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ABSTRACT

Ischemia causes AKI as a result of ATP depletion, and rapid recovery of ATP on reperfusion is important to

minimize tissue damage. ATP recovery is often delayed, however, because ischemia destroys the mito-

chondrial cristae membranes required for mitochondrial ATP synthesis. The mitochondria-targeted com-

pound SS-31 accelerates ATP recovery after ischemia and reduces AKI, but its mechanism of action

remains unclear. Here, we used a polarity-sensitive fluorescent analog of SS-31 to demonstrate that SS-

31 binds with high affinity to cardiolipin, an anionic phospholipid expressed on the inner mitochondrial

membrane that is required for cristae formation. In addition, the SS-31/cardiolipin complex inhibited

cytochrome c peroxidase activity, which catalyzes cardiolipin peroxidation and results in mitochondrial

damage during ischemia, by protecting its heme iron. Pretreatment of rats with SS-31 protected cristae

membranes during renal ischemia and prevented mitochondrial swelling. Prompt recovery of ATP on

reperfusion led to rapid repair of ATP-dependent processes, such as restoration of the actin cytoskeleton

and cell polarity. Rapid recovery of ATP also inhibited apoptosis, protected tubular barrier function,

and mitigated renal dysfunction. In conclusion, SS-31, which is currently in clinical trials for ischemia-

reperfusion injury, protectsmitochondrial cristae by interactingwith cardiolipin on the innermitochondrial

membrane.
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Ischemic AKI occurs in many clinical settings,
including shock, sepsis, and cardiovascular surgery,
and it leads to increased mortality in critically ill
patients.1 Ischemia-reperfusion injury is also a crit-
ical issue in organ transplantation, where it can re-
sult in delayed graft function, and is a major risk
factor for chronic allograft nephropathy.2,3

Tissue injury occurs during ischemia as a result
of ATP depletion. The rapid drop in ATP leads to
cytoskeletal changes in tubular epithelial cells,
because ATP is required for actin polymeriza-
tion,4 resulting in breakdown of the brush border,
loss of cell–cell contact, disruption of barrier func-
tion, and cell detachment.5 These cytoskeletal
changes are reversible if the duration of ischemia
is brief and ATP recovery occurs rapidly on reper-
fusion. Mitochondrial function is pivotal to the re-
covery of ATP in proximal tubular cells, because

they have minimal glycolytic capacity and must
rely on oxidative phosphorylation for ATP synthe-
sis. However, ATP recovery is often delayed on re-
perfusion, because ischemia results in loss of cristae
membranes and mitochondrial swelling.6,7 The re-
covery of ATP can be further compromised by mi-
tochondrial permeability transition (MPT) during
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reperfusion, leading to mitochondrial depolarization and cy-
tochrome c (cyt c) release.8

We recently reported on a compound, SS-31 (also known as
MTP-131 or Bendavia), that can accelerate ATP recovery after
ischemia and reduces ischemic kidney injury.9Although SS-31
is known to selectively target the inner mitochondrial mem-
brane (IMM) and inhibit MPT,10 its exact mechanism of action
in promoting ATP recovery after ischemia remained elusive.11

Because SS-31 carries a 3+ net charge at physiologic pH, we
hypothesized that it might bind to cardiolipin (CL), an anionic
phospholipid that is uniquely expressed on the IMM.12Using a
polarity-sensitive fluoroprobe, we show that SS-31 selectively
binds to CL by both electrostatic and hydrophobic interactions.

CL domains are required for proper cristae formation,12,13

and they are also involved in the organization of respiratory
complexes into supercomplexes to facilitate electron transfer
and optimize bioenergetic efficiency.14–17 During ischemia,
CL peroxidation causes loss of CL and mitochondrial cristae,
which would reduce ATP synthesizing capability on reperfu-
sion.18–20 Furthermore, CL peroxidation releases cyt c from
the IMM and promotes its release into the cytosol through
both MPT-dependent and -independent mechanisms.21–24

It is now recognized that the oxidation of CL by H2O2 is
greatly enhanced in the presence of cyt c.25 Approximately
20%of cyt c is tightly bound toCL by hydrophobic interaction,
and the insertion of an acyl chain into cyt c exposes the heme
iron (Fe) to hydrogen peroxide (H2O2), thereby converting cyt
c into a peroxidase.26–28 In this paper, we show that cyt c per-
oxidase activity is stimulated by high calcium (Ca2+) and
H2O2, conditions commonly found in ischemia-reperfusion
injury, and this enhanced activity is inhibited by SS-31. Fur-
thermore, we have evidence that the [SS-31/CL] complex in-
hibits cyt c peroxidase activity by protecting heme ligation in
cyt c. These findings shed new light on the target and mech-
anism of action of SS-31.

RESULTS

SS-31 Selectively Interacts with Hydrophobic Domain

of CL

Previous studies have shown that the SS peptides are cell-
permeable and selectively concentrate in the IMM.10,29 We
hypothesized that SS-31, with its 3+ net charge, interacts elec-
trostatically with anionic phospholipids on the IMM. We
used aladan (ald), a polarity-sensitive fluorescent amino
acid, to probe whether SS-31 interacts with phospholipids.
Ald increases emission intensity as the polarity of its environ-
ment decreases, and its emission maximum (lmax)
undergoes a blue shift.30Aldwas incorporated into the peptide
sequence of SS-31 (D-Arg-Dmt-Lys-Phe-NH2; Dmt=2’,6’-
dimethylTyr) by substituting Ald for Phe (D-Arg-Dmt-Lys-
Ald-NH2; [ald]SS-31) (Figure 1A). We first examined the
ability of [ald]SS-31 to interact with different anionic phospho-
lipids. CL, phosphatidylglycerol (PG), and phosphatidylserine

(PS) all increased fluorescence emission of [ald]SS-31 and
caused a leftward shift inlmax (Figure 1B). The effect was great-
est with CL. Phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), and cholesterol did not elicit any changes in the
emission spectrum of [ald]SS-31 (Figure 1C), suggesting that
[ald]SS-31 only interacts with anionic phospholipids. PS is
mostly localized to the inner leaflet of the plasma membrane
and constitutes only 1% of the IMM.31 Although [ald]SS-31
interacts with PS in vitro, intracellular localization studies with
biotinylated SS-31 in cultured renal epithelial cell showed selec-
tive perinuclear mitochondrial distribution with no staining of
the plasmamembrane (Figure 1D). Thus, the selective partition-
ing of SS-31 to the IMM is most likely caused by its interaction
with CL. The binding of CL to 1 mM [ald]SS-31 is saturable
(Figure 1E), with KD being 1.8760.64 mM. To rule out the pos-
sibility that interaction of [ald]SS-31 with CL is an artifact
caused by the fluoroprobe, we show that ald itself does not in-
teract with CL (Figure 1F). In addition, SS-31 is able to displace
nonyl acridine orange, a fluoroprobe known to selectively bind
CL32 (Figure 1G). We also show that the addition of CL dose-
dependently alters the intrinsic fluorescence of SS-31 (Figure
1H), suggesting that the incorporation of ald did not signifi-
cantly alter the ability of SS-31 to bind CL.

CL-Induced Cyt c Peroxidase Activity

Cyt c peroxidase activity has been shown in vitro with the
addition of CL in the presence of H2O2.26,27 We measured
cyt c peroxidase activity using amplex red, which reacts with
H2O2 in the presence of a peroxidase to produce a fluorescent
product. Incubation of cyt c (2 mM) in the presence of 10 mM
H2O2 alone produced very low fluorescence signal (Figure
2A). However, fluorescence increased 34-fold when 30 mM
CL was added to cyt c and 10 mM H2O2 (Figure 2A). Some
cyt c peroxidase activity was also detected with PS and PG but
not PC or PE. Because no other peroxidase was added, these
results confirm that cyt c can act as a peroxidase in the presence
of CL and H2O2. SS-31 and [ald]SS-31 both inhibited cyt c
peroxidase activity (Figure 2B).

We also used permeabilized mitochondria to determine
peroxidase activity of endogenous cyt c in mitochondria. Per-
meabilized mitochondria showed very low peroxidase activity
when incubated in 10 mM H2O2 but increased five- to sixfold
on the addition of CL (Figure 2C). Actual mitochondrial
H2O2 concentration is not known, but it is clear that CL can
serve as a catalyst to induce cyt c peroxidase activity in the
presence of any H2O2. This mitochondrial peroxidase activity
was also inhibited by SS-31 (effective concentration, 50%
[EC50]=0.860.06 mM), confirming that SS-31 can potently
inhibit endogenous cyt c peroxidase (Figure 2D).

During ischemia, the rapid drop in cellular ATP leads to
elevation in cytosolic Ca2+ followed by increase in mitochon-
drial Ca2+. Calcium induces mitochondrial reactive oxygen
species (ROS) and CL peroxidation, and it promotes MPT.22,33

We found that Ca2+ directly stimulates cyt c peroxidase activity
in a dose-dependent manner (Figure 2E), and SS-31 inhibited
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Ca2+-induced cyt c peroxidase activity with EC50=0.860.06mM
(Figure 2F).

Mechanism by Which SS Peptides Inhibit Cyt c

Peroxidase Activity

SS-31may interferewith cyt cperoxidase activity by preventing
the hydrophobic interaction of CL with cyt c. The addition of
CL caused the lmax of [ald]SS-31 to shift from 530 to 500 nm
(Figure 3A). When cyt c was added to this [SS-31/CL] com-
plex, the fluorescence signal was dramatically quenched, and
another shift was seen in the lmax from 500 to 450 nm. The
quenching of the fluorescent signal indicates that this [SS-31/
CL] complex must be localized very close to the heme, which
is a large resonance acceptor. No quenching was observed in

the absence of CL. The additional shift of the lmax from
510 to 450 nm indicates that the complex can penetrate
deep into a hydrophobic cavity in cyt c. These findings indicate
that SS-31 does not prevent the interaction between CL and
cyt c.

Previous studies suggest that the insertion of aCL acyl chain
into the heme crevice of cyt c disrupts theMet80-Fe coordinate
and exposes the heme Fe.34,35 Disruption of the Met80-Fe
ligation can be monitored by circular dichroism (CD).36,37

The addition of CL to cyt c resulted in the loss of the negative
Cotton peak at 419 nm and was prevented by the addition of
SS-31 in a 1:1 ratio with cyt c (Figure 3B). Thus, SS-31 protects
the Met80-Fe bond and prevents CL from exposing the heme
Fe to induce peroxidase activity.

Figure 1. SS-31 interacts selectively with CL. (A) Chemical structures of SS-31 and [ald]SS-31. (B) Representative fluorescence emission
spectra of [ald]SS-31 (1 mM, lex=360 nm) in the presence of different anionic phospholipids (3 mM). A shift in emission maximum (lmax)
and increase in fluorescence intensity were observed with the addition of CL, PS, and PG but not with PA. (C) Representative fluo-
rescence emission spectra of [ald]SS-31 in the presence of other lipids (3 mM). Chol, cholesterol. There was no shift in lmax with the
zwitterionic phospholipids or cholesterol. (D) Intracellular localization of biotinylated SS-31 in feline kidney cells. Biotin was visualized
with streptavidin-AlexaFluor594. (E) The interaction of CL with 1 mM [ald]SS-31 is saturable, with KD=1.8760.64 mM. (F) Representative
fluorescence emission spectra of [ald]SS-31 (1 mM) showing a concentration-dependent increase in fluorescence intensity with the
addition of CL. (G) SS-31 displaces nonyl acridine orange (NAO) interaction with CL in a competitive manner. (H) Representative
fluorescence emission spectra of 10 mM SS-31 (lex=254 nm) with the addition of CL at different CL:SS-31 ratios. RFU, relative fluo-
rescence units.
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SS-31 Protects Proximal Tubular Mitochondrial Cristae
during Ischemia

To determine if SS-31 can inhibit CL peroxidation during
ischemia-reperfusion, rats were subjected to bilateral renal
ischemia for 30 minutes followed by reperfusion. The animals
were divided into three groups, with six rats per group.Group I
was a sham-operated control group, group II underwent
ischemia-reperfusion with saline treatment, and group III
received SS-31 during ischemia-reperfusion. SS-31 (2 mg/kg)
or salinewas injected subcutaneously 30minutesbefore ischemia
and again at the onset of reperfusion. SS-31 is rapidly absorbed
after subcutaneous injection and selectively concentrates in the
kidney (Table 1). Electron microscopic examination of sham-
operated kidneys revealed elongated mitochondria with
densely packed cristae that are organized along the actin cyto-
skeletal structure (Figure 4A). After 30 minutes of ischemia,
mitochondria in proximal tubules of saline-treated kidneys

were dramatically swollen, with a threefold increase in mito-
chondrial area. Matrix density was drastically reduced, and
there was almost complete loss of cristae membranes. In con-
trast, althoughmitochondria from SS-31–treated kidneys were
rounded, they were not swollen and retained mitochondrial
density.

SS-31 Rapidly Restores Normal Mitochondrial

Structure after Ischemia
Within 5 minutes of reperfusion, the SS-31–treated mito-
chondria began to recover their elongated shape, and densely
packed cristae are clearly visible (Figure 4B). Mitochondrial
area and matrix density were not different from sham. The
mitochondria are once again aligned with the actin cytoskel-
eton. In contrast, mitochondria in saline-treated kidneys re-
mained swollen, with minor recovery of cristae membranes
and matrix density, and substantial recovery of mitochondrial

Figure 2. SS-31 inhibits cyt c peroxidase activity. (A) Effects of various phospholipids on inducing cyt c peroxidase activity in vitro. PC,
PE, PG, PS, or CL (30 mM) was added to 2 mM cyt c. Peroxidase activity was measured using amplex red fluorescence in the presence of
10 mM H2O2. (B) SS-31 dose-dependently inhibits cyt c peroxidase activity induced by 30 mM CL (EC50=3.560.03 mM). (C) Effects of
various phospholipids in inducing peroxidase activity in permeabilized mitochondria. (D) SS-31 dose-dependently inhibits CL-induced
peroxidase activity in permeabilized mitochondria (EC50=0.860.06 mM). The open square represents inhibition of peroxidase activity
produced by 10 mM [ald]SS-31, showing that it has comparable activity with the activity of SS-31. (E) Effects of Ca2+ on CL-induced cyt c
peroxidase activity. (F) SS-31 dose-dependently inhibits Ca2+-induced cyt c peroxidase activity (EC50=0.860.06 mM). All data are
represented as mean 6 SEM (n=4–8).
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structure was not observed, even after 20 minutes reperfusion
(data not shown).

SS-31 Promotes Rapid Recovery of the Brush Border
after Ischemia

The loss of intracellular ATP interferes with actin polymeri-
zation and causes breakdown of the actin cytoskeleton.4,38,39

The regeneration of the brush border is dependent on the
restoration of cellular ATP. The microvilli of proximal tubular
epithelial cells are long and well organized in the sham-operated
kidneys (Figure 5A). After 30 minutes of ischemia, the brush
borders of saline-treated proximal tubules are completely
disorganized and retracting into the cytosol (Figure 5B). The
microvilli remain completely disrupted, with no evidence of
actin bundles in the saline-treated kidneys after 5 minutes of
reperfusion (Figure 5C). In contrast, long actin bundles are
evident in most proximal tubules from SS-31–treated kidneys
(Figure 5, D and E). We also followed the recovery of the brush
border with phalloidin staining of F-actin. Compared with
saline-treated kidneys, F-actin staining was much better

preserved at the luminal surface of proximal
tubular epithelial cells in SS-31–treated kid-
neys, and full recovery of brush border was
apparent within 5 minutes of the onset of
reperfusion (Figure 5F).

SS-31 Restores Proximal Tubular Cell
Polarity within 5 Minutes of

Reperfusion

We also looked at cell–cell contact and at-
tachment of proximal tubular cells to the
extracellular matrix during ischemia-
reperfusion. E-cadherin is an adhesion
molecule that is normally localized to the
lateral membrane of tubular cells, whereas
b1-integrin is localized to the basal mem-
brane and responsible for cell attachment
to the extracellular matrix (Figure 6A). Is-
chemia led to diffuse cytoplasmic redistri-
bution of E-cadherin from the lateral
membrane and b1-integrin from the basal
membrane (Figure 6B). Within 5 minutes

of reperfusion, both adhesion molecules had returned to
their proper locations in the SS-31 group (Figure 6D) but
not in the saline group (Figure 6C). Full relocalization of
E-cadherin to the lateral membrane was not achieved in the
saline group until 20 minutes after reperfusion, whereas b1-
integrin remained diffuse even after 60 minutes (data not
shown).

SS-31 Prevents Cell Detachment and Apoptosis after
Ischemia-Reperfusion

The rapid reorganization of the cytoskeleton by SS-31 pre-
vented detachment of viable tubular cells that is normally
observed 24 hours after ischemia-reperfusion injury (Figure
7). There was also a significant reduction in apoptotic cells in
the outer medulla as revealed by terminal deoxynucleotidyl
transferase-mediated digoxigenin-deoxyuridine nick-end la-
beling (TUNEL) stain at 24 hours (Figure 8). As a result, SS-31
treatment completely prevented alterations in renal function
caused by 30 minutes of ischemia (Table 2).

DISCUSSION

Earlier studies have shown that SS-31 is highly effective in
minimizing ischemia-reperfusion injury in a number of pre-
clinical models.9,40–44 Although it was known that SS-31 con-
centrates in the IMM and inhibits MPT,10 its exact mechanism
of action remained unclear. Because SS-31 carries a 3+ net
charge, we hypothesized that it binds to the anionic phospho-
lipid CL that is uniquely expressed on the IMM. The use of the
polarity-sensitive fluoroprobe ald showed that this very polar
tetrapeptide can interact with the hydrophobic domain of CL.
[ald]SS-31 also interacts in vitro with the other anionic

Figure 3. SS-31 prevents CL from exposing the heme Fe in cyt c to induce peroxidase
activity. (A) Change in emission spectrum of [ald]SS-31 on addition of CL and cyt c.
Addition of 6 mM cyt c to [ald]SS-02 (1 mM) and CL (3 mM) causes dramatic quenching
and additional shift of lmax from 510 to 450 nm, suggesting that the CL–peptide
complex resides in a hydrophobic domain in close proximity to the heme. (B) SS-31
prevents the effect of CL on the negative Cotton peak in Soret spectrum of cyt c. CD
was carried out with 10 mM cyt c alone (gray) or in the presence of 20 mM CL (black) or
CL plus 10 mM SS-31 (red).

Table 1. Tissue distribution of 125I-SS-31 after subcutaneous
administration to rats

Tissue

125I-SS-31 (ng/g or ng/ml)

0.5 h 2 h 6 h 16 h

Plasma 56746894 781961860 4076190 145646

Kidney 14,06061428 25,32663497 23,53964603 906862617

Heart 8336228 10016144 236637 116618

Liver 18976143 46066583 44186653 12966123

Lung 26006442 21526812 9226134 4466163

Fat 309652 275661 117623 6969

Data are presented as mean 6 SD; n=5 for each time point.
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phospholipids, PS and PG, but to a lesser
extent compared with CL. There is no in-
teraction with the zwitterionic PE or PC or
with cholesterol. This finding suggests that
electrostatic interaction plays a role in the
partitioning of SS-31 to CL. CL is unique in
that it has two phosphate head groups and
four acyl chains.12 Figure 9A illustrates how
electrostatic interaction between the two
basic amino acid residues (Arg and Lys)
and the two anionic phosphate head
groups on CL aligns the aromatic residues
within the hydrophobic acyl chain region.
This finding may explain why interaction is
stronger for the dimeric CL compared with
the monomeric PS and PG. PS is negligible
in the IMM, and although PG is an impor-
tant intermediate for the synthesis of CL,
it does not accumulate in mitochondria
under normal conditions.12 Thus, we con-
clude that the selective partitioning of SS-
31 to the IMM is primarily caused by its
high affinity for CL. Although a number
of compounds have been reported to target
the mitochondrial matrix in a potential-
dependent manner,45 SS-31 is the first
compound to selectively target CL on the
IMM.

CL is important for cristae formation
and optimal function of the electron trans-
port chain.12–16 It serves to bind cyt c to the
IMM to permit efficient electron transfer
between complexes III and IV. This binding
of cyt c is lost when CL is peroxidized, and
CL peroxidation is recognized as the initial
step to opening of the MPT pore.21–23 Is-
chemia and high Ca2+ stimulate CL perox-
idation by increasing mitochondrial
ROS.19,33,46 We now show that high Ca2+

can also induce CL peroxidation by directly
stimulating cyt c peroxidase activity, and
this in vitro activity can be inhibited by
SS-31. Furthermore, because SS-31 can
concentrate in the IMM by ;5000-fold,29

it can potently inhibit mitochondrial per-
oxidase activity at 1–10 mM. Thus, SS-31

Figure 4. SS-31 protects mitochondrial cristae during ischemia. Representative electron
microscopic images of mitochondria in proximal tubular cell from sham-operated controls
and saline- or SS-31–treated kidneys (A) immediately after 30 minutes of ischemia and (B)
after 5 minutes of reperfusion. Original magnification, 320,000 in top panel. The boxed

area in the top panel is magnified in the cor-
responding middle panel. Changes in mito-
chondrial size and matrix density were quan-
tified by image analysis as described in
Concise Methods. Data are presented as
mean 6 SEM. ***P,0.001.
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may inhibit CL peroxidation by two mechanisms—reducing
mitochondrial ROS by scavenging H2O2

10,47,48 and directly
inhibiting cyt c peroxidase activity. Additional experiments
are required to show direct inhibition of CL peroxidation in

vivo. The ability of SS-31 to inhibit CL peroxidationmay be the
mechanism behind MPT inhibition.10

In its native state, cyt c is tightly folded, and its peroxidase
activity is very low, because all six coordination positions in its
heme Fe are occupied. Peroxidase activity increases signifi-
cantly when the protein is partially unfolded or the Met80-
Fe bond is weakened or ruptured by exposure to CL.27,34 Our
studies suggest that SS-31 prevents CL from breaking the
Met80-Fe coordination in cyt c. A proposed model for this
mechanism is illustrated in Figure 9B. Unlike other inhibitors
of cyt c peroxidase that have been described,49–52 SS-31 is

selectively targeted to CL rather than the mitochondrial ma-
trix and does not alter CL composition or the normal inter-
action between CL and cyt c.

The IMM is organized in two distinct domains: the inner
boundary membrane and the cristae membrane that is
enriched with all of the respiratory complexes.20 In tubular
cells, like in other cells with high metabolic demand, cristae
membrane makes up most of the IMM, with deep invagina-
tions that extend into the matrix. CL is required for proper
cristae formation, because its unique conical structure favors
formation of curvatures rather than bilayers.12 CL peroxida-
tion during ischemia leads to loss of cristae membranes and
inhibition of oxidative phosphorylation.53–55 Mitochondrial
ATP depletion compromises osmotic regulation in mitochon-
dria and leads to matrix swelling.56 In the present study, 30
minutes of ischemia dramatically reduced cristae membranes,
and mitochondrial size increased by more than threefold.
Treatment with SS-31 before ischemia prevented mitochon-
drial swelling and significantly helped to preserve cristae
membranes. Because swelling is caused by failure of energy-
driven water efflux mechanisms, these results suggest that re-
nal epithelial cells treated with SS-31 managed to produce
sufficient ATP during ischemia to maintain fluid regulation
in mitochondria.

Reperfusion is associated with slow recovery of cristae
membranes in the saline group, although mitochondria
remained very swollen, suggesting that ATP synthesis remains
compromised. In contrast, the SS-31–treated mitochondria
completely recovered cristae membranes within 5 minutes
of reperfusion, and this accelerated ATP recovery led to rapid
repair of cytoskeletal structure and preservation of tubular
integrity. Furthermore, inhibition of CL peroxidation mini-
mized MPT, inhibited apoptosis, and preserved renal func-
tion. Although other mitochondria-targeted antioxidants
have been reported to minimize ischemia-reperfusion in-
jury,57,58 none have reported protection of mitochondrial
structure and ATP production.

Our results show that SS-31 is very effective in preventing
acute ischemia-reperfusion injury and suggest that it may be
beneficial for conditions where renal ischemia is predictable,
such as sepsis, shock, and cardiovascular surgery. SS-31 may
also improve graft survival in transplantation, especially with
extended criteria donor kidneys. Although SS-31 was given
before ischemia in the present study, it has also been shown to
reduce infarct size and prevent no reflow when given after
myocardial ischemia40,43,59 and after cerebral ischemia in
mice.41 SS-31 can even improve kidney outcome after reper-
fusion after chronic ischemia in a porcine model of renal ar-
tery stenosis.44 The validity of CL as a target for therapeutic
development is currently being evaluated in a multinational
clinical trial with Bendavia for reperfusion injury in patients
with acute coronary events (NCT01572909), and a Phase 2
trial was just initiated to assess the effectiveness of Bendavia
on improving renal function after angioplasty for severe renal
artery stenosis (NCT01755858).

Figure 5. SS-31 promotes restoration of brush border in proximal
tubular cells after reperfusion. Representative electron micro-
scopic images of proximal tubules brush border from (A) sham-
operated control, (B) saline-treated animal after 30 minutes of
ischemia, (C) saline-treated animal after 30 minutes of ischemia
and 5 minutes of reperfusion, and (D) SS-31–treated animal after
30 minutes of ischemia and 5 minutes of reperfusion. (E) Actin
filaments (shown by arrows) are seen here in higher magnification
from the area selected in D. (F) F-actin staining in proximal tu-
bules of (top panel) saline and (bottom panel) SS-31 kidneys (a) at
the end of 30 minutes of ischemia and after (b) 5 minutes of re-
perfusion and (c) 20 minutes of reperfusion. Original magnifica-
tion, 3600.
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CONCISE METHODS

Chemicals
SS-31 was supplied by Stealth Peptides Inc., Newton Centre, MA.

[ald]SS-31andbiotin-SS-31weresynthesizedusingstandardsolid-phase

peptide synthesis (Dalton Pharma Services, Toronto, Ontario, Canada);

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphate, 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine,1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-etha-

nolamine, and 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol)

were obtained from Avanti Polar Lipids Inc. (Alabaster, AL). CL

from bovine heart (consisting primarily of tetralinoleoyl CL) and all

other reagents and assay kits were purchased from Sigma (St. Louis,

MO).

Synthesis of Ald
Ald was synthesized from commercially available 6-methoxy-2-

acetonaphthone by a modification of known literature procedures.

We found 2-iodo-1-[6-(dimethylamino)naph-

thalen-2-yl]ethanone, an intermediate in

the original procedure,30 to be both light and

thermally sensitive, making subsequent manip-

ulation difficult. Conversely, 2-bromo-1-[6-(di-

methylamino)naphthalen-2-yl]ethanone, an

intermediate in another method,60 was much

easier to handle and was used as the electrophile

in the chiral cinchonidiniumbromide-catalyzed

enantioselective alkylation of N-(diphenyl-

methylene)glycine tert-butyl ester. Further-

more, final hydrolysis of the imine and ester

functionalities using the reported 6 M HCl suf-

fered from poor yield. Hydrolysis with ethane-

1,2-dithiol in trifluoroacetic acid proved to be

much more reliable and higher yielding. Addi-

tion of the Fmoc (fluorenylmethoxycarbonyl)

moiety was accomplished under basic condi-

tions.61 The Fmoc-ald was used for synthesis

of [ald]SS-31.

Interaction of SS Peptides with Phospholipids
Interaction of SS-31 with phospholipids was examined by changes in

fluorescence spectra of [ald]SS-31, an SS-31 analog that contains the

polarity-sensitive fluorophore ald (lex=360 nm; Hitachi F-4500

fluorescence spectrophotometer). All experiments were done in de-

ionized water or 20 mM Hepes (pH 7.4) to optimize electrostatic

interactions of peptides with phospholipids. The different solvents

used to dissolve the various phospholipids (chloroform, methanol,

and ethanol) had negligible effect on the fluorescence spectra. To rule

out the possibility that interaction of [ald]SS-31 with CL is an artifact

caused by the fluoroprobe, we determined the ability of SS-31 to

displace nonyl acridine orange, a fluoroprobe known to selectively

bind CL.32 In addition, the interaction of SS-31 with CL was also

examined by changes in intrinsic fluorescence of SS-31 caused by

its Phe and Tyr residues (lex=257 nm).

Intracellular Localization of SS-31
Intracellular targeting of SS-31 was determined by incubating feline

kidneycells, grown inbiotin-freemedia for24hours,withbiotinylated

SS-31 for 1 hour. Cells were then fixed with 4% paraformaldehyde,

permeabilized with 0.1% triton, and treated with Streptavidin-

AlexaFluor594 for 30 minutes at room temperature. Fluorescence

staining was observed by wide-field fluorescent microscope (Nikon

Eclipse TE2000-U).

Cyt c Peroxidase Activity Assay
Assessment of cyt c peroxidase activity was achieved using the Amplex

Red assay. Amplex Red is a reagent that reacts with H2O2 in a 1:1

stoichiometry to produce highly fluorescent resorufin (lex/

lem=570/585 nm) in the presence of a peroxidase. In our assay, cyt

c is added in place of horseradish peroxidase. Cyt c (2 mM) was in-

cubated with different phospholipids (30 mM) for 1 minute in 200 ml

Hepes (pH 7.5) before the addition of 10 mM H2O2 and 50 mM

Amplex Red reagent, and the reaction was allowed to proceed for

Figure 6. SS-31 promotes rapid recovery of actin cytoskeleton and proximal tubular cell
polarity after ischemia. Immunohistochemical staining of E-cadherin and b1-integrin in
proximal tubular cells (A) in sham-operated controls, (B) after 30 minutes of ischemia,
and after 5 minutes of reperfusion with (C) saline or (D) SS-31 treatment. Original
magnification, 3600.

Figure 7. SS-31 prevents tubular epithelial cell detachment
caused by 30 minutes of ischemia. Representative periodic acid–
Schiff stain showing detachment of viable proximal tubular cells
24 hours after ischemia in saline-treated and SS-31–treated kid-
neys. Original magnification, 3200. Insets show higher magnifi-
cations of areas indicated by the arrows.
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an additional 5 minutes. The continuous time course data were ob-

tained using a microplate spectrofluorometer (Molecular Devices,

Sunnyvale, CA). Horseradish peroxidase (0.001 U/ml) was used

as a control.

CD Spectroscopy
CD spectra were collected with an AVIA 62 DS spectrophotometer

equipped with a sample temperature controller. CD spectra of the

Soret region (370–450 nm) were recorded with 10-mm path-length

cells containing 20 mM Hepes (pH 7.4) and 10 mM cyt c in the

presence or absence of 30 mg/ml CL and SS-31. The maximum lipid

concentration was kept low to avoid spectral distortions caused by

excessive light scattering. All measurements were done at 25°C. All

spectra were corrected for background, and the final spectrum shown

represents the average of at least three experiments.

Animals
The study was performed using male Sprague–

Dawley rats (Charles River Laboratories Inter-

national, Inc., Wilmington, MA) weighing 250–

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 standard rat

chow. Care of the animals before and during

the experimental procedures was conducted

in accordance with the policies of the National

Institutes of Health Guidelines for the Care

and Use of Laboratory Animals. All protocols

had received prior approval by the Cornell

University Institutional Animal Care and Use

Committee.

Mitochondrial Peroxidase Activity

Assay
Mitochondria were isolated from the kidneys

of male Sprague–Dawley rats according to re-

ported methods.9 Mitochondria were either

used fresh immediately after isolation or frozen

at 280°C for later use. Permeabilized mito-

chondria were obtained by freezing freshly iso-

lated kidney mitochondria at 280°C for 24

hours and then thawing them on ice. These

once-frozen mitochondria were capable of sup-

porting uncoupled respiration in the presence of

either succinate or NADH, suggesting that they

were permeable to small molecules. Addition of

exogenous cyt c did not enhance respiration, indicating that they were

not permeable to large proteins. Permeabilized mitochondria (80 mg

in 200 ml Hepes, pH 7.5) were incubated with CL (30 mM) for 1

minute before the addition of 10 mM H2O2 and 50 mM Amplex

Red reagent, and the reaction was allowed to proceed for another

10 minutes.

Ischemia-Reperfusion Experimental Protocol
Rats were anesthetized with ketamine/xylazine cocktail (90 mg/kg

ketamine and 4mg/kg xylazine). Bilateral renal ischemiawas 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 minutes of ischemia, the clamps

were removed, and reperfusion was confirmed visually. Sham-

operated animals were not subjected to ischemia. After ischemia,

the animals were allowed to recover in individual metabolic cages

with free access to food and water. Animals were randomly assigned

to the following groups: sham-operated, ischemia with saline, or

ischemia with SS-31 (2.0 mg/kg). Treatment was administered

subcutaneously 30 minutes before onset of ischemia and at the onset

of reperfusion. Serum and urine samples were collected at 24 hours

and stored at 220°C until analysis by the ALX Laboratory at the

Animal Medical Center, New York, NY. Kidneys were harvested at

different times after ischemia for histopathology by light and elec-

tron microscopy.

Figure 8. SS-31 prevents tubular cell apoptosis caused by 30 minutes of ischemia.
Representative TUNEL staining in the outer medulla 24 hours after ischemia injury from
(A) sham, (B) saline-treated, and (C) SS-31–treated kidneys. Original magnification,
3200. TUNEL-positive cells are indicated by arrows. Asterisks show necrotic cells.
Apoptotic cells were seen in both proximal (P) and distal (D) tubules. Necrotic cells
were seen more often in proximal tubules. SS-31 reduced apoptotic cells in both
proximal and distal tubules. Data are represented as mean 6 SEM. ***P,0.001.

Table 2. Renal function 24 hours after ischemia-reperfusion
injury

Biomarker Sham Saline SS-31

Serum creatinine (mg/dl) 0.3960.01 1.7260.55a 0.6260.09

BUN (mg/dl) 13.2560.59 73.17613.93b 34.3367.67

Creatinine clearance (ml/h) 33.3262.51 10.7763.39b 25.0864.44

Data are presented as mean 6 SEM (n=6).
aP,0.01 compared with sham-operated control.
bP,0.001 compared with sham-operated control.
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Distribution of SS-31 in Rats
A 125I-SS-31 solution of 5.27 mg/ml with specific activity of 4808.63

kBq/mg was prepared, diluted, and administered subcutaneously to

five rats at a dose of 3 mg/kg. Plasma and tissue levels were deter-

mined by reverse-phase HPLC, and g-radioactivity was detected by a

Packard Radiomatic 500 TR Flow Isotope Detector.

Renal Histopathology
Kidney samples were fixed in 4% paraformaldehyde, embedded in

paraffin wax, and sectioned to 3-mm thickness. The sections were

stained with periodic acid–Schiff and examined by light microscopy

(Nikon Eclipse TE2000-U). F-actin was stained with Rhodamine

Phalloidin (Invitrogen, Carlsbad, CA). Apoptotic cells were identified

by TUNEL labeling using the In Situ Cell Death Detection Kit (Roche,

Indianapolis, IN) according to the manufacturer’s instructions, and

slides were developed using the DAB Substrate Kit (Vector, Burlin-

game, CA). The number of apoptotic cells was counted from 10 dif-

ferent fields for each sample and averaged.

Immunohistochemical Staining for E-Cadherin and

b1-Integrin
Kidney sections (4 mm) were deparaffinized and rehydrated by xy-

lene, graded alcohol series, and ddH2O. Briefly, sections were blocked

in blocking buffer for 30 minutes at room temperature, incubated

with anti–E-cadherin or anti–b1-integrin (Abcam, Cambridge, MA)

overnight at 4°C, and then, incubated with secondary biotinylated

goat anti-rabbit IgG (Vector, Burlingame, CA) conjugated to Strep-

tavidin-AlexaFluor594 (Invitrogen, Carlsbad, CA) for 30 minutes at

room temperature. Images were examined by light microscopy

(Nikon Eclipse TE2000-U).

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

paraformaldehyde, postfixed in 1% osmium tetroxide, dehydrated in

graded alcohols, and embedded in Epon. Ultrathin sections (200–400

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

citrate, and examined using a digital electron microscope (JEOL

USA JEM-1400). Mitochondrial area and matrix density were quan-

tified using National Institutes of Health Image J. Five sections rep-

resenting proximal epithelial cells were obtained from each group,

and five representative mitochondria from each section were selected

for analysis. Each mitochondrion was traced and analyzed for area

and pixel density, and the results were averaged.

Statistical Analyses
All results are expressed as mean6 SEM unless otherwise indicated.

Statistical analyses were carried out using Prism software (GraphPad

Software, Inc., San Diego, CA). Multiple group comparisons were

performed using ANOVA followed by a Tukey posthoc test.
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