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Abstract
Background: Individuals with chronic kidney disease are affected by acute res-
piratory syndrome coronavirus 2 (SARS- CoV- 2) due to multiple comorbidities 
and altered immune system. The first step of the infection process is the binding 
of SARS- CoV- 2 with angiotensin- converting enzyme 2 (ACE2) receptor, followed 
by its priming by transmembrane protease serine 2 (TMPRSS2). We hypoth-
esized that circulating soluble ACE2 levels, as well as the expressions of ACE2 
and TMPRSS2 in the microvasculature, are increased in patients with end- stage 
kidney disease (ESKD).
Methods: A total of 210 participants were enrolled, representing 80 ESKD pa-
tients and 73 non- CKD controls for soluble ACE2, and 31 ESKD and 26 non- CKD 
controls for vasculature and fat tissue bioassays. We have assessed ACE2 expres-
sion in blood using ELISA and in tissue using immunofluorescence.
Results: Soluble ACE2 levels were higher in ESKD patients compared to con-
trols; however, there is no sex difference observed. In ESKD and controls, solu-
ble ACE2 positively correlated with Interleukin 6 (IL- 6) and C- reactive protein 
(CRP), respectively. Similarly, ACE2 tissue expression in the vasculature was 
higher in ESKD patients; moreover, this higher ACE2 expression was observed 
only in male ESKD patients. In addition, TMPRSS2 expression was observed in 
vessels from males and females but showed no sex difference. The expression 
of ACE2 receptor was higher in ESKD patients on ACE- inhibitor/angiotensin 
blocker treatment.
Conclusion: ESKD is associated with increased ACE2 levels in the circulation 
and pronounced in male vasculature; however, further studies are warranted to 
assess possible sex differences on specific treatment regime(s) for different co-
morbidities present in ESKD.
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1  |  INTRODUCTION

Coronavirus disease 2019 (COVID- 19) remains a world-
wide threat to health. Patients with chronic kidney disease 
(CKD) have several comorbidities, including hyperten-
sion, diabetes mellitus (DM) and cardiovascular disease 
(CVD), that are established risk factors for poor outcomes 
in COVID- 19. Wu et al. reported that patients on hae-
modialysis with COVID- 19 are at a higher risk of death 
than hospitalized controls without kidney failure (14% 
vs. 4%, respectively).1 Immunosuppressed patients with 
end- stage kidney disease (ESKD) that have undergone 
kidney transplantation are at high risk for poor outcomes 
following COVID- 19.2 Moreover, meta- analysis data have 
shown that men are associated with increased risk for 
COVID- 19.3

The severe acute respiratory syndrome coronavirus 
2 (SARS- CoV- 2) enters cells via binding to angiotensin- 
converting enzyme 2 (ACE2), followed by its priming by 
transmembrane protease serine 2 (TMPRSS2).4 ACE2, a 
homolog of ACE, has an important role in regulating blood 
pressure, fluid volume and sodium retention.5 There are 
two forms of ACE2, the full- length ACE2 transmembrane 
protein with an ectodomain, and a soluble form of ACE2 
found in peripheral blood.6 The membrane- bound ACE2 
undergoes proteolysis facilitated by the protease “a disin-
tegrin and metalloproteinase- 17” (ADAM- 17), also known 
as tumour necrosis factor- converting enzyme (TACE).7 
Although the physiological role of ACE2 in most tissues 
has not been exemplified, it is thought to be a crucial reg-
ulator of cardiac function.8 ACE2 expression has been 
found in the heart, kidney, lung, testis, epithelial cells, ar-
terial and venous endothelial cells, arterial smooth muscle 
cells,9 small intestine, thyroid, adipose tissue, brain, bone 
marrow and spleen.10 ACE2 is known to facilitate the 
conversion of angiotensin II (Ang II) into angiotensin 1- 7 
(Ang 1- 7), and Ang 1 to Ang 1- 9 thus offsetting the effects 
of ACE- Ang II-  type 1 (AT1) receptor axis.7 The opposing 
action of ACE2 against Ang II results in vasodilatation, 
decreased inflammation and fibrosis and induces natri-
uresis.11 Aside from its role in the regulation of the renin- 
angiotensin system (RAS), the ACE2 protein serves as the 
membrane receptor for the spike protein of the SARS- 
COV- 2 virus.12 Thus, ACE2 receptors expressed in tissues 
constitute an important entry mechanism for SARS- COV2 
in its subsequent infection of the cells in the human host. 
Although current recommendations support the continua-
tion of angiotensin- converting enzyme inhibitors (ACEi)/

angiotensin receptor blockers (ARBs) during SARS- CoV- 2 
infection,13 it is not yet established if patients on ACE- i/
ARBs are more susceptible to COVID- 19 and have worse 
outcomes via upregulation of ACE2.14

Resistance arteries are vessels with lumen diameters 
measuring <400 μm that constitute the major site of vas-
cular resistance.15 Resistance vessels were selected for this 
study as they are involved in the pathophysiology of hyper-
tension in both animal and human studies.16 The vascular 
networks of hypertensive patients are manifested by both 
decreased lumen size and increased vessel stiffness that 
results in increased peripheral resistance.17 The ability of 
vessels to adapt to changes in blood pressure depends on 
vascular distensibility and compliance.16 Current guide-
lines recommend that hypertension in CKD should be 
managed by antihypertensive medications that includes 
ACEi and ARBs,18 which block Ang II and formation of 
AT1R mediated actions and shift the RAS system balance, 
and increases the levels of Ang 1- 7.19 Thus, ACE2 plays 
an important role in the bidirectional nature of CKD and 
hypertension. Reports of COVID- 19 show worse outcome 
for males; therefore, it is important to determine if there 
is sex bias in the expression of ACE2 among patients with 
ESKD.20

We hypothesized that patients with ESKD have in-
creased circulating soluble ACE2 levels as well as increased 
expressions of ACE2 and TMPRSS2 in the microvascula-
ture compared to controls and that sex differences exist. 
Therefore, we aimed to investigate whether there are dif-
ferences in the circulating soluble ACE2 levels alongside 
expression of ACE2 and TMPRSS2 receptors in the resis-
tance artery and subcutaneous adipose tissue in ESKD 
patients versus non- CKD controls. The levels of soluble 
ACE2 mainly reflect constitutive shedding, on the other 
hand, the vascular expression of ACE2 refers to the ques-
tion of expression levels influence the risk of secondary 
viral establishment in the vasculature and other organs.

2  |  METHODS

2.1 | Study participants

The investigation was undertaken with the approval of 
the Ethical Committee at Karolinska University Hospital, 
Huddinge, with the informed consent of each patient 
and in accordance with the principles outlined in the 
Declaration of Helsinki. Two sets of population groups 
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were included in this study. For soluble ACE2 inves-
tigation, a subset of prevalent haemodialysis patients 
(n = 80), with available serum samples, were taken from 
the MIMICK- 1 (Mapping of Inflammation Markers in 
Chronic Kidney Disease) cohort21 and available non- 
CKD control serum samples (n = 73) were taken from the 
PRIMA- control cohort. The control cohort was recruited 
from an age-  and sex- matched population, respective to 
the entire MIMICK- 1 cohort, randomly selected from the 
Stockholm Region, Sweden, by the Statistics Bureau of 
Sweden— a government agency. No other exclusion cri-
teria other than unwillingness to participate in the study 
were applied to the selection of the control participants.

For the receptor expression investigations, ESKD patients 
undergoing living- donor kidney transplantation (includ-
ing patients in haemodialysis or peritoneal dialysis) with 
an eGFR < 15 ml/min and the non- CKD controls (subcu-
taneous fat biopsies from kidney donors or subjects under-
going planned hernia and gallbladder operation or bariatric 
surgery) with a median eGFR > 100 ml/min/1.73 m2 were 
included. We did not include any mild/moderate CKD pa-
tients in the control groups. For the baseline characteristics, 
the concentrations of serum creatinine, albumin, calcium, 
phosphate, 25(OH)- vitamin D, triglycerides, cholesterol, 
high- density lipoprotein (HDL) cholesterol, high- sensitivity 
C- reactive protein (hsCRP), glucose, glycated haemoglo-
bin A1c (HbA1c) were measured at the Department of 
Laboratory Medicine, Karolinska University Hospital, 
Huddinge, Sweden. Plasma interleukin IL- 6, IL- 10, and tu-
mour necrosis factor (TNF) were analysed by commercial 
kits available for an Immulite automatic analyser (Siemens 
Medical Solutions, CA, USA) and run in accordance with 
the manufacturer instructions. Vascular cell adhesion pro-
tein 1 (VCAM- 1) was analysed using the enzyme- linked im-
munosorbent assay (ELISA) technique.

2.2 | Soluble ACE2 assay

Serum samples stored at −80°C were obtained from 
Karolinska Institutet, CLINTEC, Division of Renal 
Medicine biobank. Soluble ACE2 protein concentration 
was detected using a commercially available ELISA kit 
(Lot# L200526530, Cloud Clone Corp., USA) and run ac-
cording to the manufacturer's instructions. Samples were 
run in duplicates with an intra- assay coefficient of varia-
tion of 9%.

2.3 | Immunohistochemistry

Resistance arteries, with a size of about <400  μm, were 
isolated from subcutaneous fat. Freshly isolated artery 

segments and adipose tissue were frozen on dry ice and 
preserved at −80°C. Before the experiments, transverse 
10 µm cryosections were cut using a Cryostat HM 500 OM 
(MICROM International GmbH, Germany). Sections 
were mounted on glass slides (Thermo Fisher Scientific, 
Germany) and stored at −20°C until staining. The ex-
periments were performed in two- day cycles. Before im-
munohistochemical staining, the sections were thawed 
and post- fixed with 4% formaldehyde. Upon staining, all 
tissue sections were first blocked with 10% goat serum 
(Sigma- Aldrich, USA) for 30  min. The diluted primary 
antibody ACE2 (1:200; Nordic BioSite, cat no: CSB- 
PA866317LA01HU- 50, Sweden), TMPRSS2 (1:400; cat 
no HPA035787, Sigma Aldrich) or CD31 (1:100, cat no: 
553370, BD Biosciences) with PBS and 5% goat serum 
was added on the slide and incubated overnight in 4°C. 
For the negative controls, the primary antibody was re-
placed with 5% normal goat serum. The secondary Alexa 
Fluor 594 goat anti- rabbit antibody (1:600; Thermo Fisher 
Scientific) was added for 1 h, in the dark at room tempera-
ture. The slides were then dipped with DAPI (1:50,000) 
for 1 min. Finally, coverslips were added to slides using 
Aqua- Mount mounting media (Thermo Fisher Scientific) 
and were examined and photographed under fluores-
cence microscopy (Zeiss, Japan) with x20 and x40 objec-
tives. For the validation of the antibodies, positive control 
tissues (human placenta and kidney) were stained (The 
human protein Atlas). The placenta and the kidney were 
obtained from non- CKD participants. To exclude antigen- 
independent staining, negative control for which the pri-
mary antibody was omitted was examined. In addition, 
antibody concentrations were optimized before investi-
gations to determine the optimal concentration for final 
staining experiments with tissues used in the manuscript. 
The quantification of IHC staining was performed digi-
tally using ImageJ software (National Institute of Health, 
USA) where the area of positive staining measured was 
expressed as a percentage of total tissue area. The analysis 
of the IHC images was performed blinded.

2.4 | Statistical analysis

Shapiro- Wilk normality tests were performed for all data 
variables included in this study. Continuous data are ex-
pressed as either median (interquartile range) or mean 
(standard deviation) dependent on data distribution, 
either not normal or normal distribution, respectively. 
Statistical analyses were selected in accordance with the 
data distribution. Categorical data are expressed as the 
frequency with percentage. Comparisons between clini-
cal and biochemical markers, as well as in vivo and stain-
ing studies, comparing ESKD to control participants were 
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assessed using non- parametric Mann- Whitney U test or 
parametric Student's t test. Categorical data were com-
pared using chi- squared test. Sex- divided statistics were 
also performed, and when significant presented, oth-
erwise displayed as a group. Correlation analyses were 
performed using non- parametric Spearman's rank cor-
relation method for continuous variables. Multivariable 
linear regression analyses were performed to assess the 
strength of the relationship between the dependent vari-
able and several predictor variables. For not- normally dis-
tributed variables, data were log- transformed (log10) prior 
inclusion to the models. Statistical significance was set at 
p < 0.05. Statistical analyses were carried out using SPSS 
(v.26.0, IBM, USA) and GraphPad Prism 6.0 (GraphPad 
Software Inc., CA, USA). Reporting of the study conforms 
to broad EQUATOR guidelines.22

3  |  RESULTS

3.1 | Study population for soluble ACE2

A total of 80 prevalent haemodialysis patients with ESKD 
and 73 non- CKD control participants were included 
for the measurement of soluble ACE2 concentrations. 
Baseline characteristics of the study populations for solu-
ble ACE2 are shown in Table 1. As expected, ESKD pa-
tients more often had CVD and diabetes mellitus (DM) 
and were more often on medications for hypertension and 
lipid control. As controls were selected randomly from the 
general population without CKD, only a small number 
of controls also had CVD and DM. The biochemical pa-
rameters showed a typical profile of ESKD patients with 
significantly higher levels of triglycerides, S- creatinine, 
VCAM- 1, IL- 6, fibrinogen, and hsCRP (p < 0.0001), while 
BMI (p  <  0.028) and albumin (p  <  0.001) were signifi-
cantly lower in ESKD compared to controls. Soluble ACE2 
was significantly (p  <  0.0002) higher in ESKD (3.8  ng/
ml, IQR 2.4– 5.5  ng/ml) compared to controls (2.7  ng/
ml, IQR 2.1– 3.7  ng/ml) (Figure  1A). There were no sig-
nificant differences in the sex- divided analysis of soluble 
ACE2 concentration in ESKD and controls (Figure  1B). 
We identified that soluble ACE2 related to the inflam-
matory response, reflected by correlations with hsCRP, 
IL- 6 and TNF. In ESKD, soluble ACE2 was positively 
correlated with IL- 6 (rho 0.257, p = 0.021), whilst nega-
tively correlated with cholesterol (rho −0.248, p = 0.029), 
while in controls soluble ACE2  showed positive corre-
lation with hsCRP (rho −0.254, p = 0.03) (Table 2). We 
have adjusted the soluble ACE2 levels in the ESKD group 
with age, sex, BMI, CVD, DM, and ACEi/ARB treatment 
in three different models and all three models showed a 
stronger association to IL- 6 (p  =  0.003) and cholesterol 

(p  =  0.003) (Table  3). In addition, in model 3 when we 
have adjusted for age, sex, BMI, CVD, DM, and ACEi/
ARB treatment soluble ACE2 showed a positive associa-
tion with TNF (p = 0.05), which was not significant in the 
earlier two models (Table 3) or when performed univari-
ate correlation analysis (Table 2). In the non- CKD control 
group, after adjusting the age, sex, BMI, CVD, DM, and 
ACEi/ARB treatment, soluble ACE2  showed a positive 
association with IL- 6 (p = 0.005; Table 4). Nevertheless, 
the association with CRP was lost that showed a positive 
correlation in the earlier univariate correlation analysis 
(Table 2).

Soluble ACE2  levels were not significantly different 
in ESKD patients for those with and without CVD, DM, 
comorbidities (CVD  +  DM), or those in the ACEi/ARB 
treated and non- treated group (Figure 2). Moreover, sex- 
divided analysis of soluble ACE2 levels in ESKD patients 
treated and non- treated with ACEi/ARB, with and with-
out CVD, DM and combined CVD  +  DM comorbidities 
showed no significant differences (Figure S1).

3.2 | Study population for 
immunohistochemistry

A total of 57 participants were enrolled for the stain-
ing study, representing 31 ESKD and 26 non- CKD con-
trols. However, the arteries (ESKD, n = 23, and controls, 
n = 15) and adipose tissue (ESKD, n = 11, and controls, 
n = 12) samples used for staining were not automatically 
obtained from the same participants. The samples were 
obtained depending on the available tissues received from 
the surgery. Age, demographic, biochemical, and clinical 
characteristics for all participants are shown in Table 5.

3.3 | ACE2 and TMPRSS2 localization

Immunofluorescence was used to determine the presence 
of ACE2 and TMPRSS2 in isolated subcutaneous resist-
ance arteries from ESKD patients and controls. We have 
confirmed the expression of ACE2 on the human placenta 
and kidney and TMPRSS2 on the placenta as a positive 
control (Figure S2). The positive signal in the kidney was 
prominent in the glomeruli of the cortex region. To ex-
clude possible auto- fluorescence or antigen- independent 
staining negative controls were examined and there was 
no expression on negative controls observed (Figure S2). 
The expression of ACE2 was observed on both endothe-
lium and vascular smooth muscle cells (VSMC) in resist-
ance arteries from ESKD patients and controls (Figure 
3C). The expression of ACE2 was higher in ESKD pa-
tients compared with controls (Figure  3B). Sex- divided 
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Clinical parameters Control (n = 73) ESKD (n = 80) p value

Age, years 61 (55– 70) 66 (51– 76) 0.360

Males, n (%) 49 (67%) 43 (54%) 0.092

Females, n (%) 24 (33%) 37 (46%) 0.092

Systolic BP, mmHg 138 (127– 154) a 

Diastolic BP, mmHg 84 (77– 94) a 

DM, n (%) 4 (5%) 20 (25%) <0.001

CVD, n (%) 7 (9%) 50 (63%) <0.001

ACEi/ARB, n (%) 10 (14%) 17 (21%) 0.221

Beta blockers, n (%) 14 (19%) 31 (39%) 0.008

Statins, n (%) 10 (14%) 18 (23%) 0.160

BMI, kg/m2 26.16 ± 4.7, 
n = 72

24.31 ± 5.3, n = 79 0.026

Cholesterol, mg/dl 5.1 (4.6– 5.7), 
n = 64

4.4 (3.7– 5.2), n = 78 <0.001

Triglycerides, mg/dl 1.1 (0.75– 1.8), 
n = 64

1.7 (1.1– 2.2), n = 79 0.003

Glucose (mg/dl) 5.2 (4.9– 5.5), 
n = 62

— 

HbA1c (%) 4.7 (4– 5.5.0), 
n = 63

— 

Serum creatinine, mmol/L 80.1 ± 15.7; 
n = 65

764.2 ± 210 <0.001

eGFR, ml/min/1.73m2 81.1 (74.7– 97.7) 5.4 (4.7– 8.5) <0.001

Albumin, g/L 39.1 ± 2.5; n = 65 35.0 ± 3.7 <0.001

IL- 6, pg/ml 1.9 (1.0– 3.5), 
n = 26

7.3 (4.1– 14.0) <0.001

VCAM- 1, ng/ml 689 (572– 822), 
n = 57

1832 (1419– 2221), 
n = 79

<0.001

IL- 10, ng/ml — 1.2 (0.9– 1.8)

BNP, ng/L — 10.1 (3.4– 28.2), n = 77

TNF, pg/ml — 13.1 (10.7– 15.9)

Fibrinogen, g/L 2.9 ± 0.56, n = 63 3.9 ± 0.9, n = 64 <0.001

hsCRP, mg/L 1.3 (0.6– 2.9), 
n = 63

6.3 (2.4– 17.5), n = 77 <0.001

Note: Data are expressed as mean ± standard deviation for normally distributed variables and 
median ± quartile range (Q1– Q3) for not normally distributed variables. Statistical comparisons are 
performed by parametric t test for normally distributed variables and non- parametric Mann- Whitney 
U test for variables not- normally distributed. Nominal data expressed as frequency (%) and statistical 
comparison by chi- squared test.
Abbreviations: BP, blood pressure; DM, diabetes mellitus; CVD, cardiovascular disease; ACEi/ARB, 
angiotensin- converting enzyme inhibitor/angiotensin- receptor blocker; BMI, body mass index; HBA1c, 
glycated haemoglobin; eGFR, estimated glomerular filtration rate; IL, interleukin; VCAM- 1, vascular 
cell adhesion molecule- 1; BNP, brain natriuretic peptide; TNF, tumour necrosis factor; hsCRP, high- 
sensitivity C- reactive protein; ESKD, end- stage kidney disease.
aAbout BP data in ESKD patients: a single BP- measurement in haemodialysis patients provide no/little 
reliable information. BP varies considerable during a haemodialysis session and depends on the session 
and the day BP was measured. To measure BP accurately in haemodialysis patients someone needed 
to perform 24 h ambulatory blood pressure; a possibility that was not feasible for this cohort of patients 
included in the manuscript.55

T A B L E  1  Clinical characteristics 
of patients with ESKD and controls for 
soluble ACE2
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statistics show that this significance remains in males only 
(Figure 4B). In the non- CKD controls, females had higher 
expression of ACE2 compared with males (Figure  4B). 
Patients with ESKD who were treated with ACEi/ARBs 
showed higher expression of ACE2 compared with 
those not on such treatment (Figure  5B). Subcutaneous 
adipose tissue staining shows positive ACE2  staining 
on both ESKD and control groups, however, there was 
no statistical difference in the expression among the 
groups (Figure S3). We have investigated the expression 
of TMPRSS2 on the artery and adipose tissue from ESKD 
patients and controls. Although, both artery and adipose 
tissue expressed TMPRSS2 we observed no differences in 
the expression (Figure 6). We did not find any sex differ-
ence for the expression of TMPRSS2 (data not shown). In 

addition, TMPRSS2 was expressed both on endothelium 
and VSMC in the resistance artery (Figure S4).

4  |  DISCUSSION

Patients with ESKD are expected to be at higher risk of 
severe COVID- 19 since they are more susceptible to infec-
tious complications and have a higher prevalence of CVD 
due to early vascular ageing than the general population.23 
It is also of importance to understand if sex- specific pre-
requisites exist towards susceptibility to infection by the 
SARS- CoV- 2 virus. ACE2 is the functional receptor for 
SARS- CoV- 2, and in this study, we report on the detec-
tion of ACE2 in the circulation, as well as in resistance 

F I G U R E  1  Serum concentration of 
soluble angiotensin- converting enzyme 
2 (ACE2) in (A) controls versus patients 
with end- stage kidney disease (ESKD), (B, 
C) sex divided differences into controls 
and ESKD subjects. Results are expressed 
as the median and interquartile range 
(IQR). Significance p < 0.05

Variable

Control (n = 73) ESKD (n = 80)

rho p value rho
p 
value

Age 0.010 0.933 0.076 0.502

BMI 0.028 0.812 0.032, n = 79 0.777

Albumin −0.160, n = 63 0.211 0.126 0.264

hsCRP 0.254 0.030 0.121, n = 77 0.296

Ferritin — — 0.037, n = 68 0.763

Fibrinogen 0.067, n = 63 0.601 0.163, n = 64 0.197

IL- 10 — — −0.058 0.612

VCAM- 1 0.047, n = 57 0.728 −0.198, n = 79 0.080

IL- 6 0.309, n = 26 0.125 0.257 0.021

TNF — — 0.204 0.070

s- Ca −0.195, n = 62 0.129 −0.103, n = 79 0.364

s- PO4 0.056, n = 62 0.668 0.036, n = 79 0.752

Cholesterol −0.118, n = 62 0.360 −0.248, n = 78 0.029

Creatinine −0.117, n = 63 0.363 0.201 0.074

Haemoglobin 0.007, n = 63 0.955 −0.174 0.122

Note: Statistical analyses were performed by Spearman correlation (rho) analysis.
Abbreviations: BMI, body mass index; ESKD, end- stage kidney disease; hsCRP, high- sensitivity C- reactive 
protein; IL, interleukin; s- Ca, serum calcium; s- PO4, serum phosphate; TNF, tumour necrosis factor.

T A B L E  2  Correlation of soluble 
ACE2 with clinical and other biochemical 
parameters in controls and ESKD patients
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artery and adipose tissues of ESKD patients and non- 
CKD controls. Indeed, ACE2  levels were significantly 
increased both in the circulation and resistance artery 

tissues of ESKD patients compared to controls. However, 
no sex differences were observed in soluble ACE2 levels 
in ESKD, but the expression of ACE2 was higher in resist-
ance artery from male patients with ESKD. In ESKD and 
controls soluble ACE2  has shown a positive association 
with inflammatory marker IL- 6 and hsCRP, respectively. 
The ACE2 and TMPRSS2 receptors were present both in 
the endothelium and vascular smooth muscle cells from 
resistance arteries. There was no difference in the expres-
sion levels of TMPRSS2 in isolated arteries and fat tissue 
between ESKD patients and controls.

Our observation of elevated soluble ACE2 in the pe-
ripheral circulation of ESKD patients concurs with an-
other study that reported higher levels of soluble ACE2 in 
serum of patients with advanced CKD stage 3/5 patients 
compared to controls.24 Changes in soluble ACE2  levels 
have been implicated in the pathophysiology of CVD, with 
higher levels being associated with myocardial infarction, 
stroke, heart failure, and diabetes in a large multinational 
population study.25 Soluble ACE2, shed from epithelial 
cells by ADAM- 17, retains catalytic activity.26 Studies 
have shown that a higher soluble ACE2 enzymatic activ-
ity is associated with a higher risk for atherosclerosis in 
CKD stage 3/5 patients.27 Concurrently, elevated soluble 
ACE2 observed in ESKD patients may indicate elevated 
ADAM- 17  levels and/or activity, as previously suggested 
in diabetic patients,28 with ADAM- 17 activity correlating 
with worsening renal function.29 As ablation of ADAM- 
17 expression reduces ACE2  shedding30 it may confer a 
protective mechanism.30 However, as the role of soluble 
ACE2  remains unclear, and the shedding of ACE2  may 
mechanistically regulate transmembrane ACE2 activ-
ity,4 further studies need to explore the relation between 
transmembrane ACE2 activity, ADAM- 17 and soluble 
ACE2 levels.

In adults, high soluble ACE2  levels associate with 
classical Framingham risk factors such as BMI, diabe-
tes, hypertension, LDL cholesterol, and smoking.25 In 
kidney transplant patients soluble ACE2 correlates with 
age, liver function and glycosylated haemoglobin.31 We 
report that soluble ACE2  levels were positively cor-
related with IL- 6 and negatively with cholesterol levels. 
Multivariable linear regression revealed pronounced in-
dependent interplay of IL- 6, TNF and cholesterol with 
soluble ACE2 adjusted for age, sex, BMI, CVD, DM, and 
ACEi/ARB treatment. As ESKD is characterized by an 
inflammatory phenotype, increased levels of soluble 
ACE2  may suggest participation in resolving the in-
flammatory response.32 In the context of COVID- 19, our 
findings of higher soluble ACE2 correlating with inflam-
mation suggest that ESKD patients are more susceptible 
to an exacerbated inflammatory response with cytokine 
storm and worse outcomes. IL- 6 is an inflammatory 

T A B L E  3  Soluble ACE2 multivariable linear regression 
analysis in ESKD participants

Estimate
Standard 
error p- value

Model 1

IL- 6 0.355 0.082 0.003

CRP 0.174 0.67 0.149

TNF 0.201 0.273 0.09

Cholesterol −0.344 0.325 0.004

Model 2

IL- 6 0.438 0.084 0.0001

CRP 0.213 0.068 0.085

TNF 0.204 0.272 0.08

Cholesterol −0.341 0.332 0.005

Model 3

IL- 6 0.385 0.001 0.001

CRP 0.217 0.068 0.079

TNF 0.227 0.273 0.05

Cholesterol −0.337 0.332 0.006

Note: Bold signifies statistical significance p < 0.05
Model 1: Adjusted for age, sex and BMI.
Model 2: Model 1+ comorbidities (DM + CVD).
Model 3: Model 1+ comorbidities + ACEi/ARB treatment.
Abbreviations: hsCRP, high- sensitivity C- reactive protein; IL- 6, 
interleukin- 6; TNF, tumour necrosis factor.

T A B L E  4  Soluble ACE2 multivariable linear regression 
analysis in non- CKD control participants

Estimate
Standard 
error p- value

Model 1

IL- 6 0.710 0.140 0.011

CRP 0.225 0.055 0.087

Model 2

IL- 6 0.897 0.172 0.010

CRP 0.217 0.057 0.107

Model 3

IL- 6 1.03 0.178 0.005

CRP 0.231 0.61 0.109

Note: Bold signifies statistical significance p < 0.05.
Model 1: Adjusted for age, sex and BMI.
Model 2: Model 1+ comorbidities (DM + CVD).
Model 3: Model 1+ comorbidities + ACEi/ARB treatment.
Abbreviations: hsCRP, high- sensitivity C- reactive protein; IL- 6, 
interleukin- 6.
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regulator of the senescence- associated secretory phe-
notype. As ESKD can be seen as a clinical model of se-
nescence and early vascular ageing, increased IL- 6 and 
soluble ACE2 levels may reflect senescence status.33 The 
negative correlation between soluble ACE2 and choles-
terol levels observed may be a reflection of the “reverse 
epidemiology phenomenon”34 and independent of age, 
sex, BMI, CVD, DM, and ACEi/ARB treatment.

We find no differences in the levels of soluble ACE2 
between males and females in either ESKD patients or 
controls. In contrast, previous studies have reported that 
males have elevated soluble ACE2 levels in both the gen-
eral population35 and in heart failure.36 The menopausal 
status of the women in the current study may be an ex-
planation. As postmenopausal women have higher solu-
ble ACE2 levels than premenopausal women,35 hormonal 
dysregulation, as well as reduced power, may explain the 
lack of sex differences in soluble ACE2.

Our finding of ACE2 expression on both the endo-
thelium and VSMC in resistance artery from both ESKD 
patients and controls concur with previous studies.37,38 

The ESC Working Group for Atherosclerosis and Vascular 
Biology and the ESC Council of Basic Cardiovascular em-
phasized the link between ACE2, cardiovascular physiol-
ogy, and susceptibility to COVID- 19 infection.39 On the 
other hand, whether endothelial cells and VSMCs can be 
infected by SARS- CoV- 2 and/or can support substantial 
viral replication is controversial as different researchers 
addressed different findings and opinions. A lack of evi-
dence for replicative infection by SARS- CoV- 2 in human 
endothelial cells through ACE2 was recently reported.40 
Nevertheless, the higher ACE2 expression in resistance ar-
teries from patients with ESKD may be indicative of a role 
in vascular calcification.41 The observation of elevated 
vascular ACE2 in ESKD patients indicates that they are 
at risk of SARS- CoV- 2 infection and/or greater severity of 
COVID- 19. In contrast to the findings in arteries, we find 
no differences in adipose ACE2 expression between ESKD 
patients and controls. Although a recent study highlights 
an association between high visceral adiposity and severity 
of COVID- 19, it can be postulated that adipose ACE2 may 
trigger the cytokine storm of COVID- 19.42

F I G U R E  2  Soluble ACE2 levels in 
patients with end- stage kidney disease 
(ESKD) according to treatment and 
presence of comorbidities cardiovascular 
disease (CVD), diabetes mellitus (DM) 
and combined CVD + DM. Results are 
expressed as the median and interquartile 
range (IQR). Significance p < 0.05
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Although no sex differences were found in soluble 
ACE2  levels, we report that female controls had a sig-
nificantly higher arterial expression of ACE2 than male 
controls. Whereas male patients with ESKD had a signifi-
cantly higher arterial expression of ACE2 compared to 
control males, no difference was observed between female 
ESKD patients and controls. The observation that females 
have a higher basal ACE2 expression than males in the 
general population may be explained the stimulatory ef-
fects of oestrogens on the expression of ACE2.43 In addi-
tion, the ACE2  gene is overexpressed in females, as the 
gene is located on the X chromosome in sites commonly 
escaping X chromosome inactivation.44 Thus, since fe-
males may have twice the capacity to produce two types of 
ACE2, the SARS- CoV- 2 virus have to unlock two forms of 
ACE2 while males only have a single form to unlock.45 As 
estrogen has been described to be protective during SARS 

by activation of the immune response and suppressing 
SARS- CoV replication,46 there may be similar interactions 
with COVID- 19/SARS- CoV- 2. These results may have rel-
evance for COVID- 19 pathology: a higher ACE2 tissue ex-
pression in healthy females vs males (which is in line with 
animal experiments) and, as ACE2 is more ‘inducible’ in 
males, a stronger up- regulation may occur under patho-
logical circumstances.47 These findings highlight the need 
for investigations into the role of sex hormones in the reg-
ulation of ACE2 and protection during COVID- 19.

The expression of TMPRSS2 in resistance arteries and 
adipose tissue did not differ between ESKD patients and 
controls. The expression of TMPRSS2 expression in micro-
vascular endothelial cells has been considered so low that 
it is hard to detect except during active angiogenic/tub-
ulogenic responses.48 However, we find detectable levels 
of TMPRSS2 expression in the endothelium of resistance 

Clinical parameters Control (n = 26) ESKD (n = 31)
p 
value

Age (years) 48.6 ± 10.6 50.0 ± 16 0.684

Males, n (%) 9 (34%) 20 (64%) <0.001

Females, n (%) 17 (66%) 11 (36%) <0.001

Systolic BP, mmHg 140.1 ± 15.2 143.6 ± 20.4 0.661

Diastolic BP, mmHg 81.2 ± 10.4 88.1 ± 12.9 0.128

ACEi/ARB, n (%) 2 (8%) 17 (54%) <0.001

Beta- blockers, n (%) 2 (8%) 19 (61%) <0.001

Statins, n (%) 1 (4%) 12 (38%) <0.001

BMI, kg/m2 25 (23– 28), n = 18 23.7 (21.4– 26.5), 
n = 29

0.279

Cholesterol, mg/dl 5.1 ± 1.0, n = 20 4.3 ± 1.1, n = 30 0.014

HDL, mmol/L 1.8 ± 0.55, n = 17 1.52 ± 0.61, n = 30 0.162

Triglycerides, mg/dl 0.9 ± 0.45, n = 19 1.4 ± 0.58, n = 30 0.007

HbA1c, % 35.2 ± 1.8, n = 9 37.8 ± 10.4, n = 31 0.891

Serum creatinine, mmol/L 75 (67– 81), n = 19 666 (542– 794), 
n = 30

<0.001

eGFR, ml/min/1.73 m2 100 (85– 108) 6 (5– 8) <0.001

hsCRP, mg/L 0.47 (0.33– 2.9), 
n = 20

0.83 (0.21– 2.5), 
n = 30

0.897

Albumin, g/L 38.1 ± 2.6, n = 20 33.7 ± 3.8, n = 30 <0.001

Calcium, mmol/L 2.28 ± 0.07, n = 20 2.26 ± 0.18, n = 31 0.879

Phosphate, mmol/L 1.0 ± 0.25, n = 20 1.8 ± 0.53, n = 31 <0.001

25- OH D- vitamin, nmol/L 54.1 ± 20.2, n = 11 54.6 ± 25.0, n = 29 0.952

Note: Data are expressed as mean ± standard deviation for normally distributed variables and 
median ± quartile range (Q1– Q3) for not normally distributed variables. Statistical comparisons are 
performed by parametric t test for normally distributed variables and non- parametric Mann- Whitney 
U test for variables not- normally distributed. Nominal data expressed as frequency (%) and statistical 
comparison by chi- squared test.
Abbreviations: ACEi/ARB, angiotensin converting enzyme inhibitor/angiotensin- receptor blocker; BMI, 
body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; ESKD, end- stage kidney 
disease; HbA1c, glycated haemoglobin; HDL, high- density lipoprotein; hsCRP, high- sensitivity C- reactive 
protein.

T A B L E  5  Clinical characteristics 
of patients with ESKD and controls 
measured for immunohistochemistry
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arteries both in controls and ESKD patients. Nevertheless, 
TMPRSS2 expression alone is not predictive of its func-
tional TMPRSS2, which is regulated by nitrosylation.49 
Therefore, it is conceivable that nitric oxide (NO) synthase 
activity and the subsequent production of NO may influ-
ence viral infection of endothelium by altering the activity 
of TMPRSS2.

In this study, we find no differences in soluble 
ACE2 levels between ESKD patients treated or not treated 
with ACEi/ARBs. Our findings are in accordance with the 
observation that levels of soluble ACE2 are not influenced 
by ACEi/ARBs.36 In contrast to soluble levels, resistance 
arteries showed higher ACE2 expression in the ACEi/
ARBs treated group compared to the non- treated group. 
Increased ACE2 expressions in multiple tissues have 

been observed in patients on ACEi/ARB.50 In the case of 
COVID- 19 infection, ACEi/ARBs seem to be a double- 
edged sword as upregulation of ACE2 can increase the 
risk for SARS- CoV- 2 infection whilst at the same time 
they reduce the pro- inflammatory, vasoconstrictor and 
pro- fibrotic effects of Ang II.51 To this date, guidelines 
have recommended that withdrawal of ACEi/ARBs is 
not recommended in high- risk individuals.52 It is import-
ant to note that ESKD patients and their associated co- 
morbidities are usually under a multidrug regimen. Aside 
from ACEi/ARBs, other clinically approved drugs given to 
ESKD patients such as statins, GLP- 1 agonists, thiazide di-
uretics, beta- blockers, and calcium channel blockers have 
been reported to affect the levels of ACE2 expression of 
different animals or human tissues or plasma.53,54 Further 

F I G U R E  3  Angiotensin- converting 
enzyme 2 (ACE2) expression in resistance 
artery sections from patients with end- 
stage kidney disease (ESKD) and controls. 
(A) Representative immunofluorescence 
staining of ACE2, (B) Statistical analysis 
of ACE2 expression between controls 
(n = 15) and ESKD (n = 23), (C) 
Representative immunofluorescence 
staining of ACE2 expression and CD31 
endothelial cell marker expression in 
resistance artery from patients with 
ESKD. ACE2 (red), CD31 (green) and 
nuclear DAPI staining (blue). Co- 
localization of ACE2 and CD31 expression 
is seen in yellow. Bar = 100 µm. 
Significance p < 0.05; ESKD, end- stage 
kidney disease

F I G U R E  4  Sex- divided analysis of angiotensin- converting enzyme 2 (ACE2) expression in resistance artery sections from patients with 
end- stage kidney disease (ESKD) and controls. (A) Representative immunofluorescence staining of ACE2 (red) in male and female controls, 
Bar = 100µm, (B) Sex divided statistical analysis of ACE2 expression in male vs female controls (n = 6/9, respectively), and male versus 
female ESKD patients (n = 13/10, respectively). M, male; F, female; Significance p < 0.05; ESKD, end- stage kidney disease
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studies however, are needed to determine the effects of 
these medications (whether as single or in combination 
therapy) in increasing ACE2 in the ESKD population and 
relation to SARS- CoV- 2 infection. Some strengths and 
weaknesses of this study are worth addressing. The use 
of unique human material is an apparent strength of this 
study. Regarding the higher tissue expression of ACE2 in 
ESKD patients, ACEi/ARB may have a role in the greater 
tissue expression of ACE2 in ESKD patients, however, as 
we have limited access to the study materials further in-
vestigations are warranted to elaborate on this issue. In 

addition, as the numbers of males and females were low 
in ACEi/ARB treatment vs non- treatment group in ESKD, 
we pooled both males and females that deserve further ex-
ploration with larger groups.

In conclusion, our findings suggest that ACE2 in the 
circulation and vasculature are differently expressed in 
ESKD and controls. A better understanding of the sex 
predisposition of ACE2 could provide further insight on 
possible mechanisms of COVID- 19 pathology in high- 
risk patients that could establish a personalized treatment 
approach.

F I G U R E  5  Angiotensin- converting enzyme 2 (ACE2) expression in resistance artery sections from patients with end- stage kidney 
disease (ESKD) with or without ACE- inhibitor/angiotensin receptor blocker (ARB) treatment. (A) Representative immunofluorescence 
staining of ACE2 (red) in ACE- inhibitor/ARB treated and non- treated arteries from ESKD patients, Bar = 100µm, (B) Statistical analysis of 
ACE2 expression in ACE- inhibitor/ARB treated (n = 12) and non- treated (n = 11) ESKD; Significance p < 0.05

F I G U R E  6  Transmembrane 
protease serine 2 (TMPRSS2) expression 
in resistance artery sections (A + B), 
and adipose tissue (C + D) from patients 
with end- stage kidney disease (ESKD) 
and controls. (A) Representative 
immunofluorescence staining of 
TMPRSS2 in arteries, (B) Statistical 
analysis of TMPRSS2 expression between 
controls (n = 15) and ESKD (n = 23) in 
resistance arteries, (C) Representative 
immunofluorescence staining of 
TMPRSS2 in adipose tissue, (D) Statistical 
analysis of TMPRSS2 expression between 
control (n = 12) and ESKD (n = 11) in 
adipose tissue. ACE2 (red) and nuclear 
staining with DAPI (blue). Bar = 100 µm. 
Significance p < 0.05; ESKD, end- stage 
kidney disease
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