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Abstract

Diabetes, whether due to pancreatic beta cells insufficiency or peripheral
resistance to insulin, has been suggested as a risk factor of developing severe
acute respiratory disease coronavirus-2 (SARS-CoV-2) infections. Indeed, diabetes
has been associated with a higher risk of infections and higher risk of developing
severe forms of coronavirus disease 2019 (COVID-19) related pneumonia. Diabetic
patients often present associated comorbidities such as obesity, hypertension and
cardiovascular diseases, and complications of diabetes, including chronic kidney
disease, vasculopathy and relative immune dysfunction, all of which make them
more susceptible to infectious complications. Moreover, they often present low-
grade inflammation with increased circulating interleukin levels, endothelial
susceptibility to inflammation and dysfunction, and finally, hyperglycemia, which
increases this risk. Additionally, corticosteroids, which count among the few
medications which showed benefit on survival and mechanical ventilation
requirement in COVID-19 pneumonia in large randomized controlled trials, are
associated to new onsets of diabetes, and metabolic disorders in patients with
previous history of diabetes. Finally, SARS-CoV-2 via the alternate effects of the
renin-angiotensin system, mediated by the angiotensin-converting-enzyme 2, was
also associated with insulin resistance in key tissues involved in glucose
homeostasis, such as liver, skeletal muscles, and adipose tissue; and also, with
impaired insulin secretion by pancreatic B-cells. In this work, we reviewed all
elements which may help understand how diabetes affects patients with COVID-
19, how treatments affect outcomes in patients with COVID-19, how they may
cause new onsets of diabetes, and finally review how SARS-CoV-2 may inherently
be a risk factor of developing diabetes, through immune-mediated diabetogenic
mechanisms.
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Core Tip: Diabetes features complex interactions with the severe acute respiratory
disease coronavirus-2 (SARS-CoV-2). Diabetic patients are at higher risk of severe
infections. They often present associated comorbidities such as obesity, hypertension
and cardiovascular diseases, and complications of diabetes, including chronic kidney
disease, vasculopathy and relative immune dysfunction. Additionally, corticosteroids,
which count among the few medications which showed benefit on survival are
associated to new onsets of diabetes, and metabolic disorders in patients with previous
history of diabetes. Finally, SARS-CoV-2 via the alternate effects of the renin-
angiotensin system, mediated by the angiotensin-converting-enzyme 2, was also
associated with insulin resistance.
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INTRODUCTION

Preexisting diabetes and coronavirus disease 2019

Preexisting diabetes is associated with poor outcomes of coronavirus disease 2019:
There is a set of arguments to say that patients with diabetes are at high risk of severe
form of coronavirus disease 2019 (COVID-19) pneumonia. Quickly, at the start of the
epidemic, reports from China and Italy suggested that diabetes rate ratio was two or
three-fold in patients with more severe than in those with less severe infections[1-5].
Patients with diabetes and COVID-19 pneumonia were more likely to require intensive
care, present organ failure, hypercoagulability state with increased levels of inflam-
matory factors[1,3,6]. In terms of absolute risk, three people with diabetes in every
1000 developed fatal or critical care unit-treated COVID-19[7]. In the French COVID
CORONADO cohort, only 50% of the 2796 patients with diabetes were discharged and
20% died within 28 d after hospitalization, reflecting the severity of the disease in the
diabetic population[8]. In other countries, mortality rate of patients with diabetes and
COVID-19 during the first wave was between 11% and 33%[9-11]. In a retrospective
study of 7337 cases of COVID-19 in China, 952 patients with pre-existing type 2
diabetes (T2D) required more medical interventions and presented multiple organ
failure than non-diabetic individuals[6]. In this study, T2D was significantly associated
with the incidence of acute respiratory distress syndrome (ARDS), septic shock, and
acute kidney injury with respective adjusted hazard ratios (HR) of 1.44 (95%CI: 1.20-
1.73), 1.95 (95%CI: 1.18-3.20) and 3.01 (95%CI: 1.94-4.68). These findings explain the
high mortality rate observed in this population. In Italy, for example, a third of people
who died from COVID during the first wave were diabetic[12]. In March 28%, 2020,
2112 deaths from confirmed COVID-19 cases were reported to CDC and diabetes was
one of the more frequently reported conditions among all cases. Indeed, a third of the
patients hospitalized in intensive care had diabetes[13]. On the other hand, the
prevalence of diabetes in non-hospitalized patients among COVID-19 patients was 6%,
less than the prevalence of diabetes among United States adults estimated to 10.1%
[14]. This may suggest that diabetes is more a risk factor of severity in case of COVID-
19 than a risk factor of COVID-19 itself. Data from New York hospitals also found a
significantly increased risk of severe forms associated with diabetes, which however
disappeared after adjusting for potential confounding factors[15-17]. All data converge
to say that diabetes is associated with severe forms of COVID-19, but other factors may
impact this association. Diabetic patients constitute a very heterogeneous population,
in terms of type of diabetes, disease duration, quality of glycemic control, presence of
diabetic complications, antidiabetic treatment used, presence of comorbidities such as
obesity, hypertension, dyslipidemia, tobacco and cardiovascular diseases. Yet, only
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few studies accounted for these potential confounders.

Are patients with diabetes at risk of severe form of COVID-19?

Impact of age in morbi-mortality of COVID-19 in patients with diabetes: As T2D is
more prevalent in elderly patients, whether it is a risk factor of COVID-19 independent
from age is currently unknown. Cohort studies in COVID-19 patients which focused
on patients with T2D, yielded a mean age between 62 (55-68) in China, and 69.8 +13.0
in the French nationwide multicenter CORONADO study[8,18]. The latter study
aimed to determine predictors of discharge from hospital and death within 28-d after
hospital admission in patients with diabetes and COVID-19. After multiple
adjustments, older age and history of microvascular complications were associated
were most associated with poor outcomes.

In a systematic review and meta-analysis which included observational studies and
investigated risk phenotypes of diabetes and association with COVID-19 severity and
deaths, older age (> 65 years) was associated with a 3.49 higher relative risk of COVID-
19-related death (95%CI: 1.82-6.69)[19]. Several studies have also shown the absence of
excess mortality in young or middle aged patients with type 1 diabetes (T1D)[8,20].

Impact of diabetic complications in morbi-mortality of COVID-19: As the organs
affected by COVID-19 are the same affected by diabetes, a relevant question which
quickly rose was whether diabetes-induced organ injuries impacted COVID-19
severity. In the French CORONADO study, microvascular complications were
associated with a greater risk of death[8]. In a Scottish register study, microvascular
complications such as retinopathy and nephropathy were also significantly associated
with developing fatal or critical care unit-treated COVID-19[7]. In a population-based
cohort study of people with diabetes, increased COVID-19-related mortality was
associated with cardiovascular and renal complications of diabetes[21]. Diabetic
patients with related chronic kidney disease were even more at risk, in a meta-

analysis, with a relative risk of COVID-19-related mortality of 2.53 (95%CI: 0.93-6.88)
[19].

Impact of type of diabetes and prognosis of COVID-19: Data about T1D are scarce
and contradictory due to the heterogeneous study populations and the presence of
many limitations. The French CORONADO study showed a low prevalence of T1D
among patients with diabetes hospitalized for COVID-19, 2.1%, lower than that
expected in the general population. Data also suggested a lower risk of severe
prognosis in patients hospitalized with T1D and COVID-19 than in those with T2D,
with half the risk of death by day 7. In a Belgian cohort study, risk of hospitalization
was similar in 2336 patients with T1D, compared to 15239 normoglycemic individuals
(0.21% vs 0.17%)[20]. In a large British population cohort study, including 61 million
individuals, showed that patients with T1D (n = 263830; 0.4%) presented an increased
risk of in-hospital death due to COVID-19 compared with those without known
diabetes [OR: 3.50 (95%CI: 3.15-3.89)][22]. In this study, mortality was higher in T1D
than in T2D patients. Even then, age represented a risk factor in T1D patients. In the
Belgian cohort, those hospitalized for COVID-19 were older [66 years (58-80) vs 49
years (35-61), P = 0.010]. Moreover, similarly as in the British study, in the French
CORONADO study, no deaths in young patients with T1D (less than 50-55 years old)
was reported. In addition, children and adolescents with T1D showed similar risk of
infection and subsequent mortality than those without T1D in several cohorts, which
emphasize this age-related risk of being infected and developing severe forms of
COVID-19 pneumonia in patients with T1D[23,24].

Obesity, an added risk factor of COVID-19 severity: Obesity is highly prevalent in
patients hospitalized for COVID-19 and has also been identified as an independent
risk factor for the severity of the disease[25]. Obesity and diabetes, especially T2D, are
two commonly associated diseases that are supported by epidemiological as well as
genetic studies. One study assessed the relationship between obesity classes and
COVID-19 prognosis in patients with T2D. Among 1965 patients with T2D, intubation
for mechanical ventilation and death were significantly and independently increased
in overweight patients [OR: 1.65 (95%CI: 1.05-2.59)], in patients with class I obesity
[OR: 1.93 (95%CI: 1.19-3.14)] and class II/III obesity [OR: 1.98 (95%CI: 1.11-3.52)]. In a
prospective, community-based, cohort study among 6910695 individuals, a linear
increase in risk of severe COVID-19 leading to admission to hospital and death was
observed. This risk increase was superior to that expected to diabetes only. The
relative risk due to increasing body mass index was greater in people younger than 40
years and African origins[26]. Hence, T2D combined with obesity may be a synergic
risk factor of severe COVID-19 pneumonia. Yet it has to be noted that obesity does not
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impact mortality as much in in elderly patients[27].

Influence of glycemic control on the prognosis of COVID-19: A key question is the
role of hyperglycemia in patients with diabetes and COVID-19. This question must be
analyzed differently depending on whether one considers the time before hospital-
ization, on admission or during the hospitalization phase. Results on glycemic control
before hospitalization are contradictory. A major result of the CORONADO study is
that glycemic control prior to hospitalization, assessed by the dosage of glycated
hemoglobin (HbA1c), does not seem to have a significant impact on the severity of
COVID-19 in people with diabetes who are hospitalized. On the contrary, in a
population-based cohort study of people with diagnosed diabetes in England, people
with T2D had a higher COVID-19-related mortality when HbAlc was superior to 59
mmol/mol (76%) in comparison to an HbAlc in the range 48-53 mmol/mol (65%-
70%). In patients with T2D, this between-group difference was more pronounced in
those under 70 than in those over 70 years-old. No significant difference was observed
for HbAlc and risk of severe form of COVID-19 in patients with T1D[8,21].

On the other hand, association between hyperglycemia at the time of admission and
mortality due to COVID-19 is clearer. Sardu et al[28] found that a glycaemia > 7.7
mmol/L on admission was associated with outcome in 132 Italian hyperglycemic
patients hospitalized for COVID-19 pneumonia. In a Chinese retrospective multicenter
study including hospitalized patients with COVID-19, well-controlled glycaemia
(defined as a glycemic variability between 3.9 to 10.0 mmol/L) was associated with
markedly lower mortality compared to individuals with poorly controlled glycaemia
(upper limit of glycemic variability exceeding 10.0 mmol/L) (adjusted HR: 0.14)[6]. In
a retrospective study among patients with diabetes and COVID-19 with use of
continuous glucose monitoring, both glucose levels of > 8.8 mmol/L and < 3.85
mmol/L were associated with a significantly high risk of composite adverse outcomes
of COVID-19 [i.e., need for admission to the intensive care unit (ICU), for mechanical
ventilation, for vasopressor-requiring hypotension, multiple organ dysfunction] as
well as with a prolonged hospitalization. Higher glycemic variability on admission
was also significantly associated with a poorer outcome of COVID-19[29,30]. In
contrast, mean sensor glucose level was not significantly associated with morbi-
mortality[30].

While hyperglycemia on admission was associated with severe outcomes, question
of causality remains elusive. Although Sardu et al[28] showed that the greater the
decrease in blood glucose the better the outcomes were, in their observational study,
causal relationship between correction of hyperglycemia and better prognosis could
not be ascertained. In other settings than COVID-19, glycaemia on admission may be
used as a biomarker to identify patients at higher risk of severe pneumonia[31,32].
Hence, randomized controlled studies are still needed to definitely answer this
causality question.

What is the link between diabetes and the risk of severe form of COVID-19?

There are many hypotheses about the mechanism of how diabetes affects COVID-19
course.

Hyperglycaemia and diabetes are associated with higher risk of infectious diseases:
Infectious diseases, including pneumonia are leading causes of death in people with
diabetes[33-35]. Specifically, diabetes was previously proven a major risk factor of
mortality related to other viruses than severe acute respiratory disease coronavirus-2
(SARS-CoV-2), such as influenza A (HIN1) influenzae or the Middle East respiratory
syndrome-related coronavirus (MERS-CoV)[36,37]. Mechanisms of susceptibility
towards severe viral infections include neutrophil dysfunction and disturbance in the
adaptative immune response in hyperglycemic environment[38-40]. As a matter of
fact, hyperglycemia in itself, was associated with immune system impairment,
complement fixation or altered cytokines and chemokines production enhancing
SARS-CoV-2 replication[38,41-43]. However, severe forms of COVID-19 pneumonia in
patients with hyperglycemia do not appear to result from an impaired humoral
response against SARS-CoV-2[44]. These elements may explain the observations of
improved prognosis associated with better blood glucose control in hospitalized
patients with COVID-19, mentioned before.

Altered immune response and hyperinflammation in patients with diabetes and
COVID-19: Histopathologic analysis revealed in fatal COVID-19 patients the presence
of massive inflammatory cell infiltration in many organs such as lung, myocardial,
liver, brain and nerves, kidney and pancreas[45]. Indeed, cytokines are secreted in
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great abundance and increased levels of inflammatory cytokines were associated with
increased mortality in patients hospitalized for severe COVID-19 pneumonia. Among
them, interleukin-6 (IL-6), also associated with cytokine release syndrome, is usually
associated with diabetes, and denotes low-grade inflammation with circulating IL-6
Levels higher than in population without diabetes. Interestingly, study cohorts in
patients admitted for severe COVID-19 pneumonia, showed higher levels of inflam-
mation biomarkers including circulating IL-6, in patients with diabetes than other
patients[46]. In T2D patients suffering from coronavirus infection, monocytopenia,
morphological anomaly of increased monocyte size and CD8'T cells specific
lymphopenia were observed[47]. The deregulation of innate and adaptive immune
responses could lead to the hyperinflammation observed in severe COVID-19,
especially in T2D patients. Visceral adipose tissue that is increased in patients with
diabetes could represent a reservoir of cytokines and therefore could also explain the
disproportionate inflammatory response observed in patients with diabetes and
COVID-19.

Obesity and related disorders associated with the risk of severe forms of COVID-19:
COVID-19 pneumonia may deteriorate in obese patients with diabetes due to poor
respiratory mechanics. Indeed, when combining obesity and diabetes, patients present
weaker respiratory muscle strength, reduced lung volume, increased resistance to the
airways, impaired gas exchange, dysregulation of ventilatory control and bronchial
dysautonomia[48-50]. Thus, COVID-19 severity could be more severe in case of pre-
existing lung damage associated with obesity. Furthermore, in case of T2D and
obesity, nonalcoholic fatty liver disease (NAFLD) is highly prevalent, and some data
suggest that liver steatosis and higher stages of NAFLD (i.e., non-alcoholic steatohep-
atitis and liver fibrosis) would be a risk marker for SARS-CoV-2 infection severity[51].
Insulin resistance, a common pathophysiologic trait between obesity and T2D, could
explain the increased risk of COVID-19 mortality in diabetes and obesity. Indeed,
triglycerides and glucose index was closely associated with the severity and morbidity
in COVID-19 patients[52]. In addition, complex interactions can occur between
adipose tissue and the immune system[53]. Among them, hyperleptinemia and leptin
resistance commonly observed in obesity, are implicated in the increased secretion of
pro-inflammatory cytokines that sustain and enhance the inflammatory responses.
Interestingly, hyperleptinemia and leptin resistance may aggravate clinical outcomes
in infectious diseases, including HIN1 influenzae but also COVID-19[54,55]. Adipose
tissue can finally constitute a viral reservoir of SARS-CoV-2, exacerbating the severity
of COVID-19 through amplification of immune and cytokine activation[56]. Indeed,
SARS-CoV-2 has a high affinity to bind the angiotensin-converting enzyme 2 (ACE2)
receptors, highly expressed in adipose tissue. Obese patients have more adipose tissue
than lean individuals, resulting in more ACE2 receptors. However, association
between obesity and viral load has not been confirmed[57]. In sum, it is difficult to
date to distinguish the role of overweight or obesity on the severity of SARS-CoV-2
infections in patients with T2D mellitus (T2DM) and the diabetic state itself.

Thromboembolic risk is increased in people with diabetes and COVID-19: COVID-
19 is associated with an increased risk of thromboembolic events. Although, as of yet,
there is no evidence of increased risk of such events in patients with diabetes in the
setting of COVID-19 infections, several publications reported an increased
thromboembolic risk in patients with diabetes. In a large population-based study
which included 56158 patients with T2D and 168474 control patients, T2D patients
exhibited an increased risk of venous thromboembolism (HR: 1.44, 95%CI: 1.27-1.63).
Furthermore, the risks of pulmonary embolism were greater in the patients with T2D
than in the controls (HR: 1.52, 95%CI: 1.22-1.90)[58]. Interestingly, hyperglycemia
potentiates coagulation, whereas hyperinsulinemia inhibits fibrinolysis, suggesting
that T2D patients may be especially vulnerable to prothrombotic events during inflam-
matory states such as COVID-19[38,59].

Endothelial cell dysfunction is observed in patients with diabetes and COVID-19:
Histopathologic studies in patients with COVID-19 revealed evidence of viral presence
in endothelial cells, and endothelitis was found in vascular beds of multiple organs
such as heart, kidney, lungs, small intestine, and liver[60]. Vascular endothelial
dysfunction seem to contribute to the pathophysiology of SARS-CoV-2 infection, by
causing inflammatory cell infiltration, endothelial cell apoptosis and microvascular
prothrombotic effects[61]. Interestingly endothelial dysfunction also features in
patients with diabetes[62]. Hence, infection of dysfunctional endothelial cell by SARS-
CoV-2 may be additive to that of diabetes.
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TREATMENTS, DIABETES AND COVID-19

Impact of antidiabetic treatments on COVID-19 prognosis

The question of the benefit/risk balance of anti-diabetic treatments in patients
suffering from COVID-19 quickly arose during the first half of 2020. The benefits and
risks of each antidiabetic treatment as well as the recommendation for their use during
COVID-19 are summarized in Table 1.

Insulin: Insulin is often the recommended first-line anti-diabetic treatment in severe
sepsis, especially if there is associated organ failure. Insulin infusion may be effective
to achieve glycemic targets and improve outcomes in patients with COVID-19[28].
Although study design precluded causality analyses, patients with hyperglycemia
treated with insulin infusion showed lower risk of severe disease than patients
without insulin infusion. Meanwhile, other studies showed opposite results, with
significant association between insulin treatment and a poorer prognosis of COVID-19
[8,63,64]. Remarkably, the association between insulin use and mortality was
independent of patients” age. Nevertheless, the worse outcome in patients under
insulin may be related to a more severe and complicated overall state rather than a
treatment effect. This treatment is also more frequently associated with glycemic
variability, which has been associated with severe forms of COVID-19. Insulin
treatment remains, until now, the standard treatment in diabetic patients with severe
forms of COVID-19.

Dipeptidyl peptidase-4 inhibitors: Dipeptidyl peptidase-4 (DPP4) inhibitors modify
the biological activity of substrates involved in the immune response to the infection
and therefore could have potential benefit or harm in COVID-19 course. However,
evidence from clinical trials on the association between the use of DPP4 inhibitors and
the risk of community-acquired pneumonia in T2D patients did not show any
increased risk[65]. Although ACE2 represents the main receptor, DPP4 might also bind
to SARS-CoV-2[66]. Hence, DPP4 inhibition may play a role in antagonizing the
DPP4/CD26, which interacts with the S1 domain of the viral spike glycoprotein,
protein by which SARS-CoV-2 attaches to the ACE-2 receptor expressed on the cells
surface[67]. Some studies showed better outcome in COVID-19 patients taking DDP-4
inhibitors, with less severe pneumonia and lower mortality risk[64]. However, in a
large register study, covering almost the entire population of patients with type 2
diabetes and COVID in England, DPP-4 inhibitors had a higher risk of COVID-19
related mortality[63]. However, here again the existence of confounding bias doesn’t
allow to conclude to a causal effect. Finally, a propensity score analysis from the
CORONADO study concluded that use of DPP-4 inhibitors during the COVID-19
pandemic was safe and that they should not be discontinued[68].

Sodium/glucose cotransporter 2 inhibitors: Given the risk of ketoacidosis, especially
in severe sepsis, some have recommended not to prescribe sodium/glucose cotrans-
porter 2 inhibitors (SGLT-2is) in patients with COVID-19, since SGLT-2is are
associated with an increased risk of ketoacidosis[69]. However, SGLT-2is could impact
many processes dysregulated during COVID-19. For example, SGLT-2is reduced, in
T2D patients, infiltration of inflammatory cells into arterial plaques and decreased the
mRNA expression levels of some cytokines and chemokines, such as TNF, IL-6 and
monocyte chemoattractant protein 1[70,71]. This pharmacological class also features
significant cardiovascular and reno-protective benefits in cardiometabolic disease, and
may provide similar organ protection in COVID-19. Khunti et al[63] showed, in a
register study, that SGLT-2is are associated with a significant 18% mortality reduction
due to COVID-19. DARE-19, a randomized, double-blind, placebo-controlled trial in
1250 patients is aiming to evaluate the safety and efficacy of dapagliflozin in addition
to standard of care therapy in hospitalized patients with COVID-19 and high risk of
severe form including T2D[72]. The full DARE-19 trial results will be presented shortly
and could answer to the question of the usefulness of iSGLT-2 in COVID-19.

GLP-1 analogues: GLP-1 analogues (GLP-1a) could represent a good therapeutic
alternative to treat T2D patients. First, targeting GLP-1 axis could improve many
pathways dysregulated during COVID-19. Exendin-4 can reduce inflammation,
macrophages activation and monocyte adhesion to endothelial cells and improve
endothelial function[73,74]. Second, GLP-1a could ameliorate lung injury in animal
models[75]. Furthermore, GLP-1a have cardiovascular and reno-protective properties
that could be beneficial during SARS-CoV-2 infection. In the other hand, GLP-1a have
been associated with increased ACE2 expression in lungs and heart tissue suggesting
of possible helpful and harmful effects in COVID-19[76]. Khunti et al[63] have shown,
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Table 1 Use of antidiabetic medications in patients with type 2 diabetes and coronavirus disease 2019

Insulin Sulfonylurea Metformin DPP-4 inhibitors ~ SGLT-2is GLP-1a
Benefits Guarantee of Cardiovascular Probable Cardiovascular Proved Proved cardiovascular
achieving glycemic  neutrality cardiovascular benefit; neutrality; Possible  cardiovascular and and renal protective
control; (demonstrated No risk of use in severe renal renal protective benefits; Possibility of
Cardiovascular only with hypoglycemia impairment and benefits; No risk of use up to the stage of
neutrality; Possible ~ Glimepiride) improvement of hypoxia; Possible hypoglycemia severe renal failure;
use in multivisceral inflammation and inhibitory role on the Improvement of No risk of
failure endothelial entry of the virus into  inflammation hypoglycemia;
dysfunction the cell; No risk of Improvement of
hypoglycemia inflammation and
endothelial
dysfunction
Risks Increased glycaemic Hypoglycaemic Multiple Possible Reduced efficacy ~ Risk of digestive side
variability risk, contraindications dysregulation of T in moderate to effects; Risk of
hypoglycaemic risks contraindication in (hypoxia, severe renal  cell function and T severe renal worsening
case of severe liver failure, severe heart cell mediated impairment; Risk ~ undernutrition
and renal failure failure, severe liver inflammatory and of ketoacidosis,
failure); Risk of lactic ~ immune responses especially in severe
acidosis especially in sepsis Risk of
severe renal failure dehydration
Association Conflicting results ~ Lower risk of Lower risk of severe Conflicting results Lower risk of Neutral association
with severe severe form of form of COVID-19 or severe form of
form of COVID-19 or neutral association COVID-19 or
COVID-19 in neutral association neutral association
observational
studies

Medication use
and severity of
COVID-19
infection

Possibility of use at
all stages of the
disease and

Possible use up to
moderate forms in
the absence of
severe renal and

Recommended use up
to moderate forms in
the absence of
contraindications

Possible use up to
moderate forms

Possible use up to
moderate forms in
the absence of
moderate to severe

Possible use up to
moderate forms

particularly in
severe forms,
especially
recommended if
blood sugar level is
over 10-11 mM

liver failure renal failure

COVID-19: Coronavirus disease 2019; DPP-4: Dipepetidyl peptidase-4; SGLT-2is: Sodium-glucose cotransporter-2 inhibitors; GLP-1a: Glucagon like
peptide-1 analogues.

in a register study, that GLP-1a had a neutral effect for COVID-19-related death, as
observed in the CORONADO study[8]. Although there is insufficient data to support
the use of GLP-1a instead of insulin in patients with T2D and COVID-19, there is no
evidence to discontinue them.

Sulfonylureas: Sulfonylureas are not associated with higher risk of COVID-19
mortality or are even sometimes associated with a lower risk[63]. However, no
conclusion can be drawn since several biases exist in these studies. Indeed, use of
sulfonylureas is limited in older and frailty people, in view of an increased risk of
hypoglycemia.

Metformin: Many studies indicate that chronic metformin usage may have beneficial
effects on COVID-19 with pre-existing T2D[19,63,77,78]. The findings of these studies
could be related at least in part to confounding biases. Indeed, metformin is used early
in the disease course of T2D, whereas other treatments such as insulin are initiated
later or in case of contraindication to metformin such as renal failure. But surprisingly,
benefits of metformin on COVID-19 outcomes occurred in spite of an apparently
greater severity on admission compared with non-users[77]. Metformin could have
beneficial effects on COVID-19 prognosis because of their protective properties on
many cell types (e.g., endothelial cells, neurons and glial and cells, cardiomyocytes,
hepatocytes, macrophages)[79]. Activation of adenosine monophosphate-activated
protein kinase pathways by metformin could also affect the expression of ACE2, the
receptor for SARS-CoV-2[80]. Interestingly, one study have shown that metformin
benefits would be greater in female patients with diabetes and COVID-19[81]. Besides
COVID-19 setting, metformin use is also associated with a reduction in mortality from
sepsis in diabetic patients hospitalized in intensive care units[82]. Although there is no
direct evidence for a protective role of metformin in SARS-CoV-2 infection, some
elements plead in favor of maintaining this treatment in the absence of contrain-
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dication and in particular acute renal failure or hypoxia.

Treatments against COVID-19: Corticosteroids

COVID-19 pneumonia may various presentations, from the most benign cough to the
most severe ARDS requiring venovenous extracorporeal membranous oxygenation.
The pathophysiological features of severe cases of COVID-19 are damages of the
alveolii, inflammatory infiltrates, and microvascular circulation disorder leading to
thrombosis. As previously stated, inflammatory organ injury may also, and multiples
therapeutics have been suggested to decrease inflammatory organ injury but the effect
of glucocorticoids has been debated.

Since the publication of results of the RECOVERY trial[83], all guidelines concur
towards the use of corticosteroids in COVID-19 pneumonia: In patients hospitalized
with COVID-19, use of dexamethasone resulted in lower 28-d mortality among those
who were receiving either invasive mechanical ventilation or oxygen alone at random-
ization. Study protocol specified 6 mg of intravenous dexamethasone per day for 10 d.
However, many patients are now treated at home, and French high council for public
health recommended as alternative the use of methylprednisolone, 32 mg per day, or
prednisone, 40 mg per day, or at very least the hydrocortisone at the dose of 160 mg
for days (with decrease in 3 or 4 d), based on glucocorticoid equivalence, although
results were less conclusive by oral route.

In a large meta-analysis, patients randomized to receive systemic dexamethasone,
hydrocortisone, or methylprednisolone were compared to those who received usual
care or placebo[84]. Primary outcome was all-cause mortality at 28 d. This analysis
included 1703 patients, with 5 trials which reported mortality at 28 d, 1 trial at 21 d,
and 1 trial at 30 d. There were 222 deaths among 678 patients randomized to corticost-
eroids and 425 deaths among 1025 patients randomized to usual care or placebo [odds-
ratio = 0.66 (95%ClI: 0.53-0.82), P < 0.001], in agreement with RECOVERY. Hereafter,
medical community acknowledged the usefulness of corticosteroids in treating
COVID-19 patients. Yet, corticosteroids are associated with well-known side effects,
one of which being steroid-induced diabetes, for which other risk factors may increase
this risk of adverse reaction. Meanwhile, means to prevent steroid-induced diabetes
also exist.

Steroid-induced diabetes mellitus

This entity is defined as an abnormal increase in blood glucose due to the treatment, in
patients with or without previous history of diabetes. Thresholds are for 8-h fasting
glucose: Above 7.0 mmol/L; after 2-h post-75 g oral glucose tolerance test: Above 11.1
mmol/L (2 g/L); HbAlc above 6.5%; or in symptomatic patients, a random plasma
glucose above 11.1 mmol/L (2 g/L)[85]. Prevalence is estimated to between 18.6% and
25% of patients who use of corticosteroids daily[86]. In a meta-analysis which
aggregated 13 studies and included 34907 non-diabetic patients treated with glucocor-
ticoids, the incidence of hyperglycemia was 32.3% and that of diabetes was 18.6%[87].

Mechanisms are plural and mostly feature beta cell dysfunction and insulin
resistance. Beta cell dysfunction participates to insulin insufficiency due to decreased
systemic release, and decreased sensitivity to glucose. Insulin resistance occurs in the
liver, skeletal muscle, and fat cells, leading to decreased intracellular signals mediated
by insulin. From a molecular point of view, glucocorticoids use schematically leads to
a decrease in phosphorylation of the protein kinase B (PKB), which in turn leads to a
decrease in activity of the glucose transporters GLUT4, which are less translocated to
the cell surface, hence, lead to insulin resistance and decrease in glucose uptake,
particularly at the muscle and adipose tissue level[88]. Besides, glucocorticoids induce
an upregulation of the enzyme phosphoenolpyruvate carboxykinase (PEPCK) activity
in the liver, while simultaneously downregulating PEPCK activity in adipose tissue.
Circulating free fatty acids increase, which leads to insulin resistance and gluconeo-
genesis.

While the effects of glucocorticoids widely differ based on patients who use them,
even in healthy individuals, they may have a significant impact on metabolism, in
animal models[89], and even in healthy people[90]. In a study which focused on
metabolomic profiling in 20 healthy men, 214 plasmatic metabolites were analyzed
before and after the administration of dexamethasone 4 mg. Overall, 150 of 214
metabolites were significantly altered even after a single dose of dexamethasone. All
main energy pathways, including glycolysis, Krebs cycle, urea cycle and lipids, fatty
acids and amino acids were altered with an expected inter-individual variability.

WJD | https://www.wjgnet.com 1681 October 15,2021 | Volume12 | Issue10 |



Sabri S et al. Diabetes and COVID-19

Jaishideng®

Given that glucocorticoids may have that much of an impact even in healthy
individuals, patients more at risk of developing diabetes such as elderly patients,
overweight or already insulin resistant patients may be even more impacted by the
smallest dosages of glucocorticoids. In addition to usual risk factors of developing
diabetes, other comorbidities are at risk of developing subsequent steroid-induced
diabetes. Specifically, rheumatic disorders and patients afflicted with chronic kidney
disease, treated by glucocorticoids may be at higher risk. In a retrospective study
which included 128 non-diabetic patients with either rheumatic or renal disease who
started glucocorticoids, 84 (65%) developed diabetes, much higher that the incidence
observed in the overall population[91]. Independent variables associated with
incidence of diabetes included age 65 years, HbAlc level 6% and glomerular filtration
rate below 40 mL/min/1.73m?2. Interestingly, dosage did not influence risk of
developing diabetes.

While dexamethasone treatment indicated during COVID-19 treatment is relatively
short (10 d), adverse effects may occur. In-vitro, beta cell function was studied under
three regimens of dexamethasone (0.1, 0.5, and 1.0 mg/kg) for 5 d. In the first group
(0.1 mg/kg) beta cell function increased to satisfy insulin demand. In the second group
(0.5 mg/kg), beta cell proliferation increased, associated with hyperinsulinemia but
not hyperglycemia. Finally, the last group (1.0 mg/kg) presented hyperglycemia and
hyperinsulinemia, and a major increase in beta-cell proliferation and size[92]. In-vivo,
in 6 healthy men, a single-dose of 75 mg prednisolone did not change fasting plasma
glucose or insulin, but decreased oral glucose insulin sensitivity[93]. On day 2 beta
cells recovered, as evidenced by an increase in fasting insulin secretion. The same
study also looked at the impact of a 2-wk exposure of prednisolone in 33 healthy men,
the treatment increased the fasting plasma glucose, decreased the index of insulin
resistance, and decreased the index of insulin sensitivity. These elements showed that
prednisolone impairs beta cell function in healthy subjects, both in acute and 2-wk
exposure, meaning that steroids induce insulin resistance but also beta cell
dysfunction, even for these short periods of administration.

Interestingly, in RECOVERY trial, only few severe adverse events related to
dexamethasone administration were reported, yet, among 4 severe adverse events
reported, 2 (50%) included severe hyperglycemia[83]. Only time will allow to assess
the incidence of diabetes in patients treated with dexamethasone, as compared to
control treatment. Moreover, the influence of COVID-19 itself on the risk of
developing diabetes needs to be accounted for.

COVID-19 AS A RISK FACTOR OF DIABETES

SARS-CoV-2 and diabetes

Infections, including COVID-19, may induce hyperglycemia in people without a
previous diagnosis of diabetes. In fact, patients may present with stress hyperglycemia
and thus, surpass the threshold only in the context of SARS-CoV-2 infection. Thus,
hyperglycemia per se is not specific to COVID-19, especially since acute diabetes was
commonly observed during SARS-CoV-1 epidemic among patients without prior
history of diabetes and before the use of glucocorticoids[37]. However, the question
has been raised as to whether SARS-CoV-2 can cause diabetes since new diabetes onset
have been reported in numerous case reports simultaneously with acute SARS-CoV-2
infection. Although a meta-analysis of 8 studies including more than 3700 patients
hospitalized for COVID-19 revealed a pooled incidence of 14.4% for new onset
diabetes[94], mechanisms by which SARS-CoV-2 may induce diabetes remain unclear.
Traditionally, 2 components are known to feature in diabetes pathogenesis: (1) Insulin
resistance in the key tissues involved in glucose homeostasis, i.e., liver, skeletal
muscles, and adipose tissue; and (2) Impaired insulin secretion by pancreatic B-cells.

SARS-CoV-2 and ACE2

Structural evidence reported that ACE2 was the receptor of SARS-CoV-2. Viral
infection of host cells occurs through viral spike protein and ACE2 receptor. SARS-
CoV-2 entrance into host cells then induces ACE2 internalization and shedding,
leading to a down-regulation of ACE2.

Of note, ACE2 belongs to the renin-angiotensin system (RAS). Briefly,
angiotensinogen, produced by the liver, is cleaved by renin to form angiotensin-I
which is then catalyzed by ACE to produce angiotensin-II (Ang II). ACE2 is a
homologue of ACE that can hydrolyze Ang II to Ang-(1-7), whose reported effects
include vasodilatation, anti-fibrosis, and anti-inflammation (these elements are
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summarized in Figure 1). As Ang II is associated with insulin resistance[95], a major
component of T2DM, disturbance of ACE2 activity by SARS-CoV-2 in glucose
homeostasis key-tissues may induce acute hyperglycemia. In addition, ACE2
expression was also reported in the endocrine pancreas suggesting that SARS-CoV-2
may cause beta cell damage inducing diabetes through insulin secretion deficiency
[96], but also in exocrine pancreatic cells[97]. Therefore, dysregulation of ACE2 activity
caused by COVID-19 infection could lead to diabetes through several mechanisms.

SARS-CoV-2/ACE2 and insulin resistance-induced diabetes

One of the most obvious mechanism by which SARS-CoV-2 induces insulin resistance
is through systemic inflammation. Indeed, any inflammatory state can cause an insulin
resistance leading to an increase hepatic glucose production through increased
counter-regulatory hormones, cytokine and lipid release, and direct hepatocyte injury,
irrespective of specific potential effects of SARS-CoV-2 on ACE2 activity and its
repercussions on glucose homeostasis.

Then, since ACE2 is expressed in liver, skeletal muscles and adipose tissue, a
disturbance in ACE2/ Ang-(1-7) activity could lead to a glucose homeostasis disorder.
Further support to this hypothesis comes from the fact that SARS-CoV-2 viral particles
were not only identified in the cytoplasm of hepatocytes inducing a massive hepatic
apoptosis[98], but were also involved in myositis occurrence[99]. Moreover, the loss of
ACE2 gene in mice leads to hepatic fibrosis and impaired glucose homeostasis through
an elevated hepatic reactive oxygen species level, an increased oxidative stress and
inflammation in liver leading to an impairment of insulin signaling[100]. In adipose
tissue, ACE2 deficiency worsens inflammation in response to a diet-induced obesity in
mice[101]. Conversely, overexpression of ACE2 or Ang-(1-7) administration improves
these metabolic disorders i.e., glycemic control and insulin sensitivity[102-104]. Indeed,
mechanistically, Ang-(1-7) rescues insulin signaling pathway by stimulating PKB
phosphorylation, a main mediator of insulin signaling pathway, what will then
activate the downstream glycogen synthase kinase-3p in liver and skeletal muscles
resulting in a decrease of glycaemia through glycogen storage[105], in several murine
models of diet-induced insulin resistance such as high-fat diet fed mice or in fructose-
fed rats[106,107]. In adipose tissue, activation of ACE2/Ang-(1-7) prevents inflam-
mation and oxidative stress induced by a high-fat diet and increases glucose uptake
and adiponectin level[108-110], while its disturbance results in a lower insulin-
dependent glucose uptake and adiponectin secretion[111].

Besides the effects of the inhibition of the above mentioned alternate effects of the
RAS, in the context of metabolic diseases such as obesity, T2DM or nonalcoholic fatty
liver disease, plasmatic Ang II is positively correlated with body weight and is
associated with insulin resistance, suggesting that ACE/ Ang II activity is upregulated
in those metabolic disorders[95]. Besides, on a tissue scale, Ang II was associated with
increased insulin resistance through oxidative stress leading to a hepatic fibrosis and
cirrhosis, provoking an impairment of insulin signaling[112]. In skeletal muscles, Ang
IT also induces a decreased glucose uptake and impairs insulin sensitivity[113], while
in adipose tissue, it inhibits adiponectin secretion and insulin signaling still through an
increased oxidative stress[114]. These elements emphasize the pro-diabetogenic effects
of the classical RAS effects.

SARS-CoV-2/ACE2 and insulin secretion deficiency-induced diabetes

In a few COVID-19 human pancreas postmortem examinations, SARS-CoV-2 nucleo-
capsid protein were detected in pancreatic exocrine cells as well as in endocrine B-cells
[115]. Furthermore, the RAS, including ACE2 was also found involved in the
pancreatic insulin-producing tissue[116]. However, ACE2 expression by B cells
responsible for insulin secretion remains controversial. Indeed, analyses from
transcriptional datasets of human islet cells find a very weak expression of ACE2 in
beta cells. These analyses are supported by immunohistochemistry of human
pancreatic tissues that do not identify ACE2 expression on B cells but rather on ducts
and microvascular structures[97], whereas double immunofluorescence labelling in rat
pancreas indicates that insulin-containing beta cells abundantly express ACE2[117].
The latter observations suggest that ACE2 would play a role in insulin-containing beta
cells and are supported by experiments in ACE2-deficient mice indicating that ACE2
loss aggravates beta cell dedifferentiation and impairs their proliferation, leading to a
significant reduction of beta cell mass[118]. Similarly, in a genetic murine model of
obesity and diabetes, ACE2 overexpression in pancreas, improved glycemic control
through Ang-(1-7), inducing both B-cell proliferation and apoptosis reduction[102]. As
expected, similarly as a loss of ACE2, Ang Il supplementation in beta cells significantly
increased endoplasmic reticulum (ER) stress and inflammation leading to reduced
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insulin secretion whereas Ang II receptor blockade in beta cells reduced significantly
ER stress and rescues insulin secretion[119].

Moreover, ACE2 was also found on ductal structures and microvasculature of the
pancreas, new diabetes onset may be secondary to pancreatitis as SARS-CoV-2 has
been isolated in a pancreatic pseudocyst from a patient with acute pancreatitis.
However, acute pancreatitis seems to be a very infrequent complication of SARS-CoV-
2 infection. Two cohort studies which included 11000 and 63822 patients with COVID-
19 respectively, acute pancreatitis prevalence was estimated at 0.27% and 0.07%[120].
Therefore, acute pancreatitis occurrence in patients with COVID-19 is exceedingly rare
and its putative mechanism related to direct viral damage of pancreatic cells still need
investigations.

Therefore, these findings suggest that ACE2 may play a role in the beta cell insulin
secretory response to hyperglycemia and imply that SARS-CoV-2 could penetrate then
destroy the insulin-containing beta cells, causing subsequently acute diabetes through
insulin secretion deficiency.

SARS-CoV-2 and autoimmune type 1 diabetes

Viral infections, in particular by enteroviruses and coronaviruses, have been widely
associated with TIDM pathogenesis[121]. TIDM is characterized by an autoimmune
pancreatic B-cells progressive destruction leading to insulin deficiency. Therefore,
SARS-CoV-2 could also act as an infectious trigger decompensating and precipitating
diabetic ketoacidosis in patients with no history of diabetes as reported in few case
reports[122-124], and arising evidence highlight the ability of SARS-CoV-2 to trigger
autoimmune disorders[125]. Nonetheless, data remain conflictual on this point.
Evidence from an italian cross-sectional study revealed 23% fewer new-onset cases,
with more children with new-onset disease presenting in diabetic ketoacidosis during
early months of pandemia compared to the same period in 2019 while a multicenter
study from the United Kingdom described an 80% increase in new-onset T1IDM in
children[126]. From a German Diabetes-Prospective Follow-up registry, the rate of
new-onset TIDM from March to May 2020 did not differ significantly from rates
observed over the previous decade[127]. However, when this study was done,
COVID-19 infection incidence rate was relatively low in Germany, and weak effect
cannot be excluded. Thus, from these studies, no compelling evidence emerge for a
causal role of SARS-CoV-2 in a change of TIDM incidence. Furthermore, it was
difficult to differentiate a viral secondary diabetes from a real TIDM as no assay for
type 1 diabetes antibodies (GAD, IA2, ZNT8, ICA antibodies) has been performed in
those series. More complexly, a few cases of insulin-dependent diabetes with negative
antibodies start to emerge suggesting a TIbDM[128]. However, such form of diabetes
is particularly widespread among Sub-Saharan African, African-Americans and
Hispanic descendants and case reports concern Caucasian and Asian ethnicities
suggesting a viral secondary diabetes more than a T1IDM or T1bDM. Follow-up
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studies on the evolution of anti-diabetic therapy are needed to understand the
pathophysiology of SARS-CoV-2-induced diabetes.

In the end, the potential diabetogenic role of SARS-CoV-2 may be more complex
than the simple beta cell hosts destruction by the virus through ACE2 expression.
New-onset diabetes can result from several pathogenic processes involving pancreatic
cell destruction (including exocrine and endocrine cells) through viral or autoim-
munity destruction and/or insulin resistance in liver, skeletal muscles, and adipose
tissue through disturbance of ACE2/Ang-(1-7) activity.

CONCLUSION

Diabetic patients are heavily impacted by the effects of COVID-19, as they are more at
risk of developing severe forms and are more at risk of mortality. While antidiabetic
treatments are still under investigation, data do not warrant discontinuation of these
treatment in diabetic patients. While corticosteroids count among the few validated
medications in severe COVID-19 pneumonia, they expose patients to a hypothetical
risk of new onset of diabetes or diabetes deterioration, even though treatment duration
is short. Finally, risk of developing diabetes after COVID-19, due to interactions with
the angiotensin-converting-enzyme 2 needs to be accounted for when assessing risk of
subsequent diabetes in treated patients.
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