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Myocardial ischemia/reperfusion injury is the main cause of increased mortality and disability in cardiovascular diseases. 2e
injury involves many pathological processes, such as oxidative stress, calcium homeostasis imbalance, inflammation, and energy
metabolism disorders, and these pathological stimuli can activate endoplasmic reticulum stress. In the early stage of ischemia,
endoplasmic reticulum stress alleviates the injury as an adaptive survival response, but the long-term stress on endoplasmic
reticulum amplifies oxidative stress, inflammation, and calcium overload to accelerate cell damage and apoptosis. 2erefore,
regulation of endoplasmic reticulum stress may be a mechanism to improve ischemia/reperfusion injury. Chinese herbal medicine
has a long history of clinical application and unique advantages in the treatment of ischemic heart diseases.2is review focuses on
the effect of Chinese herbal medicine on myocardial ischemia/reperfusion injury from the perspective of regulation of endo-
plasmic reticulum stress.

1. Introduction

Myocardial infarction continues to be a leading contributor
to deaths globally. 2e timely recovery of blood perfusion to
the ischemic myocardium remains the most effective
treatment strategy for myocardial infarction, and successful
recovery significantly reduces the morbidity and mortality.
However, after the resumption of blood flow and reperfu-
sion, myocardial injury can be aggravated, and car-
diomyocyte apoptosis can be induced, in a process known as
myocardial ischemia/reperfusion (I/R) injury [1].

2e endoplasmic reticulum (ER) is a multifunctional
organelle in eukaryotic cells. It participates in calcium ho-
meostasis and lipid and cholesterol synthesis, and it is re-
sponsible for the synthesis, folding, and assembly of
secretory and transmembrane proteins. Approximately 30%
of proteins are produced and modified in the ER; this
modification process includes protein folding, glycosylation,
and disulfide bond formation [2]. Because protein folding is

a complex, error-prone process, ER has developed a quality
control system. 2e ER quality control system prevents
protein aggregation by promoting correct folding or se-
lective degradation of misfolded peptides, and it is regulated
by molecular chaperones, folding enzymes, and lectins [3].
2e synthesis of ER proteins requires a highly stable internal
environment. However, during myocardial ischemia, the
disturbance of oxidative stress, calcium homeostasis im-
balance, inflammation, energy metabolism disorders, and
more lead to dysfunction in the ER quality control system,
resulting in ER stress that is characterized by the accumu-
lation of unfolded and/or misfolded proteins in the ER
lumen. Increasing evidence suggests that ER stress is acti-
vated in ischemic heart diseases and is widely involved in the
pathological process of hypertension, arrhythmia, heart
failure, and other cardiovascular diseases (CVDs) [4]. ER
stress initiates the unfolded protein response (UPR) and
activates the ER-related degradation (ERAD) system to
transport misfolded proteins to the cytoplasm for
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proteasome degradation, thus reducing the protein load and
maintaining the protein balance in the ER [5]. As an adaptive
survival response, the UPR maintains cell homeostasis by
increasing ER-resident chaperone proteins, accelerating
unfolded protein degradation, and reducing protein syn-
thesis. However, a prolonged and severe UPR will activate
the ER stress-induced apoptosis pathway, which in turn will
promote cell injury and apoptosis.

Chinese herbal medicine has a long history of clinical use
to treat CVDs and improve myocardial I/R injury by reg-
ulating autophagy, oxidative stress, and mitochondrial
function [6–8]. Chinese herbal medicine can reduce brain I/
R injury by intervening in the ER stress [9], but the
mechanism by which Chinese herbal medicine regulates the
ER stress to improve myocardial I/R injury is not clear. 2is
review focuses on the roles of ER stress in the pathological
process of myocardial I/R and the potential efficacy of
Chinese herbal medicine in protecting the myocardium
against I/R injury by regulating ER stress and related targets
of the UPR.

2. Overview of UPR Activated by ER Stress

2e UPR is activated during ER stress in response to the
accumulation of unfolded/misfolded proteins in the ER
lumen. 2e UPR is mediated by a chaperone immuno-
globulin/78 kDa glucose regulatory protein (BIP/GRP78)
and three transmembrane signal sensors: inositol-requiring
kinase 1 (IRE1), protein kinase-like ER kinase (PERK), and
activation of transcription factor 6 (ATF6).2ese sensors are
classified as type I and type II transmembrane proteins. IRE1
and PERK are type I transmembrane proteins with protein
kinase activity, and ATF6 is a type II transmembrane protein
that encodes transcription factors [10]. All three sensors
have a lumen domain that binds to the ER chaperone
GRP78. Under normal conditions, these three sensors bind
to GRP78 and stabilize on the ER membrane; during ER
stress, the unfolded/misfolded proteins in the ER lumen
compete with the three sensors to bind GRP78, which
triggers the corresponding UPR pathways to activate ERAD,
reduces protein synthesis, and enhances the protein folding
ability (Figure 1) [11].

2.1. IRE1-Mediated UPR Signaling. IRE1 is the most ele-
mentary ER stress sensor. IRE1 signaling is found
throughout the animal kingdom, from lower eukaryotes,
such as yeast, to mammals; conversely, PERK and ATF6 are
only found in higher animals [12]. Two subtypes of IRE1
exist: IRE1α and IRE1β. IRE1α is expressed in all types of
cells, but IREβ is only specifically expressed in intestinal
epithelial cells [13]. Stimulated by the accumulation of
misfolded proteins, IRE1 dimerizes and autophosphorylates.
Upon ER stress, the activated IRE1 exhibits endor-
ibonuclease activity, affecting multiple downstream targets.
In mammalian cells, IRE1 recognizes and cleaves an intron
in the mRNA encoding X-box binding protein (XBP) 1. 2e
cleaved XBP1 (XBP1s) is translated into a more powerful
basic leucine zipper (B-ZIP) transcription factor. XBP1s

enters the nucleus and binds to the ER stress response el-
ement (ESE) in the promoter regions of the UPR target genes
to induce the transcription of genes participating in chap-
erones, protein folding, ERAD, and regulation of meta-
bolism [14]. However, persistent ER stress triggers IRE1 to
induce the degradation of certain mRNAs or microRNAs in
a process known as regulated IRE1-dependent decay
(RIDD).2e early stage of RIDDmay play a beneficial role in
ER homeostasis by reducing the ER protein load, but sus-
tained RIDD degrades some mRNAs encoding survivin and
induces cell apoptosis. Long-term activation of IRE1 may
lead to the rapid decline of several microRNAs of cysteinyl
aspartate specific proteinase (caspase)-2, leading to an in-
crease in the caspase-2 protein level and cell death [15, 16].

2.2. PERK-Mediated UPR Signaling. PERK is a transmem-
brane serine/threonine kinase that is activated via dimer-
ization and autophosphorylation during ER stress. Active
PERK phosphorylates eukaryotic translation initiation fac-
tor 2 alpha (eIF2α), leading to a global inhibition of protein
synthesis in the cells [17, 18]. In addition, PERK activation
phosphorylates nuclear factor E2 related factor 2 (Nrf2),
which is an antioxidant transcription factor that can initiate
the transcription of antioxidant genes, such as heme oxy-
genase 1 (HO-1) and glutathione S-transferase [19, 20].
However, in chronic or severe ER stress, PERK-mediated
phosphorylation of eIF2α promotes the selective translation
of several mRNAs, such as those encoding activating
transcription factor 4 (ATF4). In mammals, phosphorylated
eIF2α activates the translation of ATF4, which in turn
stimulates the expression of the downstream proapoptotic
factor C/EBP homologous protein (CHOP). CHOP regu-
lates a variety of apoptosis-related genes; for example, it
inhibits the expression of B-cell lymphoma-2 (Bcl-2) and
promotes growth arrest and DNA damage-inducible protein
34 (GADD34) [21]. GADD34 interacts with the catalytic

Figure 1: UPR signaling pathway. With ER stress, GRP78 disso-
ciates from three ER transmembrane sensors—IRE1, PERK, and
ATF6—to allow their activation. Active IRE1 cleaves the mRNA
encoding XBP1 to produce activated XBP1s, which enters the
nucleus and induces the transcription of UPR target genes. Active
PERK phosphorylates eIF2α to inhibit protein synthesis while
upregulating ATF4 to active the UPR target genes. ATF4 also
induces GADD34 to dephosphorylate eIF2α. ATF6 is hydrolyzed in
the Golgi to produce an active fragment that enters into the nucleus
to induce expression of UPR target genes.
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subunit of type I protein serine/threonine phosphatase, thus
promoting the dephosphorylation of eIF2α in a negative
feedback loop [22].

2.3. ATF6-Mediated UPR Signaling. ATF6 is a B-ZIP family
transcription factor that contains a central transmembrane
domain and is located in the ER membrane; it has two
subtypes: ATF6α and ATF6β. ATF6α has higher tran-
scriptional activity than ATF6β. Under normal conditions,
ATF6 is localized on the ER membrane by interacting with
GRP78. When the UPR is activated, ATF6 dissociates from
GRP78 and transfers from the ER to the Golgi [23, 24]. In the
Golgi, ATF6 is hydrolyzed by Site-1 and Site-2 proteases to
produce cytoplasmic fragments with transcriptional activity;
then, the processed nuclear ATF6 (ATF6n) enters the nu-
cleus and binds to the ESE in the promoter regions of the
UPR target genes to promote the transcription of genes
involved in protein folding and degradation, thus enhancing
the folding ability of the ER and restoring the stability of the
intracellular environment [25]. 2e main downstream tar-
gets of ATF6 are chaperones, transcription factor XBP1, and
CHOP [26].

In conclusion, three UPR signaling pathways are acti-
vated during ER stress. Activation increases the folding
ability of the ER protein and decreases protein translation by
promoting the transcription of a series of downstream target
genes to restore ER homeostasis and promote cell survival.
However, prolonged ER stress may transform prosurvival
signaling in the UPR into proapoptotic signaling. 2erefore,
the timing and extent of UPR activation are crucial to
promote cell survival and restore cell homeostasis.

3. Regulation of Myocardial I/R Injury by
ER Stress

ER stress and the UPR are activated during myocardial I/R
and mediate a pathological process in the myocardium [27].
In fact, ER stress can be activated by a variety of pathological
factors during I/R, and any one of the pathological stim-
uli—such as a sudden load of oxygen free radicals, pro-
duction of proinflammatory cytokines, or calcium
homeostasis imbalance—may activate the adaptive survival
pathway and the proapoptotic pathway of the UPR. How-
ever, during long-term I/R injury, the prosurvival effect of
the UPR eventually changes to a proapoptotic effect
(Figure 2).

3.1. Prosurvival Effect of ER Stress

3.1.1. Effect of IRE1/XBP1 Signaling. IRE1/XBP1 plays an
important role in CVDs. In an I/R model established by
coronary artery ligation in mice, XBP1s was induced after
5min of reperfusion and increased approximately 6-fold
after 4 h of reperfusion. 2e downstream target genes of
XBP1, such as GRP78 and GRP94, also increased after 4 h of
reperfusion [28]. A cardiac-specific XBP1 gene knockout
(CKO) animal model has been used to better study the role
of the IRE1/XBP1s pathway in the process of myocardial I/R

[28]. Compared with the mice in the control group, the mice
in the CKO group had increased myocardial infarction size,
impaired cardiac function, and increased myocardial hy-
pertrophy. Conversely, the myocardial infarct size and the
cardiac impairment of XBP1-overexpressing transgenic
mice were reduced after I/R injury, which highlighted the
protective effect of XBP1 on cardiomyocytes. 2ese results
suggested that XBP1 induction is necessary to protect the
myocardium from I/R injury; the potential mechanism
might involve transcriptional enhancement of the hexos-
amine biosynthesis pathway [28]. At the same time, in the
brain I/R injury model, XBP1 overexpression also inhibited
cell death [29].

3.1.2. Effect of PERK Signaling. Activation of the PERK
branch has been observed during myocardial ischemia, and
the downstream target eIF2α is phosphorylated in the early
stages of ischemia [30]. Overexpression of PERK promotes
cell survival in hypoxia, and downregulation of PERK leads
to decreased cell survival, which may be related to the de-
creased phosphorylation of eIF2α that impairs resistance to
misfolded proteins accumulation in the ER, oxidative stress,
and nutritional deprivation [31]. However, during oxidative
stress associated with ischemia, PERK has been involved in
the phosphorylation of Nrf2, which translocates to the
nucleus and activates the transcription of antioxidant-re-
lated genes [32]. A recent study has shown that PERK has a
protective effect onmyocardial I/R injury via upregulation of
Nrf2/HO-1 signal transduction. Overexpression of Nrf2 and
HO-1 improves cardiomyocyte apoptosis and reduces the
myocardial infarction area [33]. However, when PERK is
activated for a long time, cardiomyocyte death is triggered.
In cardiomyocytes, ischemia-induced, persistent ER stress
promotes activation of the PERK/ATF4/CHOP axis [34, 35].
Activation of the ATF4/CHOP axis upregulates another
effector: tribbles-related protein 3 (TRB3). TRB3 increases
during a myocardial infarction, and overexpression of TRB3
in cardiomyocytes in mice has shown that pathological
cardiac remodeling and apoptosis increase after myocardial
infarction [36, 37]. 2e persistent activation of PERK trig-
gers an apoptosis signal initiated by ER stress. 2us, PERK
signaling may play a negative role in myocardial I/R.

3.1.3. Effect of ATF6 Signaling. ATF6 plays an important and
unique role in the heart. ATF6 is activated during ischemia
and inactivated during reperfusion, which indicates that
ATF6 has a preconditioning effect on cell survival during
reperfusion. 2e expression of GRP78 is stimulated in
cardiomyocytes after 20 h of simulated ischemia. When
ATF6 is inhibited by siRNA (small interfering RNA), this
effect is greatly weakened, and the death of cardiomyocytes
during reperfusion increases, indicating that the expression
of ATF6 has a protective effect on myocardial reperfusion
injury [38]. Transgenic mice models with a tamoxifen-
regulated form of ATF6 also have been used to study the role
of ATF6 in protecting the myocardium from I/R injury [27].
After induction of ATF6n by tamoxifen, the hearts of
transgenic mice showed significant protective effects against
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I/R, such as increased recovery of ventricular development
pressure, decreased cardiomyocyte apoptosis, and decreased
lactate dehydrogenase (LDH) release [27]. 2ese results
indicate that the ATF6 branch of the UPR has a strong effect
on reducing myocardial I/R injury. ATF6 also protects the
heart by inducing ERAD, and it promotes the degradation of
the terminal misfolded proteins in the ER [39]. 2e ability to
clear the misfolded proteins from the ER is particularly
important in the process of ischemic stress. Derlin-3, one of
the early components of ERAD, is a reverse translocation
channel that is induced by ATF6 in the heart. Over-
expression of Derlin-3 enhances the clearance of misfolded
proteins, reduces ER stress activation and caspase activity,
and protects cardiomyocytes from ischemia-induced apo-
ptosis [39]. Conversely, Derlin-3 knockout attenuates the
clearance of misfolded proteins and increases cell death after
I/R [39].

A recent study highlighted the new role of ATF6 in
protecting the heart from I/R damage. Overproduction of
reactive oxygen species (ROS) is the key pathological process
of reperfusion injury. 2e study results showed that over-
expression of ATF6n was enough to protect neonatal rat
cardiomyocytes (NRCMs) from H2O2-induced cell damage
[40]. ATF6 knockout increased ROS production and cell
death after I/R. Additional research showed that two con-
served ESE sites existed in the catalase (CAT) promoter

region, suggesting that CATwas a direct transcription target
of ATF6. ATF6 gene knockout also significantly reduced the
expression of CAT after I/R in mice. An in vitro study
demonstrated that the lack of ATF6 aggravated the I/R
injury and the overexpression of ATF6 or CAT reduced the
damage. 2at study found that ATF6 established a rela-
tionship between ER stress and oxidative stress, which
provided a new understanding of the treatment of I/R injury
[40]. 2e small-molecule N-(2-hydroxy-5-methylphenyl)-3-
phenylpropanamide is a drug that activates ATF6 prefer-
entially [41]. A recent study showed that this molecule had a
strong protective effect on reperfusion injury of different
tissues, including the myocardium, highlighting the thera-
peutic potential of a cellular proteostasis reprogramming
strategy for improving I/R injury [42]. In conclusion, these
findings suggest that ATF6 has a strong cardioprotective
effect on I/R mediated by a variety of prosurvival
mechanisms.

3.2. Prodamage Effect of ER Stress. ER stress and ER dys-
function have been induced by increasing the expression of
calreticulin (CRT), c-Jun NH2-terminal kinase (JNK), and
caspase-12 after myocardial I/R. Ischemic postconditioning
protected the myocardium from I/R injury by inhibiting ER
stress through the p38 and JNK pathways [43]. ER stress is

Myocardial
Ischemia/Reperfusion

ER STRESS

Activation of UPR

Short Term
Negative effectProtective effect

Long Term

I/R injury↓ I/R injury↑
ERAD↑ 

Protein folding↑
Protein translation↓

Oxidative stress
Calcium overload

Inflammation
Excessive autophagy

Apoptosis

Figure 2: Myocardial I/R injury and ER stress. Myocardial I/R activates ER stress, and ER stress activates the UPR. Short-term UPR restores
ER stability by activating ERAD, increasing the ER protein folding ability and inhibiting protein synthesis, which alleviates myocardial I/R
injury. However, long-term UPR aggravates myocardial I/R injury by activating oxidative stress, calcium overload, inflammation, excessive
autophagy, and apoptosis.
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also involved in myocardial infarction, and inhibition of ER
stress can prevent postinfarction-induced cardiac rupture
and remodeling by modulating both cardiac apoptosis and
fibrosis [44].2ese studies indicate that ER stress is activated
by I/R injury and that ER stress also increases the myocardial
I/R injury by stimulating multiple pathological processes.

3.2.1. ER Stress Promotes Oxidative Stress Injury.
Oxidative stress is the primary pathological process during I/
R, and the increase of ROS is the main cause of oxidative
stress injury. During the process of myocardial I/R, ROS is
produced and released [45]. Oxidative stress activates ER
stress, which in turn promotes oxidative stress. In many in
vitro and in vivo models, ER stress and oxidative stress
promote each other, interfering with the normal functions of
cells and activating a proapoptotic signal [46].

Approximately 25% of ROS produced in cells comes
from the ER, mainly via the folding of oxidized proteins
and the formation of disulfide bonds between cysteines
[47]. Protein folding is coupled with ROS formation.
Protein disulfide isomerase (PDI) and ER oxidoreductase 1
(ERO1) are combined in the ER to produce H2O2 during
catalyzation and formation of disulfide bonds. H2O2 is the
most abundant ROS produced in the ER. During ER stress,
the accumulation of misfolded proteins requires more
disulfide bond formation and isomerization, leading to
more H2O2; eventually, H2O2 accumulation exceeds the
antioxidant capacity of the ER, resulting in oxidative stress
injury [48]. Although disulfide bond formation in the ER is
an important source of ROS, protein misfolding in the ER
can deplete the glutathione level in the ER and lead to
oxidative stress [49].

NADPH oxidase (NOX) is also involved in the pro-
duction of ROS during ER stress, and the NOX2 and NOX4
subtypes in particular are involved in the regulation of ER
stress [50]. NOX2 and NOX4 are the main NOX subtypes in
cardiomyocytes; NOX2 is mainly located in the plasma
membrane, and NOX4 is mainly located in themitochondria
and the ER membrane [51]. During ER stress, NOX4 may
participate in the formation of a highly oxidized ER envi-
ronment to trigger upstream UPR signals [50]. Calcium/
calmodulin-dependent protein kinase II (CaMK II) triggers
NOX2-induced oxidative stress, which is related to ER
stress-induced apoptosis and renal dysfunction [52].

CHOP, as the main proapoptotic factor of UPR, also
induces oxidative stress in different ways. In mammalian
cells, ERO1 is transcriptionally activated by CHOP, and
ERO1 increases the production of ROS during ER stress
[53]. 2e IRE1 pathway of the UPR activates JNK, which
interacts with the mitochondrial JNK binding protein,
leading to respiratory dysfunction and an increase in mi-
tochondrial ROS, thus maintaining the activation of JNK
and eventually leading to apoptosis [54]. 2is event links
UPR activation with oxidative stress-induced apoptosis. 2e
IRE1 pathway also increases the mRNA level of thioredoxin-
interacting protein (TXNIP) by reducing a TXNIP-desta-
bilizingmicroRNA,miR-17, to generate ROS and participate
in the occurrence of oxidative stress [55].

Mitochondria represent another important part of ROS
production in the ER stress process. 2e ER and mito-
chondria are connected by a mitochondria-associated ER
membrane (MAM). Major Ca2+ channels, including inosi-
tol-1,4,5-triphosphate receptor (IP3R) and voltage-depen-
dent anion channel, are abundant in MAMs [56, 57]. ATP,
Ca2+, metabolites, and ROS are rapidly transferred from the
ER to mitochondria through MAMs [58, 59]. ROS produced
by the ER or other sources target the ER calcium channels,
leading to calcium release in the ER. In addition, CHOP
regulates the expression of ERO1 and stimulates IP3R-
mediated release of Ca2+ in the ER [60, 61].2e Ca2+ released
by the ER is rapidly absorbed by the mitochondria through
MAMs, resulting in the opening of the permeability tran-
sition pore; then, cytochrome c is released from the mito-
chondrial matrix. 2e loss of cytochrome c inhibits the
electron transport chain complex III and enhances the
production of ROS by increasing the ubisemiquinone radical
intermediate. In addition, increased Ca2+ in the mito-
chondria stimulates the Krebs cycle dehydrogenase, which
increases oxygen consumption and ROS production. Mi-
tochondrial Ca2+ also activates nitric oxide synthase, which
disrupts the electron transport chain and promotes the
production of ROS [46, 62]. Some researchers believe that
PERK is related to MAM. PERK is enriched in the mem-
brane of macrophages and helps tighten the contact site
between the ER and mitochondria, promoting calcium in-
flux and ROS-mediated mitochondrial apoptosis in chronic
ER stress [63, 64].

ROS induced by ER stress lead to the development of
CVDs and trigger a variety of secondary ROS, such as
hydroxyl free radicals, hypochlorite, and hydrogen peroxide
free radicals, which further weakens the function of the ER
and aggravates the progression of CVDs [65]. Some small-
molecule antioxidants, such as butylhydroxyanisole, can
prevent ER stress-induced apoptosis and promote protein
folding [66], which also demonstrates the key role of oxi-
dative stress in cell dysfunction associated with protein
misfolding.

3.2.2. ER Stress Promotes Calcium Overload. During ER
stress, the dynamic balance of ER redox is destroyed. ROS
open the ER calcium channels, including IP3R and ryano-
dine receptor, resulting in Ca2+ leakage. Ca2+-mediated ROS
production in the mitochondria then promotes Ca2+ release
from the ER. 2erefore, the Ca2+-mediated increase in ROS
and the ROS-modulated upsurge in Ca2+ create a self-am-
plified loop [67, 68]. In addition, CHOP induces the ex-
pression of ERO1, activating IP3R-mediated Ca2+ release
into the cytoplasm and activating CaMK II to induce ap-
optosis [69–71]. 2e UPR also induces the expression of a
truncated sarcoplasmic/ER Ca2+-ATPase (SERCA) and in-
creases the transport of Ca2+ to the mitochondria [72].
During myocardial ischemia, the damaged respiratory
electron transport chain affects the production of ATP,
leading to increased Ca2+ efflux and decreased Ca2+ uptake
by inhibiting the SERCA pump [73]. In addition, the ER
protein sigma-1 receptor (Sig-1R) forms a complex with
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GRP78 in MAMs, and Sig-1R dissociates from GRP78 after
Ca2+ depletion in the ER; as a result, a Ca2+ signal enters the
mitochondria through the IP3R for a long time, causing Ca2+
overload in the mitochondria [74]. IRE1α also plays an
important role in inducing apoptosis by interfering with
Ca2+ homeostasis via IP3R [75].

2e production of ROS mediated by Ca2+ also pro-
motes the release of Ca2+ in the ER and then destroys
Ca2+-dependent chaperones and ER homeostasis, leading
to ER stress. In addition, ROS itself damage the folding of
the oxidation protein in the ER. 2ese mechanisms lead
to a vicious circle of ER stress and mitochondrial dys-
function: they promote each other and promote apo-
ptosis altogether. Severe ER stress induces mitochondrial
Ca2+ overload, ROS accumulation, and ATP depletion,
thereby activating mitochondrial-dependent apoptosis
[76].

XBP1 and ATF6 may mediate the overexpression of
GRP94, thus reducing the necrosis of cardiomyocytes caused
by calcium overload or ischemia [77]. In an experimental
model of myocardial I/R, inhibition of calpain improved
ischemic myocardial injury and cardiac function [78],
suggesting that regulation of the Ca2+ level to restore calcium
homeostasis alleviates the I/R injury caused by ER stress.

3.2.3. ER Stress Promotes Inflammatory Injury.
Inflammation is related to ER stress and plays an important
role in the development of CVDs [79]. Multiple pathological
stimuli that activate the UPR, such as excessive production
of ROS, calcium overload, and metabolic disorders, can
induce inflammation. When the UPR is activated, IRE1
upregulates tumor necrosis factor receptor associated factor
2 (TRAF2) to form an IRE1-TRAF2 complex and recruits
inhibitor of nuclear factor kappa-B (IκB) kinase to activate
nuclear transcription factor-κB (NF-κB). NF-κB is the main
transcriptional regulator of the proinflammatory pathway.
2e NF-κB dimer released from the cytoplasm (an NF-κB-
IκB complex) translocates to the nucleus and activates the
expression of inflammatory cytokines [80]. In addition, the
IRE1-TRAF2 complex activates JNK, which activates tran-
scription factor activating protein-1, thereby inducing the
expression of inflammatory genes [81]. XBP1, the down-
stream target gene of IRE1, also induces the production of
inflammatory cytokines by enhancing the Toll-like receptor
(TLR) signal [80].

ATF6 is a regulator between ER stress and proin-
flammatory pathways. In response to ER stress, the cleavage
of ATF6 leads to the transcriptional activation of inflam-
mation-related proteins, such as C-reactive protein. C-re-
active protein participates in the inflammatory response by
promoting the expression of monocyte chemoattractant
protein-1 (MCP-1) receptors [80, 82]. In addition, the ATF6
pathway activates NF-κB through Akt kinase phosphory-
lation [83]. As a response to stress, attenuation of IκB via
PERK/eIF2α-mediated translation leads to NF-κB release
and activation; activated NF-κB shifts to the nucleus and
triggers the expression of various inflammatory cytokines
[84].

CHOP activates interleukin (IL)-1β, and CHOP is ac-
tivated by three ER stress sensors [85]. I/R causes the ac-
tivation of CHOP and the release of proinflammatory
cytokines, such as IL-1β and IL-6, which leads to tissue
inflammation [35]. In the heart of mice with MCP-1
overexpression, a group of ER stress-related genes (GRP78,
GRP94, ATF6, and CHOP) and the ER chaperone PDI were
transcriptionally activated, which recruited inflammatory
cells into the heart and aggravated the myocardial ischemia
injury [86].

ER stress activates nucleotide-binding oligomerization
domain-like receptor protein 1 (NLRP1) and promotes
myocardial I/R injury by activating the NF-κB signaling
pathway [87]. NLRPs are classified as typical inflamma-
somes, and they include NLRP1 and NLRP3. 2ey activate
caspase-1, leading to increases in the levels of the proin-
flammatory cytokines IL-1β and IL-18 [88]. At the same
time, a variety of cytokines in the inflammatory response
may directly stimulate the UPR [89, 90]. In conclusion, ER
stress is closely related to inflammation, and well-consoli-
dated crosstalk exists between ER stress and inflammatory
molecules, which may play a key role in the pathogenesis of
myocardial I/R injury.

3.2.4. ER Stress Promotes Excessive Autophagy. ER stress is
also related to autophagy. Autophagy is activated to degrade
misfolded proteins and provide protection for cells. How-
ever, persistent ER stress promotes cell death through
autophagy [91, 92]. Autophagosomes increase significantly
in the heart during I/R injury, and excessive autophagy
aggravates myocardial injury [93].

JNK activation plays an important role in the expression
of Bcl-2. Bcl-2 is located in themitochondria, the ER, and the
nuclear membrane, and a small amount exists in the cy-
toplasm [94]. Bcl-2 is an antiapoptotic protein and an
autophagy inhibitor [95]. Bcl-2 located in the ER dimerizes
with Beclin1, which prevents the formation of autophago-
somes. JNK-mediated Bcl-2 phosphorylation interferes with
the dimerization of Beclin1 and Bcl-2 and triggers autophagy
[96]. In addition, ER stress directly induces autophagy via
the ATF4 pathway [97].

Although autophagy is a homeostasis mechanism that
provides energy for the damaged heart, uncontrolled ex-
cessive autophagy may lead to cell dysfunction or death. In
myocardial I/R-induced excessive ER stress, a persistent
UPR and the decreased expression of Bcl-2 trigger excessive
autophagy [6].

3.2.5. ER Stress Promotes Apoptosis. Apoptosis is a pro-
grammed cell death and is regulated by multiple signal
pathways. Overexpression of the UPR caused by persistent
ER stress will eventually induce apoptosis. It has been
confirmed that hypoxia upregulates the expression of CHOP
and the cleavage of caspase-12, indicating that the UPR
apoptosis pathway is involved in cell death via hypoxia
stimulation [98]. In addition, inhibition of CHOP has at-
tenuated myocardial I/R injury in mice by reducing in-
flammation and apoptosis [35]. ER stress-induced oxidative
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stress, inflammation, calcium overload, and other patho-
logical processes also accelerate the promotion of apoptosis
by activating CHOP, caspase family members, apoptosis
signal-regulating kinase 1 (ASK1), JNK, and Bcl-2 family
members.

(1) CHOP Is Activated. In vitro and in vivo studies have
shown that CHOP is themain regulator of ER stress-induced
apoptosis. CHOP plays a proapoptotic role in a variety of
ischemic conditions [21]. CHOP expression is lower in
nonstress conditions, and its expression increases signifi-
cantly in ER stress through induction of IRE1, PERK, and
ATF6-dependent transcription. ATF4 may play a leading
role in inducing CHOP expression [69]. IRE1 activates JNK
and p38 by interacting with TRAF2 and ASK1. JNK induces
cell death by inducing Fas- and NOX2-triggered oxidative
stress, whereas p38 activates CHOP by phosphorylation of
its transactivation domain [69, 99]. In addition to the
abovementioned activation pathways, CHOP is also acti-
vated by ATF2, in a process induced by hypoxia and essential
to induce CHOP production via leucine starvation [100].

CHOP-induced apoptosis involves many mechanisms.
Persistent ER stress activates the expression of death re-
ceptor DR5 induced by CHOP, and TNF-related apoptosis-
inducing ligand combines with DR5 to activate caspase-8,
thus promoting exogenous apoptosis [101]. CHOP inhibits
the expression of the antiapoptotic protein Bcl-2 in cardiac
myocytes [102, 103]. CHOP also upregulates the expression
of the BH3-only domain protein p53 upregulated modulator
of apoptosis (PUMA) and Bcl-2 interacting mediator of cell
death (BIM), thus inducing mitochondria-dependent apo-
ptosis [104, 105]. In addition, during ER stress, BIM is
transferred from a dynein-rich compartment to the ER
membrane to activate caspase-12, thus activating an ER
stress-specific apoptotic pathway [106]. CHOP-induced
apoptosis also involves the calcium signaling pathway.
CHOP induces the expression of ERO1, activating IP3R-
mediated Ca2+ release into the cytoplasm [70]. Intracellular
calcium activates CaMK II, which induces the activation of
many downstream apoptotic signals, such as the expression
of Fas death receptor, activation of JNK, and release of the
mitochondrial apoptosis factor [71]. Calcium released from
the ER also enters the mitochondria, which induces mito-
chondria-dependent apoptosis through the release of cy-
tochrome c and loss of the mitochondrial membrane
potential [107].

A recent study has shown that CHOP plays an important
role in promoting protein synthesis that leads to apoptosis
via oxidative stress. 2e interaction between ATF4 and
CHOP directly induces genes that encode protein synthesis
and the UPR. Forced expression of ATF4 and CHOP in-
creases protein synthesis but leads to ATP depletion, oxi-
dative stress, and cell death. One of the mechanisms of
ATF4/CHOP-stimulated protein synthesis is to activate the
transcription of GADD34, leading to the dephosphorylation
of eIF2 mRNA to restore global translation. However, in the
case of defective protein folding, increased protein synthesis
will lead to more misfolding and further aggravate the cell
death signal through oxidative stress [108, 109].

Expression of the UPR in retinal ganglion cells has been
upregulated by intraocular I/R, whereas the absence of
CHOP significantly increased cell survival and improved
functional recovery after I/R [110]. Myocardial I/R has ac-
tivated the phosphorylation of eIF2α and upregulated the
expression of CHOP, whereas cardiac function was im-
proved and myocardial inflammation was reduced in
CHOP-knockout mice after I/R [35]. 2ese findings suggest
that inhibition of CHOP is of great significance in reducing
I/R injury.

3.3. Caspase Family Members Are Activated. 2e activation
of caspase family is a key process of apoptosis induced by ER
stress. 2e activation of caspases-2, -3, -4, -6, -7, -8, -9, and
-12 in different in vitro and in vivo models of ER stress has
been reported. 2e deletion of caspases-3, -7, -9, or -12 has a
protective effect on ER stress-induced cell death [111].

Caspase-12 is specifically expressed in the ER stress-
induced apoptosis pathway [112]. 2e precursor of caspase-
12 is procaspase-12, which is located on the ER membrane
alone or combined with TRAF2. Severe ER stress results in
the dissociation and activation of procaspase-12 from the ER
membrane [113, 114]. BIM translocation to the ER surface
activates caspase-12; activation is also regulated by other
pathways. For example, during ER stress, the Ca2+ increase
in the cytoplasm leads to activation of calpain and its
translocation to the ER, where procaspase is cleaved to form
caspase-12 [115]. In addition, activated IRE1 recruits TRAF2
to form an IRE1-TRAF2 complex that results in the dis-
sociation of TRAF2 from a TRAF2-procaspase-12 complex
and the activation of caspase-12 [113]. Activated caspase-12
starts a positive feedback cycle to activate caspase-3 by
activating caspase-9, thus initiating apoptosis [114].

In the process of ER stress, RIDD can reduce the folding
load of the ER proteins and restore ER homeostasis.
However, in the long-term ER stress process, this process
may lead to cell death by degrading the mRNA that encodes
survivin [69, 111, 116].2e sustained activation of IRE1α has
been shown to degrade the rapid attenuation of some
microRNAs that inhibit the translation of caspase-2 mRNA,
thereby promoting caspase-2-dependent apoptosis during
ER stress [15].

3.4. Proapoptotic Proteins of Bcl-2 Family Are Activated.
2e Bcl-2 family members are classified into antiapoptotic
proteins and proapoptotic proteins. Antiapoptotic proteins
mainly include Bcl-2 and Bcl-xl, whereas proapoptotic
proteins are divided into multidomain proteins and BH3-
only proteins. Multidomain proteins include BAK and BAX,
and BH3-only proteins include BID, BIM, BAD, BIK, and
PUMA [117]. Bcl-2 family proteins are also integrated on the
ER membrane, thereby regulating Ca2+ homeostasis in the
ER and ER stress-induced cell death [118, 119]. In response
to ER stress, the proapoptotic proteins BAK and BAX un-
dergo conformational changes on the ER membrane,
thereby releasing calcium into the cytoplasm and activating
the apoptotic signal [107]. BH3-only proteins sense stress
and activate multidomain proteins, such as BAX and BAK,
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leading to increased mitochondrial outer membrane per-
meability and cytochrome c release, which in turn initiate
the caspase cascade and activate the mitochondrial apoptotic
pathway. However, Bcl-2 and Bcl-xl antagonize this process
[120]. BH3-only proteins mainly regulate apoptosis by
inhibiting the expression of Bcl-2 or promoting the ex-
pression of multidomain proteins, such as BAK and BAX
[121]. In cardiomyocytes, the Bcl-2 family protein NIX,
which is located in both the ER and the mitochondrial
membrane, induces apoptosis by coordinating with BAX
and BAK to regulate calcium in the ER [120]. CHOP-in-
duced increases of PUMA and BIM promote the activation
of BAK and BAX to activate mitochondria-dependent ap-
optosis [122]. In addition, BAX and BAK directly bind to the
cytoplasmic domain of IRE1α and induce activation of the
IRE1α signaling pathway [123].

In summary, inhibiting the expression of the proapo-
ptotic proteins of the Bcl-2 family plays an important role in
reducing I/R-induced cardiomyocyte death. In ER stress,
overexpression of PUMA has induced cardiomyocyte apo-
ptosis, and inhibition of PUMA expression has improved I/R
injury in vitro and in vivo [124].

3.5. ASK1 and JNKAre Activated. ASK1 is a key regulator of
cardiomyocyte apoptosis. A small-molecule inhibitor of
ASK1 reduced cardiomyocyte apoptosis and infarct size in a
rat model of I/R [125]. ASK1 is related to apoptosis, as
induced by tumor necrosis factor family receptor signaling.
During ER stress, the IRE1-TRAF2 complex activates ASK1,
which further activates JNK and p38. An ASK1-knockout
experiment showed that JNK activation and cell death need
this kinase [126]. 2e PERK pathway also activates the JNK
proapoptotic pathway [127]. Both JNK and p38 induce
apoptosis by participating in the activation of CHOP
[99, 128]. JNK inhibits the expression of the antiapoptotic
factor Bcl-2, thus inhibiting its antiapoptotic function of
regulating calcium flow in the ER and promoting proapo-
ptotic Bcl-2 family members, such as BAX and BAK. JNK
plays an important role in apoptosis by stimulating pro-
apoptotic proteins (BAX and BAK) and inactivating the
antiapoptotic protein Bcl-2 [129, 130].

4. Modulatory Role of Chinese Herbal
Medicine in ER Stress in Myocardial I/R

4.1. Extractive Compounds of Chinese Herbal Medicine.
Extracts refer to the effective components extracted from
Chinese herbal medicine. 2e study of extracts can clarify
the possible active components in Chinese herbal medicine
and the interaction between them. According to the current
experimental studies on extracts of Chinese herbal medicine,
the protective effects and mechanisms of these traditional
Chinese medicines in myocardial I/R injury may be related
to the regulation of ER stress (Table 1).

4.1.1. Rhizoma coptidis. Berberine (BBR) is an isoquinoline
alkaloid isolated from Rhizoma coptidis, which is widely
used in the clinic because of its various pharmacological

effects [145]. BBR has directly downregulated the phos-
phorylation of PERK and eIF2α, thus inhibiting the ex-
pression of ATF4 and CHOP in myocardial tissue to inhibit
ER stress induced by I/R. In vivo (model of I/R in rats that
underwent operation) and in vitro (H9c2 cells exposed to a
simulated I/R environment), BBR has reduced myocardial
infarct size, improved cardiac function, and inhibited car-
diomyocyte apoptosis and oxidative damage, and its
mechanism may be related to activation of the Janus kinase
2/signal transducer and activator of transcription 3 (JAK2/
STAT3) pathway [131].

4.1.2. Schisandra chinensis. Schisandrin B (SCH B) is the
most active and abundant component isolated from Schi-
sandra chinensis [146]. Previous studies have shown that
SCH B has antioxidant, anti-inflammatory, antitumor,
cardioprotective, and neuroprotective effects [147]. SCH B
has reduced the infarct size and the serum levels of creatine
kinase (CK), LDH, and malondialdehyde (MDA); inhibited
the expression of phosphorylated PERK (p-PERK), ATF6,
and CHOP in myocardial tissue; and upregulated Bcl-2 and
downregulated BAX, caspase-3, and caspase-9 [132]. 2ese
actions indicate that SCH B can inhibit the ATF6 and PERK
pathways to reduce apoptosis induced by ER stress and so
protect against myocardial I/R injury.

4.1.3. Panax notoginseng. Panax notoginseng has a long
history of clinical use, including extensive use in the pre-
vention and treatment of CVDs and cerebrovascular diseases
[148]. Notoginsenoside R1 (NgR1) is a new saponin isolated
from Panax notoginseng. It has pharmacological effects on
myocardial infarction, ischemic stroke, acute kidney injury,
intestinal injury, and other diseases [149]. NgR1 has im-
proved the cardiac function of isolated hearts in rats after I/R
injury, reduced the expression levels of GRP78, p-PERK, and
ATF6, and phosphorylated IRE1 (p-IRE1) in H9c2 car-
diomyocytes after hypoxia/reoxygenation (H/R). NgR1 also
inhibited the expression of proapoptotic proteins, such as
CHOP, caspase-12, and phosphorylated JNK (p-JNK). In
addition, NgR1 has scavenged free radicals, improved the
activity of antioxidant enzymes, and inhibited tunicamycin-
induced cell death and cardiac dysfunction; these findings
indicate that oxidative stress and ER stress are involved in
the protective effect of NgR1 [133].

4.1.4. Curcuma longa. Curcumin (CUR) is a kind of poly-
phenol extracted from Curcuma longa; it has anticancer,
antibacterial, anti-inflammatory, and antiaging activities
[150]. CUR has minimized the death of H9c2 car-
diomyocytes induced by H/R in one study [134]. Compared
with the control group, the H/R group experienced increases
in the levels of LDH and MDA and decreases in superoxide
dismutase (SOD) activity. After CUR treatment, the levels of
LDH, MDA, and SOD were reversed; the expressions of
GRP78 and CHOP and the phosphorylation levels of ERK1/
2, p38, and JNK were decreased. 2ese results suggested that
CUR protected cardiomyocytes by inhibiting ER stress and
the mitogen-activated protein kinase (MAPK) pathway.
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4.1.5. Panax quinquefolium. Panax quinquefolium is a
Panax plant of the Acanthopanax family, which originated
from the northern United States and southern Canada.
Panax quinquefolium has a tonic effect; its root is used as a
Chinese herbal medicine. Panax quinquefolium saponins
(PQS) have many pharmacological effects, including anti-
anxiety, neuroprotective, cardioprotective, anticancer, and
antibacterial activities [151]. A study identified a protective
effect of PQS on myocardial I/R injury and H/R-induced
cardiomyocyte apoptosis; in that study, PQS also inhibited
the excessive ER stress induced by H/R, which was man-
ifested by decreased activation of caspase-12 and decreased
expression of GRP78 and CHOP [135]. 2ese results suggest
that PQS could reduce the H/R damage of cardiomyocytes
via a mechanism related to the inhibition of excessive ER
stress.

4.1.6. Salvia miltiorrhiza. Salvia miltiorrhiza is a widely used
Chinese herbal medicine that has a cardioprotective effect in
the development of thrombosis, atherosclerosis, and myo-
cardial I/R [152]. Protocatechualdehyde (PCA) is the main

bioactive polyphenol in Salvia miltiorrhiza [153], and it can
protect the brain from oxidative damage during I/R [154]. A
recent study pointed out the therapeutic potential of PCA for
CVDs [136]. PCA had a protective effect on H9c2 car-
diomyocytes and NRCMs induced by oxygen-glucose
deprivation/reperfusion (OGD/R). PCA could inhibit the
expression of BAX and cleaved caspase-3 in H9c2 car-
diomyocytes. Additional results of ER-specific DiOC6(3)
and ER-Tracker Red staining showed that PCA could reduce
the stress injury in the ER; and mechanistic substudy
demonstrated that PCA could inhibit CHOP, GRP78,
p-PERK, ATF6, and p-IRE1α after OGD/R. Together, these
results suggest that PCA inhibits ER stress by regulating the
PERK, ATF6, and IRE1α pathways.

4.1.7. Rhodiola rosea L. Salidroside is the main component
of the Chinese herbal medicine Rhodiola rosea L. A previous
study has shown that salidroside can reduce myocardial
ischemia injury induced by isoproterenol by inhibiting the
inflammatory signaling pathway [155]. A recent study re-
ported that salidroside could reduce H/R-induced H9c2

Table 1: 2e role of Chinese herbal extracts in the regulation of ER stress in myocardial I/R.

Compounds Experimental models Effects Mechanisms References

Berberine I/R injury in rats and
H9c2 cells

Cardiac function↑, myocardial
infarct size↓, oxidative

damage↓, apoptosis↓, ER
stress↓

LDH↓, CK↓, MDA↓, SOD↑, caspase-3↓,
Bcl-2/BAX↑, PERK/eIF2α↓, ATF4↓,

CHOP↓, JAK2/STAT3↑
[131]

Schisandrin B I/R injury in rats Myocardial infarct size↓,
oxidative damage↓, ER stress↓

LDH↓, CK↓, MDA↓, T-SOD↑, caspases-
3/9↓, Bcl-2/BAX↑, p-PERK↓, ATF6↓,

CHOP↓
[132]

Notoginsenoside R1
Ex vivo I/R injury
model and H/R in

H9c2 cells

Cardiac function↑, apoptosis↓,
oxidative damage↓, ER stress↓

CK↓, MDA↓, SOD↑, CAT↑, GSH-Px↑,
CHOP↓, caspase-12↓, p-JNK↓, GRP78↓,

p-PERK↓, ATF6↓, IRE1↓
[133]

Curcumin H/R in H9c2 cells Apoptosis,↓ oxidative damage↓,
ER stress↓

LDH↓, MDA↓, SOD↑, GRP78↓, CHOP↓,
MAPK↓ [134]

Panax quinquefolium
saponins H/R in NRCMs Apoptosis↓, ER stress↓ LDH↓, Bcl-2/BAX↑, caspase-12↓,

GRP78↓, CHOP↓ [135]

Protocatechualdehyde OGD/R in H9c2 cells
and NRCMs Apoptosis↓, ER stress↓ BAX↓, caspase-3↓, GRP78↓, CHOP↓,

PERK/ATF6/IRE1α↓ [136]

Salidroside H/R in H9c2 cells Apoptosis↓, ER stress↓ LDH↓, CHOP↓, caspases-3/12↓, Bcl-2/
BAX↑, p-PERK↑ p-IRE1α↑ [137]

Astragaloside IV I/R injury in rats Apoptosis↓, ER stress↓ CK↓, GRP78↓, ATF6↓, p-PERK↓,
SERCA 2a↑ [138]

Total saponins of Aralia
elata I/R injury in rats

Myocardial infarct size↓,
oxidative damage↓, calcium

overload↓, ER stress↓

LDH↓, CK↓, MDA↓,SOD↑, Ca2+-Mg2+-
ATPase↑, Na+-K+-ATPase↑, SERCA↑,
CaN↑, Bcl-2/BAX↑, GRP78↓, CHOP↓

[139]

Aralia saponin C H/R in H9c2 cells Apoptosis↓, ER stress↓ LDH↓, PERK/eIF2α↓, ATF6↓, caspase-
12↓, HSP90↑ [140]

Elatoside C H/R in H9c2 cells Oxidative damage↓, apoptosis↓,
ER stress↓

ROS↓, Bcl-2/BAX↑, GRP78↓, CHOP↓,
caspase-12↓, p-JNK↓, STAT3↑ [141]

Tournefolic acid B
Ex vivo I/R injury
model and H/R in

H9c2 cells

Cardiac function↑, oxidative
damage↓, apoptosis↓, ER

stress↓

SOD↑, CAT↑, GSH-Px↑, Bcl-2/BAX↑,
GRP78↓, CHOP↓, caspase-12↓, ATF6↓,
PERK/eIf2α↓, p-JNK↓, PI3K/AKT↑

[142]

Resveratrol I/R injury in rats and
NRCMs

Myocardial infarct size↓,
oxidative damage↓,

autophagy↓, calcium overload↓,
ER stress

ROS↓, MDA↓, cTnI↓ Beclin-1↓, LC3 II/
I↓, Ca2+↓, GRP78↓ [143]

Barbaloin I/R injury in rats Apoptosis↓, ER stress↓ Caspases-3/12↓, GRP78↓, CHOP↓,
ATF4↓, CNPY2/PERK↓ [144]
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cardiomyocyte damage, improve cell survival, reduce LDH
release, and reduce ER stress, as represented by the
downregulation of CHOP protein expression. In addition,
salidroside could alleviate ER stress-induced apoptosis, as
manifested by the decreased expression of cleaved caspase-
12 and BAX proteins, decreased caspase-3 activity, and
increased Bcl-2 expression. Another study showed the de-
creased expression of p-PERK and p-IRE1α, indicating that
salidroside could protect H9c2 cardiomyocytes from H/R
injury and reduce ER stress or ER stress-induced apoptosis
by regulating the expression of PERK and IRE1α [137].

4.1.8. Radix astragali. Astragaloside IV (AS-IV) is one of the
main effective components of Radix astragali. Studies have
shown that AS-IV has a therapeutic effect on heart failure by
promoting angiogenesis, improving energy metabolism, and
inhibiting myocardial hypertrophy and fibrosis [156]. In a
recent study, AS-IV significantly improved the pathological
changes of myocardial tissue in a rat model of myocardial I/
R, inhibiting cardiomyocyte apoptosis; downregulating the
expression of CK in myocardial tissue; upregulating the
expression of the SERCA 2a protein; and downregulating the
expression of GRP78, ATF6, and p-PERK in a dose-de-
pendent manner [138]. 2ese findings indicate that AS-IV
can mediate the SERCA 2a signaling pathway and inhibit ER
stress to reduce myocardial I/R injury.

4.1.9. Aralia elata. Aralia elata is widely distributed in
Northeast China, East Russia, Japan, and Korea. Its roots and
bark can be used as a Chinese herbal medicine; they play a
therapeutic role in arrhythmia, arthritis, hypotension, and
diabetes [157]. Recently, total saponins from Aralia elata
significantly reduced the infarct size of rats in an I/R model;
improved the myocardial pathological process; reduced the
levels of LDH, CK, and MDA; increased the content of SOD;
and recovered the activities of Ca2+-Mg2+-ATPase, Na+-K+-
ATPase, SERCA, and calcineurin. 2e total saponins also
significantly downregulated the expression of GRP78,
CHOP, and BAX and upregulated the expression of Bcl-2,
indicating that they can prevent myocardial I/R injury, al-
leviate the calcium homeostasis imbalance, and reduce ER
stress-induced apoptosis [139]. Another study using Aralia
elata showed thatAralia saponin C (AsC) could significantly
inhibit H/R injury in H9c2 cardiomyocytes; other effects
included increasing cell viability, reducing LDH leakage, and
preventing cardiomyocyte apoptosis. AsC also suppressed
H/R-induced ER stress by reducing activation of the ER
stress pathways (PERK/eIF2α and ATF6) and reducing the
expression of ER stress-related apoptotic proteins (CHOP
and caspase-12). Compared with an H/R group, the AsC
treatment group had a significantly increased expression of
heat shock protein 90 (HSP90). HSP90 inhibitors andHSP90
siRNA could block the therapeutic effect of AsC, indicating
that AsC may attenuate the ER stress-dependent apoptotic
pathway by increasing the expression of HSP90, thereby
reducing H/R-induced apoptosis [140]. In addition, elato-
side C, a triterpenoid component of Aralia elata, had a
significant protective effect on the death of cardiomyocytes

induced by H/R [141]. Elatoside C could maintain the
mitochondrial membrane potential as well as reduce mi-
tochondrial ROS and apoptosis; its action is related to the
inhibition of ER stress-related apoptosis markers (GRP78,
CHOP, caspase-12, and JNK), increased phosphorylation of
STAT3, and an increased Bcl-2/BAX ratio. However, these
effects of elatoside C could be blocked by STAT3 inhibitors.
2ese results suggest that elatoside C may reduce H/R-in-
duced cardiomyocyte apoptosis by activating the STAT3
pathway and reducing ER stress-related apoptosis.

4.1.10. Other Extractive Compounds. Tournefolic acid B
(TAB) in Clinopodium chinense (Benth.) Kuntze can sig-
nificantly improve the hemodynamic parameters of the
isolated rat hearts and inhibits cardiomyocyte apoptosis
[142]. In addition, TAB inhibits oxidative stress by regu-
lating the activities of antioxidant enzymes and inhibits the
expression of GRP78, ATF6, p-PERK, eIF2α, CHOP, and
caspase-12 to reduce I/R-induced ER stress [142]. TAB also
enhances the phosphorylation of phosphoinositide 3-kinase
(PI3K) and protein kinase B (Akt), reduces the phosphor-
ylation of JNK, and increases the ratio of Bcl-2 to BAX,
indicating that TAB may inhibit PI3K/Akt-mediated ER
stress, oxidative stress, and apoptosis to reduce myocardial I/
R injury [142].

Resveratrol is a natural polyphenol with various phar-
macological effects, including anti-inflammatory, antioxi-
dant, anticancer, and antiapoptotic effects. It exists in the
traditional Chinese medicine mulberry and in other plants
[158]. Resveratrol has reduced the area of myocardial in-
farction and lowered serum cardiac troponin I (cTnI) level in
a rat model of I/R. It also has inhibited GRP78, TRAF2,
Beclin-1, and microtubule-associated protein 1 light chain 3
(LC3) II/I protein expression. Resveratrol has also signifi-
cantly increased H/R-induced myocardial cell viability,
inhibited apoptosis, and reduced the intracellular Ca2+
concentration, which all suggest that resveratrol can reduce
myocardial I/R injury by inhibiting oxidative stress, ER
stress, autophagy, and Ca2+ influx [143].

2e pharmacological effects of aloe vera on immunity as
well as its anti-inflammatory and antioxidant effects have
been confirmed [159]. Barbaloin (BAR), the main active
ingredient in aloe vera, has attracted attention [160]. A
recent study in a rat model of I/R has shown that BAR can
reduce myocardial injury and apoptosis and can inhibit the
expression of ER stress-related proteins (GRP78, CHOP,
caspases-3/12, p-PERK, and ATF4) in myocardial tissue.2e
study also showed that canopy homolog 2 (CNPY2) is
present in cardiomyocytes and is involved in the develop-
ment of myocardial I/R by activating the PERK/CHOP
signaling pathway. BAR may reduce myocardial I/R injury
by inhibiting the apoptosis pathway of CNPY2/PERK [144].

4.2. Patented Drugs from Chinese Herbs. Although single
Chinese medicine treatments have been proven effective in
regulating ER stress induced by myocardial I/R, a combi-
nation of multiple Chinese medicines is usually used in
clinical practice. Patented drugs from Chinese herbs
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incorporate a certain combination of Chinese medicines
under the guidance of Chinese medicine theory, which finds
the best treatment method for diseases and exerts the
maximum therapeutic effect of Chinese medicines (Table 2).

Qishen granule (QSG) is composed of four Chinese
herbs (Angelica sinensis, Lonicera japonica 2unb., Scro-
phularia ningpoensis Hemsl., and Glycyrrhiza uralensis
Fisch.). A previous study has shown that QSG can inhibit
myocardial inflammation and fibrosis caused by heart failure
through the STAT3 and NF-κB pathways [163]. A recent
study reported that QSG can improve cardiac function in
rats with myocardial ischemia, reduce inflammatory cell
infiltration, and reduce cardiomyocyte apoptosis. In a model
of OGD/R-induced H9c2 injury, QSG regulated apoptosis-
related proteins to exert antiapoptotic effects, including
upregulation of Bcl-2 expression and downregulation of
BAX and caspases-3 and -12 expression. 2e potential
mechanism is related to activation of the IRE1-α-crystallin B
(CryAB) signaling pathway [161].

Shuxuening injection (SXNI) is derived from Ginkgo
biloba extract, and its active ingredients are mainly fla-
vonoids—ginkgolides and bilobalide. It is used clinically to
treat coronary heart disease, angina pectoris, cerebral

embolism, and cerebral vasospasm [164]. SXNI has reduced
the infarct size and decreased the myocardial enzyme and
cTnI levels to reduce the degree of myocardial injury [162].
In addition, SXNI has increased the activities of CAT and
glutathione peroxidase (GSH-Px) and decreased the ex-
pression levels of MDA, GRP78, CRT, CHOP, and caspase-
12 [162]. SXNI has also decreased the serum levels of in-
flammatory cytokines and reduced TLR4/NF-κB expression,
which suggests the protective effect of SXNI on I/R injury
acts via regulation of TLR4/NF-κB and reduction of the
inflammatory response by inhibiting oxidative stress and ER
stress pathways [162].

In conclusion, most Chinese herbal medicines can inhibit
the UPR-related signaling pathways to inhibit oxidative stress
injury and apoptosis induced by excessive ER stress in
myocardial I/R. A few Chinese herbal medicines, such as QSG,
can activate the IRE1 signaling pathway and initiate an
adaptive UPR to play a protective role in the myocardium.2e
UPR is activated in the early stage of ischemia and plays a role
in promoting survival. After reperfusion, the UPR is contin-
uously activated via the stimulation of oxidative stress, calcium
overload, inflammation, and other pathological factors, thus
inducing ER stress-mediated apoptosis. Some traditional

Table 2: 2e role of patented drugs from Chinese herbs in the regulation of ER stress in myocardial I/R.

Patented drugs Experimental
models Effects Mechanisms References

Qishen granule OGD/R in H9c2
cells Apoptosis↓, ER stress↓ Bcl-2/BAX↑, caspases-3/12↓, IRE1-CryAB↑ [161]

Shuxuening
injection I/R injury in rats Oxidative damage↓,

inflammation↓, ER stress↓
CK↓, LDH↓, cTnI↓, MDA↓, SOD↑, GSH-Px↑, CAT↑,
GRP78↓, CRT↓, CHOP↓, caspase-12↓, TLR4/NF-κB↓ [162]

Myocardial I/R injury

Activation

Exacerbation
infarct

Alleviating
myocardial I/R injury Regulating

UPR pathways

ER stress

Traditional Chinese Herbals

Berberine, Schisandrin B, Notoginsenoside R1,
Curcumin, Panax quinquefolium saponins,

Protocatechualdehyde, Salidroside, Astragaloside IV,
Aralia elata saponins, Aralia saponin C, Elatoside C,
Tournefolic acid B, Resveratrol, Barbaloin, Qishen

Granule, Shuxuening injection

Figure 3: Chinese herbal medicines regulate ER stress to improve myocardial I/R injury.
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Chinese medicines can activate the UPR during myocardial
ischemia to play a protective role in the myocardium. For
example, in mice with ischemic injury, ginkgolide can reduce
the size of the myocardial infarction and improve ER dilation
[165]. 2e mechanism is related to an increase in ERAD-
mediated clearance of misfolded proteins and autophagy via
enhancement of IRE1α/XBP1 activity [165]. 2ese studies
show that Chinese herbal medicines, through regulation of the
UPR in different states of the body, have good application
prospects for reducing myocardial I/R injury (Figure 3).

5. Conclusions

ER stress is involved in many pathological processes of
CVDs, and the UPR activated by ER stress plays a key role.
2e UPR is a defense mechanism that is induced by three
pathways, and it protects cardiomyocytes by maintaining ER
homeostasis. However, long-term ER stress leads to car-
diomyocyte dysfunction and apoptosis, thereby aggravating
damage in CVDs. In myocardial I/R injury, ER stress is
activated by multiple pathological processes, such as oxi-
dative stress, inflammation, and calcium homeostasis im-
balance. ER stress in turn aggravates these pathological
processes, thus forming a vicious circle. 2erefore, a deep
understanding of the molecular mechanism of ER stress in
CVDs is of great significance for the development of new
therapeutic methods and the discovery of potential drug
targets.

Given the complex signaling network regulation of ER
stress, it is important to develop drugs that can act on
multiple targets and pathways. Chinese herbal medicine has
the characteristics of multiple components, multiple targets,
and multiple links and therefore shows great therapeutic
potential. In fact, many Chinese medicines, including ex-
tracts and patented drugs from Chinese herbs, have im-
proved I/R injury by regulating the ER. However, the exact
mechanism by which these Chinese herbal medicines reg-
ulate ER stress to improve I/R injury is not clear enough; the
period of myocardial ischemia and the degree of myocardial
injury must be assessed, and most studies have been carried
out in animal and cell models that do not fully align with
actual clinical situations. 2erefore, additional research is
needed to verify the efficacy and mechanisms of Chinese
herbal medicines in regulating ER stress to improve I/R
injury.
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