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from the stems and stem barks of
Cornus walteri as a nephroprotective agent against
cisplatin-induced apoptotic cell death in LLC-PK1
cells†

Dahae Lee,a Seoung Rak Lee,a Ki Sung Kang*b and Ki Hyun Kim *a

Nephrotoxicity currently plagues the therapeutic use of cisplatin. Its major side effects are predominantly

associated with renal tubular cell apoptosis. In this study, we examined the potential nephroprotective

constituents from C. walteri that can exert effects against cisplatin-induced oxidative stress and

apoptosis in renal tubular epithelial (LLC-PK1) cells. Phytochemical investigation of the MeOH extract of

the stems and stem barks of C. walteri led to the isolation of the potential nephroprotective constituents

(1–15). Among the isolates, treatment with benzyl salicylate (BS) (15) (50 and 100 mM) significantly

attenuated LLC-PK1 cell apoptosis and potently blocked cisplatin-induced nuclei condensation,

intracellular ROS generation, and apoptosis, as indicated by Hoechst 33342 and H2DCFDA staining.

Furthermore, the expression of apoptosis-related proteins such as MAPK, Bax/Bcl-2 protein ratio, and

cleaved caspase-9 and -3, were significantly decreased by BS. These findings provide that benzyl

salicylate can be a nephroprotective agent against cisplatin-induced oxidative stress and apoptosis.
Introduction

Cisplatin (cis-diamminedichloroplatinum(II), CDDP) is very
efficacious as a rst-line therapy for malignant tumors in organs
such as the testis, head, and ovaries.1,2 However, cisplatin
treatment results in not only the damage of tumor cells but also
the tissue cells.3 Cisplatin is especially toxic to the proximal
tubule cells of the kidney, resulting in kidney dysfunction.4

Recent cisplatin-targeted nephroprotection studies have
focused on the search for natural products with enormous
structural and chemical diversity,5,6 because reducing cisplatin-
induced nephrotoxicity will not only maximize its clinical
outcomes, but can be benecial to patients receiving cisplatin
chemotherapy.

Cornus walteri Wanger, well-known as Walter's dogwood, is
a deciduous shrub belonging to the family Cornaceae. C. walteri
is distributed in Asian countries, specically China and Korea
as an economic crop. This tree is best known as a raw material
for high-grade furniture and agricultural tools. It is also culti-
vated for its showy, edible berries. Traditionally, its fruits and
leaves are used to treat dermatologic inammation caused by
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lacquer poison, as indicated in the Chinese Materia Medica.7 Its
leaves are used as an antidiarrheal in Korean folk medicine.8

According to previous phytochemical studies, C. walteri
possesses a variety of bioactive secondary metabolites such as
lignans, isoquercitrin, and triterpenoids.9–11 The extract of C.
walteri has also been shown to inhibit NO production in lipo-
polysaccharide (LPS)-activated RAW 264.7 macrophages.12 The
leaves of this plant also have protective effects against UVB-
induced photoaging in human reconstituted skin.7 However,
the stem of C. walteri has not been under-developed and
utilized.

In our continued quest to discover biologically novel natural
products from a variety of Korean natural resources,13–17 our
group has explored the potential bioactive constituents of C.
walteri.11,18,19 Our previous studies reported that the MeOH
extract of the stems and stem barks of C. walteri are signicantly
cytotoxic.11 The cytotoxic effects of triterpenoids and d-valer-
olactones have also been elucidated in the our studies.11,18,19

These ndings were our motivation to further investigate
potential bioactive constituents in the MeOH extract of C. wal-
teri. Hence, in this study, we performed advanced phytochem-
ical analyses to examine the potential nephroprotective
constituents of the MeOH extract of C. walteri, leading to the
successful isolation of 15 compounds (1–15). We therefore
report the isolation and structural elucidation of these
compounds and the evaluation of their protective effects
against cisplatin-induced nephrotoxicity in renal tubular
epithelial (LLC-PK1) cells.
RSC Adv., 2020, 10, 5777–5784 | 5777
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Results and discussion

C. walteri stems and stem barks collected from Jeju Island,
Korea were extracted with 80% aqueous MeOH under reux,
and then evaporated under a vacuum to obtain a MeOH crude
extract, which was subsequently solvent-fractionated with
hexane, CHCl3, and n-BuOH, yielding soluble fractions of each
solvent. Signicant spots were detected in the hexane-soluble
fraction aer TLC analysis, and the hexane-soluble fraction
was subjected to repeated column chromatography and HPLC
purication, which resulted in the isolation of 15 compounds,
including seven triterpenoids (1–7), ve steroids (8–12), two
diterpene analogs (13 and 14), and one phenolic compound
(15). Based on a comparison of their spectroscopic (including
1H and 13C NMR) and physical data with previously reported
values and LC/MS analyses, the chemical structures of all the
isolates were determined and identied as: leucophyllone (1),11

3-O-acetylbetulin (2),20 betulinic acid methyl ester (3),21 lupe-
none (4),22 methyl 3-O-acetylbetulinate (5),23 lupeol (6),24 betu-
linic acid (7),25 6b-hydroxysitostenone (8),26 sitostenone (9),27 5a-
stigmast-3,6-dione (10),28 3b-sitostanol (11),29 6a-hydroxy-b-
sitostenone (12),30 norphytan (13),31 phytone (14),32 and benzyl
salicylate (15)33 (Fig. 1A).

Renal tubular cell death induced by oxidative stress and
apoptosis is a common feature of cisplatin-induced
Fig. 1 Chemical structures of compounds 1–14 (A) and benzyl salic-
ylate (BS) (15) (B). Protective effects of 6b-hydroxysitostenone (HS) (8)
and BS (15), and quercetin (positive control, (E)) on the viability of
cisplatin-damaged LLC-PK1 cells for 24 h, evaluated via the MTT assay
(C and D). *p < 0.05 vs. the cisplatin-treated cells.

5778 | RSC Adv., 2020, 10, 5777–5784
nephrotoxicity.4,34 The effects of cisplatin and/or compounds
isolated from C. walteri on cell viability were determined using
the Ez-Cytox (tetrazolium salt, WST-1) cell viability assay.
Among the isolated compounds (1–15) tested, 6b-hydrox-
ysitostenone (HS) (8) and benzyl salicylate (BS) (15) displayed
signicant protective effects against cisplatin-induced renal
tubular epithelial cell damage (Fig. S1†). As shown in Fig. 1, an
approximately 40% signicant decrease in cell viability was
observed in the 25 mM cisplatin-treated group compared with
the control group (100% cell viability). Meanwhile, co-treatment
with HS (25, 50, and 100 mM) and BS (10, 25, 50, and 100 mM)
signicantly increased cell viability to 78.5 � 1.6% and 91.4 �
1.2%, respectively, compared with the respective cisplatin-
treated groups (Fig. 1). Interestingly, 100 mM BS was as potent
as 100 mM quercetin, a frequently studied compound with
excellent antioxidant properties in in vivo and in vitromodels of
cisplatin-induced nephrotoxicity (Fig. 1).35–38

To determine the effects of BS (50 and 100 mM) on cisplatin-
induced LLC-PK1 cell morphological changes and nuclear
condensation, Hoechst 33342 staining was used. As shown in
Fig. 2A, no changes were observed in the control group, whereas
the cisplatin-treated group showed changes in cell shape and
structure such as shrinkage as well as round and blebbing
morphology. Furthermore, uorescence microscopy images of
the cisplatin-treated group had a higher bright blue-
uorescence, compared with the control group (Fig. 2B).
Conversely, the BS-treated (50 and 100 mM) LLC-PK1 cells
revealed attenuation of the cisplatin-induced changes in their
cell shape, structure, and nuclear condensation, which were
changes leading to apoptotic cell death (Fig. 2).39

ROS generation is one of the potential mechanisms for
cisplatin-induced renal tubular epithelial cell damage and
a hallmark of the induction of apoptosis.40,41 The effects of
cisplatin and/or BS on ROS generation were determined using
H2DCFDA (20,70-dichlorodihydrouorescein diacetate). As indi-
cated in Fig. 3A, uorescence microscopy images of the
cisplatin-treated group had a higher bright green-uorescence
compared with the control group because nonuorescent
Fig. 2 Effects of benzyl salicylate (BS) on cisplatin-induced morpho-
logical changes and nuclear condensation in LLC-PK1 cells. (A)
Representative phase contrast microscopy images of cells. (B)
Representative fluorescence microscopy images of cells stained with
Hoechst 33342. Scale bar, 50 mm.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Effect of BS on cisplatin-induced oxidative stress in LLC-PK1
cells. (A) Accumulation of ROS visualized with H2DCFDA. Scale bar, 50
mm. (B) Bar graph showing the fold increase in the intracellular ROS
accumulation. *p < 0.05 vs. the cisplatin-treated cells.

Fig. 4 Effect of BS on cisplatin-induced apoptosis in LLC-PK1 cells. (A)
Visualization of apoptotic (green circles), live, and necrotic cells (red
circles) cells (40�magnification). (B) Bar graph showing percentage of
percentage of apoptotic, live, and necrotic cells. *p < 0.05 vs. cisplatin-
treated cells.
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H2DCFDA is converted to the uorescent 20,70-dichloro-
uorescein (DCF) upon oxidation by ROS, whereas the BS-
treated (50 and 100 mM) LLC-PK1 cells revealed attenuation of
cisplatin-induced elevated intracellular ROS. As shown in
Fig. 3B, quantitative analyses showed that the cisplatin-induced
elevated intracellular ROS levels (7.37-fold increase) were
signicantly reduced by BS (50 and 100 mM) (4.20- and 2.68-fold
increases, respectively). Cisplatin intensies the generation of
kidney oxidative stress, associated with the decrease of proximal
tubule cell viability through mitochondria and DNA dysfunc-
tion.5 Therefore, BS is a promising antioxidant agent for
cisplatin-induced oxidative stress. The nding is in accordance
with the study reported previously where quercetin showed the
nephroprotective effect in cisplatin-treated rats because of its
radical scavenging activity in the kidney tubular cells of rats.35

The protective effects of BS (50 and 100 mM) were investi-
gated on cisplatin-induced cell death process in LLC-PK1 cells
using staining with annexin V conjugated with Alexa Fluor 488
that can detect phosphatidylserine on the cell surface of
apoptotic cells and propidium iodide (PI) that can detect
necrotic cells by staining DNA and RNA inside of necrotic cells.
Increased apoptosis (bright green color) was observed in the
cisplatin-treated group compared with the control group
(Fig. 4A). Conversely, the BS-treated (50 and 100 mM) LLC-PK1
cells attenuated the cisplatin-induced apoptosis. These results
indicate that BS (50 and 100 mM) protects against cisplatin-
induced LLC-PK1 cell death by inhibiting apoptosis. Quantita-
tive analyses showed a signicant 61.45� 4.78% increase in the
percentage of apoptotic cells stained with annexin V in the 25
mM cisplatin-treated group compared with the control group
This journal is © The Royal Society of Chemistry 2020
(1.25 � 0.52%; Fig. 4B). Conversely, BS treatment (50 and 100
mM) signicantly decreased the percentage of apoptotic cells to
30.91 � 4.09% and 14.20 � 2.40%, respectively, compared with
the cisplatin-treated group. In addition, quantitative analyses
showed a signicant decrease in the percentage of live cells in
the 25 mM cisplatin-treated group (37.21 � 0.05%) compared
with the control group (97.75 � 0.01%; Fig. 4B). Conversely, 50
and 100 mM BS treatments signicantly increased the
percentage of live cells to 67.75 � 0.05% and 84.13 � 0.03%,
respectively, compared with the cisplatin-treated group.
Percentage of necrotic cells stained with PI did not show
signicant changes. These results indicate that BS inhibited
cisplatin-induced apoptosis. The nding is in agreement with
earlier studies, where low concentration of cisplatin induces
apoptotic cell death, whereas higher concentration of cisplatin
induces necrotic cell death.42

To investigate the protective effects of BS (50 and 100 mM) on
the underlying apoptotic pathway, we focused on evaluating the
regulation of the mitogen-activated protein kinase (MAPK)
pathways such as extracellular signal-regulated kinases (ERK),
c-Jun N-terminal kinases (JNK), and p38. ERK, JNK, and p38 are
important for the stress response and cell death, thus, are
essential factors in cisplatin-induced apoptosis in renal tubular
epithelial cells.34,43 A previous study revealed that the anti-
RSC Adv., 2020, 10, 5777–5784 | 5779
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apoptotic effect of quercetin in the cisplatin-treated rats is
caused by suppression of the JNK.38 BS treatment (50 and 100
mM) attenuated protein expression levels of MAPKs (p-JNK, p-
ERK, and p-p38), compared with the levels in the cisplatin-
treated group (Fig. 5A). Overall, the observed downregulation
of JNK, p-ERK, and p-p38 by BS treatment (50 and 100 mM) may
be indicative of its protective, anti-apoptotic role in cisplatin-
induced LLC-PK1 cell damage.

We also investigated the effects of BS (50 and 100 mM) on
Bax/Bcl-2 and cleaved caspase-8, -9, and -3 activation. In the
apoptosis pathway, the anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax are apoptotic regulatory proteins. Down-
regulation of Bcl-2 inhibits renal tubular epithelial cell death.
When apoptosis is initiated, Bax is translocated to the mito-
chondrial membrane, leading to subsequent cisplatin-induced
activation of caspases in renal tubular epithelial cells.42,44

Compared with the cisplatin-treated group, BS treatment (50
and 100 mM) signicantly inhibited the expression of Bax and
increased the expression of Bcl-2, which resulted in a decreased
Bax/Bcl-2 ratio (Fig. 6A). In addition, activated initiator
caspases-8, and -9, and executioner caspase-3 were observed in
cisplatin-induced renal tubular epithelial cell death.42,45 BS
treatment (50 and 100 mM) signicantly attenuated the protein
expression of cleaved caspase-9 and -3, compared with the levels
in the cisplatin-treated group. However, activation of caspase-8
were not regulated signicantly by treatment of BS. Overall, our
results indicate that BS treatment (50 and 100 mM) modulated
Fig. 5 Effects of BS on the levels of p-JNK, p-p38, and p-ERK in LLC-
PK1 cells with cisplatin-induced damage. Immunoreactive bands of (A)
p-JNK, p-p38, and p-ERK detected using western blot analyses. (B)
Quantitative analyses of relative protein levels. *p < 0.05 vs. the
cisplatin-treated cells.

Fig. 6 Effects of BS on the levels of Bcl-2, Bax, cleaved caspase-3, -9,
and -8 in LLC PK1 cells with cisplatin-induced damage. Immunore-
active bands of (A) Bcl-2, Bax, and cleaved caspase-8, -9, and -3
detected using western blot analyses. (B) Quantitative analyses of
relative protein levels. *p < 0.05 vs. the cisplatin-treated cells.

5780 | RSC Adv., 2020, 10, 5777–5784
the Bax/Bcl-2 ratio by down-regulating the activation of caspase-
9 and -3. Therefore, the protective effect of BS against cisplatin-
induced renal tubular epithelial cell damage was mediated
through intrinsic apoptotic pathway.
Conclusion

In this study, we examined the potential of constituents of C.
walteri against cisplatin-induced nephrotoxicity in LLC-PK1
cells, which led to the successful identication of the renopro-
tective compound benzyl salicylate (BS). BS inhibited cisplatin-
induced oxidative stress and apoptosis in renal tubular
epithelial cells. In addition, the anti-apoptotic mechanism
employed by BS was attributed to the regulation of the protein
expression of Bax, Bcl-2, cleaved caspase-9 and -3. These results
suggest BS as a novel promising renoprotective agent against
cisplatin-induced nephrotoxicity. Furthermore, further in vivo
and in vitro studies are required to validate the mechanisms by
which BS protects against cisplatin-induced renal tubular
epithelial cell death. Our present study further supported the
This journal is © The Royal Society of Chemistry 2020
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potential of BS as a promising therapeutic candidate that
benets to nephroprotective effects.

Experimental section
General experimental procedures

Optical rotations were measured using a Jasco P-1020 polar-
imeter (Jasco, Easton, MD, USA). IR spectra were recorded with
a Bruker IFS-66/S FT-IR spectrometer (Bruker, Karlsruhe, Ger-
many). UV spectra were obtained using an Agilent 8453 UV-
visible spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA). Nuclear magnetic resonance (NMR) spectra were
recorded with a Bruker AVANCE III 700 NMR spectrometer
operating at 500 MHz (1H) and 125 MHz (13C) (Bruker, Karls-
ruhe, Germany). Semi-preparative HPLC was performed using
a Gilson 306 pump with a Shodex refractive index detector at
a ow rate of 2 mL min�1. LC/MS analyses were performed on
an Agilent 1200 Series HPLC system equipped with a diode array
detector and 6130 Series ESI mass spectrometer, using an
analytical Kinetex C18 100 �A column (100 � 2.1 mm i.d, 5 mm;
Phenomenex, Torrance, CA, USA). Silica gel 60 (70–230 mesh
and 230–400 mesh; Merck, Darmstadt, Germany) and RP-C18

silica gel (Merck, 40–63 mm) were used for column chromatog-
raphy. Merck precoated silica gel F254 plates and RP-18 F254s
plates were used for TLC. Spots were detected aer TLC under
UV light or by heating aer spraying with anisaldehyde-sulfuric
acid.

Plant material

C. walteri stems and stem barks were collected from Jeju Island,
Korea, in October 2005, and identied by one of the authors (K.
H. Kim). A voucher specimen (SKKU 2005-10a) was deposited at
the herbarium of the School of Pharmacy, Sungkyunkwan
University, Suwon, Korea.

Extraction and isolation

C. walteri stems and stem barks (2.5 kg) were dried, chopped,
and crude extracts were prepared using 80% aqueous MeOH (2
� 6 h) under reux, and then ltered. The ltrate was evapo-
rated under a vacuum to obtain a MeOH extract (220 g), which
was suspended in distilled H2O (7.2 L) and then successively
partitioned with hexane, CHCl3, and n-BuOH, yielding 9.5, 25.0,
and 43.0 g of residue, respectively. The hexane-soluble fraction
(9.5 g) was chromatographed on a silica gel (230–400 mesh, 300
g) column eluted with hexane–EtOAc (3 : 1 to 1 : 1, gradient
system), to yield fractions H1–H5. Fraction H1 (4.0 g) was
separated using an RP-C18 silica gel column using 100%MeOH,
to acquire ve fractions (H11–H15). Fraction H12 (800 mg) was
subjected to a Sephadex LH-20 column using a solvent system of
dichloromethane–MeOH (1 : 1), to give subfractions H121–
H122. To obtain compound 15 (12 mg), fraction H122 (50 mg)
was subjected to a silica gel Waters Sep-Pak Vac 6 cc with
hexane–EtOAc (30 : 1). Fraction H13 (800 mg) was further
separated using silica gel column chromatography eluting
a gradient solvent system of hexane–EtOAc (7 : 1 to 1 : 1, v/v), to
provide 6 subfractions (H131–H136). Compound 12 (6 mg) was
This journal is © The Royal Society of Chemistry 2020
puried from subfraction H131 (100 mg) using semi-
preparative normal-phase HPLC (Apollo Silica column, 250 �
10.0 mm, 5 mm, ow rate: 2 mL min�1) and eluted with an
isocratic solvent system of hexane–EtOAc (18 : 1, v/v). Five
subfractions (H141–H145) were acquired from fraction H14
(300 mg) using silica gel column chromatography with
a gradient solvent system of hexane–EtOAc (16 : 1 to 1 : 1, v/v).
To obtain compound 2 (40 mg), subfraction H142 (50 mg) was
isolated using semi-preparative normal-phase HPLC (Apollo
Silica column, 250 � 10.0 mm, 5 mm, ow rate: 2 mL min�1)
with an isocratic solvent system of hexane–EtOAc (28 : 1, v/v).
Compound 13 (30 mg) was obtained from subfraction H144
(50 mg) using semi-preparative normal-phase HPLC (Apollo
Silica column, 250 � 10.0 mm, 5 mm, ow rate: 2 mL min�1)
eluted with an isocratic solvent system of hexane–EtOAc (12 : 1,
v/v). To obtain compound 3 (7 mg), fraction H15 (100 mg) was
separated using a C18 Sep-Pak column eluting an isocratic
solvent system of hexane–EtOAc (10 : 1, v/v) and further isolated
using semi-preparative normal-phase HPLC (Apollo Silica
column, 250 � 10.0 mm, 5 mm, ow rate: 2 mL min�1) with an
isocratic solvent system of hexane–EtOAc (20 : 1, v/v). Fraction
H2 (2.5 g) was loaded onto an RP-C18 silica gel column and
separated by eluting with 100% MeOH to obtain eight fractions
(H21–H28). Compound 8 (60 mg) was isolated from fraction
H27 (150 mg) using semi-preparative normal-phase HPLC
(Apollo Silica column, 250 � 10.0 mm, 5 mm, ow rate: 2
mL min�1) with an isocratic solvent system of hexane–EtOAc
(8 : 1, v/v). Fraction H28 (100 mg) was isolated using semi-
preparative normal-phase HPLC (Apollo Silica column, 250 �
10.0 mm, 5 mm, ow rate: 2 mL min�1) with an isocratic solvent
system of hexane–EtOAc (8 : 1, v/v) to obtain compound 7 (25
mg). Fraction H3 (1.7 g) was loaded onto an RP-C18 silica gel
column and fractionated by eluting with 100% MeOH to obtain
six fractions (H31–H36). Fraction H32 (200 mg) was separated
by reverse-phase Lobar column with an isocratic solvent system
of hexane–EtOAc (4 : 1, v/v) to obtain four subfractions (H321–
H324). Compound 5 (4 mg) was obtained from subfraction
H321 (150 mg) using semi-preparative reverse-phase HPLC
(Econosil C18 column, 250 � 10.0 mm, 5 mm, ow rate: 2
mL min�1) eluting with an isocratic solvent system of 95%
MeOH. Fraction H33 (400 mg) was fractionated using a reverse-
phase Lobar column with an isocratic solvent system of hexane–
EtOAc (4 : 1, v/v) to obtain ve subfractions (H331–H335).
Fraction H331 (50 mg) was puried using semi-preparative
reverse-phase HPLC (Econosil C18 column, 250 � 10.0 mm, 5
mm, ow rate: 2 mL min�1) with an isocratic solvent system of
100%MeOH to give compound 1 (7 mg). Compound 14 (30 mg)
was obtained from fraction H34 (120 mg) using semi-
preparative normal-phase HPLC (Apollo Silica column, 250 �
10.0 mm, 5 mm, ow rate: 2 mL min�1) with an isocratic solvent
system of hexane–EtOAc (3 : 1, v/v). Compounds 9 (5 mg) and 10
(8 mg) were puried from fraction H36 (120 mg) using semi-
preparative normal-phase HPLC (Apollo Silica column, 250 �
10.0 mm, 5 mm, ow rate: 2 mL min�1) with an isocratic solvent
system of hexane–EtOAc (4 : 1, v/v). Fraction H4 (1.3 g) was
loaded onto an RP-C18 silica gel column and fractionated by
eluting with 100% MeOH to give six fractions (H41–H46).
RSC Adv., 2020, 10, 5777–5784 | 5781
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Fraction H44 (120 mg) was isolated using semi-preparative
normal-phase HPLC (Apollo Silica column, 250 � 10.0 mm, 5
mm, ow rate: 2 mL min�1) with an isocratic solvent system of
hexane–EtOAc (2 : 1, v/v) to obtain compounds 4 (5 mg) and 6
(25 mg). Fraction H5 (500 mg) was fractionated using an RP-C18
silica gel column with an isocratic solvent system of 85%MeOH
to obtain ve fractions (H51–H55). Fraction H51 (150 mg) was
passed over the Sephadex-LH20 column with CHCl3–MeOH
(1 : 1, v/v) and further puried using semi-preparative reverse-
phase HPLC (Econosil C18 column, 250 � 10.0 mm, 5 mm,
ow rate: 2 mL min�1) eluting with an isocratic solvent system
of 100% MeOH to obtain compound 11 (6 mg).
Cell culture

The pig kidney epithelial cell line (LLC-PK1) was used to
investigate the nephroprotective effect against cisplatin-
induced renal cell damage. LLC-PK1 cells were purchased
(American Type Culture Collection, Rockville, MD, USA) and
grown to 80% conuence with DMEM containing 10% FBS, 1%
penicillin/streptomycin, and 4 mM L-glutamine at 37 �C with
5% carbon dioxide and 95% relative humidity.
Renoprotective effect against cisplatin-induced kidney cell
damage

LLC-PK1 cells were plated onto 96-well culture plates (1 � 104

cells per well). Aer 24 h, they were exposed to various
concentrations of the isolated compounds in the presence of 25
mM cisplatin for 24 h. The relative percent cell viability was
assessed with the Ez-Cytox reagent kit (Daeil Lab Service, Seoul,
Korea), following the manufacturer's instructions. The optical
densities (OD) were measured at 450 nm using a microplate
reader (PowerWave XS; Bio-Tek Instruments, Winooski, VT,
USA).
Determination of intracellular ROS

The cells were plated onto 6-well culture plates (1� 104 cells per
well). Aer 24 h, they were exposed to 50 or 100 mM benzyl
salicylate (BS) in the presence of 25 mM cisplatin for 24 h. The
LLC-PK1 cells were then stained with 20,70-dichlorouorescin
diacetate (H2DCFDA; Sigma Aldrich, St. Louis, MO, USA) for
30 min at 37 �C and then washed with PBS. The cells were
visualized under the IX50 uorescent microscope (Olympus,
Tokyo, Japan) equipped with a CCD camera, and uorescence
intensities of DCF at 495 nm excitation and 517 nm emission
were measured using a uorescence microplate reader (SPARK
10M; Tecan, Männedorf, Switzerland).
Image-based cytometric assay

To detect the apoptotic cell population, LLC-PK1 cells were
plated onto 6-well culture plates (4 � 105 cells per well). Aer
24 h, LLC-PK1 cells were treated with 50 or 100 mM BS in the
presence of 25 mM cisplatin. The LLC-PK1 cells were then
incubated with Annexin V-Alexa Fluor 488 and PI, following the
manufacturer's instructions. The relative percentage of
5782 | RSC Adv., 2020, 10, 5777–5784
apoptotic, live, and necrotic cells was assessed with the Tali
image-based cytometer (Invitrogen, Carlsbad, CA, USA).
Western blotting

The cells were plated into 6-well culture plates (4 � 105 cells per
well). Aer 24 h, they were treated with 50 or 100 mM BS in the
presence of 25 mM cisplatin. Following the manufacturer's
instructions, the LLC-PK1 cells were then lysed with RIPA buffer
(Cell Signaling Technology, MA, USA) supplemented with 1 mM
phenylmethylsulfonyl uoride for 20 min at 4 �C to obtain the
cell lysates.

The protein concentrations of cell lysates were quantied
using the bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientic, Waltham, MA, USA). Equal amounts of
proteins (20 mg of protein/lane) were separated using electro-
phoresis in a precast 4–15% Mini-PROTEAN TGX gel (Bio-Rad,
Hercules, CA, USA) and transferred to a polyvinylidene
diuoride membrane (Merck Millipore, Darmstadt, Germany).
Membranes were incubated overnight at 4 �C with rabbit anti-
p44/42 MAPK (Erk1/2) antibody (1 : 1000; Cat. no. 4695S; Cell
Signaling Technology, Inc., Beverly, MA, USA), rabbit anti-
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody
(1 : 1000; Cat. no 8544S; Cell Signaling Technology, Inc.), rabbit
anti-SAPK/JNK antibody (1 : 1000; Cat. no. 9252S; Cell Signaling
Technology, Inc.), rabbit anti-phospho-SAPK/JNK (Thr183/
Tyr185) antibody (1 : 1000; Cat. no. 9251S; Cell Signaling
Technology, Inc.), rabbit anti-p38 MAPK antibody (1 : 1000; Cat.
no. 8690S; Cell Signaling Technology, Inc.), rabbit anti-
phospho-p38 MAPK (Thr180/Tyr182) antibody (1 : 1000; Cat.
no. 4511S; Cell Signaling Technology, Inc.), rabbit anti-Bcl-2
antibody (1 : 1000; Cat. no. 3498S; Cell Signaling Technology,
Inc.), rabbit anti-Bax antibody (1 : 1000; Cat. no. 14796S; Cell
Signaling Technology, Inc.), rabbit anti-cleaved caspase-8 anti-
body (1 : 1000; Cat. no. 8592S; Cell Signaling Technology, Inc.),
rabbit anti-cleaved caspase-9 antibody (1 : 1000; Cat. no.
20750S; Cell Signaling Technology, Inc.), rabbit anti-cleaved
caspase-3 antibody (1 : 1000; Cat. no. 9664S; Cell Signaling
Technology, Inc.), rabbit anti-GAPDH antibody (1 : 1000; Cat.
no. 2118S; Cell Signaling Technology, Inc.), and anti-rabbit
HRP-conjugated IgG (1 : 2000; Cat. no. 7074S; Cell Signaling
Technology, Inc.). Protein bands were visualized with ECL
Advance western blotting Detection Reagents (GE Healthcare,
Cambridge, UK) and a FUSION Solo Chemiluminescence
System (PEQLAB Biotechnologie GmbH, Erlangen, Germany).
Statistical analyses

Statistical signicance was determined using analysis of vari-
ance (ANOVA), followed by a multiple comparison test with
Bonferroni's adjustment. A p-value <0.05 was considered
statistically signicant.
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F. Topal, O. Evirgen, E. Gürleyik and A. Avcı, Evaluation of
the protective effect of quercetin against cisplatin-induced
renal and testis tissue damage and sperm parameters in
rats, Andrologia, 2014, 46, 1089–1097.

37 P. S. Devi and D. C. Shyamala, Protective effect of quercetin
in cisplatin-induced cell injury in the rat kidney, Indian J.
Pharmacol., 1999, 31, 422–426.

38 H. D. C. Francescato, T. M. Coimbra, R. S. Costa and
M. L. P. Blanchi, Protective effect of quercetin on the
evolution of cisplatin-induced acute tubular necrosis,
Kidney Blood Pressure Res., 2004, 27, 148–158.
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