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The coronavirus disease 2019 (COVID-19) pandemic has
infected >22.7 million and led to the deaths of 795,000
people worldwide. Patients with diabetes are highly sus-
ceptible to COVID-19-induced adverse outcomes and
complications. The COVID-19 pandemic is superimpos-
ing on the preexisting diabetes pandemic to create large
and significantly vulnerable populations of patients with
COVID-19 and diabetes. This article provides an over-
view of the clinical evidence on the poorer clinical out-
comes of COVID-19 infection in patients with diabetes
versus patients without diabetes, including in specific pa-
tient populations, such as children, pregnant women, and
racial and ethnic minorities. It also draws parallels between
COVID-19 and diabetes pathology and suggests that pre-
existing complications or pathologies in patients with di-
abetes might aggravate infection course. Finally, this article
outlines the prospects for long-term sequelae after COVID-
19 for vulnerable populations of patients with diabetes.

The coronavirus disease 2019 (COVID-19) pandemic has
infected >22.7 million and killed >795,000 people world-
wide, as of 21 August 2020 (1). COVID-19 infection is
caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), a single-stranded RNA 3-coronavirus (2).
Patients with diabetes are highly susceptible to adverse
outcomes and complications of COVID-19 infection (3).
The COVID-19 pandemic is superimposing on the preex-
isting diabetes pandemic to create large and significantly
vulnerable populations of patients with COVID-19 and
diabetes. Other comorbid conditions frequent in patients
with type 2 diabetes, e.g., cardiovascular disease (CVD) and

obesity, also predispose COVID-19 patients to adverse
clinical outcomes (4,5).

SARS-CoV-2 pathophysiology remains incompletely un-
derstood, but evidence suggests it triggers hyperinflam-
mation in certain patients (6) and that tissue tropism is
exhibited (7), pathologies shared with chronic inflamma-
tion and multitissue damage in diabetes (8). COVID-19
infection disrupts glucose regulation, rendering glycemic
control difficult and necessitating particularly careful man-
agement in patients with diabetes (9). Moreover, early
indicators and comparison with the previous severe acute
respiratory syndrome coronavirus (SARS-CoV) outbreak
(10) suggest that survivors may face sequelae, which will
require long-term care. Currently, the U.S. and some other
countries are experiencing surges in COVID-19 cases (1).
This article will review the current state of knowledge of
COVID-19 and diabetes to address nine critical questions,
some of which remain unanswered (Fig. 1).

Review Methodology

We initially performed our literature search on PubMed
without any filters on publication date and completed it
by 10 July 2020. The search keywords varied by section.
For the diabetes and comorbidities section, we searched
“COVID-19” or “SARS-CoV-2” with “clinical characteris-
tics,” “clinical cohort,” “clinical,” or “cohort,” and priori-
tized clinical, high-quality medical studies. We did not
generally include meta-analyses and excluded preprints,
since we had sufficient peer-reviewed material. To the best
of our ability, we selected studies that appeared to report
different patient cohorts, considering some cohorts may
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Are there any differences in risk to serious COVID-19 infection or death in type 1 and type 2

diabetes patients? One study does suggest greater risk in type 1 diabetes, but needs validation.

Is prediabetes a risk for serious COVID-19 infection or death?

Why are children at lower risk of serious COVID-19 infection or death compared to adults? And
why are some children susceptible? Is the link of comorbidities, including diabetes, to critical
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iliness applicable in children?

» Is gestational diabetes not a risk for serious COVID-19 infection or death as the current
evidence suggests? If validated by other studies, why is this the case?

* Why are some races/ethnicities risks for serious infection COVID-19 or death? What role does

diabetes play in this risk?

» Does preexisting tissue damage from diabetic complications predispose to acute COVID-19-
induced organ damage and overall poorer outcomes?

» Why do diabetes patients exhibit a more inflammatory phenotype than non-diabetes patients
with COVID-19? Does COVID-19 superimpose on preexisting diabetes inflammation?

* Do diabetic COVID-19 survivors face a higher chance of long term sequelae?

* Is COVID-19 contributing to new onset diabetes? One study suggests this might occur.

Figure 1—Outstanding questions on diabetes in the context of COVID-19.

have been duplicated without reporting it (11). However,
we may have included studies from the same cohort if the
study focus was different. We focused on China, U.S., and
Europe as the early epicenters. We also repeated the search
with the keyword “diabetes,” “acute kidney injury,” or “acute
cardiac injury.” We read all abstracts to select relevant manu-
scripts, which we searched for the term “diabetes” and all
relevant information. During the revision process, we
updated the review with relevant literature (same criteria)
published up until 18 August. For the pediatric section, we
searched “COVID-19” or “SARS-CoV-2” and “diabetes” with
“pediatric,” “childhood,” “children,” “youth,” or “adolescent.”
For the pregnancy section, we searched “COVID-19” or
“SARS-CoV-2” and “diabetes” with “pregnant,” “pregnancy,”
or “gestational.” For the race section, we searched “COVID-
19” or “SARS-CoV-2” and “race,” “black,” “African American,”
“Hispanic,” or “Asian” and prioritized high-quality clinical
studies. We also performed a subsearch using “diabetes.”

Diabetes and COVID-19

General COVID-19 Patient Cohorts

Although the COVID-19 pandemic evolved quickly, there
were clear early warning signs that comorbidities, including
diabetes, predisposed patients to adverse outcomes (Table
1). The first reports that emerged from Wuhan, China,
documented that diabetes raised the risk of dangerous
infection-induced adverse outcomes and complications,
leading to acute respiratory distress syndrome (ARDS),
intensive care unit (ICU) admission, mechanical ventilation
use, and greater risk of death (12,13). In univariate logistic
regression analysis, diabetes had an odds ratio (OR) of 2.85
for in-hospital death (13). At the national level, several
China studies found association of diabetes with severe
disease (ICU, mechanical ventilation) (14) and death (14,15).

These findings are replicated in the U.S., where diabetes
is one of the three most common comorbid conditions
nationwide, with total comorbidity prevalence as high as
78% among ICU COVID-19 admissions (n = 457 total)
(16). In New York City (NYC), patients with diabetes were
more likely to need mechanical ventilation or ICU admis-
sion (17,18). In a different NYC cohort, the diabetes
univariate hazard ratio (HR) for in-hospital mortality
was 1.65, which did not persist in multivariate analysis
after adjustment for age, sex, and seven additional param-
eters (5). In Detroit (n = 463), diabetes was more frequent
in hospitalized versus discharged and ICU versus non-ICU
patients but was not a risk in multivariate analysis (19).
Diabetes was an independent risk for hospital admission
(OR 2.24, with full adjustment for patient characteristics
and comorbidities) but not for critical disease or death in
a large NYC cohort (n = 5,279) (20).

In other countries, a German study (n = 50) found no
differences in diabetes frequency in ARDS versus non-
ARDS patients (21), though these outcomes contrast with
those of another study in China (22). An observational
UK. study (n = 1,157) found that diabetes had an age- and
sex-adjusted HR of 1.42 for critical care and could be
integrated into a 12-point prognostic risk score (critical
care admission, death) (23), similar to another 10-variable
risk score (24). Collectively, these general cohort studies
suggest that patients with diabetes have a higher likeli-
hood of adverse outcomes, although other mitigating risk
factors likely exist, contributing to the varying conclusions.

Cohorts of Patients With COVID-19 and Diabetes

Several reports have focused specifically on cohorts of
patients with diabetes. The multicenter French Coronavi-
rus SARS-CoV-2 and Diabetes Outcomes (CORONADO)
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COVID-19

Acute cytokine storm
inflammatory response

Acute tissue damage,
ACI, AKl, ARDS,
neurological

Hyperglycemic surges

Hypercoagu'.abiﬂty
Endothelial dysfunction

Fibrosis
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Diabetes

Chronic, low grade
inflammatory response
& insulin resistance

Slowly progressing
tissue damage, CVD,
CKD, neuropathy, brain
changes

Glucose variability
Hypercoagu!abiﬁty
Endothelial dysfunction
Fibrosis

Figure 2—lllustration of parallels in acute COVID-19 pathology versus chronic diabetes pathology. COVID-19 infection induces acute
inflammatory cytokine storm, hyperglycemic surges, and acute organ damage. Diabetes is characterized by chronic, low-grade inflammation,
glucose variability, and slowly progressing tissue damage in microvascular (CKD, neuropathy, brain) and macrovascular (CVD) complications.
Additional shared detrimental mechanisms include hypercoagulation, endothelial dysfunction, and fibrosis. Drawn in part with BioRender.

study (n = 1,317 participants with diabetes, 88.5% of
whom had type 2 diabetes) observed that diabetes type
and glycated hemoglobin (HbA;,) level did not affect the
primary outcome in univariate analysis, i.e., tracheal intuba-
tion for mechanical ventilation and/or death within 7 days of
admission (25). Another large study, led by the National
Health Service (NHS) England, also focused on both type
1 (n = 364) and type 2 (n = 7,434) diabetes-associated
COVID-19 deaths and determined multivariate ORs of
2.86 and 1.80, respectively, with adjustment for age, sex,
ethnicity, deprivation, CVD, and cerebrovascular disease,
though they could not adjust for other frequent comor-
bidities, hypertension, chronic kidney disease (CKD), and
BMI, due to data set limitations (26). Notably, most
studies have not differentiated diabetes type; CORO-
NADO found no differences between type 1 and type
2 diabetes in COVID-19 outcomes, but there were only
39 patients with type 1 diabetes. In contrast, the NHS
England study might suggest that patients with type
1 diabetes are at greater risk, though this remains to
be validated by additional studies (Fig. 1).

A study from China with 258 COVID-19 patients, of whom
63 had diabetes, reported diabetes had a multivariate HR of
3.64 for death, with adjustment for age, comorbidities, and
inflammatory markers (27). Guo et al. (28) accounted for
comorbidities by comparing mortality in patients without di-
abetes (0%) versus with diabetes (16.5%) without comorbid-
ities; however, they failed to consider age, which significantly
differed between groups. In a study of COVID-19 patients with
type 2 diabetes, diabetes led to a higher all-cause mortality of
7.8% (vs. 2.7%), with HR 1.49, with adjustment for age, sex,
and infection severity (3). These studies of cohorts with

diabetes confirm the concept that persons with diabetes
who contract COVID-19 disease have poorer outcomes.

Glycemic Control and Elevated Fasting Blood Glucose
Well-controlled blood glucose has emerged as an important
outcome parameter and conferred lower mortality (HR 0.14)
in a propensity score-matching model that accounted for age,
sex, comorbidities, and several additional parameters (3). This
finding agrees with other studies that identified diabetes and/
or uncontrolled or variable hyperglycemia at admission
(29,30), ICU admission (31), or during in-hospital stay (32)
as a severe disease or mortality risk. In the large UK. Open-
SAFELY study of 10,926 COVID-19 deaths in comparison with
a database of 17,278,392 adults, greater mortality occurred
with poorer glycemic control (stratified by HbA; ) (4). Patients
with diabetes with HbA;. <7.5% had a fully adjusted HR of
1.31 for death, whereas HR was 1.95 with HbA;. =7.5%.
These findings were mirrored by the NHS England study in
both patients with type 1 diabetes (HbA;. =10.0%, HR 2.23)
and patients with type 2 diabetes (HbA;. 7.5-8.9%, HR 1.22;
HbA;, 9.0-9.9%, HR 1.36; and HbA;, =10.0%, HR 1.61) (33).
COVID-19 can also induce hyperglycemia in patients
without diabetes, secondary to infection, which increases
the risk of critical disease (34,35). Finally, prediabetes,
characterized by elevated fasting blood glucose or impaired
insulin sensitivity, has been mostly overlooked in COVID-
19 studies but could nevertheless pose a threat to clinical
outcomes (Fig. 1). In a U.S. study of 184 patients, most had
diabetes (62.0%) or prediabetes (23.9%), and stratifying
patients solely by elevated fasting blood glucose or HbA; .
increased the risk of intubation (36). A China study also
found that elevated fasting blood glucose (>7.54 mmol
cutoff) independently predicted mortality (HR 1.19) (27).
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Overall, there is a consensus from clinical studies and
meta-analyses (36 and reviewed in 37) that diabetes is
a risk factor for serious COVID-19 infection and mortality,
though this dependency may be less significant by multi-
variate analysis in some studies. Varying study results are
likely due to the fact that many, but not all, patients with
diabetes suffer from additional comorbidities, such as
obesity, hypertension, and CVD, which are independent
risk factors (Fig. 1).

Comorbidities and COVID-19

Comorbidities in General COVID-19 Patient Cohorts
Obesity (19,20,25,39-41), CKD (19,20), CVD (5,20), and
hypertension (20) persist as risk factors for hospitalization
or serious COVID-19 disease in multivariate analysis in
some studies, after adjustment for various clinical varia-
bles (Table 1 and Fig. 1), and in meta-analyses (37). In
a French cohort (n = 124), obesity (BMI =35 kg/ m?), but
not diabetes, was a strong predictor for mechanical ven-
tilation use, with multivariate OR 7.36, after adjustment
for age, sex, diabetes, and hypertension (39). The Open-
SAFELY study reported that mortality risk increased with
BMI, with HR 1.40 for class II obesity (BMI 35-39.9 kg/
m?) and HR 1.92 for class III obesity (BMI =40 kg/m?) (4).
This was similar to a NYC study, where BMI proportion-
ately increased hospitalization risk (20). In a China cohort
(n = 150), obesity was an independent predictor of serious
infection (multivariate OR 3.0) and obese patients were
likelier to have diabetes versus other age- and sex-matched
COVID-19 patients, underscoring the frequent occurrence
of comorbidities in patients with diabetes (41). Surpris-
ingly, obesity with BMI =40 kg/m” was not a risk for
in-hospital mortality in a NYC cohort (5).

There are fewer reports on comorbid dyslipidemia. The
most comprehensive analysis leveraged data from the UK
Biobank as a control population (n = 428,494) versus
hospitalized COVID-19 patients (n = 900) (40). Diabetes,
HbA;,, CVD, hypertension, BMI, and waist-hip-ratio (WHR)
were higher and cholesterol and HDL cholesterol lower in
COVID-19 patients. Log(HbA;), BMI, and WHR (OR > 1)
and total cholesterol (OR < 1) remained significant in
multivariate analysis in a subset of 340,966 UK Biobank
registrants vs. 640 COVID-19 hospitalized patients. Finally,
LDL did not vary significantly between patients with diabetes
with poorly or well-controlled glucose (3) and was protective
from ARDS (HR 0.63) but not death (22).

Comorbidities in Cohorts of Patients With COVID-19 and
Diabetes

Patients with diabetes frequently suffer from comorbid-
ities, e.g., obesity, dyslipidemia, hypertension, CVD, and
CKD (42), which would predispose them to poorer COVID-
19 outcomes. In mostly CORONADO participants with
type 2 diabetes, obesity by BMI positively predicted the
study primary outcome, with OR 1.28 (i.e., tracheal in-
tubation and/or death within 7 days of admission) (25).
Dyslipidemia, although present in 51.0% of patients, did
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not significantly increase risk of the composite primary
outcome (25). In a second NHS England study, those who
died from COVID-19 (type 1 diabetes, n = 464; type
2 diabetes, n = 10,525) were compared with individuals
with diabetes registered to a practice (type 1, n = 264,390;
type 2, n = 2,874,020) to identify mortality risk factors
(33). Type 1 diabetes shared the same risks as type 2 di-
abetes for COVID-19 mortality, with preexisting CVD,
CKD, and obesity identified as independent factors. One
study, with COVID-19 patients with diabetes (n = 153) age
and sex matched to 153 COVID-19 patients without di-
abetes reported that CVD and hypertension were inde-
pendent risk factors for mortality risks among all patients
(43). These studies support the idea that comorbidities in
patients with diabetes, independent of diabetes itself,
increase adverse COVID-19 disease outcomes.

Cumulative Comorbidities Effect
Furthermore, COVID-19 patients with more than one comor-
bidity may be especially vulnerable. In NYC, COVID-19
patients were far likelier to have two or more comorbidities,
constituting 88% of hospital admissions versus admissions of
patients with only one comorbidity (6.3%) or no comorbidities
(6.1%) (17). In a nationwide study in China (n = 1,590), the
HR was 1.79 for one comorbidity and as high as 2.59 for two
or more comorbidities after adjustment for age and smoking
status (44). When the data from this cohort were used to
develop a scoring system to predict serious clinical trajectories
from admission status, the number of comorbidities (OR
1.60) emerged as 1 of 10 variables (24). The Charlson
Comorbidity Index, a score based on the presence of comor-
bidities from a list that includes diabetes and kidney and
cardiac diseases, had a multivariate OR of 1.05 for hospital-
ization but an HR of only 0.99 for in-hospital death (45).
Overall, in assessment of risk for a COVID-19 patient
with diabetes at admission, overall comorbidities, includ-
ing degree of glucose control (assessed by HbA; . [36,40]),
fasting blood glucose (36), obesity (19,25,39,40), and the
number of additional comorbid conditions, will be impor-
tant clinical parameters to consider (Fig. 1).

Pediatric Diabetes and Comorbidities in COVID-19
Fortunately, there is agreement to date that most pediatric
COVID-19 patients present with asymptotic or mild dis-
ease (46). Nevertheless, some children suffer from more
serious COVID-19 infection, requiring hospitalization and
even pediatric ICU (PICU) (Table 2). The reasons for
serious illness remain incompletely understood; however,
drawing a parallel to adults, the presence of comorbidities,
which are less frequent in young patients, may be one
reason fewer children are vulnerable to COVID-19 but why
some still fall critically ill. Given the recent rise in type
2 diabetes and obesity in youth, there could be a significant
number of children at risk. Unfortunately, the few studies
that have examined diabetes and other comorbidities in
children with COVID-19 are relatively small, making it
hard to draw conclusions.
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A cross-sectional study of 48 pediatric patients (0-21
years old), admitted to PICUs across the U.S. and Canada,
found 83% had significant comorbidities: 15% were obese,
8% had diabetes, and 6% had congenital heart disease (47). A
children’s hospital in NYC (n = 67, aged 1 month-21 years)
admitted 13 patients to PICU, noting the presence of both
diabetes (3 of 13) and obesity (3 of 13) but not to significance;
however, the cohort was small (48). Another study (n = 50,
aged 6 days—21 years) at a different NYC children’s tertiary
care center found significantly more obesity in severe (67%)
versus nonsevere (20%) COVID-19, but not diabetes, possibly
due to the small number of patients with diabetes (n = 3)
(49). Obesity is a recurrent theme and was relatively prev-
alent in other pediatric studies also (50,51).

The cumulative evidence from pediatric studies sug-
gests that comorbidities may be a predisposing factor for
serious COVID-19 infection in children, particularly obe-
sity. The impact of diabetes remains unclear due to rela-
tively low study participant numbers (Fig. 1).

Pregnancy, Diabetes, and Comorbidities in COVID-19
Pregnancy is a vulnerable period, particularly since gesta-
tional diabetes mellitus may develop; yet, few studies have
examined pregnant women admitted for COVID-19 infec-
tion (Table 2). A French cohort of 54 pregnant women with
suspected or confirmed COVID-19 included four patients
with gestational diabetes mellitus and two with gestational
hypertension, which were too few to analyze for a potential
link to infection severity (52). However, prepregnancy over-
weight or obese BMI were relatively prevalent, which the
authors concluded could be a risk factor for COVID-19
disease. Another small study (n = 46), in the U.S,, also
found a high prevalence of elevated prepregnancy BMI
(28.6%, overweight, and 35.7%, obese) (53). Moreover,
15% of pregnant patients developed severe infection, of
whom 80% were overweight or obese. A UK. study of
427 pregnant women with confirmed COVID-19 drew
similar observations, finding that 35% of patients were
overweight and 34% were obese (54). The diabetes preva-
lence was 3%, whereas it was 12% for gestational diabetes
mellitus, but no analysis of disease severity was performed.

The largest study to date was in 617 pregnant French
women (55). Preexisting diabetes was present in 2.3% of the
total population and raised the chance of severe disease, with
a risk ratio (RR) of 3.8. In contrast, gestational diabetes
mellitus, at 11.5% prevalence, did not affect outcomes for
infection severity. The investigators did not discuss reasons for
the difference in risk from preexisting diabetes versus gesta-
tional diabetes mellitus, but it raises the question of whether
gestational diabetes mellitus interacts distinctly with COVID-
19 pathophysiology (Fig. 1). Diabetes complications, for in-
stance, from preexisting diabetes, could be a factor for serious
infection, which draws parallels to studies of general popula-
tions with diabetes (25). The study also found that BMI has an
RR of 1.9, hypertension an RR of 2.4, and gestational hyper-
tension or preeclampsia an RR of 2.4 for severe COVID-19,
though the latter two did not reach significance.

Feldman and Associates 2559

Collectively, the data from pregnancy cohorts echo
findings from adult studies, with diabetes, obesity, and
comorbidities likely predisposing to poorer outcomes.
However, it is possible that gestational diabetes mellitus
may not be a factor, though larger studies are needed for us
to definitively conclude this.

Race, Diabetes, and Comorbidities in COVID-19

Race disparities are an emergent theme during the COVID-
19 pandemic (Table 3). The precise reasons to date remain
unclear, though the prevalence of comorbidities, including
obesity, (56) and socioeconomic factors (57) have been
suggested. Of the U.S. population, 18% are Hispanic, 13%
Black, and 0.7% American Indian or Alaska Native; yet,
these groups have disproportionately constituted 33%,
22%, and 1.3%, respectively, of adult U.S. COVID-19 cases
(58) and are also highly represented in hospitalized pedi-
atric patients (50).

Several observational studies have taken a more de-
tailed look to understand these racial disparities. In
Detroit cohorts, Black race did not increase risk of severe
infection (19,59); however, diabetes or comorbidities prev-
alence by race was not examined (19). These findings partly
agree with those of a Georgia study (n = 297), which found
that although hospitalizations among Black patients
(83.2%) were disproportionate to numbers among other
races, indicating greater disease severity, Black patients did
not have higher mechanical ventilation use or mortality (60).
This study also reported the prevalence of comorbidities,
which did not differ significantly for diabetes in Black versus
other races but did differ for hypertension and mean BMI. A
larger Louisiana cohort (n = 3,481) similarly concluded that
Black race was a hospitalization risk but not an independent
in-hospital mortality risk (45). Although the investigators
found diabetes, hypertension, and CKD prevalence to be
higher in Black versus White patients, they did not perform
an analysis for disease severity. A California study (n =
1,052) analyzed hospitalization risk for Black, Asian, and
Hispanic race relative to White, but only Black race had an OR
2.7, after adjustment for sex, age, comorbidities, and socio-
economic factors (57). UK. studies have also noted greater
susceptibility of Black patients, and other race minorities, to
COVID-19 disease (61) and hospitalization (40), after ad-
justment for several cardiometabolic and socioeconomic
factors. Strikingly, a NYC study found that Black race was
protective for critical illness and death, whereas Hispanic race
was a risk for hospitalization (20).

Importantly, some studies have reported increased mor-
tality risk for Black race and other minorities. Analysis of NYC
demographics and COVID-19 deaths (n = 4,260) revealed that
Hispanic (22.8%) and Black (19.8%) patients had the highest
age-adjusted mortality per 100,000, which corresponded to
the highest obesity rates: 25.7% and 35.4%, respectively (56).
However, the study did not adjust for other important
variables. Lacking complete U.S. nationwide disaggregated
data by race, Millett et al. (62) analyzed county-level de-
mographics and COVID-19 deaths. Counties with a greater

220z ¥snbny gg uo ysanb Aq ypd-ze0002!aP/2992E1/6152/21/69/)Pd-a1onIe/sa1eqelp/B10"s|euINOlsa}aqelp//:diY woly papeojumoq



Diabetes Volume 69, December 2020

COVID-19 and Diabetes: Collision and Collusion

2560

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/69/12/2549/432662/dbi200032.pdf by guest on 28 August 2022

L9Ge "d uo psnunuod

Ajonnnoadsal ‘9 /2 pue 9%gg ‘sored
Anseqo 1s8ybly 8y} pey osfe (%1G)
uApjooug pue (949) xuoig ‘seres Ajjepow
1saybiy yum sybnoiog DAN OM} 8} '50°0
> d ‘AleAnosdsal ‘9%1°'Ge pue 9%/°Ge
‘sejel Alsaqo 1saybiy ay3 yum sdnoub sy
0} Buipuodsa.ioo (sdnoub dluyle Jayio
"SA ‘AleAiosdsal ‘98°61 PUB %8°22)
000‘00 | 4ed sa1es Ayjeuow palsnipe-abe

peulwexs 10N 1seybiy pey sjusied yoe|g pue dluedsiH parebliseAul Jou ssjegelq sylesp 09¢‘v OAN  (99) ‘[e 1o JeeyD |3
SJ0}OB} OILIOUODB0ID0S
pue ‘|oJa)se|oyd ‘uoisuapadAy ‘sajedgelp
‘ING ‘x8s ‘ebe Jo} juswisnipe yum
‘1581 6 1-AINOD @Anebau s aallsod o3}
a|qndaosns aiow dnoib oluyle Ajuoulw paw.opad
pue ‘uelsy “oe|g ‘1se} 61-AINOD 0Bl 0] Sajegelp Jo Apnis uolje|a.I00 Mueqolg N wouj
aAlebau “sA aaiisod 01 Ayjigidsosns ou 1sa1 61-AINOD dAiebau “sa aalisod S1S81 6 L-AINOD aAebau (19) ‘e 1@
paulwexa JON 40} SYSU Jou |oJalsajoyd ybiy ‘uoisuspadAH 0} Ayjigndsosns Joy ysuU B jou sejagelq ¥8L‘e ‘@nyisod 9ge‘ | MnN ybeigels3-isrey
sBuipuly seyegelp pawiopad 8oeJ 0} S818gEIp JO Apnis
10} Pajs| SE S9|qeleA awes ay} Joj uoIJe[81J0D OU {SI0}OB} OILIOUOISOIO0S
juswishipe Jaye ‘sejypn dluedsiH-uou ‘seljpigiowod ‘ebe ‘xas J0o} juswisnipe
"SA UOISSIWPE [e}dsoy Jo} /000 =d ‘L2 UM SISA[eue ajelieAlnw Ul ‘UoISSIWpe
paulwexs 10N YO PeyY sueduswy Ueduyy dluedsiH-uoN [eudsoy 4o} ‘10’0 > d ‘2'¢ HO PeY sejegelq  S9SEed pawliuod gGo‘ L \70) (29) "Ie 10 JeZY
Aj[epow Jo 8sn UOIB[IIUSA [edluByoaW
Jaybiy aaey jou pip sjusied Yoelg ‘00°0
= d (%9°6¢) seoel Jay1o Jo sjuaied Aanss asessip
'sA syuaned (%1 1.g) Moe|g ul Jeybiy Jayealb Bunesipul ‘seoel
INg uesw :/$0°0 = d (%0'%S) sedel  |2'0 = d (%0°2€) Sedel Jayio o sjuaired ul Jayjo o} sjeuoipodoidsip
Jayjo jo sjusned ‘sh (%9°69) siusled "SA (%2 L) Stusied Xoe|g ul Ajueoyiubis aJom (%2'e8)
paulwexs 10N OB|g Ul UOWWOD dJ0Ww uoisusuadAH JaYIp 10U pIp aousjeAald saleqelq suolezieudsoy oe|q (/62 v (09) 'Ie 1@ p|oo
UOoI308UI JBASS 10} | < HO uonosyul pawJopad 8oeJ 0} S819gEeIP
ajeLeAlNW Juediiubis pey BJBASS 10} XS B JOU SeM 2Bl Yoe|g Jo Apnis UOI1B|81I00 OU ‘81eLBANW
dHO [elul pue suljeseq Woly  pue oe|g d4em 9% | '8 ‘PIP aMO ubnoyy jou Inq sisAjeue axeueAlun Ul (600°0
1D pelens|e :aseasIp al1onses ‘9SeasIp 819A8s JO HQ d1elleAlun asea.oul =dOP7-12 L 1D %S6) 022 HO ‘(% 1°0€)
10} | < YO oreueAlun juesyiubis JOU pIp 8SBasIp Je|nNdSeA0IqaIad ‘ain|ie} UOI308JUl SJ9ASSUOU "SA (%9°81) 21onas IN
pey 19d pue u) payeAs|q pesay aAisabuod ‘uoisuspadAy ‘AlseqO yum sjusied uj Jusnbauy alow sajegelq /61 ‘4onea  (69) ‘|e 10 eaebieyg
61-dINOD
Aq peyoaye Ajereuoipodoidsip atem Ay
Bunsebbns ‘Ajpairoadsai ‘uoneindod
"'S’N 83U} JO % /0 PUB ‘%EL ‘%8| J0}
JUNOD2E YDIYM ‘DAIEN BYSE|Y JO UBIpU| pawuopad
paulwexa JON UBOLBWY %€’ | “Yoe|g %gg ‘OluedsiH %ce a0eJ 0} S|8jagelp JO ApN}s UONE|SI00 ON  9JBJ UMOUY JO 9€9°6BS 'S'N (89) "|e 1@ say01S
~SPulpuly Aioyeioqe| Jooles .SBulpuy seiipiqiowo) sbulpuy sejedelq (u) syuedioped uoneooT Apms

Ayoluyie pue aoea Aq Ajiqndsosns Jo uoReBISSAUI UM SHIOYOD [EdIUID 61-AIAOD JO MBIAIBAO—E d]qeL



diabetes.diabetesjournals.org Feldman and Associates 2561

proportion of Black residents (i.e., above national average,
=13%) had more COVID-19 cases (rate ratio 1.24) and deaths
(rate ratio 1.18), after adjustment for county-level traits, e.g.,
age, comorbidities, poverty, and pandemic duration. Diabetes
prevalence was also higher (13.9% vs. 11.1%) in counties with
high (=13%) and low (<13%) proportion of Black residents
but did not correlate with COVID-19 cases (rate ratio 0.97) or
deaths (nonsignificant rate ratio 1.01), after adjustment for
demographics, comorbidities, and socioeconomic factors.
Thus, diabetes, or other cardiometabolic effects, may not be
solely attributable to COVID-19 risk in Black patients. Finally,
large population-based studies, OpenSAFELY and NHS
England, found higher mortality risk for Asian and Black
races, after adjustment for age, sex, comorbidities, and
socioeconomic status (4,26,33).

Overall, Black, Hispanic, and possibly other races may be
risk factors for serious COVID-19 infection or death, but the
factors driving this disparity are presently unclear (Fig. 1).

Select laboratory findings™

Not examined

COVID-19 and Diabetes Pathology: Collision and
Collusion

Given the relatively short time that has elapsed since the
SARS-CoV-2 pandemic broke out, its pathophysiology remains
incompletely understood. However, like its predecessors
SARS-CoV and Middle East respiratory syndrome corona-
virus (MERS-CoV), SARS-CoV-2 gains cellular entry by
leveraging the ACE2 receptor, a master regulator of the
renin-angiotensin system. The major viral spike glycopro-
tein (S1) binds to ACE2 (63), while proximal serine pro-
teases, like the transmembrane serine protease 2, cleave the
virus spike protein and ACE2, promoting viral internalization
(64). Infection induces cell death, which triggers inflamma-
tory cytokine production and inflammatory immune cell
recruitment (65). SARS-CoV-2 also infects circulating im-
mune cells, stimulating lymphocyte apoptosis and inflam-
matory cytokine secretion, known as “cytokine storm” (6).
High circulating cytokine levels contribute to SARS-CoV-2-
driven multiorgan failure and disrupted endocrine signaling
and hyperglycemia surges (66). Widespread multitissue ACE2

Comorbidities findings™
cases (rate ratio 1.24, 95% CI 1.17-1.33)
and deaths (rate ratio 1.18, 95% CI 1.00-

1.40), after adjusting for county-level
traits, e.g., age, comorbidities, poverty,

proportions (=13%) had more COVID-19
and epidemic duration

Diabetes findings
value not stated; diabetes prevalence did

counties with =13% Black residents, P
not correlate with counties by COVID-19
cases (rate ratio 0.97 [95% CI 0.92-1.03))
or deaths (rate ratio 1.01 [95% CIl 0.88—
1.16)), after adjustment for demographics,
comorbidities, and socioeconomic factors

Diabetes prevalence in counties with <13% Counties with higher Black resident
Black residents was 11.1% vs. 13.9% in

*Conditions comorbid with diabetes considered. **Select laboratory findings for significant differences reported inimmune cell populations, cytokines, and biomarkers of infection and kidney,

liver, and cardiac damage. Changes were reported if there were significant differences in either mean values or in the number of patients above a cutoff value.

s g expression, e.g., lung, heart, kidney, and nerve (67), leads to
= S tropism, as validated by viral detection within multiple
2 §- g 2 tissues (7,68). Tropism potentially constitutes another path-
3 3 2 § way to multiorgan damage in COVID-19 patients, e.g., acute

2 -g < ® cardiac injury (ACI) and acute kidney injury (AKI) (13,14).
g 68 Although the inflammatory, hyperglycemic, and tissue
58 damage response is intensely acute in COVID-19 infection,
5 it is mirrored by diabetes pathology (Fig. 2), which is
5 characterized by chronic, low-grade inflammation, im-
8l paired glycemic control, and slowly progressive multitissue
3|5 injury, e.g., diabetic microvascular (CKD, neuropathy,
E brain) and macrovascular (CVD) complications (8,69).
ic _ Although the underlying reasons for the susceptibility
§ ‘3‘/ of patients with diabetes to COVID-19 remain unclear,
] < commonalities in pathology suggest that acute COVID-19-
E z % induced adverse reactions may superimpose on preexisting
E 2| 5 inflammation, glucose variability, and multitissue injury in

patients with diabetes to aggravate outcomes (Fig. 1).
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Do Preexisting Diabetes Complications Predispose
Patients to Acute COVID-19-Induced Organ Damage?
Few studies have stratified COVID-19 patients by diabetes
status to examine the possibility that preexisting micro-
and macrovascular complications render patients suscep-
tible to acute organ injury (Fig. 1). CORONADO (n = 1,317)
demonstrated that preexisting microvascular (OR 2.14) and
macrovascular (OR 2.54) complications independently associ-
ated with 7-day mortality (25), suggesting that the presence of
diabetes complications may set patients on poorer dinical
trajectories. In a NYC study of 5,449 severe COVID-19
patients, of whom 1,993 developed AKI, diabetes was a risk
for renal damage, with 41.6% developing AKI vs. 28.0% who
did not (70). Diabetes also correlated with progressive damage
in AKI stage 1 (39.7%), stage 2 (43.2%), and stage 3 (43.5%) by
Kidney Disease: Improving Global Outcomes (KDIGO) criteria.
After adjustment for age, sex, and race, diabetes had an OR of
1.76 for AKI. However, the study did not state whether AKI
correlated with preexisting CKD, since baseline CKD data were
not available, although associations with preexisting CKD and
AKI have been noted in meta-analysis (71).

Although diabetes was not an independent risk for COVID-
19 death in a cohort of 153 patients with diabetes compared
with age- and sex-matched individuals without diabetes,
patients with diabetes were more likely to have preexisting
CVD and be admitted to ICUs and experience acute complica-
tions (ACI, AKI, ARDS) (43). Nonsurvivor patients with diabetes
had higher blood glucose levels and a greater chance of ACI or
AKT, in addition to an altered inflammatory and immune system
profile (see Are Patients With Diabetes Predisposed to Acute
COVID-19-Induced Inflammatory Response?). Within a cohort
with diabetes (n = 952), patients with well-controlled glucose
were also less likely to suffer from hypertension and CVD.
They were also at lowered risk of AKI (HR 0.12) and ACI
(HR 0.24), after adjustment for comorbidities (3), indicat-
ing that even if preexisting microvascular complications
contribute to acute organ injury, additional factors, such
as glucose control or inflammation, may also participate.

Additional Aspects of COVID-19 Tropism Relevant to
Diabetes

One particular aspect of COVID-19 tropism meriting close
attention from a diabetes perspective is the possibility of
increasing the incidence of B-islet damage-induced type
1 diabetes. Drawing parallels, SARS-CoV may have been
responsible for acute type 1 diabetes onset by leveraging
B-islet ACE2 expression to induce loss of islets (72). It is
possible that COVID-19 might also trigger acute-onset type
1 diabetes in individuals predisposed to autoimmunity (73).
Indeed, the multicenter regional data from North West
London just reported an 80% increase in new-onset type
1 diabetes cases and diabetic ketoacidosis in children up to
the age of 16 years during the COVID-19 pandemic peak (74).
Moreover, COVID-19 tropism through ACE2 expression in
adipose tissue may underlie the link to obesity as a serious
infection risk, since adipose tissue could potentially serve as
a reservoir of viral shedding (75).
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Are Patients With Diabetes Predisposed to Acute
COVID-19-Induced Inflammatory Response?

Although the full cytokine storm profile in COVID-19 is not
fully characterized yet, hyperinflammation predicts serious
disease (Fig. 1). Lymphopenia along with elevation in white
blood cells (WBC), neutrophils, C-reactive protein (CRP),
erythrocyte sedimentation (ESR), ferritin, IL-6, and procalci-
tonin (PCT) associates with poorer COVID-19 clinical course,
defined as serious infection, ARDS, ICU admission, or death,
in studies in multiple countries (Table 1). COVID-19 patients
experience, in parallel to inflammation, elevated AST, brain
natriuretic peptide, hypersensitive troponin I (hs-Tnl), cre-
atine kinase (muscle and brain type), lactate dehydrogenase
(LDH), and creatinine (Cr), indicative of tissue damage.
Clotting homeostasis is similarly compromised, e.g., with
elevated D-dimer with longer thrombin or prothrombin
time, which also correlate with dinical progression. A
meta-analysis found higher AST (>40 units/L), Cr (=133
pmol/L), p-dimer (>>0.5 mg/L), hs-Tnl (>28 pg/mL), LDH
(>245 units/L), and PCT (>0.5 ng/mL) and lower WBC
(<4 x 10° per L) defines an OR >1 for critical illness (76).

Diabetes is also characterized by chronic, low-grade
inflammation, which is also a prominent feature of its
complications, diabetic CKD, CVD, and neuropathy
(8,77,78). Several proinflammatory molecules from the
COVID-19 cytokine storm cascade are shared with type
2 diabetes pathophysiology, such as CRP, IL-6 (77), and
PCT (79). The underlying chronic inflammatory state in
diabetes may be “locked and loaded” for virus-induced
damage, promoting a vicious cycle of cytokine release
and hyperglycemic surges, leading to more widespread
multiorgan damage, including injury to tissues already
weakened by preexisting diabetes complications.

Worryingly for patients with diabetes, and as an added
layer of risk, they are more prone to cytokine storm, which
predicts poorer outcomes (Table 1). Admission CRP (OR
1.93) and AST (OR 2.23) independently predicted 7-day
mortality in the CORONADO COVID-19 patients with
diabetes (25). In Chinese cohorts, patients with diabetes
had a more inflammatory profile than patients without
diabetes (3,27). More favorable inflammatory and tissue
biomarker profiles were also evident in patients with type
2 diabetes with well-controlled versus poorly controlled
blood glucose (3,30). Another study found differences in
numerous inflammation and organ damage biomarkers in
nonsurviving versus surviving patients with diabetes,
which also correlated with glucose and HbA;. levels
(43). Moreover, elevated inflammation and organ damage
biomarkers were present in COVID-19 patients with di-
abetes and hyperglycemia secondary versus without di-
abetes and with normoglycemia (34).

One inflammatory biomarker, with deep roots in di-
abetes pathophysiology, not widely investigated in COVID-
19, is soluble urokinase-type plasminogen activator re-
ceptor (suPAR). In Greek (n = 57) and US. (n = 21)
COVID-19 cohorts, we found that admission suPAR pre-
dicted severe respiratory failure (80). suPAR correlates
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with diabetes risk (81) and reflects the underlying chronic
inflammatory process of its micro- (82) and macrovascular
complications (83).

The reasons for the susceptibility of patients with
diabetes to COVID-19 are multifaceted and reflect the
complex pathophysiology of both diabetes and COVID-
19 infection. Diabetes and its comorbidities, inflamma-
tion, glucose variability, and other factors, may “collide and
collude” to disproportionally set COVID-19 patients with
diabetes on poorer clinical trajectories (Fig. 2).

Diabetes and COVID-19 Sequelae

It is becoming clear that COVID-19 survivors suffer from
persistent symptoms (84) and may also face a lifetime of
sequelae, which draws parallels to SARS-CoV and MERS-CoV
(10,85). Although the pandemic has not yet lasted long
enough to measure long-term outcomes, the evidence to
date suggests a significant burden of possibly irreversible
new complications. For instance, COVID-19, like SARS-CoV
and MERS-CoV, may aggravate preexisting CVD or even
induce new cardiac pathology (86), including in patients
with type 2 diabetes (87). COVID-19 patients with preexist-
ing CKD are likelier to suffer AKI (71). COVID-19 also elicits
neurological manifestations (88) and cognitive impairment
(89), which exhibit shared pathology with diabetes through
cytokine storm, hypercoagulability, and endothelial dysfunc-
tion. Since patients with diabetes have a high burden of
preexisting comorbidities that share pathology with COVID-
19-induced damage, it is possible that COVID-19 survivors
with diabetes may be particularly at risk for long-term
sequelae, although this remains to be determined (Fig. 1).
Moreover, the COVID-19 pandemic has seen significant racial
health disparities (57). Indeed, SARS-CoV outbreak survivors
have reported psychological and financial hardship, even
years later (10,90). Thus, COVID-19 could possibly amplify
socioeconomic disparities.

Conclusions: A Collision and Collusion of Two Diseases

COVID-19 has collided with diabetes, creating espedially sus-
ceptible populations of patients with both COVID-19 and
diabetes. Vulnerabilities may be further amplified by comorbid
medical conditions, racial and ethnic disparities, and access to
medical care. Thus, in addition to parallels in pathology, the
two diseases also reflect their distinct and shared scope of
socioeconomic burdens. As our understanding of COVID-19
increases through the lens of diabetes, identifying prognostic
factors could help stratify individuals with diabetes most at
risk. Moreover, as more evidence comes to light, improve-
ments in short- and long-term care for patients with and
without diabetes will develop while we all await a vaccine.
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