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Abstract

Background: Little is known about the effect of renin angiotensin aldosterone

system-inhibiting (RAASi) drugs on alternative angiotensin peptides (APs) such as

angiotensin 1-7 (Ang1-7), which are mediated by angiotensin-converting enzyme

2 (ACE2).

Hypothesis/Objectives: Angiotensin receptor blockers (ARBs) would alter balance of

APs and differences would be magnified in vitro by incubation of plasma samples

with recombinant human ACE2 (rhACE2).

Animals: Six cats with cardiomyopathy (CM), 8 healthy cats.

Methods: Prospective open label trial. Plasma equilibrium concentrations of APs

were measured in healthy cats as well as in CM cats that first received no RAASi

drugs (CMnoRAASi) and then after 14 days of PO telmisartan (CMARB). Plasma APs also

were measured after in vitro incubation with rhACE2.

Results: No significant differences were found between healthy and CMnoRAASi

groups. Concentrations of several APs, including angiotensin I (AT1) and angiotensin

II (AT2) were significantly different between CMnoRAASi and CMARB groups. Incuba-

tion with rhACE2 decreased AT1 and AT2 in both groups. The geometric mean con-

centration of Ang1-7 was significantly higher in CMARB (4.9 pg/mL; 95% confidence

interval [CI], 3.7-6.4 pg/mL) vs CMnoRAASi (3.2 pg/mL; 95% CI, 2.2-4.7 pg/mL; P = .01)

and in CMARB + ACE2 (5.0 pg/mL; 95% CI, 3.9-6.4 pg/mL) vs CMnoRAASi + ACE2

(3.0 pg/mL; 95% CI, 1.7-5.5 pg/mL; P = .01). The most favorable theoretical AP pro-

file that maximized Ang1-7 and other alternative APs was CMARB + ACE2.

Abbreviations: ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting enzyme 2; ACEIs, angiotensin-converting enzyme inhibitors; ACE-S, surrogate measure of ACE activity;

ALT-S, surrogate measure of alternative renin-angiotensin-aldosterone system pathway; Ang1-5, angiotensin 1-5; Ang1-7, angiotensin 1-7; Ang1-9, angiotensin 1-9; AoD, aortic root diameter;

APs, angiotensin peptides; ARBs, angiotensin receptor blockers; AT1, angiotensin I; AT2, angiotensin II; AT3, angiotensin III; AT4 (3-8), angiotensin 4; CHF, congestive heart failure; CI, confidence

interval; CM, cardiomyopathy; E : A, peak mitral E wave to A wave velocity; HCM, hypertrophic cardiomyopathy; HOCM, hypertrophic obstructive cardiomyopathy; IVSd, thickness of the

interventricular septum at end-diastole; LAD, left atrial diameter; LAD : AoD, left atrium to aortic root diameter ratio; LLOD, lower limit of detection; PRA-S, surrogate measure of plasma renin

activity; RAAS, renin-angiotensin-aldosterone system; RAASi, renin-angiotensin-aldosterone system inhibiting; RCM, restrictive cardiomyopathy; rhACE2, recombinant human angiotensin

converting enzyme 2.
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Conclusions and Clinical Importance: Balance between traditional and alternative

APs can be favorably shifted using ARBs and in vitro incubation with rhACE2. These

data shed light on new AP-targeting strategies in cats with CM.
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1 | INTRODUCTION

Cardiomyopathy (CM) is an important cause of morbidity and mortal-

ity in cats, but relatively little is known about its neurohormonal fea-

tures as they relate to various angiotensin peptides (APs), such as

angiotensin I (AT1) and angiotensin II (AT2). The traditional view of

the AP system involves conversion of angiotensinogen by renin to

AT1, followed by subsequent cleavage of 2 amino acids from the C-

terminal end of AT1 by angiotensin-converting enzyme (ACE) to form

the octapeptide AT2.1 The biological activity of chronic AT2 stimula-

tion contributes to the pathophysiology of heart failure through water

and sodium retention and vasoconstriction, as well as myocardial and

vascular remodeling.1 Studies of APs in cats with CM are limited. One

study2 reported high kidney renin production in cats with CM, but

renin angiotensin aldosterone system-inhibiting (RAASi) drugs such as

angiotensin-converting enzyme inhibitors (ACEIs) and spironolactone

have failed to definitively demonstrate benefit.3-6 As such, our under-

standing of the role of APs in cats with CM is incomplete.

In 2002, the monocarboxypeptidase angiotensin-converting

enzyme 2 (ACE2) was discovered.7,8 Unlike ACE, which cleaves

2 amino acids, ACE2 removes a single amino acid from AT1 and AT2,

forming angiotensin 1-9 (Ang1-9) and angiotensin 1-7 (Ang1-7),

respectively (Figure 1). Despite a structural difference of just 1 amino

acid, Ang1-7, Ang1-9, and other APs such as angiotensin 1-5 (Ang1-5)

are vasodilatory, natriuretic, and cardioprotective.9 This discovery has

expanded our understanding of the AP system and use of traditional

RAASi drugs, such as ACEI, beyond just AT1 and AT2. The existence

of alternative APs is reason to reconsider RAASi drugs such as angio-

tensin receptor blockers (ARBs), which block AT2 receptors. Angio-

tensin receptor blockers are used for treatment of hypertension and

congestive heart failure (CHF) in humans, occasionally used for sys-

temic hypertension in dogs and cats, and rarely used for heart disease

in either dogs or cats.10,11 One highly selective ARB, telmisartan, is

approved for treatment of systemic hypertension in cats.12,13 The

motivation behind development of ARBs stems from the existence of

ACE-independent pathways that can circumvent ACEI treatment and

still produce AT2.14,15 Although treatment with ARBs permits

unabated AT2 production, harmful effects of AT2, regardless of its

source, are prevented by AT2 receptor blockade. When viewed in

light of ACE2, the fact that ARBs permit unchecked production of

AT2 has potential therapeutic implications. Specifically, the large pool

of AT2 might serve as substrate for ACE2 and be converted to

Ang1-7, promoting beneficial effects such as vasodilatation and natri-

uresis.16 Previous studies in dogs17 and humans16 with heart disease

indicated that in vitro incubation of plasma with recombinant human

ACE2 (rhACE2) drove the balance of APs toward more beneficial APs

and fewer maladaptive APs. The relative concentrations of APs, espe-

cially those related to ACE2, in cats with CM have not been exten-

sively studied. We sought to explore the relative concentrations of

traditional and alternative APs between healthy cats and cats with

CM. We hypothesized that treatment of affected cats with

telmisartan would alter the balance of APs, and that these differences

would be further magnified after in vitro incubation of plasma samples

with rhACE2 compared with untreated samples. These data would

provide proof of concept that ACE2 supplementation alters the bal-

ance of APs. Our objective was to characterize traditional and alterna-

tive APs in healthy cats and cats with CM, first in the absence of

RAASi drugs, then after treatment with telmisartan, and finally, after

incubation with rhACE2 with particular attention to the balance

between beneficial APs such as Ang1-7, Ang1-9, and Ang1-5 and mal-

adaptive APs such as AT1 and AT2.

2 | MATERIALS AND METHODS

We designed a prospective study for healthy cats and cats with

CM. The study protocol underwent institutional review and approval,

and cat owners were required to provide informed consent. Inclusion

criteria for cats with CM included an echocardiographic diagnosis of

diastolic heart disease caused by either hypertrophic cardiomyopathy

(HCM) or restrictive cardiomyopathy (RCM) phenotype using

2-dimensional left atrium-to-aortic root dimension ratio (LAD : AoD)

≥1.6 within 90 days from date of inclusion. A diagnosis of HCM was

based on idiopathic left ventricular (LV) hypertrophy defined as dif-

fuse or regional interventricular septal diastolic wall thickness (IVSd)

or LV diastolic caudal wall thickness (LVPWd) >6 mm,18 whereas a

diagnosis of RCM was based on IVSd and LVPWd <6 mm, and when

measurable, a restrictive mitral inflow filling pattern defined as peak

mitral E wave-to-A wave velocity (E : A) >2.0.19 Inability to measure

E : A because of fused waves did not exclude a diagnosis of RCM phe-

notype if LV and left atrial criteria were both present. Exclusion

criteria included systolic blood pressure ≥ 180 mm Hg or

≤ 100 mm Hg, hyperthyroidism in cats >10 years of age, active CHF

in the form of pulmonary edema or pleural effusion, congenital heart

disease, or presence of concurrent systemic disease that was

considered severe in the opinion of the investigators. Cats with CM

receiving cardiac medications such as diuretics, beta-blockers, and

anti-platelet agents were eligible, but those receiving ACEI were
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excluded. A group of healthy cats with IVSd and LVPWd <5 mm20

and LAD : AoD <1.421 and not receiving any cardiac medications was

recruited as a control. Echocardiographic studies (iE33, Philips

Healthcare, Andover, Massachusetts) were performed without seda-

tion. Measurements of IVSd, LVPWd, and LAD : AoD were performed

from 2-dimensional right parasternal short axis views. Cats with HCM

were described as having hypertrophic obstructive cardiomyopathy

(HOCM) if there was 2-dimensional or M-mode evidence of systolic

cranial motion of the mitral valve and a left ventricular outflow tract

velocity ≥2.5 m/s as measured from the left apical view.18 At baseline,

approximately 3 to 5 mL of venous blood was obtained and separated

into plain tubes and tubes containing lithium heparin. Systolic blood

pressure measurement was performed using a Doppler unit (Parks

Medical Electronics, Inc, Aloha, Oregon) and an appropriately sized

cuff. Cats with CM were prescribed open-label liquid telmisartan

(Semintra, Boehringer Ingelheim Vetmedica, St Joseph, Missouri) at a

dosage of 2 mg/kg PO q24h for 14 to 21 days until the day of evalua-

tion. Changes to other concurrent cardiac medications were not

allowed during the treatment period. At evaluation, blood pressure

measurement and blood collection were performed.

2.1 | Blood assays

Serum was used to measure BUN, creatinine, sodium, potassium, and

chloride. Lithium heparin plasma was stored at −80�C until batched

measurement of equilibrium concentrations of APs, including AT1,

AT2, Ang1-9, Ang1-7, Ang1-5, angiotensin 3 (AT3), and angiotensin

4 (AT4) was performed as previously described.1,16,17,22,23 Briefly,

plasma was spiked with stable isotope-labeled standards for each AP,

allowed to reach equilibrium at 37�C, and assayed using liquid

chromatography-tandem mass spectrometry (Attoquant Diagnostics,

Vienna, Austria). Use of equilibrium assays avoids the need for special

collection and handling requirements at the time of blood collection,

increases the signal-to-noise ratio of the assay, and results in AP con-

centrations higher than, but proportional to, plasma concentrations

using enzyme inhibitors at time of blood collection.16,24 To assess the

effect of exogenous ACE2 on the relative concentrations of selected

APs, plasma from cats with CM was assayed after in vitro incubation

with 5 μg/mL of rhACE2 (R&D Systems, Minneapolis, Minnesota) at

37�C, followed by measurement of equilibrium concentrations of

AT1, AT2, Ang1-9, Ang1-7, and Ang1-5.16,17

2.2 | Statistical analysis

Previous to our study, data regarding equilibrium concentrations of

APs in cats were not available, which hindered a priori sample size cal-

culation. The number of cats in the study (8 healthy cats and 8 cats

with CM) was chosen based on similar studies17 conducted in dogs.

Descriptive statistics regarding patient signalment, physical examina-

tion findings, and diagnostic test results were generated. Descriptive

data are presented as mean (SD) or median (range). Comparisons of

longitudinal blood pressure and routine blood test results in

cardiomyopathic cats before and after ARB treatment were per-

formed using paired t tests or Wilcoxon signed rank tests. Concentra-

tions of APs were natural log transformed and assessed for normality

using Kolmogorov-Smirnov tests and visual inspection of histograms

and QQ plots. Any AP result that was below the lower limit of detec-

tion (LLOD) was entered as 0.5 times the LLOD.25 The central tenden-

cies of APs are reported as geometric means (95% confidence interval

[CI]). Comparisons of APs between healthy and CM cats were per-

formed using unpaired t tests. The AP concentrations in CM cats were

measured using 4 different plasma samples, including baseline in the

absence of RAASi drugs (CMnoRAASi), after ARB (CMARB), and after

rhACE2 incubation of each plasma type (CMnoRAASi + ACE2,

CMARB + ACE2). These comparisons were performed using repeated

measures of 1-way analysis of variance followed by 4 predefined

Holm-Sidak multiple comparison tests, including the following pairs of

results: CMnoRAASi vs CMARB, CMnoRAASi vs CMnoRAASi + ACE2, CMARB

vs CMARB + ACE2, and CMnoRAASi + ACE2 vs CMARB + ACE2. Two

surrogate and unitless measures of RAAS activity were calculated,

including surrogate of plasma renin activity (PRA-S) calculated as

[AT2] + [AT1] and surrogate activity of ACE (ACE-S) calculated

as [AT2]/[AT1].17,26 We explored the relative concentrations of

alternative APs to traditional APs as another unitless ratio, ALT :

TRAD: ([Ang1-9] + [Ang1-7] + [Ang1-5])/([AT2] + [AT1]). Correlations

between AP concentrations and clinical variables were assessed

by calculation of either Pearson or Spearman rank correlation

F IGURE 1 The traditional (unshaded background) and alternative
(shaded background) renin-angiotensin-aldosterone system pathways.
ACE, angiotensin-converting enzyme; ACE2, angiotensin-converting
enzyme 2; AmP, aminopeptidase; Ang1-5, angiotensin 1-5; Ang1-7,
angiotensin 1-7; Ang1-9, angiotensin 1-9; DAP, aspartyl
aminopeptidase; NEP, neutral endopeptidase
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coefficients. Figures displaying the different APs and their relation-

ships were constructed using variably sized circles the sizes of which

were proportional to the geometric mean equilibrium concentration

of each AP. Statistical calculations were performed using statistical

software (Prism 8, GraphPad Software, San Diego, California). Signifi-

cance was defined as P < .05.

3 | RESULTS

3.1 | Study cohort

Eight healthy cats owned by staff or faculty and 8 cats with CM

presented to the Veterinary Hospital of the University of Pennsyl-

vania were recruited between March 2019 and March 2020. The

owner of 1 cat with RCM was unable to consistently administer

the ARB and dropped out of the study. One female spayed 6-year-

old cat with HOCM and history of CHF that was receiving

furosemide, spironolactone and clopidogrel and with systolic

blood pressure of 110 mm Hg at the time of enrollment also was

withdrawn from the study because of lethargy, vomiting,

tachypnea, and hypotension (systolic blood pressure = 70 mm Hg)

after receiving 2 doses of ARB. The cat was hospitalized for hypo-

tension and CHF and was treated with parenteral furosemide and

dopamine. The cat was discharged 20 hours after admission with

resolution of CHF and improved systolic blood pressure of

105 mm Hg. The remaining 6 cats with CM were analyzed, includ-

ing 3 cats with HOCM, 2 cats with HCM, and 1 cat with RCM.

Cats received ARB for a median duration of 16 days (range,

15-21 days). Baseline demographic information, medication his-

tory, and echocardiographic findings are presented in Table 1.

Two of 6 (33%) cardiomyopathic cats had a history of CHF and

were receiving furosemide. Small but significant increases in BUN

and sodium were observed during ARB treatment as compared to

baseline. No significant differences in blood pressure or serum

creatinine, chloride, or potassium concentrations were observed

(Table 2).

3.2 | Angiotensin peptides in healthy cats vs cats
with cardiomyopathy

No significant differences in AP concentrations were observed

between healthy and CMnoRAASi cats (Figure 2). Concentrations of

Ang1-9 were below the LLOD in all cats in both groups. No significant

differences were observed in surrogate measures of AP system activ-

ity between the 2 groups, including PRA-S (healthy, 152; 95% CI,

49-473 vs CMnoRAASi, 260; 95% CI, 92-737; P = .43), ACE-S (healthy,

4.4; 95% CI, 3.2-6.2 vs CMnoRAASi, 3.3; 95% CI, 2.5-4.3; P = .12), or

ALT : TRAD (healthy, 0.73; 95% CI, 0.57-0.94 vs CM, .87; 95% CI,

0.73-1.05; P = .23). No significant correlations were found among

APs, LA : Ao, IVSd, LVPWd, BUN, creatinine, Na, or K in the

CMnoRAASi samples (data not shown).

3.3 | Angiotensin peptides during ARB treatment
and after incubation with rhACE2

Concentrations of APs and surrogate measures of AP system activity

in the CMnoRAASi, CMARB, CMnoRAASi + ACE2, and CMARB + ACE2

samples are shown in Figure 3 and Table 3. The CMARB samples had

significantly higher AT1, AT2, and Ang1-7 concentrations and higher

PRA-S as compared with the CMnoRAASi samples. The ratio of

ALT : TRAD was mildly but not significantly lower in CMARB samples

as compared to CMnoRAASi. Incubation of both sample types with

TABLE 1 Demographic, medication, and echocardiographic
characteristics of healthy cats and cats with cardiomyopathy

Healthy (n = 8) Cardiomyopathy (n = 6)

Age (y) 7 (3) 11 (4-12)

Body weight (kg) 4.2 (0.6) 5.2 (0.7)

Sex 4M/4F 6M/1F

Blood pressure (mm Hg) 142 (26) 130 (9)

Furosemide (Y/N) 0/8 2/4

ACEI (Y/N) 0/8 0/6

Clopidogrel (Y/N) 0/8 3/3

Atenolol (Y/N) 0/8 4/2

Spironolactone (Y/N) 0/8 0/6

LVIDd (cm) 1.41 (0.08) 1.62 (0.16)

LVIDs (cm) 0.69 (0.08) 0.77 (0.19)

IVSd (cm) 0.42 (0.04) 0.55 (0.08)

LVPWd (cm) 0.42 (0.04) 0.61 (0.08)

LAD (cm) 1.20 (1.10-1.30) 1.89 (0.32)

AoD (cm) 1.0 (0.88-1.30) 0.95 (0.11)

LA : Ao 1.23 (0.14) 2.00 (0.38)

Note: Data are presented as mean (SD) or median (range).

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; AoD, aortic

root diameter; IVSd, thickness of the interventricular septum at end-dias-

tole; LAD, left atrial diameter; LVIDd, left ventricular internal diameter at

end-diastole; LVIDs, left ventricular internal diameter at end-systole;

LVPWd, left ventricular caudal wall thickness at end-diastole.

TABLE 2 Mean (SD) results of renal blood markers and serum
electrolyte concentrations during treatment without renin-
angiotensin-aldosterone system-inhibiting drugs (no RAASi) and
during treatment with an angiotensin receptor blocker (ARB) in 6 cats
with cardimyopathy

no RAASi ARB P value

Blood pressure (mm Hg) 130 (9) 128 (17) .58

BUN (mg/dL) 25 (4) 28 (5) .03

Creatinine (mg/dL) 1.58 (0.47) 1.60 (0.58) .74

Sodium (mmol/L) 151 (1) 152 (2) .03

Chloride (mmol/L) 119 (1) 121 (2) .11

Potassium (mmol/L) 4.1 (0.3) 4.0 (0.1) .5

Abbreviation: BUN, blood urea nitrogen.
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rhACE2 decreased AT1, AT2, PRA-S and ACE-S and increased

ALT : TRAD as compared to baseline. Concentration of Ang1-9 signifi-

cantly increased in CMARB + ACE2 as compared to CMARB but did not

significantly change between CMnoRAASi + ACE2 and CMnoRAASi. Con-

centrations of Ang1-5 were mildly but significantly increased in the

CMnoRAASi + ACE2 samples over baseline after rhACE2 incubation.

Concentrations of Ang1-7 after incubation with rhACE2 were not sig-

nificantly different from baseline in either sample type, but concentra-

tions of Ang1-7 and Ang1-9 remained significantly higher in

CMARB + ACE2 vs CMnoRAASi + ACE2 samples. The AT2 concentration

substantially decreased from baseline to below the LLOD after

rhACE2 incubation in all cats in both groups. The relationships and rel-

ative amounts of specific APs in the 2 groups after incubation with

rhACE2 are shown in Figure 4.

4 | DISCUSSION

Our main findings were the different AP profiles during no ACEI as

compared with ARB treatment in cats with CM. Treatment of

cardiomyopathic cats with ARB resulted in higher activity of the tradi-

tional AP pathway as evidenced by significantly higher AT1, AT2, and

PRA-S. Vasodilators, including ARBs, are potent stimuli of the

RAAS,27 and despite the absence of changes in systolic blood pressure

during ARB treatment, local effects at the kidney might have led to

more renin release. In theory, cats receiving ARB treatment would be

protected against higher traditional AP system activity by blockade of

AT2 receptors. The absolute or relative benefit of ACEI or ARB treat-

ment in cats with CM is unknown, but a potential benefit unique to

ARB treatment is the continued production of AT2, which instead of

binding its receptor, can be diverted towards increasing salutary

Ang1-7. This effect might explain the significantly increased Ang1-7

concentration observed during ARB treatment in our study.

An important hypothesis of our study was that in vitro incubation

with rhACE2 would favorably rebalance equilibrium plasma concen-

trations of APs toward Ang1-7 and related alternative RAAS APs, and

our results indicated higher alternative APs and lower traditional APs

compared to baseline. Specifically, compared to preincubation results,

rhACE2 increased ALT : TRAD in both the CMnoRAASi and CMARB sam-

ples while decreasing PRA-S and AT1. Activity of the traditional AP

system was suppressed such that AT2 concentration decreased below

the LLOD of the assay in all cats after rhACE2, regardless of whether

or not they were receiving ARB. One pathway for AT2 depletion is its

conversion to Ang1-7 by rhACE2 and subsequent conversion of

Ang1-7 to Ang1-5 by ACE. Plasma from CMARB cats with or without

rhACE2 had significantly higher concentrations of Ang1-7 as com-

pared to CMnoRAASi samples. A plausible explanation for this finding is

that ARB treatment provides AT2 substrate, and unlike the profile

associated with ARB monotherapy where a large pool of AT2 existed,

the combination of rhACE2 and ARB markedly decreased AT2 to the

point of being undetectable. The AP system profile we consider most

favorable (in which AT1, AT2, and PRA-S are minimized and Ang1-9,

Ang1-7, Ang1-5, and ALT-S are maximized) was achieved with the

combination of ARB and rhACE2.

The AP profile of our limited cohort of CMnoRAASi cats was not

different from that of healthy cats. Previous studies have measured

F IGURE 2 Plasma equilibrium concentrations and relationships of
angiotensin peptides and angiotensin-converting enzyme (ACE) and
angiotensin-converting enzyme 2 (ACE2) pathways in healthy cats and
cats with cardiomyopathy receiving no renin-angiotensin-aldosterone
system inhibiting drugs (no RAASi). There were no significant differences
in angiotensin peptide concentrations between groups. The sizes of the
circles are proportional to the geometric mean (pg/mL) listed beside each
AP. AmP, aminopeptidase; Ang1-5, angiotensin 1-5; Ang1-7, angiotensin
1-7; Ang1-9, angiotensin 1-9; ARB, angiotensin receptor blocker; AT1,

angiotensin 1; AT2, angiotensin 2; AT3, angiotensin 3; AT4, angiotensin
4; DAP, aspartyl aminopeptidase; NEP, neutral endopeptidase
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F IGURE 3 Plasma equilibrium
concentrations of angiotensin peptides (APs)
and surrogate measures AP system activity,
including of plasma renin activity (PRA-S) and
the ratio of alternative APs to traditional APs
(ALT : TRAD) from 6 cats with cardiomyopathy
while receiving no RAAS-inhibiting drugs
(no RAASi) (blue solid circles), angiotensin
receptor blocker (ARB) (purple solid triangles)

and after in vitro incubation of no RAASi
plasma with recombinant human angiotensin-
converting enzyme 2 (no RAASi + ACE2) (open
blue circles) and ARB plasma with recombinant
human angiotensin-converting enzyme 2 (ARB
+ ACE2) (open purple triangles). Ang1-5,
angiotensin 1-5; Ang1-7, angiotensin 1-7;
Ang1-9, angiotensin 1-9; ARB, angiotensin
receptor blocker; AT1, angiotensin 1; AT2,
angiotensin 2; ln, natural log; LLOD, lower limit
of detection
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ACE activity as a marker of RAAS activation by utilizing various

methods. In a study6 of cats with CM, ACE activity, as measured by

colorimetric assay, was 45 U/mL and, in 2 previous studies of healthy

cats,28,29 ACE activity was approximately 35 U/mL and 13 U/mL as

measured by radioimmunoassay and colorimetric assay, respectively.

Comparison between our study and previous studies is made difficult

by the different assay methods and standards used. One study30 of

11 healthy cats reported AT1 and AT2 concentrations measured by

radioimmunoassay, which cannot be directly compared to our equilib-

rium concentration results. Thus, the presence or extent of AP activa-

tion in cats with CM is unknown. In our study, a potential explanation

for the lack of differences in cardiomyopathic cats compared to con-

trols is that the majority of affected cats, despite having left atrial

enlargement, were asymptomatic and not receiving diuretics, which

TABLE 3 Geometric mean (95% confidence interval) of plasma equilibrium concentrations of angiotensin peptides (APs) and mean (SD)
measures of surrogate markers of plasma renin activity (PRA-S) and angiotensin converting enzyme (ACE-S) and ratio of alternative to traditional
APs (ALT : TRAD) in 6 cats with cardiomyopathy while receiving no renin-angiotensin-aldosterone system inhibiting drugs (no RAASi), while
receiving angiotensin receptor blocker (ARB), and after in vitro incubation of plasma with recombinant human angiotensin converting enzyme-2
(rhACE2)

No RAASi (A) ARB (B) No RAASi + ACE2 (C) ARB + ACE2 (D) P value

AT1 (pg/mL) 61 276 44 194 .003

(19-202) (86-891) (16-118) (56-678) A vs B, P = .02

A vs C, P = .04

C vs D, P = .02

B vs D, P = .01

AT2 (pg/mL) 199 913 <LLODa <LLODa <.001

(73-539) (282-2955) A vs B, P = .003

A vs C, P < .001

B vs D, P < .001

Ang1-9 (pg/mL) <LLODb <LLODb 4.6 18 .02

(1.5-12.1) (3.3-99) C vs D, P = .04

B vs D, P = .04

Ang1-7 (pg/mL) 30 147 29 159 .001

(10.4-87) (43-508) (7.1-122) (47-539) A vs B, P = .01

C vs D, P = .01

Ang1-5 (pg/mL) 195 552 283 800 .02

(80-474) (148-2064) (106-754) (253-2528) A vs C, P = .004

AT3 10 47 NA NA .67

(2.6-41) (12-186)

AT4 3.7 20 NA NA .48

(1.1-12) (5.5-73)

PRA-S 375 1879 61 321 <.001

(331) (1772) (46) (303) A vs B, P = .007

A vs C, P < .001

C vs D, P = .007

B vs D, P < .001

ACE-S 3.4 3.3 0.034 0.009 <.001

(1.0) (0.3) (0.033) (0.010) A vs C, P < .001

B vs D, P < .001

ALT : TRAD 0.88 0.62 7.1 6.1 <.001

(0.13) (0.20) (1.4) (2.6) A vs C, P < .001

B vs D, P = .005

Abbreviations: Ang1-5, angiotensin 1-5; Ang1-7, angiotensin 1-7; Ang1-9, angiotensin 1-9; AT1, angiotensin 1; AT2, angiotensin 2; AT3, angiotensin 3;

AT4, angiotensin 4; LLOD, lower limit of detection.
aAll values less than the lower limit of detection, 2.0 pg/mL.
bAll values less than the lower limit of detection, 3.5 pg/mL.
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are known to be potent RAAS activators. Other potential reasons

include the reported importance of non-RAAS systems, including the

chymase system, which is capable of converting AT1 to AT2 indepen-

dent of ACE, as well as the existence of tissue ACE, the activity of

which might not necessarily be reflected by circulating APs.31 In previ-

ous studies of healthy cats29 and cats with experimentally induced

pressure overload hypertrophy,32 the chymase system comprised

approximately 85% of all RAAS activity as compared to only 15%

mediated by ACE. Chymase primarily is expressed in tissues, including

mast cells, myocardial cells, and mesenchymal interstitial cells rather

than being free in the circulation.31 Previous studies in humans and

animals have shown that local tissue AP production induces myocyte

hypertrophy and myocardial fibrosis, and substantially contributes to

morbidity and mortality.1,33 Given that we only measured circulating

APs, our results might underestimate the broader extent of RAAS

activity, particularly within tissues, and APs and RAAS might still play

an important role in the pathophysiology of CM in cats.

A related finding involving healthy cats in our study is that AT2

concentrations were substantially higher in comparison to concentra-

tions in healthy dogs and humans. The AT2 equilibrium concentration

F IGURE 4 Plasma equilibrium concentrations and relationships of angiotensin peptides (APs) and angiotensin-converting enzyme (ACE) and
angiotensin-converting enzyme-2 (ACE2) pathways in 6 cats with cardiomyopathy absent any RAAS-inhibiting drugs (no RAASi), during treatment
with angiotensin receptor blocker (ARB), and after incubation with recombinant human ACE2 (rhACE2). The sizes of the circles are proportional
to the geometric mean concentration (pg/mL) of each angiotensin peptide. AmP, aminopeptidase; Ang1-5, angiotensin 1-5; Ang1-7, angiotensin
1-7; Ang1-9, angiotensin 1-9; ARB, angiotensin receptor blocker; AT1, angiotensin 1; AT2, angiotensin 2; AT3, angiotensin 3; AT4, angiotensin 4;
DAP, aspartyl aminopeptidase; NEP, neutral endopeptidase
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in healthy cats was 6 to 12 times higher than that previously reported

in healthy dogs1,17 and 2.5 times higher than reported in healthy

humans.16 Higher constitutive AP system activity in the healthy cats

is further suggested by PRA-S and ACE-S that were both an order of

magnitude higher in healthy cats than in healthy dogs1,17 A potential

reason for this finding involves the evolutionary history of the domes-

tic cat, which originates from the Near Eastern (African) wildcat (Felis

silvestris lybica), a desert dwelling cat of ancient Egypt and the Fertile

Crescent.34 Similar to other mammals from arid habitats, where body

water conservation is important to survival,35 cats might have evolved

a particularly robust AP system to meet the unique demands of their

environment.36-38

Our study had several important limitations. Two cats did not

complete the study, which might have decreased the power to

detect significant differences between some of the APs, but many

potentially important differences between groups still were found.

Treatment with telmisartan was not blinded or randomized. As

previously stated, experience with ARBs in cats with heart disease

is limited and we felt is was important to administer telmisartan in

an open-label fashion. In our study, 1 cat with HOCM experienced

severe hypotension after the first 2 doses of ARB, which empha-

sizes the need for larger studies evaluating the safety and tolera-

bility of ARB in cats with heart disease. The duration of ARB

treatment was based on a previous study12 in which telmisartan

had an effect on blood pressure after 14 days of treatment in cats

with systemic hypertension. Cats in our study were receiving a

variety of cardiac medications, including diuretics and beta-

adrenergic blockers that might affect baseline AP concentrations,

but the paired nature of the study permitted examination of direc-

tion and magnitude of change within each cat. Telmisartan is 1 of

a number of ARBs, and because of pharmacologic and pharmaco-

dynamic differences among various drugs in this class,39 results

from our study might not apply to other ARBs. We did not com-

pare ARBs against other neurohormonal modulating drugs, such as

ACEI, and the relative effects of ARBs and ACEIs in cats with heart

disease require additional study. The AP system is only part of the

broader RAAS, and additional studies of larger cohorts that specif-

ically account for disease stage, variety of concomitant cardiac

medications, and effect on other neurohormonal components of

heart failure, such as aldosterone, should be performed to expand

our findings.

In conclusion, ARB administration in cats with CM is associated

with higher traditional AP system activity, as well as increased con-

centrations of the alternative AP, Ang1-7 as compared with cats not

receiving RAASi treatment. The combination of ARB plasma incubated

with rhACE2 produced the most theoretically favorable balance

between maladaptive and salutary APs. These findings suggest a novel

therapeutic strategy in cats with CM and further studies are

warranted.
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