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Abstract
Purpose  Poor maternal nutrition sensitises to the development of metabolic diseases and obesity in adulthood over several 
generations. The prevalence increases when offspring is fed with a high-fat (HF) diet after weaning. This study aims to 
determine whether such metabolic profiles can be transmitted to the second generation and even aggravated when the moth-
ers were exposed to overnutrition, with attention to potential sex differences.
Methods  Pregnant Wistar rats were subjected to ad libitum (control) or 70% food-restricted diet (FR) during gestation 
(F0). At weaning, F1 females were allocated to three food protocols: (1) standard diet prior to and throughout gestation and 
lactation, (2) HF diet prior to and standard diet throughout gestation and lactation, and (3) HF diet prior to and throughout 
gestation and lactation. F2 offspring was studied between 16 and 32 weeks of age.
Results  FR-F2 offspring on standard diet showed normal adiposity and had no significant metabolic alterations in adulthood. 
Maternal HF diet resulted in sex-specific effects with metabolic disturbances more apparent in control offspring exposed to 
HF diet during gestation and lactation. Control offspring displayed glucose intolerance associated with insulin resistance 
in females. Female livers overexpressed lipogenesis genes and those of males the genes involved in lipid oxidation. Gene 
expression was significantly attenuated in the FR livers. Increased physical activity associated with elevated corticosterone 
levels was observed in FR females on standard diet and in all females from overnourished mothers.
Conclusions  Maternal undernutrition during gestation (F0) improves the metabolic health of second-generation offspring 
with more beneficial effects in females.

Keywords  Growth · Metabolism · Multigenerational programming · Sex dimorphism

Introduction

The developmental origins of health and disease (DOHaD) 
hypothesis states that malnutrition, especially when occur-
ring during fetal and/or neonatal periods, increases the 
risks of developing metabolic diseases in adulthood 
[1–3]. Offspring have to be nutritionally thrifty to adapt 
to tide over poor nutrition in anticipation of future nutri-
tional conditions identical to the maternal environment 
[4, 5]. Any environmental mismatch with the predictions 
then results in maladaptation and increases disease risk 
in individuals [6–8]. Experimental and epidemiological 
evidence suggests that risk is not only limited to exposed 
individuals, but also to subsequent generations, even 
though nutritional conditions are favorable [9–13]. Inter-
generational transmission of disease thus contributes to the 
pandemic of obesity and diabetes in the world. Offspring 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0039​4-018-1794-y) contains 
supplementary material, which is available to authorized users.

 *	 Christine Laborie 
	 christine.laborie@univ‑lille1.fr

1	 Division of Maternal Malnutrition, Department of Perinatal 
Environment and Health, Lille University, Lille, France

2	 Division Biochemistry and Molecular Biology, Biology 
and Pathology Center, Lille, France

3	 Center for Cell Biology and Cutaneous Research, 
Queen Mary University of London, 4 Newark Street, 
London E1 2AT, UK

4	 Departments of Genetics and Obstetrics and Gynecology 
and Women’s Health, Albert Einstein College of Medicine, 
1300 Morris Park Ave, Bronx, NY 10461, USA

5	 INSERM UMR‑S1172, Alzheimer and Tauopathies, Labex 
DISTALZ, Lille University, Lille, France

http://orcid.org/0000-0001-8629-8925
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-018-1794-y&domain=pdf
https://doi.org/10.1007/s00394-018-1794-y


2412	 European Journal of Nutrition (2019) 58:2411–2423

1 3

(grandchildren) of prenatally undernourished people have 
an increased adiposity and are prone to chronic diseases 
later on [14]. In agreement, animal models have shown that 
malnutrition in utero and/or during lactation increased also 
the risk of obesity, glucose intolerance, insulin resistance, 
and type 2 diabetes in the following generation [15–21].

Sex differences in the inheritance of programmed dis-
eases have been observed, with male often more affected 
than females [13, 17, 22, 23]. Sexual dimorphism is partly 
explained by the fact that the growth trajectories of male 
and female fetuses are different in both normal and patho-
logical pregnancies. Growth velocity is accelerated in male 
fetuses and maintained when confronted with an adverse 
environment at the expense of their future health. In con-
trast, female fetuses have slower growth, allowing them to 
better adapt to intrauterine disturbances with a prognosis 
of favorable long- term survival [13, 14]. Placenta contrib-
utes to sex-specific adaptations to pregnancy perturbations 
[24, 25].

Using a rat model, we have previously reported that 
male offspring from prenatally food-restricted mothers 
(70% caloric restriction, FR30 animals) exhibit intrauterine 
growth restriction, low birth weight and develop adiposity, 
glucose intolerance and hypertension with aging [26, 27], 
particularly when fed a high-fat (HF) diet post-weaning 
[28–30]. Although FR-F1 females are less susceptible to 
developing metabolic diseases compared with males [31, 
32], under the physiological demands of pregnancy, they can 
exhibit during gestation metabolic disorders such as glucose 
intolerance and gestational diabetes [13]. Thus, gestation 
may unmask the metabolic dysfunctions in predisposed 
females, especially if pregnant mothers are overnourished. 
This in turn induces a suboptimal intrauterine environment 
for the developing F2 fetus and compromises his future 
health in adulthood.

Maternal nutrition during lactation plays a critical role in 
determining the offspring’s metabolic phenotype [33–35], 
and maternal obesity and/or maternal HF diet affects the 
lipid composition of breast milk [36]. This suggests that 
exposure to hypercaloric diet in susceptible females during 
gestation and/or lactation can increase vulnerability to meta-
bolic diseases in the subsequent F2 generation.

In the present study, we assessed the intergenerational 
transmission of programmed disease outcomes through the 
maternal lineage. Pregnant mothers, F0, were exposed to 
undernutrition throughout gestation. F1 females from food-
restricted (FR) mothers were allocated to either standard 
or HF diets at weaning and bred to yield the F2 genera-
tion. Here, we tested the hypothesis that FR-F2 generation, 
born to F1 females on HF diet, prior and/or during gesta-
tion and lactation was more affected. We therefore deter-
mined whether maternal undernutrition during gestation (1) 
increased the risk of developing metabolic disease in the F2 

offspring, (2) accentuated the effects induced by the HF diet 
of F1 females and (3) induced sexual differences.

Materials and methods

Animals

The rat model of fetal growth restriction has been previously 
described [27]. Pregnant Wistar rats (Charles Rivers Labora-
tories, L’Arbresle, France) were randomly maintained with 
unrestricted (Control, C) access to standard (S) chow diet 
(Safe, Augy, France) or restricted to 70% (food-restricted, 
FR30 animals) during gestation to yield the first generation 
(F1). At birth, pups (4 males and 4 females) remained with 
their respective mothers throughout lactation. At weaning, 
F1 females were fed either standard diet (8.4% fat) or high-
fat (HF) diet (45.8% fat, purified diet U8954, safe) (Supple-
mental Table 1). At 13 weeks of age, F1 females were bred 
with control males to generate the second generation (F2). 
We performed three paradigms of maternal diet (Fig. 1): (1) 
S diet prior to mating and throughout gestation and lactation 
(SSS); (2) HF diet prior to mating and S diet throughout 
gestation and lactation (HFSS) and (3) HF diet prior to mat-
ing and throughout gestation and lactation (HFHFHF). F2 
offspring were fed a standard diet from weaning to killing. 
Food intake and spontaneous physical activity were meas-
ured at 16 weeks of age using the Physiocage System and 
Metabolism v2.1 software (Panlab-bioseb, Chaville, France). 
A glucose tolerance test was performed at 30 weeks of age. 
At 31 weeks of age, a tail blood sample was collected to 
determine the basal (nonfasted) corticosterone levels. At 32 
weeks of age, animals were fasted overnight and euthanized 
with isoflurane. Livers were rapidly dissected and directly 
snap frozen in liquid nitrogen. Animals were maintained at 
22 °C on a 12:12 h light/dark cycle with light off at 19:00 
and on at 07:00.The accreditation for animal experimen-
tation has been granted to our laboratory by the French 
Ministry of Agriculture (no. 04860). All experiments were 
conducted according to European Communication Coun-
cil Directive of November 24, 1986 (86/609/EEC), and 
approved by the French Department Direction of Veterinary 
Services Committee (DDSV/59-009228).

Oral glucose tolerance test

After an overnight fasting, d-glucose (2 mg/g body weight) 
was injected per os in conscious rats. Blood glucose levels 
were measured using ACCU-CHEK Performa (Roche Diag-
nostics, Meylan, France) at 0, 30, 60, 90 and 120 min via tail 
puncture. The total area under the curve (AUC) was calcu-
lated using the trapezoidal method (GraphPad Prismv6.01, 
La Jolla, CA, USA). Homeostasis model assessment for 
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insulin resistance (HOMA-IR) was calculated as previously 
described [37].

Plasma analysis

Insulin and corticosterone plasma levels were determined 
using rat-specific commercial ELISA kits (DRG Interna-
tional, Inc, USA; Bertin Pharma, Montigny-le Bretonneux, 
France; Immunodiagnostic Systems Ltd, Boldon, UK). 
Plasma non-esterified fatty acids (NEFAs) and triglyceride 
(TGs) concentrations were analyzed using enzymatic assay 
kits (Wako Chemicals, Neus, Germany; Sobioda, Montbon-
not, France).

Hepatic triglyceride content

Liver triglycerides were extracted according to a previously 
described method with some modifications [38]. Lipids 
were extracted by isopropanol–hexane–water/hexane–die-
thyl ether technique. Triglycerides were measured using the 
Infinity Triglyceride Reagent (Thermo Fisher Scientific, 
MA, USA). Triolein (Sigma-Aldrich, St. Louis, MO, USA) 
was used as standard.

Real‑time quantitative polymerase chain reaction

Total RNA was extracted from snap-frozen liver samples 
(20 mg), using the RNeasy minikit (Qiagen, Crawley, UK). 

RNA (1 µg), was reverse-transcribed by the use of the 
ThermoScript cDNA Reverse Transcription Kit (Invitro-
gen Life Technologies, Carlsbad, CA, USA). Real-time 
PCR experiments were performed via a Light-Cycler 2700 
System (Roche Biochemicals, France). All cDNA samples 
were analyzed in duplicate and the reaction was carried 
out with QuantiTect SYBR Green PCR Master Mix (Qia-
gen). Relative quantification of each gene was calculated 
after normalization to β-actin (housekeeping gene) using 
the comparative threshold cycle method. The primers used 
are listed in Supplemental Table 2.

Statistical analysis

Statistical analyses were performed using GraphPad 
Prism v6.01.Multiple comparisons were performed 
using Kruskal–Wallis analysis of variance followed by 
Mann–Whitney post hoc test. Body weight and oral glu-
cose tolerance test (OGTT) values were analyzed by a two-
way repeated measures analysis of variance (RM-ANOVA) 
with Bonferroni post hoc test. Differences between male 
and female values were analyzed with unpaired t test with 
Welch’ correction. Data are expressed as mean ± SD or 
median with interquartile range as appropriate. Signifi-
cance was determined at P value < 0.05.

Fig. 1   Experimental design 
presenting the breeding scheme 
and nutritional strategies for the 
second generation (F2). Diet 
in F0 mothers during preg-
nancy is denoted as control (C, 
ad libitum) or food restricted 
(FR, 30% of daily intake) (first 
letter). Diet in F1 female’s 
offspring is denoted as standard 
diet (S) or high-fat diet (HF) 
and is allocated prior to gesta-
tion (second letter) or during 
gestation (third letter) and lacta-
tion (fourth letter)
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Results

Maternal undernutrition effects on growth 
and metabolism of F2 offspring

F1 females born to FR dams with unrestricted access to 
standard diet (FRSS) had the same weight as F1 control 
females (CSS) prior to breeding (Table 1). There were no 
significant differences between FR-F1 females and C-F1 
females with respect to mother weight gain during gesta-
tion (Table 1). Litter size was similar in the two groups 
(Table 1). Despite this, weight at 4 days of age was sig-
nificantly reduced in the FR-F2 offspring (FRSSS) com-
pared with the C-F2 offspring (CSSS) (Fig. 2). Growth 
restriction remained until 8 weeks and 16 weeks of age in 
males and females, respectively (Fig. 2). Food intake and 
spontaneous activity did not differ between controls and 
FRSSS males at 16 weeks of age (Fig. 3, Supplemental 
Figs. 1A and 2A). However, FRSSS females despite nor-
mal food intake (Fig. 3a) demonstrated increased sponta-
neous activity compared with controls (Fig. 3b, Supple-
mental Fig. 2B). FRSSS offspring had similar weight and 
visceral adiposity to CSSS offspring at 32 weeks of age 
(Table 2). Thus, FR-F1 females led to F2 offspring that 
was lighter in early postnatal life and failed to show catch-
up growth and increased adiposity in adulthood. To define 
glucose homeostasis, we performed OGTT at 30 weeks of 
age. Glucose tolerance was unimpaired in FRSSS offspring 
(Fig. 4) and HOMA-IR indicated normal insulin sensitiv-
ity (Table 3). Plasma levels of NEFAs were increased in 
FRSSS males compared to controls, but not in females 
(Table 3). In contrast, TGs levels were similar in FRSSS 
and control offspring (Table 3). Furthermore, nonfasting 
(baseline) corticosterone levels were increased in FRSSS 
compared to CSSS only in females (Table 3). We next 
explored the influence of maternal undernutrition on liver 
function in F2 offspring. We were not able to detect sig-
nificant difference in liver mass in FRSSS offspring when 
compared with controls (Table 2). Despite that FRSSS 
offspring were not exposed to nutritional stress in utero 
and during breastfeeding, TGs content and the expression 

of genes involved in lipid metabolism were modulated in 
female livers but not male livers. Expression of genes from 
lipid biosynthesis such as Dgat2 and Fasn was reduced in 
FRSSS livers (Fig. 5). Likewise, the gene expression of 
Cpt1α that regulates lipid oxidation was also decreased 
(Fig. 6). Changes in gene expression in female livers were 
associated with higher levels of TGs compared to controls 
(Table 3).

Maternal high‑fat diet effects on growth 
and metabolism in F2 offspring

Maternal body weight prior to breeding was similar in HF 
dams (CHFS and FRHFS) compared to controls, indicating 
that none of the F1 females fed the HF diet became obese 
after 10–12 weeks of feeding (Table 1). In pregnancies of F1 
females fed HF diet before breeding, both maternal weight 
gain and litter size were similar between CHFS and FRHFS 
groups (Table 1). The consequences on F2 offspring born 
to mothers fed HF diet prior to breeding were dependent on 
the study groups. FR-F2 offspring (FRHFSS) were heavier 
from 1 to 7 days of age compared to those born to moth-
ers on the control diet (Fig. 2). Post-weaning and through 
32 weeks of age, FRHFSS offspring demonstrated weight 
gain similar to controls (Fig. 2), whereas FRHFSS females 
presented visceral adiposity by 32 weeks of age (Table 2). 
Food intake was similar to controls, whereas spontaneous 
activity increased in CHFSS females (Fig. 3b, Supplemental 
Fig. 2B). Glucose and insulin levels and HOMA-IR were 
similar in FRHFSS and CHFSS offspring compared to con-
trols (Table 3), whereas glucose tolerance was impaired in 
CHFSS males (Fig. 4). Likewise, plasma NEFAs levels were 
increased in CHFSS males and females, but not in FRHFSS 
animals (Table 3). However, NEFAs levels were significantly 
reduced in FRHFSS compared to CHFSS when consider-
ing only females. In contrast, TGs levels were unaltered in 
both CHFSS and FRHFSS offspring. We observed that liver 
mass was increased in CHFSS males (Table 2) and TGs con-
tent was increased in CHFSS females (Table 3) but not in 
FRHFSS animals. Liver gene expression was mostly modu-
lated in FRHFSS females. Strikingly, expression of Dgat2, 
Plin2, Fasn and Cpt1α genes was significantly increased in 

Table 1   Characteristics of F1 
pregnant females

Body weight of F1 females at conception (gestational day 0) and at term (gestational day 21). Data are pre-
sented as mean ± SD, n = 5–7 dams per group
*P < 0.05 HF vs S diet (ANOVA)

CSS FRSS CHFS FRHFS CHFHF FRHFHF

Body weight G0 (g) 242 ± 14 237 ± 21 239 ± 9 234 ± 21 251 ± 22 235 ± 13
Body weight G21 (g) 343 ± 32 338 ± 21 330 ± 22 326 ± 24 333 ± 32 301 ± 9*
Weight gain (%) 39.4 ± 6.0 42.6 ± 7.0 35.4 ± 9.0 41.2 ± 10 32.8 ± 13 28.1 ± 10*
Litter size (n) 11.3 ± 2.4 12.0 ± 1.8 10.6 ± 2.3 10.5 ± 1.8 11.8 ± 1.7 12.0 ± 2.5
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Fig. 2   Growth curves for the F2 offspring. Mean body weight of male 
and female offspring from 1 to 21 days of age (left panel) and from 
1 to 32 weeks of age (right panel). Data are presented as mean ± SD, 

n = 7–10 males and females (from 5 to 7  litters). *P < 0.05, 
***P < 0.001 HF vs S diet; †P < 0.05 FR vs C (two way repeated-
measures ANOVA)
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FRHFSS livers (Figs. 5, 6), whereas TGs content remained 
unchanged (Table 3). These data support that FR-F1 females 
fed HF diet during the pregestational period led to F2 off-
spring with no significant metabolic disorders compared to 

C-F2 offspring. However, maintaining FR-F1 females on 
an HF diet induced significant changes in the expression of 
lipid genes in livers from FR-F2 females.

Fig. 3   Food intake and sponta-
neous locomotor activity of F2 
offspring at 16 weeks of age. 
Food intake (a) and locomo-
tor activity (b) in males and 
females were measured at 2-h 
intervals for 24 h using meta-
bolic cages. Data are presented 
as median with interquartile 
range, n = 5 males and females 
(from 5 to 7 litters). **P < 0.01, 
***P < 0.001 HF vs S diet; 
†††P < 0.001 FR vs C (ANOVA)
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Table 2   Body weight, fat mass 
and liver weight in F2 offspring 
at 32 weeks of age

Organ weights were normalized to body weight (BW). Data are presented as mean ± SD, n = 7–10 males 
and females (from 5 to 7 litters)
*P < 0.05, **P < 0.01 HF vs S diet; †P < 0.05 FR vs C (ANOVA)

CSSS FRSSS CHFSS FRHFSS CHFHFHF FRHFHFHF

Body weight (g)
 Male 578 ± 38 563 ± 75 526 ± 39 564 ± 58 565 ± 36 589 ± 56
 Female 326 ± 34 305 ± 38 311 ± 32 319 ± 15 316 ± 29 314 ± 45

Perirenal fat (% BW)
 Male 3.72 ± 0.60 3.34 ± 0.85 3.22 ± 0.84 3.36 ± 0.40 3.85 ± 0.69 3.91 ± 0.69
 Female 2.14 ± 0.44 2.23 ± 0.60 2.23 ± 0.34 2.75 ± 0.28*† 2.28 ± 0.71 2.55 ± 0.51

Gonadal fat (% BW)
 Male 3.86 ± 0.56 3.31 ± 0.69 2.81 ± 0.78* 3.14 ± 0.58 3.27 ± 0.36* 3.63 ± 0.65
 Female 3.32 ± 0.92 3.53 ± 0.88 3.76 ± 0.82 4.31 ± 0.50* 3.88 ± 1.13 4.06 ± 0.66

Liver (% BW)
 Male 2.38 ± 0.21 2.53 ± 0.25 2.72 ± 0.26* 2.36 ± 0.16† 2.68 ± 0.27* 2.42 ± 0.27†

 Female 2.35 ± 0.22 2.40 ± 0.22 2.26 ± 0.26 2.41 ± 0.10 2.26 ± 0.16 2.42 ± 0.18



2417European Journal of Nutrition (2019) 58:2411–2423	

1 3

As maternal stress experienced during gestation may 
unmask programmed disease in FR females, an HF diet 
was continued during gestation and throughout lactation. 
We observed that C-F1 females (CHFHF) showed a ten-
dency to reduced weight gain during gestation compared to 
controls (Table 1). In contrast, FR-F1 females (FRHFHF) 
significantly gained the least weight in gestation (Table 1). 
There were no significant differences with respect to sex 
ratio (data not shown) and litter size compared with controls 
(Table 1). Unfortunately, the weight of lactating mothers had 
not been evaluated in the study, and thus we were not able to 
determine if the HF diet affected their body weight during 
breastfeeding. The impact on the growth in F2 offspring was 
similar between C and FR lineages. F2 newborns at day 1 
had low weight before experiencing rapid weight gain until 
21 days of age during sucking (Fig. 2). Post-weaning and 
through 32 weeks of age, both CHFHFHF and FRHFHFHF 
offspring had body weight (Fig. 2) and visceral adiposity 
(Table 2) similar to controls. Food intake was not different 
from controls, whereas spontaneous activity was increased 
in CHFHFHF and FRHFHFHF females (Fig. 3b, Supple-
mental Fig. 2B). Glucose levels in F2 offspring did not differ 

from controls. However, CHFHFHF females had reduced 
insulin sensitivity, as indicated by higher insulin levels and 
HOMA-IR values compared to controls (Table 3). Glucose 
tolerance was impaired in CHFHFHF males and females 
relative to controls (Fig. 4). In contrast, FRHFHFHF males 
and females exhibited normal insulin sensitivity and glucose 
tolerance. Likewise, plasma NEFAs levels were increased in 
CHFHFHF males and females, but not in FRHFHFHF ani-
mals when compared to control (Table 3). However, NEFAs 
levels were significantly reduced in FRHFHFHF females 
compared to CHFHFHF females. A similar pattern was not 
observed in plasma TGs levels which increased in FRHFH-
FHF males, but not in FRHFHFHF females and CHFHFHF 
animals (Table 3). TGs levels were significantly increased in 
FRHFHFHF males compared with CHFHFHF males. Fur-
thermore, corticosterone concentrations were increased in 
CHFHFHF females with levels significantly higher than that 
in FRHFHFHF females (Table 3). Plasma corticosterone was 
unaltered in both CHFHFHF and FRHFHFHF males. With 
regard to liver function, we found that liver mass (Table 2) 
and TGs content (Table 3) remained increased in CHFH-
FHF males and CHFHFHF females, respectively, but not in 

Fig. 4   Glucose tolerance in 
F2 offspring at 30 weeks of 
age. Oral glucose tolerance 
test (2 mg/g body weight) was 
performed after an overnight 
fast. Mean glucose values of 
male and female offspring 
(left panel). Data are pre-
sented as mean ± SD (two-way 
repeated-measures ANOVA). 
Glucose tolerance test area 
under the curve (AUC) of male 
and female offspring (right 
panel). Data are presented 
as median with interquartile 
range. *P < 0.05, **P < 0.01 
HF vs S diet; †P < 0.05 FR vs C 
(ANOVA). n = 7–10 males and 
females (from 5 to 7 litters)

B
lo

od
gl

uc
os

e
(m

g/
dL

)
T0 T30 T60 T90 T120

50

100

150

200

CSSS

FRSSS

CHFSS

FRHFSS

CHFHFHF

FRHFHFHF

Time (min)

G
lu

co
se

A
U

C
(a

.u
)

CSSS

FRSSS

CHFSS

FRHFSS

CHFHFHF

FRHFHFHF
400

500

600

700

**

**

Time (min)

B
lo

od
gl

uc
os

e
(m

g/
dL

)

T0 T30 T60 T90 T120
50

100

150

200

FRHFHFHF

CSSS

FRSSS

CHFSS

FRHFSS

CHFHFHF

G
lu

co
se

A
U

C
(a

.u
)

CSSS

FRSSS

CHFSS

FRHFSS

CHFHFHF

FRHFHFHF
400

500

600

700 * †

MALE

FEMALE



2418	 European Journal of Nutrition (2019) 58:2411–2423

1 3

FRHFSS animals. However, exposure to maternal HF diet 
in utero and during the sucking period induced differential 
expression of lipid genes between FR-F2 and C-F2 offspring. 
Expression of Plin2, Fasn (Fig. 5) and Cpt1α (Fig. 6) was 
increased in livers of CHFHFHF males, whereas Cpt1α 
and Acadvl (Fig. 6) were overexpressed in livers of FRH-
FHFHF males. The expression of Plin2, Fasn and Cpt1α 
was reduced in livers of FRHFHFHF males compared with 
CHFHFHF males. Dgat2, Plin2 and Fasn gene expression 
was also increased in CHFHFHF female livers (Fig. 5), 
whereas Dgat2, Fasn and Cpt1α (Fig. 6) were overexpressed 
in livers of FRHFHFHF females. The expression of Dgat2, 
Plin2, Fasn and Cpt1α was reduced in livers of FRHFHFHF 
females compared with CHFHFHF females. Collectively, 
these data indicate that F1 females maintained on the HF 
diet throughout gestation and lactation led to more metabolic 
disorders in the F2 offspring, with significant differences 
according to lineage and sex. Maternal HF diet impaired glu-
cose tolerance and insulin sensitivity and increased NEFAs 
circulating levels in C-F2 animals. Conversely, FR-F2 off-
spring were glucose tolerant with intact insulin sensitivity 
and the lipid profile was improved in females, but not in 
males that have developed dyslipidemia. The livers from 
C-F2 offspring displayed some functional alterations that 
were associated with greater lipid gene expression compared 

to FR-F2 animals. There were also sex-specific differences 
because genes that regulate TGs biosynthesis were more 
modulated in female livers, whereas those involved in fatty 
acid oxidation were more modulated in male livers.

Biological sexual dimorphism

In general, 32-week-old male offspring had higher plasma 
insulin and TGs levels, and HOMA-IR values as compared 
to female offspring, irrespective of lineage and F1 dam’s 
diet. In contrast, plasma NEFAs levels were higher in 
females than males irrespective of F1 dam’s diet in C line-
age not in FR lineage.

Discussion

Maternal malnutrition during gestation increases the risk of 
developing metabolic diseases and obesity in the F1 gen-
eration with a sex-specific sensitivity, as female offspring 
are generally less susceptible compared with males. How-
ever, when these predisposed F1 females become preg-
nant, they often display some physiological alterations that 
may, in turn, create an adverse intrauterine environment 
for the growth of F2 fetus that can contribute to disease 

Table 3   Metabolic parameters 
in F2 offspring at 32 weeks of 
age

Data are presented as mean ± SD, n = 7–10 males and females (from 5 to 7 litters).
*P < 0.05, **P < 0.01 HF vs S diet; †P < 0.05, ††P < 0.01 FR vs C (ANOVA)
a P < 0.05, bP < 0.01, cP < 0.001 male vs female (unpaired t test).

CSSS FRSSS CHFSS FRHFSS CHFHFHF FRHFHFHF

Plasma NEFAs (mmol/l)
 Male 0.36 ± 0.09 0.54 ± 0.15† 0.52 ± 0.13* 0.59 ± 0.12 0.49 ± 0.07* 0.52 ± 0.14
 Female 0.55 ± 0.13b 0.55 ± 0.15 0.70 ± 0.06b* 0.56 ± 0.11† 0.70 ± 0.14b* 0.51 ± 0.08†

Plasma TGs (mmol/l)
 Male 0.37 ± 0.13 0.40 ± 0.08 0.35 ± 0.08 0.46 ± 0.04† 0.44 ± 0.13 0.54 ± 0.10*†

 Female 0.21 ± 0.07b 0.23 ± 0.10c 0.20 ± 0.06b 0.25 ± 0.10c 0.24 ± 0.04b 0.29 ± 0.06c

Plasma glucose (mmol/l)
 Male 5.77 ± 0.66 5.46 ± 0.48 5.50 ± 0.82 5.44 ± 0.58 5.55 ± 0.36 5.77 ± 0.67
 Female 5.33 ± 0.53 4.83 ± 0.53 5.50 ± 0.58 5.10 ± 1.03 5.22 ± 0.74 5.33 ± 0.51

Plasma insulin (µU/ml)
 Male 39 ± 14 53 ± 18 45 ± 22 54 ± 18 52 ± 19 55 ± 22
 Female 4.2 ± 2.5c 5.9 ± 6.6c 5.3 ± 3.2c 5.0 ± 2.11c 9.3 ± 5.1c* 6.8 ± 4.2c

HOMA-IR
 Male 9.6 ± 3 12 ± 4 12 ± 6 12 ± 4 14 ± 7 14 ± 5
 Female 1.0 ± 0.63c 1.2 ± 1.6c 1.25 ± 0.8c 1.27 ± 0.8c 2.5 ± 1.6c* 1.6 ± 0.9c

Corticosterone (ng/ml)
 Male 107 ± 98 71 ± 31 88 ± 77 81 ± 49 96 ± 73 63 ± 25
 Female 114 ± 93 311 ± 125c†† 129 ± 105 272 ± 91c

† 465 ± 75c** 347 ± 91c
†

Liver TGs (µg/mg)
 Male 322 ± 59 335 ± 84 280 ± 35 319 ± 31 307 ± 60 351 ± 99
 Female 245 ± 47b 297 ± 58 343 ± 85** 324 ± 81 337 ± 19** 330 ± 57
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transmission through subsequent generations. Such trans-
mission of environment-induced traits to the F2 generation 
through the maternal lineage must be defined as a multi-
generational effect, rather than transgenerational transmis-
sion. We have previously shown that 70% caloric restriction 
during gestation in pregnant females (F0) predisposes F1 
males to develop metabolic disorders when they are exposed 
to consumption of HF diet later in life [28, 29]. Hence, we 
assessed intergenerational effects of maternal undernutrition 
(F0) on the growth and metabolic profile in the F2 genera-
tion through the maternal lineage. To date, multigenerational 
effects of maternal malnutrition were investigated on the 
F1 generation that was fed a standard diet [16–21]. In this 

context, our study was conducted (1) to determine whether 
F2 offspring born to FR-programmed F1 females on standard 
diet or hypercaloric diet were destined to develop metabolic 
diseases in adulthood, (2) to define the most vulnerable 
period for the effects of HF diet (prior to mating vs prior to 
mating until lactation) and (3) to evaluate whether transmis-
sion of phenotypes was sex-specific.

We report that the FR-F2 offspring, born to mothers on 
standard diet, show reduced body weight from early life until 
8–16 weeks of age. Thus, the growth-restricted phenotype 
is transmitted to the second generation through the maternal 
lineage, supporting the previously published data on other 
rodent models [19, 39, 40]. Heritable growth restriction is 

Fig. 5   Expression of lipogenesis 
genes in the liver of F2 adult 
males and females. The expres-
sion of DGAT2, Plin2 and 
FASN from male and female 
livers was determined by real-
time polymerase chain reaction 
at 32 weeks of age. Data are 
presented as median with inter-
quartile range, n = 5–6 males 
and females (from 5 to 7 litters). 
*P < 0.05, **P < 0.01 HF vs S 
diet; †P < 0.05, ††P < 0.01 FR vs 
C (ANOVA)
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associated with reduced H19 expression, the imprinted gene 
integral to fetal growth and development via epigenetic mod-
ifications [41]. Strikingly, we found that growth-restricted 
F2 generation was not prone to develop obesity and associ-
ated metabolic disorders, contrary to previous studies [19, 
40]. Here, we assessed the transmission of programmed dis-
eases to the second generation through the maternal lineage, 
since F1 females exposed to undernutrition in utero were 
mated with healthy males. In contrast, when undernourished 
males were used for breeding and mated with undernour-
ished or healthy females, their offspring had increased risk 
for obesity-associated metabolic diseases. This indicates 
that susceptibility toward obesity and/or diabetes requires 
either the paternal lineage only or a combination of the two 
parental lineages. However, we show that in utero undernu-
trition in female influences the expression of genes involved 
in lipid metabolism in livers of F2 females. Expression of 
genes that regulate TGs biosynthesis and fatty acid oxidation 
is decreased in female livers. Reduced turnover of lipid indi-
cates that the liver of FR females is programmed to optimize 
cellular energy efficiency according to the thrifty phenotype 
hypothesis. Interestingly, lipid gene expression is unaltered 
in livers of F2 males. Sexual dimorphism can be explained, 
in part, by distinct sex hormone signaling between males 
and females in the liver [42]. Alternatively, deregulated lipid 

gene expression in the liver can be attributed to heritable 
epigenetic modifications that occur in a sex-specific way. 
It is likely that the sex steroid hormones synthesized by the 
fetus and the placenta may modulate the effects of mater-
nal undernutrition during gestation on epigenetic modifica-
tions in the offspring in a sex-dependent manner. Epigenetic 
mechanisms have been proposed to explain how the early life 
environment can affect genome function and gene expression 
with long-term consequences on health [43]. Furthermore, 
some epigenetic changes induced by the environment in the 
parent may be inherited through the germline and involve 
maternal or paternal lineages [44]. Several studies have 
reported that suboptimal maternal nutrition, such as low-pro-
tein diet, and high-fat feeding, leads to epigenetic modifica-
tions, notably DNA methylation [45], histone modifications 
[46, 47] and non-coding microRNAs (miRNA) expression 
[48] in the offspring livers. Furthermore, it has been shown 
that undernutrition in utero influenced the expression of 
lipogenic genes in livers from F2 males through the paternal 
lineage [49]. Importantly, the authors identified epigenetic 
marks in the male livers that are already present in germ 
cells from their progenitor F1 males. This demonstrates that 
under-nourishment in utero leads to epigenome changes in 
the gametes of the male progeny that are inherited in the sub-
sequent generations. Whether epigenetic alterations could be 

Fig. 6   Expression of lipid 
oxidation genes in the liver of 
F2 adult males and females. 
The expression of CPT1α and 
Acadvl from male and female 
livers was determined by real-
time polymerase chain reaction 
at 32 weeks of age. Data are 
presented as median with inter-
quartile range, n = 5–6 males 
and females (from 5 to 7 litters). 
*P < 0.05, **P < 0.01 HF vs S 
diet; †P < 0.05, ††P < 0.01 FR vs 
C (ANOVA)
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propagated into the second-generation offspring through the 
maternal lineage remains a future topic of research.

To test the hypothesis that a nutritional challenge imposed 
on the FR females can further increase the risk of devel-
oping diseases in their offspring, we nourished F1 females 
with high-fat diet prior to and throughout gestation and lac-
tation. We examined the effects of each of these exposure 
periods on offspring phenotype. We found that F1 females 
fed the HF diet are not obese prior to breeding and then 
gain the least weight during gestation. This indicates that 
dietary components, such as protein, fat and carbohydrate 
contents as well as sucrose and saturated fatty acid levels are 
essential for maternal diet-induced obesity. Consequently, 
the effects of HF diet on the offspring can be different from 
those induced by maternal obesity. Consumption of an HF 
diet prior to mating in FR-F1 females was associated with 
overgrowth in FR-F2 offspring during early postnatal life 
without adiposity and metabolic alterations in adulthood. 
The HF feeding in C-F1 females did not impact on body 
weight of C-F2 offspring, but resulted in an impaired glu-
cose tolerance and elevated NEFAs levels. Examination of 
gene expression in the liver demonstrated programming 
effects of maternal undernutrition in F2 females, because 
lipogenic and oxidative genes exhibited increase in FR liv-
ers. This suggests that maternal undernutrition programs a 
reduced expression of genes involved in lipid metabolism 
in the livers of F2 females born to mothers on the control 
diet, whereas it augments expression in livers of F2 females 
from mothers on HF diet. Thereby, the liver of FR females 
is endowed with remarkable metabolic plasticity allowing 
a better adaptation to maternal nutritional challenges. Con-
sumption of an HF diet prior to and throughout gestation 
and lactation impacts the growth of F2 offspring irrespec-
tive of the maternal lineage. This results in low weight at 
P1 and accelerated growth until weaning in both C and FR 
offspring, showing the importance of HF feeding rather than 
programming on postnatal growth. Growth restriction in 
the newborns may reflect fetal malnutrition as HF-fed dams 
gain less weight during pregnancy and HF diet has been 
reported to cause placental insufficiency [50, 51]. Catch-
up growth displayed during the suckling period emphasizes 
the impact of maternal milk on newborns’ development. 
Nevertheless, maternal HF diet has not impacted the body 
weight and adiposity of F2 offspring in adulthood, unlike 
published models of maternal obesity [35, 52]. This empha-
sizes that maternal obesity and weight gain during gestation 
are predictive of adiposity/obesity in the offspring. On the 
other hand, maternal HF diet influenced differentially the 
metabolic profile of the F2 offspring according to the lineage 
and sex. Impaired glucose tolerance and insulin sensitivity 
were evident in C-F2 males and females, whereas glucose 
homeostasis was preserved in the FR-F2 offspring. The lipid 
plasma profile was different between sexes, with FR-F2 

males demonstrating elevated TGs levels, whereas FR-F2 
females displayed lower NEFAs concentrations compared 
with the C-F2 offspring. Despite their normal glucose toler-
ance and insulin sensitivity, FR-F2 males had mild dyslipi-
demia. Nonetheless, we reported that consumption of an HF 
diet by F1 females perturbed lipid metabolism in livers of 
C-F2 and FR-F2 offspring with sex-dependent effect. Indeed, 
expression of genes involved in TGs synthesis and/or storage 
within lipid droplets increases in F2 female livers, whereas 
F2 male livers present an increase in gene expression related 
to lipid oxidation. This reveals the programming effects of 
maternal HF diet during both gestation and lactation on 
lipid gene expression in the F2 offspring livers. Thus, we 
think that the female-specific gene profile in the liver would 
promote nonalcoholic steatosis without significant cellu-
lar damage, while that of males could be associated with 
mitochondrial oxidative stress that is known to be involved 
in a more severe form of liver disease named nonalcoholic 
steatohepatitis (NASH). These data are in accordance with 
the sexual dimorphism of the nonalcoholic fatty liver dis-
ease (NAFDL) programming [53]. In addition, our study 
shows that exposure to maternal HF diet leads to further 
functional changes in C-F2 livers that are associated with 
greater gene expression. So, the attenuated expression of 
genes in FR-F2 livers would prevent lipid accumulation and 
avoid the emergence and/or progression of NAFLD. Taken 
together, our results suggest that FR-F2 offspring exposed 
to maternal HF diet through gestation and lactation remain 
healthier compared to the C-F2 offspring.

We previously demonstrated that maternal undernutrition 
programs the HPA axis in F1 males [54]. Here, we show 
that maternal programming effect continues in the second-
generation offspring in females only. The persistent altera-
tion in the set point of the HPA axis may be considered as 
an imprinting of food-restricted exposure during the early 
postnatal period. The effects of the maternal environment on 
the HPA activity often involve epigenetic modifications of 
the glucocorticoid receptor genes that are potentially revers-
ible [55]. In this context, we could speculate that some epi-
genetic marks are conserved in FR-F2 females. Intriguingly, 
we found that consumption of an HF diet by the F1 females 
also increased HPA axis activity in F2 females irrespective 
of the lineage. Maternal HF diet acts as a stressor increasing 
corticosterone levels in pregnant dams and disturbing the 
fetal HPA axis development [56]. However, it remains to be 
determined if the mechanisms of HPA axis programming 
by maternal food restriction or overnutrition overlap or not. 
Sex differences in the programming of the HPA axis agree 
with more vulnerability in females in terms of reactivity 
[57]. Finally, we observed that both maternal undernutri-
tion programming and HF diet result in increased spontane-
ous physical activity (SPA) in F2 females, but not in males. 
Conversely, studies have reported physical inactivity and 
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reduced energy expenditure in female offspring exposed 
in utero and during the postnatal life to overnutrition [58, 
59]. The phenotype was associated with obesity, unlike in 
our study where adiposity of females was not affected. The 
reasons for this discrepancy as well as underlying mecha-
nisms regulating individual propensity for physical activity 
in response to maternal nutrition remain largely unknown.

We conclude that FR-F2 offspring born to F1 mothers 
on the control diet or fed an HF diet have low risk of meta-
bolic diseases, indicating that in utero undernutrition (F0) 
seems to have a favorable impact on the metabolic health 
of second-generation offspring. This finding challenges the 
hypothesis that the thrifty phenotype makes an individual 
more sensitive to chronic diseases. At least, these results 
suggest reduced susceptibility to diseases in offspring when 
associated with the maternal lineage. We report evidence 
that the metabolic profile is improved in FR-F2 females, and 
that the pattern of gene expression in the liver is predictive 
of fatty liver disease, supporting the sex differences in the 
pathophysiology of metabolic diseases [60]. Sexual dimor-
phism reveals that offspring females may be less vulner-
able to the influence of nutritional environment during early 
developmental periods. Sexual differences can impact the 
occurrence and gravity of pathologies and thus compromise 
the life expectancy of the individual.

In this context, animal studies should be systematically 
conducted in both males and females to design therapeutic 
sex-specific interventions that aim at preventing metabolic 
diseases and improving the health of future generations.
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