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ARTICLE INFO ABSTRACT

Keywords: The COVID-19 pandemic caused by the coronavirus SARS-CoV-2 has become a serious challenge for medicine
COVID-19 and science. Analysis of the molecular mechanisms associated with the clinical manifestations and severity of
Immunometabolism COVID-19 has identified several key points of immune dysregulation observed in SARS-CoV-2 infection. For
;@zﬁ;ﬁites diabetic patients, factors including higher binding affinity and virus penetration, decreased virus clearance and

decreased T cell function, increased susceptibility to hyperinflammation, and cytokine storm may make these
patients susceptible to a more severe course of COVID-19 disease. Metabolic changes induced by diabetes,
especially hyperglycemia, can directly affect the immunometabolism of lymphocytes in part by affecting the
activity of the mTOR protein kinase signaling pathway. High mTOR activity can enhance the progression of
diabetes due to the activation of effector proinflammatory subpopulations of lymphocytes and, conversely, low
activity promotes the differentiation of T-regulatory cells. Interestingly, metformin, an extensively used antidi-
abetic drug, inhibits mTOR by affecting the activity of AMPK. Therefore, activation of AMPK and/or inhibition of
the mTOR-mediated signaling pathway may be an important new target for drug therapy in COVID-19 cases
mostly by reducing the level of pro-inflammatory signaling and cytokine storm. These suggestions have been
partially confirmed by several retrospective analyzes of patients with diabetes mellitus hospitalized for severe
COVID-19.

cause some additional complications [3]. On another hand, metformin is
the drug with the lowest mortality rate among all available antidiabetic
drugs [4]. Metformin modulates the activity of the PI3K/AKT/mTOR
signaling network by targeting AMP-activated protein kinase (AMPK),

1. Introduction

Dysregulation of the immune system caused by coronavirus SARS-
CoV-2 is one of the main causes of severe COVID-19 disease. Several

comorbidity pathologies including diabetes mellitus can result in a more
severe course of COVID-19 that leads to higher mortality [1,2]. For
example, changes in the immunometabolism of lymphocytes, as is
observed in diabetes, directly affect the course of the disease and thus
point out the importance of glycemic control in people with COVID-19
infection. In this aspect, metformin might be the most attractive drug
that can be use to simultaneously prevent hyperglycemia and affect the
immunometabolism of lymphocytes via its effects on the mTOR
signaling pathway. However, it is still unclear how beneficial metformin
might be for patients with COVID-19. On the one hand, metformin might

and thereby regulate the metabolism and balance between key sub-
populations of immune cells involved in the pathogenesis of COVID-19.
In this review, we provide evidence of the significant benefits of met-
formin for diabetic patients with coronavirus infection making it the
most promising drug for pathogenetic therapy. Currently, various other
studies are also ongoing to investigate ways to decrease disease severity
and mortality among COVID-19 patients. These include the possible
beneficial effects of anticoagulant therapy and potential interventions
that improve endothelial function, such as RAS inhibitors, statins, and
antioxidants. The present review begins with this question. How does
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metformin influence endothelial function/dysfunction, inflammation,
and thrombotic events in diabetic/hyperglycemic COVID-19 patients?

2. Immune dysregulation in COVID-19

2.1. The recognition of SARS-COV-2 by components of the innate immune
system

Infection by the new coronavirus SARS-CoV-2 leads to the develop-
ment of COVID-19 disease that is a serious challenge to medicine and
science. However, the amount of information about the mechanisms
associated with immune protection against SARS-CoV-2 or provoked
immunopathology is increasing exponentially. Accumulation of these
data is important for appropriate diagnostic and therapeutic strategies
[5]. Analysis of the molecular and immune mechanisms associated with
the clinical manifestations and severity of COVID-19 have revealed
several key features of immune dysregulation observed during
SARS-CoV-2 infection.

When penetrating into cells, viral RNA is sensed by the innate im-
mune system using pattern recognition receptors (PRR) of three classes:
endosomal Toll-like receptors (TLR), RIG-I-like receptors (RLR), and
NOD-similar receptors (NLR) [6]. Among TLRs, TLR-7 and -8 recognize
the single-stranded RNA of SARS-COV-2. Cytosolic sensors, such as
MDAS and RIG-], can detect intermediates of intracellular replication of
the virus, subsequently activating the nuclear factor kappa B (NF-xB)
and the interferon regulatory factor 3/7 (IRF3/7). NF-kB promotes the
transcription of systemic proinflammatory cytokines such as tumor ne-
crosis factor alpha (TNF-a), IL-1p, and IL-6. IRF3/7 promotes the pro-
duction of interferon, which, in turn, activates the JAK1/TYK2-STAT1/2
cascade [7]. Transcription factors STAT1 and STAT2 form a complex
with the interferon regulatory factor 9 (IRF9), which is translocated to
the nucleus to induce transcription of interferon-stimulated genes (ISG).
The degree of NLR involvement in SARS-COV-2 recognition is supported
by the high levels of circulating IL-1f, IL-1RA, and IL-18 [8]. NLRs
induce the assembly of the NLRP3-inflammasome, which activates
caspase-1, IL-1f, IL-18, and also induces a hyperinflammatory form of
cell death - pyroptosis, by splitting of pore-forming gasdermin D [9]. The
cytosolic sensor RIG-I can also induce the formation of an inflammasome
that causes caspase-1 activation and subsequent secretion of IL-1f,
IL-18, and pyroptosis [10].

2.2. Evasion strategies of the innate immune receptors in SARS-CoV-2
detection

Coronaviruses have developed several strategies to avoid recognition
by the innate immune system. The low genomic level of CpGs islands
prevents the destruction of viral RNA by zinc-finger antiviral protein
(ZAP) [11]. Processing and 5'-end capping protection of viral RNA limits
its degradation and blocks recognition by cytosolic PRR. The formation
of a replicase-transcriptase complex (RTC) or replication organelle that
binds to the endoplasmic reticulum and the Golgi apparatus may protect
the virus during maturation [12]. Finally, SARS-CoV-2 evolved glycans
to mask immunogenic epitopes of viral proteins. For example, subunits
S1 and S2 of the adhesion protein contain 22 glycan groups. Other
structural, non-structural, and auxiliary proteins are also modified by
phosphorylation, palmitoylation, glycosylation, SUMOylation, and
ADP-ribosylation [13]. In addition to PPR recognition evasion strate-
gies, the virus also has several strategies that prevent IFN type I/III
production by cells. One of the non-structural proteins, nspl, is the real
"cellular sabotage"; it causes production slowdown of interferons by an
infected cell and at the same time forces the cell to work for the virus and
produce more viral proteins. This is achieved by physically closing the
ribosome channel into which the mRNA usually enters [14]. Nspl, 4,
and 6 and ORF6 prevent STAT-1/2 signaling, while nsp 10, 13, and 16
protect viral RNA by preventing recognition by IFITs, RIG-I, or MDA-5.

Biomedicine & Pharmacotherapy 144 (2021) 112230
2.3. The adaptive immunity in COVID-19

The number of white blood cells may vary in patients with COVID-
19, but the more common observation is leukocytosis and lymphope-
nia associated with increased disease severity [15]. Lymphopenia pre-
dicts the disease severity of COVID-19. The etiology and mechanisms of
lymphopenia in patients with COVID-19 are unknown, but there are
several hypotheses of its occurrence. The virus can directly infect T cells
to cause their death by apoptosis, necrosis, or pyroptosis [16]. The
number of cytokines secreted by infected lung macrophages or epithelial
cells can cause apoptosis of T cells, or prevent their proliferation (IL-10)
[17]. Finally, lymphopenia may be due to the redistribution of cells of
the immune system with the accumulation of lymphocytes in the lungs
or lymphoid organs [18].

Phenotypic and functional changes of T cells in COVID-19 are
manifested by increased expression of activated T cell markers such as
HLA-DR, CD25, CD44, CD38, or CD69 [19]. Regardless of the severity of
COVID-19 activation of CD8, T cells prevail among the cell types [20].
Experimental data show increased expression of programmed cell death
1 (PD-1) protein, which is associated with depletion of T cells, higher
expression of various co-stimulating and inhibiting molecules such as
0X-40 and CD137, CTLA-4 and NKG2a [21]. A decrease in the number
of CD28 and CD8 T cells has been reported, as well as an increase in the
frequency of PD-1/TIM3/CD8 positive T cells in ICU patients [22]. The
expression of most of these markers is higher in CD8 than in CD4 T cells,
and the levels tend to increase in severe cases compared to mild cases,
which may be related to differences in viral load. Cell functionality is
impaired in CD4 and CD8 T cells of severe patients. CD8 T cells of these
patients are characterized by decreased cytotoxicity, lever expression of
Cd107a (degranulation rate), and reduced production of granzyme B
(Gznb) [23]. Data produced from RNAseq by Liao and colleagues
showed that CD8 T cells of severe COVID-19 patients express higher
levels of the cytotoxic genes Granzyme A, B, and K [24]. Thus, T cells in
severe COVID-19 appear to be more activated and may tend to decrease
in amount due to continuous expression of inhibition markers such as
PD-1 and TIM-3. Moreover, an increased amount of T follicular helper
cell (TFH) levels of effector molecules such as Gzma, Gznb, and perforin
with decreased levels of inhibition markers were found in convalescent
patients [25]. SARS-CoV-2-specific CD4™ T cells generally have a Thl or
TFH phenotype. TFH differentiation is impaired in some severe
COVID-19 patients to support the absence of germ centers in the spleen
and lymph nodes [26].

Despite the fast increase in the number of publications, several
questions related to T-cell immunity to SARS-CoV-2 remain unresolved.
What factors regulate the strength and effectiveness of the antiviral T-
cell response? What is the lifespan of memory T cells and is the severe
course of COVID 19 associated with impaired development of memory T
cells specific to SARS-CoV-2? Do existing cross-reactive memory T cells
help in cases of seasonal coronavirus? What predominant type of T-cell
response elicited by vaccines would be the best predictor of protection
against disease after exposure to the virus?

Abnormalities of humoral immunity, also affecting the severity of
COVID-19, can manifest as antibody-dependent enhancement (ADE).
During ADE, antibodies with low affinity or low concentration, instead
of neutralization, opsonize viral particles and promote FcyR-mediated
internalization by lung epithelial cells and infiltration of monocytes and
DCs, which can worsen the course of COVID-19 [27].

T cell-mediated immunity is crucial for the effective clearance of
SARS-CoV-2 infection. In severe and critical COVID-19 patients, pe-
ripheral blood T cells are significantly decreased and show a phenotype
of hyperactivation/exhaustion relative to controls. A complex pattern of
T cell response to SARS-CoV-2 infection has been demonstrated, but
inferences regarding population level immunity are hampered by sig-
nificant methodological limitations and heterogeneity between studies.
In contrast to antibody responses, population-level surveillance of the T
cell response is unlikely to be feasible in the near term. Focused
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evaluation in specific sub-groups, including vaccine recipients, should
be prioritized. However, large-scale studies of T cell immunity are
needed using technologies such as Elispot and T-detect.

3. Comorbidity of diabetes mellitus and COVID-19

3.1. Mechanisms of increased susceptibility of diabetic patients to severe
COVID-19

Recent relevant studies have reported several mechanisms that have
been proposed to explain the increased susceptibility of diabetic patients
to severe COVID-19 disease [28-30]. Higher binding affinity and
penetration of the virus to cells decreased viral clearance efficiency,
reduced T-cell function, increased susceptibility to hyperinflammation,
and cytokine storm are among most possible contributors [31]. Partially
defective phagocytosis of macrophages, neutrophils, and monocytes was
shown in patients with diabetes, disorders of neutrophil chemotaxis,
bactericidal activity, and innate cellular-mediated immunity [32]. Even
short-term hyperglycemia suppressed the innate and adaptive immune
response.

ACE2 protein plays a key linking role between COVID-19 and dia-
betes mellitus [33]. Treatment of patients with type 1 or type 2 diabetes
mellitus with ACE2 inhibitors and angiotensin II receptor blockers in-
creases the expression of ACE2 in the renal and cardiovascular systems
[34]. However, there is insufficient evidence to support the hypothesis
that switching people from ACE inhibitors to other drugs can reduce the
risk of infection and the severity of COVID-19. Increased expression of
ACE2 was observed in the lungs, kidneys, heart, and pancreas [35],
which possibly contributes to more intensive virus penetration in dia-
betic animals. Treatments with hypoglycemic agents such as thiazoli-
dinediones and glucagon-like peptide-1 receptor agonists also increased
ACE2 expression [36]. Randomized studies showed that higher expres-
sion of ACE2 in the lung of diabetic patients increased susceptibility to
SARS-CoV-2 infection [37]. The genome-wide association study of pa-
tients with T2D showed that this type was causally associated with
increased expression of ACE2. Another study showed that diabetic pa-
tients had increased levels of furin, a cellular protease that cleaves the S1
and S2 domains of the SARS-CoV-2 spike protein possibly contributing
to virus entry [38].

Another potential reason for the increased risk of severe COVID-19 in
patients with diabetes may be related to cytokine storm because patients
with diabetes suffer from persistent low-level chronic inflammation,
contributing to a hyperinflammatory response [39]. Besides, increased
production of advanced glycation end products (AGEs) in diabetic pa-
tients may increase the basal production of pro-inflammatory cytokines
TNF-a, IL-1f, IL-6, and IL-8. Patients with diabetes associated with
COVID-19, despite a significantly lower absolute number of lympho-
cytes in peripheral blood, have a higher absolute number of neutrophils
compared to patients without diabetes [40].

Poor glycemic control is also a risk factor for disease progression in
patients with COVID-19. Several retrospective multicenter studies have
shown that patients with well-controlled blood glucose levels had lower
mortality rates [41]. Fasting blood glucose at admission, regardless of
previous diabetes diagnosis, was an independent predictor of critical
illness, death, or poor outcome in patients hospitalized with COVID-19
[42].

3.2. Interaction between COVID-19 and the AMPK/mTOR signaling
pathway in diabetes mellitus

AMPK is a key physiological energy sensor. Its activity is mostly
regulated by glucose availability. Under conditions of diabetic hyper-
glycemia, the activity of the AMPK signaling pathways is changed.
Transmission of signals through AMPK modulates pathways of cellular
metabolism, growth, and proliferation to maintain cellular energy ho-
meostasis [43]. AMPK becomes activated to stimulate glucose uptake in
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skeletal muscle and fatty acid oxidation in the adipose tissue when the
cellular energy level is low. Several studies have emphasized the dys-
regulation of AMPK signaling in diabetes and metabolic syndrome [44,
45]. The mTOR (mammalian target of rapamycin) kinase pathway is one
of the main interacting signaling pathways affected by AMPK. AMPK
suppresses the activity of the TOR pathway mostly by phosphorylation
of TSC2 or Raptor [46]. The mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2) have different properties. The two subtypes are
composed of different sets of protein binding partners [47]. mTORC1
regulates protein synthesis and cell size and consists of mTOR, mLST8,
and the rapamycin-sensitive adapter protein of mTOR (Raptor) [48].
mTORC2 is formed by mTOR, mSIN1, mLST8, and the
rapamycin-insensitive Rictor subunit and regulates cell survival and
cytoskeleton organization [49]. Inhibition of AMPK causes chronic
hyperactivation of mTORC1 leading to insulin resistance and progres-
sion of complications caused by diabetes in patients [50]. Moreover, the
activity of the mTOR pathway might be modulated by specific drugs that
make them possible co-treatments in diabetic patients [51-53].

4. Lymphocyte immunometabolism and its changes in diabetes
4.1. The key metabolic pathways of immune cells

Over the last decade, there has been a significant breakthrough in the
study of lymphocyte metabolism, generally called immunometabolism.
Lymphocytes use several different metabolic pathways to generate the
required ATP energy to support survival and proliferation. Glycolysis,
TCA cycle, pentose-phosphate pathway, oxidation of fatty acids, fatty
acids synthesis, and amino acid metabolism are key metabolic pathways
that play crucial roles in the differentiation and survival of immune
cells. However, these pathways can possess different activities in certain
types of immunocytes.

Activated T lymphocytes and macrophages have a high affinity for
glucose and use significant amounts of glucose [54]. The use of glycol-
ysis inhibitors such as 2-deoxy-D-glucose prevents the activation of
macrophages in vitro and blocks inflammation in vivo [55]. Activated
immune cells use glycolysis extensively despite its relatively low effi-
ciency in ATP. Many growth signaling pathways, involving phosphoi-
nositide 3-kinases (PI3K) and mitogen-activated protein kinases
(MAPKs), promote glycolysis. Thus, it is the dominant pathway in
rapidly proliferating cells. Several studies have shown activated
glycolysis in LPS-activated macrophages and dendritic cells, activated
NK cells, and T- and B-lymphocytes [56]. Effector T lymphocytes show
increased glycolytic activity after activation, especially Th17, Th1, and
Th2 cells, as well as activated effector CD8" T lymphocytes [57].
Increased activity of mTOR correlates with increased glycolysis and the
generation of T-regulatory cells (Treg) [58]. However, factors that
initiate glycolysis during lymphocyte activation are only partially
described. For example, bacterial LPS causes activation of
hypoxia-inducible factor 1o (HIF1la), an important transcription factor
for the induction of several glycolytic enzymes [59]. NFkB (nuclear
factor kappa-light-chain-enhancer of activated B cells) affects the acti-
vation of phosphofructokinase 2 (PFK2), a master regulator of glycol-
ysis. LPS can also rapidly activate glycolysis in dendritic cells due to
activation of TBK1 kinase and/or inhibition of NFxB ¢ (IKKe) kinase and
hexokinase 2 [60]. An important mechanism for enhancing glycolytic
activity in LPS-activated macrophages is the induction of pyruvate ki-
nase type M2 (PKM2). 2-Deoxy-D-glucose promotes the reprogramming
of Th17 into Treg cells [61]. These studies emphasize the relationship
between metabolism and lymphocyte phenotype. Another interesting
aspect of glycolysis induction in activated immunocytes is the role of the
glycolytic  enzyme  glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH). It has been shown that in Th1-cells GAPDH binds to mRNA,
which encodes one of the main Thl-dependent effector cytokines,
interferon-y (IFNy), inhibiting its translation [62]. Once glycolysis is
activated, GAPDH dissociates from IFNy mRNA, allowing it to be
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translated. In macrophages, another glycolytic enzyme, hexokinase 1,
can interact with the NLRP3 inflammasome, causing its activation and
induce inflammation.

The tricarboxylic acid cycle (TCA cycle) is used most actively in
dormant cells or non-proliferating cells for energy generation. The cycle
is functional in most T-lymphocytes, but it is used more actively by
CD8"-memory T-lymphocytes [63]. Effector T-cells are more prone to
glycolysis. The influence of TCA pathway on the differentiation of
macrophages has been extensively studied. In M2 macrophages the
tricarboxylic acid cycle is active, while in M1 it is partially blocked in
two places - after citrate and after succinate. Excessive accumulation of
citrate promotes the production of nitric oxide, prostaglandins, and
itaconic acid, which provides direct bactericidal effects on microor-
ganisms such as Salmonella enterica and Mycobacterium tuberculosis [64].

NADPH is mostly produced in the pentose phosphate pathway. It is
used by macrophages and neutrophils to generate ROS. NADPH is
necessary for activation of dendritic cell secretion of cytokines [65].
Pathway induction is observed in LPS-activated macrophages, and the
key enzyme for macrophage polarization is CARKL (carbohydrate
kinase-like protein) [66]. This enzyme limits the flow through the
pentose phosphate pathway and is highly active in M2 macrophages. If
CARKL is suppressed, macrophages acquire an M1-like phenotype.

Fatty acid oxidation (FAO) provides acetyl-CoA, NADH, and FADH2
that are used for energy production. FAO is one of the key pathways in
the regulation of adaptive and innate immune responses. Unlike
glycolysis, which is often used by effectors and rapidly proliferating
cells, oxidation of fatty acids is active in cells that are not pro-
inflammatory and that demonstrate increased lifespan. M2 macro-
phages, Treg cells, and memory T cells are among those cell types. Thus,
the increase in FAO is observed in Treg lymphocytes and reduced in
effector Thl, Th2 i Th17-cells [67]. Treg cells possess an enhanced
expression of genes involved in the oxidation of fatty acids, including
Cptla (carnitine palmitoyltransferase 1a), compared with Th17 lym-
phocytes [68]. Effector T lymphocytes show a decrease in FAO activity
during activation. FAO plays an important role in the generation of
long-lived CD8 T-memory cells. Stimulation of memory CD8" T cells
with IL-15 enhances the expression of the Cptla and oxidation of fatty
acids, which leads to increased survival of this population.

The metabolic pathway of fatty acids synthesis (FAS) allows cells to
produce lipids that are necessary for cell growth and rapid proliferation.
The activity of this pathway is partially regulated by mTOR signaling,
which promotes FAS by regulating key enzymes responsible for de novo
lipid synthesis, including SREBP (Sterol regulatory element-binding
proteins), FASN (Fatty acid synthase), and ACC (Acetyl-CoA carbox-
ylase) [48]. In contrast to the oxidation of fatty acids, FAS promotes the
generation of pro-inflammatory subpopulations of immune cells, and
activates innate and adaptive immune responses. Several studies have
shown that LPS and cytokines initiate an increase in FAS in macrophages
[69]. FAS provides a connection between innate and adaptive immunity
through the regulation of DC functions. Thus, TLR indirect activation of
DC is accompanied by an increase in FAS. This metabolic pathway is
important for the proliferation of T and B lymphocytes after their acti-
vation through antigenic receptors. T-specific deletion of acetyl-CoA
carboxylase 1 (ACC1), a regulatory enzyme of FAS, leads to a decrease
in the number of antigen-specific CD8 T-lymphocytes [70]. The balance
between effector and T-regulatory cells is also partially dependent on
the synthesis of fatty acids. Pharmacological or genetic inhibition of
ACC1 in CD4 T-lymphocytes has shown that FAS is required for Th17
differentiation but not for Treg functions [71].

Amino acid metabolism is mostly regulated by mTOR. Some amino
acids play an important role in the immunometabolism of lymphocytes.
For example, glutamine and arginine are required for the activation of T
and B lymphocytes [72]. Glutamine metabolism also regulates the bal-
ance between the effector and Treg cells. Genetic knockout of the ASCT2
transporter protein (which is responsible for the uptake of glutamine in
T lymphocytes) leads to impaired generation and function of Thl and
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Th17 reduced expression of mTORC1 but does not affect Treg [73].
Arginine metabolism plays a leading role in the regulation of the
phenotype of M1 and M2 macrophages [74], whereas tryptophan is
required for the proliferation of T lymphocytes.

4.2. Lymphocyte as a sensor of metabolism

Glycolysis, pentose phosphate pathway, and FAS are extensively
used by Thl-, Th2-, Th17- effector cells and M1-macrophages. T-regu-
latory, CD8 memory T-cells and M2-macrophages mostly use tricar-
boxylic acids and oxidation of fatty acids for energy production. Changes
in the metabolism of various amino acids can affect the generation of
both effector and Treg lymphocytes [75]. The TOR pathway in lym-
phocytes integrates signals of amino acid availability and growth factors
and is one of the central regulators of cell proliferation and survival of
this cell type [76]. AMP-activated protein kinase (AMPK) receives sig-
nals from a key glucose sensor and is a regulator of cellular energy
balance. Receptors activated by PPARy peroxisome proliferators include
pattern-recognizing innate immune receptors (TLR, NLR, RLR, etc.),
sensors of extracellular ATP purinergic receptors P2XR, sensors of
xenobiotic aryl-hydrocarbon receptors (AHR), receptors of short-chain
fatty acid FFAR2, ligands for which are microbial metabolites such as
butyrate, acetate and propionate [77] (Fig. 1).

4.3. mTOR as a regulator of lymphocyte immunometabolism in diabetes

Changes in metabolism induced by hyperglycemia in diabetes can
directly affect the immunometabolism of lymphocytes [78,79]. T cells
express several glucose transporters including Glut 1 [80]. Prodiabeto-
genic Th1 and Th17 cells that cause stroke are characterized by a high
level of Glutl expression and extensively use glycolysis for energy pro-
duction [81]. By contrast, Treg suppressors have low Glutl expression
and a high rate of oxidative metabolism [82]. Immune disorders lead to
the development of type 1 diabetes and hyperglycemia, and thereby
increase autoimmune attack, leading to the formation of a “vicious
circle” [83]. mTOR protein kinase is an important regulator of
lymphocyte immunometabolism and exists as a subunit of the intracel-
lular multimolecular signaling complexes, mTORC1 and mTORC2 [84].
As part of these complexes, mTOR integrates both intracellular and
extracellular signals and serves as one of the master regulator of meta-
bolism, growth, proliferation, and survival of lymphocytes and other
cells. Moreover, mTOR may be inhibited by metformin via AMPK [85].
High mTOR activity may cause the progression of diabetes due to the
activation of effector proinflammatory subpopulations of lymphocytes.
However, its low activity promotes the differentiation of Treg by
blocking insulitis [86].

5. Metformin and COVID-19

5.1. Pleiotropic effects of metformin and the signaling pathway of
metformin — AMPK — mTOR - SARS-CoV-2

Metformin was initially used as an anti-influenza agent and the
decrease in blood glucose was only one of its side effects [87]. The many
pleiotropic effects of metformin and its widespread use in medicine
today prompted scientists to call it the 21st-century aspirin [88]. How-
ever, the initial discovery of the antiviral effects of metformin prompted
us to consider the possibility of its use as one of the drugs to combat the
SARS-CoV-2 virus. Along with antidiabetic effects metformin possesses
other beneficial actions for an organism including lifespan extension
[89].

It was previously reported that diabetic COVID-19 patients showed a
more severe disease course as compared to nondiabetic counterparts
[90]. Using metformin as a glucose-lowering agent results in
anti-inflammatory and immunomodulatory effects. Moreover, using
metformin for COVID-19 therapy improved insulin sensitivity and led to
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molecular patterns.

a reduction in blood glucose levels of the patients [28] that, in turn,
reduced the risk of SARS-CoV-2 infections [91].

Metformin activates AMPK in hepatocytes, causing its phosphory-
lation. This is the main mechanism by which the beneficial effects
metformin on glucose and lipid metabolism are mediated [92]. Met-
formin activates AMPK via hepatic kinase B1 (LKB1), inhibiting the
mTOR pathway. It also indirectly attenuates AKT activation through
phosphorylation of insulin receptor substrate 1 (IRS-1). This leads to
inhibition of the mTOR signaling cascade. In addition, the
PI3K/AKT/mTOR network plays an important role in MERS-CoV
infection progression [93]. Since metformin inhibits the same
pathway, it would be interesting to decipher its role concerning
SARS-CoV-2.

There are several possible mechanisms of the positive effects of
metformin upon COVID-19 infection. In addition to controlling glucose
levels, reducing weight, and decreasing insulin resistance, metformin
improves the immune response and reduces inflammation by promoting
the formation of M2 macrophages and T regulatory and CD8" memory T
cells [94]. It also reduces the expression of genes encoding cytokines and
chemokines associated with the inflammatory response [95]. Metformin
also affects the composition of the microbiota and thus reduces
inflammation [96]. The induction of autophagy by metformin also
contributes to the elimination of pathogens and the control of inflam-
mation [97]. Metformin stimulates AMPK activity and modifies the ac-
tivity of catalase and superoxide dismutase. Serum of patients with
COVID-19 have elevated levels of NETs (neutrophil extracellular
traps), and though NETs are useful in protecting the host from patho-
gens. Overproduction of NETs can trigger an inflammatory cascade
associated with cytokine storm and human acute respiratory distress
syndrome (ARDS) [98]. Metformin reduces the number of neutrophils
and neutrophil/lymphocyte ratio in diabetic patients, reduces NETosis
in diabetic patients and prediabetes regardless of glucose control [99].
Animal studies have shown that metformin reduces cardiomyocyte
damage after myocardial infarction by reducing cardiac remodeling and
myocardial neutrophil activity [100]. Metformin also reduces neutro-
phil and macrophage infiltration in hyperoxia-induced lung damage
[101]. Zhang and colleagues found a potential role of AMPK in the
regulation of expression and stability of ACE2. The authors

demonstrated that metformin increases the stability of ACE2 by phos-
phorylation of Ser680 of ACE2 in human umbilical vein endothelial cells
and human embryonic kidney cells, which leads to conformational and
functional changes in the ACE2 receptor. These changes can lead to
decreased binding between the ACE2 receptor and the binding domain
of the SARS-CoV-2 receptor (RBD) due to steric hindrance by the addi-
tion of phosphate groups, which reduces the infectivity of SARS-CoV-2.
Moreover, metformin-induced AMPK-mediated phosphorylation of
ACE2 improves the stability of ACE2 by inhibiting its ubiquitination and
proteasome degradation [102]. Activation of AMPK-mediated signaling
by metformin treatment that is associated with an increase in ACE2
levels and stability suppresses the inflammatory response by reducing
the release of proinflammatory cytokines via inhibiting macrophage
activation and NF-kB signaling [103].

The main immunometabolic effects of metformin are undoubtedly
mediated by its effect on mTOR, which reduces the level of pro-
inflammatory signaling and cytokine storm. Thus, metformin may be
useful in controlling COVID-19 but most proposed mechanisms are
currently still theoretical. In contrast, some authors suggested the
possible risk of lactic acidosis in cases of multiple organ failure [104].

Another potential mechanism of the antiviral action of metformin is
blocking the release of SARS-CoV-2 from the endosome. Vacuolar
ATPase (V-ATPase) and endosomal Nat/H™ exchangers (eNHE) are
important membrane compartments for pH regulation in endosomes.
Several studies have shown that metformin can directly affect eNHE
and/or V-ATPase, causing the suppression of viral infection by increased
pH in endosomes [105,106]. Additionally, metformin may prevent the
development of pulmonary fibrosis associated with COVID-19 [106]. All
these data support the notion that metformin may be useful adjuvant
therapy for patients in the acute, chronic, and even recovery phases of
COVID-19 (Fig. 2).

The use of metformin rather than insulin in patients with diabetes
and COVID-19 might be also relevant. Yu and co-authors have deter-
mined that insulin treatment can be a possible trigger for mortality in
patients with COVID-19 and diabetes [107]. Paradoxically, insulin in-
jections to diabetic COVID-19 patients were associated with a higher
mortality rate rather than hyperglycemia. One of the explanations for
these effects is that insulin can stimulate the maturation of pro-IL-1p via
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Fig. 2. Mechanisms of the positive effects of metformin to decrease COVID-19 severity.

the NLRP3-inflammasome in activated macrophages [108]. SARS-CoV-2
activates the NLRP3 inflammasome and thus may enhance the action of
insulin. Therefore, treatment alternatives to insulin should be consid-
ered. Yu et al. performed additional analyzes and compared insulin with
other antidiabetic treatments in patients with COVID-19 [107]. Inter-
estingly, in patients receiving insulin, the mortality rate was signifi-
cantly higher than in patients receiving any other antidiabetic
treatment. Even patients who received insulin alone had higher mor-
tality, compared to those treated with insulin in combination with other
antidiabetic drugs, despite the higher initial levels of glucose and HbAlc
in the latter group. Although metformin may theoretically increase the
risk of lactic acidosis, it is still an attractive alternative.

Inhibition of complex I of the mitochondrial electron transport chain
(ETC) by metformin treatment led to reduced generation of reactive
oxygen species (ROS) [91]. Moreover, similar to metformin-related
mTORC1 signaling suppression, ETC inhibition also results in the sup-
pression of host-viral protein interactions that benefit from reducing
viral replication and maturation [106].

During illness, renal function should be carefully monitored because
of the high risk of chronic kidney disease or acute kidney injury.
Nevertheless, among antidiabetic drugs, metformin is the most tolerated
and has only mild side effects.

5.2. Retrospective analysis of observations of metformin use in diabetic
patients hospitalized with severe COVID-19

Several retrospective analyzes of patients with T2DM hospitalized
for severe COVID-19 showed that metformin use may be associated with
reduced mortality [4,109-117,142]. A beneficial effect (significant or
not) was observed in almost all studies with an overall reduction in
mortality of 25% (Table 1).

The study of Khunti and colleagues involves a national cohort of 2.85
million people with type 2 diabetes. Current data demonstrated a sta-
tistically lower risk of COVID-19-related mortality in patients prescribed
metformin and a higher risk of COVID-19-related mortality in patients
prescribed insulin, supporting findings from previous smaller studies
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Table 1

Characteristics of the observational studies comparing death rates in metformin
users vs non-users among patients with type 2 diabetes hospitalized for COVID-
19.

No.  Author Subjects Mortality Odds Ratio M-H
(Metformin vs (Mantel-Haenszel test),
non Metformin) Fixed, 95% CI
(n)

1 Abu- 411 4 vs 94 0.19 (0.05-0.70)

Jamous
et al.
2 Cariou 1317 N/A 0.59 (0.42-0.84)
et al.
3 Bramante 6256 394 (17.8%) vs OR 0.802 (0.701, 0.917)
et al. 791 (21.3%)

4 Chen et al. 120 4 (9.30%) vs 15 N/A

(19.48%)

5 Crouse 239 8 (19%) vs 34 OR 0.38 (0.17, 0.87)
etal. (81%) p=0.0221
6 Kim et al. 235 N/A 0.36 (0.10-1.23)
p=0.10
7 Luo et al. 283; 104 vs 3 (2.9%) vs 22 4.36 ((1.22-15.59)
179 (12.3%) p=0.02
8 Philipose 159 45 (22.6) 1.39 (0.84-2.16)
et al.
9 Cheng et al. 1213; 678 N/A 1.65 (0.71,3.86)
vs 535 p=0.27
10 Khunti 1,800,005 Mortality rate per ~ 0.77 (0.73-0.81)
et al. 1000 person (9.9
vs 12.9)

[114]. This large study provides the strong evidence of the true effect of
metformin treatment because they provide excellent control of con-
founding. However, on our mind, there are some important factors not
taken into account. First, the presence of confounding factors such as
age, other comorbid conditions of patients, and other medications which
are taken by patients that can affect the relationship between metformin
and the mortality of COVID-19 still need to be considered. Second, study
does not state the information regarding dosage and duration of met-
formin treatment in their patients. Smaller retrospective studies from
the USA, China, and France have all reported a lower or neutral risk of
COVID-19-related mortality in people previously or currently prescribed
metformin. CORONADO, a nationwide observational study, demon-
strated a decreased risk of death in the patients with T2D admitted for
COVID-19 under metformin treatment [118]. Luo and colleagues
compared the outcome of metformin users and nonusers in hospitalized
COVID-19 patients with diabetes in Wuhan, China. This retrospective
analysis demonstrated that antidiabetic treatment with metformin was
associated with decreased mortality compared with diabetics not
receiving metformin [111]. However, Luo and colleagues did not take
into account the duration and complications of diabetes, the prevalence
and treatment of obesity, study groups were not well balanced regarding
the prevalence of comorbidities and antiviral treatments [119]. Hence,
to better analyze the value of treatment with metformin for COVID-19
more studies are needed.

Several clinical studies are currently being conducted using metfor-
min for the treatment of COVID-19 such as the “COVIDOUT - Outpatient
treatment of COVID-19 with Metformin” (NCT04510194; Phase II/1II;
750 participants; age 30-85 years). The current clinical trial aims to
investigate whether metformin as a widely used anti-inflammatory drug
could prevent inflammation caused by COVID-19. It was suggested that
lower cases of hospitalization or mortality from the infection occurred in
individuals taking metformin. Moreover, daily treatment of non-
hospitalized adults with SARS-CoV-2 by metformin at a dose 1500 mg
can prevent hypoxia and emergency department utilization. The study
demonstrated prevention of disease progression in COVID-19 and
improvement of viral load and C-reactive protein (CRP).

A Phase II trial “Pilot Study into the Use of Metformin and Low Dose
Naltrexone (LDN) for Patients with Coronavirus Disease 2019 (COVID-
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19) - Assessment of Short and Long Term Effects” (NCT04604678; 80
participants, age 30-70 years) describes additional cases of patients with
active COVID-19 who were treated with LDN and metformin and ob-
tained clinical benefits. It was of interest to note that using a combina-
tion of metformin (1500 mg/day) and LDN (4.5 mg/day) led to a
significant reduction of symptoms and disease severity, recovery time,
hospitalization rates, and mortality in COVID-19 patients. Based on
these case reports, the patients experienced significant clinical
improvement after 1, 2, and 4 weeks after initiation of treatment.

Another Phase II trial, the “Adaptive Study for Efficacy and Safety of
Metformin Glycinate for the Treatment of Patients with Metabolic
Syndrome (MS) and Type-2 Diabetes Mellitus, Hospitalized with Severe
Acute Respiratory Syndrome Secondary to SARS-CoV-2 (randomized,
double-blind)” (NCT04626089) investigates the metformin glycinate as
a potential treatment in COVID-19 patients who suffer from metabolic
syndrome or type 2 diabetes. The investigators evaluate the efficacy and
safety of metformin glycinate at a dose of 620 mg twice daily in 20
participants at the age of 18 years and older. The study demonstrated
normalization of fever and oxygen saturation under metformin glycinate
treatment. A similar trial is being conducted (NCT04625985; Phase II;
20 participants, 18 years and older) to discover the efficacy and safety of
metformin glycinate at a dose 620 mg twice daily in hospitalized pa-
tients with Severe Acute Respiratory Syndrome secondary to SARS-
CoV2.

Nevertheless, the results of these studies should be interpreted with
caution. Individuals not taking metformin may relate to patients with
contraindications to metformin prescription, such as old age, renal
failure, and/or cardiovascular disease. On the other hand, metformin is
more commonly used in obese patients with T2DM, and obesity is
associated with a higher risk of severe COVID-19 infection and a higher
mortality rate [120]. Naturally, conclusions about the effect of metfor-
min therapy can be made only based on double-blind randomized
controlled trials, which are unlikely in the context of COVID-19. Given
the low cost of metformin, pharmaceutical companies are unlikely to be
interested in planning a study to demonstrate the benefits of metformin
for clinical outcomes associated with COVID-19. Also, Bramante et al.
reported gender differences — the reduction in mortality among patients
taking metformin was very significant in women, but not observed in
men [110]. According to the authors, this gender-dependent difference
is due to the larger decrease in TNF-a caused by metformin in women
than in men and suggests that metformin provides protection against
COVID-19 due to TNF-a-mediated effects [110]. A recent study identi-
fied 332 protein interactions between SARS-CoV-2 proteins and human
proteins using mass spectrometric analysis [121] and showed that
metformin can affect interactions between viral Nsp7 protein and
human NDUFA2, as well as the viral protein Orf9c and human NDUFAF1
or NDUFBY, and thus has antiviral activity.

The results of these studies are consistent with previous observations
that showed significantly lower mortality in patients treated with met-
formin, compared to those who did not take metformin during bacterial
infections such as sepsis and tuberculosis [122]. It has also been found
that metformin is associated with significantly lower mortality in pa-
tients with respiratory conditions such as chronic obstructive pulmonary
disease [123]. The potential antiviral effects of metformin have been
shown in several studies. Thus, metformin suppresses dengue virus
infection by restoring AMPK activity, reduces the replication of Cox-
sackie B3 virus (CVB3), and protects mice from CVB3-induced
myocarditis [124]. Metformin treatment also suppresses hepatitis B
virus (HBV) replication by repressing genes associated with viral tran-
scription, including LRH1, PPARa, and HNF4a [125]. In HCV and T2DM
patients, the effects of metformin on sustained viral response are
controversial, however, metformin reduces the incidence of hepatocel-
lular carcinoma, possibly by activating type I INF signaling against HCV
by activating AMPK [126]. Metformin is the first-line drug for the
treatment of type 2 diabetes and insulin resistance in people living with
HIV, but metformin may also play a role in the pathogenesis of HIV
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[127]. An independent study in China showed that metformin inhibits
the phosphorylation of NF-kB/p65 to suppress CD54 expression in CD4 "
T cells, which is associated with the progression of the disease in people
living with HIV [128]. Metformin may also reduce inflammation
through the intestinal microbiota, by increasing the number of goblet
cells and mucin production, mediated by an increase in the number of
Akkermansia muciniphila and bacteria producing of short-chain fatty
acids, such as Bacteroides and Butyricimonas [129]. Several clinical
studies investigating the relationship between intestinal microbiota and
metformin treatment were conducted in people with T2DM [130] and
confirmed the relationship between glucose tolerance and metformin
modulated intestinal microbiota. In addition to A. muciniphila, people
treated with metformin had larger populations of intestinal microbes,
including Butyrivibrio, Bifidobacterium bifidum, and Megasphaera, which
are known to produce short-chain fatty acids. Regulation of intestinal
microbiota by increasing auspicious types such as Akkermansia spp.,
may enhance the antidiabetic effect of metformin [131]. On the other
hand, modifications of the microbiota caused by metformin can affect
immune function.

Metformin showed direct antimycobacterial effects and controlled
the growth of drug-resistant bacterial strains, increased the production
of mitochondrial reactive oxygen species (mROS), and promoted the
fusion of phagosomes and lysosomes [132]. Retrospective analysis of
patients with tuberculosis who took metformin showed a lower mor-
tality rate than patients who did not take metformin [133]. Laboratory
research using cells or model organisms shows that metformin may be
effective against many other pathogens, including Trypanosoma cruzi,
Trichinella spiralis, Staphylococcus aureus, and Pseudomonas aeruginosa
[134]. Interestingly, metformin affects the level of antibody production
during vaccination against influenza, which also depends on the age of
the vaccinated [135]. While many COVID-19 vaccines are still in the
development stage, it is important to note that the response to the
vaccine also decreases with age. The effects of metformin in vaccinated
to determine the potential mechanisms of strengthening of defense re-
actions in the elderly remains to be seen.

5.3. An effect of metformin on immune cells and cytokine storm

Metformin suppresses mTOR signaling by AMPK-dependent or -in-
dependent mechanisms [136]. Moreover, metformin may regulate other
pathways related to inflammation and autoimmunity, including NF-xB
and mitogen-activated protein kinase (MAPK)/c-Jun NH2-terminal ki-
nase (JNK) [137]. The consequences of AMPK activation may explain
many of the effects of metformin on immune homeostasis. Indeed, after
the activation of immune cells, even those that have strong
anti-inflammatory properties, are subject to metabolic reprogramming
[138]. A subset of inflammatory cells such as neutrophils,
M1-macrophages, Th17, and effector Thl-cells predominantly produce
ATP through glycolysis, whereas cells of anti-inflammatory origin, i.e.
memory T cells, regulatory T cells (Tregs), and M2 macrophages, pro-
mote the production of mitochondrial ATP [138]. In this context, AMPK
activation promotes the oxidation of substrates in mitochondria, thereby
limiting the glycolytic capacity of cells [139]. mTOR-deficient T cells
cannot differentiate into Th1, Th2, or Th17 effector cells while retaining
their ability to differentiate into Treg [140].

Administration of metformin to mice with experimental autoimmune
encephalomyelitis (EAE, a T-cell model of multiple sclerosis) leads to a
slower progression of the disease, a decrease in the infiltration of the
CNS by inflammatory cells, and the expression of inflammatory cyto-
kines IFN-y, TNF-a, IL-17, IL-1B, and IL-6. T cells isolated from mice
treated with metformin exhibit reduced expression of IFN-y and IL-17
and the T-box and RORyt transcription factors that affect Thl and
Th17 differentiation, respectively [141]. Metformin also increased the
number of Tregs in animals with EAE by inhibiting the mTOR pathway.
Similar effects of metformin has been shown in animal models of
rheumatoid arthritis (RA) [142], reducing the severity of bone
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destruction, production of inflammatory cytokines, and T-cells
expressing RORyt. The ability of metformin to reduce the level of
pro-inflammatory signaling through the AMPK/mTOR pathway has also
been confirmed in colitis induced by dextran sodium sulfate (DSS), as
well as various models of systemic lupus erythematosus [143]. In pa-
tients with type 2 diabetes, there is a decrease in the number of export of
CD127" and CD132" naive T cells from the thymus and metformin re-
stores this indicator [144]. In addition, 12 weeks of metformin treat-
ment reduced IL-17 levels in patients with diabetes.

In primary peritoneal macrophages of mice, metformin treatment
suppressed lipopolysaccharide (LPS)-induced expression of TNF-a and
IL-6 in a dose-dependent manner [145]. In mice kept on a high-fat diet
(HFD-model 2 diabetes) metformin treatment resulted in decreased
serum levels of IL-6 and TNF-a and led to AMPK-mediated modulation of
macrophage polarization with a shift towards the anti-inflammatory
phenotype M2 [146]. In patients with impaired glucose tolerance, the
addition of metformin for 12 weeks reduced the LPS-induced production
of TNF-a and IL-6 by peripheral blood monocytes [147]. Similarly, in
patients with impaired fasting glucose treated with simvastatin, met-
formin supplementation reduced LPS-induced production of TNF-a,
IL-1B, IL-6, IL-8, and MCP-1 [147]. Also, the formation of NETs plays an
important role in the pathogenesis of COVID-19 and type 2 diabetes.
NETs can even be experimentally induced in vitro by exposing human
peripheral blood leukocytes to high glucose concentrations [148].
Increased formation of NETs is observed in both of these pathologies,
and this process can be reduced by treatment with metformin [149]. In
patients with prediabetes, metformin treatment reduces the concentra-
tion of NETs regardless of glycemic control [150].

Some studies show a detrimental effect of metformin on the host
immune response. Interferons such as IFN-a are essential for priming the
T cell response against viral pathogens such as SARS-CoV-2 [41]. A
study by Saenwongsa and colleagues reported that metformin treatment
in patients with T2DM inhibits the expression of IFN-o in human pe-
ripheral blood mononuclear cells (PBMCs) via the mTORC1 pathway
[148]. In the same study, patients with T2DM prescribed with metfor-
min or glibenclamide had a delayed and reduced humoral immune
longevity to influenza viruses after vaccination [151]. Similarly, met-
formin reduced Type I interferon-stimulated genes in CD4* T cells from
human PBMCs after IFN-o stimulation [152].

6. Conclusion and future perspectives

This literature analysis shows that the cytokine storm induced by
SARS-CoV-2 significantly worsens the prognosis in patients with dia-
betes due to dysregulation of the AMPK/mTOR signaling pathway.
Therefore, activation of AMPK and/or inhibition of the mTOR-mediated
signaling pathway may be an important new target for drug develop-
ment in COVID-19 therapy. In this aspect, metformin is of considerable
interest. However, despite several potential positive effects, some issues
need further clarification, For example, how does metformin affect other
comorbidity conditions, in particular the risk of adverse cardiopulmo-
nary outcomes in COVID-19? Will metformin treatment be clinically
beneficial in patients with COVID-19 who do not suffer from diabetes or
obesity? How safe is metformin therapy for people infected with SARS-
CoV-2 who have not previously taken it?

While effective vaccines are at the forefront in the fight against
COVID-19, drugs routinely used for other pathological conditions must
not be overlooked in terms of their potential efficacy to treat this disease.
The antidiabetic drug metformin, in addition to its glucose-lowering
effect, has potential antiviral, cardioprotective, vasculoprotective,
immunomodulatory, and anti-inflammatory effects and hence could be
repurposed for the treatment of COVID-19. Furthermore, metformin is
considered to be safe, is well-tolerated, has minimal side effects, a low
cost, and can be made readily available to COVID-19 patients who may
benefit from metformin intervention.
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