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1 | INTRODUCTION

Myocardial infarction, which is defined by pathology as myocardial
cell death due to prolonged ischemia that results from a perfusion
imbalance between supply and demand, is a major cause of death

| Junmei Xu?

Abstract

Myocardial infarction is a major cause of death worldwide. Despite our understanding
of the pathophysiology of myocardial infarction and the therapeutic options for
treatment have improved substantially, acute myocardial infarction remains a leading
cause of morbidity and mortality. Recent findings revealed that GRP78 could protect
myocardial cells against ischemia reperfusion injury-induced apoptosis, but the exact
function and molecular mechanism remains unclear. In this study, we aimed to explore
the effects of GRP78 on hypoxia/reperfusion (H/R)-induced cardiomyocyte injury.
Intriguingly, we first observed that GRP78 overexpression significantly protected
myocytes from H/R-induced apoptosis. On mechanism, our work revealed that GRP78
protected myocardial cells from hypoxia/reperfusion-induced apoptosis via the acti-
vation of the Nrf2/HO-1 signaling pathway. We observed the enhanced expression of
Nrf2/HO-1 in GRP78 overexpressed H9c2 cell, while GRP78 deficiency dramatically
antagonized the expression of Nrf2/HO-1. Furthermore, we found that blocked the
Nrf2/HO-1 signaling by the HO-1 inhibitor zinc protoporphyrin IX (Znpp) significantly
retrieved H9c2 cells apoptosis that inhibited by GRP78 overexpression. Taken
together, our findings revealed a new mechanism by which GRP78 alleviated
H/R-induced cardiomyocyte apoptosis in H9c2 cells via the promotion of the
Nrf2/HO-1 signaling pathway.
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worldwide (Benjamin et al., 2017). Patients with acute myocardial
infarction may present with typical ischemic-type chest discomfort or
with dyspnea, nausea, unexplained weakness, or a combination of
these symptoms, and ultimately leads to cordial failure or death
(Benjamin et al, 2017). Despite our understanding of the

Abbreviation: AREs, antioxidant response element; CO, carbon monoxide; H/R, hypoxia/reperfusion; HO, heme oxygenase; Nrf2, NFE2-related factor 2; ROS, reactive oxygen species; UPR,

unfolded protein response.
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pathophysiology of patients with myocardial infarction and the
therapeutic options for treatment have improved substantially, acute
myocardial infarction remains a leading cause of morbidity and
mortality worldwide.

Among multiple pathological features, myocardial cell death is
one of the most important types of damage resulting from myocardial
infarction (Altamirano, Wang, & Hill, 2015; Turer & Hill, 2010; Yellon
& Hausenloy, 2007). Perfusion imbalance could cause prolonged
ischemia that in turn lead to myocardial cell death. Partial or com-
plete occlusion of a coronary artery deprives oxygen and nutrients of
the downstream tissues and recovery of blood supply can interrupt
the hypoxia and ischemic insult, while restoration of oxygen delivery
triggers a second wave of insult, termed reperfusion injury (Murphy
& Steenbergen, 2008; Turer & Hill, 2010; Yellon & Hausenloy, 2007).
Plenty of events, including accumulation of reactive oxygen species
(ROS), inflammation, disruption of calcium handling, and metabolic
derangements (Altamirano et al., 2015; Bravo et al., 2013; Hausenloy
et al, 2016; Hausenloy & Yellon, 2016; Wang & Hill, 2015), are
participated in the pathogenesis of hypoxia/reperfusion (H/R). For
example, the accumulation of ROS can induce the unfolded protein
response (UPR), a cellular mechanism evolved to achieve protein-
folding stress (Austin, 2009; Doroudgar & Glembotski, 2013; Walter
& Ron, 2011). And growing evidence have indicated that UPR in
cardiomyocytes is activated by ischemic or hypoxia/reperfusion in-
jury (Bi et al., 2018). GRP78, a master regulator of the UPR and
Xbp1s, the most highly conserved branch of the UPR and protective
in response to cardiac H/R injury, is upregulated after H/R (Bi
et al,, 2018). Recently, reports demonstrated that ischemia/reperfu-
sion (I/R) induction of GRP78 stimulated Akt signaling pathway and
protected against oxidative stress, which could protect cells from I/R
damage (Bi et al., 2018), in cardiomyocytes. However, the exact
functions and molecular mechanisms underlying the GRP78 on reg-
ulating myocardial I/R injury remains unclear.

One of the most important cellular defense mechanisms against
the deleterious effects of environmental insults is mediated by the
transcription factor nuclear factor, erythroid 2 like 2 (Nrf2). Nrf2 is a
member of a small family of basic leucine zipper (bZIP) proteins that
contains seven conserved Nrf2-ECH homology (Neh) domains
enables Nrf2 to binding to the ARE sequence and then regulates
a number of cytoprotective genes expression (Itoh, Tong, &
Yamamoto, 2004), many of which were involved in response to in-
jury and inflammation. It is noteworthy that, in addition to against
oxidative stress or electrophiles, the Nrf2 signaling pathway is as-
sociated with the protective function that against I/R-induced
myocardial injury (Duan et al, 2017). Studies demonstrated that
upregulation of Nrf2 in astrocytes suppressed apoptosis (Xia
et al., 2017), and Nrf2 can enter the nucleus to regulate genes ex-
pression that playing a vital role in oxidative stress and H/R-induced
myocardial apoptosis (Itoh et al., 2004; Padmanabhan et al., 2006;
Satoh et al., 2006; Talalay, 2000; Wang, Hayes, Higgins, Wolf, &
Dinkova-Kostova, 2010). One important target gene of Nrf2 is heme
oxygenase (HO). HO is a rate-limiting and microsomal enzyme that

catalyzed the oxidative degradation of free heme to biliverdin, free
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iron, and carbon monoxide (CO; Yang et al., 2016). There are three
distinct isoforms of heme oxygenase: HO-1, HO-2, and HO-3. HO-1
is ubiquitously distributed and strongly induced by oxidative, ni-
trosative, osmotic, and hemodynamic stresses (Yang et al., 2016).
Under oxidative stress, Nrf2 induces HO-1 expression and HO1
protects cells from oxidative stress through heme catabolites.

In the present study, we examined the function of GRP78 on
protecting myocardial cells from H/R-induced injury. Our work re-
vealed that GRP78 overexpression can disrupt the H/R-induced Bcl-
2/Bax/caspase3 apoptosis signaling pathway. On mechanism, we
found that the protective function of GRP78 is mediated by the Nrf2/
HO-1 signaling pathway regulating. Our work may provide a deep
insight into the myocardial infarction.

2 | METHODS
2.1 | Cell culture

H9c2 rat embryonic primary myocardial cells were purchased from
the American Type Culture Collection (Rockville, MD) and cultured
in Dulbecco's modified Eagle's medium (DMEM) high-glucose
medium (Hyclone, Logan, UT) containing 10% fetal bovine serum,
100 pg/ml streptomycin, and 100 U/ml penicillin at 37°C in a
humidified incubator and a 5% CO, atmosphere. The culture med-
ium was replaced every 2 days. Cells of passages 3-4 were used in
this study.

2.2 | Adenovirus production and infection

Overexpression of GRP78 was performed by using adenovirus in-
fection (Bi et al., 2018), and ad-NON (scramble) was used as a con-
trol. To engineer GRP78 expressing adenovirus, a flag tag was
inserted after the signal sequence (AA 1-19) in wild type mouse
GRP78. The cDNA was then cloned into a shuttle and used for
adenovirus production (Bi et al., 2018). Adenovirus was produced in
HEK-293A cells and concentrated by ultracentrifugation.

Adenovirus infection was established by exposing H9c2 cells to
the adenovirus for 6 hr multiplicity of infection (MOI, 10-50), and
following by restoration of standard culture medium. We routinely
obtained an almost 70% infection rate. Then, cells were cultured and
subjected to H/R treatment, as described below.

2.3 | Treatment

H9c2 cells were divided into five groups: control group, H/R 36 hr
group, ad-NON + H/R 36 hr group, ad-GRP78 + H/R 36 hr group, ad-
GRP78 +H/R 36 hr+ Znpp. Zinc Protoporphyrin IX (Znpp, an HO-1
inhibitor) was purchased from Sigma-Aldrich (St. Louis, MO), dis-
solved in 0.2M NaOH (PH 7.4), and subsequently diluted to 3 mM
before use (Zhao et al., 2016). To induce H/R injury, the culture
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medium was exchanged to DMEM without glucose and incubated in
an atmosphere of 93% N2, 2% O,, and 5% CO..

2.4 | Cell viability assay

Cell viability was evaluated using cell counting kit-8 (CCK-8)
(Dojindo, Mashiki-machi, Japan), according to manufacturer's in-
struction. In brief, control and GRP78 overexpressing H9c2 cells
were plated in 96-well plates and treated H/R. To determine the cell
viability, the absorbance was measured at 450 nm using a microplate
reader (MQX 200, BioTek Instruments, Winooski, VT).

2.5 | Flow cytometry assay of apoptosis

H9c2 cells were dissociated by trypsinization, centrifuged at 2,500
for 5 min, washed, and resuspended at approximately 1 x 10° cells/
ml in phosphate buffered saline (PBS). For flow cytometry analysis,
the cells were fixed in 75% ice-cold ethanol overnight at 4°C, di-
gested with 50 ug/ml RNase, and stained with 50 mg/ml propidium
iodide (PI) for 15 min at room temperature. Cellular apoptosis was
then assayed by flow cytometry (FACS-Calibur; BD Biosciences,
Franklin Lakes, NJ) using an Annexin V-FITC apoptosis detection kit
(Beyotime Biotechnology, China). The cells were stained with Pl and
Annexin V-FITC for 10min at room temperature in the dark.
Fluorescence was read at emission wavelengths of 530 and 585 nm
and cell apoptosis were analyzed by a FACS Calibur flow cytometer
(BD, San Jose, CA).

2.6 | Immunofluorescence, 5-ethynyl-2"-
deoxyuridine staining, and terminal deoxynucleotidyl
transferase dUTP nick end labeling assay

Immunofluorescence was implemented in the 4% paraformaldehyde-
fixed H9c2 cells. And then cells were incubated with anti-GRP78
antibody (1:400; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
Nrf2 antibody (1:400; Santa Cruz Biotechnology) overnight at 4°C.
After washed five times with PBS for 1 hr the next day, H9c2 cells
were incubated with the secondary antibodies (AlexaFluor488 and
AlexaFluor594, 1:200) for 2 hr at room temperature. Then the cells
were washed with PBS again for five times for 1hr before being
stained by 4',6-diamidino-2-phenylindole for 2 min. After three fur-
ther washes, the dishes were observed with a fluorescence micro-
scope. Negative controls were prepared by omitting the primary
antibodies. For EdU (5-ethynyl-2'-deoxyuridine) assay, H9c2 cells
were seeded in 96-well plates and treated with EdU 6 hr. Subse-
quently EdU incorporated cells were subjected to staining with a
commercial EdU staining kit (#C10310-2; RiboBio, Guangzhou,
China).

The apoptosis profile of the H9c2 cells was evaluated using a

commercially available situ cell death detection kit (Roche

Diagnostics) to test the terminal deoxynucleotidyl transferase dUTP
nick end-labeling (TUNEL).

2.7 | Western blot

The total protein of H9c2 cells was extracted using radio-
immunoprecipitation assay lysis buffer containing phenylmethylsulfonyl
fluoride (PVDF) and protease inhibitor cocktail (Beyotime, China). After
determination of the total protein concentration by bicinchoninic acid
assay, equal amounts of protein lysate (20 g in each lane) were loaded
and separated on 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis gels and transferred onto PVDF membranes (Millipore,
Madison, WI). The membranes were blocked for 2 hr with 5% skim milk
in TBS containing 1%. Tween-20, then incubated with primary antibodies
against GRP78, Nrf2, HO-1, Bcl-2, Bax, caspase-3, cleaved caspase-3, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; all antibodies de-
scribed here purchased from Santa Cruz Biotechnology, Santa Cruz) at
4°C overnight. The membranes were then incubated with a horseradish
peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology)
for 1.5 hr at room temperature the next day. The bands were visualized
with ECL detection reagents (Thermo Fisher Scientific) and the density of
the bands was read by Quantity One software (Bio-Rad, CA).

2.8 | RNA extraction and real-time quantitative
polymerase chain reaction

Total RNA was extracted from cultured cells by Trizol reagent ac-
cording to the manufacturer's instruction (Takara, Dalian, China).
RNA was quantified using NanoDrop Spectrophotometer and equal
amount RNAs were subjected to reverse transcription for com-
plementary DNA (cDNAs) with a Takara PrimeScript RT-PCR Kit
(Takara, Dalian, China). Real-time polymerase chain reaction (PCR)
was done using the TB Green Fast qPCR Mix (Takara), and the re-
ference gene GAPDH was used as the internal control. The primers

used in this study were listed as follows:

GRP78 forward, 5'-CATCACGCCGTCCTATGTCG-3’;
GRP78 reverse: 5-CGTCAAAGACCGTGTTCTCG-3;
NRF2 forward: 5-TCAGCGACGGAAAGAGTATGA-3';
NRF2 reverse: 5'-CCACTGGTTTCTGACTGGATGT-3;
HO-1 forward: 5-AAGACTGCGTTCCTGCTCAAC-3’;
HO-1 reverse: 5'-AAAGCCCTACAGCAACTGTCG-3;
GAPDH forward: 5'-CTGGGCTACACTGAGCACC-3’;
GAPDH reverse: 5'-AAGTGGTCGTTGAGGGCAATG-3'.

2.9 | Statistical analysis

Continuous variables were expressed as mean + standard error. One-
way analysis of variance was performed for multiple comparisons
using GraphPad Prism software, version 5.0 (GraphPad, La Jolla, CA).

p <.05 indicated a statistically significant difference.
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3 | RESULTS

3.1 | Adenovirus vector-mediated GRP78
overexpressing in H9c2 cells

To explore the exact function of GRP78 on protecting myocardial
cells from H/R induced injury, we first constructed a GRP78 over-
expressing cell line by adenovirus infection. GRP78 overexpressing
adenovirus vector was constructed by a cloned flag-tagged wild type
mouse GRP78 cDNA into the shuttle (Bi et al., 2018). Adenovirus was
produced in HEK-293A cells and concentrated by ultracentrifugation.
Then H9c2 cells were exposed to the adenovirus for 6 hr (MOI
10-50) for adenovirus infection, and following by restoration of
standard culture medium (Watson et al., 2003). We routinely ob-
tained an almost 70% infection rate. As the data are shown in
Figure 1a-d, adenovirus infection successfully overexpressed GRP78
in H9c2 cells.

3.2 | GRP78 overexpression significantly protected
myocytes from hypoxia-induced apoptosis

It was reported that, in cultured neonatal rat ventricular myo-
cytes, simulated I/R injury can induce apoptotic cell death and
strong activation of the UPR and GRP78 (Bi et al.,, 2018). To
verify whether H/R injury can also stimulate GRP78 expression,
we first grouping the cells into control, H/R 36, ad-GRP78 + H/R

(a) (b)

GRP78 GFP

ad-GRP78
+HR H/IR Control

ad-NON
+HIR

Relative GRP78 mRNA level
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36, and ad-NON+H/R 36 hr four groups, and examined the
GRP78 expression by immunoblot and gRT-PCR. However, it was
different from I/R injury in rat ventricular myocytes, the GRP78
expression was not induced in H9c2 cells after H/R treatment, as
shown in Figure 1b-d.

To further evaluate whether GRP78 involved in protecting
cardiomyocyte from H/R-induced injury, corresponding cells
were subjected to cell viability analysis by CCK-8 assay. As shown
in Figure 2a, significantly decreased cell viability of cardiomyo-
cytes was observed in H9c2 cells 36 hr after H/R treatment,
which was restored in GRP78 over-expressing group, but H/R
treatment and GRP78 had no effect on H9c2 cells proliferation,
which was measured by EdU staining (Figure 2b,c). Next, we de-
termined the effects of H/R treatment and GRP78 on H9c2 cells
apoptosis. We observed a significantly increased cell apoptosis of
cardiomyocytes 36 hr after H/R treatment, which was reduced in
GRP78 overexpressing group (Figure 2d,e). Furthermore, we also
examined the expression of apoptosis-related markers cleaved-
and Bcl-2 by

munostaining. The results revealed that compared with the

Caspase3, Bax, in corresponding cells im-
control group, the expression of Bax and cleaved-caspase3 was
notably increased, whereas Bcl-2 expression was decreased in
H/R 36 hr group (Figure 2f-h); while ad-GRP78 transfected group
markedly reduced the expression of Bax and cleaved-caspase3,
but increased Bcl-2 expression to normal level (Figure 2f-h), in-
dicated that GRP78 indeed protected d myocardial cell from H/R

induced apoptosis.

—
(2]
~

NS 3
qu b,\‘o 'E 6
& & P Q.,e 3 N.S
oo‘\ ,&q' Q\Q' J 2 dkkk  dkkk
- 2 4 i
e e g N.S
- - = [
e o cm— — g 2
'Y »
o
[
2
§ o
S >
x o(\\‘o \»@- 4 xg!- ‘\x‘s%
[$) Q‘\ eo
& F
&

(V.S Control)

FIGURE 1 Adenovirus infection mediated GRP78 overexpressing in H9c2 cells. (a) Typical photomicrographs illustrated
immunoflourescence staining in H9c2 cells in control, H/R 36 hr, ad-GRP78 + H/R 36 hr and ad-NON + H/R 36 groups. GRP78, GFP, and DAPI
were used as markers for GRP78 protein expression, adenovirus expression, and nuclei, respectively. (b) Western blot showed the protein level
of GRP78 in control, H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells. (c) Quantitative analysis of GRP78 protein expression related
to Figure 1b. (d) Quantitative analysis of GRP78 mRNA expression by gRT-PCR in control, H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr
cells. DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescence protein; mRNA, messenger RNA; qRT-PCR, quantitative real-time

polymerase chain reaction
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FIGURE 2 Overexpression of GRP78 in H9c2 significantly protected myocytes from hypoxia-induced apoptosis. (a) Cell growth in control,
H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells measured by CCK-8. (b) Representative EdU staining in control, H/R 36,
ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells was shown. (c) Quantitative analysis of EdU positive cells related to Figure 2b. (d) Apoptosis
of H9¢2 cells assessed by flow cytometry to detect FITC-Annexin V staining. (e) The relative apoptosis ratio was calculated with Annexin
V-positive apoptotic cells. N = 5 per group, Data are mean = SEM, ****p <.0001, N.S represent no significance; (f) Western blot showed caspase3
cleavage in control, H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells. (g) Western blot showed caspase3 cleavage, BCL-2, and BAX
expression in control, H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells. (h) Quantitative analysis of caspase3 cleavage, BCL-2, and
BAX expression in control, H/R 36, ad-GRP78 + H/R 36, and ad-NON + H/R 36 hr cells related to Figure 2g. CCK-8, cell counting kit 8; EdU,

5-ethynyl-2'-deoxyuridine; SEM standard error of mean

3.3 | GRP78 overexpression enhanced the
Nrf2/HO-1 signaling pathway in H/R injured
myocardial cells

Nrf2/HO-1 signaling is an important regulator for cellular defense against
the deleterious effects of environmental insults including oxidative stress,
and GRP78 knockdown enhances apoptosis via the downregulation of

oxidative stress (Chang, Huang, Li, & Chen, 2012). Therefore, we

reasonably to suspect that the function of GRP78 on against H/R induced
injury may be mediated by regulating Nrf2/HO-1 signaling. To verify this
possibility, we determined the effect of GRP78 on Nrf2/HO-1 signaling,
and downregulated of Nrf2 and HO-1 was observed in H/R treatment
group, but dramatically increased by GRP78 overexpression on both
mRNA and protein level (Figure 3a-c), and according to the immuno-
fluorescence staining, enhanced expression of Nrf2 showed the exactly
colocalized with ad-GRP78 expression (Figure 3d), suggested that GRP78
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upregulated Nrf2 and HO-1 expression. Consistently, we knockdown and
knockout GRP78 expression in H9c2 cells and reduced Nrf2 and HO-1
expression was detected in GRP78 deficient cells, while GRP78 putting
back significantly restored the expression of Nrf2 and HO-1 respectively
(Figure 3e-g). These results indicated that GRP78 overexpression could
activate the Nrf2/HO-1 signaling pathway.

3.4 | GRP78 overexpression protected myocardial
cells from H/R induced apoptosis through the
Nrf2/HO-1 signaling pathway

To further evaluate the function of GRP78 on against H/R induced
injury was indeed mediated by regulating Nrf2/HO-1, the HO-1 in-
hibitor Zinc Protoporphyrin IX (Znpp, 3mM) were used in these
experiments. Immunoblot and gRT-PCR showed that Znpp treatment
certainly decreased the expression of HO-1 (Figure 4a,b). Subse-

quently, we determined the effect of Znpp treatment on H9c2

apoptosis after H/R injury. As expected, the apoptosis ratio was
dramatically increased in the Znpp treatment group after H/R injury
(Figure 4c,d). Similar to the results from TENEL assay and flow
cytometry analysis, significantly upregulation of Bax and cleaved-
caspase3 and downregulated Bcl-2 expression was detected in Znpp-
treated group, compared with ad-GRP + H/R 36 hr group (Figure 4e),
indicated that Znpp indeed induced apoptosis in GRP78 over-
expressing H9c2 cells 36 hr after H/R treatment, and Nrf2/HO-1 is a
downstream signaling pathway of GRP78 in regulating apoptosis.
Taken together, our results suggested that the Nrf2/HO-1 signaling
pathway mediated the protective function of GRP78 overexpression
on against hypoxia-induced H9c2 apoptosis.

4 | DISCUSSION

GRP78 also referred to as BiP, is a central regulator of endoplasmic

reticulum (ER) function due to its roles in protein folding and
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fluorescence protein; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; SD, standard deviation

assembly and in regulating UPR and Xbp1s, targeting misfolded
protein for degradation, controlling the activation of ER stress sen-
sors (Li & Lee, 2006). Multiple evidence shows that stress induction
of GRP78 represents an important prosurvival component of the
UPR. In cardiac H/R injury, plenty of events, including accumulation
of ROS, inflammation, disruption of calcium handling, and metabolic
derangements (Altamirano et al., 2015; Bravo et al., 2013; Hausenloy
& Yellon, 2016; Hausenloy et al, 2016; Wang & Hill, 2015), are
participated in the pathogenesis of H/R and can induce UPR, which is
a crucial cause for myocardial cell death (Austin, 2009; Doroudgar &
Glembotski, 2013; Walter & Ron, 2011). In addition, reports
demonstrated that I/R induction of GRP78 stimulated the Akt
signaling pathway and protected against oxidative stress, which could
protect cells from I/R damage (Bi et al., 2018). In the present study,
we also demonstrated that GRP78 overexpression significantly in-
hibited hypoxia-induced apoptosis in cultured H9c2 cells. The find-
ings reasonably lead us to suspect that gene therapy based on GRP78
is a very promising method in myocardial infarction treatment.
Recently, Bi et al. (2018) reported that simulated I/R led to
robust induction of GRP78 at both mRNA and protein levels, con-
sistent with previous finding (Doroudgar, Thuerauf, Marcinko, Bel-
mont, & Glembotski, 2009; Martindale et al., 2006; Thuerauf
et al., 2006). Unlike these reports, the protein levels of GRP78
were not induced by H/R injury in our case, but we demonstrated
GRP78 indeed has a protective function in H/R injury. We did not

detect the enhanced expression of GRP78 in H9c2 cells after H/R
may due to the model we used with a longer reperfusion time (36 hr)
that the robust induction of GRP78 expression cannot be detected
significantly, or the difference in the treatment method we used.
On molecular mechanism, we found GRP78 exerts the protective
function on against H/R injury through upregulating the Nrf2/HO-1
signaling pathway. We demonstrated that GRP78 overexpression
dramatically increased the Nrf2 and HO-1 expression in H9¢c2 cells
after H/R treatment, and the HO-1 inhibitor could significantly block
the protective function of GRP78. We suspected that the Nrf2/HO-1
signaling pathway is downstream of GRP78 in the situation that H/R
induced myocardial cell apoptosis. Unfortunately, we did not figure
out how GRP78 regulates the Nrf2/HO-1 signaling pathway.
Literature has reported that GRP78 overexpression suppressed
I/R-induced cardiomyocyte injury via the inhibition of ER stress.
GRP78 is a key protein of ER stress that detaches from three ER
stress sensors: inositol requiring enzyme-la (IREla), double-
stranded RNA-dependent protein kinase-like ER kinase (PERK) and
activating transcription factor 6 (ATF6), under stress conditions, and
resulting in the activation of these sensors and subsequently trig-
gering the UPR signal (Bukau, Weissman, & Horwich, 2006; Pham,
Seong, Ngabire, Oh, & Kim, 2017). GRP78 essentially interacts with
these three transmembrane molecules and retains them on the ER
membrane surface, however, when misfolded proteins accumulate,
GRP78 preferentially interacts with hydrophobic patches on the
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ER-resident misfolded proteins, thereby releasing the three signaling
arms of the UPR and leading to ER-associated protein degradation.
GRP78 expression level is closely associated with the intensity of ER
stress (Pham et al., 2017). And ER stress can produce reactive oxygen
species (ROS) accumulation and lipid peroxidation of the ER mem-
brane, and Nrf2/HO-1 is a crucial sensor and regulator of ROS. The
correlation of GRP78, ER-stress, ROS, and Nrf2/HO-1 signaling may

be a compelling field we would explore in the future.

5 | CONCLUSION

In the present study, we revealed a GRP78-Nrf2/HO-1 signaling
pathway that is crucial for protecting myocardial cells from H/R in-
duced apoptosis. We found that GRP78 overexpression inhibits the
apoptosis induced by H/R treatment, and on the mechanism, which is
dependent upon upregulated Nrf2/HO-1 expression. In this study we
provide a novel mechanism insight into the protective role of GRP78
in myocardial H/R injury and modulation of GRP78 signaling re-
presents a novel target in myocardial H/R injury and one with po-

tential therapeutic relevance.

ACKNOWLEDGMENTS

The authors thank Suobei Li and the group for technical assistance
and stimulating discussions during this investigation. This work was
supported by Grants from the National Basic Research Program of
China (Nos. 2018YFC2001902). The funders had no role in study
design, data collection, and analysis, manuscript preparation, or de-

cision to publish.

CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

F. Y. and J. X. designed the study. H. J,, S. L., and F. X. performed the
experiments and collected the data. F. Y. and Y. L. analyzed and
interpreted the experimental data. F. Y. and J. X. prepared the
manuscript.

DATA AVAILABILITY STATEMENT
All data generated or analyzed in this study are included in this
published article.

ORCID

Fei Yu http://orcid.org/0000-0002-9036-2464

REFERENCES

Altamirano, F., Wang, Z. V., & Hill, J. A. (2015). Cardioprotection in
ischaemia-reperfusion injury: Novel mechanisms and clinical
translation. Journal of Physiology, 593, 3773-3788.

Austin, R. C. (2009). The unfolded protein response in health and disease.
Antioxidants & Redox Signaling, 11, 2279-2287.

Benjamin, E. J.,, Blaha, M. J,, Chiuve, S. E., Cushman, M., Das, S. R, Deo,
R., ... Muntner, P. (2017). Heart disease and stroke statistics-2017

Journal-of 1235
Cellular Physiology WI LEY_I—

update: A report from the American Heart Association. Circulation,
135, e146-e603.

Bi, X., Zhang, G., Wang, X., Nguyen, C., May, H. I, Li, X,, ... Hill, J. A. (2018).
Endoplasmic reticulum chaperone GRP78 protects heart from
ischemia/reperfusion injury through Akt activation. Circulation
Research, 122, 1545-1554.

Bravo, R, Parra, V., Gatica, D., Rodriguez, A. E., Torrealba, N., Paredes, F.,, ...
Lavandero, S. (2013). Endoplasmic reticulum and the unfolded protein
response: Dynamics and metabolic integration. International Review of
Cell and Molecular Biology, 301, 215-290.

Bukau, B., Weissman, J., & Horwich, A. (2006). Molecular chaperones and
protein quality control. Cell, 125, 443-451.

Chang, Y.-J., Huang, Y.-P, Li, Z-L, & Chen, C-H. (2012). GRP78
knockdown enhances apoptosis via the down-regulation of oxidative
stress and Akt pathway after epirubicin treatment in colon cancer
DLD-1 cells. PLOS One, 7, €35123.

Doroudgar, S., & Glembotski, C. C. (2013). New concepts of endoplasmic
reticulum function in the heart: Programmed to conserve. Journal of
Molecular and Cellular Cardiology, 55, 85-91.

Doroudgar, S., Thuerauf, D. J, Marcinko, M. C,, Belmont, P. J., &
Glembotski, C. C. (2009). Ischemia activates the ATF6é branch of the
endoplasmic reticulum stress response. Journal of Biological Chemistry,
284, 29735-29745.

Duan, J.,, Guan, Y., Mu, F,, Guo, C, Zhang, E., Yin, Y., ... Wen, A. (2017).
Protective effect of butin against ischemia/reperfusion-induced
myocardial injury in diabetic mice: Involvement of the AMPK/GSK-
3beta/Nrf2 signaling pathway. Scientific Reports, 7, 41491.

Hausenloy, D. J., Barrabes, J. A., Botker, H. E., Davidson, S. M., Di Lisa, F.,
Downey, J., ... Garcia-Dorado, D. (2016). Ischaemic conditioning and
targeting reperfusion injury: A 30 year voyage of discovery. Basic
Research in Cardiology, 111, 70.

Hausenloy, D. J,, & Yellon, D. M. (2016). Ischaemic conditioning and
reperfusion injury. Nature Reviews Cardiology, 13, 193-209.

Itoh, K., Tong, K. I, & Yamamoto, M. (2004). Molecular mechanism
activating Nrf2-Keap1 pathway in regulation of adaptive response to
electrophiles. Free Radical Biology and Medicine, 36, 1208-1213.

Li, J., & Lee, A. S. (2006). Stress induction of GRP78/BiP and its role in
cancer. Current Molecular Medicine, 6, 45-54.

Martindale, J. J., Fernandez, R., Thuerauf, D., Whittaker, R., Gude, N.,
Sussman, M. A, & Glembotski, C. C. (2006). Endoplasmic reticulum
stress gene induction and protection from ischemia/reperfusion injury
in the hearts of transgenic mice with a tamoxifen-regulated form of
ATFé6. Circulation Research, 98, 1186-1193.

Murphy, E.,, & Steenbergen, C. (2008). Mechanisms underlying acute
protection from cardiac ischemia-reperfusion injury. Physiological
Reviews, 88, 581-609.

Padmanabhan, B., Tong, K. I, Ohta, T., Nakamura, Y., Scharlock, M.,
Ohtsuji, M, ... Yamamoto, M. (2006). Structural basis for defects of
Keapl activity provoked by its point mutations in lung cancer.
Molecular Cell, 21, 689-700.

Pham, H. H. T., Seong, Y. A., Ngabire, D., Oh, C. W., & Kim, G. D. (2017).
Cyperus amuricus induces G1 arrest and apoptosis through endoplasmic
reticulum stress and mitochondrial signaling in human hepatocellular
carcinoma Hep3B cells. Journal of Ethnopharmacology, 208, 157-164.

Satoh, T., Okamoto, S. I., Cui, J., Watanabe, Y., Furuta, K., Suzuki, M., ...
Lipton, S. A. (2006). Activation of the Keap1/Nrf2 pathway for
neuroprotection by electrophilic [correction of electrophillic] phase Il
inducers. Proceedings of the National Academy of Sciences of the United
States of America, 103, 768-773.

Talalay, P. (2000). Chemoprotection against cancer by induction of phase
2 enzymes. Biofactors, 12, 5-11.

Thuerauf, D. J., Marcinko, M., Gude, N., Rubio, M., Sussman, M. A, &
Glembotski, C. C. (2006). Activation of the unfolded protein response
in infarcted mouse heart and hypoxic cultured cardiac myocytes.
Circulation Research, 99, 275-282.


http://orcid.org/0000-0002-9036-2464

JIET AL

1236 Journalrof:
—I_Wl B2 & Cecllular Physiology

Turer, A. T., & Hill, J. A. (2010). Pathogenesis of myocardial ischemia-
reperfusion injury and rationale for therapy. American Journal of
Cardiology, 106, 360-368.

Walter, P., & Ron, D. (2011). The unfolded protein response: From stress
pathway to homeostatic regulation. Science, 334, 1081-1086.

Wang, X. J.,, Hayes, J. D., Higgins, L. G., Wolf, C. R., & Dinkova-Kostova, A.
T. (2010). Activation of the NRF2 signaling pathway by copper-
mediated redox cycling of para- and ortho-hydroquinones. Chemistry
and Biology, 17, 75-85.

Wang, Z. V., & Hill, J. A. (2015). Protein quality control and
metabolism: Bidirectional control in the heart. Cell Metabolism, 21,
215-226.

Watson, L. M., Chan, A. K, Berry, L. R,, Li, J., Sood, S. K., Dickhout, J. G,, ...
Austin, R. C. (2003). Overexpression of the 78-kDa glucose-
regulated protein/immunoglobulin-binding protein (GRP78/BiP)
inhibits tissue factor procoagulant activity. Journal of Biological
Chemistry, 278, 17438-17447.

Xia, X, Qu, B, Li, Y. M,, Yang, L. B, Fan, K. X,, Zheng, H., ... Ma, Y. (2017).
NFAT5  protects astrocytes against  oxygen-glucose-serum
deprivation/restoration damage via the SIRT1/Nrf2 pathway. Journal
of Molecular Neuroscience, 61, 96-104.

Yang, D., Tan, X, Lv, Z, Liu, B, Baiyun, R, Lu, J., & Zhang, Z. (2016).
Regulation of Sirt1/Nrf2/TNF-alpha signaling pathway by luteolin is
critical to attenuate acute mercuric chloride exposure induced
hepatotoxicity. Scientific Reports, 6, 37157.

Yellon, D. M., & Hausenloy, D. J. (2007). Myocardial reperfusion injury.
New England Journal of Medicine, 357, 1121-1135.

Zhao, W., Huang, X., Zhang, L., Yang, X, Wang, L., Chen, Y., ... Wu, G.
(2016). Penehyclidine hydrochloride pretreatment ameliorates
rhabdomyolysis-induced AKI by activating the Nrf2/HO-1 pathway
and alleviating [corrected] endoplasmic reticulum stress in rats. PLOS
One, 11, e0151158.

How to cite this article: Ji H, Xiao F, Li S, Wei R, Yu F, Xu J.
GRP78 effectively protect hypoxia/reperfusion-induced
myocardial apoptosis via promotion of the Nrf2/HO-1
signaling pathway. J Cell Physiol. 2021;236:1228-1236.
https://doi.org/10.1002/jcp.29929


https://doi.org/10.1002/jcp.29929



