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 Background: Cardiovascular diseases are the leading cause of death in many countries and myocardial ischemia-reperfu-
sion (I/R) injury is the cause of many serious heart diseases. Recent reports suggested that endoplasmic retic-
ulum (ER) stress is associated with the progress of ischemia/reperfusion (I/R) injury. In a previous study, we 
illustrated that 4-phenylbutyric acid (4-PBA) reduces I/R-induced cell death in vitro through inhibiting the ER 
stress-initiated cell apoptosis. In the present study we investigated whether 4-PBA improves heart function in 
isolated rat hearts subjected to I/R and elucidated the potential mechanisms involved in 4-PBA-induced car-
dioprotective effects.

 Material/Methods: The isolated rat hearts were subjected to global ischemia and reperfusion in the absence or presence of 4-PBA. 
Hemodynamic parameters (LVSP, LVEDP, ±dP/dtmax, and HR) were monitored and histopathological examina-
tion was applied. The biomarkers related to oxidative stress were detected by LDH, ROS, MDA, CK, SOD, and 
GSH-Px kits. A TUNEL apoptosis assay kit was used to detect apoptosis. The expression levels of ER stress and 
apoptosis proteins were evaluated by Western blotting.

 Results: We found that 4-PBA (5 mM, 10 mM) pretreatment significantly attenuated cardiac dysfunction and depressed 
oxidative stress induced by I/R. Moreover, I/R activated the ER stress proteins Grp78 and PERK, which are all 
decreased by 4-PBA. 4-PBA pretreatment also inhibited the expression of CHOP, Caspase-12, and Bax, reduced 
the phosphorylation of JNK, and enhanced the expression of anti-apoptotic protein Bcl-2.

 Conclusions: We elucidated the significant protective effects of 4-PBA against I/R injuries by inhibition of ER stress, oxida-
tive stress, and their associated apoptosis.
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Background

Cardiovascular diseases are the leading cause of death in many 
countries and myocardial ischemia is a primary cause of mor-
bidity and mortality among them [1]. During ischemia, the sup-
ply of nutrients and oxygen to heart tissue is impeded, which 
will eventually lead to heart failure and can be fatal if untreat-
ed. Once blood flow is restored to the ischemic zone, ischemic 
cells undergo further injury due to toxicity from the burst of 
ensuing reactive oxygen species, which may trigger apopto-
sis [2,3]. Myocardium cell apoptosis has been reported to be 
an essential form of cell death in ischemia/reperfusion (I/R) 
injury and is characterized by nuclear condensation, shrinkage 
of the cell membrane, and formation of apoptotic bodies [4–6].

Evidence has shown that endoplasmic reticulum (ER) stress 
and ER stress-initiated apoptotic signaling pathways are in-
volved in the development of myocardium I/R injury [7]. Various 
stimuli, such as ischemia, hypoxia, free radical exposure, ele-
vated protein synthesis, and gene mutations, can perturb ER 
homeostasis and cause the pathological accumulation of un-
folded/misfolded proteins in the ER [8,9]. The unfolded protein 
response (UPR) is triggered in cells when ER transmembrane 
protein sensors (PERK, IRE1, and ATF6) detect the accumula-
tion of unfolded proteins [10]. However, if the stress is pro-
longed or overwhelming, the pro-survival effects of UPR switch 
to pro-apoptotic signaling, which is mostly mediated by tran-
scriptional induction of CHOP or by activation of the JNK/c-
JUN and/or Caspase-12-dependent pathways [11].

4-PBA (Figure 1A) is a chemical chaperone with high in vivo 
safety [12]. Its physiochemical properties enable it to stabi-
lize peptide structures and to improve the luminal folding 
capacity and traffic of aberrant proteins [13,14]. In the pre-
vious study, we found that 4-PBA reduces I/R-induced car-
diomyocytes apoptosis in vitro through inhibiting the specific 
ER stress-associated cell apoptosis pathways [15]. However, 
whether 4-PBA provides cardioprotection against I/R injury 
in rat hearts, or whether its protective effects are connected 
with the inhibition of oxidative stress and ER stress-associat-
ed pathways, remains unclear. In the current study, we aimed 
to determine whether 4-PBA improves heart function in iso-
lated rat hearts subjected to I/R and to elucidate the poten-
tial mechanisms involved in 4-PBA-induced cardioprotective 
effects. Our results showed that pretreatment of 4-PBA alle-
viated I/R-induced cardiac dysfunction, oxidative stress, and 
ER stress responses, suggesting that 4-PBA can be a novel and 
useful therapeutic agent for myocardium I/R injury and pos-
sibly for heart failure.

Material and Methods

Ethics statements

All of the experimental procedures were carried out accord-
ing to the guidelines of the Experimental Laboratory Animal 
Committee of the Chinese Academy of Medical Sciences and 
the principles and guidelines of the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals.

Reagents

4-phenylbutiric acid (4-PBA) and dimethyl sulfoxide (DMSO) 
were purchased from Sigma Chemical Co. (St. Louis, MO). The 
kits for determining lactate dehydrogenase (LDH), total reac-
tive oxygen species (ROS), malondialdehyde (MDA) contents, 
total creatine kinase (CK), superoxide dismutase (SOD) activ-
ity, and glutathione peroxidase (GSH-Px) were obtained from 
Jiancheng Bioengineering Institute (Nanjing, China). In Situ Cell 
Death Detection Kits (Fluorescein) were purchased from Roche 
(Basel, Switzerland). Primary antibodies against Grp78, p-PERK, 
PERK, CHOP, Caspase-12, JNK, p-JNK, Bax, Bcl-2, and b-actin 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).

Experimental Protocol

Male Sprague-Dawley rats weighing 200–220 g were purchased 
from Beijing Vital River Laboratory Animal Technology Co., Ltd. 
(Beijing, China). The Langendorff operation was performed as 
shown in Figure 1B. Briefly, rats were anesthetized with ure-
thane (20%), and their hearts were rapidly removed and mount-
ed to a Langendorff perfusion apparatus. The hearts were per-
fused with oxygenated Krebs-Henseleit (KH) buffer (95% O2, 
5% CO2) at a constant temperature of 37°C at a cycle length 
of 200 ms (300 bpm). LV pressure was measured using a wa-
ter-filled wrap balloon connected to a pressure transducer and 
the signals were recorded using PowerLab and analyzed using 
Chart V 7.3.3. (AD Instruments). Rats were randomly assigned 
to 5 groups with 10 rats in each group: (1) control group; (2) 
I/R group; (3) (4) 4-PBA (5 mM, 10 mM) +I/R groups; and (5) 
4-PBA (10 mM) group. All hearts were equilibrated with KH 
buffer for 15 min before the application of experimental pro-
tocols. For those undergoing ischemia/reperfusion, the hearts 
were subjected to 35 min of ischemia and 60 min of reper-
fusion. The following hemodynamic parameters were mon-
itored during this process: left ventricular systolic pressure 
(LVSP), left ventricular end-diastolic pressure (LVEDP), maxi-
mum rate of contraction (+dP/dtmax), maximum rate of relax-
ation (–dP/dtmax), heart rates (HR), and LVDP (Left Ventricular 
Developed Pressure) ×HR.
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Tissue processing and analysis

Frozen tissues of the isolated hearts were quickly homogenized 
in cooled phosphate buffer (pH 7.40), and the homogenates 
were centrifuged at 5000× g for 10 min at 4°C. The superna-
tants were then used to measure the content of LDH, ROS, 
MDA, and activities of SOD, CK, and GSH-Px using commer-
cial kits (JianCheng Bioengineering Institute, Nanjing, China).

Heart histopathological examination

The isolated rat hearts were fixed with 4% paraformalde-
hyde for more than 48 h. Afterwards, the left ventricles of the 
hearts were trimmed and embedded in paraffin blocks, sec-
tioned, stained with hematoxylin and eosin (HE), and exam-
ined under a light microscope (CKX41, Tokyo, Japan) by a pa-
thologist blinded to the groups under study.

Terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL) staining

The apoptotic cells were determined by terminal deoxynucle-
otidyl transferase – mediated dUTP nick-end labeling (TUNEL) 
assay using the In Situ Cell Death Detection Kit (Roche, Basel, 
Switzerland) according to the manufacturer’s protocol. Briefly, 
the paraffin-embedded tissue sections were deparaffinized, 
rehydrated, and fixed in 4% paraformaldehyde solution. After 
being dewaxed, rehydrated, and treated with 20 mg/ml pro-
teinase K for 10 min, the tissue sections were rinsed with 
PBS 3 times. Then the tissue was permeabilized with 0.2% 
Triton X-100 for 5 min. Tissue slices were labeled with flu-
orescein TUNEL reagent mixture for 1 h at 37°C according 
to the manufacturer’s suggested protocol. After that, slides 
were examined by fluorescence microscopy and the number 
of TUNEL-positive (apoptotic) nuclei was counted in 5 ran-
domly chosen fields on each section. DAPI (10 mg/ml) was 
used to stain nuclei.

Western blotting analysis

Total soluble protein was extracted from the left ventricle of 
the hearts with extraction buffer supplemented with 1 mM 
PMSF. Immunoblotting analysis was performed by incubat-
ing the membrane overnight with corresponding primary an-
tibodies (Grp78, p-PERK, PERK, CHOP, Caspase-12, JNK, p-JNK, 
Bax, Bcl-2, and b-actin). Afterwards, the membrane was incu-
bated with secondary antibody conjugated with horseradish 
peroxidase at a 1:1000 dilution. b-actin was used as an inter-
nal standard. At least 3 separate experiments were performed 
with different lysates to confirm changes in the protein levels.

Statistical analysis

All experiments were repeated at least 3 times. The results 
are presented as mean ±S.E.M. or mean ±S.D. The differenc-
es between groups were analyzed using one-way analysis of 
variance (ANOVA) and the post hoc Tukey test to identify spe-
cific differences between groups. The level of statistical signif-
icance was set at p<0.05.

Results

4-PBA ameliorated I/R-induced heart dysfunction in 
isolated rat hearts

To determine the therapeutic implications of 4-PBA on I/R inju-
ries, we employed an ex vivo Langendorff model. As illustrated 
in Figure 1B, after a 15-min stabilization period and the drug 
processing, adult rat hearts were subjected to 35 min of global 

HO

O

Control Reperfusion 110 min

Reperfusion 60 min

Reperfusion 60 min

Reperfusion 95 min4-PBA 15 min

4-PBA 15 min

Baseline 15 min

Baseline 15 min Global ischemia 35 min

Global ischemia 35 minBaseline 15 min

Baseline 15 min

I/R

4-PBA+I/R

4-PBA

A

B

Figure 1.  The chemical structure of 
4-phenylbutyric acid and experimental 
protocol. (A) The chemical structure 
of 4-phenylbutyric acid. (B) All hearts 
were equilibrated for 15 min after 
being mounted on the Langendorff 
apparatus. Hearts in the control 
group were constantly perfused 
with K-H buffer for another 110 min. 
Hearts in I/R group were perfused 
with K-H buffer for another 15 min, 
then subjected to 35 min of globe 
myocardial ischemia and 60 min of 
reperfusion. Hearts in the 4-PBA (5 
mM, 10 mM) +I/R group were perfused 
with 4-PBA (5 mM, 10 mM) for 15 min 
before the ischemia and reperfusion 
process. Hearts in the 4-PBA (10mM) 
group were administered 4-PBA (10 
mM) for 15 min and then perfused 
with K-H buffer for 95 min. There were 
10 rats in each group.
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ischemia followed by 60 min of reperfusion. The LVSP (left ven-
tricular systolic pressure), LVEDP (left ventricular end-diastolic 
pressure), +dP/dtmax (maximum rate of contraction), –dP/dtmax 
(maximum rate of relaxation), HR (heart rates), and LVDP (Left 
Ventricular Developed Pressure) ×HR were recorded at the end 
of the experiments to evaluate the heart function. The results 
presented in Table 1 show that I/R treatment significantly de-
creased the levels of heart LVSP, –dP/dtmax, +dP/dtmax, heart rate, 
and LVDP×HR, and increased the level of LVEDP compared with 
the control group (all p<0.05). However, 4-PBA (5 mM, 10 mM) 
treatment significantly reduced this I/R-induced effect on the 
heart. Especially in the 4-PBA high concentration group (10 mM), 
the levels of heart LVSP, –dP/dtmax, +dP/dtmax, heart rate, and 
LVDP×HR were increased to about 25.7%, 104%, 130.6%, 48.1%, 
and 222% of that in I/R group, respectively, and LVEDP was de-
ceased from 4.4-fold to 2.3-fold of the control compared with 
I/R group (all p<0.05). Moreover, histopathological examination 
results represented in Figure 2A confirmed the results. The left 
ventricles of I/R-impaired hearts were seriously damaged, with 
widespread edema, necrosis, inflammatory cells infiltration, and 
separation of cardiac muscle fibers. However, pretreatment with 
4-PBA at a dose of 5 or 10 mM significantly alleviated the I/R-
induced myocardial injury. Taken together, these results sug-
gest that 4-PBA ameliorated I/R-induced heart dysfunction in 
Langendorff-perfused isolated rat hearts.

4-PBA suppressed I/R-induced oxidative stress in isolated 
rat hearts

In the process of ischemia and reperfusion, oxygen-derived free 
radicals are thought to play an important role in the genesis of 
tissue injury [16]. The effects of I/R treatment on antioxidant 
enzyme activities were further evaluated in Langendorff rat 
hearts. Results presented in Figure 2B indicate that I/R caused 
significant decreases in SOD and GSH-Px activities (p<0.01 or 
p<0.001) and increases in LDH, ROS, MDA, and CK production 
(p<0.01 or p<0.05). However, these changes were effectively 
improved by 4-PBA pretreatment in a dose-dependent manner, 

indicating that 4-PBA protects myocardium from injuries in-
duced by oxidative stress.

4-PBA suppressed I/R-induced myocardial apoptosis

Apoptotic cells in the paraffin sections were identified by TUNEL 
(In Situ Cell Death Detection Kit, Roche). There were signifi-
cant increases in TUNEL-positive cells, indicating cell apoptosis 
and cell death of I/R-treated hearts as compared to controls. 
Treatment with 4-PBA (5 mM, 10 mM) significantly decreased 
the number of TUNEL-positive cells in the left ventricle region 
of the heart (Figure 3).

4-PBA suppressed I/R-induced overexpression of ER stress-
associated apoptosis pathway proteins, thus alleviating ER 
stress and providing cardioprotection

The potential cardioprotective effects of 4-PBA against I/R-
induced heart injury were further explored by immunoblot-
ting analysis. Total soluble protein of isolated rat hearts was 
extracted and subjected to the following experiments. The ER 
protein chaperone BiP, also known as Grp78, plays a major role 
in the progress of ER stress and is highly expressed in many 
diseases [17,18]. According to the results in Figure 4A–4C, the 
expression level of Grp78 was markedly increased in the I/R 
group by 1.5-fold as compared with the control group (p<0.01), 
and the phosphorylation of PERK was increased to 2.8-fold of 
that in the control group (p<0.001), suggesting that I/R ini-
tiated the ER stress response. The induction of CHOP by the 
PERK-dependent pathway plays a convergent role in the UPR 
and has been identified as one of the most important me-
diators of ER stress-induced apoptosis protein [19]. In addi-
tion, the phosphorylation of JNK and the downstream Bcl-2 
family proteins activation are widely involved in ER stress-in-
duced apoptosis [20]. As shown in Figure 4A, 4D–4G, I/R sig-
nificantly increased the relative protein levels of CHOP to 1.9-
fold of that in the control group, and Caspase-12 to 3.5-fold, 
Bax to 8.8-fold, p-JNK to 3.2-fold of that in the control group, 

 LVSP LVEDP +dP/dtmax –dP/dtmax HR LVDP×HR

Control  82.77±17.2  8.03±2.9  2078±402  1901±298  267.7±20.3  20007.9±354.0

I/R  64.73±8.8#  35.7±8.2##  824.8±158##  629.6±97##  123.5±22.7##  3585.2±273.1###

4-PBA (5 mM) +I/R  74.68±4.3*  24.5±7.9*  1569±299**  1217±211*  171.4±19.3*  8600.9±173.5**

4-PBA (10 mM) +I/R  81.34±7.8**  18.3±7.5*  1683±352**  1452±271**  182.9±28.3*  11530.0±306.2***

4-PBA  79.57±5.2  9.2±3.0  1993±315  1868±217  250.4±11.3  17620.6±67.8

Table 1. Cardiac function of normal and I/R-impaired rat hearts treated with or without 4-PBA in perfusion solution (mean ±SE, n=10).

LVSP – left ventricular systolic pressure; LVEDP – left ventricular end-diastolic pressure; +dP/dtmax – maximum rate of contraction; 
–dP/dtmax – maximum rate of relaxation; HR – heart rate; LVDP – left ventricular developed pressure. # p<0.05 versus untreated control 
group; ## p<0.01 versus untreated control group; ### p<0.001 versus untreated control group; * p<0.05 versus I/R-impaired group; 
** p<0.01 versus I/R-impaired group, *** p<0.01 versus I/R- impaired group.
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respectively. However, this I/R-induced processing was signifi-
cantly suppressed by 4-PBA. Compared to the I/R group, 4-PBA 
treatment significantly increased the expression of anti-apop-
totic protein Bcl-2, decreased pro-apoptotic proteins CHOP, 
Caspase-12, Bax expression, and inhibited the phosphoryla-
tion of JNK (Figure 4, p<0.05, p<0.01 or p<0.001). However, 
the 4-PBA treatment alone had no significant effects on the 
expression levels of the protein mentioned above (p>0.05). 
Collectively, these results indicate that ER stress is involved in 
the process of I/R-induced myocardium injury, and 4-PBA can 
inhibit the PERK-related ER stress pathway and its downstream 

apoptosis pathways, thus providing cardioprotective effects 
in isolated rat hearts.

Discussion

Ischemic heart diseases are severe health problem worldwide, 
and ischemia-reperfusion injury plays a major role in their high 
morbidity and mortality [21]. Our previous study investigat-
ed whether 4-PBA reduces I/R-induced cardiomyocyte apopto-
sis in vitro [15]. In the present experiments, we demonstrated 
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Figure 2.  Histopathological examination and detection of intracellular antioxidant enzyme activities. (A) Histopathological examination 
showed the cardioprotective effect of 4-PBA on I/R-impaired hearts (n=6). (B) Intracellular oxidation-reduction condition and 
antioxidant enzyme activities of isolated hearts were examined by measuring LDH, ROS, CK, MDA, SOD, and GSH-Px (n=6). 
#4p<0.05 versus untreated control group; ## p<0.01 versus untreated control group; ### p<0.001 versus untreated control 
group; * p<0.05 versus I/R-impaired group; ** p<0.01 versus I/R-impaired group; *** p<0.001 versus I/R-impaired group.
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that 4-PBA pretreatment alleviates the deterioration of cardiac 
contractile function, prevents oxidative stress, and decreases 
myocardium apoptosis in I/R-impaired isolated rat hearts. Our 
results indicate that 4-PBA ameliorates the I/R- induced myo-
cardial dysfunction and cell apoptosis, and delays the onset of 
ER stress by inhibiting the overexpression of Grp78 and phos-
phorylation of PERK. The inhibition of oxidative stress was also 
involved in the cardioprotective effects of 4-PBA.

Cardiovascular diseases are the leading cause of death in many 
countries. In order to prevent myocardium from further dam-
age, the best therapeutic strategy for myocardial infarction 
is to reestablish the blood flow [22,23]. Nevertheless, isch-
emia/reperfusion (I/R) injury is inevitable, and causes a grad-
ual decline of cardiac function [24]. Therefore, the exploration 
of new therapeutic agents that reduce I/R injury is very im-
portant. In a previous study, we comprehensively illustrated 
the inhibitory effects of 4-PBA on cardiomyocytes death and 
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Figure 3.  4-PBA attenuated I/R-induced myocardial apoptosis in rat hearts. (A) TUNEL staining of myocardium from the control group, 
I/R-treated group, 4-PBA group, and 4-PBA (5 mM, 10 mM) plus I/R group (C). Original magnification ×100. (B) TUNEL-
positive cells were counted in more than 300 myocytes in 3 random fields and expressed as percentage of total nuclei. Data 
are mean ± SEM (n=3). ### p<0.001 versus untreated control group; ** p<0.01 versus I/R- impaired group; 
*** p<0.001 versus I/R-impaired group.
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Figure 4.  Involvement of ER stress and associated apoptosis signaling pathways in the cardioprotective effects of 4-PBA. (A) The 
expression levels of Grp78, p-PERK, PERK, CHOP, Bax, Bcl-2, p-JNK, and JNK were detected by immunoblotting assay. The 
normalized relative levels of Grp78 (B), p- PERK (C), CHOP (D), Caspase-12 (E), Bax (F), and p-JNK (G) were determined by 
densitometry. The results are represented as means ±SD from 3 independent experiments (n=3). # p<0.05 versus untreated 
control group; ## p<0.01 versus untreated control group; ### p<0.001 versus untreated control group; * p<0.05 versus I/R-
impaired group; ** p<0.01versus I/R-impaired group; *** p<0.001 versus I/R-impaired group.
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apoptosis induced by I/R in vitro [15]. We showed that 4-PBA 
could effectively inhibit I/R injury-mediated apoptosis path-
ways by modulating the expression of ER stress moderator 
proteins (Grp78, ATF6, and PERK) and their associated apopto-
sis pathways, including CHOP, Caspase-12, JNK, and the Bcl-2 
family proteins (Bax and Bcl-2). In this regard, the central aim 
of this study was to explore whether 4-PBA improves heart 
function in isolated rat hearts subjected to I/R and elucidated 
the potential mechanisms involved in 4-PBA-induced cardio-
protection. To address this question, we established a myo-
cardial I/R model in isolated rat hearts. We observed that I/R 
injury irreversibly decreased the levels of heart LVSP, –dP/dt-

max, +dP/dtmax, heart rate, and LVDP× HR, while increasing the 
level of LVEDP (Tab. 1, p<0.05 or p<0.01). However, 4-PBA pre-
treatment largely ameliorated this I/R-induced heart dysfunc-
tion. Also, histopathological examination confirmed that 4-PBA 
pretreatment inhibited the I/R-initiated widespread myocar-
dial edema, necrosis, inflammatory cells infiltration, and car-
diac muscle fiber separation (Figure 2A).

Cell death during I/R is a widely accepted reason for myocardi-
um I/R injury. Numerous studies in humans and animals have 
indicated the association between the progression of endo-
plasmic reticulum (ER) stress and apoptotic loss of cardiomy-
ocytes [25,26]. Treatment with 4-PBA (5 mM, 10 mM) signifi-
cantly decreased the number of TUNEL-positive cells (Figure 3), 
indicating the inhibition of apoptosis by 4-PBA in the process 
of I/R injury. ER stress is the result of the accumulation of un-
folded or misfolded proteins in the ER lumen. Misfolding of 
proteins can be caused by endogenous factors such as genetic 
mutations, as well as exogenous factors such as I/R-initiated 
abnormal oxidative status and disrupted calcium homeosta-
sis [27,28]. Glucose-regulated protein 78 (Grp78) is an impor-
tant ER molecular chaperone regulating protein folding, fa-
cilitating, translocation, and secretion in the ER [29]. Under 
homeostatic conditions, Grp78 is bound to 3 ER transmem-
brane proteins that act as signal transducers, activating tran-
scription factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), 
and protein kinase-like ER kinase (PERK) [30]. Increased num-
bers of unfolded proteins within the ER prompt Grp78 to “un-
dock” from IRE1, PERK, and ATF6. We found that I/R significant-
ly increased the relative protein levels of Grp78 and p-PERK 
(Figure 3, p<0.05, p<0.01, and p<0.001), indicating the activa-
tion of ER stress. In addition, I/R activated the downstream 
apoptosis proteins CHOP, Caspase-12, p-JNK, and Bax, and 
decreased the level of Bcl-2, thus initiating the associated 
apoptosis (Figure 3, p<0.05, p<0.01, and p<0.001). CHOP is a 
critical pro-apoptotic transcription factor during ER-initiated 
apoptosis; it can mediate transcriptional induction of BIM, a 
pro-apoptotic BH3-only protein, and inhibit Bcl-2 at the same 
time [31,32]. Caspase-12 and phosphorylated JNK are also in-
volved in this process [21,33,34]. However, this I/R-induced 
processing is significantly suppressed by 4-PBA. Compared to 

the I/R group, 4-PBA treatment significantly increased the ex-
pression level of Bcl-2, and decreased protein expression of 
Grp78, p-PERK, and apoptosis proteins CHOP, Caspase-12, p-
JNK, and Bax (Figure 3, p<0.05, p<0.01, and p<0.001), suggest-
ing that 4-PBA can prevent I/R-initiated ER stress and its as-
sociated apoptosis.

The relationship between reactive oxygen species (ROS) and 
myocardium I/R injury is dynamic in the body [35]. However, in 
some pathological conditions, for example I/R injury, the gen-
eration of ROS is a signal generated by misfolded proteins in 
the ER that causes UPR activation and cell death. However, how 
protein misfolding and oxidative stress affect each other has 
not yet been explored in plant systems [35,37]. Endogenous 
antioxidants, including SOD and GSH-Px, are depleted and 
ROS are accumulated. In the present study, I/R injury was as-
sociated with increased oxidative stress, as evidenced by in-
creases in myocardial LDH, ROS, CK, and MDA, and depletion 
of myocardial endogenous antioxidants such as SOD and GSH-
Px (Figure 2, p<0.05, p<0.01, and p<0.001). On the other hand, 
the ROS produced by I/R can be scavenged directly by 4-PBA, 
thereby preventing lipid peroxidation and helping to main-
tain membrane integrity. This is further supported by the de-
creased levels of LDH, ROS, CK, and MDA in the 4-PBA-treated 
group (Figure 2, p<0.05, p<0.01, and p<0.001).

ER stress-related accumulation of unfolded/misfolded proteins 
and the subsequent apoptosis are important pathways for the 
progression of many diseases [38,39]. Myocardium ischemia-
reperfusion injury causes cardiovascular disorders by the dis-
turbance of the UPR and leads to apoptotic cell death [40]. 
4-PBA, a molecule currently used to clinically treat urea cycle 
disorders, has received attention as a small chemical chaperone 
that modulates UPR activation [41,42]. In the present study we 
elucidated the significant protective effects of 4-PBA against 
I/R injuries in isolated rat hearts and illustrated its suppression 
of ER stress and associated apoptosis. The effect of 4-PBA on 
alleviation of ER stress may be associated with the inhibition 
of oxidative stress. This study provides new insights into the 
progression of ER stress in I/R, and also provides a novel drug 
candidate for preventing myocardium I/R injury in the future. 
However, the deeper mechanism involved in the cardioprotec-
tive effect of 4-PBA requires further study.

Conclusions

The results of this study revealed that a chemical chaper-
one 4-phenylbutyric acid has potent cardioprotective activity 
against heart ischemia-reperfusion injuries. We demonstrate 
that 4-PBA ameliorates the I/R-induced myocardial dysfunc-
tion and delays the onset of ER stress by inhibiting the over-
expression of Grp78 and phosphorylation of PERK and that 
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the inhibition of oxidative stress is involved in the cardiopro-
tection effects of 4-PBA.
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