
Biomedicine & Pharmacotherapy 162 (2023) 114676

Available online 8 April 2023
0753-3322/© 2023 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Review 

Metformin and HER2-positive breast cancer: Mechanisms and 
therapeutic implications 

Sara S Bashraheel a,1, Hadeel Kheraldine b,1, Sarah Khalaf c, Ala-Eddin Al Moustafa b,d,e,* 

a QU Health, Qatar University, P.O. Box 2713, Doha, Qatar 
b College of Medicine, QU Health, Qatar University, P.O. Box 2713, Doha, Qatar 
c College of Pharmacy, QU Health, Qatar University, P.O. Box 2713, Doha, Qatar 
d Biomedical Research Center, QU Health, Qatar University, PO. Box 2713, Doha, Qatar 
e Oncology Department, McGill University, Montreal, Quebec H3A 0G4, Canada   

A R T I C L E  I N F O   

Keywords: 
Metformin 
Diabetes 
HER2 
Breast cancer 
HER2/IGF-1R interaction 

A B S T R A C T   

Due to the strong association between diabetes and cancer incidents, several anti-diabetic drugs, including 
metformin, have been examined for their anticancer activity. Metformin is a biguanide antihyperglycemic agent 
used as a first-line drug for type II diabetes mellitus. It exhibits anticancer activity by impacting different mo-
lecular pathways, such as AMP-inducible protein kinase (AMPK)-dependent and AMPK-independent pathways. 
Additionally, Metformin indirectly inhibits IGF-1R signaling, which is highly activated in breast malignancy. On 
the other hand, breast cancer is one of the major causes of cancer-related morbidity and mortality worldwide, 
where the human epidermal growth factor receptor-positive (HER2-positive) subtype is one of the most 
aggressive ones with a high rate of lymph node metastasis. In this review, we summarize the association between 
diabetes and human cancer, listing recent evidence of metformin’s anticancer activity. A special focus is dedi-
cated to HER2-positive breast cancer with regards to the interaction between HER2 and IGF-1R. Then, we discuss 
combination therapy strategies of metformin and other anti-diabetic drugs in HER2-positive breast cancer.   

1. Introduction 

Breast cancer (BC) remains dubbed as the most common cancer in 
women. In 2020, more than 2.26 million new BC cases were diagnosed 
worldwide. Several classification schemes have been developed and 
utilized for diagnostic, therapeutic, and scientific research purposes over 
the years. The current classification is based on well-profiled molecular 
hallmarks and their gene expression patterns. It encompasses five 
distinct groups: luminal A, luminal B, HER2-positive, basal and normal 
basal-like [1]. There are several identified risk factors for BC, such as 
age, family history, reproductive factors (i.e., early menarche, late 
menopause, etc.), and lifestyle choices such as excess alcohol con-
sumption [2]. Among the different risk factors contemplated, whether in 
initial causation or disease progression, is type II diabetes mellitus 
(T2DM). This observation was documented in several scientific in-
vestigations that found a strong association between the two conditions, 
with a notable increased risk of BC in diabetes mellitus patients 
compared to individuals free of the latter [3–8]. Accumulating 

epidemiologic data supporting this association prompted scientific 
research to explore possible shared molecular pathways and advance 
therapeutic options for the treatment of this malignant disease. Major 
common genes/pathways that are shared between T2DM and BC include 
insulin-like growth factor 1 (IGF-1), the secretion of inflammatory adi-
ponectin/leptin, and deficient immune response due to elevated levels 
of pro-inflammatory cytokines, such as tumor necrosis factor-a (TNF-α) 
[9,10]. Overall, in T2DM, pro-inflammatory conditions are present due 
to disrupted glucose metabolism and accompanying hyper-insulinemia, 
which eventually kickstarts a cascade of tumor-promoting events (6). 
However, further elucidation of the molecular pathways responsible for 
the positive association between the two co-morbidities is needed. 

HER2 was identified as an important oncogene in the pathogenesis of 
BC as early as 1987 [11]. The HER2-positive subclass of BC constitutes 
approximately 20% of all subtypes and is implicated in aggressive 
phenotype. HER2-positive BC exhibits deregulation and mutation in 
many key genes that accumulate to enhance tumor aggressiveness and 
invasiveness, such as TP53, CDK12, PI3KCA, and PTEN [12]. Thus, 
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several targeted therapies have been developed and utilized for the 
treatment of this disease [13]. Limited data exists on the link between 
HER2-positive BC and its association with T2DM [14–16]. Nevertheless, 
due to the shared molecular pathways between the two diseases, the 
possible use of T2DM medications in HER2-positive BC, with a particular 
focus on metformin, has been the focus of several studies. 

Metformin is a multi-faceted drug in terms of its various uses in 
different ailments, either for their prevention or treatment. Along with 
its primary role in T2DM management, metformin has been utilized to 
treat other conditions including diabetic nephropathy, cardiovascular 
diseases and polycystic ovary disease. More recently, Metformin has 
been proposed as a preventive or therapeutic agent against cancer [17]. 
Multiple studies have investigated the spectrum of its effects on 
HER-positive BC, in experimental [18–20], epidemiological [21], or 
large-scale clinical trial settings [22–25]. 

In this review, we attempt to elucidate the most recent advances and 
scientific efforts dedicated to the role of metformin as a potential ther-
apeutic agent in HER2-positive BC. First, we will discuss the association 
between diabetes and cancer, including molecular interactions between 
IGF-1R and HER2 in BC. Then, the potential role of metformin and other 
T2DM drugs in the management of HER2-positive BC will be reviewed. 
Lastly, we conclude with a short summary on the topic and future 
perspective. 

2. Diabetes and human cancers including breast 

Collectively, diabetes and cancer are the leading causes of death 
worldwide. Cases of diabetes and cancer have been steadily increasing 
over the past few decades. According to the international diabetes 
federation reports in 2021, around 6.7 million deaths account for dia-
betes, with 537 million adults living this disease worldwide [26]. While, 
in 2020, about 18.1 million newly diagnosed cases and 10 million deaths 
are attributed to cancer, of which BC represents 2.26 million newly 
diagnosed and 685,000 global mortality cases [27]. As mentioned 
above, several reports have shown that there is an increased risk of 
various cancers, including colon, breast, pancreas, colorectal, endome-
trial, liver, and bladder in diabetic patients [28]. Additionally, the effect 
of diabetes risk reduction diet (DRRD) on BC was investigated, and 
found that adherence to DRRD decreased the risk of BC [OR 0.93, 95% 
confidence interval (CI), 0.89–0.98] [29,30]. Furthermore, a retro-
spective study in Louisiana reported a significant association between 
diabetes and BC subtypes, including Luminal A, triple-negative, and 
HER2-positive [31]. 

Diabetes has also been associated with aggressive tumor prognosis, 
progression, and mortality [32]. More specifically, diabetic patients 
have elevated levels of bioavailable IGF-1 which increases their risk of 
evolving malignancies such as breast, colorectal, and prostate cancer 
[33,34]. Recently, an investigation involving 26,968 BC patients, with 
11.6% diabetic cases, showed that the probability of BC and diabetes 
co-occurrence raised over time. Diabetic patients had a higher chance of 
diagnosis with stage III-IV BC than non-diabetic ones (OR 1.14, 95% CI 
1.03–1.27; and 1.17, 95% CI 1.00–1.38). Additionally, diabetic women 
aged 45–69 are more likely to have screen-detected BC (OR 1.13, 95% CI 
1.02–1.26) [35]. Furthermore, it has been reported that BC patients with 
diabetes had a higher 5-year mortality risk than those without diabetes 
[36]. These observational studies have been supported by several 
experimental one. An in-vivo comparison investigations conducted on 
mice fed with either high or low glycemic index food showed rapid 
development of BC with severe tumor burden in mice fed with high 
glycemic index food [37]. In fact, aggressive tumor proliferation is 
linked to high glucose concentration in the tumor microenvironment 
(TME), which is the main source of energy for tumor growth [38,39]. 
Therefore, any antidiabetic drugs that lower glucose levels, such as 
metformin, could be a potential cancer therapy. 

Diabetes and cancer share common risk factors, including aging, 
obesity, smoking, and alcohol consumption. The risk of having diabetes 

and cancer increases with age. The majority of cancer incidence, 
approximately 70%, occurs among individuals aged over 50. Only 5% of 
worldwide cancer cases occur in children and adolescents below the age 
of 15 [40]. While US statistics show the increasing prevalence of dia-
betes with age, 2.2% among the 20–24 age group, 6% among the 35–39 
age group, 11% among the 45–49 age group, 17% among the 55–59 age 
group, 21% among the 65–69 age group, and 24% among the 75–79 age 
group [41]. The prevalence of diabetes and cancer is slightly higher in 
men than in women [41,42]. Moreover, around 4% of all cancer cases in 
2012 were linked to high BMI. Several site-specific cancers have also 
been linked to high BMI, including postmenopausal breast, ovarian, 
kidney, liver, colorectal, gallbladder, pancreas, endometrial, gastric 
cardia, and thyroid cancers, as well as oesophageal adenocarcinoma and 
multiple myeloma [43]. Similarly, there is a strong association between 
T2DM and high BMI representing the association of obesity with both 
cancer and diabetes [44–46]. In addition, smoking tobacco accounts for 
two-thirds of lung cancer deaths worldwide; however, at least 19 other 
types of cancers are associated with smoking, including larynx, upper 
digestive, bladder, kidney, pancreas, leukemia, liver, stomach, and 
uterine cervix [47]. Smoking is also reported as an independent risk 
factor for diabetes, where active smokers have a 40% higher risk of 
developing diabetes than non-smokers [48–50]. In 2016, 4.2% of cancer 
deaths worldwide were attributed to alcohol consumption. The risk of 
cancer increases with increased consumption of alcohol, and it can cause 
a variety of cancer types, including breast [47]. On the other hand, 
moderate consumption of alcohol is associated with reduced diabetes 
risk, while excess consumption is a risk factor for diabetes [51–53]. 

Several anti-diabetic drugs, such as thiazolidinedione (TZD), insulin, 
insulin analogs, and metformin, have also shown an effect on cancer risk 
and progression. TZD acts as a peroxisome proliferator-activated re-
ceptor γ (PPARγ) agonist to induce cell apoptosis by increasing the level 
of apoptotic molecules and inhibit cancer cell invasion by blocking MEK- 
ERK signaling in colorectal and bladder cancers [54,55]. One study 
showed that diabetic patients prescribed with TZDs had a significantly 
lower risk of BC [56]. Additionally, a meta-analysis on pioglitazone and 
rosiglitazone TZDs showed a strong association between pioglitazone 
intake and reduction in BC, while no association was observed in the 
case of rosiglitazone [57]. However, a recent meta-analysis of studies 
published before 2016 reported no significant association between BC 
and TZDs intake among diabetic women [58]. Furthermore, insulin and 
insulin analogs are associated with increased cancer risk due to hyper-
insulinemia, but these are usually prescribed in the advanced stage of 
T2DM [36,59,60]. All these studies show clearly that there is a strong 
association between diabetes and cancer initiation and/or progression. 
Therefore, based on the shared molecular mechanisms between the two 
ailments, metformin and other diabetes drugs may have an important 
role in the management of human cancers, including breast. This will be 
discussed in the section below. 

3. Metformin and human cancers including breast 

There is contradicting evidence on the effect of metformin on cancer 
risk in T2DM patients. In 2017 a systematic review of metformin and 
cancer risk studies indicated that only 3 studies out of 46 were rated as 
low or unlikely for bias domains, including outcome, exposure, control 
selection, baseline confounding, time-dependent confounding, immortal 
time, missing data, and censoring methods. Therefore, the authors 
suggested that there is insufficient evidence supporting the association 
between metformin and cancer risk in T2DM patients [61]. Accordingly, 
two meta-analysis reports, one involving 12 studies and 16,230 partic-
ipants and the other involving 11 studies and 838,333 participants, both 
proposed no association between metformin consumption and BC in-
cidents in T2DM patients (Odd Ratio OR = 0.93; 95% Confidence In-
terval CI, 0.85–1.03; I2 = 35% and Relative Risk RR 0.964; 95% CI=
0.761–1.221; p = 0.761)[62,63]. However, both reports showed a sig-
nificant decrease in BC all-cause mortality (Hazard Ratio HR = 0.55; 
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95% CI, 0.44–0.70; I2 = 81% and RR= 0.652; 95% CI= 0.488–0.873; p 
= 0.004) [62,63]. A recent systematic review investigated the cancer 
risk of T2DM patients treated with metformin. The meta-analysis 
included data from 10,695,875 T2DM patients and 145,108 cancer 
cases which met the study criteria. T2DM patients who used metformin 
had a significantly decreased risk of cancer compared to those who 
never used metformin (OR=0.70, 95% CI=0.65–0.76). Further analysis 
comparing metformin with other anti-diabetic drugs revealed a statis-
tically decreased cancer risk for T2DM patients under the metformin 
course (OR=0.80, 95% CI=0.73–0.87). Therefore, metformin may play 
an independent role in reducing cancer risk in T2DM [64]. 

Additional analysis on metformin and BC association, with a focus on 
potential biases, was performed on seven studies in postmenopausal 
women with diabetes (OR 0.83, CI 0.71–0.97). The analysis confirms the 
protective effect of metformin on BC risk where longer use of Metformin 
show a stronger association (OR = 0.75. 95% CI 0.62–0.91) [65]. 
Moreover, consumption of metformin before cancer diagnosis is asso-
ciated with a reduced risk of BC (OR = 0.821, 95% CI=0.726–0.928, p =
0.002) [66]. 

Furthermore, early prescription and compliance to metformin 
resulted in a 25% reduction in cancer risk (OR= 0.75, 95% CI=
0.67–0.84) than late prescription and non-compliance [67]. Adherence 
to metformin reduces tumor-specific mortality in colorectal, endome-
trial, and BC patients. More specifically, consideraing a baseline of 12 
months period of adherence to metformin, a 10% increase in adherence 
reduced tumor-specific mortality in women with colorectal cancer 
(adjusted HR = 0.94), endometrial cancer (adjusted HR = 0.95; 95% 
CI= 0.90–0.99), and BC (adjusted HR = 0.95; 95% CI= 0.93–0.97) [68]. 

Metformin consumption upon diagnosis with lung cancer has been 
associated with improved survival (HR = 0.79, 95% CI= 0.72–0.87) and 
progression-free survival (PFS; HR = 0.62, 95% CI: 0.39–0.96)[69]. The 
same was observed in diabetic liver cancer patients using metformin (HR 
= 0.64; 95% CI, 0.42–0.97; p = 0.035) [70]. Additionally, Metformin 
improves cancer-specific survival (CSS) (n = 533), RFS (n = 623), and 
OS (n = 1936) indicators in patients with colorectal cancer [71]. 
However, a meta-analysis conducted using randomized controlled trials 
(RCTs) investigated the influence of metformin on the survival of 
non-diabetic BC patients and concluded that there is no association 
between the use of metformin and improved progression-free survival 
(PFS, hazard ratio [HR]: 1.00, 95% confidence interval [CI]: 0.70–1.43, 
p = 0.98; I2 = 32%) or overall survival (OS, HR: 1.00, 95% CI: 
0.71–1.39, p = 0.98; I2 = 0%). The analysis included five phase II RCT 
studies with a total of 396 non-diabetic BC patients [72]. In addition, 
Tadel et al. used different cancer cell lines (MCF-7, MCF-7/DX, A549, 
CCRF/CEM, THP-1, NHDF) to investigate the impact of metformin on 
cell proliferation. All cell lines used had decreased cell proliferation with 
increasing doses of metformin confirming its anticancer effect [73]. 

Furthermore, combination therapy studies on metformin and other 
medications showed an increased protective effect on cancer risk, 
including breast [74–76]. Usage of cardiovascular drugs such as aspirin 
and statin had no link to cancer incidents, while a combination of these 
drugs along with metformin showed an augmented protective associa-
tion with lung cancer risk and mortality [74,75]. Similarly, Sung et al. 
observed a significant decrease in cancer risk when aspirin and met-
formin were used independently and an elevated reduction in risk of 
cancer (HR 0.53, 95% CI 0.45–0.63) when both aspirin and metformin 
were used together [76]. Other combinational therapies showed a syn-
ergistic or significantly enhanced anticancer effect in-vitro and in-vivo 
on various cancer types, including breast [77–80]. A recent study 
showed a synergistic effect of metformin and copper chelator against 
Triple Negative Breast Cancer (TNBC). Through AMPK activation, 
whereby metformin can lead to the phosphorylation and stabilization of 
CTR1, which translocates copper and activates its oncogenic pathway 
[81]. Early prescription of metformin monotherapy or combination 
therapy is associated with 34% (OR, 0.66; 95% CI, 0.51–0.83) and 25% 
(OR, 0.75; 95% CI, 0.64–0.88) lower cancer risk, respectively. 

Therefore, Early prescription of metformin monotherapy or combina-
tion therapy is recommended [67]. Table 1 summarizes the main 
research outcomes of proposed metformin combination therapy. 

Herein it is important to note that Metformin can elicit anticancer 
effect directly as well as indirectly by reducing the level of glucose in the 
TME [82]. Both direct and indirect effects of metformin involve 
AMPK-dependent and AMPK-independent mechanisms (Fig. 1). The 
AMPK-dependent pathway involves the activation of AMPK which in-
hibits GATOR2 complex by phosphorylation of its component WDR24 
that leads to the downregulation of mTOR, including p70S6K/pS6 pro-
teins [83–85]. Further, activation of AMPK is achieved by inhibition of 
cancer cell mitochondrial complex I, which leads to the reduction in ATP 
level and increase in AMP/ATP level, thereby activating the glycolytic 
pathway and LKB1, which in turn phosphorylates AMPK [86,87]. The 
AMPK-independent pathway of metformin works by reducing the level 
of blood glucose and IGF-1 ratio, which inhibits PI3K/AKT/mTOR 
signaling pathways, thereby inhibiting tumor proliferation [84]. Indeed, 
studies showed that metformin decreases tumor formation in-vivo as 
well as cell invasion and growth in-vitro partially by activating PP2A 
[88]. Another AMPK-independent mechanism of metformin is via cyclin 
D1 downregulation, that upregulates P53 to promote apoptosis and 
inhibit cell proliferation in BC cells [89]. Metformin can also stimulate 
cancer cell invasion and proliferation by increasing KIBRA and FRMD6 
expression patterns, which leads to YAP phosphorylation, thus inhibit-
ing its translocation and binding to TEAD [90]. In fact, a recent study 
found that metformin inhibits cell proliferation and invasion in 
drug-resistant BC cells through an AMPK-independent approach [90]. In 
this regard, a recent in-vivo and in-vitro study by Liu et al. on Tamox-
ifen- and paclitaxel-resistant cells showed that metformin can increase 
cell membrane localization of the cell polarity protein Scribble (SCRIB), 
which enhances its interaction with MST1 and LATS1 and suppresses 
Yes-associated protein (YAP) nuclear localization and transcriptional 
activity [91]. In primary BC cells (PBCCs), metformin plays an essential 
antitumor role by suppressing the MMP-9 expression via inhibiting the 
activity and nuclear translocation of NF-kB [90]. 

On the other hand, Metformin can induce apoptosis of TNBC cells by 
inhibiting PI3K/Akt signaling and STAT3 activity and decreasing the 
expression of X-linked inhibitor of apoptosis protein (XIAP), thus 
increasing TNBC sensitivity to TRAIL [92]. This was confirmed in 
another study that demonstrated the role of Metformin in upregulating 
the production of endogenous TRAIL and stimulating TRAIL-mediated 
apoptotic pathway in TNBC [93]. Other investigations have also 
shown that metformin can reverse TME immunosuppression in TNBC 
[94,95]. More specifically, Metformin increases the expression of JNK, 
thereby activating the JNK signaling pathway, and increasing 
CD4 + and CD8 + Tumor-Infiltrated Lymphocytes (TILs) in the TME of 
TNBC. In addition, the functional phenotype of TILs is increased and 
associated with the JNK pathway, where the exhausted phenotype of 
TILs is suppressed through the AMPK/mTOR pathway [95]. A recent 
study identified the mechanism through which metformin reduces TNBC 
growth by targeting its glucose metabolism [96]. Metformin down-
regulates several glucose transporter proteins, including GLUT1, and 
attenuates the expression of over 20 genes involved in glucose meta-
bolism [96]. 

Nevertheless, the associations between Metformin consumption and 
ER+ BC risk have been contradictory, with some studies suggesting a 
protective effect against ER+ BCs and others linking Metforming with 
increased incidents of ER+ BC [97]. Hampsch et al. investigated the 
effect of Metformin on dormant ER+ BC and suggested that it enhanced 
dormant ER+ BC cell survival through AMPK activation [98]. Thus, 
further investigations are needed to elucidate the role of Metformin and 
its mechanism of action on ER+ BC. 

4. Molecular interactions between IGF-1R and HER2 in BC 

Insulin growth factor receptor type 1 (IGF-1R) is a cell-surface trans- 
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Table 1 
Outcomes of combination therapy of metformin.  

Ref. Combination 
Therapy 

Outcome Cancer 
Type 

Study type 

[76] Aspirin and 
metformin 

Reduced cancer 
risk significantly 
compared to single 
therapy. 

Various Meta-analysis 

[77] Vemurufenib 
and metformin 

Synergistic 
anticancer effects 
were evaluated 
using MTT assay 
and colony 
formation assay. 
Suppressed the 
progression of ATC 
cells growth by 
inducing 
significant 
apoptosis. 

Anaplastic 
thyroid 
cancer 

In-vitro: 
ATC cells 

[78] Pioglitazone and 
metformin 

Cancer progression 
is prevented by 
downregulation of 
the expression 
levels of 
oncogenes, AKT3, 
CHUK, CDC42, 
EIF4E, HIF1A, 
IKBKB, ILK, mTOR, 
PIK3CA, PIK3CG, 
PLD1, PRKCA, and 
RICTOR genes, and 
upregulation of 
expression levels of 
tumor suppressor 
genes, DDIT4, 
DDIT4L, EIF4EBP1, 
EIF4EBP2, 
FKBP1A, FKBP8, 
GSK3B, MYO1C, 
PTEN, ULK1, and 
ULK2. 

Anaplastic 
thyroid 
cancer 

In-vitro: 
SW1736 and 
C643 ATC. 

[79] Aspirin and 
metformin 

Enhanced 4T1 cell 
apoptosis through 
secretion of TGF- 
β1. 

Breast 
cancer 

In-vitro: 
Murine breast 
cancer 4T1 cell 

[99] Crocin and 
metformin 

Improved anti- 
metastatic BC 
therapy. 

Metastatic 
breast 
cancer 

In-vitro: 4T1 
cell line 
In-vivo: murine 
breast cancer 
model 

[100] Chemotherapy 
and metformin 

Does not improve 
the progression- 
free survival (PFS) 
and overall 
survival (OS) 
among women 
with metastatic BC. 

Metastatic 
breast 
cancer 

Meta-analysis 

[80] Formononetin 
and metformin 

Enhanced cell 
growth inhibition, 
and the induction 
of apoptosis in 
MCF-7 cells 
mediated by the 
ERK1/2 signaling 
pathway. 

Breast 
cancer 

In-vitro: MCF-7 
cells 

[101] Surgery and 
metformin 

Reduced mortality 
particularly in the 
HT+ /HER2 Tx- 
group. 

Breast 
cancer 

Meta-analysis 

[102] Fluoro-2-deoxy- 
D-glucose, 
doxorubicin and 
metformin 

Increased phospho- 
AMPK but 
decreased 
phospho-AKT and 
phospho-ERK 
expressions. 

Breast 
cancer 

In-vitro: 
BT474, 
SKBR3, MDA- 
MB-453 and 
MDA-MB-468 
cells  

Table 1 (continued ) 

Ref. Combination 
Therapy 

Outcome Cancer 
Type 

Study type 

[103] Tamoxifen and 
metformin 

Synergistically 
inhibit cell 
proliferation, DNA 
replication and 
induce apoptosis 
via BAX/BCL-2 
apoptotic pathway 
and AMPK/mTOR/ 
p70S6 growth 
pathway. 

ER-positive 
breast 
cancer 

In-vitro: MCF-7 
and ZR-75–1 
In-vivo: nude 
mice 

[104] Paclitaxel and 
metformin 

Synergistically 
induce higher 
cytotoxicity and 
apoptosis through 
Toll-like receptor 
(TLR) signaling by 
activation of TLR- 
MyD88-ERK. 

Breast 
cancer 

In-vitro: 4T1 
cells 
In-vivo: BALB/ 
c mice 

[105] Everolimus and 
metformin 

Additive anti- 
proliferative and 
colony inhibitory 
effect by repressing 
mitochondrial 
respiration and 
mTOR signaling. 

Breast 
cancer 

In-vitro: MCF- 
7, MDA-MB- 
231 and T47D 

[106] Vitamin D3 and 
metformin 

Synergistic 
antitumor activity 
involving mTOR 
signaling pathways 
by activating the 
expression of 
cleaved caspase-3, 
BAX, and p-AMPK, 
and inhibiting the 
expressions of p- 
BCL-2, c-Myc, p- 
IGF-1R, p-mTOR, 
p-P70S6K, p-S6. 

Breast 
cancer 

In-vitro: MDA- 
MB-231 cells 

[107] Curcumin and 
metformin 

Reduced tumor 
proliferation and 
growth, induced 
apoptosis, and 
inhibited 
angiogenesis. 

Breast 
Cancer 

In-vivo: BALB/ 
c mice 
In-vitro: 
EMT6/P, MCF- 
7, T47D and 
Vero 

[108] Standard 
therapy and 
metformin 

The addition of 
metformin vs 
placebo to standard 
BC therapy had no 
significant effect on 
invasive disease- 
free survival. 

Breast 
cancer 

Clinical trial 
phase III 

[109] Radiotherapy 
and metformin 

Improved tumor 
response to 
radiotherapy in 
cancer and diabetes 
mellitus patients, 
enhanced short- 
term efficacy and 
overall survival. 

Various Meta-analysis 

[110] Cisplatin and 
metformin 

Metformin 
downregulates 
RAD51 expression 
and enhances 
cisplatin’s 
anticancer effect 

TNBC 
Breast 
Cancer 

In-vitro: 
Hs578T and 
MDA-MB-231 
cells 
In-vivo: 
4T1 murine 
model 

[111] Resveratrol and 
metformin 

Synergistic 
inhibition of cancer 
progression. 

TNBC 
Breast 
Cancer 

In-vitro: 
MDA-MB-231 
cells 

[81] Copper chelator 
TTM and 
metformin 

Metformin 
activates AMPK 
which inhances 
CTR1-copper 
signalling and its 
downstream 

TNBC 
Breast 
Cancer 

In-vivo: 
Xenografted 
mouse models 

(continued on next page) 
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membrane receptor tyrosine kinase (RTK) composed of two alpha and 
two beta subunits [112]; IGF-1R binds insulin growth factor types I and 
II to insulin in the extracellular alpha domain with high affinity [112]. 
Moreover, its beta subunits contain an intracellular tyrosine kinase 
catalytic domain. The IGF-1R signaling pathway is involved in the 
development of different types of cancers, such as breast, which makes it 
a promising target in cancer treatment [113,114]. Fig. 2. 

Promoting cancer progression through IGF-1R survival cascade starts 
with ligand binding, which causes receptor conformational change and 
activates IGF-1R intrinsic kinase action via autophosphorylation, as the 
extracellular alpha chain triggers tyrosine kinase phosphorylation of the 
intracellular beta chain [112]. The autophosphorylation of IGF-1R ac-
tivates multiple signaling chains, such as the mitogen-activated protein 
kinase (MAPK), the phosphoinositide-3 kinase (PI3K) and the JAK/STAT 
pathways, thereby increasing cell survival, proliferation, and differen-
tiation as well as inhibiting apoptosis [115,116]. In detail, when IGF-1R 
is phosphorylated, it binds and phosphorylates different scaffold pro-
teins; insulin receptor substrate proteins (IRS1/2/4) and SHC1, which in 
turn become phosphorylated and bind to effectors. The IRS1/2/4 pro-
teins bind and phosphorylate PI3K through its p85 subunit, resulting in 
the formation of phosphoinositol phosphate3 (PIP3), which in turn ac-
tivates the AKT/mTOR signal transduction pathway. The PIP3 pathway 
is correlated with cell growth as well as suppressing apoptosis. Thus, cell 
proliferation, differentiation, and increased protein synthesis occur, 
which are the major hallmarks of tumorigenesis [115,117]. 

IGF-1R-activated IRS1/2/4 proteins also bind to the GRB-2/SOS 
complex, which in turn stimulates the replacement of GDP with GTP 
of RAS protein, resulting in activating RAF, ERK, and MAPK pathways. 

The extracellular signal-regulated kinase 1 and 2 (ERK1/2) pathway 
activates different transcription factors in the nucleus, such as c-Jun and 
c-Myc, to inhibit apoptosis and initiate mitosis. Additionally, IGF-1R can 
also stimulate the Janus kinase, signal transduction and transcription 
activator pathway (JAK/STAT). Then, phosphorylated STAT enters the 
nucleus and promotes cell stemness and epithelial-mesenchymal tran-
sition (EMT) [118]. 

On the other hand, IGF-1R signaling interacts with other receptor 
tyrosine kinases of growth factors family members, such as EGFR, VEGF, 
and HER2. Specifically, the IGF-1R and HER2 involve similar signaling 
pathways. HER2 is amplified in 15–20% of total BC cases, which is 
correlated with poor prognosis and aggressive tumors. HER2 represents 
a favorable drug target in these tumors, either by humanized mono-
clonal antibodies (mAbs) like trastuzumab or by small-molecule tyrosine 
kinase inhibitors (TKIs) like lapatinib [119,120]. However, innate and 
acquired resistance toward these treatment strategies is still a limitation 
in HER2-positive BC. Therefore, understanding the molecular in-
teractions between IGF-1R and HER2 signaling might be beneficial in 
targeting HER2-amplified BCs. 

The extracellular domain of HER2 cannot bind with ligands, thus, it 
is activated by homo or heterodimerization with other ligand-activated 
growth factor receptors, including but not limited to EGFR and IGF-1R 
[121]. This mode of HER2 activaition is considered one of the most 
important mechanisms of developing drug resistance in HER2-amplified 
cancers [122]. Similar to IGF-1R, activating HER2 triggers downstream 
signaling pathways, such as PI3K/MAPK, AKT/mTOR, and STAT path-
ways, which are regulated by several partners, such as SHC1 and GRB-2 
[123]. These are key pathways in tumorigenesis that start by promoting 
cell growth, proliferation, dedifferentiation, survival, angiogenesis; then 
initiates EMT and consequently cell invasion, which are likely to occur 
in HER2-positive cancer [123]. 

HER2 is activated and phosphorylated by forming a heterodimer 
with IGF-1R. This interaction is strongly correlated with resistance to 
mAbs that target and inhibit HER2, such as trastuzumab [119,124]. 

Table 1 (continued ) 

Ref. Combination 
Therapy 

Outcome Cancer 
Type 

Study type 

oncogenic 
pathway.  

Fig. 1. AMPK dependent and independent mechanism of action of metformin.  
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Interestingly, HER2 tends to form heterodimers with IGF-1R in 
trastuzumab-resistant cells but not in trastuzumab-sensitive cells. 
However, inhibiting this heterodimerization does not change HER2 
phosphorylation, it re-sensitizes the cells to trastuzumab treatment and 
decreases cell viability [124]. Moreover, resistance to trastuzumab is 
associated with IGF-1R overexpression in HER2-positive BCs [119,121]. 
Further, IGF-1R signaling can also increase the invasive potential of 
HER2-overexpressing BC cells by activating Src and focal adhesion ki-
nase (FAK). This promotes the expression of forkhead box protein M1 
(FoxM1), leading to increased cell invasion [120]. Therefore, various 
studies suggest co-targeting HER2 and IGF-1R as promising strategies to 
enhance drug efficacy in HER2-positive BC to overcome mAbs resistance 
[119,121,125]. The most common IGF-1R targeting strategies include: 
IGF-1R monoclonal antibodies (mAbs), IGF-1 and IGF-2 mAbs, IGF-1R 
tyrosine kinase inhibitors, and proteolysis targeting chimeras (PRO-
TACs) [126,127]. 

It is also important to highlight that IGF-1R can also interact with 
other growth family receptors, most importantly EGFR. Both receptors 
share downstream signaling pathways, such as AKT and MAPK. EGFR is 
hyperactivated in most types of cancer, resulting in cell proliferation, 
differentiation, migration, and invasion. Resistance towards EGFR- 
targeted therapies is strongly linked with its crosstalk with IGF-1R 
[128,129], as blocking EGFR subsequently activates IGF-1R signaling 
pathways as a compensation [128]. Thus, co-targeting IGF-1R and EGFR 
is shown to be a promising approach to treating metastatic cancer [130]. 
In addition, inhibiting IGF-1R may resensitize cancer cells to anti-EGFR 
treatments [131]. IGF-1R interacts with vascular endothelial growth 
factor receptor (VEGFR), platelet-derived growth factor receptor 
(PDGFR), and fibroblast growth factor receptor (FGFR), which promotes 
cancer progression and tumorigenesis [132]. The crosstalk between 
IGF-1R and the different RTKs (HER2, EGFR, VEGFR, PDGFR, FGFR) 
makes it an attractive target in cancer treatment. Therefore, blocking 
IGF-1R stops its downstream signaling pathway, while also inhibiting its 
interaction with other RTK family members. 

5. Potential role of metformin and other T2DM drugs in the 
management of HER2-positive BC 

The potential role of metformin in the management of HER2-positive 
BC has been intensively explored by different in-vitro and in-vivo 
studies, due to the relationship between diabetes and cancer occur-
rence. Several clinical trials sought to draw a definite conclusion on 
metformin effects in HER2-positive BC patients either as mono treat-
ment or in combination with other treatment strategies. However, the 
conclusion was influenced by several factors, such as patients’ diabetes 
status, genotyping, type of standard treatment strategy used, etc.  
Table 2. 

In-vitro examinations revealed that metformin mono treatment in-
hibits cell proliferation and colony formation in HER2-positive SKBR3 
and BT474 cell lines, as well as downregulates HER2 expression and 
phosphorylation [133,134]. It also results in partial cell cycle G1 arrest 
[135,136] and induction of apoptosis via inhibiting HSP90 [133]. 
Metformin has been shown to exhibit protective and risk-reducing ef-
fects against HER2-positive BC, as it inhibits HER2 overexpression by 
blocking p70S6K1, an mTOR effector in HER2-positive BC cell lines 
[136] (Fig. 1). The mTOR/p70S6K1-sensed ROS status in HER2-positive 
BC cell lines was highlighted as an important biomarker and target to 
predict metformin anticancer effects, in addition to HER2 oncogene 
overexpression [136]. At lower concentrations, metformin re-sensitizes 
resistant cells to anti-HER2 treatments, such as lapatinib and it augment 
its effecacy [142]. Lapatinib resistance usually occurs within 12 months 
of treatment. In addition, lapatinib and other anti-HER2 drugs exhibit 
cardiac toxicity due to the role of HER2 in regulating the cardiac cell 
function [143]. Therefore, combining Metformin treatment with lapa-
tinib can simoultaneosly inhibit HER2 signaling pathway along with 
activating AMPK; which protects from adverse cardiac effects associated 
with anti-HER2 drugs [142]. Additionally, combining Metformin with 
trastuzumab, which is the first-line treatment of HER2-positive BC, in-
hibits the proliferation and self-renewal of cancer stem and progenitor 
cells in HER2-positive BC cell lines [137]. Also, metformin has car-
dioprotective effects through activating AMPK and induction of 

Fig. 2. IGF-1R signaling and its crosstalk with HER2.  
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catabolism, thus protecting from cardiac adverse effects such as car-
diomyopathy associated with anti-HER2 treatments [142]. Another 
in-vitro examination showed that Metformin and phenformin; another 
biguanide antidiabetic drug, increase cell apoptosis and necrosis of 
HER2-positive BC cell lines, most likely by activating AMPK signaling. 
The combined action of Metformin and phenformin was also investi-
gated in-vivo, where it was shown to inhibit local and metastatic growth 
of HER2-positive BC [138]. Metformin is also known for its 
anti-HER2-induced-angiogenic effects, which are mediated by inhibiting 
HER2/HIF-1α/VEGF secretion axis. More specifically, it inhibits 
micro-vessel density and leaking [134]. In-vivo studies revealed that 
long-term exposure to Metformin treatment can increase the life span of 
HER2-positive mice [139]. Metformin also results in a deceleration of 
aging and protects mice with HER2 oncogene from developing tumors, 
leading to the assumption that it might prevent age-related diseases, 
including cancer [140]. Other anti-diabetic drugs, such as diabenol (a 
sulfonylurea antidiabetic drug), show geroprotecting effects and pro-
long the lifespan of transgenic HER2-positive mice. Diabenol, which 
increases insulin sensitivity, might prevent age-associated diseases like 
cancer by reducing the levels of insulin and IGF [141]. 

The proposed mechanisms of action of metformin anticancer effects 
include:  

• Reverting hyperinsulinemia [135,136].  
• Inhibiting cancer cell growth [135,136].  
• Downregulating HER2 expression and phosphorylation [134–136].  
• Downregulating cyclin D1 and E2F1 expression [135].  
• Inhibiting MAPK, AKT, and mTOR activity [135,144].  
• Activating AMPK which is associated with mTOR inhibition [136, 

142].  
• Inhibiting IGF-1R signaling [144].  
• Blocking cell cycle progression [135,144]. 

The outcome of clinical trials that recruited Metformin as a potential 
anti-HER2-positive BC treatment varied thus far between diabetic and 
non-diabetic patients. For instance, a clinical trial that included diabetic 
women with HER2-positive BC treated with Metformin and thiazolidi-
nediones; another anti-diabetic drug, showed better clinical outcomes 
and survival in the Metformin group [21]. This trial suggests that sur-
vival rates in these patients can be improved according to the chosen 
anti-diabetic adjuvant treatment [21]. Another study investigated the 
relationship between diabetes, Metformin use, and BC outcome in 
post-menopausal women with diabetes. The study revealed that Met-
formin decreases the risk of the HER2-positive BC but not the risk of 
other BC subtypes [145]. Further, another trial included 1013 BC pa-
tients with diabetes divided into two groups; with or without Metformin 
treatment. The conclusion stated clearly that the Metformin-treated 

group had a lower HER2-positive rate [146]. Another study examined 
the clinicopathological features of 711 BC patients with diabetes. 
However, this trial showed that Metformin did not change the expres-
sion of HER2 in those patients, but it significantly decreased the risk of 
lymph node metastasis [147]. 

Moreover, a phase II clinical trial evaluated the safety and efficacy of 
adding Metformin to neoadjuvant anthracycline/taxane-based chemo-
therapy and trastuzumab in women with early HER2-positive BC. A total 
of 57 patients were enrolled in this trial. The combination therapy was 
well-tolerated with no significant toxicity compared to standard care. 
However, as this study was underpowered with a low number of 
recruited patients, it was not possible to firmly conclude Metformin ef-
ficacy in HER2-positive BC, as larger investigations are warranted [148]. 
Further, a phase III randomized clinical trial included a total of 3649 
non-diabetic patients with a high risk of nonmetastatic BC receiving 
standard therapy. Compared to a placebo, adding metformin to standard 
treatment protocol did not enhance invasive disease-free survival rates 
and overall survival. Interestingly, a significant association was found 
between achieving a pathological complete response by Metformin 
treatment and the presence of the rs11212617 allele in these patients 
[108]. It is necessary to indicate that this allele which is located on the 
gene encoding for the insulin receptor substrate 1 (IRS1), was previously 
shown to regulate glucose metabolism and cellular growth, and is 
strongly associated with metformin treatment success in T2DM patients 
[149]. In fact, different clinical trials showed the importance of C 
allele-containing rs11212617 genotype presence as a predicting 
biomarker for achieving maximum anti-tumor effects of Metformin in 
non-diabetic HER2-positive BC patients [24,108,150]. Table 3. 

By reviewing previous clinical trials, it appears that the clinical 
benefits of Metformin in the treatment of HER2-positive BC is affected 
by the combination therapy approach used and the presence of the 
rs11212617 allele. Also, the patient’s diabetic status might interfere 
with the outcome. Thus, more studies are warranted to optimize Met-
formin use as a part of combination therapy in HER2-positive BC before 
drawing a conclusion regarding its anticancer effects. Despite contra-
dictory data reported in the literature, including Metformin in HER2- 
positive BC treatment regimens might add benefits and enhance its 
anti-HER2 effects [151]. 

6. Conclusion and future perspective 

Metformin, a drug used in the treatment of T2DM, has recently 
drawn attention due to its anticancer effects on different types of cancer, 
mainly BC. Metformin targets different key pathways related to cell 
proliferation, invasion, migration, and apoptosis which are the hall-
marks of cancer. Additionally, it has been shown that metformin indi-
rectly inhibits HER2 signaling cascade. Due to the crosstalk between 

Table 2 
Summary of in-vitro and in-vivo studies that investigated the anticancer effects of metformin and other anti-diabetic drugs on HER2-positive BC.  

In-vitro studies 

Treatment Model Outcome Reference 

Metformin SKBR3 and BT474 cells Cancer inhibition 
Resensitzing cells to treatment and reverting 
hyperinsulinemia 

[133,134],[135, 
136] 

Metformin 
+ Trastuzumab 

BC stem cells Cancer stem and progenitor cell inhibition [137] 

Metformin + Phenformin Murine HER2-positive MMTV-Erbb2 cells Cell apoptosis and necrosis [138] 
Metformin Co-culture of endothelial cells and HER2-positive BC cells Anti-angiogenesis [134] 
Metformin 
+ phenphormin 

Co-culture of white adipose tissue progenitor cells and HER2- 
positive BC cells 

Anti-angiogenesis [138] 

In-vivo studies 
Treatment Model Outcome Reference 
Metformin 
+ phenphormin 

Orthotopic xenograft mice model Inhibition of local and metastatic HER2-positive BC [138] 

Metformin HER-2/neu transgenic mice Life span increase [139,140] 
Diabenol HER-2/neu transgenic mice Life span increase [141]  
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IGF-1R and HER2 signaling pathway. Numerous investigations focused 
on the impact of Metformin on HER2-positive BC in-vitro, in-vivo, and in 
clinical trials, either as monotherapy or in combination with other anti- 
HER2 drugs and chemotherapy. These studies show clearly that Met-
formin inhibits cancer growth and metastasis in HER2-positive BC cell 
lines as well as in HER2-positive mice models. Nevertheless, in patients, 
Metformin is well-tolerated at high doses and shows protective effects 
against developing HER2-positive BC risk. However, a lack of its anti-
cancer efficacy was observed in clinical trials, with no significant impact 
on survival rates. It is fair to mention that some of the studies reported in 
this review were observational in nature and do not prove causality. This 
warrants more trials with increased sample size, taking into consider-
ation the diabetic status, genotyping, and rs11212617 allele presence in 
patients. Furthermore, exploring the outcome of novel anti-HER2 drugs 
in combination with Metformin in HER2-positive BC might be the key to 
gain the desired anticancer effects. 
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Summary of clinical trials that investigated the anticancer effects of Metformin 
on HER2-positive BC.  

Study type Treatment Patients Outcome Ref 

Observational Metformin 
+ Thiazolidinedione 

1983 diabetic 
and non- 
diabetic 
patients with 
HER2-positive 
BC 

Enhanced 
clinical 
outcomes 

[21] 

Observational Metformin 3401 post- 
menopausal 
women with 
diabetes 

Decreased 
HER2- 
positive BC 
risk 

[145] 

Retrospective 
study 

Metformin 1013 diabetic 
BC patients 
and 4621 non- 
diabetic BC 
patients 

Lower 
HER2- 
positive rate 

[146] 

Retrospective 
study 

Metformin 89 diabetic 
patients with 
BC 

No change in 
HER2 
expression 

[147] 

Phase II 
clinical trial 

Metformin 
+ trastuzumab or 
Metformin 
+ chemotherapy 

98 HER2- 
positive BC 
patients 

No 
significant 
toxicity but 
no 
conclusion 
on the 
efficacy 

[148] 

Phase III 
clinical trial 

Metformin 3649 non- 
diabetic 
patients with a 
high risk of BC 

No impact 
on disease- 
free survival 

[108]  
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