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Extract of Rhus verniciflua stokes protects against
renal ischemia-reperfusion injury by enhancing
Nrf2-mediated induction of antioxidant enzymes
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Abstract. Ischemia-reperfusion injury (IRI) may cause acute
kidney disease (AKD) by mediating the oxidative stress-induced
apoptosis of parenchymal cells. The extract of Rhus verniciflua
Stokes (RVS) is used as a traditional herbal medicine as it exhibits
anti-oxidant, anti-apoptotic and anti-inflammatory properties.
Therefore, the current study investigated the therapeutic effect
and the underlying mechanism of RVS on IRI-induced AKD
in vivo and in vitro. The current study assessed the effects of
RVS on a mouse model of renal IRI and in hypoxic human renal
tubular epithelial HK-2 cells. The results demonstrated that the
IRI-induced elevation of blood urea nitrogen, serum creatinine
and lactate dehydrogenase was significantly attenuated by the
intraoral administration of RVS (20 mg/kg/day) for 14 days
prior to surgery. It was demonstrated that IRI surgery induced
histological damage and cellular apoptosis in renal parenchyma,
which were attenuated by pretreatment with RVS. Furthermore,
in HK-2 cells incubated with 300 #M CoCl, to induce chemical
hypoxia, it was demonstrated that RVS treatment significantly
inhibited cell death and the production of reactive oxygen
species (ROS). Furthermore, RVS treatment upregulated the
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levels of endogenous antioxidant enzymes, including heme
oxygenase-1 and catalase, as well as their upstream regulator
nuclear factor erythroid 2-related factor 2, in HK-2 cells. Taken
together, these results suggested that the intraoral administra-
tion of RVS induces a therapeutic effect on IRI-induced AKD.
These effects are at least partly due to the attenuation of ROS
production via upregulation of the antioxidant defense system in
renal tubular cells.

Introduction

Ischemia-reperfusion injury (IRI) at least partly contributes to
the high morbidity and mortality rates of patients with acute
kidney injury (AKI) (1). A number of conditions, including
kidney transplantation, induce renal IRI; this causes problems
for many recipients of kidneys and may therefore negatively
impact postoperative consequences (2,3). Ischemic kidneys
receive a reduced blood supply that does not meet metabolic
demands, triggering severe hypoxia associated with renal
tubular dysfunction (4,5). Paradoxically, subsequent reperfu-
sion fails to restore normal levels of perfusion; however, it
induces further damage by activating detrimental mechanisms,
such as those associated with oxidative stress (6).

Oxidative stress is a condition in which the formation of
reactive oxygen species (ROS) exceeds the capacity of the
endogenous antioxidant defense system (7.8). In renal tissues,
oxidative stress and associated sterile inflammation serve a
major role in the pathogenesis of AKI, which occurs by complex
mechanisms involving the ROS-mediated generation of vaso-
constrictive prostanoids, lipid peroxidation and activation of
pro-apoptotic factors (9-12). The increased accumulation of
ROS and oxidative stress markers is frequently observed in
the kidneys of animals with AKI (13). Under normal condi-
tions, nuclear factor-erythroid-2 (NF-E2)-related factor
2 (Nrf2) serves a important role in combatting oxidative stress
and the subsequent induction of >250 genes, including those
encoding antioxidant enzymes (14). Attenuating the activation
of Nrf2 may amplify cellular oxidative stress and associated
pathological events. By contrast, strategies aimed at restoring



3828

Nrf2 activity may prevent the induction of IRI-associated
renal injury and inhibit progression to AKI.

Despite important advances in understanding the patho-
logical basis of AKI, clinical trials investigating the use of
synthetic drugs to treat patients with AKI have been limited
thus far (15). Considering the pathological features of AKI,
including its rapid progression and involvement of multiple
genes, it is understandable that researchers aim to develop
multi-target, drug-based preventative strategies to treat this
condition.

Traditional medicines often use multi-component extracts
of natural products and may be developed as therapeutic
strategies to treat AKI due to their multi-target potential and
established biosafety (16). Phytochemicals from medicinal
plants have attracted increased attention, as they are able to
scavenge ROS and inhibit its formation, thereby reducing
oxidative stress levels (17,18). Rhus verniciflua Stokes (RVS) is
a tree that belongs to the Anacardiaceae family that consists of
>250 species primarily cultivated in Asian countries, including
Korea and China (19). In Korea, RVS has been traditionally
been added to chicken soup and used to treat conditions,
including menstrual cycle irregularities, indigestion and high
blood pressure (20). Several studies using nuclear magnetic
resonance or liquid chromatography/mass spectrometry have
revealed that many bioactive compounds exhibiting antioxi-
dant activity are present in RVS, including gallic acid (GA),
protocatechuic acid, quercetin, fustin, fisetin, sulfuretin,
coumaric acid, kaempferol-3-O-glucoside, kaempferol and
butein (21-25). Of these, fisetin has been reported to induce the
expression of heme oxygenase-1 (HO-1), a major component
of cellular antioxidant enzymes, in human umbilical vein
endothelial cells by augmenting the nuclear translocation of
Nrf2 (26). Furthermore, in a mouse model of inflammatory
bowel disease it was demonstrated that GA activates and
upregulates the expression of Nrf2 and associated antioxidant
enzymes, including superoxide dismutase and catalase (CAT),
thereby inducing a therapeutic effect (27). However, to date,
no studies have been conducted to identify whether RVS
itself can prevent the progression to AKI by activating the
Nrf2-mediated defense mechanism against oxidative stress.

The aim of the current study was to investigate whether
oral administration of RVS could prevent the progress of AKI
via modulation of the Nrf2/antioxidant enzyme pathway, using
in vivo and in vitro IRI-induced AKI models.

Materials and methods

Preparation of RVS extract. The RVS extract was supplied by
Lifetree Biotech Co., Ltd. (Suwon, South Korea). The extract
was prepared using a previously described protocol (28).
Briefly, RVS timber was harvested in Wonju, (Gangwon-do,
South Korea) and subsequently cut into pieces measuring
11x1x0.2 cm. The pieces were mixed with water in a 1:10
w/v ratio and eluted with boiling water at 90-110°C for 4 h.
The extract was concentrated to yield a solid content of 15%.
Subsequently, the concentrated extract was diluted with an
equal volume of dextrin and spray-dried. Urushiol, an aller-
genic constituent of RVS, was extracted. The urushiol-free
RVS extract was authenticated by the Korea Advanced Food
Research Institute (Seoul, South Korea).
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Animals. A total of 32 8-week-old male C57BL/6 weighing
20-22 g were purchased from Samtako Bio Korea, Co., Ltd.
(Osan, Korea). Mice were housed in an environmentally
controlled room at 23+2°C at a relative humidity of 60+10%
under a 12-h light/dark cycle. All mice had ad libitum access
to water and food. Experiments were conducted in accordance
with the ‘Guide for the Care and Use of Laboratory Animals’
(National Institutes of Health publication, 8th Edition,
2011) (29). All experiments involving mice were approved by
the Institutional Animal Care and Use Committee (approved
protocol number: P-16-10-A-02) of Konyang University
(Daejeon, Korea).

Experimental design. Mice were randomly divided in 4 groups
(all n=8): A control group, an RVS-treated group (RVS), an
IRI-operation group (IRI) and an IRI-operation group that
received pretreatment with RVS (IRI+RVS). Whereas the
control group was intraorally administered with 500 ul of
distilled water as a vehicle, the RVS group was intraorally
administered with RVS (20 mg/kg/day) diluted in the same
volume of vehicle over 14 days. For mice in the IRI+RVS
group, the same dose of RVS as that administered to mice in
the RVS group was applied prior to the IRI operation for the
same duration. For mice in the IRI group, the same volume of
distilled water was intraorally administered for 14 days prior
to the IRI operation.

Operation and tissue sampling. Mice in the IRT and IRI+RVS
groups were anesthetized with intraperitoneal injections
of xylazine (10 mg/kg, Huons Global Co., Ltd., Seongnam,
Korea) and ketamine (80 mg/kg, Bayer AG, Leverkusen,
Germany). The abdominal area was sterilized with Betadine
(Mundipharma International Ltd., Seoul, Korea) and a
laparotomy was made by midline incision. To induce renal
ischemia, bilateral renal pedicles were clamped for 60 min
with serrated vascular clamps in a sterile operating field.
Following removal of the clamp to allow reperfusion, the
color of kidney was inspected to confirm the restoration of
blood flow. The abdomen was then sutured in two layers.
Following surgery, 50 ml/kg normal saline was administered
intraperitoneally. Mice were allowed to recover in their home
cages until they were fully awake and active. Following 23 h
reperfusion, all mice were euthanized. The left kidneys of each
group were removed and frozen for immunoblot assays and
the right kidneys were fixed with formalin prior to histological
study. Arterial blood was collected from the abdominal aorta
for serological assays prior to euthanasia.

Serological assay. Following the collection of arterial blood,
sera were obtained by centrifugation at a speed of 250 x g
for 10 min at 4°C and stored at -70°C prior to assays. Levels
of blood urea nitrogen (BUN; cat. no. 9903040; Fujifilm,
Tokyo, Japan), creatinine (cat. no. 9903090; Fujifilm) and
lactate dehydrogenase (LDH; cat. no. 9903190; Fujifilm) were
measured through ELISA using a DRI-CHEM 3000 colori-
metric analyzer (Fujifilm) at an excitation wavelength of 625,
600 and 540 nm, respectively.

Histology. Right kidney tissues were excised, fixed in 10%
neutral buffered formalin for 48 h at 4°C and embedded in
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paraffin. Paraffin blocks were sliced into sections 5-ym thick
using the Leica RM2255 microtome (Leica Microsystems
GmbH, Wetzlar, Germany). Alterations in the histological
structures of the kidney were examined by staining with
hematoxylin and eosin (H-E). Two microscopic fields of tissue
sections taken from every mouse were randomly selected.
These fields were photographed at a magnification of x400
using a digital camera connected to a Leica DM4 light
microscope (Leica Microsystems GmbH) and examined by
three blinded observers. Renal tubular injury was scored by
estimating the percentage of tubules in the corticomedullary
junction and outer medulla that exhibited epithelial necrosis or
necrotic debris and determined as follows: 0, none; 1+, <10; 2+,
10-25; 3+, 26-45; 4+, 46-75; and 5+, >75%.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. Paraffin-embedded kidney sections
were deparaffinized in xylene and rehydrated in a graded
series of ethanol solutions. The TUNEL assay was performed
using an In Situ Cell Death Detection kit (Roche Diagnostics,
Indianapolis, IN, USA), following the manufacturer's protocol.
Nuclei were counterstained with DAPI. Among the resulting
TUNEL-stained tissue sections, two sections from each mouse
were randomly selected and captured using a digital camera
connected to a Leica DMI6000 inverted microscope (Leica
Microsystems) to detect fluorescence. Images were visualized
at a magnification of x400. The number of TUNEL-positive
stained nuclei per high power field (HPF) was counted and
averaged by three blind observers.

Cell culture and in vitro hypoxia. Human kidney epithelial
cells, HK-2 cells, were obtained from the Korean Cell Line
Bank (Seoul, Korea). Cells were cultured for 72 h in 25-cm?
cell culture flasks containing RPMI 1640 culture medium
supplemented with 10% fetal bovine serum, 100 U/ml peni-
cillin and 100 mg/ml streptomycin at 37°C in a humidified
atmosphere consisting of 5% CO,/95% air. All of the afore-
mentioned chemicals were purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). For in vitro hypoxia
conditioning, cobalt chloride (CoCl,), a chemical inducer
of hypoxia-inducible factor-1, was used. To determine the
approximate values of the median lethal dose (LD50) and
the median lethal time (LT50) of CoCl,, dose-dependent
and time-dependent changes in the viability of HK-2 cells
following treatment with different doses (0, 10, 100, 300, 600
and 900 pl) of CoCl, for various incubation times (0, 6, 12,
24 and 48 h) were analyzed. The LD50 and LT50 of CoCl,
were 300 uM and 24 h, respectively; this dose of CoCl, and
incubation time was used in all subsequent experiments, apart
from the ROS measurement, in which 30 min was selected as
the incubation time.

Cell viability assay. HK-2 cells were seeded in a 96-well plate
at a density of 1x10* cells/well. After incubation with RVS (0,
40, 80, 120, 160 and 200 pg/ml) with or without 300 M CoCl,
for 24 h, cell viability was measured by estimating the amount
of reduced 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazo-
lium bromide (MTT), a pale yellow substrate that is reduced
by mitochondrial activity in living cells, following exposure
to different conditions. For this, 100 gl culture medium was
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aspirated and 20 yl MTT (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) diluted in PBS at a ratio of 5 mg/ml
was added to the wells and incubated for 4 h at 37°C. The
resulting formazan crystals were dissolved following the
addition of dimethyl sulfoxide. Using an Epoch microplate
spectrophotometer (BioTek Instruments, Inc., Winooski, VT,
USA), cell viability was estimated by detecting color intensity
at an excitation wavelength of 570 nm.

ROS measurement. HK-2 cells grown on glass coverslips were
split into the following 4 groups, with 5 samples per group
(n=5): A control group (cells treated with distilled water), an
RVS group (cells treated with 40 xg/ml RVS), a CoCl, group
(cells treated with 300 uM CoCl,) and a CoCl,+RVS group
(cells treated with 40 xg/ml RVS and 300 yuM CoCl,). Distilled
water and RVS were diluted in culture medium and applied to
the cells for 24 h. CoCl, was subsequently added to the culture
medium for 30 min. Subsequently, the amount of cellular
ROS was measured using the OxiSelect™ Intracellular ROS
assay kit (Cell Biolabs Inc., San Diego, CA, USA) following
the manufacturer's protocol. 2',7'-dichlorodihydrofluorescin
diacetate (DCFH-DA) is converted to 2'7'-dichlorodihydro-
fluorescin (DCFH), which is rapidly oxidized to fluorescent
2'7'-dichlorodihydrofluorescein (DCF) by ROS. The fluores-
cence intensity is proportional to ROS levels within the cell
cytosol. From each group, =5 HPFs were examined using a
fluorescence microscope connected to a digital camera at a
magnification of x400. The fluorescent intensities in each HPF
were measured and averaged using an image analysis system
(Imagel software; version, 1.49; National Institutes of Health,
Bethesda, MD, USA).

Immunofluorescence. HK-2 cell groups (control, RVS, CoCl,
and CoCl,+RVS) were grown on glass coverslips (n=5 per
group). Distilled water and RVS were diluted in culture medium
and applied to the cells for 24 h. CoCl, was subsequently added
to the culture medium for 24 h. Coverslips were fixed with 4%
paraformaldehyde for 30 min at 4°C, blocked with 1% bovine
serum albumin (Sigma-Aldrich; Merck KGaA) diluted in PBS
for 1 h at 24°C and incubated with anti-Nrf2 rabbit polyclonal
antibody (1:1,000, cat. no., sc-722; Santa Cruz Biotechnology,
Dallas, TX, USA) for 24 h at 4°C. Subsequently, cells were
incubated with Alexa Fluor® 488-conjugated goat anti-rabbit
antibody (1:2,000, cat. no., ab150077; Abcam, Cambridge, UK)
at room temperature for 1 h. Coverslips were then counter-
stained for 5 min with DAPI and mounted with ProLong Gold
mounting media (cat. no., 8961; Cell Signaling Technology,
Danvers, MA, USA) at 24°C and examined using the LSM
700 laser scanning confocal microscope (magnification, x400;
Zeiss AG, Oberkochen, Germany).

Western blot analysis. Total proteins were extracted from the
HK-2 cell groups. Total protein extraction and western blot
analyses were performed as previously described (15). Cells
were harvested, transferred into lysis buffer (Pro-Prep™;
intron Biotechnology, Inc., Seoungnam, Korea) and homog-
enized. The total protein concentration of the supernatant was
determined using a BCA protein assay (Pierce Biotechnology,
Inc., Rockford, IL, USA). Subsequently, the protein sample
(30 pg/ml) was separated by 10% SDS-PAGE and transferred
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Figure 1. Effect of RVS on IRI-induced alterations on serum levels of renal function parameters. Effects of RVS (20 mg/kg/day) intraoral administration for
14 days on (A) serum BUN, (B) creatinine and (C) LDH levels in mice with or without IRI (n=7). Values are expressed as the mean + standard error of the
mean “P<0.01 and ""P<0.001 vs. Cont group; “P<0.05 and “P<0.01 vs. the IRI group. RVS, Rhus verniciflua Stokes; IRI, ischemia-reperfusion injury; Cont,

control; BUN, blood urea nitrogen; LDH, lactate dehydrogenase.

onto a polyvinylidenedifluoride (PVDF) membrane (Bio-Rad
Laboratories, Inc., Hercules, CA, USA), which was blocked
with 5% nonfat milk in Tris-buffered saline with 0.1%
Tween 20 (TBS-T) for 2 h at room temperature. The
membranes were incubated with rabbit polyclonal antibodies
against HO-1 (1:1,000, cat. no. sc-136960), CAT (1:500, cat.
no. sc-271803) and GAPDH (1:2,000, cat. no. sc-25778) for
24 h at 4°C. Proteins were then incubated with horseradish
peroxide-conjugated anti-rabbit immunoglobulin G (1:1,000,
cat. no. sc-2030) for 1 h at 36°C. To quantify the nuclear
translocation of Nrf2, a subcellular protein fractionation kit
(cat. no. 87790; Thermo Fisher Scientific, Inc.) was used to
isolate nuclear fractions following the manufacturer's protocol.
Protocols for the determination of total protein concentra-
tion in nuclear fractions, their SDS-PAGE separation and
their transfer to PVDF membranes were identical as those
aforementioned. The membranes were incubated with the
Nrf2 rabbit polyclonal antibody (1:1,000; cat. no. sc-722) for
24 h at 4°C. Proteins were then incubated with horseradish
peroxide-conjugated anti-rabbit immunoglobulin G (1:1,000;
cat. no., sc-2030) for 1 h at 36°C. The quality of the isolation
of nuclear fractions was confirmed by immunoblots using
Lamin B rabbit polyclonal antibody (1:1,000; cat. no. sc-3755).
All aforementioned antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX, USA). Following five washes
with PBS, proteins on the PVDF membranes were detected
using a chemiluminescence detection system (Amersham ECL
Prime Western Blotting Detection Reagent; GE Healthcare
Life Sciences, Little Chalfont, UK) following the manufac-
turer's protocol. The resulting bands were photographed using
a Davinch-Chemi imaging device (Davinch-K, Seoul, Korea)
and their intensities were quantified using ImagelJ (version,
1.49; National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. All data are presented as the
mean =+ standard error of the mean. Statistical analysis was

conducted using PASW version 18 (SPSS, Inc., Chicago,
IL, USA). Comparisons of data from different groups were
performed with one-way analysis of variance followed by
a Tukey post-hoc test. P<0.05 was considered to indicate a
statistically significant difference. Each ‘n’ value refers to the
number of separate experiments conducted.

Results

RVS attenuates the IRI-induced decrease of renal function
parameters. To clarify the role of RVS in renal IRI, C57BL/6
mice were subjected to IRI (1 h renal artery occlusion followed
by 23 h reperfusion) with or without RVS pretreatment
(14 days, 20 mg/kg/day). RVS alone did not alter renal function,
as indicated by the unchanged levels of serum BUN, creatinine
and LDH in the RVS group (Fig. 1). By contrast, compared
with the control group, the IRI group clearly exhibited AKI
and renal dysfunction, as indicated by significant increases in
levels of serum BUN (138.3+4.5 vs. 24.6+5.1, P<0.001), creati-
nine (2.5+0.8 vs. 0.16+0.05,P<0.001) and LDH (818.8+162.5
vs. 317.8+129.5, P<0.01). However, there were significant
reductions in serum BUN (53.2+33.5 vs. 138.3+4.5, P<0.01),
creatinine (0.6+0.3 vs. 2.5+0.8, P<0.01) and LDH (491.7+95.2
vs. 818.8+162.5, P<0.05) levels compared with those in the
IRI group. These data indicate that RVS may prevent the
IRI-induced deterioration of renal function.

RVS attenuates IRI-induced histological damage.Representative
images of H-E stained tissue sections of the corticomedullary
junction (Fig. 2A) and outer medulla (Fig. 2B) indicate that
renal tissue from the control and RVS groups exhibited normal
morphology. Kidneys in the IRI group exhibited acute tubular
damage, indicated by tubular swelling, infiltrated inflam-
matory cells (arrowhead) and loss of the brush border due to
apoptosis/necrosis of the tubular epithelium (arrow) in renal
tissue. However, RVS treatment markedly attenuated these
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Figure 2. Effect of RVS on IRI-induced alterations on renal histoarchitecture.
RVS (20 mg/kg/day) was intraorally administered for 14 days to mice with
or without IRI and their kidneys were stained with hematoxylin and eosin
for histological examination. Representative images of (A) the corticome-
dullary junction and (B) the outer medulla of Cont, RVS, IRI and IRI+RVS
groups (n=7 per group) are presented. Black arrowheads and black arrows
indicate an infiltrated inflammatory cells and necrotic tubules, respectively.
Scale bar=200 pm. (C) Renal tubular injury was scored by estimating the
percentage of tubules in the corticomedullary junction and outer medulla
that exhibited epithelial necrosis or had necrotic debris and were cast as
follows: 0, none; 1+, <10; 2+, 10-25; 3+, 26-45; 4+, 46-75; and 5+, >75%.
Values are expressed as the mean + standard error of the mean. “"P<0.001
vs. Cont group; ##P<0.001 vs. IRI group. RVS, Rhus verniciflua Stokes; IRI,
ischemia-reperfusion injury; Cont, control.

pathological features, suggesting that RVS protects the tubular
epithelium. This hypothesis is supported by the fact that kidney
injury scores were significantly lower in the IRI+RVS group
compared with the IRI group (3.3+0.7 vs. 2.3+0.7, P<0.001;
Fig. 2C).

RVS inhibits renal tubular cell apoptosis. Tubular apoptosis
normally precedes/accompanies tubular cell death; therefore,
the number of apoptotic cells in the kidney was quantified
using a TUNEL assay. As presented in a representative image
(Fig. 3A) and in a graph presenting quantified results (Fig. 3B),
the number of TUNEL-positive cells was significantly
increased in the IRI group compared with the control group
(58.3+11.0 vs. 4.0+2.0, P<0.001). However, significantly fewer
TUNEL-positive cells were visible in the IRI+RVS group
than in the IRI group (12.7+£2.5 vs. 58.3+£11.0, P<0.001). As
expected, the number of TUNEL-positive cells in the RVS
group did not differ significantly compared with the control
group. Collectively, these data suggest that RVS protects the
kidney from the histological deterioration of renal tubules and
that this effect was due to the inhibition of apoptosis in the
renal tubular epithelium.

RVS protects HK-2 cells from CoCl,-induced damage. To
confirm the protective effect of RVS on cell damage caused by
IRI, hypoxia was chemically induced by the addition of CoCl,, a
well-known inducer of in vitro IRI, in the human kidney epithe-
lial cell line HK-2. The approximate LD50 and LT50 values of
CoCl, were identified as 300 #M and 24 h, respectively (rectan-
gular boxes; Fig. 4A and B). There was no significant decrease
in cell viability of HK-2 cells incubated with different doses
(0-200 pg/ml) of RVS, indicating that RVS does not induce
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Figure 3. Effect of RVS on IRI-induced apoptosis of tubular epithelium.
RVS (20 mg/kg/day) was intraorally administered for 14 days to mice with
or without IRI and their kidneys were processed for TUNEL-staining.
(A) Representative fluorescence images of the outer medulla of the Cont,
RVS, IRI and IRI+RVS groups (n=7 per group) indicate the TUNEL-stained
nuclei (green) of apoptotic tubular epithelium. DAPI was used to coun-
terstain the nuclei (blue). Scale bar=100 pzm. (B) The number of apoptotic
tubular epithelial cells in 1 HPF was counted and averaged. Two sections
of each mouse (14 sections per group) were randomly selected and =5 HPF
were examined for each section. Values are expressed as the mean =+ stan-
dard error of the mean. ““P<0.001 vs. Cont; “P<0.001 vs. IRI group. RVS,
Rhus verniciflua Stokes; IRI, ischemia-reperfusion injury; Cont, control;
HPF, high power field.

toxicity in this cell line (Fig. 4C). Notably, incubation with
40-160 RVS pg/ml significantly increased the viability of HK-2
cells treated with 300 M CoCl, for 24 h (P<0.01; Fig. 4D).
Collectively, these results demonstrate that pre-treatment with
RVS inhibits the cytotoxic effect of CoCl, on HK-2 cells.

RVS inhibits CoCl,-induced ROS generation in HK-2 cells.
To determine whether antioxidant properties are involved in
the protective effect of RVS against CoCl,-induced damage
in HK-2 cells, intracellular ROS levels in different cell groups
was detected using DCFH-DA. As RVS significantly elevated
cell viability even at a dose of 40 yg/ml, this dose was used in
the current study. As indicated in a representative fluorescence
image (Fig. 5A) and a quantitative graph (Fig. 5B), cells treated
with 40 pg/ml RVS for 24 h exhibited significantly higher ROS
intensity compared with those in the control group (3.9+1.3
vs. 1.0+0, P<0.05). Cells incubated with 300 uM CoCl, for
30 min exhibited an even higher ROS intensity compared with
the control (21.4+5.9, P<0.001 vs. control). However, cells
treated with 40 pg/ml RVS for 24 h and then incubated with
300 uM CoCl, for 30 min exhibited significantly lower ROS
intensity than the CoCl, group (6.0+1.4 vs. 21.4+5.9, P<0.001).
These data suggest that the RVS-mediated protection of HK-2
cells from CoCl, is at least partly due to the inhibition of ROS
generation.

RVS increases the nuclear translocation of Nrf2 and
expression of HO-1 and CAT. To determine the upstream
signaling pathway involved in the RVS-mediated inhibition
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Figure 4. Effects of RVS on HK-2 cell viability in vitro following IRI. HK-2 cells were pretreated with or without RVS for 24 h and then challenged with CoCl,,
a chemical known to imitate hypoxic injury. Cell viability was determined using an MTT assay. (A) Dose-dependent cell viability following incubation with
varying concentrations of CoCl, (0, 10, 100, 300, 600 and 900 xM) and (B) time-dependent cell viability following incubation with 300 M CoCl, for different
durations (0, 6, 12, 24 and 48 h). (C) Identification of the safe concentration range of RVS by incubating cells with different concentrations of RVS (0, 40, 80,
120, 160 and 200 pg/ml). (D) The effects of 24 h incubation with RVS (0, 40, 80, 120 and 160 pg/ml) and on CoCl, (300 zM)-induced alteration of HK-2 cell

viability were assessed. Values are presented as the mean + standard error of the mean.

RVS, Rhus verniciflua Stokes; IRI, ischemia-reperfusion injury.

Control CoCl, CoCl+RVS
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Figure 5. RVS inhibits CoCl,-induced ROS production in HK-2 cells. HK-2
cells were pretreated with 40 yg/ml RVS for 24 h and incubated with or
without CoCl, for 30 min. Intracellular ROS levels were determined by DCF
fluorescence. DCF fluorescence results from the oxidation of DCF-DA by
ROS were measured. (A) Representative images and (B) quantification of
CoCl,-induced DCF fluorescence are presented. Scale bar=100 ym. In the
graph, DCF fluorescence of each group is expre%sed as mean =+ standard

P<0.001 vs. the CoCl2 group. DCF, dlchlorodlhydroﬂuorescm, ROS, reac-
tive oxygen species; RVS, Rhus verniciflua Stokes; IRI, ischemia-reperfusion
injury; Cont, control.

of ROS generation, the nuclear translocation of Nrf2 and the
expression of cellular antioxidant enzymes HO-1 and CAT
were assessed, which are encoded by Nrf2 target genes. The
translocation of Nrf2 from the cytosol into the nucleus was
assessed using confocal microscopy. The results indicated
that Nrf2 proteins (green) were primarily distributed in the
cytoplasm of the control group (Fig. 6). In the RVS group
(40 pg/ml, 24 h), the majority of the cytoplasmic Nrf2 was

“P<0.01 and ""P<0.001 vs. cells incubated with 300 M CoCl, alone.

Control CoCl, CoClL*+RVS

MERGE

Figure 6. Effect of RVS on the nuclear translocation of Nrf2. Cells were
pretreated with or without 40 zzg/ml RVS for 24 h and incubated for a further
24 h with or without CoCl,. Cells were fixed and immune-stained with an
anti-Nrf2 antibody for 2 h. Nuclei were counter-stained with DAPI and the
images were captured by confocal microscopy. Scale bar=100 gm. RVS,
Rhus verniciflua Stokes; Nrf2, nuclear factor-erythroid-2-related factor 2.

translocated into the nucleus, as indicated by intense nuclear
Nrf2 staining in the immunofluorescence assay. In the CoCl,
group (300 M, 30 min), Nrf2 fluorescence was decreased
compared with that of control group and fluorescence was
mostly cytosolic. However, robust nuclear translocation of
Nrf2 was detected in the CoCI,+RVS group.

To confirm the translocation of Nrf2 into the nucleus
following RVS treatment with or without CoCl,, cell lysates
were separated into cytosolic and nucleic fractions and the
expression of Nrf2 in each fraction was measured using western
blot analysis. Representative band images (Fig. 7A) and quantifi-
cation of the results (Fig. 7B) demonstrated that Nrf2 expression
was significantly increased in the nuclear fraction of the RVS
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Figure 7. Effect of RVS on Nrf2, HO-1 and CAT expression in cells with or without treatment with CoCl,. Nuclear fractions were prepared and analyzed
by western blot analysis with the Nrf2 antibody. (A) Representative immunoblots of Nrf2 expression. (B) Band densities of nuclear Nrf2 were converted to
fold change to that of the control group. Lamin B, a nuclear protein, was used as a loading control. (C) Representative western blot images representing the
expression of HO-1 and CAT were obtained using the corresponding antibodies. Band densities of (D) HO-1 and (E) CAT expression were converted to the
fold change to that of the control group. GAPDH was used as a loading control. n=5. Values are presented as the mean + standard error of the mean. “P<0.01

Ak

and ""P<0.001 vs. Cont group; ""P<0.001 vs. the CoCl, group. Cont, control; RVS, Rhus verniciflua Stokes; IR, ischemia-reperfusion injury; Nrf2, nuclear

factor-erythroid-2-related factor 2; HO-1, heme oxygenase-1; CAT, catalase.

group compared with the control group (2.5+0.3 vs. 1.1+0.2,
P<0.001). As expected, compared with the control group, the
CoCl, group exhibited a reduction in the expression of nuclear
Nrf2 (0.8+0.1 vs. 1.1+0.2, P<0.01). However, Nrf2 expression
was significantly increased in the CoCL,+RVS group compared
with the CoCl, group (1.2+0.3 vs. 0.8+0.1, P<0.01).

Subsequently, the expression of HO-1 and CAT in the cell
homogenates from each treatment group was measured. These
are major cellular antioxidant enzymes that are upregulated
following Nrf2 translocation. As presented in the representa-
tive band images (Fig. 7C) and quantification graphs for HO-1
(Fig. 7D) and CAT (Fig. 7E), levels of HO-1 and CAT were
significantly increased in cell homogenates from the RVS
group compared with those of the control group (0.8+0.1
vs. 0.44+0.03 and 1.0+0.06 vs. 0.7+0.02, respectively, both
P<0.001). In the CoCl, group, levels of HO-1 were signifi-
cantly decreased (P<0.001) but levels of CAT were unchanged,
compared with the control group. However, levels of HO-1 and
CAT were significantly increased in the CoCl,+RVS group
compared with the CoCl, group (0.43+0.03 vs. 0.28+0.02
and 1.0+£0.03 vs. 0.7£0.04, respectively, both P<0.001).
Collectively, these data suggest that RVS exerts antioxidant
effects by increasing the nuclear translocation of Nrf2 and
thereby upregulating the expression of cellular antioxidant
enzymes, including HO-1 and CAT.

Discussion

ROS are continuously generated in live cells as a natural product
of oxidative metabolism and act as messengers for signal
transduction in various cellular processes, including mitosis,
gene expression and proliferation (30-33). However, excess

ROS are implicated in various pathologies including ageing,
cancer, inflammation and renal disease (34-37). Consequently,
antioxidants with the potential to reduce ROS may prevent or
treat diseases associated with oxidative injury (38). Therefore,
various natural products with ROS-scavenging properties
may be developed as promising therapeutic strategies to treat
oxidative damage-related conditions. Exposure to certain
natural products elevates intracellular ROS levels and allevi-
ates mild oxidative stress. Such mild oxidative stress may
initiate the signal transduction responsible for the induction
and activation of antioxidant enzymes (39). In accordance with
this hypothesis, the results of the current study indicate that
treatment with RVS induces a significant, elevation of ROS in
HK-2 cells. Thus, RVS may increase the expression of HO-1
and CAT by inducing mild oxidative stress.

The current study focused on the modulatory effects of
RVS on Nrf2, a redox-sensitive transcription factor, as an
upstream regulator of HO-1 and CAT (40). Nrf2 is a member of
the NF-E2 family of basic leucine zippers and is able to deacti-
vate ROS (41). Under normal conditions, Nrf2 is located in the
cytoplasm and is sequestered by Kelch-like ECH-associated
protein 1 (Keapl), which disturbs the nuclear translocation
of Nrf2 (42). Following activation of the Nrf2/antioxidant
responsive element (ARE) pathway, the expression of various
antioxidant enzymes, including HO-1 and CAT, are
induced (43). Thus, there is substantial interest in therapeutic
candidates that may augment this pathway. To date, in vitro
and in vivo experiments have proven that phytochemicals,
including curcumin, epigallocatechin-3-gallate, resveratrol and
quercetin enhance the Nrf2-ARE pathway, thereby inducing
antioxidant enzymes (44-47). Certain constituents of RVS,
including sulfuretin and butein, may stimulate this pathway
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and this has been demonstrated in a human neuronal cell line
damaged by amyloid-p (48) and a human dental pulp cell line
challenged with hydrogen peroxide (49). However, to the best
of our knowledge, it has not yet been reported that RVS or its
constituents exert therapeutic effects on IRI-mediated AKI by
modulating the Nrf2/ARE pathway.

The results of the current study determined that the activa-
tion of Nrf2/ARE-mediated antioxidant enzymes was involved
in protecting against AKI. The present study indicates that
RVS exhibits protective properties against AKI, for example,
in the activation of the antioxidant defence system. However, it
should be considered that RVS may exert its therapeutic action
using alternate mechanisms, including via anti-inflammatory
effects. In fact, many factors that may be possible targets of
the anti-inflammatory property of RVS are present during the
pathogenesis of IRI-induced AKI. During the development
of AKI, resident macrophages in the kidney activate and
secrete various chemokines and cytokines (50). Furthermore,
lymphocytes infiltrate the damaged kidney and contribute to
the inflammatory process (51). Thus, owing to its well-known
anti-inflammatory effects (52,53), it was assumed that RVS
exerts beneficial effects on AKI through this mechanism.

The present study did not determine the upstream machin-
eries of RVS-mediated Nrf2 mobilization, which should be
considered a limitation. As aforementioned, Nrf2 is tightly
bound to Keapl and is anchored in the cytoplasm, resulting
in its ubiquitination and subsequent degradation under normal
conditions. However, when exposed to sub-lethal oxida-
tive damage or treatment with certain pharmaceuticals, the
Nrf2-Keapl protein-protein interaction (PPI) is inhibited,
which may liberate Nrf2 from Keapl, leading to its translo-
cation into the nucleus (54-56). Therefore, using individual
compounds within RVS, including, GA, fustin, fisetin,
sulfuretin and butein and additional approaches, including a
binding activity assay for the identification of Nrf2-Keapl PPI
inhibitory roles in the context of AKI are required to establish
the precise action of RVS on AKI.

In conclusion, the present study indicated that the intra-
oral administration of RVS induces a therapeutic effect on
IRI-induced AKD. These effects may be due to the attenua-
tion of ROS production via the upregulation of the antioxidant
defense system in renal tubular cells. Using the crude extract
of RVS, as well as individual compounds within RVS,
novel approaches for unveiling multifunctional therapeutic
mechanisms and specific molecular targets may be required to
determine the protective effects of RVS on AKI.
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