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Original Article
Metformin inhibits salivary adenocarcinoma growth 
through cell cycle arrest and apoptosis
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Abstract: The inhibitory effects of metformin have been observed in many types of cancer. However, its effect on 
human salivary gland carcinoma is unknown. The effect of metformin alone or in combination with pp242 (an mTOR 
inhibitor) on salivary adenocarcinoma cells growth were determined in vitro and in vivo. We found that metformin 
suppressed HSY cell growth in vitro in a time and dose dependent manner associated with a reduced expression of 
MYC onco-protein, and the same inhibitory effect of metformin was also confirmed in HSG cells. In association with 
the reduction of MYC onco-protein, metformin significantly restored p53 tumor suppressor gene expression. The dis-
tinctive effects of metformin and PP242 on MYC reduction and P53 restoration suggested that metformin inhibited 
cell growth through a different pathway from PP242 in salivary carcinoma cells. Furthermore, the anti-tumor efficacy 
of metformin was confirmed in vivo as indicated by the increases of tumor necrosis and reduced proliferation in xe-
nograft tumors from metformin treated group. For the first time, the inhibitory effect of metformin on human salivary 
gland tumor cells was documented. Moreover, metformin inhibitory effects were enhanced by mTOR inhibitor sug-
gesting that metformin and mTOR inhibitor utilize distinctive signaling pathways to suppress salivary tumor growth. 
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Introduction

Human salivary gland cancer (SGC) is one of 
the common malignancies found in the head 
and neck area [1]. SGC mostly occurs in minor 
and major glands [2] with some highly aggres-
sive tumors that could invade the adjacent tis-
sues and even spread to distant organs [1]. The 
vast majority of SGC are various adenocarcino-
mas with relatively high morbidity and poor 
prognosis. Patients with high-grade SG carci-
noma only have a 25% 5-year survival rates [3]. 
The anatomic and post-operative consider-
ations limit the efficacy of resections of SGC 
lesions. Furthermore, the complexity of SGC 
itself and resistance to radiotherapy lead to 
poor patient prognosis [4]. Thus more investi-

gations on novel intervention for SGCs are 
needed to improve the treatment modality.

Metformin (1,1-dimethylbiguanide) is a widely 
used anti-type-2 diabetes medicine which 
reduces plasma glucose level through suppres-
sion of hepatic glucose production [5]. 
Epidemiological studies and accumulated evi-
dence in tumor cell cultures and xenograft 
tumor models indicated the anti-tumor poten-
tial of metformin in breast, prostate, pancreas, 
uterus, skin, lung, liver and colon carcinogene-
sis [6-15]. Pre-clinical and clinical trials further 
support its chemopreventive potential in breast, 
lung and prostate cancers [16-19]. As a rela-
tively rare tumor, research resources and inter-
ventions on SGC are limited. The broad spec-
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trum of the anti-neoplasia effects of metformin 
warrants the investigation of its efficacy in SGC 
[20]. 

In malignant cells, metformin’s anti-neoplasia 
effects has been largely attributed to the acti-
vation of AMP-activated protein kinase (AMPK) 
and down-regulation of mammalian target of 
rapamycin (mTOR) pathways [21-23]. Our group 
previously demonstrated that metformin effec-
tively targets the c-Myc oncogene to prevent 
the initiation and progression of prostate can-
cer [7]. The recent identification of the MYB-
NFIB fusion in salivary gland cancers shed light 
on the molecular mechanism of SGC [24, 25]. 
The clinical significance of MYB-NFIB fusion in 
SGC patients suggested the activation of criti-
cal MYB targets including c-MYC and BCL2, 
which are associated with apoptosis, cell cycle 
control, cell growth/angiogenesis, and cell 
adhesion, as key oncogenic events in the patho-
genesis of SGC [24]. Indeed, the overexpres-
sion of c-Myc has also been shown in salivary 
gland adenoid cystic carcinoma [24, 25]. Taken 
together, it is intriguing to explore the inhibitory 
effects of metformin in SGC and whether met-
formin targets c-Myc expression in salivary 
tumor to suppress its growth. 

Amplification of the c-Myc oncogene is one of 
the predominant genetic changes in the devel-
opment of human prostate cancer. Down-
regulation of c-Myc may prevent or delay cancer 
onset. As mTOR signaling has been considered 
as a target in many types of tumors [26-28], 
new therapies mTOR inhibitors are tested in on-
going clinical trials [29]. However, cancers that 
over-express c-Myc may become resistant to 
mTOR inhibition [30]. Therefore, it is postulated 
that metformin and mTOR inhibitors could act 
additively or even synergistically to inhibit can-
cer cell growth.

This study was designed to investigate the 
mechanism and molecular mediators of met-
formin’s anti-tumor activity in salivary gland 
tumor in vivo and in vitro using HSY and HSG 
cell lines (human salivary adenocarcinoma cell) 
as models. 

Materials and methods

Reagents

Metformin and pp242 were purchased from 
Calbiochem (Darmstadt, Germany). Dimethyl 

sulfoxide (DMSO) was purchased from Sigma 
(St. Louis, MO, USA). Antibodies against p53, 
BCL2, caspase 3, caspase 9 and PARP, 
Phospho-4E-BP1, phospho-AMPK (p-AMPK), 
c-MYC, p-c-MYC, GAPDH and Histone H3 were 
purchased from Cell Signaling (Danvers, 
Massachusetts, USA). Non-fat dry milk was 
from Lab scientific (Highlands, NJ, USA). Other 
reagents including bovine serum albumin (BSA), 
polyethylene glycol 400 (PEG 400) and phenyl-
methanesulfonyl fluoride (PMSF) were all pur-
chased from Fisher Scientific (Hampton, NH, 
USA).

Cell culture

HSY and HSG cell lines were derived from 
human parotid gland adenocarcinoma and sub-
mandibular gland adenocarcinoma respective-
ly. Both cell lines were generously provided by 
Dr. Daniel Malamud at New York University 
College of Dentistry. HSY cells were maintained 
with Dulbecco’s Modified Eagle’s Medium 
(DMEM) containing 1000 mg/L glucose (Sigma, 
St. Louis, MO, USA), supplemented with 10% 
Fetal Bovine Serum (Atlanta Biologicals, GA, 
USA), 100 µg/mL streptomycin, 100 Units/mL 
penicillin (Gibco, Grand Island, NY, USA) and 
100 µg/mL normocin (InvivoGen, San Diego, 
CA, USA) in a 37°C, 5% (v/v) CO2 and humidified 
incubator. While HSG cells were maintained 
using Minimum Essential Medium (MEM) 
(HyClone, Logan, UT, USA), supplemented with 
2 mM Glutamine (Gibco, Grand Island, NY, 
USA), 1% Non Essential Amino Acids (Gibco, 
Grand Island, NY, USA), 10% Fetal Bovine 
Serum, 100 µg/mL streptomycin, and 100 
units/mL penicillin. Trypsin at 0.25% in 
Dulbecco’s Phosphate-Buffered Saline (DPBS) 
was used for splitting the cells when they 
reached a confluence of 85%-90%. 

Cell viability assay

HSY cells and HSG cells were seeded at 0.75 × 
106/ml into 12 well plates. Metformin was 
added to the medium at a range of concentra-
tions from 0 to 8 mM for 24 hours, 48 hours up 
to 72 hours. Cell density determined by crystal 
violet assay as previously described was used 
as an indicator for the overall cell growth [31]. 
The same assays were performed to assess 
the cell number in the cultures that received 
the combined treatment with PP242 (0.5 µM 
[32]) and metformin, PP242, metformin as indi-
cated. Images were taken prior to the crystal 
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violet assay using EVOS cell imaging system 
(Life technologies, Carlsbad, CA, USA).

Flow cytometry

For cell cycle: HSY cells were treated with PBS 
or 4 mM metformin for 48 hours. After ribonu-
clease A treatment, Propidium iodide at 50 µg/
mL [33] was used to stain the cells, FACSCalibur 
instrument (BD Biosciences, San Jose, CA, 
USA) and Modfit software were used to analyze 
the cell cycle.

For apoptosis: HSY cells were treated with PBS 
or 4 mM metformin for 48 hours. Cells were 
washed and fixed. FITC Annexin V and propidi-
um iodide (BD Pharmingen, Franklin Lakes, NJ, 
USA) were used to evaluate apoptosis. 
Apoptotic cells were analyzed by FloJo (FLOJO 
LLC. Ashland, OR, USA).

Protein extraction and Western blot

Cells from both cell lines were cultured and 
treated as indicated. Whole proteins were 
extracted by using RIPA buffer (Pierce, Rockford, 

Figure 1. Metformin inhibited human salivary gland cell growth in vitro. A-C: HSY cell viability assay. HSY cells were 
plated and cultured in DMEM medium and received metformin at different concentrations 0 mM, 2 mM, 4 mM, 
or 8 mM for three different time points. Crystal violet assays were done, the OD values were read via plate reader. 
(ANOVA were used to determine the significant difference. **P < 0.01, ***P < 0.001). D: Images (20 ×) were cap-
tured on 48 hours treated group prior to cell viability assay. E-H: HSG cell viability assay. HSG cells were cultured 
in MEM medium and treated by metformin as previous described in HSY cells. (ANOVA were used to determine the 
significant difference. ***P < 0.001).
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IL USA) supplemented with protease inhibitor 
cocktail tablets (Sigma) and 1 mM PMSF. 
Protein concentration was determined by BCA 
protein assay (Pierce Biotechnology, Rockford, 
IL, USA). Even amounts of protein were loaded 
to 10% tris-glycin gel (Novex, CA, USA), followed 
by standard tris-glycin SDS-polyacrylamide gel 
electrophoresis and transferred to the PVDF 
membranes. Non-fat milk or BSA at 5% were 
used to block the membranes [34]. β-actin and 
GAPDH were used as internal loading control 
for total protein, while Histone H3 was used as 
a control for nuclear protein. Bio-Rad 
ChemiDoc™ XRS+ System with Image Lab™ 
Software (Hercules, California, USA) was used 
to detect the signals.

In vivo nude mice xenograft experiments

Six-week-old male nude mice were purchased 
from the Jackson Laboratory and maintained in 

NYU animal facility under the protocol appro-
ved by Division of Laboratory Animal Re- 
sources (DLAR). HSY cells at 4 ×106 in 100 µL 
Matrigel (BD Biosciences, Franklin Lakes, NJ, 
USA) were subcutaneously injected into the 
flanks of each nude mouse [32]. Mice were  
randomly assigned into four treatment groups 
(N=6) and received daily intraperitoneal  
injections of PBS, metformin (350 mg/Kg), 
PP242 (5 mg/Kg in 30% PEG 400) or a combi-
nation of metformin and PP242 accordingly 
[35]. Tumor size was measured once a week 
and volume was calculated based on the for-
mula: 0.5 × width2 × length [32]. After sacrific-
ing the experimental animals, tumor tissues 
were collected and prepared for histoche- 
mistry. Hematoxylin and eosin (H&E) and  
immunohistochemistry (IHC) Ki-67 staining 
were performed by Histology Core in NYU 
Langone Medical Center. All slides were then 

Figure 2. Metformin arrested human salivary gland carcinoma cell cycle in S/G2 phases. A, B: HSY cells were treat-
ed with PBS or 4 mM metformin for 48 hours. PI was used to stain the cells. **P < 0.01. C: HSY cells were treated 
for 48 h and the protein was harvested, then the cell cycle markers were tested by Western blot. 



Metformin inhibits salivary adenocarcinoma growth

3604 Am J Cancer Res 2015;5(12):3600-3611

scanned by Leica SCN400F at a 400 × 
magnification.

Statistical analysis

Two-tailed student’s t-test was used to com-
pare the difference between two experiment 
groups. Analysis of variance (ANOVA) was used 
when study subjects were more than 2 groups, 
followed by the Bonferroni t-test. Paired-
comparison was applied in in-vivo tumor size 
analysis. A value of P < 0.05 was deemed to 
statistically significant.

Results

Metformin inhibits salivary adenocarcinoma 
cell growth in vitro

To explore the anti-tumor effect of metformin 
on HSY and HSG cells, we carried out the cell 
proliferation assay by using crystal violet stain-
ing to determine the number of both cells that 
were subjected to the treatment of metformin 
at different concentrations for 24, 48 or 72 
hours. The result showed that metformin sig-
nificantly reduced the proliferation of HSY cells 
at 48 h in a dose-dependent manner (Figure 
1A-C) and similarly, high doses of metformin 

also reduced tumor burden more effectively 
than lower doses (Figure S1). Meanwhile, pho-
tomicrographs of the cells in each group also 
showed the inhibitory effect of metformin on 
tumor cell growth as indicated by the flatness 
of the cells (Figure 1D). Similar trend was 
observed HSG cells, in which cell number was 
reduced by approximately 30% after in 48 
hours treatment with 4 mM metformin com-
pare to PBS group (Figure 1E-H). To determine 
if the inhibition of salivary gland carcinoma cell 
growth by metformin was mediated through 
cell cycle arrest, flow cytometry analysis was 
performed to determine the metformin impact 
on cell cycle distribution after a 48 h treatment. 
Notably, metformin treatment increased the 
proportion of HSY cells in the S and G2 phases 
while decreased proportion of cells in G1 phase 
(Figure 2A, 2B). Consistently, levels of cyclin-
dependent kinase (CDK) complex composed of 
CDK1 and cyclin B, which regulates the check-
point at S/G2 phase in mammalian cell cycle, 
were reduced. As indicated by the Western 
blots for CDK1, as well as its activator cyclin B, 
both proteins were down-regulated by metfor-
min treatment in HSY cells (Figure 2C). Similar 
trend was also observed in HSG cells after 48 
hours metformin treatment (Figure S2). Taken 

Figure 3. Metformin but not PP242 reduced c-
MYC expression in human salivary gland cells. 
A: HSY cells were evenly plated in 24 well 
plates and treated in 6 groups for 48 h: PBS, 
DMSO: 0.5 µl/mL, Metformin: 4 mM, PP242: 
0.5 µM, Metformin+PP242: 4 mM+ 0.5 µM, 
Metformin+DMSO: 4 mM+ 0.5 µL/mL. B: Im-
ages (200 ×) were captured prior to CV assay. 
C: Total protein was extracted from HSY cells, 
Phospho-4E-BP1, p-AMPK, p53 and MYC lev-
els were tested by Western blot.
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together, our results indicate that metformin 
can suppress the proliferation of salivary gland 
tumor cells through cell cycle arrest at S/G2.

MTOR inhibitor PP242 enhanced metformin 
inhibitory effects 

PP242, a novel mTOR inhibitor that inhibits 
both mTOR complex 1 (mTORC1) and mTOR 
complex 2 (mTORC2) [36], recently has been 
tested widely as a therapeutic modality for can-
cer patients. As metformin’s anti-tumor effect 
has been attributed to its ability to inhibit mTOR 
signaling, we compared the effects of metfor-
min and PP242 in both HSY and HSG cells. Cell 
viability assays indicated that metformin played 
a more profound inhibitory role in cell prolifera-
tion than PP242 did (Figure 3A, Figure S3A). 
When combined with PP242, metformin’s inhib-
itory effect was enhanced (Figure 3A, Figure 
S3A). Previous reports showed activation of 
mTOR pathway in a subset of salivary gland 
tumors [37, 38]. As expected, the levels of the 
mTOR pathway mediator (4E-BP/eIF4E) were 
reduced by PP242 and metformin. The stimula-
tion of p-AMPK was also verified in metformin 
treated HSY and HSG cells. Photomicrographs 
of the cell morphology showed the same trend 
of cell-flattening (Figure 3B). Further tests 
revealed that metformin, but not PP242, can 

induce the expression of p53 as well as reduce 
the expression of c-Myc (Figure 3C, Figure S4). 
The same reduction effect of metformin on 
c-MYC expression was also confirmed in HSG 
cells (Figure S3B). The induction of p53 by met-
formin also supported our previous observation 
that HSY cells were arrested at G2 phase with 
metformin treatment. This result implied that 
metformin exerted its inhibitory effects through 
another pathway in addition to induction of 
mTOR signaling. By reducing c-Myc expression, 
metformin could circumvent drug-resistance to 
mTOR inhibitor associated with c-Myc overex-
pression in malignant cells.

Metformin induces cell apoptosis in human 
salivary gland tumor cells

Because the induction of apoptosis could also 
contribute to the reduction in cell numbers, 
next we determined metformin effect on HSY 
cell apoptosis using PI and Annexin-V double 
staining and followed by flow cytometry analy-
sis. Our results showed that metformin treat-
ment significantly induced both early stage and 
late stage apoptosis in HSY cells (Figure 4A, 
4B). As apoptosis cascade is mainly triggered 
by the cleavage of protein members in the cas-
pase family, we further evaluated the protein 
levels of the total and cleaved apoptotic effec-

Figure 4. Metformin stimulated 
apoptosis in human salivary gland 
cells. (A, B) HSY cells were treated 
with 4 mM metformin for 48 hours. 
Annexin V and PI were used to 
stain the cells. **P < 0.01, ***P 
< 0.001. (C, D) Western blot using 
both nuclear and total protein with 
relevant apoptosis markers (C: nu-
clear protein).
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tors by Western blots. Our results showed that 
metformin treatment led to the cleavages of 
Caspase 3, caspase 9 as well as PARP. Further 
Western blot showed that in addition to the 
effect on mediators of apoptosis, metformin 
also reduced the levels of pro-survival protein 
Bcl-2 in both HSY and HSG cells (Figure 4C, 4D, 
Figure S5). These data support the role of met-
formin in stimulating salivary gland tumor cell 
apoptosis.

Metformin inhibits tumor proliferation in nude 
mice xenograft in vivo

To further investigate the anti-tumor effect of 
metformin in vivo, we established tumor xeno-
graft model with HSY cells in nude mice through 
subcutaneous injection. Tumor volumes were 
measured weekly to establish the tumor growth 
curves over the treated period. As shown in 
Figure 5A, metformin started to restrain HSY 
tumor growth as early as 3-weeks after treat-

ment. When mice were sacrificed after 6-weeks 
of treatment, all the tumors were harvested for 
further analysis. Metformin administration sig-
nificantly reduced the weight of tumors in mice 
compared to that of the control group (Figure 
5B, 5C). PP242 mono-therapy only moderately 
reduced tumor burdens which could partially 
due to its inadequate solubility in solutions 
without DMSO. Despite the fact that the com-
bining PP242 treatment with metformin in vitro 
indicated an enhanced inhibitory effect in HSY 
cell growth, the enhancement of reduction in 
tumor growth was not statistically significant in 
vivo. Interestingly, when the tumor sections 
were examined by H&E staining, profound 
inhibitory efficacy of metformin was demon-
strated by the massive necrosis inside the 
tumor tissues (Figure 6A), which indicated the 
induction of tumor cell death associated with 
metformin administration. Furthermore, immu-
nohistochemistry for cell proliferation marker 
Ki67 revealed that metformin induced a 

Figure 5. Metformin and PP242 re-
duced tumor burden in xenograft mod-
el. A: Mice were treated in 4 different 
groups. (Control: PBS, metformin: 350 
mg/Kg, PP242: 5 mg/Kg in 30% PEG 
400, combined: metformin 350 mg/
Kg + PP242: 5 mg/Kg). Tumor size was 
measured every week and the volume 
was calculated by 0.5 × lengh × width2. 
B: Gross tumors removed from animals 
after 6 weeks treatment. C: Tumor 
weight valued instantly after dissection 
from euthanized animals. **P < 0.01.
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marked reduction of HSY cell proliferation 
(Figure 6B, 6C). Taken together, these in vivo 
data confirmed the potential therapeutic effect 
of metformin for salivary gland adenocar- 
cinomas. 

Discussion

Metformin, with an established treatment effi-
cacy and a good safety profile, is an inexpen-
sive and most commonly prescribed therapy for 
patients with type-2 diabetes. Our previous 
study showed that metformin suppressed pros-
tate cancer through down-regulation of c-Myc 
expression [7]. C-Myc oncogene is frequently 
deregulated in many human cancers and it is 
estimated that 450,000 Americans are diag-
nosed with a c-Myc-dependent cancer each 
year. The regulatory effects of metformin action 
on c-Myc provide a new insight into the broad 
efficacy and mechanism of metformin as an 
anti-neoplastic agent.

Salivary gland cancers are associated with high 
morbidity accompanied with a low 5-year sur-
vival rate and yet have no standard effective 
treatments. The lack of comprehensive under-
standing of the pathways controlling SGC 
growth hinders the identification of effective 
therapy in this field. Recently, several studies 
showed that salivary gland tumors frequently 
have recurring chromosome translocations 
resulting in pathogenetically relevant fusion 
oncogenes [25, 37, 38]. The downstream gene 
products of these fusions could be important 
targets for the development of new therapeutic 
strategies. Interestingly, the fusion gene prod-
ucts stimulate c-Myc expression [25] or directly 
work with c-Myc [38] to promote cancer growth 
and spread by activating basic transformation 
pathways. 

While metformin’s anti-neoplastic effects have 
been demonstrated in many other types of can-
cers, the current study is the first one showing 

Figure 6. Metformin reduced hu-
man salivary gland cell prolifera-
tion in vivo. A. H&E staining. Low-
er magnification (4 ×) and higher 
magnification (40 ×) images 
were captured in PBS and met-
formin treated group. The yellow 
arrow indicates the boundary 
between tumor cells and ne-
crotic cells. B. IHC for Ki67 on tu-
mor sections from both groups. 
C. Values of Ki67-positive ratio 
based on 40 × magnification im-
ages.
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metformin’s anti-neoplastic properties in SGC. 
As over-expression of c-Myc was observed in 
SGC patient samples as well as in HSY cells, it 
is not a surprise that metformin exerted inhibi-
tory effect in HSY cells accompanied with strik-
ingly reduced levels of c-Myc. One of the obsta-
cles that restrict the effect of mTOR inhibitors, 
which have been used widely for treatment of 
many types of cancers [26-28, 39], could be 
the resistance related to c-Myc oncogene over-
expression in tumor cells [30, 40]. In this 
regard, we anticipate that metformin may 
enhance the efficacy of PP242 by reducing 
c-Myc expression. Unlike another mTOR inhibi-
tor rapamycin which mainly targets mTOR com-
plex I, PP242 targets both mTOR complex 1 and 
complex 2 and demonstrates a better inhibitory 
efficacy [41]. Indeed, in vitro the combination of 
metformin and PP242 yielded the most sup-
pression in both HSY and HSG cell growth as 
compared to the mono-treatment groups. 
However, the advantage of the combined treat-
ment was not significant in vivo. PP242 mono-
therapy only moderately reduced tumor bur-
dens which could be partially due to its inade-
quate solubility in solutions without DMSO. 
Therefore, despite that the combining PP242 
treatment with metformin in vitro indicated an 
enhanced inhibitory effect in HSY cell growth, 
the enhancement of reduction in tumor growth 
was not statistically significant in vivo. 
Considering the solubility of PP242 could limit 
its efficacy because of the dosage used in cur-
rent experiment, an enhanced inhibitory effica-
cy of metformin may be achievable with P242 
at a higher dose or with another mTOR inhibitor. 
Interestingly, metformin down-regulated c-Myc 
expression and restored the expression of 
genome stability guardian p53 [42, 43]; PP242 
did not affect c-Myc and p53 expression levels. 
Thus, PP242 and metformin may regulate dif-
ferent cellular molecules to exert their inhibito-
ry effects. 

The inhibitory effects of metformin on HSY and 
HSG cells growth are contributed by its ability 
to induce cell cycle arrest as well as apoptosis 
which is consistent with previous studies. 
However, instead of arresting cells in G1 phase, 
as we and others have observed in prostate 
cancer [7, 44] and breast cancer cells [45-47], 
metformin treatment caused HSY cell and HSG 
cell cycle arrest in G2 phase. S/G2 phase arrest 
may indicate an interruption in the process of 

mitochondrial energy generation and similar 
observation was reported in endometrial can-
cer cells, in which metformin inhibited cell 
growth via cell cycle arrest in G2/M phase [48]. 
Therefore, in different cell context, metformin 
may inhibit cell proliferation via an unknown 
mechanism. It is known that the activation of 
cyclin B-CDK1 complex is required for cells 
progress from G2 to mitotic phase [49]. 
Consistently, we observed decreased expres-
sion of cyclin B and CDK1 in metformin-treated 
HSY cells which supported the flow cytometry 
analysis of G2 cell cycle arrest before proceed-
ing to mitosis. 

The apoptosis assay revealed that metformin 
also induced HSY cell apoptosis. Metformin 
stimulated the pro-apoptotic caspase cascade 
initiated by caspase-9 activation and cleavage, 
followed by the cleavage of caspase 3 and 
PARP. Meanwhile, the pro-survival marker BCL2 
was decreased in metformin-treated HSY cells. 
Collectively, activation of apoptosis pathway 
and the suppression of pro-survival protein led 
to the cell suicide process, and eventually 
restricted the expansion of HSY cells.

In the HSY xenograft tumor experiment, metfor-
min treatment reduced tumor burden and 
increased the size of necrotic areas inside the 
tumors. In contrast, tumors from PBS-treated 
mice maintained tumor structure with a limited 
central necrotic area in the core of tumors. 
Staining of proliferation marker Ki-67 con-
firmed the inhibition of proliferation by metfor-
min since the tumor cells in metformin group 
had a significantly smaller population of Ki-67 
positive cells as compared to the PBS group. 
No metastasis was observed in metformin-
treated group, while one out of 6 mice in PBS 
group demonstrated liver metastases indicat-
ed that metformin treatment reduced HSY 
tumor invasion in vivo (Figure S6). This finding 
supports further exploration at the capability of 
metformin to suppress tumor metastasis, 
which has been demonstrated in several can-
cers [50-52].

In conclusion, our study provides evidence to 
support a pivotal role of metformin in suppress-
ing SGC growth in vitro and in vivo, which sug-
gests the need to consider the application of 
metformin as neo-adjuvant therapy in SGC can-
cer patients. Future validation of our findings 
with more SGC tumor cell lines and the 
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enhanced efficacy of metformin and an mTOR 
inhibitor with better solubility in vivo will be the 
next step. If proven effective, metformin will 
eventually become a promising therapeutic 
strategy for SGC patients. 
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Figure S1. Metformin reduces HSY growth in vivo in a dose-dependent manner. Metformin were given to the mice 
through intraperitoneal injection at 2 different dosages. Tumor size of the 3 treatment groups (Control: PBS, metfor-
min: 250 mg/Kg, metformin: 350 mg/Kg) were measured weekly.

Figure S2. HSG cell cycle was arrested in G2 phase by metformin. A, B: Cells were treated with PBS or 4 mM metfor-
min for 48 hours. PI was used to stain the cells. **P < 0.01. C: HSG cells were treated for 48 h and the protein was 
harvested, then the cell cycle markers were tested by Western blot. 
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Figure S3. Metformin reduced c-MYC expression in human salivary gland cells. A: HSG cells were plated and treated 
same as HSY cells described in Figure 3. B: p-AMPK, p-4E-BP1 and MYC levels in HSG cell total proteins.

Figure S4. A: Sections of normal minor salivary gland (left), low-grade mucoepidermoid carcinoma (MEC, middle) 
and mucinous adenocarcinoma of the parotid (SG1, right) were stained for MYC by immunohistochemistry (positive 
cells are brown). B, C: HSY cells were incubated alone or with 10 mM metformin for 24 hours, then trypsinized and 
centrifuged onto glass slides, fixed in 10% formalin and stained by IHC. Photographed cells were counted (1100 
per sample). Based upon nuclear expression, the ratio of MYC positive (MYC+) to MYC negative (MYC-) cells was 
calculated.
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Figure S5. Metformin stimulated apoptosis in HSG cells. HSG cells were treated with 4 mM metformin for 48 hours. 
Both nuclear and total protein were extracted to check the relevant apoptosis markers by western blot.

Figure S6. One out of 6 mice from PBS group demonstrated tumor metastases to the liver. A. Gross images of livers 
with and without metastasis lesion. B. H&E staining of liver metastasis.


