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Abstract

Background: Angiotensin-converting enzyme 2 (ACE2) is a homologue of

angiotensin-converting enzyme (ACE) and produces angiotensin peptides (APs),

such as angiotensin 1-9 and 1-7 that are vasodilatory and natriuretic, and act to

counterbalance angiotensin II.

Hypothesis: Evidence of ACE2 can be found in tissues and plasma of dogs. Equilib-

rium concentrations of renin angiotensin aldosterone system (RAAS) APs differ in

dogs with heart disease compared to healthy dogs and recombinant human ACE2

(rhACE2) alters relative concentrations of APs.

Animals: Forty-nine dogs with and 34 dogs without heart disease.

Methods: Immunohistochemistry and assays for tissue and plasma ACE2 activity and

equilibrium concentrations of plasma RAAS APs were performed.

Results: Immunolabeling for ACE2 was present in kidney and myocardial tissue.

Median plasma ACE2 activity was significantly increased in dogs with congestive

heart failure (CHF; 6.9 mU/mg; interquartile range [IQR], 5.1-12.1) as compared to

control (2.2 mU/mg; IQR, 1.8-3.0; P = .0003). Plasma equilibrium analysis of RAAS

APs identified significant increases in the median concentrations of beneficial APs,
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such as angiotensin 1-7, in dogs with CHF (486.7 pg/mL; IQR, 214.2-1168) as

compared to those with preclinical disease (41.0 pg/mL; IQR, 27.4-45.1; P < .0001)

or control (11.4 pg/mL; IQR, 7.1-25.3; P = .01). Incubation of plasma samples from

dogs with CHF with rhACE2 increased beneficial APs, such as angiotensin 1-9

(preincubation, 10.3 pg/mL; IQR, 4.4-37.2; postincubation, 2431 pg/mL; IQR,

1355-3037; P = .02), while simultaneously decreasing maladaptive APs, such

as angiotensin II (preincubation, 53.4 pg/mL; IQR, 28.6-226.4; postincubation,

2.4 pg/mL; IQR, 0.50-5.8; P = .02).

Conclusions and Clinical Importance: Recognition of the ACE2 system expands the

conventional view of the RAAS in the dog and represents an important potential ther-

apeutic target.

K E YWORD S

angiotensin 1-7, angiotensin II, degenerative mitral valve disease, renin-angiotensin-aldosterone

system

1 | INTRODUCTION

The renin-angiotensin-aldosterone system (RAAS) plays an important

role in the pathophysiology of heart disease and heart failure in dogs.1-4

The traditional concept of the RAAS is as follows: cardiac disease, as well

as treatments for cardiac disease, such as diuretics, decrease perfusion of

the kidney, activating release of renin, which converts angiotensinogen

to the 10-amino acid peptide, angiotensin I (AT1[1-10]). Subsequently,

the dipeptidyl-carboxypeptidase, angiotensin-converting enzyme (ACE),

cleaves 2 amino acids from the C-terminus of AT1(1-10) to form the

octapeptide, angiotensin II (AT2[1-8]). Angiotensin II acts primarily

through angiotensin receptor type 1 and causes potent vasoconstric-

tion, sodium and water conservation, aldosterone release, and myocar-

dial remodeling.5 Thus, the traditional view of the RAAS is that of a

linear and maladaptive pathological system that is overactive during

heart failure and often suppressed using ACE inhibitors (ACEIs) and

aldosterone antagonists. This understanding changed with the discov-

ery of a homologue of ACE, called angiotensin-converting enzyme 2

(ACE2).6,7 Like ACE, ACE2 is a membrane-bound zinc metallopro-

teinase; the catalytic site of which is capable of binding various

angiotensin peptides (APs), such as AT2(1-8). However, ACE2 is a

mono-carboxypeptidase and it removes only a single amino acid from

the C-terminus of its catalytic substrate.8,9 For example, ACE2 acts on

AT1(1-10) and AT2(1-8) to produce a 9-amino acid peptide called

angiotensin 1-9 (Ang1-9) and a 7-amino acid peptide called angiotensin

1-7 (Ang1-7), respectively.10 Despite being different by only 1 amino acid,

the biological effects of Ang1-9 and Ang1-7 are opposite of those asso-

ciated with AT2(1-8). Specifically, Ang1-9 and Ang1-7 are vasodilatory,

natriuretic, diuretic, antifibrotic, and antiremodeling.9 These benefi-

cial APs mediate the majority of their effects by binding to angioten-

sin receptor type 2 or an endogenous orphan Mas receptor (MasR),

as opposed to binding to ATR1.11,12 It is now known9,13 that the

ACE2 system provides an endogenous counterbalance to ACE and

that an expanded view of the RAAS involves many different APs with

structures differing by 1 to 5 amino acids. Thus, RAAS is considerably

more complex than those traditionally viewed, and this discovery has

uncovered a broad new set of molecules to explore, understand, and

potentially modify in subjects with heart disease.

Very little is known about the ACE2 system and related APs in

veterinary species. To the best of our knowledge, studies of ACE2 in

dogs with naturally occurring heart disease are lacking. We sought to

detect and describe the location of ACE2 immunoreactivity in the kid-

ney and left ventricular (LV) myocardium to quantify the activity of

plasma, kidney, and LV myocardial ACE2, to determine the equilibrium

concentrations of 10 different circulating APs, and to determine the

effect of recombinant human ACE2 on the relative amounts of benefi-

cial versus maladaptive APs. Our hypotheses were that the evidence

of ACE2 could be found in tissues and plasma of dogs, that equilib-

rium concentrations of RAAS APs would differ in dogs with heart dis-

ease versus healthy dogs, and recombinant human ACE2 (rhACE2)

can alter relative concentrations of APs.

2 | MATERIALS AND METHODS

The study protocol was reviewed and approved by the University of

Pennsylvania Institutional Animal Care and Use Committee and informed

owner consent was obtained.

2.1 | Angiotensin-converting enzyme
2 immunohistochemistry (IHC)

Cohorts of dogs that died or were euthanized for cardiac diseases and

dogs that died from noncardiac reasons at the University of Pennsyl-

vania were recruited. Sections of left kidney that included both corti-

cal and medullary tissue and full thickness LV myocardial samples

from the lateral wall of the ventricle just apical to the mid-point of the

1572 LAROUCHE-LEBEL ET AL.



paraconal coronary artery were obtained within 60 minutes of death.

Kidney and myocardial samples were fixed in 10% neutral buffered

formalin for up to 72 hours followed by sectioning. A rabbit polyclonal

primary antibody against ACE2 (ARP53751-P050, Aviva Systems

Biology, San Diego, California) was used at a dilution of 1:1200 and

incubated on the sections for 45 minutes at room temperature (RT).

A biotin-free polymeric IHC detection system consisting of horserad-

ish peroxidase conjugated anti-rabbit IgG then was applied for

25 minutes at RT. Finally, slides were counterstained in hematoxylin,

scanned (Leica Aperio Versa slide scanner, Leica Biosystems, Buffalo

Grove, Illinois), and images acquired (ImageScope, Leica Biosystems,

Buffalo Grove, Illinois). Additional details regarding IHC methods can

be found in the Supporting Information.

2.2 | Plasma ACE2 activity

A cohort of dogs >3 years of age with active or previous congestive

heart failure (CHF) caused by degenerative mitral valve disease (DMVD)

was prospectively recruited. Criteria for DMVD included a left apical sys-

tolic murmur and echocardiographic evidence of thickened or prolapsing

mitral valve leaflets and mitral regurgitation. Echocardiographic examina-

tions (iE33, Philips Healthcare, Andover, Massachusetts) recorded left

ventricular internal dimension at end diastole (LVIDdN) and end-systole

(LVIDsN) from the 2-dimensional (2D) right short axis view, which were

then normalized to body weight using previously reported formulas.14

The left atrium-to-aortic root ratio (LA:Ao) was calculated using measure-

ments from the 2D right short axis.15 Echocardiographic values were the

average value of 3 measured beats. Healthy dogs that primarily were

owned by staff and employees of the veterinary hospital were recruited

as a control group and included dogs without a heart murmur or clinical

signs suggestive of heart disease. Control dogs weighing >25 kg had a

2D echocardiogram performed to exclude the potential for occult dilated

cardiomyopathy (DCM). Venipuncture was performed, and lithium hepa-

rinized plasma samples were obtained. Samples were stored at −80�C

until batch analysis. Activity of ACE2 in heparinized plasma was mea-

sured using a fluorometric assay kit (#K897-100, Biovision Inc, Milpitas,

California). The ACE2 activity results are reported in milliunits per mg

protein (mU/mg). The assay has a lower detection limit of 0.4 mU. Addi-

tional details regarding the performance and validation of the assay are

described in the Supporting Information.

2.3 | Tissue ACE2 activity

A cohort of dogs that died or were euthanized as a consequence of car-

diac disease and dogs that died of noncardiac diseases were recruited

to obtain kidney and LV myocardial samples as previously described.

Kidney and LV myocardium lysates were prepared by homogenizing

approximately 100 μg tissue sections in ACE2 lysis buffer (Biovision

Inc) using a disposable tissue homogenizer (#0254210, Fisher Thermo

Scientific, Waltham, Massachusetts). Lysates were kept on ice for

10 minutes followed by gentle vortexing followed by another 5 minutes

on ice. The tissue lysates then were centrifuged at 16 000g at 4�C for

10 minutes and the pellets discarded. Activity of ACE2 in tissue lysates

was measured using the same fluorometric assay kit used to assay

plasma ACE2 activity. The protein concentrations of the plasma and tis-

sue lysates were measured using a bicinchoninic acid method and

bovine serum albumin protein standard (#K813, Biovision Inc).

2.4 | Renin-angiotensin-aldosterone system
equilibrium AP analysis

A cohort of dogs >3 years of age with DMVD or DCM that were either

preclinical (ie, asymptomatic) or had CHF were recruited. Criteria for

diagnosis of DMVD were the same as those for dogs recruited for

study of plasma ACE2 activity assay. Criteria for diagnosis of DCM

were presence of systolic dysfunction and LV eccentric hypertrophy on

echocardiography defined as LVIDsN and LVIDdN above the normal

reference range in the absence of an identifiable cardiac cause. A previ-

ously reported clinical staging system for dogs with DMVD16 was mod-

ified for use in all dogs. Specifically, dogs were segregated into those

with preclinical (asymptomatic) heart disease (stage B) and those with

current or historical signs of CHF (stage C) or those with signs of CHF

refractory to standard PO treatment with furosemide, ACEI, positive

inotropes, and spironolactone, and therefore in need of additional

diuretics, such as hydrochlorothiazide or torsemide (stage D). Further

classification of dogs in stage B occurred depending on the absence

(stage B1) or presence (stage B2) of heart enlargement on echocar-

diography defined as LVIDdN ≥ 1.7 and LA:Ao ≥ 1.6.17 Venipunc-

ture, blood collection, and storage were performed as previously

described. Healthy dogs were recruited as described above. To provide

more uniformity to the equilibrium concentrations results in stages B

and C, and to best reflect clinical practice at our institution, dogs in

stage B were prohibited from receiving ACEI, whereas all dogs in stage

C were required to receive ACEI. The plasma equilibrium concentration

of 10 different RAAS APs, including AT1(1-10), AT2(1-8), Ang1-9,

Ang1-7, angiotensin 1-5 (Ang1-5), angiotensin 2-10 (Ang2-10), angioten-

sin III (AT3[2-8]), angiotensin IV (AT4[3-8]), angiotensin 2-7 (Ang2-7), and

angiotensin 3-7 (Ang3-7), were quantified by liquid chromatography-mass

spectrometry/mass spectroscopy (LC-MS/MS) performed at a commer-

cial laboratory (Attoquant Diagnostics, Vienna, Austria) using previously

validated and described methods.18,19 Testing samples from humans has

shown similar qualitative outcomes when comparing the quantification of

circulating and equilibrium AP concentrations.18,19 Two additional calcula-

tions were performed using equilibrium AP concentrations. The first

calculation was a surrogate measure of plasma renin activity (PRAsurr)

calculated as the sum of the AT1(1-10) and AT2(1-8) concentrations and

the second a surrogate measure of ACE activity (ACEsurr) calculated as

the ratio of AT2(1-8) to AT1(1-10).20 To explore the effect of exogenous

ACE2 on the relative concentrations of selected RAAS APs, plasma

samples from stage B2 and stage C dogs also were incubated with

5 μg/mL of recombinant human ACE2 (rhACE2; R&D Systems, Minneap-

olis, Minnesota) at 37�C, followed by measurement of equilibrium con-

centrations of AT1(1-10), AT2(1-8), Ang1-9, Ang1-7, and Ang1-5. Details

regarding LC-MS/MS methods and validation as well as the lower limit of

quantification for each of the measured APs are presented in the

Supporting Information.
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2.5 | Statistical methods

Descriptive statistics for the various patient groups were generated.

Normality was tested using the Shapiro-Wilk test. Nonparametric

tests were used if data were not normally distributed. Data that were

below the lower limit of quantification for any particular assay were

entered as a value equal to 0.5 times the lower limit of quantification

as previously recommended.21 The presence of any extreme outlying

data points was identified by the Grubbs' test, which restricts poten-

tial removal to ≤1 data point from each data set.22 Differences

between 2 unpaired groups were tested using Wilcoxon rank sum or

unpaired t tests. Differences across ≥3 groups were tested using

Kruskal-Wallis or 1-way analysis of variance (ANOVA) and post hoc

pairwise comparisons were performed using Dunn's test with correc-

tion for multiple comparisons or Bonferroni correction, respectively.

Box and whisker plots were constructed with the line representing

the median value, the limits of the box representing the 25th and

75th percentiles, and the whiskers extending to the 5th and 95th

percentiles. Correlations among various patient demographic data,

echocardiographic variables, and assay results were explored using Pear-

son correlation coefficient or Spearman rho and unadjusted P values.

Concentrations of APs before and after administration of rhACE2 were

evaluated by Wilcoxon signed rank tests. Data are shown as median

(interquartile range), unless otherwise specified. Statistical procedures

were performed using statistical software (Prism 8 for OS X, GraphPad

Software Inc, La Jolla, California). Significancewas defined as P < .05.

3 | RESULTS

3.1 | Immunohistochemistry

Tissues from 6 dogs were obtained including 3 control dogs eutha-

nized for noncardiac disease and 3 dogs euthanized because of CHF

related to end-stage DMVD. Control dogs did not have a heart mur-

mur or any history or clinical signs of heart disease and included the

following: 15-year-old female spayed mixed breed dog with a painful

(A) (B) (C)

(D) (E) (F)

F IGURE 1 Representative photomicrographs of anti-angiotensin-converting enzyme 2 (ACE2) immunolabeling from a 10-year-old male
neutered French Bulldog that was euthanized secondary to upper airway obstruction (A-C), a 10-year-old female spayed mixed breed dog
euthanized for severe congestive heart failure (CHF) because of degenerative mitral valve disease (DMVD) (D, E), and 10-year-old female spayed
Chihuahua also euthanized for severe CHF due to DMVD (F). Photomicrographs of negative controls are presented in Supporting Information.
×20, A, D; ×40, B, C, E, F
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back, vomiting, and poor appetite; 11-year-old male neutered West

Highland White Terrier with refractory seizures; and 10-year-old male

neutered French Bulldog with upper airway obstruction. Dogs with

heart disease included the following: 10-year-old female spayed mixed

breed dog with severe CHF receiving furosemide, hydrochlorothiazide,

enalapril, pimobendan, and spironolactone; 9-year-old male neutered

Cocker Spaniel with severe CHF receiving furosemide, benazepril,

hydrocodone, sildenafil, and pimobendan; and 10-year-old female

spayed Chihuahua with severe CHF receiving furosemide and enalapril.

Immunoreactivity for ACE2 was present in the kidneys of both control

and DMVD dogs (Figure 1). Immunolabeling was especially evident and

diffuse in the apical border of the epithelial cells of the proximal convo-

luted tubules. Granular cytoplasmic immunolabeling of variable inten-

sity also was noted in the proximal convoluted tubules and other

segments of the nephron. Immunoreactivity for ACE2 was present in

the LV myocardium of both control and affected dogs (Figure 1).

Staining was patchy with variably intense sarcoplasmic immunolabeling

of the cardiomyocytes. Visual review of slides did not identify any read-

ily apparent differences in the location or intensity of staining between

groups.

3.2 | Plasma ACE2 activity

A cohort of 34 dogs was recruited. The ACE2 activity (55 mU/mg) in

1 dog, a 9-year-old male healthy Miniature Poodle was found to be an

extreme outlier and was excluded from the final analysis. Thus, the

analysis set consisted of 33 dogs, including 18 healthy dogs and

15 dogs with either stage C or D CHF caused by DMVD. Signalment

and treatments at the time of sampling are shown in Table 1. Valida-

tion data for the ACE2 assay are presented in the Supporting Informa-

tion. The median plasma ACE2 activity in dogs with CHF (6.9 mU/mg

[5.1-12.1]) was significantly higher than that in healthy dogs (2.2 mU/mg

[1.8-3.0]; P = .0003; Figure 2). This result was consistent regardless of

whether or not the outlier value was included in the analysis. No signifi-

cant correlation was found between ACE2 activity and age (R2 = .057,

P = .34) or body weight (Spearman r = −.092, P = .72) in the healthy

cohort.

3.3 | Kidney and myocardial ACE2 activity

Kidney and LV myocardial tissues were obtained from 15 dogs: 7 with

noncardiac disease and 8 with severe end-stage DMVD. The 6 dogs

the tissues of which were previously used for IHC, including 3 DMVD

and 3 controls, were included in this cohort. All dogs euthanized

because of cardiac disease were receiving ACEI. Noncardiac reasons

for death in the 7 dogs with noncardiac disease included pulmonary

or airway disease, neurological disease, and neoplasia (2/7 [28.6%]) and

1 dog (14.3%) with unspecified cause of back pain and vomiting. Four

(4/7 [57.1%]) and 3/8 (37.5%) of dogs were male in the noncardiac and

DMVD cohorts, respectively (P = .62). The mean (SD) age in years was

12.9 (1.9) and 11.4 (1.8) for dogs without cardiac disease and DMVD

dogs, respectively (P = .15). The LV ACE2 activity (17.8 mU/mg) from

1 control dog, a 12 years old with splenic mass was an extreme outlier

and this value was excluded from the LV analysis. The mean (SD) ACE2

activity in the kidneys (1552 mU/mg [1021]) and LV myocardium

(2.3 mU/mg [2.0]) of the noncardiac group was not significantly different

from results in the DMVD group (kidney, 1773 mU/mg [652]; LV,

3.4 mU/mg [2.1]; P between kidney results = .62; P between LV

results = .36; Figure 3). This result was the same regardless of whether

or not the outlier value was included in the analysis. The ACE2 activity

per milligram of protein in kidney tissue was approximately 250 to

500 times higher than circulating or LV myocardial ACE2 activity.

Assays for circulating and tissue ACE2 activity were performed on aver-

age 10 days (range, 3-29) after the date of sample collection.

TABLE 1 Signalment and existing treatments in 33 dogs
undergoing assessment of plasma angiotensin-converting enzyme 2
(ACE2) activity, including healthy dogs and dogs with congestive heart
failure (CHF) because of degenerative mitral valve disease. Data
shown as count or median (interquartile range)

Healthy CHF P

N 18 15

Sex (F/M) 10/8 9/6 .62

Age (years) 8 (6.8-10) 12 (11-14) .0001

Body weight (kg) 11.1 (9.1-24.5) 8.1 (5.6-11.4) .02

Breeds Mixed breed (n, 5) Mixed breed (n, 3)

Boston

Terrier (n, 2)

Shih Tzu (n, 2)

Doberman

Pinscher (n, 2)

Other (n, 10 [1 each])

Pug (n, 2)

Other

(n, 7 [1 each])

Cardiac

medications at

time of sampling

None Furosemide (n, 14)

Pimobendan (n, 14)

ACE inhibitor (n, 12)

Spironolactone (n, 10)

Sildenafil (n, 2)

P = .0003

F IGURE 2 Plasma angiotensin-converting enzyme 2 (ACE2)
activity in 18 healthy dogs and 15 dogs with congestive heart failure
because of degenerative mitral valve disease (DMVD)
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3.4 | Renin-angiotensin-aldosterone system
equilibrium AP analysis and effect of recombinant
human ACE2

A cohort of 34 dogs consisting of 8 healthy dogs, 8 dogs with stage

B1 DMVD, 9 dogs with stage B2 DMVD, and 9 dogs with stage C,

including 6 dogs with DMVD and 3 dogs with DCM, was recruited.

The signalment and treatments at the time of sampling are presented

in Table 2. Differences in concentrations across and between groups

were detected for a number of APs, including AT1(1-10), Ang1-7,

Ang1-9, Ang2-10, Ang2-7, and Ang3-7 (Table 3). In general, the con-

centration of each of these APs was highest in dogs in stage C, inter-

mediate in stage B1 or B2, and lowest in healthy dogs (Figure 4).

A global overview of the expanded RAAS identified large differences

in the overall activation and relative amounts of APs across patient

groups (Figure 5). Of note, median AT1(1-10) was >43 and 17 times

higher in stage C than healthy and stage B2 dogs, respectively.

Median Ang1-7 in stage C was > 43 and 11 times higher than in

healthy and stage B2 dogs, respectively, and median Ang1-9 in stage

C was >5 times higher than in both healthy and stage B1 or B2 dogs.

No differences across groups were found for AT2(1-8), AT3(2-8), AT4

(3-8), or Ang1-5. A number of APs, including AT1(1-10), Ang1-9, and

Ang2-10, had significant positive and modest correlation to LVIDdN

and LA:Ao in affected dogs (see Supporting Information). The median

surrogate plasma renin activity (PRAsurr) was significantly different

across patient groups (Figure 6), and the median PRAsurr in stage C

was approximately 27 and 12 times higher than that in healthy dogs

or dogs in stage B2, respectively (Table 3). The median ACEsurr also was

significantly different across patient groups (Figure 6). The median

ACEsurr in stage C was 16 to 20 times lower than that in healthy dogs

or dogs in stages B1 or B2 (Table 3). The addition of rhACE2 to plasma

samples from 6 dogs in stage B2 and 7 dogs in stage C significantly

increased paired median equilibrium concentrations of several APs

while decreasing the concentration of others (Figure 7 and Supporting

Information). Specifically, concentrations of AT1(1-10) decreased in stage

B2 dogs from 196.8 pg/mL (158.8-292.8) to 75.4 pg/mL (48.9-142.6;

P = .03) and from 3373 pg/mL (2497-4318) to 1187 pg/mL (492.8-2201;

P = .02) in dogs in stage C. Concentration of AT2(1-8) in stage B2 dogs

decreased from 80.0 pg/mL (71.1-125.1) to 1.6 pg/mL (0.50-3.38;

P = .03) and from 53.4 pg/mL (28.6-226.4) to 2.4 pg/mL (0.50-5.8;

P = .02) in dogs in stage C. Concentration of Ang1-9 increased in stage

B2 dogs from 1.8 pg/mL (1.8-1.8) to 61.6 pg/mL (34.5-89.0; P = .03) and

from 10.3 pg/mL (4.4-37.2) to 2431 pg/mL (1355-3037; P = .02) in dogs

in stage C. Concentration of Ang1-7 in stage B2 dogs increased from

37.8 pg/mL (28.3-62.5) to 131.5 pg/mL (80.9-202.6; P = .03) and from

468.7 pg/mL (238.8-1143) to 1004 pg/mL (373.7-2594; P = .16) in dogs

in stage C. Concentration of Ang1-5 in stage B2 dogs increased from

22.0 pg/mL (19.7-39.8) to 52.8 pg/mL (45.8-113; P = .03) and from

25.7 pg/mL (3.4-93.4) to 67.7 pg/mL (11.9-254.2; P = .02) in dogs in

stage C. Assays for RAAS AP equilibrium analysis and RAAS AP equilib-

rium analysis after incubation with rhACE2 were performed on average

30 days (range, 11-45) and 50 days (range, 30-64) after date of sample

collection, respectively.

4 | DISCUSSION

The discovery of ACE2 and its related APs (Figure 8) is a subject of

intense study in humans with heart disease,23-27 and to our knowl-

edge, our study is the first to provide an expanded view of RAAS in

dogs with heart disease. Our results identify ACE2 immunolabeling

and activity in canine LV myocardium. Previous reports in rats28 and

humans6,28 indicated similar findings, suggesting an important role for

ACE2 in cardiac function. Strong immunolabeling and a high degree of

ACE2 activity also was found in the renal tubular epithelium, consis-

tent with previous studies in dogs,29 mice,30 and humans.6,7 Our

results indicate that the ACE2 system is regulated differently in dogs

with heart disease as compared to healthy dogs. First, plasma ACE2

activity was significantly increased in dogs with CHF, similar to previ-

ous reports in human patients with heart disease. In 1 such study,31

serum ACE2 activity was significantly increased secondary to ischemic

and nonischemic heart disease and was independent of medications

or comorbidities. In other studies,32-34 serum ACE2 activity was posi-

tively correlated with echocardiographic heart size, negatively corre-

lated with heart function, and was independently associated with

important clinical events, including death or hospitalization. The role

of circulating or soluble ACE2, as opposed to tissue-bound ACE2, is

not fully understood. As previously mentioned, ACE2 is an integral

membrane-bound protein and the balance of tissue versus circulating

ACE2 is mediated by membrane metalloproteinases that cleave

P = .62

P = .36

F IGURE 3 Kidney and left ventricular (LV) myocardium
angiotensin-converting enzyme 2 (ACE2) activity in dogs euthanized
for or died of noncardiac disease versus end-stage degenerative mitral
valve disease (DMVD)
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portions of the cell membrane, which then are released into the sur-

rounding extracellular space.33,35,36 The resultant ectosomes contain

ACE2 as well as the immediate surrounding extracellular environ-

ment and enter the circulation or urine. This process is described

as ectodomain shedding.36,37 Previous studies35 indicate that shed-

ding of ACE2 is more frequent than shedding of ACE, which also is

highly membrane bound, and that AT2(1-8), tumor necrosis factor,

interleukin 1β, and disintegrin metalloproteases are potent stimuli

for ACE2 shedding in mice and humans.37-39 Thus, the increase

in circulating ACE2 might represent pathological displacement of

ACE2 from its normal tissue membrane location, mediated in

part by a feedback loop in which various substances decrease the

activity of its negative regulator.39 As a result, circulating ACE2,

which is removed from its normal location and ideal environment,

is hypothesized to represent wasted or ineffective ACE2.31,39

In our study, activity of circulating ACE2 normalized to protein

amount was approximately 100-fold less than activity of kidney

ACE2, which supports this hypothesis. Our results, however, also

indicated that both the kidney and LV ACE2 activity were not

significantly different in dogs with CHF as compared to healthy

dogs, suggesting that ACE2 shedding was not an important factor

in the total extent of tissue-bound ACE2 activity, but a loss of tissue

ACE2 into the circulation would tend to decrease the overall com-

pensatory potential of ACE2.31,33,39 Further elucidation of a seem-

ingly complex relationship between circulating and tissue ACE2 is

needed.

A second important finding of our study is the relationships and

relative concentrations of various APs within the expanded RAAS,

which provides insight into the pathophysiology of disease. Begin-

ning at the first portion of RAAS (Figure 8), our results indicate that

heart disease in the dog is associated with increased plasma renin

activity. This finding is consistent with previous reports in dogs1,40

and leads to higher concentrations of AT1(1-10). In stages B1 and

B2, downstream activation of RAAS and generation of AT2(1-8)

TABLE 2 Signalment, echocardiographic, and treatment data from 34 dogs undergoing analysis of equilibrium concentrations of renin
angiotensin aldosterone system angiotensin peptides. Data shown as mean (SD) or median (interquartile range) unless otherwise specified. See
text for description of the modified clinical staging system

Healthy Stage B1 Stage B2 Stage C P

N 8 8 9 9

Sex (F/M) 3/5 3/5 2/7 3/6 .89

Age (years) 8.7 (2.9) 10.8 (1.6) 9.6 (1.7) 9.6 (3.7) .47

Body weight (kg) 20.0 (9.1-30.5) 7.5 (4.1-10.8) 8.4 (6.1-10.3) 9.4 (8.1-32.0) .17

LVIDdN 1.47 (0.10) 1.91 (0.24) 2.14 (0.36) <.0001

B1 versus C, P < .0001

B2 versus C, P = .005

LVIDsN 0.77 (0.64-0.90) 0.99 (0.96-1.01) 1.14 (0.94-1.70) .21

IVSdN 0.40 (0.07) 0.45 (0.04) 0.45 (0.08) .23

LVPWdN 0.40 (0.36-0.43) 0.42 (0.41-44) 0.44 (0.42-0.46) .13

LADN 1.09 (0.96-1.15) 1.21 (1.13-1.38) 1.62 (1.50-1.71) .003

B1 versus C, P = .002

AoDN 0.73 (0.66-0.81) 0.70 (0.69-0.75) 0.69 (0.63-0.76) .75

LA:Ao 1.43 (0.25) 1.83 (0.18) 2.37 (0.57) .0002

B1 versus C, P < .0001

B2 versus C, P = .02

Furosemide (Y/N) 0/8 0/9 9/0

ACEI (Y/N) 0/8 0/9 9/0

Pimobendan (Y/N) 0/8 5/4 9/0

Spironolactone (Y/N) 0/8 0/9 8/1

Other medications Sildenafil (n, 1)

Hydrocodone (n, 2)

Hydrochlorothiazide (n, 1)

Diltiazem (n, 1)

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; AoDN, normalized aortic root diameter; IVSdN, normalized interventricular septum

thickness at end-diastole; LA:Ao, left atrium to aortic root diameter ratio; LADN, normalized left atrial diameter; LVIDdN, normalized left ventricular

internal diameter at end-diastole; LVIDsN, normalized left ventricular internal diameter at end-systole; LVPWdN, normalized left ventricular posterior wall

thickness at end-diastole.
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appears only mild, which also is consistent with a previous study of

neurohormonal activation in dogs.2 Specifically, our data indicate

higher concentrations of AT1(1-10) and AT2(1-8) in stages B1 and

B2 as compared to healthy dogs, but these changes failed to reach

statistical significance. Yet, once CHF develops (ie, stage C), PRA

and Ang1(1-10) are greatly increased and serve as potential

substrate for generation of downstream APs, such as AT2(1-8)

(Figure 5). In our study, all dogs in stage C were receiving ACEI,

which prevented conversion of AT1(1-10) into large amounts of

AT2(1-8). Thus, concentrations of AT2(1-8) were not significantly

different in stage C as compared to other patient groups. Instead,

our results indicated that in dogs with CHF, AT1(1-10) presumably

was cleaved by the proteases aminopeptidase (AmP), ACE2, and

neutral endopeptidase into significantly higher concentrations of

Ang2-10, Ang1-9, and Ang1-7, respectively.12 The actions of these

APs, and in particular Ang1-9 and Ang1-7, have been studied in a

variety of species, including humans, dogs, and rats, and include

vasodilatation, natriuresis, activation of nitric oxide, antagonism of

TABLE 3 Median and interquartile value of plasma equilibrium concentrations of angiotensin peptides and surrogate measures of plasma
renin activity (PRA-surrogate) and angiotensin-converting enzyme (ACE-surrogate) activity in healthy dogs and dogs with heart disease. See text
for description of the modified clinical staging system

Healthy (n = 8) Stage B1 (n = 8) Stage B2 (n = 9) Stage C (n = 9) P

AT1(1-10) 77.4 462.9 193.6 3372.9 <.0001

pg/mL 53.8-95.1 125.3-662.6 159.6-274.2 2132.0-4060.0 H versus C, P < .0001

B2 versus C, P = .004

AT2(1-8) 39.9 135.7 75.9 56.2 .10

pg/mL 26.7-47.7 53.6-298.0 60.9-92.9 32.2-319.2

Ang1-9 1.8 1.8 1.8 10.3 <.0001

pg/mL 1.8-1.8 1.8-1.8 1.8-1.8 5.9-27.0 H versus C, P = .0002

B1 versus C, P = .0002

B2 versus C, P < .0001

Ang1-7 11.4 78.3 41.0 486.7 <.0001

pg/mL 7.1-25.3 19.2-131.0 27.4-45.1 214.2-1168.0 H versus C, P < .0001

B2 versus C, P = .01

Ang1-5 7.0 46.4 21.2 25.7 .07

pg/mL 4.1-10.7 18.3-78.2 13.5-26.5 4.6-152.2

Ang2-10 8.3 48.6 20.0 502.9 <.0001

pg/mL 5.6-10.9 16.3-82.2 13.3-36.5 354.1-830.8 H versus C, P < .0001

B1 versus C, P = .05

B2 versus C, P = .004

AT3(2-8) 1.3 10.0 5.9 6.6 .18

pg/mL 1.3-1.3 3.3-20.3 1.3-10.0 1.3-44.4

AT4(3-8) 3.6 18.3 6.7 15.7 .19

pg/mL 2.9-6.6 6.6-2627.7 4.4-11.1 1.1-50.7

Ang2-7 1.0 4.7 2.4 40.5 <.0001

pg/mL 1.0-1.0 1.7-6.5 1.0-4.5 21.7-85.8 H versus C, P < .0001

B2 versus C, P = .007

Ang3-7 0.5 4.3 0.5 42.5 <.0001

pg/mL 0.5-0.5 0.5-8.8 0.5-3.5 19.0-93.6 H versus C, P = .0002

B2 versus C, P = .001

PRA-surrogate 121.6 658.1 277.1 3401.4 <.0001

pg/mL 80.8-135.3 178.9-891.0 206.5-359.5 2211.0-4284.0 H versus C, P < .0001

B2 versus C, P = .006

ACE-surrogate 0.479 0.499 0.389 0.024 .0001

0.468-0.660 0.291-0.540 0.311-0.485 0.014-0.094 H versus C, P = .0002

B1 versus C, P = .003

B2 versus C, P = .02
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ATR1, protection against ischemia and reperfusion injury, simula-

tion of natriuretic peptide release, and improvement in glycolysis

and high energy phosphate production.11,12,41-47 Thus, the reported

benefits48,49 of ACEI in dogs with CHF might be a result of increased

concentrations and salutary actions of Ang1-9 and Ang1-7, as well

as inhibition of AT2(1-8) formation. Our findings within an expanded

P < .0001

P < .0001

P < .0001 P < .0001

P < .0001

P < .0001

F IGURE 4 Equilibrium concentrations
of angiotensin peptides (APs) of the renin-
angiotensin-aldosterone system (RAAS) in
control dogs (CTL) and dogs with stage
B1, B2, and C heart disease. Ang1-5,
angiotensin 1-5; Ang1-7, angiotensin 1-7;
Ang1-9, angiotensin 1-9; Ang 2-7,
angiotensin 2-7, Ang2-10, angiotensin
2-10; Ang3-7, angiotensin 3-7; AT1(1-10),
angiotensin I; AT2(1-8), angiotensin II;
AT3(2-8), angiotensin III; AT4(3-8),
angiotensin IV. See text for description of
the modified clinical staging system.
*P < .05; **P < .01; ***P < .001;
****P < .0001
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RAAS indicate the existence of closely related but biologically distinct

groups of APs, 1 of which promotes the CHF phenotype while the

other acts as a counterbalance working to shift the balance within

RAAS back toward the beneficial APs.

Our results also provide new information about less well-known

APs, such as AT3(2-8) and AT4(3-8). The exact biologic actions of cer-

tain APs are incompletely understood and are predicted based on

extension from studies in animal models. Previous studies in mice50,51

indicated that AT3(2-8) binds to ATR1, thereby eliciting effects similar

to AT2(1-8). Within the central nervous system, AT3(2-8) is the final

effector molecule that mediates effects of AT2(1-8), such as release

of vasopressin from the pituitary gland.50 In contrast, despite differing

from AT3(2-8) by only a single amino acid, AT4(3-8) binds to MasR

and a novel AT4(3-8) receptor, eliciting effects similar to Ang1-7,

including prevention of apoptosis, vasodilatation, and anti-remodeling

(Figure 8).52-54 In our study, equilibrium concentrations of AT3(2-8)

and AT4(3-8) in dogs with heart disease were not significantly differ-

ent from those of healthy dogs. The reason for this finding in dogs

with preclinical disease might stem from the relatively low overall activity

of RAAS whereas in dogs with severe disease and CHF, formation of

AT3(2-8) from its precursor, Ang2-10, is primarily mediated by ACE and

would have been blocked by the presence of ACEI. Subsequently, low

amounts of AT3(2-8) then would limit downstream formation of AT4

(3-8; Figure 8). Relatively little is known about other APs in the expanded

RAAS. A previous study47 reported that Ang2-10 is vasodilatory and

antiproliferative whereas another study55 reported that Ang2-10 was

vasoconstrictive, but likely only after conversion to AT3(2-8). As for the

remaining APs, in humans, Ang(2-7) induces mild vasoconstriction,56

Ang(3-7) is thought to be a centrally acting vasoconstrictor,57 and

Ang1-5 binds MasR and causes vasodilatation and increased natri-

uretic peptide release.58 Thus, results of RAAS AP equilibrium anal-

ysis in dogs with CHF receiving ACEI indicated an increase in

beneficial APs including Ang1-9, Ang1-7, and Ang2-10; no change

in beneficial APs including AT4(3-8) and Ang1-5; an increase in

maladaptive APs, including Ang2-7 and Ang3-7; and no change in

maladaptive APs including AT2(1-8) and AT3(2-8). These data offer

F IGURE 5 Equilibrium concentrations of angiotensin peptides (APs) and angiotensin converting enzyme (ACE) and angiotensin-converting-
enzyme 2 (ACE2) pathways within a broader view of the renin-angiotensin-aldosterone system (RAAS) permits evaluation of the relative
concentration and relationship between the various APs. The sizes of the circles are proportional to the median equilibrium concentration (pg/mL)
of each AP. See text for description of the modified clinical staging system. AmP, aminopeptidase; DAP, aspartyl aminopeptidase; NEP, neutral
endopeptidase. Other abbreviations same as in Figure 4

P

F IGURE 6 Surrogate measures of plasma renin activity (PRAsurr)
and angiotensin converting enzyme (ACE) activity (ACEsurr) in healthy
control (CTL) and dogs with stage B1, B2, and C heart disease. See
text for description of the modified clinical staging system. *P < .05;
**P < .01; ***P < .001; ****P < .0001
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insight into the pathophysiology of disease and suggest novel treat-

ment approaches as discussed below.

A third important finding of our study is the ability to shift the

balance of APs within the RAAS using rhACE2. The counter regula-

tory role of ACE2 on the maladaptive effects of ACE and AT2(1-8)

make ACE2 and its related APs attractive targets for pharmacother-

apy.23,25-27,45,59-61 Treatment with exogenous ACE2 is particularly

interesting in light of the fact that the affinity of ACE2 to cleave AT2

(1-8) into beneficial Ang1-7 is 12-fold greater than the affinity of

ACE to cleave AT1(1-10) to AT2(1-8),62 suggesting that exogenous

ACE2 or ACE2 activators would be capable of converting even large

amounts of AT2(1-8). In our study, incubation of plasma samples

with rhACE2 from dogs with stage B2 or stage C heart disease

resulted in significantly higher equilibrium concentrations of benefi-

cial APs, including Ang1-9, Ang1-7, and Ang1-5, while simulta-

neously decreasing the concentration of maladaptive APs, including

AT1(1-10) and AT2(1-8). Previous studies18,63 of rhACE2 involving

human serum or healthy volunteers reported similar increases in

beneficial APs and suppression of maladaptive APs, and have led to

early trials64 in humans with pulmonary hypertension. Collectively,

these data provide conceptual support of therapies targeting the

ACE2 system. Our data also suggest that the methodology employed

in our study, namely equilibrium analysis of APs, is a useful preclini-

cal analytical tool.

Our study had a number of limitations. Larger studies are needed

to confirm findings from the relatively small number of animals in our

study. Plasma ACE2 activity was quantified only in dogs with CHF

secondary to advanced DMVD and important differences might exist

in dogs with early DMVD or in animals with other causes of CHF. The

potential correlation among circulating ACE2 activity, duration of CHF

and administration of medications, and clinical outcome requires longi-

tudinal studies. The clinical implication of circulating ACE2 appears

complex. For example, although previous observational studies32-34

determined that increased ACE2 activity was associated with poor

outcome, in a study involving patients after intensive treatment for

acute CHF,65 increased ACE2 activity over baseline was associated

with improved survival. The number of samples obtained for kidney

and LV myocardial ACE2 activity was small because of difficulty in

procuring such samples, and future studies of larger populations

might identify important differences. Evaluation of the expanded

RAAS was performed using equilibrium analysis and the reported

concentrations are higher than the actual circulating concentra-

tions, but the 2 values are highly correlated,18 which preserve the

ability to ascertain relative differences among APs. The expanded

model of RAAS remains a simple representation of a highly com-

plex pathophysiological network with many additional (both identi-

fied and unidentified) components and relationships. Regardless,

the proposed RAAS model offers new insights and proof of con-

cept for a novel treatment strategy. Dogs were receiving a variety

of cardiac medications including diuretics and anti-RAAS agents

such as ACEI and spironolactone that might have influenced the

results. Dogs in the RAAS AP equilibrium analysis included both

dogs with DMVD and DCM, and important differences in the mag-

nitude of RAAS AP concentrations might exist. Studies that specifi-

cally examine the effect of various treatments on RAAS are of

interest. For example, a previous study (Ames MK, Potter BK, Hess

A. Effect of loop diuretics on novel components of the renin-angio-

tensin-aldosterone system in healthy dogs [Abstract]. Proceedings

of the 2018 ACVIM Forum, Seattle, WA, 2018) in dogs compared

the relative extent of RAAS activation after administration of furo-

semide as compared to torsemide by analyzing the equilibrium con-

centrations of Ang1-7, Ang1-3, AT3(2-8), and AT4(3-8), whereas

others18 have reported increased Ang1-9, Ang1-7, and Ang1-5

mediated by combined treatment with angiotensin receptor

blockers and rhACE2 in serum samples of humans. Finally, healthy

dogs weighing <25 kg were not required to undergo echocardiographic

studies, but the incidence of asymptomatic DCM in this population of

dogs likely was low.

F IGURE 7 Plasma equilibrium concentrations of select
angiotensin peptides (APs) before and after incubation with
5 μg/mL recombinant human ACE2 (rhACE2) from 6 dogs with
stage B2 (top panel) and 7 dogs with stage C (bottom panel)
degenerative mitral valve disease. The sizes of the circles are
proportional to the median equilibrium concentration (pg/mL) of
each AP. See text for description of the modified clinical staging
system. *P < .05 versus baseline
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In summary, our results provide novel information about the pres-

ence, distribution, activity, and equilibrium concentrations of compo-

nents of the ACE2 system and an expanded view of the RAAS in dogs

with heart disease. Activity of both the traditional and ACE2-related

components of RAAS was significantly different in affected dogs,

and potential new targets for treatment were identified. Our study

provided proof of concept that rhACE2 could modify RAAS in such a

manner that would increase newly described beneficial APs while

suppressing maladaptive APs. Consideration of an expanded RAAS

that includes ACE2 and related APs opens new opportunities to

understand and treat heart disease in dogs.
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