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ABSTRACT

The burst of reactive oxygen species (ROS) during reperfusion of ischemic tissues can trigger the

opening of the mitochondrial permeability transition (MPT) pore, resulting in mitochondrial depolariza-

tion, decreased ATP synthesis, and increased ROS production. Rapid recovery of ATP upon reperfusion

is essential for survival of tubular cells, and inhibition of oxidative damage can limit inflammation. SS-31 is

a mitochondria-targeted tetrapeptide that can scavenge mitochondrial ROS and inhibit MPT, suggesting

that it may protect against ischemic renal injury. Here, in a rat model of ischemia-reperfusion (IR) injury,

treatment with SS-31 protected mitochondrial structure and respiration during early reperfusion, accel-

erated recovery of ATP, reduced apoptosis and necrosis of tubular cells, and abrogated tubular

dysfunction. In addition, SS-31 reduced medullary vascular congestion, decreased IR-mediated oxidative

stress and the inflammatory response, and accelerated the proliferation of surviving tubular cells as early

as 1 day after reperfusion. In summary, these results support MPT as an upstream target for pharma-

cologic intervention in IR injury and support early protection of mitochondrial function as a therapeutic

maneuver to prevent tubular apoptosis and necrosis, reduce oxidative stress, and reduce inflammation.

SS-31 holds promise for the prevention and treatment of acute kidney injury.
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Acute kidney injury (AKI) develops in 5% of hos-
pitalized patients and is associated with significant
morbidity. Ischemia is the most common cause of
AKI. Despite our current knowledge of the patho-
physiology underlying renal ischemia-reperfusion
(IR) injury, pharmacologic interventions have not
reduced the mortality and morbidity associated
with AKI.

Rapid recovery of ATP after ischemia is essential
for cell survival after IR injury. A profound reduc-
tion in intracellular ATP occurs early after onset of
ischemia and leads to cytoskeletal derangements,
membrane alterations, and cell death by apoptosis
and necrosis.1 Disruption of the cytoskeleton leads
to redistribution of integrins and Na�,K�-ATPase
from the basal membrane, resulting in detachment
of viable cells from the basement membrane and
impairment of Na� reabsorption. The mode of cell
death depends on the duration of ischemia and the
region of the nephron. Cell death is usually re-

stricted to the outer medullary region where oxygen
tension drops precipitously at the corticomedullary
junction.2 The proximal tubules are particularly
susceptible to IR injury because they have minimal
glycolytic capacity and must rely on mitochondrial
metabolism for ATP synthesis.3–5

Ischemia causes damage to all components of
the mitochondrial electron transport chain (ETC),
resulting in decreased oxidative phosphorylation
upon reperfusion.6 In addition, mitochondria are
the primary source of reactive oxygen species
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(ROS).6,7 Mitochondria can undergo further damage upon
reperfusion because of mitochondrial permeability transition
(MPT). During ischemia, elevated mitochondrial Ca2�, in-
creased ROS, and high inorganic phosphate (Pi) prime the
opening of the MPT pore.8 This MPT pore is composed of
cyclophilin D (CypD), voltage-dependent anion channels, and
adenine nucleotide translocase. Opening of the MPT pore is
triggered by a burst of mitochondrial ROS upon reperfusion
and leads to mitochondrial depolarization, uncoupling of the
respiratory chain, matrix swelling, outer membrane rupture,
and release of cytochrome c into the cytosol. Sustained open-
ing of the MPT pore would result in the failure of mitochon-
dria to generate ATP after reperfusion and apoptosis.

MPT as a target for pharmacologic intervention in IR injury
is supported by preclinical and clinical studies.9,10 CypD gene
ablation protected mice from cardiac and renal IR injury.11–14

Treatment with cyclosporin A (CsA), a CypD inhibitor, re-
duced renal IR injury in mice and rats.15,16 CsA was recently
reported to reduce infarct size in patients undergoing percuta-
neous coronary intervention after acute myocardial infarc-
tion.17 However, the nephrotoxic profile of CsA makes clinical
application of this drug less practical for renal IR injury.18 –20

We recently developed a series of mitochondria-targeting
tetrapeptides (Szeto-Schiller peptides) that scavenge ROS and
inhibit MPT.21 SS-31 (D-Arg-dimethylTyr-Lys-Phe-NH2) spe-
cifically targets the inner mitochondrial membrane and inhibits
MPT induced by Ca2� and Pi. The dimethyltyrosine residue pro-
vides added antioxidant properties. This small peptide with dual
function has been reported to significantly increase cardiac ATP

content, decrease oxidative stress, and reduce myocardial infarct
size in rats.22,23 In this study, we examined the therapeutic poten-
tial of SS-31 to prevent AKI in rats caused by warm IR injury.

RESULTS

Effects of SS-31 on AKI Caused by IR

SS-31 or saline was administered subcutaneously to rats 30
minutes before bilateral occlusion of renal blood flow for 30 or
45 minutes. Treatment was repeated at the onset of reperfusion
and 2 hours later. Renal function was determined at 24 hours,
the time of maximal dysfunction in rodents.24 –26 This model
resulted in significant renal dysfunction as measured by several
biomarkers (ANOVA P � 0.0001) (Figure 1). The extent of
injury was directly correlated with the duration of ischemia.
Thirty-minute ischemia did not alter serum K� or fractional
excretion of Na� (FENa) and K� (FEK). With 30-minute isch-
emia, SS-31 (2 mg/kg) significantly improved all biomarkers
when compared with the saline group, and SS-31 rats were not
different from Sham rats. With 45-minute ischemia, SS-31
dose-dependently improved all biomarkers compared with sa-
line, and serum K� and FENa were not statistically different
from Sham at all dose levels. Serum creatinine was normalized
by 5 mg/kg SS-31.

Effects of SS-31 on Tubular Injury after IR

Kidney sections obtained after 24-hour reperfusion from
Sham, saline IR, and SS-31 IR rats were stained with periodic

Figure 1. SS-31 reduced AKI 24 hours after IR injury. Rats were subcutaneously treated with saline or SS-31 (0.5, 2, or 5 mg/kg) 30
minutes before bilateral occlusion of renal blood flow for 30 or 45 minutes. Treatment was repeated just before onset of reperfusion
and at 2 hours after reperfusion. Significant differences were found in all biomarkers among the treatment groups (ANOVA, P � 0.0001).
Data are presented as mean � SEM; n � 6 to 14 in each group. #P � 0.05 and ###P � 0.001 compared with Sham-operated control.
*P � 0.05, **P � 0.01, and ***P � 0.001 compared with corresponding saline group.
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acid–Schiff (PAS) and examined by light microscopy (Figure 2).
Renal architecture was normal in the Sham group, with brush
borders evident in the proximal tubules in the outer stripe of the
outer medulla (OSOM) (Figure 2A). Focal areas of necrosis were
observed in the OSOM in the saline IR group 24 hours after 30-
minute ischemia (Figure 2B). In contrast, treatment with SS-31
reduced focal necrosis and preserved the brush border of the tu-
bular cell (Figure 2C).

Prolonging ischemia time to 45 minutes resulted in exten-
sive tubular necrosis and cell sloughing in the OSOM in the
saline IR group (Figure 2D). Necrotic cell debris and hyaline
casts filled many tubules in the inner stripe of the outer me-
dulla (ISOM) (Figure 2E). In contrast, cellular architecture was

remarkably well preserved in all regions of
the kidney in the SS-31 IR group (Figure 2,
F and G). SS-31 significantly reduced tubu-
lar necrosis in the OSOM, and the brush
border was preserved in the proximal tubules
(Figure 2F). Tubular architecture was pre-
served in the ISOM with few detached or
swollen cells (Figure 2G). The cell necrosis
score was significantly reduced by all three
doses of SS-31, and 5 mg/kg was significantly
better than 0.5 mg/kg (Figure 2H).

A significant increase in apoptosis was ob-
served in the outer medulla with shorter isch-
emia time (30 minutes). Apoptotic cells were
infrequent in the Sham group (Figure 3A),
but they were greatly increased in the saline
IR group (Figure 3B) and dramatically re-
duced in the SS-31 IR group (Figure 3C). The
number of apoptotic cells was significantly
reduced by SS-31 treatment (Figure 3D).

Effects of SS-31 on Mitochondrial

Structure and Function

Electron microscopy revealed extensive
damage to mitochondria in proximal tubu-
lar cells after 45-minute ischemia. Figure 4,
a and b, shows round, swollen mitochon-
dria with loss of cristae in two representa-
tive samples obtained from the OSOM of a
saline IR rat after 20-minute reperfusion.
Some mitochondria show disrupted mem-
branes and release of matrix material into
the cytoplasm. In contrast, the representa-
tive samples from a SS-31 IR rat (Figure 4, c
and d) show many elongated mitochondria
with preservation of cristae structure
within intact membrane infoldings in the
basal side of the tubular cell. A few swollen
mitochondria were detected in some cells.

Mitochondria were isolated from 20-
minute postischemic kidneys for assessment
of respiratory function. Oxygen consump-

tion was measured using complex I substrates (glutamate/malate)
because complex-I-initiated respiration is inhibited in IR.27 Com-
pared with the Sham-operated group, state 3 respiration was
significantly depressed in the saline IR group at 5 minutes and
decreased further by 20 minutes before recovery to Sham level
by 60 minutes (Figure 5A). Mitochondrial respiration was sim-
ilarly depressed at 5 minutes in the SS-31 IR animals. However,
SS-31 IR animals did not show the further deterioration of
mitochondrial respiration at 20 minutes, resulting in signifi-
cantly higher oxygen consumption when compared with
saline animals. The respiration rate in SS-31 IR animals was
71.6% of Sham levels as compared with 58.2% for the saline IR
group.

Figure 2. SS-31 reduced tubular injury after ischemia. Rats were subcutaneously
treated with saline or SS-31 (0.5, 2 or 5 mg/kg) 30 minutes before bilateral occlusion
of renal blood flow for 30 or 45 minutes. Treatment was repeated just before onset of
reperfusion and at 2 hours after reperfusion. Kidney sections were stained with PAS.
Representative sections from the outer medulla are shown in panels A through G,
Magnification: �200. Inset shows higher magnification of area indicated by the arrow.
(A) Kidneys from Sham-operated rats showed normal architecture in the OSOM with
prominent brush borders in the proximal tubules (see inset). (B) Focal necrosis was
found in the OSOM of saline-treated animals after 30-minute ischemia (inset shows cell
sloughing). (C) Necrosis was rare in the SS-31-treated animals after 30-minute ischemia,
and brush borders were preserved in many proximal tubules (see inset). (D) Extensive
tubular necrosis was found in the OSOM of saline-treated animals after 45-minute
ischemia. (E) Architecture of the ISOM was greatly distorted in saline-treated animals
after 45 minutes ischemia, and tubules were filled with hyaline casts and sloughed cells.
(F) Only focal necrotic areas were observed in the OSOM of SS-31-treated animals after
45-minute ischemia. (G) Architecture of the ISOM was greatly protected by SS-31, with
few sloughed cells and occasional casts after 45-minute ischemia. (H) Cell necrosis
score after 45-minute ischemia showing dose-dependent protection provided by
SS-31 treatment. n � 12 to 14 in each group. ANOVA revealed significant differences
among the four groups (P � 0.0001). ***P � 0.001 compared with saline; *P � 0.05
between groups as indicated.
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ATP levels in ischemic renal tissues were dramatically lower
than Sham levels after 5 minutes of reperfusion and did not
improve after 20 minutes of reperfusion (Figure 5B). ATP lev-
els only partially recovered after 60 minutes (approximately
63%) and remained significantly lower than in Sham-treated
rats. Treatment with SS-31 did not improve ATP recovery dur-
ing the first 20 minutes of reperfusion, but complete recovery
of ATP was found after 1 hour of reperfusion (Figure 5B). At 1
hour, ATP in the SS-31 IR group was significantly higher
(48%) compared with the saline group.

SS-31 Minimized Tubular Cell Detachment

Loss of ATP after IR injury led to redistribution of �1-integrin
from the basal surface of tubular epithelia (Figure 6A) into the
cytoplasm (Figure 6B), resulting in the detachment of viable cells
from the basement membrane (Figure 6E). In contrast, �1-integ-
rin remained localized to the basal membrane in animals that
were treated with SS-31 (Figure 6C) and tubular cells remained
attached to the basement membrane (Figure 6F).

SS-31 Reduced Medullary Microvascular Congestion

Reperfusion is also associated with microvascular congestion and
trapping of erythrocytes in the inner medullary region.28,29 Exten-
sive trapping of erythrocytes was seen in the ISOM (Figure 7B)
and inner medulla (Figure 7E) of saline-treated animals after
1-hour reperfusion after 45-minute ischemia. The trapping of
erythrocytes was greatly reduced in ISOM (Figure 7C) and the
inner medulla (Figure 7F) of SS-31 IR animals.

SS-31 Reduced IR-Mediated

Oxidative Stress

Oxidative stress occurs in the kidney dur-
ing IR as a result of excess ROS production
and inhibition of antioxidant enzyme ac-
tivities.30,31 The effect of SS-31 on oxidative
stress was assessed using three different pa-
rameters: intracellular glutathione (GSH),
lipid hydroperoxides (as measured by mal-
ondialdehyde [MDA]), and heme oxygen-
ase-1 (HO-1). Within 1 hour of reperfu-
sion after 45-minute ischemia, there was
significant depletion of GSH in kidney tissues
from the saline IR animals that was completely
prevented by SS-31 treatment (Figure 8A). The
significant increases in kidney MDA and
HO-1 expression were also prevented by
SS-31 (Figure 8, B and C).

SS-31 Limited IR-Mediated

Inflammatory Response

Macrophages migrate to the outer medulla of
kidneys after IR injury in response to apopto-
tic cell death. A significant increase in macro-
phage infiltration was observed in saline rats
24 hours after being subjected to 30-minute
ischemia (Figure 9, A and B). SS-31-treated
animals showed no significant increase in mac-

rophage number when compared with Sham-treated rats (Figure 9,
A and B).

Necrotic cell injury triggers an acute inflammatory response
characterized by activation of neutrophils that subsequently re-
lease myeloperoxidase (MPO) and hydrogen peroxide upon rep-
erfusion of ischemic tissues.32 MPO was significantly elevated in the
saline IR group 24 hours after 45-minute ischemia (Figure 9C). The
increase in MPO was completely prevented by SS-31, suggesting that
SS-31 can prevent the IR-mediated inflammatory response.

SS-31 Accelerated Tubular Regeneration

Injured proximal tubular cells that do not detach or die from
IR injury undergo repair and regeneration to restore nephron
structure and function.33 The cell regeneration marker prolif-
erating cell nuclear antigen (PCNA) increases as early as 24
hours after reperfusion.34,35 In this study, PCNA-positive
(PCNA�) cells were few in renal sections obtained from the
Sham group (Figure 10A). A small increase in PCNA� nuclei
was observed in the saline IR group at 24 hours (Figure 10, B
and D), but the number of PCNA� nuclei was significantly
greater in the SS-31 IR group (Figure 10, C and D).

DISCUSSION

Renal tubules in the medullary ray and OSOM are especially
vulnerable to ischemic injury because of low blood flow in this

Figure 3. SS-31 reduced tubular apoptosis after 30-minute ischemia. Rats were sub-
cutaneously treated with saline or SS-31 (2 mg/kg) 30 minutes before bilateral occlu-
sion of renal blood flow for 30 minutes. Treatment was repeated just before onset of
reperfusion and at 2 hours after reperfusion. Apoptotic cells were determined after
24-hour reperfusion by TUNEL stain (brown nuclei). Representative sections from the
outer medulla are shown for (A) Sham, (B) saline-treated IR, and (C) SS-31-treated IR
rats (magnification: �200). Inset shows higher magnification of the area indicated by
the arrow. (D) Total number of TUNEL-positive cells per high-power field. ***P � 0.001.
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region of the nephron, high ATP demands of Na� transport,
and the absence of glycolysis for generating ATP. This study
shows that SS-31 protected mitochondrial structure and pre-
vented deterioration of mitochondrial function in early rep-
erfusion, thus resulting in accelerated ATP recovery. Faster
ATP recovery rescued tubular cells from reversible cellular
swelling and prevented tubular apoptosis and necrosis.
Rapid re-establishment of renal epithelial polarity pre-
served tubular function as demonstrated by reduced FENa

and FEK. Furthermore, SS-31 significantly reduced oxida-
tive stress and inflammation after IR injury and promoted
proliferation of surviving tubular cells. These results suggest
that SS-31 acts upstream of the initial ischemic cell injury
and can prevent subsequent inflammatory damage associ-
ated with reperfusion.

Kidney ATP levels fall to �10% of pre-
ischemic values within 5 to 10 minutes of
ischemia and remain low for the duration
of ischemia.36 –38 ATP levels can return to
control values upon reperfusion if ischemia
is �20 minutes.39 If the ischemic interval is
extended beyond 25 minutes, there is only a
50% to 60% recovery of tissue ATP even
after 2-hour reperfusion.36 –39 Our results
are consistent with these reports. After 45
minutes of ischemia, ATP content re-
mained very low (approximately 20%)
throughout the first 20 minutes of reperfu-
sion, with only partial recovery (approxi-
mately 60%) after 1-hour reperfusion. In
contrast, ATP was completely restored by 1
hour with SS-31 treatment.

The accelerated recovery of ATP by
SS-31 suggests that it is acting by protecting
mitochondria during IR. Oxidative phos-
phorylation is inhibited during hypoxia
and deteriorates upon reoxygenation.27,40

The progressive deterioration of mito-
chondrial function during reperfusion may
result from MPT triggered by the normal-
ization of intracellular pH and burst of
ROS activity.41 Opening of the MPT pore
would cause immediate collapse of the mi-
tochondrial membrane potential and in-
hibits ATP synthesis. In this study, electron
microscopic evaluation clearly demon-
strated many swollen and damaged mito-
chondria in the outer medulla 20 minutes
after prolonged ischemia. This is consistent
with the deterioration of oxygen consump-
tion determined in mitochondria isolated
at that time, which significantly limited res-
toration of ATP after 1-hour reperfusion.
SS-31 has been shown to inhibit MPT in-
duced by Ca2� and Pi in isolated mito-

chondria as well as prevent mitochondrial depolarization in
intact cells caused by ETC inhibitors.21,23 Indeed, electron mi-
croscopy revealed significant protection of proximal tubular
mitochondria after IR injury in rats that received SS-31 treat-
ment. Most mitochondria were elongated and retained normal
cristae architecture, and swollen mitochondria were far fewer
than in saline IR samples. Indeed, mitochondria isolated from
animals pretreated with SS-31 did not undergo functional de-
terioration upon reperfusion. Prevention of additional mito-
chondrial damage during early reperfusion allowed for com-
plete recovery of tissue ATP by 1 hour.

The protection of mitochondrial structure provided by SS-31
is greater than that suggested by the respiration studies. This is
likely because the more severely damaged mitochondria with bro-
ken membranes in the saline IR tissues were not picked up by the

Figure 4. SS-31 protects kidney mitochondrial structure after IR injury. Rats were
subcutaneously treated with saline or SS-31 (2 mg/kg) 30 minutes before occlusion of
renal blood flow for 45 minutes. Treatment was repeated just before onset of reper-
fusion. Ultrastructural studies of kidney sections obtained after 20-minute reperfusion
were carried out using transmission electron microscopy. Representative sections from
the outer medulla of a saline-treated rat show disruption of normal tubular cytoarchi-
tecture (A and B). Note many rounded, swollen mitochondria with disrupted cristae
architecture (*). Some mitochondria show disruption of membranes and release of
matrix materials into the cytosol (arrow head). Other swollen mitochondria show
complete loss of cristae (arrow). Some normal elongated mitochondria with dense
matrix can be observed (B). Representative sections from the outer medulla of a
SS-31-treated rat appear quite normal with numerous mitochondria within membrane
infoldings near the basement membrane (BM) (C and D). Although a few swollen
mitochondria can be found in some cells (*), most mitochondria were elongated with
well preserved cristae structure. All images were magnified �15,000. Scale bar � 500 nm.
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conventional isolation procedure, which is based on differential
centrifugation to separate the various organelles and membranes.
Thus the measurement of oxygen consumption would primarily
reflect the better mitochondria that were isolated and underesti-
mates the degree of mitochondrial damage. The preservation of

mitochondria integrity by SS-31 was suffi-
cient to allow full recovery of ATP content at
1 hour after reperfusion. The apparent lack of
temporal correlation between mitochondrial
respiration and ATP content can be ex-
plained by the fact that mitochondrial respi-
ration measures the ability of ATP synthesis,
whereas tissue ATP content reflects ATP syn-
thesis and expenditure. The lack significant
difference in ATP content between SS-31 and
saline IR groups at 20 minutes may be due to
increased ATP expenditure in the SS-31
group for maintenance of cellular cytoarchi-
tecture, as suggested by the �1-integrin find-
ings.

Ischemic defects in the ETC increase
ROS production, especially from complex I
and complex III. Reintroduction of oxygen
during reperfusion leads to a dramatic in-
crease in ROS within seconds.42 This burst
of ROS plays a critical role in triggering

MPT8 and leads to a positive feedback loop of ROS-induced
ROS release.43 By protecting the ETC during ischemia, SS-31
reduces mitochondrial ROS production upon reperfusion. In
addition, SS-31 can directly scavenge mitochondrial ROS.21,23

Figure 5. SS-31 improves kidney mitochondrial function after IR injury. Rats were
subcutaneously treated with saline or SS-31 (2 mg/kg) 30 minutes before occlusion of
renal blood flow for 45 minutes. Treatment was repeated just before onset of reper-
fusion. Mitochondria were freshly isolated from kidney tissue obtained at 5, 20, or 60
minutes after reperfusion. ATP was determined from whole kidney tissue obtained at
the same time points. (A) Mitochondrial respiration was measured by oxygen con-
sumption using isolated mitochondria with complex I substrates (glutamate/malate)
and ADP was added to initiate state 3 respiration. (B) Whole kidney tissue ATP content
was determined using the luciferase assay. n � 4 to 8 in each group. **P � 0.01 and
***P � 0.001 compared with Sham; #P � 0.05 comparing saline and SS-31 treatment.

Figure 6. SS-31 minimizes renal tubular cell detachment at 1 hour after IR injury. Rats were subcutaneously treated with saline or SS-31
(2 mg/kg) 30 minutes before occlusion of renal blood flow for 45 minutes. Treatment was repeated just before onset of reperfusion, and
kidneys were sectioned and stained for �1-integrin by immunohistochemisty and for cell detachment using PAS stain. Panels a through
c show �1-integrin staining (reddish-brown stain as shown by arrow) in (A) Sham, (B) saline-treated IR, and (C) SS-31-treated IR rats.
�1-integrin was clearly localized to the basal membrane of the tubular cell in Sham and SS-31-treated IR animals, whereas it was diffused
throughout the cell in saline-treated IR animals. Panels D through F show that tubular cells are attached to the basement membrane
in (D) Sham and (F) SS-31-treated IR animals, but detached cells, some viable (shown by arrow), were clearly found within the tubular
lumen of (E) saline-treated IR animals. Magnification: �600.
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SS-31 clearly reduced oxidative stress associated with renal IR
injury, as demonstrated by GSH depletion, lipid peroxidation,
and upregulation of HO-1.

Ischemia can cause cell death by apoptosis or necrosis.
Shorter ischemia time (30 minutes) primarily resulted in apo-
ptosis, whereas prolonged ischemia (45 minutes) led to exten-
sive necrosis. The rapid recovery of ATP and prevention of
oxidative stress provided by SS-31 significantly reduced apo-
ptosis and necrosis of tubular cells and preserved tubular func-
tion. SS-31 completely prevented renal dysfunction caused by
30-minute ischemia and significantly reduced AKI from 45-
minute ischemia.

ATP depletion leads to rearrangement of the actin cytoskel-
eton, loss of cell polarity and cell-to-cell contact, and internal-
ization of Na�,K�-ATPase.44 – 46 Rapid ATP recovery is essen-
tial for restoration of cytoskeletal architecture.47 With
30-minute ischemia there was no increase in FENA, but 45-
minute ischemia led to a dramatic increase in FENa that was
prevented by SS-31 treatment. Improved ATP recovery with
SS-31 led to �1-integrin being retained on the basal membrane
even after 45-minute ischemia, thus minimizing loss of tubular
cells, preserving epithelial barrier function, and minimizing
backflow of creatinine.

Medullary microvascular congestion plays an important role
in limiting reflow in the postischemic kidney.48 The trapping of
blood cells is thought to be due to loss of endothelial cell-to-cell

contact, increased microvascular permeability, breakdown of the
perivascular matrix, and increased vascular reactivity.49 ATP de-
pletion and oxidative stress play a role in microvascular conges-
tion.48 Similar to the tubular cell, ATP depletion leads to disrup-
tion of the actin cytoskeleton of the renal microvascular
endothelial cell,50 loss of cell-to-cell contact, and cell detach-
ment.48,51 The rapid recovery of ATP provided by SS-31 appears
to protect the microvascular endothelial cell and dramatically re-
duce microvascular congestion, providing better reflow to the
medulla and improved creatinine clearance.

By acting upstream of epithelial and endothelial injury,
SS-31 was able to prevent the inflammatory reaction that nor-
mally accompanies AKI. Macrophage infiltration and neutro-
phil activation normally contribute to further cellular injury in
late reperfusion. Activated neutrophils release hydrogen per-
oxide and MPO and produce hypochlorous acid, which has
been shown to cause mitochondrial dysfunction and cell death
that could be prevented by SS-31.52 Thus, SS-31 may prevent
downstream inflammatory events that can lead to chronic kid-
ney injury after AKI.

Finally, recovery of the tubular epithelia after IR injury re-
quires proliferation and repolarization of surviving epithelial
cells.53 Cell division, an ATP-dependent process, is suppressed
after ischemia and does not peak until 3 to 4 days after reper-
fusion.54 ROS release after IR injury also inhibits the regener-
ation of tubular cells.55 Treatment with SS-31 significantly ac-

Figure 7. SS-31 reduces renal medullary vascular congestion 1 hour after IR injury. Rats were subcutaneously treated with saline or
SS-31 (2 mg/kg) 30 minutes before occlusion of renal blood flow for 45 minutes. Treatment was repeated just before onset of
reperfusion, and kidney sections were stained with hemotoxylin and eosin. Representative sections from the ISOM are shown in panels
A through C, and representative sections from the inner medulla are shown in panels D through F (magnification: �200). Inset shows
higher magnification of the area identified by the arrow. Kidneys from Sham-operated rats showed minimal erythrocyte trapping in
ISOM and the inner medulla (A, D). Extensive trapping of erythrocytes was found in ISOM and the inner medulla in the saline-treated
IR group (B, E). Erythrocyte trapping was greatly reduced in the SS-31-treated IR group (C, F).
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celerated the rate of tubular cell regeneration as early as 1 day
after IR injury by improving ATP recovery and reducing ROS.
It is also possible that there are fewer viable tubular cells to
undergo proliferation in the saline group.

Recent pharmacologic interventions against IR injury have
concentrated on antioxidants and anti-inflammatory com-
pounds. SS-31 is the first compound that acts upstream of the
initial cell injury by protecting mitochondrial function and oxida-
tive stress during reperfusion. By accelerating ATP recovery and
reducing oxidative damage, SS-31 protects epithelial and endo-
thelial cell viability, maintains cell polarity and cell attachment,
reduces no-reflow, and minimizes inflammation. These findings
suggest that SS-31 may be useful in minimizing AKI induced by
shock or cardiovascular surgery and in minimizing early allograft
dysfunction to improve long-term allograft survival.

CONCISE METHODS

Animals
The study was performed using male Sprague–Dawley rats (Charles

River Laboratories International, Inc., Wilmington, MA) weighing

250 to 300 g. Animals were housed in a light-

controlled room with a 12:12-hour light-dark

cycle and allowed free access to water and stan-

dard rat chow. Care of the rats before and during

the experimental procedures was conducted in

accordance with the policies of the National In-

stitutes of Health Guidelines for the Care and

Use of Laboratory Animals. All protocols had

received prior approval by the Cornell Univer-

sity Institutional Animal Care and Use Com-

mittee.

Materials
Unless otherwise specified, reagents and assay

kits were purchased from Sigma (St. Louis,

MO). Anti-HO-1 goat polyclonal IgG (R&D

Systems, Minneapolis, MN), anti-�1-integrin

(CD29), anti-CD68 (ED-1), mouse monoclonal

IgG (Abcam, Cambridge, MA), anti-PCNA

mouse monoclonal IgG (Dako, Carpinteria,

CA), anti-�-actin mouse monoclonal IgG

(Santa Cruz Biotechnology, Santa Cruz, CA),

horseradish peroxidase (HRP)-conjugated rab-

bit anti-goat IgG and goat anti-mouse IgG

(Pierce, Rockford, IL), alkaline-phosphatase-

conjugated rabbit anti-goat IgG, and horse anti-

mouse IgG (Vector Laboratories Inc, Burlin-

game, CA) were commercially obtained.

Experimental Protocol
Rats were anesthetized with a ketamine/xylazine

mixture (90 mg/kg ketamine and 4 mg/kg xyla-

zine). Bilateral renal ischemia was induced by the

application of nontraumatic microvascular

clamps around both left and right renal pedicles. Ischemia was confirmed

by blanching of the kidneys. After 30- or 45-minute ischemia, the clamps

were removed and reperfusion was confirmed visually. Sham-operated

animals were not subjected to ischemia. During the ischemic interval, the

animals were kept hydrated with normal saline instilled intraperitoneally

and were kept on warm heating pads to maintain body temperature.

After ischemia, the animals were allowed to recover in individual meta-

bolic cages with free access to food and water.

Animals were randomly assigned to the following groups: Sham-

operated, IR with saline, or IR with SS-31 (0.5, 2.0, or 5.0 mg/kg).

Treatment was administered subcutaneously 30 minutes before onset

of ischemia, at the onset of reperfusion, and at 2 hours after reperfu-

sion. Serum and urine samples were collected at 24 hours and stored

at �20°C until analysis. Kidneys were harvested at different times

after onset of reperfusion (5, 20, or 60 minutes or 24 hours) for as-

sessment of mitochondrial respiration, ATP content, oxidative mark-

ers, and histopathology by light and electron microscopy.

Renal Function Assessment
Serum and urine samples obtained 24 hours after reperfusion were

analyzed by the ALX Laboratory at the Animal Medical Center in New

Figure 8. SS-31 reduces renal oxidative stress caused by IR. Rats were subcutaneously
treated with saline or SS-31 (2 mg/kg) 30 minutes before occlusion of renal blood flow
for 45 minutes. (A) Effects of SS-31 on renal GSH level after 1-hour reperfusion. n � 6
to 8 in each group. ANOVA, P � 0.05. *P � 0.05 compared with Sham. GSH level in
the SS-31-treated IR animals was not different from Sham. (B) Effects of SS-31 on lipid
hydroperoxides after 24-hour reperfusion as measured by MDA in renal medullary
tissues. n � 3 to 4 in each group. ANOVA, P � 0.01. *P � 0.05 compared with
Sham-operated animals. (C) Effects of SS-31 on HO-1 expression at 24 hours after IR
injury. Representative western blot for HO-1 from Sham, saline IR, and SS-31 IR animals
is shown with �-actin as a loading control. n � 11 to 12 in each group. ANOVA, P �

0.0001. HO-1 protein expression was significantly increased in saline and SS-31 IR
animals (***P � 0.001 compared with Sham); however, HO-1 expression in SS-31
animals was significantly lower than saline (*P � 0.05).

BASIC RESEARCH www.jasn.org

1048 Journal of the American Society of Nephrology J Am Soc Nephrol 22: 1041–1052, 2011



York. FENa and FEK were calculated as follows: FENa � (UNa � SCr/

SNa � UCr) � 100% and FEK � (UK � SCr/SK � UCr) � 100%, where

U represents urinary, S represents serum, and Cr represents creati-

nine.

Kidney Histopathology
Kidney samples were fixed in 10% neutral-buffered formalin, embed-

ded in paraffin wax, and sectioned at 3-�m thickness. The sections

were stained with PAS or hemotoxylin and eosin and examined by

light microscopy (Nikon Eclipse, TE2000-U). For quantification of

tubular injury score, sections were assessed by counting the percent-

age of tubular necrosis in the OSOM using the following scoring cri-

teria: 0 � normal, 1 � �10%, 2 � 10% to 25%, 3 � 26% to 50%, 4 �

51% to 75%, and 5 � �75%. A total of ten fields were scored from

each sample and averaged.

TUNEL Assay for Apoptosis
Deparaffinized and rehydrated tissue sections were prepared accord-

ing to standard protocols. Slides were incubated with proteinase K for

20 minutes at RT. TUNEL labeling was carried out using an in situ cell

death detection kit (Roche, Indianapolis, IN) according to the man-

ufacturer’s instructions, and color was developed using the diamino-

benzidine substrate kit (Vector, Burlingame, CA). The number of

apoptotic cells in the outer medulla were counted from ten different

fields for each sample and were averaged.

Immunohistochemical Staining for �1-Integrin,

Macrophages, and PCNA
Kidney sections (4 �m) were deparaffinized and rehydrated by xy-

lene, a graded alcohol series, and double-deionized water. Immuno-

staining was based on protocols from the VECTASTAIN ABC kit

(Vector, Burlingame, CA). Briefly, sections were blocked in blocking

buffer for 30 minutes at room temperature; incubated with anti-�1-

integrin, anti-CD68 (ED-1), or anti-PCNA mouse monoclonal IgG;

and incubated with the secondary antibodies of HRP-conjugated rab-

bit anti-mouse IgG or alkaline-phosphatase-conjugated horse anti-

mouse IgG. The number of CD68� cells or PCNA� cells in the outer

medulla were counted from five different fields for each sample and

then averaged.

Electron Microscopy
Pieces of renal cortical and medullary tissue were fixed in 4% parafor-

maldehyde, postfixed in 1% osmium tetroxide, dehydrated in graded

alcohols, and embedded in Epon. Ultrathin sections (200 to 400 Å)

were cut on nickel grids, stained with uranyl acetate and lead citrate,

and examined using a digital electron microscope with a 2.0 CCD

camera (Hitachi H-7500, Pleasanton, CA).

Whole-Tissue ATP Content Assay
Kidney tissue was placed in 5 ml of ice-cold 5% TCA (containing 10

mM dithiothreitol and 2 mM EDTA), cut to small pieces, homoge-

Figure 9. SS-31 reduces inflammation response to IR injury. (A) Macrophage infiltration in medullary region of (a) Sham, (b) saline-
treated IR, and (c) SS-31-treated IR rats. Rats were subcutaneously treated with saline or SS-31 (2 mg/kg) 30 minutes before occlusion
of renal blood flow for 30 minutes. Treatment was repeated just before onset of reperfusion and 2 hours later. Kidney sections obtained
after 24-hour reperfusion were stained for macrophage using anti-CD68 antibody (brown stain); magnification: �200. Inset shows area
indicated by arrow at higher magnification. Note the presence of macrophages (M) and erythrocytes (R) in capillaries adjacent to tubular
cells (T) in the saline IR group. (B) The number of macrophages per high power field were few in the Sham but significantly increased
in the saline-treated IR group. SS-31 treatment completely prevented macrophage infiltration. n � 4 to 6 in each group. ANOVA P �

0.0001. ***P � 0.001 between groups. (C) Effects of SS-31 on neutrophil activation 24 hours after 45-minute ischemia as measured by
the release of MPO. n � 11 to 13 in each group. ANOVA, P � 0.005, *P � 0.05 and **P � 0.01 between groups.
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nized, and incubated for 10 minutes on ice. Tissue homogenate was

centrifuged for 10 minutes at 2000 � g, neutralized with 1 N potas-

sium hydroxide (KOH) to pH 7.6, centrifuged again for 10 minutes at

2000 � g, and stored at �20°C. ATP was determined using an ATP

bioluminescent assay kit.

Isolation of Renal Mitochondria
Excised kidneys were cut and incubated in wash buffer (200 mM

mannitol, 10 mM sucrose, 5 mM HEPES, 1 g/L fatty-acid-free BSA, to

pH to 7.4 with KOH) on ice for 10 minutes. Samples were washed 2

times in isolation buffer (wash buffer with 1 mM EGTA), homoge-

nized for 3 minutes, and then centrifuged in 20 ml of isolation buffer

at 900 � g for 10 minutes. The white fatty acid layer was then removed

and the pellet was discarded. The supernatant was centrifuged at

11,000 � g for 10 minutes, and the pellet was resuspended in 800 �l of

wash buffer and kept on ice for further analysis.

Mitochondria Oxygen Consumption Assay
Oxygen consumption was measured at 30°C using a Clark electrode

(Hensatech, Norfolk, UK). Isolated kidney mitochondria (200 �g)

were added to 1 ml of respiration buffer (3.25 mM potassium dihy-

drogen phosphate, 320 mM sucrose, 7.5 mM HEPES, 0.5 mM EGTA,

pH adjusted to 7.4 with KOH and hydrochloric

acid) and allowed to equilibrate at 30°C for 1

minute. Glutamate (5 mM) and malate (5 mM)

were added as substrates, and state 3 respiration

was initiated by the addition of ADP (400 �M).

GSH Assay
GSH levels in kidney tissue homogenates were

quantified using the enzymatic recycling (GSH

reductase) method described previously.56 The

assay for GSH is based on the reaction of GSH

with 5,5�-dithiobis(2-nitrobenzoic acid), which

produces the 2-nitro-5-thiobenzoic acid chro-

mophore that can be monitored at 412 nm.

MDA Assay
MDA was determined using the TBARS assay

kit according to the manufacturer’s instruc-

tions (Cayman Chemicals, Ann Arbor, MI).

The MDA-TBAR adduct was formed under

high temperature (90 to 100°C) in acidic con-

ditions and measured colorimetrically at 532

nm using a plate reader (Molecular Devices,

Sunnyvale, CA).

Western Blot Analysis for HO-1
Tissue homogenate was prepared according to

the lysis protocol for radioimmunoprecipita-

tion assay buffer (Santa Cruz Biotechnology,

Santa Cruz, CA). Homogenate (35 �g) was sus-

pended in loading buffer and subjected to a 12%

sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis. The resolved proteins were trans-

ferred to a polyvinylidene fluoride membrane.

After electroblotting, the membrane was incubated overnight with

anti-HO-1 (0.5 �g/ml) antibody or for 1 hour with anti-�-actin (1:

5000). Membranes were further incubated for 1 hour with their re-

spective HRP-conjugated antibodies. Protein bands were detected

with an enhanced chemiluminescence detection system (Cell Signal-

ing, Danvers, MA) and autoradiography. Bands were evaluated for

integrated density values on Flurochem 8900 software.

MPO Assay
Tissue homogenates were prepared and solubilized according to in-

structions for the Fluoro MPO detection kit (Cell Technology Inc,

Mountain View, CA). N-ethylmaleimide, catalase inhibitor, and

erythropoietin inhibitor were added to minimize interference. The

fluorescence signal was measured at an excitation of 530 nm and an

emission of 590 nm using a Gemini XPS fluorescence plate reader.

Statistical Analysis
Results are expressed as means � SEM. Statistical analysis was carried

out using Prism software (GraphPad Software, Inc., San Diego, CA).

Multiple group comparisons were performed using ANOVA followed

by a Tukey post hoc test. A t test was used for comparison between two

groups. A P value �0.05 was considered statistically significant.

Figure 10. SS-31 accelerates proximal tubular cell regeneration at 24 hours after IR
injury. Rats were subcutaneously treated with saline or SS-31 (2 mg/kg) 30 minutes
before occlusion of renal blood flow for 45 minutes. Treatment was repeated just
before onset of reperfusion and 2 hours later. Representative kidney sections showing
immunostaining of PCNA from (A) Sham, (B) saline-treated IR, and (C) SS-31-treated IR
animals. Sections were developed using alkaline phosphatase staining, and PCNA�

cells are shown as red nuclei (arrows). PCNA� cells were very few in the Sham animals
and slightly increased 24 hours after IR injury in the saline treatment group, but they
were significantly increased in the SS-31 treatment group (D). n � 4 in each group.
**P � 0.01 between groups.
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