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accrued over the course of time, mostly in liver and coupled 
with Δ9-desaturase expression. Fourthly, skeletal muscle was 
characterized by a surprising enrichment of 22:6n-3 in adults, 
which tended to decline in older rats. Finally, plasmalogen-
derived dimethylacetals were specifically abundant in brain, 
erythrocytes, lung, and heart. Most notably, a shift in the fatty 
aldehyde moiety was observed, especially in brain and eryth-
rocytes, implying that red blood cell analysis could be a good 
indicator of brain plasmalogens.
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Abbreviations
FA	� Fatty acid
8d	� 8 days old
3w	� 3 weeks old
4m	� 4 months old
1y	� 1 year old
RBC	� Red blood cells
WAT	� White adipose tissue
BAT	� Brown adipose tissue
MD	� Methylated derivative
FAME	� Fatty acid methyl ester
DMA	� Dimethylacetal
GC-MS	� Gas chromatography–mass spectrometry
MCFA	� Medium-chain fatty acid
MUFA	� Monounsaturated fatty acid

Introduction

Ageing is characterized by a progressive decline in organ-
ism functions at cellular, tissue, and organ level, which 

Abstract  Although many studies focus on senescence mech-
anisms, few habitually consider age as a biological parameter. 
Considering the effect of interactions between food and age on 
metabolism, here we depict the lipid framework of 12 tissues 
isolated from Sprague–Dawley rats fed standard rodent chow 
over 1 year, an age below which animals are commonly stud-
ied. The aim is to define relevant markers of lipid metabolism 
influenced by age in performing a fatty acid (FA) and dimeth-
ylacetal profile from total lipids. First, our results confirm 
impregnation of adipose and muscular tissues with medium-
chain FA derived from maternal milk during early infancy. 
Secondly, when animals were switched to standard croquettes, 
tissues were remarkably enriched in n-6 FA and especially 
18:2n-6. This impregnation over time was coupled with a 
decrease of the desaturation index and correlated with lower 
activities of hepatic Δ5- and Δ6-desaturases. In parallel, we 
emphasize the singular status of testis, where 22:5n-6, 24:4n-
6, and 24:5n-6 were exceptionally accumulated with growth. 
Thirdly, 18:1n-7, usually found as a discrete FA, greatly 
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over time can generate multiple diseases [1–4]. Molecu-
lar mechanisms are established gradually over the course 
of time and are not taken into account in research projects 
when ageing effects are not included in the aim of the 
work. In nutritional studies, particularly when experiments 
are focused on lipid metabolism, work is usually performed 
on animals whose age varies depending on the study. Com-
parison between nutritional trials is already difficult, as 
experimental conditions differ in terms of time, control 
diet, animal model, etc. The impact of age on basal metab-
olism may also be considered as conclusive as far as nutri-
ent effects are concerned, in relation with the nutritional 
context of the lifespan of animals.

Fatty acids (FA), and particularly polyunsaturated fatty 
acids (PUFA), are bioactive lipids that display pleiotropic 
functions themselves [5, 6] or as derivatives such as eicosa-
noids [7–9], docosanoids [10–12], linotrins [13], isopros-
tanes or phytoprostanes [14]. They can be either gener-
ated by de novo lipogenesis or supplied from food, so FA 
profiles reflect the balance between diet and biosynthesis 
potential, in predefined conditions of nutrition and physiol-
ogy. Nutritional imbalance between saturated and unsatu-
rated FA or between n-6 and n-3 FA has been subject to var-
ious studies, mainly based on customized diets. The results 
are particularly important because nutritional recommenda-
tions include data obtained from such animal experiments in 
addition to epidemiological trials. Considering the effect of 
the interaction between food and age on metabolism, study 
of the lipid profile of rat tissues is appropriate, since little 
is known about the basic life of rat models commonly used 
in experiments. In the present study, the lipid background 
of the Sprague–Dawley strain, fed successively with mater-
nal milk and standard rodent chows, was characterized over 
1 year. The results focus on the expression and activity of 
hepatic enzymes coupled with the FA profiles of 12 tissues 
selected to provide an overview of metabolism at organ-
ism scale. In addition, plasmalogen-derived dimethylacetals 
were analyzed, as plasmalogens represent potential mark-
ers of pathologies such as neurological diseases or inflam-
matory disorders [15]. These particular etherphospholipids 
are also known as endogenous antioxidants and should be 
of research interest, considering that they are active compo-
nents of membrane dynamics and reservoirs of PUFA, lipid 
mediators, and second messengers [16].

Materials and Methods

Materials

Chemicals were provided by Sigma–Aldrich (Saint-Quen-
tin Fallavier, France), and solvents were purchased from 
Fisher Scientific (Elancourt, France).

Animals and Diets

All protocols complied with the European Union Guideline 
for animal care and use (2010/63/CEE). Male Sprague–
Dawley rats were purchased from Janvier Labs breeding 
center (Le Genest-Saint-Isle, France). They were studied at 
different ages: 8  days after birth (8d), after weaning cor-
responding to 3  weeks old (3w), 4  months old (4m), and 
1  year old (1y). Animals had access to water and food 
ad libitum. Mothers were fed with a breeding diet (Ssniff®, 
Bio Services BV, Uden, The Netherlands), while adult rats 
were fed with a maintenance diet [Special Diet Services 
(SDS), Augy, France]. The breeding diet from Ssniff® was 
composed of 5.1 % fat, 18.0 % protein, 53.3 % carbohy-
drate, and 4.3  % fiber. The maintenance diet from SDS 
consisted of 3.2  % fat, 17.9  % protein, 57.5  % carbohy-
drate, and 3.9 % fiber. Both diets were supplemented with 
a similar mix of minerals and vitamins. After an overnight 
fast (except for 8d), rats were anesthetized by intraperi-
toneal injection of pentobarbital (90  mg/kg of Euthasol 
Vet, France). Animals were weighed (17.2 ± 1.4 g for 8d, 
68.3 ± 0.6 g for 3w, 566.7 ± 16.8 g for 4m, 777.7 ± 97.4 g 
for 1y), and blood was collected in heparin tubes by car-
diac puncture. Plasma was separated from red blood cells 
(RBC) after centrifugation (15  min, 15  °C). The other 
organs were sampled, snap-frozen, and stored at −80  °C 
until analysis, except for the liver, which was partly used 
fresh for enzymatic assays. White adipose tissue (WAT) 
was subcutaneous; skeletal muscle was removed from the 
hip muscles of hind legs. Maternal milk was extracted from 
the mammary glands at 8 days and 3 weeks by the breeding 
center (Janvier Labs).

Lipid Analyses

Lipids from tissues, rodent chow, and milk were extracted 
according to the Folch method. They were saponified with 
0.5 M NaOH in methanol at 70 °C for 20 min and meth-
ylated with BF3 (14 % in methanol) at 70 °C for 15 min. 
Fatty acid methyl esters (FAME) and dimethylacetals 
(DMA) were extracted with pentane and separated by 
7890 N Agilent GC equipped with a BPX70 capillary col-
umn (60 m × 0.25 mm; 0.2 µm film thickness, SGE, Mil-
ton Keynes, UK) and coupled to a 5975C MS (Agilent 
Technologies, Les Ulis, France). Helium was used as car-
rier gas at constant velocity of 24 cm/s. The column tem-
perature ramped from 150 to 200 °C at 2 °C/min. The mass 
spectrometer was operated under electron ionization at 
70 eV and 230 °C source temperature. Analyses were per-
formed in scan mode over the m/z range of 50–550. Agilent 
MSD ChemStation software was used for data acquisition. 
Components were identified according to the retention time 
of authentic FAME standards and by using the National 
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Institute of Standards and Technology (NIST) mass spec-
tral library (version 2.01). FAME results are expressed in 
mole % of total identified FA. Plasmalogen-derived fatty 
aldehyde dimethylacetals (DMA) were quantified in mmol/
mg of tissue and in mass % of total identified methylated 
derivatives (MD, i.e., DMA and FAME). FA and DMA 
concentrations were calculated by using a 17:0 methyl ester 
as standard.

Triacylglycerols (TAG) and total cholesterol were quan-
tified in duplicates from rat plasma and liver by using 
a Biomérieux kit (Craponne, France). The livers were 
homogenized in phosphate-buffered saline, and the protein 
concentration was determined by Bradford assay (Bio-Rad, 
Marnes La Coquette, France).

mRNA Relative Quantification

Total RNA was extracted from the liver with Trizol® (Life 
Technologies, Saint-Aubin, France) and retrotranscripted 
by using the high-capacity cDNA RT kit (Applied, Fisher, 
Illkirch, France). Real-time polymerase chain reaction (PCR) 
of Fads (Taqman®) was performed as described elsewhere 
[17]. Scd1 was amplified by using primers and FAM/TAMRA 
probe as mentioned in Table 1. Amplification of PPARα, Fas, 
and SREBP-1c was performed with 300 nM primers (Table 1) 
and run with SsoFast EvaGreen supermix (Biorad) as follows: 
3 min at 95 °C, 40 cycles of 10 s at 95 °C, and 30 s at 55 °C. 
mRNA expression was evaluated as delta Cycle threshold 
(ΔCt =  Ctgene −  Ct18S) with a 100  % efficacy checked by 
using a standard curve. Results obtained from triplicates per 
animal are presented in arbitrary units from 2ΔCt calculation.

Desaturase Expression

Desaturase expression was estimated by Western blot 
after sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis (PAGE) on 40 µg (Δ5/Δ6) or 30 µg (Δ9) 

tissue extracts. Rat Δ5-desaturase was visualized with 
a polyclonal antibody (anti-Δ5D) targeting the specific 
100QSSFEPTKNKALTDE peptide and produced in a 
rabbit respecting a 28-day immunization protocol (Euro-
gentec, Angers, France). Rat Δ6-desaturase was detected 
with a polyclonal antibody (anti-Δ6D) which recognizes 
the N terminal sequence of the protein (3AGGNQGEGS-
TEL) and produced in 10-week immunized rabbits (DB-
BioRun, Nantes, France). Both antibodies were purified 
by affinity chromatography (Eurogentec) and incubated 
overnight at 4  °C at 1  µg/mL in Tris buffer saline 
(20  mM Tris–HCl, 150  mM NaCl, pH 7.4) containing 
0.05  % Tween-20 and 5  % bovine serum albumin. The 
SCD1 antibody produced against the Δ9-desaturase was 
from Santa Cruz Biotechnology (Heidelberg, Germany) 
and was used in the same conditions. Primary antibod-
ies were coupled to horseradish peroxidase-conjugated 
anti-IgG, and the peroxidase activity was determined by 
chemiluminescent detection using Immobilon reagents 
(Millipore, Molsheim, France). The apparent molecular 
mass of proteins was determined using a standard curve 
constructed with the Kaleidoscope marker (Bio-Rad, 
Marnes La Coquette, France) in 10 % SDS-PAGE. The 
relative expression of proteins was evaluated by measur-
ing the intensity of bands using ImageJ (nih.gov).

Δ5‑ and Δ6‑Desaturase Activity Assays

The liver was fractioned in a phosphate buffer containing 
0.25  M sucrose to recover the post-mitochondrial super-
natant as previously described [18]. Enzymatic activi-
ties were assayed in duplicates with different substrates: 
[1-14C]20:3n-6 for Δ5-desaturase and [1-14C]18:1n-9, 
[1-14C]18:2n-6, and [1-14C]18:3n-3 for Δ6-desaturase 
(60  µmol/L, 10  mCi/mmol). Fatty acids were separated 
by high-performance liquid chromatography (HPLC) and 
quantified after scintillation counting.

Statistics

Results are expressed as mean ± standard deviation (SD) 
as mentioned in the legends. At least three animals per 
group were compared by nonparametric tests for lipid 
profiles, using one-way analysis of variance (Kruskal–
Wallis) followed by multiple comparisons with Dunn’s 
test. For gene expressions, desaturase activities, and lipid 
dosages, a Kolmogorov–Smirnov test of normality was 
performed and the effect of age was assessed by analysis 
of variance (ANOVA) with a post hoc Tukey’s test. Dif-
ferences were considered significant at p < 0.05. Statisti-
cal analysis was performed by using PRISM (GraphPad 6, 
San Diego, CA).

Table 1   RT-PCR primers

Primers and probe were designed for quantification of Scd1, PPARα, 
Fas, and SREBP-1c mRNA levels determined by real-time PCR

Gene Forward primer Reverse primer

Taqman® Scdl caaagagacgggag-
gaacgc

aaagtttagacc-
cagcagta

(5′FAM/TAMRA3′ probe ctggcctcctgct-
catgtgcttca)

SYBRGreen® PPARa ttcacgatgctgtcctcctt catccagttc-
gagggcattg

Fas tggtgatagccggtatgtcc tcagctttccagaccgctta

SREBP-lc cacttccagctagaccccaa ggtgagagccttgaga-
cagt

18S cgcggttctattttgttggt agtcggcatcgtttatggtc
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Results

Diet Impregnation in Early Infancy

During infancy, animals were fed with maternal milk that 
we analyzed after extraction from the mammary glands 
of females 8 days and 3 weeks after birth (Table 2a). We 
observed a comparable profile between the two milks. 
They both contained around 60  µg/µL of FA and were 
particularly enriched in 12:0, 14:0, and medium-chain FA 
(MCFA). Impregnation of these specific FA was visualized 
in white adipose tissue (WAT) but also in brown adipose 
tissue (BAT) and to a lesser extent in skeletal muscle (sup-
plemental Tables 2 and 5). As illustrated for WAT in Fig. 1, 
we observed a shift in the chromatogram according to the 
age of animals, with a specific switch from medium- to 
longer-chain FA (mainly C18). Thus, our results confirm 
that milk influenced the FA composition in early infancy, 
but after switching to standard rodent chow, the diet 
remained the same until the age of 1 year. In that context, 
our study then focused on the impact of age on the FA pro-
file in various tissues (supplemental Tables 1–6).

Standard Rodent Chows and Tissue Enrichment 
in Linoleic Acid

First, the FA profile of the breeding and maintenance stand-
ard chows was determined. Indeed, 8d and 3w rats were 
suckled with maternal milk from mothers fed with breed-
ing croquettes, whereas older animals were then fed with 
the maintenance diet. Our results showed a comparable 
profile in the FA composition between the two regimens 
(Table 2b). Linoleic acid was the most abundant FA, reach-
ing 50 % of total FA. On the contrary, α-linolenic acid dif-
fered by regimen, representing 9.4 % in the breeding diet 
against 4.6 % in the maintenance diet, affecting the n-6/n-3 
ratio (5.3 versus 10.8, respectively).

Secondly, in rats, an increase in n-6 FA was observed 
in all tissues, except brain, retina, and lung (supplemental 
Tables 3 and 4). If the n-6 family was quantitatively char-
acterized by the 18:2 precursor and the 20:4 derivative, age 
had little effect on 20:4n-6. The major impact of age was 
observed on 18:2n-6 in liver, heart, and WAT (Fig.  2a). 
Such a rise led to a consequent proportion of linoleic acid 
reaching 25.5, 25.6, and 36.6 % of total FA, respectively.

Finally, the most significant effect of age was perceived 
in n-6 FA of testis (supplemental Table  5 and Fig.  2b). 
Indeed, this tissue was characterized by C22 and C24 n-6 
FA with remarkable enrichment over the course of time, 
while 20:4n-6, as well as 22:4n-6, decreased in 1 year. The 
most prominent result was the enhancement of 22:5n-6, 
which was almost absent at 8d and represented 16 % at 4m 

and 1y. Furthermore, testis was the only tissue where C24 
intermediates were detected, reaching up to 10.1 % of total 
FA at 1y.

Controversial Effects on n‑3 FA

On the whole, n-3 PUFA decreased or remained stable over 
time, except in skeletal muscle, lung, and testis (supplemen-
tal Tables  4 and 5). Muscle was unexpectedly the richest 
tissue in n-3 FA (14.1 % at 4m), where 22:6n-3 increased 
by 7 in one year (Fig. 3), to the detriment in particular of 
12:0, 14:0, and MCFA for newborns and 18:1n-9 for older 
animals (supplemental Table  5). This rise was specific to 
skeletal muscle, as no such enrichment was observed in 
heart (supplemental Table 1). In lung and testis, newborns 
showed a large fraction of C22 n-3 (5.8 and 4.5 %, respec-
tively), the level of which decreased severely over the year. 
Brain, used here as a reference, was the richest tissue in 
22:6n-3, and its proportion remained relatively stable over 
time, but in liver, which was particularly affected by age, 
the proportion of 22:6n-3 weakened by 63 % in 1 year.

A One‑Year Diet with Standard Rodent Chow Affects 
the PUFA Desaturation Index

Our results on n-6 and n-3 FA profiles underline an impov-
erishment of long-chain PUFA in tissues, although the 
same diet was administrated after weaning. To understand 
this observation, we further analyzed the desaturase profile 
in liver.

First, the expression of Δ5- and Δ6-desaturases was 
evaluated by mRNA quantification of Fads1 and Fads2, 
respectively (Fig.  4a). We observed an important increase 
for both genes in early infancy (×1.6 between 8d and 3w), 
and then an upturn until 1y. These results show that the two 
Fads genes were more expressed in young rats than in older 
animals, especially at 1y.

Secondly, we estimated the protein level by Western 
blot (Fig.  4b). Six protein isoforms were detected for the 
Δ5-desaturase, whereas only three were observed for the 
Δ6-desaturase. For the latter desaturase, two major pro-
teins were visualized (53 and 66  kDa) at an equivalent 
level throughout the animal’s life. A low level of the minor, 
45  kDa isoform was observed 8  days after birth, but it 
became more abundant with age. For the Δ5-desaturase, 
a similar level of the three protein isoforms (36, 41, and 
75 kDa) was obtained independently of age. The other three 
isoforms (55, 59, and 68  kDa) appeared only at 3  weeks 
old, with a particular abundance of the 55-kDa protein from 
4m to 1y. These results show that the Δ6-desaturase level 
was weakly influenced by age, in contrast to that of the 
Δ5-desaturase.
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Table 2   Animal diets a

FA Maternal milk

8d 3w

8:0 1.4 1.6

10:0 8.0 9.7

11:0 tr 0.0

12:0 7.9 8.5

13:0 0.0 0.0

14:0 8.5 7.7

15:0 0.2 0.2

16:0 20.5 17.3

18:0 3.5 3.6

20:0 tr 1.0

22:0 tr 0.0

24:0 tr 0.0

∑ saturates 49.9 49.7

16:1n-7 2.0 0.9

18:1n-7 1.9 1.4

∑ n-7 3.9 2.3

16:1n-9 0.3 0.3

18:1n-9 18.1 15.6

20:1n-9 0.2 0.1

20:3n-9 tr 0.0

∑ n-9 18.6 16.1

10:1n-6 0.1 0.0

18:2n-6 21.6 26.3

18:3n-6 0.5 0.3

20:2n-6 0.4 0.4

20:4n-6 0.5 0.2

20:4n-6 1.0 0.8

22:4n-6 0.2 2.0

∑ n-6 24.2 28.1

18:3n-3 2.3 2.8

18:4n-3 0.1 0.1

20:3n-3 0.0 0.0

20:4n-3 tr 0.0

20:5n-3 0.3 0.2

22:5n-3 0.2 0.2

22:6n-3 0.2 0.2

∑ n-3 3.1 3.5

14:1n-5 tr 0.0

20:1n-11 0.3 0.2

5, 11, 14–20:3 tr 0.1

∑ others 0.3 0.3

μg/μL 66.9 55.6

b

FA Standard chow

Breeding diet Maintenance diet

14:0 0.2 0.2
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As the protein level did not coincide with the gene 
expression, we finally assessed enzymatic activities by 
using specific substrates for the Δ5- and Δ6-desaturases 
(Fig. 4c). Our results showed the same profile for the dif-
ferent enzymes and substrates. First, the activity of neo-
nates was very low as compared with the other ages, rep-
resenting from 9 % (FADS1 on 20:3n-6) to 20 % (FADS2 

on 18:3n-3) of the maximum desaturase activity. Secondly, 
the highest activity was measured at the age of 3 weeks in 
all experimental conditions. Thirdly, desaturases were less 
active in adult rats. To conclude, these results were related 
to the gene expression rather than the protein level and 
were in concordance with the decreased desaturation index 
measured in the oldest tissues.

Table 2   continued b

FA Standard chow

Breeding diet Maintenance diet

16:0 14.3 20.8

18:0 4.2 3.5

18:1n-9 21.4 20.1

18:1n-7 1.2 1.4

18:2n-6 49.3 49.4

18:3n-3 9.4 4.6

n-6/n-3 5.3 10.8

Lipids from maternal milk (a) and rodent chows (b) were extracted according to the Folch method. After 
saponification, FA were derived by methylation and analyzed by GC-MS. FA content is expressed in mole 
%. tr trace (<0.1 %)

a 

8:0 

10:0 

12:0 
14:0 

8d 

3w 

4m 

1y 

b

S
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na
l (
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Time (min) 
055 14 23 32 41 055 14 23 32 41 5 50 14 23 32 41 055 14 23 32 41 

Time (min) 
4 9 5 6 7 8 10 
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80 
8d 3w 4m 1y 

0:610:610:610:61

Fig. 1   Diet impregnation of white adipose tissue in infancy. GC-MS 
chromatograms of WAT averaged by age; FA are represented as % of 
total signal, shown in arbitrary units (au), as a function of time of elu-

tion, with 16:0 indicated as reference (a). A focus on the first elutions 
showed 12:0, 14:0, and medium-chain FA (b)
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Is n‑7 Monoene Accretion a Sign of Age?

In all tissues, n-7 monounsaturated FA (MUFA) increased 
significantly according to the age of animals, except in 
retina and testis, where a slight decrease was measured 
(supplemental Tables  3 and 5). The proportion of n-7 FA 
was usually very low (less than 5 % of total FA) but could 

reach around 10 %, e.g., in WAT and to a lesser extent in 
BAT (supplemental Table 2). In most tissues, 18:1n-7 was 
the preponderant n-7 FA, although it was measured equally 
with 16:1n-7 in the adipose tissues.

When we compared the Δ9-desaturase activity on 16:0 
and 18:0, we observed a significant effect of age on both 
indexes in liver, WAT, and brain (Fig. 5a). Brain was also 

Fig. 2   One year on standard 
rodent chow impacts the n-6 FA 
level. Enrichment of 18:2n-6 
was described in liver, heart, 
and WAT (a). The singular 
case of testis revealed very 
long-chain PUFA (b). Results 
expressed in mole % of total 
identified FA as mean ± SD
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Fig. 3   DHA status in tissues as 
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unique in exhibiting a strong decrease in 16:1 after 8d, cou-
pled with a remarkable rise of 18:1 (Fig. 5b). A significant 
proportion of 20:1 was found in the oldest animals, which 
constitutes another unique feature of n-7 and n-9 MUFA in 
that tissue.

Accumulation of monoenes was correlated to a decrease 
of saturated FA observed in most tissues, and was compared 
with hepatic biomarkers of FA synthesis or β-oxidation 
(Fig.  6a). In liver, we observed an impact of age on gene 
expression of PPARα, Fas, and SREBP-1c, which decreased 

after 8d. A rise was then perceived in old animals for Fas 
and SREBP-1c but not PPARα. The opposite profile was 
obtained for Scd1: a low level was found for breastfed neo-
nates and greater but stable expression was then measured in 
fasted animals. At the tissue scale, a ponderal decline of total 
RNA after 4 months old has to be mentioned, suggesting a 
particular low level of Scd1 at the age of 1 year (Fig. 6b). 
On the contrary, SCD1 protein expression increased with age 
(2× between 8d and 1y) and was coherent with the MUFA 
accumulation in the tissue (Fig. 6c).

Fig. 4   Desaturase profile 
in liver. Relative expres-
sion of Fads1 and Fads2 
was determined in liver by 
real-time PCR (Taqman®) and 
expressed as mean ± SEM 
(a). Hepatic expression of 
Δ5- and Δ6-desaturase was 
visualized by Western blot 
with anti-Δ5D and anti-Δ6D 
antibodies, respectively. One 
animal was represented per well 
(b). Desaturase activity was 
assayed on specific radiolabeled 
substrates and performed on 
post-mitochondrial supernatant 
of liver homogenates for 20 min 
at 37 °C. Results are expressed 
as mean ± SEM (c)
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Following the monoene accretion, we observed an 
important increase of triacylglycerols in the liver, as well 
as in cholesterol but in contrast with plasma (Fig. 6d). This 
enrichment in lipids was quantified as well by the FA accu-
mulation, which doubled in liver over 1 year and particu-
larly after 4m (supplemental Fig. 1).

Fluctuation of Plasmalogen‑Derived Dimethylacetals

FA rank among the key components of lipids, but fatty alde-
hydes derived from plasmalogens were also profiled. Sparsely 
quantified in tissues, plasmalogens represent a major class of 
phospholipids involved in various physiological functions, for 
instance storage of specific PUFA or second messengers. In 
this way, DMA, i.e., the chemical structure of GC-detected 
fatty aldehydes, were analyzed to evaluate the plasmalogen 
level according to tissue and animal age (Table 3). Our results 
showed that brain was the most concentrated in DMA, espe-
cially in the oldest rats (1.37 mmol/mg at 1y). Lung and heart 
were also rich in DMA, but with no significant impact of age. 

Besides, DMA concentrations were usually in compliance 
with the DMA proportions calculated in mass % over total 
methylated derivatives, the maximum of which was reached 
in brain with 13.8 % after the age of 1 year. Finally, although 
C16 and C18 were the main carbon chain structures detected 
in the tissues, plasma and retina displayed a particular profile, 
as DMA were poorly quantified with 12:0 as the only identi-
fied species. Kidney was also remarkable as the only tissue 
with 14:0-DMA and only at 8d (not shown).

The impact of age on DMA from brain, heart, and RBC 
was further analyzed (Fig. 7). Although heart is well known 
for its plasmenylcholine content, no significant effect of age 
on the DMA distribution was obtained. Conversely, a simi-
lar profile was observed between brain and RBC, where the 
desaturation index increased with time. Indeed, the 16:0-
DMA was reduced over a year during the growth process, in 
favor of 18:0-DMA and particularly of 18:1n-9-DMA and 
18:1n-7-DMA. Moreover, RBC was enriched in 18:2n-6-
DMA, the species of which remained specific to this tissue 
(although weakly detected in lung; result not shown).

a 16:1n-7+18:1n-7 

16:0 

18:1n-9 

18:0 

16:1 

family 
n-7 

family 
n-9 

18:1 

20:1 

Liver 

WAT 

Brain 

b 

8d 3w 4m 1y
0.0

0.1

0.2

0.3

0.4

a

b

b

b

9-
de

sa
tu

ra
se

 in
de

x 

8d 3w 4m 1y
0.0

0.5

1.0

1.5

2.0

2.5

a a a

b

8d 3w 4m 1y
0.0

0.2

0.4

0.6

0.8

a a

b

b

9-
de

sa
tu

ra
se

 in
de

x 
9-

de
sa

tu
ra

se
 in

de
x 

FA
 (m

ol
e 

%
) 

FA
 (m

ol
e 

%
) 

FA
 (m

ol
e 

%
) 

8d 3w 4m 1y
0

5

10

15

20

a ac
ac

b

8d 3w 4m 1y
0.0

0.1

0.2

0.3

0.4

a
ab ab

b

8d 3w 4m 1y
0.0

0.5

1.0

1.5

a
ab ab

b

8d 3w 4m 1y
0

1

2

3 a

b b b

8d 3w 4m 1y
0

1

2

3
a

b b
b

8d 3w 4m 1y
0

2

4

6

a

b ab

b

8d 3w 4m 1y
0

5

10

15

20

25

a

ab ab
b

8d 3w 4m 1y
0.0

0.5

1.0

1.5

a

b
ab

b

8d 3w 4m 1y
0

1

2

3

4

5

a

b
ab

b

Fig. 5   Δ9-desaturase index and monoene accretion. The 
Δ9-desaturase index was evaluated in liver, WAT, and brain as the 
ratio of Δ9-desaturase products and corresponding substrates, quanti-

fied initially in mole % (a). The monoene status of n-7 and n-9 fami-
lies was considered in brain as a function of chain length and age (b). 
Results are expressed in mole % of total identified FA as mean ± SD



1078	 Lipids (2015) 50:1069–1082

1 3

Discussion

At the beginning of life, specificity in the FA profiles was 
observed in lactating rats, where 12:0, 14:0, and MCFA 
were recovered in high quantities, especially in adipose 

tissues and skeletal muscle. These FA coming from mater-
nal milk would be rapidly absorbed by neonatal rats and 
preferentially oxidized rather than glucose as an energy 
source [19–22]. Such tissue accretion then declined in 
weaning animals. Indeed, the animal diet was switched 
from maternal milk to maintenance rodent chow, whose 
FA composition changed with a remarkable enrichment 
of 18:2n-6, representing 50 % of total FA in this regimen. 
As a consequence, accumulation of n-6 FA, and especially 
18:2n-6, was visualized in tissues. This insidious increase, 
which was observed in this study, could parallel the situ-
ation in humans as the Western diet is also characterized 
by the use of n-6-enriched oils. More than an accretion 
inherent to the n-6 enrichment of the diet, the present work 
showed that age modified the n-6 status of tissues in terms 
of impregnation. Among prominent observations, we con-
firmed the exceptional singularity of gonads, where high 
unsaturated n-6 FA were detected in testis, whereas the 
desaturation index was lowered in the other tissues. Docos-
apentaenoic acid (22:5n-6) was the most abundant FA and 
remains well known to naturally accumulate in mamma-
lian testis during sexual maturation [23–25]. In our study, 
testis maturation was past at the age of 4 months, but we 
still showed a remarkable rise of C22–C24 polyenes from 
young to adult animals. Such accretion in testes was not in 
agreement with the desaturase pattern described by Saether, 
who showed a decline of Δ5- and Δ6-desaturase expres-
sion in rat after 1 month old [26]. However, different works 
have emphasized the involvement of these long-chain n-6 
PUFA in reproductive functions, since peroxisomal defi-
ciency or loss of Δ6-desaturase generates sterility [27–29]. 
Specifically, n-6 docosapentaenoic acid is presumed to be 
involved in testicular function, since its decrease in phos-
phatidylcholine was correlated with shorter sperm tail 
length and abnormal spermatozoa [30]. Zanetti et  al. par-
ticularly emphasized its implication during capacitation 
and acrosomal reaction [31]. More surprisingly, our results 
show accumulation of 24:4n-6 and 24:5n-6 at 1 year old, as 
if the carbon chain-shortening to 22:5n-6 became defective. 
Moreover, these C24 FA are known to especially accumu-
late in 1-alkyl-2,3-diacylglycerols, which are ether-triglyc-
erides widely present in gonads [32]. No effect of age has 
been described concerning the metabolism of etherlipids, 
and the specific role of C24 polyenes, other than on mem-
brane fluidity, has to be further investigated, as the ratio 
between 22:5n-6 and 24:5n-6 could be a potent marker 
of growth or age in testes. If 1 year old is not considered 
as old or senescent, it remains too old in animal facilities 
such as the Janvier Labs breeding center, since Sprague–
Dawley rats are usually used as reproducers until 8 months 
old, after which their reproductive capacity is considered 
insufficient.
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Table 3   Dimethylacetal content in tissues

Lipids were extracted with the Folch method and saponified. Fatty aldehydes derived from plasmalogens were methylated in DMA and analyzed 
by GC-MS. Results are expressed as mean ± SD in mass % of total methylated derivatives (MD: DMA + FAME) and in mmole/mg of tissue

* 12:0-DMA as unique DMA

Different letters indicate significant differences between ages at p < 0.05

Tissue DMA 8d 3w 4m 1y

Liver Mass % of MD
mmol/mg

1.5 ± 0.7 1.4 ± 0.9 1.4 ± 0.8 0.6 ± 0.4

0.11 ± 0.05 0.11 ± 0.07 0.13 ± 0.08 0.08 ± 0.02

Heart Mass % of MD
mmol/mg

5.0 ± 0.5a, b 4.0 ± 0.3a 4.5 ± 0.9a 7.1 ± 1.7b

0.25 ± 0.04a 0.23 ± 0.05a 0.26 ± 0.01a 0.44 ± 0.16b

WAT Mass % of MD
mmol/mg

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

BAT Mass % of MD
mmol/mg

0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Brain Mass % of MD
mmol/mg

11.3 ± 4.2 10.7 ± 1.7 12.0 ± 1.2 13.8 ± 0.4

0.68 ± 0.18a 0.94 ± 0.11a 1.15 ± 0.20b 1.37 ± 0.29b

Retina Mass % of MD*
mmol/mg

0.3 ± 0.3 0.5 ± 0.3 0.2 ± 0.0 0.1 ± 0.1

0.01 ± 0.01 0.02 ± 0.00 0.01 ± 0.00 0.00 ± 0.00

Kidney Mass % of MD
mmol/mg

5.0 ± 0.1a 3.4 ± 0.1b 4.2 ± 0.0a, c 4.1 ± 0.1b, c

0.19 ± 0.00a 0.18 ± 0.03a 0.22 ± 0.01b, c 0.21 ± 0.01a, c

Lung Mass % of MD
mmol/mg

4.5 ± 0.5a 9.8 ± 1.4b 10.6 ± 2.5b 7.1 ± 3.3a, b

0.34 ± 0.02a 0.53 ± 0.11b, c 0.54 ± 0.10b 0.37 ± 0.08a, c

Muscle Mass % of MD
mmol/mg

2.1 ± 1.0a 2.4 ± 0.4a 4.5 ± 0.5b 4.3 ± 1.1b

0.13 ± 0.01a, b 0.11 ± 0.01a 0.14 ± 0.02b 0.14 ± 0.02b

Testis Mass % of MD
mmol/mg

4.9 ± 0.2a 4.7 ± 0.3a 4.0 ± 1.0a, c 3.2 ± 0.2c

0.15 ± 0.01a 0.16 ± 0.02a 0.15 ± 0.04a, c 0.00 ± 0.00b, c

Plasma Mass % of MD*
mmol/mg

0.4 ± 0.1a 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0b

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

RBC Mass % of MD
mmol/mg

14.6 ± 2.9a 8.5 ± 0.4a, c 8.0 ± 0.1b, c 8.2 ± 0.6b

0.15 ± 0.03a 0.06 ± 0.01a, c 0.05 ± 0.00b, c 0.06 ± 0.00b

Fig. 7   Distribution of dimethy-
lacetal species over a year. The 
distribution of plasmalogen-
derived dimethylacetal species 
is presented for brain, heart, 
and RBC. Results were cal-
culated from mole % of total 
methylated derivatives and are 
expressed as mean ± SD
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Ageing is also related to declining mobility and may 
compromise the contractile function by impacting on struc-
tural and functional features of skeletal muscle. Indeed, 
growing older is characterized by muscular atrophy involv-
ing mitochondrial dysfunction and modification of gly-
colytic enzyme activity coupled with oxidative capacity 
[33–36]. Furthermore, the PUFA pattern of skeletal mus-
cle influences exercise performance in modulating muscle 
damage, inflammation, and metabolism during exercise 
[37, 38]. In this regard, we analyzed the FA profile of skel-
etal muscle from growing animals and found a surprising 
enrichment in docosahexaenoic acid (DHA, 22:6n-3) over 
1  year, whereas the n-3 precursor supply was lowered in 
the diet over time. This accumulation may be inherent to 
the muscular incorporation of long-chain PUFA, since 
18:3n-3 would not be converted into derivatives such as 
DHA in such tissue [39, 40]. In addition, different studies 
have shown the beneficial effects of dietary DHA on mus-
cle physiology. For example, Peoples et  al. demonstrated 
that DHA improves oxygen consumption and contractile 
function [41]. DHA upregulates expression of uncoupling 
protein 3, thereby reducing production of reactive oxygen 
species and enhancing transport and oxidation of FA in 
skeletal muscle [42, 43]. Finally, it increases the TAG con-
centration and ameliorates mitochondrial metabolism [44]. 
Now if we consider DHA as a marker of growth or age in 
muscle, then its preservation would suggest full capacity of 
contractile function. In our work, while DHA was highly 
present in adult animals, a slow decline was perceived 
between 4 months and 1 year old, suggesting implementa-
tion of muscular atrophy before 1 year old.

Finally, the most relevant FA considering growth or age 
markers could be cis-vaccenic acid (18:1n-7), the level of 
which usually remains discrete but evolves positively with 
age, whose occurrence was coupled with the Δ9-desaturase 
index and expression. Recent studies have shown that this 
FA could represent a potent marker of various diseases 
such as chronic kidney disease [45], hypertension [46] 
or heart failure [47]. Tripathy et  al. also recently demon-
strated that 18:1n-7 was inversely associated with hepatic 
enzymes involved in gluconeogenesis, glucose intolerance, 
and hyperglycemia [48]. In our case, 18:1n-7 accretion in 
tissues may be considered as a sign of age before poten-
tial symptoms of pathologies associated with ageing appear 
in our rat model. Further investigations should be done to 
evaluate to what extent 18:1n-7 accumulation modulates 
the basal physiology of the tissue.

Altogether, our results underline the impact of 
the growth process on lipid metabolism, promoting 
FA as potential markers of age, as well as fatty alde-
hydes derived from plasmalogens. This minor class 
of phospholipids is particularly known to be involved 
in oxidative stress [49, 50] and can be found as 

plasmenylethanolamine, for example in brain [51] and 
RBC [52], or plasmenylcholine more specifically in 
heart [53]. Our study showed that DMA were dispersed 
throughout the organism except adipose tissues. Age 
impacted on the DMA proportions, concentrations or dis-
tributions, depending on the tissue. In humans, a negative 
correlation with age was observed with 16:0-DMA or 
18:0-DMA from plasma and erythrocyte volunteers [52, 
53]. No such correlation was obtained in our study. How-
ever, when the plasmalogen content was evaluated by 
the DMA/FAME ratio, age impacted positively on brain 
and RBC regarding the 18:0 and 18:1 chain lengths (sup-
plemental Fig. 2), as also observed in humans by Laba-
daridis between neonates and children [54]. Moreover, 
our study underlined that circulating DMA would reflect 
the plasmalogen content in brain. In early infancy, the 
lipid composition in myelin changes during brain matu-
ration [55] when plasmalogen synthesis is particularly 
active [56]. In adults, the plasmalogen level decreases 
in humans [57], the decrease of which was demonstrated 
to be potentially correlated with pathological situations 
and predicted before clinical symptoms [58]. In the case 
of our healthy rats, at the age of 1 year, the plasmalogen 
level in the tissues tended to increase, whereas Norton 
et al. showed no major impact of age [55]. Thus, it seems 
the plasmalogen status does not indicate any defective 
function in our rat model, while plasmalogens are cru-
cial, for instance, for Schwann cell development and dif-
ferentiation [59] or as neuroprotective against apoptosis 
[60], although the role of the alkenyl species remains 
poorly documented and requires detailed study. Yamazaki 
showed a structural evolution in plasmenylcholine and 
plasmenylethanolamine in metabolic syndrome [61]. 
Kaddurah-Daouk also demonstrated a modulation in the 
fatty aldehyde structure during the psychotic episode of 
schizophrenia [62]. If plasmalogens are quantitatively 
correlated with health and disease [63, 64], no effect 
based on the fatty aldehyde entity has been character-
ized yet. Such investigations could focus in particular 
on heart, lung, and testis, where the plasmalogen con-
tent was affected at 1 year old and could be related to the 
PUFA content determined in tissues.

In conclusion, we describe the lipid profile of Sprague–
Dawley rats fed with standard rodent chow. This study 
was not carried out on senescent animals but underlines 
the basic pattern of healthy animals over 1 year, which is a 
lifespan commonly found in the literature. 18:2n-6, 22:6n-
3, and DMA are likely to be relevant markers of growth 
or age associated with diet and tissues, whilst accretion of 
18:1n-7 may be an independent and inclusive sign of age.

Acknowledgments  This study was performed thanks to technical 
support and animal care by Françoise Boissel.



1081Lipids (2015) 50:1069–1082	

1 3

Compliance with Ethical Standards 

Conflict of interest  The authors declare that they have no competing 
interests.

References

	 1.	 Bao Q, Pan J, Qi H, Wang L, Qian H, Jiang F, Shao Z, Xu F, 
Tao Z, Ma Q, Nelson P, Hu X (2014) Aging and age-related dis-
eases—from endocrine therapy to target therapy. Mol Cell Endo-
crinol 394:115–118. doi:10.1016/j.mce.2014.07.005

	 2.	 Doty RL, Kamath V (2014) The influences of age on olfaction: a 
review. Front Psychol. doi:10.3389/fpsyg.2014.00020

	 3.	 Gkikas I, Petratou D, Tavernarakis N (2014) Longev-
ity pathways and memory aging. Front Genet. doi:10.3389/
fgene.2014.00155

	 4.	 Pawelec G (2014) Immunosenenescence: role of cytomegalovi-
rus. Exp Gerontol 54:1–5. doi:10.1016/j.exger.2013.11.010

	 5.	 Calder PC (2007) Immunomodulation by omega-3 fatty 
acids. Prostaglandins Leukot Essent Fat Acids 77:327–335. 
doi:10.1016/j.plefa.2007.10.015

	 6.	 Dessì M, Noce A, Bertucci P, Manca di Villahermosa S, 
Zenobi R, Castagnola V, Addessi E, Di Daniele N (2013) Ath-
erosclerosis, dyslipidemia, and inflammation: the significant 
role of polyunsaturated fatty acids. ISRN Inflamm 2013:1–13. 
doi:10.1155/2013/191823

	 7.	 Funk CD (2001) Prostaglandins and leukotrienes: advances 
in eicosanoid biology. Science 294:1871–1875. doi:10.1126/
science.294.5548.1871

	 8.	 Haeggström JZ, Funk CD (2011) Lipoxygenase and leukotriene 
pathways: biochemistry, biology, and roles in disease. Chem Rev 
111:5866–5898. doi:10.1021/cr200246d

	 9.	 Smyth EM, Grosser T, Wang M, Yu Y, Fitzgerald GA (2008) 
Prostanoids in health and disease. J Lipid Res 50:S423–S428. 
doi:10.1194/jlr.R800094-JLR200

	10.	 Buckley CD, Gilroy DW, Serhan CN (2014) Proresolving lipid 
mediators and mechanisms in the resolution of acute inflamma-
tion. Immunity 40:315–327. doi:10.1016/j.immuni.2014.02.009

	11.	 Serhan CN (2014) Pro-resolving lipid mediators are leads 
for resolution physiology. Nature 510:92–101. doi:10.1038/
nature13479

	12.	 Weylandt KH, Chiu C-Y, Gomolka B, Waechter SF, Wieden-
mann B (2012) Omega-3 fatty acids and their lipid mediators: 
towards an understanding of resolvin and protectin formation. 
Prostaglandins Other Lipid Mediat 97:73–82. doi:10.1016/j.
prostaglandins.2012.01.005

	13.	 Lagarde M, Véricel E, Liu M, Chen P, Guichardant M (2014) 
Structure-function relationships of non-cyclic dioxygenase prod-
ucts from polyunsaturated fatty acids: poxytrins as a class of 
bioactive derivatives. Biochimie 107 Pt A:91–94. doi: 10.1016/j.
biochi.2014.09.008

	14.	 Durand T, Bultel-Poncé V, Guy A, El Fangour S, Rossi JC, 
Galano JM (2011) Isoprostanes and phytoprostanes: bioactive 
lipids. Biochimie 93:52–60. doi:10.1016/j.biochi.2010.05.014

	15.	 Wallner S, Schmitz G (2011) Plasmalogens the neglected regula-
tory and scavenging lipid species. Chem Phys Lipids 164:573–
589. doi:10.1016/j.chemphyslip.2011.06.008

	16.	 da Silva TF, Sousa VF, Malheiro AR, Brites P (2012) The 
importance of ether-phospholipids: a view from the perspective 
of mouse models. Biochim Biophys Acta BBA Mol Basis Dis 
1822:1501–1508. doi:10.1016/j.bbadis.2012.05.014

	17.	 Pedrono F, Blanchard H, Kloareg M, D’andréa S, Daval S, Rioux 
V, Legrand P (2010) The fatty acid desaturase 3 gene encodes for 

different FADS3 protein isoforms in mammalian tissues. J Lipid 
Res 51:472–479. doi:10.1194/jlr.M000588

	18.	 Blanchard H, Pédrono F, Boulier-Monthéan N, Catheline D, 
Rioux V, Legrand P (2013) Comparative effects of well-balanced 
diets enriched in α-linolenic or linoleic acids on LC-PUFA 
metabolism in rat tissues. Prostaglandins Leukot Essent Fat 
Acids PLEFA 88:383–389. doi:10.1016/j.plefa.2013.03.006

	19.	 Aw TY, Grigor MR (1980) Digestion and absorption of milk tria-
cylglycerols in 14-day-old suckling rats. J Nutr 110:2133–2140

	20.	 Bernard A, Carlier H (1991) Absorption and intestinal catabo-
lism of fatty acids in the rat: effect of chain length and unsatura-
tion. Exp Physiol 76:445–455

	21.	 Odle J (1997) New insights into the utilization of medium-chain 
triglycerides by the neonate: observations from a piglet model. J 
Nutr 127:1061–1067

	22.	 Staggers JE, Fernando-Warnakulasuriya GJ, Wells MA (1981) 
Studies on fat digestion, absorption, and transport in the suckling 
rat. II. Triacylglycerols: molecular species, stereospecific analy-
sis, and specificity of hydrolysis by lingual lipase. J Lipid Res 
22:675–679

	23.	 Davis JT, Bridges RB, Coniglio JG (1966) Changes in lipid com-
position of the maturing rat testis. Biochem J 98:342–346

	24.	 Koeberle A, Shindou H, Harayama T, Yuki K, Shimizu T (2012) 
Polyunsaturated fatty acids are incorporated into maturating 
male mouse germ cells by lysophosphatidic acid acyltransferase 
3. FASEB J 26:169–180. doi:10.1096/fj.11-184879

	25.	 Furland NE, Zanetti SR, Oresti GM, Maldonado EN, Aveldaño 
MI (2007) Ceramides and sphingomyelins with high proportions 
of very long-chain polyunsaturated fatty acids in mammalian 
germ cells. J Biol Chem 282:18141–18150. doi:10.1074/jbc.
M700708200

	26.	 Saether T, Tran TN, Rootwelt H, Christophersen BO, Hau-
gen TB (2003) Expression and regulation of delta5-desaturase, 
delta6-desaturase, stearoyl-coenzyme A (CoA) desaturase 1, and 
stearoyl-CoA desaturase 2 in rat testis. Biol Reprod 69:117–124. 
doi:10.1095/biolreprod.102.014035

	27.	 Huyghe S, Schmalbruch H, De Gendt K, Verhoeven G, Guil-
lou F, Van Veldhoven PP, Baes M (2006) Peroxisomal multi-
functional protein 2 is essential for lipid homeostasis in Sertoli 
cells and male fertility in mice. Endocrinology 147:2228–2236. 
doi:10.1210/en.2005-1571

	28.	 Stoffel W, Holz B, Jenke B, Binczek E, Günter RH, Kiss C, 
Karakesisoglou I, Thevis M, Weber AA, Arnhold S, Addicks K 
(2008) Delta6-desaturase (FADS2) deficiency unveils the role 
of omega3- and omega6-polyunsaturated fatty acids. EMBO J 
27:2281–2292. doi:10.1038/emboj.2008.156

	29.	 Stroud CK, Nara TY, Roqueta-Rivera M, Radlowski EC, Law-
rence P, Zhang Y, Cho BH, Segre M, Hess RA, Brenna JT, 
Haschek WM, Nakamura MT (2009) Disruption of FADS2 
gene in mice impairs male reproduction and causes dermal and 
intestinal ulceration. J Lipid Res 50:1870–1880. doi:10.1194/jlr.
M900039-JLR200

	30.	 Merrells KJ, Blewett H, Jamieson JA, Taylor CG, Suh M (2009) 
Relationship between abnormal sperm morphology induced by 
dietary zinc deficiency and lipid composition in testes of growing 
rats. Br J Nutr 102:226–232. doi:10.1017/S0007114508159037

	31.	 Zanetti SR, Monclus M, de los Á, Rensetti DE, Fornés MW, 
Aveldaño MI (2010) Differential involvement of rat sperm cho-
line glycerophospholipids and sphingomyelin in capacitation and 
the acrosomal reaction. Biochimie 92:1886–1894. doi:10.1016/j.
biochi.2010.08.015

	32.	 Furland NE, Maldonado EN, Aveldaño MI (2003) Very long 
chain PUFA in murine testicular triglycerides and cholesterol 
esters. Lipids 38:73–80

	33.	 Hortobágyi T, Zheng D, Weidner M, Lambert NJ, Westbrook S, 
Houmard JA (1995) The influence of aging on muscle strength 

http://dx.doi.org/10.1016/j.mce.2014.07.005
http://dx.doi.org/10.3389/fpsyg.2014.00020
http://dx.doi.org/10.3389/fgene.2014.00155
http://dx.doi.org/10.3389/fgene.2014.00155
http://dx.doi.org/10.1016/j.exger.2013.11.010
http://dx.doi.org/10.1016/j.plefa.2007.10.015
http://dx.doi.org/10.1155/2013/191823
http://dx.doi.org/10.1126/science.294.5548.1871
http://dx.doi.org/10.1126/science.294.5548.1871
http://dx.doi.org/10.1021/cr200246d
http://dx.doi.org/10.1194/jlr.R800094-JLR200
http://dx.doi.org/10.1016/j.immuni.2014.02.009
http://dx.doi.org/10.1038/nature13479
http://dx.doi.org/10.1038/nature13479
http://dx.doi.org/10.1016/j.prostaglandins.2012.01.005
http://dx.doi.org/10.1016/j.prostaglandins.2012.01.005
http://dx.doi.org/10.1016/j.biochi.2014.09.008
http://dx.doi.org/10.1016/j.biochi.2014.09.008
http://dx.doi.org/10.1016/j.biochi.2010.05.014
http://dx.doi.org/10.1016/j.chemphyslip.2011.06.008
http://dx.doi.org/10.1016/j.bbadis.2012.05.014
http://dx.doi.org/10.1194/jlr.M000588
http://dx.doi.org/10.1016/j.plefa.2013.03.006
http://dx.doi.org/10.1096/fj.11-184879
http://dx.doi.org/10.1074/jbc.M700708200
http://dx.doi.org/10.1074/jbc.M700708200
http://dx.doi.org/10.1095/biolreprod.102.014035
http://dx.doi.org/10.1210/en.2005-1571
http://dx.doi.org/10.1038/emboj.2008.156
http://dx.doi.org/10.1194/jlr.M900039-JLR200
http://dx.doi.org/10.1194/jlr.M900039-JLR200
http://dx.doi.org/10.1017/S0007114508159037
http://dx.doi.org/10.1016/j.biochi.2010.08.015
http://dx.doi.org/10.1016/j.biochi.2010.08.015


1082	 Lipids (2015) 50:1069–1082

1 3

and muscle fiber characteristics with special reference to eccen-
tric strength. J Gerontol A Biol Sci Med Sci 50:B399–B406

	34.	 Doherty TJ (2001) The influence of aging and sex on skeletal 
muscle mass and strength. Curr Opin Clin Nutr Metab Care 
4:503–508

	35.	 Houmard JA, Weidner ML, Gavigan KE, Tyndall GL, Hickey 
MS, Alshami A (1998) Fiber type and citrate synthase activity in 
the human gastrocnemius and vastus lateralis with aging. J Appl 
Physiol Bethesda MD 1985 85:1337–1341

	36.	 Park S-K, Prolla TA (2005) Gene expression profiling studies of 
aging in cardiac and skeletal muscles. Cardiovasc Res 66:205–
212. doi:10.1016/j.cardiores.2005.01.005

	37.	 Early RJ, Spielman SP (1995) Muscle respiration in rats is influ-
enced by the type and level of dietary fat. J Nutr 125:1546–1553

	38.	 Mickleborough TD (2013) Omega-3 polyunsaturated fatty acids 
in physical performance optimization. Int J Sport Nutr Exerc 
Metab 23:83–96

	39.	 Poudyal H, Panchal SK, Ward LC, Brown L (2013) Effects of 
ALA, EPA and DHA in high-carbohydrate, high-fat diet-induced 
metabolic syndrome in rats. J Nutr Biochem 24:1041–1052. 
doi:10.1016/j.jnutbio.2012.07.014

	40.	 Smink W, Verstegen MWA, Gerrits WJJ (2013) Effect of 
intake of linoleic acid and α-linolenic acid levels on conver-
sion into long-chain polyunsaturated fatty acids in backfat and 
in intramuscular fat of growing pigs. J Anim Physiol Anim Nutr 
97:558–565. doi:10.1111/j.1439-0396.2012.01296.x

	41.	 Peoples GE, McLennan PL (2010) Dietary fish oil reduces skel-
etal muscle oxygen consumption, provides fatigue resistance and 
improves contractile recovery in the rat in  vivo hindlimb. Br J 
Nutr 104:1771–1779. doi:10.1017/S0007114510002928

	42.	 Cha SH, Fukushima A, Sakuma K, Kagawa Y (2001) Chronic 
docosahexaenoic acid intake enhances expression of the gene 
for uncoupling protein 3 and affects pleiotropic mRNA lev-
els in skeletal muscle of aged C57BL/6NJcl mice. J Nutr 
131:2636–2642

	43.	 Lee M-S, Kim I-H, Kim Y (2013) Effects of eicosapentaenoic 
acid and docosahexaenoic acid on uncoupling protein 3 gene 
expression in C(2)C(12) muscle cells. Nutrients 5:1660–1671. 
doi:10.3390/nu5051660

	44.	 Casanova E, Baselga-Escudero L, Ribas-Latre A, Arola-Arnal 
A, Bladé C, Arola L, Salvadó MJ (2014) Omega-3 polyunsatu-
rated fatty acids and proanthocyanidins improve postprandial 
metabolic flexibility in rat. Biofactors Oxf Engl 40:146–156. 
doi:10.1002/biof.1129

	45.	 Block R, Kakinami L, Liebman S, Shearer GC, Kramer H, Tsai 
M (2012) Cis-vaccenic acid and the Framingham risk score pre-
dict chronic kidney disease: the multi-ethnic study of atheroscle-
rosis (MESA). Prostaglandins Leukot Essent Fat Acids 86:175–
182. doi:10.1016/j.plefa.2012.02.009

	46.	 Tanaka S, Kojiguchi C, Yamazaki T, Mitsumoto A, Kobayashi D, 
Kudo N, Kawashima Y (2013) Altered fatty acid profile in the 
liver and serum of stroke-prone spontaneously hypertensive rats: 
reduced proportion of cis-vaccenic acid. J Oleo Sci 62:933–948

	47.	 Djoussé L, Matsumoto C, Hanson NQ, Weir NL, Tsai MY, Gazi-
ano JM (2014) Plasma cis-vaccenic acid and risk of heart failure 
with antecedent coronary heart disease in male physicians. Clin 
Nutr 33:478–482. doi:10.1016/j.clnu.2013.07.001

	48.	 Tripathy S, Jump DB (2013) Elovl5 regulates the mTORC2-
Akt-FOXO1 pathway by controlling hepatic cis-vaccenic acid 
synthesis in diet-induced obese mice. J Lipid Res 54:71–84. 
doi:10.1194/jlr.M028787

	49.	 Brites P, Waterham HR, Wanders RJA (2004) Functions and bio-
synthesis of plasmalogens in health and disease. Biochim Bio-
phys Acta 1636:219–231. doi:10.1016/j.bbalip.2003.12.010

	50.	 Nagan N, Zoeller RA (2001) Plasmalogens: biosynthesis and 
functions. Prog Lipid Res 40:199–229

	51.	 Favrelière S, Perault MC, Huguet F, De Javel D, Bertrand N, 
Piriou A, Durand G (2003) DHA-enriched phospholipid diets 
modulate age-related alterations in rat hippocampus. Neurobiol 
Aging 24:233–243

	52.	 Han X, Gross RW (1994) Electrospray ionization mass spectro-
scopic analysis of human erythrocyte plasma membrane phos-
pholipids. Proc Natl Acad Sci 91:10635–10639

	53.	 Xu YF, O K, Choy PC (1994) Plasmenylcholine (1-O-alk-
1′-enyl-2-acyl-sn-glycero-3-phosphocholine) biosynthesis 
in guinea-pig heart and liver: cholinephosphotransferase is a 
bifunctional enzyme for the synthesis of phosphatidylcholine 
and plasmenylcholine. Biochem J 301(Pt 1):131–137

	54.	 Labadaridis I, Moraitou M, Theodoraki M, Triantafyllidis S, 
Sarafidou J (1992) Michelakakis H (2009) Plasmalogen lev-
els in full-term neonates. Acta Paediatr Oslo Nor 98:640–642. 
doi:10.1111/j.1651-2227.2008.01205.x

	55.	 Norton WT, Poduslo SE (1973) Myelination in rat brain: changes 
in myelin composition during brain maturation. J Neurochem 
21:759–773

	56.	 Schmid HH, Takahashi T (1970) Reductive and oxidative bio-
synthesis of plasmalogens in myelinating brain. J Lipid Res 
11:412–419

	57.	 Balakrishnan S, Goodwin H, Cumings JN (1961) The distribu-
tion of phosphorus-containing lipid compounds in the human 
brain. J Neurochem 8:276–284

	58.	 Braverman NE, Moser AB (2012) Functions of plasmalogen 
lipids in health and disease. Biochim Biophys Acta 1822:1442–
1452. doi:10.1016/j.bbadis.2012.05.008

	59.	 da Silva TF, Eira J, Lopes AT, Malheiro AR, Sousa V, Luoma 
A, Avila RL, Wanders RJ, Just WW, Kirschner DA, Sousa MM, 
Brites P (2014) Peripheral nervous system plasmalogens regu-
late Schwann cell differentiation and myelination. J Clin Invest 
124:2560–2570. doi:10.1172/JCI72063

	60.	 Hossain MS, Ifuku M, Take S, Kawamura J, Miake K, Katafuchi 
T (2013) Plasmalogens rescue neuronal cell death through 
an activation of AKT and ERK survival signaling. PLoS One 
8:e83508. doi:10.1371/journal.pone.0083508

	61.	 Yamazaki Y, Kondo K, Maeba R, Nishimukai M, Nezu T, Hara H 
(2014) Proportion of nervonic acid in serum lipids is associated 
with serum plasmalogen levels and metabolic syndrome. J Oleo 
Sci 63:527–537

	62.	 Kaddurah-Daouk R, McEvoy J, Baillie R, Zhu H, Yao KJ, 
Nimgaonkar VL, Buckley PF, Keshavan MS, Georgiades A, 
Nasrallah HA (2012) Impaired plasmalogens in patients with 
schizophrenia. Psychiatry Res 198:347–352. doi:10.1016/j.
psychres.2012.02.019

	63.	 Oma S, Mawatari S, Saito K, Wakana C, Tsuboi Y, Yamada T, 
Fujino T (2012) Changes in phospholipid composition of eryth-
rocyte membrane in alzheimer’s disease. Dement Geriatr Cogn 
Disord Extra 2:298–303. doi:10.1159/000341603

	64.	 Taha AY, Cheon Y, Ma K, Rapoport SI, Rao JS (2013) Altered 
fatty acid concentrations in prefrontal cortex of schizo-
phrenic patients. J Psychiatr Res 47:636–643. doi:10.1016/j.
jpsychires.2013.01.016

http://dx.doi.org/10.1016/j.cardiores.2005.01.005
http://dx.doi.org/10.1016/j.jnutbio.2012.07.014
http://dx.doi.org/10.1111/j.1439-0396.2012.01296.x
http://dx.doi.org/10.1017/S0007114510002928
http://dx.doi.org/10.3390/nu5051660
http://dx.doi.org/10.1002/biof.1129
http://dx.doi.org/10.1016/j.plefa.2012.02.009
http://dx.doi.org/10.1016/j.clnu.2013.07.001
http://dx.doi.org/10.1194/jlr.M028787
http://dx.doi.org/10.1016/j.bbalip.2003.12.010
http://dx.doi.org/10.1111/j.1651-2227.2008.01205.x
http://dx.doi.org/10.1016/j.bbadis.2012.05.008
http://dx.doi.org/10.1172/JCI72063
http://dx.doi.org/10.1371/journal.pone.0083508
http://dx.doi.org/10.1016/j.psychres.2012.02.019
http://dx.doi.org/10.1016/j.psychres.2012.02.019
http://dx.doi.org/10.1159/000341603
http://dx.doi.org/10.1016/j.jpsychires.2013.01.016
http://dx.doi.org/10.1016/j.jpsychires.2013.01.016

	Impact of a Standard Rodent Chow Diet on Tissue n-6 Fatty Acids, Δ9-Desaturation Index, and Plasmalogen Mass in Rats Fed for One Year
	Abstract 
	Introduction
	Materials and Methods
	Materials
	Animals and Diets
	Lipid Analyses
	mRNA Relative Quantification
	Desaturase Expression
	Δ5- and Δ6-Desaturase Activity Assays
	Statistics

	Results
	Diet Impregnation in Early Infancy
	Standard Rodent Chows and Tissue Enrichment in Linoleic Acid
	Controversial Effects on n-3 FA
	A One-Year Diet with Standard Rodent Chow Affects the PUFA Desaturation Index
	Is n-7 Monoene Accretion a Sign of Age?
	Fluctuation of Plasmalogen-Derived Dimethylacetals

	Discussion
	Acknowledgments 
	References




