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ABSTRACT

Background. Angiotensin-converting enzyme 2 (ACE2) is a
novel regulator of the renin–angiotensin system that counter-
acts the adverse effects of angiotensin II. In heart failure
patients, elevated plasma ACE2 activity predicted adverse
events and greater myocardial dysfunction. We aimed to
describe plasma ACE2 activity and its clinical associations in
patients with kidney disease.

Methods. Patients recruited from a single centre comprised of
chronic kidney disease Stage III/IV (CKD), haemodialysis pati-
ents and kidney transplant recipients (KTRs). Plasma ACE2
enzyme activity was measured using a fluorescent substrate assay
in plasma, collected at baseline and stored at −80°C. Linear
regression was performed in both males and females separately to
determine the covariates associated with log-transformed ACE2.
Results. The median (interquartile range) plasma ACE2
activity in pmol/mL/min was 15.9 (8.4–26.1) in CKD (n = 59),
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9.2 (3.9–18.2) in haemodialysis (n = 100) and 13.1 (5.7–21.9)
in KTR (n = 80; P < 0.01). In male haemodialysis patients,
ACE2 activity was 12.1 (6.8–19.6) compared with 4.4 (2.5–
10.3) in females (P < 0.01). Log-transformed ACE2 plasma
activity was associated with post-haemodialysis systolic blood
pressure in females [β-coefficient 0.04, 95% confidence inter-
val (95% CI) 0.01–0.06, P = 0.006]. In males, log-transformed
ACE2 plasma activity was associated with B-type natriuretic
peptide (β-coefficient 0.39, 95% CI 0.19–0.60, P < 0.001).
Plasma ACE2 activity was not associated with mortality.
Conclusions. Plasma ACE2 activity is reduced in haemodialy-
sis patients compared with CKD patients, and in female hae-
modialysis patients compared with male. The different
associations of plasma ACE2 activity between male and female
haemodialysis patients indicate that the role of ACE2 in cardi-
ovascular disease may differ by gender.

INTRODUCTION

Cardiovascular disease (CVD) is a major comorbidity
associated with chronic kidney disease (CKD) and end-stage
kidney disease (ESKD), and confers an increased age-specific
mortality compared with the general population [1, 2]. The
mechanisms that contribute to the pathogenesis of CVD in
CKD are complex and multiple, and include both traditional
and non-traditional cardiovascular risk factors. These pro-
cesses can be measured either by different biochemical tests or
by biomarkers and include chronic sodium and water reten-
tion, sympathetic nervous system overactivity, enhanced acti-
vation of the renin–angiotensin system (RAS), vascular
calcification, inflammation and oxidative stress [3].

Enhanced activation of the RAS plays a major role in the
progression of cardiac and kidney injury [4]. The blockade of
the RAS slows, but does not prevent renal and cardiac injury,
suggesting that factors beyond the traditional RAS are involved
in the progression of disease [5, 6]. The main effector pathway
of the RAS involves angiotensin-converting enzyme (ACE),
which converts angiotensin (Ang) I to Ang II, which in turn
mediates its effects via the angiotensin Type 1 receptor and is
responsible for the pathophysiological effects of the RAS. In
2000, a counter-balancing arm of the RAS was described [7] in
which a new enzyme, ACE2, degrades Ang II, and generates
Ang 1–7. Ang 1–7 acts via the Mas receptor [8] to counteract
the adverse effects of angiotensin, Ang II. ACE2 was originally
reported in the highest abundance in the organs of cardiovas-
cular relevance, namely the heart and kidney [7], and it is ex-
pressed in both human cardiac [9] and renal tissues [10, 11].
Experimental studies suggest that changes in tissue ACE2
expression may be an important determinant of cardiac and
renal injury [12, 13]. In the heart, lack of ACE2 is associated
with impaired cardiac function [14] and, in the kidney, del-
etion or inhibition of ACE2 results in worsening kidney
injury, indicating that ACE2 has renoprotective effects pre-
sumably owing to Ang II degradation [15–17].

As ACE2 is an integral cell membrane protein, it can
undergo ‘shedding’ to release the catalytically active ectodo-
main into the circulation [18]. Currently, there are limited

data on the measurement of ACE2 activity in the circulation in
pathophysiological conditions. We have shown that plasma
ACE2 levels are low in normal healthy volunteers [19], but sig-
nificantly increased in the presence of cardiac disease [20].
There is one report that circulating ACE2 levels are increased
in patients with Type 1 diabetes and vascular complications
[21], but no reports, to date, on ACE2 levels in patients with
CKD.

The aim of this study was to determine whether the level of
plasma ACE2 activity differed between patients with CKD not
yet requiring dialysis, patients undergoing maintenance hae-
modialysis and kidney transplant recipients (KTRs) and to de-
termine what factors were associated with ACE2 plasma
activity in this population.

SUBJECTS AND METHODS

This is a cross-sectional analysis of patients with CKD not re-
quiring dialysis, patients receiving haemodialysis and KTRs re-
cruited from August 2003 to August 2004. We have previously
reported associations of the B-type natriuretic peptides
(BNPs) and cardiac troponins in this cohort [22–24]. The
Austin Health Human Research Ethics Committee approved
the study.

Subjects

Eligible participants had CKD defined as a glomerular
filtration rate (eGFR) <60 mL/min/1.73 m2 by the Modified
Diet in Renal Disease Equation 7 [25], were receiving haemo-
dialysis or had received a kidney transplant. The only exclu-
sion criterion was symptomatic CVD in the previous 3
months. A history of CVD was defined as a history of myocar-
dial infarction, coronary revascularization, heart failure,
stroke, carotid endarterectomy, lower limb revascularization or
lower limb amputation. In patients undergoing haemodialysis,
pre- and post-dialysis blood pressures were measured over the
six dialysis sessions prior to the collection of blood.

Serum and plasma were collected from patients at baseline,
transported on ice, centrifuged at 3400 g for 10 min and then
frozen at –80°C until analysis. All samples collected from
patients on haemodialysis were collected after the insertion of
the dialysis needle prior to commencing dialysis, and on the
middle dialysis day of the week.

Laboratory procedures

Plasma ACE2 activity was measured using a sensitive
quenched fluorescent substrate-based assay, as previously de-
scribed [19, 20]. Two hundred and fifty microlitres of plasma
underwent an anion exchange extraction process using low-
ionic-strength buffer (20 mmol/L Tris–HCl, pH 6.5) and AN-
XSepharose 4 Fast-Flowresin (Amersham Biosciences, GE
Healthcare, Uppsala, Sweden) [19]. Following the extraction
process, 100 μL of the eluate was incubated in duplicate
with an ACE2-specific quenched fluorescent substrate (QFS),
(7-methoxycoumarin-4-yl)-acetyl-Ala-Pro-Lys (2,4-dintiro-
phenyl) (Auspep, Parkville, Victoria, Australia), with or
without 100 μM ethylenediaminetetraacetic acid in a total
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volume of 200 μL. The rate of substrate cleavage was deter-
mined by comparison with a standard curve of the free fluoro-
phore, 4-amino-methoxycoumarin (MCA; Sigma, MO, USA),
and expressed as pmol of substrate cleaved/mL of plasma/min.
In a subset of samples (pre-dialysis CKD n = 22; dialysis
n = 17 and transplant n = 22), ACE2 was measured in plasma
without performing the extraction process to remove the
endogenous inhibitor of ACE2. This was to determine whether
the endogenous inhibitor was affected by reduced kidney func-
tion. The intra-assay coefficient of variation (CV) in our lab-
oratory was 5.6% (n = 20), and the inter-assay CV was 11.8%
(n = 14). The plasma for ACE2 analyses was stored at −80°C
for a median time of 62.6 months.

B-type natriuretic peptide 32 (BNP-32) and its N-terminal
component (NT-BNP-76) were previously measured [24]
using a paramagnetic particle chemiluminescent immunoen-
zymatic assay (Biosite Triage BNP) on a Beckman Coulter
Access analyser (Beckman Instruments, Inc., Chaska, MN,
USA) and an electrochemiluminescence assay (proBNP,
Roche Diagnostics, Indianapolis, IN, USA) on an E170 analy-
ser (Roche Diagnostics), respectively. The total CV as reported
by the manufacturer was <7% for BNP-32 values between 40
and 4000 ng/L and <6% for values of NT-BNP-76 between
494 and 13 143 ng/L.

Statistical analysis

The values of plasma ACE2 activity and BNP 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 against a normal distribution, but the Shapiro–Wilk test
only confirmed a normal distribution for log-transformed
NT-BNP-76. Analysis of variance (ANOVA) was used to
compare levels between groups, and the Bonferroni method
used to adjust for multiple comparisons. In addition, a non-
parametric Kruskal–Wallis test with adjustment for multiple
comparisons was performed, and a Wilcoxon signed-rank test
used to compare ACE2 plasma activity before and after extrac-
tion of the endogenous inhibitor.

Associations of plasma ACE2 activity were initially exam-
ined by the comparison of levels between groups for dichoto-
mous variables and linear regression for continuous variables.
As ACE2 is located on the X-chromosome, a multivariate
analysis was performed for males and females separately, and
age, diabetes and history of CVD were included in all models.
In addition, variables associated with plasma ACE2 activity
with P < 0.1 were included, and a final model determined by
backward stepwise elimination and confirmed by the analysis
of likelihood ratios. Regression assumptions were assessed by
inspection of the plots of the log of plasma ACE2 activity
versus the variables and by analysis of standardized residuals.
Influential points were examined by inspection of the lever-
age-versus-residual-squared plot for each model. A sensitivity
analysis with influential observations omitted was performed.
Because plasma ACE2 activity was log-transformed, the
interpretation of the β-coefficient for systolic blood pressure is
the % change in plasma ACE2 activity per 1 mmHg in systolic
blood pressure. Because BNP is also log-transformed, the

interpretation in this model is the % change in plasma ACE2
activity per 1% change in BNP [26].

Patients were followed for all-cause mortality and cardio-
vascular events. The latter were defined as a combined
outcome of cardiac death, myocardial infarction, coronary
revascularization procedure, stroke, peripheral vascular disease
surgery or revascularization, and gut ischaemia and deter-
mined by an independent adjudication committee. Censoring
occurred at the time of kidney transplantation, withdrawal
from the study on 30 June 2006 for cardiovascular events and
30 June 2010 for all-cause mortality. Cox regression was per-
formed to determine the association of plasma ACE2 activity
with the outcome.

Statistical analysis was performed using STATA version
11.0 (Statacorp., College Station, TX, USA).

RESULTS

We recruited and measured ACE2 activity in 59 patients with
CKD, 100 patients receiving haemodialysis and 80 KTRs.
Patients with CKD not yet requiring dialysis were older with a
higher prevalence of diabetes and CVD (Table 1). Haemodia-
lysis patients had lower serum albumin and higher levels of C-
reactive protein, BNP-32 and NT-BNP-76 (Table 1).

ACE2 plasma activity between group comparisons

The median level of ACE2 plasma activity was lower in
patients receiving dialysis than those with CKD and KTRs
(Table 1). After adjustment for multiple comparisons, the
difference in median ACE2 plasma activity was significant
between patients with CKD and those requiring dialysis
(P < 0.001). A similar result occurred with an ANOVA of
natural log-transformed ACE2 activity.

The influence of gender on the level of ACE2 plasma
activity was analysed using ANOVA, including terms for
gender, modality and the interaction between the two. The
mean levels of natural log-transformed ACE2 plasma activity
were significantly different overall (P < 0.001), but there was
no interaction between the difference in levels of ACE2 plasma
activity by gender across the three patient groups (P = 0.16).
Only in patients undergoing dialysis was the difference in
mean natural log-transformed ACE2 plasma activity between
males and females significant: 2.3 ± 1.2 in males and 1.4 ± 1.8
in females (P = 0.003). This held true when adjusted for mul-
tiple comparisons using a non-parametric test, and the
median (interquartile range) was 12.1 (6.8–19.6) pmol/mL/
min in males undergoing dialysis compared with 4.4 (2.5–
10.3) pmol/mL/min in females undergoing dialysis (P < 0.01,
Figure 1). The median ACE2 plasma activity differed by dia-
betes status in female patients on haemodialysis, but not in
male patients receiving haemodialysis. The median (interquar-
tile range) plasma ACE2 activity was 3.3 (2.2–8.3) pmol/mL/
min in females without diabetes compared with 13.4 (4.6–
25.0) pmol/mL/min in females with diabetes (P = 0.003), and
12.4 (6.8–20.9) pmol/mL/min in males without diabetes com-
pared with 9.3 (3.6–16.6) pmol/mL/min in males with diabetes
(P = 0.2).

O
R
IG

IN
A
L
A
R
T
IC

L
E

A C E 2 i n C K D

2289

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/28/9/2287/1912091 by guest on 24 April 2024



Table 1. Baseline characteristics of the three patient groups

Pre-dialysis (n = 59) Dialysis (n = 100) Transplant (n = 80) P-values

Age (years) 66.1 ± 12.9 61.8 ± 14.7 52.6 ± 10.6 <0.001

Sex (males) 43 (73%) 58 (58%) 53 (66%) 0.15

Diabetes 26 (44%) 21 (21%) 11 (14%) <0.001

CVD 24 (41%) 33 (33%) 10 (13%) <0.001

BP medication 57 (95%) 66 (66%) 77 (96%) <0.001

RAS blockade 43 (73%) 41 (41%) 44 (55%) <0.001

eGFR (mL/min) 24.5 ± 10.8 – 35.1 ± 15.1 <0.001

Hgb (g/L) 122.2 ± 16.8 121.4 ± 11.3 129.7 ± 16.0 0.001

CRP (mg/L) 4.0 (2.3–8.6) 5.1 (3.1–13.2) 2.1 (0.6–4.6) <0.001

Albumin (g/L) 40.0 ± 4.1 37.8 ± 4.1 40.8 ± 4.0 <0.001

BNP-32 (ng/L) 102 (46–248) 233 (99–621) 65 (38–164) <0.001

NT-BNP-76 (ng/L) 698 (216–2829) 4075 (1968–16 840) 371 (141–879) <0.001

ACE2 activity full data
(pmol/mL/min)

15.9 (8.4–26.1) 9.2 (3.9–18.2) 13.1 (5.7–21.9) 0.002

ACE2 activity subset:
inhibitor removed
(pmol/mL/min)

15.5 (5.9–26.1) 6.0 (4.4–11.8) 9.5 (6.1–14.2) 0.16

ACE2 activity subset:
inhibitor not removeda

(pmol/mL/min)

3.5 (2.9–7.2)* 2.8 (1.9–6.1)* 3.5 (2.0–5.0)* 0.34

The P-value is for comparison across all three groups (except eGFR).
CVD: cardiovascular disease; BP: blood pressure; RAS: renin–angiotensin system; Hgb: haemoglobin; CRP: C-reactive protein; eGFR:
estimated glomerular filtration rate.
aMeasured without extraction of the endogenous inhibitor (see Subjects and methods).
*P < 0.001 for comparison with plasma from patients in the same patient group, inhibitor removed (see above).

F IGURE 1 : Levels of ACE2 plasma activity in patients with CKD, patients receiving dialysis and KTRs (A), and in the above subgroups by sex (B).

O
R
IG

IN
A
L
A
R
T
IC

L
E

M.A. Roberts et al.

2290

D
ow

nloaded from
 https://academ

ic.oup.com
/ndt/article/28/9/2287/1912091 by guest on 24 April 2024



For comparison, the mean (±standard deviation) ACE2
plasma activity in 18 healthy subjects reported previously was
4.44 ± 2.38 pmol/mL/min [19]. However, these healthy control
samples were not contemporaneous with the CKD samples
analysed in this report. In the subset of samples used to
compare ACE2 plasma activity assayed with and without ex-
traction of the endogenous inhibitor, ACE2 plasma activity
was substantially lower in the plasma assayed without extrac-
tion of the endogenous inhibitor (Table 1). There was no
difference in ACE2 plasma activity between the treatment
groups in this subset.

Predictors of ACE2 plasma activity

Predictors of plasma ACE2 activity were analysed in the
patients undergoing dialysis only (n = 100), as the other
groups were smaller and significant predictors not identified.
ACE2 levels differed between males and females receiving
dialysis, and sex-specific analyses were subsequently per-
formed. In females undergoing dialysis, age, history of
CVD, diabetes and average post-dialysis systolic blood
pressure over the preceding six haemodialysis sessions were
associated with natural log-transformed plasma ACE2
activity at the P < 0.10 level (Table 2, Model A). In the
multivariate model including these variables, only the post-
dialysis systolic blood pressure remained a significant pre-
dictor of natural log-transformed plasma ACE2 activity.
Each 1 mmHg increase in systolic blood pressure was associ-
ated with a 4% increase in plasma ACE2 activity. A similar
result was obtained with the pre-dialysis systolic blood
pressure (data not shown). However, addition to this model
of the use of antihypertensive medication, which was also
significantly associated with ACE2 plasma activity, attenuated
this association (Table 2, Model B). The number of antihy-
pertensive medications included as a categorical variable
similarly attenuated the association with the post-dialysis
systolic blood pressure (data not shown). Neither form of
BNP, nor time from beginning renal replacement therapy,

was significantly associated with natural log-transformed
plasma ACE2 activity in females undergoing dialysis.

In males undergoing dialysis, average post-dialysis systolic
blood pressure over the preceding six haemodialysis sessions,
serum albumin, BNP-32 and NT-BNP-76 (both natural log-
transformed) and time since commencing renal replacement
therapy were all significantly associated with natural log-trans-
formed plasma ACE2 activity at the P < 0.10 level. Age, history
of CVD and diabetes were also included in the multivariate
model (Table 3). After elimination of the non-significant
factors, natural log-transformed BNP-32 demonstrated the
strongest association, followed by diabetes and time since com-
mencing renal replacement therapy. Results were similar when
natural log-transformed NT-BNP-76 was used instead of BNP-
32 (Table 3). Both the use of an antihypertensive medication
and the number of antihypertensive medications were not sig-
nificant predictors of plasma ACE2 activity in males. Addition
to multivariate models did not alter the association of plasma
ACE2 activity with BNP (data not shown).

The use of drugs that inhibit the RAS did not affect plasma
ACE2 activity in either of these groups.

Outcome associations of ACE2 plasma activity

After 433 person years of follow-up, there were 45 deaths.
The level of plasma ACE2 activity was not associated with all-
cause mortality (Figure 2). Cox regression analysis demon-
strated a hazard ratio for death of 1.19 per log unit of plasma
ACE2 activity [95% confidence interval (95% CI) 0.94–1.50,
P = 0.14]. A similar hazard ratio was demonstrated for males
and females separately. After 175 person years of follow-up, 22
cardiovascular events occurred, and the hazard ratio for such
events was 0.97 (95% CI 0.74–1.26, P = 0.82).

DISCUSSION

The present study demonstrates that plasma ACE2 activity
is lower in patients undergoing haemodialysis than in

Table 2. Associations of natural logarithm-transformed plasma ACE2 activity in female patients
receiving dialysis

Variable Univariate β-coefficient P-values Multivariate β-coefficient P-values

Model A

Age (per year) 0.04 (0.0–0.07) 0.074

Diabetes 1.40 (0.16–2.64) 0.028

CVD 1.13 (−0.01–2.26) 0.053

Post-dialysis SBP (per 1 mmHg) 0.04 (0.01–0.06) 0.006 0.04 (0.01–0.06) 0.006

Model B

Post-dialysis SBP (per 1 mmHg) 0.04 (0.01–0.06) 0.006 0.028 (0.023–0.053) 0.029

Antihypertensive use 1.59 (0.57–2.61) 0.003 1.06 (0.12–2.02) 0.029

CVD: cardiovascular disease; SBP: systolic blood pressure.
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pre-dialysis patients with CKD and, in patients undergoing
haemodialysis, males have significantly higher levels of plasma
ACE2 activity than females. In these patients, the variable
most strongly associated with plasma ACE2 activity differs
between males and females. Plasma ACE2 activity did not
predict patient outcome.

Although the cause and effect of these findings remain to
be determined, the finding of lower plasma ACE2 activity in
patients undergoing dialysis, who mostly have had progressive
kidney disease over time, suggests a reduction in the gener-
ation of plasma ACE2 from either the heart or the kidney with
chronicity of disease. Further studies are needed to determine
whether lower levels of ACE2 in dialysis patients increase the
risk of CVD by lowering the level of protection from the

pathogenic effects of circulating Ang II. Although we do not
have serial measures of ACE2 activity with disease progression
in man, data from our rat models of CKD (subtotal nephrect-
omy) demonstrate that, in the short-term, kidney disease is
associated with increased plasma ACE2 activity and reduced
ACE2 activity within the remnant kidney [27], and with
cardiac hypertrophy and increased cardiac ACE2 activity [28].
These results suggest that the increase in plasma ACE2 activity
reflects increased cardiac rather than renal ACE2. However, in
rats given a more chronic kidney injury, plasma ACE2 activity
was unchanged, cardiac ACE2 activity did not increase, but
ACE2 activity in the remnant kidney was reduced [29]. Thus,
plasma ACE2 activity may increase early in the course of
CKD, and be followed by a relative fall as CKD becomes estab-
lished, with a further fall with an ESKD. The patients with
renal transplants have plasma ACE2 levels that are more
similar to CKD than to ESKD, which supports this hypothesis,
although the limitation of patient numbers does not allow a
definitive conclusion. Future prospective studies that are un-
derway may provide important time-dependent changes in
plasma ACE2 activity and the implications for CVD.

Within patients undergoing dialysis, a significant difference
in the level of ACE2 plasma activity was demonstrated
between males and females. Although the ACE2 gene is
located on the X-chromosome, the level of ACE2 activity was
higher in males, which confirms the work of others who
showed that serum ACE2 activity is sex-dependent, with
higher levels in males compared with females [21].

The analysis of predictors of plasma ACE2 activity in
patients undergoing dialysis suggests that there may be differ-
ent mechanisms contributing to the ACE2 levels for males and

Table 3. Associations of natural logarithm-transformed plasma ACE2 activity in male patients
receiving dialysis

Variables Univariate β-coefficient P-values Multivariate β-coefficient P-values

Model with BNP-32

Age (per year) 0.01 (−0.01 to 0.03) 0.26

Diabetes −0.67 (−1.47 to 0.13) 0.10 −1.01 (−1.73 to −0.28) 0.007

CVD −0.11 (−0.80 to 0.57) 0.75

Post-dialysis SBP 0.02 (0.0 to 0.04) 0.016

Dialysis vintage −0.22 (−0.47 to 0.04) 0.091 −0.29 (−0.53 to −0.05) 0.018

Albumin (g/L) −0.09 (−0.17 to −0.01) 0.028

BNP-32 (log change) 0.34 (0.13 to 0.56) 0.002 0.39 (0.19 to 0.60) <0.001

Model with NT-BNP-76

Diabetes As above −0.89 (−1.62 to −0.16) 0.018

Dialysis vintage As above −0.34 (−0.59 to −0.09) 0.08

NT-BNP-76 (log change) 0.30 (0.10–0.50) 0.004 0.34 (0.15 to 1.60) 0.001

BNP-32 and NT-BNP-76 were natural logarithm transformed.
CVD: cardiovascular disease.

F IGURE 2 : Survival by quartiles of plasma ACE2 activity in patients
receiving haemodialysis.
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females. In males, the strongest association with plasma ACE2
activity was with BNP, which is associated with both left ven-
tricular hypertrophy and systolic dysfunction in patients re-
ceiving haemodialysis [30]. The beta-coefficients in these
models (Table 3) can be interpreted as a 1% change in the
BNP-32 being associated with a 0.39% change in plasma
ACE2 activity (or a 0.34% change per 1% increase in NT-
BNP-76). This suggests that a myocardial source of plasma
ACE2 activity is likely and is in agreement with studies in
heart failure [31] that reported higher serum ACE2 activity
was correlated with an increasing severity of heart failure and
increasing BNP levels. Although this study did not analyse
data separately for males and females, over 75% of the cohort
was males.

In contrast to the data in males, higher blood pressure in
females was significantly associated with plasma ACE2 levels.
Whether the positive association with higher blood pressure
reflects an increase in plasma ACE2 activity to enhance degra-
dation of Ang II cannot be determined from this study. The
association of plasma ACE2 activity and diabetes was in a
different direction for males receiving haemodialysis than
females, and there was a marked difference in plasma ACE2
activity by diabetes status in females, but not in males. The
actual mechanisms behind these differential findings cannot
be explained by these data. In future studies, measurement of
other components of the ACE/ACE2 axis, including ACE, Ang
II and Ang 1–7 would provide important data on the relative
balance of the RAS in CKD and contribute to better under-
standing the mechanisms behind these findings.

The other main limitation of this study is the sample size,
particularly as there are sex-dependent effects on plasma
ACE2 activity. Future studies will need the power to allow sep-
arate analyses of males and females. A longitudinal study with
serial measures of ACE2 over time as renal function declines is
required to confirm the hypothesized changes over time, and
ideally, tissue ACE2 activity would be measured. However, the
latter may not be ethically possible so we are reliant on the
results from the rodent models.

In conclusion, this early study shows that plasma ACE2
activity is lowest in patients undergoing haemodialysis com-
pared with patients with CKD. There are significant differ-
ences in levels between males and females receiving
haemodialysis and marked differences in clinical variables that
are associated with higher levels of plasma ACE2 activity
between the sexes. These important findings may eventually
have both pathogenic and therapeutic implications for CVD
and progression of renal disease in patients with CKD and
suggest that future studies of the ACE/ACE2 axis in this
patient group require sex-specific analyses and measurement
of the other components.
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