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Novel Synthetic Compound,
ismuth Zinc Citrate, Could
otentially Reduce Cisplatin-
duced Toxicity Without
ompromising the Anticancer
ffect Through Enhanced
xpression of Antioxidant Protein
ri
de
de
fr
ce
an

Ad
Sc
Pa
H
E-
1C
Re

©
un
19
ht
hing Chan*,1, Runming Wang†, 1, Kwan Man‡,
ohn Nicholls§, Hongyan Li†, Hongzhe Sun† and
odfrey Chi-Fung Chan*

epartment of Paediatrics & Adolescent Medicine, LKS
culty of Medicine, The University of Hong Kong;
epartment of Chemistry, Faculty of Science, The
niversity of Hong Kong; ‡Department of Surgery, LKS
culty of Medicine, The University of Hong Kong;
epartment of Pathology, LKS Faculty of Medicine, The
niversity of Hong Kong
Abstract
Cisplatin is a common anticancer drug, but it comes with significant nephrotoxicity. Further cisplatin-induced
oxidative stress contributes to the pathogenesis of the nephrotoxicity. A new compound, BiZn, can potentially
prevent this complication. We verified our postulation by in vitro and in vivo models. From our findings, BiZn did
not affect cisplatin-induced cytotoxicity on neuroblastoma cells under both in vitro and in vivo settings. However,
BiZn significantly reduced the blood urea nitrogen and creatinine levels in cisplatin-treated mice. Under the lethal
dosage of cisplatin, co-treatment of BiZn significantly increased the survival rate. BiZn stimulated antioxidant
proteins metallothionein (MT) and glutathione (GSH) generation from kidney cells and minimized cisplatin-induced
apoptosis. Knocking down MT-IIA and inhibiting GSH abolished such protection. In conclusion, pretreatment of
BiZn decreased cisplatin-induced renal toxicity without affecting its antitumor activity. BiZn-induced antioxidant
proteins MT and GSH may contribute to the renal protection effect.
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troduction
isplatin is a commonly used anticancer drug for solid tumors.
owever, it suffers significant side effects including nephrotoxicity,
otoxicity, and myelotoxicity, thus hindering its wide clinical
plication in selected patients [1–5]. Around 25% to,35% of
tients who received cisplatin treatments experienced various degrees
nephrotoxicity [6]. It is well known that reactive oxygen species
OS) are greatly involved in the pathogenesis of nephrotoxicity [7].
urrent protective agents such as amifostine have significant side
fects including hypotension, hypocalcemia, nausea, vomiting,
lergies, and skin toxicities and may affect the anticancer efficacy
cisplatin, so it has not been widely adopted as standard treatment
,9]. Therefore, we developed a novel bismuth compound, BiZn, to
vestigate whether it can protect renal cells against cisplatin-induced
mage.
MT and glutathione (GSH) are the two key thiols that prevent
llular injury from either heavy metals or oxidative damage in
ammalian cells [10,11]. MT is a low–molecular weight cysteine-
ch intracellular protein, which plays an important role in the
toxification of toxic heavy metals [12–14]. Moreover, it has been
monstrated that MT has an antioxidant property by scavenging for
ee radicals [15,16]. GSH plays an important role in the regulation of
ll cycle, including proliferation and death. GSH is a known
tioxidant involved in protecting cells from the noxious effect of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tranon.2019.02.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.tranon.2019.02.003
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Figure 1. Chemical structure of bismuth zinc citrate.
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cessive oxidant stress [17]. It has been shown to reduce toxicity and
prove the quality of life of cisplatin-treated cancer patients [18].
herefore, any new drugs that can induce the local generation of MT
d GSH in order to provide localized organ protection in cancer
tients receiving cisplatin therapy will be benefit for cancer patients.
ismuth is relatively nontoxic metal ion and has long been associated
ith medicine [19], and our group has concentrated on this field of
udy for many years [20–24]. Zinc (Zn2+) and bismuth (Bi3+) are
und to induce the synthesis of a special protein MT in the kidney
5,26]. Whether our new compound induces the synthesis of both
T and GSH is still unknown. Most importantly, whether the new
mpound could alleviate cisplatin-induced nephrotoxicity in vitro
d in vivo is subject to further evaluation.
In this study, we prepared the bismuth compound, BiZn, to
vestigate its potential protective effects on different nonmalignant
man cell types including kidney cells (HK-2), mesenchymal
romal cells (mesenchymal stem cells or MSC), liver cells (MIHA),
d rat neural stem cells (C17.2) as well as a neuroblastoma cell line
KNLP) in vitro. Whether BiZn could induce generation of
tioxidant proteins MT and GSH from HK-2 cells and the possible
otective effect of BiZn on cisplatin-induced renal toxicity in vivo
ere also studied. Finally, the long-term effect of BiZn on the
titumor activity of cisplatin treated mice was investigated using
thotopic xenograft model for 3 weeks.
ho
(5
us
X
in
C
ce

N

as
10
(1
w
en
w
in
μ
co
w
ac
ab

M

ci
fl
H
di
an
2′
2
to
th
C

aterials and Methods

hemicals
Cisplatin was purchased from Mayne Pharma Pty Ltd., Mulgrave,
IC 3170, Australia. BiZn (BiCit2Zn, MW 689.13) was prepared
ith the following procedures. Briefly, bismuth citrate (2 mmol, 0.80
was dissolved in deionized water (20 ml), while 18% ammonia was
adually added until the suspension became clean. Appropriate
ount of Zn(OH)2 was added slowly over a time course of 24 hours
the bismuth-ammonia aqueous solution to result in a fully

turated solution. Any impurity was filtered off. The solution was left
r 1 week for the production of crystal-like product. BiZn: ESI-MS
/z + ve: 689.13 ([Bi(cit)2Zn]

+, 100%), 727.07 ([Bi(cit)2Zn + K]+,
%) The chemical structure was shown in Figure 1. L-buthionine-
lfoximine (BSO) was purchased from Sigma-Aldrich Co.

ell Lines
Human bone marrow–derived mesenchymal stromal cells (MSC),
man nonmalignant liver cells (MIHA), rat neural stem cells
17.2) and human nonmalignant kidney cells (HK-2, provided by
r. Yang Mo, Department of Pediatrics, Nanfang Hospital, Southern
edical University, Guangdong, China) and tumor SKNLP
rovided by Dr. Nai Kong Cheung, Memorial Sloan Kettering
ancer Center, New York, NY) were cultured in DMEM (GIBCO
aboratories, Renfrewshire, UK) supplemented with 10% fetal calf
rum (GIBCO Laboratories, Renfrewshire, UK).

ell Proliferation Assay
The growth and viability characteristics from the effect of BiZn on
splatin-treated MSC, MIHA, C17.2, and HK-2 cells as well as
NLP cells were measured using the cell proliferation kit II XTT
say (Roche Diagnostics, USA, according to the manufacturer's
struction. A total of 1-2 × 104 cells/well were grown in flat-bottom
-well plates (Costar, Corning Incorporated, NY) in a final volume
100 μl culture medium per well overnight. Cells were then exposed
BiZn (10 μM or 100 μM) for 2 hours before treatment with

splatin (10 μM or 100 μM) for 2 or 3 days. For GSH study in
gure 5, HK-2 cells were exposed to BiZn (10 μM or 100 μM) for 6
urs, and after 3 days, theywere treatedwith cisplatin (10μM) andBSO
00μM) for 2more days. Cells grown under culturemedium alonewere
ed as a negative control. After a fixed time of incubation, 50 μl of the
TT labeling mixture was added to each well, and the cells were
cubated for 2 hours at 37°C under a humidified atmosphere of 5%
O2.The formation of formazan dyes, produced only bymetabolic active
lls, was detected spectrophotometrically at 490 nm.

eutral Red Uptake Assay
A neutral red uptake assay was performed following the procedure
described by Borenfreund and Puerner et al. [27]. Briefly, 1-2 ×
4 cells/well were seeded in 96-well plates and then exposed to BiZn
0 μM or 100 μM) for 6 hours, and after 3 days, they were treated
ith cisplatin (10 μM) and BSO (500 μM) for 2 more days. At the
d of the exposure time, the test solution was aspirated and cells were
ashed with phosphate-buffered saline (PBS) twice before being
cubated for 2 hours in medium supplemented with neutral red (50
g/ml). The medium was washed off rapidly with a solution
ntaining 0.5% formaldehyde and 1% calcium chloride. The cells
ere then incubated for a further 20 minutes at 37°C in a mixture of
etic acid (1%) and ethanol (50%) to extract the dye. The
sorbance was detected spectrophotometrically at 540 nm.

easurement of Oxidative Stress
Intracellular production of ROS in HK-2 cells treated with
splatin and BiZn was monitored using a 2′,7′-dichlorodihydro-
uorescein diacetate (H2DCFDA) fluorescent probe (Sigma).
2DCFDA is deacetylated by intracellular esterases to form 2′,7′-
chlorodihydrofluorescein. In the presence of hydrogen peroxides
d hydroxyl radicals in cells, it will be converted to the fluorescent
,7′-dichlorofluorescein (DCF). To quantify ROS production, HK-
cells were resuspended in DMEM with 10% FBS. BiZn was added
the cells for a 24-hour pretreatment. Cisplatin was then added to
e HK-2 cells and incubated for 4 hours before H2DCFDA staining.
ells were treated with H2DCFDA (5 μM) in PBS at 37°C. The
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CF fluorescence produced by the cells was measured continuously
a fluorometer at an excitation wavelength of 485 nm and emission

avelength of 538 nm.

estern Blotting
HK-2 and MIHA cells were treated with BiZn (100 μM) for 0 to
hours. Cells were washed with ice-cold PBS, and cell lysates were
tracted by protein extraction solution. Protein concentration was
termined by the Quick Start Bradford 1 × Dye Reagent (Bio-Rad
aboratories, Inc., USA). Proteins were loaded on SDS-PAGE gels
d separated by electrophoresis. The gels were transferred to
trocellulose membrane and blocked within 5% BSA in Tris-
ffered saline solution containing 0.1% Tween-20. Primary
tibodies, mouse anti-MT monoclonal antibody (1:1000 dilution;
bcam, USA), were incubated overnight at 4°C. After washing, the
embrane was incubated with a secondary antibody, rabbit anti-
ouse antibody (1:2000 dilution; Cell Signaling Technology,
everly, MA, USA). MT was visualized by ECL detection systems.
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NA Isolation
Total RNA was prepared according to the protocol using Trizol
nvitrogen) solution. Trizol (500 μl) was added to HK-2 cells which
ere treated with BiZn for 6 hours. Chloroform (100 μl) was then
ded to the sample. The suspension was centrifuged at 12000×g for
minutes at 4°C. After the phase separation, the upper aqueous
ase was then transferred to a new tube, and RNA precipitation was
ne by adding 500μl of isopropanol. After thoroughmixing and storage
room temperature for 15 minutes, the suspension was centrifuged at
,000×g for 15 minutes at 4°C. After the isopropanol was decanted, the
maining RNA pellet was then washed with 75% ethanol and
ntrifuged at 12,000×g. The pellet was then air-dried and resuspended
DEPC water. The concentration and purity of each sample were
aluated using a spectrophotometer at A260/A280.

uantitative Reverse-Transcription Polymerase Chain Reaction
Expression of mRNA was analyzed in HK-2 cells using qRT-PCR.
ne microgram of HK-2 cell RNA was reverse transcribed using
verse transcriptase II (Invitrogen) according to the manufacturer's
structions. Real-time qPCR was performed using PowerUp SYBR
reen Master Mix (Thermo Fisher Scientific) in ABI PRISM 7900
al-time PCR system (Applied Biosystems). The real-time qPCR was
the presence of 1× PowerUp SYBR Green Master Mix and 0.2 μM
each gene Q-PCR primer. Two primer pair sequences were

nthesized for human MT-IA and MT-IIA genes as described by Liu
al. [24] to amplify a fragment encompassing the coding region of
e MT gene. The amplification profile was 50°C for 2 minutes and
°C for 2 minutes followed by 40 cycles of 95°C for 15 seconds and
°C for 1 minute. At the end of the PCR cycles, melting curve
alyses were performed to ensure the absence of artifacts. Three
ological replicates were measured for each group. The expression
vels of mRNAs were normalized to glyceradehyde 3-phosphate
hydrogenase (GAPDH) level 5′-ACCACAGTCCATGCCAT-
ACT for the sense and 5′-GGCCATCACGCCACAGTT for the
tisense. The fold change of the mRNA was calculated by the
uation 2−ΔΔCt.

stablishment of shRNA Knockdown Cell Lines
MT-IIA shRNA Plasmids (Santa Cruz Biotechnology, CA, USA),
coded with three short hairpin RNAs (shRNAs), was transfected
to HK-2 cell lines to establish the knockdown cell line models. The
rambled shRNA Plasmid-A (Santa Cruz Biotechnology, CA, USA)
rved as a mock transfection vector. Transfection was performed
cording to manufacturer's instructions with modifications. Cells
ere first seeded in a 24-well plate and grown to 70% confluence.
ne day prior to transfection, normal culture medium was removed
d replaced with 500 μl antibiotic-free DMEM (supplemented with
% FBS). For each transfection, 1 μg of MT-IIA shRNA plasmid
as resuspended in 50 μl FBS-free OptiMEM; 3 μl Lipofectamine
00 (Invitrogen, CA, USA) was diluted in 50 μl serum-free
ptiMEM and incubated for 5 minutes at room temperature. The
o solutions were gently mixed and allowed to sit for 20 minutes at
om temperature. One hundred microliters of this combined
lution was added to each well containing cells and medium with
ntle mixing. Cells were then incubated at 37°C with 5% carbon
oxide for 6 hours. After the incubation, DMEM with 2 mM l-
utamine, 10% FBS, and 2 μg/ml puromycin (Invitrogen GIBCO,
Y, USA) was added as a selective medium to establish the stable
T-IIA knockdown cell lines.

easurement of Intracellular Reduced GSH Using Mono-
lorobimane Assay and GSH Detection Assay
Reduced GSH in HK-2 cells treated with BiZn (10 μM and 100
M) for 24 and 48 hours was monitored using monochlorobimane
say (Sigma, USA). This probe reacts specifically with reduced GSH
rough GSH transferase to form a fluorescent derivative [28]. To
vestigate the GSH production, HK-2 cells were resuspended in
MEM with 10% FCS. BiZn (10 μM or 100 μM) and L-
thionine-sulfoximine (BSO) (250 μM or 500 μM) (Sigma, USA)
ere added to the cells respectively for 24 or 48 hours. The cells were
eated with monochlorobimane (Sigma, USA) at a final concentra-
on of 100 mM in Ca2+- and Mg2+-free PBS for 0 to 60 minutes at
°C. The fluorescence produced by the cells was measured with a
orometer at an excitation wavelength of 360 nm and emission
avelength of 480 nm.
Reduced GSH in samples was measured by using GSH Detection
ssay Kit (Abcam). Briefly, HK-2 cells were treated with BiZn (10
M and 100 μM) for 48 hours. A total of 0.2 × 106 cells were
mogenized by Mammalian Lysis Buffer. Enzymes were removed by
ing Deproteinizing Sample Kit (Abcam). Nonfluorescent GSH
ssay Mixture reacts with reduced GSH in cell lysate to become
uorescent. The fluorescence produced was measured with a
orometer at an excitation wavelength of 490 nm and emission
avelength of 520 nm.

nimals and Drug Treatment
All experiments were performed on 5- to 6-week-old male mice
aboratory Animal Unit, the University of Hong Kong). The mice
ere housed under specific pathogen free conditions and were given
ee access to water and food. All animal experiments were done in
cordance with the University of Hong Kong Guideline for Animal
are and Experimentation. After transfection of SKNLP neuroblas-
ma cell line with a luciferase construct, we injected the stable
ciferase positive cells into the adrenal glands (2×105 cells) of SCID
eige mice. Orthotopic neuroblastoma cancer xenograft models were
tablished within 1 month. We divided the mice into four groups:
ntrol (n = 6), BiZn-treated (n = 6), cisplatin-treated (n = 6), and
iZn plus cisplatin–treated (n = 6) groups. The BiZn (0.14 mmol/kg)
as administered orally. Cisplatin (7.5 mg/kg or 15 mg/kg) was



in
or
in
th
T
is

c
ti
fix
st
ch
ci
hi
an
sa

on
pl
an
w
(I

B

w
gr
in

w
m

B

as
us
cr
C

St

St
de
co
Pr
C
A
T
b

R

B

fo
m
M

Fi
ci
fr

Translational Oncology Vol. 12, No. 5, 2019 BiZn Reduced Cisplatin-Induced Toxicity Chan et al. 791
jected intraperitonealy. BiZn (0.14 mmol/kg) was administered
ally by a blunt oral feeding syringe 24 hours before the cisplatin
jection, just before the cisplatin injection, and then every 2 days
ereafter. The mice were sacrificed by an overdose of pentobarbital.
umor volume was calculated by the formula: V = a2.b.π/6, where a
the short and b is the long diameter of tumor.
For assessment of in vivo safety/toxicity of BiZn, we treated BALB/
mice (n = 5) with BiZn (0.58 mmol/kg) orally for 5 days. At the
me of sacrifice, brain, heart, kidney lung, and liver were collected,
ed in 10% formalin overnight, paraffin-embedded, sectioned,
ained with hematoxylin and eosin, and evaluated for histology
ange. For assessment of the effect of BiZn on renal histology in
splatin nephrotoxicity, we treated SCID Beige mice with 21-day
gh dose of cisplatin administration (day1 7.5 mg/kg, day 2 7.5/kg,
d day 15 15 kg/kg) and BiZn (0.14 mmol/kg). At the time of
crifice, kidneys were collected for histology evaluation.
For pharmacokinetic study of BALB/c mice, BiZn (0.14 mmol/kg
ce) was administered orally. Blood samples for determination of
asma bismuth concentrations were collected prior to and 1, 2, 4,
d 6 hours after the administration. Plasma bismuth concentration
as determined by inductively coupled plasma mass spectrometry
CP-MS) as described by Hongzhe Sun et al. [29].

ioluminescence Imaging
Bioluminescence imaging was performed on all of the mice once a
eek after tumor implantation. One hundred fifty micrograms per
am of D-luciferin in PBS was injected into each mouse
traperitoneally. A luminescent IVIS imaging system, equipped
gure 2. The cytotoxic effects of BiZn on cisplatin-treated panels of ce
splatin-treated MSC, MIHA, C17.2, HK-2, and SKNLP cell was shown.
om cisplatin-induced cytotoxicity (bismuth compounds vs. control gr
ith Living Imaging software (Xenogen, Alameda, CA), was used to
onitor the growth of tumors in real time.

lood Urea Nitrogen (BUN) Assay and Creatinine Assay
At the end of the study, blood collected from the mice was
sessed for BUN and creatinine level. The BUN was measured
ing Urea Nitrogen Kit (Stanbio Laboratory, USA). The
eatinine was measured using Creatinine Assay Kit (Sigma-Aldrich
o).

atistical Analysis
The mean and SEM were computed for each treatment group.
atistically significant differences between treatment groups were
tected by the one-way ANOVA test with Turkey's multiple
mparison test for all pairwise multiple comparisons (Glantz SA.
imer of biostatistics, 3rd Edition., New York: McGraw Hill; 1992).
omparisons of two groups were assessed using paired Student t test.
P value of less than .05 was considered statistically significant.
hree different symbols were denoted as *P b .05, **P b .01, and ***P
.001.
esults

iZn Reduced Cisplatin-Induced Cytotoxicity In Vitro
Live cells metabolically reduce XTT to a soluble product, XTT-
rmazan, which can be estimated spectrophotometrically as a
easure of cell viability [30]. A panel of nonmalignant cells including
SC, MIHA, C17.2, and HK-2 cells was tested. By quantifying cell
lls were analyzed by XTT assay. The protection effect of BiZn on
Pretreatment with BiZn significantly rescued nonmalignant cells
oup, **P b .01 and ***P b .001).
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ability, we found that BiZn did not have a toxic effect on all of the
fferent cells when they were treated with BiZn (10 μM or 100 μM)
one for 2 or 3 days (Figure 2). Cisplatin induced significant
totoxicity on C17.2, HK-2, and SKNLP cells at the concentration
10 μM and on MSC and MIHA cells at the concentration of 100
M. Furthermore, we showed that co-treatment of BiZn with
splatin (10 μMor 100 μM) for 2 or 3 days could significantly rescue
ormal cells from cisplatin-induced cytotoxicity in a dose-dependent
anner (*P b .05, **P b .01, and ***P b .001) (Figure 2). However,
r the neuroblastoma cells (SKNLP), co-treatment of BiZn with
splatin did not show any significant protection effect (Figure 2).
Cisplatin Increased ROS Generation in HK-2 Cells But It Was
ecreased by Pretreatment with BiZn. To further explore whether
splatin can induce ROS generation and whether our new compound
iZn has potential to decrease cisplatin-induced ROS generation in
K-2 cells, DCF assay was performed on the cells loaded with
splatin at concentration of 10 μM and 100 μM with pretreatment
BiZn at a concentration of 10 μM. From our data, cisplatin
duced ROS generation in HK-2 cells in a dose-dependent manner
igure 3A). The increase in ROS generation was significantly
duced by pretreatment with BiZn (Figure 3B).
gure 3. (A) Effect of cisplatin on HK-2 cells in inducing ROS generation
urs. After H2DCF-DA staining, the amount of fluorescence produced b
inutes (n = 3, cisplatin vs. control group, ***P b .001). (B) Effect o
retreatment with BiZn significantly reduced the fluorescence of H2DC
60 and 120 minutes (n = 3, cisplatin vs BiZn+cisplatin group, *P
orescence of H2DCF-DA–stained high concentration (100 μM) of cisp
cisplatin group, **P b .01 and *P b .05).
iZn Induced the Upregulation of MT in HK-2 Cells In Vitro
One possible mechanism that accounts for the protective effect of
iZn on cisplatin-treated cells is through the induction of MT
pression. To test this, protein lysates were collected and analyzed by
estern blotting after treatment with BiZn. As shown in Figure 4A-
incubation of HK-2 cells with BiZn (100 μM) led to MT being
creased significantly, suggesting that BiZn could induce MT
neration from HK-2 cells. Moreover, gene expression of MT-IA
d MT-IIA was significantly upregulated in HK-2 cells when
mpared with control cells after treatment with BiZn for 6 hours
igure 4A-b).

T-IIA Was Responsible for Cisplatin-Induced Cytotoxicity on
K-2 Cells
To investigate the MT-IIA function on cisplatin-induced
totoxicity on HK-2 cells, we generated a stable MT-IIA knockdown
odel. We showed that, after treatment with cisplatin (10 μM) for
and 72 hours, the cytotoxicity effect on MT-IIA knockdown HK-
cells was significantly higher than the control cells (*P b .05)
igure 4B), which suggested an involvement of MT-IIA on the
otection effect of BiZn on cisplatin-treated cells.
. HK-2 cells were treated with cisplatin (10 μM and 100 μM) for 4
y cisplatin-treated cells was significantly increased at 60 and 120
f BiZn on cisplatin-induced ROS generation in HK-2 cells. (B-a)
F-DA–stained low concentration (10 μM) of cisplatin-treated cells
b .05). (B-b) Pretreatment with BiZn significantly reduced the
latin-treated cells at 60 and 120 minutes (n = 3, cisplatin vs BiZn
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Figure 4. (A) Effect of BiZn on HK-2 cells in inducing MT protein generation. Cells were treated with BiZn (100 μM) for the indicated time.
Protein lysates were assayed by Western blotting, and beta-actin was used as the loading control. Results were representative of three
independent experiments. (B) Effect of BiZn on HK-2 cells in inducing MT gene expression. Cells were treated with BiZn (10 μM and 100
μM) for 6 hours. MT mRNA expression was assayed by RT-qPCR. MT IA and IIA mRNA was upregulated when compared with control
cells (n= 3, bismuth compounds vs. control group, *P b .05, **P b .01, and ***P b .001). (C) The cytotoxic effects of cisplatin-treated HK-2
and the MT-IIA shRNA-mediated knockdown cells were analyzed by XTT assay. The effects of cisplatin-treated cells in 48 hours and 72
hours were shown. (n= 3, cisplatin vs. control group, ***P b .001 andMT-IIA shRNA-mediated knockdown HK-2 cell vs. control group, *P
b .05).
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eneration of Intracellular Reduced GSH by Incubation of
K-2 Cells with BiZn
Monochlorobimane assay was used to quantify the amount of
SH generated by HK-2 cells. This probe reacts specifically with
duced GSH through GSH transferase to form a fluorescent
rivative [28]. HK-2 cells stained with monochlorobimane at 37°C
elded a steady fluorescent signal. A significant increase of
tracellular reduced GSH was observed upon incubation of HK-2
lls with BiZn (100 μM) for 24 and 48 hours (Figure 5A). BSO is a
tent inhibitor of GSH synthesis; incubation of HK-2 cells with 250
M and 500 μM BSO for 24 and 48 hours successfully decreased the
tracellular reduced GSH level (Figure 5B). These results suggest
at BiZn induced GSH generation.
Reduced GSH in samples was also measured by using GSH
etection Assay Kit. A significant increase of intracellular reduced
SH was observed upon incubation of HK-2 cells with BiZn (10 and
0 μM) for 48 hours (Figure 5C).

SH Was Responsible for Cisplatin-Induced Cytotoxicity on
K-2 Cells
The potential role of GSH on cisplatin-induced cytotoxicity on
K-2 cells was evaluated using XTT assay and neutral red uptake
say. Neutral red assay is one of the common methods used to detect
ll viability or drug cytotoxicity. The principle of this assay is based
the detection of viable cells via the uptake of the dye neutral red.

iable cells can take up neutral red via active transport and
corporate the dye into their lysosomes, but nonviable cells cannot
t take up this chromophore. We found that BSO (500 μM) was
latively nontoxic on HK-2 cells as shown in Figure 5D-a and b.
SO had a synergistic effect and enhanced the cytotoxic effect of
splatin (10 μM) on HK-2 cells after 48-hour incubation. This
ggested that GSH was responsible for the cisplatin-induced
totoxicity on HK-2 cells. In addition, pretreatment of HK-2 cells
ith BiZn followed by treatment with cisplatin+BSO for 48 hours
sulted in the increased cell viability of HK-2 cells when compared
ith the cisplatin+BSO group (Figure 5D-a and b). The generation of
tracellular reduced GSH by pretreatment of BiZn in HK-2 cells
uld contribute to the protection effect.

iZn Did Not Affect the Cisplatin Antitumor Effect
The antitumor activity of cisplatin was evaluated in regular
tervals for 21 days after cisplatin treatment by live imaging of mice
at were orthotopically inoculated with neuroblastoma cells at the
renal area. As shown in Figure 6A and B, treatment with BiZn did
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Figure 5. (A and C) Intracellular reduced GSH evaluation after 24- and 48-hour treatment with BiZn or BSO on HK-2 cells. HK-2 cells were
treated with BiZn (10 μM and 100 μM) or BSO (250 μM and 500 μM) for 24 or 48 hours. After monochlorobimane staining, the
fluorescence produced by the cells was measured. (A) The fluorescence increased significantly in BiZn (100 μM)-treated HK-2 cells after
24 hours of incubation (n = 3, BiZn 100 μM vs. control group, 60 minutes **P b .01) and 48 hours of incubation (n = 3, BiZn 100 μM vs.
control group, 60 minutes **P b .01). (B) Monitoring the GSH depletion effect of BSO on HK-2 cells for 24 hours of incubation (n= 3, BSO
250 and 500 μM vs. control group, 60 minutes ***P b .001) and 48 hours (n= 3, BSO 250 and 500 μM vs. control group, 60 minutes ***P
b .001) of incubation. (C) The reduced GSH increased significantly in BiZn (10 μM and 100 μM)-treated HK-2 cells after 48 hours of
incubation (n= 3, BiZn 10 μM and 100 μM vs. control group, ***P b .001). (D) The effects of BiZn and BSO on cisplatin-treated HK-2 cells
were analyzed by XTT and neutral red uptake assay. HK-2 cells were pretreated with BiZn (10 μM and 100 μM) for 3 days before exposure
to BSO (500 μM) and cisplatin (10 μM) for 48 hours. (C-a) Cell viability of HK-2 cells (XTT assay). (C-b) Cell viability of HK-2 cells (neutral red
uptake assay) (compounds vs. control group or compounds vs. compounds group, **P b .01 and ***P b .001).
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t affect the antitumor activity of cisplatin (7.5 mg/kg, once per
eek for 3 weeks). Interestingly, the BiZn-treated mice had less
tensive metastasis than that of control group in liver as shown in
igure 7A. Whether such findings genuinely reflected the antimeta-
atic effect of BiZn remains to be verified. But one thing that is very
nvincing was that BiZn did not affect the antitumor effect of
splatin in vivo (Figure 7A and B).

iZn Pharmacokinetics
The average concentration-time curve was shown in Figure 8A.
ismuth peak levels in serum of 24.72 ± 1.81 μg/l were measured 1
our after administration in mice treated with BiZn. The
ncentration was well below the toxic range of bismuth [28]. It
as followed by rapid terminal elimination (t1/2(elimination) = 1.9 ±
28 hours). Area under curve (AUClast) was calculated to be 51.34 ±
40 μg h/l.
iZn Did Not Have Any Toxic Effect In Vivo
Short-term treatment of mice with a high dose of BiZn (0.58
mol/kg, every day) for 5 days showed no toxic effect on different
gans (Figure 8B). Further, long-term treatment with BiZn alone
.14 mmol/kg, every 2 days) for 3 weeks showed no toxic effect on
dneys (Figure 8D-a).

iZn Could Reduce Cisplatin-Induced Nephrotoxicity
Histological examination revealed vacuolation, protein cast, and
squamation of epithelial cells in renal tubular epithelium 21 days
ter injection in the cisplatin-treated mouse as shown in Figure 8C-a.
contrast, Figure 8C-b shows the proximal renal tubules of BiZn-

eated mice in which lesions appeared to be less extensive than those
served in mice that were treated with cisplatin alone. Thus, the
sults demonstrate a protective effect of pretreatment with BiZn
ainst cisplatin-induced renal toxicity in SCID Beige mice.
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Figure 6. Administration of BiZn did not affect the antitumor effect of cisplatin on adrenal tumors. In (A), 0.2 × 106 SKNLP neuroblastoma
cells were injected into mouse adrenal gland for 4 weeks to induce adrenal tumors. Mice with adrenal tumors were divided into four
groups: control, BiZn-treated, cisplatin-treated, and BiZn combined with cisplatin–treated groups. Live cell imaging luciferrin scan was
used to evaluate the antitumor activity weekly. Three-week cisplatin- and cisplatin plus BiZn–treated tumors had significantly lower total
flux when compared to control tumors (cisplatin-treated and BiZn combined with cisplatin–treated vs. control group, **P b .01). Cisplatin-
and cisplatin plus BiZn–treated tumors had no significant difference of total flux. In (B), photos of the tumor after treatment were shown.
There is a significant inhibition of tumor growth after 3 weeks cisplatin and cisplatin plus BiZn treatment (cisplatin-treated and BiZn
combined with cisplatin–treated vs. control group, *P b .05), and there is no significant difference in tumor volume of cisplatin-treated vs.
BiZn combined with cisplatin–treated group.
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Cisplatin (15 mg/kg) treatment alone significantly increased BUN
d creatinine levels 5 days after administration (Figure 8D-b and E).
n the contrary, the addition of oral BiZn in cisplatin-treated mice
gnificantly reduced blood BUN and creatinine levels compared with
e cisplatin-treated group (**P b .1 and *P b .05) (Figure 8D-b and
). These results support the renal protective effect of BiZn on
splatin-treated mice.

iZn Could Improve the Survival Rate of High-Dose
isplatin–Treated Mice
To test the toxic effect of cisplatin, the lethal dose of cisplatin was
opted. All of the mice died 12 days after treatment with high-dose
splatin (15 mg/kg, two times) alone (Figure 8F). Co-treatment of
gh-dose cisplatin with BiZn (at the dose of 0.14 mmol/kg every 2
ys) significantly improved the survival rate of mice under such
thal dose of cisplatin (Figure 8F). The results were demonstrated by
e Kaplan-Meier analysis (P = .001).
iscussion
isplatin is a platinum-based heavy metal drug which has dual
aracteristics of an alkylating agent and an oxygen free radical
ducer. It is currently one of the most commonly used
emotherapeutic agents for solid tumors. The main adverse side
fects of cisplatin are its aural, neural, and renal toxicities. In order to
tenuate these adverse side effects, we generated a new compound,
iZn (Figure 1). We demonstrated that pretreatment of BiZn
creased the cisplatin-induced renal toxicity through induction of
tioxidant protein MT and antioxidant small peptide GSH.
Free radical species are a double-edged sword in the physiology of
e human body. Excessive amounts disrupt many basic molecules
cluding lipids, DNA, and proteins, resulting in severe oxidative
mage within cells and leading to tissue damage [31]. Cisplatin is a
OS inducer which can inhibit cancer cell growth. Although
cumulated papers demonstrate that treatment of bismuth decreases
splatin-induced renal toxicity, whether the co-treatment of bismuth
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Figure 7. Administration of BiZn delayed SKNLP tumor cells lung and liver metastases. A total of 0.2 × 106 SKNLP cells were injected into
the adrenal gland, and lung and liver metastases were noted. After 4-week injection of SKNLP cells, mice were treated weekly with i.p.
doses of 7.5 mg/kg cisplatin for 3 weeks in cisplatin and cisplatin plus BiZn groups. For the control and BiZn-treated groups (negative
control), mice were only treated for 2 weeks because of the large and rapidly progressing tumor size. Luminescence images of lungs and
livers were noted. For liver groups, cisplatin- and cisplatin plus BiZn–treated livers had significantly lower total flux when compared to the
control group (cisplatin-treated and BiZn combined with cisplatin–treated vs. control group, **P b .01). BiZn-treated livers had significantly
lower total flux when compared to the control group (BiZn-treated vs. control group, **P b .01). Cisplatin- and cisplatin plus BiZn–treated
livers had no significant difference in total flux. For lung groups, cisplatin- and cisplatin plus BiZn–treated groups had significantly lower
total flux when compared to the control group (cisplatin-treated and BiZn combined with cisplatin–treated vs. control group, *P b .05).
Cisplatin- and cisplatin plus BiZn–treated tumors had no significant difference in total flux.
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hibits cisplatin-induced ROS generation in kidney cells was still
clear. Thus, we generated our own ROS kidney cell model to
vestigate it. From our data, pretreatment with BiZn could inhibit
splatin-induced ROS generation in HK-2 cells (Figure 3). Several
echanisms of bismuth protection on cisplatin-induced kidney
mage have been proposed, for example, bismuth induced MT
pression [32]. Previous in vitro studies showed that MT can serve as
iol donors to remove reactive oxygen species [33,34]. However, the
echanism related to MT-IIA on kidney cell protection by bismuth is
t clear. Thus, we used shRNA to inhibit MT-IIA protein synthesis
evaluate whether MT-IIA was important for the inhibition of

splatin-induced cell damage. Our data indicated that the cytotox-
ity effect of cisplatin on MT-IIA knockdown HK-2 cells was higher
an the control cells. Iron is known to induce overproduction of
peroxide (O2•−) and hydroxyl (OH•-) radicals via Fenton and
aber-Weis reaction [31,35,36]. Our previous papers showed that
on overload can induce ROS generation, which has toxic effects on
rdiovascular system, and chelator L1 could inhibit this as well as cell
optosis [37–39]. This is in line with another publication which
ows that MT could chelate iron to convert it into a form that is not
tive as a Fenton reactant, and the formation of an Fe-MT complex
vitro has been described [40,41]. Glutathione is mainly present in
lls in its reduced form, GSH, which basically acts as an intracellular
ductant. GSH has been shown to have antioxidant effect in
eventing free radicals and heavy metal–induced cell damage [17].
veral groups have demonstrated that cisplatin induces oxidative
ress in renal epithelial cells by depleting intracellular concentrations
GSH [42,43]. Our data showed that BiZn increased GSH level in
dney cells. GSH as an antioxidant may counteract the effect of ROS
nerated by cisplatin. Thus, the co-treatment of BiZn effectively
hibits cisplatin-induced apoptosis of kidney cells.
Bismuth (Bi) and zinc (Zn) were less toxic when compared with
dmium (Cd) and mercury (Hg); both Bi and Zn can induce higher
ounts of MT in the proximal tubular cells of the kidney [44]. In
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Figure 8. (A) Bismuth serum concentrations in five groups of mice with BiZn dose of 0.14 mmol/kg. The plots show the levels of bismuth
content in serum asmeans ± SEM over the full 6-hour time course. (B) Effect of high dose of BiZn treatment on organ histology change of
mice. Mice received BiZn (0.58 mmol/kg) treatment for 5 days. Brains, hearts, kidneys, lungs, and livers were formalin-fixed, paraffin-
embedded, and H&E-stained. Based on the figures, none of the organs appeared to show any evidence of brain, heart, kidney, lung, or
liver damage. (C) Effect of BiZn on renal histology in cisplatin-treated SCID Beige mice. (C-a) Renal histological changes after 21 days of
cisplatin administration (day 1: 7.5 mg/kg, day 2: 7.5/kg, and day 15: 15 kg/kg). (C-b) Renal histological changes with same condition of
cisplatin combined with BiZn every 2 days. Photo showed protein cast, vacuolation, and desquamation of epithelial cells in the renal
tubules after cisplatin administration. The injuries were attenuated by treatment of BiZn every 2-day injection. (D and E) Effect of
pretreatment with BiZn on renal protection with or without cisplatin treatment on SCID Beige mice. In (D-a), mice were treated with BiZn
for 3 weeks without cisplatin treatment. In (D-b and E), mice were pretreated orally with BiZn for 24 hours and just prior to cisplatin (15mg/
kg) injection. Themice were sacrificed on day 5. Blood BUN and creatinine levels were determined after the end point. Each value for BUN
and creatinine represents the mean ± SEM (BUN, n= 6, cisplatin vs. control group, ***P b .001; n= 6 cisplatin vs. BiZn+cisplatin group,
**P b .01) (creatinine, n=4, cisplatin vs. control group, ***P b .001; n=4 cisplatin vs. BiZn+cisplatin group, *P b .05). (F) Survival curve of
cisplatin-treated SCID Beige mice with or without treatment of BiZn. Kaplan-Meier survival curve showed that the survival of mice of
cisplatin group was significantly shorter than that of mice treated with BiZn+cisplatin (log-rank statistics: cisplatin vs. BiZn+cisplatin.
***P = .001).
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is experiment, we generated a new synthetic compound, BiZn, and
e advantage of using this compound is that it has low toxicity
igure 8B and C-a) but with high MT induction ability. As Zn is an
sential element in our body and Bi compounds such as colloidal
smuth subcitrate have already been used clinically in treating
tients with Helicobacter pylori infection [45], our new combined
oduct of BiZn is therefore potentially nontoxic. Unlike its related
senic compound (As) in the periodic table, bismuth compound does
t exert any direct cytotoxic effect on both normal and cancer cells
en in high concentrations. Previous use of bismuth compounds in
eating gastric mucosal-associated lymphoid tissue lymphoma was
ainly based on its antibacterial function [46]. BiZn is water soluble
d can be readily absorbed by the body, which means it can be taken
ally. This is an important feature because most previously available
smuth compounds were poorly absorbed and therefore have limited
stemic effect upon oral administration.
We investigated the effect of this novel compound BiZn in
ducing MT and GSH from kidney cells in vitro. We found that
iZn could induce both MT and GSH production from the HK-2
lls. Since both MT and GSH are known protective biomolecules
at can protect cells from heavy metal–induced injuries, such
hancing effects of MT and GSH generation from renal cells imply a
cal protective effect against cisplatin-induced toxicity in the kidney.
n the contrary, cisplatin has direct cytotoxic effects on all normal
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lls including renal cells, hepatic cells, bone marrow–derived
esenchymal stromal cells, and neural stem cells under in vitro
ttings. Again, such cytotoxic effects could be significantly decreased
the addition of BiZn into the culture system (Figure 2). These may
based on MT and GSH induction in cells by the co-incubation

ith BiZn. More importantly, the protective effect of BiZn will not
fect the in vivo cytotoxicies of cisplatin in our neuroblastoma
thotopic model.
Using our in vivo orthotopic model [47,48], we monitored the
owth of neuroblastoma in both the local and metastatic sites. The
iZn did not affect the efficacy of cisplatin chemotherapy in both
imary (adrenal) and metastatic sites such as lung and liver (Figures 6
d 7). This shows that the increased secretion of MT and GSH in
dney did not hinder the cytotoxic action of cisplatin even in these
etastatic sites. In our in vivo model, the dosage of cisplatin that
uld effectively shrink the tumor does not exert high enough organ
xicity. Therefore, we were not able to clearly show the renal
otection in this cohort. However, we applied lethal dose of cisplatin
another cohort of mice with and without the BiZn. Our results

owed that BiZn could reduce the elevated levels of BUN caused by
splatin treatment (Figure 8C-b). More strikingly, the oral
ministration of BiZn could significantly improve the survival rate
der such lethal dose of cisplatin (Figure 8D). This suggested that
ith the help of BiZn, either higher doses of cisplatin can be used in
tients with refractory tumors or organ toxicity can be minimized for
ose who are responsive to the conventional dosages of cisplatin.
In conclusion, we show that BiZn could effectively decrease the
nal toxicity and improve the survival rate of mice treated with high-
se cisplatin, and at the same time, it did not affect the cisplatin's
titumor activity. The generation of antioxidant protein MT and
tioxidant peptide GSH may partly contribute to the protection role
BiZn on cisplatin-induced kidney damage. We will further
lineate the effect of BiZn on brain and liver cancer models under
splatin therapy.
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