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Abstract

The COronaVirus DISease 19 (COVID-19) is a pandemic infectious disease caused by the novel coronavirus Severe Acute
Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2). Older age and presence of comorbidities, including diabetes, were
shown to be associated with a more severe course and a higher fatality rate. Studies from the most affected countries, includ-
ing China, United States and Italy, seem to indicate that prevalence of diabetes among patients affected by COVID-19 is
not higher than that observed in the general population, thus suggesting that diabetes is not a risk factor for SARS-CoV-2
infection. However, a large body of evidence demonstrate that diabetes is a risk factor for disease progression towards criti-
cal illness, development of acute respiratory distress syndrome, need for mechanical ventilation or admission to intensive
care unit, and ultimately death. The mechanisms underlying the relationship between COVID-19 and diabetes remain to
be elucidated. In particular, it is still unresolved whether is diabetes per se, especially if poorly controlled, or rather the
various comorbidities/complications associated with it that predispose patients with COVID-19 to a worse prognosis. In
fact, conditions that cluster with diabetes in the context of the metabolic syndrome, such as obesity and hypertension, or
complicate chronic hyperglycemia, such as cardiovascular disease and chronic kidney disease, have also been associated
with poor prognosis in these individuals and the available studies have not consistently shown that diabetes predict disease
severity independently of them.
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Introduction

The COronaVirus DISease 19 (COVID-19) is an infectious
disease caused by a novel coronavirus, the Severe Acute

Managed by Massimo Porta. Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2) [1],
. . . . . belonging to the same family of viruses as the SARS-CoV
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article (https://doi.org/10.1007/500592-020-01586-6) contains and the Middle East Respiratory Syndrome CoronaVirus
supplementary material, which is available to authorized users. (MERS-CoV), which caused serious outbreaks in 2003

and 2012, respectively [2, 3]. The disease has originated in
December 2019 in Wuhan, the capital of the Hubei province
in China [1], and has rapidly spread around the globe as a
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are also affected, especially the heart, liver, and kidneys, A = é‘
and some patients eventually die of multi-organ failure [5]. Ef, ~ \o/'
Moreover, ageusia and anosmia are characteristic, usually © Z 3 \é 2
reversible symptoms of COVID-19, though it is unclear § ET o ¥ ] P
whether these disturbances are related to damage of taste ,3 g ; in\' E i‘lj
and olfactory neurons [5]. Other common manifestations © N % Q@ 2 % al
. .. . 5N ST SR 84 E.¢
of COVID-19 involve the hematopoietic, hemostatic, and g g8 QE S 2 S % =
immune systems and include lymphopenia and hypercoagu- % % -t 5 % 54): % 5 %
lability, which correlate with disease severity [6]. Lympho-
penia is associated with reduction in total T cells, CD4* é g
and CD8™ T cell subsets, B cells, and natural killer cells [7] N | | kY 3
and overproduction of several pro-inflammatory cytokines,
which is often massive and may cause a “cytokine storm” ol o 2 ° 2
[8]. Hypercoagulability is evidenced by a characteristic g g - éc % 5 é@ E i é &
elevation of D-dimer and other fibrin degradation products 2| £6 8¢ I8 8¢ 5T < =t
and by prothrombin time prolongation [9]. Abnormalities in S|2R 282228335 2%
hemostasis may result in widespread thrombosis associated _ <
with microvascular injury in the lungs and other affected ® g o o s = =
organs [10] and may even end-up with life-threatening dis- ; 5 ) @ a@ 5 E §§ ) = 2 ) % B
seminated intravascular coagulation [9]. § gl e g d 5 ¢ 52 23 g g
A population-based study from Iceland has shown a lower s S| 380249 0mad <208 5
incidence of SARS-CoV-2 infection in children and females §~ s S a §
compared to adolescents or adults and males [11]. Among § i g = "NQ %
symptomatic individuals hospitalized for COVID-19, older g = g % § g e
age and presence of comorbidities, including diabetes, obe- B 2
sity, hypertension, chronic obstructive respiratory disease g E % "Z’ "g
(COPD), cardiovascular disease (CVD), chronic kidney I = = = =
disease (CKD), cancer, and immunodeficiency states, were é 2 § ﬁ ﬁ % %
shown to be associated with a more severe course and a f a “ g
higher fatality rate [12, 13]. This article reviews the existing E Q = -3 & T
literature on the role of diabetes as a risk factor for SARS- %’0 Z = & gz 3 té
CoV-2 infection and outcomes, with particular reference to E o S g
the data on the prevalence of diabetes among COVID-19 £ § & - =,
patients and its relationship with the severity of the dis- % § k] § § é
ease. Moreover, the possible mechanisms linking diabetes "é g :P gl S %
to COVID-19 will be discussed, with a focus on the role of o o o =) - >
. . s . . ! N =3 =] — )
diabetes-associated comorbidities/complications. 2 <, o a £ &l
2l |2 & & %%
e = = a E 2
Prevalence of diabetes among COVID-19 E 5 5 = g
patients S g g = > |38
= 2 2 g z %
S |5 3 E S N
Initial, relatively small studies from Wuhan and the Hubei s |3 = = = & E
province and also from other Chinese regions have shown % 8 &2
variable prevalence rates of diabetes among patients hospi- § 2 2 § 2 é
talized with COVID-19 (Supplemental Table 1), with dif- 5 B s & 2 ks
ferences likely reflecting the age of the sample, the hospital g8 - 2 2 - E
setting, and the geographical area (i.e., with high or low § = ~ z T “ 5
COVID-19 prevalence). é = = _ s | g
Larger studies from China provided more consistent 5., = = 2 = g
prevalence rates (Table 1). In two multicenter, nationwide t § g g = g %
reports, diabetes was present in 7.4% of 1099 (median 2 g g g § &) £
age 47 years) [14] and in 8.2% of 1, 590 (mean age, S |2 3 3 < 8 §
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48.9 years) [15] hospitalized individuals. Moreover, of
7337 individuals admitted to nineteen hospitals in the
Hubei province (median age 54 years), 952 (13.0%) had
type 2 diabetes [16], whereas a report of the Chinese
Center for Disease Control and Prevention (China CDC),
which however included also non-hospitalized individu-
als, showed a lower prevalence of diabetes (5.3%) among
44,672 confirmed COVID-19 cases through February
11, 2020 [17]. Several meta-analyses including Chinese
COVID-19 patients confirmed a prevalence of diabe-
tes of approximately 8—10% [18-23], i.e., not higher,
if anything, than that in the general population, which
was 12.9% in 2013 among people aged 40-59 years [24].
Moreover, prevalence was 11.2% (9.8% after adjusting
for heterogeneity) in a meta-analysis including also two
studies from US and one study from France [25] and as
high as 23.8% in another meta-analysis in which more
than half of patients were from a US study [13] (Table 2).

Regarding surveys from outside China (Table 3), a sin-
gle-center study from Padua, Italy, showed that, among
146 hospitalized patients (mean age 65.3 years), preva-
lence of diabetes was 8.9% [21], again not higher than
in the coeval general population from the same region
(11.0%) [26]. Another single-center Italian survey from
Milan reported a diabetes prevalence of 14.9% among
410 hospitalized individuals with COVID-19 (median
age 65 years) [27]. Conversely, prevalence of diabetes
was higher among 1339 COVID-19 from seven hospi-
tals in Madrid, Spain (mean age 69.1 years), as com-
pared with 13,390 matched controls (27.2% vs 20.3%;
crude odds ratio, OR, 1.50 [95% confidence interval, CI,
1.30-1.73]) [28]. Prevalence rates were even higher in
US patients hospitalized with COVID-19, ranging from
22.6 to 37.2% [29-34]. These figures are much higher
than those reported in the general US, i.e., 13.0%, and
even higher than those observed among US individuals
aged 45-64 years, i.e., 17.5%, though in most studies
the median age was close to upper limit of this range
[35]. However, among 7162 COVID-19 cases with com-
plete information reported to the US Centers for Disease
Control and Prevention (CDC) and including also non-
hospitalized patients, the overall diabetes prevalence was
10.9% [36].

Altogether, data from all over the world indicate
that prevalence of diabetes among patients affected by
COVID-19 is not higher than that observed in the gen-
eral population, especially if considering that most of the
existing reports are from hospitalized patients and, hence,
may suffer from a selection/referral bias that may result
in an increased prevalence of diabetes by excluding less
severe, non-hospitalized individuals. Thus, available data
suggest that diabetes is not a risk factor for SARS-CoV-2
infection.

Impact of diabetes on COVID-19 course
and outcome

Several studies and meta-analyses have examined the
impact of diabetes on COVID-19 severity, defined as need
versus no need for hospitalization, critical versus non-crit-
ical illness, progression versus non-progression, ARDS
versus non-ARDS, requirement versus no requirement of
ICU admission or mechanical ventilation, fatal versus non-
fatal disease, or occurrence versus non-occurrence of a
composite outcome combining them.

The initial studies from China almost consistently
reported a higher prevalence of diabetes among patients
with severe versus non-severe disease, though differences
were not always significant, likely due to the relatively
small sample size (Supplemental Table 1). Larger studies
provided more robust findings (Table 1). The two nation-
wide studies by Guan et al. reported a higher prevalence
of diabetes among patients with severe versus non-severe
disease (16.2% vs 5.7% and 17.7% vs 6.4%, respectively)
and among those who reached versus those who did not
reach a composite outcome (admission to ICU, invasive
ventilation or death; 26.9% vs 6.1% and 23.7% vs 6.8%,
respectively) [14, 15]. Likewise, Zhu et al. reported a
higher prevalence of type 2 diabetes in patients with ver-
sus without ARDS (25.9% vs 6.9%) and in those who died
versus those who survived (29.8% vs 12.4%); moreover,
ARDS and mortality rates were higher in diabetic versus
non-diabetic individuals (16.9% vs 7.2%, p<0.001, and
7.8% vs 2.7%, p <0.001, respectively) [16]. In a China
CDC report, diabetes prevalence rose from 5.3% in the
whole cohort to 19.7% among non-survivors and case
fatality rate rose from 2.3% in the whole cohort to 7.3%
among diabetic individuals [17].

Similar results were obtained also outside China
(Table 3). The most recent nationwide report from the
National Institute of Health of Italy showed a diabetes
prevalence of 29.8% among 3857 COVID-19 patients
(median age 82 years) who deceased through July 9, 2020
[37]. In a whole population study from UK, of 23,804
COVID-19 related in-hospital deaths, one third occurred
in people with diabetes, i.e., 7466 (31.4%) with type 2 and
365 (1.5%) with type 1, and crude mortality rates and the
adjusted odds of dying in hospital with COVID-19 were
much higher in patients with than in those without diabetes
[38]. Among COVID-19 cases reported to the US CDC,
prevalence of diabetes rose from 6.4% in non-hospital-
ized patients, to 24.2% and 32.4% among those admitted
to non-ICUs and ICUs, respectively [36]. Likewise, in a
single-center study, prevalence of diabetes increased from
26.0% among individuals in the emergency room (ER),
to 37.8% and 42.8% among non-ICU and ICU patients,
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Table 2 Prevalence rates of diabetes among Chinese (and non-Chinese) COVID-19 patients from meta-analyses

References Place Studies  Period N Age, years Diabetes prevalence HR or OR or RR
or rate ratio (95%
All More severe Less severe fol))
Fadini et al. China (Wuhan/ 12 Through 15 Feb 2108 Mean 49.6 103 - - Rate ratio adverse
[21] other) 2020 (7-13) outcome 2.26
(1.47-3.49)
Hu et al. [23] China (all) 21 Through 10 47,344 - 7.7 Severe
and Singapore Mar 2020 (6.1-9.3) 44.5 (27.0-
61.9)
Huang et al. China (Wuhan/ 30 - 6452 - - Severe Non-severe RR 2.45
[39] other) 190 (18.0) 173 (6.9) (1.79-3.35),
n=3651
Progression No progression RR 3.31
4(15.4) 9 (4.7) (1.08-10.14),
n=219
ARDS No ARDS RR 4.64
27 (19.7) 7 (4.0) (1.86-11.58),
n=310
ICU Non-ICU RR 1.47
11 (16.2) 26 (8.4) (0.38-5.67),
n=377
Death Survival RR 2.12
126 (29.8) 261 (16.7) (1.44-3.11),
n=1985
Events No events RR 2.38
358 (20.9) 476 (10.0) (1.88-3.03),
n=6452
Jain et al. [12] China (Wuhan/ 7 Through 5 Mar 1813 - - - - OR severe 3.12
other) 2020 (1.0-9.75),
p=0.05
ORICU 2.72
(0.70-10.6),
p=0.15
Kumar et al. China (all, 30) 33 Through 22 Apr 16,003 Mean 52.6 11.2 China Other OR severe 2.75
[25] US (2) France 2020 (9.5-13.0) 10.5 19.3 (2.09-3.62),
(€)) adj 9.8 (8.7-12.3) (8.4-30.3) p<0.01
(8.7-10.9)
OR death 1.90
(1.37-2.64),
p<0.01
OR com-
bined 2.49
(1.98-3.14),
p<0.01
Li et al. [20] China (Wuhan/ 11 Through Feb 1527 - 9.7 ICU/severe Non-ICU/ RR 2.21
other) 2020 (6.9-12.5) 16.7 severe 6.3 (0.88-5.57),
p=0.09
Tianetal. [13] China (all, 13) 14 Through 24 Apr 4659 Mean 59.8 1026/4315 Death Survival OR 1.97
Us (1) 2020 (23.8) 344 (31.2) 682 (21.2) (1.67-2.31),
p<0.00001
Wang et al. [18] China (Wuhan/ 6 Through 3 Feb 1558 - 126 (8.1) Severe Non-severe OR 247
other) 2020 48 (14.8) 78 (6.3) (1.67-3.66),
p<0.001
Yangetal. [19] China (Wuhan/ 7 Through 25 Feb 1576 Median 49.6 9.7 Severe Non-severe OR 2.07
other) 2020 (7.2-12.2) 45/280 (16.1) 75/1138 (6.6) (0.89-4.82)
Zheng et al. China (Wuhan/ 13 Through 24 Apr 3027 250/2579 (9.7)  Severe/death No severe/death OR 3.68
[22] other) 2020 102/460 (22.2)  148/2119 (7.0) (2.68-5.03),
p<0.00001

Prevalence rates are % (95% CI) or n (%). HR hazard ratio, OR odds ratio, RR relative risk, CI confidence interval, ARDS acute respiratory dis-
tress syndrome, /CU intensive care unit, adj adjusted
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Table 3 Prevalence rates of diabetes among non-Chinese (or not only Chinese) COVID-19 patients
References Place Series Period N Age, years  Diabetes prevalence, n (%) HR or OR (95%
CI), unless oth-
All More severe  Less severe erwise specified
Fadini et al. Padua Single-center ~ Through 19 146 Mean 63.5 13 (8.9) - -
[21] (Italy) Mar 2020
ISS [37] Italy Registry Through 9 3857 Median 82 1149 (29.8) - -
Jul 2020 (deceased)
de Abajo et al. Madrid 7 hospitals 1 Mar 1139 Mean 69.1 - Cases Controls OR hospital
[28] (Spain) 2020-24 (cases) 11,390 310 (27.2) 2311 (20.4) admis-
Mar 2020 (controls) sion 1.50
(1.30-1.73)
Holmanetal. UK Registry 1 Mar 23,804 Mean 40.9  Prevalence Crude mortal- adj OR death
[38] 2020-11 (in-hospital ity rate
May 2020 deaths)
T2 T2 260.6 Overall 38.8  T22.03
7466 (31.4) (254.7- (38.3-39.3) (1.97-2.09)
T1 266.6) T1 T13.50
365 (1.5) 138.3 (3.15-3.89)
(124.5-153.3)
Argenziano New York Single-center 1 Mar 2020-5 1000 Median 63 372 (37.2) ICU ER
etal. [32] City (NY) Apr 2020 101 (42.8) 39 (26.0)
in-hos non-
ICU 232
(37.8)
Cummings New York 2 hospitals 2 Mar 2020-1 1150 median 62 92/257 (35.8) - - HR in-hospital
etal. [31] City (NY) Apr 2020 mortality
Uni: 1.65
(1.11-2.44)
Multi: 1.31
(0.81-2.10)
Petrilli et al. New York Single-center 1 Mar 2020-8 5279 Median 54 1195 (22.6) Admitted Non-admitted OR hospital
[29] City (NY) Apr 2020 950 (34.7) 245 (9.7) admission
Uni: 4.96
(4.26-5.79),
p<0.001
Multi: 2.24
(1.84-2.73),
p<0.001
Critical Non-critical
389/990 561/1739
(39.3) (32.0)
Richardson New York 12 hospitals 1 Mar 20204 5700 Median 63 1808 (33.8) Death Survival All patients:
et al. [30] City Area Apr 2020 224 (40.5) 533 (25.6) higher likeli-
(NY) hood of AKI
in D versus
ND
Died patients:
higher likeli-
hood of ICU
and mech vent
in D versus
ND
Myers et al. California Registry 1 Mar 371 Median 61 118 (31.3) ICU Non-ICU
[33] 2020-31 45 (39.8) 73 (27.7)
Mar 2020
Garg et al. 14 US states Registry 1 Mar 1482 - 419 (28.3) - -
[34] 2020-30
Mar 2020
CDC COVID- US (all) Registry 12 Feb 2020 7162 - 784 (10.9) ICU Non-hosp
19 [36] —28 Mar 148 (32.4) 331 (6.4)
2020 non-ICU
251 (24.2)

HR hazard ratio, OR odds ratio, CI confidence interval, /1SS National Institute of Health of Italy, adj adjusted, 72 type 2 diabetes, 71 type 1 dia-
betes, ICU intensive care unit, ER emergency room, uni univariable analysis, multi multivariable analysis, D diabetic, ND non-diabetic, NS non-

significant
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respectively [32]. Other US surveys reported a higher dia-
betes prevalence in patients admitted to hospital versus
those not (34.7% vs 9.7%) and in those critical versus not
(39.3% vs 32.0%) [29], in patients admitted to ICU ver-
sus those not (39.8% vs 27.7%) [33], and in those who
deceased versus those not (40.5% vs 25.6%) [30].

Several meta-analyses examined the association between
diabetes and disease severity and expressed results as OR,
risk ratio (RR), or rate ratio (Table 2). Wang et al. [18],
Zheng et al. [22], and Tian et al. [13], but not Yang et al.
[19], showed that risk of diabetes was higher in severe/
deceased than in non-severe/survived patients, i.e., OR, 2.47
(95% CI, 1.67-3.66), 3.68 (2.68-5.03), 1.97 (1.67-2.31),
and 2.07 (0.89-4.82), respectively. Consistent with Yang
et al., Jain et al. found that diabetes was associated with
severe disease only with borderline significance (pooled
OR, 3.12 [95% CI, 1.0-9.75], p=0.05) and was not associ-
ated with ICU admission (2.72 [0.70-10.6], p=0.15) [12],
whereas Kumar et al. reported a pooled OR of 2.75 (95% CI,
2.09-3.62), p<0.01, for severe disease, of 1.90 (1.37-2.64),
p<0.01, for death, and of 2.49 (1.98-3.14), p<0.01, for the
combined endpoint [25]. Moreover, Fadini et al. reported a
pooled rate ratio of diabetes among those with more severe
versus less severe illness of 2.26 (95% CI, 1.47-3.49) [21],
whereas Li et al. showed an about twofold higher propor-
tion of diabetes in ICU/severe cases than in their non-ICU/
non-severe counterparts (RR, 2.21 [95% CI, 0.88-5.57])
[20]. Huang et al. showed that diabetes was associated with
a composite poor outcome (RR, 2.38 [95% CI, 1.88-3.03],
p <0.001) and its components [39].

The data reviewed above clearly indicate that diabetes is
a risk factor for disease progression towards critical illness,
development of ARDS, need for mechanical ventilation/ICU,
and ultimately death, though the mechanisms underlying this
relationship remain to be elucidated.

Mechanisms linking diabetes to COVID-19

Several mechanisms have been claimed for explaining the
exacerbating effect of diabetes on COVID-19 (Fig. 1). These
mechanisms include those directly related to hyperglycemia
and the associated imbalances in pathways involved in virus
entry into the cell as well as in the immune and inflamma-
tory response. Alternatively, the effect of diabetes may be
mediated by diabetes-related comorbidities/complications
that have also been associated with poor prognosis.

Glycemic control
Whether poor glycemic control is a risk factor for disease

progression in COVID-19 patients is still a matter of debate.
In fact, a retrospective, multicenter survey from the Hubei
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Fig. 1 Mechanisms implicated in the exacerbating effect of diabetes
on COVID-19. ACE angiotensin-converting enzyme, CVD cardiovas-
cular disease, CKD chronic kidney disease

Province in China showed that patients with well-controlled
blood glucose levels had lower rates of death (1.1% vs
11.0%; hazard ratio, HR, adjusted for age and gender and
hospital sites, 0.10 [95% CI, 0.03-0.32], p <0.001), ARDS
(7.1% vs 21.4%; 0.32 [0.20-0.51], p <0.001), and other
complications, compared with individuals with poorly con-
trolled blood glucose levels [16]. Likewise, a whole popu-
lation study from UK showed that risk of death, adjusted
for region of residence and duration of diagnosed diabe-
tes, increased significantly for a hemoglobin (Hb) A, > 86
and > 59 (and < 48) mmol/mol in individuals with type 1
and 2 diabetes, respectively [38]. Conversely, the CORO-
NADO study, a prospective, multicenter survey from France,
showed that long-term glycemic control was not associated
with a composite outcome including mechanical ventilation
and/or death, either in the univariable or in the multivariable
analysis [40].

However, in this scenario, it should be considered also
the possible diabetogenic effect of SARS-CoV?2 due to its
direct action on key metabolic organs, including the p-cell,
and resulting in new-onset hyperglycemia or sudden deterio-
ration of pre-existing diabetes, beyond the well-recognized
stress response associated with severe illness [41]. Three
recent reports showed that fasting blood glucose at admis-
sion, irrespective of previous diagnosis of diabetes, was an
independent predictor of critical illness [42], death [43], or
poor outcome [44] in patients hospitalized with COVID-19.

The practical recommendations for the management of
diabetes in patients with COVID-19 outline the importance
of achieving optimal glycemic control and point out potential
metabolically interfering effects of metformin, sodium-glu-
cose-co-transporter 2 inhibitors, and glucagon-like peptide-1
receptor agonists related to dehydration [45]. In addition,
medications commonly used in diabetic patients, including
anti-hyperglycemic, lipid-lowering, and anti-hypertensive
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drugs, have been implicated in COVID-19 onset and pro-
gression by virtue of their pleiotropic effects, especially on
inflammation. However, to date, there is no evidence that
these agents play a major role by either favoring disease
progression or protecting from development of critical ill-
ness. The CORONADO study showed no association with
disease severity of routine therapies for people with diabetes,
including blockers of the renin—angiotensin system (RAS)
and inhibitors of dipeptidyl peptidase-4 (DPP4) [40], and
an Italian case—control study reported no effect of treatment
with DPP4 inhibitors on hospitalization for COVID-19 [46].

Facilitation of virus entry into the cell

It has been suggested that diabetes may detrimentally impact
the course of the disease through its effects on receptors
that mediate virus entry into the cell. Coronavirus recep-
tor proteins include the angiotensin-converting enzyme 2
(ACE2) and DPP4, which are both involved in the regula-
tion of several physiological processes, including glucose
metabolism, and are modulated by hyperglycemia and phar-
macological treatments commonly used in diabetic individu-
als [47]. Moreover, both receptors exist as a transmembrane
and a soluble form, with the latter potentially serving as
decoy receptor, which binds and sequesters circulating virus
particles [47]. As DPP4 is a receptor for MERS-CoV [48],
but not for SARS-Cov-2 [49], ACE2 has gained most of
the attention. A large body of evidence has indicated that
treatment with RAS blockers, which increase ACE2 expres-
sion, is not associated with either COVID-19 diagnosis or
poorer disease outcomes [50-52], thus arguing against the
hypothesis that the exacerbating effect of diabetes (as well
as of hypertension, CVD, and CKD) on COVID-19 is medi-
ated through ACE2 upregulation associated with pharmaco-
logical RAS blockade. Therefore, discontinuation of these
agents is not recommended in COVID-19 patients in order
to maintain their anti-hypertensive and cardioprotective
effects [53]. Indeed, it has been postulated that binding of
SARS-Cov-2 to ACE2, by reducing the expression and/or
the activity of this receptor, enhances the vasoconstrictor
and pro-inflammatory/pro-oxidant activity of angiotensin II,
thus increasing the risk for acute lung injury (ALI), and that
RAS blockade may help mitigate these deleterious effects of
angiotensin II [55]. However, though this concept is consist-
ent with the finding that ACE2 protects from ALI [54] and
with a few studies and a meta-analysis reporting a benefit
with RAS blockers [55-57], current guidelines do not rec-
ommend initiating treatment with these agents in COVID-19
patients unless clinically indicated [53].

In addition to RAS activation, diabetes and related comor-
bidities are also associated with elevated levels of plasmin
(ogen), a protease that cleaves the S protein of SARS-CoV?2,
thus favoring virus binding to ACE2 and entry into the cell;

moreover, fibrin breakdown by plasmin leads to increased
levels of D-dimer and other fibrin degradation products,
which are characteristic features of severe illness [58].

Impaired immune and inflammatory response

Diabetes may also favor the onset and progression of SARS-
CoV2 infection by impairing the adaptive immune response
to the virus, while enhancing the innate immune system
inflammatory reaction. Diabetes has long been recognized as
arisk factor for morbidity and mortality from various types
of infections, including those caused by respiratory viruses
[59]. In addition, diabetes is also known to be accompa-
nied by a chronic pro-inflammatory and pro-coagulant state,
albeit of low grade, which characterizes also the associated
comorbidities/complications [60]. Increased susceptibility
to infections has been related to several immune defects,
including blunted anti-viral interferon-y response, delayed
activation of CD4" cells with shift toward Th17 responses,
and diminished regulatory T cells, which all contribute
to hyperinflammation [61]. In patients with COVID-19,
immune, inflammatory and coagulation abnormalities were
found to be significantly more pronounced in diabetic than
in non-diabetic individuals [62], independently of other
comorbidities [63], and to correlate with glycemic control
[64]. As these abnormalities were shown to predict disease
severity and adverse outcomes, it was suggested that they
may be responsible for the exacerbating effect of diabetes
(and related comorbidities) [59].

Diabetes-related comorbidities

The negative impact of diabetes on COVID-19 may not (or
not only) be related to hyperglycemia per se, but rather to the
comorbidities that frequently associate with it. These comor-
bidities include obesity and hypertension, which usually
cluster with type 2 diabetes in the context of the metabolic
syndrome, as well as CVD and CKD, which are common
and severe complications of chronic hyperglycemia.
Studies in COVID-19 patients have confirmed that all
these comorbidities are more frequent in those with than
in those without diabetes [16, 62]. In addition, studies have
provided evidence that, just like diabetes, these comorbidi-
ties are highly prevalent in COVID-19 patients. In particu-
lar, hypertension has been shown to be the most preva-
lent comorbidity, followed by diabetes and, in non-Asian
patients, obesity; in addition, CKD and CVD, including
coronary heart disease (CHD), heart failure, and cerebrovas-
cular disease, were also frequently observed in patients with
SARS-CoV2 infection. Among COVID-19 cases reported to
the China CDC, prevalence of hypertension and CVD were
12.8% and 4.2%, respectively [17], whereas two nationwide
surveys on hospitalized Chinese patients with COVID-19
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showed prevalence rates of hypertension of 15.0% and
16.9%, of CHD/CVD of 2.5% and 3.7%, of cerebrovascular
disease of 1.4% and 1.9%, and of CKD of 0.7% and 1.3%,
respectively [14, 15]. Among 7162 COVID-19 cases with
complete information reported to the US CDC, CVD and
CKD were found in 9.0% and 3.0% of patients, respectively
[36], whereas prevalence of hypertension, obesity, and CVD
was 49.7%, 48.3%, and 27.8%, respectively, among 1482
individuals hospitalized with COVID-19 in fourteen US
states [34]. Moreover, in a case series of 5700 patients from
the New York City area, prevalence of hypertension, obe-
sity, CHD, heart failure, CKD, and end-stage renal disease
(ESRD) were 56.6%, 41.7%, 11.1%, 6.9%, 5.0%, and 3.5%,
respectively [30].

As for diabetes, all these comorbidities were found to
be more prevalent in patients with more severe or fatal ill-
ness than in those with less severe and non-fatal disease in
virtually all studies of adequate sample size conducted on
Chinese, Italian, or US COVID-19 patients. For instance,
among cases reported to the China CDC, case fatality rates
were 6.0% and 10.5% in individuals with hypertension and
CVD, respectively, versus 2.3% in the whole cohort [17],
whereas two nationwide Chinese surveys reported higher
prevalence of hypertension, CHD/CVD, cerebrovascular
disease, and CKD in patients with severe versus non-severe
disease and in those who reached versus those who did not
reach a composite outcome [14, 15]. Prevalence of hyperten-
sion, CHD, atrial fibrillation, heart failure, stroke, CKD, and
ESRD were 66.2%, 27.7%, 23.0%, 15.8%, 10.4%, 20.3%, and
2.0%, respectively, among COVID-19 Italian patients who
deceased through July 9, 2020 [37]. Moreover, in a single-
center study from New York, prevalence rates of hyperten-
sion, CHD, heart failure, stroke, and CKD increased accord-
ing to the setting, from 50.7%, 10.7%, 7.3%, 4.7%, and 8.0%,
respectively, among ER patients, to 59.8%, 14.0%, 10.9%,
8.6% and 16.0%, respectively, among non-ICU patients, and
66.9%, 12.3%, 10.2%, 8.1% and 11.4%, respectively, among
ICU patients [32]. Finally, several meta-analyses provided
robust evidence of a higher prevalence of hypertension and
CVD [12, 13, 18-20, 22], but also of cerebrovascular disease
and CKD [13, 18, 22], in patients with than in those without
severe/fatal disease.

Howeyver, studies that have addressed the effect of diabe-
tes on COVID-19 severity independently of these comor-
bidities have not provided univocal results. Petrilli et al.
showed that diabetes and the associated comorbidities
were all independent predictors of hospital admission [29].
Likewise, Yan et al. showed that diabetes remained as inde-
pendent predictor of death after adjustment for confound-
ers including hypertension and CVD (HR, 1.53 [95% CI,
1.02-2.30] p=0.041) in critically ill patients [62] and Guan
et al. reported that, after adjusting for age and smoking sta-
tus, patients with diabetes (HR, 1.59 [95% CI, 1.03-2.45]),
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hypertension (1.58 [1.07-2.32]), COPD (2.68 [1.42-5.05]),
and malignancy (3.50 [1.60-7.64]) were more likely to reach
the composite endpoint (ICU admission, invasive ventila-
tion, or death) than those without [15]. Conversely, Zhou
et al. showed that diabetes, hypertension, CHD, and CKD
were significantly associated with death in univariable, but
not multivariable analysis in critically ill patients [65]. Like-
wise, Cummings et al. showed that diabetes, hypertension,
CVD, CKD, and obesity were associated with mortality in
univariable analysis, but only hypertension (HR 1.58, [95%
CI, 0.89-2.81]) and CVD (1.76 [1.08-2.86]) remained as
independent predictor of deaths in multivariable analysis
in COVID-19 patients [31]. Moreover, Wang et al. showed
that hypertension, CVD, and CKD, but not diabetes, were
significantly associated with mortality in univariable analy-
sis, whereas only CVD remained as independent predictor
of death in multivariable analysis in elderly patients with
COVID-19 [66]. Similar results were reported in COVID-19
patients admitted to a Milan hospital, showing that hyper-
tension, CHD, and CKD, but not diabetes, were associated
with mortality in univariable analysis, whereas only CHD
remained as independent predictor of death in multivari-
able analysis [27]. Among 2215 COVID-19 patients admit-
ted to ICUs at 65 US hospitals, diabetes (OR, 1.14 [95% CI,
0.91-1.43]) and hypertension (1.06 [0.83—1.36]) were not
independent predictors of death at multivariable analysis,
at variance with age, male gender, morbid obesity, CHD,
renal impairment, and active cancer [67]. Conversely, an
Italian retrospective, observational study on 3988 individu-
als admitted to ICUs in the Lombardy region showed that
diabetes remained associated with death at multivariable
analysis (HR, 1.18 [95% CI, 1.01-1.39], p=0.04), together
with age, male gender, hypercholesterolemia, and COPD,
but at variance with hypertension, CVD, and malignancy
[68]. Finally, in the CORONADO study, body mass index
(BMI) was the sole independent predictor of the primary
composite outcome (OR, 1.28 [95% CI, 1.10, 1.47]), at vari-
ance with glycemic control, in patients with type 2 diabetes
[40], whereas in a UK population study, the adjusted risk
of death increased significantly not only for higher HbA |,
but also for an elevated BMI and an estimated glomerular
filtration rate < 60 ml/min/1.73 m? in patients with both type
1 and type 2 diabetes [38].

Overall, these observations point to a major role of the
common milieu that characterizes diabetes and the associ-
ated comorbidities/complications in conferring an increased
susceptibility to develop a more severe disease, with a pos-
sible additional impact of poor glycemic control. In fact, indi-
viduals with diabetes, especially those with type 2, usually
present with the metabolic syndrome, i.e., with associated
hypertension and/or obesity and a higher prevalence of CVD
and CKD, as compared with those without diabetes. All these
conditions are characterized by RAS activation and systemic
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inflammation and hypercoagulability that contribute to
COVID-19 progression to severe and eventually fatal disease.
In this context, insulin resistance, the common denominator
of the metabolic syndrome, may play a major role as a pro-
inflammatory and pro-coagulant trigger [69]. This concept is
consistent with the observation that an index of insulin resist-
ance, the triglyceride glucose index, was found to be asso-
ciated with disease severity and mortality [70]. In addition,
individuals suffering from these comorbidities are more sus-
ceptible to the occurrence of several conditions complicating
the course of COVID-19, such as myocardial injury, coronary
events, arrhythmias, and heart failure as well as acute kidney
injury. These acute complications of COVID-19 further aggra-
vate the underlying cardiac and renal pathologies and may
eventually end-up with multi-organ failure and death. In addi-
tion, CVD and CKD may cause congestion of the pulmonary
circulation, thus aggravating respiratory insufficiency, in addi-
tion to worsening tissue hypoxia and impairing compensation
for acid-base imbalances.

Conclusions

The available data from the literature indicate that diabe-
tes is not a risk factor for COVID-19, though it exerts a
detrimental effect on its course and outcome, being more
prevalent in patients with critical or fatal illness than in those
without. However, further studies are required to clarify the
mechanisms underlying the increased disease severity in dia-
betic versus non-diabetic individuals. In particular, it is still
unresolved whether is diabetes per se, especially if poorly
controlled, or rather the various comorbidities/complications
associated with it that predispose patients with COVID-19
to a worse prognosis.
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