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Abstract. Aquaporin (AQP) 9 transports glycerol and water, 
and belongs to the aquaglyceroporin subfamily. Insulin acts 
as a negative regulator of AQP9, and FOXO1 has the ability to 
mediate the regulatory effects of insulin on target gene expres-
sion. The aim of the present study was to determine whether 
insulin‑induced repression of AQP9 involved an epigenetic 
mechanism. HepG2 human hepatocyte cells were treated with 
500 µM insulin for different durations. AQP9 mRNA expres-
sion levels were determined by quantitative polymerase chain 
reaction (qPCR), and histone H3 acetylation, phosphorylation 
and methylation at the insulin responsive element (IRE) of the 
AQP9 promoter was assessed using chromatin immunopre-
cipitation coupled with qPCR. The effects of lentiviral FOXO1 
overexpression on AQP9 expression levels and H3 modifica-
tions at the AQP9 promoter were also determined. The insulin 
treatment resulted in a significant and time‑dependent reduction 
in AQP9 mRNA expression levels in HepG2 cells, as compared 
with untreated cells (P<0.05). In the insulin‑treated cells, the 
levels of H3 acetylation and phosphorylation were significantly 
reduced (P<0.05), but the level of H3 methylation was increased. 
Enforced expression of FOXO1 increased AQP9 mRNA and 
protein expression levels in HepG2 cells. Furthermore, FOXO1 
overexpression promoted H3 acetylation and phosphorylation, 
and reduced H3 methylation at the IRE locus of the AQP9 
promoter. These data provide, to the best of our knowledge, the 
first evidence that insulin‑induced transcriptional suppression of 

AQP9 expression in hepatocytes involves FOXO1‑mediated H3 
modifications at the IRE locus in the promoter.

Introduction

Aquaporins (AQPs) are a family of ubiquitous membrane 
proteins that form pores for the selective permeation of water 
and other small molecules (1). Aquaglyceroporins belong to 
a subgroup of the AQP family and are able to transport small 
organic compounds, such as glycerol or urea. Overall, five 
molecules (AQP3, AQP7, AQP9, AQP10 and bacterial glycerol 
facilitator) have been classified as aquaglyceroporins (2). AQP9 
is most abundantly expressed in the liver (3). Rojek et al (4) 
reported that AQP9 knockout mice exhibit hypertriacylglyc-
erolemia, a sign of metabolic syndrome. AQP9 is implicated 
in hepatic glycerol transport and consequently contributes to 
neoglucogenesis  (5). Therefore, the dysregulation of AQP9 
gene expression is important in the pathogenesis of metabolic 
disorders.

Compelling evidence has indicated that insulin acts as a key 
regulator of AQP9 (6,7). The AQP9 promoter contains a negative 
insulin response element (IRE), TGTTTTC, at ‑496/‑502 and 
AQP9 mRNA expression is downregulated by insulin in cultured 
hepatocytes (6). Rodríguez et al (8) observed that insulin inhib-
ited the expression of AQP9 via the PI3K/Akt/mTOR signaling 
pathway. In a rat model, hepatic AQP9 expression levels were 
found to fluctuate with circulating insulin levels (9). Forkhead 
box protein O1 (FOXO1) is a forkhead transcriptional factor that 
mediates the regulatory effects of insulin on target gene expres-
sion (10,11). Tsuchida et al (12) reported that insulin negatively 
modulates the expression levels of adiponectin receptors via the 
PI3K/FOXO1‑dependent pathway. A previous study demon-
strated that FOXO1 was implicated in the regulation of AQP9 
expression, as depletion of FOXO1 using small interfering RNA 
technology was observed to reduce the transcriptional activa-
tion of AQP9 (13). These findings suggest the involvement of 
insulin/FOXO1 signaling in the regulation of AQP9 expression.

Chromatin consists of repeating units of nucleosomes, 
which consist of ~146 bp DNA wrapped around an octamer 
of four core histone proteins (H3, H4, H2A and H2B) (14). 
Chromatin remodeling is pivotal in regulating gene expression, 
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which modulates the accessibility of genomic DNA to regula-
tory transcription machinery proteins. Covalent modifications 
are important mechanisms contributing to such remodeling, 
and include the acetylation, phosphorylation and methylation of 
histone proteins in the nucleosome (15). Insulin has been shown 
to alter chromatin structure via the promotion of histone H3 
post‑translational modifications  (16,17). FOXO1 has the 
ability to initiate and dynamically modulate active chromatin 
states (18). Therefore, insulin and FOXO1 were hypothesized to 
regulate AQP9 expression in part through an epigenetic mecha-
nism involving post‑translational modifications of histone H3. 
To analyze this hypothesis, in the present study, the effects of 
insulin treatment and FOXO1 overexpression on AQP9 expres-
sion levels, and the histone H3 modifications at the AQP9 gene 
promoter in HepG2 human hepatocytes, were examined.

Materials and methods

Cells and reagents. The cells and reagents used in this study 
were as follows: HepG2 and Hek 293T human cells (Type 
Culture Collection of Chinese Academy of Sciences, Shanghai, 
China), fetal bovine serum (FBS; Gibco‑BRL, Carlsbad, CA, 
USA), Dulbecco's modified Eagle's medium (DMEM; Hyclone 
Laboratories, Inc., Logan, UT, USA), reagents for quantita-
tive polymerase chain reaction (qPCR; Takara Biotechnology 
Dalian Co., Ltd., Dalian, China), Lipofectamine™ 2000 (Invi-
trogen Life Technologies, Carlsbad, CA, USA), and polybrene 
and recombinant human insulin (Sigma‑Aldrich, St. Louis, MO, 
USA). Primary antibodies against FOXO1 (Abcam, Cambridge, 
UK), AQP9 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
and β‑actin (Beijing Zhongshan Golden Bridge Biotechnology 
Co., Ltd., Beijing, China) were used for western blotting.

Cell culture and treatment. The HepG2 and 293T cells were 
cultured in DMEM supplemented with 10% FBS, 100 U/ml 
penicillin and 100 µg/ml streptomycin at 37˚C in a humidified 
5% CO2 atmosphere. For insulin treatment, HepG2 cells were 
seeded at a density of 5x104 cells/ml into 6‑well plates and 
incubated in complete medium with 10% FBS for 24 h. At 
~50% confluence, the cells were starved in FBS‑free medium 
for 6 h followed by stimulation with 500 µM insulin for different 
durations. Following the treatment, the cells were harvested for 
further analysis.

Plasmid construction. Total RNA was isolated from the 
HEK293T cells using TRIzol™ (Invitrogen Life Technolo-
gies) according to the manufacturer's instructions and then 
reverse‑transcribed to cDNA. The cDNA sequence encoding 
full‑length human FOXO1 (GenBank no. NM_002015.3) was 
amplified by PCR. The PCR primers were as follows: Forward, 
5'‑AAAGCTAGCATGGCCGAGGCGCCTCAG‑3' and 
reverse, 5'‑AAAACTAGTTCAGCCTGACACCCAGCTA‑3'. 
The PCR product was cloned into a pWPI vector (Addgene, 
Cambridge, MA, USA) and the sequence was confirmed by 
DNA sequencing.

Preparation and transduction of lentiviral particles. For the 
production of lentiviral particles expressing FOXO1, HEK293T 
cells were transfected with the expression vector WPI‑FOXO1 
along with the packaging vectors psPAX2 and pMD (Addgene) 

using Lipofectamine  2000 (Invitrogen Life Technologies), 
according to the manufacturer's instructions. Following incuba-
tion for 48 h, the medium containing the lentiviral particles was 
collected and centrifuged, and aliquots were stored at ‑80˚C 
until further use.

For lentiviral particle transduction, the HepG2 cells were 
seeded in 60 mm dishes and 3 ml viral supernatant was added to 
2 ml DMEM with 10% FBS following cell attachment. The cells 
were infected for 24 h in the presence of polybrene (8 µg/ml). 
After 24 h, the cell culture medium was refreshed. Since the 
pWPI vector expresses green fluorescent protein (GFP), the 
transfection efficiency was monitored by detecting GFP expres-
sion levels by fluorescence microscopy.

Reverse transcription and qPCR. Total RNA was isolated 
from the HepG2 cells following treatment using TRIzol 
and cDNA was reverse‑transcribed from 1  µg total RNA 
sample. qPCR was performed using a SYBR Green PCR 
Master Mix kit (Takara Biotechnology Dalian Co., Ltd 
Dalian, China). The PCR primers were as follows: AQP9 
forward, 5'‑CTCCTGATTATTGTCATTGC‑3' and AQP9 
reverse, 5'‑ATCCACCAGAAGTTGTTT‑3'; β‑actin forward, 
5'‑CCTGGCACCCAGCACAAT‑3' and β‑actin reverse, 
5'‑GCCGATCCACACGGAGTA‑3'. The cycling conditions 
were as follows: Initial denaturation at 95˚C for 3 min, 40 cycles 
of denaturation at 95˚C for 10 sec and annealing at 60˚C for 
30 sec. The data were analyzed with CFX96 Manager software 
(Bio‑Rad Laboratories, Munich, Germany). The relative AQP9 
mRNA levels were calculated following normalization to 
β‑actin mRNA levels.

Western blot analysis. Subsequent to treatment, the HepG2 cells 
were lysed in radioimmunoprecipitation assay buffer containing 
25 mM Tris‑HCl (pH 8.0), 1% Nonidet‑P‑40, 0.5% sodium 
deoxycholate, 0.1% sodium dodecyl sulfate, 125 mM NaCl and 
1% phenylmethanesulfonyl fluoride (Sigma‑Aldrich) for 30 min 
at 4˚C. The total protein was measured using a Bicinchoninic 
Protein Assay kit (Pierce Biotechnology, Inc., Rockford, IL, 
USA). Samples of the total protein extracts (~60 µg) were sepa-
rated by 12% SDS‑PAGE and transferred to a polyvinylidene 
fluoride membrane. The membrane was incubated overnight 
with primary antibodies at 4˚C (anti‑AQP9, 1:20 dilution; 
anti‑FOXO1, 1:1,000 dilution). Subsequent to washing three 
times, the membrane was incubated for 1 h with horseradish 
peroxidase‑conjugated secondary antibodies (1:3,000 dilution; 
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.). 
The protein expression was visualized using an Enhanced 
Chemiluminescence Detection kit (Amersham Pharmacia 
Biotech, Amersham, UK). The relative intensities of the bands 
were determined by densitometry using Quantity One software 
(Bio‑Rad, Hercules, CA, USA).

Chromatin immunoprecipitation (ChIP)‑PCR assay. ChIP 
experiments were performed using a Magna ChIP A Chro-
matin Immunoprecipitation kit (Milipore, Billerica, MA, USA) 
according to the manufacturer's instructions. Briefly, the cells 
were incubated in 1% formaldehyde at room temperature for 
10 min, followed by incubation for 10 min in ice‑cold lysis buffer 
containing a mixture of protease inhibitors. The cells were 
then sonicated 10 times at 1 min intervals. Sonication yielded 
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DNA fragments ~250 bp in length, as determined by agarose 
gel electrophoresis. Following centrifugation, the sonicated 
sample was diluted 1:10 with dilution buffer, and 20 µl diluted 
supernatant served as an input control. The chromatin solution 
was precleared using Salmon Sperm DNA/Protein A Agarose 
Slurry (Millipore, Bedford, MA, USA) for 30 min and incubated 
overnight at 4˚C with anti‑acetylated histone H3. The immuno-
precipitated complexes were recovered by adding 30 µl Salmon 
Sperm DNA/Protein A Agarose Slurry. Following washing, 
5 M NaCl was added to reverse the formaldehyde cross‑linking 
and the pellets were treated with proteinase K. DNA samples 
were purified using the QIAquick PCR purification kit (Qiagen, 
Valencia, CA, USA). Immunoprecipitated DNA and input DNA 
were amplified by qPCR using the SYBR Green PCR Master 
Mix kit (Takara Biotechnology Dalian Co., Ltd). The primers 
used to amplify the IRE locus of the AQP9 promoter were as 
follows: Forward, 5'‑ATTTCGGGTTCTAAGTCGC‑3' and 
reverse, 5'‑TTCCTGGAGATGTCTGGTAAG‑3'. All assays 
were performed in triplicate. The percentage enrichment of 
immunoprecipitated DNA was calculated relative to the input 
DNA. The ChIP results were normalized to the input DNA and 
are expressed as the fold enrichment relative to untreated cells 
(assigned 1‑fold).

Statistical analysis. Statistical analyses were conducted using 
SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA). The results 
are presented as the means ± standard deviation. Significance 
was determined by Student's t‑test or one‑way analysis of vari-
ance with a Student‑Newman‑Keuls post hoc test. A P<0.05 
was considered to indicate a statistically significant difference.

Results

Insulin suppresses AQP9 mRNA expression in a time‑depen‑
dent manner. Insulin treatment resulted in a significant 
(P<0.05) reduction in AQP9 mRNA expression levels in 
HepG2 cells, as compared with untreated cells (Fig.  1). 
Furthermore, the reduction occurred in a time‑dependent 
manner, with maximum reduction observed at 12 h.

Effects of insulin on the post‑transcriptional modifications 
of histone  H3 at the AQP9 promoter. To verify whether 
insulin‑mediated repression of AQP9 expression was associ-
ated with alterations in chromatin remodeling, ChIP and PCR 
analysis was performed to examine the post‑translational 
modifications of histone H3 at the AQP9 promoter. The results 
revealed that treatment with insulin resulted in a marked reduc-
tion in the acetylation and phosphorylation of histone H3 at the 
IRE of the AQP9 promoter, initiated at 0.5 h and 1 h, respectively, 
and peaking at 3 h treatment (Fig. 2). By contrast, a significant 
(P<0.05) increase was detected in histone H3 methylation at 
the IRE locus of the AQP9 promoter upon exposure to insulin 
(Fig. 2). However, no evident change in histone H3 modifica-
tion was observed at a control site within the second exon of 
AQP9 (data not shown). These results indicate that repression 
of AQP9 expression by insulin is associated with epigenetic  
modifications at the promoter.

Enforced expression of FOXO1 st imulates AQP9  
expression in HepG2 cells. The effect of FOXO1 overexpression 

on AQP9 expression levels was examined. FOXO1‑overex-
pressing plasmid transfection resulted in a ~three‑fold increase 
in the FOXO1 mRNA and protein expression levels in HepG2 
cells, as compared with those of the control cells (P<0.05; 
Fig. 3A and B). Notably, ectopic expression of FOXO1 signifi-
cantly (P<0.05) increased the abundance of AQP9 mRNA 
in HepG2 cells, as compared with the non‑transfected cells 
(Fig. 4A). The induction of AQP9 by FOXO1 overexpression 
was further confirmed at the protein level by western blotting 
(P<0.05; Fig. 4B).

FOXO1 promotes post‑transcriptional modifications of 
histone H3 at the AQP9 promoter. The impact of FOXO1 on 
epigenetic modifications of the AQP9 promoter was analyzed. 
As shown in Fig. 5, the levels of histone H3 acetylation and 
phosphorylation at the IRE of the AQP9 promoter was signifi-
cantly (P<0.05) elevated in the FOXO1‑overexpressing cells, 
as compared with the control cells. By contrast, the level of 
histone H3 methylation at this locus was significantly reduced 
by FOXO1 overexpression (P<0.05; Fig. 5).

Discussion

Glycerol is a predominant substrate in hepatic gluconeogen-
esis, and the efflux of lipolytic glycerol between adipocytes 

Figure 2. Effects of insulin treatment on the post‑translational modifications 
of histone H3 at the insulin responsive element (IRE) locus of the aquaporin 9 
promoter. HepG2 human hepatocyte cells were treated with 500 µM insulin 
and harvested at 0‑3 h for assessment of H3 acetylation, phosphorylation and 
methylation at the IRE locus by chromatin immunoprecipitation‑polymerase 
chain reaction. The results are expressed as the fold‑enrichment relative to 
the untreated cells (assigned 1‑fold). The error bars indicate the standard 
deviation of three independent experiments. *P<0.05 vs. untreated cells (0 h). 
IP, immunoprecipitation; h, hours.

Figure 1. Effects of insulin treatment on AQP9 expression levels. HepG2 
human hepatocyte cells were treated with 500 µM insulin for different dura-
tions and AQP9 mRNA expression levels were determined by quantitative 
polymerase chain reaction. The data are expressed as the means ± standard 
deviation of three independent experiments. *P<0.05 vs. untreated cells (0 h). 
AQP9, aquaporin 9; mRNA, messenger RNA.
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and the liver is important in modulating lipid and glucose 
homeostasis. The liver‑specific expression of AQP9 facilitates 
glycerol influx into hepatocytes, and dysregulation of AQP9 is 
associated with the development of metabolic syndrome (3). 
Numerous studies have shown that AQP9 expression is  
negatively regulated in response to insulin (6‑8). The data from 
the present study confirmed the suppression of AQP9 expres-
sion in hepatocytes by insulin. Furthermore, this suppression 
occurred in a time‑dependent manner, initiated at 3 h and 
reaching a peak after 24  h treatment. Kuriyama et  al  (6) 
identified a consensus IRE in the AQP9 gene promoter, which 
may be relevant to the downregulation of AQP9 by insulin. 
Similarly, insulin has been found to regulate the expression of 
various target genes via IRE‑dependent mechanisms (19,20). 
Ge et al (20) reported that insulin stimulates the transcrip-
tion of human acyl‑coenzyme A:cholesterol acyltransferase 1 
(ACAT1) through an interaction of the functional IRE upstream 
of the ACAT1 P1 promoter with the CCAAT/enhancer‑binding 
protein α (C/EBPα).

The present study provides, to the best of our knowledge, the 
first evidence that insulin alters the post‑transcriptional modifi-
cations of histone H3 at the IRE locus of the AQP9 promoter, 
which signifies another mechanism of downregulation of AQP9 
expression by insulin. Numerous reversible histone covalent 
modifications, including acetylation, phosphorylation and 
methylation, have been associated with distinct transcrip-
tion states  (21). Histone H3 hyperacetylation is commonly 

associated with the alleviation of repressive histone‑DNA 
interactions, facilitating the transcription process. By contrast, 
H3 methylation at lysine 9 is generally associated with the 
assembly of compact or closed chromatin surrounding the 
DNA, resulting in gene silencing. These histone modifications, 
individually and together, can modulate chromatin structure and 
gene expression (22). Cheung et al (23) reported that epidermal 

Figure 4. Effects of FOXO1 overexpression on AQP9 expression levels in 
HepG2 human hepatocyte cells. The cells remained unchanged (Control), or 
were transduced with FOXO1‑overexpressing or empty lentiviral particles 
and 48 h later, AQP9 expression levels were measured. (A) Quantitative 
polymerase chain reaction analysis of AQP9 mRNA expression levels. 
(B) Western blot analysis of AQP9 protein expression levels. Representative 
blots of three independent experiments are shown in the top panels. The 
bar graphs show the densitometric quantification of the blots. *P<0.05 vs. 
untreated cells. AQP9, aquaporin  9; FOXO1, forkhead box protein O1; 
mRNA, messenger RNA.

Figure 3. Lentiviral overexpression of FOXO1 in HepG2 human hepatocyte 
cells. The cells remained unchanged (Control), or were transduced with 
FOXO1‑overexpressing or empty lentiviral particles. After 48 h, the expres-
sion levels of FOXO1 protein were determined. (A) Quantitative polymerase 
chain reaction analysis of FOXO1 mRNA levels. (B) Western blot analysis of 
FOXO1 protein levels. The western blot data is representative of three inde-
pendent experiments. The bar graph shows the densitometric quantification 
of the western blots. *P<0.05 vs. untreated cells. AQP9, aquaporin 9; FOXO1, 
forkhead box protein O1; mRNA, messenger RNA.

Figure �������������������������������������������������������������������5. Effects of enforced FOXO1 expression on post‑translational modi-
fications of histone H3 at the insulin responsive element (IRE) locus of the 
aquaporin 9 (AQP9) promoter. HepG2 human hepatocyte cells remained 
unchanged (control), or were transduced with FOXO1‑overexpressing or 
empty lentiviral particles and then subjected to the assessment of H3 acety-
lation, phosphorylation and methylation at the IRE locus, using chromatin 
immunoprecipitation‑polymerase chain reaction assay. Results are expressed 
as fold enrichment relative to control cells (assigned 1‑fold). Error bars indi-
cate the SD of three independent experiments. *P<0.05 vs. control. FOXO1, 
forkhead box protein O1; mRNA, messenger RNA; IP, immunoprecipitation.
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growth factor‑induced H3 phosphorylation affects subsequent 
acetylation reactions in mammalian cells. The results from the 
present study demonstrated that the levels of H3 acetylation and 
phosphorylation at the IRE locus were significantly reduced 0.5 
and 1 h after insulin treatment, respectively. Similar to H3 phos-
phorylation, insulin‑induced H3 methylation occurred 1 h after 
treatment. These results suggest that insulin treatment resulted 
in sequential deacetylation and dephosphorylation/methylation 
of H3, which may cooperatively establish a repressive chromatin 
configuration.

Numerous transcription factors, such as C/EBPα, 
specificity protein 1, activator protein 1 and FOXO1, have 
been shown to mediate target gene expression following the 
administration of insulin (19,20). The present study revealed 
that the enforced expression of FOXO1 resulted in a signifi-
cant elevation in AQP9 expression levels in HepG2 cells. 
Furthermore, FOXO1 overexpression induced H3 acetylation 
and phosphorylation, and reduced H3 methylation in the IRE 
locus of the AQP9 promoter, suggesting the formation of a 
permissive chromatin structure. These results are contrary to 
the effects of insulin on AQP9 expression and local histone 
modifications. In addition, the induction of active chromatin 
states by FOXO1 has been described in a previous study (18). 
Insulin has the ability to negatively regulate the expression 
and transcriptional activity of FOXO1 (24,25). FOXO1 has 
been reported to confer an inhibitory effect of insulin on 
gene transcription through binding to the IRE in the promoter 
sequences of target genes  (26). Taken together, these data 
suggest that insulin induces H3 modifications at the promoter 
and represses the transcription of AQP9 gene in hepatocytes, 
which is mediated, at least in part, via FOXO1‑dependent 
alteration of chromatin structure at the IRE locus. Further 
studies are required to clarify to what extent insulin action 
is dependent on FOXO1‑induced epigenetic modifications. 
Additionally, the signaling pathways involved in the regulation 
of FOXO1 by insulin requires further elucidation.

In conclusion, the present study demonstrated that 
insulin‑induced transcriptional repression of AQP9 gene 
expression in hepatocytes is associated with FOXO1‑mediated 
H3 modifications at the IRE locus of the AQP9 promoter. 
These findings warrant further investigation of the clinical 
significance of epigenetic regulation of AQP9 expression in 
treating metabolic syndrome.
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