
Vol.:(0123456789)1 3

Basic Research in Cardiology (2019) 114:17 
https://doi.org/10.1007/s00395-019-0726-1

ORIGINAL CONTRIBUTION

Increased calpain‑1 in mitochondria induces dilated heart failure 
in mice: role of mitochondrial superoxide anion

Ting Cao1 · Shuai Fan1 · Dong Zheng1,2,3,8 · Grace Wang4 · Yong Yu5 · Ruizhen Chen5 · Long‑Sheng Song6 · 
Guo‑Chang Fan7 · Zhuxu Zhang3,8 · Tianqing Peng1,2,3,8

Received: 30 August 2018 / Accepted: 11 March 2019 / Published online: 15 March 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
We and others have reported that calpain-1 was increased in myocardial mitochondria from various animal models of heart 
disease. This study investigated whether constitutive up-regulation of calpain-1 restricted to mitochondria induced myocar-
dial injury and heart failure and, if so, whether these phenotypes could be rescued by selective inhibition of mitochondrial 
superoxide production. Transgenic mice with human CAPN1 up-regulation restricted to mitochondria in cardiomyocytes (Tg-
mtCapn1/tTA) were generated and characterized with low and high over-expression of transgenic human CAPN1 restricted 
to mitochondria, respectively. Transgenic up-regulation of mitochondria-targeted CAPN1 dose-dependently induced cardiac 
cell death, adverse myocardial remodeling, heart failure, and early death in mice, the changes of which were associated with 
mitochondrial dysfunction and mitochondrial superoxide generation. Importantly, a daily injection of mitochondria-targeted 
superoxide dismutase mimetics mito-TEMPO for 1 month starting from age 2 months attenuated cardiac cell death, adverse 
myocardial remodeling and heart failure, and reduced mortality in Tg-mtCapn1/tTA mice. In contrast, administration of 
TEMPO did not achieve similar cardiac protection in transgenic mice. Furthermore, transgenic up-regulation of mitochondria-
targeted CAPN1 induced a reduction of ATP5A1 protein and ATP synthase activity in hearts. In cultured cardiomyocytes, 
increased calpain-1 in mitochondria promoted mitochondrial permeability transition pore (mPTP) opening and induced cell 
death, which were prevented by over-expression of ATP5A1, mito-TEMPO or cyclosporin A, an inhibitor of mPTP opening. 
In conclusion, this study has provided direct evidence demonstrating that increased mitochondrial calpain-1 is an important 
mechanism contributing to myocardial injury and heart failure by disrupting ATP synthase, and promoting mitochondrial 
superoxide generation and mPTP opening.
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Introduction

Calpains belong to a 15-member family of calcium-
dependent proteases. Among them, calpain-1 and cal-
pain-2 are ubiquitously expressed. Both consist of a large 
catalytic subunit CAPN1 or CAPN2 encoded by capn1 
or capn2, respectively, and a small regulatory subunit 
CAPNS1 encoded by capns1 [15]. Activation of calpains 
has been implicated in a variety of cardiac diseases. Both 
pharmacological and genetic inhibition of calpains prevent 
cardiac injury and adverse myocardial remodeling under 
several pathological conditions including ischemia, diabe-
tes, and sepsis [6, 21–24, 30, 31, 33, 37, 40]. These studies 
underscore a possible role of calpain in the progression of 
heart failure. This was indeed supported by experimen-
tal evidence showing that cardiomyocyte-specific over-
expression of calpain-1 induced dilated heart failure and 
early death in transgenic mice [14]. Thus, calpain may rep-
resent a promising therapeutic target for cardiac diseases.

While it is well known that calpains are cytoplasmic 
proteases, calpains are also present in other organelles 
including mitochondria [19]. In addition, recent studies 
from our laboratory and others have shown that the pro-
tein levels and activities of calpain-1 and/or calpain-2 are 
increased in cardiomyocyte mitochondria under various 
stresses including ischemia/reperfusion, diabetic con-
ditions, and sepsis [5, 6, 30, 31, 37, 40]. Importantly, 
increased mitochondrial calpain may target and disrupt 
respiratory chain complex I [37, 40] and V or ATP syn-
thase in cardiomyocytes through proteolysis of respira-
tory chain complex subunits, such as ATP synthase subu-
nit alpha (ATP5A1) [30, 31]. This leads to mitochondrial 
dysfunction and subsequent reactive oxygen species (ROS) 
production, e.g., superoxide onion [30, 31], which has 
been shown to contribute to cardiac cell death and hyper-
trophy [8, 10, 29], two main features of adverse myocar-
dial remodeling [17]. Mitochondrial ROS may serve as a 
signaling molecule triggering pro-inflammatory responses 
in cardiomyocytes [43] and it also impairs mitochondrial 
respiration in ischemic heart disease [18]. Thus, selective 
inhibition of mitochondrial ROS reduced cardiac disease 
in animal models [8–10, 29]. These previous findings 
raise an intriguing possibility that increased mitochon-
drial calpain may be a common mechanism contributing 
to mitochondrial ROS generation, cardiac injury, and heart 
failure. However, direct evidence is lacking about whether 
selectively increasing calpains in mitochondria can induce 
cardiac injury and heart failure.

In this study, we generated a novel line of transgenic 
mice with over-expression of CAPN1 restricted to mito-
chondria and investigated whether constitutive up-reg-
ulation of calpain-1 restricted to mitochondria induced 

myocardial injury and heart failure; if so, we aimed to 
determine whether these phenotypes were associated 
with disruption of ATP synthase and could be reversed 
by the selective inhibition of mitochondrial superoxide 
production.

Methods

Animals

This investigation conformed with the Guide for the Care 
and Use of Laboratory Animals published by the US 
National Institutes of Health (NIH Publication, 8th Edition, 
2011). All experimental procedures were approved by the 
Animal Use Subcommittee at Soochow University in China. 
Breeding pairs of C57BL/6 mice were purchased from the 
Jackson Laboratory.

The transgenic vector containing full-length human 
capn1 gene (coding region) with mitochondrial signal pep-
tide (MTS) and myc-tag under the tetracycline transactivator 
(tTA)-inducible mouse alpha-myosin heavy chain (α-MHC) 
promoter was constructed, and transgenic mice containing 
the mouse α-MHC promoter along with the MTS-capn1-
myc-tag cDNA (Tg-mtCapn1) were created as previously 
described [34]. The Tg-mtCapn1 mice were crossed with 
transgenic mice with cardiomyocyte-specific over-expres-
sion of tTA (Tg-tTA) to produce wild-type, Tg-tTA, Tg-
mtCapn1, and Tg-Capn1/tTA mice, which were identified 
by polymerase chain reaction (PCR) using both tTA and 
human capn1 primers (Supplementary Fig. 1a). The beta-
2-microglobulin (B2GM) gene was simultaneously ampli-
fied by PCR as a control. Both Tg-tTA mice and the trans-
genic vector containing the tTA-inducible mouse α-MHC 
promoter were kindly provided by Dr. Jeffrey Robbins [34].

All animals were housed in a temperature- and humidity-
controlled facility with 12-h light and dark cycles with water 
and food ad libitum.

Experimental protocol

In an effort to distinguish the role of mitochondrial super-
oxide versus global cellular superoxide, male mice received 
a daily injection of mitochondrial-targeted 2,2,6,6-tetrame-
thyl-1-piperidinyloxy (mito-TEMPO, 0.7 mg/kg/day, i.p.), 
a superoxide dismutase mimetic selectively targeting and 
scavenging mitochondrial superoxide, or the same dose of 
TEMPO which scavenges global cellular superoxide as a 
control starting from age 2 months for a total of 30 days. 
This dose of mito-TEMPO was based on our recent report 
[29]. There were five to ten mice in each group.
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Echocardiography

Animals were lightly anesthetized with inhaled isoflurane 
(1%) and imaged on a warm handling platform using a 
40 MHz linear array transducer attached to a preclinical 
ultrasound system (Vevo 2100, FUJIFILM Visual Sonics, 
Canada) with nominal in-plane spatial resolution of 40 μm 
(axial) × 80 μm (lateral) as we described recently [30]. 
Left ventricular (LV) end-systolic inner diameter (LVIDs), 
LV end-diastolic inner diameter (LVIDd), and fractional 
shortening (FS) were analyzed. The pulsed wave Doppler 
measurements of maximal early (E) and late (A) transmitral 
velocities in diastole were performed in the apical view with 
the cursor at mitral valve inflow. At the end of each experi-
ment, mice were euthanized by cervical dislocation under 
anesthesia with inhaled isoflurane (3–5%) after ensuring that 
they did not respond to needle punch to the skin.

Cell membrane permeability to Evans blue dye 
(EBD)

EBD was dissolved in saline and injected into mice (100 mg/
kg body weight, i.p.). Twenty-four hours later, mice were 
euthanized by cervical dislocation under anesthesia with a 
mixture of ketamine (100 mg/kg)/zylaxine (5 mg/kg, i.p.) 
after ensuring that they did not respond to needle punch to 
the skin. The heart was harvested and embedded in optimal 
cutting temperature (OCT) compound (Sakura), snap fro-
zen in liquid nitrogen, and cut into 5-μm cryosections. EBD 
uptakes (red) were visualized under fluorescence micros-
copy. The EBD-positive cells were counted in whole section 
and presented in each high power field (HPF).

Histological examination

After being fixed in 10% formalin, heart tissues were rou-
tinely processed, embedded, and sectioned. Hematoxylin 
and eosin staining was performed in heart tissue sections. 
Cardiomyocyte cross-sectional areas and collagen deposition 
of heart sections were measured as we previously described 
[20].

Measurement of ROS generation in freshly isolated 
mitochondria

Mitochondria were isolated from freshly harvested hearts 
as described previously [30]. The isolated mitochondria 
were further purified using Percoll density gradient cen-
trifugation. Mitochondrial ROS generation was determined 
on addition of pyruvate/malate by using Amplex Red and 
horseradish peroxidise (Invitrogen, USA) according to the 
manufacturer’s instructions.

Measurement of OCR

Mitochondrial oxygen consumption rate (OCR) was meas-
ured by the Version 3.6 with Instech Viewer 2.51 (Instech, 
USA). Fifty μg of freshly isolated mitochondria was mixed 
with 160 μL respiration buffer (225 mM mannitol,75 mM 
sucrose, 10 mM KCl, 10 mM Tris–HCl, 5 mM KH2PO4), 
which was saturated with oxygen at 30 °C and added with 
ADP (125 nmol). Next, the complex I substrates including 
malate (5 μM) and pyruvate (5 μM) were added. Respiration 
in the presence of ADP is called State 3; when the ADP is 
exhausted, respiration turns to a resting state or State 4. OCR 
was presented for State 3 and State 4 respiration.

Determination of malondialdehyde (MDA)

The levels of MDA in freshly heart tissue lysates were meas-
ured using a TBARS assay kit (Cayman Chemical Company, 
USA) following the manufacturer’s instructions.

ATP synthase activity

ATP synthase activity was measured in heart tissue lysates 
using an assay coupled with pyruvate kinase, which converts 
ADP to ATP and produces pyruvate from phosphoenolpyru-
vate, as described previously [30].

Real‑time reverse transcriptase‑PCR

Total RNA was extracted from heart tissues using the TRIzol 
Reagent (Sigma-Aldrich, USA) following the manufacturer’s 
instructions. Real-time reverse transcriptase-PCR was per-
formed for analyzing mRNA levels of ANP, β-MHC, colla-
gen-I, collagen-III, and GAPDH as previously described [20].

Western blot analysis

The protein levels of CAPN1, CAPN2, ATP5A1, ATP 
synthase β subunit, VDAC1, and GAPDH were analyzed 
in heart tissue lysates by western blot using their specific 
antibodies from Cell Signaling Technology, USA (1:1000 
for CAPN1, CAPN2 and VDAC1), Abcam, Canada (1:1000 
for ATP5A1 and ATP synthase β subunit) or Santa Cruz 
Biotechnology, USA (1:5000 for GAPDH).

Isolation and cultures of adult mouse 
cardiomyocytes

Adult mice were killed by neck dislocation. Hearts were iso-
lated and perfused after ensuring that mice did not respond 
to needle punch to the skin. Mouse ventricle cardiomyocytes 
were isolated and cultured according to methods described 
previously [29–31] and others [2].
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Infection with adenoviral vectors

Cultured cells were infected with adenoviral vectors containing 
mitochondria-targeted capn1 and atp5a1 gene (Ad-mtcapn1, 

Ad-ATP5A1, SignaGen, USA) or hemagglutinin (Ad-HA, Sig-
naGen, USA) as a control at a multiplicity of infection of 100 
plaque-forming units/cell. Twenty-four hours later, cells were 
subjected to various treatments.
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Determination of cell death

Adult cardiomyocyte death was detected by Annexin V and 
nuclei were stained using Hoechst 33,324 as described previ-
ously [29, 31]. At least 200 adult cardiomyocytes were exam-
ined for each cell preparation.

Assessment of the mitochondrial permeability 
transition pore (mPTP) opening in H9c2 cells

The rat myoblast H9c2 cell line was purchased from ATCC 
(USA). The mPTP opening was determined using calcein AM, 
following the manufacturer’s instructions. Briefly, the cells were 
loaded with calcein AM and a cytosolic calcein fluorescence 
quencher (CoCl2) for 30 min at 37 °C [41]. Mitochondrial cal-
cein fluorescence images were acquired with a fluorescence 
microscope. The nuclei were stained using Hoechst 33342.

Statistical analysis

Data were given as mean ± SD. Student’s t test was employed 
for comparisons within two groups. ANOVA followed by 
Newman–Keuls test was performed for multi-group compari-
sons. Survival curves were created by the method of Kaplan 
and Meier, and compared by log-rank test. A value of P < 0.05 
was regarded as statistically significant.

Results

Characterization of cardiomyocyte‑specific 
and mitochondria‑targeted capn1 expression 
in Tg‑mtCapn1/tTA double‑transgenic mice

Two different lines of Tg-mtCapn1/tTA mice were gen-
erated. Western blot analysis revealed that low and high 

levels of transgenic CAPN1 protein were detected in 
mitochondria, but not cytosolic fractions from heart tis-
sues of two lines of Tg-mtCapn1/tTA, respectively (Sup-
plementary Fig.  1b). Accordingly, these two lines of 
transgenic mice were designated as Tg-mtCapn1/tTAlow 
(low over-expression of transgenic CAPN1 or TG54) and 
Tg-mtCapn1/tTAhigh (high over-expression of transgenic 
CAPN1 or TG38). In contrast, transgenic expression of 
CAPN1 protein was not detected in lung and skeletal 
muscle tissues from Tg-mtCapn1/tTA mice (Supplemen-
tary Fig. 1c). These results verify cardiac-specific and 
mitochondria-targeted expression of transgenic CAPN1 
in Tg-mtCapn1/tTA mice. All Tg-mtCapn1 and Tg-tTA 
mice grew normal without any cardiac phenotypes (also 
see Supplementary Table-1) and, thus, a mixture of wild-
type, Tg-mtCapn1, and Tg-tTA served as wild-type litter-
mates for the following studies.

To manipulate inducible transgenic expression of 
CAPN1, we fed the breeding pairs of Tg-mtCapn1/tTAhigh 
mice with doxycycline in drinking water during gestation 
and immediately postpartum. After weaning, the offspring 
were continually given doxycycline in drinking water for 
another 2 months. The expression of transgenic CAPN1 
protein was not detected in Tg-mtCapn1/tTAhigh mouse 
hearts in the presence of doxycycline in drinking water 
(Supplementary Fig. 2a). These results confirmed that the 
tTA system was effective in inducing the expression of 
transgenic CAPN1 protein in Tg-mtCapn1/tTA mice.

Transgenic over‑expression 
of mitochondria‑targeted CAPN1 induces dilated 
heart failure and early death in Tg‑mtCapn1/tTAhigh 
mice

Echocardiographic analysis revealed that LV chamber 
diameter was greater and myocardial function decreased 
in Tg-mtCapn1/tTAhigh mice compared with their wild-
type littermates at age 2 months (Fig. 1a–d). The LV 
chamber diameter was further increased and myocardial 
function was progressively decreased in Tg-mtCapn1/
tTAhigh mice at age 3 months. The heart weight (wet) 
was much greater in Tg-mtCapn1/tTAhigh mice compared 
with their wild-type littermates at age 3 months (Sup-
plementary Table-1). Histological and anatomic analy-
ses demonstrated dilated cardiomyopathic changes in 
Tg-mtCapn1/tTAhigh mice including cardiac cell death 
and resultant fibrosis, increased cross-sectional cardio-
myocyte areas and collagen deposition, and increased 
heart size (Fig. 1e–g). Evans blue staining of heart tis-
sues confirmed an increase in cardiac cell death in Tg-
mtCapn1/tTAhigh mice (Supplementary Fig. 3). Histologi-
cal analysis of the lungs demonstrated interstitial edema 

Fig. 1   Echocardiographic analysis. Echocardiography was conducted 
on transgenic mice (TG54 and TG38) and their wild-type littermates 
(a mixture of wild-type, Tg-mtCapn1 and Tg-tTA). Each mouse was 
scanned twice at age 2 and 3  months, respectively. a E/A ratio. b 
Fractional shortening. c Left ventricle diastolic diameter (LVDD). d 
Left ventricle systolic diameter (LVSD). Data are mean ± SD, n = 5. 
*P < 0.05 versus WT (2  months), †P < 0.05 versus WT (3  months), 
‡P < 0.05 versus TG54 (2  months), and #P < 0.05 versus TG54 
(3 months) (two-way ANOVA followed by Newman–Keuls test). His-
tological and anatomic analyses and mortality. Heart and lung tissues 
were collected and processed for histological analysis from transgenic 
mice (TG54 and TG38) and their wild-type littermates (WT) at age 
3 months. e A representative histological picture of H&E staining for 
heart and lung, wheat germ agglutinin (WGA) staining, Sirius red 
staining, and whole heart. f Quantification for cardiomyocyte cross-
sectional areas. g Quantification for collagen deposition. Data are 
mean ± SD, n = 4–6. *P < 0.05 versus WT, †P < 0.05 versus TG54 
(one-way ANOVA followed by Newman–Keuls test). h Survival. 
*P < 0.05

◂
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and pronounced peri-bronchial inflammatory processes 
in Tg-mtCapn1/tTAhigh mice at age 3 months, providing 
additional evidence supporting the occurrence of heart 
failure (Fig. 1e). As a consequence, Tg-mtCapn1/tTAhigh 
mice began to die at age 1.5 months, and by age 3 months 
the mortality was around 30% (Fig. 1h). To confirm that 
the cardiac phenotypes were due to up-regulation of 
mitochondria-targeted CAPN1 in Tg-mtCapn1/tTAhigh 
mice, we administered doxycycline through their drink-
ing water during gestation and 3 months postpartum. 
Echocardiography showed normal LV chamber diameter 
and myocardial function in Tg-mtCapn1/tTAhigh mice fed 
with doxycycline in drinking water at age 3 months, with 
normal cardiomyocyte size and collagen deposition by 
histological analysis (Supplementary Fig. 2b–e).

Although no death was observed in Tg-mtCapn1/tTAlow 
mice by age 3 months, these animals displayed myocardial 
dysfunction and increases in cross-sectional cardiomyo-
cyte areas and collagen deposition (Fig. 1a–g). However, 
the degree of these changes was much less in Tg-mtCapn1/
tTAlow compared with Tg-mtCapn1/tTAhigh mice at the 

same ages. Taken together, these results demonstrate that 
transgenic up-regulation of mitochondria-targeted CAPN1 
dose-dependently induces dilated cardiomyopathy and heart 
failure in mice.

Transgenic over‑expression 
of mitochondria‑targeted CAPN1 induces 
mitochondrial ROS generation in hearts

We have recently reported that the selective inhibition of 
mitochondrial calpain prevents mitochondrial superoxide 
generation in cardiomyocytes under diabetic and sep-
tic conditions [30, 31], suggesting an important role for 
mitochondrial calpain in mitochondrial superoxide gen-
eration. To provide direct evidence to support this prior 
finding, we analyzed OCR and mitochondrial ROS gen-
eration in isolated mitochondria from Tg-mtCapn1/tTA 
mouse hearts. As shown in Fig. 2a, b, the State 3 OCR 
and the ratio of State 3 OCR over State 4 OCR were much 
lower in Tg-mtCapn1/tTA mice compared with their wild-
type littermates, indicative of mitochondrial dysfunction. 
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Fig. 2   Mitochondrial function and ROS measurement. Mitochon-
dria were isolated from transgenic (TG54 and TG38) and wild-type 
(WT) mouse hearts at age 3  months. Oxygen consumption rate in 
State 3 and State 4 (OCR, a), the ratio of State 3/State 4 OCR (b) 
and mitochondrial ROS generation (c) were measured. d Malondial-

dehyde (MDA) in whole heart lysates. Data are mean ± SD, n = 4–6. 
*P < 0.05 versus WT (vehicle), †P < 0.05 versus TG54 (TEMPO) 
or TG38 (TEMPO) and #P < 0.05 versus TG54 (vehicle). One-way 
ANOVA followed by Newman–Keuls test was conducted for (a and 
b), and two-way ANOVA followed by Newman–Keuls test for (c, d)
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Transgenic over-expression of mitochondrial-targeted 
CAPN1 increased mitochondrial ROS generation in a dose-
dependent manner, which was inhibited by mito-TEMPO 
but not TEMPO, validating mitochondrial ROS produc-
tion (Fig. 2c). Mitochondrial ROS generation correlated 
well with the elevation of MDA levels in Tg-mtCapn1/

tTA mouse hearts (Fig. 2d). Thus, transgenic expression 
of mitochondrial-targeted CAPN1 is sufficient to induce 
mitochondrial ROS generation in hearts.
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Administration of mitochondrial‑targeted 
antioxidant mito‑TEMPO halts the progression 
of dilated heart failure in Tg‑mtCapn1/tTA mice

Excessive mitochondrial ROS promotes mitochondrial 
dysfunction, cell death, and myocardial hypertrophy, all of 
which contribute to myocardial dysfunction and heart fail-
ure [8, 10, 29]. Indeed, selectively scavenging mitochon-
drial superoxide using mitochondrial-targeted superoxide 
dismutase mimetics mito-TEMPO reduced heart weight and 
LV chamber size (Supplementary Table-1), improved sur-
vival, attenuated cardiac cell death and resultant fibrosis, and 
mitigated myocardial dysfunction in Tg-mtCapn1/tTA mice 
(Fig. 3a–d). Administration of mito-TEMPO also attenuated 
myocardial hypertrophic changes and collagen deposition 
in Tg-mtCapn1/tTAhigh mice (Fig. 4). As a control, TEMPO 
which scavenges global cellular superoxide production did 
not provide cardioprotective effects in Tg-mtCapn1/tTA 
mice (Figs. 3 and 4). These results clearly indicate that 
mitochondrial superoxide generation, but not global cellular 
superoxide production is an important mechanism contribut-
ing to cardiomyopathic changes in Tg-mtCapn1/tTA mice.

Transgenic over‑expression 
of mitochondria‑targeted CAPN1 is associated 
with disruption of ATP synthase in Tg‑mtCapn1/tTA 
mice

Our recent studies have demonstrated that calpain-1 targets 
and cleaves ATP5A1, the alpha-subunit of ATP synthase, 
thereby disrupting ATP synthase activity in the mitochon-
dria of cardiomyocytes [30, 31]. In support of these previous 
findings, transgenic up-regulation of mitochondria-targeted 
CAPN1 decreased protein levels of ATP5A1, but not of ATP 
synthase β-subunit in Tg-mtCapn1/tTAhigh mouse hearts 
(Fig. 5a, b). Down-regulation of ATP5A1 protein correlated 
with a reduction of ATP synthase activity (Fig. 5c). The ATP 
synthase activity was also lower in Tg-matCapn1/tTAlow com-
pared with their wild-type littermate mouse hearts (Fig. 5d).

To provide further evidence supporting that the reduction 
of ATP5A1 was due to increased mitochondrial calpain-1 in 
hearts, we infected adult mouse cardiomyocytes with Ad-
mtcapn1 and Ad-HA as a control. In line with the in vivo 
observation (Fig. 5a, b), infection with Ad-mtcapn1 induced 
a reduction of ATP5A1 in cardiomyocytes (Fig. 5e, f).
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Increased mitochondria‑targeted CAPN1 
promotes the mPTP opening, which is prevented 
by over‑expression of ATP5A1 and mito‑TEMPO 
in cardiomyocytes

Given that mitochondrial ROS [35] and ATP synthase 
[12] play an important role in regulating the mPTP open-
ing, an increase of which promotes cell death [13], we 
determined whether increased mitochondrial calpain-1 
induced mPTP opening through mitochondrial superox-
ide generation and ATP5A1 reduction. To address this, 
we infected H9c2 cells with Ad-mtcapn1 or Ad-HA, and 
then with Ad-ATP5A1. After adenoviral infection, car-
diomyocytes were incubated with mito-TEMPO, cyclo-
sporine A (a specific inhibitor for the mPTP opening) [7], 
or vehicle for 24 h. The mPTP opening was determined 
using calcein AM. Infection with Ad-mtcapn1 resulted 
in a reduction of calcein AM signals (Fig. 6a–c). How-
ever, incubation with cyclosporine A increased calcein 
AM signals in Ad-mtcapn1-infected H9c2 cells (Fig. 6a), 
indicating that increased mitochondrial calpain-1 pro-
moted the mPTP opening. Similarly, co-infection with 
Ad-ATP5A1 or incubation with mito-TEMPO attenuated 
the mPTP opening induced by increased mitochondrial 
calpain-1 (Fig. 6b, c).

Up‑regulation of mitochondria‑targeted 
CAPN1 induces cell death, which is prevented 
by over‑expression of ATP5A1, mito‑TEMPO, 
and inhibition of the mPTP opening 
in cardiomyocytes

Adult cardiomyocytes were infected with Ad-mtcapn1 
or Ad-HA, and then with Ad-ATP5A1. After adenovi-
ral infection, cardiomyocytes were incubated with mito-
TEMPO, cyclosporine A, or vehicle for 24 h. Cell death 
was determined by annexin V staining. Infection with 
Ad-mtcapn1 significantly induced cell death. However, 
co-infection with Ad-ATP5A1, and incubation with mito-
TEMPO or cyclosporine A attenuated cell death in Ad-
mtcapn1-infected cardiomyocytes (Fig. 7a–f).

Discussion

Calpains play essential roles in pathophysiological processes 
and may represent useful targets for therapy [32]. Increased 
calpains have been implicated in a variety of cardiac dis-
eases, and these disease processes were reduced when cal-
pains were blocked [4, 21–24, 30, 31, 37, 40, 42]. Interest-
ingly, the immune activity of calpain-1 has been detected 
in both the inner membrane and matrix of cardiac mito-
chondria [5, 6, 30, 31, 37, 40]. An early study has shown 
that mitochondrial calpain-1 is involved in the cleavage of 
apoptosis-inducing factor (AIF) to truncated AIF, which is 
released into the intermembrane space in hearts following 
ischemia and reperfusion [6]. It has also been reported that 
calpain-1 in the matrix of cardiac mitochondria may target 
and disrupt respiratory chain complex-I, which contrib-
utes to ischemia/reperfusion injury [40]. In mouse models 
of diabetes and sepsis, we have recently reported that the 
protein levels and activities of calpain-1 were increased in 
mouse heart mitochondria [30, 31].These previous studies 
suggest that increased mitochondrial calpain-1 may be a 
common mechanism contributing to cardiac diseases. Our 
present study set up low and high levels of cardiac-specific 
and mitochondria-targeted expression of CAPN1 in trans-
genic Tg-mtCapn1/tTA mice. Based on these two models, 
we demonstrate that increased mitochondrial calpain-1 dose-
dependently induces classic changes of dilated cardiomyopa-
thy including enlarged LV chamber diameter, increased heart 
size and weight, cardiomyocyte death and resultant fibrosis, 
and cardiac hypertrophy in Tg-mtCapn1/tTA mice. Impor-
tantly, the transgenic CAPN1 levels and cardiac pathologi-
cal changes in Tg-mtCapn1/tTAlow mice were comparable to 
those observed in pathological conditions including diabetes 
and sepsis [30, 31]. Furthermore, in Tg-mtCapn1/tTAhigh 
mice, the cardiomyopathic changes resulted in dilated heart 
failure and early death. Thus, this study provides direct evi-
dence in support of the role of increased mitochondrial cal-
pain-1 in myocardial injury and heart failure. Nevertheless, 
future studies are needed to determine whether calpain-1 is 
increased in human failing hearts.

It is worthwhile to mention that constitutive over-
expression of CAPN1 may have different effects in mice 
during development and in adult hearts. To address this, 
we turned off the transgenic over-expression of CAPN1 
in Tg-mtCapn1/tTAhigh mice during their development 
(before embryo formation until 3 weeks of age) by feeding 
doxycycline in drinking water. After weaning, if we con-
tinually fed them with doxycycline for another 2 months, 
these transgenic mice exhibited a normal cardiac phenotype. 
However, after weaning if we turned on the transgenic over-
expression of CAPN1 by stopping giving doxycycline for 

Fig. 6   Assessment of the mPTP opening in H9c2 cells. The H9c2 
cells were infected with Ad-mtcapn1 or Ad-HA and then Ad-
ATP5A1. After adenoviral infection, the cells were incubated with 
cyclosporine A, mito-TEMPO, or vehicle for 24 h. The mPTP open-
ing was determined using calcein AM (green) and nuclei were stain-
ing by Hoechst 33,342 (blue). a, b, c Representative pictures for the 
mPTP opening were presented from three independent cell cultures

◂
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another 2 months, these Tg-mtCapn1/tTAhigh mice displayed 
myocardial dysfunction (Supplementary Fig.  4). These 
observations suggest that the effects of transgenic CAPN1 

over-expression on myocardial dysfunction may not result 
from potential abnormal development in hearts.
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Fig. 7   Determination of cell death in cardiomyocytes by annexin V 
staining. Adult cardiomyocytes were isolated from mice. After attach-
ment, cardiomyocytes were infected with Ad-mtcapn1 or Ad-HA and 
then Ad-ATP5A1. After adenoviral infection, the cells were incubated 
with cyclosporine A, mito-TEMPO, or vehicle for 24  h. Cell death 
was determined by annexin V staining (green). Nuclei were stained 

with Hoechst 33,342 (blue). a, c, e Representative pictures from three 
independent cell cultures. b, d, f Percentages of annexin V-positive 
cells. Data are mean ± SD, n = 3 different preparations with 200–300 
cells being analyzed in each preparation. *P < 0.05 versus Ad-HA in 
the same category and †P < 0.05 versus Ad-mtcapn1 in the same cat-
egory (two-way ANOVA followed by Newman–Keuls test)
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Subsequently, we explored the mechanism of mitochon-
dria-targeted CAPN1 in inducing dilated heart disease. 
Mitochondria are important ATP-generating organelles, 
and ROS is a by-product of the respiration chain [28]. 
In simple terms, ROS are reactive molecules containing 
oxygen, such as hydroxyl radical (HO•), peroxynitrite 
(OONO−), superoxide (O2−), and hydrogen peroxide 
(H2O2) [3]. There are at least ten sites of mitochondrial 
ROS production, and these are not limited to the respi-
ration chain [16]. The damaging effects of ROS have 
been studied for decades, and include DNA mutagene-
sis, inflammation, and multiple cell death pathways [25]. 
In relation to the heart, cardiomyocyte is rich in mito-
chondria, and mitochondrial dysfunction is implicated in 
numerous cardiac diseases [1, 11]. ROS are also a key 
player in cardiac cell death, myocardial infarction, and 
reperfusion injury [36, 38, 39]. In our study, the over-
expression of mitochondria-targeted CAPN1 influenced 
the function of mitochondria by inducing a lower OCR 
and increased superoxide generation. Previous stud-
ies have demonstrated that mitochondria-targeted enzy-
matic antioxidants have cardioprotective effects [8, 10, 
29]. Thus, in the present study, we used mito-TEMPO, a 
mitochondrial-targeted superoxide dismutase mimetic, to 
specifically scavenge mitochondrial superoxide produc-
tion. The results showed that the progression of dilated 
heart failure by the over-expression of mitochondria-
targeted CAPN1 was halted successfully through the use 
of mito-TEMPO. This finding underscores a critical role 
of mitochondrial superoxide generation as global cellu-
lar superoxide dismutase mimetic TEMPO failed to pro-
vide cardioprotection in mice with over-expression of 
mitochondria-targeted CAPN. The discrepant effects of 
mito-TEMPO versus TEMPO can be explained by the fol-
lowing two facts: firstly, the concentration of TEMPO in 
mitochondria was much lower relative to mito-TEMPO, 
which may be not high enough to effectively scavenge 
mitochondrial superoxide production in cardiomyocytes; 
secondly, superoxide in mitochondria cannot diffuse into 
the cytosol, though some forms of ROS such as H2O2 can 
freely diffuse between organelles within cells.

Multiple mechanisms may be involved in mitochondrial 
calpain-1-induced superoxide generation in cardiomyocytes. 
In addition to the impairment of complex I in the respira-
tory chain [40], which induces superoxide generation, in our 
recent studies [30, 31], we reported that mitochondrial cal-
pain-1 directly targets and negatively regulates ATP5A1 pro-
tein, leading to ATP synthase disruption in cardiomyocytes 
under diabetic and septic conditions. This is also verified 
in our in vivo study with a decreased ATP5A1 level and a 
normal ATP synthase β-subunit level in Tg-mtCapn1/tTAhigh 
mouse hearts and in our in vitro study with a reduction of 
ATP5A1 in cultured cardiomyocytes with over-expression 

of mitochondrial-targeted calpain-1. Disruption of ATP syn-
thase may cause “backup” of electron within the respira-
tory chain thereby inducing superoxide generation. Thus, our 
data support a mode that increased mitochondrial calpain-1 
targets and cleaves ATP5A1, which disrupts ATP synthase, 
leading to superoxide generation from the respiratory chain 
in cardiomyocytes. Additionally, disruption of ATP synthase 
impairs ATP production thereby directly compromising 
myocardial function [12].

Dilated heart failure is the irreversible end point of dilated 
cardiomyopathy, and is characterized by left ventricle dila-
tion and reduced systolic function [26, 27]. Without heart 
transplantation, the final outcome for these patients is death. 
In our study, we have shown that mitochondria-targeted cal-
pain-1 played essential roles in inducing dilated heart failure 
and early death. Moreover, the damages to the heart caused 
by mitochondria-targeted CAPN1 were related to the gen-
eration of mitochondrial superoxide. The addition of mito-
TEMPO, a mitochondrial-targeted superoxide dismutase 
mimetic, inhibited this progression of dilated heart failure 
in Tg-mtCapn1/tTA mice. These findings further suggest 
an important role of increased mitochondrial calpain-1 and 
subsequent superoxide generation in myocardial injury and 
heart failure. This is also supported by our in vitro study in 
cultured cardiomyocytes, which shows that over-expression 
of mitochondria calpain-1-induced cell death was prevented 
by over-expression of ATP5A1 and mito-TEMPO.

Increased mitochondrial ROS have been reported to pro-
mote cardiomyocyte death, myocardial hypertrophy and 
inflammatory response, all of which contribute to heart fail-
ure. However, the exact molecular mechanisms by which 
mitochondrial superoxide generation induces myocardial 
injury and dilated heart failure remain to be elucidated. It is 
well known that mitochondrial oxidative damage induces the 
mPTP opening, a phenomenon observed in cardiomyocytes 
under various pathological conditions, which promotes cell 
death [35]. In the present study, over-expression of mito-
chondria-targeted calpain-1 led to an increase in the mPTP 
opening in cultured cardiomyocytes, which was prevented by 
incubation with mito-TEMPO or up-regulation of ATP5A1. 
Importantly, incubation with mito-TEMPO, up-regulation of 
ATP5A1, or inhibition of the mPTP opening attenuated cell 
death induced by increased mitochondrial calpain-1. Thus, 
we argue the mode that increased mitochondrial calpain-1 
induces cell death via a reduction of ATP5A1 and subse-
quent increases in mitochondrial ROS generation and the 
mPTP opening in cardiomyocytes.

In summary, the major findings of the present study are 
that (1) transgenic up-regulation of calpain-1 in mitochon-
dria induces a reduction of ATP5A1 and disruption of ATP 
synthase, leading to mitochondrial dysfunction and ROS 
generation, and myocardial injury; (2) selective inhibition 
of mitochondrial ROS attenuates mitochondrial calpain-1 
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mediated myocardial injury; and (3) increased mitochondrial 
calpain-1 results in the mPTP opening, thereby inducing car-
diomyocyte death. In addition to calpain-1, calpain-2 was 
also reported to be increased in heart mitochondria following 
ischemia/reperfusion, and increased mitochondrial calpain-2 
induced the mPTP opening thereby promoting myocardial 
ischemia/reperfusion injury [37]. Future studies may fur-
ther investigate other calpains, including calpain-2, in the 
pathophysiological processes of cardiac diseases. Together 
with previous findings [5, 6, 30, 31, 37, 40], our study opens 
new avenues for the research, prevention, and treatment of 
clinical dilated heart failure through the selective inhibition 
of mitochondrial calpain.
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