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Atorvastatin protects against contrast-induced nephropathy via
anti-apoptosis by the upregulation of Hsp27 in vivo and in vitro
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Abstract. Contrast-induced nephropathy (CIN) is an
iatrogenic acute renal failure occurring following the intra-
vascular injection of iodinated radiographic contrast medium.
However, the regulatory mechanisms for CIN remain to
be fully elucidated. The present study aimed to investigate
whether atorvastatin protects against CIN via anti-apoptotic
effects by the upregulation of Hsp27 in vivo and in vitro.
To determine whether atorvastatin attenuated CIN, the
inflammatory response and apoptosis in vivo and in vitro, a
rat model of iopamidol-induced CIN was used, and human
embryonic proximal tubule (HK?2) cell damage was assessed.
The rats were assigned into four groups (n=10 per group),
as follows: Control rats; rats+atorvastatin; rats + iopamidol;
rats+iopamidol+atorvastatin. In vitro, the HK2 cells were
treated with iopamidol in the presence or absence of ator-
vastatin, heat shock protein (Hsp)27 small interfering (si)
RNA or pcDNA3.1-Hsp27. The renal tissues were examined
histopathologically and collected for western blot analysis.
The results showed that atorvastatin ameliorated the apoptosis
and deterioration of renal function (P<0.05). Furthermore,
atorvastatin reduced the iopamidol-induced activity of B cell
lymphoma-2 (Bcl-2)-associated X protein (Bax)/caspase-3 and
increased the expression of Bcl-2 in vivo and in vitro. Notably,
following treatment with Hsp27 siRNA or pcDNA3.1-Hsp27,
it was found that iopamidol enhanced or weakened the
upregulation of Bax/caspase-3 and downregulation of Bcl-2 in
the HK?2 cells, respectively. The results of the present study
suggested that atorvastatin protected against contrast-induced
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renal tubular cell apoptosis through the upregulation of Hsp27
in vivo and in vitro.

Introduction

Contrast-induced nephropathy (CIN) is an acute renal failure,
which occurs following the use of contrast medium (CM) for
diagnostic imaging and interventional procedures, including
angiography. It is the third leading cause of hospital-acquired
renal failure worldwide (1). There is no specific therapy or
standard preventive procedure, with the exception of hydra-
tion and minimizing the dosage of CM, which do not provide
optimal prevention (2,3). In previous years, several clinical
investigations have been performed, and it has been confirmed
that CIN results in increased medical costs, prolonged admis-
sions, disease deterioration, dialysis, long-term decline in
renal function and associated mortality rates (4-6). Thus, it is
important and urgent to improve current understanding of the
mechanism by which CIN occurs and develop novel preventive
therapies.

Apoptosis is considered to be a characteristic of acute
kidney injury, including ischemia and anoxia, inflammatory
reactions and damage from drug toxicity (3). The apoptosis
of renal tubular cells is an important pathological alteration
in the pathogenesis of CIN, and the occurrence of apop-
tosis is expected to be important in therapy for improving
nephropathy (7,8). Statins exert several effects through their
non-lipid-associated mechanisms. These so-called pleiotropic
effects encompass several mechanisms, which modify inflam-
matory responses, endothelial function, plaque stability and
apoptosis (9,10). The effectiveness of statin pretreatment in
reducing the incidence of contrast-induced acute kidney injury
(CIAKI) has been examined in a number of observational and
randomized investigations (11-12). There is a general consensus
that statins merit further investigation for the prevention of
CIAKI. The present study investigated whether atorvastatin
can ameliorate iopamidol-induced apoptosis in CIN rats and
HK2 cells.

Heat shock proteins (HSPs) are recognized molecular
chaperones and function as cytoprotective proteins. HSPs
protect other intracellular proteins from denaturation and
aggregation, which occur in response to oxidative stress (13).
Hsp27 is a ubiquitous HSP, the expression of which is induced
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in response to a wide variety of unfavorable physiological and
environmental conditions (13,14). Classically, the activation of
the expression of Hsp27 occurs be due to an increase in the total
protein expression of Hsp27 and/or due to increased activation
of an upstream kinase, which phosphorylates Hsp27 (13). It
has been reported that Hsp27 protect cells from otherwise
pathological circumstances, predominantly through their
involvement in pathways of cell death, including necrosis and
apoptosis (13,14). However, the intracellular signaling modula-
tion of Hsp27 in CIN remains to be elucidated. Therefore, the
present study was designed to determine whether atorvastatin
can protect against CIN due to anti-apoptotic effects and to
identify the possible mechanisms of Hsp27 regulation.

Materials and methods

Animals. All experimental procedures were performed
according to the Guide for the Care and Use of Laboratory
Animals (15) and were in compliance with the guidelines
specified by the Chinese Heart Association policy on research
in animal use and the Public Health Service policy on the use
of laboratory animals.

Sprague-Dawley rats were used in the present study, which,
in addition to the basal diet used, were purchased from Sun
Yat-Sen University Laboratory Animal Centre (Guangzhou,
China). A total of 40 male rats weighing between 280 and
320 g were used in the experiment. The rats were housed in
multiple mouse racks and acclimated for 1 week in groups
(five mice per cage) with free access to a mycotoxin-free diet
and tap water. The rats were housed at a constant tempera-
ture (25+2°C) and constant humidity (60+5%), with artificial
lighting every 12 h.

The rats were acclimated for 7 days and then divided
into four groups (n=10/group), as follows: Control rats (CR);
rats+atorvastatin (20 mg/kg/day; CA); rats + iopamidol (CM);
rats+iopamidol+atorvastatin (20 mg/kg/day; CMA). CIN was
induced using nonionic low-osmolar iopamidol, as previously
described (16). Following a 16-h dehydration period, the
iopamidol (Shanghai Bracco Sine Pharmaceutical Corp. Ltd.,
Shanghai, China) was administered intravenously into the
internal carotid artery for 5 min at a dose of 2.9 g iodine/kg
body weight. The control rats received an equal volume of
normal saline. The plasma and kidney samples were collected,
and the rats were sacrificed by intraperitoneal injection with
10% chloral hydrate (300mg/kg) and subsequently sacrificed.
7 days post-iopamidol injection. Atorvastatin was donated by
Pfizer, Inc. (New York, NY, USA). Iopamidol was obtained
from Bracco S.p.A. (Milan, Italy).

The experimental animals received no water for 16 h prior
to injection of the left internal carotid artery with contrast
agents, 0.3% pentobarbital sodium and 1 ml/100 g anesthesia.
The iopamidol 370 (2.9 g iodine/kg; 5-min injection) was
injected through the left internal carotid artery, whereas the
animals in the control group received saline. The CMA group
was treated with atorvastatin (20 mg/kg/day, dissolved in 2 ml
of saline) 1 day prior to CM injection and 3 days following
CM injection. The CA group was treated with atorvastatin
(20 mg/kg/day, dissolved in 2 ml of saline) for 4 days without
CM injection. Blood was collected from the left femoral artery,
and the serum was separated by 12,000 x g centrifugation
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for 10 min at 4°C to assess renal function. The kidneys were
removed for biochemical and histopathological investigations.

Determination of creatinine in the serum and urine. The
concentrations of creatinine (Scr) and urea (BUN) in the
serum and urine were analyzed as indicators of injured
glomerular function. Creatinine clearance (ml/min) was
calculated according to the following formula: UV / P, where
U represents creatinine concentration in the urine (mg/dl),
V represents urine volume (ml/min) and P represents serum
creatinine (mg/dl). The fractional excretion of sodium
was calculated according to the following formula: (Urine
sodium / serum sodium) X (serum creatinine / urine creati-
nine) x 100. Urinary kidney injury molecule-1 (uKIM-1)
was measured using ELISA kits (R&D Systems, Inc.,
Minneapolis, MN, USA).

Assessment of renal apoptosis in CIN rats. TUNEL staining
for cell apoptosis in renal tissues was used to evaluate the
extent of apoptosis according to the manufacturer's protocol
(Roche Diagnostics, Mannheim, Germany). Tissues were
imaged using a fluorescent microscope.

Culture conditions and reagents. The HK2 cells lines
were grown in a Dulbecco's modified Eagle's medium
(DMEM)-F12 mixture (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) with 10% heat-inactivated fetal bovine serum
(Santa Cruz Biotechnology, Inc.), 2 mmol/l L-glutamine and
100 U/ml penicillin-streptomycin at 37°C with 5% CO,. The
cells were routinely passaged when 80-85% confluent. The
media, sera and antibiotics for cell culture were obtained
from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany).
Prior to treatment, the cells were cultured in DMEM/F12 low
glucose (5 mM) for 24 h. Basal (5 mM) glucose culture media
was produced as described previously (11).

Protein electrophoresis reagents were obtained from
Bio-Rad Laboratories, Inc. (Richmond, VA, USA). The HK?2
cells were pretreated with atorvastatin at a dose of 0.2 ymol/l
at 37°C with 5% CO,. The dose of atorvastatin was selected
according to the standard doses used in cell lines.

Experimental design. When the cells culture was at ~80%
confluence, the cells were serum-starved for 12 h at 37°C with
5% CO,, following which they were used in the following
experiments:

i) Time-course experiments. The HK2 cells (~80%
confluence) were treated with iopamidol (200 mg/ml) for
0,4,8, 16, 24 or 48 h at 37°C with 5% CO,. The cells were
analyzed using a cell titer proliferation assay and harvested
for reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) and western blot analyses to determine
the expression levels of Hsp27, Bax, Bcl-2 and cleaved/total
caspase-3. The cell activity levels were assessed by cell death
quantification.

ii) Investigation of the effect of atorvastatin on
iopamidol-induced cell apoptosis. The HK2 cells (~80%
confluence) were treated in the following groups at 37°C with
5% CO,: Control group; atorvastatin (0.2 gmol/l); iopamidol
(200 mgl/ml); iopamidol (200 mgl/ml) + atorvastatin
(0.2 uymol/1). The cells were harvested for western blot analysis
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to determine the expression levels of Bax, Bcl-2, cleaved/total
caspase-3 and Hsp27. The levels of apoptosis were assessed
using TUNEL staining.

iii) Investigation of the role of Hsp27 in mediating
iopamidol-induced HK2 cell apoptosis. The HK2 cells
(~80% confluence) were treated in the following groups at
37°C with 5% CO,: Iopamidol (200 mgI/ml); iopamidol
(200 mgl/ml) + Hsp27 siRNA (400 pmol); iopamidol
(200 mgl/ml) + pcDNA3.1-Hsp27 (2 pug) for 24 h. The expres-
sion levels of Bax, Bcl-2 and cleaved/total caspase-3 was
analyzed by western blot analysis. The levels of apoptosis were
assessed using TUNEL staining.

Caspase assay. The assay was performed with the use of the
Colorimetric CaspACE assay system (Promega Corporation,
Madison, WI, USA) according to the manufacturer's protocol.
Briefly, the cells were harvested in caspase assay buffer, and
proteins were quantified using a Bradford assay. A 50 ug quan-
tity of protein was used.

Detection of apoptotic cells using TUNEL staining. A
TUNEL kit, purchased from Boehringer Mannheim GmbH
(Mannheim, Germany) was used to label the apoptotic cells
according to the manufacturer's protocol. The cells with brown
particles visible in their nuclei were apoptotic cells. Under
a high-power microscope (magnification, x400), five visual
fields were randomly collected and analyzed using patho-
logical image software (Motic Med 6.0; Beijing University of
Aeronautics and Astronautics, Beijing, China), and the positive
cells were counted, with the average value of the five visual
fields used as the index of cell apoptosis.

Transient transfection with small interfering (si)RNA. The
cells were transfected with Hsp27 siRNA or nontargeting
control siRNA using DharmaFECT siRNA transfection
reagent according to the manufacturer's protocol (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) when at ~80%
confluence for 24 h. The Hsp27 siRNA oligos consisted of
three target-specific siRNAs, and were designed and applied
as a pool to knock down the gene expression of Hsp27. The
target sequences were as follows: Sense 5-GAG UGG UCG
CAG UGG UUA Gtt-3', antisense 5'-CUA ACC ACU GCG
ACC ACU Ctt-3"; sense 5-GAC GAG CUG ACG GUC AAG
Att-3', antisense 5'-UCU UGA CCG UCA GCU CGU Ctt-3"
sense 5'-CCA CGC AGU CCA ACG AGA Utt-3', antisense
5'-AUC UCG UUG GAC UGC GUG Gtt-3". The medium was
then replaced with fresh culture medium containing 10 mmol/l
CA for 0.5 or 24 h, and protein expression was examined using
western blot analysis. For the luciferase assay, the cells were
transfected with p2x ARE/Luc vectors (Promega Corporation)
prior to CA treatment.

Construction of the pcDNA3.1-Hsp27 vector. PCR was used
to amplify the Hsp27 fragment of the pMD-Hsp27 vector. The
5' primer (5'-AAA GAA TTC ATG ACC GAG CGC CGC
GTC-3") and the 3' primer (5-TTT GGA TCC TTA CTT
GGC GGC AGT CTC A-3") were engineered using EcoRI
and BamHI restriction sites, respectively. A 50-ul amplifica-
tion reaction sample containing each primer (1 mM), 10 ug
pMD-Hsp27 vector and 1 unit Pfu DNA polymerase (Tiangen
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Table I. Primers for reverse transcription-quantitative poly-
merase chain reaction analysis.

Gene Primer Primer sequence (5'-3")

Bax Forward CCC GAG AGGTCT TTT TCC GAG
Reverse = CCA GCC CAT GAT GGTTCT GAT

Bcl-2 Forward  CTT TGA GTTCGG TGG GGT CA
Reverse = GGG CCG TAC AGT TCCACA AA

Hsp27  Forward TGC CCT TCT CGC TAC TG
Reverse = ACG CCTTCC TTG GTC TTA

p-actin  Forward  CAT CTC TTG CTC GAA GTC CA
Reverse ATCATGTTT GAGACCTTCAACA

Bcl-2, B cell lymphoma-2, Bax, Bcl-2-associated X protein; Hsp27,
heat shock protein 27.

Biotech (Beijing) Co., Ltd., Beijing, China) was subjected to
30 amplification cycles at 95°C for 1 min, 60°C for 30 sec and
72°C for 1 min 30 sec. Adenylate was added to the 618-bp ampli-
fication product at the 3'-end by Taq DNA polymerase, and
the fragment was cloned into the pMDI8-T vector (Promega
Corporation), termed pMDI18-T-Hsp27. The pMDI18-T-Hsp27
was digested with EcoRI to obtain the Hsp27 fragment, and
then cloned to the pcDNA3.1-puro vector, which was digested
with Xbal and Nhel through flat-end cloning. Restriction
enzymes were obtained from Invitrogen; Thermo Fisher
Scientific, Inc. The resulting plasmid, pcDNA3.1-Hsp27, was
subjected to sequence analysis to confirm the integrity of the
inserted element. The pcDNA3.1-puro-Xbal-Nhel fragment
was self-ligated as a comparison plasmid, termed pcDNA3.1.
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) was used for stable transfection according to the manu-
facturer's protocol.

RNA isolation and RT-gPCR analysis. Total RNA from the
cultured cells was extracted using TRIzol reagent (TransGen
Biotech, Beijing, China) according to the manufacturer's
protocol. cDNA was synthesized using a SYBR ExScript
RT-PCR kit (Toboyo Co., Ltd., Osaka, Japan) according to
the protocol provided by the manufacturer. RNA (1 ug) was
converted into cDNA using a PrimeScript™ RT reagent kit
with gDNA Eraser (Takara Biotechnology Co., Ltd., Dalian,
China) according to the manufacturer's protocol. RT-qPCR
analysis was performed using SYBR® Premix Ex Taq™ II
(Takara Biotechnology Co., Ltd.) in the ABI PRISM® 7500
real-time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.). PCR was performed with the cDNA templates
in a reaction buffer containing 6.25 pM of each primer with
the following standard settings: Denaturation at 95°C for
30 sec, annealing for 30 sec at 65°C or 55°C and extension
for 30 sec at 72°C. A total of 30 cycles were performed for
amplification. [3-actin was used as an endogenous control.
Melting curves were used to evaluate non-specific amplifica-
tion. The relative expression level was calculated using the
AACq method (17). The primer sequences used are presented
in Table I.
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Table II. Renal function parameters in the treatment groups.
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Parameter CR CA CM CMA

Cr (umol/l) 46.00+4.00 45.00+6.00 78.00+6.00° 48.00+5.00¢
BUN (mmol/l) 5.00+1.20 5.20+1.10 5.60+3.20 5.40+1.30
uKIM-1(ng/ml) 2.34+0.07 2.33+0.10 16.81+0.14* 8.42+0.11%¢
Creatinine clearance (ml/min) 2.58+0.35 2.60+0.27 1.58+0.27* 2.62+0.26¢
Urine microprotein (mg/dl) 46.50+10.40 45.70+11.20 97.50+13.60° 51.20+11.80%¢

Data are presented as the mean + standard deviation. *P<0.05 and *P<0.01, compared with CR; °P<0.05 and ‘P<0.01, compared with CM. Cr,
serum creatinine; BUN, blood urea nitrogen; uKIM-1, urinary kidney injury molecule-1; CR, control rats; CA, atorvastatin (20 mg/kg/day);

CM, iopamidol; CMA, iopamidol+atorvastatin (20 mg/kg/day).

Western blot analysis. The western blot analysis was
performed as described previously (18). Briefly, 40 ug proteins
of the total cellular extracts were heated at 99°C for 5 min
and loaded onto each lane. Following electrophoresis using
10-12% SDS-PAGE, the proteins were transferred onto a poly-
vinylidene difluoride membrane. The membrane was blocked
at room temperature for 1 h in Tris-buffered saline with 0.2%
Tween 20 (TBS-T) containing 5% skim milk and probed with
primary antibodies overnight at 4°C. The membrane was
washed with TBS-T and incubated with a mouse anti-goat
monoclonal horseradish peroxidase-conjugated secondary
antibody (1:5,000 dilution; cat. no. ab6721; Abcam, Cambridge,
UK) for 1 h at room temperature. Signals were visualized
using an enhanced chemiluminescence system (Cell Signaling
Technology, Inc. Danvers, MA, USA). The following primary
antibodies obtained from Abcam were used: Bax (1:500 dilu-
tion; cat. no. ab32503); Bcl-2 (1:500 dilution; cat. no. ab59348);
cleaved caspase-3 (1:1,000 dilution; cat. no. ab13847); total
caspase-3 (1:1,000 dilution; cat. no. ab52293); Hsp27 (1:500
dilution; cat. no. ab5579); and p-actin (1:5,000 dilution;
cat. no. ab8227).

Statistical analysis. The results of the various proteins
were normalized by the corresponding results of B-actin
and are presented as the mean + standard deviation from at
least five independent experiments, which were performed
with cells from different isolations. Statistical analysis was
performed using one-way analysis of variance followed by
the Student-Newman-Keuls test (SPSS v23.0; IBM SPSS,
Armonk, NY, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

In the present study, 10 rats were randomly divided into each
group. All the rats survived until the end of the study.

Effects of atorvastatin on CM-induced renal damage.
Atorvastatin decreased levels of SCr, BUN, urine microprotein
and uKIM-1 in the CIN rats. The animals subjected to CIN in
the iopamidol groups presented with significantly increased
levels of SCr, BUN and uKIM-1, compared with those in the
control group. However, the levels of SCr, BUN, urine micro-
protein and uKIM-1 were all decreased in the rats treated with

Table III. Inflammatory parameters in the treatment groups.

Group  TNF-a (ng/mg) IL-1f (g/mg) IL-6 (pg/mg)
CR 1.30+0.12 30.12+8.23 130.76+48.77
CA 1.26+0.35 29.76+642  126.13+48.32
CM 2.32+0.18° 18.43+£9.24 368.0+47.33*
CMA 1.81+0.17*¢ 25.06+7.98% 162.45+50.12%¢

Data are presented as the mean + standard deviation. “P<0.05 and
"P<0.01, compared with CR; °P<0.05, compared with CM. TNF-q,
tumor necrosis factor-o; IL, interleukin; CR, control rats; CA, atorvas-
tatin (20 mg/kg/day); CM, iopamidol; CMA, iopamidol+atorvastatin
(20 mg/kg/day).

atorvastatin, as shown in Table II. Thus, atorvastatin attenu-
ated the levels of renal function parameters.

As shown in Table III, no significant differences were
found between the CR and CA group in the levels of serum
tumor necrosis factor (TNF)-a, interleukin (IL)-1f and IL-6.
Compared with the CR group, the CM group had higher serum
levels of TNF-a (P<0.01), IL-1 (P<0.05) and IL-6 (P<0.05).
However, compared with the CM group, treatment with atorv-
astatin reduced the CM-induced increase in TNF-a (P<0.05),
IL-1B (P<0.05) and IL-6 (P<0.05). In the CA group, the serum
levels of TNF-a and IL-6 were lower, compared with those
in the CR group, however, this difference was not statistically
significant. TNF-a, IL-1p and IL-6 are known inflamma-
tory parameters, which can lead to apoptosis. The findings
of the present study suggested that atorvastatin attenuated
CM-induced renal damage by modulating inflammatory
responses.

Effects of atorvastatin on CM-induced renal cell apoptosis in
CIN rats and HK?2 cells. As shown in Fig. 1Aa and b, renal
injury was more severe in the CM group, compared with the
CR and CA groups (P<0.01), however, the degree of injury was
less severe in the CMA group, compared with the CM group
(P<0.05), suggesting that atorvastatin significantly protected
the kidney against CIM.

The TUNEL staining (Fig 1B) was also more intense in
the CM group, compared with either the CR or CA groups.
The percentage of apoptotic cells was lower in the CR group,
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Figure 1. Effects of atorvastatin on iopamidol-induced renal cell damage. (Aa) Light microscopy was used to examine renal tissue from rats stained with HE
(magnification, x200). (Ab) Representative images of HE staining are shown with a (Ab) graph of the results from 10 separate experiments. (B) Representative
images of TUNEL-positive renal tubular cells (magnification, x400). (C) Graph of the numbers of TUNEL-positive renal tubular cells in the tubule. Data are
presented as the mean + standard error of the mean ('P<0.05, compared with CR; “P<0.05, compared with CM). HE, hematoxylin and eosin; CR, control rats;
CA, atorvastatin (20 mg/kg/day); CM, iopamidol; CMA, iopamidol+atorvastatin (20 mg/kg/day).
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Figure 2. Effects of atorvastatin on CM-induced protein expression levels of Bax/Bcl-2 and cleaved/total caspase-3 in CIN rats. (A) RT-qPCR analysis results
for the mRNA expression of Bax. (B) RT-qPCR analysis results for the mRNA expression of Bcl-2. (Ca) Western blot for Bax/Bcl-2 proteins with a (Cb) graph
of the results from 10 separate experiments. (Da) Western blot results for cleaved/total caspase-3 proteins are shown, with a (Db) graph of the results from
10 separate experiments. Data are presented as the mean + standard error of the mean ("P<0.05, compared with CR; “P<0.05, compared with CM). RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; Bcl-2, B cell lymphoma-2, BAX, Bcl-2-associated X protein;CR, control rats; CA, atorvastatin
(20 mg/kg/day); CM, iopamidol; CMA, iopamidol+atorvastatin (20 mg/kg/day).
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Figure 3. Iopamidol-induced HK2 cell damage and the expression of Bax/Bcl-2, cleaved/total caspase-3 and Hsp27 for different durations (2, 4, 6, 12, 24
and 48 h). (A) HK2 cell damage was assessed as viability (cell titer proliferation assay). (B) RT-qPCR results for the mRNA expression levels of Bax and
Bcl-2 at different times. (C) RT-qPCR results for the mRNA expression of Hsp27 at different times. (Da) Western blot results for the protein expression of
Bax/Bcl-2 and Hsp27. (Db) Graph of the results from five separate experiments. (Ea) Western blot results for the protein expression of cleaved/total caspase-3.
(Eb) Graph of the results from five separate experiments. Data are presented as the mean = standard error of the mean ("P<0.05, compared with CR). RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; Bcl-2, B cell lymphoma-2, BAX, Bcl-2-associated X protein; CR, control rats; CA, atorvastatin

(20 mg/kg/day); CM, iopamidol; CMA, iopamidol+atorvastatin (20 mg/kg/day).

compared with the CM group (P<0.01; Fig. 1C), whereas the
percentage of apoptotic cells was significantly higher in the
CM group, compared with the CMA group (P<0.05).

As shown in Fig. 2, the RT-qPCR and western blot analyses
revealed the expression levels of Bax, Bcl-2 and cleaved
caspase-3. The mRNA levels of Bax were increased in the CM
group and decreased in CMA group (Fig. 2A), however, Bcl-2
was negatively correlated with Bax (Fig. 2B). Bax (Fig. 2Ca
and b) and cleaved caspase-3 (Fig. 2Da and b) were signifi-
cantly increased in the CM group (P<0.01), and decreased in
the CMA group (P<0.05). However, the expression of Bcl-2
was significantly decreased in the CM group and increased in
the CMA group (P<0.05).

The exposure of HK2 cells to iopamidol induced a decrease
in cell viability (Fig. 3A). This reaction was evident at 12 h and
reached a peak 24 h following iopamidol treatment. It was also
found that iopamidol increased the mRNA expression levels of
Bax in a time-dependent manner (Fig. 3B), which was similar
with the levels of cell viability. Notably, the mRNA level of
Bcl-2 (Fig.3B) and Hsp27 (Fig.3C), and the protein expression
levels of Bcl-2 and Hsp27 (Fig. 3Da and b) decreased at 12 h
and reached a peak at 24 h, which was negatively correlated
with the levels of cell apoptosis. The protein expression of
Bax increased in a time-dependent manner. Furthermore,
caspase-3 activity was upregulated at 12 h and reached a peak
at 24 h (Fig 3E).

Exposure of the HK?2 cells to iopamidol also induced an
increase in the activities of Bax (Fig. 4Aa and b) and caspase-3
(Fig. 4Ba and b), and a decrease in the activity of Bcl-2
(Fig. 4A). Following treatment with atorvastatin, the activi-
ties of Bax and caspase-3 decreased, whereas that of Bcl-2
increased (Fig. 4A and B). TUNEL staining (Fig. 4Ca and b)
was also more intense in the presence of iopamidol, and was
weakened following atorvastatin treatment (P<0.05).

Protective effects of atorvastatin on CM-induced renal cell
apoptosis through the upregulation of Hsp27. In the HK2
cells exposed to iopamidol, the mRNA and protein expression
levels of Hsp27 were reduced at 12 h, peaked at 24 h (Fig. 3C
and D), and were negatively correlated with the levels of cell
apoptosis.

Furthermore, although exposure of the HK2 cells to
iopamidol induced a decrease in the level of Hsp27, treatment
with atorvastatin resulted in an increase in the level of Hsp27
(Fig. 4A), which was negatively correlated with the levels of
cells apoptosis in the TUNEL staining (P<0.05; Fig. 4C).

As shown in Fig. 5Aa and b, immunohistochemical staining
for Hsp27 was decreased in the CM group, but upregulated in
the presence of atorvastatin. In addition, it was shown that CM
induced a decrease in the mRNA levels of Hsp27 (P<0.05),
and these increased significantly following atorvastatin
treatment (P<0.05; Fig. 5B). Similar changes were found in
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Figure 4. Effects of atorvastatin on the iopamidol-induced protein expression of Bax/Bcl-2 and cleaved/total caspase-3 in HK2 cells. (Aa) Western blot results
for Bax/Bcl-2 and Hsp27 proteins. (Ab) Graph of the results from five separate experiments. (Ba) Western blot results for cleaved/total caspase-3 proteins.
(Bb) Graph of the results from five separate experiments. (Ca) Representative images of TUNEL-positive renal tubular cell numbers (magnification, x200).
(Cb) Graph of TUNEL-positive renal tubular cell numbers. Data are presented as the mean + standard error of the mean ("P<0.05, compared with the control;

"P<0.05, compared with iopamidol only). Bcl-2, B cell lymphoma-2, BAX, Bcl-2-associated X protein; Hsp27, heat shock protein 27.

Hsp27 protein via western blot analysis (Fig. 5Ca and b). The
upregulation of Hsp27 was accompanied by improvements in
levels of cell apoptosis, which was associated with a reduction
in inflammatory markers and improvements in renal function
(Tables II and III).

Following transfection with Hsp27 siRNA or the Hsp27
plasmid, it was found that the expression levels of Bax/caspase-3
(Fig. 5D and E) were increased and reduced by the inhibi-
tion and overexpression of Hsp27, respectively, with negative
correlation with Bcl-2 (Fig. 5SD), as detected using western blot
analysis. Iopamidol also induced cell apoptosis (Fig. 5Fa and b).
This suggested that the iopamidol-induced downregulation of
Hsp27 may be one of the causes for HK2 cell apoptosis.

Discussion

The foundation of the prophylaxis of CIAKI is hydration;
however, strategies to prevent CM-induced renal cell apoptosis
appear to have indispensable clinical involvement. Previous
clinical trials have been performed with the use of various
antioxidant compounds with the aim of lowering the occur-
rence of CIAKI (2,4). The present study showed the protective
effect of atorvastatin on CM-induced renal cell damage. CIN
is a type of renal injury caused, not only due to the toxicity
of contrast media, but also due to renal ischemia, inflamma-
tory reactions and cell apoptosis. According to the results of
the present study, atorvastatin ameliorated renal injury, cell
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apoptosis and the deterioration of renal function. Furthermore,
atorvastatin reduced the inflammatory reaction, suppressed
caspase-3 activity, and increased the expression of Bcl-2 in vivo
and in vitro. Notably, the results of the present study suggested
that iopamidol-induced HK2 cell apoptosis may be caused by
the downregulation of Hsp27.

The inflammatory reaction is important in the pathogen-
esis of CIN. TNF-a, IL-1p and IL-6 are pro-inflammatory

cytokines, which recruit numerous mediators associated with
endothelial and tissue injury. In a mouse model of nephro-
toxicity and in clinical trials, TNF-a, IL-1p3 and IL-6 have
been shown to be central in activation of the inflammatory
cytokine response (11,16). The results of the present study
further confirmed these previous findings, and demonstrated
that the levels of inflammatory markers, TNF-a, IL-18 and
IL-6, were increased in the rats with CIN. Our previous
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studies and clinical investigations have shown that SCr, urine
microprotein and uKIM-1 are important indices for CIN
prediction (4,6,19). The present study further confirmed that
SCr, urine microprotein and uKIM-1 increased following
iopamidol treatment.

Apoptosis is an important mechanism of acute kidney
injury, including CIN. Suppressing apoptotic pathways may
attenuate pathological alterations in CIN (7). It has been
reported that mitochondrial and intrinsic apoptotic path-
ways are involved in the tubular injuries of CIN (8). Bax
is pro-apoptotic protein, whereas Bcl-2 is an anti-apoptotic
protein, which can inhibit caspase-3. Increased levels of
Bcl-2 and decreased levels caspase-3 activity may contribute
to reduced apoptosis (7,8,20). In the present study, renal
tubular cell apoptosis was observed in the CIN kidney,
consistent with previous results. In addition, increased
Bax/caspase-3 activity and decreased expression levels of
Bcl-2 were detected in the CIN rats and HK-2 cells treated
with iopamidol. Thus, iopamidol-induced cell apoptosis may
be associated with activation of Bax/caspase-3 and inhibition
of Bcl-2.

Statins reduce the levels of intracellular pro-inflammatory
factors in several cellular systems by acting on the inhibition
of producing enzymes (12,21,22). In the rat model used in
the present study, pretreatment with atorvastatin reduced the
iopamidol-induced release of TNF-a, IL-1f and IL-6, and
improved renal function, including the levels of SCr, urine
microprotein and uKIM-1. In addition, the increased expres-
sion of Bax/caspase-3 and decreased expression of Bcl-2
were partially reversed by atorvastatin in the CIN rats and
HK?2 cells treated with iopamidol. Accordingly, the protec-
tive effect of atorvastatin in CIN may be associated with the
Bcl-2/caspase-3 anti-apoptotic pathway.

Hsp27 is a small HSP, which is important in stress toler-
ance in several cellular processes. The local tissue expression
of Hsp27 reduces the levels of proinflammatory cytokines,
including TNF-a, and protects cells the against oxidative stress
caused by renal tubular cell apoptosis in ischemia-induced
acute kidney injury (6,19,23). However, whether Hsp27 has a
protective effect in CIN, and the underlying molecular mecha-
nism, remain to be elucidated. In the present study, western
blot analysis demonstrated that Hsp27 was upregulated in the
CMA rats and downregulated in the CM rats, which was nega-
tively correlated with the expression of Bax/caspase-3 and the
levels of apoptosis in the HK2 cells. Hsp27 inhibits the release
of caspase-3 and the gene expression of Bax, which leads to
reduced apoptosis and organ injury. Following treatment with
atorvastatin, Hsp27 was upregulated, together with improve-
ments in HK?2 cell apoptosis. Furthermore, through transfection
with Hsp27 siRNA and the Hsp27 plasmid, it was found that
iopamidol induced cell apoptosis, and that the activity of
Bax/caspase-3 was enhanced and reduced by inhibition and
overexpression of Hsp27, respectively. These findings suggested
that iopamidol aggravated renal tubular injury via the downreg-
ulation of activated Hsp27, which weakened its anti-apoptotic
effects, resulting in an increase in renal tubular apoptosis.

In conclusion, the data obtained in the present study
suggested that atorvastatin exhibited renal protection in the
CIN model via the anti-inflammatory reaction and upregula-
tion of Hsp27.
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