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Aims Angiotensin-converting enzyme 2 (ACE2) is the cellular entry point for severe acute respiratory syndrome corona-
virus (SARS-CoV-2)—the cause of coronavirus disease 2019 (COVID-19). However, the effect of renin-angiotensin
system (RAS)-inhibition on ACE2 expression in human tissues of key relevance to blood pressure regulation and
COVID-19 infection has not previously been reported.

...................................................................................................................................................................................................
Methods
and results

We examined how hypertension, its major metabolic co-phenotypes, and antihypertensive medications relate to
ACE2 renal expression using information from up to 436 patients whose kidney transcriptomes were characterized
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by RNA-sequencing. We further validated some of the key observations in other human tissues and/or a controlled
experimental model. Our data reveal increasing expression of ACE2 with age in both human lungs and the kidney.
We show no association between renal expression of ACE2 and either hypertension or common types of RAS
inhibiting drugs. We demonstrate that renal abundance of ACE2 is positively associated with a biochemical index
of kidney function and show a strong enrichment for genes responsible for kidney health and disease in ACE2 co-
expression analysis.

...................................................................................................................................................................................................
Conclusion Our results indicate that neither hypertension nor antihypertensive treatment is likely to alter the expression of

the key entry receptor for SARS-CoV-2 in the human kidney. Our data further suggest that in the absence of
SARS-CoV-2 infection, kidney ACE2 is most likely nephro-protective but the age-related increase in its expression
within lungs and kidneys may be relevant to the risk of SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
responsible for the coronavirus disease 2019 (COVID-19)—the re-
cent viral pandemic with high mortality rates and overwhelming bur-
den on the healthcare systems globally. The virus gains entry into
human host cells upon binding to angiotensin-converting enzyme 2
(ACE2)—a molecule operating both as the main trans-membrane re-
ceptor for the virus1,2 and a component of renin-angiotensin system
(RAS)—the key blood pressure (BP) regulating cascade.3,4

Interestingly, elevated BP (hypertension) has been implicated as a
main co-morbidity and a potential risk factor for more severe clinical
outcomes of COVID-19,5,6 and speculation mounted that this may
be due to commonly prescribed antihypertensive medications target-
ing RAS [i.e. angiotensin-converting enzyme inhibitors (ACE-I) or
angiotensin II type 1 receptor (AT1) antagonists (ARB)]. Indeed,
whilst some have hypothesized that RAS blockers enhance SARS-
CoV-2 entry into the host cells7,8 and/or promote the organ damage
in patients with COVID-19 as a result of ACE2 up-regulation, there is
also evidence that RAS blockers have no influence on tissue or
plasma ACE2 in animal models9,10 or on plasma ACE2 activity in
patients.11,12 However, evidence for a direct effect of hypertension

or RAS blockers on ACE2 expression in human tissues has remained
elusive, largely because of the paucity of large gene expression data-
sets with matching clinical information. As the inhibition of the ACE2-
SARS-CoV-2 interaction gains traction as a potential treatment strat-
egy for COVID-19,13 an urgent understanding of how the key
COVID-19 comorbidities alter ACE2 expression in human tissues is
necessary to gain new mechanistic and therapeutic insights.

Herein, we selected the human kidney as a tissue of key import-
ance to BP regulation, RAS and COVID-19 and examined how hyper-
tension (as well as its major metabolic co-phenotypes) related to
ACE2 expression.7,14–17 We further explored if RAS blockers were
associated with changes in ACE2 expression taking advantage of in-
formation on antihypertensive treatment in patients whose kidney
transcriptomes were characterized by RNA-sequencing. Finally, we
validated some of the key observations in other human tissues and a
controlled experimental model using kidneys from spontaneously
hypertensive rats (SHRs) treated with ACE-I and ARB.

Condensed methods

Our discovery dataset consisted of up to 436 human kidney samples
collected by the moleculAr analysis of human kiDney-Manchester renal
tIssue pRojEct (ADMIRE), the TRANScriptome of renaL human
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TissuE Study (TRANSLATE),18–22 and its extension (TRANSLATE-T,
‘zero time’ pre-implantation biopsy prior to transplantation),20

moleculaR analysis of mEchanisms regulating gene exPression in post-
ischAemic Injury to Renal allograft (REPAIR) and Renal gEne expreSsion
and PredispOsition to cardiovascular and kidNey Disease (RESPOND)
studies. The replication was based on 98 ‘normal control’ kidneys
from the Cancer Genome Atlas (TCGA, https://www.cancer.gov/
tcga). Human kidney transcriptome profiling in all studies was con-
ducted by RNA-sequencing.20–22 Gene expression was quantified in
transcripts per million and normalized using logarithmic transform-
ation, quantile normalization and rank-based inverse normal trans-
formation, as reported before.20

Analyses of association between ACE2 expression and hyperten-
sion as well as other demographic and clinical phenotypes [i.e. age,
sex, body mass index (BMI), diabetes, clinic BP, estimated glomerular
filtration rate (eGFR)] were conducted using ordinary least square
linear regression model adjusted for age, sex (as appropriate), other
demographic/clinical variables, top three genetic principal compo-
nents (PCs) and surrogate variables (SVs) in both discovery and repli-
cation (if available) datasets. The SVs were built for each model
separately and the optimized number was determined by ‘sva’ pack-
age23 in R. The analysis of the association between renal expression
of ACE2 and each of the antihypertensive classes (ACE-I, ARB, beta-
blockers, calcium channel antagonists, diuretics, or others) was
adjusted for age, sex, BMI, diabetes, top three genetic PCs and SVs,
and further corrected for the inter-correlation between the drug
classes (using ‘gee’ R package).

The co-expression analysis stratified on renal expression of ACE2
was conducted using multivariate regression and adjusted for age,
sex, diabetes, hypertension, three genetic PCs, and ‘sva’ determined
SVs in both the discovery and replication dataset separately. A kidney
gene was considered as co-expressed with ACE2 if the direction of
its association with ACE2 was consistent in the discovery and replica-
tion datasets and the corresponding level of statistical significance
survived a correction for multiple testing in both.

Replication of association between kidney ACE2 expression and
eGFR was examined in a total of 315 kidney samples from five renal
gene expression datasets curated by Nephroseq (www.nephroseq.
org) and an additional ‘look-up’ in an independent dataset of 95
human kidneys.24

The analysis of association between ACE2 expression and both
age and sex in non-renal tissues of relevance to hypertension/BP
regulation was conducted using Genotype-Tissue Expression (GTEx)
project.25 The multivariate regression models were adjusted for age,
sex (as appropriate), GTEx-specific variables, top three genetic PCs,
a tissue-specific number of SVs using the ‘Limma’ R package.

Mapping of ACE2 on specific cell-types was conducted using
single-cell RNA-sequencing data for the human adult kidney.26

The analysis of association between renal ACE2 expression in re-
sponse to losartan and perindopril, we conducted using inbred male
SHRs from the Animal Resources Centre (Canning Vale, Western
Australia). At 10 weeks old, SHR were implanted with minipumps
(Alzet model 2004, Durect Corp Cupertino, CA, USA) for infusions
of either the vehicle (normal saline), losartan (7.5 mg/kg/day), or peri-
ndopril (1 mg/kg/day). Spontaneously hypertensive rats received infu-
sions for 4 weeks and were sacrificed according to the standard

protocols. Angiotensin-converting enzyme 2 expression in the kidney
was quantified using quantitative real-time PCR.

The statistical significance of all analyses was computed with an ad-
justment for multiple testing.

Detailed information on materials and methods is available in the
Supplementary material online.

Results

Renal expression of angiotensin-
converting enzyme 2—insights from kid-
ney transcriptome profiling, co-
expression analysis, and single-cell
experiments
We first processed RNA-sequencing-derived gene expression pro-
files of 436 kidneys from our discovery resource (Supplementary ma-
terial online, Table S1) and uncovered 21 203 kidney genes. The key
RAS genes showed from strong to moderate expression in the kid-
ney with ACE2 in the top 20% of the renal gene expression signal dis-
tribution (Figure 1A). The analysis of human kidney single-cell data26

revealed a cell-type-specific pattern of ACE2 expression, with prox-
imal tubule cells showing the strongest expression signal (Figure 1B).
Our co-expression analysis conducted in both the discovery and rep-
lication datasets uncovered 47 kidney genes tightly correlated with
ACE2 (Figure 1C). Twenty-three (49%) of these genes showed ex-
pression specific to proximal tubule at the single-cell level (Figure 1C).
The ACE2 co-expressed genes were enriched for amino acid metab-
olism (P = 1.89 � 10-5, Figure 1C), mitochondria (P = 1.92 � 10-17,
Figure 1C), kidney disease (P = 1.88� 10-10, Figure 1C), and weakly for
BP regulation (P = 0.0225, Figure 1C). While ACE was not within the
top renal genes correlated with ACE2, it showed nominally significant
positive association with ACE2 in both the discovery resource
(P = 0.0327) and TCGA (P = 0.0032), consistent with previous stud-
ies.27 Taken together, these data show that ACE2 is a highly abundant
kidney gene with a cell-type-specific pattern of expression in the
proximal tubule and functional overlap with metabolic processes of
key relevance to human health and disease.

The effect of sex and age on angiotensin-
converting enzyme 2 expression in the
kidney and other human tissues
Angiotensin-converting enzyme 2 is encoded by a gene on the short
arm of the X chromosome (Xp22.2) and was reported to escape X
chromosome inactivation (XCI) in some human tissues.28 To exam-
ine whether there is the XCI-driven sex bias in the renal expression
of ACE2, we compared male and female gene expression profiles
from 436 kidneys within the discovery dataset and 98 renal tissue
samples from the replication resource. We first confirmed that the
sex-specific X-chromosomal and Y-chromosomal gene controls
(XIST and RPS4Y1, respectively) showed the expected sex-specific
pattern of expression in kidneys from both gene expression datasets
(Supplementary material online, Figure S1A). Our discovery analysis
showed that women have �1.36-fold higher expression of ACE2 in
the kidney when compared with men (P = 8.6 � 10-9)
(Supplementary material online, Figure S1B). We then replicated this
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Figure 1 (A) The distribution of gene expression values in the human kidney transcriptome derived from 436 samples of the discovery population.
Deciles of the distribution are shown as coloured regions from least expressed decile (dark purple) to most highly expressed (yellow). Renal expres-
sion of renin-angiotensin system genes is labelled (ACE, angiotensin I converting enzyme; ACE2, angiotensin I converting enzyme 2; AGT, angiotensi-
nogen; AGTR1, angiotensin II receptor type 1; AGTRAP, angiotensin II receptor-associated protein; CTSG, cathepsin G; REN, renin). Expression
units are transformed (log2 of the sum of transcripts per million plus a constant offset of 1). (B) Two-dimensional t-SNE representation of cells from
normal kidney tissue. Angiotensin-converting enzyme 2 expressing cells are marked with a dark grey circle. Cells are coloured by their location in the
nephron segment. t-SNE, t-distributed stochastic neighbour embedding. (C) Heatmap of 47 renal genes co-expressed with angiotensin-converting
enzyme 2, genes are grouped and ordered by chromosomal location starting at the top and proceeding clockwise. Expression—quantile of expres-
sion in the distribution of the kidney transcriptome, colouring consistent with that in (A). Discovery—direction and strength of statistical association
(t-statistic) in the discovery resource, positive association is shown from white (least strongly associated) to dark red (most strongly associated).
Replication—direction and strength of statistical association (t-statistic) in the replication resource, colouring identical to ‘Discovery’. Proximal tu-
bule—overlaps with the set of computational cell-type markers for proximal tubule cells. Kidney disease—overlaps with ‘renal disease’ set from gen-
etic association database. AA-metabolism—present in REACTOME ‘Metabolism of amino acids and derivatives’. Blood pressure—present in the
manually curated list of blood pressure genetically associated genes. Mitochondrion—annotated with ‘GO:0005739’ gene ontology term. (D)
Association between renal expression of angiotensin-converting enzyme 2 and age in the discovery dataset. RBINT—the residual of normalized
angiotensin-converting enzyme 2 expression, P-value—level of statistical significance. (E) Heatmap of association between angiotensin-converting en-
zyme 2 expression and age and sex in the selected human tissues from Genotype-Tissue Expression project. The degree of positive association with
age is coloured from white to dark red. A significant association with female sex is shown as green and with male sex as brown, less significant results
scale towards white. (F) Difference in renal expression of angiotensin-converting enzyme 2 between hypertensive and normotensive individuals in
the discovery dataset, n—number of individuals. (G) Association between renal expression of angiotensin-converting enzyme 2 and estimated glom-
erular filtration rate (eGFR) in the discovery dataset. (H) The association between renal expression of angiotensin-converting enzyme 2 and each in-
dividual antihypertensive drug class, reference—hypertensive patients not on antihypertensive treatment, FC—fold change, 95% CI—95%
confidence interval, P-value—nominal level of statistical significance from the generalized estimation equation (GEE) model, P-value*—level of statis-
tical significance after adjustment for multiple testing. T vs. N, treatment vs. no treatment. (I) Renal angiotensin-converting enzyme 2 expression after
4-week treatment with vehicle (normal saline), perindopril or losartan in spontaneously hypertensive rats (SHR). Data are DCt values from quantita-
tive real-time PCR, P-value, level of statistical significance for a difference in DCt values from t-test; n, number of animals in each group.
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observation in an independent population—TCGA (P = 8.86� 10-5)
(Supplementary material online, Figure S1C). In the combined analysis
of 534 samples, women had�1.4-fold higher level of renal ACE2 ex-
pression when compared with men (Supplementary material online,
Figure S1D). We then examined how sex influences ACE2 expression
in the lung and several other relevant tissues from the GTEx pro-
ject.25 In some tissues (i.e. subcutaneous adipose tissue), ACE2
showed higher expression in women than men, while in others (i.e.
aorta), there was the opposite pattern of sex-specificity in ACE2 ex-
pression (Figure 1E).

Age showed a positive association with the renal expression of
ACE2 in the discovery dataset (8.67 � 10-16) (Figure 1D). The direc-
tionality of the age-renal ACE2 relationship was consistent in the rep-
lication resource but the association did not reach the level of
statistical significance (P = 0.2540), possibly because of the smaller
number of samples in TCGA. Similar to the findings in the kidney, we
detected a statistically significant positive association between age
and the expression of ACE2 in lungs from the GTEx (P = 1.62� 10-4,
Supplementary material online, Figure S1E). In the majority of the
examined human tissues, the direction of the association between
age and ACE2 expression was consistent with that observed in the
kidney and the lungs (Figure 1E).

Collectively, these data show that ACE2 exhibits a heterogeneous
tissue-dependent sex-specific expression pattern in human tissues
and that expression of ACE2 tends to increase with age in the kidney,
lungs and the majority of tissues of relevance to cardiovascular
system.

Analysis of association between renal
expression of angiotensin-converting en-
zyme 2, hypertension, and other clinical
phenotypes of potential relevance to
coronavirus disease 2019
Taking advantage of clinical information available in our discovery re-
source, we examined whether hypertension and other comorbid-
ities/phenotypes of potential relevance to COVID-19 (including
diabetes, BMI, eGFR) were associated with renal expression of
ACE2. Our analysis, conducted in 269 hypertensives and 167 normo-
tensives, revealed no association between human hypertension and
ACE2 expression in the kidney (P = 0.6008) (Figure 1F, Supplemen-
tary material online, Table S2). An additional sensitivity analysis
restricted to individuals who were not on antihypertensive treatment
confirmed no association between ACE2 and hypertension
(Supplementary material online, Figure S1F and Table S2) as well as
clinic systolic BP (P = 0.358) and diastolic BP (P = 0.303). Neither dia-
betes nor BMI showed an association with kidney expression of
ACE2 (P = 0.8445 and P = 0.8843, respectively) (Supplementary ma-
terial online, Figure S1G and Table S2). However, we detected a signifi-
cant positive association between renal expression of ACE2 and
eGFR (P = 2.41 � 10-5) (Figure 1G, Supplementary material online,
Table S2). We then replicated this finding in two additional studies.
Firstly, we conducted a meta-analysis of correlation between tubular
ACE2 expression and eGFR in 315 renal transcriptomes from an in-
dependent resource—Nephroseq (P = 1.19 � 10-17) (Supplementary
material online, Figure S1I and Table S3, www.nephroseq.org).
Secondly, our look-up in a gene expression dataset from 95 renal

tubule samples24 confirmed the directionally consistent association
between ACE2 and eGFR (P = 0.0013). Taken together, these data
show that renal expression of ACE2 is positively associated with a
biochemical index of kidney function but not with hypertension or
other cardiovascular/metabolic comorbidities.

The effect of antihypertensive
medications on the renal expression
of angiotensin-converting enzyme 2—
analysis of human and rat kidneys
Of 269 hypertensive individuals in our discovery tissue resource, 221
were on antihypertensive treatment. We first confirmed that antihy-
pertensive therapy (as a simple binarized variable) was not associated
with expression of ACE2 in the kidney (P = 0.4176). We then allo-
cated each prescribed antihypertensive medication into one of six
categories consistent with the six main BP-lowering drug classes, in
160 individuals with detailed information on their pharmacological
therapy (Supplementary material online, Figure S1H). After replacing
the binarized antihypertensive treatment indicator with the variables
indicative of the six classes and after correction for inter-correlation
between the drug classes, we re-examined if renal ACE2 expression
was associated with individual antihypertensive classes. There was a
nominally significant association with ARB but no significant associa-
tions after the adjustment for multiple testing (Figure 1H).

In the absence of independent datasets with RNA-sequencing pro-
files of human kidneys with matching information on antihypertensive
treatment, we used the kidneys from SHRs treated for 4 weeks with
an ACE-I and an ARB. These experiments in essence corroborated
the observations from the human kidneys—there was no statistically
significant difference in renal ACE2 expression between the treat-
ment arms (Figure 1I). Collectively, these data show that there is no
association between commonly prescribed antihypertensive medica-
tions and renal expression of ACE2.

Discussion

Despite widespread speculation that hypertension (and especially
drugs that inhibit RAS) would be associated with increased expres-
sion of ACE2 and that this in turn, lead to increased susceptibility to
COVID-19, our study revealed no effect of either on the renal ex-
pression of ACE2. We also showed that while age and sex changed
the abundance of ACE2 in human tissues, common metabolic
comorbidities of hypertension, including diabetes and obesity index
were not associated with renal expression of ACE2. Finally, we
revealed enrichment for amino acid metabolism, mitochondria, and
kidney disease in the renal ACE2 co-expression analysis and demon-
strated a positive association between renal ACE2 expression and a
biochemical index of kidney function in the absence of the SARS-
CoV-2 infection.

It is widely acknowledged that while viral pneumonitis is the main
clinical manifestation of SARS-CoV-2 infection, COVID-19 is a multi-
organ disease29 affecting the cardiovascular system, renal-urinary
tract, and other organs and tissues. Recent studies have revealed the
tropism of SARS-CoV-2 to the renal epithelium17 as well as endothe-
lium13,30 and post-mortem electron microscopy has demonstrated
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the presence of viral inclusion structures within the kidney.13,29,31

The autopsy findings of patients who died of COVID-19 confirmed
the prominent structural damage of tubular renal epithelium32 and it
appears that the viral invasion of the kidney parenchyma may (at least
to some extent) contribute to acute kidney injury in patients with
COVID-19.33 Importantly, ACE2—a key trans-membrane receptor
used by SARS-CoV-2 to gain entry to the host cells2,13,34—is very
abundant in the human kidney,35,36 possibly more so than in the
lungs.33 These observations suggest that the kidney is one of the key
target tissues for SARS-CoV-2.

Our kidney transcriptome profiling studies mapped a strong cell-
specific ACE2 expression signal to the proximal tubule and showed a
strong enrichment for this cell-type amongst the genes showing the
highest level of renal co-expression with ACE2. The over-
representation of genes that encode different enzymes and molecular
transporters uncovered by our co-expression analysis is consistent
with previously reported, but not widely acknowledged, ACE2’s ac-
tivity as a carboxypeptidase and its role in metabolic regulation, i.e.
acting as a chaperone for amino acid transport and metabolism.37–39

We also observed strong enrichment for gene-products that localize
in the mitochondria—this lends support to the hypothesis that viral
disruption of mitochondrial oxygen sensing mechanisms may be rele-
vant to SARS-CoV-2-driven hypoxia.40 In addition, we reveal that
many ACE2 co-expressed kidney genes [i.e. LRP2 (megalin), CUBN
(cubilin), GALNT11 (polypeptide N-Acetylgalactosaminyltransferase
11)] have a well-established role in renal physiology, i.e. reabsorption
processes in the proximal tubule and regulation of urinary excretion
of protein.41,42 Most importantly, our analyses conducted across
three independent datasets of human renal tissue (totalling 720 indi-
viduals) provide strong and consistent evidence for a positive associ-
ation between renal expression of ACE2 and eGFR. Collectively,
these data indicate that ACE2 is positively correlated with a measure
of kidney function and are consistent with previous observations on
i.e. reduction in renal content of ACE2 in overt kidney disease.43

Previous studies conducted on various tissues from experimental
models and a few studies using human blood reported inconsistent
associations between ACE2 abundance and BP/hypertension.44

Using the largest available dataset of human kidneys with matching
clinical information, we detected no association between renal ex-
pression of ACE2 and human hypertension or clinic BP. We also
observed only a very weak enrichment for BP regulation in our kid-
ney ACE2 co-expression analysis. Thus, the renal expression of
ACE2 is unlikely related to the reported over-representation of
patients with elevated BP amongst those with COVID-19. Indeed,
while almost half of Chinese6 and Italian5 patients diagnosed with
COVID-19 were hypertensive and hypertension was more prevalent
amongst those who died at intensive care units than in those who
were discharged5 or those with more severe than non-severe
COVID-19,6 these associations were not adjusted for age—a key
correlate of COVID-19-related morbidity and mortality. Being older,
male sex, higher BMI, and diabetes have been linked to a higher risk
of infection and/or adverse outcomes in patients with COVID-19.6

Of these factors, only sex and age showed an association with renal
ACE2 expression in our analyses. The effect of sex on ACE2 expres-
sion is strongly dependent on the type of tissue and suggests that
ACE2 escapes XCI inactivation only in selected human tissues (i.e. in
the kidney) possibly as a result of more subtle tissue-specific

regulatory mechanisms.28 The relevance of this heterogeneous sex-
specific tissue expression in relevance to SARS-CoV-2 requires fur-
ther study. The age-related increase in ACE2 was apparent in both
the kidney and the lungs and directionally consistent in the other
examined human tissues as well as a recent study using nasal epithe-
lium.45 Whether this age-driven increase in ACE2 represents a ubi-
quitous molecular mechanism enhancing the viral entry into the host
cells or protecting them from a virus-mediated organ injury (through,
e.g. increased degradation of angiotensin II and/or synthesis of angio-
tensin 1-7) 1,8,13,33,46,47 remains to be established.

Our study provides an important new insight into how pharmaco-
logical blockade of RAS (a well-established strategy in the manage-
ment of hypertension and other cardiovascular diseases) relates to
ACE2 expression and its contemplated role in COVID-19-driven
organ injury. Indeed, the RAS inhibitors (through their potential
effects on ACE2 expression) have been considered as both potential-
ly protective and harmful to patients infected by SARS-CoV-2. While
ACE2 is not a direct molecular target of the RAS blockers, ACE-I
reduces the levels of the ACE2 substrate (angiotensin II) while ARB
block the angiotensin II-AT1 receptors interaction and thus have
been proposed to attenuate the angiotensin II-mediated organ in-
jury.46–50 On the other hand, RAS blockers have been hypothesized
to enhance the entry of SARS-CoV-2 into host cells and enhance the
severity of organ damage in patients with COVID-19, possibly as a re-
sult of up-regulated ACE2 expression.7,8,48 There is a widely
acknowledged paucity of data linking ACE-I and ARB with ACE2 ex-
pression in the human tissues of relevance to COVID-19.46 Indeed,
the available evidence on how RAS blockers relate to ACE2 expres-
sion is based mostly on experimental models47,51,52 and clinical stud-
ies conducted using blood.53–55 While some of the experimental
studies47,51,52 found an association between ACE2 and RAS blockers,
previous human studies reported that circulating levels of ACE2
were not related to these classes of antihypertensive medica-
tions.54,55 The most recent analysis of individuals with heart failure
concluded that ACE inhibitors and ARBs were not associated with
increased plasma concentrations of ACE2.53 While ACE2 operates
mostly as a tissue enzyme46,56,57 and there is no evidence that blood
levels of ACE2 correlate positively with its expression in the kidney,
the results of the previous clinical studies on blood53–55 are largely
consistent with our observations. The demonstrated lack of associ-
ation between RAS blockers and renal expression of ACE2 shown in
our study makes it unlikely that antihypertensive treatment drives
kidney up-regulation of the key functional receptor for SARS-CoV-
2—the cause of COVID-19. These observations are in line with the
vast majority of observational studies and trials—with a recent living
meta-analysis concluding that use of RAS blockers is not associated
with worse outcomes of COVID-19 disease or higher risk of SARS-
CoV-2 test positivity in symptomatic individuals.58 Currently, it
remains uncertain whether ACE-I and ARBs use is associated with
the risk of mild or asymptomatic disease or improves COVID-19 out-
comes.58 To this end, our data also lend support to the clinical con-
sensus (endorsed by International Society of Hypertension,
European Society of Hypertension and European Society of
Cardiology) not to discontinue RAS blocker in patients with COVID-
19.49,59

Our study is based on a retrospective analysis. We also acknow-
ledge that the discovery kidney resource brings several renal tissue

6 X. Jiang et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
collections together; this is necessary to maximize the sample size
and optimize the power of the study. While samples were collected
at different sites for the purpose of this project, we used consistent
standards/operating procedures of tissue collection, processing, and
phenotyping and all the gene expression data were processed and
normalized using one centralized computational pipeline. Finally, the
breadth of clinical information available for patients whose kidney
samples were processed by RNA-sequencing may be not as exten-
sive as that for some studies collecting more accessible types of bio-
logical materials (i.e. blood or urine), and therefore we could not
include all potential clinical cofounders (i.e. heart failure) directly in
our statistical models or in the sensitivity analyses. However, we have
applied a very careful mitigation strategy to reduce the potential influ-
ence of measured and latent cofounding (of both technical and bio-
logical origin) on the results of our gene expression analysis.
Furthermore, our findings are based on the largest available discovery
dataset with >400 human kidneys and wherever feasible—replicated
in independent resources. We also provide data from other human
organs as context to our findings and make use not only of whole tis-
sue transcriptome profiling but also—single-cell investigations and
the experimental model of human hypertension (SHR). The latter
provides a unique controlled and genetically uniform model to study
a gene expression without potential interference of genetic hetero-
geneity associated i.e. with response to drug treatment. We appreci-
ate though that given a limitation pertaining to the number of animals
in these studies, they should be interpreted as preliminary and war-
ranting a confirmation in further experimental models.

In summary, we reveal findings of potential biological and epi-
demiological importance to the SARS-CoV-2 infection, i.e. the signa-
ture of age of ACE2 expression in tissues of relevance to COVID-19
and the lack of association between common cardiovascular and
metabolic comorbidities of COVID-19 (i.e. hypertension, diabetes)
on the renal expression of the SARS-CoV-2 entry receptor.
Furthermore, the lack of association between renal expression of
ACE2 and RAS blockers demonstrated in this study provides an im-
portant molecular argument in favour of safety of commonly pre-
scribed BP-lowering medications (RAS blockers) in patients with
COVID-19. Finally, our data suggest that in the absence of SARS-
CoV-2, renal ACE2 is positively associated with eGFR and lends sup-
port to the notion that renal ACE2 plays a more significant role in the
local control of proximal tubule metabolism and kidney function ra-
ther than in systemic BP regulation.37

Data availability

The data supporting the findings from these investigations are avail-
bale within the article and the supplementary material or are available
upon reasonable request to the authors.
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Supplementary material is available at European Heart Journal online.
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S. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by a
clinically proven protease inhibitor. Cell 2020;181:271–280.e8.

3. Weir M. The renin-angiotensin-aldosterone system: a specific target for hyper-
tension management. Am J Hypertens 1999;12:205–213.

4. Danilczyk U, Penninger JM. Angiotensin-converting enzyme II in the heart and
the kidney. Circ Res 2006;98:463–471.

5. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, Cereda D,
Coluccello A, Foti G, Fumagalli R, Iotti G, Latronico N, Lorini L, Merler S,
Natalini G, Piatti A, Ranieri MV, Scandroglio AM, Storti E, Cecconi M, Pesenti A,
for the COVID-19 Lombardy ICU Network. Baseline characteristics and out-
comes of 1591 patients infected with SARS-CoV-2 admitted to ICUs of the
Lombardy Region, Italy. JAMA 2020;323:1574–1581.

6. Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, Liu L, Shan H, Lei C, Hui DSC, Du B,
Li L, Zeng G, Yuen KY, Chen R, Tang C, Wang T, Chen P, Xiang J, Li S, Wang JL,
Liang Z, Peng Y, Wei L, Liu Y, Hu YH, Peng P, Wang JM, Liu J, Chen Z, Li G,
Zheng Z, Qiu S, Luo J, Ye C, Zhu S, Zhong N. Clinical characteristics of corona-
virus disease 2019 in China. N Engl J Med 2020;382:1708–1720.

7. Fang L, Karakiulakis G, Roth M. Are patients with hypertension and diabetes mel-
litus at increased risk for COVID-19 infection? Lancet Respir Med 2020;8:e21.

8. Battistoni A, Volpe M. Might renin-angiotensin system blockers play a role in the
COVID-19 pandemic? Eur Hear J Cardiovasc Pharmacother 2020;6:248–251.

9. Burchill LJ, Velkoska E, Dean RG, Griggs K, Patel SK, Burrell LM. Combination
renin-angiotensin system blockade and angiotensin-converting enzyme 2 in ex-
perimental myocardial infarction: implications for future therapeutic directions.
Clin Sci 2012;123:649–658.

10. Burrell LM, Burchill L, Dean RG, Griggs K, Patel SK, Velkoska E. Chronic kidney
disease: cardiac and renal angiotensin-converting enzyme (ACE) 2 expression in
rats after subtotal nephrectomy and the effect of ACE inhibition. Exp Physiol
2012;97:477–485.

11. Ramchand J, Patel SK, Kearney LG, Matalanis G, Farouque O, Srivastava PM,
Burrell LM. Plasma ACE2 activity predicts mortality in aortic stenosis and is asso-
ciated with severe myocardial fibrosis. JACC Cardiovasc Imaging 2020;13:655–664.

12. Ramchand J, Patel SK, Srivastava PM, Farouque O, Burrell LM. Elevated plasma
angiotensin converting enzyme 2 activity is an independent predictor of major
adverse cardiac events in patients with obstructive coronary artery disease. PLoS
One 2018;13:e0198144.

13. Monteil V, Kwon H, Prado P, Hagelkrüys A, Wimmer RA, Stahl M, Leopoldi A,
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38. Kowalczuk S, Bröer A, Tietze N, Vanslambrouck JM, Rasko JEJ, Bröer S. A pro-
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