitamin E and ascorbic acid) enhanced the white matter SC blood flow [136]. LP is 

the main cause of the later secondary damage that begins after mechanical destruction of 

tissues. LP products increase immediately after SCI, but the concentrations of ROS and NO• 

occur to the first 24 h [137]. NO• is a highly diffusible and labile gaseous messenger 

molecule involved in various biological functions, such as vasodilatation or vascular 

regulation, modulation of nociception, immune function, neurotransmission, and excitation 

contraction coupling. NO• also acts as a metabolic regulator during exercise [138]. Recently, 

NO• has been shown to modulate levels of ROS in a variety of cells. Furthermore, NO• has 

been shown to be present in mitochondria derived from a mitochondrial NO synthase isoform 

[131]. 

Oligodendrocytes are affected by macrophages at the lesion epicenter after the injury and 

continue to undergo apoptosis in the spinal parenchyma for many weeks after SCI [139]. 

Oligodendrocytes are responsible for the myelination of multiple axons. The results of the 

loss of oligodendrocytes is the demyelination of many spared axons and the loss of 

conduction of action potential by ascending and descending lateral axons [140]. Since axons 

provide essential connections between brain and caudal spinal neurons, damage to spinal 

axons can cause many clinical problems [141]. Molecules such as IL-1β, glutamate, NO• and 

TNF-α produced by M1 contribute to secondary death of oligodendrocyte cells [142]. 

Astrogliosis is responsible for the failure of remyelination in many experimental models of 

demyelination and demyelinating pathologies [115, 143]. The pathological process of 

demyelination due to the loss of oligodendrocytes is particularly active during the subacute 

and chronic phase of SCI [144, 145]. Recent studies suggested that immunological 

demyelination is accompanied by a strong activation of macrophage/microglial cells without 
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an astrogliosis response. The activities of macrophages and microglia following SCI are 

maximal between 3 and 7 days post-injury; these were significantly higher within areas of 

immunological demyelination [146]. Nevertheless, during the process of demyelination axons 

are directly exposed to damaging events due to inflammatory cytokines and free radicals, 

leading to neuronal loss. As a result, demyelination leads to conduction delays and 

conduction block [141]. 

A study by Hall et al., [62] has proposed that the most effective approach to interrupt post 

traumatic oxidative brain damage after traumatic brain injury might involve a combined 

treatment with complementary antioxidants that simultaneously scavenge LP-initiating free 

radicals, and inhibit LP propagation, and finally remove neurotoxic LP byproducts. 

 

 

THERAPEUTIC STRATEGIES AFTER SCI:   
LIPID PEROXIDATION INHIBITION 

 

SCI elicits a vigorous and highly coordinated inflammatory response composed by the 

rapid activation of microglia and other immune cells as well as the release of pro-

inflammatory mediators, such as NO•, ROS, and cytokines (IL-1β, TNF-α, IL-6) that 

contribute to LP phenomenon. Numerous therapeutic strategies have been directed to avert 

this event. Immunosuppressive agents (immunophilin ligands) are some examples of this kind 

of strategies. Other interventions attempt to inhibit the formation of ROS and RNS, avoid the 

propagation of LP reactions (antioxidants), or modulate the immune system (protective 

autoimmunity) [147, 148].  

 

 

Immunophilins Ligands 
 

The immunophilins are a family of proteins implicated in many cellular processes such as 

the regulation of mitochondrial permeability, ion channels stability and act as chaperones for 

different proteins. In CNS, high concentrations of the major immunophilins like cyclophilin 

and FK506 binding proteins (FKBP) are found, having as immunophilin ligands Cyclosporin 

A (CsA) and FK506 respectively [149, 150].  

The immunosupressant actions of CsA and FK506 arise when the drug-immunophilin 

complex associated with the calcium/calmodulin dependent protein phosphatase, calcineurin, 

inhibit its phosphatase activity [151, 152]. Drugs like neuroimmunophilin ligand, an 

immunosupressant, are used nowadays in humans for diverse neurodegenerative processes 

[153, 154].  

 

a) Cyclosporin A 

Cyclosporin A (CsA) is considered a depressor of cellular and humoral immune 

responses by inhibiting T helper lymphocyte proliferation. It also diminishes the production 

of free radicals and LP, which was observed after acute SCI. CsA acts by inhibiting both the 

inflammatory reaction and the synthesis of NO• [155–158]. After injury this drug could 

inhibit phospholipase A2 (PLA2) and cyclooxygenase [155, 159]. In that way, by calcineurin-

independent mechanism, CsA inhibits the expression and activation of iNOS [158, 160]. 

Complimentary Contributor Copy



E. García, R. H. Rodríguez-Barrera, M. Goldberg et al. 188 

After SCI, CsA is capable of decreasing LP without the deleterious effects of glucocortiocids 

[157]. The beneficial effect of CsA on LP was associated with significant improvement in the 

demyelination process, an increased survival of neurons, and a greater function recovery in 

SC injured rats [157, 161]. Therefore, CsA may act as a neuroprotective agent and can be 

useful treating acute SCI. Aside from this, by inhibiting calcineurin, a calcium-dependent 

phosphoserine–phosphothreonine protein phosphatase, CsA induces activation of the growth-

associated protein-43 (GAP-43), involved in neuronal process extension [162].  

CsA can also promote the survival of engrafted oligodendrocyte precursor cells (OPCs) 

in injured SC, but has no effect on their differentiation. This treatment could inhibit 

infiltration of T cells and activation of resident microglia and/or macrophages derived from 

infiltrating monocytes, which contributes to the survival of engrafted OPCs and repair of SCI. 

The engrafted cells mostly differentiate into astrocytes. The beneficial effect of CsA on SCI 

and the survival of engrafted cells may be attributed to its neuroprotective effect [163]. 

 

b) FK506  

FK506 is an FDA approved immunosuppressant compound used principally posterior to 

allogenic transplants. The immunophilin designated FK-506 binding protein-12 (FKBP-12) 

reaches concentrations 10 times higher in the brain than in immune tissues. The complex of 

FK506 and FKBP-12 inhibits the calcium activated phosphatase, calcineurin, increasing 

phosphorylated levels of calcineurin substrates with GAP-43, being most prominent in the 

brain [164–167]. 

In contrast to CsA, FK506 readily crosses the BBB, and thus, together with its 

derivatives, may represent a novel approach to the treatment of neurological disorders. FK506 

exerts profound neuroprotective and neuroregenerative effects in vivo and in vitro. It is 

independent of the inhibition of calcineurin, which is responsible for the immunosuppression, 

but operates via the binding of FKBP52 and the heat shock protein (Hsp) 90. Protection is 

apparently independent of calcineurin, as shown by non-calcineurin inhibiting derivatives like 

V-10,367 and GPI-1046, yet the intracellular actions remain to be defined. FK506 has been 

shown to interfere with the apoptotic pathway of neuronal cells, including inhibiting JNK 

activity, cytochrome C release, caspase 3 activation, and CD95 ligand expression. These 

effects are partly mediated by the inhibition of calcineurin and may not contribute to 

protection. Recent studies suggest that the protective assets of FK506 and its non-inhibiting-

calcineurin derivatives induce heat shock proteins, making it a great target for 

neuroregeneration and neuroprotection [153, 168, 169]. 

In SCI models, FK506 has shown beneficial effects by decreasing GFAP, 

ciclooxygenase-2 (COX 2), caspase 3, and LP levels [169–172]. In a functional aspect, 

FK506 administration improves a neuronal recovery characterized by axonal and motor 

neuron survival [169, 173, 174]. 

 

 

Antioxidants  
 

ROS are produced in metabolic and physiological processes. Based on literature, 

characterizing the oxidative secondary response in SCI, potential antioxidant therapeutic 

interventions include: (1) compounds that either inhibit the formation of or scavenge ROS 

and RNS prior to LP initiation or (2) drugs that inhibit LP propagation reactions or scavenge 
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LOO• and LO• after LP is initiated. The major limitation of the first approach is the narrow 

therapeutic window that exists to block the initial burst of posttraumatic ROS production that 

is responsible for the free radical chain reactions of oxidative damage. Thus, it may be argued 

that immediate pharmacological inhibition of free radical formation is impractical. The 

second approach of LP propagation reactions inhibition, requires compounds that target 

neural cell membranes to block LOO• and LO• interaction with adjacent PUFAS. When the 

production of damaging free radicals exceeds the capacity of the body’s antioxidant defenses 

to detoxify them, a condition known as oxidative stress occurs and the oxidative/antioxidative 

balance shifts towards the oxidative status. Cellular injury can be caused by oxidative stress, 

which has been implicated in over a hundred disorders, including SCI [175]. 

 

a) Glucocorticoids 

The use of glucocorticoids in the treatment of CNS injury was not a novel strategy, since 

methylprednisolone (MP) was already being routinely employed in the clinical treatment of 

SCI. Its use in SCI began in the mid 1960s [176] and it is the current standard of care for 

human SCI. The idea of glucocorticoid antioxidant therapy in CNS trauma draw attention in 

the early 1980s following studies describing glucocorticoid effects on SC function, motor 

neuron excitability and synaptic transmission in cat SC [177–179]. The theory about 

glucocorticoid steroids inhibiting post-traumatic LP was based upon their lipophilic nature 

that allows them to incorporate to the cell membrane and thus potentially inhibit LP 

propagation reactions in the phospholipid bilayer [180]. A series of studies soon emerged 

using high-dose MP in the contused SC of cats. These studies determined MP as an effective 

inhibitor of free-radical reactions, and LP if administered in high doses intravenously [178, 

181]. Subsequent studies described additional neuroprotective effects of MP including the 

ability to inhibit post-traumatic SC ischemia, support aerobic metabolism, decrease 

intracellular calcium overload and reduce calpain mediated neurofilament loss [178, 182–

184]. However, the dose-response of MP in relation to LP and other multimodal effects was 

found to follow a U-shape pattern [185]. The antioxidant efficacy of certain glucocorticoids 

seems to be independent from steroid receptor activity, and does not correlate with their anti-

inflammatory potency. Moreover, the LP-inhibiting effects of MP require much higher doses 

than what is needed for the classic glucocorticoid actions [186]. It should be noted that lower 

doses of MP are likely to produce anti-inflammatory effects; a well-established function of 

glucocorticoids [176].  

MP exacerbates SCI-induced lymphopenia and causes a pronounced reduction in both 

neutrophils and macrophages [187, 188]. MP is a synthetic glucocorticoid that is used in 

many conditions due to its anti-inflammatory properties. It acts by binding to and activating 

glucocorticoid receptors, which are at the head of a number of different anti-inflammatory 

pathways [189, 190]. Glucocorticoids also physically interact with the important transcription 

factor NF-κB, blocking its transcriptional activity [191]. Aside from these anti-inflammatory 

effects, MP also has antioxidant properties [178, 181]. 

On the other hand, as described above, MP may cause autophagic cell death of microglia. 

Induction of autophagy can lead to neuroprotective effects after SCI via inhibition of 

apoptosis. Li et al. [192] have documented that MP could elicit autophagic cell death of 

microglia, which mainly depends on intracellular labile zinc, and may be associated with 

inhibition of NF-κβ, having with this a neuroprotective effect in SCI. 
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Despite the above-mentioned beneficial effects the use of MP remains highly 

controversial due to safety concerns and lack of efficacy. Given the known complications of 

post-injury infection and morbidity following SCI [193], and prior lessons learned from 

traumatic brain injury [194] and stroke [195], continuing to treat SCI patients with 

immunosuppressive agents may seem disputable. 

 

b) Melatonin 

Melatonin (n-acetyl-5-mehoxytryptophan), a hormone secreted by the pineal gland, acts 

as a pleiotropic compound that primarily regulates the circadian rhythms and sleep. In 

addition, it has a known antioxidant and neuroprotective property [196]. Scavenging free 

radicals promotes antioxidation, protects cell structure, prevents DNA damage, and reduces 

the level of peroxides in the body, and inhibits the LP process [197]. The antioxidant actions 

of melatonin include the direct scavenging of free radicals, as well as indirect regulation of 

endogenous antioxidant enzyme expression [198]. The ability of melatonin to scavenge LOO• 

and react with PN has been previously described [199]. There are extensive studies in models 

of experimental SCI demonstrating melatonin-induced decrease in LP, preservation of 

neuronal structure and increased functional recovery following injury [200]. 

 

c) Nuclear Factor Erythroid-Derived 2 (Nrf2) 

In response to oxidative stress, cells have different defense systems. The phase II 

antioxidant response is considered the most important defense pathway present in cells. It is 

regulated by the transcription factor Nrf2 [201]. More recently, the activation of Nrf 

2/antioxidant response element (ARE) has been explored in SCI as a targeted neuroprotective 

strategy. The body's endogenous antioxidant defense is regulated by Nrf2/ARE signaling at 

the transcriptional level [202, 203] in the promoters of genes like NADPH quinone 

oxidoreductase-1 (NQO1), heme oxygenase-1 (HO-1), thioredoxins (Trxs), glutathione S-

transferase (GST), microsomal GSTs (mGST1 and mGST2), γ- glutamylcysteine synthetase 

(γ-GCS) modifier subunit (GCLm) and catalytic subunit (GCLc), GSH, SOD1, glutathione 

peroxidase (GPx) and other phase I, II, and III enzymes that conjugate drug metabolites or 

xenobiotics [204]. Nrf2 is expressed in many tissues, particularly the liver, kidney, skin, lung 

and gastrointestinal tract, i.e., tissues that are frequently exposed to environmental insult 

[205]. Recently, growing evidence has demonstrated that Nrf2 is a pivotal regulator of 

endogenous defense systems that functions via the activation of a set of protective genes, and 

this is particularly clear in the CNS. Nrf2 is the “master regulator” of the antioxidant 

response, modulating the expression of antioxidant phase II, and other cytoprotective genes. 

Nrf2 is a redox-sensitive ligand-activated transcription factor that plays a critical role in 

cellular defenses against oxidative and electrophilic stress [206, 207].  

The role of Nrf2/ARE activation in SCI has been explored as a targeted neuroprotective 

strategy. Indeed, studies with Nrf2 (−/−) mice demonstrated increased SC edema and 

expression of inflammatory cytokines compared to wild-type Nrf2 mice following SCI [208]. 

Subsequent studies have demonstrated that Nrf2 regulates not only classic target genes, but 

also genes involved in inflammation, apoptosis, and tissue repair in the most clinically 

relevant model of SCI [209]. Curcumin might play an important role in antioxidative system 

via up-regulation of the Nrf2 signaling pathway resulting in decreased pro-inflammatory 

cytokines production via inactivation of the NF-kB signaling pathway. Administration of 

curcumin also significantly ameliorated the secondary SC damage, as shown by decreased 
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severity of locomotion deficit, SC edema, and apoptosis [210]. Moreover, other studies have 

shown that tetramethylpyrazine (TMP) evoked neuro-protective effects against injury of SC 

through the activation of Akt/Nrf2/HO-1 signaling pathway. It is worth mentioning that TMP 

improved locomotor functions and decreased permeability of blood SC barrier in rats with 

SCI, as evidenced by increase of Basso–Beattie–Bresnahan scores and decrease of Evans blue 

leakage. In addition, TMP decreased the expression of several pro-inflammatory cytokines, 

including IL-1β, TNFα and IL-18, reduced TUNEL-positive cells, and caspase 3 and 9 

activities decreased thiobarbituric acid reactive substances content and increased glutathione 

level and superoxide dismutase activity in rats [211]. In another study, it was described for 

the first time the protective role of carnosol against SCI induced oxidative stress and 

inflammation through modulating NF-kB, COX-2 and Nrf-2 levels in Wistar rats. Carnosol 

treatment regulated the key proteins in inflammation and redox status through significant 

downregulation of NF-kB and COX-2 levels and upregulation of p-AKT and Nrf-2 

expression [212]. Collectively, these studies demonstrate a significant neuroprotective role of 

Nrf2 signaling through the activation of antioxidant enzymes following SCI. Thus, Nrf2 

activation may be a main candidate for the attenuation of oxidative stress.  

Aside from the transcription factor Nrf2 and specific inhibitors of enzymatic lipid 

oxidation, a number of therapies can attenuate lipid peroxidation having a longer antioxidant 

therapeutic window. The importance of ROS and lipid peroxidation in SCI is further 

supported by many experimental and clinical studies that investigated the protective effect of 

multiple bioactive compounds with antioxidant properties. For example, the occurrence of 

LP-induced spinal microvascular damage was alleviated by the use of vitamin C and E that 

inhibited the reduction of lipid peroxidation in white matter of SC [28, 136, 213]. 

At present, a novel strategy is Gingsen administration; in a recent study, animals with 

SCI treated with Ginseng present lesser oxidative stress and inflammation. Normally after 

SCI, a significant increase in various oxidative stress markers is observed such as ROS levels, 

lipid peroxide, and protein levels in form of carboxyl and sulfhydryl. Generation of ROS is 

associated with down regulation of Nrf2 and subsequent depletion of enzymatic and non-

enzymatic antioxidants. The protective role of Ginseng against oxidative stress and cellular 

pathogenesis in SCI is attributed to its antioxidant potential increasing Nrf2 levels and its 

anti-inflammatory effect by reducing NF-κB, cyclooxygenase, and pro-inflammatory 

cytokines in SCI rats [214]. The protective role of Ginseng in exerting anti-inflammation is 

consistent with former reports [215, 216]. 

 

d) Vitamin C 

Ascorbic acid (AA) or Vitamin C acts as a primary defense against oxygen, nitrogen and 

sulfhydryl radicals in the blood. Vitamin C is very effective in trapping free radicals, 

preventing formation of lipid hydroperoxyides, and reducing membrane damage [217, 218]. 

High-dose AA administration during the acute phase post SCI significantly reduced 

secondary injury-induced tissue necrosis and improved functional performance in rats [219]. 

 

e) Vitamin E 

Vitamin E family is composed by 8 compounds (4 tocopherols (d-α, d-β, d-γ, d-δ) and 4 

tocotrienols (d-α, d-β, d-γ, d-δ)) that exhibit the biological activity of naturally occurring 

vitamin E. Tocopherols are lipid-soluble and scavenge lipid peroxyl radicals, which can 

inhibit LP. The resultant tocopherol radical is reduced back to tocopherol by ascorbic acid 
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and lipoic acid via the Vitamin E recycling process [220]. High-dose oral vitamin E 

supplementation for 5 days before SCI attenuates the progressive posttraumatic decrease in 

white matter SC blood flow together with a significant improvement in motor function 

compared with non-vit E supplemented animals. This effect has been replicated in rat 

compression SCI model [136]. In contrast, vitamin E deficiency has been shown to increase 

post-SCI LP and to attenuate motor functional recovery [221]. However, despite these effects, 

the value of vitamin E as an acute treatment for SCI is limited due to the many weeks needed 

to achieve a significant increase in parenchymal CNS tissue levels. Long-term, oral high-dose 

supplementation with vitamin E may provide effective prophylactic neuroprotection against 

SCI [222].  

Unfortunately, none of the experimental SCI studies have defined the dose response for 

prophylactic vitamin E neuroprotection. In humans, the use of vit E supplementation to limit 

post-SCI neurological impairment has shown that the dose required to diminish LP product 

levels in human plasma after 20 weeks of daily supplementation is 800 IU per day [223]. On 

the other hand, the combined administration of vitamin E and C was clearly capable of 

modulate the antioxidant effects, reduce apoptosis, and increase autophagy at the lesion 

epicenter leading to an improved functional outcome. The use of such clinically drugs 

enhance clinical trials in selected cases of human SCI [224]. 

 

f) Resveratrol 

Resveratrol, a polyphenolic compound abundant in grapes and red wine, is an anti-

oxidant neuroprotective agent emerged in the beginning of the 21st century. The beneficial 

effects of resveratrol have been investigated in cancer as well as neurodegenerative models of 

neuro-trauma. Resveratrol exerts a neuroprotective effect by increasing the activation of the 

transcription factor Nrf-2 and by its direct antioxidant effect ameliorating the oxidative 

damage, and preserving the mitochondrial function [225]. Studies have shown that the anti-

inflammatory effects of resveratrol are mediated mainly by sirtuin (SIRT) 1 [226]. SIRT1 

activation leads to expression inhibition of NF-κB following reduction in production of pro-

inflammatory mediators such as iNOS and TNFα [227]. Resveratrol significantly reduced 

neutrophil infiltration and production of inflammatory cytokines including IL-1β, IL-10, 

TNF-α, MPO; inhibited injury-induced apoptosis (evaluated by TUNEL assays) and caspase 

3 expression after SCI, adding to these results, an important locomotor recovery [225, 228]. 

 

g) Omega 3 

Many studies have revealed PUFAs peculiar ability for modifying the nervous system 

response to acute injury [229]. PUFAs are structural components of phospholipids, which are 

the main constituents of cell membranes. PUFAs of the ω-3 series include α-linolenic acid 

(ALA), eicosapentaenoic acid (EPA) and DHA, the latter two being the longer chain 

compounds, whereas ALA is the biosynthetic precursor [230–232]. One possible mechanism 

explains how DHA acts avoiding oxidative stress associated with SCI along with the 

inhibition of LP as well as averting the oxidation of nucleic acids [230, 232]. 

Recent evidence suggests that omega 3 PUFAs can modulate several of the mechanisms 

that contribute to secondary degeneration of the CNS after SCI. The first observation that 

showed the therapeutic potential of omega 3 PUFAs following SCI was after the 

administration of ALA after SC ischemia in rats. Significant neuroprotection was seen with 

an improved functional outcome, decreased neuronal losses and immunoreactivity for Bax 
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and NF-kB [233–235]. Following SCI, omega-3 PUFAs showed a neuroprotective effect with 

antioxidant effects [230, 236], as well as anti-inflammatory effects through inhibition of the 

production of proinflammatory cytokines [237]. Then long-chain omega 3 PUFAs exhibit 

therapeutic potential for the treatment and prevention of the neurological consequences 

associated with SCI. Also, significant benefits have been showed in metabolic homeostasis 

and in antioxidant defenses with important neurorestorative pathways against SCI [232, 236].  

EPA is another long chain PUFA, which is synthesized through desaturation and 

elongation reaction from its precursor, ALA, which is present in many kinds of nutrients. 

EPA has been also shown to be neuroprotective in rat SC compression. These observations 

confirmed that the acute administration of long chain PUFAs in the immediate aftermath of 

SCI offers significant neuroprotection [234, 238]. Furthermore, EPA and DHA have been 

recently reported after SCI to prevent the damage in white matter damage, induce synaptic 

connectivity and increased the motor recovery [239]. In a recent study at 24 h, lipid 

peroxidation, protein oxidation, RNA/DNA oxidation and the induction of cyclooxygenase-2 

were all significantly reduced by DHA administration. At 1 week and 6 weeks, macrophage 

recruitment was reduced, and neuronal and oligodendrocyte survival was substantially 

increased; result that coincide with the decrease of axonal injury at 6 weeks and locomotor 

recovery evaluated from day 4 to 6 weeks after SCI. Thus, restoring neuroplasticity emerges 

as another potential effect of PUFAs [137, 232, 235, 240, 239]. 

 

h) Glutathione 

GSH is a tripeptide compound containing cysteine present in animal, plants, and fungi. It 

serves as an antioxidant with the free thiol group of cysteine residue. The oxidized form of 

GSH (GSSG) contains two GSH with disulfide linkage, and the ratio of GSH vs. GSSG can 

be a good measure of the redox state of the cell. The protective and anti-apoptotic role of 

GSH was shown in MDBK bovine renal epithelial cells: the selenium-dependent GSH 

peroxidase (GPx) protected the cells against the H2O2-induced apoptosis, whereas the 

suppression of GPx enhanced the H2O2-induced apoptosis [241]. Therefore, GSH depletion is 

closely correlated with apoptotic induction in most cases, and the protective and anti-

apoptotic role of GSH might be due to its antioxidant function. In vitro, GSH depletion 

enhances apoptosis of cultured motor neurons [242]. 

GSH plays a major antioxidant role as a disabler of reactive oxygen and nitrogen species, 

and as a dynamic regulator of the intracellular redox state [243], which is critical for cell 

function and survival [244]. In addition, GSH could also play an anti-excitotoxic role by 

inhibiting the binding of specific ligands to inotropic glutamate receptors under redox 

modulation, which have been involved in excitotoxicity after SCI [245]. Trauma to the SC 

seriously reduces GSH, which results in SC neuronal loss [246], possibly due to increased 

oxidative stress [247], and mitochondrial dysfunction [248].  

A recent study demonstrated that GSHE administered via i.p. to rats subjected to SCI 

modifies the functional outcome, post-operative body weight, SC tissue sparing and survival 

of red nuclei neurons compared with MP (the standard treatment for acute SCI) or vehicle. 

Rats given GSHE showed: significant motor function recovery and red nuclei neuron 

preservation and survival of suprasegmentary neurons in the absence of significant tissue 

sparing at the injury site, and it was associated to SC blood flow stabilization [249]. In other 

studies of our laboratory the antioxidant effect of GSHE has been tested in combination with 
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no-encephalitogenic peptides within a novel strategy known as protective autoimmunity or 

auto-reactivity. In this case, it has been observed also.  

 

 

PROTECTIVE AUTOIMMUNITY OR AUTO-REACTIVITY 
 

Immune cell infiltration to the CNS territory was considered for decades to reflect a 

pathological process, in which immune cells attack neuronal compounds; that process is 

observed in the inflammatory autoimmune disease MS. As neuro-inflammatory processes 

within the CNS parenchyma are also common to other CNS pathologies, regardless of their 

etiology, including neurodegenerative disorders such as Alzheimer's disease and 

Amyotrophic lateral sclerosis. These pathologies have often been compared to MS, a disease 

that benefits from immunosuppressive therapy. Over the last decade, it became clear that 

autoimmunity has a bright side, and that it plays a pivotal role in CNS repair following 

damage. Specifically, autoimmune T cells were found to facilitate CNS healing processes, 

such as in sterile mechanical injuries to the brain or the SC, mental stress, or biochemical 

insults. Even more intriguingly, autoimmune T cells were found to be involved in supporting 

fundamental processes of brain function, such as in the maintenance of life-long brain 

plasticity, including spatial learning, memory, and neurogenesis. Importantly, autoimmune T 

cells are part of a cellular network, which operate efficiently and safely, require tight 

regulation by other immune cells, such as regulatory T cells, which are indispensable for 

maintenance of immunological self-tolerance and homeostasis [148, 250, 251]. 

In this context, the important role that immune cells play in neural tissue protection and 

regeneration after a CNS insult has been documented [148, 250, 252]. According to recent 

reports, a given autoimmune reaction (a response with a predominant Th1 phenotype) is 

capable of conferring neuroprotection [253] or neurodegeneration [251, 254, 255]. It appears 

that this dual effect strongly depends on its appropriate modulation through a well-controlled 

dialog between the innate and the adaptive immune responses [148, 256], especially in terms 

of the local innate response onset, intensity, and duration. Thus, a delayed onset combined 

with an intense and prolonged innate response will result in a destructive effect while an 

early, moderate and transient response would promote a protective action [253, 256–258]. 

The active or passive immunization with myelin basic protein (MBP) significantly 

diminished tissue damage and improved motor recovery after SCI [253]. This novel approach 

has incited the creation of a new concept, the now-called ‘protective autoimmunity’ or 

actually known as protective auto-reactivity, which is a T-cell-dependent reaction genetically 

determined [259] and triggered as a physiological response to CNS trauma [258, 260]. As 

immunization with self-constituents could predispose to the development of an autoimmune 

disease, the boosting and modulation of this protective response, immunizing with non-

encephalitogenic MBP-derived peptides, is a safe approach for clinical purposes. Altered 

peptide 91 (A91) is an altered MBP peptide that ameliorates EAE. This peptide has also been 

successfully used to boost the protective autoimmune response elicited after SC injury, 

inducing a significant improvement in motor recovery [257, 261]. Even though the positive 

effect of this strategy has yielded significant results, the possibility of improving its action 

would offer better functional recovery, and thereby, a better quality of life for individuals 

affected by SC injury.  
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As mentioned before, lipid peroxidation is one of the most destructive phenomena 

developed immediately after SCI; its most important action is exerted during the acute phase. 

As the anti-A91 response does not develop until some days after SCI, the neural tissue is 

unprotected during this time, allowing the destructive action of some dangerous events like 

lipid peroxidation. The addition of GSHE could significantly protect the tissue against this 

harmful effect, acting earlier and thus, resulting in better motor recovery [247] and provoked 

a better anti-A91 response, because as with other cell types, T-lymphocytes require sufficient 

levels of intracellular GSH to differentiate, proliferate and display many other specific T-cell 

functions, including the synthesis of interleukin-2 [262]. Experimental depletion of GSH 

inhibits immune cell functions; also, lymphocyte intracellular GSH determines the magnitude 

of immunological capacity [263]. For this purpose, we attempted to improve the 

neuroprotective effect induced by A91 by combination with GSHE in two injury models 

(contusive and compressive injury). It was demonstrated that A91 immunization alone is able 

to improve the motor recovery. Furthermore, the combination of a single A91 immunization 

with GSHE, induced earlier and better motor recovery than the immunization alone in rats 

subjected to either a contusive or a compressive injury. Motor improvement was significantly 

correlated with a better axonal myelination, as well as a higher survival of rubro spinal cells. 

These results reflect the beneficial effect of the therapy on axonal sparing at the site of injury. 

This could be the result of at least two different effects exerted by GSHE, which is an 

excellent antioxidant. Firstly, it has an ability to inhibit lipid peroxidation and promote better 

motor recovery after SCI [247, 252, 250]. Having a therapeutic window of GSHE 

administration of 72 h after SCI with positive effects in motor recovery and survival of rubro 

spinal cells and ventral horn neurons [265]. 

Furthermore, we found that immunization alone with A91 or Cop-1 (Copaxone) another 

neural derived copolymer of MBP, exerts its neuroprotective effects by diminishing the 

amount of NO•, the iNOS, TNFα, IL6, IL1β and caspase 3 gene expression after SCI [266, 

267]; results that coincide with the decreased LP levels and apoptosis in SCI after 

immunization only with A91 [268, 269]. Immunizing with A91or Cop-1 also induces a T cell 

response which predominantly has a Th2 phenotype capable of producing anti-inflammatory 

cytokines IL4, IL10, insulin growth factor (IGF-1) and brain-derived neurotrophic factor 

(BDNF), further promoting neuroprotection and repair after SCI. This molecule is capable of 

making the switch to M2 phenotype characterized by the production of BNDF and 

neutrophins (NT3) and antinflamatory cytokines after SCI [261, 267, 270]. 

All of these studies provide evidence on the beneficial effect that protective 

autoimmunity has in decreasing LP after SCI, and gives a better understanding of the 

mechanisms by which protective autoimmunity promotes neuroprotection and repair.  

 

 

CONCLUSION 
 

Lipid peroxidation is perhaps one of the most important tissue-damaging phenomena 

developed after SCI, being the inflammatory response the principal mechanism that 

contributes to ROS and RNS production; as said previously in this chapter, those events will 

have a dramatic effect in other biomolecules.  
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Understanding ROS and RNS damage mechanisms and knowing how inflammatory cells 

and cytokines react after SCI, has allowed the design and creation of different neuroprotective 

strategies that will have an important role benefiting the clinical prognosis of patients with 

SCI. 
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ABSTRACT 
 

Coumarins are a large group of 1,2-benzopyrones derivatives widely distributed in 

natural plant sources. They have been studied in vivo and in vitro for their biological 

activities: anti-inflammatory, anti-carcinogenic, anti-viral, anti-thrombotic, anti-allergic, 

hypo-lipidemic and antioxidant activity. Some of them are considered to be interesting 

compounds for pharmaceutical research because of their wide spectrum of potentially 

positive pharmaceutical activities. Especially their antioxidant, anti-aggregant, lipid 

lowering, anti-inflammatory and vasorelaxing effects may predetermine them for the 

treatment and/or prevention of cardiovascular diseases. In fact, rare in vivo studies on 

coumarins suggested their positive role in the treatment of some cardiovascular diseases. 

However, the biochemical mechanisms underlying these effects are not clear. Some of 

the pharmaceutical activities of coumarins could be ascribed to their capacity to inhibit 

lipoxygenase and cycloxygenase and to scavenge reactive oxygen species. 

The antioxidant activity, as well as biological activity, of these compounds is 

strongly influenced by their chemical structure. The tendency to form mutagenic and 

toxic 3,4-coumarin epoxide intermediates during metabolic degradation of 3,4-

unsubstituted coumarins has limited their pharmaceutical application. Design of novel 

derivatives of coumarins (as drugs) may be a good strategy to overcome this problem. In 

contrast to unsubstituted coumarins, 4-substituted ones do not induce formation of 

epoxide. For this reason, they could be better candidates for pharmaceutical use. For 

example, 4-methylcoumarins are known to have some pharmaceutical effects: choloretic, 

analgetic, anti-spermatogenic, anti-tubercular, anti-diuretic, anti-inflammatory activities. 

                                                           
* Corresponding Author Email: vessy.kancheva@abv.bg. 
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4-Hydroxycoumarins have a lot of applications as drugs with anticoagulant, spasmolytic, 

bacteriostatic, potential anti-HIV, antifungal and herbicide activities. Some of them are 

known for their antibiotic activity; furthermore some of them show low toxicity and 

dose-dependent anticoagulant activity in vivo. The most widely used antithrombotic agent 

in USA and Canada is racemic sodium Warfarin. All compounds of this group inhibit 

Vitamin K epoxide reductase, however, they cause some side effects. By synthesis of 

different 3,3’-arylidene-bis-(4-hydroxy-2H-chromen-2-ones) it is possible to obtain 

compounds with biological activity comparable to that of Warfarin, but with low toxicity 

and lower side effects. 

The study of the antioxidant inhibiting activity is an exciting challenge from both 

experimental and theoretical viewpoints. A comprehensive knowledge of the chemical 

and functional properties and antioxidant activities of 4-methyl-, and 4-hydroxycoumarin 

derivatives could help to develop design strategies for creating non-toxic coumarins with 

antioxidant activity. Here we present the structure-antioxidant activity relationships of 

over forty 4-substituted coumarin derivatives (mainly 4-methyl-, and 4-

hydroxycoumarins) studied by using combined experimental and theoretical approaches: 

radical scavenging activity, chain-breaking antioxidant activity during inhibited lipid 

autoxidation and theoretical methods using the density functional theory (DFT) for the 

calculation of quantum chemical features. The fundamental role of catecholic moiety in 

the inhibiting activity and the importance of substituents at positions 3 and 4 for the 

molecular structure are discussed. 

 

 

1. INTRODUCTION 
 

The design of new structural analogues of bioactive natural products with an improved 

pharmacological profile is a primary aim of medicinal chemistry nowadays [1, 2]. One 

possibility is to choose compounds with biological activity and by varying different 

substituents to get new bio-antioxidants; another - by varying suitable substituents in 

compounds with antioxidant activity to get new set of bio-antioxidants [3]. An interesting and 

successful idea of Parmar and co-workers [4, 5] is to select the simple coumarin structure 

without any activity - neither antioxidant, nor biological, even more with some toxicity, and 

by varying different substituents to synthesize a series of new bio-antioxidants.  

Coumarins have been described to reduce the formation and to stimulate the scavenging 

of ROS, thus exhibiting protective antioxidant properties against tissue damage. This 

antioxidant activity may include different molecular mechanisms and is probably related to 

their structural analogy to flavonoids. The position and the type of the substituent(s) attached 

to the aromatic ring of coumarin molecules have a great influence on the antioxidant activity 

of these compounds [6]. 

Coumarin possesses a simple structure, i.e., a benzene (ring A) joined to a 2-pyrone (ring 

B). This group plays an important role in the determining the pharmacological effect of 

coumarins, however, 2-pyrone has little influence on the antioxidant activity of coumarins 

[7]. 

Coumarins are secondary metabolites widely spread in nature. Biosynthesis is carried out 

by aromatic amino acids (phenylalanine, tyrosine) in a number of phenolic acids (cinnamic, 

o-coumaric, p-coumaric, ferulic, caffeic). Figure 1 presents the biosynthesis of coumarins in 

the plants according to Dewick [8]: 
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Figure 1. Biosynthesis of coumarins in the plants.  

Coumarins have been found in bacteria, fungi, green plants, in some animal species, in 

fruits (e.g., bluberry, cloudberry), green tea and other foods and spices [9, 10]. Different 

derivatives of these compounds manifest a wide range of biological activities [10] such as 

antioxidant [12-14], anti-inflammatory [15], antimicrobial [16], and in vitro [17] and in vivo 

platelet and anti-aggregation effects [18]. There are few studies evaluating the consumption 

of coumarins in foods and their clinical relevance, and those studies available focus on 

coumarin, which is found in many plants such as cinnamon, and is known as a hepatotoxic 

and carcinogenic compound. The liver damage observed after injection of coumarin has been 

attributed to the formation of 3,4-epoxide intermediates in rats, but interestingly other 

modified coumarins such as 3,4-dimethylcoumarin and 3,4-dihydrocoumarin have not 

induced hepatotoxicity. Natural coumarins, such as osthole [19], esculetin [20], and 

umbelliferone [21] as well as several coumarin containing plant extracts, have been reported 

to inhibit the growth of cancer cells [22, 23].  

Coumarins occur in higher plants, preferably in the roots, bark and fruits and to a lesser 

extent in stems and leaves. In a plant 5-10 different coumarins can be found and the majority 

of these substances are found in nature in free state, only a minor part is in the form of 

glycosides [24]. 

 Forty-six different coumarin derivatives (ten coumarins, twenty 4-methylcoumarins, as 

well as ten simple 4-hydroxycoumarins and two biscoumarins) have been selected for this 

study. Combination of different approaches: spectral (DPPH absorbance), kinetic (lipid 

autoxidation) and theoretical (quantum-chemical calculations) has been applied to study and 

to explain the structure-antioxidant activity relationship. Biological activity of the selected 

various coumarins is also presented and discussed. 

 

 

2. STRUCTURES OF COUMARINS UNDER STUDY 
 

The structures of a) coumarins, b) 4-methylcoumarins, c) 4-hydroxy-coumarins and d) 

biscoumarins are presented in Figure 2. 
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Figure 2. (Continued) 
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Figure 2. Structures of the studied (a) coumarins, C); (b) 4-methylcoumarins, MC; (c) 4-

hydroxycoumarins, HC and (d) biscoumarins, BC.  

 

3. THEORETICAL ELUCIDATION OF STRUCTURE-ACTIVITY 

RELATIONSHIP FOR THE SELECTED COUMARINS 
 

The unrestricted open-shell approach UB3LYP and diffuse function-augmented basis set 

6-31+G(d,p) [25-27] are used to optimize the geometry of compounds studied and their 

radicals without symmetry constraints with the default convergence criteria using the 

Gaussian 09 program [28]. Frequency calculations for each optimized structure are performed 
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at the same level of theory. No imaginary frequency is found for the lowest energy 

configurations of any of the optimized structures. Unscaled thermal corrections to enthalpy 

are added to the total energy values. The BDEs for the generation of the respective radicals 

from the parent compounds are calculated by the formula BDE = H298(AO•) + ET(H•) - 

H298(AOH) where H298(AO•) and H298(AOH) are enthalpies calculated at 298 K for radical 

species AO• and neutral molecule AOH, respectively, and ET(H•) (calculated total energy of 

H•) is -313.93 kcal mol-1. PyMOL molecular graphics system is used for generation of the 

molecular graphics images [29]. 

 

 

Figure 3. BDEs of selected coumarins. 

Rotamers with intramolecular hydrogen bonds (where exist) are considered for all 

compounds studied. The optimized geometries of selected antioxidants are presented in 

Figures 3-5 along with the graphically presented BDEs for the hydrogen atom abstraction 

from the respective preferred rotamers. Only the lower/lowest BDE value for radical 

formation is indicated for the bi-/polyphenolic antioxidants.  

 

 

Coumarins 
 

They are characterized by BDE values in the range 73.27÷82.82 kcal mol-1. The lowest 

and the highest BDE values belong to C2 and C1, respectively. C2 and C6 have OH-groups 

attached to adjacent C-atoms (vicinal hydroxy groups). The formation of intramolecular 

hydrogen bonds with the adjacent OH-group and subsequent stabilization of corresponding 

radicals is responsible for the low BDE values calculated for C2, while for C6 the hydrogen 

atom abstraction is hampered by the participation of the OH- hydrogen in an intramolecular 

hydrogen bond with the pyrone ring O-atom. C5 (monophenolic) and C6 (biphenolic) do not 

differ in their BDEs due to the same effect (77.63 and 77.84 kcal mol-1). The glycoside 
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fragment in the structures of C8 and C9 affects in a different manner the hydrogen atom 

abstraction. C8 has lower BDE (75.48 kcal mol-1) than the methoxy substituted C5 (77.63 

kcal mol-1), while C9 value is equal to the C6 one (77.84 kcal mol-1). 

  

 

Methylcoumarins 
 

The BDE values fall in wide range - from 62.22 kcal mol-1 (MC5) to 82.55 kcal mol-1 

(MC1). Compounds having amino group(s) are characterized with low BDEs, as the effect of 

the amino groups is cumulative. A strong vicinal hydroxyl group effect can be observed in 

MC3 and MC4 (in comparison to MC1 and MC2, e.g). CF3 group in position 4 results in a 

higher value (78.24 kcal mol-1) than the calculated for MC4 (4-methyl substituted) (77.76 

kcal mol-1) one.  

The CH2COOC2H5/(CH2)2COOC2H5 substitution in position 3 does not affect 

significantly BDEs and compounds MC2a, MC2b, MC3a, MC3b, MC4a and MC4b have 

similar BDEs to the unsubstituted in this position ones. 

 

 

Hydroxycoumarins 
 

The parent 4-hydroxycoumarin (HC) has the highest BDE value in this group (84.62 kcal 

mol-1). The substitution in position 6 does not affect significantly the hydrogen atom 

abstraction, while the substitution in position 3 results in structures with lower BDEs (HC2, 

HC5, HC8, HC9, HC12, and HC13). HC8 is characterized by the lowest BDE value in this 

group.  

 

 

Figure 4. BDEs of selected 4-methylcoumarins. 

Complimentary Contributor Copy



Vessela D. Kancheva, Silvia E. Angelova and Adriana K. Slavova-Kazakova 220 

Biscoumarins 
 

BC1 has a very low BDE value (70.74 kcal mol-1) for hydrogen abstraction from p-OH 

group of the benzene ring due to the strong vicinal hydroxyl group effect. BDE of BC2 (with 

OH group situated between two methoxy groups) is much higher - 76.06 kcal mol-1, but this 

value is of order of the lowest BDE value calculated for the hydroxyl-coumarins – HC8 

(76.05 kcal mol-1). 

The effects of the substitution in the both coumarin rings can be summarized as follows: 

 

1) Effect of substitution in ring A of the coumarin ring: a second vicinal OH group 

decreases BDE (C2/C1), a methoxy group introduction has weaker effect (C5/C1). A 

glycoside fragment can affect in different manner the hydrogen atom abstraction 

depending on the position (C8 and C9 structures). Compounds having amino 

group(s) in ring A are characterized with low BDEs, as the effect of the amino 

groups is cumulative (MC5÷MC7). The introduction of a chlorine atom in position 6 

(HC13) is not favorable for hydrogen atom abstraction. 

2) Effect of substitution in ring B of the coumarin ring: methyl group in position 4 does 

not change BDE (MC1/C1). CF3 group in position 4 results in a higher value than the 

calculated for 4-methyl substituted coumarin. The CH2COOC2H5/ (CH2)2COOC2H5 

substitution in position 3 does not affect significantly BDEs, but the substitution in 

position 3 with unsubstituted/substituted benzene ring results in structures with lower 

BDEs (4-hydroxycoumarins).  

 

 

Figure 5. BDEs of selected 4-hydroxycoumarins. 
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4. RADICAL SCAVENGING ACTIVITY RELATIONSHIP 
 

Different authors [12, 24, 30-32] reported data on the interaction of a series of coumarins 

with reactive oxygen species, scavenging of superoxide, hypochlorous acid and hydroxyl 

radicals. 

 

 

4.1. DPPH Radical Test 
 

One of the most popular rapid DPPH• test is applied [33-36]. This approach gives 

information about the H atom abstraction from the phenolic O-H group of studied compounds 

(АOН): AOH + DPPH• → DPPH-H + AO•; AO• + DPPH• → inactive product. Reaction time 

is one of the most important criterion in this reaction. For that reason is of main importance 

the full kinetics of DPPH radical absorbance over the reaction time to be followed instead of 

determination of RSA only for some specified times [36, 37]. Furthermore, it has been proven 

by Goupy et al. [35] that only during the first 10 seconds the reaction between AOH and 

DPPH radicals is of first order. Kancheva et al. [37] also proved that the following of the full 

kinetics of reaction between DPPH radical and antioxidant tested has some advantages: a) 

gives possibility to get some information about the mechanism of RSA of studied 

compounds, b) to find the stoihiometry of the reaction, and c) to find the rate constant of the 

first order reaction from the kinetic curves. 

 

4.1.1. Qualitative TLC DPPH Radical Rapid Test  

This rapid TLC DPPH test gives only information about compounds which are active (or 

not) against DPPH radical. For that reason it is very suitable for a fast separation of a large 

group of new compounds into two main groups – active and inactive [32, 38] ones. As we 

mention above the reaction time is one of the most important criterion in this rapid test, 

another is the concentration of compounds under study (i.e., ratio [AOH]/[DPPH]). In this 

case we can also obtain information about the effect of the solvent (methanol and acetone) on 

the RSA capacity of the tested compounds. Finally we are able to get more precise 

preliminary information about the RSA capacity of the tested compounds and to separate 

them in the following groups: with strong activity (+++); with moderate activity (++), with 

weak activity (+) and with no activity (-). This separation is based on the intensity of white-

yellowish spots on the purple background of DPPH radical solution on TLC plates. For 

experimental details please see Refs. [32, 37, 38]. 

 

 

Structure-Radical Scavenging Activity Relationship 

 

Hydroxycoumarins 

Kancheva et al. [38] obtained for the first time data about radical scavenging capacity of 

4-hydroxycoumarin (HC) and biscoumarins towards DPPH radical. HC showed no capacity 

to scavenge DPPH radical (-). BC1 and BC2 are active radical scavengers. They showed 

white-yellowish spots on the purple background immediately (+++ BC1) and 10 min (++ 

BC2) after spraying the DPPH radical solution. The rest of biscoumarins were not able to 
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scavenge DPPH radical even after 10 min, i.e., they are not active (-). For details please see 

Ref. [38].  

 

Methylcoumarins 

Raj et al. [4] reported data about strong RSA of 7,8-dihydroxy- and of 7,8-diacetoxy-4-

methyl coumarins towards DPPH radical. This result was unexpected, because 7,8-diacetoxy-

derivatives have no free OH groups and thus they are not able to scavenge DPPH radical by 

the reactions AOH + DPPH• → DPPH-H + AO•; AO• + DPPH• → inactive product. For that 

reason we checked RSA of 7,8-diacetoxy-derivatives (MC4’, MC4a’, MC4b’) together with 

other 4-methylcoumarins (MC2-MC4) as well as C2* by using TLC DPPH rapid test [32]. 

Raj et al. [4] have used methanol as solvent and they observed that the DPPH radical 

absorbance decreases significantly after 30 min reaction time. Our experimental results [32] 

illustrated that immediately after spraying the DPPH radical in methanol (used as a solvent) 

only ortho-dihydroxy coumarin derivatives with free OH groups (C2*, MC3, MC4, MC4a) 

show white-yellowish spots, indicating their strong capacity to scavenge DPPH radical (+++). 

Surprisingly, after 10 min reaction time, 5,7-dihydroxy-4-methylcoumarin (MC2) together 

with 7,8-diacetoxy coumarin derivatives (MC4’, MC4a’) showed also the white-yellowish 

spots. This result could be explained for the MC2, having two OH groups in meta position 

(5,7), and thus with a weaker RSA than MC3 and MC4 with ortho position of their OH 

groups. The explanation of the appearance of white spots for 7,8-diacetoxy coumarin 

derivatives (MC4’, MC4a’, MC4b’) is probably a result of some hydrolysis in methanol of 

the two acetoxy groups to the corresponding two free ortho phenolic OH groups. We have 

checked our hypothesis on the possible hydrolysis in methanol solution by TLC DPPH rapid 

test using acetone as a solvent. The results obtained in acetone proved our hypothesis, as 

diacetoxy derivatives (MC4’, MC4a’, MC4b’) did not react with DPPH radical in acetone 

solution, because the hydrolysis of diacethoxy groups in acetone solution is not possible [32]. 

Raj et al. [4] observed the activity of diacetoxy-coumarins towards DPPH radical in methanol 

solution after 30 min reaction time. Obviously, after that time not diacetoxy-, but dihydroxy-

methylcoumarins react with DPPH radical and thus a decrease of its absorbance had been 

observed.  

The main conclusions from this study are: i) we must remember that only compounds 

with free OH groups are able to scavenge DPPH radical and must be very careful when 

unexpected results with DPPH test are obtained, ii) it is more correct to use acetone as a 

solvent for DPPH radical, because it is stable for a longer time in acetone, compared to 

methanol or ethanol, according to Yordanov [39], and it is not possible to get wrong results 

for the RSA of tested compounds; the reaction time is of great importance for the reaction 

with DPPH radical, for that reason it is much better to collect data for different reaction time, 

i.e., to follow the kinetics of the reaction.  

 

4.1.2. Quantitative UV-Vis DPPH Radical Study  

We followed full kinetics of DPPH• absorbance decrease for a quantitative determination 

of RSA at the ratio [AOH]/[DPPH•] = 0.4 mol/mol at physiological temperature (37оС) and 

monitored it on Perkin Elmer Lambda 16 UV-Vis spectrophotometer, equipped with a 

HAAKE FE 2 thermostat (precision 1oC). For experimental details please see Refs. [30, 37]. 

We used acetone as a solvent for DPPH• according to recommendation of Yordanov [39]. The 

main kinetic parameters of RSA of AOH were determined.  
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Table 1. Experimental (radical scavenging and antioxidant activities) and theoretical 

data of coumatins under study 

 

Abbr. Radical Scavenging 

Activity 

Antioxidant Activity Theoretical descriptor 

 DPPH Ref. PF ID Ref. BDE Ref. 

Methyl coumarins 

MC1 Weak RSA  No AOA    

 RSA=2.2% [30] 1.0 1.0 [32,30] 82.55 [30] 

 SC50 > 750 [31] 1.0 1.0 [32] 82.57 (acetone) [30] 

 SC50 =7450 [12]      

 TLC DPPH 

(+) 

[32] Prooxidant AAPH 

LDL 

[55]   

MC2 Weak RSA  Weak AOA    

 RSA=3.0% [30] 1.2 1.1 [32,30] 81.96  [30] 

 SC50 > 750 [31] 3.4 4.3 [32] 82.67 (acetone) [30] 

 TLC DPPH 

(+) 

[32]    84.19(7), 81.07(5) [42] 

MC3 Moderate RSA  Strong AOA    

 RSA =17.3% [30] 4.7 16.9 [32,30] 73.38  [30] 

 SC50 = 74.7 [31] 7.0 56.0 [32] 74.65 (acetone) [30] 

 SC50 = 431.2 [12] AAPH LDL (3.67) [31] 71.73(7), 72.08(8) [42] 

 TLC DPPH 

(+++) 

[32]      

MC4 Strong RSA  Moderate AOA    

 RSA =41.9% [30] 1.3 1.3 [32,30] 77.76 [30] 

 SC50 = 24.9 [31] 4.9 7.0 [32] 77.54 (acetone) [30] 

 TLC DPPH 

(+++) 

[32] Antioxidant LDL [55] 73.07(7), 77.21(8) [42] 

   AAPH LDL (2.98) [31]   

MC2a Weak RSA  Weak AOA    

 TLC DPPH 

(+) 

[30] 1.1  [30] 81.32  [30] 

 SC50 > 750 [31]    82.22 (acetone) [30] 

MC2b Weak RSA  Weak AOA    

 RSA = 3.0% [30] 1.1  [30] 81.09  [30] 

 SC50 > 750 [31]    81.60 (acetone) [30] 

 TLC DPPH 

(+) 

[30]      

MC3a Moderate RSA     72.84 [30] 

 TLC DPPH 

(++) 

    74.10 (acetone) [30] 

MC3b Moderate RSA  Strong AOA  72.74  [30] 

 RSA = 21.2% [30] 3.4  [30] 74.38 (acetone) [30] 

MC4a Strong RSA  Moderate AOA    

 TLC DPPH 

(+++) 

[32] 1.5 5.6 [32,30] 77.79  [30] 

 SC50 > 750 [31] 5.4 6.2 [32] 75.14 (acetone) [30] 

 SC50 = 423 [12] AAPH LDL (7.53) [31]   

MC4b Strong RSA  Moderate AOA    

 RSA = 64.2% [30] 1.4 1.3 [32,30] 77.25  [30] 

 SC50 = 27.0 [31] 6.8 14.0 [32] 75.15 (acetone) [30] 

 SC50 = 357.6 [12] AAPH LDL (1.14) [31]   

Methylcoumarins 

MC4’ No RSA  No/Weak AOA    
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Table1. (Continued) 

 

Abbr. Radical Scavenging 

Activity 

Antioxidant Activity Theoretical descriptor 

 TLC DPPH (-)  [32] 1.0 1.0 [32] No free OH groups  

   1.3 1.6 [32,30]   

   Antioxidant LMS [31]   

MC4a’ No RSA  No AOA    

 TLC DPPH (-) [32] 1.0 1.0 [32] No free OH groups  

 SC50 = 517.2 [31] 1.1 1.0 [32,30]   

 SC50 = 4 611.0 [12]      

MC4b’ Moderate RSA  No /Weak AOA    

 RSA =17.3% [30] 1.0 1.1 [32] No free OH groups  

 SC50 = 74.7 [31] 3.1 2.9 [32,30]   

 SC50 = 431.2 [12]      

 TLC DPPH (+++) [32]      

Coumarins, 4-Hydroxycoumarins and Biscoumarins 

C1 SC50 > 750   [31]   AAPH 

LDL 

[31] 82.82  [tw] 

      83.88  [42] 

C2 SC50 > 750  [31] Strong AOA  [54] 73.27  [tw] 

 IC50 = 17.8  [40] AAPH LDL (10.35) [31]   

 RSA C2 > RSA 

BHT  

[40] AAPH LDL (15.8) [12]   

C3 SC50 = 20.6  [12]    -  

      73.24(7),77.31(8) [42] 

C5 SC50 > 750  [31] Moderate/Strong 

AOA 

[54] 77.03  [tw] 

   LDL AAPH (93.5) [12] 82.72  [42]  

C6 SC50 = 39.9  [12]    77.84  [tw] 

 IC50 = 44.1  [40]      

 RSA C6 > RSA 

BHT  

[40]      

C7 SC50 > 750  [31] Weak AOA  No free OH group  

   Lower AOA than C5  [54]   

C8 SC50 > 200  [12] Weak AOA  75.48  [tw] 

 IC50 = 3763  [40] Lower AOA than C2  [54]   

C9 SC50 > 200   [12] Weak AOA  77.84  [tw] 

 IC50 = 496  [40] Lower AOA than C6  [54]   

HC SC50 > 750  [31] No /Weak AOA   84.62  [tw] 

 TLC DPPH (-)  [38] 1.0 1.0 [38]   

   1.5 2.1 [38]   

BC1 TLC DPPH (+++)  [38] 5.1/7.5 25.4/30 [38] 70.74 [tw] 

BC2 TLC DPPH (+++)  [38] 1.7/8.1 3.1/10 [38] 76.06 [tw] 

 

Radical scavenging activity %RSA: %RSA = (Abs0 – Abst/Abs0) х100, % where: Abs – is 

the absorbance of DPPH• in acetone solution at 517 nm for different reaction times: t = 0 as 

well as for t = 2 and t = 20 min (fast and total kinetics).  

The total stoichiometry ntot i.e., the number of free radicals scavenged by one molecule of 

AOH for t = 20 min was calculated according to Goupy et al. [35]: ntot = (Abs0-Abst)/ε[AOH]. 

Filipski et al. [24] summarized and analyzed the RSA of series of coumarin derivatives 

toward DPPH and other radicals, published in Refs. [12, 31].  
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Table 1 presents the quantitative RSA for selected coumarins in this study (tw), reported 

as %RSA by Angelova et al. [30], as SC50 by Rehakova et al. [31] and by Morabito et al. [12], 

as well as quantitative RSA determined by TLC DPPH rapid test by Kancheva et al. [32, 38].  

 

 

Structure-Radical Scavenging Activity Relationship 

 

RSA of Selected Coumarins  

Wu et al. [40] obtained that esculetin (C2) and fraxetin (C6) have good radical-

scavenging capacities, and esculetin (C2) is the best against DPPH radical. Moreover, 

esculetin (C2) and fraxetin (C6) manifest selective scavenging activity towards hydroxyl 

radicals and hydrogen peroxide, and this potencial is higher than that of known antioxidants 

and equal to that of quercetin in scavenging hydrogen peroxide. 

Both esculetin (C2) and 4-methylesculetin (MC3) (with catecholic moieties on the 

benzene rings) are effective radical scavengers [41]. The methoxy-substituted compound 

scopoletin (C5) exhibits lower effectiveness in scavenging radicals compared to esculetin 

(C2). The authors explained this fact by the resonance structures of the radicals derived from 

esculetin (C2) and 4-methylesculetin (MC3), which are especially stable because of the ortho-

quinone form of the resonance structure. There is a greater number of resonance structures in 

esculetin and 4-methylesculetin than in the other tested coumarins [41]. 

 

RSA of Selected Methylcoumarins 

The results confirm that the position of both OH groups strongly affects the radical 

scavenging activity of the dihydroxy-4-methylcoumarins [30, 32, 38]. The ortho-OH 

substituted coumarins (groups MC3 and MC4) show stronger RSA than the meta-OH 

substituted analogs (group MC2). This is expected and can be explained by the increased 

stability of the semiquinone radicals formed from coumarins of groups MC3 and MC4. 

However, a comparison of both ortho-substituted coumarins demonstrates different RSA - 

dihydroxycoumarins from group MC4 are more efficient as radical scavengers than those of 

group MC3. This result can be explained with the higher capacity of the coumarins from 

group MC4 to form intramolecular hydrogen bonds, which protect the OH groups against 

formation of strong intermolecular hydrogen bonds with the solvent (acetone) molecules and 

thus to preserve the ability of dihydroxycoumarins from group MC4 for H atom abstraction 

[42]. This hypothesis is confirmed by the calculated BDEs of the OH groups in the solvent 

acetone for both dihydroxy-coumarins - from group MC3 and MC4 compounds, presented in 

the Table 1. 

 

 

5. LIPID AUTOXIDATION AND PEROXIDATION 
 

 

5.1. Homogeneous Bulk Phase Lipid Autoxidation 
 

Lipid samples. Triacylglycerols of commercially available sunflower oil (TGSO) are 

cleaned from pro- and antioxidants by adsorption chromatography and stored under nitrogen 
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at -20°C. Fatty acid composition of the lipid substrate is determined by GC analysis of the 

methyl esters of the total fatty acids obtained as described previously [43-45]. Lipid samples 

containing various inhibitors are prepared directly before use. Aliquots of the antioxidant 

solutions in purified acetone are added to the lipid sample. Solvents are removed under a 

nitrogen flow.  

Lipid autoxidation. The process is carried out at 80 oC (± 0.2 °C) by blowing air (2.0 ml, 

at a rate of 100 ml min-1) through the samples in special vessels. The process is monitored by 

withdrawing samples at measured time intervals and subjecting them to iodometric 

determination of the primary products (hydroxyperoxides, LOOH) concentration, i.e., the 

peroxide value (PV). All kinetic data are calculated as the mean result of two independent 

experiments and are processed using the computer programs Origin Pro 8 and Microsoft 

Excel 2010. More details about experimental procedures are given in Refs. [32, 37, 38]. 

Lipid substrate (kinetically pure triacylglycerols of sunflower oil, TGSO) are mixture of 

different types fatty acids glycerol esters, but only those fatty acids with pentadiene (-CH = 

CH-CH2-CH = CH-) structures are vulnerable to oxidation by atmospheric oxygen [32, 37, 

38]. Phenolic antioxidants inhibit or retard lipid oxidation by interfering with either chain 

propagation or initiation by readily donating hydrogen atoms to lipid peroxide radicals. The 

mechanism of lipid autoxidation in homogeneous solutions under sufficient oxygen pressure 

can be presented by the following reactions: for the non-inhibited lipid oxidation (in absence 

of antioxidant) and for the inhibited lipid oxidation (in presence of monophenolic AOH and 

biphenolic Q(OH)2 antioxidants). The process under consideration may be described by the 

basic kinetic scheme of lipid autoxidation suggested for the chain peroxidation inhibited by 

antioxidants. 

It has been proven [46-48] that the efficiency of the antioxidant is generally based on the 

balance between the rate of inhibition reaction (kA) and the transfer reaction (k-A) and (kp’). 

 

Kinetics and Mechanism of Homogeneous Lipid Autoxidation in Presence of Selected 

Methyl-Coumarins 

We started first with studying the structure-activity relationship of small part of 

methylcoumarins (nine compounds), all of them synthesized at University of Delhi, India, as 

has been previously reported [32]. These compounds are: MC1÷MC4, MC4a, MC4’, MC4a’, 

MC4b’. It must be noted that all selected coumarins are synthetic compounds. 6,7-Dihydroxy-

coumarin (C2*) is a synthetic analog of the natural esculetin (C2). 

We observed that not only the number, but also the position of OH groups in the 

coumarin A ring is of great importance for their chain-breaking antioxidant activity. Our 

results also confirm data of Foti et al. [49] and other authors [50] that the catecholic moiety in 

the structure of coumarins is the key factor for their high antioxidant potential. The main 

conclusion from our comparative study is that the substitutions in ring A is of importance for 

the antioxidant potential, and the substitutions in ring B - for the biological activity and the 

latest do not influence significantly the antioxidant properties. The results demonstrate that 

the 6,7-dihydroxy-derivatives are the strongest chain-breaking antioxidants, followed by 7,8-

dihydroxy derivatives, showing only a moderate activity. The 5,7-dihydroxy – as well as 7-

monohydroxy coumarins are not efficient chain-breaking antioxidants.  

We proved also that 7,8-diacetoxy-coumarin derivatives (MC4’, MC4a’, MC4b’) are not 

chain-breaking antioxidants. This result is expectable, because these coumarin derivatives 
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have no free OH groups and during the homogeneous lipid autoxidation they are not able to 

trap lipid peroxide radicals and thus to inhibit the lipid autoxidation process [32]. 

 

Basic kinetic scheme of homogeneous bulk phase lipid  

autoxidation in absence and in presence of antioxidant  

 

Non-inhibited lipid (LH) autoxidation (in absence of an antioxidant) 

Chain generation      LH + O2 (Y)  LO2
•    

   (RIN) 

Chain propagation    LO2
• + LH (+O2)LOOH + LO2

•   

  (kp) 

Chain termination    LO2
• + LO2

•  Product   

    (2kt) 

Chain branching 1    LOOH (+O2)  1 LO2
• + P1    

  (kb1) 

Chain branching 2    LOOH + LH (+O2)  2 LO2
• + P2   

 (kb2) 

Chain branching 3    LOOH + LOOH (+O2)  3 LO2
• + P3   

 (kb3) 

Inhibited autoxidation - in presence of a biphenolic antioxidant Q(OH)2  

Inhibition 1 (HAT) key reaction    LO2
• + Q(OH)2  LOOH + Q(OH)O•  (kA) 

Inhibition 2 (Cross-dissproportionation)  LO2
• + Q(OH)O•  LOOH + Q(O)2  (kA’) 

Inhibition 3 (Homo-recombination)   2Q(OH)O•  Dimers    

 (kR) 

Inhibition 4 (Homo-dissproportionation)  2Q(OH)O•  Q(OH)2 + Q(O)2   (kD) 

Inhibited autoxidation - in presence of a monophenolic antioxidant AOH  

Inhibition 1 (HAT) key reaction    LO2
• + AOH  LOOH + AO• 

  (kA) 

Inhibition 2 (Cross-recombination)   LO2
• + AO•  PA    

  (kA’) 

Inhibition 3 (Homo-recombination)   2AO•  Dimers     

 (kR) 

Side reactions of monophenolic antioxidants (AOH) 

Reverse inhibition key reaction     AO• + LOOH  LO2
• + AOH  

  (k-A) 

Additional propagation reaction     AO• + LH (+O2)  AOH + 5LO2
•   (kp’)  

Quinolide (QP) peroxide formation   2AO• + O2  QP     

 (kQP) 

Quinolide peroxide decomposition    QP (+LH + O2)  6LO2
• + P4   (k’QP) 

Additional chain branching    AOH + LOOH (+O2)  7LO2
• + P5   (kb4) 

Oxidation rates 

Rate of non-inhibited oxidation (R0)  R0 = kp [LH](RIN/kt)0.5 

Rate of inhibited oxidation by AOH (RA)  RA = kp[LH]RIN/nkA[AOH]0 

Rate of inhibited oxidation by Q(OH)2 (RA)  RA = kp[LH]RIN/nkA[Q(OH)2]0 

Oxidation chain length (0) and (A) 

Chain length of non-inhibited oxidation (0)  0= R0/RIN 

Chain length of inhibited oxidation (A)  A= RA/RIN 

Inhibition degree (ID)  ID = R0/RA = 0/A 

Abbreviations in the kinetic scheme: LH-lipid molecule, LOOH-lipid hydroperoxides,  is the yield of 

lipid peroxide radicals (LO2
•) formation during the chain branching reaction; n is the stoihiometry 

of the reaction between antioxidant and LO2
•, i.e., how many radicals were trapped by one 

molecule of antioxidant, AOH monophenolic antioxidant, Pi are the reaction inactive products, 

Q(OH)O• - semiquinone radicals, Q(O)2 - ortho-quinones, AO• -phenoxyl radicals, QP – quinolide 

peroxides, ki – rate constasnts of the corresponding reactions, RIN – rate of initiation. 
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To prove our conclusion about the effect of substitutions in rings A and B in the 

coumarin structure, we selected and studied later a larger set of synthesized 4-

methylcoumarin derivatives (combination of new and previously studied by us) – MC1, MC2, 

MC2a, MC2b, MC3, MC3a, MC3b, MC4, MC4a, MC4b, MC4’, MC4a’, MC4b’ and one 

coumarin derivative C2*(for structures see Figure 2). The results obtained fully confirmed 

our previous conclusion, that only substitutions in ring A are responsible for the antioxidant 

potential of the studied set of 4-methylcoumarins; and the substitutions in ring B are not of 

significance. At the beginning we did not have compounds MC1a, MC1b and MC3a and for 

that reason we started only with theoretical study. On the basis of our previous observation 

and new data from the theoretical study, we expected, that the substituted at position 3 

coumarins (MC1a, MC1b and MC3a) will possess the same chain-breaking antioxidant 

activity as their analogs without substitutuent at position 3. Experimental results for these 

coumarins confirmed again this conclusion. 

The most important result from this study is the possibility to design new bioantioxidants 

with expected activity on the basis of the structure-activity relationship.  

The main kinetic parameters of the studied methyl-coumarins: protection factor (PF) and 

inhibition degree (ID) for two concentrations 0.1 and 1.0 mM are presented in Table 1. 

 

Comparison of the Radical Scavenging Activity and Chain-Breaking Antioxidant 

Activity of Selected 4-Methyl Coumarins 

The differences in the mechanisms of action of 4-methylcoumarins as radical scavengers 

and as chain breaking antioxidants can be explained by the following peculiarities of both 

approaches: 

 

 In presence of acetone as solvent during the DPPH radical test various complexes 

can be formed with the solvent molecules depending on the number and positions of 

the OH groups in the ring A of the studied coumarins.  

 The chain-breaking antioxidant activity of the coumarins under study is tested during 

homogeneous bulk phase lipid autoxidation, i.e., in absence of solvent.  

 

In case of 7,8-dihydroxy-4-methyl-coumarins of group MC4, the solvent (acetone) is not 

able to block the H atoms from 8-OH and 7-OH by forming stable intermolecular H bonds 

with OH groups because of their stronger intramolecular H bonds. As a result, these 

methylcoumarins are not significantly affected by the solvent. This hypothesis is confirmed 

by the theoretical data obtained after structural modeling of complexes between MC4 (resp. 

MC4b) and acetone molecules.  

In case of 6,7-disubstituted coumarins (MC3 and MC3b), the intramolecular H bond is 

possible only with 6-OH group and the solvent can form strong intermolecular H bond 

through the 7-OH group. As a result, complexes between coumarins from this group and 

acetone are formed. The latest explains the weaker radical scavenging activity of group MC3 

compared to the RSA of the coumarins from group MC4. 

In case of 7-hydroxy- and 5,7-dihydroxy-substituted coumarins (MC1 and MC2), their 

OH groups are free and can be trapped in the complexes much easily. As a result, their 

potential to scavenge free radicals significantly decreases in presence in acetone as a solvent.  
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In contrast to the radical scavenging activity, the chain breaking antioxidant activity 

depends not only on the ability of the studied coumarins to abstract H atom from OH group 

and to scavenge lipid peroxide radicals, but also on the resonance stability of their phenoxyl 

or semiquinone radicals formed. 7,8-Dihydroxy coumarins have strong intramolecular H 

bonds, which increase the stability of the coumarin molecules. For that reason their 

antioxidant potential depends on the H atom abstraction, which is hampered by the stable 

intramolecular H bonds. As a result, their antioxidant activity is moderate and weaker 

compared to that of 6,7-dihydroxy-coumarins. The semiquinone radicals formed are stabilized 

by the intramolecular H bond. The latest reduces significantly the level of the possible side 

reactions of radicals formed, which can decrease inhibiting of lipid autoxidation. The initial 

molecules of 6,7- and 7,8-dihydroxy-4-methylcoumarins can be regenerated during the lipid 

autoxidation process by homo-dissproportionation reaction of semiquinone radicals (see the 

Basic kinetic scheme of homogeneous lipid autoxidation). These results are in good 

agreement with theoretical data, indicating that 6,7-ortho-dihydroxy-coumarins have lower 

BDEs for H atom abstraction in comparison to the 7,8-ortho-dihydroxy-coumarins.  

There are some peculiarities in case of meta-dihydroxycoumarins and mono-

hydroxycoumarin which reflect on their reaction mechanisms. First, they are not subject to 

regeneration during the lipid oxidation process and they form inactive compounds by homo-

recombination reaction of the phenoxyl radicals. Second, their phenoxyl radicals are without 

steric hindrance and as a result they have a higher reactivity, i.e., a high level of side reactions 

(especially reactions of AOH or AO with LOOH and of AO with LH). 

 

Summary 

It has been found that the ortho-dihydroxy substituted coumarins demonstrate excellent 

properties as chain breaking antioxidants and free radical scavengers. Their activity is much 

higher than that of meta-dihydroxy substituted analogs. The substitution in position 3 does 

not change significantly the antioxidant and antiradical capacity of the studied 6,7-dihydroxy-

, 7,8-dihydroxy- and 7,8-diacetoxy-4-methylcoumarins.  

 

Kinetics and Mechanism of Homogeneous Lipid Autoxidation in Presence of Selected 

4-Hydroxycoumarins and Biscoumarins 

 

Structure-Antioxidant Activity Relationship 

It has been found that 4-hydroxy-coumarin (HC) is not able to increase the lipid oxidation 

stability and thus, it is not a chain-breaking antioxidant. However, this compound has been 

used as a target molecule (molecular template) for the synthesis of new series of coumarin 

analogs with better antioxidant potential [6]. It is known that these derivatives manifest 

predominantly anti-coagulant and anti-inflammatory activity [6]. 

 

Effect of Substitution in the Phenolic Ring 

Interesting experimental data are reported by Kancheva et al. [38], indicating that only 

compounds BC1 (with a catecholic moiety in the phenolic ring) and BC2 (with two ortho-

methoxy groups to the phenolic OH group) increase the oxidation stability of lipid sample, 

i.e., they are chain-breaking antioxidants (for the structures of BC1 and BC2, please see 

Figure 2). BC1 with a catecholic structure in the aromatic ring shows the strongest 
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antioxidant potential due to the different mechanism of action of compounds with a catecholic 

structure. Such kind of compounds can be regenerated in reaction of homo-

dissproportionation of semiquinone radicals during the oxidation process (See the Basic 

kinetic scheme) [51-53]. The latest strongly increases their efficiency and reactivity as chain-

breaking antioxidants. BC2 shows a moderate antioxidant activity. All other biscoumarins do 

not have any capacity as antioxidants. For experimental details please, see Ref.38. 

 

Kinetics and Mechanism of Action of Inhibited Homogeneous Lipid Autoxidation in 

Presence of Selected Coumarins 

Marinova et al. [54] tested extracts containing the following coumarins: esculetin (C2), 

fraxetin (C6), esculin (C8) and fraxin (C9) during homogeneous lipid autoxidation of two 

lipid systems: triglycerides of lard (TGL) and of triglycerides of sunflower oil (TGSO), at 

100oC and at higher concentrations that of our experiments with 4-methylcoumarins. So, it is 

difficult to compare their to our results. It has been found that the chain-breaking antioxidant 

activity of esculetin (C2) and fraxetin (C6) is higher than that of their corresponding 

glucosides fraxin (C9) and esculin (C8) and is similar to that of caffeic acid.  

 

Summary 

These results are in agreement with the theory of the inhibited lipid oxidation, i.e., that 

the substitution in the phenolic ring is of significance for the antioxidant capacity of the 

compounds. Evidently, only compounds with free phenolic groups in their aromatic rings are 

able to scavenge free radicals and to shorten the lipid oxidation chain length. In the opposite 

case, when there are no free phenolic groups in the aromatic nucleus, the OH groups from the 

4-hydroxybiscoumarin moieties have no capacity as radical scavengers or antioxidants. 

 

 

5.2. Kinetics and Mechanism of Lipid Peroxidation of Low-Density 

Lipoprotein (LDL) 
 

The antioxidant and prooxidant activity of 4-methylcoumarin (MC), 7-hydroxy-4-

methylcoumarin (MC1) and 7,8-dihydroxy-4-methylcoumarin (MC4), respectively, in the 

peroxidation of human low-density lipoprotein (LDL) has been studied [55]. The reaction 

kinetics was monitored by the uptake of oxygen and the depletion of alpha-tocopherol (TOH) 

present in the native LDL. Kinetic analyses of the peroxidation process demonstrate that MC4 

is a good antioxidant for the AAPH-initiated (water-soluble initiator) LDL peroxidation. At 

the same experimental conditions MC and MC1 are prooxidants. The antioxidant action of the 

coumarin derivatives may include trapping of the initiating radicals, trapping of the 

propagating lipid peroxyl radicals, recyclation of TOH. 

TOH, the main component and the most active form of Vitamin E, is the major 

endogenous lipid-soluble, chain-breaking antioxidant in human plasma [56] and LDL [57]. 

Other authors [58, 59] have pointed out that TOH might become prooxidant via so-called 

tocopherol-mediated peroxidation (TPM) in LDL particles in the absence of other 

endogenous antioxidants such as ubiquinol-10 and vitamin C. It implies that TOH could act 

as an effective antioxidant in LDL only in case of co-existing reagents which can eliminate 

the tocopheroxyl radical (TO•) produced within LDL particles in the process of LDL 

Complimentary Contributor Copy



Kinetics and Mechanism of Inhibited Lipid Autoxidation … 231 

peroxidation. In case of LDL, the reaction of the phenol with TO• must be taken into account, 

since TOH is the major antioxidant component in native LDL and the tocopherol-mediated 

peroxidation plays a significant role in the LDL peroxidation [60].  

It has been proven by Barclay and Ingold [61, 62] that lipid peroxidation in model bio-

membranes follows the same classical rate law of autoxidation as that in homogeneous 

solutions, hence the peroxidation of LDL initiated by azo-compounds (r-N = N-r) can be 

presented by the following simplified scheme of initiated lipid oxidation: 

 

Initiation: 

r-N = N-r 2e r• +N2 +(1-e)r-r     (kd) 

r• + O2 rOO• 

rOO• + LH  rOOH + L•  

Propagation: 

L• + O2 LOO• 

LOO• + LH  LOOH + L•     

 (kp)  

Termination: 

2 LOO•  Molecular products     

 (2kt) 

 

where: kd, kp and kt are the rate constants for the decomposition of the initiator, for the chain 

propagation and termination, resp.; LH – represents a lipid molecule with an abstract able 

hydrogen, i.e., polyunsaturated fatty acids in LDL; and e is the efficiency of the initiator that 

designates the factor of the initiator effective in initiating the peroxidation due to the cage effect. 

 

In presence of an antioxidant molecule (AH), the peroxyl radical can be trapped and a 

new antioxidant radical A• produced. If A• is a stabilized radical (e.g., TO• or Vit. C radical 

anion) which can promote the rate-limiting hydrogen abstraction reaction  

 

LOO• + AH  LOOH + A•   (kA) 

 

and undergoes fast termination reaction 

 

LOO• + A•  LOOA (fast) 

 

the peroxidation will be inhibited. 

 

Liu et al. [55] demonstrated experimentally that TOH, that  

contributes >95% of endogenous antioxidants in native LDL, acts as a chain-breaking 

antioxidant. At the same time it was shown that MC produces an additional peroxidation 

chain and serves as a prooxidant due to its active allylic hydrogens, which can be abstracted 

easily by the initiating peroxyl radical to form MC•, which in turn, would initiate the 

peroxidation: 
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Scheme 1. Reaction mechanism of MC. 

The prooxidative effect of MC1 is much stronger than that of MC [55]. This is expected 

because the phenolic hydrogen in MC1 is also abstractable by either the initiating radical 

(rOO•) and/or the propagating radical (LOO•) to form a phenoxyl radical (MC1•). This 

phenoxyl radical can also propagate the peroxidation chain reaction by the reaction  

 

MC1• + LH  MC1 + L• 

 

The oxidation potential of MC is remarkably higher than that of TOH [61, 62], hence the 

phenoxyl radical might also oxidize TOH 

 

MC1• + TOH  MC1 + TO•  

 

leading to the fast decay of the latter and the shorter inhibition time. 

Bowry and co-workers [60, 63] have suggested tocopherol-mediated peroxidation (TMP) 

to explain the prooxidant effect of TOH in LDL, in which the TO• reacts with active biallylic 

methylene groups of polyunsaturated fatty acids (LH) to initiate the peroxidation: 

 

TO• + LH  TOH + L• 

 

Similarly, reaction MC• + LH  MC + L•, which produces an additional propagation 

reaction with rate constant kCMP, can be named coumarin-mediated peroxidation (CMP). Liu 

et al. [55] established kCMP = 0.05 and 0.27 M-1s-1 for MC and HMC, resp, indicating that 

MC1 is stronger prooxidant than TOH in LDL (kTMP = 0.1 M-1s-1 [60]. On the other hand, 

MC4 exhibits remarkable synergistic antioxidative effect with TOH in LDL, i.e., TO•, 

produced by trapping lipid peroxide radicals, is regenerated by MC4.  

 

ArOH + TO•  ArO• + TOH (kx)  

 

The antioxidant activity of MC4 is obviously due to its ortho-semiquinone, fairly stable 

and easily to be oxidized to form final product ortho-quinone: 
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Scheme 2. Synergistic effect of MC4 with TOH. 

Bowry and Stocker [60] have suggested that the rate of propagation in the presence of a 

co-antioxidant (HX) can be presented by Rp
+HX = kTMP[LH]{Ri[LDL]/kx[HX]}1/2, where kTMP

- 

is the rate constant for the TMP, kTMP = 0.1 M-1s-1 in LDL; kx - is the rate constant for TOH 

regeneration. The kx value for MC4 is calculated to be 2.7x103 M-1s-1, which is comparable 

with the effective rate constant for the reaction of TO•, in micellar dispersions (3x103 M-1s-1) 

[55].  

 

Summary 

The antioxidant and /or prooxidant activities of coumarin derivatives in LDL depend not 

only on their molecular structure, but also on the initiation conditions. MC4 is a good 

antioxidant, and MC and MC1 are prooxidants for AAPH-initiated LDL peroxidation. The 

antioxidant action of the coumarin derivatives in LDL may include trapping of the initiating 

radicals, trapping of the propagating lipid peroxyl radicals or recycling TOH. 

Bubols et al. have reported in review [64] that the higher efficacy of MC4 in LDL 

oxidation experiments could also be linked to the capacity of this compound to act 

synergistically with alpha-tocopherol, as has been suggested by Liu et al. [55]. Additionally, 

MC2 showed a weak antioxidant activity and it was prooxidant in the copper-catalyzed LDL 

oxidation. As the antioxidant/prooxidant activity of MC2 in LDL depends on the initiation 

conditions, in presence of copper the MC2 could donate electron for redox cycling of the 

metal, promoting Fenton-type reaction and subsequently resulting in lipid peroxidation. In the 

same study the tested 7,8-dihydroxycoumarins show a very high capacity to scavenge peroxyl 

radicals (5 to 8 times higher than Trolox) [65]. 

Structure-activity relationship studies show that among ortho-substituted phenyl 

derivatives the highest antioxidant activity has been observed in compounds whose 

substituents possess the highest lipophilicity and lowest electron withdrawing power [66]. 

This result is due to the fact that the most lipophilic coumarins are expected to present higher 

retention in the body. Although an increased lipophilicity and retention for these compounds 

have been shown to increase the antioxidant activity, there is no information whether these 

specific molecules could also lead to a greater action of cytochrome P-450 and formation of 

coumarin 3,4-epoxide intermediates, which are well known to induce liver damage [67]. 

Therefore, a careful evaluation of a possible liver damage should be conducted for novel 
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antioxidant coumarins. The results obtained confirm independently our data on the strong 

synergism obtained between MC4 and TOH in their equimolar binary mixtures during 

homogeneous bulk phase lipid autoxidation. For more details please see our data, published in 

the Chapter entitled “Synergistic effect of antioxidant compositions during inhibited lipid 

autoxidation” in this book. 

 

 

5.3. Study of the Enzymatically Initiated NADPH-Catalysed Liver-

Microsomal Lipid Peroxidation  
 

Peroxidation of lipids of biomembranes is a complicated process involving formation and 

propagation of lipid radicals, oxygen uptake and rearrangement of double bonds in 

unsaturated lipids. Uncontrolled lipid peroxidation ultimately leads to deterioration of 

membrane lipids yielding a range of degradation products [68, 69]. Since microsomal 

membranes contain high amounts of unsaturated fatty acids, they undergo peroxidation 

readily in the presence of NADPH, ferric ions and metal chelators. The initiation and 

propagation steps of microsomal lipid peroxidation have been investigated [4]. 

Monohydroxy- and monoacethoxy- coumarins were very marginal. Dihydroxy- and 

diacethoxy- derivatives could abolish 90% of lipid peroxidation. 

Twenty-three 4-methylcoumarins having different functionalities have been examined for 

the first time [4] for their effect on NADPH-catalysed liver-microsomal lipid peroxidation 

aiming to establish structure-activity relationship. The authors reported that ortho-dihydroxy-

4-methylcoumarins and ortho-diacethoxy-4-methylcoumarins have shown very strong 

antioxidant and radical scavenging properties, better than those of TOH. Dihydroxy- and 

diacethoxy-4-methylcoumarins produced dramatic inhibition of lipid peroxidation. 7,8-

diacethoxy-4-methylcoumarin and 7,8-dihydroxy-4-methylcoumarin were found to possess 

superb antioxidant and radical scavenging activities [4]. 

The results obtained are not in agreement with our experimental results (given above 

[32]), that diacetoxy-4-methylcoumarins are neither chain-breaking antioxidants, nor radical 

scavengers of DPPH radical. To inderstand better this disagreement between the experimental 

data, we must take into account the experimental conditions for the approaches applied. In our 

study we applied homogeneous lipid autoxidation without any solvent. In the approach, 

adopted by Raj et al. [4], enzymatically initiation of lipid peroxidation was used.  

The results illustrate the influence of 4-methylcoumarins on the initiation of lipid 

peroxidation enzymatically. Monohydroxy coumarins were found ineffective to inhibit 

microsomal lipid peroxidation. This result is in agreement with our results [32]. 7,8-

Dihydroxy-4-methylcoumarin (MC4) inhibited microsomal lipid peroxidation to extent of 

90%, initiated enzymatically by an addition of NADPH to the reaction mixture. The relative 

position of the hydroxyl groups in ring A of the coumarin demonstrated selectivity for 

inhibiting the lipid peroxidation. The relative antioxidant activities exhibited by the dihydroxy 

coumarins examined in this study have been found to be dependent on the relative positions 

of the two hydroxyl groups, the order being: 7,8-dihydroxy> 6,7-dihydroxy> 5,7-dihydroxy. 

The activity of diacethoxy coumarins showed the same order of activity. Dihydroxy- and 

diacethoxy coumarins inhibit the propagation of lipid peroxidation by subjecting linoleic acid 

hydroperoxides to undergo further peroxidation by the action of EDTA-FeSO4 added to the 

reaction mixture [4]. 
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Assay of DPPH RSA – methanol solution, concentration ranging from 1 to 400M; 1mL 

DPPH solution in methanol (0.15 mM), temperature 20oC, reaction time 30 min, absorption at 

517 nm. 

The excellent RSA of dihydroxycoumarins may be explained by the fact that the ortho-

dihydroxy system is able to form a resonantly stabilized radical, thus making feasible 

scavenging of DPPH radical. In addition, dihydroxy- and diacethoxy-coumarins were found 

to possess the ability to terminate the radical reaction and propagation along with an excellent 

radical scavenging potencial. These properties of the coumarin derivatives highlight them as 

superb antioxidants. Liver microsomes are known to contain highly active deacetylase 

catalyzing the hydrolysis of a wide variety of endogeneous as well as xenobiotics [70]. 

Microsome-mediated conversion of 7,8-diacethoxy-methylcoumarins (MC4’, MC4a’, 

MC4b’) to 7,8-dihydroxy-4-methylcoumarins (MC4, MC4a, MC4b), which enter the radical 

scavenging pathway has been demonstrated by the authors. 

 

NADPH (Nicotinamide Dinucleotide Phosphate) Dependent Liver Microsomal  

Lipid Peroxidation 

Six novel 4-methyl-coumarins with different functionalities such as amino, hydroxyl, N-

acetoxy and nitro have been synthesized. Their effects on NADPH (nicotinamide dinucleotide 

phosphate) dependent liver microsomal lipid peroxidation in vitro have been examined for the 

first time [71]. The results obtained were compared to other model 4-methylcoumarin 

derivatives to establish the structure-activity relationship. These studies demonstrate that the 

amino group is an effective substitute for the hydroxyl group (for the antioxidant properties) 

and produces a dramatic inhibition of lipid peroxidation. Ortho-dihydroxy and ortho-

hydroxy-amino coumarins were found to possess highest antioxidant and radical scavenging 

activities.  

The importance of the free radicals, especially reactive oxygen species (ROS) in the 

pathogenicity of various diseases [72, 73], including hepatic and vascular diseases [74] has 

received great attention. Antioxidants are forgotten as drug candidates to combat these 

diseases. Minor dietary constituents have been seriously considered to counter the ill effects 

of the oxygen radicals. The 4-methylcoumarins are known to be less toxic compared to 

coumarins. In this report, authors have examined 4-methylcoumarin possessing dihydroxy, 

diacetoxy and hydroxyamino groups in the benzene ring at positions ortho to each other; they 

have shown very good antioxidant and radical scavenging properties, better than those of 

alpha-tocopherol. 

Fourteen compounds along with two model compounds (dihydroxy-methylcoumarins and 

diacethoxy-methylcoumarins) were screened for their effect on rat liver microsomal lipid 

peroxidation. Svingen et al. [69] have demonstrated that NADPH – dependent lipid 

peroxidation proceeds through the formation of lipid hydroperoxides, called initiation step. 

Authors have investigated the effect of above mentioned derivatives of 4-methylcoumarins on 

the initiation of membrane lipid peroxidation. The results given show that the ortho-

dihydroxy, ortho-diacetoxy and ortho-amino-hydroxy derivatives of 4-methylcoumarins have 

very good antioxidant property. The ortho amino-hydroxy derivatives (MC7 and MC8) 

causes inhibition of lipid peroxidation similar to hydroxyl coumarin (HC) (87%). A 

comparison was made with the well-known antioxidant alpha-tocopherol and it was observed 

that ortho amino-hydroxy coumarins are much better antioxidant than vit. E, as the former 

was found to have much lower IC50 than the latter. Normally the antioxidant properties of a 
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compound is attributed to its (a) oxygen radical scavenging ability, (b) the ability to inhibit 

cellular microsomal P-450 linked mixed Function Oxidases (MFOS); (c) the ability to 

suppress the formation of reactive oxygen species (ROS) [75]. 

The ortho amino-hydroxycoumarins (MC7-MC9) exhibit very good antioxidant and 

radical scavenging properties possibly by forming a stable mixed ligand complex with ADP 

and Fe2+ thereby prevent the production of ADP - perferryl radical responsible for ROS 

formation as postulated by the authors [75]. The IC50 values for compounds MC7-MC9 are 

6.02, 8.31 and 7.12, respectively, that is comparable to MC3 (7.90) value for the inhibition of 

the initiation of lipid peroxidation. Authors have shown that the ortho dihydroxy system is 

able to form resonantly stabilized radical. Similarly the ortho amino-hydroxy system could 

possibly form a resonantly stabilized radical as show the experimental results for the radical 

scavenging property of ortho-amino hydroxy-4-methylcoumarin. 

 

 

Figure 6. Structure – radical scavenging activity/antioxidant activity relationship for 

4-methylcoumarins. 

Summary 

Six novel compounds have been synthesized and characterized by spectroscopic 

techniques and have been screened for their ability to inhibit NADPH dependent lipid 

peroxidation of rat liver microsomes. Ortho-hydroxy-aminocoumarins MC7-MC9 are 

identified as potent inhibitors of lipid peroxidation, better than alpha-tocopherol. It is 

conceivable from these studies that the amino group can substitute for the OH group of 

coumarin to be effective as the inhibitor of membrane lipid peroxidation. Our comparative 

study led to design and synthesize new promising prototypes with coumarin cores as 

template, but still more optimization and research are needed.  
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6. BIOLOGICAL ACTIVITY OF SELECTED COUMARINS  

UNDER STUDY  
 

Coumarins 

 

This group involves some of the most common plant-derived coumarins (esculetin, 

daphnetin, umbelipherone and others), intensively studied by many authors. 

7-hydroxycoumarin derivatives have been investigated as potential parent structures for 

anti-cancer drug development. Umbelliferon C1 (7-hydroxycoumarin) has been object of 

many investigations during the years taking into account the fact that the metabolic pathways 

of coumarin in the human body lead to its formation as primary urinary metabolite. The 

antitumor activities of C1 were tested [76] in several human tumor cell lines (a gastric 

carcinoma cell line, a colon-carcinoma cell line Caco-2, a hepatoma-derived cell line HepG2 

and a lymphoblastic cell line CCRF-CEM). It was proved that coumarin (C) and 

umbelliferone C1 inhibit cell proliferation in a concentration-dependent way. 

The ability of scopoletin (C5) to induce programmed cell death (apoptosis) in human 

promyeloleukemic cell has been proven by Kim et al. [77]. In addition the authors found that 

C5 activates caspase-3. Scopoletin (C5) manifests antibacterial and antifungal activities. 

Phytoalexins such as scopoletin, umbelliferon, esculetin (C5, C1 and C2) and others play an 

important role in the chemical defense in plants. Furthermore, plants, from which scopoletin 

(C5) is isolated, are used in traditional medicine in Asia and Africa for treatment of different 

disorders and diseases – inflammation, rheumatism and even leprosy [78]. Scopoletin is an 

anticonvulsant and spasmolytic, i.e., neuromuscular blocking agent [79]. The potential of 

scopoletin to regulate hyperthyroidism and hyperglycemia, related to its thyroid hormones 

and glycose lowering capacity, was described by Panda and Kar [80]. 

Coumarins with two hydroxyl groups present an additional interest in the biological 

activities [6]. All of the potentially active natural compounds possess at least two phenolic 

OH groups at 6,7- or 7,8- positions [81, 82]. 6,7-dihydroxy substituted coumarins tested are 

proved to be cytotoxic on four human tumor cell lines (oral squamous cell carcinoma HSC-2, 

HSC-3, melanoma A-375 and promyelocytic HL-60). Tumor cell-specific cytotoxicity of 

esculetin (C2) can be further enhanced by proper substitutions at 3- and/or 4-position(s) in the 

molecule [83]. Two OH phenolic groups at positions 6 and 7 in coumarin skeleton are 

required for the antiproliferative and antioxidant effects. Glycolization and absence of the 

catechol structure have significant negative influence on the activity of the coumarins, for 

example, considerably reduce the radical scavenging level [84]. 

It has been proposed that the antiproliferative effect of esculetin C2 on rabbit vascular 

muscle cells might be partly mediated through inhibition of protein tyrosine kinase and 

modulated by inhibition of lypoxygenase [85]. Daphnetin C3 acts as a potent antiproliferative 

and differentiation-inducing agent in human renal cell carcinoma [86]. The results reported by 

Kimura and Sumiyoshi [87] suggested that the antitumor and antimetastatic actions of C2 

(esculetin) or C6 (fraxetin) is due to the regulated activation of TAM by M2 macrophage 

differentiation in the tumor microenvironment.  

Some of the most important pharmacological (analgesic, immunomodulatory and 

antitumoral effect, inhibitory activity against various enzymes and proteins, antioxidant 

activity, hepatoprotective, antihyper-glycemic, antibacterial and other) activities of 
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dihydroxycoumarins – esculetin, daphnetin and fraxetin are described contradictory in 

reviews. 

Esculetin inhibits the lypoxygenase and cycloxygenase pathways of arahidonate 

metabolis and also protects cells from injury by linoleic acid hydroperoxides [14]. 

 

 

4-Methylcoumarins 
 

Due to the presence of a methyl group at 4th position, 4-methylcoumarins are less likely 

to be metabolized to the mutagenic derivative 3,4-coumarin epoxide by the action of liver 

cytochrome P450 enzymes [15]. The liver damage observed after ingestion of coumarins was 

ascribed to the formation of 3,4-epoxide intermediates in rats, while other coumarins 

possessing substituent at position 4 in the pyrone ring have not induced hepatotoxicity [90]. 

Replacement of the OH-group in position 4 in Warfarin molecule by CH3-group leads to 

lack of the anticoagulant effect. Racemic sodium Warfarin is most widely used 

antithrombotic agent in USA and Canada [91]. Along with inhibitory activity toward vitamin 

K epoxide reductase, the enzyme inhibited by racemic Warfarin, the drugs of this group 

exhibit some side effects including the Warfarin-related purple toes syndrome [92]. A lot of 

efforts (mainly in design and synthesis of new analogs) have been made to overcome this 

problem mainly. 

Structure-activity relationship studies on the cytotoxic effect against three human cell 

lines of 27 coumarin derivatives, 22 of which are 4-methylcoumarins, are reported by Miri et 

al. [93]. The most potent anticancer agents are 7,8-dihidroxy derivatives MC4, MC4a and 

MC4b (see Figure 2B), followed by their 7,8 diacetoxy- analogues MC4’, MC4a’ and MC4b’ 

(see Figure 2B). Insertion of a long alkyl moiety at position 3 generally improves the 

anticancer properties. As a result the authors conclude that investigation of 4-

methylcoumarins may lead to the discovery of novel more efficient anticancer drugs. 

Brattacharyya and coworkers [94] tested 4-methyl-7-hydroxycoumarin for its anti-

cancerous properties against skin cancer induced in vivo by application of DMBA in mice. 

They employed such endpoints as: i) study of chromosome aberrations, micronuclei, sperm 

head anomaly, ii) DNA damage through Comet assay and iii) fluorescence activated cell 

sorting. Expressions of at least 14 signal proteins, among which are Caspase-3 and -9, were 

studied also. The authors concluded that this synthetic coumarin is promising agent for use in 

cancer therapy, particularly in skin cancer. 4-Methyl-7-benzyloxycoumarin has been found to 

possess good inhibitory activity and selectivity towards monoamine oxidase-B – (MAO-B) 

[95]. 4-Methylesculetin (MC4) and esculetin (C2) are reported to prevent the colonic demage 

(induced by TNBS in rats) and also that the presence of methyl group at position 4 in 

esculetin molecule improves its intestinal anti-inflammatory activities [96]. Furthermore, 4-

methylesculetin exerted a reduction of the macroscopic damage score and stimulated a 

recovery of the intestinal cytoarchitecture. 

 

 

 4-Hydroxycoumarins 
 

The 4-OH moiety, widely spread among coumarin natural products, has been the 

molecular template for the synthesis of a variety of analogs exhibiting important biological 
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activities [6]. 4-Hydroxycoumarins have applications as drugs with anticoagulant, 

spasmolytic, bacteriostatic, potential anti-HIV, anti-fungal and herbicides activity. Some 

coumarin derivatives are known for their antibiotic and anti-fungal activities; furthermore 

some of the investigated compounds show low toxicity and dose-dependent anticoagulant 

activity in vivo. They are also extensively used as analytical reagents [92, 97]. 

Simple coumarin (1,2-benzopyrone) and Warfarin (4-hydroxycoumarin) have been 

shown to prevent the recurrence of malignant melanoma and this action is reported to be 

macrophage-dependent and the dosage to be critical [98]. Velasco-Velazquez et al. [99] prove 

that the simplest 4-hydroxycoumarin causes selective cytoskeleton disorganization in 

melanoma cells without affecting a non-tumoral fibroblastic cell line. As far as is known an 

adhesion of tumor cells to extracellular matrix is required during the metastatic process and 

the aforementioned effect of 4-hydroxycoumarin (HC) is found to correlate with the reduction 

in cell adhesion. This compound has been suggested as useful treatment in the adjuvant 

therapy of melanoma. 4-Hydroxy-coumarin exhibited significant cytotoxic effect (that is 

antiproliferative activity with an IC50 value below 2 M).  

It has been shown that 4-hydroxycoumarins, bearing an aryl group at position 3, inhibit 

cell proliferation [100]. On the other hand, the introduction of aryl ring at position 3 causes a 

meaningful loss of anti-proliferative activity. The structures of selected compounds HC2, 

HC3, HC6, HC8 - HC10 are presented on Figure 2. Serra et al. [100] divided them into 3 

subgroups: i) 5,7-dimethoxy- and 7,8-dimethoxy-4-hydroxycoumarins; ii) 3-phenyl-4-

hydroxycoumarins, in which the phenyl ring is differently substituted with methyl and 

methoxy groups; and iii) 4-benzyloxycoumarins. The results obtained for the anti-

proliferative properties of the studied compounds on four different cell lines (breast 

adenocarcinoma cells MCF-7, human promyelocytic leukemia cells HL-60, human kistocytic 

cells U937 and mouse neuroblastoma cells Neuro2a) show that the two structural isomers 

HC4 and HC7 are the most potent compounds. HC4 shows similar potencial (IC50 = 0.2 - 2 

M) in all cancer cell lines tested. HC7 is inactive on MCF-7 cells and less active than HC4 

in U937 and HL-60 cells and it is significantly active in Neuro 2a cells. 

In conclusion, the authors [100] propose HC4 with its simple structure (4-hydroxy-5,7-

dimethoxycoumarin) as a new chemical scaffold with significant anti-proliferative effects in 

cancer cells. 

 

 

Relation between Antioxidant and Some Biological Activities 
 

The effect of esculetin (C2) on the inflammatory process may be related to its antioxidant 

and anti-inflammatory properties, as has been observed in the study of Kostova et al. [6]. 

The intestinal anti-inflammatory activity reported by Witaicenis et al. [96] for esculetin 

(C2) and 4-methyl-esculetin MC3 are associated with an antioxidant behavior, such as the 

prevention of the GSH depletion and a decrease in the levels of the lipid peroxidation 

byproduct malondialdehyde (MDA). The association of antioxidants with inflammation 

derives from the recognition that free radicals are produced during the inflammatory process 

by macrophages. 

It has been reported that reactive oxygen species (ROS) are involved in the 

cyclooxygenase and lipoxygenase-mediated conversions of arachidonic acid into pro-
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inflammatory intermediates. In this context, several natural and synthetic antioxidants have 

been tested and shown to possess anti-inflammatory properties [101, 102]. 

MAO-B inhibition is associated with prevention of ROS formation during the MAO 

enzymatic reaction. In addition, the potential therapeutic and neuroprotective effects of 

antioxidative agents are extremely relevant considering that MAO-B is an important drug 

target in the treatment of neurological and neurodegenerative diseases [103]. 

The structure-activity relationship for esculetin (C2) and eight other coumarin derivatives 

indicates that two adjacent phenolic hydroxyl groups at positions 6 and 7 in coumarin 

skeleton are necessary for the antiproliferative and antioxidant effects at once. According to 

Bubols et al. [101] some of the most important physiological activities of the coumarins (anti-

inflammatory, neuroprotective and anti-proliferative) could be at least partially associated 

with an inhibition of oxidative stress. In drug development process along with pharmacophore 

features it is important to “ensure” a part of the molecule, responsible for the antioxidant 

activity. 
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ABSTRACT 
 

Hypoxia is a pathological condition that can directly impair the metabolic pathways 

in the living cells. Interestingly, physiological hypoxia is an important micro-

environmental signal, in a range of processes including new blood vessel formation 

(angiogenesis) during development, wound healing, regulation of vascular tone and 

response to exercise. Its effects are usually mediated via the activation of hypoxia 

inducible factor 1 (HIF-1α), besides nitric oxide (NO) - an important key factor of 

hypoxia-induced responses. The low oxygen sensing at the cellular level exerts its 

defense through HIF-1α by increasing hypoxia adaptability but it cannot prevent the 

generation of free radicals through endothelial cellular oxidative stress which may lead to 

lysosomal, mitochondrial and microsomal damage, resulting in organelle dysfunction. 

Beside these actions, hypoxia induced oxidative stress greatly impairs cell signal 

transduction by altering gene expression in hypoxia sensitive tissues. It has also been 

found that cellular adaptation to low oxygen is compromised in the presence of 

hyperglycemia, culminating in increased cell death and tissue dysfunction. An excessive 

accumulation of reactive oxygen species can elevate antioxidant enzymes and then impair 

                                                           
*All Correspondence to: Kusal K. Das, PhD. Professor. Laboratory of Vascular Physiology and Medicine, 

Department of Physiology, BLDE University’s Shri B.M.Patil Medical College, Hospital & Research Centre, 

Vijayapura-586103, Karnataka, India. Tel; 91 8352 262770 (Extension 2262). Email: kusaldas@yahoo.com & 

research@bldeuniversity.ac.in. 

Complimentary Contributor Copy



Kusal K. Das, Swastika N. Das and Jeevan G. Ambekar 250 

beta cell functions. Recent observation reveals that chronic intermittent hypoxia (CIH) 

activates NADPH oxidase which is very important for HIF-1α expression and ROS 

production. NADPH oxidase hyperactivity also changes intracellular calcium 

homeostasis and stimulate further HIF-1α production, subsequently resulting in more 

ROS generation. High concentration of ROS excites carotid bodies that influences 

sympathetic adrenergic activities via chemoreflex, alters catecholamine and insulin 

secretary mechanisms. 

A link between hypoxia and glucose homeostasis has already been established. 

Present authors further ascertained that glucose homeostasis due to hypoxia can be 

modulated by supplementation of either vitamin C or L/N type calcium channel blocker, 

cilnidipine. 

This chapter provides understanding of the relationship between hypoxia induced 

increased sympathetic activation and consequent impaired glucose homeostasis. The 

chapter also highlights how hyperglycemia augments oxidative stress and induces the 

overproduction of ROS which modulates HIF-1α regulation and possible protective 

actions of antioxidant (vitamin c) and L/N type of Ca++ channel blocker (cilnidipine) 

against hypoxia induced altered pathophysiology in mammalian systems. 

 

 

INTRODUCTION 
 

The relationship between hypoxia and oxidative stress is really interesting in the domain 

of hypoxia research or free radical biology research. Various evidences suggest that hypoxia 

induced stress results in alterations in glucose homeostasis (Pi and Collins, 2010). Free 

radicals are reactive species which have unpaired solitary electron in its outer atomic orbital; 

these include the hydrogen atom (H•); the diatomic oxygen molecule O2, which possesses two 

unpaired electrons with the same spin in two separate orbitals; Nitric oxide (NO•), superoxide 

(O•−
2); hydroxyl radical (•OH); and transition metals, such as copper and iron. While O2 

qualifies as a radical by having two unpaired electrons, its reactivity with nonradical 

compounds is limited because the unpaired electrons in molecular oxygen have the same spin 

state. For molecular O2 to react with a non radical, one of the two electrons involved in its 

covalent bond need to undergo “spin inversion’; so that both the electrons exert an anti spin 

action on molecular oxygen in a slow reactive process. 

O2 does react readily with radicals, accepting one electron at a time to form the very 

reactive superoxide radical O•−
2, which has one unpaired electron (Poyton, 2009). It has been 

noticed that most reactive oxygen species (ROS) are generated in cells by the mitochondrial 

respiratory chain. Mitochondrial ROS production is regulated largely by the rate of electron 

flow through respiratory chain complexes. Recently, it has become clear that under hypoxic 

conditions, the mitochondrial respiratory chain also produces nitric oxide (NO), which can 

generate other reactive nitrogen species (RNS). Although excess ROS and RNS can lead to 

oxidative and nitrosative stress, moderate to low levels of both can modulate cellular 

signaling pathways. Especially important are the roles of these mitochondrially generated free 

radicals in hypoxic signaling pathways, which have important implications in cancer, 

inflammation and a variety of other diseases (Dugan and Choi, 1999). Hypoxia and free 

radicals like reactive oxygen and nitrogen species, can alter the functions of the transcription 

factor- hypoxia-inducible factor 1 (HIF1). It has also been found that free radicals generated 

by hypoxia, hypoxia–reoxygenation cycling and immune cell infiltration after cytotoxic 

therapy strongly influence HIF1 activity (Mark et al., 2008). Physiological hypoxia is found 
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to be an important cellular signal that modulates new blood vessel formation (angiogenesis) 

during wound healing, regulation of vascular tone and response to exercise (Ratcliffe, 1998). 

However, tissue hypoxia is also associated with a diverse and wide range of 

pathophysiological processes including (but not limited to) vascular diseases, chronic 

inflammation and cancer. In vascular diseases such as atherosclerosis and stroke, vascular 

occlusion leads to acute or chronic tissue ischemia with resultant hypoxia. In chronic 

inflammatory disease, the greatly increased metabolism of inflamed tissue due to immune cell 

infiltration matched with vascular dysfunction leads to tissue hypoxia (Taylor, 2008; Fraisl et 

al., 2009). A relation between increased sympathetic activation and hypoxia with consequent 

impaired glucose homeostasis provides possible counteraction with N-type calcium channel 

blockers, which are normally used to control hypertension or heart diseases (Peltonen, 2012). 

Studies further revealed that sympathetic over activities may be regulated by either direct 

influences of hypoxia via chemoreceptor or through increase in HIF-1α or through ROS (Das 

et al., 2016). 

 

 

HYPOXIA: AN OVERVIEW 
 

Low oxygen sensing limits prolyl hydroxylase activity and HIF-1 α ubiquitination 

process and activates HIF-1 transcription factors. However, the level of HIF-1 α also 

increases via an O2 –independent mechanism (Jiang et al., 2001). Expression of HIF-1 α 

induces several growth factors, such as epidermal growth factor, heregulin, insulin-like 

growth factors (IGFs) I and -II, and insulin induced expression of these protein under 

nonhypoxic conditions (Isaacs et al., 2002; Semenza, 2003). These factors bind to cognate 

receptor tyrosine kinases and activate the PI3K or mitogen-activated protein kinase (MAPK) 

pathway which in turn increases the rate of HIF-1 α protein synthesis itself. PI3K-Akt and 

MAPK have also been implicated in the stabilization of HIF-1 α induced by oncogenes, 

hypoxia and growth factors (Semenza, 2003). HIF-1 α also associates with the molecular 

chaperone heat shock protein 90 (Hsp90); pharmacologic disruption of this association 

promotes the ubiquitination and proteasome-mediated degradation of HIF-1 α, independent of 

oxygen and VHL (Isaacs et al., 2002), suggesting that inhibitors of HIF-1 α and Hsp90 could 

be used to regulate the expression of hypoxia- or IGF-I induced HIF-1 α protein. It has been 

found that hypoxia leads to increase in intracellular free calcium concentration ([Ca2+]i),  

5-lipoxygenase, lipid peroxidation, cycloxygenase (COX), constitutive nitric oxide synthase 

(cNOS), leukotriene B4 (LTB4), prostaglandin E2 (PGE2), interlukins, tumor necrosis factor-

α (TNF- α), caspases, complement activation, Kruppel-like factor 6 (KLF6), inducible nitric 

oxide synthase (iNOS), heat shock protein 70 kDa (HSP-70) and hypoxia-inducible factor-1α 

(HIF-1α) (Moore et al., 1994; Kiang, 2004). 
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Figure 1. Hypoxia-induced cellular malfunctions. KLF4: Kruppel-like factor 4 

HIF-1 α:Hypoxia-inducible factor-1 (HIF-1) is a heterodimer consisting of regulatory 

subunit HIF-1α and constitutive subunit HIF-1β (Wang et al., 1995). In oxygen deficiency, 

HIF-1 α expression is regulated by a post-translational protein stabilitymechanism mediated 

by a family of prolyl hydroxylases (PHDs). HIF-1 is also activated in normoxic condition by 

several physiological stimuli like growth factors, hormones, cytokines, transition metals and 

infectious agents (Richard and Berra, 2000; Salnikow et al., 2004). An interesting link 

between insulin regulatory several genes which are important for energy and iron homeostasis 

mediated by HIF-1 in hepatic and skeletal muscle cells was found (Treins et al., 2002). It was 

also noticed that HIF-1 α target genes are involved in the adaptive response facilitating 

oxygen delivery to oxygen-deprived tissues. This includes genes coding for erythropoietin, 

VEGF-A and inducible NOS (NOS2). The erythropoietin (EPO)gene, encoding a kidney 

hormone, was discovered as the first true hypoxia-inducible gene in 1992. EPO stimulates red 

blood cell production (erythropoiesis), thereby increasing oxygen delivery (Das and Saha, 

2014). 

HIF-1 α and ROS:ROS mediated NF-kB activation has so far been reported to regulate 

HIF-1a transcription (Bonello et al., 2007). ROS is either added as H2O2, generated by NOX 

activator thrombin or by over-expression of subunit NOX4 which in turn induces NF-kB to 

promote HIF-1a transcription (Gorlach et al., 2001). Interestingly, basal expression of HIF-1a 

is controlled by NF-kB and MAPK in vivo. The mechanisms of ROS generation in hypoxia 

through HIF-1α by different agonists play the role of critical determinants of adopting 

specific cellular signaling pathway that lead to specific set of gene regulations (Singh et al., 

2005; Tapryal et al., 2010). Whether a similar pathway is involved in different mechanisms of 

HIF-1 activation by different cellular sources of ROS need to be investigated further. 

Although ROS found to have some regulatory functional control on HIF-1, but it is still 

debatable whether hypoxia elevated or reduced ROS levels. Contradictory results may occur 

due to differences in cell type, mode of generating hypoxia, oxygen levels and assays used to 
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measure ROS (Das and Saha, 2014). Recent findings suggest that the primary sensor of 

hypoxia for the development of pulmonary vasoconstriction is the PASMC (pulmonary artery 

smooth muscle cell) mitochondria, which increases the production of ROS at low pressure of 

O2, probably in the complex III of the electron transport chain. It is possible that there are 

secondary sensing mechanisms that contribute to this effect, which increase the production of 

ROS during hypoxia such as sarcolemmal NADPH oxidase from pulmonary vasculature. 

Researchers have demonstrated an increase in the mitochondrial ROS generation in various 

tissues in response to hypoxia, including PASMC (Das and Saha, 2014; Wang et al., 2007). 

Besides ROS, excessive nitrite as nitric oxide, is also produced due to hyper activities of 

NOS2 gene through HIF-1α. It causes cytotoxicity due to pathological manifestation of 

altered normal cell metabolism. 

Usually high concentration of intracellular NO also induces a negative feedback 

mechanism to control HIF-1α transcriptional factor gene (Das, 2009). 

 

 

Figure 2. Hypoxia signaling through ROS. 

 

HYPOXIA AND OXIDATIVE STRESS – MOLECULAR INTERACTIONS 
 

Oxygen free radicals produced during stress are unstable and potentially interact with 

other cellular components or molecules. ROS signals generated during hypoxia; activate 

protective responses, including HIF activation (Mungai, 2011). It is well established that 

hypoxia, mainly mediated through the hypoxia-inducible factors (HIFs), enhances the 

“Warburg effect” by up-regulating glycolytic genes such as hexokinases, LDH-A, and GLUT 

(Dang, 2007). These findings reveal close and complex interaction between cell metabolism 

and its microenvironments. ROS is also believed to play a role in the HIF-1 signaling 

pathway during hypoxia. Cells with non-functional mitochondria, therefore, reduced ROS 

levels, were unable to stabilize HIF-1α in response to hypoxia (Chandel et al., 2000; 

Mansfield, 2005). Oxidative stress which increased HIF-1α levels, enhanced HIF-1 DNA 

binding and increased activation of HIF-1 regulated gene promoters. This results in increased 

levels of hypoxia regulated proteins such as VEGF and cyclooxygenase-2 (COX-2) (Jones  

et al., Csiki et al., 2006). 

Hypoxia and cell signaling mechanisms: Yuan and co-workers found that increase in 

HIF-1 through ROS may induce a Ca++ dependent pathways. They demonstrated the 

involvement of calcium-calmodium dependent kinase II (CaMK II) under chronic hypoxia. 

CaMK II phosphorylates p300, a co-activator required for the transcriptional activity of HIF-

1, thereby increasing the HIF-1 transactivation (Yuan G et al., 2005). In contrast, under acute 

hypoxia, HIF-1 transcriptional activity is increased as a result of a decrease in the O2 

dependent asparaginyl hydroxylation in the CAD region of HIF-1α, assisting in the 

recruitment of co-activators (Lando D et al., 2002). Another very interesting contrast 

observation on HIF-1 is to notice a positively targets BCL2/adenovirus E1B 19 kd-interacting 
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protein 3 (BNIP3) expression under hypoxic stress (Zhang, 2008). This leads to a reduction in 

mitochondrial activity and prevents reactive oxygen species (ROS) generation that is 

produced from oxidative phosphorylation. ROS production from complex III of the electron 

transport chain in the mitochondria has been shown to stabilize and thereby promote HIF-1 

activity. This is most likely by the oxidation of Fe2+ to Fe3+ and inactivating PHD activity for 

the hydroxylation of the ODDD on HIF-1 (Guzy et al., 2005). The hypoxic cell usually takes 

anaerobic glycolytic pathways to generate ATP, whereas its residual low oxygen supply 

supports some level of oxidative production of ATP through the tricarboxylic acid cycle and 

electron transport chain (ETC). Electrons leaking from the mitochondrial ETC actually 

generate an excess of reactive oxygen species (ROS) in normal hypoxic cell. Reoxygenation 

or high oxygen levels following severe hypoxia further exaggerate ROS generation (Kulkarni 

et al., 2007). Hypoxia is found to be closely related to oxidative stress. Activation of HIF-1α 

reduces, whereas its inhibition increases ROS generation (Kim et al., 2006). Concurrently, 

oxidative stress exacerbates the status of hypoxia. In vitro studies in rat proximal tubular cells 

or in vivo studies in streptozotocin-induced diabetic rats show that high glucose depresses the 

activation of HIF, an effect fully reversed by treatment with antioxidants, such as α-

tocopherol or tempol (Rosenberger et al., 2008). Beside these, NADPH oxidase activation 

also stimulates hypoxia (Yang et al., 2003). Hence, it may be clearly stated that hypoxia and 

oxidative stress are closely linked. It has been estimated that, under normoxic physiological 

conditions, 1–2% of electron flow through the mitochondrial respiratory chain gives rise to 

ROS(Turrens, 1997). It might be expected that hypoxia would decrease ROS production, due 

to the low level of O2 and might diminish mitochondrial respiration, but ROS level is actually 

increased (Papandreou et al., 2006). Chandel et al., (1998) provided good evidence that 

mitochondrial reactive oxygen species triggers hypoxia-induced transcription and also 

showed that ROS generated at Complex III of the mitochondrial respiratory chain stabilize 

HIF-1α during hypoxia. Although others have proposed mechanisms indicating a key role of 

mitochondria in HIF-1α regulation during hypoxia (Rosca et al., 2008) but many scientists 

contradicted the role of mitochondria on HIF-1 regulation (Bell et al., 2008). During hypoxia 

mitochondrial electron transport system slows down and that causes augmentation of 

reducing equivalents resulting in production of superoxide at low oxygen concentration. It is 

also to be noted that hypoxia induces epigenetic repression of the PKC gene through a 

NADPH oxidase-independent ROS-mediated pathways (Patterson et al., 2010). Studies also 

demonstrated that prolonged hypoxia, in the presence of low or high glucose, significantly 

decreased PKC protein abundance in cultured H9c2 cells (Kim et al., 2004).  

Hypoxia and glucose homeostasis: The relationship between hypoxia and glucose 

homeostasis always generates interest. Recent observation reveals that hypoxia activates 

NADPH oxidase which is very important for HIF-1 expression and ROS production. NADPH 

oxidase hyperactivity also changes intracellular calcium homeostasis and further stimulates 

HIF 1 production subsequently generatemore ROS. High concentration of ROS excites 

carotid bodies and adrenal medulla that influences adrenergic activities via chemoreflex and 

alters catecholamine status (Nanduri et al., 2015). Relation between increased sympathetic 

activation and hypoxia with consequent impaired glucose homeostasis provides a possible 

protective counteraction with N-type calcium channel blockers which are normally used to 

control hypertension or heart diseases (Peltonen, 2012). Study revealed that fasting glycemia 

gets corrected after withdrawal of two weeks hypoxia exposure but insulin resistance and beta 

cell abnormalities remain unchanged (Polak et al., 2013). The observation on high altitude 
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hypoxia revealed that increase in concentrations of glucose and insulin occur due to 

consequence of a transient peripheral insulin resistance (Larsen et al., 1997). It is also noticed 

that circulatory glucagon level is also modulated by hypoxia. Some studies show that acute 

hypoxia or intermittent hypoxia increases plasma glucose and insulin levels in the early 

phase, indicating that hypoxia induces glucose intolerance in humans (Oltmanns et al., 2004) 

and increases insulin resistance in genetically obese mice (Polotsky et al., 2003). Based on 

several studies it may be postulated that exposure to hypoxia would increase whole-body 

insulin resistance, induce beta cell dysfunction and augment hepatic glucose output, which 

collectively would lead to fasting and postprandial hyperglycemia (Polak et al., 2013). The 

signal transduction for hypoxia and glucose homeostasis also highlight insulin sensitivity 

through HIF-2α, which then increases Irs2 transcription and insulin-stimulated Akt activation. 

HIF-2αand Irs2 are, both necessary for the improved insulin sensitivity, as knocked down of 

either molecule disturb the glucose tolerance and insulin-stimulated Akt phosphorylation 

(Cullen, 2013). 

 

 

HYPOXIA, OXIDATIVE STRESS, ANTIOXIDANTS 
 

The exposure of experimental animals to hypoxia has been widely used in many 

morphological and physiological studies. These studies dealt mostly with changes in the 

structure of pulmonary vessels (Davies et al., 1985).The decrease in tissue oxygenation 

induced by hypoxia alters many physiological and psychological processes in an elevation 

and duration-dependent fashion. The exposure of an organism to transient hypoxic stress 

activates respiratory and circulatory systems and adrenal glands and affects neurotransmitter 

release and action in the central nervous system. Kumar et al., (1989) have found the short 

exposure (5 days) to an altitude of 7576 m caused increased plasma lipid peroxidation level in 

rats. This result was confirmed by the same experimental protocol adding vitamin E 

supplemented groups (Ilavazhagan et al., 2001). Elucidating the mechanisms by which 

mammalian cells and organisms adapt to acute and chronic perturbations in ambient oxygen 

tension is critical for the understanding homeostasis maintenance and consequently the 

development of therapeutic strategies to counteract hypoxia-induced cell damage. HIF1  

which plays a major role in mediating hypoxia -induced toxicity in mouse embryonic 

fibroblasts, is constitutively expressed in all cells but is almost immediately dissociates in the 

presence of oxygen. However, under conditions of hypoxia, it accumulates within cells and 

induces transcription of its target genes. Recently, vitamin C has been found to be an essential 

cofactor in the HIF-1α degradation pathway. HIF-1α is a transcriptional activator that 

regulates the expression of a number of hypoxia-responsive genes such as erythropoietin, 

heme oxygenase, and vascular endothelial growth factor (Botusan et al., 2008).Under 

normoxic conditions, reactive oxygen species (constantly generated in erythrocytes) are 

mostly neutralized by their intrinsic antioxidant enzymatic and non-enzymatic defense 

mechanism such as superoxide dismutase, glutathione peroxidase, catalase or reduced 

glutathione (Kurata et al., 1993). However, under the conditions of hypoxia, autooxidation of 

hemoglobin is facilitated and an increased flux of superoxide radicals occurs (Rifkind et 

al.1991; Das, 2010). 
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Hypoxia inducible factor-1α (HIF-1α) transcription factor expressed in chronic sustained 

hypoxia provides capabilities against hypoxia injuries by increase in expression of VEGF 

gene or NOS2 gene in all the metabolically active tissues. It was found that VEGF over 

expression due to chronic hypoxia exposure in rats actually causes a protective measure 

against hypoxia induced cellular hypoxia. Role of antioxidant vitamins supplementation 

found to be interesting. It counteracts excessive HIF-1α transcription factor expression, 

followed by VEGF gene expression. The role of antioxidant vitamins is mainly to decrease 

ROS production due to hypoxia exposure and enhancing intracellular heme biosynthesis and 

reduction of nitrite levels (Das et al., 2015). 

Hypoxia and Vitamin C: Antioxidants are intimately involved in the prevention of 

cellular damage by interacting with free radicals and by terminating the chain reaction, 

thereby curtailing free radical activity. L-Ascorbic acid (Vitamin C) is a dietary antioxidant 

that inactivates oxygen free radicals. Some studies have shown that vitamin C works in 

concert with vitamin E to prevent the free radical chain oxidation of lipids. Numerous reports 

have shown the positive effect of vitamin C as an antioxidant and scavenger of free radicals 

(Bulger et al., 1998). Ascorbic acid not only scavenges ROS but also reactive nitrogen species 

and prevent oxidative damages to macromulecules like lipids, proteins and DNA and protects 

individual from cardiovascular disease, stroke, cancer, neurodegenerative diseases and 

cataractogenesis (Halliwell and Gutteridge, 1986). Reports suggest that L-ascorbic acid can 

enter in to cell mitochondria in its oxidized form via GLUT-1 and protects mitochondria from 

oxidative injury. Mitochondria are found to generate intracellular ROS significantly. 

Intracellular protection on mitochondrial genome from vitamin C and surface membrane may 

be beneficial through vitamin C supplementation (Sagun et al., 2005). It has been noted that 

cellular respiratory tract lining fluid (RTLF) contains a variety of antioxidant enzymes like 

superoxide dismutase, catalase, glutathione peroxidase and glutathione reductase. Vitamin C 

constitutes the first line defense system in RTLF against oxidants (Kasprzak et al., 2011). 

Various studies reveal that ascorbic acid can influence gene expression, apoptosis and 

protects cell death due to oxidative stress assaults (Wu et al., 2002).Rats exposed to chronic 

sustained hypoxia showed significant increase in serum i-NOS, serum nitrite, serum HIF-1α 

and serum VEGF concentration but significant beneficial changes are also noticed in serum i-

NOS, serum nitrite, serum HIF-1α and serum VEGF concentration when hypoxic rats were 

supplemented with L-ascorbic acid (Das et al., 2016). 

A possible counteracting mechanism by vitamin C through HIF-1α transcription factor 

expression either directly or through regulating/inhibiting ROS formation and indirectly 

controlling over production of reactive nitrogen species may be postulated (Das et al., 2015). 

Influence of vitamin C supplementation was found to be effective to counteract excessive 

HIF-1α transcription factor expression and subsequently VEGF gene expression. Vitamin C 

also improves intracellular hypoxic status by loading cells with extra vitamin C and resulted 

in resistance to hypoxia- and hypoxia / reoxygenation-induced cell death associated with the 

quenching of reactive oxygen species. It is also observed that vitamin C can down-regulate 

VEGF production via the modulation of COX-2 expression and that p42/44 MAPK acts as an 

important signaling mediator in this process (Guaiquil et al., 2004; Kim et al., 2011). 

Hypoxia, glucose homeostasis and calcium channel blocker: Studies revealed that 

hypoxia causes hyperglycemia, glucose intolerance and insulin resistance in rats. These 

changes are related to elevated levels of HIF-1α concentration. Simultaneous treatment with 

antioxidant (vitamin C) and N-type calcium channel blocker (cilnidipine) were found to 
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ameliorate overall insulin sensitivities. The report from various studies stated that chronic and 

acute hypoxia can increase gluconeogenesis, increase hepatic glucose output probably 

through increased sympathetic drives, increased circulating steroids and enhanced HIF-1α 

concentration. HIF-1αconcentration in turn influence transcription of multiple enzymes 

required for gluconeogenesis (Polak et al., 2013). Although the link between hypoxia and 

altered glucose metabolism is well defined but exact mechanism of impaired glucose 

tolerance during hypoxia exposure is yet to be established. Studies based on calcium channel 

blockers, especially L- and N-type calcium channel blocker like cilnidipine, further explained 

the role of sympathetic nervous system during hypoxia and its regulatory actions to inhibit 

sympathetic overdrive and reduction of norepinephrine release from adrenergic nerve endings 

(Das et al.,2016). It may be postulated that increase in sympathetic activation due to hypoxia 

leads to increase insulin resistance by altering insulin signaling pathways or ROS generation 

(Peltonen et al., 2012). Treatment with L-N Type calcium channel blocker is able to control 

glucose homeostasis, perhaps, through either suppressing ROS productions via adrenergic 

system or lowering GLUT 4 expression (Tan et al., 2014). 

 

 

CONCLUSION 
 

Hypoxia generates ROS which influences sympathetic adrenergic activities via 

chemoreflex, HIF-1 α and glucose homeostasis. Antioxidants like vitamin C or L- N type 

calcium channel blocker can reduce hypoxia or low oxygen sensing mediated cell signaling 

pathways especially glucose regulatory pathways. 
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ABSTRACT 
 

Most of the commonly used assays of oxidative stress (OS) are based on the level of 

the studied biomarker, as measured at one time-point. OS, as evaluated with different 

assays do not correlate with each other, so that OS cannot be defined in universal terms. 

Furthermore, some biomarkers are not very stable in withdrawn blood and their level may 

depend on whether their level is measured immediately after being withdrawn or a half an 

hour later, particularly if the assay involves a stage of pretreatment. Most assays of 

antioxidants are conducted in solutions, whereas in biological systems amphiphilic 

phospholipids reside either in membranes or in emulsion micro-emulsion particles 

(lipoproteins) and peroxidation therefore occurs at the lipid-water interface. This, in turn, 

means that the relative activities of different antioxidants should be assayed in the 

medium of interest. Hence, an assay utilized to compare antioxidants in the search for 

improved inhibitors of peroxidation used as stabilizers of food-stuff, may have to be 

considerably different from the assay to be used in the search for antioxidants that will 

maximize the shelf life of a given drug. We propose evaluating oxidative status based on 

the length of the lag preceding copper-induced peroxidation of serum lipids and ranking 

antioxidants on the basis of the concentration of antioxidant required to double the lag. 

 

 

OXIDATIVE STRESS IS AN ILL-DEFINED, INTUITIVE,  

NON-QUANTITATIVE TERM 
 

Quantitative characterization of both terms “oxidative stress” (OS) and antioxidant’s 

potency (or capacity), is quite problematic: The term OS, commonly defined intuitively as an 
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imbalance between pro-oxidative and anti-oxidative factors, is often associated with high 

levels of reactive oxygen and nitrogen species (ROS and RNS, respectively) and with high 

levels of oxidation products, particularly hydroperoxides and aldehydes, as well as oxidized 

proteins and fragmented DNA. Hence, estimation of the individual redox status can be based 

on reliable assays of different oxidation products chosen to serve as biomarkers of OS. 

Notably, OS cannot be described in universal quantitative terms (Lichtenberg and Pinchuk, 

2015), because the OS levels, as assayed by different methods, do not correlate with each 

other (Dotan et al., 2004). 

 

 

The Crucial Definition of Timing 
 

As a consequence, an unambiguous evaluation of the OS and of the effect of an 

antioxidant cannot be based on the effect of its supplementation on the OS, as assayed by any 

method. Furthermore, the level of a biomarker in the assayed biological fluid is a function of 

time. Specifically, OS is commonly assayed on the basis of the level of the studied biomarker, 

as measured one time. Some biomarkers are not very stable in withdrawn blood and their 

level may depend on whether their level is measured immediately after being withdrawn or a 

half an hour later, particularly if the assay involves a stage of pretreatment. 

A consensus can possibly be agreed upon regarding a “basal level” of OS, may be on the 

basis of the blood concentration of a specific biomarker, withdrawn from a subject at rest 

after a pre-defined time of rest and a given number of hours of fasting. Nevertheless, even if 

such a consensus existed, the meaning of the term OS would have been limited, because the 

level of the various biomarkers depends on both food and physical activity in a very complex 

and time dependent fashion. As an example, physical exercise elevates the blood level of 

antioxidative enzymes but this response is slow and followed by a slow decay to their 

homeostatic levels. Another example is the exercise-induced decrease of the concentration of 

low molecular weight antioxidants, which is followed by an increase after exercise, making it 

extremely difficult to optimize a “test of OS” with respect to the exact time of sampling 

(Michailidis et al., 2007; Finkler et al., 2016). 

Evaluation of the OS on the basis of a test of the susceptibility of a bio-fluid to ex-vivo 

peroxidation is further complicated by the complex kinetics of this reaction (Figure 1). The 

kinetics of peroxidation of serum lipids can be monitored spectrophotometrically, based on 

the UV absorption at 245nm by the conjugated hydroperoxides formed upon peroxidation of 

serum lipids. The kinetics is quite complex. It is characterized by a typical lag of slow 

peroxidation that precedes rapid peroxidation (Cadenas and Sies, 1998; Schnitzer et al., 

1998). 

The observed time course does not yield detailed information on the chemical 

composition of the peroxidized lipids but continuous monitoring of absorption is the simplest 

way to gain reliable kinetic data without having to worry about possible modification of the 

studied system due to fractionation of the sample or the use of external probes. The lag, as 

well as both the time of maximal rate of peroxidation and the time when acceleration of the 

free radical chain reaction is maximal, is well-defined complex functions of the rate constants 

of initiation, propagation and termination and of the rate of decompositions of the 

hydroperoxides (Esterbauer et al., 1992; Pinchuk and Lichtenberg, 2014). 
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Figure 1. Evaluation of antioxidants. The figure depicts schematically typical kinetic profiles of copper-

induced peroxidation of serum lipids in the absence and in the presence of two antioxidants (A and B). 

Taken from (Pinchuk et al., 2012). 

In view of this complex kinetics, it is not clear whether the absorption observed in a one-

time-point measurement represent steady state concentrations of the biomarker. Furthermore, 

it is not certain that the measured values are within the linear range of the concentration 

dependence of absorbance and what is the contribution of aggregation-associated light 

scattering to the apparent absorbance. In short, assays of OS based on one biomarker 

measured at one wavelength, at one time point (rather than kinetic profiles) may be very 

misleading. 

Figure 1 depicts typical kinetic profiles of copper-induced peroxidation of serum lipids in 

the absence and in the presence of two antioxidants (A and B). Note that a “one-time-point 

measurement” 30 minutes after addition of transition metal ions, A appears to be “stronger” 

than B; comparison of products an hour later “means” that B is “stronger”, whereas if 

measured 2 hours or more after initiation, the common interpretation may be that neither of 

the two antioxidants is an antioxidant. 

The most straightforward solution to this problem is to monitor the kinetics of 

peroxidation, using any assay, and use the typical time points to characterize the kinetics 

(Pinchuk and Lichtenberg, 2002), as described below. 

 

 

WHERE DOES PEROXIDATION OCCUR (BIOLOGY VS MODELS)? 
 

The other important difficulties in assaying both the OS and antioxidants’ capability are 

associated with location. Specifically, most of the commonly-used assays are based on 

measurements in biological fluids (i.e., in solutions) (Prior et al., 2005), whereas in biological 

systems, amphiphilic phospholipids reside either in membranes or in emulsion or micro-

emulsion particles (lipoproteins), so that peroxidation induced or catalyzed by transition metal 

ions occurs at lipid-water interfaces. This of course means that the results of an assay of OS 
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conducted in a solution is relevant to the in vivo peroxidation only when the concentration of 

the studied biomarker reflects its concentration at interfaces. 
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Figure 2. Pro-oxidative effect of externally added tocopherol on peroxidation of liposomal PLPC. 

Copper chloride (5 μM) was added at time zero to pre-formed PLPC liposomes (0.25 mM PLPC), in the 

presence or in the absence of 5 μM tocopherol, added externally to liposomes from 20μl ethanol. The 

reaction mixture contained 1μM EDTA. The concentration of peroxidation products is evaluated from 

the absorbtion of light at 245 nm. 

One implication of the location of lipid peroxidation is that comparing antioxidants in the 

search for stabilization of food-stuff or for maximization or the shelf life of a given drug may 

have to be considerably different from the assay to be used in the search for antioxidants that 

will reduce oxidative damages. In view of the continuing growth of the market of 

antioxidants, which reflects the hope to cure the wide range of diseases that are believed to be 

caused or promoted by ‘oxidative stress’ (Frankel, 2007), we need to establish biologically-

relevant, simple, preferably high throughput assay of the activity of alleged antioxidants or 

mixtures of antioxidants. The most commonly used assays of antioxidants, oxygen Radical 

Absorbance Capacity (ORAC), Ferric Reducing Antioxidant Power (FRAP) and Trolox 

Equivalent Antioxidant Capacity assay (TEAC) are conducted in solution (Prior et al., 2005) 

and their relevance is therefore questionable. 

Evaluation of antioxidants on the basis of inhibition of serum lipids by antioxidants may 

also be questionable because it may depend on the composition and physico-chemical 

properties of the lipoproteins. We therefore tried to design a biologically-relevant model 

system that can be regarded well-defined, reproducibly-prepared and respond to different 

procedures. Liposomes made of oxidizable phosphatidylcholine cannot be used as such model 

because water soluble antioxidants may promote peroxidation even when their solubility is 
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very low (e.g., when tocopherol is added to pre-formed liposomes; Figure 2). It may still be 

possible to design an appropriate model on the basis of liposomes of a more complex 

composition (e.g., an oxidizable lipid and non-oxidizable lipids that alter the properties such 

as the micro-fluidity and the surface charge of the liposomes). Our preliminary results on the 

effect of various antioxidants on the peroxidation of PS-containing liposomes indicate that 

these liposomes may possibly be used as a basis for a biologically relevant test of antioxidants 

(Lichtenberg, 2014). 

Another approach is to test antioxidants in the environment in which they are expected to 

serve as antioxidants, e.g., in the serum. One difficulty with this approach is that the kinetics 

of peroxidation of different sera is different. Nevertheless, in our previous studies (Pinchuk et 

al., 2011; Pinchuk et al., 2012) we discovered that in spite of the differences, the relative 

effect of any of four different antioxidants on the lag preceding copper induced peroxidation 

exhibits only weak dependence on the properties of the serum (Figure 3) and that the 

inhibition of the substrate peroxidation depends linearly on the concentration of the 

antioxidant in the relevant system. 
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Figure 3. The effects of different antioxidants (2 μM) on the lag preceding peroxidation of different 

sera, as detected according to our optimized spectrophotometric method (Schintzer et al., 1998). Each 

circle gives a result of one experiment (ratio of lag in the presence of antioxidant to the lag of “added 

antioxidant-free” serum). Box heights show the SD-value, the lines that cross the boxes represents the 

median and filled circles give the mean values. Taken from (Pinchuk et al., 2011). 
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We therefore propose expressing the antioxidative capacity in terms of the concentration 

of the given antioxidant required to double the lag. The results may be normalized by 

comparison with a standard probe under similar conditions and concentration (e.g., Trolox). It 

relates to the total antioxidative capacity, due to both lipophilic and hydrophilic antioxidants 

but it also depends on the lipid/water partition coefficients of the antioxidants, as well as on 

the metal-chelating properties of the lipoproteins and on the rate of migration of free radicals 

within and between lipid particles. 

In conclusion, any attempt to quantitate results that can be compared to other results on 

an absolute basis requires consideration of both timing and location. This is certainly true for 

the terms oxidative stress and antioxidative capacity, which are context-dependent, due to the 

large number of different criteria, measured by methods of different factors at different time 

points after blood withdrawal. This may be responsible for apparent irreproducibilities and 

inability to compare results from different studies. Furthermore, in view of the difference 

between reactions in solution and at interfaces, the biological relevance of studies of the 

capacity of antioxidants in solution is questionable. We propose defining antioxidant criteria 

on the basis of the concentration dependence of their inhibition of the substrate peroxidation 

in the relevant system. 
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ABSTRACT 
 

Lipid peroxidation (LPO) plays an important role in the evolution of living 

organisms and their adaptation to various environments. LPO attributes of the organism 

environmental stress caused the changes of natural conditions and anthropogenic impact. 

In recent years, there has been considerable interest in the use of biochemical indices 

within aquatic species, because they are the main source of food for people, and they 

contain many essential compounds including antioxidants, unsaturated fatty acids, 

carotenoids, vitamins, and etc. Lipid peroxidation parameters are good biomarkers, 

characterizing oxidative stress in the aquatic organisms, caused toxicants containing in 

effluents and sewage. To the other hand, LPO level in the animals depends on their 

physiological status, stage of development, age, abiotic (seasonal variations, temperature, 

oxygen concentration, physical and chemical conditions in the habitats, and etc.), biotic 

factors (food composition, its consumption, parasitic and microbial infection) and 

anthropogenic impact. The study of LPO in different species may help to understand the 

mechanisms of reactive oxygen species (ROS) generation and their role in the origin of 

life and evolution of the living organisms belonging to various taxa. This chapter 

discusses the following areas including (1) lipid peroxidation levels in aquatic organisms 

in their early life and related to age; (2) lipid peroxidation level in the tissues of aquatic 

animals belonging to different taxa and ecological groups; (3). fluctuations of lipid 

peroxidation level in aquatic organisms inhabiting locations, characterizing different 

environmental conditions; (4) use LPO parameters as biomarkers of aquatic animals 

health, exposed to pollution and toxicants.  

 

                                                           
* E-mail:svg-41@mail.ru. 
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1. INTRODUCTION 
 

Metabolism of the living organisms is attributed with oxygen consumption, because 

oxygen plays the main role in major biochemical pathways. However, O2 has two unpaired 

electrons, and the univalent reduction of the molecular oxygen produces reactive oxygen 

species (ROS), such as superoxide radical O2
-, singlet oxygen 1O2, hydrogen peroxide H2O2, 

hydroxyl radical HO* and finally water H2O. Oxidative stress, caused of endogenous and 

exogenous factors, is characterized the generation and accumulation of reactive oxygen 

species in tissues of living organisms, and damage of cell membranes, lipids, proteins, and 

DNA. Lipids and particular polyunsaturated fatty acids (PUFA) are the main substrates of the 

oxidation, and lipid peroxidation (LPO) is a very important consequence of oxidative stress, 

which plays a role in the evolution of living organisms and especially in aerobic life (Lane, 

2011).  

LPO is a normal physiological process, and its level depends on physical and chemical 

feedback regulatory system. For the regulation of physiological processes the concentration of 

superoxide radicals is estimated as 10-12 10-11 М. ROS can also act in signal transduction and 

participate in the formation of intermediates (prostaglandins, leikotriens, etc.). They play an 

important role for the expression of several transcription factors, heat shock-inducing factor, 

nuclear factor, cell-gene p53, nitrogen-activated protein kinase, and etc. Oxidative stress also 

plays a role in apoptosis in two pathways, the death-receptor and the mitochondrial 

(Burlakova, 2005; Lesser, 2006; Vladimirov and Proscurina, 2007). Lipid peroxidation 

products modulate bactericidal activity, which positively correlate with dietary PUFA. They 

involve in the process of phagocytosis, adaptive immune response, spermatogenesis; 

pinocytosis. Lipid peroxidation substances regulate membrane permeability, nerve 

stimulation and mechanisms of vision, they take part in formation of prostaglandins, 

tromboxanes, interleukins, eicosanoids, including prostaglandins and leukotrienes (Winston, 

1991; Livingstone, 2001; Burlakova, 2005; Lesser, 2006; Vladimirov and Proscurina, 2007). 

Many environmental factors and chemical pollutants induce reactive oxygen species 

production. Seasonal and geographic variability of locations, different level of anthropogenic 

impact, chemical, physical and microbial pollution of habitats also modify the 

prooxidant/antioxidant balance in aquatic organisms and level of ROS generation. Global 

fluctuations of environmental conditions such as climate change and eutrophication, 

associated with temperature increasing, cause the perturbations with the potential to affect the 

changes of prooxidant/antioxidant balance in biota in aquatic ecosystems, because they 

modify the food chains, hydrochemical and hydrological conditions in water bodies. 

Eutrophication generally results in a replacement of PUFA-rich microalgae with PUFA-poor 

species, especially cyanobacteria (Müller-Navarra et al., 2004). Changes in food composition 

result the changes in lipids composition and LPO in aquatic animals, which are in the top of 

food chain.  

There is currently limited information regarding the LPO in aquatic organisms belonging 

to different taxa in various stages of their development and related to age. To the other hand, 
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LPO biomarkers (so-called “effect biomarkers”) are widely applied in international 

monitoring programs, and scientific communities use them for the evaluation of 

contamination effects in marine ecosystems and particularly, in biota (Goksoyr et al., 1996; 

Van der Oost et al., 2003; Sole et al., 2009). Therefore, the further study of the biochemical 

mechanisms of lipid peroxidation and resistance of aquatic animals against environmental 

stress led the climate warming and anthropogenic pollution is very important for the 

understanding the different ways of adaptations of the organisms and for risk assessment. The 

aim of the present study was to compare: (1) lipid peroxidation levels in different aquatic 

organisms in early life and related to age; (2) lipid peroxidation levels in the tissues of aquatic 

animals belonging to different taxa and ecological groups; (3) fluctuations of lipid 

peroxidation level in aquatic organisms in habitats, characterizing different environmental 

conditions; (4) LPO parameters as effect biomarkers in aquatic animals, exposed to pollution 

in natural and experimental conditions.  

 

 

2. LPO CHANGES IN THE DEVELOPMENT  

OF AQUATIC ORGANISMS  
 

Oxidative stress is a physiological process, which plays a main role in organism 

development, because redox state is a critical regulator of the key cell and tissue events, 

namely respiration, cell cycle, proliferation, differentiation, including sex differences, stress 

resistance, longevity and apoptosis (Shapiro, 1991; Lane, 2011). Antioxidant/prooxidant 

balance plays an important role in many metabolic processes and thereby control oxidative 

stress as well as redox signaling. Both processes change across the life span of the organism 

and thus modulate its sensitivity and resistance against free radicals damage (Hu et al., 2007; 

Sole et al., 2004; Vifia et al., 2003; Wedgwood et al., 2011). 

 

 

2.1. LPO in Early Life of Aquatic Organisms  
 

During early development, embryos and larvae of aquatic animals are sensitive to the 

environmental factors, especially oxygen concentration in the environment. Oxygen 

availability is vital for embryo development, where cell division and de novo tissue formation 

require increased metabolic rate and stimulation of oxygen consumption in early 

developmental stages. Increased uptake of exogenous oxygen may have the potential to affect 

pro-oxidant processes in early life. During embryogenesis, the metabolic energy substances 

change between glucose, free amino acids and lipids depending upon species and 

developmental stage, and these metabolic fuels may provide endogenous sources of free 

radical production and the alterations of antioxidant status of the organism (Peters, 

Livingstone, 1996)  

Sea urchin is a good model for investigation of early development processes in aquatic 

organisms, including ROS formation and lipid peroxidation fluctuations. In sea urchin egg 

oxidative stress was observed at the beginning of the development and the protection from the 

deleterious effects of it is afforded by regulation of the production and utilization of reactive 

oxygen species (Shapiro, 1991). Generation of reactive oxygen species was detected even in 
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the unfertilized eggs of aquatic animals and after fertilization its level was changed. Our 

studies demonstrated the trends of lipid peroxidation compounds level in various Black Sea 

aquatic animals during early life (Table 1). We found the interspecies differences between 

LPO concentrations in Mytilus galloprovincialis eggs and Artemia sp. cysts. For instance, 

lipid oxidation index and TBA-reactive substances (TBARS) level were higher in bivalve 

eggs, while dien conjugates and ketodien concentrations were greater in the brine shrimp 

cysts and nauplia.  

The level of hydroperoxides and TBARS decreased insignificantly during Artemia 

development, while lipid oxidation index, dien conjugates and ketodiens concentration were 

not changed (Rudneva, 1999a). We could propose that high concentrations of antioxidants 

(vitamins E, A, K, and carotenoids) protect developing embryos against oxidative stress, and 

LPO level did not vary widely during Artemia early development (Rudneva, 1999b).  

 

Table 1. Lipid peroxidation parameters in mollusks Mytilus galloprovincialis and 

crustacean Artemia sp.(mean + SEM) 

 

LPO parameters M. 

galloprovincialis eggs, 

n = 10 

Artemia sp. 

dormant cysts,  

n = 5 

hydrated cysts, 

n = 5 

newly hatched 

nauplia, n = 5 

Hydroperoxides 

µg I2 mg lipids 

 

Lipid oxidation 

index  

OD 232/OD215 

 

Dien conjugates,  

µmol mg lipids 

 

Ketodiens, 

OD 270/OD215 

 

TBARS, nmol mg 

lipids 

 

 

 

0.403 +0.095 

 

 

 

3.350 +0.360 

 

 

0.080+ 0.021 

5.490 +0.490 

 

0.403 +0.095 

0.593 +0.156 

 

4.165 +1.523 

0.130 +0.246 

1.337 +0.456 

 

0.294 +0.526 

 

0.549 +0.123 

 

 

 

4.990 +1.236 

 

 

0.125 +0.256 

 

 

1.167 +0.562 

 

0.106 +0.356 

 

0.500 +0.0123 

 

 

 

4.900 +1.235 

 

 

0.150 +0.045 

 

 

0.473 +0.123 

 

Generation of reactive oxygen species (ROS) was detected in unfertilized eggs of devil 

stinger by chemiluminescence analysis. ROS were continuously detected during the 

development from fertilized eggs to larvae and tended to increase gradually. ROS was 

produced on the surface shell of embryo and the head region of larvae, especially in 

peripheries of eyes. The researchers suggested the presence of NADPH oxidase-like ROS 

generating system in the embryo of devil stinger, that is already activated at fairly early stage 

of development before the maturation of usual immune system (Kadomura et al., 2006).  

Lipid peroxidation level measured as lipid peroxides and peroxidizable lipids in embryos 

and 3-dy larvae turbot Scophthalmus maximus showed a 13-fold increase in lipid peroxides 

after hatching and was mirrored by an indicated 3-8-fold decrease in peroxidizable lipids 

(Peters, Livingstone, 1996). LPO level in metamorphosing larvae of Japanese flounder was 
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determined as 2.67 nmol TBARS mg-1 protein, in settling larvae it was greater (5.41 nmol 

TBARS mg-1 protein) and in juveniles it dropped again to 3.1 nmol TBARS mg-1 protein 

(Cao et al., 2010). TBARS content in Japanese flounder larvae was detected as 2.7 nmol 

TBARS mg-1 protein (Huang et al., 2010b).  

The level of LPO measured by TBARS was very high in fertilized eggs of Dentex dentex 

prior to hatching and it was significantly higher than in larvae, which was decreased during 

development (Mourente et al., 1999). The ratio of TBARS to PUFA in the eggs was greater 

than 5 whereas the ratio in larvae was much lower and generally increased from 

approximately 1.6 in newly-hatched larvae to 2.4 in day 9 larvae. Thus, the eggs contained a 

relatively high level of TBARS, but upon hatching the larval level of TBARS was only about 

one third of the present in the unhatched eggs. The authors suggested, that two thirds of the 

TBARS was not attributed with the developing larvae body, but rather may have been 

associated with the chorion and /or perivitelline fluid. This finding may reflect accumulation 

of TBARS during embryonic development with excretion from the developing embryo into 

the perivitelline fluid, which was lost upon hatching. Subsequently, TBARS level decreased 

over the whole time-course of larval development, reflecting decreased accumulation through 

enhanced antioxidant enzyme activities and/or increased excretion rate (Mourente et al., 

1999). Increase of lipid peroxidation from 10 dph to 25 dph during larval development of 

Asian seabass (Lates calcarifer) was also observed (Kalaimani et al., 2008). Enhanced of 

LPO only occurred at the metamorphosis stage (days 19 to 28) of Solea senegalis. This could 

be due to auto-oxidation of the PUFA as a consequence of increased oxygen presence due to 

higher metabolism during this stage (Sole et al., 2008). 

Our studies have shown the fluctuations of lipid peroxidation compounds in Black sea 

fish embryos and larvae The dynamics of LPO level through fish embryogenesis was not 

uniform. We study the trends of prooxidant-antioxidant parameters during the early 

development of the gobies Neogobius melanostomus and Proterorhinus marmoratus, and 

turbot Psetta maxima maeotica (Figure 1). 

 

  

Figure 1. (Continued) 
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Figure 1. Lipid peroxidation parameters in three Black Sea teleost fish species in early developmental 

stages (mean + SEM). III-VI – stages of embryogenesis (Rudneva, 2013). 
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Lipid oxidation factor in N. melanostomus was the highest in stage III and then decreased 

through the embryonic development and in larvae, in P. marmoratus and P. maxima maeotica 

it varied lower, decreased to the end of the embryogenesis. Similar trends were observed for 

ketodiens and dien conjugates levels. The highest concentration of TBA-reactive products 

was indicated in stage V in all examined fish species and then the values decreased to the end 

of embryogenesis and in larvae of N. melanostomus. In general high level of LPO was shown 

in the stages of intensive growth and organogenesis of the embryos required high 

consumption of oxygen and energy, which involve the different substrates for organ 

formation.  

Fluorescent spectra of lipids characterized the level of the end products of LPO or the 

level of fluorescent age pigments, FAP. Our previous study demonstrated, that the maximum 

of lipids fluorescence was indicated at 356 nm in early developmental stages. At the stage VI 

of Gobiidae embryos the level of fluorescent compounds increased more than 2-3 fold and in 

larvae of N. melanostomus the maximum was detected at 356-370 nm, and the value 

increased in 2-fold as compared with eggs at the stage VI (p < 0.01). FAP level could reflect 

larval metabolic activity and its fluctuations depend on nutritional deprivation in larvae 

(Mourente et al., 1999). Fish peroxidation status may modify by the diets: low concentration 

of vitamin E showing significantly higher values of thiobarbituric acid reactive substances 

(TBARS) (Mourente et al., 2000).  

Therefore, changes of metabolic rate, oxygen consumption and energetic metabolites 

concentrations in fish early life cause the alterations of lipid peroxidation parameters. LPO 

level varied in early development of aquatic organisms and reflected the metabolic activity 

and status of prooxidant/antioxidant balance in embryos and larvae. Fish early developmental 

stages represent an attractive model for ecotoxicological studies and environmental risk 

assessment, because environmental conditions, especially pollution, caused anthropogenic 

impact may result oxidative stress in early development stages and modify LPO, which could 

be used as good tools for evaluation of fish larvae health and water quality (see paragraph 4 

and 5).  

 

 

2.2. Age- Related Changes of LPO in Aquatic Animals  
 

Aging changes can be attributed to development, genetic defects, the environmental 

harmful factors and diseases. The accumulation of the negative alterations and the loss of the 

ability to repair or detoxify them increase the risk of death (Harman, 2003). The study of 

aging strategy, both endogenous and exogenous factors which it modulate in different species 

is very important for the understanding of the key mechanisms of aging and its early 

prevention. Several studies have shown that oxidative stress led the environmental factors is 

involved in age-related processes and modulate them. Oxygen stress relates to immune 

system dysfunction seems to have an important role in senescence, in agreement with the 

oxidation/inflammation theory of aging (De La Fuente et al., 2005). The life span of species 

might be influenced by its metabolic rate and its increase correlates with the high radical 

production and with oxidative damage (Zelinski, Portner, 2000). 

There are many publications on the effect of age on prooxidant/antioxidant balance in 

laboratory animals, such as various mammalian species, while the information of aquatic 

animals is very limited, especially in wild populations. However the aging processes in wild 
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populations are associated with many environmental factors, namely climate changes, 

fluctuations of habitat conditions, and anthropogenic impact. Whereas these aspects have 

been amply studied in mammals and especially in humans, information on fish and particular 

aquatic invertebrates is very limited. Prooxidant/antioxidant balance of the organism varies 

during development. The progressive accumulation of damage biomolecules as a result of 

oxidative stress appears to be the important cause responsible for the aging processes 

(Harman, 2003; De La Fuente et al., 2005). Previously we described the age-related trends of 

antioxidant enzyme activities in red blood cells of several Black Sea teleosts (Rudneva et al., 

2010). Several researchers also used fish as model organisms in aging studies, which support 

the metabolic rate theory of aging (Almroth et al., 2012). Therefore, age is the important 

factor which modulates the prooxidant/antioxidant balance in the organism, and its 

fluctuations during life span may reflect both the physiological alterations and the effects of 

environmental conditions.  

 

 

3. TISSUE-SPECIFIC LPO LEVEL IN DIFFERENT SPECIES  

OF AQUATIC ANIMALS 
 

Study of the phylogenic peculiarities of defense systems in aquatic animals is very 

important for the understanding of the adaptive mechanisms against harmful factors and 

changes of environmental conditions, especially anthropogenic pollution, which plays an 

important role in aquatic ecosystems transformation and degradation at present. LPO 

parameters are broadly defined as a change in physiological status of the organism, caused 

endogenous or/and exogenous factors (Van der Oost, 2003; Hutchison et al., 2006). Aquatic 

organisms are very sensitive to anthropogenic impact and some of them may be tested as 

biomonitors for the assessment of the ecological status of water bodies. Comparative study of 

LPO in different tissues of mollusks, crustacean and fish is important for the understanding 

the different strategy of adaptations of aquatic animals and for risk assessment, because LPO 

level depends on tissue and organ functions and their metabolic rate.  

 

 

3.1. LPO Level in Invertebrates 
 

Many authors documented the interspecies differences in LPO level, which was depended 

on metabolic activity, ecological and biological peculiarities of species and living conditions 

in their biotops. In addition, the LPO level differs in tissues and organs of the organisms, 

which depends on their functions. In our study we showed the significant differences between 

lipid peroxidation level in different tissues of Black Sea M. galloprovincialis (Figure 2). The 

lowest values of LPO were detected in gonads, while in muscle and digestive gland the 

differences were not significant. In gonads the lipid oxidation index was significantly lower 

(p < 0.01) as compared to the corresponding values in muscle and digestive gland. 

Concentration of hydroperoxides was the highest in digestive gland related to muscle and 

gonads. We could propose that high concentrations of antioxidants in bivalves gonads, 

especially carotenoids, prevent them against oxidative stress and high LPO products 

accumulation.  

Complimentary Contributor Copy



Lipid Peroxidation in Aquatic Organisms 279 

However, the fluctuations of LPO level in aquatic invertebrates depends strongly on the 

environmental conditions in biotops (see paragraph 3) and anthropogenic pollution (see 

paragraph 4).  

 

 

 

 

Figure 2. (Continued) 
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Figure 2. Lipid peroxidation parameters in tissues of Black Sea M. galloprovincialis  

(n = 10). Average values are of triplicate determinations. Vertical bars indicate  

mean + SEM. 

 

3.2. LPO Level in Fish Species 
 

High variability of the LPO levels was shown in fish, which may reflect the individual 

responses of fish species to environmental stressors and the specific peculiarities of 

metabolism (Martinez-Alvarez et al., 2005; Rudneva, 2014). Our findings demonstrated the 

differences in LPO values in tested organs and tissues of several Black Sea teleosts and 

elasmobranch Atlantic spiny dogfish Squalus acanthias. Lipid oxidation index was 

significantly lower in blood serum of dogfish as compared with the teleosts, however, in the 

liver and muscle we found the opposite trend (Rudneva, 1995a,b; 1998a). TBARS and 

hydroperoxides level in blood serum, liver and muscle of dogfish was significantly higher 

related to the majority of checked teleost species. For instance, TBARS concentration in 

elasmobranch blood serum was in 6-20-fold higher than in teleosts. However, TBARS level 

in elasmobranch gonads was lower than in teleosts, that could be explained high 

concentrations of low molecular weight antioxidants, namely vitamins E, A, K in the dogfish, 

which protect the gonads and developing embryos against oxidative stress (Rudneva, 2012, 

2014; Rudneva et al., 2014).  
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Among teleost species LPO parameters varied widely. The interspecies differences of 

TBARS concentration were found between two species of fish with different habitats: the 

benthic catfish Pterygoplichthys anisitsi and nektonic tilapia Oreochromis niloticus. The LPO 

level was the similar in the gills, but higher in the liver of P. anisitsi (Nogueira et al., 2011). 

The authors showed that LPO varied significantly in different organs of Sparus aurata. The 

highest values were detected in the gills, then in intestine, liver, brain and muscle. This may 

be related to the position of gills in the body, as they are in direct contact with the water and 

are thus continuously exposed to the physical and chemical conditions of it (Madeira et al., 

2016). 

Lipid peroxidation was determined in different tissues (gills, heart, digestive tract, liver, 

white muscle, skin, red blood cells, swim bladder) of trout (Oncorhynchus mykiss) and 

sturgeon (Acipenser naccarii). In both species, lipid peroxidation in the digestive tract 

showed higher values compared to the other tissues. The investigators suggested, that 

sturgeon, compared to trout, had higher energy content stored as fat in liver and muscle, and 

thus appeared to have an effective safeguard against oxidation, as shown by low lipid 

peroxidation (Trenzado et al., 2006).  

In our study of several Black Sea fish species, belonging to different ecological groups, 

namely horse mackerel Trachurus mediterraneus (pelagic), high body pickerel Spicara. 

smaris (supra benthic/pelagic), red mullet Mullus barbatus ponticus (suprabenthic), scorpion 

fish Scorpaena porcus (benthic) and round goby Neogobius melanostomus (benthic) lipid 

peroxidation parameters ranged among species and tested tissues. In muscle the values of 

hydroperoxides varied from 2.1 to 6.6 μg I2 mg-1 lipids, in the liver from 1.2 to 7.6 μg I2 mg-1 

lipids and in the gonads from 0.3 to 5.8 μg I2 mg-1 lipids. The highest level of hydroperoxides 

was observed in the tissues of the round goby. The concentration of hydroperoxides was the 

similar in the muscle and in the liver of horse mackerel and round goby, while in the muscle 

of high body pickerel it was 2-fold lower than in the liver. However, in red mullet and in 

scorpion fish the opposite trends were shown. There are no relations between fish ecological 

status and the level of hydroperoxides in muscle and in the liver (Rudneva, 2014).  

The highest value of lipid oxidation index measured as OD232/OD215 was indicated in 

blood serum in tested species, while in the other examined tissues the level was lower and 

varied from 0.34 to 0.41 in muscle, from 0.37 to 0.48 in the liver and from 0.26 to 0.49 in the 

gonads. The data obtained may reflect both the specificity of lipid composition in muscle and 

liver and the content of antioxidants in these tissues High concentration of dien conjugates 

was indicated in blood serum and in muscle of scorpion fish and round goby, the values in 

gonads were lower. We could suggest, that dien conjugates concentration was higher in the 

muscle of sluggish benthic forms as compared with active fish species. The reason of this 

could be explained high metabolic rate and antioxidant defense (both enzymatic and non-

enzymatic) in the muscle of active fish (Filho and Boveris, 1993; Filho et al., 1993; Rudneva, 

2012) that degrade dien conjugates, while in the liver their level was the similar in tested 

species. The highest content of ketodiens was observed in blood serum, while in muscle, liver 

and gonads it was much lower. TBARS concentrations ranged between 1.4 and 4.7 nmol mg-1 

lipids in blood serum, 1.4 and 8.7 nmol mg-1 lipids in the muscle, 1.1 and 5.2 nmol mg-1 lipids 

in the liver and 1.7 and 6.5 nmol mg-1 lipids in the gonads. Therefore, we could noted high 

level of lipid peroxidation in serum as compared with the other tested tissues in totality of 

examined species, while in gonads the LPO was lower or the similar as in the liver and 

muscle. It could be explained by great concentrations of low molecular weight antioxidants 
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(vitamins E, K, A, carotenoids and glutathione) in gonads which protect the gametes against 

oxidative stress (Rudneva, 2012). To the other hand, we noted, that the peculiarities of LPO 

in examined fish tissues were attributed with the ecological status of tested forms.  

Lipid oxidation index and ketodien levels were the similar in blood serum of examined 

species and they were independent on their ecological status. However, dien conjugates 

concentration was significantly higher (in 2.9-11.2-fold) in pelagic horse mackerel as 

compared with the benthic round goby and scorpion fish (p < 0.01), while TBARS showed 

the opposite trend. Lipids of horse mackerel contain high concentrations of PUFA than those 

in the lipids of benthic forms (Shulman and Yakovleva, 1983; Shulman and Juneva, 1990). 

PUFA are the preferable substrates of lipid peroxidation, and this could be the reason of high 

concentrations of dien conjugates in the blood serum of T. mediterraneus. Additionally, horse 

mackerel is pelagic fast swimmer, and its abundance is in the upper water layers rich oxygen, 

involving in ROS formation in the organisms. Simultaneously, high antioxidant enzyme 

activity in the tissues of fast swimming pelagic horse mackerel, as we described previously 

(Rudneva, 2012) promotes the optimal degradation of the LPO secondary and tertiary 

products, such as TBARS, and their concentration in blood serum was lower than those in 

slow swimming benthic round goby and scorpion fish.  

Hydroperoxides level was significantly lower in the muscle of active fish horse mackerel 

and high body pickerel as compared with less mobile red mullet and sluggish round goby and 

scorpion fish. We could propose that high metabolic rate and great antioxidant enzyme 

activities in muscle of active fish play a role in hydroperoxides degradation (Rudneva, 2012). 

High antioxidant enzymatic level in red muscle of active fish was attributed with high 

swimming activity and increase of metabolic rate, which correlated with the growth of ROS 

production and antioxidant defense induction (Filho et al., 1993; Filho and Boveris, 1993; 

Zelinsky and Portner, 2000; Sole et al., 2009). However, concentration of dien conjugates and 

TBARS in the muscle of tested benthic form round goby was significantly lower as compared 

to scorpion fish and several active species. The reason of this phenomena could be explained 

the high activity of SOD and CAT in the muscle of round goby which we noted previously 

(Rudneva, 2012, 2014). Hence, totality of lipid peroxidation compounds level was greater in 

the muscle of sluggish fish than in active forms.  

As in muscle and blood, no significant differences were shown in hepatic lipid oxidation 

index in tested fishes. The highest level of lipid hydroperoxides was observed in the liver of 

the round goby, while dien conjugates concentration was greater in the liver of S. smaris, in 

other tested species the values were the similar, while ketodiens and TBARS concentrations 

predominated in the liver of T. mediterraneus. Hence we could concern that the level of 

primary lipid peroxidation compounds was higher in the liver of benthic fish round goby 

while the concentration of intermediate and final LPO substances tended to increase in active 

pelagic and suprabenthic/pelagic forms. As we described previously (Rudneva, 2012) and 

several researchers documented also (Filho and Boveris, 1993; Filho et al., 1993; Rocha-e-

Silva et al., 2004), fish liver displayed the highest levels of the key antioxidant enzymes. 

Thus, high level of TABRS and ketodiens in the liver of fast swimming horse mackerel than 

in less mobile fish correlated with their swimming activity, high metabolic rate and high 

oxygen concentration in their abundance.  

In fish gonads the LPO parameters varied lower than in blood serum, muscle and liver, 

caused the specificity of lipid composition and high levels of low molecular weight 

scavengers, which protect them against ROS. Our findings agree with the data of several 
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researchers, who reported low LPO level in gonads of fish Leptoclinus maculates (Murzina, 

2010). Lipid hydroperoxides level was the similar in male and female gonads of tested fish. 

No significant differences of lipid oxidation index, dien conjugates and ketodien 

concentrations were observed in both ovaria and testes. Low LPO level in fish male and 

female gonads is the result of adaptation to prevent gametes against oxidative damage.  

Therefore, our findings demonstrated, that the fluctuations of LPO parameters in fish 

tissues varied widely and depended on fish phylogenic position and ecological status. LPO 

level was higher in elasmobranch as compared to teleosts. However, high concentrations of 

enzymatic and non-enzymatic antioxidants protect fish tissues against oxidative stress caused 

changing environmental conditions, including anthropogenic impact in water bodies. We 

could conclude that the complex of specific phylogenic, physiological and ecological features 

of aquatic animals may modify LPO and prooxidant/antioxidant balance, and it is important 

for development of monitoring programs, because lipid peroxidation parameters are good 

effect biomarkers of oxidative stress caused environmental pollution (see paragraph 5). As we 

see, LPO level in benthic forms are more convenient for monitoring studies, but benthic fish 

species are differed each from other. For biomonitors selection we need to take into account 

their specific features of biology and ecology including natural activity, feeding behavior and 

diet.  

 

 

4. ENVIRONMENTAL CHANGES AND LPO LEVEL  

IN AQUATIC ANIMALS 
 

Biotic and abiotic factors may modify prooxidant/antioxidant balance in aquatic 

organisms. Temperature may affect the metabolic rate, enzymatic activity and binding 

capacity of the proteins, as well as disturb oxygen metabolism in cells and tissues, which 

closely links with prooxidant/antioxidant balance. Salinity might modify the osmoregulation, 

bioavailability and uptake of toxicants (Martinez-Alvarez et al., 2005; Oliveira et al., 2010; 

Oliva et al., 2012). High level of UV-irradiation also impacts aquatic organisms and can 

modify their genetic and physiological status, generates the overproduction of ROS. 

However, studies of alterations in aquatic animals affected by these environmental 

fluctuations are scarce, and the investigations are significant in the con-text of climate change 

and associated consequences on fisheries and aquaculture. Induction of oxidative stress due to 

environmental changes can induce health problems, mortality, shortened lifespan and loss of 

biodiversity of aquatic organisms.  

 

 

4.1. Temperature and Season Fluctuations 
 

Knowledge on how temperature affects the oxidative stress response is important for 

understanding the possible consequences of climate changes for most species and to predict 

the possible scenario of their responses on increasing temperature impact (Rosa, et al., 2014). 

Many studies show that temperature is an important variable in the oxidative stress response 

in fish, crabs and bivalves, and that various tissues respond. However, the biomarkers 

response was not linear with increasing temperature (Madeira et al., 2013, 2014).  
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Mollusks are good model organisms for the investigation of oxidative stress caused the 

environmental factors both in field and laboratory conditions. The researchers studied lipid 

peroxidation parameters in gill, mantle, and adductor muscle from mussels (Mytilus 

californianus) exposed to three treatments for 4 weeks: immersed continuously in seawater 

(15 ± 1°C), exposed to moderate temperature air (21.8 ± 0.1°C) for 4 h per day, or exposed to 

warm air (30 ± 0.1°C) for 4 h per day. They noted, that gill tissue accumulated lipid 

peroxidation damage during the acute thermal challenge independent of acclimation duration. 

This tissue expressed the lowest baseline levels of defense against peroxyl radicals that 

promote lipid peroxidation. The evidence for chronic accumulation of lipid oxidative damage 

did not find and the authors suggested, that the costs of repairing lipid peroxidation are less 

than the costs of mounting a constitutive, baseline antioxidant defense against extreme events 

that tend to be rare and relatively unpredictable in nature (Jimenez et al., 2016). During the 

summer and spring months the alterations of LPO in the mollusk Pollicipes pollicipes 

(gooseneck barnacle) from polluted and non-polluted sites were more evident suggesting an 

association between the presence of chemical stressors and temperature-dependent seasonal 

physiological fluctuations, which contribute to the modulation of the toxic response (Ramos 

et al., 2014; 2016). Greater potential for lipid peroxidation has also been shown in the 

Antarctic bivalve Laternula elliptica in comparison to a temperate species, Mya arenaria, 

with similar total lipid contents (Estevez et al., 2002). Adaptation to the permanently cold, 

oxygen-rich environment can potentially reduce susceptibility to oxidative stress, through 

reduced metabolic rates that limit. 

Temperature fluctuations also influence on various crustacean species and modulate 

oxidative stress in their tissues. Study of the physiological and biochemical responses of 

tropical (Lysmata amboinensis) and temperate (L. seticaudata) cleaner shrimp to global 

warming had shown the differences between two tested organisms. LPO level in tropical 

shrimp increased dramatically, indicating extreme cellular lipid peroxidation, which was not 

observed in the temperate shrimp. The data suggest that the tropical cleaner shrimp will be 

more vulnerable to global warming than the temperate L. seticaudata; the latter evolved in a 

relatively unstable environment with seasonal thermal variations that may have conferred 

greater adaptive plasticity (Rosa et al., 2014). The study investigating the effect of increasing 

temperature on lipid peroxidation in the shrimps, Palaemon elegans and Palaemon serratus 

has shown significantly changes of LPO in both tested species exposed in increasing 

temperature. The oxidative stress response was more intense in P. elegans, than in P. 

serratus, producing higher peaks of LPO between 220C and 260C, followed by low levels at 

higher temperatures (Vinagre et al., 2014a).  

The increasing temperature (20 – 340C) in the response of lipid peroxidation in the 

muscle, liver and gills of a common coastal fish, the Rock goby, Gobius paganellus showed 

that the response was higher in the gills than in the other tissues. The authors suggested, that 

oxidative stress biomarkers, including LPO, elevated with increasing temperature until 

reaching a peak, after which their level decreased, concluding the temperature at which this 

peak occurs is species specific and related to the thermal niche the species occupies (Vinagre 

et al., 2012; 2014b). In the brain of freshwater Indian catfish Heteropneustes fossilis, exposed 

to elevated temperature, lipid peroxidation increased with increasing temperature from 25° C 

to 37° C (Dubey, 2013).  

LPO level in red blood cells (RBC) of two ecologically distinct fish species Astyanax 

fascialus (benthic/pelagic) and Pimelodus maculates (benthic) was differed and depended on 
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fish ecological status. It was higher in benthic form as compared with the benthic/pelagic 

species. In summer time LPO level was higher in the fish erythrocytes than in winter season 

(Sadauskas-Henrique et al., 2011). Seasonal variability of total oxyradical scavenging 

capacity (TOSC-assay) was demonstrated in tissues of European eel and striped mullet (Gorbi 

et al., 2005).  

The study of juvenile seabass, Dicentrarchus labrax demonstrated that at 180C, there was 

an increase of TBARS over time in fish muscle. At 240C, levels of LPO were lower than at 

180C. At 280C, LPO increased in 2.7-fold after 15 days, and then decreased to much lower 

values after 30 days. Oxidative stress response was not directly correlated to temperature. It 

was lowest at the optimal temperature (240C) and it increased outside this species upper and 

lower optimum thermal limits. It was concluded that, although these biomarkers have been 

used mostly as indicators of the effects of contamination in field studies, they are very 

sensitive to temperature (Vinagre et al., 2012).  

Various natural and anthropogenic factors modify the prooxidant/antioxidant balance in 

early developmental stages of aquatic organisms. Increased temperature changes the 

metabolic rate of the developing embryos leads the oxidative stress in the first life stages of 

marble trout (Salmo marmoratus) (Simčič, et al., 2015) and Sparus aurata larvae (Madeira et 

al., 2016). The evaluation of health status and vulnerability of Sparus aurata juveniles toward 

ocean warming and heat wave events by exposing fish to a thermal ramp from 180C until their 

Critical thermal Maximum (≈350C) and quantifying lipid peroxidation (LPO) showed the 

oxidative stress in every tissue tested (gills, muscle, liver, brain and intestine). LPO varied 

significantly between temperature groups in all organs examined. The most affected being 

muscle and liver, which showed greater increases in LPO (17.7-fold in muscle and 3.3-fold in 

liver related to control), suggesting that these organs are highly sensitive to ROS damage 

(Madeira et al., 2016). The researchers determined the levels of lipid peroxides (LOOH) and 

TBARS, in brain, liver, kidney, and white muscle of goldfish, Carassius auratus L., over 1–

12 h of high temperature (35 °C) exposure followed by 4 or 24 h of lower (21 °C) 

temperature recovery. LOOH and TBARS levels increased during heat shock exposure with a 

maximal rise of 20-fold for liver TBARS, but both mainly reversed at recovery. The authors 

suggested, that goldfish tissues possess sufficiently powerful mechanisms to cope with 

deleterious effects of lipid peroxidation under heat shock (Lushchak and Bagnyukova, 2006). 

 

 

4.2. Salinity  
 

Among tested aquatic organisms Polychaetes have been identified as a group of marine 

invertebrates that respond rapidly to changing environmental factors and pollutants. Study of 

the impact of salinity changes (14, 21, 28, 35, 42 g/L) on the physiological and biochemical 

status of the Polychaete Diopatra neapolitana, showed the increase antioxidant enzyme 

activities at salinity 21 g/L, while LPO levels were increased at salinity 42 g/L. LPO levels 

significantly differed among salinities, with organisms exposed to salinity 42 g/L presenting 

the highest LPO values (54% more than at 28 g/L) while under 21 g/L animals showed 

decrease of LPO (42% less than at 28 g/L). No significant differences in LPO levels were 

found between D. neapolitana exposed to 28 and 35 g/L. However, although the salinity 21 

g/L seems to be stressful to D. neapolitana, since organisms revealed higher mortality, less 

capacity to regenerate, and lower glycogen content. Under this condition the lowest LPO 

Complimentary Contributor Copy



I. I. Rudneva and V. G. Shaida 286 

level was shown in tested organisms, that may be explained by the highest activity of 

antioxidant enzymes, especially SOD, recorded at this salinity. The authors conclude that D. 

neapolitana revealed to be a good bioindicator to salinity alterations (Freitas et al., 2015).  

 

 

4.3. Hypoxia and Anoxia 
 

Hypoxia is defined as a dissolved oxygen (DO) concentration of <2.8 mg O2/L 

(equivalent to 2 mL O2/L or 91.4 mM) (Woo et al., 2013). A wide spectrum of adaptations to 

both anoxia/hypoxia and hyperoxia was demonstrated in aquatic organisms. A lack of oxygen 

can cause hydrogen sulphide to form, which is highly toxic for most organisms. A complete 

lack of oxygen also disturbs the nitrogen cycle. The potential for denitrification, when nitrate 

is converted into nitrogen gas and transported out of the system, is weakened. Anoxic 

sediments also releases phosphorus, which in conditions of oxygen-saturation, stays trapped 

in the sediment (Conley et al. 2002). Both hypoxia and hyperoxia, albeit in different 

magnitude, are known stressors in the aquatic environment and biota. The LPO levels were 

significantly higher in mussels in the 24- and 48-h hypoxia treatments than those in the 

control mussels (Woo et al., 2013). The prolonged exposure of mirror carp (Cyprinus carpio 

L.), to both hypoxic and hyperoxic conditions induce oxidative stress responses at tissue 

levels (Mustafa et al., 2011). Therefore, the fluctuations of oxygen concentration in water 

change prooxidant/antioxidant balance in aquatic animals and stimulate the overproduction of 

ROS.  

The analysis of the effects of hypoxic/anoxic and hyperoxic conditions on aquatic 

organisms and especially on fish was reported in review of Lushak and Bagnyukova (2006). 

They suggested the possible participation of lipid peroxidation products in the activation of 

protective mechanisms against oxidative stress caused the fluctuations of oxygen 

concentrations in the environment. This regulation may involve known redox-sensitive 

transcriptional factors or may be realized via other ways. A tight connection between oxidized 

lipids and antioxidant enzymes is proven by time dynamics of these parameters in response to 

stress: enhancement of lipid peroxidation is often the first reaction to elevated ROS 

generation, but an increase in antioxidant defenses,  

 

 

4.4. UV-Irradiation 
 

One of the negative consequences of climate change is associated with the depletion of 

ozone layer and the increase of UV-irradiation. Unfavorable light conditions influence 

negatively on aquatic organisms, particular on the early developmental stages, because they 

do not facilitate good feeding behavior or that induce stress reaction as in the case of high 

level of UVR. UVR carries more energy per photon than any other wavelength. Such highly 

energetic photons initiate the following negative processes in living organisms such as early 

death, genetic and morphological abnormalities, cell and organ damage (especially skin and 

eyes), and etc (Zagarese, Williamson, 2001). Direct impact of ambient (1.95 W/m2) and 

subambient doses of UV-B radiation on muscle/skin tissue antioxidant status was studied in 

mature zebrafish (Brachydanio rerio). This apparent UV-B–mediated increase in oxidative 

stress is further supported by a significant increase in muscle/skin TBARS level. The study 
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supports a major impact of UV-B on both the mature and embryonic zebrafish (Charron et al., 

2000). Laboratory exposures of embryos and larvae of Atlantic cod (Gadus morhua) to 

ultraviolet radiation also demonstrated the change of prooxidant/antioxidant balance in the 

impacted animals (Lesser et al., 2001). 

 

 

4.5. Nutritive Status and Biotope Variables 
 

Conditions of habitats influence strongly on prooxidant/antioxidant balance in aquatic 

animals. The researchers studied the effect of environments, the food availability, and 

consequently, the mussel nutritive status on biomarker responses, and especially LPO level. 

For that purpose, mussels (M. galloprovincialis) were conditioned to three different food 

rations for 2 months in order to create three mussel nutritive statuses. The results 

demonstrated the changes in LPO level which was depended on mussels nutritive status 

showing higher values at lower mollusks status (González-Fernández et al., 2015a).  

 

 

 

Figure 3. (Continued) 
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Figure 3. Lipid peroxidation parameters in Artemia sp. adults from two salt lakes Sasyk- Sivash and 

Saky Lake located in Crimea. Average values are of triplicate determinations. Vertical bars indicate 

mean +SEM. 

A great geographical variability was observed for M. galloprovincialis populations from 

23 biological variables along Atlantic coast. An inverse relationship between antioxidant 

enzymes and the nutritional status of the organism was evidenced, whereas LPO was 

positively related to nutritional status and, therefore, with higher metabolic costs, with their 
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associated ROS generation. LPO showed a strong range of variability between examined 

sites, from 0.61 to 1.49 nmol TBARS/mg weight (González-Fernández et al., 2015b).  

Specificity of biotope conditions plays an important role in physiological and 

biochemical status of the aquatic organisms, and their prooxidant/antioxidant balance. Our 

study of LPO in Artemia sp. adults in two Crimean salt lakes, differed of physical and 

chemical conditions, demonstrated different levels of LPO parameters in the brine shrimp, 

belonging to separate populations (Figure 3).  

LPO levels in Artemia adults from Saky Lake were significantly greater than in the brine 

shrimp from Sasyk-Sivash Lake with the exception of hydroperoxides concentration. This 

fact could be explained by the high variability of hydrochemical and hydrological conditions 

in Saky Lake as compared to Sasyk-Sivash Lake, which conditions are relatively constant. 

We could propose, that the changes of habitat conditions influence on adaptive mechanisms 

and cause the increase of ROS production and LPO. High correlation (r = 0.85) between 

measured LPO parameters in Artemia sp. from both tested populations was observed. 

To the other hand, we compared the hatching rate of Artemia cysts from several Crimean 

salt lakes and their chemiluminescence (ChL) values, characterizing total ROS production 

(Figure 4).  

As we see, no direct correlations were observed between ChL values and nauplia 

hatching rate. However, we could note that high level of hatching rate attributed with the low 

level of ChL, which could reflect cyst quality in tested biotops, because low values of ChL 

attributed with great antioxidants content which quench ROS and prevent cysts against 

oxidative stress.  

 

 

Figure 4. ChL level (arbitrary units/mg protein, mean + SEM) and hatching rate (%, mean + SEM) of 

Artemia cysts from several Crimean salt lakes.  
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4.6. Diseases  
 

Parasites and microbes are also environmental stressors which harmful for aquatic 

organisms health and life conditions. Microbial and parasitic infections are often associated 

with the inflammation and induce oxidative stress in hosts (Forlenza et al., 2008; Pinlaor et 

al., 2008; de Faria et al., 2014). The response in the host is characterized by enhancement of 

oxygen consumption in leykocytes (“respiration explosion”). Superoxide anion-radical plays 

a role in detoxification reactions and simultaneously it is the source of H2O2, OH-, HOCl 

radicals, including into biotransformation process (Dautremepuits et al., 2002; 2003). Our 

studies demonstrated the modification of antioxidant enzyme activities in the liver and muscle 

of Black Sea turbo Psetta maxima maeotica infected with cestode Botriocephalus gregarious 

(Rudneva et al., 2004a). Increase of lipid peroxidation was shown in the blood and liver of 

Abramis brama infected by Ligula intenstinalis L. (Cestoda) (Mikraykov, Silkina, 2006) and 

in Black Sea sprat infected by nematode Hysterothylacium aduncum (Skuratovskaya and 

Zav’yalov, 2006). The investigators also demonstrated the inhibition of chemiluminescence in 

hosts phagocytes (Paralichthys olivaceus) by tissue extracts of parasite Uronema marinum 

(Ciliophora, Scuticociliatidae) (Kwon et al., 2003). Lipid peroxidation induction was 

observed in the muscle of Rhamdia queken infected with Clinostomum detruncatum (Bello et 

al., 2000). However, the response of prooxidant/antioxidant balance on parasite infection in 

various species is not uniform, it depends on taxonomic position of host and parasite 

specificity, and further investigations of the mechanisms of their interactions are needed. 

Therefore, the changes of prooxidant/antioxidant balance in the hosts infected with microbes 

and parasites, depended on fish species, pathological agents specificity, organism resistance 

and peculiarities of interaction between organism and pathological agents, and, perhaps of the 

intensity of infection.  

 

 

5. EFFECT OF POLLUTION ON LPO RESPONSE IN AQUATIC ANIMALS 
 

Aquatic organisms accumulate pollutants directly from contaminated water and indirectly 

via the food chain. The most important factor is diet (Mathews and Fisher, 2009). A number 

of environmental pollutants including heavy metals, oil, pesticides, detergents, PCB, biogens, 

and etc. can cause oxidative stress in aquatic organisms. Animals, living in water bodies 

contaminated with different xenobiotics may be exposed an oxidative stressors caused be a 

variety of oxyradicals. Aquatic animals such as mollusks, crustacean and fish are used widely 

as test-organisms in toxicological laboratory and field studies (Patetsini et al., 2013; Sole et 

al., 2004). 

Among chemicals heavy metals listed by the Environment Protection Agency (EPA) as 

the main pollutants of the environment are the following: As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn. 

Metals cause oxidative damage because they produce free radicals in two ways. Redox active 

metals such as iron, copper, chromium, and vanadium generate ROS through redox cycling. 

Metals without redox potential, namely mercury, nickel, lead, and cadmium, impair 

antioxidant defenses, especially those involving thiol-containing antioxidants and enzymes. 

An important mechanism of free radical production is the Fenton reaction, by which ferrous 

iron (II) is oxidized by hydrogen peroxide to ferric iron (III), a hydroxyl radical, and a 
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hydroxyl anion. The superoxide radical can reduce iron to its ferrous form. Copper, 

chromium, vanadium, titanium, cobalt, and their complexes can also be involved in the 

Fenton reaction (Ercal et al., 2001; Lesser, 2006; Porte et al., 2000; Lushchak, 2011; 2015; 

Sevcikova et al., 2011; Stoliar and Lushchak, 2012). 

Study the parameters of lipid peroxidation as effect biomarkers of oxidative stress in 

aquatic organisms are very important for understanding the adaptive mechanisms to damage 

factors of the environment, especially anthropogenic pollution. Biochemical markers respond 

to the toxic activity of pollutants, they detect the type of toxicity and in several cases the level 

and vector of response correlate with the level of pollution (van der Oost et al., 2003; Adams, 

2005). Biomarkers have been extensively used in monitoring programs with the aim of 

assessing the biological effects of pollutants on the organisms and determining environmental 

status. However, data obtained from these programs are sometimes difficult to interpret due to 

the large amount of natural variables affecting biological processes, which could act as 

confounding factors on biomarker responses (González-Fernández et al., 2015; Kaptaner, et 

al., 2014; Waheed et al., 2014).  

Lipid peroxidation level is usually used as biomarkers of effect in oxidative stress 

measurement in the various aquatic animals both in field and laboratory conditions.  

 

 

5.1. Field Studies 
 

The measurements of LPO level in wild populations of aquatic organisms are used in 

monitoring studies for the evaluation of water quality. The embryos of Antarctic sea urchin 

Sterechinus neumayeri are a good test organism for the toxicological studies. The embryos 

derived from contaminant-experienced adults have a reduced or enhanced capacity to 

upregulate antioxidant defenses in response to a stressor, compared with those derived from 

contaminant-native parents. The contaminant-experienced adult urchins produced eggs with 

greater concentrations of antioxidants, especially antioxidant enzymes, than those from 

reference area. Embryos that were derived from contaminant-experienced parents were 

endowed with higher baseline levels of antioxidants, which conferred an enhanced capacity to 

minimize oxidative damage to lipids, proteins and DNA (Lister et al., 2015a). 

Mussels in various stages of their development are widely used in biomontoring of water 

bodies, because they are good indicator organisms and their early stages are sensitive to 

organic and metal pollution (Gillis, 2012). The researchers studied adult Lasmigona costata, 

collected from four sites in the Grand River (ON, Canada) that receive incremental amounts 

of municipal wastewater effluents and road runoff. Downstream mussels showed evidence of 

oxidative stress, such that lipid peroxidation (LPO), measured as TBARS level was 

significantly elevated in downstream mussels, compared to reference upstream mussels 

(Gillis et al., 2014). The Antarctic continent is increasingly vulnerable to anthropogenic 

pollution; however, assessments of the impacts that chemical pollutants have on cold-adapted 

marine organisms are limited. The investigation of lipid peroxidation as oxidative stress 

biomarker in Antarctic bivalve Laternula elliptica from contaminant-impacted sites and the 

relatively pristine region demonstrated the increase of these parameters in the mollusks from 

polluted site, which was the good biomarker of oxidative stress in polar area (Lister et al., 

2015b). The physiological effects of exposure reported in this study corresponded with 
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previously reported whole-organism impacts and declines in freshwater mussel populations in 

the urban-impacted region of this watershed. 

The alterations in the crustacean species Pollicipes pollicipes (gooseneck barnacle) 

caused by human contamination and seasonality, during a period of 1 year, in three different 

areas of the North Atlantic shore of Portugal were reported. The authors showed, that 

fluctuations of the mentioned biomarkers, including lipid peroxidation parameters, were 

strongly related to seasonality, but they may also suffer influence by the already documented 

patterns of chemical contamination. Animals collected in contaminated sampling sites (urban 

areas and oil refinery) showed greater levels of lipid peroxidation. These alterations were 

more evident during in summer and in spring months, suggesting an association between the 

presence of chemical stressors and temperature-dependent seasonal physiological 

fluctuations, which contribute to the modulation of the toxic response (Ramos et al., 2014; 

2016).  

Increase of lipid peroxidation level was found in the gills of the fishes Channa punctatus 

inhabiting the canal receiving heavy metal-loaded effluent of Kasimpur Thermal Power Plant. 

The gills of the fishes contained several lesions like necrosis, epithelial lifting, lamellar 

fusion, hyperplasia, syneching, infiltration of lymphocytes, and bridging in gill tissue. The 

obtained results demonstrated that wastewater/effluent released from thermal power plant 

affect the histopathological alterations which were correlated with the increase of lipid 

peroxidation level (Javed et al., 2015).  

The erythrocytes of two fish species Astyanax fascialus and Pimelodus maculates 

collected from contaminated sites near the power hydroelectric station reservoir, showed high 

levels of LPO especially in summer period, which was the evidence of oxidative stress in fish. 

LPO level correlated with high organochlorine concentrations in the water. The authors 

suggested, that LPO level is a good biomarker for evaluation of water quality (Sadauskas-

Henrique et al., 2011). The investigation of damage response in the liver of golden grey 

mullet Liza aurata showed higher LPO levels in the fish caught in the most polluted sites, 

which was paralleled to the loss of antioxidant defense parameters (Oliveira et al., 2010). 

Studies of LPO in the tissues of five selected fish species caught at two marine aquaculture 

regions, showed the differences in LPO levels, which was directly correlated with 

contaminants concentrations in examined sites. The researchers noted also, that the small fish 

species seemed to exhibit more sensitive to pollutants (He et al., 2012). Study of the muscle 

of the common carp Cyprinus carpio caught in the general area of discharge from the town of 

Viejo Madín, showed the significant increase of hydroperoxide content (9.77 %), and lipid 

peroxidation (69.33 %) with respect to fish from reference area (p < 0.05) (Morachis-Valdez 

et al., 2015). In fish collected in the water contaminated to heavy metals, high concentrations 

of LPO products were detected in the liver and especially in the gills (Ayoola et al., 2014; 

Waheed et al., 2014; Mahboob et al., 2914). Increase of LPO level was observed in the liver 

of grey mullet Liza aurata inhabited polluted water bodies as compared with the animals in 

reference site (Olivera et al., 2010). In fish tissues from polluted aquaculture region the 

TBARS level was higher than that in the samples from the reference site (He et al., 2012).  

Our study of Black Sea fish species showed high LPO level in benthic fish as compared 

with pelagic and benthic/pelagic forms (Rudneva, 2014; Rudneva et al., 2014). The possible 

explanation of LPO level increasing could be that the benthic species induce their antioxidant 

defenses mechanisms as a response against environment pollution or accumulation of 

xenobiotics via food chains which was agreed with the data reported Sole et al. (2009). High 
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level of LPO products resulted the induction of hepatic antioxidant activity evidences that fish 

from polluted sites are under oxidative stress and enzymes are involved in defense 

mechanism against damage. Pelagic and suprabenthic/pelagic forms have high levels of 

antioxidant enzymes and low contents of LPO substances as the adaptative mechanism 

against ROS production which was higher in active forms as compared to sluggish ones 

(Rudneva, 2012).  

In addition, high concentration of LPO products in the muscle of benthic fish could be 

correlated with pollution level in the bottom environment. Benthic and suprabenthic forms 

live in more contaminant environment because many xenobiotics accumulate in bottom 

sediments and in deep water layers. The long-term pollution impact on the fish could modify 

their defense system, stimulate ROS generation and accumulation its products in tissues. The 

other reason is attributed with fish trophic level, feeding behavior and nutrition factors, which 

also may affect antioxidant enzyme activities when it deficient and not able to neutralize toxic 

intermediates derived from xenobiotics and their metabolites (Martinez-Alvarez et al., 2005; 

Sole et al., 2009; He et al., 2012). For instance, in our study scorpion fish Scorpaena porcus 

is recognized as predator species and its benthic prey contains high levels of contaminants. 

Round goby Neogobius melanostomus is carnivorous and its preferable prey includes benthic 

invertebrates (mollusks, crustacean and worms) and fish. Benthic forms can accumulate 

xenobiotics from the bottom sediments and transfer them via trophic nets to fish and 

concentrate in them. 

We studied the response of Atherina hepsetus larvae (size 8.0-8.2 mm) for the evaluation 

of anthropogenic impact in several Sevastopol bays (Rudneva, Zalevskaya, 2004). It is highly 

distributed fish species in the coastal waters of Black Sea and in various marine locations. For 

the purpose of the study of pollution effects we collected fish from five Sevastopol bays, 

which were ranked from most (Streletskaya Bay and Juzhnaya Bay) to medium 

(Sevastopolskaya Bay and Martynova Bay) and least pressed (Omega Bay). Lipid 

peroxidation parameters in fish from tested bays are present in Table 2.  

The obtained results showed, that lipid peroxidation products concentration increased 

progressively in fish larvae collected in polluted sites, as compared with the reference area. 

However, the values of fish from Martynova and Sevastopolskaya bays were the similar, 

which could be explained the comparable level of pollution in these both sites. Generally, 

increase of lipid peroxidation level in fish larvae from polluted bays reflected the oxidative 

stress in them caused great concentrations of xenobiotics in the water and sediments. High 

correlation between LPO values and pollution level in the larvae from tested sites was 

indicated between dien conjugates (r = 0.94, ketodiens (r = 0.84), hydroperoxides (r = 0.96) 

and TBA-reactive substances (r = 0.71). The regression was the following: Y = X/AX + B.  

Therefore, lipid peroxidation parameters in aquatic animals are good biomarkers for the 

evaluation of water quality in monitoring studies. 

 

 

5.2. Experimental Studies  
 

LPO parameters are widely used in toxicological studies for testing different kinds of 

chemicals and various toxic mixtures such as effluents and sewage. Among tested biomarkers 

LPO parameters reflect the changes in prooxidant/antioxidant balance in impacted animals.  
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Table 2. Lipid peroxidation level in larvae of A hepsetus from Sevastopol bays (mean + 

SEM, per mg lipids, n = 5) (Rudneva and Zalevskaya, 2004; Rudneva, 2013) 

 

Bays Dien conjugates, 

μmol, х10-3 

Ketodiens, 

OD270/215 х 10-2 

 

Hydroperoxides, 

μg I2 

TBARS, nmol 

Omega 

Martynova 

Sevastopolskaya 

Streletskaya 

Juzhnaya 

+0.7 

+1.2 

7.8 + 0.9 

11.3 + 0.5 

12.4 + 1.0 

2.4 + 0.9 

11.8 + 0.6 

8.1 + 1.1 

14.4 + 0.9 

+ 1.2 

+2.4 

+2.5 

55.0 + 2.5 

58.4 + 2.6 

61.2 + 3.4 

+2.3 

33.5 + 1.7 

29.6 + 2.4 

38.3 + 1.4 

51.1 + 3.2 

  

5.2.1. Invertebrates 

Membrane damage caused lipid peroxidation/antioxidant defense imbalance was 

observed in juvenile (6 month old) mussels. M. galloprovincialis is used as a good test-

organism for the evaluation of metal and organic toxicity, because bivalves accumulate the 

chemicals and respond to their toxicity and oxidative stress caused them. Response of the 

mussel M. galloprovincialis after exposure to iron oxide nanoparticles (NPs) was observed. 

NP sand to iron oxide NPs incorporated into zeolite for 1, 3 and 7 days. This was shown by 

the significant increase in reactive oxygen species (ROS) production, and lipid peroxidation 

parameters in hemolymph of the mollusks exposed in NPs (Taze et al., 2016). ROS induce 

lipid peroxidation and a positive correlation between the level of lipid peroxidation and the 

production of ROS in hemocytes of mussels exposed especially to iron oxide NPs 

incorporated into zeo-lite was shown. The similar results were obtained in the mollusks after 

exposure to 10 µg/L Ag NPs (Gomes et al., 2014) and 10 µg/L CuO NPs (Gomes et al., 

2011).  

To assess the effects of acrylamide on a bivalve model, the Mediterranean mussel (M. 

galloprovincialis), two different setups were accomplished:1) acute exposure to several 

concentrations of waterborne acrylamide to determine lethality thresholds of the substance 

and 2) chronic exposure to more reduced acrylamide concentrations to survey phases I and II. 

However, mussels were responsive to prolonged exposure to chronic concentrations of 

waterborne acrylamide (1–10mg/L), yielding as significant increase in lipid peroxidation 

(Larguinho et al., 2014). In Lampsilis siliquoidea, chronically exposed to both copper 

concentrations 2µg and 12 µg Cu/L LPO was increased during the exposure also (Jorgea, et 

al., 2013). 

Study of toxic effect of synthetic psycho-stimulant drug amphetamine (AMPH) on 

freshwater bivalve Dreissena polymorpha showed the imbalance of the oxidative status in the 

animals induced by a 14-day exposure to two concentrations (500 ng/L and 5000 ng/L) which 

was associated with the increasing of LPO level (Parolini et al., 2016). The study of 

environmentally relevant concentrations of two pesticides, chlorpyrifos and penoxsulam on 

M. galloproincialis showed a significant change in the response of mussels for oxidative 

stress parameters tested after 30 days exposure, in relation to the control (Patetsini et al., 

2013). However, no effects on LPO level of subchronic exposure to glyphosate in 

concentrations of 0.0001; 0.001 and 0.010 mg/l in juvenile oysters (Crassostrea gigas) were 

shown (Mottier et al., 2015).  
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Crustacean such as Artemia are widely used in toxicological assessment of different 

drugs. Toxicity of metallodrugs toward Artemia salina at different developmental stages was 

measured, as well as the amount of lipid peroxidation. The researchers noted that polymer-

coated iron metallodrugs are stable, non-redox-active and non-toxic at the concentrations up 

to 300 μM. However, 3,5,5-trimethylhexanoyl (TMH) derivatives of ferrocene were less 

stable and more redox-active than the parent compound, and displayed toxicity and increase 

of lipid peroxidation to A. salina (Vitorino et al., 2015). The researchers suggest, that 

ecotoxicity depends more on metal speciation than on the total amount of metal present in the 

metallodrugs. In our studies we also documented the increase of lipid peroxidation parameters 

in the hatching nauplia of Artemia salina exposed to the fungicide cuprocsat (Zalevskaya et 

al., 2004). Therefore, the LPO changes attributed with the changes of prooxidant/antioxidant 

balance in invertebrates impacted various toxicants were shown in many publications. 

Response depends on exposure, experimental duration and toxicant concentration.  

 

5.2.2. Fish 

Fish species in various stages of their development are good test organisms for 

toxicological studies. As we described above, fish eggs and larvae used in assessment of field 

toxicity. They also applied as test organisms in the experimental studies for the evaluation of 

toxic effects of many kinds of chemicals. Various toxicants modify prooxidant/antioxidant 

balance in early developmental stages of fish and lead oxidative stress (Weigand et al., 2000). 

Lipid peroxidation increasing and modification in antioxidant enzyme activity in embryos of 

medaka Oryzias latipes exposed to nano-iron were observed. Dose-dependent inhibition of 

SOD activity and increased production of TBARS were indicated in fish embryos. The 

researchers suggested that medaka embryos are more sensitive to nano-iron exposure than the 

adults (Li et al., 2009). 

TBARS concentration was significantly changed in D. rerio larvae exposed during 48 h 

to the copper (Cu2+) at the concentrations as low as 16.04 and 32.08 μg/L (Rodríguez-Estrada, 

et al., 2015). The study of the effect of sub-lethal doses of pesticide Cypermethrin (CYP) on 

the rohu Labeo rohita during early developmental stages showed a significant increase in the 

LPO level in CYP-treated group compared to the control animals. The authors suggested, that 

CYP may affect the early development of fish by inducing oxidative stress, modulating stress 

response and changing prooxidant/antioxidant balance (Dawara et al., 2016). High 

concentrations of antidepressant amitriptyline stimulate a clear increase of lipid peroxidation 

and oxidative stress in exposed zebrafish embryos (Yanga et al., 2014).  

Cadmium does not generate ROS directly, but can alter GSH levels and influences on cell 

thiol status, inducing the expression of metallothioneins (MTs) in the liver. Changes in GSH 

and MTs can lead to LPO of the cell membrane. Cd exposure affected oxidative stress in 

early life stages of Japanese flounder, Paralichthys olivaceus. Fish were exposed to 

waterborne Cd (0-48 µg L-1) from embryonic to juvenile stages for 80 days and lipid 

peroxidation was increased significantly, especially in gills, which were the most sensitive to 

oxidative damage, followed by the liver; the kidney was the least affected tissue (Cao et al., 

2010, 2011)). TBARS level was significant higher in Japanese flounder (Paralichthys 

olivaceus) larvae exposed in 10 μg Hg2+L−1 as compared to control animals (Huang et al., 

2010a).  
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Figure 5. Effect of heavy oil fractions and their washout on lipid peroxidation level in N. melanostomus 

(embryos stage VI) and hatching larvae. LO index – lipid oxidation index, DC – dien conjugates, KD – 

ketodiens, TBA RP (substances)– Thiobarbituric Acid Reactive Products (time of exposure 96h., T = 

12.5-13.10C) (Rudneva, 2013).  

We studied the toxic effects of various oil fractions on early life stages of some Black Sea 

fish species and their LPO response. Toxic effects of oil (direct exposure, group I) and its 

washout (indirect exposure, group II) which were collected from marine sediments in 

Sevastopol Bay (Black Sea) were tested in embryos of N. melanostomus (stages V and VI) 

and hatching larvae, exposed to toxicants (Rudneva, 1998b; 2013; Chesalina and Rudneva, 

1998; Rudneva and Shaida, 2011) (Figure 5). Lipid peroxidation parameters varied 

insignificantly in both experimental groups of embryos as compared with the control group, 

with the exception of TBARS, which level increased significantly (p < 0.01). In hatching 

larvae the similar trend was observed in dien conjugates concentration, which was higher in 

treated fish than those in control group. 

We studied the effect of fungicide cuprocsat on the larvae of Atherina hepsetus, and we 

found the increase of LPO, especially the level of dien conjugates (approximately 10-fold), 

hydroperaoxides (7-fold) and TBARS (4,5-fold) in larvae, exposed in pesticide cuprocsat for 

4 days (Rudneva et al., 2004b). 

Heavy metals, such as Cd caused oxidative stress in brain tissues of silver catfish 

Rhamdia quelen. Increase of TBARS in fish tissues was verified after exposure and recovery 
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periods (Pretto et al., 2011). Lipid peroxidation in the brain of lead-exposed fish was 

observed, and several mechanisms are proposed for lead-induced oxidative stress. They are 

the following: direct effects of lead on cell membranes via deterioration of their components; 

lead-hemoglobine interactions, caused hemolisys and lipid peroxidation; δ - aminolevulinic 

acid (δ- ALA)- induced generation of reactive oxygen species and effect of lead on the 

antioxidant defense systems in cells via blocking SH-groups of antioxidant enzymes (Ercal et 

al., 2001). Killifish Fundulus heteroclitus were exposed to sublethal level (500 μg L−1) of 

waterborne zinc for 96 h in 0% (fresh water), 10% (3.5 ppt), 30% (10.5 ppt) and 100% sea 

water (35 ppt). Zinc exposure clearly induced oxidative stress, and responses were 

qualitatively similar among different tissues. Salinity acted as a strong protective factor, with 

the highest levels of reactive oxygen species ((Loro et al., 2012a).  

LPO induction was observed in Carassius auratus gibelio liver and intestine exposed to 

pyretroid deltamethrin (Dinu et al., 2010), in Danio rerio exposed to textile effluents 

(Grinevicius et al., 2009) and in the liver of Cyprinus carpio exposed to microcystin-LR 

(Jiang et al., 2011), in Prochilodus lineatus affected gasoline (Simonato et al., 2011) and in 

tilapia exposed to effluents from a swine industry (Lima et al., 2006). The evaluation of 

textile effluents toxicity used oxidative stress biomarkers of Danio rerio, exposed to 29% 

nonremediated textile effluent showed the increase of LPO (Grinevicius et al., 2009). The 

researchers also tested the effect of the effluents from a swine industry on oxidative stress and 

LPO parameters of tilapia Oreochromis niloticus. TBARS level increased in the liver and 

blood of fish exposed for 7,15, 30, 60 and 90 days. LPO level of tilapia exposed in the 

effluents presented biphasic profiles which was explained the changes in the antioxidant 

status of the fish tissues (Lima et al., 2006).  

Various oil fractions are the most common aquatic contaminants which cause oxidative 

stress and modify prooxidant/antioxidant balance in the organisms. The exposure of juvenile 

Solea senegalis to water-accommodated fraction of the “Prestige” fuel oil did not show the 

response of lipid peroxidation (Sole et al., 2008). The study of the effect of diesel oil showed 

the decrease of LPO in the liver and in the gills of two fish species with different habitats: the 

benthic catfish Pterygoplichthys anisitsi and nektonic tilapia Oreochromis niloticus after 2 

and 7 days of exposure to different concentrations (0.1 and 0.5 ml/l) (Nogueira et al., 2011). 

The researchers proposed that the lack of LPO in their study can be due to other activated 

antioxidants. LPO level was activated in the liver and gills of neotropical fresh water fish 

Prochilodus lineatus which was exposed to the water-soluble fractions of gasoline in 

concentration of 5% during 6,24 and 96h (Simonato et al., 2011). The investigators 

suggested, that the activation of the antioxidant defense was not enough to prevent oxidative 

stress in tested organs.  

Pesticides also affected the LPO in fish. The exposure of Carassius auratus gibelio to 

pyretroids namely deltamethrin showed the increase of LPO in the liver caused generation of 

ROS by the toxicant. The imbalance between ROS production and antioxidant defense 

revealed the toxicity of the pesticide on fish organism and LPO was a good marker of the 

toxic effect (Dinu et al., 2010). The increase of TBARS levels was also observed in the liver, 

brain and muscle of the Rhamdia quelen exposed in the herbicide Roundup in the 

concentrations of 0.45 and 0.95 mg/l. However, during the recovery period, TBARS levels 

returned to control levels after 8 days in toxicant-free water (Menezes et al., 2011).  

The study examined the impacts of carbofuran on the catfish, Clarias gariepinus showed 

that LPO levels increased significantly (p < 0.05) in all tissues except gonads after 5 weeks of 
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exposure. The higher levels of lipid peroxidation in liver, kidney, gills and muscles of C. 

gariepinus exposed to carbofuran suggests that ROS are not totally scavenged by the 

antioxidant enzymes and be considered as one of the main toxic effect of carbofuran. Also the 

increase of ROS reflects the alteration in cell membrane characteristics because lipid 

peroxidation leads to hydrolysis of phospholipids in to hydroperoxyl fatty acids (Ibrahim et 

al., 2014). Pendimethalin based herbicide increased lipid peroxidation in the liver and gills of 

Nile tilapia, Oreochromis niloticus L., exposed to toxicant (El-Sayed et al., 2015). The 

increase of LPO in the liver, kidney and gills of Channa punctate exposed in different 

concentrations of fungicide propiconazole was also documented (Tabassum et al., 2016). 

Several natural toxicants also induce ROS production and oxidative stress in the fish. 

Researchers documented that microcystine (MCs) produced by cyanobacteria in eutrophed 

water bodies may lead the oxidative stress in aquatic animals via ROS production. The 

exposure of Cyprinus carpio to the 0.010 mg/l of microcystine –LR for 0-14 days observed 

the increase of LPO level at 2-6 days and change the prooxidant/antioxidant balance (Jiang et 

al., 2011). Induction of LPO was observed in the liver of zebra fish Danio rerio exposed to 

different concentrations of Aphanizomenon flos-aquae secretes (Zhang et al., 2015). 

Biogens, such as ammonia and various nitrogen containing substances are also a 

universal problem for aquatic animals, especially fish. The researchers studied the oxidative 

stress parameters in juvenile bighead carp exposed to solutions with different concentrations 

of un-ionized ammonia (UIA; 0mgL-1, 0.053mgL-1, 0.106mgL-1, 0.159mgL-1, and 

0.212mgL-1). They found that lower UIA levels increased TBARS levels; while higher UIA 

concentration (0.212mgL-1) reduced LPO levels. The data demonstrated that chronic exposure 

of UIA at lower concentrations can result in some degree of impairment of antioxidant 

function, and chronic exposure at higher concentrations can enhance damage to juvenile 

bighead carp by modulating prooxidant/antioxidant balance (Sun et al., 2014).  

Hence, changes of LPO level in different species of aquatic organisms reflect the 

metabolic activity and the status of prooxidant/antioxidant balance in fish and invertebrates. 

However, the environmental conditions, especially pollution caused anthropogenic impact 

may result oxidative stress in the animals and modify LPO, which could be used as good tools 

for evaluation of animal health and water quality in the habitats. 

 

 

CONCLUSION 
 

Lipid peroxidation parameters are usually used as biomarkers of the health in the 

organisms, including aquatic animals. Many exogenous and endogenous factors influence on 

LPO and its level reflects the resistance of the organism against ROS and its adaptation to the 

environment. LPO parameters are the biomarkers of the effect in oxidative stress 

measurement. LPO estimation in the organisms could provide useful information about the 

effect of exposure to aquatic pollutants. Many investigators reported an increase in LPO level 

in various fish and invertebrates upon exposure to toxicants. Changes in the LPO products in 

aquatic animals affected different kinds of toxicants both in natural and experimental 

conditions were widely documented. Additionally, seafood is the most important food for 

people, because it contains essential fatty acids (n-3 HUFA family) and natural antioxidants 

which are important for human nutrition and health. Beneficial role of aquatic organisms, 
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including aquaculture species is well known while peroxidized lipids are fatal to consumers, 

especially people. Hence, the further investigations of lipid peroxidation are very important 

for the understanding of their physiological and biochemical role in human health.  

Present study indicates that the complex of biotic and abiotic factors including 

anthropogenic impact may be attributed to LPO level in aquatic animals. It’s very important 

to detect of LPO level in seafood both for obtain high quality products and for monitoring 

purposes. It’s important to improve the biomarker tools for water bodies monitoring and 

prevent the decline of wild populations, to deep study the pathways of lipid peroxidation 

which defense aquatic animals against oxidative stress caused unfavorable environments. 
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ABSTRACT 
 

Edible oils are rich in triacylglycerols, which are made of saturated and unsaturated 

fatty acids. Triacylglycerols are oxidized by different factors such as light, heat in the 

presence of oxygen. Triacylglycerols composition plays important role in the chemistry 

of oxidation process. The formation of triacylglycerol free radicals are the starting point 

in the free radical mechanism. This chapter provides an insight in to the reaction 

mechanism of the formation of different primary oxidation compounds of triacylglycerol 

oxidation. The formation of hydroperoxides of linolenic, linoleic and oleic acids moieties 

are explained. The mechanism of formation of primary oxidation products such as 

hydroperoxides, epoxides, hydroxides, epidioxides and epoxy epidioxides are given. The 

presence of oxidized products of edible plays significant role in the rancidity of foods and 

health effects in human. 

 

Keywords: lipid oxidation, chemistry of free radicals, triacylglycerols, oxidized lipids 

 

 

INTRODUCTION 
 

Triacylglycerols (TAGs) are the most important as well abundant component in edible 

oils. They are of significant nutritional values for humans. They are stored in plants by the oil 

seeds, in which the triacylglycerols also provide energy for their growth. These seeds 

represent the importance in term of commercial crops. Triacylglycerols are ideally suited to 

this storage function because of the highly reduced state of their fatty acids. Triacylglycerols 

have high energy contents and a storage form of energy in mammals [1]. Chemically glycerol 

                                                           
 Corresponding author: Alam Zeb, PhD. Biochemistry Laboratory, Department of Biotechnology, University of 

Malakand, Pakistan. Email: Azebuom@gmail.com. 

Complimentary Contributor Copy



Alam Zeb 310 

is esterified with three fatty acids of one, two or three different kinds forming a 

triacylglycerol. Each individual fatty acid is located on different carbons of glycerol (Figure 

1). The word ‘tri-acyl-glycerol’ echoes the presence of three esterified acyl groups attached to 

the glycerol backbone, is formally a replaced form of triglyceride. The fatty acid (FA) 

position at the carbon 1, 2 and 3 is designated by sn-1, sn-2, and sn-3 positions, where ‘sn’ is 

the abbreviation of stereo-specific numbering [2]. 

In plant oils, fatty acids are distributed typically in non-random form and each position 

has a characteristic FA pattern in a particular natural fats or oils. The fatty acid at sn-2 

position has gained importance in terms of characterization of TAG origin and also for 

structure elucidation. While fatty acids at the sn-1 and sn-3 are digested first by the lipases 

enzymes yielding sn-2 mono-acylglycerols [3]. Thus, the triacylglycerols profile may reflect 

the nutritional and metabolic history of each cell as its anticipated energy storage requirement 

[4]. 

 

 

FATTY ACID COMPOSITION OF TRIACYLGLYCEROLS 
 

The specific locations of each acyl chain are important in terms of chemical as well as 

physical properties like viscosity, pour point, melting point, heat of fusion, solubility, crystal 

structure and polymorphism [5]. The regio-isomer compositions, i.e., the positional 

distribution of fatty acid between the sn-2 and sn- 1/3 positions of TAGs have been shown to 

have biological effects like in infant nutrition, lipid absorption and metabolism and 

atherogenesis in humans [5]. 

Fatty acids attached to the glycerol are either saturated or unsaturated fatty acid. The 

saturated fatty acids family begins with methanoic acid with a molecular formula of HCOOH. 

The hydrogen in HCOOH is replaced with methyl group(s) forming short to long chain fatty 

acids. Methanoic, ethanoic, and propanoic acids are not present in natural fats. Including 

butyric acid, they are water soluble, and are often omitted from the lipids. However, these 

acids are found in non-esterified form in many food products. More than 1000 fatty acids are 

known, but only 20 or less are present in significant amounts in the oils and fats of 

commercial importance (Table 1). The most common acids are saturated and unsaturated C16 

and C18. Below C16 are usually characterized as short or medium chain fatty acids, while 

above C18 are known as long-chain acids. Most of the vegetable oils contain fatty acids with 

chain lengths between C16 and C22. The dominant are saturated or unsaturated C18 fatty 

acids in most plant oils. Palm kernel and coconut are the sources of medium-chain fatty acids 

and are referred to as lauric oils. In contrast to plant oils, animal fats have a wider range of 

chain length mostly saturated. 

In most natural triacylglycerols a random distribution of fatty acids is not common on the 

glycerol backbone. Generally in plant oils, unsaturated acids predominate at the sn-2 position 

and with more saturated acids at sn-1 and sn-3. The distribution of fatty acids at the sn-1 and 

sn-3 positions is often similar, although not identical. In the case of animal fats, the type of 

fatty acid predominating at the sn-2 position is more variable; for example, palmitate may be 

selectively present as well as unsaturated acids. Edible oils that are rich in one fatty acid 

contain much monoacid triacylglycerol, for example, olive, sunflower, corn and rapeseed oils 
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containing OOO and LLL respectively. Table 2 shows a typical composition of TAGs in 

various edible oils. 

 

 

Figure 1. Structure of glycerol and triacylglycerols. R1, R2 and R3 represent fatty acids. 

Table 1. Typical fatty acids composition (%) of some important vegetable oils [6] 

 

Oil Type Fatty acid (%) 

16:0 18:0 18:1 18:2 18:3 

Corn 10-17 1.6-3.3 25-42 39-61 0.7-1.3 

Olive 7.5-20 0.5-5 55-83 3.5-21 0-1.5 

Palm 40-46 4-7 36-41 9-12 10-13 

Rapeseed1 3.3-6 1-2.5 52-67 16-25 6-14 

Sunflower 2.7-6 3-5 80-87 4-9 0-1.0 

 

Table 2. Typical triacylglycerol composition of some plant edible oils [6] 

 

TAG Relative Composition (%)c 

Sunflower oila Corn oil Olive oil Rapeseed oil 

LLnLn 1.6 -- -- ˂0.5 

LLLn 1.4 -- -- 2.7 

LLL 19.7 1.2 0.1 1.1 

OLnL -- -- -- 5.7 

OLL 27.8 14.6 0.9 8.0 

PLL 9.9 0.6 0.3 1.1 

OOL 18.0 18.1 11.6 23.5 

PLO 12.4 13.3 2.2 5.4 

PLP 0.2 -- -- 0.7 

OOO 4.2 17.0 60.7 16.8 

POO 4.2 18.0 19.8 4.3 

POP 0.2 1.3 0.6 0.8 

GOO -- 5.3 -- 1.3 

OOS 0.1 8.1 3.2 1.2 

SOP -- 0.9 0.2 -- 

AOO -- 0.4 -- -- 

 

                                                           
1 High erucic acid varieties. 
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* Free radical. 

Figure 2. Free radical chain reactions during the auto-oxidation of lipids. 

The melting behavior and other chemical properties of triacylglycerols are thus reflected 

by the fatty acid composition. For example, triacylglycerols rich in long-chain and saturated 

acids possess high melting points, while those rich in polyunsaturated acids have lower 

melting points. However, the possibility that the fatty acids can be distributed in different 

molecular species with different melting points, complicate the situation. Thus, oils with 

similar fatty acid composition may have different solid fat content, polymorphic forms, and 

melting behavior as a result of a different triacylglycerol composition. Mono- (MAG) and 

diacylglycerols (DAGs) are usually not present significantly in good quality oils. High levels 

may be found in badly stored seeds, resulting from the activity of lipolytic enzymes. They can 

also be produced industrially by partial hydrolysis or glycerolysis of triacylglycerols for use 

as food grade emulsifiers [7]. 

 

 

TRIACYLGLYCEROLS OXIDATION IN EDIBLE OILS 
 

The triacylglycerols oxidation is essentially the oxidation of free fatty acid or the fatty 

acid moieties of the TAGs. Thus, the oxidation of fatty acid will be discussed here. 

 

 

Formation of Fatty Acid Hydroperoxides 
 

The fatty acids in the triacylglycerols are usually oxidized by a well-known mechanism 

called free radical oxidation as proposed previously by Farmer [8]. This theory involves an 

attack of oxygen at the allylic position with the formation of unsaturated hydroperoxides. 

These hydroperoxides also take part in the auto-oxidation and thus initiate chain reaction [9]. 

Thus it is established that auto-oxidation of polyunsaturated fatty acid (PUFA) occurs as a 

chain reaction, which involves three phases namely initiation, propagation, and termination as 

shown in Figure 2. By the action of initiators unsaturated fatty acid form a carbon centered 

alkyl radical (L*) and a peroxy radical (LOO*). 

These radicals than propagate to form hydroperoxides (LOOH) as primary oxidation 

products [10]. The newly formed alkyl radical thus starts another chain reaction. Different 

fatty acids shows different susceptibility to auto-oxidation based on the dissociation energies 
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of C-H bonds present in the fatty acid. As a general rule, the removal of hydrogen is much 

easier in the presence of a double bond in the fatty acid than a singly bonded fatty acid 

(saturated fatty acid). Experiments showed that the oxidation of the polyunsaturated fatty 

acids is dependent on the presence of the number of allylic methylene groups present in the 

fatty acids. Thus the oxidation of mono-unsaturated fatty acids like oleic acid is less 

pronounced than that of the poly-unsaturated fatty acids (linoleic, linolenic acids, etc.). This 

was confirmed by Gardner [9], who showed that the bond dissociation energy of a C-H bond 

of the bis-allylic methylene (75 kcal/mol) is less than that of the mono-allylic methylene (88 

kcal/mol). 

Figure 3 shows the radical oxidation of methyl linolenate. It has been observed that the 

hydrogen is abstracted by radical liberating initiators such as heat, light, metals and 

irradiation from the two allylic methylene groups on carbon-11 and 14 to form two 

pentadienyl radicals. The addition of oxygen resulted into the formation of four peroxy 

radicals, which lead to the formation of the corresponding conjugated dienoic hydroperoxides 

such as 9-, 12-, 13-, and 16-hydroperoxides [11]. These hydroperoxides may be present in Z 

or E forms. The probabilities of formation of external 9-, and 16-hydroperoxides are 

significantly higher than the formation of 12-, and 13-hydroperoxides [12]. 

About 95% of the primary oxidation of linoleate occurs due to abstraction of the bis-

allylic hydrogen and the resulting isomerization of one of the double bonds. The minor 

amounts of non-conjugated 8-, 10-, 12-, and 14-hydroperoxides can also be obtained due to 

the abstraction of allylic hydrogen’s. Smaller amounts of the bis-allylic 11-hydroperoxide are 

also formed in the presence of α-tocopherol as was shown by Brash [13]. Chan and Levett 

[14] isolated four conjugated dienes hydroperoxides from the auto-oxidation of methyl 

linoleate. They showed that those hydroperoxide isomers are formed from both positional as 

well as geometrical isomerization of double bonds, which requires the opening of these 

double bonds and rotation of the resultant single bonds. The β-fragmentation of oxygen from 

the E/Z hydroperoxy radicals followed by bond rotation leads to the formation of E/E 

hydroperoxide isomers. The addition of oxygen then leads to peroxyl radicals, which give 9- 

and 13-E, E- hydroperoxides, which are the thermodynamic products. 

The linolenate peroxyl radical of 12- and 13-hydroperoxides also undergo rapid 

cyclization to form hydroperoxy-epidioxides by intra-molecular rearrangement [15] as shown 

in Figure 4. It has been observed that this reaction is the major contributor of the smaller 

quantity of the 12- and 13-hydroperoxides as compared to 9- and 16-hydroperoxides [12]. 

Antioxidants donate hydrogen atoms to the free radicals resulting in non-radical products. 

Generally a compound which has a reduction potential lower than the free radical can only 

donate hydrogen, keeping in mind the kinetic favorability. Single electron reduction 

potentials of 1600, 1000 and 600 mV were observed for the fatty acids alkoxy, peroxy, and 

alkyl radicals respectively. While that of the antioxidants are 500 mV or less, so it is 

energetically favorable that antioxidants would react with these free radicals to form neutral 

species. Antioxidants such as α-tocopherol have been found to strongly inhibit the formation 

of hydroperoxy epidioxides. Peers et al. [16] showed that 5% of α-tocopherol in methyl 

linolenate completely inhibits this cyclization. 

Linoleic acid is also oxidized by the same free radical mechanism as shown Figure 5. 

Two auto-oxidation products are formed which are 9- and 13-hydroperoxides. These 

hydroperoxides are formed in relative equal amounts [17]. 
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In case of oleic acid oxidation (Figure 6), the mechanism involves hydrogen atom 

abstraction at the carbon atoms 8 and 11 to give two allylic radicals. The oxygenation of these 

allylic radicals gives rise to four peroxyl radicals, which are 11-Z, 9-E, 8- Z and 10- E. It is 

important to note that the relative distribution of different hydroperoxide isomers is dependent 

on the hydrogen donating ability of these carbons on the fatty acid. It has been found that 

formation of 11-Z, 9-E, 8-Z and 10-E hydroperoxides is highly favored in the presence of 

good hydrogen atom donors [10, 18]. 

 

 

Figure 3. Free radical auto-oxidation of linolenic acid (Modified from Zeb [6]). R = CH3CH2-; R1 = -

(CH2)7COOH. E/Z isomers are not shown. 

 

 

Figure 4. Formation of hydroperoxy epidioxide of linolenate. 
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Figure 5. Formation of hydroperoxide in the auto-oxidation of linoleic acid (redrawn from Zeb [2]). R = 

CH3(CH2)4-; R1 = -(CH2)7COOH. 

 

Figure 6. The formation of hydroperoxides of oleic acid (redrawn from Zeb [6]). R = CH3(CH2)6-; R1 = 

-(CH2)6COOH. E/Z isomers are not shown. 

 

Formation of Fatty Acid Epoxides 
 

The intra-molecular rearrangement of alkoxyl radicals to form epoxy-allylic radicals has 

been known for several years. It was observed that the carbon-carbon bond rotation between 

the hydroperoxide groups and the double bond provides the least steric hindrance of the E-

rotamer, thus E-isomers are predominant. Epoxides have been identified as products of the 

auto-oxidation of methyl oleate and methyl linolenate. The epoxide formation was attributed 

to the rearrangement of alkoxyl radicals of these fatty acid methyl esters (Figure 7). The 

alkoxy radicals either form stable epoxides or epoxy-allylic radicals, which combined with 

other radicals form epoxy-hydroperoxides. The epoxy-allylic radicals can react with hydroxyl 
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radicals to form an epoxy-hydroxides, which are also stable products. The epoxy-allylic 

radicals can also react with peroxyl radicals to form epoxy-ketones or epoxy-hydroxides [9]. 

It is worth mentioning that the reactivity of epoxy-allylic radical depends on many factors like 

catalyst, light, heat and presence and absence of other free radicals and antioxidants. 

 

 

Lipid Oxidation in Model Triacylglycerols 
 

The oxidation of triacylglycerols (TAGs) also follows the free radical reaction 

mechanism. However, steric hindrance, the level of unsaturation, presence of a pro-oxidant, 

and the exposure time play a critical role in the oxidation of TAGs. For this purpose model 

TAGs like trilinolein and trilinolenin have been oxidized to know the oxidative stability of 

vegetable oil TAGs [19]. TAGs were found to be oxidized by auto-oxidation. The oxidation 

products which are mono, bis and tris-hydroperoxides were formed by the sequential addition 

of oxygen to the trilinolein. It was found that the initial products of oxidation were mono-

hydroperoxides, which further oxidized to form a mixture of 1,2-bis-hydroperoxides and 1,3-

bis-hydroperoxides. These bis-hydroperoxides later form tris-hydroperoxides as shown in 

Figure 8. All these hydroperoxides were composed of their respective Z-E and E-E isomers. It 

has been found that during the oxidation of trilinolein no positional preference has been found 

between each of the sn-positions. 

Similarly, trilinolenin is also oxidized by auto-oxidation. The products formed are 1, 2, or 

3-mono-hydroperoxides, 1,2 and 1,3-bis-hydroperoxides and tris-hydroperoxides. Other 

oxidation products formed were hydroperoxy-epidioxides by cyclization as shown in Figure 

4. These cyclic hydroperoxides were the mixtures of 9 and 16-bis-hydroperoxy-epidioxides. 

High performance liquid chromatographic (HPLC) separation reveals that the ratio of the E-

Z-16-linolenate hydroperoxides on sn-1,3 were higher relative to sn-2 of the corresponding E-

Z-9-linolenate hydroperoxides. This suggests that a fatty acid at the sn-2 position of TAG is 

relatively more resistant to oxidation than at sn-1 and sn-3. Auto-oxidation of synthetic TAGs 

containing linolenic acid and linoleic acid at different positions on the glycerol have been 

observed to form mono-hydroperoxides and hydroperoxy-epidioxides as the main products as 

shown in Figure 8. 

 

 

Figure 7. The formation of epoxides from hydroperoxides of linoleic acid [6]. 
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Figure 8. Mechanism of trilinolein auto-oxidation and formation of hydroperoxides [2]. 

The major pathways regarding the triacylglycerols oxidation includes initiation, 

propagation and termination. For this purpose standard TAGs or their mixtures were oxidized 

and the mechanisms of products formation have been reported [20]. For example, model 

trilinolein and trilinolenin were used to study the oxidation of oil TAG [21]. The initial 

oxidation products were found to be hydroperoxides. We have identified some mono and 

bishydroperoxides and epoxides in model TAGs. The formation of TAGs hydroperoxides by 

free radical reaction has been reported by several authors. In addition to this we also 

identified epoxides and epoxy epidioxides. As an example we present here a simplified 

mechanism of the formation of epoxy epidioxide of triolein (Figure 9). Triolein 

bishydroperoxide is formed from the free radical reactions of oxygen. The sn-1 and sn-3 

position is believed to be more prone to hydroperoxidation. 

The attack of free radicals on triolein bishydroperoxides may result in the formation of 

epoxy hydroperoxy radicals, hydroxides and a non-radical product. Triolein epoxy epidioxide 

(peak 12) is formed from the rearrangement of a free radical electron. The mechanism of 

formation and characterization of epoxy-epidioxide species were reported for the first time 

[22] as shown in Figure 9. 

 

 

ANALYSES OF LIPID OXIDATION IN EDIBLE OILS 
 

Lipid oxidation in the edible oils can be measured using peroxide index, the amount of 

free fatty acids, conjugated dienes and trienes formed. Peroxide values measurement is one of 

the sensitive method for determination of level of primary oxidation products formed. The 

thiobarbituric acid reactive substance (TBARS) is now widely used fast method for the 
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determination of secondary lipid oxidation in the edible oil [23] and other foods. Gas 

chromatography is also important and sensitive tool for the determination of lipid oxidation in 

edible oils [24]. Reversed phase high performance liquid chromatography (RP-HPLC) is one 

of the most widely employed techniques for the separation of the mixtures of TAGs or their 

oxidation products. The separation on RP-HPLC is based on the chain length and degree of 

unsaturation [2]. Mobile phase composition also plays an essential role in the separation of 

oxidized TAGs. Both isocratic and gradient elution systems can be used. Different detectors 

are used to identify the separated TAGs and their oxidized products. For example, Refractive 

Index (RI), ELSD and DAD. The UV absorption at 210 nm provides a sensitive detection of 

non-oxidized TAGs. Mass spectrometry is now a days a widely used technique together with 

the liquid chromatography [25]. However, the cost and trained expertise were the major 

drawbacks of the mass spectrometery. 

 

 

BIOLOGICAL SIGNIFICANCE OF EDIBLE OIL OXIDATION 
 

The hydroperoxides formed are usually odorless and tasteless. However, further 

decomposition of these compounds produces an unpleasant odor and taste in lipid containing 

foods. These oxidized compounds and their decomposition products may have a negative 

impact on health regarding heart diseases and aging. Jurek et al. [26] showed that dietary lipid 

hydroperoxides are a key risk factor in colon carcinogenesis. These hydroperoxides produced 

from the dietary oils enhances growth of hepatocarcinoma [27]. Feeding of oxidized edible oil 

was also associated with hyperlipidemia, fatty liver [28] and necrosis [29]. Thus, studies are 

still needed on the chemical characterization and utilization of antioxidants to prevent the 

formation or decomposition of these oxidized species of edible oils in foods. 

 

 

Figure 9. Formation of triolein epoxy epidioxide during oxidation of edible oil [22]. 
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ABSTRACT 
 

The increasing number of elderly people is a phenomenon that encourages the search 

for strategies to promote health and decrease the risk of age-related diseases. Studies have 

related that the decrease in physical activity, dyslipidemia, oxidative stress and changes 

in oxidative enzymes are associated with increased risk of cardiovascular disease in 

postmenopausal women. Acutely, exercise can increase the production of reactive oxygen 

species through several mechanisms. Additionally, studies involving chronic responses to 

exercise suggest that training promotes beneficial adaptations in postmenopausal women. 

However, studies involving the acute response of oxidative stress markers with different 

modes of exercise in this population are scarce. Since aerobic and resistance exercise 

have beneficial effects on the antioxidant system and markers of oxidative stress, the aim 

of this review is to relate menopause and its progression to oxidative stress and discuss 

the importance of exercise as a protective factor against oxidative stress.  

 

Keywords: Aging, lipid peroxidation, reactive oxygen species 

 

 

INTRODUCTION 
 

The World Health Organization (WHO) defines menopause as the permanent cessation of 

menstruation due to the loss of ovarian follicular activity [1]. Ovarian ageing resulting in 

menopause is a continuous process generally occurring around 51 years of age, with an age 

range varying between 40 and 60 years [2]. Menopause is associated with a decline in 

Complimentary Contributor Copy



Randhall Bruce Kreismann Carteri 322 

production of hormones such as estrogen and growth hormone (GH), related to the increased 

visceral fat mass and decreased muscle and bone mass [3]. The decrease of physical activity 

and increased oxidative stress are components associated with increased risk of 

cardiovascular disease in postmenopausal women [4].  

Recently, it has been suggested the importance of circulatory oxidative stress markers for 

cardiovascular risk assessment in postmenopausal women [5]. Exercise, combined or not with 

hormone replacement therapy is one of the most important factors in the management of 

menopause, due to the variety of metabolic benefits it provides [6]. Acutely, exercise 

increases oxidative stress with the production of reactive oxygen species through different 

mechanisms, such as phagocytes activity during contractions, increased oxygen consumption, 

inflammation, ischemia and reperfusion [7]. However, studies involving the acute response of 

oxidative stress markers with different exercise modalities in this population are scarce. 

Studies involving chronic responses to exercise suggest that training promotes beneficial 

adaptations in postmenopausal women [8, 9]. 

It is well established that aerobic exercise and strength exercise have beneficial effects on 

antioxidant system and markers of oxidative stress. Thereby, the purpose of this chapter is to 

approach menopause progression associated to oxidative stress and discuss the importance of 

exercise as a protective factor in this population. This chapter is a review of original studies 

and reviews published in major magazines of research that compose the databases of 

PubMed, Scopus and Medline. 

 

 

PRODUCTION OF REACTIVE OXYGEN SPECIES  

AND OXIDATIVE STRESS 
 

Reactive oxygen species (ROS) are atoms or molecules that have one or more unpaired 

electrons and, on that basis, have markedly chemical reactivity, potent effect oxidation of 

these radicals, subtracting electrons of different acceptors inducing their deleterious effects on 

the lipids, proteins, nucleic acids and the extracellular matrix. Reactive oxygen species are 

produced through oxidative metabolic processes, having fundamental biological role in the 

control of homeostasis, as part of immune functions and in different cell signaling 

mechanisms [10]. The term "reactive oxygen species" includes derived free radicals of 

oxygen and also certain unstable species of high reactivity that do not have unpaired electrons 

[11]. 

The reactive species of greatest biological importance oxygen are superoxide radical 

(O2●-), hydroxyl (OH-) and nitric oxide (NO). Different enzymatic mechanisms involving 

copper or iron are responsible for the generation of ROS in biological systems. Oxidizing 

secondary derivatives with greater reactivity may result from the reaction between ROS, such 

as hydrogen peroxide (H2O2), peroxynitrite (ONOO-) and hypochlorous acid (HOCl) [10].  

The action of endogenous antioxidant enzymatic and non-enzymatic systems is required 

to neutralize the reactions of ROS. The enzymatic antioxidant system is mainly represented 

by the superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). SOD 

is a metalloproteinase primarily located in the cytoplasm and mitochondria of mammalian 

cells, catalyzes the dismutation of superoxide into hydrogen peroxide and oxygen. 

Subsequently, the hydrogen peroxide can be converted into water and oxygen by CAT or 
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undergo to GPx reaction, which catalyzes the reduction of hydrogen peroxide to water to 

form glutathione disulfide (also known as oxidized glutathione, GSSG) using reduced 

glutathione (GSH) as an electron donor [12]. Figure 1 presents the summary of the reactions 

of ROS production and the enzymes involved in antioxidant defense. 

The non-enzymatic antioxidant system (Table 1) is composed of hydrophobic 

antioxidants. Vitamin E (alpha tocopherol), which primarily maintains the integrity of cell 

membrane and vitamin C (ascorbic acid) which is a hydrophilic antioxidant that interact with 

ROS in the cytosol and in the blood [11]. The enzymatic and non-enzymatic antioxidant 

systems act to neutralize the actions of different ROS, regulating the changes induced by high 

concentrations of ROS and preventing the detrimental effects.  

 

Table 1. Non-Enzymatic antioxidants 

 

Antioxidant Location Action 

Vitamin E tocopherol) Structural lipids Inhibition of lipid peroxidation 

Vitamin A (retinol) 

Vitamin C (ascorbic acid) Cytosol and aqueous 

middles 

Vitamin E regeneration 

Glutathione Aqueous middle GPx substrate and regeneration of 

vitamin E and C 

Adapted from reference [7] 

 

 

Figure 1. Reactions of ROS production and the enzymes involved in antioxidant defense. A; Oxygen 

reduction; B: ROS production; 1: Oxygen can undergo a one-electron reduction, forming superoxide; 2: 

Superoxide dismutase (SOD) forms Hydrogen Peroxide from two superoxide anions; Hydrogen 

Peroxide is a important intracellular signaling factor and two different enzymes are involved in its 

reduction to form water. 3: Catalase, widely expressed in peroxissomes, utilizes two hydrogen peroxide 

molecules to form Oxygen and water; 4: Glutathione Peroxidase neutralizes Hydrogen Peroxide 

oxidizing glutathione, forming water and glutathione disulfide; The increase in hydrogen peroxide 

concentration can result in the formation of Hydroxyl Radical. 5: Hydroxyl formation via Fenton 

Reaction of Hydrogen Peroxide and iron or copper; 6: Hydroxyl formation via Haber-Weiss Reaction 

of Hydrogen Peroxide and superoxide. 7: Hydroxyl Radical is highly reactive with structural lipids or 

proteins. 
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Oxidative stress occurs when production of ROS is higher than the capacity of the 

antioxidant system, generating a redox imbalance favoring a pro-oxidant state, resulting in 

protein damage, membrane lipids, damage to DNA structure and triggering intracellular 

signaling. [7].  

Primarily, the ROS reactions are involved with the double bonds of polyunsaturated fatty 

acids, defined as lipid peroxidation [13], modifying the fluidity of cell membranes by 

increasing the permeability and generating inflammatory responses and modifying other 

cellular functions [14, 15]. Produced ROS also react with proteins, causing an accumulation 

of oxidized proteins, damaging the integrity of the cells and the protein turnover [16]. In 

addition, ROS also react with DNA, altering the replication capacity and repair, contributing 

to cancer and cell aging [17]. 

The production of ROS induced by exercise can have effects on contractile proteins. An 

increase in intracellular calcium concentration and the inactivation of enzymes of aerobic and 

anaerobic metabolism can be observed with increased production of ROS, contributing to 

muscle damage [18]. Moreover, the formation of ROS during exercise can contribute to the 

inactivation of various enzymes in the Krebs cycle, modifying the oxygen reduction in the 

electron transport chain [7]. Chronically, the deleterious effects of ROS are involved with 

various cardiovascular and degenerative diseases [19-22]. 

 

 

MENOPAUSE 
 

Aging results in physiological changes in women that are correlated with increased 

incidence of cardiovascular disease compared to young fertile women [23]. The first 

irregularity in menstrual cycles characterizes the beginning of the transition that leads to 

menopause, defined as perimenopause. As perimenopause progresses, there is a decline in the 

number of ovarian follicles and lower sensitivity to the actions of the follicle-stimulating 

hormone, FSH [24]. The resulting increased concentration of progesterone and FSH [25], 

combined with the reduction of inhibin B are the first endocrine signals perimenopause [24]. 

With the progression of menopause, FSH levels increased by 50% while the decrease of 

estrogen in the same proportion [24]. Furthermore, perimenopause is characterized by 

increased body mass index (BMI), decreased physical activity, decreased bone mineral 

density [26], decreased basal metabolism [27], higher concentrations of triglycerides (TG) 

and low density lipoprotein (LDL) and reduced concentration of high density lipoprotein 

(HDL) [28], increased inflammatory markers [29, 30], increased oxidative stress [31] and 

these factors are associated with increased risk for cardiovascular disease and decreased 

muscle mass [32]. Thus, perimenopause starts with the first menstrual irregularity and ends 

12 months after the last menstrual period, beginning menopause [33]. Additionally, 

menopause is characterized by termination of menstrual and ovulatory cycles, occurring at an 

average of 47-54 years of age [34], resulting in the depletion of ovarian follicles, resulting in 

the production of hormones Estrogen disability as well as all physiological changes that occur 

during perimenopause [35].  
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Figure 2. Terminology and events during perimenopause and menopause. During perimenopause, there 

is a reduction in menstrual cycle duration resulting in follicle depletion. Follicle depletion results in 

cycles with diminished ovulation. Total depletion of folicular pool results in no menstrual cycles. 

Menopause indicates the point where the patient reaches twelve months after cessation of menstruation. 

FSH, Follicle-stimulanting hormone; SHGB, Sexual Hormone Biding Protein; LH, Luteinizing 

hormone; AM, anti-Mullerian hormone. Adapted from reference (36).  

Changes in body weight and hormonal profile occurring during menopause [37] are 

directly related to the regulation of genes involved in the antioxidant system and changes in 

redox state, and these factors associated with increased cardiovascular risk after menopause 

[38]. It is noteworthy that increased oxidative stress occurs in parallel with the progression of 

menopause [39] and is also associated with symptoms such as hot flushes (hot sensations) and 

osteoporosis [40, 41]. 

 

 

MENOPAUSE PROGRESSION, OXIDATIVE STRESS  

AND PHYSICAL EXERCISE 
 

Perimenopause induce physiological changes that affect redox status, reinforcing the 

hypothesis that oxidative stress is involved in the progression of menopause as a result of the 

decrease in circulating levels of estrogen. This is evidenced by a linear relationship between 

the circulating levels of estrogen and antioxidant and systemic redox status [38, 42], and by 

the positive correlation with the expression of antioxidant enzymes [43] and the negative 

correlation with lipid peroxidation markers [31, 44]. Fertile women have a lower 

cardiovascular risk compared to men the same age [45], such as lower concentrations of lipid 

peroxidation markers [46]. Higher total cholesterol and oxidative stress markers such as 8-

oxoguanine and lipoperoxide, and lower concentrations of HDL, lower total antioxidant status 
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and DNA regeneration capacity were reported in women independent of other symptoms 

perimenopause [31]. Thus, the increased risk of cardiovascular disease with progression of 

menopause may be partially explained by the progressive increase in the concentrations of 

lipid peroxidation markers [47]. 

In agreement with this hypothesis, Sanchez-Rodriguez et al. [48] investigated the 

relationship between oxidative stress and menopause, in both premenopausal (n = 94) and 

postmenopausal (n = 93) women. The concentrations of lipoperoxides (by-products of lipid 

peroxidation) were higher in postmenopausal women compared to premenopausal, reporting 

that menopause is associated with increased oxidative stress. Factors such as decreased basal 

metabolism and increased central adiposity associated with increased oxidative stress, insulin 

resistance, increased blood pressure and arterial stiffness put women at increased risk for 

cardiovascular disease with menopause progression. Thus, to reduce these risks, it is 

important to reduce body composition, lipid profile and improve antioxidant status [49].  

Exercise is one of the recommended interventions for the management of symptoms and 

progression of menopause. While it is clear that the increase in oxygen consumption is lower 

in anaerobic exercise when compared to aerobic exercise [50], several other mechanisms may 

increase the ROS production during the predominantly anaerobic exercise, such as activation 

of xanthine oxidase enzymes and NADPH oxidase, increased phagocyte activity, alterations 

in calcium homeostasis, mechanical stress and the ischemia followed by reperfusion 

phenomenon [51]. Studies have shown that exercise can induce lipid peroxidation and 

changes in the ratio GSH/GSSH [52], increased protein carbonyls [53] and also the acute 

response to oxidative stress induced by exercise is attenuated with training [7]. Therefore, the 

magnitude of oxidative stress associated with acute exercise response, depend on the type and 

intensity of the exercise [54]. Although the influence of acute and chronic exercise on these 

factors is widely investigated in different populations, there are few studies involving 

postmenopausal women and the responses of circulatory markers of oxidative stress to 

exercise. 

In relation to the antioxidant system adaptations, exercise seems to induce the activity of 

GPx and SOD, with minor effects on the activity of CAT and GPx [55]. Thus, oxidative stress 

response induced by exercise depends on several factors, including previous training status 

[56]. When comparing the effect of three exercise intensities (low, moderate and high) 

between triathletes and untrained, it was reported increase in total antioxidant capacity in both 

groups after exercise and triathletes had increased GPx activity compared to the untrained 

group [57]. The authors suggest that the increase in total antioxidant capacity coupled with 

the highest concentration of serum uric acid, vitamins and other antioxidants, have prevented 

the oxidative stress induced by exercise. It has been recently demonstrated that both 

resistance and aerobic exercise were able to induce lipid peroxidation, without changes in 

gluthatione metabolism in sedentary postmenopausal women [58]. Additionally, sedentary 

individuals are more susceptible to oxidative damage, and this pro-oxidant stimulus is 

important to promote exercise-associated benefits. Therefore, acute exercise promotes 

increased ROS production and increases the antioxidant response, promoting chronic 

adaptations in the mechanisms involved, reducing the deleterious effects of ROS [7]. 

Different studies reported beneficial effects of exercise training in this population. 

Investigating the influence of Tai Chi training, Palasuwan et al. [59] found improved 

antioxidant capacity and higher GPx activity. Another study demonstrated that aerobic 

exercise for 24 weeks was able to reduce lipid peroxidation independently of the use of 
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hormone replacement therapy [60]. Additionally, a subsequent study evaluating the aerobic 

training in cycle ergometer for eight weeks in 41 postmenopausal women with an average age 

of 65, found reduction in LDL in lipid and increased peroxidation in total antioxidant status 

and the concentrations of GSH [9]. To investigate the relationship between exercise, 

menopause and oxidative stress, a study evaluated the impact of fitness levels in forty 

postmenopausal women, identifying a negative correlation between fitness level and 

oxidative stress markers and a positive correlation between level physical activity and GPx 

activity [61]. The authors suggest that physical exercise can keep the efficiency and activity 

of several antioxidant enzymes in addition to protecting against the risk of cardiovascular 

disease. 

 

 

CONCLUSION 
 

Studies indicate that the progression of menopause is associated with higher oxidative 

stress, increasing the risk for cardiovascular disease in this population. Exercise, regardless of 

hormone replacement therapy is an effective strategy to promote beneficial changes, reducing 

the concentrations of oxidative stress markers, up regulating the antioxidant system through 

increased activity of different enzymes and concentrations of endogenous antioxidants, which 

results in a higher total antioxidant capacity and reducing the risk of diseases. Evidence 

suggests that aerobic exercise promotes beneficial adaptations for this population, while it is 

evident the need for studies involving resistance exercise evaluating the same parameters, 

aimed to promote beneficial adaptations to oxidative stress. Moreover, it is important to 

design studies evaluating the influence of different variables involved in exercise prescription, 

such as volume and intensity to maximize the benefits in this population. 
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