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Abstract
Pituitary tumors are common intracranial tumors, but when faced with drug-resistant or aggressive tumors, existing medical measures may not provide good control, leading to progression and deterioration. Metformin, a traditional hypoglycemic drug, has recently been discovered to have multiple functions including antitumor effects. There have been studies on the mechanism of metformin for the treatment of pituitary tumors, but it is uncertain whether it will provide new adjuvant or alternative therapies for the treatment of these tumors. We analyzed the potential mechanisms of action of metformin with respect to the inhibition of pituitary tumor growth and hormone secretion by reviewing the available literature.
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Core Tip: Pituitary tumors are common intracranial tumors, but when faced with drug-resistant or aggressive tumors, existing medical measures may not provide good control, leading to progression and deterioration. Metformin, a traditional hypoglycemic drug, has recently been discovered to have multiple functions including antitumor effects. There have been studies on the mechanism of metformin for the treatment of pituitary tumors, but it is uncertain whether it will provide new adjuvant or alternative therapies for the treatment of these tumors. We analyzed the potential mechanisms of action of metformin on the inhibition of pituitary tumor growth and hormone secretion by reviewing the available literature.

INTRODUCTION
Pituitary adenoma is a common intracranial tumor, accounting for approximately 10% to 15% of neurological tumors, and its incidence is second only to glioma and meningioma[1-5]. Pituitary tumors originate in the anterior pituitary gland and are usually benign lesions with slow growth. They are classified according to their size: Pituitary microadenomas (< 1 cm in diameter), macroadenomas (≥ 1 cm in diameter) and giant adenomas (> 4 cm in diameter)[6,7]. According to their different growth sites, they can secrete different hormones such as growth hormone (GH), prolactin (PRL), adrenocorticotropic hormone (ACTH), and thyrotropin, or they can be nonfunctional adenomas that do not secrete hormones. Clinical manifestations mainly include the mass effect of the tumor and endocrine symptoms due to hyper- or hypofunction of the pituitary or target gland[8-10]. Although most pituitary tumors can be controlled by drug therapy, surgery, and radiation therapy, some of these tumors may become drug resistant or recurrent, or even invade surrounding tissue structures, which may make treatment more difficult or prevent effective control of the tumor to achieve the desired therapeutic goals. A such, it is critical to find alternative therapies or new technologies to control the growth and hormone secretion of resistant or invasive pituitary tumors.
Metformin is a drug widely used in the treatment of diabetes mellitus, given its ability to reduce liver damage, promote insulin production, and increase insulin sensitivity and peripheral glucose utilization. In recent years, a number of in vitro and in vivo studies and reviews have shown that metformin has the effect of inhibiting the growth of various types of tumors or cancers, including neuroendocrine tumors, through various mechanisms[11-19]. This indicates that metformin may help to reduce the possibility of tumor or cancer occurrence and provide treatment benefits in patients. Although there are some epidemiological data demonstrating the relationship between metformin and risk reduction in patients suffering from multiple tumors or cancers, the role of metformin in cancer treatment is not yet fully clear[3,11,17,20-23]. Here, we review the available literature on the role of metformin in pituitary tumors and discuss the potential mechanisms of action of this drug with respect to the treatment of these tumors (Figure 1). 

MECHANISM OF ACTION STUDY
Mitochondria-mediated pathways
[bookmark: OLE_LINK1]The B-cell lymphoma 2 (Bcl-2) family is a key regulatory member of the mitochondrial-mediated apoptotic pathway, activating the downstream death program, which in turn leads to caspase-3 enzyme cleavage and ultimately apoptosis, characterized by a decrease in mitochondrial membrane potential (MMP).
In one study, decreased MMP, increased expression of pro-apoptotic proteins, and decreased expression of anti-apoptotic proteins were observed in GH3 cells treated with metformin. This finding suggests the involvement of the mitochondria-mediated apoptotic pathway, indicating that metformin may induce apoptosis in GH3 cells by downregulating the Bcl-2/BAX ratio and inducing caspase-3 cleavage activation and thus achieve anti-tumor effects[24]. In another study, metformin was observed to inhibit the proliferation of MMQ, cells and similar mitochondria-mediated apoptosis and experimental results were observed[25].
Another study observed that metformin inhibited the proliferation of ACTH-secreting mouse pituitary cortical dystrophoma cells AtT20, promoted apoptosis, and reduced ACTH secretion, but did not prevent progression of the cell cycle. Metformin-induced apoptosis was accompanied by an increase in caspase-3 activity, while metformin downregulated the anti-apoptotic protein Bcl-2 but upregulated the pro-apoptotic protein BAX, suggesting the involvement of a mitochondria-mediated apoptotic pathway[26]. However, a different study suggested that metformin does not increase apoptosis in GH3 pituitary tumor cells, possibly due to the experimental design or the nutritional environment used; this effect of metformin needs further investigation[27].

AMPK-mediated related pathways
In one study, adenosine monophosphate activated protein kinase (AMPK) was found to mediate growth inhibition or apoptosis of many types of tumor cells[2,28-30]. As metformin is an activator of the AMPK pathway[2], it has been suggested that it activates AMPK by restricting complex I in the mitochondrial respiratory chain, generating cellular energy stress, and thus activating AMPK[27,31-33] and indirectly by increasing the [AMP]:[ADP] ratio[28]. However, it is not clear what the role of metformin may be in pituitary tumors, raising concerns about its mechanism of action in pituitary tumor cells.
Previous work has noted sex-dependent effects of mesenchymal epithelial transition (MET) on serum PRL levels, suggesting that the hypothalamic-pituitary-gonadal axis may be a target of metformin. One study investigated the AMPK agonist by measuring AMPK phosphorylation in human primary prolactinoma samples using bromocriptine (BC)-sensitive MMQ cells and BC-resistant GH3 cells and their xenografts as models. The role of MET in prolactinoma and the downstream effectors were investigated. It was proposed that AMPK signaling is inhibited in D2R-positive BC-resistant human prolactinomas. The AMPK activator MET inhibited the proliferation of BC-sensitive (MMQ) and drug-resistant (GH3) prolactinoma cells. It has also been shown that bromocriptine resistance is associated with downregulation of AMPK activity and high estrogen receptor (ER) expression, and that MET downregulates ERα and ERβ by activating the AMPK signaling pathway and inhibits prolactinoma growth and PRL secretion[34]. Overall, MET inhibits prolactinoma growth and PRL secretion by activating the AMPK signaling pathway.
It has been shown that metformin enhances phosphorylated AMPK expression and decreases phosphorylation levels of mammalian target of rapamycin (p-mTOR) expression in MMQ cells. Additionally, compound C, an AMPK inhibitor, reduces the inhibitory effect of metformin on p-mTOR expression. It has been suggested that metformin activates the AMPK/mTOR pathway, which may be part of the mechanism to inhibit MMQ cell proliferation and induce apoptosis and G0/G1 phase block[25]. Meanwhile, metformin significantly increased the levels of phosphorylated AMPK, phosphorylated protein kinase B, and phosphorylated mTOR in AtT20 cells in a dose-dependent manner, demonstrating that metformin activated AMPK and inhibited mTOR in AtT20 cells, suggesting that the activation of AMPK/mTOR signaling pathway may be related to metformin-induced proliferation inhibition and apoptosis promotion in AtT20 cells. However, it remains to be verified whether the activation of AMPK is related to the reduction of hormone secretion[26]. 
However, another study found that in GH-secreting PitNET cells, metformin induced GH3 cells to inhibit the target of epidermal growth factor (EGF) -induced mTOR-p70S6 6 kinase signaling pathway. As a potential mechanism, it was suggested that downstream EGF receptors were incorporated into AMPK substrates, indicating that membrane receptors are direct targets and may be involved in mediating their inhibitory effects on cell growth. In this study, the presence of AMPK targets, including cell surface receptors in GH3 cell membranes, was demonstrated using protein fractions[27].
Calcium has been reported to be a relevant second messenger for pituitary cell physiology. It has been shown that the effect of metformin on PitNET may involve AMP-activated protein kinase-dependent calcium kinetics, thereby altering cell viability. However, the altered calcium kinetics induced in different pituitary tumor cells are variable, suggesting that metformin inhibits different types of pituitary tumor cells differently, and that the observed altered calcium kinetics appear to be related to hormone secretion[35].

Activating transcription factor-3-mediated pathway
Activating transcription factor 3 (ATF3) is a stress response transcription factor belonging to the ATF/CREB family. In one study, ATF3 was found to be upregulated by metformin, and its knockdown significantly reduced metformin-induced apoptosis, suggesting that ATF-3 may mediate the pro-apoptotic effect of metformin. The inhibitory effect of compound C on AMPK did not alter the inhibitory effect of metformin on STAT3 activity, suggesting that metformin may reduce GH secretion by inhibiting non-AMPK-dependent STAT3 activity. Metformin also significantly inhibited cell proliferation and GH secretion in primary human growth hormone-secreting pituitary adenoma (GH-PA) cells. Upregulation of ATF3 and downregulation of p-STAT3 were also demonstrated in xenografts. It was revealed that metformin inhibited the growth of somatic dystrophic adenoma cells both in vitro and in vivo through ATF-3-mediated pro-apoptotic effects. These findings suggest that metformin is a potentially promising therapeutic agent for the treatment of GH-PA[24].

Insulin-like growth factor -1R-mediated pathway
Insulin-like growth factor (IGF) -1R is an important growth factor receptor that activates the downstream phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/mTOR pathway upon binding to IGF-1. The overactivation of this pathway is associated with tumor development. It has been observed that IGF-1R, p-AKT (S473), and p-ERK levels decreased with increasing metformin concentration after treatment. The IGF-1R inhibitor PPP inhibited MMQ cell proliferation, suggesting that metformin may inhibit cell proliferation by inhibiting the IGF-1R pathway in MMQ cells[25]. These results suggest that metformin may inhibit cell proliferation by inhibiting the IGF-1R pathway in MMQ cells.
In another study, metformin decreased IGF-1R expression, AKT (S473) phosphorylation, and mTOR (Ser2448) phosphorylation, which inhibited AtT20 cell proliferation, Moreover, PPP (an IGF-1R inhibitor) significantly inhibited AtT20 cell proliferation in a dose-dependent manner, suggesting that IGF-1R plays a role in tumor progression. Taken together, these findings suggest that metformin may inhibit AtT20 cell proliferation by suppressing the IGF-1R/AKT/mTOR signaling pathway[26].

DISCUSSION
It is known from the above studies that there may be multiple pathways for the effect of metformin on pituitary tumors, but the complete mechanisms of these different pathways are not entirely clear. Moreover, the findings and opinions on the same pathway are not consistent. The effects of metformin have been attributed to its actions on different cells or in different environments. Indeed, it has been pointed out that the effect of metformin at the cellular level depends on the metabolic characteristics and metabolic demands of the cells, and the tumor microenvironment may influence this response. Pyruvate metabolism branching points are likely to play a major role in the variability of the cellular response to metformin, a role supported by significant differences in pyruvate dehydrogenase complex expression levels between myogenic cells and pituitary tumor cells[36]. Research conducted in vitro and in and clinical trials are still limited or unavailable; as such, more evidence is needed to verify the accuracy of these ideas.
There is in vitro evidence suggesting that it may not be feasible to achieve high concentrations of metformin in humans[37,38]. The observation that the prevalence of various tumor types is lower in patients with type 2 diabetes on regular metformin doses and that serum concentrations of metformin are much lower than those that inhibit cancer cells in vitro raises the possibility that the mechanism of tumor prevention in vivo with regular therapeutic doses of metformin may be largely indirect and related to metformin ameliorating such metabolic or hormonal abnormalities such as obesity, hyperglycemia, and hypertension. It is also important to consider that there may be physiological metabolic differences between rat pituitary tumor cell lines and human pituitary tumor cell lines, among others.
Despite these studies, metformin has not been formally used as a clinical treatment for pituitary tumors. There have been case reports of reduced prolactin levels and tumor size in 2 patients treated with a combination of bromocriptine and metformin, whereas bromocriptine alone was not sufficient to reduce prolactin levels or slow tumor growth[39]. In another case report, the combination of bromocriptine and metformin reduced prolactin levels and tumor size. In a third case report, the combination of metformin and capsaicin did not show consistent inhibition of serum prolactin levels in either the short- or long-term in 10 patients with prolactinoma resistant to capsaicin[40]. Additional studies have evaluated the effects of metformin on cell viability and hormone secretion when combined with other agents; for example, metformin/somatostatin (SSA) analog combination therapy did not increase the effectiveness of SSA monotherapy[34]. Metformin/SSA combination therapy did not increase the effectiveness of SSA monotherapy, but did appear to enhance the role of octreotide in GHomas, and MET + BC significantly inhibited PRL secretion, further reducing tumor growth and serum PRL levels in xenografts when compared to BC treatment alone[35]. However, in the face of metformin treatment, the tumor growth and serum PRL levels in xenografts were further reduced. 
The heterogeneity among patients with pituitary tumors and the diversity of drug treatment options add to the complexity of disease treatment, and further studies are needed to demonstrate whether treatment with metformin alters the risk of pituitary tumor morbidity and mortality and to determine the dose and duration of treatment and the effect when combined with other drugs. It is also important to consider whether it is reasonable to use metformin to treat pituitary tumors in patients without diabetes and to pay mind to the potential side effects or complications of using different concentrations of metformin in humans. Attention to these possible issues could help to improve the management of pituitary tumor patients in a more individualized manner. Given the available data, the use of metformin may be a promising and clinically relevant option for patients with pituitary tumors. Further studies are needed to confirm metformin’s clinical relevance as an adjuvant or novel therapy and to further develop a comprehensive understanding of the potential antitumor mechanisms of this drug in the treatment of pituitary tumors.

CONCLUSION
Metformin, a traditional hypoglycemic drug, has recently been discovered to have multiple functions including antitumor effects. There have been several studies on the mechanism of metformin for the treatment of pituitary tumors, but it remains to be investigated whether it will be incorporated as an alternative therapy for the treatment of these tumors.

REFERENCES
1 Zhou X, Chen J, Yi G, Deng M, Liu H, Liang M, Shi B, Fu X, Chen Y, Chen L, He Z, Wang J, Liu J. Metformin suppresses hypoxia-induced stabilization of HIF-1α through reprogramming of oxygen metabolism in hepatocellular carcinoma. Oncotarget 2016; 7: 873-884 [PMID: 26621849 DOI: 10.18632/oncotarget.6418]
2 Zakikhani M, Dowling R, Fantus IG, Sonenberg N, Pollak M. Metformin is an AMP kinase-dependent growth inhibitor for breast cancer cells. Cancer Res 2006; 66: 10269-10273 [PMID: 17062558 DOI: 10.1158/0008-5472.Can-06-1500]
3 Vancura A, Bu P, Bhagwat M, Zeng J, Vancurova I. Metformin as an Anticancer Agent. Trends Pharmacol Sci 2018; 39: 867-878 [PMID: 30150001 DOI: 10.1016/j.tips.2018.07.006]
4 Thakur S, Daley B, Klubo-Gwiezdzinska J. The role of an anti-diabetic drug metformin in the treatment of endocrine tumors. J Mol Endocrinol 2019; 63: R17-R35 [PMID: 31307011 DOI: 10.1530/JME-19-0083]
5 Sośnicki S, Kapral M, Węglarz L. Molecular targets of metformin antitumor action. Pharmacol Rep 2016; 68: 918-925 [PMID: 27362768 DOI: 10.1016/j.pharep.2016.04.021]
6 Sivalingam V, McVey R, Gilmour K, Ali S, Roberts C, Renehan A, Kitchener H, Crosbie E. A presurgical window-of-opportunity study of metformin in obesity-driven endometrial cancer. Lancet 2015; 385 Suppl 1: S90 [PMID: 26312913 DOI: 10.1016/S0140-6736(15)60405-6]
7 Quinn BJ, Dallos M, Kitagawa H, Kunnumakkara AB, Memmott RM, Hollander MC, Gills JJ, Dennis PA. Inhibition of lung tumorigenesis by metformin is associated with decreased plasma IGF-I and diminished receptor tyrosine kinase signaling. Cancer Prev Res (Phila) 2013; 6: 801-810 [PMID: 23771523 DOI: 10.1158/1940-6207.CAPR-13-0058-T]
8 Qian W, Li J, Chen K, Jiang Z, Cheng L, Zhou C, Yan B, Cao J, Ma Q, Duan W. Metformin suppresses tumor angiogenesis and enhances the chemosensitivity of gemcitabine in a genetically engineered mouse model of pancreatic cancer. Life Sci 2018; 208: 253-261 [PMID: 30053447 DOI: 10.1016/j.lfs.2018.07.046]
9 Lu H, Xie F, Huang Z, Qin J, Han N, Mao W. Effect of metformin in the prognosis of patients with smallcell lung cancer combined with diabetes mellitus. Adv Clin Exp Med 2018; 27: 1195-1199 [PMID: 30016011 DOI: 10.17219/acem/69021]
10 Liu Q, Tong D, Liu G, Gao J, Wang LA, Xu J, Yang X, Xie Q, Huang Y, Pang J, Wang L, He Y, Zhang D, Ma Q, Lan W, Jiang J. Metformin Inhibits Prostate Cancer Progression by Targeting Tumor-Associated Inflammatory Infiltration. Clin Cancer Res 2018; 24: 5622-5634 [PMID: 30012567 DOI: 10.1158/1078-0432.CCR-18-0420]
11 Libby G, Donnelly LA, Donnan PT, Alessi DR, Morris AD, Evans JM. New users of metformin are at low risk of incident cancer: a cohort study among people with type 2 diabetes. Diabetes Care 2009; 32: 1620-1625 [PMID: 19564453 DOI: 10.2337/dc08-2175]
12 Leidgens V, Proske J, Rauer L, Moeckel S, Renner K, Bogdahn U, Riemenschneider MJ, Proescholdt M, Vollmann-Zwerenz A, Hau P, Seliger C. Stattic and metformin inhibit brain tumor initiating cells by reducing STAT3-phosphorylation. Oncotarget 2017; 8: 8250-8263 [PMID: 28030813 DOI: 10.18632/oncotarget.14159]
13 Lei Y, Yi Y, Liu Y, Liu X, Keller ET, Qian CN, Zhang J, Lu Y. Metformin targets multiple signaling pathways in cancer. Chin J Cancer 2017; 36: 17 [PMID: 28126011 DOI: 10.1186/s40880-017-0184-9]
14 Karnevi E, Said K, Andersson R, Rosendahl AH. Metformin-mediated growth inhibition involves suppression of the IGF-I receptor signalling pathway in human pancreatic cancer cells. BMC Cancer 2013; 13: 235 [PMID: 23663483 DOI: 10.1186/1471-2407-13-235]
15 Herrera-Martínez AD, Pedraza-Arevalo S, L-López F, Gahete MD, Gálvez-Moreno MA, Castaño JP, Luque RM. Type 2 Diabetes in Neuroendocrine Tumors: Are Biguanides and Statins Part of the Solution? J Clin Endocrinol Metab 2019; 104: 57-73 [PMID: 30265346 DOI: 10.1210/jc.2018-01455]
16 Han G, Gong H, Wang Y, Guo S, Liu K. AMPK/mTOR-mediated inhibition of survivin partly contributes to metformin-induced apoptosis in human gastric cancer cell. Cancer Biol Ther 2015; 16: 77-87 [PMID: 25456211 DOI: 10.4161/15384047.2014.987021]
17 Evans JM, Donnelly LA, Emslie-Smith AM, Alessi DR, Morris AD. Metformin and reduced risk of cancer in diabetic patients. BMJ 2005; 330: 1304-1305 [PMID: 15849206 DOI: 10.1136/bmj.38415.708634.F7]
18 Checkley LA, Rho O, Angel JM, Cho J, Blando J, Beltran L, Hursting SD, DiGiovanni J. Metformin inhibits skin tumor promotion in overweight and obese mice. Cancer Prev Res (Phila) 2014; 7: 54-64 [PMID: 24196830 DOI: 10.1158/1940-6207.CAPR-13-0110]
19 Ben Sahra I, Laurent K, Loubat A, Giorgetti-Peraldi S, Colosetti P, Auberger P, Tanti JF, Le Marchand-Brustel Y, Bost F. The antidiabetic drug metformin exerts an antitumoral effect in vitro and in vivo through a decrease of cyclin D1 level. Oncogene 2008; 27: 3576-3586 [PMID: 18212742 DOI: 10.1038/sj.onc.1211024]
20 Tseng CH. Metformin may reduce oral cancer risk in patients with type 2 diabetes. Oncotarget 2016; 7: 2000-2008 [PMID: 26683519 DOI: 10.18632/oncotarget.6626]
21 Wan G, Yu X, Chen P, Wang X, Pan D, Wang X, Li L, Cai X, Cao F. Metformin therapy associated with survival benefit in lung cancer patients with diabetes. Oncotarget 2016; 7: 35437-35445 [PMID: 27105507 DOI: 10.18632/oncotarget.8881]
22 Andrzejewski S, Siegel PM, St-Pierre J. Metabolic Profiles Associated With Metformin Efficacy in Cancer. Front Endocrinol (Lausanne) 2018; 9: 372 [PMID: 30186229 DOI: 10.3389/fendo.2018.00372]
23 Schulten HJ. Pleiotropic Effects of Metformin on Cancer. Int J Mol Sci 2018; 19 [PMID: 30241339 DOI: 10.3390/ijms19102850]
24 An J, Pei X, Zang Z, Zhou Z, Hu J, Zheng X, Zhang Y, He J, Duan L, Shen R, Zhang W, Zhu F, Li S, Yang H. Metformin inhibits proliferation and growth hormone secretion of GH3 pituitary adenoma cells. Oncotarget 2017; 8: 37538-37549 [PMID: 28380462 DOI: 10.18632/oncotarget.16556]
25 Jin K, Ruan L, Pu J, Zhong A, Wang F, Tan S, Huang H, Mou J, Yang G. [Effect of metformin on proliferation and apoptosis of rat prolactinoma MMQ cells and related mechanisms]. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 2017; 33: 643-648 [PMID: 28502303]
26 Jin K, Ruan L, Pu J, Zhong A, Wang F, Tan S, Huang H, Mu J, Yang G. Metformin suppresses growth and adrenocorticotrophic hormone secretion in mouse pituitary corticotroph tumor AtT20 cells. Mol Cell Endocrinol 2018; 478: 53-61 [PMID: 30025915 DOI: 10.1016/j.mce.2018.07.007]
27 Faggi L, Giustina A, Tulipano G. Effects of metformin on cell growth and AMPK activity in pituitary adenoma cell cultures, focusing on the interaction with adenylyl cyclase activating signals. Mol Cell Endocrinol 2018; 470: 60-74 [PMID: 28962892 DOI: 10.1016/j.mce.2017.09.030]
28 Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz M, Andreelli F. Cellular and molecular mechanisms of metformin: an overview. Clin Sci (Lond) 2012; 122: 253-270 [PMID: 22117616 DOI: 10.1042/CS20110386]
29 Liu X, Chhipa RR, Pooya S, Wortman M, Yachyshin S, Chow LM, Kumar A, Zhou X, Sun Y, Quinn B, McPherson C, Warnick RE, Kendler A, Giri S, Poels J, Norga K, Viollet B, Grabowski GA, Dasgupta B. Discrete mechanisms of mTOR and cell cycle regulation by AMPK agonists independent of AMPK. Proc Natl Acad Sci U S A 2014; 111: E435-E444 [PMID: 24474794 DOI: 10.1073/pnas.1311121111]
30 Liang J, Mills GB. AMPK: a contextual oncogene or tumor suppressor? Cancer Res 2013; 73: 2929-2935 [PMID: 23644529 DOI: 10.1158/0008-5472.CAN-12-3876]
31 Cameron AR, Logie L, Patel K, Erhardt S, Bacon S, Middleton P, Harthill J, Forteath C, Coats JT, Kerr C, Curry H, Stewart D, Sakamoto K, Repiščák P, Paterson MJ, Hassinen I, McDougall G, Rena G. Metformin selectively targets redox control of complex I energy transduction. Redox Biol 2018; 14: 187-197 [PMID: 28942196 DOI: 10.1016/j.redox.2017.08.018]
32 Andrzejewski S, Gravel SP, Pollak M, St-Pierre J. Metformin directly acts on mitochondria to alter cellular bioenergetics. Cancer Metab 2014; 2: 12 [PMID: 25184038 DOI: 10.1186/2049-3002-2-12]
33 Madiraju AK, Erion DM, Rahimi Y, Zhang XM, Braddock DT, Albright RA, Prigaro BJ, Wood JL, Bhanot S, MacDonald MJ, Jurczak MJ, Camporez JP, Lee HY, Cline GW, Samuel VT, Kibbey RG, Shulman GI. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase. Nature 2014; 510: 542-546 [PMID: 24847880 DOI: 10.1038/nature13270]
34 Gao J, Liu Y, Han G, Deng K, Liu X, Bao X, Feng M, Yao Y, Lian W, Xing B, Lv X, Wang R. Metformin inhibits growth and prolactin secretion of pituitary prolactinoma cells and xenografts. J Cell Mol Med 2018; 22: 6368-6379 [PMID: 30334324 DOI: 10.1111/jcmm.13963]
35 Vázquez-Borrego MC, Fuentes-Fayos AC, Herrera-Martínez AD, L-López F, Ibáñez-Costa A, Moreno-Moreno P, Alhambra-Expósito MR, Barrera-Martín A, Blanco-Acevedo C, Dios E, Venegas-Moreno E, Solivera J, Gahete MD, Soto-Moreno A, Gálvez-Moreno MA, Castaño JP, Luque RM. Biguanides Exert Antitumoral Actions in Pituitary Tumor Cells Through AMPK-Dependent and -Independent Mechanisms. J Clin Endocrinol Metab 2019; 104: 3501-3513 [PMID: 30860580 DOI: 10.1210/jc.2019-00056]
36 Tulipano G, Paghera S, Missale C, Giustina A. Differential effects of metformin on reductive activity and energy production in pituitary tumor cells compared to myogenic precursors. Endocrine 2020; 69: 604-614 [PMID: 32557328 DOI: 10.1007/s12020-020-02373-7]
37 Rena G, Hardie DG, Pearson ER. The mechanisms of action of metformin. Diabetologia 2017; 60: 1577-1585 [PMID: 28776086 DOI: 10.1007/s00125-017-4342-z]
38 Song R. Mechanism of Metformin: A Tale of Two Sites. Diabetes Care 2016; 39: 187-189 [PMID: 26798149 DOI: 10.2337/dci15-0013]
39 Liu X, Liu Y, Gao J, Feng M, Bao X, Deng K, Yao Y, Wang R. Combination Treatment with Bromocriptine and Metformin in Patients with Bromocriptine-Resistant Prolactinomas: Pilot Study. World Neurosurg 2018; 115: 94-98 [PMID: 29530699 DOI: 10.1016/j.wneu.2018.02.188]
40 Portari LHC, Correa-Silva SR, Abucham J. Prolactin Response to Metformin in Cabergoline-Resistant Prolactinomas: A Pilot Study. Neuroendocrinology 2022; 112: 68-73 [PMID: 33477154 DOI: 10.1159/000514591]

Footnotes
Conflict-of-interest statement: All the authors declare no conflict of interest.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the original work is properly cited and the use is non-commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Provenance and peer review: Invited article; Externally peer reviewed.
Peer-review model: Single blind

Peer-review started: February 24, 2023
First decision: March 9, 2023
Article in press: April 14, 2023

Specialty type: Endocrinology and metabolism
Country/Territory of origin: China
Peer-review report’s scientific quality classification
Grade A (Excellent): 0
Grade B (Very good): B
Grade C (Good): 0
Grade D (Fair): 0
Grade E (Poor): E

[bookmark: _Hlk136867051]P-Reviewer: Infante M, Italy; Vyshka G, Albania S-Editor: Liu JH L-Editor: Filipodia P-Editor: Yu HG

Figure Legends
[image: ]
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figure 1 Potential mechanisms of metformin in the treatment of pituitary tumors. AMPK: Adenosine monophosphate activated protein kinase; ATF: Activating transcription factor; AKT: Protein kinase B; BAX: Bcl-associated X, IGF: Insulin-like growth factor; mTOR: Mammalian target of rapamycin.




[bookmark: _Hlk88512952]



[image: C:\Users\18810513029\Desktop\logo.png]

Published by Baishideng Publishing Group Inc
7041 Koll Center Parkway, Suite 160, Pleasanton, CA 94566, USA
Telephone: +1-925-3991568
E-mail: bpgoffice@wjgnet.com
Help Desk: https://www.f6publishing.com/helpdesk
https://www.wjgnet.com



[image: C:\Users\18810513029\Desktop\二维码.png]










© 2023 Baishideng Publishing Group Inc. All rights reserved.

 16 / 16

image1.png
Metformin

The mechanism in pituitary

Mitochondria-mediated

- Downregulating the Bcl-2/BAX ratio
pathways

Downregulating ERa and ERB

AMPK-mediated related

pathways
Activating the AMPK/mTOR

pathway and Calcium kinetics

Upregulation of ATF3 and

ATF-3-mediated pathway downregulation of p-STAT3

Suppressing the IGF-1R/AKT/
mTOR signaling pathway

IGF-1R-mediated pathway

DOI: 10.13105/wjma.v11.i5.144 Copyright ©The Author(s) 2023.




image2.png
9

JSaishideng®




image3.png




