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Abstract
Nephrotoxicity is a major side effect of cisplatin, a widely used cancer therapy drug. Recent work
has suggested a role of p53 in renal cell injury by cisplatin. However, the mechanism of p53 activation
by cisplatin is unclear. This study determined the possible involvement of oxidative stress in p53
activation under the pathological condition using in vitro and in vivo models. In cultured renal
proximal tubular cells, cisplatin at 20 µM induced an early p53 phosphorylation followed by protein
accumulation. Cisplatin also induced reactive oxygen species (ROS), among which hydroxyl radicals
showed a rapid and drastic accumulation. Dimethylthiourea (DMTU) and N-acetyl-cysteine (NAC)
attenuated hydroxyl radical accumulation, and importantly, diminished p53 activation during
cisplatin treatment. This was accompanied by the suppression of PUMA-α, a p53-regulated apoptotic
gene. Concomitantly, mitochondrial cytochrome crelease and apoptosis were ameliorated. Notably,
DMTU and NAC, when added post-cisplatin treatment, were also inhibitory to p53 activation and
apoptosis. In C57BL/6 mice, cisplatin at 30 mg/kg induced p53 phosphorylation and protein
accumulation, which was also abrogated by DMTU. DMTU also ameliorated tissue damage, tubular
cell apoptosis and cisplatin-induced renal failure. Collectively, this study has suggested a role of
oxidative stress, particularly hydroxyl radicals, in cisplatin-induced p53 activation, tubular cell
apoptosis and nephrotoxicity.
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1. Introduction
Cisplatin is a widely used chemotherapy drug for cancers [1,2]. Major side effects of cisplatin
include nephrotoxicity, leading to acute kidney injury and renal failure [3,4]. Under the
pathological condition, cisplatin activates multiple signaling pathways, resulting in necrosis
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and apoptosis of renal tubular cells [5–18]. However, it is unclear how the signals are integrated
to determine tubular cell injury and death [3,4].

Recent work has suggested a role of p53 in cisplatin-induced tubular cell apoptosis [19,20].
p53 is activated during cisplatin treatment. Importantly, cisplatin-induced tubular cell
apoptosis is attenuated by pifithrin-α, a pharmacological inhibitor of p53 [19,20]. A dominant-
negative mutant of p53 abrogates cisplatin-induced apoptosis as well [20]. Mechanistically,
p53 may promote apoptosis by inducing apoptotic genes such as caspases [21] and Bcl-2 family
proteins like PUMA-α [22]. Despite these observations, the upstream signals leading to p53
activation during cisplatin nephrotoxicity remain unknown.

Oxidative stress via reactive oxygen species (ROS) has been implicated in renal injury under
various pathological conditions [23,24]. Interestingly, ROS may participate in p53 regulation
[25]. ROS induces DNA damage, which is a robust trigger of p53 activation. In addition, ROS
can activate an array of signaling pathways involving various protein kinases to result in p53
phosphorylation and activation [25]. During cisplatin nephrotoxicity, oxidative stress mainly
involving ROS is induced in renal tubular cells [4,23]. Importantly, amelioration of oxidative
stress by a variety of ROS scavengers can protect the cells against cisplatin injury [6,26–31].
With this background, the current study has determined the possible involvement of oxidative
stress in p53 activation during cisplatin-induced tubular cell apoptosis in vitro and cisplatin
nephrotoxicity in vivo. Our results show that ROS, particularly hydroxyl radicals, accumulates
rapidly following cisplatin treatment. Amelioration of hydroxyl radical accumulation by
pharmacological scavengers diminishes p53 activation, which is accompanied by the
suppression of tubular cell apoptosis, preservation of tissue histology, and protection of renal
function.

2. Materials and methods
2.1. Materials

The rat kidney proximal tubular cell (RPTC) line was from Dr. U. Hopfer at Case Western
Reserve University, and maintained for cisplatin incubation as previously [20,22]. Antibodies
were from the following sources: polyclonal anti-p53 and antiphospho-p53 (Serine 15)
antibodies from Cell Signaling Technology (Beverly, MA); monoclonal anti-Bax (1D1) from
NeoMarkers (Fremont, CA); monoclonal anti-cytochrome c from BD Sciences Pharmingen
(San Diego, CA); polyclonal anti-PUMA from Dr. J. Yu at University of Pittsburgh; secondary
antibodies from Jackson ImmunoResearch (West Grove, PA). For the measurement of
hydroxyl radicals, 2-thiobarbituric acid, trichloroacetic acid and 2-deoxy-D-ribose were
purchased from Fisher Chemicals (Fair Lawn, NJ). For the measurement of ROS, 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) was purchased from Molecular Probes
(Eugene, OR). Other reagents were purchased from Sigma (St. Louis, MO).

2.2. Cisplatin incubation of RPTC cells
RPTC cells were treated with cisplatin in two ways. First, as described in our recent publications
[20,22], cells at ~90% confluence were incubated with 20 µM cisplatin for 16 h. To test the
effects of various inhibitors or ROS scavengers, the agents were present along with cisplatin
during the whole incubation period. Second, 20 µM cisplatin was added to the cells for 2 h and
then removed by three-time washes with PBS. ROS scavengers including dimethylthiourea
(DMTU) and N-acetyl-cysteine (NAC) were added post-cisplatin treatment to test their effects.
The second method of cisplatin treatment was specifically used in the experiment of Fig. 6,
which was designed to avoid possible effects of ROS scavengers on cisplatin uptake.
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2.3. Measurement of reactive oxygen species
Production of ROS was measured with the fluorogenic dye 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA), a cell-permeant compound. Cells were pre-incubated with 10 µM
H2DCFDA for 30 min at 37 °C. After the extracellular dye was removed, the cells were washed
and incubated with cisplatin in Hanks’ buffer for the indicated period of time. Subsequently,
the fluorescence was measured at 485 nm excitation and 535 nm emission using a plate reader
(GENios, Tecan US Inc., Research Triangle Park, NC).

2.4. Measurement of hydroxyl radicals
Hydroxyl radicals were measured by the deoxyribose degradation assay as described by Baliga
et al. [6]. In this assay, 2-deoxyribose is cleaved in the presence of hydroxyl radicals to release
a substance that reacts with thiobarbituric acid to produce a chromogen with absorbance at 532
nm [32]. Briefly, 2-deoxy-D-ribose at 3 mM was added to cells just prior to the addition of
cisplatin. After incubation, 0.5 ml of medium was collected and mixed with 0.5 ml of 1% (w/
v) 2-thiobarbituric acid in 50 mM NaOH and 0.5 ml of 2.8% (w/v) trichloroacetic acid. The
mixture was then heated at 100 °C for 15 min, cooled, and extracted with n-butanol. The
supernatant was measured for absorbance at 532 nm. The amount of hydroxyl radicals was
calculated by using the extinction coefficient of 156 mM−1 cm−1, and expressed as nmol/mg
protein.

2.5. Analysis of apoptosis
Apoptosis was routinely monitored by morphological methods and by the measurement of
caspase activity [20,33]. For morphological assessment, cells were fixed with 4%
paraformaldehyde and stained with Hoechst 33342. Cellular and nuclear morphologies were
examined by phase contrast and fluorescence microscopy, respectively. Typical apoptotic cells
showed cellular shrinkage, nuclear condensation and fragmentation, and formation of apoptotic
bodies. Four fields with ~200 cells per field were examined in each dish to estimate the
percentage of apoptosis. Images of representative fields were also recorded. For caspase
measurement, an enzymatic assay was conducted [20,22,34]. Briefly, cell lysate extracted with
1% Triton X-100 was added to an enzymatic reaction containing 50 µM DEVDS·AFC, a
fluorogenic caspase substrate. Fluorescence during the reaction was measured to calculate the
caspase activity.

2.6. Flow cytometric assay of apoptosis
In addition to morphological examination, apoptosis was also quantified by flow cytometric
analysis using the Annexin V-FITC Apoptosis Detection kit from BD PharMingen (San Diego,
CA). After incubation, cells were detached from dishes by trypsinization and harvested along
with the floating cells by centrifugation at 1000 × g for 5 min. Following washing in PBS
containing 2% BSA, the cells were resuspended in binding buffer (10 mM Hepes–NaOH, 140
mM NaCl, 2.5 mM CaCl2) at a final density of (1–2) × 106 cells/ml. Hundred microlitres of
single cell suspension was incubated with 5 µl Annexin V-FITC and 5 µl propidium iodide
(PI) for 15 min at room temperature in the dark. After adding 400 µl of binding buffer, the
samples were analyzed by using a BD FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA) within 1 h. For each sample, 10,000 events were counted.

2.7. Cellular fractionation
Cells were fractionated into cytosolic and membrane-bound organellar fractions as previously
[33–36]. Briefly, 0.05% digitonin in an isotonic buffer (in mM: 250 sucrose, 10 Hepes, 10 KCl,
1.5 MgCl2,1 EDTA and 1 EGTA; pH 7.1) was added to the cells for 2–5 min of extraction at
room temperature. Subsequently, the cells were harvested by scraping and centrifuged to
collect the supernatants as cytosolic fraction. The remaining digitonin insoluble part was
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dissolved in 2% SDS buffer as the membrane-bound organellar fraction containing
mitochondria. The fractions were analyzed by immunoblot analysis using standard procedure.

2.8. Cisplatin-induced nephrotoxicity in C57 mice
C57BL/6 mice (male, 8–10 weeks, Jackson Laboratory) were administered with a single dose
of cisplatin (i.p., 30 mg/kg) to induce nephrotoxicity [37]. To test the effects of DMTU, 100
mg/kg DMTU was administered 30 min prior to cisplatin injection, and then daily post-cisplatin
treatment as described by Ramesh and Reeves [28]. For control animals, vehicle solution was
administered. Renal function was monitored by measuring serum creatinine and blood urea
nitrogen (BUN), as detailed in our recent work [37,38].

2.9. Examination of histology, apoptosis, p53 in renal tissues
To examine renal histology, renal tissues were fixed with 4% paraformaldehyde, embedded in
paraffin and sectioned at 4 µm for hematoxylin/eosin staining [37–39]. Apoptosis in renal
tissues was analyzed by TUNEL assay using a kit from Roche applied sciences (Indianapolis,
IN), as described in our previous work [33,37,38]. Briefly, deparaffinized tissue sections were
exposed to terminal transferase (TdT) in the presence of a nucleotide mixture containing
fluorescein-12-dUTP and examined by fluorescence microscopy. To examine p53 by
immunofluorescence, tissue sections were exposed to specific antibodies against p53 or
phospho-p53. After extensive wash, the tissue sections were stained with Cy3-conjugated
secondary antibodies for fluorescence microscopy.

2.10. Statistical analysis
Data were expressed as mean ± S.D. (n ≥ 3). Statistical analysis was conducted using the
GraphPad Prism software. Statistical differences in multiple groups were determined by
multiple comparisons with Tukey’s post-tests following analysis of variance. Statistical
differences between two groups were determined by Student’s t-test. P < 0.05 was considered
statistically significant.

3. Results
3.1. Early p53 activation following cisplatin treatment

Our previous work has characterized an in vitro model of cisplatin nephrotoxicity, resulting in
tubular cell apoptosis. In this model, we have demonstrated p53 activation prior to the
development of apoptosis [20,22]. To examine the signals that were involved in p53 activation,
we determined the earliest time points of p53 activation during cisplatin treatment. p53
activation was indicated by the accumulation and phosphorylation of the protein.
Representative blots are shown in Fig. 1A, and the results of densitometric analysis are
summarized in Fig. 1B and C. Statistically significant p53 accumulation was detected after 4
h of cisplatin treatment, which was 1.5-fold over control (Fig. 1A, lane 6 and Fig. 1B). On the
contrary, p53 phosphorylation was detected much earlier (Fig. 1A and C). Densitometry of
blots from separate experiments showed that significant p53 phosphorylation occurred after
30 min of cisplatin treatment. By 1 h, phosphorylated p53 (p-p53) was ~2.4-fold over control
and increased further during longer cisplatin incubation (Fig. 1A and C). As an internal control,
the expression of β-actin did not change during the period of examination. Consistent with our
previous results [20], p53 activation was shown mainly in the nucleus (not shown). Together,
the results demonstrate a rapid p53 phosphorylation during cisplatin treatment, which was
followed by p53 accumulation. These observations are consistent with the general
understanding of p53 regulation, where post-translational modifications particularly
phosphorylation may stabilize this protein and induce its accumulation [40,41].
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3.2. Rapid hydroxyl radical accumulation following cisplatin treatment
The early p53 phosphorylation shown in Fig. 1 suggests that the signal(s) for p53 activation
must be very rapid in response to cisplatin treatment. To identify the signal(s), we initially
focused on reactive oxygen species (ROS), which have been implicated in cisplatin
nephrotoxicity [6,27]. Intracellular ROS accumulation was measured using DCF, which
became fluorescent after being oxidized. As shown in Fig. 2A, there was a consistent increase
of ROS within the cells upon cisplatin incubation. ROS accumulation was detected after 1 h
of cisplatin, and the accumulation was maintained during prolonged cisplatin treatment (Fig.
2A). ROS includes a variety of partially reduced metabolites of oxygen such as superoxide,
hydrogen peroxide, and hydroxyl radicals. Among them, hydroxyl radicals are considered one
of the most reactive and potent oxidant. Of much relevance to our study, hydroxyl radicals
have been suggested to be the most important ROS mediating cisplatin nephrotoxicity [6,26–
28]. To determine the role of hydroxyl radicals in p53 activation, we initially examined
hydroxyl radical accumulation following cisplatin treatment. Hydroxyl radicals were measured
by the deoxyribose degradation assay, which was used in early studies to examine hydroxyl
radical accumulation during cisplatin treatment of renal tubular cells [6]. The results are shown
in Fig. 2B. Clearly, hydroxyl radicals showed a striking increase upon cisplatin exposure, which
was over 10 times higher than control. Importantly, the accumulation was rapid, reaching a
maximal level within 15 min (Fig. 2B). Thereafter the high level of hydroxyl radicals was
sustained during the measurement period of 4 h. Apparently, hydroxyl radicals accumulated
rapidly following cisplatin treatment, preceding p53 phosphorylation and activation.

3.3. Effects of ROS scavengers on p53 activation during cisplatin treatment
To directly examine the role of hydroxyl radicals in p53 activation, we tested the effects of
antioxidants and ROS scavengers. The chemicals were added along with cisplatin for 16 h of
incubation. Consistent with our previous work [20], cisplatin elicited a noticeable p53
accumulation and phosphorylation, which was ameliorated by pifithrin-α, a pharmacological
inhibitor of p53 (Fig. 3A, lanes 2 and 3). N-Acetyl-cysteine (NAC), a general antioxidant,
suppressed p53 induction as well as phosphorylation (lane 4). Similar inhibitory effects were
shown for DMTU, a specific hydroxyl radical scavenger (lane 5). In contrast, no inhibitory
effects were shown for Tiron and catalase, respective scavengers of superoxide and hydrogen
peroxide (lane 6 and data not shown). The results of densitometric analysis of several
experiments are shown in Fig. 3B and C, further confirming the inhibitory effects of NAC and
DMTU on cisplatin-induced p53 activation. Of note, these chemicals do not affect cisplatin
accumulation in cells [30].

To verify the scavenging effects of NAC and DMTU on hydroxyl radicals, we determined
hydroxyl radical accumulation during cisplatin treatment (Fig. 3D). Consistent with earlier
results shown in Fig. 2, cisplatin stimulated a rapid and marked increase of hydroxyl radicals.
Within 1 h of cisplatin incubation, hydroxyl radicals increased from <0.1 to 0.81 nmol/mg
protein. The increase was reduced to 0.34 nmol/ mg protein by NAC. DMTU also suppressed
hydroxyl radical accumulation. As expected, Tiron did not scavenge hydroxyl radicals under
the experimental condition (Fig. 3D).

3.4. Effects of hydroxyl radical scavengers on cisplatin-induced tubular cell apoptosis
The results described above have suggested that hydroxyl radicals contribute to p53 activation
during cisplatin treatment. Considering the recent evidence for a role of p53 in cisplatin injury
[19–22], it was hypothesized that hydroxyl radical scavengers including DMTU might
ameliorate tubular cell apoptosis under our experimental condition. To test this possibility, we
initially examined the development of apoptosis by morphological approaches. As shown in
Fig. 4A, cisplatin treatment for 16 h led to apoptotic morphology in many cells (images in the
middle). These cells assumed a condensed configuration with typical apoptotic bodies. The
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nuclei of these cells also became condensed and fragmented. Importantly, the development of
apoptosis was suppressed by DMTU (images on the right side). By cell counting, cisplatin
induced ~50% apoptosis (Fig. 4B). Consistent with previous work [20,22], pifithrin-α inhibited
p53 activation and suppressed apoptosis. Importantly, NAC and DMTU suppressed apoptosis
to 12 and 14%, respectively. In sharp contrast, no inhibitory effects were shown for Tiron (Fig.
4B), which did not scavenge hydroxyl radicals and did not attenuate p53 activation (Fig. 3).
We further quantified apoptosis by flow cytometric analysis of Annexin V/PI staining. A
representative analysis was shown in Fig. 4C. Consistent with the morphological assessment
(Fig. 4B), 49.2% cells were Annexin V positive after cisplatin incubation (Fig. 4C). DMTU
reduced Annexin V positive cells to 22.6%. To confirm the morphological observations, we
also measured caspase activity. As shown in Fig. 4D, cisplatin stimulated caspase activation,
which was suppressed by pifithrin-α, NAC and DMTU but not by Tiron. Thus, consistent with
other studies [6,26–31], our results suggest the involvement of hydroxyl radicals in cisplatin-
induced tubular cell injury. Of particular interest, hydroxyl radicals may contribute to p53
activation to initiate apoptosis.

3.5. Inhibition of PUMA-α induction and Bax/cytochrome c redistribution by DMTU during
cisplatin treatment

Our recent work has demonstrated the regulation of PUMA-α by p53 during cisplatin treatment
of renal tubular cells [22]. PUMA-α, a Bcl-2 family protein, is induced by p53 in mitochondria,
wherein it interacts with and neutralizes Bcl-XL, leading to the activation of Bax,
permeabilization of mitochondria followed by the release of cytochrome c and apoptosis
[22]. To determine whether hydroxyl radicals participate in the activation of these
mitochondrial events of apoptosis, we specifically examined the effects of DMTU. We first
examined PUMA-α induction. As shown in Fig. 5A, PUMA-α was drastically induced during
cisplatin treatment (lane 2), and the induction was completely blocked by DMTU (lane 3). We
then examined Bax activation by analyzing its accumulation in mitochondria. As shown in Fig.
5B, the majority of Bax was detected in the cytosol of control cells (lane 1); following cisplatin
incubation, Bax translocated into the mitochondrial fraction (lane 2). Importantly, Bax
translocation during cisplatin treatment was suppressed by DMTU (Fig. 5B, lane 3). Finally,
we analyzed the effects of DMTU on cytochrome c (cyt.c) release during cisplatin treatment.
As shown in Fig. 5C, cyt.c was in mitochondria in control cells (lane 1), and was released into
the cytosol following cisplatin treatment (lane 2). Cyt.c release during cisplatin treatment was
attenuated by DMTU (lane 3). Collectively, the results suggest that DMTU, by scavenging
hydroxyl radicals, may diminish p53 activation during cisplatin treatment, and as a result,
attenuate PUMA-α induction and suppress the mitochondrial pathway of apoptosis.

3.6. DMTU and NAC, when added post-cisplatin treatment, can suppress p53 activation and
apoptosis

The results presented above indicate that DMTU and NAC, when added along with cisplatin,
can suppress p53 activation and tubular cell apoptosis. One possibility was that DMTU/ NAC
might interfere with cisplatin uptake by the cells and, as a result, block its cytotoxic effects.
To determine whether the inhibitory effects of DMTU/NAC were (in)dependent of cisplatin
uptake, we tested the effects of DMTU/NAC added after cisplatin exposure. To this end,
cisplatin was added to the cells for 2 h and was then completely removed. DMTU and NAC
were added post-cisplatin treatment. As shown in Fig. 6A, DMTU and NAC, added after
cisplatin treatment, suppressed apoptosis from 50 to 18 and 25%, respectively. The results were
supported by the measurement of caspase activity (Fig. 6B). We further determined p53
activation under the experimental condition. As shown in Fig. 6C, p53 was phosphorylated
and accumulated in response to 2 h of cisplatin exposure (lane 2). DMTU and NAC added after
cisplatin incubation still ameliorated p53 activation (lanes 3 and 4). Together, the results
suggest that DMTU and NAC can suppress p53 activation and tubular cell apoptosis without
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affecting cisplatin uptake. This inference is supported by previous work showing that ROS
scavengers including DMTU do not affect cisplatin uptake by renal tubular cells and renal
tissues [31].

3.7. Inhibition of cisplatin nephrotoxicity and p53 activation in vivo by DMTU
To extend the in vitro findings to in vivo systems, we examined the effects of DMTU in a
characterized mouse model of cisplatin nephrotoxicity [28,37]. In this model, a single dose of
cisplatin-induced severe renal failure within 3 days. We measured serum creatinine and blood
urea nitrogen (BUN), two common indicators of acute renal failure. As shown in Fig. 7, serum
creatinine and BUN increased respectively to 2.15 and 164 mg/dl in cisplatin-treated animals,
while the values remained low in the vehicle control group. Importantly, DMTU attenuated
cisplatin-induced renal failure. As shown in Fig. 7A and B, serum creatinine and BUN were
0.64 and 73 mg/dl, respectively, in the cisplatin + DMTU group. The renoprotective effects of
DMTU were further confirmed by the preservation of renal histology. As shown in Fig. 7C,
cisplatin treatment induced obvious renal tissue damage including tubular dilation, lysis and
cast formation. The tissue injury was partially prevented by DMTU. We also examined the
effects of DMTU on cisplatin-induced tubular cell apoptosis by TUNEL staining (Fig. 7D).
Clearly cisplatin led to the appearance of TUNEL positive cells, which again was suppressed
by DMTU.

We further analyzed p53 activation during cisplatin nephrotoxicity and the effects of DMTU.
As shown in Fig. 8A, both p53 and phospho-p53 were drastically induced by cisplatin (lanes
2 and 5), indicating p53 activation under the pathological condition. Notably, the activation
was abrogated by DMTU (lanes 3 and 6). The immunoblot results were confirmed by
immunofluorescence staining of renal tissues. As shown in Fig. 8B, p53 staining was minimal
in control tissues, and was induced mainly in tubular cells following cisplatin treatment.
Importantly, the number of p53 positive cells was significantly reduced in the tissues treated
with cisplatin + DMTU. Similarly, we detected an increase of phospho-p53
immunofluorescence following cisplatin treatment, and again DMTU was inhibitory (not
shown).

4. Discussion
Using in vitro and in vivo models, this study has suggested evidence for the involvement of
oxidative stress in p53 activation during cisplatin-induced renal cell injury and nephrotoxicity.
Hydroxyl radicals appear to be particularly relevant to p53 activation under the pathological
condition. Following cisplatin treatment, hydroxyl radicals accumulate rapidly, correlating
with early p53 phosphorylation and preceding p53 protein stabilization and induction. DMTU,
a relatively specific hydroxyl radical scavenger, decreases hydroxyl radical accumulation and
ameliorates p53 activation. Similar effects are shown for NAC, a general antioxidant. Non-
hydroxyl radical scavengers (e.g. Tiron, catalase) do not prevent p53 activation during cisplatin
treatment.

A pitfall of the use of ROS scavengers is the potential nonspecific effects of the chemicals.
While this is an inherent technical issue of pharmacological studies, we have measured
hydroxyl radicals during cisplatin treatment and determined the effects of various ROS
scavengers. These measurements show different effects of the scavengers on hydroxyl radical
accumulation during cisplatin treatment. Importantly, NAC and DMTU decrease hydroxyl
radical accumulation, and only these two are effective in blocking p53 activation. Tiron and
catalase, respective scavengers of superoxide and hydrogen peroxide, are without effects.
These measurements suggest a correlation between hydroxyl radical accumulation and p53
activation. It is noteworthy that DMTU, a more specific hydroxyl radical scavenger, is less
effective than NAC in scavenging hydroxyl radicals in our measurements. The results suggest
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that the fraction of ROS that is inhibited by NAC, but not by DMTU, could be a different
species of free radicals. However, inhibition of hydroxyl radical formation might be sufficient
to prevent p53 activation.

In cultured renal tubular NRK52E cells, Tsuruya et al. have shown that DMTU does not
interfere with cellular uptake of cisplatin [31]. Importantly, DMTU does not affect cisplatin
incorporation in renal tissues after administration in animals [31]. Due to technical difficulties,
cisplatin is not measured in the current study. Nevertheless, we show that DMTU and NAC,
when added post-cisplatin incubation, can also suppress p53 activation and apoptosis (Fig. 6).
Thus, these two scavenging chemicals can block cisplatin-induced signaling without affecting
cisplatin uptake by the cells.

Although hydroxyl radicals may contribute to early p53 activation during cisplatin treatment,
the underlying mechanism is unclear. After entering the cell, due to the decrease of chloride
concentration, cisplatin is aquated, turning into highly reactive platinum species. These species
may crosslink DNA and react with other nucleophiles such as glutathione, lipids and proteins,
resulting in the disruption of cellular homeostasis followed by cell injury and death [2]. The
current understanding of cisplatin cytotoxicity is mainly derived from the investigation of
cancer cells. Apparently, in these cells the primary toxic effect of cisplatin is DNA damage via
cross-linking and formation of DNA adducts. DNA damage can activate ATM (ataxia
telangiectasia-mutated) and ATR (ATM-related), two apical DNA damage responsive protein
kinases [2,42,43]. Upon activation, ATM and ATR may directly phosphorylate and activate
p53. Alternatively, they may activate downstream protein kinases such as CHK1 and CHK2,
which then phosphorylate p53 [2,42,43]. In renal cells and tissues, whether ATM and ATR are
activated in response to cisplatin and involved in subsequent p53 activation is unclear. Our
recent work indicates that ATM, but not ATR, is proteolytically cleaved and inactivated during
cisplatin treatment of renal tubular cells [44]. In the current study, we showed that p53 is
phosphorylated rapidly during cisplatin treatment and the phosphorylation occurs prior to p53
protein accumulation. This observation is consistent with the general understanding of p53
regulation, which involves multiple mechanisms at the transcriptional and post-transcriptional
levels. Phosphorylation is an important post-transcriptional mechanism of p53 regulation,
which leads to p53 stabilization and accumulation in cells. It is not very clear how
phosphorylation stabilizes p53; nevertheless phosphorylation may prevent MDM2 binding and
targeting p53 to degradation [40,41]. Certainly, further studies should investigate these DNA
damage responsive pathways and their possible regulation by hydroxyl radicals during cisplatin
nephrotoxicity.

It is important to recognize that in addition to ATM/ATR pathways, several other protein
kinases have also been implicated in p53 phosphorylation and activation [40]. These include
PKC, ERK, JNK, p38 and others. Interestingly, these protein kinases have also been shown to
participate in cisplatin-induced renal cell injury and apoptosis. In primary cultures of rabbit
proximal tubular cells, Nowak has shown that PKC-α and ERK1/2 mediate mitochondrial
dysfunction and Na+ transport and apoptosis [10]. In immortalized proximal tubular cells,
Arany et al. have demonstrated a specific role of ERK (and not JNK or p38) in cisplatin-induced
apoptosis [17]. The results are supported by recent work of Kim et al. [45]. On the other hand,
Sheikh-Hamad et al. have suggested the involvement of JNK in tubular cell apoptosis by
correlating the sites of apoptosis and JNK activation during cisplatin nephrotoxicity [15].
Recent work by Ramesh and Reeves further indicates that inhibition of p38 kinase ameliorates
cisplatin nephrotoxicity in mice, suggesting a role of this MAP kinase in the development of
tissue pathology under this experimental model [28]. Thus, while several protein kinases have
been implicated in cisplatin-induced renal cell injury and nephrotoxicity, it is unclear how the
signaling pathways are integrated to promote apoptosis. Conceivably, their regulation may
depend on the experimental condition. Moreover, they may regulate distinct or overlapping
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steps of apoptotic signaling. As p53 plays an important role in tubular cell apoptosis following
cisplatin treatment [19–22], it would be interesting to speculate that these protein kinases may
directly or indirectly regulate p53 and, as a result, activate the apoptotic cascade.

Despite the potential involvements of various protein kinases in cisplatin nephrotoxicity, our
understanding of the signals leading to their activation is very limited. In this area, Ramesh
and Reeves have demonstrated that the hydroxyl radical scavenger DMTU can attenuate p38
activation during cisplatin treatment. Importantly, this is accompanied by the amelioration of
cisplatin nephrotoxicity [28]. In our study, DMTU blocks p53 activation, tubular cell apoptosis
and tissue damage during cisplatin treatment, and preserves renal function. We speculate that
cisplatin induces a rapid accumulation of hydroxyl radicals, leading to the activation of protein
kinases (e.g. p38), which then phosphorylate and stabilize p53. p53 triggers apoptosis via
transcription-dependent and -independent pathways. Apparently, this is a simplistic view of
cisplatin injury, as the chemotherapy drug may have multiple molecular and structural targets
within the cell, and p53 is only one of the injurious events that are activated during cisplatin
nephrotoxicity.
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Fig. 1.
Early p53 activation during cisplatin treatment. RPTC cells were incubated with 20 µM
cisplatin for 0–240 min. Whole cell lysate was collected for immunoblot analysis of total p53
and phosphorylated p53 (p-p53). The blots were then reprobed for β-actin to monitor protein
loading and transferring. (A) Representative immunoblots. (B) Densitometry of p53. (C)
Densitometry of p-p53. For densitometric analysis, the p53 or p-p53 signals of control cells
was arbitrarily set as 1 in each blot, and the signals of experimental conditions in the same blot
were normalized with the control to show their p53 or p-p53 levels. The results were from at
least three immunoblots of separate experiments. Data are expressed as mean ± S.D. (n ≥ 3).
*Statistically significantly different from the control.
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Fig. 2.
ROS and hydroxyl radical accumulation during cisplatin treatment. RPTC cells were incubated
with 20 µM cisplatin for indicated time. (A) ROS accumulation. ROS was measured using the
fluoregenic dye DCF as described in Section 2. The fluorescence signals of the experimental
samples were normalized with the values of the control, which was arbitrarily set as 1. (B)
Hydroxyl radical accumulation. Hydroxyl radicals were measured by the deoxyribose
degradation assay as detailed in Section 2. Data are expressed as mean ± S.D. (n = 4).
*Statistically significantly different from the control group without cisplatin treatment. The
results demonstrate a marginal increase of total ROS and a drastic accumulation of hydroxyl
radicals during cisplatin treatment.
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Fig. 3.
Effects of ROS scavengers on p53 activation and hydroxyl radical formation during cisplatin
treatment. (A–C) RTPC cells were incubated with 20 µM cisplatin for 16 h in the absence or
presence of 20 µM pifithrin-α, 10 mM N-acetyl-cysteine (NAC), 10 mM DMTU, or 10 mM
Tiron. Whole cell lysate was collected for immunoblot analysis of p53 and phospho-p53. The
blots were also reprobed for β-actin to monitor protein loading and transferring. (A)
Representative immunoblots. (B) Densitometry of p53. (C) Densitometry of p-p53. For
densitometric analysis, the p53 or p-p53 signals of control cells was arbitrarily set as 1 in each
blot, and the signals of experimental conditions in the same blot were normalized with the
control to show their p53 or p-p53 levels. The results were from at least three immunoblots of
separate experiments. (D) RPTC cells were incubated with 20 µM cisplatin for 1 h in the
absence or presence of 10 mM NAC, 10 mM DMTU, 10 mM mannitol, 2 mM benzoate, or 10
mM Tiron. Hydroxyl radicals were measured by the deoxyribose degradation assay as detailed
in Section 2. Data are expressed as mean ± S.D. (n ≥ 3). *Statistically significantly different
from the control; #significantly different from the cisplatin-only group. The results show that
p53 activation during cisplatin treatment is suppressed by the general antioxidant NAC and
the hydroxyl radical scavenger DMTU.
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Fig. 4.
Effects of NAC and DMTU on tubular cell apoptosis during cisplatin treatment. RPTC cells
were incubated with 20 µM cisplatin for 16 h in the absence or presence of 10 mM NAC, 10
mM DMTU, or 10 mM Tiron. (A) Representative images of cell morphology. At the end of
incubation, cells were stained with Hoechst 33342. Cellular and nuclear morphology was
recorded by phase contrast and fluorescence microscopy, respectively. (B) Percentage of
apoptosis. Apoptotic cells were examined by morphological methods and counted to assess
the percentage of apoptosis. (C) Representative flow cytometric analysis of Annexin V-FITC
and PI staining. (D) Caspase activity. Cell lysate was collected for enzymatic assay of caspase
activity as described in Section 2. Data are expressed as mean ± S.D. (n = 4). *Statistically
significantly different from the control group; #significantly different from the cisplatin-only
group. The results show that NAC and DMTU suppressed cisplatin-induced caspase activation
and apoptosis.
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Fig. 5.
Effects of DMTU on PUMA-α induction, Bax translocation, and cytochrome c translocation
during cisplatin treatment. RPTC cells were incubated with 20 µM cisplatin for 16 h in the
absence or presence of 10 mM DMTU. (A) PUMA-α induction. Whole cell lysate was collected
for immunoblot analysis of PUMA-α. The blots were reprobed for β-actin to monitor protein
loading and transferring. (B) Bax translocation. The cells were fractionated into the cytosolic
and mitochondrial fractions for immunoblot analysis of Bax. (C) Cytochrome c release. The
cells were fractionated into the cytosolic and mitochondrial fractions for immunoblot analysis
of cytochrome c. Shown in this figure are representative blots of three separate experiments.
The results show that DMTU attenuates PUMA-α induction and Bax translocation and
cytochrome c release during cisplatin treatment of renal tubular cells.
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Fig. 6.
DMTU and NAC added after cisplatin treatment suppresses p53 activation and apoptosis in
renal tubular cells. RPTC cells were incubated with 20 µM cisplatin for 2 h. Then cisplatin
was removed for further 22 h of incubation in the presence or absence of 5 mM DMTU or 0.5
mM NAC. (A) %Apoptosis. (B) Caspase activity. Data are expressed as means ± S.D. (n = 6).
*Statistically significantly different from the control group; #significantly different from the
cisplatin-only group. (C) Representative blots for p53 and phospho-p53. Whole cell lysates
were examined by immunoblot analysis.
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Fig. 7.
Effects of DMTU on renal function during cisplatin treatment in vivo. C57BL/6 mice (male,
8–10 weeks old) were divided into three groups. The cisplatin group was treated with a single
dose of cisplatin (i.p., 30 mg/kg) for 3 days. The cisplatin + DMTU group was given 100 mg/
kg DMTU 30 min prior to cisplatin injection, and then DMTU was given daily post-cisplatin
injection. The control group was injected with vehicle solution. (A) Serum creatinine. (B)
Blood urea nitrogen. Blood samples were collected to obtain serum for the measurement of
creatinine and BUN, as described in Section 2. Data are expressed as mean ± S.D. (n = 5).
*Statistically significantly different from the control group; #significantly different from the
cisplatin-only group. The results show renoprotective effects of DMTU against cisplatin-
induced nephrotoxicity.
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Fig. 8.
Effects of DMTU on p53 activation in vivo during cisplatin treatment. C57BL/6 mice (male,
8–10 weeks old) were divided into three groups for experiment: control, cisplatin, and cisplatin
+ DMTU. The cisplatin group was treated with a single dose of cisplatin (i.p., 30 mg/kg) for
3 days. The cisplatin + DMTU group was given 100 mg/kg DMTU 30 min prior to cisplatin
injection, and then DMTU was given daily post-cisplatin injection. The control group was
injected with vehicle solution. At the end of experiment, renal tissues were collected for
immunoblot and immunofluorescence analysis of p53. (A) Immunoblot analysis of p53 and
phospho-p53. Renal cortical tissues were homogenized and extracted with 2% SDS for
immunoblot analysis of p53 and phospho-p53. The blots were reprobed for β-actin to monitor
comparable protein loading and transferring in each lane (not shown). (B) Immunofluorescence
of p53. Renal tissues were processed for immunofluorescence as described in Section 2. Shown
in the figure are representative results of four animals in each group. The results show that p53
activation during cisplatin treatment is ameliorated by DMTU.
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