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Abstract

Purpose: To determine the potential effect of ruscogenin in cisplatin-induced nephrotoxicity.

Methods: Rat renal tubular epithelial cells (NRK-52E) were treated with 50 uM cisplatin to establish an
in vitro cell model of nephrotoxicity. Cytotoxicity was assessed by MTT (3-(4,5-dimethyithiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, flow cytometry, and western blot. Different concentrations of
ruscogenin (2.5, 5, and 10 uM) were incubated with cisplatin-treated NRK-52E cells. Alterations in the
nod-like receptor family, the pyrin domain-containing protein (NLRP3) inflammasome, toll-like receptor 4
(TLR4)/nuclear factor kappa B (NF-«kB), and nuclear factor erythropoietin-2-related factor 2 (Nrf2)/heme
oxygenase 1 (HO-1) components were determined using western blot. Flow cytometry was also used to
investigate the levels of reactive oxygen species (ROS).

Results: Ruscogenin significantly increased cell viability (p < 0.01) and suppressed apoptosis of NRK-
52E cells (p < 0.01), attenuating cisplatin-induced cytotoxicity. The NLRP3 inflammasome was activated
in cisplatin-treated NRK-52E cells with enhanced NLRP3, interleukin 1 beta, and cleaved caspase-1;
however, ruscogenin significantly decreased the expression of NLRP3 inflammasome components (p <
0.01). Ruscogenin attenuated cisplatin-induced expression of TLR4, myeloid differentiation primary
response 88, and NF-kB. Further, cisplatin induction enhanced ROS formation, with increased
malondialdehyde and decreased glutathione reductase and catalase levels. Ruscogenin attenuated
cisplatin-induced ROS accumulation in NRK-52E cells through up-regulation of Nrf2 and HO-1.
Conclusion: Ruscogenin protects against cisplatin-induced apoptosis, inflammation, and oxidative
stress in renal tubular epithelial cells via suppression of TLR4/NF-kB activation and promotion of
Nrf2/HO-1 activation. Therefore, ruscogenin provides a potential therapeutic strategy for mitigating
cisplatin-induced nephrotoxicity.
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INTRODUCTION hospitalized patients [1]. The incidence, as well
as the morbidity and mortality, of acute kidney

Acute kidney injury, characterized by a loss of injury has been increasing rapidly in the elderly
kidney function, is a common complication in  [2]. Although the etiology of acute kidney injury is
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complicated, sepsis, ischemic reperfusion, and
nephrotoxic drugs are considered to be
pathogenic factors of acute kidney injury [3].

Cisplatin, a well-known anti-tumor drug, has
been widely used in solid and hematologic
tumors [4]. However, the side effects of cisplatin,
such as nephrotoxicity, limits clinical application
[5]. About one third of patients show renal
dysfunction symptoms after cisplatin treatment
[5]. Cisplatin treatment induces proximal tubular
epithelial cell apoptosis, inflammation, and
oxidative stress to aggravate the renal injury [6].

Ruscogenin was first isolated from Ruscus
aculeatus and is an effective steroid sapogenin in
traditional Chinese medicine [71.
Lipopolysaccharide-induced cell apoptosis of
pulmonary endothelial cells is repressed by
ruscogenin [8]. Ruscogenin exerts anti-
inflammatory effects against lipopolysaccharide-
induced acute lung injury [9]. Streptozotocin-
induced diabetic nephropathy is ameliorated by
ruscogenin [10]. However, the effect of
ruscogenin on cisplatin-induced acute kidney
injury has not been reported.

The protective effect of ruscogenin on cisplatin-
treated rat renal proximal tubular epithelial cells
(NRK-52E) was assessed. Inflammation, cell
apoptosis, oxidative stress, as well as the
underlying mechanisms, were also investigated
in this study.

EXPERIMENTAL
Cell culture and treatment

Rat renal proximal tubular epithelial cells (NRK-
52E), purchased from FMG-Bio (Sciencell,
Shanghai, China), were cultured in DMEM
containing 10% fetal bovine serum (Gibco BRL,
Grand Island, NY, USA) in a 37°C humidified
incubator. Cells were divided into 5 groups:
control, cisplatin-treated NRK-52E cells,
cisplatin-treated NRK-52E cells with 2.5 uM
ruscogenin, cisplatin-treated NRK-52E cells with
5 uM ruscogenin, and cisplatin-treated NRK-52E
cells with 10 uM ruscogenin. The control cells
were incubated with phosphate buffered saline.
Cells in the cisplatin groups were incubated with
50 uM cisplatin (Sigma-Aldrich, St. Louis, MO,
USA) for 24 h. Cells in the ruscogenin groups
were incubated with different concentrations of
ruscogenin (Sigma-Aldrich) for 24 h.

Cell viability and apoptosis

Rat renal proximal tubular epithelial cells (NRK-
52E) were plated in a 96-well plate and

incubated with cisplatin and/or ruscogenin for 24
h. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) solution (10 uL, 5
mg/mL; Sigma-Aldrich) was added to each well,
and the cells were incubated for 4 h. The
supernatants were removed, and the cells were
incubated with 150 pL dimethyl sulfoxide (Sigma-
Aldrich). Absorbance at 570 nm was measured
with a Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). For cell
apoptosis, NRK-52E cells were harvested and
suspended in 100 pL Annexin V-binding buffer
(Thermo Fisher Scientific). The cells were then
incubated with 5 pL of Annexin V-FITC (Thermo
Fisher Scientific) and 2 pL of propidium iodide
solution (2 mg/mL) in Annexin V-binding buffer.
Cell apoptosis in NRK-52E cells was assessed
using an Attune™ Flow Cytometer (Thermo
Fisher Scientific).

Reactive oxygen species (ROS) measurement

NRK-52E cells, after cisplatin and/or ruscogenin
treatment, were harvested and suspended in 100
puL serum-free medium with 10 yM DCFH-DA
(Cellular ROS Assay Kit; Abcam, Cambridge,
MA, USA) for 30 min. Cells were then analyzed
by an Attune™ Flow Cytometer.

Enzyme-linked immunosorbent assay (ELISA)

The culture medium from NRK-52E cells treated
with cisplatin and/or ruscogenin was collected.
Commercial ELISA kits (Thermo Fisher
Scientific) were used for the determination of
glutathione reductase (GSH), malondialdehyde
(MDA), and catalase (CAT), following the
manufacturer’s instructions.

Western blot

Proteins from NRK-52E cells treated with
cisplatin and/or ruscogenin were extracted using
RIPA Lysis and Extraction Buffer (Thermo Fisher
Scientific), and protein concentrations were
quantified via an acid protein kit (Thermo Fisher
Scientific). The protein samples were separated
with SDS-PAGE and electro-transferred onto a
polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). Bovine serum albumin (5%;
Sigma-Aldrich) was used to Dblock the
membranes; and primary antibodies were used
to probe the membranes overnight at 4°C: anti-
Bax and anti-Bcl-2 (1:2500, Abcam); anti-
caspase-1, anti-cleaved caspase-3, and anti-
cleaved caspase-1 (1:3000, Abcam); anti-NLRP3
and anti-IL-1B (1:3500, Abcam); anti-TLR4, anti-
MYD88, and anti-NF-kB (1:4000, Abcam); anti-
Nrf2, anti-HO-1, and anti-B-actin (1:4500,
Abcam). The membranes were then probed with
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horseradish  peroxidase-labeled  secondary
antibody (1:5000; Cell Signaling, Danvers, MA,
USA), and the immunoreactivites were
measured using enhanced chemiluminescence
(KeyGen, Nanjin, China).

Statistical analysis

Data was expressed as mean % standard error of
the mean and analyzed with one-way analysis of
variance or student’s t test with GraphPad Prism
software. A p value less than 0.05 was
considered as statistically significant.

RESULTS

Ruscogenin  alleviated cisplatin-induced
cytotoxicity in renal tubular epithelial cells

To establish an in vitro cell model of
nephrotoxicity, rat renal tubular epithelial cells
(NRK-52E) were treated with 50 uM cisplatin.
Cell viability of NRK-52E cells was decreased by
cisplatin (Figure 1A), and apoptosis was
promoted by cisplatin (Figure 1B). Incubation
with ruscogenin attenuated the decreased cell
viability (Figure 1 A) and increased cell apoptosis
(Figure 1 B) in cisplatin-treated NRK-52E cells.
Moreover, the cisplatin-induced reduction of Bcl-
2 and enhancement of Bax, as well as the
increased expression of cleaved caspase-3
protein, in NRK-52E cells were reversed by
ruscogenin (Figure 1 C), suggesting that
ruscogenin exerts an anti-apoptotic effect on
cisplatin-treated renal tubular epithelial cells.

- ot
Giglin
A Gl + RUSR 3]
Creplaon = RUSISM]
50, ™ Gnlein + RUS(TO)

Cisplatin Gispletin +RUS(2 6uM)  Cisplatn +RUSIEM)  Cisplatin -RUSHT0uMI

-t

Clapiatn
Capiatn + RUS(2 50M)
Gpiatn F RUSIM) RUS() - -
<501 1 Gispolin + RUS{ 0y} Cisplalin

A - -

Figure 1: Ruscogenin alleviated cisplatin-induced
cytotoxicity in renal tubular epithelial cells. (A)
Ruscogenin (RUS) attenuated the decrease of cell
viability induced by cisplatin in NRK-52E cells. (B)
Ruscogenin attenuated the increase of cell apoptosis
in NRK-52E cells induced by cisplatin. (C) Ruscogenin
attenuated the decrease of Bcl-2, increase of Bax, and
expression of cleaved caspase-3 in NRK-52E cells
induced by cisplatin. ** cisplatin vs. control p < 0.01. #,
## cisplatin + RUS vs. cisplatin p < 0.05, p < 0.01,
respectively

Ruscogenin alleviated cisplatin-induced pyrin
domain-containing protein inflammasome
activation in renal tubular epithelial cells

Cisplatin-induced inflammation in renal tubular
epithelial cells was evaluated using analysis of
pyrin  domain-containing  protein  (NLRP3)
inflammasome components. Results showed that
the NLRP3 inflammasome was promoted by
cisplatin in NRK-52E cells with increased
NLRP3, interleukin 1 beta (IL-13), and cleaved
caspase-1 (Figure 2). Moreover, ruscogenin
showed an anti-inflammatory effect on cisplatin-
treated renal tubular epithelial cells through a
dose-dependent reduction of NLRP3, IL-13, and
cleaved caspase-1 (Figure 2).
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Figure 2: Ruscogenin alleviated cisplatin-induced

NLRP3 inflammasome activation in renal tubular
epithelial cells. Ruscogenin (RUS) attenuated
cisplatin-induced increases of NLRP3, IL-1B, and

cleaved caspase-1 in NRK-52E cells. ** cisplatin vs.
control p < 0.01. #, ## cisplatin + RUS vs. cisplatin p <
0.05, p < 0.01, respectively

Ruscogenin mediated TLR4/MYD88/NF-kB
pathway in cisplatin-treated renal tubular
epithelial cells

The underlying mechanism involved in the anti-
inflammatory  effect of ruscogenin was
investigated. Protein expression of toll-like
receptor 4 (TLR4), myeloid differentiation primary
response 88 (MYDB88), and nuclear factor kappa
B (NF-kB) was up-regulated in cisplatin-treated
NRK-52E cells (Figure 3). However, ruscogenin
suppressed activation of the TLR4/MYD88/NF-
kB pathway, as indicated by a decrease in TLR4,
MYD88, and NF-kB protein expression (Figure

3). Thus, the anti-inflammatory effect of
ruscogenin in cisplatin-treated renal tubular
epithelial cells might be mediated by the

TLR4/MYDB88/NF-kB pathway.
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Figure 3: Ruscogenin mediated TLR4/MYD88/NF-«kB
pathway in cisplatin-treated renal tubular epithelial
cells. Ruscogenin (RUS) attenuated cisplatin-induced
increases in TLR4, MYD88 and NF-kB expression in
NRK-52E cells. ** cisplatin vs. control p < 0.01. #, ##
cisplatin + RUS vs. cisplatin p < 0.05, p < 0.01,
respectively

Ruscogenin alleviated cisplatin-induced
oxidative stress in renal tubular epithelial
cells

In addition to apoptosis and inflammation,
oxidative stress in cisplatin-treated NRK-52E
cells was evaluated. Cisplatin induced oxidative
damage in NRK-52E cells through an increase of
MDA and a decrease of GSH and CAT (Figure 4
A). However, ruscogenin treatment dose-
dependently reversed the effects of cisplatin on
GSH, MDA, and CAT levels in NRK-52E cells
(Figure 4 A). Ruscogenin attenuated cisplatin-
induced intracellular ROS accumulation in NRK-
52E cells (Figure 4 B), indicating that ruscogenin
has an anti-oxidant effect on cisplatin-treated
renal tubular epithelial cells.

Ruscogenin mediated Nrf2/HO-1 pathway in
cisplatin-treated renal tubular epithelial cells

The underlying mechanism involved in the anti-
oxidant effect of ruscogenin was investigated.
Protein expression of  nuclear factor
erythropoietin-2-related factor 2 (Nrf2) and heme
oxygenase 1 (HO-1) were down-regulated in
cisplatin-treated NRK-52E cells (Figure 5).
However, ruscogenin enhanced protein
expression of Nrf2 and HO-1 (Figure 5),
suggesting that the anti-oxidant effect of
ruscogenin in cisplatin-treated renal tubular
epithelial cells is mediated by the Nrf2/HO-1
pathway.
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Figure 4: Ruscogenin alleviated cisplatin-induced
oxidative stress in renal tubular epithelial cells. (A)
Ruscogenin (RUS) attenuated the cisplatin-induced
increase of MDA and decrease of GSH and CAT in
NRK-52E cells. (B) Ruscogenin attenuated the
cisplatin-induced increase of ROS in NRK-52E cells. **
vs. control p < 0.01. #, ## vs. cisplatin p < 0.05, p <
0.01, respectively
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Figure 5: Ruscogenin mediated Nrf2/HO-1 pathway in
cisplatin-treated renal tubular epithelial cells.
Ruscogenin (RUS) attenuated the cisplatin-induced
decrease of Nrf2 and HO-1 in NRK-52E cells. **
cisplatin vs. control p < 0.01. ## cisplatin + RUS vs.
cisplatin p < 0.01

DISCUSSION

Cisplatin generally accumulates in renal tubular
epithelial cells, and the concentration is five
times higher than in the blood [11]. Therefore,
cisplatin induces tubular epithelial cell cytotoxicity
with DNA damage, apoptosis, and inflammation,
thus evoking renal dysfunction [11].
Nephrotoxicity induced by cisplatin is a common
complication in the clinical use of cisplatin [11].
Renal dysfunction in diabetic rats reportedly has
been reversed by ruscogenin treatment [10].
Thus, the protective effect of ruscogenin against
cisplatin-induced nephrotoxicity was investigated
in this study.

Cisplatin-induced nephrotoxicity is accompanied
by apoptosis of renal tubular epithelial cells, and
suppression of renal tubular epithelial cell
apoptosis reduces nephrotoxicity [12]. A previous
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study showed that ruscogenin represses
lipopolysaccharide-induced apoptosis of
pulmonary endothelial cells [8]. This study
showed that ruscogenin attenuated the cisplatin-
induced decrease of cell viability and increase of
cell apoptosis in NRK-52E cells, suggesting that
ruscogenin has an anti-apoptotic effect on
cisplatin-treated renal tubular epithelial cells.

Cisplatin stimulates infiltration of inflammatory
cells that enhance levels of pro-inflammatory

cytokines in the renal tissues, and renal
inflammation is a characteristic feature of
cisplatin-induced acute kidney injury [13].

Nephrotoxicity induced by cisplatin is related to
activation of the NLRP3 inflammasome, and
inhibition  of the NLRP3 inflammasome
attenuated renal fibrosis induced by cisplatin
[14]. Ruscogenin suppresses activation of the
NLRP3 infammasome to attenuate cerebral
ischemia-induced damage of the blood-brain
barrier [15]. In this study, expression of NLRP3,
IL-1B, and cleaved caspase-1 in NRK-52E cells
was reduced by ruscogenin, suggesting an anti-
inflammatory effect of ruscogenin on cisplatin-
treated renal tubular epithelial cells. However,
the effect of ruscogenin on secretion of
proinflammatory cytokines in cisplatin-treated
renal tubular epithelial cells should be
investigated in further research.

The activity of the NLRP3 inflammasome has
been shown to be driven by NF-kB during
progression of chronic kidney disease [16].
Suppression of TLR4/NF-kB/NLRP3 inhibited the
inflammatory response induced by cisplatin and
alleviated renal injury [17]. The suppressive
effect of ruscogenin on TLR4/NF-kB has been
reported before [8,10,15]. Protein expression of
TLR4, MYD88, and NF-kB in NRK-52E cells was
reduced by ruscogenin, suggesting that
ruscogenin has an anti-inflammatory effect of on
cisplatin-treated renal tubular epithelial cells
through inactivation of the TLR4/NF-kB/NLRP3
pathway.

In addition to inflammation, oxidative stress is
considered to be another characteristic feature of
cisplatin-induced acute kidney injury [18].
Oxidative stress leads to renal tubular epithelial
cell toxicity due to accumulation of ROS that
activates death signaling [18]. Antioxidants, such
as vitamin E, vitamin C, and resveratrol, have
been widely used for the prevention of cisplatin-
induced nephrotoxicity [18]. Generation of ROS
by oxygen-glucose deprivation/reperfusion has
been suppressed by ruscogenin in bEnd.3 cells
[15]. Oxidative damage in NRK-52E cells was
induced by cisplatin through increases in MDA
and ROS, as well as reductions of GSH and

CAT. However, ruscogenin suppressed oxidative
stress and intracellular ROS accumulation,
suggesting an anti-oxidant effect on cisplatin-
treated renal tubular epithelial cells. Ruscogenin,
in this study, attenuated cisplatin-induced
reductions of Nrf2 and HO-1, thus ameliorating
oxidative stress.

In general, ruscogenin alleviated cisplatin-
induced injury in renal tubular epithelial cells
through anti-inflammatory and anti-oxidant
capacities. The  TLR4/NF-kB/NLRP3  and
Nrf2/HO-1 pathways might be responsible for the
anti-inflammatory and anti-oxidant capacities,
respectively. However, the in vivo role of
ruscogenin on renal function should be
investigated to further confirm the protective role
against cisplatin-induced nephrotoxicity.
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