
 Kidney Blood Press Res 2015;40:41-51
DOI: 10.1159/000368481
Published online: February 10, 2015

© 2015 S. Karger AG, Basel
www.karger.com/kbr 41

Sun/Zhang/Li/Wang: ER Stress in Hypertensive Myocardial Apoptosis1423-0143/15/0401-0041$39.50/0

Original Paper

 Copyright © 2015 S. Karger AG, Basel

Accepted: January 15, 2015

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to 
the online version of the article only. Distribution permitted for non-commercial purposes only.

Dr. Ji Wang Department of ICU, China MeiTan General Hospital, Beijing, 100028 (China)
Tel. +8618600882532, E-Mail sunying548206@163.com

Induction of Apoptosis by Hypertension 
Via Endoplasmic Reticulum Stress 

Yingying Suna    Tong Zhangb    Li Lia    Ji Wanga

aDepartment of ICU, China MeiTan General Hospital, 100028; bXi Yuan Hospital, China Academy of 
Chinese Medical Sciences, 100091, Beijing, China 

Key Words
Apoptosis • Caspase-12 • CHOP • ER stress • GRP78 • Hypertension 

Abstract
Background/Aims: Endoplasmic reticulum (ER) stress is one of the intrinsic apoptosis 
pathways, and cardiac apoptosis can occur in cardiovascular diseases, such as hypertension. 
However, the mechanisms by which ER stress leads to apoptosis remain enigmatic, particularly 
in the progression from cardiac hypertrophy to diastolic heart failure due to hypertension. 
Methods: We used spontaneously hypertensive rats (SHRs) to investigate possible signalling 
pathways for ER stress. Results: We found that cardiac protein and mRNA levels of glucose-
regulated protein 78 were up-regulated. In addition, the CHOP- and caspase-12-dependent 
pathways, but not that of JNK, were activated in the SHR rats. Conclusions: These results 
suggest that ER stress can contribute to myocardial apoptosis during hypertensive disease.

Introduction

The endoplasmic reticulum (ER) fulfils multiple cellular functions. Various conditions, 
such as ischemia, hypoxia, heat shock, gene mutations, and elevated protein synthesis, can 
disturb ER functions and result in ER stress [1, 2]. In response to this type of stress, there 
is a marked upregulation of ER chaperones, such as glucose-regulated proteins 78 and 94 
(GRP78, GRP94) and calreticulin [1, 3, 4]. Excessive and prolonged ER stress triggers cell 
suicide.

Apoptosis is a major contributor to cell loss during heart failure [5, 6]. It is well known 
that left ventricular hypertrophy (LVH) commonly occurs in hypertensive patients, and heart 
failure is the most frequent cause of death in these patients. Emerging data now indicate 
that apoptosis occurs in critical organs (heart, brain, or kidney) during hypertension [7-
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9]. However, the mechanisms by which ER stress leads to apoptosis remain enigmatic, 
particularly in the progression from cardiac hypertrophy to diastolic heart failure due to 
hypertension. Therefore, we hypothesised that ER stress may contribute to cardiac apoptosis, 
which is observed in this progression. To test this hypothesis, we examined the potential role 
of ER stress-induced apoptosis in spontaneously hypertensive rats (SHRs) and Wistar-Kyoto 
(WKY) rats.

Materials and Methods

Preparation of the animal model
This study was carried out in accordance with institutional guidelines for the experimental use 

of animals. The protocol was approved by the committee on the Ethics of Animal Experiments of the 
China MeiTan General Hospital and Xi Yuan Hospital. All of the surgeries were performed under sodium 
pentobarbital anaesthesia, and all efforts were made to minimise suffering. A total of 30 SHRs (8 weeks 
old, SPF, male) and 30 WKY rats (8 weeks old, SPF, male) were obtained from Vital River Laboratories. The 
rats were housed in cages with free access to the standard rat diet and tap water provided by the centre. 
The animals were maintained under standard lighting (alternating 12 h light/dark cycle), temperature 
(22±0.5°C) and humidity (60±10%) conditions for at least 1 week before the experiments. Then, at the ages 
of 8, 16 or 32 weeks, ten SHRs or ten WKY rats were randomly killed in each group. The blood pressure of 
the rats was measured in the caudal artery using RBP-1 determination and analysis. The blood pressure was 
measured in each rat every 2 weeks.

Echocardiographic evaluation
Before sacrifice, each rat was anaesthetised with ketamine HCl (50 mg/kg) and xylazine (10 mg/kg) 

and placed in the left lateral decubitus position. The chest of the rat was shaved, and a layer of acoustic 
coupling gel was applied to the thorax. Two-dimensional and M-mode echocardiography was performed 
using a commercially available 12-MHz linear-array transducer system and an echocardiogram (Sonos 
5500, HP, MA). M-mode recordings were obtained of the left ventricle at the level of the mitral valve in the 
parasternal view using two-dimensional echocardiographic guidance in both the short and long axis views. 
Pulsed-wave Doppler was used to examine mitral diastolic inflow from the apical four-chamber view. For 
each measurement, data from three consecutive cardiac cycles were averaged. All of the measurements 
were made from digital images captured at the time of the study by use of inherent analysis software (Sonos 
5500 software package).

Terminal deoxynucleotidyl transferase-mediated DNA nick-end labelling (TUNEL) staining
Rat hearts were transversally sliced and fixed in 4% neutral buffered formalin for over 24 h, followed by 

embedding in paraffin. The hearts were sectioned at a thickness of 5 μm and analysed with the TUNEL assay 
kit (catalogue number KGA703, Keygen Biotechnology, China). The sections were deparaffinised, digested 
with proteinase K (20 μg/ml) at room temperature for 15 min, and soaked in phosphate buffer saline (PBS) 
for 5 min. Each section was covered with a terminal deoxynucleotidyl transferase (TDT) enzyme solution 
containing 45 μl equilibration buffer, 1 μl biotin-ll-dUTP, and 4 μl TDT enzyme and incubated for 1 h at 37°C 
in a humidified chamber. The sections were immersed in stop buffer to terminate the enzymatic reaction 
and then gently rinsed with PBS. A 50-μl streptavidin-horseradish peroxidase (HRP) solution (0.25 μl 
streptavidin-HRP, 49.75 μl PBS) was then applied to each section, and the sections were incubated at room 
temperature for 30 min in the dark. The slides were washed in PBS, exposed for 5-7 min to diaminobenzidine 
(DAB)± chromogen. Then, the sections were examined using light microscopy. Sections incubated with PBS 
instead of the TDT enzyme solution served as negative controls. The number of TUNEL-positive cells was 
counted in five randomly selected fields of view under 400×magnification per animal, and ten animals were 
studied per group. All studies were performed by an observer who was blinded to the study groups to which 
the animals were assigned.
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Real-time PCR analysis
Total RNA was isolated from hearts using Trizol reagent (Invitrogen, USA) according to the 

manufacturer's instructions. The reverse transcription of RNA to cDNA was performed using reverse 
transcriptase (Promega, Madison, Wisconsin) at 37°C for 1  h. cDNA was amplified with Light-Cycler-
FastStart DNA Master SYBR Green I (TaKaRa Biotechnology). The primer sequences for rat GRP78, CHOP, 
caspase-12, p-JNK, β-actin are listed in Table 1. After an initial denaturation step of 10 s at 95°C, 45 cycles of 
the following temperature steps were performed: denaturation at 95°C for 0 s, annealing at 54-59°C for 5 s 
and extension at 72°C for 10 s. A melting-curve was then generated at 65°C for 30 s. At the end of each cycle, 
the fluorescence emitted by the SYBR Green I dye was measured. The specificity of products generated for 
each set of primers was examined for each fragment using the melting curve and gel electrophoresis. The 
relative expression levels of each targeted gene were normalised by subtracting the corresponding β-actin 
threshold cycle (CT) values using the △△CT comparative method. A total of ten samples for each group were 
used for real-time PCR, and each sample was run in triplicate.

Western blot analysis
Tissue samples from the hearts were homogenised in a lysis buffer (0.1 mol/l NaCl, 0.01 M Tris-

HCl, PH 7.5, 1 mM EDTA, and 1 μg/ml Aprotinin), and the homogenates were then centrifuged at 7000 g 
for 15 min at 4°C. The supernatants were used as protein samples. We used the Bradford assay (Bio-Rad 
Laboratories, Hercules, CA) to determine the protein concentrations for each sample. Western blot analysis 
was performed with a 5% acrylamide stacking gel and a 14% acrylamide resolving gel; 60 μg of protein 
was subjected to gel electrophoresis. The proteins were then transferred from the gel to nitrocellulose 
membranes (LC2006, Invitrogen, CA) at 120 V for 50 min. Nonspecific protein binding to the nitrocellulose 
membrane was reduced by pre-incubating the membrane with blocking buffer (5% nonfat dry milk, 2.7 
mM KCl, 137 mM NaCl, 8 mM Na2HPO4, 1.4 mM KPO4 and 0.1% Tween 20) for 2 h at room temperature. 
Incubations were performed overnight at 4°C with the following monoclonal antibodies: anti-β-actin 
(1:1000 diluted in blocking buffer, Zhongshan Golden Bridge Biotechnology, China), anti-GRP78 (1:500, 
SC-1611, Santa Cruz, CA), anti-CHOP (1:600, SC-7531, Santa Cruz, CA), anti-caspase-12 (1:500, SC-1050, 
Santa Cruz, CA), anti-p-JNK (1:400, SC-6254, Santa Cruz, CA), anti-JNK (1:1000, SC-81468, Santa Cruz, CA) 
and anti-cleaved-caspase-3 (1:500, SC-7148, Santa Cruz, CA). The membranes were then incubated with 
secondary antibodies (anti-goat, anti-rabbit, anti-rat and anti-mouse IgG conjugated to HRP, in blocking 
buffer 1:1000, Zhongshan Golden Bridge Biotechnology, China) for 2 h at room temperature. The reaction 
was visualised by chemiluminescence (Enhanced Chemiluminescent Kit, ECL, UK). The film was scanned 
with an imaging densitometer (FluorChem HD IS-9900, Alpha, CA), and the optical density was quantified 
using Multi-Analyst software.

Table 1. The sequence for each primer and amplification conditions
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Statistical analysis
The experimental data were analysed using SPSS 17 software in Windows XP. All of the results are 

expressed as the mean±SEM. The individual groups were tested for differences using one-way repeated-
measurement ANOVA followed by independent sample t-tests. Differences were considered statistically 
significant at P<0.05.

Results

Establishment of the model
The blood pressure and left ventricular mass index (LVMI, LVMI=left ventricular mass 

(LVM, mg)/body mass (BM, g)) differed significantly in SHRs compared to the control WKY rats 
(Fig. 1). The echocardiographic data are shown in Table 2. The left ventricular diastolic function 
variables, expressed by the ratio of the E-wave (early diastolic filling, early peak velocity) to 
the A-wave (late atrial filling, atrial peak velocity), differed significantly (P<0.05) in SHRs (32 
weeks) compared to those of WKY rats (32 weeks). A significant increase in the E-wave velocity, 
a significant decrease in the A-wave velocity, and a remarkable increase in the E/A ratio were 
observed (E/A>>2). The left ventricular systolic function parameters, fractional shortening 
(%), and ejection fraction (%) of the SHRs were not significantly different compared to the 
WKY rats (32 weeks). Furthermore, the interventricular septum, posterior wall and LVMI also 

Table 2. Echoardiographic data

Fig. 1. A, Blood pressure. Blood pressure levels in the SHRs have shown a significant raise at 8 weeks old, 
and continued to 32 weeks old compared with the WKY rats. B, LVMI. LVMI=left ventricular mass (LVM, 
mg)/body mass (BM, g). Ten animals were studied per group. *P<0.05 vs WKY rats, #P<0.01 vs WKY rats. 
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The mRNA levels of ER stress-associated genes were measured by quantitative real-
time PCR. During the initial stage of hypertension, only the mRNA levels of GRP78 and CHOP 
were upregulated. The mRNA levels of GRP78, CHOP, and caspase-12, but not p-JNK, were 
found to be significantly (P<0.05) upregulated in both hypertrophic rats and those with 
diastolic heart failure. Similar levels of p-JNK mRNA were observed in all hypertensive and 
normal rats (Fig. 3). 

Immunoblot analysis of ER stress-associated proteins
We detected GRP78, CHOP and cleaved-caspase-3 proteins in rat myocardia using 

differed significantly 
(P<0.05) compared 
to those of WKY rats 
at 16 weeks. These 
results demonstrated 
that SHRs exhibited 
cardiac hypertrophy 
at 16 weeks of age 
and diastolic heart 
failure at 32 weeks of 
age. 

The localisation 
of apoptosis by 
the TUNEL assay
To assess wheth-

er cardiac myocyte 
apoptosis occurs 
in the hypertensive 
heart, the tissue sec-
tions were labelled 
using a TUNEL assay 
(Fig. 2). Apoptosis 
was observed in both 
the cardiocytes and 
endothelium of the 
hypertensive heart. 
More apoptotic car-
diocytes were ob-
served in the SHR (16 
weeks and 32 weeks) 
groups. An estima-
tion of cardiac apop-
tosis revealed a near-
ly threefold increase 
in TUNEL-positive 
nuclei in the hyper-
tensive heart.

Real-time PCR 
verification of 
the upregulation 
of ER stress-
associated genes

Fig. 2. TUNEL staining of apoptotic bodies (arrows point). Compared with the 
normal heart, the hypertensive heart has notably higher positive expression. 
Ten animals were studied per group. *P<0.05 vs WKY rats, #P<0.01 vs WKY rats. 
Bar=20μm (40×).
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western blots. These proteins were detected as single bands that migrated distances 
indicating sizes of 78 kDa, 26 kDa and 17 kDa, respectively. Two bands between 30 and 50 
kDa were observed for caspase-12, and two bands between 46 and 54 kDa were observed 
for p-JNK and JNK. Consistent with the mRNA levels, during the initial stage of hypertension, 
only the protein levels of GRP78 and CHOP were upregulated. The densitometric analysis of 
bands for GRP78, CHOP, and caspase-12, but not JNK or p-JNK, revealed a significant (P<0.05) 
increase in the relative protein content in the myocardium of SHRs (16 weeks and 32 weeks) 
compared to WKY rats. These protein levels were markedly increased in the hypertensive 
heart and coincided with the appearance of apoptosis (caspase-3 cleavage) (Fig. 4).

Discussion

The ER is a highly dynamic organelle that participates in folding secretory and 
membrane proteins. To address the enhanced synthesis of secretory proteins when the ER is 
overloaded, molecular compensatory mechanisms 1) upregulate ER chaperones; 2) reduce 
translation, decreasing the load of new protein synthesis, and 3) degrade misfolded proteins 
within the ER [10]. When ER stress conditions persist, the initiation of apoptotic processes is 
promoted by the transcriptional induction of C/EBP homologous protein (CHOP/GADD153) 
[11], the caspase-12-dependent pathway [12], and activation of the c-Jun NH2-terminal 
kinase (JNK)-dependent pathway [13].

Several signalling pathways are initiated to manage ER stress, and this effect is known 
as the unfolded protein response (UPR) [14]. One major pathway of the UPR increases the 

Fig. 3. Upregulation of the ER stress associated genes. Total RNA was extracted from myocardium and sub-
jected to real-time PCR quantification as described under materials and methods. Quantitative analysis of 
the ER stress-associated genes in rat hearts. Ten animals were studied per group. *P<0.05 vs WKY rats, 
#P<0.01 vs WKY rats. 
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Fig. 4. Upregulation of the ER stress-associated proteins. Protein levels of GRP78, CHOP, JNK, p-JNK, caspa-
se-12 and cleaved-caspase-3 in rats hearts and quantitative analysis of the ER stress-associated proteins in 
rat hearts. Ten animals were studied per group. *P<0.05 vs WKY rats, #P<0.01 vs WKY rats. 

D
ow

nl
oa

de
d 

by
: 

21
8.

76
.1

28
.8

4 
- 

4/
25

/2
01

7 
9:

42
:3

1 
A

M

http://dx.doi.org/10.1159%2F000368481


 Kidney Blood Press Res 2015;40:41-51
DOI: 10.1159/000368481
Published online: February 10, 2015

© 2015 S. Karger AG, Basel
www.karger.com/kbr 48

Sun/Zhang/Li/Wang: ER Stress in Hypertensive Myocardial Apoptosis

expression of ER-localised molecular chaperones, such as GRP78, which can contribute to 
repairing unfolded proteins. The induction of GRP78 has been widely used as a marker for ER 
stress and initiation of the UPR [12]. Furthermore, GRP78 serves as a master modulator for 
the UPR network by binding to the ER stress sensors, including PKR-like ER kinase (PERK), 
inositol requiring 1 (IRE1), and transcription factor 6 (ATF6), inhibiting their activation [15]. 
In the present study, the mRNA and protein levels of GRP78 were markedly upregulated in 
the hypertensive heart. This finding suggests that hypertension actives ER stress in the rat 
heart. Increased GRP78 has been reported in ER stress-associated apoptosis in decidual cells 
[16] and in renal proximal tubular cells [17], in synchronous multiple primary cancers in the 
oesophagus and stomach [18], in diabetic cardiomyopathy [19], and in mineralising tissues 
and mesenchymal cells [20].

However, TUNEL-positive cells were not observed during the initial stage of hypertension. 
We propose that during the preliminary stage of hypertension, the ER only switches on the 
UPR to block these stresses. The UPR allows the cells to adjust to the altered environment 
and reinstate normal ER functions. These adaptive mechanisms involve transcriptional 
programs that induce gene expression that enhances the protein folding capacity of the ER 
and promote ER-associated protein degradation to remove misfolded proteins [21].

Emerging data have indicated that when ER stress is excessive and/or prolonged, the 
initiation of apoptotic processes is promoted by the transcriptional induction of CHOP or by 
the activation of JNK and/or the caspase-12-dependent pathway [22]. The main components 
of these pathways include the following. ① CHOP/GADD153: CHOP is a member of the C/
EBP family of bZIP transcription factors, and its expression is strongly induced by ER stress 
[23]. CHOP expression can be attributed to the activity of IRE1, PERK and ATF6, and CHOP 
protein overexpression induces apoptosis through a Bcl-2-inhibitable mechanism [23]. 
② JNK: JNK belongs to the stress-activated protein kinases and has been shown to induce 
apoptosis in response to ER stress [3, 22]. JNK-mediated phosphorylation activates the 
proapoptotic protein Bim [24]. ③ Caspase-12: caspases are required for apoptosis, and 
certain members of this family of cysteine proteases associate with the ER [25]. In rodents, 
caspase-12 associates with activated IRE1, resulting in proteolytic processing of caspase-12. 
Activated caspase-12 can trigger caspase-9, and procaspase-3 can be cleaved by activated 
caspase-9. Activated caspase-3 causes apoptosis. Recent work has supported a central role 
for the caspase family of cysteine proteases, especially caspase-3, as effectors of apoptosis 
[26]. 

Long-term hypertension has been shown to be an effective stimulus for cardiocyte 
apoptosis [27]. In our experiment, the number of TUNEL-positive cardiac myocytes was 
significantly increased in failing hearts, and CHOP, caspase-12, and caspase-3, but not JNK, 
were simultaneously induced. CHOP is a transcription factor that is expressed at low levels 
under homeostatic conditions and strongly induced by a variety of signals that lead to ER 
stress [28]. Caspase-12 is located on the ER membrane and is activated only by ER stress 
[3, 16, 21]. CHOP and Caspase-12 are induced at the transcriptional and translational levels 
when the ER is stressed. Although the CHOP- and caspase-12-dependent pathways were 
activated in hypertrophic hearts and in those undergoing diastolic failure, more TUNEL-
positive cells were found in the 32-week SHR group than in the 16-week group, which was 
consistent with the protein levels of cleaved-caspase-3 and CHOP. This increased prevalence 
of apoptotic cells was also observed in the mesenteric small resistance arteries of SHRs 
[29]. We speculate that in addition to ER stress-associated apoptosis, many other apoptotic 
mechanisms may participate in the development and progression of diastolic heart failure. 
It is known that two evolutionarily conserved central death pathways mediate apoptosis: 
the extrinsic pathway, which utilises cell surface death receptors, and the intrinsic pathway, 
which involves mitochondria and the ER [30]. Relevant stimuli in heart failure most likely 
include stretch, angiotensin II, ROS, β1-adrenergic agonists, proinflammatory cytokines, 
cytoskeletal abnormalities, and drugs [31]. Li Z et al have shown that chronic pressure 
overload or genetic predisposition can stimulate a cell growth and/or repair response that 
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triggers apoptosis in the SHR myocardium [32]. In chronically pressure-loaded myocardium, 
the balance between cell damage and repair was shifted toward cell suicide [32]. In 1995, 
Hamet et al demonstrated that the remodelling of cardiovascular tissues represented 
an imbalance between cell proliferation and apoptosis and that rarefaction might be a 
consequence of apoptosis associated with hypertension [33]. The mechanisms of heightened 
susceptibility to apoptosis might involve TGF-ß1, TNF-α, cAMP, or other pathways [33]. 
Furthermore, the apoptotic response to angiotensin II was higher in SHR cardiocytes than 
in WKY cardiocytes [34], and angiotensin II-induced cardiac apoptosis was associated with 
increased Bax expression and caspase-3 activation [35].

Recent studies have also demonstrated that apoptosis in cardiocytes is linked to ER 
stress. Studies in transverse aortic constriction (TAC) mice have demonstrated that pressure 
overload by TAC induces prolonged ER stress, which contributes to cardiac myocyte 
apoptosis during the progression from cardiac hypertrophy to heart failure [36]. Studies 
in the hearts of MCP mice (transgenic mice that express MCP-1 specifically in the heart) 
strongly suggest that activation of the ER stress response is involved in the development 
of ischemic heart disease [37]. Studies of the mutant KDEL receptor, which sensitises cells 
to ER stress, have demonstrated a disturbance in ER quality control that resulted in the 
accumulation of misfolded proteins in the ER in an in vivo system. In transgenic mice with 
dilated cardiomyopathy, the mutant KDEL receptor is associated with ER stress [38].

Our study has demonstrated that molecular chaperones of the ER are upregulated 
and apoptosis pathways of ER stress are activated during the progression from cardiac 
hypertrophy to diastolic heart failure due to hypertension. In conclusion, we can assume 
that a persistent hypertensive condition will continuously activate ER stress. 

Conclusion

If it was possible to effectively prevent cell death due to ER stress, the occurrence 
of LVH could be delayed, reducing damage to critical organs. Further investigation of the 
intracellular signalling and importance of ER stress-induced apoptosis in the hypertensive 
heart is needed.
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