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Cisplatin is a chemotherapeutic agent used in the treatment of solid tumors, with clinical use often
complicated by kidney toxicity. Nuclear factor (erythroid-derived-2)-like 2 (Nrf2)is a transcription factor
involved in kidney protectant effects. The purpose of this study was to determine whether the Nrf2
activators oltipraz, sulforaphane, and oleanolic acid could protect human kidney cells against cisplatin-
induced injury and to compare the protective effects between three Nrf2 activators. Human proximal
tubule cells (hPTC) and human embryonic kidney 293 cells (HEK293) were exposed to cisplatin doses
in the absence and presence of Nrf2 activators. Pre- and delayed-cisplatin and Nrf2 activator exposures
were also assessed. Cell viability was enhanced with Nrf2 activator exposures, with differences detected
between pre- and delayed-treatments. Both sulforaphane and oltipraz increased the expression of anti-
oxidant genes GCLC and NQO1. These findings suggest potential human kidney protective benefits of Nrf2
activators with planned exposures to cisplatin.

© 2016 Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND

Oleanolic acid

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cisplatin (cis-diamminedichloroplatinum) is one of the most
commonly used chemotherapy drugs for the treatment of solid
tumors. Cisplatin and other related platinum-based therapeutics
are effective against lung, head and neck, prostate, ovarian, and
bladder cancers [1-3]. However, acute kidney injury can develop
after a single dose. Existing clinical studies report reductions in
estimated glomerular filtration rates, increases in urinary albumin
excretion, and elevations in serum creatinine within 10 days fol-
lowing a cisplatin dose in 8-40% of patients [4-7]. Kidney disease
manifestations can also include electrolyte wasting and persistent
hypomagnesemia [8]. Nephrotoxicity may limit cisplatin’s clinical
use and resultant treatment efficacy. Current therapies, including
fluid administration have variable efficacy in preventing kidney
damage. Thus, interventions that can prevent or ameliorate kidney
injury in human kidney cells exposed to cisplatin are warranted.
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Several mechanisms contribute to the onset and pathogene-
sis of cisplatin-induced kidney injury, including vascular injury,
inflammation, ischemia, oxidative stress, and tubular cell death
[3,6,9-11]. Although cisplatin nephrotoxicity involves many dif-
ferent mechanisms, tubular cell death plays an important role
in its progression. Studies using cultured renal tubular cells
exposed to cisplatin demonstrated apoptotic and necrotic cell
death [12]. These results were confirmed in animals, where both
necrosis and apoptosis were induced in renal tubules following cis-
platin administration [13-15]. Another study found that cisplatin
administration in rats increases oxidative stress resulting in down-
regulation of tight junction proteins and potentiation of proximal
tubule damage [16]. Reducing exposure of tubule cells to cisplatin
is an approach to limit kidney toxicity.

Prior research demonstrated enhanced kidney injury in
Nrf2-null mice [17,18] suggesting a protective effect from this tran-
scription factor. Under non-stressed conditions, Nrf2 is sequestered
in the cytosol by kelch-like ECH associating protein 1 (Keap1)
[19]. However, when oxidative stress, electrophilic stress, or the
presence of Nrf2 activators becomes prevalent, Nrf2 and Keap1 dis-
sociate resulting in accumulation of free Nrf2 in the cytosol and an
increase in Nrf2 translocation into the nucleus [20]. Once in the
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nucleus, Nrf2 heterodimerizes and binds to antioxidant response
elements (ARE) which leads to the transcription of various cyto-
protective and antioxidant genes [21]. Activation of transcription
factors such as Nrf2 that regulate uptake and efflux transporters
localized to kidney proximal tubule is a strategy to modulate cis-
platin exposures [6,17]. As Nrf2 can regulate proteins involved in
the metabolism and excretion of organic chemicals [22], treatment
with Nrf2 activating compounds, including oltipraz, sulforaphane,
and oleanolic acid, would be a plausible approach to limit expo-
sure of human kidney cells to cisplatin. For the current study, we
aimed to explore the therapeutic potential of known Nrf2 activators
to modulate cisplatin-induced human kidney cell injury. Further-
more, we sought to determine optimal exposure regimens for Nrf2
activating compounds for nephrotoxicity prophylaxis and favor-
able effects on Nrf2 antioxidant genes with exposure to cisplatin.

2. Materials and methods
2.1. Cell culture & reagents

Human embryonic kidney 293 (HEK293, ATCC, Rockville, MD)
and human proximal tubule epithelial (hPTC, ScienCell, Carlsbad,
CA) cells were used for in vitro studies. HEK293 cells were routinely
grown and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% Peni-
cillin/Streptomycin per product information (Life Technologies,
Grand Island, NY). Epithelial cell medium (EpiCM, ScienCell) sup-
plemented with 2% fetal bovine serum, 1% epithelial cell growth
supplement, and 1% Penicillin/Streptomycin was used to culture
hPTC cells. Cells were maintained at 37°C in a humidified incu-
bator with an atmosphere of 5% CO,. Cisplatin (Sigma Chemical
Co., St. Louis, MO) was dissolved in dimethyl sulfoxide (DMSO)
(Sigma Chemical Co.) to 100 mM. Nrf2 activators (sulforaphane,
oltipraz, and oleanolic acid) were purchased (Sigma Chemical Co.)
and dissolved in DMSO. Cells were treated with Nrf2 activators
either before or after cisplatin exposure. Unless specified otherwise,
the doses of Nrf2 activators (sulforaphane, oltipraz, and oleanolic
acid) were 5, 12, and 5 M, respectively. RNA extraction kits were
purchased from Life Technologies. PCR reagents and Tagman gene
expression assays were obtained from Life Technologies.

2.2. Cell viability assay

HEK293 and hPTCs were plated in a 96-well configuration. Cells
were incubated overnight at 37°C in a humidified incubator with
an atmosphere of 5% CO, prior to treatment. The cell treatments
consisted of 1) 0.1% vehicle control (DMSO), 2) cisplatin at 0, 50,
80 wM doses (LCsg 23.4-60 M), 3) Nrf2 activator [sulforaphane
(5 M), oleanolic acid (5 wM), or oltipraz (12 wM)], or 4) cisplatin
(at the above doses) combined with a Nrf2 activator at specified
doses. Cells were incubated with Nrf2 activators for 12, 24, or 48 h
beginning either 3 h prior to cisplatin or 3 h after initiation of cis-
platin exposure. After the specified incubation time, MTT reagent
(2mg/mL) (Sigma Aldrich) in DMEM or EpiCM containing no FBS
was added and cells were incubated for 4h at 37°C. MTT reagent
was removed after the 4 h incubation period, MTT solubility solu-
tion (2% HCl, 25% H,0, 73% 2-propanol) was added and cell viability
was analyzed at 550 nm by VersaMax microreader plate (Molecular
Devices, Sunnyvale, CA).

2.3. Gene expression

Gene expression was only evaluated in hPTCs to enable a closer
in vitro approximation to humans. The expression of NFE2L2/NRF2
and detoxifying enzymes GCLC and NQO1 were evaluated in hPTCs

that received Nrf2 activators before and after treatment with cis-
platin. For these studies cisplatin doses of low, moderate, and high
were chosen. The cell treatments consisted of 1) 0.1% vehicle con-
trol (DMSO), 2) cisplatin at 0, 5, 25 and 80 wM doses, 3) Nrf2
activator [sulforaphane (5 wM), oleanolic acid (5 wM), or oltipraz
(12 wM)], or 4) cisplatin (5, 25, 80 M) combined with a Nrf2 activa-
tor at the specified doses. Cells were harvested for gene expression
studies at 12, 24, or 48 h post treatment. Cells were collected and
lysed and total mRNA prepared from cell lysates using Ambion RNA
Extraction Kit (Life Technologies). cDNA was generated using Taq-
man reverse transcription reagents (Applied Biosystems) and an
Applied Biosystems 2720 thermal cycler. Commercial gene expres-
sion assays: GCLC (Hs00155249), NQO1 (Hs02512143), NFE2L2
(Hs00975961), and housekeeping gene GAPDH (Hs02758991) were
used (Applied Biosystems). Real-time PCR was performed using
the 7500 Real Time PCR system. Generated data was analyzed by
relative quantitation using the comparative Gy method (2-2ACT),

2.4. Statistical analysis

The data were expressed as mean+SEM. Graphs were cre-
ated using Graph Pad Prism 4.0 (GraphPad Software, Inc., San
Diego, CA). Analysis was performed using GraphPad InStat 3.0.
Data were analyzed using the one-way analysis of variance with
Student-Newman-Keuls post hoc test for groups of 3 or more. Dif-
ferences were considered statistically significant at p <0.05.

3. Results

3.1. Cisplatin toxicity: exposure of hPTC and HEK293 cells to
cisplatin

We analyzed the viability of hPTCs and HEK293 cells following
exposure to cisplatin (50 and 80 wM) for 12, 24, or 48 h. Cisplatin
doses of 50 uM and above resulted in significantly lower hPTC
and HEK293 cell viability. hPTCs and HEK293 cells treated with
cisplatin alone demonstrated decreased survival over time, with
hPTCs demonstrating more sensitivity to cisplatin (Fig. 1A & B).
After 12, 24, and 48 h incubation with cisplatin, only 59%, 57% and
5% of hPTCs treated with 50 wM cisplatin were viable compared
to vehicle controls, respectively (Fig. 1A). HEK293 cells incubated
with cisplatin (50 wM) exhibited 75% viability during the first 12 h
of exposure (Fig. 1B). After 24 and 48 h incubation with cisplatin
(50 M), cell viability was 57% and 18%, respectively (Fig. 1B). Cell
viability was further decreased in hPTCs and HEK293 cells treated
with 80 WM cisplatin (Fig. 1A & B).

3.2. Cisplatin toxicity: pre- and delayed-treatment with NRF2
activators

hPTCs cells were treated before (pre-treatment) or after
(delayed treatment) cisplatin (50 and 80 M) with Nrf2 activa-
tors for 12, 24, and 48 h, respectively. Preliminary cell viability
experiments determined the optimal Nrf2 activator doses for sul-
foraphane, oleanolicacid, and oltipraztobe 5 M, 5 uM, and 12 M,
respectively. hPTCs treated with 80 wM cisplatin had decreased cell
viability compared to vehicle controls (Fig. 2A). hPTCs pre-treated
with oltipraz or oleanolic acid had greater cell viability rela-
tive to cisplatin 80 uM alone treated cells (Fig. 2A). Sulforaphane
demonstrated less impressive results than oltipraz and oleanolic
acid when compared to cisplatin 80 wM alone and vehicle control
treated cells. However, pre-treatment with sulforaphane displayed
greater viability at 24 h and 48 h relative to cisplatin alone treated
cells. Delayed-treatment with oltipraz and oleanolic acid at 12
and 24 h demonstrated higher cell viability as compared to cis-
platin 80 wM alone treated cells (Fig. 2B). Delayed-treatment with
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Fig. 1. Cell viability of hPTCs and HEK293 cells after exposure to 50 or 80 M cis-
platin. (A). hPTC viability after 12, 24 or 48 h incubation with 50 or 80 WM cisplatin
compared to vehicle control (DMSO). (B). HEK293 viability after 12, 24h or 48h
incubation with 50 or 80 wM cisplatin compared to vehicle control (DMSO). Data
are means + SEM. (n=4-6). "p<0.05 compared to vehicle control (DMSO).

sulforaphane failed to demonstrate improved cell viability over cis-
platin 80 M alone treated cells. hPTCs treated with 50 WM cisplatin
and pre-treatment with Nrf2 activators resulted in comparable cell
viability to results observed at 80 uM (Fig. 2C). Delayed-treatment
with oltipraz resulted in significantly enhanced cell viability com-
pared to control and cisplatin 50 wM alone at 12 h (Fig. 2D).

HEK293 cells were also treated before (pre-treatment) or after
(delayed treatment) cisplatin (80 wM) with Nrf2 activators for 12,
24,and 48 h. HEK293 cells treated pre- and delayed-cisplatin 80 uM
with Nrf2 activators at 12 h resulted in enhanced cell viability in
comparison to cisplatin alone (Fig. 3A). Delayed-treatment with
sulforaphane at 24 h resulted in statistically significantly higher
cell viability compared to vehicle controls and cisplatin 80 uM
alone treatment (Fig. 3B). Delayed-treatment with oltipraz at 24 h
resulted in higher cell viability compared to cisplatin treatment
(Fig. 3B). Pre-treatment with the Nrf2 activators at 24 h and 48 h
and delayed-treatment at 48 h resulted in HEK293 cell viability
that was less than vehicle controls and cisplatin alone treatments.
Pre-treatment with Nrf2 activators resulted in enhanced cell viabil-
ity compared to cisplatin 50 wM alone treatments at 48 h (Fig. 3C).
HEK293 cells treated with 50 wM cisplatin and delayed treatment
with Nrf2 activators displayed comparable cell viability to results
observed at 80 wM (Fig. 3D).

3.3. Expression of Nrf2, GCLC, and NQO1 in hPTCs

3.3.1. Cisplatin alone

The mRNA expression of antioxidant genes was evaluated in
hPTCs exposed to cisplatin (5, 25, and 80 wM). Cisplatin doses were
chosen to represent low, moderate, and high exposures in humans.
Treatment with 5uM and 25 wM cisplatin resulted in increased
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Fig. 2. Survival of hPTCs treated pre- or delayed-cisplatin (50 or 80 wM) with Nrf2
activators [oltipraz (12 wM), sulforaphane (5 wM), oleanolic acid (5 wM)] incubated
for 12, 24, or 48 h. (A) hPTCs treated pre- cisplatin (80 wM) with Nrf2 activators,
(B) hPTC treated with delayed- cisplatin (80 wM) with Nrf2 activators, (C) hPTCs
treated pre- cisplatin (50 wM) with Nrf2 activators, and (D) hPTCs treated with
delayed- cisplatin (50 wM) with Nrf2 activators. Data are means + SEM. (n=4-6).
'p<0.05 compared to vehicle controls (DMSO), ¥p<0.05 compared to 50 uM or
80 wM cisplatin-treated cells.

mRNA expression of NFE2L2 at 12 h compared to vehicle controls
(Fig. 4A). There was no observable expression with 80 M cisplatin
dose. Cisplatin treatmentat 24 h (5 wM) incubation and at48 hincu-
bation (5 M and 25 pM) resulted in increased mRNA expression
of the Nrf2 target gene GCLC over vehicle control (Fig. 4B). Cisplatin
treatment with 5 and 25 pM resulted in increased mRNA expres-
sion of NQO1 at 24 h compared to vehicle controls (Fig. 4C). There
was no observable expression at 12 h and 48 h incubation. Treat-
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Fig. 3. Survival of HEK293 cells treated pre- or delayed-cisplatin (50 or 80 wM)
with Nrf2 activators [oltipraz (12 wM), sulforaphane (5 wM), oleanolic acid (5 wM)]
incubated for 12, 24, or 48 h. (A) HEK293 cells treated pre- cisplatin (80 uM) with
Nrf2 activators, (B) HEK293 cells treated with delayed-cisplatin (80 wM) with Nrf2
activators, (C) HEK293 cells treated pre-cisplatin (50 wM) with Nrf2 activators, and
(D) HEK293 cells treated with delayed-cisplatin (50 M) with Nrf2 activators. Data
are means =+ SEM. (n=4-6). 'p <0.05 compared to vehicle controls (DMSO), #p < 0.05
compared to 50 wM or 80 wM cisplatin-treated cells.

ment with 80 M cisplatin displayed gene expression that was
similar to vehicle control conditions.

3.4. Nrf2 activators alone

Sulforaphane alone resulted in a 4-fold increase in mRNA
expression of NFE2L2 compared to vehicle controls at 24 h (Fig. 5
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Fig. 4. mRNA expression of antioxidant genes NFE2L2, GCLC, and NQO1 in hPTCs.
Total mRNA was isolated from hPTCs following treatment with cisplatin 5 uM,
25 M, or 80 wM after 12, 24, and/or 48 h and probed for (A) NFE2L2, (B) GCLC, and
(C)NQOI1.Gene expression was analyzed by RT-PCR. GAPDH was used as endogenous
control. Data are means + SEM. (n=3) "p <0.05 compared to vehicle control (DMSO).

A). Neither oltipraz nor oleanolic acid led to an increase in NFE2L2
mRNA expression. Treatment with sulforaphane alone resulted in
an up-regulation of GCLC expression 4.5-fold, at 48 h compared to
vehicle controls (Fig. 5B).

3.5. Pre- and delayed-treatment with Nrf2 activators

Pre- and delayed-cisplatin treatment with oleanolic acid had no
effect on mRNA expression of NFE2L2 or detoxifying genes (GCLC
and NQO1) (data not shown). Pre- and delayed-cisplatin treat-
ment with sulforaphane resulted in an enhancement of GCLC mRNA
expression compared to vehicle controls at 48 h (Fig. 5B). How-
ever, the transcription effects were greater when sulforaphane was
administered prior to cisplatin. Pre-treatment with sulforaphane
and oltipraz resulted in increased NQO1 mRNA expression at
24h compared to vehicle controls (Fig. 5C). Changes to NQO1
mRNA expression were not observed with sulforaphane or oltipraz
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Fig. 5. mRNA expression of antioxidant genes NFE2L2, GCLC, and NQOI1 in
hPTCs exposed to Nrf2 activators. (A) NFE2L2 mRNA expression was assessed
at 24h after administration of Nrf2 activators. (B) GCLC mRNA expression
was assessed at 48h after administration of Nrf2 activators and pre- or
delayed-cisplatin administration. (C) NQO1 mRNA expression was assessed
at 24h after administration of Nrf2 activators and pre- or delayed-cisplatin
administration. Doses of Nrf2 activators were: sulforaphane (5wM), oltipraz

treatment alone. Pre- and delayed-cisplatin treatment with Nrf2
activators did not enhance mRNA expression of NFE2L2.

4. Discussion

The present study investigated the feasibility of three known
Nrf2 activators to mitigate cisplatin toxicity in human kidney cells.
HEK293 cells were selected for this study as an immortalized in
vitro kidney model. hPTCs were selected for this study to enable
a close in vitro approximation to humans. hPTC were used in
all gene expressions studies due to the lack of previously pub-
lished data in primary cells and due to their higher sensitivity
to drug-induced toxicity. Exposure to Nrf2 activators produced
favorable patterns of viability in both hPTCs and HEK293 cells.
hPTCs pre-treated with Nrf2 activators exhibited favorable cell via-
bility compared to cisplatin-only treated cells, with oltipraz and
oleanolic acid demonstrating the most favorable cell viability pro-
file. HEK293 cells displayed higher cell viability when treated with
pre- and delayed-Nrf2 activators versus cisplatin alone treatment,
with all three Nrf2 activators performing similarly. Previous stud-
ies demonstrated, in vitro, that pre-treatment with sulforaphane,
oleanolic acid, and oltipraz results in higher cell viability upon
exposure to cisplatin and other toxicants [23-25]. The previously
published data, in addition to our current findings in hPTCs, support
cell viability protection of Nrf2 activators with anticipated cisplatin
exposures. These data suggest that Nrf2 activators may be promis-
ing therapeutics to limit tubular apoptosis and necrosis during AKI
and to stimulate subsequent regeneration.

In contrast to previous studies, we investigated a comparison
between three known Nrf2 activators. In addition to Nrf2 activators,
several studies have evaluated other compounds as potential mod-
ulators of cisplatin-induced toxicity and oxidative stress [26-28].
For example, pre-stimulation of the kallikrein system with a high
potassium diet was found to reduce tissue markers of oxidative
stress in a model of nephrotoxicity induced by cisplatin [26].

A novel assessment in the current study is the finding of differ-
ential effects of the three investigated Nrf2 activators on expression
of antioxidant defense genes in human kidney cells and evaluation
of pre-versus delayed-exposure regimens. Sulforaphane exhibited
the greatest induction of GCLC and NQO1 when administered con-
comitantly with cisplatin, with the collective results demonstrating
greatest antioxidant effects when sulforaphane was administered
prior to cisplatin exposure. Since sulforaphane alone resulted
in an increase in NFE2L2 mRNA expression, induction of Nrf2
inducible genes such as GCLC prior to cisplatin would contribute
to a primed anti-oxidant environment and protect cells against
oxidative damage allowing survival and regenerative responses The
renoprotective effect of sulforaphane was mediated, at least in part,
by activation of the GCLC detoxifying gene.

Oleanolic acid alone resulted in a modest increase in NFE2L2
mRNA expression. These findings are in contrast to previous studies
conducted in acetaminophen hepatoxicity models where oleano-
lic acid increased mRNA expression by 4-fold in livers of wild-type
mice [29]. It is important to note that the concentrations of oltipraz
and oleanolic acid were lower in our study using human kidney
cells versus data previously reported in RAW 264.7 and PC12 cells
[24,25], and may contribute to our findings Moreover, previous
studies suggest oleanolic acid is unable to activate the Nrf2 pathway
due to the lack of functional groups including Michael acceptors
[30,31], as well as an inability to induce Nqo1 activity at low doses
in vitro in hepalclc7 murine hepatoma cells [30]. Doses of Nrf2

(12 wM), and oleanolic acid (5 wM). S=sulforaphane and O = oltipraz. Gene expres-
sion was analyzed by RT-PCR. GAPDH was used as endogenous control. Data are
means + SEM. (n=3) "p<0.05 compared to vehicle control (DMSO).
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activators used in our study were selected based on preliminary
cell viability experiments that determined optimal Nrf2 activator
doses for sulforaphane, oleanolic acid, and oltipraz.

We examined NFE2L2 expression in hPTCs pre- or delayed-
cisplatin with Nrf2 activators, but did not observe any induction.
A previous report suggested that mice treated with Nrf2 activators
including oltipraz and sulforaphane have enhanced Nrf2-mediated
transcription in the liver but not in the kidneys [17], suggesting
a differential tissue-specific Nrf2 activation response. It is cur-
rently unknown whether this response is due to differences in
tissue disposition related to Nrf2 activator pharmacokinetics [17].
Future studies will be designed to understand how sulforaphane,
oltipraz, and oleanolic acid activate Nrf2 in the kidneys. In addi-
tion to Nrf2-dependent effects, secondary effects independent of
Nrf2 may also contribute to sulforaphane, oltipraz, and oleanolic
acid’s therapeutic benefits. Microarray data suggest sulforaphane-
induced gene expression that is independent of Nrf2 in select
cell models. [32,33]. Sulforaphane was shown to inhibit inflam-
masomes through a Nrf2-independent mechanism, by modulation
of apoptotic pathways [34]. Oleanolic acid can induce metalloth-
ionein in both mice and rats. Metallothionein has an ARE sequence
in its promoter region which is induced by Nrf1, and is shown to
protect against acetaminophen hepatotoxicity and cadmium tox-
icity [35,36]. Oltipraz is not a potent or typical Nrf2 activator and
thus its effects may not be solely due to Nrf2 activation. Oltipraz
is known to activate aryl hydrocarbon receptor [37] and constitu-
tive androstane receptor, both of which activates NQO1 expression
[38].

In summary, our results demonstrate beneficial effects of Nrf2
activating agents on viability of human kidney cells and expres-
sion of antioxidant and efflux transporter genes. Agents such as
sulforaphane and oltipraz may be potential therapies to enhance
nephro-protectant effects for patients undergoing treatment with
known toxicants such as cisplatin. There appears to be compound
specific effects of Nrf2 activating agents on antioxidant pathways.
While weak activation of Nrf2 was observed with Nrf2 activators,
collectively, increased cell viability and increased mRNA expression
of Nrf2-target genes provide evidence for the benefits of select Nrf2
activators as potential therapies. Ongoing in vitro and in vivo inves-
tigations are evaluating mechanistic pathways involved in kidney
cells exposed to toxicants including cisplatin and benefits of Nrf2
activators on nephroprotection.
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