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Abstract Smaller mammals, such as mice, possess tis-

sues containing more polyunsaturated fatty acids (PUFAs)

than larger mammals, while at the same time live shorter

lives. These relationships have been combined in the

‘membrane pacemaker hypothesis of aging’. It suggests

that membrane PUFA content might determine an animal’s

life span. PUFAs in general and certain long-chain PUFAs

in particular, are highly prone to lipid peroxidation which

brings about a high rate of reactive oxygen species (ROS)

production. We hypothesized that dietary supplementation

of either n-3 or n-6 PUFAs might affect (1) membrane

phospholipid composition of heart and liver tissues and (2)

life span of the animals due to the altered membrane

composition, and subsequent effects on lipid peroxidation.

Therefore, we kept female laboratory mice from the

C57BL/6 strain on three diets (n-3 PUFA rich, n-6 PUFA

rich, control) and assessed body weights, life span, heart,

and liver phospholipid composition after the animals had

died. We found that while membrane phospholipid com-

position clearly differed between feeding groups, life span

was not directly affected. However, we were able to

observe a positive correlation between monounsaturated

fatty acids in cardiac muscle and life span.

Keywords Polyunsaturated fatty acids � n-3 � n-6 � Life

span � Membrane composition � C57BL/6

Abbreviations

ANOVA Analysis of variance

ANCOVA Analysis of covariance

BMR Basal metabolic rate

DHA Docosahexaenoic acid

PC Principle component

PUFA Polyunsaturated fatty acid

PI Peroxidation index

SFA Saturated fatty acid

UI Unsaturation index

MUFA Monounsaturated fatty acid

MLSP Maximum life span potential

NFE Nitrogen free extracts

ROS Reactive oxygen species

Introduction

Small mammals such as mice possess tissues containing

more polyunsaturated fatty acids (PUFAs) than larger

mammals, while at the same time live shorter lives. This

relationship has been summarised in the ‘membrane

pacemaker hypothesis of aging’, an extension of the ‘oxi-

dative stress’ hypothesis of aging which suggests that

membrane fatty acid composition might determine an

animal’s life span (reviewed in Pamplona and Barja 2007;

Hulbert et al. 2007). PUFAs are important constituents of

lipid bilayers and are very prone to peroxidation, which

result in extensive production of radical oxygen species

(ROS) (reviewed in Hulbert et al. 2007). ROS readily

interact with macromolecules (e.g., proteins and DNA),

leading to tissue damage and eventually cell senescence

and death as postulated by the ‘free radical theory’ (Brand
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2000; Barja 2004; Speakman 2005). Among PUFAs, one

particular long-chain PUFA with six double bonds, doco-

sahexaenoic acid (DHA; C22:6n-3), stands out for being

especially susceptible to peroxidative damage (Turner et al.

2003; Hulbert et al. 2007). DHA belongs to the n-3 PUFA

class and is eight times more prone to peroxidation than the

essential fatty acid linoleic acid (C18:2) which has only

two double bonds and belongs to the n-6 PUFAs (Holman

1954). n-3 and n-6 PUFAs differ in the location of the first

double bond in the molecule and thus have a variety of

different biochemical properties. Importantly, due to a lack

of necessary enzymes, mammals are unable to synthesise

essential fatty acids such as linoleic (C18:2n-6) and lino-

lenic acid (C18:3n-3) de novo and thus can only source

them through diet. Once ingested, however, mammals can

readily convert essential fatty acids to longer-chain,

unsaturated fatty acid molecules.

The ‘membrane pacemaker’ hypothesis predicts that

animal species having high contents of membrane PUFAs

(in particular DHA), such as mice, live short lives because

of their higher risk of lipid peroxidation (Pamplona and

Barja 2007; Hulbert et al. 2007). Recently, we have sug-

gested that the relationship between n-3 and n-6 PUFAs

might determine life span in mammals, rather than the

association between life span and PUFAs in general

(Valencak and Ruf 2007). By statistically controlling for

both body weight effects and phylogeny in a dataset of 42

mammalian species, we observed a significant negative

relationship between maximum life span potential (MLSP)

and the ratio between n-3 and n-6 PUFAs, but not with

PUFAs or DHA alone (Valencak and Ruf 2007). Together,

these findings suggest a possible causal relationship

between phospholipid n-3/n-6 ratios and MLSP in mam-

mals which merits experimental investigation.

We therefore intended to influence membrane com-

position of our adult experimental animals, C57BL/6

mice, by supplementing their diets with n-3 or n-6 PU-

FAs and hence test for dietary effects on life span.

Correlational evidence of a relationship between mem-

brane fatty acid composition in three strains of mice with

different life spans has previously been reported (Hulbert

et al. 2006a), however, they concluded that these data

could not clarify ‘‘if the relationship was one of cause

and effect’’.

We hypothesised that if mice maintained on the n-3 rich

diet lived shorter lives, the membrane pacemaker hypoth-

esis of aging would be supported. If, on the other hand-

mice from the control group or from the n-6 rich diet, with

lower membrane unsaturation and peroxidisability, would

live equally long or even longer, we would have to reject

the membrane pacemaker hypothesis. Finally, if there was

any effect of high fat feeding (both experimental groups)

on life span, we would expect that our control group, not

being supplemented with n-3 or n-6 PUFAs would live

longer than the experimental groups.

Materials and methods

Animals, husbandry, and life span study

Forty, 8-weeks-old female C57BL/6 mice, were obtained

from Harlan, NL and housed in individual polycarbonate

cages (267 9 207 9 140 mm, Eurostandard Type II,

Tecniplast, Italy) with sawdust and paper bedding. Rodent

chow (Altromin, Germany) and water were available

ad libitum. The environment was regulated at 22 ± 2�C on

a 12 h:12 h L:D photoperiod throughout the entire exper-

iment. After 10 months, the animals were assigned to three

experimental groups and subsequently fed the following

three diets which all consisted of the rodent chow described

above but either with a different oil added to the pellets or

without any further supplement. Regular recordings of

body weight data were started the animals already accli-

matised to the diets (around day 450, see Fig. 1). The n-6

rich group (n = 12) received rodent chow enriched with

sunflower oil (750 g per 6,000 g pellets, Osana�, Austria),

whereas the n-3 rich group (n = 14) was kept on salmon

oil (750 g per 6,000 g pellets, Perro Petfood�, Austria).

Both oils used did not contain any additional vitamins C or

E. To observe if high fat content as such, irrespective of the

dominant fatty acid, would affect longevity, and to ensure

that one experimental group would receive a diet with

lower absolute amounts of PUFA, a control group (n = 14)

received rodent chow without any addition of oil. The

exact composition of all diets is given in Table 1. To

ensure that the energy content and particularly the fat
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Fig. 1 Time courses of body weights of mice in the three experi-

mental groups of mice. Mean ± SEM, Ntotal = 40
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content were stable throughout the study, we analysed the

dietary fat content every time the pellets were mixed with

oil. The diets were chemically analysed using standardised

methods for crude protein, crude fat, crude ash, and dry

matter (Nehring 1960). ADF and lignin were determined

by Van Soest detergent analyses (Otzelberger 1983). Fatty

acid composition of the diets was assessed by transesteri-

fying the fatty acids with boron trifluoride–methanol

solution (Sigma–Aldrich, Austria) for 2 h. For minimizing

the effects of autoxidation of the fatty acids, the diets were

stored in dark containers at 4�C until they were fed to the

mice and uneaten pellets were removed weekly and

replaced by new ones. All animals were maintained in the

same room throughout the study and no additional animals

were brought into this room. The colony therefore, was

effectively kept under barrier conditions. Mice were

monitored daily and weighed weekly but otherwise were

left undisturbed until they died naturally. If death was

diagnosed, mice were weighed and examined for macro-

scopic pathological changes. During post-mortem dissec-

tion, we removed hearts and livers for later tissue analysis.

In two cases in the control group and one case in the n-6

rich group, no tissues were sampled because of advanced

stages of autolysis in the inner organs. If deemed

unavoidable as animals were suffering, individual mice

were killed following the guidelines of the Veterinary

Medicine University Ethics commission and this was

considered the date of death. Of all the mice that died, 30%

(n = 14) were killed on ethical grounds, and the remainder

died spontaneously. There were no significant differences

in the proportions of each mode of death across the

experimental groups.

Lipid analysis

Tissue samples (0.5 g liver, 0.5 g heart) were stored in

plastic bags and frozen at -18�C until lipid analysis which

was done after the last mouse had died. Lipids from both

hearts and livers were then extracted from the samples as

outlined in Valencak et al. (2003). Phospholipid extracts

were transesterified under nitrogen, extracted into hexane,

and analysed by GLC (Perkin Elmer Autosystem XL with

autosampler and FID, Norwalk, USA) using a capillary

column (HP INNOWax, 30 m 9 0.25 mm, Hewlett Pack-

ard, USA). Fatty acid methyl esters were identified by

comparing retention times with those of standards (Sigma–

Aldrich, St. Louis, USA) and peaks were integrated using

the Turbochrom 4.1 Software (Perkin Elmer, Norwalk,

USA). For all tissue samples, we determined the propor-

tions of the following phospholipid fatty acids: C14:0,

C15:0, C16:0, C17:0, C18:0 (saturated fatty acids, SFA),

C16:1n-7, C18:1n-9 (monounsaturated fatty acids, MUFA),

C18:2n-6, C18:3n-3, C20:4n-6, C20:5n-3, C22:5n-3, and

C22:6n-3 (PUFA).

Statistical analyses

All statistical analyses were carried out using R for Win-

dows (2.9.0.; R Development core Team 2009). To identify

important relationships between certain fatty acids and

fatty acid classes we performed a principle component

analysis which was then followed by ANOVA procedures

with the principle component scores as response variables.

To account for increased probability of Type I error arising

from multiple statistical comparisons, we adjusted signifi-

cance levels reported in Tables 2 and 3 using the Benja-

mini–Hochberg method (Benjamini and Hochberg 1995).

Body weight data were analysed with a repeated measures

design as data were sampled from the same animals

throughout the study. This was done by fitting linear mixed

effect models with separate intercepts for each female

included as the random factor, using the R-package nlme

(Pinheiro et al. 2008). Comparisons between feeding

regimes were analysed using ANCOVA with body weight

entered as covariate. The influence of diet on life span of

the animals was tested using (1) ANCOVA and (2) a log

Table 1 Diet composition (wt%) of the experimental groups

n-3 rich diet n-6 rich diet Control diet

Protein (%) 22.52 24.8 23.3

Fat (%) 11.48 9.21 1.99

Fibre (%) 6.04 4.8 7.8

NFE (%) 53.21 59.6 60.53

Energy content (kJ g-1) 20.17 20.7 18.2

C:14-0 0.8 0.2 0.2

C:15-0 0.5 0.5 0.5

C:16-0 17.4 16.2 17.3

C:16-1n-7 0.95 0.15 0.16

C:17-0 1.45 1.42 1.57

C:18-0 2.5 2.5 2.4

C:18-1n-9 16.5 26.0 26.2

C:18-2n-6 40.5 50.3 48.5

C:18-3n-3 3.1 2.9 3.2

C:20-4n-6 0.1 0.01 0.01

C:20-5n-3 4.9 0.05 0.06

C:22-5n-3 3.4 0.09 0.07

C:22-6n-3 8.04 0.06 0.06

RSFA 22.65 20.82 21.97

RMUFA 17.45 26.15 26.36

RPUFA 60.04 53.03 51.67

RN6 40.6 50.31 48.51

RN3 19.44 3.1 3.39

The variability of the energy content of the diets throughout the study

amounted to a coefficient of variation of 0.027

J Comp Physiol B (2011) 181:289–298 291

123



rank test (function ‘‘survdiff’’ in the R library ‘‘survival’’

(Therneau and Lumley 2009), R package version 2.7.2,

http://CRAN.R-project.org/package ‘‘survival’’).

For all samples, an unsaturation index (UI) as well as a

peroxidisability index (PI) was computed. The UI repre-

sents the number of double bonds per 100 fatty acids

Table 2 Fatty acid composition

of liver phospholipids of

C57BL/6 mice maintained on

three different diets

Values are given in wt%,

mean ± SEM. The strength of

feeding related membrane

composition changes is

indicated by F statistics and

corresponding P values

(Benjamini–Hochberg

corrected)

n-3 rich n-6 rich Control F P
(n = 14) (n = 11) (n = 12)

C14:0 0.55 ± 0.15 1.12 ± 0.35 0.73 ± 0.16 1.54 0.24

C15:0 0.18 ± 0.02 0.27 ± 0.08 0.37 ± 0.06 1.55 0.24

C16:0 18.9 ± 0.06 21.8 ± 1.6 20.87 ± 0.8 2.2 0.16

C17:0 0.6 ± 0.02 0.5 ± 0.02 0.41 ± 0.02 15.8 0.0002

C18:0 19.8 ± 0.7 20.6 ± 0.7 19.4 ± 0.5 1.1 0.351

C16:1n-7 0.4 ± 0.05 0.2 ± 0.05 0.6 ± 0.05 14.8 0.0002

C18:1n-9 6.2 ± 0.5 7.98 ± 0.6 8.04 ± 0.6 2.9 0.105

C18:2n-6 10.9 ± 0.5 15.5 ± 0.7 10.8 ± 0.5 19.97 0.0002

C18:3n-3 0.7 ± 0.008 0.26 ± 0.005 0.05 ± 0.001 11.6 0.0002

C20:4n-6 9.9 ± 1.4 20.7 ± 1.4 23.2 ± 0.9 24.8 0.0002

C20:5n-3 5.3 ± 0.8 0.21 ± 0.07 0.12 ± 0.02 27.9 0.0002

C22:5n-3 1.84 ± 0.24 0.39 ± 0.04 0.66 ± 0.08 21.2 0.0002

C22:6n-3 25.9 ± 1.5 11.83 ± 1.41 15.5 ± 0.83 22.23 0.0002

RSFA 39.9 ± 0.8 44.3 ± 2.1 41.8 ± 1.1 2.3 0.15

RMUFA 6.6 ± 0.5 8.2 ± 0.6 8.6 ± 0.6 2.7 0.11

RPUFA 53.95 ± 0.6 48.7 ± 1.63 50.3 ± 0.95 6.8 0.005

RN6 20.9 ± 1.8 36.2 ± 1.4 33.95 ± 0.8 27.6 0.0002

RN3 33.04 ± 2.0 12.5 ± 1.4 16.3 ± 0.8 42.6 0.0002

UI 259.3 ± 5.5 196.1 ± 8.95 219.9 ± 4.9 21.8 0.0002

PI 300.7 ± 9.2 196.8 ± 11.9 232.5 ± 6.5 28.5 0.0002

Table 3 Fatty acid composition

of heart phospholipids of

C57BL/6 mice maintained on

three different diets

Values are given in wt%,

mean ± SEM. The strength of

feeding related membrane

composition changes is

indicated by F statistics and

corresponding P values

(Benjamini–Hochberg

corrected)

n-3 rich n-6 rich Control F P
(n = 14) (n = 11) (n = 13)

C14:0 0.58 ± 0.01 0.6 ± 0.08 0.7 ± 0.04 2.1 0.17

C15:0 1.4 ± 0.1 2.7 ± 0.7 2.3 ± 0.4 2.5 0.12

C16:0 10.5 ± 0.2 10.7 ± 0.4 10.8 ± 0.2 0.8 0.49

C17:0 0.4 ± 0.01 0.3 ± 0.01 0.3 ± 0.01 16.8 0.0002

C18:0 18.5 ± 0.5 20.2 ± 1.0 19.9 ± 0.4 1.23 0.35

C16:1n-7 0.47 ± 0.04 0.1 ± 0.02 0.3 ± 0.02 34.2 0.0002

C18:1n-9 5.4 ± 0.2 4.97 ± 0.2 6.2 ± 0.2 7.3 0.003

C18:2n-6 11.6 ± 1.2 25.4 ± 1.2 18.5 ± 0.6 40.6 0.0002

C18:3n-3 0.1 ± 0.01 0.12 ± 0.05 0.08 ± 0.01 0.4 0.7

C20:4n-6 5.1 ± 0.6 11.5 ± 0.8 11.02 ± 0.5 26.9 0.0002

C20:5n-3 0.8 ± 0.1 0.2 ± 0.02 0.01 ± 0.02 33.6 0.0002

C22:5n-3 2.2 ± 0.1 0.64 ± 0.06 0.9 ± 0.7 57.2 0.0002

C22:6n-3 43.5 ± 1.8 23.2 ± 1.6 29.6 ± 0.6 45.4 0.0002

RSFA 31.3 ± 0.8 34.4 ± 0.6 33.95 ± 0.4 7.0 0.002

RMUFA 5.9 ± 0.3 5.1 ± 0.2 6.5 ± 0.2 8.3 0.002

RPUFA 60.4 ± 0.7 61.1 ± 0.4 60.2 ± 0.6 6.5 0.006

RN6 16.7 ± 1.8 36.96 ± 1.5 29.6 ± 0.5 49 0.0002

RN3 46.7 ± 2.02 24.2 ± 1.6 30.7 ± 0.5 48.8 0.0002

UI 326.2 ± 7.5 245.9 ± 5.4 270.5 ± 2.7 45.1 0.0002

PI 398.8 ± 12.4 262.7 ± 9.04 305.7 ± 3.7 48.4 0.0002
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(Couture and Hulbert 1995) whereas the PI indicates the

risk of peroxidisability (Pamplona et al. 1998). These were

calculated using the following two relations: UI =

[(%Monoenoic 9 1) ? (%Dienoic 9 2) ? (%Trienoic 9 3)

? (%Tetraenoic 9 4) ? (%Pentaenoic 9 5) ? (%Hexae-

noic 9 6)]; PI = (%Monoenoic 9 0.025) ? (%Dienoic 9

1) ? (%Trienoic 9 2) ? (%Tetraenoic 9 4) ? (%Pentae-

noic 9 6) ? (%Hexaenoic 9 8)].

Results

Body weight

Body weights were analysed with repeated measurements

ANOVA and were significantly lower in the control group

than in the n-3 and n-6 enriched groups (F2,37 = 3.3,

P = 0.047, Fig. 1). Body weights of individuals decreased

over the last half of their life span (F1,2385 = 49.75,

P \ 0.0001, Fig. 1). However, this effect was not equal

across groups, but rather, was more pronounced in the n-3

and n-6 rich groups (interaction: age 9 group,

F2,2385 = 9.15; P \ 0.0001). Mean body weights in all

three groups (over the entire experiment) and SEMs were

30.9 ± 0.1, 29.9 ± 0.1 and 28.7 ± 0.09 for n-3 rich, n-6

rich and controls, respectively. No relationship was found

between life span and body weight of individuals across

groups (F1,34 = 2.06; P = 0.16).

Liver phospholipid composition

Dietary supplementation of either n-3 or n-6 PUFAs

determined the major fatty acid components of liver

phospholipids (Fig. 2a; Table 2). The fatty acid with the

highest percentage in the n-3 rich group was C22:6n-3

(DHA) with 25.9% followed by C18:0 and C16:0 with 19.8

and 18.9%, respectively. Interestingly, the three predomi-

nant fatty acids in the n-6 rich group were C16:0, C20:4n-6

and finally, C18:2n-6. In the control group the three major

fatty acid membrane constituents were identified as C16:0,

C20:4 and C18:0.

Among single fatty acids, the proportions of 7 out of 13

fatty acids differed significantly between the experimental

groups (Table 2). SFAs were found in equal proportions in

liver phospholipids from all groups. PUFAs were highest in

the n-3 rich experimental group, mostly at the expense of

MUFAs (Table 2).

The first two principle components (PCs) accounted for

nearly 86% of the variance between individuals. Firstly,

individuals differed in the ratio between n-6 and n-3 PU-

FAs (PC1) which explained 71.5% of the total variance.

The n-3 PUFA content in liver phospholipids differed

significantly between treatment groups (F1,32 = 41.2;

P \ 0.0001) as did n-6 PUFA content (F1,23 = 25.5;

P \ 0.0001). Secondly, mice with both low SFAs and low

levels of linoleic acid (C18:2n-6) had high levels of ara-

chidonic acid (C20:4n-6) and DHA (C22:6n-3) and vice

versa (PC2). PC2 explained another 14.5% of the total

variance. Together, our experiment showed that n-3 PUFA

contents in mouse liver phospholipids were more than

doubled in the n-3 rich group compared to the control

group (33.04 vs. 16.3%). As for n-6 PUFA content the

differences were not equally pronounced (36% in the n-6

rich group vs. 34% in the control group). Interestingly, both

n-3 and n-6 PUFA content in liver phospholipids were

significantly affected by body weight (n-3: F1,35 = 4.9,

P = 0.03; n-6: F1,35 = 4.6, P = 0.04) but SFA, MUFA

and PUFA proportions were not. n-3 PUFA content

increased with increasing body weight (particularly in the

n-3 rich group), whereas n-6 PUFA content was lower in

mice with higher body weights. A model computed with

the most important fatty acid classes as dependent variable

and both experimental feeding group and life span as fac-

tors again revealed a large impact of diet on liver mem-

brane composition, i.e., SFA, MUFA, PUFA content

(Table 2).
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The UI computed for liver phospholipids differed

between the groups (F2,33 = 21.8, P = 0.0002, Table 2)

and was highest in the n-3 group. The PI again was highest

in the n-3 rich group (F2,33 = 28.5, P = 0.0002; Table 2).

Heart phospholipid composition

Overall PUFA content in heart phospholipids was

approximately 10% higher than in liver phospholipids and

this effect was explained by a 10% smaller SFA proportion

in heart membranes (Table 3). Correspondingly, heart

MUFA content did not deviate much from liver membranes

(Tables 2, 3). Again, dietary supplementation of either n-3

or n-6 PUFAs had a strong impact on heart phospholipid

composition, especially on the n-3/n-6 distribution

(Fig. 2b; Table 2). Correspondingly, the predominant

membrane constituents were C22:6n-3, C18:2n-6 and

C22:6n-3 for the n-3 rich, n-6 rich and the control group,

respectively. In heart phospholipids the proportions of

eight single fatty acids differed significantly between

experimental groups (Table 3).

In heart phospholipid data, PC1 reflecting the ratio

between n-6 PUFAs (plus C18:0) and C22:6n-3 explained

90% of the total variance. Interestingly, the n-3 PUFA class

was most enriched in heart phospholipids compared to liver

phospholipids. n-6 PUFAs at most amounted to about 36%

in total. The UI was again highest in the n-3 rich group and

differed significantly from the other feeding groups

(F2,34 = 45.1, P = 0.0002, Table 3). Similarly, the PI

differed between the groups and was highest in the n-3 rich

group (F2,34 = 48.4, P = 0.0002, Table 2).

Life span

As illustrated in Figs. 3 and 4, our experimental manipu-

lation did not influence age at death in our animals

(F2,37 = 0.98, P = 0.39). Mean age at death in all three groups was 867.2 ± 20.1 days. Across groups mean age

equalled 890.1 ± 27, 824.7 ± 38, 880.9 ± 39 days for n-3

rich, n-6 rich, and control groups, respectively. Log-rank

testing confirmed the lack of significant differences in life

span in n-3 rich, n-6 rich and control animals (v2 = 2.3;

P = 0.319). Median life span was 896 days for all three

groups with lower and upper confidence limits of 837 and

924 days, respectively.

Multivariate statistical models computed with the most

important fatty acid classes as dependent variables and life

span and feeding group as the independent variable

revealed a significant positive relationship between heart

phospholipid MUFA content and life span (F1,32 = 15.05,

P = 0.0005, Fig. 5). This relationship was absent, how-

ever, in liver phospholipids. No interaction was found

between life span and feeding group (F2,32 = 0.844,

P = 0.44).
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Discussion

Body weight and membrane composition

Due to the fact that diets were not isocaloric (Table 1), it

was not surprising that mice on the enriched diets had

higher body weights than animals on the control diet and

possibly have built up fat reserves. A slightly higher energy

content of the diet in the n-3 rich group (Table 1) may also

explain why the highest body weights were found in this

group (Fig. 1). In agreement with our primary expectation,

dietary n-3 and n-6 fatty acid supplementation significantly

affected heart and liver phospholipid membrane composi-

tion. Essentially, membrane PUFAs of mice given fat-

enriched diets reflected the PUFA composition in the diet.

The absolute degree of unsaturation as well as the PI was

markedly higher in heart membranes than in liver phos-

pholipids. This accords with data from European hares

whose heart phospholipids are more unsaturated than those

of their liver (Valencak et al. 2003). Our 10% enrichment

of both n-3 and n-6 fatty acids induced a significant

increase in membrane unsaturation in both examined tis-

sues, with a PUFA content of almost 54% in liver and 61%

in heart phospholipids. To our knowledge, these results

show the highest level of membrane unsaturation reported

for C57BL/6 mice. Hulbert et al. (2006b) already compared

tissue composition between the very long-lived naked mole

rats and C57BL/6 mice. While membrane composition of

our control group clearly is comparable with data presented

in Hulbert et al. (2006b), the PUFA content in both enri-

ched groups was somewhat higher in our study (?1% in n-

6 rich, ?7% in n-3 rich liver phospholipids). Note that

Hulbert et al. (2006b) did not involve any dietary supple-

mentation of fatty acids and the mice were killed at

3–4 months of age. In our present study, however, animals

were allowed to die of natural causes and their mean age at

the time of tissue sampling was approximately 29 months.

Interestingly, heart phospholipid PUFA content did not

differ as much as liver phospholipid PUFA content

between the groups (Tables 2, 3). Thus, we conclude that

heart tissue composition in laboratory mice is more tightly

regulated than liver composition in the same species.

Clearly, membrane PUFA content is a regulated trait in

mammals in general (Valencak et al. 2003; Valencak and

Ruf 2007; Hulbert et al. 2007; Ruf and Arnold 2008).

Although, given that the 6% higher PUFA content in liver

tissues in our experimental mice compared to the control

group, we confirm other studies which have also shown

that depending on the tissue type, PUFAs can readily be

incorporated into the tissue if n-3 or n-6 PUFAs are

available in excess. To date, little is known of the mech-

anisms that regulate membrane fatty acid composition,

both within and between species (Hulbert et al. 2007). It

has been suggested that membrane fatty acid composition

is influenced via a constant membrane remodelling pro-

cesses (Sprecher 2000; Abbott et al. 2010). During these

processes, membrane constituents like fatty acids are

constantly removed and replaced through the actions of

enzyme groups such as acetyltransferases and also phos-

pholipases, desaturases, and elongases. Because acetyl-

transferases are highly sensitive for PUFAs but do not

discriminate well between n-6 and n-3 PUFAs (Lands et al.

1982; Abbott et al. 2010), membrane n-3 and n-6 compo-

sition in our study animals differed strongly (Fig. 2;

Tables 2, 3) while overall PUFA content was not so dis-

similar. In both tissues, the absolute highest accumulation

of dietary fatty acids in the membrane was found in the n-3

rich group: in heart phospholipids of n-3 fed mice the

amount of n-3 PUFAs exceeded 46% and thus was about

16% higher than in the control group. Specifically, the

amount of DHA in the heart tissues was increased by 14%

compared to control animals and 20% higher than in mice

on the n-6 rich diet. We conclude that, if animals are given

a diet rich in one certain PUFA class, the tight regulation of

membrane fatty acid composition in mammalian mem-

branes is apparently limited to the classes SFA, MUFA,

and PUFA. In a more natural situation, however, with

animals on non-supplemented diets, it has been shown that

total and membrane n-6/n-3 ratios are up-regulated in short

or decreasing photoperiod (Geiser et al. 2007; Ruf and

Arnold 2008). This is thought to prepare the animals for

maintaining functionality of the heart at low tissue tem-

peratures during torpor and hibernation (Ruf and Arnold

2008).

Life span

Our experimental procedure involved diet-induced mem-

brane composition changes and determination of life span

of the animals as suggested by Hulbert et al. (2006a).

However, life span clearly was unaffected by this manip-

ulation (Fig. 3), despite the fact that we detected pro-

nounced differences in membrane composition in the mice

and thus, might have affected ROS production by the

incorporation of certain PUFAs to the tissue. Thus, our

results contradict the ‘membrane pacemaker hypothesis of

aging’. Some possible explanations for this outcome are:

(1) The dietary fatty acid supplementation might not

have been strong enough to bring about an increase in lipid

peroxidation and ROS production. However, this possi-

bility is very unlikely because a 20% difference in n-3

PUFA content in heart phospholipids, as observed in our

study, should have affected lipid peroxidation and ROS

production. During lipid peroxidation, a free radical

(originating from metabolism) attacks a hydrogen from a

polyunsaturated lipid molecule, thereby leaving the
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carbohydrate chain with an unpaired electron and modi-

fying it to a radical itself (Holman 1954). Thus, ROS attack

on membrane bilayers should not only harm the molecule

and prevent it from proper functioning but even produce

more oxidative stress in the end (reviewed in Hulbert

2010). In line with this, even a small difference in mem-

brane PUFA content or n-3 content should greatly affect

ROS production. Among small mammals, a 20% difference

in n-3 PUFA content was reported in muscle phospholipids

from a mole (Talpa europaea) and a hedgehog (Erinacaeus

europaeus) with their maximum life span differing by

10 years (Valencak and Ruf 2007). Also, in support of the

‘membrane pacemaker hypothesis of aging’, very low n-3

PUFA contents were also reported from erythrocyte

membranes in humans (Puca et al. 2008) who clearly are

exceptionally long-lived among mammals. Equally, Afri-

can elephants that live up to 70 years (Carey and Judge

2000) were found to have very low n-3 PUFA contents of

9.6% in muscle phospholipids (Valencak and Ruf 2007) as

opposed to 30% in heart phospholipids of C57Bl/6 mice

(this study). Our results suggest that while n-3 PUFA

content (and specifically, a high n-3/n-6 PUFA ratio) in

muscle phospholipids in a variety of mammals is correlated

with a shorter life span (Valencak and Ruf 2007), the same

relationship does not hold true within a species. This lack

of a causal relation between membrane composition and

life span is even more surprising given the fact that we

reached the highest reported membrane unsaturation for

C57Bl/6 mice.

(2) One could argue that we did not confirm the n-3/n-6

PUFA relationship with longevity because we sampled

heart and liver tissues instead of skeletal muscle. Skeletal

muscle and heart phospholipid fatty acid composition,

however, usually correlate very well (Valencak et al. 2003;

Hulbert et al. 2007; Valencak and Ruf 2007) so this point

seems unlikely. Also, PUFA contents of muscle, heart, and

brain co-vary among the longest living rodents and simi-

larly sized, but short-lived mice (Hulbert et al. 2006b) so

the sampling of skeletal muscle most likely would not have

changed any of our results. As primary sites of ROS gen-

eration, mitochondrial membrane fatty acid composition

might be of great importance for testing the predictions of

the membrane pacemaker hypothesis. Yet, there is evi-

dence available that mitochondrial membrane fatty acid

content tightly co-varies with tissue fatty acid composition

(reviewed in Hulbert et al. 2007), so we are confident that

observing mitochondrial membrane composition would not

have changed our conclusions.

(3) Rather, we suggest that the relationship between

membrane unsaturation, ROS production, and life span has

been overestimated in the past and is in fact too weak to

cause a significantly shorter life span. Our results indicate

that a high degree of membrane unsaturation, and hence a

high potential for ROS production, did not affect life span.

On a more general ground, the impact of cellular oxidative

damage/ROS on an animal’s life span needs further clari-

fication. For instance, naked mole rats that are exception-

ally long-lived animals for their size (Buffenstein 2008)

possess low membrane unsaturation but at the same time

produce high levels of ROS (Andziak et al. 2006; Andziak

and Buffenstein 2006). Additionally, orally administered

antioxidants have been proven to be ineffective in dimin-

ishing ROS (Selman et al. 2006) and finally, over-expres-

sion of antioxidant enzymes in mice does not extend life

span (Perez et al. 2009). In sum, there is increasing evi-

dence that is inconsistent with the oxidative stress frame-

work of aging thus suggesting that no single component

can convincingly explain the complex interactions among

factors involved in the aging process. Related to this, we

conclude that an experimentally altered membrane com-

position alone does not dictate life span but rather, tissue

membrane composition and MLSP might be linked in a

more complex interaction.

Correlation between MUFAs and life span

Surprisingly, we observed that the content of monounsat-

urated fatty acids in heart phospholipids was positively

related to life span, no matter to which experimental group

the animals had been assigned (Fig. 5). The eldest mice

had the highest content of monounsaturated fatty acids in

their heart phospholipids. High contents of MUFAs have

also been reported from liver and skeletal muscle phos-

pholipids in the long-lived echidna (Hulbert et al. 2008).

Similarly, Buttemer et al. 2008 showed that cardiac phos-

pholipids of long-living petrels contain about 20% higher

MUFAs than those from shorter living gallinaceous spe-

cies. While allometric scaling for MUFA contents in

skeletal muscle membranes of nine different bird species

also suggested that longer living birds have higher MUFAs

(Hulbert et al. 2002), the same trend could not be con-

firmed in a 42-mammal comparison have been found in

mammals (Valencak and Ruf 2007). In a feeding trial with

similar experimental groups like in this study, Du et al.

(2001) did not find any relationship between MUFA con-

tent in hepatic triacylglycerols and life span even though

they examined the same strain of mice. From epidemio-

logical studies and feeding trials in humans, it has been

suggested that MUFAs could positively impact on blood

pressure, although the mechanism is yet unknown (Alonso

et al. 2006). As mammals can synthesise monounsaturated

fatty acids de novo we conclude that, when our experi-

mental animals became older, they may have relocated

MUFAs into heart phospholipids. The observed pattern was

absent in liver tissues, however, so we need to be cautious

with more interpretations of this finding. Further studies are

296 J Comp Physiol B (2011) 181:289–298
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needed to identify a causative effect of monosaturated fatty

acids on life span.
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Otzelberger K (1983) Österreichisches Methodenbuch für die

Untersuchung von Futtermitteln Futterzusatzstoffen und

Schadstoffen Arbeitsgemeinschaft der Landwirtschaftlichen.

Versuchsanstalten in Österreich, Wien
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