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hospital statin use is associated with a
lower risk of all-cause mortality.
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SUMMARY

Statins are lipid-lowering therapeutics with favorable anti-inflammatory profiles and have been proposed as
an adjunct therapy for COVID-19. However, statins may increase the risk of SARS-CoV-2 viral entry by
inducing ACE2 expression. Here, we performed a retrospective study on 13,981 patients with COVID-19 in
Hubei Province, China, among which 1,219 received statins. Based on a mixed-effect Cox model after pro-
pensity score-matching, we found that the risk for 28-day all-cause mortality was 5.2% and 9.4% in the
matched statin and non-statin groups, respectively, with an adjusted hazard ratio of 0.58. The statin use-
associated lower risk of mortality was also observed in the Cox time-varying model and marginal structural
model analysis. These results give support for the completion of ongoing prospective studies and random-
ized controlled trials involving statin treatment for COVID-19, which are needed to further validate the utility of
this class of drugs to combat the mortality of this pandemic.

INTRODUCTION worldwide at an unprecedented scale and speed. To date, there

are no definitive treatments specifically targeted to SARS-CoV-2
The coronavirus disease 2019 (COVID-19) pandemic has pro- infection for COVID-19 therapy or prevention. Moreover, the
foundly affected the health and livelihood of millions of people development of effective vaccines or new therapies for curing

Context and Significance

Statins, potent lipid-lowering agents with anti-inflammatory effects, have been suggested as a therapeutic option for
COVID-19. However, these drugs may increase the expression of ACE2, the receptor for the virus that causes COVID-19,
and thus may exacerbate pathology. Here, Zhang et al. report that among 13,981 cases of COVID-19, in-hospital use of sta-
tins compared to non-statin use is significantly associated with a lower risk of death and a less inflammatory response dur-
ing the entire hospitalization period. These findings support the notion that the potential benefits of statin therapy for
COVID-19 might outweigh the risks. And they call for further prospective studies and randomized controlled clinical trials
to more definitively determine the overall clinical benefits of statin treatment for COVID-19-related pathologies.
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COVID-19 is time-consuming and likely well off in the future.
Thus, repurposing existing approved drugs to mitigate the
severity of COVID-19 has been viewed as a more cost-effective
and time-sensitive strategy.

Statins are first-line lipid-lowering therapies with well-toler-
ated side effects, are low in cost, and are broadly available
worldwide, including in developing countries. The potent anti-in-
flammatory and immunomodulatory effects of statins suggest
they could be beneficial to counter coronoviral infections,
including for SARS-CoV-2 (Castiglione et al., 2020; Dashti-Kha-
vidaki and Khalili, 2020; Fedson et al., 2020). Indeed, observa-
tional studies and randomized controlled trials (RCTs) have
demonstrated a significant protective effect of statins on
improving proinflammatory cytokine release and immune cell
functions among individuals with viral and bacterial pneumonia
(Fedson, 2013; Papazian et al., 2013; Pertzov et al., 2019; Sapey
et al., 2017). A more recent report based on molecular docking
analysis showed that statins might inhibit SARS-CoV-2 entry
into host cells by directly binding the main protease of the coro-
navirus (Reiner et al., 2020). These data led to speculation
regarding the potential therapeutic benefits of statins for the
treatment of COVID-19 (Arabi et al., 2020; Bifulco and Gazzerro,
2020). However, concerns have been raised regarding whether
individuals on statins are at a greater risk for SARS-CoV-2 infec-
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tion and COVID-19 exacerbation, as this class of drugs has been
shown to increase the expression of angiotensin-converting
enzyme 2 (ACE2), the receptor for the virus, in lab animals (Hoff-
mann et al., 2020; Shin et al., 2017; Tikoo et al., 2015; Wang et al.,
2020b). Thus, direct clinical evidence is urgently needed to
answer the question as to whether statin use is detrimental or
beneficial in hospitalized individuals with COVID-19.

In the clinical setting, statins are often prescribed along with
renin-angiotensin-aldosterone system (RAAS) blockers, in
particular angiotensin-converting enzyme (ACE) inhibitors and
angiotensin Il receptor blockers (ARBs), for subjects with hyper-
tension or cardiac pathologies (Ray et al., 2014). Remarkably,
clinical applications of ACE inhibitors and ARBs for COVID-19
also share a similar dilemma as a statin treatment regarding
the perceived contraindications of increasing ACE2 expression
versus anti-inflammation and cardio-protection (South et al.,
2020). Our recent research has shown that individuals with
COVID-19 on ACE inhibitors or ARBs (ACEIi/ARB) are at lower
risk of 28-day all-cause mortality than those not treated with
ACE inhibitors or ARBs (Zhang et al., 2020). Moreover, combina-
tion therapy of statins and ARBs showed encouraging results in
improving the survival of Ebola-infected individuals (Fedson
etal., 2015). However, the effects of such combination treatment
in individuals with COVID-19 have not been studied.
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15,649 COVID-19 patients from 21 hospitals in Hubei

821 without complete record;

401 aged < 18 or > 85 years;

209 pregnant or with acute lethal organ injury;

203 with hypothyroidism or contraindications for statins;
34 taking lipid-lowering drugs other than statin

13,981 recruited in the study

\J y 297"
g q Statin with
Non-statin group Statin group . .
(n=12,762) (n=1,219) 4 . antlhvp;rlzr;szl;/e drug
. . PSM at 1:4
Cox-time varying MSM mixed effects Cox l l
! ’ : ; ) q Statin with Statin with
non-statin vs Statin non-statin vs Statin non-statin vs Statin
12,762 vs 1,219 12,762 vs 1,219 3,444 vs 861 ACEIIRE) TS 2R
(n=319) (n=603)

|
\ V v

. . PSM at 1:1
Cox-time varying MSM mixed effects Cox
ACEI/ARB vs ACEI/ARB vs ACEI/ARB vs
nonACEI/ARB nonACEI/ARB nonACEI/ARB
319 vs 603 319 vs 603 204 vs 204

Figure 1. The Flowchart Showing the Strategy of Participant Enroliment
A schematic overview illustrating participant enroliment and the exclusion and inclusion criteria.
*297 participants without a medical history of hypertension or with hypertension but not taking antihypertensive medication were excluded from subgroup

analyses.

To address these important clinical questions, we conducted
one of the largest retrospective cohort studies to date—one
involving 13,981 clinically confirmed cases of COVID-19—to
determine the association of in-hospital use of statins with clinical
outcomes. In the subgroup analysis, we further investigated the
additional effects of combining ACEi/ARB with statins on the clin-
ical outcomes of COVID-19. The time-varying Cox model, mar-
ginal structure model (MSM), and propensity score-matching
analysis consistently showed a lower risk of all-cause mortality
of COVID-19 in individuals with statin use versus statin nonuse.

RESULTS AND DISCUSSION

Baseline Characteristics in Participants with and
without Statin Treatment

A total of 13,981 cases of confirmed COVID-19 admitted in 21
hospitals from Hubei Province, China, were included in this anal-
ysis. Among them, 1,219 had in-hospital use of statins (statin
group) and the remaining 12,762 had no statin treatment (non-
statin group) (Figure 1). The participants that received statin treat-
ment were older (66.0 versus 57.0 years of age, p < 0.001) and
had higher prevalence of chronic medical conditions, including
hypertension (81.5% versus 30.3%, p < 0.001), diabetes mellitus
(DM) (34.0% versus 14.6%, p < 0.001), coronary heart disease
(36.3% versus 5.7%, p < 0.001), cerebrovascular diseases
(8.8% versus 2.3%, p < 0.001), and chronic kidney diseases

(5.2% versus 3.1%, p < 0.001) than those without statin treatment
(Table 1). Chest CT revealed bilateral pulmonary lesions were
more common in the statin group compared with that in the
non-statin group (89.5% versus 83.7%, p < 0.001) (Table 1).
Larger proportions of subjects in the statin group showed
increased neutrophil counts, procalcitonin levels, and D-dimer
compared with the non-statin group (Table 1). In addition to these
inflammatory markers, abnormal serum biochemistry, including
increased ALT and AST levels and decreased estimated glomer-
ular filtration rate (eGFR), indicated more prevalent organ impair-
ments in the participants with statin therapy compared to non-
statin use (Table 1). The frequencies of individuals with increased
low-density lipoprotein cholesterol (LDL-c) and total cholesterol
(TC) levels were higher among the statin group versus the non-
statin group at admission. In terms of the whole hospitalization
period, lipid profiles were comparable between the two groups
(Figure S1). Days from onset of symptom to hospitalization and
the median follow-up days were longer in the individuals on statin
treatment compared to the non-statin group (Table 1). The abso-
lute values of the median and interquartile range (IQR) of each lab-
oratory examination are shown in Table S1. The laboratory
values, including for c-reactive protein (CRP), procalcitonin,
D-dimer, LDL-c, TC, and creatine kinase (CK), had different refer-
ence ranges for hospitals, which are listed in Table S2.

For subjects enrolled in the propensity score-matching (PSM)
model that was conducted to minimize the differences in
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Table 1. Characteristics of Patients in Statin and Non-statin Groups

Parameters Statin (N = 1,219) Non-statin (N = 12,762) p Value®
Clinical Characteristics on Admission

Age, median (IQR) 66.0 (59.0-72.0) 57.0 (45.0-67.0) <0.001
Male gender, n (%) 602 (49.4%) 6,228 (48.8%) 0.719
Heart rate, median (IQR), bpm 85.0 (77.0-97.0) 84.0 (78.0-96.0) 0.744
Respiratory rate, median (IQR), bpm 20.0 (19.0-21.0) 20.0 (19.0-21.0) 0.297
SBP, median (IQR), mmHg 133.0 (120.0-146.0) 128.0 (119.0-139.0) <0.001
DBP, median (IQR), mmHg 80.0 (72.0-89.0) 79.0 (71.0-87.0) 0.002
BMI, median (IQR), kg/m? 24.3 (22.7-25.6) 23.9 (22.3-25.9) 0.501
Days from symptom to hospital, 14.0 (8.0-23.0) 11.0 (6.0-20.0) <0.001
median (IQR)

Days from symptom to medical treatment in 14.0 (8.0-23.0) 11.0 (7.0-20.0) <0.001
hospitalization, median (IQR)

Follow-up days, median (IQR) 22.0 (15.0-28.0) 17.0 (11.0-25.0) <0.001
Comorbidities on Admission

COPD, n (%) 15 (1.2%) 138 (1.1%) 0.738
Hypertension, n (%) 993 (81.5%) 3,867 (30.3%) <0.001
Diabetes, n (%) 414 (34.0%) 1,868 (14.6%) <0.001
Coronary heart disease, n (%) 442 (36.3%) 729 (5.7%) <0.001
Cerebrovascular disease, n (%) 107 (8.8%) 296 (2.3%) <0.001
Chronic liver disease, n (%) 17 (1.4%) 268 (2.1%) 0.119
Chronic kidney disease, n (%) 63 (5.2%) 398 (3.1%) <0.001
Chest CT on Admission

Bilateral lesions, n/N (%) 1,021/1,141 (89.5%) 9,983/11,932 (83.7%) <0.001
Laboratory Examination on Admission

Leukocyte count > 9.5, 1079/L, n/N (%) 126/1,182 (10.7%) 1,094/11,716 (9.3%) 0.153
Neutrophil count > 6.3, 1079/L, n/N (%) 201/1,182 (17.0%) 1,672/11,706 (14.3%) 0.013
Lymphocyte count < 1.1, 1079/L, n/N (%) 480/1,182 (40.6%) 4,708/11,707 (40.2%) 0.816
C-reactive protein > ULN?, n/N (%) 349/717 (48.7%) 3,435/6,892 (49.8%) 0.579
Procalcitonin > ULN?, n/N (%) 487/1,024 (47.6%) 3,721/9,358 (39.8%) <0.001
ALT > 40 U/L, n/N (%) 299/1,178 (25.4%) 2,439/11,302 (21.6%) 0.003
AST > 40 U/L, n/N (%) 277/1,178 (23.5%) 2,333/11,313 (20.6%) 0.022
eGFR < 90 mL/min, n/N (%) 444/1,173 (37.9%) 2,878/11,490 (25.1%) <0.001
D-dimer > ULN?, n/N (%) 649/1,112 (58.4%) 4,721/10,425 (45.3%) <0.001
LDL-c > ULN?, n/N (%) 194/1,007 (19.3%) 1,147/8,308 (13.8%) <0.001
TC > ULN?, n/N (%) 198/1,093 (18.1%) 1,089/9,257 (11.8%) <0.001
CK > ULN?, n/N (%) 118/1,031 (11.5%) 1,037/9,599 (10.8%) 0.564
Sp02 < 95%, n/N (%) 374/1,219 (30.7%) 4,595/12,762 (36.0%) <0.001

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; COPD, chronic obstructive pulmonary disease; ALT, alanine
transaminase; AST, aspartate transaminase; eGFR, estimated glomerular filtration rate; LDL-c, low-density lipoprotein cholesterol; TC, total choles-
terol; CK, creatine kinase; SpO2, oxygen saturation; IQR, interquartile range.

8Upper limit of normal (ULN) was defined according to criteria in each hospital

Pp values were calculated by Mann-Whitney U test for non-normally distributed continuous variables and Fisher’s exact test or %2 test for categorical

variables

baseline characteristics, 861 participants from the statin group
were matched at a 1:4 ratio to 3,444 participants from the non-
statin group. The baseline characteristics were comparable be-
tween the two groups, except the proportion of individuals with
Sp02 < 95% was lower in statin group than the non-statin group
(Table S8). Lipid profiles also were comparable during hospital-
ization between statin and non-statin groups after PSM
(Figure S2).

4 Cell Metabolism 32, 1-12, August 4, 2020

Among the participants on statin therapy, 993 (81.5%) of
them had hypertension. Of these participants with hyperten-
sion, 319 were also treated with ACE inhibitors or ARB
regimen (statin+ACEI/ARB group) for antihypertensive man-
agement, while 603 were on nonACEi/ARB antihypertensive
drugs (statin+nonACEi/ARB group) for antihypertensive ther-
apy (Figure 1). Age and gender distribution were comparable
between the two groups. The systolic blood pressure (SBP)
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Table 2. In-Hospital Application of Statin and ACEi/ARB in Statin and Non-statin Groups

Unmatched Matched
Non-statin Non-statin

Parameters Statin (n=1,219) (n=12,762) pValue®  Statin (n = 861) (n = 3,444) SD p Value®
Atorvastatin, n (%) 1,014 (83.2%) 0 (0.0%) <0.001 730 (84.8%) 0 (0.0%) 3.338 <0.001
Rosuvastatin, n (%) 190 (15.6%) 0 (0.0%) <0.001 113 (13.1%) 0 (0.0%) 0.550 <0.001
Simvastatin, n (%) 22 (1.8%) 0 (0.0%) <0.001 16 (1.9%) 0 (0.0%) 0.195 <0.001
Pravastatin, n (%) 16 (1.3%) 0 (0.0%) <0.001 11 (1.3%) 0 (0.0%) 0.161 <0.001
Fluvastatin, n (%) 1(0.1%) 0 (0.0%) 0.087 0 (0.0%) 0 (0.0%) 0.000 1.000
Pitavastatin, n (%) 10 (0.8%) 0 (0.0%) <0.001 7 (0.8%) 0 (0.0%) 0.128 <0.001
ACEI/ARB, n (%) 319 (26.2%) 848 (6.6%) <0.001 154 (17.9%) 653 (19.0%) —0.028  0.501
Statin initial day after admission, 0.0 (0.0-0.0) - - 0.0 (0.0-0.0) - - -

median (IQR), days

Statin therapeutic duration,
median (IQR), days

Daily equivalent dose of statin®,
median (IQR), mg

22.0 (14.0-28.0) -

20.0 (18.9-20.0) -

= 21.0 (14.0-28.0) - = =

= 20.0(17.1-20.0) - = =

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; IQR, interquartile range; SD, standardized difference.
@Daily equivalent dose of statin was converted to an equivalent dose of atorvastatin according to Hu et al. (2015)
bp values were calculated by Mann-Whitney U test for non-normally distributed continuous variables and Fisher’s exact test or 2 test for categorical

variables

levels and prevalence of DM were higher, while the preva-
lence of COPD was lower, in individuals on statin+ACEi/
ARB, compared to those on the combination of statin and
other types of antihypertensive drugs (Table S4). The abso-
lute values of the median (IQR) of each laboratory examina-
tion are shown in Table S5. After PSM, 204 individuals in
the statin+ACEi/ARB group were matched at a 1:1 ratio to
204 individuals in the statin+nonACEi/ARB group. The base-
line characteristics were comparable between the two
groups (Tables S5 and S6).

In-Hospital Use of Statins and Combination of Statins
and ACEi/ARB

Among the subjects that received statin treatment, atorvastatin
was the most frequently prescribed (accounting for 83.2% of
all the statins users), followed by rosuvastatin (15.6% of statin
users) (Table 2). Statin treatment started at the day of hospital
admission. The dose differences among statins were converted
to an equivalent dose of atorvastatin (Tables 2 and S7) (Hu et al.,
2015). The therapeutic duration for individuals in the statin group
was 22.0 (14.0-28.0) days, with an atorvastatin equivalent dose
at 20.0 (18.9-20.0) mg per day (Table 2). There were 26.2% indi-
viduals also treated with ACEi/ARB in the statin group compared
to 6.6% for the non-statin group (Table 2). In the PSM cohort, the
percentage of individuals on ACEi/ARB treatment was compara-
ble between the statin and non-statin groups (Table 2).

The distributions of different brands of statins, therapeutic
duration, and daily equivalent dose of statin were comparable
between the individuals in the statin+ACEi/ARB group versus
those in the statin+nonACEi/ARB group (Table S8). The median
(IQR) day of starting ACEiI/ARB treatment was 3.0 (0.0-9.0)
days after admission, and the median (IQR) therapeutic duration
was 17.0 (9.5-25.0) days (Table S8). In the PSM cohort, the me-
dian (IQR) ACEi/ARB starting time was 4.0 (0.0-10.0) days after

admission, and the median (IQR) therapeutic duration was 16.0
(9.0-23.3) days (Table S8).

In-Hospital Use of Statins Was Associated with a Lower
Risk of All-Cause Mortality

The incidence rate of death during a 28-day follow-up was 0.21
cases 100-person-day in the statin group (the mortality rate at
5.5%) versus 0.27 100-person-day in the non-statin group (the
mortality rate at 6.8%) (Table 3). Comparing to the individuals
without statin use, the individuals with statin therapy had a lower
crude 28-day mortality (incidence rate ratios [IRRs], 0.78; 95%
Cl, 0.61-0.996; p = 0.046; Table 3). Using a Cox model account-
ing for statin as a time-varying exposure and with adjustment for
baseline differences, statin treatment was associated with lower
mortality (adjusted HR [aHR], 0.63, 95% ClI, 0.48-0.84; p = 0.001)
compared to non-statin users (Table 3).

In the PSM cohort, the crude incidence of death in the statin
group (IR, 0.20 cases 100-person-day; death rate 5.2%) was
markedly lower than that in the non-statin group (IR, 0.37 100-
person-day; death rate 9.4%). Due to the severe symptoms
and comorbidities of subjects in the statin group, the matched
non-statin group had more severe baseline symptoms and
higher proportions of cardiovascular and metabolic comorbid-
ities than the unmatched non-statin group. This might account
for the increased death rate in statin nonusers after propensity
matching. Using a mixed-effects Cox model without accounting
for the time-varying exposures in the PSM cohorts, statin treat-
ment was also associated with a decreased incidence of death
(@aHR, 0.58, 95% ClI, 0.43-0.80; p = 0.001) (Table 3; Figure 2).

To adjust for the potential bias from the competing medical is-
sues caused by a delayed start or discontinued use of statin ther-
apy, we performed analysis using marginal structural model
analysis in the individuals with and without statin treatment. In
this model, the use of statins was maintained to be associated
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Table 3. Incidence Rate Ratios and Hazard Ratios for 28-Day All-Cause Mortality in Statin Group versus Non-statin Group and
Statin+ACEi/ARB versus Statin+nonACEi/ARB

Unmatched Matched
Cox Model Time-  Marginal
Crude Incidence Varying Exposure  Structural Model Crude Incidence after PSM Mixed Cox Model
IRR aHR aHR IRR aHR

IR (95%Cl) pValue® (95%CIl) pValue (95%CIl) pValue IR (95%Cl) p Value® (95%Cl) p Value
Statin versus 0.21 0.78 0.046 0.63 0.001 0.72 0.032 0.20 0.53 <0.001 0.58 0.001
non-statin® versus (0.61- (0.48- (0.54- versus (0.39- (0.43-

0.27  0.996) 0.84)° 0.97) 0.37 072 0.80)"
Statin+ACEiI/ARB  0.16 0.62 0.119 0.48 0.074 1.20 0.587 0.13 0.34 0.010 0.32 0.018
versus statin+ versus (0.34- (0.21- (0.63- versus (0.14- (0.12-
nonACEi/ARB® 0.26 1.14) 1.07)° 2.24)° 0.38 0.81) 0.82)

IR (100-person-day), incidence rate; IRR, incidence rate ratio; aHR, adjusted hazard ratio; Cl, confidence interval; ACEi, angiotensin-converting
enzyme inhibitor; ARB, angiotensin Il receptor blocker.

#There were 1,219 and 12,762 participants in unmatched statin and non-statin groups, respectively. After PSM with a 1:4 ratio, there were 861 and
3,444 participants in the matched statin and non-statin groups, respectively.

PThere were 319 and 603 participants in unmatched statin+ACEi/ARB and statin+nonACEi/ARB groups, respectively. After PSM with a 1:1 ratio, there
were 204 and 204 participants in the matched statin+ACEi/ARB and statin+nonACEi/ARB groups, respectively.

°p values were calculated by R package “fmsb”; the significant probability of the result of null-hypothesis testing.

dAdjusted for age, gender, blood pressure (SBP and DBP), pre-existing comorbidities (DM, hypertension, coronary heart disease, cerebrovascular
disease, and chronic kidney disease), indicators of disease severity and organ injuries (lesions in chest CT, neutrophil count increase, procalcitonin
increase, D-dimer increase, ALT increase, AST increase, creatinine increase, and Sp0O2), LDL-c increase, TC increase, medications at admission, us-
ing invasive mechanical ventilation support, and days from symptom onset to hospitalization.

®Adjusted for age, gender, blood pressure (SBP), pre-existing comorbidities (COPD and DM), medications at admission, using invasive mechanical
ventilation support covariates, and the number of antihypertensive drugs, with statin and ACEi/ARB therapy as time-varying exposures.

fCURB-65 pneumonia severity score, serum ALT levels, and CK levels were considered as time-varying confounders. Additionally, the adjustment fac-
tors included age, gender, blood pressure (SBP and DBP), pre-existing comorbidities (DM, hypertension, coronary heart disease, cerebrovascular dis-
ease, and chronic kidney disease), indicators of disease severity and organ injuries (lesions in chest CT, neutrophil count increase, procalcitonin in-
crease, D-dimer increase, AST increase, creatinine increase, and SpO2), LDL-c increase, TC increase, medications at admission, using invasive
mechanical ventilation support, and days from symptom onset to hospitalization.

9CURB-65 pneumonia severity score, serum ALT levels, and creatinine levels were considered as time-varying confounders. Additionally, the adjust-
ment factors included age, gender, pre-existing COPD and DM, medication at admission, use of mechanical ventilation, and the number of antihyper-
tensive drugs.

haHR was calculated based on mixed-effect Cox model with adjustment of age, gender, and SpO2 at admission.

iaHR was calculated based on mixed-effect Cox model with adjustment of age, gender, coronary heart disease, CRP increase, D-dimer increase, and
LDL-c increase at admission.

with a lower 28-day mortality (aHR, 0.72; 95% Cl, 0.54-0.97; p =
0.032) than individuals with no use of statins (Table 3).

In a sensitivity test, we excluded individuals who were
admitted to the ICU or died within 48 h after admission and per-
formed the same analyses for the rest of the individuals. Similar
results were observed in the Cox model with time-varying expo-
sure (aHR, 0.74, 95% Cl, 0.55-0.99; p = 0.044), the MSM anal-
ysis (@HR, 0.73; 95% Cl, 0.53-0.99; p = 0.046), and the mixed-ef-
fects Cox model in PSM population (aHR, 0.59, 95% CI, 0.44-
0.78; p < 0.001) (Table S9). We also conducted E-value analysis
and found the point estimate of the primary endpoint was 3.41 in
the mixed Cox model. Since the value was larger than the strong
confounders, it is unlikely that unmeasured confounders would
overcome the conclusion that statin use is not associated with
increased 28-day all-cause mortality among individuals with
COVID-19.

A recent retrospective report including 154 COVID-19 cases
indicated that statin intake was significantly associated with
the asymptomatic status of COVID-19 with an unadjusted
OR of 2.91 (De Spiegeleer et al., 2020). Previous observational
studies and meta-analyses have shown that statin treatment
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may be associated with reduced morbidity and mortality in in-
dividuals with sepsis-associated ARDS (Mansur et al., 2015).
However, large RCTs of individuals with ARDS have shown
that neither atorvastatin nor simvastatin provided a significant
benefit in overall mortality (McAuley et al., 2014; Truwit et al.,
2014; Papazian et al., 2013). The discrepancy in the results
between the observational and RCT studies may be due to
differences in the heterogeneity of study populations, plau-
sible selection bias, and measured/unmeasured confounders
in the observation studies. Further analyses of RCT data
have shown the existence of subphenotypes in ARDS and dif-
ferential response to statin treatment (Calfee et al., 2018; Si-
nha et al., 2018). For instance, simvastatin was associated
with improved survival in the hyper-inflammatory rather than
the hypo-inflammatory subgroups, while atorvastatin therapy
in the acute phase was not associated with improved survival
in patients with sepsis but improved 28-day mortality when
pretreated (Kruger et al., 2013). These findings support efforts
to examine the effect of statins in targeted subphenotypes of
individuals and to pursue the approach to stratify patients in
clinical trials.
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100 Figure 2. Survival Curves of the Statin
e = Statin Group versus the Non-statin Group after
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75 Adjusted HR was calculated based on the mixed-
effect Cox model with adjustment of age, gender,
and SpO2 at admission. The 95% confidence in-
50 tervals were represented by shaded regions. The
association between statin usage and 28-day all-
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25| Adiusted HR 0.58(95% C1,0.43 - 0.80) 0f 0.58 (95%Cl, 0.43-0.80; p = 0.001) compared to
P =0.001 non-statin group. The table below the graph in-
dicates accumulated numbers at risk, death,
0 discharge, and loss of follow-up at each indicated
0 4 8 12 16 20 24 28 time point. The number of “at-risk” was defined as
Time(days) the total number of individuals subtracting the
number of “death” and the number of “loss of
- 0 4 8 12 16 20 24 28 follow-up.” Participants in the “loss of follow-up”
No.at risk Statin : 861 |858 |845 835 |806 [790 |776 |770 group were those still in the hospital, but who did
Non-Statin|3444|3389|3253|3152(3015/2943|2892|2856 not meet the criteria for 28-day follow-up at the

No death Statin 0 3 10 |16 |30 |36 |42 |45 end of our study follow-up day.
) Non-Statin|0 44 142 |202 |250 [282 |309 |325
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) Non-Statin|0 27 197 |561 |991 [1383]|1795/2204
No loss of follow-u Statin 0 0 6 10 [25 |35 (43 |46 ] )

) PINon-Statinlo |11 [49 |90 |179 |219 |243 |263 that can impact the magnitude of the

To minimize the potential bias in our study, we conducted
various models and sensitivity tests to evaluate the reliability
of our study results. Individual accessibility of medical re-
sources, survivor treatment selection bias (Glesby and Hoover,
1996), and competing medical issues (Redelmeier et al., 1998)
are three potential causes for bias in observational studies of
treatment efficacy. In our study, individuals who received sta-
tins did not have earlier initiation of medical therapy or hospital
admission than statin nonusers (14.0 days in the statin group
versus 11.0 days in the non-statin group), implying unlikely
imbalanced access to the health system-related lower risk of
COVID-19 mortality in the statin group. In addition, the
COVID-19-associated medical expenses were covered by the
Chinese government during the pandemic, which largely
reduced the impact of the socio-economic level on in-hospital
treatment. Regarding the potential bias from survivor treatment
selection, we performed a Cox model with time-varying expo-
sure to adjust for potential bias caused by differences in the
initial time of treatment. Meanwhile, we calculated the average
hospitalization period for individuals discharged in the statin
and the non-statin groups, which were similar (15.0 days versus
16.0 days), indicating unlikely prolonged benefit from hospital
treatment in the statin group. Competing medical issues,
such as clinicians being more likely to arrange urgent therapy
in critically ill patients versus those less critically ill, could
lead to a bias resulting in an association between not using sta-
tins with poor outcomes. Therefore, we conducted an MSM
analysis and adjusted time-varying confounders that simulta-
neously influence the time of statin initiation and risk of mortal-
ity. Cox models with and without time-varying exposure and
MSM analysis were also performed in the patient populations
excluding those who were admitted to the ICU or died within
48 h after admission.

Despite our extensive efforts to utilize multiple models
with rigorous controls, there still could be possible biases

statin use-associated benefits on all-

cause mortality among individuals with
COVID-19, thus calling for the need of further validations of our
conclusions via RCT studies. Encouragingly, there have been
several RCT studies started (NCT04407273, NCT04390074,
NCT04348695, NCT04426084, NCT04333407, NCT04380402,
and NCT04343001). We are looking forward to the release of
those results.

The Combination of Statins and ACEi/ARB Utilization
Was Not Significantly Associated with the Risk of
All-Cause Mortality among Individuals with COVID-19
and Hypertension

Among the subjects with hypertension, the incidence of 28-day
mortality was 0.16 cases 100-person-day versus 0.26 100-per-
son-day in the statin+ACEi/ARB group and the statin+nonACEi/
ARB group, respectively, with an IRR of 0.62 (95% CI, 0.34—
1.14; p = 0.119) (Table 3). Using a Cox model with statin and
ACEI/ARB as time-varying exposures, there was no significant
association between ACEi/ARB therapy and 28-day mortality in
individuals with hypertension and statin treatment (aHR, 0.48;
95% Cl, 0.21-1.07; p = 0.074) (Table 3). Although a mixed-effect
Cox model in PSM cohorts showed ACEi/ARB therapy treatment
was associated with decreased incidence of death (3.4% in the
statin+ACEi/ARB group versus 9.8% in statin+nonACEi/ARB
group; aHR, 0.32,95% Cl, 0.12-0.82; p =0.018) (Table 3), the sig-
nificant association did not appear in a marginal structure model
(@aHR, 1.20; 95% ClI, 0.64-2.25; p = 0.576) (Table 3).

In a sensitivity test, we excluded participants who were
admitted to the ICU or died within 48 h after admission and
performed the same analyses as described above for the
resting subjects. No significant associations were found be-
tween statin+ACEi/ARB and all-cause mortality of COVID-19
compared to statin+nonACEi/ARB group using the Cox model
with time-varying exposure, the MSM analysis, and the mixed-
effects Cox model of the PSM population (Table S9). These re-
sults indicated that using ACEi/ARB in combination with statins
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Table 4. Incidence Rate Ratios and Hazard Ratios for Secondary Outcomes and CK and Transaminase Elevation in Statin Group versus
Non-statin Group and Statin+ACEi/ARB versus Statin+nonACEi/ARB after PSM

Statin versus Non-statin

Statin+ACEi/ARB versus Statin+nonACEi/ARB

IRR aHR® IRR aHR

IR (95% Cl) p Value® (95% Cl) p Value® IR (95% Cl) p Value® (95% CI) p Value®

Secondary Outcome

Invasive mechanical 0.11 versus 0.50 (0.33- 0.001 0.51 (0.34- 0.002 0.13 versus 0.85 (0.31- 0.755 1.11 (0.35- 0.854

ventilation 0.22 0.76) 0.78) 0.15 2.35) 3.51)

ICU admission 0.29 versus 0.71 (0.55- 0.012 0.80 (0.62- 0.110 0.38 versus 0.82 (0.46- 0.494 0.78 (0.42- 0.427
0.40 0.93) 1.05) 0.47 1.46) 1.45)

ARDS 0.65 versus 0.80 (0.67- 0.016 0.88 (0.73- 0.159 0.64 versus 0.57 (0.37— 0.007 0.59 (0.37- 0.020
0.81 0.96) 1.05) 1.13 0.86) 0.92)

Septic shock 0.12 versus 0.92 (0.60- 0.684 0.93 (0.61- 0.744 0.11 versus 0.45 (0.17- 0.096 0.35 (0.12- 0.065
0.13 1.39) 1.43) 0.24 1.18) 1.07)

Acute liver injury 0.30 versus 1.06 (0.81- 0.653 1.17 (0.89- 0.253 0.27 versus 0.63 (0.33- 0.167 0.85 (0.42- 0.657
0.28 1.39) 1.54) 0.43 1.22) 1.74)

Acute kidney injury  0.13 versus 0.78 (0.53—- 0.217 0.86 (0.58- 0.454 0.13 versus 0.57 (0.22— 0.227 0.57 (0.21- 0.268
0.17 1.16) 1.28) 0.23 1.44) 1.55)

Acute cardiac injury  0.51 versus 1.03 (0.84- 0.793 1.22 (0.99- 0.063 0.60 versus 0.57 (0.37- 0.010 0.61 (0.38- 0.038
0.49 1.26) 1.50) 1.05 0.88) 0.97)

CK and Transaminase Elevation

CK > ULN 0.40 versus 0.87 (0.69- 0.219 0.98 (0.78- 0.896 0.42 versus 0.80 (0.46- 0.424 0.91 (0.51- 0.765
0.46 1.09) 1.24) 0.53 1.39) 1.64)

ALT > 3ULN 0.23 versus 1.00 (0.74- 0.983 1.10 (0.81- 0.554 0.16 versus 0.40 (0.18- 0.016 0.60 (0.26- 0.223
0.23 1.36) 1.49) 0.41 0.86) 1.37)

IR (100-person-day), incidence rate; IRR, incidence rate ratio; aHR, adjusted hazard ratio; Cl, confidence interval; ICU, intensive care unit; ARDS, acute
respiratory distress syndrome; CK, creatine kinase; ALT, alanine transaminase; ULN, the upper limit of normal.

%p values were calculated by R package “fmsb”; the significant probability of the result of null-hypothesis testing.

bAdjusted HR was calculated based on mixed-effect Cox model with adjustment of age, gender, and SpO2 on admission.

°p values were calculated based on mixed-effect Cox model.

9Adjusted HR was calculated based on mixed-effect Cox model with adjustment of age, gender, coronary heart disease, and incidence of increased

CRP, D-dimer, and LDL-c on admission.

conferred neither additive beneficial nor detrimental effects in
28-day mortality compared to the combined use of non-ACEi/
ARB plus statins among subjects with pre-existing hypertension.

Although the use of an ACE inhibitor or ARB was once spec-
ulated to be potentially harmful in patients with COVID-19 (Fang
et al., 2020), numerous observational studies have shown either
a protective or neutral effect on mortality (Mancia et al., 2020;
Zhang et al., 2020). While more definitive results from RCTs
are forthcoming, several professional societies have recom-
mended the continuing use of ACE inhibitors and ARBs in pa-
tients with COVID-19 and pre-existing hypertension (ESC,
2020; ISH, 2020). To our knowledge, the results from this study
were the first clinical evidence to support the notion that the
risk of COVID-19 mortality was not increased by using ACE in-
hibitors or ARB in combination with statin treatment in individ-
uals with COVID-19.

In-Hospital Usage of Statins and Combination Usage of
Statins and ACE Inhibitors or ARBs Did Not Increase the
Risk of Organ Damage and Other Adverse Effects

In terms of secondary endpoints of COVID-19, we analyzed the
association of statin use with incidences of invasive mechanical
ventilation, ICU admission, ARDS, septic shock, acute liver
injury, acute kidney injury, and acute cardiac injury. After
adjusted baseline differences, Cox model analysis showed that
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statin usage was associated with a lower prevalence of using
mechanical ventilation (aHR, 0.37; 95% CI, 0.26-0.53, p <
0.001), ICU admission (aHR, 0.69; 95% CI, 0.56-0.85, p =
0.001), and ARDS (aHR, 0.83; 95% Cl, 0.72-0.97, p = 0.015) in
individuals with COVID-19 (Table S10). After matching baseline
differences in two groups by PSM, the statin group still showed
a lower incidence of invasive mechanical ventilation compared
to the non-statin group (aHR, 0.51; 95% ClI, 0.34-0.78, p =
0.002) (Table 4). Statin therapy was not significantly associated
with other secondary outcomes (e.g., acute kidney injury, liver
injury, and cardiac injury) and increased serum CK or transami-
nase levels in the PSM cohort (Table 4).

Among the individuals with COVID-19 and pre-existing hyper-
tension, there were no significant associations between all
observed secondary outcomes and statins with or without ACE
inhibitors or ARB treatment in unmatched subjects (Table S10).
After matching baseline characteristics, the associations be-
tween statin+ACEi/ARB treatment and lower incidences of
ARDS (aHR, 0.59; 95% ClI, 0.37-0.92; p = 0.020) and cardiac
injury (@HR, 0.61; 95% ClI, 0.38-0.97; p = 0.038) compared to
the statin+nonACEi/ARB group were shown in a mixed-effect
Cox model (Table 4). There were no significant associations be-
tween the co-treatment of statin with ACEi/ARB and other sec-
ondary outcomes or the raised serum CK or transaminase levels
(Table 4).
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Figure 3. Dynamic Change of Inflammatory Factors in Statin and Non-statin Groups during Hospitalization
(A-C) Dynamic profiles of CRP (A), IL-6 (B), and neutrophil count (C) levels during the 28-day follow-up duration in the baseline matched individuals, with 95%

confidence interval represented by the shaded regions.

(D-F) Dynamic profiles of CRP (D), IL-6 (E), and neutrophil count (F) levels during the 28-day follow-up duration in the baseline matched survival individuals, with
95% confidence interval represented by shaded regions. The sample sizes for each parameter in each group are labeled in the parentheses of the legends.

An Ameliorated Inflammatory Response Might Underlie
Statin-Associated Improved Prognosis of COVID-19
Given the putative anti-inflammatory and immunomodulatory ef-
fects of statins (Castiglione et al., 2020; Dashti-Khavidaki and
Khalili, 2020; Fedson et al., 2020), we explored the changes of in-
flammatory markers in statin users with COVID-19. The dynamic
changes of inflammatory factors in individuals with COVID-19
with and without statin treatment during the 28-day hospitaliza-
tion were fitted using a locally weighted regression and smooth-
ing scatterplot (Lowess) model. Circulating CRP, interleukin 6
(IL-6), and neutrophil counts were three inflammation biomarkers
selected to represent the overall status of inflammation (Nathan,
2006; Vasileva and Badawi, 2019; Wang et al., 2020a).

In subjects with matched baseline differences, the dynamic
trajectories of CRP showed a downward trend after admission
in both groups, with lower levels among the statin users for the
entire in-hospital duration (Figure 3A). IL-6 in the statin group
showed a lower level at admission and had a lower increase
than that of the non-statin group for the entire duration of
follow-up (Figure 3B). Meanwhile, the dynamic curve of the
neutrophil count level showed a more significant downward
trend in the statin groups than the non-statin group during hos-
pitalization (Figure 3C). Furthermore, to eliminate any artifacts
due to censoring or death, the analysis was also conducted in
alive participants. The tendencies were similar when individuals
who died during the 28-day follow-up were excluded from each
group (Figures 3D-3F).

The dynamic trajectories for circulating CRP, IL-6, and neutro-
phil counts were also determined in statin users and statin non-
users before PSM and found to show similar patterns to those af-
ter PSM analysis (Figure S3). Because individuals on statins were
older and had a greater incidence of chronic diseases (Table 1),
the benefits of statins in suppressing circulating pro-inflamma-

tory markers were less remarkable as in the matched cohort
with comparable baseline characteristics.

Overwhelming inflammation response is a pathological hall-
mark of COVID-19-associated phenomena and ARDS and con-
tributes to extrapulmonary organ damage (Tay et al., 2020). Sta-
tins can reduce inflammation and the progression of lung injury in
experimental models (Fan et al., 2018). Mechanistic studies have
shown that statins can suppress TLR4/MyD88/NF-«B signaling
and cause an immune response shift to an anti-inflammatory sta-
tus (Gallelli et al., 2014; Yuan et al., 2014). More recent evidence
has shown statins have pleiotropic effects on NLRP3 inflamma-
some activation and cytokine releases in numerous disease con-
ditions (Henriksbo et al., 2014; Satoh et al., 2014; Xu et al., 2012).
During metabolic dysfunction, factors such as oxidized LDL and
advanced glycation end-product, promote NLRP3 inflamma-
some activation to magnify the inflammatory responses during
pathogen infection (Duewell et al., 2010; Sheedy et al., 2013).
This response may underlie why patients with the metabolic dis-
order are prone to more severe complications of COVID-19. The
potential benefit of statin on NLRP3 inflammasome might also be
associated with improved outcomes in the setting of COVID-19.

Clinical data to date have been inconclusive as to the impact of
statins on inflammatory mediators (McAuley et al., 2014; Truwit
etal., 2014). Some earlier studies have reported that in bacterial in-
fections or acute lung injury, inflammation mediators (e.g., TNF-a.,
IL-6, and CRP) were significantly lower either in circulation or in
bronchoalveolar lavage among subjects on simvastatin. However,
due to a self-control comparison study design and limited sample
size, these results need to be interpreted with caution (Craig et al.,
2011;Novacketal., 2009). An RCT was conducted among patients
from the ICU treated with atorvastatin and found that the plasma
level of IL-6 was not significantly affected by atorvastatin therapy
(Kruger et al., 2013). Another study designed to explore the
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formation of neutrophil extracellular traps (NETs), representing
responsiveness of neutrophils to bacterial infection, showed that
simvastatin treatment in patients with pneumonia resulted in
altered formation. In this study, 4 days of simvastatin adjuvant ther-
apy was associated with improvements in systemic neutrophil
function (i.e., NETosis and chemotaxis) (Sapey et al., 2019). The
different results from such studies may result from diverse disease
conditions among the different trials and the heterogeneity in the
target populations. Thus, to address these concerns regarding
the true effect of statins on inflammatory diseases, RCTs with
appropriate patient stratification will be required.

Conclusion

The use of statins in hospitalized subjects with COVID-19 was
associated with a lower risk of all-cause mortality and a favorable
recovery profile. Due to the nature of such retrospective studies,
these results should be interpreted with caution; however, these
data provide supportive evidence for the safety of statin or com-
bination of a statin with ACEi/ARB for treatment in patients with
COVID-19. Further RCTs to prospectively explore the efficacy of
statins on COVID-19 outcomes are urgently needed.

Limitations of Study

Our study has several limitations. First, the inherent limitation of a
retrospective study makes it impossible to infer causality in the
association between the use of statins and ACEiI/ARB and the
ameliorated severity and mortality in COVID-19. Second, even
if we used multiple statistical models to adjust for potential
bias and performed sensitivity analyses to show that the overall
unmeasured confounders were unlikely to undermine our main
conclusion, some unforeseen confounders (e.g., prehospital
medication and socioeconomic status) may still potentially
alter the magnitude of statin effects on all-cause mortality of
COVID-19. Third, marginal structural models require the avail-
ability of time-varying data on each day surrounding the initiation
of statin exposure. The data for time-varying confounders for
each day were not fully available, and imputation for days with
missing data would also lead to uncertain bias to the conclusion.
However, participants started on statin treatment in a very early
phase after admission would thus minimize the impact of impu-
tation. Fourth, the BMls in the statin and non-statin groups were
comparable and thus were not adjusted in the following statisti-
cal analysis. Moreover, due to the urgent status of the COVID-19
pandemic, BMI was not always measured and has a relatively
high missing proportion. This might lead to an uncertainty of
the impact of BMI on the associations between statin use and
lower risk of all-cause mortality. Fifth, the role of different types
of statins on COVID-19 outcomes was not fully analyzed since
the majority of the cases were taking atorvastatin and rosuvasta-
tin, while the number of individuals taking other types of statins
was relatively small. Sixth, the study population included only
hospitalized subjects, so extrapolation of these conclusions to
the general population with COVID-19-related complications in
the non-hospital setting requires caution.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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METHOD DETAILS

Study Design and Participants

This retrospective, multi-centered study was conducted in 21 hospitals in Hubei Province, China. A total of 15,649 participants diag-
nosed with COVID-19 following WHO interim guidance and the New Coronavirus Pneumonia Prevention and Control Program (5th
edition) published by the National Health Commission of China were included (National Health Commission of China, 2020; World
Health Organization, 2020). Participants were admitted between December 30™, 2019 and April 17", 2020. The final date of the follow
up was April 25™, 2020. The study protocols were approved by the central ethics committee and were accepted or approved by each
collaborating hospital. Patient informed consent was waived by each ethics committee.

Among the original participants with COVID-19, participants with incomplete electronic medical records, aged less than 18 or over
85 years, with pregnancy or severe medical conditions, including acute lethal organ injury (i.e., acute coronary syndrome, acute
stroke, and severe acute pancreatitis) were excluded. Individuals with pre-existing hypothyroidism (Fellstrom et al., 2009; Truwit
et al., 2014) or contraindications for statins use including presented serum levels of CK or aminotransferase of more than five times
of the upper limit of normal (ULN) at admission were also excluded (Fellstrom et al., 2009; Truwit et al., 2014). To avoid the confound-
ing effects from non-statin lipid-lowering drugs, participants taking statin combined with other lipid-lowering drugs or those taking
non-statin lipid-lowering agents were excluded. The number of participants enrolled in this study from hospitals was listed in Table
S11. To explore whether using ACEi/ARB brings additional benefit for individuals with hypertension and taking statins, subjects
without hypertension or not taking any antihypertensive medicine during hospitalization were excluded. The flowchart for patient in-
clusion was illustrated in Figure 1.

Data Collection

Demographic and clinical characteristics, vital sign, laboratory tests, radiological reports, therapeutic interventions, and outcome
data were extracted from electronic medical records using a standardized data collection, as described in the previous reports
(Lei et al., 2020; Zhang et al., 2020; Zhu et al., 2020). The laboratory data included a routine blood test, serum biochemical markers
reflecting liver injury, kidney injury, and cardiac injury, lipid profile, IL-6, CRP, procalcitonin, and D-dimer were collected during hos-
pitalization. In-hospital medication and life support intervention included the classification of the drugs, the dosage, the course of
treatment, and using mechanical ventilation were also extracted from medical records. Data were carefully reviewed and confirmed
by an experienced physician team and were double-checked to guarantee the accuracy.

Definition

The primary endpoint was defined as 28-day all-cause death. The secondary endpoints were the occurrence of ARDS, septic shock,
acute liver injury, acute kidney injury, acute cardiac injury, invasive mechanical ventilation, and intensive care unit admission. ARDS
and septic shock were defined according to the WHO interim guideline “Clinical management of severe acute respiratory infection
when novel coronavirus (2019-nCoV) infection is suspected.” Acute kidney injury was diagnosed by an elevation in serum creatinine
level >26.5ummol/L within 48 h (Khwaja, 2012). Acute cardiac injury was defined with serum level of cardiac troponin I/T (cTnl/T)
above the ULN (Huang et al., 2020; Yancy et al., 2017). Acute liver injury was defined using serum ALT or alkaline phosphatase above
3folds of ULN (Marrone et al., 2017). The adverse effect of statin was determined by CK to increase above ULN or ALT increase above
3-folds of ULN during follow-up (Truwit et al., 2014).

Association of Statin Use with COVID-19 Mortality

To test the association between in-hospital statin therapy and mortality, three statistical models were applied. One approach was
Cox proportional hazards regression model after propensity score-matching for baseline characteristics, but without considering
immortal time bias or time-varying confounders; A second approach was Cox proportional hazards regression model accounting
for time-varying exposure that adjusted for baseline differences and accounts for immortal time bias (with statin or statin and
ACEIi/ARB therapy as a time-varying exposure); A third approach was a marginal structural model that adjusts for baseline differences
and accounts for indication bias (by examining the impact of time-varying confounders on the daily risk of prescription of statin or
ACEIi/ARB) and immortal time bias (using statin or statin and ACEi/ARB therapy as a time-varying exposure).

Propensity Score-Matched Analysis

To minimize baseline differences between statin and non-statin groups, we performed propensity score-matched analysis (PSM).
Baseline matching variables included age, gender, pre-existing comorbidities (COPD, DM, hypertension, coronary heart disease, ce-
rebrovascular disease, chronic liver disease, and chronic kidney disease), indicators of disease severity and organ injuries (neutrophil
counts increase, lymphocyte counts decrease, CRP level increase, ALT increase, creatine kinase [CK] increase, eGFR < 90 mL/min/
1.73 m?) and LDL-c increase, total cholesterol (TC) increase, and use of ACEi/ARB. Residual imbalance in SpO2 between statin and
non-statin group were further adjusted in the Cox regression model.

To match the differences between the individuals with statin combined with ACEi/ARB treatment and statin combined with other
types of antihypertensive treatment, we matched variables including age, gender, blood pressure (SBP and DBP), pre-existing
comorbidities (COPD, DM, coronary heart disease, cerebrovascular disease, chronic liver disease, and chronic kidney disease), in-
dicators of disease severity and organ injuries (neutrophil counts increase, lymphocyte counts decrease, CRP level increase, eGFR
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decrease) and LDL-c increase, TC increase, numbers of antihypertensive drugs, and SpO2. Pre-existing coronary heart disease,
CRP increase, LDL-c increase, and D-dimer increase were remaining imbalanced variables after PSM and were further adjusted
in the Cox regression model.

We used nonparametric missing value imputation, based on the missForest procedure in the R, to account for the missing data on
the laboratory variables of increased CRP, LDL-c, eGFR, ALT, CK, BUN, D-dimer and cholesterol as well as decreased lymphocyte
counts (Waljee et al., 2013). Arandom forest model using the remaining variables in the dataset was performed to predict the missing
values for chest CT lesions and decreased SpO2. The internally cross-validated errors were also estimated. Statin users and non-
users were paired according to the propensity scores using exact matching with a caliper size of 0.05. The balance of covariates
was evaluated by estimating standardized differences before and after matching, and a small absolute value of less than 0.1 was
considered qualified balancing between the two groups. For the mixed Cox analysis, the statin versus non-statin group ratio was
paired at 1:4. In subgroup analysis, ratio was paired at 1:1 for statin+ACEi/ARB versus statin+nonACEi/ARB group. The caliper
size in the subgroup cohort was 0.05 according to the propensity scores.

Mixed-Effects Cox Model

The risk of primary and secondary endpoints and corresponding hazard ratio (HR) were calculated using the Cox proportional hazard
model comparing the statin group versus the non-statin group and the statin+nonACEi/ARB group versus the statin+nonACEi/ARB
group. In the Cox analysis, individuals discharged were treated as “0-at risk” but not censored data for two major reasons. First,
individuals with COVID-19 would not be discharged only if their symptoms significantly relieved with continuous viral PCR negative
two times. Second, individuals discharged from hospitals had another 2-week of quarantine. Any death occurred would be docu-
mented. Thus, discharged individuals were unlikely to die due to COVID-19 and their survival information was still available after
discharge.

Regression adjustment was applied to remove post-PSM residual confounding bias where it included the covariates with a stan-
dardized difference greater than 0.10. Multi-variable adjusted residual imbalances including age, gender, and SpO2 were performed
when analyzing the association between statin treatment and clinical outcomes. Age, gender, pre-existing coronary heart disease,
CRP, LDL-c, and D-dimer were adjusted when analyzing the association between ACEi/ARB treatment and clinical outcomes in sub-
jects with statin treatment. We modeled the site as a random effect in the mixed-effect Cox model. The proportional hazard assump-
tions were verified using correlation testing based on the Schoenfeld residuals.

Cox Model with Time-Varying Exposure

To examine endpoints as a time to mortality in the statin and the non-statin group, we performed a Cox proportional hazards model
adjusting for age, gender, blood pressure (SBP and DBP), pre-existing comorbidities (DM, hypertension, coronary heart disease, ce-
rebral arterial disease, and chronic kidney disease), indicators of disease severity and organ injuries (lesions in chest CT, neutrophil
counts increase, procalcitonin increase, D-dimer increase, ALT increase, AST increase, creatinine increase, and SpO2), LDL-c in-
crease, TC increase, medications at admission, using invasive mechanical ventilation support, and days from symptom onset to hos-
pitalization covariates with statin therapy as a time-varying exposure.

When analyzing the association between statin combined with or without ACEi/ARB and mortality accounting for time-varying
exposure, we adjusted for age, gender, pre-existing comorbidities (COPD and DM), SBP, medications at admission, the number
of antihypertensive drugs and using invasive mechanical ventilation support covariates with statin and ACEi/ARB therapy as time-
varying exposures.

Marginal Structural Cox Proportional Hazards Model

Changes in patient conditions influenced the initiation or termination of statin therapy or combined treatment of statin and ACEi/ARB.
We performed a marginal structural model (MSM) analysis with inverse probability of treatment weighting (IPTW) to account for time-
varying confounders. When analyzing the association between statin use and mortality in participants with COVID-19, time-varying
confounders are factors that influence the statin therapy initiation and correlated with the risk of mortality. In this analysis, CURB-65
pneumonia severity score (including confusion, blood urea nitrogen, respiratory rate, SBP, and age) (Table S12), serum ALT levels
and CK levels were considered as time-varying confounders, which reflected the patient conditions that might impact clinical deci-
sion on initiating statin therapy. Baseline characteristic, including age, gender, blood pressure (SBP and DBP), pre-existing comor-
bidities (DM, hypertension, coronary heart disease, cerebrovascular disease, and chronic kidney disease), indicators of disease
severity and organ injuries (lesions in chest CT, neutrophil counts increase, procalcitonin increase, D-dimer increase, AST increase,
creatine increase, and Sp02), LDL-c increase, TC increase, medications at admission, using invasive mechanical ventilation support,
and days from symptom onset to hospitalization were adjusted in the model. ALT level, CK level, and CRUB-65 score in days with
missing values were imputed by the last-observation-carried-forward approach through the linear mixed-effects model. Before
imputation, ALT and CK levels were standardized through dividing by the upper limit of the reference value of the corresponding
institution.

When analyzing the association between ACEi/ARB use and mortality in the statin treated patients, time-varying confounders were
factors that could influence the ACEI/ARB therapy initiation and correlated with the risk of mortality. In this analysis, CURB-65 pneu-
monia severity score, serum creatinine, and ALT levels were considered as time-varying confounders, which reflected the patient
conditions that could impact clinical decision on initiating ACEi/ARB therapy. The gender, pre-existing COPD and DM, medication
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at admission, use of mechanical ventilation and the number of antihypertensive drugs were adjusted in the model. CURB-65 score
was assessed every day during hospitalization. Serum creatinine level, ALT level, and CURB-65 score in days were imputed by the
last-observation-carried-forward approach.

The treatment selection weights were calculated to evaluate the probability of a patient to receive statin therapy at a specific time k.
The weights were updated until the first day of statin therapy and kept constant afterward. The censoring weights were calculated for
early patient dropout. The finally stabilized weights were calculated by multiplying the treatment selection weights and the censoring
weights. The time-varying intercept was modeled by a smoothing function of time, using restricted cubic splines. Then a generalized
additive model was performed to estimate the effect of statin use on results, with age and gender adjusted. The marginal structural
Cox proportional hazards model was performed incorporating the stabilized weights to estimate the effect of statin therapy on clinical
outcomes and side effects. We modeled the probability of receiving statin therapy with the assumption that once the patient was
started on statin therapy the patient will remain on that treatment.

Sensitivity Analysis

The E-value analysis was conducted to assess the robustness of the association between statin use and all-cause mortality in the
Cox models to address potential unmeasured confounding effect, using the methodology of VanderWeele and Ding (Haneuse
et al., 2019; Mathur et al., 2018; VanderWeele and Ding, 2017). The E-value is an alternative approach to sensitivity analyses for un-
measured confounding in our studies that avoids making assumptions that, in turn, require subjective assignment of inputs for some
formulas.

Because critically ill patients at admission were less likely to receive statin treatment, this bias could lead to an association between
not using statins with poor outcomes. we performed a sensitivity analysis using Cox models with and without time-varying exposure
and marginal structural model in patient population not including those who admitted to ICU or died within 48 h after admission. The
matched and adjust variables were listed in the footnotes of Table S9.

Missing Data and Imputation

Variables were used for matching in propensity-score matched analysis and for adjusting in Cox analysis at admission. To account for
the missing data on the laboratory variables, we used non-parametric missing value imputation, based on the missForest procedure
in the R (Waljee et al., 2013). A random forest model based on the rest of the variables in the dataset was constructed to predict the
missing values with an estimation of the internally cross-validated errors.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables with non-normal distributions were expressed as median [IQR]. Categorical variables were expressed as num-
ber and percentage (%). Comparisons between groups were performed with Mann-Whitney U test for nonparametric variables and
Fisher’s exact test or %2 test for categorical variables. Person-time data (Incidence) of two groups with different exposures may be
expressed as a difference between incidence rates or as a ratio of incidence rates (IRRs). Person-day is a type of measurement taking
both number of subjects and time into account. Mortality rate is the number of new cases of death during follow-up duration divided
by the person-day-at-risk, where the person-day is the sum of total days contributed by all subjects. The rate was presented
by multiplying both the numerator and denominator by 100. The IRRs of endpoint outcomes were calculated to estimate the inci-
dence difference in absolute change in the incidence of two comparison groups. The cumulative rates of death were compared using
the Kaplan-Meier curves. Dynamic changes of inflammatory factors tracking from day 1 to day 28 after admission were depicted us-
ing the Lowess model. A two-side o less than 0.05 was considered to define statistical significance. Data were analyzed in R-3.6.3 (R
Foundation for Statistical Computing, Vienna, Austria) and SPSS Statistics (version 23.0, IBM, Armonk, NY, USA).
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