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Metformin, a cheap and safe biguanide derivative, due to its ability to influence metabolism, is widely used as a

first-line drug for type 2 diabetes (T2DM) treatment. 
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1. Introduction

Currently, the incidence of type 2 diabetes (T2DM) is becoming an epidemic, and the treatment of complications

caused by chronic hyperglycemia is extremely economically burdensome. Chronic hyperglycemia exerts a direct

toxic effect on different cell types, including pancreatic β-cells and vascular endothelial cells. Specifically, in the

insulin resistance state preceding symptomatic T2DM, prolonged hyperglycemia contributes to oxidative stress that

is highly dangerous to β-cells. Moreover, as a result of increased secretion of insulin, β-cells become exhausted

and die. Thus, secretion of insulin is disturbed. In turn, vascular endothelial cells are particularly sensitive to

hyperglycemia since they transport glucose in an insulin-independent manner, and intracellular glucose

concentration is proportional to its blood concentration. Thus, endothelial cells are directly exposed to the toxic

effect of high glucose and related oxidative stress, which leads to micro- and macro-vasculature dysfunction,

initiating the development of diabetes complications in multiple organs that significantly affect the length and quality

of life. It was demonstrated that metformin action is limited not only to the decrease in hyperglycemia, but also to a

delay in the development of diabetic complications . The mechanisms of metformin’s action are complex and

associated with multiple targets in the body . Therefore, the aim of the entry was to provide updated knowledge

concerning the molecular and biochemical actions of metformin involved in metabolism regulation.

2. The Fate of Metformin in the Human Body

After oral ingestion, metformin is absorbed by proximal small-intestine enterocytes. It has been proposed that

passive diffusion is responsible for 50% of metformin uptake in the intestine. This type of transport is conducted by

paracellular and transcellular pathways. However, there is no agreement whether paracellular, transcellular, or both

pathways are engaged in metformin transport . In addition to passive diffusion, the rest of the drug is transported

by facilitated diffusion employing numerous transporters. The primary transporter involved in metformin’s

absorption is plasma membrane monoamine transporter (PMAT) present on polarized enterocyte apical

membranes. The affinity of PMAT to metformin determined by Michaelis constant (K ) is equal to 1.32 mM .

Another transporter found on the apical membrane of enterocytes participating in metformin absorption is organic

cation transporter 3 (OCT3) that possess a K  of 1.10 mM. Due to the fact that OCT3 possesses a lower K  for
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metformin, its affinity to the drug is higher as compared to PMAT. This was confirmed by Chen et al., who reported

that the deletion of OCT3 evoked decreased metformin bioavailability and circulating level . The transport of

metformin into the portal vein also occurs through OCT1 found on the basolateral membrane of enterocytes .

Several other transporters such as serotonin transporter (SERT), thiamine transporter 2 (THTR2), and

carnitine/organic cation transporter 1 (OCTN1) participating in the intestinal absorption of metformin have been

also identified. However, their precise role in metformin absorption is not fully known.

It was observed that the drug is undetectable in the plasma for 24 h after oral administration of single dose, and its

half-life of elimination is equal to 7.2 h . Plasma metformin levels in the portal vein range from 40 to 70 µM in

animals after administration of a therapeutic dose. As a result of the transport of metformin with the blood, the drug

is delivered directly to the liver, where its uptake is mediated by OCT1 and OCT3, achieving 3–5 times higher

concentrations than in portal vein . OCT1 and OCT3 are key transporters that take up the drug, since their

knockout evokes significantly lower hepatic metformin accumulation and reduced suppression of glucose

production . As a result of hepatic uptake of metformin, its plasma concentration drops to 10–40 µM in both

humans and animals . The excretion of metformin from hepatocytes to circulation occurs through multidrug and

toxin extrusion 1 (MATE1), and MATE inhibition causes the accumulation of the drug in the liver .

Metformin is not metabolized by the liver; however, MATE1 expressed in hepatocytes is involved in elimination of

unchanged drug with the bile or in transport of metformin with the blood to kidney . Renal excretion of the drug

in unchanged form by tubular secretion into urine is the major pathway of metformin clearance . The transport

of metformin to the kidney is mediated by MATE1, MATE2, and OCT2. The latter is a key transporter for uptake of

the drug by renal epithelial cells (K  of 0.99 mM) . In turn, MATE2 (K  of 1.05 mM) and MATE1 (K  of 0.23 mM)

participate in metformin secretion from the tubule cells into the urine. Furthermore, MATE1 is also involved in the

secretion of metformin into the bile . The fate of metformin in the human body is presented in Figure 1.

Figure 1. The fate of metformin in the human body. After oral ingestion, 50% of metformin is absorbed by passive

diffusion, and the rest of the drug is transported by facilitated diffusion via PMAT and OCT1 transporters in

intestinal enterocytes. Then, the drug leaves enterocytes via OCT1 and is transported to the liver via the portal vein

where it reaches concentrations of 40–70 µM. Metformin enters the liver via OCT1 and OCT3 where it inhibits

gluconeogenesis. The drug is not metabolized by the liver, but MATE1 expressed in hepatocytes participates in
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elimination of unchanged drug with the bile or in its transport with the blood to kidney. Then, metformin enters renal

epithelial cells via OCT2. Next, the drug is secreted by renal MATE1 and MATE2 in unchanged form and eliminated

with urine. Abbreviations: M, metformin; PMAT, plasma membrane monoamine transporter; OCT1, organic cation

transporter 1; OCT2, organic cation transporter 2; OCT3, organic cation transporter 3; MATE 1, multidrug and toxin

extrusion protein 1; MATE2, multidrug and toxin extrusion protein 2.

Comparing the K  of MATE1 and MATE2 of renal cells, one can observe that MATE1 has higher affinity to

metformin than MATE2. Gan et al. revealed that MATE1 deletion evoked systemic elevation of metformin and lactic

acidosis, the major side-effect of the drug. The pathophysiology of metformin-induced lactic acidosis is likely

because of suppression of gluconeogenesis via blocking of pyruvate carboxylase (PC) . The lack of PC activity

results in the plasma accumulation of pyruvate that is next changed into lactic acid via lactate dehydrogenase

(LDH), triggering its increased plasma concentration. LDH is an enzyme catalyzing the conversion of pyruvate into

lactate and the reverse reaction that require NAD  reduction and NADH oxidation, respectively. Hepatic

transformation of lactate into pyruvate and muscle-specific conversion of pyruvate into lactate are closely related

processes known as the Cori cycle or lactic acidic cycle that comprises gluconeogenesis and glycolysis. In the Cori

cycle, anaerobic glycolysis-derived lactate is transported from the muscle to the liver where it is transformed into

glucose. In turn, glucose returns to the muscles where it is metabolized to lactic acid . Thus, the Cori cycle

may be involved in metformin-induced lactic acidosis because the drug inhibits PC activity, leading to plasma

accumulation of pyruvate. In turn, pyruvate participates in the Cori cycle and is transformed into lactic acid. At

therapeutic concentrations of metformin, lactate is changed back to glucose in the Cori cycle. Conversely,

metformin accumulation as a result of improper elimination or excessive drug intake leads to reduced hepatic

lactate uptake and lactic acidosis. However, lactic acidosis and hyperlactatemia do not develop in all patients with

isolated overdose of metformin .

3. Metformin Regulates Lipid Metabolism

3.1. Metformin Decreases the Secretion of Lipids from Intestinal Epithelial Cells

T2DM patients present abnormal metabolism of lipids, leading to significantly increased coexistence of fatty liver

and cardiovascular diseases. On the other hand, metformin improves lipid metabolism, thereby reducing the risk of

fatty liver and cardiovascular complications. This effect is partially connected to the property of metformin to

decrease the concentration of chylomicrons in T2DM patients . Metformin, via activation of AMPK and GLP1,

diminishes the synthesis of apoA-IV and apoB-48. These are crucial mediators of chylomicron synthesis and

secretion, and they are elevated in T2DM patients. The decreased level of apoA-IV and apoB-48 and reduced

synthesis of triglycerides caused by metformin lead to a lowering of chylomicron formation, as well as secretion by

enterocytes . In addition, metformin was found to diminish cholesterol level in the circulation via a

reduction in the reabsorption of bile acids in the intestine and an increase in chylomicron clearance .

3.2. Metformin as an Enhancer of Oxidation of Fatty Acids in Adipose Tissue and
Muscles
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It was shown that metformin treatment of mice fed with HFD and T2DM patients exhibited loss of adipose tissue as

a result of elevated uptake and utilization of fatty acids . This led to a reduction in VLDL-TG level and lipid

droplet content in BAT. Metformin pronouncedly elevates fatty-acid utilization and oxidative phosphorylation in the

mitochondria via increasing the proteins involved in the mitochondrial respiratory chain. The drug was also reported

to activate hormone-sensitive lipase (HSL) expression and phosphorylation of acetyl-coenzyme A carboxylase

(ACC), AMPK, and HSL in differentiated adipocytes, thereby increasing lipolysis. It was also observed that

metformin elevated both utilization and uptake of fatty acids in adipose tissue, which in turn may have been related

to the decreasing in VLDL-TG and mass of adipose tissue in mice fed with HFD and patients . Metformin-

stimulated fibroblast growth factor 21 (FGF21) seems to be involved in the reduced mass of adipose tissue and

elevation of fatty-acid oxidation in white adipocytes derived from obese mice. FGF21 is an important metabolic

regulator participating in the control of lipolysis in WAT . Wang et al. observed that metformin can suppress

accumulation of fat via promoting fatty-acid oxidation in the skeletal muscle of ob/ob mice. Some genes engaged in

fatty-acid oxidation and synthesis of acyl-CoA were downregulated including Ascl3, Ppard, Mlycd, and Acsbg1 .

The mechanisms by which metformin regulates metabolism of lipids in intestinal epithelial cells, muscles and

adipose tissue are presented in Figure 2.
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Figure 2. Metformin regulates the metabolism of lipids in enterocytes, L-cells, hepatocytes, and adipocytes. In the

intestine, the drug initiates the expression of GLP-1 and its secretion via AMPK-independent and -dependent

pathways in L cells. In enterocytes, metformin suppresses chylomicron storage and production via decreasing the

levels of Apo-IV and Apo-48, as well as the synthesis of TG. In turn, in hepatocytes, metformin-dependent activated

AMPK phosphorylates ACC and SREBP-1, leading to suppression of DNL and restoring CPT-1 activity. The drug

also promotes the process of mitochondrial fission, leading to an increase in mitochondrial number and elevation of
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FA oxidation. The action of metformin in adipocytes contributes to increased uptake of FA and HSL activity,

involving lipolysis. The drug also strengthens mitochondrial biogenesis via inducing PGC-1 signaling. Additionally,

metformin activates AMPK, which also promotes mitochondrial fission. Lastly, the drug enhances oxidation of FA in

adipocytes. Abbreviations: M, metformin; MAG, myelin-associated glycoprotein precursor; DAG, diacylglycerol; TG,

triglycerides; ApoA-IV, apolipoprotein A-IV; ApoB-48, apolipoprotein B-48; MGAT, monoacylglycerol

acyltransferase; DGAT, diglyceride acyltransferase; AMPK, 5’ adenosine monophosphate-activated protein kinase;

PKA, protein kinase A; GLP-1, glucagon-like peptide-1; CAMPii, Ca /calmodulin-dependent protein kinase II;

GSK-3β, glycogen synthase kinase-3 β; TCF7, transcription factor 7; MFF, mitochondrial fission factor; ACC,

acetyl-CoA carboxylase; CPT1, carnitine palmitoyltransferase I; FA, fatty acid; FAS; DNL, de novo lipogenesis;

SREBP1, sterol regulatory element-binding protein 1; malony-CoA, malonyl-coenzyme A; VLDL-TG, high-plasma

very-low-density lipoprotein triglyceride; PGC1, peroxisome proliferation-activated receptor-gamma coactivator-1;

HSL, hormone-sensitive lipase.
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