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Abstract. ���������������������������������������������������As an anti‑diabetic drug, metformin has been demon�
strated to exhibit antitumor effects. However, the mechanisms 
involved in decreasing tumor formation, including canine 
mammary gland tumors (CMGTs), are not well elucidated. 
The aim of the present study was to evaluate the ability of 
metformin to induce apoptosis and cell cycle arrest in CMGT 
cells, as well as identifying the pathways underlying these 
effects. Cell viability was assessed by Cell Counting Kit‑8 
analysis following treating with metformin. Subsequently, 
apoptosis and cell cycle progression were assessed by flow 
cytometry, and the expression of associated proteins was exam�
ined. Expression levels of classical AMP‑activated protein 
kinase (AMPK), protein kinase B (AKT), mechanistic target 
of rapamycin (mTOR) and eukaryotic translation initiation 
factor 4E‑binding protein 1 (4E‑BP1) were then investigated 
using western blot analysis. Metformin inhibited the prolif�
eration of CHMm cells in a concentration‑dependent manner. 
Specifically, metformin induced cell cycle arrest in the G0/G1 
phases, accompanied by increased expression of p21 and p27, 
and decreased expression of cyclin D1 and cyclin‑dependent 
kinase 4. Marked levels of apoptosis were observed in CHMm 
cells alongside the activation of caspase‑3 and cleavage of 
poly(ADP‑ribose) polymerase. Also, the level of Bcl‑2 was 
decreased, and that of Bax was increased. The expression 
of associated signaling molecules revealed that metformin 

markedly increased the phosphorylation of AMPK in CHMm 
cells, and decreased the levels of phosphorylated (p‑)AKT, 
p‑mTOR and p‑4E‑BP1, while Compound C reversed these 
changes. These findings demonstrated that metformin may 
be a potential therapeutic agent for CMGTs, acting via the 
AMPK/AKT/mTOR signaling pathway.

Introduction

Canine mammary gland tumors (CMGTs) are a serious threat 
to animal health, and are frequently seen in female dogs, 
50% of which are malignant (1,2). Research has shown that 
CMGTs share similarities with human breast cancer in clinical 
pathological features and pathogenesis, and therefore, CMGTs 
may offer a suitable model for the study of human breast 
cancer (3,4).

Metformin (1,1‑dimethylbiguanide) is used to treat type 2 
diabetes, and due to its safety and tolerability, has been the 
first‑line hypoglycemic drug since the 1950s (as recommended 
by the American Diabetes Association and the European 
Association for the Study of Diabetes) (5). It has previously 
been demonstrated that metformin also exerts non‑hypogly�
cemic effects; epidemiological studies and meta‑analyses have 
revealed that metformin decreases cancer risk and cancer‑asso�
ciated mortality compared with insulin or sulfonylureas in 
patients clinically treated for type 2 diabetes (6). Additionally, 
the anticancer effects of metformin have been demonstrated 
in human cancer cells and animal models of gastric, bladder 
and papillary thyroid cancers (7‑9). Lengyel et al  (10) and 
Chai  et  al  (11) demonstrated that metformin markedly 
enhanced the sensitivity of tumor cells to chemotherapeutics, 
including gemcitabine and paclitaxel, suggesting its potential 
clinical use in overcoming the chemoresistance of tumor 
cells. Although studies investigating improvements in general 
immunity using metformin have seldom been reported, 
metformin may possess immune‑mediated antitumor effects 
by increasing the number of CD8+ T‑cells, which are critical 
for protection against functional exhaustion in the tumor 
microenvironment (12,13).
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The underlying molecular mechanisms involved in 
metformin‑associated antitumor effects remain unknown. 
The AMP‑activated protein kinase  (AMPK)/mechanistic 
target of rapamycin (mTOR) signaling pathway is considered 
to be involved in the antitumor effect of metformin, similar 
to its hypoglycemic mechanism with regard to AMPK activa�
tion (14,15). When cancer cells are treated with metformin, 
AMPK is activated, which inhibits the phosphorylation of 
mTOR, decreasing gene transcription, ribosome biogen�
esis and protein translation, and resulting in decreased 
cellular proliferation and division  (16,17). Although the 
phosphoinositide 3‑kinase (PI3K)/protein kinase B (AKT) 
pathway serves an important function in chemoresistance, 
predictive����������������������� ���� ������������ ��������/���������������������� ���� ������������ ��������prognostic biomarkers and therapeutic applica�
tions for cancer, as well as being involved in maintaining 
glucose homeostasis with AMPK, the association between 
the AMPK/AKT/mTOR signaling pathway and the antitumor 
effects of metformin has rarely been studied in humans or 
canines (18,19). The aim of the present study was to determine 
whether metformin exhibited antiproliferative effects and 
induced apoptosis and cell cycle arrest in CHMm cells, as well 
as identifying its association with the AMPK/AKT/mTOR 
signaling pathway, thus providing an experimental basis for 
further veterinary clinical application.

Materials and methods

Cell culture. The CMGT cell line, CHMm, was derived from 
pleural effusion of canine spontaneous mammary adenocar�
cinomas, and obtained from the Laboratory of Veterinary 
Surgery, Graduate School of Agriculture and Life Sciences, 
University of Tokyo (Tokyo, Japan)  (20). The cells were 
cultured in DMEM with 10% fetal bovine serum, 1% peni�
cillin‑streptomycin and 1% glutamine at 37˚C (5% CO2), and 
passaged in the logarithmic phase using 5% Trypsin‑EDTA.

Cell viability assessment. The Cell Counting Kit‑8 (CCK‑8; 
Dojindo Molecular Technologies, Inc.) was used to evaluate 
cell viability. CHMm cells were seeded into 96‑well plates 
(1,000 cells per well) and cultured at 37˚C (5% CO2) until 
80% confluent. The cells were then treated with 0, 5, 10, 20 and 
40 mM metformin (Sigma‑Aldrich; Merck KGaA), and viability 
was assessed after 48 h incubation. After 1 h incubation with 
CCK‑8 reagent, the absorbance was measured at 450 nm.

Apoptosis analysis. An Annexin V‑fluorescein isothiocyanate 
(FITC) kit (Beyotime Institute of Biotechnology) was used to 
quantify apoptosis, according to the manufacturer's instruc�
tions. Cells were treated with or without 20 mM metformin 
for 48 h at 37˚C after serum starvation for 24 h (to facilitate 
drug absorption). The cells were harvested, washed with PBS, 
resuspended in Annexin V‑FITC binding buffer and stained 
with Annexin V‑FITC/propidium iodide (PI). The processed 
samples were examined by FACSCalibur flow cytometry 
(BD Biosciences) using FACSDiva software (version 6.1.3; 
BD Biosciences).

Cell cycle analysis. To assess the effects of metformin on the 
cell cycle of CMGT cells, CHMm cells were treated with or 
without 20 mM metformin for 48 h after serum starvation for 

24 h to synchronize the cell cycle at the G0/G1 phase of the 
life cycle. Sample cells were rinsed with PBS and fixed with 
ice‑cold 70% ethanol overnight in 4˚C, before being incubated 
with PI for 30 min at room temperature, as per the protocol 
of the Cell Cycle and Apoptosis kit (Beyotime Institute of 
Biotechnology). A flow cytometer and FACSDiva Version 6.1.3 
software were used to assess cell cycle distribution.

Western blot analysis. CHMm cells were treated with 0 
or 20 mM metformin for 48 h after 2 h pretreatment with 
0 or 10 µM Compound C (CC; Selleck Chemicals). Cells 
were lysed at 4˚ using Cell lysis buffer for Western and IP 
without inhibitors with 1 mM PMSF (Beyotime Institute of 
Biotechnology) and the protein was collected. Protein determi�
nation was performed using the Enhanced BCA Protein Assay 
Kit (Beyotime Institute of Biotechnology). Equal amounts 
of protein (30 µg/lane) were separated using SDS‑PAGE 
(10% separation gel and 5% concentrated gel), and transferred 
to polyvinylidene difluoride membranes. The membranes were 
blocked with 5% fat‑free milk including TBS‑Tween (0.1%) for 
2 h at room temperature, and then incubated overnight at 4˚C 
with the following primary antibodies(Albumin Bovine V, 
Beijing Solarbio Science & Technology Co., Ltd.): Caspase‑3 
(cat. no. ab13847), poly(ADP‑ribose) polymerase (PARP; cat. 
no. ab32071), cyclin D1 (cat. no. ab16663), cyclin‑dependent 
kinase 4 (CDK4; cat. no. ab108357), p21 (cat. no. ab188224), 
p27 (cat. no. ab32034), AMPK (cat. no. ab3760), phosphory�
lated (p‑)AMPK (Thr‑183/172; cat. no. ab23875), AKT (cat. 
no. ab8805), p‑AKT (Thr‑308; cat. no. ab38449), mTOR (cat. 
no. ab2732), p‑mTOR (Ser‑2448; cat. no. ab84400) and β‑actin 
(cat. no. ab6276) (all from Abcam), as well as 4E‑BP1 (cat. 
no. bs‑2559R) and p‑4E‑BP1(Thr‑70; cat. no. bs‑14550R) (both 
BIOSS). All primary antibodies were used at a 1:1,000 dilution 
in 5% fat‑free milk with TBS‑Tween (0.1%). Detection was 
performed using HRP secondary antibodies (goat anti‑rabbit; 
cat. no. ZB‑2306 or goat‑anti mouse; cat. no. ZB‑2305; both 
Wanleibio Co., Ltd.; 1:3,000) for 2 h at room temperature, 
and visualized using enhanced chemiluminescence reagents 
(Tanon High‑sig ECL Western Blotting Substrate; Tanon 
Science and Technology Co., Ltd.). Signals were quantified 
using Tanon GIS software (version  210.060.1000; Tanon 
Science and Technology Co., Ltd.).

Statistical analysis. All statistical analysis was performed 
using GraphPad Prism (version  5.0; GraphPad Software, 
Inc.), and the data are presented as the mean ± SD of three 
experimental repeats. Comparisons among ≥3 groups were 
analyzed using one‑way ANOVA, and Tukey's test was used 
for further pairwise analysis. Unpaired Student's t‑test was 
used to compare two groups. P<0.05 was considered to indi�
cate a statistically significant difference.

Results

Effects of metformin on CMGT cell viability. To determine the 
inhibitory effect of metformin on CMGT cell proliferation, 
cell viability was evaluated using the CCK‑8 assay following 
treatment with 0, 5, 10, 20 or 40 mM metformin. The results 
demonstrated that metformin reduced the viability and density 
of CHMm cells in a dose‑dependent manner, suggesting that 
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metformin inhibits the proliferative ability of CMGT cells 
in vitro (Fig. 1A and B). As 20 mM metformin reduced cell 
viability by ~50%, this concentration was the selected dose for 
subsequent experimentation.

Effects of metformin on the CMGT cell cycle. To further investi�
gate whether the cell cycle is associated with metformin‑induced 
reduction in CMGT cell proliferation, cell cycle distribution 
was flow cytometrically assessed following treatment with 
20 mM metformin. As presented in Fig. 2A and B, following 
metformin treatment, the percentage of cells in the G1 and 
S phases was markedly increased and decreased, respectively, 
under serum‑deprived conditions. In addition, analysis of key 
G1 phase‑modulating proteins supported that the cell cycle was 
arrested at the G0/G1, with decreased expression of cyclin D1 and 
CDK4, and increased expression of p21 and p27 (Fig. 2C-G). 
These results indicated that cell cycle arrest at the G0/G1 phase 
may be one of the underlying molecular mechanisms of the 
antitumor action of metformin.

Effects of metformin on apoptosis. To determine the effects of 
metformin on the apoptosis of CMGT cells, metformin‑induced 

apoptosis was detected using Annexin V‑FITC/PI staining 
and flow cytometry. Compared with the control group, 20 mM 
metformin markedly increased the percentage of apoptotic 
CHMm cells under serum‑deprived conditions (Fig. 3A and B). 
Additionally, metformin treatment resulted in marked 
activation of caspase‑3, and PARP cleavage increased corre�
spondingly (Fig. 3C-E), consistent with the quantitative results 
of flow cytometry. Also, metformin treatment significantly 
inhibited the expression of the anti‑apoptotic protein Bcl‑2, 
and elevated the level of pro‑apoptotic protein Bax (Fig. 3C, 
F and G). Therefore, it was suggested that metformin induced 
the apoptosis of CHMm cells.

Effects on the AMPK/AKT/mTOR signaling pathway and 
its downstream targets. In order to determine the effects of 
metformin on AMPK/AKT/mTOR signaling, an AMPK 
inhibitor, CC, was selected, and expression of the associated 
signaling proteins was analyzed. CHMm cells were pretreated 
with or without 10 µM CC for 2 h, and then treated with 
20 mM metformin for 48 h. As illustrated in Fig. 4A, pretreat�
ment with CC prevented the metformin‑induced reduction in 
cell numbers. The results also demonstrated that metformin 

Figure 1. Antiproliferative effects of metformin on canine mammary gland tumor cells in vitro. (A) Cell viability in CHMm cells 48 h after treatment with the 
indicated concentrations of metformin. One‑way ANOVA and Tukey's test were used for statistical analysis; **P<0.01 vs. control. (B) Cellular morphology was 
observed 48 h after treatment with various doses of metformin; magnification, x100. All data are presented as the mean ± SD.

Figure 2. Effects of metformin on the canine mammary gland tumor cell cycle. (A) Percentages of G1, S and G2 phase CHMm cells 48 h after treatment with 
20 mM metformin, assessed using flow cytometry. (B) Proportions of CHMm cells in the G1, S and G2 phases.  (C) Cell cycle‑associated proteins were analyzed 
using western blotting 48 h after treatment with 20 mM metformin. Expression levels of (D) cyclin D1, (E) CDK4, (F) p21 and (G) p27 following treatment 
with or without 20 mM metformin. *P<0.05 and **P<0.01 vs. control. Unpaired Student's t‑test was performed, and the results are presented as the mean ± SD. 
CDK4, cyclin dependent kinase 4.

https://www.spandidos-publications.com/10.3892/ol.2021.13113
https://www.spandidos-publications.com/10.3892/ol.2021.13113
https://www.spandidos-publications.com/10.3892/ol.2021.13113


FAN et al:  METFORMIN INHIBITS THE PROLIFERATION OF CMGTs CELLS4

Figure 3. Effects of metformin on apoptosis in CHMm cells. (A) Flow cytometry was used to analyze apoptosis in CHMm cells 48 h after treatment with 
or without 20 mM metformin. (B) Histograms present the percentage of apoptotic CHMm cells. Annexin V‑FITC‑positive cells (Q2 + Q4) were regarded 
as apoptotic. (C) Apoptosis‑associated proteins were analyzed using western blot analysis 48 h after treatment with 20 mM metformin. Expression levels 
of (D) cleaved‑caspase‑3, (E) cleaved‑PARP, (F) Bax and (G) Bcl‑2 following treatment with or without 20 mM metformin. Unpaired Student's t‑test was 
performed, and the results are presented as the mean ± SD. **P<0.01 vs. control. PARP, poly(ADP‑ribose) polymerase; FITC, fluorescein isothiocyanate.

Figure 4. Effects of metformin on AMPK and downstream proteins. (A) Viability of CHMm cells was determined following treatment with metformin with or 
without the AMPK inhibitor CC at the 48‑h time point. (B) Western blot analysis of p‑AMPK and AMPK levels, (C) the p‑AMPK to AMPK ratio, (D) p‑AKT 
and AKT levels, (E) the p‑AKT to AKT ratio, (F) p‑mTOR and mTOR levels, (G) the p‑mTOR to mTOR ratio, (H) p‑4E‑BP1 and 4E‑BP1 levels, (I) and 
the p‑4E‑BP1 to 4E‑BP1 ratio are presented following treatment with 0 or 20 mM metformin, with or without CC. One‑way ANOVA and Tukey's test were 
used for statistical analysis, and the results are presented as the mean ± SD; **P<0.01 vs. control; ##P<0.01 vs. MET. βAMPK, AMP‑activated protein kinase; 
AKT, protein kinase B: p‑, phosphorylated; mTOR, mechanistic target of rapamycin; Met, metformin; CC, Compound C. 
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increased the phosphorylation of AMPK in CHMm cells, as 
the ratio of p‑AMPK to AMPK was increased (Fig. 4B and C). 
CC suppressed p‑AMPK alone, and also significantly reversed 
the effect of metformin on AMPK phosphorylation compared 
with metformin treatment only. Furthermore, the level of 
p‑AKT was significantly decreased following metformin treat�
ment (Fig. 4D and E). As the key downstream components of 
the AMPK/AKT signaling pathway, p‑mTOR and p‑4E‑BP1 
exhibited decreased levels  (Fig. 4F-I). The addition of CC 
also restored the levels of p‑Akt, p‑mTOR and p‑4E‑BP1 in 
metformin‑treated CHMm cells (Fig. 4D, F and H). These 
results indicated that the molecular mechanism by which 
metformin reduces the proliferative capacity of CMGT cells 
may involve modulation of the AMPK/AKT/mTOR signaling 
pathway.

Discussion

The results of the present study demonstrated that metformin 
decreased the proliferation of CHMm cells in a dose‑dependent 
manner in vitro. The antiproliferative effects of metformin 
treatment on canine tumor cells resembled that of previous 
studies on human tumor cells (7‑9).

G0/G1 cell cycle arrest has been recognized as one mecha�
nism underlying the antitumor effects of metformin, which has 
been confirmed in several cancer cell lines, and its regulation 
is dependent on the sequential activation and inactivation 
of cyclin‑CDK‑CD inhibitors (21‑23). Previous studies have 
revealed that mitotic activity and cyclin D1 expression are 
associated: Canine mammary lesions that expressed cyclin D1 
exhibited an increased proliferative ratio, and the opposite was 
true for cyclin D1‑negative cell populations (24). In multiple 
myeloma cells, metformin treatment contributed to a concen�
tration‑dependent inhibition of proliferation through decreased 
cyclin  D1 levels, associated with cell cycle arrest at the 
G0/G1 phase (25). Upregulation of CDK inhibitor 1 (p21Cip1) 
and CDK inhibitor 1B (p27Kip1), as well as downregulation 
of cyclin D1, were involved in metformin‑induced inhibition 
of tumor growth and cell cycle arrest in esophageal squa�
mous cell carcinomas (26). The results of the present study 
demonstrated that metformin may arrest CMGT cells in the 
G0/G1 phases due to the increased expression of p27 and p21, 
and the decreased expression of CDK4 and cyclin D1. Thus, 
downregulation of cyclin D1 may contribute to cell cycle arrest 
and be vital for the anticancer effects of metformin in CMGT 
cells.

There may be different mechanisms that regulate cancer 
cell apoptosis. As a programmed cell death process, apoptosis 
can be induced by the mitochondrial, death receptor‑mediated 
pathway and endoplasmic reticulum pathway (27). Apoptosis 
is associated with a variety of cellular proteins, including 
caspase‑3, which is essential for cellular repair and apoptotic 
cell death (28). The active form of caspase‑3 proteolytically 
cleaves PARP, which is involved in DNA repair and replica�
tion, cellular proliferation and differentiation, thus caspase‑3 is 
regarded as a marker of apoptosis (29). Previous studies have 
suggested that differences in induced apoptosis may be linked 
to the species and genotype of cancer cells; for example, 
metformin‑induced apoptosis was associated with the 
B‑cell lymphoma 2 family in epithelial ovarian cancer (30). 

Metformin also impaired the proliferation p53‑deficient colon 
tumor cells (31,32). However, in multiple myeloma, metformin 
inhibited cellular proliferation through G0/G1 phase arrest 
rather than apoptosis  (25). Metformin was determined to 
increase apoptotic cell death and significantly increase cleaved 
caspase‑3 and cleaved PARP levels, thus metformin may have 
play a therapeutic role in rectal cancer (33). The present study 
revealed that metformin induced apoptosis in CHMm cells. 
The results demonstrated that CHMm cells treated with 
metformin showed increased caspase‑3 activity and cleavage of 
PARP, supporting the association between PARP cleavage and 
caspase activation during apoptosis. The results also showed 
that following metformin treatment, the anti‑apoptotic protein 
Bcl‑2 was significantly downregulated, while pro‑apoptotic 
Bax was markedly upregulated, in CHMm cells.

It has been demonstrated that distinct subtypes of CMGT 
cells are inhibited by metformin to various degrees, as a result 
of distinct mechanisms, e.g. in an AMPK‑independent or 
‑dependent manner (34). A study showed that treatment with 
20 mM metformin resulted in the upregulation of p‑AMPK 
and the downregulation of p‑AKT, which was associated with 
G0/G1 phase cell cycle arrest, apoptotic and non‑apoptotic 
death in MCF‑7 breast cancer cells (35). Similarly, metformin 
was found to induce apoptosis and inhibit migration by acti�
vating AMPK/p53 and suppressing PI3K/AKT signaling in 
human cervical cancer cells (36). In an experiment involving 
a xenograft murine model, metformin was demonstrated to 
enhance the anti‑cancer effect of cisplatin in meningioma by 
upregulating AMPK and downregulating mTOR signaling 
in  vivo  (37). The present study investigated the effects of 
metformin on the AMPK signaling pathway in CHMm cells. 
The results revealed that metformin treatment increased 
p‑AMPK levels, and that CC attenuated the effects of 
metformin on AMPK signaling.

It has also been reported that metformin inhibited the 
proliferation of human breast cancer cells by decreasing 
AKT activation and repressing associated downstream 
molecules (38). In the present study, AKT phosphorylation 
was inhibited by metformin treatment and reversed by CC in 
CHMm cells, demonstrating that the AKT signaling pathway 
is involved in the antitumor effects of metformin. However, the 
exact molecular mechanism underlying metformin‑induced 
inhibition of the AKT pathway remains unclear.

mTOR is an essential mediator of growth signals regulated 
by the AMPK/AKT signaling pathway; moreover, activating 
AMPK and inhibiting AKT may restrain the activity of mTOR 
and thereby exert an antitumor effect (39,40). A study indi�
cated that metformin inhibits the proliferation of myeloma 
cells through G0/G1 phase cell cycle arrest, potentially by 
repressing the mTORC1 and mTORC2 pathways (which are 
mediated by AMPK activation) (25). A previous immunohis�
tochemical study have suggested that p‑mTOR was not present 
in normal canine mammary tissue, but expressed in the cyto�
plasm of canine mammary carcinoma cells, which indicated 
that p‑mTOR was involved in mammary carcinogenesis in 
dogs  (41). Furthermore, inhibition of the mTOR signaling 
pathway in canine mammary carcinoma cells demonstrated 
significant anticancer activity in vitro, identifying it as a prom�
ising therapeutic target (42). In the current study, metformin 
treatment decreased the phosphorylation of mTOR and 
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4E‑BP1, which was increased following treatment with CC, 
confirming that the mTOR signaling pathway was inhibited in 
CHMm cells. Collectively, the present study suggested a novel 
inhibitory function of metformin in CMGTs through its action 
on the AMPK/AKT/mTOR signaling pathway.

In conclusion, the results of the present study demonstrated 
that metformin was able to inhibit the proliferation of CMGT 
cells, potentially through cell cycle arrest, induced apoptosis, 
activation of AMPK and suppression of AKT/mTOR signaling 
pathways. These results suggest that metformin may be a 
potential chemotherapeutic agent in the treatment of canine 
mammary gland tumors, and may offer insights into potential 
avenues of human breast cancer research.
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