MC

NoRTH CLIN ISTANB 2025;12(4):509-515
doi: 10.14744/nci.2024.49775

ORIGINAL ARTICLE siopHvsics

Effect of metformin on cell proliferation and
apoptosis in steatosis HepG2 cell model

Ayse Melek Tanriverdi Bademci,!

Banu Aydin,?

Hulya Cabadak?

Department of Biophysics, Institute of Health Sciences, Marmara University, Istanbul, Turkiye

?Department of Biophysics, Marmara University Faculty of Medicine, Basic Medical Sciences Building, Istanbul, Turkiye

ABSTRACT

OBJECTIVE: Metformin, which is commonly recommended drug for managing type II diabetes, has been reported to have
anti-cancer properties and may improve the prognosis of some malignancies. Epidemiology studies have shown improved
survival in cancer patients using metformin. However, the mechanism behind this phenomenon remains incompletely under-
stood. In our study, Our objective was to investigate how metformin influences the proliferation and apoptosis of hepatocel-
lular carcinoma cells induced with steatosis via palmitic acid and oleic acid.

METHODS: We established an in vitro cellular model of non-alcoholic fatty liver disease by inducing lipid accumulation in
HepG2 cells through the use of oleic acid and palmitic acid. Oil Red O staining was conducted to observe the distribution of
intracellular lipid droplets. Cell proliferation were detected using the BrdU cell proliferation detection kit. Protein expressions
were detected by western blot method techniques.

RESULTS: We found that metformin reduced cell proliferation in palmitic acid and oleic acid-induced HepG2 cells compared
to the control group. Moreover, our western blot data show that metformin treatment changes apoptosis.

CONCLUSION: Our results show that metformin inhibits cell viability of steatosis HepG2 cells. These findings may be pre-
liminary for new studies in steatosis HepG2 cells and may provide new therapeutic targets or treatment strategies against
hepatocellular carcinoma.
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Hepatic carcinoma ranks sixth in terms of frequen-
cy and fourth in terms of fatality among malig-
nant diseases globally and remains a significant threat
to human health [1]. Hepatocellular carcinoma (HCC)
constitutes approximately 90% of all liver malignancies.
HCC is a predominant histological liver cancer. Import-
ant factors of the complex etiology of HCC also include
heavy alcohol consumption and non-alcoholic fatty liver
disease (NAFLD) [1]. Today, the treatment options used
in the treatment of liver cancer are conventional surgical
excision, radiofrequency ablation, transcatheter arterial
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chemoembolization and alternative modalities [2]. Stud-
ies on elucidating the molecular mechanism undetlying
HCC progression are important to identify effective ther-
apeutic targets and indicators that predict relapse.

The liver, which is an important organ in terms of
lipid biosynthesis and fatty acid oxidation, contrib-
utes to lipid metabolism with these features [3]. He-
patic steatosis is known to have a crucial role in the
initiation and progression stages of NAFLD [4]. It is
known that triglycerides accumulate in the cytoplasm
of hepatocytes in hepatic steatosis, and studies have
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found that free fatty acids are found at high levels in the
blood serum of patients with NAFLD. Two of these
triglycerides, oleic acid (OA) and palmitic acid (PA),
have been used to create in vitro cellular models of he-
patic steatosis (a cell model of non-alcoholic fatty liver
disease). These models are frequently used in studies of
lipid uptake, triglyceride synthesis and fatty acid oxida-
tion in hepatic steatosis [5-7].

Apoptosis activation involves the participation of
pro-apoptotic factors like Bax and anti-apoptotic fac-
tors such as Bcl-2 [8]. Bcl-2 can bind to Bax and inhibit
apoptosis. When Bax induces the release of cytochrome
¢, caspase-3 is activated and facilitates the process of
apoptosis [9]. Upregulation of Bax with simultaneous
downregulation of Bcl-2 leading to an increase in the
Bax/Bcl-2 ratio is an extensively studied parameter in
the apoptotic death of cancer cells [10]. Apoptotic sig-
nalling pathways are obvious drug targets for targeted
different cancer therapies.

Metformin (1,1-dimethylbiguanide hydrochloride)
is now mostly used in the treatment of diabetes and is
prescribed for type 2 diabetic patients [11]. Metformin,
which research has shown to have anti-cancer properties,
is an antidiabetic biguanide agent derived from Gale-
ga officinalis [12, 13]. Metformin exerts a suppressive
impact on cellular proliferation, angiogenesis, epitheli-
al-mesenchymal transition and tumor growth in various
cancers [14]. With these properties, metformin can be
thought to improve the prognosis of cancer patients and
prevent tumor formation.

There are studies showing that metformin suppresses
cell growth and triggers programmed cell death in can-
cer cells through elevated AMP/ATP ratio and activa-
tion of AMP-activated protein kinase (AMPK) [15].
Metformin functions as an agonist of AMPK, a serine/
threonine kinase [16]. Metformin has been discovered
to inhibit complex 1in the mitochondrial electron trans-
port chain [16], which serves as a significant generator of
ROS (reactive oxygen species) [17]. Metformin inhibits
the respiratory complex I of the electron transport chain
(ETC) in the mitochondria and causes a slight electron
transport leak, leading to ROS production and a slight
decrease in ATP production. Decrease in ATP caus-
es activation of AMPK, which inhibits the mammalian
target of rapamycin (mMTOR) pathway and leads to a
decrease in cell proliferation. It is known that excessive
inhibition of the mTOR pathway can induce apoptosis
and cell cycle arrest in the cell [18, 19].

Highlight key points

e Metformin reduces the proliferation of steatosis HepG2 cells.

e Metformin has a stimulatory effect on the apoptosis pathway
in steatosis HepG2 cells.

e Metformin treatments in steatosis HepG2 cells may contrib-
ute to preventing NAFLD progression to HCC.

The model we created using oleic acid and palmitic
acid is an NAFLD steatosis model. HCC and NAFLD
are known to be interrelated. Obesity, NAFLD increases
the risk of HCC [20]. Studies have shown that NAFLD
may act synergistically with other HCC risk factors to
accelerate cancer development [21]. NAFLD is recog-
nized as an inducible cause of HCC [22], and nonalco-
holic steatohepatitis, a manifestation of NAFLD, can
progress to HCC [23]. To study hepatic steatosis in vi-
tro, a cellular hepatic model was established by treating
human HepG2 cells with free fatty acids [24].

In this study, we aimed to investigate the effect of met-
formin on the proliferation of steatosis HepG2 cells, and
to identify the possible apoptosis mechanism of the ef-
fect of metformin on steatosis HepG2 cells, we measured
the expression of cytochrome C, Bax, Bcl-2 and caspase
3 proteins in steatosis HepG2 cells. This research was
purposed to explore the impact of metformin on cellular
proliferation and apoptosis in steatosis-induced hepato-
cellular carcinoma cells.

MATERIALS AND METHODS

Agents, Chemicals and Assay Kits

Oleic acid, palmitic acid and actin antibodies were sup-
plied from Santa Cruz Biotechnology (CA, USA). Met-
formin was supplied from Cayman Chemicals (Ann
Arbor, MI, USA). Oil Red-O was supplied from Sig-
ma-Aldrich Biotechnology (Steinheim, Germany). BrdU
Cell Proliferation ELISA Assay kit and protease cocktail
inhibitor were obtained from Roche Molecular Biochem-
icals (Mannheim, Germany). Lowry Smart BCA Protein
kit was obtained from Intron Biotechnology (Seoul, Ko-
rea). RPMI-1640 was obtained from Pan Biotechnology
(Aidenbach, Germany). Fetal Bovine Serum (FBS) was
supplied from Gibco (Grand Island, NY, USA).

Cell Lines and Cell Culture Conditions

HepG2 cells were supplied from American Type Culture
Collection (Manassas, VA, USA). HepG2 cells were
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maintained in RPMI-1640 culture medium (Pan Bio-
tech.). Each medium was supplemented with 10% FBS
(Gibco) and contained 100 units/ml penicillin and 100
pg/ml streptomycin. All cell cultures were maintained at
a temperature of 37°C under a 5% CO, atmosphere.

Stock solutions of palmitic acid (66 mM) and oleic
acid (132 mM) were prepared in DMSO. The final con-
centration of metformin stock solution in PBS is 1 mg/
ml (pH 7.2). All solutions underwent sterile filtration
using a 0.22 pm pore membrane filter and were subse-
quently preserved at -20°C.

PA and OA-induced Steatosis Model

Cells were plated in six-well plates at a density of 1 x 10°
cells per well, followed by incubation of HepG2 cells in
RPMI-1640 medium with palmitic acid at a concentra-
tion of 0.33 mM and oleic acid at a concentration of 0.66

mM for 24 h [25].

Oil Red O Staining

The cells were washed with phosphate-buffered saline
(PBS), followed by fixation with 4% paraformaldehyde for
30 minutes and subsequent staining using a freshly pre-
pared working solution of Oil Red O for 30 minutes. Af-
terward, the cells underwent washing with deionized wa-
ter. Stained Oil Red O was further dissolved using 100%
isopropanol at room temperature for 15 minutes. The ab-
sorbance of the sample was measured using a spectropho-

tometer (Synergy H1, BioTek, Winooski, VT') at 510 nm.

Cell Proliferation Assay

Cells were plated onto a 96-well plate at a density of
1x10* cells per well and allowed to grow overnight. The
cells were then incubated with metformin (2 mM) [26]
for 24 hours. Cell proliferation was measured with a
quantitative colorimetric BrdU (Roche Biochemicals)
assay kit. It was determined by measuring optical density
at 370 nm with a microplate scanning spectrophotome-

ter (Synergy H1, BioTek, Winooski, VT).

Preparation of Cell Lysates and Western Blot Analysis

Cells were washed with cold PBS and centrifuged at
300x g for 15 min at 4 °C. The supernatant was collected
and homogenized in lysis buffer included protease inhib-
itor cocktail. Protein concentration was determined by
Lowry's Assay (Smart BCA protein kit- iIN(ERON) used
to normalized protein level [27]. The protein sample (50

pg) was prepared and subjected to boiling at 95°C for
3 min. The proteins were loaded on SDS-PAGE. Sub-
sequently, the gels were transferred to a nitrocellulose
membrane (Schleicher & Schuell, Keene, NH). The
membrane was blocked in 10% BSA in TBST buffer
for 1 h at room temperature. After blocking, membranes
were incubated overnight at 4°C with primary antibod-
ies; caspase 3 (Invitrogen, Carlsbad, CA, USA), cyto-
chrome c (Invitrogen, Catlsbad, CA, USA), Bcl-2 (Invi-
trogen, Carlsbad, CA, USA), Bax (Invitrogen, Carlsbad,
CA, USA). Actin (Santa Cruz Tech., CA, USA) anti-
body was used for control. The membrane underwent
three washes with TBST buffer before being exposed
to the secondary antibody for 1 hour. The membranes
were washed and subjected to incubation with second-
ary antibodies (Thermo Fisher Sci., Waltham, USA) for
1 hour at room temperature. The specific bands labeled
by the antibody were visualized using NBT/BCIP or
chemiluminescent substrate containing ECL substrate
(Pierce ECL Western Blotting Substrate luminol-based
activator- Thermofisher Scientific, Waltham, USA). The
relative expression levels of proteins were determined by
analyzing band intensities through computerized densi-
tometry, employing the freely available version of Image]
software (NIH, USA). The molecular weights of cyto-
chrome ¢, caspase 3, Bcl-2, Bax and actin are 15 kDa, 32
kDa, 23 kDa, 21 kDA and 43 kDa, respectively.

Statistical Analysis

The experimental data were demonstrated as means*-
standard error of the mean (SEM). All data reflect a
minimum of three experiments performed in triplicate.
The analysis of all data was conducted using Prism soft-
ware (ver. 8; GraphPad Software Inc., San Diego, CA,
USA). The Mann Whitney U test was employed to as-
sess statistical differences between means. A significance
level of p<0.05 was considered statistically significant.

RESULTS

Creating a Steatosis Model in HepG2 Cells Using
Palmitic Acid and Oleic Acid

Steatosis was determined by Oil Red-O staining in cells
incubated with palmitic acid at a concentration of 0.33
mM and oleic acid at a concentration of 0.66 mM for
24 hours. The findings indicate notable accumulation of
lipid droplets within the cytoplasm of HepG2 cells in
comparison to the control group (p=0.0159; Fig. 1).
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FIGURE 1. HepG2 and steatosis HepG2 cells Oil Red O stain-
ing (magnification x400), Comparison of the degree of ste-
atosis with Oil red O staining in the steatosis model created
in HepG2 cells incubated for 24 hours using palmitic acid
(0.33 mM) and oleic acid (0.66 mM). Results are given as
+SEM. Experiments were performed in triplicate (*p<0.05).

In this study, we developed a steatosis cell model with
HepG2 cells using OA and PA. We were able to quickly
and accurately measure the degree of steatosis caused by
PA and OA. The oil red-O-based colorimetric quantita-
tive assay used in this study is not only convenient and
measurable but also sensitive and reproducible.

Effect of Metformin on Cell Proliferation In Steatosis
Hepg2 Cells

It is known that metformin can protect hepatocytes
from death caused by saturated fatty acids. In our study,
steatosis HepG2 cells were treated with metformin (2
mM) for 24 hours and its effects on cell proliferation
was investigated. Metformin inhibited cell proliferation
in steatosis HepG2 cells compared to the control group

(p=0.0286; Fig. 2).

Effect of Metformin on Apoptosis in Steatosis
HepG2 Cells

The effect of metformin on apoptosis in HepG2 cells
with steatosis was assessed through western blot anal-
ysis of cytochrome C, caspase 3, Bcl-2, and Bax protein
expression levels.

In steatosis HepG2 cells, cytochrome c expres-
sion and Bax/Bcl-2 expression levels rate increased in
the metformin group compared to the control group
(p=0.0286; Fig. 3). The change in caspase 3 expression
level compared to the control was not found to be statis-
tically significant (p=0.0571).

FIGURE 2. Effect of metformin on cell proliferation in ste-
atosis HepG2 cells. Cells were treated with metformin
(2mM) for 24 hours and cell counting was performed us-
ing the BrDU kit. Results are given as £SEM. Experiments
were performed in triplicate. (*p<0.05) Control: No drug;
MET: Metformin.

DISCUSSION

Metformin, an oral biguanide drug that has been pre-
scribed for almost 60 years, has some features that stand
out for its use in the prevention and treatment of cancer.
In this case, it becomes important to determine whether
metformin can directly affect the metabolism in tumor
cells. The most important reason why the liver is one of
the targets of the antidiabetic effect of metformin is that
it plays a role in the management of glucose metabolism
(28]. In vitro studies have shown that metformin used at
concentrations greater than 1 mM causes mitochondrial
complex 1 inhibition, decreases in aerobic metabolism,
decreases in energy production and therefore eventual-
ly causes cell death [29]. Indirect effects of metformin
in cancer: reducing glucose level, reducing hyperinsu-
linemia, reducing IGF-1 level, reducing NF-«B, reduc-
ing pro-inflammatory cytokines and increasing immune
response in cancer cells, AMP-activated protein kinase
(AMPK) dependent effects of metformin: It reduces
mTOR, reduces myelocytomatosis oncogene (c-MYC)
and increases p53 phosphorylation. AMPK-indepen-
dent effects of metformin: It reduces ROS, increases
mammalian target of rapamycin complex 1 (mTORC1),
decreases cyclin D1, decreases autophagy and increases
cancer cell apoptosis [30].

Current studies show that cytochrome c is first re-
leased from the intramitochondrial membrane following
depolarization of the mitochondrial membrane, which
then activates cytosolic caspases [31, 32]. The ratio of
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FIGURE 3. Changes in signaling proteins during apoptosis. Western blot analysis of apoptotic proteins in steatosis HepG2 cells
was performed to elucidate the underlying mechanism(s) of apoptosis. Steatosis HepG2 cells were cultured for 24 hour. Protein
extracts were loaded from cultured steatosis HepG2 cells. Samples were electrophoresed on an SDS-PAGE gel before being
blotted onto a nitrocellulose membrane. Specific antibodies were used to probe the presence of (A) cytochrome ¢, (*p<0.05)
(B) Bax/ Bcl-2 (*p<0.05) and (C) caspase-3 (p<0.05) on the blots. (D) The representative membrane images of Cytochrom c,
Bax, Bcl-2, caspase 3. The positions relative to the molecular weight standards are represented on the right. Results are given
as =SEM. Experiments were performed in triplicate. Control: No drug; MET: Metformin.

Bax/ Bcl-2 proteins is crucial in dictating cellular fate,
either survival or death [33].

Metformin has been demonstrated to decrease hepatic
triacylglycerol and free fatty acid concentrations, while en-
hancing lipoprotein lipase activity in fructose-fed rats ex-
hibiting hyperinsulinemia and hyperglycemia [34]. Zang
et al. [35] found that metformin stimulated AMPK alpha
phosphorylation in HepG2 cells and reduced intracellu-
lar lipid content in a dose (0.5-2 mM) and time-depen-
dent (0-24 hours) manner. In that investigation aimed
at assessing the impact of metformin-induced AMPK
activation on the modulation of hepatocellular lipids, it
was demonstrated that metformin prevented lipid accu-
mulation induced by elevated glucose levels through an
AMPK-dependent mechanism. Their research provided
compelling biochemical proof that metformin’s influence
on the lipid composition of HepG2 cells dependent on
AMPK activation. In our study, metformin was used to
examine its anti-cancer effects on fatty liver cancer cells
by creating a steatosis model, taking into account its ef-
fect on glucose metabolism in the liver. There are studies
in the literature investigating the anti-cancer effects of
metformin. The difference of our study is to investigate
these effects in fatty liver. In our study, free fatty acids
PA and OA were used to create an in vitro model of NA-
FLD. Our Oil red-O staining results confirmed that the
model is functional.

Fendt et al. [36] found that metformin decreased
proliferation in prostate carcinoma (LNCaP and
DU145) and prostate adenocarcinoma (PC3) cells in a
dose-dependent manner in the concentration range of
0.5-2.5 mmol/L. Li et al. [37] found that metformin
reduced cell proliferation in osteosarcoma cells both
dose-dependently (5-40 mM) and time-dependent-
ly (24-72 hours). Additionally, they showed in their
study that metformin significantly reduced colony for-
mation. Their results suggest that metformin inhibits
cell viability of osteosarcoma cells. They suggested that
metformin causes cell cycle arrest in the G2/M phase
by upregulating cell cycle-related proteins. Mogavero
et al. [38] observed that treatment with metformin at
a concentration of 5 mM resulted in diminished pro-
liferation, migration, and invasion of colorectal cancer
cell lines. They noted an elevation in the proportion
of cells in the GO/G1 phase and a reduction in the
expression of various cell cycle regulatory proteins in
CRC cells following metformin treatment. Their find-
ings suggested an augmentation in ROS production
in cells, proposing that metformin’s mechanism of ac-
tion may involve elevating ROS levels and inhibiting
mTOR in these cell lines. Similar findings are found
in ovarian and luminal breast cancer. They showed
that metformin reversibly inhibited colony formation.
They predicted that the anti-proliferative effect of
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metformin is caused by the suppression of the mTOR
pathway, which plays a critical role in cell growth. As a
main result of our study, metformin (2mM) was able
to the decreases of cell proliferation in PA and OA-in-
duced HepG2 cells compared to the control group in
the steatosis HepG2 cell. We previously showed that
colony formation was reduced in steatosis HepG2 cells
compared to control HepG2 cells.

Li et al. [37] showed that the percentage of cell
apoptosis increased significantly after treatment with
metformin. From all their results, they suggested that
apoptosis may occur by activating extrinsic and in-
trinsic pathways after metformin treatment. Shen et
al. [39] found that metformin (10-20 pM) inhibit-
ed the migration and colony formation of HCC cells
(HepG2 and Huh7) and induced apoptosis. They
found that metformin inhibited HCC cell growth in
vivo and had anti-tumor and pyroptosis-inducing ef-
fects on HCC cells. Wu et al. [40] observed a notable
increase in apoptosis rates in HepG2 cells treated with
oleic acid compared to the control group, which signifi-
cantly decreased following treatment with metformin.
They proposed that metformin effectively ameliorated
steatosis and could enhance HepG2 functionality in
a cellular model of NAFLD. Based on these findings,
they suggested that metformin’s mechanism of action
might involve mitigating oxidative stress damage, mod-
ulating the expression of proteins associated with the
mitochondrial apoptosis pathway, and suppressing
cellular apoptosis. Our western blot results show that
metformin treatment induces apoptosis. Metformin in-
crease in Bax/Bcl-2 protein expression ratio and also
cytochrome ¢ protein expression in steatosis HepG2
cells. Our results show that metformin inhibits cell via-

bility of steatosis HepG2 cells.

Conclusion

Based on all of our results, we suggest that the mech-
anism by which metformin operates might involve the
inhibition of cell proliferation and the modulation of
protein expression associated with apoptosis pathways.
In summary, in this study, upregulation of cyt ¢ and
bax play an important role in the mechanism of met-
formin-induced apoptosis in steatosis HepG2 cells.
However, the effect of metformin on caspase 3 needs to
be further clarified. These findings may provide insight
into finding new therapeutic targets or treatment strat-

egies against HCC.

Ethics Committee Approval: Ethics committee approval is not re-
quired for this study.

Conflict of Interest: No conflict of interest was declared by the
authors.

Financial Disclosure: This work was supported by Marmara Uni-
versity Scientific Research Projects Coordination Unit (Istanbul/
Turkiye) under grant number SAG-C-DRP-TDK-2021-10286 to Hulya
Cabadak. This work was supported by the Scientific and Technical
Research Council of Turkiye (grant number: SBAG-2215561) to Ayse
Melek Tanriverdi Bademci.

Use of AI for Writing Assistance: The study did not use artificial
intelligence (AI)-supported technologies (such as Large Language
Models [LLMs], chatbots or image generators, ChatGPT).

Authorship Contributions: Concept — HC, AMTB; Design — HC,
AYTB; Supervision — HC; Analysis and/or interpretation — DM, SPK;
Literature review — HC, AMTB, BA; Writing — AMTB, HC; Critical re-
view — HC, AMTB, BA.

Peer-review: Externally peer-reviewed.

REFERENCES

1. Llovet JM, Kelley RK, Villanueva A, Singal AG, Pikarsky E, Roayaie S,
et al. Hepatocellular carcinoma. Nat Rev Dis Primers 2021;7:6. [Crossref]

2. Oura K, Morishita A, Tani J, Masaki T. Tumor immune microenviron-
ment and immunosuppressive therapy in hepatocellular carcinoma: a
review. Int ] Mol Sci 2021;22:5801. [Crossref]

3. CaoS,YuS, ChengL, Yan ], ZhuY, Deng Y, Qiu F, Kang N. 9-O-ben-
zoyl-substituted berberine exerts a triglyceride-lowering effect through
AMPK signaling pathway in human hepatoma HepG2 cells. Environ
Toxicol Pharmacol. 2018;64:11-7. [Crossref]

4. Huang YY, Gusdon AM, Qu S. Nonalcoholic fatty liver disease:
molecular pathways and therapeutic strategies. Lipids Health Dis.
2013;12:171. [Crossref]

5. He DY, Zhang P, Sai X, Li X, Wang L, Xu Y. Camellia euphlebia flower
extract inhibits oleic acid-induced lipid accumulation via reduction of
lipogenesis in HepG2 cells. Eur J Integr Med 2018;17:1-8. [Crossref]

6. Kuo YT, Lin TH, Chen WL, Lee HM. Alpha-lipoic acid induces adi-
pose triglyceride lipase expression and decreases intracellular lipid accu-
mulation in HepG2 cells. Eur ] Pharmacol 2012;692:10-8. [Crossref]

7. Rafiei H, Omidian K, Bandy B. Dietary Polyphenols Protect Against
Oleic Acid-Induced Steatosis in an in Vitro Model of NAFLD by
Modulating Lipid Metabolism and Improving Mitochondrial Function.
Nutrients 2019;11:541. [Crossref]

8. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis
by the BCL-2 protein family: implications for physiology and therapy.
Nat Rev Mol Cell Biol 2014;15:49-63. [Crossref]

9. YouM, Zhao LX, Song L. A novel protein extracted from Borani inhib-
its hepatocellular carcinoma cell proliferation by regulating mitochon-
dria-dependent apoptosis and aerobic glycolysis. Food Sci Biotechnol
2023. [Crossref]

10. Aamazadeh F, Ostadrahimi A, Saadat YR, Barar J. Bitter apricot eth-
anolic extract induces apoptosis through increasing expression of Bax/
Bcl-2 ratio and caspase-3 in PANC-1 pancreatic cancer cells. Mol Biol
Rep 2020;47:1895-904. [Crossref]

11. Warkad MS, Kim CH, Kang BG, Park SH, Jung JS, Freng JH et al.
Metformin-induced ROS upregulation as amplified by apigenin caus-
es profound anticancer activity while sparing normal cells. Sci Rep
2021;11:14002. [Crossref]


https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.3390/ijms22115801
https://doi.org/10.1016/j.etap.2018.09.007
https://doi.org/10.1186/1476-511X-12-171
https://doi.org/10.1016/j.eujim.2017.11.002
https://doi.org/10.1016/j.ejphar.2012.07.028
https://doi.org/10.3390/nu11030541
https://doi.org/10.1038/nrm3722
https://doi.org/10.1007/s10068-023-01358-2
https://doi.org/10.1007/s11033-020-05286-w
https://doi.org/10.1038/s41598-021-93270-0

Tanriverdi Bademci et al., Effect of metformin on steatosis HepG2 cell

515

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kheirandish M, Mahboobi H, Yazdanparast M, Kamal W, Kamal MA.
Anti-cancer Effects of Metformin: Recent Evidences for its Role in Pre-
vention and Treatment of Cancer. Curr Drug Metab 2018;19:793-7.
[Crossref]

Zhao B, Luo J, Yu T, Zhou L, Huanhuan L, Shang P. Anticancer
mechanisms of metformin: a review of the current evidence. Life Sci
2020;254:117717. [Crossref]

Park JH, Kim YH, Park EH, Lee SJ, Kim H,et al. Effects of metformin
and phenformin on apoptosis and epithelial-mesenchymal transition in
chemoresistant rectal cancer. Cancer Sci 2019;110:2834-45. [Crossref]
Viollet, B, Guigas B, Sanz Garcia N, Leclerc ], Foretz M, Andreelli F.
Cellular and molecular mechanisms of metformin: an overview. Clin
Sci (Lond) 2012;122:253-70. [Crossref]

Owen MR, Doran E, Halestrap AP. Evidence that metformin exerts its
anti-diabetic effects through inhibition of complex 1 of the mitochon-
drial respiratory chain. Biochem ] 2000;348:607-14. [Crossref]

Bridges HR, Jones AJ, Pollak MN, Hirst ]. Effects of metformin and
other biguanides on oxidative phosphorylation in mitochondria. Bio-
chem] 2014;462:475-87. [Crossref]

Han G, Gong H, Wang Y, Guo S, Liu K. AMPK/mTOR-mediated in-
hibition of survivin partly contributes to metformin-induced apoptosis
in human gastric cancer cell. Cancer Biol Ther 2015;16:77-87. [Crossref]
Zhao D, Long XD, Lu TE, Wang T, Zhang WW, Liu YX, et al. Met-
formin decreases IL-22 secretion to suppress tumor growth in an
orthotopic mouse model of hepatocellular carcinoma. Int J Cancer
2015;13622556‘65. [Crossref]

Noureddin M, Rinella ME. Nonalcoholic Fatty liver disease, diabetes,
obesity, and hepatocellular carcinoma. Clin Liver Dis 2015;19:361-79.
[Crossref]

Yu M, Yongzhi H, Chen S, Luo X, Lin Y, Zhou Y, et al. The prognostic
value of GLUT1 in cancers: a systematic review and meta-analysis. On-
cotarget 2017;8(26):43356-67. [Crosstef]

Wong AM, Ding X, Wong AM, Yu ], Zhang L, Leung HHW, et al.
Unique molecular characteristics of NAFLD-associated liver cancer ac-
centuate beta-catenin/ TNFRSF19-mediated immune evasion. ] Hepa-
tol 2022;77:410-23. [Crossref]

Zhang X, Coker OO, Chu ES, Fu K, Lau HCH, Wang YX, Cet al. Di-
etary cholesterol drives fatty liver-associated liver cancer by modulating
gut microbiota and metabolites. Gut 2021;70:761-74. [Crosstef]
Goémez-Lechén M], Donato MT, Martinez-Romero A, Jiménez N,
Castell JV, O’'Connor JE. A human hepatocellular in vitro model to in-
vestigate steatosis. Chem Biol Interact. 2007;165:106-16. [Crossref]
Ricchi M, Odoardi MR, Carulli L, Anzivino C, Ballestri S, Pinetti A,
et al. Differential effect of oleic and palmitic acid on lipid accumula-
tion and apoptosis in cultured hepatocytes. ] Gastroenterol Hepatol
2009;24:830'40. [Crossref]

MaY, Wang W, Idowu MO, Oh U, Wang XY, Temkin SM, et al. Ovar-

ian cancer relies on glucose transporter 1 to fuel glycolysis and growth:

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

anti-tumor activity of BAY-876. Cancers (Basel). 2018;11:33. [Crossref]
Lowry OH, Rosebrough NJ, Farr AL, Randall R]. Protein measurement
with the Folin phenol reagent. J Biol Chem 1951;193:265-75. [Crossref]
Rena G, Hardie DG, Pearson ER. The mechanisms of action of met-
formin. Diabetologia 2017;60:1577-85. [Crosstef]

Panfoli I, Puddu A, Bertola N, Ravera S, Maggi D. The Hormetic Effect
of Metformin: “Less Is More”? Int ] Mol Sci 2021;22:6297. [Crossref ]
Podhorecka M, Ibanez B, Dmoszyniska A. Metformin - its potential
anti-cancer and anti-aging effects. Postepy Hig Med Dosw (Online).
2017}71‘170‘5. [Crossref]

Chen HH, Chen YT, Yang CC, Chen KH, Sung PH, Chiang HJ, et
al. Melatonin pretreatment enhances the therapeutic effects of exoge-
nous mitochondria against hepatic ischemia-reperfusion injury in rats
through suppression of mitochondrial permeability transition. J Pineal
Res 2016;61:52-68. [Crossref]

Hou Z, Zhang Y, Deng K, Chen Y, Li X, Deng X, et al. UV-emitting
upconversion-based TiO2 photosensitizing nanoplatform: near-infra-
red light mediated in vivo photodynamic therapy via mitochondria-in-
volved apoptosis pathway. ACS Nano 2015;9:2584-99. [Crossref]

Gao ZY, Liu Z, Bi MH, Zhang J], Han ZQ, Han X, et al. Metformin
induces apoptosis via a mitochondria-mediated pathway in human
breast cancer cells in vitro. Exp Ther Med 2016;11:1700-6. [Crossref]
Anurag P, Anuradha CV. Metformin improves lipid metabolism and
attenuates lipid peroxidation in high fructose-fed rats. Diabetes Obes
Metab 2002;4:36-42. [Crossref]

Zang M, Zuccollo A, Hou X, Nagata D, Walsh K, Herscovitz H, et
al. AMP-activated protein kinase is required for the lipid-lowering ef-
fect of metformin in insulin-resistant human HepG2 cells. ] Biol Chem
2004;279:47898-905. [Crossref]

Fendt SM, Bell EL, Keibler MA, Davidson SM, Wirth GJ, Fiske B, et
al. Metformin decreases glucose oxidation and increases the dependen-
cy of prostate cancer cells on reductive glutamine metabolism. Cancer
Res 2013;73:4429-38. [Crossref]

Li B, Zhou B, Xu K, Chen T, Jiao J, Wei H, et al. Metformin induces
cell cycle arrest, apoptosis and autophagy through ROS/JNK signaling
pathway in human osteosarcoma. Int ] Biol Sci 2020;16:74-84. [Crossref]
Mogavero A, Maiorana MV, Zanutto S, Varinellli L, Bozzi E, Belfore A,
et al. Metformin transiently inhibits colorectal cancer cell proliferation
as a result of either AMPK activation or increased ROS production. Sci
Rep 2017; 7:15992. [Crossref]

Shen Z, Zhou H, Li A, Wu T, Ji X, Guo L, et al. Metformin inhib-
its hepatocellular carcinoma development by inducing apoptosis
and pyroptosis through regulating FOXO3. Aging (Albany NY)
2021,13:22120‘33. [Crossref]

Wu PB, Song Q, Yu YJ, Yu HG, Luo HS, Tan SY. Effect of metformin
on mitochondrial pathway of apoptosis and oxidative stress in cell mod-
el of nonalcoholic fatty liver disease. Zhonghua Gan Zang Bing Za Zhi
2020;28:64-8. [Article in Chinese]


https://doi.org/10.2174/1389200219666180416161846
https://doi.org/10.1016/j.lfs.2020.117717
https://doi.org/10.1111/cas.14124
https://doi.org/10.1042/CS20110386
https://doi.org/10.1042/bj3480607
https://doi.org/10.1042/BJ20140620
https://doi.org/10.4161/15384047.2014.987021
https://doi.org/10.1002/ijc.29305
https://doi.org/10.1016/j.cld.2015.01.012
https://doi.org/10.18632/oncotarget.17445
https://doi.org/10.1016/j.jhep.2022.03.015
https://doi.org/10.1136/gutjnl-2019-319664
https://doi.org/10.1016/j.cbi.2006.11.004
https://doi.org/10.1111/j.1440-1746.2008.05733.x
https://doi.org/10.3390/cancers11010033
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1007/s00125-017-4342-z
https://doi.org/10.3390/ijms22126297
https://doi.org/10.5604/01.3001.0010.3801
https://doi.org/10.1111/jpi.12326
https://doi.org/10.1021/nn506107c
https://doi.org/10.3892/etm.2016.3143
https://doi.org/10.1046/j.1463-1326.2002.00178.x
https://doi.org/10.1074/jbc.M408149200
https://doi.org/10.1158/0008-5472.CAN-13-0080
https://doi.org/10.7150/ijbs.33787
https://doi.org/10.1038/s41598-017-16149-z
https://doi.org/10.18632/aging.203464

