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Abstract. The aim of the present study was to explore the
effects and possible mechanism of 4-phenylbutyric acid
(4-PBA) on renal ischemia-reperfusion injury (RIRI) in
mice. A RIRI model of HK-2 cells was constructed using
hypoxia/reoxygenation (H/R) treatment. Dexmedetomidine
and 4-PBA were used to treat the cells before and after
modeling. Apoptosis and expression levels of cyclophilin D
(CypD), cytochrome c, eukaryotic translation initiation factor
2a (elF2a), glucose-regulated protein 78 (GRP78), intercellular
adhesion molecule (ICAM)-1 and vascular adhesion molecule
(VCAM)-1 were measured using flow cytometry, western blot-
ting and immunohistochemistry. The renal volume, weight and
renal arterial resistance index (RRI) were determined using
the renal ischemia model. Compared with untreated model
cells, 4-PBA treatment significantly decreased apoptosis and
the expression levels of CypD, Cytochrome c, eI[F2a and
GRP78 in HK-2 cells. There was no significant change in renal
volume and weight after modeling, but RRI was significantly
decreased after 4-PBA treatments in the model. Western blot-
ting and immunohistochemistry analysis demonstrated that
4-PBA treatment also significantly decreased the expression
of ICAM-1 and VCAM-1. Overall, 4-PBA had a therapeutic
effect on RIRI in mice. This protection may be mediated by
decreasing the expression levels of CypD, Cytochrome c,elF2a
and GRP78, and subsequent reduction of cellular oxygen free
radicals and apoptosis, leading to an alleviated endoplasmic
reticulum stress response and RIRI.
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Introduction

Renal ischemia-reperfusion injury (RIRI) refers to renal
function damage due to failed functional recovery after
ischemia-reperfusion during kidney operations such as trans-
plantation and kidney stone surgery. RIRI can sometimes be
irreversible (1). Renal ischemia-reperfusion causes numerous
pathophysiological changes that results in a poor prognosis.
No effective interventions are available to deal with RIRI. Due
to highly vascularized tissues, unique vasculature and high
oxygen consumption, RIRI can often lead to renal failure and
other diseases with high mortality rates (2,3).

The mechanisms underlying RIRI are complex and have
not been fully elucidated. At present, it is generally hypoth-
esized that RIRI is associated with Ca2* overload, production
of oxygen free radicals, activation of cell adhesion molecules,
involvement of chemokines and action of white blood
cells (4,5). Clinically, no targeted drug is currently available
to treat RIRI, although a number of drugs are being used with
some curative effect. These include caspase inhibitors, antioxi-
dants and P-selectin antagonists (6).

Dexmedetomidine (DEX) is a highly selective
a2-adrenergic agonist; it has anti-sympathetic, sedative and
analgesic effects. Studies have demonstrated that DEX can
inhibit the release of inflammatory factors and suppress the
oxidative stress response to protect organs (7-9). With regards
to RIRI, DEX has been revealed to alleviate ischemia-reperfu-
sion-induced RIRI in both animal and human experiments, but
its dose-response relationship and underlying mechanism are
still unclear (8). Moreover, 4-phenylbutyric acid (4-PBA) is a
low molecular weight fatty acid (10). A number of studies have
confirmed that 4-PBA can be used as a molecular chaperone
to reverse the incorrect displacement or incorrect aggregation
of protein molecules to form a normal spatial structure (11,12).
This decreases the overload of endoplasmic reticulum stress
(ERS), suppresses the signal induction of ERS and alleviates
the tissue damage caused by ERS (10). Furthermore, 4-PBA
decreases hepatocyte apoptosis in hepatic ischemia-reperfu-
sion injury and alleviates cerebral and spinal cord ischemic
injury (13). However, the mechanism by which 4-PBA exerts
its therapeutic effect on RIRI is largely unknown.

To the best of our knowledge the present study was the first
to use a hypoxia/reoxygenation (H/R) model of the human renal
tubular epithelial HK-2 cell line and mice and DEX as positive
control to study the therapeutic effect and possible mechanism
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of 4-PBA on RIRI at the cellular and animal levels. The find-
ings could provide evidence to develop improved therapeutic
strategies for the disease.

Materials and methods

Experimental cells and animals. The human renal tubular
epithelial HK-2 cell line (SCSP-511) was purchased from
The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences and cultured in 10-cm adherent culture
dishes containing DMEM with 10% FBS (Jiangsu KeyGEN
BioTECH Co., Ltd.) at 37°C in a 5% CO, atmosphere. A
total of 20 male C57 mice (6-8-weeks; weight, 20-25 g)
were obtained from SLEK Lab Animal Center of Shanghai
(permit no. Hunan 2019-0004). The animals were kept at a
temperature of 20-26°C, in 40-70% humidity and a 12/12 h
light/dark cycle, with access to filtered water and food
ad libitum. Animal studies were approved by The Animal
Research Ethics Committee of The First Affiliated Hospital
of Nanchang University (approval no. 2019-067). At the end
of experiments, mice were euthanized with an overdose of
CO, gas with a CO, replacement rate of 20% of the cage
volume per min (5 I/min), according to the AVMA Guidelines
for Euthanasia (14).

Reagents and instruments. DEX injection (national permit
H20130027) was purchased from Chenxin Pharmaceutical
Co.,Ltd.4-PBA (cat.no.L15M6D1) was sourced from Shanghai
YuanYe Biotechnology Co., Ltd. The Annexin V-FITC/PI
Apoptosis kit (cat. no. AP101-100-kit) was purchased from
Multisciences (Lianke) Biotech Co., Ltd. Cell lysis buffer
(cat. no. C1053) was obtained from Applygen Technologies,
Inc. BCA protein quantitative kit (cat. no. CW0014S), neutral
resin (cat. no. CW0136) and Diaminobenzidine Substrate kit
(cat.no. CW00125) were purchased from CoWin Biosciences.
Mouse monoclonal antibody against GAPDH (1:2,000;
cat. no. TA-08), goat horseradish peroxidase-conjugated
antibody for mouse IgG (H + L; 1:2,000; cat. no. ZB-2305)
and goat horseradish peroxidase-conjugated antibody for
rabbit IgG (H + L; 1:2,000; cat. no. ZB-2301) were obtained
from OriGene Technologies, Inc. Rabbit monoclonal anti-
body against glucose-regulated protein 78 (GRP78; 1:3,000;
cat. no. 11587-1-ap) was purchased from ProteinTech Group,
Inc. Rabbit monoclonal antibodies against eukaryotic trans-
lation initiation factor 2a (eIF2a; 1:1,000; cat. no. AF6087),
CypD (1:1,000; cat. no. DF3147), cytochrome ¢ (1:1,000;
cat. no. AF0146), intercellular adhesion molecule 1
(ICAM-1; 1:1,000; cat. no. AF6088) and vascular cell adhe-
sion molecule 1 (VCAM-1; 1:1,000; cat. no. DF6082) were
purchased from Affinity Biosciences, Ltd. The hematoxylin
staining kit (cat. no. AR1180-1) was obtained from Boster
Biological Technology. Desktop centrifuge Neofuge 13 was
a product of Heal Force. The ultra-high sensitivity chemi-
luminescence imaging system ChemiDocXRS* was from
Bio-Rad Laboratories. The ultra-high resolution small animal
color Doppler ultrasound and real-time imaging system
Vevo®2100 was purchased from VisualSonics, Inc. The CX41
microscope was obtained from Olympus Corporation and
the NovoCyte™ flow cytometer was obtained from Agilent
Technologies, Inc.

H/R cell model and drug treatments. HK-2 cells were
suspended in culture medium and cultured overnight at 37°C.
The medium was refreshed every day until the cells grew to
confluence. For H/R modeling, HK-2 cells were cultured to
80% confluence and hypoxia was induced by placing the cell
culture in a hypoxic chamber with a 1% O, + 93% N, + 5%
CO, gas mixture in DMEM without serum at 37°C for 24 h.
After the hypoxic treatment, the cells were reoxygenated
in normal oxygen at 37°C for 3 h and collected for further
analysis via centrifugation at 500 x g for 10 min at room
temperature. DEX (0.01 nM) and 4-PBA (5 mM) were added
to the cells at 37°C 1 h prior to modeling. Untreated cells
were used as the control.

Apoptosis analysis. Apoptosis was detected using flow
cytometry using Annexin V-FITC/PI Apoptosis kit. A total of
1-3x10° cells were pelleted and washed twice with 1 ml PBS,
resuspended in 300 pl pre-chilled binding buffer, and then 3 pl
annexin V-FITC and 5 ul PI-PE were added to cells. After
gentle mixing, the cells were incubated at room temperature
in the dark for 10 min, then loaded with 200 Il precooled
binding buffer into the cytometer for analysis according to
the manufacturer's instructions (NovoCyte Flow Cytometer
System; Agilent Technologies, Inc.) using NovoExpress (v.6.2;
Agilent Technologies, Inc.).

Western blotting. Cells were lysed in lysis buffer on ice bath
for 30 min and centrifuged at 4°C at 500 x g for 10 min.
Proteins in the supernatant were quantified using a BCA kit
according to the supplier's protocols. After denaturing, the
proteins were separated on 12% gels using SDS-PAGE for
1-2 h and transferred to PVDF membranes for western blot-
ting analysis. The membranes were blocked with 5% nonfat
milk powder at room temperature for 2 h and then incubated
with antibodies against eIF2a, CypD, cytochrome ¢, ICAM-1,
VCAM-1 and GAPDH (used as internal reference) at 4°C
overnight, followed by incubation and with the secondary goat
horseradish peroxidase-conjugated antibodies for mouse and
rabbit IgG at room temperature for 1-2 h. After visualization
using enhanced chemiluminescence solution (cat. no. 34077,
Thermo Fisher Scientific, Inc.), immunoreactive bands were
captured using the gel imaging system. The gray value of each
band was analyzed by Quantity One software (version 4.6;
Bio-Rad Laboratories, Inc.).

H/R animal model and drug treatment. After fasting for
16-24 h, mice were anaesthetized using an intraperitoneal
injection of 100 mg/kg ketamine (Jiangsu Hengrui Medicine
Co., Ltd.) and 10 mg/kg xylazine (Hubei Xinmingtai
Chemical Co., Ltd.). An incision along the abdominal
midline was made to expose bilateral renal pedicles. For
the sham group, the right kidney was removed, and the
abdominal cavity was closed in 45 min. For the IR model,
the right kidney was removed, the left renal pedicle was
clamped with a non-invasive artery clamp for 45 min and
then the clamp was released to re-perfuse for 24 h. For drug
treatments, DEX (10 pg/kg) or 4-PBA (400 mg/kg) was
administered by intraperitoneal injection 30 min before
the artery clamping. If the color of the kidney turned from
purple/black to red and the animal was awake with 3 h of
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Figure 1. Flow cytometry analysis of apoptosis in HK-2 cells following hypoxia/reoxygenation and DEX and 4-PBA treatment. (A) Flow cytometry results and
(B) quantified apoptotic rate. "P<0.05 vs. control; “P<0.05 vs. model. DEX, dexmedetomidine; 4-PBA, 4-phenylbutyric acid.

surgery, the re-perfusion was considered successful. At 24 h
after successful modeling, the renal arterial resistance index
(RRI) was determined using high-resolution color Doppler
ultrasound. After the measurement, mice were euthanized
as aforementioned and kidney tissues were collected to
measure the weight and size using an electronic balance and
digital Vernier caliper.

Immunohistochemical assay. Tissues fixed in 4% paraformal-
dehyde at 4°C for 12 h were embedded in paraffin, sectioned
at 10 ym thickness, were baked at 65°C for 2 h, soaked in
xylene for 10 min and rehydrated using a descending ethanol
gradient series. After antigen retrieval with citrate buffer
(cat. no. C1032; Beijing Solarbio Science & Technology Co.,
Ltd.) at 100°C for 20 min and washing with PBS, the slices
were-incubated with diluted antibodies against ICAM-1 and
VCAM-1 overnight at 4°C and secondary antibody (anti-rabbit
IgG labeled horseradish peroxidase) at room temperature for
10 min. The diaminobenzidine and hematoxylin chromogen
(Dako; Agilent Technologies, Inc.) were used to stain the slices
at 25°C for 1 h to visualize immunoreactive bands. The sections
were subsequently mounted with resin (cat. no. CWO0136;
CoWin Biosciences and examined under a light microscope
and the intensity of staining was relatively qualified using
Imagel] software (v1.4; National Institutes of Health) to calcu-
late the positive area.

Statistical analysis. All data are expressed as the mean =+ stan-
dard error of the mean obtained from at least three independent
experiments. Statistical comparisons between experimental
and control groups were assessed using one-way ANOVA
with Tukey's post hoc test. The data were analyzed by SPSS
version 11.5 for Windows (SPSS Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

DEX and 4-PBA decrease apoptosis. Flow cytometry studies
revealed that compared with that in normal HK-2 cells, apop-
tosis was significantly increased in the model H/R HK-2 cells
(P<0.05); furthermore, DEX significantly lowered apoptosis
in the H/R HK-2 cells (P<0.05; Fig. 1A and B). 4-PBA did
not significantly impact the apoptosis of HK-2 cells, but
significantly decreased the apoptosis of H/R HK-2 cells
compared with the model only and control groups (P<0.05;
Fig. 1B). The apoptosis rate of the model + 4-PBA group
was slightly but non-significantly (P>0.05) lower compared
with that of model + DEX group, indicating that 4-PBA
had a significant inhibitory effect on the apoptosis of HK-2
cells induced by hypoxia reoxygenation and the effect was
equivalent to that of DEX. The data suggested that combined
treatment of DEX and 4-PBA reduced apoptosis-induced by
H/R treatment,
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Figure 2. Expression levels of CypD, cytochrome ¢, elF2a and GRP78 in HK-2 cells following hypoxia/reoxygenation and DEX and 4-PBA treatment. The left
panel presents representative western blotting, and the right panel shows the quantified relative protein levels. “P<0.05 vs. control; “P<0.05 vs. model. CypD,
cyclophilin D; elF2a, eukaryotic translation initiation factor 2a; GRP78, glucose-regulated protein 78.

DEX and 4-PBA downregulate the expression levels of CypD,
cytochrome c, elF2a and GRP78. Western blotting was
performed to assess the impact of DEX and 4-PBA on CypD,
cytochrome c, eIF2a and GRP78 expression levels in H/R cells
as presented in Fig. 2. The results indicated that 4-PBA did
not significantly change the expression levels of these proteins
compared with the control. However, all of these proteins were
significantly upregulated after H/R modeling (P<0.05; Fig. 2).
DEX and 4-PBA significantly downregulated the expression
levels of these proteins in H/R HK-2 cells compared with the
model group (P<0.05; Fig. 2). The data indicated that combined
treatment of DEX and 4-PBA reduced the expression of CypD,
cytochrome c, elF2a and GRP78 after H/R treatment.

DEX and 4-PBA alleviate ischemia-reperfusion injury (IRI).
At the time of measurement, the renal volume and weight
were not different among all groups (Fig. 3). The RRI by
color Doppler ultrasound indicated that RRI was significantly
increased following ischemia-reperfusion modeling compared
with that in the control (P<0.05). However, it was decreased
significantly after DEX and 4-PBA treatment (P<0.05; Fig. 3).
Compared with that of the DEX-treated group, the RRI of the
4-PBA-treated group was similar and the difference between
the groups was not significant (P>0.05), which indicated that
the treatments produced similar effects.

DEX and 4-PBA downregulate the expression levels of
ICAM-1 and vascular adhesion molecule (VCAM)-1. Western
blotting and immunohistochemistry were used to examine
the expression of ICAM-1 and VCAM-I in the kidney tissues.
Western blotting demonstrated that the expression levels
of ICAM-1 and VCAM-1 were significantly increased in
the model compared with those in the control, and that they

were significantly decreased after DEX and 4-PBA treatment
(P<0.05; Fig. 4). The expression levels were also significantly
different between model + 4-PBA and model + DEX groups
in immunohistochemistry assessment of the two proteins
(P<0.05; Fig. 5). These findings indicated that ICAM-1 and
VCAM-1 were downregulated following DEX and 4-PBA
treatment, compared with the model group.

Discussion

At present, the main measures to decrease RIRI and protect
renal function include renal hypothermia, a short surgical
duration and selective blocking of renal artery branches (15).
However, these measures are often insufficiently effective,
particularly in cases with complex conditions, where it is
not possible to avoid a long operation time and the irrevers-
ible damage caused by long-term blocking of renal artery
branches (15). The manner in which to alleviate and decrease
RIRI is still a clinical challenge. The purpose of the present
study was to explore the effect of 4-PBA on RIRI and its
possible mechanism. The results indicated that 4-PBA could
significantly decrease H/R-induced apoptosis in HK-2 cells
and decrease the renal artery blood flow resistance in RIRI
mice. In addition, 4-PBA could significantly decrease the
expression of ICAM-1 and VCAM-I in the kidney of RIRI
mice, leading to a significant alleviation of RIRI.

CypD is a component protein of the mitochondrial perme-
ability transition pore (16). Mitochondria are the main sites to
produce reactive oxygen species and also the target of oxida-
tive damage. One of the mitochondrial responses to oxidative
stress and thiols is the binding of adenonucleotide transferase
and CypD (16). Studies have revealed that depletion of CypD
in cardiomyocytes results in significantly less susceptibility to
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cell death induced by oxidative stress and calcium overload,
and decreased synthesis of apoptosis-related proteins (16,17).
Cytochrome c is a major component in the respiratory chain
and plays a notable role in redox and energy metabolism. At
the same time, cytochrome c is the key trigger that initiates
mitochondrial apoptosis (18). Cytochrome ¢ can activate
downstream caspase 3 through a cascade reaction, leading to
apoptosis (19). EIF2a is a key regulatory protein in the process
of translation initiation, which is largely dependent on its phos-
phorylation level (20). PERK is a transmembrane protein kinase
in the endoplasmic reticulum (ER), which can phosphorylate
elF2a. Under ERS, phosphorylated PERK inactivates elF2a
by phosphorylating the a-subunit of elF2, blocking the trans-
formation from eIF2-GDP to eIF2-GTP (21). This affects the
recruitment and initiation of initiator methionyl-transfer RNA
and the 40S ribosomal subunit, resulting in the suspension of
protein synthesis to decrease protein load in the ER and to
restore cell homeostasis (22,23). GRP78 is a notable molecular

chaperone located in the ER, which plays a role in protein
folding, transport and ERS response (24). As an ERS marker,
GRP78 can bind to ERS-activated pro-apoptotic receptors to
inhibit their signal transduction, thus protecting cells (25).
The present study revealed that 4-PBA could significantly
decrease the expression of CypD, cytochrome c, eIF2a and
GRP78. In addition, H/R-induced apoptosis in HK-2 cells
was decreased. We hypothesized that downregulation of
these genes is likely due to 4-PBA suppressing the release of
H/R-induced inflammatory factors. However, further studies
are needed to elucidate the possible molecular mechanisms.
ICAM-1 and VCAM-1 are members of the immunoglobulin
superfamily. Under the stimulation of inflammatory cytokines
and bacterial endotoxins, they are expressed on the surface of
activated endothelial cells to mediate the adhesion and exuda-
tion of leukocytes; they also have close relationship with the
inflammatory mechanism of IRI (26,27). The animal experi-
ments of the present study demonstrated that 4-PBA could
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significantly decrease the expression of [CAM-1 and VCAM-1.
In the IRI lesion, inflammatory cytokines are released locally,
resulting in increased expression of ICAM-1 and VCAM-1,
and increased cell adhesion. As a consequence, a large number
of leukocytes adhere to vascular endothelial cells, resulting in
obstruction of blood vessels and decreased blood flow (26,27).
Meanwhile, leukocytes outside blood vessels may produce
free radicals, proteolytic enzymes and other toxic substances,
causing vascular injury and bleeding (28,29). Taken together,
the evidence suggests that 4-PBA could downregulate the
expression of CypD, cytochrome ¢, eI[F2a and GRP78 to
decrease cellular oxygen free radicals, leading to a decrease
in apoptosis and ERS. As a consequence, IRI and intercel-
lular adhesion are decreased to healthy levels; moreover, the
expression levels of ICAM-1 and VCAM-1 are reversed by
downregulation of the expression of CypD, cytochrome c,
elF2a and GRP78 proteins to healthy levels.

There are limitations to the present study. For example, the
renal function of mice was not assessed using hematoxylin-eosin
or Periodic acid-Schiff staining to detect pathological changes
in the kidney, and the ERS was addressed using only two indi-
cators, elF2a and GRP78. In further studies, more indicators
and parameters, including pathological examination, should
be applied for an improved understanding of changes in renal
function following treatment.

In conclusion, to the best of our knowledge, the present
study has demonstrated that 4-PBA can decrease RIRI in
HK-2 cells and mice for the first time. The therapeutic effects
were mediated via downregulation of CypD, cytochrome c,
elF20, GRP78, ICAM-1 and VCAM-1, and were validated
with human cell and animal studies.
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