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Background: Metformin, as the first-line treatment anti-diabetic drug, represents increasing evidence 

of a potential efficacy in improving dyslipidemia. However, the exact molecular mechanism(s) by 

which metformin influences lipid metabolism remains incompletely understood. 

Methods: The HepG2 cells were treated with metformin and the AMP-activated protein kinase 

(AMPK) inhibitor compound C or a dominant-negative form of AMPK plasmid. ELISA assay 

was employed to measure AMPK activity, and cellular cholesterol content was determined by 

enzymatic colorimetric method. RT-PCR and western blotting were used to detect SREBP-2 

mRNA levels and its target protein levels. 

Results: We found that metformin significantly stimulated AMPK activity and decreased 

intracellular total cholesterol contents in HepG2 cells. Metformin reduced the sterol regulatory 

element-binding protein-2 (SREBP-2) and its downstream target proteins and increased low-

density lipoprotein receptor (LDLR) levels. 

Conclusion: Our preliminary results demonstrate that metformin as a first-line and initial 

medication suppresses the synthesis of SREBP-2 and upregulates LDLR, and consequently 

decreases cholesterol production via activation of AMPK, at least partly. These findings sug-

gest a therapeutic target and potential beneficial effects of metformin on the prevention of 

dyslipidemia or related diseases.

Keywords: type 2 diabetes mellitus, cholesterol, metformin, AMP-activated protein kinase, 

sterol regulatory element-binding protein-2

Introduction
Type 2 diabetes mellitus (T2DM) is a chronic, progressive disease accompanied by an 

increase in associated risk factors of cardiovascular diseases (CVD) and cerebrovascular 

diseases.1 Diabetes has become a leading public health problem affecting ~11.6% of 

the adult population in China.2 According to the United Kingdom Prospective Diabetes 

Study, dyslipidemia is an important risk factor for fatal and nonfatal myocardial 

infarction or angina in T2DM patients.3 Therefore, early detection and prevention of 

dyslipidemia in T2DM patients will play an important role in reducing cardiovascular 

and cerebrovascular events and mortality.

Dyslipidemia in T2DM patients is characterized by high plasma triglyceride 

(TG), increased serum total cholesterol, and low high-density lipoprotein-cholesterol 

(HDL-c).2,3 Due to its well-established efficacy, modest weight loss and good safety 

profile, metformin is the first-line treatment and the most prescribed anti-diabetic drug 

worldwide.1,4,5 Besides antihyperglycemic efficacy, metformin represents increas-

ing evidence of a potential efficacy in improving dyslipidemia, and exerting weight 

loss, anticancer and cardioprotective effects.4,6–9 Studies have shown that metformin 

decreased plasma total cholesterol and TG levels and increased HDL-c level.6,10,11 

However, the exact molecular mechanism(s) by which metformin influences lipid 

metabolism remains incompletely understood.
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AMP-activated protein kinase (AMPK) is a cellular energy 

and nutrient sensor that plays a crucial role in regulating 

catabolic and anabolic pathways involving glycolysis, fatty 

acid oxidation, gluconeogenesis, and fatty acid biosynthesis.12 

It has been shown that the mechanism by which metformin 

regulates glucose metabolism is mediated by AMPK signaling 

pathway.13 Xu et al have demonstrated that metformin-induced 

activation of AMPK suppressed sterol regulatory element-

binding protein 1 c (SREBP1-c) and fatty acid desaturase 

leading to a decrease of low-density lipoprotein-cholesterol 

(LDL-c) levels.14 Peroxisome proliferator-activated receptor-α 

(PPAR-α) plays a critical role in the regulation of enzyme 

involvement in fatty acid oxidation, such as carnitine-palmi-

toyl transferase-1 and medium chain acyl-CoA dehydrogenase. 

Metformin could activate AMPK to inhibit PPAR-α activity, 

but the effect could be completely overcome with treatment of 

compound C (AMPK inhibitor) in H4IIEC3 cells.15

Sterol regulatory element-binding proteins (SREBPs) 

are key lipogenic transcription factors that comprise three 

subtypes, SREBP-1a, SREBP-1c, and SREBP-2. Whereas, 

SREBP-2 primarily controls cholesterol biosynthesis, and it 

is initially anchored (precursor protein) in the endoplasmic 

reticulum and then undergoes a cleavage process in the Golgi 

apparatus, changing into a nuclear active form. Finally, it 

transports to the nucleus to regulate its target genes such 

as 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS), 

3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR), and 

low-density lipoprotein receptor (LDLR).16 Previous studies 

have shown that AMPK inhibited SREBP-2 by suppressing its 

cleavage process and nuclear destination.17 Our recent stud-

ies have shown that the 5-aminoimidazole-4-carboxyamide 

ribonucleoside (AICAR, an AMPK activator) could stimu-

late AMPK, which directly phosphorylated SREBP-2 and 

inhibited SREBP-2 expression and decreased HMGCR and 

HMGCS protein levels.18

Liver is a major organ regulating energy metabolism. 

This study aimed to investigate whether the molecular mecha-

nism of cholesterol reduction by metformin in the liver is 

through activating AMPK to suppress SREBP-2. Therefore, 

elucidation of inhibitory effect of metformin on cholesterol 

and its mechanism might provide a basis and target for future 

therapeutic strategies to prevent dyslipidemia, cardiovascular 

events, and mortality.

Materials and methods
Reagents and antibodies
Metformin hydrochloride, methyl thiazolyl tetrazolium 

(MTT) kit, and GAPDH antibody were from Sigma-Aldrich 

Co. (St Louis, MO, USA). RPMI-1640 medium, Trizol, and 

FBS were obtained from Thermo Fisher Scientific (Waltham, 

MA, USA). Compound C was from Merck Calbiochem 

(Darmstadt, Germany). SREBP-2, LDLR, HMGCR, and 

HMGCS antibodies were obtained from Abcam (Cambridge, 

MA, USA). Cholesterol assay kits were obtained from Wako 

Pure Chemical Corporation (Osaka, Japan). AMPK Kinase 

Assay ELISA kit was from Cyclex (Nagano, Japan).

Cell culture
HepG2 cells (Cell Library of the Chinese Academy of 

Sciences, Shanghai, China) were cultured and maintained 

in RPMI-1640 supplemented with 10% FBS, 100 units/mL 

penicillin, and 100 µg/mL streptomycin with 5% CO
2
 

incubator at 37°C. The cells were cultured to 80% confluence 

and exposed to metformin with or without compound C after 

overnight serum starvation.

MTT assay
The HepG2 cells were seeded in 96-well plates at a con-

centration of 1×105 cells/mL and incubated for 24 hours; 

this was followed by treatment with different concentra-

tions (0, 5, 10, and 15 mmol/L) of metformin for indi-

cated 1, 8, and 24 hours. After treatments, 20 µL MTT 

(5 mg/mL) was added for 4 hours following the manufac-

turer’s protocol. The media were removed and dissolved 

in 150 µL dimethyl sulfoxide by shaking for 10 minutes. 

The absorbance at 490 nm wave length was detected in 

an ELISA reader. MTT assay was carried out three times.

Cholesterol assay
Cells were lysed in a lysis buffer consisting of 1% Triton 

X-100 in PBS, and the intracellular cholesterol was measured 

using total cholesterol assay kits based on an enzymatic 

colorimetric method of cholesterol oxidase-peroxidase-4-

aminoantipyrine (COD-PAP). The optical density was mea-

sured at 600 nm in an enzyme-labeled instrument (Thermo 

Fisher Scientific).

Real-time quantitative PCR (RT-qPCR)
Total RNA from cells was isolated by means of Trizol method, 

and real-time quantitative PCR was used to measure relative 

SREBP-2 mRNA expression. About 1 µg total RNA was 

reverse transcribed into cDNA with a PrimeScript RT reagent 

(TaKaRa, Kusatsu, Japan), and the cDNA amplification was 

performed with SYBR Premix Ex Taq II (TaKaRa, Kusatsu, 

Japan) in a Roche 480 detection system. The gene expression 

was calculated by 2−ΔΔCt method and β-actin gene was used as 
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a control. The primer sequences were as follows: SREBP-2 

forward primer 5′-CACCCCTATCCAGACGGC-3′, and 

reverse primer 5′-TCCGCCTTTCTCCTTCTTTG-3′; β-actin 

forward primer 5′-TGACGTGGACATCCGCAAAG-3′, and 

reverse primer 5′-CTGGAAGGTGGACAGCGAGG-3′.

Western blotting (WB) analysis
Nuclear and cytoplasmic proteins from HepG2 cells were iso-

lated according to the instruction of Thermo NE-PER nuclear 

and cytoplasmic extraction reagent (Pierce, Rockford, IL, USA). 

Total protein isolation and WB analysis have been described 

previously.19 Quantification analysis of bands was performed 

by ImageJ 1.45 software (NIH, Bethesda, MD, USA).

ELISA for AMPK activity
Briefly, after metformin or compound C treatment, the cells 

were lysed and centrifuged at 14,000 ×g for 20 minutes. The 

cell supernatants were collected for determining intracellular 

AMPK activity via AMPK Kinase Assay ELISA kit.20

Plasmid and transfection
Transient transfection assays were performed with 

Lipofectamine 2000 reagent according to the manufacturer’s 

instructional guides.15 HepG2 cells in 6 cm dishes were cul-

tured in complete RPMI-1640 medium, synchronized over-

night in serum-free RPMI-1640, and then transfected with a 

dominant-negative form of AMPK (DN-AMPK, a generous 

gift from Prof Dave Carling, Imperial College London) plas-

mid. After 24 hours of incubation, the serum-free medium was 

replaced and administered with or without metformin.

Statistical analyses
Results were expressed as mean ± SD and analyzed by 

Prism v5.0 (GraphPad Software Inc, San Diego, CA, USA). 

Differences between multiple groups were determined by 

one-way ANOVA (Tukey’s tests). P,0.05 was indicated 

to be statistically significant.

Results
Metformin exhibited an inhibitory effect 
on viability of HepG2 cells
To examine the effects of metformin on the cell viability of 

HepG2 cells, HepG2 cells were administered with increasing 

concentrations (0, 5, 10, and 15 mmol/L) of metformin for 

indicated 1, 8, and 24 hours. MTT assay was used to evaluate 

the cell viability. As shown in Figure 1, metformin treatment 

exhibited an inhibitory effect on HepG2 cell viability with a 

significant dose- and time-dependent manner. The HepG2 cell 

Figure 1 Effects of different metformin concentrations and treatment times on the 
cell viability of HepG2 cells.
Notes: HepG2 cells were administered with increasing concentrations (0, 5, 10, and 
15 mmol/L) of metformin for 1, 8, and 24 hours. Cell viability was determined by the 
MTT assay. Data are listed as the mean ± SD (n=3). *P,0.05 vs control groups.
Abbreviation: MTT, methyl thiazolyl tetrazolium.
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Figure 2 Metformin stimulated the AMPK activity in HepG2 cells.
Notes: HepG2 cells were treated with 15 mmol/L metformin in the absence or 
presence of 20 µmol/L compound C for 24 hours. AMPK activity was measured by 
an AMPK Kinase Assay kit. The data are presented as the mean ± SD (n=3). *P,0.05 
vs control group, #P,0.05 vs metformin-treated group.
Abbreviations: AMPK, AMP-activated protein kinase; NS, no significance.

survival was unaffected in low dose (5 mmol/L) after schedule 

times (1 and 8 hours) incubation except 24 hours. In contrast, 

HepG2 cell survival was dramatically inhibited with the increas-

ing high-dose (10 and 15 mmol/L) metformin treatments.

Metformin induced AMPK activation 
in HepG2 cells
To explore the involvement of metformin in AMPK activ-

ity, HepG2 cells were incubated with 15 mmol/L metformin 

with or without 20 µmol/L AMPK inhibitor compound C 

(an AMPK inhibitor) for 24 hours.21 As shown in Figure 2, 

a striking increase of AMPK activity in HepG2 cells was 

observed after treatment with metformin. The metformin-

induced AMPK activation was decreased when the AMPK 
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inhibitor compound C was added. These data demonstrated 

that metformin could stimulate AMPK activity.

Metformin decreased intracellular total 
cholesterol contents in HepG2 cells
To assess the action of metformin on intracellular cholesterol 

contents, HepG2 cells were administered with 15 mmol/L 

metformin, and then 20 µmol/L compound C was added or 

not added for 24 hours. As shown in Figure 3, the choles-

terol contents were significantly lower in metformin-treated 

HepG2 cells, and compound C treatment inversed these 

effects. These data demonstrated that metformin activated 

AMPK and decreased the cholesterol contents.

Metformin downregulated SREBP-2 
expression in HepG2 cells
As a key nuclear transcription factor, SREBP-2 plays an 

important role in cholesterol biosynthesis in liver. RT-PCR 

assays showed that the SREBP-2 mRNA expression signifi-

cantly decreased after metformin treatment in HepG2 cells 

compared with those in the control cells and the compound 

C-treated cells (Figure 4). These data indicated that met-

formin treatment enhanced AMPK activity and downregu-

lated SREBP-2 expression.

Metformin reduced SREBP-2 and 
downstream target protein levels in 
HepG2 cells
To further examine the inhibitory effects of metformin on 

SREBP-2 and its downstream target proteins, HepG2 cells 

Figure 3 Metformin decreased the intracellular total cholesterol contents of 
HepG2 cells.
Notes: HepG2 cells were treated with 15 mmol/L metformin and then 20 µmol/L 
compound C was added or not added for 24 hours. The intracellular cholesterol 
contents were measured using cholesterol assay kits based on enzymatic methods. 
The data are presented as the mean ± SD (n=3) of three independent experiments. 
*P,0.05 vs control group, #P,0.05 vs metformin-treated group.
Abbreviation: NS, no significance.

Figure 4 Metformin downregulated SREBP-2 expression in HepG2 cells.
Notes: HepG2 cells were exposed to 15 mmol/L metformin with or without 
20 µmol/L compound C for 24 hours. The relative SREBP-2 mRNA levels were 
normalized to those of β-actin in the RT-PCR data. Experiments were conducted in 
triplicates. *P,0.05 vs control group, #P,0.05 vs metformin-treated group, $P,0.05 
vs compound C-treated group.
Abbreviations: RT-PCR, real-time PCR; SREBP, sterol regulatory element-binding 
protein.

were administered with metformin for 24 hours with or with-

out compound C. Both SREBP-2 precursor and its nuclear 

active forms were obviously reduced in the metformin-treated 

HepG2 cells compared with those in the control and com-

pound C-treated cells, and the metformin-induced decrease 

in SREBP-2 was not completely inhibited by compound C 

(Figure 5A and B). Compound C is a reversible, selective 

AMPK inhibitor. To further examine whether AMPK was 

involved in the pathway of metformin action, as shown in 

Figure 5C, overexpression of the dominant-negative AMPK 

(DN-AMPK) completely abrogated the effect of metformin 

to decrease SREBP-2 in HepG2 cells. Paralleled with the 

decrease in SREBP-2 protein levels, there was a sharp decline 

in the levels of the SREBP-2 downstream target proteins 

HMGCR and HMGCS by metformin treatment. Surprisingly, 

the LDLR protein level conversely increased; the correla-

tion between metformin with this change remains unclear 

(Figure 5D and E). These results revealed that metformin-

induced AMPK activation directly inhibited SREBP-2 activ-

ity, at least partly.

Discussion
T2DM is now recognized as a risk equivalent for CVD, lead-

ing to DM being a major cause of CVD mortality.22,23 Dys-

lipidemia is a major risk factor of CVD. Clinical trials have 

shown that metformin as the first-line medication improved 

dyslipidemia and decreased the likelihood of cardiovascular 

events and death in obese patients with T2DM.3,11,14,24 Several 

clinical studies have indicated that metformin effectively 

improved nonalcoholic fatty liver disease (NAFLD) and its 

related dyslipidemia.25 However, mechanisms underlying 
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Figure 5 Metformin reduced the protein levels of SREBP-2 and its downstream targets HMGCR and HMGCS in HepG2 cells.
Notes: (A) HepG2 cells were administered with 15 mmol/L metformin with or without 20 µmol/L compound C for 24 hours. SREBP-2 proteins in nucleus and cytoplasm were 
determined by WB; (P) and (N) indicate the precursor and nuclear active forms of SREBP-2, respectively. (B) Densitometric quantification of SREBP-2 (P) and SREBP-2 (N) 
bands is shown using ImageJ (version 1.45) with normalization to GAPDH. Data are mean ± SD. All the experiments were performed in duplicate. *P,0.05, #P,0.05 vs the 
other groups; $P,0.05 vs the control and compound C-treated groups. (C) HepG2 cells were transfected with a dominant-negative form of AMPK (DN-AMPK) plasmid for 
24 hours and then stimulated with or without 15 mmol/L metformin for another 24 hours of incubation. Nuclear and cytoplasmic extracts were analyzed by WB, and β-actin 
was used as internal marker. (D) HepG2 cells were administered with 15 mmol/L metformin with or without 20 µmol/L compound C for 24 hours. HMGCR, HMGCS, LDLR, 
and GAPDH protein levels were measured by WB. (E) Densitometric quantification of the HMGCR, HMGCS, and LDLR bands. The data are presented as the mean ± SD. 
All pictures are representative of three independent experiments. *P,0.05 vs control group, #P,0.05 vs metformin-treated group, $P,0.05 vs compound C-treated group.
Abbreviations: AMPK, AMP-activated protein kinase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; LDLR, 
low-density lipoprotein receptor; NS, no significance; SREBP, sterol regulatory element-binding protein; WB, Western blotting.

β

the effect of metformin on dyslipidemia are still not clear 

at present.

Several studies demonstrated that the effect of met-

formin is mediated by the activation of AMPK signal 

pathway.6,17,19,26–28 AMPK controls cellular lipid metabolism 

in several different ways. On the one hand, AMPK as a 

serine/threonine kinase could inhibit lipogenesis by directly 

phosphorylating and inactivating acetyl-CoA carboxylase 

and HMGCR, which are rate-limiting enzymes involved 

in fatty acid and cholesterol synthesis.29 On the other hand, 

AMPK could inhibit transcription factors such as SREBP-1c 

activity, leading to reduced lipogenesis in liver.17,30–32 

Lee et al have demonstrated that Ginsenoside Rg3, a gin-

seng extract, reduced cholesterol and TG accumulation by 

inhibiting SREBP-2 expression and stimulating AMPK in 

HepG2 cells.20 The mechanisms of AMPK regulating nuclear 

transcription factors maybe involved in post-translation 

modification that modulate protein stability to regulate target 

gene expression.17,33–35

Similar to prior observations, our current study sup-

ported that metformin stimulated AMPK activity. Cellular 

cholesterol contents were obviously reduced after metformin 

treatment. After activation by metformin, AMPK suppressed 

SREBP-2 expression and decreased the level of its target 

proteins HMGCR and HMGCS; DN-AMPK attenuated the 

cholesterol-lowering effect of metformin, which is obvious 

evidence suggesting that metformin effects are primarily 

mediated by AMPK. The mammalian target of rapamycin 
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Figure 6 Proposed mechanism of metformin-induced reduction of cholesterol via 
AMPK.
Abbreviations: AMPK, AMP-activated protein kinase; HMGCR, 3-hydroxy-3-
methylglutaryl-CoA reductase; HMGCS, 3-hydroxy-3-methylglutaryl-CoA synthase; 
LDLR, low-density lipoprotein receptor; SREBP-2, sterol regulatory element-binding 
protein-2.

(mTOR) has been linked to many cancers, and findings 

reveal that mTOR/SREBP-2 pathway plays an essential role 

in lipogenesis and proliferation of cancer cells.36–38 AMPK 

stimulated by AICAR could induce apoptosis and suppress 

proliferation of human cancer cells via phosphorylating and 

activating the tuberous sclerosis complex 2, resulting in 

an inhibition of phospholipase D (PLD) activity, which is 

required for the stimulation of mTOR signaling.39,40 These 

findings suggest that metformin has an important therapeutic 

implication for cancer treatment.41

Previous studies have reported that there was an upregula-

tion of SREBP-2 and SREBP-1c in NAFLD, which has been 

known as a risk factor of CVD,42–44 and metformin could 

activate AMPK and attenuate SREBP-1-induced intracellular 

lipid accumulation of fatty liver.45 Statins as HMGCR inhibi-

tors were widely used to prevent CVD and reduce LDL-c;46 

nevertheless, SREBP-2 serving as an upstream regulator of 

HMGCR maybe a potential drug target to combat CVD and 

NAFLD in future.47

Unexpectedly, the LDLR protein level did not decrease 

but instead increased. We guess that the net effect of met-

formin on lipid metabolism is to reduce the cholesterol 

level, which is consistent with the clinical outcome.11,14,48 

Such effect of metformin on LDLR was consistent with the 

effect of berberine which as a new cholesterol-lowering drug 

upregulated LDLR and inhibited lipid synthesis in the liver 

through the activation of AMPK.49,50 A probable explanation 

for upregulated LDLR might be that LDLR was regulated not 

only by SREBP-2 but also by other mediators that upregulate 

LDLR expression.16,51–54 Further studies will be needed to 

restate the relevance and the critical mediators. Nevertheless, 

the clinically relevant findings of this study have important 

implications. Metformin decreases cholesterol contents via 

AMPK activity, at least partly, which has a potential benefi-

cial value for prevention of CVD, NAFLD, and cancer.

Conclusion
Our preliminary results demonstrate that metformin as a 

first-line and initial medication suppresses the synthesis 

of SREBP-2 and upregulates LDLR, and consequently 

decreases cholesterol production via activation of AMPK, 

at least partly (Figure 6).
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