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Background: The severity of COVID-19 after SARS-CoV-2
infection is unpredictable. Angiotensin-converting enzyme-
2 (ACE2) is the receptor responsible for coronavirus
binding, while subsequent cell entry relies on priming by
the serine protease TMPRSS2 (transmembrane protease,
serine 2). Although renin-angiotensin-aldosterone-system
(RAAS) blockers have been suggested to upregulate ACE2,
their use in COVID-19 patients is now considered well
tolerated. The aim of our study was to investigate
parameters that determine COVID-19 severity, focusing on
RAAS-components and variation in the genes encoding for
ACE2 and TMPRSS2.

Methods: Adult patients hospitalized due to SARS-CoV-2
infection between May 2020 and October 2020 in the
Haga Teaching Hospital were included, and soluble ACE2
(sACE2), renin, aldosterone (in heparin plasma) and
polymorphisms in the ACE2 and TMPRSS2 genes (in DNA
obtained from EDTA blood) were determined.

Measurements and main results: Out of the 188
patients who were included, 60 were defined as severe
COVID-19 (ICU and/or death). These patients more often
used antidiabetic drugs, were older, had higher renin and
sACE2 levels, lower aldosterone levels and a lower
aldosterone/renin ratio. In addition, they displayed the
TMPRSS2-rs2070788 AA genotype less frequently. No
ACE2 polymorphism-related differences were observed.
Multivariate regression analysis revealed independent
significance for age, sACE2, the aldosterone/renin ratio,
and the TMPRSS2 rs2070788 non-AA genotype as
predictors of COVID-19 severity, together yielding a C-
index of 0.79. Findings were independent of the use of
RAAS blockers.

Conclusion: High sACE2, a low aldosterone/renin ratio
and having the TMPRSS2 rs2070788 non-AA genotype are
novel independent determinants that may help to predict
COVID-19 disease severity.

Trial registration: retrospectively registered.

Keywords: aldosterone, angiotensin-converting enzyme-2,
COVID-19, renin, TMPRSS2

Abbreviations: ACE-2, angiotensin-converting enzyme-2;
ARB, angiotensin II type 1 receptor blocker; ARDS, acute
respiratory distress syndrome; COVID-19, coronavirus
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disease 2019; RAAS, renin-angiotensin-aldosterone system;
SARS-CoV-2, severe acute respiratory syndrome
coronavirus type 2; TMPRSS2, transmembrane protease,
serine 2
INTRODUCTION
T
he severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) has resulted in the death of more than
4 million people. Male sex, age, thrombotic compli-

cations and comorbidities such as hypertension, coronary
heart disease, obesity or diabetes associate with an adverse
outcome of SARS-CoV-2 infection [1]. A higher incidence
and worse outcome have also been reported in ethnic
minority groups [2]. Yet, this could still relate to differences
in healthcare disparity, socioeconomic or lifestyle factors.
Angiotensin-converting enzyme-2 (ACE2) is the receptor
responsible for coronavirus binding, while subsequent cell
entry relies on priming by the serine protease TMPRSS2
(transmembrane protease, serine 2). Genetic variation in
both ACE2 and TMPRSS2 may be additional determinants of
disease severity [3]. Severe COVID-19 patients display ele-
vated soluble ACE2 levels [4–8], demonstrating that virus
infectivity is accompanied by ACE2 shedding. At the same
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time, serum ACE levels are decreased in COVID-19 patients
[9–11], with the greatest drop occurring in the most severe
cases. This parallels the observation that lung injury, as
occurring in acute respiratory distress syndrome (ARDS),
results in diminished pulmonary ACE activity [12]. A reduc-
tion in ACE activity, such as treatment with an ACE inhibitor,
wouldbeexpected to increase renin levels, and to reduce the
angiotensin (Ang) II/I ratio in blood. Indeed, higher renin
levels have been observed in the more severe cases [13,14],
which coincided with a reduced Ang II/I ratio [14]. However,
this concerned small groups of severe patients (n¼ 12–15),
and the Ang II/I ratio was compared with that in previous
publications. In this study,we aimed to identify determinants
of COVID-19 severity (mortality and/or ICU admission) in an
ethnically diverse population, focusing on components of
the renin-angiotensin-aldosterone system (RAAS) and
genetic variation in the two above-mentioned genes.

MATERIALS ANDMETHODS

Study cohort
This prospective observational study has made use of adult
(�18 years of age) COVID-19 patients admitted to the Haga
Teaching Hospital, The Hague, Netherlands, between May
2020 and October 2020. All patients who were hospitalized
with a confirmed SARS-CoV-2 infection and of whom
residual blood samples were available, were eligible for
participation by opt-out consent. SARS-CoV-2 infection was
confirmed on the basis of a positive SARS-CoV-2 viral RNA
PCR test from naso and oropharyngeal swabs. Residual
blood samples (two tubes of heparin blood and one tube
of EDTA blood) were obtained within 48 h after hospital/
ICU admission. Heparin plasma and whole EDTA blood
were stored at �208C until analysis.

Exclusion occurred in case patients were pregnant or
transported to another hospital, if residual blood was
absent, or in case of a rejection of previously inclusion
by opt-out consent. Patients were classified as having
severe COVID-19 (defined as all-cause in-hospital death
and/or ICU admission) or nonsevere disease (survivors
without ICU admission). For each patient, medication prior
and during COVID-19, medical history and baseline char-
acteristics, laboratory and microbiological test results, as
well as clinical events following hospital and/or ICU admis-
sion, were recorded. Comorbidities included chronic heart
disease (defined as structural heart disease or arrythmia),
chronic hypertension (defined as having a SBP of
�140 mmHg and/or DBP �90mmHg or the use of antihy-
pertensive medication), diabetes mellitus type I or II,
chronic obstructive pulmonary disease (COPD), asthma
and chronic kidney disease (defined as an estimated glo-
merular filtration rate <30ml/min per 1.73 m2).

Biochemical measurements and genotyping
Plasma renin was measured using a radioimmunometric
assay (Cisbio, Saclay, France). Plasma aldosterone was
measured by radioimmunoassay (Demeditec, Kiel,
Germany). Soluble ACE2 (sACE2) activity was determined
making use of an assay based on the synthetic ACE2-
specific substrate Mca-APK-Dnp (Anaspec, Fremont,
California, USA) originally described by Ye et al. [15].
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Measurements were performed in black microtiter plates
in a final volume of 100 ml. Recombinant human ACE2
(rhACE2, range 0.00625–0.5 ng; Abcam, Cambridge, UK)
or plasma was added to wells containing buffer (50mmol/l
of 4-morpholineethanesulfonic acid, 300 mmol/l of NaCl,
10 mmol/l of ZnCl2, and 0.01% Triton-X-100, pH¼ 6.5),
EDTA-free tablets (Roche, Mannheim, Germany) and
10 mmol/l substrate. Blank wells additionally contained
10 mmol/l of the specific ACE2 inhibitor MLN-4760 (Calbio-
chem, Darmstadt, Germany), added 15min before the
addition of rhACE2 or plasma. Fluorescence was measured
using a microplate fluorescence reader (Gemini EM, Spec-
tramax from Molecular Devices, San Jose, California, USA)
at 320 nm excitation and 420 nm emission wavelength.
Activity was calculated from the linear fluorescence change
between 30 and 150 min of incubation, and converted to
ACE2 concentration based on the activities measured with
rhACE2. Levels were corrected for blank values and plasma
volume. Routine laboratory measurements were performed
in clinical chemistry lab of the Haga Teaching Hospital.

DNA was isolated from fresh frozen EDTA blood with the
Maxwell RSC system (Promega Benelux BV, Leiden, The
Netherlands) using the whole blood isolation kit (AS1520)
according to the manufacturer’s protocol. Input volume was
set on 400 ml and elution volume was 100 ml. After isolation,
the DNA was quantified using Nanodrop1000 and subse-
quently diluted to 10ng/mlworking solution and stored at 4–
78C until analysis. Genotyping assays were supplied by
Thermofisher and run on a Taqman 7500 fast system using
standard genotyping conditions (1min 608C, 20 s 958C, 40
cycles 958C for 3 s and 30 s 608C followed by 1min 608C post
PCR) with 20ng DNA input. A control sample and blanks
were included in every run. We included ACE2 rs12551879
(T>C), a SNP representative for the COVID-19 binding
region and TMPRSS2 rs2070788 (A>G) and rs8134378
(G>A), SNPs that are involved in TPRMSS2 expression.

Statistical analysis
Baseline characteristics between nonsevere and severe
patients were described using mean (�SD) or median
(interquartile range) in the case of nonparametric distribu-
tions, and number (percentage) for categorical variables.
The Shapiro–Wilk W test was applied to assess the normal-
ity of continuous variables. For the comparison of continu-
ous data between two groups, unpaired Student’s t-test or
Mann–Whitney U for nonnormally distributed data was
applied. Fisher’s exact and X2 (chi-square) were performed
to evaluate differences between categorical variables. To
investigate correlations between sACE2, renin and aldoste-
rone in severe and nonsevere patients, the Pearson corre-
lation coefficient was calculated.

To study the association between the dichotomous out-
comes (severe vs. nonsevere disease) and candidate pre-
dictors, logistic regression analysis was performed.
Traditional risk factors and RAAS components with a P
value of less than 0.10 between the severe and nonsevere
group (i.e. age, diabetes, sACE2, renin, aldosterone, aldo-
sterone/renin ratio and TMPRSS2 rs2070788 AA genotype)
were analysed as candidate predictors. Missing data on
these predictors were imputed using multivariate imputa-
tion by chained equations. The relation between each
www.jhypertension.com 607
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predictor variable and the outcome (severe disease) was
assessed by univariable logistic regression. Nonlinearity in
associations between continuous candidate predictors and
the risk of developing severe disease was assessed using
logarithm transformations.

Furthermore, we sought to identify which set of candi-
date predictors would best estimate the risk of severe
disease (ICU admission and/or all-cause death). Due to
the high correlation between renin, aldosterone and the
aldosterone/renin ratio, only the aldosterone/renin ratio
was taken into account (indeed a model with aldosterone/
renin ratio rather than aldosterone or renin alone gave the
best fit). Subsequently, a backward selection procedure
was applied to limit the number of predictors in the final
model. Model specification was based on the Akaike Infor-
mation Criterion (AIC) in a backward selection procedure,
which is equivalent to the exclusion of candidate predictors
when P value is more than 0.157. To assess the discrimina-
tive ability of the model, we used the C-index, which is
equivalent to the area under the ROC curve for dichoto-
mous outcomes. Discrimination is defined as how well a
model distinguishes between severe and nonsevere infec-
tion. The c-statistic ranges from 0.5 for a model equivalent
to a coin toss to 1.0 for a model with perfect discrimination.
SPSS Statistics 21 (IBM Corporations, Armonk, New York,
USA) and R Software were used for the statistical analysis.
RESULTS

Study cohort
Of the 240 adult COVID-19 patients included in our data-
base of whom residual blood samples were available
240 pa�ents with COVID-19 a
HagaZiekenhuis May 2020-

188 pa�ents having residual blo
complete survival data

COVID-19 ward 
n = 147 (78%)

All Death 
n = 27 (14%) 

Death 
n = 19 (13%)

FIGURE 1 Flowchart.
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between May 2020 and October 2020, 52 were excluded
because of missing residual blood (n¼ 2), rejection of
previous inclusion by opt-out consent (n¼ 8) or other
exclusion criteria such as pregnancy, negative PCR and
transportation to another hospital (n¼ 42) (Fig. 1). This
resulted in a final study population of 188 patients with a
mean age of 62 years and a mean BMI of 29 kg/m2, of whom
the majority (70%) was male (Table 1).

Severe vs. nonsevere COVID-19
The main reason for ICU admission was respiratory failure
due to ARDS, characterized by a higher respiratory rate and
lower oxygen saturation (Table 1). Death occurred in 27
patients with severe COVID-19. Diabetes tended to occur
more frequently among ICU patients, as did the use of
metformin, insulin and antidiabetic drugs other than met-
formin and insulin (P¼ 0.05 for all). Severe patients dis-
played increased levels of lactate dehydrogenase, C-
reactive protein, N-terminal prohormone brain natriuretic
peptide and D-dimers. Their aldosterone levels were lower,
and their renin levels were higher. As a consequence, their
aldosterone/renin ratio was greatly reduced as compared to
the nonsevere group.

These results were unaltered when excluding patients
using RAAS inhibitors (data not shown). Eight patients
received intravenous furosemide during admission, of
whom two were already being treated orally with a diuretic
before hospital admission. Four of these eight patients had
severe COVID-19 disease. Of the eight patients receiving
dexamethasone during admission, five had severe COVID-
19 disease. In addition, seven patients were already being
treated with a steroid before hospital admission, of whom
dmi�ed to 
Oct 2020

od and 

Excluded due to missing residual blood (n = 2)

Excluded a�er refusal consent a�er opt-in (n = 8)

ICU admission 
n = 41 (22%)

Other exclusion criteria (pregnancy, age < 18 y, PCR 
nega�ve, twice included) (n = 42)

Death 
n = 8 (20%) 
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TABLE 1. Baseline and demographic parameters in severe and nonsevere COVID-19 patients

Total (n¼188) Non-Severe (n¼128) Severe (n¼60) P

Sex, n (%)
Male 132 90 (70.3) 42 (70.0) 0.97
Female 56 38 (29.7) 18 (30.0)

Age (years) 61.5 (15.9) 59.0 (15.3) 66.9 (15.9) 0.01
Length (cm) (n¼71/47) 172.5 (9.7) 172.4 (9.3) 172.7 (10.3) 0.90
Weight (kg) (n¼87/48) 86.6 (21.3) 87.3 (20.7) 85.2 (22.7) 0.59
BMI (kg/m2) (n¼65/44) 29.2 (6.7) 29.3 (6.1) 29.2 (7.5) 0.93
Ethnic background, n (%) 0.28

Caucasian/White 77 48 (37.5) 29 (48.3) 0.16
African/Black 7 4 (3.1) 3 (5.0) 0.68
Turkish/Moroccan 55 42 (32.8) 13 (21.7) 0.12
Surinamese/Antillean 34 21 (16.4) 13 (21.7) 0.38
Other 15 13 (10.1) 2 (3.3) 0.15

Clinical manifestations at admission
Temperature (8C) 38.1 (0.9) 38.1 (0.9) 38.1 (1.0) 0.54
Respiratory rate (n/min) 25.6 (7.0) 24.6 (6.0) 28.0 (8.4) 0.002
SBP (mmHg) 140 (24) 140 (24) 139 (25) 0.73
DBP (mmHg) 80 (17) 82 (17) 78 (17) 0.15
Oxygen saturation (%) 93.6 (4.4) 94.3 (3.2) 92 0.1 (6.1) 0.002
Arterial partial pressure of oxygen (kPa, n¼113/55) 8.9 (8.0–9.9) 8.8 (8.0–9.8) 9.2 (7.8–11) 0.24
Oxygen supplementation, n (%) 83 52 (40.6) 31 (52.5) 0.24

Laboratory parameters at admission
Haemoglobin (g/l) 8.3 (1.2) 8.4 (1.1) 8.2 (1.3) 0.41
Haematocrit (%) 0.39 (0.05) 0.40 (0.05) 0.39 (0.06) 0.41
White blood cells (x109/l) 7.0 (5.0–9.2) 6.9 (4.7–8.7) 7.5 (5.4–10.9) 0.06
Lymphocytes (x109/l) (n¼121/40) 1.0 (0.72–1.4) 1.1 (0.75–1.5) 0.87 (0.68–1.1) 0.03
Neutrophils (x109/l) (n¼121/40) 4.9 (3.2–6.8) 4.8 (3.1–6.6) 5.3 (3.4–7.3) 0.18
Ferritin (mg/l) (n¼115/37) 590 (286–1237) 592 (273–1228) 552 (326 -1325) 0.50
ALT (U/l) (n¼127/52) 31 (21–48) 32 (22–46) 31 (21–56) 0.75
AST (U/l) (n¼120/47) 45 (32–62) 42 (31–60) 52 (40–75) 0.02
Creatinine (mmol/l) 80 (63–100) 77 (65–98) 90 (60–114) 0.20
Creatine kinase (U/l) 135 (80–228) 135 (82–198) 144 (65–315) 0.71
LDH (U/l) (n¼118/53) 347 (262–449) 328 (252–405) 429 (311–543) 0.000
Sodium (mmol/l) 135 (4.3) 134 (4.1) 135 (4.7) 0.15
Potassium (mmol/l) (n¼126/57) 3.9 (0.46) 3.9 (0.41) 4.0 (0.54) 0.15
D-dimer (mg/l) (n¼119/35) 0.35 (0.24–0.71) 0.31 (0.22–0.54) 0.72 (0.31–1.55) 0.000
Platelet count (x109/l) 210 (162–267) 207 (63–273) 211 (159–256) 0.62
NT-proBNP (pmol/l) (n¼113/38) 103 (34–422) 88 (28.5–219) 238 (62–1206) 0.001
C-reactive protein (mg/l) 74 (41–134) 67 (35–109) 102 (52–196) 0.001
sACE2 (ng/ml) (n¼124/59) 0.50 (0.50–4.2) 0.50 (0.50–1.2) 2.47 (0.50–9.3) 0.000
Renin (pg/ml) (n¼124/59) 28.8 (12.3–59.7) 23.1 (11.6–45.6) 42.7 (14.4–67.1) 0.02
Aldosterone (pg/ml) (n¼124/59) 127 (75–233) 137 (87–238) 107 (41–213) 0.003
Aldosterone/Renin ratio (n¼124/59) 5.9 (2.2–11.3) 7.6 (3.7–12.6) 2.3 (0.8–9.0) 0.000
Cycle time (Ct)-values of PCR (n¼76/48) 24.6 (20.9–28.3) 25.1 (21.3–28.0) 23.3 (19.4–29.0) 0.56

Comorbidities, n (%)
Chronic heart disease 39 23 (18.1) 16 (26.7) 0.18
Hypertension 63 38 (29.7) 25 (41.7) 0.11
Diabetes mellitus 58 33 (25.8) 25 (41.8) 0.06
COPD 21 14 (10.9) 7 (11.7) 0.88
Asthma 17 13 (10.2) 4 (6.7) 0.64
Chronic kidney disease 16 9 (7.0) 7 (11.7) 0.46

Medication use, n (%)
Steroid 15 8 (6) 7 (12) 0.20
Diuretic 33 22 (17) 11 (18) 0.85
ACE inhibitor 25 14 (10.9) 11 (18.3) 0.16
ARB 26 17 (13.3) 9 (15) 0.75
Metformin 46 26 (20.3) 20 (33.3) 0.05
Other antidiabetic drugs 17 8 (6.3) 9 (15) 0.05
Insulin 18 8 (6.3) 10 (16.7) 0.02

Polymorphisms
TMPRSS2 rs2070788 (n¼114/55)

AA 56 43 (37.7%) 13 (23.6%)
AG/GG 113 71 (62.3%) 42 (76.4%) 0.07

TMPRSS2 rs8134378 (n¼113/54)
GG 130 84 (74.3%) 46 (85.2%)
AA/AG 37 29 (25.7%) 8 (14.8%) 0.11

ACE2 rs12551879 (n¼114/55)
TT 142 98 (86.0%) 44 (80.0%)
CT/CC 27 16 (14.0%) 11 (20.0%) 0.32

Categorical variables are presented as frequencies and percentages. Continuous variables are presented as mean (standard deviation) or median (interquartile range). In case parameters
were not determined in all patients, the correct numbers are provided in the left column.
A, adenine; ALT, alanine-aminotransferase; ARB, angiotensin II type 1 receptor blocker; AST, aspartate transaminase; C, cytosine; COPD, chronic obstructive pulmonary disease; COVID-
19, coronavirus disease 2019; G, guanine; LDH, lactate dehydrogenase; NT-proBNP, N-terminal prohormone brain natriuretic peptide; sACE2, soluble angiotensin-converting enzyme 2;
T, thymine; TMPRSS2, transmembrane protease, serine 2. The statistical differences between the severe and nonsevere COVID-19 were calculated using the nonparametric Mann–
Whitney U test (for continuous variables), chi-square and Fisher’s exact test (for categorical variables).

Renin-angiotensin-aldosterone-system alterations in severe COVID-19
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TABLE 2. Univariate regression of parameters that predict severe
COVID-19

Parameter OR (95% CI) C-index P

Traditional predictors
Agea (years) 2.01 (1.30–3.12) 0.64 0.0017

Diabetes mellitus 2.06 (1.08–3.93) 0.58 0.0293

RAAS components
sACE2 (ng/ml) 1.42 (1.21–1.67) 0.68 <0.0001

Renin (pg/ml) 1.23 (1.01–1.51) 0.61 0.04

Aldosterone (pg/ml) 0.61 (0.47–0.79) 0.64 <0.0001

Aldosterone/renin ratio 0.69 (0.57–0.84) 0.68 <0.0001

Polymorphism
TMPRSS2 rs2070788

AA genotype
0.44 (0.21–0.91) 0.59 0.04

Continuous variables were logarithmically transformed (log2). The odds ratio and its
associated 95% CI can be interpreted as the odds of developing severe disease when
the continuous variable multiplies by 2.
RAAS, renin-angiotensin-aldosterone system; sACE2, soluble angiotensin-converting
enzyme-2; TMPRSS2, transmembrane protease, serine 2.
aInterquartile odds ratio and associated 95% confidence interval was calculated to aid
interpretation of the continuous variable age. It is defined as comparing the risk of
severe disease at the 75th percentile of the marker value vs. the 25th percentile.

TABLE 3. Multivariate regression analysis of factors that predict
severe COVID-19

Parameter OR (95% CI) C-index P

Agea (years) 2.01 (1.23–3.28) 0.79 0.004

sACE2 (ng/ml) 1.33 (1.11–1.59) 0.001

Aldosterone/renin ratio 0.73 (0.59–0.89) 0.0037

TMPRSS2 rs2070788
AA genotype

0.37 (0.16–0.87) 0.03

Continuous variables were logarithmically transformed (log2). The odds ratio and its
associated 95% CI can be interpreted as the odds of developing severe disease when
the continuous variable multiplies by 2.
sACE2, soluble angiotensin-converting enzyme-2; TMPRSS2, transmembrane protease,
serine 2.
aInterquartile odds ratio and associated 95% confidence interval was calculated to aid
interpretation of the continuous variable age. It is defined as comparing the risk of
severe disease at the 75th percentile of the marker value vs. the 25th percentile.
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two had severe disease. Table 1 summarizes that the use of
either diuretics or steroids (at home and/or acutely during
admission) was identical in both groups, and consequently,
correcting for the use of diuretics or steroids also did not
alter the results (data not shown).

The TMPRSS2 rs2070788 AA genotype tended to occur
less frequently in ICU patients (P¼ 0.07). No genotype-
related changes in sACE2 levels were observed (data not
shown). None of the other SNPs from either the TMPRSS2
gene or the ACE2 gene displayed significant differences.
Prediction of severe COVID-19
We performed univariate logistic regression with traditional
risk factors (age and diabetes) and RAAS components
displaying a P value less than 0.10. The aldosterone/renin
ratio was used instead of renin and aldosterone separately.
Diabetes was used rather than the use of antidiabetic drugs.
This approach confirmed that all parameters that were
significant at a P value less than 0.10 in Table 1 could
FIGURE 2 Relationship between renin and sACE2 in patients not taking ACE inhibitors o
in which sACE2 was below detection limit were excluded.
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predict severe COVID-19 with C-indexes ranging from 0.58
to 0.68 (Table 2). The effect of both sACE2 and the aldo-
sterone/renin ratio was unaltered after correcting for hyper-
tension or the use of RAAS inhibitors, diuretics or steroids
(data not shown). Finally, incorporating all parameters in a
multivariate regression analysis revealed independent sig-
nificance for age, sACE2, the aldosterone/renin ratio and
the TMPRSS2 rs2070788 AA genotype, together yielding a C-
index of 0.79 (Table 3).

Renin did not correlate with sACE2, neither in individu-
als taking RAAS inhibitors, nor in individuals not taking
these drugs (Fig. 2). As expected, in nonsevere COVID-19
patients, renin correlated with aldosterone in those not
taking RAAS inhibitors, but not in those taking such drugs
(Fig. 3a,c). Unexpectedly, renin did not correlate with
aldosterone in severe COVID-19 patients taking or not
taking RAAS inhibitors (Fig. 3b,d).

DISCUSSION
This study is the first to describe that COVID-19 severity
coincides with a reduced aldosterone/renin ratio in an
ethnically diverse population. This occurred independently
of the use of ACEi/ARBs, diuretics or steroids. Simulta-
neously, we confirmed that severe COVID-19 patients were
r angiotensin II type 1 receptor blockers (ACEi/ARB), or taking such drugs. Samples
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FIGURE 3 Relationship between renin and aldosterone in nonsevere and severe COVID-19 patients, taking or not taking ACE inhibitors or angiotensin II type 1 receptor
blockers (ACEi/ARB).

Renin-angiotensin-aldosterone-system alterations in severe COVID-19
older, had more diabetes and displayed elevated sACE2
levels, although after multivariate regression analysis of
these three parameters, only age and sACE2 remained as
independent determinants of severity. We also observed an
independent protective role for the TMPRSS2 rs2070788 AA
genotype as a determinant of severity, which likely reflects
the role of this protease in coronavirus entry, given that this
genotype corresponds with low TMPRSS2 expression [16].
Yet, we were unable to demonstrate associations with a
SNP in the COVID-19-binding region of ACE2.

In nonsevere COVID-19 patients not taking RAAS inhib-
itors, renin correlated with aldosterone. This relationship
reflects the fact that Ang II stimulates the synthesis and
release of aldosterone [17]. Not surprisingly, such a rela-
tionship was absent in nonsevere COVID-19 patients taking
RAAS inhibitors, as well as in severe COVID-19 patients
taking these drugs. Yet, unexpectedly, there also was no
significant relationship between renin and aldosterone in
severe COVID-19 patients not taking RAAS inhibitors. Thus,
these patients resemble those on ACEi/ARBs, although they
did not take these drugs. A logical explanation would be the
previous observation that COVID-19 patients display
reduced ACE levels [9–11]. This is due to the fact that
severe lung injury (as occurring in severe COVID-19
patients) induces endothelial dysfunction and loss of pul-
monary ACE expression [11,12]. Here, it is important to note
Journal of Hypertension
that the majority of ACE is expressed on the surface of
endothelial cells [18]. Circulating ACE is derived from ACE-
expressing cells by proteolytic cleavage at the juxtamem-
brane stalk region [19]. Given its rich expression of ACE, the
lung is the most important source of circulating ACE in the
body, which makes a drop in circulating ACE in severe
COVID-19 patients with lung injury likely. A reduction in
ACE, via diminished Ang II formation, would suppress
aldosterone, and upregulate renin, in an attempt to restore
Ang II. As a consequence, the renin-aldosterone relation-
ship is disturbed, and the aldosterone/renin ratio
is lowered.

Simultaneously, we observed elevated levels of sACE2
in severe COVID-19 patients, in agreement with earlier
observations [4–8]. This occurred fully independently of
the aldosterone/renin ratio. In support of our findings,
incubating serum samples of severe COVID-19 patients for
1 h, resulted in increased formation of Ang-(1–7) when
compared with nonsevere patients [4]. As ACE2 generates
Ang-(1–7) from Ang II, this observation nicely reflects the
increased levels of sACE2 in serum. However, to what
degree such ex-vivo observations imply that the circulating
Ang-(1–7) levels in severe COVID-19 patients are elevated
as well cannot be concluded from these data, as normally
angiotensin generation and metabolism occurs by mem-
brane-bound angiotensinases, and not by the small
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percentage of these enzymes (including ACE and ACE2)
that occurs in a soluble form in blood [20]. One might
argue that sACE2 contributes to Ang II degradation. If so,
patients with high sACE2 levels should have high renin
levels to match the increased Ang II degradation. As shown
in Fig. 2, our data do not support this concept. Conse-
quently, sACE2 does not appear to be a major determinant
of Ang II metabolism in vivo, as has been suggested before
[21]. Importantly, ACE2 expression in the lungs is low,
as compared to kidney and gastrointestinal tract [22].
Circulating ACE2, unlike ACE, is therefore unlikely to be
lung-derived. This may explain why the alterations in
sACE2 and the aldosterone/renin ratio (as a reflection of
reduced ACE activity) are both independent determinants
of COVID-19 severity. Whether the increase in sACE2 is
due to increased ACE2 shedding (potentially resulting in
diminished local ACE2 activity), a general ACE2 upregu-
lation in severe COVID-19, or both, cannot yet be said, and
would require a detailed insight in the tissue expression
of ACE2.

Attempts have been made to measure Ang II levels in
COVID-19 patients and controls. This usually concerned
small patient groups [5,14,23–25], and in all cases, the levels
were many orders of magnitude above those reported in
humans before [17,26,27]. Hence, this seriously hampers
the interpretation of these data, as it points to either
inappropriate collection of blood samples (i.e. without
inhibitors of angiotensinases), the use of unreliable assays
[28] or both. Yet, with two exceptions [5,23], no increased
levels of Ang II were reported in COVID-19 patients in these
studies. Others incubated serum of COVID-19 patients
[4,29,30] and observed diminished, unaltered as well as
increased Ang II generation (defined as the Ang II level
measured after 1 h of incubation ay 378C). This outcome
may relate to the severity of COVID-19, the concomitant use
of ACEi/ARBs and the occurrence of comorbidities (hyper-
tension and heart failure) in both controls and COVID-19
patients. For instance, elevated natriuretic peptide levels in
heart failure patients are likely to affect renin release [31,32].
Moreover, ex-vivo Ang II generation not necessarily reflects
in-vivo Ang II levels. Thus, at present, no clear picture can
be provided of the Ang II levels in COVID-19 patients.

At the start of the COVID-19 pandemic, it has been
suggested that RAAS inhibitors would increase the suscep-
tibility for COVID-19, given that such drugs were believed
to upregulate ACE2 and/or affect ACE2 shedding [3,33].
Overwhelming data currently argue against this concept
[34–36], if not supporting the opposite [37,38]. In fact, a
recent systematic review concluded that ACE2 overexpres-
sion is a rare rather than common consequence of RAAS
inhibitor treatment in both healthy animals and disease
models [39]. Our findings, illustrating that severe COVID-
19 patients may already be in a state of RAAS inhibition,
independently of the use of ACEi/ARBs, provide additional
evidence why it is unlikely that such an association exists.
Hence, combining the measurement of the aldosterone/
renin ratio with the determination of the TMPRSS2
rs2070788 genotype may actually help to identify severe
COVID-19 patients. Currently, the aldosterone/renin ratio is
already used to identify patients with primary hyperaldos-
teronism, in whom this ratio is increased [40].
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Strengths of this study
By determining RAAS parameters and genetic variation in
the gene encoding for TMPRSS2 in 188 patients, we
observed that severe COVID-19 (ICU and/or death) is
characterized by higher renin and sACE2 levels, lower
aldosterone levels, a lower aldosterone/renin ratio and
reduced occurrence of the TMPRSS2-rs2070788 AA geno-
type. In combination with age, these parameters yielded a
C-index of 0.79 to predict disease severity. The fact that
COVID-19 is characterized by a low aldosterone/renin ratio
suggests that the disease itself results in a situation that
mimics RAAS blockade. A likely cause is reduced pulmo-
nary ACE due to lung injury in COVID-19 patients. Deter-
mining a cut-off value for the aldosterone/renin ratio may
help to identify COVID-19 patients at risk.

Limitations
A limitation of our study is the fact that we neither measured
ACE nor angiotensins. Indeed, ideally, we would have
verified the reduction in pulmonary ACE activity demon-
strated earlier with elegant in-vivo techniques in ARDS
patients [12]. Angiotensin measurement would have
required the careful collection of blood samples with
angiotensinase inhibitors, combined with an established
assay excluding the detection of significant background
signals [28]. Finally, we should now determine a cut-off
value for the aldosterone/renin ratio that may help to
identify COVID-19 patients at risk. This will require larger
patient numbers, and preferably a prospective clinical trial
evaluating this value, analogous to the trials that have been
performed to establish this ratio in primary hyperaldoster-
onism.

In conclusion, using antidiabetic drugs, older age, higher
renin and sACE2 levels, lower aldosterone levels and a
lower aldosterone/renin ratio at admission are associated
with ICU admission and/or death after SARS-CoV-2 infec-
tion. High sACE2, a low aldosterone/renin ratio and having
the TMPRSS2 rs2070788 non-AA genotype are novel inde-
pendent determinants that may help to predict COVID-19
disease severity.
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