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The liver is a major organ of lipid metabolism, which is markedly
changed in response to physiological nutritional demand; however,
the regulation of hepatic lipogenic gene expression in early life is
largely unknown. In this study, we show that expression of glycerol-
3-phosphate acyltransferase 1 (GPAT1; Gpam), a rate-limiting en-
zyme of triglyceride biosynthesis, is regulated in the mouse liver by
DNA methylation, an epigenetic modification involved in the regu-
lation of a diverse range of biological processes in mammals. In the
neonatal liver, DNA methylation of the Gpam promoter, which is
likely to be induced by Dnmt3b, inhibited recruitment of the lipo-
genic transcription factor sterol regulatory element–binding protein-
1c (SREBP-1c), whereas in the adult, decreased DNA methylation
resulted in active chromatin conformation, allowing recruitment of
SREBP-1c. Maternal overnutrition causes decreased Gpam pro-
moter methylation with increased GPAT1 expression and triglycer-
ide content in the pup liver, suggesting that environmental factors
such as nutritional conditions can affect DNA methylation in the
liver. This study is the first detailed analysis of the DNA-methylation–
dependent regulation of the triglyceride biosynthesis gene Gpam,
thereby providing new insight into the molecular mechanism under-
lying the epigenetic regulation of metabolic genes and thus meta-
bolic diseases. Diabetes 61:2442–2450, 2012

T
he liver is a major organ of lipid metabolism,
which is physiologically changed during organ
maturation (1,2). The rate of hepatic de novo lipo-
genesis (i.e., triglyceride [TG] biosynthesis) is very

low during the suckling period, when fat intake is high from
milk, but it rises with the onset of weaning, when glucose is
used as a source of energy (1). Thus, hepatic gene expression

may change markedly before and after weaning, which
could be regulated in response to nutritional demand.

TG is the major storage form of energy in animals. TG bio-
synthesis begins with the acylation of glycerol-3-phosphate
by glycerol-3-phosphate acyltransferase 1 (GPAT1; Gpam)
to form lysophosphatidic acid; this is the rate-limiting
step in the hepatic TG biosynthesis pathway (3). In the
acylation process, fatty acids produced by stearoyl CoA
desaturase 1 (SCD1; Scd1) and fatty acid synthase (FAS;
Fasn) are used as acyl donors. Among the lipogenic en-
zymes, GPAT1 plays an important role in the regulation of
hepatic TG biosynthesis (4,5). The lipogenic genes such
as Gpam, Scd1, and Fasn are activated by sterol regulatory
element–binding protein-1c (SREBP-1c), which is a tran-
scription factor and master regulator of lipogenesis. Indeed,
their promoter regions contain the SREBP-responsive ele-
ments (SREs) (6–8). Aberrant lipogenic gene regulation can
contribute to fatty liver, which is associated with obesity,
type 2 diabetes, and insulin resistance (9). However, the
molecular mechanism involved in the regulation of lipo-
genic genes during early life remains largely unclear.

The methylation of cytosine residues in DNA is a major
epigenetic modification, and its role is well studied in or-
gan development and cell differentiation (10–12). In most
instances, DNA methylation of the promoter regions
causes suppression of gene expression (13). In mammals,
three CpG DNA methyltransferases (Dnmt)—Dnmt1, Dnmt3a,
and Dnmt3b—coordinately regulate DNA methylation in
the genome. Dnmt1 promotes DNA methylation after DNA
replication and plays a major role in the maintenance of
methylation (14). Dnmt3a and Dnmt3b are required for the
initiation of de novo DNA methylation (10).

DNA methylation may be affected by environmental
factors, thereby regulating a variety of metabolic pro-
cesses and diseases (15–18). Although the fetal and neo-
natal periods, which are highly plastic to environmental
changes, should be under the epigenetic control, the role
of DNA methylation in early life has not fully been
addressed. This study is the first demonstration that the
DNA methylation status of the Gpam promoter and its
mRNA expression are inversely correlated during mouse
liver maturation. This study highlights the role of DNA
methylation in the regulation of lipogenic genes, thereby
providing new insight into the molecular mechanism un-
derlying epigenetic regulation of metabolic diseases.

RESEARCH DESIGN AND METHODS

Animals and the experiment with high-fat/high-sucrose diet–fed dams.

Pregnant female C57BL/6 mice were obtained from Japan SLC (Hamamatsu,
Japan). The mice were fed ad libitum a standard rodent chow, CRF1 (Charles
River Japan, Tokyo, Japan). Offspring at the indicated ages were used for tissue
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sampling. They were weaned at 25 days of age and thereafter fed CRF1
throughout the experiment.

The experiment with high-fat/high-sucrose (HF/HS) diet–fed dams was per-
formed as follows. Six-week-old male and female C57BL/6 mice (Japan SLC)
were crossed, and pregnant dams were used. Two weeks before the beginning
of mating and throughout the experiment, dams were fed ad libitum either CRF1
(standard) or HF/HS diet (D12079B; Research Diets, New Brunswick, NJ).
Schematic experimental design is shown in Supplementary Fig. 1. Five-day-old
offspring were used for analysis. All animal experiments were approved by
Institutional Animal Care and Use Committee of Tokyo Medical and Dental
University (approval identification number 0090041).
Quantitative real-time PCR analysis. Gene expression levels were measured
as described (19). The primers used are shown in Supplementary Table 1.
Western blot analysis. The nuclear fraction of cell lysate was prepared using
a ProteoJET Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas, Glen
Burnie, MD). Mitochondrial fraction of the liver was prepared as described (4).
Western blot analysis was performed as described previously (19). Anti-GPAT1
(sc-161674; Santa Cruz Biotechnology, Santa Cruz, CA), anti-SCD1 (ab19862;
Abcam, Cambridge, MA), anti-FAS (sc-48357; Santa Cruz Biotechnology), anti–
SREBP-1 (ab3259; Abcam), anti-CoxIV (ab14774; Abcam), anti–a-tubulin
(T9026; Sigma-Aldrich, St. Louis, MO), anti-Lamin a/c (sc-20681; Santa Cruz
Biotechnology), anti-Dnmt3b (IMG184A; Imgenex, San Diego, CA), or histone
H1 (sc-10806; Santa Cruz Biotechnology) was used as the primary antibody.
Bisulfite DNA methylation analysis. Sodium bisulfite treatment of genomic
DNA was performed with a BisulFast DNA modification kit (Toyobo, Tokyo,
Japan) according to the manufacturer’s instructions. Sequential PCR amplifi-
cation of the genes of interest was performed using specific primers (Sup-
plementary Table 2). The PCR profile was as described in Supplementary
Table 2. The amplified fragments were ligated into the vector pGEM-T-easy
(Promega KK, Tokyo, Japan) and sequenced. At least 16 bacterial colonies
were picked up per PCR amplification. A web-based tool, quantification tool
for methylation analysis, was used for bisulfite sequencing analysis of CpG
methylation (http://quma.cdb.riken.jp/) (20).
Quantification of DNA methylation of the Gpam promoter. DNA di-
gestion with methylation-sensitive HpaII and quantitative real-time PCR were
performed as described previously (21), with the following primers: forward
primer 59-CCCTAAAACTGGCTCCGGA-39 and reverse primer 59-CAGC-
CAATCGAAAGCTTCAGA-39. The forward primer contains the HpaII site of
Gpam promoter (underlined).
Primary culture of mouse hepatocytes. Primary hepatocytes were isolated
as described previously (22,23).
Preparation of recombinant adenovirus. The full-length mouse Dnmt3b1
cDNA was subcloned into the pShuttle vector provided in the BD Adeno-X
Expression System (BDBiosciences, Franklin Lakes, NJ). BDAdeno-X enhanced
green fluorescent protein (GFP) was used as a control (Ad-GFP; BD Bio-
sciences). Ad–SREBP-1c (active-nuclear form) (24) was kindly provided from
Dr. Hitoshi Shimano (Tsukuba University). Each recombinant adenovirus (Ad-
Dnmt3b, Ad-SREBP-1c, or Ad-GFP) was added to the medium of primary cul-
tured hepatocytes (1.8 3 107 infection-forming units in 500 mL).
TG/diacylglycerol synthesis in isolated liver and primary hepatocytes.

The liver was dissected from tendon to tendon and placed in modified
Krebs-Henseleit buffer containing 4% fatty acid-free bovine serum albumin
(Sigma-Aldrich), 5 mmol/L glucose, and 0.5 mmol/L palmitate, giving a palmitate-
to-bovine serum albumin molar ratio of 1:1. After a 30-min preincubation period,
liver strips were transferred to vials containing 0.5 mCi/mL [1-14C]palmitate (GE
Healthcare Life Sciences, Buckinghamshire, U.K.) for 60 min. For primary
hepatocytes, cells were incubated with [1-14C]palmitate in medium for 6 h. From
the liver or cells, lipids were extracted with chloroform/methanol (2:1) and re-
solved by thin-layer chromatography (hexane/ethyl ether/acetic acid = 60:40:3)
followed by photoimaging detection.
Transfection and luciferase assay with methylated plasmids. A luciferase
gene construct containing the Gpam promoter fragment (from 2489 to +79,
taking the first nucleotide of exon 1 as +1) was prepared. For in vitro DNA
methylation, the construct was digested with Asp718/XhoI, and a fragment
containing the Gpam promoter (2489 to +79) was purified, which was followed
by treatment with SssI (CpG methylase) as described previously (17). Methyl-
ation was confirmed by digestion with a methylation-sensitive restriction en-
zyme, HpaII. The luciferase assay was performed as described in (19,24).
Chromatin immunoprecipitation analysis. Chromatin immunoprecipitation
(ChIP) was performed using an assay kit (Upstate, Temecula, CA) (25). The
lysate was incubated with DynaBeads protein G-conjugated (Life Technologies,
Carlsbad, CA) anti–SREBP-1c (sc-8984X; Santa Cruz Biotechnology), anti-Dnmt1
(sc-20701; Santa Cruz Biotechnology), anti-Dnmt3a (ab2850; Abcam), anti-
Dnmt3b (ab2851; Abcam), anti-trimethyl-histone H3 (Lys4) (#07-473; Upstate),
anti-acetyl-histone H3 (Lys9) (#06-911; Millipore, Temecula, CA), anti-dimethyl-
histone H3 (Lys9) (#9753; Cell Signaling Technology, Danvers, MA) antibody, or
rabbit normal IgG (sc-2027; Santa Cruz Biotechnology). The ChIP-enriched DNA

samples were analyzed by quantitative PCR. PCR primers were designed to
locate SREs of the Gpam or Scd1 promoter (Supplementary Table 3).
Liver TG analysis. The liver TG levels were measured by enzymatic color-
imetry as described (19).
Statistical analysis. Statistical analysis was performed using Student t test
and ANOVA followed by Scheffe test. Data were expressed as the mean 6 SE.
A P value of ,0.05 was considered statistically significant.

RESULTS

Lipogenic gene and SREBP-1c mRNA expression in
the neonatal and adult livers. We examined lipogenic
gene expression in the neonatal and adult livers before and
after weaning. The GPAT1 mRNA was only slightly ex-
pressed in the neonatal liver (days 0, 5, and 9), but markedly
increased (;40-fold) in the adult liver (10 weeks of age).
Similar to GPAT1, both SCD1 and FAS mRNA levels, as well
as protein levels of GPAT1, SCD1, and FAS, and GPAT-
mediated TG/diacylglycerol (DG) biosynthesis were increased
in the adult liver relative to the neonatal liver (Fig. 1A and
Supplementary Fig. 2). There is a GPAT1 splicing-variant
(GPAT1-variant) with an alternative first noncoding exon
(GenBank accession number: NM_008149) using an alter-
native promoter that is;30 kb downstream from the Gpam
promoter containing SREs, thus producing the identical
coding GPAT1 protein. In this study, its mRNA expression
showed a relatively small increase (approximately threefold)
from neonates (day 0) to adults (Fig. 1A).

SREBP-1c mRNA was weakly expressed in the neonatal
liver (day 0) and increased markedly (;100-fold) in the adult
liver (10 weeks of age). At day 9, approximately half the level
seen in the adults was observed (Fig. 1A). SREBP-1c protein
level was very low on day 0 and modestly and markedly in-
creased on day 9 and in adults, respectively (Fig. 1A).
Namely, on day 9, SREBP-1c was expressed but its target
genes were not; they showed delayed expression than
SREBP-1c, suggesting that the activity of SREBP-1c is
regulated posttranslationally.
DNA methylation of lipogenic gene promoters in
neonatal and adult livers. The Gpam promoter region
contains three SREs (Fig. 1B) (6). Bisulfite analysis revealed
high DNA methylation levels of the Gpam promoter con-
taining SREs in the neonatal liver (day 0) (Fig. 1C). By
contrast, less DNA methylation levels were observed in the
adult liver (Fig. 1C). We also confirmed the differential DNA
methylation of the Gpam promoter in the neonatal and
adult livers, based upon digestion with a methylation-
sensitive enzyme, HpaII, for which the recognition site lo-
cates between the first and second SREs (Fig. 1B), and a
subsequent quantitative real-time PCR analysis. Consistent
with the data of bisulfite analysis, DNAmethylation levels were
high in the neonatal liver (day 0 and 5; ;60%, day 9; ;55%)
relative to the adult liver (;15%) (Fig. 1D). By contrast,
appreciable DNA methylation of the Scd1 and Fasn pro-
moters, containing SREs, was not observed in both the
neonatal (day 0) and adult (10 weeks of age) livers (Fig. 1E).

In a CpG island of the alternative promoter of the Gpam,
there was also no significant DNA methylation in the neonatal
(day 0) and adult (10 weeks of age) livers (Fig. 1E). In contrast,
DNA methylation levels were high in the repetitive element of
intracisternal A particle (IAP) (26), one of the markers of global
DNA methylation, in both the neonatal and adult livers (Fig.
1E). It is therefore likely that DNAmethylation differs in certain
regions of the genome between neonatal and adult livers.
DNA methylation of the Gpam promoters in the adult
skeletal muscle. In contrast to the liver, high DNA
methylation levels in the Gpam promoter were observed in
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FIG. 1. Lipogenic gene expression and DNA methylation in the neonatal and adult mice livers. A: Relative lipogenic gene and SREBP-1c mRNA
levels in the neonatal (days after birth: 0, 5, and 9) and adult livers (after weaning, 10 weeks of age), examined by quantitative real-time PCR.
Values for day 0 were set at 1. Western blot analysis of GPAT1, SCD1, FAS, and nuclear form of SREBP-1 (nSREBP1) in neonatal (days 0 and 9) and
adult livers (10 weeks of age). For GPAT1, mitochondrial fraction was used. For FAS/SCD1 and SREBP-1, cytoplasmic and nuclear fractions were
used, respectively. a-Tubulin and Lamin a/c are cytoplasmic and nuclear markers, respectively, used for loading controls. B: Schematic repre-
sentation of the Gpam promoter region. The Gpam promoter contains three SREs (2186 to 2178, 2170 to 2161, and 264 to 255, transcription
start site counted as +1). Each circle denotes a CpG site, numbered 1–9. The HpaII site is indicated (arrow). Position of PCR primers for bisulfite
PCR analysis (BS) and ChIP analysis are indicated. C: Bisulfite analysis of the Gpam promoter. PCR primers used in bisulfite analysis for the Gpam
promoter are shown in B. Filled circles are methylated and open circles are unmethylated CpGs. The numbers beneath are as shown in B. The left
panel is a neonatal liver sample (day 0), and the right panel is an adult liver sample (10 weeks of age). Representative results of three independent
animals of each group with similar results are shown. D: DNA methylation of the Gpam promoter, estimated by HpaII digestion followed by
quantitative real-time PCR. Genomic DNA treated with BamHI alone was prepared as an uncut control (i.e., a fully methylated control [100%]) and
diluted as a standard dilution series. *P< 0.05, ***P< 0.001 compared with D0 sample; n = 3. E: Bisulfite analysis of the Scd1 and Fasn promoters
and the alternative Gpam promoter, containing CpG island, and IAP in the neonatal and adult liver. Representative results of three independent
animals of each group with similar results are shown. F: Bisulfite analysis and quantitative real-time PCR mRNA analysis of the Gpam promoter in
the adult skeletal muscle (10 weeks of age). Values for the liver were set at 1. n = 3. For bisulfite analysis, a typical result from three independent
experiments with similar results is shown. ***P < 0.001. G: Bisulfite analysis of the alternative Gpam promoter in the adult skeletal muscle and
relative GPAT1-variant mRNA levels in the adult liver and skeletal muscle. n = 3. CoxIV, cytochrome oxidase IV, a mitochondrial marker.
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the skeletal muscle of adult mice, where its mRNA expres-
sion was very low (Fig. 1F). DNA methylation levels of the
alternative Gpam promoter were low in the skeletal muscle
and liver, and GPAT1-variant expression levels were similar
between the skeletal muscle and liver (Fig. 1G). These ob-
servations, taken together, suggest that DNA methylation
of the Gpam promoter, containing SREs, and its mRNA
expression are inversely correlated in the skeletal muscle.
DNA methylation of the Gpam promoter in primary
culture of neonatal mouse hepatocytes. We next ex-
amined DNA methylation of the Gpam promoter in primary
culture of neonatal mouse hepatocytes. In this study, the
gene expression of albumin, a marker of mature hepato-
cytes, increased during the course of culture, suggesting the
maturation of primary hepatocytes (Fig. 2A). The DNA
methylation levels of the Gpam promoter was high at 0 h
but gradually decreased at 48 and 96 h, and GPAT1 mRNA
levels were low at 0 h and increased at 48 and 96 h (Fig. 2B).
By contrast, DNA methylation levels of IAP remained high
at both 0 and 96 h (Fig. 2B), suggesting that decreased
methylation is not likely due to total demethylation of the
whole genome. These observations also suggest an inverse
correlation between DNA methylation of the Gpam pro-
moter and its mRNA expression in primary culture of neo-
natal mouse hepatocytes.
Reporter activity from the Gpam promoter with in
vitro DNA methylation. In an in vitro reporter assay, we
examined whether DNA methylation of the Gpam promoter
affects the SREBP-1c–induced transcriptional activity.

Cotransfection of the Gpam promoter-Luc without DNA
methylation and SREBP-1c expression plasmid in HEK293
cells caused increased reporter activity from the Gpam
promoter (Fig. 2C). By contrast, upon methylation of the
Gpam promoter, Luc activity was not increased above the
basal level even in the presence of the SREBP-1c expres-
sion plasmid (Fig. 2C).
Adenovirus-mediated SREBP-1c overexpression and
ChIP analysis of the Gpam promoter in neonatal and
adult primary hepatocytes. To address whether DNA
methylation of the Gpam promoter is critical for SREBP-
1c–dependent GPAT1 expression, we overexpressed SREBP-
1c in neonatal (high DNA methylation) and adult (low
DNA methylation levels in the Gpam promoter) primary
hepatocytes through the adenoviral technique. We ob-
served similarly high expression of nuclear form of
SREBP-1c protein in neonatal and adult primary hepa-
tocytes (Fig. 2D). In this experiment, we observed less
expression of GPAT1 with lower recruitment of SREBP-
1 to the Gpam promoter in the neonatal primary he-
patocytes relative to adult primary hepatocytes (Fig. 2D).
The data indicated that GPAT1 expression is low even
in the presence of considerable SREBP-1c expression,
suggesting that DNA methylation of the Gpam pro-
moter is critical for SREBP-1c–dependent GPAT1 ex-
pression.
ChIP analysis of the Gpam promoter in neonatal and
adult liver. Dnmt1, -3a, and -3b mRNA expression was
detected in the neonatal and adult livers, although the

FIG. 2. In vitro analysis of DNA methylation and SREBP-1 recruitment of the Gpam promoter. mRNA expression levels of albumin (A) and DNA
methylation and mRNA expression levels (B) of the Gpam in neonatal primary hepatocytes, cultured at 0, 48, and 96 h. The upper panels are the
results of the Gpam promoter and lower panels are those of IAP. ***P< 0.001. C: In vitro methylation reporter assay. Relative luciferase activities
are shown. Values without DNA methylation and in the absence of SREBP-1c expression vector are set at 1. **P < 0.01; n = 4. D: Left: Western blot
analysis of primary hepatocytes from day 0 (neonate) and 10 weeks (adult) of age, overexpressing SREBP-1c and control GFP. Middle: ChIP
analysis; recruitment of SREBP-1c to theGpam promoter in those cells. Right: Quantitative real-time PCR analysis of GPAT1 mRNA. Values for the
neonatal hepatocytes with GFP were set at 1. **P < 0.01, ***P < 0.001; n = 3.
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hepatic Dnmt1 mRNA levels were lower in the adult liver
than in the neonatal liver (Fig. 3A). Therefore, we per-
formed ChIP analysis to compare the recruitment of
SREBP-1 and Dnmts to the Gpam promoter between the
neonatal and adult livers. In this study, SREBP-1 was not
recruited to the Gpam promoter in the neonatal liver
(day 0 after birth), although it was clearly recruited in
the adult liver (Fig. 3B). Importantly, Dnmt3b was strongly
recruited to the Gpam promoter in the neonatal liver, but
not in the adult liver (Fig. 3B). Dnmt3a was also recruited,
although weakly, to the Gpam promoter in the neonatal
liver, but not in the adult liver (Fig. 3B). We also found that
levels of histone H3 lysine-4-trimethylation (H3K4me3) and
lysine-9-acetylation (H3K9Ac), two transcriptionally active

histone codes, are increased and those of the repressive
histone H3 lysine-9-di-methylation (H3K9me2) are de-
creased at the Gpam promoter in the adult liver relative
to the neonatal liver (Fig. 3B). The recruitment of Dnmt3a
and Dnmt3b to the Scd1 promoter did not differ signifi-
cantly between the neonatal and adult livers (Fig. 3C). In
this study, we observed that the recruitment of SREBP-1
and level of H3K9Ac are increased and that of H3K9me2
is decreased at the Scd1 promoter in the adult liver re-
lative to the neonatal liver (Fig. 3C).
DNA methylation of the Gpam promoter and GPAT-
mediated TG/DG synthesis in primary hepatocytes with
Dnmt3b overexpression. With adenoviral transduction of
Dnmt3b, which was strongly recruited to the Gpam promoter

FIG. 3. Recruitment of SREBP-1c and Dnmts to the Gpam and Scd1 promoters containing SREs, with changes in histone modification. A: Relative
Dnmts mRNA levels in the neonatal (days after birth: 0, 5, and 9) and adult livers (10 weeks of age) examined by quantitative real-time PCR. Values
for day 0 were set at 1. n = 3 to 4. B: ChIP analysis. Neonatal (day 0) and adult (10 weeks) livers were used for ChIP analysis with the indicated
antibodies. Amplified PCR primers are as shown in Fig. 1B. The top left panel is a representative gel electrophoresis photo. Input is a PCR product
from the aliquot of liver lysate before immunoprecipitation (IP). The graphs demonstrate quantitative PCR analysis. The graph of Dnmt1 is not
shown because signals from the neonatal and adult livers are lower than the negative control IgG signals. C: ChIP analysis in the Scd1 promoter in
the samples used in B. Values of adult sample are set at 1. *P < 0.05, **P < 0.01, ***P < 0.001, n = 3 to 4.
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in the neonatal liver (Fig. 3B), we next examined DNA
methylation of the Gpam promoter, its mRNA expression,
and TG/DG synthesis in primary hepatocytes, which were
obtained from adult mice with low DNA methylation levels
of the Gpam promoter. In this study, we confirmed Dnmt3b
overexpression causes significant Dnmt3b protein expres-
sion (Fig. 4A). We found increased DNA methylation of the
Gpam promoter (Fig. 4B), but not Scd1 and Fasn promoters
(Fig. 4C), in Dnmt3b-expressing hepatocytes relative to
control GFP-expressing hepatocytes. The GPAT1 mRNA
levels were markedly lower in hepatocytes with Dnmt3b
overexpression than those with control GFP (Fig. 4D). In the
Gpam promoter (Fig. 4E), but not the Scd1 promoter (Fig.
4F), SREBP-1 was less recruited in Dnmt3b-expressing
hepatocytes than in control GFP-expressing hepatocytes. In
addition, TG/DG synthesis and TG contents were lower in
Dnmt3b-expressing hepatocytes than in GFP-expressing
hepatocytes (Fig. 4G). These data suggest that increased
DNA methylation suppresses SREBP-1 recruitment in the
Gpam promoter, decreased GPAT1 expression, and TG/DG
synthesis.
DNA methylation of the Gpam promoter in the
neonatal offspring liver of the HF/HS diet–fed dams.
We next examined whether the observed DNA methylation
of the Gpam promoter is affected by environmental fac-
tors in vivo. A high-fat or high-calorie diet fed to female
animals during gestation and lactation has been reported
to increase lipogenic gene expression and TG levels in the
liver of offspring (27). In this study, we fed a high-calorie,

lipogenic HF/HS diet to dams and examined DNA meth-
ylation of the Gpam promoter in the offspring. In pups of
the HF/HS diet–fed dams, DNA methylation levels of the
Gpam promoter were lower, and GPAT1 mRNA levels and
SREBP-1 recruitment, but not SREBP-1c mRNA levels,
were higher than those in the pups of standard diet–fed
dams (Fig. 5A–D). In this study, hepatic TG levels in-
creased in the pups of the HF/HS diet–fed dams relative to
those of the standard diet–fed dams (Fig. 5E).

DISCUSSION

The DNA methylation status has been considered to be
relatively stable except during embryogenesis and carcino-
genesis. However, recent studies showed that DNA meth-
ylation can be modulated in normal tissues even after birth
(28). In this study, we show that expression of Gpam, which
encodes a rate-limiting enzyme for TG biosynthesis, in-
creases in the liver during weaning in response to the
physiologic demand of TG biosynthesis. This may be related
to the dynamic change in the DNA methylation status of the
Gpam promoter during liver maturation. In the neonatal liver,
the Gpam promoter region, containing three SREs, shows
high DNA methylation levels with low Gpam expression,
whereas in the adult liver, it shows low DNA methylation
levels with high Gpam expression. Importantly, SREBP-1c
is recruited to the promoter in the adult liver but not in the
neonatal liver. In this study, in vitro analysis revealed that
DNA methylation of the Gpam promoter can suppress the

FIG. 4. DNA methylation level of the Gpam promoter and GPAT-mediated TG/DG synthesis in the adult primary hepatocytes overexpressing
Dnmt3b. A: Protein expression levels of Dnmt3b in adult primary hepatocytes overexpressing Dnmt3b and control GFP. Endogenous Dnmt3b
protein expression is known to be high in early embryo and embryonic stem cells, but very low in adult tissues (33) and was not detected in this
experiment using adult primary hepatocyte samples. B: DNA methylation level of the Gpam promoter in adult primary hepatocytes overexpressing
Dnmt3b and control GFP. Results of two independent dishes from each group are shown. C: DNA methylation level of the Scd1 and Fasn pro-
moters. D: Expression of GPAT1 mRNA levels and recruitment of SREBP-1 to the Gpam (E) and Scd1 (F) promoters. Values of GFP cells are set at
1. G: TG/DG synthesis levels and TG contents. **P < 0.01, ***P < 0.001. n = 3.

T. EHARA AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 61, OCTOBER 2012 2447



SREBP-1c–mediated transcriptional activation. Less SREBP-1
recruitment in theGpam promoter in Dnmt3b-overexpressing
hepatocytes suggests that DNA methylation of the Gpam
promoter inhibited SREBP-1c recruitment. These obser-
vations, taken together, suggest the role of DNA methyla-
tion in the suppressed Gpam expression in the neonatal
liver even in the presence of SREBP-1c. This above dis-
cussion is consistent with a previous observation that the
extent of hepatic de novo lipogenesis in the neonatal liver
is lower than that in the adult liver (1). Consistent with
the decreased DNA methylation, transcriptionally active
H3K4me3 and H3K9Ac are increased, whereas repressive
H3K9me2 is decreased at the Gpam promoter in the adult
liver. It is conceivable that in the neonatal liver, DNA
methylation of the Gpam promoter plays roles in the for-
mation and/or maintenance of transcriptionally repressive
chromatin conformation, thereby inhibiting the recruitment
of SREBP-1c. In contrast, in the adult liver, decreased DNA
methylation and increased active histone modifications
may lead to the recruitment of SREBP-1c to the Gpam
promoter.

The mechanism underlying the altered DNA methyla-
tion of the genome has not been thoroughly investigated.
In this study, we found that Dnmt3b, which is implicated
in de novo DNA methylation, is strongly recruited to the
Gpam promoter in the neonatal liver but not in the adult
liver. Dnmt3b overexpression markedly increases DNA
methylation levels of the Gpam promoter in primary adult
hepatocytes. Dnmt3b plays important roles in embryogenesis

(10). It has been recently reported to be involved in colon
cancer (29) and hormonal gene regulation in renal tubular
cells (30). Therefore, it is likely that the decreased re-
cruitment of Dnmt3b plays a role in the decreased DNA
methylation of the Gpam promoter, and additional
mechanism(s) for DNA demethylation may be involved
in the process.

The H3K4 methylation level is reported to be reciprocal
with the DNA methylation level, and H3K4me2/3 and DNA
methylation occur mutually exclusively (11,31). In the region
of H3K4me2/3, the DNA methylation levels are generally
low. Alternatively, Dnmt3 may preferentially bind to geno-
mic DNA without H3K4 methylation. In this study, the
H3K4me3 level in the Gpam promoter was low in the neo-
natal liver and high in adult liver, whereas the H3K4me3
level in the Scd1 promoter was similar in neonatal and adult
livers. Thus, it is possible that histone modification is in-
volved in the regulation of specificity of DNA methylation in
Gpam and Scd1 promoters. In addition, because GPAT1
contributes to the transfer of fatty acid to glycerol, whereas
SCD1 and FAS are involved in fatty acid biosynthesis (3),
the differential positioning of GPAT1, SCD1, and FAS in the
TG biosynthesis pathway may explain the different mecha-
nisms of their gene expression. Further studies are required
to elucidate how Scd1 and Fasn transcription is regulated in
the neonatal liver.

In this study, we also found that GPAT1 mRNA levels
are much lower in the adult skeletal muscle than those in
the adult liver, although SREBP-1c is highly expressed in

FIG. 5. DNA methylation of the Gpam promoter and its mRNA expression in pups of dams fed an HF/HS diet during gestation and lactation. A: DNA
methylation of the Gpam promoter in pups (day 5) of the HF/HS or standard (STD) diet–fed dams. Representative bisulfite sequencing data from
three animals in each group. Relative GPAT1 mRNA levels (B), recruitment of SREBP-1 to the Gpam promoter (C), and relative SREBP-1c mRNA
levels (D) in pups of the HF/HS and STD diet–fed dams. E: Liver TG levels of neonatal liver (day 5). Open bar, STD-fed dams; filled bar, HF/HS diet-
fed dams. *P < 0.05, ***P < 0.001; n = 7 (open bars), n = 4 (filled bars). F: Schematic model of the DNA methylation-mediated regulation of Gpam
expression in the neonatal and adult livers. The graph shows the time course of the dietary fat content and rate of hepatic de novo lipogenesis
before and after weaning. In the neonatal liver, the Gpam promoter may be highly methylated at least in part by Dnmt3b, when SREBP-1c cannot
make access to the promoter. In the adult liver, the Gpam promoter is less methylated, with SREBP-1c being recruited to the promoter, thereby
activating GPAT1 mRNA expression. Environmental factors, such as nutritional state, may change the DNA methylation status. Closed circle
denotes methyl group.
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both tissues (19). This is consistent with a previous report
that the GPAT1 enzymatic activity in the skeletal muscle is
much lower than that in the liver (32). The low expression
of Gpam in the adult skeletal muscle may be because the
high DNA methylation of the Gpam promoter suppresses
the SREBP-1c–mediated transcriptional activation. There-
fore, it is conceivable that DNA methylation of the Gpam
promoter is involved in the SREBP-1c–dependent tissue-
specific regulation of Gpam expression. In contrast, the
expression of the GPAT1-variant transcript from the al-
ternative promoter without SRE in the neonatal liver is
roughly comparable to that in the adult liver. This is con-
sistent with our observation that the alternative promoter
is unmethylated in both the neonatal and adult livers,
thereby suggesting the role for DNA methylation in the
promoter-specific regulation of Gpam in the liver.

The change in hepatic gene expression before and after
weaning could be regulated in response to nutritional de-
mand. Indeed, we demonstrated that the lipogenic HF/HS
diet fed to female mice during pregnancy and lactation re-
sults in decreased DNA methylation of the Gpam promoter
in the liver of offspring, suggesting that the DNA methyla-
tion status can be modulated, at least in part, by the nutri-
tional factors. Thus, the change in DNA methylation of the
Gpam promoter is likely to be affected by the fetal and
neonatal environments, such as nutrition, and/or be a pro-
grammed process of liver maturation.

Whether DNA methylation would affect hepatic de novo
lipogenesis later in life is an important issue to be addressed.
Previous reports showed that maternal overnutrition in
animals contributes to the development of nonalcoholic
fatty liver disease in adult offspring (27), suggesting that
hepatic lipid metabolism is nutritionally affected early in
life. In this study, maternal overnutrition caused decreased
Gpam promoter methylation with increased GPAT1 ex-
pression and TG level in the liver of the offspring; how-
ever, the possibility cannot be excluded that increased
lipid flux from dam, as well as increased de novo TG bio-
synthesis, might have affected the liver TG content of
offspring. Further studies are required to understand
whether DNA methylation can affect hepatic de novo lipo-
genesis and susceptibility to fatty liver-related diseases in
later life.

In conclusion, this study is the first demonstration of re-
ciprocal change in DNA methylation of the Gpam promoter
and its mRNA expression in the mouse liver before and after
weaning (Fig. 5F). Our data suggest that in the neonatal
liver, DNA methylation of the Gpam promoter containing
SREs, which is likely to be induced by Dnmt3b, inhibits the
recruitment of SREBP-1c, whereas in the adult liver, the
decreased DNA methylation may result in active chromatin
conformational change, thereby allowing the recruitment of
SREBP-1c. This is the first detailed analysis of the DNA
methylation-dependent regulation of TG biosynthesis gene
in the liver, thereby leading to the better understanding of
the molecular mechanism underlying the epigenetic regu-
lation of metabolic genes and thus metabolic diseases.
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