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BACKGROUND: Use of angiotensin-converting enzyme inhibitors and angiotensin receptor blockers (ACEi/ARB) is thought to 
affect COVID-19 through modulating levels of angiotensin-converting enzyme 2, the cell entry receptor for SARS-CoV2. We 
sought to assess the association between ACEi/ARB, biomarkers of inflammation, and outcomes in patients hospitalized for 
COVID-19.

METHODS AND RESULTS: We leveraged the ISIC (International Study of Inflammation in COVID-19), identified patients admitted 
for symptomatic COVID-19 between February 1, 2020 and June 1, 2021 for COVID-19, and examined the association between 
in-hospital ACEi/ARB use and all-cause death, need for ventilation, and need for dialysis. We estimated the causal effect of 
ACEi/ARB on the composite outcomes using marginal structural models accounting for serial blood pressure and serum 
creatinine measures. Of 2044 patients in ISIC, 1686 patients met inclusion criteria, of whom 398 (23.6%) patients who were 
previously on ACEi/ARB received at least 1 dose during their hospitalization for COVID-19. There were 215 deaths, 407 pa-
tients requiring mechanical ventilation, and 124 patients who required dialysis during their hospitalization. Prior ACEi/ARB use 
was associated with lower levels of soluble urokinase plasminogen activator receptor and C-reactive protein. In multivariable 
analysis, in-hospital ACEi/ARB use was associated with a lower risk of the composite outcome of in-hospital death, mechani-
cal ventilation, or dialysis (adjusted hazard ratio 0.49, 95% CI [0.36–0.65]).

CONCLUSIONS: In patients hospitalized for COVID-19, ACEi/ARB use was associated with lower levels of inflammation and lower 
risk of in-hospital outcomes. Clinical trials will define the role of ACEi/ARB in the treatment of COVID-19.
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By June 2021, the COVID-19 global pandemic 
had resulted in more than 170 million confirmed 
cases of infection and more than 3.7  million 

deaths worldwide.1 The SARS-CoV2—the pathogen 
behind this rampant disease2—has been shown to 
bear phylogenetic resemblance to the previous SARS-
CoV coronavirus responsible for 2002 to 2004 SARS 
epidemic. Due to the homology between the SARS-
CoV2 receptor binding domain with that of the previ-
ous strain,3 it was postulated and then demonstrated 

that SARS-CoV2 uses the same receptor for entry into 
host cells, angiotensin-converting enzyme 2 (ACE2).3–5

The ACE2 receptor is a transmembrane carboxy-
peptidase that metabolizes the vasoconstrictive angio-
tensin II to the more vasodilatory angiotensin, providing 
a counterregulatory effect to the proinflammatory renin-
angiotensin system cascade.6–8 Activation of the renin-
angiotensin system cascade has been implicated in 
modulation of immune cell function involving the cy-
tokines tumor necrosis factor-α and interleukin-6, and 
activation of the proinflammatory transcription factor 
NF-kB in human monocytes.9–12 ACE2 is found through-
out the human body and is notably expressed by type 
I and type II pneumocytes.13 Downregulation of ACE2 
by SARS-CoV is thought to promote the development 
of acute respiratory distress syndrome.4,14 ACE inhib-
itors (ACEi) and angiotensin receptor blockers (ARB), 
drug classes commonly used for the treatment of hy-
pertension and heart failure, have been hypothesized 
to worsen lung injury in COVID-19 patients4,15 through 
upregulation of ACE2 in various tissues.16–18 However, 
recent studies have suggested that ACEi/ARB usage 
either before or during hospitalization was not asso-
ciated with worse outcomes and may be beneficial in 
hospitalized patients with COVID-19.19–31 Conclusions 
related to these observations are limited by the high 
risk of selection bias afforded by unaccounted con-
founders that would guide the use of ACEi/ARB such 
as severity of the disease, hemodynamic instability, 
and kidney function.

To better understand the link between ACEi/ARB 
use and outcomes in COVID-19, we leveraged the 
multicenter ISIC (International Study of Inflammation in 
COVID-19) and the M2C2 (Michigan Medicine COVID-19 
Cohort) to assess whether the use of ACEi/ARB is as-
sociated with improved outcomes while accounting for 
inflammation and daily measures of blood pressure 
and kidney function.

METHODS
The International Study of Inflammation in 
COVID-19
The ISIC is an ongoing multicenter observational 
study with the primary purpose of characterizing lev-
els of various biomarkers of inflammation and their 
association with in-hospital outcomes of patients with 
COVID-19. Participating centers include University 
of Michigan in Ann Arbor, MI; Rush University in 
Chicago, IL; Copenhagen University of Hospital in 
Hvidovre, Denmark; Attikon University Hospital in 
Athens, Greece; the University of Thessaly in Greece; 
the University Hospital of Dusseldorf in Germany; 
and Charité University Medicine Berlin in Germany 
(Table  S1). Inclusion criteria were (1) adult (≥18  years 

CLINICAL PERSPECTIVE

What Is New?
•	 Despite a larger burden of co-morbidities, pa-

tients hospitalized for COVID-19 on angiotensin-
converting enzyme inhibitor (ACEi) or angiotensin 
receptor blocker (ARB) have significantly better 
outcomes compared with those not on ACEi or 
ARB.

•	 This study used multiple approaches to evalu-
ate the association between ACEi or ARB 
use and outcomes in patients hospitalized for 
COVID-19, including time-varying Cox modeling 
and marginal structural modeling accounting 
for important time-varying confounders such 
as daily mean arterial blood pressure and daily 
measures of serum creatinine.

•	 Use of ACEi or ARB were associated with sig-
nificantly lower levels of inflammatory biomark-
ers after accounting for differences in clinical 
characteristics.

What Are the Clinical Implications?
•	 ACEi and ARB may have beneficial effects 

on outcomes of patients with COVID-19 and 
should not be discontinued unless clinically 
indicated.

•	 A plausible explanation for the observed benefit 
of ACEi and ARBs in COVID-19 is through the 
attenuation of inflammation that occurs via an-
giotensin II receptor blockade.

•	 Whether initiation of ACEi or ARB in patients 
with COVID-19 improves outcome merits study.

Nonstandard Abbreviations and Acronyms

ISIC	 International Study of Inflammation in 
COVID-19

M2C2	 Medicine COVID-19 Cohort
SuPAR	 soluble urokinase plasminogen activator 

receptor
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old) patients hospitalized primarily for COVID-19, (2) a 
confirmed SARS-CoV-2 infection diagnosed through 
reverse transcriptase polymerase chain reaction test of 
nasopharyngeal or oropharyngeal samples, and (3) at 
least 1 blood sample collected during the hospitaliza-
tion and stored for biomarker testing. Patients with a 
positive test for SARS-CoV-2 who were asymptomatic 
or not requiring supplemental oxygen and who were 
hospitalized for non-COVID-19 reasons were excluded. 
Manual chart review and data mining tools were used 
to gather details of the presentation, demograph-
ics, past medical history, home medications, clinical 
characteristics, laboratory studies, inpatient medical 
therapy, hospitalization course, and outcomes. All pa-
tients were followed until hospital discharge or death. 
Institutional review board approval and consent proce-
dures were obtained separately at each site accord-
ing to local institutional policies. Data from ISIC can be 
made available upon request through a collaborative 
process. Please contact penegonz@med.umich.edu 
for additional information.

The Michigan Medicine COVID-19 Cohort
The M2C2 is a prospective cohort study that systematically 
enrolled consecutive adults (≥18  years) with confirmed 
SARS-CoV-2 infection who were hospitalized specifically 
for COVID-19 at the University of Michigan from February 
1, 2020 to June 1, 2021. In addition to the variables col-
lected for ISIC, all blood pressure measurements and lab-
oratory testing were extracted from the electronic medical 
records for the purpose of this analysis.

Study Design and Definitions
For the purpose of this study, we included patients 
hospitalized for COVID-19 (n=2044) during the period 
of February 1, 2020 to June 1, 2021, the date the da-
tabase was locked for the purpose of this analysis. To 
limit the risk of selection bias, we excluded patients 
who were taking an ACEi/ARB before hospitalization 
but were discontinued during hospitalization (n=311), 
and those in whom an ACEi/ARB was initiated dur-
ing hospitalization without a prior history of ACEi/ARB 
use (n=47) resulting in an analytic sample size of 1686 
(Figure  S1). Prior use of ACEi/ARB was determined 
through electronic medical record review of all active 
prescriptions and home medications noted in the chart. 
In-hospital use of ACEi/ARB was defined as the ad-
ministration of at least 1 dose of any ACEi/ARB during 
the hospital course. For this analysis, ACEi/ARB users 
were defined as those who had an ACEi or ARB listed 
on their home medications and received a ACEi or ARB 
during hospitalization. By contrast, nonusers were de-
fined as those who did not have either ACEi orARB 
listed among their home medications and did not re-
ceive either medication during their hospitalization. 

Biomarker levels measured within 48 hours of admis-
sion included suPAR (soluble urokinase plasminogen 
activator receptor), interleukin-6, C-reactive protein, 
D-dimer, ferritin, lactate dehydrogenase, and procalci-
tonin levels. The outcomes of interest were in-hospital 
death or discharge to hospice, the need for mechani-
cal ventilation, and the need for dialysis or continuous 
renal replacement therapy.

Statistical Analysis
We first report clinical characteristics stratified by use 
of ACEi/ARB using categorical variables expressed as 
a number and percentage and continuous variables 
expressed as means (±SD) and medians (25th–75th 
interquartile range) for normally and nonnormally dis-
tributed data, respectively. We used chi-square or 
Fisher’s exact tests to compare categorical variables 
and 2-sample t tests or Mann-Whitney U tests to com-
pare normally distributed and nonnormally distributed 
continuous variables across groups, respectively.

ACEi/ARB and Biomarkers

We used linear regression to determine whether ACEi/
ARB use was independently associated with biomarker 
levels, adjusting for age, sex, race, body mass index, 
a history of diabetes, hypertension, coronary artery 
disease, congestive heart failure, admission estimated 
glomerular filtration rate, and reported standardized 
estimates to allow for comparison of the strength of the 
association. Each biomarker was log transformed to 
base 2, interpreted as per 100% increase. Covariates 
were chosen a priori based on their known roles as 
risk factors for COVID-19 and indications for ACEi/ARB 
use.

ACEi/ARB and Outcomes

We represented the incidence of death, need for me-
chanical ventilation, and need for dialysis stratified by 
use of ACEi/ARB using bar graphs and examined the 
association between in-hospital ACEi/ARB use and 
the aforementioned outcomes using binary logistic 
regression. Variables in the main model were chosen 
a priori based on clinical relevance and included age, 
sex, race, body mass index, a history of diabetes, hy-
pertension, coronary artery disease, congestive heart 
failure, admission estimated glomerular filtration rate, 
and institution of enrollment. In a separate model, 
we further adjusted for the mean arterial pressure on 
presentation.

To address the risk of survivor bias attributed to the 
variability in timeline of in-hospital ACEi/ARB adminis-
tration, we used Cox proportional hazards models to 
examine the association of in-hospital ACEi/ARB use 
as a time-dependent covariate with the composite 
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outcome of death, need for dialysis, and need for me-
chanical ventilation adjusting for the aforementioned 
covariates. Patients were censored at hospital dis-
charge or June 1, 2021.

Estimating a Causal Effect for ACEi/ARB 
on Outcomes

We used marginal structural modeling to estimate 
the causal effect of ACEi/ARB on the composite 
outcome (death, mechanical ventilation, and di-
alysis) and to account for potential confounding 
by blood pressure and serum creatinine.32 Serial 
measurements of blood pressure and serum cre-
atinine during hospitalization measurements were 
available for M2C2. Thus, this analysis was restricted 
to patients at the University of Michigan (n=1357). 
Model parameters were estimated through inverse-
probability-of-ACEi/ARB use weighting, allowing 
for appropriate adjustment for the time-varying 
confounders blood pressure and creatinine, which 
are risk factors for the outcome and are affected 
by previous ACEi/ARB use. In the first step, we 
calculated a stabilized weight for each subject at 
each hospital day. The numerator of the weight is 
informally the probability that the subject had ob-
served treatment of ACEi/ARB conditional on base-
line covariates (age, sex, race, body mass index, 
admission estimated glomerular filtration rate, and 
history of diabetes, coronary artery disease, hy-
pertension, and congestive heart failure) and days 
in hospital. The denominator of the weight is the 
probability that the subject had their own observed 
treatment of ACEi/ARB, adjusting of blood pressure 
and creatinine measurements and days in hospi-
tal. In the second step, we fitted a time-dependent 
Cox model with baseline covariates (age, sex, race, 
body mass index, diabetes, hypertension, coro-
nary artery disease, and congestive heart failure) 
and weighted each subject on each hospital day by 
the “stabilized” weight obtained from the first step. 
By weighting, we created, for a risk set on each 
hospital day, a pseudo-population in which blood 
pressure and creatinine are no longer confound-
ers. Weighted Kaplan-Meier curves were plotted to 
visually compare survival free of the composite out-
come by in-hospital ACEi/ARB use.

Sensitivity Analyses

To explore the possibility of effect modification attrib-
uted to differences in baseline characteristics among 
patients, we computed the time-dependent hazard 
ratios for the association between time to in-hospital 
ACEi/ARB use and the combined outcome of death, 

need for mechanical ventilation, or need for dialysis in 
relevant subgroups and performed tests of interaction. 
To assess whether our initial exclusion criteria affected 
the findings, we repeated the analysis in the overall 
cohort.

Data analysis was performed using R software, 
version 4.0.0 (R Foundation for Statistical Computing, 
Vienna, Austria).

RESULTS
Overall, the cohort had a mean age of 58.9 years (range 
19–102) and consisted of 57.1% men, and 19.5% Black 
individuals. A total of 398 (23.6%) patients who were on 
ACEi/ARB before hospitalization for COVID-19 received 
at least 1 dose during their hospitalization (Table  1). 
Patients on an ACEi/ARB were older (mean of 65 ver-
sus 57  years) and had significantly more comorbidi-
ties compared with the non-ACEi/ARB group including 
diabetes (54.8% versus 22.0%), coronary artery dis-
ease (24.4% versus 9.2%), and chronic kidney disease 
(17.8% versus 12.3%) (Table 1). Laboratory testing was 
overall similar between both groups, except for a lower 
estimated glomerular filtration rate in patients taking an 
ACEi/ARB.

ACEi/ARB and Inflammatory Biomarkers
In unadjusted analysis, we found no significant differ-
ences in admission levels of biomarkers of inflamma-
tion between patients on ACEi/ARB and those who 
were not (Table 1). However, after accounting for the 
differences in clinical characteristics, ACEi/ARB use 
was associated with lower levels of suPAR and C-
reactive protein (Table 2).

Outcomes
Overall, there were a total of 215 (12.8%) deaths, 
407 (24.1%) patients who required mechanical ven-
tilation, and 124 (7.4%) patients who required di-
alysis during their hospitalization. Patients on an 
ACEi/ARB during hospitalization had overall lower 
in-hospital mortality (13.9% versus 9.9%, P=0.014) 
and incidence of requiring mechanical ventilation 
(25.4% versus 20.1%, P=0.037) compared with 
those who were not on an ACEi/ARB (Figure  1). 
Differences in the incidence of requiring dialysis be-
tween both groups were not statistically significant. 
In multivariable analysis using binary logistic regres-
sion, we found a significant decrease in the odds of 
in-hospital death, requiring mechanical ventilation, 
and dialysis in patients who received ACEi/ARB 
during their hospitalization (Figure 2). This associa-
tion was more pronounced after adjusting for age, 
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sex, race, body mass index, and comorbidities. 
We similarly found ACEi/ARB use to be associated 
with lower odds of having prolonged hospitalization 
(>14 days), requiring admission to the intensive care 
unit, or experiencing acute respiratory distress syn-
drome (Table S2).

When examining the outcomes combined, in-
hospital ACEi/ARB use was associated with lower 
odds (adjusted odds ratio [OR], 0.49; 95% CI, 0.36–
0.66) of death, need for mechanical ventilation, or 
dialysis (Table  3). The effect size was similar when 
examining ACEi use (n=213, adjusted OR, 0.46; 95% 
CI, 0.31–0.67) and ARB use (n=185, adjusted OR, 
0.53; 95% CI, 0.36–0.78) separately. The results were 
unchanged when using Cox proportional hazards 
modeling in-hospital ACEi/ARB as a time-dependent 
covariate (adjusted hazard ratio [HR], 0.48; 95% CI, 
0.36–0.65) (Table  3). Further adjustment with inflam-
matory biomarkers in the models did not attenuate the 
association.

Finally, in estimating a causal effect of ACEi/ARB 
and accounting for serial blood pressure and creati-
nine measurements, we found ACEi/ARB use was as-
sociated with a lower risk of the composite outcome of 
death, need for mechanical ventilation or dialysis (HR, 
0.35; 95% CI, 0.28– 0.82) (Figure 3).

Sensitivity Analyses
In sensitivity analyses, the inclusion of patients with 
prior ACEi/ARB use but discontinued ACEi ARB during 
hospitalization and those without prior ACEi/ARB use 
but initiated ACEi/ARB during hospitalization did not 
influence the results (Table S2). Additionally, we found 
the association between ACEi/ARB and lower odds of 
the combined outcome was stronger in patients with 
chronic kidney disease (P interaction=0.037) but did 
not differ according to age, sex, race, or other comor-
bidities (Figure  4). Associations between ACEi/ARB 

Table 1.  Clinical Characteristics and Laboratory Testing 
Stratified by In-Hospital ACEi/ARB Use

Variables

Did not receive 
ACEi/ARB 
(n=1288)

ACEi/ARB 
(n=398) P value

Age, y, n (%) <0.001*

<45 y 300 (23.3) 32 (8.0)

45–64 y 549 (42.6) 154 (38.7)

65–79 y 313 (24.3) 157 (39.4)

≥80 y 126 (9.8) 55 (13.8)

Male sex, n (%) 558 (43.3) 165 (41.5) 0.55

Body mass index, kg/
m2, mean (SD)

31 (9) 33 (11) 0.001*

Black race, n (%) 248 (19.3) 80 (20.1) 0.76

History of tobacco use, 
n (%)

429 (33.3) 174 (43.7) <0.001*

Hypertension, n (%) 488 (37.9) 371 (93.2) <0.001*

Coronary artery disease, 
n (%)

119 (9.2) 97 (24.4) <0.001*

Diabetes, n (%) 284 (22.0) 218 (54.8) <0.001*

Congestive heart failure, 
n (%)

107 (8.3) 65 (16.3) <0.001*

Chronic kidney disease, 
n (%)

158 (12.3) 71 (17.8) 0.006*

End-stage renal disease 
on dialysis, n (%)

43 (3.3) 7 (1.8) 0.15

Admission estimated 
glomerular filtration rate, 
mean (SD)

77 (32) 65 (28) <0.001*

Presenting symptoms, n (%)

Fever 831 (64.5) 229 (57.5) 0.014*

Shortness of breath 933 (72.4) 286 (71.9) 0.87

Diarrhea 356 (27.6) 108 (27.1) 0.90

Altered mental status 107 (8.3) 39 (9.8) 0.41

Hypoxia 525 (41.4) 147 (37.3) 0.16

Laboratory data, mean (SD)

Hemoglobin, g/dL 12.9 (2.4) 12.8 (2.2) 0.49

White blood cell 
count, k/µL

7.4 (4.7) 7.0 (4.3) 0.19

Absolute neutrophil, 
count, k/µL

5.6 (3.6) 5.4 (2.8) 0.29

Absolute lymphocyte 
count, k/µL

1.2 (2.6) 1.1 (2.9) 0.70

Aspartate 
aminotransferase, 
IU/L

65.7 (221.4) 55.3 (71.1) 0.38

Alanine 
aminotransferase, 
IU/L

56.1 (304.6) 43.9 (56.5) 0.44

Total bilirubin, mg/dL 0.75 (1.3) 0.66 (0.4) 0.19

Inflammatory markers, median (interquartile range)

Soluble urokinase 
plasminogen activator 
receptor, ng/mL

7.0 (5.0, 10.7) 7.7 (5.7, 
10.3)

0.05

C-reactive protein, 
mg/dL

8.0 (4.1, 15.0) 7.3 (3.8, 
13.9)

0.50

 (Continued)

Variables

Did not receive 
ACEi/ARB 
(n=1288)

ACEi/ARB 
(n=398) P value

Lactate 
dehydrogenase, IU/L

1.4 (1.0, 1.9) 1.4 (1.1, 
1.9)

0.25

Interleukin-6, pg/mL 18.4 (12.5, 94.0) 12.5 (12.5, 
62.4)

0.75

Procalcitonin, ng/mL 0.40 (0.17, 1.43) 0.27 (0.12, 
0.91)

0.06

Ferritin, ng/mL 659 (273, 1367) 636 (289, 
1268)

0.49

D-dimer, FEU mg/L 0.92 (0.53, 1.91) 0.87 (0.53, 
1.56)

0.31

ACEi/ARB indicates angiotensin-converting enzyme inhibitor/angiotensin 
receptor blocker; and IU, international units.

*Statistically significant P values at α=0.05.

Table 1.  Continued
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use and outcomes in the overall cohort (n=2044) were 
consistent with the analysis in our defined subpopula-
tion (Table S2).
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Figure 1.  Cumulative incidence of outcomes by in-hospital 
use of ACEi/ARB.
Bar graphs showing the cumulative incidence of death, need for 
mechanical ventilation, and need for renal replacement therapy 
by in-hospital use of ACEi/ARB. ACEi/ARB indicates angiotensin-
converting enzyme inhibitor/angiotensin receptor blocker.

Figure 2.  In-hospital ACEi/ARB use and risk of death, need for 
mechanical ventilation, and need for renal replacement therapy.
Bar graph depicting the odds ratio (OR) and 95% CI for the 3 
different outcomes using 3 different models to calculate odds 
ratios. Model 0 was unadjusted. Model 1 was adjusted for age, 
sex, race, BMI, diabetes, hypertension, coronary artery disease, 
congestive heart failure, admission GFR, and institution. Model 
2 incorporated the aforementioned variables in addition to mean 
arterial pressure on presentation. ACEi/ARB indicates angiotensin-
converting enzyme inhibitor/angiotensin receptor blocker; BMI, 
body mass index; and GFR, glomerular filtration rate.
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DISCUSSION
In this multicenter observational study of patients hos-
pitalized for COVID-19, patients previously on ACEi/
ARB who were treated with ACEi/ARB during their 
hospitalization had better in-hospital outcomes com-
pared with those not on ACEi/ARB despite having a 
significantly higher burden of comorbidities. Prior use 
of ACEi/ARB was associated with overall lower levels 
of inflammatory biomarkers on admission when ac-
counting for comorbidities, suggesting an attenuated 

inflammatory response to SARS-CoV-2 in recipients of 
ACEi/ARB as a potential mechanism for the benefits 
observed in these patients. These findings support 
guidelines issued by various medical societies recom-
mending the continued use of these medications as 
indicated.33,34 Through marginal structural modeling 
estimating causal effects, we highlight the potential 
causal link between the use of ACEi/ARB and better 
COVID-19 related outcomes, which is currently under-
going study in a randomized clinical trial setting.26

We address limitations of prior observational stud-
ies examining the association between ACEi/ARB and 
outcomes in several ways. First, we do not limit our 
analysis to patients with hypertension as was done in 
most other studies, as there are other indications for 
the use of ACEi/ARB including diabetes, chronic kid-
ney disease, and congestive heart failure. In sensitivity 
analysis we found improved outcomes across these 
relevant patient subgroups. Although other cohorts 
included all patients with a positive SARS-CoV-2 test, 
we included only patients presenting with and hospi-
talized primarily for symptomatic COVID-19—a pop-
ulation that would be the target of a therapeutic trial. 
We have excluded patients who had ACEi/ARB com-
pletely discontinued during their hospitalization and 
those who were newly started on ACEi/ARB to mini-
mize selection bias, as the former represents a higher 
risk patient group and the latter a lower risk patient 
group, which would both skew findings toward the 
benefits of ACEi/ARB. Additionally, our study is the 
first that incorporates granular and longitudinal data 
with daily in-hospital creatinine and blood pressure 
values. Lastly, we examined the association between 
ACEi/ARB and outcomes using several approaches, 

Table 3.  Multivariable Analysis of the Association Between In-Hospital ACEi/ARB Use and Outcomes

Variables

Death, mechanical ventilation, or dialysis (n=480)

Odds ratio* (95% CI) P value Hazard ratio† (95% CI) P value

In-hospital ACEi/ARB use 0.49 (0.36–0.66) <0.001‡ 0.48 (0.36–0.65) <0.001‡

Age, per 10 y 1.00 (0.91–1.08) 0.90 0.94 (0.88–1.00) 0.06

Male sex 1.43 (1.14–1.80) 0.002‡ 1.21 (1.00–1.46) 0.046‡

Black race 1.29 (0.98–1.71) 0.07 1.27 (1.02–1.59) 0.030‡

Body mass index, per 5 kg/m2 1.13 (1.06–1.21) <0.001‡ 1.07 (1.03–1.11) <0.001‡

Diabetes 1.12 (0.86–1.46) 0.41 1.08 (0.88–1.33) 0.46

Hypertension 1.22 (0.93–1.61) 0.15 1.24 (1.00–1.55) 0.05

Coronary artery disease 0.99 (0.69–1.41) 0.93 1.12 (0.84–1.48) 0.45

Congestive heart failure 0.96 (0.66–1.39) 0.82 0.83 (0.62–1.11) 0.21

Admission eGFR, per 5 mL/min higher 0.95 (0.93–0.98) <0.001‡ 0.95 (0.94–0.97) <0.001‡

ACEi/ARB indicates angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; and eGFR, estimated glomerular filtration rate.
*Based on binary logistic regression model adjusted for age, sex, race, body mass index, diabetes, hypertension, coronary artery disease, congestive heart 

failure, and admission eGFR.
†Based on time-dependent Cox proportional hazards model adjusted for age, sex, race, body mass index, diabetes, hypertension, coronary artery disease, 

congestive heart failure, and admission eGFR.
‡ Based on time-dependent Cox proportional hazards model adjusted for age, sex, race, body mass index, diabetes mellitus, hypertension, coronary artery 

disease, congestive heart failure, and admission eGFR.

Figure 3.  Weighted Kaplan-Meier curve comparing survival 
by in-hospital ACEi/ARB use.
Weighted Kaplan-Meier curve depicting survival probabilities of 
combined outcome of death, need for mechanical ventilation, or 
dialysis by in-hospital ACEi/ARB over 30 days of hospitalization. 
Based on marginal structural model with weights accounting 
for age, sex, race, BMI, diabetes, hypertension, coronary artery 
disease, congestive heart failure, and serial measurements 
of blood pressure and serum creatinine. ACEi/ARB indicates 
angiotensin-converting enzyme inhibitor/angiotensin receptor 
blocker; and BMI, body mass index.
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including marginal structural modeling which allows 
us to estimate causal inferences while accounting for 
the most important confounders (serial blood pres-
sure measurements and creatinine levels) and the risk 
of survivor bias.

The mechanisms by which ACEi/ARB could im-
prove COVID-19 related outcomes are unclear. Initial 
fears regarding the risks of ACEi/ARB in COVID-19 
have largely been based on murine and human studies 
that have shown increased ACE2 expression in various 
tissues after ACEi/ARB administration16–18 and the dis-
covery that ACE2 serves as the SARS-CoV-2 host re-
ceptor.5,35 Conversely, studies have demonstrated that 
ACE2 has a lung protective effect in patients with acute 
respiratory distress syndrome, further complicating 
the overall theoretical role that ACEi/ARB may have 
in patients with COVID-19.15 Our study provides sup-
portive evidence for a beneficial impact of ACEi/ARB 

in patients with COVID-19, which may be becauseof 
its purported lung protective mechanisms. In sensitiv-
ity analyses we found the association to be stronger in 
patients with chronic kidney disease, consistent with its 
known renoprotective effects in this patient subgroup.

Another potential mechanism for the benefits of 
ACEi/ARB is through the attenuation of the inflamma-
tory response. ACEi/ARB have previously been shown 
to attenuate vascular microinflammation in hyperten-
sive patients via angiotensin II receptor blockade and 
are associated with reduced levels of inflammatory 
cytokines such as C-reactive protein, a mechanism 
that could theoretically counter the inflammatory state 
of COVID-19.12,36,37 We found use of ACEi/ARB was 
indeed associated with lower levels of suPAR and C-
reactive protein measured on admission, consistent 
with the prior observations of an anti-inflammatory 
effect for ACEi/ARB. Serial biomarker measurements 

Figure 4.  Hazard ratio of the combined outcome of death, need for mechanical ventilation or dialysis for in-hospital ACEi/
ARB use stratified by subgroups.
Forest plot showing the hazard ratios for the combined outcome of death, need for mechanical ventilation, or dialysis for in-hospital 
ACEi/ARB use stratified by subgroups using a time-dependent Cox proportional hazards model. †P value for test of interaction. ACEi/
ARB indicates angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; and BMI, body mass index.
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could shed further light on whether in-hospital ACEi/
ARB use affects the course of the inflammatory re-
sponse. Lastly, the early diversion of the survival 
curves in our study suggests that the benefits of ACEi/
ARB are likely derived from prior use rather than acute 
use of ACEi/ARB. Clinical trial evidence for the effec-
tiveness of ACEi/ARB in improving COVID-19-related 
outcomes will spur experimental research to further 
delineate underlying mechanisms and perhaps identify 
new indications for the use of ACEi/ARB in the context 
of the COVID-19 pandemic.

Limitations
The major limitation of the study is its observational 
nature. Although we have carefully characterized and 
adjusted for known confounders in this multipronged 
analysis, no amount of adjustment can fully account for 
all potential confounders, and ultimately a randomized 
study is needed to confirm the benefit of ACEi/ARB in 
COVID-19. The University of Michigan M2C2 was un-
fortunately the only ISIC site with serial blood pressure 
and creatinine measurements available; however, it is 
the largest contributing site (n=1357) in which findings 
were consistent with the overall cohort.

CONCLUSIONS
Among patients hospitalized for symptomatic COVID-19, 
use of ACEi/ARB was associated with lower levels of 
inflammatory markers and lower risk of in-hospital out-
comes after accounting for numerous confounders in-
cluding serial blood pressure, creatinine measures, and 
survivor bias. In the absence of acute contraindications 
to ACEi/ARB such as hypotension or hemodynamic in-
stability, ACEi/ARB should be continued or resumed. 
Whether patients hospitalized for COVID-19 without an 
indication for ACEi/ARB would benefit from treatment 
warrants evaluation in a clinical trial setting.
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Appendix S1. ISIC Investigators 

University of Michigan in Ann Arbor, USA: Salim S. Hayek*, Pennelope Blakely, Christopher 

Launius, Hanna Berlin, Kingsley Amadi, Tariq U. Azam, Husam Shadid, Michael Pan, Patrick 

O’ Hayer, Chelsea Meloche, Rafey Feroze, Kishan J. Padalia, Elizabeth Anderson, Danny Perry, 

Abbas Bitar, Rayan Kaakati, Lili Zhao, Peiyao Zhao, Erinleigh Michaud, Yiyuan Huang, 

Toniemarie Catalan, Ibrahim Khaleel 

Rush University in Chicago, USA: Jochen Reiser*, Beata Samelko, Alexander Hlepas, 

Xuexiang Wang, Priya Patel 

University of Copenhagen at Hvidovre Hospital, Denmark:  Jesper Eugen-Olsen*, Izzet 

Altintas, Jens Tingleff, Marius Stauning, Morten Baltzer Houlind, Mette B Lindstrøm, Ove 

Andersen, Hejdi Gamst-Jensen, Line Jee Hartmann Rasmussen, Christian Rasmussen, Jan O 

Nehlin, Thomas Kallemose, Imran Parvaiz 

Attikon University Hospital in Athens, Greece: Evangelos J. Giamarellos-Bourboulis*, Maria-

Evangelia Adami, Nicky Solomonidi, Maria Tsilika, Maria Saridaki, Vasileios Lekakis  

University Hospital Dusseldorf, Germany: Sven Loosen*, Tom Luedde, Verena Keitel 

University of Thessaly, Greece: Athanasios Chalkias*, Eleni Arnaoutoglou, Ioannis 

Pantazopoulos, Eleni Laou, Konstantina Kolonia, Anargyros Skoulakis  

Charité University Medicine Berlin, Germany: Frank Tacke*, Pinkus Tober-Lau, Raphael 

Mohr, Florian Kurth, Leif Erik Sander, Christoph Jochum 

University Hospital of Cologne, Germany: Philipp Koehler 

*Site Principal Investigator



Table S1. Participating centers and number of patients included in the substudy. 

Institution 
Number of patients 

included 

University of Michigan in Ann Arbor, MI USA 1608 

Rush University, Chicago, IL USA 105 

University of Copenhagen at Hvidovre, Denmark 89 

Attikon University Hospital in Athens, Greece 90 

University Hospital of Dusseldorf, Germany  27 

University of Thessaly, Greece 29 

Charite de Berlin, Germany 78 

University Hospital of Cologne, Germany 18 

Total 2044 



Table S2. In-hospital ACEi/ARB use and risk of death, need for 

mechanical ventilation, and need for renal replacement therapy in 

overall cohort (N=2,044). 
 

 Death Need for Mechanical 

Ventilation 

Need for Renal 

Replacement Therapy 

 OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value 

Model 0 0.57 (0.41, 0.81) 0.002 0.75 (0.59, 0.96) 0.024 0.63 (0.42, 0.96) 0.03 

Model 1 0.44 (0.30, 0.63) <0.001 0.66 (0.50, 0.87) 0.003 0.64 (0.48, 0.87) 0.004 

Model 2 0.45 (0.31, 0.66) <0.001 0.67 (0.51, 0.88) 0.005 0.54 (0.34, 0.87) 0.012 

Model 0: Unadjusted 

Model 1: age, sex, race, BMI, diabetes mellitus, hypertension, coronary artery disease, congestive heart 

failure, admission GFR, and institution 

Model 2: Model 1 + baseline mean arterial pressure 

Overall cohort including patients taking an ACEi/ARB prior to hospitalization but were discontinued 

during hospitalization and those in whom an ACEi/ARB was initiated during hospitalization. 

 



Figure S1. Study sample flow chart. 

 
 


