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Thea sinensis melanin prevents cisplatin-induced nephrotoxicity in mice
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Abstract

The preventive effect of Thea sinensis melanin (TSM) against cisplatin-induced nephrotoxicity was studied on ICR mice. Animals were
given 20 mg/kg i.p. of cisplatin, and TSM was injected i.p. in doses 10–40 mg/kg 2 h before intoxication. The protective effects were
evidenced by a complete inhibition of the cisplatin-induced elevation of serum Blood Urea nitrogen (BUN), prevention of oxidative
stress, and complete blockade of cisplatin-induced elevation of serum creatinine. TSM by itself, however, did not affect the renal
functional parameters, including serum BUN and creatinine. Real-time RT-PCR was applied to quantify mRNA levels of cisplatin-
treated mouse kidney compared to normal mouse kidney for selected marker genes. Cisplatin treatment increases mRNA levels 40-fold
for glutathione-S-transferases (Gstp2), 15-fold for soluble epoxide hydrolase (Ephx1), 15-fold for lipocalin 2 (Lcn2), 9-fold for lysozyme
(Lyz), 5-fold for UDP glycosyltransferase 2 (Utg2b), 30-fold for survival motor neuron (Smn1), 30-fold for guanidinoacetate methyl-
transferase (Gamt), 80-fold for urine retinol binding protein (Rbp4), 60-fold for aminopeptidase N (Apn), 60-fold for cytochrome
P450 (Cyp2d18), and 100-fold for ornithine aminotransferase (Oat). Pre-administration of TSM restored normal expression of marker
genes for cisplatin-treated mouse kidneys. TSM by itself, however, did not affect the transcription for marker genes. Results obtained
demonstrate that TSM pre-administration can prevent the renal toxic effects of cisplatin.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A fundamental goal of cancer treatment is to enhance
the therapeutic index of cancer chemotherapy, while toxic-
ity to the dose-limiting normal cells remains minimized. A
major limiting factor in successful cancer therapy is the
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ability of the tumor to develop resistance to the drugs used
for treatment. A second fundamental problem faced by the
oncologist treating patients with chemotherapy is the toxic
effects of the drugs to the normal tissues.

Cisplatin (cis-dichlorodiammine-platinum (II); cis-plati-
num (II)) is one of the major therapeutic compounds in the
treatment of gynecological cancers. Its activity is greatly
restricted by bioavailability and toxicity. Cisplatin acts on
cancer cells by releasing free radicals, which at the same
time damage liver and, especially, renal functions. Protec-
tion of normal cells from free radical attack during therapy
is the determining factor for the prognosis of cancer treat-
ment (Goldstein and Mayor, 1983; Fillastre and Raguenez-
Viotte, 1989).

The major site of renal injury is the S3 segment of the
proximal tubule in the outer strip of the outer medulla of
kidney (Safirstein et al., 1984). Uptake of cisplatin inhibits
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protein synthesis, depletes reduced glutathione, and dam-
ages mitochondria (Kuhlmann et al., 1997). Cisplatin binds
and modifies chromosomal DNA which leads to apoptosis
(Fisher, 1994). Genes associated with oxidative stress and
cell cycle control are differentially expressed. Systematic
studies using microarray technology identified genetic
markers that are up- or down-regulated upon the treatment
of cisplatin (Huang et al., 2001; Amin et al., 2004; Kramer
et al., 2004).

Recently, we have extracted melanin from Thea sinensis

Linn. (Sava et al., 2001b). Significant properties concerning
melanin chelating and free radical properties were
disclosed. T. sinensis melanin (TSM) represents the high
molecular part of tea polyphenols (Sava et al., 2001a).
TSM has demonstrated a wide range of biochemical and
pharmacological activities in animals including antioxi-
dant, free radical scavenging, and immunomodulatory
effects (Hung et al., 2002a,b; Sava et al., 2002). TSM also
revealed unexpected protective activity against various
toxic substances such as benzidine, hydrazine, snake ven-
oms, and acetaminophen (Hung et al., 2002a, 2003,
2004a,b; Sava et al., 2003).

The purpose of the present work was to examine
whether TSM could work against cisplatin-induced
nephrotoxicity. The antioxidant properties of TSM were
primarily considered as a prerequisite in realization of
protective activity. To explore the possible multiple protec-
tive effects of TSM, real-time RT-PCR was performed to
quantify marker genes associated with a variety of biolog-
ical functions. Results obtained demonstrate that TSM
pre-administration can prevent the multiple toxic effects
of cisplatin.

2. Materials and methods

2.1. Materials

Thea sinensis leaves were harvested in Miaoli, Taiwan and were iden-
tified in the Institute of Chinese Pharmaceutical Sciences, China Medical
University. Cisplatin, EDTA, Tris–HCI, Triton X-100, Sephadex G-75,
and molecular size markers were purchased from Sigma Chemical Co. (St.
Louis, MO). All other chemicals were of analytical grade or higher from
Merck (Darmstadt, Germany).

2.2. Isolation and physico-chemical characterization of TSM

Isolation of TSM was performed according to the previously
reported procedure (Sava et al., 2001b) with minor adjustments.
Namely, the extraction time was diminished to 12 h avoiding excessive
oxidation of TSM. The extracted mixture was filtered and centrifuged at
15,000g for 30 min to obtain TSM extract. This extract was acidified by
the addition of 2 N HCl to pH 2.5 and centrifuged at 15,000g for
15 min. The purified product thus obtained was dissolved in 0.2%
NH4OH, and the solution was subjected to repeated precipitations.
Four precipitations were employed to sequester TSM from low molec-
ular impurities and to improve its homogeneity. The resultant solutions
were filtered through a Nalgene 0.45 lm syringe filter. Finally, TSM
was purified on a Sephadex G-75 (the column’s dimensions were
1.6 · 40 cm) in a 50 mM phosphate buffer (pH 7.5) at a flow rate of
0.5 mL min�1. Fractions were monitored at 280 nm. To evaluate the
molecular mass (MM) of TSM, a Sephadex G-75 column was calibrated
with bovine serum albumin (MM 66,000), carbonic anhydrase (MM
29,000), cytochrome C (MM 12,400), and aprotinin (MM 6500) as size
markers.

Physical and chemical characterizations of TSM were performed
according to conventional procedures (Nicolaus, 1968; Balentine et al.,
1997; Prota, 1998). Ultraviolet–visible (UV) absorption spectra were
obtained with a JASCO V-530 UV–visible Spectrophotometer (Jasco Ltd.,
Great Dunmow, UK). Infrared (IR) spectra were recorded for KBr
samples on a Perkin–Elmer spectrometer 1600 FT (Perkin–Elmer Instru-
ments, Norwalk, CT). Solubility in water, aqueous acid, and in common
organic solvents; oxidative bleaching by means of KMnO4, K2Cr2O7,
NaOCl, and H2O2; and a positive reaction for polyphenols were used as
typical tests for melanin.

2.3. Animals and treatment

Adult male ICR mice (30 ± 5 g) were employed for all experiments.
Animals were housed under controlled conditions 25 ± 2 �C, with 12 h
light/dark cycle, and allowed free access to food and water but fasted
overnight before treatment. For the time course experiment, animals
were divided into several groups including control group (not receiving
any treatment), with experimental groups receiving cisplatin (four
groups: 4 h, 8 h, 24 h, and 5 days). For the TSM protection experiment,
animals were divided into several groups including control group (not
receiving any treatment), negative control (receiving TSM alone), positive
control (receiving only cisplatin), and experimental groups receiving
cisplatin and TSM together. Each group consisted of 6 mice. Cisplatin
was dissolved in normal saline (pH 7.4) and administered intraperito-
neally (i.p.) with a dose of 20 mg/kg. TSM was dissolved in distillate
water at pH 7.2 and administered i.p. with doses of 10, 20, 30, or 40 mg/
kg 2 h before intoxication. Animals in the time course group were sac-
rificed by ether anesthesia at the designated time point. Animals in the
TSM protection experiment were sacrificed by ether anesthesia 24 h after
the cisplatin exposure. Sera were isolated and underwent Blood Urea
nitrogen (BUN) and creatinine analysis without delay. Kidneys were
removed and snap-frozen in liquid nitrogen for the extraction of total
RNA.

2.4. Determination of TBARS

Formation of lipid peroxide derivatives was evaluated by measuring
TBARS (Cascio et al., 2000). Briefly, kidney was homogenized in ice-cold
1.15% KCl (w/v); then 0.4 mL of the homogenates was mixed with 1 mL
of 0.375% thiobarbituric acid, 15% TCA (w/v), 0.25 N HCl, and 6.8 mM
butylated-hydroxytoluene, placed in a boiling water bath for 10 min,
removed, and allowed to cool on ice. Absorbance (532 nm) was measured
in the supernatants after centrifugation at 3000 rpm for 10 min. The
amount of TBARS produced was expressed as nmol TBARS per
milligram of protein using malondialdehyde bis(dimethyl acetal) for
calibration.
2.5. Superoxide dismutase assay

Determination of superoxide dismutase activity in mouse kidney was
based on inhibition of nitrite formation in reaction of oxidation of
hydroxylammonium with superoxide anion radical (Elstner and Heupel,
1976). Nitrite was generated in a mixture containing 25 lL xanthine
(15 mM), 25 lL hydroxylammonium chloride (10 mM), 250 lL phosphate
buffer (65 mM, pH 7.8), 90 lL distilled water, and 100 lL xanthine oxi-
dase (0.1 U/lL). The inhibitory effect of inherent SOD was assayed at
25 �C during 20 min of incubation with 10 lL of brain tissue extracts.
Determination of the resulting nitrite was performed on the reaction
(20 min at room temperature) with 0.5 mL sulfanilic acid (3.3 mg/mL) and
0.5 mL a-naphthylamine (1 mg/mL). Optical absorbance at 530 nm was
measured with Ultrospec III spectrophotometer (Pharmacia, LKB). The
results were expressed as units of SOD activity calculated per milligram of
protein.
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2.6. Real-time reverse transcription polymerase chain reaction

Total RNA was extracted from kidney tissues employing protocol
supplied with TRI-reagent (Molecular Research Center, Inc., USA).
Quality of RNA was examined by agarose gel electrophoresis and by OD
260/280 ratio (greater than 1.8). Total cellular RNA (2.5 lg per 20 lL
reaction) was reverse transcribed using polydT(17) and Superscript RT II
(Invitrogen, USA) per manufacturer specified conditions. Control without
reverse transcriptase (minus RT) was also generated for each RNA
sample.

Real-time PCR analysis was performed using iQTM SYBR green
supermix (Bio-Rad) according to manufacture’s instructions with the
specific primer pairs for selected genes and primer pairs for ribosomal
protein L18 as reference gene (Table 1). Threshold cycle number (Ct) was
measured using the iCycler and its associated software (Bio-Rad) (Mor-
rison et al., 1998). Relative transcript quantities were calculated by the
DDCt method using ribosomal protein L18 as a reference gene amplified
from samples. DCt is the difference in threshold cycles of the sample
mRNAs relative to ribosomal protein L18 mRNA. DDCt is the difference
between DCt normal control and DCt treated sample. Values for fold-
induction varied less than 5% among replicates. Fold change in mRNA
expression was expressed as 2DDCt.

2.7. Statistical analysis

All data were presented as means ±SEM. Statistical analysis was
performed using a Student’s t-test. The minimum level of significance was
set at P < 0.05.

3. Results

3.1. Extraction and characterization of TSM

TSM was extracted from tea (T. sinensis Linn.) as previ-
ously reported (Sava et al., 2001b) with minor adjustments.
In particular, extraction time was diminished to 12 h to
avoid excessive oxidation of TSM. The average yield of
TSM obtained after purification was 1.9% (dried weight).
Final separation of TSM using Sephadex G-75 yielded
one major (92%) and one minor fraction with molecular
masses of 14 ± 3 kDa and 8 ± 3 kDa, respectively. Further
study of TSM was carried out on the major fraction.

The purified preparation of TSM exhibited all the phys-
ical and chemical properties common to natural melanin
previously reported (Paim et al., 1990; Bilinska, 1996). It
was insoluble in organic solvents (ethanol, hexane, acetone,
Table 1
Primer sequences used for real-time RT-PCR

Symbol Forward sequencea

Gstp2 CACTTCTCTCTGCACAGC
Ephx1 CCAAACTCATCTCCTATTCC
Lcn2 CATCTCTGCTCACTGTCC
Lyz CTTTCACTTCTCAGTCTCC
Utg2b CACCGTAGATGAGACAATGAGC
Smn1 TTCAGGACCACCAATAATCC
Gamt CCTCACCTACTGCAACCTCACG
Rbp4 TCACAGACACTGAAGATCC
Apn CCCTAATAATAACACGATCC
Cyp2d18 CCCATAGCCATATTCACG
Oat AACACTATCTGCAATCTCC

a All sequences were written in 50 to 3 0 direction.
benzene, and chloroform); dissolved only in alkali; preci-
pitated below pH 3 and in alkaline FeCl3; was bleached
by H2O2, KMnO4, K2Cr2O7, and NaOCl; and produced
a blue color with FeSO4/ferricyanide. The solution of
TSM in 0.1 M phosphate buffer (pH 8.0) exhibited strong
optical absorbance similar to synthetic melanin. IR-spec-
troscopy of TSM demonstrated similar structural peculiar-
ities compared to previously studied melanin pigments
including synthetic melanin (Safirstein et al., 1984; Hung
et al., 2004a). The IR spectrum of TSM showed a broad
band at 3450 cm�1, attributed to stretching vibrations of
–OH and –NH2 groups. A strong absorption at
1650 cm�1 was recognized as the vibrations of aromatic
C@C or C@O groups. After the acid hydrolysis of TSM
the intensity of both bands at 3450 cm�1 and 1650 cm�1

was reduced, a phenomenon caused by the reaction
between phenolic and carboxylic groups owing to the
formation of lactones (Paim et al., 1990), which likely are
involved in various biological effects.
3.2. TSM prevented cisplatin-induced nephrotoxicity

Cisplatin treatment induced renal injury evidenced by
the elevation of serum BUN and creatinine (Table 2).
Renal injury reached a plateau at 24 h of injection and
was maintained up to 5 days. We selected a time point at
24 h to measure the potential preventive property of TSM.

We surveyed time interval of TSM injection for protec-
tive activity. Intraperitoneal injection of 40 mg/kg TSM
was performed at 3 h (�3 h), 2 h (�2 h), and 1 h (�1 h)
prior to the injection of cisplatin. TSM injection was also
administered simultaneously with cisplatin injection and
at 1 h (+1 h), 2 h (+2 h), and 3 h (+3 h) after cisplatin
injection. Serum BUN and creatinine levels were measured
24 h after cisplatin injection (Fig. 1). Serum BUN reduced
to control level by �2 h, �1 h, 0 h, and +1 h TSM injec-
tion. Serum creatinine level, on the other hand, exhibited
a broader range of reduction without apparent fluctuation
between �3 h and +2 h. Pretreatment of TSM 2 h prior to
intoxication was sufficient to prevent cisplatin-induced
renal injury.
Reverse sequence Length

ATCATTCACCATATCCACC 307
ATGTAGCTTAACACAGCTATGC 309
GCACATTGTAGCTCTGTACC 300
CAGTCTCAGTTCTCATCC 300
TTGACCCCAGAGAAAACACC 203
TGATGACGACACCACTTAGC 322
AGAGCTGGAGCCCACAATCC 291
TCACATCCTAGACGTTGC 340
ACAGTTTCTTCCAGTTGC 317
CAGCCCATTCAGTACAACC 231
CTGACATTCTCATGATCC 312



Table 2
Time course experiment to evaluate the toxicity of cisplatin administration

Time BUN ± SEM
(mg/dL)

Creatinine ± SEM
(mg/dL)

Controla 19.3 ± 3.1b 0.45 ± 0.1
4 h 23.4 ± 4.2 0.44 ± 0.04
8 h 28.7 ± 5.3 0.55 ± 0.06
24 h 35.5 ± 6.3*,c 0.85 ± 0.08*

5 day 34.1 ± 4.3** 0.6 ± 0.12

* P < 0.05.
** P < 0.01.

a Control mice were given saline. Experimental animals received 20 mg/
kg, i.p. cisplatin.

b Data represent means ± SEM.
c Significantly different from the control.

Table 3
Preventive effect of TSM on cisplatin-induced renal injury

Treatment BUN ± SEM
(mg/dL)

Creatinine ± SEM
(mg/dL)

Ca 20.2 ± 3.1b 0.41 ± 0.03
NC 19.2 ± 4.2 0.38 ± 0.04
PC 40.4 ± 6.0**,c 0.90 ± 0.12*

10 38.4 ± 5.6 0.79 ± 0.10
20 33.5 ± 3.8 0.51 ± 0.09
30 24.5 ± 4.8 0.33 ± 0.07
40 21.0 ± 4.5 0.36 ± 0.06

* P < 0.05.
** P < 0.01.
a C represents control group not receiving any treatment. NC represents

negative control, PC represents positive control, and numbers indicate
doses of TSM pretreatment (in mg/kg).

b Value is expressed as mean ± SEM of six mice.
c Asterisks depict significant differences between positive control and

joint effect of cisplatin and TSM.
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The animals pretreated with TSM 2 h prior to intoxica-
tion showed dose-dependent protection against cisplatin
(Table 3). Administration of 40 mg/kg TSM alone did
not induce any toxicity. The behavior of the animals in
experimental group resembled the control group in move-
ment activity. TSM caused a dose-dependent effect against
cisplatin challenge, with plasma BUN level being reduced
2.0, 6.9, 15.9, and 19.4 mg/dL and serum creatinine level
being reduced 0.11, 0.39, 0.57, and 0.54 mg/dL when 10,
20, 30, and 40 mg/kg doses were given to animals. The
highest dose of TSM (40 mg/kg) completely blocked cis-
platin-induced nephrotoxicity.

Cisplatin also induced oxidative stress. Pretreatment by
TSM significantly decreased cisplatin-induced lipid peroxi-
dation in a dose-dependent manner (Fig. 2). Increased dose
of TSM suppressed peroxidation with the highest dose
causing full blockage of TBARS. Administration of TSM
alone did not produce any significant effect as compared
to control (no treatments). Introduction of cisplatin caused
an almost 2-fold decrease of SOD activity as compared to
control (Fig. 3). Significant restoration of SOD activity was
Fig. 1. Protective effect of TSM administered before and after cisplatin injectio
2 h (�2 h), and 1 h (�1 h) prior to the injection of cisplatin. TSM injection wa
2 h, and 3 h after cisplatin injection. Serum BUN (a) and creatinine (b) leve
means ± SEM of six experiments.
observed when TSM (10–40 mg/kg) was administered 2 h
prior to injection of cisplatin. Resumption of SOD activity
reached a plateau at higher doses of TSM indicating the
ability of TSM to maintain SOD activity at the level of
negative control. Administration of TSM alone did not
affect SOD activity. This suggests an indirect influence of
TSM on SOD activation.
3.3. Real-time RT-PCR validated molecular markers of

cisplatin-induced nephrotoxicity

To investigate the possible mechanism of how tea mela-
nin prevented cisplatin-induced renal injury, real-time RT-
PCR was applied to evaluate mRNA levels of marker genes
with and without the TSM treatment. Marker genes for cis-
platin-induced renal toxicity were selected from previous
reports (glutathione-S-transferases (Gstp2), soluble epox-
ide hydrolase (Ephx1), lipocalin 2 (Lcn2), lysozyme
n. Intraperitoneal injection of 40 mg/kg TSM was performed at 3 h (�3 h),
s also administered simultaneously with cisplatin injection (0 h) and at 1 h,
ls were measured 24 h after cisplatin injection. Results are expressed as



Fig. 2. Effect of various doses of TSM given to mice 2 h prior to cisplatin
injection (20 mg/kg) on accumulation of TBARS in kidney tissue. Results
are expressed as means ± SEM of six experiments. C bar depicts TBARS
level in control group not receiving any treatment. NC bar represents
negative control, PC bar represents positive control, and numbers indicate
doses of TSM (in mg/kg). Asterisks depict significant differences between
positive control and joint effect of cisplatin and TSM (*P < 0.05,
**P < 0.01).

Fig. 3. Effect of protecting doses of TSM on SOD activity in kidney of
ICR mice administered with cisplatin. Results are expressed as mean-
s ± SEM of six experiments. C bar depicts SOD activity in control group
not receiving any treatment. NC bar represents negative control, PC bar
represents positive control, and numbers indicate doses of TSM (in mg/
kg). Asterisks depict significant differences between positive control and
joint effect of cisplatin and TSM (*P < 0.05, **P < 0.01).

Y.-C. Hung et al. / Food and Chemical Toxicology 45 (2007) 1123–1130 1127
(Lyz), UDP glycosyltransferase 2 (Utg2b), survival motor
neuron (Smn1), guanidinoacetate methyltransferase
(Gamt), urine retinol binding protein (Rbp4), aminopepti-
dase N (Apn), and cytochrome P450 (Cyp2d18), ornithine
aminotransferase (Oat)). Primers were designed based on
the published sequences in GenBank (Table 1). Real-time
RT-PCR was performed on kidneys from individuals
24 h after receiving cisplatin injection and compared to
control mice. Cisplatin treatment increased mRNA levels
40-fold for Gstp2, 15-fold for Ephx1, 15-fold for Lcn2, 9-
fold for Lyz, 5-fold for Utg2b, 30-fold for Smn1, 30-fold
for Gamt, 80-fold for Rbp4, 60-fold for Apn, 60-fold for
Cyp2d18, and 100-fold for Oat (Fig. 4). Prior administra-
tion of tea melanin restored the expression for all marker
genes back to normal levels in a dosage dependent manner.
The effective dosage ranged from 30 to 40 mg/kg.

4. Discussion

The present study reveals that melanin derived from
T. sinensis leaves has protective effects against the renal
injury induced by cisplatin. The protective effects were evi-
denced by a complete blockage of the cisplatin-induced
increase in serum BUN, reduction of creatinine to the
control level, decrease of TBARS concentration to the con-
trol level, restoration of SOD activity, and a complete resto-
ration of the mRNA levels for marker genes tested so
far. Treatments with some antioxidants like naringenin,
erdosteine or a-tocopherol and diphenylphenyl-enediamine
(Fetoni et al., 2004; Yilmaz et al., 2004; Badary et al., 2005)
have shown to be effective in preventing cisplatin-induced
nephrotoxicity. As it seen from our experiments, the anti-
oxidant activity of TSM was involved in protecting animals
against cisplatin-induced nephrototoxicity. This can be
realized from the dose-dependent suppression of TBARS
(Fig. 2) and restoration of SOD activity (Fig. 3).

TSM provides protection by multiple pathways. We
previously demonstrated that TSM prevents liver damage
induced by acetaminophen, hydrazine, and benzidine (Sava
et al., 2002, 2003; Hung et al., 2003, 2004b). In the case of
acetaminophen-induced hepatotoxicity, TSM causes a
dose-dependent effect against NAPAP challenge, with
plasma ALT level being reduced to normal control,
depleted glutathione (GSH) level being recovered to a nor-
mal level, the activity of hepatic isozymes of cytochrome
P450 being effectively inhibited, oxidative stress being sup-
pressed, SOD activity being restored, and normal immu-
nity of the animal being restored to the level of intact mice.

Multiple pathways are also involved in the cisplatin-
induced nephrotoxicity. Marker genes selected in this study
were meant to cover the whole spectrum of renal injury, i.e.
oxidative stress, apoptosis, cell cycle control, inflammatory
response, immune response, renal damage, vasodilation,
ischemia, steroid signaling, and renal dysfunction. In
addition, cisplatin-induced kidney damage was also
ameliorated by TSM treatment as evidenced by the
dosage-dependence of SOD activity.

GSTs catalyze the conjugation of GSH to a wide variety
of endogenous and exogenous electrophilic compounds.
Gstp2 plays a regulatory role in the MAP kinase pathway
that participates in cellular survival and death signals via
apoptosis signal-regulating kinase. It is plausible that GSTs
serve direct detoxification and an inhibitor of the MAP
kinase pathway (Satta et al., 1992). Gstp2 gene expression
indicates the cellular state of oxidative stress and apoptosis
(Prota, 1998). Transcriptional level of Gstp2 increased
40-fold by cisplatin treatment which indicated enormous
oxidative stress introduced to kidney. Pretreatment of



Fig. 4. Effect of various doses of TSM on mRNA levels in kidney of ICR mice poisoned with cisplatin. Results are expressed as means ± SEM of six
experiments. Y-axis depicts fold change in mRNA expression relative to control group not receiving any treatment. The value equals to 2DDCt. Relative
transcript quantities were calculated by the DDCt method using ribosomal protein L18 as a reference gene amplified from samples. DCt is the difference in
threshold cycles of the sample mRNAs relative to ribosomal protein L18 mRNA. DDCt is the difference between DCt normal control and DCt treated
sample. Fold change in mRNA expression was expressed as 2DDCt. C bar represents control group not receiving any treatment. NC bar represents negative
control, PC bar represents positive control, and numbers indicate doses of TSM (in mg/kg). Asterisks depict significant differences between positive
control and joint effect of cisplatin and TSM (*P < 0.05, **P < 0.01). Genes in sequence are: (a) Gstp2, (b) Ephx1, (c) Lcn2, (d) Lyz, (e) Utg2b, (f) Smn1,
(g) Gamt, (h) Rbp4, (i) Apn, (j) Cyp2d18, and (k) Oat.
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20 mg/kg melanin alleviated the abnormal transcription of
Gstp2 and provided a recovery to normal stress levels
(Fig. 4a).

Ephx1 plays an important role in the regulation of renal
eicosanoid levels and systemic blood pressure (Yu et al.,
2004; Zhao et al., 2004). Ephx1 mRNA level indicates
levels of oxidative stress and vasodilation. A 15-fold induc-
tion of Ephx1 transcriptional level upon cisplatin treatment
strongly suggested that cisplatin may cause an increase in
blood pressure. Pretreatment of 40 mg/kg melanin allevi-
ated the abnormal transcription of Ephx1, which indicated
a normal level of blood pressure (Fig. 4b).

Lcn2 is an iron-siderophore-binding protein that con-
verts embryonic kidney mesenchyme to epithelia. Lipocalin
2 could suppress cell invasiveness in vitro and tumor
growth and lung metastases in vivo. Lcn2 represents an
early and quantitative urinary biomarker for cisplatin
nephrotoxicity and renal ischemia (Mishra et al., 2004;
Hanai et al., 2005). We found a 15-fold increase of Lcn2
transcript consistent with previous reports. TSM pretreat-
ment significantly decreased the level of Lcn2 expression
(Fig. 4c), indicating its protective role.

Lyz is one of the anti-microbial agents found in human
milk and is also present in spleen, lung, kidney, white blood
cells, plasma, saliva, and tears. Missense mutations in Lyz
have been identified in heritable renal amyloidosis. Evi-
dence suggested lysozyme may protect against diabetic
renal damage by sequestering sugar-derived proteins or lip-
ids (Nishimura, 1987). A 9-fold increase of expression was
induced by cisplatin treatment due to early renal injury.
TSM pretreatment restored lysozyme to a normal tran-
scription level indicating a protective effect in a dosage
dependent manner (Fig. 4d).

The microsomal UGTs conjugate and eliminate poten-
tially toxic xenobiotics and endogenous compounds. Utg2b
has unique specificity for 3,4-catechol estrogens and estriol,
suggesting that it may play an important role in regulating
the level and activity of these potent estrogen metabolites.
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Utg2b is involved in conjugating lipophilic aglycon sub-
strates with glucuronic acid. It is a steroid glucuronidation
enzyme involved in termination of steroid signaling (Tur-
geon et al., 2001). Cisplatin-induced up-regulation of
Utg2b indicated interruption of steroid signaling and pos-
sibly abnormal growth of kidney. A 5-fold induction of
expression was reduced to a normal state by pre-injection
of 40 mg/kg TSM (Fig. 4e).

Smn1 is an RNA-binding protein playing parts in the
pre-mRNA processing. Smn1 functions in early motor
axon development whose defects may lead to subsequent
motorneuron loss. The role of Smn1 in cisplatin-induced
renal injury is unclear (Coovert et al., 1997). A 30-fold
induction of transcription was obtained by cisplatin treat-
ment and was alleviated by TSM pre-injection (Fig. 4f).

Guanidinoacetate methyltransferase (Gamt) is the
enzyme that catalyzes the last step of creatine biosynthesis
(Komoto et al., 2004). In people with a history of renal dis-
ease or those taking nephrotoxic medications, creatine may
be associated with an increased risk of renal dysfunction
(Yoshizumi and Tsourounis, 2004). A 30-fold induction
was obtained by cisplatin treatment consistent with ele-
vated levels of creatinine. Pre-administration of TSM
decreased the transcription level and presumably prevented
renal injury (Fig. 4g).

Rbp4 excretion is diagnostic for renal tubular dysfunc-
tion in diabetic patients (Hosaka et al., 2003). High concen-
trations of Rbp4 are found in the urine of patients with
tubulointerstitial injury (Shimizu et al., 1992). Urinary
Rbp4 was reported as a marker for the early assessment
of cisplatin-induced nephrotoxicity. An 80-fold increase
in Rbp4 activity after cisplatin injection indicated tubuloin-
terstitial injury. Pretreatment of 40 mg/kg TSM restored
the expression to a normal level, indicating the salutary
effects of TSM (Fig. 4h).

Apn is able to cleave numerous regulatory peptides. Apn
could represent a new therapeutic target in pathological
processes, such as tumoral proliferation and/or angiogene-
sis associated with cancer development (Jardinaud et al.,
2004). Transcription of Apn increased 60-fold by the treat-
ment of cisplatin. Pretreatment of TSM recovered Apn to
normal transcriptional levels (Fig. 4i).

Cyp2d18 enzymes play a key role in the metabolism of
drugs and environmental chemicals. Several Cyp2d18
enzymes metabolically activate procarcinogens to geno-
toxic intermediates. Phenotyping analyses revealed an
association between Cyp2d18 enzyme activity and the risk
of developing several forms of cancer (Agundez, 2004).
Sixty-fold induction of Cyp2d18 indicated cellular damage
induced by cisplatin (Bompart, 1989). This abnormal
increase of Cyp2d18 transcript was prevented by 40 mg/
kg TSM (Fig. 4j).

Oat encodes the mitochondrial enzyme ornithine amino-
transferase, which is a key enzyme in the pathway that con-
verts arginine and ornithine into the major excitatory and
inhibitory neurotransmitters glutamate and GABA. Tran-
scription of Oat increased 100-fold by the treatment of
cisplatin. Pretreatment of TSM recovered Oat to normal
transcriptional levels (Fig. 4k).

The present work demonstrates that the protective effect
of TSM against cisplatin nephrotoxicity is based on a com-
bination of different factors including cytochrome P450
inhibitory activity, antioxidant properties, apoptosis,
steroid signaling, inflammatory response, and immuno-
stimulation. Such a combination opens the possibility for
a comprehensive protection of the kidney against heavy
intoxication and may serve as a first approach in develop-
ing a natural modulator for chemotherapy. TSM might be
considered a new health product that possesses a potential
therapeutic value in the prevention of toxic renal injury.

Acknowledgments

This study was supported in parts by National Science
Counsel Grants NSC 93-2218-E-009-021, NSC 92-2314-
B-039-022 and NSC 93-2314-B-039-018.

References

Agundez, J.A., 2004. Cytochrome P450 gene polymorphism and cancer.
Current Drug Metabolism 5, 211–224.

Amin, R.P., Vickers, A.E., Sistare, F., Thompson, K.L., Roman, R.J.,
Lawton, M., Kramer, J., Hamadeh, H.K., Collins, J., Grissom, S.,
Bennett, L., Tucker, C.J., Wild, S., Kind, C., Oreffo, V., Davis 2nd,
J.W., Curtiss, S., Naciff, J.M., Cunningham, M., Tennant, R., Stevens,
J., Car, B., Bertram, T.A., Afshari, C.A., 2004. Identification of
putative gene based markers of renal toxicity. Environmental Health
Perspectives 112, 465–479.

Badary, O.A., Abdel-Maksoud, S., Ahmed, W.A., Owieda, G.H., 2005.
Naringenin attenuates cisplatin nephrotoxicity in rats. Life Science 76,
2125–2135, Epub 2005 Jan 2122.

Balentine, D.A., Wiseman, S.A., Bouwens, L.C., 1997. The chemistry of
tea flavonoids. Critical Reviews in Food Science and Nutrition 37,
693–704.

Bilinska, B., 1996. Progress of infrared investigations of melanin struc-
tures. Spectrochimica Acta Part A 52, 1157–1162.

Bompart, G., 1989. Cisplatin-induced changes in cytochrome P-450, lipid
peroxidation and drug-metabolizing enzyme activities in rat kidney
cortex. Toxicology Letters 48, 193–199.

Cascio, C., Guarneri, R., Russo, D., De Leo, G., Guarneri, M., Piccoli, F.,
Guarneri, P., 2000. Pregnenolone sulfate, a naturally occurring
excitotoxin involved in delayed retinal cell death. Journal of Neuro-
chemistry 74, 2380–2391.

Coovert, D.D., Le, T.T., McAndrew, P.E., Strasswimmer, J., Crawford,
T.O., Mendell, J.R., Coulson, S.E., Androphy, E.J., Prior, T.W.,
Burghes, A.H., 1997. The survival motor neuron protein in spinal
muscular atrophy. Human Molecular Genetics 6, 1205–1214.

Elstner, E.F., Heupel, A., 1976. Inhibition of nitrite formation from
hydroxylammoniumchloride: a simple assay for superoxide dismutase.
Analytical Biochemistry 70, 616–620.

Fetoni, A.R., Sergi, B., Ferraresi, A., Paludetti, G., Troiani, D., 2004.
Protective effects of alpha-tocopherol and tiopronin against cisplatin-
induced ototoxicity. Acta Oto-Laryngologica 124, 421–426.

Fillastre, J.P., Raguenez-Viotte, G., 1989. Cisplatin nephrotoxicity.
Toxicology Letters 46, 163–175.

Fisher, D.E., 1994. Apoptosis in cancer therapy: crossing the threshold.
Cell 78, 539–542.

Goldstein, R.S., Mayor, G.H., 1983. Minireview. The nephrotoxicity of
cisplatin. Life Science 32, 685–690.

Hanai, J.I., Mammoto, T., Seth, P., Mori, K., Karumanchi, S.A., Barasch,
J., Sukhatme, V.P., 2005. Lipocalin 2 diminishes invasiveness and



1130 Y.-C. Hung et al. / Food and Chemical Toxicology 45 (2007) 1123–1130
metastasis of Ras-transformed cells. Journal of Biological Chemistry
280, 13641–13647, Epub 12005 February 13643.

Hosaka, B., Park, S.I., Felipe, C.R., Garcia, R.G., Machado, P.G.,
Pereira, A.B., Tedesco-Silva, H., Medina-Pestana, J.O., 2003. Predic-
tive value of urinary retinol binding protein for graft dysfunction after
kidney transplantation. Transplantation Proceedings 35, 1341–1343.

Huang, Q., Dunn 2nd, R.T., Jayadev, S., DiSorbo, O., Pack, F.D., Farr,
S.B., Stoll, R.E., Blanchard, K.T., 2001. Assessment of cisplatin-
induced nephrotoxicity by microarray technology. Toxicological
Sciences 63, 196–207.

Hung, Y.C., Sava, V.M., Juang, C.L., Yeh, T., Shen, W.C., Huang, G.S.,
2002a. Gastrointestinal enhancement of MRI with melanin derived
from tea leaves (Thea sinensis Linn.). Journal of Ethnopharmacology
79, 75–79.

Hung, Y.-C., Sava, V.M., Makan, S.Y., Chen, J.T.-S., Hong, M.-Y.,
Huang, G.S., 2002b. Antioxidant activity of melanins derived from
tea: comparison between different oxidative states. Food Chemistry 78,
233–240.

Hung, Y.C., Sava, V.M., Blagodarsky, V.A., Hong, M.Y., Huang, G.S.,
2003. Protection of tea melanin on hydrazine-induced liver injury. Life
Science 72, 1061–1071.

Hung, Y.C., Sava, V., Hong, M.Y., Huang, G.S., 2004a. Inhibitory effects
on phospholipase A2 and antivenin activity of melanin extracted from
Thea sinensis Linn. Life Science 74, 2037–2047.

Hung, Y.C., Sava, V.M., Makan, S.Y., Hong, M.Y., Huang, G.S., 2004b.
Preventive effect of Thea sinensis melanin against acetaminophen-
induced hepatic injury in mice. Journal of Agricultural and Food
Chemistry 52, 5284–5289.

Jardinaud, F., Banisadr, G., Noble, F., Melik-Parsadaniantz, S., Chen,
H., Dugave, C., Laplace, H., Rostene, W., Fournie-Zaluski, M.C.,
Roques, B.P., et al., 2004. Ontogenic and adult whole body distribu-
tion of aminopeptidase N in rat investigated by in vitro autoradiog-
raphy. Biochimie 86, 105–113.

Komoto, J., Yamada, T., Takata, Y., Konishi, K., Ogawa, H., Gomi, T.,
Fujioka, M., Takusagawa, F., 2004. Catalytic mechanism of guanidi-
noacetate methyltransferase: crystal structures of guanidinoacetate
methyltransferase ternary complexes. Biochemistry 43, 14385–14394.

Kramer, J.A., Pettit, S.D., Amin, R.P., Bertram, T.A., Car, B., Cunning-
ham, M., Curtiss, S.W., Davis, J.W., Kind, C., Lawton, M., et al.,
2004. Overview on the application of transcription profiling using
selected nephrotoxicants for toxicology assessment. Environmental
Health Perspectives 112, 460–464.

Kuhlmann, M.K., Burkhardt, G., Kohler, H., 1997. Insights into potential
cellular mechanisms of cisplatin nephrotoxicity and their clinical
application. Nephrology Dialysis Transplantation 12, 2478–2480.

Mishra, J., Mori, K., Ma, Q., Kelly, C., Barasch, J., Devarajan, P., 2004.
Neutrophil gelatinase-associated lipocalin: a novel early urinary
biomarker for cisplatin nephrotoxicity. American Journal of Nephrol-
ogy 24, 307–315, Epub 2004 May 2012.

Morrison, T.B., Weis, J.J., Wittwer, C.T., 1998. Quantification of low-
copy transcripts by continuous SYBR Green I monitoring during
amplification. Biotechniques 24, 954–958, 960, 962.
Nicolaus, R., 1968. Melanins. Hermann, Paris.
Nishimura, N., 1987. The mechanism of cadmium-induced lysozyme

enhancement in rabbit kidney. Archives of Toxicology 61, 105–115.
Paim, S., Linhares, L.F., Magrich, A.S., Martin, J.P., 1990. Character-

ization of fungal melanins and soil humic acids by chemical analysis
and infrared spectroscopy. Biology and Fertility of Soils 10, 72–76.

Prota, G., 1998. Melanins and Melanogenesis. Academic Press,
San Diego, CA.

Safirstein, R., Miller, P., Guttenplan, J.B., 1984. Uptake and metabolism
of cisplatin by rat kidney. Kidney International 25, 753–758.

Satta, T., Isobe, K., Yamauchi, M., Nakashima, I., Takagi, H., 1992.
Expression of MDR1 and glutathione S transferase-pi genes and
chemosensitivities in human gastrointestinal cancer. Cancer 69,
941–946.

Sava, V., Galkin, B., Hong, M.-Y., Yang, P.-C., Huang, G.S., 2001a. A
novel melanin-like pigment derived from black tea leaves with
immuno-stimulating activity. Food Research International 34,
337–343.

Sava, V., Yang, S.-M., Hong, M.-Y., Yang, P.-C., Huang, G.S., 2001b.
Isolation and characterization of melanic pigments derived from tea
and tea polyphenols. Food Chemistry 73, 177–184.

Sava, V.M., Hung, Y.-C., Golkin, B.N., Hong, M.-Y., Huang, G.S., 2002.
Protective activity of melanin-like pigment derived from tea on
Drosophila Melanogaster against the toxic effects of benzidine. Food
Research International 35, 619–626.

Sava, V.M., Hung, Y.C., Blagodarsky, V.A., Hong, M.Y., Huang, G.S.,
2003. The liver-protecting activity of melanin-like pigment derived
from black tea. Food Research International 36, 505–511.

Shimizu, H., Negishi, M., Shimomura, Y., Mori, M., 1992. Changes in
urinary retinol binding protein excretion and other indices of renal
tubular damage in patients with non-insulin dependent diabetes.
Diabetes Research and Clinical Practice 18, 207–210.

Turgeon, D., Carrier, J.S., Levesque, E., Hum, D.W., Belanger, A., 2001.
Relative enzymatic activity, protein stability, and tissue distribution of
human steroid-metabolizing UGT2B subfamily members. Endocrinol-
ogy 142, 778–787.

Yilmaz, H.R., Iraz, M., Sogut, S., Ozyurt, H., Yildirim, Z., Akyol, O.,
Gergerlioglu, S., 2004. The effects of erdosteine on the activities of
some metabolic enzymes during cisplatin-induced nephrotoxicity in
rats. Pharmacological Research 50, 287–290.

Yoshizumi, W.M., Tsourounis, C., 2004. Effects of creatine supplemen-
tation on renal function. Journal of Herbal Pharmacotherapy 4, 1–7.

Yu, Z., Davis, B.B., Morisseau, C., Hammock, B.D., Olson, J.L., Kroetz,
D.L., Weiss, R.H., 2004. Vascular localization of soluble epoxide
hydrolase in the human kidney. American Journal of Physiology-
Renal Physiology 286, F720–F726, Epub 2003 December 2009.

Zhao, X., Yamamoto, T., Newman, J.W., Kim, I.H., Watanabe, T.,
Hammock, B.D., Stewart, J., Pollock, J.S., Pollock, D.M., Imig, J.D.,
2004. Soluble epoxide hydrolase inhibition protects the kidney from
hypertension-induced damage. Journal of the American Society of
Nephrology 15, 1244–1253.


	Thea sinensis melanin prevents cisplatin-induced nephrotoxicity in mice
	Introduction
	Materials and methods
	Materials
	Isolation and physico-chemical characterization of TSM
	Animals and treatment
	Determination of TBARS
	Superoxide dismutase assay
	Real-time reverse transcription polymerase chain reaction
	Statistical analysis

	Results
	Extraction and characterization of TSM
	TSM prevented cisplatin-induced nephrotoxicity
	Real-time RT-PCR validated molecular markers of cisplatin-induced nephrotoxicity

	Discussion
	Acknowledgments
	References


