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Abstract: Intracellular communications between breast cancer and fibroblast cells were reported to be involved in cancer

proliferation, growth, and therapy resistance. The hallmarks of cancer-fibroblast interactions, consisting of caveolin 1

(Cav1) and mono-carboxylate transporter 4 (MCT4) (metabolic coupling markers), along with IL-6, TGFβ, and

lactate secretion, are considered robust biomarkers predicting recurrence and metastasis. In order to promote a novel

phenotype in normal fibroblasts, we predicted that breast cancer cells could be able to cause loss of Cav1 and increase

of MCT4, as well as elevate IL-6 and TGFβ in nearby normal fibroblasts. We created a co-culture model using breast

cancer (4T1) and normal fibroblast (NIH3T3) cell lines cultured under specific experimental conditions in order to

directly test our theory. Moreover, we show that long-term co-culture of breast cancer cells and normal fibroblasts

promotes loss of Cav1 and gain of MCT4 in adjacent fibroblasts and increase lactate secretion. These results were

validated using the monoculture of each group separately as a control. In this system, we show that metformin

inhibits IL-6 and TGFβ secretion and re-expresses Cav1 in both cells. However, MCT4 and lactate stayed high after

treatment with metformin. In conclusion, our work shows that co-culture with breast cancer cells may cause

significant alterations in the phenotype and secretion of normal fibroblasts. Metformin, however, may change this

state and affect fibroblasts’ acquired phenotypes. Moreover, mitochondrial inhibition by metformin after 8 days of

treatment, significantly hinders tumor growth in mouse model of breast cancer.

Introduction

The interactions of tumors with stromal cells (especially
fibroblasts) are associated with the acquisition of many
malignant characteristics, such as drug resistance and
metastasis. Fibroblasts are the most important stromal cells
that were found in most of the failed therapies [1]. For
instance, it has been shown that fibroblasts dramatically
enhance the growth rate of tumor cells and that indirect co-
culture of fibroblasts with human oral squamous cell
carcinoma prevented metformin-derived apoptosis [2]. The
contribution of fibroblasts and breast cancer in producing
metabolic compartments and cross-feeding (the reverse
Warburg effect) was reported to be involved in cancer
proliferation, growth, and therapy resistance [3]. It has been

proven that the main metabolic coupling phenotype of
cancer-associated fibroblasts (CAF) is a lack of Cav1 and a
gain of MCT4 [4,5]. On the other hand, the cytokine
secretion pattern of adjacent cells may change [6]. Since
fibroblasts are the primary producers of IL-6, an increase in
IL-6 levels is one of the key indicators of a change in
fibroblast activity, which has a significant impact on tumor
growth and therapeutic resistance. Inhibiting IL-6
production enhanced treatment responsiveness in patients
with high circulating IL-6 levels who had a poor prognosis
[7,8].

Moreover, the studies demonstrated that TGFβ in TME
contributes to the loss of Cav1 and increase in MCT4 in
normal fibroblasts, leading to the acquisition of metabolic
coupling and cross-feeding phenotypes [9–11]. Furthermore,
it was shown that TGFβ has impaired mitochondrial
function and oxidative phosphorylation (OXPHOS), thereby
enhancing glycolysis and reactive oxygen species (ROS)
generation. An increase in ROS and metabolic
reprogramming toward glycolysis, in turn, increase lactate
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and induce an acidic tumor microenvironment [12]. Lactate is
transported into the tumor cytoplasm by activated fibroblasts,
where it promotes tumor growth and proliferation [13].
Lactate is transported into the tumor cytoplasm by activated
fibroblasts, where it promotes tumor growth and
proliferation [13]. It was indicated that MCT4 expression is
increased in stromal fibroblasts [3]. Cross-feeding of tumor
fibroblasts is known as metabolic symbiosis and the reverse
Warburg effect [14].

Cav1 is a 22-kDa protein encoded by the Cav1 gene
known to regulate cholesterol distribution, signal
transduction, cell migration, metabolism regulation, and
endocytic vesicular trafficking [9]. Poor prognosis is
associated with the loss of stromal Cav1 in the fibroblast of
ductal carcinoma in situ (DCIS), gastric cancer, and prostate
cancer [10,15,16]. Therefore, based on the literature, loss of
Cav1 and gain of MCT4, along with a significant increase in
IL-6, TGFβ, and lactate secretion, are considered primary
factors in the acquisition of a new phenotype in adjacent
fibroblasts [17,18].

On the other hand, metformin, a widely used drug for
type 2 diabetes, has exhibited promising anticancer
properties in recent years [19]. Metformin and oxidative
phosphorylation (OXPHOS) restriction of mitochondrial
respiratory chain complex I promotes a metabolic stress
signal in cancer cells, activating the LKB1-AMPK pathway,
which inhibits protein synthesis and results in a global
decrease in ATP-consuming processes, which inhibits tumor
proliferation [20]. A growing body of research has
highlighted the anti-cancer effects of metformin [21].
However, as a bioenergetic drug, its effects on metabolic
coupling markers (Cav1, MCT4) and the factors involved in
tumor-fibroblast interactions (IL-6, TGFβ, and acid lactic)
are not thoroughly and simultaneously examined.
Furthermore, the co-culture of NIH3T3 (mouse-derived
normal fibroblast) with 4T1 cells, which are obtained from
the mammary gland tissue of BALB/c mice and are capable
of mimicking stage IV of human breast cancer, has not yet
been examined. Here, we sought to determine: 1) whether
breast cancer cells can induce a loss of Cav1 and a gain of
MCT4 in normal adjacent fibroblasts; 2) whether this
system affects the secretion of TGFβ, IL-6, and lactate; 3)
whether this new phenotype is modulated by metformin;
and 4) whether mitochondrial inhibition (OXPHOS) by
metformin can reduce tumor proliferation in a mouse
model of breast cancer. Also, whether the effective dose of
the drug in the mouse model is well tolerated by the mice
without harming the function of other organs. To this end,
we performed co-culture studies using a murine breast
cancer cell line, 4T1, and a normal fibroblast cell line,
NIH3T3, as well as an in vivo evaluation of the effect of
metformin on cancer growth.

Materials and Methods

Reagents and antibodies
Roswell Park Memorial Institute (RPMI) 1640, Dulbecco’s
Modified Eagle Medium (DMEM) medium, Heat-inactivated
fetal bovine serum, pen-strep, and TRIzol were purchased

from, Gibco (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI), 1,1-Dimethylbiguanide
hydrochloride, Metformin, dimethyl sulfoxide (DMSO), and
3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium
bromide (MTT) were obtained from Sigma-Aldrich
(Burlington, Massachusetts, USA). Anti-caveolin-1 (#PA1064)
was purchased from Thermo Fisher Scientific (Waltham,
Massachusetts, USA) and Anti-MCT4 (#HPA 21451) and
FITC-conjugated secondary antibody was Santa Cruz
Biotechnology, Dallas, Texas, USA. Antibody for Annexin
V-FITC (Cat # 556547, BD Biosciences, CA, USA) and
Propidium Iodide (Cat #P1304MP) was also obtained from
Thermo Fisher Scientific (Waltham, Massachusetts, USA).

Cell lines and culture conditions
The 4T1 breast cancer cell line (Cat # C604) was purchased
from Pasture Institute of Iran (Tehran, Iran) and
embryonic mouse fibroblast cell line NIH3T3 (Cat #
IBRCC10100) was purchased from the Iranian Biological
Resource Center, (IBRC, Tehran, Iran). 4T1 cells were
cultured in RPMI 1640, and fibroblasts were cultured in
DMEM, both supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (100 U/ml) and streptomycin (100
μg/ml). All cultures were maintained at 37°C in a 5% CO2

humidified incubator. For a long-term cell-to-cell
interaction the co-cultured cells were incubated 5 days for
each experiment.

Co-culture and mono-cultures of breast cancer cells and
fibroblasts
In this work, co-culture and mono-culture cell types were
employed. Both kinds of cultures received an addition of
2.5 mM of metformin, and a control culture with no
metformin therapy was assessed. Co-culture: NIH3T3
normal fibroblasts and 4T1 cells were co-plated in 4 well
plates in 0.5 ml of complete media. 4T1 cells were plated
within 2 h of fibroblast plating. During seeding, the total
number of cells per well was 3 × 103 (2:1 4T1 to fibroblast
ratio). After 24 h of plating, the media was changed to
DMEM containing 10% FBS and Pen-Strep. After 5 days of
co-culture, 2.5 mM metformin was added to cell culture
medium, and after 24 h of treatment, the cells were fixed
and prepared for an immunocytochemistry test. Homotypic
cultures of fibroblasts and 4T1 cells were plated in parallel
without treatment as a control.

Mono-culture: Using the same cell number allotted to
each co-culture, homotypic cultures of fibroblasts and 4T1
cells were planted simultaneously. Metformin was
introduced to these cell cultures in accordance with what
has already been said, and the identical cell cultures without
metformin were employed as a control. Mono-cultures and
co-cultures were maintained at 37°C in a 5% CO2

humidified incubator.

Mouse model of breast cancer
This interventional study has been conducted in the Medical
Immunology Department of Tarbiat Modares University
(TMU), and the institutional ethical committee of TMU
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approved this protocol (No. IR.MODARES.REC.1399.093
dated 14 October 2020).

For the evaluation of the anticancer activity of metformin,
we utilized 12 BALB/c female mice with ages ranging between 6
and 8 weeks (6 mice in each group). The sample size was
calculated by the ‘resource equation’ technique as defined by
[22]. According to [23], Group A was assigned to receive
metformin 150 mg/kg/day (IP injected), and Group B was
assigned to receive 30 mL/kg/day PBS (IP injected) for
14 days. The number of 5 × 106 4T1 breast cancer cells was
suspended in 100 μl of PBS mixed with 50% Matrigel
(BD Biosciences) and infused into the back of the right flank
of the mice. Tumor development was observed using a
Vernier caliper, and treatments were started when tumors
reached an average size of 200 mm3. The anticancer
activity of Metformin has been evaluated by comparing the
tumor volume, tumor growth, and survival rate. The
following formula was used for the calculation of the tumor
volume:

V ¼ 0:5236�W � L� T

where L represents the length and W represents the Width.
Tumor control ratio: The formula used to calculate the

tumor control ratio is as follows [24]:

T=C ¼ Cancer Growth Volume of the Experiment Group
Cancer Growth Volume of the Control group

Agents generating a T/C of around 15% are considered
highly active against the tumor; agents with a mean tumor
volume T/C of about 45% but >15% are considered to have
intermediate activity; and those with mean T/C values >45%
are considered to have low activity levels.

Tumor growth ratio (V/V0): this ratio shows the tumor
growth rate (TGR) per day of the experiment. V/V0 can be
calculated by dividing the volume of the treatment group at
a particular time by the preliminary tumor boom at baseline
(earlier than starting the therapy) [23].

Immunocytochemistry (ICC)
The ICC protocol was performed as previously described [10].
In brief, cells were fixed with 2% paraformaldehyde (PFA) in
PBS, pH 7.4, for 20 min. Afterwards, the cells were
permeabilized with 0.2% Triton X-100 for 20 min, blocked
with 1% BSA solution for 45 min, and incubated with
primary antibody (1:1000 µg/ml) overnight at the incubator.
Upon 3 h of incubation at room temperature with the
secondary antibody (1:1000 µg/ml), cells were stained with
DAPI (1:1000µg/ml) for 5 min at room temperature. Cells
were washed three times in PBS with a pH of 7.4 in between
each step. Cells may then be examined using a fluorescent
microscope (Olympus, Japan, Inverted Microscope Model
IX70). Importantly, identical exposure settings were used to
get the pictures. Using Image J software (version 1.50i,
National Institute of Health, Bethesda, MD, USA), pictures
were also analyzed.

Evaluation of cell viability/proliferation by MTT assay
The MTT assay was performed as previously described [25].
In brief, in separate 96-well plates, 4T1 cells (5 × 104 cells/

well) and normal fibroblasts (1 × 106 cells/well) were seeded
and cultured in 200 μl RPMI. The day after, cells were
treated with different concentrations of metformin for 24 h.
Then, 20 μl of MTT solution containing 5 mg/ml of MTT
powder was added to each well and incubated for 3 h in a
5% CO2 atmosphere in a 37°C incubator. Then, the
supernatant was removed from all the wells, and 100 μl of
DMSO was added. Afterward, the absorption was measured
at 540 nm by a microplate reader. All of the samples were
tested in triplicate, and the survival rate (%) was calculated
using the following equation:

Survival rate %ð Þ ¼ OD treatment group
OD control group

� 100

Measurement of apoptosis with PerCP-CyTM5.5 Annexin V
PerCP-CyTM5.5 Annexin V was used to evaluate the apoptosis
ratio after treatment with metformin. In brief, 4T1 cells were
seeded in six-well plates at a density of 1 × 106 per well in a 24-
well plate cultured overnight at 37°C in a 5% CO2 humidified
incubator. Then, the cells were treated with metformin for 24
and 48 h. The cells were then yielded, washed with PBS,
suspended with a 500 μl binding buffer, added 5 μl annexin-
V-FITC plus 5 μl PI, and incubated for 15 min at room
temperature in a dark place. The graphs were obtained from
flow cytometry (BD Biosciences), and the data was analyzed
by Flowjo version 7.6.1.

Gene expression assay
Briefly, 4T1 cells were cultured in a six-well plate at a
concentration of 1 × 106 cells/well for 24 h. After treating
with metformin in different concentrations for 24 h, cells
were harvested, and total RNA was extracted using TRIzol
treatment based on the manufacturer’s protocol. Afterward,
complementary DNAs were synthesized using the cDNA
Synthesis Kit (Thermo Fisher Scientific) based on the
manufacturer’s protocol. The expression levels of genes were
determined with the StepOnePlus real-time PCR system
(Applied Biosystems). An endogenous control gene
(hypoxanthine guanine phosphoribosyl transferase) and the
particular target gene of interest were amplified using real-
time polymerase chain reactions using the set of primers in
all assays. After amplification, fold-change expression
analysis was carried out. Table 1 indicates the sequences of
primers.

TABLE 1

Set of primers sequence

Gene Primer sequence

P53 Forward GTT CCG AGA GCT GAA TGA GG

Reverse ACT TCA GGT GGC TGG AGT GA

BAX Forward ATG GAC GGG TCC GGG GAG

Reverse ATC CAG CCC AAC AGC CGC

HPRT Forward CAG GAC TGA AAG ACT TGC TC

Reverse AGG TCA GCA AAG AAC TTA TAG
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IL-6 and TGFβ measurement using enzyme-linked
immunosorbent assays (ELISA)
4T1 and fibroblast cells were co-cultured in 12-well plates,
which were treated with metformin. Monoculture of each
group of cells was used as a control. IL-6 and TGFβ
concentrations in the cultured media were evaluated by the
mouse IL-6 ELISA kit (ab 46100, Abcam, Cambridge, UK)
and the mouse TGF beta ELISA kit (ab119557, Abcam,
Cambridge, UK) according to the manufacturer’s protocol.

Measurement of lactate production
The change in lactate level was determined by using a
commercially available assay kit (Spinreact, Spain). In a
nutshell, metformin was administered while 4T1 and
fibroblast cells were co-cultured on a 12-well plate. Each cell
group’s monoculture served as the control. Following that,
lactate concentration was determined using a commercial kit
in accordance with the manufacturer’s instructions at a
wavelength of 505 nm (490–550). The principle of the
method is based on the reactions bellow:

L� Lactateþ O2 þ H2O�!Pyruvate þH2O2

2H2O2 þ 4‒AP þ 4‒Chlorophenol�!PODQuinone þH2O

The intensity of the colour formed is proportional to the
lactate concentration in the sample.

mg=dL lactate in the sample ¼ Að ÞStandard Að ÞBlank
Að ÞSample Að ÞBlank

� 10 Standard concð Þ
Conversion factor: mg/dL � 0,1123 = mmol/L.
*(A) refers to absorbance.

Statistical analysis
Statistical significance was evaluated using the chi-square test,
one-way ANOVA, and two-way ANOVA with GraphPad
Prism 9.0 (Graph Pad Software, Inc., San Diego, CA, USA).
The values of p < 0.05, p < 0.01, and p < 0.001 were
considered statistically significant and highly significant
differences, respectively.

Results

Metabolic coupling markers, MCT4 and Cav1, were
significantly altered in co-cultured fibroblasts
After prolonged (5 days) co-plating of NIH3T3 with 4T1, an
ICC test was conducted, which demonstrated that Cav1 was
decreased in NIH3T3 fibroblast cells compared with
monoculture (p < 0.001). Cav1 of 4T1 cells decreased during
co-culture (Fig. 1). Moreover, a comparison of the ICC test
of MCT4 in co-culture and monoculture of fibroblasts
showed that after 5 days of cell-to-cell interactions, MCT4
was significantly up-regulated in adjacent NIH3T3 cells of
co-culture (p < 0.0001); however, it was not significant in
co-cultured 4T1 cells compared with mono-culture (Fig. 2).

Inhibition of mitochondrial complex I by metformin influenced
metabolic coupling markers; Cav1 and MCT4
As shown in Fig. 1, showing the results of the ICC test of Cav1,
metformin significantly re-expressed down-regulated Cav1 in

co-cultured fibroblasts (p < 0.0001) and 4T1 cells (p < 0.05).
Although mitochondrial dysfunction caused by metformin
significantly enhanced Cav1 in mono-cultured 4T1 cells (p <
0.05), its effects on normal fibroblasts were not significant.
As can be seen in Fig. 2, the results of the ICC test on
metformin-treated wells showed that the administration of
metformin caused a decrease in MCT4 of fibroblast cells in
monoculture (p < 0.05), while in monocultured tumor cells,
MCT4 was significantly increased (p < 0.001). Even though
co-cultured fibroblasts also showed a decrease in MCT4, this
decrease was not as significant as it was in normal
fibroblasts. Furthermore, treated co-cultured fibroblasts
seemed to be resistant to metformin and still expressed
more MCT4 than treated normal fibroblasts (p < 0.0001).
Although metformin enhanced MCT4 of cancer cells in both
types of cultures and its effects were more significant on
monocultured 4T1 than on co-culture, the differences
between these two cultures for tumor cells were not significant.

TGFβ and IL-6 are mainly secreted by fibroblasts; hence,
we decided to investigate if the co-culture of 4T1 and NIH3T3
normal fibroblast could affect cytokine secretion level. ELISA
tests showed that the levels of both cytokines and lactate were
increased after prolonged co-culture. While, after treatment
with metformin TGFβ and IL-6 were significantly down-
regulated (p < 0.05), lactate levels in 4T1 mono-culture, and
co-culture wells stayed high and even increased compared
with untreated cells (p < 0.05) (Fig. 3A). Moreover, co-
culture of fibroblast cells decreased stress granules formation
caused by metformin in breast cancer cells (Fig. 3B).

Metformin efficiently inhibits tumor growth and induces
apoptosis after 24 h of treatment
To see whether bioenergetic dysfunction caused by metformin
diminishes breast cancer proliferation, we measured cell
apoptosis using PerCP-CyTM5.5 Annexin V flow cytometry
test. The results showed a significant increase in apoptosis
rate after 24 h of treatment with metformin (44.1% p <
0.05); however, by the passage of time until 48 h from the
treatment apoptosis rate decreased to 18.9% (Figs. 4A and 4B).

Breast tumor cells are more sensitive to mitochondrial
dysfunction caused by metformin than fibroblasts
The MTT test findings demonstrated that 4T1 cell viability
dramatically declined (p < 0.05) with increasing drug
concentration up to a dosage of 40 mM, at which point 50%
of 4T1 cells were dead. However, NIH3T3 normal fibroblast
cell viability remained roughly constant at doses of 20 and
40 mM (Fig. 4C).

Metformin significantly increases tumor suppressor and
apoptosis-related gene expression in breast cancer cells
After 24 h of treatment, 4T1 cells were subjected to a Real-
Time PCR assay for evaluating the P53 and BAX gene
expression. The results of this experiment showed that
mitochondrial inhibition through metformin significantly
increased P53, known as a tumor suppressor gene, and
consequently, BAX, which helps induce apoptosis.
Therefore, metformin by this gene reprogramming enhances
tumor cell death within 24 h after treatment (p < 0.00001)
(Fig. 4D).
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FIGURE 1. Cav1 in co-cultures and mono-cultures of 4T1 and NIH3T3 normal fibroblasts treated with metformin (Met) compared with
control (Ctrl). The white arrows point at the fibroblasts, while the red arrows point at the tumor cells. Normal NIH3T3 fibroblasts and
4T1 cells were co-cultured for 5 days. Then, the cells were fixed and immunostained with antibodies directed against Cav1 (green). Nuclei
were counter-stained with DAPI (blue). As controls, mono-cultures of normal NIH3T3 fibroblasts and 4T1 breast cancer cells were fixed
and stained in parallel. Note that Cav1 is greatly down-regulated in fibroblasts co-cultured with 4T1 cells compared with mono-cultured
fibroblasts. Cav1 was enhanced in mono-cultured 4T1 cells after treatment, while in normal fibroblasts it did not undergo a significant
change. Importantly, images were acquired using identical exposure settings. Treatment with metformin, however, reversed this condition,
and Cav1 was significantly re-expressed in treated co-cultured cells. *p < 0.05; ** p < 0.01; ****p < 0.0001.
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FIGURE 2. MCT4 in co-culture and monoculture of 4T1 and normal NIH3T3 fibroblasts treated with metformin (Met) compared with
control (Ctrl). MCT4 is significantly increased in co-cultured NIH3T3 fibroblasts (white arrows) compared with fibroblasts in mono-
cultures. Also, treatment with metformin increases MCT4 in 4T1 cells (red arrows). While MCT4 in treated 4T1 monoculture is
increasing, monocultured NIH3T3 cells show a down-regulation of MCT4 in response to metformin. NIH3T3 fibroblasts and 4T1 cells
were co-cultured for 5 days. Then, the cells were fixed and immunostained with antibodies directed against MCT4 (green), and nuclei
were counter-stained with DAPI (blue). As controls, 4T1 and fibroblast mono-cultures were fixed and stained in parallel. Co-culture
induces increase in cytokine secretion from both fibroblast and tumor. *p < 0.05; *** p < 0.001; **** p < 0.0001.
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Mitochondrial inhibition by metformin effectively inhibited
tumor growth in mouse model of breast cancer after around
8 days of treatment
The comparison of tumor volume between both groups
revealed that, compared with the control group, metformin
significantly reduced tumor growth (V/V0) in the 4T1
transplant model of mice (p < 0.0001). As can be seen in
Fig. 5, the T/C ratio, which indicates the efficacy of the
drug, decreased on day 8 of treatment to less than 45% (p <
0.0001). However, after 6 days of not treating the tumor, the
mortality rate increased in the mice that had the tumor.
Whereas, in mice receiving an IP injection of 150 mg/kg
metformin, the mortality rate decreased and tumor volume
shrank to less than 100 mm3 on the last day of the
experiment (p < 0.00001).

Discussion

In the present study, we used fibroblast-breast cancer co-
culture to evaluate the potential effects of cancer cells on
normal fibroblasts. However, the probable effects of
metformin on tumor-fibroblast cross-talk were assessed.
Based on the previous studies, Cav1, MCT4, acid lactic,
TGFβ, and IL-6 are crucial hallmarks of cancer, involving

tumor progression and therapy resistance via promoting
metabolic symbiosis [4,14,26].

Cav1 and MCT4 are known metabolic coupling markers
in tumor-fibroblast interactions, and fibroblasts in the tumor
microenvironment undergo loss of Cav1 and gain of MCT4
[27]. It has been shown that raising the oxidative stress of
TME, which in turn increases autophagic Cav1 degradation,
is one of the primary causes of Cav1 depletion in stromal
cells. Two pro-autophagic transcription factors, HIF-1α and
NF-κb, explain the main molecular mechanisms behind this
issue. CAV1 null CAFs are highly glycolytic and
significantly increase lactic acid generation; hence, it is
expected that MCT4 expression also increases in Cav1 null
cells [3]. Moreover, a lack of Cav1 impairs mitochondrial
OXPHOS and imposes glucose on aerobic glycolysis,
thereby increasing lactate generation [28]. MCT4, however,
is responsible for releasing monocarboxylates (e.g., lactate,
ketone bodies, and pyruvate) and contributes to cross-
feeding [19]. Lactate and other monocarboxylates leave
fibroblasts during cross-feeding and enter the tumor
cytoplasm through MCT4, where they contribute to the
metabolism of the tumor and ATP synthesis. Numerous
cancers have a bad prognosis when stromal MCT4 levels
rise, according to studies [29,30].

FIGURE 3. IL-6, TGFβ, and lactate in both co-culture and monoculture were modulated by metformin, and fibroblasts decreased the
generation of stress granules in treated breast cancer cells. (A) After performing the cultures, cells were treated with metformin to evaluate
the effects of treatment on cytokine secretion. Metformin significantly decreases IL-6 and TGFβ, although co-culture relatively increases the
secretion of TGFβ. Moreover, IL-6 secretion is higher than TGFβ in mono cultures. Co-culturing slightly increases lactate secretion; however,
treatment with metformin significantly increases acid-lactic levels. (B) Metformin-induced stress granules accumulate more in treated
monocultures than in co-cultures. The images of both types of cultures show that the stress granules of co-cultured cells are lower than
those of monocultures. ns p > 0.05; *p < 0.05; *** p < 0.001; **** p < 0.0001.
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Our findings from the co-culture model described here
revealed that the cellular interactions between 4T1
mammary carcinoma cells and normal fibroblasts drive the
loss of Cav1 and the gain of MCT4 in normal fibroblasts.
Studies indicated that the increase in MCT4 is associated

with a poor prognosis in breast cancer patients, and the
absence of stromal Cav1 indicated early tumor recurrence
and poor clinical outcomes [31,32]. On the other hand,
breast cancer patients who received metformin showed a
better prognosis [33]. Moreover, studies indicated that

FIGURE 4. Metformin enhances the apoptosis rate in 4T1 breast cancer cells. (A) Flow cytometry of 4T1 during 24 and 48 h of treatment
shows that the apoptosis rate is 46.4% in the first 24 h of treatment, while with the passage of time, the rate of apoptosis decreases to
18.9%. (B) The statistical analysis graph of flow cytometry results during 24 and 48 h of treatment. (C) The MTT assay of 4T1 shows the
sensitivity of breast cancer cells to mitochondrial disruption caused by metformin compared with normal fibroblasts. (D) BAX and P53
gene expression increase after treatment with metformin, which confirms the flow cytometry results. ns p > 0.05; *p < 0.05; **** p < 0.0001.
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metformin by increasing Cav1 enhanced the efficacy of
trastuzumab emtansine (T-DM1), an antibody drug
conjugate, in HER-2-positive metastatic breast cancer [34].

Co-culture of 4T1 cells with fibroblasts also resulted in
less stress granule generation after treatment (Fig. 3B). In
addition, an increase in IL-6, TGFβ, and lactate secretion
after prolonged co-culture indicated a small part of the fact
that intracellular communications between cancer cells and
fibroblasts play a key role in promoting the normal
fibroblasts to acquire new secretion phenotypes. On the
other hand, metformin may reverse the present condition by
down-regulating IL-6 and TGFβ and re-expressing Cav1 in
fibroblasts. As previously shown, metformin inhibits
fibroblast differentiation in the tumor microenvironment
and blocks TGFβ signaling [35,36]. TGFβ, however, by
increasing IL-6 and MCT4, as well as down-regulating Cav1,

is known as the most important cytokine contributing to
carcinoma-associated fibroblast differentiation [36].

Furthermore, epithelial-mesenchymal transition and
metastatic dissemination are both significantly influenced by
fibroblast-derived IL-6 [37]. Compensatory stimulation of
glycolysis (lactate) to make ATP is a result of metformin-
mediated inhibition of mitochondrial complex I, which
increases acid lactic (acidosis) and MCT4. As tumor cells
are deeply dependent on mitochondrial-mediated ATP for
their rapid growth and substitution of OXPHOS with
glycolysis may produce fewer ATP, inhibiting mitochondria
by metformin promotes a pivotal challenge for tumor
proliferation [38]. Thus, our study demonstrated that an
increase in Cav1, MCT4, and lactate (glycolysis) in
metformin-treated 4T1 cells was simultaneous with an
enhancement in BAX, P53, and apoptosis rate.

FIGURE 5. Metformin induces tumor shrinkage and rescues tumor-bearing mice. (A) V/V0 graph, which shows the result of dividing the
volume of the treatment group at a particular time by the preliminary tumor boom at baseline demonstrated significant decrease in tumor
volume in treated group. (B) After around 8 days of treatment with 150 mg/kg metformin, tumor growth began to inhibit, and the T/C ratio
decreased after this time to less than 45%. (C) The regression analysis graph of tumor volume (mm3). (D) The graph of tumor volume
containing whole the samples as a one box. (E) Mice with no treatment died after 12 days; however, the mortality rate in treated mice
was lower. **** p < 0.0001.
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In this regard, an animal model of breast cancer
demonstrated that mitochondrial inhibition may not be a
promising drug in the first week of treatment (unlike in
vitro models, in which metformin effectively inhibited
tumor growth in just 24 h). An in vivo study demonstrated
that after around 8 days of treatment, metabolic stress
caused by metformin can hinder tumor growth. It shows
that metabolic targeting may not instantly affect tumor
growth, and OXPHOS is a fundamental and crucial pathway
for cancer proliferation. Hence, targeting OXPHOS in
cancer cells may be a promising attitude toward cancer
therapy. A previous study on MCF-7 cells and a total
sample size of 50 athymic BALB/c mice showed that on day
7 of treatment, the tumor size of all the samples reached
100 mm3 [23], just like what our results indicate.

Our in vitro results also indicated that although during
the first 24 h and immediately after treatment, the apoptosis
rate significantly increased, during the second day of
treatment, the apoptosis rate was down-regulated, indicating
that metformin is no longer cytotoxic for rescued tumor
cells. The metabolic stress brought on by metformin seems
to have been overcome by these cells. The half-life of
metformin is 12 h, although it is anticipated that the
medicine would become less effective beyond 48 h of
therapy. Therefore, metformin-mediated mitochondrial
dysfunction and, as a consequence, energetic stress (low
ATP/AMP) may promote a crucial cytotoxic condition for
cancer cells; however, adaptation to the current rough
metabolic situation is also probable. As a result, metformin
may not always be cytotoxic to cancer cells, and those cells
may continue to respond to metformin over the long term
by replenishing ATP and metabolite levels [39]. Our
research shows that when breast cancer and normal
fibroblast cells are co-cultured, substantial phenotypic and
secretory alterations may occur. Moreover, metformin
reversed the condition and modulated the acquired
phenotypes of fibroblasts.

However, this study contains some shortage, for instance
the potential mechanism by which metformin reverses the
phenotype of fibroblast cells in the breast cancer-normal
fibroblast co-culture system needs to be further studied in
future research. Moreover, performing such studies on
human samples seems to be worthwhile.
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