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Background: Sepsis/septic shock is a common complication in the intensive care unit,
and the opening of the mitochondrial permeability transition pore (mPTP), as well as the
endoplasmic reticulum stress (ERS), play important roles in this situation. Whether the
combination of anti-ERS and anti-mPTP by 4-phenylbutyric acid (PBA) and Cyclosporine A
(CsA) could benefit sepsis is unclear.

Methods: The cecal ligation and puncture-induced septic shock models were replicated
in rats, and lipopolysaccharide (LPS)-challenged primary vascular smoothmuscle cells and
H9C2 cardiomyocytes in vitro models were also used. The therapeutic effects of CsA,
PBA, and combined administration on oxygen delivery, cardiac and vascular function, vital
organ injury, and the underlying mechanisms were observed.

Results: Septic shock significantly induced cardiovascular dysfunction, hypoperfusion,
and organ injury and resulted in highmortality in rats. Conventional treatment including fluid
resuscitation, vasoactive agents, and antibiotics slightly restored tissue perfusion and
organ function in septic rats. Supplementation of CsA or PBA improved the tissue
perfusion, organ function, and survival of septic shock rats. The combined application
of PBA and CsA could significantly enhance the beneficial effects, compared with using
PBA or CsA alone. Further study showed that PBA enhanced CsA-induced cardiovascular
protection, which contributed to better therapeutic effects.

Conclusion: Anti-ERS and anti-mPTP-opening by the combination of PBA and CsA was
beneficial to septic shock. PBA enforced the CsA-associated cardiovascular protection
and contributed to the synergetic effect.
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INTRODUCTION

Sepsis/septic shock is a common and severe complication in the
intensive care unit. Despite substantial advances in the development of
medicine and therapeutics, themortality of severe sepsis remains high
(Cecconi et al., 2018). Studies have demonstrated that tissue
hypoperfusion and/or organ dysfunction play critical roles in
severe sepsis- or septic shock-associated morbidity and mortality.
Impairment in tissue hypoperfusion or oxygen availability induced by
hemodynamic disturbances in the macro- and micro-circulatory are
considered to be the main reasons for organ dysfunction following
severe sepsis and septic shock (Zanotti-Cavazzoni and Hollenberg,
2009). The measures of protecting cardiovascular dysfunction may be
the ideal treatment for sepsis.

Mitochondria are the center of energy metabolism and play
important roles in the regulation of cell functions. Studies
suggested that the degree of mitochondrial dysfunction in vital
organs is associated with organ injury and mortality following
sepsis (Pool et al., 2018; Supinski et al., 2020). Mitochondrial
permeability transition pore (mPTP) is a nonspecific pore that
plays important roles in the regulation of mitochondrial structure
and function. UponmPTP opening, free passage of protons across the
inner membrane leads to dissipation of the membrane potential and
pH gradient which comprise oxidative phosphorylation. mPTP
opening results in disturbances in energy metabolism and cell
damage (van Gurp et al., 2003; Leung and Halestrap, 2008).
Several studies have demonstrated that mPTP opening participates
in cardiovascular damage after ischemia-reperfusion, and anti-mPTP
opening with Cyclosporine A (CsA) has a beneficial effect on
ischemia-reperfusion injury in the heart, but its effect is limited
(Morciano et al., 2017). We want to know whether other measures
could enhance the beneficial effect of CsA.

Some studies have suggested that endoplasmic reticulum stress
(ERS) contributed to mPTP opening. ERS stimulator, streptovirudin,
leads to dephosphorylation of AKT and its target glycogen synthase
kinase-3β which results in cardiac dysfunction, and these effects are
antagonized by CsA (Zhang et al., 2013). Other studies demonstrated
that ERS has important roles in the development of heart failure,
hypertension, and atherosclerosis (Hong et al., 2017) and sepsis-
induced cardiovascular dysfunction (Khan et al., 2015). Hence, we
hypothesize that anti-ERS combined with CsA is beneficial to septic
shock via enhancing cardiovascular protection.

To test this hypothesis, cecal ligation and puncture (CLP)-
induced septic shock rats, as well as lipopolysaccharide (LPS)-
treated vascular smooth muscle cells (VSMCs) and H9C2
cardiomyocyte cell line, were employed. The synergetic
effects of CsA in combination with PBA on septic shock
and the underlying mechanism were observed.

MATERIALS AND METHODS

Ethical Approval of the Study
The study was approved by the Laboratory Animal Welfare and
Ethics Committee of Third Military Medical University (Army
Medical University) according to the guidelines of the ethical use
of animals. The protocol conformed to the guidelines of the

ethical use of animals. The investigation conformed to the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publications, eighth edition,
2011), and all rats were guaranteed to suffer the least amount.

Animals and Materials
A total number of 296 male and female Sprague–Dawley rats
(220–240 g) were obtained from the Animal Center of Army
Medical Center. They were maintained in a room at constant
humidity (60 ± 5%), temperature (24 ± 1°C), and light cycle
(6 am–6 pm) and fed standard pellet diets ad libitum. 4-
Phenylbutyric acid (PBA, #P21005), Cyclosporin A (CsA,
#SML1018), betulinc acid (Betu, #B8936), and Calcein-AM
(#17783) were purchased from Sigma-Aldrich; MitoTracker
DeepRed FM (#M22426) was purchased from Thermo Fisher
Scientific. Anti-ANT1 antibody (#ab110322), anti-GRP78 antibody
(#ab21685), and GRP94 antibody (#ab238126) were purchased from
Abcam. Anti-VDAC1 antibody (#A19707) and anti-CypD
(Cyclophilin 40) antibody (#A5097) were purchased from Abclonal.
Anti-CHOP antibody (#2895) was purchased from Cell Signaling
Technology. Anti-β-actin antibody (#MA1-744) and anti-GAPDH
(#A21994) antibodies were purchased from Thermo Fisher Scientific.

Septic Shock Rat Model Establishment
Rats were anaesthetized with sodium pentobarbital (30mg/kg, i.p.)
before operation. After sterilization, the cecum was exposed and
ligated by 7.5mm to its end. The ligated cecum was punctured
(≈1.5mm) with a triangular needle (sham-operated rats only received
cecum ligation and no puncture). Feces were allowed to flow into the
abdominal cavity. After the closure of the abdomen, rats were
returned to their cages and allowed food and water ad libitum.
Twelve hours after surgery, rats were re-anaesthetized and the
femoral artery was catheterized (PE9050, inner diameter �
0.5mm, SDR scientific), and mean arterial pressure (MAP) was
measured. If MAP was <70mmHg or if it decreased by >30%
(compared with the sham-operated level), septic shock model was
considered replicated. The success rate of septic shock was 89.2%.

Fluid Therapy
Septic shock rats were randomly assigned into 4 groups receiving
conventional therapy (CT), CsA (anti-mPTP opening), PBA (anti-
ERS), and CsA + PBA. Conventional therapy consists of infusion of
lactated Ringer’s solution (LR) through the right femoral vein,
dopamine supplementation whenever necessary to maintain MAP
>70mmHg, and antibiotic (cefuroxime sodium, 50mg/kg i.m.). Fluid
was infused within 3 h and the total fluid volume was 30ml/kg, and
the maximum rate of dopamine infusion was ≤10 μg/kg/min. CsA
(5mg/kg) and PBA (5mg/kg) were dissolved in LR and administered
duringfluid therapy. The following parameterswere collected 6 h after
infusion.

Blood Flow and Organ Function
The tissue blood flow of the intestine and kidney were measured
by a laser Periflux System 5,000 Doppler system (Perimed,
Sweden) as described in our lab previously (Li et al., 2013).
The abdomen cavity was opened and the probes were placed
on the surface of vital organs. Biochemical variables including
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blood levels of D-lactate were measured with commercially
available kits (Nanjing Jiancheng Bioengineering Institute,
#H263), blood endotoxin, blood urea nitrogen (BUN), and
serum creatinine (Scr) were measured by a DX800
Biochemical Analyzer (Beckman Coulter, United States). The
volume of blood samples for measurement of biochemical
analysis was 1.0–1.5 ml.

Hemodynamic Parameters, Oxygen
Delivery, and Utilization
The cardiac output (CO) was measured with thermodilution
techniques as described previously (Liu et al., 2016). A
thermodilution probe was inserted into the aorta ascendens of
the rat through the right carotid artery, and 0.3 ml ice-bathed saline
was injected through the right external jugular vein catheter. The
CO was determined using a CO analyzer (PowerLab, AD
Instruments, Australia). Arterial and venous blood gases were
measured using a pHOx® plus L Blood Gas Analyzer (Nova
Biomedical, United States) with blood from the femoral artery
and femoral vein. The volume of blood samples for measurement
of blood gases was 0.3 ml and to avoid additional blood loss in rats,
equal volumes of blood from donor rats were infused back after
each sample was taken. Oxygen delivery (DO2) and oxygen
consumption (VO2) were calculated using the following equations:

DO2 � CI × 13.4 × [Hb] × SaO2

VO2 � CI × 13.4 × [Hb] × (SaO2 − SvO2)
CI in the equations is the cardiac index, [Hb] is the

hemoglobin concentration, SaO2 is the oxygen saturation of
the artery, and SvO2 is the oxygen saturation of the vein (Li
et al., 2011a).

Contractile Tension of Cardiac Muscle
The contractile tension of cardiac muscle was measured with the
Powerlab system (AD Instruments, Australia) (Li et al., 2010a).
Briefly, a small bundle of cardiac papillary muscle (CPM,
diameter <1mm; length ≈5 mm) was dissected from the right
ventricle. Then, it was mounted and suspended between the
fixation hooks, and then immersed in an isolated organ
chamber (Scientific Instruments, Spain) containing 37°C
Krebs-Henseleit (K-H) solution (mmol/L): NaCl 120, KCl 4.7,
NaH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, NaHCO3 20, glucose 10 (pH
7.4) bubbled continuously with 95% O2/5% CO2. The CPM was
given 1.0 g of preload for 60 min, and then received an electric
stimulus (0.1 mV; frequency, 0.2 Hz; duration, 10 ms). The CPM
was perfused with isoprenaline (ISO) of a series of concentrations
(1×10−10–1×10−4 mol/L) and the contractile tension of CPM at
each concentration of ISO was determined.

Vascular Reactivity of Superior Mesenteric
Artery
Vascular contractile and dilative function was expressed as the
responsiveness of arteries to the norepinephrine (NE) or acetylcholine
(Ach), as described previously (Zhu et al., 2013). The response of arteries

toNEwasmeasured by the PowerLab systemvia a force transducer (AD
Instruments, Australia). SMA rings (diameter, 2–3mm) were mounted
onwire and suspendedbetween a force transducer and apost attached to
amicrometer, then immersed into an isolated organ chamber containing
K-H solution. After equilibration for 2 h, the contractile responses of
arterial rings to NE (1×10−10–1×10−4mol/L) were measured. The
dilative responses of arterial rings to Ach (1×10−10–1×10−4mol/L)
were measured subsequently.

Cell Culture and Transfection
VSMCs were obtained from the mesenteric arteries of SD rats by
enzymatic digestion as described previously in our research team (Li
et al., 2010b; Li et al., 2011b). Briefly, isolate thewholemesenteric bed
and place it in cold complete DMEM high glucose medium (Gibco,
12430047), clean the mesenteric bed by carefully removing the fat,
incubate the mesenteric bed in a centrifuge tube containing the pre-
digestion mix (DMEM, with collagenase type I from Sangon,
#A004194) for 30 min, homogenize the vascular bed by syringing
with 20G needle four times, filter cells and tissue debris through a
100 μm nylon filter, and collect the cell solution. Centrifuge the cell
solution and resuspend the cell pellet in 5 ml of DMEM with 10%
FBS (Gibco, 10099141) and culture the cells in a 37°C/5% CO2

incubator. Keep changing the medium every 2 days until cells reach
confluence and are ready for either further culture. Rat
cardiomyocyte cell line (H9C2) was obtained from ATCC and
grown in DMEM high glucose and supplemented with 10% FBS.
Before each experiment, cells were serum-starved for 12 h.

CHOP siRNA (GGA AAC GAA GAG GAA GAA UTT; AUU
CUU CCU CUU CGU UUC CTT) and Lipofectamine 3,000
(Invitrogen, L3000015) were used for decreasing CHOP
expression. Cells were seeded at 2 × 105 cells/well on 6-well plate
or 35mm confocal dish ∼24 h before transfection. Transfections
were performed in OPTI-MEMmedia (Gibco, 31985062) with 3 uL
and 5 μL Lipofectamine 3,000 per well/dish for primary VSMCs
and H9C2 cells, respectively, and 3 μg of siRNA were used per well/
dish. The expression of the target protein was detected by
immunoblotting or confocal microscope 48–72 h post-transfection.

Mitochondrial Permeability Transition Pore
Opening Observation
The extent of opening of the mPTP was determined by the
calcein–Co2+ method using laser scanning confocal microscopy,
as described previously (Duan et al., 2020). Briefly, VSMCs or
H9C2 cardiomyocytes were seeded in 35 mm petri dishes and
incubated with 2 µM calcein-AM and 100 nM MitoTracker
DeepRed for 30min and then exposed to 2 mM CoCl2 for
15 min at room temperature. Cells were then observed with a
Leica TCS SP5 confocal system (Leica Microsystems, Germany),
excited at 488 nm (calcein-AM) and 633 nm (MitoTracker Deep
Red). When the mPTP opened, calcein-AM flowed out from
mitochondria and fluorescence decreased. The mPTP opening
was indicated by the decreased fluorescence intensity of calcein.

Immunoblotting
Myocardium, superior mesenteric artery, VSMCs, and H9C2
cardiomyocytes were harvested and lysed, and protein extracts
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were separated by SDS-PAGE and transferred to nitrocellulose
filter membrane, then immunoblotted with corresponding
antibodies at a dilution of 1:1,000 (VDAC, CypD, ANT,
CHOP, GRP78, GRP94, β-actin) and IRDye secondary
antibodies (Li-Cor, United States) and analyzed with Odyssey
CLx Imaging System (Li-cor, United States).

Statistical Analyses
Parametric data were presented as the mean ± standard deviation
of n observations. The statistical differences among groups were
analyzed by ANOVA analysis, followed by the post-hoc Tukey
test for multiple comparisons between groups. Survival was
analyzed by Kaplan-Meier survival analysis and the log-rank
test. p < 0.05 was considered significant.

RESULTS

Synergetic Effects of PBA and CsA on
Improving Animal Survival, Oxygen Delivery,
and Utilization, Blood Gas Following Sepsis
in Rats
The results showed that after septic shock, the MAP of rats was
significantly decreased. Conventional therapy (CT) could increase
andmaintainMAP to about 80 mmHg in rats during fluid infusion,
and then MAP tended to decrease after infusion. Supplementation

of CsA or PBA alone was able to maintain MAP at about 88 ±
4.2 mmHg and 92 ± 4.8 mmHg, and combined administration
of PBA and CsA significantly improved the MAP (102 ±
4.4 mmHg), compared with using PBA or CsA alone (Figure 1A).

CT moderately restored PaO2, SaO2, SvO2; however, the
oxygen delivery (DO2) and utilization (VO2) were not
increased. Supplementation of CsA or PBA alone significantly
increased PaO2, SaO2, SvO2, DO2, and VO2, PBA, and CsA
demonstrated similar effects. Combined administration of PBA
and CsA significantly improved DO2, VO2, compared with PBA
or CsA alone (Figures 1B,C and Table 1).

The animal survival time and the survival rate were significantly
decreased following sepsis. Conventional therapy slightly improved
animal survival (although not significant). Besides, in the PBA+CsA
group, the 72 h survival rate of rats was 9/16, while it was only 3/16 in
the CsA group and 4/16 in the PBA group. The average survival time
was also significantly increased with the combined administration of
CsA and PBA (Figures 1D,E).

Synergetic Effects of PBA and CsA on
Increasing Tissue Perfusion and Organ
Function Following Sepsis in Rats
To further clarify the role of CsA, PBA, and the combined
administration in septic shock, we observed the changes in
tissue blood flow and organ function before and after infusion
in septic shock rats. The results showed that the tissue blood flow of

FIGURE 1 | Synergetic effect of PBA and CsA on improving survival and oxygen delivery in CLP-induced septic shock rats. (A), mean arterial pressure (MAP) (n � 8/
group); (B), oxygen delivery (DO2) (n � 8/group); (C), oxygen utilization (VO2) (n � 8/group); (D), survival rate and survival time (n � 16/group). CsA, cyclosporine A; PBA, 4-
phenylbutyrate; CT, conventional treatment; NT, no treatment. *p < 0.05, **p < 0.01, ***p < 0.001.
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the kidney and small intestine were significantly decreased after
septic shock in rats compared with sham-operated rats (Figures
2A,D). Conventional therapy failed to improve the intestinal or
renal perfusion following septic shock. CsA or PBA slightly
improved the blood flow of the kidney and tended to increase

the blood flow of the small intestine. CsA + PBA significantly
increased blood perfusion of intestine and kidney, compared with
the CsA group, and the average blood flow of kidney and intestine
were increased by 32.1 and 52.8%, respectively. The organ
functions were significantly impaired after septic shock, and it
was shown that the level of blood urine nitrogen, serum creatinine,
D-lactate, and endotoxin were significantly increased (Figures
2B,C,E,F). Conventional therapy demonstrated limited effects in
restoring organ injury. CsA or PBA alleviated the damage of
organs. The combination of PBA with CsA significantly reduced
the damage of organ function as compared with CsA or PBA alone.

Phenylbutyric Acid and Cyclosporine A
Synergetically Induced the Improvement of
Cardiovascular Function Following Septic
Shock
Cardiovascular dysfunction directly impairs tissue perfusion.
Previous studies demonstrated that cardiovascular function
was decreased after sepsis or septic shock, the damage degree
of cardiovascular function was positively correlated with
mortality of septic shock. In this section, the effects of the
combination of PBA and CsA on cardiovascular function
including the cardiac and vascular contractile reactivity,
cardiac output, and cardiac index were investigated.

The results showed that the contractile forces of CPM and
SMA to catecholamines (ISO and NE), and the cardiac output,
cardiac index, and stroke index were significantly decreased in

TABLE 1 | Synergetic effects of PBA + CsA on blood gas following sepsis.

Group Baseline Sepsis 6 h after Treatment

PaO2 (mmHg)
NT 99.2 ± 8.6 93.6 ± 8.8 88.9 ± 10.5
CT 94.7 ± 10.2
CsA 96.7 ± 10.8
PBA 97.3 ± 7.9
CsA + PBA 99.4 ± 5.3

SaO2 (%)
NT 98.8 ± 0.9 91.3 ± 1.8 84.2 ± 1.4
CT 92.8 ± 2.5
CsA 96.4 ± 2.2*
PBA 95.4 ± 1.5@

CsA + PBA 99.3 ± 1**
SvO2 (%)
NT 58.7 ± 3.9 44.1 ± 4 42.4 ± 3.7
CT 45.4 ± 6.1
CsA 47.5 ± 5.1
PBA 47.8 ± 5.4
CsA + PBA 51.6 ± 4.4*

CLP, cecal ligation and puncture; NT, no treatment; CT, conventional therapy; CsA,
cyclosporine A; PBA, 4-phenylbutyrate acid. PaO2, partial pressure of oxygen in artery;
SaO2 and SvO2, arterial and venous oxygen saturation. *p < 0.05, **p < 0.01 vs CT; @ p <
0.05, vs PBA + CsA.

FIGURE 2 | Synergetic effect of PBA and CsA on improving tissue perfusion and organ function in CLP-induced septic shock rats. (n � 8/group) (A), the blood flow
of intestine; (B-C), intestinal barrier injury indices (D-lactate and endotoxin); (D), the blood flow of kidney; (E-F), renal function (blood urea nitrogen and serum creatinine).
CsA, cyclosporine A; PBA, 4-phenylbutyrate acid; CT, conventional treatment. *p < 0.05, **p < 0.01, ***p < 0.001.
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septic shock rats compared with sham-operated rats.
Conventional therapy, CsA, or PBA alone improved the
contractility of CPM and SMA. And the combined
administration of PBA and CsA significantly improved
cardiovascular function. PBA + CsA increased the maximal
contraction of CPM and SMA to catecholamines by 29.18%
and 16.28% and improved relaxation of SMA to acetylcholine
by 37.29% (Figures 3A–C), compared with CsA alone. Besides,
the cardiac output, cardiac index, and stroke index were
significantly increased by CsA, PBA, and combined
application, compared with LR. And the combination of CsA
and PBA tended to demonstrate better therapeutic effects
(Figures 3D–F).

Effects of Cyclosporine A and Phenylbutyric
Acid on Mitochondrial Permeability
Transition Pore and Endoplasmic Reticulum
Stress in H9C2 cardiomyocytes and
Vascular Smooth Muscle Cells after Septic
Shock
In this part, we observed the changes of the protein level of
adenine nucleotide translocase1 (ANT1), cyclophilin 40 (CypD),
as well as voltage-dependent anion channel 1 (VDAC1), which
were regarded as mPTP components and regulators. The results
indicated that the expressions of ANT1, VDAC, and CypD were
significantly increased in SMA and heart tissue after septic shock.
(Figures 4A–H). LPS incubation (500 ng/ml, 12 h) caused

significant mPTP opening in VSMCs and H9C2
cardiomyocytes, while betulinc acid (Betu), an mPTP opener,
demonstrated comparable effects at 1 μg/ml CsA (1 μmol/L) and
significantly reduced mPTP opening (Figure 4I).

Besides, the expression of ERS-related proteins including C/EBP
homologous protein (CHOP), glucose-regulated protein 78
(GRP78), and GRP94 in CLP-induced septic shock rats and
LPS treated VSMCs and H9C2 cardiomyocytes were also
investigated. Results showed the expression of CHOP was
significantly increased in heart and SMA tissues after CLP in
rats in a time-dependent manner, whereas the expression of
GRP78 and GRP94 did not change significantly (Figures
5A–H). In VSMCs and cardiomyocytes, LPS incubation at
500 ng/ml increased CHOP expression significantly. Inhibition
of ERS with PBA (5 μmol/L) abolished the LPS-induced
increase in CHOP expression. LPS and PBA did not alter the
expression of GRP78 and GRP94 (Figure 5I-P). These results
suggested the ERS and opening of mPTP in H9C2 cardiomyocytes
and VSMCs challenged with LPS.

Contribution of Phenylbutyric Acid in
Cyclosporine A-Induced the Inhibition of
Mitochondrial Permeability Transition Pore
Opening After Septic Shock
To understand whether PBA affects mPTP opening after septic
shock, the effects of PBA on mPTP opening were investigated in
LPS-treated VSMCs and H9C2 cardiomyocytes. The results

FIGURE 3 | Synergetic effect of PBA and CsA on improving cardiovascular function after septic shock in rats. (n � 8/group). (A), the contractile response of cardiac
papillary muscle (CPM) to ISO; (B), contractile response superior mesenteric artery to NE; (C), relaxation response of superior mesenteric artery to Ach; (D), cardiac
output (CO); (E), cardiac index (CI); (F), stroke index (SI). CsA, cyclosporine A; PBA, 4-phenylbutyrate acid; CT, conventional treatment; ISO, isoprenaline; NE,
norepinephrine; Ach, acetylcholine. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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showed that treatment with PBA (5 μmol/L, 4 h) antagonized
LPS-induced increases in expression of VDAC1, ANT1, CypD in
VSMCs, and H9C2 cardiomyocytes (Figures 6A–J). Treatment
with the ERS inhibitor PBA significantly reduced mPTP opening,
and the fluorescence intensity of calcein was significantly
increased compared with LPS treatment alone (Figure 6K-N).

The above study found that expression of CHOP was
significantly increased after sepsis and PBA administration
decreased the expression of CHOP. To further explore the
relationship of ERS and mPTP opening, the effect of
inhibition of CHOP (by transfection of its siRNA) on mPTP
opening in VSMCs and H9C2 cardiomyocytes was observed.

FIGURE 4 | Effects of CsA on mPTP opening after septic shock in rats. (A-C), expression of voltage-dependent anion channel (VDACs) and cyclophilin-D (CypD)
and adenine nucleotide translocase (ANT) in the superior mesenteric artery (SMA) from septic-shock rats (n � 3); (E-H), Expression of voltage-dependent anion channel
(VDACs) and cyclophilin-D (CypD) and adenine nucleotide translocase (ANT) in the cardiac papillary muscle (CPM) from septic-shock rats (n � 3); (I-L), mPTP opening in
VSMCs and H9C2 cardiomyocytes (n � 20/group from 3 independent experiment). Scale bar � 50 μm. CLP, cecal ligation and puncture; CsA, cyclosporine A;
Betu, betulinc acid; LPS, lipopolysaccharide; MFI, mean fluorescence intensity. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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FIGURE 5 | Effects of PBA on ERS-related protein expression after septic shock in rats. (A–D), Changes in expression of C/EBP homologous protein (CHOP),
glucose-regulated protein 78 (GRP78), glucose-regulated protein 94 (GRP94) in the superior mesenteric artery after different times of CLP (n � 3); (E–H), Changes in
expression of C/EBP homologous protein (CHOP), glucose-regulated protein 78 (GRP78), glucose-regulated protein 94 (GRP94) in the heart after different times of CLP
(n � 3); (I–L), effects of anti-ERS with PBA on the expression of CHOP, GRP78, and GRP94 in LPS-challenged VSMCs; (M–P), effects of anti-ERS with PBA on the
expression of CHOP, GRP78 and GRP94 in LPS-challenged H9C2 cardiomyocytes (n � 3). CLP, cecal ligation and puncture; CsA, cyclosporine A; PBA, 4-
phenylbutyrate acid; **p < 0.01, ***p < 0.001; ns, not significant.
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The results showed that interference of CHOP with its siRNA
significantly inhibited the expression of CypD and ANT in
VSMCs and H9C2 cardiomyocytes. Meanwhile, CHOP RNAi
antagonized LPS-induced mPTP opening, too. The results
further proved the close relationship between ERS and mPTP
opening.

DISCUSSION

This study showed that inhibition of the mPTP opening with CsA
or anti-ERS with PBA could improve cardiovascular function,
increase the blood flow of vital organs, and increase the delivery
and utilization of oxygen, and improve the survival in septic rats.
The combination of PBA with CsA significantly enhanced the
beneficial effects of CsA or PBA on both heart and blood vessels
following septic shock. PBA enforced CsA-induced
cardiovascular protection contributed the synergetic effect on
sepsis treatment. The results indicated that PBA + CsA may be a
perspective treatment for protecting cardiovascular function in
sepsis or septic shock.

Despite the many efforts made for the treatment of sepsis or
septic shock, the morbidity and mortality of severe sepsis and
septic shock remained high. New therapeutic targets for sepsis
have been proposed in recent years: protecting the glycocalyx,
antioxidant (Uchimido et al., 2019), stimulating immune
function, as well as blocking of cytokine storm (Tanaka
et al., 2016; Venet and Monneret, 2018). However,
searching for novel therapies is still important for reducing
the mortality of sepsis or septic shock. This study found that
inhibiting mPTP opening with CsA could decrease the
morbidity of septic shock and increase animal survival in
CLP-induced septic shock rats. Combining anti-ERS with
PBA enforced the beneficial effects of CsA on septic shock
rats, which suggested that anti-mPTP opening in combination
with anti-ERS might be more effective strategy for the
treatment of severe sepsis or septic shock.

In this study, we found that CsA benefited sepsis via inhibiting
mPTP opening. CsA could interact with the hydrophobic pocket
of CypD and inhibit PPIase activity of CypD and reduce mPTP
opening. Besides, CsA would interact with CypD already bound
to the ATP synthase and thereby protect mitochondria
(Amanakis et al., 2020). What other mechanisms participate in
the protective role of CsA in sepsis needs further investigation.
For example, there were studies that showed that CsA was
beneficial to impaired myocardial function following sepsis by
blocking mitochondrial cytochrome c release and regulating
calcineurin to mediate mitochondrial respiration and reduce
tissue nitration and protein carbonylation (Fauvel et al., 2002;
Joshi et al., 2006). CsA forms a complex with cytosolic
cyclophilin-A that inhibits the calcium-activated protein
phosphatase calcineurin, and through this pathway, the
immune-suppressive effects were promoted (Schreiber and
Crabtree, 1992) and CsA was commonly used in the clinic for
the organ transplants and immunoregulation. Thus, the
therapeutic application of CsA as a desensitizer of the mPTP
has been hindered for many years. In our pilot study, five CsA

doses (0.05, 1, 5, 10, 20 mg/kg) were applied; 5 mg/kg had better
effects to inhibit mPTP opening, but whether 5 mg/kg CsA
demonstrated immunosuppression, and whether PBA can
inhibit or alleviate CsA-induced immune-suppression, is not
known. And for the important role of mPTP in the progress
of many diseases, several mPTP inhibitors have been developed
for more cardiovascular protection and less adverse effects, such
as sanglifehrin A, 6-MeAla-CsA, 4-methyl-val-CsA, N-methyl-4-
isoleucine-CsA (NIM811), and D-3-MeAla-4-EtVal-CsA (Debio-
025) and so on (Clarke et al., 2002; Hausenloy et al., 2003).
Whether these compounds demonstrate immunosuppression
effects and benefit sepsis remains to be explored.

The mPTP was opened in VSMCs and H9C2 cardiomyocytes
after septic shock or stimulation with LPS. Several factors may
lead to the opening of mPTP. Ca2+ overload in mitochondria,
increases in oxidative stress, as well as depletion of adenosine
triphosphate could result in the opening of mPTP. The
endoplasmic reticulum and mitochondria are closely
connected physically and functionally, Miki et al. noted that
ERS in diabetic hearts impairs phosphoglycogen synthase
kinase-3β-mediated suppression of mPTP opening (Miki et al.,
2009; Belaidi et al., 2013). In this study, ERS also contributed
to mPTP opening after septic shock. We found ERS in cardiac
muscle and vascular smooth muscle after septic shock,
indicated by the increase of CHOP expression in VSMCs
and H9C2 cardiomyocytes after CLP or LPS stimulation.
Inhibition of ERS with PBA prevented mPTP opening.
Downregulation of CHOP by its RNAi antagonized LPS-
induced mPTP opening as well as the increase in the
expression of ANT and CypD. These results suggested that
septic shock-induced ERS contributed to mPTP opening, and
CHOP is the important molecule participating in this
process.

PBA is an orally bioavailable terminal aromatic substituted
fatty acid that is used in the treatment of various metabolic
diseases, including cancer, genetic metabolic syndromes,
neuropathies, diabetes, hemoglobinopathies, and urea cycle
disorders. The mechanisms are varied. In general, PBA plays
the role of an HDAC inhibitor or as a chemical chaperone
rescuing conformational abnormalities of protein, and thus
may help to reduce unfolded protein reaction and the ERS
(Kusaczuk et al., 2015; He and Moreau, 2019). Previous
studies reported that ERS act upstream of mPTP opening
and thus in this study we investigated the effects of inhibition
of ERS on mPTP opening. However, CsA was also reported to
induce ERS vice versa (Rao et al., 2017). The mechanism of the
synergetic effect might be explained as follows: a, PBA
reduced the side effect of CsA and enhanced mPTP
inhibiting; b, PBA reduced CypD expression through
inhibiting ERS and CHOP (Figure 6O).

There might be other mechanisms that PBA enhanced the
function of CsA, and we think nitric oxide (NO) might play a
role. In severe sepsis, the content of plasma nitric oxide is
significantly increased, and excessive nitric oxide could lead
to impaired mitochondrial respiration (Vico et al., 2019) and
mPTP opening in the heart (Dynnik et al., 2020). PBA was
able to activate eNOS, increase NO level, and activate the
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mitochondrial mtNOS-SS system to inhibit mPTP opening
(Dynnik et al., 2020). Increased NO level also improved the
protective effect of CsA in the ischemia/reperfusion heart
(Gross et al., 2013). These studies implied that the
combination of PBA and CsA might benefit sepsis through
NO, rather than just inhibiting ER stress.

In this study, the 72 h survival rate in the conventional
treatment group was indeed similar to that in the untreated

group. According to the guidelines for sepsis treatment, we
administrated fluid resuscitation combined with antibiotics
and vasoactive drugs for severe sepsis rats. At 6 h after
treatment, 7/16 of the CT group survived, while only 3/16
of the untreated group survived, indicating that the
conventional treatment was effective in the initial stage of
treatment but advanced organ function protection measures
were needed to further prolong the survival time. Our study

FIGURE 6 | Effects of ERS on mPTP opening and its related protein expression after septic shock in rats in LPS-treated VSMCs and H9C2 cardiomyocytes. (A),
effects of CHOPRNAi on CHOP expression in VSMCs; (B-E), effects of anti-ERSwith PBA and CHOP-RNAi on the expression of mPTP-related proteins ANT, VDACs and
CypD in VSMCs (n � 3); f, effects of CHOP RNAi on CHOP expression in H9C2 cardiomyocytes; (G-J), effects of anti-ERSwith PBA and CHOP-RNAi on the expression of
mPTP-related proteins ANT, VDACs and CypD H9C2 cardiomyocytes (n � 3); (K,M), effects of anti-ERS with PBA and CHOP-RNAi on mPTP opening in LPS-
challenged VSMCs (n � 21/group from 3 independent experiment); (L,N), effects of anti-ERS with PBA and CHOP-RNAi on mPTP opening in LPS-challenged H9C2
cardiomyocytes (n � 21/group from 3 independent experiment); (O), schematic of synergetic effect of PBA and CsA protecting vascular function and benefiting to sepsis.
Scale bar � 50 μm. CsA, cyclosporine A; PBA, 4-phenylbutyrate acid; MFI, mean fluorescence intensity. *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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has some limitations. Firstly, the effect of PBA on
immunosuppression and kidney toxicity by CsA was
unexplored. Secondly, although we found that ERS took
part in the regulation of mPTP opening after septic shock,
and CHOP may be the main molecule in this process, how
CHOP regulates mPTP opening needs further investigation.

CONCLUSION

The combined application of PBA and CsA produced synergetic
protection against severe sepsis via improving cardiovascular
function. The mechanism is closely related to PBA enforcing
the inhibitory effect of CsA on mitochondrial permeability
transition pore and reducing the side effect of CsA.
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