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Abstract

In this study, we contrasted the hypothesis that maternal diet during pregnancy has an impact on fetal metabolic programming through changes in liver
mitochondrial DNA (mtDNA) content and transcriptional activity of Ppargc1a and that these effects are sex specific.
Methods: Rats were fed either high-fat (HFD) or standard chow diet (SCD) during gestation and lactation. The resulting adult male and female offspring were fed
either HFD or SCD for an 18-week period, generating eight experimental groups.
Results: Maternal HFD feeding during pregnancy is associated with a decreased liver mtDNA copy number (Pb.008). This effect was independent of the offspring
sex or diet, and was significantly associated with fatty liver when dams were fed HFD (Pb.05, adjusted by homeostasis model assessment of insulin resistance,
HOMA-IR). We also found that maternal HFD feeding results in a male-specific significant reduction of the liver abundance of Ppargc1a mRNA (Pb.004), which
significantly impacted peripheral insulin resistance. Liver expression of Ppargc1a was inversely correlated with HOMA-IR (R=−0.53, Pb.0003). Only male
offspring exposed to a chronic metabolic insult in adult life were insulin resistant and hyperleptinemic, and showed abnormal liver and abdominal fat
accumulation. Liver abundance of Tfam, Nrf1, Hnf4a, Pepck and Ppparg mRNA was not associated with maternal programming. In conclusion, maternal high-fat
diet feeding during pregnancy programs liver mtDNA content and the transcriptional activity of Ppargc1a, which strongly modulates, in a sex-specific manner,
glucose homeostasis and organ fat accumulation in adult life after exposure to a nutritional insult.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

The worldwide prevalence of metabolic syndrome (MS) is
alarming, having reached pandemic proportions not only in the
adult population [1] but also in children [2]. Many factors are involved
in this expanded clinical disorder, including the complex interaction
between a genetic predisposing background and the exposure to an
environment of overnutrition characterized by diets rich in fat and
carbohydrates [3,4]. There is evidence that the close interaction
between genes and the environment starts very early in life and can
be passed across generations. Because of this phenomenon, the
concept of fetal metabolic programming has been proposed, as
recently reviewed [5]. This concept emerged after epidemiological
observations showed that MS-related diseases, including cardiovas-
cular disease, obesity and diabetes, may be consequences of the
‘programming’ of the body's structure, physiology and metabolism by
the environment during fetal life [6]. Actually, these observations
inspired the fetal origin hypothesis of adult diseases, which assumes
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that fetal undernutrition in middle to late gestation not only leads to
disproportionate fetal growth but also programs long-term changes
in physiology and metabolism [7]. Interestingly, recent evidence from
animal and human studies has shown that the implications of early
nutrition programming are not limited to fetal undernutrition. On the
contrary, the increased prevalence of obesity-related diseases
observed in the last decades supports a critical role of the opposite
fetal scenario characterized by overnutrition. In fact, animal studies
have shown that rats that underwent either a high-carbohydrate [8]
or a high-fat (HFD) [9] dietarymodification during pregnancy are able
to transmit the MS-related phenotypes to their offspring, thus
establishing a generational effect.

Programming studies mostly focus on changes in target gene
expression thatmodify the phenotype in the progeny. Recent evidence
from experimental animals has shown thatmitochondrial dysfunction
may be a long-term consequence of a poor nutritional environment
during early life [10–12]; similarly, exposure to a maternal diet rich in
animal fat is associated with altered mitochondrial gene expression
[13]. These studies opened the question on the putative role of
nutritional mitochondrial programming. We have reported that both
extremes of neonatal birth weight are associated with decreased
umbilical cord mitochondrial DNA (mtDNA) content [14]. Further-
more, in a recently published human study that included patientswith
all features of MS, including nonalcoholic fatty liver disease (NAFLD,
the hepatic manifestation of the MS), we observed that both the liver
transcriptional activity of the peroxisome proliferator-activated
receptor gamma coactivator-1 alpha (PPARGC1A) and a change in
the liver mtDNA content were associated with peripheral insulin
resistance [15]. Hence, we supported the role of the fatty liver as a
strong modifier of and/or a principal player in the natural history of
MS-related diseases.

In view of all the evidence described and considering the strong
influence of the maternal environment during fetal life on modeling
the metabolic profile of the progeny, we hypothesized that maternal
high-fat feeding during pregnancy is associated with a programming
effect on the liver abundance of Ppargc1a mRNA, predisposing the
offspring to develop insulin resistance and MS-related phenotypes
when they are exposed to a metabolic insult in later life. In addition,
we hypothesized that maternal programming modulates liver
mtDNA content.

To address these hypotheses, we measured the liver mtDNA copy
number in the adult offspring of dams fed HFD during gestation and
lactation. We additionally examined the liver mRNA abundance of
nuclear genes involved in the regulation of mtDNA transcription and
replication, including Ppargc1a, also known as PGC1α, a master
transcriptional coactivator involved in the regulation of mitochon-
drial biogenesis. Finally, we also aimed to test whether the effect on
fetal programming was sex specific, as we had found preliminary
evidence that this may be the case [16].

2. Materials and methods

2.1. Animals and study design

Twelve-week-old female Wistar rats of first-order parity and weighing 228±10
g were randomly assigned to either ad libitum HFD solid diet (40% wt/wt bovine
and porcine fat added to the standard chow) [17] or standard chow diet (SCD).
The HFD provided 5340–5460 (kcal/kg) vs. the SCD's 2900–3100 (kcal/kg), and
13.8% of proteins vs. 23%, respectively. The amount of proteins in the HFD was
adequate as recommended by nutrition guidelines for rats to be maintained after a
rapid growth [18].

Dams were fed 15 days before conception and during gestation and lactation;
weight gain and food intake were measured at these periods. Upon birth, pups were
sexed, and litter size was noted. To ensure homogeneity of offspring evaluated, within
24 h of birth, all litters studied were adjusted to 9/10 pups per dam; the sex ratio was
maintained as close to 1:1 as possible in order to study potential sexual dimorphism.
Thus, each experimental group has offspring of two or three mothers; pups continued
to be weighed every week.
The offspring at the age of 17 weeks were randomly assigned either ad libitum HFD
or SCD for an 18-week period, generating eight experimental groups according to male
(M) or female (F) sex distribution and maternal HFD or SCD feeding.

All the animals were housed individually, with food and water freely available, and
were maintained at room temperature (23°C+1°C) under a 12-h light/dark cycle.

At the completion of the study, the animals were sacrificed by decapitation, and
blood samples were collected in tubes containing sodium EDTA and centrifuged;
plasma was immediately frozen.

Foodwaswithdrawn from8:00 a.m. to 4:00 p.m. before the ratswere sacrificed, and
the intraperitoneal and retroperitoneal fats weremeasured byweighting them directly.

The liver was quickly snap-frozen and stored at −76°C until gene expression
analysis. A portion of each liver was fixed in 10% formalin for histological analysis.

All the animals received humane care, and the studies were conducted according to
the regulations for the use and care of experimental animals.

2.2. Biochemical measurements

Serum and sodium EDTA-plasma were obtained by centrifugation and stored at
−80°C until needed. Fasting glucose was measured by an automatic biochemical
analytical system (Architect, Abbott, Buenos Aires, Argentina). The plasma insulin
levels were determined using a commercial quantitative ultrasensitive enzyme-
linked immunosorbent assay rat kit according to the manufacturer's instructions
(Crystal Chem Inc., Downers Grove, IL, USA). Insulin resistance was calculated using
the homeostasis model of assessment (HOMA-IR) index [fasting plasma insulin
(μU/ml)×fasting plasma glucose (mmol/L)/22.5].

2.3. Histological analysis of liver tissue

Formalin-fixed liver tissue was processed, and 5-µm-thick paraffin sections were
stained with hematoxylin and eosin (H&E). The degree of steatosis was assessed
irrespective of the experimental groups as previously described [19] based on the
percentage of hepatocytes containing macrovesicular fat droplets: grade 0, no steatosis
or steatosis b5%; grade 1, N5% to b33% of hepatocytes containing macrovesicular fat
droplets; grade 2, N33% to 66% of hepatocytes containing macrovesicular fat droplets;
and grade 3, N66% of hepatocytes containing macrovesicular fat droplets.

2.4. Quantification of mtDNA

We used an assay based on real-time quantitative polymerase chain reaction (PCR)
for both nDNA and mtDNA quantification, with SYBR-Green as a fluorescent dye
(Invitrogen, Buenos Aires, Argentina). For the detection of liver nDNA, we selected
GAPDH between the nucleotides 1443 and 1571, and for the detection of mtDNA, we
selected the mitochondrial-encoded 16S RNA (Rnr2) between the nucleotides 2451
and 2583 [20]. The results were presented as the mitochondrial DNA/nuclear DNA ratio
(mtDNA/nDNA). Duplicate amplifications of mitochondrial and nuclear products were
performed separately.

Real-time quantitative PCR was carried out in a BioRad iCycler (Bio-Rad
Laboratories, Hercules, CA, USA). The calculation of DNA copy number involved
extrapolation from the fluorescence readings in the mode of background subtracted
from the readings of the BioRad iCycler according to the above-described procedure for
gene expression. Melting curve analysis was carried out at the end of each run to
confirm the specificity of amplification and the absence of primer dimers. The two
target amplicon sequences (mtDNA and nDNA) were visualized in 2% agarose and
purified using the Qiagen Qiaex II Gel Extraction Kit (Tecnolab, Buenos Aires,
Argentina). The dilutions of the purified amplicons were used as the standard curve
to verify the PCR-efficiency values estimated by using the procedure described below.

2.5. RNA preparation and real-time reverse transcriptase (RT)-PCR for quantitative
assessment of mRNA expression

Total RNA was prepared from rat livers using the phenol extraction step method,
with an additional DNAse digestion step. For RT-PCR, 3 μg of total RNA was reverse-
transcribed using random hexamers and Moloney murine leukemia virus reverse
transcriptase (Promega, WI, USA). Real-time PCR was performed for quantitative
assessment of mRNA expression in an iCycler thermocycler (BioRad, Hercules, CA, USA)
using the fluorescent dye SYBR-Green (Invitrogen, Buenos Aires, Argentina). All the
real-time PCRs were run in duplicate, and all the samples of the experimental groups
were tested. The relative expression of the target genes' mRNA was normalized to the
amount of a housekeeping gene (peptidyl prolyl isomerase A, Ppia, also termed as
cyclophilin A) to carry out comparisons between the groups. Cyclophilin was found to
be the most stable reference gene for testing liver mRNA expression among other
housekeeping genes tested before starting the experiment [β-actin, TATA box binding
protein, and glyceraldehyde-3-phosphate dehydrogenase (Gapdh)]. The levels of
mRNA were expressed as the ratio of the estimated amount of the target gene relative
to the Ppia mRNA levels using fluorescence threshold cycle values calculated for each
sample, and the estimated efficiency of the PCR for each product was expressed as the
average of each sample efficiency value obtained [21].



Fig. 1. Programming effect of maternal high-fat diet feeding during pregnancy on liver
mtDNA copy number. (A) Liver mtDNA content in the offspring (measured as
described in B) was significantly reduced when dams were fed with HDF, regardless
of the offspring sex and diet in adult life. (B) Results according to the eight
experimental groups. Each bar represents the mean ± S.E. values (nine observations
per group) of mtDNA/nDNA ratio assessed by quantitative real-time PCR in each
experimental group. M: male, F: female. mtDNA copy number was calculated as the
ratio of the mitochondrial 16S RNA gene to the nuclear Gapdh gene copy number
(ratio mtDNA/nDNA).

Fig. 2. Maternal high-fat intake during pregnancy programs liver transcriptional
activity of Ppargc1a (PGC1α) in offspring. Liver mRNA expression of PGC1α was
assessed by quantitative real-time PCR in each experimental group. Each bar represents
the mean±S.E. per group according to maternal diet and offspring sex. In each sample,
the gene expression was normalized to the expression of cyclophilin A (Ppia) and
multiplied by 100.
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The specificity of amplification and the absence of primer dimers were confirmed
using melting curve analysis at the end of each run. Supplementary material shows the
primer sequences and the resulting PCR product lengths.

2.6. Statistical analysis

Quantitative data were expressed as mean±S.E. As most of the variables were
ratios and not normally distributed, and nonhomogeneous variances between the
groups were evident, they were compared by the nonparametric Mann–Whitney test
or were log-transformed for pairwise mean comparisons by Newman–Keuls test after
analysis of variance (ANOVA) using dam diet, offspring sex or offspring diet as
categorical variables or analysis of covariance (ANCOVA) for adjusting by cofactors. For
instance, data were also adjusted for HOMA-IR whenever applicable. To test the
differences in steatosis gradation (as a categorical response variable), we used a model
with ordinal multinomial distribution and probit as a link function, with animal length
and adipose tissue as continuous predictor variables. The correlation between two
variables was determined using Pearson correlation test on log-transformed variables.
A value of Pb.05 was considered statistically significant. We used the Statistica program
package StatSoft (Tulsa, OK, USA) to perform all the analyses.

3. Experimental results

3.1. Dam body weight and food intake analysis

Female rats were fed an HFD or SCD diet for 2 weeks before
breeding and continued on this diet throughout gestation and
lactation. Body weight was measured weekly before conception and
during gestation. Baseline body weight was not significantly different
between groups (199.3±3.4 g vs. 200.7±3.4 g, P=.9, HFD and SCD,
respectively), and by 2 weeks on the diet, the difference in body
weight was still nonsignificant between groups (221.4±3.6 g vs.
213.8±3.6 g, P=.63, HFD and SCD, respectively). By the end of
gestation, despite a trend toward body weight gain, maternal body
weight in the HFD (265.7± 8.3 g) group did not differ significantly
from that in control animals (241.3±8.4 g) (P=.41).

During the whole experimental period, HFD dams had a small but
significant decrease in the average daily food intake (12.8±1.0 g/day)
compared with the control group (15.9±0.9 g/day) (Pb.05).

3.2. Maternal high-fat feeding during pregnancy programs liver mtDNA
copy number

The liver mtDNA content in the offspring was significantly
(Pb.008) reduced when dams were fed HFD, regardless of the
offspring sex and diet (Fig. 1A); nevertheless, there was a trend
toward a lower liver mtDNA content when offspring were fed HFD
(Pb.07), (Fig. 1B). In addition, offspring livermtDNA copy number was
significantly associated with fatty liver when dams were fed HFD
(Pb.05, adjusted by HOMA-IR).

3.3. Liver abundance of Ppargc1a mRNA is associated with maternal
programming and modulates peripheral insulin resistance

To evaluate whether the hepatic gene expression of Ppargc1a, a
key transcription factor that influences mitochondrial biogenesis, was
associated with metabolic programming, we measured its mRNA
abundance in the offspring of all experimental groups. We observed
that liver Ppargc1a mRNA was significantly associated with offspring
sex and that it significantly interacts with maternal HFD feeding
(Pb.004), being significantly lower in male offspring of dams fed HFD
in comparison with male offspring of dams fed SCD and female
offspring of dams fed HFD (Fig. 2). Surprisingly, female offspring of
dams fed HFD showed significantly higher liver abundance of
Ppargc1a mRNA when compared with female offspring of dams fed
SCD (Fig. 2).

The liver expression of Ppargc1a was inversely correlated with
indices of peripheral insulin resistance as measured by HOMA-IR
(R=−0.53, Pb.0003, Fig. 3).
Because transcription of themitochondrial genome is co-regulated
with other nuclear genes in addition to Ppargc1a, we also explored
the effect of maternal programming on the liver abundance of
mitochondrial transcription factor (Tfam, a factor required for the
replication and maintenance of mtDNA), nuclear respiratory factor-1
(Nrf1, a gene involved in oxidative-stress-induced mitochondrial
biogenesis) and liver peroxisome proliferator-activated receptor
gamma (Pparg, a regulator of adipocyte differentiation, insulin
sensitivity and control of glucose homeostasis) mRNA. We observed
that the mRNA expression of the above-mentioned genes in the liver
was not associated with maternal programming (Supplementary
Figure 1).

image of Fig. 2


Fig. 3. Peripheral insulin resistance is associated with decreased liver expression of PGC1α mRNA. Picture shows an inverse correlation between the log-transformed PGC1α mRNA/
cyclophilin A (Ppia) mRNA ratio and the log-transformed HOMA-IR index evaluated in all the animals.
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Nevertheless, we observed that the hepatic expression of Nrf1 and
PpargmRNA positively correlated with the liver mtDNA copy number
(R=0.62, Pb.003 and R=0.51, Pb.02, respectively).

3.4. Male-specific programming effect of maternal HFD feeding on
insulin resistance

We observed that HOMA-IR was significantly higher in male
offspring in comparison with females when dams were fed HFD
(Pb.04). Interestingly, the effect of programming on insulin resistance
was regardless of the exposure to a chronic metabolic insult in adult
life, as male offspring showed a significantly higher HOMA-IR index
independently of the diet when their mothers were fed with HFD
during late pregnancy (Fig. 4). In contrast, maternal HFD feeding did
not alter the status of insulin resistance in female offspring; this effect
of maternal feeding on HOMA-IR in female offspring parallels the
behavior of liver Ppargc1a mRNA expression observed in the same
group, as female offspring of dams fed HFD showed significantly
higher liver expression of Ppargc1amRNA in comparison with female
offspring of dams fed SCD (Fig. 2).

Finally, as expected, exposure of offspring to long-term HFD was
significantly associated with insulin resistance, regardless of the sex
(Pb.004). Nevertheless, the HOMA-IR index was significantly higher
in male offspring in comparison with females (Pb.002, Fig. 4).

To further evaluate the liver transcriptional profile of Ppargc1a
target genes involved in glucose metabolism, we measured the liver
mRNA expression of the hepatocyte nuclear factor 4, alpha gene
(Hnf4α), a critical component of Ppargc1a-mediated gluconeogenesis
cascade [22], and the liver mRNA abundance of phosphoenolpyruvate
carboxykinase 1 gene (Pepck), which is critically involved in the rate-
controlling step of the gluconeogenic pathway and is supposed to be
modulated by the Ppargc1a transcriptional activity.

We observed that liver mRNA expression of Hnf4a was not
associated either with maternal or offspring diet, or offspring sex
(Supplementary Figure 2). Interestingly, we observed that long-term
feeding of offspring with HFD was significantly associated with a
down-regulation of the liver Pepck mRNA (Pb.02), regardless of the
offspring sex. In addition, we found that the liver abundance of Pepck
mRNAwas significantly lower in female offspring (Pb.001); these data
support our results showing that females have better adaptation to
metabolic demands when compared with males, as they are able to
modulate glucose metabolism by inhibition of glucose production
from hepatic gluconeogenesis (Supplementary Figure 2). Neverthe-
less, the observed effect of HFD on the liver PepckmRNA expression in
offspring was not significantly related to the maternal diet, although a
trend toward a difference was observed when adjusted by HOMA
index (Pb.07). Thus, wemay speculate that this effect is not associated
with maternal programming, but more experiments are needed to
follow up this result.

3.5. MS-related phenotypes of offspring chronically exposed to a
nutritional insult is under programming effect and shows
sexual dimorphism

Previous evidence had shown that the programming effect on
some phenotypes associated with the MS, such as cardiovascular
dysfunction, is sex specific [23–25]. To further evaluate whether HFD
prenatal programming also shows a sexually dimorphic effect on MS-
related phenotypes, including fatty liver disease, we compared male
and female offspring to contrast the hypothesis that females whose
mothers had consumed HFD might be protected from organ fat
accumulation when exposed to a nutritional insult in adult life.

We observed that after chronic exposure to a long-termmetabolic
insult (HFD), males whose mothers had consumed HFD had increased
abdominal fat content and serum leptin levels in comparison with
those whose mothers had consumed SCD (Fig. 5). Interestingly, this
effect was not observed in female offspring under the same
experimental conditions (Fig. 5), suggesting a sex-specific program-
ming effect on MS-related phenotypes. Likewise, among male
offspring, maternal HFD feeding during pregnancy was significantly
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Fig. 4. Offspring of dams fed with a high-fat diet exhibit a sex-dependent enhancement of the insulin resistance index (HOMA-IR). Each bar represents the mean±S.E. for nine
observations per group. #Pb.01male offspring–HFD-fed dam vs. female offspring–HFD-fed dam. Statistical significance was defined as Pb.05. P values in each panel refer to comparison
between offspring of HFD vs. SCD dam groups for each offspring sex and diet in the adult life.
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associated with higher scores of fatty liver disease (Fig. 6). On the
contrary, not only did maternal HFD feeding not alter the suscepti-
bility of female offspring to fatty liver disease after exposure to a
nutritional insult, but it also seems to have a protective role.

4. Discussion

In this study, we contrasted the hypothesis that maternal diet
intervention during pregnancy has an impact on metabolic program-
ming by modifying liver mtDNA content and the transcriptional
activity of Ppargc1a. We suggested that both factors might influence
the susceptibility to develop MS-related phenotypes in later life after
exposure to a nutritional insult. Furthermore, we hypothesized that
the metabolic programming effect is sex specific.

Interestingly, we observed that maternal HFD feeding during
pregnancy is associated with decreased liver mtDNA copy number;
this effect was not influenced either by offspring sex or by diet in
adult life. In addition, liver mtDNA was significantly associated with
fatty liver when dams were fed with HFD, and showed a significant
interaction with the sex of the offspring. We additionally found that
maternal HFD results in a male-specific significant reduction in
hepatic Ppargc1a mRNA abundance, and this reduction is signifi-
cantly associated with peripheral insulin resistance in male
offspring. In line with this result, we observed that offspring
exposed to a chronic metabolic insult in adult life behave differently
when they are male and born of HFD-fed mothers. They were insulin
resistant and hyperleptinemic, and showed abnormal liver and
abdominal fat accumulation. Conversely, we observed that not only
did maternal fat intake not cause MS in female offspring, but such
offspring also seemed to be protected from programmed insulin
resistance and organ fat accumulation, including fatty liver disease.
Surprisingly, this observation was consistent with the increased
transcriptional activity of liver Ppargc1a, which was significantly
higher in females born of HFD-fed mothers in comparison with
males in the same experimental condition and even with female
offspring born of SCD-fed mothers.

Taken together, our results strongly support the hypothesis on the
critical role of “liver programming” on the development of insulin
resistance and MS in adult life. This programming seems to implicate
two critical molecular targets: mtDNA and a master transcriptional
coactivator, Ppargc1a.

Regarding the observed changes in liver mtDNA, previous
experimental studies had demonstrated that programming of
mitochondrial dysfunction is a consequence of maternal malnutrition
[12]. Nevertheless, we add some novel clues on a putative underlying
mechanism that may explain why mitochondria do not function
properly in active tissues under metabolic stress, such as the liver,
owing to a decrease in the number of copies of mtDNA (mammalian
mitochondrial genome encodes 13 of the proteins present in the
respiratory chain complexes, and other mitochondrial proteins
required for mtDNA replication and transcription). Likewise, it was
shown that maternal fat intake is associated with fatty liver in adult
offspring, which is mediated through impaired hepatic mitochondrial
metabolism [26].

image of Fig. 4


Fig. 5. The metabolic programming effect is sex specific: Male offspring of dams fed high-fat diet are hyperleptinemic and exhibit abnormal abdominal fat accumulation after exposure to a nutritional insult in adult life. Each bar represents
the mean±S.E. for nine observations per group. Abdominal fat accumulation at the end of the experiment was normalized by animal length (g/cm). +Pb.004 vs. male HFD offspring–HFD-fed dam and ++Pb.004 vs. male HFD offspring–
HFD-fed dam. #Pb.002 vs. male HFD offspring–HFD fed dam and ##Pb.002 vs. male HFD offspring–HFD-fed dam. ⁎⁎Pb.0007 vs. male HFD offspring–HFD-fed dam and ⁎Pb.0009 vs. male HFD offspring–HFD-fed dam. Statistical significance
was defined as Pb.05. P values in each panel refer to comparison between offspring of HFD vs. SCD dam groups for each offspring sex and diet in the adult life.
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Fig. 6. (A) Maternal high-fat feeding programs fatty liver disease inmale offspring chronically exposed to high-fat diet in adult life. Quantitative evaluation of steatosis scores fromH&E
stain of liver sections at the end of the experiment in all rats from each experimental group. Each bar represents the mean±S.E. for nine observations per group. For testing steatosis
gradation (as a categorical response variable) differences, we used ANOVA or ANCOVA with ordinal multinomial distribution and probit as a link function. Pairwise mean differences
were evaluated by Mann–Whitney test. Statistical significance was defined as Pb.05 and indicates comparison between maternal diets within each sex and offspring diet group. (B)
Liver histology of a representative animal from each experimental group. H&E staining of liver sections of a representative rat from each experimental group at the end of the
experiment. The liver of offspring fed with SCD show normal histology and absence of fat accumulation. The liver of offspring fed with HFD show severe panlobular micro- and
macrovesicular steatosis. Arrows indicate large droplet steatosis. Original magnification: 400×.
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Regarding the observed changes in hepatic Ppargc1a expression,
despite some previous evidence on the impact of the down-regulation
of liver Ppargc1a mRNA expression on obesity-related phenotypes in
experimental models of intrauterine growth restriction [27], we are
able to show a novel significant interaction between intrauterine HFD
programming, liver transcriptional activity of Ppargc1a and insulin
resistance. The strong impact of the programming effect of Ppargc1a
on themodulation ofMS-related phenotypes is actually not surprising
as the protein encoded by this gene is involved in the up-regulation of
649 genes linked to carbohydrate metabolism and mitochondrial
functions [28]. In addition, Ppargc1a is involved in the control of
gluconeogenesis in the liver and in the physiological control of blood
pressure, cellular cholesterol homoeostasis and the development of
obesity [29–31].

In agreement with our observations, a recent study on nonhuman
primates showed that fetal offspring from mothers chronically
consuming HFD have a threefold increase in liver triglycerides and
increased evidence of hepatic oxidative stress consistent with the
development of NAFLD, in addition to a reduction in the acetylated
form of Ppargc1a, which suggests that a developing fetus is highly
vulnerable to lipid excess and that exposure to this environment may
directly impact on the liver [32].

Finally, a remarkable finding of our study is the protective effect of
maternal programming on MS-associated phenotypes in female
offspring. This surprising effect is accompanied by a significantly
higher liver abundance of Ppargc1a transcript in females. We
conjecture that the underlying mechanisms related to this sex-
specific event seem to involve more than genetic or epigenetic
modifications. We may speculate that this effect is closely related to
the presence of sex hormones, as previous experimental evidence had
shown that estrogens protect against high-fat-diet-induced insulin
resistance and glucose intolerance in mice [33]. Surprisingly,
estrogen-related receptors (ERRα, β and γ) are nuclear receptors
closely related to the physiological functions of Ppargc1a [34], and
previous evidence has shown an extended role for ERRα in
controlling mitochondrial biogenesis [28]. In fact, Ppargc1a interacts
with the ERRs for positive and negative control of gene expression,
and ERRα and Ppargc1a are coexpressed in tissues with high energy
demands [34]. In addition, the ERRs control the expression of genes
directly involved not only in energy homeostasis [34,35] but also in
lipid metabolism at the level of the whole organism, as previous
evidence from ERRα-null mice showed them to be resistant to obesity
induced by a high-fat diet [36]. In addition, a broader effect of sex
chromosome complement [37] may be involved and worthy of
further studies.

In conclusion, exposure to a nutritional insult in early life
strongly modulates the functionality of metabolically active target
tissues, such the liver. As shown in our work, this programming
effect operates even during adulthood and might be able to
modify the liver tissue performance and adaptation to metabolic
challenges such as HFD. Moreover, this “liver metabolic imprint-
ing” during fetal life may further contribute to the pathogenesis of
adult complications such as insulin resistance and fatty liver. This
study also shows that the phenotypic features were strongly
related to the liver transcriptional activity of Ppargc1a, which
showed sex-specific differences. Hence, we propose that early

image of Fig. 6
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intervention during pregnancy might reduce the alarming figures
of MS prevalence and associated conditions in children and the
adult population.

Supplementarymaterials related to this article can be found online
at http://dx.doi.org/10.1016/j.jnutbio.2011.12.008.
References

[1] Eckel RH, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet 2005;365:
1415–28.

[2] Cook S, Auinger P, Li C, Ford ES. Metabolic syndrome rates in United States
adolescents, from the National Health and Nutrition Examination Survey, 1999–
2002. J Pediatr 2008;152:165–70.

[3] Lusis AJ, Attie AD, Reue K. Metabolic syndrome: from epidemiology to systems
biology. Nat Rev Genet 2008;9:819–30.

[4] Sookoian S, Pirola CJ. Metabolic syndrome: from the genetics to the pathophys-
iology. Curr Hypertens Rep 2011;13:149–57.

[5] Gluckman PD, Hanson MA, Mitchell MD. Developmental origins of health and
disease: reducing the burden of chronic disease in the next generation. Genome
Med 2010;2:14.

[6] Barker DJ, Osmond C, Simmonds SJ, Wield GA. The relation of small head
circumference and thinness at birth to death from cardiovascular disease in adult
life. BMJ 1993;306:422–6.

[7] Barker DJ, Clark PM. Fetal undernutrition and disease in later life. Rev Reprod
1997;2:105–12.

[8] Srinivasan M, Dodds C, Ghanim H, Gao T, Ross PJ, Browne RW, et al. Maternal
obesity and fetal programming: effects of a high-carbohydrate nutritional
modification in the immediate postnatal life of female rats. Am J Physiol
Endocrinol Metab 2008;295:E895–903.

[9] Srinivasan M, Katewa SD, Palaniyappan A, Pandya JD, Patel MS. Maternal high-fat
diet consumption results in fetal malprogramming predisposing to the onset of
metabolic syndrome-like phenotype in adulthood. Am J Physiol Endocrinol Metab
2006;291:E792–9.

[10] Park KS, Kim SK, Kim MS, Cho EY, Lee JH, Lee KU, et al. Fetal and early postnatal
protein malnutrition cause long-term changes in rat liver and muscle mitochon-
dria. J Nutr 2003;133:3085–90.

[11] Theys N, Bouckenooghe T, Ahn MT, Remacle C, Reusens B. Maternal low-
protein diet alters pancreatic islet mitochondrial function in a sex-specific
manner in the adult rat. Am J Physiol Regul Integr Comp Physiol 2009;297:
R1516–25.

[12] Theys N, Ahn MT, Bouckenooghe T, Reusens B, Remacle C. Maternal malnutrition
programs pancreatic islet mitochondrial dysfunction in the adult offspring. J Nutr
Biochem 2010.

[13] Taylor PD, McConnell J, Khan IY, Holemans K, Lawrence KM, Asare-Anane H, et al.
Impaired glucose homeostasis and mitochondrial abnormalities in offspring of
rats fed a fat-rich diet in pregnancy. Am J Physiol Regul Integr Comp Physiol
2005;288:R134–9.

[14] Gemma C, Sookoian S, Alvarinas J, Garcia SI, Quintana L, Kanevsky D, et al.
Mitochondrial DNA depletion in small- and large-for-gestational-age newborns.
Obesity (Silver Spring) 2006;14:2193–9.

[15] Sookoian S, Rosselli MS, Gemma C, Burgueno AL, Fernandez GT, Castano GO, et al.
Epigenetic regulation of insulin resistance in nonalcoholic fatty liver disease:
impact of liver methylation of the peroxisome proliferator-activated receptor
gamma coactivator 1alpha promoter. Hepatology 2010;52:1992–2000.

[16] Burgueno AL, Carabelli J, Sookoian S, Pirola CJ. The impact of maternal high-fat
feeding on liver and abdominal fat accumulation in adult offspring under a long-
term high-fat diet. Hepatology 2010;51:2234–5.

[17] Landa MS, Garcia SI, Schuman ML, Burgueno A, Alvarez AL, Saravia FE, et al.
Knocking down the diencephalic thyrotropin-releasing hormone precursor gene
normalizes obesity-induced hypertension in the rat. Am J Physiol Endocrinol
Metab 2007;292:E1388–94.
[18] Reeves PG, Nielsen FH, Fahey Jr GC. AIN-93 purified diets for laboratory rodents:
final report of the American Institute of Nutrition ad hoc writing committee on the
reformulation of the AIN-76A rodent diet. J Nutr 1993;123:1939–51.

[19] Brunt EM, Janney CG, Di Bisceglie AM, Neuschwander-Tetri BA, Bacon BR.
Nonalcoholic steatohepatitis: a proposal for grading and staging the histological
lesions. Am J Gastroenterol 1999;94:2467–74.

[20] Carabelli J, Burgueno AL, Rosselli MS, Gianotti TF, Lago NR, Pirola CJ, et al. High fat
diet-induced liver steatosis promotes an increase in liver mitochondrial
biogenesis in response to hypoxia. J Cell Mol Med 2011;15(6):1329–38.

[21] Ruijter JM, Ramakers C, Hoogaars WM, Karlen Y, Bakker O, van den Hoff MJ, et al.
Amplification efficiency: linking baseline and bias in the analysis of quantitative
PCR data. Nucleic Acids Res 2009;37:e45.

[22] Rhee J, Inoue Y, Yoon JC, Puigserver P, Fan M, Gonzalez FJ, et al. Regulation of
hepatic fasting response by PPARgamma coactivator-1alpha (PGC-1): require-
ment for hepatocyte nuclear factor 4alpha in gluconeogenesis. Proc Natl Acad Sci
U S A 2003;100:4012–7.

[23] Franco MC, Arruda RM, Dantas AP, Kawamoto EM, Fortes ZB, Scavone C, et al.
Intrauterine undernutrition: expression and activity of the endothelial nitric
oxide synthase in male and female adult offspring. Cardiovasc Res 2002;56:
145–53.

[24] Thone-Reineke C, Kalk P, Dorn M, Klaus S, Simon K, Pfab T, et al. High-protein
nutrition during pregnancy and lactation programs blood pressure, food
efficiency, and body weight of the offspring in a sex-dependent manner. Am J
Physiol Regul Integr Comp Physiol 2006;291:R1025–30.

[25] Roghair RD, Segar JL, Volk KA, Chapleau MW, Dallas LM, Sorenson AR, et al.
Vascular nitric oxide and superoxide anion contribute to sex-specific pro-
grammed cardiovascular physiology in mice. Am J Physiol Regul Integr Comp
Physiol 2009;296:R651–62.

[26] Bruce KD, Cagampang FR, Argenton M, Zhang J, Ethirajan PL, Burdge GC, et al.
Maternal high-fat feeding primes steatohepatitis in adult mice offspring,
involving mitochondrial dysfunction and altered lipogenesis gene expression.
Hepatology 2009;50:1796–808.

[27] Magee TR, Han G, Cherian B, Khorram O, Ross MG, Desai M. Down-regulation of
transcription factor peroxisome proliferator-activated receptor in programmed
hepatic lipid dysregulation and inflammation in intrauterine growth-restricted
offspring. Am J Obstet Gynecol 2008;199:271–5.

[28] Mootha VK, Bunkenborg J, Olsen JV, Hjerrild M, Wisniewski JR, Stahl E, et al.
Integrated analysis of protein composition, tissue diversity, and gene regulation in
mouse mitochondria. Cell 2003;115:629–40.

[29] Finck BN, Kelly DP. PGC-1 coactivators: inducible regulators of energy metabolism
in health and disease. J Clin Invest 2006;116:615–22.

[30] Lin J, Handschin C, Spiegelman BM. Metabolic control through the PGC-1 family of
transcription coactivators. Cell Metab 2005;1:361–70.

[31] Sookoian S, Garcia SI, Porto PI, Dieuzeide G, Gonzalez CD, Pirola CJ. Peroxisome
proliferator-activated receptor gamma and its coactivator-1 alpha may be
associated with features of the metabolic syndrome in adolescents. J Mol
Endocrinol 2005;35:373–80.

[32] McCurdy CE, Bishop JM, Williams SM, Grayson BE, Smith MS, Friedman JE, et al.
Maternal high-fat diet triggers lipotoxicity in the fetal livers of nonhuman
primates. J Clin Invest 2009;119:323–35.

[33] Riant E, Waget A, Cogo H, Arnal JF, Burcelin R, Gourdy P. Estrogens protect against
high-fat diet-induced insulin resistance and glucose intolerance in mice.
Endocrinology 2009;150:2109–17.

[34] Giguere V. Transcriptional control of energy homeostasis by the estrogen-related
receptors. Endocr Rev 2008;29:677–96.

[35] Rangwala SM, Li X, Lindsley L, Wang X, Shaughnessy S, Daniels TG, et al. Estrogen-
related receptor alpha is essential for the expression of antioxidant protection
genes and mitochondrial function. Biochem Biophys Res Commun 2007;357:
231–6.

[36] Luo J, Sladek R, Carrier J, Bader JA, Richard D, Giguere V. Reduced fat mass in mice
lacking orphan nuclear receptor estrogen-related receptor alpha. Mol Cell Biol
2003;23:7947–56.

[37] Wijchers PJ, Yandim C, Panousopoulou E, Ahmad M, Harker N, Saveliev A, et al.
Sexual dimorphism in mammalian autosomal gene regulation is determined not
only by Sry but by sex chromosome complement as well. Dev Cell 2010;19:
477–84.

http://dx.doi.org/10.1016/j.jnutbio.2011.12.008

	Maternal high-fat intake during pregnancy programs metabolic-syndrome-related phenotypes through liver mitochondrial DNA co...
	1. Introduction
	2. Materials and methods
	2.1. Animals and study design
	2.2. Biochemical measurements
	2.3. Histological analysis of liver tissue
	2.4. Quantification of mtDNA
	2.5. RNA preparation and real-time reverse transcriptase (RT)-PCR for quantitative assessment of mRNA expression
	2.6. Statistical analysis

	3. Experimental results
	3.1. Dam body weight and food intake analysis
	3.2. Maternal high-fat feeding during pregnancy programs liver mtDNA copy number
	3.3. Liver abundance of Ppargc1a mRNA is associated with maternal programming and modulates peripheral insulin resistance
	3.4. Male-specific programming effect of maternal HFD feeding on insulin resistance
	3.5. MS-related phenotypes of offspring chronically exposed to a nutritional insult is under programming effect and shows s...

	4. Discussion
	References


