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HIGHLIGHTS

� The role of the protease cathepsin A for

the progression of left ventricular remote

remodeling and atrial cardiomyopathy in

ischemic cardiomyopathy is unknown.

� In rats with ventricular ischemia and

reperfusion, cathepsin A is up-regulated

in the left ventricular and atrial tissue

remote from the infarcted area.

� Pharmacological inhibition of cathepsin A

protease activity by SAR significantly

reduces remote ventricular remodeling

and atrial extracellular matrix

remodeling, represented by fibrosis

formation and connexin 43 lateralization.

� Prevention of ventricular remote

remodeling and atrial cardiomyopathy by

SAR increased ventricular viable

myocardium and atrial emptying function

reducing susceptibility to atrial

fibrillation.

� Remote ventricular and atrial

extracellular matrix remodeling may

represent a promising target for

pharmacological atrial fibrillation

upstream therapy following myocardial

infarction.
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SUMMARY
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AF = atrial fibrillation

CatA = cathepsin A

Cx43 = connexin 43

ECM = extracellular matrix

ICM = ischemic cardiomyopathy

I/R = ischemia/reperfusion

LA = left atrial

LAD = left anterior descending

coronary artery
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After myocardial infarction, remote ventricular remodeling and atrial cardiomyopathy progress despite suc-

cessful revascularization. In a rat model of ventricular ischemia/reperfusion, pharmacological inhibition of the

protease activity of cathepsin A initiated at the time point of reperfusion prevented extracellular matrix

remodeling in the atrium and the ventricle remote from the infarcted area. This scenario was associated with

preservation of more viable ventricular myocardium and the prevention of an arrhythmogenic and functional

substrate for atrial fibrillation. Remote ventricular extracellular matrix remodeling and atrial cardiomyopathy

may represent a promising target for pharmacological atrial fibrillation upstream therapy following myocardial

infarction. (J Am Coll Cardiol Basic Trans Science 2019;4:332–44) © 2019 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

left ventricular

magnetic resonance
LV =

MRI =
imaging

mRNA = messenger ribonucleic

acid

PL = permanent left anterior

descending ligation

SAR = (S)-3-{[1-(2-Fluoro-

phenyl)-5-methoxy-1H-

pyrazole-3-carbonyl]-amino}-

3-o-tolyl-propionic-acid
L ong-term outcome after myocardial infarction
is predicted by left ventricular (LV) dysfunc-
tion due to ischemic cardiomyopathy (ICM),

which develops in w40% of post-myocardial infarct
patients (1). Current clinical practice is focused on
maximizing myocardial salvage by coronary revascu-
larization (2). However, LV remodeling due to struc-
tural and functional changes in the extracellular
matrix (ECM) often progresses even following suc-
cessful revascularization and is the most common
reason for heart failure after myocardial infarction
(3,4). Progressive ECM remodeling is characterized
by scar formation and thinning of the infarcted ven-
tricular wall as well as by maladaptive ECM alter-
ations in the remote noninfarcted ventricular
myocardium, which ultimately impairs LV function.
The presence and amount of viable ventricular
myocardium have been shown to determine the pro-
gression or potential regression of the ongoing LV
remodeling process (5–9).

Importantly, ICM is not just associated with remote
remodeling in the ventricle, but it may also contribute
to the development of a progressive atrial
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cardiomyopathy (10) characterized by
impaired atrial emptying function and
increased risk of atrial fibrillation (AF) (11–
13). It remains unclear whether atrial cardio-
myopathy in ICM is solely a consequence of
LV systolic dysfunction or whether it may
represent the atrial manifestation of the car-
diac structural remodeling process remote

from the ventricular infarct region, which correlates
clinically with the presence and amount of viable
remote LV myocardium (5–8).

Cardiac ECM remodeling is characterized by
changes in collagen composition, which contributes to
interstitial fibrosis formation and impaired electrical
and functional properties of the myocardium (14–16).
The balance between ECM synthesis and degradation
is of crucial relevance in maintaining cardiac struc-
tural integrity and is regulated by proteolysis as a key
mechanism to control ECM function and turnover
(16,17). A set of proteolytic enzymes, including ca-
thepsins, degrade ECM components and target a broad
range of intracellular and extracellular proteins.
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have been shown to play a pathophysiological role in
myocardial infarction, congestive heart failure, and
diabetes (17). The serine protease cathepsin A (CatA) is
a multifunctional protein (18–20). Inside the lyso-
some, CatA exerts its catalytic function as a carboxy-
peptidase and protects beta-galactosidase and
neuraminidase-1 from intralysosomal proteolysis by
the formation of a lysosomal multienzyme complex
(19). In addition, CatA is localized on the cell surface
and is secreted into the extracellular space, where its
proteolytic function has been suggested to be
involved in ECM formation as well as degradation of
different extracellular regulatory peptides (18–20).
Recently, we showed that pharmacological inhibition
of CatA activity prevented atrial fibrosis formation and
reduces susceptibility to AF without significant effects
on LV systolic function in an animal model of type 2
diabetes, suggesting a crucial role for CatA in ECM
remodeling (21).
SEE PAGE 345
The cardiac regulation of CatA in ICM, its effect on
viable LV myocardium after revascularization, and its
role in the progression of ventricular and atrial car-
diomyopathy as manifestations of remote remodeling
remain unknown. Using a rat model for ICM induced
by ventricular ischemia/reperfusion (I/R), we inves-
tigated the regulation of LV and left atrial (LA) CatA
expression and the effect of pharmacological CatA
inhibition on the induction of ICM and cardiac
remodeling within and remote from the infarct area,
including atrial cardiomyopathy. We compared the
effect of pharmacological inhibition of CatA activity
versus the effect of the angiotensin-converting
enzyme inhibitor ramipril as an established drug for
prevention of cardiac remodeling.

METHODS

For a more detailed description of all methods used
see the Supplemental Methods.

HUMAN TISSUE. Human failing myocardium was ob-
tained from patients with end-stage ICM who were
scheduled for heart transplantation (n ¼ 8). Eight
donor hearts of patients with no signs of heart disease
that could not be used for transplantation due to
ABO-mismatch were used as nonfailing controls (n ¼
8). Information about clinical parameters and medi-
cation were not available. This investigation was
reviewed by the regional ethics committee and con-
forms to the principles outlined in the Declaration of
Helsinki.

ANIMAL MODELS. All animal studies were performed
in accordance with the German law for the protection
of animals. The investigation conforms to the guide
for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (eighth edi-
tion; revised 2011). All procedures were in accordance
with current Sanofi-Aventis Laboratory Animal Sci-
ence and Welfare guidelines. The study was approved
by the regional animal ethics commission in Darm-
stadt, Germany. Ninety male Wistar rats (12 weeks
old) were purchased from Harlan Winkelmann GmbH
(Borchen, Germany), housed 3 per cage under stan-
dardized conditions (room temperature 24�C, relative
humidity 55%, 12 h dark/light cycle) with free access
to a standardized diet (#1320, Altromin, Lage, Ger-
many) and tap drinking water.

PERMANENT LIGATION OF LEFT ANTERIOR

DESCENDING CORONARY ARTERY IN RATS. Thirty
male Wistar rats were anesthetized with 5% iso-
flurane in 95% oxygen followed by a deep anesthesia
via intraperitoneal injection of ketamine hydrochlo-
ride (80 mg/kg body weight) and xylazine hydro-
chloride (6 mg/kg body weight). In 20 rats, the left
anterior descending (LAD) coronary artery was
permanently ligated; 10 sham-operated rats served as
controls. Post-operative pain management was per-
formed by using carprofen (5 mg/kg subcutaneously).
After 8 weeks, rats were anesthetized (as discussed
earlier), and the hearts were quickly removed. Addi-
tional details are provided in the Supplemental
Methods.

Ventricular I/R was performed as previously
described (22,23). Briefly, 60 male Wistar rats were
anesthetized with 5% isoflurane in 95% oxygen fol-
lowed by a deep anesthesia via intraperitoneal in-
jection of ketamine hydrochloride (80 mg/kg body
weight) and xylazine hydrochloride (6 mg/kg body
weight). In 51 rats, myocardial ischemia was induced
by temporary occlusion of the left coronary artery for
30 min followed by reperfusion upon release of the
ligation. Nine rats underwent sham operation. Eight
I/R-rats died during the 24-h post-operative period.
The day after surgery, animals were randomized into
4 groups: sham-operated rats (I/R-Sham, n ¼ 9), I/R-
rats given placebo (I/R-Placebo, n ¼ 15), ramipril-
treated I/R-rats (I/R-Ramipril, n ¼ 14), and CatA
inhibitor [(S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-
pyrazole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid
(SAR)]-treated I/R-rats (I/R-SAR, n ¼ 14). SAR, a new
orally active CatA inhibitor, was administered daily
via oral gavage (30 mg/kg per day) (22), and ramipril
(1 mg/kg per day) (23) was administered in chow in
accordance with the literature.

After 9 weeks of treatment, rats were anesthetized
for magnetic resonance imaging (MRI) of the heart

https://doi.org/10.1016/j.jacbts.2019.01.008
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with 1.5% to 2.5% isoflurane in an oxygen/nitrous
oxide mixture (30%/70%) to determine LA emptying
function at rest and global and regional LV function
under basal and dobutamine stress conditions as
previously described (21).

After 10 weeks of treatment, electrophysiological
measurements were performed during general anes-
thesia by intraperitoneal injection of pentobarbital
(100 mg/kg). Atrial electrophysiological measure-
ments were performed in open-chest experiments to
assess local conduction disturbances and suscepti-
bility to AF by direct contact epicardial mapping (21).
One I/R-Sham, four I/R-Placebo, and one I/R-SAR rat
died during the open-chest experiments. Hearts were
removed and quickly preserved for biochemical and
histological analyses.

Additional details are provided in the
Supplemental Methods.

BIOCHEMICAL AND HISTOLOGICAL ANALYSES. To
visualize LA tissue fibrosis, cardiomyocyte diameter,
and connexin 43 (Cx43), tissue preparation was per-
formed as previously described (21), and 5-mm sec-
tions were either stained with Picro-Sirius Red
(#13422.00500, Morphisto, Frankfurt am Main, Ger-
many), hematoxylin and eosin (#2C-163, Waldeck,
Münster, Germany), or anti-Cx43 (#MAB3068, Merck
Millipore, Darmstadt, Germany). NIS-Elements BR 3.2
software (Nikon Instruments, Melville, New York)
was used for the analysis. Gene expression analysis
from human left ventricle, rat left ventricle, and rat
LA tissue was performed by using TaqMan polymer-
ase chain reaction. Western blot technique was used
to determine protein expression. Additional details
are provided in the Supplemental Methods.

STATISTICAL ANALYSIS. All data are expressed as
mean � SEM. An unpaired Student’s t-test (2-tailed)
was used for statistical analysis comparing 2 groups.
For assessment of statistical significance between 4
groups, one-way analysis of variance followed by
Tukey’s multiple comparison test was applied. Sta-
tistical analysis was conducted by using Prism version
6.01 software (GraphPad Software, La Jolla, Califor-
nia). The p values that reached a value <0.0001 were
reported as p < 0.0001. Additional details are pro-
vided in the Supplemental Methods.

RESULTS

EXPRESSION PATTERN OF CatA IN HUMAN ICM, IN

RATS WITH PERMANENT LAD LIGATION, AND IN

RATS WITH VENTRICULAR I/R. Human ICM. In LV
samples of patients with heart failure and end-stage
ICM, CatA gene and protein expression was
enhanced compared with healthy nonfailing LV tissue
(p ¼ 0.0271 for messenger ribonucleic acid [mRNA]
and p ¼ 0.0333 for protein level) (Figures 1A and 1B).
LV CatA up-regulation in ICM was associated with
increased gene transcription of the heart failure
marker atrial natriuretic peptide (p ¼ 0.0296).

Rats wi th permanent LAD l igat ion . In a rat model
with permanent LAD ligation (PL-rats), CatA protein
abundance was significantly increased within the
infarct area at 2 weeks (1.9-fold increase compared
with sham control; p ¼ 0.0009) and dropped back to
control levels at 8 weeks. In contrast, CatA mRNA
levels in the remote ventricular myocardium and in
the LA myocardium were unchanged after 2 weeks
but showed a significant increase at 8 weeks after PL
(1.5-fold increase in left ventricle; p ¼ 0.0342) and 1.8-
fold increase in left atrium (compared with sham
control; p ¼ 0.0086), indicating a differential tem-
poral and spatial pattern of CatA expression during PL
(Supplemental Figure S1).

Rats with ventr i cu la r I /R . Given the late increase in
CatA expression in the remote LV and LA myocardium
at 8 weeks in PL-rats, we investigated the regulation of
CatA expression in LV and LAmyocardium in rats with
30 min of LAD ligation followed by 10 weeks of
reperfusion (I/R); this animal model mimics the clin-
ical situation of early revascularization after myocar-
dial infarction and is suitable for investigating cardiac
remote remodeling during ICM. In I/R-Placebo rats,
mRNA levels of CatA were significantly increased in
the remote left ventricle (1.7-fold; p ¼ 0.0072)
(Figure 1C) and left atrium (2.9-fold; p ¼ 0.0042)
(Figure 1D) compared with I/R-Sham rats; this finding
was associated with increased gene transcription of
atrial natriuretic peptide (vs. I/R-Sham, p ¼ 0.0008).

LV STRUCTURE AND FUNCTION IN RATS WITH

VENTRICULAR I/R. I/R-Placebo rats exhibited an
increased heart-weight-to-body-weight ratio
compared with I/R-Sham rats (0.29 � 0.02 g/100 mg
body weight vs. 0.24 � 0.01 g/100 mg body weight;
p ¼ 0.0360). Treatment of I/R-rats with the CatA in-
hibitor SAR or ramipril did not significantly reduce
the heart-weight-to-body-weight ratio (I/R-SAR 0.26
� 0.01 g/100 mg body weight vs. I/R-Ramipril 0.27 �
0.01 g/100 mg body weight) but reduced plasma brain
natriuretic peptide levels (I/R-SAR 81 � 4 pg/ml vs.
I/R-Placebo 172 � 31 pg/ml [p ¼ 0.0030]; I/R-Ramipril
105 � 9 pg/ml vs. I/R-Placebo, p ¼ 0.0455).

Infarct size, determined at the midventricular level,
was comparable between I/R-Placebo rats (15.1 � 1.6%
fibrotic wall surface/total wall surface), I/R-SAR (14.4 �
1.9% fibrotic wall surface/total wall surface), and I/R-
Ramipril (15.6 � 1.5% fibrotic wall surface/total wall
surface) rats (Supplemental Figure S2).
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FIGURE 1 Differential Expression Pattern of CatA in Human ICM and in Rats With Permanent Ligation and in Rats With Ventricular I/R

(A and B) Human ischemic cardiomyopathy (ICM). (A) Messenger ribonucleic acid (mRNA) expression of cathepsin A (CatA) and atrial natriuretic peptide (ANP) in left

ventricular tissue from healthy nonfailing donor hearts (Ctr, n¼ 8) and from patients with end-stage ICM (n¼ 8). (B) Representative Western blot and quantification of

CatA protein levels in the left ventricle of Ctr and ICM patients (n¼ 8 per group). (C and D) Rats with 30 min of ventricular ischemia followed by 10 weeks of reperfusion

(ischemia/reperfusion [I/R]). (C) CatA and ANP mRNA content in the left ventricle (I/R-Sham, n ¼ 9-8; I/R-Placebo, n ¼ 14-13). (D) Left atrial tissue 10 weeks after I/R

in sham-operated rats (I/R-Sham, n ¼ 9) and rats receiving placebo (I/R-Placebo; n ¼ 15-9). Values are mean � SEM. GAPDH ¼ glyceraldehyde 3-phosphate de-

hydrogenase; IOD ¼ integrated optical density.
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Global LV funct ion . I/R-Placebo rats developed a
significant impairment in LV function, indicated by a
reduced ejection fraction and increased end-diastolic
and end-systolic volume at rest. EF reduction was
prevented by SAR but not by ramipril (Table 1). LV
systolic function and cardiac output in I/R-Placebo
rats did not improve during dobutamine perfusion.
During dobutamine stress testing, I/R-SAR, but not
I/R-Ramipril, rats exhibited higher ejection fraction
and cardiac output. However, ramipril, but not SAR,
significantly reduced LV end-systolic and end-
diastolic mass compared with findings in I/R-
Placebo rats at rest and during dobutamine stress
testing.
Regiona l LV funct ion . In I/R-Placebo rats, MRI
analysis of slices selected from the midventricular
level of each heart revealed impaired wall motion and
nearly akinesia in the infarcted area, which did not
improve significantly during dobutamine stress
testing, indicative of dysfunctional nonviable
myocardium (Figures 2A and 2B, lateral and anterior,
infarct area). Wall motion of the noninfarcted remote
area was reduced at rest but still responsive to
dobutamine (Figures 2A and 2B, septal and posterior,
remote area), indicating dysfunctional but viable re-
sidual remote ventricular myocardium. Ramipril
preserved better wall motion in the lateral infarcted
area under basal conditions, but both ramipril and
SAR improved dobutamine response in this area (I/R-
Ramipril rats vs. I/R-Placebo rats; p ¼ 0.0331; I/R-SAR
rats vs. I/R-Placebo rats; p ¼ 0.0289) (Figure 2B, under
dobutamine). However, SAR, but not ramipril, was
able to preserve better wall motion in the non-
infarcted remote area at rest, which significantly
further improved during dobutamine stress testing,
suggesting more viable remote myocardium (under
dobutamine: I/R-SAR vs. Ramipril; p ¼ 0.0380; I/R-
SAR vs. placebo; p ¼ 0.0203).



TABLE 1 Global Left Ventricular Function Determined by Using Magnetic Resonance Imaging in Rats

Left Ventricle at Rest Left Ventricle Under Dobutamine Stress

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

EF, % 59.4 � 1.6 39.2 � 2.1* 43.5 � 3.2† 49.1 � 3.0‡ 73.8 � 2.6 43.6 � 3.1* 51.8 � 4.8† 58.5 � 4.0‡

CO, ml/min 126.6 � 5.2 121.0 � 3.4 111.2 � 4.6§ 129.8 � 3.5 159.5 � 7.2 133.6 � 6.3k 132.2 � 6.6k¶ 158.3 � 3.6‡

SV, ml 327.7 � 17.9 325.3 � 8.6 296.7 � 10.3 333.5 � 7.9 372.2 � 18.0 330.2 � 12.4 312.8 � 13.1k¶ 370.0 � 10.0

EDV, ml 0.55 � 0.03 0.86 � 0.05† 0.73 � 0.06 0.70 � 0.03 0.50 � 0.02 0.80 � 0.05† 0.67 � 0.06 0.66 � 0.04

ESV, ml 0.22 � 0.01 0.53 � 0.05# 0.43 � 0.06k 0.37 � 0.04 0.13 � 0.01 0.47 � 0.05† 0.36 � 0.07 0.29 � 0.04

LVED mass, mg 487.1 � 13.9 534.3 � 17.7 451.1 � 16.2** 503.6 � 13.4 499.2 � 8.8 528.3 � 21.0 432.8 � 17.5††¶ 506.1 � 13.9

LVES mass, mg 612.9 � 14.7 646.9 � 21.5 534.4 � 20.4k††§ 622.3 � 14.7 639.9 � 12.7 642.2 � 23.9 534.1 � 25.4k††§ 646.5 � 19.1

Heart rate, beats/min 389 � 8 373 � 7 375 � 9 389 � 3 427 � 7 402 � 8 421 � 7 429 � 5

Values are mean � SEM. One-way analysis of variance followed by Tukey’s multiple comparisons test was used. *p > 0.0001 vs. ischemia/reperfusion (I/R)-Sham. †p < 0.01 vs. I/R-Sham. ‡p < 0.05
vs. I/R-Placebo. §p < 0.01 vs. I/R–(S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-pyrazole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid (SAR). kp < 0.05 vs. I/R-Sham. ¶p < 0.05 vs. I/R-SAR. #p < 0.001 vs.
I/R-Sham. **p < 0.01 vs. I/R-Placebo. ††p < 0.001 vs. I/R-Placebo.

CO ¼ cardiac output; EDV ¼ end-diastolic volume; EF ¼ ejection fraction; ESV ¼ end-systolic volume; LVED ¼ left ventricular end-diastolic; LVES ¼ left ventricular end-systolic; SV ¼ stroke volume.
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I/R-Placebo rats displayed a dramatic thinning of
the infarcted myocardial wall (anterolateral) in the
infarct area and a moderate thinning in the non-
infarcted myocardial wall (posteroseptal) in the
FIGURE 2 Regional Left Ventricular Function

Using magnetic resonance imaging, 16 short-axis cine imaging slices of i

with ramipril (n ¼ 14) or (S)-3-{[1-(2-Fluoro-phenyl)-5-methoxy-1H-pyra

divided into 97 cords. (A) Every cord was analyzed for left ventricular w

systolic wall thickness (SWTS) for every cord (C) at rest and (D) during

I/R-Placebo. §I/R-Ramipril vs. I/R-Placebo.
remote area, determined by MRI-derived systolic wall
thickness at rest and during dobutamine stress
testing (Figures 2C and 2D). Thinning of the infarcted
myocardial wall was partially prevented by ramipril
schemia/reperfusion (I/R)-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 15), and I/R-rats treated

zole-3-carbonyl]-amino}-3-o-tolyl-propionic-acid (SAR; n ¼ 14) were performed; slices were

all motion (WM) at rest and (B) during dobutamine stress testing. Analysis of left ventricular

dobutamine stress testing. Values are mean � SEM. #I/R-SAR vs. I/R-Ramipril. jI/R-SAR vs.



TABLE 2 Atrial Emptying Function Determined by Using Magnetic Resonance Imaging

in Rats

I/R-Sham
(n ¼ 9)

I/R-Placebo
(n ¼ 15)

I/R-Ramipril
(n ¼ 14)

I/R-SAR
(n ¼ 14)

LA diameter, cm 0.47 � 0.01* 0.57 � 0.02 0.52 � 0.02* 0.54 � 0.01

LA volume, maximum, ml 0.34 � 0.04 0.48 � 0.04 0.42 � 0.03 0.41 � 0.03

LA fractional shortening, % 20 � 2† 16 � 1 18 � 2 22 � 1†

Total percent emptying 50 � 2† 37 � 3 46 � 3† 47 � 2†

Active percent emptying 37 � 4† 26 � 3 33 � 3† 34 � 2†

Passive percent emptying 35 � 6 24 � 3 27 � 1 28 � 3

Values are mean � SEM. *p < 0.05. †p < 0.01 vs. I/R-Placebo.

LA ¼ left atrial; other abbreviations as in Table 1.

FIGURE 3 Atrial E

(A) Atrial fibrillation

Sham (n ¼ 8), I/R-ra

or SAR (n ¼ 13). (B)

n ¼ 7; I/R-Placebo, n

refractory period (AE

150 ms). Values are
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and SAR, whereas treatment with SAR proved to be
more effective in preventing thinning of the non-
infarcted myocardial wall in the remote area
compared with ramipril.

Histological Picro-Sirius Red staining of the left
ventricle confirmed thinning of the infarcted wall in I/
R-Placebo rats (I/R-Sham 2.28 � 0.11 mm vs. I/R-
Placebo 1.78 � 0.17 mm; p ¼ 0.1348) (Supplemental
Figures S3A and S3B). LV wall thinning was signifi-
cantly attenuated in hearts from I/R-SAR rats (2.33 �
lectrophysiological Measurements in I/R-Rats

(AF) inducibility and duration induced by burst-stimulation in I/R-

ts given placebo (n ¼ 11), and I/R-rats treated with ramipril (n ¼ 14)

Areas of slow conduction. (C) Total atrial activation time (I/R-Sham,

¼ 9; I/R-Ramipril, n ¼ 9; I/R-SAR, n ¼ 9). (D) Left atrial effective

RP) at a stimulation frequency of 400/min (basic cycle lengths:

mean � SEM. Abbreviations as in Figures 1 and 2.
0.13 mm) compared with I/R-Placebo rats (p ¼ 0.0407)
and considerably improved by ramipril (2.15 � 0.15
mm vs. I/R-Placebo; p ¼ 0.2604). LV septal wall
thickness was unchanged in all groups (Supplemental
Figure S3C). LV fibrosis formation was significantly
increased upon I/R in rats receiving placebo (I/R-
Sham 2.59 � 0.46% vs. I/R-Placebo 23.62 � 2.83%; p <

0.0001) and was not prevented by treatment with
either ramipril (I/R-Ramipril 16.41 � 3.34% vs. I/R-
Sham; p ¼ 0.0092; I/R-Ramipril vs. I/R-Placebo; p ¼
0.2195) or SAR (I/R-SAR 18.19 � 2.29% vs. I/R-Sham;
p ¼ 0.0027; vs. I/R-Placebo; p ¼ 0.4613)
(Supplemental Figure S3D).
ATRIAL EMPTYING FUNCTION. In I/R-Placebo rats,
LA diameter was significantly increased and LA frac-
tional shortening was reduced compared with I/R-
Sham rats (Table 2). LA emptying function as
assessed by total percent emptying and active percent
emptying was diminished in I/R-Placebo rats. Phar-
macological inhibition of CatA activity by SAR did not
affect LA dimensions in I/R-rats, and LA fractional
shortening was significantly higher compared with
I/R-Placebo rats. SAR preserved the LA emptying
function in I/R-rats. Ramipril treatment reduced LA
diameter in I/R-rats, but similar dimensions in I/R-
Sham rats were not achieved. In I/R-Ramipril rats, LA
fractional shortening and total percent emptying were
only mildly depressed compared with I/R-Sham rats.
ATRIAL ELECTROPHYSIOLOGY. AF could be
induced in 6 of 8 sham-operated rats and in all I/R-
Placebo (11 of 11) rats by atrial burst stimulation
(Figure 3A). Inducible AF duration was markedly
increased in I/R-Placebo rats compared with I/R-
Sham rats (I/R-Placebo 45.9 � 19.1 s vs. I/R-Sham
1.4 � 0.4 s; p ¼ 0.0196). The percentage of areas of
slow conduction during rapid pacing was signifi-
cantly increased in I/R-Placebo rats compared with
I/R-Sham rats (p < 0.0001) (Figure 3B). Total atrial
activation time was significantly longer in I/R-
Placebo rats compared with I/R-Sham rats (I/R-Pla-
cebo 15.2 � 0.5 ms vs. I/R-Sham 11.5 � 0.5 ms; p ¼
0.0006) (Figure 3C). The atrial effective refractory
period did not differ between the groups (Figure 3D).
In I/R-rats, SAR and ramipril reduced AF inducibility
(I/R-SAR: 10 of 13; I/R-Ramipril: 11 of 14) and
inducible AF duration (I/R-SAR: 3.7 � 1.6 s;
p ¼ 0.0108; I/R-Ramipril: 3.8 � 1.8 s; p ¼ 0.0092)
compared with I/R-Placebo rats. SAR and ramipril
attenuated changes in total atrial activation time
(I/R-SAR 12.9 � 0.34 ms; p ¼ 0.0302 vs. I/R-Placebo;
I/R-Ramipril 11.9 � 0.6 ms; p ¼ 0.0012 vs. I/R-
Placebo). Both ramipril and SAR in particular
significantly reduced the percentage of areas of slow
conduction.

https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008
https://doi.org/10.1016/j.jacbts.2019.01.008


FIGURE 4 Atrial Extracellular Matrix Remodeling

Representative histological images of (A) conventional total collagen (red fibers) and (B) polarized light microscopy (collagen type I [red-yellow fibers] and collagen

type III [green fibers]) of Picro-Sirius Red–stained left atrial preparations in I/R-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 13), and I/R-rats treated with ramipril (n ¼ 12)

or SAR (n ¼ 11). (C) Quantification of left atrial (LA) fibrosis amount. (D) Collagen type I/type III ratio and (E) mRNA expression of collagen 1a (Col1a1), Col1a2, Col3a1,

and Col4a1 normalized to expression of GAPDH in I/R-Sham (n ¼ 9-7), I/R-Placebo (n ¼ 14), I/R-Ramipril (n ¼ 11-10), and I/R-SAR (n ¼ 14-12). Values are mean � SEM.

Abbreviations as in Figures 1 and 2.
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LA-ECM REMODELING. LA fibros is . In Picro-Sirius
Red–stained LA sections, the degree of atrial total
collagen content was highly increased in I/R-Placebo
rats compared with I/R-Sham rats (Figures 4A to 4D).
Increased fibrosis formation in I/R-Placebo rats
was associated with significantly enhanced mRNA
expression of collagens 1a1, 1a2, and 3a1 and a distinct
increase in collagen 4a1. Inhibition of CatA by SAR
treatment significantly prevented accumulation of
tissue fibrosis and significantly dampened collagen
1a1 mRNA expression (vs. I/R-Placebo; p ¼ 0.0334). In
contrast, ramipril did not significantly affect fibrosis
formation or collagen mRNA levels (Figures 4C
and 4E). Polarized light microscopy of Picro-Sirius
Red–stained LA sections (Figure 4B) revealed an
increase in the ratio of collagen type I (red-yellow
fibers) to collagen type III (green fibers) in I/R-Placebo
rats (vs. I/R-Sham; p ¼ 0.0023). The collagen type I/
type III ratio was normalized by both ramipril (vs. I/R-
Placebo; p ¼ 0.0034) and even more pronounced by
SAR (vs. I/R-Placebo; p < 0.0001) (Figure 4D).
LA hypertrophy. LA weight-to-body-weight ratio
and LA myocyte diameter are shown in Figures 5A to
5C. The LA weight-to-body-weight-ratio was signifi-
cantly enhanced in I/R-rats given placebo (Figure 5B).
Although ramipril had only a slight effect, SAR
significantly lowered the LA weight-to-body-weight-
ratio to the I/R-Sham level. Myocyte diameters were
unchanged with placebo, SAR, and ramipril
(Figure 5C). The LA mRNA level of hypertrophy



FIGURE 5 Atrial Hypertrophy

Representative histological images of (A) hematoxylin and eosin–stained LA tissue preparations in I/R-Sham rats, I/R-rats given placebo, and I/

R-rats treated with ramipril or SAR. (B) Ratio of LA weight per 100 g body weight of I/R-Sham (n ¼ 9), I/R-Placebo (n ¼ 12), I/R-Ramipril (n ¼
12), and I/R-SAR (n ¼ 13) rats. (C) Quantification of LA myocyte diameter and (D) brain natriuretic peptide (BNP) mRNA level in the left atrium

in I/R-Sham (n ¼ 9), I/R-rats given placebo (n ¼ 11-12) and I/R-rats treated with ramipril (n ¼ 11-12) or SAR (n ¼ 11-14). Values are mean �
SEM. Abbreviations as in Figures 1, 2, and 4.
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marker brain natriuretic peptide was significantly
increased in I/R-Placebo rats (Figure 5D) and signifi-
cantly lowered only by ramipril but not by SAR. In
I/R-rats, neither treatment with SAR nor ramipril
blunted the increased LA CatA gene expression (I/R-
SAR 2.25 � 0.43 relative gene expression/glyceralde-
hyde 3-phosphate dehydrogenase vs. I/R-Sham;
p ¼ 0.0427; I/R-Ramipril 4.33 � 1.58 relative gene
expression/glyceraldehyde 3-phosphate dehydroge-
nase vs. I/R-Sham; p ¼ 0.0438).
LA spat ia l d i st r ibut ion of Cx43 . In I/R-Sham rats,
we found the typical intracellular distribution of Cx43,
with a clear accentuation of Cx43 at the cell poles, and
only sparse localization of Cx43 at the lateral sides of
the cells (Figure 6). In I/R-Placebo rats, there was a
significantly enhanced lateral and polar Cx43 immu-
nostaining. Lateralization of Cx43 was significantly
prevented by SAR (vs. I/R-Placebo; p ¼ 0.0004),
whereas polar Cx43 expression remained enhanced
compared with control (vs. I/R-Sham; p ¼ 0.0039).
Ramipril did not significantly prevent Cx43
lateralization (vs. I/R-Sham; p ¼ 0.0018), and polar
Cx43 localization remained unchanged compared
with I/R-Sham rats (p ¼ 0.0697).

DISCUSSION

CatA expression is significantly increased in human
failing ICM ventricular myocardium and in ventricu-
lar and atrial myocardium from rats with experi-
mental ICM induced by permanent LAD ligation or
ventricular I/R in rats. Herein, increased ventricular
and atrial expression of CatA was accompanied by LV
global systolic dysfunction and the development of
remote atrial cardiomyopathy characterized by atrial
ECM remodeling, impaired LA emptying function,
conduction disturbances, and longer inducible AF
duration. Pharmacological inhibition of CatA initiated
at the time point of ventricular reperfusion did not
significantly improve LV global systolic function at
rest but preserved more viable LV myocardium and
prevented the progression of atrial cardiomyopathy.



FIGURE 6 Atrial Cx43 Distribution

(A) Representative immunohistochemical staining for connexin 43 (Cx43) in left atrial

tissue preparations in I/R-Sham (n ¼ 6), I/R-rats given placebo (n ¼ 7), and I/R-rats

treated with ramipril (n ¼ 7) or SAR (n ¼ 7). (B) Quantification of Cx43-positively stained

lateral and (C) polar cardiomyocyte membrane. Values are mean � SEM. Other abbre-

viations as in Figure 1.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 3 , 2 0 1 9 Hohl et al.
J U N E 2 0 1 9 : 3 3 2 – 4 4 Cathepsin A Mediates Atrial Cardiomyopathy

341
VENTRICULAR REMOTE REMODELING AND ATRIAL

ARRHYTHMOGENIC SUBSTRATE IN I/R-RATS. Ven-
tricular and atrial remodeling in rats with permanent
LAD ligation has been previously described (12,13). To
the best of our knowledge, the present analysis is the
first detailed characterization of the development of
ICM-induced ECM remodeling and arrhythmogenic
and functional atrial cardiomyopathy in a heart fail-
ure rat model with ventricular I/R (22,23). Thirty
minutes of myocardial ischemia induced by LAD
ligation followed by 10 weeks of reperfusion led to
global LV systolic dysfunction and impaired LV wall
motion, with dysfunctional and nonviable myocar-
dium in the infarct area and dysfunctional but
partially viable myocardium in the LV remote non-
infarcted myocardium. LV and LA CatA expression
remote from the infarct area was increased at 10
weeks. This scenario was associated with the devel-
opment of an atrial cardiomyopathy characterized by
impaired atrial emptying function and increased AF
susceptibility. The documented structural atrial
changes, together with the disorganization of Cx43,
resulted in the disruption of side-to-side electrical
connections between muscle bundles, thereby
contributing to the conduction abnormalities and
increased susceptibility to AF observed in I/R-rats
(24,25). Epicardial mapping of these structurally
remodeled atria revealed longer total atrial activation
times, larger areas of slower local atrial conduction,
and an unchanged atrial effective refractory period.
Overall, I/R-rats display characteristics consistent
with changes observed in patients with ICM and
various animal models for ICM-associated AF (26–29).

ROLE OF CatA FOR VENTRICULAR REMOTE

REMODELING AND ATRIAL CARDIOMYOPATHY. In
our rat model for ICM, pharmacological inhibition of
CatA activity did not significantly improve LV global
systolic function at rest; however, it did prevent wall
thinning and preserve more viable myocardium in the
LV infarct area and the LV noninfarcted remote
myocardium without reducing LV fibrosis. In each of
these parameters, SAR was more efficacious than
ramipril.

We showed that this antiremodeling effect
occurred not only in the ventricular infarct area and
noninfarcted remote myocardium but also in the
atrium. Inhibition of CatA activity hampered LA
fibrosis formation and reduced gene expression of
fibrillary collagen types I and III, which are known to
be dysregulated in cardiac disease (14,30,31). In the
heart, the predominant fibrillary collagens are the
rigid type I (80%) and the elastic type III (11%),
providing structure and elasticity to the ECM (14,31).
The extent of this remodeling process is controlled by
the balance between ECM synthesis and degradation,
which is tightly regulated by proteolytic enzymes
(e.g., cathepsins) as a key mechanism to control ECM
function and turnover (16,17). Increased fibrosis for-
mation directly influences architecture of the inter-
stitial matrix, cell-to-cell coupling, cardiomyocyte
excitability, and Cx43 distribution, impairing proper
electrical conduction of the myocardium (15,32). In
our rat model, I/R-Placebo rats exhibited increased
atrial fibrosis formation and a higher collagen type I
to type III ratio, providing the substrate for stiffer,
less compliant atria. Attenuation of increased atrial
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fibrosis formation and normalization of the collagen
type I to type III ratio by pharmacological CatA inhi-
bition was associated with less lateralization of Cx43,
preserving physiological coupling between the atrial
bundles network and contributing to preserved atrial
function and reduced AF susceptibility by fewer
conduction disturbances. Importantly, the effect of
SAR-mediated CatA inhibition on the development of
atrial cardiomyopathy and atrial fibrosis in I/R-rats
was more pronounced compared with ramipril, and
it occurred independent of significant improvements
in LV global systolic function or total LV fibrosis,
suggesting prevention of atrial ECM remodeling
beyond a simple consequence of improved LV
function.

These findings support the concept that remote
remodeling in ICM is not restricted to the non-
infarcted ventricular myocardium (3–6) but also
manifests in the atrium and is critically mediated by
ECM proteinases such as CatA. This theory is in line
with our previous studies, showing that
cardiomyocyte-specific overexpression of CatA in
mice mediated AF susceptibility and initiates the
development of structural remodeling in the atrium,
even in the absence of ventricular dysfunction of
other stressors (21). A previous proteomic analysis
performed in mice with permanent LAD ligation
found that pharmacological inhibition of CatA activ-
ity partially restored the infarction-induced alter-
ations of proteins associated with ECM remodeling
(33). Our study extended these findings by showing
the cardiac functional and structural changes of CatA
inhibition in rats with I/R. These changes translate
the biochemical beneficial effects of CatA inhibition
into a common clinical scenario of early reperfusion
following myocardial infarction by using clinically
relevant functional imaging techniques and in vivo
electrophysiological measures of LV and LA function.

SAR exhibits high cell permeability (20). Pharma-
cological inhibition of CatA by SAR may therefore
display its beneficial effects by inhibition of both
intracellular and extracellular CatA. Due to the design
of this in vivo study, which mainly focused on the
effect of SAR on clinically relevant measures of ven-
tricular and atrial remodeling and function, the
mechanism by which SAR prevented cardiac remod-
eling could not be identified. Further biochemical
studies are warranted to identify potential intracel-
lular and extracellular target proteins of CatA to
explain the mechanisms underlying the benefit of
pharmacological CatA inhibition on ECM remodeling
in the heart.
STUDY LIMITATIONS. Although we found strong in-
dications for the development of an arrhythmogenic
substrate in the atrium, we observed no spontaneous,
nonsustained episodes of AF in these study rats,
probably due to the small size of the atrium. The
determination of atrial activation times by using
conventional contact mapping procedures in small
animals has several technical limitations, including
spatial and time resolution disparities. Due to the
tissue size of the small rat atria, we had to focus on
detailed histological and biochemical analyses but
could not identify the underlying cellular mecha-
nisms by which pharmacological CatA inhibition at-
tenuates the development of an arrhythmogenic
substrate. We did not investigate whether a combi-
nation of ramipril and SAR would show synergistic
effects and whether the agents tested are able to
reverse pre-existing structural and functional atrial
remodeling. These findings would be of clinical rele-
vance, because upstream therapy to prevent devel-
opment of the AF substrate cannot be started early
enough. We performed LAD ligation distal to possible
atrial branches. Therefore, ischemic effects on atrial
myocardium, which have been described following
ligation of the right coronary artery or the left
circumflex artery, should be limited (34,35).

CONCLUSIONS

Cardiac CatA gene expression was significantly
increased in human ICM and experimental ICM in
various rat models. Ventricular I/R in rats was associ-
ated with reduced LV global systolic function and the
development of atrial cardiomyopathy. Pharmaco-
logical CatA inhibition initiated at the time point of
reperfusion preserved more viable LV myocardium
and prevented ECM remodeling and the development
of an arrhythmogenic and functional substrate for
AF, independent of preserved LV function at rest.
Whether preservation of LV viable myocardium, in the
absence of improved LV systolic function, helps pre-
vent atrial cardiomyopathy in the setting of ICM and
whether LV viable myocardium represents a more
suitable metric than LV systolic function and LV
fibrosis for the assessment of remote remodeling to
guide AF upstream therapy warrant further study (36).
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Linz, Centre for Heart Rhythm Disorders, Department
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Adelaide, North Terrace, Adelaide 5000, Australia.
E-mail: dominik.linz@adelaide.edu.au.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Herein

we report that a pharmacological intervention, which

preserves more viable ventricular myocardium in ICM with

no significant improvements in LV global systolic

function, goes hand in hand with a prevention of atrial

cardiomyopathy. This observation suggests that atrial

cardiomyopathy most likely represents the manifestation

of global remote ECM remodeling in ICM and is not simply

the result of ICM-related reduction in LV systolic func-

tion. Ventricular adverse remodeling and the amount of

viable myocardium are powerful predictors for the

development of chronic heart failure after myocardial

infarction and therefore remain an important pharmaco-

logical treatment target, even independent from

crude global parameters such as LV systolic function in

heart failure.

TRANSLATIONAL OUTLOOK: Further clinical studies

are warranted to test whether preservation of LV viable

myocardium, even without improvements in LV global

systolic function, translates into prevention of atrial

cardiomyopathy in the setting of ICM and whether LV

viable myocardium represents a better metric than LV

global systolic function to guide AF upstream therapy.

In this context, the CatA inhibitor SAR has already shown

a favorable safety profile in early Phase I studies in

healthy young and elderly human subjects alike.
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