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Abstract

Background/Aims: Ischemia/reperfusion injury plays a crucial role in renal transplantation
and represents a significant risk factor for acute kidney injury and delayed graft function.
Mitochondria-targeted antioxidant peptide SS31 has been shown to attenuate ischemia/
reperfusion injury by inhibiting oxidative stress. The present study was carried out to investigate
whether the pretreatment of SS31 could reduce hypoxia/reoxygenation (H/R)-induced injury
by inhibiting p66Shc. Methods: The cultured rat renal proximal tubular cell line NRK52E cells
were exposed to 24 h hypoxia (5% CO,, 1% O,, 94% N,) followed by 6 h reoxygenation (5%
CO,, 21% O,, 74% N,). SS31 was added to the culture medium 4 h prior to the treatment. Then
the cell viability, apoptosis, and oxidative stress levels were determined. In addition, western
blot analysis was performed to determine the expression of p66Shc, p-p66Shc, cytochrome
¢, and caspase-3. Results: H/R induced apoptotic cell death, accompanied with activation of
total and p-p66Shc in NRK52E cells. Pretreatment with SS31 or overexpression of a dominant-
negative Ser36 mutant p66Shc (p66Shc S36A) or p66Shc siRNA prevented cell death,
whereas the protection effect of SS31 was completely blocked by overexpression of wild-type
p66Shc. Furthermore, SS31 pretreatment reduced H/R-induced intracellular oxidative stress,
cytochrome c translocation to the cytoplasm, and caspase-3 activation through inhibiting
p66Shc. Conclusion: This study revealed that SS31 pretreatment serves a protective role
against H/R-induced apoptosis of human renal tubular epithelial cells, and the mechanism is
related to suppression of p66Shc.
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Introduction

Ischemia-reperfusion (I/R) injury is one of the major risk factors for acute kidney injury
(AKI) in renal transplantation and the development of chronic allograft nephropathy. AKI
remains a major clinical problem associated with considerable morbidity and mortality with
little progress made in treatment outcome in decades [1]. The huge unmet medical need in
renal I/R injury motivated intensive biomedical research to understand the pathophysiology
of I/R injury at the cellular and molecular level, which would facilitate development of
effective pharmaceutical interventions.

Renal I/R injury involves complex etiological and pathophysiological processes. During
renal I/R, reactive oxygen species (ROS)-mediated damage in renal proximal tubular
cells leads to acute tubular necrosis, which is the hallmark of I/R-induced AKI [2-4]. ROS
scavengers and antioxidants have been shown to protect against renal I/R injury in various
cellular and animal experiments since early 1990s [5]. It is believed that protecting renal
proximal tubular cells from ROS-mediated damage by antioxidants is a plausible strategy to
prevent and treat renal I/R injury and AKI.

The main source of ROS generated during I/R is the mitochondrial electron transport
chain. Ithas been well established that mitochondrial dysfunction is involved in the pathology
for ischemic cell death during kidney transplantation [6, 7]. p66Shc, an adaptor protein
involved in regulation of cellular responses to oxidative stress and life span [8], has recently
been shown to mediate mitochondrial dysfunction in renal tubular cells under oxidative
stress in vitro [9-11] and renal I/R-induced mitochondrial dysfunction in vivo [12]. p66Shc
is phosphorylated at Ser36 under oxidative stress and translocated to the mitochondrial
intermembrane space where it binds and oxidizes cytochrome c, leading to excess production
of ROS and mitochondrial depolarization [13]. Overexpression of a dominant-negative
mutant p66Shc (p66Shc S36A) or p66Shc knockdown with siRNA attenuated or reversed
ROS production and apoptosis in renal tubular cells exposed to various external insults [9-
12], suggesting that p66Shc down-regulation by therapeutic agents might be an effective
approach to protect renal tubular cells from I/R injury in kidney transplantation.

SS31 belongs to a family of cell-permeable mitochondria-targeted peptide antioxidants
(ss peptides) that was first reported to inhibit ROS production, mitochondrial depolarization,
and (I/R)-induced myocardial stunning in early 2000s [14, 15]. SS31 is a tetrapeptide with
a dimethyltyrosine residue, which provides ROS scavenging activity [15]. In more recent
studies, SS31 has been reported to protect multiple cell types including renal proximal
tubular cells against various external insults in vitro and in vivo [16-24] and reduce oxidative
stress and attenuate (I/R)-induced myocardial infarction, brain injury, and kidney injury in
vivo [25-27]. However, mechanisms underlying the cytoprotective properties of SS31 have
not been fully elucidated. In the present study, we investigated whether SS31 protects renal
tubular epithelial cell line NRK52E cells against (hypoxia/reoxygenation)-induced apoptosis
in vitro and whether the peptide protection effect is p66Shc-dependent.

Materials and Methods

Reagents
SS-31 was prepared by solid-phase synthesis and provided by Dr. Peter W. Schiller (Clinical Research
Institute of Montreal, Montreal, QU, Canada) [28].

Cell culture and treatment

Normal ratrenal tubular epithelial cell line NRK52E was originally obtained from ATCC and maintained
in Dulbecco's modified Eagle's medium (DMEM) with L-glutamine and 15 mM HEPES supplemented with
10% fetal bovine serum (FBS), 100 U penicillin, and 100 pug-ml! streptomycin. Cells were plated into a 96-
well plate and cultured in a 37 °C, 5% CO, humidified incubator until confluency. Various concentrations of
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SS31 were added 4 h before exposure to H/R. Cells were devided into four treatment groups: (1) Control:
cells were incubated under normoxic conditions (5% CO,, 21% 0,, and 74% N,) without SS31 treatment; (2)
SS31: cells were treated with SS31 and incubated under normoxic conditions; (3) H/R: cells were exposed
to 24 h of hypoxia (5% CO,, 1% 0,, and 94% N,) followed by 6 h of reoxygenation (5% CO,, 21% O,, and
74% N,). (4) H/R + SS31: cells pretreated with SS31 were exposed to 24 h of hypoxia followed by 6 h of
reoxygenation.

Cell viability and apoptosis assays

Cell viability was determined by MTT assay according to the method of Mosmann [29]. Briefly, 5 mg/
ml MTT in phosphate buffer solution (PBS) was added to culture medium. After 4 h incubation at 37° C,
culture medium was removed, 200 pl dimethyl sulfoxide was added, and solubilized formazan product
was measured by absorbance at 580 nm. Results were expressed as percent (%) of absorbance at 580 nm,
assuming that the absorbance of the control group was 100%. Apoptosis was assessed by double-staining
with fluorescein (FITC) labeled annexin V and propidium iodide (PI) as previously described [30]. Briefly, 5
ul of annexin V-FITC (Biovision, Milpitas, CA, USA) and 10 pl of 50 mg/ml PI-PBS solution (Sigma, St Louis,
MO, USA) were applied to 1 x 10° cells suspended in 500 ul of staining buffer (140 mM NaCl, 2.5 mM CaCl,,
10 mM HEPES; pH 7.4). After 15 min incubation in the dark at room temperature, cells were immediately
subject to analysis on a flow cytometer. Data acquisition was completed within 1 h to avoid cell damage and
PI diffusion. Results were interpreted using Cellquest software.

Western blotting

Proteins from the total cellular content and specific cellular compartments (cytoplasm and
mitochondria) were analyzed by western immunoblotting using -actin as an internal control for equal
protein loading. Proteins were separated on 10% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked by 1 h incubation at room temperature in Tris-buffered saline solution (TBS-T:
20 mM Tris, pH 7.6, 135 mM NacCl, 0.05% Tween) containing 5% nonfat dry milk. Membranes were then
incubated with primary antibodies against p66Shc, p-p66Shc, Cyt.C, Caspase 3, mHSP70 and 3-actin (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 4° C overnight. After three washes with TBS-T, membranes
were incubated with horseradish peroxidase-labeled IgG (Boster Biotech, Wuhan, China) for 2 h at room
temperature. Membranes were again washed three times with TBS-T and then with TBS, and subject to
detection by SuperSignal western blotting kits from Pierce Biotech (Rockford, IL, USA). Protein levels were
interpreted by densitometric analysis using Quantity Onel Software (v4.5.2) from Bio-Rad (Hercules, CA,
USA).

Plasmid construction and transient transfection

Plasmids encoding wild-type p66shc and p66shc S36A mutant [31], and p66Sch small interfering
RNA (p66Sch siRNA) [9] were prepared according to reported methods and transiently transfected into
NRK52E cells using Lipofectamine LTX reagent from Invitrogen (Grand Island, NY, USA) in six-well plates.
Overexpression and knockdown of p66shc were assessed by western blotting.

Detection of ROS and malondialdehyde (MDA)

Intracellular ROS level was determined according to method described by Wang and Joseph
[32]. NRK52E cells were seeded in 24-well plates (5 x 10* per well) and incubated with 10 mM of 2/,
7’-dichlorofluorescein diacetate (DCFH-DA; Beyotime, Jiangsu, China) for 30 min at 37° C in the dark. Cells
were washed with pre-warmed serum-free DMEM at least three times and cellular fluorescence at 485
nm_ /530 nm_was measured on an inverted fluorescence microscope (TE-2000U, Nikon). ROS production
was expressed as fold to the control group. MDA concentration in culture medium was measured using
a lipid peroxidation MDA assay kit from Jiancheng Bioengineering Institute (Nanjing, China) according to
manufacturer's instructions. The MDA-thiobarbituric acid adduct (MDA-TBA) was measured by absorbance
at 544 nm on a POLARstar OPTIMA microplate reader from BMG Labtech (Offenburg Germany). Cellular
protein was measured using Coomassie brightblue (CBBG250) stain method. MDA production was expressed
as nmole/mg protein.
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Fig. 1. SS31 inhibits H/R-induced apoptosis in NRK52E cells. (A) Cells were preincubated with SS31
(0, 10, 100, 200 puM) for 4 h prior to H/R treatment. Cell viability was determined by MTT assay. Results
are expressed as mean * SD from three independent experiments. *P < 0.05 vs. control group, #P < 0.05
vs. 0 group. (B) Cells were preincubated with 100 uM SS31 for 4 h prior to H/R treatment. Quantitative
assessment of apoptotic cells was performed by annexin V-FITC/PI staining. Results are expressed as mean
+ SD from three independent experiments. *P < 0.05 vs. control group, #P < 0.05 vs. H/R group.

Statistical analysis

All values were expressed as mean * S.D. (standard deviation). Statistical differences were interpreted
by one-way analysis of variance (ANOVA). Differences with P < 0.05 were considered statistically significant.
All statistical analyses were conducted using SPSS 13.0 (Chicago, IL, USA) statistical software package.

Results

S$531 inhibits H/R-induced apoptosis in NRK52E cells

NRKS52E cells were exposed to 24 h hypoxia followed by 6 h reoxygenation. Compared
to the control group, the cell viability was significantly decreased after H/R treatment, and
this effect was improved by pretreatment with SS31 (Fig. 1A). Among the concentrations
tested, 100 pM SS31 showed the optimal effect, improving cell viability by more than
82%. Thus, the subsequent experiments were performed with 100 uM SS31. Furthermore,
quantitative assessment of cell apoptosis was performed on a flow cytometer by Annexin
V-FITC/PI staining. As shown in Fig. 1B, the percentage of apoptotic cells increased to 23%
in cells exposed to H/R treatment. Pretreatment of cells with 100 uM SS31 4 h prior to H/R
treatment attenuated cell apoptosis to about 10%, indicating that SS31 peptide protected
NRKS52E cells from H/R-induced cell apoptosis in vitro.
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Fig. 2. SS31 prevents H/R-mediated induction of p66Shc in NRK52E cells. (A) Cells were preincubated
with 100 uM SS31 for 4 h prior to H/R treatment. The expression of p66Shc and p-p66Shc was analyzed by
western blot with (-actin as the internal control for equal protein loading. (B) Quantification of p66Shc and
p-p66Shc expression by densitometry. Results are expressed as mean * SD from three independent experi-
ments. *P < 0.05 vs. control group, #P < 0.05 vs. H/R group.
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by annexin V-FITC/PI staining. Results are expressed as mean * SD from three independent experiments.
*P < 0.05 vs. H/R group or H/R + control siRNA group.

5831 prevents H/R-mediated induction of p66Shc in NRK52E cells

Expressions of total p66Shc and p66Shc phosphorylated at Ser36 (p-p66Shc) were
evaluated by western blotting. As shown in Fig. 2A and B, total p66Shc and p-p66Shc were
detected at low levels in control NRK52E cells, and their levels were dramatically increased
in cells after H/R treatment. Pretreatment with 100 uM SS31 significantly attenuated total
p66Shc and p-p66Shc levels after H/R.

S$§31 inhibits H/R-induced apoptosis by down-regulating p66Shc expression

Because we observed that SS31 down-regulated p66Shc/p-p66Shc expression after
H/R in NRK52E cells, we carried out experiments to find out whether p66Shc was directly
involved in the protective effect of SS31 against H/R-induced apoptosis. We generated
NRK52E cells transfected with p66Shc siRNA, a dominant-negative mutant p66Shc (p66Shc
S36A), or wild type p66Shc (WT-p66Shc). Down-regulation of p66Shc by transfection with

595



http://dx.doi.org/10.1159%2F000354463

Ce||u|ar Phy5|0|08y Cell Physiol Biochem 2013;32:591-600

DOL 19.1129/000324403 © 2013 S. Karger AG, Basel

and Biochemistry Published online: September 06, 2013 www.karger.com/cpb

Zhao/Han/Zhang/Zhu/Wang/Zeng: SS31 Prevents H/R-Induced Apoptosis

A B
2 4 # Ocontrol
PEESHC wwwes GEEED w=== SN - 1 - SH/R
n # BH/R+5531
g 12
- — - = 1 BH/R+5531+pE65She
p-pBEShc e — g
= 0.8 A *
. a
B-actn —— c— e e—— 5 *
a 04
(w3
PR Ao 0 -
53‘\"9 p66Shc p-p66Shc
2
__ 120 4 30
£ 100 - 4 #
‘g‘ 25 4
S g0 = 20 4
~ s 20
Z 60 A # g 15
= k=3 *
g 40 4 2 104
> <T
= 20 4 5 1
L}
] o 4
control 5531 5531+ control s531 5831+
p&6She pE6She
HR H/R

Fig. 4. Overexpression of p66Shc reverses the inhibitory effect of SS31 on H/R-induced cell apoptosis
in NRK52E cells. (A) Western blot analysis of p66Shc and p-p66Shc expression in NRK52E cells. (B)
Quantification of p66Shc and p-p66Shc expression by densitometry. Results are expressed as mean + SD
from three independent experiments. *P < 0.05 vs. H/R group, #*P < 0.05 vs. H/R + SS31 group. (C) Cell
viability by MTT assay. Results are expressed as mean #* SD from three independent experiments. *P < 0.05
vs. H/R group, #P < 0.05 vs. H/R + SS31 group. (D) Cell apoptosis by annexin V-FITC/PI staining. Results are
expressed as mean * SD from three independent experiments. *P < 0.05 vs. H/R group, P < 0.05 vs. H/R +
SS31 group.

siRNA or mutant p66Shc S36A was confirmed by western blot analysis (Fig. 3A and 3B). We
found that NRK52E cells transfected with siRNA or p66Shc S36A were much more resistant
to H/R-induced cell death and apoptosis compared with non-transfected cells and cells
transfected with vector alone (Fig. 3C and 3D), indicating that down-regulation of p66Shc
provided protection against H/R-induced injury similar to SS31 treatment. Most importantly,
overexpression of WT-p66Shc in NRK52E cells completely blocked the protective effect of
SS31 against H/R-induced cell apoptosis and total cell death (Fig. 4C and D), suggesting that
the protective effect of SS31 was mediated by suppressingp66Shc. Furthermore, our western
blot analysis showed that while SS31 decreased p66Shc/p-p66Shc expression after H/R in
non-transfected cells, it did not inhibit p66Shc/p-p66Shc in cells overexpressing WT-p66Shc
(Fig. 4A and B), verifying that the inhibitory effect of SS31 was p66Shc-dependent.

S$531 reduced H/R-mediated oxidative stress in NRK52E cells

The effect of SS31 on H/R-induced oxidative stress was assessed by measurement of
cellular ROS and MDA levels. As shown in Fig. 5A and B, H/R treatment caused a greater
than two times increase in the cellular ROS level and a greater than three times increase in
cellular MDA content, signaling severe oxidative stress in H/R-treated cells. In comparison
with non-transfected cells, NRK52E cells overexpressing mutant p66Shc S36A were much
more resistant to H/R-induced ROS and MDA generation. Pretreatment with 100 pM SS31
significantly attenuated H/R-induced oxidative stress in NRK52E cells as shown in reduced
ROS and MDA levels. Importantly, the protective effect of SS31 against H/R-induced oxidative
stress was completely blocked by overexpression of WT-p66Shc, suggesting that SS31
protected NRK52E cells from oxidative stress by down-regulating p66Shc.
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Fig. 5. SS31 inhibits H/R-induced ROS and MDA generation in NRK52E cells. (A) Intracellular ROS levels
estimated using the probe DCFH-DA. (B) Cellular MDA levels measured by the TBA method. Concentrations
of MDA were in nmol/mg protein. Results are expressed as mean * SD from three independent experiments.
*P < 0.05 vs. control group, P < 0.05 vs. H/R group, P < 0.05 vs. H/R + SS31 group.
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Fig. 6. SS31 inhibits H/R-induced cytochrome c release and caspase-3 activation in NRK52E cells. (A) cy-
tochrome c levels in mitochondria and cytoplasmic compartments and cytosolic caspase-3 levels were as-
sessed by western blot analysis. Mitochondrial heat shock protein 70 (mHSP70) or -actin served as loading
controls. (B-D) Quantification of protein expression by densitometry: (B) mitochondrial cytochrome c, (C)
cytoplasmic cytochrome c, and (D) caspase-3. Results are expressed as mean * SD from three independent
experiments. *P < 0.05 vs. control group, #P < 0.05 vs. H/R group, *P < 0.05 vs. H/R + SS31 group.

S§831 suppresses H/R-induced cytochrome c release and caspase-3 activation

We also examined the effect of SS31 on H/R-induced cytochrome c release and
caspase-3 activation, two key events in ROS-induced apoptotic signaling. As shown in Fig.
6A-C, cytochrome ¢ mostly resided in mitochondria in control cells under normal culture
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conditions. H/R treatment caused about a 50% drop in the level of mitochondrial cytochrome
¢ and an over two-fold increase in the level of cytoplasmic cytochrome c, indicating
substantial cytochrome c release following H/R treatment. H/R-treated cells also had much
higher caspase-3 level compared with control cells (Fig. 6A and D), indicating activation of
the caspase cascade. In comparison with non-transfected cells, NRK52E cells overexpressing
mutant p66Shc S36A were much more resistant to H/R-induced cytochrome c release and
caspase-3 activation. Pretreatment with 100 uM SS31 significantly attenuated H/R-induced
cytochrome crelease and caspase-3 activation (Fig. 6). Importantly, these protective effects of
SS31 were completely blocked by overexpression of WT-p66Shc, providing further evidence
that SS31 protected NRK52E cells against H/R-induced apoptosis via p66Shc-dependent
pathways.

Discussion

Reactive oxygen species (ROS) play a critical role in renal I/R injury. ROS generated
during I/R cause cell damage not only via direct action on renal cells but also via activation
of inflammatory pathways leading to renal inflammation [33, 34]. Antioxidants and anti-
inflammatory compounds are the most intensively exploited pharmaceutical agents against
I/Rinjury and AKI [1, 35]. SS31 is the first ROS scavenger that targets mitochondria and acts
upstream of the stress during reperfusion [15]. SS31 has been shown to reduce oxidative
stress and attenuate external insult-induced injury in a wide variety of cell types including
neurons, hepatocytes, cardiomyocytes, islet cells, and renal tubular cells [9-12]. Treatment
with SS31 has also been shown to reduce (I/R)-induced heart, brain, and kidney injury in
animal models [25-27]. In particular, Szeto et al. reported that SS31 treatment prevented
renal tubular apoptosis and necrosis, reduced oxidative stress and inflammation, and
accelerated proliferation of surviving tubular cells in a rat model of renal I /R injury, implying
therapeutic potential of SS31 for treatment of ischemic kidney injury [27].

In the present study, we tested the effect of SS31 treatment on H/R-stressed human
renal tubular cell line NRK52E cells. We assessed cell injury using viability and apoptosis
assays and measured cellular oxidative stress in terms of ROS and MDA levels. MDA is the end
product of lipid peroxidation and considered to be an indicator of oxidative stress. In addition,
cytochrome c release and caspase-3 activation, two established markers for apoptosis, were
examined by western blot analysis. We found that exposure to 24 h hypoxia followed by
6 h reoxygenation (H/R) significantly increased cell apoptosis and reduced cell viability,
boosted ROS and MDA levels, induced cytochrome c translocation from mitochondria to
cytoplasm, and activated caspase-3. Pretreatment of NRK52E cells with SS31 4 h prior to
H/R treatment prevented H/R-induced cell death in a dose dependent manner. SS31 also
significantly attenuated H/R-induced cell apoptosis, ROS and MDA generation, cytochrome
c release, and caspase-3 activation. Our results demonstrated that SS31 reduced oxidative
stress and protected human renal tubular NRK52E cells from ischemic injury in vitro, which
was in agreement with previous results observed in a renal I/R injury model in vivo [27].

Although it has been shown that the dimethyltyrosine residue of SS31 was responsible
for its radical scavenger activity [15], the mechanisms and pathways involved in the
protective effect of SS31 against I/R injury are not fully understood. Cho et al. reported
that SS31 attenuated ischemic brain injury by down-regulating CD36, a class B scavenger
receptor reported to mediate tissue injury in cerebral ischemia [25]. I/R injury occurs in
various clinical and surgical conditions such as myocardial infarction, stroke, and organ
transplantation and involves complex pathological processes at the cellular and molecular
level, which are largely organ and disease specific [36]. Several recent reports have identified
adaptor protein p66Shc as a key mediator in oxidative stress-induced injury in renal tubular
cells [9-12]. In the present study, we found that H/R-treatment drastically increased p66Shc/
p-p66Shc expression in NRK52E cells and the protective effect of SS31 against H/R-induced
cell death was accompanied by down-regulation of p66Shc/p-p66Shc expression after H/R,
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suggesting that SS31 acted via regulating p66Shc. We also found that overexpression of a
dominant-negative Ser36 mutant p66Shc (p66Shc S36A) or p66Shc siRNA could prevent
H/R-induced cell death, similar to SS31 treatment. Importantly, the protection effect of
SS31 against H/R-induced cell death, oxidative stress, cytochrome c release, and caspase-3
activation were all completely blocked by overexpression of wild type p66Shc, indicating
that p66Shc acted downstream of SS31 and protection by SS31 was p66Shc-dependent.

In conclusion, our results suggest that pharmaceutical intervention of p66Shc signaling
either by therapeutic agents such as SS31 or genetic modulation holds promise for prevention
and treatment of renal I /R injury. Additional studies in animal models are required to verify
and extend our findings.
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