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Abstract Type 2 diabetes (T2D) is a complicated sys-
temic disease, and the exact pathogenetic molecular
mechanism is unclear. Distinct histone modifications
regulate gene expression in certain diseases, but little
is known about histone epigenetics in diabetes. In the
current study, C57BL/6 J mice were used to build T2D
model, then treated with exendin-4 (10 μg/kg). Histone
H3K9 and H3K23 acetylation, H3K4 monomethylation
and H3K9 dimethylation were explored by Western
blotting of liver histone extracts. Real-time polymerase
chain reaction (PCR) was used to examine expression
levels of diabetes-related genes, while chromatin

immunoprecipitation (ChIP) was applied to analyze
H3 and H3K9 acetylation, H3K4 monomethylation,
and H3K9 dimethylation in the promoter of facilitated
glucose transporter member 2 (Glut2) gene. The results
showed that liver’s total H3K4 monomethylation and
H3K9 dimethylation was increased in diabetic mice,
which was abrogated with the treatment of exendin-4.
In contrast, H3K9 and H3K23 acetylation were reduced
in diabetic mice, while exendin-4 only alleviated the
reduction of H3K9 acetylation. Our data indicated that
the progression of type 2 diabetes mellitus (T2D) is
associated with global liver histone H3K9 and H3K23
acetylation, H3K4 monomethylation, and H3K9
dimethylation. Exploiting exact histone modify enzyme
inhibitors, which may represent a novel strategy to
prevent T2D.
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Introduction

Diabetes mellitus (DM) is a chronic systemic metabolic
disease, characterized by continuous high blood glu-
cose, due to the deficiency of insulin or the low sensi-
bility of target tissue to insulin [12]. A large portion of
the patients is type 2 diabetes mellitus (T2D), and its
pathogenic mechanisms still remain to be elucidated.
For nearly a decade, scientists have studied the patho-
genesis of T2D in-depth from different perspectives
such as genetic predisposition [30], insulin resistance
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[22], signal transduction [1], the absorption and trans-
portation of glucose [14, 29], the regeneration and dif-
ferentiation of islet cells [9, 7, 5], etc. Recently, a large
amount of evidence indicates that the interaction be-
tween genes and environmental factors plays an impor-
tant role in diabetes and its complications, so change of
epigenetic pattern may be an important influencing fac-
tor of diabetes. For instance, nutrition and functional
foods have been demonstrated to affect epigenetic phe-
notypes by modulating DNA methylation enzymes or
histone modifications [20, 26], indicating that epigenetic
modification may be the bridge connecting genetic sus-
ceptibility with environmental exposures during the de-
velopment of T2D.

Histone modification is a key component of epige-
netic modulation, which has a very important dynamic
transcriptional regulatory function [28]. The accessibil-
ity of chromatin transcription factor binding sites is
determined by the position and compaction of histones.
Whether the nucleosomes are packed more or less tight-
ly is determined by the activity of a number of enzymes,
which regulate the covalent modification of distinct
amino acids in histones such as acetylation, methylation,
ubiquitination, and phosphorylation [3, 19]. Histone
modifications affect the expression of target genes asso-
ciated with disease progression. Histone H3 acetylation
at lysines 9, 14, 18, and 23 activates chromatin for
transcription factor binding, while histone H3
dimethylation or trimethylation at lysines 9 and 27
rather silences chromatin by inhibiting transcription fac-
tors accessibility [36].

Although an increasing number of reports describe
the association of distinct histone modifications with
autoimmunity [33] and carcinogenesis [34], little is
known about its role in diabetes. Abnormal glucose
metabolism is one of the main pathological factors for
diabetes. The liver is the main organ that regulates blood
sugar [13], where Glut2 is the carrier to assist the trans-
membrane transport of glucose [31]. Glucokinase (Gck)
is a key enzyme that catalyzes the phosphorylation of
glucose into a G-6-P, a prerequisite for glycogen syn-
thesis. Pyruvate kinase (Pklr) is the last one of three key
rate-limiting enzymes during glycolysis.Pklrmessenger
RNA (mRNA) level was decreased in the condition of
diabetes, which was significantly increased after the
intake of food in high sugar or insulin action [8]. Per-
oxisome proliferative activated receptor, gamma, coac-
tivator 1 alpha (Ppargc1a), plays an important regula-
tory role in gluconeogenesis, which affects the

development of diabetes. It was reported that in
Ppargc1a knockout mice, glycogen generation was
lower significantly [6]. Insulin receptor (Insr) specifi-
cally allows the bounding with insulin or pro-insulin. It
had been confirmed that maybe mutation, consequently,
reduced the number of insulin receptors, thereby caus-
ing insulin resistance [18].

In this study, we hypothesized that T2D is associated
with distinct histone H3 modifications, and preventing the
progression of the disease could potentially revert abnor-
mal histone modification patterns. To validate that, West-
ern blotting of liver histone extracts obtained from mice
was performed to evaluate histone H3K9 and H3K23
acetylation, H3K4 methylation, and H3K9 dimethylation,
and the assumption was supported by our results.

Materials and methods

Animal studies

Thirty 3-week-old C57BL/6 J male mice (about 12 g
body weight) were purchased from Laboratory Animal
Center of the Academy of Military Medical Sciences of
China (Animal license number: SCXK-2007-004). The
experiments were approved and supervised by the local
ethics committee. Mice were housed in 25±3 °C, free to
tap water and food, and 12 h light and dark cycle. After
adaptive training for a week, 20 mice were fed high-fat
and high-sucrose food, named HFS group, while the rest
were fed normal food as the control group (n=10). A
month later, HFS mice were intraperitoneally injected
with 100 mg/kg streptozotocin (STZ, Sigma, USA),
together with a high-fat and high-sucrose diet to induce
diabetes, while the control mice were given equal vol-
ume of citrate buffer. Fasting blood glucose (FBG) was
measured after 1 month, 18 mice of FBG>11.1 mmol/l
were considered as type 2 diabetic mice, of which half
the number were randomly picked to accept intraperito-
neal injection of exendin-4 (10 μg/kg) once daily as Ex-
4 group (n=9). Exendin-4, as established diabetic inhib-
itor, reduces blood sugar by inhibition of apoptosis of
islet β cell and promotion of β cell proliferation. The
other diabetic mice were given equal volume of saline
named T2D group (n=9). After a month, the FBG level,
fasting insulin (FINS) and triglycerides (TGs) levels,
food and drink levels, and body weight were examined.
HOMA-IR was calculated by formula: (FBG,
mmol/l)×(FINS, mIU/l)/22.5.
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Histone extraction and immunoblot

From each mouse, part of the liver was dissected, and
histone extraction and immunoblot were performed as
previously described [32]. Briefly, livers were homoge-
nized and processed for nucleus isolation. Histone was
extracted using epigenetic total histone extraction kit
(Epigentek, USA). Protein was quantified using a
BCA kit (Solarbio, China). Equal amounts of proteins
(60 μg) from each sample were loaded and separated on
a tricine-SDS-polyacrylamide gel and transferred to a
0.2 μm PVDF membrane (DingGuo, China). Antibod-
ies against acetylated histone H3 at lysines 9 and 23
(rabbit, 1:1000 dilution), dimethylated histone H3 at
lysine 9 (rabbit, 1:1000), and monomethylated histone
H3 at lysine 4 (rabbit, 1:1000), and horseradish
peroxidase-conjugated anti-rabbit secondary antibody
were all purchased from Cell Signaling Technology
(Danvers, MA, USA). Enhanced chemiluminescence
(Tiangen, China) was employed for developing blots.

Real-time PCR

The RNA was extracted from the liver using Trizol
(Invitrogen), and reverse-transcribed to complementary
DNA (cDNA) using cn-transcriptor first-strand cDNA
synthesis kit (Roche, Basel, Switzerland). Keeping
house gene β-actin was used as internal reference. The
primers for the target gene cross an intron so that con-
tamination with genomic DNA can be detected. All
primers were listed in Table 1. Each reaction mixture
with a total volume of 25 μl contained 20 ng of cDNA,
12.5 μl of SYBR Premix Ex Taq (2×, Roche), 10 μM of

each primer. PCR amplification conditions were as fol-
lows: 30 s at 95 °C followed by 40 cycles of 95 °C for
5 s, 60 °C for 20 s, and 72 °C for 20 s, then 72 °C for
2 min, melting 60–94 °C. The relative gene expression
level was calculated by the 2−ΔΔCt method [21]. Gene
expression was normalized to β-actin and presented as
relative expression compared to a calibrator sample.

ChIPAssay and PCR

Chromatin immunoprecipitation (ChIP) was performed
using the EpiQuik™ tissue chromatin immunoprecipi-
tation kit (Epigentek) following the manufacturer’s in-
structions. Briefly, the liver tissue was mixed with form-
aldehyde at a final concentration of 1.0 % for 15 min at
room temperature to cross-link protein to DNA. DNA
cross-linked with protein was sonicated into fragments
of 200–1,000 bp. One tenth of the sample was set aside
as an input control, and the rest was added into the
microwell immobilized with affinity antibodies equably.
The antibodies used for immunoprecipitation were anti-
acetyl-histone H3, histone H3-acetyl K9, histone H3-
dimethy K9, and histone H3-methy K4 (Cell Signal
Technology). All conventional PCRs were performed
on a BioRad Gradient 96 (BioRad, USA) in a 20 μl
reaction volume containing 1 μl template DNA, 2 μl
10×Buffer, 0.3 μl dNTP (10 mM), 0.5 μl primers
(10 μM), 0.2 μl Taq DNA polymerase (5 U/μl). The
primers used were listed in Table 2. The PCR conditions
were 10 min at 95 °C followed by 40 cycles of 1 min at
95 °C, 30 s at 50–55 °C, and 30 s at 72 °C. The PCR
products obtained with the immunoprecipitated DNA
were normalized to that of total input DNA. The bands

Table 1 Primer sequence used for real-time RT-PCR

Gene name Accession no. MGI nomenclature Primer sequences Size (bp)

Facilitated glucose transporter member 2 NC_000069 Glut-2 F: TCAGAAGACAAGATCACCGGA 215
R: GCTGGTGTGACTGTAAGTGGG

Peroxisome proliferative activated
receptor, gamma, coactivator 1 alpha

NC_000071 Ppargc1a F: TATGGAGTGACATAGAGTGTGCT 143
R: GTCGCTACACCACTTCAATCC

Insulin receptor NM_013627 Insr F: ATGGGCTTCGGGAGAGGAT 214
R: CTTCGGGTCTGGTCTTGAACA

Glucokinase NC_000077 Gck F: AGGAGGCCAGTGTAAAGATGT 90
R: CTCCCAGGTCTAAGGAGAGAAA

Pyruvate kinase liver NC_000069 Pklr F: GAACATTGCACGACTCAACTTC 158
R: CAGTGCGTATCTCGGGACC

Actin, beta NC 000071 β-actin F: CAGAAGGAGATTACTGCTCTGGCT 146
R: TACTCCTGCTTGCTGATCCACATC
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were quantified using Quantity One imaging software
(Bio-Rad) as a function of both band size and band
intensity (intensity/mm2). The PCR products had the
expected molecular size, and their identity was con-
firmed by sequencing.

Histopathological evaluation

From each mouse, parts of the liver were fixed in 10 %
formalin in PBS for more than 24 h and dehydrated by
gradient alcohol. The tissue was then embedded in
paraffin and cut into slices with the section thickness
of 5 μm. The sections were stained by HE staining with
hematoxylin for 1 min, eosin for 7 min. E600 Nikon
eclipse was applied to observe at high magnification
microscopy and take photos.

Statistical analysis

Values are expressed as means±SEM from at least three
independent experiments. Student’s t test was used to
determine differences between two groups. In all analy-
ses, p values<0.05 were considered as statistical
significance.

Results

Therapeutic effects of exendin-4 on reducing plasma
glucose in type 2 diabetic mice

After treatment with exendin-4 1 month later, the FBG
was about 10.15±0.18 mmol/l for Ex-4 group after
intraperitoneal injection of exendin-4, lower than
(p<0.05) that of Ex-4 group before treatment which
was 14.76±1.74 mmol/l. On the other hand, FBG in
T2D group treated with saline continued to rise to 18.00
±1.73 mmol/l, which was 21.8 % higher (p<0.05) at the
last day, and nearly three times that of normal group
(4.56±0.51 mmol/l, p<0.01). As expected, the FBG of
the control group exhibited no significant change over
all the time. The FINS was 5.06±0.63, 2.46±0.38, and

3.78±0.13 mIU/l in control, T2D, and Ex-4 groups. The
FINS of diabetic mice was significantly lower than
normal mice (p<0.01), which was increased after
exendin-4 treatment (p<0.01). The body weight of
T2D group and Ex-4 group showed a trend of increase
to 24.03±1.75 and 24.38±0.56 g, respectively, higher
(5 % and 3 %, respectively, p<0.05) compared with that
before treatment. The food intake of Ex-4 group was
lower compared to that before treatment, by contrast, the
T2D group had been increased to 3.85±0.28 g, which
was higher than that before treatment (13 %, p<0.05).
The drink level of T2D group continued to increase to
15.28±3.86 ml (10 %, p<0.01); however, the normal
group and Ex-4 group presented no significantly change
during the treatment. The TGs of control group, T2D
group, and Ex-4 group mice were 1.70±0.13, 3.16±
0.43, and 2.29±0.46 mmol/l, respectively, which were
increased in diabetic mice (p<0.01) and decreased after
treatment with exendin-4 (p<0.05). After calculating,
the HOMA-IR values in different groups were 1.03,
1.97 and 1.71, respectively. All data were shown in
Table 3.

Increased global histone H3K9 dimethylation
and H3K4 methylation and decreased histone H3K9
acetylation and H3K23 acetylation in liver of diabetic
mice

The status of histone modifications was examined by
Western-blotting approach using four histone antibod-
ies: anti-acetyl histone H3 lysine 9 (H3K9ac), anti-
acetyl histone H3 lysine 23 (H3K23ac), anti-dimethyl
histone H3 lysine 9 (H3K9me2), and anti-methyl his-
tone H3 lysine 4 (H3K4me). The results showed that in
T2D group mice H3K9 dimethylation and H3K4 meth-
ylation levels were increased, but H3K9 acetylation and
H3K23 acetylation were decreased as compared to age-
matched control mice (Fig. 1a). The levels of H3K9
acetyla t ion, H3K4 methyla t ion , and H3K9
dimethylation were significantly reversed by exendin-4
administration (Fig. 1c, d, e), whereas exendin-4 had no
effect on modifications at H3K23 acetylation which

Table 2 Primer sequence used for ChIP-PCR

Gene symbol Accession no. Location Primer sequences Size (bp)

Glut-2 NC_000069 −1002, −1216 Forward: AACCCAGTTTCCTTCCGACCTTC 215
Reverse: CGTGTCTTGACCCTGTTTCTTCC
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continued to decrease (Fig. 1b). Thus, advanced type 2
diabetic mouse is specifically associated with increased
liver global H3K9 dimethylation and H3K4methylation
and decreased H3K23 acetylation and H3K9
acetylation.

Liver mRNA expression of several diabetes-related
genes in mice

Type 2 diabetes may be associated with decreased ex-
pression of diabetes-related genes in the liver. The re-
sults showed that the mRNA levels of Glut 2, Gck, as
well as Pklrwere significantly reduced in liver of type 2
diabetic mice vs. control mice (Fig. 2a, b, c). Mean-
while, the expression levels of Ppargc1a and Insr were
lower in T2D than control mice (Fig. 2d, e). The de-
creased gene expression in type 2 diabetic mice was
restored by exendin-4 treatment. Except for Insr
(Fig. 2e), the expression levels of all these genes were
significantly increased as compared with age-matched
T2D mice (Fig. 2a, b, c, d). These data would support
that the decreased expression of diabetes-related genes
in the liver may lead to type 2 diabetes.

The change of epigenetic modifications at the Glut2
gene promoter in mouse liver

To investigate if there were changes of epigenetic mod-
ifications at the Glut2 gene promoter in T2D diabetic
mice, the ChIP assay was conducted using isolated
mouse liver with anti-acetyl histone H3 or H3K9, anti-
dimethyl histone H3K9, or anti-methyl histone H3K4
antibodies. The results showed that H3K9me2 and
H3K4me in diabetic mice were increased significantly
as compared to age-matched control mice (Fig. 3a, c).

The level of acetylated histone H3 was decreased, while
histone H3K9 acetylation increased in T2D mice com-
pared to control mice (Fig. 3b, d). Increased H3K9me2
and H3K4me levels and decreased H3 acetylation basi-
cally were correlated with decreased Glut2 gene expres-
sion. It also can be seen that exendin-4 treatment re-
versed the H3 acetylation, H3K4 methylation, and
H3K9 dimethylation and therefore prevented the pro-
gression of T2D (Fig. 3).

The change of histopathology in liver tissue

The pathologic morphology of liver tissue was differ-
ent among the three groups (Fig. 4). In control group
mice, the structure of liver tissue was clear and integ-
rity. Liver cells were arranged regularly, with equal
cytoplasm, clear nucleolus structure, and normal mor-
phology, and there were no abnormal changes in the
structure of hepatic sinusoid (Fig. 4a). However, in
diabetic groupmice, lobular boundary was ill-defined,
with liver cell edema, disordered arrangement, and
hepatic steatosis. Parts of the liver nuclei appeared as
shrinkage in the surface, fragmentation, and dissolu-
tion (Fig. 4b). Compared with diabetic model group,
the degree of disorder hepatic lobule was reduced, the
liver cells were arranged regularly basically, and he-
patic steatosis was alleviated significantly in exendin-
4 treatment group (Fig. 4c).

Discussion

Although scientists have been conducted a large number
of researches on the pathogenesis of diabetes, so far the
exact molecular mechanism was still not elucidated. We

Table 3 Therapeutic effects of exendin-4 on type 2 diabetic mice

Group Weight (g) Food (g) Water (ml) TGs (mmol/l) FBG (mmol/l) FINS (mIU/l) HOMA-IR

Con Treatment before 27.35±2.09 3.19±0.47 3.84±0.60 1.90±0.10 4.65±0.48 –

Treatment after 29.40±1.35 2.96±0.49 4.01±0.68 1.70±0.13 4.56±0.51 5.06±0.63 1.03

T2D Treatment before 22.78±1.41 3.42±0.64 13.86±1.84 2.5±0.19 14.78±1.29 –

Treatment after 24.03±1.75* 3.85±0.28* 15.28±3.86** 3.16±0.43**,# 18.00±1.73**,# 2.46±0.38** 1.97

Ex-4 Treatment before 23.71±2.51 3.90±1.16 13.91±2.39 2.65±0.36 14.76±1.74** –

Treatment after 24.38±0.56* 3.28±1.00 13.61±1.37** 2.29±0.46* 10.15±0.18**,# 3.78±0.13** 1.71

* p<0.05, ** p<0.01 vs. the control after treatment
# p<0.05, ## p<0.01 vs. the group before treatment

–, Not examined
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explored the pathogenesis of diabetes from a novel epi-
genetic visual angle. Our results showed that the patho-
genesis of T2D is associated with distinct total histone H3
modifications, as well as its distinct modifications in
Glut2 promoter in liver tissue, were all almost abrogated

when the exendin-4 treatment prevented persistent hyper-
glycemia in the mice (Figs. 1 and 3); this indicated that
histone H3K9 and H3K23 acetylation, H3K9
dimethylation, and H3K4 methylation were correlated
with the pathogenesis of T2D in C57BL/6 J mice.

Fig. 1 Effects of diabetes and
exendin-4 on histone H3
modifications in liver. H3
Acetylation (Lys 23 and 9),
methylation (Lys 4), and
dimethylation (Lys 9) were
determined byWestern blotting in
total liver histone isolated from
mice of control, T2D as well as
Ex-4 group at the age of
4 months. a The blots shown are
representative of three different
blots from histone isolated from
different mice of each group. For
quantitative analysis, each band
was normalized to the respective
total histone H3 content (the
lowest blot), and the result was
shown in arbitrary units, where
blots of control mice are set as
100 %. Quantitative analysis of b
H3K23ac, cH3K9ac, dH3K4me,
and e H3K9me2. The values in
the histograms represent means ±
SEM from three separate blots.
*p<0.05 and **p<0.01 vs. the
control group; #p<0.05 and
##p<0.01 vs. the T2D group

Fig. 2 The mRNA expression level of diabetes-related genes was
quantified using RT-PCR as described in BMaterials and
methods.^ mRNA expression of a Glut-2, b Gck, c Pklr, d

Ppargc1a, and e Insr. All values represent means ± SEM.
*p<0.05 and **p<0.01, significantly different from control mice;
#p<0.05 and ##p<0.01, significantly different from diabetic mice
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After Ex-4 treatment for a month, the physiological
and biochemical indexes of mice were examined, as
shown in Table 3. Previous studies have pointed to an
effect of Ex-4 on decelerating food intake and weight
gain in T2D mice models [35]. In our study, after treat-
ment with Ex-4, the symptoms of type 2 diabetic mice
were ameliorated significantly, especially FBG which
decreased from 14.76 to 10.15 mmol/l. As FBG returned
to normal level slowly, the symptoms of emaciation,
polydipsia, and polyphagia in type 2 diabetic mice were

alleviated. So Ex-4 was not able to decrease body weight;
on the contrary, weight was increased a little.

The chromatin consists of histone proteins and DNA
which control chromatin packaging and organization by
histone modification and DNA methylation [17]. Cova-
lent modifications of histone residues determine acces-
sibility and availability of DNA for transcription via
specific acetylation or methylation on histone and then
regulate chromatin replication and gene transcription [4,
19]. Histone acetylation could make the chromatin

Fig. 3 The level of acetyl histone H3 or H3K9 and dimethyl histone
H3K9 or methyl histone H3K4 at theGlut2 gene promoter in isolated
mouse liver. a, c The level of H3K9me2 and H3K4me epigenetic
modifications associated with the mouse Glut2 gene promoter was
analyzed in different groups using the ChIP assay with anti-dimethyl
histone H3K9 or anti-methyl histone H3K4 antibodies. b, dH3ac and

H3K9ac were analyzed with anti-acetyl histone H3 or H3K9. Rabbit
IgG was used as negative control. The quantification of the data is
shown as means±SD, n=3 (panel). *p<0.05 and **p<0.01, signifi-
cantly different from control mice; #p<0.05 and ##p<0.01, significant-
ly different from diabetic mice

Fig. 4 Results of HE staining in liver tissue of different group
mice (100×). a The HE-staining result of normal mouse liver: the
structure of liver tissue was clear and normal morphology. b The
HE-staining result of diabetic mouse: the liver cells presented

edema, disordered arrangement, and hepatic steatosis. c The HE
staining result of Ex-4 treatment group: liver cells were arranged
regularly, and hepatic steatosis was alleviated significantly, which
was nearly similar to control group

Liver histone H3 methylation and acetylation 95



process a state of relaxation, which was beneficial for
combining with the transcription factor [11]. It has been
reported that histone H3K4 dimethylation has a similar
permissive effect and enhances NF-κB-dependent gene
expression of inflammatory genes in macrophages of
diabetic mice [23]. In contrast, H3K4 methylation and
H3K9 dimethylation repress gene transcription [19].
Therefore, we analyzed the status of histone H3K9
(dimethylation and acetylation), H3K4 (methylation),
and H3K23 (acetylation) levels in liver.

Although not much is known about histone epigenetics
in the pathogenesis of T2D, a recent study demonstrated
that high glucose level could increase H3 acetylation by
activating the histone acetylases CBP and p/CAF which,
in turn, led to an elevated transcription of inflammatory
genes in cultured monocytes [24]. High glucose has been
reported to alter gene expression by acetylation or meth-
ylation of lysine residues on histone H3 [10]. Reports
recently showed an increased H3K9 dimethylation in
lymphocytes from patients with type 1 diabetes and also
considerable cell-type specificity in histone methylation
[25, 27]. Our results showed that H3K9 dimethylation and
H3K4 methylation levels were significantly higher, while
H3K9 and H3K23 acetylation were significantly lower in
liver of diabeticmice as compared to normalmice (Fig. 1),
indicating that hyperglycemia may activate histone-
modifying enzymes, thus change the expression levels
of histone H3 modification. Our data generated first evi-
dence that distinct H3modifications pattern is consistently
associated with the progression of diabetes in B6 mice.

Further analyses of diabetic-related genes showed that
the gene expressions of Glut2, Gck, Pklr, Ppargc1a, and
Insr were all decreased in the livers of diabetic mice. In
order to verify the relationship between the gene expres-
sion and histone modification,Glut2 promoter was chosen
as an example to perform the ChIP assay. The results
indeed showed that H3K9 dimethylation and H3K4 meth-
ylation were increased, while H3 acetylation was de-
creased (Fig. 3), which was consistent with the outcome
of decreased expression of Glut2 in diabetic mice. In
contrast, Ex-4 treatment reversed the histone modifications
except H3K9 acetylation. Actually, H3K9 acetylation in
Glut2 promoter was different from total H3K9 acetylation
in liver, and the anti-acetyl histone H3 antibody was first
used to recognize acetylated H3 in Glut2 promoter. There
are lots of acetylation loci of histone H3; for example,
histone H3 could be acetylated at lysines 9, 14, 18, and 23
which activate chromatin for transcription factor binding
[36]. Both histone H3K9 acetylation and H3K23

acetylation only represent a single site, but histone H3
acetylation could represent the total histone H3 acetylation
level in the gene promoter. In cell, the level of H3 acety-
lation is more than H3K9 acetylation, and H3 acetylation
may cover the role of H3K9 acetylation. In other words,
H3 acetylation plays a more important role in regulating
Glut2 expression than H3K9 acetylation. Therefore, in our
ChIP assay, histone H3 acetylation, instead of histone
H3K23 acetylation, was chosen for analysis. The acetylat-
ed H3K23 in the Glut2 promoter was detected afterwards,
as shown in Fig. S1. Histone acetylation was often associ-
ated with active chromatin to promote gene expression
[15]. The downregulation of Glut2 in diabetic mice was
mainly the consequence of decreased H3 acetylation in
Glut2 promoter, althoughH3K9 acetylationwas increased.
After exendin-4 treatment, the levels of H3 acetylation and
H3K9 acetylation were both increased, so Glut2 mRNA
expression level was upregulated (Fig. 2a). In general,
Glut2 expression level was in accordance with histone
H3 acetylation in the promoter. In addition, the increased
H3K9 acetylation in Glut2 promoter, which was just op-
posite of total decreased liver histone H3K9 acetylation of
T2D mice, indicated that the H3K9 acetylation may be
decreased in the other genes’ promoters; this needed fur-
ther experiments, because H3K9 acetylation of only one
gene could not represent the whole H3K9 acetylation level
of the liver.

Moreover, Lee et al. [16] had reported that Ex-4
treatment increased mRNA and protein expression of
deacetylase SIRT1 in high-fat diet-induced obese mice.
However, a contrary result showed that GLP-1 could
suppress SIRT1 expression and activity to stimulate β-
cell mass expansion [2]. The change of histone H3
epigenetic modification may be due to variation of
histone-modifying enzymes levels, which needs further
experiments. Additional experiments showed that the
deacetylase SIRT1 mRNA and protein were decreased
in T2D group mice and increased after Ex-4 treatment
(Fig. S2), and the levels of other deacetylases were also
needed to examine. In addition, the pathologic morphol-
ogy of liver tissue was deteriorated in diabetic mice and
was recovered after treatment with Ex-4 (Fig. 4).

Conclusions

Taken together, the increased global H3K9
dimethylation and H3K4 methylation, as well as the
decreased H3K9 and H3K23 acetylation observed in
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livers of diabetic mice indicate that histone-modifying
enzymes are possibly activated by hyperglycemia,
which needs further experiments. The progression of
T2D is associated with abnormal hepatic total histone
H3K9 and H3K23 acetylation, H3K9 dimethylation,
and H3K4 methylation. Yet it remains unclear whether
these histone modifications only represent markers of
T2D progression or play pathogenic roles. Future stud-
ies will have to define whether modifying histone epi-
genetics, for example, with specific enzyme inhibitors,
may represent a novel strategy to prevent T2D.
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