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Abstract:

Diabetes and obesity are prevalent in westernized countries. In both conditions, excessive
fatty acid uptake by cardiomyocytes induces cardiac lipotoxicity, an important mechanism
contributing to diabetic cardiomyopathy. This study investigated the effect of calpain disruption
on cardiac lipotoxicity. Cardiac-specific capnsl knockout mice and their wild-type littermates
(male, age of 4 weeks) were fed a high fat diet (HFD) or normal diet for 20 weeks. HFD
increased body weight, altered blood lipid profiles and impaired glucose tolerance comparably in
both capnsl knockout mice and their wild-type littermates. Calpain activity, cardiomyocyte
cross-sectional areas, collagen deposition and triglyceride were significantly increased in HFD-
fed mouse hearts, and these were accompanied by myocardial dysfunction and up-regulation of
hypertrophic and fibrotic collagen genes as well as pro-inflammatory cytokines. These effects of
HFD were attenuated by disruption of calpain in capnsl knockout mice. Mechanistically,
deletion of capnsl in HFD-fed mouse hearts and disruption of calpain with calpain inhibitor-111,
silencing of capnl, or deletion of capnsl in palmitate-stimulated cardiomyocytes prevented
endoplasmic reticulum stress, apoptosis, cleavage of caspase-12 and junctophilin-2, and pro-
inflammatory cytokine expression. Pharmacological inhibition of endoplasmic reticulum stress
diminished palmitate-induced apoptosis and pro-inflammatory cytokine expression in
cardiomyocytes. In summary, disruption of calpain prevents lipotoxicity-induced apoptosis in
cardiomyocytes and cardiac injury in mice fed a HFD. The role of calpain is mediated, at least
partially, through endoplasmic reticulum stress. Thus, calpain/ endoplasmic reticulum stress may

represent a new mechanism and potential therapeutic targets for cardiac lipotoxicity.



Highlights:
(1) Disruption of calpain prevents cardiac lipotoxic injury;
(2) Calpain induces ER stress and inflammatory response in cardiac lipotoxicity;
(3) Inhibition of ER stress prevents lipotoxicity-induced apoptosis in cardiomyocytes;

(4) ER stress contributes to cardiac inflammatory response in cardiac lipotoxicity.
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1. Introduction

Diabetes and obesity are prevalent in westernized countries. In both conditions, excessive
fatty acid uptake by cardiomyocytes may alter cellular structures and activate downstream
pathways in the heart resulting in cardiomyocyte apoptosis and/or impaired insulin signaling
followed by decreased glucose use and myocardial dysfunction, a condition described as cardiac
lipotoxicity [1-3], eventually leading to adverse myocardial remodeling and heart failure. In
addition to glucotoxicity, lipotoxicity is also an important mechanism contributing to diabetic
cardiomyopathy [3], a condition independent of coronary artery disease and hypertension.
However, the underlying mechanisms responsible for cardiac lipotoxicity remain partially
understood.

Calpains are Ca**-dependent intracellular proteases [4]. Amongst 15 family members,
two of the best characterized calpain species are calpain-1 and calpain-2. These isoforms are
heterodimers consisting of ~80kDa catalytic subunits, encoded by the capnl and capn2 genes,
respectively, and a ~30kDa small regulatory subunit encoded by capnsl (also known as capn4).
The small regulatory subunit is essential for the stability and catalytic activity of calpain-1 and
calpain-2. Thus, deletion of capnsl in mice abolished calpain-1 and calpain-2 activity [5].
Calpain-1 and calpain-2 activities are also tightly controlled by the endogenous inhibitor
calpastatin. Calpain activation has been implicated in myocardial remodeling and heart failure
[6]. We have recently demonstrated that calpain activation mediates apoptosis in high glucose-
stimulated cardiomyocytes [7] and genetic inhibition of calpain reduces adverse cardiac
remodeling and myocardial dysfunction in hyperglycemic mice [5], indicating a critical role of
calpain in cardiac glucotoxicity. However, it remains to be determined whether calpain plays a

role in cardiac lipotoxicity.



Endoplasmic reticulum (ER) stress is induced by accumulation of unfold proteins,
resulting from oxidative stress, ischemia, disturbance of calcium homeostasis, and over-
expression of normal and/or incorrectly folded proteins [8]. ER stress-associated unfolded
protein response activates ER transmembrane sensors including protein kinase-like ER kinase,
inositol-requiring kinase 1, and activating transcription factor 6. These tree branches of ER
transmembrane sensors initiate adaptive response through phosphorylation of eukaryotic
translation initiation factor 2a, transcription factor ATF4 translation, X-Box Binding Protein 1
splicing, and finally the induction of the unfolded protein response related genes, including
chaperones glucose-regulated protein-78 (GRP78) and -94 (GRP94), and C/EBP homologous
protein (CHOP). If ER stress is prolonged or overwhelming, however, it can induce apoptotic
cell death through CHOP and/or other pathways. Recent animal and human studies have
demonstrated that ER stress is implicated in the pathophysiology of various cardiovascular
diseases [9, 10]. ER stress is induced and has been implicated in cardiac lipotoxicity [11-13]. We
reported that calpain activation induces ER stress in cardiomyocytes following
ischemia/reperfusion [14]. However, it remains to be determined whether calpain regulates ER
stress in cardiac lipotoxicity.

In this study, we analyzed the impact of calpain disruption on ER stress, myocardial
hypertrophy, fibrosis and pro-inflammatory response in a mouse model of high fat diet (HFD)-
induced cardiac lipotoxicity. We further investigated the direct relationship between calpain, ER
stress, and apoptosis and pro-inflammatory response in palmitate-stimulated cardiomyocytes.

2. Materials and Methods

2.1. Animals



This investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23). All experimental
procedures were approved by the Animal Use Subcommittee at the Soochow University, China.
Breeding pairs of C57BL/6 mice were purchased from the Jackson Laboratory. Mice with
cardiomyocyte-specific disruption of capnsl (capnsl-ko) were generated by breeding mice
bearing the targeted Capnd™“ allele containing loxP sites flanking essential coding exons and
mice with cardiomyocyte-specific expression of Cre recombinase under the control of alpha-
myosin heavy chain as we recently described [5]. All of the mice used in this study, including
controls, were littermates of the same generation. A breeding program was implemented at
Soochow University’s animal care facilities.

2.2.  Experimental protocol

Male capns1-ko mice and their wild-type littermates (mice bearing the targeted Capn4™*
allele containing loxP sites flanking essential coding exons) at age of 4 weeks were fed a high fat
diet (HFD) or normal diet (ND) for 20 weeks. This HFD contains 26.2% of protein, 26.3% of
carbohydrate and 34.9% of fat (% by weight) (Research Diets Inc., USA). The calculated caloric
intake from these nutrients (% kcal) is 20%, 20% and 60%, respectively. At the end of each
experiment, mice were anaesthetized with ketamine (100 mg/kg)/xylazine (5 mg/kg, i.p.) and
blood was taken from anaesthetized mice via the cardiac puncture. Mice were then euthanized by
cervical dislocation right away.

2.3. Blood pressure measurement

Blood pressure was measured using a tail-cuff method. Briefly, mice were gently

restrained in a holder and warmed to 37°C by a heating platform under the holder. Animals were

acclimated in the environment for 5-10 minutes after occlusion cuffs and pulse transducers
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(MRBP system, IITC Life Science, USA) were placed on the tail. The values of at least 10
readings for each mouse were used for blood pressure.
2.4.  Intraperitoneal glucose tolerance

For intraperitoneal glucose tolerance test (IPGTT), 16-hour fasted mice were given a
glucose load (2 g/kg, i.p.). Blood samples were taken from the tail vein at 0, 15, 30, 60, 120
minutes after glucose injection, and blood glucose was measured using a glucose meter
(LifeScan, USA).
2.5. Blood lipid profiles

Blood samples were obtained in mice after 5-hour fasting. Total cholesterol (TC),

triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) were measured by using commercially available kits (Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer’s instruction.
2.6. Echocardiography

Animals were lightly anaesthetized with inhalant isoflurane (1%) and imaged using a 40-
MHz linear array transducer attached to a preclinical ultrasound system (Vevo 2100, FUJIFILM
VisualSonics, Canada) with nominal in-plane spatial resolution of 40 pum (axial) x 80 pm
(lateral). M-mode and 2-D parasternal short-axis scans (133 frames/second) at the level of the
papillary muscles were used to assess changes in left ventricle (LV) end-systolic inner diameter,
LV end-diastolic inner diameter, and fractional shortening (FS%) [15, 16].

To assess diastolic function, we obtained apical four-chamber views of the left ventricle.
The pulsed wave Doppler measurements of maximal early (E) and late (A) transmitral velocities
in diastole were obtained in the apical view with a cursor at mitral valve inflow [16].

2.7.  Mouse cardiomyocytes cultures



Neonatal mice (born within 2 days) were euthanized by decapitation and the neonatal
cardiomyocytes were prepared and cultured according to methods we described previously [14].
Adult cardiomyocytes were isolated and cultured as we described previously [15].
2.8.  Treatment of sSIRNA

Cholesterol-conjugated siRNAs for capnl and capn2 were purchased from Guangzhou
Ribobio Co., Ltd (China). The sequences for capnl and capn2 siRNA are as follows:
5’CCAGCTACCTTCTGGGTAA3’ (capnl siRNA) and 5’GGAGAAAGGTTCTCTGCTT3’
(capn2 siRNA). A scrambled siRNA conjugated with cholesterol served as a control.
Cardiomyocytes were incubated with SiRNA (50 nmol/L) in normal culture medium.
Cholesterol-conjugated siRNAs enter cardiomyocytes directly with an efficiency of more than
90% (data not shown).
2.9. Histological analyses

The total collagen content and cardiomyocyte cross-sectional areas were assessed as
described in our recent report [5]. The content of collagen-1 and collagen-3 was determined by
using the polarization microscopy after staining with Picro-sirius Red (Cedarlane Laboratories,
Canada).
2.10. Calpain activity

Calpain activities were assessed in cultured cardiomyocytes and heart tissues using a
fluorescence substrate N-succinyl-LLVY-AMC (Cedarlane Laboratories, Canada) as described
previously [15].

2.11. Active caspase-3



Caspase-3 activity was measured in cultured cardiomyocytes and heart tissues using a
caspase-3 fluorescence assay kit (Biomol Research Laboratories, USA) as described in our
previous reports [5].

2.12. Measurement of cellular DNA fragmentation

Cardiomyocytes were pre-labelled with BrdU and then incubated with doxorubicin. DNA
fragmentation was measured using a Cellular DNA Fragmentation ELISA kit (Roche Applied
Science, Canada) according to the manufacturer’s instructions.

2.13. Real-Time Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)

Real-time RT-PCR was performed to analyze mRNA expression for beta-myosin heavy
chain (B-MHC), atrial natriuretic peptide (ANP), collagen-1 and -3, tumor necrosis factor-alpha
(TNF-a), interleukin-1 beta (IL-1p) and GAPDH as described previously [16].

2.14. Western blot analysis

The protein levels of CAPN1, CAPN2, GRP78, CHOP, phosphorylated and total INK1/2,
junctophilin-2, caspase-12, SERCAZ2a, stromal interaction molecule 1 (STIM1) and GAPDH
were determined by western blot analysis using respective specific antibodies (Cell Signaling,
USA).

2.15. Statistical analysis

All data were presented as mean + SD. Two-way ANOVA followed by Newman-Keuls
tests were performed for multi-group comparisons. A student’s t-test was used for comparison
between 2 groups. A value of P < 0.05 was considered statistically significant.

3. Results
3.1. HFD induces metabolic abnormity in mice and increases calpain activity in the

heart



To investigate the role of calpain in cardiac lipotoxicity, we fed capnsl-ko mice and their
wild-type littermates a HFD or ND as a control. Twenty weeks after feeding with a HFD, mice
exhibited increased body weight, hyperlipidemia (elevations of TC, TG, LDL and HDL in blood)
and impairment of glucose tolerance as compared to ND-fed animals (supplemental Tables 1 and
2, Figures 1a and b), indicative of obesity and type-2 diabetes. Deficiency of capnsl did not
change these metabolic parameters. The blood pressure remained similar between 4 groups
(Supplemental Table 3). These results suggest that cardiomyocyte-specific deletion of capnsl
does not affect systemic metabolism in capns1-ko mice.

As compared to ND-fed mice, HFD significantly increased the content of triglyceride
(Figure 1c) in mouse hearts. HFD up-regulated the mRNA levels of CD36 but not other glucose and

fatty acids metabolic gene such as GLUT4, ACC1 and PGCloa in mouse hearts (Supplementary Figures

la-d). HFD induced calpain activation (Supplementary Figure 2) in hearts. The up-regulation of
calpain activity was not due to alterations in calpain and calpastatin expression because the
protein levels of CAPN1, CAPN2 and calpastatin were not significantly altered in heart tissues
from mice fed a HFD versus ND (data not shown). There was no death during feeding a HFD
and ND.
3.2.  Deficiency of capnsl protects myocardial function in mice fed a HFD

Consistent with other reports in cardiac lipotoxicity [17], myocardial function was
compromised in mice fed a HFD. As shown in Figures 1d-h and supplemental Table 4, wild-type
mice fed a HFD displayed a decrease in FS% and EF%, indicative of systolic dysfunction and a
reduction in E/A ratio, indicative of diastolic dysfunction, relative to mice fed a ND. In contrast,

both systolic and diastolic functions were relatively preserved in capnsl-ko mice fed a HFD
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compared with ND. This suggests that deletion of capnsl prevents myocardial dysfunction in
mice fed a HFD.
3.3.  Deletion of capnsl reduces myocardial hypertrophy in mice fed a HFD

Twenty weeks after feeding with a HFD, the ratio of heart weight to body weight or tibia
length was increased as compared to ND-fed mice (Figure 2a and supplemental Table 1).
Histological analysis of cardiomyocyte cross-sectional areas in wild-type mice revealed an
increase in cardiomyocyte size, indicative of cardiomyocyte hypertrophy. However,
cardiomyocyte sizes were not increased in capnsl-ko mice fed a HFD (Figure 2b). Furthermore,
gene expression measurements of HFD-fed mouse hearts showed up-regulation of both ANP and
B-MHC mRNA in wild-type mice (Figures 2c and d), providing further evidence in support of a
hypertrophic phenotype. Consistently, both ANP and B-MHC mRNA expression were not
increased in capnsl-ko mice fed a HFD compared with a ND (Figures 2c and d). There were no
differences in cardiomyocyte size and hypertrophic gene expression when comparing capnsl-ko
mice and their wild-type littermates fed a ND (Figures 2b-d). These results demonstrate that
capnsl knockout prevents HFD-induced myocardial hypertrophy.
3.4.  Deletion of capnsl inhibits myocardial fibrosis in mice fed a HFD

To determine cardiac fibrosis, myocardial tissues were stained with picrosirius red to
highlight collagen. Deposition of total collagen was increased in HFD-fed mouse hearts as
determined by the ratio of collagen area to total area; however, capnsl deletion correlated with a
significant reduction in those levels in capnsl-ko mice fed a HFD (Figures 3a and b).
Polarization microscopic analysis revealed an increase in both collagen type-1 and -3 depositions
in HFD-fed mouse hearts, which was attenuated by capnsl knockout (Figures 3a, ¢ and d).

Similar to altered deposition of collagen-1 and -3, deletion of capnsl lowered the mRNA levels

11



of collagen-1 and -3 in HFD-fed capnsl-ko mouse hearts (Figures 3e and f). Thus, disruption of
calpain prevented myocardial fibrosis in mice fed a HFD.

3.5.  Knockout of calpain prevents ER stress, caspase-12 and caspase-3 activation, and
pro-inflammatory cytokine expression in mice fed a HFD

To gain insights into the role of calpain, we examined ER stress and caspase-12
activation in cardiac lipotoxicity. HFD induced caspase-12 cleavage (Figure 4a) and elevated the
protein levels of GRP78, CHOP and phosphorylated JNK1/2 in heart tissues, indicative of ER
stress (Figures 4b-d). Deletion of capnsl decreased the protein levels of cleaved caspase-12,
GRP78, CHOP and phosphorylated JNK1/2 in HFD-fed mouse hearts, but did not change their
levels in normal diet-fed mouse hearts (Supplementary Figure 3a), suggesting an important role
of calpain in lipotoxicity-induced ER stress.

To investigate the linking between calpain and ER stress, we examined the protein levels
of SERCAZ2a [18], STIM1 [19] and junctophilin-2 [20], previously reported as targets of calpain.
HFD induced a reduction in junctophilin-2 protein levels (Figures 4e and f) but not SERCA2a
and STIM1 in hearts (data not shown). Deletion of capnsl restored the protein levels of
junctophilin-2 in HFD-fed mouse hearts. This result suggests that junctophilin-2 is a substrate of
calpain in HFD-fed mouse hearts.

Since ER stress mediates apoptosis in cardiomyocytes, we determined caspase-3 activity
in the heart. As shown in Figure 5a, caspase-3 activity was increased in hearts of mice fed a HFD
versus ND, which was abrogated by capnsl knockout. ER stress has also been implicated in pro-
inflammatory response. Consistently, the mRNA levels of pro-inflammatory cytokines TNF-a
and IL-1p were elevated in HFD-fed mouse hearts. In line with inhibition of ER stress, deletion

of capnsl significantly decreased the mRNA levels of TNF-a and IL-1p in HFD-fed capnsl-ko
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mice compared with their wild-type littermates (Figures 5b and c¢). These results suggest that
calpain may play a role in ER stress, apoptosis and pro-inflammatory response in cardiac
lipotoxicity.

3.6. Role of calpain in ER stress, apoptosis and pro-inflammatory response in cultured
cardiomyocytes during high palmitate stimulation

To provide direct evidence to support the role of calpain in cardiomyocytes, we incubated
cultured cardiomyocytes with high palmitate or oleate (200 umol/L) as an osmotic and a diet
control in the presence of calpain inhibitor-I11 (10 umol/L) or vehicle for 24 hours. Incubation
with high palmitate elevated calpain activity (Figure 56a). High palmitate also increased the
protein levels of ER stress markers (GRP78, CHOP and phosphorylated JNK1/2) (Figures 56b
and c), and induced apoptosis as determined by an increased in caspase-3 activity and DNA
fragmentation in cardiomyocytes (Figures 56d and e). All these effects of high palmitate were
prevented by calpain inhibitor-111. However, calpain inhibitor-I11 did not change the basal levels
of ER stress markers in oleate-treated cardiomyocytes.

To substantiate the role of calpain and determine which isoforms of calpain were
involved, we silenced capnl and capn2 in cardiomyocytes using their specific SIRNAsS,
respectively (supplemental Figures 4a and b). Silencing of capnl but not capn2 inhibited
palmitate-induced apoptosis and ER stress (Figures 7a-d and supplemental Figures 4c-e),
suggesting that calpain-1 activation directly contributes to lipotoxicity-induced injury in
cardiomyocytes. We also determined TNF-a and IL-1B expression in cardiomyocytes. High
palmitate up-regulated the mRNA levels of TNF-a and IL-1p. However, silencing of capnl

prevented high palmitate-induced TNF-a and IL-13 mRNA expression (Figures 7e and f),
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supporting the causal role of calpain-1 in lipotoxicity-induced pro-inflammatory response in
cardiomyocytes.

To further confirm the role of calpain, we incubated adult cardiomyocytes from wild-type
and capnsl knockout mice with oleate or palmitate (200 umol/L) for 20 hours. Palmitate
increased cell death in wild-type cardiomyocytes by 58% compared with oleate; however,
palmitate-induced cell death was significantly reduced in capnsl knockout cardiomyocytes
(Figures 8a and b).

3.7. Effects of ER stress inhibitor on apoptosis and pro-inflammatory response in
cultured cardiomyocytes during high palmitate stimulation

To determine the role of ER stress in apoptosis and pro-inflammatory response, we
incubated cultured cardiomyocytes with high palmitate or oleate (200 umol/L) as an osmotic and
a diet control in the presence of ER stress inhibitor, tauroursodeoxycholate (TAUR, 100 pmol/L)
or vehicle for 24 hours. Consistently, high palmitate induced caspase-3 activity and DNA
fragmentation (Figures 8c and d), and up-regulated the mRNA levels of TNF-a and IL-1p in
cardiomyocytes (Figures 8e and f), all of which were prevented by TAUR. This result indicates
that ER stress mediates apoptosis and pro-inflammatory response in lipotoxicity.

4. Discussion

Both lipotoxicity and glucotoxicity are important mechanisms contributing to diabetic
cardiomyopathy. We have recently demonstrated that calpain activation plays a critical role in
cardiac glucotoxicity [5, 7]; however, its pathophysiological significance in cardiac lipotoxicity
remains to be determined. In the present study, we demonstrated that disruption of calpain

prevented lipotoxicity-induced cardiac injury by inhibiting ER stress and subsequent apoptosis
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and pro-inflammatory response, leading to the improvement of myocardial function. Thus, this
study provides significant insights into and new therapeutic targets for cardiac lipotoxicity.
Calpain is activated in cardiomyocytes during hyperglycemia [5, 7]. It was reported that
incubation of saturated fatty acid induces Ca®* dysregulation in cardiomyocytes [21]. Since Ca**
dysregulation or dyshomeostasis is implicated in calpain activation, we showed that incubation
with palmitate increased calpain activity in cardiomyocytes and calpain activity was elevated in
HFD-fed mouse hearts while the protein levels of CAPN1, CAPN2 and calpastatin remained
unchanged, suggesting that lipotoxicity activates calpain in cardiomyocytes. The activation of
calpain contributes to cardiac injury and heart failure [6]. In this study, cardiomyocyte-specific
deletion of capnsl reduced myocardial caspase-3 activity, hypertrophy and fibrosis in mice fed a
HFD, resulting in attenuation of myocardial dysfunction, indicating that calpain activation
mediates lipotoxicity-induced cardiac injury. Cardiac-specific disruption of calpain did not
influence systemic metabolic disorder in mice fed a HFD. Thus, the attenuation of cardiac injury
directly results from calpain disruption in cardiomyocytes. However, blood glucose tolerance
was impaired in wild-type mice fed a HFD but not in capnsl knockout mice fed a HFD. This
raises a possibility that capnsl knockout-mediated cardiac protection may be also due to the
deregulation of glucose metabolism in the heart, which needs further study for clarification.
Nevertheless, the direct role of calpain in cardiac lipotoxicity was supported by observations in
cultured cardiomyocytes where inhibition of calpain prevented palmitate-induced apoptotic cell
death. The anti-apoptotic effect of calpain inhibition was further confirmed by capnl siRNA in
palmitate-stimulated cardiomyocytes and using adult capnsl knockout cardiomyocytes,
suggesting that calpain-1 contributes to lipotoxicity-induced cardiac injury. The pro-apoptotic
role of calpain-1 has also been demonstrated in cardiomyocytes under other pathological
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conditions, such as hypoxia/re-oxygenation [14] and hyperglycemia [7]. Given that over-
expression of CAPN2 did not induce apoptosis in cardiomyocytes [14], this study showed that
silencing of capn2 had no effect on palmitate-stimulated apoptosis in cardiomyocytes, suggesting
that calpain-2 may play no role in cardiac lipotoxicity. It is important to point out there is no
information on the calorie taken from normal diet and HFD by wild-type and capnsl knockout

mice. In the future, the calorie matching needs to be considered if possible.

Multiple mechanisms have been proposed to be responsible for cardiac lipotoxicity.
Several lipid species have been implicated in cardiac lipotoxicity: Fatty acid/fatty acyl CoA,
acylcarnitine, unesterified cholesterol, lysolecithin, ceramide, and diacylglycerol [17]. We
showed that HFD increased the content of triglyceride in the heart. Accumulation of these toxic
lipid species is associated with apoptosis [22] and ER stress [12, 13]. We have recently reported
that caplain-1 activation sufficiently induces ER stress in cardiomyocytes [14]. Thus, the present
study examined whether ER stress is a potential mechanism underlying calpain-mediated cardiac
lipotoxicity. We demonstrated that ER stress was induced in HFD-fed mouse hearts. More
importantly, we showed for the first time that calpain deficiency inhibited the expression of ER
stress markers in lipotoxic hearts, suggesting a critical role of calpain activation in ER stress. To
characterize whether the role of calpain in ER stress could be reproduced by high palmitate, we
extended our analyses to cultured cardiomyocytes. Direct exposure of cardiomyocytes to high
palmitate induced ER stress. Selective inhibition of calpain by pharmacological inhibitor or
silencing of capnl prevented ER stress in high palmitate-stimulated cardiomyocytes. Taken
together, ER stress may represent an important mechanism by which calpain-1 contributes to
lipotoxic cardiac injury. It is currently unknown how calpain-1mediates ER stress in cardiac

lipotoxicity. Our data suggest that a reduction of junctophilin-2 protein may link calpain-1 to ER
16



stress because decreased junctophilin-2 disrupts t-tubule system [23] and impairs ryanodine
receptor-2 stability [24]. Abnormal t-tubule results in Ca** mishandling, and loss of ryanodine
receptor-2 stability increases Ca’* leak from sarco/endoplasmic reticulum, both of which
contribute to ER stress. However, this merits future investigation.

Although calpain-2 has been implicated in ER stress in neuronal cells [25] and fibroblasts
[26], the present study did not support a role of calpain-2 in ER stress in cardiomyocytes upon
palmitate stimulation. However, it is worthwhile to mention that siRNA only partially remove
CAPN2 protein expression in cardiomyocytes and thus, complete knockout of capn2 may be
useful to clarify the role of calpain-2 in palmitate-induced ER stress in cardiomyocytes.
Furthermore, the in vivo role of calpain-2 needs to be determined using capn2 knockout mice.

It is well known that ER stress induces apoptosis in cardiomyocytes [27]. In this regard,
we showed that incubation with ER stress inhibitor protected cardiomyocytes against palmitate-
induced apoptosis. In addition to apoptosis, ER stress has been implicated in cardiac hypertrophy
[28] and heart failure [27]. Thus, ER stress may be one of important mechanisms by which
calpain activation mediates cardiac injury in response to lipotoxicity.

A cross-talk between ER stress, mitogen activated protein kinases (e.g. p38 and JNK1/2)
signaling [29] and NF-«B activation [30] has been associated with pro-inflammatory response. It
has been reported that incubation with saturated long-chain fatty acids promotes pro-
inflammatory response in human coronary artery endothelial cells [31], human pancreatic islets
[32] and rat insulinoma cell line [33]. In this study, we observed up-regulation of TNF-a and IL-
1B expression in palmitate-stimulated cardiomyocytes and HFD-fed mouse hearts. Inhibition of
ER stress prevented TNF-a and IL-1p expression in palmitate-stimulated cardiomyocytes,
confirming the role of ER stress in lipotoxicity-induced pro-inflammatory response. It is known
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that excessive expression of pro-inflammatory cytokines is detrimental to cardiomyocytes. For
example, TNF-a disrupts Ca®" influx through L-type Ca®" channels and Ca?*-induced Ca*
release from the sarcoplasmic reticulum [34]. In addition to Ca** dyshomeostasis, TNF-a also
causes direct cytotoxicity [35], oxidative stress [36], disruption of excitation-contraction
coupling [37], up-regulation of other cardiac suppressing cytokines (e.g., IL-1p) [38, 39] and
induction of cardiomyocyte apoptosis [40], all of which impair cardiac contractile function in
cardiomyocytes, isolated hearts and intact animals. Pro-inflammatory response may also promote
fibrosis in heart [41, 42]. Having shown that disruption of calpain inhibited ER stress, we further
demonstrated that deletion of capnsl prevented pro-inflammatory cytokines expression in HFD-
fed mouse hearts and silencing of capnl inhibited palmitate-induced pro-inflammatory response
in cardiomyocytes. Thus, calpain/ER stress-mediated pro-inflammatory response may be a
potential mechanism underlying cardiac lipotoxicity.
5. Conclusion

The present study has demonstrated that inhibition of calpain prevents palmitate-induced
apoptosis in cardiomyocytes, reduces hypertrophy and fibrosis, and preserves myocardial
function in a mouse model of HFD-induced cardiac lipotoxicity. These protective effects of
calpain inhibition may be mediated, at least partly, by preventing ER stress. Taken together with
our recent findings that calpain activation significantly contributes to cardiac glucotoxicity [5, 7],
calpain may represent an important therapeutic target for diabetic cardiac complications.
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Figure Legends

Figure 1. Metabolic parameters, triglyceride content and myocardial function. Capnsl-ko
and their wild-type littermates (WT) were fed a HFD or ND for 20 weeks. (a) Glucose tolerance
test. (b) Quantification of glucose tolerance. (c) The content of triglyceride was measured in ND-
and HFD-fed mouse hearts. (d) A representative view at the papillary muscle level of
echocardiography (M-model). (e) Ejection fraction (EF%) and (f) fractional shortening (FS%).
(9) A representative mitral E/A ratio on Doppler echocardiography. (h) The E/A ratio. Data are

MEAN = SD, n = 6-10 per group. * P < 0.05 vs ND+WT and 1 P < 0.05 vs HFD+WT.

Figure 2. Assessment of cardiac hypertrophy. (a) The ratio of heart weight to tibia length. (b)
Cardiomyocyte cross-sectional areas. (¢) The mRNA levels of ANP and (d) The mRNA levels of

B-MHC. Data are MEAN = SD, n=6-8. * P < 0.05 vs ND+WT and T P < 0.05 vs HFD+WT.

Figure 3. Assessment of fibrosis in hearts. (a) Representative Picro-sirius red staining for
collagen deposition (red color) and polarization microscopic pictures for collagen-1 (yellow
color) and collagen-3 (green color) from capnsl-ko mice and their wild-type littermates fed a
HFD or ND. (b) Total collagen deposition. (c) Collagen-1 deposition. (d) Collagen-3 deposition.
The quantification of collagen-1 mRNA (e) and collagen-3 mRNA (f). Data are MEAN % SD, n

=6.* P <0.05vs ND+WT and P < 0.05 vs HFD+WT.

Figure 4. Determination of ER stress, caspase-12 cleavage and junctophilin-2 protein in
hearts. Capnsl-ko mice (KO) and their wild-type littermates (WT) were fed a HFD or ND for

20 weeks. The protein levels of caspase-12 and cleaved caspase-12 (a), GRP78 (b), CHOP (c),
25



phosphorylated JNK1/2 (d) and junctophilin-2 (e and f) were measured by using western blot
analysis. The upper panel is a representative western blot for 2 out of 6 different hearts in each
group and lower panel is the quantification of each protein relative to GAPDH or JNK1/2. Data

are MEAN £SD,n=6. * P < 0.05vs ND+WT and ¥ P < 0.05 vs HFD+WT.

Figure 5. Measurement of caspase-3 activity and pro-inflammatory response. Capnsl-ko
mice (KO) and their wild-type littermates (WT) were fed a HFD or ND for 20 weeks. (a)
Caspase-3 activity in heart tissues. The mRNA levels of TNF-a (b) and IL-1B (c) were quantified

by real-time RT-PCR. Data are MEAN £ SD, n = 6. * P < 0.05 vs ND+WT and 1 P < 0.05 vs

HFD+WT.

Figure 6. Measurement of calpain activity, apoptosis and ER stress. Cultured
cardiomyocytes were incubated with high palmitate or oleate in the presence of calpain inhibitor-
I11 or vehicle for 24 hours. (a) Calpain activity. (b) The upper panel is a representative western
blot for GRP78 and CHOP from at least 3 different cultures, the middle and bottom panel are
quantifications of GRP78 and CHOP protein levels relative to GAPDH, respectively. (c) The
upper panel is a representative western blot for phosphorylated JINK1/2 and total INK1/2 from at
least 3 different cultures, and the lower panel is the quantification of phosphorylated JNK1/2
protein levels relative to total INK1/2. (d) Caspase-3 activity. (¢) DNA fragmentation. Data are
MEAN = SD, n = 4. * P < 0.05 vs Oleate or Oleate+Vehicle and # P < 0.05 vs

Palmitate+Vehicle.

Figure 7. Effects of capnl silencing on apoptosis, ER stress and pro-inflammatory response.
Cultured cardiomyocytes were transfected with capnl siRNA or control siRNA, followed by

incubation with high palmitate or oleate for 24 hours. (a) Caspase-3 activity. (b) DNA
26



fragmentation. (c) The upper panel is a representative western blot for GRP78 and CHOP from at
least 3 different cultures, the middle and bottom panel are quantifications of GRP78 and CHOP
protein levels relative to GAPDH, respectively. (d) The upper panel is a representative western
blot for phosphorylated JNK1/2 and total INK1/2 from at least 3 different cultures, and the lower
panel is the quantification of phosphorylated JNK1/2 protein levels relative to total INK1/2. The
MRNA levels of TNF-a (e) and IL-1p (f) were quantified by real-time RT-PCR. Data are MEAN

+SD, n=4.*P <0.05 vs Oleate+Control siRNA and # P < 0.05 vs Oleate+Palmitate.

Figure 8. Roles of calpain, ER stress in apoptosis and pro-inflammatory response. (a and b)
Adult cardiomyocytes were isolated from wild-type (WT) and capnsl knockout mice (KO), and
incubated with high palmitate or oleate for 20 hours. Cell death was assessed by annexin V
staining (green) and nucleus was stained using Hoechst 33342 (blue). (a) A representative
staining for annexin V and (b) Quantification of annexin V positive cells from 3 different
independent cultures. (c-f) Cultured neonatal cardiomyocytes were incubated with high palmitate
or oleate in the presence of ER stress inhibitor TAUR or vehicle for 24 hours. (a) Caspase-3
activity. (b) DNA fragmentation. The mRNA levels of TNF-a (c) and IL-1p (d) were quantified
by real-time RT-PCR. Data are MEAN = SD, n = 4. * P < 0.05 vs Oleate+Vehicle and # P < 0.05

vs Oleate+Palmitate.
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