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Abstract: Metformin, a first-line drug for type 2 diabetes mellitus, has been recognized as a potential anti-tumor agent in recent
years. Epigallocatechin-3-gallate (EGCG), as the dominant catechin in green tea, is another promising adjuvant agent for tumor
prevention. In the present work, the potential effect of EGCG on the anti-tumor efficacy of metformin in a mouse melanoma cell
line (B16F10) was investigated. Results indicated that EGCG and metformin exhibited a synergistic effect on cell viability,
migration, and proliferation, as well as signal transducer and activator of transcription 3/nuclear factor- κB (STAT3/NF- κB)
pathway signaling and the production of inflammation cytokines. Meanwhile, the combination showed an antagonistic effect on
cell apoptosis and oxidative stress levels. The combination of EGCG and metformin also differentially affected the nucleus
(synergism) and cytoplasm (antagonism) of B16F10 cells. Our findings provide new insight into the potential effects of EGCG
on the anti-tumor efficacy of metformin in melanoma cells.
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1 Introduction
Metformin is the main biguanide that is widely
used throughout the world to treat diabetes (Nicolucci
et al., 2019; Ahmad et al., 2020). More recently, re‐
searchers have been gaining interest in the potential
use of metformin in treating or preventing various
cancers (Chae et al., 2016; Kim et al., 2020). A variety
of studies have shown that metformin could poten‐
tially inhibit the development of diverse cancers such
as renal cancer (Liu et al., 2019; Pasha et al., 2019),
ovarian cancer (Tang et al., 2018; Hart et al., 2019;
Ma et al., 2019; Zou et al., 2019), oesophageal carci‐
noma (Wang et al., 2019), gastric cancer (Courtois et al.,
2019; Lu et al., 2019), melanoma (de Souza Neto et al.,
2017; Li et al., 2018), pancreatic cancer (Chen et al.,
2017; Suzuki et al., 2019), and breast cancer (Zordoky
et al., 2014; Lord et al., 2018). The principal mecha‐
nisms of the action of metformin are its inhibition of
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circulating insulin and mammalian target of rapamy‐
cin complex 1 (mTORC1), as well as activation of the
AMP-activated protein kinase (AMPK) pathway
(Jaune and Rocchi, 2018). In addition, other studies
have shown the anti-tumor synergy between metfor‐
min and some natural products including aloin (Sun
et al., 2020), epigallocatechin-3-gallate (EGCG) (Yu
et al., 2017), and vemurafenib (Niehr et al., 2011).
EGCG, the main antioxidant extracted from
green tea leaves, is a natural product that has been
used for thousands of years to treat human diseases in
China. In recent decades, studies have demonstrated
the role of EGCG in cancer prevention and tumor
growth reduction both in vivo and in vitro, with some
clinical trials showing promising results (Yang et al.,
2009; Fujiki et al., 2015). Some studies have identi‐
fied the specific interactions between EGCG and other
anti-cancer compounds; for example, EGCG can en‐
hance the anti-cancer effects of vitamin A (Lee et al.,
2010), vorinostat, interferon-α, hinokitiol, and gem‐
citabine (Kim et al., 2004; Lee et al., 2010; Nihal et al.,
2010; Chen et al., 2014; Wei et al., 2019a, 2019b).
One type of cancer, which has been receiving in‐
creasing attention, is cutaneous malignant melanoma
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(CMM), which occurs when cells in the skin develop
abnormally. CMM is one of the most severe and lethal
types of skin cancer (Zou et al., 2019). CMM accounts
for 4% to 10% of all skin malignancies, but it is linked
to 75% of skin cancer deaths, and melanoma patients
have a poor prognosis with a five-year survival rate of
only 17% (Hartman and Lin, 2019; Iglesias-Pena
et al., 2019). Many reports have described the inhibi‐
tion of melanoma development by metformin treat‐
ment in vivo and in vitro (Janjetovic et al., 2011; Tomic
et al., 2011; Cerezo et al., 2013; Zhang et al., 2015;
de Souza Neto et al., 2017; Yu et al., 2019). Other
studies have investigated potential inhibitory effects
of EGCG in melanoma development (Taniguchi et al.,
1992; Caltagirone et al., 2000; Wu et al., 2008; Nihal
et al., 2009; Ravindranath et al., 2009; Shen et al., 2009;
Ellis et al., 2011; Watanabe et al., 2012; Yamada et al.,
2016; Zhang et al., 2016). In tandem with these
studies, possible synergistic anti-tumor effects between
EGCG and metformin were revealed in previous studies.
For instance, Sabry et al. (2019) reported that com‐
bined treatment with EGCG and metformin exhibited
a highly significant effect against hepatocellular carci‐
noma, pancreatic cancer (Hodges et al., 2015), and
non-small cell lung cancer (Yu et al., 2017).
Despite the evidence provided in the aforemen‐
tioned studies, we still know little about the potential
of combining metformin and EGCG in treating
CMM. The goals of the present work were to identify
whether metformin could be effectively used in combi‐
nation with EGCG to retard growth of the highly meta‐
static mouse melanoma cell line (B16F10), and to fur‐
ther dissect the underlying mechanisms of action of
EGCG and metformin in melanoma development using
advanced technologies such as Raman spectroscopy.

2 Materials and methods
2.1 Chemicals
EGCG (purity of >98%) was purchased from
Chengdu Must Biotechnology Co., Ltd. (Chengdu,
China). Anti-nuclear factor-κB (anti-NF-κB), anti-signal
transducer and activator of transcription 3 (anti-STAT3),
anti-β actin (Proteintech Group, USA), anti-phosphoNF-κB, and anti-phospho-STAT3 (Cell Signaling Tech‐
nology, USA) were the primary antibodies used in
western blot.

2.2 Cell line
Mouse melanoma cell line B16F10 cells were
purchased from the American Type Culture Collection
(ATCC, USA). B16F10 cells were kept in a 37 ℃ in‐
cubator with 5% CO2 and maintained in Roswell Park
Memorial Institute-1640 (RPMI-1640) medium with
4 mmol/L glutamine, 10% (volume fraction) fetal bo‐
vine serum (FBS), 100 U/mL streptomycin, and peni‐
cillin (all from Gibco, CA, USA).
2.3 Cell proliferation assay
Cell counting kit-8 (CCK-8; Biosharp, China)
was used to investigate cell proliferation according to
a previously published protocol (Xu et al., 2020).
Briefly, a total of 1×104 B16F10 cells suspended in
100 μL of RPMI-1640 medium were seeded into 96well plates and incubated overnight. The following
day, cells were treated with metformin at doses of 0,
1, 5, 10, 20, 40, 80, and 100 mmol/L or EGCG at doses
of 0, 10, 50, 100, 200, 400, and 800 μmol/L. CCK-8
reagent was added to each well at 10 μL, and the ab‐
sorbance at 450 nm was recorded after 1 h of incuba‐
tion in the dark.
2.4 Wound healing assay
B16F10 cells were cultured overnight in six-well
plates. On the second day, a microtube tip was used to
directly scratch the canter of each well. The cells
were washed with phosphate-buffered saline (PBS;
Gibco), and then treated with 100 μmol/L EGCG,
1 mmol/L metformin, and either 100 μmol/L EGCG
plus 1 mmol/L metformin (EM1) or 100 μmol/L EGCG
plus 5 mmol/L metformin (EM5) for 48 h. Images of
the wound surfaces were taken at 0, 24, and 48 h.
2.5 Flow cytometry analysis
We analyzed apoptosis and the cell cycle distri‐
bution of B16F10 cells by flow cytometry according
to the protocol described by Xu et al. (2020). Briefly,
5×105 cells were seeded into six-well plates. After 24 h
of different treatments, cell apoptosis rate was ana‐
lyzed by employing propidium iodide (PI) and Annexin
V-fluorescein isothiocyanate (FITC) staining reagents.
The cell cycle distribution was analyzed using PI. ACEA
NovoCyteTM (Biosciences, San Diego, USA) equip‐
ment was used for flow cytometry. Flowjo (Version
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10.0, Stanford, USA) software was used to analyze
the results.
2.6 Immunohistochemistry staining
B16F10 cells were seeded with a density of
1×105 cells/mL onto circular microscope cover slip
(NEST Biotechnology Co., Ltd., Wuxi, China) preplaced in a six-well plate and were cultured for 24 h.
Following different treatments for 24 h, cells were
rinsed with PBS and were fixed in 4% (volume fraction)
formalin. Immunohistochemistry staining was then per‐
formed at the histology platform at Zhejiang University
(reagents were purchased from Beijing Zhongshan
Jinqiao Biotechnology Company, Beijing, China).
2.7 ELISA
For enzyme-linked immunosorbent assay (ELISA),
5×105 cells/mL were seeded into six-well plates, and
then followed with different treatments for 24 h. Cell su‐
pernatants were collected after centrifugation. The pro‐
ductions of inflammatory cytokines including interleukin6 (IL-6), IL-10, and tumor necrosis factor-α (TNF-α),
as well as the levels of antioxidant enzymes (superoxide
dismutase (SOD), catalase (CAT), and glutathione (GSH))
were detected by different ELISA kits (Kenuodibio,
China) following the manufacturer’s protocols.
2.8 qRT-PCR
Total RNA was extracted from the cells using
TRIzol reagent (TaKaRa, Japan). Reverse transcrip‐
tase (Toyobo, Japan) was used to generate the first
strand of complementary DNA (cDNA) from total
RNA. SYBR Green reagents (TaKaRa, Japan) were ap‐
plied in the quantitative real-time reverse transcriptionpolymerase chain reaction (qRT-PCR) following the
manufacturer’s protocol. Table S1 lists the sequences
of all primers used in this study.
2.9 Western blot analysis
Cold RIPA buffer (Solarbio Science & Technology,
Beijing, China), which was added with phenylmeth‐
anesulfonyl fluoride (PMSF; Solarbio Science &
Technology) and phosphatase inhibitor (Solarbio Sci‐
ence & Technology) at 1:100 (volume ratio), was used
to lyse cells. The cell lysates were centrifuged for
10 min at 12000g to remove the precipitate. The BCA
protein detection kit (Beyotime Biotechnology, Shanghai,
China) was used to measure protein concentration.

The same amount of protein was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluo‐
ride (PVDF) membranes (Millipore, Billerica, MA,
USA). Then, the membranes were blocked with 5%
(50 mg/mL) skim milk in Tris-buffered saline+Tween
(TBST) at room temperature for 1 h before being incu‐
bated with primary antibody overnight at 4 ℃. After in‐
cubation, the membranes were washed three times
with TBST, and then incubated with horse radish peroxi‐
dase (HRP)-labelled goat anti-rabbit IgG antibody (Ser‐
vicebio, Wuhan, China) for 1 h at room temperature.
2.10 Raman spectroscopy
2.10.1 Cell culture
Following the method of Xu et al. (2019), B16F10
cells were seeded with a density of 5×104 cells/mL onto
circular glass cover slip (NEST) pre-placed in a sixwell plate, cultured overnight, and then received dif‐
ferent treatments for 24 h. Cells were then rinsed three
times in PBS and fixed in 75% ethanol for 30 min. Fi‐
nally, cells were stored at 4 ℃ ready for measurement.
2.10.2 Single-cell Raman spectra
Single-cell Raman spectra were carried out using
a Raman spectroscopy system (Renishaw plc, Glouces‐
tershire, UK) supplied with a 50× microscope objec‐
tive. Measurements were performed with 514 nm ex‐
citation wavelength and the collected effective spot
diameter was about 3 nm. Under a laser power of
10 mW, the Raman spectra of the samples were
obtained within an integration time of 10 s. Three
sampling locations were randomly selected within
each cell and the mean values of the three spectra
collected represented this cell. In each treatment group,
six cells were randomly selected according to the area
division, and were considered to represent the group.
MatLab (MathWorks Inc., USA) was used for data
processing. All measurements were pre-processed
by noise filtering, cosmic ray removal, baseline
subtraction, and principal component analysis (PCA).
2.11 Statistical analyses
To determine whether EGCG and metformin had
a synergistic effect, we introduced a theoretical value
(T-EM) and compared it to the actual experimental
value (EM), where EM value equals the effect value of
EGCG plus the effect value of metformin in experiment.
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If the EM was higher than the T-EM, the two com‐
pounds were considered to have a synergistic effect.
GraphPad Prism (Version 6.0; San Diego, CA, USA)
and SPSS software (Version 20.0; Stanford, USA)
were applied for statistical analyses. All data are
shown as mean±standard deviation (SD). The com‐
parison of the mean values for the biochemical data
of each group was performed by one-way analysis of
variance (ANOVA) and Duncan’s multiple comparison
test. An unpaired two-tailed t-test was used to analyze
the differences between T-EM and EM. P value of <0.05
was considered statistically significant.

3 Result
3.1 Effects of EGCG and metformin on cell via‐
bility and migration ability of B16F10 cells
To illustrate potential synergistic effects of EGCG
and metformin on the cell growth of B16F10 cells, we
first investigated the suitable treatment doses of EGCG
and metformin. B16F10 cells were treated with vari‐
ous doses of EGCG (0, 10, 50, 100, 200, 400, and
800 µmol/L) or metformin (0, 1, 5, 10, 20, 40, 80, and
100 mmol/L) alone. Interestingly, EGCG and metfor‐
min both reduced cell viability in a dose-dependent
manner but the cells were more sensitive to EGCG
than to metformin (Figs. 1a and 1b). The concentration
of EGCG for the combination experiment was selected
at 30% inhibition concentration (IC30; 100 µmol/L).
To evaluate the combined effect of the two drugs, we
compared the EM and T-EM. As shown in Fig. 1c, the
EMs of these three combinations (100 μmol/L EGCG
plus 1 mmol/L metformin (EM1), 100 μmol/L EGCG
plus 5 mmol/L metformin (EM5), and 100 μmol/L
EGCG plus 40 mmol/L metformin (EM40)) exhibited
higher inhibitory effects on cell growth than their T-EMs,
indicating a synergistic effect of EGCG and metfor‐
min on cell viability using these three combinations.
Since the combination of the two drugs has shown ob‐
vious effects at low concentrations, we selected EM1
and EM5 combinations for subsequent experiments.
The wound healing experiment was carried out
to evaluate the effects of EGCG and metformin on
cell migration. The results showed that the inhibition
rate of the EGCG treatment group (100 μmol/L) was
higher than that of the 1 mmol/L metformin (M1) or
5 mmol/L metformin (M5) groups. Moreover, the

combination groups of EM1 and EM5 showed higher
inhibitory effects on cell migration than any other
single treatment group, suggesting a synergistic effect
of EGCG and metformin on cell migration (Fig. 1d).
3.2 Effects of EGCG and metformin on cell apop‐
tosis and proliferation of B16F10 cells
To further verify the effects of EGCG and met‐
formin on different cellular processes of B16F10 cells,
we carried out cell apoptosis and proliferation assays.
As shown in Figs. 2a and 2b, the proportion of apoptotic
cells in the EM5 group was significantly higher than
that in the control group (P<0.05). The apoptosis rates
of the EM1 and EM5 groups were also higher than
those of the single drug treatment groups, but lower
than those of T-EM groups. This suggested that a
combination treatment of EGCG and metformin may
not induce cell apoptosis in B16F10 cells. Figs. 3a and
3b show the effects of EGCG and metformin on cell
cycle distribution. The EM1 and EM5 treatment groups
showed slight synthesis/Gap2 (S/G2) phase blocks after
24-h treatment, but the differences were not signifi‐
cant when compared with T-EM groups (P>0.05).
Furthermore, we determined the combined effect of
EGCG and metformin on cell proliferation using
immunohistochemistry staining of Ki-67, which is a
marker of proliferating cells. Intriguingly, the numbers
of Ki-67+ cells in the EM1 and EM5 groups were
significantly less than that in other treatment groups
(P<0.05; Fig. 3c).
In summary, the results showed that metformin and
EGCG had an obvious synergistic effect in inhibiting
cell proliferation but had a certain antagonistic effect
in inducing cell apoptosis, with no significant changes
in cell cycle distribution.
3.3 Effects of EGCG and metformin on inflam‐
matory cytokine secretion in B16F10 cells
The production of inflammatory cytokines af‐
fects the tumor microenvironment in a variety of
ways. To further confirm whether the combination of
EGCG and metformin could impact the secretion of
inflammatory cytokines, the levels of IL-6, IL-10, and
TNF-α in the cell supernatant were determined by
ELISA. Both EGCG and metformin treatments re‐
duced the levels of these three inflammatory cyto‐
kines, while the combination treatment with EGCG
and metformin showed significantly decreased levels of
IL-6, IL-10, and TNF-α (P<0.05; Fig. 4a), suggesting
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Fig. 1 Impact of EGCG on the inhibitory effects of metformin on the growth and migration of B16F10 cells. Cell
viability analysis of B16F10 cells following treatments with EGCG (10‒800 µmol/L) (a), metformin (1‒100 mmol/L) (b),
or both (c) for 24 h. Control: culture solution; EM1: 100 μmol/L EGCG plus 1 mmol/L metformin; EM5: 100 μmol/L
EGCG plus 5 mmol/L metformin; EM10: 100 μmol/L EGCG plus 10 mmol/L metformin; EM20: 100 μmol/L EGCG plus
20 mmol/L metformin; EM40: 100 μmol/L EGCG plus 40 mmol/L metformin. The corresponding theoretical value is
shown as T-EM. (d) Wound-healing assay images of B16F10 cells from different groups. Images were visualized at 0, 24, and
48 h. Data are presented as mean±standard deviation (SD) and are representative of at least three independent experiments.
Different letters among groups indicate significantly different means at P<0.05. EGCG: epigallocatechin-3-gallate; M1: 1 mmol/L
metformin; M5: 5 mmol/L metformin.

Fig. 2 Impact of EGCG on the pro-apoptotic effects of metformin on B16F10 cells. Representative flow cytometric plots (a)
and statistical chart (b) of apoptosis of control B16F10 cells and cells exposed to various treatments for 24 h. Data are
presented as mean±standard deviation (SD) and are representative of at least three independent experiments. Different
letters among groups indicate significantly different means at P<0.05. EGCG: epigallocatechin-3-gallate; FITC:
fluorescein isothiocyanate; PE: phycoerythrin; M1: 1 mmol/L metformin; M5: 5 mmol/L metformin; EM1: 100 μmol/L
EGCG plus 1 mmol/L metformin; EM5: 100 μmol/L EGCG plus 5 mmol/L metformin; T-EM1: theoretical value of
EM1; T-EM5: theoretical value of EM5.
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Fig. 3 Combined effects of EGCG and metformin on cell cycle arrest of B16F10 cells. Representative cell cycle analysis
images (a) and statistical chart (b) of B16F10 cells treated with EGCG, metformin, or both for 24 h. There was no
significant difference in the data. (c) Representative Ki-67 staining of B16F10 cells. Scale bars=100 μm. Data are
presented as mean±standard deviation (SD) and are representative of at least three independent experiments. EGCG:
epigallocatechin-3-gallate; M1: 1 mmol/L metformin; M5: 5 mmol/L metformin; EM1: 100 μmol/L EGCG plus 1 mmol/L
metformin; EM5: 100 μmol/L EGCG plus 5 mmol/L metformin; T-EM1: theoretical value of EM1; T-EM5: theoretical
value of EM5.

a synergistic effect of EGCG and metformin on cyto‐
kine production. At the messenger RNA (mRNA) level,
the EM1 group showed a more significant synergistic
inhibition of inflammatory cytokines than the EM5
group (Fig. 4b). In general, EGCG and metformin
synergistically inhibited the expression and secretion
of inflammatory cytokines in B16F10 melanoma
cells, suggesting that the regulation of inflammatory

cytokines may be an important mechanism to inhibit
the growth and migration of these cells.
3.4 Effects of EGCG and metformin on the level
of oxidative stress in B16F10 cells
The expression of inflammatory cytokines is of‐
ten accompanied by oxidative stress, and the induc‐
tion of oxidative stress plays an important role in the
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Fig. 4 Effects of EGCG on metformin-induced suppression of inflammatory cytokine expression and secretion in
B16F10 cells. (a) Levels of IL-6, IL-10, and TNF-α in the cell supernatant of the control and other treated groups were
measured by ELISA. (b) Il-6, Il-10, and Tnf-α mRNA expression in B16F10 cells from the different treatment groups. Data
are presented as mean±standard deviation (SD) and are representative of at least three independent experiments. Different
letters among groups indicate significantly different means at P<0.05. IL-6: interleukin-6; TNF-α: tumor necrosis factor-α;
EGCG: epigallocatechin-3-gallate; M1: 1 mmol/L metformin; M5: 5 mmol/L metformin; EM1: 100 μmol/L EGCG plus
1 mmol/L metformin; EM5: 100 μmol/L EGCG plus 5 mmol/L metformin; T-EM1: theoretical value of EM1; T-EM5:
theoretical value of EM5; ELISA: enzyme-linked immunosorbent assay.

action of many anticancer drugs (Sun et al., 2011;
Klaunig, 2018). Adaptation to oxidative stress is bene‐
ficial to cancer cells, while over-exposure of cells to
reactive oxygen species (ROS) can induce apoptosis
of cancer cells, transform the redox state to the oxidized
state, and regulate the immune system to cause tumor
degeneration (Chikara et al., 2018; Klaunig, 2018;
Farhood et al., 2019). Therefore, we explored whether
EGCG and metformin could regulate the oxidation
state of B16F10 cells.
As shown in Fig. 5a, 100 μmol/L EGCG treat‐
ment exhibited similar SOD, CAT, and GSH levels to
M5, but both treatments showed significantly reduced
levels when compared to the control group or M1 treat‐
ment group (P<0.05). Additionally, the combination
treatment of EM5 displayed the lowest productions of
SOD, CAT, and GSH, indicating that it further reduced
antioxidant enzyme levels. Based on the comparison
of EM and T-EM, the EM5 combination showed a syn‐
ergistic effect on the secretion of SOD, CAT, and
GSH (Fig. 5a). Similar results were obtained when

we investigated the mRNA expression of Sod1, Sod2,
and Cat (Fig. 5b). In contrast, the mRNA expression
of Gxp-1 in the EM5 group was significantly reduced
when compared with T-EM5 (P<0.05).
In general, EGCG and metformin showed an an‐
tagonistic effect on the oxidative stress level of B16F10
cells, but the oxidative stress level of the combined
group was still higher than that of the single treatment
group. Interestingly, we found that the oxidative stress
level of the EM group was similar to that of the
EGCG group in both protein and mRNA expression,
especially in the low-concentration metformin group
(EM1 group), indicating that the combined effect of
the two is likely to be mainly driven by EGCG.
3.5 Effects of EGCG and metformin on STAT3
and NF-κB p65 signaling pathways in B16F10 cells
STAT3 (Yu et al., 2009; Chai et al., 2016) and
NF-κB (Li et al., 2015; Taniguchi and Karin, 2018) are
highly regulated transcription factors that are overac‐
tive in many tumors. Therefore, we further investigated
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Fig. 5 Effects of EGCG and metformin on oxidative stress levels in B16F10 cells. (a) Levels of SOD, CAT, and GSH in
the cell supernatant treated for 24 h with EGCG, metformin, or both were measured by ELISA. (b) Sod1, Sod2, Cat, and
Gpx-1 mRNA expression in B16F10 cells in the different treatment groups. Data are presented as mean±standard
deviation (SD) and are representative of at least three independent experiments. Different letters among groups indicate
significantly different means at P<0.05. * P<0.05, ** P<0.01, and *** P<0.001 for T-EM vs. EM. EGCG: epigallocatechin-3gallate; M1: 1 mmol/L metformin; M5: 5 mmol/L metformin; EM1: 100 μmol/L EGCG plus 1 mmol/L metformin; EM5:
100 μmol/L EGCG plus 5 mmol/L metformin; T-EM1: theoretical value of EM1; T-EM5: theoretical value of EM5;
SOD: superoxide dismutase; CAT: catalase; GSH: glutathione; ELISA: enzyme-linked immunosorbent assay.

the underlying signaling pathways involved in the
EGCG and metformin treatments in B16F10 cells.
Western blot analysis (Figs. 6a and 6b) showed that
there was no change in the total protein level of STAT3
among the groups, and the phosphorylation level, EM
or T-EM values were not significantly different (P>0.05),
indicating that EGCG and metformin had a certain
synergistic effect in inhibiting the STAT3 phosphory‐
lation of B16F10 cells, but the synergistic effect was
not obvious. For the NF- κB p65 signaling pathway,
the p65 total levels or phosphorylation levels of the

EGCG and EM groups were not significantly differ‐
ent from the control group (P>0.05), but the phos‐
phorylation levels of the EM groups showed a signifi‐
cant inhibitory effect (P<0.05), and the EM and T-EM
showed no differences, indicating synergistic inhibi‐
tion of p65 activation. In summary, the combination
of EGCG and metformin could synergistically inhibit
the phosphorylation levels of the STAT3 and NF-κB p65
signaling pathways, thereby regulating the cellular pro‐
cess of B16F10 cells.
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Fig. 6 EGCG exacerbated the inhibitory effects of metformin on the STAT3 and NF- κB p65 signaling pathways in
B16F10 cells. (a) Immunoblot analysis of phosphorylated (p-) and total STAT3 and NF-κB p65 protein levels in lysates of
B16F10 cells exposed to various treatments and control cells. (b) Protein expression was normalized to that of β-actin.
Data are presented as mean±standard deviation (SD) and are representative of at least three independent experiments.
Different letters among groups indicate significantly different means at P<0.05. EGCG: epigallocatechin-3-gallate; M1:
1 mmol/L metformin; M5: 5 mmol/L metformin; EM1: 100 μmol/L EGCG plus 1 mmol/L metformin; EM5: 100 μmol/L
EGCG plus 5 mmol/L metformin; T-EM1: theoretical value of EM1; T-EM5: theoretical value of EM5; STAT3: signal
transducer and activator of transcription 3; NF-κB: nuclear factor-κB.

3.6 Effects of EGCG and metformin on the bio‐
chemical composition of B16F10 cells at the sub‐
cellular level
Raman spectroscopy is a fast, environmentally
friendly, and simple detection method that can evalu‐
ate the molecular composition of biological samples
at the subcellular level (Heath et al., 2016; Mignolet
et al., 2018; Xu et al., 2019). Therefore, we used Ra‐
man spectroscopy to further identify the effects of
EGCG and metformin on the biochemical compo‐
nents of B16F10 cells at the subcellular level.
First, the location of the nucleus was determined
by crystal violet staining. As shown in Fig. S1, the
spectra of the nucleus and cytoplasm of the B16F10
cell were obtained and subjected to PCA. As shown
in Fig. 7a, the nuclear and cytoplasmic spectra of
B16F10 cells could be distinguished by first principal
component (PC1), indicating that the chemical com‐
position of the two was different.
We obtained the Raman bands of B16F10 cells
by treating them with different compounds (EGCG,
M1, and EM1) for 24 h, and used the untreated group
as a control. The results were obtained at both the nu‐
clear (Fig. 7b) and the cytoplasmic (Fig. 7c) levels.

The comparison showed that there were two obvious
peaks at bands 1093 and 2932 cm−1, which were respec‐
tively related to the symmetric extension of phosphate
(PO2−) of nucleic acids and the asymmetric extension
of CH3 of lipids and proteins (Movasaghi et al., 2007).
At the nuclear level, the Raman intensity of each
treatment group at the 1093 and 2932 cm−1 bands was
lower than that of the control group; there was a sig‐
nificant difference at 1093 cm−1 (P<0.05), but no sig‐
nificant difference at 2932 cm−1 (P>0.05) (Fig. 7b).
Based on the comparative analysis of EM1 and T-EM1
at the nucleus level (Fig. 7d), EGCG and metformin
synergistically destroyed the nuclear structure of
B16F10 cells, which was mainly reflected in the de‐
struction of the nucleic acid structure of the cell nucleus.
Cytoplasmic spectrum changes are shown in Fig. 7c.
Compared with the control group, each treatment
group induced a decrease at 1093 cm−1. The intensity
of the EM1 group was slightly lower than that of the
EGCG and M1 groups, but the effect was weaker than
that of the T-EM1 (Fig. 7d). The Raman band ob‐
served at 2932 cm−1 showed the opposite trend. The
Raman intensity of each treatment group was higher
than that of the control group and generally similar, al‐
though the EM1 group had a slightly larger increase.
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Fig. 7 Effects of EGCG and metformin on nucleic acids, lipids, and proteins in the B16F10 cell nucleus and cytoplasm.
(a) The PCA score plot of the PC2 versus the PC1. Raman spectra from the nucleus (b) and cytoplasm (c) of B16F10 cells
in the control, EGCG, metformin, and combination-treated groups. (d) Statistical analysis of the Raman intensity at
1093 and 2932 cm−1. Data are presented as mean±standard deviation (SD) and are representative of at least three
independent experiments. Different letters among groups indicate significantly different means at P<0.05. * P<0.05 for
theoretical value vs. experimental value. EGCG: epigallocatechin-3-gallate; M1: 1 mmol/L metformin; EM1: 100 μmol/L
EGCG plus 1 mmol/L metformin; T-EM1: theoretical value of EM1; PCA: principal component analysis; PC2: the
second principal component; PC1: the first principal component; arb.: arbitrary.
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The results showed that compared with single adminis‐
tration, combined administration of EGCG and metfor‐
min showed antagonistic effects to some extent, although
lipids and proteins may be further accumulated and the
nucleic acid structure of B16F10 cytoplasm destroyed.
In summary, EGCG and metformin showed a
synergistic effect on the destruction of the nuclear nu‐
cleic acid structure of B16F10 cells, but this effect
was not shown in the cytoplasm. Interfering with the
transcription of DNA damage can lead to apoptosis
and senescence (Wolters and Schumacher, 2013),
which suggests that changes in nucleic acid may be
related to the apoptosis of B16F10 cells induced by
EGCG and metformin.

4 Discussion
The incidence of melanoma has gradually in‐
creased in the past few decades, and because of its
high degrees of malignancy, rapid development, and
extremely poor prognosis, it is becoming the most
fatal disease of the skin (Miller et al., 2019; Siegel et al.,
2019; Zou et al., 2019). Both EGCG and metformin
have been shown to have potential anti-cancer effects,
but different tumor cells exhibited different sensi‐
tivities to these two compounds (Fujiki et al., 2015;
de Souza Neto et al., 2017; Hart et al., 2019; Liu et al.,
2019). This study evaluated the anti-tumor activity of
EGCG and metformin in B16F10 cells to explore
their roles in the treatment of melanoma. Our results
showed that EGCG and metformin have significant
synergistic effects on inhibiting the growth and migra‐
tion of B16F10 cells and inhibiting the levels of in‐
flammatory factors and the STAT3/NF-κB pathway;
they have a certain antagonistic effect on the levels of
cell apoptosis, but the effect of the combination is
superior to that of the individual drugs.
The relationship between inflammation and tumor
development is a long-standing scientific problem
(Balkwill and Mantovani, 2001). Inflammation is
known as the eighth major biological feature of malig‐
nant tumors, and it plays an important role in tumor
development, invasion, and metastasis (Hanahan and
Weinberg, 2011). Inflammatory cytokines such as IL-1,
IL-6, IL-10, IL-12, TNF- α, and transforming growth
factor-β (TGF-β) are abundant in tumor microen‐
vironments. Under the stimulation of inflammatory

mediators, tumor cells can maintain their own growth,
invasion, and migration, and recruit inflammatory
cells by releasing various inflammatory cytokines to
amplify the inflammatory effect (Hanahan and Wein‐
berg, 2011). In addition, inflammatory cytokines can
also mediate complex pathways, such as by activat‐
ing NF-κB, STAT3, and other cell signaling pathways,
thereby inducing the expression of a variety of proinflammatory cytokines, chemokines, and angiogenic
factors, and accelerating the development of tumors
(Karin, 2006; Yu et al., 2007). Our experimental results
also confirmed this point. EGCG and metformin syner‐
gistically inhibited the phosphorylation levels of NF-κB
p65 and STAT3 signaling pathways, thereby inhibiting
the transcription and expression of pro-inflammatory
genes. This led to significant decreases in IL-6, IL-10,
and TNF-α levels, thus inhibiting the growth and mi‐
gration of B16F10 cells. Based on these findings, we
suggest that the combination of EGCG and metformin
could play a potential role in tumor progression medi‐
ated by inflammatory cytokines, and has the potential
for development into anti-tumor drugs targeting inflam‐
matory cytokines.
The process of apoptosis is essential to maintain
the physiological balance between cell death and cell
growth (Sabry et al., 2019). Our experiment explored
the effects of EGCG and metformin on apoptosis of
B16F10 cells through mediation of oxidative stress.
An increase in ROS is related to abnormal growth of
cancer cells and reflects the destruction of redox ho‐
meostasis, leading to a state called oxidative stress
(Toyokuni et al., 1995). Excessive ROS can be toxic
to cells, causing oxidative damage to lipids, proteins,
and DNA. This leads to the death of malignant cells,
thereby limiting cancer progression (Perry et al.,
2000; Fruehauf and Meyskens, 2007; Schumacher et al.,
2008). The increase in ROS production is largely due
to the decrease in ROS scavenging ability. ROS scav‐
enging systems include SOD (SOD1, SOD2, and
SOD3), GSH peroxidase, peroxide redoxin, glutaral‐
dehyde, thioredoxin, and CAT (Trachootham et al.,
2009). Our results showed that both EGCG and met‐
formin treatment had a significant inhibitory effect on
antioxidant enzyme (SOD, CAT, and GSH) activity.
Although the combined effect of the two was stronger
than that of the single treatment group, it did not
show a synergistic effect. Interestingly, we found that
the combined effect of the two was likely to be largely
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driven by EGCG. Raman spectroscopy results showed
that EGCG and metformin synergistically destroyed
the nuclear nucleic acid structure of B16F10 cells,
which may be partly due to the increase of ROS.
Therefore, EGCG and metformin may damage the nu‐
clear nucleic acid structure by increasing ROS, thereby
interfering with transcriptional DNA damage and lead‐
ing to cell apoptosis and senescence. Existing studies
have shown that in order to maximize ROS-mediated
cell death mechanism as a therapeutic strategy, drugs
that induce ROS production can be combined with com‐
pounds that inhibit the antioxidant capacity of cells.
For example, the combination of ROS generator arsenic
trioxide and SOD inhibitor 2-methoxyestradiol (2-ME)
was effective in treating primary chronic lymphocytic
leukemia (CLL) cells (Zhou et al., 2003). Although
the combination of EGCG and metformin did not
show a significant synergistic inhibitory effect on anti‐
oxidant enzyme activity in this experiment, EGCG
was found to be a promising compound for inhibit‐
ing the antioxidant capacity of cells. Future studies
could try to combine EGCG and drugs that induce
ROS production to promote tumor cell apoptosis
through oxidative stress.

5 Conclusions
In summary, the work presented here suggests
that EGCG exerts a partially additive effect when
combined with metformin in melanoma cancer cells
by inhibiting cell growth, cytokine levels, and the
STAT3/NF- κB pathway. On the other hand, the two
compounds possess antagonistic effects on apoptosis
and anti-enzyme secretion. To further confirm their
potential combined effects on melanoma, more studies
are necessary to define the pharmacodynamic interaction
between EGCG and metformin.
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