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Metformin has been a long-standing prescribed drug for treatment of type 2 diabetes (T2D) and its beneficial effects on

virus infection, autoimmune diseases, aging and cancers are also recognized. Metformin modulates the differentiation and

activation of various immune-mediated cells such as CD4+ and CD+8 T cells. The activation of adenosine 5′-

monophosphate-activated protein kinase (AMPK) and mammalian target of rapamycin complex 1 (mTORC1) pathway

may be involved in this process.
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1.Introduction

The traditional herbal medicine in Europe, Galega officinalis, was found to be rich in guanidine and shown to lower blood

glucose levels. Several guanidine derivatives were synthesized and used to treat diabetes in 1920s and 1930s, but they

were discontinued due to severe toxicity . The blood glucose lowering effects were recognized by the French physician

Jean Sterne who reported the use of metformin to treat diabetes in 1957 . However, metformin received the limited

attention and the biguanides were generally discontinued in late 1970s due to the risk of lactic acidosis. The beneficial

effects of metformin ameliorating insulin resistance without weight gain and hypoglycemia in the patients with type 2

diabetes were recognized in Europe and the long-term cardiovascular benefits  were identified by the UK Prospective

Diabetes Study (UKPDS) in 1998, providing a new rationale to adopt metformin as an initial therapy to manage

hyperglycemia in type 2 diabetes. Metformin is beneficial for aging-related morbidities such as obesity, metabolic

syndrome, cardiovascular disease, and cognitive impairment  by its favorable action on the endothelial dysfunction . In

addition to risk reduction of any diabetes-related endpoint, myocardial infarction, and death from any cause in metformin

, the reduction of cancer incidence was demonstrated in an observational study in Scotland  and a Chinese meta-

analysis showed an overall reduction of 20% in cancer incidence in metformin users .

The metabolic effects of metformin with insulin sensitizing actions result in reduction of insulin and free insulin-like growth

factor (IGF-1) levels may indirectly contribute the decreased incidence of cancer. In addition to the indirect effects,

metformin as adenosine 5′-monophosphate-activated protein kinase (AMPK) activator and subsequent inhibition of

mammalian target of rapamycin complex 1 (mTORC1) specifically retard the growth of malignant cells. Rapidly

proliferating malignant cells prefer to facilitate the process of catabolic glucose metabolism. Metformin inhibits glycolysis

rate limiting enzyme of glycolysis, hexokinase 2 (HK2), and mitochondrial respiratory complex 1, which result in the

reduction of mitochondrial ATP production in cancer cells . Recently, it has been demonstrated that metformin may also

enhance the antitumor immune response by acting on the tumor infiltrating and circulating CD8 T cells. Furthermore, the

advent of immune checkpoint inhibitors in cancer therapies and their prominent antitumor effects also arouse the interests

to the immune mediated effects of metformin in various diseases.

2.  Molecular Mechanisms of Metformin-Induced Inhibition of
Gluconeogenesis and Lipogenesis in Hepatocytes

Metformin is transported by facilitated diffusion via plasma membrane monoamine transporter (PMAT) and organic

transporter 3 (OCT3) in enterocytes and further transported into hepatocytes via portal vein, where metformin reaches 40-

70 μM, through OCT1 and OCT3 . The excretion of metformin from hepatocytes to bile or circulation occurs through

multidrug and toxin extrusion 1 (MATE1) and metformin concentration is reduced to 10-40 μM. Then, metformin enters

renal epithelial cells via OCT2 and is secreted by renal MATE1 and MATE2 in unchanged form and eliminated into urine

.

In hepatocyte, metformin partially inhibits mitochondrial respiratory-chain complex 1, resulting in reduction of ATP levels

and accumulation of AMP and ADP. The gluconeogenesis is an energetically costly anabolic process and required 6 ATPs

per molecule and depletion of ATP limits glucose synthesis. Pyruvate carboxylase (PC), Phosphoenol pyruvate
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carboxykinase (PEPCK) (Figure 1), Glyceraldehyde phosphate dehydrogenase require 2 ATPs, 2 GTPs, and 2 ATPs,

respectively. The increased level of AMP inhibits an important rate-limiting gluconeogenic enzyme, Fructose-1, 6-

bisphsphatase (FBPase). This gluconeogenic step antagonizes the opposite reaction that forms fructose-1,6-

bisphosphate from fructose-6-phosphate and ATP in Phosphofructokinase (PFK)-dependent manner, a key rate-limiting

step in glycolysis. Metformin was shown to reduce the glucagon signal transduction by decreasing 3′-5′-cyclic adenosine

monophosphate (cAMP) thorough inhibiting adenylate cyclase coupled with glucagon receptor . Decreased cAMP

content leads to reduced activity of cAMP-dependent protein kinase A (PKA), an important signal transducer of glucagon-

induced gluconeogenesis . Metformin selectively inhibits the mitochondrial isoform of glycerophosphate

dehydrogenase (mGPD) but not cytosolic GPD (cGPD), an enzyme that catalyzes the conversion of glyceraldehyde 3-

phosphate (G3P) to dihydroxyacetone phosphate (DHAP). The inhibition of mGPD induces the accumulation of G3P,

NADH and reduced conversion of lactate to pyruvate. Since DHAP and pyruvate are required for gluconeogenesis, it

results in reduction of use of glycerol and lactate as gluconeogenic precursors . In addition, metformin-induced

increase in AMP/ATP ratio also activates AMPK, which suppresses lipid and protein synthesis and enhances glycolysis,

fatty acid oxidation, mitochondrial biogenesis and autophagy . The activation of AMPK by metformin resulted in

inhibition of Acetyl-CoA carboxylase (ACC), and reduction of Malonyl-CoA. Since Malonyl-CoA inhibits the activity of

carnitine palmitonyl transferase 1 (CPT1), CPT1 is activated by the reduction of Malonyl-CoA and fatty acid oxidation is

enhanced. In addition, the activation of AMPK by metformin increased the expression of Sterol regulatory element binding

protein-1c (SREBP-1c) which inhibits the expression of lipogenic and fatty acid synthesis genes (Figure 2).

Figure 1. Action mechanism of metformin in hepatocyte.Metformin is mainly transported into hepatocyte through organic

transporter 1 (OCT1) and inhibits respiratory-chain complex 1 (Complex 1). The reduction of ATP levels and increase in

AMP and ADP levels result in the inhibition of gluconeogenesis. The increased AMP levels inhibit the adenylate cyclase

coupled with glucagon receptor and the subsequent cAMP/protein kinase A (PKA) signaling pathway, which ultimately

links to enhancement of gluconeogenesis. Metformin-induced elevation of AMP/ATP ratio also activates AMP-activated

protein kinase (AMPK). Lipogenesis is inhibited and fatty acid oxidation is enhanced by the AMPK-induced inhibition of

acetyl CoA carboxylase (ACC). Metformin also inhibits mitochondrial glycerophosphate dehydrogenase (mGPD) but not

cytosolic GPD (cGPD). Glyceraldehyde 3-phosphate (G3P), nicotinamide adenine dinucleotide (NADH), and lactate are

accumulated, while dihydroxyacetone phosphate (DHAP), NAD, and pyruvate are reduced. By the reduction of substrates

for gluconeogenesis, i.e., pyruvate and DHAP, hepatic glucose production is reduced by metformin. The excess of glycerol

and lactate enters into circulation.
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Figure 2. Changes in gluconeogenesis, glycolysis, lipogenesis, fatty acid oxidation, and ketogenesis induced by

metformin in hepatocyte. In hepatocytes, metformin enhances glycolysis and fatty acid oxidation, while it inhibits

gluconeogenesis, ketogenesis and release of very low-density lipoprotein (VLDL). The enzymes with enhanced activities

are indicated by blue, while the reduced enzymes by red font. Since malonyl-CoA inhibits the activity of carnitine

palmitoyltransferase 1 (CPT1), the reduced activity of acetyl CoA carboxylase (ACC) results in increased influx of acyl-

carnitine into mitochondria and fatty acid oxidation by metformin.

Recently, the intestine has been focused as a target organ of metformin in addition to liver. Intraduodenal infusion of

metformin activated the duodenal mucosal AMPK and lowered hepatic glucose production. Both glucagon-like peptide-1

receptor-PKA signaling and a neuronal-mediated gut-brain-liver pathway are required for metformin to lower hepatic

glucose production . The 3-day treatment with metformin in newly diagnosed patients with type 2 diabetes reduced

Bacteroides fragilis and increased the bile acid glycoursodeoxycholic acid (GUDCA) in the gut, which were accompanied

by inhibition of intestinal farnesoid X receptor (FXR) signaling . By using Positron emission tomography-magnetic

resonance imaging (PET-MRI), metformin increased the accumulation of [ F] fluorodeoxyglucose (FDG) in the

intraluminal space of the intestine, suggesting that stool is one of the major disposal sites of glucose by the action of

metformin targeting intestine .

3. Metformin and Mitochondrial Biogenesis and Dynamics

Various pharmacological activators of mitochondrial biogenesis such as AMPK activators, SIRT1 activators, nuclear

receptor agonists, and cGMP modulators are possible candidate targets for the treatment of obesity, type 2 diabetes, and

vascular complications . Long-term administration of metformin demonstrated the increased activity of peroxisome

proliferators-activated receptor γ (PPARγ) coactivator-1α (PGC-1α) and enhanced biogenesis of mitochondira . in vitro

models of vascular complications of diabetes demonstrated that metformin activates AMPK in human umbilical vein

endothelial cells and reduces hyperglycemia-induced mitochondrial ROS production and mitochondrial biogenesis .

In addition to mitochondrial biogenesis, mitochondrial dynamics such as fusion and fission of mitochondria, and

mitochondria-associated endoplasmic reticulum (ER) membranes (MAMs) are also involved in the process of diabetes.

Once close contact between mitochondria is established, the dynamin-related outer mitochondrial membrane (OMM)

proteins, such as mitofusin 1 (MFN1) and mitofusin 2 (MFN2), form homotypic (MFN1-MFN1 and MFN2-MFN2) or

heterotypic (MFN1-MFN2) complexes. After tethering, inner mitochondrial membrane (IMM) fusion is mediated by optic

atrophy 1 (OPA1) depending on the inner membrane potential . The process of fusion retains the capacity of the
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mitochondria and maintains genetic and biochemical homogeneity by allowing the dilution of superoxide species and

mutated DNA and the repolarization of membranes . The reverse process of mitochondrial fusion, the division of

mitochondria (fission) produces one or more daughter mitochondria, requires cytosolic dynamin-related protein 1 (DRP1).

In the organellar interactions, MAMs function as membrane contact sites between the ER and mitochondria. The ER-

mitochondria contact sites have emerged as major players in lipid metabolism, calcium signaling, autophagy and

mitochondrial dynamics .

Disturbances in mitochondrial architecture and mitochondrial fusion-related genes are observed in situations of type 2

diabetes and obesity, leading to a highly fissioned mitochondria. Liver specific Mfn1 knockout mice (Mfn1LKO) were

associated with increased complex I abundance, sensitive to hypoglycemic effects of metformin, and protected against

insulin resistance induced by a high-fat diet . In cybrid cells harboring mitochondrial haplogroup B4, which are more

likely to develop type 2 diabetes in Chinese population, presented increased mitochondrial fission profiles, while

metformin inhibited mitochondrial fission and attenuated pro-inflammation profile . In IR Huh7 cells with high

invasiveness ability, mitochondrial fission was increased revealed by structured illumination microscopy and metformin

could inhibit mitochondrial fission, which is the feature of type 2 diabetes . The disruption of MAMs by pharmacological

inhibition and genetic ablation of the mitochondrial MAM protein, cyclophilin D, causes the impairment of insulin signaling

and metformin improves both MAM integrity and insulin sensitivity .

4. Metformin and Metabolism in Cancer Cells

OCT1 is almost exclusively expressed in the liver, and it is a major target tissue for metformin. In contrast to the virtual

absence of OCT1 in various tissues except liver, the tumor cells significantly express OCT1 and it may be related the

antitumor effects of metformin . OCT1 is also involved in the uptake of irinotecan and paclitaxel and OCT1-positive

cancer cells exhibit significantly higher susceptibilities to the cytotoxic effects of these anticancer agents . Liver kinase

B1 (LKB1) is identified as a tumor suppressor gene and upstream activator of AMPK. The activation of LKB1-AMPK

pathway by metformin results in the inhibition of Raptor-mTORC1 complex and suppression of cellular protein synthesis

and cell growth. Phosphorylation of AMPK activates tuberous sclerosis complex 2 (TSC2) in a subunit of the TSC1–TSC2

complex, which further inactivates the small GTP-binding protein Ras Homolog Enriched in Brain (RHEB). The inactivated

RHEB fails to promote the activity of mTORC1, suppresses the cell cycle, and reduces the proliferation of the cancer cells

. In addition to identification of tumor suppressor genes in cancer development, metabolic alterations induced by cancer

cells was also rediscovered. The observation by Otto Warburg demonstrated that the proliferating cancer cells highly

consume glucose and produce plenty of lactate and it is the reverse of Pasteur effects, where the fermentation is inhibited

in the presence of O  . Recent investigations demonstrated that tumor suppressors and oncogenes converge on the

prolyl hydroxylases and hypoxia-inducible factor (HIF), reverse the Pasteur effects, and thereby induce the Warburg

effects. Importantly, the cancer cells carry out and enhance both aerobic glycolysis and mitochondrial respiration

concurrently . The tumor cells utilize the glucose for the proliferation and hypertrophy of the cells. The phosphorylation

of glucose, the production of glucose-6-phosphate (G6P), is the initial step in glucose metabolism in cancer cells .

Hexokinase 1 (HK1) and HK2 are responsible for the production of G6P and show high affinity for glucose with Km values

of μM range. They are highly sensitive to inhibition by their own product, G6P. HK1 is ubiquitously expressed, while HK2 is

detected in skeletal muscle, adipose tissue and heart. HKs 1 and 2 are found in mitochondrial fraction and interact with

the permeability transition pore including the voltage-dependent anion channel 1 (VDAC1) responsible for ATP flux to the

cytoplasm from mitochondria. Such association between HK2 and VDAC1 facilitates the production of G6P by HK2 and

protects cells from apoptosis. HK2 is highly expressed in lung and breast cancer and required for the proliferating cancer

cells. Metformin directly inhibits HK2 activity by occupying the G6P binding site and induces dissociation of HK2 from

mitochondria . In addition to the reduction of glycolysis, metformin inhibits mTORC1 by decreasing the insulin and IGF-1

concentrations and inhibiting IGF1-induced AKT phosphorylation. Since AKT further phosphorylates HK2 at Thr473 and

facilitates the association of HK2 with mitochondria, metformin decreases HK2 expression, activity and mitochondrial

interaction . Finally, metformin inhibits mitochondrial ATP production acting on respiratory chain complex 1 and

decreasing TCA cycle intermediates, thus, metformin inhibits both glycolysis and mitochondrial respiration in cancer cells.
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