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Epigenetic programming at the Mogat1 locus may link
neonatal overnutrition with long-term hepatic steatosis
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ABSTRACT: Postnatal overfeeding increases the risk of chronic diseases later in life, including obesity, insulin resistance,
hepatic steatosis, and type 2 diabetes. Epigenetic mechanisms might underlie the long-lasting effects associated with early
nutrition. Here we aimed to explore the molecular pathways involved in early development of insulin resistance and
hepatic steatosis, and we examined the potential contribution of DNA methylation and histone modifications to long-term
programming of metabolic disease. We used a well-characterized mouse model of neonatal overfeeding and early
adiposity by litter size reduction. Neonatal overfeeding led to hepatic insulin resistance very early in life that persisted
throughout adulthood despite normalizing food intake. Up-regulation of monoacylglycerol O-acyltransferase (Mogat)1
conceivably mediates hepatic steatosis and insulin resistance through increasing intracellular diacylglycerol content. Early
and sustained deregulation of Mogat1 was associated with a combination of histone modifications that might favor
Mogat1 expression. In sum, postnatal overfeeding causes extremely rapid derangements of hepatic insulin sensitivity that
remain relatively stable until adulthood. Epigenetic mechanisms, particularly histone modifications, could contribute to
such long-lasting effects. Our data suggest that targeting hepatic monoacylglycerol acyltransferase activity during early life
might provide a novel strategy to improve hepatic insulin sensitivity and prevent late-onset insulin resistance and fatty
liver disease—Ramon-Krauel, M., Pentinat, T., Bloks, V. W., Cebria, J., Ribo, S., Pérez-Wienese, R., Vila, M., Palacios-
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The rising prevalence of obesity is a worldwide health con-
cern because it contributes to the incidence of a wide array of
chronic diseases, including cardiovascular disease, type 2
diabetes, and several types of cancer (1, 2). The developmental
origins of health and disease hypothesis proposes that critical
periods of early development, including the prenatal period
and early neonatal life, strongly influence health outcomes
throughout life (3, 4). Under this paradigm, rapid weight gain
during infancy is associated with childhood obesity and is a
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major risk factor for cardiovascular disease, nonalcoholic fatty
liver disease (NAFLD), or type 2 diabetes during adulthood
(5, 6). In humans, the main drivers of rapid neonatal weight
gain are overfeeding and/or high calorie intake, which
are exemplified by infant formula vs. breastfeeding,
or high-protein formula vs. low-protein formula (7).
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While the association between infant nutrition and
growth with late-onset hepatic steatosis and insulin
resistance is well documented, the causal molecular
mechanisms are not fully understood. It has been pro-
posed that epigenetic mechanisms, including DNA
methylation and/or histone modifications, might un-
derlie the long-lasting effects associated with early
nutritional cues (8, 9).

Litter size reduction during the suckling period is a useful
model to study the long-term effects of early overnutrition
and rapid neonatal growth. Rodents raised in small litters
(SLs) are consistently overfed during lactation and develop
late-onset obesity, hepatic steatosis, insulin resistance, im-
paired glucose tolerance, and renal and cardiac metabolic
alterations (10). The long-term metabolic derangements
caused by neonatal overfeeding are likely due to a combi-
nation of disturbances in the CNS, which may alter food
intake (11-13), and the peripheral tissues (14-17).

Hepatic steatosis is characterized by the accumulation
of lipid droplets in the cytoplasm of hepatocytes. Two
major pathways are involved in hepatic lipid synthesis: the
glycerol-3-phosphate pathway (i.e., de novo lipogenesis)
and the monoacylglycerol acyltransferase (MOGAT)
pathway (18). The MOGAT enzymes catalyze the con-
version of monoacylglycerol to diacylglycerol (DAG),
which is sequentially converted into triacylglycerol (TAG)
(19). Under normal physiologic conditions, the MOGAT
pathway is marginally active in the liver, and the expres-
sion of the 2 key genes of the pathway, Mogat1 and Mogat2,
are almost absent. In contrast, the MOGAT pathway is
strikingly up-regulated under pathologic conditions, in-
cluding obesity and NAFLD (19, 20). In these 2 patholo-
gies, Mogat1 shows strong up-regulation in humans and
animal models, suggesting a potential involvement in the
accumulation of intrahepatic TAG (21, 22).

We have previously developed a mouse model of neo-
natal overfeeding and accelerated growth during lactation
by litter size reduction (23). Offspring of SLs developed
obesity, had impaired glucose tolerance, and experienced
insulin resistance with aging. In the present study, we aimed
to gain further insight about the tissue or tissues contributing
to peripheral insulin resistance, the pathways involved, and
the mechanisms that mediate long-term effects. We show
that in our SL model the liver strongly contributed to overall
insulin resistance. Indeed, hepatic insulin sensitivity deteri-
orated as early as during the lactation period and persisted
until adulthood. Furthermore, hepatic Mogatl expression
was strikingly up-regulated in 15-d-old SL mice, and this
elevation persisted until age 6 mo. Mogat1 might contribute,
at least partially, to the development of both NAFLD and
insulin resistance in SL mice. Finally, we found that dynamic
specific histone modifications seem to contribute to long-
lasting alterations in Mogat1.

MATERIALS AND METHODS
Animal care and experimental design

The protocols were approved by the Universitat de Barcelona
Animal Care and Use Committee. The ICR mouse strain (ICR-
CD1; Envigo, Huntingdon, United Kingdom) was chosen for this
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study because of its fast somatic growth during the neonatal
period. After delivery, litter size was adjusted to 8 pups in the
control group, 4 pups in the SL group, or 12 pups per female in the
large litter group (LL). Offspring was nursed freely and weaned
at 3 wk to standard chow, which was provided ad libitum (2014
Teklad Global; Envigo). At weaning, control, SL, and LL mice
were housed in groups of 6 mice per cage. SL males and females
developed similar pathophysiologic characteristics: accelera-
ted postnatal growth, late-onset obesity, glucose intolerance,
and hyperinsulinemia. However, the females did not develop
NAFLD with aging (data not shown). Therefore, here we have
only included males because the main objective of this work was
to understand the mechanisms underlying hepatic NAFLD and
hepatic insulin resistance.

Food intake

Neonatal food intake was determined in 7-d-old neonates as pre-
viously described (23). Briefly, at 9:00 AMm, the whole litter was re-
moved from the mother and denied access to food for 2 h. Next, the
pups were accurately weighed and reintroduced to the mother for 1
h. After the 1 h refeeding period, the cohorts were weighed again.
Differences in body weight are a good estimate of food intake.

Adult food intake was determined in 1- and 4-mo-old indi-
vidual mice. Food was weighed every 24 h for 5 consecutive days.
The data were averaged and corrected for body weight to de-
termine daily food intake. Furthermore, an independent group of
mice was placed individually in closed cages connected to a
Phenomaster Labmaster System (TSE Systems, Hamburg, Ger-
many). Food and water were available ad libitum, and measure-
ments represent the mean intake over 1 wk.

Biochemical analyses

Serum insulin was determined by ELISA (MilliporeSigma, Bur-
lington, MA, USA). Serum triglycerides and free fatty acids
(FFAs) were measured using the Triglyceride Assay Kit
(MilliporeSigma) and the Nonesterified Fatty Acid (NEFA)
Kit (Roche, Basel, Switzerland), respectively. Whole blood
glucose was measured with a Glucose Meter Elite (Menarini,
Barcelona, Spain).

Milk composition

Milk was obtained at d 15.5 of lactation from an independent set of
dams (control, n=4; SL, n =4). Milk was collected under anesthesia
(pentobarbital, 40 mg/kg) by massage. Triglycerides, glycerol, and
FFAs were determined by colorimetric methods. Total protein
concentration was determined in diluted samples with the Pierce
BCA Protein Assay Kit (Pierce; Thermo Fisher Scientific, Waltham,
MA, USA). Relative lactose concentration was determined
by liquid chromatography [(Acquity Ultra-Performance Liquid
Chromatography Ethylene Bridged Hybrid Hydrophilic In-
teraction Chromatography (UPLC BEH HILIC) column; Waters,
Milford, MA, USA)] coupled to mass spectrometry (QqQ/MS
6490; Agilent Technologies, Santa Clara, CA, USA).

Epididymal fat mass assessment

Epididymal fat depots were dissected and fat mass calculated as
a percentage of wet tissue per whole body weight.

In vivo metabolic testing

Intraperitoneal glucose (2 g/kg weight) tolerance tests were
performed in unrestrained conscious mice after a 12-h food
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deprivation. Glucose was monitored at 0, 15, 30, 60, and 120 min
after glucose administration. Glucose tolerance was calculated as
the area under the glucose curve.

Insulin action

In vivo tissue-specific insulin sensitivity was assessed in 15-d-old,
1-mo-old, and 4-mo-old mice as follows. Fifteen-day-old mice
were separated from the dam for 4 h before the test. Insulin (1 U)
was administered as an intraperitoneal bolus into anesthetized
mice (pentobarbital, 40 mg/kg). Tissue extraction was conducted
15 min after insulin injections. Adult mice were denied access
to food overnight (12 h). One unit of insulin was administered
via the vena cava into anesthetized mice. Tissues were collected
2 min after the infusion and snap frozen in liquid nitrogen. Tis-
sues were stored at —80°C until Western blot analyses were
performed.

Liver TAG and DAG content

Liver TAG content was determined as previously described (24).
Briefly, livers (50 mg) were homogenized in ice-cold PBS. Hepatic
lipids were extracted according to Bligh and Dyer (25). Hepatic
triglycerides were quantified using a Triglyceride Assay Kit
(Roche Diagnostics, Indianapolis, IN, USA).

Liver DAG content was measured by NMR analysis. Briefly,
the chloroform phase was isolated, dried, and reconstituted in
700 ml of 2:1 CD;CL:CD;0OD with 4% D,O and 0.01% tetra-
methylsilane (TMS) solution (0.067 mM). 'HNMR spectra were
recorded at 300K on an Advance III 600 spectrometer (Bruker,
Bremen, Germany). After preprocessing and visual checking of
the NMR data set, specific H regions of DAGs were identified
and quantified in the spectra using the AMIX 3.9 software
package (Bruker).

In vivo lipogenesis

In vivo lipogenesis was determined following a previously Eub—
lished general protocol (26). Briefly, 2% w/w sodium 1-I*=c))-
acetate solution (99 atom %, Isotec; MilliporeSigma) was added
to the drinking water of mice for 5 consecutive days. At the end of
this period, animals were humanely killed. Livers were quickly
removed, freeze clamped, and stored at —80°C. Liver homoge-
nates were prepared in PBS, and C17:0 was added as internal
standard. Lipids were hydrolyzed in HCl/acetonitrile (1:22
v/v), and fatty acids were extracted in hexane and derivatized
using Br-2,3,4,5,6-pentafluorobenzyl/acetonitrile/ triethanolamine
(1:6:2 v/v). Incorporation of the ['*C] label into newly syn-
thesized fatty acids was determined using an Agilent 5975
series GC-MS spectrometer (Agilent Technologies). The nor-
malized mass isotopomer distributions measured by GC-MS
(m0-mx) were corrected for natural abundance of [**C]. Using
mass isotopomer distribution analysis, algorithms for isotope
incorporation into the shown fatty acids either by synthesis or
chain elongation were calculated.

Hepatocyte isolation and culture

Hepatocytes were isolated from 12-h unfed mice. Briefly, the
mice were anesthetized with ketamine and xylazine. The liver
was perfused through the cava vein with 10 ml of HBSS
(MilliporeSigma) during 4 min. Next, the collagenase solution
[0.04% (w/v), 5 ml; MilliporeSigma] was perfused during 2
more minutes. At the end of the digestion, the liver was
carefully removed and cells were filtered through 100-pm
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nylon filters for 50 ml conical tubes (Sardstedt, Niimbrecht,
Germany) and washed 2 times with cold HBSS (600 g, 10 min,
4°C;70g,2 min, 4°C). Hepatocytes were suspended in DMEM,
supplemented with 10% (v/v) fetal bovine serum, 100 nM
insulin (MilliporeSigma), and then seeded onto 6 multiwell
plates treated with 0.1% collagen solution (MilliporeSigma) at
a final density of 1 X 10° cells per well. After 4 h, the media
were replaced with fresh DMEM containing 25 mM glucose,
1% fetal bovine serum, and 100 nM insulin for 24 h until the
experiments were performed.

FFA incorporation into TAG

Hepatocytes were washed with HBSS and incubated in DMEM
without fetal bovine serum and insulin but containing FFAs
(0.4 mM palmitate and 0.4 mM oleate; MilliporeSigma) conju-
gated with a solution containing 3% bovine serum albumin. Cells
were incubated for 24 h in this medium. At the end of each ma-
nipulation, cell monolayers were suspended in 500 pl of SDS
0.1%, and TAG was extracted and analyzed as previously
described.

In vivo very low-density lipoprotein secretion

Secretion of very low-density lipoproteins (VLDLs) in vivo was
assessed by measuring the progressive accumulation of TAG in
serum of mice treated with tyloxapol (MilliporeSigma). In-
traperitoneal injection of tyloxapol (500 mg/kg body weight)
was performed on conscious mice after food was withheld for4 h.
Blood samples were obtained from the tail vein at 0, 90, and
180 min after tyloxapol administration.

Real-time quantitative PCR analysis

c¢DNA was synthesized from 1 p.g of total RNA using Random
Primers (Promega Biotech Ibérica, Madrid, Spain). The am-
plification of the genes of interest was performed using real-
time quantitative PCR (qPCR) on a 7500 Real Time PCR
System and 7500 v.2.0.4 software (Thermo Fisher Scientific)
using SYBR (Promega Biotech Ibérica) Master Mix. Data were
normalized with cyclophilin. The primers are listed in Sup-
plemental Table 1.

Assessment of DNA methylation by
mass spectometry

Genomic DNA was isolated using DNAzol (Promega Biotech
Ibérica). The quantitative analysis of 5-meC levels of the 5 re-
gions of Mogatl was determined after bisulfite treatment (EZ
DNA Methylation Kit; Zymo Research, Orange, CA, USA) by
using the Sequenom EpiTyper (Sequenom, San Diego, CA, USA).
Bisulfite-treated genomic DNA was amplified using 2 pairs of
primers (Supplemental Table 2). The methylation level at each
CpG site for each sample was calculated as the percentage of the
methylated alleles over the sum of methylated and unmethylated
alleles.

Western blot analyses and
chromatin immunoprecipitation

Western blot analyses were performed using 50 ug of protein
extract as previously described (27). Likewise, chromatin
immunoprecipitation (ChIP)-qPCR analyses were performed
as previously described (28). Briefly, histone binding was
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determined as the immunoprecipitation/input ratio and further
corrected by the IgG to establish the background. Finally, the data
were presented as fold change over control in order to compare
the environmental impact of early nutrition and growth on the 3
histones that we wished to analyze. The list of antibodies is
provided in Supplemental Table 3.

Statistical analysis

Results are expressed as means = seM. When samples showed
normal distribution and similar standard variations, statistical
analysis was performed by 2-tailed Student’s ¢ test or 1-way
ANOVA as indicated (RStudio v.0.98.1102). Normal distribution
was assessed by the Shapiro-Wilk test and confirmed visually
through Q-Q graphs. The Mann-Whitney-Wilcoxon test was
applied to nonnormally distributed data. A value of P < 0.05was
considered significant.

RESULTS

SL mice develop metabolic syndrome features
very early in life

Mice from SLs (Fig. 1A) developed many features of
the metabolic syndrome as adults, including obesity,
dyslipidemia, and glucose intolerance (23). We aimed to
identify early pathophysiologic and molecular events to
explain long-term programming of hepatic steatosis and
insulin resistance. We began by confirming that by 2 wk
of age, SL mice were heavier (Fig. 1B) and displayed greater
adiposity than controls (Fig. 1C). Rapid neonatal growth
might be explained by increased food intake (Fig. 1D) and

differences in macronutrient milk content (Fig. 1E). Spe-
cifically, by lactation d 15, total TAG content was 2-fold
higher in milk from SL females as compared to controls
(Fig. 1E). In contrast, the concentration of lactose, protein,
NEFAs, and glycerol remained similar between groups
(Fig. 1E). Following this early dietary pattern, serum
glucose and NEFAs were also significantly elevated in
2-wk-old SL mice (Table 1). In contrast, the concentration
of insulin and TAG were similar among groups (Table 1).
Strikingly, food and water intake normalized in SL mice
after weaning, as determined at 1 and 4 mo of life (Supple-
mental Fig. 1A, B). Despite normalizing feeding behavior, SL
mice remained heavier than controls (23). Likewise, SL. mice
developed dyslipidemia and hepatic TAG accumulation by
age 1 mo (Fig. 1F and Table 1), before the onset of hyper-
insulinemia and impaired glucose tolerance (Table 1).

Hepatic MOGAT pathway is significantly
increased in SL mice

Next, we aimed to study the pathway or pathways that
might contribute to increase liver TAG content in SL mice
(Fig. 2A). Expression of key lipogenic genes remained
largely unaltered in livers of young and adult SL mice, and
Fasn expression even decreased in adult SL mice (Fig. 2B).
Instead, we found significant differences in expression of
genes involved in the MOGAT pathway (Fig. 2C). Re-
markably, Mogat1 was already 3-fold higher in lactating SL.
mice compared to control mice and was further increased
(up to 20-fold) with aging. Other genes in this pathway
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Figure 1. Early physiologic adaptations in SL mice. A) Protocol of litter size adjustments during lactation period. B) Body weight
of control (C) and SL mice from birth to second week of life (n = 28; 3 control litters; 8 SL litters). C) Epididymal fat mass of C (n=
26; 3 litters) and SL (% = 19; 5 litters) mice at age 2 wk. D) Food intake in 1-wk-old mice (C, n =16, 2 litters; SL, n= 11, 3 litters).
E) Total TAG, lactose, protein, glycerol, and FFAs were determined in whole milk samples at lactation d 14.5. C, n =4, 1 litter;
SL, n =5, 1 litter. F) Intrahepatic triglyceride content was determined in lactating 2-wk-old mice (n = 10; 2 litters), 1-mo-old
mice (n=20; 5 litters), and 6-mo-old mice (n = 6; at least 2 litters). All values are means * sem. *P < 0.05, **P < 0.01, ***P <
0.001 (Student’s ¢ test).
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Figure 2. Pathways involved in homeostasis of hepatic TAG levels. A) Schematic representation detailing pathways involved in
TAG synthesis (glycerol 3-P and MOGAT pathway), degradation (FFA oxidation), and export (VLDL secretion). B) Expression
(mRNA) of key genes of glycerol-3-P pathway (C) monoacylglycerol-O-acetyl transferase pathway, (D) lipid oxidation, and (k)
VLDL secretion in control (C) and SL mice at 2 wk (C, n="7, 3 litters; SL,, n =8, 3 litters) and 6 mo of life (C, n=>5, 1 litter; SL, n=
6, 1 litter). F) In vitro incorporation of FFAs (palmitate and oleate) into hepatocytes of 6-mo-old C and SL rmce (C, n=15
replicates from 2 independent isolations; SL, n = 12 replicates from 2 isolations). G) In vivo incorporation of ['*C]-acetate into
hepatic lipid fraction of C (n = 10, 3 litters) and SL mice (n = 10, 3 litters). H) In vivo VLDL secretion as measured by
accumulation of serum TAG after treatment with lipoprotein lipase inhibitor tyloxapol (C, n =12, 4 litters; SL, n=9, 5 litters). All
values are means * seM. ¥*P < 0.05, **P < (.01 (Student’s ¢ test).

growth curves (Fig. 4B) and remained leaner than the
controls by age 4 mo (Fig. 4C). Adiposity (epididymal fat)
and insulinemia tended to be reduced in LL mice (Sup-
plemental Fig. 34, B), while glucose tolerance was similar
between adult control and LL mice (Supplemental Fig.
3C). Hepatic DAG showed a tendency toward reduced
levels (P = 0.07, Fig. 4D), while TAG content dropped to
30% in LL mice (P < 0.05, Fig. 4E). Following reduced
hepatic lipid content, Mogatl mRNA showed modest re-
ductions (P = 0,08), while the other genes of the MOGAT
pathway remained unaltered (Fig. 4F). Furthermore,
markers of lipogenesis (Srebfl, Fasn, Acaca, Scdl) and
VLDL production (Apob) were also similar between
groups (Supplemental Fig. 3D). Contrary to observa-
tions in SL mice, Cpt2 was strongly up-regulated in the
liver of LL mice, suggesting an additional involvement
of FFA oxidation in mediating low TAG content in LL
mice (Supplemental Fig. 3D). Finally, in vivo insulin
signaling was increased in adult LL mice, suggesting
improved hepatic insulin sensitivity (Fig. 4G).
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Life-course deregulation of Mogat1 associates
with dynamic histone modifications

Up-regulation of Mogat1 might be attributed to an increased
level of upstream transcription factors, including the per-
oxisome proliferator-activated receptors o and y (PPARA,
PPARG) (30, 31). However, protein content and mRNA
levels were similar among groups at 2 wk and 6 mo of age
(Supplemental Fig. 4A, B). Alternatively, long-term de-
regulation of gene expression might be attributed to epi-
genetic modifications (32). We measured the presence
of specific histone modifications, through ChIP, that are
shown to bind to the proximal regulatory regions of Mogat1:
histone 3 lysine-4 trimethylated (H3K4me3), histone 3
lysine-9 acetylated (H3K9Ac), and histone 3 lysine-27 tri-
methylated (H3K27me3) (Fig. 5A). We found that the
binding of the 3 histones was relatively poor in the liver
of neonates (Supplemental Fig. 5A). After age 2 wk, the
signal becomes much stronger for the H3K4me3 and the
H3K27me3 marks, which stays at similar levels until age
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Figure 3. MOGAT pathway contributes to impair hepatic insulin signaling via DAG accumulation. A) MOGAT pathway depicting
link between DAG synthesis and insulin signaling. B) Hepatic DAG content in young [2 wk; control (C) n =8, 6 litters; SL, N=8, 7
litters] and adult (6 mo; C, n=5, 1 litter; SL = 6, 1 litter) mice. C) In vivoinsulin action in 15 d old C (n = 4, 3 litters) and SL mice
(n =4, 3 litters). Images are representative Western blots. Graphs represent quantification of Western blot. White bars represent
unstimulated (saline) and gray bars insulin-stimulated samples. D) In vivo insulin action in 1- (C, n =4, 3 litters; SL, n = 5, 3 litters)
and 4-mo-old mice (C, n =4, 3 litters; SL, n = 4, 3 litters). Images are representative blots and graphs are their quantification. All
values are means = sEM. N.s., not significant. ¥*P < 0.05, ¥**P < 0.01 (Student’s ¢ test or Mann-Whitney-Wilcoxon test when samples

did not follow normal distribution).

6 mo (Supplemental Fig. 5A). The binding of H3K9Ac is
stronger by age 6 mo. In the liver of 24 h neonates, the
relative abundance of these 3 histone marks was similar
among groups (Supplemental Fig. 5B). However, as
early as by age 2 wk, the binding of the repressive mark
H3K27me3 was 50% reduced in the liver of SL mice
(Fig. 5B). The activating marks H3K4me3 and H3K9Ac
were unaltered. By the age of 6 mo, H3K4me3 binding
was increased 2-fold in SL mice, whereas H3K9Ac and
H3K27me3 remained unaltered (Fig. 5B). Together, this
combination conceivably favors increased Mogatl gene
expression in SL mice throughout their life span (Fig. 6).
However, in the liver of LL mice, the combination of
histones might favor Mogat1 repression: the activating
histone mark H3K9Ac was significantly reduced by age 2
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wk, whereas the repressing mark H3K27me3 showed a
nonstatistical trend by age 6 mo (Fig. 5C).

Finally, we measured cytosine methylation in the CpG
Island located within the region where we have performed
the ChIP assays (Fig. 5A). Globally, the methylation profile
of this region was relatively low and similar among con-
trol, SL, and LL mice at age 15 d (Fig. 5D, E). Likewise, the
pattern of methylation remained similar between control
and SL mice at 6 mo of age (Fig. 5D).

DISCUSSION

Immediate postnatal overfeeding increases the risk for
chronic diseases later in life, including obesity, insulin
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resistance, hepatic steatosis, and type 2 diabetes (5, 6). We
had previously developed a mouse model of neonatal
overfeeding and rapid neonatal growth by litter size re-
duction (23). As adults, mice from SLs developed several
components of the metabolic syndrome, including obesity,
dyslipidemia, and glucose intolerance. Peripheral insulin
resistance was mainly responsible for long-term metabolic
dysfunction because B-cell function was preserved in
adult SL mice (23). Several studies have pointed to the role
of hyperphagia in mediating obesity and obesity-related
insulin resistance (11, 12, 14, 33-35). We reported that SL
mice exhibited hyperphagia during lactation, which might
account for accelerated neonatal growth (Fig. 6A). How-
ever, early overfeeding was a transient phenomenon, and
calorie intake normalized in SL mice after weaning (11, 15,
36). Therefore, our data strongly suggest that late-onset
metabolic dysfunction in SL mice might be largely attrib-
utable to deregulation of peripheral functions (i.e., pe-
ripheral insulin resistance).

We confirmed that in vivo insulin action was already
impaired in the liver of 15-d-old SL mice, which persisted
until adulthood. Others have also described that litter size
reduction increases susceptibility of developing insulin
resistance with aging (15, 16, 36, 37). However, we are
among the first to show that neonatal overfeeding leads to
rapid derangement of insulin sensitivity in a tissue-specific
manner (17). Because liver is a key tissue in maintaining
whole body homeostasis, impaired hepatic insulin action
conceivably contributes to progressive whole body insulin
resistance in SL mice. Other tissues, including adipose
tissue and skeletal muscle, may additionally contribute to
whole body insulin resistance. Clearly it would be useful
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to investigate their potential impact to whole body insulin
sensitivity in future studies.

We next attempted to understand the molecular
mechanisms contributing to hepatic steatosis and insulin
resistance in SL mice. We found major alterations in ex-
pression of genes of the MOGAT pathway, which might
play a key role in mediating both hepatic steatosis and
insulin resistance in our mouse model (Fig. 6B) (38).
Combined data from SL, control, and LL mice showed that
Mogat1 expression correlated positively with hepatic TAG
concentration. Furthermore, functional assays confirmed
that hepatic steatosis in SL mice can neither be attributed
to enhanced de novo lipogenesis nor impaired VLDL se-
cretion. In contrast, hepatocytes of SL mice accumulated
more TAG than control hepatocytes on incubation with
FFAs (palmitate and oleate). The incorporation of FFAs
into the triglyceride fraction occurs primarily through
FFA esterification via the MOGAT pathway. Therefore,
although we cannot completely exclude the notion that
part of these FFAs might be oxidized differentially be-
tween groups, the overall functional assays and gene
expression strongly support that the MOGAT pathway
may play a central role in mediating hepatic steatosis in
SL mice.

In agreement with this, human observational studies
and animal models of obesity confirm that the MOGAT
pathway is strikingly up-regulated under pathologic
conditions, including obesity and NAFLD (19, 20). Indeed,
Mogat1 is one of the genes of this pathway that shows
the strongest up-regulation in both conditions (21, 22).

The MOGAT pathway may be directly involved in
the development of hepatic insulin resistance via DAG
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Figure 5. Epigenetic regulation of hepatic Mogatl expression. A) Mogatl structure detailing position of CpG island (CGI, green
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synthesis (Fig. 6B). DAG may act as a signaling molecule inrodents. Indeed, other studies have shown that perinatal
that mediates insulin resistance through impairing Akt overfeeding did not induce inflammation, at least when
phosphorylation (29, 39). Again, combined data from SL  the animals were maintained on a standard diet (36, 41).
and LL mice show a positive correlation between Mogatl  Second, and relatedly, we have measured markers of in-
expression and hepatic DAG concentration. In turn, flammation up to 6 mo of age. It might be possible that
intrahepatic DAG levels negatively correlated withinsulin ~ inflammation develops later in life. In sum, our model
action. Although these data are associative, they strongly  strongly supports a scenario in which obesity and insulin
suggest that hepatic insulin resistance is at least partly resistance arise in the absence of inflammatory markers.
mediated via DAG accumulation. In addition to DAG  We speculate that inflammation may develop later in life
signaling, other pathways might also mediate insulin re- and/or in response to other nutrition factors, such as high-
sistance, including inflammation. This last one is especially ~ fat feeding.

relevant in humans, were it appears closely linked to Overall previous data, including ours, suggests an im-
obesity (40). However, we did not find any evidence in- portant role for Mogat1 in mediating hepatic TAG accu-
volving inflammation in the development of insulin re- mulation and insulin resistance. In agreement, causal
sistance in our model. We speculate that the reasons for functional experiments confirmed that short-term hepatic
lacking inflammation in our obese model include the fol-  suppression of Mogat1 (through RNAi and antisense oli-
lowing. First, the animals were maintained on a standard  gonucleotides) improved hepatic insulin signaling, whole
chow diet, which contains low fat. It is known that high-fat  body glucose homeostasis, and moderately reduced TAG
and high-sucrose diets are major inducers of inflammation ~ content (21, 42). However, in models of obesity, such as
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diet-induced obesity and ob/ob mice, similar approaches
moderately improved glucose tolerance and insulin sen-
sitivity without reducing TAG content (43). This effect
could be attributed to the short-term effect of the treatment
with the antisense oligonucleotides. Nevertheless, long-
term Mogat1 knockdown did not ameliorate hepatic stea-
tosis and insulin sensitivity in ob/ob and lipodystrophic
mice (Agpat2~/ ") (44). Together, the previous data sug-
gest that Mogat1 might be directly involved in liver steatosis
and hepatic insulin sensitivity, at least under standard
chow feeding conditions. However, in genetic models
of obesity (ob/ob), lipodystrophy (Agpat2~/ "), or diet-
induced obesity, in which the liver accumulates mas-
sive amounts of lipids, additional pathways should be
involved as well. This explains why strategies aimed to
reduce Mogat1 in adults do not improve hepatic steatosis.
Yet our data support a rationale for modulating Mogat1
early in life before the appearance of fatty liver. This
hypothesis deserves future experiments (for example,
maintaining LL mice on a high-fat diet), which are,
however, beyond the scope of the current work.

We next addressed the potential mechanisms that
contribute to sustained deregulation of Mogat1. It has been
proposed that epigenetic mechanisms might link early
environmental cues, including nutrition, with long-lasting
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regulation of gene expression (8, 9). Accordingly, neonatal
overnutrition (11, 12) or altered milk macronutrient com-
position (45) is associated with differential DNA methyl-
ation patterns in key metabolic organs. However, we did
not find differences of cytosine methylation in the tran-
scription start site of Mogat1. These data suggest that in our
model, DNA methylation does not play a major role in
regulating Mogatl. Nevertheless, we cannot completely
rule out the notion that differences in DNA methylation in
other distant regions might influence Mogat1 expression.
Genome-wide cytosine methylation profiling would be a
valuable means to explore the potential implication of
other regions, which will be further investigated in the
future.

The current study found that long-term deregulation of
Mogat1 is attributed in part to the dynamic remodeling of
the histones that bind the regulatory region of the gene.
Accordingly, histone modifications might favor Mogatl
expression in SL mice, whereas different combination of
histones might repress it in LL mice. In particular, the re-
pressive histone mark H3K27me3 was reduced in liver
from 2-wk-old SL mice, suggesting that Mogat1 is less re-
pressed in young SL mice than in controls. In adult mice,
the activating mark H3K4me3 was 2-fold enriched in SL
mice (Fig. 6C). However, in young LL mice the
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activating mark H3K9Ac was reduced, whereas in old
mice the repressive histone H3K27me3 was increased.
This combination is associated with permanent reduc-
tions of Mogatl expression in LL mice. The important
findings here are that early patterns of histone modifi-
cations were not permanently maintained. Instead,
early marks are remodeled throughout the life span in
response to environmental factors, including obesity
and nutrition.

In agreement with this finding, other models of de-
velopmental programming of late-onset diabetes also
show striking histone dynamics with aging (46, 47).
However, it is relevant to note that SL and LL mice show
opposite traits, including whole body physiology, hepatic
DAG/TAG levels, and Mogatl levels. Yet the histone
marks associated with Mogat1 in each model do not follow
the same pattern. For example, in young SL mice Mogat1
up-regulation associates to reduced H3K27me3, whereas
in young LL mice Mogat]l down-regulation associates to
reduced H3K9Ac. Together, these data suggest a complex
set of histone interactions in modulating the Mogatl
expression.

Because we wanted to gain insight into the physiologic
signals during early life that contribute to stimulating the
MOGAT pathway in the liver of SL mice, we analyzed the
macronutrients present in the milk and found that TAG
concentration doubled in SL females. Increased milk TAG
content correlated with higher concentration of NEFAs in
the serum of 15 d old suckling SL mice. Therefore, litter size
reduction might lead to increased flux of FFA esterification
through the MOGAT pathway (Fig. 64, B). Strikingly,
changes in macronutrient milk composition in response to
litter size have been previously reported (17, 35, 36, 48).
The signals that lead to changes in macronutrient milk
composition are currently unknown. We speculate that
reductions in litter size will lead to lower milk production.
Furthermore, it is important to note that the milk of ro-
dents is very rich in lipids. Therefore, we propose that
lowering milk production as a result of reduced litter size
would result in the net accumulation of TAG. Other pos-
sibilities include that the cells of the mammary gland may
adapt the production and secretion of macronutrients,
again in response to offspring demand. This is an area of
intense investigation because milk composition in hu-
mans, which is exemplified by breast-feeding vs. bottle-
feeding, influences infant growth and predisposes them to
childhood overweight and chronic diseases later in life (49,
50). Still, how may this change in macronutrient content
influence Mogat1 gene expression? There is evidence that,
in vitro, either FFAs or glucose modify Mogatl mRNA.
Instead, it has been shown that PPARA and PPARG may
regulate hepatic Mogat1 both in humans and mice (31, 51).
However, gene expression and protein content of PPARs
were unaltered in SL mice. Therefore, here we propose that
up-regulation of Mogat1 could rely on the transcriptional
activity of PPAR proteins, which indeed depends on
the chromatin conformations specified by the combina-
tion of histones that bind to the promoter region of the
gene. Hence, we predict a complex interplay among nu-
trient availability (FFAs), histone variants (H3K4me3/
H3K27me3), and transcription factors (PPARA/G) in
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mediating early and long-term expression of Mogat1. Fi-
nally, in addition to the potential link between TAG/FFAs
and the PPARs, it should be noted that SL mice have in-
creased global calorie intake during lactation. Hence, SL
mice also have increased carbohydrate and protein intake
even though the concentration of these macronutrients is
similar in the milk of control and SL dams. Therefore, it
could be possible that other signals derived from these
macronutrients additionally contribute to regulate Mogat1
expression in the liver of SL mice. These hypotheses are
currently under investigation.

In summary, we show that inappropriate neonatal
nutrition may lead to extremely rapid and permanent
derangements of insulin action. A conceivable explanation
is that developing individuals are exposed to a hyper-
lipidemic diet due to combined hyperphagia and high
milk TAG concentrations (Fig. 6A4). Next, increased TAG/
FFA intake during lactation would result in enhanced
flux of FFAs through the monoacylglycerol pathway,
leading to transient DAG levels, which in turn impair in-
sulin signaling (Fig. 6B). Our results indicate that Mogat1
could be an important player in this process. Long-lasting
alterations in Mogat1 expression are likely attributable
to epigenetic reprogramming at the Mogat1 locus via
histone modifications (Fig. 6C). Therefore, targeting
MOGAT activity in the liver of lactating individuals
could be a novel therapeutic strategy to prevent
NAFLD and hepatic insulin resistance (31). This opens a
rationale for defining a new window of opportunity for
potential primary prevention of chronic diseases. Our
data are of particular relevance when translated to the
arena of human disease because they reinforce the im-
portance of infant nutrition in order to permanently
maintain a healthy metabolic balance throughout the
life span.
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