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Aims Identifying novel mediators of lethal myocardial reperfusion injury that can be targeted during primary percutaneous
coronary intervention (PPCI) is key to limiting the progression of patients with ST-elevation myocardial infarction
(STEMI) to heart failure. Here, we show through parallel clinical and integrative preclinical studies the significance
of the protease cathepsin-L on cardiac function during reperfusion injury.

....................................................................................................................................................................................................
Methods and
results

We found that direct cardiac release of cathepsin-L in STEMI patients (n = 76) immediately post-PPCI leads to ele-
vated serum cathepsin-L levels and that serum levels of cathepsin-L in the first 24 h post-reperfusion are associated
with reduced cardiac contractile function and increased infarct size. Preclinical studies demonstrate that inhibition
of cathepsin-L release following reperfusion injury with CAA0225 reduces infarct size and improves cardiac con-
tractile function by limiting abnormal cardiomyocyte calcium handling and apoptosis.

....................................................................................................................................................................................................
Conclusion Our findings suggest that cathepsin-L is a novel therapeutic target that could be exploited clinically to counteract

the deleterious effects of acute reperfusion injury after an acute STEMI.
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1. Introduction

Acute coronary artery occlusion leading to ST-elevation myocardial in-
farction (STEMI) is a major cause of heart failure and death globally.
Primary percutaneous coronary intervention (PPCI) is the most effective
treatment for restoring blood flow to ischaemic myocardium and limiting
cardiomyocyte death following an acute STEMI.1 Nonetheless, the effec-
tiveness of PPCI is substantially reduced following activation of media-
tors that paradoxically increase susceptibility to cardiomyocyte death by
disrupting normal calcium handling.2 Ultimately, this lethal myocardial re-
perfusion injury contributes to up to 50% of the final infarct size2 (a ma-
jor determinate of clinical outcome); reduced contractility; and adverse
cardiac remodelling post-STEMI, which can lead to heart failure.3,4 The
latter is particularly important given its association with substantial mor-
tality, poor quality of life and appreciable health-economic burden.5

Novel therapeutic targets with the potential to reduce the impact of re-
perfusion injury and adverse cardiac remodelling are therefore urgently
required to treat patients with STEMI and prevent progression to heart
failure.6

Cathepsins are proteases classified by structure and catalytic type into
serine, aspartic and cysteine cathepsins. These enzymes were tradition-
ally thought to be located exclusively within intracellular lysosomes and
only play a role in homeostatic protein breakdown.7 However, cathe-
psins are now known to be important signalling molecules involved in
numerous vital cellular processes such as remodelling and differentia-
tion.7 Cathepsins are secreted into the extracellular space in large
amounts by fusion of lysosomal organelles with the plasma membrane
and/or exocytosis.7 Serum levels of cathepsin-L (a cysteine cathepsin)
are elevated among patients with coronary artery stenosis and coronary
heart disease (CHD).8–10 Nevertheless, it is unknown whether increased
capthepsin-L simply reflects cell death or if it has a biological function,
particularly in the clinically relevant context of reperfusion injury.

Our integrative clinical and experimental study reveals the vital role
and clinical relevance for cathepsin-L during myocardial reperfusion in-
jury in rodents and humans.

2. Methods

A detailed description of the methods and statistical analysis is reported
in Supplementary material online.

2.1 Human studies
A prospective single-centre cohort study was performed at a regional
cardiac centre (Golden Jubilee National Hospital, Scotland, UK).
Research staff screened patients with acute STEMI undergoing emer-
gency invasive management. In all, 83 patients agreed to participate and
provided written informed consent. The human studies conformed to
the principles outlined in the Declaration of Helsinki. Systemic blood
samples were taken at pre-reperfusion of the occluded culprit coronary
artery; 20 min post-PPCI; 24 h post-PPCI; and at 6 months post-PPCI.
Cardiac magnetic resonance imaging (MRI) was performed at 24 h and
6 months post-PPCI (60 patients used for area under the curve analysis;
Supplementary material online, Figure S1). The study protocol and con-
sent processes were approved by the local Research Ethics Committee
(REC 14/WS/0085).

In a separate study, patients undergoing emergency PPCI for STEMI at
the John Radcliffe Hospital, Oxford, UK were recruited as part of the
Oxford Acute Myocardial Infarction (OxAMI) study. Assent for

participation was obtained at the time of PPCI. Blood samples were
obtained at the end of the PPCI procedure from the coronary artery
guide catheter, from a catheter placed in the coronary sinus, and from a
peripheral vein.11 Informed written consent for continued participation
was obtained within the following 24 h. The study protocol and consent
processes were approved by the local Research Ethics Committee (REC
11/SC/0397).

Serum levels of cathepsin-L were measured by enzyme-linked immu-
nosorbent assay using the manufacturer’s recommended protocol
(USCN Life Science Inc.) and normalized to the total serum protein
content.

2.2 Experimental studies
The care and use of animals were in accordance with the UK
Government Animals (Scientific Procedures) Act 1986. All animal proce-
dures (including euthanasia by schedule one cervical dislocation) were
approved by the University of Glasgow Animal Welfare and Ethical
Review Body and licensed by the Home Office, UK (project license num-
bers 600/4503 and P06FE1F82).

Left intraventricular pressure was measured in Langendorff perfused
hearts from adult male Wistar rats. Infarct size was measured using tri-
phenyltetrazolium chloride staining. Cathepsin-L activity was determined
using established protocols. The cathepsin-L inhibitor CAA0225
(Calbiochem)12 was prepared in DMSO (dimethyl sulfoxide).

Adult rat cardiomyocytes were isolated as previously described13 and
used for epifluoresent and confocal calcium measurements.

The in vivo model of reperfusion injury involved male C57Bl/6 mice
aged 9–12 weeks. These mice were anaesthetised in an induction cham-
ber with 4% isoflurane and 100% oxygen. The anaesthetised mice were
intubated and ventilated using a small animal respirator (Harvard
Apparatus, Germany) and maintained with 1.5% isoflurane and under-
went temporary coronary artery ligation via thoracotomy.

3. Results

3.1 Serum cathepsin-L and MRI parameters
among STEMI patients
In all, 83 STEMI patients agreed to participate in the current study
(Supplementary material online, Figure S1). The demographic character-
istics are shown in Supplementary material online, Table S1.

Angiography and electrocardiogram conducted pre-PPCI and post-
PPCI confirmed the presence of STEMI (Figure 1A, B, E, and F). Infarct size
and left ventricular (LV) function were assessed by MRI at 24 h and
6 months post-PPCI (Figure 1C, D, G, and H). Serum cathepsin-L levels in-
creased 20 min post-PPCI to 135% of pre-PPCI levels (Figure 1I;
P < 0.05). Area under the curve analyses indicated that the 24-h log10

cathepsin-L levels were negatively correlated with contractile parame-
ters measured by MRI at 24 h post-PPCI (Figure 1J, K, and L): LV ejection
fraction (LVEF; r = –0.36, P = 0.004); stroke volume indexed to body sur-
face area (r = –0.41, P = 0.001); and cardiac index (r = –0.36, P = 0.005).
The LVEF at 6 months, negatively correlated with cathepsin-L levels at
baseline (r = –0.29, P = 0.049; Figure 1J), which suggested prognostic sig-
nificance of baseline serum cathepsin-L concentrations for long-term LV
function. Elevated cathepsin-L levels were also associated with increased
infarct sizes at 24 h (r = 0.28, P = 0.032) and 6 months (r = 0.30, P = 0.032;
Figure 1M).

Patients received appropriate pharmacological management post-
PPCI (Supplementary material online, Table S2) and mean cardiac
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Figure 1 Cathepsin-L levels among STEMI patients with divergent outcomes. Full details for this figure are provided elsewhere (Supplementary material online,
Figure S1 extended legend). (A–D) Data for a patient with high level of cathepsin [2.12ng.mg-1 total protein (TP) Log10]. (A) Pre-PPCI ECG. (B) Angiography pre-PPCI
(top) and post-PPI (bottom). The yellow arrows indicate restoration of TIMI 3 flow. (C) Cardiac MRI performed pre-PPCI (top) and post-PPI (bottom) showing re-
mote myocardium (blue) and ischaemic myocardium (grey; yellow arrows). (D) Infarct size pre-PPCI (top) and post-PPI (bottom) showing normal myocardium
nulled to black; acute scar depicted as hyperenhanced (white); and a central hypoenhanced region representing microvascular obstruction. (E–H) Data from a patient
with a low level of cathepsin (1.84ng.mg-1 TP Log10). (E) Pre-PPCI ECG. (F) Angiography pre-PPCI (top) and post-PPI (bottom). (G) Cardiac MRI performed pre-
PPCI (top) and post-PPI (bottom). (H) Infarct size pre-PPCI (top) and post-PPI (bottom). (I) Serum cathepsin-L levels among patients undergoing PPCI. (J–L)
Correlations (P < 0.05) between MRI parameters at 24h post-PPCI (black) and 6months post-PPCI (red) and the area under the curve (AUC) of cathepsin-L levels
measured in the first 24h post-MI. (J) LV ejection fraction. (K) Stroke volume indexed for body surface area (right). (L) Cardiac index. (M) Infarct size (see
Supplementary material online, Figure S1 for n values for I–M). (N–P) Cathepsin-L levels among STEMI patients immediately after primary PCI (n= 26). Cathepsin-L
levels in (N) Venous (O) Aortic root and coronary sinus blood samples, allowing determination of (P) Cardiac and systemic release (above 0) and extraction (below
0) ratios. Data were assessed for normality and are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were made by a two-sample
Student’s T-test on the raw data. Multiple groups were compared with analysis of variance (ANOVA). A significance level of P< 0.05 was considered significant.
Pearson correlation was used to investigate the association between log10 cathepsin levels and subsequent MRI parameters in patients undergoing PPCI.
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performance improved over time post-PPCI (Supplementary material
online, Figure S2).

3.2 Cardiac release of cathepsin-L post-
PPCI
Serum cathepsin-L levels were also assessed pre-PPCI and immediately
post-PPCI in a cohort of STEMI patients treated at a different cardiac
care centre (n = 26). The post-PPCI levels were 113% of the pre-PPCI
levels (P < 0.05; Figure 1N), thus demonstrating the robustness of these
findings across two geographically distinct locations. Placement of cathe-
ters in the second cohort enabled parallel collection of aortic root, coro-
nary sinus and venous blood samples post-PPCI. Cathepsin-L levels in
aortic root and coronary sinus post-PPCI were higher than those
detected in venous blood samples taken before PPCI (111% and 122%
of pre-PPCI levels, respectively P < 0.05; Figure 1O). Furthermore, post-
PPCI serum cathepsin-L levels in coronary sinus samples were higher
than those found in post-PPCI aortic root samples, resulting in a mean
cardiac release ratio of 9.8± 3.3 (P < 0.05; Figure 1P, left). In contrast, se-
rum cathepsin-L levels in post-PPCI venous blood and aortic root sam-
ples were similar (mean systemic release ratio 0.1 ± 2.6, P > 0.05; Figure
1P, right).

3.3 Cardiac function in IR mouse hearts
treated with CAA0225 in vivo
Given the findings that elevated levels of cathepsin-L were associated
with larger infarct size and reduced cardiac function among STEMI
patients, we next sought to determine whether blocking cathepsin-L ac-
tivity using a specific cathepsin-L inhibitor (CAA0225)12 improves car-
diac function using an animal model of myocardial reperfusion injury
in vivo. No statistically significant difference was found in the area at risk
of infarction for the CAA0225 group [ischaemia reperfusion
(IR)þCAA0225] vs. the control group (IRþDMSO; Figure 2A and B),
demonstrating that the coronary artery ligation placement was equiva-
lent. However, the infarct size among mice treated with CAA0025 was
73% of that observed among control mice (Figure 2A and C). M-mode
echocardiography was performed before and after IR to assess cardiac
contractile function (Figure 2D). Fractional shortening was decreased in
the control group over the 2-week period, whereas CAA0225-treated
mice exhibited preserved fractional shortening (Figure 2E). No statisti-
cally significant between-group differences were found for LV internal di-
mension at systole (Figure 2F) or diastole (Figure 2G). Similarly, LV
posterior wall thickness at systole (Figure 2H) and diastole (Figure 2I) did
not differ between the two groups.

Pressure–volume (PV) loop measurements were also performed
at 2 weeks to assess hemodynamic function (Figure 3A). Compared
with the control mice, CAA0225-treated mice demonstrated in-
creased intra-LV pressure parameters, including developed pressure
(Figure 3B; P < 0.05), maximum rate of intra-LV pressure rise (Figure
3C), and minimum rate of intra-LV pressure fall (Figure 3C; P < 0.05).
No statistically significant between-group difference was found for
end-systolic or diastolic pressure (Figure 3B) or for end-systolic or
diastolic volume (Figure 3D).

A separate cohort of mice was assessed to establish whether the ben-
eficial effects observed at 2-week post-IR injury were maintained at 4
weeks (Figure 3E). Fractional shortening was preserved in CAA0225-
treated vs. control mice (Figure 3F; P < 0.05); however, no statistically sig-
nificant differences were found for LV internal diameter at systole or di-
astole, and wall thickness at diastole or systole (Figure 3G–J). These data

support our hypothesis that therapeutic targeting of cathepsin-L with a
specific inhibitor (CAA0225) can reduce infarct size and preserve cardiac
contractile function post-reperfusion injury.

3.4 Cardiac function in ex vivo rat hearts
during reperfusion injury pretreated with
CAA0225
To determine the direct effects of CAA0225 on cardiac contractile func-
tion, Langendorff-perfused ex vivo whole rat hearts were treated as
shown in Figure 4A. Cathepsin-L activity in CAA0225-treated IR hearts
was reduced to 29% of that in the IRþDMSO group (Figure 4B).
CAA0225 decreased infarct size to 69% of that in the IRþDSMO group
(Figure 4C). CAA0225 also improved overall LV developed pressure
post-reperfusion (Figure 4D). The Pdev in CAA0225-treated hearts at
120 min post-reperfusion was 178% of that in the IRþDMSO group
(Figure 4E). In the IRþCAA0225 group, the dP/dtmax and dP/dtmin (meas-
ures of systolic and diastolic function, respectively) at 120 min were
169% and 151% of those in the IRþDMSO group, respectively (Figure 4F
and G). No statistically significant change was found between the
IRþCAA0225 and IRþDMSO groups for Pmin (a measure of the ability
of the heart to relax) during the ischaemic period. However, this mea-
sure was reduced during reperfusion with CAA0225 (53 ± 2 mmHg),
which was 68% of that in the IRþDMSO group at 120 min
(78 ± 5 mmHg; Figure 4H; P < 0.05). CAA0225 therefore reduced infarct
size and improved the systolic and diastolic contractile function of ex vivo
rat hearts post-reperfusion injury.

3.5 Effect of CAA0225 applied during
reperfusion on cardiac function
To assess therapeutic potential, CAA0225 was administered to
Langendorff-perfused rat hearts early in reperfusion (a therapeutic win-
dow for patients undergoing PPCI that also coincides with cathepsin-L
release; Figure 5A) in a randomized and blinded study. CAA0225 applied
during reperfusion decreased infarct size to 80% of that in the
IRþDMSO (Figure 5B; P < 0.05). Furthermore, CAA0225 improved
overall LV developed pressure, dP/dtmax and dP/dtmin at 120 min post-
reperfusion to 276%, 198%, and 198%, respectively, of that in the
IRþDMSO group (Figure 5C–F) with no statistically significant change in
Pmin (Figure 5G).

In separate experiments, we confirmed our findings using a different
highly selective cathepsin-L inhibitor called Cathepsin Inhibitor IV. Unlike
CA00225, Cathespin Inhibitor IV is a potent reversible inhibitor of
cathepsin-L. Cathepsin Inhibitor IV applied for 20 min during reperfusion
(Supplementary material online, Figure S3A) improved overall LV devel-
oped pressure, dP/dtmax and dP/dtmin post-drug application [to 175%,
178% (P < 0.05) and 151% (P = 0.05), respectively], of that in the
IRþDMSO group (Supplementary material online, Figure S3B–G).

3.6 Cathepsin-L activity in ex vivo rat hearts
To corroborate the findings observed among STEMI patients regarding
direct cardiac release of cathepsin-L during reperfusion injury, rat hearts
were Langendorff-perfused and cathepsin-L activity measured in the cor-
onary effluent. Control hearts had minimal detectable cathepsin-L activ-
ity whereas the reperfusion injury group exhibited increased cathepsin-L
activity (Figure 6A). Cathepsin-L levels peaked at 20 min after the start of
reperfusion, which was equivalent to the time when cathepsin-L was
measured among patients post-PPCI. Recombinant cathepsin-L protein
(RP) provided a positive control, with 0.68 nmol.L-1 giving an equivalent
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..cathepsin-L activity level as that observed upon reperfusion injury
(Figure 6A).

3.7 The effects of recombinant cathepsin-L
on Ca2þ handling in adult rat cardiomyocytes
We next determined whether similar extracellular levels of cathepsin-L
might alter sarcoplasmic reticulum (SR)-mediated calcium release and
contractile function (Figure 6B). As shown in Figures 6C and 7D, the cal-
cium transient peak (systolic [Ca2þ]i) with increasing concentrations of
cathepsin-L RP was 81%, 74%, and 54% of the respective control values.
The calcium transient minimum (diastolic [Ca2þ]i) with increasing con-
centrations of cathepsin-L RP was 86%, 100%, and 127% of the respec-
tive control values (Figure 6C and E). The changes in peak and minimum
[Ca2þ]i with increasing concentrations of cathepsin-L RP resulted in a

calcium transient amplitude that was 80%, 70%, and 43% of the respec-
tive controls (Figure 6C and F). Furthermore, the calcium transient rate
constant with increasing concentrations of cathepsin-L RP was 90%,
82%, and 33% of the respective controls (Figure 6G).

We next determined whether the reduced calcium transient ob-
served with cathepsin-L was related to a reduced SR calcium content.
The caffeine-induced calcium transient amplitude (a measure of the SR
calcium content) in response to increasing concentrations of cathepsin-L
RP was 79%, 90%, and 60% of the respective control values (Figure 6H).

Sarco-endoplasmic reticulum calcium ATPase (SERCA)-mediated cal-
cium uptake is bypassed during application of 10 mM caffeine and cyto-
solic calcium removal occurs predominantly via the sodium calcium
exchanger (NCX). To assess whether the reduction in SR calcium con-
tent by cathepsin-L was related to calcium extrusion from the cell via

Figure 2 Cardiac function in reperfused mouse hearts treated with the cathepsin-L inhibitor CAA0225 in vivo. Data were collected at 2 weeks after re-
perfusion. (A) Typical Evans blue and TTC staining to delineate infarct size and area at risk (3 mm scale bar). (B) Mean area at risk for IRþDMSO (n = 13)
and IRþ CAA0225 (n = 14). (C) Mean infarct size. (D) Typical M-mode echocardiographic images of IRþDMSO and IRþCAA0225 at 0 week and 2 weeks
post-reperfusion. (E–I) Mean echocardiographic data for IRþDMSO (n = 7) and IRþCAA0225 (n = 8). (E) Fractional shortening (FS). (F) Left ventricular
internal diameter at systole (LVIDs). (G) LVID at diastole (LVIDd). (H) LV posterior wall thickness at diastole (LVPWd). (I) LVPW thickness at systole
(LVPWs). * P < 0.05. Data were assessed for normality and are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were
made by a two-sample Student’s T-test on the raw data. Multiple groups were compared with analysis of variance (ANOVA). A significance level of
P < 0.05 was considered significant. The data were analysed using analysis between groups at a particular time point (where significance is shown it depicts
difference between groups; not from Time 0).

Cathepsin-L and myocardial reperfusion injury 1539
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altered NCX, the rate constant for decline of the caffeine-induced cal-
cium transient was measured. The caffeine-induced calcium transient
rate constant with increasing concentrations of cathepsin-L RP was
102%, 95%, and 79% of the respective control values (Figure 6I).

Spontaneous SR-mediated calcium release during diastole, which can
result in calcium waves, is known to contribute to abnormal cardiomyo-
cyte function including cell death. Using confocal microscopy, we estab-
lished that cathepsin-L RP increased calcium wave frequency to 136% of
the control levels (Figure 6J). Therefore, extracellular cathepsin-L can
negatively affect both systolic and diastolic SR-mediated calcium release
in cardiomyocytes.

3.8 Ca2þ handling in reperfused adult rat
cardiomyocytes treated with CAA0225
To establish if inhibition of cathepsin-L using CAA0225 altered calcium
handling post-reperfusion, rat hearts were treated as outlined in Figure

7A, with subsequent cardiomyocyte isolation and calcium handling meas-
urements (Figure 7B).

Before electrical stimulation of cardiomyocytes, 10 mM caffeine was
applied to empty the SR of calcium. The amplitude of the first electri-
cally stimulated calcium transient post-caffeine is an index of calcium
entry via the L-type calcium channel.14,15 This value was not altered by
reperfusion in either the presence or absence of CAA0225 (Figure 7C).
Following continuation of electrical stimulation, the steady state mean
calcium transient peak was not appreciably changed (Figure 7D). In con-
trast, the minimum diastolic calcium concentration was increased by
reperfusion to 163% of the control but normalized to control levels by
CAA0225 (Figure 7E). These changes resulted in a reduced Ca2þ ampli-
tude after reperfusion to 70% of the control value, which was restored
to control levels by CAA0225 (Figure 7F). The Ca2þ transient rate con-
stant of decay decreased with reperfusion to 55% of the control but
was reversed by CAA0225 (Figure 7G). The SR Ca2þ content—deter-
mined by the amplitude of the caffeine-induced calcium transient at the

Figure 3 Haemodynamic and cardiac function in reperfused mouse hearts treated with the cathepsin-L inhibitor CAA0225 in vivo. Data were collected
at 2 weeks and 4 weeks after reperfusion. (A) Typical pressure volume (PV) loops. (B) Mean PV loop intra-LV pressure measurements for IRþ DMSO
(n = 5) and IR = CAA0225 (n = 4). (C) Mean rate of intra-LV pressure change. (D) Mean intra-LV volume. (E) Typical M-mode echocardiographic images
of IRþDMSO and IRþCAA0225 at 4 weeks post-reperfusion. (F–J) Mean echocardiographic data at 4 weeks post-reperfusion for IRþDMSO (n = 7) and
IRþCAA0225 (n = 8). (F) Fractional shortening (FS). (G) LV internal diameter at systole (LVIDs). (H) LVID at diastole (LVIDd). (I) LV posterior wall thick-
ness at diastole (LVPWd). (J) LVPW thickness at systole (LVPWs). * P < 0.05. Data were assessed for normality and are expressed as mean ± standard er-
ror of the mean (SEM). Statistical comparisons were made by a two-sample Student’s T-test on the raw data. Multiple groups were compared with
analysis of variance (ANOVA). A significance level of P < 0.05 was considered significant.
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..end of the protocol—was not altered (Figure 7H). The NCX activity—
determined by the caffeine-induced calcium transient rate constant—
was decreased to 66% of the control value, an effect that was reversed
by CAA0225 (Figure 7I). SERCA activity—assessed by the subtraction
of the caffeine-induced calcium transient rate constant of decline
(NCX activity; as SERCA is bypassed during application of 10 mM caf-
feine16) from the calcium transient rate constant of decline (which is
mainly composed of both NCX and SERCA activity16)—was reduced
to 54% of the control value and normalized by CAA0225 (Figure 7J).
CAA0225 therefore had the ability to rectify abnormal systolic and dia-
stolic calcium handling within cardiomyocytes and improve LV function
post-reperfusion.

Increased diastolic calcium concentration and spontaneous release of
calcium from the SR (a hall mark of which is calcium waves) has been
linked to mechanisms that contribute to cell death post-reperfusion. We
assessed whether inhibition of cathepsin-L using CAA0225 could alter
the production of spontaneous contractile events that originate from
calcium waves and cardiomyocyte cell death. Unstimulated (quiescent)
populations of cardiomyocytes from hearts undergoing equivalent pro-
tocols to Figure 7A were used. The percentage of cardiomyocytes pro-
ducing spontaneous contractile events during reperfusion increased to
397% of the control value, an effect that was prevented by CAA0025
(Figure 7K). The number of viable rod-shaped cardiomyocytes was de-
creased by reperfusion injury to 43% of the control value but restored

Figure 4 Cardiac function in ex vivo rat hearts during IR injury pretreated with the cathepsin-L inhibitor CAA0225. (A) Schematic of the three protocols
used. (B) Cathepsin-L activity measured in left ventricular tissue IRþDMSO (white bar; n = 5) and IRþCAA0225 (red bar; n = 5). (C) Typical TTC staining
of heart slices, where the red staining represents live tissue and the pale unstained colour is dead tissue (3 mm scale bar). The mean infarct size is shown
on the right for IRþDMSO (n = 11) and IRþCAA0225 (n = 6). (D) Typical LV pressure measured at the time point shown in part A of this figure (*). (E–
H) Mean LV pressure data for DMSO (n = 6), IRþDMSO (n = 15) and IRþCAA0225 (n = 6). (E) Developed LV pressure. (F) Maximum rate of rise (dP/
dtmax). (G) Maximum rate of fall (dP/dtmin). (H) Minimum (Pmin). *P < 0.05. Data were assessed for normality and are expressed as mean ± standard error
of the mean (SEM). Statistical comparisons were made by a two-sample Student’s T-test on the raw data. Multiple groups were compared with analysis of
variance (ANOVA). A significance level of P < 0.05 was considered significant. In experiments involving serial measurements on ex vivo hearts the final
measurement was taken as the relevant summary statistic in order to answer the research hypothesis of whether there would be changes in population
mean values between treatment groups by the end of the experiment.
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.by CAA0225 (Figure 7L). Apoptosis and activation of caspases can lead
to cell death post-reperfusion. CAA0225 normalized the reperfusion-
induced increase of caspase 3 and 7 activity (Figure 7M). PARP-1 [(ADP-
ribose) polymerase-1] cleavage by caspase 3/7 is an established marker
of apoptotic cell death.17,18 Immunoblotting experiments showed that
CAA0225 normalized the increased cleavage of PARP-1 during reperfu-
sion (Figure 7N). In separate experiments, the ability of CAA0225 to pre-
vent apoptosis was assessed by TUNEL staining and hydrogen peroxide
to induce apoptosis. CAA0225 prevented the hydrogen peroxide-
induced increased in apoptosis (11.9± 2.3 vs. 30.0± 5.4 vs. 16.9± 5.4;
control vs. hydrogen peroxide vs. hydrogen peroxideþCAA0225;
Figure 7O).

4. Discussion

Here, using both clinical and integrative preclinical studies, we demon-
strate that serum cathepsin-L is more than simply a consequence of a

pathological process, but is directly released from the hearts of patients
and is intrinsically involved in mediating cardiac dysfunction during reper-
fusion injury. Importantly, we also demonstrate that use of a highly spe-
cific, cell permeable, cathepsin-L inhibitor (CAA0225)12 can reduce
infarct size and lead to improvement of systolic and diastolic cardiac
function. Cathepsin-L therefore represents a therapeutic target with the
potential to limit progression to heart failure among patients with
STEMI.

Three major aspects regarding cathepsin-L were unknown among
STEMI patients until now: whether cathepsin-L levels rise upon reperfu-
sion; whether cardiac release of cathepsin-L occurs upon reperfusion;
and whether cathepsin-L levels correlate with cardiac function post-
reperfusion. We believe that the current study has addressed these
three questions by taking the novel clinical approach of evaluating serum
cathepsin-L, together with cardiac function using MRI, among patients
undergoing PPCI. We demonstrated a remarkable similarity between
our preclinical and clinical study in that cathepsin-L levels temporarily in-
creased 20 min after reperfusion injury and were associated with a

Figure 5 Cardiac function in ex vivo rat hearts during IR injury treated upon reperfusion with the cathepsin-L inhibitor CAA0225. (A) Schematic of the
two protocols used. (B) Typical TTC staining of heart slices, where the red staining represents live tissue and the pale unstained colour is dead tissue
(3 mm scale bar). The mean infarct size is shown on the right for IRþDMSO (n = 5) and IRþCAA0225 (n = 7). (C) Typical LV pressure measured at the
time point shown in part A of this figure (*). (D–G) Mean LV pressure data for IRþDMSO (n = 5) and IRþCAA0225 (n = 7). (D) Developed LV pressure.
(E) Maximum rate of rise (dP/dtmax). (F) Maximum rate of fall (dP/dtmin). (G) Minimum pressure (Pmin). *P < 0.05. Data were assessed for normality and
are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were made by a two-sample Student’s T-test on the raw data.
Multiple groups were compared with analysis of variance (ANOVA). A significance level of P < 0.05 was considered significant. In experiments involving
serial measurements on ex vivo hearts, the final measurement was taken as the relevant summary statistic in order to answer the research hypothesis of
whether there would be changes in population mean values between treatment groups by the end of the experiment.
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Figure 6 Extracellular cathepsin-L and rat cardiomyocyte function. (A) Cathepsin-L activity in coronary effluent samples from control perfused hearts
(n = 3; left) and hearts undergoing myocardial-reperfusion injury (n = 3; right). The insert shows high resolution scale (1� 104). Recombinant mouse ca-
thepsin-L (RP CatL; 0.68 nmol.L-1) was the assay control. (B) Schematic of the protocol for isolated cardiomyocyte experiments (control group repre-
sents the vehicle). (C) Typical calcium transients with various concentrations of RP CatL. (D–G) Mean calcium transient parameters at RP CatL
concentrations of 0.68 nmol.L-1 [n = 23 cardiomyocytes (4 hearts)], 2.70 nmol.L-1 [n = 14 (4)] and 5.40 nmol.L-1 [n = 18 (4)]. (D) Peak. (E) Diastolic. (F)
Amplitude. (G) Normalized typical calcium transients indicate differing rates of decay (left) with mean calcium transient rate constant (right). (H) Typical
caffeine-induced calcium transients with RP CatL (left) with mean amplitudes (right). (I) Normalized typical caffeine-induced calcium transients with RP
CatL (left) with mean caffeine-induced calcium rate constants of decay (right). (J) Typical confocal line-scan images showing calcium waves (top) and aver-
aged signals (bottom) of isolated cardiomyocytes perfused with control [left; n = 73 (6)] and RP [right; n = 71 (6)]. The mean calcium wave frequency is
also shown (far right; P < 0.05). The dotted red lines indicate 100%. Data are expressed as mean ± standard error of the mean (SEM). Statistical compari-
sons were made by a two-sample Student’s T-test on the raw data. In experiments where multiple isolated cardiomyocyte observations were obtained
from each heart, the average cardiomyocyte data from each heart was used to determine differences between groups.
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Figure 7 Effect of CAA0225 on calcium handling in rat cardiomyocytes with reperfusion injury. (A) Schematic of the three protocols used. (B) Typical calcium
transient traces for the three protocols (100ms scale bar). (C) Mean first calcium transient amplitude post-caffeine for DMSO [n= 12 cardiomyocytes (3 hearts)],
IRþDMSO [n= 16 (3)] and IRþCAA0225 [n= 18 (3)]. (D) Steady state calcium transient peak calcium concentration. (E) Calcium transient minimum calcium con-
centration. (F) Calcium transient amplitude. (G) Calcium transient rate constant. (H) SERCA activity. (I) Caffeine-induced calcium release amplitude. (K) Percentage
of cardiomyocytes with calcium waves in populations of unstimulated cardiomyocytes post-isolation for DMSO [n = 487 (5)], IRþDMSO [n = 330 (9)] and
IRþCAA0225 [n= 535 (6)]. (L) Percentage of viable cardiomyocytes in populations of unstimulated cardiomyocytes post-isolation for DMSO [n = 792 (6)],
IRþDMSO [n= 2001 (11)] and IRþCAA0225 [n = 957 (6)]. (M) Caspase 3/7 activity in isolated cardiomyocytes for DMSO (N= 5), IRþDMSO (N= 5), and
IRþCAA0225 (N= 5). (N) Representative immunoblotting image for cleaved PARP-1 expression in isolated cardiomyocytes for DMSO (N= 3), IR þ DMSO
(N= 3), and IRþCAA0225 (N= 3). (O) Representative confocal microscopy images of TUNEL stained cardiomyocytes for DMSO (N= 6), H2O2þDMSO (N= 6)
and H2O2þCAA0225 (N= 6). Data are expressed as mean ± standard error of the mean (SEM). Statistical comparisons were made by a two-sample Student’s T-
test on the raw data. A significance level of P < 0.05 was considered significant. In experiments where multiple isolated cardiomyocyte observations were obtained
from each heart, linear mixed modelling (SPSS Statistics v22) was used to determine differences between groups.
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decreased cardiac contractile function (reduced stroke volume, cardiac
index, and LVEF). Cardiac release of cathepsin-L upon reperfusion is the
main source of increased cathepsin-L after reperfusion injury.
Furthermore, patients with elevated serum cathepsin-L levels had in-
creased infarct sizes. Surprisingly, cathepsin-L correlated with both car-
diac function at 24 h post-PPCI and LVEF at 6 months. Although further
clinical work is required, our data suggest that serum cathepsin-L levels
might hold promise as a future biomarker for assessing patient outcome
and optimizing drug therapy post-PPCI for STEMI.

Cathepsins are released from lysosomes into the cytosol and systemic
circulation during pathological conditions.19,20 The degree to which this
cathepsin release might alter cardiomyocyte function was unclear, partic-
ularly in the context of reperfusion injury. The current study found that
both human and rat hearts are sources of extracellular cathepsin-L dur-
ing myocardial ischaemia–reperfusion injury. The time profile of
cathepsin-L release in isolated rat hearts demonstrated a gradual in-
crease that peaked at 20 min following reperfusion (Figure 6).
Importantly, release of cathepsin-L from human hearts was also substan-
tially increased at 20 min following reperfusion induced by PPCI.

We next examined the effect of extracellular cathepsin-L on isolated
cardiomyocyte function. Three concentrations of cathepsin-L were cho-
sen. The first was the mean level released by the ex vivo hearts upon re-
perfusion, with the other two representing elevated levels (four-fold and
eight-fold) observed in some hearts. These experiments demonstrated a
dose-dependent reduction in the amplitude of SR calcium release (a sur-
rogate for cardiomyocyte contraction), decreased SR calcium content
and, at the two higher concentrations, a reduction of NCX and SERCA
activity. Consequently, a raised diastolic calcium concentration in cardio-
myocytes was observed, which is known to impair diastolic function of
the heart.21 Cathepsin-L also increased the frequency of spontaneous
calcium waves. Similar findings were reported when using extracellular
application of cathepsin-L on cardiomyocytes.15 The subcellular path-
ways linking cathepsin-L and altered Ca2þ signalling are unknown.
However, the novel data reported in this current study demonstrating
that cathepsin-L can adversely affect calcium handling are important
given the substantial evidence linking calcium dysregulation to mitochon-
drial failure, cardiac contractile dysfunction, and cell death during reper-
fusion injury and post-MI (cardiac remodelling).22 Collectively, our
results demonstrate that extracellular cardiac cathepsin-L release might
negatively alter cardiac function, leading to the hypothesis that inhibition
of cathepsin-L could be beneficial in the context of reperfusion injury.

To test our hypothesis, we used CAA0225 in Langendorff-perfused
hearts subjected to reperfusion injury. Pre-treatment of whole hearts
with CAA0225 before induction of reperfusion injury reduced infarct
size and almost doubled cardiac contractile function post-reperfusion,
strongly suggesting that cathepsin-L inhibition is beneficial to cardiac
function during reperfusion injury. We can rule out an indirect positive
inotropic effect as CAA0225 did not alter diastolic and systolic parame-
ters during a 25-min pretreatment of the hearts (data not shown). The
simplest explanation for the improved cardiac function was prevention
of cell death and increased survival of viable contractile myocardium.
Nonetheless, it is also possible that preventing cathepsin-L activity upon
entry into the cytoplasm and extracellular space (with subsequent para-
crine effects) prevents cathepsin-L-mediated modification of SR-
mediated calcium release and contractility of surviving myocardium,
resulting in improved cardiac function. Although the current study was
the first to demonstrate that CAA0225 can reduce infarct size and im-
prove cardiac function post-reperfusion injury, previous studies in differ-
ent organs have shown that inhibition of other cathepsins can also

reduce cell death. Cathepsin-B inhibitors attenuate reperfusion injury-
induced hepatocyte death23 and protect against neuronal death during
global reperfusion injury in the brain.24

To investigate the potential of CAA0225 to improve calcium handling
and limit cardiomyocyte death post-reperfusion injury, we treated hearts
with this inhibitor and then isolated the cardiomyocytes post-
reperfusion to examine calcium handling. We clearly showed that in the
absence of CAA0225 reperfusion injury resulted in a reduction of cal-
cium transient amplitude, reduced SERCA activity and reduced NCX ac-
tivity (similar to the effect observed with the addition of cathepsin-L to
healthy cardiomyocytes). The decreased ability of the reperfused cardio-
myocyte to extrude calcium from the cell or for calcium to return to the
SR as efficiently as healthy cardiomyocytes led to an accumulation of cal-
cium within the cytosol (evidenced by a raised diastolic calcium concen-
tration) and increased cardiomyocyte death (irreversible
hypercontracture). Cardiac reperfusion injury is associated with an in-
crease in cardiomyocyte activation of caspases and apoptosis, a form of
programmed cell death, which contributes to adverse cardiac remodel-
ling and reduced cardiac function.25,26 An increase in diastolic calcium
concentration is known to lead to apoptosis and caspase activation22,27–

29 Importantly, cathepsin K and B have been shown to induce cardio-
myocyte apoptosis.30–33 However, the role that cathepsin L plays in car-
diomyocyte apoptosis is less clear.33–36 We demonstrate that in the
context of reperfusion injury CAA0225 completely normalized the in-
crease in diastolic calcium handling post-reperfusion and led to a sub-
stantial reduction in apoptosis as measured using TUNEL staining,
caspase 3/7 activity and PARP-1 cleavage. These data provide mechanis-
tic insight regarding how targeting cathepsin-L reduces infarct size and
improves cardiac function in ex vivo hearts post-reperfusion injury. Given
that CAA0225 can penetrate the cell membrane and that the cardio-
myocytes were continuously superfused, these cells had little, if any, op-
portunity to be exposed to external cathepsin-L, therefore
demonstrating the importance of intracellular cathepsin-L for cardiac
dysfunction post-reperfusion injury.

Despite the benefit afforded by the Langendorff preparation in dem-
onstrating a cardiac-specific protective effect of CAA0225, it was impor-
tant to establish whether CAA0225 was effective in vivo when
introduced after induction of ischaemia but before reperfusion (i.e. in a
potentially therapeutic window). Furthermore, other factors present
in vivo could influence the efficacy of CAA0225, for example, inflamma-
tory cells migrate to the heart post-reperfusion injury and contribute to
tissue concentrations of cathepsin-L.37 We demonstrated that
CAA0225 reduced infarct size and improved cardiac contractile function
4 weeks post-reperfusion, demonstrating that cathepsin-L inhibition
in vivo has a sustained positive impact on cardiac function. Collectively,
these results indicate that release of cathepsin-L is more than simply a
bystander effect of cell death during IR injury, but rather intrinsically in-
volved in the pathophysiology of cardiac dysfunction following IR injury.

The substantial benefits afforded by cathepsin-L inhibition using
CAA0225 during reperfusion injury in the current study might appear
counterintuitive given previous studies using cathepsin-L whole-body
knockout mice with persistent cathepsin-L deficiency from birth. These
mice exhibit ventricular enlargement, chamber dilation and impaired car-
diac contraction,38 with reduced cardiac function when MI or cardiac hy-
pertrophy are induced.37,39 However, our study differs from previous
work in three ways. First, we investigated the role of cathepsin-L in the
context of reperfusion injury. Second, acute inactivation of cathepsins by
specific inhibitors cause only temporary deficiency and therefore can re-
sult in different effects from those seen using cathepsin-L knockout

Cathepsin-L and myocardial reperfusion injury 1545
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.
mice.40 Third, the knockout mice cannot release cathepsin-L into the se-
rum upon injury. This latter point means that the knockout mice do not
demonstrate what has been observed in separate studies involving sev-
eral hundred patients; that is, an increased serum cathepsin-L associated
with increasing severity of CHD, coronary artery stenosis, number of
coronary artery branch luminal narrowings, and coronary collateral for-
mation.8–10 These clinical observations, together with the findings of the
current study, strongly suggest that whilst complete deficiency of
cathepsin-L from birth is deleterious, excess cathepsin-L might also be
harmful.

5. Conclusion

Preserving cardiac contractility, limiting infarct size and preventing mal-
adaptive remodelling are key factors to limit progression from STEMI to
heart failure. The present study has identified cathepsin-L as a potential
therapeutic target. Additional basic and translational studies are now re-
quired to determine whether blocking cathepsin-L release or activity
could mitigate disease progression among patients with MI, thereby im-
proving survival rates, quality of life and the health-economic burden.
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Translational perspective
New therapeutic targets are urgently required to limit myocardial damage after reperfusion injury. We identified cardiac release of the protease ca-
thepsin-L among patients following primary percutaneous coronary intervention (PPCI). Elevated serum levels of cathepsin-L were associated with
reduced contractile function and increased infarct size at 24 h and 6 months post-PPCI. Work conducted using animal models indicated that cardiac
release of cathepsin-L mediated cardiac dysfunction following reperfusion injury. Specific inhibition of cathepsin-L prevented abnormal calcium han-
dling, reduced infarct size and improved contractile function. These novel findings offer the prospect of targeting cathepsin-L-mediated cardiac dys-
function after PPCI.
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