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Interest has grown in studying the possible use of well-known anti-diabetic drugs as anti-cancer agents individually or in

combination with, frequently used, chemotherapeutic agents and/or radiation, owing to the fact that diabetes heightens the

risk, incidence, and rapid progression of cancers, including breast cancer, in an individual. In this regard, metformin (1, 1-

dimethylbiguanide), well known as ‘Glucophage’ among diabetics, was reported to be cancer preventive while also being

a potent anti-proliferative and anti-cancer agent. While meta-analysis studies reported a lower risk and incidence of breast

cancer among diabetic individuals on a metformin treatment regimen, several in vitro, pre-clinical, and clinical studies

reported the efficacy of using metformin individually as an anti-cancer/anti-tumor agent or in combination with

chemotherapeutic drugs or radiation in the treatment of different forms of breast cancer. 
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1. Background and Introduction

The reinforced link between diabetes and cancer and/or breast cancer has generated interest in studying the effects of

widely prescribed anti-hyperglycemic/anti-diabetic drugs on the risk, incidence, progression, response to therapy,

resistance, and post-therapeutic relapse in cancers. The incidence and rising rates of diabetes is a serious concern in the

medical field around the globe. Worldwide, the World Health Organization (WHO) data estimate nearly 422 million

diabetes affected individuals in 2014, a sharp rise when compared to the 108 million diabetes affected individuals in 1980

. Data projections suggest that the global diabetes prevalence of 8.8% in 2017 will further increase to 9.9% by 2045 .

While it is well established that diabetes is linked to a higher risk of cardiovascular diseases, hepatic and renal

complications, and nerve damage, much less appreciated is the fact that diabetes can be linked to a higher risk,

incidence, progression, and post-treatment prognosis of different cancers . More recently, owing to the many

common risk factors attributable to both diabetes and cancer a convincing link was established, by several

epidemiological studies, between the occurrence of diabetes and the higher risk and incidence of many different cancers,

including the various types of breast cancer . In this regard, particularly in breast cancers, while insulin and

insulin analogues used to treat diabetes propagated tumor growth through the induction of angiogenesis and activation of

mitogenic signaling mechanisms and drugs such as thiazolidinediones do not appear to have a significant anti-cancer

effect, metformin on the other hand exhibited significant anti-proliferative and anti-cancer effects .

Metformin (1, 1-dimethylbiguanide) has its history traced back to the 18th century (year 1772), when Galega
officinalis (commonly known as French Lilac/Goat’s Rue/Spanish Safonin/False Indigo) was used to treat symptoms which

was later attributed to diabetes . While the hypoglycemic activity of Galega officinalis was attributed to the guanidine

component by the 1800s, the apparent toxicity associated with the clinical use of guanidine led to synthesis, testing, and

use of several biguanides, including dimethylbiguanide, for their glucose-lowering and anti-malarial effects and for the

treatment of influenza in the late 1920s . It was then in 1957 that Dr. Jean Sterne published his studies on metformin

and proposed its clinical development and the name ‘Glucophage’ (meaning glucose-eater) for metformin .

Metformin was thrust into the limelight as a better anti-hyperglycemic drug by the late 1970s, when its cousins, the

biguanides such as phenformin and buformin (which had more potent glucose-lowering effect), were associated with lactic

acidosis and had to be discontinued in medicinal practice . Metformin on the other hand reportedly has only mild to

moderate side effects such as nausea, vomiting, and diarrhea, which can be rectified by treatment dosage adjustments

. However, predominantly in elderly individuals, with heart failure, hypoxia, sepsis, renal and hepatic comorbidities, and

dehydration, metformin administration can lead to lactic acidosis in rare cases . The confirmed anti-

hyperglycemic effect (without causing hypoglycemia) and the favorable safety prolife when compared to phenformin and

buformin helped metformin claim the title as the ‘most widely prescribed and first-line oral anti-diabetic drug’ and manages

to keep that title 62 years after its first clinical use in the treatment and management of type 2 diabetes .
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Metformin decreases the levels of blood glucose by decreasing gluconeogenesis and glycogenolysis in the liver,

decreasing the intestinal absorption of glucose, reducing the release of free fatty acids (FFA) from adipose tissue, and

increasing glucose utilization by the muscle (Figure 1) . Apart from its glucose-lowering effect, metformin was studied

for its cardioprotective and vasculo-protective effects and more recently for its effects as a cancer preventive and anti-

cancer/anti-tumor agent in different cancers (Figure 1) . Depending on patient prolife and various disease

conditions or stages, metformin treatment-associated beneficial effects in the treatment of hepatic diseases ,

renal damage and disorders , neurodegenerative diseases , and bone disorders  were reported. In addition,

metformin treatment-related antiaging effects, delay in the onset of age-related disorders, and improvement in longevity

(lifespan) were reported in C. elegans, insects, and rodents .

Figure 1. Multifaceted benefits of metformin: Metformin reduces blood glucose levels in circulation by decreasing

gluconeogenesis and glycogenolysis in the liver, decreasing the intestinal absorption of glucose, reducing the release of

free fatty acids (FFA) from adipose tissue, and increasing glucose utilization by the muscle. Metformin exerts its

cardioprotective effects by increasing cardiac FFA oxidation and glycolysis, reducing ischemia-associated stunning and

infarct size, decreasing cardiac hypertrophy, apoptosis, and fibrosis, thereby improving cardiac functions (systolic and

diastolic). Metformin’s vasculo-protective effect is accounted for by its effect on reducing inflammation, endothelial

apoptosis, oxidative stress, and fibrosis of the vasculature, improving both endothelial and smooth muscle cell function

and inhibiting epithelial mesenchymal transition (EMT) transition, thus curbing vascular remodeling and causing overall

improvement of vascular function. In addition, metformin exerts its anti-cancer effects by decreasing incidence of different

cancers and inhibition of proliferation and migration of cancer cells, activation of apoptosis, and reducing EMT and

metastasis.

2. Biology of Metformin and Molecular Mechanism of Action

In a type 2 diabetic individual who receives metformin orally, the concentration of metformin in the hepatic circulation may

reach 50 μM; with the peak plasma concentration of metformin at 20 μM . The hydrophilic and cationic nature of

metformin at physiological pH makes it highly unlikely that metformin rapidly diffuses through the cell membrane and

exerts it effect on cell function. In addition, the kidneys carry out the elimination of unaltered metformin through the urine

. Hence, it is evident that metformin requires the presence and support of transporter molecules for its absorption,

distribution, and elimination to exert its biological function. In this regard, the organic cation transporters 1, 2, and 3

(OCT1, OCT2, and OCT3), the plasma membrane monoamine transporter (PMAT), and multidrug and toxin extrusion

protein 1 and 2 (MATE1 and MATE2) transporters are reported to play key roles in transporting metformin into and out of

the cell in the intestine, liver, and kidney . The thiamine transporter 2 (THTR2) also plays a role in

intestinal absorption and renal re-absorption of metformin . Alterations in the OCT1 gene reduced hepatic uptake of

metformin and reduced the efficacy of metformin in reducing blood glucose levels by the inhibiting gluconeogenesis and

glycogenolysis .
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While several studies have reported various ‘AMPK dependent’ and ‘AMPK independent’ mechanisms for the anti-

cancer/anti-tumor effects of metformin in cancer therapy, these anti-cancer effects of metformin were only observed at

very high concentrations (>5 mM) and fall short of explaining how such high concentrations enters the cancer cells and

exerts its anti-neoplastic effect. Studies have implicated that the susceptibility and/or resistance of cancer cells to

metformin treatment is dependent on the varying levels of the cell surface metformin transporters. Overexpression of

OCTs that contribute to intracellular accumulation of metformin in cancers would make them susceptible to metformin

treatment (which should explain the high concentrations of metformin required for anti-cancer treatment) while the

overexpression of MATE transporters that contribute to the extrusion of metformin out of the cell would render the cancer

cell resistant to metformin treatment (Figure 2) .

Figure 2. Cellular anti-cancer/anti-tumor effects of metformin: The hydrophilic and cationic metformin is transported into

the cell via the organic cation transporters (OCT), which support the intracellular accumulation of metformin. The anti-

proliferative activity of metformin in several cancers is at least in part attributed to its ability to reduce the levels of

insulin/IGF1, which in turn inhibits the insulin/IGF1 mediated molecular pathways that support tumor initiation and

progression. Metformin treatment directly activates AMPK and the ‘AMPK dependent’ effects include inhibition of c-Myc,

NF-κB, and mammalian target of rapamycin-C1 (mTORC1) pathways and acetyl Co-A carboxylase (ACC)-dependent

lipogenesis pathways while activating the p53 pathway and DICER-mediated miRNA synthesis. Metformin, albeit at high

concentrations, is also known to inhibit the mitochondrial Complex 1 of the electron transport chain (ETC) thereby

reducing ATP, levels which increases the AMP/ATP ratio further leading to AMPK activation. A decrease in ATP/energy

levels can also lead to mismanaged protein folding mechanisms leading to the accumulation of unfolded or misfolded

proteins and prolonged unfolded protein response (UPR) without rectification of endoplasmic stress triggers apoptosis

through multiple mechanisms, which include activation of UPR mediated apoptotic/death signaling and activation of

autophagy and subsequent autophagic cell death. AMPK independent metformin treatment-associated anti-cancer effects

are mediated by Rag GTPases, REDD1, and STAT3. Overall metformin treatment in cancer cells causes translational

inactivation, cell-cycle arrest, inactivation of cell proliferation and migration, inhibition of UPR, promotes apoptosis, inhibits

EMT, invasion, and metastasis, and increases susceptibility to chemotherapy/radiation therapy.

There are two general mechanisms that could explain the putative anti-cancer effects of metformin. The ‘indirect’ anti-

cancer effects of metformin arise from its ability to reduce insulin resistance, insulin levels, and fasting glucose levels .

Physiologically, insulin and insulin-like growth factor-1 (IGF1) largely regulate carbohydrate and lipid metabolism and

storage and protein synthesis via transmembrane receptor binding and activation of receptor tyrosine kinase and

subsequent activation of intracellular insulin receptor substrate-1 (IRS1); however, insulin and IGF1-mediated signaling

pathways are also implicated in pathogenesis and progression of several cancers via the activation of the

Ras/Raf/MEK/ERK, PI3K/Akt/mTORC1, and GSK3β/β-catenin pathways . Metformin reduces blood glucose levels in

circulation by decreasing gluconeogenesis and glycogenolysis in the liver, decreasing the intestinal absorption of glucose,

reducing the release of FFA from adipose tissue, and increasing glucose utilization by the muscle. Lower blood glucose

concentration in turn decreases the synthesis and secretion of insulin by the β-cells of the pancreas and reduces the

levels of insulin in circulation. The anti-proliferative activity of metformin in several cancers is at least in part attributed to
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its ability to reduce the levels of insulin/IGF1, which in turn inhibits the insulin/IGF1 mediated molecular pathways that

support tumor initiation and progression rather than a direct anti-proliferative/anti-cancer action (Figure 2) .

Metformin also exhibited ‘direct’ anti-cancer effects in many different cancer related studies. Since cancer cells are known

to utilize glucose rapidly through glycolysis (Warburg effect) to meet their energy needs when compared to normal cells,

metformin-mediated decrease in glucose levels should also curb tumor growth, although reports suggest that cancer cells

use alternative sources of energy when starved of glucose or when glycolysis is inhibited . Furthermore, AMPK

inhibits IRS1 mediated IR and IGFR oncogenic signaling via PI3K/Akt/mTOR, which, potentially, also contributes to the

anti-cancer effect of metformin (Figure 2) .

Several experimental studies reported the ‘direct’ anti-cancer effects of metformin, which are distinct from its ‘indirect’ anti-

cancer effects that are related to its anti-hyperglycemic actions, inhibition of hepatic gluconeogenesis, and reduction of

insulin signaling . In cancer cells, aberrant signaling mechanisms were reported involving key proteins and their

related pathways associated with protein synthesis and survival (mTOR, c-Myc, and NF-κB), lipid synthesis (ACC), DNA

damage repair and apoptosis (p53), and miRNA synthesis and function (DICER). Each of these proteins and their

modulation/regulation can impact the incidence, growth, and progression of malignant tumors. Mammalian target of

rapamycin-C1 (mTORC1) is activated and upregulated by nutrients, growth factors and energy and stress signals, and

key signaling pathways (PI3K, MAPK, and AMPK) and is inhibited by rapamycin . Activation of mTORC1

regulates cellular protein synthesis and cell survival through the phosphorylation of its substrates, 4EBP1, and p70S6K 

. The central role of mTOR in regulating cellular protein synthesis and cell survival explains the association of an

overactive mTOR pathway cancer . Several mTOR inhibitors were successfully tested for the treatment of various

cancers . Cellular Myc (c-Myc) is a well-studied oncogene which was constitutively overexpressed in various

cancers . Myc reportedly regulates an array of cellular functions that support cancer cell growth and progression

including transcription of several oncogenes, translation, cell cycle progression, cell proliferation, differentiation and

survival, ribosome biogenesis, signal transduction, and also cancer stem cell-related signaling and resistance to cancer

treatment . NF-κB activation, similarly, promotes cancer growth and by regulating transcription of genes that

support cell proliferation and survival, angiogenesis, tumor progression, and metastasis . The DNA repair and

pro-apoptotic nuclear transcription factor, p53, is vital to tumor suppression . Loss of p53 function and mutations in the

p53 gene are notably the cause for the incidence and progression of many different cancers by supporting cell

proliferation and survival, metabolism, genome instability, pro-survival autophagy, and metastasis in addition to conferring

therapeutic resistance to cancer cells . The RNase enzyme, DICER, that is important in processing the formation

of function micro-RNAs (miRNA) was frequently downregulated in human cancers and was linked to cancer progression

and cancer metastasis .

Metformin-mediated activation of AMPK and subsequent modulation and regulation of intracellular proteins and their

functions can explain several of the biological functions as well as its anti-cancer/anti-proliferative effects that was

observed in most cancer cells (Figure 2) . Activation of AMPK in cancer cells is associated with inhibition

of the mTORC1, c-Myc, and NF-κB pathways and activation of DICER and the p53 pathway, all of which reportedly exert

tumor suppressive, anti-proliferative, anti-migratory, and pro-apoptotic effects through various intracellular mediators,

activation of anti-oncogenic genes, and downregulation of pro-oncogenic genes .

Metformin treatment-associated AMPK activation leads to the phosphorylation of tuberous sclerosis-2 (TSC2) or raptor

and subsequent mTORC1 pathway inhibition, thereby reducing the cellular translational process/protein synthesis and

overall cell survival . AMPK also phosphorylates and inhibits acetyl CoA carboxylase (ACC), thereby

reducing lipid biosynthesis (Figure 2) . Inhibition of these anabolic processes of protein and lipid biosynthesis thus

retards cancer cell growth and proliferation .

Furthermore, metformin can inhibit the mitochondrial respiratory chain complex 1 (Figure 2), thereby causing a reduction

in the NADH oxidation and the proton gradient across the inner mitochondrial membrane subsequently reducing the rate

of oxygen consumption . Since cancer cells are highly glycolytic in nature (Warburg effect) and depend less on the

oxidative phosphorylation for its energy needs (ATP), it can be argued that the effect of metformin as an inhibitor of the

electron transport chain (ETC) complex 1 may be weak and reversible and may not impact the growth or proliferation of

cancer cells . However, any cancer cell that utilizes oxygen for mitochondrial respiration would produce mitochondrial

ATP and, thus, a decrease in ATP production due to metformin-mediated inhibition of ETC complex 1 should be toxic to

the cells . Additionally, the increasing levels of AMP due to ETC complex 1 inhibition should also in turn activate AMPK

(Figure 2) . The decrease in ATP also contributes to the accumulation of unfolded/misfolded proteins .

The accumulation of misfolded or unfolded proteins turns on the endoplasmic reticulum stress/unfolded protein response

(UPR) pathway . Prolonged UPR and accumulation of unfolded proteins without rectification of endoplasmic reticulum

stress triggers apoptosis through multiple mechanisms, which include activation of UPR-mediated apoptotic/death
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signaling and activation of autophagy and subsequent autophagic cell death . Additionally, the ER stress mediated

release of calcium (Ca ) from the endoplasmic reticulum stores leads to Ca  accumulation in the mitochondria causing

depolarization of permeability transition pore (PTP) and inducing apoptosis via the release of caspases .

Metformin treatment-associated ‘AMPK independent’ anti-cancer effects are mediated by regulated in DNA Damage-1

(REDD1; also known as DNA damage inducible transcript-4-DDIT4), Rag GTPases, and signal transducer and activator of

transcription-3 (STAT3) (Figure 2). REDD1/DDIT4 is known to be inhibitor of mTOR signaling and thereby possess tumor

suppressive properties by inhibition of protein synthesis and cell survival . Metformin reportedly activated

the p53/REDD1 axis to cause AMPK independent inhibition of mTOR in cancer cells (Figure 2) . Activation of the

p53/REDD1 pathway also reduces the expression of Cyclin D1, thereby reducing cell proliferation . Rag GTPases, a

sub-family of Ras-related GTPases, is involved in amino acid signaling mediated activation and functioning of the mTOR

pathway . Metformin treatment inhibits the mTOR pathway via the inhibition of Rag GTPases in cancer cells,

which in turn reduces protein synthesis and causes cell cycle arrest (Figure 2) . The aberrant activity of STAT3

has been implicated in promoting the pro-oncogenic functions such as initiation, progression, metastasis, and immune

evasion in different cancers . Overexpression of STAT3 contributes to cell survival, proliferation, cell cycle

progression, anti-apoptosis, migration, invasion, angiogenesis, chemoresistance, immunosuppression, and self-renewal

and differentiation of stem cells by regulating the expression of its downstream target genes . Metformin treatment

inhibited STAT3 nuclear translocation and exerted anti-proliferative, anti-metastatic, and pro-apoptotic effects in

cholangiocarcinoma cells and breast cancer cells (Figure 2) .

The multifaceted ability of metformin to influence cancer cell growth and cancer progression through various molecular

mechanisms, as discussed above, has made it an interesting candidate drug with potential in the treatment of breast

cancer. In the following sections of the article, we briefly discuss the cellular, pre-clinical, and clinical studies that are

currently testing metformin as a monotherapy or in combination with other chemotherapeutic drugs or

phytochemicals/natural compounds for its efficacy as an anti-cancer/anti-tumor agent in the treatment of estrogen

receptor (ER) positive, progesterone receptor (PR) positive, human epidermal growth factor receptor 2 (HER2) positive

types of breast cancers, and triple negative breast cancers (TNBCs) .

References

1. World Health Organization. Available online: (accessed on 30 August 2019).

2. European Society of Cardiology. Available online: (accessed on 30 August 2019).

3. Leon, B.M.; Maddox, T.M. Diabetes and cardiovascular disease: Epidemiology, biological mechanisms, treatment
recommendations and future research. World J. Diabetes 2015, 6, 1246–1258.

4. Min, T.Z.; Stephens, M.W.; Kumar, P.; Chudleigh, R.A. Renal complications of diabetes. Br. Med. Bull. 2012, 104, 113–
127.

5. Samuel, S.M.; Varghese, E.; Varghese, S.; Busselberg, D. Challenges and perspectives in the treatment of diabetes
associated breast cancer. Cancer Treat. Rev. 2018, 70, 98–111.

6. Said, G. Diabetic neuropathy—A review. Nat. Clin. Pr. Neurol. 2007, 3, 331–340.

7. Blendea, M.C.; Thompson, M.J.; Malkani, S. Diabetes and Chronic Liver Disease: Etiology and Pitfalls in Monitoring.
Clin. Diabetes 2010, 28, 139.

8. Boyle, P.; Boniol, M.; Koechlin, A.; Robertson, C.; Valentini, F.; Coppens, K.; Fairley, L.L.; Boniol, M.; Zheng, T.; Zhang,
Y.; et al. Diabetes and breast cancer risk: A meta-analysis. Br. J. Cancer 2012, 107, 1608–1617.

9. Hardefeldt, P.J.; Edirimanne, S.; Eslick, G.D. Diabetes increases the risk of breast cancer: A meta-analysis. Endocr.
Relat. Cancer 2012, 19, 793–803.

10. Larsson, S.C.; Mantzoros, C.S.; Wolk, A. Diabetes mellitus and risk of breast cancer: A meta-analysis. Int. J. Cancer
2007, 121, 856–862.

11. Stattin, P.; Björ, O.; Ferrari, P.; Lukanova, A.; Lenner, P.; Lindahl, B.; Hallmans, G.; Kaaks, R. Prospective Study of
Hyperglycemia and Cancer Risk. Diabetes Care 2007, 30, 561.

12. Giovannucci, E.; Harlan, D.M.; Archer, M.C.; Bergenstal, R.M.; Gapstur, S.M.; Habel, L.A.; Pollak, M.; Regensteiner,
J.G.; Yee, D. Diabetes and cancer: A consensus report. Diabetes Care 2010, 33, 1674–1685.

13. Bailey, C.J. Metformin: Historical overview. Diabetologia 2017, 60, 1566–1576.

14. Bailey, C.J.; Day, C. Metformin: Its botanical background. Pract. Diabetes Int. 2004, 21, 115–117.

[110]

2+ 2+

[110]

[111][112][113][114]

[115]

[116]

[117][118][119]

[116][120][121]

[122][123]

[122][123]

[124][125]

[126]



15. Leone, A.; Di Gennaro, E.; Bruzzese, F.; Avallone, A.; Budillon, A. New perspective for an old antidiabetic drug:
Metformin as anticancer agent. Cancer Treat. Res. 2014, 159, 355–376.

16. Misbin, R.I. The Phantom of Lactic Acidosis due to Metformin in Patients With Diabetes. Diabetes Care 2004, 27, 1791.

17. Vecchio, S.; Protti, A. Metformin-induced lactic acidosis: No one left behind. Crit Care 2011, 15, 107.

18. Fitzgerald, E.; Mathieu, S.; Ball, A. Metformin associated lactic acidosis. BMJ 2009, 339, b3660.

19. Marshall, S.M. 60 years of metformin use: A glance at the past and a look to the future. Diabetologia 2017, 60, 1561–
1565.

20. Correia, S.; Carvalho, C.; Santos, M.S.; Seica, R.; Oliveira, C.R.; Moreira, P.I. Mechanisms of action of metformin in
type 2 diabetes and associated complications: An overview. Mini Rev. Med. Chem. 2008, 8, 1343–1354.

21. Nesti, L.; Natali, A. Metformin effects on the heart and the cardiovascular system: A review of experimental and clinical
data. Nutr. Metab. Cardiovasc. Dis. 2017, 27, 657–669.

22. Iranshahy, M.; Rezaee, R.; Karimi, G. Hepatoprotective activity of metformin: A new mission for an old drug? Eur. J.
Pharmacol. 2019, 850, 1–7.

23. Li, Y.; Liu, L.; Wang, B.; Wang, J.; Chen, D. Metformin in non-alcoholic fatty liver disease: A systematic review and
meta-analysis. Biomed. Rep. 2013, 1, 57–64.

24. Yanardag, R.; Ozsoy-Sacan, O.; Bolkent, S.; Orak, H.; Karabulut-Bulan, O. Protective effects of metformin treatment on
the liver injury of streptozotocin-diabetic rats. Hum. Exp. Toxicol. 2005, 24, 129–135.

25. Brackett, C.C. Clarifying metformin’s role and risks in liver dysfunction. J. Am. Pharm. Assoc. 2010, 50, 407–410.

26. Corremans, R.; Vervaet, B.A.; D’Haese, P.C.; Neven, E.; Verhulst, A. Metformin: A Candidate Drug for Renal Diseases.
Int. J. Mol. Sci. 2018, 20, 42.

27. Rotermund, C.; Machetanz, G.; Fitzgerald, J.C. The Therapeutic Potential of Metformin in Neurodegenerative
Diseases. Front. Endocrinol. 2018, 9, 400.

28. Ma, J.; Liu, J.; Yu, H.; Chen, Y.; Wang, Q.; Xiang, L. Beneficial Effect of Metformin on Nerve Regeneration and
Functional Recovery After Sciatic Nerve Crush Injury in Diabetic Rats. Neurochem. Res. 2016, 41, 1130–1137.

29. Mao-Ying, Q.-L.; Kavelaars, A.; Krukowski, K.; Huo, X.-J.; Zhou, W.; Price, T.J.; Cleeland, C.; Heijnen, C.J. The anti-
diabetic drug metformin protects against chemotherapy-induced peripheral neuropathy in a mouse model. PLoS ONE
2014, 9, e100701.

30. Bahrambeigi, S.; Yousefi, B.; Rahimi, M.; Shafiei-Irannejad, V. Metformin; an old antidiabetic drug with new potentials in
bone disorders. Biomed. Pharmacother. 2019, 109, 1593–1601.

31. Prattichizzo, F.; Giuliani, A.; Mensà, E.; Sabbatinelli, J.; De Nigris, V.; Rippo, M.R.; La Sala, L.; Procopio, A.D.; Olivieri,
F.; Ceriello, A. Pleiotropic effects of metformin: Shaping the microbiome to manage type 2 diabetes and postpone
ageing. Ageing Res. Rev. 2018, 48, 87–98.

32. Barzilai, N.; Crandall, J.P.; Kritchevsky, S.B.; Espeland, M.A. Metformin as a Tool to Target Aging. Cell Metab. 2016, 23,
1060–1065.

33. Novelle, M.G.; Ali, A.; Dieguez, C.; Bernier, M.; de Cabo, R. Metformin: A Hopeful Promise in Aging Research. Cold
Spring Harb. Perspect. Med. 2016, 6, a025932.

34. Pryor, R.; Cabreiro, F. Repurposing metformin: An old drug with new tricks in its binding pockets. Biochem. J. 2015,
471, 307–322.

35. Christensen, M.M.; Hojlund, K.; Hother-Nielsen, O.; Stage, T.B.; Damkier, P.; Beck-Nielsen, H.; Brosen, K. Steady-state
pharmacokinetics of metformin is independent of the OCT1 genotype in healthy volunteers. Eur J. Clin. Pharm. 2015,
71, 691–697.

36. Kinaan, M.; Ding, H.; Triggle, C.R. Metformin: An Old Drug for the Treatment of Diabetes but a New Drug for the
Protection of the Endothelium. Med. Princ. Pract. 2015, 24, 401–415.

37. Liang, X.; Giacomini, K.M. Transporters Involved in Metformin Pharmacokinetics and Treatment Response. J. Pharm.
Sci. 2017, 106, 2245–2250.

38. Choi, M.K.; Jin, Q.R.; Jin, H.E.; Shim, C.K.; Cho, D.Y.; Shin, J.G.; Song, I.S. Effects of tetraalkylammonium compounds
with different affinities for organic cation transporters on the pharmacokinetics of metformin. Biopharm. Drug Dispos.
2007, 28, 501–510.

39. Kimura, N.; Masuda, S.; Tanihara, Y.; Ueo, H.; Okuda, M.; Katsura, T.; Inui, K. Metformin is a superior substrate for
renal organic cation transporter OCT2 rather than hepatic OCT1. Drug Metab. Pharmacokinet. 2005, 20, 379–386.



40. Li, S.; Chen, Y.; Zhang, S.; More, S.S.; Huang, X.; Giacomini, K.M. Role of organic cation transporter 1, OCT1 in the
pharmacokinetics and toxicity of cis-diammine(pyridine)chloroplatinum(II) and oxaliplatin in mice. Pharm. Res. 2011,
28, 610–625.

41. Chen, E.C.; Liang, X.; Yee, S.W.; Geier, E.G.; Stocker, S.L.; Chen, L.; Giacomini, K.M. Targeted disruption of organic
cation transporter 3 attenuates the pharmacologic response to metformin. Mol. Pharmacol. 2015, 88, 75–83.

42. Chen, Y.; Teranishi, K.; Li, S.; Yee, S.W.; Hesselson, S.; Stryke, D.; Johns, S.J.; Ferrin, T.E.; Kwok, P.; Giacomini, K.M.
Genetic variants in multidrug and toxic compound extrusion-1, hMATE1, alter transport function. Pharm. J. 2009, 9,
127–136.

43. Masuda, S.; Terada, T.; Yonezawa, A.; Tanihara, Y.; Kishimoto, K.; Katsura, T.; Ogawa, O.; Inui, K. Identification and
functional characterization of a new human kidney-specific H+/organic cation antiporter, kidney-specific multidrug and
toxin extrusion 2. J. Am. Soc. Nephrol. 2006, 17, 2127–2135.

44. Zhou, M.; Xia, L.; Wang, J. Metformin transport by a newly cloned proton-stimulated organic cation transporter (plasma
membrane monoamine transporter) expressed in human intestine. Drug Metab. Dispos. 2007, 35, 1956–1962.

45. Liang, X.; Chien, H.C.; Yee, S.W.; Giacomini, M.M.; Chen, E.C.; Piao, M.; Hao, J.; Twelves, J.; Lepist, E.I.; Ray, A.S.; et
al. Metformin Is a Substrate and Inhibitor of the Human Thiamine Transporter, THTR-2 (SLC19A3). Mol. Pharm. 2015,
12, 4301–4310.

46. Shu, Y.; Brown, C.; Castro, R.A.; Shi, R.J.; Lin, E.T.; Owen, R.P.; Sheardown, S.A.; Yue, L.; Burchard, E.G.; Brett, C.M.;
et al. Effect of genetic variation in the organic cation transporter 1, OCT1, on metformin pharmacokinetics. Clin. Pharm.
2008, 83, 273–280.

47. Shu, Y.; Sheardown, S.A.; Brown, C.; Owen, R.P.; Zhang, S.; Castro, R.A.; Ianculescu, A.G.; Yue, L.; Lo, J.C.;
Burchard, E.G.; et al. Effect of genetic variation in the organic cation transporter 1 (OCT1) on metformin action. J. Clin.
Investig. 2007, 117, 1422–1431.

48. Cai, H.; Zhang, Y.; Han, T.K.; Everett, R.S.; Thakker, D.R. Cation-selective transporters are critical to the AMPK-
mediated antiproliferative effects of metformin in human breast cancer cells. Int J. Cancer 2016, 138, 2281–2292.

49. Checkley, L.A.; Rudolph, M.C.; Wellberg, E.A.; Giles, E.D.; Wahdan-Alaswad, R.S.; Houck, J.A.; Edgerton, S.M.; Thor,
A.D.; Schedin, P.; Anderson, S.M.; et al. Metformin Accumulation Correlates with Organic Cation Transporter 2 Protein
Expression and Predicts Mammary Tumor Regression in Vivo. Cancer Prev. Res. 2017, 10, 198–207.

50. Chowdhury, S.; Yung, E.; Pintilie, M.; Muaddi, H.; Chaib, S.; Yeung, M.; Fusciello, M.; Sykes, J.; Pitcher, B.; Hagenkort,
A.; et al. MATE2 Expression Is Associated with Cancer Cell Response to Metformin. PLoS ONE 2016, 11, e0165214.

51. Cai, H.; Everett, R.S.; Thakker, D.R. Efficacious dose of metformin for breast cancer therapy is determined by cation
transporter expression in tumours. Br. J. Pharmacol. 2019, 176, 2724–2735.

52. Rahmani, J.; Manzari, N.; Thompson, J.; Gudi, S.K.; Chhabra, M.; Naik, G.; Mousavi, S.M.; Varkaneh, H.K.; Clark, C.;
Zhang, Y. The effect of metformin on biomarkers associated with breast cancer outcomes: A systematic review, meta-
analysis, and dose-response of randomized clinical trials. Clin. Transl. Oncol. 2019.

53. Sośnicki, S.; Kapral, M.; Węglarz, L. Molecular targets of metformin antitumor action. Pharmacol. Rep. 2016, 68, 918–
925.

54. Daugan, M.; Dufaÿ Wojcicki, A.; d’Hayer, B.; Boudy, V. Metformin: An anti-diabetic drug to fight cancer. Pharmacol. Res.
2016, 113, 675–685.

55. Le, A.; Lane, A.N.; Hamaker, M.; Bose, S.; Gouw, A.; Barbi, J.; Tsukamoto, T.; Rojas, C.J.; Slusher, B.S.; Zhang, H.; et
al. Glucose-Independent Glutamine Metabolism via TCA Cycling for Proliferation and Survival in B Cells. Cell Metab.
2012, 15, 110–121.

56. Metallo, C.M.; Gameiro, P.A.; Bell, E.L.; Mattaini, K.R.; Yang, J.; Hiller, K.; Jewell, C.M.; Johnson, Z.R.; Irvine, D.J.;
Guarente, L.; et al. Reductive glutamine metabolism by IDH1 mediates lipogenesis under hypoxia. Nature 2012, 481,
380–384.

57. Samuel, S.M.; Ghosh, S.; Majeed, Y.; Arunachalam, G.; Emara, M.M.; Ding, H.; Triggle, C.R. Metformin represses
glucose starvation induced autophagic response in microvascular endothelial cells and promotes cell death. Biochem.
Pharmacol. 2017, 132, 118–132.

58. Karnevi, E.; Said, K.; Andersson, R.; Rosendahl, A.H. Metformin-mediated growth inhibition involves suppression of the
IGF-I receptor signalling pathway in human pancreatic cancer cells. BMC Cancer 2013, 13, 235.

59. Lee, J.; Hong, E.M.; Kim, J.H.; Jung, J.H.; Park, S.W.; Koh, D.H.; Choi, M.H.; Jang, H.J.; Kae, S.H. Metformin Induces
Apoptosis and Inhibits Proliferation through the AMP-Activated Protein Kinase and Insulin-like Growth Factor 1
Receptor Pathways in the Bile Duct Cancer Cells. J. Cancer 2019, 10, 1734–1744.



60. Pernicova, I.; Korbonits, M. Metformin—mode of action and clinical implications for diabetes and cancer. Nat. Rev.
Endocrinol. 2014, 10, 143.

61. Rojas, L.B.; Gomes, M.B. Metformin: An old but still the best treatment for type 2 diabetes. Diabetol. Metab. Syndr.
2013, 5, 6.

62. Triggle, C.R.; Ding, H. Metformin is not just an antihyperglycaemic drug but also has protective effects on the vascular
endothelium. Acta Physiol. 2017, 219, 138–151.

63. Ferroni, P.; Riondino, S.; Buonomo, O.; Palmirotta, R.; Guadagni, F.; Roselli, M. Type 2 Diabetes and Breast Cancer:
The Interplay between Impaired Glucose Metabolism and Oxidant Stress. Oxid. Med. Cell Longev. 2015, 2015,
183928.

64. Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18.

65. Tian, T.; Li, X.; Zhang, J. mTOR Signaling in Cancer and mTOR Inhibitors in Solid Tumor Targeting Therapy. Int J. Mol.
Sci. 2019, 20, 755.

66. Conciatori, F.; Bazzichetto, C.; Falcone, I.; Pilotto, S.; Bria, E.; Cognetti, F.; Milella, M.; Ciuffreda, L. Role of mTOR
Signaling in Tumor Microenvironment: An Overview. Int J. Mol. Sci. 2018, 19, 2453.

67. Chen, H.; Liu, H.; Qing, G. Targeting oncogenic Myc as a strategy for cancer treatment. Signal. Transduct. Target. Ther.
2018, 3, 5.

68. Gabay, M.; Li, Y.; Felsher, D.W. MYC activation is a hallmark of cancer initiation and maintenance. Cold Spring Harb.
Perspect. Med. 2014, 4, a014241.

69. Elbadawy, M.; Usui, T.; Yamawaki, H.; Sasaki, K. Emerging Roles of C-Myc in Cancer Stem Cell-Related Signaling and
Resistance to Cancer Chemotherapy: A Potential Therapeutic Target Against Colorectal Cancer. Int J. Mol. Sci. 2019,
20, 2340.

70. Park, M.H.; Hong, J.T. Roles of NF-κB in Cancer and Inflammatory Diseases and Their Therapeutic Approaches. Cells
2016, 5, 15.

71. Xia, Y.; Shen, S.; Verma, I.M. NF-κB, an active player in human cancers. Cancer Immunol. Res. 2014, 2, 823–830.

72. Li, F.; Zhang, J.; Arfuso, F.; Chinnathambi, A.; Zayed, M.E.; Alharbi, S.A.; Kumar, A.P.; Ahn, K.S.; Sethi, G. NF-κB in
cancer therapy. Arch. Toxicol. 2015, 89, 711–731.

73. Ozaki, T.; Nakagawara, A. Role of p53 in Cell Death and Human Cancers. Cancers 2011, 3, 994–1013.

74. Blandino, G.; Di Agostino, S. New therapeutic strategies to treat human cancers expressing mutant p53 proteins. J.
Exp. Clin. Cancer Res. 2018, 37, 30.

75. Zhou, X.; Hao, Q.; Lu, H. Mutant p53 in cancer therapy—the barrier or the path. J. Mol. Cell Biol. 2018, 11, 293–305.

76. Lai, H.-H.; Li, J.-N.; Wang, M.-Y.; Huang, H.-Y.; Croce, C.M.; Sun, H.-L.; Lyu, Y.-J.; Kang, J.-W.; Chiu, C.-F.; Hung, M.-
C.; et al. HIF-1α promotes autophagic proteolysis of Dicer and enhances tumor metastasis. J. Clin. Investig. 2018, 128,
625–643.

77. Villanueva, T. It’s nicer with DICER. Nat. Rev. Cancer 2010, 10, 531.

78. Martello, G.; Rosato, A.; Ferrari, F.; Manfrin, A.; Cordenonsi, M.; Dupont, S.; Enzo, E.; Guzzardo, V.; Rondina, M.;
Spruce, T.; et al. A MicroRNA Targeting Dicer for Metastasis Control. Cell 2010, 141, 1195–1207.

79. Hawley, S.A.; Gadalla, A.E.; Olsen, G.S.; Hardie, D.G. The Antidiabetic Drug Metformin Activates the AMP-Activated
Protein Kinase Cascade via an Adenine Nucleotide-Independent Mechanism. Diabetes 2002, 51, 2420.

80. Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of
AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174.

81. Meng, S.; Cao, J.; He, Q.; Xiong, L.; Chang, E.; Radovick, S.; Wondisford, F.E.; He, L. Metformin activates AMP-
activated protein kinase by promoting formation of the αβγ heterotrimeric complex. J. Biol. Chem. 2015, 290, 3793–
3802.

82. Howell, J.J.; Hellberg, K.; Turner, M.; Talbott, G.; Kolar, M.J.; Ross, D.S.; Hoxhaj, G.; Saghatelian, A.; Shaw, R.J.;
Manning, B.D. Metformin Inhibits Hepatic mTORC1 Signaling via Dose-Dependent Mechanisms Involving AMPK and
the TSC Complex. Cell Metab. 2017, 25, 463–471.

83. Sabnis, H.S.; Somasagara, R.R.; Bunting, K.D. Targeting MYC Dependence by Metabolic Inhibitors in Cancer. Genes
2017, 8, 114.

84. Shen, P.; Reineke, L.C.; Knutsen, E.; Chen, M.; Pichler, M.; Ling, H.; Calin, G.A. Metformin blocks MYC protein
synthesis in colorectal cancer via mTOR-4EBP-eIF4E and MNK1-eIF4G-eIF4E signaling. Mol. Oncol. 2018, 12, 1856–
1870.



85. Hattori, Y.; Suzuki, K.; Hattori, S.; Kasai, K. Metformin Inhibits Cytokine-Induced Nuclear Factor κB Activation Via AMP-
Activated Protein Kinase Activation in Vascular Endothelial Cells. Hypertension 2006, 47, 1183–1188.

86. Sekino, N.; Kano, M.; Matsumoto, Y.; Sakata, H.; Akutsu, Y.; Hanari, N.; Murakami, K.; Toyozumi, T.; Takahashi, M.;
Otsuka, R.; et al. Antitumor effects of metformin are a result of inhibiting nuclear factor kappa B nuclear translocation in
esophageal squamous cell carcinoma. Cancer Sci. 2018, 109, 1066–1074.

87. Xu, S.; Yang, Z.; Jin, P.; Yang, X.; Li, X.; Wei, X.; Wang, Y.; Long, S.; Zhang, T.; Chen, G.; et al. Metformin Suppresses
Tumor Progression by Inactivating Stromal Fibroblasts in Ovarian Cancer. Mol. Cancer Ther. 2018, 17, 1291.

88. Li, P.; Zhao, M.; Parris, A.; Feng, X.; Yang, X. P53 is required for metformin-induced growth inhibition, senescence and
apoptosis in breast cancer cells. Biochem. Biophys. Res. Commun. 2015, 464, 1267–1274.

89. Chen, L.; Ahmad, N.; Liu, X. Combining p53 stabilizers with metformin induces synergistic apoptosis through regulation
of energy metabolism in castration-resistant prostate cancer. Cell Cycle 2016, 15, 840–849.

90. Yi, Y.; Zhang, W.; Yi, J.; Xiao, Z.-X. Role of p53 Family Proteins in Metformin Anti-Cancer Activities. J. Cancer 2019, 10,
2434–2442.

91. Yi, G.; He, Z.; Zhou, X.; Xian, L.; Yuan, T.; Jia, X.; Hong, J.; He, L.; Liu, J. Low concentration of metformin induces a
p53-dependent senescence in hepatoma cells via activation of the AMPK pathway. Int. J. Oncol. 2013, 43, 1503–1510.

92. Noren Hooten, N.; Martin-Montalvo, A.; Dluzen, D.F.; Zhang, Y.; Bernier, M.; Zonderman, A.B.; Becker, K.G.; Gorospe,
M.; de Cabo, R.; Evans, M.K. Metformin-mediated increase in DICER1 regulates microRNA expression and cellular
senescence. Aging Cell 2016, 15, 572–581.

93. Pulito, C.; Donzelli, S.; Muti, P.; Puzzo, L.; Strano, S.; Blandino, G. microRNAs and cancer metabolism reprogramming:
The paradigm of metformin. Ann. Transl. Med. 2014, 2, 58.

94. Blandino, G.; Valerio, M.; Cioce, M.; Mori, F.; Casadei, L.; Pulito, C.; Sacconi, A.; Biagioni, F.; Cortese, G.; Galanti, S.;
et al. Metformin elicits anticancer effects through the sequential modulation of DICER and c-MYC. Nat. Commun. 2012,
3, 865.

95. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK
phosphorylation of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226.

96. Dowling, R.J.O.; Zakikhani, M.; Fantus, I.G.; Pollak, M.; Sonenberg, N. Metformin Inhibits Mammalian Target of
Rapamycin–Dependent Translation Initiation in Breast Cancer Cells. Cancer Res. 2007, 67, 10804.

97. Sancak, Y.; Thoreen, C.C.; Peterson, T.R.; Lindquist, R.A.; Kang, S.A.; Spooner, E.; Carr, S.A.; Sabatini, D.M. PRAS40
Is an Insulin-Regulated Inhibitor of the mTORC1 Protein Kinase. Mol. Cell 2007, 25, 903–915.

98. Shaw, R.J. LKB1 and AMP-activated protein kinase control of mTOR signalling and growth. Acta Physiol. 2009, 196,
65–80.

99. Inoki, K.; Zhu, T.; Guan, K.-L. TSC2 Mediates Cellular Energy Response to Control Cell Growth and Survival. Cell
2003, 115, 577–590.

100. Fullerton, M.D.; Galic, S.; Marcinko, K.; Sikkema, S.; Pulinilkunnil, T.; Chen, Z.-P.; O’Neill, H.M.; Ford, R.J.; Palanivel,
R.; O’Brien, M.; et al. Single phosphorylation sites in Acc1 and Acc2 regulate lipid homeostasis and the insulin-
sensitizing effects of metformin. Nat. Med. 2013, 19, 1649.

101. Gupta, S.; Roy, A.; Dwarakanath, B.S. Metabolic Cooperation and Competition in the Tumor Microenvironment:
Implications for Therapy. Front. Oncol. 2017, 7, 68.

102. El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Averet, N.; Rigoulet, M.; Leverve, X. Dimethylbiguanide inhibits cell respiration
via an indirect effect targeted on the respiratory chain complex I. J. Biol. Chem. 2000, 275, 223–228.

103. Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin exerts its anti-diabetic effects through inhibition of
complex 1 of the mitochondrial respiratory chain. Biochem. J. 2000, 348, 607–614.

104. Fontaine, E. Metformin-Induced Mitochondrial Complex I Inhibition: Facts, Uncertainties, and Consequences. Front.
Endocrinol. 2018, 9, 753.

105. Vial, G.; Detaille, D.; Guigas, B. Role of Mitochondria in the Mechanism(s) of Action of Metformin. Front. Endocrinol.
2019, 10, 294.

106. Luengo, A.; Sullivan, L.B.; Heiden, M.G. Understanding the complex-I-ty of metformin action: Limiting mitochondrial
respiration to improve cancer therapy. BMC Biol. 2014, 12, 82.

107. Koido, M.; Haga, N.; Furuno, A.; Tsukahara, S.; Sakurai, J.; Tani, Y.; Sato, S.; Tomida, A. Mitochondrial deficiency
impairs hypoxic induction of HIF-1 transcriptional activity and retards tumor growth. Oncotarget 2017, 8, 11841–11854.



108. Haga, N.; Saito, S.; Tsukumo, Y.; Sakurai, J.; Furuno, A.; Tsuruo, T.; Tomida, A. Mitochondria regulate the unfolded
protein response leading to cancer cell survival under glucose deprivation conditions. Cancer Sci. 2010, 101, 1125–
1132.

109. Ma, L.; Wei, J.; Wan, J.; Wang, W.; Wang, L.; Yuan, Y.; Yang, Z.; Liu, X.; Ming, L. Low glucose and metformin-induced
apoptosis of human ovarian cancer cells is connected to ASK1 via mitochondrial and endoplasmic reticulum stress-
associated pathways. J. Exp. Clin. Cancer Res. 2019, 38, 77.

110. Malhotra, J.D.; Kaufman, R.J. ER stress and its functional link to mitochondria: Role in cell survival and death. Cold
Spring Harb. Perspect Biol. 2011, 3, a004424.

111. Wolff, N.C.; Vega-Rubin-de-Celis, S.; Xie, X.-J.; Castrillon, D.H.; Kabbani, W.; Brugarolas, J. Cell-Type-Dependent
Regulation of mTORC1 by REDD1 and the Tumor Suppressors TSC1/TSC2 and LKB1 in Response to Hypoxia. Mol.
Cell. Biol. 2011, 31, 1870.

112. Katiyar, S.; Liu, E.; Knutzen, C.A.; Lang, E.S.; Lombardo, C.R.; Sankar, S.; Toth, J.I.; Petroski, M.D.; Ronai, Z.e.;
Chiang, G.G. REDD1, an inhibitor of mTOR signalling, is regulated by the CUL4A-DDB1 ubiquitin ligase. EMBO Rep.
2009, 10, 866–872.

113. Tirado-Hurtado, I.; Fajardo, W.; Pinto, J.A. DNA Damage Inducible Transcript 4 Gene: The Switch of the Metabolism as
Potential Target in Cancer. Front. Oncol. 2018, 8, 106.

114. DeYoung, M.P.; Horak, P.; Sofer, A.; Sgroi, D.; Ellisen, L.W. Hypoxia regulates TSC1/2-mTOR signaling and tumor
suppression through REDD1-mediated 14-3-3 shuttling. Genes Dev. 2008, 22, 239–251.

115. Ben Sahra, I.; Regazzetti, C.; Robert, G.; Laurent, K.; Le Marchand-Brustel, Y.; Auberger, P.; Tanti, J.-F.; Giorgetti-
Peraldi, S.; Bost, F. Metformin, Independent of AMPK, Induces mTOR Inhibition and Cell-Cycle Arrest through REDD1.
Cancer Res. 2011, 71, 4366.

116. Lei, Y.; Yi, Y.; Liu, Y.; Liu, X.; Keller, E.T.; Qian, C.-N.; Zhang, J.; Lu, Y. Metformin targets multiple signaling pathways in
cancer. Chin. J. Cancer 2017, 36, 17.

117. Kim, J.; Kim, E. Rag GTPase in amino acid signaling. Amino Acids 2016, 48, 915–928.

118. Nguyen, T.P.; Frank, A.R.; Jewell, J.L. Amino acid and small GTPase regulation of mTORC1. Cell. Logist. 2017, 7,
e1378794.

119. Nicastro, R.; Sardu, A.; Panchaud, N.; De Virgilio, C. The Architecture of the Rag GTPase Signaling Network.
Biomolecules 2017, 7, 48.

120. Kalender, A.; Selvaraj, A.; Kim, S.Y.; Gulati, P.; Brûlé, S.; Viollet, B.; Kemp, B.E.; Bardeesy, N.; Dennis, P.; Schlager,
J.J.; et al. Metformin, independent of AMPK, inhibits mTORC1 in a rag GTPase-dependent manner. Cell Metab. 2010,
11, 390–401.

121. Fu, K.; Jiang, C.; Huang, X.; Chan, W.C.; McKeithan, T. The Combination Of 2-DG and Metformin Inhibits The
mTORC1 Pathway and Suppresses Aggressive B Cell Lymphoma Growth and Survival. Blood 2013, 122, 1665.

122. Avalle, L.; Camporeale, A.; Camperi, A.; Poli, V. STAT3 in cancer: A double edged sword. Cytokine 2017, 98, 42–50.

123. Huynh, J.; Chand, A.; Gough, D.; Ernst, M. Therapeutically exploiting STAT3 activity in cancer—using tissue repair as a
road map. Nat. Rev. Cancer 2019, 19, 82–96.

124. Saengboonmee, C.; Seubwai, W.; Cha’on, U.; Sawanyawisuth, K.; Wongkham, S.; Wongkham, C. Metformin Exerts
Antiproliferative and Anti-metastatic Effects Against Cholangiocarcinoma Cells by Targeting STAT3 and NF-kB.
Anticancer Res. 2017, 37, 115–123.

125. Deng, X.S.; Wang, S.; Deng, A.; Liu, B.; Edgerton, S.M.; Lind, S.E.; Wahdan-Alaswad, R.; Thor, A.D. Metformin targets
Stat3 to inhibit cell growth and induce apoptosis in triple-negative breast cancers. Cell Cycle 2012, 11, 367–376.

126. Varghese, E.; Samuel, M.S.; Abotaleb, M.; Cheema, S.; Mamtani, R.; Büsselberg, D. The “Yin and Yang” of Natural
Compounds in Anticancer Therapy of Triple-Negative Breast Cancers. Cancers 2018, 10, 346.

Retrieved from https://encyclopedia.pub/entry/history/show/29288


