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Induction of heme oxygenase-1 (HO-1) may serve as an
immediate protective response during treatment with the
cytostatic drug cisplatin (CDDP). Oxidative pathways
participate in the characteristic nephrotoxicity of CDDP. In
the present study, cultured tubular cells (LLC-PK1) were
used to investigate whether induction of HO provided
protection against CDDP by maintaining the cellular redox
balance. The antioxidants, a-tocopherol (TOCO) and N-
acetylcysteine (NAC), were used to demonstrate that
elevation of ROS levels contribute to the development of
CDDP-induced cytotoxicity. Chemical modulators of HO
activity were used to investigate the role of HO herein.
Hemin was used to specifically induce HO-1, while
exposure of the cells to tin-protoporphyrin (SnPP) was
shown to inhibit HO activity. Hemin treatment prior to
CDDP-exposure significantly decreased the generation of
ROS to control levels, while inhibition of HO increased the
ROS levels beyond the levels measured in cells treated with
CDDP alone. Furthermore, HO induction protected
significantly against the cytotoxicity of CDDP, although
this protection was limited. Similar results were obtained
when the cells were preincubated with TOCO, suggesting
that mechanisms other than impairment of the redox ratio
are important in CDDP-induced loss of cell viability in
vitro. In addition, SnPP treatment exacerbated the
oxidative response and cytotoxicity of CDDP, especially
at low CDDP concentrations. We therefore conclude that
HO is able to directly limit the CDDP-induced oxidative
stress response and thus serves as safeguard of the cellular
redox balance.

Keywords: Heme oxygenase; CDDP; Renal tubular cells; ROS;
Antioxidants; Cytotoxicity

INTRODUCTION

Induction of heme oxygenase-1 (HO-1) is thought to
serve as an immediate protective response against
the nephrotoxicity of cisplatin (CDDP), a common
chemotherapeutic agent. Heme oxygenase (HO)
catalyses the first and rate limiting step in the
degradation of heme to biliverdin and bilirubin,
respectively. Carbon monoxide (CO) and iron are
released by the HO-catalyzed reaction. CO is thought
to serve as a second messenger, whereas iron induces
the synthesis of ferritin, which in turn efficiently
chelates its inducer. The second step in this heme
degrading pathway is catalyzed by biliverdin
reductase, a cytosolic enzyme, and leads to the
formation of bilirubin (for a review see[1]).

Three HO isoenzymes, products of distinct genes,
have been characterized to date.[2,3] HO-1 is a widely
distributed heat-shock protein and is induced by a
variety of stimuli, including UV(A) irradiation,
heavy metals, inflammation and prooxidant
states.[1,4] HO-2 is expressed constitutively, predo-
minantly in brain and testicular tissue. Recently, HO-
3 has been described having properties similar to
HO-2.[5]

Although the mechanisms underlying induction
of HO are complex, HO-1 induction is proposed to be
a general response to oxidant stress in mammalian
cells. Intracellular redox levels thus appear to play an
important role in this response.[6 – 8] The general
assumption is that as a result of HO activity the
concentration of the prooxidant heme is decreased
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and the levels of biliverdin and bilirubin are
increased resulting in a favorable redox balance, as
the latter compounds have effective antioxidative
activity.[9]

Cis-diamminedichloroplatinum(II) [cisplatin,
CDDP] is a widely used chemotherapeutic agent
for the treatment of human malignancies, including
ovarian and testicular cancer.[10] However, CDDP
produces severe side effects, the most prominent
being its nephrotoxicity, which limits its clinical use
considerably.[11] It is generally accepted that selective
accumulation in the proximal tubular cells, resulting
from active secretory transport, provides the basis
for CDDP-mediated nephrotoxicity.[11] However, the
detailed mechanism of CDDP-induced renal damage
has not been elucidated as of yet.[4,11]

The kidney is a major site for oxidative processes
and is therefore extremely vulnerable to oxidant-
damage.[4] Oxidative stress, such as reduction in
cellular glutathione levels, enhancement of lipid
peroxidation and generation of superoxide anion in a
cell-free system,[4] has been implicated in CDDP-
mediated toxicity. Correspondingly, oxidant-scaven-
ging enzymes and several antioxidants were shown
to protect against CDDP-induced renal damage.[12 – 15]

In addition, a critical role for iron in CDDP-mediated
enhancement of lipid peroxidation in rat kidney
cortical slices has been suggested.[16,17] Moreover,
studies using mouse proximal tubular cells provided
evidence that the induction of apoptosis following
exposure to low concentrations of CDDP is caused by
the generation of oxygen free radicals.[18]

Previous studies have suggested a protective role
for HO in the nephrotoxicity of CDDP.[6] The
observed induction of HO-1 following CDDP
exposure might be linked to the CDDP-related
depletion of cellular glutathione, as HO induction
often follows glutathione depletion.[19,20] Interest-
ingly, exogenous induction of HO was shown to
protect against CDDP-induced nephrotoxicity, while
inhibition deteriorated its toxic effects.[6] The protec-
tion provided by HO-1 induction against the
renotoxicity of CDDP has been studied in vitro[4]

and in vivo.[6,11,21] Despite the increasing evidence for
its antioxidative function, the direct influence of HO
induction on the CDDP-induced oxidative response
has not been reported as of yet.

In the present study cultured tubular cells (LLC-
PK1) were used to evaluate the oxidative mechan-
isms involved in CDDP-mediated toxicity. To this
end, the effect of widely used antioxidants (a-
tocopherol (TOCO) and N-acetylcysteine (NAC)) on
ROS production and cytotoxicity following CDDP
exposure was determined. Furthermore, chemical
modulators of HO activity, such as hemin and tin-
protoporphyrin were used to investigate the role of
altered HO activity on the oxidative response and
toxicity of CDDP in LLC-PK1.

MATERIALS AND METHODS

Chemicals

Cisplatin (CDDP) was obtained from Sigma (St.
Louis. MO, USA). H2DCF-DA was obtained from
Molecular Probes (Leiden, The Netherlands). Hemin
and SnPP (tin-protoporphyrin) were from Porphyrin
Products Laboratories (Logan, UT, USA). Phenolred-
free DMEM/F12 was obtained from Life Technol-
ogies (Breda, The Netherlands). All other chemicals
were of analytical grade and purchased from Sigma
(St. Louis. MO, USA).

Cell Culture

LLC-PK1 cells (ATCC number CL-101), originally
derived from the pig proximal tubule, were routinely
seeded at 1:5 £ 105 cells=75 cm2 flask and subcul-
tured every 6–7 days. Two days prior to an
experiment, LLC-PK1 cells were plated at a density
of 3 £ 106 cells=75 cm2 culture area in Medium 199
supplemented with 5% FCS, 2 mM L-glutamine,
100 u/mL penicillin, 100mg/mL streptomycin. This
combination of supplements covers a broad anti-
biotic spectrum and is preferential over other broad-
spectrum antibiotics such as gentamicin, which exert
renal toxicity at low concentrations. Cells were
maintained in a 5% CO2 humidified atmosphere at
378C.

Determination of ROS Production

Cells were plated in 96-well culture plates. Following
defined preincubation periods (see below) cells were
rinsed with PBS. To each well serum-free
DMEM/F12 without phenolred containing 10mM
20,70-dichlorodihydrofluorescein diacetate (H2DCF-
DA) with or without treatment was added. H2DCF-
DA is generally used to detect a broad range of
intracellular oxidizing reactions.[22] After 60 min.
incubation at 378C, cells were rinsed once and
treatments were started as described. ROS pro-
duction was measured between 4 and 24 h after
addition of CDDP (always prepared freshly) on a
microplate reader equipped with a spectrofluorom-
eter (cytofluor 2300 Fluorescence Measurement
System, Millipore corp. Bedford, MA, USA) at an
emission wavelength of 538 nm and extinction
wavelength of 485 nm. Relative ROS production
was expressed as an increase in fluorescence
compared to fluorescence of the appropriate controls
(100%).

Determination of Cell Viability

Cell viability was assessed by the MTT assay as well
as by the neutral red uptake cytotoxicity test (NR
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assay). The MTT assay, which measures the
reduction of dimethylthiazol diphenyl tetrazolium
bromide (MTT) to formazan by the mitochondrial
enzyme succinate dehydrogenase was based on
Denizot and Lang.[23] Cells were grown on 96-well
plates, 60–80% confluent cells were treated as
described in the text. Following the given
incubation period, the medium was discarded
and 0.6 mg/ml MTT solution (final concentration;
3 mg/ml stock dissolved in PBS) was added to the
wells. After 2–4 h at 378C in a humidified
atmosphere the MTT solution was discarded and
the formazan product in each well was solubilized
in 100ml acidic isopropanol (containing 0.1 M
HCl). Absorbance at 595 nm was determined on
a Biorad 3550 microplate reader equipped with a
spectrophotometer (Biorad, Veenendaal, The
Netherlands) Cell viability was expressed as (A595

treated cells/A595 of appropriate control) £ 100%, after
correction for background absorbance.

The NR test was performed according to Riddell
et al.[24] by adding 50mg/ml neutral red (stock
0.2 mg/ml in distilled H2O) to the medium of the
cells. After 2 h incubation at 378C cells were rinsed
twice with PBS. Lysosomal uptake of neutral red was
determined by adding destain buffer (1% (v/v)
acetic acid, 50% (v/v) ethanol and 49% (v/v)
distilled water) to the cells and placing the culture
plates for 15 min on an orbital shaker. The plates
were read spectrophotometrically at 540 nm to
quantify NR uptake. Viability was expressed as
ðA540 2 treated cells/A540 2 control cells) £ 100%
after correction for background absorbance.

Determination of HO Activity

The activity of microsomal HO was assayed as
described by Kutty and Maines with minor
modifications.[25] The reaction mixture (1.5 ml)
contained 3–4 mg protein of the cell homogenate,
25mM hemin, 2 mM NADP, 5 mM glucose-6-phos-
phate, 1.5 units glucose-6-phosphate dehydrogenase,
1.5 mM MgCl2 and 3 mg 100,000g pig liver super-
natant (as source for biliverdin reductase and was
determined to have a biliverdin reductase activity of
approximately 600 nmol/min mg protein), in 0.05 M
phosphate buffer (pH 7.4). SnPP, being a competitive
HO inhibitor, was added to the mixture at 10mM
during measurement of HO activity in homogenates
of SnPP-treated (HO inhibited) cells. The incubation
was carried out at 378C for 60 min. The reaction was
terminated by the addition of 7.5 ml chloroform.
After centrifugation (4300g, 58C, 10 min) the organic
phase was transferred to a clean tube and concen-
trated to 1 ml by evaporation under a stream of N2.
The production of bilirubin was calculated by
measuring the difference in absorption of the
chloroform extract between 465 and 530 nm using

an extinction coefficient of 40 mM21 cm21. Absor-
bance was measured on a split beam spectropho-
tometer (UV 2101PC, UV VIS scanning, Shimadzu
Benelux, ’s Hertogenbosch, The Netherlands). All
steps were performed under subdued light
conditions.

Preparation of Cell Homogenates

Cells were grown on 100 mm culture dishes and
treated as described. To determine HO activity cell
homogenates were prepared by scraping the cells in
cold phosphate buffer sodium (PBS). The cells were
pelleted at 166g for 5 min at 48C. The pellet was
resuspended in 1.25 ml HO-assay-buffer (0.05 M
phosphate buffer (pH 7.4) with 1.5 mM MgCl2).
Cells were snap-frozen in liquid N2 and then allowed
to thaw at room temperature. This procedure was
repeated three times to completely lyse all cells. After
homogenation of the lysate 1 ml was used to
determine HO activity, the remaining fraction was
used for protein determination.

Western Blot Analysis

Cells were seeded on 100 mm culture dishes at 2 £

106 cells=dish and cultured for 48 h prior to the start
of the experiments. Cells were treated with hemin or
Sn-protoporhyrin as described above. The incu-
bations were terminated by discarding the medium.
The monolayers were rinsed with cold PBS and the
cells were scraped in RIPA buffer (1% Igepal CA-360
(Sigma, St. Louis, MO), 0.5% sodium deoxycholate,
0.1% sodiumdodecylsulfate in PBS supplemented
with 100 mg/ml phenylmethylsulfonylfluoride,
1 mM sodium orthovanadate). Samples were hom-
ogenized and centrifuged shortly (12,000g, 5 min
48C). 30mg of protein from the supernatant fraction
from the respective samples were separated on SDS-
polyacrylamide gels in a Mini-Protean 3 Cell (Biorad,
Veenendaal, The Netherlands) as described by
Laemmli et al.[26] and electroblotted onto a poly-
vinyliden difluoride membrane according to the
method of Towbin et al.[27] Polyclonal antibodies
raised against rat HO-1 (from Sanbio bv, Uden, The
Netherlands, Stressgen catalog no. SPA 895) were
used for immunological staining as described by
Wortelboer et al.[28]

Protein Determination

Protein content of the samples was determined using
the method described by Lowry.[29]

Statistical Analysis

Significance of differences between different exper-
iments was first determined using a one-way
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ANOVA within a study and then by Bonferroni
comparison of the groups of data (treatments) using
SYSTAT 8.0 software. Differences were considered
significant if P , 0:05:

RESULTS

CDDP-induced Oxidative Stress and Toxicity

CDDP, at concentrations exceeding 25mM, signifi-
cantly elevated the levels of ROS in renal tubular
cells already after a 4 h exposure to CDDP (4 h,
P , 0:05) (Fig. 1A). The ROS production increased
concentration-dependently, reaching an apparent
maximum in ROS production after 24 h exposure to
100mM CDDP. Therefore, CDDP concentrations
between 25 and 100mM were used in all subsequent
experiments. The CDDP-induced elevation of ROS
production was also time-dependent, as the ROS
levels after 24 h exposure to CDDP concentrations
between 25 and 100mM were significantly higher as
compared to a 4 h exposure to corresponding

concentrations ðP , 0:05Þ: In addition to the induc-
tion of oxidative stress, the effect of increasing
concentrations of CDDP on cell viability was
determined. Cell viability of the LLC-PK1 cells also
decreased concentration- and time-dependently (Fig.
1B). After 4 h of incubation, cell viability was
significantly decreased for high concentrations of
CDDP (100 and 200mM, MTT assay, P , 0:05). After
24 h cell viability was already significantly decreased
at a CDDP concentration of 1.6mM as compared to

FIGURE 1 CDDP-induced generation of ROS (A) and decrease of
cell viability (B) in LLC-PK1 cells. (A) ROS generation was
determined after incubation of the cells for 4 and 24 h to increasing
concentrations of CDDP (0–200mM). (B) Impairment of cell
viability by increasing concentrations of CDDP (0–200mM) as
determined by the MTTand NR assay. The data represent means ^
SD from quadruplicate measurements from at least two
independent experiments. Results of statistical analyses are
delineated in the text.

FIGURE 2 The effect of a-tocopherol (TOCO) and N-
acetylcysteine (NAC) on the CDDP-induced ROS generation (A)
and loss of viability (B). (A) The cells were preincubated (24 h)
with 5mM TOCO or 1 mM NAC, respectively, prior to exposure to
100mM CDDP. After 24 h exposure to CDDP the ROS response was
determined. (B) The cells were preincubated (24 h) with 5mM
TOCO or 1 mM NAC, respectively, prior to exposure to 25mM
CDDP. The antioxidant, TOCO or NAC remained present during
CDDP exposure or was omitted prior to incubation with CDDP
(NAC-pre). After 24 h exposure to CDDP cell viability was
determined using the NR assay. The data represent means ^ SD
from quadruplicate measurement from at least two independent
experiments. *Significantly different from cell viability of control
treated cells ðP , 0:05Þ: #Significantly different from cell viability
of CDDP-treated LLC-PK1 cells ðP , 0:05Þ: §Significantly different
from cell viability of CDDP þ TOCO- and CDDP þ NAC-treated
LLC-PK1 cells ðP , 0:05Þ:
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solvent-treated cells (Fig. 1B, 24 h, MTT assay,
P , 0:05). In addition, exposure to 25mM CDDP
and higher resulted in a significant higher loss of cell
viability after a 24 h incubation as compared to
exposure to corresponding CDDP concentrations
for 4 h incubation (Fig. 1B, 24 vs. 4 h exposure,
P , 0:05).

Figure 1B shows that the results on cell viability
as determined by either the MTT or NR assay
were not statistically different. This is further
illustrated by the estimated IC50 values, which
were 18:5 ^ 4:9 and 16:5 ^ 6:5mM for the NR and
MTT assay, respectively. As one of the targets of
CDDP toxicity are the mitochondria and the MTT
assay reflects mitochondrial activity, cell viability
was assessed in subsequent experiments using the
NR assay.

Effect of Antioxidants

Preincubation with a-tocopherol (TOCO) as well as
by N-acetyl-cysteine (NAC) decreased CDDP-
induced ROS generation significantly to almost
control levels (Fig. 2A, P , 0:05 as compared to
solvent- and CDDP-treated cells). Preincubation
with 5mM TOCO could almost completely prevent
elevation of ROS for CDDP concentrations up to
100mM. Similar effects were observed with pretreat-
ment and concomitant incubation with 1 mM NAC.

Cells preincubated with TOCO showed a
significantly higher viability as compared to cells
incubated with CDDP (25mM) alone, although this
protective effect of TOCO on cell viability was not
pronounced. In contrast, preincubation with 1 mM
NAC significantly protected against the cytotoxic
effect of CDDP, as judged by the NR-assay (Fig.
2B). NAC provided the greatest protection, when
NAC remained present during the CDDP incu-
bation. Omission of NAC just prior to CDDP
exposure diminished the protective effect, although
this protection was still greater than observed after
preincubation with TOCO (NAC-pre; Fig. 2B).
Altogether, this suggests that antioxidant agents,
especially NAC, can protect cells against the
cytotoxicity of CDDP (Fig. 2B).

Modulation of HO-1

To investigate the putative protective role of
increased HO activity prototypical modulators of
HO activity, hemin and tin-protoporphyrin (SnPP)
were used. Before the role of altered HO activity in
CDDP-mediated oxidative damage could be mon-
itored, the effects of these chemicals on HO-1 protein
expression and HO activity in LLC-PK1 cells were
determined. Figure 3A shows that HO-1 expression
is clearly induced by hemin pretreatment, while HO-
1 protein is just above the detection limit in the
samples from the control and the SnPP treated cells.
No obvious difference in HO-1 protein expression
between control and SnPP treated cells was
observed. In line with these observations, Fig. 3B
shows that HO activity is strongly induced (about 8–
10 fold) after pretreatment with hemin (P , 0:05 as
compared to the solvent-treated cells). In contrast,
SnPP treatment resulted in a significant decrease of
HO activity (P , 0:05 as compared to solvent-treated
cells). These treatments did not affect the viability of
the cells as determined by the MTT-assay (data not
shown).

Effect of HO Modulation on CDDP-mediated
Oxidative Response and Cytotoxicity

Following treatment of the cells with hemin or SnPP,
respectively, as described above, the cells were

FIGURE 3 The effect of hemin and SnPP on HO-1 protein
expression (A) and HO activity (B) in LLC-PK1 cells. (A) Cells
were incubated for 1 h with 100mM hemin and then incubated in
hemin-free medium for 6 h before determination of HO-1 protein
expression. The SnPP-treated cells were preincubated for 7 h with
10mM SnPP before determination of HO-1 protein expression. The
control cells were treated with solvent (0.1 % DMSO). Proteins
were separated on a SDS-polyacrylamide gel, and HO-1
apoprotein was detected by immunoblotting with anti-rat-HO-1
antibodies. The Western blot shows duplicate samples of one
typical experiment. The right lane (POS) shows the hepatocyte
homogenate, which is used as a reference. (B) The cells were
treated as described in A. HO activity in the cell homogenates was
determined as described in the material and methods. The results
of the determination of HO activity are presented as means ^ SD
from triplicate measurements from at least two independent
experiments. *Significantly different from solvent-treated cells
ðP , 0:05Þ:
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exposed to CDDP and the oxidative response was
measured. Figure 4A shows that hemin-treatment
significantly prevented the typical CDDP-mediated
elevation of ROS levels up to 100mM CDDP
(P , 0:05 as compared to solvent-treated cells).
Pretreatment with hemin significantly protected the
cells against the decrease in viability following
exposure to CDDP (Fig. 4B; P , 0:05 as compared to
CDDP-treated cells). This protective effect was only
partial and was more profound at lower CDDP
concentrations, while at higher concentrations of
CDDP hemin treatment provided no prevention of
loss of viability (Table I).

FIGURE 4 The effect of hemin preincubation on CDDP-induced
ROS generation (A) and loss of viability (B) in LLC-PK1 cells. (A)
Cells were incubated for 1 h with 100mM hemin, followed by 6 h
incubation in hemin-free medium. Thereafter cells were exposed
to 100mM of CDDP for 24 h and ROS levels were determined as
described in the material and methods. (B) LLC-PK1 cells were
treated with hemin as described in A. Following the 6 h incubation
with hemin-free, cells were exposed to 100mM CDDP. Cell
viability was determined 24 h later using the NR assay. The control
cells (A and B) were treated with solvent (0,1 % DMSO). Results
are presented as means ^ SD from quadruplicate measurements
from at least two independent experiments. *Significantly different
from solvent-treated cells ðP , 0:05Þ: #Significantly different from
ROS production in LLC-PK1 cells treated with CDDP ðP , 0:05Þ:

TABLE I Effect of hemin treatment on the cytotoxicity of CDDP

Cell viability (% of control)a

CDDP (mM) Control Hemin treated

0 100 ^ 4.4 101.2 ^ 5.5
12.5 62.4 ^ 7.6* 84.2 ^ 13.7*,**
100 17.2 ^ 2.0* 24.7 ^ 2.0*,**
200 12.5 ^ 6.0* 15.3 ^ 8.2*

a Control-treated cells exposed to 0mM CDDP. Cells were incubated with
solvent or 100mM hemin for 1.5 h followed by 6 h incubation in hemin-free
medium. Cells were then exposed to 0, 12.5, 100 and 200mM hemin. Cell
viability was determined 24 h later using the NR uptake assay. The data
represent mean ^ SD from at least two independent experiments.
*Significantly different from cells treated with 0mM CDDP ðP , 0:05Þ:
**Significantly different from cells treated with corresponding concen-
tration of CDDP alone (Control) ðP , 0:05Þ:

FIGURE 5 The effect of SnPP on CDDP-mediated ROS response
(A) and decrease in viability (B) of LLC-PK1 cells. (A) Cells were
preincubated for 7 h with 10mM SnPP prior to exposure for 24 h to
25mM CDDP. ROS levels were determined as described in the
material and methods. (B) Cells were treated as described in A. Cell
viability was determined using the NR assay. The control cells (A
and B) were treated with solvent (0,1 % DMSO). The results are
presented as means ^ SD from quadruplicate measurements.
*Significantly different from solvent-treated cells ðP , 0:05Þ:
#Significantly different from ROS production in LLC-PK1 cells
treated with CDDP ðP , 0:05Þ:
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In contrast, the CDDP-induced (25mM) ROS
response after inhibition of HO by SnPP exceeded
that of solvent- and CDDP-treated cells (Fig. 5A,
P , 0:05). In these experiments the lowest concen-
tration of CDDP (25mM) that induced a detectable
ROS response was chosen to illustrate the effects of
HO-inhibition. In addition, HO inhibition by SnPP
prior to CDDP exposure (25mM) exacerbated its
cytotoxic effects (Fig. 5B). These data again suggest
the contribution of ROS to the cytotoxicity of
CDDP.

DISCUSSION

Using renal tubular cells (LLC-PK1 cells) as a model,
the role of HO in the development of oxidative cell
damage following exposure to different CDDP
concentrations was studied. CDDP is known to
react with cellular macromolecules including DNA,
RNA, proteins and cellular thiols finally resulting in
disruption of many cellular processes including
maintenance of the redox balance (reviewed by
Trimmer and Essigman[11]). In the present study,
CDDP induced a time- and concentration dependent
increase in cellular ROS levels. The profound
decrease in cell viability after exposure to CDDP
concentrations exceeding 25mM correlated with the
significant increase in ROS levels observed. This
suggests the involvement of oxidative stress in
CDDP-induced cytotoxicity. Furthermore, the obser-
vation that 4 h incubation with 25mM CDDP induced
a significant increase of ROS levels, while a
significant decrease of cell viability by 25 mM
CDDP was observed only after 24 h exposure,
suggests that oxidative stress preceded and thus
contributed to the observed cytotoxicity. The CDDP-
induced oxidative damage in renal tubular epithelial
cells is in line with observations of others.[4,30]

a-tocopherol (TOCO) is a well-known antioxidant,
particularly effective in scavenging lipid per-
oxides.[9] As anticipated, the CDDP-mediated oxi-
dative response was effectively reduced by
preincubation with TOCO. However, the CDDP-
induced loss of viability was only slightly affected by
TOCO pretreatment. This lack of profound protec-
tion against high CDDP concentrations, suggests that
ROS-independent pathways are primarily respon-
sible for the CDDP-mediated toxicity in vitro, as is
also described by others.[16,18] For example, Lie-
berthal et al., using human primary tubular cells,
showed that high CDDP concentrations caused
necrosis, and that this process was not affected by
antioxidants.[18]

N-acetylcysteine (NAC) is an effective radical
scavenger, but is also known to increase the levels of
both GSH and cysteine.[31] NAC-treatment not only
effectively prevented the CDDP-induced increase in

ROS levels, but almost completely protected the cells
against the cytotoxicity of CDDP. Thus, the observed
protective effect of NAC may be, at least partially,
attributed to effects secondary to ROS scavenging.
Cysteine is a potent ligand for CDDP and binds
CDDP both extra- and intracellularly, eliminating its
immediate reactivity. In addition, it reduces the
uptake of CDDP in epithelial cells.[32] The obser-
vation that the protective effect of NAC was more
profound when it was continuously present is in
agreement with the above-mentioned studies.[18] HO
activity in the renal tubular cells was clearly induced
by hemin pretreatment. Hemin treatment prior to
CDDP exposure prevented the CDDP-induced
elevation of ROS. In light of the presented effects of
TOCO and NAC, the observed attenuation of CDDP
oxidative toxicity can be attributed to an increased
HO activity. Several studies have ascribed the
protective effect of increased HO activity against
oxidative-stress related toxicity to increased levels of
bilirubin.[21] Bilirubin, the endproduct of HO-
catalyzed heme-degradation, is like TOCO a potent
lipid peroxide scavenger.[9] The protective effect of
HO induction was comparable to the effect of TOCO
treatment on CDDP-induced oxidative stress and
cytotoxicity. Taken together, this suggests that lipid
peroxidation does not contribute significantly to the
toxicity of CDDP. The modest protection of increased
HO activity may be due to the limitation of
intracellular heme levels to provide sufficient
concentrations of bilirubin as has been proposed by
others.[33]

Treatment of LLC-PK1 cells with tin-protopor-
phyrin (SnPP) significantly reduced basal HO
activity. Subsequently, the oxidative stress response
and cytotoxicity induced by CDDP observed after
treatment of LLC-PK1 cells with SnPP, are in
agreement with other studies, which showed that
inhibition of basal HO activity deteriorates the toxic
effects of CDDP in vitro.[4]

The present data suggest that basal HO levels may
serve to maintain the redox-balance during exposure
to low concentrations (,25mM) of the drug, while at
higher CDDP concentrations the oxidative response
clearly exceeds the antioxidant defense of the cells
expressing physiological levels of HO. The induction
of HO as observed in vivo in response to CDDP insult
can thus be regarded as a clear protective response in
toxic nephropathy.[6,21] The assumption that HO may
serve as a safeguard of cellular redox levels concurs
with the reports describing the first case of human
hereditary HO-1 deficiency showing the important
role of HO-1 in protecting the kidney against chronic
low-level oxidative insult.[34] Moreover, studies
using transgenic mice deficient in HO-1 (2/2)
showed that absence of HO-1 resulted in more severe
renal failure and greater renal injury as compared to
wild type mice treated with CDDP.
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Although the contribution of ROS to the toxicity of
high CDDP concentrations in vitro appears to be
limited, previous studies show the significant
involvement of ROS-related mechanisms in acute
renal injury in vivo following CDDP-intoxication.[35]

This discrepancy may be explained by the influences
of secondary effects in vivo such as altered renal
hemodynamics.[35] Furthermore, increased HO
activity was shown to protect against the nephro-
toxicity of CDDP in rats,[6,21] while inhibition of HO
exacerbated its toxic effects.[4,6] Our results suggest
that the protection provided by HO in vivo to CDDP
toxicity may proceed through oxidative pathways. In
addition, Liang and colleagues showed the involve-
ment of a redox-based mechanism in the induction of
HO-1 in LLC-PK1 cells.[36] Taken together, these
observations point to a protective feedback mechan-
ism in HO induction.

CDDP is directly accumulated in the proximal
tubule,[11] leading to high local concentrations.
Together with the observation that CDDP induced
ROS formation at relatively high concentrations
(.25mM), this may indicate that CDDP-related
oxidative stress plays a significant role in its site-
specific toxicity. Furthermore, the proximal tubule
contains relatively the highest intrarenal levels of
CYP450.[37] The presence of high heme levels may
further contribute to the oxidative stress and tubular
toxicity of CDDP, as the heme-moiety from CYP450
provides catalytic iron. Iron, capable of catalyzing
free radical reactions, has been implicated in the
toxicity of CDDP.[38] Therefore, the protection
provided by increased HO activity in renal tubular
cells in vitro as well as in vivo may not only be
attributed to increased levels of antioxidants, but
also to the consequent reduction of free heme
(prooxidant) levels. This mechanism has also been
suggested by Baliga and colleagues using the same
renal tubular cell line (LLC-PK1).[38]

Exogenously induced HO may thus provide
additional antioxidative defense ammunition, limit-
ing the toxic side effects of CDDP. It will be
important to assess if such an increased antioxidant
defense interferes with the DNA reactivity of CDDP
and thus its antitumor efficacy. Furthermore, if iron,
released during HO-catabolized degradation of
heme, is not properly sequestered, increased HO
activity may have adverse effects. In conclusion, our
results show that HO is able to limit the CDDP-
induced oxidative response and partially limit the
CDDP toxicity. Whether HO is able to directly restore
the redox balance in vivo remains to be assessed.
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