
INTRODUCTION

Gentamicin (GM) is an aminoglycoside antibiotic widely
used in clinical practice for the treatment of life-threatening
Gram-negative infections. However, the clinical use of GM
is limited due to its nephrotoxicity (1). GM-induced nephro-
toxicity is characterized by direct tubular necrosis, which is
localized mainly to the proximal tubule (2). Both in vitro and
in vivo studies showed that GM has enhanced the generation
of reactive oxygen species (ROS) (2, 3). It is shown that oxi-
dative stress is involved in GM-induced renal damage. GM
is shown to enhance the generation of superoxide anion and
hydrogen peroxide by renal cortical mitochondria (4). GM
treatment induces simultaneous mesangial proliferation and
apoptosis in rats.

Heat shock proteins (HSPs), also known as stress proteins
and molecular chaperones, play an important role in protecting
cellular processes from environmental and physiologic insult,
including toxic injury, by preserving the structure of normal
proteins and repairing or removing damaged ones (5). A 70-
kDa heat shock protein (stress-inducible HSP70, HSP72)

has been reported to be a cytoprotective protein in a variety
of organs. The induction of HSP is thought to play a protec-
tive role in ischemic acute renal failure (ARF). Some findings
suggested that pre-induction of HSP72 may prevented lipo-
polysaccharide-induced liver injury (6). It was also reported
that HSP72 could attenuate cisplatin (CDDP)-induced neph-
rotoxicity. The protective effects of HSP72 are associated with
an increased Bcl-2/Bax ratio and decreased apoptosis (7).

Studies demonstrated that prior induction of a heat shock
(HS) response protected rats against the lethal effects of sep-
sis, and HS treatment with subsequent expression of HSP is
an effective strategy for tissue protection against damage by
endotoxin, various inflammatory mediators, or oxidative in-
juries (8, 9).

Whether the overexpression of HSP72 can prevent kidney
proximal tubular cells from toxic effects of GM is still unclear.
In the present study, we induced the overexpression of HSP72
in HK-2 cells, a human proximal tubular cell line, by HS,
and observed the protective effects of HS to GM-induced
nephrotoxicity.

Zhipeng Wang, Li Liu, 
Qibing Mei, Linna Liu, 
Yuhua Ran, Rong Zhang

Department of Pharmacology, School of Pharmacy,
Fourth Military Medical University, Xi’an, Shaanxi,
710032, China

Address for correspondence
Qibing Mei, M.D.
Department of Pharmacology, School of Pharmacy,
Fourth Military Medical University, Xi’an, Shaanxi,
710032, China
Tel/Fax : +86.29-84774552
E-mail : qbmei@fmmu.edu.cn.

904

J Korean Med Sci 2006; 21: 904-10
ISSN 1011-8934

Copyright � The Korean Academy
of Medical Sciences

Increased Expression of Heat Shock Protein 72 Protects Renal 
Proximal Tubular Cells from Gentamicin-induced Injury

The nephrotoxicity of gentamicin (GM) has been widely recognized. Heat shock pro-
tein 72 (HSP72) has been reported to be a cytoprotectant. However, its cytoprotec-
tive effect against GM induced kidney injury has not yet been studied. In this study,
we investigated the cytoprotective effect of HSP72 on GM-induced nephrotoxicity
in vitro. Human Kidney tubular cell line, HK-2 cells were divided into four groups:
control group, GM group (cells incubated with GM only), heat shock (HS) group (cells
incubated at 43°C for 30 min), and GM plus HS group, respectively. Lactate dehy-
drogenanse (LDH) release increased time-dependently from 24 hr to 96 hr compared
to the data of cells treated with GM only. Results of NAG activities, superoxide dis-
mutase (SOD) activities and malondialdehyde (MDA) content were similar to that of
the LDH release. The amount of HSP72 positive cells increased significartly at 72 hr
after cells were treated with GM only. Both HSP72 protein and gene expression
increased significantly at 72 hr when cells were treated with GM. On the other hand,
HS induced HSP72 expression markedly. Pretreatment of HS inhibited HK-2 cells
from GM-induced injury. It could reduce LDH release and NAG activity. HS also
increased SOD activity, and decreased MDA content when cells were damaged by
GM. These findings suggested that HS may protect kidney cells from GM-induced
injury. Pre-induction of HSP72 may provide therapeutic strategies for nephrotoxici-
ty induced by GM.
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MATERIALS AND METHODS

Cell culture and treatments

All experiments were performed using HK-2 cells, an im-
mortalized proximal tubular cell line derived from a normal
adult human kidney. Cells were cultured in DMEM medium
with 10% fetal bovine serum, 100 U/mL penicillin, and 100
g/mL streptomycin (GiBco BRL Grand Island, NY, U.S.A.).

The cultured cells were stored in a humidified incubator (95%
air with 5% CO2) at 37℃. These were then separated into
four groups which were incubated with medium only, medi-
um containing GM (Sigma Chemicals, St. Louis, MO, U.S.A.)
at a concentration of 100 g/mL, cells were heat shocked at
43℃ for 30 min, and medium containing GM (100 g/mL)
+heat shocked, respectively. MTT assay, lactate dehydroge-
nase (LDH) release, LDH content, N-acetyl- -D-glucosami-
nidase (NAG) and superoxide dismutase (SOD) activities were
examined at (24 hr, 48 hr, 72 hr, and 96 hr).

MTT assay 

This assay for cell viability is based on the reduction of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sisgma Chemicals) by mitochondrial dehydrogenase
in viable cells to produce a purple formazan product. At the
end of each experiment, cells cultured in 96 well plates (with
100 L of medium per well) were incubated with MTT (20
L of 5 g/mL per well) at 37℃ for 4 hr. The formazan prod-

uct was solubilized with an addition of 100 L of dimethyl
sulfoxide (DMSO) for 4 hr at 37℃. The dehydrogenase acti-
vity was expressed as the absorbance (read with microplate
reader) of the formazan product at 570 nm.

LDH release 

HK-2 cells were planted into 24-well plates (1×105 cell/
mL) and allowed to grow for 1 day. Cell viability after incu-
bation was estimated by determining the release of LDH from
the cells. LDH release was measured by determining LDH
activity (measured spectrophotometrically by NADH oxida-
tion at 440 nm) in media.

NAG activity assay

NAG activities were determined using 4-methylumbellif-
eryl-NAG as substrate, from which NAG liberates 4-methy-
lumbelliferone at pH 4.5. One unit of NAG activity was de-
fined as the amount of NAG catalyzing the liberation of 1 M
of 4-methylumbelliferone per minute at 37℃. Protein was
measured (at 400 nm) by a modified method of Bradford using
Bio-Rad Protein Assay (Bio-Rad, Richmond, CA, U.S.A.). 

Malondialdehyde (MDA) content assay 

Cells were lysed with a cell lysis solution for 30 min at room
temperature and the lysate collected. MDA content was deter-
mined by the thiobarbituric acid (TBA) assay, as described
by Hadley and Draper (10). 

SOD activity assay

SOD activity in cell lysate was determined by spectropho-
tometrically monitoring (at 550 nm) the rate of inhibition
of formazan production consecutive to the reduction of 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyl tetrazolium chloride
(INT) by superoxide anions generated by a xanthine-xanthine
oxidase system. Human erythrocyte SOD was used as a stan-
dard. One SOD unit was defined as the amount of enzyme
that inhibited formazan production by 50% at 37℃. 

Immunocytochemistry

Cultured cells were fixed and immunocytochemistry pro-
cedure for HSP72 were done as described by Mao et al. (11).
Finally, the slides were developed in 0.05% freshly prepared
diaminobenzedine solution for 2 min, counterstained with
hematoxylin, and then dehydrated, air-dried, and mounted.
PBS was used to substitute the primary antibody as a negative
control. Photomicrographs were prepared with a Spot 2 dig-
ital camera and software (Diagnostic Instruments, Inc., Ster-
ling Heights, MI).

Western blotting analysis

Western blot analysis of the HSP72 level was carried out
according to a previously published procedure (10). Briefly,
after total protein in HK-2 cells was extracted. Aliquots (10

g) of proteins were separated by SDS-PAGE on 6% acry-
lamide Laemmli minigels and transferred onto nitrocellulose
membranes overnight. Membranes were blocked for 60 min
with 5% nonfat milk in PBS containing 0.5% Tween 20 and
incubated for 2 hr at room temperature with HSP72 mouse
monoclonal antibody (200-fold dilution) at 4℃ overnight.
After incubation with peroxidase-conjugated secondary anti-
body for 60 min at room temperature, blots were developed
using the ECL detection system. 

For each sample, the optical density (OD)×area (mm2) was
determined using a GS-690 densitometer (Bio-Rad). The
HSP content of each sample was calculated from the stan-
dard curves of HSP70 or HSP90.

RT-PCR

HSP72 mRNAs were characterized by RT-PCR of total
RNA prepared from cultured cells, isolated by TRIzol reagent
(Invitrogen, Grand Island, NY, U.S.A.) and quantified by
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spectrophotometry. The isolated total RNA was amplified
by RT-PCR using mRNA selective PCR kit Ver.1.1 (TaKaRa,
Japan). After RT reaction at 42℃ for 30 min to synthesize
cDNA from mRNA, samples were subjected to PCR for 30
cycles under the following conditions: denaturation at 94℃
for 1 min, annealing at 55℃ for 1 min, extension at 72℃
for 1 min, and a chase at 72℃ for 2 min. The oligonucleotide
primer used for RT-PCR and PCR comprised of a forward
primer (5′-TTTCGAGAGTGACTCCCGTT) and a reverse
primer (5′-AAAGGCCAGTGCTTCATGTC), and for hu-
man GAPDH: TCACCACCATGGAGAAGGCT and AAG-
GCCATGCCAGTGAGCTT. PCR products were visualized
on 1% agarose gels stained with ethidium bromide. Control
reactions were run using GAPDH 25 cycles of denaturation
(94℃ for 30 sec), annealing (58℃ for 30 sec), and extension
(72℃ for 1 min) with a final extension of 72℃ for 10 min.

Statistical analysis

The values were presented as means±S.E.M. The differ-
ences between group means were analyzed using Dunnet’s
test. Results were considered statistically significant when
p<0.05.

RESULTS

Protective effects of HS from cytotoxicity induced by GM
in HK-2 cells

Cytotoxicity of GM in HK-2 cells was assessed by MTT
reduction, LDH release, and NAG activities. After exposure
to GM at 100 g/mL for 24 hr, 48 hr, 72 hr, and 96 hr, MTT
reduction was observed (Fig. 1). MTT uptake decreased sig-

nificantly after 24 hr, and then gradually until 96 hr. On the
other hand, cells treated with GM+HS did not show reduc-
tion at 24 hr. From 48 hr to 96 hr, MTT reduction was highly
evident at this group, but less significant than with GM-treat-
ed cells. MTT uptake of HK-2 cells treated with HS was
higher than that of GM group from 48 hr to 96 hr.

LDH release was used as a marker of cytotoxicity. It increas-
ed time-dependently from 24 hr to 72 hr (Fig. 2). Although
the increase of LDH release in GM+HS group was observed
from 24 hr to 96 hr, it was lower than that of the GM-treat-
ed cells. After cells were heat shocked, LDH release increased
from 24 hr to 72 hr, but it is lower than that of GM group.

NAG activity was also used for evaluation of nephrotoxi-
city. This finding is similar to that of the LDH release. NAG
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Fig. 1. Protective effects of heat shock (HS) from cytotoxicity in-
duced by GM in HK-2 cells. Four groups of HK-2 cells were treat-
ed with medium only, HS, GM in 100 g/mL and GM+HS, respec-
tively, for 24 hr, 48 hr, 72 hr, 96 hr. MTT reduction was measured.
Values are mean±SD of measurements from separate HK-2 cell
cultures. Number of experiments (n)=12. *p<0.01 vs. control, �p<
0.01 vs. GM group.
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Fig. 2. Protective effects of heat shock (HS) from cytotoxicity in-
duced by GM in HK-2 cells. Four groups of HK-2 cells were treat-
ed with medium only, HS, GM in 100 g/mL and GM+HS, respec-
tively, for 24 hr, 48 hr, 72 hr, 96 hr. LDH release was determined.
Values are mean±SD of measurements from separate HK-2 cell
cultures. Number of experiments (n)=6. *p<0.01 vs. control, �p<
0.01 vs. GM group.
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Fig. 3. Protective effects of heat shock (HS) from cytotoxicity in-
duced by GM in HK-2 cells. Four groups of HK-2 cells were treat-
ed with medium only, HS, GM in 100 g/mL and GM+HS, respec-
tively, for 24 hr, 48 hr, 72 hr, 96 hr. NAG activity was determined.
Values are mean±SD of measurements from separate HK-2 cell
cultures. Number of experiments (n)=6. *p<0.01 vs. control, �p<
0.01 vs. GM group.
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activity increased time-dependently from 24 hr to 72 hr (Fig.
3). On the other hand, cells treated with GM+HS did not
show significant increase at 24 hr. Although the increase in
NAG activity was observed from 48 hr to 96 hr, it was lower
than that of GM-treated cells. Results also showed NAG
activity of heated shocked cells was higher than cells in con-
trol group at 96 hr.

Effects of HS on oxidation in HK-2 cells 

MDA levels was evaluated to estimate the degree of lipid

peroxidation on cell culture. Fig. 4 showed that GM caused
concentration-dependent and time-dependent increases in
MDA levels. Meanwhile, HS partially inhibited the increase
in MDA content in GM+HS group. SOD activity was used
to detect scavenging superoxide anion ability of cells. Total
SOD activity diminished in the GM group compared to the
control group from 24 hr to 96 hr (Fig. 5). HS slightly pre-
vented the decrease in total SOD activity in GM+HS group.
This was similar to that of the MTT reduction assay. Both
MDA level and SOD activity of cells which were heat shocked
did not show significant change compared with control group.
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Fig. 4. Effects of HS on GM-induced oxidation changes in HK-2
cells. Four groups of HK-2 cells were treated with medium only,
HS, GM in 100 g/mL and GM+HS, respectively, for 24 hr, 48 hr,
72 hr, 96 hr. MDA content was determined. Values are mean±SD
of measurements from separate HK-2 cell cultures. Number of
experiments (n)=6. *p<0.01 vs. control, �p<0.01 vs. GM group.
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Fig. 5. Effects of HS on GM-induced oxidation changes in HK-2
cells. Four groups of HK-2 cells were treated with medium only,
HS, GM in 100 g/mL and GM+HS, respectively, for 24 hr, 48 hr,
72 hr, 96 hr. SOD activity was determined. Values are mean±SD
of measurements from separate HK-2 cell cultures. Number of
experiments (n)=6. *p<0.01 vs. control, �p<0.01 vs. GM group.
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Fig. 6. Expression of HSP72 in HK-2 cells.  Immunocytochemistry
analysis of HSP72 expression in HK-2 cells treated with medium
only, HS, GM in 100 g/mL and GM+HS, respectively, for 72 hr.
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vs. GM group.
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HSP 72 expression after heat shocked and exposed to GM 

After cells were heat shocked or exposed to GM at a concen-
tration of 100 g/mL for 72 hr, the rate of HSP72 positive cells
increased dramatically (Fig. 6). It was higher than the control
group at 72 hr after cells were exposed to GM+HS, but lower
than the cells exposed only to GM. Densitometric measure-
ments of HSP72 bands showed that the expression increased
markedly after the exposure to GM or HS for 72 hr (Fig. 7).
Proteins extracted from cells exposed to GM+HS showed
that the expression of HSP72 increased than that of in con-
trol group, but was lower than GM group. Furthermore, from
the results of RT-PCR, the change pattera of HSP72 pattern
gene transcription showed similar result with the expression
pattern of HSP72 (Fig. 8). An increased production of HSP72
gene is associated to a parallel rise of HSP72 protein content.

DISCUSSION

Although GM is widely used as an agent for the treatment
of life-threatening Gram-negative infections, its nephrotoxic
effect limits its use. Nephrotoxicity induced by GM is a com-
plex phenomenon characterized by an increase in serum cre-
atinine and blood urea nitrogen, and severe proximal renal
tubular necrosis followed by deterioration to renal failure (12,
14). It has been clearly shown that oxidative stress is involved
in GM-induced renal damage (2, 3); the oxidative damage
also has been supported by the fact that the administration
of several compounds with antioxidant properties, ROS scav-
engers, and/or antioxidant enzymes are able to ameliorate the
severity of GM-induced renal damage.

In the present study, GM inhibited the proliferation of
HK-2 cells, a human kidney tubular cell line, at the concen-
tration of 100 g/mL time-dependently. LDH release increas-

ed from 24 hr to 96 hr after HK-2 cells were treated by GM.
Although NAG activity did not increase at 24 hr, it was ele-
vated from 48 hr to 96 hr markedly. Both LDH release and
NAG activity are indicatives of cell damage. The increase of
them, in the cell culture medium, suggested the injury of
cell membrane. Furthermore, GM increased MDA content
and decreased SOD activity in vitro. It indicated that GM
was effective in inducing oxidative process and inhibiting
scavenging O2

-. 
The highly conserved HSPs accumulate in cells exposed to

heat and a variety of other stressful stimuli. HSPs, which func-
tion mainly as molecular chaperones, allow cells to adapt to
gradual changes in their environment and to survive in other
lethal conditions. The HSP70 family (HSP70s) is the most
conserved and best studied class of HSPs, which contribute to
cell survival after various pathological and physiological stre-
sses. A number of studies demonstrated that HSP70s are in-
ducible in tubular epithelial cells following renal ischemia/
reperfusion (15, 16) and toxic injury (17, 18). They play an
essential role in protein metabolism under both stress and
normal conditions. 

HSP72 is one of the members in HSP70 family. Classified
as a readily inducible protein, HSP72 can protect a variety
of cells, including renal tubular cells, from thermal, toxic,
and ischemic injuries in vitro (19). Transfection of LLC-PK1
cells with HSP72 offers protection against cisplatin (CDDP)-
induced kidney tubular damage (20) and increased levels of
intracellular HSP72 correlate with resistance to CDDP in
tumor cell lines (21). Some findings show that administra-
tion of geranylgeranylacetone (GGA) to induce the expres-
sion of HSP70 could protect vestibular sensory cells from
GM ototoxicity, and delays GM-induced vestibular hair cell
death (22). It has been demonstrated that GGA ameliorated
ischemic acute renal failure via induction of HSP70. Mikami
reported that induction of HSP72 could protect cirrhotic rats

Fig. 7. Expression of HSP72 in HK-2 cells. (A) Western-blot anal-
ysis of HSP72 and GAPDH expression in HK-2 cells treated with
medium only, HS, GM in 100 g/mL and GM+HS, respectively, for
72 hr. (B) Quantification of HSP72 expression by densitometer.
Values are mean±SD of measurements from separate HK-2 cell
cultures. Number of experiments (n)=6. *p<0.01 vs. control, �p<0.01
vs. GM group at the same time point.
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Fig. 8. Expression of HSP72mRNA in HK-2 cells. (A) RT-PCR anal-
ysis of HSP72 and GAPDH expression in HK-2 cells treated with
medium only, HS, GM in 100 g/mL and GM+HS, respectively,
for 72 hr. (B) Quantification of HSP72 expression by densitometer.
Values are mean±SD of measurements from separate HK-2 cell
cultures. Number of experiments (n)=6. *p<0.01 vs. control, �p<
0.01 vs. GM group at the same time point.
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against lipopolysaccharide-induced liver injury (6). However,
whether overexpression of HSP72 could protect kidney prox-
imal tubular cells from GM cytotoxicity has been unknown.

In our present study, HSP72 expression increased parallel
with the degree of HK-2 cell injury at 72 hr. The expression
of HSP72 was also significantly induced due to the HS at
43℃. However, if cells were treated by GM after HS, HSP72
expression was lower than that of cells exposed only to GM.
HSP72 expression was induced markedly after HK-2 cells
were seriously damaged by GM. In addition, after HS, the
expression of HSP72, LDH release, and NAG activity were
less than that of in HK-2 cells treated by GM only. This find-
ing suggested that HSP72, as a group of protective protein,
was involved, at least in part, in the GM-induced HK-2 cell
injury. Pretreatment with HS attenuated the GM-induced
HK-2 cell damage.

Evidence suggests that ROS may be involved in GM-in-
duced ARF, since it has been found that O2

-, H2O2, and HO
increased with GM treatment (23-25) and it is known that
several agents that scavenge or interfere with ROS production
successfully ameliorate GM-induced nephropathy (26, 27).
After HK-2 cells were heat shocked, SOD activity increased
and MDA content decreased compared with that of cells treat-
ed by GM only. The finding suggested that overexpression
of HSP72 may elevate the oxidant scavenge ability and reduce
the production of ROS. The accumulation of HSP72 that was
induced by GM might protect cells from oxidative injury.

Here, we demonstrated that GM treatment could induce
human kidney tubular cell line (HK-2) damage. The expres-
sion of heat shock protein 72 increased when cells were in-
jured by GM. On the other hand, heat shock induced the
expression of HSP72. This increased expression may protect
cells from the damage induced by GM. Heat pre-conditioning
results in induction of heat shock proteins including HSP72
that gives a cytoprotective effect against GM induced nephro-
toxicity, by the methods of reduction of tissue oxidation, free
radical formation, and disorders of protein folding. Heat pre-
treatment would be a useful tool in prevention of kidney da-
mage in the clinical setting (28). HSP72 may provide new
tools for therapies and drug design that maximize preserva-
tion or functional restoration.

It is well established that GM may also affect function of
more distal nephron segments. GM treatment caused a selec-
tive inhibition of Na, K+-ATPase, and subsequently decreased
transport in the thick ascending limb (TAL) of Henle’s loop
(29, 30). TAL is one of the important segments in active reab-
sorption of NaCl (31), whether overexpression of HSP72 can
protect TAL from GM induced damage is still obscure. That
is future work we need to further study.

ACKNOWLEDGEMENTS

We thank Dr. Yingfeng Lei for his excellent assistance dur-

ing experimentation.

REFERENCES

1. Atessahin A, Karahan I, Yilmaz S, Ceribasi AO, Princci I. The effect
of manganese chloride on gentamicin-induced nephrotoxicity in rats.
Pharmacol Res 2003; 48: 637-42.

2. Pedraza-Chaverri J, Maldonado PD, Barrera D, Ceron A, Medina-
Campos ON, Hernandez-Pando R. Protective effect of diallyl sulfide
on oxidative stress and nephrotoxicity induced by gentamicin in rats.
Mol and Cell Biochem 2003; 254: 125-30.

3. Maldonado PD, Barrera D, Rivero I, Mata R, Medina-Campos ON,
Hernandez-Pando R, Pedraza-Chaverr JE. Antioxidant S-allylcysteine
prevents gentamicin-induced oxidantive stress and renal damage.
Free Rad Biol Med 2003; 35: 317-24. 

4. Walker PD, Barri Y, Shah SV. Oxidant mechanisms in gentamicin
nephrotoxicity. Ren Fail 1999; 21: 433-42.

5. Chen Y, Ross BM, Currie RW. Heat shock treatment protects against
angiotensin II-induced hypertension and inflammation in aorta. Cell
Stress Chaper 2004; 9: 99-107.

6. Mikami K, Otaka M, Goto T, Miura K, Ohshima S, Yoneyama K,
Lin JG, Watanabe D, Segawa D, Kataoka E, Odashima M, Watanabe
S. Induction of a 72-kDa heat shock protein and protection against
lipopolysaccharide-induced liver injury in cirrhotic rats. J Gastroen-
terol Hepatol 2004; 19: 884-90.

7. Zhou H, Kato A, Yasuda H, Odamaki M, Itoh H, Hishida A. The
induction of heat shock protein-72 attenuates cisplatin-induced acute
renal failure in rats. J Physiol 2003; 446: 116-24.

8. Suzuki S, Maruyama S, Sato W, Morita Y, Sato F, Miki Y, Kato S,
Katsuno M, Sobue G, Yuzawa Y, Matsuo S. Geranylgeranylacetone
ameliorates ischemic acute renal failure via induction of Hsp70. Kid-
ney Int 2005; 67: 2210-20.

9. Chen Y, Ross BM, Currie RW. Heat shock treatment protects against
angiotensin II-induced hypertension and inflammation in aorta. Cell
Stress Chaper 2004; 9: 99-107.

10. Hadley M, Draper HH. Isolation of a guanine-malondialdehyde adduct
from rat and human urine. Lipids 1990; 25: 82-5.

11. Mao H, Wang Y, Li Z, Ruchalski KL, Yu X, Schwartz JH, Borkan
SC. Hsp72 interacts with paxillin and facilitates the reassembly of
focal adhesions during recovery from ATP depletion. J Biol Chem
2004; 279: 15472-80.

12. Li CY, Suardet L, Little JB. Potential role of WAF1/Cip1/p21 as a
mediator of TGF- cytoinhibitory effect. J Biol Chem 1995; 270:
4971-74.

13. Fashola TO, Obatomi DK, Plummer DT. The combined effect of
cyclosporine a and gentamicin on enzymuria in the Sprague-Daw-
ley rat. Ren Fail 2000; 22: 283-95.

14. Fox RB. Prevention of granulocyte-mediated oxidant lung injury in
rats by a hydroxyl radical scavenger, dimethylthiourea. J Clin Invest
1984; 74: 1456-67.

15. Emami A, Schwartz JH, Borkan SC. Transient ischemia or heat stress
induces a cytoprotectant protein in rat kidney. Am J Physiol 1991;
260: 479-85.



910 Z. Wang, L. Liu, Q. Mei, et al.

16. Morita K, Wakui H, Komatsuda A, Ohtani H, Miura AB, Itoh H,
Tashima Y. Induction of heat-shock proteins HSP73 and HSP90 in
rat kidneys after ischemia. Ren Fail 1995;17: 405-19.

17. Komatsuda A, Wakui H, Satoh K, Yasuda T, Imai H, Nakamoto Y,
Miura AB, Itoh H, Tashima Y. Altered localization of 73-kilodalton
heat-shock protein in rat kidneys with gentamicin-induced acute tubu-
lar injury. Lab Invest 1993; 68: 687-95.

18. Satoh K, Wakui H, Komatsuda A, Nakamoto Y, Miura AB, Itoh H,
Tashima Y. Induction and altered localization of 90-kDa heat-shock
protein in rat kidneys with cisplatin-induced acute renal failure. Ren
Fail 1994; 16: 313-23.

19. Turman MA, Rosenfeld SL. Heat shock protein 70 overexpression
protects LLC-PK1 tubular cells from heat shock but not hypoxia. Kid-
ney Int 1999; 55: 189-97.

20. Komatsuda A, Wakui H, Oyama Y, Imai H, Miura AB, Itoh H, Ta-
shima Y. Overexpression of the human 72 kDa heat shock protein
in renal tubular cells confers resistance against oxidative injury and
cisplatin toxicity. Nephrol Dial Transplant 1999;14: 1385-90.

21. Abe T, Gotoh S, Higashi K. Higher induction of heat shock protein
72 by heat stress in cisplatin-resistant than in cisplatin-sensitive can-
cer cells. Biochim Biophys Acta-Gene Struct Expr 1999; 1445: 123-33.

22. Takumida M, Anniko M. Heat shock protein 70 delays gentamicin-
induced vestibular hair cell death. Acta Otolaryngol 2005; 125: 23-8.

23. Cuzzocrea S, Mazzon E, Dugo L, Serraino I, Di PR, Britti D, De SA,
Pierpaoli S, Caputi A, Masini E, Salvemini D. A role for superoxide
in gentamicin-mediated nephropathy in rats. Eur J Pharmacol 2002;
450: 67-76. 

24. Sha SH, Schacht J. Formation of reactive oxygen species following
bioactivation of gentamicin. Free Radic Biol Med 1999; 26: 341-47.

25. Sandhya P, Varalakshmi P. Effect of lipoic acid administration on
gentamicin-induced lipid peroxidation in rats. J Appl Toxicol 1997;
17: 405-8.

26. Erdem A, Gundogan NU, Usubutun A, Kilinc K, Erdem SR, Kara
A, Bozkurt A. The protective effect of taurine against gentamicin-
induced acute tubular necrosis in rats. Nephrol Dial Transplant 2000;
15: 1175-82.

27. Ozbek E, Turkoz Y, Sahna E, Ozugurlu F, Mizrak B, Ozbek M. Me-
latonin administration prevents the nephrotoxicity induced by gen-
tamicin. BJU Int 2000; 85: 742-6.

28. Tytell M, Hooper PL. Heat shock proteins: new keys to the develop-
ment of cytoprotective therapies. Expert Opin Ther Targets 2001; 5:
267-87.

29. Kidwell DT, McKeown JW, Grider JS, McCombs GB, Ott CE, Jack-
son BA. Acute effects of gentamicin on thick ascending limb function
in the rat. Eur J Pharmacol 1994; 270: 97-103.

30. Fukuda Y, Malmborg AS, Aperia A. Gentamicin inhibition of Na+,
K(+)-ATPase in rat kidney cells. Acta Physiol Scand 1991; 141: 27-
34.

31. Jesse R, Kristopher TK, Paola de los H, Norma V, Patricia M, Fred-
erick HW, Steven CH, Ignacio G, Gerardo G, Richard PL. WNK3
kinase is a positive regulator of NKCC2 and NCC, renal cation-Cl-
cotransporters required for normal blood pressure homeostasis. Proc
Natl Acad Sci USA 2005; 102: 16777-82.


