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Pathological hypertrophy of the heart is closely associated
with endoplasmic reticulum stress (ERS), leading to mal-
adaptations such as myocardial fibrosis, induction of apopto-
sis, and cardiac dysfunctions. Salubrinal is a known selective
inhibitor of protein phosphatase 1 (PP1) complex involving
dephosphorylation of phospho-eukaryotic translation initia-
tion factor 2 subunit (p-elF2)-a, the key signaling process in
the ERS pathway. In this study, the effects of salubrinal were
examined on cardiac hypertrophy using the mouse model of
transverse aortic constriction (TAC) and cell model of neonatal
rat ventricular myocytes (NRVMs). Treatment of TAC-induced
mice with salubrinal (0.5 mgkg-day™") alleviated cardiac
hypertrophy and tissue fibrosis. Salubrinal also alleviated hy-
pertrophic growth in endothelin 1 (ET1)-treated NRVMs.
Therefore, the present results suggest that salubrinal may be
a potentially efficacious drug for treating pathological cardiac
remodeling.
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INTRODUCTION

Sustained pressure overload in the heart induces pathologi-
cal hypertrophy with subsequent onset of myocardial fibrosis,
induction of apoptosis, and cardiac dysfunctions (Berenji et
al., 2005; Dickhout et al., 2011; Levy et al., 1990). At the

cellular level, it is characterized by an increase in cell size,
changes in gene expressions, and increase in protein synthe-
sis (Huang et al.,, 2011). Therefore, the alleviation of hyper-
trophy, fibrosis, and apoptosis in the remodeled heart is
considered a potential therapeutic strategy to prevent fur-
ther progression to heart failure (Frey et al., 2004).

The endoplasmic reticulum (ER) as a major signal
transduction organelle is very sensitive to alterations in cellu-
lar homeostasis. A variety of extracellular stimuli such as heat
shock, ischemia, gene mutation, hypoxia, and increased
protein synthesis can cause ER stress (ERS) leading to signal
transduction to the cytoplasm and nucleus (Kaufman, 1999).
ERS triggers a cytoprotective response called unfolded pro-
tein response (UPR) (Kaufman, 1999; Lee et al., 2010). As a
primary step in UPR response, binding immunoglobulin pro-
tein (BiP)/ glucose-regulated protein 78 (GRP78) binds to
the unfolded/misfolded proteins, which in turn release the
three sequestered key ER membrane signal transducers in-
cluding activating transcription factor (ATF)-6, protein ki-
nase-like ER kinase (PERK), and endoribonuclease inositol-
requiring enzyme 1 (IRE-1) (Groenendyk et al., 2010; Ron
and Walter, 2007). These transducers activate their down-
stream pathways, resulting in activation of various pro-
survival mechanisms including up-regulation of ER chaper-
ones such as GRP94, GRP78, and calreticulin (CRT), which
enhances the ER-mediated maintenance of homeostasis
(Ferri and Kroemer, 2001; Kaufman, 1999). However, pro-
longed stress switches the pro-survival activities of UPR to
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pro-apoptotic signaling mostly mediated by phospho-C-Jun-
N-terminal kinase (p-JNK), CCAAT/-enhancer-binding pro-
tein homologous protein (CHOP), or caspase-3, or a combi-
nation of these molecules (Ron and Walter, 2007). Addi-
tionally, a cell-death response that involves cross-talk be-
tween the ER and mitochondria is activated, which involves
the Bcl-2 family proteins (Kim et al., 2015a; Szegezdi et al.,
2009).

A variety of accumulating evidence has shown that the
pathogenesis of cardiac hypertrophy is associated with ERS
(Okada et al., 2004; Park et al., 2012). Therefore, alleviation
of ERS might have therapeutic benefit in treating several
cardiac diseases (Lee et al., 2013; Park et al., 2012). The
activation of the PERK pathway, which leads to phosphoryla-
tion of the eukaryotic translation initiation factor 2 subunit
(elF2)-a. on Ser’' is cytoprotective during ERS (Boyce et al,
2005). Therefore, the selective chemical inhibition of elF2a.
dephosphorylation is proposed as a strategy to alleviate ERS
and has proven beneficial in the treatment of many diseases
including cardiac (Li et al., 2015; Liu et al.,, 2014) and non-
cardiac diseases (Boyce et al., 2005; Lee et al., 2010). Salu-
brinal, a cell permeable selective inhibitor of the cellular
phosphatase complexes which dephosphorylates elF2a, is
reportedly cytoprotective against ERS-induced apoptosis
(Boyce et al., 2005; Kim et al., 2008). In the present study,
we evaluated the effects of salubrinal on pathological hyper-
trophy induced by transverse aortic constriction (TAC) in
mice.

MATERIALS AND METHODS

Animal care and ethics statement

C57BL/6 mice were housed under controlled conditions at a
temperature of 22°C with a 12 h light-dark cycle and 55-
56% relative humidity. All investigations were performed in
accordance with the protocols approved by the Gwangju
Institute of Science and Technology Animal Care and Use
Committee.

Transverse aortic constriction (TAC)

Nine-weeks-old C57BL/6 male mice (23-25 g) were used in
this study. The operation procedure was followed as previ-
ously described (Park et al., 2012). Animals undergoing the
sham surgery (same procedure without constriction) were
considered as control group.

Administration of Salubrinal

Salubrinal (Calbiochem, USA) was reconstituted in phos-
phate buffered saline (PBS) containing 49.5% PEG 400 and
0.5% Tween 80, and the solution was filtered using a 0.2-
um sterile syringe filter. A dose of 0.5 mg-kg "*day ' salu-
brinal was administered by subcutaneous injection from the
day of TAC surgery, once every day for 7 days for both Sal
SHAM (n = 10) and Sal TAC (n = 10) animals. The dose was
decided based on the previously reported pharmacokinetic
results (Zhang et al., 2012). Vehicle (Veh) TAC (n = 10) and
vehicle (Veh) SHAM (n = 9) received an equal volume of the
vehicle (PBS containing 49.5% PEG 400 and 0.5% Tween
80). The animals were sacrificed after 7 days of salu-
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brinal/vehicle administration.

Isolation of neonatal rat ventricular myocytes (NRVMs)
and immunocytochemistry

Neonatal rat ventricular myocytes (NRVMs) were isolated
using neonatal cardiomyocyte isolation system (Worthington
Biochemical Corp., USA) as per manufacturer’s guidelines.
The procedure was followed as described previously (Kim et
al., 2015b). To induce cardiomyocyte hypertrophy, NRVMs
were cultured in serum-free medium for 24 h and then 100
nM endothelin 1 (ET1, Sigma-Aldrich) was added for 24 h.
For evaluating the cell surface area, the cardiomyocytes were
cultured on 18 mm cover slips; fixed with 4% paraformal-
dehyde. The procedure for immunocytochemistry was fol-
lowed as described previously (Park et al., 2012). The pre-
pared cells were examined using an LSM 700 confocal mi-
croscope (Carl Zeiss Inc., Germany).

qRT-PCR

After extraction of total RNA from the mouse hearts using
the TRIzol reagent (Invitrogen Life Technologies, USA), RNA
was reverse-transcribed to produce cDNAs using the Prime
Script RT reagent kit (TaKaRa, Japan). cDNA was used as a
template for gRT-PCR using SYBR green dye (Kapa Biosys-
tems, USA), and gene expression was normalized to B-actin.
The sequences of the specific primers are described in Sup-
plementary Table S1.

Western blotting

Whole heart homogenates and cell lysate were solubilized in
RIPA buffer and protein concentrations were evaluated using
BCA protein assay kit (Pierce, USA). Proteins (50 ug) were
separated by SDS/PAGE (8-15% gel) and subsequently
transferred to PVDF membranes. Western-blot analysis pro-
cedure was followed as previously described (Lee et al.,
2013). The primary antibodies used in the study are KDEL
(Abcam), p-IRE1a (Novus Biologicals), TGF-B (Cell Signaling),
p-JNK (Santa Cruz), elF2a (Santa Cruz), p-elF2a (ser51) (Cell
Signaling), ANP (Santa Cruz), BNP (Santa Cruz), and o-
Tubulin (Santa Cruz) at 4C overnight. Secondary antibodies
(HRP-conjugated) were then applied at 25T for 1 h, and
ImageQuant LAS 4000 mini (GE Healthcare Bio-Sciences AB)
was used to detect the western blot signals. The protein
band intensities were analyzed by ImageJ software (NIH).

Histological analysis

The isolated mouse hearts were fixed with 4% paraformal-
dehyde, paraffin-embedded, and 6-um thick sections were
cut using a microtome (RM2135, Leica). Hematoxylin and
eosin (H&E, Sigma-Aldrich) was used to stain the heart sec-
tions.

Statistical analysis

Results are shown as mean + standard error of the mean
(SEM) of three or more than three independent experiments.
Statistical significance between multiple groups was deter-
mined using an analysis of variance (ANOVA) followed by
Bonferroni test and t-test. Statistical significance was set at 2
<0.050r<0.01.
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Salubrinal alleviated ERS responses in pressure overload
cardiac hypertrophy
To examine the effect of salubrinal on ERS responses, we
used 1 uM thapsigargin for 12 h to induce ERS in NRVMs
with or without 75 uM salubrinal. The results showed that Sal+DMSO Sal+ET1
salubrinal significantly reduced ERS response in NRVMs
(Supplementary Fig. S1). As previously reported (Okada et al.,
2004; Park et al., 2012), the expression levels of ERS markers
such as p-IRE, GRP78, GRP94, and p-elF2a were significantly
upregulated in mice subjected to TAC after 1 week. To ex-
amine whether salubrinal alleviated the upregulated ERS B s
markers, the expression levels of the ERS markers were ex- s 2.5
amined. Administration of salubrinal for 1 week (0.5 § 20
mag/kg/day) reduced the expression levels of p-IRE, GPR94, 5~
and GRP78 compared with vehicle administration (Fig. 1), - 15
suggesting that salubrinal alleviates the pressure-overload- 8 - P
associated ERS responses in the TAC heart. As expected, % 1.0
salubrinal increased the ratio of p-elF2a/elF2a in the salu- g
brinal-treated TAC group compared to the vehicle-treated £05
TAC group, by inhibiting the PP1-induced dephosphorylation = 00
of p-elF2a (Fig. 1). Phosphorylation of elF2a has been .
shown to be involved in translational inhibition (Boyce et al ., \&5 §@O ng
2005), which may suggest an additional mechanism in- © ,\xo R "o?’
volved in reducing the UPR by attenuation of protein synthe- é &R

Sis.

Salubrinal reduced pressure overload cardiac hypertrophy
To examine the effects of salubrinal on cardiomyocyte
hypertrophy, immunocytochemistry was performed on
NRVMs treated with 100 nM ET1 for 24 h with or without
75 uM salubrinal. The results showed that 100 nM ET1 in-
creased the cell surface area approximately 2-fold (Figs. 2A
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Fig. 2. Salubrinal (Sal) reduced cardiomyocyte hypertrophy. (A)
Immunofluorescence imaging showing cell sizes of NRVMs
treated with 100 nM endothelin1 (ET1) in the presence or ab-
sence of 75 uM salubrinal (scale bar, 100 um). (B) Fold increase
in cell surface area compared to dimethyl sulfoxide (DMSO)
control. All data represent mean = SEM; "< 0.05, ©P< 0.01 vs.
DMSO control and *£< 0.05, #P< 0.01 vs. ET1. (n = 100 cells
for each group)
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Fig. 3. Salubrinal (Sal) reduced cardiac hypertrophy.
(A) Cross sections of hearts under different ex-
perimental conditions (scale bar, 2 mm). (B)
HW/BW and (C) HW/TL ratios for the various
experimental groups (7 = 6-8). Salubrinal (Sal)
reduced fetal gene expression in TAC induced
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and 2B); however, the addition of salubrinal abolished the
increase in cell size. We then investigated whether salubrinal
also affected pressure overload-induced cardiac hypertrophy
using the mouse model of TAC. Subcutaneous administra-
tion of salubrinal reduced the increment in heart weight
(HW)/body weight (BW) induced by TAC (Figs. 3A-3C). Re-
sults of the gRT-PCR and western blot analysis also showed
that the enhanced expression levels of the hypertrophic
markers natriuretic peptide A/ANP (NVPPA) and natriuretic
peptide B/BNP (NPPB) were significantly decreased in salu-
brinal-treated TAC mice in comparison to vehicle-treated
TAC mice (Fig. 3). Collectively, our results suggest that salu-
brinal attenuated pressure-overload cardiac hypertrophy.

Salubrinal attenuated cardiac fibrosis signaling in pressure
overload cardiac hypertrophy

The effects of salubrinal on fibrosis of the heart during pres-
sure overload cardiac hypertrophy were examined using
TGF-B signaling genes. Significantly decreased expression of
TGF-B was noticed in the salubrinal-treated TAC mice com-
pared to vehicle-treated TAC mice. Our results further
showed that the transcription of fibrosis marker genes in-

cluding pro-collagen isoforms collagen1al and collagen3a1
were greatly enhanced in vehicle-treated TAC mice com-
pared to the other groups (Figs. 4B and 4C). These results
suggest that salubrinal attenuated TGF-B mediated fibrosis
pathways in TAC-induced mouse hypertrophied hearts.

Salubrinal attenuated elevated expression levels of
apoptotic marker genes in TAC mouse heart

To study the effect of salubrinal on ERS-induced apoptosis in
NRVMs, 1 uM thapsigargin (TG) was used as an ERS inducer
for 12 h, in presence or absence of salubrinal. The results
show that salubrinal led to decreased expression levels of the
pro-apoptotic markers, cleaved caspase-3, and CHOP, and
decreased the ratio of Bax/ Bcl-2 (Supplementary Fig. S2),
indicative of reduced apoptosis. These results were support-
ed by terminal deoxy-nucleotidyl-transferase-mediated dUTP
nick-end labeling (TUNEL) assay, which demonstrated a re-
duced number of TUNEL-positive cells when treated with
salubrinal. (Supplementary Figs. S2C and S2D). Previously,
we provided evidence treatment with chemical chaperon 4-
phenylbutyric acid (PBA) attenuated the TAC-induced apop-
tosis (Park et al., 2012). In the present study, we evaluated
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the expression levels of ER initiated apoptotic marker p-JNK
in vehicle-treated SHAM and TAC, as well as salubrinal-
treated SHAM and TAC mice to determine whether salu-
brinal had similar effects in the heart. As shown in (Supple-
mentary Fig. S3), administration of salubrinal significantly
decreased the TAC-induced upregulation of p-JNK expres-
sion, suggesting that TAC-induced increase in apoptosis can
be prevented by salubrinal.

DISCUSSION

Pathological cardiac hypertrophy induced by pressure
overload is closely associated with ERS due to Ca®* dysregu-
lation and increased protein synthesis (Li et al., 2015; Okada
et al., 2004). Microscopic examination has also shown that
the ER develops markedly in the hypertrophic hearts, as a
compensatory response to the elevated protein synthesis in
the ER (Okada et al., 2004). Since salubrinal was identified
as a specific inhibitor of protein phosphatase 1 (PP1), which
involves dephosphorylation of p-elF2a and inhibition of the
downstream PERK-elf2a. pathway (Boyce et al., 2005), we
investigated whether salubrinal has inhibitory effects on the
ERS-mediated cardiac hypertrophy in an animal model of
TAC. The present findings showed that salubrinal (1) attenu-
ated ERS, as indicated by downregulation of ERS markers
such as GRP94 and GRP78 in TAC mice (Fig. 1); (2) effective-
ly alleviated cardiac hypertrophy in TAC mice, as indicated by
the reduced HW/BW ratio, decreased ANP and BNP expres-
sion levels (Fig. 3), and (3) attenuated tissue fibrosis and
decreased the expression of the fibrosis markers in TAC mice
(Fig. 4), In addition, salubrinal also attenuated elevated
apoptosis in TAC mice (Supplementary Fig. S3).
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Fig. 4. Salubrinal (Sal) attenuated TGF-B pathway
signaling molecules. (A) TGF-B expression in whole
heart homogenates from SHAM and TAC-
induced mice treated with vehicle or salubrinal
(0.5 mgkg'-day” ) for 1 week (n = 3). B, O
Transcripts for collagen isoforms (7 = 3-6) were
evaluated using gRT-PCR in hearts of SHAM and
TAC-induced mice after treatment with vehicle or
salubrinal. All data are mean = SEM; "~ < 0.05,
“P<0.01 vs. Veh SHAM, #£< 0.05, #P<0.01 vs.
Veh TAC.

The role of salubrinal in alleviating cardiac hypertrophy is
attributed to its inhibitory action on protein synthesis (Boyce
et al., 2005). This effect is mediated via maintenance of p-
elF2a by the direct inhibition of PP1, and may also involve
decreased growth arrest and DNA damage-inducible protein
34 (GADD34), which is negatively regulated by CHOP ex-
pression (Fu et al., 2010). In this study, salubrinal treatment
decreased the cell size (Fig. 2) and protein synthesis (data
not shown) in cardiomyocytes, which was increased after
ET1 treatment. Therefore, enhanced inhibition of protein
synthesis may enable cardiomyocyte recovery from ERS by
balancing the cellular protein folding capacity (Fig. 5). The
salubrinal treatment reduced the ERS marker chaperone
proteins GRP78 and GRP94 that were upregulated by TAC
(Fig. 1). This is consistent with our hypothesis that the trans-
lational inhibition by salubrinal leads to decreased protein
synthesis in the ER (Boyce et al., 2005) and, therefore, allevi-
ates UPR in the ER (Fig. 5).

TGF-B signaling is associated with various cardiac patholo-
gies such as ERS-induced hypertrophy (Park et al., 2012),
induction of EMT and heart failure (Kuwahara et al., 2002;
Rosenkranz et al., 2002), myofibroblast transdifferentiation,
and enhanced extracellular matrix protein synthesis (Annes
et al., 2003; Desmouliere et al., 1993). In the present study
we noticed salubrinal administration remarkably decreased
the expression of TGF-B (Fig. 4). Consistently, the targets of
the Smad cascade, pro-collagen isoforms collagen1a1 and
collagen3a1 transcripts, which were greatly enhanced in
TAC mice were alleviated by treatment with salubrinal. These
results are in agreement with an earlier study in which salu-
brinal has shown a reduction in myocardial fibrosis in myo-
cardial infarction (MI) model of heart failure (Liu et al., 2014).
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It is known that ERS-induced myocardial apoptosis is one
of the mechanisms involved in cardiac remodeling (Dickhout
etal, 2011; Kim et al., 2008; Nickson et al., 2007; Park et al.,
2012; Younce and Kolattukudy, 2010). The involvement of
INK, c-Jun, NF-KB and other pathways has been reported in
ERS-induced hypertrophy and apoptosis (Hamid et al., 2011).
In this study, we showed that salubrinal attenuated the ex-
pression of p-JNK in TAC mice (Supplementary Fig. S3), indi-
cating that salubrinal suppressed the ERS-induced cardiac
cell death. Salubrinal abrogating activation of the c-Jun
pathway that arises from ERS has been observed to prevent
progression to cardiac failure in an earlier study (Liu et al,,
2014). Also, it is interesting to note that salubrinal induces
translational repression, which in turn decreases the total
UPR response leading to cardioprotection (Fig. 5). Owing to
extensive cross-talk between signaling pathways (Park et al.,
2012), the underlying mechanisms have not been fully elu-
cidated yet.

The data obtained in the present study suggests that salu-
brinal is cardioprotective and, therefore, may be a potentially
efficacious therapeutic agent for treating ERS-mediated
cardiovascular diseases. However, excessive phosphorylation
of elF2a by high doses of salubrinal could cause problems in
other types of cells and tissues (Cnop et al., 2007; Gao et al.,
2013). It was previously shown that pretreatment with salu-
brinal abolished the neuroprotective effects of ischemic pre-
conditioning, in permanent focal ischemia (Gao et al., 2013).
Studies in pancreatic beta cells showed that salubrinal-
induced elF2-o phosphorylation potentiated the pro-
apoptotic effects of free fatty acids (Cnop et al., 2007). But
in the heart salubrinal has shown, anti-apoptotic (Liu et al.,
2012) and cardioprotective effects (Liu et al., 2014). Howev-
er, these effects of salubrinal could be due to changes in
levels of several molecules involved in a broad spectrum of
cellular pathways that interact with ERS pathways. Therefore,
future studies such as systems biological approaches involv-
ing integrative global cellular pathway analysis will be neces-
sary to identify adverse effects of salubrinal. In the current
study, there was no evidence of nonspecific toxicity by ad-

ministration of salubrinal because we observed no effects on
weight gain, visceral organ weights (Supplementary Table
S2) or physical activity in the study groups.

The effects of salubrinal on ERS-associated diseases have
been evaluated in several tissues (Boyce et al., 2005; Lee et
al., 2010; Teng et al., 2014); however, to date there is no
report related to cardiac hypertrophy. Therefore, in this studly,
we report that subcutaneous injection of salubrinal (0.5
makg -day™") reduced pressure overload-induced cardiac
hypertrophy, fibrosis, and apoptosis with associated im-
provement in heart function. Furthermore, these results
suggest that treatment with salubrinal may be a promising
therapeutic strategy to suppress maladaptive alterations in
the ERS signaling pathway in cardiac pathologies.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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