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Abstract: Metformin has been a long-standing prescribed drug for treatment of type 2 diabetes
(T2D) and its beneficial effects on virus infection, autoimmune diseases, aging and cancers are also
recognized. Metformin modulates the differentiation and activation of various immune-mediated
cells such as CD4+ and CD+8 T cells. The activation of adenosine 5′-monophosphate-activated
protein kinase (AMPK) and mammalian target of rapamycin complex 1 (mTORC1) pathway may
be involved in this process. Recent studies using Extracellular Flux Analyzer demonstrated that
metformin alters the activities of glycolysis, oxidative phosphorylation (OXPHOS), lipid oxidation,
and glutaminolysis, which tightly link to the modulation of cytokine production in CD4+ and CD+8 T
cells in various disease states, such as virus infection, autoimmune diseases, aging and cancers.
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1. Introduction

The traditional herbal medicine in Europe, Galega officinalis, was found to be rich
in guanidine and shown to lower blood glucose levels. Several guanidine derivatives
were synthesized and used to treat diabetes in 1920s and 1930s, but they were discon-
tinued due to severe toxicity [1]. The blood glucose lowering effects were recognized by
the French physician Jean Sterne who reported the use of metformin to treat diabetes in
1957 [2]. However, metformin received the limited attention and the biguanides were
generally discontinued in late 1970s due to the risk of lactic acidosis. The beneficial effects
of metformin ameliorating insulin resistance without weight gain and hypoglycemia in the
patients with type 2 diabetes were recognized in Europe and the long-term cardiovascular
benefits [3] were identified by the UK Prospective Diabetes Study (UKPDS) in 1998, pro-
viding a new rationale to adopt metformin as an initial therapy to manage hyperglycemia
in type 2 diabetes. Metformin is beneficial for aging-related morbidities such as obesity,
metabolic syndrome, cardiovascular disease, and cognitive impairment [4] by its favorable
action on the endothelial dysfunction [5]. In addition to risk reduction of any diabetes-
related endpoint, myocardial infarction, and death from any cause in metformin [6], the
reduction of cancer incidence was demonstrated in an observational study in Scotland [7]
and a Chinese meta-analysis showed an overall reduction of 20% in cancer incidence in
metformin users [8].

The metabolic effects of metformin with insulin sensitizing actions result in reduction
of insulin and free insulin-like growth factor (IGF-1) levels may indirectly contribute the
decreased incidence of cancer. In addition to the indirect effects, metformin as adenosine
5′-monophosphate-activated protein kinase (AMPK) activator and subsequent inhibition
of mammalian target of rapamycin complex 1 (mTORC1) specifically retard the growth
of malignant cells. Rapidly proliferating malignant cells prefer to facilitate the process
of catabolic glucose metabolism. Metformin inhibits glycolysis rate limiting enzyme of
glycolysis, hexokinase 2 (HK2), and mitochondrial respiratory complex 1, which result in
the reduction of mitochondrial ATP production in cancer cells [9]. Recently, it has been
demonstrated that metformin may also enhance the antitumor immune response by acting
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on the tumor infiltrating and circulating CD8 T cells. Furthermore, the advent of immune
checkpoint inhibitors in cancer therapies and their prominent antitumor effects also arouse
the interests to the immune mediated effects of metformin in various diseases. In this
review article, we first discuss the molecular action mechanisms of metformin on energy
metabolism and mitochondrial function in type 2 diabetes. Next, we further review the
emerging roles of metformin, i.e., immune-mediated beneficial effects, in various diseases
such as virus infection, autoimmune diseases, aging and cancers.

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

Metformin is transported by facilitated diffusion via plasma membrane monoamine
transporter (PMAT) and organic transporter 3 (OCT3) in enterocytes and further trans-
ported into hepatocytes via portal vein, where metformin reaches 40-70 µM, through
OCT1 and OCT3 [10]. The excretion of metformin from hepatocytes to bile or circulation
occurs through multidrug and toxin extrusion 1 (MATE1) and metformin concentration is
reduced to 10-40 µM. Then, metformin enters renal epithelial cells via OCT2 and is secreted
by renal MATE1 and MATE2 in unchanged form and eliminated into urine [10].

In hepatocyte, metformin partially inhibits mitochondrial respiratory-chain complex
1, resulting in reduction of ATP levels and accumulation of AMP and ADP. The gluco-
neogenesis is an energetically costly anabolic process and required 6 ATPs per molecule
and depletion of ATP limits glucose synthesis. Pyruvate carboxylase (PC), Phosphoenol
pyruvate carboxykinase (PEPCK) (Figure 1), Glyceraldehyde phosphate dehydrogenase
require 2 ATPs, 2 GTPs, and 2 ATPs, respectively. The increased level of AMP inhibits an
important rate-limiting gluconeogenic enzyme, Fructose-1, 6-bisphsphatase (FBPase). This
gluconeogenic step antagonizes the opposite reaction that forms fructose-1,6-bisphosphate
from fructose-6-phosphate and ATP in Phosphofructokinase (PFK)-dependent manner, a
key rate-limiting step in glycolysis. Metformin was shown to reduce the glucagon signal
transduction by decreasing 3′-5′-cyclic adenosine monophosphate (cAMP) thorough in-
hibiting adenylate cyclase coupled with glucagon receptor [11]. Decreased cAMP content
leads to reduced activity of cAMP-dependent protein kinase A (PKA), an important signal
transducer of glucagon-induced gluconeogenesis [12]. Metformin selectively inhibits the
mitochondrial isoform of glycerophosphate dehydrogenase (mGPD) but not cytosolic GPD
(cGPD), an enzyme that catalyzes the conversion of glyceraldehyde 3-phosphate (G3P) to
dihydroxyacetone phosphate (DHAP). The inhibition of mGPD induces the accumulation
of G3P, NADH and reduced conversion of lactate to pyruvate. Since DHAP and pyruvate
are required for gluconeogenesis, it results in reduction of use of glycerol and lactate as
gluconeogenic precursors [13]. In addition, metformin-induced increase in AMP/ATP ratio
also activates AMPK, which suppresses lipid and protein synthesis and enhances glycolysis,
fatty acid oxidation, mitochondrial biogenesis and autophagy [14]. The activation of AMPK
by metformin resulted in inhibition of Acetyl-CoA carboxylase (ACC), and reduction of
Malonyl-CoA. Since Malonyl-CoA inhibits the activity of carnitine palmitonyl transferase
1 (CPT1), CPT1 is activated by the reduction of Malonyl-CoA and fatty acid oxidation is
enhanced. In addition, the activation of AMPK by metformin increased the expression of
Sterol regulatory element binding protein-1c (SREBP-1c) which inhibits the expression of
lipogenic and fatty acid synthesis genes (Figure 2).

Recently, the intestine has been focused as a target organ of metformin in addition
to liver. Intraduodenal infusion of metformin activated the duodenal mucosal AMPK
and lowered hepatic glucose production. Both glucagon-like peptide-1 receptor-PKA sig-
naling and a neuronal-mediated gut-brain-liver pathway are required for metformin to
lower hepatic glucose production [15]. The 3-day treatment with metformin in newly
diagnosed patients with type 2 diabetes reduced Bacteroides fragilis and increased the bile
acid glycoursodeoxycholic acid (GUDCA) in the gut, which were accompanied by inhi-
bition of intestinal farnesoid X receptor (FXR) signaling [16]. By using Positron emission
tomography-magnetic resonance imaging (PET-MRI), metformin increased the accumula-
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tion of [18F] fluorodeoxyglucose (FDG) in the intraluminal space of the intestine, suggesting
that stool is one of the major disposal sites of glucose by the action of metformin targeting
intestine [17].
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Figure 1. Action mechanism of metformin in hepatocyte.Metformin is mainly transported into 
hepatocyte through organic transporter 1 (OCT1) and inhibits respiratory-chain complex 1 (Com-
plex 1). The reduction of ATP levels and increase in AMP and ADP levels result in the inhibition of 
gluconeogenesis. The increased AMP levels inhibit the adenylate cyclase coupled with glucagon 
receptor and the subsequent cAMP/protein kinase A (PKA) signaling pathway, which ultimately 
links to enhancement of gluconeogenesis. Metformin-induced elevation of AMP/ATP ratio also ac-
tivates AMP-activated protein kinase (AMPK). Lipogenesis is inhibited and fatty acid oxidation is 
enhanced by the AMPK-induced inhibition of acetyl CoA carboxylase (ACC). Metformin also inhib-
its mitochondrial glycerophosphate dehydrogenase (mGPD) but not cytosolic GPD (cGPD). Glycer-
aldehyde 3-phosphate (G3P), nicotinamide adenine dinucleotide (NADH), and lactate are accumu-
lated, while dihydroxyacetone phosphate (DHAP), NAD, and pyruvate are reduced. By the reduc-
tion of substrates for gluconeogenesis, i.e., pyruvate and DHAP, hepatic glucose production is re-
duced by metformin. The excess of glycerol and lactate enters into circulation. 

Figure 1. Action mechanism of metformin in hepatocyte.Metformin is mainly transported into
hepatocyte through organic transporter 1 (OCT1) and inhibits respiratory-chain complex 1 (Complex
1). The reduction of ATP levels and increase in AMP and ADP levels result in the inhibition of
gluconeogenesis. The increased AMP levels inhibit the adenylate cyclase coupled with glucagon
receptor and the subsequent cAMP/protein kinase A (PKA) signaling pathway, which ultimately
links to enhancement of gluconeogenesis. Metformin-induced elevation of AMP/ATP ratio also
activates AMP-activated protein kinase (AMPK). Lipogenesis is inhibited and fatty acid oxidation
is enhanced by the AMPK-induced inhibition of acetyl CoA carboxylase (ACC). Metformin also
inhibits mitochondrial glycerophosphate dehydrogenase (mGPD) but not cytosolic GPD (cGPD).
Glyceraldehyde 3-phosphate (G3P), nicotinamide adenine dinucleotide (NADH), and lactate are
accumulated, while dihydroxyacetone phosphate (DHAP), NAD, and pyruvate are reduced. By the
reduction of substrates for gluconeogenesis, i.e., pyruvate and DHAP, hepatic glucose production is
reduced by metformin. The excess of glycerol and lactate enters into circulation.
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Figure 2. Changes in gluconeogenesis, glycolysis, lipogenesis, fatty acid oxidation, and ketogenesis 
induced by metformin in hepatocyte. In hepatocytes, metformin enhances glycolysis and fatty acid 
oxidation, while it inhibits gluconeogenesis, ketogenesis and release of very low-density lipoprotein 
(VLDL). The enzymes with enhanced activities are indicated by blue, while the reduced enzymes 
by red font. Since malonyl-CoA inhibits the activity of carnitine palmitoyltransferase 1 (CPT1), the 
reduced activity of acetyl CoA carboxylase (ACC) results in increased influx of acyl-carnitine into 
mitochondria and fatty acid oxidation by metformin. 
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3. Metformin and Mitochondrial Biogenesis and Dynamics 
Various pharmacological activators of mitochondrial biogenesis such as AMPK acti-

vators, SIRT1 activators, nuclear receptor agonists, and cGMP modulators are possible 
candidate targets for the treatment of obesity, type 2 diabetes, and vascular complications 
[18]. Long-term administration of metformin demonstrated the increased activity of pe-
roxisome proliferators-activated receptor γ (PPARγ) coactivator-1α (PGC-1α) and en-
hanced biogenesis of mitochondira [19]. in vitro models of vascular complications of dia-
betes demonstrated that metformin activates AMPK in human umbilical vein endothelial 

Figure 2. Changes in gluconeogenesis, glycolysis, lipogenesis, fatty acid oxidation, and ketogenesis
induced by metformin in hepatocyte. In hepatocytes, metformin enhances glycolysis and fatty acid
oxidation, while it inhibits gluconeogenesis, ketogenesis and release of very low-density lipoprotein
(VLDL). The enzymes with enhanced activities are indicated by blue, while the reduced enzymes
by red font. Since malonyl-CoA inhibits the activity of carnitine palmitoyltransferase 1 (CPT1), the
reduced activity of acetyl CoA carboxylase (ACC) results in increased influx of acyl-carnitine into
mitochondria and fatty acid oxidation by metformin.

3. Metformin and Mitochondrial Biogenesis and Dynamics

Various pharmacological activators of mitochondrial biogenesis such as AMPK ac-
tivators, SIRT1 activators, nuclear receptor agonists, and cGMP modulators are possible
candidate targets for the treatment of obesity, type 2 diabetes, and vascular complica-
tions [18]. Long-term administration of metformin demonstrated the increased activity
of peroxisome proliferators-activated receptor γ (PPARγ) coactivator-1α (PGC-1α) and
enhanced biogenesis of mitochondira [19]. in vitro models of vascular complications of dia-
betes demonstrated that metformin activates AMPK in human umbilical vein endothelial
cells and reduces hyperglycemia-induced mitochondrial ROS production and mitochon-
drial biogenesis [20].

In addition to mitochondrial biogenesis, mitochondrial dynamics such as fusion
and fission of mitochondria, and mitochondria-associated endoplasmic reticulum (ER)
membranes (MAMs) are also involved in the process of diabetes. Once close contact
between mitochondria is established, the dynamin-related outer mitochondrial membrane
(OMM) proteins, such as mitofusin 1 (MFN1) and mitofusin 2 (MFN2), form homotypic
(MFN1-MFN1 and MFN2-MFN2) or heterotypic (MFN1-MFN2) complexes. After tethering,
inner mitochondrial membrane (IMM) fusion is mediated by optic atrophy 1 (OPA1)
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depending on the inner membrane potential [21]. The process of fusion retains the capacity
of the mitochondria and maintains genetic and biochemical homogeneity by allowing the
dilution of superoxide species and mutated DNA and the repolarization of membranes [22].
The reverse process of mitochondrial fusion, the division of mitochondria (fission) produces
one or more daughter mitochondria, requires cytosolic dynamin-related protein 1 (DRP1).
In the organellar interactions, MAMs function as membrane contact sites between the ER
and mitochondria. The ER-mitochondria contact sites have emerged as major players in
lipid metabolism, calcium signaling, autophagy and mitochondrial dynamics [23].

Disturbances in mitochondrial architecture and mitochondrial fusion-related genes
are observed in situations of type 2 diabetes and obesity, leading to a highly fissioned mito-
chondria. Liver specific Mfn1 knockout mice (Mfn1LKO) were associated with increased
complex I abundance, sensitive to hypoglycemic effects of metformin, and protected against
insulin resistance induced by a high-fat diet [24]. In cybrid cells harboring mitochondrial
haplogroup B4, which are more likely to develop type 2 diabetes in Chinese population,
presented increased mitochondrial fission profiles, while metformin inhibited mitochon-
drial fission and attenuated pro-inflammation profile [25]. In IR Huh7 cells with high
invasiveness ability, mitochondrial fission was increased revealed by structured illumina-
tion microscopy and metformin could inhibit mitochondrial fission, which is the feature of
type 2 diabetes [26]. The disruption of MAMs by pharmacological inhibition and genetic
ablation of the mitochondrial MAM protein, cyclophilin D, causes the impairment of insulin
signaling and metformin improves both MAM integrity and insulin sensitivity [27].

4. Metformin and Metabolism in Cancer Cells

OCT1 is almost exclusively expressed in the liver, and it is a major target tissue for
metformin. In contrast to the virtual absence of OCT1 in various tissues except liver,
the tumor cells significantly express OCT1 and it may be related the antitumor effects of
metformin [28]. OCT1 is also involved in the uptake of irinotecan and paclitaxel and OCT1-
positive cancer cells exhibit significantly higher susceptibilities to the cytotoxic effects of
these anticancer agents [29]. Liver kinase B1 (LKB1) is identified as a tumor suppressor
gene and upstream activator of AMPK. The activation of LKB1-AMPK pathway by met-
formin results in the inhibition of Raptor-mTORC1 complex and suppression of cellular
protein synthesis and cell growth. Phosphorylation of AMPK activates tuberous sclero-
sis complex 2 (TSC2) in a subunit of the TSC1–TSC2 complex, which further inactivates
the small GTP-binding protein Ras Homolog Enriched in Brain (RHEB). The inactivated
RHEB fails to promote the activity of mTORC1, suppresses the cell cycle, and reduces
the proliferation of the cancer cells [9]. In addition to identification of tumor suppressor
genes in cancer development, metabolic alterations induced by cancer cells was also re-
discovered. The observation by Otto Warburg demonstrated that the proliferating cancer
cells highly consume glucose and produce plenty of lactate and it is the reverse of Pasteur
effects, where the fermentation is inhibited in the presence of O2 [30]. Recent investigations
demonstrated that tumor suppressors and oncogenes converge on the prolyl hydroxylases
and hypoxia-inducible factor (HIF), reverse the Pasteur effects, and thereby induce the
Warburg effects. Importantly, the cancer cells carry out and enhance both aerobic glycolysis
and mitochondrial respiration concurrently [30]. The tumor cells utilize the glucose for the
proliferation and hypertrophy of the cells. The phosphorylation of glucose, the production
of glucose-6-phosphate (G6P), is the initial step in glucose metabolism in cancer cells [9].
Hexokinase 1 (HK1) and HK2 are responsible for the production of G6P and show high
affinity for glucose with Km values of µM range. They are highly sensitive to inhibition by
their own product, G6P. HK1 is ubiquitously expressed, while HK2 is detected in skeletal
muscle, adipose tissue and heart. HKs 1 and 2 are found in mitochondrial fraction and in-
teract with the permeability transition pore including the voltage-dependent anion channel
1 (VDAC1) responsible for ATP flux to the cytoplasm from mitochondria. Such association
between HK2 and VDAC1 facilitates the production of G6P by HK2 and protects cells
from apoptosis. HK2 is highly expressed in lung and breast cancer and required for the
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proliferating cancer cells. Metformin directly inhibits HK2 activity by occupying the G6P
binding site and induces dissociation of HK2 from mitochondria [9]. In addition to the
reduction of glycolysis, metformin inhibits mTORC1 by decreasing the insulin and IGF-
1 concentrations and inhibiting IGF1-induced AKT phosphorylation. Since AKT further
phosphorylates HK2 at Thr473 and facilitates the association of HK2 with mitochondria,
metformin decreases HK2 expression, activity and mitochondrial interaction [31]. Finally,
metformin inhibits mitochondrial ATP production acting on respiratory chain complex
1 and decreasing TCA cycle intermediates, thus, metformin inhibits both glycolysis and
mitochondrial respiration in cancer cells.

5. Glycolysis and Cytokine Production in CD4 and CD8 T Cells

The metabolic effects of metformin in type 2 diabetes targeting hepatocytes and cancer
cells are discussed in previous sections. Next, the link between metabolic alterations and
functional changes induced by metformin in CD4 and CD8 T cells is discussed. The quies-
cent lymphocytes such as naïve and memory CD4 T cells store ATP reserves via oxidative
phosphorylation (OXPHOS) and fatty acid oxidation (FAO) to prepare for activation. Like
cancer cells, once activated lymphocytes escape from quiescent state, proliferate, produce
various cytokines, and shift to aerobic glycolysis. Under the state of low glycolytic flux in
resting CD4+ cells, G3P dehydrogenase (GAPDH) associates with the 3′ untranslated region
(UTR) of IFNγ mRNA and prevents its translation. Upon activation of CD4+ cells, the
signaling through T cell receptor stimulates aerobic glycolysis, G3P provided by glycolysis
binds to GAPDH as a substrate and inhibits the binding of GAPDH to IFNγ mRNA [32].
The glycolytic activities also regulate the differentiation and effector function of CD8+ T
cells. Following the antigen stimulation, naïve CD8+ T cells rapidly increase uptake of
glucose and glutamine and provide ATP and fatty acid, in which metabolic reprograming
supports the cell proliferation, which is characterized with short survival and reduced
antitumor activities. As effector T cell response subsided, memory T cells increase mito-
chondrial integrity and metabolism, and activate OXPHOS and FAO to sustain prolonged
cell survival and antitumor activities.

Under a glucose-poor tumor microenvironment, the aerobic glycolysis is reduced, and
tumor-infiltrating T cells are associated with limited tumoricidal effector function. The
glycolytic metabolite phosphoenolpyruvate (PEP) inhibits sarco/ER Ca2+-ATPase (SERCA)
activity, reduces Ca2+ influx into ER. The increased cytosolic Ca2+ activates nuclear factor
of activated T cells (NFAT) and it provokes antitumor responses [33]. The overexpression
of phosphoenolpyruvate carboxykinase 1 (PCK1)-overexpressing T cells restricted tumor
growth and prolonged the survival of melanoma-bearing mice. Metformin at around 10 µM
concentration achieved by oral administration enhanced production of IFNγ, TNFα and
expression of CD25 of CD8+ T cells upon TCR stimulation [34].

6. Metformin and Immune-Mediated Benefits in Various Diseases

Metformin has been a long-standing and fist-line drug for treatment of type 2 diabetes
and its beneficial effects on virus infection, autoimmune diseases, aging and cancers are
also recognized. The underlying mechanism especially in anti-cancer effects was not fully
explored. Since metformin was found to enable the normal but not T-cell-deficient SCID
mice to reject solid tumors, the beneficial effects seem to be immune-mediated [35]. A direct
action of metformin on CD8+ tumor infiltrating lymphocytes is critical for protection against
functional exhaustion and recovery of multiple cytokine production. Since the discovery,
vigorous efforts have been made to elucidate the action mechanism of metformin on the
differentiation and activation of CD4+ and CD8+ T cell population in various diseases. In
various autoimmune diseases, the effects of metformin on CD4+ Th1, Th17 and regulatory
T cells (Tregs) have been focused. Adenosine 5′-monophosphate-activated protein kinase
(AMPK) is a master sensor of cellular energy states and activated by reduced AMP/ATP, a
shortage of cellular nutrients. The activation of AMPK restores energy balance by inhibiting
anabolism and enhancing catabolism to produce energy. The activation of AMPK also
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interferes T cell activation and differentiation by inhibiting mammalian target of rapamycin
(mTOR) and subsequently inhibiting glycolysis and enhancing lipid oxidation [36,37]. In
autoimmune insulitis model of NOD mice, metformin inhibits the differentiation of Th1 and
Th17 cells while promotes the development of Tregs through the activation of AMPK [38].
In contrast, CD8+ cells are focused on tumor infiltrating lymphocytes (TILs) in various
malignancies. The metformin-induced production of multiple cytokines in CD8+ TILs
may not be totally dependent on the AMPK activation and dependent on the nutrient
condition in cancer cells, which actively engulf glucose in tumor environment. AMPK
activation requires more than 1 mM at unachievable high concentration of metformin
in vivo, while metformin at around 10 µM, achievable concentration in vivo, enhanced
production of interferon (IFN) γ, tumor necrosis factor (TNF) α and expression of CD25 of
CD8+ T cells upon TCR stimulation [34]. Under a glucose-rich condition, glycolysis was
exclusively involved in enhancing IFNγ production in CD8+ TILs; however, under a low-
glucose condition, fatty acid oxidation or autophagy-dependent glutaminolysis were also
involved [34]. In following sections, we describe how metformin regulates the interface of
metabolism and immune function in the CD4 and CD8 T cells under the various diseases
condition, such as virus infection, autoimmune diseases, aging and cancers.

7. HIV (Human Immunodeficiency Virus) Infection and Metformin

Metformin was first recognized by its metabolic benefits in the HIV-infected patients
receiving HAART (highly active anti-retroviral therapy) including protease inhibitors [39].
HIV patients treated with protease inhibitors were characterized as treatment-indcued
metabolic abnormalities such as prominent insulin resistance, dyslipidemia and lipodys-
trophy associated with accumulated visceral fat and reduced subdermal fat tissues. The
administration of metformin was not associated with significant changes in visceral or
subcutaneous abdominal fat, but oral glucose tolerance test demonstrated the tendency
for the reduction of insulin area under the curve (AUC) [40]. In prediabetic patients with
HIV, the administration of metformin resulted in improvement of HbA1c and insulin
resistance and it may prevent the progression from prediabetes to diabetes [41]. In the
non-diabetic patients with HIV, the administration of metformin resulted in amelioration
of HAART-induced weight gain associated with increased abundance of anti-inflammatory
bacteria such as butyrate-producing species and the protective Akkermansia muciniphila [42].
In addition to metabolic benefits, metformin may have benefits on the HIV reservoir in
long-lived CD4+ T cells with an increased risk of inflammation-associated complications
and non-AIDS no-morbidities, since metformin modulates T-cell activation by regulating
intracellular immunometabolic checkpoints such as the AMPK and mTOR (mammalian
target of rapamycin), in association with microbiota modification [43]. The administration
of metformin in 12 virally suppressed HIV-infected individuals reduced the frequency of
PD1 (programmed cell death protein 1)+, PD1+TIGIT+ (T cell immunoreceptor with Ig and
ITIM domains), and PD1+TIGIT+TIM3+ (T cell mucin-domain containing-3) expressing
CD4 T cells, suggesting the amelioration of CD4 T cell exhaustion [44] (Table 1). In LILAC
pilot study, metformin preferentially acts on the intestine and decreases mTOR activation
selectively occurs in colon infiltrating CCR6+CD4+ Th17 T cells [45]. The metformin ther-
apy over the 8-week course in 7 euglycemic, virally suppressed HIV-infected participants
on HAART significantly improved ex vivo polyfunctional HIV-Gag-specific CD8 T cell
responses to anti-PD-L1 mAb, suggesting the enhancement of anti-HIV CD8 T cell immu-
nity [46]. In addition, the elevated OXPHOS pathway is associated with poor outcomes in
the patients with HIV and the administration of metformin targeting OXPHOS suppresses
HIV-1 replication in human CD4+ T cells and humanized mice [47].

In addition to HIV infection, it has been reported that metformin reduced the risk
of mortality rate in acute respiratory distress syndrome (ARDS) in corona virus disease
(COVID-19). Metformin blocked LPS-induced and ATP-dependent mitochondrial DNA
synthesis and generation of oxidized mtDNA, an NLR family pyrin domain-containing
protein 3 (NLRP3) ligand by targeting electron transport chain complex 1 [48].
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Table 1. Effects of metformin in infection and immune-mediated diseases.

Diseases Species Targeted Immune-Mediated Cells Possible Beneficial Effects

Human immunodeficiency
virus infection (HIV)

Mouse - -

Human
Peripheral PD-1+CD4+↓,

PD-1+TIGIT+CD4+↓,
PD-1+TIGIT+TIM3+CD4+↓

Reduction of CD4 T cell exhaustion in
HIV patients [44]

Rheumatoid arthritis (RA)

Mouse RORγt+IL-17+CD4+↓

Reduction of Th17 differentiation and
attenuation of arthritis scores and bone
destruction collagen antibody-induced

arthritis (CAIA) mouse model [49]

Human

Osteoclastogenesis in CD14+
monocytes treated with macrophage

colony stimulating factor (M-CSF) and
soluble receptor activator of NF-κB
ligand (sRANKL)↓, tumor necrosis

factor-α (TNF-α)-induced expression of
inflammatory cytokines from human

fibroblast-like synoviocyte MH7A
cells↓

Reduction of joint inflammation and
destruction in human cell culture [50]

Systemic lupus erythematosus
(SLE)

Mouse
Tf↓, Th17↓, Treg↑,

B cell differentiation into plasma cells
and germinal centers formation↓

Suppression of systemic autoimmunity
in Roquinsan/san mice [51]

Human

Neutrophil extracellular traps (NETs)
mtDNA release from neutrophils↓,

IFN-α production from plasmacytoid
dendritic cells (PDCs)↓

Down-regulation of the NET
mtDNA–PDC–IFNα pathway in SLE

patients [52]

Autoimmune insulitis
Mouse Th1↓, Th17↓, Treg↑ Mitigated autoimmune insulitis in

non-obese diabetic (NOD) mice [38]

Human - -

Inflammatory bowel disease
(IBD)

Mouse Interferon (IFN)-γ production from
mucosal CD4+↓

Amelioration of T cell-transfer model of
chronic colitis in severe combined
immunodeficient (SCID) mice [53]

Human

TNF-α↓, transforming growth factor β1
(TGF-β1)↓,

malondialdehyde (MDA)↓,
myeloperoxidase (MPO)↓ in colon

biopsy samples

Improvement of histopathology in
female patients suffering from

ulcerative colitis by indole-3-carbinol
and/or Metformin [54]

Sjögren’s syndrome (SS)

Mouse Th1↓, Th17↓, Treg↑

Amelioration of salivary gland
inflammation and hypofunction in

NOD/ShiLtJ mice, an animal model
of SS [55]

Human -
Reduced risk of SS in type 2 diabetic
patients in population-based cohort

study [56]

Allergic airway inflammation
Mouse Treg↑

Improvement of asthma airway
inflammation in obese asthmatic mouse

model [57]

Human - -

Hashimoto’s thyroiditis (HT)
Mouse Th17↓, M1↓

Amelioration of HT in mouse model by
high-iodine water feeding and

thyroglobulin immuno-injection [58]

Human - -
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Table 1. Cont.

Diseases Species Targeted Immune-Mediated Cells Possible Beneficial Effects

Scleroderma
Mouse Treg↑, Teff↓

Anti-fibrotic effects in
bleomycin-induced scleroderma mouse

model [59]

Human - -

Multiple sclerosis (MS)

Mouse Th17↓, Treg↑
Protective effects in mouse
experimental autoimmune

encephalomyelitis (EAE) model [60]

Human
Myelin basic protein (MBP)

peptide-specific cells secreting IFN-γ
and IL-17↓, Treg↑

Anti-inflammatory effects in patients
with MS [61]

Acute graft-versus-host
diseases (aGVHD)

Mouse Th1↓, Th17↓, Treg↑, Th2↑
Attenuation of aGVHD in allo-bone

marrow transplantation
mouse model [62]

Human Th17↓, Treg↑

Improvement of immunological
balance by increasing Treg cells and

decreasing Th17 cells in liver
transplantation patients [51]

Allergic airway inflammation
Mouse Treg↑

Alleviation of airway inflammation in
obese asthmatic mouse model by

administering a high-fat diet (HFD)
and ovalbumin (OVA) sensitization [57]

Human - -

Ovarian fibrosis

Mouse B cells↑, T cells↑, metformin-responsive
macrophage III subpopulation↑

Amelioration of ovarian fibrosis in
aged mouse model [63]

Human CD206+:CD68+ cell ratio↓, CD8+
infiltration↓

Abrogation of age-associated ovarian
fibrosis in postmenopausal human

ovaries [64]

T cell immunoreceptor with Ig and ITIM domains (TIGIT); T cell mucin-domain containing-3 (TIM3).

8. Autoimmune Diseases and Metformin

The data for the efficacy of metformin in autoimmune diseases are limited and most
of them were performed in animal studies (Table 1). In the collagen antibody-induced
arthritis (CAIA) murine model, metformin attenuated arthritis scores, bone destruction,
serum levels of the pro-inflammatory cytokines, such as TNF-α and IL-1, and the number
of RORγt+CD4+ T cells from axillary lymph nodes. Metformin treatment of splenocytes
cultured in Th17-differentiation-inducing conditions decreased the number of RORγt+CD4+
T cells in a dose-dependent manner and downregulated STAT3 phosphorylation via the
AMPK pathway [49]. In CD4+ T cells from the patients with systemic lupus erythematodes
(SLE), metformin at 4 mM inhibits the transcription of IFN-stimulated genes independent
of AMPK activation and mammalian target of mTORC1 inhibition and it was replicated by
inhibitors for electron transport chain respiratory complexes I, III and IV, suggesting the
importance of OXPHOS in the production of IFN signature genes [65]. In addition, 2-deoxy-
D-glucose (2-DG), glycolysis inhibitor, also prevent the activation of CD4+ T cells and
reduced both IFN-γ and IL-17 production in B6.Sle1Sle2.Sle3 mice [66,67]. The combination
of 5 mM metformin and 2-DG treatment more potently suppressed IFN-γ production and
cell proliferation in activated primary human CD4+ T cells, suggesting multiple metabolic
networks of activated in human T cells may be the target for the treatment of SLE [68]. Since
CD28 costimulation through phosphatidylinositol 3’-kinase (PI3K) and Akt is required for
T cells to increase glucose uptake and glycolysis, the combination of CTLA4Ig, inhibitor for
CD28 signaling, and metformin decreased the development of lupus nephritis in (NZB x
NZW)F1 mice treated at the early stage of disease [69]. The amelioration of autoimmune
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and allergic animal models by metformin was reported in T cell-transfer model of chronic
colitis in SCID mice injected with CD4+ CD45RB(high) T cells [53], non-obese diabetic
(NOD)/ShiLtJ mice (an animal model of Sjogren’s syndrome) [55], autoimmune insulitis
in NOD mice38, concanavalin A (Con A)-induced hepatitis, an experimental model of T
cell-mediated liver injury, in C57Bl/6 mice [70], and obese asthmatic mouse model by
administering a high-fat diet (HFD) and ovalbumin (OVA) sensitization [57]. In a mouse
Hashimoto’s thyroiditis model induced by high-iodine water feeding and thyroglobulin
immuno-injection, metformin reduced thyroglobulin antibody production and lymphocyte
infiltration in thyroid associated with reduced number and function of Th17 cells and
M1 macrophages polarization [58].

9. Aging and Metformin

In the process of aging, the inflammation plays fundamental roles in all the age-
associated diseases (Table 1). Cytokine profiling demonstrated that CD4+ T cells derived
from older subjects mimic a diabetes-associated Th17 profile such as IL-6, IL-17A, IL-17F,
IL-21, and IL-23 [71]. Although inflammation is traditionally fueled by glycolysis, in CD4+
T cells from older subjects, higher OXPHOS and lower glycolysis was observed. Further-
more, metformin at 100 µM shifts older CD4+ T cells to younger CD4+ T cells with lower
OXPHOS and higher glycolysis associated with amelioration of Th17 profile [71]. The
amelioration of the Th17 inflammaging profile by metformin is mediated by increasing
autophagy and improving mitochondrial bioenergetics [71,72]. In aging process, the reduc-
tion of brown adipose tissue links to the development of obesity and diabetes. Metformin
inhibits an inflammatory program executed by hypoxia-inducible factor-1α (HIF1α) in
M1-polarized macrophages and exerts beneficial effect on insulin-mediated glucose uptake
and β-adrenergic responses in brown adipocytes [73]. In the process of aging, develop-
ment of ovarian fibrosis is the risk for the ovarian cancer in the postmenopausal women.
Metformin abrogates age-associated ovarian fibrosis in aged C57/lcrfa mice demonstrat-
ing reduced CD8+ T-cell infiltration and reduced CD206+:CD68+ cell ratio [64]. In the
cohort of normal human ovaries, ovarian fibrosis developed associated with increased
CD206+:CD68+ cell ratio, and CD8+ T-cell infiltration, which were reduced in the patients
with metformin use [64]. Metformin may be useful for the aging-dependent ovarian cancer
prophylaxis. Aging also impacts the alloimmunity and the activation of CD4+ T cells
from old mice but not young CD4+ T cells exclusively relied on glutaminolysis. DON (6-
diazo-5-oxo-l-norleucine), a glutaminolysis inhibitor, resulted in reduced IFN-γ production
and prolonged graft survival, while both inhibition of glycolysis (2-DG) and OXPHOS
(metformin) in combination with DON was required for the elongation of graft survival in
young animals [74].

10. Immune-Mediated Antitumor Effects of Metformin

Metformin, a long-standing prescribed drug for T2D, had been reported to have
anti-cancer effects by epidemiology studies. Metformin was reported to demonstrate an
ability to reject various solid tumors in normal, but not T-cell-deficient SCID mice and
it increased the numbers of CD8+ tumor-infiltrating lymphocytes (TILs), with multiple
cytokine production, i.e., IL-2, TNFα, and IFN-γ [35]. In high fat-high glucose (HFS) in-
duced C57BL/6JJcl obesity mice, multifunctionality of CD8+ splenic and TILs was impaired
and associated with enhanced tumor growth. In CD8+ splenic T cells from the HFS mice,
glycolysis/basal respiration ratio was significantly reduced, and glycolysis were reversed
by metformin [75] (Figure 3). In contrast to CD8+ T cells, metformin inhibited tumor
growth, decreased IL-22 production and de novo generation of Th1- and Th17 cells from
naïve CD4+ cells in a mouse hepatocellular carcinoma model [76]. Furthermore, metformin
inhibits the differentiation of naive CD4+ T cells into inducible Treg (iTreg) by reducing
forkhead box P3 (Foxp3) protein, caused by mTORC1 activation [77]. In human studies of
TILs, metformin triggered reduced CD8+ effector T cells and FoxP3+ Tregs in head and
neck squamous cell carcinoma [78], CD3+ CD8+ TILs in colorectal cancer in patients with
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T2D [79], CD8+ TILs and tumor-suppressive CD11c+ macrophages in human esophageal
cancer [80], and memory stem and central memory CD8+ T cells [81]. In addition to
CD4+ and CD8+ T cells, metformin increased natural killer (NK) cells and their cytotox-
icity in the patients with head and neck cancer squamous cell carcinoma (HNSCC) [82].
Low-dose of metformin also increased tumor-suppressive (CD11c+) and a decreased tumor-
promoting (CD163+) macrophages in the patients with esophageal squamous cell carcinoma
(ESCC) [80]. Mannose-modified macrophage-derived microparticles (Man-MPs) loaded
metformin (Met@Man-MPs) efficiently repolarized M2-like tumor-associated macrophages
(TAMs) to Mi1-like phenotype [83].
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Figure 3. Effect of metformin on CD8 T cells. Metformin treatments in the patients with type
2 diabetes and obese mice fed with high fat diet results in increase in extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) ratio, activation of mammalian target of rapamycin
(mTOR), and enhanced specific immunity.

The combination of metformin with anticancer therapies and immunotherapy has
been vigorously attempted. The combination therapy of cisplatin (CDDP) and metformin,
cisplatin/polystyrene-polymetformin (HA-CDDP/PMet) dual-prodrug co-assembled
nanoparticles, in Lewis lung carcinoma (LLC) injected C57/BL6 mice, resulted in tumor
cell apoptosis associated with increased CD4+ and CD8+ T cells, a concomitant decrease in
Tregs with enhanced expression of the cytokines IFN-γ and TNF-α [84]. In contrast, the
combination therapy of melatonin, metformin, and dacarbazine in disseminated melanoma
patients, no benefit was observed over dacarbazine monotherapy; however, the increase of
CD3+ CD4+ HLA-DR+, CD3+ CD8+ HLA-DR+, CD3+ CD8+, CD4+ CD25high CD127low
was observed in patients with clinical benefit [85]. The combination of local radiation and
metformin in LuM1, a highly lung metastatic subclone of colon 26, injected BALB/c mice
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also resulted in delay in tumor growth associated with enhanced IFN-γ production of the
splenic CD4+ and CD8+ T cells [86]. Melittin is the main component and the major pain
producing substance of honeybee (Apis mellifera) venom and Clostridium novyi-spores coated
with melittin-RADA32 nanofiber hybrid peptide and metformin (MRM) were applied to
C57BL/6 mice injected with GL261 cells, glioblastoma cell line. The antitumor effects of
MRM-coated spored were mediated by inducing sustainable CD8+ T cell responses and
promoting M1 macrophage polarization in glioblastoma models [87].

The combination of metformin and the blockade of programmed death-1 (PD-1) and
programmed death-ligand 1 (PD-L1) is promising strategy for the cancer treatment. In
BALB/c mice injected with CT26 (murine colon cancer cell line), the combination of 3-
hydroxy-butyrate (3-OBA) blocking lactate/GPR81 and metformin was found to reduce the
production of lactic acid and recovered the inhibitory effect of metformin on PD-1 expres-
sion. Metformin changes the expression pattern of immune mediators in hepatocellular
carcinoma (HCC) immune microenvironment, including PD-1, cytotoxic T lymphocyte
antigen-4 (CTLA-4) [88]. Furthermore, metformin reduced the expression of PD-L1 in can-
cer cells by disrupting the electrostatic interaction and enhancing membrane dissociation
of cytoplasmic domain [89]. Metformin also activated AMPK, which directly phosphory-
lates S195 of PD-L1 and results in the endoplasmic reticulum (ER) accumulation and ER-
associated protein degradation (ERAD) in cancer cells [90]. The combination of metformin
and cisplatin-based chemotherapy81, chitosan oligosaccharide [91,92], photodynamic im-
munotherapy [93,94], vaccine immunotherapy [95], and 2-deoxy-D-glucose (2DG) [96]
further enhanced the reduction of PD-L1 expression in cancer cells. The dual administra-
tion of P PD-1/PD-L1 blocking peptide C8 and 3-OBA further potentiated theantitumor
activity of metformin [97]. The mannose-modified macrophage-derived microparticles
(Man-MPs) loading metformin (Met@Man-MPs) targeted M2-like TAMs to repolarize into
M1-like phenotype, increase the recruitment of CD8+ T cells into tumor tissues, and boost
anti-PD-1 antibody therapy in H22 tumor-bearing BALB/c mice [83].

11. Conclusions

Metformin demonstrates prominent impacts on the differentiation and activation of
CD4+ and CD+8 T cells in various disease states, such as virus infection, autoimmune dis-
eases, aging, and cancers. The increased glycolysis and reduced oxidative phosphorylation
(OXPHOS) by metformin links to the activation of CD4+ and CD+8 T cells and enhanced
cytokine production. The combination of metformin with anti-viral drugs, immunosuppres-
sants, anticancer agents and immune checkpoint inhibitors enhances the beneficial effects
in the treatment of these diseases. Metformin also targets other immune-mediated cells,
such as macrophages, and somatic cell types including hepatocytes, Intestinal epithelial
cells, and adipocytes. The organellar function of mitochondria and ER is altered by met-
formin acting on the diverse molecular targets such as AMPK, mTORC1, and mGPD. The
understanding of multiple actions of metformin on immune-mediated cells and somatic
cells would further enhance the identification of new molecular targets and development
of new therapeutic strategies for various diseases.

Author Contributions: Conceptualization, I.N. and J.W.; writing—original draft preparation, I.N.;
writing—review and editing, J.W.; visualization, I.N.; supervision, J.W.; funding acquisition, J.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Grant-in-Aid for Scientific Research (B) [22H03088], Japan
Agency for Medical Research and development (AMED) [22ek0109445h0003].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2023, 24, 755 13 of 17

References
1. Bailey, C.J. Metformin: Historical overview. Diabetologia 2017, 60, 1566–1576. [CrossRef] [PubMed]
2. Sterne, J. Blood sugar-lowering effect of 1,1-dimethylbiguanide. Therapie 1958, 13, 650–659. [PubMed]
3. UK Prospective Diabetes Study (UKPDS) Group. Effect of intensive blood-glucose control with metformin on complications in

overweight patients with type 2 diabetes (UKPDS 34). Lancet 1998, 352, 854–865. [CrossRef]
4. Salvatore, T.; Pafundi, P.C.; Morgillo, F.; Di Liello, R.; Galiero, R.; Nevola, R.; Marfella, R.; Monaco, L.; Rinaldi, L.; Adinolfi,

L.E.; et al. Metformin: An old drug against old age and associated morbidities. Diabetes Res. Clin. Pract. 2020, 160, 108025.
[CrossRef]

5. Salvatore, T.; Pafundi, P.C.; Galiero, R.; Rinaldi, L.; Caturano, A.; Vetrano, E.; Aprea, C.; Albanese, G.; Di Martino, A.; Ricozzi,
C.; et al. Can Metformin Exert as an Active Drug on Endothelial Dysfunction in Diabetic Subjects? Biomedicines 2020, 9, 3.
[CrossRef]

6. Holman, R.R.; Paul, S.K.; Bethel, M.A.; Matthews, D.R.; Neil, H.A. 10-year follow-up of intensive glucose control in type 2 diabetes.
N. Engl. J. Med. 2008, 359, 1577–1589. [CrossRef]

7. Libby, G.; Donnelly, L.A.; Donnan, P.T.; Alessi, D.R.; Morris, A.D.; Evans, J.M. New users of metformin are at low risk of incident
cancer: A cohort study among people with type 2 diabetes. Diabetes Care 2009, 32, 1620–1625. [CrossRef]

8. Zhang, K.; Bai, P.; Dai, H.; Deng, Z. Metformin and risk of cancer among patients with type 2 diabetes mellitus: A systematic
review and meta-analysis. Prim. Care Diabetes 2021, 15, 52–58. [CrossRef]

9. Salani, B.; Del Rio, A.; Marini, C.; Sambuceti, G.; Cordera, R.; Maggi, D. Metformin, cancer and glucose metabolism. Endocr. Relat.
Cancer 2014, 21, R461–R471. [CrossRef]

10. Szymczak-Pajor, I.; Wenclewska, S.; Sliwinska, A. Metabolic Action of Metformin. Pharmaceuticals 2022, 15, 810. [CrossRef]
11. Foretz, M.; Guigas, B.; Bertrand, L.; Pollak, M.; Viollet, B. Metformin: From mechanisms of action to therapies. Cell Metab. 2014,

20, 953–966. [CrossRef] [PubMed]
12. Hur, K.Y.; Lee, M.S. New mechanisms of metformin action: Focusing on mitochondria and the gut. J. Diabetes Investig. 2015, 6,

600–609. [CrossRef]
13. Ferrannini, E. The target of metformin in type 2 diabetes. N. Engl. J. Med. 2014, 371, 1547–1548. [CrossRef] [PubMed]
14. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol.

Cell Biol. 2012, 13, 251–262. [CrossRef]
15. Duca, F.A.; Cote, C.D.; Rasmussen, B.A.; Zadeh-Tahmasebi, M.; Rutter, G.A.; Filippi, B.M.; Lam, T.K. Corrigendum: Metformin

activates a duodenal Ampk-dependent pathway to lower hepatic glucose production in rats. Nat. Med. 2016, 22, 217. [CrossRef]
16. Sun, L.; Xie, C.; Wang, G.; Wu, Y.; Wu, Q.; Wang, X.; Liu, J.; Deng, Y.; Xia, J.; Chen, B.; et al. Gut microbiota and intestinal FXR

mediate the clinical benefits of metformin. Nat. Med. 2018, 24, 1919–1929. [CrossRef] [PubMed]
17. Morita, Y.; Nogami, M.; Sakaguchi, K.; Okada, Y.; Hirota, Y.; Sugawara, K.; Tamori, Y.; Zeng, F.; Murakami, T.; Ogawa, W.

Enhanced Release of Glucose into the Intraluminal Space of the Intestine Associated with Metformin Treatment as Revealed by
[(18)F]Fluorodeoxyglucose PET-MRI. Diabetes Care 2020, 43, 1796–1802. [CrossRef] [PubMed]

18. Suliman, H.B.; Piantadosi, C.A. Mitochondrial Quality Control as a Therapeutic Target. Pharmacol. Rev. 2016, 68, 20–48. [CrossRef]
19. Jager, S.; Handschin, C.; St-Pierre, J.; Spiegelman, B.M. AMP-activated protein kinase (AMPK) action in skeletal muscle via direct

phosphorylation of PGC-1alpha. Proc. Natl. Acad. Sci. USA 2007, 104, 12017–12022. [CrossRef]
20. Kukidome, D.; Nishikawa, T.; Sonoda, K.; Imoto, K.; Fujisawa, K.; Yano, M.; Motoshima, H.; Taguchi, T.; Matsumura, T.; Araki, E.

Activation of AMP-activated protein kinase reduces hyperglycemia-induced mitochondrial reactive oxygen species production
and promotes mitochondrial biogenesis in human umbilical vein endothelial cells. Diabetes 2006, 55, 120–127. [CrossRef]

21. Song, Z.; Ghochani, M.; McCaffery, J.M.; Frey, T.G.; Chan, D.C. Mitofusins and OPA1 mediate sequential steps in mitochondrial
membrane fusion. Mol. Biol. Cell 2009, 20, 3525–3532. [CrossRef] [PubMed]

22. Chan, D.C. Fusion and fission: Interlinked processes critical for mitochondrial health. Annu. Rev. Genet. 2012, 46, 265–287.
[CrossRef] [PubMed]

23. Krols, M.; van Isterdael, G.; Asselbergh, B.; Kremer, A.; Lippens, S.; Timmerman, V.; Janssens, S. Mitochondria-associated
membranes as hubs for neurodegeneration. Acta Neuropathol. 2016, 131, 505–523. [CrossRef] [PubMed]

24. Kulkarni, S.S.; Joffraud, M.; Boutant, M.; Ratajczak, J.; Gao, A.W.; Maclachlan, C.; Hernandez-Alvarez, M.I.; Raymond, F.;
Metairon, S.; Descombes, P.; et al. Mfn1 Deficiency in the Liver Protects Against Diet-Induced Insulin Resistance and Enhances
the Hypoglycemic Effect of Metformin. Diabetes 2016, 65, 3552–3560. [CrossRef]

25. Chang, Y.H.; Lin, H.Y.; Shen, F.C.; Su, Y.J.; Chuang, J.H.; Lin, T.K.; Liou, C.W.; Lin, C.Y.; Weng, S.W.; Wang, P.W. The Causal Role
of Mitochondrial Dynamics in Regulating Innate Immunity in Diabetes. Front. Endocrinol. 2020, 11, 445. [CrossRef]

26. Du, Y.; Zhu, Y.J.; Zeng, B.; Mu, X.L.; Liu, J.Y. Super-Resolution Quantification of T2DM-Induced Mitochondrial Morphology
Changes and Their Implications in Pharmacodynamics of Metformin and Sorafenib. Front. Pharmacol. 2022, 13, 932116. [CrossRef]

27. Tubbs, E.; Theurey, P.; Vial, G.; Bendridi, N.; Bravard, A.; Chauvin, M.A.; Ji-Cao, J.; Zoulim, F.; Bartosch, B.; Ovize, M.; et al.
Mitochondria-associated endoplasmic reticulum membrane (MAM) integrity is required for insulin signaling and is implicated in
hepatic insulin resistance. Diabetes 2014, 63, 3279–3294. [CrossRef]

28. Segal, E.D.; Yasmeen, A.; Beauchamp, M.C.; Rosenblatt, J.; Pollak, M.; Gotlieb, W.H. Relevance of the OCT1 transporter to the
antineoplastic effect of biguanides. Biochem. Biophys. Res. Commun. 2011, 414, 694–699. [CrossRef]

http://doi.org/10.1007/s00125-017-4318-z
http://www.ncbi.nlm.nih.gov/pubmed/28776081
http://www.ncbi.nlm.nih.gov/pubmed/13603402
http://doi.org/10.1016/S0140-6736(98)07037-8
http://doi.org/10.1016/j.diabres.2020.108025
http://doi.org/10.3390/biomedicines9010003
http://doi.org/10.1056/NEJMoa0806470
http://doi.org/10.2337/dc08-2175
http://doi.org/10.1016/j.pcd.2020.06.001
http://doi.org/10.1530/ERC-14-0284
http://doi.org/10.3390/ph15070810
http://doi.org/10.1016/j.cmet.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25456737
http://doi.org/10.1111/jdi.12328
http://doi.org/10.1056/NEJMcibr1409796
http://www.ncbi.nlm.nih.gov/pubmed/25317875
http://doi.org/10.1038/nrm3311
http://doi.org/10.1038/nm0216-217b
http://doi.org/10.1038/s41591-018-0222-4
http://www.ncbi.nlm.nih.gov/pubmed/30397356
http://doi.org/10.2337/dc20-0093
http://www.ncbi.nlm.nih.gov/pubmed/32493754
http://doi.org/10.1124/pr.115.011502
http://doi.org/10.1073/pnas.0705070104
http://doi.org/10.2337/diabetes.55.01.06.db05-0943
http://doi.org/10.1091/mbc.e09-03-0252
http://www.ncbi.nlm.nih.gov/pubmed/19477917
http://doi.org/10.1146/annurev-genet-110410-132529
http://www.ncbi.nlm.nih.gov/pubmed/22934639
http://doi.org/10.1007/s00401-015-1528-7
http://www.ncbi.nlm.nih.gov/pubmed/26744348
http://doi.org/10.2337/db15-1725
http://doi.org/10.3389/fendo.2020.00445
http://doi.org/10.3389/fphar.2022.932116
http://doi.org/10.2337/db13-1751
http://doi.org/10.1016/j.bbrc.2011.09.134


Int. J. Mol. Sci. 2023, 24, 755 14 of 17

29. Gupta, S.; Wulf, G.; Henjakovic, M.; Koepsell, H.; Burckhardt, G.; Hagos, Y. Human organic cation transporter 1 is expressed in
lymphoma cells and increases susceptibility to irinotecan and paclitaxel. J. Pharmacol. Exp. Ther. 2012, 341, 16–23. [CrossRef]

30. Koppenol, W.H.; Bounds, P.L.; Dang, C.V. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat. Rev.
Cancer 2011, 11, 325–337. [CrossRef]

31. Salani, B.; Marini, C.; Rio, A.D.; Ravera, S.; Massollo, M.; Orengo, A.M.; Amaro, A.; Passalacqua, M.; Maffioli, S.; Pfeffer, U.; et al.
Metformin impairs glucose consumption and survival in Calu-1 cells by direct inhibition of hexokinase-II. Sci. Rep. 2013, 3, 2070.
[CrossRef]

32. Chang, C.H.; Curtis, J.D.; Maggi, L.B., Jr.; Faubert, B.; Villarino, A.V.; O’Sullivan, D.; Huang, S.C.; van der Windt, G.J.; Blagih, J.;
Qiu, J.; et al. Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell 2013, 153, 1239–1251. [CrossRef]
[PubMed]

33. Ho, P.C.; Bihuniak, J.D.; Macintyre, A.N.; Staron, M.; Liu, X.; Amezquita, R.; Tsui, Y.C.; Cui, G.; Micevic, G.; Perales, J.C.; et al.
Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell Responses. Cell 2015, 162, 1217–1228. [CrossRef] [PubMed]

34. Chao, R.; Nishida, M.; Yamashita, N.; Tokumasu, M.; Zhao, W.; Kudo, I.; Udono, H. Nutrient Condition in the Microenvironment
Determines Essential Metabolisms of CD8(+) T Cells for Enhanced IFNgamma Production by Metformin. Front. Immunol. 2022,
13, 864225. [CrossRef] [PubMed]

35. Eikawa, S.; Nishida, M.; Mizukami, S.; Yamazaki, C.; Nakayama, E.; Udono, H. Immune-mediated antitumor effect by type
2 diabetes drug, metformin. Proc. Natl. Acad. Sci. USA 2015, 112, 1809–1814. [CrossRef] [PubMed]

36. Gwinn, D.M.; Shackelford, D.B.; Egan, D.F.; Mihaylova, M.M.; Mery, A.; Vasquez, D.S.; Turk, B.E.; Shaw, R.J. AMPK phosphoryla-
tion of raptor mediates a metabolic checkpoint. Mol. Cell 2008, 30, 214–226. [CrossRef]

37. Ma, E.H.; Poffenberger, M.C.; Wong, A.H.; Jones, R.G. The role of AMPK in T cell metabolism and function. Curr. Opin. Immunol.
2017, 46, 45–52. [CrossRef]

38. Duan, W.; Ding, Y.; Yu, X.; Ma, D.; Yang, B.; Li, Y.; Huang, L.; Chen, Z.; Zheng, J.; Yang, C. Metformin mitigates autoimmune
insulitis by inhibiting Th1 and Th17 responses while promoting Treg production. Am. J. Transl. Res. 2019, 11, 2393–2402.

39. Martinez, E.; Domingo, P.; Ribera, E.; Milinkovic, A.; Arroyo, J.A.; Conget, I.; Perez-Cuevas, J.B.; Casamitjana, R.; de Lazzari, E.;
Bianchi, L.; et al. Effects of metformin or gemfibrozil on the lipodystrophy of HIV-infected patients receiving protease inhibitors.
Antivir. Ther. 2003, 8, 403–410. [CrossRef]

40. Mulligan, K.; Yang, Y.; Wininger, D.A.; Koletar, S.L.; Parker, R.A.; Alston-Smith, B.L.; Schouten, J.T.; Fielding, R.A.; Basar, M.T.;
Grinspoon, S. Effects of metformin and rosiglitazone in HIV-infected patients with hyperinsulinemia and elevated waist/hip
ratio. AIDS 2007, 21, 47–57. [CrossRef]

41. Nimitphong, H.; Jiriyasin, S.; Kasemasawachanon, P.; Sungkanuparph, S. Metformin for Preventing Progression From Prediabetes
to Diabetes Mellitus in People Living With Human Immunodeficiency Virus. Cureus 2022, 14, e24540. [CrossRef] [PubMed]

42. Isnard, S.; Lin, J.; Fombuena, B.; Ouyang, J.; Varin, T.V.; Richard, C.; Marette, A.; Ramendra, R.; Planas, D.; Marchand, L.R.; et al.
Repurposing Metformin in Nondiabetic People With HIV: Influence on Weight and Gut Microbiota. Open Forum Infect. Dis. 2020,
7, ofaa338. [CrossRef] [PubMed]

43. Routy, J.P.; Isnard, S.; Mehraj, V.; Ostrowski, M.; Chomont, N.; Ancuta, P.; Ponte, R.; Planas, D.; Dupuy, F.P.; Angel, J.B.; et al.
Effect of metformin on the size of the HIV reservoir in non-diabetic ART-treated individuals: Single-arm non-randomised Lilac
pilot study protocol. BMJ Open 2019, 9, e028444. [CrossRef] [PubMed]

44. Shikuma, C.M.; Chew, G.M.; Kohorn, L.; Souza, S.A.; Chow, D.; SahBandar, I.N.; Park, E.Y.; Hanks, N.; Gangcuangco, L.M.A.;
Gerschenson, M.; et al. Short Communication: Metformin Reduces CD4 T Cell Exhaustion in HIV-Infected Adults on Suppressive
Antiretroviral Therapy. AIDS Res. Hum. Retrovir. 2020, 36, 303–305. [CrossRef]

45. Planas, D.; Pagliuzza, A.; Ponte, R.; Fert, A.; Marchand, L.R.; Massanella, M.; Gosselin, A.; Mehraj, V.; Dupuy, F.P.; Isnard,
S.; et al. LILAC pilot study: Effects of metformin on mTOR activation and HIV reservoir persistence during antiretroviral therapy.
EBioMedicine 2021, 65, 103270. [CrossRef]

46. Chew, G.M.; Padua, A.J.P.; Chow, D.C.; Souza, S.A.; Clements, D.M.; Corley, M.J.; Pang, A.P.S.; Alejandria, M.M.; Gerschenson,
M.; Shikuma, C.M.; et al. Effects of Brief Adjunctive Metformin Therapy in Virologically Suppressed HIV-Infected Adults on
Polyfunctional HIV-Specific CD8 T Cell Responses to PD-L1 Blockade. AIDS Res. Hum. Retrovir. 2021, 37, 24–33. [CrossRef]

47. Guo, H.; Wang, Q.; Ghneim, K.; Wang, L.; Rampanelli, E.; Holley-Guthrie, E.; Cheng, L.; Garrido, C.; Margolis, D.M.; Eller,
L.A.; et al. Multi-omics analyses reveal that HIV-1 alters CD4(+) T cell immunometabolism to fuel virus replication. Nat. Immunol.
2021, 22, 423–433. [CrossRef]

48. Xian, H.; Liu, Y.; Nilsson, A.R.; Gatchalian, R.; Crother, T.R.; Tourtellotte, W.G.; Zhang, Y.; Aleman-Muench, G.R.; Lewis, G.;
Chen, W.; et al. Metformin inhibition of mitochondrial ATP and DNA synthesis abrogates NLRP3 inflammasome activation and
pulmonary inflammation. Immunity 2021, 54, 1463–1477.e11. [CrossRef]

49. Kang, K.Y.; Kim, Y.K.; Yi, H.; Kim, J.; Jung, H.R.; Kim, I.J.; Cho, J.H.; Park, S.H.; Kim, H.Y.; Ju, J.H. Metformin downregulates
Th17 cells differentiation and attenuates murine autoimmune arthritis. Int. Immunopharmacol. 2013, 16, 85–92. [CrossRef]

50. Matsuoka, Y.; Morimoto, S.; Fujishiro, M.; Hayakawa, K.; Kataoka, Y.; Suzuki, S.; Ikeda, K.; Takamori, K.; Yamaji, K.; Tamura, N.
Metformin repositioning in rheumatoid arthritis. Clin. Exp. Rheumatol. 2021, 39, 763–768. [CrossRef]

51. Lee, S.Y.; Moon, S.J.; Kim, E.K.; Seo, H.B.; Yang, E.J.; Son, H.J.; Kim, J.K.; Min, J.K.; Park, S.H.; Cho, M.L. Metformin Suppresses
Systemic Autoimmunity in Roquin(san/san) Mice through Inhibiting B Cell Differentiation into Plasma Cells via Regulation of
AMPK/mTOR/STAT3. J. Immunol. 2017, 198, 2661–2670. [CrossRef] [PubMed]

http://doi.org/10.1124/jpet.111.190561
http://doi.org/10.1038/nrc3038
http://doi.org/10.1038/srep02070
http://doi.org/10.1016/j.cell.2013.05.016
http://www.ncbi.nlm.nih.gov/pubmed/23746840
http://doi.org/10.1016/j.cell.2015.08.012
http://www.ncbi.nlm.nih.gov/pubmed/26321681
http://doi.org/10.3389/fimmu.2022.864225
http://www.ncbi.nlm.nih.gov/pubmed/35844589
http://doi.org/10.1073/pnas.1417636112
http://www.ncbi.nlm.nih.gov/pubmed/25624476
http://doi.org/10.1016/j.molcel.2008.03.003
http://doi.org/10.1016/j.coi.2017.04.004
http://doi.org/10.1177/135965350300800507
http://doi.org/10.1097/QAD.0b013e328011220e
http://doi.org/10.7759/cureus.24540
http://www.ncbi.nlm.nih.gov/pubmed/35651475
http://doi.org/10.1093/ofid/ofaa338
http://www.ncbi.nlm.nih.gov/pubmed/32964062
http://doi.org/10.1136/bmjopen-2018-028444
http://www.ncbi.nlm.nih.gov/pubmed/31005944
http://doi.org/10.1089/aid.2019.0078
http://doi.org/10.1016/j.ebiom.2021.103270
http://doi.org/10.1089/aid.2020.0172
http://doi.org/10.1038/s41590-021-00898-1
http://doi.org/10.1016/j.immuni.2021.05.004
http://doi.org/10.1016/j.intimp.2013.03.020
http://doi.org/10.55563/clinexprheumatol/zn2u9h
http://doi.org/10.4049/jimmunol.1403088
http://www.ncbi.nlm.nih.gov/pubmed/28242651


Int. J. Mol. Sci. 2023, 24, 755 15 of 17

52. Wang, H.; Li, T.; Chen, S.; Gu, Y.; Ye, S. Neutrophil Extracellular Trap Mitochondrial DNA and Its Autoantibody in Systemic
Lupus Erythematosus and a Proof-of-Concept Trial of Metformin. Arthritis Rheumatol. 2015, 67, 3190–3200. [CrossRef] [PubMed]

53. Takahara, M.; Takaki, A.; Hiraoka, S.; Takei, K.; Yasutomi, E.; Igawa, S.; Yamamoto, S.; Oka, S.; Ohmori, M.; Yamasaki, Y.; et al.
Metformin ameliorates chronic colitis in a mouse model by regulating interferon-gamma-producing lamina propria CD4(+) T
cells through AMPK activation. FASEB J. 2022, 36, e22139. [CrossRef]

54. Kabel, A.M.; Omar, M.S.; Alotaibi, S.N.; Baali, M.H. Effect of Indole-3-carbinol and/or Metformin on Female Patients with
Ulcerative Colitis (Premalignant Condition): Role of Oxidative Stress, Apoptosis and Proinflammatory Cytokines. J. Cancer Res.
Treat. 2017, 5, 1–8.

55. Kim, J.W.; Kim, S.M.; Park, J.S.; Hwang, S.H.; Choi, J.; Jung, K.A.; Ryu, J.G.; Lee, S.Y.; Kwok, S.K.; Cho, M.L.; et al. Metformin
improves salivary gland inflammation and hypofunction in murine Sjogren’s syndrome. Arthritis Res. Ther. 2019, 21, 136.
[CrossRef]

56. Wang, C.Y.; Lai, J.N.; Liu, C.H.; Hu, K.C.; Sheu, K.L.; Wei, J.C. Metformin Use Was Associated With Reduced Risk of Incidental
Sjogren’s Syndrome in Patients With Type 2 Diabetes: A Population-Based Cohort Study. Front Med. 2021, 8, 796615. [CrossRef]

57. Guo, Y.; Shi, J.; Wang, Q.; Hong, L.; Chen, M.; Liu, S.; Yuan, X.; Jiang, S. Metformin alleviates allergic airway inflammation and
increases Treg cells in obese asthma. J. Cell Mol. Med. 2021, 25, 2279–2284. [CrossRef]

58. Jia, X.; Zhai, T.; Qu, C.; Ye, J.; Zhao, J.; Liu, X.; Zhang, J.A.; Qian, Q. Metformin Reverses Hashimoto’s Thyroiditis by Regulating
Key Immune Events. Front. Cell Dev. Biol. 2021, 9, 685522. [CrossRef]

59. Wang, Y.; Zhang, S.; Liang, Z.; Feng, M.; Zhao, X.; Qin, K.; Gao, C.; Li, X.; Guo, H.; Luo, J. Metformin attenuates bleomycin-induced
scleroderma by regulating the balance of Treg/Teff cells and reducing spleen germinal center formation. Mol. Immunol. 2019, 114,
72–80. [CrossRef]

60. Sun, Y.; Tian, T.; Gao, J.; Liu, X.; Hou, H.; Cao, R.; Li, B.; Quan, M.; Guo, L. Metformin ameliorates the development of experimental
autoimmune encephalomyelitis by regulating T helper 17 and regulatory T cells in mice. J. Neuroimmunol. 2016, 292, 58–67.
[CrossRef]

61. Negrotto, L.; Farez, M.F.; Correale, J. Immunologic Effects of Metformin and Pioglitazone Treatment on Metabolic Syndrome and
Multiple Sclerosis. JAMA Neurol. 2016, 73, 520–528. [CrossRef]

62. Park, M.J.; Lee, S.Y.; Moon, S.J.; Son, H.J.; Lee, S.H.; Kim, E.K.; Byun, J.K.; Shin, D.Y.; Park, S.H.; Yang, C.W.; et al. Metformin
attenuates graft-versus-host disease via restricting mammalian target of rapamycin/signal transducer and activator of transcrip-
tion 3 and promoting adenosine monophosphate-activated protein kinase-autophagy for the balance between T helper 17 and
Tregs. Transl. Res. 2016, 173, 115–130. [PubMed]

63. Landry, D.A.; Yakubovich, E.; Cook, D.P.; Fasih, S.; Upham, J.; Vanderhyden, B.C. Metformin prevents age-associated ovarian
fibrosis by modulating the immune landscape in female mice. Sci. Adv. 2022, 8, eabq1475. [CrossRef] [PubMed]

64. McCloskey, C.W.; Cook, D.P.; Kelly, B.S.; Azzi, F.; Allen, C.H.; Forsyth, A.; Upham, J.; Rayner, K.J.; Gray, D.A.; Boyd, R.W.; et al.
Metformin Abrogates Age-Associated Ovarian Fibrosis. Clin. Cancer Res. 2020, 26, 632–642. [CrossRef] [PubMed]

65. Titov, A.A.; Baker, H.V.; Brusko, T.M.; Sobel, E.S.; Morel, L. Metformin Inhibits the Type 1 IFN Response in Human CD4(+) T
Cells. J. Immunol. 2019, 203, 338–348. [CrossRef] [PubMed]

66. Yin, Y.; Choi, S.C.; Xu, Z.; Zeumer, L.; Kanda, N.; Croker, B.P.; Morel, L. Glucose Oxidation Is Critical for CD4+ T Cell Activation
in a Mouse Model of Systemic Lupus Erythematosus. J. Immunol. 2016, 196, 80–90. [CrossRef]

67. Yin, Y.; Choi, S.C.; Xu, Z.; Perry, D.J.; Seay, H.; Croker, B.P.; Sobel, E.S.; Brusko, T.M.; Morel, L. Normalization of CD4+ T cell
metabolism reverses lupus. Sci. Transl. Med. 2015, 7, 274ra18. [CrossRef] [PubMed]

68. Tan, S.Y.; Kelkar, Y.; Hadjipanayis, A.; Shipstone, A.; Wynn, T.A.; Hall, J.P. Metformin and 2-Deoxyglucose Collaboratively
Suppress Human CD4(+) T Cell Effector Functions and Activation-Induced Metabolic Reprogramming. J. Immunol. 2020, 205,
957–967. [CrossRef] [PubMed]

69. Cornaby, C.; Elshikha, A.S.; Teng, X.; Choi, S.C.; Scindia, Y.; Davidson, A.; Morel, L. Efficacy of the Combination of Metformin
and CTLA4Ig in the (NZB x NZW)F1 Mouse Model of Lupus Nephritis. Immunohorizons 2020, 4, 319–331. [CrossRef]

70. Volarevic, V.; Misirkic, M.; Vucicevic, L.; Paunovic, V.; Markovic, B.S.; Stojanovic, M.; Milovanovic, M.; Jakovljevic, V.; Micic, D.;
Arsenijevic, N.; et al. Metformin aggravates immune-mediated liver injury in mice. Arch. Toxicol. 2015, 89, 437–450. [CrossRef]
[PubMed]

71. Bharath, L.P.; Agrawal, M.; McCambridge, G.; Nicholas, D.A.; Hasturk, H.; Liu, J.; Jiang, K.; Liu, R.; Guo, Z.; Deeney, J.; et al.
Metformin Enhances Autophagy and Normalizes Mitochondrial Function to Alleviate Aging-Associated Inflammation. Cell
Metab. 2020, 32, 44–55.e6. [CrossRef] [PubMed]

72. Kulkarni, A.S.; Gubbi, S.; Barzilai, N. Benefits of Metformin in Attenuating the Hallmarks of Aging. Cell Metab. 2020, 32, 15–30.
[CrossRef] [PubMed]

73. Pescador, N.; Francisco, V.; Vazquez, P.; Esquinas, E.M.; Gonzalez-Paramos, C.; Valdecantos, M.P.; Garcia-Martinez, I.; Urrutia,
A.A.; Ruiz, L.; Escalona-Garrido, C.; et al. Metformin reduces macrophage HIF1alpha-dependent proinflammatory signaling to
restore brown adipocyte function in vitro. Redox Biol. 2021, 48, 102171. [CrossRef] [PubMed]

74. Nian, Y.; Iske, J.; Maenosono, R.; Minami, K.; Heinbokel, T.; Quante, M.; Liu, Y.; Azuma, H.; Yang, J.; Abdi, R.; et al. Targeting
age-specific changes in CD4(+) T cell metabolism ameliorates alloimmune responses and prolongs graft survival. Aging Cell 2021,
20, e13299. [CrossRef] [PubMed]

http://doi.org/10.1002/art.39296
http://www.ncbi.nlm.nih.gov/pubmed/26245802
http://doi.org/10.1096/fj.202100831RR
http://doi.org/10.1186/s13075-019-1904-0
http://doi.org/10.3389/fmed.2021.796615
http://doi.org/10.1111/jcmm.16269
http://doi.org/10.3389/fcell.2021.685522
http://doi.org/10.1016/j.molimm.2019.07.002
http://doi.org/10.1016/j.jneuroim.2016.01.014
http://doi.org/10.1001/jamaneurol.2015.4807
http://www.ncbi.nlm.nih.gov/pubmed/27126953
http://doi.org/10.1126/sciadv.abq1475
http://www.ncbi.nlm.nih.gov/pubmed/36054356
http://doi.org/10.1158/1078-0432.CCR-19-0603
http://www.ncbi.nlm.nih.gov/pubmed/31597663
http://doi.org/10.4049/jimmunol.1801651
http://www.ncbi.nlm.nih.gov/pubmed/31160534
http://doi.org/10.4049/jimmunol.1501537
http://doi.org/10.1126/scitranslmed.aaa0835
http://www.ncbi.nlm.nih.gov/pubmed/25673763
http://doi.org/10.4049/jimmunol.2000137
http://www.ncbi.nlm.nih.gov/pubmed/32641388
http://doi.org/10.4049/immunohorizons.2000033
http://doi.org/10.1007/s00204-014-1263-1
http://www.ncbi.nlm.nih.gov/pubmed/24770553
http://doi.org/10.1016/j.cmet.2020.04.015
http://www.ncbi.nlm.nih.gov/pubmed/32402267
http://doi.org/10.1016/j.cmet.2020.04.001
http://www.ncbi.nlm.nih.gov/pubmed/32333835
http://doi.org/10.1016/j.redox.2021.102171
http://www.ncbi.nlm.nih.gov/pubmed/34736121
http://doi.org/10.1111/acel.13299
http://www.ncbi.nlm.nih.gov/pubmed/33497523


Int. J. Mol. Sci. 2023, 24, 755 16 of 17

75. Nojima, I.; Eikawa, S.; Tomonobu, N.; Hada, Y.; Kajitani, N.; Teshigawara, S.; Miyamoto, S.; Tone, A.; Uchida, H.A.; Nakatsuka,
A.; et al. Dysfunction of CD8 + PD-1 + T cells in type 2 diabetes caused by the impairment of metabolism-immune axis. Sci. Rep.
2020, 10, 14928. [CrossRef]

76. Zhao, D.; Long, X.D.; Lu, T.F.; Wang, T.; Zhang, W.W.; Liu, Y.X.; Cui, X.L.; Dai, H.J.; Xue, F.; Xia, Q. Metformin decreases
IL-22 secretion to suppress tumor growth in an orthotopic mouse model of hepatocellular carcinoma. Int. J. Cancer 2015, 136,
2556–2565. [CrossRef]

77. Kunisada, Y.; Eikawa, S.; Tomonobu, N.; Domae, S.; Uehara, T.; Hori, S.; Furusawa, Y.; Hase, K.; Sasaki, A.; Udono, H. Attenuation
of CD4(+)CD25(+) Regulatory T Cells in the Tumor Microenvironment by Metformin, a Type 2 Diabetes Drug. EBioMedicine 2017,
25, 154–164. [CrossRef] [PubMed]

78. Amin, D.; Richa, T.; Mollaee, M.; Zhan, T.; Tassone, P.; Johnson, J.; Luginbuhl, A.; Cognetti, D.; Martinez-Outschoorn, U.; Stapp,
R.; et al. Metformin Effects on FOXP3(+) and CD8(+) T Cell Infiltrates of Head and Neck Squamous Cell Carcinoma. Laryngoscope
2020, 130, E490–E498. [CrossRef]

79. Saito, A.; Kitayama, J.; Horie, H.; Koinuma, K.; Ohzawa, H.; Yamaguchi, H.; Kawahira, H.; Mimura, T.; Lefor, A.K.; Sata, N.
Metformin changes the immune microenvironment of colorectal cancer in patients with type 2 diabetes mellitus. Cancer Sci. 2020,
111, 4012–4020. [CrossRef] [PubMed]

80. Wang, S.; Lin, Y.; Xiong, X.; Wang, L.; Guo, Y.; Chen, Y.; Chen, S.; Wang, G.; Lin, P.; Chen, H.; et al. Low-Dose Metformin
Reprograms the Tumor Immune Microenvironment in Human Esophageal Cancer: Results of a Phase II Clinical Trial. Clin.
Cancer Res. 2020, 26, 4921–4932. [CrossRef]

81. Zhang, Z.; Li, F.; Tian, Y.; Cao, L.; Gao, Q.; Zhang, C.; Zhang, K.; Shen, C.; Ping, Y.; Maimela, N.R.; et al. Metformin Enhances the
Antitumor Activity of CD8(+) T Lymphocytes via the AMPK-miR-107-Eomes-PD-1 Pathway. J. Immunol. 2020, 204, 2575–2588.
[CrossRef] [PubMed]

82. Crist, M.; Yaniv, B.; Palackdharry, S.; Lehn, M.A.; Medvedovic, M.; Stone, T.; Gulati, S.; Karivedu, V.; Borchers, M.; Fuhrman,
B.; et al. Metformin increases natural killer cell functions in head and neck squamous cell carcinoma through CXCL1 inhibition. J.
Immunother. Cancer 2022, 10, e005632. [CrossRef] [PubMed]

83. Wei, Z.; Zhang, X.; Yong, T.; Bie, N.; Zhan, G.; Li, X.; Liang, Q.; Li, J.; Yu, J.; Huang, G.; et al. Boosting anti-PD-1 therapy with
metformin-loaded macrophage-derived microparticles. Nat. Commun. 2021, 12, 440. [CrossRef] [PubMed]

84. Yang, T.; Yu, S.; Liu, L.; Sun, Y.; Lan, Y.; Ma, X.; Zhu, R.; Li, L.; Hou, Y.; Liu, Y. Dual polymeric prodrug co-assembled nanoparticles
with precise ratiometric co-delivery of cisplatin and metformin for lung cancer chemoimmunotherapy. Biomater. Sci. 2020, 8,
5698–5714. [CrossRef]

85. Novik, A.V.; Protsenko, S.A.; Baldueva, I.A.; Berstein, L.M.; Anisimov, V.N.; Zhuk, I.N.; Semenova, A.I.; Latipova, D.K.; Tkachenko,
E.V.; Semiglazova, T.Y. Melatonin and Metformin Failed to Modify the Effect of Dacarbazine in Melanoma. Oncologist 2021, 26,
364-e734. [CrossRef]

86. Tojo, M.; Miyato, H.; Koinuma, K.; Horie, H.; Tsukui, H.; Kimura, Y.; Kaneko, Y.; Ohzawa, H.; Yamaguchi, H.; Yoshimura, K.; et al.
Metformin combined with local irradiation provokes abscopal effects in a murine rectal cancer model. Sci. Rep. 2022, 12, 7290.
[CrossRef]

87. Zhu, L.; Liu, J.; Qiu, M.; Chen, J.; Liang, Q.; Peng, G.; Zou, Z. Bacteria-mediated metformin-loaded peptide hydrogel reprograms
the tumor immune microenvironment in glioblastoma. Biomaterials 2022, 288, 121711. [CrossRef]

88. Abd El-Fattah, E.E.; Zakaria, A.Y. Metformin modulate immune fitness in hepatocellular carcinoma: Molecular and cellular
approach. Int. Immunopharmacol. 2022, 109, 108889. [CrossRef]

89. Wen, M.; Cao, Y.; Wu, B.; Xiao, T.; Cao, R.; Wang, Q.; Liu, X.; Xue, H.; Yu, Y.; Lin, J.; et al. PD-L1 degradation is regulated by
electrostatic membrane association of its cytoplasmic domain. Nat. Commun. 2021, 12, 5106. [CrossRef]

90. Cha, J.H.; Yang, W.H.; Xia, W.; Wei, Y.; Chan, L.C.; Lim, S.O.; Li, C.W.; Kim, T.; Chang, S.S.; Lee, H.H.; et al. Metformin Promotes
Antitumor Immunity via Endoplasmic-Reticulum-Associated Degradation of PD-L1. Mol. Cell 2018, 71, 606–620.e7. [CrossRef]

91. Zhou, Z.; Liu, Y.; Jiang, X.; Zheng, C.; Luo, W.; Xiang, X.; Qi, X.; Shen, J. Metformin modified chitosan as a multi-functional
adjuvant to enhance cisplatin-based tumor chemotherapy efficacy. Int. J. Biol. Macromol. 2023, 224, 797–809. [CrossRef]

92. Chen, J.; Zhou, Z.; Zheng, C.; Liu, Y.; Hao, R.; Ji, X.; Xi, Q.; Shen, J.; Li, Z. Chitosan oligosaccharide regulates AMPK and
STAT1 pathways synergistically to mediate PD-L1 expression for cancer chemoimmunotherapy. Carbohydr. Polym. 2022,
277, 118869. [CrossRef] [PubMed]

93. Xiong, W.; Qi, L.; Jiang, N.; Zhao, Q.; Chen, L.; Jiang, X.; Li, Y.; Zhou, Z.; Shen, J. Metformin Liposome-Mediated PD-L1 Downreg-
ulation for Amplifying the Photodynamic Immunotherapy Efficacy. ACS Appl. Mater. Interfaces 2021, 13, 8026–8041. [CrossRef]

94. Hu, C.; He, X.; Chen, Y.; Yang, X.; Qin, L.; Lei, T.; Zhou, Y.; Gong, T.; Huang, Y.; Gao, H. Metformin Mediated PD-L1 Downregula-
tion in Combination with Photodynamic-Immunotherapy for Treatment of Breast Cancer. Adv. Funct. Mater. 2021, 31, 2007149.
[CrossRef]

95. Munoz, L.E.; Huang, L.; Bommireddy, R.; Sharma, R.; Monterroza, L.; Guin, R.N.; Samaranayake, S.G.; Pack, C.D.; Ramachandiran,
S.; Reddy, S.J.C.; et al. Metformin reduces PD-L1 on tumor cells and enhances the anti-tumor immune response generated by
vaccine immunotherapy. J. Immunother. Cancer 2021, 9, e002614. [CrossRef]

http://doi.org/10.1038/s41598-020-71946-3
http://doi.org/10.1002/ijc.29305
http://doi.org/10.1016/j.ebiom.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29066174
http://doi.org/10.1002/lary.28336
http://doi.org/10.1111/cas.14615
http://www.ncbi.nlm.nih.gov/pubmed/32794612
http://doi.org/10.1158/1078-0432.CCR-20-0113
http://doi.org/10.4049/jimmunol.1901213
http://www.ncbi.nlm.nih.gov/pubmed/32221038
http://doi.org/10.1136/jitc-2022-005632
http://www.ncbi.nlm.nih.gov/pubmed/36328378
http://doi.org/10.1038/s41467-020-20723-x
http://www.ncbi.nlm.nih.gov/pubmed/33469052
http://doi.org/10.1039/D0BM01191F
http://doi.org/10.1002/onco.13761
http://doi.org/10.1038/s41598-022-11236-2
http://doi.org/10.1016/j.biomaterials.2022.121711
http://doi.org/10.1016/j.intimp.2022.108889
http://doi.org/10.1038/s41467-021-25416-7
http://doi.org/10.1016/j.molcel.2018.07.030
http://doi.org/10.1016/j.ijbiomac.2022.10.167
http://doi.org/10.1016/j.carbpol.2021.118869
http://www.ncbi.nlm.nih.gov/pubmed/34893274
http://doi.org/10.1021/acsami.0c21743
http://doi.org/10.1002/adfm.202007149
http://doi.org/10.1136/jitc-2021-002614


Int. J. Mol. Sci. 2023, 24, 755 17 of 17

96. Repas, J.; Zupin, M.; Vodlan, M.; Veranic, P.; Gole, B.; Potocnik, U.; Pavlin, M. Dual Effect of Combined Metformin and 2-Deoxy-
D-Glucose Treatment on Mitochondrial Biogenesis and PD-L1 Expression in Triple-Negative Breast Cancer Cells. Cancers 2022,
14, 1343. [CrossRef] [PubMed]

97. Chen, S.; Zhou, X.; Yang, X.; Li, W.; Li, S.; Hu, Z.; Ling, C.; Shi, R.; Liu, J.; Chen, G.; et al. Dual Blockade of Lactate/GPR81 and
PD-1/PD-L1 Pathways Enhances the Anti-Tumor Effects of Metformin. Biomolecules 2021, 11, 1373. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/cancers14051343
http://www.ncbi.nlm.nih.gov/pubmed/35267651
http://doi.org/10.3390/biom11091373
http://www.ncbi.nlm.nih.gov/pubmed/34572586

	Introduction 
	Molecular Mechanisms of Metformin-Induced Inhibition of Gluconeogenesis and Lipogenesis in Hepatocytes 
	Metformin and Mitochondrial Biogenesis and Dynamics 
	Metformin and Metabolism in Cancer Cells 
	Glycolysis and Cytokine Production in CD4 and CD8 T Cells 
	Metformin and Immune-Mediated Benefits in Various Diseases 
	HIV (Human Immunodeficiency Virus) Infection and Metformin 
	Autoimmune Diseases and Metformin 
	Aging and Metformin 
	Immune-Mediated Antitumor Effects of Metformin 
	Conclusions 
	References

