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Aims Junctin and triadin are calsequestrin-binding proteins that regulate sarcoplasmic reticulum (SR) Ca2+ release by inter-
acting with the ryanodine receptor. The levels of these proteins are significantly down-regulated in failing human
hearts. However, the significance of such decreases is currently unknown. Here, we addressed the functional role
of these accessory proteins in the heart’s responses to ischaemia/reperfusion (I/R) injury.

Methods
and results

Isolated mouse hearts were subjected to global I/R, and contractile parameters were assessed in wild-type (WT),
junctin-knockout (JKO), and triadin-knockout (TKO) hearts. Both JKO and TKO were associated with significantly
depressed post-I/R contractile recovery. However, ablation of triadin resulted in the most severe post-I/R phenotype.
The additional contractile impairment of TKO hearts was not related to a mitochondrial death pathway, but
attributed to endoplasmic reticulum (ER) stress-mediated apoptosis. Activation of the X-box-binding protein-1
and transcriptional up-regulation of C/EBP-homologous protein (CHOP) provided a molecular mechanism of
caspase-12-dependent apoptosis in myocytes. In addition, elevation of cytosolic Ca2+ during reperfusion was asso-
ciated with the activation of calpain proteases and troponin I breakdown. Accordingly, treatment with the calpain
inhibitor MDL-28170 significantly ameliorated post-I/R impairment of contractile recovery in intact hearts.

Conclusion These findings indicate that deficiency of either junctin or triadin impairs the contractile recovery in post-ischaemic
hearts, which appears to be primarily attributed to increased ER stress and activation of calpain.
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1. Introduction
Ischaemia/reperfusion (I/R) injury, accompanied by contractile dys-
function and cellular damage contributes to cardiovascular disease
and mortality.1 Although due to multiple causes, defective Ca2+

cycling is a prominent mechanism contributing to I/R-related cardiac
injury. The cytosolic Ca2+ overload that occurs during reperfusion,
coupled with the subsequent futile cycles of Ca2+ release and re-
uptake by the sarcoplasmic reticulum (SR), can exhaust intracellular
ATP and consequently result in cardiomyocyte hyper-contracture.2

Furthermore, the accumulation of Ca2+ in mitochondria, from

either the cytoplasm or the SR, leads to opening of the mitochondrial
permeability transition pore and apoptosis.2 At the SR level, the activ-
ities of the SR Ca2+-pump (SERCA) and the ryanodine receptor
(RyR) are significantly depressed and enhanced, respectively, due to
increased oxidative modification of these proteins upon reperfusion.3

Thus, improving SR Ca2+ handling has been proposed to be an im-
portant target for reducing I/R injury. Indeed, adenoviral-mediated
over-expression of SERCA or inducible expression of protein
phosphatase-1 inhibitor-1 is associated with increased PLN phosphor-
ylation and enhanced SERCA Ca2+ affinity was shown to limit infarct
size and improve contractility after I/R.4,5

* Corresponding author. Tel: +1 513 558 2327; fax: +1 513 558 2269, Email: litsa.kranias@uc.edu

Published on behalf of the European Society of Cardiology. All rights reserved. & The Author 2012. For permissions please email: journals.permissions@oup.com.

Cardiovascular Research (2012) 94, 333–341
doi:10.1093/cvr/cvs119



Calsequestrin and the two accessory proteins junctin and triadin
appear to play a significant role in the intraluminal control of RyR2
Ca2+ release. Junctin and triadin exhibit 60–70% amino acid homology
in their transmembrane domains, including repeated KEKE motifs that
are important for protein–protein interactions within their SR
luminal tails.6 The expression levels of both proteins are down-
regulated in heart failure.7 Ablation of triadin in the mouse resulted in
significant decreases of cardiac SR proteins located in the junctional
sarcoplasmic reticulum (jSR) cisternae (RyR2, calsequestrin, junctin,
and junctophilin 1 and 2) and altered the architecture of cardiac Ca2+

release units.8 None of these junctional proteins was altered in
junctin knock-out (JKO) hearts.6 Nevertheless, ablation of either
junctin or triadin impaired SR Ca2+ release and overall EC coupling, ren-
dering the hearts susceptible to ventricular arrhythmias and premature
death.6,8 However, there is no evidence of the role of junctin and triadin,
in the heart’s functional recovery and cell death following I/R injury.

During I/R, hypoxia/re-oxygenation (HR)-induced stress leads to
accumulation of unfolded or mis-folded proteins, namely the unfolded
protein response (UPR) or ER stress. In the early phase of reperfu-
sion, cardiac function can be restored by correcting or eliminating
the mis-folded proteins.9 Meanwhile, sustained ER stress can activate
cell apoptosis signalling cascades and drive SR Ca2+ into the cyoto-
plasm.10 Intracellular Ca2+ release through RyR contributes to cyto-
solic Ca2+ overload, mitochondrial dysfunction, ER stress, and cell
death.11 In the present study, we found that the calsequestrin-binding
proteins in the SR junctional complex, junctin and triadin, are import-
ant in the recovery of cardiac function and survival during I/R injury.
Ablation of either protein exacerbated ER stress, promoting
proteolysis of cardiac troponin I (cTnI), as well as activation of death-
associated signal cascades.

2. Methods
For details regarding methods, refer to the Supplementary material online,
Methods.

2.1 Animal models
The generation and characterization of the JKO6 and triadin knock-out
(TKO) mice8 were previously described. The isogenic WT C57/BL6
mice were used as controls. The present study was in accordance with
the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (NIH Publication No.85-23, revised
1996) and the National Research Council Guide for the Care and Use
of Laboratory Animals: 8th Edition published by The National Academies
Press, 2011, Washington, DC. All animal experimental protocols
were approved by the Institutional Animal Care and Use Committee of
University of Cincinnati (Protocol No.04-04-19-02).

2.2 Global ischaemia/reperfusion ex vivo
Mice were anaesthetized by ip injection of pentobarbital (50 mg/kg body
weight) and the adequacy of anaesthesia was evaluated by monitoring
hind limb reflexes. The heart was excised, mounted on a Langendorff
apparatus,12 and perfused with Krebs–Henseleit (KH) physiological
solution. Left ventricular end-diastolic pressure (LVEDP) was adjusted
to 5–10 mmHg using a water-filled balloon inserted in the left ventricle.
After 30 min stabilization period, the hearts were subjected to 40 min
of no-flow, global ischaemia, followed by 60 min reperfusion. The
heart’s contractile parameters such as maximal rates of contraction
(+dP/dt max) and relaxation (2dP/dt max), left ventricular developed
pressure (LVDP), and LVEDP were monitored before ischaemia as well
as during reperfusion.

2.3 Treatment of mouse hearts with calpain
inhibitor
WT, JKO, or TKO mice were treated with a calpain inhibitor, MDL-28170
(Sigma-Aldrich, St Louis, MO, Cat.M6690, Cat.M6690) dissolved in KH
buffer. Calpain inhibitor administration was carried out by a slightly modi-
fied method, compared with that described previously.13 MDL-28170
(10 mM) was injected with constant speed into the perfusion buffer,
5 min prior to the induction of ischaemia, and continued from 0 to
5 min after reperfusion. The control group was treated with solvent
following a similar protocol.

2.4 Assessment of cardiac injury and
myocardial infarction
After I/R, the heart was stained with 2,3,5-triphenyltetrazolium chloride
(TTC) (1%) (SigmaAldrich, T8877) and fixed in 10% formalin solution.
As described earlier,14 TTC-stained the viable tissue red, whereas the
necrotic tissue remained pale. TTC stained hearts were sliced into five
transverse sections and photographed. The infarct index is presented
as a percentage of TTC unstained area relative to the area at risk
(total section area).

2.5 Evaluation of cardiomyocte apoptosis
Heart sections were processed for TUNEL assays using the DeadEndTM

Fluorometric TUNEL system (Promega, Madison, WI, USA Cat.G3250),
following the manufacturer’s instructions. TUNEL-positive nuclei were
counted on each heart section from 10 randomly chosen fields per
section. The TUNEL-positive nuclei were expressed as a fraction of
total 10 000 nuclei counted per section. In addition, DNA fragmentation
was analysed in cardiac lysates using a Cell Death Detection ELISA plus
kit (Roche, Indianapolis, IN, USA, Cat.11774425001), which quantifies
the cytoplasmic histone-associated DNA fragments.

2.6 Cytosolic Ca21 measurements following
hypoxia/re-oxygenation
Isolated cells6 were exposed to hypoxic conditions of 1% O2 and 20%
CO2, while the culture media was changed with a hypoxic buffer for
40 min, followed by 1 h of re-oxygenation. After HR treatment, myocytes
were loaded with 4 mM fluo-4 AM (Invitrogen, Grand Island, NY, USA,
F14201) for 30 min at 378, washed three times and harvested as a cell
suspension for diastolic Ca2+ measurements using flow cytometry.15,16

Following cell loading with fluo-4AM, propidium iodide was added to
the suspension to exclude non-viable cells from measurements. Fluores-
cence signals from fluo-4 AM loaded cells excited at 488 nm were
collected at emission of .510 nm. The total fluorescence intensity was
analysed from �10 000 viable myocytes per sample. FlowJo software
(Tree Star, Inc., Ashland, OR, USA) was used to generate histograms of
cell distribution according to fluorescence intensity, and to calculate the
arithmetic mean of fluo-4AM intensity as an indication of cytosolic
Ca2+ concentration.

2.7 Analysis of spliced XBP-1 by PstI digestion
and real-time PCR
Total RNA was extracted from frozen heart tissue using an mRNA extrac-
tion kit (Qiagen, Valencia, CA, USA) and cDNA was prepared with the
SuperScript II first-strand synthesis system (Invitrogen, Cat.11904-018),
as described previously.17

2.8 Assessment of calpain, caspase-9,
and caspase-12 activities
The activities of calpain and caspases 9 and 12 were detected by a fluoro-
metric assay, according to the manufacturer’s instructions (Biovision,
Mountain View, CA, USA, Cat NO: K118 and K139). Calpain,
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caspase-9, and caspase-12 activities were quantified using a fluorescence
plate reader (Model:GENios, TECAN system, Inc., San Jose, CA, USA)
(excitation: 400 nm, emission: 505 nm).

2.9 Western blot analysis
Proteins were analysed by Western blots as previously described.12

2.10 Statistical analysis
Data were expressed as mean+ SEM. Multiple comparisons among three
or more groups were performed using ANOVA, and the Bonferroni exact
test was conducted for post hoc analyses (SPSS 13.0. IBM Co., Armonk,
NY, USA). A value of P , 0.05 was considered as statistically significant.

3. Results

3.1 Recovery of contractile function
in junctin and triadin-deficient hearts
after ischaemia/reperfusion
Previous studies showed that ablation of triadin impaired SR Ca2+

storage and release, resulting in depressed Ca2+ handling in cardio-
myocytes,8 while ablation of junction enhanced Ca2+ cycling and con-
tractile parameters in isolated cardiomyocytes.6 Using the Langendorff

perfusion system, we first examined the basal contractile parameters
of JKO and TKO hearts in an unloaded mode and under these condi-
tions, there were no significant differences in contractile parameters
among WT, JKO, and TKO hearts, with the exceptions of a depressed
maximal rate of contraction (+dP/dt max) in TKO (Figure 1A) and
enhanced LVDP in JKO hearts (Figure 1C). To determine the role of
junctin and triadin in I/R injury, the hearts were subjected to 40 min
of global no-flow ischaemia, followed by 60 min of reperfusion. As
shown in Figure 1, compared with WT hearts, the maximal rates of
contraction (+dP/dt max) (Figure 1A) and relaxation (2dP/dt max)
(Figure 1B) and LVDP (Figure 1C) were significantly decreased, while
LVEDP was significantly increased (Figure 1D) in JKO and TKO
hearts. These findings indicate that post-ischaemic contractile function
was impaired in JKOs, and even further impaired in TKO hearts.

3.2 Myocardial injury after ischaemia/
reperfusion
Myocyte necrosis resulting from infarction constitutes an irreversible
injury to the myocardium that can weaken contractile function.
Here, the myocardial infarct size was determined by TTC staining
after I/R, as described earlier. The average infarct sizes were 14,
35, and 43% of area at risk in WT, JKO, and TKO hearts,

Figure 1 Ablation of either junctin or triadin impairs the contractile recovery in isolated perfused hearts after I/R. Cardiac performance was eval-
uated by: (A) maximal rates of contraction (+dP/dt max); (B) maximal rates of relaxation (2dP/dt max); (C ) left ventricular developed pressure
(LVDP); and (D) left ventricular end diastolic pressure (LVEDP). The data indicate that the recovery of post-ischaemic contractility was significantly
reduced in JKO and TKO hearts compared with WT hearts (*P , 0.05, n ¼ 7).
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respectively (Figure 2A and B). The difference in the infarct area
between JKO and TKO hearts was not significant, suggesting that
besides necrosis, other mechanisms such as apoptosis, autophagy,
and degradation of troponin I (see later text) must contribute to
lower recovery of contractile function in TKO hearts.

3.3 Apoptosis in junctin and
triadin-knockout hearts
Cardiomyocyte apoptosis is also an important factor contributing to
the loss of contractile function in I/R injury and heart failure. At
basal conditions, out of 10 000 nuclei randomly selected on sections
of paraffin-embedded hearts, we detected �37 in WT, �42 in JKO,
and �57 in TKO TUNEL positive nuclei. These numbers were
increased to 69 (approximately two-fold), 181 (approximately four-
fold), and 257 (approximately five-fold) in post-I/R WT, JKO, and
TKO hearts, respectively. Thus, in post-reperfusion myocardium,
the number of TUNEL-positive nuclei as well as the degree of
DNA fragmentation increased in all three groups and this increase
was significantly higher in KOs, when compared with WT hearts
(Figure 3A–C ).

To determine the mechanisms underlying apoptosis, we assessed
the level of BAX and Bcl-2 in these hearts. BAX is a prominent
pro-apoptotic molecule that can facilitate the release of cytochrome
c from the mitochondrial inner-membrane to the cytosol, whereas
Bcl-2 has anti-apoptotic effects that can promote cell survival by inter-
fering with activation of the cytochrome c/Apaf-1 pathway through
stabilization of the mitochondria. Thus, the ratio of BAX to Bcl-2
expression (BAX/Bcl-2) reflects mitochondrial-dependent apoptosis
under stress conditions. Western blot analysis demonstrated that

Figure 2 Ablation of junctin or triadin exacerbates myocardial
injury upon I/R. (A) Representative cross-sectional images of WT,
JKO, and TKO hearts stained with TTC following ex vivo I/R injury.
(B) The myocardial infarct size was normalized to the area at risk
after 40 min global-ischaemia and subsequent 60 min of reperfusion.
(n ¼ 6, *P , 0.05 vs. WT I/R hearts).

Figure 3 Ablation of junctin or triadin increases I/R-induced cardiomyocte apoptosis. (A) Representative TUNEL staining in WT, JKO, and TKO
cardiac sections before and after I/R injury. (B) Junctin and triadin knock-out hearts, subjected to 40 min of no-flow ischaemia followed by 60 min
reperfusion, exhibited increased TUNEL-positive nuclei compared with WT hearts. (C) DNA fragmentation (mono- and oligo-nucleosomes contents)
in JKO and TKO hearts were detected by ELISA in the presence and absence of I/R injury. (D) Representative Western blots illustrating expression
levels of BAX, Bcl-2, and GAPDH. (E) Quantitative analysis of the ratios of BAX to Bcl-2 obtained from the immunoblots. (F) caspase-9 activity was
evaluated in heart homogenates and it was expressed as fold change relative to the WT control group (n ¼ 6, *P , 0.05 vs. control hearts of the same
genotype; #P , 0.05 vs. WT I/R hearts; §P , 0.05 vs. JKO I/R hearts).
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there were no differences in the BAX/Bcl-2 ratios among WT, JKO,
and TKO hearts under basal conditions or in response to I/R injury
(Figure 3D–E). Next, we assessed caspase 9, which becomes activated
after cytochrome c release and is considered to be a critical regulator
of mitochondrial-mediated apoptosis. Fluorometric assays revealed
that caspase 9 activity increased to the same extent in WT, JKO,
and TKO post-ischaemic hearts (Figure 3F), suggesting that the
mitochondria-dependent pathway is not the main mechanism
causing the observed enhanced apoptosis in the JKO or TKO hearts.

3.4 Cytosolic Ca21 following ischaemia/
reperfusion
Since cytosolic Ca2+ overload plays an important role in the patho-
physiological mechanism of I/R, we used fluo-4 AM, a fluorescent
Ca2+ indicator, to detect diastolic Ca2+ in isolated myocytes
subjected to simulated I/R (HR). Under basal conditions (Figure 4A),
there was no difference in the fluorescence signal among the three
groups. Upon HR, diastolic Ca2+ increased by 147% in WT, and it
was further increased to 167 and 199% in JKO and TKO myocytes,
respectively. Analysis of DNA fragmentation indicated that ablation
of junctin was associated with increased apoptosis, and this was
even higher in the absence of triadin (Supplementary material
online, Figure S1A). There were no alterations in caspase-9 activity
among WT, JKO, and TKO myocytes after HR (Supplementary mater-
ial online, Figure S1B), but the activity of caspase-12, an important
player in apoptosis, was increased by 1.4-, 1.7-, and 2.1-fold in WT,
JKO, and TKO myocytes (Figure 4B). Additionally, Western blot
analysis indicated that the SERCA2a expression levels were decreased
to 68 and 74% in JKO and TKO myocytes, respectively, whereas no
change was observed in post-hypoxic WTs (Figure 4C).

3.5 ER stress and autophagy
It has been reported that disturbed Ca2+ handling is associated with
the ER stress response and sustained ER stress can lead to apop-
tosis.18,19 Thus, studies were performed to detect the effect of
junctin or triadin ablation on activation of the three ER-associated
stress pathways: ATF6 (activation of transcription factor 6), PERK
(protein kinase RNA-like endoplasmic reticulum kinase), and IRE-1a
(inositol-requiring enzyme 1a).20 Our data show that the ATF6
signal cascade was not altered among the three groups, as evidenced
by the lack of differences in the X-box-binding protein-1 (XBP-1)
mRNA levels, a downstream indicator of ATF6 activation (Supple-
mentary material online, Figure S2A). Similarly, the PERK signal
cascade was not altered among the three groups, as indicated by
the phosphorylation levels of its eIF2a substrate, under basal or I/R
conditions (Supplementary material online, Figures S2B and S2C ).
However, the IRE-1a pathway was activated to a greater extent in
both JKO and TKO hearts upon I/R, as demonstrated by the quanti-
tative analysis of the mRNA levels of spliced XBP-1 (XBP-1) using
RT–PCR. This spliced form was similar among the three groups
under basal conditions, but it increased by 1.6-, 2.3-, and 2.8-fold in
WT, JKO, and TKO mouse hearts after I/R injury (Figure 5B). Further-
more, activation of XBP-1, reflected by its spliced mRNA transcript,
was associated with 1.2-, 1.6-, and 2.0-fold increases in the expression
of C/EBP-homologous protein (CHOP), which is a transcription
factor that can up-regulate pro-apoptotic gene expression and down-

Figure 4 Cytosolic Ca2+ overload increased in junctin or triadin-
deficient myocytes in response to hypoxia/re-oxygenation. (A)
Quantitative analysis of cytosolic Ca2+ concentration ([Ca2+]c)
based on fluo-4AM mean fluorescence intensities, which are
expressed as fold change relative to the WT control group. (B)
caspase-12 activities in the presence and absence of hypoxia/
re-oxygenation. (C) Representative Western blots illustrating
SERCA2a and GAPDH and the quantitative analysis of SERCA2a ex-
pression levels relative to the WT control group after normalization
to GAPDH levels (cell lysates from n ¼ 4–5 hearts/group, *P , 0.05
vs. control hearts of the same genotype; #P , 0.05 vs. WT I/R
hearts; §P , 0.05 vs. JKO I/R hearts).

Ablation of junctin or triadin exacerbates ischaemia/reperfusion injury 337

http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1
http://cardiovascres.oxfordjournals.org/lookup/suppl/doi:10.1093/cvr/cvs119/-/DC1


regulate anti-apoptotic gene expression, in post-ischaemic WT, JKO,
and TKO mouse hearts, compared with basal conditions (Figure 5C
and D). In addition caspase-12, a cysteine protease that promotes
cell apoptosis after sustained ER stress was increased by 1.6-, 2.0-,
and 2.6-fold in post-ischaemic WT, JKO, and TKO hearts, respectively
(Figure 5E).

Emerging evidence indicates that ER stress is also a potent inducer
of autophagy, a process whereby eukaryotic cells recycle their macro-
molecules and organelles.21 An important component in autophagy
production is the glycine exposed form of microtubule light chain
(LC3), also called LC3-I, which can exist as a lipid form (LC3-II)
after combining with phosphatidylethanolamine. Thus, the ratio of
LC3-II to LC3-I is a parameter for evaluating the formation of autop-
hagosomes. As shown in Figure 5C and F, there were no differences in
the ratios of LC3-II/LC3-I among all groups under basal conditions.
However, after 1 h reperfusion, the ratios of LC3-II/LC3-I significantly
increased in all three groups but the increases were higher in the JKO

and TKO hearts. Together, these results indicate that the enhanced
apoptosis in JKO and TKO hearts post I/R may be attributed to exa-
cerbated ER stress, resulting in activation of caspase-12 via the IRE-
pathway and autophagy. Additionally, triadin ablation can induce ER
stress to a greater extent than junctin-deficiency upon I/R challenge.

3.6 Calpain activity
Calpain is a type of non-lysosomal cysteine protease, whose activation
depends on intracellular Ca2+, and has been implicated as an essential
component in ER-stress-induced cell death pathways.22 As shown in
Figure 6A, there was no change in calpain expression levels among
WT, JKO, and TKO hearts under basal or I/R conditions. However,
during I/R, calpain activity was increased by 146, 162, and 183% in
WT, JKO, and TKO hearts, respectively (Figure 6B). Similar findings
were obtained in cardiomyocytes subjected to HR treatment (Supple-
mentary material online, Figure S1C). Accordingly, cTnI, a characteris-
tic proteolytic substrate of calpain, was degraded to a greater extent

Figure 5 Deficiency of junctin or triadin exacerbates the ER stress response to I/R. (A) Total XBP-1 was amplified and digested with Pst I. Identi-
fication of XBP-1 unspliced (U) and spliced (S) forms using agarose gel electrophoresis. (B) Quantification of mRNA expression levels of spliced XBP-1
using real-time-PCR. (C) Representative Western blots illustrating CHOP, LC3, and GAPDH. (D) Quantitative analysis of CHOP expression levels
relative to the WT control group, after normalization to GAPDH levels. (E) Quantification of caspase-12 activity in heart homogenates, expressed
as fold change relative to the WT control group. (F) Quantitative analysis of the LC3-II/LC3-I ratio, expressed as fold change relative to the WT
control group. (n ¼ 6–8, *P , 0.05 vs. control hearts of the same genotype; #P , 0.05 vs. WT I/R hearts; §P , 0.05 vs. JKO I/R hearts).
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in JKO and TKO hearts than in WT (Figure 6A and C ). Together, these
data suggest that I/R induced a higher Ca2+ overload in JKO and TKO
myocytes than in WT, and this was associated with a concordant
increase in calpain activation and troponin I proteolysis.

3.7 Recovery of contractile function after
treatment with a calpain inhibitor
To determine the degree to which calpain and consequent cell death
in JKO and TKO myocytes played a role in their decreased recovery
after I/R, we added MDL28170, a calpain inhibitor,13 to the perfusate
5 min prior to I/R to determine whether this could partially rescue
contractility and cell death. MDL28170 had no effect on basal con-
tractile parameters. Its addition to the perfusate suppressed
I/R-induced calpain activation (Figure 6B) and equalized active calpain
levels and apoptosis, quantified by the number of TUNEL positive
nuclei, in WT, JKO, and TKO hearts (Figure 6B, Supplementary

material online, Figures S3A and S3B). Furthermore, MDL28170
reduced the infarct area and the degree of cTnI degradation after I/
R in all three groups although these detrimental effects remained
greater in KO hearts, compared with WTs (Supplementary material
online, Figures S3C and S4). As a result, contractile recovery in all
three groups was significantly improved. However, while the rates
of relaxation (2dP/dt max) were similar among the three groups,
the rates of contraction (+dP/dt max) remained slightly depressed
in the JKO and TKO hearts, compared with WTs (Figure 6D and E).

4. Discussion
Junctin and triadin exhibit 60 to 70% amino acid homology in their
transmembrane domain, and both of them are important
calsequestrin-binding proteins that regulate SR Ca2+ release by inter-
acting with RyR2.6 It has been previously reported that ablation of

Figure 6 Ablation of junctin or triadin-enhanced calpain activation in response to I/R. (A) Representative Western blot illustrating calpain, troponin I
(cTnI), and GAPDH levels. (B) Assessment of calpain activity in heart homogenates using the fluorometric assay. (C) Quantitative analysis of cTnI,
expressed relative to the WT control group after normalizing to GAPDH levels. (D) Maximal rates of contraction (+dP/dt max) and (E) maximal
rates of relaxation (2dP/dt max) under MDL28170 treatment to evaluate the recovery of the cardiac performance (n ¼ 6 hearts/group,
*P , 0.05 vs. control hearts of the same genotype; #P , 0.05 vs. WT I/R hearts; §P , 0.05 vs. JKO I/R hearts; qP , 0.05 vs. the I/R hearts of the
same genotype; †P , 0.05 vs. WT I/R hearts treated with calpain inhibitor).
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triadin in heart is accompanied by significant decreases in the
expression levels of SR Ca2+-cycling proteins, including junctin
(�95% decrease), calsequestrin and RyR2, while ablation of junctin
does not change the expression of these proteins.6,8 Thus, the TKO
model may be considered as a ‘double-knockout’. Since the expres-
sion of both triadin and junctin are reduced in failing hearts, it is intri-
guing to ask whether ablation of junctin expression (JKO) or
‘combined ablation of triadin and junctin expression’ (TKO) affect
myocardial survival through I/R injury and to what extent. Here, we
addressed this question using an ex vivo perfusion model with
40-min ischaemia (no flow) followed by reperfusion and investigated
functional recovery and cell-death events, including necrosis, apop-
tosis and autophagy. This study provides the first evidence that the
absence of either junctin or triadin/junctin aggravates the detrimental
effects of I/R injury by impairing the contractile recovery and increas-
ing cell death in the myocardium. These effects in junctin and triadin/
junctin-deficient hearts are associated with exacerbated ER stress,
increased autophagy, and over-activation of calpain, while the
mitochondria-dependent apoptotic pathways are not altered. Further-
more, blockade of calpain activation partially rescues the impaired
function in both JKO and TKO hearts. Thus, the presence of junctin
and triadin appears important for maintaining the heart’s contractile
function and for the survival of cardiomyocytes during I/R, since the
loss of either can increase dysfunction and injury.

Augmentation of apoptosis has been recognized as a common
cellular event involved in the pathogenesis of heart failure, and it is
considered as an epiphenomenon in post-ischaemic hearts.23 For
example, transgenic mice overexpressing active caspase-8, which
exhibit a 10-fold increase in apoptosis (apoptotic rate of 0.023%),
develop severe dilated cardiomyopathy over 8 weeks and die within
2–6 months, compared with healthy wild-type mice that exhibit
apoptotic rates of �0.002%.24 Our semi-quantitative analysis of apop-
tosis, based on TUNEL staining data collected post-I/R, showed that
the degree of apoptosis was �1% in WTs, �2% in JKOs and �3%
in TKOs. However, the +dP/dt max post-I/R was reduced by 20,
50, and 57% in WTs, JKOs, and TKOs, respectively, indicating that
apoptosis could only partially contribute to the impaired contractile
function.

Calcium overload plays a pivotal role in the mechanisms underlying
cell death events, including necrosis, apoptosis, and autophagy. At the
initial time of reperfusion, the increase in cytosolic Ca2+ is mirrored
by a decrease in SR Ca2+ content,25 and we observed that Ca2+ over-
load was increased in both junctin- or triadin-deficient myocytes, fol-
lowing HR. This may be partially due to down-regulation of SERCA2a
expression levels, which can deter Ca2+ re-entry into the SR. Further-
more, previous studies indicated aberrant Ca2+-release in junctin or
triadin null cardiomyocytes,6,8 which would also contribute to Ca2+-
overload post I/R. In addition, the activation of the reverse mode of
NCX may exacerbate this condition.26 The depletion of SR Ca2+

store leads to accumulation of mis- or unfolded proteins, called the
UPR or ER stress,20 for which ATF6, PERK, and IRE-1a are ER mem-
brane sensors that monitor UPR.20 In the current study, although both
ATF6 and PERK-associated pathways were activated in response to
I/R injury, these cascades were not tuned up to a greater extent in
the junctin or triadin-deficient hearts. However, activation of the
IRE-1a signalling pathway was increased in the absence of junctin or
triadin post I/R. Actually, dissociation of IRE-1a from GRP78 leads
to its dimerization and its autophosphorylation,27 which subsequently
splices XBP-1 mRNA by removing a 26nt sequence, resulting in

translational frame shift and production of an active XBP-1 transcrip-
tion factor.20 Indeed, our data show the enhanced induction of spliced
XBP-1 in post-I/R JKO hearts, which was even more pronounced in
the absence of triadin.

CHOP is an ER stress-associated transcription factor, that can
promote expression of pro-apoptotic factors while suppressing anti-
apoptotic gene transcription,28 resulting in activation of caspase-12
to execute apoptosis.29 In the present study, the expression levels
of CHOP as well as caspase-12 activity were more elevated in post-
ischaemia reperfused KO than WT hearts. Importantly, these
increases were more pronounced in the absence of triadin, corre-
sponding to the increased apoptosis and depressed contractile func-
tion of the TKO hearts. These results suggest that I/R-induced heart
injury, especially cardiomyocyte apoptosis, may be primarily
dependent on deterioration of the ER stress in junctin-deficient or
triadin-deficient hearts.

Besides increased myocyte apoptosis, is there any other molecular
mechanism accounting for the diminished contractile recovery in KO
hearts? Our study indicates that calpain was activated to a greater
extent in the absence of these jSR adaptors during I/R, and this may
be attributed to the higher observed diastolic Ca2+, because calpain
is a non-lysosomal cysteine protease whose activity is dependent on
cytosolic Ca2+ concentration. Activation of calpain is involved not
only in impairment of Ca2+ handling proteins30 but also in proteolysis
of the cardiac sarcomere components31 during I/R. Cardiac TnI is part
of the troponin complex that, in concert with tropomyosin, regulates
myocyte contraction. Calpain activation has been shown to degrade
the COOH-terminal cTnI in I/R and this correlates with I/R-induced
contractile dysfunction.32,33 Along these lines, we found that increased
calpain activity was associated with reduced expression of cTnI in JKO
hearts upon I/R, and ablation of triadin intensified this proteolytic
effect, suggesting that increased cardiac TnI proteolysis may be
partly responsible for the impaired cardiac function in post-ischaemic
JKO and TKO hearts. In support of this mechanism, we found that ad-
ministration of MDL28170, a calpain inhibitor, could partially rescue
the recovery of contractile function in JKO and TKO hearts. This
partial recovery may be due to other factors such as autophagy,
energetics, and necrosis. Despite the fact that MDL28170 treatment
significantly reduced the infarct area and the degree of cTnI degrad-
ation in JKO and TKO hearts, these detrimental effects remained
greater in the KO models, suggesting a more pronounced injury
than WTs (Supplementary material online, Figures S3C and S4).
Notably, calpain inhibition resulted in similar contractile recovery of
post-ischaemic JKO and TKO hearts, supporting the notion that this
pathway contributes to the exacerbated dysfunction in TKOs.

In conclusion, the present findings indicate that ablation of junctin
or that of both triadin and junctin is associated with increased
cardiac I/R injury, through deteriorated ER stress and extensive
calpain activation, suggesting that these junctional-SR calsequestrin-
binding regulators play important roles in maintaining cardiac
contractility and cell survival in response to I/R injury.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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