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ABSTRACT
Oxidative stress resulting from biomolecular oxidative damage due to the imbalance between reactive species production 
and antioxidant response has become an universal constraint of  life-history evolution in animals and a modulator of  
phenotypic development and trade-offs. Redox balance is an important selective pressure faced by most organisms, and 
a myriad of  mechanisms have evolved to regulate and adjust this balance. This diversity of  mechanisms means that 
organisms have a great deal of  flexibility in how they deal with reactive species challenges across time, conditions, and 
tissue types, as well as that different organisms may evolve different strategies for dealing with similar challenges. In the 
following paragraphs, we review the adaption of  biological membranes as structural antioxidant defense against reactive 
species evolved by animals. In particular, it is our goal to describe the physiological mechanisms underlying the structural 
adaption of  cellular membranes to oxidative stress, to explain the meaning of  this adaptive mechanism, and to review the 
state of  the art about the link between membrane composition and longevity of  animal species.

INTRODUCTION

The increase in oxygen concentration in the Earth’s 
atmosphere represented an important selective pressure 
and contributed to set up the pace of  evolutionary changes 
in physiological and metabolic systems.[1-3] Despite the 
evolution of  the capacity to use oxygen for efficient 
energy production represented a relevant evolutionary 
innovation, the redox reactions associated with its use 
were responsible for the production of  free radicals and, 
more in general, of  reactive species (RS). The damaging 
effects of  oxygen and other reactive molecular species 
on cells are, in essence, due to oxidation of  essential 
cellular components.[4] Consequently, in addition to 
evolutionary attempts to avoid or minimize the production 
of  reactive byproducts of  oxidative metabolism, another 
very important feature was the generation and selection 
of  antioxidant defence systems. [5] The result was a high 
diversity in molecular and structural antioxidant defences, 
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as well as in redox signaling pathways perfectly integrated 
in the cellular metabolic machinery. So, oxidative stress 
resulting from biomolecular oxidative damage due to the 
imbalance between RS production and antioxidant 
response has become a universal constraint of  life-history 
evolution in animals and modulator of  phenotypic 
development and trade-offs. [6-15]

Redox balance is an important selective pressure faced 
by most organisms, and a myriad of  mechanisms have 
evolved to regulate and adjust this balance. This diversity 
of  mechanisms means that organisms have a great deal 
of  flexibility in how they manage with RS challenges 
across time, conditions, and tissue types, as well as that 
different organisms may evolve different strategies for 
dealing with similar challenges.[15] In the following 
paragraphs, we review the adaption of  biological 
membranes as structural antioxidant defense against RS 
evolved by animals. In particular, it was our goal to 
describe the physiological mechanisms underlying the 
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structural adaption of  cellular membranes to oxidative 
stress and to explain the meaning of  this adaptive 
mechanism, and to review the state of  the art about the 
link between membrane composition and longevity of  
animal species.

MEMBRANE FATTY ACID COMPOSITION

All living organisms have lipid membranes. Biological 
membranes are dynamic structures that generally consist 
of  bilayers of  amphipathic molecules held together by 
non-covalent bonds.[16,17] Phospholipids, the predominant 
membrane lipids, consist of  a hydrophilic head group 
with attached hydrophobic acyl chains. The wide range 
of  processes in which phospholipids are specifically 
involved explains the need for diversity in phospholipid 
structures and fatty acid composition.[18] This diversity 
requires complex metabolic and regulatory pathways.
[16,17] In fact, for example, eukaryotic cells invest around 
5% of  their genes to synthesize all of  these lipids.[19] The 
membrane phospholipid composition is maintained 
primarily by feedback regulation of  phospholipid 
biosynthesis. Recent insights have emerged from the 
study of  membrane-bound transcription factors called 
sterol regulatory element-binding protein (SREBP) that 
seem to monitor cell membrane composition and to 
adjust lipid synthesis accordingly.[20]

The acyl chains are either saturated (SFA), 
monounsaturated (MUFA) or polyunsaturated (PUFA) 
hydrocarbon chains that normally vary from 14 to 
22 carbons in length.[21] In eukaryotic cells from vertebrate 
species, the average chain length of  a biological membrane 
is strictly maintained around 18 carbon atoms, and the 
relative distribution between saturated and unsaturated 
fatty acids follows a ratio of  40:60.[22] PUFAs are generally 
synthesized by the modification of  saturated fatty acid 
precursors that are products of  fatty acid synthase. The 
desaturase enzymes, which are conserved across 
kingdoms, insert double bonds at specific carbon atoms 
in the fatty acid chain and the fatty acid elongation system 
elongates the precursors in two-carbon increments.[23,24] 
The fatty acid desaturation pathway and the deacylation-
reacylation cycle are the mechanisms responsible for the 
particular fatty acid composition of  cell membranes.

BIOLOGICAL MEMBRANE AS STRUCTURAL 
ANTIOXIDANT SYSTEM

The susceptibility of  membrane phospholipids to oxidative 
alterations is related to two inherent traits, the physico-

chemical properties of  the membrane bilayer and the 
chemical reactivity of  the fatty acids that compose the 
membrane.[22,25] The first property is related with the fact 
that oxygen and free radicals are more soluble in the fluid 
lipid bilayer than in the aqueous solution. Thus, membranes 
contain an interior organic phase, in which oxygen may 
tend to concentrate. Therefore, these differences in 
solubility are important when considering the availability 
of  oxygen/free radicals for chemical reactions inside living 
systems: organic regions may contain more free radicals 
than aqueous regions[26,27] and, consequently, membrane 
lipids become primary targets of  oxidative damage. The 
second and more significant property is related to the fact 
that PUFA residues of  phospholipids are extremely 
sensitive to oxidation. Every membrane phospholipid 
contains an unsaturated fatty acid residue esterified to the 
2-hydroxyl group of  its glycerol moiety. Many of  these 
are polyunsaturated and the presence of  a methylene group 
between two double bonds renders the fatty acid sensitive 
to ROS-induced damage, their sensitivity to oxidation 
increasing exponentially as a function of  the number of  
double bonds per fatty acid molecule.[28,29] Consequently, 
polyunsaturated fatty acid side chains (two or more double 
bonds) are much more easily attacked by radicals than are 
saturated (no double bonds) or monounsaturated (one 
double bond) side chains. In this scenario, from a given 
membrane fatty acid profile it is possible to calculate its 
peroxidizability index (PI) by combining this composition 
with the relative susceptibility of  individual fatty acids to 
peroxidation. So, PI is an approach to the relative 
susceptibility of  a given membrane fatty acid mixture to 
peroxidative damage. The higher the number the more 
susceptible, the lower the value of  PI, the more resistant 
to lipid peroxidation is the membrane bilayer.[25]

Lipid peroxidation generates hydroperoxides as well 
as endoperoxides, which undergo fragmentation to 
produce a broad range of  reactive intermediates called 
reactive carbonyl species (RCS) with three to nine carbons 
in length, the most reactive being α,β-unsaturated 
aldehydes [4-hydroxy-trans-2-nonenal (HNE) and 
acrolein], di-aldehydes [malondialdehyde (MDA) and 
glyoxal], and keto-aldehydes [4-oxo-trans-2-nonenal 
(ONE) and isoketals].[30,31] 2-Hydroxyheptanal (2-HH) 
and 4-hydroxyhexenal (4-HHE) are other significant 
aldehydic products of  lipid peroxidation of  PUFAs. 
These carbonyl compounds, ubiquitously generated in 
biological systems, have unique properties contrasted 
with free radicals. For instance, compared with ROS, 
reactive aldehydes have a much longer half-life (i.e., 
minutes to hours instead of  microseconds to nanoseconds 
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Thus, it has been found that long-lived animals (birds 
and mammals, including humans) have a lower degree 
of  total tissue and mitochondrial fatty acid unsaturation 
and PI than short-lived ones (Table 1). In agreement 
with this, it has been demonstrated that in long-lived 
animal species a low degree of  total tissue and 
mitochondrial fatty acid unsaturation is accompanied 
by a low sensitivity to in vivo and in vitro lipid peroxidation 
and a low steady-state level of  lipoxidation-derived 
adducts in both tissue and mitochondrial proteins from 
organs like skeletal muscle, heart, liver, and brain.[22,61] 
In this line, lipofuscin, often considered a hallmark of  
aging also shows an accumulation rate that inversely 
correlates with longevity.[62] These findings were consistent 
with the negative correlation observed between longevity 
and the sensitivity to lipid autoxidation of  mammalian 
kidney and brain homogenates.[63]

Interestingly, the findings from a recent work [57] centered 
in offspring of  long-lived individuals again seem to 
reinforce the association between membrane unsaturation 
and longevity. Thus, the fatty acid composition of  
erythrocyte membranes from 41 nonagenarian offspring 
were compared with 30 matched controls. Genetic loci 
were also tested in 280 centenarians and 280 controls to 
verify a potential genetic predisposition in determining 
unique lipid profile (allele and genotyping frequencies at 
endothelial-nitric oxide synthase and delta-5/delta-6 and 
delta-9 desaturase loci were considered). The results of  
this study demonstrated significant differences in the lipid 
composition of  erythrocyte membranes derived from 
nonagenarian offspring versus matched controls. This is 
indicative of  reduced oxidative stress and increased 
membrane integrity at the cellular level for nonagenarian 
offspring compared with the general population under 
investigation. In this context, it is plausible to infer that 
lipid composition of  erythrocyte membranes could 
represent a useful biomarker of  longevity.

While longevity can differ dramatically between mammal 
and bird species, there can also be significant longevity 
differences within a species. For example, populations of  
two wild-derived strains of  mice display extended longevity 
(both mean and maximum longevity) compared to 
genetically heterogenous laboratory mice when kept under 
identical conditions.[64] The PI of  both skeletal muscle and 
liver phospholipids of  the two wild-type mice strains with 
the extended longevity was significantly smaller than that 
of  the laboratory mice.[51] This is interesting because, since 
the different mice strains were fed the same diet, it shows 
that the differences in membrane composition between 
species are not determined by dietary differences but is 

for most free radicals). Further, the non-charged structure 
of  aldehydes allows them to migrate with relative ease 
through hydrophobic membranes and hydrophilic 
cytosolic media, thereby extending the migration distance 
far from the production site. Based on these features 
alone, these carbonyl compounds can be more destructive 
than ROS and may have far-reaching damaging effects 
on target sites within or outside membranes.[22]

Carbonyl compounds react with nucleophilic groups 
in macromolecules (lipoxidation reactions) like proteins, 
DNA, and aminophospholipids, among others, resulting 
in their chemical, nonenzymatic, and irreversible 
modification and formation of  a variety of  adducts and 
crosslinks collectively named Advanced Lipoxidation 
Endproducts (ALEs).[31-33] So, these aldehydes were 
believed to produce simply “cytotoxic” effects associated 
with oxidative stress, but evidence is increasing that these 
compounds can also have specific signaling roles inducing 
adaptive responses driven to decrease oxidative damage 
and improve antioxidant defences.[22,33] Two of  these 
mechanisms are: the regulation of  uncoupling protein 
activity,[34,35] and the activation of  the antioxidant response 
signaling pathway,[36-38] both involved in the prevention 
of  oxidative damage effects.

So, the high concentration of  PUFAs in cellular 
membrane phospholipids not only makes them prime 
targets for reaction with oxidizing agents but also enables 
them to participate in long free radical chain reactions. 
With these premises, and maintaining other physiological 
properties, it is plausible to postulate that a low degree 
of  fatty acid unsaturation in cellular membranes could 
be advantageous by decreasing their sensitivity to lipid 
peroxidation. This would also protect other molecules 
against lipoxidation-derived damage. So, it is proposed 
that membrane unsaturation acts as a structural antioxidant 
system and it is adapted to the animal longevity.

MEMBRANE UNSATURATION AND ANIMAL 
LONGEVITY

The relationship between the degree of  membrane 
unsturation and longevity has been evaluated in mammals–
including humans- and birds, strains of  mice that vary 
in longevity and animal species that are exceptionally 
long-living, differences in longevity between queen and 
worker honeybees, strains of  D. melanogaster that vary in 
longevity, and from experimental extensions of  longevity 
in rodents, flyes and worms. Unfortunately, not data are 
currently available for exceptional models such as bivalves, 
bats, and non-human primates.
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Table 1. Comparative studies between membrane unsaturation (peroxidizability index, PI) and longevity in 
animal species (by chronological order).

Species compared Organ PI long-lived
species

References

Rat-Pigeon-Human Liver mitochondria Lower [39]

SAM-R/1 vs SAM-P/1 mice Liver Lower [40]

8 mammalian species Liver mitochondria Lower [41]

Rat vs pigeon Heart mitochondria Lower [42]

Mouse vs canary Heart Lower [43]

Mouse vs parakeet Heart Lower [43]

Rat vs pigeon Liver mitochondria Lower [44]

Rat vs pigeon Heart mitochondria and microsomes Lower [44]

8 mammalian species Heart Lower [45]

7 mammalian species Liver Lower [46]

8 mammalian species Liver mitochondria Lower [47]

Rat vs pigeon Skeletal muscle Lower [48]

Mouse, parakeet, canary Brain Lower [49]

8 mammalian species Heart Lower [50]

Strains of mice
(Idaho, Majuro and WT)

Skeletal muscle and liver Lower [51]

Naked-mole rat vs mouse Skeletal muscle mitochondria and Liver 
mitochondria

Lower [52,53]

12 mammalian species and  
9 bird species

Skeletal muscle Lower [25]

10 mammalian species and  
8 bird species

Liver mitochondria Lower [25]

Queen honey bees vs workers Head, thorax, abdomen Lower [54]

13 bird species Heart Lower [55]

Echidna vs mammals Liver, liver mitochondria, and ç
Skeletal muscle 

Lower [56]

Humans (long-lived vs control 
group)

Erythrocytes Lower [57]

D. melanogaster
(long-lived mutant strains)

Whole organism and mitochondria Lower [58, #]

C. elegans
(long-lived mutant strains)

Whole organism Lower [59]

Rat vs pigeon Erythrocytes, heart, kidney, liver, skeletal 
muscle (whole tissue and mitochondria)

Lower [60]

D. melanogaster
(wild-type strains)

Whole organism and mitochondria Lower #

#R. Pamplona, unpublished results

genetically controlled. In this line, it is also interesting that 
in the senescence-accelerated mouse (SAM) strain, the 
SAM-prone mice have greater levels of  the highly 
polyunsaturated peroxidation-prone fatty acids 22:6 n-3 
and 20:4 n-6 and lower levels of  the less peroxidation-
prone 18:2 n-6 PUFA in their membranes, and consequently 

have a greater PI than the SAM-resistant mice.[40] SAM-
prone mice also show greater degrees of  lipid peroxides 
in their tissues than do SAM-resistant mice.

Two exceptionally long-living mammalian species 
(naked mole-rats and echidnas) also have membrane 
fatty acid profiles that are resistant to lipid peroxidation 
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order-of-magnitude difference in their longevity. In 
another approach, these predictions have also been tested 
in a comparison among three wild type strains of   
D. melanogaster differing in their longevities (a long-lived 
strain: Oregon R, and two short-lived strains: Canton S 
and Dahomey). The results also confirm the present of  
an inverse correlation between membrane unsaturation 
and lipoxidation-derived molecular damage and longevity. 
So, the longer the longevity of  the Drosophila strain, the 
lower is the membrane unsaturation (R. Pamplona, 
unpublished results).

Are experimental extensions in longevity accompanied 
by attenuations of  membrane unsaturation and lipoxidation-
derived molecular damage? This question is a key issue 
that goes beyond correlation to establish a causative role 
for membranes and lipoxidative stress in the determination 
of  longevity. In order to clarify whether the low membrane 
unsaturation of  long-lived animals protects their cellular 
components from lipid oxidation and lipoxidation-derived 
molecular damage, studies of  experimental dietary 
modification of  in vivo membrane fatty acid unsaturation 
have been performed. [67-69] These studies were specially 
designed to partially circumvent the homeostatic system 
of  compensation of  dietary-induced changes in membrane 
unstauration which operates at tissue level. The obtained 
findings demonstrate that lowering the membrane 
unsaturation of  cellular membranes protects post-mitotic 
tissues against lipid peroxidation and lipoxidation-derived 
macromolecular damage.

The relevance of  membrane unsaturation in 
determining longevity has also been recently reinforced 
by using Drosophila as experimental model.[58] In this study, 
it was created transgenic strains of  Drosophila that express 
yeast NDI1 (in yeast, the single-subunit NADH 
dehydrogenase Ndi1 serves as a non-proton-translocating 
alternative enzyme that replaces complex I, bringing 
about the reoxidation of  intramitochondrial NADH) 
ubiquitously. NDI1 expression mitigated the aging 
associated decline in respiratory capacity and the 
accompanying increase in mitochondrial free radical 
production, and resulted in decreased accumulation of  
markers derived from a lipoxidative stress in aged flies, 
resulting in an increased longevity. This lower lipoxidation-
derived damage in the long-lived strains is also linked to 
an adaptive response with a low degree in membrane 
unsaturation (R. Pamplona, unpublished results).

In another approach with C. elegans as experimental 
model,[59,70] it was analyzed the fatty acid profile of  lipids 
extracted from strains of  C. elegans that vary in longevity 
by ~10-fold, and report several significant log-linear 

as one would predict from their longevities. Thus, when 
membrane fatty acid composition was measured in tissues 
from naked mole-rats, the longest-living rodents known 
with a recorded longevity exceeding 28 years,[65] it was 
found that they have very low levels of  22:6n-3 in their 
tissue phospholipids compared to mice. Although both 
mice and naked mole-rats have similar levels of  total 
unsaturated fatty acids in their tissue phospholipids, the 
low 22:6n-3 levels of  the naked mole-rats result in lower 
PI and more peroxidation-resistant membranes in skeletal 
muscle and liver mitochondria.[52,53] In a similar way, the 
echidna Tachyglossus aculeatus, a monotreme mammal from 
Australia that is exceptionally long-living and with a 
documented longevity of  50 years, also have a membrane 
composition resistant to lipid peroxidation.[56] Accordingly, 
membrane lipids of  echidna tissues (skeletal muscle, liver 
and liver mitochondria) were found to have a lower 
content of  polyunsaturates and a higher content of  
monounsaturates, resulting in a low PI and, consequently, 
indicating that the cellular membranes of  echidnas is 
peroxidation-resistant. Interestingly, when the calculated 
peroxidation index was plotted against maximum 
longevity, the echidna values conformed to the relationship 
for mammals in general.[56]

Honeybees (Apis mellifera) and flyes (D. melanogaster) 
provide another example of  variation in longevity within 
a species. In the honey bee, depending on what they are 
fed, female eggs become either workers or queens.[66] So, 
queens and workers share a common genome. However, 
the longevity of  queens is an order-of-magnitude longer 
than workers. In order to test if  differences in membrane 
composition could be involved it was compared the fatty 
acid composition of  phospholipids of  queen and worker 
honey bees.[54] The cell membranes of  both young and 
old honey bee queens were highly monounsaturated 
with very low content of  PUFAs. Newly emerged 
workers shown a similar membrane fatty acid composition 
to queens but within the first week of  hive life, they 
increase the polyunsaturate content and decrease the 
monounsaturate content of  their membranes, probably 
as a result of  pollen consumption. This means their 
membranes likely become more susceptible to lipid 
peroxidation in this first week of  hive life. So, the results 
again support the suggestion that membrane composition 
might be an important factor in the determination of  
longevity. Assuming the same slope of  the relationship 
between membrane PI and longevity as previously 
observed for mammal and bird species, it was proposed 
[54] that the 3-fold difference in PI of  phospholipids of  
queens and workers is large enough to account for the 



Regulation of Membrane Unsaturation as Antioxidant Adaptive Mechanism in Long-lived Animal Species

Free Radicals and Antioxidants 8 Vol 1, Issue 3, Jul-Sep, 2011

w
w

w
.a

nt
io

x.
or

g

fatty acids with moderate or no changes in PI occur, 
although the magnitude of  the changes depends on the 
organ and the intensity of  the restriction. Finally, in 
long-term CR, the beneficial effects on free radical 
production, PI, and lipoxidation-derived damage are 
evident. In fact, CR diminishes the slope of  the 
relationship between age and age-related lipid peroxidation. 
Thus, the CR manipulation seems to trigger an adaptive 
response protecting the most basic requirements of  
membrane integrity.

Globally, all these comparisons a) support an important 
role for membrane fatty acid composition in the 
determination of  longevity, b) reinforce the idea that 
the connection between membrane unsaturation and 
longevity is not restricted to vertebrates, and c) suggest 
that membrane composition is regulated in a species-
specific way.

MECHANISM RESPONSIBLE FOR 
THE LONGEVITY-RELATED DIFFERENCES 
IN MEMBRANE UNSATURATION

The membrane acyl composition of  the animal species 
studied indicates that their biological membranes maintain 
a similar a) fatty acid average chain length (18 carbon 
atoms), b) ratio of  saturated versus unsaturated fatty 
acids (ratio 40:60), and c) phospholipid distribution 
irrespective of  animal longevity.[22] The low PI observed 
in long-lived species are due to changes in the type of  
unsaturated fatty acid that participates in membrane 
composition. So, there is a systematic redistribution 
between the types of  PUFAs present from highly 
unsaturated fatty acids such as 22:6n-3, 20:5n-3, and 
20:4n-6 in short-lived animals to the less unsaturated 
18:3n-3, 18:2n-6, and 18:1 in the long-lived ones, at 
mitochondrial and tissue level.[25,61] Furthermore, the PI 
of  the respective diets did not correlate with longevity. 
This indicates again that the contribution of  the variations 
in the degree of  unsaturation of  dietary fats to the inter-
species differences is, if  any, very modest.[25,61]

The mechanisms responsible for the longevity-related 
differences in fatty acid profile can be related, in principle, 
to the fatty acid desaturation pathway, and the deacylation-
reacylation cycle. The available estimates of  delta-5 and 
delta-6 desaturase activities indicate that they are several 
folds lower in long-lived species than in short-lived ones.
[25,59,61,89] This can explain why e.g. 22:6n-3 and 20:4n-6 
decreases and 18:2n-6 and 18:3n-3 increases, from short- 
to long-lived animals, since desaturases are the rate-
limiting enzymes of  the n-3 and n-6 pathways synthesizing 

correlations between longevity and fatty acid composition. 
The results are strongly influenced by two mutant strains 
(daf-2 and age-1, both long-lived mutant strains linked 
to a dysruption of  the insulinlike-signaling pathway) that 
show the greatest longevities. Their findings can be 
summarized thus; comparing the shortest-living to 
longest-living strains total monounsaturates increased 
from 34% to 48%, total polyunsaturates decreased from 
37% to 26%, and PI decreased from 141 to 81. 
Interestingly, these changes were remarkably similar to 
correlations between PI and longevity reported previously 
for mammals and birds. Furthermore, it was also found 
a reduction in C. elegans longevity with the addition of  
PUFAs to their diet. All together, these finding clearly 
support a role for membrane unsaturation in the 
determination of  longevity.

Finally, available evidences in favour for a relationship 
between membrane unsaturation and longevity proceed 
from nutritional interventions that extend longevity in 
experimental models. Thus, caloric (CR), as well as protein 
(PR) and methionine (MetR) restriction –nutritional 
interventions that increase longevity- attenuates age-related 
changes in the degree of  membrane unsaturation and 
the level of  lipoxidation-derived protein damage in a 
variety of  tissues and animal species.[71-73] Thus, a decrease 
in membrane unsaturation, lipid peroxidation and 
lipoxidation-derived damage has been reported in tissues 
(liver, heart, and brain) from these dietary restrictions 
in rats and mice.[74-84] CR has also been shown to reduce 
levels of  lipofuscin in tissues of  rodents and C. elegans.
[62,85-88] From these studies it can be inferred that the 
magnitude of  the change is modest for membrane 
unsaturation (between 2.5-10%) than that for the 
lipoxidation-derived molecular damage (between 20-40%) 
likely due to the added effect of  the lower mitochondrial 
free radical generation also induced by these nutritional 
interventions. In addition to the moderate but significant 
effect on membrane unsaturation, these nutritional 
interventions show an effect that is directly related to 
the percent of  the dietary restriction applied, being both 
protein and methionine restriction (80% MetR) even 
more intense and effective that caloric restriction. It is 
suggested from available data that the effects of  CR on 
membrane unsaturation could be divided in three stages 
depending of  CR duration in rats. During short-term 
CR periods, decreases in the rate of  mitochondrial free 
radical production and lipoxidation-derived protein 
damage are observed in some tissues together with minor 
changes in membrane fatty acid composition. If  CR is 
applied for several weeks-months, changes in particular 



Regulation of Membrane Unsaturation as Antioxidant Adaptive Mechanism in Long-lived Animal Species

Free Radicals and Antioxidants 9 Vol 1, Issue 3, Jul-Sep, 2011

w
w

w
.a

nt
io

x.
or

g

additions). In the case of  the sensitivity to lipid 
peroxidation, however, double bonds increase it 
irrespective of  their location at the centre or laterally 
on the fatty acids.[28] Thus, by substituting fatty acids 
with four or six double bonds by those having only two 
(or sometimes three) double bonds, the sensitivity to 
lipid peroxidation is strongly decreased in long-lived 
animals, whereas the fluidity of  the membrane would 
be essentially maintained. This hypothesis, reminiscent 
of  membrane acclimation to different environments at 
PUFA level in poikilotherms and bacteria, has been 
denominated homeoviscous longevity adaptation.[61]
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