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Abstract
Metformin, a biguanide derivative, is the most commonly prescribed medication in the treatment of type 2 diabetes mellitus. More recently, the use of metformin has shown potential as a preventive and therapeutic agent for a broad spectrum of conditions, including liver disease and hepatic malignancies. In this systematic review, we critically analyze the literature behind the potential use of metformin across the spectrum of liver disease and malignancies. The PubMed and Ovid MEDLINE databases were searched from 2000 to March 2015, using a combination of relevant text words and MeSH terms: metformin and mTOR, hepatitis B, hepatitis C, non-alcoholic fatty liver disease, hepatocellular carcinoma or cholangiocarcinoma. The search results were evaluated for pertinence to the issue of metformin in liver disease as well as for quality of study design. Metformin has a number of biochemical effects that would suggest a benefit in treating chronic liver diseases, particularly in the context of insulin resistance and inflammation. However, the literature thus far does not support any independent therapeutic role in non-alcoholic fatty liver disease (NAFLD) or hepatitis C. Nonetheless, there is Level III evidence for a chemopreventive role in patients with diabetes and chronic liver disease, with decreased incidence of hepatocellular carcinoma (HCC) and cholangiocarcinoma. The use of metformin seems to be safe in patients with cirrhosis, and provides a survival benefit. Once hepatic malignancies are already established, metformin does not offer any therapeutic potential. In conclusion, there is insufficient evidence to recommend use of metformin in the adjunctive treatment of chronic liver diseases, including NAFLD and hepatitis C. However, there is good evidence for a chemopreventive role against HCC among patients with diabetes and chronic liver disease, and metformin should be continued in patients even with cirrhosis to provide this benefit.
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Core tip: There has recently been a growing literature on the use of metformin as a potential preventive and therapeutic agent for various chronic liver diseases and hepatic malignancies. We therefore decided to review the efficacy of metformin across the spectrum of liver disease and malignancies. Based on our systematic review, there is insufficient evidence to recommend use of metformin in the adjunctive treatment of non-alcoholic fatty liver disease and hepatitis C. However, there is good evidence for a chemopreventive role against hepatocellular carcinoma among patients with diabetes and chronic liver disease, and metformin should be continued in patients even with cirrhosis to provide this benefit.
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INTRODUCTION
Metformin as an oral hypoglycemic medication has been typically prescribed for type 2 diabetes and insulin resistance in polycystic ovarian disease. Its hypoglycemic action occurs by virtue of its ability to inhibit both gluconeogenesis and glycogenolysis in hepatocytes[1] (Figure 1). It also indirectly downregulates circulating insulin and insulin growth factor-1 (IGF-1), by virtue of decreasing serum glucose[2-4]. Additionally, metformin binds reversibly to complex I of the mitochondrial electron transport chain in hepatocytes, giving rise to cellular stress[1,5]. This inhibition leads to an increase in adenosine monophosphate (AMP) generation, with a concomitant decrease in adenosine triphosphate (ATP) production.  Increasing levels of AMP bind to AMP kinase (AMPK), a key regulator of cellular metabolism in both normal and cancer cells, resulting in a conformational change and activation[1,6,7]. Cellular stress, such as nutrient deprivation and hypoxic conditions, also increase AMP levels[7].  Once activated by AMP, the conformational change facilitates liver kinase B1 (LKB1) phosphorylation of AMPK, which in turn phosphorylates Tsc1/2. This leads to negative regulation of the mTOR (mammalian Target of Rapamycin) pathway[8]. Metformin improves insulin resistance through activation of AMPK, which subsequently blocks hepatic glucose release and promotes glucose uptake in skeletal muscle[9]. It also likely uses various mechanisms to restore insulin sensitivity by limiting lipid storage through the inhibition of free fatty acid formation; AMPK suppression of ACC1, ACC2 (acetyl-CoA carboxylase), and HMG-CoA reductase decreases fatty acid synthase (FAS) expression and activates malonyl-CoA carboxylase[3,10,11]. Moreover, AMPK suppresses fatty acid synthesis through the inhibition of transcription factor SREBP-1c. This transcription factor is induced by glucose and insulin excess, and is therefore inappropriately elevated in patients with NAFLD[12,13]. Interestingly, metformin has also been shown to modulate adipokine synthesis (cytokines that have action on adipose tissue). Adipokines such as TNF-α and IL-6 can directly stimulate AMPK, thereby preventing hepatic fat accumulation through an increase in β-oxidation of FFAs and/or by decreasing de novo synthesis[14]. Zhang et al[15] have shown that metformin exerts antagonistic effects on catecholamine-induced lipolysis via decrease in cAMP production. 
Recent years have seen investigation of its use in a variety of conditions, such as non-alcoholic fatty liver disease, in addition to potential use as a chemopreventive and chemotherapeutic agent. The exploration into the use of metformin in chemoprevention began in 2005, with Evans et al[16] demonstrating that metformin significantly reduced the risk of cancer development in diabetic patients. The findings of this large cohort study demonstrated a 23% reduction in overall cancer incidence among diabetic patients treated with metformin as compared to those treated with sulfonylurea derivatives[4]. The discovery gave rise to a number of studies focusing on the ability of metformin to lower the risk of cancer in long-term users of the medication. A prospective cohort study by Libby et al. demonstrated that 7.3% of patients taking metformin had a diagnosis of cancer, as compared to 11.6% of a control population[17]. After adjusting for confounding variables, patients on metformin still had a significantly decreased risk of cancer, with a hazard ratio of 0.63 (95%CI: 0.53-0.75). A second prospective cohort study by Bowker et al[18] similarly showed that the use of metformin reduced cancer-related mortality as compared to sulfonylureas or insulin in diabetic patients, with an adjusted hazard ratio of 0.80 (95%CI: 0.65-0.98). These studies fuelled further investigation into chemopreventive use in hepatic malignancies, as well as applications to target insulin resistance in chronic liver disease. The biochemical basis of these effects, along with the literature behind potential applications in hepatology, are systematically detailed in this review.

LITERATURE STUDY
We systematically searched PUBMED and Ovid MEDLINE databases from 2000 to March 2015, using a combination of metformin with the following relevant text words and MeSH terms: hepatitis B, hepatitis C, non-alcoholic fatty liver disease, hepatocellular carcinoma or cholangiocarcinoma. The search results were evaluated for pertinence to the issue of metformin in liver disease as well as for quality of study design, and we used material written in English. The reference lists from all identified studies were searched for further relevant papers. Review articles were used as a reference, but not as primary sources of information.

NON-ALCOHOLIC FATTY LIVER DISEASE 
Although the pathogenesis of non-alcoholic fatty liver disease (NAFLD) is not clearly understood, it is known that insulin resistance assumes a pivotal role. Importantly, NAFLD is associated with an increased risk of type 2 diabetes mellitus and cardiovascular disease[19]. In insulin-resistant patients, the increased influx of free fatty acids (FFAs) into the liver due to peripheral lipolysis leads to hepatic steatosis. Insulin resistance is said to increase hepatic lipogenesis through activation of the lipogenic transcription factor sterol-regulator element binding protein-1 (SREBP1). The state of hyperinsulinemia upregulates glycogenolysis, leading to increased fatty acid synthesis in the hepatocytes[20]. The “two-hit” hypothesis of Non-alcoholic steatohepatitis (NASH) pathophysiology proposes a synergistic effect of “first-hit” obesity and diet, followed by the “second-hit” of inflammation and cellular injury. The “second-hit” is thought to contribute to the insulin resistance by releasing cytokines and free fatty acids, and increasing intracellular oxidative stress[20,21]. 
Current management of patients with NAFLD principally involves weight loss through diet and exercise[13]. Vitamin E is recommended as first line pharmacotherapy in non-diabetic adults with biopsy-proven NASH but not in diabetic patients due to lack of ad hoc data[22]. Hence, there is no pharmacotherapy as yet for diabetic NASH patients. There have been several pharmacotherapeutic attempts to target the insulin resistance thought to be the underlying pathophysiologic mechanism of NAFLD[23]. In a 6-mo, prospective, randomized study (Level II) that compared low-dose metformin (1 g/d) with diet to diet alone, both groups achieved a significant reduction in the proportion of patients with ultrasonographic evidence of hepatic steatosis[24]. Although metabolic parameters were significantly better in the metformin group, this study illustrated that diet in itself could ameliorate hepatic steatosis. Improvement in liver histology of NAFLD patients on metformin treatment has been documented (Level IV - open-label, single arm)[25-27]. In a pilot study, 26 NASH patients were treated with 48 weeks of metformin 2000 mg a day[26]. This resulted in a histological response and improvement in ALT levels in only 30% of the patients, and correlated with weight loss rather than with improvement in insulin sensitivity. Histological improvement was limited to hepatocellular injury and parenchymal inflammation. Along with histological improvement, there was a significant decrease in the aminotransferase levels observed[26]. Another uncontrolled trial of metformin (850-1000 mg/d) with N-acetylcysteine (1.2 g/d) for 12 mo demonstrated significant improvement in steatosis and fibrosis, although lobular inflammation and hepatocellular ballooning remained unchanged. Aminotransferase levels also were not significantly different following the treatment course[27]. In three randomized trials (Level II), metformin treatment had very little effect on liver histology, but it did ameliorate the liver aminotransferases and insulin resistance[28-30]. A 12-mo, randomized, placebo-controlled trial of diet, exercise and metformin vs diet and exercise only in 19 non-diabetic patients with insulin resistance and NASH failed to show any improvement in histology and liver enzyme levels[28]. It was rather weight loss in itself through diet and exercise that correlated with improved liver histology, aminotransferases and insulin resistance. Another randomized trial (not placebo-controlled) of metformin (850 mg twice daily) and dietary treatment vs dietary treatment alone in 36 patients showed histological improvement in both groups[29]. The metformin group did nonetheless have significantly decreased insulin resistance and aminotransferases. An additional randomized, placebo-controlled trial of metformin in 48 patients with biopsy-proven NAFLD failed to show any histological improvement as compared to placebo[30].
In the pediatric context as well, metformin has failed to show any histological benefit. In a small observational pilot study of 57 overweight or obese children between ages of 9 to 18 years with biopsy-proven NAFLD or NASH for 24 mo, metformin was no more efficacious than lifestyle modifications in improving serum transaminases, hepatic steatosis or liver histology in patients (Level IV - open label trial)[31]. A meta-analysis by Mazza et al[13] concluded that the addition of metformin may still be an attractive option to patients who have prediabetes or diabetes, due to clear evidence of improvement in insulin resistance associated with NAFLD. However, metformin has not demonstrated concrete improvement in liver histology in randomized, controlled studies, and therefore cannot be recommended for treatment of NASH[22].

METFORMIN IN HEPATITIS B 
There have been conflicting reports as to whether chronic hepatitis B (HBV) infection is correlated with insulin resistance[32,33]. Insulin resistance in patients with HBV is more likely concordant with their individual metabolic profiles. There are therefore no clinical studies of metformin on patients with HBV infection. Nonetheless, an in vitro study demonstrated that metformin transcriptionally downregulated HBsAg expression and HBV replication when used on a human hepatoma cell line. Additionally, it was found to act synergistically with antiviral effects of Lamivudine and IFN-alpha2b[34]. Based on in vitro studies, metformin may have potential benefit for patients with hepatitis B, however clinical trials are needed to further explore this therapy.
 
METFORMIN IN HEPATITIS C 
It is well established that hepatitis C (HCV) infection can induce a state of insulin resistance, ultimately leading to hepatic steatosis. It is hypothesized that HCV utilizes host cell glucose or lipid metabolism in order to complete its own life cycle, giving rise to the high prevalence of diabetes mellitus in patients with chronic hepatitis C[35]. Evidence indicates that there is an association between patient metabolic profiles and the severity of hepatic fibrosis in HCV patients[36]. One of the key metabolic factors is insulin resistance, known to aggravate hepatic steatosis, which promotes liver fibrosis progression and increases the risk of HCC. It is also associated with high HCV viral load and poor virologic response to interferon treatment[37]. As oral hypoglycemic agents are the treatment of choice for insulin resistance, Romero-Gomez et al[37] hypothesized that metformin would aid in improved responses to peginterferon (PEG-IFN) alfa-2a plus ribavirin (RBV) treatment in patients with naïve genotype 1 CHC patients. Although addition of metformin to peginterferon and ribavirin improved insulin sensitivity in this randomized, placebo-controlled trial of 123 patients, the results failed to show a significant difference in sustained virological response (SVR) between treatment and control groups[37]. Though the aforementioned results were not as promising as anticipated, additional trials were conducted to study whether metformin could help improve HCV treatment outcomes by correcting insulin resistance.  A randomized, double-blind controlled trial of metformin vs placebo in addition to PEG-IFN and RBV treatment showed that SVR was no different between the 2 groups (75% vs 79%)[38]. In a small, randomized controlled trial by Hsu et al[35], various oral hypoglycemic agents, including metformin, were combined with the standard IFN-based therapy in patients with HCV genotype 1 and insulin resistance. Although the study was too small to derive definite conclusions, the data suggested that the addition of an oral hypoglycemic agent to peginterferon alfa-2a plus ribavirin achieved a better SVR (Level II - randomized, not placebo-controlled). Although new oral interferon-free regimens are rapidly changing the therapeutic landscape of hepatitis C treatment, these findings suggest metformin may play a role in improving HCV treatment response specifically in the subgroup of patients with insulin resistance. Furthermore, metformin has an impact on the prognosis of hepatitis C-induced liver cirrhosis, as shown by a reduction in the incidence of HCC and liver-related death or transplantation (Level II)[39]. 

METFORMIN IN HEPATIC MALIGNANCIES
The PI3K/Akt/mTOR pathway is often activated in malignancies, and phosphorylates downstream signaling effector molecules involved in cell cycle progression, protein synthesis, cell growth, and angiogenesis[4]. Metformin is known to inhibit the mTOR pathway at least partly through an LKB1-AMPK-dependent mechanism, as illustrated by the lack of its effects in LKB1-deficient mice[7]. The effects of metformin on cell survival and metabolism can be explained both by this LKB1-AMPK-dependent mechanism as well as its insulin-lowering effects. Insulin has mitogenic and pro-survival effects on cells, and tumor cells often express insulin receptors at higher levels, making them highly sensitive to insulin stimulation[40]. Ultimately, metformin results in inhibition of the mTOR pathway and downstream effectors. These downstream effectors include eIF4E, which is normally bound to the 4E-BPs (eIF4E-binding proteins).  When phosphorylated by mTORC1, the 4E-BPs detach from eIF4E, which is then free to complex with other proteins to initiate translation. The translation of mRNAs coding for proteins involved in processes pertinent to tumorigenesis, such as the cell cycle, angiogenesis, and apoptosis, is particularly favored[41]. Other effectors of mTORC1 are cyclin D1 (cell cycle regulation), p70S6K => phospho-S6 (ribosome biogenesis), and SREBP (lipid synthesis), which all contribute to fuelling tumorigenesis. 
Specific effects of metformin on the hallmarks of cancer as defined by Weinberg and Hanahan have been elucidated[42]. In tumor development, the growth of the cell mass quickly exceeds its supply of nutrients and oxygen. Rapidly growing tumors encounter hypoxic conditions that hinder their ability to grow. However, cancer cells are able to circumvent these metabolic limitations. Despite conditions of cellular stress, there may be insufficient activity of AMPK, enabling the mTOR pathway-activated and uncontrolled cell growth. This makes metformin an attractive chemopreventive agent as it is an AMPK activator[8]. Angiogenesis is essential in the growth and invasive properties of tumor cells. Studies have shown that metformin negatively regulates HIF-1α, tumor necrosis factor-α, plasminogen activator inhibitor-1, and von Willebrand Factor, which decreases the levels of VEGF and ultimately angiogenesis[8]. 
Metformin plays a role in induction of apoptosis through either p53-dependent or independent mechanisms. The tumor suppressor p53 is involved in DNA damage repair and cell cycle regulation. Ultimately, the activation of p53 induces apoptosis of cells under low nutrient conditions[2,8]. Tumor suppressor p53 regulates SCO2 (synthesis of cytochrome c oxidase 2) activity, allowing the cell to efficiently couple mitochondrial oxidative phosphorylation. Hence p53-defective cells, as is seen in over 50% of tumors, have a decrease in SCO2 activity and a deregulation of cell metabolism in a hypoxic environment. The inability of these cells to conserve energy when exposed to metformin-induced energetic crisis ultimately leads to apoptosis[1,5]. Metformin blocks the cell cycle partly through decreased levels of cyclin D1 expression, with a dose-dependent inhibition of cell proliferation[8]. Hence, metformin inhibits all of these processes that are key to tumorigenesis. 
Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths[43] and its incidence is on the rise in North America particularly due to the increasing burden of HCV cirrhosis[44]. Most HCC tumors are diagnosed at an advanced stage, when curative therapy is no longer an option. The only chemotherapy with survival benefit, though minimal, is the Ras-Raf kinase inhibitor sorafenib. The mTOR pathway is upregulated in up to 50% of HCCs. The mTOR pathway has also been found to play an essential role specifically in hepatocarcinogenesis arising in the context of NASH[45].
In vitro data have shown metformin to be a potent inhibitor of HepG2 and Huh7 liver cancer cell proliferation[7,46]. An apoptotic effect has also been noted through increased expression of cleaved caspase-3 and a significantly increased percentage of early apoptotic cells[44]. Cell cycle arrest in G0/G1 phase in several hepatocellular carcinoma cell lines has also been found in vitro, correlating with a strong decrease in expression of G1 cyclins, specifically cyclin D1, cyclin E and cyclin-dependent kinase 4 (Cdk4)[47]. In vivo studies have shown that metformin also exerts effects on apoptosis, cell cycle, and proliferation, likely through the mTOR pathway. In an in vivo study on HepG2 cells xenografted into nude mice, Xiong et al[44] demonstrated that metformin treatment at 200-mg/kg per day dose led to a 40.8% reduction in tumor volume. In this study as well, metformin was shown to suppress the protein synthesis machinery downstream of mTOR, inhibit cell proliferation and induce apoptosis. In a diethylnitrosamine-induced HCC mouse model, metformin was shown to down-regulate lipogenesis through decreased expression of lipogenic enzymes[48]. In addition, the restoration of these lipogenic enzymes through ectopic expression rescued the metformin-mediated growth inhibition. These findings provide an interesting application of metformin in patients with HCC in the context of disorders where there is upregulation of lipid synthesis such as NAFLD[48].
Population data have suggested a role for metformin as a chemopreventive agent against HCC among patients with diabetes[49-56] and chronic liver disease[57,58]. In a meta-analysis of 8 observational studies, including 22650 cases of HCC in 334,307 patients with type 2 diabetes, it was found that metformin given to diabetic patients resulted in a 50% risk reduction in HCC incidence (OR = 0.50, 95%CI: 0.34-0.73)[53,54]. A similar meta-analysis of 7 studies (3 cohort, 4 case-control, with 562 HCC cases out of 16549 patients) reported an even further reduced risk of HCC in diabetic patients on metformin vs those using other hypoglycemic agents (OR = 0.24, 95%CI: 0.13-0.46)[55]. Although these data are striking, it should be kept in mind that the studies used in these meta-analysis were observational, and higher quality randomized trials would be optimal to consolidate whether metformin has a chemopreventive benefit. 
In already-diagnosed HCC, the clinical literature is sparse. A retrospective clinical study determined that in patients with already-established HCC[59], though duration of exposure to metformin prior to diagnosis was not available. Combination therapy of metformin with radiofrequency ablation has also been attempted prospectively. In a prospective case cohort study, diabetic patients with early stage HCC were treated with radiofrequency ablation (RFA) concurrently with metformin[60]. The use of metformin as a chemotherapeutic adjunct in these patients was observed to have a lower mortality rate as compared to the untreated diabetic patients with early stage HCC. Furthermore, patients with early stage HCC receiving sulfonylureas and insulin exposures did not achieve the same effects as metformin (Level III – prospective case cohort study)[60]. 
Physicians are often hesitant to use metformin in cirrhotic patients, given previous reports of lactic acidosis. A recent study has disproven this concern, revealing that cirrhotic patients may safely take metformin[61]. Additionally, use of metformin significantly extended survival in cirrhotic patients, with continuation decreasing risk of death by 57%. Hence, using metformin as a chemopreventive agent against HCC is a reasonable option in patients with chronic liver disease. However, it is unclear at this time whether metformin is beneficial as an adjunct in the treatment of HCC.

METFORMIN IN CHOLANGIOCARCINOMA
Cholangiocarcinoma is associated with a dismal prognosis, serving as an impetus to study its molecular basis and thereby develop therapeutic avenues. McKay et al[62] performed an array of comparative genomic hybridization to discover any potential therapeutic targets. The DNA extracted from 32 cholangiocarcinoma tumors was discovered to have copy number gains in several genes along the mTOR pathway[62]. Frequent gain of function mutations in genes related to the mTOR pathway, including mTOR, VEGF receptor, platelet-derived growth factor, and epidermal growth factor receptor, were identified making this a novel target for treatment options[41,62]. In a case-control study, it was established that type 2 diabetes mellitus independently predicts risk of intrahepatic cholangiocarcinoma (ICC), along with primary sclerosing cholangitis, cirrhosis, and smoking[63]. Diabetic patients with metformin had a significantly decreased odds ratio for ICC as compared to diabetics not on metformin (OR = 0.4; 95%CI: 0.2-0.9; P = 0.04). An in vitro study demonstrated a dose and time-dependent antiproliferative action of metformin through apoptosis induction and cell cycle arrest via the AMPK-mTORC1 pathway in ICC cell lines[64]. Additionally, metformin was found to enhance the sensitivity of ICC cells to sorafenib, 5-fluorouracil and As2O3. Hence, one might anticipate at least a chemopreventive role for metformin in intrahepatic cholangiocarcinoma, although it would be interesting to determine whether such a role exists in prevention of perihilar and extrahepatic cholangiocarcinoma.

CONCLUSION
In conclusion, metformin is a widely used hypoglycemic agent with benefits beyond the management of diabetes. Given its effects on insulin resistance, there are data suggestive of benefit in hepatitis C and non-alcoholic fatty liver disease. However, at this time, there is insufficient evidence to recommend use of metformin in the adjunctive treatment of these chronic liver diseases. Nonetheless, by virtue of its inhibitory effect on the mTOR pathway, there is good evidence for a chemopreventive role against HCC among patients with diabetes and chronic liver disease, and metformin should be continued in patients even with cirrhosis to provide this benefit.
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Figure 1 Effects of metformin on hepatocyte energy status and the mTOR pathway, in turn affecting metabolism and inflammation. 4E-BP: 4 eukaryotic-binding protein; ACC: Acetyl-CoA carboxylase; PKB: Protein Kinase B; AMPK: Adenosine monophosphate kinase; cAMP: Cyclic adenosine monophosphate; DEPTOR: DEP domain-containing mTOR interacting protein; EGF: Epidermal growth factor; eIF4E: Eukaryotic translation initiation factor 4E; FFAs: Free fatty acids;  HIF-1α: Hypoxia-inducible factor-1 alpha; IGF: Insulin growth factor; LKB1: Liver kinase B1; mLSTB: Mammalian lethal with SEC13 protein B; mTOR: Mammalian target of rapamycin; PI3K: Phosphoinositol 3 kinase; PKA: Protein kinase A; PPARγ: Peroxisome proliferator-activated receptor gamma; PRAS40: Proline-rich Akt substrate of 40 kDa;  RAPTOR: Regulatory-associated protein of mTOR; Rheb: Ras homolog enriched in brain; RTK: Receptor tyrosine kinase; SREBP: Sterol regulatory element-binding proteins; TSC: Tumor suppressor complex; VEGF: Vascular endothelial growth factor.
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