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ABSTRACT

Metformin is one of the most commonly used first-line oral medications for type 2 diabetes mellitus. Multiple
observational studies, reviewed in numerous systematic reviews, have shown that metformin treatment may
not only reduce the risk of cancer but may also improve the efficacy of cancer treatment in diabetic patients.
Recent studies have been conducted to determine whether a similar protective effect can be demonstrated in
nondiabetic cancer patients. However, the results are controversial. The potential optimal dose, schedule, and
duration of metformin treatment and the heterogeneity of histological subtypes and genotypes among cancer
patients might contribute to the different clinical benefits. In addition, as the immune property of metformin
was investigated, further studies of the immunomodulatory effect of metformin on cancer cells should also be
taken into account to optimize its clinical use. In this review, we present and discuss the latest findings
regarding the anticancer potential of metformin in nondiabetic patients with cancer.

INTRODUCTION with  known anticancer properties have been
investigated.
Cancer, a major health problem worldwide, is now the

leading cause of death in most areas according to Metformin, a semisynthetic biguanide, is derived from
the data reported by the National Cancer Center of the French lilac plant. It has been approved for the
China and American Cancer Society [1, 2]. To improve treatment of type 2 diabetes mellitus (T2DM) and is
cancer outcomes, a number of established medications also frequently used as an off-label treatment for
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polycystic ovarian syndrome (PCOS) and metabolic
syndrome. It is absorbed within 1-3 hours after oral
administration, and 90% is excreted metabolized from
the kidneys. Its antihyperglycemic effect is mediated by
reducing gluconeogenesis, glucose absorption and
hepatic glucose production. Metformin also reduces
insulin resistance by increasing peripheral glucose
uptake [3]. It is a relatively safe drug with a low risk of
lactic acidosis and a mild toxicity related to renal
function. The most common side effects of metformin
are types of gastrointestinal distress, such as anorexia,
nausea, abdominal discomfort, and diarrhea [4]. In
addition, vitamin B12 deficiency is not common in
clinical practice [5].

In addition to the antihyperglycemic effect, there is
growing interest in metformin’s potential benefits in
cancer. Multiple observational studies, reviewed in
numerous systematic reviews, have shown that
metformin treatment may not only reduce the risk and
mortality of cancer but may also improve the efficacy of
cancer treatment in diabetic patients [6-8]. Overall,
cancer incidence and mortality were decreased by
approximately 10% to 40% in diabetic patients who
used metformin at doses of 1,500-2,250 mg per day [9].
Recently, several studies have also been conducted to
determine whether a similar protective effect can be
demonstrated in nondiabetic cancer patients or in
patients with impaired fasting glucose [10]. In this
review, we will present and discuss the latest findings
regarding the potential anticancer role of metformin in
nondiabetic patients with cancer.

Metformin plays a potential role in the
prevention of cancer in nondiabetic patients

Diabetes and cancer are common and complex diseases
and share many risk factors, such as aging, obesity,
unhealthy diet, and physical inactivity. Hyper-
insulinemia, hyperglycemia, and inflammation may be
possible mechanisms between cancer and diabetes [11].
Diabetes is a confounding variable in the development
of cancer. It can increase the likelihood of the
occurrence of various types of cancer, such as cancers
of the colon, rectum, pancreas and liver, compared to
nondiabetic patients. The survival rates of cancer
patients are greatly affected by glucose abnormalities.
Diabetics taking metformin seem to have a lower risk
of developing cancer and all-cause mortality than
those not treated with metformin [12, 13]. This
evidence indicates that metformin might be a
candidate drug for the prevention of cancer in patients
with diabetes. Because diabetes itself is an
independent risk factor for cancer, the treatment of
diabetes might reduce this risk. Whether the
suppressive effect of metformin on cancer is caused by

a direct preventive effect of the drug or is due to the
cancer-diabetes association remains unclear. In
addition, we also do not know whether it is worth
giving metformin to patients without diabetes to
prevent cancer, although its role in inhibiting carcino-
genesis has been demonstrated in various strains of
rodents [14].

Researchers have previously shown that metformin
suppresses intestinal polyp growth and azoxymethane-
induced colorectal aberrant crypt foci in vivo models
[15, 16]. Later, a short-term clinical trial confirmed that
low-dose metformin (250 mg/day) suppressed the
formation of colorectal aberrant crypt foci [17]. These
findings suggest a potential role for metformin in the
chemoprevention of colon carcinogenesis. Then, a
multicenter, double-blind, placebo-controlled, random-
ized phase 3 trial was conducted to assess the protective
effects of metformin on sporadic colorectal cancer in
patients with a high risk of adenoma recurrence. The
results showed that metformin treatment at the same
low dose reduced the prevalence and number of
metachronous adenomas or polyps in nondiabetic
patients after polypectomy. Metformin has chemo-
preventive potential against colorectal cancer [18].
Preclinical data showed that metformin significantly
reduced the size and number of oral tumoral lesions
induced by carcinogen and prevented the conversion
from precancerous lesions to squamous cell carcinomas
[19]. Moreover, Michael et al. reported that 3 cases of
nondiabetic patients with head and neck cancer history
who continued to present with multiple dysplastic
mucosa. After treatment with metformin 500 mg twice
daily, the mucosal lesions showed complete or partial
regression and did not require any additional surgeries
[20]. In addition, the finding that proliferation in tissue
samples was lower when treated with metformin has
also been confirmed in women with human epidermal
growth factor receptor-2 (HER2)-positive ductal
carcinoma in situ [21].

The above research results suggest that metformin is a
promising therapy to directly prevent the progression of
precancerous disease to carcinoma in nondiabetic
patients. Long-term studies involving larger sample
sizes, many more institutions and ethnic groups are
needed. However, other studies have focused on
nondiabetic people with certain risk factors, such as
obesity.

Obese postmenopausal women have an increased risk of
endometrial cancer. Metformin was shown to hinder
estrogen-mediated endometrial proliferation in an in
vivo animal model of hyperinsulinemia and insulin
resistance, which indicates that metformin may be
clinically useful for preventing endometrial cancer in
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obese women [22]. Furthermore, in obesity-driven
endometrial cancer patients, short-term preoperative use
of metformin at a dosage of 850 mg twice daily
decreased cellular proliferation in tumors [23]. A
prospective trial also confirmed the effects of daily low-
dose metformin (850 mg/d) on the endometrium in
women with newly diagnosed endometrial cancer by
evaluating changes in serum/tumor biomarkers [24].
Subsequently, a prospective randomized clinical trial
was carried out to assess the impact of metformin on
endometrial cancer risk and obesity-related biomarkers
of endometrial cancer risk in postmenopausal obese
women with prediabetes. Metformin at 1700 mg/day
showed trends toward positive effects on endometrial
cancer risk-related serum markers and body
composition [25]. However, whether metformin reduces
the risk of endometrial cancer in a nondiabetic
population should be evaluated in the future in a more
intuitive way. In addition, Kalinsky et al. also studied
overweight or obese newly diagnosed breast cancer
patients. Their study demonstrated that preoperative use
of metformin at 1500 mg daily results in a significant
change in a number of proteomic markers reflecting a
wide range of oncologic activity in these patients [26].
However, 1000 mg/day metformin treatment was also
reported to have a favorable effect on controlling
glucose and glycated haemoglobin (HbALC) levels in
obese nondiabetic breast cancer patients relative to
placebo and metformin treatment at 500 mg/day [27],
and metformin was shown to be more effective than the
control in nondiabetic breast cancer patients with a high
body mass index (BMI).

Age and ovulation were shown to be correlated with the
risk of ovarian cancer. Age-associated ovarian fibrosis
was found to occur in murine ovaries and post-
menopausal human ovaries [28, 29]. Organ fibrosis was
associated with tumorigenesis and metastasis. A recent
study has observed that metformin use in postmenopausal
women may reverse or prevent fibrosis, indicating that the
use of metformin may prevent age-associated ovarian
fibrosis, decreasing the risk of ovarian cancer [29].
Although a meta-analysis demonstrated that metformin
was significantly associated with a lower incidence of
ovarian cancer in patients with diabetes [30], studies on
the use of metformin to prevent ovarian cancer in
nondiabetic patients are lacking.

Taken together, the results of the above studies indicate
that metformin may have a biologically direct impact on
endometrial cancer and breast cancer in overweight or
obese patients without diabetes and on age-associated
ovarian fibrosis in postmenopausal women. More
studies are still needed to provide clear and direct
evidence to confirm the effect of metformin on
preventing the development of cancer.

The effect of metformin on the prognosis in
nondiabetic patients with cancer

Lung cancer

Lung cancer remains the leading cause of cancer-related
mortality despite the development of various novel
targeted therapies and immune checkpoint inhibitors [1,
31]. Platinum-based doublet chemotherapy with or
without bevacizumab followed by maintenance therapy
until disease progression is recommended as first-line
therapy for advanced or metastatic non-small-cell lung
cancer (NSCLC) with the absence of a targeted
oncogenic driver mutation or high programmed death-
ligand 1 expression. Therefore, researchers are devoted to
finding a safe, effective and economical way to improve
the clinical benefits of these patients. In nondiabetic
mouse models, metformin could prevent tobacco
carcinogen-induced lung tumorigenesis [32]. However,
the results of subsequent clinical trials are controversial.

Tumor suppressor enzyme liver kinase Bl (LKB1)
mutations may define a specific and more aggressive
NSCLC subtype. A previous study demonstrated that a
metformin analog, phenformin, could induce apoptosis in
LKB1-deficient lung cancer cells [33]. Importantly,
metformin synergizes with cisplatin against LKB1-
mutated tumors and is also capable of preventing or
delaying acquired resistance to cisplatin by reducing the
number of tumor-initiating cells [34]. The FAME trial
was designed to exploit a fasting-mimicking diet and
metformin to improve the efficacy of platinum-
pemetrexed chemotherapy in advanced LKB1-inactivated
lung adenocarcinoma. The primary assumption of the
study was that the combination shall improve median
progression-free survival from 7.6 months in historical
data with chemotherapy alone to 12 months. Another trial
showed that the addition of metformin at a dose of 500
mg once daily to gemcitabine and cisplatin chemotherapy
reduced the occurrence of chemotherapy-induced nausea
in nondiabetic patients with stage IV NSCLC, but no
statistically significant improvements in the objective
response rate (ORR), progression-free survival (PFS) and
overall survival (OS) were found [35].

A single-arm phase 2 trial enrolled 14 advanced
nonsquamous NSCLC patients to evaluate the use of
metformin with standard platinum-based chemotherapy
[36]. No LKB1/STK11 mutations were identified in this
clinical trial. The maximum dose of metformin was 1000
mg twice daily. Metformin was administered at 1000
mg/day in week 1, 1500 mg/day in week 2, and then
2000 mg/day thereafter, in divided doses. Metformin was
noted to be safe and well tolerated. The objective
response rate was 23%, and median progression-free
survival and overall survival were 3.9 months and 11.7
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months, respectively. This clinical trial did not include a
control group without the use of metformin, and there
was no significant difference in clinical outcomes
compared to historical control [36]. A prospective
clinical trial conducted by Marrone et al. enrolled
nondiabetic patients with chemotherapy-naive advanced
or metastatic nonsquamous NSCLC and randomized
them to groups receiving platinum-based doublet chemo-
therapy and bevacizumab with or without metformin
followed by maintenance therapy with bevacizumab and
metformin combined or bevacizumab alone. The dose of
metformin during the clinical trial was 1000 mg twice
daily. A total of 25 patients were enrolled. This study
showed a significant clinical benefit in PFS with the
addition of metformin to standard first-line treatment in
nondiabetic NSCLC patients [37]. The median PFS was
9.6 months for nondiabetic patients adding metformin
and 6.7 months for patients without metformin. The two
clinical trials mentioned above were terminated early due
to the difficulty of enrollment. Subsequently, a pooled
analysis of these two trials was conducted [38]. The
median PFS for all patients who received metformin plus
platinum-based chemotherapy with or without beva-
cizumab was 6 months, which shows a significant
improvement compared to historical controls of
platinum-based chemotherapy regimens alone and is
commensurate with recent historical control regimens
containing bevacizumab. The median OS for all patients
was 14.8 months, which represents an improvement
compared to historical controls before the advent of
immune checkpoint inhibition for driver mutation-
negative patients.

As the therapeutic focus of NSCLC shifts to
immunotherapy and the interaction of metformin and
the immune system, further investigation into the
synergism of immune checkpoint inhibition and
metformin is warranted.

For patients with advanced EGFR-mutant NSCLC, a
tyrosine kinase inhibitor of the epidermal growth factor
receptor (EGFR-TKI) is the standard first-line therapy,
but the acquired resistance to EGFR-TKIs appears after
a median of 10 months [39]. Previous studies showed
that metformin had a synergistic effect in combination
with gefitinib in LKB1 wild-type NSCLC cell lines
[40]. Furthermore, metformin effectively increased the
sensitivity of TKI-resistant lung cancer cells to gefitinib
or erlotinib in vitro and in vivo [41]. He et al. designed a
multicenter, phase 2 randomized, double-blinded, and
placebo-controlled study to evaluate the safety and
efficacy of metformin in combination with gefitinib as a
first-line therapy in nondiabetic patients with NSCLC,
and recruitment was completed [42]. Unfortunately, the
addition of metformin resulted in nonsignificantly
prolonged PFS or OS in nondiabetic, previously

untreated NSCLC patients harboring EGFR mutations
[43]. In addition, the safety and activity of metformin
combined with erlotinib as a second-line treatment were
also evaluated in nondiabetic NSCLC patients with
EGFR wild-type [44]. The recommended dose of
metformin was defined as 1500 mg/day when combined
with erlotinib, and the preliminary activity of this
combination was very encouraging, with a median
progression-free survival of 20 weeks, although the
number of patients in this trial was small.

Recently, a phase 2 clinical study showed an exciting
result that the addition of metformin to standard EGFR-
TKI therapy in patients with advanced lung adeno-
carcinoma significantly improves PFS and OS. A total
of 139 patients were randomly assigned to receive
EGFR-TKIs or EGFR-TKIs plus metformin (500 mg
twice a day) [45]. Moreover, LKB1-positive patients
seemed to have a better OS when treated with a
combination of metformin and EGFR-TKI therapy than
when treated with EGFR-TKIs alone. More phase 3,
placebo-controlled studies with larger sample sizes are
warranted to confirm these conclusions.

Breast cancer

Studies showed that metformin 1000 mg/day treatment
was more effective at controlling breast cancer-related
prognostic factors glucose and HbALC levels than
placebo and metformin 500 mg/day treatments in obese
nondiabetic patients with breast cancer [27]. In another
randomized control clinical trial, metformin given 850
mg twice daily significantly decreased the number of
metastatic cases after 6 months of hormonal therapy
[46]. The results of these studies seem to indicate that
metformin could bring clinical benefits to nondiabetic
patients with breast cancer.

Yam et al. conducted a phase 2 trial to evaluate the
efficacy and safety of the combination of metformin,
everolimus and exemestane in overweight and obese
postmenopausal women with metastatic, hormone
receptor-positive, HER2-negative breast cancer.
Twenty-two patients enrolled in this trial [47].
Metformin  was given 1000 mg twice daily.
Unfortunately, the median PFS and OS were 6.3 months
and 28.8 months, respectively. The survival outcomes
have no improvement compared with previous studies.
Although this trial had more heavily pretreated patients
and a higher proportion of patients with visceral
disease, the ORR was 22.7%, which was higher than
that in the historical reported data in a phase 3 clinical
trial, suggesting that adding metformin confers a
potential benefit. In another randomized control clinical
trial, sixty postmenopausal women with hormone
receptor-positive locally advanced or metastatic breast
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cancer randomly received aromatase inhibitor with or
without metformin 500 mg twice daily. It also failed to
show improved efficacy with the addition of metformin
[48]. Whether the dosage of metformin was 1000 mg or
500 mg twice daily, the clinical outcomes did not seem
to be satisfactory in hormone receptor-positive patients
who received aromatase inhibitors. Moreover, a
negative result was also obtained when metformin plus
chemotherapy was used as the first-line treatment of
HER2-negative metastatic breast cancer compared with
chemotherapy alone. In this study, one-hundred and
twenty-two nondiabetic patients with HER2-negative
metastatic breast cancer were randomized to receive
chemotherapy combined with metformin (2000 mg/day)
or chemotherapy alone [49]. Metformin also showed no
significant effect on ORR, PFS or OS in nondiabetic
patients with metastatic breast cancer receiving standard
chemotherapy [50].

The effect of metformin combined with targeted therapy
in nondiabetic patients with breast cancer was
investigated next. The METTEN study demonstrated
that the rate of pathological complete response was
higher in women patients with HER2-positive breast
cancer treated with neoadjuvant chemotherapy plus
trastuzumab combined with metformin than in patients
treated with chemotherapy plus trastuzumab [51].
However, the trial was closed before the first scheduled
interim analysis due to slow recruitment, and the quality
of evidence should be interpreted with caution. Overall,
from the current research, the application of metformin
in nondiabetic patients with breast cancer does not seem
to achieve the expected results.

Prostate cancer

Prostate cancer is the most commonly diagnosed type of
malignancy in men, ranking among the top five cancers
in mortality worldwide [52]. Patients with localized
prostate cancer have a recurrence rate of up to 30%
despite definitive local therapy. Researchers are always
looking for new neoadjuvant treatments to improve the
outcomes, but the results have been disappointing [53].
A single-arm study with a small sample size evaluated
the effects of metformin on localized prostate cancer in
paired pretreatment and prostatectomy specimens. A
reduction in the proliferation marker Ki-67 was
observed following metformin therapy at dosage of
500 mg three times a day [54]. A randomized placebo-
controlled, double-blinded trial investigating the
biological effects of metformin in localized prostate
cancer is ongoing [55]. The dose of metformin in this
trial increases from 500 mg once a day (day 1-2), to
500 mg twice a day (day 3—4), and 1000 mg twice a day
from day 5 onwards for 4 weeks until surgery.

For men with metastatic prostate cancer, the current
mainstay of treatment is based on hormonal
manipulations.  Androgen-deprivation  therapy is
effective, but the disease eventually becomes castration-
resistant, usually within the first year of androgen-
deprivation therapy. Inhibiting the acquired resistance or
restoring sensitivity to the drugs may be a way to prolong
progression-free survival. Therefore, researchers have
tried to evaluate the effect of metformin alone or in
combination to improve prostate cancer-related
outcomes. A multicenter phase 2 trial enrolled forty-four
men with progressive metastatic castration-resistant
prostate cancer. Patients received metformin 1000 mg
twice daily until disease progression. Metformin was safe
and showed modest activity, which only had some
influence on prostate-specific antigen level in nondiabetic
patients [56]. In addition, abiraterone acetate, an
androgen signal inhibitor, is one of the preferred first-line
treatments in metastatic castration-resistant prostate
cancer. As a combination therapy, the addition of
metformin to abiraterone for patients with metastatic
castration-resistant ~ prostate  cancer showed no
meaningful clinical benefit. Metformin was also given at
1000 mg twice daily in this study [57]. However, these
studies were limited by small sample sizes. A larger trial
in which metformin is added to androgen-deprivation
therapy in patients with castration-sensitive locally
advanced or metastatic patients is  recruiting
(NCT00268476) [58]. The estimated study completion
date will be 2024.

Endometrioid endometrial cancer

Endometrioid endometrial cancer shows a strong
association with obesity and insulin resistance [59].
Preclinical studies demonstrated that metformin reduced
proliferation and promoted apoptosis in endometrioid
endometrial cancer cells [60, 61]. Some small,
nonrandomized, open-label preoperative clinical trials
for endometrial cancer found a reduction in cancer cell
proliferation, as measured by immunohistochemical
expression of Ki-67 in metformin-treated patients [24,
62-64]. Although the usage and dosage of metformin
varied from 850 mg daily, 850 mg twice a day, 500 mg
three times a day to 2250 mg per day in these trials, the
results were consistent with each other. To provide
high-quality evidence of an antiproliferative effect of
metformin, a placebo-controlled, double-blind, ran-
domized trial was conducted. Eighty-eight women with
atypical hyperplasia or endometrioid endometrial cancer
were randomized to receive metformin or placebo. Only
two patients were diagnosed with diabetes in the
placebo group, and the others were non-diabetic
patients. However, short-term treatment for 1 to 5
weeks until surgery with standard diabetic doses of
metformin 850 mg twice daily did not reduce tumor

WWW.aging-us.com

3997

AGING



proliferation in women with endometrioid endometrial
cancer awaiting hysterectomy [65]. With regard to
combination therapy, twenty-one patients with
advanced/refractory cancers received temsirolimus in
combination with metformin. Of them, eleven patients
had gynecological tumors, and 56% had stable disease
as their best response. Overall, the combination therapy
was well tolerated with modestly promising
effectiveness [66].

Thyroid cancer

Obesity has also been linked with an increased risk of
thyroid cancer [67]. Metformin alone inhibits the
invasion and metastasis of obesity-activated thyroid
cancer in a mouse model, but not thyroid tumor growth.
Metformin combined with JQ1, an inhibitor of the
activity of the bromodomain-containing protein 4,
suppressed thyroid tumor growth in the same mouse
model [68]. In addition, metformin and the multikinase
inhibitor sorafenib synergistically decreased the growth
rate of anaplastic thyroid cancer cell lines and the
outgrowth of derived cancer stem cells [69]. In a recent
retrospective cohort study, these protective effects of
metformin on thyroid cancer development, however,
were observed especially in individuals with diabetes
taking metformin for a longer duration or with a higher
cumulative dose [70]. For obese patients or nondiabetic
patients, the preventive and therapeutic role of
metformin alone or in combination with other agents in
thyroid cancer needs to be confirmed.

Different thyroid cancer cell lines have different
susceptibilities to the antiproliferative effects of
metformin [71, 72]. Metformin inhibits the secretion of
CXCLS8, which is associated with the growth and
progression of tumors, in primary human normal
thyroid cells and differentiated thyroid cancer cells [73].
Metformin was also reported to inhibit medullary
thyroid cancer cell growth in a dose- and time-
dependent manner and induce apoptosis [74]. The
expression of mMGPDH may predict susceptibility to the
growth inhibitory effects of metformin in vivo [72].
Whether the effect of metformin on nondiabetic patients
with different histological types of thyroid cancer is
consistent with preclinical studies and the significant
effect predictor need to be further investigated.

Other cancers

In the era of immunotherapy and targeted therapy, the
prognosis of patients with advanced melanoma has been
significantly improved. Unfortunately, primary and
secondary resistance to drugs is still observed, leading
to treatment failure. Therefore, identifying new anti-
melanoma agents is urgent. Metformin was reported to

suppress the growth and motility of melanoma cells
[75]. A pilot, prospective and multicenter study to
investigate the effect of metformin (1000 mg three
times daily) in patients with metastatic melanoma who
progressed after first-line treatment and were not
eligible or did not respond to ipilimumab was
conducted, and it showed a lack of efficacy. The
objective response rate in this study was 0%, as no
patient obtained a CR or PR at 6 months [76]. It has
also been reported that the metformin and paclitaxel
combination as a second-line treatment was poorly
tolerated in patients with gemcitabine-refractory
advanced adenocarcinoma of the pancreas, with all
patients presenting stable disease [77].

There is also increased interest in the use of metformin
for glioblastoma. The phase 1 lead-in to a phase 2
factorial study showed that temozolomide plus
memantine, mefloquine, and metformin are feasible and
overall well tolerated as postradiation adjuvant therapy
for newly diagnosed glioblastoma [78]. Currently, a
phase 1b/2 clinical trial of metformin and chloroquine is
recruiting patients with IDH1-mutated or IDH2-mutated
solid tumors, including glioma [79].

Preclinical data showed that metformin inhibited
proliferation and induced apoptosis in oral squamous
cell carcinoma cells in vitro and in vivo [80]. A clinical
trial with a small sample size conducted by Joseph et al.
demonstrated that metformin has anticancer effects in
head and neck squamous cell carcinoma by inducing
apoptosis, altering stromal markers of metabolism and
senescence and increasing immune infiltrate [81].
Furthermore, they found that apoptosis induced by
metformin was greater in HPV-negative head and neck
squamous cell carcinoma than in HPV-positive
oropharyngeal squamous cell carcinoma [82]. Further
research is necessary to assess the effect of metformin
on the tumor microenvironment of head and neck
squamous cell carcinoma.

In addition, metformin and 5-fluorouracil also showed
overall modest activity in patients with refractory
metastatic colorectal cancer in a phase 2 study.
However, there was a trend for prolonged median
survival for obese patients [83]. Results in two patients
suggest that the combination of metformin and
bromocriptine might be a new treatment for resistant
prolactinomas, including one patient with impaired
glucose tolerance [84].

DISCUSSION
Despite the emergence of new anticancer drugs that can

drastically alter the treatment paradigm and improve the
outcomes of cancer, the considerable financial cost and
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the time required for new drug implementation are
realistic problems that must be faced. Therefore,
repurposing noncancer therapies with potential
antitumor properties for cancer treatments offers a
chance to improve survival while saving time and
money. Given its low cost, favorable toxicity profile,
and accumulating evidence regarding its anticancer
effectiveness, metformin may have the potential to be a
candidate in the last ten or more years.

The exact mechanisms of action of metformin are not
clearly identified. It may influence different
mechanisms depending on the way it uses. It can be
used alone or combined with chemotherapeutic or
targeted drugs [85, 86]. Regardless of the kind of usage,
the most potent anticancer properties of metformin
originate from activation of the LKB1-AMP-activated
protein kinase (AMPK) signaling pathway. Metformin
increases the ratio of AMP to ATP by targeting
complex | of the mitochondrial respiratory chain, which
leads to the activation of the upstream kinase LKB1 that
phosphorylates and activates AMPK. AMPK activation
can suppress mammalian target of rapamycin complex 1
(mTORC1), which plays a central role in cell growth,
proliferation, and metabolism. In addition, metformin
can also inhibit mitochondrial complex | or mTORC1
activity in an AMPK-independent manner [87].
Furthermore, metformin-induced activation of AMPK
promotes PD-L1 phosphorylation, resulting in
endoplasmic  reticulum-associated PD-L1 protein
degradation, which allows cytotoxic T-lymphocyte-
mediated tumor cell death [88-90]. Possible
mechanisms of action of metformin in cancer therapy
are shown in Figure 1. Metformin has shown multiple
target functions in terms of the mechanism of action. Its
antitumor effect has also been confirmed by in vitro and
in vivo experiments; however, the outcomes in the
clinical trials, especially for nondiabetic patients with
cancer, are not as satisfactory as expected. Not all
individuals treated with metformin experience the
clinical survival benefit, and some also develop poorly
tolerated side effects. The possible reasons for these
differences in efficacy and toxicity remain unclear.

One potential explanation is that the potential optimal
dose, schedule, and duration are unclear. There are
different usages of metformin in each clinical trial. For the
prevention of cancer in nondiabetic patients mentioned
above, the dosage of metformin varies from 250 mg/d,
850 mg/d, 500 mg twice daily to 1700 mg/d, and the
diversities in the dose of metformin in the application of
cancer treatment also exist. The duration of metformin
also varies from clinical trial to clinical trial. For example,
a relatively short dosing schedule was chosen in some
trials to avoid affecting surgical management. A previous
study showed that metformin inhibited proliferation and

induced the apoptosis of tumor cells in a significant time-
and dose-dependent manner. The dose-related tumor
reduction was also confirmed in a mouse model, which
potentially highlighted a dose-dependent component of
the clinical effect of metformin overall [91]. In addition, it
is also necessary to consider that the dose of metformin
required to act on different pathways is different. For
example, studies have shown that much higher
concentrations of metformin are needed to exert its direct
effects on the AMPK-mTOR pathway [91, 92]. In most
cases, the doses of metformin used in preclinical studies
in vitro and vivo are not comparable with doses
achievable in clinical trials in humans, which may be 10—
100 times higher than maximal serum levels of metformin
achieved in humans [14, 93]. The effective concentration
of metformin on target organs is probably one of the
major obstacles for these unsatisfactory results [94]. It
was reported that plasma levels of metformin were
significantly higher after injection than oral administration
in a mouse model [91]. Nonconventional routes of
administration, such as inhalation for carcinomas of the
lung or rectal suppositories for rectal cancer, may be an
efficient channel to achieve short-term high-dose
exposure in cancer tissues [94]. In addition, metformin at
the dose commonly used in diabetes sometimes did not
improve outcome in nondiabetic patients with cancer.
However, few clinical trials were conducted that
contained different metformin dose levels with dose
escalation.

It is generally accepted that the adverse events increased
by dose, and a high dose of metformin is associated
with the risk of developing lactic acidosis and adverse
gastrointestinal effects. Overall, the metformin-dosing
schedule used was well tolerated, showing that long-
term metformin treatment was associated with few
adverse effects in nondiabetic patient populations. For
some combination therapy, metformin was shown to be
able to reduce doxorubicin-induced cardiotoxicity [95]
and inhibit kidney uptake of peptidyl radiotracers,
protecting the kidney from nephrotoxicity in vivo model
[96], but there is a lack of evidence on clinical trials in
nondiabetic patients. There are also a few cases of side
effects that are poorly tolerated, such as everolimus
combined with metformin in the treatment of advanced
cancer [97]. It was reported that there was an increased
rate of biochemical VitB12 deficiency after 6 months of
metformin in nondiabetic breast cancer patients [98].
Although this was not associated with anemia, VitB12
monitoring in metformin-treated individuals should be
implemented [99].

The heterogeneity of histological subtypes and
genotypes among the patients with cancer might have
also contributed to the different clinical benefits. This
point is supported by the observation that metformin
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induced significant apoptosis only in the small cell
carcinoma cell line but not in other human lung cancer
cell lines including squamous, adeno-, and large cell
carcinomas. Metformin and cisplatin might also be
partly antagonistic in various histological subtypes of
human lung cancer cell lines but not in the
adenocarcinoma cell line [100]. The sensitivity of two
cell lines of clear cell renal cell carcinoma to
metformin was also shown to be different [101].

Moreover, it has been demonstrated that not only the
histological stratification can differ but also the gene
mutations encountered in tumors can affect the response
as well. Cancer cells exhibit various mutations. The
expression of K-ras is notably increased in as many as
one-third of all tumors. Researchers noticed that
metformin induced apoptosis and inhibited cell
proliferation in K-ras mutant tumors but not in K-ras
wild-type tumors [102]. Apart from K-ras gene
mutation, other genetic alterations, including p53,
LKB1 and phosphatidylinositol 3-kinase (PI3K), may
also impact the anticancer efficiency of metformin
[103]. Different genotypes may also have different
impacts on the response to combination therapy. It was
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AutophagyT

reported that metformin in combination with
pemetrexed significantly altered the cell cycle
distribution of a certain adenocarcinoma cell line [104].
Tumor genetic profiling is required to identify patients
most likely to benefit from metformin treatment. In
addition, the efficiency of metformin may also be
influenced by BMI and whether there is insulin
resistance in nondiabetic patients. Most studies
indicated that metformin is most effective in patients
with high BMI and insulin resistance. Nonetheless,
further testing is needed to determine the optimal levels
of metformin required to maximize benefits in
nondiabetic patients and at that dose, which molecular
effects and gene expression changes are predominant.

Recently, metformin was shown to be able to modulate
the interaction between tumor cells and their
microenvironment and to have an immune-mediated
antitumor effect. Metformin can enhance antitumor
immunity by many approaches, thereby affecting
antitumor T cell generation, antitumor T cell effector
function and the formation of T cell memory [88, 105-
108]. Immunotherapy has become one of the most
important breakthroughs in cancer treatment. Immune

e

8
Cell growthl: Cell cyclel: Protein synthesis\L g
Apoptosis 1‘

Figure 1. Possible mechanisms of action of metformin in cancer therapy. Metformin increases the ratio of AMP to ATP by inhibiting
mitochondria complex |, activates the adenosine monophosphate activated protein kinase (AMPK) signaling pathway, and represses the
insulin-like growth factor-1 receptor (IGF-1R) pathway. Furthermore, AMPK activation decreases the expression level of PD-L1, which allows
cytotoxic T-lymphocyte-mediated tumor cell death. Last, metformin could increase the number of CD8+ T tumor-infiltrating lymphocytes.
IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; IR, insulin receptor; LKB1, liver kinase B1; mTORC1,
mammalian target of rapamycin complex 1; OCT, organic cation transporter; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PD-1,

programmed cell death protein-1; PD-L1, programmed death ligand-1.
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Table 1. Summary of ongoing clinical studies of metformin and immune checkpoint inhibitors combination therapy
in nondiabetic patients with cancer.

. Study . . Start
No. NCT Number Title . Enrollment Status Diseases Interventions Sponsor
design date
1 NCT03994744  Assessing Safety and Phase 2 68 Recruiting ED-stage PD-1 inhibitor Hunan 20-
Efficacy of Sintilimab ~ Open Label SCLC Sintilimab plus Cancer Aug-
and Metformin patients Metformin Hospital, 2019
Combination Therapy resistant to or China
in SCLC relapsed after
standard
chemotherapy
2 NCT03800602 Nivolumab and Phase 2 28 Recruiting MSS stage IV Nivolumab plus Emory 15-
Metformin in Patients ~ Open Label colorectal Metformin University Jan-
With Treatment cancer Hospital, 2019
Refractory MSS Emory Saint
Colorectal Cancer Joseph's
Hospital,
United States
3 NCT03618654  Durvalumab With or Phase 1 38 Recruiting Head and Durvalumab vs Sidney 1-
Without Metforminin ~ Randomized neck Durvalumab Kimmel Nov-
Treating Participants Open Label squamous plus Metformin Cancer 2018
With Head and Neck cell Center at
Squamous Cell carcinoma Thomas
Carcinoma Jefferson
University,
United States
4 NCT03311308 A Trial of Phase 1 30 Recruiting Advanced Pembrolizumab  University of 6-
Pembrolizumab and Non- Melanoma 'S Pittsburgh Dec-
Metformin Versus Randomized Pembrolizumab Medical 2017
Pembrolizumab Alone  Open Label plus Metformin Center
in Advanced Hillman
Melanoma Cancer
Center,
United States
5 NCT03048500 Nivolumab and Phase 2 51 Recruiting  Recurrentor  Nivolumab plus  Northwestern 6-
Metformin Open Label Stage I11-1V Metformin University, Jun-
Hydrochloride in NSCLC United States 2017
Treating Patients With
Stage I11-1V Non-
small Cell Lung
Cancer That Cannot
Be Removed by
Surgery
6 NCT04114136  Anti-PD-1 mAb Plus Phase 2 108 Not yet Solid Tumor  Anti-PD-1 mAb UPMC 15-
Metabolic Modulator Open Label recruiting  Malignancies (nivolumab or Hillman Oct-
in Solid Tumor pembrolizumab) Cancer 2019
Malignancies plus Metformin Center,

vs Anti-PD-1
mAb
(nivolumab or
pembrolizumab)
plus
Rosiglitazone

United States

Abbreviation: SCLC: small cell lung cancer, ED-stage: extensive stage disease, PD-1: programmed cell death protein 1, MSS:
microsatellite stable, NSCLC: non-small-cell lung cancer.
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checkpoint inhibitors have been demonstrated to
enhance antitumor immune responses by the recovery
of T cell function [109, 110]. A retrospective chart
review study conducted by Keisuke Shirai et al. showed
that there is an overall trend towards better outcomes in
patients receiving ipilimumab, nivolumab, and/or
pembrolizumab plus metformin [111]. A recent study
by Han et al. demonstrated that metformin reversed
PARP inhibitor-induced epithelial-mesenchymal
transition (EMT) and PD-L1 expression, which
sensitized PARP inhibitor-resistant cells to cytotoxic T
cells, suggesting that the combination may increase
tumor sensitivity to immunotherapy [112]. Currently,
numerous clinical trials involving metformin and
immune checkpoint inhibitors in nondiabetic cancer
patients are active around the world. Information was
obtained from a service of the United States National
Institutes of Health (http://clinicaltrials.gov/). Ongoing
clinical studies of metformin and immune checkpoint
inhibitor combination therapy in nondiabetic patients
with cancer are summarized in Table 1. Thus, promising
outcomes might be achieved soon.

CONCLUSIONS

Metformin is an inexpensive drug with an excellent
safety profile, but its potential anticancer effects in
nondiabetic patients with cancer are controversial.
Several studies report a trend toward decreasing the
incidence of several cancers. Improved outcomes were
also demonstrated in nondiabetic cancer patients with a
certain histological subtype or genotype who were
treated with metformin alone or in combination with
another therapy. However, the reported results of
prospective and randomized trials are limited. A large
number of clinical trials are ongoing, and we are
looking forward to promising outcomes to improve the
management of nondiabetic cancer patients. Moreover,
as the immune property of metformin was investigated,
further studies of the immunomodulatory effect of
metformin on cancer cells should also be taken into
account to optimize its clinical use.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

FUNDING

This work is supported by the Key Laboratory of
Translational Radiation Oncology, Hunan Province (No.
2015TP1009), the Provincial Key Research and
Development  Program  of  Hunan Province
(2018SK2123), the Provincial Key Clinical Specialist
Construction Projects of Hunan Province, Key Research
and Development Project of Hunan Science and

Technology Department (No. 2018SK2126), Key Project
of Changsha Science and Technology Bureau (No.
kg1706046), Research Project of National Cancer Center
Cancer (No.NCC2017A21), Research Project of Health
and Family Planning Commission of Hunan Province
(No. B2017098).

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019.
CA Cancer J Clin. 2019; 69:7-34.
https://doi.org/10.3322/caac.21551
PMID:30620402

2. Feng RM, Zong YN, Cao SM, Xu RH. Current cancer
situation in China: good or bad news from the 2018
Global Cancer Statistics? Cancer Commun (Lond).
2019; 39:22.
https://doi.org/10.1186/s40880-019-0368-6
PMID:31030667

3. Grzybowska M, Bober J, Olszewska M. [Metformin -
mechanisms of action and use for the treatment of
type 2 diabetes mellitus]. Postepy Hig Med Dosw.
2011; 65:277-85.
https://doi.org/10.5604/17322693.941655
PMID:21677353

4. Kim MJ, Han JY, Shin JY, Kim SI, Lee JM, Hong S, Kim SH,
Nam MS, Kim YS. Metformin-associated lactic acidosis:
predisposing factors and outcome. Endocrinol Metab
(Seoul). 2015; 30:78-83.
https://doi.org/10.3803/EnM.2015.30.1.78
PMID:25827460

5. Greibe E, Miller JW, Foutouhi SH, Green R, Nexo E.
Metformin increases liver accumulation of vitamin B12
- an experimental study in rats. Biochimie. 2013;
95:1062-65.
https://doi.org/10.1016/j.biochi.2013.02.002
PMID:23402786

6. Heckman-Stoddard BM, DeCensi A, Sahasrabuddhe VV,
Ford LG. Repurposing metformin for the prevention of
cancer and cancer recurrence. Diabetologia. 2017;
60:1639-47.
https://doi.org/10.1007/s00125-017-4372-6
PMID:28776080

7. Dulskas A, Patasius A, Linkeviciute-Ulinskiene D,
Zabuliene L, Smailyte G. A cohort study of
antihyperglycemic medication exposure and survival in
patients with gastric cancer. Aging (Albany NY). 2019;
11:7197-205.
https://doi.org/10.18632/aging.102245
PMID:31518336

8. Thakur S, Daley B, Klubo-Gwiezdzinska J. The role of
the antidiabetic drug metformin in the treatment of

WWW.aging-us.com 4002

AGING


http://clinicaltrials.gov/
https://doi.org/10.3322/caac.21551
https://www.ncbi.nlm.nih.gov/pubmed/30620402
https://doi.org/10.1186/s40880-019-0368-6
https://www.ncbi.nlm.nih.gov/pubmed/31030667
https://doi.org/10.5604/17322693.941655
https://www.ncbi.nlm.nih.gov/pubmed/21677353
https://doi.org/10.3803/EnM.2015.30.1.78
https://www.ncbi.nlm.nih.gov/pubmed/25827460
https://doi.org/10.1016/j.biochi.2013.02.002
https://www.ncbi.nlm.nih.gov/pubmed/23402786
https://doi.org/10.1007/s00125-017-4372-6
https://www.ncbi.nlm.nih.gov/pubmed/28776080
https://doi.org/10.18632/aging.102245
https://www.ncbi.nlm.nih.gov/pubmed/31518336

10.

11.

12.

13.

14.

15.

16.

endocrine tumors. J Mol Endocrinol. 2019; 63:R17-R35.
https://doi.org/10.1530/JME-19-0083
PMID:31307011

Saraei P, Asadi I, Kakar MA, Moradi-Kor N. The
beneficial effects of metformin on cancer prevention
and therapy: a comprehensive review of recent
advances. Cancer Manag Res. 2019; 11:3295-313.
https://doi.org/10.2147/CMAR.5200059
PMID:31114366

Coperchini F, Leporati P, Rotondi M, Chiovato L.
Expanding the therapeutic spectrum of metformin:
from diabetes to cancer. J Endocrinol Invest. 2015;
38:1047-55.
https://doi.org/10.1007/s40618-015-0370-z
PMID:26233338

Giovannucci E, Harlan DM, Archer MC, Bergenstal RM,
Gapstur SM, Habel LA, Pollak M, Regensteiner JG, Yee
D. Diabetes and cancer: a consensus report. CA Cancer
J Clin. 2010; 60:207-21.
https://doi.org/10.3322/caac.20078 PMID:20554718

Gandini S, Puntoni M, Heckman-Stoddard BM, Dunn
BK, Ford L, DeCensi A, Szabo E. Metformin and cancer
risk and mortality: a systematic review and meta-
analysis taking into account biases and confounders.
Cancer Prev Res (Phila). 2014; 7:867-85.
https://doi.org/10.1158/1940-6207.CAPR-13-0424
PMID:24985407

Decensi A, Puntoni M, Goodwin P, Cazzaniga M,
Gennari A, Bonanni B, Gandini S. Metformin and
cancer risk in diabetic patients: a systematic review
and meta-analysis. Cancer Prev Res (Phila). 2010;
3:1451-61. https://doi.org/10.1158/1940-6207.CAPR-
10-0157 PMID:20947488

Anisimov VN. Metformin for cancer and aging
prevention: is it a time to make the long story short?
Oncotarget. 2015; 6:39398-407.
https://doi.org/10.18632/oncotarget.6347
PMID:26583576

Hosono K, Endo H, Takahashi H, Sugiyama M, Uchiyama
T, Suzuki K, Nozaki Y, Yoneda K, Fujita K, Yoneda M,
Inamori M, Tomatsu A, Chihara T, et al. Metformin
suppresses azoxymethane-induced colorectal aberrant
crypt foci by activating AMP-activated protein kinase.
Mol Carcinog. 2010; 49:662—71.
https://doi.org/10.1002/mc.20637 PMID:20564343

Tomimoto A, Endo H, Sugiyama M, Fujisawa T, Hosono
K, Takahashi H, Nakajima N, Nagashima Y, Wada K,
Nakagama H, Nakajima A. Metformin suppresses
intestinal polyp growth in ApcMin/+ mice. Cancer Sci.
2008; 99:2136-41.
https://doi.org/10.1111/j.1349-7006.2008.00933.x
PMID:18803638

17.

18.

19.

20.

21.

22.

23.

Hosono K, Endo H, Takahashi H, Sugiyama M, Sakai E,
Uchiyama T, Suzuki K, lida H, Sakamoto Y, Yoneda K,
Koide T, Tokoro C, Abe Y, et al. Metformin suppresses
colorectal aberrant crypt foci in a short-term clinical
trial. Cancer Prev Res (Phila). 2010; 3:1077-83.
https://doi.org/10.1158/1940-6207.CAPR-10-0186
PMID:20810669

Higurashi T, Hosono K, Takahashi H, Komiya Y,
Umezawa S, Sakai E, Uchiyama T, Taniguchi L, Hata Y,
Uchiyama S, Hattori A, Nagase H, Kessoku T, et al.
Metformin for chemoprevention of metachronous
colorectal adenoma orPMID polyps in post-
polypectomy patients without diabetes: a multicentre
double-blind, placebo-controlled, randomised phase 3
trial. Lancet Oncol. 2016; 17:475-83.
https://doi.org/10.1016/5S1470-2045(15)00565-
326947328

Vitale-Cross L, Molinolo AA, Martin D, Younis RH,
Maruyama T, Patel V, Chen W, Schneider A, Gutkind JS.
Metformin prevents the development of oral
squamous cell carcinomas from carcinogen-induced
premalignant lesions. Cancer Prev Res (Phila). 2012;
5:562-73.
https://doi.org/10.1158/1940-6207.CAPR-11-0502
PMID:22467081

Lerner MZ, Mor N, Paek H, Blitzer A, Strome M.
Metformin Prevents the Progression of Dysplastic
Mucosa of the Head and Neck to Carcinoma in
Nondiabetic Patients. Ann Otol Rhinol Laryngol. 2017;
126:340-43.
https://doi.org/10.1177/0003489416688478
PMID:28103701

DeCensi A, Puntoni M, Guerrieri-Gonzaga A, Cazzaniga
M, Serrano D, Lazzeroni M, Vingiani A, Gentilini O,
Petrera M, Viale G, Cuzick J, Bonanni B, Pruneri G.
Effect of Metformin on Breast Ductal Carcinoma In Situ
Proliferation in a Randomized Presurgical Trial. Cancer
Prev Res (Phila). 2015; 8:888—-94.
https://doi.org/10.1158/1940-6207.CAPR-15-0048
PMID:26276754

Zhang Q, Celestino J, Schmandt R, McCampbell AS,
Urbauer DL, Meyer LA, Burzawa JK, Huang M, Yates
MS, Iglesias D, Broaddus RR, Lu KH. Chemopreventive
effects of metformin  on obesity-associated
endometrial proliferation. Am J Obstet Gynecol.
2013; 209:24.e1-24.e12.
https://doi.org/10.1016/].ajog.2013.03.008
PMID:23500454

Sivalingam V, McVey R, Gilmour K, Ali S, Roberts C,
Renehan A, Kitchener H, Crosbie E. A presurgical
window-of-opportunity study of metformin in obesity-
driven endometrial cancer. Lancet. 2015 (Suppl 1);
385:590.

WWW.aging-us.com

4003

AGING


https://doi.org/10.1530/JME-19-0083
https://www.ncbi.nlm.nih.gov/pubmed/31307011
https://doi.org/10.2147/CMAR.S200059
https://www.ncbi.nlm.nih.gov/pubmed/31114366
https://doi.org/10.1007/s40618-015-0370-z
https://www.ncbi.nlm.nih.gov/pubmed/26233338
https://doi.org/10.3322/caac.20078
https://www.ncbi.nlm.nih.gov/pubmed/20554718
https://doi.org/10.1158/1940-6207.CAPR-13-0424
https://www.ncbi.nlm.nih.gov/pubmed/24985407
https://doi.org/10.1158/1940-6207.CAPR-10-0157
https://doi.org/10.1158/1940-6207.CAPR-10-0157
https://www.ncbi.nlm.nih.gov/pubmed/20947488
https://doi.org/10.18632/oncotarget.6347
https://www.ncbi.nlm.nih.gov/pubmed/26583576
https://doi.org/10.1002/mc.20637
https://www.ncbi.nlm.nih.gov/pubmed/20564343
https://doi.org/10.1111/j.1349-7006.2008.00933.x
https://www.ncbi.nlm.nih.gov/pubmed/18803638
https://doi.org/10.1158/1940-6207.CAPR-10-0186
https://www.ncbi.nlm.nih.gov/pubmed/20810669
https://doi.org/10.1016/S1470-2045%2815%2900565-3
https://doi.org/10.1016/S1470-2045%2815%2900565-3
https://www.ncbi.nlm.nih.gov/pubmed/26947328
https://doi.org/10.1158/1940-6207.CAPR-11-0502
https://www.ncbi.nlm.nih.gov/pubmed/22467081
https://doi.org/10.1177/0003489416688478
https://www.ncbi.nlm.nih.gov/pubmed/28103701
https://doi.org/10.1158/1940-6207.CAPR-15-0048
https://www.ncbi.nlm.nih.gov/pubmed/26276754
https://doi.org/10.1016/j.ajog.2013.03.008
https://www.ncbi.nlm.nih.gov/pubmed/23500454

24,

25.

26.

27.

28.

29.

30.

https://doi.org/10.1016/50140-6736(15)60405-6
PMID:26312913

Soliman PT, Zhang Q, Broaddus RR, Westin SN, Iglesias
D, Munsell MF, Schmandt R, Yates M, Ramondetta L,
Lu KH. Prospective evaluation of the molecular effects
of metformin on the endometrium in women with
newly diagnosed endometrial cancer: A window of
opportunity study. Gynecol Oncol. 2016; 143:466-71.
https://doi.org/10.1016/j.ygyno.2016.10.011
PMID:27745917

Yates MS, Coletta AM, Zhang Q, Schmandt RE,
Medepalli M, Nebgen D, Soletsky B, Milbourne A, Levy
E, Fellman B, Urbauer D, Yuan Y, Broaddus RR, et al.
Prospective  Randomized Biomarker  Study of
Metformin and Lifestyle Intervention for Prevention in
Obese Women at Increased Risk for Endometrial
Cancer. Cancer Prev Res (Phila). 2018; 11:477-90.
https://doi.org/10.1158/1940-6207.CAPR-17-0398
PMID:29716897

Kalinsky K, Zheng T, Hibshoosh H, Du X, Mundi P, Yang
J, Refice S, Feldman SM, Taback B, Connolly E, Crew
KD, Maurer MA, Hershman DL. Proteomic modulation
in breast tumors after metformin exposure: results
from a “window of opportunity” trial. Clin Transl Oncol.
2017; 19:180-88.
https://doi.org/10.1007/s12094-016-1521-1
PMID:27305912

Ko KP, Ma SH, Yang JJ, Hwang Y, Ahn C, Cho YM, Noh
DY, Park BJ, Han W, Park SK. Metformin intervention in
obese non-diabetic patients with breast cancer: phase
Il randomized, double-blind, placebo-controlled trial.
Breast Cancer Res Treat. 2015; 153:361-70.
https://doi.org/10.1007/s10549-015-3519-8
PMID:26293146

Briley SM, Jasti S, McCracken JM, Hornick JE, Fegley B,
Pritchard MT, Duncan FE. Reproductive age-associated
fibrosis in the stroma of the mammalian ovary.
Reproduction. 2016; 152:245-60.
https://doi.org/10.1530/REP-16-0129

PMID:27491879

McCloskey CW, Cook DP, Kelly BS, Azzi F, Allen CH,
Forsyth A, Upham J, Rayner KJ, Gray DA, Boyd RW,
Murugkar S, Lo B, Trudel D, et al. Metformin abrogates
age-associated ovarian fibrosis. Clin Cancer Res. 2019;
26:632-642.
https://doi.org/10.1158/1078-0432.CCR-19-0603
PMID:31597663

Shi J, Liu B, Wang H, Zhang T, Yang L. Association of
metformin use with ovarian cancer incidence and
prognosis: a systematic review and meta-analysis. Int J
Gynecol Cancer. 2019; 29:140-46.
https://doi.org/10.1136/ijgc-2018-000060
PMID:30640696

31

32.

33.

34.

35.

36.

37.

38.

Jain P, Jain C, Velcheti V. Role of immune-checkpoint
inhibitors in lung cancer. Ther Adv Respir Dis. 2018;
12:1753465817750075.
https://doi.org/10.1177/1753465817750075
PMID:29385894

Quinn BJ, Dallos M, Kitagawa H, Kunnumakkara AB,
Memmott RM, Hollander MC, Gills JJ, Dennis PA.
Inhibition of lung tumorigenesis by metformin is
associated with decreased plasma IGF-l and diminished
receptor tyrosine kinase signaling. Cancer Prev Res
(Phila). 2013; 6:801-10.
https://doi.org/10.1158/1940-6207.CAPR-13-0058-T
PMID:23771523

Shackelford DB, Abt E, Gerken L, Vasquez DS, Seki A,
Leblanc M, Wei L, Fishbein MC, Czernin J, Mischel PS,
Shaw RJ. LKB1 inactivation dictates therapeutic
response of non-small cell lung cancer to the
metabolism drug phenformin. Cancer Cell. 2013;
23:143-58.

https://doi.org/10.1016/j.ccr.2012.12.008
PMID:23352126

Moro M, Caiola E, Ganzinelli M, Zulato E, Rulli E,
Marabese M, Centonze G, Busico A, Pastorino U, de
Braud FG, Vernieri C, Simbolo M, Bria E, et al.
Metformin Enhances Cisplatin-Induced Apoptosis and
Prevents Resistance to Cisplatin in Co-mutated
KRAS/LKB1 NSCLC. J Thorac Oncol. 2018; 13:1692—704.
https://doi.org/10.1016/].jtho.2018.07.102
PMID:30149143

Sayed R, Saad AS, El Wakeel L, Elkholy E, Badary O.
Metformin Addition to Chemotherapy in Stage IV Non-
Small Cell Lung Cancer: an Open Label Randomized
Controlled Study. Asian Pac J Cancer Prev. 2015;
16:6621-26.
https://doi.org/10.7314/APJCP.2015.16.15.6621
PMID:26434885

Parikh AB, Kozuch P, Rohs N, Becker DJ, Levy BP.
Metformin as a repurposed therapy in advanced non-
small cell lung cancer (NSCLC): results of a phase Il trial.
Invest New Drugs. 2017; 35:813-19.
https://doi.org/10.1007/s10637-017-0511-7
PMID:28936567

Marrone KA, Zhou X, Forde PM, Purtell M, Brahmer JR,
Hann CL, Kelly RJ, Coleman B, Gabrielson E, Rosner GL,
Ettinger DS. A Randomized Phase Il Study of Metformin
plus Paclitaxel/Carboplatin/Bevacizumab in Patients
with Chemotherapy-Naive Advanced or Metastatic
Nonsguamous Non-Small Cell Lung Cancer. Oncologist.
2018; 23:859-65.
https://doi.org/10.1634/theoncologist.2017-0465
PMID:29487223

Parikh AB, Marrone KA, Becker DJ, Brahmer JR, Ettinger
DS, Levy BP. A pooled analysis of two phase Il trials

WWW.aging-us.com

4004

AGING


https://doi.org/10.1016/S0140-6736%2815%2960405-6
https://www.ncbi.nlm.nih.gov/pubmed/26312913
https://doi.org/10.1016/j.ygyno.2016.10.011
https://www.ncbi.nlm.nih.gov/pubmed/27745917
https://doi.org/10.1158/1940-6207.CAPR-17-0398
https://www.ncbi.nlm.nih.gov/pubmed/29716897
https://doi.org/10.1007/s12094-016-1521-1
https://www.ncbi.nlm.nih.gov/pubmed/27305912
https://doi.org/10.1007/s10549-015-3519-8
https://www.ncbi.nlm.nih.gov/pubmed/26293146
https://doi.org/10.1530/REP-16-0129
https://www.ncbi.nlm.nih.gov/pubmed/27491879
https://doi.org/10.1158/1078-0432.CCR-19-0603
https://www.ncbi.nlm.nih.gov/pubmed/31597663
https://doi.org/10.1136/ijgc-2018-000060
https://www.ncbi.nlm.nih.gov/pubmed/30640696
https://doi.org/10.1177/1753465817750075
https://www.ncbi.nlm.nih.gov/pubmed/29385894
https://doi.org/10.1158/1940-6207.CAPR-13-0058-T
https://www.ncbi.nlm.nih.gov/pubmed/23771523
https://doi.org/10.1016/j.ccr.2012.12.008
https://www.ncbi.nlm.nih.gov/pubmed/23352126
https://doi.org/10.1016/j.jtho.2018.07.102
https://www.ncbi.nlm.nih.gov/pubmed/30149143
https://doi.org/10.7314/APJCP.2015.16.15.6621
https://www.ncbi.nlm.nih.gov/pubmed/26434885
https://doi.org/10.1007/s10637-017-0511-7
https://www.ncbi.nlm.nih.gov/pubmed/28936567
https://doi.org/10.1634/theoncologist.2017-0465
https://www.ncbi.nlm.nih.gov/pubmed/29487223

39.

40.

41.

42.

43.

44,

evaluating metformin plus platinum-based
chemotherapy in advanced non-small cell lung cancer.
Cancer Treat Res Commun. 2019; 20:100150.
https://doi.org/10.1016/j.ctarc.2019.100150
PMID:31102920

Remon J, Moran T, Majem M, Reguart N, Dalmau E,
Marquez-Medina D, Lianes P. Acquired resistance to
epidermal growth factor receptor tyrosine kinase
inhibitors in EGFR-mutant non-small cell lung
cancer: a new era begins. Cancer Treat Rev. 2014;
40:93-101.
https://doi.org/10.1016/j.ctrv.2013.06.002
PMID:23829935

Morgillo F, Sasso FC, Della Corte CM, Vitagliano D,
D’Aiuto E, Troiani T, Martinelli E, De Vita F, Orditura
M, De Palma R, Ciardiello F. Synergistic effects of
metformin treatment in combination with gefitinib,
a selective EGFR tyrosine kinase inhibitor, in LKB1
wild-type NSCLC cell lines. Clin Cancer Res. 2013;
19:3508-19.
https://doi.org/10.1158/1078-0432.CCR-12-2777
PMID:23695170

Li L, Han R, Xiao H, Lin C, Wang Y, Liu H, Li K, Chen H,
Sun F, Yang Z, Jiang J, He Y. Metformin sensitizes EGFR-
TKl-resistant human lung cancer cells in vitro and in
vivo through inhibition of IL-6 signaling and EMT
reversal. Clin Cancer Res. 2014; 20:2714-26.
https://doi.org/10.1158/1078-0432.CCR-13-2613
PMID:24644001

Li KL, Li L, Zhang P, Kang J, Wang YB, Chen HY, He Y. A
Multicenter Double-blind Phase Il Study of Metformin
With Gefitinib as First-line Therapy of Locally
Advanced Non-Small-cell Lung Cancer. Clin Lung
Cancer. 2017; 18:340-43.
https://doi.org/10.1016/j.cllc.2016.12.003
PMID:28065465

Li L, Jiang L, Wang Y, Zhao Y, Zhang XJ, Wu G, Zhou X,
Sun J, Bai J, Ren B, Tian K, Xu Z, Xiao HL, et al.
Combination of metformin and gefitinib as first-line
therapy for non-diabetic advanced NSCLC patients
with EGFR mutations: A randomized, double-blind
phase 2 trial. Clin Cancer Res. 2019; 25:6967-75.
https://doi.org/10.1158/1078-0432.CCR-19-0437
PMID:31413010

Morgillo F, Fasano M, Della Corte CM, Sasso FC,
Papaccio F, Viscardi G, Esposito G, Di Liello R,
Normanno N, Capuano A, Berrino L, Vicidomini G,
Fiorelli A, et al. Results of the safety run-in part of the
METAL (METformin in Advanced Lung cancer) study: a
multicentre, open-label phase I-Il study of metformin
with erlotinib in second-line therapy of patients with
stage IV non-small-cell lung cancer. ESMO Open.
2017; 2:e000132.

45.

46.

47.

48.

49.

50.

https://doi.org/10.1136/esmoopen-2016-000132
PMID:28761738

Arrieta O, Barrén F, Padilla MS, Avilés-Salas A, Ramirez-
Tirado LA, Arguelles Jiménez MJ, Vergara E, Zatarain-
Barrdn ZL, Hernandez-Pedro N, Cardona AF, Cruz-Rico G,
Barrios-Bernal P, Yamamoto Ramos M, Rosell R. Effect of
Metformin Plus Tyrosine Kinase Inhibitors Compared
With Tyrosine Kinase Inhibitors Alone in Patients With
Epidermal Growth Factor Receptor-Mutated Lung
Adenocarcinoma: A Phase 2 Randomized Clinical Trial.
JAMA Oncol. 2019; 5:192553.
https://doi.org/10.1001/jamaoncol.2019.2553
PMID:31486833

El-Haggar SM, EI-Shitany NA, Mostafa MF, El-Bassiouny
NA. Metformin may protect nondiabetic breast cancer
women from metastasis. Clin Exp Metastasis. 2016;
33:339-57.
https://doi.org/10.1007/s10585-016-9782-1
PMID:26902691

Yam C, Esteva FJ, Patel MM, Raghavendra AS, Ueno
NT, Moulder SL, Hess KR, Shroff GS, Hodge S, Koenig
KH, Chavez Mac Gregor M, Griner RL, Yeung SJ, et al.
Efficacy and safety of the combination of metformin,
everolimus and exemestane in overweight and obese
postmenopausal patients with metastatic, hormone
receptor-positive, HER2-negative breast cancer: a
phase Il study. Invest New Drugs. 2019; 37:345-51.
https://doi.org/10.1007/s10637-018-0700-z
PMID:30610588

Zhao Y, Gong C, Wang Z, Zhang J, Wang L, Zhang S, Cao
J, Tao Z, Li T, Wang B, Hu X. A randomized phase ||
study of aromatase inhibitors plus metformin in pre-
treated postmenopausal patients with hormone
receptor positive metastatic breast cancer. Oncotarget.
2017; 8:84224-36.
https://doi.org/10.18632/oncotarget.20478
PMID:29137418

Nanni O, Amadori D, De Censi A, Rocca A, Freschi A,
Bologna A, Gianni L, Rosetti F, Amaducci L, Cavannal L,
Foca F, Sarti S, Serra P, et al, and MYME investigators.
Metformin plus chemotherapy versus chemotherapy
alone in the first-line treatment of HER2-negative
metastatic breast cancer. The MYME randomized,
phase 2 clinical trial. Breast Cancer Res Treat. 2019;
174:433-42.
https://doi.org/10.1007/s10549-018-05070-2
PMID:30536182

Pimentel I, Lohmann AE, Ennis M, Dowling RJ, Cescon
D, Elser C, Potvin KR, Hag R, Hamm C, Chang MC,
Stambolic V, Goodwin PJ. A phase Il randomized
clinical trial of the effect of metformin versus placebo
on progression-free survival in women with metastatic
breast cancer receiving standard chemotherapy.

WWW.aging-us.com

4005

AGING


https://doi.org/10.1016/j.ctarc.2019.100150
https://www.ncbi.nlm.nih.gov/pubmed/31102920
https://doi.org/10.1016/j.ctrv.2013.06.002
https://www.ncbi.nlm.nih.gov/pubmed/23829935
https://doi.org/10.1158/1078-0432.CCR-12-2777
https://www.ncbi.nlm.nih.gov/pubmed/23695170
https://doi.org/10.1158/1078-0432.CCR-13-2613
https://www.ncbi.nlm.nih.gov/pubmed/24644001
https://doi.org/10.1016/j.cllc.2016.12.003
https://www.ncbi.nlm.nih.gov/pubmed/28065465
https://doi.org/10.1158/1078-0432.CCR-19-0437
https://www.ncbi.nlm.nih.gov/pubmed/31413010
https://doi.org/10.1136/esmoopen-2016-000132
https://www.ncbi.nlm.nih.gov/pubmed/28761738
https://doi.org/10.1001/jamaoncol.2019.2553
https://www.ncbi.nlm.nih.gov/pubmed/31486833
https://doi.org/10.1007/s10585-016-9782-1
https://www.ncbi.nlm.nih.gov/pubmed/26902691
https://doi.org/10.1007/s10637-018-0700-z
https://www.ncbi.nlm.nih.gov/pubmed/30610588
https://doi.org/10.18632/oncotarget.20478
https://www.ncbi.nlm.nih.gov/pubmed/29137418
https://doi.org/10.1007/s10549-018-05070-2
https://www.ncbi.nlm.nih.gov/pubmed/30536182

51

52.

53.

54,

55.

56.

57.

Breast. 2019; 48:17-23.
https://doi.org/10.1016/j.breast.2019.08.003
PMID:31472446

Martin-Castillo B, Pernas S, Dorca J, Alvarez I, Martinez
S, Pérez-Garcia JM, Batista-Lopez N, Rodriguez-Sanchez
CA, Amillano K, Dominguez S, Luque M, Stradella A,
Morilla I, et al. A phase 2 trial of neoadjuvant
metformin in combination with trastuzumab and
chemotherapy in women with early HER2-positive
breast cancer: the METTEN study. Oncotarget. 2018;
9:35687-704.
https://doi.org/10.18632/oncotarget.26286
PMID:30479698

Pernar CH, Ebot EM, Wilson KM, Mucci LA. The
Epidemiology of Prostate Cancer. Cold Spring Harb
Perspect Med. 2018; 8:8.
https://doi.org/10.1101/cshperspect.a030361
PMID:29311132

Womble PR, VanVeldhuizen PJ, Nisbet AA, Reed GA,
Thrasher JB, Holzbeierlein JM. A phase Il clinical trial of
neoadjuvant ketoconazole and docetaxel
chemotherapy before radical prostatectomy in high
risk patients. J Urol. 2011; 186:882-87.
https://doi.org/10.1016/j.juro.2011.04.087
PMID:21791342

Joshua AM, Zannella VE, Downes MR, Bowes B, Hersey
K, Koritzinsky M, Schwab M, Hofmann U, Evans A, van
der Kwast T, Trachtenberg J, Finelli A, Fleshner N, et al.
A pilot ‘window of opportunity’ neoadjuvant study of
metformin in localised prostate cancer. Prostate
Cancer Prostatic Dis. 2014; 17:252-58.

https://doi.org/10.1038/pcan.2014.20 PMID:24861559

Crawley D, Chandra A, Loda M, Gillett C, Cathcart P,
Challacombe B, Cook G, Cahill D, Santa Olalla A, Cahill
F, George G, Rudman S, Van Hemelrijck M. Metformin
and longevity (METAL): a window of opportunity study
investigating the biological effects of metformin in
localised prostate cancer. BMC Cancer. 2017; 17:494.
https://doi.org/10.1186/s12885-017-3458-3
PMID:28732480

Rothermundt C, Hayoz S, Templeton AJ, Winterhalder
R, Strebel RT, Bartschi D, Pollak M, Lui L, Endt K, Schiess
R, Ruschoff JH, Cathomas R, Gillessen S. Metformin in
chemotherapy-naive  castration-resistant  prostate
cancer: a multicenter phase 2 trial (SAKK 08/09). Eur
Urol. 2014; 66:468-74.
https://doi.org/10.1016/j.eururo.2013.12.057
PMID:24412228

Mark M, Klingbiel D, Mey U, Winterhalder R,
Rothermundt C, Gillessen S, von Moos R, Pollak M,
Manetsch G, Strebel R, Cathomas R. Impact of Addition
of Metformin to Abiraterone in Metastatic Castration-
Resistant Prostate Cancer Patients With Disease

58.

59.

60.

61.

62.

63.

64.

65.

Progressing While Receiving Abiraterone Treatment
(MetAb-Pro): Phase 2 Pilot Study. Clin Genitourin
Cancer. 2019; 17:e323-28.
https://doi.org/10.1016/j.clgc.2018.12.009
PMID:30686756

Gillessen S, Gilson C, James N, Adler A, Sydes MR,
Clarke N, and STAMPEDE Trial Management Group.
Repurposing Metformin as Therapy for Prostate
Cancer within the STAMPEDE Trial Platform. Eur Urol.
2016; 70:906-08.
https://doi.org/10.1016/j.eururo.2016.07.015
PMID:27450106

Mu N, Zhu Y, Wang Y, Zhang H, Xue F. Insulin
resistance: a significant risk factor of endometrial
cancer. Gynecol Oncol. 2012; 125:751-57.
https://doi.org/10.1016/j.ygyno.2012.03.032
PMID:22449736

Cantrell LA, Zhou C, Mendivil A, Malloy KM, Gehrig PA,
Bae-Jump VL. Metformin is a potent inhibitor of
endometrial cancer cell proliferation—implications for
a novel treatment strategy. Gynecol Oncol. 2010;
116:92-98.
https://doi.org/10.1016/.ygyno.2009.09.024
PMID:19822355

Takahashi A, Kimura F, Yamanaka A, Takebayashi A,
Kita N, Takahashi K, Murakami T. Metformin impairs
growth of endometrial cancer cells via cell cycle arrest
and concomitant autophagy and apoptosis. Cancer Cell
Int. 2014; 14:53.
https://doi.org/10.1186/1475-2867-14-53
PMID:24966801

Sivalingam VN, Kitson S, McVey R, Roberts C,
Pemberton P, Gilmour K, Ali S, Renehan AG, Kitchener
HC, Crosbie EJ. Measuring the biological effect of
presurgical metformin treatment in endometrial
cancer. Br J Cancer. 2016; 114:281-89.

https://doi.org/10.1038/bjc.2015.453 PMID:26794276

Laskov I, Drudi L, Beauchamp MC, Yasmeen A,
Ferenczy A, Pollak M, Gotlieb WH. Anti-diabetic doses
of metformin decrease proliferation markers in tumors
of patients with endometrial cancer. Gynecol Oncol.
2014; 134:607-14.
https://doi.org/10.1016/j.ygyno.2014.06.014
PMID:24972190

Mitsuhashi A, Kiyokawa T, Sato Y, Shozu M. Effects of
metformin on endometrial cancer cell growth in vivo: a
preoperative  prospective trial. Cancer. 2014;
120:2986-95.

https://doi.org/10.1002/cncr.28853 PMID:24917306

Kitson SJ, Maskell Z, Sivalingam VN, Allen JL, Ali S,
Burns S, Gilmour K, Latheef R, Slade RJ, Pemberton
PW, Shaw J, Ryder WD, Kitchener HC, Crosbie EJ. PRE-

WWW.aging-us.com

4006

AGING


https://doi.org/10.1016/j.breast.2019.08.003
https://www.ncbi.nlm.nih.gov/pubmed/31472446
https://doi.org/10.18632/oncotarget.26286
https://www.ncbi.nlm.nih.gov/pubmed/30479698
https://doi.org/10.1101/cshperspect.a030361
https://www.ncbi.nlm.nih.gov/pubmed/29311132
https://doi.org/10.1016/j.juro.2011.04.087
https://www.ncbi.nlm.nih.gov/pubmed/21791342
https://doi.org/10.1038/pcan.2014.20
https://www.ncbi.nlm.nih.gov/pubmed/24861559
https://doi.org/10.1186/s12885-017-3458-3
https://www.ncbi.nlm.nih.gov/pubmed/28732480
https://doi.org/10.1016/j.eururo.2013.12.057
https://www.ncbi.nlm.nih.gov/pubmed/24412228
https://doi.org/10.1016/j.clgc.2018.12.009
https://www.ncbi.nlm.nih.gov/pubmed/30686756
https://doi.org/10.1016/j.eururo.2016.07.015
https://www.ncbi.nlm.nih.gov/pubmed/27450106
https://doi.org/10.1016/j.ygyno.2012.03.032
https://www.ncbi.nlm.nih.gov/pubmed/22449736
https://doi.org/10.1016/j.ygyno.2009.09.024
https://www.ncbi.nlm.nih.gov/pubmed/19822355
https://doi.org/10.1186/1475-2867-14-53
https://www.ncbi.nlm.nih.gov/pubmed/24966801
https://doi.org/10.1038/bjc.2015.453
https://www.ncbi.nlm.nih.gov/pubmed/26794276
https://doi.org/10.1016/j.ygyno.2014.06.014
https://www.ncbi.nlm.nih.gov/pubmed/24972190
https://doi.org/10.1002/cncr.28853
https://www.ncbi.nlm.nih.gov/pubmed/24917306

66.

67.

68.

69.

70.

71.

72.

surgical Metformin In Uterine Malignancy (PREMIUM):
a Multi-Center, Randomized Double-Blind, Placebo-
Controlled Phase Il Trial. Clin Cancer Res. 2019;
25:2424-32.
https://doi.org/10.1158/1078-0432.CCR-18-3339
PMID:30563932

Khawaja MR, Nick AM, Madhusudanannair V, Fu S,
Hong D, McQuinn LM, Ng CS, Piha-Paul SA, Janku F,
Subbiah V, Tsimberidou A, Karp D, Meric-Bernstam F,
et al. Phase | dose escalation study of temsirolimus in
combination with metformin in patients with
advanced/refractory cancers. Cancer Chemother
Pharmacol. 2016; 77:973-77.
https://doi.org/10.1007/s00280-016-3009-7
PMID:27014780

Kitahara CM, Platz EA, Freeman LE, Hsing AW, Linet
MS, Park Y, Schairer C, Schatzkin A, Shikany JM,
Berrington de Gonzalez A. Obesity and thyroid cancer
risk among U.S. men and women: a pooled analysis of
five prospective studies. Cancer Epidemiol Biomarkers
Prev. 2011; 20:464-72.
https://doi.org/10.1158/1055-9965.EPI-10-1220
PMID:21266520

Park S, Willingham MC, Qi J, Cheng SY. Metformin and
JQ1 synergistically inhibit obesity-activated thyroid
cancer. Endocr Relat Cancer. 2018; 25:865-77.

https://doi.org/10.1530/ERC-18-0071 PMID:29914872

Chen G, Nicula D, Renko K, Derwahl M. Synergistic anti-
proliferative effect of metformin and sorafenib on
growth of anaplastic thyroid cancer cells and their
stem cells. Oncol Rep. 2015; 33:1994-2000.

https://doi.org/10.3892/0r.2015.3805 PMID:25683253

Cho YY, Kang MJ, Kim SK, Jung JH, Hahm JR, Kim TH,
Nam JY, Lee BW, Lee YH, Chung JH, Song SO, Kim SW.
Protective Effect of Metformin Against Thyroid Cancer
Development: A Population-Based Study in Korea.
Thyroid. 2018; 28:864—70.
https://doi.org/10.1089/thy.2017.0550
PMID:29808777

Bikas A, Jensen K, Patel A, Costello J Jr, McDaniel D,
Klubo-Gwiezdzinska J, Larin O, Hoperia V, Burman KD,
Boyle L, Wartofsky L, Vasko V. Glucose-deprivation
increases thyroid cancer cells sensitivity to metformin.
Endocr Relat Cancer. 2015; 22:919-32.
https://doi.org/10.1530/ERC-15-0402

PMID:26362676

Thakur S, Daley B, Gaskins K, Vasko VV, Boufragech M,
Patel D, Sourbier C, Reece J, Cheng SY, Kebebew E,
Agarwal S, Klubo-Gwiezdzinska J. Metformin Targets
Mitochondrial Glycerophosphate Dehydrogenase to
Control Rate of Oxidative Phosphorylation and Growth
of Thyroid Cancer In Vitro and In Vivo. Clin Cancer Res.
2018; 24:4030-43.

73.

74.

75.

76.

77.

78.

79.

https://doi.org/10.1158/1078-0432.CCR-17-3167
PMID:29691295

Rotondi M, Coperchini F, Pignatti P, Magri F, Chiovato
L. Metformin reverts the secretion of CXCL8 induced by
TNF-a in primary cultures of human thyroid cells: an
additional indirect anti-tumor effect of the drug. J Clin
Endocrinol Metab. 2015; 100:E427-32.

https://doi.org/10.1210/jc.2014-3045 PMID:25590211

Klubo-Gwiezdzinska J, Jensen K, Costello J, Patel A,
Hoperia V, Bauer A, Burman KD, Wartofsky L, Vasko V.
Metformin inhibits growth and decreases resistance to
anoikis in medullary thyroid cancer cells. Endocr Relat
Cancer. 2012; 19:447-56.
https://doi.org/10.1530/ERC-12-0046 PMID:22389381

Tseng HW, Li SC, Tsai KW. Metformin Treatment
Suppresses Melanoma Cell Growth and Motility
Through Modulation of microRNA Expression. Cancers
(Basel). 2019; 11:11.
https://doi.org/10.3390/cancers11020209
PMID:30754729

Montaudié H, Cerezo M, Bahadoran P, Roger C,
Passeron T, Machet L, Arnault JP, Verneuil L, MaubecE,
Aubin F, Granel F, Giacchero D, Hofman V, et al.
Metformin monotherapy in melanoma: a pilot, open-
label, prospective, and multicentric study indicates no
benefit. Pigment Cell Melanoma Res. 2017; 30:378-80.
https://doi.org/10.1111/pcmr.12576 PMID:28122176

Braghiroli MI, de Celis Ferrari AC, Pfiffer TE, Alex AK,
Nebuloni D, Carneiro AS, Caparelli F, Senna L, Lobo J,
Hoff PM, Riechelmann RP. Phase Il trial of metformin
and paclitaxel for patients with gemcitabine-refractory
advanced adenocarcinoma of the pancreas.
Ecancermedicalscience. 2015; 9:563.
https://doi.org/10.3332/ecancer.2015.563
PMID:26316884

Maraka S, Groves MD, Mammoser AG, Melguizo-
Gavilanes I, Conrad CA, Tremont-Lukats IW, Loghin ME,
O’Brien BJ, Puduvalli VK, Sulman EP, Hess KR, Aldape
KD, Gilbert MR, et al. Phase 1 lead-in to a phase 2
factorial study of temozolomide plus memantine,
mefloquine, and metformin as postradiation adjuvant
therapy for newly diagnosed glioblastoma. Cancer.
2019; 125:424-33. https://doi.org/10.1002/cncr.31811
PMID:30359477

Molenaar RJ, Coelen RJ, Khurshed M, Roos E, Caan
MW, van Linde ME, Kouwenhoven M, Bramer JA,
Bovée JV, Matho6t RA, Klimpen HJ, van Laarhoven HW,
van Noorden CJ, et al. Study protocol of a phase 1B/II
clinical trial of metformin and chloroquine in patients
with IDH1-mutated or IDH2-mutated solid tumours.
BMJ Open. 2017; 7:e014961.
https://doi.org/10.1136/bmjopen-2016-014961
PMID:28601826

WWW.aging-us.com

4007

AGING


https://doi.org/10.1158/1078-0432.CCR-18-3339
https://www.ncbi.nlm.nih.gov/pubmed/30563932
https://doi.org/10.1007/s00280-016-3009-7
https://www.ncbi.nlm.nih.gov/pubmed/27014780
https://doi.org/10.1158/1055-9965.EPI-10-1220
https://www.ncbi.nlm.nih.gov/pubmed/21266520
https://doi.org/10.1530/ERC-18-0071
https://www.ncbi.nlm.nih.gov/pubmed/29914872
https://doi.org/10.3892/or.2015.3805
https://www.ncbi.nlm.nih.gov/pubmed/25683253
https://doi.org/10.1089/thy.2017.0550
https://www.ncbi.nlm.nih.gov/pubmed/29808777
https://doi.org/10.1530/ERC-15-0402
https://www.ncbi.nlm.nih.gov/pubmed/26362676
https://doi.org/10.1158/1078-0432.CCR-17-3167
https://www.ncbi.nlm.nih.gov/pubmed/29691295
https://doi.org/10.1210/jc.2014-3045
https://www.ncbi.nlm.nih.gov/pubmed/25590211
https://doi.org/10.1530/ERC-12-0046
https://www.ncbi.nlm.nih.gov/pubmed/22389381
https://doi.org/10.3390/cancers11020209
https://www.ncbi.nlm.nih.gov/pubmed/30754729
https://doi.org/10.1111/pcmr.12576
https://www.ncbi.nlm.nih.gov/pubmed/28122176
https://doi.org/10.3332/ecancer.2015.563
https://www.ncbi.nlm.nih.gov/pubmed/26316884
https://doi.org/10.1002/cncr.31811
https://www.ncbi.nlm.nih.gov/pubmed/30359477
https://doi.org/10.1136/bmjopen-2016-014961
https://www.ncbi.nlm.nih.gov/pubmed/28601826

80.

81

82.

83.

84.

85.

86.

87.

88.

Luo Q, Hu D, Hu S, Yan M, Sun Z, Chen F. In vitro and in
vivo anti-tumor effect of metformin as a novel
therapeutic agent in human oral squamous cell
carcinoma. BMC Cancer. 2012; 12:517.
https://doi.org/10.1186/1471-2407-12-517
PMID:23151022

Curry J, Johnson J, Tassone P, Vidal MD, Menezes DW,
Sprandio J, Mollaee M, Cotzia P, Birbe R, Lin Z, Gill K,
Duddy E, Zhan T, et al. Metformin effects on head and
neck squamous carcinoma microenvironment: window
of opportunity trial. Laryngoscope. 2017; 127:1808-15.
https://doi.org/10.1002/lary.26489 PMID:28185288

Curry JM, Johnson J, Mollaee M, Tassone P, Amin D,
Knops A, Whitaker-Menezes D, Mahoney MG, South
A, Rodeck U, Zhan T, Harshyne L, Philp N, et al.
Metformin Clinical Trial in HPV+ and HPV- Head and
Neck Squamous Cell Carcinoma: Impact on Cancer
Cell Apoptosis and Immune Infiltrate. Front Oncol.
2018; 8:436. https://doi.org/10.3389/fonc.2018.00436
PMID:30364350

Miranda VC, Braghiroli M, Faria LD, Bariani G, Alex A,
Bezerra Neto JE, Capareli FC, Sabbaga J, Lobo Dos
Santos JF, Hoff PM, Riechelmann RP. Phase 2 Trial of
Metformin Combined With 5-Fluorouracil in Patients
With Refractory Metastatic Colorectal Cancer. Clin
Colorectal Cancer. 2016; 15:321-328.e1.
https://doi.org/10.1016/j.clcc.2016.04.011
PMID:27262895

Liu X, Liu Y, Gao J, Feng M, Bao X, Deng K, Yao Y, Wang
R. Combination Treatment with Bromocriptine and
Metformin in Patients with Bromocriptine-Resistant
Prolactinomas: pilot Study. World Neurosurg. 2018;
115:94-98.
https://doi.org/10.1016/j.wneu.2018.02.188
PMID:29530699

Deng J, Peng M, Wang Z, Zhou S, Xiao D, Deng J, Yang
X, Peng J, Yang X. Novel application of metformin
combined with targeted drugs on anticancer
treatment. Cancer Sci. 2019; 110:23-30.
https://doi.org/10.1111/cas.13849 PMID:30358009

Peng M, Darko KO, Tao T, Huang Y, Su Q, He C, Yin T,
Liu Z, Yang X. Combination of metformin with
chemotherapeutic drugs via different molecular
mechanisms. Cancer Treat Rev. 2017; 54:24-33.
https://doi.org/10.1016/j.ctrv.2017.01.005
PMID:28161619

Soukas AA, Hao H, Wu L. Metformin as Anti-Aging
Therapy: Is It for Everyone? Trends Endocrinol Metab.
2019; 30:745-55.
https://doi.org/10.1016/j.tem.2019.07.015
PMID:31405774

Cha JH, Yang WH, Xia W, Wei Y, Chan LC, Lim SO, Li

89.

90.

91.

92.

93.

94.

95.

96.

CW, Kim T, Chang SS, Lee HH, Hsu JL, Wang HL, Kuo
CW, et al. Metformin Promotes Antitumor Immunity
via Endoplasmic-Reticulum-Associated Degradation of
PD-L1. Mol Cell. 2018; 71:606—620.€e7.
https://doi.org/10.1016/j.molcel.2018.07.030
PMID:30118680

Verdura S, Cuyas E, Martin-Castillo B, Menendez JA.
Metformin as an archetype immuno-metabolic adjuvant
for cancer immunotherapy. Oncolmmunology. 2019;
8:€1633235.
https://doi.org/10.1080/2162402X.2019.1633235
PMID:31646077

Dreher LS, Hoppe T. ERADicate Tumor Progression with
Metformin. Mol Cell. 2018; 71:481-82.
https://doi.org/10.1016/j.molcel.2018.08.001
PMID:30118675

Memmott RM, Mercado JR, Maier CR, Kawabata S, Fox
SD, Dennis PA. Metformin prevents tobacco
carcinogen—induced lung tumorigenesis. Cancer Prev
Res (Phila). 2010; 3:1066—-76.
https://doi.org/10.1158/1940-6207.CAPR-10-0055
PMID:20810672

Algire C, Amrein L, Bazile M, David S, Zakikhani M,
Pollak M. Diet and tumor LKB1 expression interact to
determine sensitivity to anti-neoplastic effects of
metformin in vivo. Oncogene. 2011; 30:1174-82.
https://doi.org/10.1038/0nc.2010.483 PMID:21102522

He L, Wondisford FE. Metformin action: concentrations
matter. Cell Metab. 2015; 21:159-62.
https://doi.org/10.1016/j.cmet.2015.01.003
PMID:25651170

Menendez JA, Quirantes-Piné R, Rodriguez-Gallego E,
Cufi S, Corominas-Faja B, Cuyas E, Bosch-Barrera J,
Martin-Castillo B, Segura-Carretero A, Joven .
Oncobiguanides: Paracelsus’ law and nonconventional
routes for administering diabetobiguanides for cancer
treatment. Oncotarget. 2014; 5:2344-48.
https://doi.org/10.18632/oncotarget.1965
PMID:24909934

Ashour AE, Sayed-Ahmed MM, Abd-Allah AR, Korashy
HM, Maayah ZH, Alkhalidi H, Mubarak M, Alhaider A.
Metformin rescues the myocardium from doxorubicin-
induced energy starvation and mitochondrial damage
in rats. Oxid Med Cell Longev. 2012; 2012:434195.
https://doi.org/10.1155/2012/434195
PMID:22666520

Xiong C, Yin D, Li J, Huang Q, Ravoori MK, Kundra V, Zhu
H, Yang Z, Lu Y, Li C. Metformin Reduces Renal Uptake of
Radiotracers and Protects Kidneys from Radiation-
Induced Damage. Mol Pharm. 2019; 16:808-15.
https://doi.org/10.1021/acs.molpharmaceut.8b01091
PMID:30608713

WWW.aging-us.com

4008

AGING


https://doi.org/10.1186/1471-2407-12-517
https://www.ncbi.nlm.nih.gov/pubmed/23151022
https://doi.org/10.1002/lary.26489
https://www.ncbi.nlm.nih.gov/pubmed/28185288
https://doi.org/10.3389/fonc.2018.00436
https://www.ncbi.nlm.nih.gov/pubmed/30364350
https://doi.org/10.1016/j.clcc.2016.04.011
https://www.ncbi.nlm.nih.gov/pubmed/27262895
https://doi.org/10.1016/j.wneu.2018.02.188
https://www.ncbi.nlm.nih.gov/pubmed/29530699
https://doi.org/10.1111/cas.13849
https://www.ncbi.nlm.nih.gov/pubmed/30358009
https://doi.org/10.1016/j.ctrv.2017.01.005
https://www.ncbi.nlm.nih.gov/pubmed/28161619
https://doi.org/10.1016/j.tem.2019.07.015
https://www.ncbi.nlm.nih.gov/pubmed/31405774
https://doi.org/10.1016/j.molcel.2018.07.030
https://www.ncbi.nlm.nih.gov/pubmed/30118680
https://doi.org/10.1080/2162402X.2019.1633235
https://www.ncbi.nlm.nih.gov/pubmed/31646077
https://doi.org/10.1016/j.molcel.2018.08.001
https://www.ncbi.nlm.nih.gov/pubmed/30118675
https://doi.org/10.1158/1940-6207.CAPR-10-0055
https://www.ncbi.nlm.nih.gov/pubmed/20810672
https://doi.org/10.1038/onc.2010.483
https://www.ncbi.nlm.nih.gov/pubmed/21102522
https://doi.org/10.1016/j.cmet.2015.01.003
https://www.ncbi.nlm.nih.gov/pubmed/25651170
https://doi.org/10.18632/oncotarget.1965
https://www.ncbi.nlm.nih.gov/pubmed/24909934
https://doi.org/10.1155/2012/434195
https://www.ncbi.nlm.nih.gov/pubmed/22666520
https://doi.org/10.1021/acs.molpharmaceut.8b01091
https://www.ncbi.nlm.nih.gov/pubmed/30608713

97.

98.

99.

100.

101.

102.

103.

104.

Molenaar RJ, van de Venne T, Weterman MJ, Mathot
RA, Klimpen HJ, Richel DJ, Wilmink JW. A phase Ib
study of everolimus combined with metformin for
patients with advanced cancer. Invest New Drugs.
2018; 36:53-61.
https://doi.org/10.1007/s10637-017-0478-4
PMID:28616837

Lohmann AE, Liebman MF, Brien W, Parulekar WR,
Gelmon KA, Shepherd LE, Ligibel JA, Hershman DL,
Rastogi P, Mayer IA, Hobday TJ, Lemieux J, Thompson
AM, et al, and From the CCTG, Alliance, SWOG, ECOG,
NSABP Cooperative Groups. Effects of metformin
versus placebo on vitamin B12 metabolism in non-
diabetic breast cancer patients in CCTG MA.32. Breast
Cancer Res Treat. 2017; 164:371-78.
https://doi.org/10.1007/s10549-017-4265-x
PMID:28447237

Mastroianni A, Ciniselli CM, Panella R, Macciotta A,
Cavalleri A, Venturelli E, Taverna F, Mazzocchi A, Bruno
E, Muti P, Berrino F, Verderio P, Morelli D, Pasanisi P.
Monitoring Vitamin Bi; in Women Treated with
Metformin for Primary Prevention of Breast Cancer and
Age-Related Chronic Diseases. Nutrients. 2019; 11:11.
https://doi.org/10.3390/nu11051020 PMID:31067706

Ashinuma H, Takiguchi Y, Kitazono S, Kitazono-Saitoh
M, Kitamura A, Chiba T, Tada Y, Kurosu K, Sakaida E,
Sekine |, Tanabe N, lwama A, Yokosuka O, Tatsumi K.
Antiproliferative action of metformin in human lung
cancer cell lines. Oncol Rep. 2012; 28:8-14.
https://doi.org/10.3892/0r.2012.1763
PMID:22576795

Pasha M, Sivaraman SK, Frantz R, Agouni A,
Munusamy S. Metformin Induces Different Responses
in Clear Cell Renal Cell Carcinoma Caki Cell Lines.
Biomolecules. 2019; 9:9.
https://doi.org/10.3390/biom9030113
PMID:30909494

Ma Y, Guo FC, Wang W, Shi HS, Li D, Wang YS. K-ras
gene mutation as a predictor of cancer cell
responsiveness to metformin. Mol Med Rep. 2013;
8:763-68.

https://doi.org/10.3892/mmr.2013.1596
PMID:23877793

Aldea M, Craciun L, Tomuleasa C, Berindan-Neagoe |,
Kacso G, Florian IS, Crivii C. Repositioning metformin
in cancer: genetics, drug targets, and new ways of
delivery. Tumour Biol. 2014; 35:5101-10.
https://doi.org/10.1007/s13277-014-1676-8
PMID:24504677

Zhang Y, Feng X, Li T, Yi E, Li Y. Metformin synergistic
pemetrexed suppresses non-small-cell lung cancer cell
proliferation and invasion in vitro. Cancer Med. 2017;
6:1965-75.

105.

106.

107.

108.

109.

110.

111

https://doi.org/10.1002/cam4.1133
PMID:28719077

Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H,
Wang LS, Jones RG, Choi Y. Enhancing CD8 T-cell
memory by modulating fatty acid metabolism.
Nature. 2009; 460:103-07.

https://doi.org/10.1038/nature08097 PMID:19494812

Eikawa S, Nishida M, Mizukami S, Yamazaki C,
Nakayama E, Udono H. Immune-mediated antitumor
effect by type 2 diabetes drug, metformin. Proc Natl
Acad Sci USA. 2015; 112:1809-14.
https://doi.org/10.1073/pnas.1417636112
PMID:25624476

de Oliveira S, Houseright RA, Graves AL, Golenberg N,
Korte BG, Miskolci V, Huttenlocher A. Metformin
modulates innate immune-mediated inflammation
and early progression of NAFLD-associated
hepatocellular carcinoma in zebrafish. J Hepatol.
2019; 70:710-21.
https://doi.org/10.1016/j.ihep.2018.11.034
PMID:30572006

Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K,
Kashaw SK, lyer AK. PD-1 and PD-L1 Checkpoint
Signaling Inhibition for Cancer Immunotherapy:
Mechanism, Combinations, and Clinical Outcome.
Front Pharmacol. 2017; 8:561.
https://doi.org/10.3389/fphar.2017.00561
PMID:28878676

Buchbinder El, Desai A. CTLA-4 and PD-1 Pathways:
Similarities, Differences, and Implications of Their
Inhibition. Am J Clin Oncol. 2016; 39:98-106.
https://doi.org/10.1097/COC.0000000000000239
PMID:26558876

Scharping NE, Menk AV, Whetstone RD, Zeng X,
Delgoffe GM. Efficacy of PD-1 Blockade Is Potentiated
by Metformin-Induced Reduction of Tumor Hypoxia.
Cancer Immunol Res. 2017; 5:9-16.
https://doi.org/10.1158/2326-6066.CIR-16-0103
PMID:27941003

Afzal MZ, Mercado RR, Shirai K. Efficacy of metformin
in combination with immune checkpoint inhibitors
(anti-PD-1/anti-CTLA-4) in metastatic malignant
melanoma. J Immunother Cancer. 2018; 6:64.
https://doi.org/10.1186/s40425-018-0375-1
PMID:29966520

112. Han Y, Li CW, Hsu JM, Hsu JL, Chan LC, Tan X, He GJ.

Metformin reverses PARP inhibitors-induced epithelial-
mesenchymal transition and PD-L1 upregulation in
triple-negative breast cancer. Am J Cancer Res. 2019;
9:800-15.

https://doi.org/10.1200/JC0.2019.37.15 suppl.1063
PMID:31106005

WWW.aging-us.com

4009

AGING


https://doi.org/10.1007/s10637-017-0478-4
https://www.ncbi.nlm.nih.gov/pubmed/28616837
https://doi.org/10.1007/s10549-017-4265-x
https://www.ncbi.nlm.nih.gov/pubmed/28447237
https://doi.org/10.3390/nu11051020
https://www.ncbi.nlm.nih.gov/pubmed/31067706
https://doi.org/10.3892/or.2012.1763
https://www.ncbi.nlm.nih.gov/pubmed/22576795
https://doi.org/10.3390/biom9030113
https://www.ncbi.nlm.nih.gov/pubmed/30909494
https://doi.org/10.3892/mmr.2013.1596
https://www.ncbi.nlm.nih.gov/pubmed/23877793
https://doi.org/10.1007/s13277-014-1676-8
https://www.ncbi.nlm.nih.gov/pubmed/24504677
https://doi.org/10.1002/cam4.1133
https://www.ncbi.nlm.nih.gov/pubmed/28719077
https://doi.org/10.1038/nature08097
https://www.ncbi.nlm.nih.gov/pubmed/19494812
https://doi.org/10.1073/pnas.1417636112
https://www.ncbi.nlm.nih.gov/pubmed/25624476
https://doi.org/10.1016/j.jhep.2018.11.034
https://www.ncbi.nlm.nih.gov/pubmed/30572006
https://doi.org/10.3389/fphar.2017.00561
https://www.ncbi.nlm.nih.gov/pubmed/28878676
https://doi.org/10.1097/COC.0000000000000239
https://www.ncbi.nlm.nih.gov/pubmed/26558876
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://www.ncbi.nlm.nih.gov/pubmed/27941003
https://doi.org/10.1186/s40425-018-0375-1
https://www.ncbi.nlm.nih.gov/pubmed/29966520
https://doi.org/10.1200/JCO.2019.37.15_suppl.1063
https://www.ncbi.nlm.nih.gov/pubmed/31106005

