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Abstract: This study aimed to ascertain whether endoplasmic reticulum (ER) stress participates in acute lung in-
jury (ALI) and related right ventricular dysfunction (RVD) as well as to explore the underlying mechanisms of these 
conditions. A single intratracheal instillation of lipopolysaccharide (LPS) (10 mg/kg) was used to establish the RVD 
model. The ER stress inhibitor, 4-PBA (500 mg/kg), was administered using a gavage 2 hours before and after 
the LPS treatment for prevention and treatment, respectively. At 12 hours post-LPS exposure, mRNA and protein 
expressions of ER stress-specific biomarkers, glucose regulating protein 78 (GRP78) and CCAAT/enhancer binding 
protein homology (CHOP), were significantly upregulated. This effect was inhibited by both 4-PBA prevention and 
treatment. In addition, echocardiography showed that 4-PBA improved the LPS-induced abnormality in the tricuspid 
annular plane systolic excursion (TAPSE) and the right ventricular end-diastolic diameter (RVEDD), however not 
in the pulmonary artery acceleration time (PAAT). Furthermore, hematoxylin and eosin staining (HE) and terminal 
transferase dUTP nick end labeling (TUNEL) assays revealed that the proportion of proapoptotic cells was higher in 
RVD rats. This was prominently ameliorated by 4-PBA treatment. Moreover, 4-PBA had a similar reverse effect on 
the LPS-induced increase in the Bax/Bcl-2 ratio, caspase-12, and caspase-3 expressions as revealed by western 
blotting. Furthermore, 4-PBA improved LPS-induced right ventricle (RV) myeloperoxidase (MPO)-positive neutrophil 
infiltration percentage, inhibited nuclear factor kappa B (NF-κB) activity, and reduced the expressions of inflamma-
tory cytokines, TNF-α, IL-1β, and IL-6, in serum and RV. Taken together, our results indicated that ER stress-mediated 
apoptosis and inflammation might contribute to the development of ALI-related RVD induced by intratracheal LPS 
instillation. Gavage-administered 4-PBA could improve right ventricle (RV) systolic dysfunction and dilation, plausibly 
by blocking ER stress.
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Introduction

Acute lung injury (ALI) or acute respiratory dis-
tress syndrome (ARDS) are frequently comorbid 
with hemodynamic instability, which appears to 
be the leading cause of mortality. One of the 
significant contributing factors to such hemody-
namic instability is concurrent right ventricular 
dysfunction (RVD) [1]. In the presence of RVD, 
the decompensated right heart fails to deliver 
sufficient cardiac output to maintain systemic 
arterial perfusion and organ oxygen supply, 
resulting in cardiogenic shock [2]. Prompt diag-

nosis and treatment of RVD in the presence  
of ALI/ARDS is of great clinical significance. 
However, the right ventricle (RV) remains rela-
tively understudied, and the investigation of  
isolated RVD is difficult owing to its’ complex 
comorbidities.

In a previous study, we successfully established 
a simplified rat model of RVD via an intratrache-
al instillation of a single dose of 10 mg/kg lipo-
polysaccharide (LPS) [3], to explore the patho-
physiology of RVD in the context of ALI/ARDS. 
We also observed RV cardiomyocyte apoptosis 
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and inflammation injury in this model, both pre-
ceding the advent of obvious RV systolic dys-
function and dilation. Apoptosis participates in 
the pathophysiology of various heart diseases, 
such as chemotherapy cardiotoxicity, myocar-
dial infarction, ischemic reperfusion injury, and 
pulmonary arterial hypertension (PAH)-induced 
right ventricular hypertrophy and fibrosis. The 
resultant cardiomyocyte damage plays a key 
role in heart remodeling and dysfunction [4, 5]. 
RV inflammation has also been demonstrated 
in impaired RV contractility and maladaptive 
remodeling [6]. However, the exact contributing 
role of apoptosis and inflammation in the  
development of ALI-related RVD has not been 
elucidated.

Intriguingly, a shared feature of apoptosis and 
inflammation is endoplasmic reticulum (ER) 
stress. For example, activation of ER stress-
specific caspase-12 leads to an apoptosis cas-
cade independent of mitochondrial damage 
[7]. ER stress-related unfolded protein re- 
sponse (UPR) affects the activation of the 
nuclear factor kappa B (NF-κB) signaling path-
way at multiple levels [8]. Our previous work 
illustrated that ER stress could induce cardio-
myocyte apoptosis in a rat model with mono-
crotaline-induced PAH, and the inhibition of ER 
stress alleviated RV remodeling and dysfunc-
tion [9]. Despite the emerging evidence of the 
detrimental effects of apoptosis and inflamma-
tion on the right heart and the fact that an UPR 
abnormality has been clearly described in vari-
ous cardiac diseases, including PAH-induced 
RV remodeling [10], chronic hypoxia-induced 
cardiac damage [11], and impaired expansion 
and proliferation during embryonic heart devel-
opment [12]. ER stress has not yet been con-
sidered as a therapeutic target for ALI-related 
RVD via simultaneous inhibition of both apopto-
sis and inflammation.

Thus, in this study, we aimed to ascertain 
whether ER stress participates in ALI-related 
RVD by regulating apoptosis and inflammation 
as well as to explore whether the ER stress 
inhibitor, 4-phenyl butyric acid (4-PBA), has any 
beneficial effect on the right ventricle.

Materials and methods

Animals and experimental protocol

The study was approved by the Institutional 
Animal Care and Use Committee of Nanjing 

Medical University (Approval ID1704019).  
Male Sprague-Dawley (SD) rats (200 ± 20 g) 
were obtained from Charles River Laboratories 
(Beijing, China), and housed at 22-24°C. They 
were allowed free access to food and water for 
7 days prior to the experiment.

The rats were randomized into four groups (n = 
15): a control, RVD, 4-PBA prevention, and 
4-PBA treatment groups. The ALI-related RVD 
rat model was established by a single intratra-
cheal instillation of 10 mg/kg LPS (Sigma 
Aldrich, USA, L2630, from E. coli 0111: B4). 
The rats in the control group received an equal 
volume of normal saline. The ER stress-specific 
inhibitor, 4-PBA (500 mg/kg) (Sigma Aldrich, 
USA) was administered using a gavage 2 hours 
before and after LPS instillation in the preven-
tion and treatment groups, respectively.

At 12 hours after the LPS instillation, RV mor-
phology and function were examined using 
echocardiography following an intraperitoneal 
injection of ketamine (75 mg/kg). Then, the 
rats were sacrificed by decapitation and their 
RV tissue and serum samples were collected. 
Hematoxylin and eosin staining, terminal trans-
ferase dUTP nick end labeling (TUNEL) staining, 
and myeloperoxidase (MPO) neutrophil staining 
were performed using the tissue slices. The 
mRNA expression of the ER stress response 
proteins, glucose regulated protein 78 (GRP78) 
and CCAAT/enhancer binding protein homo- 
logy (CHOP), was measured using quantita- 
tive reverse transcriptase polymerase chain  
reaction (qRT-PCR). Furthermore, the protein 
expressions of GRP78, CHOP, and the apoptotic 
proteins, including Bax, Bcl-2, caspase-12, and 
caspase-3, were examined by western blotting. 
RV NF-κB activity was detected using an elec-
trophoretic mobility shift assay (EMSA), and the 
RV and serum levels of TNF-α, IL-1β, and IL-6 
were examined using enzyme-linked immuno-
sorbent assay (ELISA).

Establishment of the RVD rat model 

The RVD rat model was established as  
previously described [3]. Briefly, after intraperi-
toneal injection of pentobarbital sodium (40 
mg/kg); (Shanghai Haling Biotechnology Co., 
Ltd., Shanghai, China), with an improved human 
otoscope, a blunt stainless-steel needle was 
used to instill either LPS or saline into the proxi-
mal trachea of the rats. After instillation, the 
rats were mechanically ventilated (Inspira Asv 
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Ventilator, Harvard Apparatus Inc., Holliston, 
America, tidal volume 2 mL, frequency 75 
strokes/min) for better drug distribution for 
approximately 1 minute. They recovered in a 
warm environment with good ventilation and 
were observed carefully.

Echocardiography

Transthoracic two-dimensional, M-mode, and 
Doppler echocardiographic imaging were per-
formed using a M10S detector (10-11.5 MHz) 
on a Vivid Dimension 7 ultrasound diagnostic 
machine (General Motors Co., USA), the image 
depth was adjusted to 2-4 cm. The following 
parameters were detected: pulmonary artery 
acceleration time (PAAT) [13], tricuspid annular 
plane systolic excursion (TAPSE) [14], right ven-
tricular end-diastolic diameter (RVEDD) [15], 
and right ventricular free wall thickness 
(RVFWT) [16]. These reflected pulmonary 
hypertension, RV systolic function, RV dilation, 
and RV hypertrophy, respectively. PAAT was 
measured from the onset of systolic flow to 
peak pulmonary outflow velocity and normal-
ized to the cardiac cycle length as measured 
within the same images. TAPSE of the lateral 
portion of the tricuspid annular plane was 
recorded in the M-mode format. RVEDD was 
measured as the maximal distance from the RV 
free wall to the septum as observed in the api-
cal four-chamber view. Two-dimensional, short-
axis, or long-axis parasternal views, or apical 
four-chamber views were obtained according to 
the visualization quality with each parameter 
averaged from three cardiac cycles.

RV TUNEL staining

RV apoptosis cells were examined using a  
commercial TUNEL assay kit (In Situ Cell Dea- 
th Detection Kit, Fluorescein; Roche Diagno- 
stics, Germany) according to the manufactur-
er’s instructions. Briefly, paraffin-embedded 
sections were dewaxed, digested, and infiltrat-
ed. The samples were then incubated in TUNEL 
solution at 37°C for 2 hours, washed using 
4’,6-diamino-2-phenylindole (DAPI), and then, 
stained again. After three washes, the sections 
were examined using fluorescence microscopy 
(Zeiss LSM510, Germany) and scanned by 
CaseViewer 2.2, 3D HISTECH, Ltd. Six micro-
fields in each slice and three micro-fields in 
each rat were analyzed.

RV MPO neutrophil staining

For MPO staining, paraffin-embedded RV  
sections were sequentially deparaffinized, rehy-
drated, and antigens were recovered. Endo- 
genous peroxidase activity was blocked by 
incubation at room temperature (3% v/v) for  
25 min in the dark. Then, the sections were 
sealed with 3% bovine serum albumin for 30 
min at room temperature, overnight at 4°C, 
incubated with primary antibodies (polyclonal 
goat anti-rat MPO antibody: 1:500, ServiceBio, 
Wuhan, China), and then, incubated with the 
corresponding secondary antibodies at room 
temperature for 50 minutes. Finally, diamino-
benzidine was used to observe all sections, 
and the nuclei were stained using Harris hema-
toxylin. After dehydration and mounting, the 
slides were examined using a microscope 
(Zeiss LSM510, Germany) and scanned using 
digital microscope application software (Ca- 
seViewer 2.2, 3DHISTECH, Ltd). Six microscope 
fields for each slice and three microscope fields 
for each rat were analyzed.

Isolation of RNA and qRT-PCR

Total RNA was isolated from the right heart 
using TRIzol reagent (Invitrogen, CA, USA). 
Then, cDNA was synthesized using the SYBR 
real-time PCR master mix kit (Toyobo, Osaka, 
Japan), according to the manufacturer’s in- 
structions. Amplification was performed using 
an ABI 7000 Taqman system (Applied Bio- 
systems, CA, USA). The relative expressions of 
GRP78 and CHOP were quantified using the 
2-ΔΔCt method. GAPDH expression was analyzed 
as an internal control. The sequences of the  
primers used in this study were as follows: 
GRP78 forward: 5’-ACTGGAATCCCTCCTGCTC-3’, 
reverse: 5’-CAAACTTCTCGGCGTCAT-3’; CHOP 
forward: 5’-GACAGAGCCAAAATAACAG-3’, rever- 
se: 5’-TCACTTTACTGGGTATGGAC-3’; GAPDH for-
ward: 5’-CTCATGACCACAGTCCATGCCA-3’, rever- 
se: 5’-GCCTTGGCAGCACCAGTGGATG-3’.

Western blot analysis

Western blotting for GRP78, CHOP, caspase- 
12, and caspase-3 was performed by incubat-
ing the membrane overnight with the corre-
sponding primary antibodies (Cell Signaling 
Technology, Beverly, MA, USA) at 4°C. After 
three washes, the membranes were incubated 
with horseradish peroxidase-conjugated sec-
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ondary antibodies for 1 hour. GAPDH (Santa 
Cruz Biotechnology, CA, USA) was used as a 
loading control. The relative intensity of bands 
was then analyzed using enhanced chemilumi-
nescence (ECL, Cell Signaling Technology), 
visualized using the VersaDoc Imaging System 
(Bio-Rad, Hercules, CA, USA), and analyzed us- 
ing NIH Image 1.46 software for band density.

Nuclear protein extraction and electrophoretic 
mobility shift assay 

A commercial kit (Gel Shift Assay System, 
Promega, Madison, Wisconsin, USA) was used 
to detect NF-κB activity in RV cardiomyocytes, 
and the EMSA method was used to detect  
the DNA binding activity of NF-κB protein  
in nuclear extracts. In brief, the NF-κB oligonu-
cleotide probe was labeled with [g-32P]-ATP 
(Free Biotech, Beijing, China) along with T4-poly- 
nucleotide kinase. Cardiomyocyte nuclear ex- 
tracts were incubated with a radio-labeled oli-
gonucleotide probe at room temperature in a 
gel-binding buffer (Promega) and subsequently 
resolved using non-denaturing 4% gel electro-
phoresis in a 0.5% Tris/borate/EDTA buffer. The 
gels were dried overnight and exposed to the 
X-ray film (Fuji Hyperfilm). NF-κB activity was 
quantified by densitometry (Bandleader 3.0 
software, Magnitec Ltd., Israel), and the back-
ground density was normalized by band densi-
ty. Unradiolabeled sense and mutated oligonu-
cleotides served as controls.

Enzyme-linked immunosorbent assay

ELISA was used to quantify the expressions of 
TNF-α, IL-1β, and IL-6 in the RV and serum. 
Partially frozen RV tissue was homogenized 
rapidly in a pre-cooled phosphate butter (pH: 
7.4) and centrifuged for 10 min at 5,000 rpm at 
4°C. The supernatant was collected and the 
cytokine content was detected using an ELISA 
kit (Nanjing Jiancheng Co., Ltd.), according to 
the manufacturer’s instructions. The expres-
sions of serum TNF-α, IL-1β, and IL-6 were 
examined using the same method.

Statistical analysis

Data were expressed as mean ± standard error 
mean (SEM) and analyzed using one-way analy-
sis of variance followed by Bonferroni post-hoc 
comparison with GraphPad Prism 8.0 software 
(Graph Pad Software Inc., San Diego, CA). A P < 

0.05 was considered to be statistically signi- 
ficant.

Results

Survival status of rats in each group

No deaths were observed in the control group. 
However, rats in the RVD model group gradually 
presented respiratory distress, tachypnea, and 
cyanosis after LPS instillation. Three rats died 
during the experiment. Finally, only 13 rats sur-
vived in the 4-PBA prevention and treatment 
groups, respectively.

4-PBA prevention or treatment blocked LPS-
induced RV cardiomyocyte ER stress

To identify whether ER stress participated in 
the RVD induction, we detected the mRNA and 
protein expressions of ER stress-specific mole-
cules, GRP78 and CHOP, using qRT-PCR and 
western blot, respectively. GRP78 is a Ca2+-
dependent molecular chaperone essential for 
UPR to remove misfolded proteins. However, 
prolonged or excessive UPR can eventually trig-
ger cell damage. It is one of the markers of ER 
stress [17]. CHOP is a transcription factor that 
is activated at multiple levels during ER stress. 
Under physiological conditions, CHOP is widely 
expressed at very low levels, and only in the 
presence of severe or persistent ER stress is 
its’ expression is upregulated. In the present 
study, mRNA, and protein expressions of GR- 
P78 and CHOP were significantly increased in 
the RVD model group compared to the control 
group, indicating that ER stress was activated 
after LPS instillation. In addition, both 4-PBA 
prevention and treatment could effectively 
block the upregulation of these genes. 4-PBA is 
a low molecular weight fatty acid that stabilizes 
protein conformation, prevents misfolded pro-
tein aggregation, and alleviates ER stress to 
ameliorate cell damage [18]. All of these find-
ings, as shown in Figure 1, suggested that ER 
stress might play an essential role in the injured 
RV in RVD rats.

4-PBA improved LPS-induced RV systolic dys-
function and dilation, however not pulmonary 
hypertension

To further ascertain whether ER stress was 
involved in the abnormal RV morphology and 
function after LPS instillation, we assessed 
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Figure 1. LPS intratracheal instillation induced obvious RV cardiomyocyte ER stress, which could be blocked by 
either 4-PBA prevention or treatment. An RVD rat model was established with intratracheal instillation of LPS 10 
mg/kg. The ER stress inhibitor, 4-PBA (500 mg/kg), was administered using a gavage 2 hours before and after LPS 
in the prevention and treatment groups, respectively. (A, B) Relative expressions of GRP78 and CHOP mRNAs were 
detected using qRT-PCR. (C, D) Western blot bands of GRP78 and CHOP, with statistical results shown in (E and F), 
respectively. Data are presented as mean ± SEM and analyzed by ANOVA followed by Bonferroni post-hoc compari-
son. *P < 0.05 vs. con group; #P < 0.05 vs. RVD group, n = 3 in each group.

echocardiography parameters, PAAT, TAPSE, 
RVEDD, and RVFWT. PAAT, an indicator of pul-

monary hypertension, was shortened in the 
RVD model rats (23.8 ± 4.87 ms versus 30.01 
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Figure 2. 4-PBA improved LPS-induced RV systolic dysfunction and dilation. In RVD model rats, we observed a 
decrease in PAAT, which was not affected by 4-PBA. RV systolic dysfunction and dilation were observed as well, as 
reflected by a decrease in TAPSE and an increase in RVEDD, respectively. Both these effects could be improved by 
both 4-PBA prevention and treatment. A-D. Echocardiographic images in the parasternal view of mid-systolic pul-
monary artery notching and pulse-wave Doppler. E-H. Representative M-mode measurement of TAPSE in the four 
groups. I-L. Apical 4-chamber views of rats in the four groups. M-P. Statistical analysis of four echocardiographic pa-
rameters, including PAAT, TAPSE, RVEDD, and RVFWT. Data are presented as mean ± SEM and analyzed by ANOVA 
followed by Bonferroni post-hoc comparison. *P < 0.05 vs. con group; #P < 0.05 vs. RVD group, n = 3 in each group.

± 3.02 ms), suggesting an increased in after-
load in the RV after LPS instillation (Figure 2A, 
2B). Notably, the ER stress inhibitor, 4-PBA did 
not improve PAAT significantly (Figure 2C, 2D). 
LPS instillation significantly decreased TAPSE 
(2.48 ± 0.45 mm versus 3.56 ± 0.40 mm); 
(Figure 2E, 2F) and increased RVEDD (4.18 ± 
0.71 mm versus 3.17 ± 0.40 mm); (Figure 2I, 
2J), suggesting obvious RV systolic function 
damage and dilation. In contrast to PAAT, we 
observed that both 4-PBA prevention and treat-
ment had a protective effect with respect to 
TAPSE (Figure 2G, 2H) and RVEDD (Figure 2K, 
2L). In addition, RV hypertrophy was not ob- 

served in the RVD rats, and there was no differ-
ence in RVFWT of the 4-PBA prevention or 
treatment groups (images not shown).

4-PBA inhibits LPS-induced RV myocardial in-
jury in rats

In addition to RV systolic dysfunction and  
dilation, HE staining revealed that the arran- 
gement of myocardial cells was more disor-
dered in the cardiac muscle tissue of RVD  
rats. Both 4-PBA prevention and treatment 
ameliorated such histological changes (Figure 
3).
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Figure 3. Intratracheal instillation of LPS increased myocardial injury, which could be ameliorated by either 4-PBA 
prevention or treatment. Representative HE images of the four groups are shown. Scale bar = 50 μm.

4-PBA inhibits LPS-induced TUNEL-positive 
percentage, Bax/Bcl-2 ratio, and caspase-12 
apoptotic pathway activation in rats

Although ER stress is known to be involved in 
RV systolic function damage and RV dilation, 
the underlying mechanisms remain unclear. In 
our previous work, using the same RVD rat 
model, we observed apoptosis and inflamma-
tion in the right heart as early as 6 hours after 
LPS exposure, preceding the advent of appar-
ent changes in RV morphology and function. 
Furthermore, one of the ER stress markers, 
CHOP, is closely related to the increase in the 
Bax/Bcl-2 ratio [19]. Furthermore, caspase-12 
is localized on the cytoplasmic side of the ER 
membrane, activated under ER stress condi-
tions, followed by caspase-9 and caspase-3 
activation [20]. Accordingly, we evaluated the 
percentage of RV TUNEL-positive cardiomyo-
cytes and the expressions of apoptotic pro-
teins, Bax, Bcl-2, and caspase-12, and cas-
pase-3. As expected, the percentage of RV 
TUNEL-positive cardiomyocytes (Figure 4A) and 
the expressions of Bax, caspase-12, and cas-
pase-3 increased significantly. However, Bcl-2 
expression decreased in the RVD model rats 
(Figure 4C-F). We observed that both 4-PBA 
prevention and treatment could effectively 
block such dysregulation in the expressions. 
This collectively suggested that ER stress might 
contribute to the apoptosis of the LPS-induced 
RVD models.

4-PBA improved LPS-induced MPO-positive 
neutrophil infiltration percentage and inhibited 
NF-κB activity and expressions of inflammatory 
cytokines 

Inflammation plays a key role in the pathogen-
esis of cardiomyocyte injury, and its suppres-

sion might be an effective intervention strate-
gy. We performed MPO staining to observe  
neutrophil inflammation infiltration in the four 
groups. The percentage of MPO-positive neu-
trophils that infiltrated increased significantly in 
the RVD rats, while 4-PBA administration ame-
liorated this effect (Figure 5A, 5B). Inflammation 
is associated with the expression and regula-
tion of various genes, including NF-κB. In the 
present study, we observed significant NF-κB 
signaling pathway activation and upregulation 
of pro-inflammatory cytokines, TNF-α, IL-1β, 
and IL-6, in the rats with RVD. Furthermore, 
4-PBA inhibited NF-κB activation (Figure 5C), 
partially ameliorated the pro-inflammatory cy- 
tokine release of TNF-α, IL-1β, and IL-6 in the 
RV tissue (Figure 5D-F), or totally restored the 
increased serum cytokine levels (Figure 5G-I). 
These results showed that ER stress was also a 
critical promoter of inflammation in the rats 
with RVD. Accordingly, in addition to anti-apop-
tosis, the anti-inflammatory action of 4-PBA 
might also be instrumental in its’ protective 
effect against RVD.

Discussion

At present, a contributing factor for mortality 
and morbidity in patients with ALI/ARDS is con-
current RVD. This highlights the urgent need to 
explore the underlying mechanisms of this  
condition and develop therapeutic strategies 
for RVD. Although physicians have paid great 
attention to protective strategies, primarily 
focusing on limiting RV afterload [21], the avail-
able treatments continue to be unsatisfactory. 
Significant cardiomyocyte apoptosis and inflam-
mation were observed in the ALI/ARDS-related 
RVD rat model, which led to our hypothesis that 
such pathological changes contribute to dam-
age to RV morphology and function. As expect-
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Figure 4. Intratracheal instillation of LPS upregulated TUNEL-positive cardiomyocytes percentage, Bax/Bcl-2 ratio, and expressions of caspase-12 and caspase-3. 
The effect could be blocked by either 4-PBA prevention or treatment. (A) TUNEL staining of cardiomyocytes in the four groups. (B) Western blots of Bax, Bcl-2, cas-
pase-12, and caspase-3 in the four groups. Statistical analysis of TUNEL-positive myocytes as well as expressions of Bax/Bcl-2, caspase-12, and caspase-3 are 
shown in (C-F) with data presented as mean ± SEM. *P < 0.05 vs. con group; #P < 0.05 vs. RVD group, n = 3 in each group. Scale bar = 50 μm.
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ed, our results showed that ER stress plays a 
key role in ALI/ARDS-related RVD rats and the 
ER stress inhibitor, 4-PBA, effectively alleviated 
apoptosis and inflammation, which led to 
improvement in the RV systolic function and 
dilation.

ER stress is known to be an adaptive mecha-
nism by which cells respond to perturbations in 
ER homeostasis. UPR is mediated by three 
transmembrane ER signaling proteins, includ-
ing pancreatic endoplasmic reticulum kinase 
(PERK), inositol-requiring enzyme I (IRE1), and 

Figure 5. 4-PBA prevention or treatment inhibited LPS-induced MPO neutrophil infiltration, NF-κB signaling pathway 
activation, and inflammatory cytokine expression. LPS instillation significantly increased RV neutrophil infiltration 
and upregulated cytokine expression. (A) MPO staining in four groups with statistical analysis shown in (B). (C) RV 
NF-κB activity. RV and serum cytokine expression are shown in (D-F) and (G-I), respectively. Data in (B-I) are pre-
sented as mean ± SEM. *P < 0.05 vs. Con group; #P < 0.05 vs. RVD group, n = 3 in each group. Scale bar = 20 μm.
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activated transcription factor 6 (ATF6) [22]. 
UPR sensors can trigger changes downstream, 
signaling factors, such as X-box binding protein 
1 (XBP1), CHOP, and eukaryotic translation ini-
tiation factor 2 subunit alpha (eIF2a), which  
further regulate various distinctive UPR tar- 
get genes to restore ER homeostasis [23]. 
Unfortunately, if ER homeostasis cannot be 
restored, a prolonged ER stress response might 
induce injury.

In human patients and animal models, ER 
stress is involved in the pathology of various 
cardiovascular diseases, such as hypertension, 
ischemic heart diseases, diabetes, and heart 
failure [24]. ER stress leads to apoptosis and 
subsequent tissue damage through sensitized 
mitochondria-dependent apoptotic pathways 
or the mitochondrial-independent caspase-12 
pathway. Although CHOP can increase the Bax/
Bcl-2 ratio to promote apoptosis via calcium 
signaling [25], mitochondrial Bcl-2/Bax can 
inhibit ER stress-induced apoptosis [26]. Me- 
anwhile, Bax has been reported to localize to 
the ER to induce apoptosis. Thus, the observed 
Bax/Bcl-2 ratio after LPS instillation might be 
the result of a complex interplay between mito-
chondria and ER. In addition, unlike the Bcl-2 
family member, caspase 12 is specific to ER 
stress-related damage. Its’ activation directly 
cleaves procaspase-9, leading to caspase-
9-dependent activation of caspase-3. Both 
apoptotic pathways were observed in the RV 
after LPS instillation in our study. Similarly, in 
the study conducted by Wang et al., in the 
extended phase of PAH, the ER stress pathway 
proteins, GRP78, ATF6, IRE1, PERK, and CHOP, 
were upregulated, along with the emergence of 
peak apoptosis of RV cardiomyocytes and  
the ER stress inhibitor, 4-PBA, alleviated remod-
eling and dysfunction of RV [27]. Clinically, 
patients with both dilated and ischemic cardio-
myopathies show structural and architectural 
alterations of the ER as well as abnormalities  
in ER proteins that are involved in the UPR, 
such as GRP78, XBP-1, and ATF6 [28]. In our 
study, western blotting showed upregulation in 
GRP78, CHOP, Bax/Bcl-2 ratio, caspase-12, 
and caspase-3 in response to intratracheal 
LPS instillation. Intriguingly, 4-PBA ameliorated 
these dysregulations and improved RV systolic 
dysfunction and dilation, strongly indicating 
that ER stress-mediated apoptosis is an essen-
tial mechanism for RVD.

Furthermore, there is a close association be- 
tween ER stress and inflammation. All three 
branches of the UPR have the potential to 
induce NF-κB activation. PERK-mediated trans-
lational block is essential for NF-κB activation 
[29]. IRE1 triggers the NF-κB pathway by bind-
ing to TRAF2 [30], and ATF6 might initiate 
NF-κB-mediated inflammation through AKT 
phosphorylation [31]. On one hand, activation 
of the NF-κB signaling pathway results in the 
transcription of pro-inflammatory cytokines, 
such as TNF-α, IL-1β, and IL-6, all of which are 
the most effective mediators of inflammation. 
Alternatively, ER stress could directly induce  
an inflammatory response. On the other hand, 
such inflammatory mediators could further 
induce ER stress, forming a positive feedback 
that forms a vicious cycle, amplifying the inflam-
matory response, and exacerbating cell dam-
age. In our study, we specifically observed 
increased NF-κB activation and upregulated 
pro-inflammatory cytokines, TNF-α, IL-1β, and 
IL-6. All these effects were reversed by 4-PBA, 
suggesting that ER stress-mediated inflamma-
tion might be an alternative mechanism for 
RVD progression other than apoptosis. We also 
observed that 4-PBA completely and partially 
reversed the upregulation in the serum and RV 
cytokines, respectively. This indicated that 
some alternative mechanisms that contribute 
to cardiomyocyte inflammation cannot be com-
pletely blocked by 4-PBA. For example, cyto-
kines and LPS also induce overproduction of 
intracellular reactive oxygen species (ROS), 
which also function as second messengers, 
kinases, and transcription factors in a number 
of signal transduction pathways, such as NF-κB 
signaling. However, its’ role in ALI-related RVD 
and whether it is susceptible to 4-PBA treat-
ment was not explored in our study and requires 
further investigation.

We examined echocardiography parameters, 
TAPSE and RVEDD, to assess RV systolic dys-
function and dilation respectively, both of which 
were multifactorial, such as pulmonary hyper-
tension or positive pressure ventilation-related 
afterload increase, or direct contractile func-
tion damage on the myocardium [32]. TAPSE is 
associated with lung injury severity and is an 
independent predictor of ARDS [33], while RV 
dilation is a common echocardiographic change 
in patients with refractory ARDS [34]. Both 
4-PBA prevention and treatment partially ame-
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liorated, but not totally reversed, abnormal 
TAPSE and RVEDD, indicating that ER stress 
might be a contributing factor for RV morpho-
logical and functional damage. We also noticed 
that ER stress inhibitors had no effect on the 
decreased PAAT after LPS instillation. This indi-
cated that the improvement in RV systolic dys-
function and dilation did not depend on pulmo-
nary hypertension or RV afterload. Similarly, 
Wang et al. also suggested that although RV 
dysfunction and failure were highly dependent 
on the elevated afterload, it also involved com-
plicated, afterload-independent mechanisms 
[27]. Similarly, during sepsis-induced RV myo-
cardial dysfunction, myocardial inflammation 
results from LPS-induced sepsis rather than 
pulmonary hypertension [35]. Taken together, 
our results strongly suggested that cardiomyo-
cyte apoptosis and inflammation damage per 
se, significantly contributed to the observed 
RVD in an afterload-independent manner.

Similarly, it is plausible that ER stress triggered 
the activation of CHOP and the caspase-12 
apoptosis pathway as well as NF-κB involved 
inflammation, the subsequent cardiomyocyte 
injury, and an abnormality in TAPSE and RVEDD. 
Targeting the ER stress by activating the adap-
tive pathway or inhibiting the detrimental pro-
apoptotic or pro-inflammatory pathways of the 
UPR seems to be a beneficial therapy for RVD. 
4-PBA was used in our study to provide benefi-
cial treatment effects. In fact, numerous stud-
ies have shown a promising therapeutic effect 
of 4-PBA in individuals with ER stress-related 
diseases. 4-PBA has a chaperone-like activity 
and has been shown to attenuate cardiac 
hypertrophy, fibrosis, and apoptosis in an ani-
mal model of pressure overload [36]. Furth- 
ermore, in a rat model of heart failure, modula-
tion of ER stress markers, such as GRP78, 
CHOP, and caspase-12, was proposed to be a 
mechanism by which atorvastatin protects an 
individual against heart failure [37]. Importantly, 
4-PBA is an FDA-approved chemical chaperone 
with high translational potential. It may be 
promising and safer to test 4-PBA in patients 
with ALI-related RVD. 

Taken together, we observed that ER stress led 
to myocardial apoptosis and inflammation, 
along with RV morphological and functional 
changes, all of which could be improved by the 
ER stress inhibitor, 4-PBA. This emphasized the 
importance of ER stress inhibition for RV pro-

tection. However, based on the available re- 
sults, there are also unsolved questions in our 
study. First, whether ER stress signaling is pro-
tective or harmful in the right heart continues 
to be debatable. This shows that a protective or 
contributing effect must be further elucidated. 
Second, anti-apoptosis and anti-inflammation 
are not the only mechanisms for intervention. 
The complex interplay between ER stress and 
ROS, miRNAs, or autophagy might shed light on 
developing alternative therapeutic strategies to 
rescue ALI-related RVD. Third, the optimal dose 
of 4-PBA for cardioprotective effects and feasi-
ble clinical use remains to be determined.
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