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Abstract: Metformin has been designated as one of the most crucial first-line therapeutic agents in the management of type 2 diabetes 
mellitus. Primarily being an antihyperglycemic agent, metformin also has a plethora of pleiotropic effects on various systems and 
processes. It acts majorly by activating AMPK (Adenosine Monophosphate-Activated Protein Kinase) in the cells and reducing 
glucose output from the liver. It also decreases advanced glycation end products and reactive oxygen species production in the 
endothelium apart from regulating the glucose and lipid metabolism in the cardiomyocytes, hence minimizing the cardiovascular risks. 
Its anticancer, antiproliferative and apoptosis-inducing effects on malignant cells might prove instrumental in the malignancy of organs 
like the breast, kidney, brain, ovary, lung, and endometrium. Preclinical studies have also shown some evidence of metformin’s 
neuroprotective role in Parkinson’s disease, Alzheimer’s disease, multiple sclerosis and Huntington’s disease. Metformin exerts its 
pleiotropic effects through varied pathways of intracellular signalling and exact mechanism in the majority of them remains yet to be 
clearly defined. This article has extensively reviewed the therapeutic benefits of metformin and the details of its mechanism for 
a molecule of boon in various conditions like diabetes, prediabetes, obesity, polycystic ovarian disease, metabolic derangement in HIV, 
various cancers and aging. 
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Introduction
Metformin, as a drug, was suggested as an initial treatment for type 2 diabetes. Metformin has been used as a first-line 
therapy in diabetes but current guidelines suggest its use in people with a BMI between 25 and 59 kg/m2, higher fasting 
glucose (>110 mg/dL), higher A1C >6.0%, and patients with a propensity to cause gestational diabetes.1 Currently, as per 
the evidence, an SGLT2 (“sodium-glucose cotransporter 2”) inhibitor and/or GLP-1(“glucagon-like peptide 1”) receptor 
agonist with proven CV (cardiovascular) benefit should be used in people with type 2 diabetes with established ASCVD 
(“atherosclerotic cardiovascular disease”) or indicators of high CV risk, established renal disease, or heart failure.1 

Metformin traces its origins to the traditional medicinal plant Galega officinalis, which was used to treat diabetes 
symptoms in Europe in the 18th century. It was rich in guanidine; later, many mono-guanidines (galegine) and 
diguanidines (synthalin) derivatives were developed.2 The toxicity profile of these medicines prevented them from 
achieving widespread recognition as antidiabetic medications, even though they considerably lowered the blood glucose 
level in animals.3 The three important members of the biguanide family were phenformin, buphormin, and metformin.3,4

In the 1950s, all three biguanides were researched in humans and approved for diabetic treatment in Europe.3,5 Due to the 
risk of lactic acidosis, phenformin and buphormin were removed from the market nearly 20 years after their introduction. 
Metformin users had a substantially reduced incidence of lactic acidosis. It occurred only in patients with compromised renal 
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function, which itself is a contraindication for metformin use. Metformin was authorized by United States FDA (Food and 
Drug Administration) to treat diabetes in 1994, and it became commercially available in the following year.3 In 1998, the 
UKPDS (UK Prospective Diabetes Study) found that long-term metformin therapy is related to a lower risk of hypoglycemia, 
a reduction in cardiovascular events, and an improved survival rate.6 Metformin got included to the WHO’s essential 
medicines list in 2011.3,4 Currently, metformin enjoys the status of the most often utilized anti-diabetic drug, either alone 
or in combination, in patients with type 2 diabetes mellitus (T2D).7

Metformin is an oral antihyperglycemic agent that lowers both basal and post-prandial plasma glucose in T2D. In 
addition to increasing insulin sensitivity, it acts by decreasing hepatic glucose synthesis and intestinal glucose absorption. 
It differs from other groups of oral hypoglycemic agents as it does not result in hypoglycemia or hyperinsulinemia.8 In 
addition to diabetes, metformin is being investigated for use in weight loss, PCOS (polycystic ovary syndrome), 
malignancies, HIV, and even in COVID-19.9

It takes 1.5 hours for metformin to start working after being absorbed. The plasma half-life of metformin is 2–3 hours, 
and the active duration is about 6–10hrs. The typical metformin dose ranges from 250 to 2550 mg/day, with plasma 
levels varying between 5 μM and 20 μM in the therapeutic range for the treatment of T2D.10–13 Both half-life and 
duration of action depend on the type of formulations (immediate release or extended release) and vary accordingly. It is 
rapidly distributed and does not bind with plasma protein.9,14 Metformin clearance depends on renal function and 
declines in the presence of renal impairment. Metformin is not recommended if the serum creatinine level is ≥1.4 mg/dl 
in females and ≥1.5 mg/dl in males due to the rare but fatal lactic acidosis risk. The non-serious side impacts of 
metformin include nausea, metallic taste, anorexia, flatulence, and diarrhoea. Mostly such adverse events are temporary 
and wane off if dose is titrated gradually, or the drug is taken along with meal.14,15 Metformin use for an extended period 
is linked to a deficiency of vitamin B12. The cause of vitamin B12 insufficiency is complex and poorly understood, 
involving the altered vitamin B12’s enterohepatic circulation, decreased IF (“Intrinsic Factor”) secretion, bacterial 
overgrowth, and interference with the calcium-dependent coupling of IF-vitamin B12 complex to the “cubilin 
receptor”.16 The pharmacokinetic properties of metformin are summarized in Table 1.

Mechanism of Action- Based on its Potential Uses
Being a drug that can act on various organ system and have varied effects, the mechanism of action of metformin tends to 
be diverse and are based on the indication of the drug. This section elaborates on the mechanism of action of metformin 
under various potential uses (Figure 1).

Table 1 Summary of the Pharmacokinetics Characteristics of Metformin

Pharmacokinetics Parameters Values

Absolute bioavailability 50–60% in healthy individuals

Time to reach Cmax (Tmax) 2.5 hours

Kinetics of metformin absorption Non-linear

At scheduled and recommended doses time to reach steady state  

plasma concentration

24–48 hours

Steady state plasma concentration Less than 1μg/mL

Mean volume of distribution (Vd) Ranged between 63–276 L

Selective distribution Red blood cells most likely represent a secondary compartment of distribution

Excretion Unchanged in urine

Renal clearance >400mL/min (indicating glomerular filtration and tubular secretion

Apparent terminal elimination half-life Approximately 6.5 hours

Note: Data from8,15
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Glucose Metabolism
Metformin is primarily recognized as a glucose-lowering agent and is established as a monotherapy and combination 
therapy with other “anti-diabetic” drugs as a first-line therapy conventionally.5,17 Metformin being a hydrophilic 
molecule has also been observed to have metal-binding properties, principally with copper.18 Metformin’s hydrophilic 
nature makes it arduous to cross the cell membrane and hence it depends on the membrane transporters like hENT4 
(”human equilibrative nucleoside transporter 4”), MATE (‘Multidrug and Toxin Extrusion Protein’), and SLC22A (Solute 
Carrier Family 22 members) for its uptake into the cell and secretion.19 SLC22A gene family is further subdivided into 
several subgroups and OCTs (‘Organic Cation Transporters’) like OCT1, OCT2, and OCT3 are also a part of it and are 
coded by genes namely SLC22A1, SLC22A2, and SLC22A3, respectively, which are clustered on chromosome 6q26- 
q27 and share a structure with 11 coding exons and 10 introns.12,20–23 These OCT transporters are responsible for the 
transport of drugs and other molecules across the drug absorption, metabolism, and excretion in the small intestine, liver, 
and kidney. Metformin has been found to be a substrate of OCT3 present in the brush border membrane of the 
enterocytes.24

Conventionally, it is quite established that metformin lowers blood glucose primarily by its action on the liver with 
a major effect by minimizing hepatic gluconeogenesis leading to curtailment in endogenous glucose production by the 
liver without a concomitant increase in plasma insulin concentrations.25,26 Literature reveals that gluconeogenesis is 
responsible for about 28–97% of total hepatic glucose output which in turn further depends on the feeding status in the 
case of normal persons and can be higher in patients with chronic T2D.27 In cases of T2D, which is a chronic condition, 
this mechanism can be crucial as enhanced and unregulated hepatic glucose release is a prominent pathophysiological 
mechanism, and controlling it can improve the prognosis of the disease to a large extent.10

The high expression of SLC22A1 in the liver and high concentration of metformin in portal circulation as compared 
to other parts of the body aids in its enhanced action on liver gluconeogenesis pathways.28 Evidence shows that 
metformin enhances the activity of IRS-2 (“Insulin Receptor Substrate 2”) in the cells and translocates the glucose 
transporters like Glucose transporter (GLUT)-1 to boost glucose uptake by the cells.29

Figure 1 Actions of Metformin. LDH- Lactate dehydrogenase; DHAP- Dihydroxyacetone phosphate; NADH- Nicotinamide adenine dinucleotide hydrogen; NAD+- 
Nicotinamide adenine dinucleotide; GPD2- Glycerol 3 phosphate dehydrogenase 2; GPD1- Glycerol 3 phosphate dehydrogenase 1; G3P- Glycerol 3 phosphate. This figure 
was created using the premium version of BioRender (https://biorender.com/) with License No.: UJ25D0W3WI. Created with BioRender.com.
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At the cellular level, metformin was thought to primarily act on the mitochondrion and has an ephemeral inhibitory 
action on the complex I of the electron transport chain of mitochondria culminating to a dip in the energy level of the 
cell.30–34 Though recent evidence does not favor metformin’s effect on complex I because the concentration needed to 
inhibit it is way higher than what is observed in the clinical use of this drug.13,35 In support of this, a complex I inhibitor 
piericidin was pumped into rat livers via an indwelling portal venous catheter, and the procedure showed that piericidin 
does not suppress hepatic gluconeogenesis.36 This decline in the energy level which is directly correlated with diminished 
synthesis of ATP (“Adenosine Triphosphate”) and enhanced AMP (“Adenosine monophosphate”) levels could be the 
driving force for crucial processes in the liver such as blocking cAMP (“cyclic AMP”) generation induced by glucagon 
and the activating 5’- AMPK (“Adenosine Monophosphate-Activated Protein Kinase”).32,34 The same concept is also 
evident from the preclinical studies on isolated hepatocytes of rats where metformin was observed to reduce ATP 
concentration in the mitochondria. ATP is known to allosterically block the enzyme pyruvate kinase and hence 
a reduction in ATP concentration leads to enhanced pyruvate kinase activity and decreased glucose output.37,38

Metformin was also found to activate AMPK intracellularly which acts as a sensor of energy in the cell and it is 
observed that on activation of AMPK, the catabolic processes of the cells get triggered and lead to the generation of ATP 
whereas disabling the anabolic pathways using ATP for synthetic processes.34,39,40 Evidence shows AMPK is a crucial 
facilitator for complex intracellular molecular signaling pathways of metabolism and growth which act in an integrated 
manner to ensure a balance of cellular energy (Figure 2).34,40

The decline in energy levels by diminished synthesis of ATP and resultant enhanced levels of AMP by increased activity of 
enzyme adenylate kinase is observed.33 Evidence shows that metformin can even elevate AMP levels by blocking the activity 
of an enzyme named AMP deaminase that breaks down AMP.40,41 Metformin, by elevating levels of intracellular AMP levels, 
might block adenylate cyclase, which facilitates the conversion of ATP to cAMP, hence reducing intracellular cAMP levels 
and ultimately reducing the signalling of glucagon, leading to reduced glucose levels.32,42–44 The above effect of reduced 
glucose output by gluconeogenesis through activation of AMPK is also supported by the fact that 5- AICAR (“aminoimida-
zole-4-carboxamide riboside”), which is an AMPK activating molecule has also shown the evident effect of diminished 
enzymes expression involved in gluconeogenesis, hence leading to decreased glucose output as seen in preclinical trials.45–47 

The effect of metformin is also supported by a study done by Shaw et al on mice given a high-fat diet, where deletion of gene 
LKB1 (“Liver Kinase B1”), which is a crucial enzyme phosphorylating the catalytic α AMPK domain led to the deactivation 
of AMPK leading to elevated glucose levels, hence nullifying the glucose reducing metformin effect.48

Figure 2 Beneficial effects of metformin. AMPK- adenosine monophosphate-activated protein kinase; SREBP-1C: sterol regulatory element-binding protein 1; PEPCK- 
Phosphoenolpyruvate carboxy kinase; G6Pase- glucose 6-phosphatase; GLUT4- Glucose transporter 4. This figure was created using the premium version of BioRender 
(https://biorender.com/) with License No.: MT250DY0DR. Created with BioRender.com.
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These mechanisms have been thought to explain metformin’s action, but recent evidence reveals that the action of 
metformin can be otherwise. Schäfer et al reported that the binding affinity of metformin for mitochondrial membranes is 
modest and Wilcock et al observed that the distribution of metformin is majorly in the cytosol and only less than 10% enters 
mitochondria.13,49,50 Meng et al, in their study on mouse-isolated hepatocytes, reported that a low concentration of metformin 
(25–100 μM) activated AMPK, whereas a higher concentration (500 μM) inhibited it.51 Ravera et al studied the concentration- 
dependent metabolic effect of metformin and reported that low concentration (15–150 μM), which represents the clinical 
levels of the drug triggered oxidative phosphorylation, the oxidative stress response, and the AMPK/Sirt1 pathway, whereas 
1.5 mM was hazardous.52 Metformin’s antihyperglycemic impact via the reduction of hepatic gluconeogenesis was first 
revealed by Zhou et al and they observed that it activated AMPK in rat hepatocytes at doses of 10 μM and 20 μM and provided 
a cellular basis for the drug’s blood glucose lowering action.34 Cao et al demonstrated that modest dosages of metformin 
decreases glucose synthesis in primary hepatocytes without altering levels of ATP or the AMP/ATP ratio.53 A study by Miller 
et al on hepatocytes demonstrated that a cessation of glucose production in primary hepatocytes was achieved at 125 μM, and 
it needed a higher concentration of 250 μM to considerably reduced cellular cAMP levels and much lower plasma levels are 
also efficient at reducing the synthesis of glucose by hepatocytes.32,53,54

To sum up, metformin has been found to diminish blood glucose by pathways relying on AMPK or independent of it.48,55–57 

The AMPK-dependent pathways help in inhibiting gluconeogenesis by blocking the expression of genes of crucial enzymes like 
phosphoenolpyruvate carboxykinase, pyruvate carboxylase, and glucose 6 phosphatases that are responsible for 
gluconeogenesis.58,59 This activation of AMPK can lead to subduing of mTORC1 (“Mammalian Target of Rapamycin 
Complex I”), which too can block the gluconeogenetic pathways.60 The metformin-induced decreased gluconeogenesis from 
the liver by AMPK-independent processes including dampening the activity of glucagon, blocking crucial enzymes of 
gluconeogenesis like fructose-1,6-bisphosphatase-1 and glycerol-3-phosphate dehydrogenase and enhancing glucose uptake 
by increased GLUT1 activity and IRS2 hence leading to reduction in plasma glucose levels.29,61,62 Metformin also acts by varied 
peripheral mechanisms like enhanced peripheral glucose uptake in skeletal muscles by the rising activity of GLUT4, modulating 
glucose absorption from intestines by delaying the absorption and also stimulating the activity of glucagon-like-peptide-1.62–66 

Evidence also shows that there is a disruption in intestinal microbiota in the patients of T2D and metformin was found to 
modulate the microbiota texture by decreasing the count of Bacteroides fragilis.67 This leads to elevated glycoursodexoycholic 
acid levels, which in turn depress the activity of intestinal farnesoid X receptor culminating in improved glucose tolerance.68

With a plethora of research for the mechanism of action of metformin, currently, the exact mechanism still stands 
controversial as the previous research studies conducted on preclinical models, in vitro and cell line models used a very high 
concentration (~milli-Moles) of metformin as compared to the therapeutic concentration (~micro-Moles) used in humans. 
The used concentration in the preclinical research was almost 10–100 times the threshold concentration achieved in patients 
with T2D.13,54 It is postulated that, at higher concentrations, metformin acts through the mitochondrial chain and may 
conceal the AMPK-dependent mechanism. The enzyme glycerol 3-phosphate dehydrogenase 2, which functions similarly 
to the mitochondrial enzyme in mammals, is also phosphorylated and negatively regulated by AMPK. This indicates that 
metformin’s direct impact on AMPK and a route that regulates the function of the mitochondrial glycerol 3-phosphate 
dehydrogenase may play a crucial role in the reduction of blood glucose when given in therapeutic concentration.54,69

Cardiovascular Benefits
Cardiovascular disorders are one of the prime causes of mortality and morbidity across the world and the probability 
enhances with the addition of risk factors like sedentary lifestyle diabetes, obesity, hyperlipidaemia, and hypertension.70 

Increased blood sugar can lead to oxidative stress, dyslipidaemia, and endothelial dysfunction culminating in enhanced 
cardiovascular risk.62 Among the antidiabetic medications, metformin was observed to minimize the incidence of 
cardiovascular diseases and associated mortality.71–74 A recent systematic study and meta-analysis conducted on 
701,843 participants of T2D with metformin and 1,160,254 controls observed a decreased risk of mortality [“OR=0.44 
(0.34–0.57)”] or adverse cardiovascular events [“OR=0.73 (0.59–0.90)”] with metformin.75 Similar results were also 
reported by a meta analysis where metformin reduced all-cause and cardiovascular death in patients having coronary 
artery illnesses.76 The “MetCool ACS” trial has been initiated in patients without diabetes, to evaluate the effectiveness 
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of metformin in acute coronary syndrome. The trial is ongoing and expected to be completed in 2025 and hence there is 
no concluding evidence regarding the protective effect of metformin in cardiovascular diseases.77

Metformin decreases the synthesis of AGE (“Advanced Glycation End”) product formation and hyperglycaemic- 
induced ROS (“Reactive Oxygen Species”) production in the endothelium and other places in the body, hence improving 
the cardiovascular prognosis.78 These AGE products modify the HDL residues, which leads to the formation of dysfunc-
tional HDL unable to perform cholesterol efflux consequently increasing the cardiovascular risk.79 In diabetes, the sugar 
metabolite methylglyoxal could be responsible for increased oxidative stress, synthesis of AGE product with 
a simultaneous enhancement of inflammation, and a decline in NO (nitric oxide) availability in the endothelium.80 The anti- 
inflammatory, anti-oxidative, and protective activity against homocysteine-thiolactone are a few characteristics of HDL that 
can be attributed to the PON-1(paraoxonase-1) enzyme in HDL.79,81,82 Any modification in the apolipoprotein can lead to 
dysfunctional PON-1 activity, which can hamper the protective effects of HDL and can add up to complications in various 
diseases. There is evidence that metformin can instate endothelial functionality, minimize oxidative stress and improve 
glycation.78 Decrease NO availability in endothelium has been associated with cardiovascular risk. Few in-vitro studies of 
metformin have shown to increase NO production, but in vivo studies failed to confirm this finding.78,83 With the available 
evidence from the preclinical studies, the effect of metformin on NO release remains a grey area requiring further 
exploration in clinical studies in humans.83–85 Metformin by activating AMPK blocks the alpha-dicarbonyl-mediated 
alteration of the apolipoprotein component leading to the mitigation of HDL dysfunction and minimizing low-density 
lipoprotein-induced damage.86 Studies in in vitro settings have reported that metformin can modulate the interaction of 
HDL with efflux receptors and reduce the AGE formation leading to minimizing the effect on impaired cholesterol efflux 
capacity of HDL in cases of lipoprotein modification in oxidative stress or increased AGE products.87,88

There is also evidence that metformin can be beneficial in cases of heart failure by modulating the status of 
myocardial energy metabolic through its activation of AMPK and controlled regulation of lipid and glucose metabolism 
in cardiomyocytes.89 The exact mechanism is unknown but with the existing evidence, it is reported that metformin acts 
by elevating NO availability, restricting interstitial fibrosis and deposition of AGE products, and restraining apoptosis of 
cardiomyocytes leading to diminished cardiac remodeling, and these effects conserve the systolic/diastolic functions of 
left ventricle hence minimizing the propensity to cause heart failure.89–93 The benefit of metformin in heart failure has 
also been proven in randomized controlled trials and now might also be considered safe for its usage in stable chronic 
heart failure with ongoing monitoring of renal and cardiac function.15,92,94

Metformin and its Anticancer Effects
The disorder, recognized as cancer, results when certain body cells proliferate out of control as well as spread to other body 
parts. Multiple signals such as growth factors, nutrient availability, and the presence of intracellular ATP regulate cell 
growth and proliferation. In the presence of nutrients, the IGF1 (Insulin-like Growth Factor-1) signalling pathway gets 
activated which promotes glycogen, protein, and lipid synthesis in mammals.95 IGF1R (IGF1 receptor) contributes to 
neutrophil physiology and glucose metabolism and is related to the development and occurrence of cardiovascular illness, 
inflammation, and diabetes. Whereas when cells are starved for energy, the AMPK pathway gets activated, which is 
responsible for inhibiting various biosynthetic pathways such as fatty acid and protein synthesis, gluconeogenesis, 
cholesterol biosynthesis, catabolic processes promotion like fatty acid beta-oxidation and glycolysis.96,97 Evidence 
shows that patients with diabetes have been related to an enhanced risk of cancer.98 A cohort analysis in northern Italy 
reported that in patients with at least 2 years of diabetes, the overall occurrence of cancer was greater in T2D than in non- 
T2D (IRR = 1.22, 95% CI 1.15–1.29).99 Literature shows that mostly T2D has been found to be linked with elevated risk for 
various cancers like the pancreas, liver, breast, colorectal, endometrium, and bladder.100 Similar results have been reported 
by Bjornsdottir et al, who carried out a national observational study on individuals with diabetes between 1998 and 2014 
and observed that patients with T2D have a greater risk for various cancers, HR = 1.10 (95% CI 1.09–1.12).101 This rise in 
the risk of cancer, however, cannot be entirely attributed to T2D but could also be possible owing to other risk factors like 
weight, diet, physical activity, and smoking/alcohol intake.100 Obesity itself might be a solitary risk factor for cancer and 
evidence reveals that the adipose tissue in our body also releases molecules like IL-6 (“Interleukin-6”), tumor necrosis 
factor-α, leptin, adiponectin, monocyte chemoattractant protein, and PAI-1 (“Plasminogen Activator Inhibitor-1”).102 IL-6 
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can activate the STAT (“Signal Transducer and Activator of Transcription”) protein signalling pathway and can lead to 
raised survival, invasion, and cell proliferation in carcinoma cells while also guarding them against host immunity.103

There is growing evidence that metformin has anti-cancer effects based on clinical and preclinical studies. A meta- 
analysis conducted on 17 studies observed a significant reduction in cancer risk with the use of metformin in patients 
with diabetes or without diabetes as compared to patients, not on metformin.104 A similar study published in 24 articles 
also reported metformin use can decrease the risk of cancer as compared to other anti-diabetic medications.105 An 
analysis done on eight cohort studies concluded that metformin was observed to be related to reduced cancer incidence as 
compared to sulfonylurea monotherapy in T2D patients.106 A meta-analysis of lung cancer studies also observed similar 
results which reported that metformin use might decrease the risk of lung cancer within T2D patients as compared to 
other conventional agents.107 Evidence from the preclinical studies shows that metformin was presented to cell’s restrain 
proliferation and lead to partial cell cycle arrest in cell line culture of cancer cells.108–110 Several studies on cancer cell 
lines have observed that metformin treatment leads to inhibition of development and proliferation and induces apoptosis 
of the cancer cells of organs like the breast, kidney, brain, ovary, lung, and endometrium.108–116

The mechanism behind the anticancer or growth-prohibiting effect of metformin in cancer cells can be ascribed to 
AMPK activation leading to different downstream impacts that work together to restrain the growth of tumors.114,117 The 
AMPK-mediated downstream pathways for its anticancer activity majorly act through mTOR (“Mammalian Target of 
Rapamycin”) inhibition and modulation of other molecules like cyclin D1, p53, p21, p27 and Akt leading to antiprolifera-
tive effects.104,114,117,118 Metformin was found to block the cell cycle in the “G(0)/G(1)” phase and this was observed with 
a sharp drop in the cyclin D1 levels, pRb phosphorylation, and elevated p27(kip) expression.112,113,118 AMPK activation 
causes phosphorylation of distinctive sites on TSC (Tuberous sclerosis complex)-2 as well as inhibits the mTOR pathway 
that is activated by insulin. It is also observed that there is a direct correlation between insulin and energy signalling in 
which TSC2 have a significant role in the integration of insulin and energy signalling to control cell growth and survival. In 
cardiac muscle cells, insulin activates Akt and thereby antagonizing the AMPK activation which further leads to the 
phosphorylation of AMPKα.119 In normal cell growth, IGF signaling through IGF-1R plays an important role, but it also 
acts as a mediator for the malignant phenotype. IGF-1R activation with their two natural ligands, such as IGF-1 and IGF-2 
acts as primary risk factors for the growth of cancer.120 The binding of an IGF1 receptor ligand results in the autopho-
sphorylation and subsequent phosphorylation of either IRS-1 (“Insulin Receptor Substrate-1”) or IRS-2 (“Insulin Receptor 
Substrate-2”). Both insulin receptors and IGF-1R stimulate the activation of such adapter proteins. The IRS-1/2 proteins 
operate as scaffolding to activate other “intermediate signalling proteins”, including MAPK/Raf/Ras and mTOR17/AKT/ 
PI3K which are widely documented in several breast cancer subtypes.121 Overexpression of IGF1R is observed in breast 
cancer and promotes tumor progression by enhancing the glycolysis and production of biomass while decreasing tumor 
sensitivity to a minimal-glucose environment.122 The IGF1R signal promotes non-cancerous cells to transform malignantly 
and possesses anti-apoptotic and mitogenic activity. IGF1R also contributes to the invasion, metastasis, and angiogenesis of 
cancer.123,124 mTOR pathway is regulated by complexes mTORC1 and mTORC2 which comprise a catalytic subunit 
mTOR. Both such complexes are critical for cellular development and growth. mTORC1 signals are mediated by several 
pathways like IGF1, IGF2, insulin through AMPK.125,126 Downregulation of mTOR is responsible for enhanced cell growth 
and proliferation and the signalling pathway controlling its activity is downregulated in breast cancer. In breast cancer 
activating PIK3CA mutations or expression, loss of the tumor suppressor PTEN is the most common mutation which leads 
to uncontrolled mTOR activity.127 It is also observed that suppressing the expression of PKM2 (“Pyruvate Kinase M2”) 
deactivates the AKT and/or mTOR signalling pathway, thereby decreasing the SREBP-1c expression which inhibits the 
generation of fatty acid by inhibiting the FASN gene transcription, resulting in the inhibited tumor cell growth.128 

Metformin is also responsible for inducing caspase-dependent apoptosis along with c- JNK (“Jun N-Terminal Kinase”) 
activation, oxidative stress and mitochondrial depolarization.113 Apart from these, metformin also blocks mitochondrial 
complex I, hence leading to minimizing the synthesis of ROS ultimately leading to suppression of ROS-mediated DNA 
damage and the development of cancers.129 Metformin has also proven beneficial in patients with diabetes receiving 
neoadjuvant chemotherapy. The patients who received metformin along with the chemotherapy had better pathologic 
responses as compared to the group without metformin.130 With this varied evidence, metformin has shown its antiproli-
ferative activity in the cancer cell lines which can prove instrumental in cancer management but the concentration at which 
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these effects are demonstrated are quite high as compared to the therapeutic levels in plasma and can prove toxic for humans 
so studies with improved protocols with lower concentration need to be tested in future to establish its effective anticancer 
property in clinical subjects.

Neuroprotective Role
Taking a further step to metformin’s pleiotropic effect it is observed that the conventional antidiabetic drug can also 
retard aging by modulating mitochondrial metabolism and signalling insulin.131 Evidence shows that metformin crosses 
the blood-brain barrier to enter the brain and confers diverse neuroprotective effects which can prove beneficial in 
cognitive impairment, HD (Huntington’s disease), stroke, and probably dementia.132–137

In PD (Parkinson’s disease), α-synuclein accumulation is considered as one of the features of neurotoxicity.138–140 In the 
preclinical studies, metformin was observed to decrease the expression of α-synuclein and the total of α-synuclein positive 
cells.141 In the C. elegans model of PD, metformin treatment has been found to reduce the α-synuclein accumulation and diminish 
the loss of dopaminergic neurons.142 In a similar model of rotenone-treated mice, metformin has been found to safeguard 
rotenone-induced dopaminergic neurons from degeneration by minimizing lipid peroxidation.143 The phosphorylation of alpha- 
synuclein is reduced by enhanced activity of phosphatases by metformin as observed in the substantia nigra of the MPTP-mice 
model.144 Based on the above evidence, metformin with its neuroprotective nature can act as a disease-modifying in PD.

Insulin resistance and a high-fat diet have been seen to promote amyloidosis and memory impairment in different 
animal models of AD (“Alzheimer’s Disease”).145,146 Preclinical evidence shows that rats with diabetes have been 
observed to have elevated levels of APP (amyloid precursor protein), Aβ, and phosphorylated tau.147 Energy metabolism 
is crucial in maintaining sound neural health and it has been observed that any molecule or process that improves calorie 
management and decreases chances of hyperglycaemia like glucagon-like peptide-1, insulin-like GF1, and even caloric 
restriction has been observed to have neuroprotective effects.148,149

Literature shows that altered metabolism in neural cells through aberrant insulin signalling could be a reason for the synthesis 
of Aβ protein and phosphorylated tau, which are two hallmark biochemical abnormalities linked with AD and proper regulation 
of insulin signalling has been observed to be a crucial approach in neuroprotection and guarding the synapses against noxious Aβ 
deposition hence improving cognition in animal models of AD.150,151 There is varied evidence on the effect of metformin on 
dementia in rodent models of dementia. Few studies found there is improved cognition and memory with metformin.152–155 

However, there were some studies that reported otherwise.156,157 In clinical studies, metformin has been found to significantly 
minimize the risk of cognitive impairment in T2D.135,158

Preclinical studies conducted on nematodes have reported that metformin treatment showed amelioration in neuronal 
function along with enhanced touch sensitivity in models of HD through activation of AMPK and the neuroprotective 
effect was abolished on blocking the effect of the gene AMPKα1 (Figure 3).137 The activation of AMPK has been found 
to exert substantial neuroprotection if activated in early progressive phases of HD and the same was found in a clinical 
trial where patients with HD taking metformin had better cognition and were able to perform the tasks more easily as 
compared to them not taking metformin.159,160

In preclinical models of MS (multiple sclerosis), metformin treatment has been observed to rise the expression of the 
mitofusin-2 gene, which is responsible for mitochondrial fusion. Apart from that, an increased concentration of 
oligodendrocytes improved the myelination of neurons along with decreased astrocytes and microglia hence leading to 
reduced gliosis.161 Metformin has been found to activate AMPK in a mouse model of MS, leading to decreased 
inflammatory and decreased demyelination lesions.162

Therapeutic Uses of Metformin
Metformin and Diabetes
Metformin gained the status of “foundation therapy” in T2D patients whose glycemic target is not achieved despite diet 
and other lifestyle interventions. The reason behind this glory is its effective glycemic control, weight neutrality, wide 
security margin, and low cost.163 In addition to the mentioned benefits, metformin also provides modest cardioprotection 
and improvement in various lipids and inflammatory marker profiles. Metformin’s mechanism of action is complex and is 
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yet to be completely understood. Metformin primarily acts by reducing glucose production by inhibiting AMPK- 
dependent gluconeogenic enzymes in the liver, yet not all its impacts are described by its mechanism.164 It has been 
found that metformin also acts on the gut and increases glucose utilization and GLP-1 production in addition to alteration 
in the microbiome population.163–165

Metformin alone and in combination with other “glucose-lowering” agents reduce the blood glucose level effectively 
in T2D.166,167 It was found that combinations of metformin with all noninsulin diabetic drugs result in a similar reduction 
of HbA1c but with changing weight gain degrees and hypoglycemia risk. In addition to glucose control, metformin is 
also helpful in diabetes-related comorbidities. Diabetes has been regarded as a risk factor for coronary artery illness. 
UKPDS (“UK Prospective Diabetes Study”), a large randomized clinical study in the newly diagnosed T2D population 
found significant as well as persistent risk reduction in myocardial infarction (33%, p = 0.005), death from any cause 
(27%, p = 0.002) and diabetes-related endpoint (21%, p = 0.01) in metformin-treated individuals.168 Obesity and diabetes 
are interrelated. Metformin has a neutral influence on body weight in patients with T2D. It is associated with a reduction 
in weight gain when compared with sulfonylureas, thiazolidinediones, and insulin. Metformin contributes to weight loss 
by reducing intestinal carbohydrate absorption and insulin resistance in addition to reducing ghrelin and leptin 
levels.163,165 Different forms of cancers like rectum, pancreas, liver, and colon are observed to have a high incidence 
in T2D. The high occurrence of tumorigenesis is related to hyperinsulinemia, insulin resistance, elevated level of IGF-1, 
and hyperglycemia. Metformin being an insulin sensitizer reduces insulin resistance and hyperinsulinemia. AMPK 
activation, mTOR pathway inhibition; angiogenesis, and inflammation are the other suggestive mechanisms of metfor-
min’s action.163,164 The usual starting metformin dose is 500mg every day with an evening meal and if required can add 
an additional 500 mg dose with breakfast. The dose of metformin is titrated gradually and can reach a maximum dose of 
2000 mg per day; however, the dose of metformin can vary depending on the other factors including body mass 
index.169,170 The role of metformin in pregnant females with diabetes is controversial. A meta-analysis conducted on 
observational studies did not reveal a rise in neonatal deaths or congenital malformations in women taking metformin 
alone or in a mixture with sulfonylureas while MiG (metformin in gestational) trials suggest more incidence of preterm 
birth and less weight gain in women taking metformin as compared to those who were on insulin.171–173 After the MiG 
trial, metformin’s utility has increased in pregnancy. Metformin easily crosses the placenta and maintains a concentration 
in the blood of the foetus that is nearly half to as concentrated as it is in the mother’s plasma.174 There are worries about 

Figure 3 Neuroprotective role of metformin. AMPK- adenosine monophosphate-activated protein kinase; NOX- nicotinamide adenine dinucleotide oxidase; ROX- reactive 
oxygen species; PP2A- protein phosphatase 2A; BDNF- brain derived neurotrophic factor; TrkB- tyrosine kinase receptor B; PI3K- phosphatidylinositol 3 kinase; Akt- 
protein kinase B; GTP = guanosine triphosphate. This figure was created using the premium version of BioRender (https://biorender.com/) with License No.: GP250DJG7W. 
Created with BioRender.com.
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the use of metformin during pregnancy since it has anti-cell growth and pro-apoptotic effects that could harm the 
developing baby. Therefore, more human studies are needed to assess the safety of metformin in pregnancy.174

Recently, metformin has been hypothesized to be used as an adjunct treatment in type 1 diabetes to limit the insulin 
dose and to prevent the long-term difficulties of diabetes including weight gain, atherosclerotic progression, as well as 
elevated cholesterol levels of LDL.175 REMOVAL (“Reducing with Metformin Vascular Adverse Lesions”) trial which is 
one of the longest and largest trials of metformin treatment within type 1 diabetes patients reported a small but sustained 
reduction in LDL cholesterol and weight in middle-aged adults over 3 years. The trial also suggested the role of 
metformin in cardiovascular risk reduction instead of sustained glucose-reducing effect in type 1 diabetes.176 However, 
metformin may minimize weight gain, and somewhat improve cholesterol levels but does not lower HbA1c levels in type 
1 diabetes.177–179 Yet again, this comes with a higher risk of unfavorable gastrointestinal side effects and vitamin B12 
shortage. Given the ambiguity around the potential long-term advantages, it is thought that metformin has very little part 
to play in the treatment of type 1 diabetes.180

The most common side effect which is encountered after metformin therapy is GI disturbance including nausea, 
diarrhoea, and abdominal discomfort.8 These side effects are mild, and transient and occur due to the accumulation of the 
drug in the enterocytes. A much uncommon but more concerning side effect of biguanide treatment is lactic acidosis, 
which occurs due to the interference of biguanides in mitochondrial respiration and promotes anaerobic respiration and 
lactate generation. The incidence of lactic acidosis is extremely low in metformin therapy with a projected occurrence of 
3 to 10/100,000 person-years and occurs only in individuals with advanced chronic kidney disease.181,182 Metformin may 
also cause vitamin B12 malabsorption; hence, it is advised that patients on long-term metformin treatment undergo 
routine testing of their vitamin B12 levels. Patients with renal failure, diabetic ketoacidosis, and acute illnesses that may 
compromise renal function should not use metformin.163,165

Metformin in Impaired Glucose Tolerance/Prediabetes
The drug for the initial therapy of T2D is metformin. In prediabetes, it was also used to delay or prevent diabetes onset.183 

Recent increase in the prevalence of prediabetes emphasizes the significance of prediabetes awareness and efforts to reduce or 
delay the onset of T2D. The best strategy to control the risk of diabetes in prediabetes is lifestyle management followed by 
pharmacological interventions. The available pharmacological options include metformin, alpha-glucosidase inhibitors, 
thiazolidinediones, and GLP-1 agonists. However, compared to other anti-diabetic medications, metformin offers fair 
evidence of safety and efficacy and becomes the preferred pharmacological option for diabetes prevention.184–186 The DPP 
(Diabetes prevention program) trial randomized 3234 prediabetes into 3 groups, including lifestyle intervention, metformin 
850mg twice daily, and placebo. After an average follow-up of 2.8 years, the incidence of diabetes dropped by 31% in the 
“metformin group” and by 58% in the lifestyle modification group compared to the placebo group.187 Metformin was proven 
to be as beneficial as a lifestyle adjustment in individuals with a BMI (“Body Mass Index”) ≥35 kg/m2 or age less than sixty 
years of age. In the same trial after 15-year follow-up, the mean annual occurrence of diabetes was 27% lower in patients 
assigned to lifestyle intervention and 18% lower in those randomized to metformin compared to placebo.187 In 2022, the ADA 
(American Diabetes Association) recommended metformin therapy for adults with prediabetes, specifically those between the 
ages of 25 and 59 with a BMI of ≥35 kg/m2, greater A1C (≥6.0%), higher fasting plasma glucose (≥110 mg/dL), and in females 
who have had gestational diabetes mellitus in the past. Long-term metformin use is related to a deficiency of vitamin B12; 
hence, the group has also proposed periodic vitamin B12 levels measurement in individuals on metformin. Despite 
recommendations by the ADA, metformin still has not been approved by US FDA for prediabetes patients to prevent or 
delay the risk of diabetes.185 Recent evidence from clinical trials suggests that SGLT2 inhibitors can be considered as the first- 
line therapy for the prevention of T2D.188,189

Metformin and Weight Loss
Obesity and diabetes have been found to be strongly correlated.190 Being an antidiabetic drug, metformin is also explored 
for weight reduction in obese patients with diabetes and without diabetes individuals. The postulated mechanism by 
which metformin acts as a weight-reducing agent is reducing food intake and increasing insulin sensitivity through 
tissue-specific AMPK action. In addition, metformin also increases GLP-1, a hormone secreted from the gut, and reduces 
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the circulating blood glucose level by decreasing appetite and carbohydrate absorption.190–192 A study was carried out on 
154 non-diabetes obese participants who had normal glucose levels irrespective of insulin sensitivity. An average dose of 
2230 mg/day of metformin was given. The overall weight loss within the metformin-treated group was 5.8±7kg. The 
weight reduction was highly substantial as compared to the control group (p < 0.0001) who experienced an average 
weight gain of 0.8±3.5kg. The study also found that weight loss due to metformin was more significant in severely 
insulin-resistant patients as compared to insulin-sensitive participants.193

Metformin was also compared with other oral hypoglycemic agents for weight loss in patients with T2D. Kahn et al 
conducted a study in 4360 patients with diabetes over four years and found that oral hypoglycaemic agent rosiglitazone 
and glyburide cause weight gain of 4.8 and 1.6 kg respectively over a period, while metformin causes weight loss of 
2.7 kg.194 However, a meta analysis by Pinto et al showed SGLT2i were better than metformin, sulphonylureas, and 
DPP4 inhibitors for reduction of weight (−1.04 kg, −4.76 kg and - 2.45 kg, respectively) in patients with diabetes.195 

Another study by Gao et al showed GLP-1 receptor agonists and metformin decreased body weight by around 3.4±3.0 
and 1.9±2.9 kg, respectively, in patients without diabetes.196 Another long-term follow-up was carried out by the DPP 
research group to evaluate the efficiency and sustainability of metformin in obese patients with diabetes for weight loss. 
The analysis has been conducted over 10 years and consists of 2.8 years of blinded phase and 7 years of unblinded or 
open phase. In both phases, weight loss was greater in the metformin group as compared to the placebo group and 
directly related to adherence to metformin therapy (blinded Phase 2.06 ±5.65 vs 0.02 ±5.52% p < 0.001; unblinded phase 
2.0 vs 0.2% p < 0.001).197 A recent meta-analysis tried to summarize the metformin impact on obese patients of different 
populations. A total of 21 trials including 1004 patients were studied. BMI was utilized as an outcome measure to 
determine the impact of metformin on weight loss. The study found that metformin causes a modest drop in BMI 
(WMD=−0.98; −1.25 to −0.72) among study participants. The decrease in BMI in obese participants with or without 
diabetes was 1.1 units and 1.3 units, respectively. Results in both categories were statistically significant. Since a single 
unit drop in BMI (body mass index) is not sufficient to cause appreciable weight loss, the authors proposed larger clinical 
trials to evaluate metformin’s efficacy as a “weight loss medicine”.198 However, when compared with other drugs used in 
diabetes, molecules like GLP-1 analogues have superior efficacy in reducing weight as compared to metformin.196,199

Metformin and Polycystic Ovarian Syndrome (PCOS)
PCOS is a combined disorder of the metabolic and reproductive systems which is diagnosed when at least two of the 
following features are met: polycystic ovary on ultrasound, anovulation/ovulation, and hyperandrogenism. The patho-
genesis of PCOS is mostly driven by insulin resistance; hence, insulin-sensitizing drugs like metformin have been 
attempted for the treatment of PCOS.200,201 Metformin has been studied as an ovulation-inducing drug in multiple 
clinical trials; however, the results have been contradictory.202 A meta-analysis has been conducted to examine the 
efficiency of metformin as an ovulation-inducing drug in women with PCOS. The evidence indicates that the metformin 
group has a greater ovulation rate than the placebo group (OR = 2.64; 95% CI = 1.85–3.75; I2 = 61%). The same meta- 
analysis compared metformin to other ovulation-inducing drugs, including CC (clomiphene citrate). When metformin 
was compared with CC alone, it was found that CC slightly increase the ovulation rate as compared to metformin (OR 
0.45, 95% CI: 0.34 to 0.60; I2= 53%; 7 studies, 852 women). Subgroup analysis suggests that the obese women had 
lower pregnancy rates (OR 0.34, 95% CI: 0.21–0.55; I2=0%; 2 studies, 500 women), birth rates (OR 0.30, 95% CI: 0.17– 
0.52; 2 studies, 500 women) as well as ovulation rates (OR 0.29, 95% CI 0.20 to 0.43; I2 = 0%; 2 studies, 500 women) 
with metformin. Non-obese women show potential benefits in pregnancy (OR 1.56, 95% CI: 1.06–2.29; I2=26%; 6 
studies, 530 women) and birth rates (OR 1.71, 95% CI: 1.00–2.94; I2=78%, 3 studies, 241 women) with no clear 
variation in the ovulation rate (OR 0.80, 95% CI 0.52–1.25; I2=0%; 5 studies, 352 women).203 In addition, metformin in 
combination with CC was compared to CC alone. When compared to CC alone, the combined group has a greater rate of 
pregnancy (OR = 1.62, 95% CI: 1.32–1.99; I2=31%; 19 studies, 1790 women) and ovulation (OR = 1.65, 95% CI: 1.35– 
2.03; I2=63% 21 studies, 1568 women).203 Metformin also decreased testosterone levels in PCOS patients. The effect is 
more evident among non-obese women. Metformin is believed to reduce testosterone levels by reducing hyperinsuline-
mia; however, studies suggest additional mechanisms, such as its direct inhibition of ovarian steroidogenesis. Even 
though metformin reduces testosterone levels, its testosterone-lowering effect is not consistently related to improvement 
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in clinical symptoms of hyperandrogenism and menstrual abnormalities; hence, metformin is not considered a first-line 
treatment for hyperandrogenism in PCOS.204

Metformin and Metabolic Abnormalities of HIV
Traditionally, it was assumed that metabolic complications of HIV are caused by ART (antiretroviral therapy); however, 
further clinical studies suggested that host factors and direct viral effects are also linked with metabolic complications. 
Lipodystrophy, dyslipidemia, altered glucose metabolism, and decreased bone mineral density are frequent metabolic 
complications of HIV.205,206 HIV lipodystrophy is related to insulin resistance which rises the risk of cardiovascular 
disease in HIV-infected individuals. Metformin as an insulin-sensitizing agent is helpful in HIV-related metabolic 
abnormalities. Hadigan et al conducted a 3-month randomized clinical study to examine the safety and effectiveness 
of metformin in HIV lipodystrophy syndrome in 26 HIV-infected individuals without diabetes with fat redistribution as 
well as impaired glucose homeostasis.207 The study demonstrated that metformin significantly decreased insulin levels as 
well as AUC at 120 mins post-OGTT compared to placebo (p = 0.01). Metformin also reduces the fasting insulin level by 
14%, while it remained the same in the placebo group. Patients treated using metformin displayed significant weight loss 
(p = 0.05), decreased waist circumference (p = 0.02), and reduced “diastolic pressure” (p = 0.009) than in the control 
group. In the same analysis, it was also observed that metformin treatment was linked with a drop in VAT: Visceral 
Abdominal Fat (−1115 [819] versus 1191 [699] mm2; p = 0.08) and a corresponding drop in SAT (“Subcutaneous 
Abdominal Fat”); however, the ratio of VAT-SAT remained unaltered in metformin versus placebo-treated patients. No 
significant adverse drug reaction was reported in the study.207 Kohli et al also conducted a study to determine the 
influence of metformin on HIV lipodystrophy. In univariate and linear regression analyses (p = 0.58), there was no 
significant variation in VAT between the metformin and placebo groups over 24 months. These results contradict those of 
the preceding study. The study observed no significant variation between the metformin and placebo groups regarding 
lipid profile or insulin sensitivity.208 A meta-analysis was conducted to determine the metformin impact on BMI as well 
as metabolic parameters in HIV-positive patients without diabetes. The results concluded that metformin did not 
substantially alter the BMI index in comparison to placebo (p = 0.46), no treatment (p = 0.32), lifestyle modifications 
(p = 0.06), and rosiglitazone (p = 0.14). In terms of LDL values, there were no statistically significant differences 
between the metformin and placebo groups. However, there was a substantial alteration in the levels of LDL between the 
metformin and rosiglitazone groups. Results were exactly the opposite for HDL levels. Studies comparing the metformin 
and placebo groups regarding triglyceride characteristics revealed a statistically substantial difference (p < 0.00001) 
between the 2 groups. The effect of metformin on fasting insulin was insignificant, but the mean values of insulin at 120 
minutes were considerably lower within the “metformin group” than in the “placebo group”.209

Role of Metformin in Cancer
A biguanide known as metformin is a commonly recommended oral medicine for T2D. Population studies indicate that 
metformin reduces the risk of developing cancer and death from cancer in diabetes people.210,211

Metformin in Breast Cancer
In breast cancer cells, metformin inhibits the activation of mTOR via phosphorylating the inhibitory Ser789 site of IRS-1 
through the activation of AMPK. Metformin is also involved in the repression of IGF-1R and IR promoters. IGF1R and 
MRP1 (“Multidrug Resistance-Associated Protein 1”) co-expression is linked to a poorer response to anticancer drugs.130 

It is also observed that the lack of the tumor-suppressor kinase LKB1 makes the tumor cells even more resistant to 
treatment with anticancer agents. The energy-sensing enzyme AMPK has a crucial upstream kinase called LKB1.212 

Metformin suppresses the mTOR via activating AMPK through an LKB1-dependent mechanism, which significantly 
reduces the rate of cell proliferation in many cancer cell lines.213 In hyperglycemic circumstances, metformin (1–5 mM) 
is shown to result in a 2-fold rise in “AMPK phosphorylation” at the T172 (Threonine 172) phosphorylation site, which 
is a proximate indicator for AMPK activation. Metformin also inhibits Raptor by raising its phosphorylation on the 
Ser792 site, which works as a scaffold to attract downstream substrates like “p70S6K” to the “mTORC1” complex 
through the TOR signalling motif.214,215 The effectiveness of metformin as a preventive measure in breast cancer-prone 
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women is now being examined in many trials. The impact of metformin on obese or overweight individuals at increased 
risk of breast cancer depending on family history or past history of breast atypical hyperplasia is being studied in 
a randomized clinical trial (NCT01793948). Patients with atypical hyperplasia history, family history of breast cancer, 
carcinoma in situ, or high Gail Model Risk are included in another ongoing study (NCT01905046).216 Given that 
hormonal chemoprevention in BRCA1 mutation carriers has been debatable, metformin’s capacity to reduce the 
metabolic rewiring and tumor-initiating potential of BRCA1 haplo insufficient breast “epithelial cells” in vitro may 
point to new directions for evaluating metformin-based chemoprevention methods in mutation carriers of BRCA1.

Metformin in Endometrial Cancer
Genes involved in glycolysis and lipogenesis are more abundant in tumor-derived endometrium than in normal endome-
trium. Several human endometrial cancer cells have markedly increased GLUT6 glucose transporter and AKT activation as 
compared to nonmalignant cells.217 A pleiotropic metabolic inhibitor like metformin causes cytotoxicity in endometrial 
cancer cell cultures, as is clear from earlier studies. Metformin prevents the growth of both type I & II human “endometrial 
cancer” cell lines in vitro by preventing the entrance of serum-induced cells into the S phase.116 This arrests the G1 cell 
cycle. In each of these cell lines, it also reduces the expression of hTERT mRNA. Additionally, metformin causes the 
mTOR pathway to be inhibited since it activates AMPK, which is its direct downstream target, and reduces the 
phosphorylation of S6 and eIF-4E-binding proteins.218 High doses (5 or 10 mM) of metformin cause p53-deficient 
endometrial cancer cells to undergo apoptosis.219 Most endometrial tumors were discovered to contain telomerase, 
which is made up of the reverse transcriptase-active catalytic protein hTERT as well as the RNA template (hTR). In cancer 
cell lines, metformin reduces hTERT expression.220 The impact of metformin exposure on the emergence of endometrial 
cancer has drawn the attention of several researchers. According to several epidemiologic studies that have been analyzed 
by various organizations, metformin users had a decreased overall cancer incidence.221–226 Notably, a significant study of 
478,921 Taiwanese women with diabetes found that those who took metformin had a significantly reduced risk of 
endometrial cancer than those who did not (HR: 0.675, 95% CI: 0.614 to 0.742).227 The decline in incidence showed a dose- 
response impact whether stratified by use frequency or cumulative doses. Furthermore, Tang et al's meta-analysis revealed 
that taking metformin was linked to a lower risk of developing endometrial cancer (RR: 0.87, 95% CI: 0.80 to 0.95).228 In 
addition, individuals using metformin had increased recurrence-free survival, according to Ko et al's research.229 On the 
other hand, a few studies did not discover any impact of “metformin” exposure on survival metrics.230,231 Others have only 
documented impacts on certain patient categories. For instance, Nevadunsky et al observed that metformin users had higher 
survival rates only among patients with “non-endometrioid” endometrial cancer and not “endometrioid endometrial” 
cancer.232 Only endometrioid endometrial tumors had a substantially decreased recurrence rate among metformin users, 
according to Hall et al233 These studies’ heterogeneity and sample size limitations are the same as those that apply to 
incidence research. Nevertheless, a meta-analysis of 2017 including six of the aforementioned analyses suggests that 
metformin users with endometrial cancer had a greater survival rate than non-users as well as patients without diabetes (HR: 
0.82, 95% CI 0.70 to 0.95, I2=40%).234 The use of metformin was linked to a reduction in all-cause death in patients with 
concomitant diabetes for many cancer forms, including endometrial cancer (RR: 0.49, 95% CI 0.32, 0.73, p < 0.001), 
according to a meta-analysis of twenty-eight studies.235

Metformin in ALL (Acute Lymphoblastic Leukemia)
ALL is the most frequent type of cancer in adolescents and children, and it is distinguished by uncontrolled use of the 
normal systems that govern proliferation, differentiation, and apoptosis inhibition.236 Metformin promotes metabolic 
stress through the AMPK pathway, inhibiting many metabolic processes including the mitochondrial respiratory chain 
and the NF-KB (“Nuclear Factor Kappa B”) signaling pathway that is in charge of triggering the overexpression of 
ABCB1 genes. The ABCB1 gene was overexpressed in the majority of ALL patients.237 The mTOR kinase is a key 
sensor of energy and nutrition availability, and catabolic (ATP-producing) and coordinates anabolic (ATP-consuming) 
pathways to adapt “cell metabolism” to changes in the food supply, oxygen concentration, or energetic stress. The PI3K/ 
Akt/mTOR pathway’s abnormal activation is one crucial characteristic of acute leukemias.238 Tumor suppressor PTEN 
and lipid phosphatase often limit the activation of this pathway. PTEN seems to have a role in HSC self-renewal, and 
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animals with its loss develop leukemia.239 At the molecular level, metformin inhibits p70S6K and 4EBP1 phosphoryla-
tion, which activates AMPK and suppresses mTOR activation. Metformin prevents the recruitment of carcinogenic 
mRNAs to polysomes as a result, interfering with the start of translation and lowering cellular levels of cyclin D1, c-myc, 
as well as Bcl-xL, which are essential for cancer growth.240 Similar to this, metformin stimulates AMPK in T-ALL cells, 
inhibiting mTOR and causing the autophagic response, which comes before apoptosis. Metformin also altered protein 
synthesis in these cells, resulting in a drop in c-myc and Bcl-xL levels. Even apoptotic activity of metformin inside 
T-ALL requires an AMPK-dependent stimulation of ER /UPR (“Unfolded Protein Response”) cell death pathway as well 
as apoptotic mediators CHOP & IRE1a.241 Numerous studies support the use of metformin and its derivatives, such as 
phenformin, as universal adjuvants for traditional anti-leukemic medications. Increasing the potential of this intriguing 
anti-metabolic drug may need chemical alterations or the use of nanocarriers to facilitate metformin entrance and access 
its cellular targets.

Metformin in Osteosarcoma
The most prevalent primary bone tumor in children and adolescents is OS (“Osteosarcoma”), which is defined by the 
local invasion of bone and soft tissues and by the relatively poor response of these tissues to chemotherapy and 
radiation.242 Drugs that target the PI3K/Akt pathway may be utilized to treat OS invasion and migration since PI3K 
(“Phosphatidylinositol 3-Kinase”) and Akt are abnormally active in OS.243 There is evidence that supports that the EMT 
(“Epithelial-Mesenchymal Transition”) serves a significant role in metastasis initiation. EMT contributes to the invasion 
and metastasis of cancer cells. The expression of EMT-related markers is regulated by many transcription factors, such as 
Zeb, Twist, and Snail. Several substances, such as transforming growth factor-beta, epidermal growth factor, Akt, as well 
as extracellular-regulated kinases, may cause EMT. As a result of adversely influencing EMT, metformin displays lower 
levels of the mesenchymal marker vimentin as well as elevated levels of epithelial marker E-cadherin which inhibits the 
OS cell’s metastasis.244 It seems that a key factor in the pathogenesis of OS is the abnormal activation of several 
signalling pathways, like the PTEN/Akt pathway. Additionally, it has been shown that the biological processes of tumour 
cells, like proliferation, apoptosis, and metastasis, are significantly regulated by Akt. PTEN is a regulator that prevents 
the activation of Akt. Treatment with metformin upregulates the expression level of PTEN while it downregulates 
phosphorylation of Akt at Ser473 and might inhibit the proliferation, invasion, and migration of OS cells.245 Metformin 
is a possible candidate to be used in conjunction with other chemotherapeutic drugs to treat OS since it exhibits anti- 
metastatic as well as anti-proliferative actions on OS cells.

Metformin in Colorectal Cancer (CRC)
After lung cancer and breast cancer, the second leading cause of cancer-related death is CRC, which is the third most 
common malignant neoplasm.246 INHBA (Inhibin βA), which is often a TGF-superfamily member and is formed by two 
INHBA subunits, activates the Smad2 and/or Smad3 signal pathway via binding to threonine/serine kinase receptors. The 
incidence and development of CRC were linked to INHBA expression levels.247 The INHBA’s mRNA expression was 
consistently greater in tumor tissues and the level of INHBA is much higher in advanced-stage tumor tissue than those 
for the early stage, indicating INHBA as the most likely target “gene for metformin” for its antitumor function. 
Metformin downregulates mRNA and protein INHBA expression within CRC cells, reducing the secretion of activin 
A. Downregulation of INHBA by metformin mainly reduces the tumor “cell proliferation” causing G1/S arrest.248,249 We 
discovered that INHBA could be involved in the stimulation of the TGF-β signalling pathway by GSEA (“Gene Set 
Enrichment Analysis”). EGF expression and activated “PI3K/AKT” signalling via EGF are transcriptionally regulated 
and upregulated by pSmad2 in cancer. Treatment with metformin reduces the phosphorylation level of Smad2 and 
reduces the activity of TGF-β signaling which helps the metastasis and proliferation of the tumor.250

According to recent meta-analyses, metformin significantly reduced the incidence of colorectal adenoma, advanced 
adenoma, as well as CRC in patients with diabetes.251,252 Metformin lowers the risk of CRC indirectly by lowering the 
incidence of colonic adenoma in people with acromegaly and by lowering the incidence of IBD (“Inflammatory Bowel 
Disease”) in patients with diabetes. According to the findings of Phase II clinical studies, the anti-cancer benefits of 
chemotherapy drugs like 5-FU (5-Fluorouracil) as well as irinotecan in refractory CRC could be enhanced by metformin. 
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Metformin also lowers the chance of developing new polyps as well as adenomas in people without diabetes. It is 
reasonable to evaluate the impact of metformin in normoglycemic individuals with CRC and broaden its therapeutic 
applicability for treating or preventing CRC in a high-risk group in light of the findings of prior preclinical and clinical 
investigations.253

Metformin in Melanoma
Among the deadliest tumours in adolescents and young adults is cutaneous melanoma, which results from the alteration 
of melanocytes that produce pigment. Once it spreads to distant places from the skin, metastatic melanoma is among the 
most aggressive human cancers, with a median survival time of only 6 to 9 months. The process, known as aerobic 
glycolysis, is a result of the ability of melanoma cells to change how they process glucose and produce more energy.254 

Metformin is one AMPK activator that has been reported to prevent the proliferation of altered cells.255 Independent of 
the B-Raf or N-Ras mutational status, metformin causes cell-cycle arrest inside the cell cycle of the G0/G1 phase and 
a severe decrease in cell viability by inducing apoptosis and autophagy.256 The impacts of metformin on melanoma cell 
death are only partly inhibited by AMPK suppression by siRNA or reduction of AMPK activation by pharmacological 
inhibitors, indicating that these effects are mediated by an AMPK-independent mechanism. Metformin was validated 
in vivo, as it inhibits the formation of melanoma tumours in mice (models of melanoma xenograft and allograft) by 
inducing autophagy and apoptosis.257 In addition, metformin reduces the expression of the protein implicated in the 
epithelial-mesenchymal transition, like N-cadherin, fibronectin, SPARC, Snail, and Slug as well as the activation of 
MMP-2 and MMP-9. AMPK activation and the p53 tumour suppressor protein are required for this process.258

Both AMPK-dependent and AMPK-independent mechanisms are used by metformin to cause melanoma cell death. 
Metformin causes melanoma cells to experience cell cycle arrest by an unidentified mechanism, which in turn triggers 
autophagy, and apoptosis, which results in the death of the melanoma cells. Metformin’s effects, when combined with 
BRAF inhibitors like vemurafenib, have been studied. To prevent resistance in melanoma cells, several organizations 
have employed combination therapies that include BRAF inhibitors. Positive outcomes with synergistic effects for 
causing melanoma cell death were seen when metformin and vemurafenib (a BRAF inhibitor) were combined.259 Indeed, 
in vitro research demonstrates synergistic antiproliferative effects, especially in BRAFV600E mutant cell lines. In several 
trials, the chemotherapeutic agent cisplatin was more harmful to melanoma cells when used with metformin.260 These 
findings are interesting, but further research is required in this area.

Metformin’s Benefit on the Cardiovascular System
The clinical disorder known as DCM (diabetic cardiomyopathy) is linked to heart defects caused by diabetes. According 
to estimates, DCM may cause heart failure and mortality in as many as 12% of patients with diabetes. The 1st line of 
blood glucose-reducing medication with potential application to cardiovascular disorders is metformin, which is now in 
use. Apoptosis, inflammation, oxidative stress, cardiac hypertrophy, and uncontrolled “interstitial fibrosis” are the main 
characteristics of DCM.261 The common mechanisms of cardiac hypertrophic reprogramming include aberrant sarco-
meric structure, brain natriuretic peptides, and accelerated protein synthesis. An important factor in DCM is the 
production of ROS and the activation of the apoptotic and inflammatory pathways.89 Through AMPK and glucose 
metabolism, metformin maintains heart function and reduces the risk of myocardial infarction.262 Metformin inhibited 
“cell hypertrophy” in the existence of 2DG in comparison to control H9C2 cells that were not treated.263 Metformin has 
anti-apoptotic effects on cardiomyoblasts via a FoxO1-dependent mechanism when they are subjected to stress. The 
FoxO-family proteins, which include “FoxO1, FoxO3, FoxO4, and FoxO6”, coordinate a variety of pathological and 
physiological processes by regulating gene expression linked to cell metabolism, oxidative stress resistance, DNA 
damage repair, apoptosis, and cell cycle arrest.264–266 Metformin prevents stress-induced apoptotic cell death through 
the FoxO1 pathway.263 Additionally, metformin leads to weight loss and a reduction in food intake to 300 kcal per day, 
which improves insulin sensitivity, reduces inflammation, and results in many advantageous modifications to myocardial 
oxygen consumption, cardiac output, and stroke volume.267 The cardiac endothelial cells that mostly express the AMPK 
subunit α1 and the cardiomyocytes that primarily express the AMPK subunit α2 are the myocardium’s two distinct 
isoforms of AMPK. The control of energy metabolism, mitochondrial health, protein synthesis, oxidative stress, 
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autophagy, and inflammation is regulated by AMPK, which phosphorylates a wide variety of metabolic enzymes, 
transporters of metabolites, and signalling molecules. The activation of AMPK by the drug metformin promotes many 
cardioprotective pathways.268 The AMPK-dependent phosphorylation and heat shock protein-9 linkage with eNOS by 
metformin results in its activation. By inhibiting oxidative stress, apoptosis, and vasodilation in conjunction with 
increased local NO production, coronary blood flow, afterload, as well as left ventricular performance are all 
improved.262 Metformin has anti-hypertrophic actions that are mediated through AMPK-induced blunting of AT1R 
(“Angiotensin II Type 1 Receptor”) up-regulation and mitochondrial dysfunction via the “SIRT1/eNOS/p53” pathway. 
The p300’s histone acetyltransferase activity, which was linked to HF development, is inhibited by metformin, which 
prevents the acetylation of histone H3K9. Additionally, it decreases TGF-β1, TNF-α expression, and basic fibroblast 
growth factor in primary cardiomyocytes, which is reduced by AMPK.269,270 GLUT-4 is translocated to the cardiomyo-
cyte membrane after AMPK activation, which increases insulin-dependent glucose absorption. Metformin significantly 
improves glucose absorption and restores glucose metabolism by enhancing the PI3-K (“Phosphoinositide 3-Kinase”)- 
protein kinase B/Akt pathway as well as AMPK activation.271

Metformin in Anti-Aging
Apart from glycemic and metabolic effects, metformin has gained tremendous attention for its extra glycemic effects 
including cardioprotective, hepatoprotective, anti-malignant, and geroprotective effects.272 CR (Calorie restriction) is the 
most promising lead in prolonging life span in various animal models, from nematodes to rodents to mammals by 
improving resistance to stress and toxicity, while maintaining function and vitality.273 The mechanism behind the process 
of calorie restriction is a reduction in insulin and the insulin-like GF-1 including an increase in insulin sensitivity. 
Longevity is related to the genes involved in insulin signal transduction and its transcription factors DAF-16. Down 
streaming genetic targets by CR memetics interacts with daf-2 and insulin signalling pathways.274 Various levels of the 
IGF-1 pathway, including IGF-1 release from the liver or reduction in IGF-1 signalling, are affected by metformin.275 

Metformin activates AMP kinase and its activation is regulated by LKB1, a tumor suppressor gene stimulating 
phosphorylation of threonine 172 which in turn inhibits mTOR reducing protein synthesis.276 AMPK is also a main 
mediator of SIRT1 (“Sirtuin 1”) and PPAR (“Peroxisome Proliferator-Activated Receptor”) that links metabolism to 
longevity.277 Human vascular smooth muscle cells, macrophages, as well as endothelial cells all exhibit a dose-dependent 
inhibition of the “pro-inflammatory cytokines” IL-6 and IL-8 released in response to IL-1β. Metformin also reduces 
activation and translocation of NF-ӄB in smooth muscle cells along with suppression of activation of the proinflamma-
tory phosphokinases Akt, Erk & p38.278 Although preclinical and cell-based studies have reported a positive response, 
the evidence from the majority of the clinical studies like MILES (Metformin In Longevity Study) and TAME (Targeting 
Aging with Metformin) seems to be controversial.279,280 Data from the “Metformin to Augment Strength Training 
Effective Response in Seniors (MASTERS) trial” reports that in healthy older adults, metformin impairs the hypertrophic 
muscle response to resistance training exercises, hence counteracting the benefits of physical activity.281 These reports 
from clinical studies question the effectiveness of metformin as a promising anti-aging agent. Future exploration of 
a detailed understanding of the aging process and modes of modifying different pathways for anti-aging action with long- 
term follow-up studies are required to explore and confirm the metformin’s antiaging action.

Metformin as an Endocrine Disruptor
Metformin being such a wonder drug is not free from adverse effects as evidence shows reports of remote adverse events 
have been reported in long-term human cohort studies, with a few major birth defects with the use of metformin.282 

Similarly, in environmental studies, metformin has been found to affect the endocrine system and with concentration 
present in the waste water it has been shown to reduce fecundity, reduction in overall size and increase in intersex as 
a result of exposure from early to adult life stages of male fish.283–285 These studies point towards an associated risk; 
however, we need large studies with long-term follow-ups to establish the facts and conclude on the associated metabolic 
disruptor effect of metformin.
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Limitations to the Interpretation of in vitro Studies with Metformin
There has been a tons of research on the mechanism of action of metformin, but the precise mechanism is still up for 
debate because the metformin concentrations used in earlier studies on preclinical models, in vitro experiments, and cell 
line models were much higher (milli moles) than the therapeutic concentrations used in humans (micro-moles). The 
concentrations employed in the preclinical study were almost 10–100 times greater than the threshold concentrations 
attained in T2D patients. The supra-pharmacological (>1 mM) concentrations of metformin have widely characterised 
mechanisms of action, such as complex I inhibition leading to AMPK activation do not exist in the usual clinical 
scenario. Recent research supports the fact that metformin at clinically optimal (50–100 μM) doses of the drug suppress 
hepatic gluconeogenesis in a substrate-selective way both in vitro and in vivo settings.10,286 These evidence limits the 
usefulness of metformin in various other conditions like cancer where preclinical study results reveal a pretty high 
concentration as compared to the therapeutic ones so in view of the varied mechanism of metformin at different 
concentration, modified preclinical studies with robust protocols and large trials need to be conducted in order to 
conclude on its usefulness in a plethora of diseases.

Conclusion
Metformin has been the cornerstone of therapy in the management of T2D. With the advent of newer molecules as oral 
antihyperglycaemic therapies, we do now have a varied therapeutic option; yet, metformin with pleiotropic effects still 
seems to have an upper hand over other drugs. The insulin-sparing effect of metformin makes it unique along with its 
diverse intracellular mechanisms. The drug has been found beneficial in a myriad of disorders including diabetes, obesity, 
cancers, cardiovascular conditions, neurological conditions, and many more but the majority of the evidence is based on 
the in vitro and in vivo studies with a supra-therapeutic concentration of the drug. Preliminary evidence to support the 
effect of metformin was collected from the preclinical and observational studies, but the drug is now also being tried in 
various clinical trials to prove its potential in chronic human diseases. The current evidence shows a ray of hope for 
metformin to be used more regularly for various conditions; yet, more future research and large clinical trials are needed 
on varied populations to establish the facts and make metformin an established drug for various diseases.
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