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Purpose: The aim of this study was to determine whether resveratrol (Rev) affects the expres-

sion, phosphorylation, and nuclear and cytoplasmic distribution of histone deacetylase 4 

(HDAC4), which in turn affects gluconeogenesis in hepatocytes under an insulin-resistant state.

Materials and methods: HepG2 cells were treated with 0.25 mmol/L palmitic acid (PA) to 

establish an insulin resistance model. The cells were divided into five groups: control, PA, PA + 

Rev 100 µM, PA + Rev 50 µM, and PA + Rev 20 µM. After treatment for 24 hours, mRNA 

and protein expression levels of gluconeogenesis pathway-related molecules and HDAC4 were 

examined. Next, HepG2 cells were transfected with siRNA-HDAC4. The cells were divided 

into control, PA, PA + Rev 20 µM, PA + Rev 20 µM + siRNA-HDAC4 negative control, and 

PA + Rev 20 µM + siRNA-HDAC4 knockdown groups to determine the expression of gluco-

neogenesis pathway proteins.

Results: Compared with the control group, the gluconeogenesis pathway-related molecules, 

glucose-6-phosphatase catalytic subunit (G6PC), phosphoenolpyruvate carboxykinase 1 (PCK1) 

and forkhead box protein O1 (FOXO1), were increased, and the phosphorylation of FOXO1 

decreased after PA treatment. The p-HDAC4 level decreased with the increase in HDAC4 in 

the nucleus and the decrease in HDAC4 in the cytoplasm in the PA group. Treatment with 

Rev 20 µM suppressed gluconeogenesis and promoted HDAC4 shuttling into the cytoplasm 

from the nucleus. However, 100 and Rev 50 µM exerted the opposite effects. Finally, after 

HDAC4 knockdown, the expression levels of the key gluconeogenesis molecules, G6PC, PCK1, 

and FOXO1, were increased, and p-FOXO1 was decreased, indicating that gluconeogenesis 

was enhanced.

Conclusion: A low concentration of Rev inhibited gluconeogenesis under insulin-resistance 

conditions via translocation of HDAC4 from the nucleus to the cytoplasm.

Keywords: insulin resistance, histone deacetylase, gluconeogenesis, resveratrol

Introduction
Type 2 diabetes is a major burden on public health worldwide, and its incidence has 

increased rapidly over the past few decades. In 2013, 382 million people worldwide 

suffered from diabetes, and it is estimated that the number of patients will rise to 592 

million by 2035.1 Insulin resistance is the central process in the pathogenesis of type 

2 diabetes. The liver, as the main organ of glucose metabolism, is responsible for 

gluconeogenesis. Increased hepatic glucose output caused by hepatic gluconeogenesis 

disorder is a major cause of insulin resistance in the liver. Therefore, reducing hepatic 

glucose production may provide broad prospects for the treatment of hepatic insulin 
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resistance and new drug development. Patients who take 

long-term medications have poor compliance, and the drugs 

have some side effects. Thus, the control level of diabetes or 

insulin resistance is low. Therefore, ingredients in our diet 

that control blood glucose and improve insulin sensitivity 

are of interest to many researchers.

Resveratrol (3,4′,5-trihydroxyindole) is a polypheno-

lic phytoalexin found in grape skin, peanuts, soybeans, 

pomegranates, and other fruits and plants. In vivo and in 

vitro studies have confirmed that resveratrol is a potent 

activator of Sirt1,2,3 which is a key molecule in the energy 

metabolism pathway that mediates the use of nutrients.4 

As a member of class II histone deacetylases (HDACs), 

HDAC4 is highly expressed in the liver, brain, and bone. In 

addition to deacetylation, its N-terminal domain undergoes 

reversible phosphorylation, thereby controlling the nuclear 

and cytoplasmic distribution of HDAC4, which regulates 

transcriptional inhibition. HDAC4 and Sirt1 are both histone 

deacetylases, and it is unknown whether resveratrol affects 

the expression of HDAC4 or its phosphorylation, which in 

turn affects gluconeogenesis in hepatocytes. To clarify this 

question, we established an in vitro insulin resistance model 

in HepG2 cells. We investigated the changes in HDAC4 pro-

tein expression and its cellular distribution after resveratrol 

treatment, and whether resveratrol affects gluconeogenesis.

Materials and methods
cell culture
The human liver tumor cell line HepG2 was purchased from 

the National Infrastructure of Cell Line Resource of China 

and maintained at the Clinical Medical Research Center 

of Hebei Provincial People’s Hospital. HepG2 cells were 

cultured in minimum essential medium (MEM) (HyClone, 

Logan UT, USA) with 10% FBS (HyClone), 1% nonessential 

amino acids (Thermo Fisher Scientific, Waltham, MA, USA), 

and 1% streptomycin (HyClone).

establishment of an insulin resistance 
model
glucose concentration determination
We used palmitic acid (PA) to establish an insulin resistance 

model as described previously.5 A PA (Sigma-Aldrich Co., St 

Louis, MO, USA) stock solution (0.1 mol/L) was prepared 

in absolute ethanol, and a 10% BSA stock solution was pre-

pared with pure water (note: BSA was used to deliver PA to 

the cells). BSA and PA were formulated at a ratio of 9:1 by 

volume to prepare the working PA solution. HepG2 cells were 

treated with serum-free medium containing 0.25 mmol/L of 

PA. The glucose concentration in the medium was determined 

by a glucose oxidase assay kit (Applygen, Beijing, China) at 

0, 12, and 24 hours of treatment to evaluate establishment of 

the insulin resistance model.

expression of the insulin signaling pathway molecule, 
aKT/p-aKT
The insulin stock solution was prepared in a volume ratio of 

1:49 of insulin (10 mg/mL; Sigma-Aldrich Co.) and MEM 

medium. After incubating HepG2 cells in a six-well plate 

with PA for 24 hours, 5.7 µL of insulin stock solution was 

added (final concentration: 100 nmol/L), and then protein 

was extracted 40 minutes later. The expression of the insulin 

signal transduction molecule, AKT, and its phosphorylated 

form was determined by Western blot analysis to further 

evaluate the hepatocyte insulin resistance.

cytotoxicity assessment of resveratrol
Resveratrol (Sigma-Aldrich Co.) was dissolved in dimethyl 

sulfoxide (Sigma-Aldrich Co.) at a concentration of 50 

mmol/L, and then diluted to various concentrations in 

medium (100, 50, and 20 µM). HepG2 cells were cul-

tured in a 96-well plate. At ~80% confluence, cells were 

treated with various concentrations of resveratrol. The 

cell survival rate was determined by a Cell Counting Kit 

(Dojindo,  Kumamoto, Japan) according to the manufac-

turer’s instructions.

effects of resveratrol on the 
gluconeogenesis pathway and hDac4 
expression
cell treatment
The cells were divided into five groups: control (Con), PA, 

PA + 100 µM resveratrol (PA + Rev 100 µM), PA + 50 µM 

resveratrol (PA + Rev 50 µM), and PA + 20 µM resveratrol 

(PA + Rev 20 µM). The different treatments were applied 

for 24 hours.

cytotoxicity assessment
The cell survival rates of the five groups were determined by 

a Cell Counting Kit as described earlier.

improvement of insulin sensitivity of hepg2 cells
The glucose concentration in the medium at various time 

points (0, 12, and 24 hours) after treatment was determined 

by a glucose oxidase assay kit as described earlier.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2019:12 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

403

Zhao et al

real-time reverse transcription-Pcr (rT-Pcr)
RNA was extracted with TRIzol reagent (Thermo Fisher 

Scientific), and a NanoDrop 2000 (Thermo Fisher Scientific) 

was used to determine the RNA concentration and purity. 

Reverse transcription of RNA into cDNA was performed 

using a PrimeScript™ RT reagent kit with gDNA Eraser 

(RR047A). Amplification was performed using a SYBR® 

Premix Ex Taq™ II kit (RR820A) with an ABI 7300 Real-

Time PCR System (Thermo Fisher Scientific). The PCR 

conditions were: 95°C for 3 minutes, followed by 41 cycles 

at 95°C for 30 seconds, 95°C for 5 seconds, and 60°C for 31 

seconds. Gene expression levels were normalized to GAPDH 

expression using the 2−ΔΔ Cq method.6 The primer sequences 

used are presented in Table 1. 

Western blot analysis
Total protein was extracted from cells by RIPA lysis buffer. 

The protein concentration was determined by a Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific). Protein samples 

were resolved by SDS-PAGE. The separated proteins were 

then transferred to a polyvinylidenefluoride membrane that 

was blocked with 5% dry skim milk for 2 hours. The primary 

antibodies were diluted to the appropriate concentration in 

the blocking solution. The membrane was incubated with 

the antibody overnight at 4°C. After washing, a horserad-

ish peroxidase (HRP)-labeled antibody was incubated with 

the membrane for ~50 minutes at room temperature. The 

membrane was washed after incubations. The band was 

detected with enhanced chemiluminescent reagent (Thermo 

Fisher Scientific) under a gel imager. In addition, nuclear and 

cytoplasmic proteins of HepG2 cells were extracted using a 

nuclear and cytoplasmic protein extraction kit (Sangon Bio-

tech, Shanghai, China). Western blotting of the fractions was 

performed as described earlier. The intensity of the protein 

bands was quantified by densitometry using Image-J soft-

ware. Normalization was performed by incubating the same 

membrane with an antibody against β-actin or histone H3. 

The antibody-related information is as follows. Anti-β-actin: 

mouse antibody, 1:3,000 (3700s; CST); anti-AKT: rabbit 

antibody, 1:1,000 (9272s; CST); anti-p-AKT (Ser473): rab-

bit antibody, 1:3,000 (4058s; CST); anti-Histone H3, rabbit 

antibody, 1:4,000 (4499s; CST); anti-G6PC: rabbit antibody, 

1:2,000 (22169–1-AP; Proteintech); anti-PCK1: rabbit 

antibody, 1:1,000 (16754–1-AP; Proteintech); anti-FOXO1: 

rabbit antibody, 1:1,000 (18592–1-AP; Proteintech); anti-p-

FOXO1 (p-Ser256): rabbit antibody, 1:1,000 (1339; Abcam); 

anti-HDAC4: rabbit antibody, 1:1,000 (17449–1-AP; Protein-

tech), and anti-p-HDAC4 (p-Ser246): rabbit antibody, 1:1,000 

(3443s; CST). A HRP-labeled goat anti-rabbit IgG antibody 

(1:8,000) and goat anti-mouse IgG antibody (1:3,000) were 

purchased from Signalway Antibody (Pearland, TX, USA).

effect of resveratrol on the 
gluconeogenesis pathway after hDac4 
knockdown
Preparation of the transfection complex
Cell transfection was performed at ~60% confluence. DEPC 

water (125 µL) was added to the siRNA (GenePharma, 

Shanghai, China) to prepare an RNA oligo stock solution of 

20 µM, which was stored at −20°C. Then, 200 µL of Opti-

MEM (Thermo Fisher Scientific), 5 µL of RNA oligo stock 

solution, and 10 µL of siRNA-Mate transfection reagent 

(GenePharma) were used to prepare the transfection complex.

Transfection efficiency
The cells were divided into two groups: siRNA-HDAC4 nega-

tive control (NC) and siRNA-HDAC4 knockdown (knock-

down). The groups were treated with 200 µL of transfection 

complex in 1.8 mL of medium per well, and the final siRNA 

concentration was ~50 nM. The cells were cultured at 37°C 

for 24 hours. RNA was then extracted and the knockdown 

efficiency of HDAC4 was detected by RT-PCR. Protein was 

extracted after knockdown for 48 hours and HDAC4 expres-

sion was determined by Western blot analysis.

Transfection grouping
HepG2 cells were seeded in six-well plates and divided into a 

control group (Con), PA group (PA), PA + Rev 20 µM group 

(Rev), PA + Rev 20 µM + siRNA-HDAC4 negative control 

group (siRNA-NC), and PA + Rev 20 µM + siRNA-HDAC4 

knockdown group (siRNA-HDAC4). The transfections were 

performed as described earlier.

Table 1 Primer sequences used in rT-Pcr

Gene Forward primer (5′–3′) Reverse primer (5′–3′)

GAPDH caagaaggTggTgaagcagg aaaggTggaggagTgggTgT
G6PC cagggaaagaTaaagccgac TgagcagcaaggTagaTTcg
PCK1 aggcggcTgaagaagTaTg cTTgggTgacgaTaaccgT
FOXO1 gagagaagcagTccaaagaTgTc TgccaagTcTgacgaaagg

Abbreviation: rT-Pcr, real-time reverse transcription Pcr.
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glucose concentration after hDac4 knockdown
After transfection for 24 hours, PA and resveratrol were 

added, and the glucose concentration was determined after 

another 24 hours.

gluconeogenesis pathway-related protein expression 
after hDac4 knockdown
After siRNA transfection for 24 hours, PA and resveratrol 

were added to the corresponding groups for 24 hours, and 

then protein was extracted for Western blotting.

Statistical analyses
All data were processed using SPSS 22.0 software. Results 

are expressed as the mean ± SD. Two sample comparisons 

of data that satisfied the normal distribution were per-

formed using Student’s t-test. Multiple comparisons were 

performed by one-way ANOVA, unless a nonparametric 

test was needed. P<0.05 was considered statistically 

significant.

Results
establishment of an insulin resistance 
model in hepg2 cells
glucose concentration in the medium
At 0 and 12 hours of PA treatment, there were no significant 

differences in the glucose concentrations in the culture 

medium between the Con and PA groups. At 24 hours, the 

glucose concentration in the medium of the PA group was 

significantly higher than that in the medium of the Con 

group, indicating that as PA induced insulin resistance, more 

gluconeogenesis occurred in these cells, and more glucose 

was released into the media.7 Therefore, we concluded that 

the insulin resistance model was successfully established 

(Figure 1A).

aKT and p-aKT expression
There was no significant difference in the total AKT between 

the Con group and the PA group. Compared with the Con 
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Figure 1 establishment of insulin resistance in vitro.
Notes: (A) glucose concentration in the culture medium after Pa treatment for 0, 12, and 24 hours. Data are presented as the mean ± SD (n=6). (B–D) expression of 
the insulin signaling pathway molecule, aKT/p-aKT. (B) Protein bands. (C) Densitometric analysis of protein expression of aKT. (D) Densitometric analysis of protein 
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Abbreviations: aKT, protein kinase B; con, control group; Pa, palmitic acid group.
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group, the p-AKT level in the PA group was significantly 

decreased, indicating that the insulin signaling pathway was 

impaired after PA intervention and the hepatocyte insulin 

resistance model was successfully established (Figure 1B–D).

cell survival rate
cell survival rate after treatment with various 
concentrations of resveratrol
The survival rate of the Con group was 92.05%. After treat-

ment with 100, 50, or 20 µM resveratrol for 24 hours, the sur-

vival rates were 57.91%, 69.44%, and 88.63%, respectively. 

These results suggest that high concentrations of resveratrol 

are toxic for the cells (Figure 2A).

cell survival rate of the different treatment groups
The cell survival rate of the PA group was lower than that 

of the Con group, though there was no statistical difference. 

After treatment with PA combined with different resveratrol 

concentrations, the survival rate of the PA + 100 µM, PA + 
50 µM, and PA + 20 µM groups was significantly lower than 

that of the PA group. However, the difference between the 

Con group and the PA + 20 µM group was smaller than that 

between the other two groups and the Con group (Figure 2B).

effect of resveratrol on the 
gluconeogenesis pathway
improvement of insulin resistance in hepg2 cells
There was no significant difference in the glucose concen-

tration between the groups at 0 and 12 hours. However, the 

glucose concentration in the PA group was significantly 

higher than that in the Con group at 24 hours. Interestingly, 

high concentrations of resveratrol (100 and 50 µM) increased 

the glucose concentration, whereas a low resveratrol con-

centration (20 µM) reduced the glucose level (Figure 3A).

relative mrna expression of gluconeogenesis-
related genes
Compared with the Con group, the mRNA expression of 

glucose-6-phosphatase catalytic subunit (G6PC), phos-

phoenolpyruvate carboxykinase 1 (PCK1), and forkhead 

box protein O1 (FOXO1) in the PA group was significantly 

higher. The mRNA levels of the same genes were further 

increased in the Rev 100 µM group, but decreased in the 

Rev 20 µM group compared with the PA group. The Rev 50 

µM group showed a trend similar to that of the Rev 100 µM 

group (Figure 3B–D).

relative protein expression of gluconeogenesis 
pathway molecules
G6PC, PCK1, and FOXO1 protein levels were higher in the 

PA group than in the Con group, and the FOXO1 phosphory-

lation level was significantly lower in the PA group than in 

the Con group. These results indicated that gluconeogenesis 

was enhanced in the insulin-resistant state. With a high res-

veratrol concentration, the protein levels of G6PC, PCK1, 

and FOXO1 were increased, and the expression level of 

p-FOXO1 (Ser 256) was decreased. However, after treatment 

with 20 µM resveratrol, G6PC, PCK1, and FOXO1 were 
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decreased and p-FOXO1 (Ser 256) was increased. These 

results suggest that at a low concentration resveratrol sup-

pressed gluconeogenesis (Figure 4).

effect of resveratrol on hDac4 nucleus-
cytoplasm shuttling
HDAC4 phosphorylation was significantly lower after PA 

treatment for 24 hours compared with the control treat-

ment. Resveratrol treatment at 100 µM further reduced the 

p-HDAC4 level, but 20 µM resveratrol increased its level. 

The total HDAC4 level was increased in the nucleus and 

decreased in the cytoplasm of the PA group, compared 

with the Con group. After 100 µM resveratrol treatment, 

this trend was enhanced. However, treatment with 20 µM 

resveratrol resulted in the opposite effects. The Rev 50 µM 

group showed a similar trend to the Rev 100 µM group 

(Figure 5).

effect of resveratrol on the 
gluconeogenesis pathway after hDac4 
knockdown
Transfection efficiency
Compared with the negative control group, the relative 

mRNA and protein level of HDAC4 was significantly 

decreased in the siRNA-HDAC4 knockdown group, indicat-

ing a high transfection efficiency (Figure 6).

glucose concentration
Compared with the Con group, the glucose concentration in 

the medium of the PA group was significantly higher; how-

ever, resveratrol lowered this concentration. When HDAC4 

was knocked down, the ability of resveratrol to reduce the 

glucose concentration in the medium decreased, and there 

was no difference in the glucose concentration in the medium 

between the knockdown group and the PA group (Figure 7A).
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expression of gluconeogenesis molecules
Based on the above mentioned findings, 20 µM resveratrol 

suppressed gluconeogenesis in HepG2 cells. Therefore, we 

selected this concentration to determine whether it inhibits 

gluconeogenesis through HDAC4. After HDAC4 knockdown, 

the expression levels of the key gluconeogenesis molecules, 

G6PC, PCK1, and FOXO1, were increased and p-FOXO1 

was decreased, indicating that gluconeogenesis was enhanced 

after HDAC4 knockdown. These results indicated that 

resveratrol inhibited gluconeogenesis through HDAC4 

(Figure 7B–F).

Discussion
There are many methods for establishing an insulin resistance 

model in hepatocytes in vitro, such as high glucose induc-

tion,8 insulin induction,9 high glucose combined with insulin 

induction,10 PA induction,11 and dexamethasone induction.12 

Here, we used 0.25 mmol/L PA treatment, which is the 

concentration chosen in most studies5 and in our previous 

study.

The liver is sensitive to insulin actions, and impaired glu-

cose and lipid metabolism in the liver can cause various meta-

bolic syndromes such as obesity, insulin resistance, diabetes, 

and nonalcoholic fatty liver disease. In patients with insulin 

resistance, the main source of endogenous glucose production 

is gluconeogenesis, rather than glycogen decomposition, and 

the rate-limiting enzymes, G6PC and PCK1, are the core of 

gluconeogenesis.13 In the liver, FOXO1 promotes the expres-

sion of these enzymes, resulting in increased hepatic glucose 

production and elevated blood glucose levels.

FOXO1 is regulated by AKT (also termed phosphati-

dylinositol 3-kinase/protein kinase B). After AKT phosphory-

lates FOXO1, FOXO1 translocates from the nucleus to the 

cytoplasm, which inhibits its transcriptional activity, and the 

expression of FOXO1 decreases.14 In fact, the phosphoryla-

tion of specific sites in FOXO1 promotes binding to 14-3-3 
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Figure 4 expression of gluconeogenesis pathway-related proteins.
Notes: (A) Protein bands of gluconeogenesis pathway molecules. (B–E) Densitometric analysis of protein expression: (B) g6Pc, (C) PcK1, (D) FOXO1, and (E) P-FOXO1. 
Data are presented as the mean ± SD (n=3). *P<0.05 vs con, #P<0.05 vs Pa.
Abbreviations: g6Pc, glucose-6-phosphatase catalytic subunit; PcK1, phosphoenolpyruvate carboxykinase 1; FOXO1, forkhead box protein O1; con, control group; Pa, 
palmitic acid group; Pa + rev 100 µM, palmitic acid + resveratrol 100 µM group; Pa + rev 50 µM, palmitic acid + resveratrol 50 µM group; Pa + rev 20 µM, palmitic acid 
+ resveratrol 20 µM group.
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protein, which masks the DNA-binding domain and nearby 

nuclear localization signals of FOXO1, thereby disrupting the 

effect of FOXO1 on gene expression and promoting shuttling 

from the nucleus to the cytoplasm. There is a relationship 

between the phosphorylation and acetylation of FOXO1. 

Acetylation of FOXO1 promotes the phosphorylation of 

FOXO1, which in turn inhibits the transcriptional activity 

and function of FOXO1.15,16
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This study showed that under resveratrol treatment at 

a low concentration, the expression of G6PC, PCK1, and 

FOXO1 was decreased compared with the PA group, and the 

phosphorylation level of the key molecule, FOXO1, which is 

upstream of G6PC and PCK1, was increased. These results 

indicated that a low concentration of resveratrol inhibited 

gluconeogenesis in insulin-resistant hepatocytes.

Previous studies have shown that resveratrol significantly 

improves blood glucose levels, insulin sensitivity, and lipid 

levels in type 2 diabetes patients and model mice,17,18 which 

may be related to activation of Sirt1 and AMP-dependent 

protein kinase (AMPK). There is increasing evidence that 

Sirt1 is one of the caloric proteins that regulates mitochon-

drial biogenesis, energy homeostasis, and insulin sensitiv-

ity.19 In 2003, resveratrol was found to be a potent small 

molecule activator of Sirt1. Sirt1-activated AMPK reduces 

oxidative stress, which indicates improved insulin sensitivity 

and control of blood glucose.20 In individuals with obesity, 

150 mg/day resveratrol was administered for 30 days, which 

resulted in a plasma resveratrol concentration of 183 ng/mL 

and mimicked the health effects of caloric restriction. In the 

absence of weight changes, resveratrol reduced the sleeping 

and resting metabolic rates, and improved mitochondrial 

function in skeletal muscles and the oxidative capacity in 

adipose tissues.21

So far, 18 HDACs have been identified, which are divided 

into four categories. Class I HDACs, including HDAC1, 2, 3, 

and 8, mainly regulate cell survival and proliferation. Class 

II HDACs, including HDAC4, 5, 6, 7, 9, and 10, are mainly 

located in the cytoplasm and can shuttle between the cyto-

plasm and nucleus.22 Class III HDACs, also known as sirtuins, 

include Sirt1–7.23 Class IV HDACs include HDAC11.24 Sirt1 

and HDAC4 are both members of the histone deacetylase 

family. We examined whether resveratrol can also act as an 
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activator of HDAC4. HDAC4 is a histone deacetylase, and 

its phosphorylation has received extensive attention. The 

molecular behavior and phosphorylation-mediated nuclear 

translocation of HDAC4 are closely related to energy and 

glucose metabolism, and insulin sensitivity.

There are some discrepancies in the results of recent 

studies. These discrepancies may be related to model selec-

tion (different animals, mouse models, and cell lines) and 

treatment selection (eg, insulin or glucagon). Some studies 

have indicated that silencing HDAC4 increased the blood 

glucose and insulin levels in diet-induced obese mice. 

Another study has reported that when db/db mice were 

treated with HDAC4/5/7-shRNAs, their glucose tolerance 

test and pyruvate tolerance test results indicated that their 

blood glucose levels and glucose intolerance significantly 

improved. Mihaylova et al16 have shown that under the fast-

ing hormone, glucagon, HDAC4 was dephosphorylated, 

translocated into the nucleus, and recruited to the promoter 

of key gluconeogenesis pathway molecules, such as G6PC, 

to enhance the gluconeogenesis pathway. In Drosophila, 

Wang et al25 have found that salt-inducible kinase 3 was 

inactivated during fasting, resulting in dephosphorylation and 

nuclear translocation of HDAC4 and FOXO1 deacetylation. 

After FOXO1 deacetylation, FOXO1 dephosphorylation 

was enhanced, thus activating FOXO1. These results sup-

port our experimental results. In the insulin-resistant state, 

the levels of total p-HDAC4 and cytoplasmic HDAC4 were 

significantly decreased, while nuclear HDAC4 was signifi-

cantly increased. Treatment with 20 µM resveratrol reversed 

the dephosphorylation of p-HDAC4, resulting in reduced 

dephosphorylation of FOXO1 and increased inhibition of 

target genes. Therefore, the expression of G6PC and PCK1 

was decreased, and gluconeogenesis was suppressed. After 

knocking down HDAC4, the beneficial effect of resveratrol 

on gluconeogenesis was abrogated. These results confirmed 

that resveratrol decreased gluconeogenesis in the liver by 

modulating HDAC4, possibly through nuclear–cytoplasmic 

translocation.

The various concentrations of resveratrol had different 

effects on insulin resistance. High resveratrol concentrations 

enhanced insulin resistance. The cytotoxicity analysis showed 

that the cell survival rate was low, indicating a cytotoxic effect 

on the cells. However, at a low concentration, resveratrol had 

a beneficial effect on the cells by inhibiting insulin resistance.

This study has some shortcomings. First, the acetylation 

level of FOXO1 was not examined in the study because we 

did not have the relevant antibody. If we had this indicator, 

the results would be relatively complete because HDAC4 

may be directly related to FOXO1 acetylation, which in turn 

causes changes in its phosphorylation. Second, our study 

only used an in vitro model. An animal model is required to 

confirm the results.

Conclusion
Resveratrol could suppress gluconeogenesis under insulin-

resistant state via translocaton of HDAC4 from nucleus 

to cytoplasm. Resveratrol and HDAC4 may be potential 

therapeutic targets for obesity, insulin resistance, and type 

2 diabetes.

Data availability
The data can be obtained by email request.
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