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A mitochondrial-targeted peptide ameliorated podocyte apoptosis through a
HOCl-alb-enhanced and mitochondria-dependent signalling pathway in diabetic
rats and in vitro
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ABSTRACT
Mitochondria play important roles in the development of diabetic kidney disease (DKD). The SS peptide is
a tetrapeptide that is located and accumulated in the inner mitochondrial membrane; it reduces reactive
oxygen species (ROS) and prevents mitochondrial dysfunction. Podocytes are key cellular components in
DKD progression. However, whether the SS peptide can exert renal protection through podocytes and the
mechanism involved are unknown. In the present study, we explored the mechanisms of the SS peptide
on podocyte injury in vivo and in vitro. Compared with the control group, the glomerular podocyte num-
ber and expression of WT1 were significantly reduced and TUNEL-positive podocytes were significantly
increased in renal tissues in the diabetic rat. These effects were further exacerbated by hypochlorite-modi-
fied albumin (HOCl-alb) challenge but prevented by SS-31. In vitro, SS-31 blocked apoptosis in podocyte
cell line induced by HOCl-alb. SS-31 prevented oxidative stress and mitochondria-dependent apoptosis
signalling by HOCl-alb in vivo and in vitro, as evidenced by the release of cytochrome c (cyt c), binding of
apoptosis activated factor-1 (Apaf-1) and caspase-9, and activation of caspases. These data suggest that
SS-31 may prevent podocyte apoptosis, exerting renal protection in diabetes mellitus, probably through
an apoptosis-related signalling pathway involving oxidative stress and culminating in mitochondria.
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Introduction

Diabetic kidney disease (DKD), the most common chronic compli-
cation of diabetes mellitus (DM) occurs in �20–40% of patients
with DM and is characterised by progressive lesions of glomerular
filtration and the development of Kimmelstiel–Wilson nodules,
leading to end-stage renal failure (ESRD)1. DKD is also closely asso-
ciated with the morbidity and mortality of cardiovascular disease
and has an extremely adverse impact on patients’ quality of life
and survival2. Unfortunately, the mechanism of DKD is still not
clear, resulting in a poor clinical outcome.

Following the discovery of the association of the reduction of the
podocyte number, proteinuria and glomerular filtration membrane
impairment in Pima Indians with type 2DM in 1997 by Pagtalunan
et al.3, the relationship between podocyte loss and DKD was also
confirmed by multiple clinical studies4. Podocytes are terminally dif-
ferentiated epithelial cells that are important components of the
glomerular filtration membrane. Podocyte number reduction mainly
occurs through apoptosis and detachment, resulting in irreversible
damage to the glomerular filtration function5. This suggests that
podocytes act as a key cellular basis in the development of DKD and
a new effective target in DKD therapy.

In the past decade, excessive reactive oxygen species (ROS) pro-
duction and oxidative stress in the matrix were considered to be

important pathophysiological mechanisms in DKD6. Hypochlorite-
modified albumin (HOCl-alb) is an active compound that is formed
during the reaction between proteins (mainly albumin) and hypo-
chlorite (HOCl) that originates through the action of the myeloper-
oxidase (MPO) of neutrophils, a process that is concurrent with
oxidative stress7. HOCl-alb was found to be much higher in concen-
tration and to act as a mediator of oxidative stress and inflammation
in patients with uraemia or DM8.

Sources of endogenous ROS include mitochondria, NADPH oxi-
dases, nitric oxide synthase, lipoxygenases, and xanthine oxidase,
of which the estimated concentrations of ROS within mitochondria
are 5- to 10-fold higher than other cytosolic and nuclear compart-
ments9. Mitochondria are not only the main source of ROS but
also the organelle that is the most sensitive to oxidative stress10.
During DM, excessive intake of glucose by sensitive cells resulted
in increased pyruvate in mitochondria and formation of super-
oxide caused by abnormal electron transport chain activity leading
to an increased one-electron reduction of oxygen molecules and
weakened mitochondrial antioxidant defences. Overproduction of
mitochondrial ROS (mtROS) in turn leads to mitochondrial damage
and functional deterioration, activates signalling pathways,
promotes cell death11, and regulates DM complications12, thus
playing key roles in the development of DKD.
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General antioxidants, such as vitamin E, b-carotene, and vita-
min A, have been shown to have no obvious benefits in reducing
DM complications13,14, inferring that these compounds might be
distributed in the cytoplasm or extracellularly, could not enter the
mitochondria, and had difficulty in exerting antioxidant effects. A
new type of cell-permeable tetrapeptide was initially designed
and synthesised by Szeto and Schiller and named the SS peptides.
Among these peptides, SS-31 was reported to target and accumu-
late in the inner membrane of mitochondria and scavenge mtROS,
thereby preventing mitochondrial depolarisation, mitochondrial
permeability transition, and cytochrome c (cyt c) release from
mitochondria to cytoplasm15. The SS peptide protects N2A neuro-
blastoma cells, Caco-2 colon cancer cells16, HLEB-3 human lens
epithelial cells17, NRK52E rat renal tubular cells18, and mouse
mesangial cells19 from death. However, the roles and mechanisms
of the SS peptide in podocytes under the circumstances of DM
and oxidative stress remain largely unknown.

Here, we hypothesised that the SS peptide might attenuate
podocyte apoptosis enhanced by HOCl-alb in DM through the
mitochondrial pathway. We used streptozotocin-induced DM rats
and MPC5 mouse podocytes as models to examine our hypothesis
in vivo and in vitro.

Materials and methods

HOCl-RSA/MSA preparation and content determination

Hypochlorite modified rat serum albumin (HOCl-RSA) was pre-
pared in vitro per our previous method20 by incubation of fatty
acid-free RSA (100 g/l; Sigma-Aldrich, St. Louis, MO) with an
equivalent volume of hypochlorous acid (HOCl, 200mmol/l) or
phosphate-buffered saline (PBS) for 30min at room temperature.
To prepare hypochlorite modified mouse serum albumin (HOCl-
MSA), fatty acid-free MSA instead of RSA was incubated with HOCl
or PBS. Prepared samples were dialysed in PBS at 4 �C overnight
to remove free HOCl and then passed through a Detoxi-Gel
(Thermo, Waltham, MA) to remove endotoxin contaminants.

The concentrations of endotoxin in the preparation were meas-
ured with the Limulus Amoebocyte Lysate kit (Sigma-Aldrich) and
found to be <0.025 EU/ml. The content of HOCl-alb in the prepara-
tions was measured by monitoring the absorbance at 340 nm using
a microplate reader under acetic acid conditions and calibrated with
chloramine-T equivalents. The HOCl-alb contents in the HOCl-RSA/
HOCl-MSA and unmodified RSA/MSA preparations were 6.35 ± 0.40/
7.87 ± 0.39lmol/g and 0.14 ± 0.050/0.22 ± 0.016 lmol/g protein,
respectively.

Preparation and location determination of SS-31

SS-31 (D-Arg-Dmt-Lys-Phe-NH2, where Dmt refers to 20,60-dimethyl-
tyrosine) was prepared by solid-phase synthesis by GL Biochem, Inc.
(Shanghai, China).

Tissue mitochondrial uptake of SS-31 was determined as previ-
ously reported15,20. In brief, SS-31 was labelled with [3H] and mixed
with 5 g/l rat kidney mitochondria and 1 lM SS-31 in a binding buf-
fer at room temperature. The uptake of [3H]SS-31 was expressed as
the radioactivity in the mitochondrial suspension as determined by
a liquid scintillation counter (Tri-Carb 3110TR; PerkinElmer, Waltham,
MA). To determine the distribution of SS-31 within mitochondria,
the above mixture was subjected to three freeze-thaw cycles. The
supernatant (fraction of matrix) and precipitant (fraction of inner
and outer membranes) were collected. The precipitant was treated
with 0.2% digitonin to disrupt the outer membrane and isolate the

inner membrane. The radioactivity in the fractions containing the
matrix, outer membrane, and inner membrane was measured and
compared with the total radioactivity in the mitochondria.
Approximately 50% of [3H]SS-31 was retained in the inner
mitochondrial membrane (IMM), 30% in the matrix, and 20% in the
outer mitochondrial membrane (OMM).

To determine the cellular mitochondrial uptake of SS-31, podo-
cytes (2� 107) were incubated with [3H]SS-31 at 37 �C for 60min15

and collected. Isolation of mitochondria and cytosol was carried out
using a Cell Mitochondria Isolation Kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer’s instructions. The
radioactivity was measured in the mitochondrial and in cytosolic
fractions and corrected with protein concentration. The ratio of
[3H]SS-31 retained in mitochondrial and cytosolic fractions was 35:1.

Cell culture

Murine podocytes were generously provided by Professor Peter
Mundel (Sinai School of Medicine, New York, NY) and cultured as
described previously21. Undifferentiated podocytes were grown in
RPMI 1640 containing 10% foetal bovine serum, penicillin (100U/
ml), streptomycin (100 lg/ml), sodium pyruvate (1mmol/l), HEPES
buffer (10mmol/l), and sodium bicarbonate (0.075%). To passage
the cells, Interferon-c (50 U/ml; Sigma-Aldrich) was added to the
medium and podocytes were grown under “growth-permissive”
conditions at 33 �C and 5% CO2. To acquire a differentiated
phenotype, cells were grown in RPMI 1640 containing 10% foetal
bovine serum, penicillin (100U/ml), and streptomycin (100lg/ml)
under “restrictive conditions” at 37 �C for more than 12–14 days.
Experiments were carried out using passages 10 –18, differenti-
ated and conditionally immortalised podocytes.

Animal models

Male Sprague–Dawley (SD) rats (Experimental Animal Centre,
Southern Medical University) with an initial weight of 180–220 g
were raised in a specific pathogen-free (SPF) laboratory animal
room under standardised conditions with access to water and
food ad libitum and injected intraperitoneally with streptozotocin
(STZ) 60mg/kg 16 h after fasting. Animals with serum glucose con-
centrations of >16.7mmol/l measured with an electronic blood
glucose metre (ACCU-CHEK Performa; Roche, Mannheim,
Germany) 72 h after injection of STZ were included in the study as
diabetic models.

Diabetic rats were randomly divided into four groups (n¼ 8 in
each group) and received the following treatment for 16weeks:
group 3, iv injection of unmodified RSA at 40mg/kg�d; group 4,
iv injection of HOCl-RSA at 40mg/kg�d; group 5, iv injection of
unmodified RSA at 40mg/kg�d and intraperitoneal injection of SS-
31 at 3mg/kg�d; group 6, iv injection of HOCl-RSA at 40mg/
kg�day and intraperitoneal injection of SS-31 at 3mg/kg�d. Male
SD rats, matched for body weight with the diabetic groups and
intraperitoneally injected with equal volumes of sodium citrate
buffer (pH 4.5), were used as controls: group 1 (n¼ 8, iv injection
of PBS for 16weeks) and group 2 (n¼ 8, iv injection of unmodified
RSA at 40mg/kg�d for 16weeks).

At the end of treatments, the animals were anaesthetised and
exsanguinated after collection of 24-h urine samples in metabolic
cages. Blood samples were taken from the abdominal aorta. The kid-
neys were collected after perfusion through the abdominal aorta
with ice-cold normal saline to remove circulating blood cells. All ani-
mal procedures were in accordance with guidelines set by the Ethics
Committee of Laboratory Animals of Southern Medical University.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 395



All the animal experiments were approved by the Ethics Committee
of Laboratory Animals of Southern Medical University.

Biochemical parameters

The serum and urine creatinine levels and 24-h urinary protein were
measured by an automatic biochemical analyser (MINDRAY BS480;
Mindray, Shenzhen, China). The creatinine clearance rate (Ccr)
was calculated as described and factored for body weight22.Ccr (ml/
min�kg)¼ [urine creatinine (lmol/l)� 24-h urine output (ml)]/
[serum creatinine (lmol/l)� 1440 (min)�rat body weight (kg)].

Renal morphologic observation

A transversal section at the level of the hilus was fixed in
periodatelysine-paraformaldehyde solution and embedded in
paraffin. Sections (4mm thick) of the renal tissues were stained
with Masson’s trichrome and Periodic Acid-Schiff (PAS) for
morphologic observation.

Determination of podocyte number in the glomerulus with
immunohistochemistry

Wilms’ tumour (WT)-1, a transcription factor located in podocyte
nuclei, is regarded as a specific marker of podocytes. The podo-
cyte number was determined by staining WT1 in renal tissues
with immunohistochemistry as described previously21. In brief, the
renal cortex was fixed, dehydrated, paraffin embedded, and cut
into 4mm sections. WT1 expression was analysed with rabbit anti-
rat WT1 (1:50; Santa Cruz Biotechnology, Santa Cruz, CA) as the
primary antibody. Control experiments were conducted by substi-
tuting the primary antibodies with nonimmune rabbit IgG. The
number of WT1 positive cells in 50 randomly selected glomeruli
was counted, and the mean value per glomerulus was calculated.
The results were expressed as cells/glomerulus.

Determination of podocyte apoptosis

The assessment of podocyte apoptosis in vivo was performed with
double-immunofluorescence labelling, including WT1 and terminal
deoxyuridine nick-end labelling (TUNEL) staining. In brief, frozen
renal sections were incubated with a primary anti-WT1 polyclonal
antibody (1:50; Santa Cruz Biotechnology) and then a fluorescent
secondary antibody, Alexa Fluor 546 (1:1000; Invitrogen, Carlsbad,
CA, USA). Afterwards, TUNEL staining was performed using the In
Situ Cell Death Detection kit (Roche Molecular Biochemicals,
Mannheim, Germany) according to the manufacturer’s protocol.
The specimens were counterstained with 40,6-diamidino-2-phenyl-
indole (DAPI; BestBio, Shanghai, China; blue) for 10min, and the
images were obtained with a confocal microscope (Ni-U; Nikon
Corporation, Tokyo, Japan). The cells double labelled by WT1 (red)
and TUNEL (green) were counted as apoptotic podocytes.

To identify apoptosis in cultured podocytes, podocytes were
cultured in 6-well plates at 37 �C to differentiate for 12 days and
incubated with 200mg/l HOCl-MSA for 12, 24, and 48 h or
200mg/l native MSA for 48 h. In other groups of cells, 1, 10, or
50 nM SS-31 was added 30min before HOCl-MSA stimulation for
48 h. Cells were collected for apoptosis detection using an
Annexin V-FITC Apoptosis Detection Kit (KeyGen, Nanking, China)
according to the manufacturer’s instructions and analysed using
flow cytometry (BD FACSCalibur System, Franklin Lakes, NJ) with
excitation at 488 nm and emission at 525 nm.

Detection of oxidative stress parameters

The HOCl-alb concentrations in plasma and homogenates of renal
tissue were quantified as described previously20,22.

Urinary 8-hydroxy deoxyguanosine (8-OHdG) was quantified
with spectrophotometry method by using a commercial Rat 8-
OHdG ELISA Kit (CusAb, Wuhan, China) according to the man-
ufacturer’s instruction.

The levels of ROSin cultured podocytes was detected with a
Reactive Oxygen Species Assay Kit (Beyotime). In brief, podocytes
differentiating for 12 days at 37 �C in 6-well plates were pre-incu-
bated for 30min with 10mmol/l 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA). The cells were then incubated with 200mg/l
HOCl-MSA for 15, 30, and 60min or 200mg/l native MSA for
60min. In other groups of cells, 50 nM SS-31 was added 30min
before HOCl-MSA stimulation for 60min. The cells were then
washed and collected. One millilitre aliquots were removed for
fluorescence intensity analysis on a flow cytometer (BD
FACSCalibur System).

Immunoprecipitation and western blotting

To determine binding of Apaf-1 and caspase-9 in cultured podo-
cytes, cells were stimulated with 200mg/L HOCl-MSA or native
MSA for 24 h. Another group of cells was pre-treated with 50 nM
SS-31 for 30min before HOCl-MSA stimulation. Cells were col-
lected for protein extraction and detected by immunoprecipitation
as described previously23,24. In brief, the cell lysates were
preabsorbed with protein A/G agarose beads (Santa Cruz
Biotechnology) and incubated with a mouse monoclonal antibody
against caspase-9 (2 lg; Santa Cruz Biotechnology). The immuno-
complexes were resolved with SDS-PAGE and transferred into
nitrocellulose membranes. Immunoblotting was performed using a
mouse anti-Apaf-1 (1:200; Santa Cruz Biotechnology) as the pri-
mary antibody and an HRP-conjugated secondary antibody. The
membranes were detected by ECL. To determine the total cas-
pase-9, the membranes were eluted and incubated with the anti-
mouse caspase-9 (1:200) and then with the HRP-conjugated sec-
ondary antibody and detected by ECL.

For determination of the release of cytochrome c, mitochon-
drial and cytoplasmic fractions were isolated from either renal tis-
sue homogenate or cultured podocytes as our previous20 article.
The concentration of cytochrome c in the mitochondrial and cyto-
plasmic fractions was analysed by western blot using a primary
rabbit mAb reactive to cytochrome c (1:1000; Cell Signaling
Technology, Inc., Danvers, MA).

The expression of caspase-3, caspase-7, PARP-1, and WT1 was
measured by western blot using total proteins extracted from renal
tissue homogenate or cultured podocytes. The primary antibodies
were rabbit anti-caspase-3 (1:1000), rabbit anti-caspase-7 (1:1000),
rabbit anti-PARP-1 (1:1000; all from Cell Signaling Technology, Inc.)
and mouse anti-WT1 (1:200; Santa Cruz Biotechnology).

Bands were quantified by densitometry (Quantity One v4.52;
BioRad, Milan, Italy).

Statistical analysis

Continuous variables, expressed as the means ± SD, were com-
pared using one-way ANOVA. Pairwise comparisons were eval-
uated by the Least Significant Difference (LSD) or Dunnett’s T3
procedure when the assumption of equal variances did not hold.
A two-tailed p value of 0.05 was considered statistically significant.
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Statistical analyses were conducted using SPSS 17.0 (SPSS Inc.,
Chicago, IL).

Results

Characteristics of the experimental rats

As shown in Table 1, diabetic rats had a significantly lower body
weight and higher blood glucose concentrations (P< .001) com-
pared with group 1 and group 2. However, HOCl-RSA and SS-31
administration had no effect on body weight and glycaemia
(P> .05 vs Group 3).

Effects of HOCl-RSA and SS-31 administration on renal tissue
damage, albuminuria and renal function

Renal pathological changes were observed using Masson’s tri-
chrome and PAS staining. No glomerular and tubulointerstitial
abnormalities were observed in control rats (Group 1 and Group
2). The glomerular volume, mesangial area, and basement mem-
brane thickness were significantly increased, accompanied with
detachment, necrosis and granular, and vacuolar degeneration in
partial tubular epithelial cells in diabetes rats (Group 3). These
parameters were significantly deteriorated and accompanied with
segmental glomerular sclerosis by HOCl-RSA challenge in diabetic
rats compared with those treated with native RSA (Figure 1).
Renal tissue damage was in parallel with the increase of urinary
protein excretion and Ccr (P< .05, Group 3 vs Group 1 and Group
2, Group 4 vs Group 3; Table 1).

Administration of SS-31 prevented renal tissue damage and
also the increase of proteinuria and Ccr in diabetic rats treated
with either native RSA or HOCl-RSA (P< .01, Group 5 vs Group 3
and Group 4, Group 6 vs Group 3 and Group 4; Table 1).

Effects of HOCl-RSA and SS-31 administration on podocyte loss
and apoptosis

The glomerular podocyte number, as presented as WT1 positive
cells, was significantly reduced in DM rats (p< .030, Group 3 vs
Group 1 and Group 2). Repeated administration of HOCl-RSA to
the DM rats further reduced the number of WT1 positive cells
compared with those treated with native RSA (p< .011, Group 4
vs Group 3). SS-31 administration significantly ameliorated podo-
cyte loss in the glomeruli of diabetic rats treated with either
native RSA or HOCl-RSA (P< .05, Group 5 vs Group 3 and Group
4, Group 6 vs Group 3 and Group 4; Figure 2(A)).

Similarly, expression of WT1, measured by western blotting, was
significantly decreased in renal tissues in DM rats compared with

that in the control group (p< .018 vs Group 1 and Group 2) and fur-
ther decreased in the HOCl-RSA injected DM group. SS-31 treatment
improved the WT1 expression in renal tissues in the DM group
injected with HOCl-RSA or native RSA (p< .05, Group 5 vs Group 3
and Group 4, Group 6 vs Group 3 and Group 4; Figure 2(B)).

To examine whether glomerular podocyte loss resulted from
podocyte apoptosis and to delineate the relationship between
apoptosis and changes in the podocyte number, we subsequently
detected podocyte apoptosis in the glomeruli using double-
immunofluorescence labelling, including WT1 and TUNEL, and
found that the number of TUNEL-positive podocytes per glomeru-
lar cross-section significantly increased in DM rats treated with
native or HOCl-modified RSA compared with control animals,
which was ameliorated by SS-31 administration (Figure 3(A)).

We detected podocyte apoptosis in vitro with Annexin V. HOCl-
MSA-induced apoptosis of the cells in a time-dependent manner.
After incubation of 200mg/l HOCl-MSA with cells for 12, 24 or 48 h,
the apoptosis rate of the cells was 15.07 ± 2.11%, 20.91 ± 3.31%, and
29.30 ± 3.24% (p< .001 compared with the medium group), respect-
ively. The same doses of native MSA had no effect on the cells
(p¼ .812 compared with the medium group). Doses of 1, 10, and
50 nM SS-31 dose-dependently inhibited HOCl-MSA-induced podo-
cyte apoptosis. The rates of inhibition were 35.03%, 45.72%, and
78.70%, respectively (p< .001 compared with cells stimulated with
HOCl-MSA for 48 h) (Figure 3(B)).

Effects of HOCl-RSA and SS-31 administration on
oxidative parameters

The HOCl-alb concentrations reflect the redox state in dia-
betes25,26. We examined the HOCl-alb concentrations in plasma
and renal tissue homogenate of animals. The plasma HOCl-alb
concentrations were spontaneously elevated in diabetic rats com-
pared with the controls (p< .05, Group 3 vs Group 1 and Group
2). The concentration of plasma HOCl-alb increased by more than
1-fold in HOCl-RSA-treated diabetic rats compared with RSA-
treated diabetic animals (p¼ .007, Group 4 vs Group 3; Figure
4(A)). Similarly, the HOCl-alb concentrations in the renal homoge-
nates were elevated in diabetic rats (p< .05, Group 3 vs Group 1
and Group 2). Chronic administration of HOCl-RSA significantly
enhanced the HOCl-alb concentrations in diabetic kidney
(p¼ .004, Group 4 vs Group 3; Figure 4(B)). The intervention of SS-
31 significantly restored the increase of the HOCl-alb concentra-
tion in both plasma and renal tissues of diabetic rats (p< .05,
Group 5 and Group 6 vs Group 3 and Group 4; Figure 4(A,B).

8-Hydroxy deoxyguanosine (8-OHdG) is an end product and
marker of mitochondrial DNA oxidation and excreted in urine. The
concentration of urinary 8-OHdG in diabetic rats increased com-
pared with the control groups (p< .01, Group 3 vs Group 1 and

Table 1. Biochemical parameters and urine examination.

BW(g)a BG （mmol/L)a Ccr (ml/min/kg)a UP (mg/24h)a 8-OHdG (ng/24h)a

n¼ 8 n¼ 8 n¼ 8 n¼ 8 n¼ 8

Group 1 (controlþ vehicle) 623.72 ± 21.20 5.6 ± 0.8 6.24 ± 1.09 0.19 ± 0.05 52.88 ± 13.45
Group 2 (controlþ RSA) 619.23 ± 23.47 5.8 ± 1.0 6.37 ± 1.22 0.21 ± 0.03 58.56 ± 20.65
Group 3 (DMþ RSA) 249.62 ± 29.11b 29.78 ± 2.51b 10.61 ± 2.36b 0.34 ± 0.09b 170.83 ± 23.29b

Group 4(DMþHOCl-RSA) 173.35 ± 27.60b 31.46 ± 3.23b 13.95 ± 4.62b,c 0.51 ± 0.10b,c 473.2 ± 66.69b,c

Group 5 (DMþ RSAþ SS) 310.14 ± 32.75b 32.34 ± 2.76b 7.67 ± 1.84b,c,d 0.27 ± 0.08b,c,d 93.77 ± 48.9b,c,d

Group 6 (DMþHOCl-RSAþ SS) 241.38 ± 27.29b 30.40 ± 2.48b 8.80 ± 2.03b,c,d 0.30 ± 0.11b,c,d 132.86 ± 54.18b,c,d

Data are expressed as Mean ± SD.
DM: diabetes mellitus; SS: ss peptide; BW: body weight; BG: blood glucose; Ccr: creatinine clearance rate; UP: urine protein.
aANOVA, p< .05.
bp< .05 vs Group 1 and Group 2.
cp< .05 vs Group 3.
dp< .05 vs Group 4.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 397



Group 2). The concentration of urinary 8-OHdG in diabetic rats
injected with HOCl-RSA further increased compared with rats
injected with native RSA (p¼ .015, Group 4 vs Group 3). SS-31
administration significantly restored the increased concentration
of 8-OHdG in urine in diabetic rats injected with HOCl-RSA or
native RSA (p< .05, Group 5 and Group 6 vs Group 3 and Group
4; Table 1).

In vitro, incubation of 200mg/L HOCl-MSA with podocytes for
15, 30, and 60min time-dependently induced an increase of intra-
cellular ROS measured by the DCFH-DA fluorescent probe by 0.44
(p¼ .090), 0.82 (P¼ .006), and 3.92 times (p< .001) compared with
native MSA-treated cells. Treatment with 50 nM SS-31 ameliorated

the increase of intracellular ROS induced by HOCl-MSA stimulation
for 60min (p< .0001; Figure 4(C)). DCFH-DA is prone to autoxida-
tion, photo-oxidation, and autocatalysis thus leading to the bias of
the experimental results. For example, auto-oxidation of DCFH-DA
occurs when alkaline activation and dilution, in room air and
under culture conditions. The rate of auto-oxidation increases in a
linear fashion over time. About 20% of DCFH-DA undergo deace-
tylation in 1 h27. That means about 80% DCFH-DA still hasn't
stepped into the condition of auto-oxidation. We also took some
methodologies into considerations. Such as stock and working sol-
utions of DCFH-DA were made in a light-protected vessel and in
ice. The working solution was prepared fresh and used only once.

Figure 1. Pathological features of rats in each group.

Figure 2. SS-31 attenuated podocyte loss in diabetic rats injected with native RSA or HOCl-RSA and prevented apoptosis in cultured podocytes. (A) Podocyte number
in the glomerula. (B) Expression of WT1, the specific antigen of podocyte in renal tissues. Data are expressed as Mean± SD. n¼ 8 in each group. ANOVA, p< .05.�p< .05 vs Group 1 and Group 2; ＃p< .05 vs Group 3; &p< .05 vs Group 4.
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As incubation of cells with DCFH-DA for no shorter than the
experimental groups in the control group (MSA group) showed
fewer rate of DCFH-DA oxidation (Figure 4(C)) in the present
study, the influence of DCFH-DA auto-oxidation can be negligible.

Effects of HOCl-RSA and SS-31 administration on the release of
cytochrome c from mitochondria to the cytoplasm

The release of cytochrome c (cyt c) from mitochondria to the cyto-
plasm reflected mitochondrial damage. In the present study, west-
ern blotting was used to detect the changes of cyt c protein
concentration in mitochondria and cytoplasm either of renal tis-
sues of rats or of cultured podocytes.

Compared with the control groups, the cyt c protein concentration
significantly increased in the cytoplasm in renal tissues of diabetic
rats, whereas the mitochondrial cyt c protein concentration was sig-
nificantly reduced (p< .05 vs Group 1 and Group 2). Repeated injec-
tion of HOCl-RSA further increased the cyt c protein concentration in
the cytoplasm and reduced that in the mitochondria in renal tissues
of diabetic rats injected with native RSA (p¼ .008, Group 4 vs Group

3). By contrast, administration of SS-31 restored the increase of cyt c
in cytoplasm and reduction of cyt c in mitochondria in renal tissues of
DM rats injected with HOCl-RSA or native RSA (p< .05, Group 5 and
Group 6 vs Group 3 and Group 4; Figure 5(A)).

Cultured podocytes were stimulated with 200mg/L HOCl-MSA
for 6, 12, 24, and 48 h. Another group of cells was pre-treated
with 50 nM SS-31 for 30min before HOCl-MSA stimulation for
24 h. We found that HOCl-MSA promoted the increase of cyt c in
cytoplasm and decrease in mitochondria of cells, which was the
most obvious in the time point of 6 h (p< .05 vs native MSA-
treated cells). The changes induced by HOCl-MSA were prevented
by adding SS-31 to the cells before HOCl-MSA stimulation (p< .05
vs HOCl-MSA-treated cells for 24 h; Figure 5(B)).

Effects of SS-31 on the binding of apaf-1 and caspase-9 induced
by HOCl-RSA in cultured podocytes

Following the release of cyt c into the cytoplasm, the caspase recruit-
ment domain of apoptosis activated factor-1 (Apaf-1) was exposed
and bound to caspase-9, which led to activation of caspase-3 and

Figure 3. (A) SS-31 attenuated podocyte apoptosis in diabetic rats injected with native RSA or HOCl-RSA. (B) HOCl-MSA induced apoptosis time-dependently prevented
by SS-31 in cultured podocytes. Data are expressed as Mean± SD. ANOVA, p< .05. �p< .05 vs Medium and MSA; ＃p< .05 vs Group HOCl-MSA 48h.
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caspase-7, as well as cell apoptosis. We detected the combination of
apaf-1 and caspase-9 with immunoprecipitation and western blotting
and found that 200mg/L HOCl-MSA stimulation for 24h promoted

the binding of Apaf-1 and caspase 9 in the cells (p< .0001 vs native
MSA-treated cells), which was prevented by pre-addition of SS-31 to
the cells (p¼ .001 vs HOCl-MSA-treated cells) (Figure 6).

Figure 4. Changes of the oxidative stress indexes. SS-31 decreased HOCl-alb concentration in plasma (A) and renal tissue (B) of diabetic rats injected with native RSA
or HOCl-RSA. Data are expressed as Mean± SD. n¼ 8 in each group. ANOVA, p< .05. n¼ 8 in each group. �p< .05 vs Group 1 and Group 2; ＃p< .05 vs Group 3;
&p< .05 vs Group 4. (C) HOCl-MSA-induced ROS production (represented as fluorescent intensity) time-dependently prevented by SS-31 in cultured podocytes. Data
are expressed as Mean± SD. ANOVA, p< .05. �p< .05 vs Group MSA; ＃p< .05 vs Group HOCl-MSA 60min.

Figure 5. Content of cytochrome c in cytoplasm and mitochondria in vivo (A) and in vitro (B). Data are expressed as Mean± SD. ANOVA, p< .05. (A) n¼ 8 in each
group. �p< .05 vs Group 1 and Group 2; ＃p< .05 vs Group 3; &p< .05 vs Group 4. (B) �p< .05 vs Group MSA; ＃p< .05 vs Group HOCl-MSA 24 h.

400 X. WANG ET AL.



Effects of HOCl-RSA and SS-31 administration on the expression
of apoptosis-related proteins

Compared with control groups, protein expression of cleaved frag-
ments of caspase-3, caspase-7, and PARP-1 (116 kD) in renal tis-
sues in diabetic rats was significantly upregulated (p< .05 vs
Group 1 and Group 2). Expression of cleaved fragments of cas-
pase-3, caspase-7, and PARP-1 (116 kD) was further upregulated in
diabetic rats injected with HOCl-RSA compared with those injected

with native RSA (p< .01 vs Group3). SS-31 administration signifi-
cantly restored the upregulation of cleaved fragments of caspase-
3, caspase-7, and PARP-1 (116 kD) of diabetic rats injected with
both HOCl-RSA and native RSA (p< .05 vs Group 3 and Group 4).
The changes of pro-caspase-3, pro-caspase-7, and PARP-1 (89 kD)
were opposite to those of cleaved-caspase-3, cleaved-caspase-7,
and PARP-1 (116 kD) (Figure 7(A)).

Stimulation of 200mg/L HOCl-MSA for 6, 12, 24, and 48 h time-
dependently upregulated protein expression of cleaved-caspase-3,
cleaved-caspase-7, and PARP-1 (116 kD) in cultured podocytes
(p< .05 vs native MSA-treated cells), which was prevented by pre-
treatment of 50 nM SS-31 for 30min before HOCl-MSA stimulation
for 24 h (p¼ .018 vs HOCl-MSA-treated cells for 24 h). Changes of
pro-caspase-3, pro-caspase-7, and PARP-1 (89 kD) were opposite
to the cleaved-caspase-3, cleaved-caspase-7, and PARP-1 (116 kD)
(Figure 7(B)).

Discussion

It is extremely important to study the mechanisms of the SS pep-
tide for renal protection in DM, a specific mitochondrial targeted
antioxidant, in view of the key roles of mitochondrial perturbation
in the development of DKD. The present study, for the first time,
provided evidence for SS peptide attenuation of podocyte apop-
tosis enhancement by oxidation-modified albumin in DM and
in vitro through a mitochondria-mediated signalling pathway.

Figure 6. HOCl-MSA promoted binding of apaf-1 and caspase 9, which was pre-
vented by SS-31 in cultured podocyte. Data are expressed as Mean± SD. ANOVA,
p< .05. �p< .05 vs Group MSA; ＃p< .05 vs Group HOCl-MSA.

Figure 7. Changes of caspase and PARP in vivo (A) and in vitro (B). Data are expressed as Mean± SD. ANOVA, p< .05. (A) n¼ 8 in each group. �p< .05 vs Group 1
and Group 2; ＃p< .05 vs Group 3; &p< .05 vs Group 4. (B) �p< .05 vs Group MSA; #P< .05 vs Group HOCl-MSA 24h.
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Our data indicated that SS-31 prevented podocyte loss and
apoptosis along with an increase of urinary protein and aggrava-
tion of renal pathological injury (as evidenced by hypertrophy and
basement membrane thickening or segmental sclerosis in glomer-
uli, as well as focal detachment, necrosis and granular and vacu-
olar degeneration in tubular epithelial cells), all of which were
enhanced by HOCl-RSA administration in DM rats. SS-31 had no
effect on blood glucose, indicating that the protection of SS-31
was independent of hypoglycaemic effects. The benefits of SS-31
were further confirmed by in vitro experimental data that showed
that SS-31 dose-dependently prevented HOCl-MSA-induced podo-
cyte apoptosis. Podocyte injury manifested as the fusion of the
foot process, hypertrophy, detachment, loss or death, led to glom-
erular sclerosis and was an important cellular basis for the initi-
ation and early development of DKD. The reduction of the
podocyte number indicated the progression of glomerulopathy28.
Therefore, an effective therapy for podocyte injury might retard
the progression of DKD at an early stage. Similar to our results,
olmesartan29, valsartan, and mycophenolate mofetil30,31 all pre-
vented microalbuminuria and progression of DKD through inhib-
ition of loss or apoptosis of podocytes in animals with DM.
Astragaloside ameliorated glomerular sclerosis and renal inflam-
mation by inhibiting podocyte apoptosis in a DM mouse model32,
and metformin regulated human podocytes apoptosis under high
glucose conditions in vitro33.

The mechanisms involved in the protective effects of SS-31 on
podocytes from reduction and apoptosis remained to be clarified.
Simultaneous with deterioration and apoptosis in podocytes, pro-
teinuria, and renal pathological injury, the content of HOCl-alb in
plasma and renal tissues increased in rats after STZ injection and
were enhanced by repeated intravenous administration of HOCl-
RSA, which was consistent with our previous report22. Urinary 8-
OHdG also increased in DM rats and was enhanced by HOCl-RSA
administration. In vitro, HOCl-MSA induced an increase in ROS pro-
duction in mouse podocytes in a time-dependent manner. These
data indicated that HOCl-alb was spontaneously generated in DM,
as reported previously34,35, and further enhanced oxidative stress
and modification, thus forming a positive feedback loop and a

vicious cycle of damage to podocytes and the glomerular filtration
membrane. Although multiple pathways might result in ROS gen-
eration, recent studies indicate that mitochondria are a major
source of ROS in many renal cells, including podocytes36. ROS
generated in mitochondria were 5–10 times higher than other
cytoplasmic and nuclear components9. Increased generation of
mtROS had been observed in an experimental DM model37.
mtROS emerged as a critical pathogenic factor that leads to
DKD38. In our results, SS-31, a tetrapeptide targeted in the inner
membrane and clearing the local ROS of mitochondria, prevented
HOCl-alb-enhanced oxidative stress in DM rats and in vitro, indi-
cating that ROS were mainly derived from mitochondria and that
SS-31 prevented injury to podocytes and renal tissues in DM by
reducing mtROS and breaking the vicious cycle of oxidative stress.

Mitochondria are the main source and victims of ROS. cyto-
chrome c is physically bound to the inner mitochondrial mem-
brane by an association with cardiolipin39. ROS result in
cardiolipin oxidation, decreasing its binding affinity for cyto-
chrome c and facilitating the detachment of cytochrome c from
the inner mitochondrial membrane and release to the cyto-
plasm40. The release of cyt c is a critical step in apoptosis41,42. cyt
c combines with apoptosis activated factor-1 (Apaf-1) in the cyto-
plasm and facilitates the oligomerization of Apaf-1, which recruits
caspase-9 and forms the cyt c-Apaf-1-caspase-9 complex, namely,
the apoptosome. Caspase-9 is self-activated through alterations of
its molecular conformation and is then cleaved, activating effector
caspases, such as caspase-3 and -7, resulting in widespread prote-
olysis and commitment to cell death43. Thus, measures against cyt
c release might be a key step in preventing apoptosis pathway
activation. In our experiments, SS-31 alleviated the release of cyt c
from mitochondria to the cytoplasm in DM rats injected with
native RSA and HOCl-RSA. Accordingly, SS-31 alleviated the
increase of protein expression of cleavage of caspase-3, caspase-7,
and PARP-1, which are aggravated by HOCl-RSA in DM rats. In
vitro, SS-31 successively inhibited HOCl-MSA-induced release of cyt
c, the combination of Apaf-1 and caspase-9 and cleavage of cas-
pase-3, caspase-7, and PARP-1 in cultured mouse podocytes.

Figure 8. A working model how SS-31 plays a protective role in podocyte by ameliorating podocyte apoptosis through a HOCl-alb-enhanced and mitochondria-
dependent signalling pathway.
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The present study established a cascade from HOCl-alb and
oxidative stress, which culminated in mitochondria, to podocyte
apoptosis in DM and provided new insight on the pathogenesis
of DKD. The SS peptide inhibited mitochondrial oxidative damage
and cyt c release through localisation in mitochondria and elimin-
ation of mtROS, prevented activation of apoptosis pathways
(including binding of cyt c, Apaf-1, and caspase-9, the formation
of apoptosome and activation of effector caspases) and podocyte
injury and thus alleviated proteinuria and kidney disease in DM.
Mitochondrial-targeted peptides might be a novel and effective
therapy for prevention or retardation of the progression of renal
complications in DM (Figure 8).
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