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Abstract 
Metformin, a commonly used drug to manage type 2 diabetes, is now gaining attention for its potential role in fighting cancer. Over 
the years, researchers have discovered that metformin can do more than just control blood sugar—it may also slow down or stop 
the growth of cancer cells. This review looks at how metformin might help prevent or treat cancer by exploring how it works in 
the body, what lab and clinical studies have found, and how it could be used for different types of cancer. Metformin exerts direct 
antitumor effects by inhibiting mitochondrial respiratory complex I, leading to reduced reactive oxygen species (ROS) generation 
and enhanced AMP-activated protein kinase (AMPK) activity. These processes disrupt cancer cell energetics, induce apoptosis, and 
modulate key regulatory pathways including mTOR and NF-κB.

Aside from its direct effects, metformin also works behind the scenes by lowering insulin levels and reducing the activity of a growth 
factor called IGF-1, both of which can fuel cancer growth. New research suggests that metformin may also help by targeting cancer 
stem cells, improving the balance of gut bacteria, and even influencing how genes behave and how the immune system responds 
to cancer. While these findings are encouraging, there are still some limitations to using metformin more widely in cancer care, 
such as a lack of sufficient randomized controlled trials (RCTs), variability in dosing and effectiveness, and uncertainty about its 
mechanisms in specific types of cancer. In conclusion, metformin presents a safe, affordable, and potentially effective adjunct in 
cancer management. While early findings are encouraging, large-scale clinical trials are warranted to validate its oncologic benefits 
and optimize its therapeutic use.
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Abbreviations:

T2DM – Type 2 Diabetes Mellitus

AMPK – AMP-Activated Protein Kinase

mTOR – Mammalian Target of Rapamycin

ATP – Adenosine Triphosphate

AMP – Adenosine Monophosphate

ROS – Reactive Oxygen Species

CRC – Colorectal Cancer

NF-κB – Nuclear Factor Kappa-light-chain-enhancer of Activated 
B cells 

IGF-1 – Insulin-like Growth Factor 1

ETC – Electron Transport Chain

FAP – Familial Adenomatous Polyposis

PDAC – Pancreatic Ductal Adenocarcinoma

NSCLC – Non-Small Cell Lung Cancer

HER2 – Human Epidermal Growth Factor Receptor 2

VEGF – Vascular Endothelial Growth Factor

ERK – Extracellular Signal-Regulated Kinase

PI3K/Akt – Phosphoinositide 3-Kinase / Protein Kinase B Pathway

MAPK – Mitogen-Activated Protein Kinase

RCT – Randomized Controlled Trial

GC – Gastric Cancer

HCC – Hepatocellular Carcinoma

EMT – Epithelial-Mesenchymal Transition

SHH – Sonic Hedgehog

ACC – Acetyl-CoA Carboxylase

FAS – Fatty Acid Synthase

ACLY – ATP Citrate Lyase

pS6K – Phospho-serine 6 Kinase

ADME – Absorption, Distribution, Metabolism, and Excretion.

Introduction
Metformin, a widely recognized and essential medication for 
managing type 2 diabetes mellitus (T2DM), has garnered attention 
for its potential role in cancer prevention and treatment. It has 
been associated with a decreased risk and improved prognosis in 
the incidence and outcome of colorectal cancer in patients with 
T2DM [1]. Since 2019, metformin has been included on the 
World Health Organization’s list of essential medicines due to its 
low cost, excellent tolerability, safety profile, and minimal risk 
of hypoglycemia. These attributes make it the preferred choice 
for managing millions of patients with T2DM, either alone or in 
combination with other medications [2]. Metformin is extensively 
distributed throughout the body, including the liver, kidney, 
brain, and intestines. It is not digested and is removed unaltered 
by renal excretion. Plasma membrane monoamine transporter 
(PMAT) or organic cation transporter 3 (OCT3) on the luminal 
side of enterocytes promote the first absorption of metformin in 
the intestine following oral dosing [3]. In the 1920s and 1930s, 
guanidine derivatives were used to treat diabetic mellitus (DM), 
but their usage was stopped because of their toxicity when insulin 
became available [4]. As an insulin sensitizer, metformin enhances 
insulin action and decreases insulin resistance, which greatly 
contributes to glucose oxidative decomposition and liver glycogen 
synthesis [5]. As we know, CRC exhibits a linear progression from 
normal colonic epithelium to adenoma initiation and malignant 
transformation to carcinoma and even to metastasis [6]. Cancer 
is a leading cause of death worldwide and represents a growing 
major public health problem. The data collected reported that, in 
2020, there were 19.3 million new cases and 10 million deaths 
from cancer worldwide. Breast cancer is the most diagnosed 
cancer in the world, followed by lung cancer. Prostate cancer was 
the most frequently diagnosed cancer in males, followed by lung 
cancer, non-melanoma skin cancer (NMSC), lip and oral cavity 
cancer, and liver cancer [7].

Mechanism of Action of Metformin in Cancer
Direct Anticancer Effects

Metformin exerts its influence on cancerous cell metabolism 
through the inhibition of respiratory complex I (NADH-coenzyme 
Q oxidoreductase), a component of the electron transport chain 
(ETC) located in the mitochondria. This inhibition leads to a 
decrease in the flow of electrons to complex III, where reactive 
oxygen species (ROS) are generated. Reduced production of ROS, 
oxidative stress, and DNA damage, thereby lowering the risk 
of mutagenesis. Mitochondrial dysfunction and cellular energy 
stress, resulting in a depletion of adenosine triphosphate (ATP) and 
an increase in the AMP/ATP ratio [8].
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Additionally, recent research has established that metformin can 
induce alternative forms of cell death, such as pyroptosis, which 
involves inflammatory, caspase-1-dependent programmed cell 
death. Metformin induces pyroptosis through AMPK-dependent 
activation of sirtuin 1 (a nicotinamide adenine dinucleotide 
[NAD+]-dependent deacetylase) and downstream nuclear factor 
kappa B (NF-kB) expression [4]. Moreover, metformin has been 
shown to activate the tumor suppressor p53 in vitro, which appears 
to be AMPK-dependent. This activation leads to cell cycle arrest, 
especially in pancreatic cancer models [9].

Indirect Effects on Cancer Metabolism

Insulin plays a significant role in cancer development and 
progression through its mitogenic properties, such as promoting cell 
proliferation, increasing glucose utilization, decreasing apoptosis, 
and enhancing the response to growth factors like insulin-like 
growth factor 1 (IGF-1). IGF-1 is a more potent mitogen than 
insulin, and it stimulates cell growth and anti-apoptotic activity 
via MAPK/ERK or Ras/Raf/MEK/ERK and PI3K/Akt/mTOR 
signaling [9]. Metformin counteracts these mitogenic effects by 
reducing insulin and IGF-1 signaling, thereby inhibiting cancer 
growth.

Epigenetic and Immunomodulatory Effects

Metformin has been shown to influence epigenetic mechanisms in 
cancer cells, potentially altering gene expression and modifying 
cellular behavior. Additionally, metformin may enhance immune 
responses, improving the body’s ability to recognize and attack 
cancer cells. 

Metformin’s Effect on Cancer Stem Cells:

The critical role of cancer stem/initiating cells in tumorigenesis 
and cancer development has led to investigations into how 
metformin affects these cells. Studies have found that metformin 
(at concentrations of 1 mM) can activate hex ribonucleotide-
binding protein 3 (FOX3) via AMPK activation, which is sufficient 
to promote the differentiation of glioma-initiating cells into non-
tumorigenic cells [3].

Metformin and AMPK Activation:

AMPK activation is central to many of metformin’s anticancer 
effects. AMPK is activated when adenosine monophosphate 
(AMP) binds to the ?-subunit, inducing structural changes that 
lead to phosphorylation of the a-subunit at Thr172. Metformin 
may mediate AMPK activation by increasing the AMP/ATP ratio, 
though it has also been suggested that metformin could directly 
bind to the γ-subunit of AMPK. The exact mechanism of this direct 
binding and its ability to activate AMPK remains unclear [3].

Metformin and Gut Microbiome Modulation:

The bioavailability of metformin in the gut is approximately 300 
times higher than in plasma, which underscores its influence on 
gut microbiome modulation. Studies have shown that metformin 
can alter the composition of the gut microbiome by increasing the 
proportion of beneficial bacteria, such as Akkerman Sia municipia, 
Bacteroides, Butyric monas, Megasphaera, and Prevotella, while 
decreasing harmful bacteria like Anaerotruncus, Lactococcus, 
and Parabacteroides [3]. Dysbiosis of the gut microbiome has 
been implicated in various diseases, including cancer, glucose 
metabolism disorders, aging, and even acquired immunodeficiency 
syndrome (AIDS). 

Epidemiology of Metformin Use And Cancer Reduction 
Risk
Cancer remains a leading global cause of morbidity and mortality, 
with a rising incidence in various populations. Epidemiological 
studies suggest that type 2 diabetes mellitus (T2DM) is associated 
with an increased risk of multiple cancers. Metformin, a first-
line therapy for T2DM, has been postulated to reduce cancer risk 
through its effects on cellular metabolism, inflammation, and 
insulin signaling. Several observational studies and meta-analyses 
have explored this potential association, providing insights into 
metformin’s role in cancer prevention.

A substantial body of research, including retrospective cohort 
studies, case-control studies, and meta-analyses, has investigated 
the link between metformin use and cancer risk reduction. 
Findings from these studies suggest that metformin users have a 
lower incidence of various cancers compared to those using other 
antidiabetic medications.

Meta-analysis by Gandini et al. (2014): A systematic review of 
47 studies reported a 31% reduction in overall cancer risk among 
metformin users (relative risk [RR] = 0.69, 95% confidence interval 
[CI] = 0.52–0.90). [10]. Retrospective cohort study by Lee et al. 
(2012): Found that diabetic patients using metformin had a 37% 
lower cancer risk compared to those using insulin or sulfonylureas 
(hazard ratio [HR] = 0.63, 95% CI = 0.53–0.74) [11].Case-control 
study by Franciosi et al. (2013): Reported a significant association 
between metformin use and reduced colorectal cancer risk (odds 
ratio [OR] = 0.74, 95% CI = 0.61–0.88) [12].

Cancer-Specific Epidemiological Findings

The protective effect of metformin varies by cancer type. Key 
epidemiological findings include

Colorectal Cancer

Several meta-analyses suggest that people who use metformin may 
have a 20–40% lower risk of certain health outcomes compared to 
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non-users. For example, a study by Zhang et al. (2021) found that 
metformin users had a relative risk of 0.78 (95% CI: 0.66–0.91), 
indicating a meaningful reduction in risk and supporting the idea 
that metformin could have protective benefits beyond its role in 
managing blood sugar [13]. 

Breast Cancer

A study by DeCensi et al. (2015) reported a 25% reduction in risk 
among metformin users, with a hazard ratio (HR) of 0.75 (95% CI: 
0.61–0.93). The findings also suggested potential survival benefits, 
highlighting metformin’s possible role beyond glycemic control in 
contributing to improved breast cancer outcomes [14].

Pancreatic Cancer

Multiple large meta-analyses and systematic reviews have found 
that people with type 2 diabetes who use metformin have a lower 
risk of developing pancreatic cancer compared to those who do 
not use it or who are on other diabetes medications. These findings 
suggest a potential protective effect of metformin against one of 
the most aggressive forms of cancer [15].

Lung Cancer

Several large cohort studies and meta-analyses have suggested that 
metformin use may be linked to a reduced risk of developing lung 
cancer, especially among individuals with diabetes. Some evidence 
even points to a possible dose-response relationship, indicating 
that higher or prolonged use could be more protective [16, 17]. 
However, findings across the literature are not entirely consistent. 
While some studies report no significant overall reduction in lung 
cancer incidence among metformin users, certain subgroups-such 
as male smokers and female nonsmokers-appear to experience 
more pronounced benefits [18].

Prostate Cancer 

Some studies and meta-analyses suggest that metformin use may be 
linked to a reduced risk of developing prostate cancer, particularly 
with long-term use. However, the evidence remains mixed. While 
certain analyses report a protective effect, others have found 
no significant association, and a few even suggest a potential 
increased risk in specific populations. These conflicting findings 
highlight the need for further research to clarify metformin’s role 
in prostate cancer prevention [19, 20].

Preclinical & Clinical Studies (In Vitro And Animal Models)

Cancer cells (5×10^6^) were injected into the right flank of female 
nu/nu mice (Charles River Laboratories), all of which developed 
tumors in 10 days with a size of ~55 mm³. For each experiment, 
mice were randomly distributed into equal groups (3–4 mice 
per group) that were untreated (NT) or treated by intra-tumoral 
injections every 5 days (four cycles) with 1 mg/kg or 4 mg/kg 

doxorubicin, 10 mg/kg paclitaxel, 20 mg/kg carboplatin, 200 µg/
ml metformin (diluted in the drinking water and present throughout 
the experiment starting at day 10), or combinations that included 
metformin. Tumor volume (mean ± SD) (mm³) was measured at 
various times after the initial injection. All the mouse experiments 
were performed in accordance with Institutional Animal Care and 
Use Committee procedures and guidelines of Tufts University 
[21].

Clinical Evidence with Metformin in Cancer Prevention and 
Treatment:

Several studies assessed the influence of metformin on metabolic 
status in cancer patients with and without diabetes. It was observed 
in nondiabetic women that, in early-stage breast cancer, metformin 
reduced fasting insulin by 22% and improved several metabolic 
parameters [22]. Running parallel regulatory programs has been 
proposed to increase confidence in new approaches and to enhance 
the transition to implement novel methods. This could facilitate 
a more human-centric approach for translational sciences by 
using human cell systems with varying degrees of complexity and 
combining them with in silico and in vivo studies to define PK 
parameters and potential toxic (side) effect. Multi-organ body-on-
chips have already been developed to simulate whole-body (patho)
physiology and also account for the absorption, distribution, 
metabolism, and excretion (ADME) of pharmacological 
compounds [23]. A multicenter randomized trial of metformin in 
individuals with Barrett’s esophagus who were taking a proton 
pump inhibitor showed no significant change in phospho-serine 
6 kinase (pS6K), a biomarker of insulin pathway activation, 
comparing baseline endoscopy biopsies with end-of-study biopsies 
[24]. Many clinical trials have shown that chemopreventive drugs 
can inhibit the growth of adenomatous polyps in patients with 
FAP. However, their long-term use is often limited by side effects. 
Metformin, a well-known first-line antidiabetic drug, has also been 
recognized for its antitumor effects [25]. 

Uses of Metformin in Different Types Of Cancer: 

Breast Cancer:

Metformin has attracted considerable attention due to its potential 
impact on breast cancer. Previous studies have indicated that the 
long-term use of metformin can reduce the risk of breast cancer 
in diabetic women [26]. Additionally, it has been reported that 
long-term metformin treatment can decrease the risk of ER-
positive breast cancer [27]. Metformin has been found to have 
various effects on breast cancer. In a study by Vazquez-Martin 
et al., it was discovered that metformin inhibits the growth of 
breast cancer cells by reducing the levels of HER2 through the 
modulation of the AMPK/mTOR/p70S6K1 axis [28]. Metformin 
was also found to reduce the serum levels of estradiol in patients, 
which may be a possible mechanism for its ability to resist breast 
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cancer development [29]. Furthermore, metformin inhibited 
the expression of cyclooxygenase (COX) 2, which is known to 
promote breast cancer proliferation and angiogenesis, thereby 
limiting the metastasis of breast cancer [30, 31]. Metformin 
also inhibits angiogenesis by targeting the HER2/HIF-1a/VEGF 
secretion axis [32].

Gastric Cancer: 

Use of metformin has demonstrated significant positive effects in 
the management of gastric carcinoma across multiple clinical trials 
[33,34]. In addition, metformin has been found to induce apoptosis 
in patients with gastric cancer (GC). This process is mediated by 
AMPK, which inhibits mTOR and mitochondrial complexes, 
ultimately leading to the apoptotic death of GC cells while sparing 
normal functioning cells. Metformin has been found to attenuate 
metastasis in GC through its effects on different proteins. One 
such group of proteins is cadherins, which are involved in cell–
cell communication. Metformin’s influence on these proteins 
helps prevent the migration and growth of cells in other parts of 
the body, a process known as the EMT [33]. Another important 
aspect of cancer progression is the maintenance of cancer cell 
stemness. Metformin has been identified as a potential regulator of 
this process. One specific gene, known as sonic hedgehog (SHH), 
has been studied in relation to cancer and is considered a potential 
therapeutic target [34]. Despite extensive research on the interplay 
between GC and metformin, there are still numerous underlying 
mechanisms that remain unidentified. One innovative approach to 
comprehending the role of metformin in GC involves analyzing 
RNA sequences [33].

Colorectal Cancer (CRC)

When considered as an adjuvant therapy in CRC, metformin 
has been proven effective, as it decreases the CRC proliferation, 
stemness, and metastatic activity [35]. Metformin-induced 
apoptosis has been linked to Bcl-2, Bax, Caspase-3, Mcl-1, and 
TRAIL [36]. Although there are currently no approved therapeutic 
interventions targeting this pathway, metformin has been 
hypothesized to reduce the proliferation and stemness induced by 
this pathway. Experiments with metformin have demonstrated a 
decrease in ß-catenin levels, resulting in a reduction in the EMT. 
However, there is currently insufficient evidence to directly link 
metformin to the Wnt/B-catenin pathway [37].

Liver Cancer

Research has demonstrated that the administration of metformin, 
a medication used to treat diabetes, is associated with a reduced 
risk of HCC and exerts a protective effect against its development 
[38, 39]. Metformin has also been implicated in the prevention 
of liver metastasis [40]. One potential therapeutic agent that 
has shown promise in modulating these pathwaysis metformin. 

Upon activation by metformin, AMPK reduces the degradation 
of I?Ba, thereby attenuating NF-?B signaling, decreasing IL-6 
expression, and inhibiting STAT3 signaling. This is supported 
by the observation that the inhibitory effect of metformin on 
proliferation is significantly reduced in cells transfected with p65 
(a subunit of NF-?B) or IBSR (an inhibitor of I?B degradation) 
[41]. Furthermore, it is worth noting that liver tumors often exhibit 
increased lipogenesis and fatty acid production [42]. In this 
regard, Bhalla et al. demonstrated that metformin can decrease 
HCC by inhibiting de novo lipogenesis through the suppression 
of key enzymes involved in this process, such as ACC, fatty acid 
synthase (FAS), and ATP citrate lyase (ACLY), at both the mRNA 
and protein levels [43]. These findings highlight the multifaceted 
nature of metformin’s potential therapeutic effects in HCC.

Lung Cancer

Numerous studies have highlighted the potential benefits of 
using metformin in the fight against lung cancer. For instance, 
Xiao et al. demonstrated that metformin treatment significantly 
reduced the incidence of Non-Small Cell Lung Carcinoma 
(NSCLC) [49]. Recent research has also shown that the use of 
metformin is associated with a lower risk of lung cancer and 
improved progression-free survival in patients with advanced lung 
adenocarcinoma when combined with EGFR-TKI therapy [50, 
51]. Preclinical studies on NSCLC have demonstrated that the use 
of metformin activates AMPK, leading to the induction of p53, 
the suppression of mTOR, and the inhibition of tumor growth. 
This ultimately enhances the tumor’s response to radiotherapy and 
chemotherapy [52, 53].

Ovarian Cancer

Metformin has demonstrated promising anticancer effects in 
research conducted on ovarian cancer. According to a recent 
cohort study, the prolonged use of metformin in ovarian cancer 
patients was linked to a decrease in mortality rates and improved 
overall survival [49]. Metformin has been shown to reduce the 
transcription of Axl and Tyro3, two receptor tyrosine kinases 
associated with cell survival and resistance to apoptosis, in ovarian 
cancer cells [50]. It also inhibits the activation of downstream 
signaling molecules, including Erkand STAT3, in triple-negative 
breast cancers [51]. Metformin has also been found to inhibit 
the growth of ovarian cancer cell lines and reduce angiogenesis, 
adhesion, and macrophage infiltration in both in-vitro and in-vivo 
models [52, 53, 54]. 

Pancreatic Cancer: 

It is worth noting that pancreatic ductal adenocarcinoma (PDAC) 
comprises more than 90% of all pancreatic cancer cases [55]. 
Metformin exerts its effects on PDAC through two distinct 
mechanisms. Firstly, it can directly impact pancreatic cells, and 
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secondly, it can indirectly influence PDAC through systemic 
pathways [56, 57] Recent research has also demonstrated that 
metformin induces apoptosis in pancreatic cancer cells by 
downregulating PCAF proteins . However, the exact mechanism 
through which metformin affects human cells, particularly in 
the context of PDAC, is not yet fully understood [58]. For more 
precision, further research is necessary to fully comprehend the 
implications of metformin in PDAC progression and growth [59]. 

Limitation
Metformin, traditionally known as an antidiabetic medication, 
has garnered attention for its potential anticancer properties, 
largely due to its ability to activate AMP-activated protein kinase 
(AMPK) and inhibit the mTOR pathway [60]. These mechanisms 
are thought to suppress cell growth and proliferation, which could 
hinder cancer progression. However, the precise mechanism 
through which metformin exerts its anticancer effects remains 
unclear, and it likely varies across different types of cancer. While 
several studies have pointed to metformin’s potential in cancer 
treatment and prevention, clinical evidence remains insufficient 
and somewhat contradictory. Some trials suggest a promising role 
for metformin in reducing cancer risk or improving outcomes, 
particularly in patients with diabetes, but other studies fail to 
support its effectiveness in cancer treatment [61]. Additionally, a 
significant challenge in translating preclinical findings to clinical 
practice is the dosing issue. Experimental studies often use much 
higher doses than those achievable in human patients, with plasma 
levels 10 to 100 times greater than those seen in typical therapeutic 
doses [62]. Furthermore, the anticancer effects of metformin seem 
to vary across different cancers, with some studies indicating its 
potential in cancers like breast and colorectal, while others show 
limited or no effect [63]. Thus, despite its promising preclinical 
data, the role of metformin in cancer treatment remains uncertain, 
and further research is necessary to fully understand its efficacy 
and optimal use in oncology.

Future Directions And Potential For Clinical Integration:

The future potential for integrating metformin into cancer 
treatment looks promising, with several key areas that warrant 
further exploration. Personalized medicine is playing a crucial 
role, as doctors increasingly identify specific biomarkers to 
classify patients into subgroups that are likely to benefit most from 
metformin. This not only boosts the drug’s effectiveness but also 
helps reduce its adverse effects. Additionally, advances in drug 
formulations and delivery systems are improving how metformin 
works in oncology, making treatments more targeted and reducing 
systemic side effects. These newer delivery methods also improve 
patient adherence to treatment. Combining metformin with 
other therapies, such as immunotherapy, targeted therapy, and 

radiotherapy, has shown promising synergistic effects in early 
studies, suggesting that combining these approaches could further 
enhance cancer treatment. However, to truly understand the full 
potential of metformin in cancer care, large-scale, randomized 
controlled trials are essential. These trials will provide the solid 
evidence needed to confirm the drug’s efficacy and safety in a 
broader clinical setting.

Conclusion
Metformin is broadly used as medication for type 2 diabetes 
and according to recent studies it’s an important agent in 
cancer treatment and prevention. Metformin inhibits cancer cell 
proliferation, induces apoptosis and enhances the efficacy of 
conventional cancer therapy. The potential impact of metformin 
on cancer is diverse. When combined with radiotherapy and 
chemotherapy as an adjunct it may improve results. Metformin is 
an attractive option for long term use in cancer prevention due to 
its low cost and favorable safety profile. Clinical trials exploring its 
effects in a variety of cancer treatment Though the initial evidence 
shows metformin’s role is effective, it’s important to use it with 
caution in the concept of it being the” game changer”. For knowing 
its clear efficacy and safety profiles more strong clinical trials are 
needed to be conducted further investigations are important for 
understanding its role in cancer treatment and prevention.

Declaration
 Funding:  Not applicable

 Conflicts of interest/Competing interest: Not applicable

 Ethics Approval: Not applicable 

 Consent to Participate: Not applicable 

 Written Consent for Publication: Not applicable 

 Availability of Data and Material: Not applicable 

 Code Availability: Not applicable

References
1.	 Ala M (2022) The Emerging Role of Metformin in the Prevention and 

Treatment of Colorectal Cancer: A Game Changer for the Management 
of Colorectal Cancer. Curr Diabetes Rev 18:e051121197762.

2.	 Amengual-Cladera E, Morla-Barcelo PM, Morán-Costoya A, Sastre-
Serra J, Pons DG,  et al. (2024) Metformin: From Diabetes to Cancer-
Unveiling Molecular Mechanisms and Therapeutic Strategies. Biology 
(Basel) 13:302.

3.	 Du Y, Zhu YJ, Zhou YX, Ding J, Liu JY (2022) Metformin in therapeutic 
applications in human diseases: its mechanism of action and clinical 
study. Mol Biomed 3:41.

4.	 Skuli SJ, Alomari S, Gaitsch  H, Bakayoko AI, Skuli N, et al. (2022) 
Metformin and Cancer, an Ambiguous Relationship. Pharmaceuticals 
(Basel) 15:626.

https://pubmed.ncbi.nlm.nih.gov/34749618/
https://pubmed.ncbi.nlm.nih.gov/34749618/
https://pubmed.ncbi.nlm.nih.gov/34749618/
https://pubmed.ncbi.nlm.nih.gov/38785784/
https://pubmed.ncbi.nlm.nih.gov/38785784/
https://pubmed.ncbi.nlm.nih.gov/38785784/
https://pubmed.ncbi.nlm.nih.gov/38785784/
https://pubmed.ncbi.nlm.nih.gov/36484892/
https://pubmed.ncbi.nlm.nih.gov/36484892/
https://pubmed.ncbi.nlm.nih.gov/36484892/
https://pubmed.ncbi.nlm.nih.gov/35631452/
https://pubmed.ncbi.nlm.nih.gov/35631452/
https://pubmed.ncbi.nlm.nih.gov/35631452/


Citation: Ahsan M, Khan A, Abbas S, Farooq T, Aziz S, et al.  (2025) The Role of Metformin in cancer Prevention and Treatment: A Game Changer?. 
J Oncol Res Ther 10: 10296. DOI: 10.29011/2574-710X.10296.

7 Volume 10; Issue 02
J Oncol Res Ther, an open access journal
ISSN: 2574-710X

5.	 Denga M, Leib S, Huang D, Wang H, Xiab S, et al. (2020) Suppressive 
effects of metformin on colorectal adenoma incidence and malignant 
progression. Pathol Res Pract 216:152775.

6.	 Huang D, Lei S, Wu Y, Weng M, Zhou Y, et al. (2020) Additively 
protective effects of vitamin D and calcium against colorectal adenoma 
incidence, malignant transformation and progression: A systematic 
review and meta-analysis. Clinical Nutrition 39:2525-2538.

7.	 Marino P, Mininni M, Deiana G, Marino G, Divella R, et al. (2024) 
Healthy Lifestyle and Cancer Risk: Modifiable Risk Factors to Prevent 
Cancer. Nutrients 16:800.

8.	 Galal MA, Al-Rimawi M, Hajeer A, Dahman H, Alouch S, et al. (2024) 
“Metformin: A Dual-Role Player in Cancer Treatment and Prevention. 
Int J Mol Sci 25:4083.

9.	 Gong J, Kelekar G, Shen J, Shen J, Kaur S, et al. (2016) The Expanding 
Role of Metformin in Cancer: An Update on Antitumor Mechanisms 
and Clinical Development. Target Oncol 11:447-67.

10.	 Gandini S, Puntoni M, Heckman-Stoddard BM, Dunn BK, Ford L, et al. 
(2014) Metformin and Cancer Risk and Mortality: A Systematic Review 
and Meta-analysis Taking into Account Biases and Confounders. 
Cancer Prev Res 7(9):867-885.

11.	 Lee MS, Hsu CC, Wahlqvist ML, Tsai HN, Chang YH, et al. (2012) 
Type 2 diabetes increases and metformin reduces total, colorectal, 
liver and pancreatic cancer incidences in Taiwanese: a representative 
population prospective cohort study of 800,000 individuals. BMC 
Cancer 12:1-9.

12.	 Franciosi M, Lucisano G, Lapice E, Strippoli GFM, Pellegrini F, et al. 
(2013) Metformin therapy and risk of cancer in patients with type 2 
diabetes: systematic review. PLoS One 8:e71583.

13.	 Zhang ZJ, Zheng ZJ, Kan H, Song Y, Cui W, et al. (2021) Reduced 
risk of colorectal cancer with metformin therapy in patients with type 2 
diabetes: a meta-analysis. Diabetes Care 44:627-634.

14.	 DeCensi A, Puntoni M, Goodwin P, Cazzaniga M, Gennari A, et al. 
(2015) Metformin and cancer risk in diabetic patients: a systematic 
review and meta-analysis. Cancer Prev Res 8(2):157-164.

15.	 Yu, H, Zhong X, Gao P, Shi J, Wu Z, et al. (2019) The Potential Effect of 
Metformin on Cancer: An Umbrella Review. Frontiers in Endocrinology 
10:617.

16.	 Kang J, Jeong SM, Shin DW, Cho M, Cho JH, et al. (2020) Associations 
of aspirin, statins, and metformin with lung cancer risk and related 
mortality: time-dependent analysis of population-based nationally 
representative data.. Journal of thoracic oncology 16:76-88.

17.	 Yao L, Liu M, Huang Y, Wu K, Huang X, et al. (2019) Metformin Use 
and Lung Cancer Risk in Diabetic Patients: A Systematic Review and 
Meta-Analysis. Disease Markers 2019:6230162.

18.	 Kim J, Hyun HJ, Choi EA, Yoo JW, Lee S, et al. (2020) Diabetes, 
Metformin, and Lung Cancer: Retrospective Study of the Korean 
NHIS-HEALS Database. Clinical lung cancer 21:e551-e559.

19.	 Liu Y, Zhang Q, Huang X (2025) Effect of metformin on incidence, 
recurrence, and mortality in prostate cancer patients: integrating 
evidence from real-world studies..  Prostate cancer and prostatic 
diseases 28:210-219.

20.	 Preston MA, Riis AH, Ehrenstein V, Breau RH, Batista JL, et al. (2014) 
Metformin use and prostate cancer risk. European urology 66:1012-
20.

21.	 Iliopoulos D, Hirsch HA, Struhl K (2011) Metformin decreases the dose 
of chemotherapy for prolonging tumor remission in mouse xenografts 
involving multiple cancer cell types. Cancer Res 71:3196-201.

22.	 Kasznicki J, Sliwinska A, Drzewoski J (2014) Metformin in cancer 
prevention and therapy. Ann Transl Med 2:57.

23.	 Fosse1 V, Oldoni E, Bietrix F, Budillon A, Daskalopoulos EP, et al. 
(2023)  Recommendations for robust and reproducible preclinical 
research in personalized medicine. BMC Med 21:14.

24.	 Heckman-Stoddard BM, DeCensi A, Sahasrabuddhe VV, Ford LG 
(2017) Repurposing metformin for the prevention of cancer and cancer 
recurrence. Diabetologia 60:1639-1647.

25.	 Zhou L, Zheng L, Xu B, Ye Z Dazhou Li, et al. (2024) Clinical efficacy 
of metformin in familial adenomatous polyposis and the effect of 
intestinal flora. Orphanet Journal of Rare Diseases 19.

26.	 Bodmer M, Meier C, Krähenbühl S, Jick SS, Meier CR (2010) Long-
term metformin use is associated with decreased risk of breast cancer. 
Diabetes Care 33:1304–1308.

27.	 Park YMM, Bookwalter DB, Brien KMO, Jackson CL, Weinberg CR, 
et al. (2021) prospective study of type 2 diabetes, metformin use, and 
risk of breast cancer. Ann Oncol 32:351–359.

28.	 Vazquez-Martin A, Oliveras-Ferraros C, Menendez JA (2009)The 
antidiabetic drug metformin suppresses HER2 (erbB-2) oncoprotein 
overexpression via inhibition of the mTOR effector p70S6K1 in human 
breast carcinoma cells. Cell Cycle 8:88–96. 

29.	 Campagnoli C, Berrino F, Venturelli E, Abbà C, Biglia N, et al. (2013) 
Metformin decreases circulating androgen and estrogen levels in 
nondiabetic women with breast cancer. Clin. Breast Cancer 13:433–
438.

30.	 Shi B, Hu X, He H, Fang W (2021) Metformin suppresses breast 
cancer growth via inhibition of cyclooxygenase-2. Oncol Lett 22:615.

31.	 Lyons TR, Borges VF, Betts CB, Guo Q, Kapoor P, et al. (2014) 
Cyclooxygenase-2–dependent lymphangiogenesis promotes nodal 
metastasis of postpartum breast cancer. J Clin Investig 124:3901–
3912.

32.	 Wang J, Li G, Wang Y, Tang S, Sun X, et al. (2015) Suppression of 
tumor angiogenesis by metformin treatment via a mechanism linked to 
targeting of HER2/HIF-1α/VEGF secretion axis. Oncotarget 6:44579.

33.	 Zhang J, Wen L, Zhou Q, He K, Teng L (2020) Preventative and 
Therapeutic Effects of Metformin in Gastric Cancer: A New Contribution 
of an Old Friend. Cancer Manag Res 12:8545–8554.

34.	 Li P, Zhang C, Gao P, Chen X, Ma B, et al. (2018) Metformin use 
and its effect on gastric cancer in patients with type 2 diabetes: A 
systematic review of observational studies. Oncol. Lett 15:1191–1199.

35.	 Higurashi T, Nakajima A (2018) Metformin and Colorectal Cancer. 
Front Endocrinol 9:622.

36.	 Ala M (2022) The Emerging Role of Metformin in the Prevention and 
Treatment of Colorectal Cancer: A Game Changer for the Management 
of Colorectal Cancer. Curr Diabetes Rev 18:e051121197762.

37.	 Zhang C, Wang Y (2019) Metformin attenuates cells stemness 
and epithelial-mesenchymal transition in colorectal cancer cells by 
inhibiting the Wnt3a/beta-catenin pathway. Mol Med Rep 19:1203–
1209.

38.	 Donadon V,  Balbi M,  Mas M.D, Casarin P, Zanette G (2010) Metformin 
and reduced risk of hepatocellular carcinoma in diabetic patients with 
chronic liver disease. Liver Int 30:750–758.

39.	 Chen HP, Shieh JJ, Chang CC, Chen TT, Lin JT, et al. (2013) Metformin 
decreases hepatocellular carcinoma risk in a dose-dependent manner: 
Population-based and in vitro studies. Gut 62:606–615.

https://pubmed.ncbi.nlm.nih.gov/31818523/
https://pubmed.ncbi.nlm.nih.gov/31818523/
https://pubmed.ncbi.nlm.nih.gov/31818523/
https://www.sciencedirect.com/science/article/abs/pii/S0261561419331395
https://www.sciencedirect.com/science/article/abs/pii/S0261561419331395
https://www.sciencedirect.com/science/article/abs/pii/S0261561419331395
https://www.sciencedirect.com/science/article/abs/pii/S0261561419331395
https://pubmed.ncbi.nlm.nih.gov/38542712/
https://pubmed.ncbi.nlm.nih.gov/38542712/
https://pubmed.ncbi.nlm.nih.gov/38542712/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/26864078/
https://pubmed.ncbi.nlm.nih.gov/26864078/
https://pubmed.ncbi.nlm.nih.gov/26864078/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4154969/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4154969/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4154969/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4154969/
https://pubmed.ncbi.nlm.nih.gov/21241523/
https://pubmed.ncbi.nlm.nih.gov/21241523/
https://pubmed.ncbi.nlm.nih.gov/21241523/
https://pubmed.ncbi.nlm.nih.gov/21241523/
https://pubmed.ncbi.nlm.nih.gov/21241523/
https://pubmed.ncbi.nlm.nih.gov/23936520/
https://pubmed.ncbi.nlm.nih.gov/23936520/
https://pubmed.ncbi.nlm.nih.gov/23936520/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3177711/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3177711/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3177711/
https://aacrjournals.org/cancerpreventionresearch/article/8/2/157/50401/Spectrin-Repeat-Containing-Nuclear-Envelope-1-and
https://aacrjournals.org/cancerpreventionresearch/article/8/2/157/50401/Spectrin-Repeat-Containing-Nuclear-Envelope-1-and
https://aacrjournals.org/cancerpreventionresearch/article/8/2/157/50401/Spectrin-Repeat-Containing-Nuclear-Envelope-1-and
https://pubmed.ncbi.nlm.nih.gov/31620081/
https://pubmed.ncbi.nlm.nih.gov/31620081/
https://pubmed.ncbi.nlm.nih.gov/31620081/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/30881522/
https://pubmed.ncbi.nlm.nih.gov/30881522/
https://pubmed.ncbi.nlm.nih.gov/30881522/
https://pubmed.ncbi.nlm.nih.gov/32532664/
https://pubmed.ncbi.nlm.nih.gov/32532664/
https://pubmed.ncbi.nlm.nih.gov/32532664/
https://pubmed.ncbi.nlm.nih.gov/39014063/
https://pubmed.ncbi.nlm.nih.gov/39014063/
https://pubmed.ncbi.nlm.nih.gov/39014063/
https://pubmed.ncbi.nlm.nih.gov/39014063/
https://pubmed.ncbi.nlm.nih.gov/24857538/
https://pubmed.ncbi.nlm.nih.gov/24857538/
https://pubmed.ncbi.nlm.nih.gov/24857538/
https://pubmed.ncbi.nlm.nih.gov/21415163/
https://pubmed.ncbi.nlm.nih.gov/21415163/
https://pubmed.ncbi.nlm.nih.gov/21415163/
https://pubmed.ncbi.nlm.nih.gov/25333032/
https://pubmed.ncbi.nlm.nih.gov/25333032/
https://pubmed.ncbi.nlm.nih.gov/36617553/
https://pubmed.ncbi.nlm.nih.gov/36617553/
https://pubmed.ncbi.nlm.nih.gov/36617553/
https://pubmed.ncbi.nlm.nih.gov/28776080/
https://pubmed.ncbi.nlm.nih.gov/28776080/
https://pubmed.ncbi.nlm.nih.gov/28776080/
https://www.researchgate.net/publication/378486593_Clinical_efficacy_of_metformin_in_familial_adenomatous_polyposis_and_the_effect_of_intestinal_flora
https://www.researchgate.net/publication/378486593_Clinical_efficacy_of_metformin_in_familial_adenomatous_polyposis_and_the_effect_of_intestinal_flora
https://www.researchgate.net/publication/378486593_Clinical_efficacy_of_metformin_in_familial_adenomatous_polyposis_and_the_effect_of_intestinal_flora
https://pubmed.ncbi.nlm.nih.gov/20299480/
https://pubmed.ncbi.nlm.nih.gov/20299480/
https://pubmed.ncbi.nlm.nih.gov/20299480/
https://pubmed.ncbi.nlm.nih.gov/33516778/
https://pubmed.ncbi.nlm.nih.gov/33516778/
https://pubmed.ncbi.nlm.nih.gov/33516778/
https://pubmed.ncbi.nlm.nih.gov/19106626/
https://pubmed.ncbi.nlm.nih.gov/19106626/
https://pubmed.ncbi.nlm.nih.gov/19106626/
https://pubmed.ncbi.nlm.nih.gov/19106626/
https://pubmed.ncbi.nlm.nih.gov/24267731/
https://pubmed.ncbi.nlm.nih.gov/24267731/
https://pubmed.ncbi.nlm.nih.gov/24267731/
https://pubmed.ncbi.nlm.nih.gov/24267731/
https://pubmed.ncbi.nlm.nih.gov/34257723/
https://pubmed.ncbi.nlm.nih.gov/34257723/
https://pubmed.ncbi.nlm.nih.gov/25133426/
https://pubmed.ncbi.nlm.nih.gov/25133426/
https://pubmed.ncbi.nlm.nih.gov/25133426/
https://pubmed.ncbi.nlm.nih.gov/25133426/
https://pubmed.ncbi.nlm.nih.gov/32982447/#:~:text=It was found that the,via AMPK and IGF%2D1R.
https://pubmed.ncbi.nlm.nih.gov/32982447/#:~:text=It was found that the,via AMPK and IGF%2D1R.
https://pubmed.ncbi.nlm.nih.gov/32982447/#:~:text=It was found that the,via AMPK and IGF%2D1R.
https://pubmed.ncbi.nlm.nih.gov/29391902/
https://pubmed.ncbi.nlm.nih.gov/29391902/
https://pubmed.ncbi.nlm.nih.gov/29391902/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6205961/
https://pmc.ncbi.nlm.nih.gov/articles/PMC6205961/
https://pubmed.ncbi.nlm.nih.gov/34749618/#:~:text=Potential mechanisms by which metformin,tumor angiogenesis and epithelial%2Dmesenchymal
https://pubmed.ncbi.nlm.nih.gov/34749618/#:~:text=Potential mechanisms by which metformin,tumor angiogenesis and epithelial%2Dmesenchymal
https://pubmed.ncbi.nlm.nih.gov/34749618/#:~:text=Potential mechanisms by which metformin,tumor angiogenesis and epithelial%2Dmesenchymal
https://pubmed.ncbi.nlm.nih.gov/30569135/
https://pubmed.ncbi.nlm.nih.gov/30569135/
https://pubmed.ncbi.nlm.nih.gov/30569135/
https://pubmed.ncbi.nlm.nih.gov/30569135/
https://pubmed.ncbi.nlm.nih.gov/20331505/
https://pubmed.ncbi.nlm.nih.gov/20331505/
https://pubmed.ncbi.nlm.nih.gov/20331505/
https://pubmed.ncbi.nlm.nih.gov/22773548/
https://pubmed.ncbi.nlm.nih.gov/22773548/
https://pubmed.ncbi.nlm.nih.gov/22773548/


Citation: Ahsan M, Khan A, Abbas S, Farooq T, Aziz S, et al.  (2025) The Role of Metformin in cancer Prevention and Treatment: A Game Changer?. 
J Oncol Res Ther 10: 10296. DOI: 10.29011/2574-710X.10296.

8 Volume 10; Issue 02
J Oncol Res Ther, an open access journal
ISSN: 2574-710X

40.	 Wang MD, Wang NY, Zhang H.L, Sun LY, Xu QR, et al. (2021) Fatty 
acid transport protein-5 (FATP5) deficiency enhances hepatocellular 
carcinoma progression and metastasis by reprogramming cellular 
energy metabolism and regulating the AMPK mTOR signaling 
pathway. Oncogenesis 10:74.

41.	 Zheng L, Yang W, Wu F, Wang C, Yu L, et al. (2013) Prognostic 
Significance of AMPK Activation and Therapeutic Effects of Metformin 
in Hepatocellular Carcinoma. Clin Cancer Res 19:5372–5380.

42.	 Yahagi N, Shimano H, Hasegawa K, Ohashi K, Matsuzaka T, et al. 
(2005) Co-ordinate activation of lipogenic enzymes in hepatocellular 
carcinoma. Eur J Cancer 41:1316–1322.

43.	 Bhalla K, Hwang BJ, Dewi RE, Twaddel W, Goloubeva OG, et al. 
(2012) Metformin prevents liver tumorigenesis by inhibiting pathways 
driving hepatic lipogenesis. Cancer Prev Res 5:544–552. 

44.	 Xiao K, Liu F, Liu J, Xu J, Wu Q, et al. (2020) The effect of metformin on 
lung cancer risk and survival in patients with type 2 diabetes mellitus: A 
meta-analysis. J Clin Pharm Ther 45:783–792.

45.	 Arrieta O, Barrón F, Padilla MÁS, Avilés-Salas A, Ramírez-Tirado LA, et 
al. (2019) 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 5:e192553.

46.	 Kang J, Jeong SM, Shin DW, Cho M, Cho JH, et al. (2021) The 
associations of aspirin, statins, and metformin with lung cancer risk 
and related mortality: A time-dependent analysis of population based 
nationally representative data. J Thorac Oncol 16:76–88.

47.	 Rocha GZ, Dias MM, Ropelle ER, Osório-Costa F, Rossato FA, et al. 
(2011) Metformin Amplifies Chemotherapy-Induced AMPK Activation 
and Antitumoral Growth. Clin Cancer Res 17:3993–4005.

48.	 Storozhuk Y, Hopmans SN, Sanli T, Barron C, Tsiani E, et al. (2013) 
Metformin inhibits growth and enhances radiation response of non-
small cell lung cancer (NSCLC) through ATM and AMPK. Br J Cancer 
108:2021–2032.

49.	 Park JY, Lim MC, Baek MH, Park YH, Kim S (2021) Impact of metformin 
on survival outcome in ovarian cancer: A nationwide population-based 
cohort study. J Gynecol Oncol 32:e65.

50.	 Kim NY, Lee HY, Lee C (2015) Metformin targets Axl and 
Tyro3 receptor tyrosine kinases to inhibit cell proliferation and 
overcomechemoresistance in ovarian cancer cells. Int J Oncol 47:353-
360.

51.	 Deng XS, Wang S, Deng A, Liu B, Edgerton SM, et al. (2012) 
Metformin targets Stat3 to inhibit cell growth and induce apoptosis in 
triple-negative breast cancers. Cell Cycle 11:367–376.

52.	 Rattan R, Giri S, Hartmann LC, Shridhar V (2009) Metformin attenuates 
ovarian cancer cell growth in an AMP-kinase dispensable manner. J 
Cell Mol Med 15:166–178.

53.	 Phoenix KN, Vumbaca F, Claffey KP (2008) Therapeutic metformin/
AMPK activation promotes the angiogenic phenotype in the ERα 
negative MDA-MB-435 breast cancer model. Breast Cancer Res Treat 
113:101–111.

54.	 Chen Y, Li H., Wang J (2020) Mechanisms of metformin inhibiting 
cancer invasion and migration. Am J Transl Res 12:4885–4901.

55.	 Hu JX, Zhao CF, Chen WB, Liu QC, Li QW, et al. (2021) Pancreatic 
cancer: A review of epidemiology, trend, and risk factors. World J. 
Gastroenterol 27:4298–4321.

56.	 Rena G, Hardie DG, Pearson ER (2017) The mechanisms of action of 
metformin. Diabetologia 60:1577–1585.

57.	 Eibl G, Rozengurt E (2019) KRAS, YAP, and obesity in pancreatic 
cancer: A signaling network with multiple loops. Semin Cancer Biol 
54:50–62.

58.	 Szymczak-Pajor I, Drzewoski J, Swiderska E, Strycharz J, Gabryanczyk 
A, et al. (2023) Metformin Induces Apoptosis in Human Pancreatic 
Cancer (PC) Cells Accompanied by Changes in the Levels of Histone 
Acetyltransferases (Particularly, p300/CBP Associated Factor (PCAF) 
Protein Levels). Pharmaceuticals 16:115.

59.	 Eibl G, Rozengurt E (2021) Metformin: Review of epidemiology and 
mechanisms of action in pancreatic cancer. Cancer Metastais Rev 
40:865–878.

60.	 Galal M A, Al-Rimawi M, Hajeer A, Dahman H, Alouch S, et al. (2024) 
Metformin: A dual-role player in cancer treatment and prevention. 
International journal of molecular sciences 25:4083.

61.	 Hua Y, Zheng Y, Yao Y, Jia R, Ge S, et al. (2023) Metformin and cancer 
hallmarks: shedding new lights on therapeutic repurposing. Journal of 
translational medicine 21:403.

62.	 Yu OHY, Suissa S (2023) Metformin and cancer: solutions to a real-
world evidence failure. Diabetes Care 46:904-912.

63.	 Pollak M N (2012) Investigating metformin for cancer prevention and 
treatment: the end of the beginning. Cancer discovery 2:778-790.

https://pubmed.ncbi.nlm.nih.gov/34772914/
https://pubmed.ncbi.nlm.nih.gov/34772914/
https://pubmed.ncbi.nlm.nih.gov/34772914/
https://pubmed.ncbi.nlm.nih.gov/34772914/
https://pubmed.ncbi.nlm.nih.gov/34772914/
https://pubmed.ncbi.nlm.nih.gov/23942093/
https://pubmed.ncbi.nlm.nih.gov/23942093/
https://pubmed.ncbi.nlm.nih.gov/23942093/
https://pubmed.ncbi.nlm.nih.gov/15869874/
https://pubmed.ncbi.nlm.nih.gov/15869874/
https://pubmed.ncbi.nlm.nih.gov/15869874/
https://pubmed.ncbi.nlm.nih.gov/22467080/
https://pubmed.ncbi.nlm.nih.gov/22467080/
https://pubmed.ncbi.nlm.nih.gov/22467080/
https://pubmed.ncbi.nlm.nih.gov/32406122/
https://pubmed.ncbi.nlm.nih.gov/32406122/
https://pubmed.ncbi.nlm.nih.gov/32406122/
https://pubmed.ncbi.nlm.nih.gov/31486833/
https://pubmed.ncbi.nlm.nih.gov/31486833/
https://pubmed.ncbi.nlm.nih.gov/31486833/
https://pubmed.ncbi.nlm.nih.gov/31486833/
https://pubmed.ncbi.nlm.nih.gov/31486833/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/32950701/
https://pubmed.ncbi.nlm.nih.gov/21543517/
https://pubmed.ncbi.nlm.nih.gov/21543517/
https://pubmed.ncbi.nlm.nih.gov/21543517/
https://pubmed.ncbi.nlm.nih.gov/23632475/
https://pubmed.ncbi.nlm.nih.gov/23632475/
https://pubmed.ncbi.nlm.nih.gov/23632475/
https://pubmed.ncbi.nlm.nih.gov/23632475/
https://pubmed.ncbi.nlm.nih.gov/34085799/
https://pubmed.ncbi.nlm.nih.gov/34085799/
https://pubmed.ncbi.nlm.nih.gov/34085799/
https://pubmed.ncbi.nlm.nih.gov/25975389/
https://pubmed.ncbi.nlm.nih.gov/25975389/
https://pubmed.ncbi.nlm.nih.gov/25975389/
https://pubmed.ncbi.nlm.nih.gov/25975389/
https://pubmed.ncbi.nlm.nih.gov/22189713/
https://pubmed.ncbi.nlm.nih.gov/22189713/
https://pubmed.ncbi.nlm.nih.gov/22189713/
https://pubmed.ncbi.nlm.nih.gov/19874425/
https://pubmed.ncbi.nlm.nih.gov/19874425/
https://pubmed.ncbi.nlm.nih.gov/19874425/
https://pubmed.ncbi.nlm.nih.gov/18256928/
https://pubmed.ncbi.nlm.nih.gov/18256928/
https://pubmed.ncbi.nlm.nih.gov/18256928/
https://pubmed.ncbi.nlm.nih.gov/18256928/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7540116/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7540116/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8316912/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8316912/
https://pmc.ncbi.nlm.nih.gov/articles/PMC8316912/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5552828/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5552828/
https://pubmed.ncbi.nlm.nih.gov/29079305/
https://pubmed.ncbi.nlm.nih.gov/29079305/
https://pubmed.ncbi.nlm.nih.gov/29079305/
https://pubmed.ncbi.nlm.nih.gov/36678613/
https://pubmed.ncbi.nlm.nih.gov/36678613/
https://pubmed.ncbi.nlm.nih.gov/36678613/
https://pubmed.ncbi.nlm.nih.gov/36678613/
https://pubmed.ncbi.nlm.nih.gov/36678613/
https://pubmed.ncbi.nlm.nih.gov/34142285/
https://pubmed.ncbi.nlm.nih.gov/34142285/
https://pubmed.ncbi.nlm.nih.gov/34142285/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/38612893/
https://pubmed.ncbi.nlm.nih.gov/37344841/
https://pubmed.ncbi.nlm.nih.gov/37344841/
https://pubmed.ncbi.nlm.nih.gov/37344841/
https://pubmed.ncbi.nlm.nih.gov/37185680/
https://pubmed.ncbi.nlm.nih.gov/37185680/
https://pubmed.ncbi.nlm.nih.gov/22926251/
https://pubmed.ncbi.nlm.nih.gov/22926251/

