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Objectives: The authors sought to evaluate cardiac activity of angiotensin-converting enzyme (ACE) and ACE2 after
heart transplantation (HT) and its relation with acute rejection (AR) and chronic allograft vasculopathy (CAV).
Background: The renin-angiotensin system is altered in heart failure and HT. However, ACE and ACE2 activities in
post-HT acute and chronic rejection have not been previously studied.
Methods:HTpatients (n=45)were includedwhenappropriate serial endomyocardial biopsies (EMB) and coronary
angiography were available for analysis. In 21 patients, three post-HT time points were selected for CAV study in
EMB tissue: basal (0–3wks), second (2–3months) and third (4–5months). At 10 years post-HT, CAVwas evaluated
by coronary angiography (CA) and patients were grouped by degree of CAV: 0–1, non-CAV (n = 15) and 2–3,
CAV (n= 6). For the AR study, 28 HT patients with evidence of one EMB rejection at grade 3 and two EMB grade
1A and/or 1B rejections were selected.
Results: Post-HT, ACE2 activity was increased in the CAV group, compared to non-CAV. Patients with AR showed
increased ACE, but not ACE2, activity.
Conclusions: Our results suggest that early post-HT cardiac ACE2 activity may have an important role in CAV
development. In contrast, ACE activity was increased in AR. The renin-angiotensin system seems to be altered
after HT and strategies to balance the system may be useful.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Angiotensin-converting enzyme (ACE)-2 is a homologue of ACE. Its
amino-terminal domain has 42% homology with ACE. A membrane-
associated carboxypeptidase, ACE2 has one active enzymatic site and
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cleaves a single residue from Angiotensin (Ang)-I to generate Ang 1–9
and degrades Ang-II to the vasodilator Ang 1–7 [1,2]. ACE2 is highly
expressed in the human heart, kidney, testis, and gastrointestinal sys-
tem, and several studies have shown its key role in cardiorenal regula-
tion and blood pressure control [1,2]. In addition, ACE2 protein levels
are increased in failing human hearts, suggesting an important role in
the negativemodulation of the renin-angiotensin system (RAS), leading
to the generation and degradation of angiotensin peptides after cardiac
injury [3]. Circulating ACE2 activity is increased in patients with heart
failure (HF) and is correlated with HF severity in both ischemic and
non-ischemic cardiomyopathy. These results reinforce a putative
cardioprotective and compensatory role in humans [4]. Furthermore,
gene ACE2 expression in left ventricular biopsies from HF patients
did not differ from healthy controls, suggesting a post-transcriptional
regulation [5].

The role of ACE2 in acute myocardial infarction has been addressed
in experimental studies [4,6]. There is evidence that ACE2 protein is
increased in the infarct-related and peri-infarct myocardium [4]. Our
group recently demonstrated that circulating ACE2 activity is increased
in the acute phase of ST elevation myocardial infarction (STEMI) in
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humans and correlates with the extent of jeopardizedmyocardium and
infarct size. ACE2 activitymeasured acutely seems to be an independent
predictor of late left ventricular(LV) systolic function, and is also associ-
ated with the occurrence of adverse remodeling [7].

Chronic rejection, also known as cardiac allograft vasculopathy
(CAV), is the leading cause of late allograft loss after heart transplanta-
tion (HT). This form of vascular disease, unique to the coronary arteries
of heart-transplant recipients, is observed in 30–45% of recipients by
5 years post-HT and in 50–65% by 10-year follow-up. Despite years of
diagnostic and treatment efforts, CAV prevalence has not decreased,
and it remains an important cause of death after the first year post-HT
as well as a major indication for retransplantation [8,9]. The role of
ACE2 and ACE in CAV and cardiac acute rejection (AR) has not been
previously studied. Due to the RAS involvement in various cardiovascu-
lar pathologies, we hypothesized that cardiac ACE2 activity would be
increased in CAV or cardiovascular mortality in post-HT human
endomyocardial biopsies (EMB). In addition, we explored the potential
relationship between AR episodes and cardiac ACE2 or ACE activity in
post-HT human EMB.

2. Material and methods

2.1. Patient characteristics

This was a pilot study with consecutive HF patients undergoing HT (n = 45) at the
Hospital Clínic of Barcelona from February 2000 to December 2002 were included for
the CAV study if post-HT follow-up was at least 5 years and coronary arteriography, and
appropriate serial EMB samples had been collected during the first year. Patients were
selected for the AR study if three EMB were available, one with rejection grade 3 and
twowith grade 1A and/or 1B. The studywas designed to compare ACE2 and ACE activities
in EMB from the same patient that showed different degrees of rejection. This approach
allowed us to work with paired data, adjusting for intra-patient variability while
avoiding greater inter-patient variability. Thus, the control group was EMB from the
same patient showing 1A and/or 1B degree of rejection. The Hospital Clinic of Barcelona
Research Committee and the Ethics Committee for Clinical Research approved this study
(Reference number of approval 322). Written informed consent was obtained from all
research subjects.
2.2. Determination of cardiac allograft vasculopathy (CAV)

Coronary arteriography was performed in all HT patients during the first or second
month post-HT, and every 2–3 years thereafter, as indicated by our clinical follow-up
protocol. Patients with evidence of CAV underwent additional coronary angiography as
clinically required. At 10 years post-HT, CAV was classified using the International Society
of Heart and Lung Transplantation consensus criteria [10], as detailed in Supplementary
information, establishing two study groups: 0–1, non-CAV patients (n = 15), and 2–3,
CAV patients (n=6).When no coronary arteriography at 10 years post-HTwas available,
5-year follow-up images were reviewed. If CAV was 2 or 3 at 5 years, the patient was
included in the CAV group; otherwise, the patient was excluded from the study because
no conclusion could be drawn about the CAV degree at 10 years post-HT.
2.3. Determination of left ventricle hypertrophy (LVH) and heart function

The presence of LVH was defined as an end-diastolic wall thickness ≥ 12 mm,
measured in the long parasternal view on a transthoracic echocardiogram. In addition,
cardiac function of the transplanted heart was assessed by two-dimensional echocardiog-
raphy at 10-year follow-up.
2.4. Endomyocardial biopsies

Serial EMB from the right ventricular septum were collected for all included patients
after HT, following the clinical protocol for detection of AR. The EMB evaluated for the AR
study were selected independently of clinical evolution. Briefly, all patients underwent
EMB tissue collection and analysis for the degree of AR at the following post-HT time-
points: 2 weeks, monthly up to 6 months, then at 9 months and 1 year. At least 3 serial
EMB were selected for analysis of ACE and ACE2. EMB from 21 patients were used for
the analysis of ACE and ACE2 activity and cardiac allograft vasculopathy (CAV). These
biopsies were grouped according to the collection period, as follows: basal (first 3 weeks
post-HT, mean 17 ± 2 days), second biopsy (2–3 months post-HT, mean 69 ± 5 days),
and third biopsy (3–4 months post-HT, mean 126 ± 6 days).

The EMB available from 28 patients were used for the analysis of ACE and ACE2
activity and AR. A pathologist graded the EMB for degree of rejection according to the
International Society of Heart and Lung Transplantation consensus criteria [11].
2.5. Immunohistochemical and immunofluorescence staining for ACE2 and ACE in heart

Four-micron-thick paraffin sections were cut from ventricular tissue. Sections were
dewaxed with xylene and hydrated with decreasing alcohol concentrations. Antigens
were retrieved by heating at 80 °C in 10 mM citrate at pH 6 for 40 min. (Antibodies and
incubation information is provided in Supplementary information.)

2.6. ACE2 activity in endomyocardial tissue

An investigator blinded to the degree of rejection assessed ACE2 activity from
the EMB. From 2 to 5 mg of endomyocardial tissue from heart-transplant recipients
were homogenized and analyzed as previously described [12,13] and summarized in
Supplementary information.

2.7. ACE activity in endomyocardial tissue

When enough tissue sample was available, a blinded investigator also measured ACE
activity. Endomyocardial tissue from heart-transplant recipients was homogenized and
analyzed as previously described [14] and summarized in Supplementary information.

2.8. Statistical analysis

Normality plots and Shapiro-Wilcoxon testwere used to check normality of ACE2 and
ACE activity data. The square root transformation was applied to ACE2 values after
checking that they fulfilled this condition. No transformation was needed for the ACE
values, although some outliers were present. Pearson coefficients were used to assess
correlations between quantitative data. Fisher exact test was used for category variables.

For the CAV study, differences between CAV and non-CAV groups in enzyme activity
were analyzed with repeated measures ANOVA using a general linear model procedure,
including a group-by-time interaction. After this, unpaired Student t-test was used to
compare enzyme activity at each time-point. The same analysis was applied to compare
groups defined by cardiovascular mortality or left ventricular hypertrophy. Kaplan-
Meier was used to estimate survival curves and survival difference was evaluated by the
log-rank test.

For the AR study, themean ACE2 or ACE activity was calculatedwhen the patient had
two EMB with the same degree of rejection (either 1A or 1B). Paired Wilcoxon signed
ranks test and the Friedman test were applied.

SPSS version 20 for Windows was used. Two-sided p-values ≤ 0.05 were considered
statistically significant.

3. Results

3.1. Characteristics of the study cohort

Consecutive HT patients (n = 45) were considered eligible. Five
patients did not have a long-term follow-up and were excluded.
Of the remaining 40 patients, 12 did not have an EMB showing grade
3 rejection and could not be included in the AR study. Nineteen patients
could not be included in the CAV study for the following reasons: 12
patients did not have an appropriate coronary angiography at 10 years
follow-up post-HT due to lack of vascular access in 2 patients, presence
of chronic kidney failure in 5 patients and the other 5 patients died
between 2 months and 6 years after HT. The other 7 patients had
coronary angiography at 10 years of follow-up, however there was a
lack of appropriate serial EMB.

Finally, 31 patients (mean age, 52 ± 2 years; 74% men) were in-
cluded in one or both studies (9 of the 40 patients were excluded
from both studies and 18 were included in both studies). A detailed
chart of the participant inclusion process is provided in Fig. 1S. Heart
donors (74% men) had a mean age of 31 ± 2 years. Ischemic HF was
diagnosed in 11 patients and non-ischemic etiology was idiopathic in
13, valvular in 4, myocarditis in 1 and amyloidosis in 2 patients. The
number of patients taking an immunosuppressive treatment and the
mean circulating levels of cyclosporine, tacrolimus, and mycophenolate
mofetil, and the mean dose of corticosteroids, are shown in Table 1S.
Four patients began cyclosporine treatment after HT and switched to
tacrolimus after the first biopsy.

3.2. ACE2 and ACE localization within heart tissue

ACE2 was mainly present in cardiac muscle tissue (striated and
smooth, Fig. 1A, upper panel), and both ACE2 and ACE were present
in endothelial (Fig. 1C and E, respectively) and inflammatory cells.



Fig. 1.Upper panel: ACE2 and ACE localization in cardiac tissue by immunohistochemistry. Localization of ACE2 inmyocytes and smoothmuscle cells, black and white arrow, respectively
(A). Lack of staining with the preincubation of the ACE2 peptide with the ACE2 antibody (B). Localization of ACE2 in endothelial (C) and inflammatory cells (D). ACE localization in
endothelial (E) and inflammatory cells (F).
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The stained inflammatory cells differed in morphology, whereas ACE2-
positive inflammatory cells had a lymphocyte-like morphology (Fig.
1D) and ACE-positive inflammatory cells had a mast cell-like
morphology (Fig. 1F). Immunohistochemistry analysis with trypsin
confirmed that the ACE-stained inflammatory cells were not mast
cells (data not shown). When we used α-smooth muscle actin (α-
Table 1
Clinical characteristics of donors and recipients associated with cardiac allograft
vasculopathy (CAV) or non-CAV in heart-transplant recipients.

Demographic and clinical characteristics Non-CAV
patients

CAV
patients

p

(N = 15) (N = 6)

Donors
Donor age (years) 30 ± 3 38 ± 3 ns
Cause of death (cerebrovascular/trauma), n 14/1 6/0 ns
Cardiac arrest (yes/no), n 1/14 0/6 ns
Catecholamine usage (yes/no), n 15/0 6/0 ns
Ischemia time (min) 183.5 ± 14 124.7 ± 14⁎ b0.05
Mismatch R/D sex (yes/no), n 6/9 3/3 ns
Blood isogroup (yes/no), n 15/0 6/0 ns

Recipients
Receptor age (years) 56 ± 2 41 ± 7⁎ b0.05
Ischemic/non-ischemic etiology, n 7/8 1/5 ns
Smoking (yes/no), n 11/4 3/3 ns
Hypertension (yes/no), n 3/12 1/5 ns
Dyslipidemia (yes/no), n 12/3 4/2 ns
Diabetes (yes/no), n 2/13 1/5 ns
BSA 1.802 ± 0.056 1.808 ± 0.062 ns
WG_postHT 0.067 ± 0.483 0.667 ± 0.615 ns
Time from HT to CA (years) 7.7 ± 0.3 6.5 ± 1 ns
Cardiovascular mortality (yes/no), n 2/13 4/2* b0.05
CMV infection (yes/no), n 4/11 2/4 ns
ACR-low (yes/no), n 11/4 4/2 ns
AMR (yes/no), n 0/15 0/6 ns

Ischemia time refers to the ischemia of the donor organ; Mismatch R/D sex refers to
mismatched sex between the heart-transplant recipient (R) and the donor (D); BSA,
body surface area calculated by the Dubois formula; WG_postHT, weight gain 4 months
after heart transplantation (HT); CA, coronary angiography; CMV, cytomegalovirus de
novo; ACR, acute cellular rejection; ACR-low, 2 or less ACR episodes during the first year
post-HT (yes) and patients that had 3 or more ACR episodes (no), AMR Antibody-medi-
ated rejection.
⁎ indicates pb0.05.
SMA) antibody, ACE2 was localized in the arterial tunica media and in
some cases colocalized with α-SMA (Fig. 2S D–E, lower panel).

3.3. ACE2 and ACE activity and cardiac allograft vasculopathy

Clinical characteristics of heart-transplant recipients and donors
are reported in Table 1, stratified by presence or absence of CAV.
The only significant differences between patients with and without
CAV were younger age, shorter cold ischemia time for the heart
graft, and a higher proportion of cardiovascular mortality (66%) in
the CAV group.

The pattern of change over time in endomyocardial ACE2 activity
differed significantly (p b 0.05) between the CAV and non-CAV groups
(Fig. 2A–B). A rise in ACE2 activity post-HT was observed in the
CAV group, with the most prominent increase at the second biopsy
(61.1 ± 13.7 CAV vs 26.7 ± 5.4 RFU/μg/h non-CAV at 2–3 months, p b

0.05). ACE2 data is presented with a back transformation of the square
root values.

Correlations between ACE2 activity and any clinical variable at the
time of the second EMB in the CAV group were significantly associated
with heart rate (p b 0.05, r = 0.56). Furthermore, a higher mean heart
rate was found in the CAV group (87.3 ± 5 bpm) compared to the
non-CAV group (73.3 ± 4.2 bpm) at this time point (p b 0.05). On the
other hand, no differences were observed between the study groups
in the proportion of patients with ≤2 AR episodes or with de novo cyto-
megalovirus infection (Table 1), taking immunosuppressive treatment,
or in the mean circulating levels or dosage of such medication (data
not shown). Finally, no significant differences were found between the
CAV and non-CAV groups in ACE activity after HT (Fig. 2C–D).

3.4. ACE2 and ACE activity and cardiovascular mortality in HT patients

During the follow-up period, 6 of the 21 HT patients in the CAV
study (28%) died, with 5 cardiovascular deaths related to CAV and
amyloidosis as cause of death in another patient. As expected, patients
with CAV had higher general and CV mortality, compared to patients
without CAV (Fig. 3S). No differences in post-HT ACE2 activity or
in ACE endomyocardial activity were associated with cardiovascular
death (data not shown).



Fig. 2. ACE2 activity in serial endomyocardial biopsies (EMB) at three time-points post-heart transplantation: 1st (basal), 2nd (2–3 months), 3rd (4–5 months) in non-CAV patients
(A) and in CAV patients (B). ACE activity in serial endomyocardial biopsies (EMB) at the same three time-points in non-CAV patients (C) and in CAV patients (D).
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3.5. ACE2 and ACE activity and left ventricular hypertrophy in HT patients

During the follow-up period, 14 of 21 HT patients (67%) were diag-
nosed of LVH. Therewere no differences in ACE2 or ACE endomyocardial
activity between LVH and non-LVH HT (data not shown).
3.6. ACE2 and ACE activity and acute rejection in HT patients

No differences were found in ACE2 activity based on the degree of
rejection shown by the EMB: 1A, 43.7 ± 8.2 RFU/μg/h (n = 18); 1B,
31.1 ± 6.4 RFU/μg/h (n= 22); 3, 32.84 ± 4.5 (n= 28) (Fig. 3A). In ad-
dition, no differences were found in intra-patient comparison of cardiac
ACE2 activity in EMBswith all three AR degrees. In analysis of EMB, ACE
activity with rejection degree 3 (n = 24) was greater than rejection
degree 1A (n = 18) (182 ± 17.8 vs 123.5 ± 12.2 RFU/μg, respectively,
Fig. 3. ACE2 activity (A) and ACE activity (B) in endomyocardial biopsies (EMB) with no
acute rejection (1A and 1B) and acute rejection with a degree of 3. *p b 0.05.
p = 0.011) (Fig. 3B). No differences were found between ACE activity
in EMBwith degree 1B (n= 21) (178.8 ± 25.4) and EMBwith degrees
1A or 3. Finally, no intra-patient differences were observed in cardiac
ACE activity of EMBs with all three AR degrees. Notably, none of the
HT patients were diagnosed of acute mediated rejection.
3.7. ACE2 and ACE activity and RAS system treatment in HT patients

The first data analysis highlighted the presence of very high levels of
ACE activity in some EMB. Not surprisingly, the corresponding patients
were treated with angiotensin II receptor blockers (ARBs) at the time
of the EMB harvest. Thus, patients taking ARB showed significantly
increased ACE activity as compared to non-ARB treated patients
(3811.21 ± 1605.36 vs. 192.58 ± 25.34 RFU/μg of protein, p b 0.01).
On the other hand, no differences in ACE activity were found between
patients not treated or treated with ACEIs (199.45 ± 27.41 vs 108.89
± 17.25 RFU/μg of protein). No differences in ACE2 activity were
observed based on ARB or ACEI therapy.
4. Discussion

The present pilot study shows that alterations in cardiac levels of
ACE and ACE2 may be relevant to understanding the role of the RAS in
acute and chronic rejection in HT patients. Cardiac ACE2 activity is
upregulated in early post-HT in patients with chronic rejection. In AR,
ACE2 is not modified but cardiac ACE activity is increased. Our results
reinforce the differing roles of these enzymes within the heart; ACE2
activity may be an early marker of CAV, whereas increased ACE may
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indicate acute heart rejection. Thus, the study of both enzymesmay help
to assess HT patients at risk for acute or chronic rejection.

CAV pathophysiology involves immunologic factors, such as en-
dothelial antibody-mediated damage, and non-immunologic factors,
such as vascular risk factors, cytomegalovirus infection, or ischemia-
reperfusion injury [15–18]. It is characterized by diffuse luminal
narrowing, secondary to neointimal hyperplasia, concentric medial mi-
crovascular disease, and impaired coronary blood flow [19–21].
Nevertheless, CAV progression after HT is not fully understood. Among
the recognized CAV triggering factors, receptor age and ischemia time
were lower in the CAV group than in the non-CAV patients [22–25].
A trend to higher donor age was detected in CAV patients, but it did
not reach statistical significance.

Yousufuddin et al. demonstrated that cardiac Ang-II receptors have a
role in the progression of intimal thickening and the development of
transplant vasculopathy in heart-transplant recipients. Both Ang-II type
1 and type 2 receptor gene transcripts in the transplanted heart predict
a change in maximal intimal thickness ≥ 0.3 mm over one year in heart-
transplant recipients [26]. These data suggest evidence for a potential
role of cardiac Ang-II receptor gene transcripts, particularly of type 1,
in the development of transplant vasculopathy in heart-transplant
recipients. The present evidence suggests extending the RAS concept of
conventional atherosclerosis to transplant vasculopathy and supports a
role of non-immunological factors in the pathogenesis of the latter.
Interestingly, we found that ACE2 activity was directly correlated with
heart rate. In HT patients, elevated heart rate is due to surgical denerva-
tion and has been associated to CAV-related mortality [27]. These results
suggest that increased ACE2 activity coupled with increased heart rate
may indicate a patient with increased CAV risk after HT.

In the heart, ACE2 mainly cleaves Ang-II, a vasoconstrictive,
proinflammatory, and fibrogenic peptide, to Ang-(1–7), a peptide
with opposed biological actions [1,2,28]. ACE2 deletion in mice causes
increased levels of Ang-II and systolic dysfunction that is restored by
ACE deletion, suggesting that the deleterious effect is mediated by an
increase in Ang-II peptide [29]. Elevated plasma ACE2 activity has
been observed in HF patients, in the acute phase of myocardial infarc-
tion, and in patients with previous history of myocardial infarction
[7,13,30]. ACE2 expression has been previously demonstrated in exper-
imental models and human heart [4,31]. In human heart, ACE2 is
expressed in cardiomyocytes, vascular endothelium, and smooth
muscle cells, and is increased in the infarct-related and peri-infarct
myocardium [4,32]. Our group previously studied ACE2 gene expres-
sion in left ventricular biopsies from patients with HF undergoing HT
and were not able to find alterations in human end-stage HF [5]. The
present finding that cardiac ACE2 activity was upregulated in early
post-HT in patients with CAV, observed directly in samples from heart
biopsies in HT patients, suggests imbalance of RAS within the human
heart as a potential biomarker of risk for chronic vasculopathy. Given
that ACE2 activity is easily measurable in serum samples and is in-
creased in various pathological conditions, one may extrapolate that
the study of circulating ACE2 activity in HT will mirror the results
obtained in heart biopsies.

Acute cellular rejection (ACR or AR) is a common problem after HT,
particularly in the first 6 months, and is predominantly T-cell mediated.
Approximately 15% to 25% of HT patients will experience at least one
ACR episode in the first postoperative year [9]. Meanwhile, in low AR
grades such as 1A and 1B, perivascular and interstitial mononuclear
cells are presentwhereas in thehigher (grade 3) acute cellular rejection,
macrophages and polymorphous cells are also detected in the heart
biopsy associated with areas of myocyte damage [33]. Our immunohis-
tochemical analysis of ACE reactivity in biopsy samples showed a strong
staining of polynuclear inflammatory cells. ACE expression in inflamma-
tory cells such as macrophages has been previously reported [34];
however, high ACE expression in non-macrophage inflammatory cells
also has been reported and is in agreement with our ACE localization
results [35]. The consequences of having high ACE should be further
explored and could be related to the increased fibrosis detected in
hearts from HT patients [36,37].
5. Limitations

The main limitations of the study are the small sample size and
the limited amount of sample tissue available, thus the study can
be considered a pilot study with preliminary data. Thus, we began by
measuring ACE2 activity, the relatively new enzyme, and followed
by measuring the well-known ACE enzyme. With this strategy, ACE
activity was measured in a smaller number of patients than was ACE2
heart activity.

Another limitation is the high number of transplanted patients that
did not fulfill all the requirements for the follow-up studies. In the AR
study, some patients did not have a grade 3 EMB, and in the CAV
study some patients did not have an appropriate coronary arteriogra-
phy. Therefore, from the 45 potential patients transplanted during the
inclusion period, only 31 individuals were included, a total of 28 in the
AR study and 21 in the CAV study.
6. Conclusions

Our study performed in serial EMB after HT demonstrates that both
ACE2 and ACE enzymes are altered in heart transplant recipients,
in chronic or acute heart allograft rejection, respectively. This finding
suggests that both enzymes are potential early biomarkers of cardiac
allograft dysfunction. Heart RAS is complex and it is altered after HT.
Thus, strategies aimed to balance the cardiac RAS systemmay be useful
to increase the lifespan of allograft transplants.
Clinical perspectives: competencies in medical knowledge and
translational outlook

The present study shows that alterations in cardiac levels of ACE and
ACE2may be relevant to understanding the role of the RAS in acute and
chronic rejection of a heart transplant. In early post-HT, cardiac ACE2
is up-regulated in patients with chronic rejection, whereas ACE is
increased in AR. Our results suggest that ACE2 and ACE are relevant to
CAV and AR. Thus, early strategies to balance the RAS may be useful in
HT patients.
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