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LABORATORY STUDY

C-Phycocyanin Attenuates Cisplatin-Induced Nephrotoxicity in Mice

Beom Jin Lim1, Jin Young Jeong2, Yoon-Kyung Chang3, Ki-Ryang Na2, Kang Wook Lee2,
Young-Tai Shin2 and Dae Eun Choi2

1Department of Pathology, Chungnam National University Hospital, Daejeon, Korea; 2Department of Internal
Medicine, Chungnam National University Hospital, Daejeon, Korea; 3Department of Internal Medicine, Daejeon St. Mary
Hospital, Daejeon, Korea

Abstract

Although cisplatin is a highly effective antineoplastic agent, nephrotoxicity is its major clinical problem. Recently, it was
reported that Spirulina, a blue-green algae, has potent antioxidant properties. The aim of this study was to establish the
possible protective role of C-phycocyanin (PC), one of the active ingredients of Spirulina, against cisplatin-induced nephro-
toxicity. This study was carried out using human kidney-2 (HK-2) cells and male C57BL6mice. Cells and mice were divided
into four groups; untreated control group, PC-treated control group, cisplatin-treated group, and PC plus cisplatin-treated
group. Themolecular, functional, and structural parametersweremeasured. PCsignificantly attenuatedbloodureanitrogen,
serum creatinine, renal histological damages, and apoptotic cell death in cisplatin-treated mice. The cisplatin-induced cell
deathwas significantly attenuated incells pretreatedwithPC.PCalsosignificantly attenuated the elevationofp-ERK, p-JNK,
and p-p38 induced by cisplatin treatment. The expression of Bax, caspase-9, and caspase-3 in cisplatin-treated cells were
also decreased by PC treatment. In conclusion, PC ameliorates cisplatin-induced nephrotoxicity and, at least in part,
suppression of p-ERK, p-JNK, p-p38, Bax, caspase-9, and caspase-3 may be involved in this mechanism.
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INTRODUCTION

Cisplatin is one of the most effective antineoplastic
agents. However, its nephrotoxicity is a major clinical
problem, which can cause severe renal tubular injury
and acute renal failure.1,2 Cisplatin causes tubular injury
through various pathways, including hypoxia, free radi-
cals, inflammation, and apoptosis, and interactions may
occur among these pathways.3,4 Several studies demon-
strated the attribution of mitogen-activated protein
kinases (MAPKs) in cisplatin nephrotoxicity by induc-
tion of apoptosis. Cisplatin activates p38, ERK, and
JNK/SAPK in kidney5 and the inhibition of these mole-
cules by specific inhibitors attenuates cisplatin nephro-
toxicity.6–8 ERK and p38 function as upstream signals
stimulating tumor necrosis factor-α (TNF-α) produc-
tion.9 It is also reported that JNK is associated with
TNF-α-induced apoptosis.10 Cisplatin-induced nephro-
toxicity was associated with an increase of the pro-
apoptotic protein Bax, and decrease of the anti-apoptotic
protein Bcl-2.11

C-phycocyanin (PC), a constituent of the blue-green
algae Spirulina platensis, contains phycocyanobilin, which
is an open-chain tetrapyrrole chromophore covalently
attached to the apoprotein.12 PC has been reported to
possess marked antioxidant and radical scavenging activ-
ity.13 Recently, Khan et al.14 reported PC modulates
MAPKs, including ERK and p38. A protective effect
against oxalate-mediated renal injury was also demon-
strated.15 We evaluated whether PC attenuates cisplatin-
induced apoptosis in kidney and investigated the possible
mechanisms.

MATERIALS AND METHODS

Animals and Drug Treatment
All the experiments were performed on 12-week-old
male C57BL/6 mice weighing 28–30 g (Samtako,
Kyoung Gi-Do, Korea). The mice were given a standard
laboratory diet and water and were cared under a proto-
col approved by the Institutional Animal Care and Use
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Committee of the Chungnam National University
Medical School. We divided the mice into four groups:
untreated mice (n ¼ 7), PC-treated mice (n ¼ 7),
cisplatin-injectedmice (n¼ 12), and PC-treated cisplatin-
injected mice (n ¼ 12) groups. Four groups of mice were
administered a single intraperitoneal injection of either
vehicle or cisplatin (12 mg/kg, Choongwae Pharma Co.,
Seoul, Korea) between 8:00 am and 10:00 am. As the
vehicle, 0.9% NaCl was administered in the same man-
ner. PC (50 mg/kg once; Sigma Chemical Co., St. Louis,
MO, USA) was administered intraperitoneally 1 h before
injection of cisplatin. The animals were fasted and
deprived of water overnight (10–12 h) prior to anesthesia
and killed. At 72 h after cisplatin injection, the animals
were anesthetized with the intraperitoneal administration
of a mixture of ketamine (300 μg/kg, Ketalar (r); Bayer,
Leverkusen, Germany) and xylazine (0.1 mL/kg,
Rompun (r); Bayer) in solution, and then killed.

Renal Function
For renal function evaluation, we checked blood urea
nitrogen (BUN) and serum creatinine using chemistry
autoanalyzer, Toshiba 200FR (Toshiba Medical
Systems Co., Tokyo, Japan).

Tissue Preparation
Tissue preparation was described previously.16 In brief,
left kidney was excised immediately, and cut into three
transverse sections. A middle piece of the kidney was
fixed in 10% buffered formaldehyde, and then
embedded in Paraplast (Sherwood Medical, St. Louis,
MO, USA). Other pieces of kidney were snap-frozen in
liquid nitrogen and kept in deep freezer at �70�C.

Light Microscopy Examination
Light microscopy examination was described pre-
viously.16 In brief, pieces of kidney embedded in
Paraplast were cut into 4-μm sections and mounted on
glass slides. The sections were then deparaffinized with
xylene, stained with periodic acid-Schiff, and examined
under a light microscope (400� magnification, Dialux
22; Leitz, Milan, Italy). Tubular injury was evaluated by
counting the number of necrotic tubules under light
microscopy. Necrotic tubules were defined as ones with
areas of tubular epithelial cell necrosis involving >50% of
the tubule. Ten consecutive fields were examined under
400�magnification and averaged per slide. The percen-
tage of number of necrotic tubules was evaluated. To
minimize observer bias, pathologist scored the kidney
sections in a blinded fashion.

Cell Culture and Drug Treatment
Human kidney-2 (HK-2), an immortalized proximal
tubule epithelial cell line, was purchased from the
American Type Culture Collection (Manassas, VA,
USA) and cultured. Briefly, cells were passaged every
3–4 days in 100-mm dishes (Falcon, Bedford, MA,

USA) using Dulbecco’s modified Eagle’s medium-F12
(Sigma Chemical Co.) supplemented with 10% fetal
bovine serum (Life Technologies Inc., Gaithersburg,
MD, USA), insulin–transferrin–sodium selenite media
supplement (Sigma Chemical Co.), 100 U/mL penicillin,
and 100 mg/mL streptomycin (Sigma Chemical Co.).
These cells were incubated in a humidified atmosphere
of 5% CO2, 95% air at 37�C for 24 h and subcultured at
70–80% confluence. For experimental use, HK-2 cells
were plated onto 60-mm dishes in medium containing
10% fetal bovine serum for 24 h and cells were then
switched to Dulbecco’s modified Eagle’s medium-F12
with 2% fetal bovine serum for 16 h. These cells were
treated with cisplatin (1 mg/mL; Sigma Chemical Co.) in
the presence or absence of PC (1 μM; Sigma Chemical
Co.) for 6 h. Control cells received buffer only instead of
PC and/or cisplatin. The cells were harvested at the end of
the treatment for further analysis.

Cell Viability Assay
For cell survival assay, cells were collected after 24 h
incubation with vehicle or cisplatin treatment in the pre-
sence or absence of PC and surviving cells were counted
with Trypan blue staining. The percentage survival was
determined by quantization of the relative viable number
of treated cells divided by the viable number of untreated
cells. For cytotoxicity assay, we used lactate dehydrogen-
ase (LDH)-based in vitro toxicology assay kit (Sigma
Chemical Co.). After 24-h incubation with cisplatin treat-
ment in the presence or absence of PC, the release of LDH
was measured in media and cell lysate. The procedure
followed the manufacturer’s protocol. The results are
expressed as the percentage of total LDH activity, which
is calculated as follows: LDH activity in media divided by
the sum of LDH activity in media and cell lysate. For cell
apoptosis assay, we used fluorochrome inhibitor of cas-
pases (FLICA) kit (Immunochemistry Technologies,
LLC, Bloomington, MN, USA). In the process of apop-
tosis, the caspase becomes activated and the FLICA binds
to these activated caspases. HK-2 cells were treated with
cisplatin or vehicle with or without PC for 24 h. After 24 h,
the cells were stained with FLICA following the manufac-
turer’s instructions.

Western Blot
Western blot was used to measure pERK, pJNK, pp38,
Bax, Bcl-2, and caspase-9 proteins as described pre-
viously.16 In brief, kidney sections were homogenized
in Protein Extraction solution (PRO-PREP, iNtRON,
Sungnam-si, Korea). Forty micrograms of total protein
was loaded onto a stacking polyacrylamide gel and
resolved on an 8% and 15% polyacrylamide gel with a
biotinylated molecular weight standard marker. Then,
the samples were wet transferred to a 0.2-μm nitrocellu-
lose membrane (Amersham Pharmacia Biotech,
Uppsala, Sweden). The blots were blocked for 1 h with
5% nonfat dry milk in Tris-buffered saline containing
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0.05% Tween-20 (TBST) buffer [20 mM Tris–HCl
(pH 7.6), 0.8% NaCl, and 0.05% Tween 20] and
incubated overnight at 4�C temperature with a 1:1000
p-ERK, p-JNK, p-p38, Bax, Bcl-2, caspase-9 (Cell
Signaling Technology, Beverly, MA, USA), and
β-actin antibodies (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA). The blots were incubated
with 1:1000 secondary anti-rabbit IgG-HRP-linked
antibodies or 1:1000 secondary anti-goat IgG-HRP-
linked antibodies (Cell Signaling Technology) for 1 h.
The bands were detected using enhanced chemilumi-
nescence (Millipore, Billerica, MA, USA), and exposed
to films. The optical density for quantification was
obtained using Gel-Pro Analyzer version 3.1 (Media
Cybernetics, Silver Spring, MD, USA).

Caspase-3 Activity Assay
Caspase-3 activities were determined using a Chemi-Con
caspase colorimetric activity assay kit (Chemi-Con,
Temecula, CA, USA) as described previously.17 In brief,
incubated cells or chopped tissues were incubated in
cell lysis buffer for 10 min. After centrifugation (5 min,
10,000 � g), the supernatant was aliquoted and analyzed
immediately, according to the manufacturer’s protocol.
Fold increase in caspase-3 activity was determined by
comparing optical density readings from PC, cisplatin,
and PC with cisplatin groups with those of the untreated
control group.

Terminal Deoxynucleotidyl Transferase (TdT)-Mediated
dUTP-Biotin Nick End Labeling
Apoptosis was detected by the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP-biotin nick end
labeling (TUNEL) method using Apoptosis Detection
Kit (S7100-KIT; Chemi-Con) as described previously.16

In brief, the 4-μm-thick paraffin embedded sections were
dewaxed. The sections were incubated in 0.3% H2O2 at
room temperature to eliminate the endogenous peroxi-
dase activity. Proteinase K [10 μg/mL in 0.1 M Tris, 50
mM EDTA (pH 8)] was applied on the sections, which
were incubated for 15 min at room temperature. TdT
enzyme was applied to the sections, which were incu-
bated in a humidified chamber for 1 h at 37�C to allow
extension of the nick ends of the DNA fragments with
digoxigenin-dUTP. Color was developed using 0.05%
3,3’-diaminobenzidine (DAB) with 0.006% H2O2 as
substrate. For negative controls, distilled water was
used instead of TdT enzyme.

Statistical Analysis
The data are reported as mean � SD. Multiple compar-
isons among groups were performed using one-way ana-
lysis of variance (ANOVA) with the post hoc Bonferroni
test correction (SPSS 11.0 for Windows; SPSS Inc.,
Chicago, IL, USA). The difference between groups was
considered statistically significant at p < 0.05.

RESULTS

In Vivo Experiments
Effect of PC on renal function and histology
BUN and serum creatinine levels were significantly
increased in cisplatin-treated mice. In contrast, intraper-
itoneal injection of PC in cisplatin-treated mice reduced
BUN and serum creatinine levels significantly compared
with cisplatin-treated mice (p < 0.05, Figure 1). At 72 h
after cisplatin administration, in mice, histological exam-
ination revealed loss of brush border, vacuolization and
desquamation of epithelial cells in renal tubular epithe-
lium (Figure 2A). Renal tubular injury was significantly
increased in cisplatin-treated mice. PC significantly atte-
nuated renal tubular injury in cisplatin-treated mice (p <
0.05, Figure 2B).

Effect of PC on renal apoptotic cell death
Expression of Bax and Bcl-2. The expression of Bax and
Bcl-2 proteins were measured in kidney samples at 72 h
after cisplatin treatment. The levels of Bax were increased
significantly in kidneys of cisplatin-treatedmice compared
with the kidneys of the control and PC only-treated mice
(p< 0.05, Figure 3A). Treatment with PC trends toward a
decrease in Bax in kidneys of cisplatin-treated mice.
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Figure 1. Effect of PC on renal function. The levels of serum BUN
and creatinine at 72 h after cisplatin injection (C, control cells; PC,
PC only-treated mice; CIS, cisplatin-treated cells; Cis þ PC, PC
with cisplatin-treated mice).
Note: �p < 0.05 versus C, ��p < 0.05 versus CIS.
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Treatment with PC increased Bcl-2 significantly in kid-
neys of cisplatin-treated mice (p < 0.05, Figure 3B).

Caspase-3 activation. Caspase-3 activity increased sig-
nificantly in kidneys of cisplatin-treated mice, as com-
pared with those of the control and PC only-treated mice
(p < 0.05). PC administration reduced caspase-3 activity
in kidneys of cisplatin-treatedmice (p< 0.05, Figure 3D).

TUNEL. The number of TUNEL-positive cells was
found to increase significantly in kidneys of cisplatin-
treated mice compared with the control and PC only-
treated mice (p < 0.01). PC administration significantly
decreased the number of TUNEL-positive cells (p <
0.05, Figure 3E).

In Vitro Experiments
Effect of PC on HK-2 cell survival
LDH leakage was increased significantly in cisplatin-
treated HK-2 cells compared with untreated control
and PC only-treated cells. PC treatment reduced
LDH leakage in cisplatin-treated HK-2 cells (p <
0.05, Figure 4A). Trypan blue-positive viable cells
were reduced by cisplatin treatment. PC treatment
increased trypan blue-positive viable cells in
cisplatin-treated HK-2 cells (p < 0.05, Figure 4B).
The number of FLICA-positive cells, apoptotic
cells, was increased by cisplatin treatment. PC
treatment reduced FLICA-positive cells (p < 0.05,
Figure 4C).
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Figure 2. Effects of PC on renal histology (original magnification 100�, 400�). (A) Changes in renal histology 72 h after cisplatin-induced
renal injury. The vehicle with cisplatin-treated kidneys showed marked injury, with sloughing of tubular epithelial cells and loss of the brush
border. These changes were reduced by PC treatment. (B) Percentage of damaged tubules.
Note: �p < 0.05 versus C, ��p < 0.05 versus CIS.
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Effect ofPConcisplatin-inducedHK-2cell apoptosis
Expression of Bax, Bcl-2, and caspase-9. Bax and Bcl-2
expression were measured in cells at 24 h after cisplatin or
vehicle treatment. The levels of Bax were increased signifi-
cantly in cisplatin-treated cells compared with untreated
control and PC only-treated cells (p < 0.05). Treatment
with PC reversed Bax in cisplatin-treated cells (p < 0.05,
Figure 5A). Cisplatin treatment reduced the expression of
Bcl-2 protein. Treatment with PC increased Bcl-2 signifi-
cantly in cisplatin-treated cells (p < 0.05, Figure 5B).
Caspase-9 was increased significantly in cisplatin-treated
cells comparedwith untreated control andPConly-treated
cells (p < 0.05). Treatment with PC reversed caspase-9 in
cisplatin-treated cells (p < 0.05, Figure 5C).

Caspase-3 activation. Caspase-3 activity increased sig-
nificantly in cisplatin-treated cells, as compared with
those of the control and PC only-treated cells after
24-h treatment (p < 0.05). PC administration reduced
caspase-3 activity in cisplatin-treated cells (p < 0.05,
Figure 5E).

Effect of PC on MAPK of HK-2 cells
Cisplatin treatment trends toward an increased in phos-
phorylation of p38 and JNK as time goes on (data not
shown). PC reduced phosphorylations of p38, ERK, and
JNK at 24 h after cisplatin treatment. (p < 0.05,
Figure 6).
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Figure 3. (A, B) Densitometric analysis of Bax and Bcl-2 immunoblots. PC treatment recovered the expression of Bcl-2 protein which was
decreased by cisplatin treatment. (C) Representative photomicrographs of Bax and Bcl-2 immunostaining. (D) Quantitative analysis of
TUNEL-positive cells. PC treatment reduced TUNEL-positive cells. (E) Colorimetric analysis of caspase-3 activity. PC treatment sup-
pressed caspase-3 activity in kidneys at 72 h after cisplatin treatment.
Note: �p < 0.05 versus C, ��p < 0.05 versus CIS.
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DISCUSSION

In this study, we clearly demonstrated that PC attenuates
apoptosis in cisplatin-treatedHK-2 cells and renal tissue.
The findings of decrease in Bax, increase in Bcl-2,
decrease in active caspase-3 and caspase-9, and decrease
in TUNEL-positive cells after PC treatment were in
accordance with the above results.

BecausePChasbeen reported topossessnotonlymarked
antioxidant and radical scavenging activity, but also anti-
apoptotic effects,13,18 we suggested that PC is a good candi-
date for reducing cisplatin-induced nephrotoxicity.

Cisplatin-induced nephrotoxicity can result in histolo-
gical alterations in renal tubular cells associated with

renal dysfunction such as severe reduction in the glomer-
ular filtration and increase in serum creatinine and
BUN.19–21 The levels of serum creatinine and BUN are
important because they correlate well with the decline
and recovery of renal function. In this study, we used
them as indices of functional nephrotoxicity.

The in vivo mechanisms of cisplatin nephrotoxicity are
complex involving oxidative stress, apoptosis, and
inflammation.3,16,22,23 Apoptosis is recently recognized
as an important mode in cisplatin nephrotoxicity.
Cisplatin induces Fas clustering into cell membrane
lipid rafts and induces apoptosis in cancer cells, although
association with nephrotoxicity is not clear.24 In
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cells. PC treatment reduced LDH leakage in cisplatin-treated HK-2 cells. (B) Viable cells were reduced by cisplatin treatment. PC treatment
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addition, cisplatin-induced apoptosis of renal cells was
attenuated in caspase 1-deficient mice.25 Bax protein is
associated with cisplatin nephrotoxicity. Cisplatin-
induced apoptosis was reduced in Bax-deficient mice
compared with wild-type mice.26 Cisplatin treatment
reduced the expression of Bcl-2 protein in BMK cells.
And cisplatin-induced apoptosis was reduced by Bcl-2
transfection in BMK cells.27 Cisplatin activates initiator
caspase-9 and executioner caspase-3.28

In our study, PC treatment resulted in reduced apop-
tosis in cisplatin-treated cells and mice kidneys. In HK-2
cell, the expression of Bax was decreased significantly by
PC treatment. However, in mice kidneys, the expression
of Bax was not decreased significantly by PC treatment.
Moreover, comparing with cisplatin-treated HK-2 cells,

cisplatin-treated mice kidneys showed reduced recovery
of Bcl-2 expression by PC treatment. These differences
may be due to the discrepancy of cell proportion. Mice
kidneys contain variable cells, including podocytes,
endothelial cells, mesangial cells, proximal tubule cells,
and collecting duct cells. However, HK-2 cell is only
proximal tubular cell.

It has been known that cisplatin increases phosphor-
ylation of ERK, JNK, and p38 in various tissues,29–31

including kidney.5 It had been demonstrated that p38
MAPK pathway activation was involved in cisplatin-
induced nephrotoxicity, and that p38 MAPKs had an
important role in the regulation of apoptosis path-
ways.7,32 Other group proposed that activation of JNK
was responsible for cisplatin-induced apoptosis,8
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Figure 5. (A–C) Densitometric analysis of Bax, Bcl-2, and caspase-9 immunoblots. PC treatment decreased the expression of Bax and
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Note: �p < 0.05 versus C, ��p < 0.05 versus CIS.

Renal Failure

898 B.J. Lim et al.



although no significant differences were found in phos-
phorylated JNK levels between groups with or without
antioxidant treatment after the induction of cisplatin
nephrotoxicity in other study.9 The role of ERK in
cisplatin-induced apoptosis is not clear. Some research-
ers suggested ERK activation plays an active role in
cisplatin-induced apoptosis in HeLa cells. They showed
inhibition of ERK activation by PD98059 reduced
cisplatin-induced apoptosis in HeLa cells.29 However,
Persons et al.31 reported that inhibition of ERK activa-
tion by PD98059 enhanced cisplatin-induced cell death
in human epithelial adenocarcinoma ovarian cells. In our
study, PC treatment resulted in decrease inMAPK activ-
ity in cisplatin-induced HK-2 cell injury. It is not clear
whether PC acts as a directMAPK inhibitor. Because PC
has potent antioxidant and radical scavenging activity, it
may be possible that reactive oxygen species (ROS) or
oxidative stress reduced by PC treatment may influence
decrease in MAPK activation in cisplatin-induced cell
injury. ROS or oxidative stress induced by cisplatin
increases activation of p38 or ERK.6,33

In conclusion, the results of this study demonstrate
that PC improved the recovery of cisplatin-induced
renal injury in renal tissue and HK-2 cell. PC treatment
resulted in decrease in p-ERK, p-JNK, p-p38, Bax,
caspase-9, and caspase-3; an increase in Bcl-2; and, at
least in part, these findings may be involved in this
mechanism.
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Figure 6. Representative photomicrographs of immunostaining
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treatment decreased phosphorylation of p-p38, p-JNK, and
p-ERK in HK-2 cells at 24 h after cisplatin treatment.
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