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Abstract

Background

Angiotensin converting enzyme 2 (ACE2) is an endogenous regulator of the renin angioten-

sin system. Increased circulating ACE2 predicts adverse outcomes in patients with heart

failure (HF), but it is unknown if elevated plasma ACE2 activity predicts major adverse car-

diovascular events (MACE) in patients with obstructive coronary artery disease (CAD).

Methods

We prospectively recruited patients with obstructive CAD (defined as�50% stenosis of the

left main coronary artery and/or�70% stenosis in� 1 other major epicardial vessel on inva-

sive coronary angiography) and measured plasma ACE2 activity. Patients were followed up

to determine if circulating ACE2 activity levels predicted the primary endpoint of MACE (car-

diovascular mortality, HF or myocardial infarction).

Results

We recruited 79 patients with obstructive coronary artery disease. The median (IQR) plasma

ACE2 activity was 29.3 pmol/ml/min [21.2–41.2]. Over a median follow up of 10.5 years [9.6–

10.8years], MACE occurred in 46% of patients (36 events). On Kaplan-Meier analysis,

above-median plasma ACE2 activity was associated with MACE (log-rank test, p = 0.035)

and HF hospitalisation (p = 0.01). After Cox multivariable adjustment, log ACE2 activity

remained an independent predictor of MACE (hazard ratio (HR) 2.4, 95% confidence interval

(CI) 1.24–4.72, p = 0.009) and HF hospitalisation (HR: 4.03, 95% CI: 1.42–11.5, p = 0.009).

Conclusions

Plasma ACE2 activity independently increased the hazard of adverse long-term cardiovas-

cular outcomes in patients with obstructive CAD.
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Introduction

Cardiovascular (CV) disease is a major cause of morbidity and mortality,[1] and is associated

with activation of the renin-angiotensin system (RAS). Within the RAS, angiotensin convert-

ing enzyme (ACE) converts angiotensin (Ang) I to the vasoconstrictor and pro-atherosclerotic

peptide Ang II,[2] whilst ACE2 is an endogenous inhibitor of the RAS through its major action

to degrade Ang II.[3] ACE2 is highly expressed in the heart and blood vessels[4] and is cleaved

from the cell surface to release the catalytically active ectodomain[5] into the circulation

through the action of tumour necrosis factor alpha converting enzyme (TACE).[6] In human

myocardium, ACE2 is localized to the endothelium of the microcirculation,[7] and is also

present in the media of atherosclerotic radial arteries.[8] In healthy individuals, circulating

ACE2 activity levels are low[9, 10] but increase in the presence of CV disease or risk factors

including heart failure (HF),[11] atrial fibrillation (AF),[12] kidney disease[13, 14] and type 1

diabetes.[15] To date, there is limited information on the prognostic role of circulating ACE2

activity levels and the results are conflicting. For example, increased ACE2 activity predicted

adverse CV outcomes in heart failure,[16] but not in patients after emergency orthopedic sur-

gery[17] or with chronic kidney disease.[13, 14] These differences may reflect the patient pop-

ulation, the relative cardiovascular risk of the patient population or the length of follow up.

The aim of this study was to investigate the utility of plasma ACE2 activity levels to predict CV

events in a high-risk cohort of patients with angiographically proven obstructive CAD with

more than 10 years of follow-up.

Materials andmethods

Consecutive patients aged>18 years were prospectively recruited between November 2004

and January 2006 after referral to a tertiary cardiovascular centre for a coronary angiogram to

investigate suspected CAD. Only those with significant obstructive CAD were eligible for this

study. Patients in cardiogenic shock, with a past history of congestive heart failure or with a

left ventricular (LV) ejection fraction< 30% on angiography were excluded. Ethical approval

was obtained from the Human Research Ethics Committee at Austin Health, Melbourne and

the study complied with the Declaration of Helsinki. All patients gave informed written

consent.

A standardised medical questionnaire was completed and verified with the hospital medical

record. Blood pressure was measured and anthropometric measurements were taken. Obstruc-

tive CAD was defined as�50% stenosis of the left main coronary artery and/or�70% stenosis

in� 1 other major epicardial coronary artery by visual assessment on invasive coronary angi-

ography.[18] Diabetes was diagnosed based on a documented history, treatment with glucose

lowering therapy or if fasting blood glucose was>7 mmol/L. Hypertension was defined if pre-

viously diagnosed by a physician and/or current use of anti-hypertensive medication. Dyslipi-

daemia was defined if previously diagnosed by a physician and/or current use of lipid lowering

agents. Cigarette smoking was defined as smoking within the preceding 12 months.

Fasting blood samples were collected at the time of admission for measurement of kidney

function, lipids, and troponin. The Access AccuTnI assay (Beckman-Coulter, Chaska, MN,

USA) was used to measure plasma troponin with the 99th percentile of a healthy reference pop-

ulation of 0.04 μg/L. Levels of� 0.04 μg/L (99th percentile) were considered abnormal in this

study.

For plasma ACE2 measurement, blood was collected within 48 hours of presentation into

lithium heparin tubes, and plasma was obtained by centrifuging blood at 3000 rpm at 4˚C for

10 minutes and stored at– 80˚C until tested. Plasma ACE2 activity was measured within 2

years after all samples were collected. Samples were batched and ACE2 assays were run over a
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period of 2 days. The catalytic activity of ACE2 was measured using a validated, sensitive

quenched fluorescent substrate-based assay as previously described.[9] Briefly, plasma (0.25

ml) was diluted into low-ionic-strength buffer (20 mmol/L Tris-HCl, pH 6.5) and added to

200 μl ANXSepharose 4 Fast-Flow resin (Amersham Biosciences, GE Healthcare, Uppsala,

Sweden) that removed a previously characterized endogenous inhibitor of ACE2 activity.[9]

After binding and washing, the resulting eluate was assayed for ACE2 catalytic activity. Dupli-

cate samples were incubated with the ACE2-specific quenched fluorescent substrate, with or

without 100 mM ethylenediaminetetraacetic acid. The rate of substrate cleavage was deter-

mined by comparison to a standard curve of the free fluorophore, 4-amino-methoxycoumarin

(MCA; Sigma, MO, USA) and expressed as ρmole of substrate cleaved/mL of plasma/min. The

intra-assay and inter-assay coefficient of variation was 5.6 and 11.8% respectively.

The primary endpoint was a composite of major adverse cardiac events (MACE) defined as

CV death, hospitalisation for HF or myocardial infarction (MI). The secondary endpoint was

HF hospitalisation. Endpoints were described according to the 2014 American College of Car-

diology/ American Heart Association definitions for CV endpoints in clinical trials.[19] CV

death was defined as death due to sudden cardiac death, HF, acute MI, cerebrovascular acci-

dent, CV haemorrhage, CV procedures or other CV causes, that is death not included in the

previous categories but with a specific, known CV cause such as pulmonary embolism.[19]

Hospitalisation for HF was defined as an event where the patient is admitted to the hospital

with a primary diagnosis of HF where the length of stay is at least 24 hours, where the patient

exhibits new or worsening symptoms of heart failure on presentation, has objective evidence

of new or worsening heart failure and receives intensification of treatment specifically for

heart failure.[19] Myocardial infarction was defined as the clinical diagnosis of ST elevation or

non-ST elevation myocardial infarction according to established criteria.[20, 21]

Clinical outcomes were collected by an experienced blinded investigator via medical rec-

ords review and by contacting each patient and/or the nominated general practitioner for

additional information.

Statistical analysis was performed using STATA, version 14.2 (Statacorp., College Station,

TX, USA). Normally distributed continuous variables are expressed as mean ± standard devia-

tion and non-normally distributed data (Plasma ACE2 activity, triglycerides, troponin and glo-

merular filtration rate) are expressed as the median and inter-quartile range (IQR). Student t

test or the MannWhitney U test (for non-normally distributed data) was used to assess differ-

ences in continuous variables between patients with above and below median ACE2 activity.

Categorical variables are expressed as counts and percentages and compared using Fisher’s

exact or chi-square tests. Multiple regression analysis was used to identify variables that may

independently influence plasma ACE2 activity. Plasma ACE2 activity, troponin levels and glo-

merular filtration rate were natural-logarithm transformed for analysis because of their skewed

distribution. This rendered a more normal distribution by visual inspection of the distribution

of the variables and Q-Q plots.

Cumulative incidence of MACE was estimated by the Kaplan Meier method and the log-

rank test used to evaluate differences between patients with below and above median plasma

ACE2 activity. When multiple end-points occurred during follow-up, the time to the first

event was considered for analysis of MACE. Cox proportional hazard modelling was used to

estimate the adjusted hazard ratio (HR) and 95% confidence interval (CI) for MACE. Signifi-

cant variables (p< 0.1) from univariate analysis were entered into the final multivariate model

to identify independent predictors of MACE. Conventional prognostic variables were used

including age, history of diabetes, log troponin and treatment with statin, beta-blocker, ACE

inhibitor or angiotensin receptor blocker in addition to log ACE2. Two-tailed p-values< 0.05

were considered significant.
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Results

We recruited 79 patients with angiographically proven obstructive CAD. No patient was lost

to follow up and the median follow-up was 10.6 years (IQR 9.6–10.9 years). The clinical and

biochemical characteristics of the study population are presented in Table 1. The cohort com-

prised 65% males with a mean ± SD age of 66 ± 12 years and BMI of 27.4 ± 4.4 kg/m2. Patients

were at significant CV risk with 69% having a smoking history, and a history of CAD in 66%,

dyslipidaemia in 60%, hypertension in 82%, diabetes in 24% and AF in 11%. With regard to

pharmacological therapy at the time of presentation, 59% were on angiotensin converting

enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARB), 58% on beta-blockers, 72%

on statins and 100% on aspirin.

Table 1. Participant characteristics in total cohort and according to plasma ACE2 activity.

Variable All patients ACE2<median
(n = 39)

ACE2>median
(n = 40)

P-value

Age (years) 66 ± 12 67 ± 11 63 ± 13 0.27

Male gender [n (%)] 51 (65%) 18(46%) 33 (83%) 0.001

BMI (kg/m2) 27.4 ± 4.4 27.4 ± 5.2 27.3 ± 3.6 0.939

SBP (mmHg) 130 ± 17 131 ± 15 130 ± 19 0.746

DBP (mmHg) 70 ± 13 71 ± 13 68 ± 14 0.321

Presentation with ACS 51 (65%) 23 (59%) 28 (70%) 0.306

Previous history [n (%)]

CAD 51 (66%) 24 (63%) 27 (69%) 0.573

Dyslipidemia 48 (60%) 23 (59%) 25 (63%) 0.748

Hypertension 64 (82%) 30 (77%) 34 (87%) 0.238

Diabetes 19 (24%) 11 (29%) 8 (20%) 0.357

Atrial fibrillation 9 (11%) 1 (3%) 8 (20%) 0.015

Smoking history 54 (69%) 24 (63%) 30 (75%) 0.257

Medical treatment [n (%)]

ACEi/ARB 45 (59%) 24 (63%) 21 (55%) 0.484

Beta-blocker 44 (58%) 23 (61%) 21 (55%) 0.642

Statin 56 (72%) 27 (69%) 29 (74%) 0.615

Aspirin 79 (100%) 39 (100%) 40 (100%) 1

Serum biochemistry

LDL (mmol/L) 2.5 ± 0.9 2.6 ± 1.1 2.5 ± 0.8 0.736

Triglycerides (mmol/L) 1.2 [0.9–1.9] 1 [0.8–1.9] 1.4 [0.9–2] 0.119

eGFR (ml/min/1.73m2) 70 [48–96] 76 [59–98] 69 [46–95] 0.675

Troponin I (μg/L) 0.6 [0–14.5] 0.54 [0–8.2] 2.3 [0–21.2] 0.211

LVEF< 50% [n (%)] 42 (58%) 18(53%) 24 (62%) 0.459

Culprit vessel [n (%)]

Right coronary 27 (34) 15 (39) 12 (30) 0.428

Left anterior descending 23 (23) 13 (33) 10 (25) 0.415

Left circumflex 20 (25) 8 (21) 12 (30) 0.332

Left main 1 (1) 0 1 (3) 0.320

Inpatient revascularisation [n (%)] 61 (77) 31 (79) 30 (75) 0.635

MACE [n (%)] 36 (46%) 12 (31%) 24 (60%) 0.009

Values are mean ± standard deviation, n (%) or median [interquartile range].

ACS = acute coronary syndrome; BMI = body mass index; ACEi = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; CAD = coronary

artery disease; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration rate; LVEF = left ventricular ejection fraction; LDL = low-density lipoprotein;

MACE = major adverse cardiovascular events; SBP = systolic blood pressure

https://doi.org/10.1371/journal.pone.0198144.t001
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There was no difference in plasma ACE2 levels between patients with ST elevation acute

coronary syndrome (ACS) [n = 24, median 31.7 pmol/ml/min (IQR 5.6–43.9)], non-ST eleva-

tion ACS [n = 27, median 29.1 pmol/ml/min (IQR 23.1–46.4)] or stable angina [n = 28,

median 26.7 pmol/ml/min (IQR 18.7–39.8), p = 0.386] and so further analysis was conducted

in the whole cohort.

The median ACE2 level in the whole cohort was 29.3 pmol/ml/min [IQR 21.2–41.2].

Patients were categorized according to plasma ACE2 activity above / below the median ACE2

level. Patients with above–median plasma ACE2 activity were more likely to be male and have

AF (Table 1, both p< 0.05). Multiple regression analysis was performed to identify variables

that influence plasma ACE2 activity. Male gender was the only independent predictor of

higher ACE2 activity (p = 0.022). The prevalence of CAD and cardiac risk factors including

dyslipidaemia, hypertension, diabetes and cigarette smoking were similar in the two groups, as

was LVEF<50%, the use of pharmacological agents, low density lipoprotein cholesterol, tri-

glycerides levels, kidney function and troponin level (all p> 0.05).

Over the follow-up period, there were 18 deaths, 19 myocardial infarcts and 16 hospitalisa-

tions with HF. The primary endpoint of MACE, a composite of CV mortality, HF hospitalisa-

tion or MI occurred in 36 patients (46%).

Above median levels of ACE2 (>29.3 pmol/ml/min) were significantly associated with a

higher incidence of MACE (log-rank test, p = 0.035; Fig 1A) and HF hospitalisation (p = 0.01;

Fig 1B) compared with those with below-median ACE2. There was no significant difference in

the incidence of CV death (p = 0.195) or MI (p = 0.35). In a subgroup analysis including male

patients only, there was no significant difference in the incidence of MACE according to

median levels of ACE2 (p = 0.124).

Survival analysis using the Cox regression model indicated that age, history of atrial fibrilla-

tion, history of diabetes and log ACE2 were univariate predictors of the primary endpoint of

MACE. On multivariable Cox regression analysis, Log ACE2 activity remained the only signif-

icant predictor of MACE (HR: 2.4; 95% CI: 1.24 to 4.72; p = 0.009) (Table 2).

With regard to the secondary endpoint of HF, both log ACE2 (HR: 4.03; 95% CI: 1.42–11.5;

p = 0.009) and age (HR: 1.06; 95% CI: 1.01–1.12, p = 0.026) were independent predictors of

heart failure.

Discussion

The major finding of the current study was that plasma ACE2 activity independently increased

the hazard for adverse cardiovascular events in patients with significant obstructive CAD. In

this study in high-risk patients followed for a median of 10.6 years, elevated ACE2 activity

remained an independent predictor of CV mortality and morbidity even after comprehensive

multivariable adjustment in a model that included prognostically meaningful variables. The

median ACE2 level in patients with CAD was 29 pmol/ml/min which is higher than levels we

previously reported in young healthy volunteers (4.44 ± 0.56 pmol/ml/min)[9] and in elderly

patients (median 19.4 pmol/ml/min).[17] We excluded patients with known HF or severe LV

systolic dysfunction as both are associated with increased circulating ACE2 levels.[11, 16] Con-

sistent with results of other studies,[13–15, 22] plasma ACE2 activity was higher in male

patients but we found no other independent predictors of plasma ACE2 activity levels.

There are conflicting findings regarding the prognostic value of circulating ACE2 levels

likely reflecting the differences in follow-up period and risk of CV events across the study pop-

ulations. In a cohort of patients with HF (n = 113), 23% had an adverse CV event (death, car-

diac transplant, HF hospitalisation) over a 34 month follow up and circulating ACE2 levels

remained an independent predictor after adjustment for reduced ejection fraction and

Plasma ACE2 activity predicts adverse cardiovascular events in obstructive CAD
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increased N-terminal-pro brain natriuretic peptide.[16] In another cohort of patients with

chronic kidney disease (CKD) without prior CV disease, circulating ACE2 activity was not an

independent predictor of CV mortality or events over a follow-up period of 24 months.[13,

14] In concordance, our group reported no significant associations between elevated circulat-

ing ACE2 activity and adverse CV outcomes in patients with CKD stage III/ IV, haemodialysis

patients or kidney transplant recipients.[13] We also found that in elderly patients undergoing

emergency orthopaedic surgery, elevated ACE2 levels did not predict CV events after 12

months of follow-up (p = 0.051).[17] We ascribe the significant association between increased

plasma ACE2 activity and adverse CV outcomes seen in the present study to a higher rate of

CV outcomes observed in the study cohort and longer follow-up duration.

Severe lines of evidence suggest that plasma ACE2 activity may serve as a marker of athero-

sclerosis. In non-dialysis patients with CKD, circulating ACE2 activity was associated with

silent atherosclerosis in carotid and peripheral vessels.[14] In patients with type 1 diabetes and

a history of CAD, circulating ACE2 activity was increased.[15] The same pattern was observed

in kidney transplant recipients with a history of CAD,[23] further supporting the association

between raised circulating ACE2 activity and coronary atherosclerosis. In another study of

patients with angiographically confirmed CAD, Ortiz-Perez et al. demonstrated elevated levels

of circulating ACE2 at baseline (24-48h) in patients presenting with ST-elevation myocardial

infarction compared to a control group of patients without known CAD.[24] It is not therefore

clear from the Ortiz-Perez et al. study whether the increase in circulating ACE2 reflects acute

cardiac injury or underlying atherosclerosis. Our study extends knowledge in this regard as we

included only patients with angiographically proven obstructive coronary artery disease, both

with and without an acute presentation. As there was no difference in ACE2 according to pre-

sentation, our results suggest that the increase in plasma ACE2 reflects underlying atheroscle-

rosis rather than acute myocardial injury.

The importance of the RAS in the pathogenesis of atherosclerosis is well established and

indeed targeted pharmacological inhibition of the classic RAS improves outcomes in athero-

sclerotic disease including CAD.[25] In experimental models of atherosclerosis, we and others

reported that ACE2 is expressed in vascular endothelial cells, macrophages and smooth muscle

Fig 1. Clinical events at follow-up. Kaplan Meier Survival plot illustrating event free survival frommajor adverse cardiac events (A)
and heart failure hospitalisation (B) in patients with coronary artery disease, stratified according to median plasma ACE2 level of 29.3
pmol/ml/min. ACE2 = angiotensin converting enzyme 2.

https://doi.org/10.1371/journal.pone.0198144.g001

Table 2. Cox regression analysis for MACE in patients with obstructive CAD.

Variable Unadjusted HR (95% CI) Unadjusted p Value Adjusted HR (95% CI) Adjusted p Value

Age 1.03 (1.0–1.06) 0.068 1.03(1–1.06) 0.129

Male 1.36 (0.65–2.83) 0.413

Atrial fibrillation 2.26 (0.98–5.21) 0.053 1.49 (0.63–3.52) 0.364

Diabetes 1.92 (0.96–3.87) 0.067 1.88 (0.93–3.78) 0.078

ACEi/ARB 0.64 (0.32–1.26) 0.195

ß-blocker use 0.57 (0.29–1.13) 0.107

Statin use 0.65 (0.32–1.32) 0.237

Log troponin 1.07 (0.97–1.18) 0.194

Log ACE2 2.56 (1.31–5) 0.006 2.42 (1.24–4.72) 0.009

ACE2 = angiotensin converting enzyme 2; ACEi = angiotensin converting enzyme inhibitor; ARB = angiotensin receptor blocker; MACE = major adverse

cardiovascular events

https://doi.org/10.1371/journal.pone.0198144.t002
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cells within atherosclerotic plaques.[26, 27] We also reported that ACE2 was present in athero-

sclerotic blood vessels in patients with CAD undergoing coronary artery bypass surgery.[8]

Experimental studies have shown that ACE2 overexpression promotes atherosclerotic plaque

stability and attenuates atherosclerotic lesions[28, 29]. Activation of TACE results in increased

ACE2 shedding from tissue into the circulation.[6] Shedding and hence loss of ACE2 from the

tissue is mediated by angiotensin II and results in the pro-inflammatory effects of angiotensin

II being unopposed.[6] Certainly in a rabbit model of atherosclerosis, gene silencing of TACE

enhanced plaque stability and improved vascular remodelling,[30] possibly via reduced tissue

ACE2 shedding. These findings reinforce the important counter-regulatory role of ACE2 in

atherosclerosis and suggest that modulation of ACE2 could offer a future therapeutic option in

patients with atherosclerotic disease.

The relationship between tissue and circulating levels of ACE2 is not yet understood. It has

been postulated plasma ACE2 levels may parallel tissue ACE2 expression with a constant rate

of shedding in normal physiology[16], although there are no studies that have concurrently

measured both tissue and circulating ACE2 and TACE levels to address this hypothesis. Our

findings raise the possibility that in human atherosclerosis, increased plasma ACE2 activity in

those with adverse cardiovascular outcomes reflect a persistent albeit insufficient counter-reg-

ulatory process to shift the balance away from the deleterious effects of sustained Ang II activa-

tion. Genetic variation in and around the gene encoding ACE2 may account for differences in

ACE2 expression or activity. Indeed, the location of the ACE2 gene within the X chromosome

in an area where genes are known to escape X-inactivation may contribute to phenotypic dif-

ferences between sexes and tissue-specific differences in X-inactivation.[31] Furthermore, the

rs1978124 polymorphism in the ACE2 gene has been associated with poorer outcomes in two

separate CAD cohorts of Chinese Han[32] and European[33] ancestry but there are not yet

studies that combine genetic approaches with measurement of plasma ACE2 activity.[34]

The study has a number of limitations including the relatively small sample size and the use

of a conventional troponin assay, as a high sensitivity assay was not available at the time of

patient recruitment. Furthermore, the finding of elevated plasma ACE2 activity and its associa-

tion with adverse outcomes only suggest a possible relationship and does not determine cause

or effect. However major strengths include the detailed angiographic assessment and the long

term follow up.

In conclusion, our study demonstrates that elevated plasma ACE2 activity is an indepen-

dent predictor of MACE in patients with obstructive CAD.

Future

This study has identified ACE2 as a potential surrogate marker of CV outcomes, and possibly

a target for therapeutic intervention. Whether targeting patients with increased plasma ACE2

levels for more intensive therapy would lead to improved outcomes has yet to be tested.

Acknowledgments

This work was supported by National Health & Medical Research Council project grant

(APP268914). Dr. Jay Ramchand is supported by a postgraduate scholarship co-funded by the

National Heart Foundation of Australia and National Health &Medical Research Council

(APP1132717).

Author Contributions

Conceptualization: Louise M. Burrell.

Plasma ACE2 activity predicts adverse cardiovascular events in obstructive CAD

PLOSONE | https://doi.org/10.1371/journal.pone.0198144 June 13, 2018 8 / 11

https://doi.org/10.1371/journal.pone.0198144


Data curation: Jay Ramchand, Sheila K. Patel, Louise M. Burrell.

Formal analysis: Jay Ramchand, Sheila K. Patel, Louise M. Burrell.

Funding acquisition: Louise M. Burrell.

Investigation: Jay Ramchand, Sheila K. Patel, Omar Farouque, Louise M. Burrell.

Methodology: Jay Ramchand, Sheila K. Patel, Piyush M. Srivastava, Omar Farouque, Louise

M. Burrell.

Project administration: Piyush M. Srivastava.

Resources: Piyush M. Srivastava, Omar Farouque, Louise M. Burrell.

Software:Omar Farouque.

Supervision: Sheila K. Patel, Piyush M. Srivastava, Omar Farouque, Louise M. Burrell.

Validation: Jay Ramchand.

Visualization: Jay Ramchand, Louise M. Burrell.

Writing – original draft: Jay Ramchand.

Writing – review & editing: Sheila K. Patel, Piyush M. Srivastava, Omar Farouque, Louise M.

Burrell.

References
1. Benjamin EJ, Blaha MJ, Chiuve SE, CushmanM, Das SR, Deo R, et al. Heart Disease and Stroke Sta-

tistics-2017 Update: A Report From the American Heart Association. Circulation. 2017; 135(10):e146–
e603. https://doi.org/10.1161/CIR.0000000000000485 PMID: 28122885

2. Oudit GY, Crackower MA, Backx PH, Penninger JM. The role of ACE2 in cardiovascular physiology.
Trends Cardiovasc Med. 2003; 13(3):93–101. PMID: 12691672

3. Tesanovic S, Vinh A, Gaspari TA, Casley D, Widdop RE. Vasoprotective and atheroprotective effects of
angiotensin (1–7) in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol. 2010; 30(8):1606–
13. https://doi.org/10.1161/ATVBAHA.110.204453 PMID: 20448208

4. DonoghueM, Hsieh F, Baronas E, Godbout K, Gosselin M, Stagliano N, et al. A novel angiotensin-con-
verting enzyme-related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1–9. Circ Res.
2000; 87(5):E1–9. PMID: 10969042

5. Lambert DW, Yarski M, Warner FJ, Thornhill P, Parkin ET, Smith AI, et al. Tumor necrosis factor-alpha
convertase (ADAM17) mediates regulated ectodomain shedding of the severe-acute respiratory syn-
drome-coronavirus (SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2). J Biol Chem.
2005; 280(34):30113–9. https://doi.org/10.1074/jbc.M505111200 PMID: 15983030

6. Patel VB, Clarke N, Wang Z, Fan D, Parajuli N, Basu R, et al. Angiotensin II induced proteolytic cleav-
age of myocardial ACE2 is mediated by TACE/ADAM-17: a positive feedback mechanism in the RAS. J
Mol Cell Cardiol. 2014; 66:167–76. https://doi.org/10.1016/j.yjmcc.2013.11.017 PMID: 24332999

7. Burrell LM, Risvanis J, Kubota E, Dean RG, MacDonald PS, Lu S, et al. Myocardial infarction increases
ACE2 expression in rat and humans. Eur Heart J. 2005; 26(4):369–75; discussion 22–4. https://doi.org/
10.1093/eurheartj/ehi114 PMID: 15671045

8. Zulli A, Burrell LM, Buxton BF, Hare DL. ACE2 and AT4R are present in diseased human blood vessels.
Eur J Histochem. 2008; 52(1):39–44. PMID: 18502721

9. Lew RA, Warner FJ, Hanchapola I, Yarski MA, Ramchand J, Burrell LM, et al. Angiotensin-converting
enzyme 2 catalytic activity in human plasma is masked by an endogenous inhibitor. Exp Physiol. 2008;
93(5):685–93. https://doi.org/10.1113/expphysiol.2007.040352 PMID: 18223027

10. Rice GI, Jones AL, Grant PJ, Carter AM, Turner AJ, Hooper NM. Circulating activities of angiotensin-
converting enzyme, its homolog, angiotensin-converting enzyme 2, and neprilysin in a family study.
Hypertension. 2006; 48(5):914–20. https://doi.org/10.1161/01.HYP.0000244543.91937.79 PMID:
17000927

11. Epelman S, TangWH, Chen SY, Van Lente F, Francis GS, Sen S. Detection of soluble angiotensin-
converting enzyme 2 in heart failure: insights into the endogenous counter-regulatory pathway of the

Plasma ACE2 activity predicts adverse cardiovascular events in obstructive CAD

PLOSONE | https://doi.org/10.1371/journal.pone.0198144 June 13, 2018 9 / 11

https://doi.org/10.1161/CIR.0000000000000485
http://www.ncbi.nlm.nih.gov/pubmed/28122885
http://www.ncbi.nlm.nih.gov/pubmed/12691672
https://doi.org/10.1161/ATVBAHA.110.204453
http://www.ncbi.nlm.nih.gov/pubmed/20448208
http://www.ncbi.nlm.nih.gov/pubmed/10969042
https://doi.org/10.1074/jbc.M505111200
http://www.ncbi.nlm.nih.gov/pubmed/15983030
https://doi.org/10.1016/j.yjmcc.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24332999
https://doi.org/10.1093/eurheartj/ehi114
https://doi.org/10.1093/eurheartj/ehi114
http://www.ncbi.nlm.nih.gov/pubmed/15671045
http://www.ncbi.nlm.nih.gov/pubmed/18502721
https://doi.org/10.1113/expphysiol.2007.040352
http://www.ncbi.nlm.nih.gov/pubmed/18223027
https://doi.org/10.1161/01.HYP.0000244543.91937.79
http://www.ncbi.nlm.nih.gov/pubmed/17000927
https://doi.org/10.1371/journal.pone.0198144


renin-angiotensin-aldosterone system. J Am Coll Cardiol. 2008; 52(9):750–4. https://doi.org/10.1016/j.
jacc.2008.02.088 PMID: 18718423

12. Walters TE, Kalman JM, Patel SK, Mearns M, Velkoska E, Burrell LM. Angiotensin converting enzyme
2 activity and human atrial fibrillation: increased plasma angiotensin converting enzyme 2 activity is
associated with atrial fibrillation and more advanced left atrial structural remodelling. Europace. 2016.

13. Roberts MA, Velkoska E, Ierino FL, Burrell LM. Angiotensin-converting enzyme 2 activity in patients
with chronic kidney disease. Nephrol Dial Transplant. 2013; 28(9):2287–94. https://doi.org/10.1093/ndt/
gft038 PMID: 23535224

14. Anguiano L, Riera M, Pascual J, Valdivielso JM, Barrios C, Betriu A, et al. Circulating angiotensin con-
verting enzyme 2 activity as a biomarker of silent atherosclerosis in patients with chronic kidney dis-
ease. Atherosclerosis. 2016; 253:135–43. https://doi.org/10.1016/j.atherosclerosis.2016.08.032 PMID:
27615597

15. Soro-Paavonen A, Gordin D, ForsblomC, Rosengard-BarlundM,Waden J, Thorn L, et al. Circulating
ACE2 activity is increased in patients with type 1 diabetes and vascular complications. J Hypertens.
2012; 30(2):375–83. https://doi.org/10.1097/HJH.0b013e32834f04b6 PMID: 22179088

16. Epelman S, Shrestha K, Troughton RW, Francis GS, Sen S, Klein AL, et al. Soluble angiotensin-con-
verting enzyme 2 in human heart failure: relation with myocardial function and clinical outcomes. J Card
Fail. 2009; 15(7):565–71. https://doi.org/10.1016/j.cardfail.2009.01.014 PMID: 19700132

17. Chong CP, LimWK, Velkoska E, van Gaal WJ, Ryan JE, Savige J, et al. N-terminal pro-brain natriuretic
peptide and angiotensin-converting enzyme-2 levels and their association with postoperative cardiac
complications after emergency orthopedic surgery. Am J Cardiol. 2012; 109(9):1365–73. https://doi.
org/10.1016/j.amjcard.2011.12.032 PMID: 22381157

18. Maddox TM, Stanislawski MA, Grunwald GK, Bradley SM, Ho PM, Tsai TT, et al. Nonobstructive coro-
nary artery disease and risk of myocardial infarction. JAMA. 2014; 312(17):1754–63. https://doi.org/10.
1001/jama.2014.14681 PMID: 25369489

19. Hicks KA, Tcheng JE, Bozkurt B, Chaitman BR, Cutlip DE, Farb A, et al. 2014 ACC/AHA Key Data Ele-
ments and Definitions for Cardiovascular Endpoint Events in Clinical Trials: A Report of the American
College of Cardiology/American Heart Association Task Force on Clinical Data Standards (Writing
Committee to Develop Cardiovascular Endpoints Data Standards). Circulation. 2015; 132(4):302–61.
https://doi.org/10.1161/CIR.0000000000000156 PMID: 25547519

20. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR,White HD, et al. Third universal definition
of myocardial infarction. Circulation. 2012; 126(16):2020–35. https://doi.org/10.1161/CIR.
0b013e31826e1058 PMID: 22923432

21. Amsterdam EA,Wenger NK, Brindis RG, Casey DE Jr., Ganiats TG, Holmes DR Jr., et al. 2014 AHA/
ACCGuideline for the Management of Patients with Non-ST-Elevation Acute Coronary Syndromes: a
report of the American College of Cardiology/American Heart Association Task Force on Practice
Guidelines. J Am Coll Cardiol. 2014; 64(24):e139–228. https://doi.org/10.1016/j.jacc.2014.09.017
PMID: 25260718

22. Anguiano L, Riera M, Pascual J, Valdivielso JM, Barrios C, Betriu A, et al. Circulating angiotensin-con-
verting enzyme 2 activity in patients with chronic kidney disease without previous history of cardiovascu-
lar disease. Nephrol Dial Transplant. 2015; 30(7):1176–85. https://doi.org/10.1093/ndt/gfv025 PMID:
25813276

23. Soler MJ, Riera M, CrespoM, Mir M, Marquez E, Pascual MJ, et al. Circulating angiotensin-converting
enzyme 2 activity in kidney transplantation: a longitudinal pilot study. Nephron Clin Pract. 2012; 121(3–
4):c144–50. https://doi.org/10.1159/000345508 PMID: 23257682

24. Ortiz-Perez JT, Riera M, Bosch X, De Caralt TM, Perea RJ, Pascual J, et al. Role of circulating angio-
tensin converting enzyme 2 in left ventricular remodeling following myocardial infarction: a prospective
controlled study. PLoS ONE. 2013; 8(4):e61695. https://doi.org/10.1371/journal.pone.0061695 PMID:
23630610

25. Bangalore S, Fakheri R, Wandel S, Toklu B, Wandel J, Messerli FH. Renin angiotensin system inhibi-
tors for patients with stable coronary artery disease without heart failure: systematic review and meta-
analysis of randomized trials. BMJ. 2017; 356:j4. https://doi.org/10.1136/bmj.j4 PMID: 28104622

26. Sluimer JC, Gasc JM, Hamming I, van Goor H, Michaud A, van den Akker LH, et al. Angiotensin-con-
verting enzyme 2 (ACE2) expression and activity in human carotid atherosclerotic lesions. J Pathol.
2008; 215(3):273–9. https://doi.org/10.1002/path.2357 PMID: 18498093

27. Zulli A, Burrell LM, Widdop RE, Black MJ, Buxton BF, Hare DL. Immunolocalization of ACE2 and AT2
receptors in rabbit atherosclerotic plaques. J HistochemCytochem. 2006; 54(2):147–50. https://doi.org/
10.1369/jhc.5C6782.2005 PMID: 16116029

Plasma ACE2 activity predicts adverse cardiovascular events in obstructive CAD

PLOSONE | https://doi.org/10.1371/journal.pone.0198144 June 13, 2018 10 / 11

https://doi.org/10.1016/j.jacc.2008.02.088
https://doi.org/10.1016/j.jacc.2008.02.088
http://www.ncbi.nlm.nih.gov/pubmed/18718423
https://doi.org/10.1093/ndt/gft038
https://doi.org/10.1093/ndt/gft038
http://www.ncbi.nlm.nih.gov/pubmed/23535224
https://doi.org/10.1016/j.atherosclerosis.2016.08.032
http://www.ncbi.nlm.nih.gov/pubmed/27615597
https://doi.org/10.1097/HJH.0b013e32834f04b6
http://www.ncbi.nlm.nih.gov/pubmed/22179088
https://doi.org/10.1016/j.cardfail.2009.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19700132
https://doi.org/10.1016/j.amjcard.2011.12.032
https://doi.org/10.1016/j.amjcard.2011.12.032
http://www.ncbi.nlm.nih.gov/pubmed/22381157
https://doi.org/10.1001/jama.2014.14681
https://doi.org/10.1001/jama.2014.14681
http://www.ncbi.nlm.nih.gov/pubmed/25369489
https://doi.org/10.1161/CIR.0000000000000156
http://www.ncbi.nlm.nih.gov/pubmed/25547519
https://doi.org/10.1161/CIR.0b013e31826e1058
https://doi.org/10.1161/CIR.0b013e31826e1058
http://www.ncbi.nlm.nih.gov/pubmed/22923432
https://doi.org/10.1016/j.jacc.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25260718
https://doi.org/10.1093/ndt/gfv025
http://www.ncbi.nlm.nih.gov/pubmed/25813276
https://doi.org/10.1159/000345508
http://www.ncbi.nlm.nih.gov/pubmed/23257682
https://doi.org/10.1371/journal.pone.0061695
http://www.ncbi.nlm.nih.gov/pubmed/23630610
https://doi.org/10.1136/bmj.j4
http://www.ncbi.nlm.nih.gov/pubmed/28104622
https://doi.org/10.1002/path.2357
http://www.ncbi.nlm.nih.gov/pubmed/18498093
https://doi.org/10.1369/jhc.5C6782.2005
https://doi.org/10.1369/jhc.5C6782.2005
http://www.ncbi.nlm.nih.gov/pubmed/16116029
https://doi.org/10.1371/journal.pone.0198144


28. Dong B, Zhang C, Feng JB, Zhao YX, Li SY, Yang YP, et al. Overexpression of ACE2 enhances plaque
stability in a rabbit model of atherosclerosis. Arterioscler Thromb Vasc Biol. 2008; 28(7):1270–6. https://
doi.org/10.1161/ATVBAHA.108.164715 PMID: 18403726

29. Zhang C, Zhao YX, Zhang YH, Zhu L, Deng BP, Zhou ZL, et al. Angiotensin-converting enzyme 2 atten-
uates atherosclerotic lesions by targeting vascular cells. Proc Natl Acad Sci U S A. 2010; 107
(36):15886–91. https://doi.org/10.1073/pnas.1001253107 PMID: 20798044

30. Zhao X, Kong J, Zhao Y, Wang X, Bu P, Zhang C, et al. Gene silencing of TACE enhances plaque sta-
bility and improves vascular remodeling in a rabbit model of atherosclerosis. Sci Rep. 2015; 5:17939.
https://doi.org/10.1038/srep17939 PMID: 26655882

31. Burrell LM, Harrap SB, Velkoska E, Patel SK. The ACE2 gene: its potential as a functional candidate for
cardiovascular disease. Clin Sci (Lond). 2013; 124(2):65–76.

32. YangW, HuangW, Su S, Li B, ZhaoW, Chen S, et al. Association study of ACE2 (angiotensin I-convert-
ing enzyme 2) gene polymorphisms with coronary heart disease and myocardial infarction in a Chinese
Han population. Clin Sci (Colch). 2006; 111(5):333–40.

33. Palmer BR, Jarvis MD, Pilbrow AP, Ellis KL, Frampton CM, Skelton L, et al. Angiotensin-converting
enzyme 2 A1075G polymorphism is associated with survival in an acute coronary syndromes cohort.
Am Heart J. 2008; 156(4):752–8. https://doi.org/10.1016/j.ahj.2008.06.013 PMID: 18926157

34. Patel SK, Velkoska E, FreemanM,Wai B, Lancefield TF, Burrell LM. From gene to protein-experimental
and clinical studies of ACE2 in blood pressure control and arterial hypertension. Front Physiol. 2014;
5:227. https://doi.org/10.3389/fphys.2014.00227 PMID: 25009501

Plasma ACE2 activity predicts adverse cardiovascular events in obstructive CAD

PLOSONE | https://doi.org/10.1371/journal.pone.0198144 June 13, 2018 11 / 11

https://doi.org/10.1161/ATVBAHA.108.164715
https://doi.org/10.1161/ATVBAHA.108.164715
http://www.ncbi.nlm.nih.gov/pubmed/18403726
https://doi.org/10.1073/pnas.1001253107
http://www.ncbi.nlm.nih.gov/pubmed/20798044
https://doi.org/10.1038/srep17939
http://www.ncbi.nlm.nih.gov/pubmed/26655882
https://doi.org/10.1016/j.ahj.2008.06.013
http://www.ncbi.nlm.nih.gov/pubmed/18926157
https://doi.org/10.3389/fphys.2014.00227
http://www.ncbi.nlm.nih.gov/pubmed/25009501
https://doi.org/10.1371/journal.pone.0198144

