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Covid-19 is a recently-emerged infectious disease caused by the novel severe acute
respiratory syndrome coronavirus SARS-CoV2. SARS-CoV2 differs from previous
coronavirus infections (SARS and MERS) due to its high infectivity (reproduction value,
R0, typically 2–4) and pre- or asymptomatic transmission, properties that have contributed
to the current global Covid-19 pandemic. Identified risk factors for disease severity and
death from SARS-Cov2 infection include older age, male sex, diabetes, obesity and
hypertension. The reasons for these associations are still largely obscure. Evidence is also
emerging that SARS-CoV2 infection exacerbates the underlying pathophysiology of
hyperglycemia in people with diabetes. Here, we discuss potential mechanisms through
which diabetes may affect the risk of more severe outcomes in Covid-19 and, additionally,
how diabetic emergencies and longer term pathology may be aggravated by infection with
the virus. We consider roles for the immune system, the observed phenomenon of
microangiopathy in severe Covid-19 infection and the potential for direct viral toxicity on
metabolically-relevant tissues including pancreatic beta cells and targets of insulin action.

Keywords: diabetes, Covid-19, ketoacidosis, management, microangiopathy
COVID-19 PANDEMIC

Since its emergence in December 2019 in Wuhan, China, severe acute respiratory syndrome caused
by coronavirus 2 (SARS-CoV-2), subsequently called coronavirus disease 19 (Covid-19), has
ravaged the world (1) and was declared a pandemic by the World Health Organization (WHO)
in March 2020 (2). As of June 15, 2020, 8,014,146 people with Covid-19 have been reported in more
than 213 countries and territories, causing more than 436,005 deaths (3, 4). SARS-CoV-2 is a beta
coronavirus with sequence homologies with SARS-CoV (79%) and distant similarities (50%) with
Middle East respiratory syndrome coronavirus (MERS-CoV) (5, 6). It is highly contagious and
transmitted between individuals through aerosolized droplets and contact with infected surfaces (7).
Abbreviations: ACE2, angiotensin-converting enzyme 2; DKA, diabetic ketoacidosis; SARS-CoV2, severe acute respiratory
syndrome coronavirus-2; T2D, type 2 diabetes.
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Data published at the beginning of the pandemic showed that
Covid-19 can cause significant respiratory morbidity and
mortality (8). At ~1% the mortality rate, or case fatality rate, of
Covid-19 is ten times that of seasonal influenza (9–11). Age, male
sex, ethnicity and existing health problems are all additional risk
factors for in-hospital death from Covid-19, with age being the
greatest of these: those over 80 years of age have a >500-fold
higher probability of death than those under 40 (4, 12).
Individuals with comorbidities are more likely to suffer a more
severe disease course or die (10). The most common comorbidities
with Covid-19 infection are metabolic diseases including diabetes,
hypertension, obesity and cardiovascular disease (9, 10, 13). The
mechanisms behind these increased risks remain unclear, and will
be discussed in the present review, with a focus on the possibility
that direct actions of the virus on disease-relevant tissues outside of
the respiratory tract are involved.

Whereas diabetes rates in the U.K are ~4.7%, 32% of those
who have died from Covid-19 had type 1 or type 2 diabetes (4).
Estimates of diabetes prevalence in those who have died as a
result of Covid-19 in other populations range from 20-50% (14).
While obesity is associated with increased risk of a requirement
for intensive care or death (15), a recent study from NHS
England (16) indicates that below a body mass index (BMI) of
35 (at which point challenges are associated with adequate
mechanical ventilation), increased risk is largely ascribed to
altered predominance of diabetes and its complications. Similar
findings were reported by Goldacre et al. (12).

In a recent study from France on ~1,300 patients (17)multivariate
analysis indicated that BMI,micro- andmacrovascular complications
were associated with the risk of tracheal intubation or death, whereas
no association was apparent for diabetes type or glycated hemoglobin
(HbA1c). These apparent differences with the NHS England study
may, however, reflect the fact that data on diabetes duration and
HbA1c were available for ~60% of subjects in the smaller French
cohort, which was also limited to patients admitted to hospital,
potentially limiting the power to detect an HbA1c signal.
INTERACTION BETWEEN COVID-19 AND
DIABETES, HYPERTENSION, AND
OBESITY: EPIDEMIOLOGICAL EVIDENCE

Since the beginning of the Covid-19 outbreak much energy
has been devoted to identifying risk factors for infection and
severe outcomes, and understanding their underlying molecular
mechanisms. Diabetes (22%) and cerebrovascular (22%) disease
were identified in numerous studies as the most common
distinctive comorbidities (2, 18, 19). Other retrospective studies
(9–11), have revealed that the most frequent comorbidities in
people infected with Covid-19 virus were hypertension (24.7%),
followed by diabetes (21.2%) and coronary heart disease (8%)
when these variables are assessed individually. In England, 19%
of people admitted to intensive care with Covid-19 suffered from
diabetes, 1/3 of whom died in hospital (4). The risk of serious
complications and death from coronavirus disease in diabetic
Frontiers in Endocrinology | www.frontiersin.org 2
patients with diabetes in the UK population is 50% higher than
that of non-diabetic people (14).

An independent association between HbA1C and Covid-19
death rates was revealed in a recent cohort study based on the
British population with type 1 (T1D) or type 2 (T2D) diabetes
(4). This rate increased in patients with an HbA1C > 58 mmol/
mol, suggesting an association with hyperglycemia. Similar
findings were reported by Guo and colleagues (9, 20).

Obesity is another comorbidity associated with poor
outcomes after Covid-19 infection (21), and is associated with
poor ventilation of the base of the lungs decreasing oxygen
saturation of the blood (13). Indeed, a recent report from the
National Research Center (ICNARC) (22) in the UK
demonstrated that out of 196 obese patients (the majority of
whom were men over 60 years old) with a BMI >35kg/m2

admitted to intensive care, most (3/4) needed mechanical
respiration 2 h after admission. According to another study
published recently in the newspaper “Le Monde”, in France, 15%
of overweight or obese adults and 41% of British obese patients
admitted to intensive care, were more likely to contract a SARS-
CoV-2 infection and to develop severe forms (13). The main
factors determining the severity of viral infection in obese
patients are hormonal environment, the defective response of
the innate and adaptive immune system as well as the sedentary
lifestyle (4, 23). Luzi et al. (23) suggest that obesity not only
increases the risk of infection and complications but also the risk
of developing a more virulent viral layer, prolonging the
transmission of the virus across the whole population and
increasing the overall mortality rate as was the case during the
H1N1 pandemic in 2009 (23). In summary, obesity and diabetes
increase the duration of the disease, the requirement for intensive
organ support, and increased risk of mortality.

Finally, hypertension is further, independent risk factor
(though less predictive than those above) (12, 16, 24) and
comorbidity in patients with Covid-19 (25).
ANGIOTENSIN-CONVERTING ENZYME,
ACE2: ROLES AND ACTION

Multiple receptors are involved in SARS-CoV2 binding and
uptake into cells, as discussed further below. The role of
Angiotensin converting enzyme 2, encoded by the ACE2 gene
(26), in infection by coronaviruses including SARS (27) and
SARS-Cov2 (28) is now well-established. Indeed, changes in
ACE2 expression with age and differences between sexes may
contribute to the altered risks of Covid-19 infection (29). Both
hypertension and diabetes are often treated with ACE inhibitors
(11, 14, 30) and it has been suggested that altered ACE2 levels
resulting from treatment may a contributor to disease severity in
Covid-19. In results from Fang et al. (18), patients with diabetes
and hypertension who had been treated with ACE inhibitors or
angiotensin receptor blockers (ARB) had a high number of ACE2
receptors in the lung, and could therefore be at higher risk of
developing severe symptoms, if infected with Covid-19. This
October 2020 | Volume 11 | Article 582936
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hypothesis was further examined by Sardu et al. (31) in
hospitalized hypertensive patients with Covid-19. Nonetheless,
no firm link was established between ACEi/ARB and the
prognosis of Covid-19 infection.

In normal physiology, ACE2 plays an essential role in the
renin-angiotensin-aldosterone system (RAAS) (26, 32).
Activation of the RAAS system takes place during a loss of
blood volume, a decrease in blood pressure or when the serum
concentration of Na+ falls, promoting in juxtaglomerular cells in
the kidney to release renin. The latter cleaves angiotensinogen to
release angiotensin I (1–10), which is further converted by ACE1
into angiotensin II a potent vasoconstrictor. Angiotensin II is
degraded by ACE2, which cleaves angiotensin II to generate Ang
(1–7).

Ang (1–7) is specific for AT1Ra (AGTRAP) and Mas
receptors, which are associated with vasodilation (26, 32, 33).
Therefore, viral depletion of ACE2 in SARS-CoV2 may reduce
vasodilatory tone, contributing to the microangiopathy. Of note,
AT1R are present on both pancreatic beta and alpha cells in mice
(34) and humans (35). Hence lowered ACE2 levels, and
consequently of Ang (1–7), may impact hormone secretion
from islets.

Could ACE2 present on beta cells represent a direct target for
virus entry, potentially leading to the dysregulation or
destruction of these cells, promoting a (potentially irreversible)
loss of insulin production? Low but detectable (1–4 reads per
kilobase of transcript per million reads, RPKM) levels of ACE2
mRNA are reported in purified human beta cells (35), and ACE2
immunoreactivity has also been described on these cells (36).
However, the selectivity of the antibodies used in the latter study
was not tested directly, and ACE2-mediated SARS-CoV2 entry
into beta cells entry remains unproven.

Might elevated levels of ACE2, facilitating viral entry,
contribute to increased disease risk and mortality in metabolic
disease? In vitro and in vivo studies in disease settings have
indicated that ACE2 expression is increased in heart failure,
systemic and pulmonary hypertension and diabetes mellitus
(33). ACE2 is expressed in several tissues and organs (Table
1). These include endothelial cells as well as vascular smooth
muscle cells (26). In the kidney, ACE2 is expressed on the apical
surface on the proximal tubules and glomerulus. Its expression
has also been observed in the gastrointestinal tract (42). ACE2
Frontiers in Endocrinology | www.frontiersin.org 3
has also been reported in the central nervous system and in glial
cells (37, 38), and SARS-CoV2 infection via the receptor may
contribute to the loss of smell (anosmia) observed in many
patients (https://covid.joinzoe.com/post/uk-anosmia-covid).
Whether ACE2 is expressed by olfactory neurons remains to
be demonstrated. ACE2 levels throughout the rest of the human
brain appear to be low (42). Finally, thyroid tissue has been
shown to express high levels of ACE2 (43). To date, there is
limited information regarding the risk of SARS-CoV2 infection
in patients with thyroid disease. However, some knowledge
regarding an impact of SARS-CoV2 on thyroid function can be
inferred from the severe acute respiratory syndrome (SARS)
epidemic, when a decrease in serum levels of hormones
triiodothyronine (T3) and thyroxines (T4) had been observed
in infected patients (44).
SARS-COV-2 AND THE IMMUNE SYSTEM
IN DIABETES

As discussed below, infection with SARS-CoV2 appears to have
actions on both immune cells and on endothelial cells pertinent
to its interactions with metabolic disease (23, 45).

Infection of individual cells with the virus begins with the
cleavage of the Spike protein (S), a surface glycoprotein carried
by the spicules, in 2 subunits S1 and S2. The S1 subunit of the
Spike protein binds to the N-terminal region of ACE2 (33). The
second subunit, S2, then interacts with the transmarine protease
assisted with serine 2 (TMPRSS2) which cleaves Protein S to
allow viral entry (46). RNA from the viral genome is then
released into the cytoplasm, allowing viral replication (47)
(Figure 1). Thereafter, the virus’ genomic RNA, together with
the envelope glycoprotein and nucleocapsid protein, form
vesicles containing virions via the cell’s secretory pathway,
which go on to fuse with the plasma membrane and release
the virus from the host cell (5, 6).

Cytokine production is a key element of the inflammatory and
immune response to viral infection. After release from the host,
the virus is first recognized by the innate immune system via
molecular pattern recognition receptors (PRR), such as type C
lectin receptors, and the Toll Like Receptor (TLR) NOD receptor.
Exposure to virus causes the expression of inflammatory factors by
TABLE 1 | Summary of the various organs/tissues expressing ACE2.

Organs Type of cells expressing ACE2 Impacts in term of risk Type of Receptors References

Heart Myocytes Cardiac failure ACE2 Burrell et al. (26)
Brain Glial cells and neurons Loss of smell, CV stroke, epilepsy ACE2 receptors present in the

central nervous system (CNS)
Gupta et al. (37), Bittman et al. (38)

Liver Biliary epithelial cells Proteinuria ACE2 Sun et al. (39)
Intestine Enterocytes / ACE2 Ziegler et al. (40)
Lungs Pneumocytes Respiratory failure ACE2 Mourad et al. (33)
Pancreas Beta cells Decreased insulin production ACE2 Luzi et al. (23), Yang et al. (36)
Kidney Nephron proximal bypass tube cell Renal failure ACE2 Burrell et al. (26)
Adipose tissue Adipocytes Severe obesity ACE2 Shoemaker et al. (41)
October 2
The third column highlights the failures that the various organs will undergo when the virus binds to the ACE2 receptors present in the different types of cells expressing the angiotensin 2
converting enzyme.
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various pathways, in particular the maturation of dendritic cells,
and the synthesis of interferons whose role is to limit the spread of
the virus and accelerate the phagocytosis of viral antigens (5).

An important feature of Covid-19 infection is a lowered level
of lymphocytes in the blood. Implying a similar process after
infection with SARS-Cov2, monocytes and T cells are infected
with MERS-CoV via dipeptidyl peptidase 4 (DPP-4), while
SARS-CoV infects primary human monocytes as well as
dendritic cells (48). This could be due to destruction of these
key cells, which might be a contributor to a weakened immune
response, facilitating virus proliferation in Covid-19. However, it
is important to bear in mind that a failure to observe
lymphocytes in the blood might reflect their homing or
recruitment to other infected organs such as the lung (49).

The binding of the virus to immune cells also leads to the
synthesis of interleukin 6 (IL-6) which, in turn, leads to signaling
both in cis and in trans. In cis signaling, IL-6 binds to lymphocytes
via cognate receptors. The overproduction of these cytokines (in a
“cytokine storm”) leads to the risk of multiorganic lesions (35) this
might be the main cause of morbidity in subjects with Covid-19.
On the other hand, in trans signaling, IL-6 binds to receptors on
endothelial cells and may lead to hyper-coagulation, an important
risk factor for pulmonary embolism and death (50). The fact that
patients with severe forms of SARS-CoV-2 infection express
higher than normal plasma concentrations of IL-6 (7) which
prompted Mehta and colleagues (51) to propose that secondary
hemaphagocytic lymphoistiocytosis (sHLH), characterized by an
overproduction of cytokines and expansion of macrophages, is
found in severe cases of Covid-19 since the main target cells of
SARS-CoV-2 are alveolar macrophages expressing ACE2. A
recent clinical trial (52) with Kevzara (Sarilumab), an IL-6
receptor antibody, has, however given mixed results, with
positive effects observed in “critical” cases but negative in
“severe” cases.
Frontiers in Endocrinology | www.frontiersin.org 4
COVID-19 AND THROMBOTIC
MICROANGIOPATHY

Microangiopathy involves damage to smallest blood vessels and can
be the result of the formation of small blood clots, termed
thrombotic microangiopathy (TMA) that contribute to renal and
neuronal pathology (53). A preexisting microangiopathic disease
burden (and markers thereof, e.g. poor glycaemic control and
duration of diabetes) are strong risk factors for disease severity
(54). TMA is reported as a frequent event in Covid-19 and is likely
to involve endothelium-mediated complement activation (55).
Given high levels of expression of ACE2 in endothelial cells and
podocytes, activation of this process may present a unifying
mechanism for viral action in a range of susceptible tissues,
including kidney and heart. Clinical observations (56) suggest that
SARS-CoV-2 infection facilitates the induction of endotheliitis in
several organs as a direct consequence of viral infection. This could
contribute markedly to life-threatening complications, such as
venous thromboembolic disease and multiple organ failure.
Complement inhibition (57) may thus represent an important
therapeutic target. Moreover, the inflammatory effects of
cytokines may also result in vascular endothelial cell injury which
could result in thrombosis (58). Therefore, it is possible that the so-
called Covid-19 Associated Coagulopathy (CAC) may be a result of
the increased inflammatory response (59).
COVID-19 AND DIABETES: A VICIOUS
CIRCLE?

Emerging data indicate a bidirectional relationship between T2D
and Covid-19 (Figure 2). Firstly, and as described above,
preexisting diabetes is a risk factor for poor outcomes and
FIGURE 1 | Cellular pathogenesis of coronavirus infection. The lipid envelope (viral) includes spike glycoprotein binding to receptors (ACE2) on the surface of the
host. The, entry of cell by endocytosis followed by membrane fusion and release of the virion into the cytosol. Entry of viral RNA into the nucleus and production of
new strands of viral RNA and viral proteins. Viral RNA output from the nucleus. Assembly, budding and release of new viruses, impact on organs.
October 2020 | Volume 11 | Article 582936
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death after Covid-19. Several explanations for this association are
possible. Of these the impairment, at different levels, of the innate
and adaptive immune response is likely to be involved in the
poorer ability to fight infection in patients with diabetes, and
particularly in those who are obese (19, 23, 30). People with all
forms of diabetes are at increased risk due to defective innate
immunity as well as adaptive immunity (14) Severe Covid-19
infection significantly reduces the numbers of natural killer cells,
notably CD4+ and CD8+ cells, as well as CD4+ as CD8+

lymphocytes (7). The mechanisms behind these very recent
findings are unclear: whether they involve interactions of the
virus with beta cells or target tissues for insulin action, or are the
result of an indirect effect of an immune response (“cytokine
storm”), is unclear (Figure 2).

The association between Covid-19 and hyperglycemia in elderly
patients with T2D (60) seems likely to reflect metabolic
inflammation and exaggerated cytokine release. Strikingly, recent
data suggest that SARS-CoV2 infection can lead to a deterioration
in glycemic control, involving both profound insulin resistance
(requiring as much as 50–100 U insulin/h) and impaired insulin
secretion, together leading to diabetic ketoacidosis, DKA (61, 62).
Thus, frequent cases of severe DKA have been observed on
admission to hospital of patients with Covid-19 (14) and
contribute to mortality and morbidity (9).

With respect to the glycemic deterioration seen in patients
with preexisting T2D during Covid-19, a very recent report (63)
provides the intriguing observation that ACE2 expression at both
Frontiers in Endocrinology | www.frontiersin.org 5
the mRNA and protein is increased substantially in human beta
cells in response to response to inflammatory cytokines,
presumably rendering these cells more susceptible to infection.
TYPE 2 DIABETES MANAGEMENT IN
COVID-19

The appropriate management of Covid-19 in people with T2D
has been debated actively during the present pandemic,
especially with regards to the range of drugs best suited for
glycemic control that may also reduce the risk of infection and
attenuate the severity of complications. This discussion is of great
importance since early glycaemic control may be an important
therapeutic option to reduce the poor outcomes in
hyperglycaemic Covid-19 patients (64). As an example, it has
been shown recently that Covid-19 infection management with
the drug tocilizumab was not optimally achieved during
hyperglycaemia in both diabetic and non-diabetic patients.
Moreover, preclinical models found an indirect link between
ACE2 upregulation and several anti-diabetic drugs (65–68). We
discuss here presently used treatments both in the context of
diabetic emergencies (such as DKA; see above) and for less acute
management of hyperglycemia, where different regimens may be
required. Given that a number of treatments are now re-
purposed as potential therapeutics for Covid-19 (69), the anti-
FIGURE 2 | SARS-CoV-2 infection worsens diabetes. Recognition by SAR-CoV-2 of receptors present on immune cells (macrophages, monocytes.) and ACE2
receptors, expressed in several tissues (brain, muscle, adipose tissue, liver, pancreas). Infection causes lowered insulin production and insulin resistance by presently
undefined mechanisms.
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inflammatory action of several anti-diabetic drugs may also be
explored in this light.

Insulin remains a safe choice under all circumstances and is
considered the first-line treatment in hyperglycemic critically-ill
patients, and may require very high doses (see above). In patients
infected with Covid-19, insulin infusion has been shown to be an
effective method for achieving glycemic targets as well as
reducing the risk of severe symptoms, when compared to
patients that did not receive an infusion (70). It has been
shown to modulate inflammatory mediators, suppress toll-like
receptors (TLRs) implicated in innate immune responses, and
suppress pro-inflammatory transcription factors in mononuclear
cells (71). Importantly, insulin reduces activation of the pro-
inflammatory nuclear transcription factor kB (NF-kB), both in
obese non-diabetic and critically ill patients (72, 73). Even
though there is no direct link between insulin and ACE2, it
has been demonstrated that, in diabetic mice, insulin treatment
can attenuate a disintegrin and metalloproteinase-17 (ADAM-
17) expression in the kidney.

Glucagon-Like Peptide 1 Receptor Agonists (GLP-1RAs) are
an important line of pharmaceutical agents that are especially
effective in obese people with T2D to address post-prandial
hyperglycaemia. Like insulin, they are also exerting anti-
inflammatory activity, as a growing amount of evidence
suggests that they may have beneficial effects on lipid profiles
and blood pressure, as well as reduced markers of systemic
inflammation and improved endothelial dysfunction (74, 75).
Specifically in respiratory diseases, GLP-1RAs reduced cytokine
concentration and attenuated pulmonary inflammation in
preclinical models of lung infection and injury (76–78).
Moreover, the GLP-1RA liraglutide has been shown to
downregulate immune cell infiltration and protein expression
of cytokines, and markedly attenuate NF-kB activation in a
chronic asthma preclinical model (79, 80).

Dipeptidyl peptidase 4 (DPP4) inhibitors are often prescribed
in combination with other agents for the treatment of T2D.
Unlike the majority of anti-diabetic treatments, DPP4 inhibitors
do not appear to alter the immune system response in patients
with or without T2D (81). However, DPP4 inhibitors have
recently been associated with a better clinical outcome in
patients with COVID-19 (82) potentially due to the fact that
DPP4 is a predicted coronavirus receptor (83). Further details on
DPP4 molecular mechanisms and clinical importance have
recently been reviewed (20).

Metformin is an oral hypoglycemic agent which is widely
used as first-line therapy for T2D as it suppresses hepatic glucose
production and increases muscle glucose uptake (84). Similarly
to insulin and GLP-1RA, metformin has been suggested to
improve chronic inflammation indirectly, via insulin resistance
and hyperglycemia improvement, but also directly by inhibiting
NF-kB via AMP-activated protein kinase (AMPK)-dependent
and independent pathways (85–88). Another suggested
mechanism of the anti-inflammatory action of metformin is
inhibition of advanced glycation end products (AGEs)
formation, which promote inflammation and glycoxidation
(89). However, metformin is not indicated for use in critically-
Frontiers in Endocrinology | www.frontiersin.org 6
ill hospitalized patients, especially if their hepatic function is
impaired, and in cases of dehydration: lactic acidosis is a risk in
these circumstances (14). Although concerns have been raised
over the use of the anti-rheumatic drug chloroquine or
hydroxychloroquine as a potential Covid-19 therapeutic based
on studies in animals (90), these were, until recently, used safely
together with metformin in humans: however, the licensing of
chloroquine use in Covid-19 has recently been withdrawn by
the FDA.

Thiazolidinediones are a class of T2D drugs which includes
the oral agent pioglitazone. Pioglitazone improves insulin
sensitivity through its action at peroxisome proliferator-
activated receptor g1 (PPARg1) and PPARg2, and affects lipid
metabolism through action at PPARa (91). Although potentially
indirect, pioglitazone has been proven to reduce monocyte gene
and protein expression of cytokines in patients with impaired
glucose tolerance (92). Of note, pioglitazone was found to reduce
lung injury by controlling adipose inflammation in a cecal
ligation puncture model in mice (93) as well as exert a direct
effect on lung inflammation and fibrosis (94). As a result, it has
been hypothesized that it should be considered among the drugs
currently used against COVID-19 (95). However, use of this drug
class in Covid-19 patients is presently very limited.

An additional class of anti-diabetic medications associated
with lowering inflammation are the glifozins, or SGLT2 (sodium-
glucose cotransporter-2/SLC5A2) inhibitors, which attenuate
reabsorption of glucose in the kidney to lower blood sugar. So
far, this reported anti-inflammatory effect focuses on the kidney,
cardiovascular system and pancreas, rather than lungs (96, 97),
though it has been shown to indirectly reduce pulmonary
infection in diabetic mice (98). Although SGLT2 inhibitors are
associated with dehydration and anorexia and therefore may
pose a risk for critically ill patients, a new study focusing on
hospitalized adult patients with Covid-19 commenced in April
2020, with the aim of understanding the substantial cardio- and
nephroprotective effects of SLGT2 inhibitors in reducing disease
progression, complications, and all-cause mortality (99). Recent
U.K. guidelines (100) have, nonetheless, advised suspending the
use of SGLT2 inhibitors in people with Covid-19 due to the risk
of euglycaemic ketoacidosis.

It is important to note that many of the therapeutics
mentioned, such as GLP-1RA and SGLT2 inhibitors, have also
been strongly associated with improved cardiovascular outcomes
(9, 31, 34). This may be of great importance, as growing evidence
links Covid-19 with cardiovascular complications (35), in
addition to respiratory disease, especially since SARS-CoV-2
can directly infect engineered human blood vessel
organoids (36).

Overall, most anti-diabetic therapeutics demonstrate
anti-inflammatory effects (Figure 3), either indirectly by
improving insulin resistance or directly by down-regulating
proinflammatory pathways such as those involving nuclear
factor kB (NF-kB). Moreover, several drugs have been shown
to act directly on the lungs and have a pulmonary effect in
respiratory infection and injury. However, most of the studies
reporting this utilized preclinical models. It will therefore be
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important to validate these findings clinically in the context of
experimental coronavirus infection in order to determine which
anti-diabetic treatments are optimal for a combined
management of T2D and Covid-19.
CONCLUSIONS AND PERSPECTIVES

There is now considerable evidence that diabetes is both a risk
factor for, and a condition worsened by, SARS-CoV-2 infection.
Whereas weakened immunity, alongside impaired kidney
function – both features of both aging and diabetes – likely
drive the former, exaggerated immune responses probably
underlie the latter. Further research will be needed to answer
these closely interlinked questions, and we provide suggestions
for prioritization below.

With respect to heightened susceptibility to poor Covid-19
outcomes in people with diabetes, key questions include the role
of the endothelium and blood hyper-coagulation. Could this
affect islet or kidney function? Most evidence suggests that levels
of the relevant SARS-Cov2 receptors (ACE2 and DPP4) are low,
but not zero, in these tissues - DPP4 is detectable in islets, liver
and kidney - suggesting that immune cell-mediated effects are
the more likely. More detailed and robust assessment of the
expression at the protein level, and sub-cellular localization, of
these receptors in the above tissues, and their susceptibility to
SARS-Cov2 infection in vitro and in vivo, are needed.

Regarding the effects of viral infection on glucose control:
there is as yet little evidence to suggest that deteriorating
Frontiers in Endocrinology | www.frontiersin.org 7
glycemia and metabolic control in patients with diabetes
outlasts infection, suggesting that immune-mediated
destruction of pancreatic beta cells akin to Type 1 diabetes is
unlikely to be involved. Nevertheless, formal analysis of this
question, i.e. epidemiological assessment of the reversion of
glycemic symptoms post Covid-19, as well as histological
quantitation post mortem of beta cell numbers, and islet
infiltration with immune cells, are now called for. The most
question remains: are the effects of the virus on glycemic control
purely the result of an over-active immune system, with immune
cells and inflammatory cytokines acting on multiple tissues
(which)?, or are there direct actions of the virus on tissues and
organs relevant to metabolic homoeostasis (beta cells, other islet
hormone-secreting cells, liver, fat, muscle, brain, kidney etc.)?
Studies in animal models overexpressing or inactivated for ACE2
(101) or other SARS-CoV2 receptors may be informative here.
Where feasible, more in-depth physiological studies (e.g. glucose
tolerance tests, hyperinsulimic or hyperglycemic clamps) are
required in patients to assess insulin sensitivity (102) and beta
cell glucose responsiveness (103) with greater precision. Follow-
up studies will then be required at the cellular level to understand
the molecular mechanisms behind altered beta (or other) cell
function or insulin action, and to understand whether, and
through what membrane trafficking pathways, viral replication
and shedding occurs in these cell types. Finally, clinical trials in
man, informed by the results of the above, will be needed to
determine which of the existing, and potentially new, treatments,
are likely to be efficacious in reducing glycemia-related medical
emergencies as well as the more severe manifestations of
Covid-19.
FIGURE 3 | Type 2 diabetes management therapeutics in Covid-19. The six main classes of glucose-lowering drugs summarized according to their reported effect
on inflammation, cardiovascular disease, respiratory disease and critically ill patient safety.
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34. Benner C, van der Meulen T, Cacéres E, Tigyi K, Donaldson CJ, Huising
MO. The transcriptional landscape of mouse beta cells compared to human
beta cells reveals notable species differences in long non-coding RNA and
October 2020 | Volume 11 | Article 582936

https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1016/j.diabres.2020.108132
https://doi.org/10.1016/j.diabres.2020.108132
http://www.worldometers.info/
http://www.worldometers.info/
https://doi.org/10.1016/S2213-8587(20)30272-2
https://doi.org/10.1016/S2213-8587(20)30272-2
https://doi.org/10.7150/ijbs.45134
https://doi.org/10.1136/gutjnl-2020-321269
https://doi.org/10.1016/S2665-9913(20)30120-X
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1002/dmrr.3319
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1002/oby.22831
https://doi.org/10.1016/S2213-8587(20)30152-2
https://doi.org/10.1016/S2213-8587(20)30152-2
https://doi.org/10.1016/S2213-8587(20)30160-1
https://doi.org/10.1016/S2213-8587(20)30160-1
https://www.england.nhs.uk/publication/type-1-and-type-2-diabetes-and-covid-19-related-mortality-in-england/
https://www.england.nhs.uk/publication/type-1-and-type-2-diabetes-and-covid-19-related-mortality-in-england/
https://doi.org/10.1007/s00125-020-05180-x
https://doi.org/10.1016/S2213-2600(20)30116-8
https://www.touchendocrinology.com/insight/covid-19-infection-in-people-with-diabetes/
https://www.touchendocrinology.com/insight/covid-19-infection-in-people-with-diabetes/
https://doi.org/10.1210/endrev/bnaa011
https://doi.org/10.1210/endrev/bnaa011
http://www.medscape.com/viewarticle/928836
http://www.pulsetoday.co.uk/clinical/clinical-specialties/respiratory-/early-study-into-uk-covid-19-critical-care-points-to-risk-factors/20040459.article
http://www.pulsetoday.co.uk/clinical/clinical-specialties/respiratory-/early-study-into-uk-covid-19-critical-care-points-to-risk-factors/20040459.article
http://www.pulsetoday.co.uk/clinical/clinical-specialties/respiratory-/early-study-into-uk-covid-19-critical-care-points-to-risk-factors/20040459.article
https://doi.org/10.1007/s00592-020-01522-8
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1093/ajh/hpaa057
https://doi.org/10.1016/j.tem.2004.03.001
https://doi.org/10.1038/nature02145
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1016/j.phrs.2020.104833
https://doi.org/10.1038/s41574-020-0364-6
https://doi.org/10.1161/JAHA.120.016948
https://doi.org/10.2337/db10-1205
https://doi.org/10.1038/s41569-020-0368-x
https://doi.org/10.1038/s41569-020-0368-x
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Muniangi-Muhitu et al. Diabetes and Covid-19
protein-coding gene expression. BMC Genomics (2014) 15:620. doi: 10.1186/
1471-2164-15-620

35. Blodgett DM, Nowosielska A, Afik S, Pechhold S, Cura AJ, Kennedy NJ, et al.
Novel Observations From Next-Generation RNA Sequencing of Highly
Purified Human Adult and Fetal Islet Cell Subsets. Diabetes (2015)
64:3172–81. doi: 10.2337/db15-0039

36. Yang J-K, Lin S-S, Ji X-J, Guo L-M. Binding of SARS coronavirus to its
receptor damages islets and causes acute diabetes. Acta Diabetol (2010)
47:193–9. doi: 10.1007/s00592-009-0109-4

37. How COVID-19 Affects the Brain. Medscape. Available at: http://www.
medscape.com/viewarticle/928903 (Accessed May 14, 2020).

38. COVID 19 Expression Of ACE2 Receptors In The Brain Suggest Neurotropic
Damage. MaplesPub. Available at: https://www.maplespub.com/article/
COVID-19-Expression-of-ACE2-receptors-in-the-Brain-Suggest-
Neurotropic-Damage#article_tab (Accessed May 14, 2020).

39. Sun J, Aghemo A, Forner A, Valenti L. COVID-19 and liver disease. Liver Int
(2020) 40(6):1278–81. doi: 10.1111/liv.14470 n/a.

40. Ziegler CGK, Allon SJ, Nyquist SK, Mbano IM, Miao VN, Tzouanas CN,
et al. SARS-CoV-2 receptor ACE2 is an interferon-stimulated gene in human
airway epithelial cells and is detected in specific cell subsets across tissues.
Cell (2020) 181(5):1016–35.e19. doi: 10.1016/j.cell.2020.04.035

41. Shoemaker R, Tannock LR, Su W, Gong M, Gurley SB, Thatcher SE, et al.
Adipocyte deficiency of ACE2 increases systolic blood pressures of obese female
C57BL/6 mice. Biol Sex Differ (2019) 10:45. doi: 10.1186/s13293-019-0260-8

42. BioGPS. - your Gene Portal System. Available at: http://biogps.org/#goto=
welcome (Accessed June 8, 2020).

43. Li M-Y, Li L, Zhang Y, Wang X-S. Expression of the SARS-CoV-2 cell
receptor gene ACE2 in a wide variety of human tissues. Infect Dis Poverty
(2020) 9:45. doi: 10.1186/s40249-020-00662-x

44. Guo Y, Korteweg C, McNutt MA, Gu J. Pathogenetic mechanisms of severe
acute respiratory syndrome. Virus Res (2007) 133:4–12. doi: 10.1016/
j.virusres.2007.01.022

45. Gheblawi M, Wang K, Viveiros A, Nguyen Q, Zhong J-C, Turner AJ, et al.
Angiotensin-Converting Enzyme 2: SARS-CoV-2 Receptor and Regulator of
the Renin-Angiotensin System. Circ Res (2020) 126:1456–74. doi: 10.1161/
CIRCRESAHA.120.317015

46. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181:271–80.
doi: 10.1016/j.cell.2020.02.052

47. Wadman M, Couzin-Frankel J, Kaiser J, Matacic C. How does coronavirus
kill? Clinicians trace a ferocious rampage through the body, from brain to toes
(2020). Sci AAAS. Available at: https://www.sciencemag.org/news/2020/04/
how-does-coronavirus-kill-clinicians-trace-ferocious-rampage-through-
body-brain-toes (Accessed April 29, 2020).

48. Moore JB, June CH. Cytokine release syndrome in severe COVID-19.
Science (2020) 368:473–4. doi: 10.1126/science.abb8925

49. Xu Z, Shi L, Wang Y, Zhang J, Huang L, Zhang C, et al. Pathological findings
of COVID-19 associated with acute respiratory distress syndrome. Lancet
Respir Med (2020) 8:420–2. doi: 10.1016/S2213-2600(20)30076-X

50. Jose RJ, Manuel A. COVID-19 cytokine storm: the interplay between
inflammation and coagulation. Lancet Respir Med (2020) 30216–2.
doi: 10.1016/S2213-2600(20)30216-2

51. Mehta P, McAuley DF, BrownM, Sanchez E, Tattersall RS, Manson JJ. COVID-
19: consider cytokine storm syndromes and immunosuppression. Lancet (2020)
395:1033–4. doi: 10.1016/S0140-6736(20)30628-0

52. Sanofi. Press Releases, Monday, April 27, 2020. Httpswwwsanoficomenmedia-
Roompress-Releases20202020-04-27-12-58-00. Available at: https://www.sanofi.
com/media-room/press-releases/2020/2020-04-27 (Accessed June 15, 2020).
12-58-00 2022288.

53. Benz K, Amann K. Thrombotic microangiopathy: new insights. Curr Opin
Nephrol Hypertens (2010) 19:242–7. doi: 10.1097/MNH.0b013e3283378f25

54. Sharma S, Schaper D, Rayman G. Microangiopathy: Is it relevant to wound
healing in diabetic foot disease? Diabetes Metab Res Rev (2020) 36 Suppl 1:
e3244. doi: 10.1002/dmrr.3244

55. Gavriilaki E, Brodsky RA. Severe COVID-19 infection and thrombotic
microangiopathy: success does not come easily. Br J Haematol (2020)
e227–30. doi: 10.1111/bjh.16783
Frontiers in Endocrinology | www.frontiersin.org 9
56. Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel AS,
et al. Endothelial cell infection and endotheliitis in COVID-19. Lancet (2020)
395:1417–8. doi: 10.1016/S0140-6736(20)30937-5

57. Campbell Courtney M. Kahwash Rami. Will Complement Inhibition Be the
New Target in Treating COVID-19–Related Systemic Thrombosis? Circulation
(2020) 141:1739–41. doi: 10.1161/CIRCULATIONAHA.120.047419

58. Leisman DE, Deutschman CS, Legrand M. Facing COVID-19 in the ICU:
vascular dysfunction, thrombosis, and dysregulated inflammation. Intensive
Care Med (2020) 46:1105–8. doi: 10.1007/s00134-020-06059-6

59. Becker RC. COVID-19 update: Covid-19-associated coagulopathy. J Thromb
Thrombolysis (2020) 50:54–67. doi: 10.1007/s11239-020-02134-3

60. Xue T, Li Q, Zhang Q, Lin W, Wen J, Li L, et al. Blood glucose levels in
elderly subjects with type 2 diabetes during COVID-19 outbreak: a
retrospective study in a single center. medRxiv (2020). doi: 10.1101/
2020.03.31.20048579

61. Rayman G, Lumb A, Kennon B, Cottrell C, Nagi D, Page E, et al. Guidance on
themanagement of Diabetic Ketoacidosis in the exceptional circumstances of the
COVID-19 pandemic. Diabetes Med (2020) 37(7):1214–16. doi: 10.1111/
dme.14328 n/a.

62. ADA. How COVID-19 Impacts People with Diabetes. Available at: https://
www.diabetes.org/coronavirus-covid-19/how-coronavirus-impacts-people-
with-diabetes (Accessed April 29, 2020).

63. Fignani D, Licata G, Brusco N, Nigi L, Grieco GE, Marselli L, et al. SARS-
CoV-2 receptor Angiotensin I-Converting Enzyme type 2 is expressed in
human pancreatic islet b-cells and is upregulated by inflammatory stress.
bioRxiv (2020). doi: 10.1101/2020.07.23.208041 2020.07.23.208041.

64. Sardu C, D’Onofrio N, Balestrieri ML, Barbieri M, Rizzo MR, Messina V,
et al. Hyperglycaemia on admission to hospital and COVID-19. Diabetologia
(2020). doi: 10.1007/s00125-020-05216-2

65. Tripathy D, Daniele G, Fiorentino TV, Perez-Cadena Z, Chavez-Velasquez
A, Kamath S, et al. Pioglitazone improves glucose metabolism and modulates
skeletal muscle TIMP-3-TACE dyad in type 2 diabetes mellitus: a
randomised, double-blind, placebo-controlled, mechanistic study.
Diabetologia (2013) 56:2153–63. doi: 10.1007/s00125-013-2976-z

66. Salem ESB, Grobe N, Elased K. Insulin treatment attenuates renal ADAM17
and ACE2 shedding in diabetic Akita mice. Am J Physiol Renal Physiol
(2014) 306:F629–39. doi: 10.1152/ajprenal.00516.2013
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