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Abstract

Background In human beings, women are at lower risk of

cardiovascular diseases, and respond differently from men

to dietary fatty acids.

Aim The aim of the present study was to investigate (i)

the influence of gender on the response of lipid metabolism

to dietary n-3 PUFA, and (ii) the contribution of PPARa to

this response.

Methods Male and female mice, wild-type (WT) and

PPARa-null (KO), were fed on diets rich in either saturated

FA (SFA) or 18:3 n-3 (ALA). Lipid composition, mRNA

levels and certain activities of key enzymes and major

transcription factors were determined in the liver. WT mice

were slightly affected by dietary FA. However, in WT

female mice, but not in males, mRNA levels of PPARa-

dependent genes (L-FABP, ACO) were higher in the mice

fed on the ALA-rich diet. When compared to WT mice,

KO female mice exhibited a decreased lipogenesis capacity

(40% lower FAS, ACC, and SREBP-1c mRNA level),

whereas KO males showed a decrease in peroxisomal b-

oxidation (activity and expression of ACO reduced by 20

and 40%, respectively). When compared to SFA-fed KO

mice, steatosis was twice lower in KO mice fed on ALA,

despite the absence of dietary effect on plasma TG, CPT1

and ACO activities, or ACC and FAS expression. Besides,

in mice on the SFA diet, steatosis was alleviated in

females, and CPT1 expression was up-regulated to a higher

extent in females than in males (2.7- and 3.6-fold,

respectively, as compared to the corresponding WT

groups).

Conclusions Our data suggests estrogen to modulate the

regulation of hepatic lipid metabolic pathway by dietary

fatty acids. Besides, PPARa invalidation resulted in

unexpected regulations by ALA of its known targets and

was compensated partly in females, which was therefore

less sensitive to the detrimental effects of a SFA-rich diet.
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Introduction

Dietary n-3 polyunsaturated fatty acids (PUFA), on the one

hand, and estrogens, on the other hand, exert protective

effects against pathologies, such as metabolic syndrome or

cardiovascular diseases (CVD) [3, 22]. Part of these ben-

eficial effects is related to common regulations of several

lipid metabolism pathway impacting lipid risk factors, such

as de novo lipogenesis, fatty acid oxidation, intravascular

lipid transport and catabolism, or adipose storage. As a

consequence, interactions of dietary fatty acids with sex

hormones in lipid metabolism are likely, but remain poorly

known. A meta-analysis of 5 intervention studies in nor-

molipidemic subjects concluded that, following dietary

change from high to low saturated fatty acids (SFA) to

PUFA ratio, women showed a greater reduction in HDL-

cholesterol than men [5]. In response to restriction on both
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dietary SFA and cholesterol, mildly hypercholesterolemic

men showed a more pronounced reduction in cholesterol

and plasma apolipoprotein B than post-menopausal women

[12]. Animal studies also showed that lipid metabolism in

females is less sensitive than in males to the nature of

dietary fatty acids, and especially to the adverse effects of

SFA [15, 18, 19, 25].

Thus, in vivo human and animal studies strongly sug-

gest that gene regulation of lipid metabolism by n-3 PUFA

may be influenced by estrogens. This is in accordance with

molecular studies showing a cross-talk between PPARa
and ER, the main transcription factors involved in lipid

metabolism regulation by n-3 PUFA and estrogen,

respectively [20, 24]. The interaction of PPARa with the

gender specific differences in lipid metabolism has been

shown in the mouse. Indeed, PPARa-null (KO) mice

exhibit important sexual dimorphism: hypertriglyceridemia

is greater in females, whereas hypercholesterolemia and

hepatic steatosis are more pronounced in males [6, 13].

Besides, after mitochondrial b-oxidation of fatty acids was

inhibited, 100% of KO males, but only 25% of KO females

died. Mortality of males decreased to that in females when

they received a pre-treatment with estradiol, which con-

firms in vivo the importance of a regulatory cross-talk

between PPARa and ER [7].

The aim of the present study was to investigate (i) the

influence of gender on the response of lipid metabolism to

dietary n-3 PUFA, and (ii) the contribution of PPARa to this

response, by using wild-type (WT) and KO mice. Among

sources of n-3 PUFA, we favored a vegetable oil rich in the

precursor ALA. Indeed, even if its metabolic effects remain

controversial in the human, ALA has been proved, at least in

rodent models, to share with its long-chain derivatives typ-

ical regulatory effects, such as decreased lipogenesis and

increased b-oxidation in the liver, resulting in lower trigly-

ceridemia and hepatic lipid content [16, 17, 19]. Because the

liver plays a major role in lipid metabolism and is a key target

of PPARa invalidation [6], the study focussed on the key

enzymes involved in fatty acid synthesis, transport, and

oxidation, and on the major transcription factors involved in

the regulation of hepatic lipid metabolism.

Materials and methods

Experimental procedure

Animals

Males and females WT (12 males, 12 females) (Charles

River, L’Arbresle, France) and KO mice (12 males, 12

females), kind gift of F. Gonzales (Laboratory of Metabo-

lism, National Institute of Health, Bethesda, MD, USA) in

the C57BL/6J background were used. Animals were housed

individually in a controlled environment (25 �C, 40–60%

humidity, and darkness from 6 p.m. to 6 a.m.).

Diets

Until 8 weeks of age, all mice were fed ad libitum a

standard pelleted chow (Formula A04, SAFE, Villemois-

son, France), of which ingredients were (as indicated by the

manufacturer): 83.9% cereals, 8% fish meal, 4% soya

meal ? yeast, and 4.1% vitamin ? mineral mix. Nutri-

tional composition of the standard chow was (in grams for

100 g chow, as indicated by the manufacturer): protein 16;

carbohydrate 64 (including fibers: 4); lipid 3.5 (including

cholesterol: 0.032); water 11.5; and minerals 5. Fatty acid

composition was (as % of total fatty acids): saturated, 21.2;

18:1 n-9, 20.0; 18:2 n-6, 48.7; 18:3 n-3, 3.7; and others,

6.5. At 8 weeks of age, mice were fed one of the experi-

mental diets for 5 weeks. The two experimental diets

consisted (in weight) of 83% of the above commercial

ground pellets, and of either 13% butter and 4% sunflower

oil in the ‘butter’ (B) diet, or 15.4% linseed oil (kind gift of

P. Weill and G. Chesneau, Valorex, Combourtillé, France),

1.6% water and 0.027% cholesterol (5-cholesten-3ß-ol,

Sigma, St Louis, USA) in the ‘linseed oil’ (LO) diet. Water

and cholesterol were added to the ‘linseed oil’ diet in order

to take into account the water and cholesterol content of the

butter. The calculated composition (in weight) of the 2

experimental diets was 13.3% protein, 53.1% carbohydrate,

18.4% lipid, 11.1% water, and 4.2% mineral ? vitamin

mix. The lipid and cholesterol content of the diets and their

FA profile was determined as described previously [19]

(Table 1).

Table 1 Lipid and cholesterol content (as weight %) and major fatty

acid profile (as % of total fatty acids) of the experimental diets

‘Butter’

(B) diet

‘Linseed oil’

(LO) diet

Lipids 17.2 17.5

Cholesterol 0.057 0.055

SFA 52.29 11.31

14:0 7.84 0.13

16:0 25.00 6.94

18:0 7.24 3.72

MUFA 25.60 23.14

18:1 22.23 21.64

n-6 PUFA 19.52 20.60

18:2 19.36 20.60

n-3 PUFA 1.03 44.39

18:3 0.77 44.14

FA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA
polyunsaturated fatty acid
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Experimental design

After 5 weeks on the experimental diets, mice were fasted

overnight, then weighed and anesthetized by isoflurane gas.

Blood was taken from the axillary artery for determination

of plasma lipids. The abdominal cavity was then opened

surgically and liver was carefully removed and weighed. A

sample of 0.3 g was immediately frozen in liquid nitrogen

and stored at -80 �C for RNA extraction. Another 0.3 g

sample was stored at -20 �C for further analysis of lipid

composition. A 1 g sample was kept on ice for immediate

isolation of the mitochondria ? peroxisomes fraction [23].

Mice were then killed by decapitation. Epididymal adipose

tissue (EAT) of males and periuterine adipose tissue

(PUAT) of females were removed and weighed. Blood

samples were centrifuged (1,700g, 15 min, 4 �C) and then

plasma was stored at -80 �C until analyses. The present

work was carried out in agreement with the French legis-

lation on animal experimentation and with the authoriza-

tion of the French Ministry of Agriculture (Animal Health

and Protection Directorate).

Analyses

Plasma and liver lipid composition

Hepatic lipids were extracted in isopropanol [14]. Tri-

glycerides (TG) and total cholesterol (TC) were quantified

in plasma and in alcoholic liver extract by colorimetric

enzymatic methods using the kits provided by Bio-Merieux

(Marcy-l’Etoile, France) [8, 21].

Enzyme activities

The activity of key enzymes of fatty acid oxidation, car-

nitine palmitoyltransferase (CPT1, EC 2.3.1.21) and acyl-

CoA oxidase (ACO, EC 1.3.3.6) was determined in the

hepatic mitochondrial/peroxisomal fraction. Total mito-

chondrial CPT activity was measured according to Bieber

et al. [2], and ACO activity according to Lazarow and De

Duve [11].

RNA analysis

Total RNAs were isolated from liver using TRIzol kit

(Invitrogen, Carlsbad, USA) adapted from Chomczynski

and Sacchi method [4].

Northern blotting

Total RNAs were electrophoresed on a 1% agarose gel and

transferred to GeneScreen membranes (NEN Life Science

Products) as described previously [1]. Rat liver-fatty acid

binding protein (L-FABP) and rat ACO cDNA probes were

labeled with [a-32P]dCTP (3,000 Ci/mmol, ICN) using the

Prime-It RmT Random Primer Labelling Kit (Stratagene).

A 24-residue oligonucleotide specific for rat, 18S rRNA,

was used as probe to ensure that equivalent amounts of

RNAs were loaded and transferred. This oligonucleotide

was 50 end-labeled using T4 polynucleotide kinase and

[c-32P]-ATP (3,000 Ci/mmol, ICN).

Real time quantitative RT-PCR

Total mRNAs were extracted with Trizol Reagent (Invit-

rogen) and reverse cDNA transcribed using Superscript II

(Invitrogen), according to manufacturer protocol. Real-

time quantitative PCR were performed with an Icycler IQ

machine (BioRad) using qPCR MasterMix Plus for SYBR�

Green I (Eurogentec, Leuven, Belgium). The sequences of

the primer sets were: ACC: F/50-GATCCCCAAATCAG

AAAGTG, R/50-GCCAAAACTCTGGAGCTAA; FAS:

F/50-AGTGGGTGGACTCTCTGAAG, R/50GAGATGTG

TTGCTGAGGTTG; CPT1: F/50-GACGAAGAACATCGT

GAGTG, R/50-GACCATAGCCATCCAGATTC; PPARa:

F/50-ACGATGCTGTCCTCCTTGATG, R/50-GTGTGA

TAAAGCCATTGCCGT; PPARc: F/50-CAGCTCTTG

TGAATGGAATG, R/50-ATCAGCTCTGTGGACCTCTC;

SREBP1c: F/50-GCTTCCAGAGAGGAGGCCAG, R/50-
GGAGCCATGGATTGCACATT; SREBP2: F/50-GCGTG

AGTGTGGGCGAATC, R/50-CCCTTGACTTCCTTGCT

GCA; ERa: F/50-ATGTGGTCCTTCTCTTCCAG, R/50-
GCAGGGAGAAGAGTTTGTGT.

The comparative DDCT-method was used for the rela-

tive mRNA quantification, using 18S rRNA as reference

gene.

Statistical analyses

Data were analyzed using the Statview 4.5 program

(Abacus Concept, Bekerley, CA, USA). Differences

between treatments and interactions were assayed with a

three-way ANOVA with diet, gender, and genotype as

factors. Differences between means of the 8 groups were

determined by post-hoc Fisher test. Statistical significance

was set at the 5% level.

Results

Body weight and composition

The dietary treatment did not influence the body weight

significantly (Table 2). In contrast, the absolute (data not

shown) and relative weights (as % of body weight) of the

epididymal adipose tissue (EAT) were considerably
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reduced in males that fed on LO-diet, irrespective of their

genotype, whereas those of the periuterine adipose tissue

(PUAT) were not influenced by dietary fatty acids in

females (Table 2). Conversely, feeding LO increased the

liver proportion in females of both genotypes, but not in

males (Table 2).

Liver and plasma lipids

As expected, and whatever gender or diet, KO mice

exhibited a dramatic hepatic steatosis resulting from TG

accumulation (Fig. 1a). There was no overall gender effect,

whereas mice that fed on the LO-diet accumulated less TG

Table 2 Body composition of male and female WT and KO mice fed on either ‘butter’ (B) or ‘linseed oil’ (LO) diet for 5 weeks

Body

weight (g)

EAT weight/body

weight (%)

PUAT weight/body

weight (%)

Liver weight/body

weight (%)

Males WT B 28.3 ± 0.9ab 0.91 ± 0.13bc – 4.11 ± 0.10d

LO 25.9 ± 0.4bc 0.46 ± 0.05c – 4.49 ± 0.14cd

KO B 31.2 ± 1.6a 1.39 ± 0.17a – 4.88 ± 0.18bc

LO 28.3 ± 0.9ab 0.96 ± 0.19b – 4.66 ± 0.14c

Females WT B 22.6 ± 1.5cd – 0.36 ± 0.06ab 4.03 ± 0.27d

LO 21.1 ± 0.4d – 0.30 ± 0.08b 5.29 ± 0.08ab

KO B 27.1 ± 1.7b – 0.93 ± 0.11a 4.75 ± 0.22c

LO 26.4 ± 2.0b – 0.78 ± 0.37ab 5.52 ± 0.11a

Gd \0.001 – – 0.003

Gt \0.001 0.003 0.016 \0.001

D 0.072 0.006 0.588 \0.001

Gt 9 Gd 0.320 – – 0.986

Gt 9 D 0.874 0.959 0.826 0.023

Gd 9 D 0.552 – – \0.001

Gd 9 Gt 9 D 0.554 – – 0.805

Mean values ± standard errors for 6 mice per group. Mean values within a column with unlike superscript letters were significantly different at

P B 0.05

Gd, Gt, and D are the effects of gender, genotype, and diet, respectively

Gt 9 Gd, Gt 9 D, Gd 9 D, and Gd 9 Gt 9 D are the interactions between the corresponding factors after three-way ANOVA

Fig. 1 Triglyceride and

cholesterol concentration in

liver (a) and plasma (b) of male

and female WT and KO mice

fed on either ‘butter’ (B) or

‘linseed oil’ (LO) diet for

5 weeks. Mean

values ± standard errors for

6 mice per group. CH, total

cholesterol, TG, triglycerides.

For a given parameter

(triglycerides or cholesterol)

mean values within the 8 groups

with unlike superscript letters

were significantly different at

P B 0.05. Gd, Gt, and D

correspond to gender, genotype,

and diet, respectively. Gt 9 Gd,

Gt 9 D, Gn 9 D, and

Gt 9 Gn 9 D are the

interactions between the

corresponding parameters after

three-way ANOVA
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than those that fed on the B one. Due to a significant

interaction between genotype, gender, and diet, the dietary

effect in KO mice was more pronounced in males than in

females. WT, female, or LO-fed mice accumulated less

cholesterol than their respective counterparts. As a conse-

quence, hepatic cholesterol content was the highest in KO

males that fed on the B-diet.

As in the liver, fasting plasma TG concentration was

sensitive to the genotype (Fig. 1b). KO mice exhibited a

slight hypertriglyceridemia, whereas there was no signifi-

cant effect of either gender or diet. Fasting plasma con-

centration of TC (data not shown) paralleled hepatic

cholesterol content: it was lower in WT, female or LO-fed

mice than in their respective counterparts.

Hepatic enzymes involved in fatty acid transport,

synthesis, and oxidation

Intracellular transport (Table 3)

Expression of L-FABP did not differ with gender. Due to a

significant interaction between genotype and diet, mRNA

levels in KO mice was 2-fold lower than in their WT

counterparts when fed on the LO-diet, but did not differ

from WT mice when fed on the B-diet.

Synthesis (Table 3)

The ACC and FAS mRNA levels were not sensitive to the

diet. Gender and genotype both influenced ACC expres-

sion. However, due to an interaction between these two

effects, PPARa invalidation decreased ACC expression in

females only. FAS expression was lower in KO and male

mice than in WT and female mice, respectively. Due to a

significant interaction between genotype and gender, the

effect of genotype was considerably more pronounced in

females than in males.

Oxidation

CPT1 expression was influenced by both genotype and

diet, with a strong interaction between these two factors,

but not by gender (Table 3). Indeed, CPT1 expression

did not differ with the diet in WT mice. It was about

3-fold higher in KO mice on the B-diet than in their WT

counterparts, whereas it was not affected in mice on the

LO-diet. In consequence, CPT1 expression in KO mice

was considerably higher on the B-diet than in those on the

LO-diet. In contrast, specific activity of CPT was not

influenced by genotype, gender, or diet (Fig. 2).

Table 3 Expression of binding protein and enzymes involved in hepatic fatty acid metabolism of male and female WT and KO mice fed on

either ‘butter’ (B) or ‘linseed oil’ (LO) diet for 5 weeks

L-FABP ACC FAS CPT1 ACO

Males WT B 1.00 ± 0.11ab 1.05 ± 0.37c 1.03 ± 0.27b 1.00 ± 0.10cd 1.00 ± 0.12ab

LO 1.16 ± 0.17a 1.10 ± 0.38c 1.28 ± 0.71b 1.23 ± 0.32cd 0.97 ± 0.13ab

KO B 0.90 ± 0.10abc 1.20 ± 0.65bc 0.44 ± 0.28b 2.69 ± 0.82b 0.40 ± 0.06c

LO 0.61 ± 0.07 cd 1.11 ± 0.75c 0.64 ± 0.40b 1.73 ± 0.96c 0.41 ± 0.05c

Females WT B 0.71 ± 0.09bcd 2.02 ± 0.50a 3.44 ± 1.32a 0.79 ± 0.25d 0.79 ± 0.09b

LO 1.10 ± 0.15a 1.96 ± 1.26ab 3.77 ± 3.41a 1.16 ± 0.43cd 1.04 ± 0.06a

KO B 0.90 ± 0.20abc 1.23 ± 0.25bc 0.72 ± 0.34b 3.60 ± 1.12a 0.76 ± 0.19bc

LO 0.38 ± 0.09d 1.06 ± 0.29c 1.21 ± 0.68b 1.21 ± 0.59cd 0.67 ± 0.07bc

Gd 0.130 0.026 0.001 0.898 0.071

Gt 0.003 0.056 \0.001 \0.001 \0.001

D 0.476 0.726 0.444 0.002 0.373

Gt 9 Gd 0.742 0.022 0.018 0.431 0.108

Gd 9 D 0.997 0.810 0.824 0.130 0.312

Gt 9 D \0.001 0.741 0.940 \0.001 0.182

Gd 9 Gt 9 D 0.216 0.972 0.892 0.062 0.129

Mean values ± standard errors of mRNA levels for 6 mice per group (arbitrary units, corrected for 18S values and expressed relatively to the

value of the KO males on the B-diet, which was given the value 1). Mean values within a column with unlike superscript letters were

significantly different at P B 0.05

Gd, Gt, and D are the effects of gender, genotype, and diet, respectively

Gt 9 Gd, Gd 9 D, Gt 9 D, and Gd 9 Gt 9 D are the interactions between the corresponding factors after three-way ANOVA

L-FABP liver fatty acid binding protein, ACC acetyl CoA carboxilase, FAS fatty acid synthase, CPT1 carnitine palmitoyl transferase, ACO
acylCoA oxidase
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Overall ACO expression was lower in KO than in WT

mice. However, the effect of PPARa deficiency was con-

siderably more pronounced in males (2-fold decrease) than

in females. Indeed, there was no effect of the genotype in

females on the B-diet (Table 3). There was no dietary

effect in either genotype or gender. ACO specific activity

paralleled its expression (Fig. 2). It was not sensitive to the

diet, and was sensitive to the genotype in males only.

Indeed, values in KO males were lower than in the WT

males, and did not differ from those in either KO or WT

females.

Hepatic transcription factors (Table 4)

In WT mice, the expression of PPARa did not differ

between males and females, but was twice higher in those

Fig. 2 Specific activity of CPT (expressed as nmol of reduced

DTNB/min/mg protein) and ACO (expressed as nmol of NADH/min/

mg protein) in the liver of male and female WT and KO mice fed on

either ‘butter’(B) or ‘linseed oil’ (LO) diet for 5 weeks. Mean

values ± standard errors for 6 mice per group. CPT, carnitine

palmitoyl transferase (nmol reduced DTNB/min/mg proteins), ACO,

acylCoA oxidase (nmol NADH/min/mg proteins). For a given

parameter CPT or ACO) mean values within the 8 groups with

unlike superscript letters were significantly different at P B 0.05. Gn,

Gt and, D correspond to gender, genotype, and diet, respectively.

Gt 9 Gn, Gt 9 D, Gt 9 D, Gn 9 Gt 9 D are the interactions

between the corresponding parameters after three-way ANOVA

Table 4 Expression of hepatic transcription factors of male and female WT and KO mice fed on either ‘butter’ (B) or ‘linseed oil’ (LO) diet for

5 weeks

PPARa PPARc SREBP1c SREBP2 ER

Males WT B 1.08 ± 0.48 1.01 ± 0.16d 1.02 ± 0.22bc 1.09 ± 0.49bcd 1.05 ± 0.38b

LO 2.14 ± 1.55 1.11 ± 0.33cd 0.98 ± 0.22bc 0.97 ± 0.48cd 1.41 ± 0.43b

KO B – 2.82 ± 1.02a 0.69 ± 0.30cd 0.33 ± 0.25d 1.33 ± 0.49b

LO – 1.76 ± 1.09bc 1.24 ± 0.67ab 0.50 ± 0.37d 1.38 ± 0.72b

Females WT B 1.35 ± 0.54 0.67 ± 0.13d 1.70 ± 0.49a 1.75 ± 0.60abc 5.47 ± 1.14a

LO 2.17 ± 0.91 1.16 ± 0.55cd 1.62 ± 0.46a 2.16 ± 1.14a 4.43 ± 1.58a

KO B – 1.98 ± 0.37b 0.42 ± 0.14d 1.46 ± 0.53abc 4.33 ± 1.18a

LO – 1.31 ± 0.21bcd 0.98 ± 0.28bc 1.83 ± 0.76ab 4.18 ± 1.89a

Gd 0.707 0.037 0.110 \0.001 \0.001

Gt – \0.001 \0.001 0.023 0.422

D 0.033 0.127 0.052 0.299 0.576

Gt 9 Gd – 0.173 \0.001 0.434 0.247

Gd 9 D 0.771 0.296 0.952 0.350 0.253

Gt 9 D – 0.003 0.017 0.756 0.675

Gd 9 Gt 9 D – 0.994 0.939 0.657 0.394

Mean values ± standard errors for 6 mice per group (arbitrary units, corrected for 18S values and expressed relatively to the value of the KO

males on the B-diet, which was given the value 1). Mean values within a column with unlike superscript letters were significantly different at

P B 0.05

Gd, Gt, and D are the effects of gender, genotype, and diet, respectively

Gt 9 Gd, Gd 9 D, Gt 9 D, and Gd 9 Gt 9 D are the interactions between the corresponding parameters after three-way ANOVA

PPARa and -c, peroxisome proliferator activated receptor a and c, respectively, SREBP1c and -2 sterol response element binding protein 1c and

-2, respectively, ER estrogen receptor
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fed the LO-diet than in those fed the B one. The expression

of PPARc was higher in male than in female mice. It was

also increased by PPARa invalidation, but this effect was

more marked in the B-diet-fed mice. Expression of

SREBP1c was influenced by genotype mainly, but also by

diet and gender, that both interacted significantly with the

genotype. Indeed, in WT mice, mRNA level was lower in

males than in females and was not diet-responsive. In KO

mice, however, mRNA level was higher in LO-fed mice

and was not gender-responsive. Expression of SREBP2

was influenced by both genotype and gender, but not by

diet. Indeed, SREBP2 mRNA level was lower in KO and

male mice than in their respective WT and females coun-

terparts. The level of ER mRNA was 4-fold higher in

females than in males, and was affected neither by geno-

type nor by diet.

Discussion

Despite that the mouse is largely used to investigate the

regulation of energy metabolism, very few data are avail-

able in this species related to the effects of dietary fatty

acids on lipid metabolism. Besides, the systemic assess-

ment of sex-biased gene expression has shown extensive

differences not only in reproductive tissues, but also in

somatic ones, and especially in the liver [9]. However, data

on lipid metabolism-related genes are scarce, and not

obtained in a controlled nutritional context. The present

study describes the effects of dietary ALA on hepatic lipid

metabolism and related gene expression in the mouse, and

shows that these effects may depend on gender, and may

also rely on PPARa functionality.

Effect of dietary ALA in WT mice, and interaction

with gender

A few target genes of fatty acid metabolism appeared to be

regulated by dietary ALA, and that in gender-dependent

manner for some of them. Indeed, in WT males, L-FABP

and ACO expression were identical in response to either

the B- or the LO-diet (Table 3), in accordance with a recent

study performed only in male mice [16]. In contrast, in

females, L-FABP and ACO expression were higher in mice

that fed on the LO-diet than in those that fed on the B-diet.

Besides, PPARa expression was twice higher in mice on

the LO-diet, whatever their gender was (Table 4). This

indicates that, in the WT mouse, only hepatic genes known

to be regulated essentially via PPARa (L-FAPB, ACO, and

PPARa, but not CPT) may be up-regulated by the precursor

ALA as they are up-regulated by long-chain derivatives

[10]. Moreover, the present data suggest that up-regulations

of L-FABP and ACO expression by n-3 fatty acids is

effective only in females, and thus may depend on the

functionality of ER. Nevertheless, the physiological rele-

vance of the up-regulation of ACO expression in females

that fed on the LO-diet may be questioned, since ACO

specific activity and hepatic lipid content did not parallel

these variations (Figs. 1a and 2).

Effect of PPARa deficiency

Interaction with gender

The effects of PPARa deficiency on the regulation of genes

involved in fatty acid synthesis and oxidation differed with

gender. As concerns lipogenesis, mRNA levels of ACC,

FAS, and SREBP-1c in KO males did not differ from those

in WT males, whereas they decreased in KO females to the

levels found in males (Tables 3 and 4). This suggests that

interactions between the transcription factors involved in

the regulation of TG metabolism, such as PPARa, SREPB-

1c, and ER, make females more sensitive to the effects

of PPARa deficiency on hepatic lipogenesis. This down-

regulation of hepatic lipogenesis is paralleled by a more

efficient TG secretion by female PPARa-null mice than

by their male counterparts [13], and both mechanisms

may contribute to limit hepatic TG storage in females. As

concerns fatty acid b-oxidation, mRNA level and specific

activity of ACO were decreased in KO males compared to

the WT ones (Table 3 and Fig. 2). However, it was not the

case in KO females, which were therefore less sensitive to

the effects of PPARa deficiency on peroxisomal fatty acid

b-oxidation. Taken together, the present data contribute to

explain why hepatic steatosis is less pronounced in female

KO mice than in their male counterparts (Fig. 1a), as

previously shown in the seminal study of Costet et al. [6].

This better resilience of females could result from a higher

metabolic flexibility. Indeed, the lesser impact of PPARa
deficiency in females may result from (i) a female-specific

decrease in de novo lipogenic capacity, and (ii) a lower

decrease, as compared to KO males, in fatty acid peroxi-

somal b-oxidation.

Despite the fact that the present study was an end-point

one, a limitation might be a possible heterogeneity of

enzyme activities and mRNA levels in the females, due to

variations in sex steroid hormone concentrations during the

estrus cycle (4 days in the mouse). However, as concerns

somatic cells, and especially hepatocytes, the nature of

growth hormone secretion and the level of ER, which is

gender-related and thus dramatically differ between males

and females, are the major determinants of metabolic

regulations, rather than the plasma concentration of sex

steroid hormones [9]. Besides, female mice most likely had

synchronized estrus cycles, due to both grouping in col-

lective cages and exposure to male pheromones. This is

Eur J Nutr (2009) 48:465–473 471
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consistent with the absence of a greater heterogeneity of

measured parameters (as estimated by SD) in females than

in males. Taken together, these physiological features

allowed considering that, in the present experimental

conditions, variations with estrus cycle in the concentration

of sex hormone concentrations, and especially of estradiol,

marginally affected enzyme regulations when compared to

the global effect of gender-related hormonal status.

Interaction with diet

In KO mice, whatever the gender, hepatic steatosis was

lesser in mice that fed on the LO-diet than in those that fed

on the B one (Fig. 1a). This beneficial effects of an ALA-

rich diet on hepatic steatosis was unexpected, since the

known targets of lipid metabolism regulation by n-3 FA

were not affected by the diet (gene expression of ACC,

FAS, and ACO, specific activity of CPT and ACO)

(Table 3 and Fig. 2), which is consistent with PPARa
invalidation. Moreover, in these KO mice that fed on the

LO-diet, mRNA level of SREBP1c was twice higher and

that of CPT1 was twice lower than in those that fed on the

B-diet, which should favor hepatic steatosis instead of

decreasing it. Under our experimental conditions, hepatic

steatosis associated with PPARa deficiency is, at least

partly, counteracted by a diet rich in ALA, of which reg-

ulatory mechanisms seem to be PPARa-independent, and

remain to be explored.

Moreover, considerable interactions between diet and

gender occurred in KO mice. Indeed, in the B-diet group,

hepatic steatosis was less pronounced in KO females than

in males, in accordance with the suggested mechanisms

pointed above. In contrast, in the LO-diet group, hepatic

steatosis was indeed lower than in the B-diet one, but

remained the same in males and females (Fig. 1a). Thus,

the beneficial effect of the hormonal status, which limits

hepatic steatosis in KO females, is not additive to the

beneficial effect of the diet, and is effective only to limit

the extent of hepatic steatosis in response to the B-diet.

This may be puzzling, since the expression and activity of

enzymes involved in hepatic fatty acid metabolism did not

show interaction between diet and gender in KO mice. The

only exception is that of CPT1 mRNA level. Indeed, CPT1

expression was unexpectedly up-regulated by PPARa
deficiency in mice on the B-diet, and that in a significantly

higher proportion in females than in males (Table 3).

Interestingly, hepatic steatosis and mortality of KO mice

given an inhibitor of CPT was higher in males than in

females or in estradiol-treated males [7]. The present study

confirms that the beneficial effects of estrogen on the

degree of hepatic steatosis involve CPT regulation. How-

ever, this protective effect appears only when hepatic

steatosis is not otherwise limited by other factors, such as

dietary LO.

Conclusion

In conclusion, in the WT mouse, the nature of dietary fatty

acids (SFA or ALA) has a limited influence on hepatic lipid

metabolism. In contrast, the influence of dietary fatty acids

was more pronounced in PPARa-null mice, i.e. when lipid

metabolism is altered. Indeed, TG accumulation, which

was massive in the liver and the adipose tissue of mice on

the SFA-rich diet, was partially prevented by the ALA-rich

diet.

Moreover, our data show complex gender- and geno-

type-dependent interactions on the response to dietary fatty

acids. In the WT mice, the up-regulation by the ALA-rich

diet of target genes of PPARa occurs only in females. This

supports our hypothesis that some gender-specific respon-

ses to dietary fatty acids could be due to an interaction

between estrogens and PPARa on lipid regulatory path-

ways. In the PPARa null mice, in the absence of the

classical regulations of lipid metabolism by n-3 fatty acids,

both genders develop only a limited hepatic steatosis when

fed on an ALA-rich diet, of which effects appear to be

PPARa-independent. When fed on a SFA-rich diet, it is

likely that the tandem estrogen/ER may compensate, at

least partly, the PPARa deficiency, and therefore limit the

extension of hepatic steatosis and adiposity only in

females, and not in males.

The present study was an end-point one. The precise

regulation of TG metabolism by dietary PUFA has to be

now investigated in longitudinal studies to determine the

initial events that limit hepatic steatosis in females on a

SFA-rich diet, before the setting of counter-regulations.

Besides, comprehensive investigations of cross-talks

between estrogen and n-3 FA call now for studies in ER-

and/or aromatase- (estrogen deficient) null mice.
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