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Celastrol is a natural bioactive compound extracted from the medicinal plant Tripterygium wilfordii Hook F.
It exhibits immunosuppressive, anti-inflammatory, and antioxidant activities. Cisplatin is a commonly
used chemotherapeutic drug in the treatment of a wide range of tumors. Although very effective thera-
peutically, it can cause nephrotoxicity leading to dose reduction or discontinuation of treatment. This
study aims to clarify the therapeutic potential of celastrol in cisplatin-induced nephrotoxicity. The possible
protective effects of celastrol pretreatment against cisplatin-induced oxidative stress and genotoxicity
were investigated. A rat kidney epithelial cell line NRK-52E was pretreated with the desired concentrations
of celastrol (200 nM, 100 nM, and 50 nM) for 24 h. The cells were treated with 50 uM cisplatin for a
further 24 h to see whether cisplatin caused the same or less toxicity compared to the vehicle control
group. Alkaline comet assay was performed for genotoxicity assessment. Genotoxicity evaluation revealed
that celastrol caused a statistically significant reduction in DNA damage. Oxidative stress parameters were
evaluated by measuring the glutathione (GSH) and protein carbonyl (PC) levels and also by measuring the
enzyme activities of glutathione peroxidase (GPx), glutathione reductase (GR), catalase (CAT) and super-
oxide dismutase (SOD) enzymes. Celastrol pretreatment increased the GSH content of the cells and ame-
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liorated the protein carbonylation level. Likewise, celastrol pretreatment improved the GR and CAT activi-
ties. However, no significant difference was observed in GPx and SOD activities. In the light of these
findings, celastrol treatment could be a therapeutic option to reduce cisplatin-induced nephrotoxicity.

rsc.li/toxicology-research Further studies are needed for the clarification of its therapeutic potential.

The anticancer drug cisplatin is commonly used in the
treatment of a wide range of tumors such as in head and neck

Introduction

Celastrol is a natural bioactive compound and is extracted
from the medicinal plant Tripterygium wilfordii Hook F. which
is also known as Thunder God Vine. Celastrol exhibits immuno-
suppressive, anti-inflammatory, and antioxidant activities;
therefore the plant has been used for the treatment of joint
pain and fever in Chinese medicine for quite a long time.'?
The chemical structure of celastrol is a pentacyclic triterpenoid
which is presented in Fig. 1. In recent years, many studies
have been carried out on the antioxidant activity of celastrol.
These in vitro and in vivo studies have demonstrated that celas-
trol reduces reactive oxygen species (ROS) production, inhibits
nitric oxide generation, increases antioxidant enzyme activity,
and enhances glutathione (GSH) levels.>*
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and bladder cancers. Although it is a very potent and effective
chemotherapeutic drug, it causes some adverse effects which
can range from mild to severe toxicities including ototoxicity,
nephrotoxicity, neurotoxicity, and haematological toxicity.>® It
has been known for a long time that cisplatin is nephrotoxic to
humans and the main dose limiting adverse effect in cisplatin
treatment is nephrotoxicity. In fact, nephrotoxicity was seen in
20% of the patients who underwent cisplatin therapy.”® The
major excretion route for cisplatin is the kidneys. The drug is
selectively transported by OCT2 (organic cation transporter 2)
and the cisplatin concentration in proximal tubular cells is five
times higher than that in blood. This mostly explains why the
kidneys are the target of cisplatin toxicity.>"°

The major anticancer activity mechanism of cisplatin is
DNA-adduct formation. Cisplatin-DNA adducts can inhibit cel-
lular processes such as transcription, translation and DNA
repair.'’ Because of DNA damage, DNA replication and cell
division are inhibited and the cells with severe and irretrieva-
ble DNA damage eventually die.">"* The genotoxic effect of cis-
platin, which is dose and time dependent, may lead to the for-
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Fig. 1 The molecular structure of celastrol.

mation of unrelated tumours years after the cessation of
cisplatin therapy.'* Besides genotoxicity, several studies have
shown that one of the suggested mechanisms of cisplatin-
induced nephrotoxicity is oxidative stress.>*>™"”

This study aims to clarify the potential of celastrol in the
treatment of cancer. For this purpose, the possible protective
effects of celastrol pretreatment against cisplatin-induced geno-
toxicity and oxidative stress were investigated in a rat kidney
epithelial cell line (NRK-52E).

Materials and methods

Chemicals

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine
serum (FBS), penicillin-streptomycin solution, phosphate-
buffered saline (PBS) and trypsin-EDTA solution were obtained
from Gibco Invitrogen Corp. (UK). HPLC grade celastrol
(>98%) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (MO, USA). Unless otherwise stated, all other
chemicals were of analytical grade and purchased from Sigma-
Aldrich (MO, USA).

Dose selection

For decision making purposes, appropriate concentrations of
celastrol and cisplatin exposure levels were determined based
on published studies in terms of in vitro antioxidant and cyto-
toxic properties of these compounds, respectively.®'*'° Several
doses of celastrol and cisplatin were tested with the lactate
dehydrogenase (LDH) activity test and trypan blue exclusion
tests in our pilot prestudies (data not shown) as described in
our previous publications.>®*" In order to test the protective
effect of celastrol, the doses selected were 200 nM, 100 nM,
and 50 nM prior to 50 uM cisplatin treatment which was deter-
mined based on the cytotoxicity test results, and all of the
determined dose groups had more than 70% viability.

724 | Toxicol. Res., 2019, 8, 723-730

View Article Online

Toxicology Research

Experimental procedure

For in vitro experiments, celastrol was dissolved in 100%
DMSO and diluted with medium to the desired concentrations
as described in Table 1 (200 nM, 100 nM, and 50 nM). The
vehicle control cells received an equal amount of DMSO
(0.5%). The cells were cultured for 24 h for proper attachment
before any drug treatment was applied. After the cells were
attached in subconfluent matter, the cells were then pretreated
with a medium containing the desired concentration of celas-
trol for 24 h to study the protective effect of celastrol. After
24 h, the cells were treated with 50 uM cisplatin prepared with
fresh medium for a further 24 h to see whether cisplatin
caused the same or less toxicity compared to the vehicle
control group.

Cell culture

Rat kidney epithelial cell line NRK-52E which was purchased
from the American Type Culture Collection (ATCC, VA, USA)
was grown in DMEM medium supplemented with 10% FBS
and 1% penicillin-streptomycin. The cells were maintained at
37 °C in a humidified incubator containing 5% CO,. The
medium was changed once every 2-3 days.

Genotoxicity assay

The alkaline comet assay method under in vitro conditions
was used in this study and is also described in detail in our
previous work.”® For the alkaline comet assay, cells were
seeded into a six well plate at a density of 5 x 10* cells per well
and the cells were finally suspended at 10° cells per mL for the
genotoxicity assessment. The DNA damage was assessed from
the percentage of DNA in the tail (TI %) and for this purpose
one hundred cells were assessed per slide using a Comet assay
IV image analysis system (Perceptive Instruments, UK). The
slides were scored using one slide reader, blindly. 25 pM and
50 uM H,0, was used as the positive control in the alkaline
comet assay.

Oxidative stress assays

The imbalance between the free radicals and the antioxidant
system components is defined as oxidative stress.>>”>* For the
purpose of investigating the antioxidant effect of celastrol pre-
treatment against oxidative stress on NRK-52E cells, the follow-
ing assays were conducted. The NRK-52E cells were cultured in
75 cm? flasks at a density of 7.5 x 10° and after the cell treat-
ment with celastrol and cisplatin was completed, the cells were

Table 1 Treatment groups of the experimental procedure

Celastrol pretreatment 50 pM
(nM) cisplatin
Group I (control group) - -
Group II - +
Group III 50 +
Group IV 100 +
Group V 200 +

This journal is © The Royal Society of Chemistry 2019
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suspended in ice-cold PBS and homogenized by sonication
and centrifuged at 15 000g for 10 min at 4 °C. The supernatant
was used for antioxidant enzyme activity assays.

Glutathione (GSH) level

GSH is an important antioxidant protein which decreases
quantitatively under oxidative stress conditions and increases
to prevent the damage caused by free radicals in the cell.>® The
GSH content of NRK-52E cells was determined using an
enzyme-linked immunosorbent assay (ELISA) kit (Bioassay
Technology Laboratory, China) based on the biotin double
antibody sandwich technology. The GSH content of NRK-52E
cells was measured at 450 nm using a microplate reader,
according to the manufacturer’s procedure.

Protein carbonyl (PC) level

High levels of protein carbonyl groups have been observed
under oxidative stress conditions. Thus, the measurement of
the protein carbonylation level can be used as an oxidative
stress biomarker.”**” The protein carbonylation level of
NRK-52E cells was determined using the enzyme-linked
immunosorbent assay (ELISA) kit (Bioassay Technology
Laboratory, China) based on the biotin double antibody sand-
wich technology. The PC level of NRK-52E cells was measured
at 450 nm using a microplate reader, according to the manu-
facturer’s procedure.

Determination of antioxidant enzyme activities

Glutathione peroxidase (GPx) and glutathione reductase (GR)
activities were measured using an EnzyChrom™ Glutathione
Peroxidase Assay Kit and an EnzyChrom™ Glutathione
Reductase Assay Kit (BioAssay systems, USA) according to the
manufacturer’s protocols. CAT and SOD activities were assayed
with the CAT100 Catalase assay kit (Sigma-Aldrich, USA) and
19160-SOD determination kit (Sigma-Aldrich, USA) following
the manufacturer’s protocols.

Although GSH can reduce the free radicals in an enzyme-
free environment, GPx is an enzyme which helps the reaction
proceed faster. GPx also catalyzes hydrogen peroxide (H,O,)
transformation to water. The GPx activity in this study was
evaluated by measuring NADPH consumption spectrophoto-
metrically at 340 nm for 4 min, which is proportional to the
GPx activity in the sample.?® Briefly, 90 pl of the working
reagent was added to 10 pl of the sample/control and mixed.
The substrate solution was pipetted into sample and control
wells, and then the plate was immediately read at 340 nm.

GR is an enzyme which maintains the cellular GSH pool by
reducing the oxidized form of GSH to its antioxidant state. The
GR activity assay is based on the measurement of the absor-
bance change caused by the reduction in DTNB [5,50-dithiobis
(2-nitrobenzoic acid)] at 412 nm. DTNB reacts with reduced
GSH and forms a yellow product. The rate of the change in the
optical density is directly proportional to the GSH concen-
tration in the sample.?® Briefly, 80 ul of the working reagent
was added to 20 pl of each sample and mixed. The plate was
read at 412 nm at the end of 10 and 30 minutes of incubation.

This journal is © The Royal Society of Chemistry 2019
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H,0,, which is highly harmful to cells, is a by-product of
various oxidase and superoxide dismutase reactions. CAT, a
peroxisomal antioxidant enzyme, provides protection against
oxidative damage to cells by catalyzing the reaction of H,O,
transformation to water and oxygen.*? In this study, the CAT
activity was measured using spectrophotometry. The measure-
ment was based on the decomposition rate of H,O, for
5 minutes, which is proportional to the CAT activity in the
sample.*® The absorbance was measured at 520 nm using a
Shimadzu UV 1800 spectrophotometer (Shimadzu, Japan) in
accordance with the kit protocol. Briefly, the samples of the
protein were diluted to 2 mg ml™'. Assay buffer and colori-
metric assay substrate solution were added to the samples and
mixed well. At the end of 1-5 minutes of incubation, a stop
solution was added and mixed. A color reagent was added into
the mixture. After 15 minutes of incubation at room tempera-
ture, the plate was read at 520 nm.

Lastly, superoxide is a free radical produced via oxygen
metabolism and if not eliminated it may cause oxidative stress
and thus cellular damage. The antioxidant enzyme SOD cata-
lyzes the dismutation of the superoxide radical into molecular
oxygen or H,O, to protect the cell. The SOD activity assay is
based on the spectrometric measurements of the reduction in
Dojindo’s water-soluble tetrazolium salt (WST-1) by the super-
oxide anion at 450 nm, resulting in a colorful water-soluble
formazan dye. SOD eliminates the superoxide anion; therefore,
the ICs, value can be determined by a colorimetric method.*"
For the determination of SOD activity, 200 pl of working solu-
tion and 20 pl of enzyme working solution were added into
20 pl of the sample and mixed. After incubation at 37 °C for
20 minutes, the plate was read at 450 nm using a microplate
reader.

Statistical analysis

All of the assays were performed in triplicate for three separate
experiments. The results were given as the mean + SD and
group mean comparisons were done by the one-way ANOVA
test followed by the Tukey’s test using SPSS software (SPSS Inc,
USA).

Results

Effects of celastrol pretreatment on cisplatin-induced
genotoxicity in NRK-52E cells

Appropriate doses for alkaline comet assay were determined
for assessing DNA damage according to the cytotoxicity test
results. The cell viability was found to be higher than 70%
with the trypan blue exclusion test in dose groups when
checked prior to the alkaline comet assay. Alkaline comet
assay results are summarized in Fig. 2. According to our
results 50 pM cisplatin treatment (Group II) caused statistically
increased DNA damage (p < 0.05) compared to the negative
control (Group I) in NRK-52E cells. In order to understand the
protective effects of celastrol, cisplatin-exposed cells were pre-
treated with celastrol with concentrations of 50, 100 and
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Fig. 2 Alkaline comet assay results of NRK-52E cells pretreated with
celastrol (*p < 0.05, compared to Group I; #*p < 0.05, compared to
Group Il). SD: standard deviation.

200 nM. Both 100 nM and 200 nM celastrol pretreatments
caused statistically significant reduction (p < 0.05) in DNA
damage compared to the solely cisplatin induced group
(Group 1I).

Effects of cisplatin and celastrol on PC and GSH levels in
NRK-52E cells

The carbonylated protein level dramatically increased in Group
1I (the 50 uM cisplatin exposure group). Celastrol pretreatment
significantly reduced the PC level in Group III compared to
that in Group II (Fig. 3).

The GSH content of the cells significantly decreased after
50 pM cisplatin exposure. When compared to Group II, celas-
trol pretreatment significantly improved the reduced GSH level
at the studied celastrol concentrations and Group IV (100 nM
celastrol) was the most effective group in this respect, as
shown by the increase in the GSH level of the cells (Fig. 3).

Effects of cisplatin and celastrol on antioxidant enzyme
activities in NRK-52E cells

The CAT activity decreased after 50 uM cisplatin exposure. As
shown in Fig. 4, celastrol treatment before cisplatin exposure
significantly attenuated the decreased CAT activity in Groups
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II and IV (50 nM and 100 nM celastrol concentrations) com-
pared to Group II (only cisplatin treated cells). 50 pM cisplatin
treatment caused a significant reduction in the GR activity.
Celastrol pretreatment increased the reduced GR activity at all
studied celastrol concentrations compared to Group IIL
However, GPx and SOD enzyme activities did not show any sig-
nificant change in either Group II or the celastrol pretreatment

groups.

Discussion

Celastrol which is found in the extract of the Chinese medic-
inal plant 7. wilfordii Hook F. has started to draw attention due
to its possible therapeutic effects.>*® Previous studies have
shown that celastrol has an antioxidant activity’”*® and a cyto-
protective effect.>® On the other hand, it has been stated that
celastrol has anticancer effects inhibiting the growth of
tumour cells at higher doses than those selected in this
study.*>*' Apart from these effects, it was demonstrated that
celastrol has an ameliorative effect on mitochondrial dysfunc-
tion in different cell lines.**™** Besides determining the mito-
chondrial ameliorative function of celastrol, it has also been
demonstrated under in vitro conditions that celastrol pretreat-
ment attenuated cisplatin-induced nephrotoxicity by alleviat-
ing apoptosis at a 50 nM celastrol concentration on mouse
renal tubule and human proximal tubule epithelial cell lines.
These protective effects were also determined at a dose of
1 mg kg™ celastrol on mice under in vivo conditions. The
mechanism of this effect is demonstrated to be through antag-
onizing NF-kB-mediated inflammation and also by improving
mitochondrial functions.** In addition, it has been shown that
celastrol post-treatment led to a recovery in acetaminophen-
induced toxicity on HepG2 cells.**

It has been stated that celastrol exhibits anticancer effects
by inhibiting the growth of tumor cells.*>*!
results, it has been stated that celastrol shows a protective
effect against y irradiation-induced oxidative stress and DNA
damage.*® Besides its protective effect on DNA, celastrol has
been shown to sensitize cancer cells to ionizing radiation and
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Fig. 3 Effects of celastrol pretreatment on (a) the PC level and (b) the GSH level of NRK-52E cells (*p < 0.05, compared to Group |; #p < 0.05, com-
pared to Group I1). (a) PC: protein carbonyl, (b) GSH: glutathione and SD: standard deviation.
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deviation.

DNA-cross-linking agents at higher doses than those selected
in this study.*®*® Considering the studied positive effects of
celastrol, it has been thought that celastrol can be used to alle-
viate the adverse effects of antineoplastic drugs and sensitize
tumor cells to anticancer agents in combination or supportive
therapies. Although there are data on the use of celastrol in
the treatment of cancer, we determined its protective effects
against cisplatin-induced nephrotoxicity. These dual roles may
increase its potential for clinical usage. However, there is a
need for further studies and clinical data in order to clarify the
possible effects of celastrol in cancer patients. Celastrol-anti-
cancer drug interactions and its selectivity on damaged kidney
cells are also important parameters to study and clarify.
Cisplatin is a widely used drug in cancer chemotherapy and
it is a very effective treatment against a broad spectrum of
tumours.”® While showing anticancer activity, cisplatin also
affects kidney cells adversely, causing nephrotoxicity and
this can lead to dose reduction or discontinuation of
treatment.’** One of the important underlying mechanisms
of cisplatin-induced nephrotoxicity has been shown to be DNA
damage.’*>®> The DNA damage inhibits DNA replication and
thus cell division is inhibited, which eventually leads to apop-
tosis. The genotoxicity of cisplatin can be a major cause of
treatment discontinuation.>® Our study is the first in vitro
study focusing on the protective effect of celastrol on NRK-52E

This journal is © The Royal Society of Chemistry 2019

cells against cisplatin-induced nephrotoxicity with respect to
oxidative stress and DNA damage. We found that celastrol led
to a statistically significant reduction in DNA damage which
was induced by cisplatin. These results show us that celastrol
can be an effective herbal treatment against cisplatin-induced
genotoxicity during cancer therapy.

It has been known that cisplatin nephrotoxicity can be
associated with oxidative stress involving an increase in the
production of ROS, a decrease in antioxidant enzyme activity

Mitochondria

\\e
‘ NADP
c vl
1/2 Hzo2 H,0+GSSG ADPH
é
H,0+1/2 0,

Fig. 5 Schematic illustration of antioxidant systems in the cells. GPx:
glutathione peroxidase, GR: glutathione reductase, SOD: superoxide dis-
mutase, and CAT: catalase.
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Fig. 6 Possible protective mechanisms of celastrol against cisplatin-induced nephrotoxicity.

and depletion of GSH levels.>® There are many studies which
focus on the amelioration of or protection from cisplatin-
induced nephrotoxicity by antioxidant mechanisms.”>”
However, these therapies have not been approved yet and new
studies to find the optimal agent are certainly needed. There
are also comprehensive studies particularly for finding new
therapeutic antioxidant substances of herbal origin which
focus on protecting from cisplatin-induced nephrotoxicity.>***

As an early marker of oxidative stress, protein carbonylation
is commonly considered convenient.®” It has been reported
that cisplatin increases the carbonylated protein level in
cells.”> According to our results, after cisplatin exposure,
carbonylation of proteins increased significantly. Moreover, it
was seen that celastrol treatment at a 50 nM concentration
before cisplatin exposure (Group III) decreased the carbony-
lated protein level in these cells. These results are in parallel
with a study in which celastrol has been demonstrated to alle-
viate the carbonylated protein level in NRK-52E cells.*”

In the antioxidant defense system (Fig. 5), GSH, which is
synthesized and found in the cells of the body, plays crucially
important roles. Under normal cellular conditions, GSH is
found in its reduced form. When oxidative stress occurs, GSH
gets oxidized and transforms into its oxidized form (GSSG).
This helps maintain the cellular redox balance.®*®* There are
many studies showing that cisplatin decreases the GSH
content of the cells.®>®® According to our results, it was found
that cisplatin leads to the depletion of the GSH content. It has
also been stated in other studies that celastrol can enhance the
GSH level."®% Our study revealed that celastrol pretreatment
increases the GSH content of the cells at a 50 nM
concentration.

SOD, GPx, CAT, and GR are antioxidant enzymes which are
essential for protection from oxidative stress in cells (Fig. 5).

728 | Toxicol Res., 2019, 8, 723-730

SOD turns the superoxide radicals into H,0,. H,0, is one of
the most important reactive oxygen species which is converted
to H,O and O, by GPx and CAT enzymes. During this reaction,
GPx uses the reduced form of GSH and turns it into its oxi-
dized form.”® GR catalyzes the reduction of the oxidized form
and this enzyme is responsible for the supplementation of
reduced GSH which manages the oxidant/antioxidant balance
in healthy tissues.”" There are studies reporting that cisplatin
decreases the antioxidant enzyme activity®>’>”® whilst celas-
trol has been demonstrated to increase the antioxidant
enzyme activity.*>*%7*

In the present study, it was seen that cisplatin exposure did
not change GPx and SOD activities whereas GR and CAT activi-
ties decreased significantly with cisplatin exposure. Celastrol
pretreatment increased the GR activity at all studied celastrol
concentrations and increased the CAT activity at 100 nM and
200 nM celastrol concentrations (Groups IV and V). However,
GPx and SOD enzyme activities did not significantly change
with celastrol pretreatment.

Based on these results it is possible to say that celastrol pre-
treatment has a positive impact on the antioxidant enzyme
activity and can be used prior to cisplatin treatment in order to
mitigate the unintended effects of cisplatin. Nevertheless,
celastrol’s protective effect has also been studied when admi-
nistered simultaneously with cisplatin treatment.**

Conclusion

It was seen that celastrol pretreatment provided significant
DNA protection from cisplatin-induced genotoxicity in
NRK-52E cells. Celastrol pretreatment also increased the GSH
content of the cells and ameliorated the protein carbonylation

This journal is © The Royal Society of Chemistry 2019
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level, enabled by the antioxidant properties of celastrol.
Likewise, celastrol pretreatment improved the GR and CAT
activities as shown in Fig. 6. In the light of these findings,
celastrol pretreatment could be a therapeutic option to reduce
cisplatin-induced nephrotoxicity. However, further investi-
gation using other kidney cell lines and animal models and
studies on humans are required.
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