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Coronavirus disease 2019 (COVID-19), triggered by the severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2), may lead to extrapulmonary manifestations
like diabetes mellitus (DM) and hyperglycemia, both predicting a poor prognosis
and an increased risk of death. SARS-CoV-2 infects the pancreas through
angiotensin-converting enzyme 2 (ACE2), where it is highly expressed compared to other
organs, leading to pancreatic damage with subsequent impairment of insulin secretion
and development of hyperglycemia even in non-DM patients. Thus, this review aims
to provide an overview of the potential link between COVID-19 and hyperglycemia
as a risk factor for DM development in relation to DM pharmacotherapy. For that, a
systematic search was done in the database of MEDLINE through Scopus, Web of
Science, PubMed, Embase, China National Knowledge Infrastructure (CNKI), China
Biology Medicine (CBM), and Wanfang Data. Data obtained underline that SARS-CoV-2
infection in DM patients is more severe and associated with poor clinical outcomes due to
preexistence of comorbidities and inflammation disorders. SARS-CoV-2 infection impairs
glucose homeostasis and metabolism in DM and non-DM patients due to cytokine
storm (CS) development, downregulation of ACE2, and direct injury of pancreatic
B-cells. Therefore, the potent anti-inflammatory effect of diabetic pharmacotherapies
such as metformin, pioglitazone, sodium-glucose co-transporter-2 inhibitors (SGLT2Is),
and dipeptidyl peptidase-4 (DPP4) inhibitors may mitigate COVID-19 severity. In addition,
some antidiabetic agents and also insulin may reduce SARS-CoV-2 infectivity and
severity through the modulation of the ACE2 receptor expression. The findings presented
here illustrate that insulin therapy might seem as more appropriate than other anti-DM
pharmacotherapies in the management of COVID-19 patients with DM due to low risk
of uncontrolled hyperglycemia and diabetic ketoacidosis (DKA). From these findings,
we could not give the final conclusion about the efficacy of diabetic pharmacotherapy in
COVID-19; thus, clinical trial and prospective studies are warranted to confirm this finding
and concern.
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INTRODUCTION

Novel coronavirus disease 2019 (nCov19) or coronavirus disease
2019 (COVID-19) is a recent viral infectious disease that
emerged in December 2019; it was first identified in Wuhan,
Hubei Province, China and presented as clusters of pneumonia,
formally known as a pneumonia cluster of unknown etiology.
COVID-19 is triggered by severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2) (1). Some years ago, namely, in
2003 and 2012, respectively, severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) led to fatal pneumonia, acute lung
injury (ALI), and acute respiratory distress syndrome (ARDS).
SARS-CoV, MERS-CoV, and SARS-CoV-2 are positive-sense,
enveloped single-strand RNA Betacoronaviruses with some
phylogenetic similarities. As a matter of fact, SARS-CoV-2
presents 79% similarity with SARS-CoV and 96% with bat CoV.
In addition, it has been shown that SARS-CoV-2 has a higher
ability of transmission and a lower fatality rate compared to
SARS-CoV and MERS-CoV (2).

Declared on 30 January 2020 as a Public Health Emergency
of International Concern by the World Health Organization
(WHO), COVID-19 was quickly renamed to a pandemic on 11
March 2020, and on 3 November 2020, 47,705,405 confirmed
cases were officially reported in more than 200 countries with
1,217,347 deaths globally (3).

The incubation period of SARS-CoV-2 is 2-14 days; however,
some studies have reported that COVID-19 symptoms are
developed in 97.5% of cases within 4-5 days. SARS-CoV-2 is
mainly transmitted by respiratory droplets up to a distance of
6 ft. This virus remains viable for about 3h in the aerosols
and can be transmitted in closed environments. Nonetheless,
viable SARS-CoV-2 has also been detected in fecal swabs;
thereby, transmission of SARS-CoV-2 through the fecal-oral
route might be an important route, mainly in patients on drugs
that upregulate intestinal angiotensin receptor type 2 (ACE2)
(4). The age group most affected by COVID-19 is mainly
between 47 and 59 years, where men are more prone to the
disease. Fewer COVID-19 cases have been reported in infants
and children; as disclosed by a large cohort study in China,
only 2% of COVID-19 cases were below the age of 20 (5).
Regarding clinical presentation, the clinical spectrum of COVID-
19 presents mainly as asymptomatic or mild flu-like illness in
85%, mostly in children and adults, although in 10% of cases, a
severe disease state may be present, along with an increased risk
of developing ARDS. In addition, in severe cases, COVID-19 may
trigger extrapulmonary manifestations like acute cardiac injury,
arrhythmias, acute kidney injury, acute brain injury, endocrine
failure, multiple organ failure, and even death (6).

Diabetes mellitus (DM) is an endocrine disorder characterized
by hyperglycemia, polyuria, polydipsia, and weight loss due to
a defect in insulin secretion and/or action. DM is commonly
associated with metabolic, macrovascular, and microvascular
complications that increase morbidity and mortality in different
viral infections (7). It has been reported that DM and reactive
hyperglycemia are regarded as predictors of severity in SARS-
CoV and MERS-CoV infected patients (8). However, little is

known about the association between SARS-CoV-2 and DM;
nevertheless, different recent studies observed the link between
hyperglycemia and SARS-CoV-2 even in non-DM patients (9).
Therefore, this review aims to provide an overview of the
potential link between COVID-19 and hyperglycemia as a risk
factor for DM development.

METHOD AND SEARCH STRATEGY

In order to review the report of ethical considerations in these
papers, we proposed a protocol for a systematic review of the
COVID-19 articles. The search criteria proposed for the review
were based on what would be a reasonable search conducted by
a lay member of the public with access to PubMed.gov. It was
proposed to publish the findings of the review as a summary
of the institutional Research Ethics Committee’s response to the
challenges of reviewing and approving clinical research proposals
in times of a pandemic.

To accomplish that, a systematic search in MEDLINE
through Scopus, Web of Science, PubMed, Embase, China
National Knowledge Infrastructure (CNKI), China Biology
Medicine (CBM), and Wanfang Data was done using the
following terms and keywords: [COVID-19] OR [SARS-
CoV-2] OR [2019-nCov] OR [Wuhan virus] AND [DM]
OR [hyperglycemia] OR [Pancreatic injury]. There were no
limitations for language and type of published articles as well as
preprinted data.

COVID-19 AND HYPERGLYCEMIA

It has been stated that COVID-19 is associated with
hyperglycemia, actually considered a direct predictor of the
poor prognosis of the disease and to an increased risk of death
(10). Briefly, the binding site and entry point of SARS-CoV-2
is the ACE2 receptor, which is highly expressed in the lung,
liver, brain, placenta, and pancreas. SARS-CoV-2 infects the
pancreas through ACE2, being highly expressed there when
compared to other organs, leading to pancreatic damage with
subsequent impairment of insulin secretion and development
of hyperglycemia even in non-DM patients. Similarly, SARS-
CoV-2-induced pancreatic injury may worsen a preexistent
DM (11). Previous data have shown that SARS-CoV, which is
closely related to SARS-CoV-2, triggers transient hyperglycemia
and impairment of pancreatic f-cell function during epidemic-
derived pneumonia (12). Moreover, the COVID-19-induced
inflammation and cytokine storm (CS), which are characterized
by profound elevations in the levels of tumor necrosis factor-
alpha (TNF-a) and interleukin (IL)-6, lead to peripheral insulin
resistance (IR) (13). Besides, high TNF-a and IL-6 in CS
impair pancreatic f-cell function and inhibit insulin secretion.
Taken together, both IR and impairment of pancreatic p-cell
function contribute to a vicious cycle in the development and
progression of hyperglycemia in COVID-19 patients (14).
Furthermore, hyperglycemia and induced oxidative stress and
gluco-lipotoxicity contribute to the development of IR and
impairment of pancreatic B-cell function (15). In addition,
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prolonged hyperglycemia could worsen the course of COVID-
19 via glycation of pancreatic ACE2, which facilitates the
SARS-CoV-2 binding and entry at the pancreatic f-cell (16).

Different reports have shown that an abnormal expression of
cell ACE2 receptors in different tissues reduces the protective
effect against viral entry and, consequently, exacerbates the
severity and poor outcomes of SARS-CoV-2 infection (2). On
the other hand, the systemic renin-angiotensin system (RAS)
regulates pancreatic p-cell function, while local RAS of pancreatic
p-cell function controls B-cell apoptosis, cell proliferation, and
oxidative stress (17). Angiotensin II (AnglIl) through ATIR
leads to DM induction in experimental models, while inhibiting
the glucose-stimulated insulin secretion. Therefore, blockade of
AT1R improves pancreatic p-cell function and increases the
pro-insulin and insulin biosynthesis. Besides, upregulated local
pancreatic Angll induces oxidative stress that triggers f-cell
damage by NADPH oxidase induction (18). Indeed, it has been
shown that hyperglycemia upregulates AT1R leading to fB-cell
function impairment and insulin secretion (19).

In COVID-19, ACE2 dysregulation by SARS-CoV-2 leads
to marked elevation of vasoconstrictor AngIl with a reduction
in the vasodilator Angl-7 (Figure 1), which per se leads to
pancreatic B-cell dysfunction, inhibition of insulin secretion,
and hyperglycemia, which might be transient even in non-
DM patients (20). Furthermore, elevated Angll leads to
pulmonary vasoconstriction, ALI, and ARDS with the induction
of inflammation cascade and oxidative stress, which together
participate in the induction of pancreatic B-cell function and
hyperglycemia (21). Then, hyperglycemia in COVID-19 leads
to ALI through the induction of pulmonary sodium-potassium-
chloride co-transporter 1(NKCC1), involved in the regulation of
the transport of water and ions to alveolar cells. Thus, untreated
and long-standing hyperglycemia may lead to ALI through
ischemic-reperfusion injury (22). Also noteworthy is the fact
that hyperglycemia is associated with oxidative stress’ induction
and inflammatory mediators’ overproduction, which together
partake in the development of endothelial dysfunction and
thrombosis due to alterations in both function and generation of
antithrombin III (23). Taken together, these findings reveal that
both COVID-19 and hyperglycemia interact in a vicious cycle
leading to more complications and worse metabolic outcomes.

COVID-19 AND PANCREATIC INJURY

Pancreatic injury (PI) is often presented as acute pancreatitis,
which is rarely reported in COVID-19 and may be misdiagnosed
by the general signs and symptoms of acute viral infections
(24). Different studies reported that COVID-19-induced
PI is diagnosed through detailed medical history, physical
examination, and ultrasonography imaging with elevation in
serum lipase levels. However, in severe cases, abdominal CT
scan imaging is recommended (25). In COVID-19, PI may
occur either by direct invasion of SARS-CoV-2 or indirectly
through the induction of CS (26). Previously, SARS-CoV was
detected in the pancreatic tissue suggesting binding of this virus
to ACE2, highly expressed in the pancreatic tissue mainly in

p-cell and exocrine ducts (27). These findings suggest that the
direct cytopathic effect of SARS-CoV-2 may be linked with the
development of PI.

In SARS-CoV-2, the systemic inflammatory response and CS
may be the cause of PI as part of multiorgan failure. SARS-CoV-
2-induced PI increases the release of pancreatic lipase causing
lipolysis and the release of unsaturated fatty acids that ultimately
trigger pancreatic mitochondrial damage and overproduction of
pro-inflammatory mediators similar to that of CS (24). Recent
reports disclosed that SARS-CoV-2 affects both pancreatic lipase
and peripheral adipose tissue leading to PI and lipotoxicity that
contribute to CS induction (28). Also, postmortem studies in
both SARS-CoV and SARS-CoV-2 patients illustrated a higher
proliferation of these viruses in the pancreatic tissues (29).
Therefore, SARS-CoV-2 may lead to PI directly or indirectly
with subsequent endocrine and exocrine dysfunctions that are
presented as acute pancreatitis and transient hyperglycemia (30,
31) (Figure 2).

Also, IL-6 is regarded as a potential link between ALI and
PI in mice since Pl-induced inflammations activate myeloid
cells to secrete IL-6. In COVID-19-induced CS, IL-6 is
the main cytokine involved in ALI and ARDS development
(32). The binding of SARS-CoV-2 to the pancreatic B-cell
ACE2 receptor stimulates A disintegrin and metalloprotease-17
(ADAM-17), which activate the ACE2 receptor shedding and
TNF-a production (33). Therefore, SARS-CoV-2 infection is
linked with the downregulation of ACE2 and the dysregulation
of systemic and local pancreatic B-cell RAS. In this sense,
the administration of recombinant soluble ACE2 neutralizes
SARS-CoV-2 and prevents further viral entry with significant
amelioration of pancreatic function (34).

It has been shown that ACE2 deficiency alters glucose
homeostasis and metabolism since ACE2 knockout mice
illustrated Angll-independent pancreatic B-cells dysfunction,
suggesting a direct protective role of the B-cell ACE2 receptor
(35). Furthermore, overexpression of the B-cell ACE2 receptor
may improve glucose homeostasis and B-cell sensitivity, while
the downregulation of the peripheral ACE2 receptor is linked
to the development of IR through the reduction of glucose
transporter 4 (GLUT4) and Angl-7, which increases peripheral
insulin sensitivity (36). Liu et al. (37) illustrated that ACE2
polymorphism is associated with the development of type
2 DM. Also, ACE2 receptors have been reported to act as
a compensatory mechanism against hyperglycemia induced-
RAS activation since hyperglycemia activates ADAM-17 and
ACE2 renal shedding that are common in patients with T2DM
and IR. Also, ADAM-17 activation by SARS-CoV-2 leads to
hyperglycemia. These changes augment the action of AngII
on ATIR leading to vasoconstriction, hypertension, endothelial
dysfunction, and hypercoagulation status (38). Previously, SARS-
CoV infection was associated with 50% of acute DM cases due
to a reduction in the pancreatic B-cell ACE2 receptors by direct
viral invasion; nevertheless, only 10% of them developed chronic
DM after 3 years (39). Besides, an augmented ADAM-17 during
SARS-CoV-2 infection activates the release of pro-inflammatory
cytokines, including IL-6 and TNF-a, which are correlated with
a higher risk of ARDS and ALI (40). Hence, a rapid management
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FIGURE 1 | SARS-CoV-2 and renin-angiotensin system (RAS) interaction: SARS-CoV-2 down-regulates ACE2 leading to over-activation of Angll and reduction of Ang
1-7. Ang Il through angiotensin receptor type 1 (AT1R) leads to lung injury, inflammation, and vasoconstriction. Ang 1-7 through Mas receptor leads to vasodilation

of PI in COVID-19 patients may mitigate and attenuate the
associated ALIL Therefore, the interaction between SARS-CoV-
2 and pancreatic ACE2 not only causes PI but also may extend to
cause systemic inflammatory changes (Figure 3).

COVID-19 AND DIABETES MELLITUS

DM accounted for about 20% of the intensive care unit (ICU)
admission due to COVID-19 according to cohort reports (41).
However, data from Italy illustrated that more than two-thirds of
COVID-19 patients who died had DM, with the mortality rate of
DM patients with COVID-19 being similar to that of SARS and
MERS (42).

During the previous SARS-CoV infection, non-DM patients
may develop hyperglycemia on the 3rd day of acute infection
that was reversed within 2 weeks (10% of them developed DM
3 years later). These finding are not observed in other viral
pneumonia, suggesting the involvement of the pancreatic axis in
coronavirus infection (43). In COVID-19, DM patients presented
with preprandial and postprandial hyperglycemia as well as
diabetic ketoacidosis, being higher compared to non-infected
DM patients (44).

It has been accounted that any acute disease, as occurs in
viral diseases, triggers stress and higher inflammatory responses
that augment the sympathetic outflow with the release of
catchecholamines, growth hormones, cortisol, and cytokines
that together increase the frequency and severity of DM
complications. However, in cases of coronavirus infection,
the severity of such complications is also linked with the
development of PI (45). Conversely, hypoglycemia may develop
in SARS-CoV due to hepatic and pancreatic alpha cell injury,
despite the fact that alpha cell dysfunction and lower glucagon
serum levels were not confirmed in COVID-19 patients (46).

On the other hand, it was stated that DM increases the
risk of COVID-19 progression and worsens the outcomes of
other coronaviruses and HIN1 infections. The mortality rate of
DM patients with COVID-19 is about 16% due to associated
comorbidities and hidden presentation of mild disease. In fact,
an underestimation of these signs and symptoms in DM patients
may even worsen the outcomes in suspected SARS-CoV-2
infection (47).

Also, DM is linked to low-grade chronic inflammation, which
may facilitate CS induced by COVID-19 pneumonia. The levels
of IL-6, CRP, and D-dimer appear to be higher in COVID-19
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FIGURE 2 | SARS-CoV-2-induced hyperglycemia in COVID-19 patients.
SARS-CoV-2 leads to hyperglycemia either directly through pancreatic p-cells
injury or indirectly through cytokine storm-induced insulin resistance (IR).
Hyperglycemia increased SARS-CoV-2 entry through glycation of ACE2.
Hyperglycemia may cause acute respiratory distress syndrome (ARDS) and
multiorgan damage (MOD) through the induction of endothelial dysfunction
and coagulopathy.

pneumonia patients with DM. Of note, in DM patients with
COVID-19, IL-6 links to associated metabolic disorders and
cardiovascular complications, so IL-6 antagonist tocilizumab
may attenuate the clinical course and outcomes in DM patients
with COVID-19-induced pneumonia (48).

The interaction between DM and COVID-19 could be
bi-directional, as SARS-CoV-2 infection may potentially
deteriorate the preexisting DM and even predispose to frank
DM in non-DM patients. In addition, pancreatic f-cell
invasion by SARS-CoV-2 triggers B-cell autoimmunity in the
susceptible subjects with subsequent development of type 1 DM
(T1DM) (49).

The potential mechanisms that increase the risk of SARS-
CoV-2 infection in DM patients are related to different metabolic
pathways. It has been shown that DM patients with high
body mass index, hypertension, and microvascular complications
have a higher severity and mortality due to COVID-19-
derived pneumonia (50). Also, hyperglycemia in DM individuals,
independently, or secondarily to the presence of diabetic
complications, increases the risk of SARS-CoV-2 infection in
different ways, including an increased affinity from SARS-CoV-2
to ACE2, reduction of viral clearance, T cell-mediated immunity
dysfunction, and CS induction (51).

In DM, there is a noteworthy disorder in the innate, adaptive,
and acquired immunity with delay in the activation of Thl
cell-mediated immunity and late hyper-inflammation due to
an abnormal cytokine response and alterations in CD4™ T
cell counts. These abnormal immunological responses appear

SARS-CoV-2

Pancreatic ACE2 receptors

Hyperglycemia >Activation of 1&)AM-17

v l'

CE2 shedding TNF-a IL-6

3 ALI and ARDS |

FIGURE 3 | The interaction between SARS-CoV-2 and pancreatic ACE2.
Binding of SARS-CoV-2 to the pancreatic ACE2 leads to pancreatic injury
(PI)-induced hyperglycemia and activation of A disintegrin and
metalloprotease-17 (ADAM-17), which activate shedding of ACE2 receptors
and production of TNF-a and IL-6. Hyperglycemia activates ADAM-17 and
vice versa. These changes together participate in the development of ALI and
ARDS.

to be responsible for the blunted antiviral response in DM
(52). Moreover, in DM, there is an overexpression of ACE2
in lung, kidney, heart, and pancreas that favors SARS-CoV-
2 binding and entry (52, 53). Besides, the associated anti-DM
pharmacotherapy and other administrated drugs in DM patients
may affect the expression of ACE2 (53). However, insulin therapy
reduces the expression of ACE2, while metformin, glucagon-like
peptide-1 agonist, thiazolidinediones, statins, and ACE inhibitors
upregulate the expressions of ACE2 (54).

Nonetheless, the causal relationship between DM and ALI
in COVID-19 cases, to what concerns to the expression of
ACE2, is not yet clear. However, a recent study confirms
that long-standing DM is linked to an overexpression of
pulmonary ACE2 (55). Also, the susceptibility of DM patients
to SARS-CoV-2 infection is also related to a higher furin
serum level, which is engaged in the S-domain cleaving
of spike protein and increasing the SARS-CoV-2 binding
to the ACE2 receptors (56). Interestingly, the pulmonary
ACE/ACE2 ratio is increased in DM, which favors the
generation of vasoconstrictor Angll, involved in the induction
of ALL. Also, in DM patients, high AngII levels and SARS-
CoV-2 infection interact mutually at a vascular endothelial
bed causing endothelial dysfunction, inhibition of fibrinolytic
system, and activation of coagulation cascades that trigger
thromboembolic disorders (57). Thus, there is a mutual
interaction between DM and SARS-CoV-2 in COVID-19
(Figure 4).

ANTI-COVID-19 MEDICATIONS AND
BLOOD GLUCOSE VARIABILITY

Currently used drugs for COVID-19 treatment may affect
blood glucose variability in both DM and non-DM patients.
For example, chloroquine and hydroxychloroquine have
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FIGURE 4 | The interaction between diabetes mellitus and COVID-19. In
diabetes mellitus (DM), poor immunity, high pro-inflammatory cytokine, low
ACE2, and oxidative stress increase susceptibility for COVID-19. Below,
COVID-19-induced pancreatic injury, insulin resistance (IR), cytokine storm,
and uses of corticosteroids in the management of COVID-19 collectively
participate in the induction of DM.

been shown to be effective in controlling SARS-CoV-2
replications and in modulating COVID-19-induced CS due
to their potent anti-inflammatory and immunomodulating
effects (58). It has been reported that hydroxychloroquine
improves glycemic indices, P-cell function, and
secretion and can be effectively used in the management
of uncontrolled T2DM. Thus, hydroxychloroquine therapy
in COVID-19 may lead to hypoglycemia since this drug
reduces insulin degradation and improves insulin storage
with augmentation of peripheral glucose metabolism
(59). Therefore, cautions should be regarded in the use
of hydroxychloroquine for treating COVID-19 patients
with DM.

Corticosteroids, such as dexamethasone, are approved drugs
since a long time ago that have shown to be effective in
COVID-19 patients, namely, reducing the exaggerated immune
response-induced ALI and ARDS. Despite this beneficial effect,
dexamethasone blocks both viral clearance and immune response
(60). In addition, administration of corticosteroids in COVID-
19 patients is associated with hyperglycemia even in non-
DM patients. In clinical practice, short-term therapy of low-
dose methylprednisolone (30-80 mg/day for 3-5 days) is
ineffective for COVID-19 management; however, a high-dose
methylprednisolone (80-160 mg/day for 7 days) triggers an
effective action in suppressing CS, and this high dose may
aggravate hyperglycemia in DM (61, 62). Therefore, a strict
glucose monitoring is crucial for COVID-19 patients who receive
corticosteroids to prevent hyperglycemia-induced complications.

insulin

DIABETIC PHARMACOTHERAPY AND
COVID-19

Diabetes pharmacotherapy may affect the clinical course and
outcomes in DM patients with COVID-19 through modulation
of ACE2 expression and potential anti-inflammatory effects.

Metformin

Metformin improves IR and peripheral glucose uptake
through the activation of AMP-dependent protein kinase.
Also, metformin pleiotropic effects through the
AMP-independent  pathway including anti-inflammatory
and immunomodulatory effects (63); it inhibits the synthesis
and release of CRP, IL-1B-induced IL-6, and ferritin from
macrophages, endothelial cells, smooth muscle vascular cells,
and hepatocytes (64). An observational study illustrated that
metformin reduces the mortality rate in DM patients with severe
COVID-19, more evident in women than men, through the
suppression of TNF-a synthesis and release (65). It has been
reported that up to 88% of T2DM patients receive metformin
as first-line therapy, and since COVID-19 is common in DM,
metformin may affect this pandemic (66). Specifically what
concerns COVID-19 is that metformin upregulates ACE2 with
increases in its stability and acts synergistically with ACEIs in the
overexpression of pulmonary ACE2 receptors. As a consequence,
the overexpression of pulmonary ACE2 receptors may attenuate
the deleterious effect of SARS-CoV-2 invasion in alveolar cells
while restoring the RAS balance (67). Metformin also reduces the
binding of SARS-CoV-2 to ACE2 through inducing functional
changes in the transmembrane enzyme by AMP-dependent
phosphorylation (68). In addition, metformin blocks the
mammalian target of rapamycin (mTOR) signaling, which is
an important signaling pathway involved in viral pathogenesis
and replication, such as influenza, SARS, MERS, and SARS-
CoV-2; thus, metformin may attenuate viral replication through
preventing the interaction of the viral protein complex (69). It
has been documented that metformin therapy in DM patients
inhibits the Zika virus replication through the activation of AMP
signaling, which might be applied against SARS-CoV-2 (70).
Add to this the fact that metformin therapy in DM patients with
COVID-19 improves insulin sensitivity, and so it prevents the
IR-induced overexpression of pancreatic ACE2. It is well-known
that IR is linked to the development of cardiometabolic disorders
that favor COVID-19 complications in DM (71).

Different substantial data have shown that metformin leads
to a decrease in the generation of reactive oxygen species (ROS)
through the inhibition of the mitochondrial respiratory chain and
3-kinase phosphoinosis (PI3K)-Akt-dependent inflammatory
response in lung tissue (71). Furthermore, it also inhibits
nitric oxide (NO), prostaglandin E2 (PGE-2), and NF-kB in
lung macrophages during SARS and MERS infection. However,
administration of metformin in COVID-19 should be weighed
against the risk of lactic acidosis and kidney impairment, which
are commonly associated with COVID-19 pneumonia (72).
Thus, regardless of its glucose-lowering abilities, metformin
is recommended in COVID-19 pneumonia due to its potent
anti-inflammatory effects. Al-kuraishy et al. (73) observed that

exerts
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FIGURE 5 | Metformin inhibits pathogenesis of COVID-19 through inhibition of pro-inflammatory cytokines, inflammatory signaling pathway, and binding to ACE2.

metformin is effective in the reduction of COVID-19 severity
and associated complications, such as ALI and acute ischemic
stroke (AIS), through the modulation of SARS-CoV-2-induced
inflammatory reactions in COVID-19 patients with T2DM.
Nonetheless, its use is contraindicated in COVID-19 patients
with lactic acidosis, multiorgan failure, severe gastrointestinal
disorders, and hypoxia (74). The potential benefit of metformin
therapy in DM patients with COVID-19 is illustrated in Figure 5.

Thiazolidinediones

Thiazolidinediones, such as pioglitazone and rosiglitazone, are
classes of antidiabetic drugs that act through the activation
of peroxisome proliferators-activated receptor-gamma (PPAR-
v) leading to the reduction of IR, the suppression of lipolysis,
and the activation of lipogenesis with improvement of insulin
sensitivity (75). Exactly, pioglitazone improves the peripheral
glucose uptake and increases the pancreatic p-cell sensitivity,
while also exerting an important anti-inflammatory effect
through the suppression of monocytes and IL-6 release. Besides,
pioglitazone reduces serum ferritin, CRP, and other pro-
inflammatory cytokines in T2DM, thus reducing the likelihood
of CS when COVID-19 is developed (76). Pioglitazone also
reduces the SARS-CoV-2-induced IR and hyperglycemia in
non-DM patients via the attenuation of ACE2 glycation and
the dysregulation of RAS. Therefore, pioglitazone and other
thiazolidinediones may have potential roles in the management
of COVID-19-related complications (77).

Moreover, thiazolidinediones attenuate pulmonary fibrosis
and ALI by suppressing pulmonary myofibroblast differentiation
and TGF-p signaling (78). For this reason, SARS-CoV-2
pathophysiology is related to its interaction with adipocytes

and adipose-like cells that favor the differentiation of
lung lipofibroblasts into myofibroblasts (79). Pioglitazone
also increases ACE2 expression in insulin-sensitive tissues,
normalizing blood glucose and attenuating acute kidney injury
through the amelioration of the expression of renal ADAM17
(80). Therefore, thiazolidinediones can reduce the interaction
between SARS-CoV-2 and adipocytes with subsequent reduction
of COVID-19 severity (Figure 6).

Dipeptidyl Peptidase-4 Inhibitors

Dipeptidyl peptidase-4 (DPP4) is a transmembrane glycoprotein
type II expressed in different tissues and immune cells and plays
an important role in the metabolism of glucagon-like peptide
(GLP-1). DPP4 expression is higher in the visceral adipose
tissue and involved in visceral inflammation and IR progression
through enzymatic cleavage of cytokines and chemokines (81).

DPP4 inhibitors (DPP4Is) are oral hypoglycemic agents used
in the management of T2DM acting through inhibiting the
DPP4 enzyme, thereby increasing the incretin levels, which, in
turn, increase insulin secretion with the reduction of glucagon
secretion and blood glucose. Briefly, DPP4Is enhance the insulin
secretion in a glucose-dependent manner (82).

Different studies have shown that DPP4Is exert anti-
inflammatory and immunoregulatory effects in both
autoimmune and inflammatory diseases (83). Among such
drugs, sitagliptin, linagliptin, and vildagliptin reduce the CRP
markers in T2DM patients within 12 weeks of treatment (76).
However, there are no available data for other types of DPP4Is
regarding their effects on CRP and ferritin serum levels in
T2DM (84).
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FIGURE 6 | Thiazolidinedione attenuates the pathogenesis of COVID-19
through inhibition of IL-6 and ADAM-17 with the modulation of ACE2, as
thiazolidinediones can regulate the Angll-mediated effects.

Concerning the viral infections, it has been confirmed
that the DPP4 receptor is a recognized receptor for MERS-
CoV that induces T-cell-dependent inflammatory reactions.
So, antibodies directed against the DPP4 receptor inhibit
MERS-CoV proliferation (85). In the context of the COVID-19
outbreak, DPP4Is and GLP-1 analog exert anti-adipogenic
and anti-inflammatory effects that may reduce macrophage
polarization and differentiation (86). Mirani et al. (51) showed
that DM patients on DPP4I therapy developed a less severe
pneumonia, with a lower need of mechanical ventilation and
a lower mortality rate when developing COVID-19. For this
reason, DPP4Is reduce COVID-19 virulence through the
suppression of DPP4/CD26-dependent inflammatory signaling
with subsequent inhibition of CS and disease progression. Recent
evidences also suggest that SARS-CoV-2 interacts with both
DPP4/CD26 and ACE2; besides, SARS-CoV-2 interacts with
293T-cells expressing DPP4 (87). Vankadari and Wilce (88)
confirmed that sitagliptin triggers a marked inhibition of SARS-
CoV-2 proliferation through binding to the F357 residue, causing
conformational changes that prevent its binding with DPP4
receptors. These finding suggest that DPP4Is may attenuate
SARS-CoV-2-induced ARDS by suppressing DPP4/CD26
signaling interactions. Therefore, the anti-inflammatory effects
of DPP4Is may mitigate DM and coexisting COVID-19-induced
IR, hyperglycemia, and inflammation (89).

On the other hand, the GLP-1 receptor analog (GLP-
1RA), such as exenatide, has also potent anti-inflammatory and
antiproliferative effects and plays a role in the attenuation of
ALL Exenatide improves the anti-inflammatory interleukin, IL-
10, and inhibits pro-inflammatory cytokines, TNF-a and IL-
1B, in the macrophage’s/monocyte’s axis (90). Also, the GLP-
1 agonist, such as liraglutide, increases the ACE2 expression
in the lungs and might have a protective role against the
development of ALI in COVID-19-induced pneumonia (91).
However, large prospective studies are recommended to confirm
the potential role of DPP4Is and GLP-1RA in COVID-19.
Therefore, DPP4Is have potential effects against SARS-CoV-2-
induced ARDS through the modulation of anti-inflammatory
and pro-inflammatory cytokines (Figure 7).

Sodium-glucose Co-transporter-2

Inhibitors

Sodium-glucose co-transporter-2 inhibitors (SGLT2Is), also
called gliflozins, which include canagliflozin, dapagliflozin, and
empagliflozin, are a class of anti-DM drugs that inhibit SGLT2 at
renal tubules and prevent glucose reabsorption (92). In addition,
SGLT2Is reduce body weight and blood pressure, and exert anti-
inflammatory effects through the reduction of IL-6, CRP, ferritin,
and oxidative stress, thus being effective in mitigating ALI in
T2DM (76). SGLT2Is play a role in COVID-19 management
through the upregulation of protective ACE2, the attenuation of
CS through the inhibition of IL-6 release, cytoprotective effect
through the improvement of cell oxygenation, and reduction of
lactate formation (93).

On the other hand, an elevated lactate level in COVID-
19 reflects a status of hypoxia and anaerobic metabolism and
is correlated with CS induction and multiorgan injury (94).
Briefly, SARS-CoV-2 can induce anaerobic metabolism via the
disruption of cell oxygenation and the induction of anaerobic
glycolysis (95). As cell pH is controlled by Na™/H* and
lactate/H™ exchangers and symporters, respectively, high lactate
serum levels in SARS-CoV-2 raise the activity of the lactate/H™
symporter with subsequent cell acidosis (96). Dapagliflozin
inhibits cell Na™/H™ exchangers, thus reducing cell acidosis and
SARS-CoV-2 activation at acidic pH. Similarly, other SGLT2Is
also reduce lactate serum levels through the inhibition of lactate
production and release, and increase urinary lactate excretion
and LDH-dependent lactate formation (97). However, the risk
of euglycemic DM ketoacidosis with SGLT2Is is very low (about
1%), but the risk of this side effect should be counterbalanced
with the beneficial use of SGLT2Is in DM patients with
COVID-19 (98). Hence, the net effect of SGLT2Is in COVID-
19 is mainly related to the maintenance of cell pH with the
reduction of the viral load. Into the bargain, SGLT2Is reduce IR
and hyperglycemia-induced inflammatory reactions and ACE2
glycation, thereby reducing the risk of CS and Angll that are
augmented in COVID-19 (99).

Sulfonylureas

Sulfonylureas (SU), such as glibenclamide, glipizide, and
glimepiride, are a class of anti-DM agents that increase insulin
secretion from pancreatic B-cells (100). SU has potent anti-
inflammatory effects through the inhibition of IL-1p and nod-like
receptor pyrine 3 NLRP3 inflammasome with antiplatelet effects
and the reduction of thromboxane A2 activation (101). Platelets’
aggregation and activation of both IL-1p and inflammasome are
involved in CS generation in COVID-19 patients (102). SU blocks
NLRP3 inflammasome-induced ALI through the suppression
of the K*-ATP channel, KT outflow block, the inhibition of
Ca’" entry and of oxidative stress, and the improvement of
endogenous antioxidant capacity (103). However, the use of
glibenclamide in DM patients with COVID-19 has not been
evaluated since most DM patients with COVID-19 are switched
to insulin therapy (104). Nonetheless, glibenclamide therapy in
T2DM patients increases the risk of hypoglycemia, which might
occur in COVID-19 patients (105, 106).
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FIGURE 7 | Potential effects of DPP4 inhibitors on the pathogenesis of COVID-19. Dipeptidyl peptidase-4 inhibitors (DPP4ls) have anti-inflammatory effects through
the activation of anti-inflammatory cytokines, the activation of macrophage polarizations, and the inhibition of pro-inflammatory cytokines. DPP4ls inhibit the entry of
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Insulin

Recent data have shown that insulin requirements are increased
and correlated with high CRP serum levels and COVID-
19 severity (107). For this reason, COVID-19-induced
hyperglycemia, IR, and associated inflammatory disorders
can increase the pancreatic p-cell burden in DM and non-
DM patients (19). However, at the ICU, insulin requirements
are higher in DM patients compared to controls due to the
preexistence of an inflammatory status and cardiometabolic
comorbidities (108). In COVID-19 patients, the direct
interaction with pancreatic B-cells by SARS-CoV-2 leads to
a significant reduction in insulin release. However, C-peptide
is raised in COVID-19, suggesting that SARS-CoV-2 may cause
transient pancreatic B-cell toxicity (109).

Thus, as hyperglycemia is commonly reported in critical
illness, to ensure a proper control of hyperglycemia through
insulin therapy, it is crucial to prevent the occurrence of
cardiometabolic complications (110); therefore, early insulin
therapy in critical illnesses, as occur in cases of COVID-19-
induced hyperglycemia, may improve the clinical outcomes while
reducing the mortality rate through different ways: (a) insulin
inhibits pro-inflammatory cytokine linked to ARDS (111); (b)
insulin promotes a restoration of pancreatic and renal ACE2 and
ADAM-17 activity, and RAS balance (112); (c) insulin therapy
reduces the risk of hyperglycemia and DKA that are associated
with high mortality rates in COVID-19 patients. In addition,
insulin therapy exerts a protective role against SARS-CoV-2-
induced ALI and ARDS (113). To this effect, any COVID-19
patient should be monitored for blood glucose and HbAlc,
along with a strict blood glucose monitoring, where insulin
therapy should be properly administered. Besides, long-term
evaluation of pancreatic B-cell function is recommended to
ascertain potential B-cell damage and future DM development.

Moreover, higher CRP serum levels and neutrophil count
reveal a humoral immune response in DM patients with COVID-
19 (114). In fact, hyperglycemia affects antibody response
during viral infection through the impairment of lymphocytes,
macrophages, and neutrophil functions, as well as complement
response (115). Therefore, the antibody response for SARS-CoV-
2 vaccine may be impaired in DM due to hyperglycemia and
IR (116). For these reasons, a strict insulin therapy is advisable
to control the cell and humoral immune impairments in DM
patients with COVID-19.

CONCLUSIONS

Data obtained underlined that SARS-CoV-2
DM patients is more severe and associated with poor

infection in

clinical outcomes due to preexistent comorbidities and pro-
inflammatory phenotype. SARS-CoV-2 infection impairs glucose
homeostasis and metabolism in DM and non-DM patients due
to cytokine storm (CS) development, downregulation of ACE2,
and direct injury of pancreatic p-cells. Therefore, the potent
anti-inflammatory effect of diabetic pharmacotherapies such
as metformin, pioglitazone, sodium-glucose co-transporter-
2 inhibitors (SGLT2Is), and dipeptidyl peptidase-4 (DPP4)
inhibitors may mitigate the COVID-19 severity. In addition,
some antidiabetic agents, including insulin, can reduce the SARS-
CoV-2 infectivity and severity by modulating the expression
of ACE2 receptors. Taken together, the data presented here
illustrate that insulin therapy may seem as more appropriate
than other anti-DM pharmacotherapies in the management
of COVID-19 patients with DM due to the lower risk of
uncontrolled hyperglycemia and reduced propensity to develop
diabetic ketoacidosis (DKA). However, based on these findings,
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it is not yet possible to conclude decisively on the efficacy of
diabetic pharmacotherapy in COVID-19, so thorough clinical
trials are warranted.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

10.

11.

12.

13.

14.

15.

. Al-Kuraishy HM, Al-Gareeb AI. From SARS-CoV to nCoV-2019:

ruction and argument. Arch Clin Infect Dis. (2020) 15:€102624.

doi: 10.5812/archcid.10262

. Al-Kuraishy HM, Al-Naimi MS, Lungnier CM, Al-Gareeb AL Macrolides

and COVID-19: an optimum premise. Biomed Biotechnol Res . (2020) 4:189.
doi: 10.4103/bbrj.bbrj_103_20

. Sohrabi C, Alsafi Z, O’Neill N, Khan M, Kerwan A, Al-Jabir A, et al.

World Health Organization declares global emergency: a review of
the 2019 novel coronavirus (COVID-19). Int ] Surg. (2020) 76:71-6.
doi: 10.1016/j.ijsu.2020.02.034

. Kumar A, Faiq MA, Pareek V, Raza K, Narayan RK, Prasoon P,

et al. Relevance of SARS-CoV-2 related factors ACE2 and TMPRSS2
expressions in gastrointestinal tissue with pathogenesis of digestive
symptoms, diabetes-associated mortality, and disease recurrence in COVID-
19 patients. Med Hypothes. (2020) 144:110271. doi: 10.1016/j.mehy.2020.
110271

. Alon TM, Doepke M, Olmstead-Rumsey J, Tertilt M. The impact of COVID-

19 on gender equality. Natl Bureau Econ Res. (2020). doi: 10.3386/w26947

. Al-Kuraishy HM, Al-Gareeb AI, Al-Niemi MS, Al-Buhadily AK, Al-Harchan

NA, Lugnier C. COVID-19 and phosphodiesterase enzyme type 5 inhibitors.
J Microscopy Ultrastruct. (2020) 8:141. doi: 10.4103/JMAU.JMAU_63_20

. Rasheed HA, Al-Kuraishy HM, Al-Gareeb AI, Hussien NR, Al-Nami MS.

Effects of diabetic pharmacotherapy on prolactin hormone in patients with
type 2 diabetes mellitus: Bane or Boon. ] Adv Pharmaceut Technol Res. (2019)
10:163. doi: 10.4103/japtr.JAPTR_65_19

. Meo SA, Alhowikan AM, Al-Khlaiwi T, Meo IM, Halepoto DM, Igbal

M, et al. Novel coronavirus 2019-nCoV: prevalence, biological and clinical
characteristics comparison with SARS-CoV and MERS-CoV. Eur Rev Med
Pharmacol Sci. (2020) 24:2012-9. doi: 10.26355/eurrev_202002_20379

. Ilias I, Jahaj E, Kokkoris S, Zervakis D, Temperikidis P, Magira E, et al.

Clinical study of hyperglycemia and SARS-CoV-2 infection in intensive care
unit patients. In Vivo. (2020) 34:3029-32. doi: 10.21873/invivo.12136
Somasundaram NP, Ranathunga I, Ratnasamy V, Wijewickrama PS,
Dissanayake HA, Yogendranathan N, et al. The impact of SARS-Cov-2
virus infection on the endocrine system. ] Endocrine Soc. (2020) 4:bvaa082.
doi: 10.1210/jendso/bvaa082

Wang A, Zhao W, Xu Z, Gu J. Timely blood glucose management
for the outbreak of 2019 novel coronavirus disease (COVID-19)
is urgently needed. Diabetes Res Clin Pract. (2020) 162:108118.
doi: 10.1016/j.diabres.2020.108118

Michalakis K, Ilias I. SARS-CoV-2 infection and obesity: Common
inflammatory and metabolic aspects. Diabetes Metab Syndrome. (2020)
14:469-71. doi: 10.1016/j.dsx.2020.04.033

Al-kuraishy HM, Al-Maiahy TJ, Al-Gareeb AI, Musa RA, Ali ZH. COVID-19
pneumonia in an Iraqi pregnant woman with preterm delivery. Asian Pacific
] Reproduct. (2020) 9:156. doi: 10.4103/2305-0500.282984

Mehta P, McAuley DE Brown M, Sanchez E, Tattersall RS, Manson JJ.
COVID-19: consider cytokine storm syndromes and immunosuppression.
Lancet. (2020) 395:1033-4. doi: 10.1016/S0140-6736(20)30628-0
Abdul-Hadi MH, Naji MT, Shams HA, Sami OM, Al-Harchan NA, Al-
Kuraishy HM, et al. Oxidative stress injury and glucolipotoxicity in type 2

ACKNOWLEDGMENTS

NC-M acknowledges the Portuguese Foundation for Science
and Technology under the Horizon 2020 Program (PTDC/PSI-
GER/28076/2017). HA-k acknowledges medical staff members of
Al-Shiffa Medical Center, Baghdad, Iraq for their participations.
This work was supported by Taif University Researchers
Supporting Program (project number: TURSP-2020/93), Taif
University, Saudi Arabia.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

diabetes mellitus: The potential role of metformin and sitagliptin. Biomed
Biotechnol Res J. (2020) 4:166. doi: 10.4103/bbrj.bbrj_7_20

. Albulescu R, Dima SO, Florea IR, Lixandru D, Serban AM, Aspritoiu

VM, et al. COVID-19 and diabetes mellitus: unraveling the hypotheses
that worsen the prognosis. Experi Therap Med. (2020) 20:194.
doi: 10.3892/etm.2020.9324

. Al-kuraishy HM, Al-Gareeb Al, Abdullah SM, Cruz-Martins N, Batiha GE.

Case report: hyperbilirubinemia in gilbert syndrome attenuates Covid-19-
induced metabolic disturbances. Front Cardiovasc Med. (2021) 8:e642181.
doi: 10.3389/fcvm.2021.642181

. Lugnier C, Al-Kuraishi HM, Rousseau E. PDE4 inhibition as a

therapeutic strategy for improvement of pulmonary dysfunctions in
Covid-19 and cigarette smoking. Biochem Pharmacol. (2021) 28:114431.
doi: 10.1016/j.bcp.2021.114431

. Singh AK, Singh R. Hyperglycemia without diabetes and new-onset diabetes

are both associated with poorer outcomes in COVID-19. Diabetes Res Clin
Pract. (2020) 167:108382. doi: 10.1016/j.diabres.2020.108382

Gobolos L, Racz I, Hogan M, Remsey-Semmelweis E, Atallah B,
AlMahmeed W, et al. The role of renin-angiotensin system activated
phagocytes in the SARS-CoV-2 coronavirus infection. J Vasc Surg. (2020).
doi: 10.1016/j.jvs.2020.12.056

Dwi N, Netra WI. The analysis of blood glucose level and blood pressure on
hypertension patients in mersi village, East Purwokerto, Central Java. In: Ist
International Conference on Community Health (ICCH 2019). Purwokerto:
Atlantis Press (2020). doi: 10.2991/ahsr.k.200204.014

Ceriello A. Hyperglycemia and COVID-19: what was known and
what is really new?. Diabetes Res Clin Pract. (2020) 167:108383.
doi: 10.1016/j.diabres.2020.108383

Al-Nami MS, Al-Kuraishy HM, Al-Gareeb AI, Al-Mamoori F. Metabolic
profile and prolactin serum levels in men with type 2 diabetes
mellitus: old-new rubric. Int J Criti Illness Injury Sci. (2019) 9:120.
doi: 10.4103/IJCIIS.IJCIIS_40_19

Alves AM, Yvamoto EY, Marzinotto MA, Teixeira AC, Carrilho FJ. SARS-
CoV-2 leading to acute pancreatitis: an unusual presentation. Brazil ] Infect
Dis. (2020) 24:561-4. doi: 10.1016/j.bjid.2020.08.011

Tlahi O, Bochicchio GV, Scalea TM, Aaland MO. Efficacy of computed
tomography in the diagnosis of pancreatic injury in adult blunt trauma
patients: a single-institutional study/discussion. Am Surg. (2002) 68:704.
doi: 10.1515/hmbci-2019-0066

Wang E Wang H, Fan J, Zhang Y, Wang H, Zhao Q. Pancreatic
injury patterns in patients with coronavirus disease 19 pneumonia.
Gastroenterology. (2020) 159:367-70. doi: 10.1053/j.gastro.2020.03.055
Zhang QL, Ding YQ, Hou JL, He L, Huang ZX, Wang HJ, et al. Detection
of severe acute respiratory syndrome (SARS)-associated coronavirus RNA
in autopsy tissues with in situ hybridization. Acad ] First Med College PLA.
(2003) 23:1125-7.

Taneera J, El-Huneidi W, Hamad M, Mohammed AK, Elaraby E, Hachim
MY. Expression profile of SARS-CoV-2 host receptors in human pancreatic
islets revealed upregulation of ACE2 in diabetic donors. Biology. (2020)
9:215. doi: 10.3390/biology9080215

Gomes IC, Karmirian K, Oliveira J, Pedrosa C, Rosman FC, Chimelli L, et al.
SARS-CoV-2 infection in the central nervous system of a 1-year-old infant.
Preprints. (2020). doi: 10.20944/preprints202009.0297.v1

Frontiers in Cardiovascular Medicine | www.frontiersin.org

10

May 2021 | Volume 8 | Article 644095


https://doi.org/10.5812/archcid.10262
https://doi.org/10.4103/bbrj.bbrj_103_20
https://doi.org/10.1016/j.ijsu.2020.02.034
https://doi.org/10.1016/j.mehy.2020.110271
https://doi.org/10.3386/w26947
https://doi.org/10.4103/JMAU.JMAU_63_20
https://doi.org/10.4103/japtr.JAPTR_65_19
https://doi.org/10.26355/eurrev_202002_20379
https://doi.org/10.21873/invivo.12136
https://doi.org/10.1210/jendso/bvaa082
https://doi.org/10.1016/j.diabres.2020.108118
https://doi.org/10.1016/j.dsx.2020.04.033
https://doi.org/10.4103/2305-0500.282984
https://doi.org/10.1016/S0140-6736(20)30628-0
https://doi.org/10.4103/bbrj.bbrj_7_20
https://doi.org/10.3892/etm.2020.9324
https://doi.org/10.3389/fcvm.2021.642181
https://doi.org/10.1016/j.bcp.2021.114431
https://doi.org/10.1016/j.diabres.2020.108382
https://doi.org/10.1016/j.jvs.2020.12.056
https://doi.org/10.2991/ahsr.k.200204.014
https://doi.org/10.1016/j.diabres.2020.108383
https://doi.org/10.4103/IJCIIS.IJCIIS_40_19
https://doi.org/10.1016/j.bjid.2020.08.011
https://doi.org/10.1515/hmbci-2019-0066
https://doi.org/10.1053/j.gastro.2020.03.055
https://doi.org/10.3390/biology9080215
https://doi.org/10.20944/preprints202009.0297.v1
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Al-kuraishy et al.

COVID-19, Hyperglycemia and Diabetes Mellitus

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Coate KC, Cha J, Shrestha S, Wang W, Gongalves LM, Almaga J, et al.
SARS-CoV-2 cell entry factors ACE2 and TMPRSS2 are expressed in the
microvasculature and ducts of human pancreas but are not enriched in f
cells. Cell Metabo. (2020) 32:1028-40. doi: 10.1016/j.cmet.2020.11.006
Caballero AE, Ceriello A, Misra A, Aschner P, McDonnell ME, Hassanein M,
et al. COVID-19 in people living with diabetes: an international consensus. |
Diabetes Compli. (2020) 34:107671. doi: 10.1016/j.jdiacomp.2020.107671
Liu B, Li M, Zhou Z, Guan X, Xiang Y. Can we use interleukin-
6 (IL-6) blockade for coronavirus disease 2019 (COVID-19)-induced
cytokine release syndrome (CRS)? ] Autoimmun. (2020) 10:102452.
doi: 10.1016/j.jaut.2020.102452

Huang W, Meng Y, Wu P, Li X. Rebalance of the RAAS axes:
the therapeutic strategy of COVID-192. Authorea Preprints. (2020).
doi: 10.22541/au.159050479.95287268

Chan KK, Dorosky D, Sharma P, Abbasi SA, Dye JM, Kranz DM, et al.
Engineering human ACE2 to optimize binding to the spike protein of SARS
coronavirus 2. Science. (2020) 369:1261-5. doi: 10.1126/science.abc0870
Sharma RK, Stevens BR, Obukhov AG, Grant MB, Oudit GY, Li Q, et al.
ACE2 (Angiotensin-Converting Enzyme 2) in cardiopulmonary diseases:
ramifications for the control of SARS-CoV-2. Hypertension. (2020) 76:651-
61. doi: 10.1161/HYPERTENSIONAHA.120.15595

Kawabe Y, Mori J, Morimoto H, Yamaguchi M, Miyagaki S, Ota T, et al. ACE2
exerts anti-obesity effect via stimulating brown adipose tissue and induction
of browning in white adipose tissue. Am ] Physiol Endocrinol Metabo. (2019)
317:E1140-9. doi: 10.1152/ajpendo.00311.2019

LiuC,Li Y, Guan T, Lai Y, Shen Y, Zeyaweiding A, et al. ACE2 polymorphisms
associated with cardiovascular risk in Uygurs with type 2 diabetes mellitus.
Cardiovasc Diabetol. (2018) 17:1-1. doi: 10.1186/s12933-018-0771-3
Fadnavis R. Effect of hyperglycemia and thiazolidinediones on cardiac
angiotensin converting enzyme 2 (ACE2) and neprilysin (NEP) in db/db
diabetic mice (Doctoral dissertation) Wright State University, Columbus,
OH, United States.

Yang JK, Lin SS, Ji XJ, Guo LM. Binding of SARS coronavirus to its receptor
damages islets and causes acute diabetes. Acta Diabetol. (2010) 47:193-9.
doi: 10.1007/s00592-009-0109-4

Domingo P, Mur I, Pomar V, Corominas H, Casademont ], de Benito
N. The four horsemen of a viral Apocalypse: The pathogenesis of
SARS-CoV-2 infection (COVID-19). EBioMedicine. (2020) 58:102887.
doi: 10.1016/j.ebiom.2020.102887

Pranata R, Lim MA, Huang I, Raharjo SB, Lukito AA. Hypertension is
associated with increased mortality and severity of disease in COVID-
19 pneumonia: a systematic review, meta-analysis and meta-regression.
] Renin-Angiotensin-Aldosterone ~ Syst. (2020) 21:1470320320926899.
doi: 10.1177/1470320320926899

Li Y, Han X, Alwalid O, Cui Y, Cao Y, Liu J, et al. Baseline characteristics
and risk factors for short-term outcomes in 132 COVID-19 patients with
diabetes in Wuhan China: a retrospective study. Diabetes Res Clin Pract.
(2020) 166:108299. doi: 10.1016/j.diabres.2020.108299

Fadini GP, Morieri ML, Longato E, Avogaro A. Prevalence and impact of
diabetes among people infected with SARS-CoV-2. J Endocrinol Investig.
(2020) 43:867-9. doi: 10.1007/s40618-020-01236-2

Zhu L, She ZG, Cheng X, Qin JJ, Zhang XJ, Cai ], et al. Association
of blood glucose control and outcomes in patients with COVID-
19 and pre-existing type 2 diabetes. Cell Metabo. (2020) 31:1068-77.
doi: 10.1016/j.cmet.2020.04.021

Raoult D, Zumla A, Locatelli F, Ippolito G, Kroemer G. Coronavirus
infections: epidemiological, clinical and immunological features and
hypotheses. Cell Stress. (2020) 4:66. doi: 10.15698/cst2020.04.216

Caruso I, Di Molfetta S, Guarini F, Giordano E, Cignarelli A, Natalicchio A,
et al. Reduction of hypoglycaemia, lifestyle modifications and psychological
distress during lockdown following SARS-CoV-2 outbreak in type 1 diabetes.
Diabetes Metabo Res Rev. (2020) 1:¢3404. doi: 10.1002/dmrr.3404

Roncon L, Zuin M, Rigatelli G, Zuliani G. Diabetic patients with COVID-19
infection are at higher risk of ICU admission and poor short-term outcome.
J Clin Virol. (2020) 127:104354. doi: 10.1016/j.jcv.2020.104354

Huang I, Lim MA, Pranata R. Diabetes mellitus is associated with increased
mortality and severity of disease in COVID-19 pneumonia-a systematic

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

review, meta-analysis, and meta-regression. Diabetes Metabol Syndrome:
Clin Res Rev. (2020) 14:395-403. doi: 10.1016/j.dsx.2020.04.018

Maddaloni E, Buzzetti R. Covid-19 and diabetes mellitus: unveiling
the interaction of two pandemics. Diabetes Metabol Res Rev. (2020)
36:€33213321. doi: 10.1002/dmrr.3321

Sathish T, Cao Y, Kapoor N. Newly diagnosed diabetes in
COVID-19  patients.  Primary  Care  Diabetes.  (2020)  15:194.
doi: 10.1016/j.pcd.2020.08.014

Mirani M, Favacchio G, Carrone E Betella N, Biamonte E, Morenghi E,
et al. Impact of comorbidities and glycemia at admission and dipeptidyl
peptidase 4 inhibitors in patients with type 2 diabetes with COVID-19: a case
series from an academic hospital in Lombardy, Italy. Diabetes Care. (2020)
43:3042-9. doi: 10.2337/dc20-1340

Takeda Y, Shimomura T, Wakabayashi I. Immunological disorders of
diabetes mellitus in experimental rat models. Nihon eiseigaku zasshi. Japan |
Hygiene. (2014) 69:166-76. doi: 10.1265/jjh.69.166
Pal R, Bhansali A. COVID-19, diabetes
the conundrum. Diabetes Res Clin
doi: 10.1016/j.diabres.2020.108132

Sinha S, Cheng K, Schiffer AA, Aldape K, Schift E, Ruppin E. In vitro
and in vivo identification of clinically approved drugs that modify ACE 2
expression. Mol Syst Biol. (2020) 16:€9628. doi: 10.15252/msb.20209628
Gupta R, Hussain A, Misra A. Diabetes and COVID-19: evidence, current
status and unanswered research questions. Eur J Clin Nutr. (2020) 74:864-70.
doi: 10.1038/s41430-020-0652-1

Klimstra WB, Tilston-Lunel NL, Nambulli S, Boslett J, McMillen CM,
Gilliland T, et al. SARS-CoV-2 growth, furin-cleavage-site adaptation and
neutralization using serum from acutely infected hospitalized COVID-19
patients. ] Gene Virol. (2020) 101:1156-69. doi: 10.1099/jgv.0.001481

John TJ, John K. What s the role of angiotensin-converting enzyme 2 (ACE2)
in COVID-19 infection in hypertensive patients with diabetes?. Canad ]
Cardiol. (2020) 36:969-¢3. doi: 10.1016/j.cjca.2020.03.049

Liu J, Cao R, Xu M, Wang X, Zhang H, Hu H, et al. Hydroxychloroquine,
a less toxic derivative of chloroquine, is effective in inhibiting SARS-CoV-2
infection in vitro. Cell Disc. (2020) 6:1-4. doi: 10.1038/s41421-020-0156-0
Wondafrash DZ, Desalegn TZ, Yimer EM, Tsige AG, Adamu BA, Zewdie
KA. Potential effect of hydroxychloroquine in diabetes mellitus: a systematic
review on preclinical and clinical trial studies. J Diabetes Res. (2020)
2020:5214751. doi: 10.1155/2020/5214751

Hasan SS, Capstick T, Ahmed R, Kow CS, Mazhar F, Merchant HA, et al.
Mortality in COVID-19 patients with acute respiratory distress syndrome
and corticosteroids use: a systematic review and meta-analysis. Expert Rev
Respirat Med. (2020) 14:1149-63. doi: 10.1080/17476348.2020.1804365
Saad AF, Chappell L, Saade GR, Pacheco LD. Corticosteroids in the
management of pregnant patients with coronavirus disease (COVID-19).
Obstetr Gynecol. (2020) 136:823-6. doi: 10.1097/A0G.0000000000004103
Singh AK, Majumdar S, Singh R, Misra A. Role of corticosteroid in the
management of COVID-19: a systemic review and a clinician’s perspective.
Diabetes Metabol Syndr. (2020) 14:971-8. doi: 10.1016/j.dsx.2020.06.054
Al-Nami MS, Al-Kuraishy HM, Al-Gareeb AL Impact of thioctic acid
on glycemic indices and associated inflammatory-induced endothelial
dysfunction in patients with type 2 diabetes mellitus: a case control study.
Int J Criti Illness Injury Sci. (2020) 10:21. doi: 10.4103/IJCIIS.IJCIIS_62_19
Al-Hashem F, Al-Humayed S, Amin SN, Kamar SS, Mansy SS, Hassan S, et al.
Metformin inhibits mMTOR-HIF-1a axis and profibrogenic and inflammatory
biomarkers in thioacetamide-induced hepatic tissue alterations. J Cell
Physiol. (2019) 234:9328-37. doi: 10.1002/jcp.27616

Rajpal A, Rahimi L, Ismail-Beigi F. Factors leading to high morbidity and
mortality of COVID-19 in patients with type 2 diabetes. ] Diabetes. (2020)
12:895-908. doi: 10.1111/1753-0407.13085

Crouse AB, Grimes T, Li P, Might M, Ovalle E Shalev A. Metformin
use is associated with reduced mortality in a diverse population
with COVID-19 and diabetes. (2021) 11:1081.
doi: 10.3389/fend0.2020.600439

Scheen AJ. Metformin and COVID-19: From cellular mechanisms
to reduced mortality.  Diabetes  Metabol.  (2020)  46:423-6.
doi: 10.1016/j.diabet.2020.07.006

and ACE2:
162:108132.

mellitus

Pract.  (2020)

Front Endocrinol.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

11

May 2021 | Volume 8 | Article 644095


https://doi.org/10.1016/j.cmet.2020.11.006
https://doi.org/10.1016/j.jdiacomp.2020.107671
https://doi.org/10.1016/j.jaut.2020.102452
https://doi.org/10.22541/au.159050479.95287268
https://doi.org/10.1126/science.abc0870
https://doi.org/10.1161/HYPERTENSIONAHA.120.15595
https://doi.org/10.1152/ajpendo.00311.2019
https://doi.org/10.1186/s12933-018-0771-3
https://doi.org/10.1007/s00592-009-0109-4
https://doi.org/10.1016/j.ebiom.2020.102887
https://doi.org/10.1177/1470320320926899
https://doi.org/10.1016/j.diabres.2020.108299
https://doi.org/10.1007/s40618-020-01236-2
https://doi.org/10.1016/j.cmet.2020.04.021
https://doi.org/10.15698/cst2020.04.216
https://doi.org/10.1002/dmrr.3404
https://doi.org/10.1016/j.jcv.2020.104354
https://doi.org/10.1016/j.dsx.2020.04.018
https://doi.org/10.1002/dmrr.3321
https://doi.org/10.1016/j.pcd.2020.08.014
https://doi.org/10.2337/dc20-1340
https://doi.org/10.1265/jjh.69.166
https://doi.org/10.1016/j.diabres.2020.108132
https://doi.org/10.15252/msb.20209628
https://doi.org/10.1038/s41430-020-0652-1
https://doi.org/10.1099/jgv.0.001481
https://doi.org/10.1016/j.cjca.2020.03.049
https://doi.org/10.1038/s41421-020-0156-0
https://doi.org/10.1155/2020/5214751
https://doi.org/10.1080/17476348.2020.1804365
https://doi.org/10.1097/AOG.0000000000004103
https://doi.org/10.1016/j.dsx.2020.06.054
https://doi.org/10.4103/IJCIIS.IJCIIS_62_19
https://doi.org/10.1002/jcp.27616
https://doi.org/10.1111/1753-0407.13085
https://doi.org/10.3389/fendo.2020.600439
https://doi.org/10.1016/j.diabet.2020.07.006
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Al-kuraishy et al.

COVID-19, Hyperglycemia and Diabetes Mellitus

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sharma S, Ray A, Sadasivam B. Metformin in COVID-19: a possible
role beyond diabetes. Diabetes Res Clin Pract. (2020) 164:108183.
doi: 10.1016/j.diabres.2020.108183

Abdel-Maksoud MS, El-Gamal MI, Benhalilou DR, Ashraf S, Mohammed
SA, Oh CH. Mechanistic/mammalian target of rapamycin: recent
pathological aspects and inhibitors. Med Res Rev. (2019) 39:631-64.
doi: 10.1002/med.21535

Singh S, Singh PK, Suhail H, Arumugaswami V, Pellett PE, Giri S, et al. AMP-
activated protein kinase restricts Zika virus replication in endothelial cells by
potentiating innate antiviral responses and inhibiting glycolysis. ] Immunol.
(2020) 204:1810-24. doi: 10.4049/jimmunol.1901310

Wu K, Tian R, Huang J, Yang Y, Dai J, Jiang R, et al. Metformin
alleviated endotoxemia-induced acute lung injury via restoring AMPK-
dependent suppression of mTOR. Chem Biol Interact. (2018) 291:1-6.
doi: 10.1016/j.cbi.2018.05.018

Cheng X, Liu YM, Li H, Zhang X, Lei E, Qin JJ, et al. Metformin is associated
with higher incidence of acidosis, but not mortality, in individuals with
COVID-19 and pre-existing type 2 diabetes. Cell Metabo. (2020) 32:537-47.
doi: 10.1016/j.cmet.2020.08.013

Al-kuraishy HM, Al-Gareeb Al, Alblihed M, Cruz-Martins N, Batiha GE.
COVID-19 and risk of acute ischemic stroke and acute lung injury in patients
with type ii diabetes mellitus: the anti-inflammatory role of metformin. Front
Med. (2021) 8:110. doi: 10.3389/fmed.2021.644295

Hariyanto TI,
reduced mortality rate from coronavirus disease 2019 (COVID-19)
infection. Obesity Med. (2020) 19:100290. doi: 10.1016/j.0bmed.2020.
100290

Tahlan S, Verma
derivatives of synthetic origin.
doi: 10.1186/s13065-017-0357-2
Kalavalapalli S, Bril F, Koelmel JP, Abdo K, Guingab ], Andrews P, et al.
Pioglitazone improves hepatic mitochondrial function in a mouse model
of nonalcoholic steatohepatitis. Am ] Physiol Endocrinol Metabo. (2018)
315:E163-73. doi: 10.1152/ajpendo.00023.2018

Carboni E, Carta AR, Carboni E. Can pioglitazone be potentially useful
therapeutically in treating patients with COVID-19?. Med Hypothes. (2020)
140:109776. doi: 10.1016/j.mehy.2020.109776

Kokény G, Calvier L, Legchenko E, Chouvarine P, Mozes MM,
Hansmann G. PPARy is a gatekeeper for extracellular matrix and
vascular cell homeostasis: beneficial role in pulmonary hypertension
and renal/cardiac/pulmonary fibrosis. Curr Opin Nephrol Hyperten. (2020)
29:171-9. doi: 10.1097/MNH.0000000000000580

Kruglikov IL, Scherer PE. The role of adipocytes and adipocyte-like
cells in the severity of COVID-19 infections. Obesity. (2020) 28:1187-90.
doi: 10.1002/0by.22856

Subir R. Use of pioglitazone in people with type 2 diabetes mellitus with
coronavirus disease 2019. (COVID-19): Boon or bane?. Diabetes Metabo
Syndr. (2020) 14:829-31. doi: 10.1016/j.dsx.2020.06.015

Al-Kuraishy HM, Sami OM, Hussain NR, Al-Gareeb AI. Metformin
and/or vildagliptin mitigate type II diabetes mellitus induced-oxidative
stress: the intriguing effect. J Adv Pharm Technol Res. (2020) 11:142.
doi: 10.4103/japtr.JAPTR_18_20

Gallwitz B. Clinical use of DPP-4 inhibitors. Front Endocrinol. (2019) 10:389.
doi: 10.3389/fend0.2019.00389

Deacon CF. A review of dipeptidyl peptidase-4 inhibitors. Hot topics from
randomized controlled trials. Diabetes Obesity Metabo. (2018) 20:34-46.
doi: 10.1111/dom.13135

Li G, Crowley MJ, Tang H, Yang JY, Sandler RS, Wang T. Dipeptidyl
peptidase 4 inhibitors and risk of inflammatory bowel disease among
patients with type 2 diabetes: a meta-analysis of randomized controlled trials.
Diabetes Care. (2019) 42:e119-21. doi: 10.2337/dc18-1578

Kawaguchi Y, Shimauchi R, Nishibori N, Kawashima K, Oshitani S, Fujiya
A, et al. Dipeptidyl peptidase-4 inhibitors-associated bullous pemphigoid: a
retrospective study of 168 pemphigoid and 9,304 diabetes mellitus patients. |
Diabetes Investig. (2019) 10:392-8. doi: 10.1111/jdi.12877

Li Y, Zhang Z, Yang L, Lian X, Xie Y, Li S, et al. The MERS-CoV receptor
DPP4 as a candidate binding target of the SARS-CoV-2 spike. Iscience. (2020)
23:101160. doi: 10.1016/j.is¢i.2020.101160

Kurniawan A. Metformin use is associated with

PK. Biological potential of thiazolidinedione
Chem Central ]. (2017) 11:1-29.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Valencia I, Peir6 C, Lorenzo O, Sinchez-Ferrer CE Eckel J, Romacho
T. DPP4 and ACE2 in diabetes and COVID-19: therapeutic targets
for cardiovascular complications? Front Pharmacol. (2020) 11:1161.
doi: 10.3389/fphar.2020.01161

Vankadari N, Wilce JA. Emerging COVID-19 coronavirus: glycan
shield and structure prediction of spike glycoprotein and its
interaction with human CD26. Emerg Microbes Infect. (2020) 9:601-4.
doi: 10.1080/22221751.2020.1739565

Bassendine MF, Bridge SH, McCaughan GW, Gorrell MD. COVID-19 and
comorbidities: A role for dipeptidyl peptidase 4 (DPP4) in disease severity?.
] Diabetes. (2020) 12:649-58. doi: 10.1111/1753-0407.13052

Tawfik MK, Mohamed MI. Exenatide suppresses 1, 2-dimethylhydrazine-
induced diabetic Effect
angiogenesis and cell proliferation. Biomed Pharm. (2016) 82:106-16.
doi: 10.1016/j.biopha.2016.05.005

Longo M, Caruso P, Maiorino MI, Bellastella G, Giugliano D, Esposito
K. Treating type 2 diabetes in COVID-19 patients: the potential
benefits of injective therapies. Cardiovasc Diabetol. (2020) 19:1-5.
doi: 10.1186/512933-020-01090-9

Bersoff-Matcha S], Chamberlain C, Cao C, Kortepeter C, Chong WH.
Fournier gangrene associated with sodium-glucose cotransporter-2
inhibitors: a review of spontaneous postmarketing cases. Ann Internal Med.
(2019) 170:764-9. doi: 10.7326/M19-0085

Patoulias D, Papadopoulos C, Katsimardou A, Toumpourleka M,
Doumas M. Sodium-glucose cotransporter 2 inhibitors and major
COVID-19 outcomes: promising mechanisms, conflicting data,
and intriguing clinical decisions. Diabetes Ther. (2020) 11:3003-5.
doi: 10.1007/s13300-020-00942-7

Velavan TP, Kieu Linh LT, Kreidenweiss A, Gabor ], Krishna S, Kremsner
PG. Longitudinal monitoring of lactate in hospitalized and ambulatory
COVID-19 patients. Am ] Trop Med Hygiene. (2021) 11:tpmd201282.
doi: 10.4269/ajtmh.20-1282

Li C, Ye J, Chen Q, Hu W, Wang L, Fan Y, et al. Elevated lactate
dehydrogenase (LDH) level as an independent risk factor for the severity and
mortality of COVID-19. Aging. (2020) 12:15670. doi: 10.18632/aging.103770
Jimenez L, Codo AC, Sampaio VS, Oliveira AE, Ferreira LK, Davanzo GG,
et al. The influence of pH on SARS-CoV-2 infection and COVID-19 severity.
MedRxiv. (2020). doi: 10.1101/2020.09.10.20179135

Chatterjee S. SGLT-2 inhibitors for COVID-19—A miracle waiting to happen
or just another beat around the bush?. Primary Care Diabetes. (2020) 14:564—
5. doi: 10.1016/j.pcd.2020.05.013

Oriot P, Hermans MP. Euglycemic diabetic ketoacidosis in a patient
with type 1 diabetes and SARS-CoV-2 pneumonia: case report
and review of the literature. Acta Clin Belgica. (2020) 18:1-5.
doi: 10.1080/17843286.2020.1780390

Koufakis T, Metallidis S, Zebekakis P, Ajjan RA, Kotsa K. Sodium-glucose
cotransporter 2 inhibitors in the Era of COVID-19 pandemic: is the
benefit to risk ratio still favorable? J Diabetes Sci Technol. (2020) 14:745-7.
doi: 10.1177/1932296820932155

Hussien NR, Al-Naimi MS, Rasheed HA, Al-Kuraishy HM, Al-Gareeb AL
Sulfonylurea and neuroprotection: the bright side of the moon. ] Adv Pharm
Technol Res. (2018) 9:120-3. doi: 10.4103/japtr.JAPTR_317_18

Yaribeygi H, Atkin SL, Butler AE, Sahebkar A. Sodium-glucose cotransporter
inhibitors and oxidative stress: an update. J Cell Physiol. (2019) 234:3231-7.
doi: 10.1002/jcp.26760

de Rivero Vaccari JC, Dietrich WD, Keane RW, de Rivero Vaccari JP. The
inflammasome in times of COVID-19. Front Immunol. (2020) 11:2474.
doi: 10.3389/fimmu.2020.583373

Hill JR, Coll RC, Sue N, Reid JC, Dou J, Holley CL, et al. Sulfonylureas
as concomitant insulin secretagogues and NLRP3 inflammasome
inhibitors. ChemMedChem. (2017) 12:1449-57. doi: 10.1002/cmdc.2017
00270

Maddaloni E, Coraggio L, Pieralice S, Carlone A, Pozzilli P, Buzzetti R. Effects
of COVID-19 lockdown on glucose control: continuous glucose monitoring
data from people with diabetes on intensive insulin therapy. Diabetes Care.
(2020) 43:e86-7. doi: 10.2337/dc20-0954

Hanif S, Ali SN, Hassanein M, Khunti K, Hanif W. Managing people
with diabetes fasting for ramadan during the COVID-19 pandemic: A

colon cancer in mice: on tumor

Frontiers in Cardiovascular Medicine | www.frontiersin.org

12

May 2021 | Volume 8 | Article 644095


https://doi.org/10.1016/j.diabres.2020.108183
https://doi.org/10.1002/med.21535
https://doi.org/10.4049/jimmunol.1901310
https://doi.org/10.1016/j.cbi.2018.05.018
https://doi.org/10.1016/j.cmet.2020.08.013
https://doi.org/10.3389/fmed.2021.644295
https://doi.org/10.1016/j.obmed.2020.100290
https://doi.org/10.1186/s13065-017-0357-2
https://doi.org/10.1152/ajpendo.00023.2018
https://doi.org/10.1016/j.mehy.2020.109776
https://doi.org/10.1097/MNH.0000000000000580
https://doi.org/10.1002/oby.22856
https://doi.org/10.1016/j.dsx.2020.06.015
https://doi.org/10.4103/japtr.JAPTR_18_20
https://doi.org/10.3389/fendo.2019.00389
https://doi.org/10.1111/dom.13135
https://doi.org/10.2337/dc18-1578
https://doi.org/10.1111/jdi.12877
https://doi.org/10.1016/j.isci.2020.101160
https://doi.org/10.3389/fphar.2020.01161
https://doi.org/10.1080/22221751.2020.1739565
https://doi.org/10.1111/1753-0407.13052
https://doi.org/10.1016/j.biopha.2016.05.005
https://doi.org/10.1186/s12933-020-01090-9
https://doi.org/10.7326/M19-0085
https://doi.org/10.1007/s13300-020-00942-7
https://doi.org/10.4269/ajtmh.20-1282
https://doi.org/10.18632/aging.103770
https://doi.org/10.1101/2020.09.10.20179135
https://doi.org/10.1016/j.pcd.2020.05.013
https://doi.org/10.1080/17843286.2020.1780390
https://doi.org/10.1177/1932296820932155
https://doi.org/10.4103/japtr.JAPTR_317_18
https://doi.org/10.1002/jcp.26760
https://doi.org/10.3389/fimmu.2020.583373
https://doi.org/10.1002/cmdc.201700270
https://doi.org/10.2337/dc20-0954
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Al-kuraishy et al.

COVID-19, Hyperglycemia and Diabetes Mellitus

106.

107.

108.

109.

110.

111.

112.

South Asian health foundation update. Diabetic Med. (2020) 37:1094-102.
doi: 10.1111/dme.14312

Kawahara Y, Kaneko T, Yoshinaga Y, Arita Y, Nakamura K, Koga
C, et al. Effects of sulfonylureas on periodontopathic bacteria-induced
inflammation. J Dental Res. (2020) 99:830-8. doi: 10.1177/00220345209
13250

Lockhart S, Griffiths H, Petrisor B, Usman A, Calvo-Latorre J,
Heales L, et al. The excess insulin requirement in severe COVID-
19 compared to non-COVID-19 viral pneumonitis is related to the
severity of respiratory failure and pre-existing diabetes. medRxiv. (2020).
doi: 10.1101/2020.10.03.20206284

Attri B, Goyal A, Gupta Y, Tandon N. Basal-bolus insulin
regimen for hospitalised patients with COVID-19 and diabetes
mellitus: a practical approach. Diabetes Therapy. (2020) 11:2177-94.
doi: 10.1007/s13300-020-00873-3

Muniangi-Muhitu H, Akalestou E, Salem V, Misra S, Oliver NS, Rutter
GA. Covid-19 and diabetes: a complex bidirectional relationship. Front
Endocrinol. (2020) 11:758. doi: 10.3389/fendo.2020.582936

Becker CD, Sabang RL, Cordeiro MFE Hassan IE, Goldberg MD,
Scurlock CS. Hyperglycemia in medically critically ill patients:
risk factors and clinical outcomes. Am ] Med. (2020) 133:e568-74.
doi: 10.1016/j.amjmed.2020.03.012

Ballak DB, Li S, Cavalli G, Stahl JL, Tengesdal IW, van Diepen JA,
et al. Interleukin-37 treatment of mice with metabolic syndrome improves
insulin sensitivity and reduces pro-inflammatory cytokine production in
adipose tissue. ] Biol Chem. (2018) 293:14224-36. doi: 10.1074/jbc.RA118.
003698

Wang Y, Rijal B, Xu M, Li Z, An Y, Zhang E et al. Renal denervation
improves vascular endothelial dysfunction by inducing autophagy via

113.

114.

115.

116.

AMPK/MTOR signaling activation in a rat model of type 2 diabetes
mellitus with insulin resistance. Acta Diabetol. (2020) 57:1227-43.
doi: 10.1007/500592-020-01532-6

Ren H, Yang Y, Wang E, Yan Y, Shi X, Dong K, et al. Association of the insulin
resistance marker TyG index with the severity and mortality of COVID-19.
Cardiovasc Diabetol. (2020) 19:1-8. doi: 10.1186/s12933-020-01035-2
Vandercam G, Simon A, Scohy A, Belkhir L, Kabamba B, Rodriguez-
Villalobos H, et al. Clinical characteristics and humoral immune response
in healthcare workers with COVID-19 in a teaching hospital in Belgium. J
Hospital Infect. (2020) 106:713-20. doi: 10.1016/j.jhin.2020.09.018

Hu R, Xia CQ, Butfiloski E, Clare-Salzler M. Effect of high glucose on
cytokine production by human peripheral blood immune cells and type I
interferon signaling in monocytes: Implications for the role of hyperglycemia
in the diabetes inflammatory process and host defense against infection. Clin
Immunol. (2018) 195:139-48. doi: 10.1016/j.clim.2018.06.003

Erener S. Diabetes, infection risk and COVID-19. Mol Metabo. (2020)
23:101044. doi: 10.1016/j.molmet.2020.101044

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Al-kuraishy, Al-Gareeb, Alblihed, Guerreiro, Cruz-Martins and
Batiha. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

13

May 2021 | Volume 8 | Article 644095


https://doi.org/10.1111/dme.14312
https://doi.org/10.1177/0022034520913250
https://doi.org/10.1101/2020.10.03.20206284
https://doi.org/10.1007/s13300-020-00873-3
https://doi.org/10.3389/fendo.2020.582936
https://doi.org/10.1016/j.amjmed.2020.03.012
https://doi.org/10.1074/jbc.RA118.003698
https://doi.org/10.1007/s00592-020-01532-6
https://doi.org/10.1186/s12933-020-01035-2
https://doi.org/10.1016/j.jhin.2020.09.018
https://doi.org/10.1016/j.clim.2018.06.003
https://doi.org/10.1016/j.molmet.2020.101044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	COVID-19 in Relation to Hyperglycemia and Diabetes Mellitus
	Introduction
	Method and Search Strategy
	COVID-19 and Hyperglycemia
	COVID-19 and Pancreatic Injury
	COVID-19 and Diabetes Mellitus
	Anti-COVID-19 Medications and Blood Glucose Variability
	Diabetic Pharmacotherapy and COVID-19
	Metformin
	Thiazolidinediones
	Dipeptidyl Peptidase-4 Inhibitors
	Sodium-glucose Co-transporter-2 Inhibitors
	Sulfonylureas
	Insulin


	Conclusions
	Author Contributions
	Acknowledgments
	References


