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Metformin is widely used drugs in the treatment of type 2 diabetes mellitus. However, the mechanisms of action are
complex and are still not fully understood yet. Metformin has a dose-dependent blood sugar-lowering effect. The
most common adverse reactions of metformin are gastrointestinal symptoms, and women tend to be more experi-
enced than men. A positive correlation between the administration of duration and the daily dose of metformin
and the risk of vitamin B12 deficiency is confirmed. Novel glucose-lowering mechanism through the activation of
AMP-activated protein kinase and alteration of gut microbiota composition is identified. In addition, metformin
has immunomodulatory properties in various mechanisms, including anti-inflammatory actions, and so forth.
Metformin improves insulin sensitivity, which may reduce the risk of tumor growth in certain cancers. The antiviral
effects of metformin may occur through several mechanisms, including blocking angiotensin converting enzyme 2
receptor, and so forth. These potential mechanisms of metformin are promising in various clinical settings, such as
inflammatory diseases, autoimmune diseases, cancer, and coronavirus disease 2019.
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INTRODUCTION

Metformin is a widely used biguanide with a good safety profile that is
the first-line treatment for type 2 diabetes mellitus (T2DM)."? Howev-
er, the mechanisms of its therapeutic action are complex and are still
not fully understood yet.

Metformin’s origins date back to 1772 when Galega officinalis was
used to treat diabetic symptoms. In 1844-1861, Strecker synthesized
guanidine, and Rathke synthesized biguanide in 1878-1879. In 1918,
Watanabe confirmed the hypoglycemic effect of guanidine in animals,
and Werner and Bell synthesized dimethylbiguanide in 1922. In 1957,
Jean Sterne of France published the use of metformin for the treat-
ment of diabetes, and metformin was introduced in the United King-
dom and other European countries in 1958.”

However, it took a long time for it to be approved by the US Food
and Drug Administration (FDA), as it was first approved as a treatment
for T2DM in 1994. FDA approval means that metformin is a safe and
effective drug, and extensive clinical studies have proven its efficacy
and safety. Additionally, metformin has a relatively low side effect pro-
file compared to other hypoglycemic agents. Metformin has become
one of the most widely used drugs in the treatment of T2DM. In 1998,
the very important results of UK Prospective Diabetes Study were pub-
lished, and it was reported that it slows the progression of prediabetes
to T2DM in 2002. In 2011, metformin was included in the essential
medicines lists of World Health Organization.”

Recently, as the possibility of anti-inflammatory, cardiovascular
protective, antibacterial, antiviral even anti-cancer effects beyond the
anti-diabetic effect has been raised, understanding and various re-

search on the mechanism of action of metformin are in progress.”

PHARMACOLOGICAL TARGETS OF METFORMIN

Blood glucose levels are reduced both fasting and postprandial state,
resulting in a decrease in hemoglobin Alc (HbAlc), as reported in nu-
merous clinical trials.>® Metformin has been shown to act via both
AMP-activated protein kinase (AMPK)-dependent and AMPK-inde-
pendent mechanisms. At the molecular level, the findings vary de-
pending on the doses of metformin used and duration of treatment,
with clear differences between acute and chronic administration.
Widely studied mechanisms of action, such as mitochondrial complex
I of respiratory chain (mComplex-I) inhibition leading to AMPK acti-
vation, have only been observed in the context of suprapharmacologi-
cal (>1 mM) metformin concentrations, which do not occur in the
clinical setting. Recent studies have shown that clinically relevant (50~
100 uM) concentrations of metformin inhibit hepatic gluconeogenesis
in a substrate-selective manner, supporting a redox-dependent mech-
anism of metformin action.™

Clinically relevant concentrations of metformin inhibit the lysosom-
al proton pump vacuolar ATPase (v-ATPase), which is a central node
for AMPK activation following glucose starvation. Metformin-bound
presenilin enhancer 2 (PEN-2) forms a complex with ATP6AP1 (acces-
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sory factor of v-ATPase), which leads to the inhibition of v-ATPase and
the activation of AMPK without effects on cellular AMP levels. Metfor-
min binds PEN2 and initiates a signaling route that intersects, through
ATP6AP1, the lysosomal glucose-sensing pathway for AMPK activa-
tion.*”)

The activation of AMPK by metformin could be consequent to
mComplex-I inhibition and raised AMP through the canonical ade-
nine nucleotide pathway or alternatively by activation of the lysosomal
AMPK pool by other mechanisms involving the aldolase substrate
fructose-1,6-bisphosphate or perturbations in the lysosomal mem-
brane. In conditions of either glucose excess or gluconeogenic sub-
strate excess, metformin lowers hexose monophosphates by mecha-
nisms that are independent of AMPK-activation and most likely medi-
ated by allosteric activation of phosphofructokinase 1 and/or inhibi-
tion of fructose-1,6-bisphosphatase 1 (FBP-1)."”

Metformin is used to increase insulin sensitivity in insulin-resistant
(IR) conditions such as diabetes, obesity, and polycystic ovary syn-
drome. There is a well-documented correlation between glucose
transporter 4 (GLUT-4) expression and the level of IR. Therefore, the
observed increase in peripheral glucose utilization after metformin
administration most likely comes from the induction of GLUT-4 ex-
pression and its increased translocation to the plasma membrane.
Overall, there are the complex interactions between metformin action,
GLUT-4 expression, GLUT-4 translocation, and the observed increase
in peripheral insulin sensitivity.'*) Metformin has a direct and AMPK-
dependent effect on glucagon-like peptide 1 (GLP-1) secreting L cells
and increases postprandial GLP-1 secretion, which seems to contrib-

ute to blood glucose-lowering effect of metformin.'

PHARMACOKINETICS OF METFORMIN

Under fasting conditions, the bioavailability of the metformin hydro-
chloride 500 mg tablet is 50%-60%. The distribution volume for the
850 mg of metformin is approximately 654+358 L. Metformin is a hy-
drophilic base which exists at physiological pH as the cationic species,
therefore, its passive diffusion through cell membranes should be very
limited. It is absorbed predominately from the small intestine. Steady-
state plasma concentration of the metformin is reached within 24 to 48
hours, and the elimination half-life is approximately 6.2 hours.'” Met-
formin is excreted unchanged in the urine, with no significant hepatic
metabolism or biliary excretion, and a fecal excretion of an unab-
sorbed fraction (20%-30%) is reported.'®

The oral absorption, hepatic uptake and renal excretion of metfor-
min are mediated very largely by organic cation transporters (OCTs).
Membrane transporters play a substantial role in its absorption, tis-
sues distribution, and renal elimination. Several organic cation trans-
porters are determinants of the pharmacokinetics of metformin, and
many of them are important in its action, as entering mediators into
target tissues."”

Therefore, in order to find the individual differences in the thera-

peutic response to metformin, the effect of transporter polymorphisms
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on metformin is investigated. As a result, pharmacokinetic parameters
of metformin were found to be affected by age, sex, ethnicity, and sev-
eral OCT genes (e.g., SLC22A4)."” In meta-analysis, the associations
between OCT genetic polymorphisms and metformin response and
intolerance in patients with T2DM is revealed. The SLC22A1 rs622342
and rs628031 polymorphisms were potentially associated with glyce-
mic response to metformin. This result may provide new insight into
gene-based tailored medicine for diabetes.'?

The metformin has a dose-dependent blood sugar-lowering ef-
fect."**?) The pharmacokinetics of metformin have been reported to
be similar in women and men, considering the weight differences be-
tween the sexes.?? Food intake decreases the extent of absorption and
delays the absorption of metformin. Specifically, when metformin is
taken with food, the Cmax (maximum concentration) is 40% lower, the
area under the curve is approximately 29% lower, and the Tmax (time
to reach maximum concentration) is extended by 35 minutes com-
pared to when the drug is taken in a fasted state. In particular, a diet
rich in fat and high in calories can significantly decrease the amount
and rate of absorption.?”

The metformin administration is not increased the risk of acidosis at
an estimated glomerular filtration rate (eGFR) of 45 mL/min/1.73 m*
or higher, whereas may be increased at an eGFR of less than 30. Im-
paired renal function is followed by multiple complications because of
the prolongation of the half-life and elevation of the plasma concentra-
tion of metformin. US FDA guidelines recommends that metformin
should not be used at an eGFR less than 30.*

ADVERSE DRUG REACTIONS

Even though metformin is generally considered a safe drug, adverse
reactions may occur in some patients. The most common adverse re-
actions are gastrointestinal symptoms, such as nausea and vomiting,
which commonly appear in the early stages of taking the drug. Gastro-
intestinal symptoms can be alleviated when taken with a meal.*)
Other adverse effects commonly reported are abdominal pain or
discomfort, and diarrhea. If the patients have reduced renal function,
the risk of lactic acidosis, the most serious events, may be increased.
Lactic acidosis causing symptoms such as myalgia, lethargy, dyspnea,
abdominal pain, and confusion, is a rare event with an incidence of
one in 30,000 patients, but can lead to fatal outcomes.” Generally, the
observed cases occurred in patients who received high doses and/or

had severe hepatic and renal impairment, old age, and alcoholism.*"*)

1. Sex-Related Difference and Intolerance

Adverse reactions of metformin may appear differently depending on
sex. Some studies show that women tend to experience more gastroin-
testinal side effects than men.**” This is because women'’s gastroin-
testinal tract sensitivities (e.g., increase intestinal release of GLP-1)
may be different from men’s.?” Because of differences in metabolism
between women and men, interactions between metformin and other

medications may occur differently. This may affect the frequency and
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severity of adverse reactions. Therefore, when taking metformin, it is
necessary to monitor and manage adverse reactions depending on
sex. Very few clinical studies have reported sex-related differences in
efficacy and safety in the therapeutic use of metformin. The main dif-
ferences are summarized (Table 1).*"

The associated factors with gastrointestinal intolerance of metfor-
min are genotype variability, comorbidities, co-medications, and the
history of abdominal surgery.*” In euglycemic men, the metformin-
induced microbial compositional changes were investigated whether
the pre-treatment gut microbiota was related to gastrointestinal ad-
verse events during metformin treatment. As a result, a reduced abun-
dance of Intestinibacter spp. and Clostridium spp., as well as an in-
creased abundance of Escherichia/Shigella spp. and Bilophila wad-
sworthia is found. Therefore, it is suggested that pre-treatment gut mi-
crobiota composition may be a determinant for development of gas-
trointestinal adverse effects following metformin intake.*) Additional-
ly, it was found that the mechanisms by microbial mediation of the
therapeutic effects of metformin through short-chain fatty acid (SCFA)
production, as well as potential microbiota-mediated mechanisms
behind known intestinal adverse effects of a relative increase in abun-
dance of Escherichia spp.*

There are several strategies of gastrointestinal tolerance, such as an
appropriate titration of immediate-release metformin, use of extend-
ed-release metformin, and the combination of metformin and gut mi-
crobiome modulators (GMMs), and so forth.* Modulating the com-
position of the gut microbiota was proposed as a method to manage
chronic metabolic diseases (e.g., obesity, T2DM), and this is undertak-
en by using probiotics, prebiotics or synbiotics.* A pilot randomized
trial was performed in patients with T2DM taking metformin with the
GMNMs vs placebo. The group taking with metformin/GMM combina-
tion were more tolerable than metformin/placebo. Also, patients tak-
ing the metformin/GMM combination had significantly lower fasting

blood glucose levels.™

Table 1. Sex-related differences in diabetes mellitus complications and therapeutic
use of metformin

Variable Female (vs. male)
Diabetes mellitus - Higher all-cause mortality
- Higher risk PAD
- Higher RR for oral, stomach, and kidney cancers,
and leukemia

Metformin treatment:

Anti-hyperglycemic effect ~ No difference

Pharmacokinetics No difference, considering weight difference and
monitoring eGFR

ADRs Higher

CRC incidence rate Lower

CRC-specific mortality Lower

COvID-19

Reprinted from Froldi G. Pharmaceuticals (Basel) 2024;17:478.%"

PAD, peripheral artery disease; RR, relative risk; eGFR: estimated glomerular filtration
rate; ADRs, adverse drug reactions; CRC, colorectal cancer; COVID-19, coronavirus
disease 2019.

Lower severity and mortality
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2. Metformin-Induced Vitamin B12 Deficiency

Metformin exposure may be an iatrogenic cause for exacerbation of
peripheral neuropathy in patients with T2DM.*” Recently, in Chinese
patients with T2DM, metformin treatment was associated with an in-
creased risk of diabetic peripheral neuropathy (DPN) admission and
this risk responds positively to the daily dose of metformin. In particu-
lar, the daily dose of metformin was positively associated with DPN
risk. The risk of DPN was 1.5 and 4.3-fold higher in patients with doses
of 1,000-2,000 mg/d and >2,000 mg/d, respectively. However, co-ad-
ministration of vitamin B12 may avoid the risk of DPN associated with
metformin use.*”

There are no definite guidelines for screening, diagnosing, and treat-
ing vitamin B12 deficiency in patients with T2DM on metformin ther-
apy. Therefore, in the literature, the prevalence of metformin-induced
vitamin B12 deficiency is very widely ranged from 6% to 50%, because
of the various deficiency cutoff values, the lack of clinical biomarkers
in diagnosis, and the heterogeneous study populations concerning
age, region, dietary habits, and the daily dose and use duration of met-
formin.*

In a real-world evidence database study, a positive correlation be-
tween the duration of metformin use and the risk of vitamin B12 defi-
ciency was revealed. Long-term (4 years or more) metformin use was
associated with a significantly increased risk of vitamin B12 deficiency
in patients with T2DM.* Current “metformin daily dose” is an accu-
rate proxy of both cumulative metformin exposure and duration of
T2DM. Therefore, metformin-induced vitamin B12 deficiency should
be screened by annual laboratory monitoring regardless of the dura-
tion of T2DM—especially, 80 years old or more, vegetarian, daily 1,500
mg or more of metformin use, or no concomitant vitamin B12 supple-

mentation."”
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NEW GLUCOSE-LOWERING MECHANISMS OF
METFORMIN

1. AMPK-Dependent and AMPK-Independent Mechanism
Metformin inhibits hepatic glucose production through a mechanism
linked to perturbation of intracellular ATP levels rather direct inhibi-
tion of gluconeogenic gene expression. No AMPK is essential for met-
formin inhibition of hepatic glucose production. Metformin has been
shown to act via both AMPK-dependent and AMPK-independent
mechanisms; by inhibition of mitochondrial respiration but also by in-
hibition of mitochondrial glycerophosphate dehydrogenase (mGP-
DH), and a mechanism involving the lysosome.”

Metformin affects energy metabolism by activating AMPK. Activa-
tion of AMPK reduces the activity of enzymes (e.g., FBP-1, adenylate
cyclase) in liver cells required for glucose production. AMPK senses
the energy status of cells and regulates metabolic processes when en-
ergy is insufficient, suppressing glucose production and promoting
fatty acid oxidation (Figure 1).”

It is accepted that mComplex-I as an opening point of metformin is
therapeutic targets at the cellular level, and metformin causes inhibi-

tion of mitochondrial ATP production.*”

mComplex-I is the enzyme
solely responsible for the oxidation of nicotinamide adenine dinucleo-
tide (NADH) and therefore regeneration of NAD" for catabolism.
mComplex-I catalyzes the reduction of membrane ubiquinone (Q) to
ubiquinol (QH.) by NADH provided from the upstream catabolic
pathways (tricarboxylic acid cycle, fatty acid oxidation, malate-aspar-
tate shuttle, and so forth). Even a slight inhibition of mComplex-I by
metformin could result in the slowing down of oxidative phosphoryla-
tion (OXPHOS). These decreases adenylate energy charge and acti-
vates AMPK. The reduction in cellular energy charge could be suffi-
cient to explain for the decrease in hepatic gluconeogenic flux.*”

There is a substantial data showing modulation of mitochondrial
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reactive oxygen species (ROS) production by metformin in prepara-
tions of cells, intact mitochondria, sub-mitochondrial particles, or iso-
lated enzyme.*? In addition to, it was suggested that metformin may
bind differently to the active (A) and deactive (D) form, and is a weak
effector of the A/D transition of mitochondrial complex I. At high con-
centrations, metformin increases the rate of spontaneous deactivation
of complex I (A/D transition). This result implicates that it can either
stimulate or inhibit mitochondrial ROS production depending on the
preferential respiratory substrate.*?

Metformin non-competitively inhibits the redox shuttle enzyme
mGPDH, resulting in an altered hepatocellular redox state, reduced
conversion of lactate and glycerol to glucose, and decreased hepatic

gluconeogenesis.*”

2. Modulation of Microbial Communities

Recent studies have shown that metformin interacts with gut microbes
to influence metabolism. First, metformin is known to change the
composition of the intestinal microbial community, with the effect of
increasing the diversity of intestinal microorganisms. This can contrib-
ute to promoting the growth of beneficial microorganisms in the intes-
tines and inhibiting the growth of certain harmful microorganisms.

Additionally, metformin improves intestinal permeability by
strengthening barrier function and reduces intestinal inflammation,
which plays an important role in maintaining the balance of intestinal
microorganisms. Metformin reduces the absorption of glucose from
the intestines and improves insulin sensitivity in muscle and fat cells,
thereby contributing to blood sugar control by helping glucose to be
absorbed more effectively into cells.***)

Trans-ethnic gut microbiota alterations of metformin have been es-
tablished, with the increased abundance of two taxonomic units from
Bacteroides and a reduced abundance of one taxonomic unit from
Faecalibacterium.’ The gut microbial changes after metformin ad-
ministration is associated with increased levels of Escherichia spp. and
decreased levels of Intestinibacter spp. in both euglycemic adults and
patients with T2DM.***9 Also, in subjects with treatment-naive type 2
diabetes, an association between metformin and the abundance of
Akkermansia muciniphila is shown. However, no correlations be-
tween %HbA1lc and A. munciniphila abundance.™

Metformin may increase the concentration of SCFAs, which gut mi-
crobes produce by fermenting fiber. The most common SCFAs include
acetic acid, propionic acid, and butyric acid. They are produced dur-
ing the fermentation process of intestinal microorganisms, and each
SCFA has a variety of physiological functions. SCFAs are used as an en-
ergy source for intestinal cells and play an important role in maintain-
ing the health of the intestinal mucosa.**” In particular, butyric acid is
the main energy source for intestinal mucosal cells, promoting cell
growth and regeneration. SCFAs contribute to alleviating intestinal in-
flammatory conditions by regulating the activation of immune cells
and reducing the secretion of inflammatory cytokines. Additionally,
metabolites of SCFAs help regulate blood sugar by improving insulin

sensitivity in liver and muscle cells.
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Metformin may affect the metabolic activity of gut microbiota by ac-
tivating metabolic pathways such as AMPK. Modulation of these path-
ways can help control blood sugar by controlling the metabolic path-
ways mediated by microorganisms. Additionally, changes in the gut
microbiota may also have an impact on regulating inflammatory re-
sponses. Metformin may contribute to reducing chronic inflammation
by reducing the production of inflammatory cytokines through the
composition of the gut microbiome.

Altering the bacterial composition of the gut can affect multiple as-
pects related to energy homeostasis, including nutrient absorption
and the secretion of gut-derived hormones, such as GLP-1. In particu-
lar, the lipopolysaccharides (LPS) derived from gram-negative bacteria
can be absorbed intestinally, leading to endotoxemia that triggers sys-
temic inflammation and insulin resistance.””

In mice high-fat diet (HFD), metformin restored the tight junction
protein occluding-1 levels in gut, reversed the elevated gut permeabil-
ity and serum LPS levels, and increased the abundance of beneficial
bacteria Lactobacillus and A. muciniphila.”” In addition, metformin
not only decreased dysfunctional gut permeability (leaky gut) and in-
flammation, but also increased goblet cell mass and mucin production
in HFD-fed mice.*” As a result, metformin may attenuate endotoxemia
and enhances insulin signaling in high-fat fed mice, which could be
contributed to its anti-diabetic effects.

3. Microbial Metabolic Relationship

The gut microbiota influences host metabolism via the modulation of
metabolites, including the LPS, bile acids, trimethylamine N-oxide,
and SCFAs.

The primary bile acids, cholic acid and chenodeoxycholic acid in
humans, are agonists of farnesoid X receptor (FXR), and activation of
the FXR-small heterodimer partner axis in the liver inhibits the sterol
12 o-hydroxylase expression and bile acid synthesis. In metagenomics
and metabolomics analysis from individuals with treatment-naive
T2DM, metformin treatment revealed that, via inhibition of intestinal
FXR signaling, Bacteroides fragilis was decreased and the bile acid gly-
coursodeoxycholic acid was increased in the gut. In addition, HFD-fed
mice colonized with B. fragilis were predisposed to more severe glu-
cose intolerance, and the benefits of metformin on glucose intolerance
were vanished."?

Recent evidence indicates that intestinal gluconeogenesis (IGN) has
beneficial effects on glucose and energy homeostasis. The SCFAs, pro-
pionate and butyrate, which are generated by fermentation of soluble
fiber by the gut microbiota, activate IGN via complementary mecha-
nisms. Butyrate, is a key energy substrate for both colonocytes and en-
terocytes, activates IGN gene expression through a cAMP-dependent
mechanism, while propionate, is classically described as an efficient
hepatic gluconeogenic substrate, and activates IGN gene expression
via a gut-brain neural circuit involving the fatty acid receptor FFAR-3.
Thus, the regulation of IGN is necessary for the metabolic benefits as-
sociated with SCFAs and soluble fiber.*”

Novel pharmacotherapy have been extensively studied to obtain ac-
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tual effects for inflammatory bowel disease (IBD) patients. Among
these drugs, metformin has been reported to exert benefits via its anti-
inflammatory effect. Additionally, evidence from cellular to clinical
models of IBD demonstrated significant positive effects of metformin
on inflammatory pathways, oxidative stress, gut barrier integrity, and
gut microbiota.””

Administration of A. muciniphila, which was enriched in metfor-
min-treated mice, alleviated the colonic inflammation and mucus
barrier disruption. Metformin alleviated dextran sulfate sodium-in-
duced ulcerative colitis in mice, and protected against cell damage via
affecting the gut microbiota. Metformin was also associated with de-
creased pathogenic Escherichia-Shigella and increased the abun-
dance of beneficial Lactobacillus and Akkermansia. Therefore, metfor-
min treatment appears to induce anti-inflammatory effects, thus ame-
liorating symptoms, and the abundance of beneficial taxa and restored

microbial diversity, suggesting a viable strategy against IBD.***?

IMMUNOMODULATORY MECHANISMS OF
METFORMIN: DIMINISHING OF INFLAMMATION

Metformin has gained attention for its immunomodulatory effects be-
yond glucose regulation. Metformin exhibits a range of immunomod-
ulatory effects through various mechanisms, including anti-inflamma-
tory actions, modulation of immune cell activity, gut microbiota alter-
ations, and AMPK activation.

Metformin has been shown to reduce inflammation by decreasing
levels of pro-inflammatory cytokines and inhibiting the activation of
the nuclear factor (NF)-«B pathway, which is crucial for the inflamma-
tory response.* Metformin influences various immune cells. It en-
hances the M2 polarization of macrophages, promoting anti-inflam-
matory responses.”™ Metformin can modulate T cell activation and
differentiation, leading to altered immune responses, particularly in
autoimmune conditions.

The activation of AMPK and mammalian target of rapamycin com-
plex 1 pathway may be involved in this process. Recent studies using
Extracellular Flux Analyzer demonstrated that metformin alters the
activities of glycolysis, OXPHOS, lipid oxidation, and glutaminolysis,
which tightly link to the modulation of cytokine production in CD4+
and CD8+ T cells in various disease states, such as virus infection, au-
toimmune diseases, aging, and cancers.””

Substantial studies have indicated that metformin exerts its benefi-
cial or deleterious effect by multiple mechanisms, apart from AMPK-
dependent mechanism, also including several AMPK-independent
mechanisms, such as restoring of redox balance, affecting mitochon-
drial function, modulating gut microbiome and regulating several oth-
er signals, such as FBP-1, protein phosphatase 2A, fibroblast growth
factor 21, Sirtuin 1, and mammalian target of rapamycin (mTOR). On
the basis of these multiple mechanisms, researchers tried to repurpose
this old drug and further explored the possible indications and adverse
effects of metformin.”™
The neutrophil extracellular traps (NETs) are composed of DNA as-
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sociated with nuclear and cytosolic neutrophil proteins. NET markers,
including myeloperoxidase, citrullinated histone H3, neutrophil elas-
tase, and cell-free double-stranded DNA, can easily be measured in
serum or tissue specimens. NETs propagate a pathologic inflammato-
ry response with consequent tissue injury and thrombosis. Many dia-
betic complications—such as stroke, retinopathy, impaired wound
healing, and coronary artery disease—involve these mechanisms.*
Metformin, as compared to placebo, significantly reduced the concen-
trations of NET components in the plasma of patients with pre-diabe-
tes who were randomized, independently from glucose control.*” This
finding suggests that metformin can dampen NETosis in activated
neutrophils, which is important for host defense against pathogens
and is involved in inflammatory-mediated tissue damage and throm-
bosis.

Overall, these properties suggest potential therapeutic applications
for metformin in conditions characterized by immune dysregulation,
such as autoimmune diseases and certain cancers. Further research is
needed to fully elucidate these mechanisms and their clinical implica-

tions.

METFORMIN AND CANCER

1. Mechanism of Action
Metformin has attracted attention for its potential antitumor and anti-
cancer effects. Metformin improves insulin sensitivity, potentially low-
ering insulin levels, which may reduce the risk of tumor growth since
high insulin levels have been linked to certain cancers. At the molecu-
lar level, metformin triggers AMPK activation and signal transducer
and activator of transcription 3 inactivation, leading to altered produc-
tion of the effector cytokines tumor necrosis factor and interleukin-10
by immune cells.*” Metformin activates AMPK, a cellular energy sen-
sor that can inhibit cancer cell proliferation and induce apoptosis
(programmed cell death). Repurposing an inexpensive anti-cancer
drug was also invigorated by pre-existing results from anti-tumor ef-
fects and inhibition of tumor growth by metformin via inhibition of
mitochondrial OXPHOS associated with AMPK-dependent/-indepen-
dent mechanisms.® It may also slow tumor growth by inhibiting the
mTOR pathway, which is important for cell growth and proliferation.
Metformin is being investigated for its potential to improve the effi-
cacy of existing chemotherapy and targeted therapies. When used in
combination with traditional anticancer drugs, it may help improve
treatment outcomes. While metformin shows promise in cancer pre-
vention and treatment, it is not approved as a primary anti-cancer
medication.

2. Research Evidences

The first observational study identifying the effectiveness of metformin
as a cancer prevention and treatment agent began in 2005. Since then,
a significant number of basic, clinical, observational, and experimen-
tal studies have been conducted and are currently ongoing. In the past,

several preclinical and clinical studies have suggested that metformin
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may reduce the incidence of certain cancers, including liver, pancreas,
colon, and breast cancers.®” Some studies have shown that diabetic
patients taking metformin have a lower risk of developing cancer com-
pared to those not taking the drug.

Even though the results of early observational studies were positive,
recent randomized controlled trials (RCTs) are increasingly negative.
For example, a recent large-scale RCT evaluating the effect of metfor-
min as an adjuvant therapy for breast cancer patients did not find a
clinical benefit in disease-free survival or overall survival.*””

These results may be due to the fact that most RCTs are conducted
on subjects without diabetes, compared to observational studies tar-
geting diabetic patients. In other words, the clinical results of metfor-
min use may be different among subjects with or without diabetes.
Additionally, the effects of metformin may vary depending on meta-
bolic phenotype, and in particular, body mass index may modulate the
clinical benefits associated with metformin use and cancer outcomes.
The effect of metformin may also vary depending on the cancer stage
when metformin is started. Metformin may not be effective against all
types of cancer, as a certain cancer may be not responsive to insulin
levels.®

In meta-analysis of studies on the relationship between diabetes
medications and cancer risk over the past 10 years, the most numer-
ous papers were related to colorectal cancer, followed by pancreatic
cancet, breast cancer, liver cancer, prostate cancer, and lung cancer. All
RCTs were single except for pancreatic cancer (three cases), many
were cohort studies, and some were case-control studies. In bigua-
nide-related studies (44 cohorts, 20 case-controls), an inverse relation-
ship was observed with colorectal cancers (risk ratio [RR], 0.85; 95%
confidence interval [CI], 0.78-0.92) and liver cancers (RR, 0.55; 95% CI,
0.46-0.66).5Y

Metformin treatment for cancer should focus on specific promising
phenotype or genotype subgroups. In other words, it will be necessary
to select a precise treatment target according to the type of cancer. For
example, in breast cancers, medication and dosage of metformin are
determined on patient characteristics (e.g., obesity, IR, estrogen recep-
tor-positive, etc.).

Therefore, research into the actual effects of metformin depending
on the type of cancer treated, the cumulative dose of metformin, or
whether or not other hypoglycemic agents are used in combination is
still needed.

PLEIOTROPIC EFFECTS OF METFORMIN: OBESITY,
OSTEOPOROSIS, AND OSTEOARTHRITIS

1. Obesity

Weight reduction effects are generally seen at doses aimed at control-
ling blood sugar levels and will vary depending on individual circum-
stances. The initial dose for weight reduction starts at 500 mg, taken
1-2 times a day. Thereafter, the dose can be increased up to a maxi-
mum of 2,000 mg (in 500 mg increments). A maximum daily dose of

2,000-2,500 mg is generally recommended. Metformin usually has the
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effect of reducing weight by an average of 1 to 3 kg over a period of 6
months to 1 year, and this effect varies depending on the individual’s
dietary habits, amount of exercise, metabolic status, and so forth.

By its mechanism of action, metformin improves insulin sensitivity,
facilitating glucose metabolism in the body and contributing to reduc-
ing excessive fat storage. In a recent systematic review and meta-anal-
ysis, it was concluded that the optimal dose in obesity is 1,000 mg/d for
3 months in adolescents and 3,000 mg/d for 6 months in adults.”

Metformin may have an appetite-suppressing effect and may alter
the composition of the gut microbiome, promoting the growth of ben-
eficial microorganisms, which may benefit metabolic health. Several
studies have shown that metformin has a weight reduction effect even
in obese patients. In particular, these effects may be more pronounced

in insulin-resistant patients.

2. Osteoporosis
It has been suggested that its direct action on osteoblasts through
AMPK activation resulting in osteoblasts differentiation, proliferation,
and bone matrix synthesis. Some studies have shown that metformin
may improve bone mineral density (BMD). In particular, there are cas-
es where increased BMD has been observed in diabetic patients.*”
Metformin may help improve insulin resistance and promote meta-
bolic health. This may also have a positive effect on bone health. The
anti-inflammatory effects of metformin may contribute to reducing
the inflammatory response associated with osteoporosis (OP). Since
chronic inflammation is associated with bone loss, alleviating it may
benefit bone health. However, even though metformin is being stud-
ied as a potential option for the treatment of OP, it is not currently ap-
proved as a first-line drug to treat OP.

3. Osteoarthritis

There are several mechanisms by which metformin contributes to the
management of osteoarthritis (OA). There is increasing evidence from
pre-clinical studies and clinical trials that metformin can slow OA pro-
gression by modulating inflammatory and metabolic factors.®®

First, metformin can help reduce the inflammatory response. This is
achieved by inhibiting inflammatory pathways such as NF-xB and re-
ducing the production of inflammatory cytokines. These actions may
contribute to relieving joint inflammation and reducing pain. OA pa-
tients are often accompanied by obesity or metabolic syndrome. Met-
formin reduces the burden on joints by improving cellular energy me-
tabolism and promoting fat metabolism by improving insulin sensitiv-
ity and activating AMPK.

In addition, metformin can help the survival of articular cartilage
cells by reducing cellular stress and inhibiting the apoptosis pathway.
This may help slow the progression of OA. Metformin may affect the
regulation of pain signal in neuronal pathways.

METFORMIN AND COVID-19

Metformin has been shown to have potential antibacterial and antivi-
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ral effects. Some research suggests that metformin may contribute to
inhibiting the growth of certain bacteria. In particular, there are reports
that metformin may help reduce the risk of bacterial infections by con-
trolling inflammation associated with obesity. Metformin also affects
the gut microbiome, contributing to maintaining microbial balance,
which may help prevent intestinal bacterial infections.

The antiviral effects of metformin may occur through several mech-
anisms, including activating AMPK, improving insulin resistance,
modulating inflammatory responses, blocking viral receptors (e.g., an-
giotensin converting enzyme 2), and inducing apoptosis. Studies on
the impact of metformin on the treatment of coronavirus disease 2019
(COVID-19) are ongoing.

Retrospective electronic health record data from T2DM subjects
(n=25,326) treated with metformin, the odds ratio (OR) of contracting
COVID-19 was high in subjects with obesity (OR, 1.93; 95% CI, 1.64-
2.28), hypertension (OR, 2.46; 95% CI, 2.07-2.93), and diabetes (OR,
2.11; 95% CI, 1.78-2.48). Diabetes was associated with a dramatic in-
crease in mortality (OR, 3.62; 95% CI, 2.11-6.2) and emerged as an in-
dependent risk factor in this diverse population. Interestingly, metfor-
min treatment prior to diagnosis of COVID-19 was independently as-
sociated with a significant reduction in mortality in subjects with dia-
betes and COVID-19 (OR, 0.33; 95% CI, 0.13-0.84; P=0.021).5” A meta-
analysis of 10,233 subjects (nine studies) showed than metformin is
associated with lower mortality in pooled non-adjusted model (OR,
0.45; 95% CI, 0.25-0.81; ’=63.9%, P=0.026) and pooled adjusted model
(OR, 0.64; 95% CI, 0.43-0.97; I>=52.1%, P=0.064).°® RCTs are needed to
confirm these findings.

Even though early results may be positive, additional research is
needed to conclude that metformin is effective in treating COVID-19.
The following is related to the potential treatment of metformin for
COVID-19. First, since severe patients with COVID-19 often have an
excessive inflammatory response, it has been argued that metformin
may contribute to alleviating inflammation. Second, people with dia-
betes are at high risk of developing severe illness if infected with COV-
ID-19, and metformin may help manage blood sugar, which may con-
tribute to reducing the risk of complications related to COVID-19.
Third, some studies have raised the possibility that metformin may in-
hibit the replication of severe acute respiratory syndrome coronavirus
2. However, research on the mechanism is still in its early stages and

more data and evidence are needed.

CONCLUSION

Metformin is one of the most common medications used worldwide
for more than 60 years. However, the underlying mechanisms of action
is not fully understood yet. Lately, there are substantial pre-clinical
and clinical studies being developed to identify novel glucose-lower-
ing mechanism and to verify the clinical benefits in various clinical
settings, such as obesity, polycystic ovary syndrome, and cancer.
Novel glucose-lowering mechanisms of metformin through the

AMPK signaling pathway is identified. Even though it has been regard-

www.kjfm.or.kr 265

ed that the hepatic mechanism of action is occurred exclusively, there
is now emerging evidence that extrahepatic mechanism of action, no-
tably the gut microbiota, are involved. In addition, metformin has im-
munomodulatory properties in various diseases, such as cancer, in-
flammatory disease, autoimmune disease, and infectious diseases, in-
volving direct or indirect regulation of the host innate and adaptive
immune response.

The results of early observational studies have suggested that met-
formin may reduce the incidence of certain cancers. However, recent
RCTs are a little disappointing. This difference of clinical outcomes
may be due to the fact that most RCTs are conducted on subjects with-
out T2DM, whereas observational studies targeting diabetic patients.
In meta-analysis of studies on the relationship between biguanide and
cancer risk over the past 10 years, an inverse relationship was observed
with colorectal and liver cancers. Therefore, metformin treatment for
cancer should focus on a precise target (e.g., specific phenotype or
genotype) according to the type of cancer.

In treating COVID-19, even though early evidences may be positive,
further research results is needed to conclude that metformin is effec-
tive.

We are needed more data and precise evidences about the effects of

metformin for a range of diseases beyond T2DM.
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