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Plasma ACE2 and risk of death or cardiometabolic diseases: 
a case-cohort analysis
Sukrit Narula, Salim Yusuf, Michael Chong, Chinthanie Ramasundarahettige, Sumathy Rangarajan, Shrikant I Bangdiwala, Martin van Eikels, 
Kirsten Leineweber, Annie Wu, Marie Pigeyre, Guillaume Paré

Summary
Background Angiotensin-converting enzyme 2 (ACE2) is an endogenous counter-regulator of the renin–angiotensin 
hormonal cascade. We assessed whether plasma ACE2 concentrations were associated with greater risk of death or 
cardiovascular disease events.

Methods We used data from the Prospective Urban Rural Epidemiology (PURE) prospective study to conduct a case-
cohort analysis within a subset of PURE participants (from 14 countries across five continents: Africa, Asia, Europe, 
North America, and South America). We measured plasma concentrations of ACE2 and assessed potential 
determinants of plasma ACE2 levels as well as the association of ACE2 with cardiovascular events.

Findings We included 10 753 PURE participants in our study. Increased concentration of plasma ACE2 was associated 
with increased risk of total deaths (hazard ratio [HR] 1·35 per 1 SD increase [95% CI 1·29–1·43]) with similar increases 
in cardiovascular and non-cardiovascular deaths. Plasma ACE2 concentration was also associated with higher risk of 
incident heart failure (HR 1·27 per 1 SD increase [1·10–1·46]), myocardial infarction (HR 1·23 per 1 SD increase 
[1·13–1·33]), stroke (HR 1·21 per 1 SD increase [1·10–1·32]) and diabetes (HR 1·44 per 1 SD increase [1·36–1·52]). 
These findings were independent of age, sex, ancestry, and traditional cardiac risk factors. With the exception of 
incident heart failure events, the independent relationship of ACE2 with the clinical endpoints, including death, 
remained robust after adjustment for BNP. The highest-ranked determinants of ACE2 concentrations were sex, 
geographic ancestry, and body-mass index (BMI). When compared with clinical risk factors (smoking, diabetes, blood 
pressure, lipids, and BMI), ACE2 was the highest ranked predictor of death, and superseded several risk factors as a 
predictor of heart failure, stroke, and myocardial infarction.

Interpretation Increased plasma ACE2 concentration was associated with increased risk of major cardiovascular 
events in a global study.

Funding Canadian Institute of Health Research, Heart & Stroke Foundation of Canada, and Bayer.

Copyright © 2020 Elsevier Ltd. All rights reserved.

Introduction
The renin–angiotensin system is a hormonal cascade 
whose modulation has resulted in several effective 
cardiovascular disease therapeutics. Decades of research 
and clinical practice have focused on the pressor arm 
of renin–angiotensin system. Angiotensin-converting 
enzyme (ACE) cleaves angiotensin I to angiotensin II, 
which acts on the type 1 angiotensin II receptor. Recent 
evidence has also shed light on an important counter
balancing component of the renin–angiotensin system 
axis, through the action of ACE2. In brief, ACE2 cleaves 
angiotensin II into the heptapeptide angiotensin 1–7, 
which acts on the Mas receptor pathway, which is 
widely believed to exert protective effects, including 
vasodilation and inhibition of fibrosis.1–3 There is a 
global effort to better understand ACE2, the receptor via 
which severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), the betacoronavirus responsible for 
COVID-19, enters cells.4–6 ACE2 is a known regulator of 
cardiac function and dysregulation of this system is 
worth further examination, particularly given that a 

considerable proportion of individuals who are admitted 
to hospital for COVID-19 exhibit signs of cardiac 
damage with subsequent poor prognosis.7 Small clinical 
studies suggest that increased circulating ACE2 activity 
and concentration might serve as a marker of poor 
prognosis in individuals with various cardiovascular 
diseases, but no study has provided data in a large 
cohort drawn from the general population.8–12 The 
Prospective Urban Rural Epidemiology (PURE) study 
provides an opportunity to examine the association 
between ACE2 levels with future cardiovascular disease 
events and deaths in a prospective global community-
based cohort. In this study, we aim to 1) understand the 
role of demographic and clinical characteristics as 
potential determinants of plasma ACE2 concentration; 
(2) describe the association of plasma ACE2 as a risk 
marker for cardiovascular disease and death; and 
(3) describe the relative importance of plasma ACE2 as a 
risk marker for cardiovascular disease events and deaths 
compared with established cardiovascular disease risk 
factors.
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Methods
Study design and participants 
PURE is a large prospective study of individuals in 27 low-
income, middle-income, and high-income countries 
(appendix p 2). Participant recruitment and selection is 
described in the appendix (p 2) and has been described in 
detail in previous papers.13 A biobanking initiative was 
developed for a subset of PURE participants to assess 
genomic and proteomic markers of chronic disease risk. 
Blood samples from participants were shipped from 
14 countries (ie, Argentina, Bangladesh, Brazil, Canada, 
Chile, Colombia, Iran, Pakistan, Philippines, South 
Africa, Sweden, Tanzania, United Arab Emirates, and 
Zimbabwe) to the Population Health Research Institute 
(Hamilton, ON, Canada) and stored at –165°C. Samples 
were considered eligible if they belonged to individuals 
from the major self-reported ethnicity in the residing 
country (eg, European ancestry in Sweden). Samples 
were deemed ineligible if they were unsuitable for 
analysis or were non-fasting. 

Briefly, we took a random sample from the pool of 
55 246 eligible participants. This random sample is 
known as the subcohort. Because it is a random sample 
of the pool of eligible participants, it will include some 

participants with incident events of interest. We then 
also include all individuals who have incident events of 
interest that were not selected as part of the subcohort for 
analyses. The final sample consists of participants who 
were members of the subcohort and those who had 
incident events outside the subcohort (appendix p 9). 
Our outcome events of interest included death, 
myocardial infarction, stroke, heart failure, and diabetes. 
This study design permits cost-effective, unbiased assess
ment of the exposure–outcome relationship of the 
original cohort from which it was sampled. Details on 
case-cohort sampling methods used for PURE and the 
participant flow diagram are in the appendix (p 7).

The study was approved by research ethics committees 
at each study centre and at Hamilton Health Sciences 
(Hamilton, ON, Canada). All study participants provided 
written informed consent.

Protein measurement
Plasma concentration was measured using an immuno
assay based on proximity extension assay technology 
(Olink PEA CVD-II panel; Uppsala, Sweden).14 A 1·8 mL 
aliquot of plasma from each PURE participant was 
transported to the Clinical Research Laboratory and 

Research in context

Evidence before this study
We performed a systematic search of MEDLINE for relevant 
articles published between Jan 1, 2000 (the year of discovery of 
angiotensin-converting enzyme 2 [ACE2]), and May 12, 2020, 
restricted to the English language. Our search terms included 
“ACE2”, “cardiovascular disease,” “genome wide association 
study”, and “Mendelian randomization”. We searched published 
articles by title and abstract to identify relevant studies and 
additionally hand searched reference lists of eligible studies. 
We considered studies that assessed the relationship between 
plasma ACE2 concentration and cardiovascular disease. 
Although the search does not represent an exhaustive list of all 
available research, existing evidence from small clinical studies 
suggest there is an association of increased ACE2 in the plasma 
and poorer cardiovascular disease outcomes in those with pre-
existing disease. There are no robust data on the importance of 
plasma ACE2 in general populations.

Added value of this study
This study provides the largest epidemiological analysis of 
the circulating biomarker ACE2 in a general population. 
10 753 people were analysed from a large global cohort using 
a nested case-cohort design. Our study population includes 
participants from 14 countries and seven distinct ancestral 
groups over 9·4 years of follow-up. We find that increased 
circulating ACE2 is strongly associated with increased risk of 
death, cardiovascular disease, and diabetes. Notably, circulating 
ACE2 is the highest-ranked predictor of death when compared 
among a set of clinical risk factors (smoking, diabetes, blood 
pressure, lipids, and body-mass index [BMI]) and supersedes 

other common risk factors as a predictor of myocardial 
infarction, stroke, and heart failure risk. With the exception of 
incident heart failure events, the independent relationship of 
ACE2 with clinical endpoints remained robust even after 
adjustment for brain natriuretic protein (BNP). ACE2 levels are 
higher in men, older people, those with a smoking history, 
diabetes, higher BMI, higher blood pressure, and higher blood 
lipids. There are also wide variations in concentration across 
ancestral groups (with south Asians having the lowest levels of 
plasma ACE2 and east Asians having the highest levels in our 
sample). Plasma ACE2 is a heritable trait and our examination of 
common genetic variants through a genome-wide association 
study uncovered two loci at genome-wide significance. 
One locus was near the ACE2 gene and the other was near the 
HNF1A gene, which previous literature suggests induces higher 
cellular ACE2 expression levels in pancreatic islet cells. We also 
provide evidence that plasma ACE2 has important metabolic 
implications as evidenced by its relationship with BMI and 
association with incident diabetes.

Implications of all the available evidence
Plasma ACE2 is strongly associated with death, cardiovascular 
disease, and metabolic abnormalities in a multiancestral global 
cohort drawn from the general population. The relationship of 
this non-canonical marker of hormonal dysregulation with 
cardiovascular events and death, independent of traditional 
cardiac risk factors and BNP, suggests that understanding and 
modulating this arm of the renin–angiotensin system might 
lead to new approaches to reducing cardiovascular disease.

See Online for appendix
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Biobank in Hamilton, ON, Canada. Data generated are 
expressed as relative quantification on the log2 scale of 
normalised protein expression (NPX) values. Although 
NPX values are relative quantification units, the OLink 
platform has been extensively validated and previous 
work shows strong relationships between measurements 
from the multiplex OLink panel and singleplex assays 
of the same markers with absolute units.8,14 Individual 
samples were excluded on the basis of quality controls 
for immunoassay and detection, as well as degree of 
haemolysis (appendix p 19). NPX values were rank-based 
normal transformed for further analyses.

Genotyping and genetic analysis
PURE participants suitable for proteomics analyses 
were genotyped on the Thermofisher Axiom Precision 
Medicine Research Array (appendix p 20). To assess 
the robustness of the clinical determinants of ACE2 
emerging from cross-sectional analyses, we did two-
sample Mendelian randomisation, a causal inference 
technique using genetic variants to approximate effects 
of an exposure (ie, clinical risk factors) on an outcome 
(ie, ACE2 levels). If an exposure is causally related to an 
outcome, genetic variants associated with the exposure 
should affect the outcome in a manner directionally 

consistent and proportional to the effect size on the 
exposure.15,16 Well conducted Mendelian randomisation 
analyses yield estimates that are robust to residual 
confounding and reverse causation.17 To account for 
differences in genetic architecture that exist between 
ancestral groups, genetic analyses were done within 
each group and meta-analysed to obtain a final esti
mate (appendix p 21). Ancestral groups with less than 
1000 individuals per group were excluded from genetic 
analysis to ensure stability of individual ancestral esti
mates (appendix p 21). We applied this same Mendelian 
randomisation approach to assess whether anti-hyper
tensive therapies (ACE inhibitors, calcium channel 
blockers, and β blockers) influenced circulating ACE2 
levels. More details on the genetic analysis are in the 
appendix (p 20).

Statistical analysis
Means and SDs for continuous variables and numbers 
with proportions for baseline characteristics are pre
sented for the subcohort and for each event outside the 
subcohort.  A descriptive analysis was done using an 
ordinary least-squares regression with plasma ACE2 
concentration as the outcome in a cross-sectional analysis 
at baseline. Mutually adjusted effects of the following 

Subcohort 
(n=5084)

Death* 
(n=1985)

Cardiovascular 
death* (n=561)

Myocardial 
Infarction* (n=882)

Stroke* 
(n=663)

Heart failure* 
(n=264)

Diabetes* 
(n=1715)

Age, years 50·79 (9·58) 58·34 (9·16) 59·76 (8·24) 56·82 (9·06) 57·87 (8·74) 58·45 (8·95) 52·56 (9·17)

Sex

Female 2149 (42·3%) 1099 (55·4%) 340 (60·6%) 553 (62·7%) 349 (52·6%) 140 (53·0%) 721 (42·0%)

Male 2935 (57·7%) 886 (44·6%) 221 (39·4%) 329 (37·3%) 314 (47·4%) 124 (47·0%) 994 (58·0%)

Patients with diabetes 500 (9·8%) 408 (20·6%) 146 (26·0%) 203 (23·0%) 153 (23·1%) 68 (25·8%) ··

Systolic blood pressure 134·68 (23·46) 146·20 (26·42) 151·97 (26·06) 145·60 (24·73) 152·33 (27·88) 152·21 (26·75) 140·58 (22·86)

Smoking 2010 (39·5%) 1152 (58·0%) 333 (59·4%) 508 (57·6%) 328 (49·5%) 140 (53·0%) 627 (36·6%)

Body-mass index 27·25 (5·45) 27·32 (6·31) 27·93 (6·43) 28·13 (5·95) 27·66 (5·65) 29·16 (6·55) 30·79 (5·46)

Ethnicity

African 396 (7·8%) 289 (14·6%) 59 (10·5%) 13 (1·5%) 31 (4·7%) 24 (9·1%) 40 (2·3%)

Arab 129 (2·5%) 27 (1·4%) 6 (1·1) 17 (1·9%) 14 (2·1%) 8 (3·0%) 81 (4·7%)

East Asian 97 (1·9%) 60 (3·0%) 25 (4·5%) 30 (3·4%) 36 (5·4%) 3 (1·1%) 35 (2·0%)

European 1060 (20·8%) 372 (18·7%) 65 (11·6%) 226 (25·6%) 192 (29·0) 77 (29·2%) 322 (18·8%)

Latin American 2291 (45·1%) 1043 (52·5%) 320 (57·0%) 378 (42·9%) 270 (40·7%) 137 (51·9%) 696 (40·6%)

Persian 746 (14·7%) 103 (5·2%) 42 (7·5%) 114 (12·9%) 54 (8·1%) 12 (4·5%) 469 (27·3%)

South Asian 365 (7·2%) 91 (4·6%) 44 (7·8%) 104 (11·8%) 66 (10·0%) 3 (1·1%) 72 (4·2%)

Non-HDL cholesterol, mmol/L 3·91 (1·04) 3·92 (1·15) 4·07 (1·16) 4·23 (1·09) 4·14 (1·13) 4·06 (1·20) 4·22 (1·04)

LDL, mmol/L 3·14 (0·88) 3·05 (0·95) 3·11 (0·93) 3·23 (0·95) 3·19 (0·96) 3·11 (1·00) 3·21 (0·86)

Triglyceride, mmol/L 1·63 (1·29) 1·81 (1·51) 1·96 (1·39) 2·00 (1·39) 1·88 (1·77) 1·80 (1·29) 2·12 (1·51)

History of hypertension 2184 (43·0%) 1265 (63·7%) 425 (75·8%) 553 (62·7%) 464 (70·0) 205 (77·7%) 973 (56·7%)

History of coronary heart disease 188 (3·7%) 192 (9·7%) 104 (18·5%) 137 (15·5%) 62 (9·4%) 44 (16·7%) 85 (5·0%)

On blood pressure-lowering 
medication

1144 (22·5%) 822 (41·4%) 308 (54·9%) 372 (42·2%) 293 (44·2%) 152 (57·6%) 597 (34·8%)

On cholesterol-lowering 
medication†

345 (6·8%) 219 (11·0%) 71 (12·7%) 140 (15·9%) 106 (16·0%) 46 (17·4%) 231 (13·5%)

*Includes cases that are within and outside of the subcohort; participants may have multiple incident events. †Statin or other cholesterol-lowering medication.

Table 1: PURE case-cohort participant characteristics
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independent variables on ACE2 levels were presented: 
age (in years), sex (male vs female), diabetes (yes vs no), 
smoking (never smoker vs current or former smoker), 
body-mass index (BMI; kg/m²), systolic blood pressure 
(mm Hg), LDL cholesterol (mmol/L), and geographic 
ancestry (African, Arab, east Asian, European, Latin, 
Persian, or south Asian ancestry). Each predictor was 
ranked on the basis of the magnitude of their likelihood 
ratio χ² value comparing the full model to the reduced 
model without that predictor.18

Association of anti-hypertensive therapies (ACE inhi
bitors, calcium channel blockers, β blockers, diuretics, 
and angiotensin receptor blockers) on plasma ACE2 was 
assessed in an ordinary least-squares regression where 
each medication was dummy coded. Effects were 
mutually adjusted and additionally adjusted for age, sex, 
BMI, smoking, diabetes, adjusted blood pressure, and 
geographic ancestry in individuals with hypertension.

Modelling of cardiovascular events was done to account 
for oversampling because of the case-cohort design 
(appendix p 18). The following incident outcomes 
were analysed: total deaths, cardiovascular deaths, non-
cardiovascular deaths, myocardial infarction, stroke, 
heart failure, and incident diabetes. The association 
measure was presented as a hazard ratio (HR) per 1 SD 
unit increase in the marker, adjusted for the following: 
age, sex, smoking, BMI, systolic blood pressure, non-
HDL cholesterol, and geographic ancestry. Each outcome 
was also adjusted for diabetes status; however, in the 
diabetes analysis, individuals with confirmed diabetes 
status were excluded. For death and cardiovascular 
disease outcomes, ACE2 was then compared with other 
commonly used risk factors (smoking status, diabetes 
status, systolic blood pressure, non-HDL cholesterol, and 
BMI) and ranked on the basis of magnitude of the Wald 
χ² value. Analyses were done with R, version 3.6.2 and 
SAS, version 9.3.

Role of the funding source
Funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing 
of the manuscript. The corresponding author and co-
authors (SN, SY, MC, CR, SIB, SR, MP, and AW) had full 
access to the all the data in the study and had final 
responsibility for the decision to submit for publication.

Results
This study used samples collected from patients recruited 
between Jan 5, 2005, and Dec 31, 2006. From the pool 
of 55 246 eligible participants, we randomly selected 
5693 patients, of whom 5084 patients were included as 
our subcohort after exclusions related to quality control, 
data quality, and missingness; 6373 individuals had at 
least one incident event of interest (including death, 
myocardial infarction, stroke, heart failure, and diabetes), 
of whom 5669 were included in analyses after exclusions 
(table 1; appendix pp 7–9). The final sample included 

10 753 participants. Median follow-up was 9·42 years 
(IQR 8·74–10·48). Genetic analyses were limited to the 
following groups containing more than 1000 individuals: 
Latin (n=4058), European (n=3372), and Persian (n=1269).

In analyses of the determinants of plasma ACE2 levels, 
sex accounted for the most variation, followed by geo
graphic ancestry, BMI, diabetes status, age, systolic 
blood pressure, smoking status, and LDL cholesterol 
(figure 1A). Men had higher plasma ACE2 than women 
and levels (0·58 SD units [95% CI 0·54–0·61] higher in 
men), and concentrations varied widely by geographic 
ancestry. There was an estimated 0·69 SD unit (95% CI 
0·56–0·82) difference between the ancestral group with 
the lowest plasma ACE2 levels (south Asians) and those 
with the highest plasma ACE2 levels (east Asians; 
appendix p 33). Higher BMI, older age, diabetes, higher 
blood pressure, higher LDL cholesterol, and smoking 
were all associated with increased levels of circulating 

Figure 1: Determinants of ACE2 concentration
(A) Ranked demographic and clinical determinants. (B) Phenotypic and genetic 
effects of clinical factors on plasma ACE2 concentration. BMI effect is reported 
per 5 kg/m² increase. Blood pressure effect was reported per 10 mm Hg increase. 
LDL effect was reported per 1 mmol/L increase. Diabetes effect was reported 
versus those without diabetes for phenotypic analysis and in terms of 1 log odd 
unit increase for genotypic analysis. Smoking effect was reported in comparison 
to those without smoking history (phenotypic analysis) and in terms of 1 log 
odd unit increase (genotypic analysis). ACE2=angiotensin-converting enzyme 2. 
BMI=body-mass index.
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plasma ACE2. These findings were robust even after 
adjustment for coronary heart disease history (appendix 
p 26).

To investigate whether the association between clinical 
risk factors and ACE2 levels were potentially causal, we 
did Mendelian randomisation analyses for the clinical 
risk factors identified in the previous analysis. Direc
tionally concordant with the phenotypic associations, 
genetically higher BMI and greater risk of type 2 diabetes 
were associated with increased levels of plasma ACE2 
(figure 1B). Conversely, although point estimates were 
similar to their phenotypic estimates, genetic predis
position to smoking, increased LDL cholesterol, and 
increased systolic blood pressure were not significantly 
associated with plasma ACE2 levels.

A cross-sectional analysis of common anti-hypertensive 
medications and their relationship with plasma ACE2 
levels was done in a subset of the patients with hyper
tension (n=5216). We found no association between 
plasma ACE2 levels and use of ACE inhibitors, angiotensin-
receptor blockers, β blockers, calcium channel blockers, or 
diuretics (appendix p 31). Results of our Mendelian ran
domisation-based approach using instrumentations of 
ACE inhibitors, β blockers, and calcium channel blockers 
were concordant with these null findings (appendix p 30).

Common genetic variants accounted for a substan
tial proportion of the variation in plasma ACE2 
concentrations with heritability estimates of 44% 
(95% CI 0·14–0·74) for those with Latin ethnicity, 
33% (0·11–0·55) for those with European ethnicity, and 
66% (0–1) for those with Persian ethnicity. A genome-
wide meta-analysis identified two genetic loci associated 
with ACE2 concentrations at genome-wide significance 
(p<5 × 10–⁸). These include an X chromosome-encoded 
variant (rs5936022; chrX:15726446-C-T; β=0·14 [95% CI 
0·12–0·17]; p=2·2 × 10–²⁸), which is 106 kilobases 
upstream of the ACE2 locus. The ACE2-increasing allele 
of this variant is also associated with increased ACE2 
expression in the tibial artery, tibial nerve, and mul
tiple brain regions.19,20 A variant located 1 kilobase up
stream the HNF1A locus (rs2464190; chr12:121415390-T-C; 

β=–0·16 [95% CI –0·18 to –0·13]; p=5·1 × 10–²⁶) was also 
significantly associated with plasma ACE2 (appendix 
p 37). No additional single-nucleotide polymorphisms 
were identified on conditional and joint analysis.

In our analysis adjusted for demographic attributes and 
clinical risk factors (table 2), plasma ACE2 concentration 
was associated with higher risk of overall death (HR 1·35 
per SD [95% CI 1·29–1·43]), including cardiovascular 
deaths (HR 1·40 per SD [1·27–1·54]) and non-cardio
vascular deaths (HR 1·34 per 1 SD increase [1·27–1·43]). 
Plasma ACE2 concentration was also associated with 
greater risk of heart failure, myocardial infarction, stroke, 
and diabetes.

ACE2 was compared with clinical risk factors (diabetes, 
BMI, smoking status, non-HDL cholesterol, and systolic 
blood pressure) in its relationship with each outcome. 
Models were adjusted for clinical risk factors, age, sex, 
and ancestry. Compared with these clinical risk factors, 
ACE2 was the highest-ranked predictor of total deaths 
(figure 2A; appendix p 34), cardiovascular deaths 
(figure 2B), and non-cardiovascular deaths (figure 2C), 
the third-highest ranked predictor of myocardial infarc
tion (after smoking, diabetes, and similar to non-HDL 
cholesterol; figure 2D), and the third-highest ranked 
predictor of both stroke and heart failure (after systolic 
blood pressure and diabetes; figure 2E, F). As a com
plementary analysis, we did a minimally adjusted analysis 
of continuous modifiable risk factors (blood pressure, 
BMI, and non-HDL cholesterol; appendix p 24) In this 
analysis, ACE2 has the strongest association (HR 1·52 
per SD [95% CI 1·38–1·68]) with cardiovascular deaths of 
these factors. The second strongest risk factor was sys
tolic blood pressure (HR 1·32 per SD [1·22–1·43]). In a 
resampling-based analysis, ACE2 consistently emerged 
among the top predictors of total deaths along with 
diabetes and smoking status (appendix p 39). We exa
mined whether associations between ACE2 and events 
were consistent in different subpopulations by doing a 
subgroup analysis for each risk factor. Although male sex 
is associated with higher levels of ACE2 concentration, 
our subgroup analysis suggests there is no differential 

ACE2: model 1 ACE2: model 2 ACE2: model 3 ACE2: model 3, 
additionally adjusted 
for BNP

BNP: model 3 BNP: model 3, 
additionally adjusted 
for ACE2

All-cause mortality 1·55 (1·48–1·63) 1·41 (1·34–1·49) 1·35 (1·29–1·43) 1·31 (1·25–1·38) 1·37 (1·31–1·44) 1·33 (1·27–1·40)

Cardiovascular death 1·71 (1·57–1·87) 1·52 (1·38–1·68) 1·40 (1·27–1·54) 1·29 (1·16–1·42) 1·93 (1·76–2·12) 1·85 (1·69–2·03)

Non-cardiovascular death 1·50 (1·41–1·58) 1·38 (1·30–1·46) 1·34 (1·27–1·43) 1·32 (1·25–1·41) 1·19 (1·13–1·26) 1·16 (1·10–1·23)

Myocardial infarction 1·43 (1·34–1·54) 1·37 (1·27–1·48) 1·23 (1·13–1·33) 1·17 (1·08–1·27) 1·41 (1·31–1·51) 1·38 (1·28–1·48)

Stroke 1·33 (1·23–1·44) 1·32 (1·21–1·45) 1·21 (1·10–1·32) 1·17 (1·07–1·28) 1·38 (1·26–1·50) 1·35 (1·24–1·48)

Heart failure 1·52 (1·33–1·73) 1·43 (1·25–1·65) 1·27 (1·10–1·46) 1·14 (0·99–1·32) 2·15 (1·88–2·47) 2·10 (1·83–2·41)

Diabetes* 1·48 (1·41–1·55) 1·68 (1·59–1·77) 1·44 (1·36–1·52) 1·46 (1·38–1·54) 0·87 (0·83–0·92) 0·85 (0·80–0·89)

Data are hazard ratios (95% CI) per 1 SD increase in ACE2 (1 SD of ACE2=0·73 normalised protein expression units). Model 1 is the unadjusted Cox model. Model 2 is controlled for age, sex, and ancestry. Model 3 
is controlled for age, sex, ancestry, systolic blood pressure, non-HDL cholesterol, smoking, and diabetes. ACE2=angiotensin-converting enzyme 2. BNP=brain natriuretic peptide. *Patients with diabetes at 
baseline were excluded from analysis for these results.

Table 2: Association of plasma ACE2 and BNP with outcomes
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effect of ACE2 between sexes in terms of cardiovascular 
outcomes (HR for women was 1·21 per SD [95% CI 
1·09–1·34]; HR for men was 1·23 per SD [1·11–1·37]; 
pinteraction=0·65; appendix p 22). Additionally, there was no 
evidence for heterogeneous effects of ACE2 on major 
adverse cardiovascular outcomes after correction for 
multiple hypothesis testing in terms of age, BMI, 
ancestry, and diabetes (appendix p 23).

We did an additional analysis comparing the association 
of ACE2 and brain natriuretic peptide (BNP) with deaths 
and cardiovascular events (table 2). When additionally 
adjusted for BNP, increased ACE2 remains associated 
with greater risk of death, myocardial infarction, stroke, 
and diabetes. The relationship of ACE2 with heart 
failure was directionally consistent but attenuated upon 
adjustment for BNP.

Discussion
We present the first large-scale epidemiological analysis of 
blood ACE2 levels as a marker of cardiovascular disease. 
Our study uses a community-based, prospective (median 
follow-up time 9·42 years [IQR 8·74–10·48]) design to 
clarify the importance of the counter-regulatory axis of 
renin–angiotensin system in determining cardiovascular 
disease endpoints. We found higher levels of plasma ACE2 
are associated with greater risk of death, cardiovascular 
and non-cardiovascular deaths, stroke, myocardial infarc
tion, diabetes, and heart failure independent of age, sex, 
ancestry, and traditional cardiac risk factors. The results, 
including the relationship with all-cause deaths and all 
cardiovascular disease events, except for heart failure, 
remained robust even after adjustment for BNP. Blood 
ACE2 concentration, in comparison to established risk 
factors, was the highest ranked predictor of death, cardio
vascular and non-cardiovascular deaths, and superseded 
many other common risk factors in explaining variation in 
stroke, myocardial infarction, and heart failure. We 
observed that male sex, higher blood pressure, smoking, 
higher BMI, and older age were all associated with 
higher levels of circulating ACE2 concentration. To our 
knowledge, our Mendelian randomisation analysis is the 
first to show a potential causal role for adiposity in 
determining ACE2 concentration.

Past work of plasma ACE2 assessed prognostic impli
cations of circulating ACE2 in patients with established 
cardiovascular disease. Many of the previous studies 
examining blood ACE2 in cardiovascular disease in 
humans examined ACE2 catalytic activity, particularly 
by means of a quenched fluorescent substrate assay. 
Previous examinations of ACE2 concentration have 
chiefly been measured in urine samples; however, there 
has been increased use of assays measuring blood ACE2 
concentration. The relationship between blood ACE2 
concentration and ACE2 activity might require further 
study in different patient populations; however, a pre
vious investigation showed a strong correlation between 
catalytic activity and concentration.21 Furthermore, studies 
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Figure 2: Ranking risk factors 
by their effect on death and 
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(A) Total deaths, 
(B) cardiovascular deaths, 
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stroke. ACE2=angiotensin-
converting enzyme 2.
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measuring ACE2 activity show concordant patterns to 
ours in terms of the factors determining higher 
circulating concentrations as well as how ACE2 relates 
to clinical events prospectively. Specifically, among 
individuals with obstructive coronary disease, atrial 
fibrillation, heart failure, and aortic stenosis, increased 
activity of ACE2 corresponded with an increased risk of 
impaired functional status and adverse cardiac events.8–12 
This implies that the increase of circulating ACE2 in 
these populations acts as a marker of disease or its 
severity. However, a previous investigation suggested that 
ACE2 delivered in a recombinant manner reduces 
deleterious angiotensin II and upregulates protective 
angiotensin 1–7 in a prospective heart failure cohort.22 
Our findings with a highly sensitive protein assay sug
gest that plasma ACE2 is worth examining further as a 
marker of dysregulated renin–angiotensin system, even 
in an apparently healthy population, and suggests that 
increased ACE2 is associated with increased risk of 
cardiovascular disease and death. Our findings of factors 
associated with plasma ACE2 are likewise notable. Sex 
explained the most variation in circulating ACE2 levels. 
This is consistent with numerous previous studies 
showing marked differences in circulating ACE2 activity 
and concentration between men and women.8,11,12,23 Differ
ences in ACE2 expression between sexes have also been 
reported in various human tissues, including adipose 
tissue, the heart, and the renal cortex.20 Given that the 
gene encoding ACE2 is located on the X chromosome, 
X chromosome inactivation escape might also play a part 
in observed differences in ACE2 between men and 
women. However, biological implications of increased 
ACE2 concentrations in men and their relationships to 
sex-differential predisposition to cardiovascular disease 
remain poorly understood, although our subgroup 
analysis suggests there is little evidence for heterogenous 
effect of ACE2 between sexes. Because of the global nature 
of our cohort, we were able to detect variations in plasma 
ACE2 levels by geographic ancestry, which is consistent 
with observations that different ancestral groups might 
have marked variation in plasma protein concentration.24 
Future efforts in examining circulating ACE2 should 
consider this variation, particularly when using reference 
panels not developed for local populations.

Our finding that plasma ACE2 had a strong association 
with incident diabetes is noteworthy, in part because of its 
compelling biological basis. For example, diabetic ACE2 
knockout mice show increased fibrosis and weakened 
ACE inhibitor response as it relates to hypertension and 
renal protection.25 Specimens of kidney tissue from 
individuals with diabetic nephropathy have lower renal 
ACE2 expression than tissue from individuals with 
two healthy kidneys.26 Diabetes models likewise show 
alterations in activity of endogenous ACE2 regulators, 
such as ADAM-17.27,28 The Mendelian randomisation 
associations of BMI and diabetes with ACE2 blood 
concentration strengthen the case for ACE2 as a metabolic 

marker. The HNF1A variant (rs2464190) shown to be 
associated with ACE2 levels is a master regulator of 
metabolism; other studies have linked this specific variant 
with susceptibility to coronary artery disease and type 2 
diabetes.29,30 Furthermore, HNF1A is probably a direct 
regulator of ACE2 levels because its promoter region 
contains three HNF1A binding sites, and within pan
creatic islet cells, HNF1A induces higher cellular ACE2 
expression levels.28

The ACE2 receptor facilitates viral entry for SARS-CoV-2. 
In patients with COVID-19, the ACE2 receptors might 
play a role in leading to cardiovascular complications such 
as thrombosis, cardiac injury, and heart failure. ACE2 is 
a possible link between SARS-CoV-2 and the cardiac 
presentations described in findings that have emerged 
from global data during the COVID-19 pandemic.31 Recent 
discussion surrounding SARS-CoV-2 has centred on 
altering hypertension medication management to account 
for concerns that ACE inhibitors or angiotensin II receptor 
blockers might increase viral entry through ACE2.31,32 Our 
findings, as well as parallel analyses examining the effects 
of ACE inhibitors or angiotensin II receptor blockers on 
ACE2, do not support altering antihypertensive treatment 
regimens for the sole purpose of modifying ACE2.33–35 
However, well conducted randomised controlled trials will 
be needed to make more definitive claims about the role 
of ACE inhibitors and angiotensin receptor blockers in 
COVID-19 prognosis.

Our study has some limitations. In our cross-sectional 
analysis, we were unable to fully account for unmeasured 
confounding and reverse causality with regards to 
how demographic and clinical factors determine ACE2 
concentrations. However, our Mendelian randomisation 
analyses support BMI as a potentially modifiable risk 
determinant of ACE2 concentrations. Our Mendelian 
randomisation approach did not support the hypotheses 
that smoking, blood pressure, or lipids have an effect on 
plasma ACE2 concentration. Second, although our 
analysis shows ancestry accounts for variability in plasma 
ACE2 levels in our sample, the study design and methods 
used were not suitable for distinguishing genetic from 
environmental effects or addressing clinical implications 
of the observed differences in ACE2 levels between groups. 
Third, plasma ACE2 requires special consideration with 
regards to biological interpretation. Although increased 
cell-bound ACE2 exerts protective effects against cellular 
proliferation, hypertrophy, oxidative damage, and vasocon
striction, the mechanism by which levels rise in the 
plasma remains an area of active research. It is likely 
that a complex interaction between cellular expression, 
enzymatic cleavage, and impaired plasma clearance affects 
plasma concentrations. We note that a genetic variant 
associated with plasma ACE2 levels (rs5936022) in our 
study is associated with increased expression in the heart, 
brain, and vasculature, suggesting that increased blood 
levels also reflect increased ACE2 synthesis. However, 
limitations in our biological understanding of plasma 
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ACE2 still preclude inference on function at the tissue 
level. Fourth, although we assessed risk factors for their 
causal effect on ACE2 concentrations using Mendelian 
randomisation, our genome-wide association study only 
detected one variant near the ACE2 gene at genome-wide 
significance, despite an overall heritability of 33–66%. 
Future Mendelian randomisation-based analyses of ACE2 
as a causal marker of cardiovascular disease outcomes 
will require further power to robustly detect suitable 
instruments.

Plasma concentration of ACE2 shows an independent 
association with cardiovascular disease, including death, 
myocardial infarction, stroke, heart failure, and diabetes 
in a global population-based study. Compared with 
established clinical risk factors, ACE2 consistently 
emerges as a strong predictor of cardiovascular disease 
or death. Regardless of cause, plasma ACE2 might 
present a readily measurable indicator of renin–
angiotensin system dysregulation. Our primary means 
of modulating the renin–angiotensin system cascade 
has focused on therapies dampening the pressor arm 
using agents such as ACE inhibitors and angiotensin 
receptor blockers. Modulation of ACE2 and the counter-
balancing arm might represent an important therapeutic 
frontier, and clinical trials are underway to this effect.
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