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Abstract
The main objective was to compare the meaning of soluble angiotensin-converting enzyme-2 (sACE2) plasma levels modu-
lation on the prognosis of two cohorts of heart failure (HF) and acute coronary syndrome (ACS). We conducted an obser-
vational clinical study where sACE2 was measured in two cohorts of HF or ACS (102 patients each), matched by age and 
gender. The primary endpoint (cardiac death) and the secondary endpoints (non-fatal myocardial infarction or HF readmis-
sion) were registered during a 5-year follow-up period. Association with pharmacotherapy was studied, and the effects of 
cardiovascular drugs on ACE isoforms expression were analysed in human umbilical vein endothelial cells (HUVEC) in vitro. 
The levels of sACE2 were significantly higher in the HF than ACS cohort. sACE2 was inversely related with the leukocytes 
number and directly with urea levels. In the ACS cohort, sACE2 was associated with age and glycaemic parameters, but 
in the HF cohort, the association was with N-terminal pro-B-type natriuretic peptide. The levels of sACE2 were related to 
long-term prognosis and confirmed as a non-independent predictor in the HF cohort. Soluble ACE2 was higher in patients 
treated with angiotensin receptors blockers and β-blockers, accordingly with losartan and metoprolol upregulation of ACE1 
and ACE2 in HUVECs. Plasma levels of sACE2 were higher in HF than in ACS, independently of age and gender, and were 
related to long-term cardiac death in the HF cohort. Losartan and metoprolol, but not enalapril, upregulated ACE expression 
in endothelial cells, accordingly with higher levels of sACE2 in patients using these drugs.

Keywords  Soluble angiotensin-converting enzyme-2 · Acute coronary syndrome · Chronic heart failure · Long-term 
cardiovascular prognosis · Pharmacotherapy

Highlights

•	 Angiotensin-converting enzyme 2 (ACE2) is a crucial 
counter-regulator of the renin–angiotensin–aldosterone 
system (RAAS).

•	 Soluble ACE2 levels are elevated in heart failure in com-
parison with the acute coronary syndrome.

•	 Soluble ACE2 is related to the long-term prognosis of 
death in heart failure.

•	 Levels of soluble ACE2 could be affected by angiotensin 
receptor blockers and ß-blockers.

•	 Modulation of soluble ACE2 could influence the prog-
nosis of cardiovascular patients.
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Introduction

Angiotensin-converting enzyme 2 (ACE2) is a crucial 
counter-regulatory enzyme that converts angiotensin II into 
angiotensin 1–7, which reduces blood pressure and inflam-
mation through vasodilation, increased sodium and water 
renal excretion and nitric oxide production [1]. Although 
ACE2 expression was mainly found in the heart, kidney and 
gastrointestinal system, components of the renin–angioten-
sin–aldosterone system (RAAS) are expressed in most tis-
sues determining its balance [2, 3]. Despite the beneficial 
effects of ACE2, its elevated circulating levels and activity 
have been related to poor prognosis in patients with cardio-
vascular diseases. Included in these are heart failure [4–6], 
obstructive coronary artery disease [7], atrial fibrillation [8], 
aortic stenosis [9] and dilated cardiomyopathy or pulmonary 
hypertension [10]. Moreover, it has been recently reported 
that increased plasma ACE2 levels are associated with an 
increased risk of major cardiovascular events in the general 
population [11].

Although there is no consensus, drugs targeting RAAS 
as renin inhibitors, ACE inhibitors (ACEI), angiotensin 
receptor type I blockers (ARB) and aldosterone antagonists 
and the cardiovascular disease itself could modulate ACE2 
expression and/or ACE2 activity. A significant decrease in 
ACE2 myocardial expression was reported in hypertensive 
[12] or atrial fibrillation patients [13], whereas treatment 
with ACEI and/or ARB could increase cardiac expression 
of ACE2 in patients with advanced coronary disease or heart 
failure (HF) [14]. The activation of ACE2 with ARB could 
be beneficial during post-infarction ventricular remodelling 
[15] due to its additional protective roles at the renal and pul-
monary levels [16]. On the other hand, high levels of ACE2 
expression have been reported in patients with HF [17], 
where high levels of soluble ACE2 (sACE2) were corre-
lated with the severity of the disease independently of other 
disease states and medication used [5]. ACE2 expression 
could be related to left ventricular remodelling in HF [18]. 
On murine experimental models, treatment with ACEI and/
or ARB showed higher cardiac ACE2 activity but different 
effects on ACE2 expression [19].

ACE2 at the cellular membrane is exposed to the action 
of disintegrin and metalloproteases (ADAM), from which 
ADAM17 is the most extensively studied ADAM family 
member. This enzyme is a key mediator of cell signal-
ling by ectodomain shedding of growth factors, cytokines, 
receptors and adhesion molecules at the cellular mem-
brane, so it can induce inflammation, tissue remodelling 
and dysfunction associated with various cardiovascular 
diseases (see for a review Kawai et al. [20]). Since ACE2 
is cleaved from the cells by ADAM17, it can influence the 
circulating ACE2 levels [21].

The apparent paradox between the beneficial effects of 
ACE2 activity and its relationship with poor prognosis or 
cardiovascular risk is also translated to the case of novel 
infectious coronavirus disease 2019 (COVID-19). ACE2 
is the viral receptor for severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) entering the cells. However, 
ACE2 activity counteracts the balance of the RAAS, which 
participates in the progression of cardiovascular diseases of 
patients suffering from COVID-19 [22–24].

Taking together, this work aimed to analyse the possible 
role of the sACE2 plasma levels on the prognosis of ACS 
and HF in two age- and gender-matched cohorts previously 
studied on these pathologies, considering key steps of the 
cardiovascular disease continuum [25, 26]. The possible 
influence of pharmacotherapy on ACE2 levels was also 
analysed with the help of in vitro experiments in human 
endothelial cells.

Materials and methods

Subjects

This was a prospective and observational study of two 
cohorts of patients with the following characteristics. The 
first cohort was composed of consecutive outpatients attend-
ing the HF Unit of our hospital between July 2008 and April 
2009 [27]. After that, patients admitted to our coronary care 
unit (CCU) with ACS and fitting our inclusion criteria were 
included between October 2009 and January 2011 [28]. 
Patients from both cohorts were matched by age and gen-
der, resulting in a final population of 204 patients (102 on 
each cohort). This population was previously studied for the 
prognosis of cardiovascular disease [29].

Inclusion criteria for patients were to have a confirmed 
diagnosis of HF or an ACS according to the diagnostic crite-
ria for HF or ACS proposed by the European Society of Car-
diology [30]. The exclusion criteria were pregnancy, chronic 
inflammatory or malignant diseases, severe kidney dysfunc-
tion (glomerular filtration rate (GFR) < 30 mL/min/1.73 m2), 
liver dysfunction, active or recent infections (last month) or 
haematological disorders or having previous major trauma 
or surgery (within 3 months).

In the cohort of HF, patients with acute coronary syn-
drome and/or who had undergone myocardial revascu-
larisation in the previous 3 months were also excluded to 
avoid the influence of concomitant coronary artery disease 
at the moment of inclusion. In the cohort of ACS, patients 
with previous myocardial infarction, a history of HF, car-
diomyopathy or moderate/severe valvular heart disease, 
prior stroke, arterial or venous thromboembolic disease or 
peripheral artery disease were excluded to avoid simultane-
ity of HF and previously established symptomatic ischemic 
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disease. Written informed consent was obtained from each 
included subject according to the protocol approved by the 
Ethics Committee for Human Studies at Galicia (our Spanish 
region), following the 1975 Declaration of Helsinki and its 
following updates.

For all included patients, detailed information was gath-
ered from medical history and appropriate physical examina-
tion and recorded in a database. Also, blood samples were 
obtained for local laboratory analysis (haemogram, basic 
biochemistry and coagulation rate, lipid profiles and special-
ised parameters, such as soluble ACE2 levels).

Peripheral venous blood was collected in EDTA-anti-
coagulated tubes between 8 and 10 AM after an overnight 
fast in HF patients and during the 24 h post-infarction in 
the ACS cohort. Plasma was separated by centrifugation 
(10 min. 1800×g, room temperature) and stored at − 40 °C 
until analysis. An electrocardiogram and echocardiogram 
were also performed on each patient. Definitions and labora-
tory data are detailed in the Supplementary Material.

Follow‑up and endpoints

Follow-up data were based on patients’ records available at our 
outpatient clinic. As noted and confirmed by a review of the 
death certificate, hospital chart and physician’s records, the pri-
mary endpoint was cardiac death. Secondary endpoints were 
the incidence of non-fatal myocardial infarction, evidenced by 
the appropriate combination of symptoms, electrocardiogram, 
enzyme changes or HF readmission. The combined endpoint 
was the incidence of major adverse cardiovascular events 
(MACE; cardiac death, reinfarction or HF readmission).

Cell culture

Human umbilical vein endothelial cells (HUVEC) were iso-
lated from freshly obtained human umbilical cords donated 
under informed consent from mothers, following the method 
previously described [31] and detailed in the Supplemen-
tary Material. All the procedures were approved by the Eth-
ics Committee for Human Studies at Galicia (our Spanish 
region), according to the World Medical Association Dec-
laration of Helsinki.

Post-confluent HUVEC cultures were treated with losar-
tan (100 μM, Sigma-Aldrich®, Merck Life Science S.L.U., 
Madrid, Spain), enalapril maleate salt (50  μM, Sigma-
Aldrich®) or metoprolol (100 μM, Sigma-Aldrich®) after 
the serum-starvation period. Angiotensin II (100 nM, Sigma-
Aldrich®) was used alone or combined with previous drugs to 
simulate states of RAAS activation. PD123319 (10 μM, Toc-
ris, Biotechne R&D Systems, Madrid, Spain) was used as an 
angiotensin type 2 receptor antagonist in some experiments. 
Losartan was used as a representative ARB, enalapril as an 
ACEI and metoprolol as a β-blocker. The final concentrations 

used for each drug in the experiments have been selected after 
a careful revision of the bibliography about the in vitro use 
of these drugs in experiments with human endothelial cells. 
Treatments were always incubated for 10 h.

Total RNA was obtained, quantified, reverse-transcribed 
and amplified as detailed in the Supplementary Materials.

Protein analysis

For ACE2 protein determination in HUVEC and cell cul-
ture supernatants, cells were serum-starved and treated as 
described in the previous section. Proteins were obtained after 
cell lysis with RIPA buffer and resolved on sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
for Western blotting of ACE2, as detailed in the Supplemen-
tary Materials. Quantification of sACE2 was made in the cell 
culture supernatants by ELISA (OriGene Technologies, Inc., 
Rockville, MD, USA) after 20 × concentration with Amicon 
filters 3 KDa (Merck Life Science S.L.U., Madrid, Spain).

Data analysis

The statistical analyses were performed with Statistical 
Package for the Social Sciences (SPSS), version 17.0. The 
categorical or dichotomous variables were expressed as 
absolute values and percentages and were compared with 
the Pearson Ҳ2 test. In the case of continuous variables, 
normality was checked with the Kolmogorov–Smirnov 
test. When normally distributed, variables were described 
as the mean ± standard deviation (SD), and when not, as 
the median and inter-quartile range. The student t-test was 
used to compare continuous variables between groups of 
patients (two tail distribution and equal variances between 
samples) when variables fulfilled the condition of normal-
ity, whereas the Mann–Whitney U test was used when not. 
Continuous data from more than two groups were compared 
with ANOVA followed by Tukey’s test. Non-normal dis-
tributed variables were compared with the Wilcoxon test 
for two groups or the Kruskal–Wallis test (unrelated data) 
or Friedman test (related data) to compare more than two 
groups. Correlations between variables were calculated by 
Pearson’s or Spearman’s tests to whether the data were nor-
mally distributed or not, respectively. Regression analyses, 
linear for continuous variables and logistic for dichotomous 
variables, were performed to find the independent variables 
related to sACE2 levels. The predictive value of individ-
ual variables for new cardiovascular events was analysed 
by receiver operating characteristic (ROC) curves. Differ-
ent Cox proportional hazard analyses were carried out to 
assess the independence of sACE2 levels to predict MACE, 
and data were presented as hazard ratios (HR) with 95% 
confidence intervals. Kaplan–Meier curves (analysed with 
the log-rank test) were performed to evaluate the prognostic 
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value of sACE2 during follow-up. The mRNA and protein 
levels were expressed as the fold change of each treatment 
with respect to the control treatment as mean ± standard 
error of the mean (SEM). Data expressed as percentages 
or fold changes were to control for unwanted sources of 
variation. A p-value of < 0.05 was considered statistically 
significant.

Results

Baseline characteristics

A total of 204 consecutive patients fulfilling the inclu-
sion criteria and distributed in two cohorts of 102 age- 
and gender-matched HF or ACS patients were included 
in the study (Fig. 1). Basal characteristics in the moment 
of the inclusion are presented in Table 1. The mean age 

for the total population was 69.4 ± 11.7 years, and 32% 
were female. An expected statistical difference between 
cohorts was observed for patients with reduced LVEF 
(LVEF < 40%) and mid-range ejection fraction (LVEF 
40–49%), which were higher in the HF cohort. Patients 
in the HF cohort showed higher body mass index, more 
dyslipidaemia and worse glycaemic control, whereas in 
the ACS cohort were more smokers and presented lower 
HDL levels.

Attending to the medication that could be compared in 
both cohorts, patients with HF were in treatment with ACEI, 
β-blockers and acetylsalicylic acid (ASA) more than patients 
with ACS at the moment of inclusion. ARB was considered 
here by their possible implication in the levels of ACE2. 
However, in the ACS cohort, these drugs are used to sub-
stitute ACEI when these are not well tolerated. Therefore, 
in the small number of patients of our cohort, there were no 
treatments with ARB.

Fig. 1   Consort flow diagram 
of the study. Flow diagram of 
the study. ACE2 angiotensin-
converting enzyme-2
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Soluble ACE2

sACE2 plasma levels were higher in the HF cohort than in 
the ACS cohort. No differences in this parameter were found 
regarding hypertension, dyslipidaemia, diabetes or gender. 

However, this soluble enzyme was lower in the 29 smokers 
of the population than non- and ex-smokers (1476.8 ± 764.7 
vs. 2105.7 ± 1606.0 pg/mL for smokers and non-smokers, 
respectively; p = 0.001).

Table 1   Baseline characteristics 
of the patients stratified by 
cohorts

The p-values <0.05 are in bold cases to highlight their statistical significance. ACEI angiotensin-converting 
enzyme inhibitors, ARB angiotensin receptor type I blockers, ASA acetylsalicylic acid, BMI Body Mass 
Index, DLP dyslipidaemia, DM diabetes mellitus, eGFR estimated glomerular filtration rate, HbA1C gly-
cated haemoglobin, HDL high-density lipoprotein cholesterol, HT hypertension, LDL low-density lipopro-
tein cholesterol, mrLVEF mid-range left ventricular ejection fraction, NTproBNP N-terminal pro-B-type 
natriuretic peptide, OAD oral antidiabetics, rLVEF reduced left ventricular ejection fraction, sACE2 soluble 
angiotensin-converting enzyme-2, TC total cholesterol, TG triglycerides
*Statistically difference between cohorts: p value for Student’s t test or Mann–Whitney U test for normal 
and non-normal, respectively when continuous variables; Pearson Ҳ2 test for categorical variables

Variable HF cohort (n = 102) ACS cohort (n = 102) p value*

Anthropometry
 Age, years 69.5 ± 11.8 69.3 ± 11.6 0.919
 Female, % (n) 33.3 (34) 30.4 (31) 0.652
 BMI, kg/m2 28.2 ± 4.2 26.4 ± 3.4 0.006
 Leukocytes, 103/μL 7.17 [5.94–8.89] 8.89 [7.24–12.30]  < 0.001

Vascular risk
 HT, % (n) 64.7 (66) 58.8 (60) 0.387
 DLP, % (n) 60.4 (61) 46.1 (47) 0.041
 DM, % (n) 36.3 (37) 33.3 (34) 0.659
 Smokers, % (n) 7.8 (8) 21.6 (22) 0.006

Cardiac function
 Heart rate, bpm 74.0 [63.0–85.0] 71.5 [60.0–87.2] 0.618
 mrLVEF, % (n) 12.1 (12) 16.6 (17)  < 0.001
 rLVEF, % (n) 63.6 (63) 17.6 (18)
 NTproBNP, pg/mL 1602.0 [741.2–3097.0] - -

Kidney function
 eGFR, mL/min/1.73 m2 67.5 ± 21.4 79.1 ± 16.1  < 0.001
 Urea, mg/dL 59.0 [42.0–78.0] 43.0 [35.0–53.0]  < 0.001

Glycaemic control
 Glycaemia, mmol/L 6.16 [5.49–7.44] 7.44 [6.23–10.94]  < 0.001
 Fructosamine, mmol/L 236.0 [201.0–310.5] 182.0 [156.5–253.0]  < 0.001
 HbA1C, % 6.0 [5.7–7.3] 5.7 [5.5–6.7] 0.028

Blood lipids
 TC, mmol/L 4.66 [4.06–5.48] 4.74 [3.96–5.59] 0.962
 LDL, mmol/L 2.84 [2.16–3.43] 2.92 [2.11–3.42] 0.798
 HDL, mmol/L 1.06 [0.83–1.29 0.92 [0.72–1.20] 0.032
 TG, mmol/L 1.16 [0.78–1.56] 1.34 [0.93–1.79] 0.074

ACE2
 sACE2 (pg/mL) 2334.3 ± 1741.4 1680.0 ± 1186.1 0.002

Pharmacotherapy
 ACEI, % (n) 74.5 (76) 35.3 (36)  < 0.001
 ARB, % (n) 19.6 (20) – –
 β-blockers, % (n) 86.3 (88) 8.8 (9)  < 0.001
 ASA, % (n) 36.3 (37) 15.7 (16) 0.001
 OAD, % (n) 26.5 (27) 17.6 (18) 0.088
 Insulin, % (n) 9.8 (10) 7.8 (8) 0.403
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Considering the total population, no significant associa-
tions were observed between sACE2 levels and any other 
parameter measured, except for the number of leukocytes, 
where an inverse relationship was shown (Supplementary 
Figure S1). Analysing each cohort separately, sACE2 levels 
were significantly related with NTproBNP in the HF cohort 
(Supplementary Figure S2), and in the ACS cohort, there 
were positive associations with age and glycaemic param-
eters (glycaemia, fructosamine and glycated haemoglobin; 
Supplementary Figure S3).

No differences in sACE2 levels were observed for the 
treatment with or without ACEI. The levels of the enzyme 
trended to be higher in patients using ARB (p = 0.138). How-
ever, only the HF cohort could be analysed in this regard, 
and only 20 patients were under treatment with this type of 
drug. We found higher levels of sACE2 in patients under 
treatment with β-blockers, although the percentage of use 
of these drugs in each cohort is quite different (86% in HF, 
9% in ACS).

Variables predicting sACE2 levels by linear univariate 
regression analyses were leukocytes concentration, smoking 
habit, reduced LVEF, blood levels of urea, NTproBNP and 
β-blockers use (Supplementary Table S1). The combination 
of these variables in a multivariate analysis adjusted by age 
and gender showed that only NTproBNP was an independent 
predictor of sACE2 plasma levels in HF. In the ACS cohort, 
NTproBNP levels were not available, and the independent 
predictor was age (Supplementary Table S2).

Logistic regression analyses were performed to identify 
the best indicators of elevated sACE2 levels (> 1600 pg/
mL). The levels of NTproBNP (HR 1.000 [1.000–1.001] 
95% CI; p = 0.011), urea (HR 1.029 [1.014–1.044] 95% 
CI; p < 0.001) and β-blockers use (HR 1.802 [1.020–3.185] 
95% CI; p = 0.043) were the only variables predicting 
the enhanced levels of sACE2. In the multivariate model 

adjusting by age and gender, only NTproBNP maintained its 
independence (HR 1.000 [1.000–1.001] 95% CI; p < 0.011).

Continuous urea levels were a better predictive vari-
able than dichotomous conversion to high (> 40 mg/dL) or 
normal values (< 40 mg/dL), suggesting that the metabolic 
meaning of urea levels, more than its clinical interpretation, 
affects sACE2 levels.

Follow‑up and prognosis

The median follow-up of event-free patients was 5.0 years. 
None of the 204 patients was lost to follow-up. A total of 54 
cardiac deaths (39 in HF and 15 in ACS cohort) and 88 events 
(56 in HF and 32 in ACS cohort) were registered. The clini-
cal parameters with statistically significant differences for the 
events and event-free groups of patients on each cohort are 
presented in Table 2. The rest of the clinical parameters are 
included in Supplementary Table S3. Patients with events in 
the HF cohort showed more incidence of reduced LVEF and 
GFR and higher NTproBNP and sACE2 levels. In the ACS 
cohort, more patients presented reduced LVEF, were diabetic 
and presented higher glycated haemoglobin levels and lower 
body mass index, but no differences were observed in sACE2 
levels. Urea blood levels were higher in the group with events 
in both cohorts. The clinical parameters stratified by the type 
of event (death or secondary events) in the event-group of 
each cohort are presented in Supplementary Table S4.

The value of sACE2 levels to predict new events dur-
ing the follow-up period was analysed by receiver operat-
ing characteristic (ROC) curves in each cohort. Interest-
ingly, sACE2 levels presented statistically significant areas 
under the ROC curves for cardiac death (0.623 95% CI 
(0.505–0.740), p = 0.041), secondary events (0.644 95% 
CI (0.535–0.754), p = 0.014) or MACE including death 
(0.647 95% CI (0.538–0.756), p = 0.012) in the HF cohort. 

Table 2   Baseline characteristics of patients with statistically significant differences, stratified by event and event-free group in the two cohorts

The p-values <0.05 are in bold cases to highlight their statistical significance
*Statistically difference between cohorts: p value for Student’s t test or Mann–Whitney U test for normal and non-normal, respectively when 
continuous variables; Pearson Ҳ2 test for categorical variables. Abbreviations: as in Table 1

Variable HF cohort ACS cohort

Event free (n = 45) Event (MACE) (n = 57) p value* Event free (n = 69) Event (MACE) (n = 33) p value*

Age, years 66.2 ± 11.8 72.1 ± 11.3 0.011 68.0 ± 11.8 72.0 ± 10.6 0.098
DM, % (n) 28.9 (13) 42.1 (24) 0.168 26.1 (18) 48.5 (16) 0.025
rLVEF, % (n) 52.3 (23) 72.7 (40) 0.029 13.0 (9) 30.3 (10) 0.037
NTproBNP, pg/mL 906.0 [272.2–1767.5] 2461.5 [1351.0–5178.0]  < 0.001 – – –
BMI, kg/m2 28.5 ± 4.6 27.9 ± 4.0 0.584 26.9 ± 3.4 25.4 ± 10.6 0.046
eGFR, mL/min/1.73 m2 73.2 ± 20.4 63.2 ± 21.3 0.020 80.7 ± 16.0 75.8 ± 16.2 0.161
Urea, mg/dL 54.0 [40.0–66.0] 67.5 [47.2–86.5] 0.001 41.0 [34.5–50.0] 50.5 [38.2–59.0] 0.028
HbA1C, % 6.0 [5.7–6.7] 6.0 [5.7–7.9] 0.529 5.7 [5.4–6.3] 6.1 [5.5–7.6] 0.043
sACE2 (pg/mL) 1887.0 ± 1608.6 2677.7 ± 1775.1 0.024 1611.9 ± 1007.8 1829.7 ± 1516.1 0.477
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From these analyses, a cutoff point was defined for sACE2 
concentration in plasma of 1600 pg/mL (~ 0.650 sensitiv-
ity, ~ 0.580 specificity). However, sACE2 levels were not 
predictive for any kind of event analysed by ROC curves in 
the ACS cohort.

Kaplan–Meier survival curves were constructed using the 
cutoff value defined for the sACE2 variable (1600 pg/mL) 
separately for the three types of endpoints (death, second-
ary events and the combination of both) in the HF cohort. 
In the cases of secondary events and the combination of 
death and secondary events, the sACE2 cutoff value showed 
a tendency to significance by the log-rank test (p = 0.070 and 
p = 0.051 for secondary events and the combined endpoint, 
respectively). However, in the case of death, the separation 
of survivals from non-survivals by the sACE2 cutoff value 
(1600 pg/mL) was statistically significant (p = 0.028; Fig. 2).

Although sACE2 levels, considered a continuous vari-
able, showed a significant value for predicting secondary 
events (p = 0.030) and the combination of MACE (p = 0.030) 
by the univariate Cox regression tests in the HF cohort, 
they did not reach statistical significance in the multivariate 
regression models for long-term prognosis adjusted by age, 
gender, diabetes mellitus, reduced GFR and reduced LVEF.

Effects of pharmacotherapy on ACE expression 
in HUVEC cultures

To clarify the direct effects of ACEI, ARB and β-blockers 
on the gene expression levels of ACE1, ACE2 and ADAM17 
(disintegrin and metalloproteinase domain-containing 
protein 17) in the endothelium, treatments with losartan 
(100 μM, an ARB), enalapril (50 μM, an ACEI) and meto-
prolol (100 μM, a β-blocker) were made in HUVEC cultures 
for 10 h. Cell viability in these conditions was confirmed 
by optical inspection of the cultures compared to control 

experiments and by total mRNA quantification of the cell 
content (no statistical differences were observed between 
treatments; Supplementary Table S5).

In these experiments, losartan and metoprolol induced 
statistically significant enhancements of the mRNA expres-
sion of the three proteins (Fig. 3). Enalapril had no sig-
nificant effects on the expression of ACE1, ACE2 and 
ADAM17, at the mRNA level.

In a series of experiments, angiotensin II (100 nM) was 
used to stimulate the endothelial cells mimicking the acti-
vation induced by the RAAS in vivo. This condition did 
not modify the mRNA levels of any of the proteins. Losar-
tan treatment (100 μM), in the presence of angiotensin II 
(100 nM), maintained the overexpression of ACE1, ACE2 
and ADAM17 with respect to the control and angiotensin 
II treatments (Fig. 3). On the contrary, enalapril (50 μM), 
in addition to angiotensin II (100 nM), did not modify the 
expression of any of the proteins, so the effects were not dif-
ferent from the control and angiotensin II treatments.

The possible modulation of the angiotensin II effects 
through its type 2 receptor was analysed with PD123319, a 
selective antagonist of the type 2 receptor of angiotensin II. 
This drug did not modify the mRNA expression of ACE1 
and 2 directly but reduced the levels of ADAM17 (Fig. 4). 
However, PD123319 did not modify the losartan-induced 
overexpression of ACE1, ACE2 and ADAM17, or the losar-
tan-induced overexpression in the presence of angiotensin II 
of any of the three proteins (Fig. 4).

The findings on mRNA expression of ACE2 were con-
firmed in protein expression levels in two ways. ACE2 
protein content was assessed by Western blot in HUVEC 
cultures treated with losartan (100 μM), angiotensin II 
(100 nM), and their combinations, and with metoprolol 
(100 μM). In these experiments, losartan and metoprolol 
significantly enhanced the protein expression of ACE2 

Fig. 2   Survival curves. Kaplan–
Meier curves for cardiac death 
survival and the results of the 
log-rank test for the stratifica-
tion by 1600 pg/mL sACE2 
level a in HF and b in ACS
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(Fig. 5). Moreover, sACE2 levels were measured in the 
supernatant of HUVEC cultures treated with losartan 
(100 μM), enalapril (50 μM), metoprolol (100 μM) and 
PD123319 (10 μM), alone or in combination with angio-
tensin II (100 nM). The levels of sACE2 were significantly 
higher after losartan or metoprolol treatment with respect 
to the control, and the effect of losartan was also main-
tained in the presence of angiotensin II (Fig. 5). Interest-
ingly, PD123319 blocked the losartan + angiotensin II-
induced overexpression of sACE2 (Fig. 4; 260.7 ± 70.5 vs 
57.5 ± 10.1 pg/mL for angiotensin II + losartan and angio-
tensin II + losartan + PD123319, respectively; p < 0.05).

Discussion

Here, for the first time, the meaning of the sACE2 plasma 
levels have been prospectively analysed in two age- and 
gender-matched cohorts of HF and ACS. The levels of 
sACE2 were significantly higher in HF than in ACS. 
Importantly, they were significantly related to NTproBNP 
levels, confirming their relationship with HF severity and 
long-term prognosis in the HF cohort. A cutoff value for 
sACE2 (1600 pg/mL) was obtained and confirmed as pre-
dictive of long-term (5 years) death in the HF cohort. How-
ever, this predictive value was not independent of other 
variables as age or LVEF. Pharmacotherapy with ACEI 
did not influence sACE2 plasma levels in both cohorts, 
but ARB or β-blockers could enhance ACE2 expression 
in the endothelium and blood. Therefore, in vitro results 
confirmed that ACEI (enalapril) did not modify the expres-
sion levels of ACE isoforms or ADAM17 in HUVECs. 
However, losartan (an ARB) and metoprolol (a β-blocker) 
markedly stimulated the expression of ACE isoforms, 

Fig. 3   Losartan upregulated ACE isoforms and ADAM17 expres-
sion. Gene expression by mRNA content, of a ACE1, b ACE2 and 
c ADAM17, measured under control conditions or after treatment 
with angiotensin II (ANG, 100 nM), losartan (LOS, 100 μM), enal-
april (ENA, 50  μM), metoprolol (MET, 100  μM) or their combina-
tion. Columns represent the mean fold change with respect to control 
(n = 5) ± SEM shown in vertical bars. *p < 0.05 with respect to con-
trol; # p < 0.05 vs. ANG

Fig. 4   Losartan-induced overexpression is independent of angiotensin 
receptors. Gene expression by mRNA content, of a ACE1, b ACE2 
and c ADAM17, measured under control conditions or after treat-
ment with angiotensin II (ANG, 100 nM), losartan (LOS, 100 μM), 
PD123319 (PD, 10 μM), or their combination. Columns represent the 
mean fold change with respect to control (n = 5) ± SEM shown in ver-
tical bars. *p < 0.05 with respect to control; #p < 0.05 vs. ANG
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ADAM17 and sACE2, independently of the action of 
angiotensin II.

Although some previous reports showed higher levels 
of sACE2 in men than in women [4], this relationship was 
not confirmed in our population. In our study, it seems that 
the pathophysiologic process of HF increases the levels 
of sACE2 to counteract the RAAS exacerbation that is 
described to occur in HF. High levels of ACE2 expression 
have been reported in HF patients [14], which could be 
related to left ventricular remodelling in HF [18]. Increas-
ing sACE2 plasma activity was also directly associated 
with the clinical diagnosis of HF and worsening of LVEF 
[5, 6]. The higher levels of sACE2 also correlate with the 

severity of HF, independently of other disease states and 
medication used [5]. In agreement, we observed a clear 
relationship between sACE2 and NTproBNP levels. How-
ever, we do not know if HF enhances the expression of 
ACE2 at the membrane and soluble levels simultaneously. 
Previous works point to the possibility of angiotensin II 
promoting ACE2 proteolytic cleavage, suggesting that ele-
vated plasma levels of sACE2 could represent the loss of 
its protective effects in the heart [32]. In our in vitro exper-
iments, a direct correlation between the expression levels 
of ACE2 at the mRNA level, protein level and sACE2 were 
observed, but angiotensin II did not increase sACE2.

Fig. 5   Protein levels of ACE2 
and sACE2. a Protein expres-
sion by Western blot is shown 
for ACE2 measured in HUVEC 
(representative images in the 
upper panel) after an incuba-
tion period with control or 
treatments with angiotensin 
II (ANG, 100 nM), losartan 
(LOS, 100 μM), metoprolol 
(100 μM) or their combina-
tion. Densitometric analysis of 
results is shown in the lower 
panel as the ACE2/β-actin 
ratio. b Protein concentration of 
sACE2 measured by enzyme-
linked immunosorbent assay 
in the supernatant of HUVEC 
after treatment with angiotensin 
II (ANG, 100 nM), losartan 
(LOS, 100 μM), enalapril 
(ENA, 50 μM), metoprolol 
(100 μM), PD123319 (PD, 
10 μM) or their combination. 
Columns represent mean values 
(n = 3) ± SEM shown in vertical 
bars. *p < 0.05 with respect to 
control; #p < 0.05 vs. ANG
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We did not observe an increase in sACE2 levels in the 
ACS cohort, whereas the elevation of sACE2 activity was 
reported in patients with an acute myocardial infarction 
after 7 days [33]. The main explanation for our data is 
that blood samples for our analysis were collected in the 
first 24 h post-ACS, so we could not detect the possible 
increase in sACE2 levels within the week after ACS. Due 
to our different designs, we could only explore the possi-
ble prognostic value of early sACE2 levels in the evolution 
or recovery after an ACS. However, in our study, elevated 
concentrations of sACE2 were not related to the progno-
sis in patients after an ACS. No data were found in this 
regard on previous studies about sACE2 levels, but in a 
recent study with 79 patients, sACE2 activity could predict 
adverse long-term cardiovascular outcomes in patients with 
established obstructive coronary artery disease [7].

Regression analyses were performed to find the variables 
related to sACE2 levels. The more consistent models pointed 
to high urea blood levels, β-blockers use and NTproBNP lev-
els as the main variables predicting the increase of sACE2. 
However, only NTproBNP was an independent predictor. 
The close relationship between the use of β-blockers in HF 
could help to explain the association with high sACE2 lev-
els, but further research is needed to define if it is HF or the 
medication the reason for the sACE2 modification, as we 
will discuss below.

It should also be considered that levels of sACE2 were 
inversely related with the total number of leukocytes consid-
ering the whole population, but not in the cohorts separately. 
This could relate the elevation of sACE2 levels to a reduced 
or exhausted immunity response, but no data is available for 
this relationship. However, this could help to understand the 
association found between sACE2 levels and cardiac death 
in the HF cohort as it will be commented then.

The levels of ACE2, soluble or attached to the cytoplas-
mic membrane, have been a matter of discussion regarding 
their influence in the infection by SARS-CoV-2 in cardio-
vascular patients. This virus uses ACE2 as a viral recep-
tor [34], so ACE2 anchored to the cellular membrane will 
serve as the way to enter the cells, whereas sACE2 is specu-
lated to serve as a cleaning system of the virus, preventing 
viruses from entering the cell [22]. Therefore, ACE2 could 
increase its significance in cardiovascular patients of the 
COVID-19 era.

In our study, the sACE2 plasma levels were higher in 
patients on β-blockers. This observation could be influ-
enced by the marked use of these drugs in HF compared 
to patients in the ACS cohort, but our experimental data 
point in the opposite direction. Interestingly, we showed 
that ACEI treatment does not influence sACE2 levels in 
patients. This finding does not directly correlate with pre-
vious findings in murine models [10], but it agrees with 
recent clinical studies [4]. So, it was important to confirm 

the behaviour of ACEI in the in vitro experiments. Our 
results with enalapril in HUVEC showed no modifica-
tion of the expression levels of any ACE isoform, and 
no modification of ADAM17, a metalloprotease that has 
been involved in the cleavage of sACE2 [35]. However, 
our data suggest that further investigations should be con-
ducted to clarify the possible relationship between ARB 
or β-blockers medication and sACE2 levels. In the in vitro 
experiments, losartan and metoprolol markedly enhanced 
the expression of ACE1, ACE2 and ADAM17 and even 
increased sACE2 concentration in the supernatant. The 
effect of losartan seems to be a pleiotropic direct effect 
since its action is also maintained in the presence of angio-
tensin II or the inhibition of angiotensin receptor type I, 
suggesting that the angiotensin receptor blocking is not 
the mechanistic action for ACE upregulation. In the case 
of metoprolol, the increased levels of sACE2 observed in 
patients treated with β-blockers agree with the increased 
expression of all forms of ACE2 at the cellular level. This 
important finding needs to be confirmed in future clinical 
studies because it is still an unsolved question [36]. Recent 
results point to a possible upregulation of ACE2 by ACEI 
and ARB in the heart of cardiovascular patients [15] or 
human type-II pneumocytes [37], and others do not find 
an association between medication and ACE2 expression 
[38]. However, nothing has been done, to the best of our 
knowledge, about the possible influence of β-blockers on 
ACE2 expression. Our data suggest, for the first time, the 
possible enhancement of ACE isoforms by these drugs, 
something that could be related to the increase of sACE2 
in HF patients, where this medication is routinely used.

In any case, the levels of ACE2, soluble or at the cellu-
lar membrane, contribute to counteracting the enhancement 
of RAAS by cardiovascular disorders. In this regard, it is 
noticeable that sACE2 levels were related to long-term car-
diovascular death in the HF cohort, suggesting that sACE2 
elevation is related to a marked deterioration of the cardio-
vascular system. High levels of sACE2 can help to predict 
the bad evolution of patients with HF, and it could be used 
from the clinical point of view.

This association between prognosis and sACE2 was not 
observed in the ACS cohort. In this cohort, sACE2 levels 
were significantly related to age and glycaemic parameters. 
Elevated fasting glucose plasma levels have been associated 
with an increased risk of myocardial infarction [39], which 
might explain the highest levels of glucose found in the ACS 
compared to the HF cohort. So, the association of sACE2 
levels to glycaemic parameters could also mark the patho-
physiologic evolution after an ACS, but further research is 
needed to clarify this issue.
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Limitations

This is a unicentric, prospective and observational study 
with the limitations inherent to this type of study design. 
The design of the study does not allow conclusions about 
the causality of different sACE2 levels in HF and ACS 
populations. The number of patients included is small but 
comparable to other studies that assessed similar objectives 
and outcomes, and the results are statistically significant. 
Therefore, we believe that this issue will have future clini-
cal relevance. Second, our study was made only in patients 
with HF or ACS, so the findings might be different in other 
cardiovascular patients. Third, our study was performed in 
ambulatory HF patients, so the extrapolation of our results 
to patients with acute HF would need to be supported by 
appropriate data collection. Finally, the results of the in vitro 
experiments in HUVEC with cardiovascular drugs cannot 
be directly extrapolated to clinical use. One of the reasons 
for this is that our experiments with endothelial cells were 
made in static conditions, whereas the endothelium is always 
exposed to blood flow. We could not do these experiments 
under flow conditions, so this is a limitation of the present 
work.

Conclusions

Higher levels of sACE2 were observed in patients with 
HF than in those with ACS, independently of age and gen-
der. These higher levels were related to long-term cardiac 
death in the HF cohort. However, no such associations were 
observed in the ACS cohort, where sACE2 levels were 
only related to age and glycaemic parameters. The levels of 
sACE2 were not affected by ACEI medication in the popu-
lation under study. Still, ARB and β-blockers were associ-
ated with higher levels of sACE2, and both types of drugs 
enhanced ACE2 and sACE2 expression on human endothe-
lial cells in vitro.
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