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OBJECTIVE

Diabetes mellitus (DM) is a major risk factor for severe coronavirus disease 2019
(COVID-19) for reasons that are unclear.

RESEARCH DESIGN AND METHODS

We leveraged the International Study of Inflammation in COVID-19 (ISIC), a multicen-
ter observational study of 2,044 patients hospitalized with COVID-19, to characterize
the impact of DM on in-hospital outcomes and assess the contribution of inflamma-
tion and hyperglycemia to the risk attributed to DM. We measured biomarkers of
inflammation collected at hospital admission and collected glucose levels and insulin
data throughout hospitalization.The primary outcomewas the composite of in-hospi-
tal death, need for mechanical ventilation, and need for renal replacement therapy.

RESULTS

Among participants (mean age 60 years, 58.2% males), those with DM (n = 686,
33.5%) had a significantly higher cumulative incidence of the primary outcome
(37.8% vs. 28.6%) and higher levels of inflammatory biomarkers than those without
DM. Among biomarkers, DM was only associated with higher soluble urokinase plas-
minogen activator receptor (suPAR) levels in multivariable analysis. Adjusting for
suPAR levels abrogated the association between DM and the primary outcome
(adjusted odds ratio 1.23 [95% CI 0.78, 1.37]). In mediation analysis, we estimated
the proportion of the effect of DM on the primary outcome mediated by suPAR at
84.2%. Hyperglycemia and higher insulin doses were independent predictors of the
primary outcome, with effect sizes unaffected by adjusting for suPAR levels.

CONCLUSIONS

Our findings suggest that the association between DM and outcomes in COVID-
19 is largely mediated by hyperinflammation as assessed by suPAR levels, while
the impact of hyperglycemia is independent of inflammation.

As of October 2021, there have been >44 million confirmed cases and 700,000
deaths attributed to coronavirus disease 2019 (COVID-19) in the United States (1).
The ongoing COVID-19 pandemic disproportionately affects individuals with diabetes
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mellitus (DM) (2). More than 40% of
hospitalized individuals with COVID-19
have DM, which is a major risk factor for
adverse outcomes in this patient popula-
tion (2–7). The reasons underlying the
susceptibility of individuals with DM to
severe COVID-19 remain unclear.
DM is characterized by chronic low-

grade inflammation (8), which promotes
insulin resistance and hyperglycemia, pro-
cesses important in the development of
chronic complications (9). This chronic
inflammatory state is thought to stimulate
stronger immune and inflammatory
responses in individuals with DM exposed
to COVID-19 compared with those without
DM, promoting cytokine release and hyper-
glycemic surges (2). Hyperglycemia further
upregulates inflammatory and oxidative
stress markers in a vicious cycle (10,11).
The interplay between inflammatory cyto-
kines and hyperglycemia may be a major
factor in the development of multiorgan
damage and mortality in individuals admit-
ted for COVID-19 (12). Understanding the
relationship among DM, inflammation, and
hyperglycemia in individuals hospitalized
for COVID-19 is instrumental in devising
targeted strategies for improving outcomes
in this high-risk patient population.
To that end, we leveraged the Interna-

tional Study of Inflammation in COVID-19
(ISIC), a large, multicenter, observational
study of individuals admitted specifically
for COVID-19 in whom inflammatory bio-
markers were measured on admission.
Our study objectives were to characterize
the impact of DM on COVID-19–related
outcomes in relation to inflammation,
identify the determinants of risks in indi-
viduals with DM, and examine the inter-
play among inflammatory biomarkers,
hyperglycemia, insulin use, and in-hospi-
tal outcomes.

RESEARCH DESIGN AND METHODS

ISIC
ISIC is a multicenter observational study
with the primary objective of characteriz-
ing the role of inflammatory biomarkers

in COVID-19–related adverse outcomes
(13). Participating centers and site investi-
gators are listed in the Supplementary
Material. Institutional review board
approvals and consent procedures were
obtained separately at each site accord-
ing to local institutional policies.

Study Design and Patients
Individuals were eligible if they met the
following inclusion criteria: 1) adult
($18 years old) hospitalized specifically
for COVID-19, 2) confirmed severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) infection by RT-PCR testing
of nasopharyngeal or oropharyngeal
samples, and 3) at least one blood sam-
ple collected during hospitalization. Indi-
viduals with a positive SARS-CoV-2 test
who were hospitalized for non–COVID-
19 reasons were excluded. All patients
were monitored until hospital discharge
or death. Extensive clinical data were
collected through electronic health
records using established data mining
tools and reviewed for accuracy by at
least two reviewers per site. All data
were entered into the secure web-
based repository REDCap.

Data collected were medical history,
including DM type (type 1 or type 2);
demographics; laboratory tests; medica-
tions; clinical characteristics; inpatient
medical therapy; hospitalization course;
and outcomes. DM was defined as a
documented diagnosis in the medical
record, treatment with hypoglycemic
agents, or a hemoglobin A1c (HbA1c)
$6.5% within 1 year before admission.
Estimated glomerular filtration rate
(eGFR) was calculated using the Chronic
Kidney Disease Epidemiology Collabora-
tion equation.

The Michigan Medicine COVID-19
Cohort
The Michigan Medicine COVID-19 Cohort
(M2C2) is the largest ISIC subcohort.
The M2C2 comprises consecutive, sys-
tematically enrolled adults ($18 years)

with confirmed SARS-CoV-2 infection
hospitalized specifically for COVID-19 at
the University of Michigan from 1 Feb-
ruary 2020 to 1 June 2021. In addition
to the variables collected for ISIC, serial
laboratory measurements, frequently
monitored blood glucose levels, and
daily insulin dose administered through-
out hospitalization were collected for
M2C2 as part of a standardized inpatient
management protocol for hyperglycemia
(14).

Biomarkers of Inflammation
Blood samples were collected and ana-
lyzed for several inflammatory bio-
markers, including soluble urokinase
plasminogen activator receptor (suPAR),
interleukin-6 (IL-6), C-reactive protein
(CRP), D-dimer, ferritin, lactate dehydro-
genase, and procalcitonin levels within
48 h of admission. CRP, ferritin, D-dimer,
lactate dehydrogenase, and procalcito-
nin levels were measured by the central
laboratory at the respective institution
of enrollment at the request of the clini-
cal team. Residual samples were col-
lected for suPAR and IL-6 measurement,
which were measured in batches using
a commercially available ELISA (suPAR-
nostic ELISA [ViroGates, Birkerød, Den-
mark], Human IL-6 Quantikine QuicKit
[R&D Systems, Minneapolis, MN]).
Serum samples used for suPAR and IL-6
measurements were collected and kept
frozen at �80�C until the time of mea-
surement, which was no longer than 3
months. Samples underwent up to two
thaw cycles. Both suPAR and IL-6 are
highly stable in frozen samples stored
for >5 years and are not affected by
repeated freeze/thaw cycles. Techni-
cians performing assays were blinded to
clinical data.

Outcome Definitions
The primary outcome was the compos-
ite end point of in-hospital death, need
for mechanical ventilation, and need for
renal replacement therapy. Secondary
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outcomes included each individual com-
ponent of the primary outcome.

Statistical Analysis
We included individuals hospitalized for
COVID-19 during the period of 1 Febru-
ary 2020 to 1 June 2021, the date the
database was locked (N = 2,044). We
report clinical characteristics for the
overall cohort stratified by DM history
using categorical variables expressed as
a number and percentage and continu-
ous variables expressed as mean (SD)
and median (25th–75th interquartile
range) for normally and nonnormally
distributed continuous data, respec-
tively. The characteristics between indi-
viduals with and without DM were
compared using x2 tests for categorical
variables and unpaired t tests or Mann-
Whitney U tests for normal and nonnor-
mal continuous variables, respectively.
The incidences of the individual out-
comes (in-hospital death, need for
mechanical ventilation, and need for
renal replacement therapy) were com-
pared between individuals with and
without DM at admission using x2 tests.

DM and Biomarkers of Inflammation

To determine whether DM history was
independently associated with higher
thromboinflammation marker levels,
separate linear regression models were
created, with each biomarker as the
dependent variable and DM, age, sex,
BMI, race, hypertension, coronary artery
disease, and heart failure as indepen-
dent variables. Each model variable was
standardized by subtracting the mean
of each variable and dividing by its SD,
resulting in a distribution with mean = 0
and SD = 1. Standardization was per-
formed to compare the effect sizes for
DM across each biomarker.

DM as a Risk Factor in Hospitalized Individ-

uals With COVID-19

We examined the association between
DM and the composite outcome using
stepwise logistic regression models.
Model 0 was unadjusted. Model 1
included age, sex, and race. Model 2
included the variables in model 1 as well
as clinical characteristics, including BMI,
history of hypertension, coronary artery
disease, congestive heart failure, and
admission eGFR. Model 3 included the
variables in model 2 as well as suPAR,
which was log2 transformed (interpreted

as per 100% increase) given the nonnor-
mal distribution. We repeated this analy-
sis to explore the association between
DM and each outcome individually. We
then performed mediation analysis to
assess whether the effect of DM on the
composite outcome is mediated by
suPAR, after adjusting for the clinical var-
iables in model 3 (age, sex, race, BMI,
and history of hypertension, coronary
artery disease, congestive heart failure,
and admission eGFR) (15).

In-Hospital Outcome Predictors in Individu-

als With DM and COVID-19

We used logistic regression to identify
risk factors for the composite outcome
among individuals with DM (n = 686).
We first examined the association of
each clinical characteristic and the com-
posite outcome in univariable analysis. In
addition to variables associated with the
outcome in the univariable analysis, we
included the following variables in the
multivariable analysis on the basis of
biologic plausibility and clinical knowl-
edge: age, sex, race, BMI, smoking sta-
tus, hypertension, coronary artery
disease, heart failure, chronic kidney
disease, admission eGFR, and glucose
range at admission (<54–69, 70–180,
181–250, and >250 mg/dL). Bio-
markers of inflammation (log2 trans-
formed) were each examined in the
multivariable risk model separately.
We also explored risk factors for each
individual outcome using the same mul-
tivariable risk model. Finally, we calcu-
lated the relative importance of clinical
characteristics, biomarkers of inflamma-
tion, and glucose levels for predicting
the composite outcome on the basis of
the Gini index using a random forest
approach (16).

Glucose, Insulin Use, and In-Hospital

Outcomes

We used the M2C2 subset of ISIC (n =
1,608), in which serial data were col-
lected, to determine whether glucose
levels and insulin administered during
hospitalization were associated with
inflammatory biomarkers and outcomes.
We assessed the following exposures:
glucose level on admission, coefficient of
variation for glucose during hospitaliza-
tion, percentage of glucose measure-
ments in target glucose range (70–180
mg/dL) during hospitalization per patient,
percentage of glucose measurements

>180 mg/dL during hospitalization per
patient, and average daily amount of
insulin administered during hospitaliza-
tion per patient adjusted for body
weight. The coefficient of variation is
expressed as the SD divided by the mean
of all glucose measurements during hos-
pitalization. The average amount of insu-
lin administered was calculated as the
total insulin dose (units) divided by
patient weight (kilograms) multiplied by
the total number of in-hospital days. We
used Spearman rank correlation to
examine the correlation between each
biomarker of inflammation with glucose
coefficient of variation and the average
insulin dose received during hospitaliza-
tion. To assess the association between
each exposure and the composite out-
come, we used multivariable regression
models. Each variable was modeled con-
tinuously and as a categorical variable
using the following categories as refer-
ences for each variable: 0 for glucose
coefficient of variation, 100% for glucose
values in the normal range, 0% for glu-
cose values in the high range, and 0
units/kg/day for average insulin dose.
For glucose variables, the coefficients
are expressed as a 10-unit difference,
whereas insulin dose is expressed as a
difference in 0.1 unit/kg/day. Models
were adjusted for age, sex, race, BMI,
and history of hypertension, coronary
artery disease, and congestive heart fail-
ure. Separate models were additionally
adjusted for suPAR within 48 h of admis-
sion and corticosteroid use.

We performed a complete case anal-
ysis for multivariable models. There
were no missing data for any demo-
graphic or clinical characteristic. A two-
sided P < 0.05 was used to determine
statistical significance. All analyses were
performed using R 4.1.0 statistical soft-
ware (R Foundation for Statistical Com-
puting, Vienna, Austria).

RESULTS

Study Cohort Characteristics
The overall cohort had a mean (SD) age
of 60 (16) years, 42% were female, and
20.5% were Black. One-third of the
cohort (n = 686, 33.6%) met the criteria
for DM, of whom 98.5% had type 2 DM
and 1.5% had type 1 DM. Compared
with individuals without DM, those with
DM were older (mean age 64 vs. 58
years) and were more likely to be Black
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(27.6% vs. 16.9%), to be obese (mean
BMI 33 vs. 31 kg/m2), and to have a
greater comorbidity burden, including
hypertension (81.2% vs. 45.7%), coro-
nary artery disease (24.6% vs. 8.9%),
heart failure (17.2% vs. 7.7%), and
chronic kidney disease (26.8% vs.
10.8%; P < 0.001 for all) (Table 1). On
hospital admission, individuals with
DM were less likely to present with
fever (59.6% vs. 65.8%) but more likely
to present with altered mental status
(13.4% vs. 6.5%) compared with those
without DM (P < 0.001).

DM and Biomarkers of Inflammation
in Individuals With COVID-19
In unadjusted analyses, the levels of sev-
eral inflammatory biomarkers, including
suPAR, CRP, procalcitonin, and D-dimer,
were higher on admission in individuals
with DM than in those without DM
(Table 1). In multivariable analyses, only
suPAR levels were indepen-dently asso-
ciated with DM (standardized b = 0.10
[95% CI 0.05, 0.15]) (Supplementary
Table 1). On average, participants with
DM had 20.7% higher suPAR levels than
those without DM.

Associations Between DM and In-
Hospital Outcomes
Overall, the primary composite outcome
was observed in 647 (31.7%) individu-
als. There was a total of 288 (14.1%) in-
hospital deaths, 550 (26.9%) individuals
who required mechanical ventilation,
and 182 (8.9%) individuals who required
renal replacement therapy. In unad-
justed analyses, individuals with DM
had a significantly higher cumulative
incidence of the primary composite out-
come (37.8% vs. 28.8%; P < 0.001) as
well as the individual components of in-
hospital death (16.9% vs. 12.7%; P =
0.01), need for mechanical ventilation
(31.6% vs. 24.5%; P = 0.001), and
need for renal replacement therapy
(12.4% vs. 7.1%; P < 0.001) compared
with those without DM (Table 1). In
multivariable analyses, adjusting for
demographics (model 1) and clinical
characteristics (model 2) heavily atten-
uated the association between DM
and the primary outcome (adjusted
odds ratio [aOR] 1.23 [95% CI 1.00,
1.52]), which became nonsignificant
after including suPAR in the model
(aOR 1.03 [95% CI 0.78, 1.37]) (Fig. 1).
When these outcomes were examined

individually, a similar pattern was seen
(Fig. 1).

In mediation analysis, the average
causal mediation effect (also known as
indirect effect) of DM on the primary out-
come through suPAR was significant (P =
0.008), while the average direct effect of
DM on the primary outcome was not sig-
nificant (P = 0.73). The proportion of the
effect of DM on the primary outcome
mediated by suPAR was 84.2%.

Predictors of the Composite
Outcome in Individuals With DM and
COVID-19
When examining predictors of the com-
posite outcome in the subgroup of indi-
viduals with DM (n = 686), we found
that higher BMI (aOR 1.18 [95% CI 1.06,
1.31]), lower eGFR (aOR 1.07 [95% CI
1.03, 1.10]), and admission glucose
levels >180 mg/dL (aOR 1.85 [95%
CI 1.20, 2.83]) were associated with the
primary composite outcome (Supp-
lementary Table 2). We found similar
associations when examining outcomes
individually, with a few notable excep-
tions (Supplementary Table 3). Older
age was strongly associated with in-hos-
pital death (aOR 1.44 [95% CI 1.17,
1.77]), and male sex was associated
with the need for renal replacement
therapy (aOR 2.33 [95% CI 1.31, 4.12]).
Type 1 DM, prior insulin use, and medi-
cations for hyperglycemia were not
associated with an increased odds in
the primary outcome. Levels of all
inflammatory biomarkers were associ-
ated with an increased odds of the
primary outcome when examined sepa-
rately in a multivariable model adjusted
for demographic and clinical risk factors
(Supplementary Table 2).

We identified suPAR level as the
most important variable associated with
the primary outcome in individuals with
DM and COVID-19, followed by BMI,
admission glucose, and age in descend-
ing order of importance (Fig. 2). Individ-
uals with DM with a suPAR level <5.94
ng/mL (first quartile) had a 23.9% inci-
dence of the primary outcome com-
pared with 53.8% in individuals with
suPAR $14.8 ng/mL (fourth quartile).

Glucose, Insulin, and Outcomes in
Individuals With COVID-19
Among the M2C2 subset with longitudi-
nal serial glucose and insulin data, we
found only modest correlations between

biomarkers of inflammation and both
glucose coefficient of variation (r =
0.05–0.02) and average insulin dose (r =
0.09–0.02) during hospitalization (Supple-
mentary Table 4). We also examined
whether glucose ranges, glucose varia-
tion, and insulin requirements were asso-
ciated with the primary outcome. The
glucose coefficient of variation in individ-
uals with DM was 17.0%, with an aver-
age of 53.9% of glucose measurements
falling in the target range (70–180 mg/
dL) and 44.8% of glucose values >180
mg/dL. The glucose coefficient of varia-
tion, a greater percentage of glucose val-
ues outside the target range, a greater
percentage of high glucose values, and a
higher required insulin dose were all
associated with a greater odds of the pri-
mary outcome in individuals with DM
(Fig. 3 and Supplementary Fig. 1). Per
each 10% higher glucose coefficient of
variation, the odds of the primary out-
come was 1.30 (95% CI 1.11, 1.54])
(Supplementary Fig. 1). Per every 0.1
unit/kg/day of insulin administered, the
odds of the primary outcome was 1.18
(95% CI 1.11, 1.25). Including suPAR or
corticosteroid use in the models did not
affect estimates significantly (Suppl-
ementary Table 5).

CONCLUSIONS

In this in-depth examination of the
interplay among DM, inflammation,
hyperglycemia, and outcomes in indi-
viduals hospitalized for COVID-19, we
found that the impact of DM on out-
comes is tightly linked to heightened
inflammation. First, individuals with
DM had a greater incidence of in-hos-
pital outcomes and higher levels of
inflammatory markers (notably suPAR)
compared with those without DM. The
association between DM and out-
comes was abrogated, however, by
including suPAR in the model, with
mediation analysis suggesting that the
effect of DM on outcomes is largely
mediated by suPAR. Among individuals
with DM, suPAR, BMI, admission glu-
cose levels, and age were the most
important risk factors (in that order).
The correlation between inflammatory
markers and hyperglycemia was mod-
est at best, while hyperglycemia and
higher insulin requirements during
hospitalization were associated with
worse outcomes. This association was
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Table 1—Demographic and clinical characteristics by DM status

Variable
Overall cohort
(N = 2,044)

Without DM
(n = 1,358)

With DM*
(n = 686) P

Age (years), mean (SD) 60 (16) 58 (17) 64 (14) <0.001

Male sex, n (%) 1,191 (58.2) 783 (57.7) 408 (59.5) 0.46

BMI (kg/m2), mean (SD) 32 (9) 31 (9) 33 (9) <0.001

Black race, n (%) 419 (20.5) 230 (16.9) 189 (27.6) <0.001

History of tobacco use, n (%) 886 (43.3) 566 (41.7) 320 (46.6) 0.08

Comorbidities, n (%)

Hypertension 1,177 (57.6) 620 (45.7) 557 (81.2) <0.001
Coronary artery disease 290 (14.2) 121 (8.9) 169 (24.6) <0.001
Congestive heart failure 223 (10.9) 105 (7.7) 118 (17.2) <0.001
Chronic kidney disease 330 (16.1) 146 (10.8) 184 (26.8) <0.001
End-stage renal disease on dialysis 56 (2.7) 17 (1.3) 39 (5.7) <0.001
COPD 208 (10.2) 129 (9.5) 79 (11.5) 0.18
Asthma 288 (14.1) 201 (14.8) 87 (12.7) 0.22
Liver disease 61 (3.0) 34 (2.5) 27 (3.9) 0.10
Active malignancy 101 (4.9) 80 (5.9) 21 (3.1) 0.01

Admission eGFR (mL/min/1.73 m2), mean (SD) 71 (32) 78 (30) 56 (31) <0.001

Presenting symptoms, n (%)

Fever 1,283 (62.8) 893 (65.8) 390 (56.9) <0.001
Shortness of breath 1,466 (71.7) 976 (71.9) 490 (71.4) 0.88
Diarrhea 553 (27.1) 380 (28.0) 173 (25.2) 0.20
Altered mental status 180 (8.8) 88 (6.5) 92 (13.4) <0.001

Laboratory data,† mean (SD)

Hemoglobin (g/dL) 12.9 (2.4) 13.1 (2.5) 12.5 (2.3) <0.001
White blood cell count (×103/mL) 7.4 (4.6) 7.2 (4.6) 7.8 (4.5) 0.010
Absolute neutrophil count (×103/mL) 5.6 (3.5) 5.5 (3.5) 5.9 (3.4) 0.006
Absolute lymphocyte count (×103/mL) 1.1 (2.4) 1.1 (2.5) 1.1 (2.3) 0.92
AST (IU/L) 63.8 (186) 66.4 (223.9) 58.7 (65.8) 0.40
ALT (IU/L) 51.6 (244.5) 55.3 (297.0) 44.2 (56) 0.34
Total bilirubin (mg/dL) 0.72 (1.09) 0.73 (1.24) 0.71 (0.72) 0.61
Glucose (mg/dL) 144 (84) 117 (37) 195 (118) <0.001
HbA1c†† (%) 7.0 (2.4) 5.9 (1.3) 8.0 (2.7) <0.001

Glucose range at admission (mg/dL), n (%) <0.001

<54 5 (0.2) 3 (0.2) 2 (0.3)
54–69 12 (0.6) 8 (0.6) 4 (0.6)
70–180 1,504 (73.6) 1,137 (83.7) 367 (53.5)
181–250 171 (8.4) 34 (2.5) 137 (20.0)
>250 136 (6.7) 13 (1.0) 123 (17.9)

Inflammatory markers, median (IQR)

SuPAR (ng/mL) 7.12 (5.24–10.54) 6.61 (4.99–9.54) 8.64 (5.97–12.11) <0.001
CRP (mg/dL) 8.1 (4.2–15.4) 7.3 (3.8–14.5) 9.3 (5.2–17.2) <0.001
Lactate dehydrogenase (IU/L) 373 (279–510) 373 (275–508) 375 (283–518) 0.76
IL-6 (pg/mL) 18.4 (12.5–96.5) 14.0 (12.5–94.8) 24.7 (12.5–99.3) 0.15
Procalcitonin (ng/mL) 0.17 (0.09–0.44) 0.15 (0.08–0.34) 0.23 (0.11–0.74) <0.001
Ferritin (ng/mL) 680 (289–1,368) 670 (282.8–1,353.0) 694.5 (298–1,739) 0.52
D-dimer (FEU mg/L) 0.94 (0.54–1.92) 0.89 (0.52–1.77) 1.08 (0.59–2.2) 0.001

Outcomes, n (%)

Composite outcome 647 (31.7) 388 (28.6) 259 (37.8) <0.001
Need for mechanical ventilation 550 (26.9) 333 (24.5) 217 (31.6) 0.001
Need for renal replacement therapy 182 (8.9) 97 (7.1) 85 (12.4) <0.001
In-hospital death 288 (14.1) 172 (12.7) 116 (16.9) 0.011

COPD, chronic obstructive pulmonary disease; FEU, fibrinogen-equivalent units; IQR, interquartile range. *Includes 30 (1.5%) individuals with
type 1 DM and 275 (40.1%) individuals who required insulin. †First value within 48 h of presentation. ††HbA1c measured within 1 year of
hospital admission was available in 694 individuals (309 without DM and 385 with DM).
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not attenuated after adjusting for
suPAR, implying that hyperglycemia
affects COVID-19–related outcomes
through noninflammatory processes.

DM is a well-established risk factor
for COVID-19 (2,17); however, the
underlying mechanisms are unclear. In
susceptible individuals, SARS-CoV-2
infection is thought to trigger a pro-
longed hyperinflammatory response,
dubbed the cytokine storm (4,18–22).
DM, as a chronic inflammatory condi-
tion, may predispose individuals to a
heightened inflammatory response
(23,24). Mitochondrial disruption, rather
than changes to glucose metabolism,
has been found to lead to altered T-cell
cytokine production (notably by T-
helper 17 cells) in type 2 DM (23). Con-
sistently, we found that individuals with
DM had higher levels of inflammatory
biomarkers, including suPAR, CRP, pro-
calcitonin, and D-dimer. After adjusting
for comorbidities, we noted a singular

BA

C D

Figure 1—Risk of in-hospital outcomes in individuals with COVID-19 and with and without DM. The bar graphs depict the ORs comparing individuals
with DM with individuals without DM (reference) and 95% CIs for the composite outcome (A) and the individual outcomes of in-hospital death (B),
need for mechanical ventilation (C), and need for dialysis or continuous renal replacement therapy (D). Four different models were used: model 0
(unadjusted); model 1 (demographics) adjusted for age, sex, and race; model 2 (clinical characteristics) additionally adjusted for BMI and history of
hypertension, coronary artery disease, and congestive heart failure (clinical characteristics); and model 3 (inflammation) further adjusted for suPAR
level. *P< 0.05.

Figure 2—Variable importance plot to predict composite outcome in individuals with DM and
COVID-19. The variable importance plot is based on the Gini index using a random forest
approach. Shown are data from model 3 (adjusted for age, sex, race, BMI, admission suPAR,
and history of preexisting coronary artery disease, hypertension, and heart failure) for predict-
ing the composite outcome of in-hospital death, need for mechanical ventilation, and need for
renal replacement therapy.
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association between DM and suPAR,
suggesting that suPAR represents the
inflammatory biomarker most reflective
of the hyperinflammatory state in DM
and COVID-19. Our mediation analysis
supports this finding in that we found
that suPAR levels accounted for 84.2%
of the effect of DM on the outcomes.
Conversely, another study found that
CRP accounted for only 32.7% (12).

SuPAR is an immune-derived signal-
ing glycoprotein, which is notorious for
its role in kidney disease (25–27), car-
diovascular disease (28–30), and most
recently, COVID-19 (13,31). Blood suPAR
levels are notably high in individuals
with type 1 or type 2 DM, even in the
nonacute setting, and are strongly pre-
dictive of DM-related outcomes, such as
nephropathy and atherosclerotic events
(28,32,33). Several studies have identi-
fied a correlation between T-helper 17
cells and suPAR levels (34,35), which
may explain the predilection for individ-
uals with DM to have higher suPAR

levels (23,36). SuPAR differs from other
biomarkers of inflammation in that it
is not an acute-phase reactant: Levels
remain stable in highly proinflammatory
situations, such as acute myocardial
infarction or cardiac surgery (27). An
increased suPAR level, however, is trig-
gered by specific stimuli, such as smok-
ing and RNA viruses (e.g., SARS-CoV-2),
and is highly expressed in lung tissue
(37). Accordingly, individuals with DM
and COVID-19 have four- to eightfold
higher suPAR levels (median 8.82 ng/
mL) than healthy individuals (median
2.40 ng/mL). We found that suPAR was
the most important predictor of out-
comes in individuals with DM, which
mediated at least 80% of the effect of
DM on outcomes. Overall, these find-
ings suggest that suPAR levels may
reflect more specifically the burden of
inflammation in COVID-19 compared
with other biomarkers.

Hyperglycemia has traditionally been
thought to be a major driver of

inflammation through several mecha-
nisms, including increased oxidative
stress (8). In our study, hyperglycemia
and higher insulin requirements are
independently associated with in-hos-
pital outcomes in individuals with DM
and COVID-19, consistent with earlier
studies (2,38). Surprisingly, we found
only a weak correlation between
suPAR or other inflammatory bio-
markers with hyperglycemia, and the
association between hyperglycemia
and outcomes was not mitigated by
adjusting for suPAR. The association
between hyperglycemia and COVID-
19–related outcomes likely occurs
through mechanisms not reflected by
inflammatory biomarkers. This is con-
sistent with a study showing that non-
mitochondrial glycolysis did not affect
the inflammatory signature in type 2
DM (39). Whether aggressive glucose
control would improve COVID-
19–related outcomes remains to be
shown in a clinical trial setting (14).

This study has several important
strengths. It is the largest study to
investigate the role of inflammatory bio-
markers in individuals with DM hospital-
ized for COVID-19. In addition, in
contrast with other studies, it includes a
diverse cohort of individuals specifically
hospitalized for COVID-19 rather than
defined by SARS-CoV-2 positivity alone.
Blood samples were collected on admis-
sion, without being confounded by
anti-inflammatory therapies, and thus,
reflect more accurately the inflamma-
tory state. The clinical data were col-
lected through careful and adjudicated
review of individual medical records
rather than through administrative data
sets. The study benefited from stan-
dardized glucose and insulin data col-
lected continuously throughout the
hospitalization through the Michigan
Medicine hyperglycemia management
protocol.

This study also had some limitations.
Given the small number of patients
with type 1 DM in this cohort, the find-
ings cannot be extended to these indi-
viduals. The diagnosis of DM was based
on medical chart review and available
HbA1c levels at the time of admission;
thus, it is possible that some individuals
classified as not having DM could have
had undiagnosed DM. Finally, mechanis-
tic studies are warranted to validate the

Figure 3—Associations among glucose, insulin, and combined outcome in individuals with DM
in the M2C2 subset. The forest plot depicts the ORs and 95% CIs for the association among glu-
cose, insulin, and the composite outcome of in-hospital death, need for mechanical ventilation,
and need for renal replacement therapy stratified by DM among individuals with COVID-19 in
the M2C2 subset (n = 1,608). All ORs are compared using the following reference categories for
each variable: 0–1.25 for glucose coefficient of variance, 100% for glucose in range, 0% for high
glucose, and 0 units/kg/day for insulin. The glucose coefficient of variation is calculated as the
SD divided by the mean of all glucose measurements taken during hospitalization and then mul-
tiplied by 10. Percent in glucose range and high glucose are expressed as the percentage of all
glucose measurements within each category during hospitalization. Insulin is calculated as the
total amount of insulin (units) received during hospitalization divided by the patient’s weight
(kg) multiplied by the number of days in the hospital. Models were adjusted for age, sex, race,
BMI, and history of hypertension, coronary artery disease, and congestive heart failure.
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inferences based on the epidemiologic
observations noted in our study.
In summary, these data show that

COVID-19–related in-hospital outcomes
in individuals with DM are driven by a
hyperinflammatory state reflected best
by suPAR levels. SuPAR levels were the
most important predictor of outcomes
in individuals with DM, followed by obe-
sity, hyperglycemia, and age. Hypergly-
cemia and higher insulin requirements
correlated weakly with inflammatory
biomarkers and were associated with
outcomes independently of suPAR, sug-
gesting that they likely impact outcomes
through other mechanisms. Further
study is needed to determine whether
suPAR and hyperglycemia are therapeu-
tic targets for the management of
COVID-19 in individuals with DM.
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