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Melanoma is an aggressive skin cancer with a high rate of metastasis to other organs. Recent studies spec-
ified the overexpression of V-domain Ig suppressor of T-cell activation (VISTA) and Aryl Hydrocarbon
Receptor (AHR) in melanoma. Metformin shows anti-tumor activities in several cancer types. However,
the mechanism is unclear. This study aims to investigate the inhibitory effect of metformin on VISTA
via AHR in melanoma cells (CHL-1, B16) and animal models. VISTA and AHR levels were assessed by
qPCR, Western blot, immunofluorescence microscope, flow cytometry, and immunohistochemistry.
Here, metformin significantly decreased VISTA and AHR levels in vitro and in vivo. Furthermore, met-
formin inhibited all AHR-regulated genes. VISTA levels were dramatically inhibited by AHR modulations
using shRNA and aNF, confirming the central role of AHR in VISTA. Finally, melanoma cells were xeno-
grafted in C57BL/6 and nude mice. Metformin significantly reduced the tumor volume and growth rate.
Likewise, VISTA and AHR-regulated protein levels were suppressed in both models. These findings
demonstrate for the first time that VISTA is suppressed by metformin and identified a new regulatory
mechanism through AHR. The data suggest that metformin could be a new potential therapeutic strategy
to treat melanoma patients combined with targeted immune checkpoint inhibitors.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Melanoma is caused by DNA mutations in melanocytes and is
classified as an aggressive form of cancer with a high metastatic
rate to other organs such as the brain, liver, and lungs (Patel
et al., 1978, Balch et al., 2001). This deadly cancer has been rising
for more than three decades due to poor prognosis in the early
stage. Patients with stages I and II have almost five years to survive
(98%), while stage IV metastatic melanoma has been shown only a
10% survival rate (Miller and Mihm 2006, Siegel et al., 2012,
Heistein and Acharya 2018).

Metformin (1,1-dimethylbiguanide) is a widely prescribed first-
line medication for patients with type two diabetes mellitus. Previ-
ous studies indicate that metformin decreases cancer incidence by
50% and inhibits cell proliferation in several cancers, including
breast, melanoma, and pancreatic cancer (Cerezo et al., 2013,
Tanaka et al., 2015, Zhang et al., 2017). Moreover, metformin exerts
its anti-tumor effects by enhancing the cytotoxic T lymphocyte
activity (CTL) in tumor tissues (Eikawa et al., 2015). These studies
clearly demonstrate that metformin may have an anti-tumor func-
tionality that enhances the activities of the immune response
against tumor progression.

Sensitive interactions between immune checkpoint receptors
and their ligands are critical to balance the activity of the immune
system to avoid autoimmunity and tissue damage. Taking advan-
tage of this system, cancer cells constitutively regulate checkpoint
molecules to avoid immune system detection (Watanabe and
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Nakajima 2012). V-domain Ig suppressor of T cell activation,
known as VISTA, is a negative checkpoint regulator. It is mainly
expressed in hematopoietic cells, such as DCs, myeloid-derived
suppressor cells (MDSCs), tumor-associated macrophages, and
leukocytes such as naïve T cells (Lines et al., 2014a, 2014b). More-
over, VISTA is expressed in different cancer types such as breast
cancer, epithelioid malignant pleural mesothelioma, and mela-
noma (Muller et al., 2020, Rosenbaum et al., 2020, Xie et al.,
2020). VISTA can function as a receptor and a ligand. It has been
found that VISTA acts as a receptor for the galectin-9 and VSIG-3
and as a ligand for PSGL-1 on tumors and T cells, respectively
(Yum and Hong 2021). Thus, blocking or modulating VISTA’s
receptor-ligand interaction on immune and cancer cells may
unleash T cell proliferation of tumor-antigen specific cells and
attenuate MDSC’s in the fight against tumor cells.

The aryl hydrocarbon receptor (AHR) is a ligand-activated tran-
scription factor. Activation of the AHR/ARNT heterodimer complex
by kynurenine produces a high expression of AHR-activity marker
genes such as CYP1A1 (Matsumoto et al., 2007, Pollet et al., 2018,
Lv et al., 2019). Several studies have demonstrated the involve-
ment of AHR in cellular functions; cell cycle, cell differentiation,
cell proliferation, cancer migration and progression, and apoptosis
(Gramatzki et al., 2009, Dietrich and Kaina 2010, Kalmes et al.,
2011, Maayah et al., 2015, Al-Dhfyan et al., 2017, Alhoshani
et al., 2021). The AHR Antitumor immune responses modulate
the AhR? IDO/TDO? AhR ligand amplification loop, and it conse-
quently degrades tryptophan to produce AHR-ligand agonist
(kynurenine and its metabolites). Kynurenine plays a role in the
immune system, including T regulatory cell activation, and reduces
the CTL activity (Puccetti and Grohmann 2007, Platten et al., 2012).
Furthermore, kynurenine modulates PD-1 and PD-L1, raising the
possibility that AHR contributes to immunosuppression via multi-
ple checkpoint pathways (Liu et al., 2018, Wang et al., 2019). Pre-
vious studies (including our lab) have shown that metformin
reduces CYP1A1 and CYP1B1 expression by down-regulating AHR
signaling in breast cancer cells and inhibiting their growth (Do
et al., 2014, Al-Dhfyan et al., 2017). Others have demonstrated that
metformin acts as an adjuvant that can modulate the expression of
negative immune checkpoint inhibitors (Liu et al., 2021). Thus, we
hypothesized that metformin attenuates the VISTA immune check-
point through AHR reduction. This study demonstrated that low
metformin concentrations suppress VISTA expression through the
AHR pathway in melanoma cells and animal models. Our
findings with those supporting studies suggest that targeting both
VISTA and AHR will provide efficient new approaches for
metformin-based immunotherapy to promote the immune
response and be essential with immunotherapy for melanoma
treatment.
2. Methods

2.1. Cell culture and treatment

Human and mouse melanoma cell lines (CHL-1 and B16),
obtained from American Type Culture Collection (Rockville, MD,
USA), were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% of 100X
Antibiotic-Antimycotic (ThermoFisher, USA). Cells were grown in
75- cm2 tissue culture flasks at 37� C under a 5% CO2 humidified
environment. Cells were passaged 3–4 times before the first exper-
iment and used below 10 passages. We treated CHL-1 and B16 cells
with different concentrations of metformin. Prior to all experi-
ments, we dissolved the stock solution of metformin in double-
distilled water.
139
2.2. Cell viability and proliferation assay

The effect of metformin (Sigma-Aldrich Chemical Co., St. Louis,
MO, USA) on cell viability was determined by the MTT assay (3-
(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
(ThermoFisher, Carlsbad, CA, USA), as previously described
(Korashy and El-Kadi 2008). Cells were seeded at a density of
1 � 104 in 96-well plates and counted by LUNA-FlTM Dual Fluores-
cence Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea)
using 0.4% trypan blue (Fisher Scientific, Loughborough, UK). After
24 h, cells were treated with different metformin concentrations
for 24 h (0–16 mM). Finally, cells were incubated with 1.2 mM of
MTT reagent dissolved in phosphate buffer saline (PBS, pH 7.4)
for 4 h at 37� C, then 100% isopropyl alcohol was added to dissolve
formazan crystals for 15 min. The color intensity was measured at
570 nm by Mithras2 LB 943 Microplate Reader (Berthold Technolo-
gies, Bad Wildbad, Germany). The percentage of cell viability was
calculated relative to control (0 mM) designated as 100% viable
cells using the following formula: % cell viability = (treated-back
ground)/(control-background) � 100 (Thavornpradit et al., 2019).
The percentage of cell viability was calculated by SigmaStat� for
Windows, System Software Inc. (San Jose, CA, USA).
2.3. RNA extraction, cDNA synthesis, and quantification of mRNA
expression by quantitative real time-polymerase chain reaction (qPCR)

Total cellular RNA was isolated from treated cells using TRIzol
reagent as the manufacturer’s recommendations (Invitrogen Co.,
San Diego, CA, USA). The quantity and quality were determined
by measuring the 260/280 ratio (�2.0). cDNA synthesis was per-
formed utilizing the High-Capacity cDNA reverse transcription kit
(Applied Biosystems�, Foster City, CA, USA), according to the man-
ufacturer’s instructions as described previously (Korashy et al.,
2012). Quantitative analysis of specific mRNA expression was per-
formed by qPCR by subjecting the resulting cDNA products to PCR
amplification using the QuantStudio 6 Flex System (Applied
Biosystems�). The 20-ml reaction mixture contained forward and
reverse primers, 10 ml of Fast SYBR Green Universal Master Mix
(Applied Biosystems�), 8.8 ml of nuclease-free water, and 1 ml of
cDNA sample. All primers were synthesized and purchased from
Invitrogen (see Table 1). The changes in mRNA levels of the target
gene relative to housekeeping genes were performed using the DD
CT method as described previously (Livak and Schmittgen 2001).
2.4. Protein extraction and Western blot analysis

Total proteins were extracted from both melanoma cells treated
with metformin as described before (Korashy and El-Kadi 2004).
The protein concentrations were quantified using Direct Detect�

Infrared Spectrometer, EMD Millipore Co. (Billerica, MA, USA).
Western blot analysis was performed as described previously
(Korashy and El-Kadi 2004). Briefly, 30 lg of protein from each
group were separated in 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), then elec-
trophoretically transferred into nitrocellulose membrane
(0.45 lm). The protein blots were then incubated overnight at
4� C with blocking solution before incubation for 24 h with primary
antibodies against target proteins and then peroxidase-conjugated
secondary antibodies in blocking solution for 2 h at room temper-
ature. The bands were visualized and then quantified by Image Lab
6.1 Software (Bio-Rad, Hercules, CA, USA) using the enhanced
chemiluminescence method according to the manufacturer’s
instructions.



Table 1
Primers Sequences used for quantitative-PCR Reactions.

Gene 50?30 Forward primer 50?30 Reverse primer

Human VISTA ACGCCGTATTCCCTGTATGTC TTGTAGAAGGTCACATCGTGC
Human AHR ACATCACCTACGCCAGTCGC TCTATGCCGCTTGGAAGGAT
Human CYP1A1 CTATCTGGGCTGTGGGCAA CTGGCTCAAGCACAACTTGG
Human IDO1 GCCTGATCTCATAGAGTCTGGC TGCATCCCAGAACTAGACGTGC
Human b-ACTIN TATTGGCAACGAGCGGTTCC GGCATAGAGGTCTTTACGGATGTC
Mouse VISTA GCATGGCGTCTAATGAGCAG GGCAGAGGATTCCCACGATG
Mouse AHR AGCCGGTGCAGAAAACAGTAA AGGCGGTCTAACTCTGTGTTC
Mouse CYP1A1 GACCCTTACAAGTATTTGGTCGT GGTATCCAGAGCCAGTAACCT
Mouse IDO1 GCAGACTGTGTCCTGGCAAACT AGAGACGAGGAAGAAGCCCTTG
Mouse GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA
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2.5. shRNA transfection

CHL-1 cells were seeded in six-well cell culture plates at a den-
sity of 2 � 105 cells per well for 24 h. Then, cells were transfected
when the confluency reached 80% with four plasmids (ORIGENE,
Rockville, MD, USA). Transfection was performed as described pre-
viously (Al-Dhfyan et al., 2017). Briefly, cells were seeded for 24 h,
then media was changed to Opti-MEM medium (Sigma-Aldrich
Chemical Co., St. Louis, MO, USA) and incubated at 37� C, shRNA
vectors were mixed with Opti-MEM and Lipofectamine-2000
(Sigma-Aldrich Chemical Co.) and incubated for 30 min. Finally,
the transfection mixture was added to each well and incubation
for 6 h. Then, media was changed to complete media containing
DMEM and 10% FBS without antibiotic for 24–48 h. Another 6-
well cell culture plate containing CHL-1 cells was used to deter-
mine the concentration of puromycin for selection (Sigma-
Aldrich Co.). Finally, cells were treated with puromycin (1 mg/ml)
for 72 h, and the media was changed to complete media.

2.6. Confocal microscopy, data acquisition, and image analysis

CHL-1 and B16 cells were seeded at 5 � 104 cells in each well of
the Ibidi� 8-well chamber slide (GmbH, Germany). After that, cells
were treated with metformin (2, 4 mM for CHL-1 and 4, 8 mM for
B16) then fixed with 4% paraformaldehyde (PFA-PBS). Fixed cells
were incubated with 200 ml of PBS with tween-20 (PBST) overnight
then, washed and incubated with the antibody for VISTA overnight
(1 ml in 500 ml of 1% Bovine Serum Albumin, BSA, with PBST) then,
secondary antibody conjugated with Alexa Flour-488 was added to
each well for 1 h (2.5 ml in 500 ml of 1% BSA-PBST). Each sample was
stained in triplicate. For the confocal setting, we followed the pre-
viously published study (Alshammari et al., 2016). Confocal images
were acquired using the Zeiss LSM-800 confocal microscope with a
Fluar (�5/0.25) objective, a Plan-Apochromat (�20/0.75na) objec-
tive, a C-Apochromat (�40/1.2 W Corr) objective, and Plan-
Apochromat (�63/1.46 Oil) objective, with consistent gain and off-
set settings, and several confocal image Z-stacks across experimen-
tal sets. Multitrack acquisition was performed with an excitation
line at 488 nm for Alexa 488. Z-series stack confocal images were
taken at fixed intervals with the same pinhole setting; frame size
was 1024 � 1024. All confocal images were analyzed using ImageJ
software (http://imagej.nih.gov/ij). For VISTA expression levels, Z-
stacks of confocal images were sum-projected, and a region of
interest (ROI) corresponding to the cell was highlighted using an
intensity threshold method and quantified was highlighted across
the cell on VISTA staining’s overlay image.

2.7. Flow cytometry

CHL-1 and B16 cells were treated with different metformin con-
centrations for 24 h, then incubated with rabbit anti-human
against VISTA for 1 h on ice (1: 500, Sino Biological, China). There-
after, a secondary antibody conjugated with Alexa Fluor-488 (1:
140
200, Santa Cruz, CA, USA) was added and incubated for 1 h on ice
in the dark place. Each sample was stained in triplicate for VISTA
antibody (Serke et al., 1998). The percentage of VISTA expression
on the cell membrane was measured by Beckman Coulter flow
cytometry.

2.8. Animal experiments, treatment, and calculations

All mice were provided by the Animal Care Center of the College
of Pharmacy at King Saud University (KSU). They were housed in
hygienic cages during the experiment (25� C with 12-hr dark/light
cycle). Mice were randomly grouped and labeled as control,
100 mg and 200 mg. Melanoma cells were prepared in 100 ll of
1:1 of DMEM: Matrigel (Corning, NY, USA). On the 15th day, all
mice were sacrificed under deep anesthesia (100 mg/kg ketamine
and 10 mg/kg xylazine, intraperitoneally) (Xu et al., 2007).

Six to 8-week-old male nude and C57BL/6 mice were estab-
lished by subcutaneously injecting 1 � 106 CHL-1 and 2 � 106

B16 cells, respectively, in the right flank region. Metformin (100
and 200 mg/kg) was intraperitoneally injected every other day
from the fourth day of inoculation for two weeks, while the control
group received normal saline (Herrera-Gayol and Jothy 2002).
Finally, animals were sacrificed, and tumors were examined for
VISTA and CYP1A1 expressions using the immunohistochemistry
technique (Cha et al., 2018). We used this formula to calculate
tumor volume: (length � width2) � 0.52, and ln(V2/V1)/(T2 � T1)
x100 to calculate the specific growth rate (SGR) (Bousquet et al.,
1995, Mehrara et al., 2007). Where V is the tumor volume, and T
represents the experimental period in days.

The animals were handled in accordance with the guide for Care
and Use of Laboratory animals (Nih and Oer 2011), and the study
protocol was approved by the Research Ethics Committee at the
King Saud University (KSU-SE-20–62).

2.9. Immunohistochemistry staining assay

Immunohistochemistry (IHC) staining assay for VISTA and
CYP1A1 expressions was performed using monoclonal mouse pri-
mary antibody for VISTA (Abcam, Cambridge, UK) and CYP1A1
(Thermo Fisher, Waltham, MA, USA). Tumors were fixed in 10%
of formalin-PBS, and paraffin-embedded sections (3–5 mm) were
subjected to IHC as described previously (Al-Dhfyan et al., 2017).
Briefly, tumor paraffin sections were deparaffinized by two
changes of xylene and rehydrated with descending grades of etha-
nol to distilled water. Sections were retrieved using 0.01 M citrate
buffer (pH = 6) and exposed to irradiation in the microwave for
5 min. After washing by PBS, sections were blocked using 3%
hydrogen peroxide for 10 min and then incubated with normal
serum goat for 10 min after washing by PBS. Sections were incu-
bated with primary antibody anti-VISTA (1:500) and anti-CYP1A1
(1:250) overnight at 4� C. Furthermore, sections were incubated
with biotinylated secondary antibody for 30 min (abcam, Cam-
bridge, UK), then avidin-biotin complex also for 30 min, followed
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by chromogen (DAB) for 5 min kit, hematoxylin was used as a
counterstain for 2 min. Sections were dehydrated, cleared, and cov-
ered. Sections were examined by light microscopy (Nikon-Japan)
and photographed. Images were subjected to photo analysis by
ImageJ software to obtain the percentage of anti-VISTA and anti-
CYP1A1, counting of cells stained by DAB (N), and optical density
(OD). The score was calculated according to N � OD/100 and clas-
sified as follows: negative is 0, weak is between 0 and 1, moderate
is between 1 and 2, and more than 2 is strong (Volm et al., 1997).

2.10. Statistical analysis

The comparative analysis of the results from various experi-
mental groups with their corresponding controls was performed
using SigmaStat� for Windows (Systat Software, Inc, CA, USA).
One-way analysis of variance (ANOVA) followed by Student–New
man–Keul’s test or Student t-test was carried out to assess which
treatment groups showed a significant difference from the control
group. The differences will be considered significant when p < 0.05.
3. Results

3.1. Effect of metformin treatment on cell viability

First, we determined optimal concentrations of metformin by
MTT assay in both CHL-1 and B16 cells. To evaluate this, we treated
cells with a variety of metformin concentrations ranging 1–16 mM
for 24 h. Results from low concentrations metformin treatment (1,
2, 4, and 8 mM) showed reduced cell viability by 15% in CHL-1 cells
and 14.5% in B16 cells, with 80% of the cells remaining viable fol-
lowing treatment. Alternately, with high concentration treatment
(10 and 16 mM), cell viability declined in CHL-1 cells, but the
increase in concentration did not significantly reduce viability in
B16 cells (Fig. 1). Drawing from these results, noncytotoxic concen-
trations of metformin (2, 4, and 8 mM) are ideal for use with CHL-1
cells. Low concentrations of metformin (4, 8, and 16 mM) with a
noncytotoxic effect on cell viability are ideal for use with B16 cells.
Based on these findings, these respective concentrations were used
for all subsequent experiments.

3.2. Metformin treatment attenuates VISTA expression in melanoma
cell lines

To assess the potential modulatory effect of metformin on
VISTA levels in CHL-1 and B16 melanoma cells, we measured VISTA
expression following metformin treatment using qPCR, Western
blot analysis, immunofluorescence staining, and flow cytometry.
ig. 1. Effect of metformin on cell viability. CHL-1 and B16 cells were treated with
ifferent metformin concentrations for 24 h (1–16 mM). Values are presented as a
ercentage of the control (mean ± SEM of three independent experiments).
Significantly different at p < 0.05 compared to the control (0 mM).
F
d
p
*
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Metformin treatment resulted in significant inhibition of VISTA
mRNA and protein levels in CHL-1 and B16 cells. CHL-1 cells trea-
ted with 2, 4, and 8 mM of metformin showed decreased VISTA
mRNA expression by 80, 93, and 92%, respectively, compared to
the control (Fig. 2A). Similarly, B16 cells exposed to 4, 8, and
16 mM of metformin exhibited VISTA mRNA diminished by 74,
89, and 81%, respectively (Fig. 2B). Furthermore, we found that
with the concentrations listed above, metformin downregulates
VISTA proteins by up to 16, 22, and 29% in CHL-1 cells and 7, 54,
and 67% in B16 cells (Fig. 2C, 2D).

To further delineate the effect of metformin on VISTA levels, we
performed an immunofluorescence assay with confocal micro-
scopy. We used lower concentrations of metformin in both cell
lines (2, 4 mM in CHL-1 and 4, 8 mM in B16 cells). The results indi-
cated a significant reduction in the fluorescence signals of VISTA in
both CHL-1 and B16 cells (Fig. 3).

Previous studies demonstrate that VISTA engaged with T cells
and other receptors to suppress the immune system activity and
promote cancer (Le Mercier et al., 2014, Lines et al., 2014a,
2014b). To gauge the potential effect of metformin treatment on
this interaction, we used flow cytometry to examine the VISTA
levels on cell surfaces. CHL-1 cells treated with 2 and 4 mM of met-
formin for 24 h showed reduced surface VISTA levels by approxi-
mately 11 and 8%, respectively (Fig. 4A). In the same way, B16
cells exposed to 4 and 8 mM of metformin for 24 h exhibited
downregulated surface VISTA levels by 7 and 14% (Fig. 4B). In com-
bination, the aforementioned results indicate that VISTA mRNA
and protein expression levels in CHL-1 and B16 cells are markedly
attenuated by 24 h of metformin treatment.

3.3. Metformin represses the AHR pathway in melanoma cell lines

To determine whether metformin decreases the level of AHR
and its regulated genes CYP1A1 and IDO1 in melanoma cells, we
evaluated the expression levels by qPCR and Western blot analysis.
First, we treated CHL-1 cells with metformin in concentrations of 2,
4, and 8 mM for 24 h, resulting in decreased AHR mRNA expres-
sions by 31, 14, and 19%, respectively (Fig. 5A). Furthermore,
expression of the AHR activity marker, CYP1A1, declined by 83,
95, and 94%, respectively (Fig. 5B), and IDO1 mRNA presence also
declined by 89, 95, and 94% (Fig. 5C).

Similarly, we treated B16 cells with 4, 8, and 16 mM of met-
formin for 24 h, resulting in significantly decreased AHR mRNA
expressions by 67, 83, and 73% (Fig. 5E). Additionally, expression
of the AHR biomarker, CYP1A, declined by 81, 93, and 95% follow-
ing 24 h metformin treatment (Fig. 5F). Under the same conditions,
mRNA expression of IDO1 was downregulated by approximately
52, 68, and 68% (Fig. 5G). Of particular note among these results
is that metformin strongly attenuated IDO1 gene expression in
both cells, which is responsible for the induction of the AHR path-
way due to its role in the degradation of tryptophan into
kynurenine.

Additionally, we tested protein levels to confirm the effect of
metformin on AHR and its regulated protein, CYP1A1, in melanoma
cells. Consistent with our qPCR results, metformin at 2, 4, and
8 mM caused a significant decline in AHR protein levels by 25,
29, and 25% in CHL-1 cells. Metformin treatment also induced a
reduction in CYP1A1 protein levels by 32, 48, and 53%, respectively
(Fig. 5D). Likewise, B16 cells treated with 4, 8, and 16 mM of met-
formin led to 50, 55, and 59% decreases in AHR protein levels, and
7, 21, and 57% decrease in CYP1A1 protein levels (Fig. 5H). In con-
clusion, metformin treatment appears to induce the reduction of
VISTA and AHR pathway expression levels, suggesting that the
AHR pathway may be implicated in the regulation of VISTA levels
in the tested cell lines.



Fig. 2. Effect of metformin on VISTA expression. (A) mRNA level of VISTA in CHL-1 and (B) in B16 cells were measured by qPCR. Duplicate reactions were performed for each
experiment, and the values represent the mean of fold change ± SEM, n = 6. *Significantly different at p < 0.05 compared to control (0 mM). Western blot analysis of VISTA
protein in CHL-1 (C) and B16 cells (D). One of three representative experiments is shown. Values are presented as the mean ± SEM, n = 3, triplicate. *Indicates p < 0.05
statistically significant compared to the control (0 mM). #Indicates p < 0.05 statistically significant compared to 4 mM. +Indicates p < 0.05 statistically significant compared to
8 mM.

Fig. 3. Metformin decreases VISTA expressions. Representative confocal Z-stack images of the CHL-1 (A) and B16 cells (B) immunostained for VISTA (green). Total
quantifications of VISTA expression in CHL-1 (C) and B16 cells (D). Confocal microscopy images, magnification 63X, bar: 50 lm. One of three representative experiments is
shown. Triplicate reactions were performed for each experiment, and the values represent the mean ± SEM, n = 3. *Indicates p < 0.05 statistically significant compared to the
control (0 mM).#Indicates p < 0.05 statistically significant compared to 4 mM.
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3.4. AHR pathway regulates VISTA expression level

Based on the findings detailed above, we proceeded to examine
the involvement of AHR and CYP1A1 in regulating VISTA expres-
sion in melanoma cell lines by genetic and pharmacological
approaches. First, we investigated whether the genetic knockdown
142
of AHR would suppress the VISTA level. Two shRNA sequences
were designed to knockdown the AHR gene in CHL-1 cells. Fig. 6
shows that AHR gene expression decreased by approximately 61
and 51%, respectively, compared to control shRNA. In addition,
CYP1A1 decreased by up to 33 and 74%, respectively. Consistently,
the inhibition of AHR/CYP1A1 was associated with downregulation



Fig. 4. Metformin reduces VISTA expression on the cell surface. CHL-1 (A) and B16 cells (B) were treated with metformin for 24 h. The percentage of VISTA expression on the
cell surface was determined by flow cytometry as mean fluorescence intensity (MFI). One of three representative experiments is shown. Triplicate reactions were performed
for each experiment, and the values represent the mean ± SEM, n = 3. *Indicates p < 0.05 statistically significant compared to the control (0 mM). #Indicates p < 0.05
statistically significant compared to 4 mM.

Fig. 5. Metformin represses the AHR/CYP1A1 pathway. The mRNA level of AHR, CYP1A1, and IDO1 in CHL-1 (A-C) and B16 (E-G) cells were quantified by qPCR. Duplicate
reactions were performed for each experiment, and the values represent the mean of fold change ± SEM, n = 6. *Significantly different at p < 0.05 compared to the control
(0 mM). AHR and CYP1A protein levels were determined by Western blot analysis in CHL-1 (D) and B16 cells (H). One of three representative experiments is shown. The
values present the mean ± SEM (n = 3, triplicate). *Indicates p < 0.05 statistically significant compared to the control (0 mM). #Indicates p < 0.05 statistically significant
compared to 2 mM in CHL-1 and 4 mM in B16 cells. +Indicates p < 0.05 statistically significant compared to 8 mM.
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of VISTA gene expression by approximately 31 and 27%, respec-
tively. These results indicate a strong correlation between VISTA
and the AHR /CYP1A1 pathway in melanoma.

In the second approach, we tested the pharmacological modula-
tion of the AHR pathway level using Western blot. We used alpha-
naphthoflavone (aNF) as an AHR stimulant or inhibitor, depending
on the concentration (Blank et al., 1987, Santostefano et al., 1993,
Lu et al., 1995, Zhou and Gasiewicz 2003). Two concentrations of
aNF were treated CHL-1 for 24 h, and results showed that 5 mM sig-
nificantly decreased VISTA, AHR, and CYP1A1 protein levels by up
to 33, 30, and 24%, as compared to untreated cells. The concentra-
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tion to induce AHR level (10 mM) resulted in a significant increase
in VISTA (35%), AHR (59%), and CYP1A1 (42%) levels compared to
untreated cells (Fig. 7A). In B16 cells, the lower concentrations of
aNF (2.5 and 5 mM) were used for 24 h. The protein levels of VISTA
significantly decreased compared to control cells (approximately
by 51 and 13%, respectively). AHR protein levels also decreased
considerably by 11 and 22%, along with AHR-regulated proteins,
which showed a significant reduction by 2.5 and 5 mM (by 30
and 54%, respectively). We observed that 10 mM aNF after 24 h
of treatment significantly increased VISTA, AHR, and CYP1A1 pro-
tein levels by 32, 42, and 17%, respectively, compared to untreated



Fig. 6. The AHR pathway is essential for VISTA expression. CHL-1 cell was
transfected with human AHR shRNA plasmids (1 and 4). The mRNA levels of VISTA,
AHR, and CYP1A1 genes were quantified by qPCR. Duplicate reactions were
performed for each experiment, and the values represent the mean of fold
change ± SEM, n = 6. *Significantly different at p < 0.05 compared to the control
shRNA.
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cells (Fig. 7B). Taken together, these approaches identify the
involvement of the AHR pathway in controlling VISTA expression
levels in melanoma cells.
3.5. In vivo studies

3.5.1. Metformin treatment reduces melanoma growth
To examine the effect of metformin on melanoma animal mod-

els, we used nude and C57BL/6 mice. First, we inoculated the nude
mice with CHL-1 cells and treated them with 100 and 200 mg/kg of
metformin every other day for two weeks (Fig. 8A). Compared to
untreated mice, six doses of metformin treatment induced a reduc-
tion in tumor volume by 81.8 and 73.8% (Fig. 8B) and lowered the
growth rate by 64.5 and 69.6%, respectively (Fig. 8C). Second, B16
cells were inoculated in C57BL/6 mice and treated with metformin
every 48 h for six doses within two weeks. We observed that met-
formin significantly reduced the tumor volume by 38.86 and
43.74%, respectively, compared to untreated mice (Fig. 8D). Addi-
tionally, the growth rate decreased by 25.8 and 36.7%, as well
Fig. 7. AHR modulator influences VISTA level. The protein expression levels of VISTA, AH
cells. One of three representative experiments is shown. Values are presented as the mea
(aNF 0 mM).
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(Fig. 8E). These results strongly indicate the effectiveness of met-
formin on melanoma tumor tissues.

3.5.2. Metformin treatment reduces VISTA and CYP1A1 expression in
melanoma animal models

In order to examine the effect of metformin on VISTA and
CYP1A1 levels, the expression levels were determined by immuno-
histochemistry analysis. We treated melanoma tumors in nude
mice with 100 mg/kg of metformin revealed moderate immune
reactivity against anti-VISTA. The score was 1 compared to 2.6 in
untreated mice and less VISTA percentage, 28% compared to 39%
in untreated mice. Additionally, 200 mg/kg of metformin showed
the most significant weak immune reactivity against VISTA associ-
ated with a lower percentage of anti-VISTA (score and percentage
were 0.3 and 22%, respectively) (Fig. 9B, C). VISTA level in C57BL/6
mice treated with metformin (100 and 200 mg/kg) showed signif-
icant suppression, results represented as score (0.4 and 0.1, respec-
tively, compared to 3 in untreated mice) and as a percentage (26
and 17%, respectively, compared to 56% in control mice)
(Fig. 10B, C).

Immunohistochemical analysis showed a significant decrease in
CYP1A1 expression levels compared to untreated tumors in nude
mice (Fig. 11A). The anti-CYP1A1 score in tumors treated with
100 mg and 200 mg significantly decreased (0.2 and 0.07, respec-
tively, compared to 2 in untreated mice) (Fig. 11B). Metformin
treatment sharply reduced the CYP1A1 percentage (38 and 26%
compared to 50% in untreated mice, respectively) (Fig. 11C).
Finally, B16 cells were injected in C57BL/6 mice and treated with
metformin (100 and 200 mg/kg). Results showed that metformin
significantly decreased CYP1A1 levels (Fig. 12A). Anti-CYP1A1
scores were 0.2 and 0.09, respectively, compared to 1 in untreated
mice (Fig. 12B). The percentage showed a significant decrease
(38.77 and 61.22%, respectively) (Fig. 12C). These results strongly
indicate the effect of metformin on tumor growth and VISTA/
CYP1A1 expression levels in vivo melanoma models.
4. Discussion

Developing a new therapeutic strategy to address cancer, and
melanoma, in particular, is a crucial challenge. Current studies
R, and CYP1A1 were determined by Western blot analysis in CHL-1 (A) and B16 (B)
n ± SEM, n = 3, triplicate. *Significantly different at p < 0.05 compared to the control



Fig. 8. Metformin reduces tumor growth in mice models. (A) The experimental scheme for metformin treatment and the tumor growth and volume were measured two times
per week. (B) The tumor volume of nude mice were injected with 1� 106 CHL-1 cells and treated with metformin every other day for 14 days. (C) Average specific growth rate
% per day (SGR%/day) of CHL-1 cells in different groups. (D) Tumor volume of C57BL/6 mice were injected with 2 � 106 B16 cells. (E) Average specific growth rate % per day of
B16 cells in different groups. Values are means ± SEM. *Statistical significance is indicated when p < 0.05 compared to untreated mice.
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have shown that in patients diagnosed with melanoma, there was
an overexpression of VISTA as well as AHR. A high expression level
of VISTA has been reported in patients with low survival rates and
worse progression. Moreover, VISTA is critically associated with
other immune checkpoint expressions, such as PD-1, by up to
30% in melanoma patients (Choi et al., 2020). Therefore, metformin
was hypothesized to have an inhibitory effect on VISTA via the AHR
in the CHL-1, B16 cell lines, and animal models. Both VISTA and
AHR expression levels, along with regulated genes, were assessed
utilizing qPCR, Western blot, flow cytometry, immunofluorescence
microscopy, and immunohistochemistry.

The present study demonstrates that the lower concentrations
of metformin repress VISTA expression through the AHR pathway.
Mechanistically, metformin acts as an inducer of energetic stress in
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cancer cells, mainly through activating the AMPK-driven signaling
pathway (Ras-MAPK and PI3K-AKT/mTOR), which was thought to
be essential for the anti-mitotic activity (Huang et al., 2008,
Kalender et al., 2010, Hajjar et al., 2013, Pernicova and Korbonits
2014). Another study showed that metformin inhibited breast can-
cer through the AHR pathway (Maayah et al., 2015, Alhoshani et al.,
2021). In addition, metformin was evaluated when given in combi-
nation with immune checkpoint inhibitors (anti-PD-1/anti-CTLA-
4) in patients who had been diagnosed with metastatic melanoma.
The results indicate a favorable response in this patient population
(Afzal et al., 2018).

The results presented in this study focus on the inhibitory effect
of metformin on VISTA expression levels and the regulatory role of
the AHR pathway in melanoma. We observed that metformin sup-



Fig. 9. Metformin suppresses VISTA expression in nude mice. Mice were injected with 1 � 106 CHL-1 cells treated every other day for 14 days. Tumors were tested
immunohistochemically against anti-VISTA, (A) untreated control tumor, 100 mg, and tumor treated with 200 mg/kg of metformin. The red arrows indicate VISTA-positive
expression, and size bars are 25 mm. IHC was performed using an Avidin-Biotin Complex Method, Original magnifications 400-fold. (B) Scoring of immune reactivity against
anti-VISTA. (C) Percentage of anti-VISTA. Values are means ± SEM. *Indicates p < 0.05 statistically significant compared to untreated mice. #Indicates p < 0.05 statistically
significant compared to mice treated with 100 mg/kg.

Fig. 10. Metformin attenuates VISTA expression in C57BL/6 mice. Mice were injected with 2 � 106 B16 cells divided into three groups and treated every other day with
metformin for two weeks. Tumors were tested immunohistochemically against anti-VISTA, (A) untreated control tumor, 100 and 200 mg/kg of metformin. The red arrows
indicate VISTA-positive expression, and size bars are 25 mm. IHC was performed using an Avidin-Biotin Complex Method, Original magnifications 400-fold. (B) The scoring of
immune reactivity against anti-VISTA, (C) The percentage level of anti-VISTA. Values are means ± SEM. *Indicates p < 0.05 statistically significant compared to untreated mice.
#Indicates p < 0.05 statistically significant compared to mice treated with 100 mg/kg.
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Fig. 11. Metformin suppresses CYP1A1 expression in nude mice. Mice were injected with 1 � 106 CHL-1 cells divided into three groups and treated with metformin every
other day for 14 days. Tumors were tested immunohistochemically against anti-VISTA, (A) 0, 100, and 200 mg/kg of metformin. The red arrows indicate CYP1A1-positive
expression, and size bars are 25 mm. IHC was performed using an Avidin-Biotin Complex Method, Original magnifications 400-fold. (B) The scoring of immune reactivity
against anti- CYP1A1, (C) the percentage level of anti-CYP1A1. Values are means ± SEM. *Indicates p < 0.05 statistically significant compared to untreated mice. #Indicates
p < 0.05 statistically significant compared to mice treated with 100 mg/kg.

Fig. 12. Metformin inhibits the expression of CYP1A1 in C57BL/6 mice. C57BL/6 mice were injected with 2 � 106 B16 cells divided into three groups (0, 100, and 200 mg/
kg/dose of metformin). Tumors were tested immunohistochemically against anti-CYP1A1, (A) tumor treated with 0, 100, and 200 mg/kg of metformin. (B) The scoring of
immune reactivity against anti-CYP1A1 and (C) represents the percentage level of anti-CYP1A1. The red arrows indicate CYP1A1-positive expression, and size bars are 25 mm.
IHC was performed using an Avidin-Biotin Complex Method, Original magnifications 400-fold. Values are means ± SEM. *Indicates p < 0.05 statistically significant compared
to untreated mice. #Indicates p < 0.05 statistically significant compared to mice treated with 100 mg/kg.
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pressed VISTA and AHR/CYP1A1 family at gene and protein expres-
sion levels. AHR and CYP1A1 family expressions are consistent
with the results of DO MT, Wang GZ, and Kim Y et al. (Do et al.,
2014, Maayah et al., 2015, Wang et al., 2019, Alhoshani et al.,
2021, Kim et al., 2021). Also, recent studies demonstrated that
metformin enhanced immunity by several approaches (Scharping
et al., 2017, Afzal et al., 2018, Cha et al., 2018, Bahrambeigi and
Shafiei-Irannejad 2020).

Furthermore, the IDO1 expression is essential for the AHR path-
way. Our findings show that the metformin significantly inhibited
IDO1 expression, contributing to the down-regulation of AHR,
CYP1A1, and VISTA gene expression levels. The IDO1-TDO-KYN-
AHR pathway expression has been studied in different tumor sam-
ples. Opitz et al. have shown that IDO1 and TDO are essential for
the KYN level, subsequently activating the AHR pathway (Opitz
et al., 2011, Pilotte et al., 2012). Up to now, five ongoing studies tar-
geting IDO in clinical trials. Therefore, this study suggests that met-
formin could induce novel synergistic effects with IDO inhibitors.
Further investigation to explore the regulatory effect of the AHR
pathway on VISTA expression using AHR-shRNA gene knockdown,
we found that the AHR pathway is crucial in the regulation of
VISTA expression in melanoma cells. However, we cannot exclude
the chemical modulator of the AHR pathway in this study. There-
fore, we used different concentrations of aNF in both melanoma
cells by taking the advantages of aNF on the AHR pathway as a
stimulant or inhibitor depending on the concentration
(Santostefano et al., 1993, Murray et al., 2011). The inhibition of
AHR by aNF has been investigated by Wang GZ et al., they reported
that aNF in combination with anti-PD-L1 decreased the tumor
growth and potentiated the cell infiltration associated with a sig-
nificant increase in TNFa and INFc expression levels (Wang et al.,
2019).

From in vitro experiments, we explored the effect of metformin
in human and mouse melanoma cells to confirm the role of the
AHR pathway on VISTA expression. These findings suggest that tar-
geting VISTA and the AHR pathway by metformin combined with
an immunotherapeutic agent such as anti-PD-1 or anti-CTLA-4
might be more convenient for patients suffering from deadly meta-
static melanoma.

The next step in our study was to evaluate these results in vivo.
The melanoma cell lines CHL-1 and B16 were xenografts in nude
and C57BL/6 mice, respectively. The results indicated that the
tumor volume and growth rate within the nude and C57BL/6 mice
were significantly impaired compared to the control. In addition,
both VISTA and AHR-regulated protein, CYP1A1, expression levels
were reduced.

In conclusion, metformin suppresses the expression of VISTA in
a new regulatory mechanism through AHR at in vivo and in vitro
levels, which elucidates the nature of the relationship between
AHR and VISTA. This study indicates that there is great promise
that metformin combined with immune checkpoint inhibitors
could potentially be a treatment for patients who have been diag-
nosed with melanoma.
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