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Efficacy of a cysteine protease
inhibitor compared with enalapril
in murine heart failure models

David Aluja,1,2,3 Sara Delgado-Tomás,1,2 Jose A. Barrabés,1,2,3 Elisabet Miró-Casas,1,2,3 Marisol Ruiz-Meana,1,2,3

Antonio Rodrı́guez-Sinovas,1,2,3 Begoña Benito,1,2,3 Jinxi Wang,4 Long-Sheng Song,4

Ignacio Ferreira-González,1,2,5,* and Javier Inserte1,2,3,6,*
SUMMARY

Cysteine proteases calpains contribute to heart failure (HF), but it remains unknown whether their inhibi-
tion provides any benefit compared to standard pharmacological treatment for HF. Here, we characterize
the pharmacological properties of NPO-2270 (NPO) as a potent inhibitor of cysteine proteases. Then, we
describe that acute administration of NPO in rodent models of transient ischemia at the time of reperfu-
sion reduces myocardial infarction, while its chronic oral administration attenuates adverse remodeling
and cardiac dysfunction induced by ischemic and non-ischemic pathological stimuli more effectively
than enalapril when given at the same dose. Finally, we provide evidence showing that the effects of
NPO correlate with calpain inhibition and the preservation of the T-tubule morphology, due at least in
part to reduced cleavage of the calpain substrate junctophilin-2. Together, our data highlight the potential
of cysteine protease inhibition with NPO as a therapeutic strategy for the treatment of heart failure.

INTRODUCTION

Heart failure (HF) is a major health and economic challenge worldwide. Despite current pharmacological treatments in patients with HF delay

disease progression and death, HF is still burdened by high morbidity andmortality.1 Thus, new strategies to understand the complex mech-

anisms of HF and the identification of new targets are needed.

Calpains are a family of non-lysosomal cysteine proteases with essential functions in physiological Ca2+-dependent processes.2 Among

them, calpain-1 and calpain-2 isoforms are ubiquitously expressed and tightly regulated mainly by their endogenous inhibitor calpastatin

and the intracellular Ca2+ concentration. Numerous studies demonstrate that in those pathological conditions associatedwith Ca2+ overload,

as occurs during the acute phase of myocardial ischemia/reperfusion, calpains are dysregulated and contribute to cardiomyocyte cell death

through the proteolysis of a wide variety of proteins.3,4 In addition, calpain-1 and calpain-2 are overexpressed and overactivated in hearts of

patients with HF of different etiologies5,6 and inmultiple experimentalmodels of HF.6–9 The use of geneticmousemodels with cardiac loss-of-

function or gain-of-function, suggest their causal contribution to the inflammatory, hypertrophic, and fibrotic processes that characterize

myocardial remodeling and cardiac dysfunction.10–14 Various mechanisms related to the proteolysis of different calpain substrates have

been proposed to explain their contribution to these effects.15,16

However, although targeting calpain activity appears promising, only few pre-clinical studies have explored the use of pharmacological

calpain inhibitors as a therapeutic strategy to antagonize cardiac remodeling and its progression to HF, mainly due to the pharmacological

limitations of available inhibitors.6,8 More importantly, none of these studies have validated the potential of calpain inhibitors to enter in clin-

ical trials by comparing their efficacy with conventional pharmacological HF treatments.

In the present study, we first identified NPO-2270 (NPO), a dipeptidyl ketoamide derivative synthesized and described by Landsteiner

Genmed,17 as a potent inhibitor of cysteine proteases with good oral bioavailability. Then, we determined its therapeutic potential in murine

models of acute myocardial infarction and of adverse myocardial remodeling and HF and compared its efficacy with the ACE inhibitor ena-

lapril. ACE inhibitors are still recommended by clinical practice guidelines as first-line therapy for the treatment of HF18 and enalapril has been

the drug of choice as a comparator in studies that analyzed the potential of new drugs in this clinical context.19–21 Finally, we examined the

effect of NPO and enalapril in preserving the T-tubule structure.
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Table 1. NPO-2270 IC50 values (nmol/L)

Protease IC50

Calpain-1 51

Calpain-2 41

Cathepsin B 81

Cathepsin K 19

Cathepsin L 44

Cathepsin S 5

Cathepsin V 12
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RESULTS
Pharmacological profile and preliminary safety and toxicology analyses of NPO-2270

The analysis of the in vitro protease inhibitory activity evaluated using standard fluorescence assays shows that NPO is a potent inhibitor of

calpain-1 and calpain-2 and related cathepsins S, V, K, L, and B, with a calculated IC50 in the nanomolar range (Table 1).

Pharmacokinetic data are shown in Table 2. Following a single intravenous administration of 1 mg/kg NPO to C57BL/6J mice, the com-

pound showed low plasma clearance with a mean elimination half-life of 5.66 h. The Vss was moderate-high, representing 1.9-fold more than

the average volumeof total bodywater.On the other hand, plasma concentrations of NPOafter its oral administration at 10mg/kgdose, were

quantifiable up to 24 h with a Tmax of 0.25 h. Calculated oral bioavailability was 47%. NPO exhibited a high plasma protein binding in mice

(98.4%). The free plasma concentration at Cmax was 1.4 mmol/L.

NPO at 10 mmol/L did not show any relevant affinity or activity when studied in a general safety in vitro screen panel including 44 safety-

related targets. Intraperitoneal administration of NPO at doses up to 100 mg/kg/day during 4 consecutive days in male mice did not reveal

any mortality and clinical sign and did not affect body weight, weight gain, feed consumption, functional observation battery, or gross pa-

thology. Mean plasma concentrations of NPO determined at 24 h post last dosing in mice treated with 10, 30, and 100 mg/kg/day suggest

a long half-life and linear dynamics (72.24, 172.52, and 579.35 ng/mL, respectively).
Cardioprotective efficacy of NPO-2270 in the ex vivo rat model of ischemia/reperfusion

A dose-response study was performed in Langendorff-perfused rat hearts subjected to transient ischemia. A schematic illustration of the

experimental protocol is shown in Figure 1A. At the end of the equilibration period LV end-diastolic pressure (LVEDP) and LV developed pres-

sure (LVdevP, which is LV end-systolic pressure (LVESP) – LVEDP) were 7.2 G 0.4 and 92.7 G 5.4 mmHg respectively, perfusion pressure was

62.5 G 2.9 mmHg and coronary flow 11.8 G 1.9 mL/min in the control group. No differences among groups were observed in LV function

during the equilibration and the ischemic period. In control hearts, reperfusion induced an abrupt increase in LVEDP with a peak of

113G 6.5 mmHg 3 min after onset, severe contractile dysfunction (5% recovery of initial LVdevP value after 1 h of reperfusion), and cell death

(LDH release and infarct size were 385 G 19 U/30 min/gdw and 46.5 G 2.1%, respectively). Addition of NPO to the perfusion buffer during

reperfusion was associated with a reduction in peak LVEDP (34% of reduction in 10 mmol/L NPO group vs. control group, EC50 value of 52G

6 nmol/L) and in acute cell death, measured as LDH release and infarct size (calculated EC50 values of 32G 7 nmol/L, 61G 5 nmol/L, respec-

tively) and improved ventricular function. Cardioprotection was observed at the concentration of 0.1 mmol/L and functional recovery at

1 mmol/L, with a statistically non-significant trend toward greater protection at higher doses (Figures 1B–1D). Reperfusion induced calpain

activation, as denoted by a reduction in the 145/150 a-fodrin fragments, without significant changes in calpain-1 and calpain-2 protein levels

(Figure 1E). NPO treatment resulted in a dose-dependent calpain inhibition, with a calculated IC50 value of 12G 3 nmol/L (Figure 1F). Regres-

sion plot analysis, including all NPO-treated groups, disclosed a close correlation between the magnitude of calpain inhibition and cardio-

protection (r2 = 0.95, p < 0.001; Figure 1G).
NPO-2270 administration immediately before reperfusion reduces infarct size in vivo

Based on the results obtained in our ex vivo model, NPO was tested in mice subjected to 45 min of coronary occlusion followed by 24 h of

reperfusion at the doses of 5 and 20 mg/kg, given intraperitoneally 10 min before reperfusion onset (Figure 2A). There were no significant
Table 2. Pharmacokinetic parameters of NPO-2270 in mice following single intravenous (IV) and oral (PO) administration

Compound Route Dose (mg/kg) Tmax (h)

C0/Cmax
a

(ng/mL)

AUClast

(ng/mL*h)

AUCinf

(ng/mL*h) T1/2 (h) CL (mL/min/kg) Vss (L/kg) %Fb

NPO-2270 IV (n = 3) 1 – 2753.48 3266.31 3358.31 5.66 4.96 1.35 –

PO (n = 3) 10 0.25 4112.90 15298.88 15391.97 – – – 47

aback extrapolated concentration for IV group.
bAUClast considered for calculating the bioavailability.
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Figure 1. Dose-dependent cardioprotective effects of NPO-2270 in the ex vivo rat heart model

(A) Isolated rat hearts were perfused in a Langendorff system and subjected to 40min of ischemia and 60min of reperfusion. NPO-2270 was added during the first

15 min of reperfusion.

(B–D) Cardioprotective effects of NPO-2270 were evaluated bymeasuring lactate dehydrogenase (LDH) release, infarct size and LV developed pressure (LVdevP);

n = 6–9 per group.

(E and F) Representative western blots and quantification of 145/150 kDa a-fodrin, calpain 1, and calpain 2 protein expression; n = 6–7 per group.

(G) Correlation between infarct size and calpain activity measured as a-fodrin cleavage; n= 6–7 per group. Results aremeanG SEM. *p< 0.05 vs. Control (0 mmol/

L) analyzed using one-way ANOVA followed by Tukey’s post-hoc test.
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differences between control andNPOgroups in the area of myocardium at risk, while administration of 20 mg/kgNPO reduced infarct size by

32% (32.5G 3.1% in theNPOgroup vs. 47.8G 4.3% in the control group, p= 0.016) (Figure 2B). At the dose of 5mg/kg, NPO showed a strong

trend toward protection, but it did not reach statistical significance (36.2G 4.2%, p= 0.053). By contrast, acute administration of the cathepsin

inhibitor balicatib failed to attenuate infarct size (Figure 2B). At this concentration, balicatib reduced cathepsin L activity measured in heart

homogenates (41.2 G 7.3% compared to sham mice, n = 3 per group) with no significant differences with respect to mice treated with

20 mg/kg NPO (35.2G 6.7%; n = 3 per group). Reperfusion was associated with increased calpain activation without changes in calpain pro-

tein expression. Both, low and high dose of NPO produced a marked attenuation of a-fodrin cleavage measured after 24 h of reperfusion

(47.3G 8.2% and 60.1G 6.7% respectively), confirming the efficacy of in vivoNPO administration in preventing calpain activation (Figure 2C).
NPO-2270 preserves cardiac function after ischemic and non-ischemic stress more effectively than enalapril

The effects of chronic oral administration of NPO on cardiac remodeling and heart function were analyzed in mice subjected to transient

ischemia and transverse aortic constriction (TAC) surgery and compared to enalapril treatment.

An illustration of the experimental protocol corresponding to the ischemia/reperfusion studies is shown in Figure 3A. Baseline echocar-

diographic evaluation did not show any difference between groups. In control animals, myocardial infarction resulted in a progressive in-

crease in left ventricular end-diastolic diameter (LVEDD) and LVESD and a decrease in ejection fraction (EF) that was already significant after

two weeks of reperfusion (Figures 3B and 3C). No changes in left ventricular posterior wall thickness (LVPWT) and intraventricular septum

thickness (IVST) were observed (Table 3). Administration of NPO at the time of reperfusion was more effective than enalapril in preventing

LV dilatation and dysfunction as compared to control hearts (p = 0.003 between NPO and control group, and p = 0.072 between NPO

and enalapril groups with respect to EF reduction; Figure 3C).
iScience 27, 110935, October 18, 2024 3
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Figure 2. NPO-2270 attenuates acute reperfusion injury

(A) Mice were subjected to 45 min of coronary occlusion and 24 h of reperfusion. NPO-2270 or balicatib were intraperitoneally administrated 10 min before

starting reperfusion.

(B) Representative images from transversely sectioned heart slices showing the area at risk (Evans Blue) and of necrosis (triphenyltetrazolium) and quantification of

area at risk expressed as percentage of LV area and infarct size expressed as percentage of the region at risk (n = 6 per group).

(C) Representative Western blots of 145/150 kDa a-fodrin, calpain 1, and calpain 2 protein expression, and quantification of 145/150 kDa a-fodrin (n = 4 per

group). Bali: balicatib. Results are mean G SEM. *p < 0.05 vs. Control group analyzed using one-way ANOVA followed by Tukey’s post-hoc test.
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Scar size after 28 days of treatment was significantly smaller in the NPO and enalapril groups than in the control group (43% of reduction,

p < 0.001, and 24%, p = 0.030 respectively), without significant differences among treatments (Figure 3D). There was not significant difference

in mortality rates between groups (15% in the control group, 11% in the NPO group, and 20% in the enalapril group). Both, calpain-1 and

calpain-2 were overexpressed (49% of increase, p = 0.019, and 75%, p = 0.008 respectively), and activated during late reperfusion. Chronic

NPO but not enalapril treatment attenuated a-fodrin cleavage (52% of reduction vs. control group, p < 0.001) without decreasing calpain-1

and calpain-2 expression (Figure 3E).

To determine the most appropriate dose of NPO to use in the TAC studies we first performed dose-response studies in angiotensin

II-treated mice. Daily oral administration of NPO resulted in a dose-dependent attenuation of angiotensin II-induced hypertrophy as

reflected by decreased heart weight-to-tibia length ratio (HW/TL), LVPWT, IVST and brain natriuretic peptide (BNP) and Myh7

mRNA levels, and markedly attenuated interstitial fibrosis and collagen 1 and 3 mRNA levels (Figure S1; Table 1). Based on these re-

sults, TAC mice were orally treated with 10 mg/kg NPO or with enalapril at the same dose to compare the potency of NPO relative to

enalapril.
4 iScience 27, 110935, October 18, 2024
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Figure 3. Chronic oral administration of NPO-2270 prevents post-infarction induced cardiac dysfunction

(A) Mice were subjected to 45 min of coronary occlusion and 28 days of reperfusion and received NPO-2270 (20 mg/kg) orally or enalapril (20 mg/kg) for 28 days.

(B) Time course of left ventricular ejection fraction (EF), left ventricular end-diastolic diameter (LVEDD), and left ventricular end-systolic diameter (LVESD) in the

different experimental groups.

(C) EF reduction with respect to baseline values expressed in percentage.

(D) Representative images from transversely sectioned heart slices showing the scar area and its quantification expressed as percentage of LV area.

(E) Representative Western blots and quantification of 145/150 kDa a-fodrin, calpain 1, and calpain 2 protein expression. C: control group, NPO: NPO-2270

group, Ena: enalapril group. Results are mean G SEM, *p < 0.05 vs. Control group analyzed using repeated measures ANOVA or one-way ANOVA followed

by Tukey’s post-hoc test; n = 8 in control group, n = 7 in NPO-2270 and enalapril groups; western-blot: n = 4 per group).
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A schematic illustration of the different experimental groups corresponding to the TAC studies is shown in Figure 4A. Compared to control

group, the chronic oral administration of NPO starting 1 week after TAC surgery prevented the progression of hypertrophy, as shown by

changes in HW/TL (Figure 4B), cardiomyocyte cross-sectional area (Figure 4C), BNP mRNA levels and the Myh7-to-Myh6 ratio (Figure 4D),

and LVPWT and IVST values (Table 4), and of interstitial fibrosis (Figures 4E and 4F), with no statistically significant differences with respect

to the administration of enalapril for the same time interval (Figure 4; Table 4).

CD31 staining was performed in sections of mice hearts to analyze microvessel density (Figure 5A). The number of CD31-expressing cells

as well as the ratio of CD31 positive cells to cardiomyocytes decreased significantly 4 weeks after TAC (43%, p < 0.001 and 59%, p < 0.001 of

reduction vs. Sham group, respectively; Figure 5B). Administration of NPO or enalapril starting 1 week after TAC surgery preserved capillary

density without statistically significant differences between the two treatments.

Immunohistochemistry using an antibody against CD45 revealed increased recruitment of inflammatory cells (Figure S2A), along with

enhanced expression of the pro-inflammatory markers interleukin- 1b (IL-1b), IL-6, monocyte chemoattractant protein 1 (MCP-1), and tumor
iScience 27, 110935, October 18, 2024 5



Table 3. Echocardiographic data after 4 weeks of reperfusion

Sham-operated (n = 8) Control (n = 8) NPO-2270 (n = 8) Enalapril (n = 7)

BW (g) 27.3 G 0.6 28.4 G 0.4 27.7 G 0.8 30.1 G 0.9

HR (beats/min) 454 G 26 442 G 22 441 G 33 461 G 18

LVPWT (mm) 0.65 G 0.01 0.71 G 0.02 0.68 G 0.03 0.67 G 0.02

IVST (mm) 0.74 G 0.01 0.79 G 0.02 0.76 G 0.03 0.79 G 0.03

LVEDD (mm) 4.29 G 0.07 5.07 G 0.14$ 4,49 G 0.11* 4.85 G 0.19

LVESD (mm) 3.04 G 0.08 4.05 G 0.15$ 3.31 G 0.09* 3.75 G 0.12

FS (%) 29.1 G 1.20 20.2 G 1.3$ 26.1 G 1.3* 22.7 G 1.3

EF (%) 62.1 G 1.7 49.0 G 2.6$ 59.6 G 1.9* 52.6 G 2.2

BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVST, intraventricular septum thickness; LVEDD, left ventricular end-diastolic

diameter; LVESD, left ventricular end-systolic diameter; LVPWT, left ventricular posterior wall thickness. Values are mean G SEM. ANOVA and Tukey’s post-

hoc test. $p < 0.05 vs. Sham operated group. *p < 0.05 vs. Control group.
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necrosis factor alpha (TNFa) after 1 week of TAC (Figure S2B). However, after 4 weeks of TAC, no statistically significant differences were

observed in any of these markers compared to the sham group, although there was a trend for IL-6 and TNF-a levels to be higher in control

hearts than in those treated with NPO or enalapril.

Both treatments attenuated LV dilation (Figures 6A and 6B) and EF reduction (Figure 6C) compared to control mice. However, ven-

tricular dysfunction measured after 4 weeks of TAC surgery was significantly less severe in the NPO group than in the enalapril group

(27% of EF reduction with respect to baseline in the control group, 6% in the NPO group and 16% in the enalapril group, p = 0.024

between NPO and enalapril groups, Figure 6; Table 4). The administration of NPO from the first day after TAC surgery or the coadmin-

istration of NPO and enalapril were not superior to NPO alone starting 1 week after TAC surgery in any measured parameter (Figures 4,

5, and 6).

Mortality occurred during the first week, and there were no differences between the control group and the group treated with NPO

from the first day after surgery (30% and 28% respectively). After the first week of TAC, all mice survived, regardless of the experimental

group.

In further experiments, it was assessed whether NPO administration prevents the progression of pre-existing HF. In C57BL/6N mice sub-

jected to pressure overload, the echocardiographic results obtained two weeks after TAC surgery demonstrated ventricular remodeling and

dysfunction (32% reduction in EF compared to baseline in the control group, p < 0.001). Oral administration of NPO during the following

3 weeks significantly attenuated the progression of adverse ventricular remodeling, as measured by changes in the HW/TL ratio, LVPWT,

IVST and ventricular dilation, and cardiac dysfunction compared to the control group (29% vs. 5% EF reduction in the control andNPOgroups

during the 3 weeks of treatment, respectively, p = 0.003) but did not regress the alterations already established at the onset of the treatment

(Table S2).

NPO-2270 preserves junctophilin-2 striated pattern

Western blot results confirmed that calpain-1 and calpain-2 are overexpressed and activated after TAC surgery (Figure 7A). Themeasurement

of fodrin cleavage products indicates that calpain activity was markedly attenuated in mice treated with NPO but not with enalapril, and no

additive effect was observed after the coadministration of both drugs. Neither NPO nor enalapril modified calpain expression.

Junctophilin-2 (JP2) is a structural protein essential for organizing the ultrastructural machinery, i.e., cardiac dyads, required for normal

excitation-contraction coupling function and Ca2+ handling in cardiomyocytes. In healthy ventricular cardiomyocytes, JP2 is localized in a stri-

ated pattern along the well-arrayed Z-disc area (Figure 7B).22,23

As showedby western blot, and consistent with previous findings,9 TAC-induced stress resulted in amarked decrease in the full-length JP2

and an increase in the 75 kDa JP2 N-terminal cleavage product/full-length JP2 ratio. In line with these results, confocal analysis showed a

marked loss and disorganization of the JP2 striated pattern and changes in peak intensity and the variation coefficient (VC), indicative of ul-

trastructural damage to the cardiac dyad. In correlation with calpain activity results, NPO but not enalapril treatment prevented JP2 down-

regulation and the severe disorganization of the JP2 pattern observed in control hearts.

DISCUSSION

The present study characterizes NPO as a cysteine protease inhibitor with an in vitro potency in the nanomolar range and good oral

bioavailability. We first established that acute administration of NPO in rodent models of transient ischemia at the time of reperfusion

reduces myocardial infarction in association with calpain inhibition, while its chronic oral administration attenuates LV dilatation and

dysfunction induced by ischemic and non-ischemic pathological stimuli. Then, our study compared the efficacy of cysteine protease

inhibition with a conventional treatment of patients with LV dysfunction or HF and demonstrated that NPO attenuates cardiac dysfunc-

tion more effectively than enalapril when given at the same dose. Finally, we provide evidence showing that the effects of NPO correlate
6 iScience 27, 110935, October 18, 2024



Sham
C-4w

NPO-4w
NPO-3w

Ena-3w N+E

aeralanoitcessorc
etycoy

M
(

)
m

Sham
C-4w

NPO-4w
NPO-3w

Ena-3w N+E

ahdS/bpp
N

25 µm 25 µm 25 µm 25 µm

Sham
C-1w

C-4w
NPO-4w

NPO-3w
Ena-3w N+E

)
%(

aera
citorbiF

Sham
C-4w

NPO-4w
NPO-3w

Ena-3w N+E

ahdS/1a3lo
C

Sham
C-4w

NPO-4w
NPO-3w

Ena-3w N+E

ahdS/1a1lo
C

Sham
C-4w

NPO-4w
NPO-3w

Ena-3w N+E

6hy
M/7hy

M

Sham
C-1w

C-4w
NPO-4w

NPO-3w
Ena-3w N+E

)
m

m/g
m(

LT/
W

H

100 µm 100 µm 100 µm 100 µm

A

D

E

F

C

B

Figure 4. NPO-2270 prevents ventricular remodeling progression in TAC mice

(A) NPO-2270 was administered orally at the time of TAC surgery or one week after. Enalapril or the combination of both drugs were administered one week after

TAC surgery.

(B) Heart weight/tibia length ratio (n = 9 in sham group; n = 6 in C-1w and N + E groups; n = 10 in C-4w, NPO-3w and Ena-3w groups; n = 8 in NPO-4w group).

(C) Representative images corresponding to ventricular cross-sections stained with hematoxylin and eosin and quantification of cardiomyocyte cross-sectional

area (n = 5 per group). Images are shown at 3400 magnification (scale, 25 mm).

(D) mRNA levels of BNP and b-myosin heavy chain normalized respect to sham group (n = 6 per group).

(E) Representative images of ventricular cross-sections stained with picrosirius red and quantification of the fibrotic area. Images are shown at3200magnification

(scale = 100 mm) (n = 6 in sham group; n = 5 in C-1w and N + E groups; n = 10 in C-4w, NPO-3w, and Ena-3w groups; n = 9 in NPO-4w group).

(F) mRNA levels of collagen I and collagen III normalized respect to sham group (n = 6 per group). Results are meanG SEM, *p < 0.05 vs. Control group analyzed

using one-way ANOVA followed by Tukey’s post-hoc test.
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Table 4. Echocardiographic data at 4 weeks following TAC surgery

Sham (n = 8) C-4w (n = 10) NPO-4w (n = 9) NPO-3w (n = 10) Ena-3w (n = 10) N + E (n = 6)

BW (g) 27.9 G 0.7 27.2 G 0.7 27.5 G 0.4 28.1 G 0.5 27.0 G 0.6 27.4 G 0.6

HW (mg) 112.5 G 2.6 200.7 G 7.4 142.5 G 3.9 149.9 G 3.3 151.8 G 4.9 140.5 G 6.2

HW/TL (mg/mm) 6.35 G 0.14 11.41 G 0.44$ 7.90 G 0.18$* 8.40 G 0.15$* 8.68 G 0.26$* 7.86 G 0.50$*

HR (beats/min) 475 G 11 488 G 18 461 G 22 466 G 19 479 G 15 480 G 21

LVPWT (mm) 0.62 G 0.02 0.83 G 0.03$ 0.74 G 0.01$* 0.75 G 0.02$* 0.78 G 0.03$ 0.75 G 0.02$*

IVST (mm) 0.74 G 0.01 1.08 G 0.04$ 0.84 G 0.02$* 0.9 G 0.02$* 0.97 G 0.03$* 0.88 G 0.03$*

LVEDD (mm) 4.22 G 0.10 4.91 G 0.06$ 4.22 G 0.10* 4.26 G 0.14* 4.48 G 0.05* 4.31 G 0.26*

LVESD (mm) 3.01 G 0.04 4.02 G 0.10 3.26 G 0.13$ 3.27 G 0.09* 3.55 G 0.05$* 3.02* G 0.33

FS (%) 26.8 G 1.3 18.3 G 1.06$ 24.2 G 1.4* 23.4 G 1.1* 20.8 G 0.8$* 25.1 G 2.1*

EF (%) 58.9 G 0.7 42.6 G 1.8$ 54.7 G 1.8* 54.3 G 1.9* 49.5 G 1.6$* 55.8 G 1.4*

BW, body weight; EF, ejection fraction; FS, fractional shortening; HR, heart rate; IVST, intraventricular septum thickness; LVEDD, left ventricular end-diastolic

diameter; LVESD, left ventricular end-systolic diameter; LVPWT, left ventricular posterior wall thickness. Values are mean G SEM. ANOVA and Tukey’s post-

hoc test. $p < 0.05 vs. Sham operated group. *p < 0.05 vs. Control group.
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with calpain inhibition and the preservation of the T-tubule morphology due at least in part to reduced cleavage of the calpain sub-

strate JP2.

Compelling experimental evidence obtained in multiple HF models points to calpain inhibition as a potential therapeutic strategy to

reduce adverse myocardial remodeling and dysfunction.15,16 Despite this solid evidence, no clinical trials and only a few preclinical studies

have explored the pharmacological inhibition of calpains as a therapeutic opportunity for HF. In previous studies, chronic intraperitoneal

administration of MDL-28170 and oral administration of SNJ-1945 reduced adverse cardiac remodeling and HF induced by ischemic and

non-ischemic stimuli.6,8,24 However, the pharmacokinetics and poor bioavailability of MDL-28170 and the low potency for SNJ-1945 have pre-

cluded their use in clinical studies. In addition, although these studies are important proof of concept, preclinical validation requires a head-

to-head comparison of the efficacy of calpain inhibition with standard pharmacological HF treatment. These issues were addressed in this

study.

Herein, we have characterized NPO as a highly selective cysteine protease inhibitor with in vitro potency in the nanomolar range not

only for calpain-1 and calpain-2 but also for relevant cathepsins. Pharmacokinetic data indicate that NPO is rapidly absorbed by the oral

route and has a long half-life in rodents and support that the achieved free plasma concentrations are compatible with its protease inhib-

itory activity. Perfusion of isolated rat hearts with NPO at the onset of reperfusion attenuated cell death in close correlation with themagni-

tude of calpain inhibition and its acute administration during the last minutes of ischemia, but not of a cathepsin inhibitor, reduced infarct

size and calpain activity in an in vivomousemodel of transient coronary occlusion. These results provide evidence for the rapid penetration

of NPO, confirm that its potency in vivo against calpains is in the nanomolar range, and are in agreement with the important contribution of

calpains to reperfusion injury.25 In addition, although limited, the favorable safety and toxicological data strongly suggest a wide safety

window.

Daily oral administration of NPO after 1 week of TAC surgery abrogated the progression of myocardial hypertrophy and fibrosis, with no

significant differences with respect to enalapril treatment given at the same concentration but attenuating the ongoing cardiac dysfunction

more effectively. Furthermore, the greater efficacy of NPO in preventing cardiac dysfunction was also confirmed in the post-infarcted heart

model. Importantly, NPO effects correlated with the inhibition of calpain activity as demonstrated by the reduced cleavage of the calpain

substrate a-fodrin observed in both experimental models. The administration of NPO from the first day after TAC surgery was not more effec-

tive than its administration after 1 week, which is in agreement with an enhanced calpain activity due to a progressive increase in protein

expression.

Moreover, administration of NPO to TACmice with stablished ventricular dysfunction prevented further progression of adverse remodel-

ing and HF, although without reversing the echocardiographic alterations observed at the initiation of the treatment. Additional experiments

would be necessary to determine if long-term NPO treatment can regress adverse ventricular remodeling.

We have previously described that oral administration of the calpain inhibitor SNJ-1945 attenuate post-infarction remodeling induced by

transient ischemia,8 as well as hypertrophy triggered by chronic administration of isoproterenol.24 However, it is important to note that while

the low potency of SNJ-1945 limits its translation to patients, the effects of NPO have been achieved at doses that are potentially translatable

to clinical practice.

In our experimental conditions, whereNPO and enalapril were compared at the same dose, NPOor the combination of NPO and enalapril

was superior to the administration of enalapril alone. This observation is consistent with studies suggesting that the overexpression and over-

activation of calpains represent a convergence point for a variety of receptors and signaling pathways activated by chronic pathological stim-

uli. Supporting this concept, our current data and previous findings indicate that calpains drive myocardial remodeling induced by chronic

angiotensin administration,26 as well as that caused by the activation of beta-adrenergic receptors,24 mechanoreceptors,27 and TGF-b.8
8 iScience 27, 110935, October 18, 2024
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Figure 5. NPO-2270 preserves microvascular density in TAC mice

(A) Representative images corresponding to ventricular cross-sections immunostained against CD31.

(B) Quantification of CD31+ cells per area and ratio of CD31+ cells to cardiomyocytes. Images are shown at 3400 magnification (scale = 50 mm). Data are

presented as mean G SEM. *p < 0.05 vs. Sham group analyzed using one-way ANOVA followed by Tukey’s post-hoc test; n = 5 per group.
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According to these studies, it seems reasonable to expect amore potent effect through direct inhibition of calpains rather than inhibiting only

one of the pathways causing such activation.

Previous studies have characterized many proteins with important roles in maintaining cardiac function as calpain substrates.28

Among them, JP2 plays a critical role in maintaining T-tubule anchored to the sarcoplasmic reticulum to allow the control of calcium

fluxes for an effective contractile function.29,30 Cardiac specific deletion of JP2 causes T-tubule disruption, severe impairment of intra-

cellular Ca2+ handling, and heart failure in mice30,31 while its transgenic and virally mediated overexpression attenuates LV dysfunction

induced by TAC surgery.32,33 The calpain-dependent cleavage of JP2 has been causally associated with T-tubule disorganization and HF

development in preclinical models,29 and increased calpain activity correlated with loss of JP2 expression in human failing hearts.6 Here-

in, our results show that the greater effect of NPO versus enalapril on cardiac function observed in TAC mice was associated with an

effective inhibition of calpain activity, reduced JP2 cleavage and better preservation of the JP2 striated pattern. Since calpain-depen-

dent degradation of JP2, and its contribution to cardiac dysfunction, has also been described in post-infarction remodeling,6 it is ex-

pected that the effect of NPO on JP2 degradation in our ischemia/reperfusion model will be similar to that observed in the TAC model.

Nevertheless, our results do not exclude the contribution of additional mechanisms related to the proteolysis of other cysteine protease

substrates.15,16

Classically, calpain inhibitors have shown poor target selectivity over cysteine proteases cathepsins. In fact, the compounds previously

used in preclinical models of HF, MDL-28170 and SNJ-1945, inhibit at least cathepsins B and L.34,35 This reduced selectivity against cathepsins

shown in in vitro assays has been considered an obstacle to their therapeutic progression. However, some evidencemay questionwhether the

design of pure specific calpain inhibitors is the best strategy for the achievement of optimal clinical results. Increased expression and activity

of cathepsins have been described in patients with HF, and they inversely correlated with clinical outcomes,36,37 and the use of knockout mice

provides evidence for the contribution of the cysteine cathepsins K, B, L, and S to the development of adverse cardiac remodeling and con-

tractile dysfunction, although ambiguous in chronic ischemia.38 There is also evidence suggesting that calpain overactivation increases lyso-

somal permeability and produces the release of cathepsins to the cytosol where they may contribute to neuronal injury (calpain-cathepsin

hypothesis).39 Although this hypothesis needs to be confirmed in the context of cardiac remodeling, the pharmacological inhibition of

both calpain and cathepsins seems a reasonable approach.40
Conclusions

In conclusion, NPO appears as a potent and selective cysteine protease inhibitor. Its robust efficacy in preventing the progression of cardiac

remodeling and reducing cardiac dysfunction comparedwith enalapril in various rodentmodels of HF supports continuing its development in

further clinically relevant models as a previous step for its clinical evaluation in patients.
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Figure 6. NPO-2270 preserves cardiac function in TAC mice more effectively than enalapril

(A–C) Time course and percentage of variation with respect to baseline values of: (A) left ventricular end-diastolic diameter (LVEDD), (B) left ventricular end-

systolic diameter (LVESD), and (C) left ventricular ejection fraction (EF) in control mice and mice receiving NPO-2270 or enalapril after 1 week of TAC surgery.

Results are mean G SEM, *p < 0.05 vs. Control group (C-4w). $p < 0.05 vs. enalapril group (Ena-3w) analyzed using repeated measures ANOVA or one-way

ANOVA followed by Tukey’s post-hoc test; n = 10 in C-4w, NPO-3w, and Ena-3w groups; n = 9 in NPO-4w group; n = 6 in N + E group.
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Limitations of the study

The administration of balicatib at a concentration that was effective in reducing cathepsin activity failed to attenuate infarct size, supporting a

predominant deleterious role of calpains over cathepsins during the acute phase of reperfusion. However, although our results showNPOas a

potent orally active calpain inhibitor, and its effects on cardiac remodeling and HF correlate with calpain inhibition, we recognize that further

preclinical investigation is necessary to determine the relative contribution of those cathepsins inhibited by NPO in vitro. By administering

both treatments at the same dose, our results compare the potency of NPO to that of enalapril. The selected dose of enalapril, which has

been used in previous studies,20,21,41 effectively prevented the progression of adverse ventricular remodeling in our study (Figures 4B and

4E). However, since we did not conduct a dose-response study to determine the maximum effective enalapril dose, we cannot rule out

the possibility of an additional benefit at higher doses. Finally, although calpain overexpression has been described in heart samples from

both men and women with heart failure,5 and the contribution of calpains to adverse cardiac remodeling has been described in mice

from both sexes,42 the animals used in this study were male, and females may exhibit different drug responses.
10 iScience 27, 110935, October 18, 2024
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Figure 7. NPO-2270 inhibits calpain and preserves junctophilin-2 striated pattern

(A) Representative western blots and quantification of calpain 1, calpain 2, 145/150 kDa a-fodrin, full-length JP2 protein expression and 75 kDa JP2 cleavage

product normalized to full length JP2, in ventricular samples obtained after 4 weeks of TAC surgery (n = 6 per group).

(B) Representative processed confocal images of left ventricle sections stained for JPH2. Profile analysis of the magnified insets and quantification of peak

intensities and variation coefficient (VC) (n = 6–8 cells from 3 hearts per group). Results are mean G SEM. *p < 0.05 vs. sham group analyzed using one-way

ANOVA followed by Tukey’s post-hoc test.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Alexa Fluor� 488 goat anti-rabbit Invitrogen #A11008 RRID:AB_143165

Calpain-1 Thermo Fisher Scientific #MA3-940; RRID:AB_2069338

Calpain-2 Abcam #ab39165; RRID:AB_725844

CD31 Abcam #ab182981; RRID:AB_2920881

CD45 Abcam #ab10558; RRID:AB_442810

a-fodrin Enzo Life Sciences #BML-FG6090-0100; RRID:AB_2050678

GAPDH GeneTex #GTX112699; RRID:AB_11174761

Junctophilin-2 Thermo Fisher Scientific #40–5300; RRID:AB_2533471

Junctophilin-2 Invitrogen #PA5-85866 RRID:AB_2802667

Chemicals, peptides, and recombinant proteins

Angiotensin II Merck #A9525

Balicatib Tocris Bioscience #5585

Enalapril Sigma-Aldrich #E6888

Evans Blue Sigma-Aldrich #E2129

NPO-2270 Landsteiner Genmed N/A

PEG400 Sigma-Aldrich #91893

Prolong Gold antifade mounting reagent Thermo Fisher #P10144

TRIsure� reagent Bioline #BIO-38032

Triphenyltetrazolium chloride (TTC) Sigma-Aldrich #T8877

TWEEN80 Sigma-Aldrich #P4780

Z-VVR-AMC Enzo Life Sciences #BML-P199-0010

Critical commercial assays

cathepsin B activity assay Eurofins Discovery Services #178

cathepsin C activity assay Eurofins Discovery Services #112300

cathepsin H activity assay Eurofins Discovery Services #112550

cathepsin K activity assay Eurofins Discovery Services #112600

cathepsin L activity assay Eurofins Discovery Services #802

cathepsin S activity assay Eurofins Discovery Services #112750

cathepsin V activity assay Eurofins Discovery Services #112800

cathepsin Z activity assay Eurofins Discovery Services #931

EnVision Detection SystemsPeroxidase/DAB, Rabbit/Mouse Agilent Technologies #K5007

SafetyScreen44� Panel Eurofins #P270

Experimental models: cell lines

HEK293T ATTC #CRL-3216

Experimental models: Organisms/strains

Sprague-Dawley rats (male) Janvier Labs N/A

C57BL/6J mice (male) Janvier Labs N/A

C57BL/6N mice (male) Janvier Labs N/A

Software and algorithms

Phoenix WinNonlin 6.3 Certara N/A

SigmaPlot 10.0 Grafiti N/A

SPSS 20 IBM N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell line

Human embryonic kidney cells (HEK293T) were obtained from ATCC (Manassas, VA, USA). Cultures were maintained in Dulbecco’s Modified

Eagle Medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Gibco, USA), at 37�C in hu-

midified atmosphere with 5% CO2. Cell line was tested for mycoplasma contamination prior to use.
Animals

Male C57BL/6JRj and C57BL/6NRj inbred strain mice (25–30 g and 10–12 weeks of age) and Sprague–Dawley (RjHan:SD) outbred strain rats

(200–250 g, 6–7 weeks), obtained from Janvier Labs (France), were used in this study. Animals were housed in the animal facility at Vall Hebron

Institut de Recerca (VHIR), exposed to 12-h light/dark cycles starting at 8:00 a.m. in temperature (22 G 2�C) and humidity (55 G 10%)

controlled environment. Animals had ad libitum access to food (SAFE 150, SafeDiets, France) andwater. The study conforms to theNIHGuide

for the Care and Use of Laboratory Animals (NIH publications Nº. 85–23, revised 1996), was performed in accordance with European legisla-

tion (Directive 2010/63/UE) and was approved by the Animal Research Ethics Committee of the VHIR (CEEA 45/20 and CEEA 67/19). Animals

were randomly assigned to experimental groups.
Ex vivo model of ischemia/reperfusion

Sprague–Dawley rats were euthanized by a lethal i.p. injection of sodium pentobarbital (100 mg/kg). Hearts were excised, retrogradely

perfused with modified Krebs-Henseleit buffer in a constant-flow Langendorff apparatus and left ventricular pressure continuously recorded,

as previously described.43 After 20 min of normoxic perfusion, hearts were subjected to 40 min of global ischemia followed by 60 min of re-

perfusion. NPO or 0.05% DMSO (control group) was added to the perfusion buffer at different concentrations (0.01, 0.1, 1 and 10 mmol/L, n =

6–9 mice per group) during the first 15 min of reperfusion. Cell death was evaluated by measuring lactate dehydrogenase (LDH) activity in the

coronary effluent, and infarct size by incubating heart slices in triphenyltetrazolium chloride (TTC; Sigma-Aldrich) as previously described.43
In vivo models of acute reperfusion injury and post-infarction remodeling

C57BL/6J mice were anesthetized with pentobarbital (40 mg/kg i.p.) and ketamine (50 mg/kg i.p.), and mechanically ventilated (SAR-830/AP,

CWE). A left mini-thoracotomy was performed and mice were subjected to 45 min of ischemia by left anterior descending coronary artery

(LAD) ligation and euthanized by a lethal i.p. dose of sodium pentobarbital (100 mg/kg) after 24 h of reperfusion. Infarct size was calculated

as the percentage of necrosis (measured by TTC) at the region at risk (measured by Evans blue dye). Mice received a single i.p. injection of

NPO (5 or 20mg/kg, n= 6 per group) or its vehicle (5%Tween80, 15%PEG400 in saline, n= 6) 10min before starting reperfusion. To determine

the relative contribution of cathepsins to reperfusion injury, an additional group of mice was treated with the cathepsin inhibitor balicatib

(Tocris Bioscience) at 25 mg/kg (n = 5). At this dose balicatib inhibits cathepsins K, B, L and S.44 The inhibition of cathepsins by balicatib

was confirmed bymeasuring the fluorescence resulting from the cleavage of the cathepsin substrate Z-VVR-AMC (Enzo Life Sciences) in heart

homogenates obtained from mice receiving balicatib.

To analyze the effect of NPO on post-infarction remodeling and heart function, the reperfusion period was extended to 28 days in addi-

tional experiments.8 Based on the results obtained in the acute model, mice were randomly divided to receive over 4 weeks a daily oral

gavage dose of 20 mg/kg NPO, its vehicle or 20 mg/kg enalapril (n = 7–8 per group). This dose of enalapril has been reported to reduce

post-infarction remodeling in mice.45
Angiotensin II treatment

C57BL/6J mice were anesthetized with isoflurane and an osmotic mini-pump (Alzet, model 2002) was implanted subcutaneously to infuse

angiotensin II (Sigma-Aldrich) at a dose of 1 mg/kg/min for 14 days. Mice received a daily oral dose of NPO (1, 3, 10 or 30 mg/kg; n = 5–6

per group) or its vehicle (5% Tween80, 15% PEG400 in saline; n = 6) for the same time period. After 2 weeks, mice were euthanized by a lethal

i.p. dose of sodium pentobarbital (100 mg/kg).
Transverse aortic constriction

C57BL/6J mice were anesthetized with ketamine/xylazine (100 mg/kg-10 mg/kg) and mechanically ventilated. The transverse aortic arch was

ligated by tying a 6-0 silk suture around the aorta and a 27G needle to yield a partial and reproducible constriction when the needle was

removed. In sham animals, the aortic arch was visualized but not banded. Thorax was closed and analgesia was administrated by buprenor-

phine (0.1 mg/kg) every 12 h until 48 h.

Mice were randomly divided to receive a daily oral gavage dose of 10mg/kgNPO (NPO-3w, n= 10), 10mg/kg enalapril (Ena-3w, n= 10) or

the combination of both treatments (N + E, n = 6) from 1 to 4 weeks after TAC surgery. In an additional group, NPO administration started at

the time of TAC surgery (NPO-4w, n = 10). Sham (n = 9) and control group (C-4w, n= 10) receivedNPO vehicle (SF, 5%Tween80, 15% PEG400)

during 4 weeks. The NPO-concentration selected was based on the results obtained in angiotensin II-treated mice. To compare the potency

of NPO relative to enalapril, we used the same dose for both drugs. At the dose used, enalapril has been shown to attenuate cardiac remod-

eling induced by TAC.21
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Mice were euthanized 4 weeks after surgery by a lethal i.p. dose of sodium pentobarbital (100 mg/kg), except a control group that was

euthanized after 1 week (C-1w, n = 6).

In a series of additional experiments, it was determined whether the administration of NPO prevents the progression of already estab-

lished HF. For this purpose, the C57BL/6N mouse strain was used since it has been reported that this strain develops HF earlier than the

6J strain.46 NPO treatment (10 mg/kg) started 2 weeks after TAC surgery and continued for the following 3 weeks (n = 6) and echocardio-

graphic data and HW/TL was compared to control group (n = 7). Mice were euthanized 5 weeks after TAC surgery by a lethal i.p. dose of

sodium pentobarbital (100 mg/kg).

METHOD DETAILS

Cysteine protease inhibition assays

Calpain and cathepsin inhibitory activities of NPO were determined by using kinetic fluorescence assays. Calpain-1 and calpain-2 activities

were measured in lysates from HEK293T cells transfected with human CAPN1+CAPNS1 or CAPN2+CAPNS1 expressing plasmids as previ-

ously described.9 Cathepsin activity assays were conducted by Eurofins Discovery Services (cathepsin B: #178; cathepsin C: #112300;

cathepsin H: #112550; cathepsin K: #112600; cathepsin L: #802; cathepsin S: #112750; cathepsin V: #112800; cathepsin Z: #931).

Pharmacokinetic properties of NPO-2270

The in vivo pharmacokinetic characterization of NPO was performed in C57BL/6J mice (n = 3 per time point) following a single intravenous

(1 mg/kg) or oral (10 mg/kg) administration. Blood samples were collected at 0.08, 0.25, 0.5, 1, 2, 4, 8, 12 and 24 h post intravenous dose and

0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h post oral dose. Plasma concentration of NPOwas determined by the fit-for-purpose LC-MS/MSmethod and

non-compartmental analysis module in Phoenix WinNonlin (Version 6.3) was used to assess the pharmacokinetic parameters.

Preliminary safety and toxicology studies

NPO was studied at 10 mmol/L concentration in a general safety in vitro screen panel including 44 targets (Eurofins Safety Screen44

Panel; #P270).

A short-term repeated-dose toxicity study was performed in male C57BL/6J mice. Mice received daily intraperitoneal (i.p.) administration

of NPO at the doses of 10, 30, and 100mg/kg/day, or its vehicle (5% Tween80, 15% PEG400 in saline) (n = 3 per group) for 4 consecutive days.

Parameters evaluated during the study included in-life observations such as clinical sign observations, body weights, food consumption, func-

tional observational battery, and gross pathology.

Echocardiography

All echocardiographic studies were performed using a VividQ portable ultrasound systemwith an i12L-RS 13MHz transducer (GEHealthcare)

as described earlier.47 The left ventricular end-systolic (LVESd) and end-diastolic (LVEDd) internal diameters, interventricular septum thickness

(IVST) and left ventricular posterior wall thickness (LVPWT) were measured in M-mode recordings. Left ventricular ejection fraction (EF) was

calculated according to standard formulas. For each parameter, measurements were performed from three to six different cardiac cycles, and

the values were averaged.

Histology, immunohistochemistry, western blot and RT-PCR

Hearts were fixed in buffered 4% paraformaldehyde and embedded in paraffin for histological evaluation. Collagen deposition was deter-

mined in sections at the papillary muscles level stained with Picrosirius red (Sigma-Aldrich) as previously described.47 Six random photomi-

crographs from each heart (n = 6) were taken at 3200 magnification.

Heart sections corresponding to TACgroups were probedwith anti-CD45 (Abcam, #ab10558) and anti-CD31(Abcam, #ab182981) for eval-

uation of infiltration of inflammatory cells and cardiac vascularization respectively. Slides were incubated with a secondary antibody and visu-

alized with 3,30-diaminobenzidine (DAB) using the Dako REAL EnVision Detection System (Agilent, #K5007). Photomicrographs were taken at

3400 magnification.

The mean cardiomyocyte cross-sectional area was measured in transverse sections stained with hematoxylin and eosin to evaluate cardi-

omyocyte hypertrophy. At least 50 random cells from each heart (n = 5 per group) were measured at 3400 magnification.

In vivo calpain activity, evaluated by measuring the 145/150 kDa a-fodrin calpain-dependent breakdown products, calpain protein quan-

tification and junctophilin-2 cleavage were assessed by Western blot as previously described.25 Primary antibodies used were raised against

calpain-1 (Thermo Fisher Scientific, #MA3-940), calpain-2 (Abcam, #ab39165), a-fodrin (Enzo Life Sciences, #BML-FG6090-0100), GAPDH

(GeneTex, #GTX627408) and junctophilin-2 (Thermo Fisher Scientific, #40–5300).

Markers of fibrosis, hypertrophy and inflammation were quantified by using real-time PCR. Total RNA was extracted using TRIsureTM re-

agent (Bioline, Meridian Bioscience Inc.) following the manufacturer’s protocol. Quantitative RT-PCR was performed using TaqMan universal

PCR master mix (Applied Biosystems). The amplification program consisted of 50�C for 2 min, 95�C for 10 min and 40 cycles of 95�C for 15 s

and 60�C for 1 min and was performed in a 7900HT Fast Real-Time PCR System (Applied Biosystems). Primers used for BNP, Myh7; Col1A1,

Col3A1, Ccl2, Il1b, Il6, Tnf andGAPDHwere purchased from Thermo Fisher Scientifc (Mm01255770_g1, Mm00600555_m1,Mm00600555_m1,

Mm01254476_m1, Rn00580555_m1, Mm00434228_m1, Mm00446190_m1, Mm00443258_m1 and Mm99999915_g1, respectively).
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Imaging of junctophilin-2

Hearts were fixed in 4% PFA, cryopreserved with sucrose gradient, embedded in OCT and frozen in isopentane. Cryosections were permea-

bilized with 0.25% Triton in blocking buffer and immunolabeled with JP2 polyclonal antibody (PA5-85866, Invitrogen) and secondary antibody

conjugated to fluorescent dye (Alexa Fluor 488 goat anti-rabbit, Invitrogen A11008). Nuclei were stained with 5 mg/mL Hoescht 33342 in Pro-

long Gold antifade mounting reagent (P10144, Thermo Fisher Scientific).

Three-dimensional (xyz) images of 12-micron cryosections were acquired using a Zeiss LSM980 confocal microscope with Airyscan, using a

1003 objective (APO NA 1.46). Intensity plot profiles along the entire X axis were analyzed using Python, selecting the maximum peaks al-

lowed within the analysis for measurements. As an admission criterion, peaks were included if their height was higher than 20% and their

prominence was higher than 16% of the maximum intensity. Peak intensity and coefficient of variation (CV), as a measure of relative variability

and defined as the ratio of the standard deviation to the mean, were quantified. The measurements are expressed as the mean of the values

obtained throughout the image scan.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was performed using SPSS for Windows. Means between groups were compared by one-way ANOVA. Tukey’s test was applied

as post hoc test when significant differences were observed. Repeated measures ANOVA and Tukey post hoc test were used to compare

temporal differences in echocardiographic parameters. The assumption of normality was examined before the statistical analysis using

the Shapiro–Wilk test. p < 0.05 was considered to be statistically significant. All results are expressed as mean G SEM.
18 iScience 27, 110935, October 18, 2024
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