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Abstract
Background. The clinical use of cisplatin (cis-
diamminedichloro-platinum II, CDDP) is highly limited
by its nephrotoxicity. Although N-acetylcysteine (NAC), a
thiol-containing antioxidant, has been documented to be
effective in attenuating renal injury induced by CDDP, the
precise mechanisms involved in its renoprotection have not
been completely clarified.
Methods. We investigated the effects of NAC on oxida-
tive stress and oxidation-associated signals, such as p38
mitogen-activated protein kinase (MAPK), NF-κB and
TNF-α, in CDDP-induced acute renal failure (ARF) rats,
in comparison to the effects of melatonin (MT), one of the
physiological TNF-α inhibitors, and pyrrolidine dithiocar-
bamate (PDTC), a NF-κB inhibitor.
Results. NAC blocked oxidative stress, p38 MAPK ac-
tivation, caspase-3 cleavage, tissue apoptosis, renal dys-
function and morphological damage induced by CDDP.
CDDP-triggered NF-κB translocation into the nucleus and
TNF-α mRNA increase in the kidney were also inhib-
ited in NAC-treated rats. MT downregulated the TNF-α
mRNA level, and PDTC inhibited the increases in both
NF-κB translocation and TNF-α mRNA. Neither MT nor
PDTC were capable of interfering with oxidative stress, p38
MAPK phosphorylation, caspase-3 cleavage, tissue apop-
tosis and kidney injury induced by CDDP.
Conclusions. These data suggest that oxidative stress and
p38 MAPK-mediated apoptotic cell death pathways are
involved, at least in part, in the pathogenesis of CDDP-
induced ARF, and negative regulation of p38 MAPK
activation through inhibition of oxidative stress appears to
play a central role in the beneficial effects of NAC.
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Introduction

As a highly effective antitumour agent, cisplatin (cis-
diamminedichloro-platinum II, CDDP) is used to treat a
wide variety of malignant diseases. A serious adverse ef-
fect, nephrotoxicity, leading to acute renal failure (ARF),
extremely limits the clinical use of the chemotherapeutic
agent. Recent studies have also provided evidence support-
ing the involvement of p38 mitogen-activated protein kinase
(MAPK) in ARF induced by both ischaemia/reperfusion [1]
and renal toxicants including CDDP [2,3]. The MAPK path-
ways, including extracelluar signal-related kinase (ERK),
c-Jun NH2-terminal kinase (JNK) and p38 MAPK, are a
series of parallel cascades of serine/threonin kinases that
are activated by diverse extracellular, physical and chem-
ical stresses and regulate cell proliferation, differentiation
and survival. Among them, p38 MAPK is increasingly rec-
ognized as an important molecular component activated in
response to a variety of stresses including oxidative stress
[4], which is widely considered to play a central role in
the development of ARF induced by CDDP. However, the
mechanisms by which p38 MAPK activation results in renal
damage in CDDP-induced ARF have not been well charac-
terized.

Since the phosphorylated p38 MAPK can trigger apop-
totic responses through direct activation of caspase-3
cascades [5], the direct activation of caspase-3 by
phosphorylated p38 may cause apoptotic tubular cell
death in CDDP-induced ARF. In contrast, some ear-
lier studies have demonstrated that activation of p38
MAPK is involved in tumour necrosis factor-α (TNF-α)
production and the nuclear factor-κB (NF-κB) activation
[6–8], and at the same time, there are also reports indicat-
ing that CDDP treatment induces significant activation of
NF-κB and remarkable increases in TNF-α production in
kidneys, and the inhibition of NF-κB activation and TNF-α
production is capable of attenuating CDDP-induced renal
injury [9–11]. Therefore, it is possible that the activation of
p38 MAPK may cause apoptosis through TNF-α production
and/or NF-κB activation. On the other hand, there is accu-
mulating evidence indicating that the disrupted oxidative
status results in activation of various signalling molecules.
NF-κB, in particular, is translocated into the nucleus
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subjected to oxidative stress and then promotes the syn-
thesis of inflammatory substances, including TNF-α [12],
which has been regarded as an inducer of p38 MAPK ac-
tivation [13–15]. Thus, it is also possible that oxidative
stress-induced NF-κB activation or production of TNF-α is
the cause of p38 MAPK phosphorylation. The exact roles
of p38 MAPK, TNF-α and NF-κB and the interactions be-
tween these in the development of CDDP-induced ARF
remain to be established.

N-Acetylcysteine (NAC), a thiol-containing antioxidant
originally introduced as a mucolytic agent, is reported to
have beneficial effects on renal injury induced by CDDP
[11,16]. Data yielded in vitro have indicated that NAC can
inhibit p38 MAPK activation, TNF-α biosynthesis [6,7,13–
15] and NF-κB activation [17], and can block CDDP-
induced apoptosis [18]. However, these inhibitory effects
of NAC on p38 MAPK, TNF-α and/or NF-κB, which have
been evaluated, are not clear in vivo. NAC is also a precursor
of glutathione (GSH), which is reported to inhibit tubular
injury by CDDP [19]. The in vivo mechanisms of NAC on
CDDP-induced ARF have not been well evaluated.

To elucidate the possible roles of oxidative stress, p38
MAPK, TNF-α and NF-κB in vivo in CDDP-induced ARF
and in the inhibition of CDDP toxicity by NAC, we in-
vestigated the effects of NAC, melatonin (5-methoxy-N-
acetyl-tryptamine, MT), one of the physiological TNF-α
production inhibitors [20,21], and pyrrolidine dithiocarba-
mate (PDTC), a NF-κB inhibitor, on the alternations of
these intermediate signals and on the renal damage. In ad-
dition, another antioxidant, dimethylthiourea (DMTU), was
used to exclude a specific substance effect of NAC on p38
MAPK pathways.

Subjects and methods

Experimental design

Male Sprague-Dawley rats weighing 220–250 g were pur-
chased from SLC Co. (Shizuoka, Japan). Animals were
housed under 12-h light/dark conditions at the temperature
of 23 ± 2◦C, and provided with standard rat chow and
drinking water ad libitum.

ARF was induced by a bolus injection of CDDP (5 mg/kg
i.v., Nippon Kayaku, Tokyo, Japan) dissolved in sterile 0.9%
saline via the penile vein under light ether anaesthesia.
Normal control rats received only isotonic saline.

Rats were divided into five different groups as fol-
lows: (1) saline-treated normal control rats and rats treated
with CDDP (5 mg/kg, i.v.) plus intraperitoneal injection
of (2) vehicle (5 ml/kg), (3) NAC (250 mg/kg), (4) MT
(5 mg/kg) or (5) PDTC (80 mg/kg) once a day, with 6–9
rats in each group. The administration of the drugs started
2 days prior to a singe dose of CDDP. CDDP, NAC, MT
or PDTC were dissolved in saline. As an additional experi-
ment, five rats were injected with 500 mg/kg body weight
of DMTU (Sigma-Aldrich, St. Louis, MO, USA) 1 h be-
fore the injection of CDDP, followed by the injection of
125 mg/kg body weight of DMTU twice a day [22]. At
Day 5 after CDDP administration, blood samples were ob-
tained from the abdominal aorta for measurement of the

concentration of serum creatinine (Scr) using an enzy-
matic method (CreE test, Mizuho Medy, Saga, Japan), and
kidneys were perfused with an ice-cold phosphate buffer
solution (PBS) and removed for histological evaluation and
immunohistochemistry; a portion of the outer stripe of the
outer medulla (OSOM) was excised and frozen quickly
in liquid nitrogen and stored at −80◦C until required for
analysis.

The experimental protocol was approved by the Ethics
Review Committee for Animal Experimentation of Hama-
matsu University School of Medicine.

Histological examination

Isolated perfused kidneys were fixed in 4% paraformalde-
hyde and embedded in paraffin. For histological evaluation
of renal damage, 3-µm sections of renal tissue were coun-
terstained with periodic acid Schiff (PAS) reagent. Because
tubular damage was most evident in OSOM, a semiquanti-
tative analysis was conducted on this area as described pre-
viously [23]. One hundred tubules were selected in 25 ran-
dom fields (four tubules from the centre of each field) at
×400 magnification and scored for each rat. Each tubular
profile was assigned to one of five categories according
to the following criteria: 0, normal; 1, areas of tubular ep-
ithelial cell swelling, vacuolar degeneration, necrosis, and
desquamation involving <20% of the tubular profile; 2,
similar changes involving ≥20% but <40% of the tubular
profile; 3, similar changes involving ≥40% but <60% of
the tubular profile; 4, similar changes involving ≥60% but
<80% of the tubular profile; 5, similar changes involving
≥80% of the tubular profile. To minimize observer bias,
the morphometric examination was performed in a blinded
fashion without knowledge of the treatment group from
which the tissue originated. The mean score for each rat
and the mean score for each group were then calculated.

The degree of apoptosis was assessed using a termi-
nal uridine nick-end labelling (TUNEL) technique as de-
scribed previously [24]. The tissue was deparaffinized and
rehydrated, followed by incubation of 3-µm sections with
20 µg/ml proteinase K for 15 min and immersion in dis-
tilled water containing 3% hydrogen peroxide for 30 min
at room temperature. Detection of DNA fragmentation was
performed using ApoTag plus in situ Apoptosis Detection
Kit (Oncor, Gaithersburg, MD, USA). A semiquantitative
analysis was performed by counting TUNEL-positive cells
per one field at ×400 magnification in OSOM. The mean
number of stained cells in 20 randomly selected fields
in each kidney was expressed as the number of TUNEL-
positive cells.

For immunohistochemical examination of 8-OHdG ex-
pression, the paraffin samples were cut in 3-µm thickness,
deparaffinized and rehydrated. After consuming endoge-
nous peroxidase with 3% H2O2, slides were pre-incubated
with 10% normal donkey serum to block non-specific re-
action. The samples were incubated respectively with mon-
oclonal mouse anti-8-OHdG (2 µm/ml) (Japan Institute for
Control of Aging, Shizuoka, Japan) overnight at 4◦C. Af-
ter washing in PBS (pH 7.4), the samples were incubated
with biotin-conjugated donkey anti-mouse IgG (Chemicon
International, Temecula, CA, USA) for 30 min at room
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temperature, washed in PBS, and then incubated with
streptavidin-conjugated peroxidase for 30 min at room tem-
perature. The reaction products were visualized using H2O2
containing 3,3′-diaminobenzidine in 0.05 M Tris buffer.
The number of 8-OHdG-positive nuclei in OSOM was
counted under a light microscope at ×400 magnification in
50 random fields in each experimental animal by an inves-
tigator who was blinded to the treatment, and its average
value at each time point was calculated.

Measurement of renal GSH content

GSH content in OSOM was measured by GSH Detection
Kit (BioVision, Mountain View, CA, USA) according to
the manufacturer’s instructions. In brief, the tissue sample
(100 mg) was homogonized in 0.5 ml of glutathione reaction
buffer containing 0.1 ml of 5% sulfosalicylic acid (SSA).
To generate NADPH, 20 µl of NADPH Generating Mix
and 140 µl glutathione reaction buffer were mixed and
incubated at room temperature for 10 min. Then, 20 µl of
either the GSH standard solution or the sample solution was
added followed by incubation at room temperature for 5–
10 min and further addition of 20 µl of substrate solution.
The absorbance at 405 nm was read by a microplate reader.
Protein content of each sample was determined by Bio-Rad
Protein Assay kits (Bio-Rad Laboratories, Hercules, CA,
USA).

Measurement of protein expression by western blot
analysis

Isolation of whole fractions of proteins from OSOM was
conducted by homogenizing kidneys in lysis buffer [1%
(v/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxy-
cholate, 150 mM NaCl and 20 mM Tris–HCl, pH 8.0] in
the presence of phenylmethylsulphonyl fluoride (PMSF)
(1 µM), protease inhibitor cocktail (Sigma-Aldrich)
and phosphatase inhibitor cocktail (Roche, Mannheim,
Germany). The homogenate was centrifuged at 15 000 g
for 20 min at 4◦C and the supernatant was stored at −80◦C
until used for western blot analysis of cleaved caspase-3,
phosphorylated-p38 (p-p38) MAPK, phosphorylated-ERK
(p-ERK) and phosphorylated-JNK (p-JNK).

For western blot analysis of PARP-1, cleaved PARP-1
and NF-κB, nuclear extracts from OSOM of kidneys were
prepared as described by Mehta et al. [25]. Tissues were ho-
mogonized in 500 µl of buffer A [Hepes (10 mM, pH 7.8),
KCl (10 mM), MgCl2 (2 mM), dithiothreiotol (0.5 mM),
PMSF (1 mM), aprotinin (5 µg/ml), pepstatin A (5 µg/ml)
and leupeptin (5 mg/ml)] containing NP-40 (0.1%), then
stood on ice for 15 min, vortexed vigorously for 15 s and
centrifuged at 14 000 rpm for 30 s. The pelleted nuclei were
resuspended in 250 µl of buffer B [Hepes (20 mM, pH 7.9),
glycerol (25% v/v), NaCl (0.4 M), MgCl2 (1.5 mM), EDTA
(0.2 mM), dithiothreiotol (0.5 m), PMSF (1 mM), aprotinin
(5 µg/ml), pepstatin A (5 µg/ml) and leupeptin (5 µg/ml)].
After 30 min on ice, lysates were centrifuged at 14 000 rpm
for 10 min again. Supernatants containing the nuclear pro-
teins were collected and stored at −80◦C until used.

Equivalent to 15 µg protein was separated on a Ready
Gel System (Bio-Rad Laboratories, Hercules, CA, USA),
and electroblotted onto Hybond ECL nitrocellulose mem-
branes (Amersham Pharmacia Biotech UK, Bucks, UK).
The membranes were blocked with 5% (w/v) skim milk
powder in 0.1% (v/v) Tween-20 Tris-buffered saline for
1 h at room temperature. Blots were probed with prime
antibodies of rabbit anti-cleaved caspase-3 (1:1000, Cell
Signaling, Danvers, MA, USA), rabbit anti-PARP-1 and
cleaved PARP-1 (1:1000, Cell Signaling), rabbit anti-p-p38
MAPK (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), mouse anti-pERK (1:500, Santa Cruz Biotechnol-
ogy), mouse anti-p-JNK (1:1000, Cell Signaling) and rabbit
anti-NF-κB (1:800, Abcam, Cambridge CB4 0FW, UK) at
4◦C overnight. As an internal standard, blots were re-probed
with mouse anti-β-actin mAb (1:50 000, Sigma-Aldrich) for
60 min at room temperature. Binding to primary antibodies
was visualized using anti-rabbit or anti-mouse horseradish
peroxidase at 1:10 000 dilution (Sigma-Aldrich) for 60 min
at room temperature, followed by the ECL chemilumines-
cence detection system (Amersham Biosciences, Bucking-
hamshire, UK). Developed films were analysed semiquan-
titatively by JADE2 scanning densitometry and National
Institutes of Health image-analysis software. The area under
the scanning curve in each blot and the relative abundance
of proteins were determined by dividing by each β-actin
area.

Semiquantitative analysis of TNF-α mRNA by real-time
RT-PCR

Total RNA was extracted from OSOM of the rat kidney
using ISOGEN (Nippon Gene, Tokyo, Japan) according to
the manufacturer’s protocol. After treatment with DNase,
we obtained poly-A+ enriched RNA by binding to oligo
(dT) cellulose beads. The mRNA samples were quanti-
fied by spectrophotometry at 260 nm, and were reversibly
transcribed into cDNA using a First Strand cDNA Synthe-
sis Kit for reverse transcription-polymerase chain reaction
(RT-PCR) (Roche, Mannheim, Germany). Real-time RT-
PCR was performed in a Light Cycler (Roche, Grenzacher-
strasse, Switzerland). All PCR experiments were performed
using the QuantiTect SYBR Green PCR kit, purchased from
QIAGEN (Tokyo, Japan). The amplification programmed
consisted of 1 cycle at 95◦C with a 7-min hold (hot start),
followed by 40 cycles at 95◦C with a 15-s hold, 58◦C an-
nealing temperature with a 5-s hold and 72◦C with a 20-s
hold. Amplification was followed by a melting curve analy-
sis to verify the accuracy of the amplification. A Rat TNF-α
Real Time PCR Primer Set (BioSource International, Carls-
bad, CA, USA) was used, and positive and negative controls
with mRNA were run to assess its specificity for reaction.
For verification of the correct amplification, PCR products
were analysed on an ethidium bromide-stained agarose gel.

Data analysis was performed using Light Cycler soft-
ware, version 3.3.9, provided by Roche. After a melt-
ing curve analysis was carried out, standard curves
for TNF-α and glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) were generated by using PCR products of OSOM
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Fig. 1. Effects of NAC, MT and PDTC on serum creatinine (A), tubular damage score (B), the number of TUNEL-positive cells (C) and western blot
analysis of cleaved caspase-3 (D) and cleaved PARP-1 expression (E) in OSOM on Day 5 after CDDP injection. Rats were treated with saline (n = 6),
CDDP plus saline (n = 6), CDDP plus NAC (n = 9), CDDP plus MT (n = 9) or CDDP plus PDTC (n = 9) as shown in the Material and methods
section. §§P < 0.01, §P < 0.05.

mRNA as a template. The ratio of TNF-α mRNA to GAPDH
mRNA was then calculated in each sample.

Statistical analyses

All data are presented as mean ± SEM. Significant differ-
ences among data were determined using one-way ANOVA
with standard post hoc testing (Statview, version 5.0, Aba-
cus Concepts, Berkeley, CA, USA). P < 0.05 denoted the
presence of a statistically significant difference.

Results

The effects of NAC, MT and PDTC on CDDP-induced ARF

ARF model induced by a single CDDP-injection was char-
acterized by markedly increased Scr at Day 5, with signif-
icant difference compared to the saline-treated group. Pre-
treatment with NAC 2 days before CDDP injection notably
diminished the CDDP-induced increase in Scr. In contrast,
PDTC treatment unfavourably augmented the increase in

Scr. No remarkable effect on Scr was observed by MT
injection (Figure 1A). Histological examination revealed
extensive tubular epithelial detachment and casts of the
lumen mainly in OSOM at Day 5 after CDDP adminis-
tration. In accordance with the variation of Scr, the tubu-
lar damage caused by CDDP was significantly lessened
by NAC, slightly but significantly augmented by PDTC,
and unaffected by MT (Figure 1B). These findings indicate
that NAC partially protects kidneys against CDDP-induced
ARF, just as it has been documented. However, to our sur-
prise, PDTC and MT, which were reported [26,27] to be
effective in attenuating renal injury, were both found to be
of no protection.

The number of TUNEL-positive cells was notably in-
creased by CDDP at Day 5 after its injection. Treating the
CDDP-induced ARF rats with NAC significantly decreased
TUNEL-positive cells, but no significant change was ob-
served when MT or PDTC was administered to CDDP-
treated animals (Figure 1C).

The apoptotic process was also evaluated by detect-
ing the cleavages of the downstream effecter caspase,
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Fig. 2. GSH content (A) and the number of 8-OHdG-positive cells (B)
in OSOM in CDDP-induced ARF in rats. Rats were treated with saline
(n = 6), CDDP plus saline (n = 6), CDDP plus NAC (n = 9), CDDP plus
MT (n = 9) or CDDP plus PDTC (n = 9) and killed 5 days after CDDP
injection as described in the Material and methods section. §§P < 0.01,
§P < 0.05.

caspase-3 and PARP-1, which is primarily cleaved by
caspase-3 and described as an apoptosis marker. Signif-
icant increases in the cleavage of caspase-3 and PARP-
1 were observed in CDDP-induced ARF (Figure 1D, E).
NAC attenuated the CDDP-induced cleavage of caspase-3
and PARP-1, while MT did not affect the cleavage (Figure
1D, E). PDTC did not affect the cleavage of caspase-3 but
the augmented cleavage of PARP-1 (Figure 1D, E).

The effects of NAC, MT and PDTC on oxidative stress
evaluated by GSH and 8-OHdG

To evaluate the oxidative stress in CDDP-treated kidneys,
we evaluated renal GSH level and 8-OHdG-positive cells.
As the most abundant intracellular nonprotein thiol, GSH
has been proved to be of great importance in the protection
of cells against CDDP cytotoxicity [26]. CDDP injection
significantly induced depletion of renal GSH, suggesting
that oxidative stress was increased in the kidney by CDDP.
Acting as a precursor of GSH synthesis, NAC not only dras-
tically abolished but also significantly reversed the GSH
decrease induced by CDDP (Figure 2A). In contrast, MT

Fig. 3. Western blot analysis of phosphorylation of MAPKs in OSOM in
CDDP-induced ARF in rats. Rats were treated with saline (n = 6), CDDP
plus saline (n = 6), CDDP plus NAC (n = 9), CDDP plus MT (n = 9)
or CDDP plus PDTC (n = 9) and killed 5 days after CDDP injection as
described in the Material and methods section. §P < 0.01 versus saline-
treated alone; #P < 0.01 versus (CDDP+saline)-treated.

and PDTC did not induce a significant change in the GSH
level when compared with CDDP alone (Figure 2A).

The 8-OHdG-positive cells evaluated in OSOM signif-
icantly increased in all CDDP-treated groups, when com-
pared with normal kidneys (Figure 2B). Among them, NAC
administrated ARF rats showed a significantly decreased
number of renal 8-OHdG-positive cells compared with that
of saline treated ARF animals, while MT or PDTC treat-
ment did not affect the number of 8-OHdG-positive cells
(Figure 2B).

These results confirm that disrupted oxidative status was
induced in CDDP nephrotoxicity, and NAC, but not MT or
PDTC, attenuated the CDDP-induced oxidative stress.

The effects of NAC, MT and PDTC on the phosphorylation
of MAPKs

The activations of the redox-sensitive signals, p38 MAPK
and JNK, and the reproliferation-related signal, ERK, in the
kidney were detected. The phosphorylation of p38 MAPK
and ERK, but not that of JNK, were substantially triggered
by administration of CDDP. NAC significantly attenuated
CDDP-induced phosphorylation of p38 MAPK and ERK
(Figure 3). PDTC significantly suppressed the increase in
p-ERK, but did not affect p-p38 MAPK (Figure 3). In ad-
dition, MT did not alter the CDDP-induced increases in
p-MAPKs (Figure 3).

The effects of NAC, MT and PDTC on TNF-α mRNA
abundance and NF-κB activation

CDDP evoked a considerable increase in TNF-α mRNA
abundance in the kidney. Treating the rats with NAC,
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Fig. 4. Real-time RT-PCR analysis of TNF-α mRNA and western blot
analysis of renal nuclear NF-κBp65 expression in OSOM in CDDP-
induced ARF in rats. Rats were treated with saline (n = 6), CDDP plus
saline (n = 6), CDDP plus NAC (n = 9), CDDP plus MT (n = 9) or CDDP
plus PDTC (n = 9) as shown in Material and methods and killed 5 days
after CDDP injection. §§P < 0.01, §P < 0.05.

MT and PDTC significantly lessened the increment
(Figure 4A).

NF-κB activation was determined by measuring the nu-
clear NF-κBp65 protein level. The nuclear NF-κBp65 was
increased by CDDP. NAC and PDTC significantly sup-
pressed this increase (P < 0.05) (Figure 4B). In contrast,
MT did not alter the CDDP-induced increase in nuclear
NF-κBp65.

The effects of DMTU on CDDP-induced ARF and the
phosphorylation of MAPKs

DMTU significantly decreased the Scr level (CDDP versus
CDDP ± DMTU, 1.43 ± 0.13 versus 0.45 ± 0.02 mg/dl,
P < 0.05) and the number of TUNEL-positive cells (CDDP
versus CDDP ± DMTU, 4.49 ± 0.10 versus 1.22 ±
0.09/HPF, P < 0.05) at Day 5 after CDDP administration.
DMTU also attenuated CDDP-induced phosphorylation of
p38 MAPK and ERK (Figure 5).

Fig. 5. Western blot analysis of DMTU on phosphorylation of p38 and
ERK in OSOM in CDDP-induced ARF in rats. Rats were treated with
saline (n = 4), CDDP plus saline (n = 5) and CDDP plus DMTU (n =
5) as shown in the Material and methods section and killed 5 days after
CDDP injection. The blots shown in this figure were representative of two
separate experiments.

Discussion

The present study revealed that (1) CDDP induced oxidative
stress, p38 MAPK activation, caspase-3 cleavage, NF-κB
translocation into nucleus, TNF-α mRNA increase, tissue
apoptosis, renal dysfunction and morphological damage in
rats; (2) NAC inhibited all these alterations in CDDP-treated
rats; (3) MT downregulated the TNF-α mRNA level, and
PDTC inhibited the increases in both NF-κB translocation
and TNF-α mRNA level; (4) neither MT nor PDTC were
capable of interfering with oxidative stress, p38 MAPK
phosphorylation, caspase-3 cleavage, tissue apoptosis and
kidney injury induced by CDDP; (5) CDDP enhanced phos-
phorylation of ERK, and NAC and PDTC significantly in-
hibited CDDP-induced activation of ERK; (6) no signifi-
cant difference was found in p-JNK levels among CDDP,
NAC, MT, PDTC and saline-injected model groups; (7) an-
other anti-oxidant, DMTU, which is a hydroxyl radical scav-
enger, inhibited phosphorylation of p38 MAPK and ERK,
tissue apoptosis and renal dysfunction. These results indi-
cate that oxidative stress and p38 MAPK-mediated path-
ways are involved, at least in part, in the pathogenesis of
CDDP-induced ARF, and negative regulation of p38 MAPK
activation through inhibition of oxidative stress appears to
play a central role in the beneficial effects of NAC. Since
the dose of NAC used in this study is higher than clini-
cally used dose recommendations, the applicability of the
findings to the human setting needs further examination.

Accumulating evidence has proved that activation of
p38 MAPK by CDDP and other chemotherapeutic agents,
a downstream signal of reactive oxygen species (ROS),
results in apoptotic cell death in cancer cells [28]. How-
ever, the role of p38 MAPK-mediated apoptosis of non-
neoplastic cells in response to anticancer agents, includ-
ing CDDP, remains to be established. The present study
clearly demonstrated that CDDP induced oxidative stress,
the phosphorylation of p38 MAPK and activation of apop-
totic signals, and that NAC suppressed all of these alter-
ations induced by CDDP. These results coincide with a
study in porcine renal epithelial cells in which NAC re-
duced the CDDP-induced increase in phosphorylated p38
MAPK immunoreactivity [11]. In the current study, we ob-
served a close relationship between oxidative stress and
the activation of p38 MAPK, and between p38 MAPK and
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caspase-3 activations. NAC reduced oxidative stress, phos-
phorylated p38 MAPK and cleaved caspase-3 in CDDP-
treated kidneys. Another anti-oxidant, DMTU, also reduced
phosphorylated p38 MAPK and tissue apoptosis, suggest-
ing a possible exclusion of a specific substance effect of
NAC on p38 MAPK pathways. Ramesh et al. [3] found
that p38 MAPK was activated in mouse kidneys in re-
sponse to CDDP, and DMTU abolished the increase in p38
MAPK phosphorylation in concert with the attenuation of
renal damage in CDDP-induced ARF. They also demon-
strated that p38 MAPK inhibitor, SKF-86002, attenuated
CDDP nephrotoxicity in mice. In contrast, PDTC and MT,
which did not affect the activation of p38 MAPK in CDDP-
induced ARF, were incapable of inhibiting the cleavage of
caspase-3. Similar cross-talk between p38 MAPK and cas-
pase signalling cascade was also reported in CDDP-treated
carcinoma cells [18]. All these results support the hypoth-
esis that oxidative stress activates p38 MAPK, and in turn,
mediates apoptosis in CDDP-induced ARF.

Recently, a crucial role for TNF-α in toxic and ischaemic
ARF has been widely recognized [3,9,10,29]. Emerging
data suggest that there is a link between p38 MAPK and
TNF-α, but it is unclear whether TNF-α is an upstream
signal of p38 MAPK or vice versa. Hashimoto et al. found
that p38 MAPK, and consequent production of cytokines,
was activated by TNF-α in vascular endothelial cells [13,14]
and bronchial epithelial cells [15]. However, there were also
some reports indicating that p38 MAPK blockage abrogated
TNF-α production induced by CDDP in the kidney [3], or by
lipopolysaccharide (LPS) in alveolar epithelial cells [6,7].
In the present study, despite their attenuation of the TNF-α
mRNA level, MT and PDTC failed to alter phosphorylation
of p38 MAPK, suggesting that p38 MAPK may be located
upstream to TNF-α production. Our findings are in contrast
to other reports in which critical effects of TNF-α were
shown in CDDP-induced ARF [3,9,10,29 ]. Since ICAM-1
was upregulated in the kidneys of TNF-α-reduced mice by
CDDP [30] and that inhibition of ICAM-1 by anti-CD54
attenuated CDDP-induced ARF [31], it is possible that other
cytokines such as ICAM-1 may contribute to progression
of CDDP-induced ARF in TNF-α-reduced rats treated with
MT or PDTC. On the other hand, MT and PDTC might
not suppress production of TNF-α protein sufficiently at
the early phase of the present model though MT and PDTC
decreased TNF-α mRNA.

As a regulator of the genes encoding inflammatory me-
diators, NF-κB is described to play a key role in a wide
variety of diseases. The findings that NF-κB was activated
by CDDP and NF-κB blockage led to protection against
ARF have provided evidence to the opinion that activa-
tion of NF-κB plays a critical role in CDDP-induced ARF
[10,32–34]. To date, available data imply a much more
complicated relationship between NF-κB and p38 MAPK.
Haddad et al. reported that the NF-κB inhibitor could par-
tially hinder the p38 MAPK pathway [6], while Hayakawa
et al. suggested that NF-κB was a downstream signal of p38
MAPK [35]. In contrast, the results yielded in neutrophils
have suggested that NF-κB and p38 MAPK work indepen-
dently [36]. To confirm the roles of NF-κB and evaluate
the possible cross-talk between NF-κB and p38 MAPK in
CDDP-induced ARF, we used PDTC, an NF-κB inhibitor.

Despite its inhibitive effect, to almost the same extent as
that of NAC, on renal NF-κB activation, PDTC did not alter
activation of p38 MAPK, suggesting that p38 MAPK acts in
an NF-κB independent manner. Furthermore, the findings
that PDTC suppressed the activation of NF-κB but not the
oxidative stress, p38 MAPK activation and renal damage
in the current study suggest the crucial role of oxidative
stress and p38 MAPK activation and the less important role
of NF-κB activation in CDDP-induced ARF. Our current
result is supported by the observation of Kim et al. [37]
who found that the reduced malondialdehyde (MDA) level,
rather than suppressed NF-κB activation, was responsible
for prevention of CDDP nephrotoxicity. Likewise, it is pos-
sible that previously reported beneficial effects of NF-κB
inhibition in CDDP-induced ARF [10,32–34] might be me-
diated by the inhibition of oxidation/p38 MAPK activation,
but not NF-κB, because the oxidative status was found to
be significantly improved in one of these studies [33], and
p38 MAPK activation were not evaluated at all. In addi-
tion, accumulating data demonstrating that PDTC sensitizes
both neoplastic and non-neoplastic cells to CDDP-induced
apoptosis [38,39] are in line with our result that PDTC aug-
mented, rather than ameliorated, CDDP-induced apoptosis
and ARF.

Based on previous findings of the participation of
MAPKs in cell injury, it is suggested that p38 and JNK
promote apoptotic cell death; in contrast, ERK is more
likely responsible for cell proliferation [4,27]. It is also
reported that JNK is associated with TNF-α-induced apop-
tosis [40]. In our experiment, in response to CDDP, phos-
phorylation of p38 and ERK, but not JNK, was markedly
augmented in the kidney, and the modification of TNF-α
mRNA expression by NAC, MT or PDTC did not affect the
JNK phosphorylation. These results suggest that TNF-α-
mediated modification of JNK phosphorylation may not be
an essential event in CDDP-induced apoptotic cell death. Jo
et al. [41] reported that the MAPK/ERK kinase inhibitor,
U0126, attenuated CDDP-induced renal injury in mice. In
this study, NAC and PDTC significantly inhibited CDDP-
induced activation of ERK. However, only NAC decreased
apoptosis and attenuated renal injury, suggesting that NAC
but PDTC could inhibit ERK pathway sufficiently or that
less contribution of ERK in CDDP-induced ARF in rats.
In the current study, however, phosphorylation of MAPKs
was only measured in kidneys 5 days after CDDP treatment.
The role of MAPKs in the early stage of ARF, therefore,
remains to be verified.

In summary, our current data suggest a critical role for
oxidative stress and consequent activation of p38 PAMK in
the induction of apoptosis and the pathogenesis of CDDP-
induced ARF, and that the improvement of oxidative status
and the inactivation of p38 MAPK are closely related to
the renoprotective action of NAC. Furthermore, enhanced
NF-κB activation and increased TNF-α mRNA seem to be
of less significance in renal damage provoked by CDDP.
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