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Abstract

Since the discovery of the coronavirus disease 2019 outbreak, a vast majority of
studies have been carried out that confirmed the worst outcome of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in people with
preexisting health conditions, including diabetes, obesity, hypertension, cancer,
and cardiovascular diseases. Likewise, diabetes itself is one of the leading causes
of global public health concerns that impose a heavy global burden on public
health as well as socio-economic development. Both diabetes and SARS-CoV-2
infection have their independent ability to induce the pathogenesis and severity of
multi-system organ failure, while the co-existence of these two culprits can
accelerate the rate of disease progression and magnify the severity of the disease.
However, the exact pathophysiology of multi-system organ failure in diabetic
patients after SARS-CoV-2 infection is still obscure. This review summarized the
organ-specific possible molecular mechanisms of SARS-CoV-2 and diabetes-
induced pathophysiology of several diseases of multiple organs, including the
lungs, heart, kidneys, brain, eyes, gastrointestinal system, and bones, and sub-
sequent manifestation of multi-system organ failure.

Key Words: SARS-CoV-2; Diabetes; Neurological dysfunction; Cardiovascular compli-
cations; Renal dysfunction; Bone loss
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Core Tip: There is no therapeutic approach yet that can eradicate diabetes and its complications from
human life, as the etiopathology of diabetes is very complex. Before the outbreak of coronavirus disease
2019, it was almost unknown that diabetes is a leading risk factor that could fuel the pathogenesis of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-induced multi-organ dysfunction and
subsequent mortality. Additionally, SARS-CoV-2-infected children and young people have been shown to
develop diabetes. Therefore, identifying the precise molecular mechanisms of diabetes-induced SARS-
CoV-2 susceptibility and subsequent manifestation of multi-organ dysfunction may help us to develop
drugs that prevent millions of human lives.

Citation: Roy B, Runa SA. SARS-CoV-2 infection and diabetes: Pathophysiological mechanism of multi-system
organ failure. World J Virol 2022; 11(5): 252-274

URL: https://www.wjgnet.com/2220-3249/full/v11/i5/252.htm

DOI: https://dx.doi.org/10.5501/wjv.v11.i5.252

INTRODUCTION

Diabetes mellitus (DM) is a multi-faceted metabolic syndrome that induces or exacerbates the
pathophysiology of several complications, including neuropathy, nephropathy, retinopathy, cardio-
vascular diseases, pulmonary dysfunction, gastrointestinal (GI) dysfunction, and osteoporosis[1]. DM
and its complications are increasing day by day while decreasing life expectancy and increasing the cost
of diagnosis and treatment. According to the most recent Centers for Disease Control and Prevention
(CDC) report, 37.3 million Americans have diabetes, and another 96 million US population have
prediabetes[2].

Recently, coronavirus disease 2019 (COVID-19) has been the most discussed topic worldwide due to
its devastating physiological and socioeconomic impacts since its discovery in December 2019 in
Wubhan, China. As of 21 June 2022, the World Health Organization has reported 539119771 globally
diagnosed COVID-19 cases, including 6322311 COVID-19-associated mortalities (WHO Coronavirus
Dashboard. Available online: https://covid19.who.int). Although the overall COVID-19 positive case
numbers declined from the previous years, the post-COVID-19 impact is still increasing. As time goes
by, the trend of the pathogenicity for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has shifted from acute to long-term. Many studies determined the physiological consequences of the
acute phase of SARS-CoV-2 infection and the post-COVID-19 effects on human health and diseases,
including diabetes. However, few studies have been carried out to characterize the long-term risks and
burden of diabetes in the post-acute phase of COVID-19. A recent study in a cohort that recruited
181280 participants who tested positive for SARS-CoV-2 and a contemporary control that recruited
4118441 participants showed that people with COVID-19 exhibited an increased risk and excess burden
of incident diabetes as well as increased risk of antihyperglycemic use compared with the contemporary
control group[3]. Another retrospective cohort study that recruited 126710 participants with one or
more nasal swabs positive for SARS-CoV-2 and 2651058 participants with no positive swab showed that
SARS-CoV-2 was associated with a higher risk of incident diabetes in men but not in women, compared
with no positive tests. This study further demonstrated that among hospitalized COVID-19 patients,
SARS-CoV-2 was associated with a higher risk of diabetes at 120 d and the end of follow-up in men but
not in women[4]. However, the exact mechanism of SARS-CoV-2-induced increase in diabetic incidence
and subsequent multiorgan dysfunction is unknown. This review provides ideas about the organ-
specific cellular mechanism through which SARS-CoV-2 and diabetes mellitus results in multi-system
organ dysfunction.

METHODS

We searched our queries using Google Scholar, PubMed Central, ResearchGate, and the CDC databases.
For this manuscript, we used articles published recently in standard peer-reviewed journals. We tried to
avoid using review articles as much as possible; instead, we used research articles and case studies. We
recruited research articles based on the following hierarchy: studies in humans > studies in animals >
and studies in cell culture models. We thoroughly read the selected articles and picked the findings
supporting our query.
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SARS-CoV-2 INFECTION EXACERBATES DIABETES-INDUCED MULTI-SYSTEM ORGAN
FAILURE

SARS-CoV-2 infection exacerbates diabetes-induced pulmonary dysfunction

Many studies have been carried out to determine the pathophysiology of diabetes-induced pulmonary
dysfunction. For instance, a retrospective, longitudinal cohort study on 1811228 subjects showed that
the prevalence of asthma, chronic obstructive pulmonary disease (COPD), fibrosis, and pneumonia was
significantly higher in diabetic patients relative to their age and sex-matched non-diabetic controls[5].
Another retrospective cohort study with 1332 patients with concomitant asthma and diabetes showed
that the use of metformin, a well-known diabetic drug, significantly reduced the risk of asthmal6].
Findings from this study suggest that diabetes induces the development of asthma in humans. A
prospective multicenter study that employed 5334 COPD patients with or without diabetes showed that
COPD patients with comorbid diabetes had a more severe profile and higher hospitalization costs[7]. A
study in 162 T2DM patients without diabetes complications and 55 healthy control subjects showed that
pulmonary function in T2DM patients is negatively correlated with vascular endothelial functional
index, e.g., flow-mediated dilation and nitric oxide (NO), whereas positively correlated with endothelin-
1 (ET-1) and glycosylated hemoglobinAlc (HbA1c)[8]. This study suggests that T2DM-induced vascular
EC dysfunction is an important biomarker of pulmonary dysfunction. Hyperglycemia or insulin
resistance (IR)-induced diabetic ketoacidosis (DKA) is associated with reduced serum potassium levels
that subsequently cause respiratory muscle weakness and culmination of acute respiratory failure[9].
Additionally, DKA may contribute to the pathogenesis of pulmonary edema results from an acute shift
of a large volume of fluid into the extracellular compartment and subsequent elevation of pulmonary
venous pressure (hydrostatic pulmonary edema) as well as increased pulmonary capillary permeability
(non-hydrostatic pulmonary edema) due to pulmonary microangiopathy[9]. A study in 26 diabetic
patients showed a significant increase in angiotensin converting enzyme-2 (ACE2) protein levels in both
alveolar tissue and bronchial epithelium compared to the control subjects, independent of smoking,
chronic obstructive pulmonary disease, body mass index (BMI), renin-angiotensin-aldosterone system
(RAAS) inhibitor use, and other potential confounders[10]. A study in 34239 patients (with or without
diabetes) with a pneumonia-related hospitalization and 342390 healthy control subjects showed that
poor long-term glycemic control in TIDM and T2DM increases the risk of hospitalization with pneu-
monia[l1]. In addition to humans, a vast majority of studies have been carried out in rodents to
determine the role of diabetes in pulmonary dysfunction. For instance, streptozotocin (STZ)-induced
diabetic rats showed increased pulmonary basal membrane thickness, increased inflammatory reaction
due to mononuclear cell infiltration in their lungs, and increased levels of protein carbonyl content, a bi-
product of oxidative stress, relative to their age-matched controls[12]. Likewise, myocardial ischemia-
reperfusion in STZ-induced diabetic rats demonstrated an increase in alveolar wall thickness and lung
tissue damage along with increased infiltration or aggregation of neutrophils in lung tissue compared
with their age-matched wild-type controls[13]. Another study in STZ-induced diabetic rats showed that
the lung tissue and lamellar bodies were significantly collapsed along with a significant reduction in
SOD activity and the mRNA expression and protein levels of aldehyde dehydrogenase 2, an alcohol
detoxifying mitochondrial enzyme in the lung tissue of diabetic rats[14]. STZ-induced diabetic rats
developed pulmonary fibrosis along with increased inflammation in the lung tissue as evaluated by
increased expression and levels of several profibrotic and proinflammatory biomarkers, including
fibronectin, connective tissue growth factor (CTGF), plasminogen activator inhibitor-1 and tumor
necrosis factor (TNF)-o[15]. Additionally, the expression of NADPH oxidase (NOX), an important
mediator of oxidative and nitrative stress, significantly increased along with increased protein nitration
and upregulation of angiotensin II (Ang II) and its receptor angiotensin II type 1 (AT1) in diabetic lung
tissue. This study again reported that chronic administration of Ang II in normal mice induced diabetes-
like lung fibrosis and inflammation (Figure 1), and the effects of Ang II were completely abrogated with
losartan treatment, a potential AT1 inhibitor[15]. All the studies I stated so far revealed mostly the
association between diabetes and different types of lung dysfunction. However, the precise underlying
mechanism of diabetes-induced pathophysiology of lung disease is not well understood. Hyper-
glycemia and hyperinsulinemia in diabetes increase oxidative stress, non-enzymatic glycation of tissue
proteins, activation of protein kinase C (PKC), nuclear factor-xB (NF-«B), and polyol pathways, and
eventually lead to the development of pulmonary dysfunction through autonomic neuropathy,
micro/ macroangiopathy in the lung, impairment in pulmonary elastin and collagen content, alteration
of pulmonary connective tissue, surfactant dysfunction and malfunctioning of respiratory muscles
(Figure 1)[16].

It is well established that ACE-2 is predominantly expressed in pulmonary endothelial cells and
airway epithelial cells (AECs), the main cellular entry of SARS-CoV-2 to start the pathogenesis of
COVID-19 manifestation. A phenome-wide Mendelian randomization study in 898130 T2DM subjects
showed an increase in ACE2 expression in their lung tissue compared with non-diabetic healthy
controls[17]. Another study in humans showed an increased expression of ACE2 and transmembrane
serine protease 2 (TMPRSS2) in the upper and lower airway tissue in adults than in children. This study
further showed an elevated expression of ACE2 and TMPRSS2 in the airway tissue of smokers and
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Figure 1 Possible mechanism of diabetes and severe acute respiratory syndrome coronavirus 2-induced pulmonary dysfunction.
Hyperglycemia and insulin resistance in diabetes is associated with impaired cell signaling, oxidative stress, inflammation, and altered metabolism and subsequently
lead to the manifestation of pulmonary dysfunction due to increased airway hyperresponsiveness, fibrosis, autonomic neuropathy, T helper 2, mast cell degranulation,
Inflammatory macrophage, airway smooth muscle cell proliferation, deposition of extracellular matrix in the lung tissue, epithelial-mesenchymal transition, whereas
reduced mucociliary clearance, respiratory muscle strength and synthesis of SP-A and SP-D. On the other hand, platelet or complement activation, endothelial
damage, and inflammation in severe acute respiratory syndrome coronavirus 2 infection lead to the pathogenesis of pulmonary dysfunction due to elevated
thrombosis, IL-6, IL-8, procoagulants, fibrosis, vasoconstriction, pulmonary edema, and angiogenesis. IR: Insulin resistance; NFkB: Nuclear factor-kB; PKC: Protein
kinase C; PI3K: Phosphoinositide 3-kinases; STAT3: Signal transducer and activator of transcription 3; CTGF: Connective tissue growth factor; TGF3: Transforming
growth factor beta; Rho/RocK: Ras homologous/Rho-associated coiled-coil kinase; ROS: Reactive oxygen species; RNS: Reactive nitrogen species; RCS: Reactive
carbonyl species; AGE: Advanced glycation end products; NOX: Nitrogen oxides; Ang II: Angiotensin II; Th2: T helper 2; SMC: Smooth muscle cell; ECM:
Extracellular matrix; SP-A: Surfactant proteins A; SP-D: Surfactant proteins D; FFA: Free fatty acid; LDL: low-density lipoprotein; NADPH: Reduced nicotinamide
adenine dinucleotide phosphate; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.
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COPD patients[18]. A study in 55, 44 COVID-19 post-mortem lung samples showed increased
expression of ACE2 along with increased diffuse alveolar damage, acute bronchopneumonia, and acute
lung injury in severe COVID-19 patients relative to the lung samples from healthy subjects[19]. There
are contradictory findings regarding the prevalence of ACE2 expression in pulmonary vascular
endothelial cells vs airway epithelial cells/pneumocytes. Findings from a vast majority of studies
confirmed that ACE2 is predominantly expressed in airway epithelial cells. For instance, a study in two
cohorts in Australia showed that gene expression and protein levels of ACE2 in the lower AECs were
significantly higher in older age and male sex compared with younger age and females, respectively
[20]. However, another study in humans suggests that pulmonary endothelial cells express twice as
many ACE2 receptors for viral entry than pneumocytes[21].

A study in lungs from patients who died from COVID-19 as well as patients who died from acute
respiratory distress syndrome secondary to influenza A (HIN1) infection showed alveolar damage with
perivascular T-cell infiltration along with severe endothelial injury associated with the presence of
intracellular virus and disrupted cell membranes. Additionally, pulmonary vessels in patients with
Covid-19 showed widespread thrombosis with microangiopathy. This study further demonstrated that
the prevalence of alveolar-capillary microthrombi was nine times higher in the Covid-19 patients
relative to patients with influenza[21]. Another study in the lung tissue from 11 Covid-19 deaths
showed an increased loss of alveolar wall integrity, detachment of lung tissue pieces, fibroblast prolif-
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eration, and extensive fibrosis[22]. SARS-CoV-2 infected human AECs showed an increased cytopathic
effect which was determined through a lack of cilium beating on the surface of AECs after 96 h of
inoculation. However, SARS-CoV-2 infected Vero E6, and Huh-7 cell lines did not show any cytopathic
effect[23]. Another case series study employing ultrasound-guided minimally invasive autopsy (MIA-
US) in 10 fatal cases of COVID-19 showed exudative/proliferative diffuse alveolar damage, intense
pleomorphic cytopathic effects on the respiratory epithelium, including airway and alveolar cells,
increased fibrinous thrombi in alveolar arterioles and elevation of alveolar megakaryocyte numbers.
This study further showed that small thrombi formation was less frequent in other tissues, including the
glomeruli, spleen, heart, dermis, testis, and liver sinusoids, compared to the lungs[24]. Findings from
this study suggest that COVID-19 is a systemic disease that predominantly infects the lungs through
severe epithelial injury and microthrombotic vascular phenomena, along with damage to other organs
and tissues. Immunohistochemistry of the lung tissue biopsy from a 72-year-old man with a history of
diabetes and hypertension showed denuded alveolar lining cells, increased reactive type II pneumocyte
hyperplasia, and increased intra-alveolar fibrinous exudates, along with loose interstitial fibrosis, and
chronic inflammatory infiltrates. This study further confirmed the presence of SARS-Cov-2 in alveolar
epithelial cells due to the presence of SARS-CoV-2 Rp3 NP protein[25]. A study in 108 individuals
showed increased alveolar type II-pneumocyte injury as confirmed by elevated plasma levels of
surfactant protein D, a biomarker of alveolar type II-pneumocyte injury, along with increased
interleukin (IL)-6 serum levels in critically ill COVID-19 patients[26].

Other studies also showed that the use of ET-1 receptor antagonist, Bosentan has been approved as a
drug to treat pulmonary arterial hypertension in New York Heart Association functional classification
II-IV and in scleroderma patients, as it decreases the systemic levels of profibrotic and proinflammatory
cytokines including IL-2, IL-6, IL-8 and interferon (IFN)-y in scleroderma patients, as well as slows
down the progression of fibrosis and vascular damage[27]. The possible mechanisms of diabetes and
SARS-CoV-2-induced pulmonary dysfunction are stated in Figure 1.

SARS-CoV-2 infection exacerbates diabetes-induced immune dysfunction

The complement system, a complex innate immune surveillance system, contributes to the
destruction/neutralization of pathogens, including viruses and bacteria, that invade our body[28]. The
complement system is composed of plasma proteins synthesized mainly by the liver or membrane
proteins expressed on the cell surface, whose main functions are to promote the opsonization and
phagocytosis of microorganisms and apoptotic cells through macrophages and neutrophils to induce
their degradation[28,29]. A study showed that hyperglycemia inhibited complement-mediated
opsonization of S. aureus in diabetic rats[30]. Another study reported that hyperglycemia caused direct
glycosylation of proteins and altered the tertiary Structure of complement proteins, and subsequently
inhibited immunoglobulin-mediated opsonization of bacteria[31].

Thrombotic microangiopathy (TMA) is a pathological condition that is associated with thrombosis in
capillaries and arterioles, which leads to microangiopathic hemolytic anemia, thrombocytopenia, and
organ damage, such as neurological, renal and cardiac dysfunction[32]. There are several risk factors
that can contribute to the pathogenesis of TMA, including viruses, bacteria, drugs, oxidative stress,
complement hyperactivation, and congenital predisposing conditions. All these factors directly or
indirectly induce vascular endothelial cell damage, followed by the development of TMA. Studies
showed that DM is associated with increased activation of the C3 complement component, which is a
central factor of complement cascade[33,34]. Another study also showed that Insulin resistance is linked
with elevated circulating complement factor C3 levels[35]. Increased C3 levels in plasma contribute to
the hyperactivation of complement cascade that may lead to the development of TMA[36]. Oxidative
stress-induced vascular endothelial dysfunction is an important hallmark of DM[37] and may contribute
to the development of TMA[38]. Von Willebrand factor (VWF) is a clotting factor that is required for the
pathogenesis of thrombotic thrombocytopenic purpura (TTP), a fatal blood disorder[39]. In pathological
conditions, a multimeric form of VWF and platelets are prone to form aggregates and subsequently
cause TTP[40]. A disintegrin and metalloprotease with thrombospondin type I repeats-13 (ADAMTS13),
a zinc-containing metalloprotease that cleaves multimeric form of VWF and mitigates the formation of
VWEF-platelets aggregates[40]. The deficiency of plasma ADAMTS13 contributes to the progression of
TTP[41]. A study in human subjects showed that T2DM-induced oxidative stress modifies the amino
acid sequences of VWF and thereby prevents its proteolytic cleavage by ADAMTS13[42]. Another study
showed that ADAMTSI3 activity is significantly lower in T2DM patients compared with healthy control
people[43]. Several virus strains, including SARS-CoV-2, HIV, MCV, EBV, parvovirus, rubella, and
measles, have been recognized so far that can cause TTP by modulating the autoimmune process in
human and animal species[44,45]. However, the exact molecular mechanism of the novel coronavirus,
SARS-CoV-2-induced TTP, is completely unknown. Rapidly emerging data from clinical observations,
autopsy-based findings, extrapolations from in vitro and in vivo studies, and dynamic modeling are not
well enough to provide the exact pathophysiology of secondary complications associated with SARS-
COV-2 infection[46]. However, a large number of patients with severe COVID-19 demonstrated TMA-
like systemic coagulopathy that led to an increased number of deaths[47]. Findings from several studies
reported that coagulopathy in COVID-19 patients was confirmed through the presence of elevated D-
dimer, elevated lactate dehydrogenase, elevated total bilirubin, and decreased platelets[46,48]. As DM
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and SARS-COV-2 both are associated with TMA-like symptoms, the mortality rate should be higher in
DM patients when infected with SARS-COV-2. A single-center cross-sectional study that employed 68
patients with COVID-19, including 48 ICU and 20 non-ICU patients, as well as 13 non-hospitalized,
asymptomatic controls, showed that the levels of endothelial cell and platelet activation markers,
including VWF antigen and soluble P-selectin. This study further demonstrated that the mortality of
ICU patients was positively correlated with concentrations of VWF antigen and soluble throm-
bomodulin[49].

Hemophagocytic lymphohistiocytosis (HLH) is a cytokine storm-induced inflammatory syndrome
that is associated with substantial morbidity and mortality due to multiorgan failure[50,51]. Several case
reports demonstrated that diabetes insipidus is associated with secondary HLH (sHLH)[52,53].
Accumulating evidence suggests that several patients with severe COVID-19 demonstrated sHLH due
to cytokine storm, which is characterized by increased interleukin IL-2, IL-7, granulocyte colony-
stimulating factor, interferon-y inducible protein 10, monocyte chemoattractant protein 1, macrophage
inflammatory protein 1-a, and tumor necrosis factor-a[51]. Based on the findings stated above, it can be
surmised that diabetes patients infected with SARS-COV-2 possess a higher risk of fatality compared
with SARS-COV-2 infected non-diabetic subjects.

SARS-CoV-2 infection exacerbates diabetes-induced cardiovascular complications

The prevalence of atrial fibrillation (AF), an important hallmark of arrhythmia, is higher in DM patients.
In an observational, age- and sex-matched cohort, a longitudinal study that included 34744 patients with
and without diabetes showed that AF was 44% more prevalent and 38% more likely to develop in
T2DM[54]. A cohort study with 421855 T2DM patients showed that there is a 35% increased risk of
developing AF in T2DM patients compared with age- and sex-matched controls from the general
population. This study also showed that the risk of developing AF is exacerbated in T2DM patients with
poor glycemic control and renal complications[55]. There are several mechanisms that may lead to the
development of AF in DM. Oxidative stress in diabetes is associated with increased formation of
reactive oxygen species, carbonyl species, nitrogen species, and AGE, which in turn predisposes to the
development of AF through endothelial dysfunction, increased atherogenesis and reduced coronary
angiogenesis. T2DM is a leading cause of cardiovascular diseases (CVDs), including atherosclerosis, MI,
HF, and cardiomyopathy. There are several mechanisms that result in the pathogenesis of diabetic
cardiomyopathy, including impaired insulin signaling, mitochondrial dysfunction, increased oxidative
stress, reduced NO levels, elevated AGEs levels, stiffness of extracellular matrix, impaired handling of
Ca?" by cardiomyocytes, inflammation, RAAS over activation, cardiac autonomic neuropathy,
endoplasmic reticulum stress, microvascular dysfunction, and several cardiac metabolic abnormalities
[56].

Several studies have demonstrated that hospitalization and mortality rate are significantly higher in
COVID-19 patients who has preexisting arrhythmia. A study in a cohort of 153760 US veterans who
survived in the first 30 d of COVID-19 has experienced different types of CVDs, including dys-
rhythmias, ischemic and non-ischemic heart disease, pericarditis, myocarditis, heart failure, and
thromboembolic disease[57]. A multicenter study with 696 hospitalized covid-19 patients developed
acute HF and multiorgan failure as well as increased mortality which had a history of AF[58]. A
retrospective observational study also showed that iCOVID-19 patients with a myocardial injury
(determined by increased systemic C-reactive protein levels) are positively correlated with inflam-
mation and coagulopathy and increased hospitalization[59]. Several possible mechanisms may
contribute to the pathogenesis of acute myocardial injury in COVID-19 subjects, including micro-
vascular injury, hypoxemia, preexisting CVDs, ventricular/atrial arrhythmias, hypotension, viral
myocarditis, cytokine storm, and stress-induced cardiomyopathy[60]. A systematic pathological
analysis that included 40 hearts from hospitalized patients dying of COVID-19 showed that the most
common pathological cause of cardiomyocyte necrosis in COVID-19 patients was microthrombi. This
study further demonstrated that the composition of intramyocardial microthrombi was different
between COVID-19-negative and positive subjects[61].

A study using the samples from right atrial appendage biopsies in 57 diabetics and 22 non-diabetic
subjects who underwent coronary artery bypass graft surgery showed that ACE2 mRNA expression and
protein levels in heart tissue, as well as serum ACE2 levels, were significantly higher in diabetic patients
relative to the non-diabetic control subjects. Additionally, ACE2 levels were positively correlated with
glycosylated hemoglobin (HbAlc) levels, BMI, and activation of RAAS, and negatively correlated with
ejection fraction. This study further demonstrated that the expression of TMPRSS2, metalloprotease
ADAMI10, and ADAM17 that facilitate viral-ACE2 complex entry and degradation were increased in
diabetic hearts[62]. Diabetes is associated with increased activation of RAAS and subsequent elevation
of systemic Ang II levels. However, the direct association of T2DM and SARS-CoV-2 susceptibility to
the human heart is still unclear. STZ-induced diabetic mice developed severe cardiovascular complic-
ations after influenza virus infection as evaluated with increased circulatory levels of serum cardiac
troponin I and creatine-kinase MB, left ventricular structural changes, and right ventricular functional
alterations[63]. A prospective cohort study in Germany demonstrated an elevation of myocardial
SARS-CoV-2 RNA in 5 out of 12 COVID-19-positive deaths[64]. Another study by Wenzel et al[65]
showed an increased myocardial SARS-CoV-2 RNA in patients with clinically suspected myocarditis
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who were tested negative for COVID-19 in nasopharyngeal swabs. A case study in a 72-years-old male
patient who died due to severe COVID-19 reported the presence of SARS-COV-2 RNA as well as SARS-
COV-2 antigen in his cardiac tissue and cardiomyocyte, respectively[66]. Another study that employed
endomyocardial biopsy samples from four SARS-CoV-2 infected dead patients who were diagnosed
with myocarditis showed left ventricular systolic dysfunction due to cardiomyocyte injury and
degenerative vacuolization of cardiomyocyte cytoplasm along with myeloid-rich inflammatory cell
infiltrate. Additionally, the myocardium of each COVID-19 myocarditis subject also showed an
increased expression of SARS-CoV-2 spike and nucleocapsid RNAs as well as nucleocapsid protein
levels. This study further demonstrated that SARS-CoV-2 selectively infects hPSC-derived
cardiomyocytes through an ACE2 and endosomal cysteine protease-dependent pathway and
subsequent production of the infectious virus with peak titers on day three post-inoculation. Infecting
engineered heart tissues with SARS-CoV-2 confirmed that cytokine production, myocardial sarcomere
disassembly, and cardiomyocyte death were a direct consequence of cardiomyocyte infection[67]. The

possible mechanisms of diabetes and SARS-CoV-2-induced cardiovascular dysfunction are stated in
Figure 2.

SARS-CoV-2 infection exacerbates diabetes-induced renal complications

According to the most recent data from the CDC, around 37 million people in the united states are
estimated to have chronic kidney disease (CKD)[68], and approximately 1 in 3 adults with diabetes has
CKD, which is also known as diabetic kidney disease (DKD) or diabetic nephropathy. Additionally, the
increased rate of mortality and associated socioeconomic and medical burden due to CKD-mediated
development of end-stage renal disease is receiving more attention as a leading cause of death around
the world[69]. DKD is associated with several structural changes in the kidney, including mesangial
expansion, thickening of the glomerular and tubular basement membrane, glomerular sclerosis that
manifests clinical symptoms including elevated blood pressure, sustained reduction in glomerular
filtration rate (GFR), persistent albuminuria, increased cardiovascular events and associated mortality.

There are several possible mechanisms that contribute to the pathogenesis of DKD in diabetes,
including impairment in renal hemodynamics, inflammation, abnormal glucose metabolism, oxidative
stress, and overactive RAAS. Diabetes is associated with increased dilatation of afferent arteriole in the
kidney due to increased generation of important vasoactive peptides, including prostaglandin and NO.
A cohort study with 171 subjects showed that plasma prostaglandin E2 levels were increased in 136
T2DM patients compared with 35 non-diabetic controls[70]. Studies in humans and animals showed that
poor glycemic control is associated with increased generation of NO and subsequent inhibition of
tubuloglomerular feedback-mediated vasoconstriction of afferent arterioles in diabetic kidneys[71,72].
Additionally, T2DM is associated with elevated circulatory Ang II levels due to the overactivation of
RAAS, which constricts efferent arteriole and subsequently results in glomerular hypertension and
impaired autoregulation. A study in a cohort with COVID-19 patients (n = 89) demonstrated that
regardless of their severity, circulatory PEG2 levels increased significantly in SARS-CoV-2 infection
compared with age and sex-matched healthy controls. Additionally, this study showed that the entire
COVID-19 cohort had an increased rate of diabetes, BMI, as well as elevated circulatory C-reactive
protein levels[73], an important prognostic biomarker of COVID-19[74] and CVDs[75].

Similarly, T2DM contributes to the development of renal fibrosis, podocyte injury, and inflammation
through an increased generation of renal ET-1, an important vasoconstrictor. Studies showed that
pulmonary infection and hypoxia cause an elevation of circulatory ET-1 levels in humans and animals
[76]. A study in a cohort showed that plasma levels of the stable precursor protein of endothelin-1,
proET-1 were significantly higher in non-survivor COVID-19 patients relative to the survivor COVID-19
patients. This study also showed that plasma proET-1 levels were significantly higher in patients with
community-acquired pneumonia compared with both survivors and non-survivors of COVID-19
patients. Additionally, data from this study showed that there is no significant association between
proET-1 levels and mortality in a regression model adjusted for age, gender, creatinine level, diastolic
blood pressure, as well as cancer and coronary artery disease[77].

Hyperglycemia contributes to the generation of ROS through mitochondrial overload and
subsequently leads to podocyte dysfunction and apoptosis. Hyperglycemia and oxidative stress in
diabetes mellitus increase intrarenal AGE levels that may cause morphological and functional
impairments in the kidney, including modification of basement membranes, glomerulosclerosis,
interstitial fibrosis, and tubular atrophy. Studies in humans and animals showed that in most cases,
AGE exerts its role through the activation of the receptor for AGE (RAGE) in the kidney[78]. Studies in
rodents showed that inhibition of AGE binding with RAGE using RAGE-aptamers attenuates the
development and progression of diabetic nephropathy in streptozotocin-induced diabetic rats. This
study further showed that continuous administration of RAGE-aptamer significantly suppressed the
AGE-induced oxidative stress generation and inflammatory and fibrotic reactions in human cultured
mesangial cells[79].

A single-center observational cohort study in Germany showed that serum levels of soluble RAGE
(sRAGE) increased significantly with COVID-19 severity, the need for dialysis, and catecholamine
support[80].

WIV | https://www.wjgnet.com 258 September 25,2022 | Volumel1l | Issue5 |



Roy B et al. SARS-CoV-2 infection and diabetes

/ 1 l | Diabetes | l ]
Impaired cell o Hyperglycemia Altered

+ROS $PICs AFFA

¥AICs $LDL cholesterol

t Monacyte- YHDL cholesterol
recruitment

#NFkB activity
*+ PKC activity
Y VEGF

Y PDGF

$APC

=3 = =
4 Proliferation 4 Activation
t Pathologic remodeling 4 Proliferation t Calcification *Adhesion | Proliferation
* Fibrosis 4 Deposition of ECM *Degranulation ¥ Migration

:'\Hﬂﬁgﬂrophy . t MMPs expression 4 Expression of PICs e :ﬁnogiogeneSiS
14 13 activation tExpression of GF * Leucocyte recruitmen
fAE?oppzzlgy 4 Activation of CF 4

¥ Mitochondrial biogenesis

\\Impaired metabolism / /

s A
Atherosclerosis, thrombosis, MI, cardiomyopathy, heart failure,
myocarditis, acute coronary syndrome & arrhythmia [\
\ _
Hypertension
LV dysfunction Plaque
Vascular EC instability/

dysfunction rupture

1 Arterial-
stiffness

Sarcomere disassembly & Accumulation of

L t Ang I
necrosis of cardiomyocyte ke 1 Oxidative stress
inflammatory cell 4+Hypoxia

} ACE2 availability due to
SARS-CoV-2 binding

Cytokine storm
+IL-6
+IL-7
$I-22

4CXCL10

Direct myocardial
infection

‘—[ SARS-CoV-2 | Inflammation

J

DOI: 10.5501/wjv.v11.i5.252 Copyright ©The Author(s) 2022.

Figure 2 Possible mechanism of diabetes and severe acute respiratory syndrome coronavirus 2-induced cardiovascular complications.
Hyperglycemia and insulin resistance in diabetes is associated with impaired cell signaling, oxidative stress, inflammation, and altered metabolism and subsequently
induce the pathogenesis of cardiovascular diseases, including atherosclerosis, thrombosis, myocardial infarction, cardiomyopathy, heart failure, myocarditis, acute
coronary syndrome and arrhythmia due to impaired functioning of cardiomyocytes, cardiac fibroblasts, smooth muscle cells, endothelial cells and endothelial cells,
leukocytes, and platelets. On the other hand, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) directly infects the myocardium and subsequently
induces left ventricular dysfunction due to sarcomere disassembly, necrosis of cardiomyocytes, and infiltration of myeloid-rich inflammatory cells. Additionally, SARS-
CoV-2 infection reduces the availability of angiotensin converting enzyme-2 numbers, which results in elevated angiotensin Il levels and subsequent manifestation of
hypertension. SARS-CoV-2 infection is also associated with increased oxidative stress and hypoxia that may manifest hypertension due to arterial stiffness. Finally,
inflammation in SARS-CoV-2 infection leads to cytokine storm and eventually induces vascular endothelial cell dysfunction and thrombotic plaque instability. Left
ventricular dysfunction, hypertension, arterial stiffness, vascular endothelial cell dysfunction, and plaque instability induce the pathophysiology of cardiovascular
diseases. IR: Insulin resistance; NFkB: Nuclear factor-kB; PKC: Protein kinase C; VEGF: Vascular endothelial growth factor; PDGF: Platelet-derived growth factor;
APC: Adenomatous polyposis coli; ROS: Reactive oxygen species; RNS: Reactive nitrogen species; RCS: Reactive carbonyl species; AGE: Advanced glycation end
products; Ang II: Angiotensin II; PICs: Pro-inflammatory cytokines; AICs: Anti-inflammatory cytokines; FFA: Free fatty acid; LDL: Low-density lipoprotein; HDL: High-
density lipoprotein; CF: Cardiac fibroblast; ECM: Extracellular matrix; GF: Growth factor; SMC: Smooth muscle cell; EC: Endothelial cell; NO: Nitric oxide; LV: Left
ventricle; ACE2: Angiotensin converting enzyme-2; IL-6: Interleukin-6; IL-7: Interleukin-7; IL-22: Interleukin-22; CXCL10: C-X-C motif chemokine ligand 10; SARS-
CoV-2: Severe acute respiratory syndrome coronavirus 2.

Being a pleiotropic receptor, RAGE also interacts with a wide range of ligands in the S100 family,
including S100A8/MRPS8, S100A9/MRP14, S100A11, S100A12, S100B, high-mobility group box 1
(HMGBI). A study in Wuhan, China, showed that expression of S100A8, S100A9, S100A11, and S100A12
are significantly elevated in the lung tissue and serum of fatal COVID-19 patients compared to less
severe cases of COVID-19[81]. Some other studies also demonstrated a positive association between
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COVID-19 severity/fatality and plasma levels of SI00A8[82], SI00A9[82], HMGB1[82], S100A12[83] and
S100B[84]. Additionally, an in vitro study revealed that HMGB1 epigenetically upregulates the
expression of ACE2 in Vero-E6 cells and subsequently increases the susceptibility to SARS-CoV-1,
SARS-CoV-2, and NL63 infection[85].

Prolonged hyperglycemia in diabetes is a renowned risk factor for kidney injury leading to
proteinuria in humans[86,87]. A prospective, multicenter study in France showed that 60% of COVID-19
patients developed proteinuria as determined by urinary protein to creatine ratio. Additionally, this
study also showed that proteinuria was significantly elevated in severe COVID-19 patients who
required ICU admission[88].

The prevalence of obstructive sleep apnea (OSA) is relatively high in T2DM[89]. A multicenter,
observational, cross-sectional study using 214 DKD patients showed that UACR was higher in DKD
with severe OSA relative to moderate OSA, mild OSA, or non-OSA subjects. Additionally, this study
showed that the estimated GFR (eGFR) decreased in an OSA severity-dependent manner[90]. OSA-
induced intermittent hypoxia and increased sympathetic nerve activity are associated with increased
vascular complications, including endothelial damage and hypertension that leads to renal dysfunction
[91]. A study using 445 COVID-19 patients where 8.5% had OSA showed that OSA is an independent
risk factor of severe COVID-19 that requires hospitalization[92]. Findings from the studies above, it can
be surmised that T2DM-induced OSA may contribute to the pathogenesis of DKD and subsequent
fatality in severe COVID-19 patients.

A retrospective study in 2345 children having both type-1 diabetes and albuminuria demonstrated
that the development of acute kidney injury is positively associated with the episodes of DKA[93]. A
study that included 658 hospitalized patients with confirmed COVID-19 showed an increase in
ketoacidosis in both diabetic and non-diabetic COVID-19 patients regardless of their age and sex[94]. In
an observational study with 3993 hospitalized COVID-19 patients without any history of end-stage
kidney disease end-stage kidney disease (ESKD) prior to admission, 1835 (46%) patients developed AKI
[95]. Another retrospective cohort study that employed 89216 patients who were 30-d survivors of
COVID-19 and 1637467 non-infected controls showed that 30-d survivors of COVID-19 exhibited a
higher risk of AKI, declined eGFR, ESKD and major adverse kidney events[96].

Hyperglycemic osmotic diuresis in DKA contributes to the progression of dehydration, hypovolemia,
and, ultimately, a reduction in the GFR[97]. Sepsis and hypovolemia are two of the major risk factors
that contribute to the pathogenesis of AKI[98]. A vast majority of COVID-19 patients experienced
several complications, including fever, malaise, nausea, vomiting, and diarrhea for several days before
seeking medical care and subsequently developed hypovolemia[99]. A prospective case-control study
showed that COVID-19 patients with AKI are associated with reduced renal blood flow compared with
healthy controls, which are independent of left/right cardiac dysfunction[100]. Reduced renal blood
flow is a common pathophysiological mechanism of subsequent reduction of GFR and culmination of
AKI[101]. Hypercoagulability is a common feature of diabetes. A study in humans showed significantly
elevated platelet activity as well as more severe blood clots in patients with concomitant diabetes and
renal dysfunction compared with healthy controls and patients with renal dysfunction but no diabetes

[102]. The possible mechanisms of diabetes and SARS-CoV-2-induced renal dysfunction are stated in
Figure 3.

SARS-CoV-2 infection exacerbates diabetes-induced neurological complications

Approximately one-third of COVID-19 patients have been shown to develop neurological symptoms,
including headache, disturbed consciousness, paresthesias, brain tissue edema, stroke, neuronal
degeneration, and neuronal encephalitis[103]. Plenty of studies determined the association between
COVID-19 and brain dysfunction. However, very little is known about the exact pathophysiology of
SARS-CoV-2-induced neurological dysfunction. A recent study by Douaud et al[104] recruited 785
participants of UK Biobank who went through the magnetic resonance imaging (MRI) twice, including
401 cases which tested positive for SARS-CoV-2 infection on an average of 141 d before the second scan
and 384 controls. Contrary to the first scan, data from the second scan of the SARS-CoV-2 positive cases
revealed several striking features associated with brain dysfunction, including a reduction in grey
matter thickness and tissue contrast in the orbitofrontal cortex and parahippocampal gyrus, significant
alteration in the presence of tissue damage markers in regions that are functionally connected to the
primary olfactory cortex; and a significant reduction in global brain size in the SARS-CoV-2 cases[104].
A study by Reiken et al[103] showed that SARS-CoV-2 infection is associated with Alzheimer's disease-
like phenotypes, which are characterized by the upregulation of TGF-B signaling and hyperphos-
phorylation of tau protein and leaky phenotype of the ryanodine receptor in the brain. STZ-induced
diabetic mice exhibited mild hyperphosphorylation of tau protein after 10, 20, and 30 d of STZ injection,
and massive hyperphosphorylation of tau protein was observed after 40 d of STZ injection[105]. There
are several studies that confirmed the direct involvement/ entry of SARS-CoV-2 in the brain. For
instance, a study using the autopsy samples of olfactory nervous tracts and defined CNS regions from
33 individuals with COVID-19 showed the presence of SARS-CoV-2 RNA in olfactory mucosa, its
nervous projections, and distinct CNS regions[106].
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Figure 3 Possible mechanism of diabetes and severe acute respiratory syndrome coronavirus 2-induced renal dysfunction. Hyperglycemia
in diabetes is associated with increased oxidative stress mediated endothelial cell (EC) dysfunction, hypovolemia, and diabetic ketoacidosis that subsequently
induces renal dysfunction. Likewise, inflammation in diabetes is associated with increased oxidative stress mediated EC dysfunction and hypercoagulability mediated
cardiac dysfunction that subsequently leads to renal dysfunction. On the other hand, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
reduces the availability of angiotensin converting enzyme-2 numbers, which results in elevated serum angiotensin Il and subsequent kidney injury and fibrosis due to
hypertension. Additionally, hypovolemia in SARS-CoV-2 infection induces renal dysfunction. Finally, inflammation in SARS-CoV-2 infection is associated with cytokine
storm mediated endothelial cell dysfunction and upregulation of damage-associated molecular patterns, hypercoagulability mediated cardiac dysfunction results in
renal dysfunction. EC: Endothelial cell; Ang II: Angiotensin II; ACE2: Angiotensin converting enzyme-2; DAMPs: Damage-associated molecular patterns; SARS-CoV-
2: Severe acute respiratory syndrome coronavirus 2.
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Encephalopathy refers to brain disorders that alter brain function or Structure. Acute encephalopathy
is a rare but fatal complication caused by several factors, including metabolic diseases (e.g., diabetes)
and pathogen infection. The pathogenesis of encephalopathy caused by diabetes-induced microvascular
dysfunction in the brain is called diabetic encephalopathy (DE). DE is a chronic microvascular
complication of diabetes mellitus that is characterized by impaired cognitive functions and electro-
physiological, neurochemical, and structural abnormalities[107,108]. A case study showed that there is a
possible association between T1D and autoimmune neurologic disorders due to elevated systemic levels
of glutamic acid decarboxylase antibody, an important biomarker of limbic encephalopathy[109].

One of the most frequent neurological complications in COVID-19 is acute encephalopathy. Several
studies have been conducted to understand the neuropathogenesis of COVID-19-induced acute enceph-
alopathy. For instance, a study by Uginet et al[110] that recruited 707 COVID-19 hospitalized patients
showed that the severity of the pneumonia was not associated with the severity of the COVID-19
encephalopathy. Additionally, increased MRI abnormalities, intracranial vessel gadolinium
enhancement, and disruption of BBR disruption were observed in maximum COVID-19 patients who
had no history of acute encephalopathy and other neurological disorders. A case study that employed a
SARS-CoV-2 positive middle-aged woman who presented to the emergency department of a tertiary
care hospital with an episode of generalized tonic-clonic seizures primarily showed neuropsychiatric
manifestations, including viral encephalitis rather than the most common COVID-19 symptoms[111].
Another single-center retrospective study that comprised 1683 patients with COVID-19 showed that 23
(1.4%) patients developed cerebrovascular disease. Out of these 23 patients, 17 developed cerebral
ischemia, five developed intracerebral hemorrhages, and one developed leukoencephalopathy of
posterior reversible encephalopathy type. This study further showed that elevated ferritin levels were
observed in hemorrhagic patients at the time of stroke along with subarachnoid hemorrhage, parieto-
occipital leukoencephalopathy, microbleeds, and single or multiple focal hematomas, thrombotic
microangiopathy, and endothelial injury, with no evidence of vasculitis or necrotizing encephalitis
[112]. A study that employed both the human and animal brains showed that the hypothalamus and
associated regions express ACE2 and transmembrane proteinase, serine 2, which mediate SARS-CoV-2
cellular entry, along with several genes or pathways involved in physiological functions or viral
pathogenesis[113]. A multicenter study employing 25 COVID-19 patients with encephalitis developed
acute demyelinating encephalomyelitis and limbic encephalitis along with hyper proteinopathies
and/or pleocytosis in the CSF[114]. Another study that recruited 13 encephalitis patients with COVID-
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19, 21 encephalitis patients without COVID-19, and 18 healthy controls, showed that CSF from the
encephalitis patients with COVID-19 was negative for SARS-CoV-2, whereas the levels of IL-6, IL-8,
TNEF-0, p2-microglobulin and glial markers including glial fibrillary acidic protein, soluble triggering
receptor expressed on myeloid cells 2, and chitinase-3-like protein 1 (YKL-40) were significantly
elevated compared with the encephalitis patients without COVID-19[115].

The blood-brain barrier (BBB) is a highly selective semipermeable border that mediates the
communication between the periphery and the central nervous system (CNS), composed of endothelial
cells, neurons, astrocytic end-feet, pericytes, and a thick basement membrane[116]. This BBB allows the
transport of various nutrients, ions, glucose, water, amino acids, and hydrophobic molecules, including
0O,, CO,, and hormones[116], whereas it restricts the entry of pathogens, peripheral inflammatory
mediators (e.g., cytokines and antibodies) as well as large or hydrophilic molecules into the CNS[117].
Tight junctions (TJs) form a diffusion barrier between cerebral endothelial cells and prevent blood-borne
substances from entering the brain[118].

DM-induced hyperglycemia upregulates the expression and activation of proangiogenic factors,
including hypoxia-inducible factor-la (HIF-1a) and vascular endothelial growth factor (VRGF), and
subsequently increases capillary formation at the BBB. Additionally, hyperglycemia downregulates the
expression of inter-endothelial tight junction proteins, including occludin, claudin-5, ZO-1, and JAM-1,
and subsequently increases tight junction malfunctioning[119]. DM-induced formation of advanced
glycation end-products contributes to the loss of BBB integrity through the upregulation of matrix
metalloproteinases 2 in BBB ECs. Oxidative stress-induced formation of ROS[120] may disrupt the BBB
through increasing systemic inflammation in diabetes[121]. Increased hypoxia associated with severe
COVID-19 may increase capillary density in the BBB through the upregulation of HIF-1a and VRGF.
Increased capillary formation and malfunctioning/disruption of TJs facilitate the invasion of inflam-
matory factors, neurotoxins, and pathogens into the CNS[122]. Since the BBB is the only route for the
pathogens and systemic proinflammatory cytokines/chemokines to enter inside the brain, pathogens
including SARS, MERS, SARS-CoV, and SARS-CoV-2 and proinflammatory cytokines in the systemic
circulation generated due to cytokine storm may easily penetrate inside the CNS of a diabetic person
through the damaged BBB. Since the human brain tissue is known to express ACE2 receptors[123],
SARS-CoV-2 may infect the brain tissue, followed by the expression of several pathophysiological
symptoms associated with the CNS infection. For instance, a study that recruited 8 COVID-19 patients
exhibited an elevation of anti-SARS-CoV-2 antibodies in the CSF of comatose or encephalopathic
patients suggesting intrathecal IgG synthesis or BBB disruption. BBB disruption may facilitate the entry
of proinflammatory cytokines and inflammatory mediators into the CNS and subsequent neuroinflam-
mation and neurodegeneration[124]. A study that recruited 15 hospitalized COVID-19 patients with
neurological manifestations exhibited lymphocytic pleocytosis, cranial neuropathy with meningo-
polyradiculitis, brainstem encephalitis, and delirium[125]. The possible mechanisms of diabetes and
SARS-CoV-2-induced neurological dysfunction are stated in Figure 4.

SARS-CoV-2 infection exacerbates diabetes-induced eye diseases

Diabetic retinopathy (DR) is prevalent in diabetic patients and is one of the leading causes of blindness
worldwide[126]. In 2020, the number of adults worldwide with DR, vision-threatening DR, and
clinically significant macular edema was estimated to be 103.12 million, 28.54 million, and 18.83 million,
respectively, and projection speculated that this number would increase to 160.50 million, 44.82 million,
and 28.61 million, respectively in 2045[127]. The manifestation of DR is characterized by microan-
eurysms, retinal hemorrhages, intraretinal microvascular abnormalities, preretinal neovascularization,
venous caliber changes, and lipid exudates from the damaged vasculature, capillary nonperfusion with
accompanying neuronal infarcts and diabetic macular edema[128]. There are several possible
mechanisms that may contribute to the pathogenesis of DR, including hyperglycemia-induced microan-
giopathy, inflammation, and retinal neurodegeneration[129]. Hyperglycemia has been implicated in the
pathogenesis of retinal microvascular dysfunction through the impairment of several metabolic
pathways, including the polyol pathway, formation of AGEs, the PKC pathway, and the hexosamine
pathway[129]. Hyperglycemia is a well-known factor in pericyte and endothelial dysfunction mediated
microaneurysm formation, impairment of blood-retinal barrier (BRB), capillary occlusion, and ischemia
in DR[126]. Additionally, ischemia in diabetic eyes upregulates the expression of VEGF through the
activation of HIF1[130] and phospholipase A2[131] and subsequently induces the pathogenesis of prolif-
erative DR and diabetic macular edema by increasing vascular permeability. An in vitro cell culture
study showed that VEGF-A mediates the early glucose-induced damage in human retinal endothelial
cells through the activation of the ERK1/2/PLA2 signaling pathway[132]. A retrospective cohort study
comprising 241196 DM patients showed that the prevalence of retinal artery occlusion is 2.30-times
higher in DM patients compared to their age and sex-match healthy controls[133]. Leucocyte plays an
important role in the pathogenesis of DR through the leukostasis-mediated retinal occlusion. A study in
humans showed that subjects with central retinal vein occlusion were characterized by elevated levels of
monocyte chemotactic protein-1, macrophage inflammatory protein-lalpha (MIP-1a), and MIP-1p that
regulate the activation and binding of leukocytes[134]. STZ-induced diabetic mice showed retinal
inflammation, which was characterized by leukostasis, increased expression of ICAM-1 on the luminal
surface of the vascular endothelium, elevated retinal IL-6, CXCL1 expression, and superoxide
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Figure 4 Possible mechanism of diabetes and severe acute respiratory syndrome coronavirus 2-induced neurological dysfunction.
Microhemorrhage, cerebral ischemia, venous thrombosis, mitochondrial dysfunction, endothelial or blood-brain barrier dysfunction, vascular damage, autoimmunity,
infiltration of immune cells, and neuroinflammation in diabetes result in neurological dysfunction. On the other hand, microhemorrhage, ischemia, venous thrombosis,
autoimmunity, mitochondrial dysfunction, endothelial or blood-brain barrier dysfunction, innate neuroimmune response, systemic immune response or infiltration of
immune cells, and direct entry to astroglia lead to neurological dysfunction. BBB: Blood-brain barrier; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.
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generation[135]. Another preclinical study in STZ-induced diabetic rats showed that leukocytes lead to
the pathogenesis of DME through Fas-FasL-dependent retinal endothelial cell apoptosis and subsequent
dysfunction of BRB[136]. A prospective study that employed 22 DR patients and 28 non-diabetic
subjects showed that inflammatory cytokines such as TNF-o, IL-6, IL-8, and IL-1B were significantly
upregulated in the vitreous samples from DR patients and their levels were proportional to the severity
of DR[137]. Some other studies demonstrated that retinal Miiller glial cells and microglia as the
initiators of retinal inflammation and subsequent pathogenesis of DR. For instance, a study by Portillo et
al[138] showed that STZ-induced diabetic mice with overexpressed CD40 in Miiller cells upregulated
retinal expression of TNF-a, IL-1B, ICAM-1, and nitric oxide synthase (NOS2), developed leukostasis
and capillary degeneration. This study further showed that overexpression of CD40 did not cause TNF-
a or IL-1pB secretion in Miiller cells. Rather, TNF-o was upregulated in macrophages/microglia in the
retina. The CD40 overexpressing Miiller cells induced PLC-dependent ATP release and subsequent
P2X,-dependent production of TNF-a and IL-1B by macrophages. Findings from this study suggest that
CD40 in Miiller cells is sufficient to upregulate retinal inflammatory markers and appears to promote
experimental DR through the activation of the CD40-ATP-P2X,pathway[138]. Hyperglycemia in
diabetes is also implicated in mitochondrial dysfunction mediated apoptosis of retinal neurons and
subsequent pathogenesis of DR. An in vitro cell culture study showed that rat retinal Miiller cells grown
in a high-glucose medium developed mitochondrial dysfunction that may contribute to retinal Miiller
cell loss and subsequent pathogenesis of DR[139]. Retinal neurodegeneration is a hallmark of the
pathogenesis of early DR. Recent studies have reported that vascular changes are preceded by the
damage and loss of retinal neurons due to apoptosis or autophagy. According to Silva et al[140] STZ-
induced diabetic rats started to show DR symptoms after one month of STZ injection.

STZ-induced diabetic mice showed loss of rod cells, reduced thickness of the outer and inner synaptic
layers along with the upregulation of autophagic proteins, including Beclin-1 and Atg5. Findings from
this study suggest that the pathogenic pathways leading to cell death develop with the initial dysregu-
lation of autophagy and subsequent vascular damage[141]. For instance, STZ-induced diabetic mice
increased ERK activation and subsequent reduction of synaptophysin and depletion of a brain-derived
neurotrophic factor in the diabetic retina after one month of STZ injection[142].
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Although the respiratory tract is considered the predominant route of SARS-CoV-2 infection, several
studies hypothesized that the conjunctiva could be contaminated by SARS-CoV-2 droplets and dirty
hands, thereby initiating the viral entry into the body[143]. A study using 14 retinal biopsies (RB)
samples and 13 optic nerve biopsy (ONB) samples collected from COVID-19 deaths showed that 7 out of
14 RB samples and 10 out of 13 ONB samples contained the SARS-CoV-2 RNA[144]. Similarly, a study
in 91 hospitalized COVID-19 patients showed the presence of SARS-CoV-2 RNA on the ocular surfaces
of 52 patients (57.1%). This study further showed that the virus was detected on the ocular surface in 10
out of 17 patients whose nasopharyngeal swab was negative[145]. However, the mechanism of direct
eye infection by SARS-CoV-2 is still unknown. A study using human post-mortem eyes and surgical
specimens showed the expression of both ACE2 and TMPRSS2 in conjunctiva, limbus, and cornea[146].
A study by Menuchin-Lasowski et al[147] showed that SARS-CoV-2 infected human stem cell-derived
retinal organoids increased the production of several inflammatory genes associated with acute COVID-
19 and retinal degeneration, including IL-33, CXCL2, and CXCL10. This study further showed that the
inhibition of ACE2 activity with antibody significantly reduced SARS-CoV-2 infection of retinal
organoids, indicating that SARS-CoV-2 infects retinal cells in an ACE2-dependent manner[147].

Conjunctivitis is the most common ophthalmic manifestation documented in COVID-19 patients
[148]. A retrospective cross-sectional, single-center study using 127 COVID-19 patients with mild
symptoms showed that 11 out of 127 (8.66%) patients had conjunctivitis[149]. Another study that
recruited 535 COVID-19 patients showed that 27 patients (5.0%) presented with conjunctival congestion,
which may result from direct hand contact with the eyes[150]. However, the mechanism of SARS-CoV-
2-induced conjunctivitis is poorly understood. A case study in a 53-year-old man showed viral
conjunctivitis along with the presence of SARS-CoV-2 RNA in the left eye after ten days of COVID-19
onset. The symptoms of the left eye conjunctivitis were completely cured in 5 d with proper
medications. However, the patients experienced viral keratoconjunctivitis with progressive spot
staining observed at the periphery of the corneal epithelium in both eyes; after five days, the symptoms
in the left eye were completely cured. At this stage, the patient also showed an elevation of IL-6 levels in
both eyes as well as in the circulation[151]. Findings from this study suggest that SARS-CoV-2-induced
cytokine storm may contribute to the pathogenesis of conjunctivitis and keratoconjunctivitis. A
population-based case-control study in 16 193 adults showed that diabetes is a risk factor for acute
infectious conjunctivitis[152].

SARS-CoV-2 infection exacerbates diabetes-induced bone loss

DM is an important risk factor for osteoporosis. A single-center cross-sectional study that enrolled 388
Japanese patients with a history of T1D showed that long-term hypoglycemia is significantly associated
with a higher risk of bone fracture[153]. A prospective and retrospective cohort study demonstrated that
DM patients had a greater risk of total hip, upper arm, and ankle fractures, and this risk was
pronounced in TIDM patients than T2DM patients[154]. Several mechanisms may contribute to the
pathogenesis of DM-induced osteoporosis. Hyperglycemia and/or IR in DM are associated with
increased production of proinflammatory cytokines, including IL-1, IL-6, and TNF-q, and vasoactive
peptides, including Ang II. In contrast, it decreases the levels of vitamin D, which may downregulate
osteoblast number/activity and upregulate osteoclast number/activity. Decrease in osteo-
blast/osteoclast ratio results in increased bone resorption and subsequent osteoporosis[155].

COVID-19 has been recognized to induce osteo-metabolic complications that are characterized by
hypocalcemia, chronic hypovitaminosis D, and a high prevalence of bone fragility[156,157]. The
presence of SARS-CoV-2 in bone cells has not been identified so far; however, the expression of ACE2 in
the bone cells has been identified as a positive regulator of bone health. For instance, cell culture and
human gingival bone samples have been shown to express ACE2 in osteoblast and osteoclast. Using
both in vitro and in vivo models, this study further demonstrated that pharmacological activation of
ACE2 with diminazene aceturate, an essential activator of ACE 2, significantly decreased alveolar bone
loss through the improvement of osteoblast/osteoclast ratio[158]. Since SARS-CoV-2 bindings with the
ACE?2 receptors result in a decrease in ACE2 numbers, SARS-CoV-2 infection may increase bone loss. A
study by Awosanya et al[159] has shown that human ACE2 expressing mice (TG) developed severe
health problems and a significant reduction in trabecular bone volume due to an increase in the number
and surface area of osteoclasts after 14 d of SARS-CoV-2 infection. However, more studies are required
to confirm this finding. Cytokine storm upon SARS-CoV-2 infection is associated with increased
circulatory levels of CXCL-10, TNF-o, IL-1p, and IL-6[160], whereas decreased reduced vitamin D levels
are associated with increased infection and severity of COVID-19[161]. Many COVID-19 patients have
experienced conjunctivitis in their eyes[148]. Therefore, it can be surmised that the possibility of fall-
mediated bone fracture in COVID-19 patients who has conjunctivitis should be higher than the healthy

people.

SARS-CoV-2 infection exacerbates diabetes-induced gastrointestinal complications

A study in a cohort including 59 patients with COVID-19 showed that 15 patients had GI dysfunction,
and nine patients had stool containing SARS-CoV-2 RNA. This study also conducted a meta-analysis
comprising 4243 COVID-19 patients showed that the prevalence of GI symptoms in COVID-19 patients
was 17.6%, and 48.1% of COVID-19 patients exhibited the presence of SARS-CoV-2 RNA in their stool
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samples, although 70.3% of those samples were collected after the loss of virus from respiratory
specimens tested positive for the virus[162]. The expression of ACE2 in the human GI tract has been
confirmed through several studies[163,164]. Several studies demonstrated the direct infection of SARS-
CoV-2 in the GI tract. For instance, an in vitro study using gastric organoids from fetal, pediatric, and
adult biopsies showed that pediatric and late fetal gastric organoids are susceptible to SARS-CoV-2
infection, while viral replication is significantly lower in undifferentiated organoids of early fetal and
adult origin. Through transcriptomic analysis, they further showed that SARS-CoV-2 infected stomach
sample elicits a moderate innate antiviral response and a lack of differentially expressed genes
belonging to the interferon family. Findings from this study suggest that SARS-CoV-2 can efficiently
infect the gastric epithelium, suggesting that the stomach might have an active role in fecal-oral SARS-
CoV-2 transmission[165]. A retrospective, single-center study comprising 95 cases with SARS-CoV-2
infection demonstrated that GI symptoms, including diarrhea, anorexia, and nausea, were observed in
58 cases[166]. Findings from another retrospective cohort study comprising 104 patients with COVID-19
demonstrated that GI infection with SARS-CoV-2 prolongs the duration of SARS-CoV-2 shedding and
hospitalization in the patients with COVID-19[167].

Diabetic patients are implicated in developing several GI complications, including gastroparesis,
intestinal enteropathy, non-alcoholic fatty liver disease (NAFLD), pancreatitis, and peptic ulcer disease.
There are clinical and preclinical studies that confirmed the association of diabetes with GI
abnormalities. For instance, a study that recruited 50 DM patients and 20 non-DM healthy controls
showed that patients with long-term DM exhibited lower maximal squeeze pressure, a higher mean
threshold of minimal rectal sensation, and enhanced features of dyssynergic defection compared with
the control group. Findings from this study suggest that DM patients demonstrated an impaired
function of the external anal sphincter, enhanced features of dyssynergic defecation as well as impaired
visceral sensation[168]. A case study that comprised ten patients with maternally inherited diabetes and
deafness syndrome (MIDD) showed that GI symptoms, including constipation and diarrhea along with
the mucosal accumulation of normal mitochondria and lipid droplets, are frequent in MIDD[169]. A
study using the GI mucosal biopsy samples from subjects with and without type 2 diabetes exhibited
that taste signaling molecules that modulate the upper GI function and energy intake are decreased in
diabetic subjects with elevated blood glucose concentration and decreased by luminal glucose in mice
[170]. A cohort study that recruited 5699 T2DM patients and 11226 age and sex-matched non-diabetic
controls showed that in a 7-year follow-up period, T2DM patients had a significantly higher cumulative
hazard of peptic ulcer bleeding than the controls with adjusted age, sex, and comorbidities[171].
Another study that recruited healthy subjects and peptic ulcer patients with or without T2DM showed
that the number of circulating EPCs and their colony-forming ability, essential prerequisites for vascular
repair and angiogenesis, was significantly reduced in peptic ulcer patients with T2DM[172]. There are
findings from many preclinical and clinical studies that confirm diabetes as a significant risk factor for
NAFLD[173-175]. A 14-years follow-up study by Han et al[176] that recruited 3047 subjects without
underlying DM showed that NAFLD could be used as a biomarker better than BMI in predicting
incident DM.

DISCUSSION AND FUTURE DIRECTIONS

Diabetes is a chronic metabolic disease that differentially induces the pathogenesis of several complic-
ations associated with different organs, including the brain, eyes, bone, GI tract, kidneys, heart, immune
system, and lungs (Figure 5). On the other hand, SARS-CoV-2 infection has both acute and chronic
effects on the manifestation of all diseases (Figure 5). In addition to their independent mechanisms for
the pathogenesis of any disease, the coexistence of diabetes and SARS-CoV-2 infection exacerbates the
disease severity and subsequent fatality (Figure 5). There are several approaches, including medications,
diet and exercise that can reduce the blood glucose levels in both type 1 and type 2 DM patients. Insulin
therapy and amylinomimetic drugs are used to reduce bold glucose levels in type 1 DM patients.
Similarly, biguanides (e.g., metformin), dopamine agonist (e.g., bromocriptine), dipeptidyl peptidase-4
inhibitors (e.g., alogliptin), glucagon-like peptide-1 receptor agonists (e.g., albiglutide), meglitinides (e.g.,
nateglinide), sodium-glucose transporter 2 inhibitors (e.g., dapagliflozin), sulfonylureas (e.g.,
glimepiride), and thiazolidinediones (e.g., rosiglitazone) are well known type 2 DM medications[177].
However, there is no effective treatment that can completely cure diabetes or diabetic complications. On
the other hand, there are several approaches that can prevent the transmission as well as the severity of
SARS-CoV-2 infection, including mRNA vaccines (e.g., Pfizer-BioNTech covid-19 vaccine), and antiviral
drugs (e.g., remdesivir) and monoclonal antibodies (e.g., bebtelovimab)[178]. However, there is no
effective therapy yet that can completely prevent the transmission of SARS-CoV-2 and cure COVID-19
without any side effects. Since SARS-CoV-2 is still circulating among the community, new variants like
delta and omicron are evolving that can be even more transmissible and lethal than the existing
variants. Because of these new mutant variants, COVID-19 is out of control despite widespread
vaccination in the United States as well as other countries. There are some drugs that can prevent viral
entry into the host cells as well as decrease blood glucose levels. For instance, Camostat mesylate, a
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Figure 5 Role of diabetes and severe acute respiratory syndrome coronavirus 2 co-existence in multi-system organ failure. SARS-CoV-2:
Severe acute respiratory syndrome coronavirus 2.
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serine protease inhibitor used primarily for treating postoperative reflux esophagitis and chronic
pancreatitis. However, studies showed that blocking TMPRSS2 with Camostat mesylate and its
metabolite 4-(4-guanidinobenzoyloxy) phenylacetic acid can prevent upper respiratory tract infection by
SARS-CoV-2[179]. Chloroquine and hydroxychloroquine are glucose-lowering drugs and have been
used extensively to treat COVID-19 due to their antiviral properties. However, these drugs have adverse
health effects. Therefore, patients with DM and/ or other underlying health conditions should be aware
that SARS-CoV-2 infection can elevate blood glucose levels, and, as such, they should follow clinical
guidelines for the management of DM more strictly.

CONCLUSION

People with diabetes possess a higher risk of SARS-CoV-2 infection and subsequent severe COVID-19
manifestation. On the other hand, the prevalence of SARS-CoV-2 infection-mediated manifestation of
diabetes is also increasing. It is more likely to develop severe consequences due to the global increase in
diabetic patients and the co-existence of diabetes and SARS-CoV-2. Still, we need to wait longer, and
more research should be conducted to see the long-term effects of post-COVID-19 manifestation. To
prevent or cure the long-term coexistence of diabetes and COVID-19 in the human body, we should
more adhere to standardized prevention and control, cutting the transmission chain of the virus and
blocking it to a minimum. Maintaining a healthy lifestyle with a healthy diet, regular exercise, and
proper hygiene can reduce the risk of developing diabetes as well as the number of SARS-CoV-2
infection.
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