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Abstract
The heart is a very dynamic pumping organ working perpetually to maintain a constant blood supply to the whole body to 
transport oxygen and nutrients. Unfortunately, it is also subjected to various stresses based on physiological or pathological 
conditions, particularly more vulnerable to damages caused by oxidative stress. In this study, we investigate the molecular 
mechanism and contribution of IGF-IIRα in endoplasmic reticulum stress induction in the heart under doxorubicin-induced 
cardiotoxicity. Using in vitro H9c2 cells, in vivo transgenic rat cardiac tissues, siRNAs against CHOP, chemical ER chaper-
one PBA, and western blot experiments, we found that IGF-IIRα overexpression enhanced ER stress markers ATF4, ATF6, 
IRE1α, and PERK which were further aggravated by DOX treatment. This was accompanied by a significant perturbation in 
stress-associated MAPKs such as p38 and JNK. Interestingly, PARKIN, a stress responsive cellular protective mediator was 
significantly downregulated by IGF-IIRα concomitant with decreased expression of ER chaperone GRP78. Furthermore, ER 
stress-associated pro-apoptotic factor CHOP was increased considerably in a dose-dependent manner followed by elevated 
c-caspase-12 and c-caspase-3 activities. Conversely, treatment of H9c2 cells with chemical ER chaperone PBA or siRNA 
against CHOP abolished the IGF-IIRα-induced ER stress responses. Altogether, these findings suggested that IGF-IIRα 
contributes to ER stress induction and inhibits cellular stress coping proteins while increasing pro-apoptotic factors feeding 
into a cardio myocyte damage program that eventually paves the way to heart failure.
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Introduction

Endoplasmic reticulum (ER) is an important hub for regulating 
cellular protein homeostasis during pathophysiological pro-
cesses. Based on recent literatures, it is evident that ER stress 
is involved in the development and progression of cardiovas-
cular diseases including cardiac hypertrophy, ischemic heart 
diseases, and heart failure [1]. While others have reported 
that chronic ER stress acts as a crucial factor in the placenta 
contributing to the pathophysiology of pre-eclampsia or fetal 

growth restriction. However, recent studies have suggested 
for a mutually contrasting association between ER stress and 
autophagy in that ER stress can either stimulate or inhibit 
autophagy in a context-dependent manner [2, 3]. During 
conditions of increased protein synthesis, alterations in the 
redox status, or disturbances in calcium storage, ER stress is 
triggered. Three transmembrane ER stress sensors, namely 
activating transcription factor 6 (ATF6), inositol‑requiring 
enzyme 1 (IRE1), and double‑stranded RNA‑activated pro-
tein kinase‑like ER kinase (PERK), are activated to restore ER 
homeostasis through an unfolded protein response (UPR) via 
triggering downstream signaling pathways [4, 5], while, if ER 
stress is not attenuated, the UPR switches to a pro‑apoptotic 
response. The resultant activation of pro-apoptotic proteins, 
such as C/EBP homologous protein (CHOP), also known as 
GADD153 (CHOP/GADD153) and caspase‑12 ultimately 
leads to cell death [6–8]. Doxorubicin (DOX) is used for 
treatment of various malignant cancers, but its uses have been 
hindered by dose-dependent and cumulative cardiotoxicity, 
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primarily in pediatric cancer patient that surface more than a 
few years following culmination of treatment. Multifactorial 
mechanisms such as accumulation of reactive oxygen spe-
cies (ROS), mitochondrial destruction, impaired autophagy, 
epigenetic changes, DNA damage, and transcriptome altera-
tions have been implicated in DOX-induced cardiomyopathy 
[9–13]. However, the role of ER stress in DOX-induced car-
diotoxicity has been less understood despite indications that 
ER stress plays a key role in DOX-induced cardiac damage 
and apoptosis [14, 15]. Some studies have reported diastolic 
calcium leakage from ER with elevated levels in cytosol and 
depletion of ER calcium stores as one of the early events in 
DOX cardiotoxicity [16, 17]. GRP78, which is a key modula-
tor of UPR in ER stress, regulates calcium homeostasis and 
mobilization from the ER to mitochondria via its interaction 
with the Phosphoinositol-3 Receptor (IP3R) [18]. Intriguingly, 
DOX treatment impaired the protective ER stress response 
and that refurbishment of GRP78 expression ameliorated ER 
stress-induced cytotoxicity after DOX treatment [19]. Previous 
studies identified a novel stress-inducible protein IGF-IIRα 
(150 kDa) whose molecular and cellular characteristics were 
not completely defined. Besides, this alternative splicing iso-
form was in concordance to full-length IGF-IIR (300 kDa) 
except the C-terminal 15 amino acids. IGF-IIRα was indicated 
to involve in cardiac pathological hypertrophy changes under 
high salt-induced cardiac stresses [20]. However, the contribu-
tion of IGF-IIRα in cardiac ER stress conditions has not been 
investigated.

Our earlier studies showed that upregulation of IGF-IIRα 
enhanced DOX-induced cardiac oxidative stresses and led 
to cardiomyocyte apoptosis [21]. The increased expression 
of IGF-IIRα during cardiac stresses perturbed mitochon-
drial autophagy and cardiac apoptosis causing heart function 
impairment. However, it was noted that IGF-IIRα not only 
altered mitochondrial autophagy processes, but also impaired 
the expressions of PARKIN which is a key player in removal 
of defective mitochondria [22]. Interestingly, several others 
have suggested that CHOP, an ER stress-associated apoptotic 
factor, and PARKIN have inverse correlations during cardiac 
stresses. PARKIN was identified to blunt excessive CHOP 
levels to avert maladaptive ER stress-induced cell death and 
adverse cardiac ventricular remodeling changes [23]. In this 
study, we employed both in vitro and in vivo approaches to 
examine the molecular mechanisms and contributions of IGF-
IIRα in the ER stress induction and ensuing cardiac damages.

Methodology

Cell culture

H9c2 cells were acquired from American-Type Culture Col-
lection (ATCC, USA) and maintained as described before 

[21]. In brief, cells were grown in DMEM medium sup-
plemented with glutamine (2 mM), streptomycin (100 mg/
ml), penicillin (100 U/ml), pyruvate (1 mM), and 10% fetal 
bovine serum while incubated in humidified air incubator 
(5% CO2) at 37 °C. Overexpression plasmids, IGF-IIRα-
pEGFP, as generated earlier [22] or siRNA against CHOP 
(Thermo Fisher Scientific, s218107) were transfected using 
jetPRIME reagent (Polyplus-transfection S.A., France) as 
per the manufacturer’s recommendations.

Animal tissues

The transgenic rat animal was maintained as per the proto-
col from National Laboratory Animal Center (NLAC). The 
protocols were approved by the Institutional Animal Care 
and Use Committee of China Medical University (Protocol 
number: 2016-065-1) and confirmed to the Guide for the 
Care and Use of Laboratory Animals published by the US 
National Institutes of Health. The transgenic animals were 
generated and confirmed as described previously [20–22]. 
Briefly, the pronuclear microinjections were performed to 
insert full-length IGF-IIRα-pcDNA3.1-myc-His construct 
driven by α-MHC cardiac-specific promoter, and transgenic 
animals were confirmed by PCR genotyping and western 
blot. All wild-type (WT) Sprague Dawley (SD) rats and 
transgenic rats [SD-TG (IGF-IIRα)] were housed at a con-
stant temperature (22 °C) on a 12-h light/dark cycle with 
food and tap water. The cardiac tissue samples were col-
lected at the end of designated treatments and stored at 
− 80 °C [21, 22].

Chemicals and antibodies

All the chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) unless otherwise indicated. Doxorubicin 
was dissolved in dimethyl sulfoxide and aliquot stored at 
− 20 °C for further experiments. The following antibod-
ies were used in this study: Parkin (H-300) (sc-30130), 
ATF4 (D4B8) (#11815), ATF-6α (F-7) (sc-166659), CHOP 
(L63F7) (#2895), IRE1α (B-12) (sc-390960), GRP78 (N-20) 
(sc-1050), p-eIF2α (Ser51) (#9721), HA-Tag (HA-ChIP) 
(Abcam, ab9110), GFP (FL) (sc-8334), cleaved caspase-3 
(Asp175) (5A1) (Cell signaling, #9664), p-JNK (G-7) (sc-
6254), GAPDH (sc-47724), Tubulin (sc-5286), and β-Actin 
(sc-8432). All the secondary antibodies (anti-rabbit, mouse 
and goat, HRP conjugated) were purchased from Santa Cruz 
Biotechnology unless otherwise noted.

Western blot

Western blot (WB) analysis was performed as described 
previously [24, 25] with minor modifications. Lysis buffer 
containing Tris-base (pH 7.4, 50 mM/L), EDTA (1 M/L), 
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NaCl (0.5 M/L), beta-mercaptoethanol (1 mM/L), NP-40 
(1%), IGEPAL CA-630 (Sigma-Aldrich), 10% glycerol, and 
protease inhibitor cocktail tablets (Roche) were used to har-
vest cellular protein extracts. Cell lysates were centrifuged 
at 16,000 rpm for 30 min, and protein supernatants were 
quantified using Bradford assay (Bio-Rad). Protein samples 
were resolved using SDS-PAGE (8–12%) and then blotted 
onto PVDF membranes (Millipore). 5% skimmed milk (Tris-
buffered saline-Tween-20) powder was used for non-specific 
blocking of proteins for at RT for 1 h. Primary antibodies 
(1:1000) at 4 °C overnight incubation followed with sec-
ondary antibodies at RT for 1 h were used to probe specific 
proteins and detected using Immobilon Western Chemilu-
minescent HRP Substrate (Millipore, Billerica, MA, USA). 
Membrane stripping was performed as and when required 
using Restore Western Blot Stripping Buffer (Pierce, IO) 
and re-probed with other antibodies. Immunoblots were ana-
lyzed densitometrically using KETA C chemiluminescence 
system & Magic Chemi software (Taiwan) and quantified 
using Image J software (NIH, MD, USA).

Terminal deoxynucleotidyl transferase dUTP 
nick‑end labeling (TUNEL) assay

Apoptotic cells were detected using TUNEL Assay (In 
situ cell death detection kit, Roche, Mannheim, Germany) 
as described previously [26]. The cardiac tissue Sections 
(0.2 µm) were obtained as reported in our previous study 
[22] and deparaffinized by immersion in xylene, rehydrated 
in a graded series ethanol, and added with 3% H2O2 to inac-
tivate endogenous peroxidases. This was followed by Pro-
teinase K (20 µg/mL) (ZYMED, CA) treatment for 30 min, 
rinsed with PBS for 5 min twice. Permeabilization was done 
using sodium citrate buffer (containing 0.1% Triton X-100) 
for 15 min followed by PBS wash for 5 min twice. Apoptotic 
cells were detected using TUNEL fluorescence reagent and 
counterstained with DAPI (4′, 6-diamidine-2-phenylindole 
dihydrochloride) for nuclei and followed by fluorescence 
microscopy (Olympus, Tokyo, Japan).

Immunohistochemistry

The cardiac tissue samples were obtained as described in our 
previous study [22] and tissue section slides were subjected 
to immunohistochemical staining. Tissue Sections (0.2 µm) 
were dried at 58 °C overnight, then subjected to deparaffini-
zation in xylene, followed by rehydration in a graded series 
of ethanol (95%, 90%, 80%, 70%, 60%). Endogenous per-
oxidase activity was deactivated using 3% H2O2 for 10 min. 
Next, rinsed with water for 15 min followed with microwave 
treatment in citrate buffer for 15 min, the non-specific block-
ing was done using 2.5% horse serum in PBS-T for 15 min, 
followed with primary antibody (1:100) incubation for 2 h, 

rinsing with PBS, and incubating with secondary antibody 
for 30 min at RT. Next, slides were rinsed with PBS and 
streptavidin-HRP conjugate was added for 30 min. Further, 
slides were rinsed with PBS as before and chromogenic sub-
strate diaminobenzidine (DAB) was added and incubated 
for 1–3 min at RT. Finally, slides were rinsed with PBS, air 
dried, mounted using VectaMount™ (H-5000), and imaged 
using microscope (Olympus, Tokyo, Japan).

Statistical analysis

All experimental data were expressed as the mean ± SD from 
at least three independent experiments. Pairwise statistical 
comparisons were performed using one-way ANOVA using 
SPSS 16 software. Differences were considered statistically 
significant when P < 0.05.

Results

IGF‑IIRα leads to ER stress induction in H9c2 cells

To begin to delineate the role of IGF-IIRα in ER stress 
induction in heart, we found an increased expression of ER 
stress markers PERK, ATF4, ATF6, and IRE1 concomitant 
with IGF-IIRα overexpression. However, DOX treatment 
enhanced this genetic perturbation resulting in synergistic 
upregulation of ATF4 and PERK, while interestingly, ATF6 
and IRE1 did not exhibit a combinatorial effect (Fig. 1A). 
Besides, protein translation initiation factor p-eIF2α (Ser51) 
exhibited a positive modulation, while ER chaperone GRP78 
was downregulated by IGF-IIRα. There was dose-dependent 
increase in the expression of ER stress-associated pro-apop-
totic factor CHOP, while PARKIN, an E3 ubiquitin ligase, 
prominently linked with removal of damaged mitochondria, 
showed an opposite trend to CHOP expression (Fig. 1B). 
These results suggested that IGF-IIRα contributes to ER 
stress induction in H9c2 cells.

IGF‑IIRα‑induced ER stress contributed to cardiac 
myocytes apoptosis

The above observations suggested the involvement of IGF-
IIRα in ER stress generation in H9c2 cells, so we were 
tempted to elucidate its downstream cellular impact. We 
found that IGF-IIRα leads to increased expression of ER 
stress-associated pro-apoptosis factors. ER resident apop-
totic caspase-12 together with c-caspase-3 activity were 
upregulated. Besides, CHOP that acts to decrease the Bcl2/ 
Bax ratio and induce apoptosis under cellular stress condi-
tions was also prominently enhanced (Fig. 2A). Interestingly, 
we found that IGF-IIRα has a synergistic consequence to 
DOX-induced cardiomyocyte damage that was indicated by 
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enhanced apoptotic effects. Besides, we also determined the 
expression pattern of cellular stress-associated MAPKs such 
as p-p38 and p-JNK that exhibited similar results as above, 
while PARKIN underwent a suppression (Fig. 2B). Above 
results suggested that IGF-IIRα contributed to cardiomyo-
cyte ER stress induction and leads to more severe effects in 
conjunction with DOX treatments.

In vivo validation of IGF‑IIRα‑induced ER stress 
in cardiac tissues

In order to corroborate the findings from in vitro stud-
ies, cardiac tissue samples from DOX-treated IGF-IIRα 
overexpressing transgenic rats were assessed for ER stress 
markers. In line with in vitro results, IGF-IIRα overex-
pression in cardiac tissues upregulated PERK and ATF4 
expressions that were exacerbated upon DOX treatment. 
ATF6 and IRE1 were also increased, but they did not show 
combinatorial effects as above (Fig. 3A). Pro-apoptotic 
agent caspase-12, caspase-3, and CHOP were significantly 

upregulated, while ER chaperone GRP78 was suppressed 
by IGF-IIRα and exhibited synergistic effects with DOX 
treatments (Fig. 3B). This was accompanied by increased 
apoptotic nuclei in cardiac tissues induced by IGF-IIRα 
(Fig. 3C). Next, immunohistochemical analysis on cardiac 
tissue samples revealed an increased expression of CHOP 
in IGF-IIRα overexpressing compared to WT animals, 
while treatment of TG animals with DOX resulted in con-
spicuous accumulation of CHOP compared to IGF-IIRα 
alone or DOX only or WT animals alone (Fig. 3D). Fur-
ther, we also determined the expression levels of stress-
associated MAPKs p-p38 and p-JNK that were increased 
by IGF-IIRα while PARKIN was inhibited (Fig.  3E). 
Importantly, our results showed that IGF-IIRα has a 
synergistic contribution to DOX-induced cardiomyocyte 
damage that was indicated by enhanced cardiac apoptotic 
effects. Above results suggested that IGF-IIRα played a 
significant role in cardiac ER stress induction and leads 
to irreparable cardiac damages triggering an apoptosis 
cascade.

Fig. 1   IGF-IIRα leads to ER stress induction in H9c2 cells. A H9c2 
cells were transfected with IGF-IIRα-pEGFP plasmid construct for 
24 h and then subjected to DOX (1 µM) treatment for another 24 h. 
At the end of 48  h, cellular protein extracts were analyzed by WB 
technique. Representative images showing protein expression of 
ER stress-associated markers PERK, ATF4 (D4B8), ATF6α (F-7), 
IRE1α (B-12), eIF2α (pSer51), GRP78, and their respective quanti-

fications. Comparison groups were as follows: DOX alone treatment 
vs no treatment; IGF-IIRα + DOX treatment vs DOX alone, respec-
tively; n = 3; *p < 0.05; **p < 0.01; B Increasing concentrations of 
IGF-IIRα-pEGFP plasmids (2.5 µg, 5.0 µg, 10.0 µg) were transfected 
into H9c2 cells for 24 h. Cellular protein lysates were harvested and 
subjected to WB analysis. Protein expression of CHOP and PARKIN 
showed opposite correlations in a dose-dependent manner
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CHOP ablation or chemical ER chaperone reversed 
the ER stress response induced by IGF‑IIRα

CHOP being an important transcription factor regulating 
Bcl2/Bax ratio and apoptosis during ER stress induction, 
we ascertained whether silencing of CHOP could allevi-
ate ER stress responses by IGF-IIRα in H9c2 cells. As 
expected, DOX treatment increased CHOP and caspase-12 
levels which were further enhanced by IGF-IIRα over-
expression. A similar trend was observed for GADD34, 
a downstream apoptosis effector of CHOP during ER 
stress. Conversely, targeting CHOP using siRNA, the ER 
stress-associated apoptosis crusaders were attenuated in 

a dose-dependent manner (Fig. 4A). These results impli-
cated that IGF-IIRα contributed to ER stress-induced 
apoptosis via modulations of CHOP activity. To further 
confirm the role IGF-IIRα in cardiac ER stress induction 
and ensuing apoptosis, we asked whether treatment with 
4-phenylbutyrate (PBA), a chemical ER chaperone to 
mimic the function of GRP78, could ameliorate resultant 
apoptosis induction. In line with previous results, there 
was synergistic impairment in the levels of CHOP, cas-
pase-12, GADD34, and GRP78 upon IGF-IIRα overex-
pression plus DOX treatment compared to other groups; 
however, interestingly, after treatment with PBA, these 
effects were ameliorated. It was found that PBA could 

Fig. 2   IGF-IIRα-induced ER stress contributed to cardiac myocytes 
apoptosis. A IGF-IIRα-pEGFP plasmid was transfected into H9c2 
cells for 24  h and then treated with DOX (1  µM) for another 24  h. 
WB analysis showing protein expression of ER stress-associated 
pro-apoptotic markers Caspase-12, cleaved Caspase-3, and CHOP. 

Representative blot images have been presented. n = 3; *p < 0.05; 
**p < 0.01; B Protein expression of cardiac stress-associated MAPKs 
p-JNK, p-p38, and PARKIN analyzed using WB from above experi-
ment. They exhibited synergistic modulations in their expressions 
under combined effect of IGF-IIRα plus DOX treatments
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significantly reduce the combined incremental changes by 
IGF-IIRα plus DOX treatment and diminished the levels of 
above pro-apoptosis agents (Fig. 4B). We also ascertained 
whether this reduction in pro-apoptosis agents is due to 
modulations in ER stress-associated factors induced by 
IGF-IIRα. Interestingly, PBA treatment not only reverted 
the impaired levels of ATF4 and PERK by IGF-IIRα plus 
DOX treatment to control levels, but also stress respon-
sive PARKIN and ER chaperone GRP78 expressions were 
restored (Fig. 4B, C). Together, these findings suggested 
that IGF-IIRα significantly contributed to ER stress induc-
tion and that treatment with ER stress chaperone could 
mitigate damaging effects incurred by IGF-IIRα.

Discussion

In this study, we aimed to investigate the role of IGF-
IIRα in modulation of ER stress under DOX-induced 
cardiac damage. Previous studies have shown that DOX 
treatment causes ER stress induction and leads to car-
diac apoptosis via upregulation of pro-apoptotic CHOP 
activity [14]. Another study in a hypertension-induced 
PARKIN knockout mice model reported that PARKIN 
regulation of CHOP modulates susceptibility to cardiac 
ER stress [23]. Previously, we showed that IGF-IIRα 
leads to reduction in PARKIN expression and mitophagy 

Fig. 3   In vivo validation of IGF-IIRα-induced ER stress in transgenic 
animal cardiac tissues. A WB analysis showing protein expression of 
PERK, ATF4 (D4B8), ATF6α (F-7), and IRE1α (B-12) in cardiac tis-
sues from WT and transgenic IGF-IIRα-HA-tagged rats (TG) treated 
with/without DOX and their respective quantifications. Representa-
tive blot images have been shown. Comparison groups were as fol-
lows: wild type (WT) alone vs WT + DOX treatment; TG + DOX 
treatment vs WT + DOX treatment, respectively. n = 3; *p < 0.05, 
**p < 0.01; B ER stress-associated pro-apoptotic markers analyzed 
using WB analysis. Panel showing protein expressions of Caspase-12, 
cleaved Caspase-3, CHOP, and GRP78. A combinatorial effect was 

observed in TG + DOX treatment group vs WT + DOX treatment 
group, respectively. n = 3; *p < 0.05; **p < 0.01; C TUNEL assay 
showing apoptotic nuclei in TG animals vs WT treated with/with-
out DOX; D Immunohistochemistry staining showing pro-apoptotic 
CHOP expression in cardiac tissue sections obtained from WT and 
TG animals after DOX treatment. Protein expressions of CHOP were 
higher in TG animals that were upregulated further upon DOX treat-
ment. E Cardiac tissue samples exhibited synergistic alterations in 
expressions of stress-associated MAPKs p-JNK, p-p38, and E3 ubiq-
uitin ligase PARKIN under combined effect of IGF-IIRα and DOX 
treatments in TG animal vs WT animals
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impairment in DOX-induced cardiotoxicity [22]. This 
study showed that increased IGF-IIRα expression leads 
to ER stress induction that was severely aggravated under 
DOX-induced stresses. While ER stress markers ATF4 and 

PERK exhibited synergistic upregulation, ATF6 and IRE1 
were also enhanced, but did not show combinatorial incre-
ments. On the other hand, there was increased expression 
of MAPKs such as p-p38 and p-JNK that were frequently 

Fig. 4   CHOP depletion or chemical ER chaperone 4-PBA mitigated 
the ER stress responses by IGF-IIRα. A Co-transfection with siRNA 
(5 nM, 10 nM, 20 nM)-targeting CHOP and IGF-IIRα-pEGFP plas-
mid (5 µM) was performed into H9c2 cells using jetPRIME reagent 
(Polyplus-transfection S.A., France) and incubated for 24  h. Later, 
media was replaced with fresh media and DOX treatment (1 µM) was 
done for another 24  h. At the end of 48  h, cellular protein extracts 
were subjected to WB analysis for detection of CHOP, GADD34, and 
Caspase12 protein levels. B, C H9c2 cells were treated with 4-PBA 

(5 mM) and incubated for 12 h. Then, they were rinsed with PBS and 
replaced with fresh medium. IGF-IIRα-pEGFP plasmid (5 µM) was 
transfected as earlier and incubated for 24 h. Subsequently, media was 
replaced with fresh medium containing DOX (1 µM) and incubated 
for another 12 h. At the end of 48 h, protein was harvested and WB 
was performed to measure CHOP, GADD34, Caspase12, GRP78, 
ATF4, PERK, and PARKIN protein expressions. n = 3; *p < 0.05; 
**p < 0.01
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associated with cardiac damage during stresses [27]. These 
observations were in concordance with several other stud-
ies that demonstrated the effect of DOX in the induction 
of cardiac damage [28]. Interestingly, PARKIN, a stress 
responsive protein, was markedly downregulated upon 
IGF-IIRα overexpression. This reduction in PARKIN level 
has also been shown by several other studies, in a context-
dependent manner, leading to catastrophic demise of cells 
[23]. Our results showed that increased IGF-IIRα expres-
sion leads to inhibition of PARKIN, while the expression 
of ER stress-associated pro-apoptosis transcription fac-
tor CHOP was enhanced in a dose-dependent manner. 
Besides, eukaryotic translation initiation factor p-eIF2α 
(ser51) was only slightly elevated upon IGF-IIRα over-
expression and/ or DOX treatment reflecting an un-halted 
global protein translation while concomitantly, ER chap-
erone GRP78 was significantly downregulated potentially 
contributing to severe accumulation of unfolded or mis-
folded or damaged cellular proteins. Several studies have 
shown that phosphorylation of eIF2α (ser51) is important 
for attenuation of global protein translation allowing the 
synthesis of only ER stress ameliorating protein molecules 
[29]. ER chaperone GRP78 and ER resident apoptosis 
inducer caspase12 along with executioner caspase-3 dis-
played increased expression implicating the involvement 
of IGF-IIRα in ER stress induction and apoptosis. Stud-
ies by several others have also shown the involvement of 
GRP78 and caspase12 in ER stress-induced cardiac apop-
tosis [30]. The protein expression of pro-apoptotic tran-
scription factor CHOP was markedly increased in cardiac 

tissues derived from transgenic animals. These results 
suggested the interplay of CHOP in IGF-IIRα-induced 
ER stress induction and cardiac apoptosis. Therefore, 
we questioned whether suppression of CHOP or supple-
menting with ER chaperone mimic could mitigate the ER 
stress in the current scenario. To delineate this answer, 
when CHOP was silenced, it resulted in reduced expres-
sion of caspase-12 and GADD34 compared to IGF-IIRα 
plus DOX or DOX alone treated cardiomyocytes. While 
treatment with chemical ER chaperone 4-PBA resulted in 
downregulation of CHOP, and caspase-3 compared to un-
treated controls. Not only that, ER stress markers ATF4, 
PERK, ATF 6, and IRE1 were salvaged to control levels, 
and PARKIN was also restored to normal levels. All these 
observations suggest for the critical contribution of ER 
stress induction in the IGF-IIRα-induced cardiac damages.

Conclusion

In summary (Fig. 5), we found that IGF-IIRα significantly 
contributed to ER stress induction in heart and ensuing car-
diac damage under stress conditions. This effect was miti-
gated in part upon suppression of CHOP or treatment with a 
chemical ER chaperone 4-PBA which indicated that reduc-
ing the ER stress per se or inhibiting the ER stress-associated 
pro-apoptotic transcription factor could ameliorate the ER 
impairment caused by IGF-IIRα. However, several questions 
remain to be investigated such as the role of PARKIN and 
its molecular mechanism in context of ER stress induction 

Fig. 5   Graphic summary. This 
study showed that IGF-IIRα 
contributed to cardiac ER stress 
induction leading to apoptosis 
of cardiomyocytes and ensuing 
heart damage
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by IGF-IIRα. Future studies are warranted to unravel the 
answers to above questions.
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