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Abstract

A large body of evidence suggests that mitochondrial dysfunction and oxidative damage play a role in the
pathogenesis of Parkinson’s disease (PD). A number of antioxidants have been effective in animal models of PD.
We have developed a family of mitochondria-targeted peptides that can protect against mitochondrial swelling
and apoptosis (SS peptides). In this study, we examined the ability of two peptides, SS-31 and SS-20, to protect
against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity in mice. SS5-31 produced dose-
dependent complete protection against loss of dopamine and its metabolites in striatum, as well as loss of
tyrosine hydroxylase immunoreactive neurons in substantia nigra pars compacta. S5-20, which does not possess
intrinsic ability in scavenging reactive oxygen species, also demonstrated significant neuroprotective effects on
dopaminergic neurons of MPTP-treated mice. Both S5-31 and SS-20 were very potent (nM) in preventing MPP™
(1-methyl-4-phenylpyridinium)-induced cell death in cultured dopamine cells (SN4741). Studies with isolated
mitochondria showed that both SS-31 and SS-20 prevented MPP*-induced inhibition of oxygen consumption
and ATP production, and mitochondrial swelling. These findings provide strong evidence that these neuro-
protective peptides, which target both mitochondrial dysfunction and oxidative damage, are a promising ap-

proach for the treatment of PD. Antioxid. Redox Signal. 11, 2095-2104.

Introduction

SUBSTANTIAL EVIDENCE links mitochondrial dysfunction
and oxidative damage to the pathogenesis of Parkinson’s
disease (PD) (24). There is a decrease in complex I activity in
the substantia nigra of PD patients, platelets, and in cybrid cell
lines made from platelets (17, 35). Autosomal recessive PD is
caused by mutations in parkin, DJ-1, and PINK1, all of which
are associated with mitochondria (20), and the first two of
which have functions in protecting against oxidative damage
(5, 13, 44). Studies with toxin models of PD also strongly
implicate mitochondrial dysfunction and oxidative damage in
PD. Systemic administration of rotenone to rats, a selective
complex 1 inhibitor, produces selective degeneration in the
substantia nigra pars compacta as does 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) that produces an irre-
versible and severe parkinsonian syndrome in humans and
nonhuman primates (4, 28). Both toxins have been reported to
increase mitochondrial production of reactive oxygen species
(ROS) (1, 16, 18, 30). Overproduction of mitochondrial ROS
can further impair endogenous antioxidant enzymes such as

superoxide dismutase (41). Furthermore, peroxidation of cardi-
olipin leads to loss of cardiolipin on the inner membrane and
dissociation of cytochrome ¢ (27, 31). This will lead to compro-
mised function of cytochrome c oxidase, reduced ATP produc-
tion, and further increase in ROS generation (9). MPTP is also
known to induce mitochondrial permeability transition (MPT)
and to result in cytochrome c-mediated, caspase-dependent
apoptosis (6, 23).

In view of these observations, there has been great interest in
the development of mitoprotective compounds for the treat-
ment of PD. One potential approach is to reduce mitochondrial
oxidative stress by administration of antioxidants such as co-
enzyme Q1o (CoQyp), which protects in the MPTP model of PD,
and appears to be promising in initial clinical trials in PD
patients (3, 32). A number of other antioxidants, such as
azulenyl nitrone spin traps, are also effective in the MPTP
model of PD (22, 42). Approaches that block production of ROS
such as inhibitors of neuronal nitric oxide synthase and
cyclooxygenase 2 also show strong neuroprotective effects
against MPTP (21, 29). Conjugating CoQ; or vitamin E to li-
pophilic cations, such as triphenylalkylphosphonium ions,
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can promote their uptake into mitochondria matrix because of
the potential gradient across the inner mitochondrial mem-
brane (19). However, it remains to be demonstrated whether
this enhanced targeting of antioxidants into the mitochondrial
matrix will translate into improved in vivo potency and efficacy
in PD.

Another approach is to enhance mitochondrial integrity and
prevent apoptotic cell death with MPT inhibitors. Cyclosporin
A can attenuate mitochondrial damage, oxidative stress, and
apoptosis induced by 1-methyl-4-phenylpyridinium (MPP*),
the active metabolite of MPTP (23). However, side effects pre-
clude the use of cyclosporin A for chronic treatment of PD. The
neuroprotective effect of minocycline was believed to be, at
least in part, due to MPT inhibition (37, 48), but minocycline
was unable to prevent MPP*-induced mitochondrial swelling
in isolated mitochondria (12) and actually enhanced MPTP
toxicity in mice and monkeys (14, 43).

The recent development of a series of mitochondrial targeted
peptides that can inhibit MPT provides an opportunity to ex-
amine the potential of MPT inhibition as an approach to the
treatment of PD (47). The SS (Szeto—Schiller) peptides are cell-
permeable synthetic tetrapeptides that selectively partition to
the inner mitochondrial membrane (36, 47). Although these
peptides carry 34 net charge at physiologic pH, their mito-
chondrial uptake is not dependent on mitochondrial potential,
and they do not cause mitochondrial depolarization. These
mitochondrial-targeted peptides decrease mitochondrial ROS
production, and inhibit mitochondrial swelling and cyto-
chrome c release in isolated mitochondria. The inclusion of a
tyrosine or modified tyrosine residue provides additional free
radical scavenging properties, and these analogs are very po-
tent in ameliorating ROS-induced cell death (38, 45) and
ischemia-reperfusion injury (10, 11, 36). Surprisingly, even the
analogs that do not possess intrinsic scavenging ability can
significantly reduce oxidative stress and prevent ischemia-
reperfusion injury (10, 11, 36). We have reported beneficial ef-
fects of one of these mitochondria-targeted peptides, S5-31, ina
transgenic mouse model of amyotrophic lateral sclerosis (26).
55-31 treated mice showed significant reduction in loss of
motor neurons and oxidative markers in the lumbar spinal
cord, and this was accompanied by a significant improvement
in motor performance and survival.

In the present studies, we examined the ability of two SS
peptides in the mouse MPTP model. SS-31 contains dimethy]l-
tyrosine in its structure and can scavenge ROS, whereas S5-20
cannot (36, 47). Significant neuroprotection was observed with
both SS-31 and SS5-20 in mice treated with MPTP. To better
understand the mechanism of action of these two peptides, we
have also compared their ability to prevent MPP™ toxicity in
dopamine cells in culture and in isolated mitochondria.

Materials and Methods
Chemicals

SS-31 (D-Arg-(2'6’-dimethyltyrosine)-Lys-Phe-NH,) and
55-20 (Phe-D-Arg-Phe-Lys-NH,) were kindly provided by
Dr. Peter W. Schiller (Clinical Research Institute of Montreal,
Montreal, Quebec, Canada). The neurotoxic compounds
MPTP, MPP*, HPLC standard compounds dopamine, 3, 4-
dihydroxyphenylacetic acid (DOPAC), homovanillic acid
(HVA), and all other chemicals were bought from Sigma
(St. Louis, MO).
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MPTP studies in mice

Male C57 black mice (3 months old, 25~30 grams) were
obtained from the Jackson Laboratory (Bar Harbor, ME).
MPTP manipulation was carried out in a special animal room
restricted for neurotoxin manipulation. All experiments were
conducted in accordance with guidelines approved by the
Institution for the Care and Use of Animals at Weill Medical
College of Cornell University.

MPTP, prepared 2mg/ml in phosphate buffered saline
(PBS), was injected intraperitoneally (i.p.) to C57 black mice
with dose of 10 mg/kg for three times in a 2 h interval. SS-31
and SS-20, both dissolved in PBS, were injected i.p. to mice
30 min before each MPTP dose, then 1 and 12 h after the last
MPTP dose. Control group of mice were injected with the
same volume of PBS vehicle. Mice were sacrificed 7 days after
MPTP injection, fresh striata were dissected for HPLC cate-
cholamine analysis, and midbrains were postfixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). A
group of mice injected with MPTP 20 mg/kg with or without
55-31 (1 mg/kg) were sacrificed 90 min after the MPTP dose
and the striata were dissected for measurement of MPP*
levels (following a protocol as previously reported (40)).

HPLC assay for catecholamines

Dissected striatum was homogenized in chilled 0.1 M per-
chloric acid (PCA, about 100 ul/mg tissue) by sonication, and
an aliquot was taken for protein assay and the rest was
centrifuged at 14,000 rpm, 4°C for 15min. The supernatants
were taken for measurements of dopamine and its metabolites
DOPAC and HVA by HPLC, as modified from our previously
described method (42). Briefly, 15ul supernatant was iso-
cratically eluted through an 80x4.6 mm C18 column (ESA, Inc
Chelmsford, MA) with a mobile phase containing 0.1 M
LiH,PO,, 0.85mM 1-octanesulfonic acid, and 10% (vol/vol)
methanol, and detected by a 2-channel Coulochem II elec-
trochemical detector (ESA, Inc.). Concentrations of dopamine,
DOPAC, and HVA are expressed as nanograms per milligram
protein. The protein concentrations of tissue homogenates
were measured according to the Bio-Rad protein analyze
protocol (Bio-Rad Laboratories, Hercules, CA) and Perkin
Elmer Bio Assay Reader (Norwalk, CT).

HPLC assay for MPP*

Striatal tissues were processed in 0.1 M PCA as described
above. An aliquot of supernatant was injected onto a
Brownlee aquapore x 03-224 cation exchange column (Rainin,
Woburn, MA). Samples were eluted isocratically with 20 mM
boric acid—-sodium borate buffer, pH7.75, containing 3 mM
tetrabutylammonium hydrogensulfate, 0.25mM 1-heptane-
sulfonic acid and 10% isopropanol. MPP" was detected with
a fluorescence detector set by excitation at 295 nm and emis-
sion at 375 nm.

Substantia nigra pars compacta histological analysis

Midbrain tissues fixed in 4% paraformaldehyde for 48 h at
4°C were cryoprotected in 30% sucrose overnight at 4°C.
Serial coronal sections (50 m) were cut through the substantia
nigra using a cryostat. Two sets of sections were prepared with
each set consisting of seven to eight sections, 100 um apart.
One set of sections was used for Nissl staining (cresyl violet).
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Another set was processed for tyrosine hydroxylase (TH) im-
munohistochemistry using avidin-biotin-peroxidase tech-
nique. Briefly, free-floating sections were pretreated with 3%
H,0; in PBS for 30 min. The sections were incubated sequen-
tially in (a) 1% bovine serum albumin (BSA)/0.2% Triton X-100
for 30 min, (b) rabbit anti-TH affinity purified antibody (Che-
micon, Temecula, CA; 1:4000 in PBS/0.5% BSA) for 18h, (c)
biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame,
CA; 1:500 in PBS/0.5%BSA) for 1h, and (d) avidin-biotin—
peroxidase complex (Vector; 1:500 in PBS) for 1h. The im-
munoreaction was visualized using 3,3’-diaminobenzidine
tetrahydrochloride dihydrate (DAB) with nickel intensification
(Vector) as the chromogen. All incubations and rinses were
performed with agitation using an orbital shaker at room
temperature. The sections were mounted onto gelatin-coated
slides, dehydrated, cleared in xylene, and coverslipped. The
numbers of Nissl-stained or TH-immunoreactive cells in the
substantia nigra pars compacta (SNpc) were counted using the
optical fractionator method in the Stereo Investigator (v. 4.35)
software program (Microbrightfield, Burlington, VT).

Cell culture studies

The substantia nigra-derived dopaminergic cell line
(SN4741) was kindly provided by Dr. Jin Son (Burke Medical
Research Institute, White Plains, NY) and cultured as de-
scribed previously (34). Cells were maintained in RF me-
dium that contained DMEM supplemented with 10% fetal
calf serum (FCS), 1% glucose, penicillin—streptomycin and
L-glutamine. Cells were grown at 37°C and in 5% CO, to
<70% confluence to minimize dedifferentiation. One day be-
fore study, SN4741 cells were plated in RF medium containing
0.5% FCS in 96-well plates at a density of 1-2x 10> cells/well.
MPP" was added at 100 M alone, or in the presence of SS-31
or SS-20, and incubated for 48 h. Cell viability was evaluated
using the Almar blue assay (Biosource, Camarillo, CA). For
quantification of apoptosis, SN4741 cells were treated with
MPP™ in the absence or presence of SS-31 or SS-20 for 12-24 h.
Cells were then stained with 2mg/ml Hoechst 33342 for
20 min, fixed with 4% paraformaldehyde, and imaged using a
Zeiss fluorescent microscope. Nuclear morphology was
evaluated using an excitation wavelength of 350 + 10nm and
a longpass filter of 400nm for emission. All images were
processed and analyzed using the MetaMorph software
(Universal Imaging Corp., West Chester, PA). Uniformly
stained nuclei were scored as healthy, viable neurons, while
condensed or fragmented nuclei were scored as apoptotic.

Mitochondrial respiration studies

Mouse liver mitochondria were isolated from CD-1 mice, as
described previously (47). Oxygen consumption was mea-
sured with a Clark-type oxygen electrode (Hansatech In-
struments, Norfolk, UK). 1.0 mg of mouse liver mitochondria
was incubated with 100 uM MPP™ in the absence or presence
of SS peptides in 1 ml of respiration buffer (220 mM mannitol,
75 mM sucrose, 2.5 mM K,HPO,4, 5 mM HEPES, 2 mM MgCl,,
5mM glutamate, 2.5 mM malate, and 0.1% BSA, pH 7.4) at RT
for 5min. The oxygen consumption rate was determined at
RT and stage 3 respiration was induced by the addition of
800 uM ADP. At 2 min after ADP addition, 5 ul of mitochon-
drial suspension was collected for ATP determination using a
luciferase bioluminescent assay (Sigma-Aldrich, St. Louis,
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MO). The sample was immediately added to 395 ul of re-
leasing reagent and frozen until analysis.

Mitochondrial swelling assays

Isolated mouse liver mitochondria (0.1 mg) were added to
1.0ml of buffer (70mM sucrose, 214 mM mannitol, 5 mM
HEPES, 5 mM glutamate, 0.5 mM malate, pH 7.5) containing
50 uM Ca>* and 0.25mM Pi, and MPP" was added alone or
together with SS-31 or S5-20. Mitochondrial swelling was
measured by decrease in absorbance at 540 nm using a 96-well
plate reader.

Statistical analysis

Results were expressed as means =+ standard error of means
(SEM). Differences were assessed by ANOVA, followed by
Tukey-Kramer test for comparison among different means or
the Dunnett’s test for comparison to a control group. A value
of p < 0.05 was taken as being statistically significant.

Results

SS-31 and SS-20 attenuate MPTP-induced depletion
of dopamine and its metabolites in mouse striatum

To investigate neuroprotection in MPTP models, it is im-
portant to choose proper MPTP dosage to cause dopamine
system damage in a moderate range. The C57 black mouse
strain is susceptible to MPTP toxin. We injected these mice with
three doses of 10mg/kg of MPTP in a 2-h interval, which
caused 44% depletion of dopamine in the striatum. We tested
the neuroprotective effects of SS5-31 in a range of doses from 0.1
to 10mg/kg against the moderate MPTP-induced dopamine
depletion. SS-31 provided a significant dose-dependent pro-
tective effect in rescuing dopamine levels depleted by MPTP
toxin. The lowest dose of 0.1 mg/kg SS-31 attenuated MPTP-
induced dopamine depletion by 15%, but failed to reach
statistical significance. With higher SS-31 doses of 0.5, 1, 5,
and 10mg/kg, statistically significant protective effects were
achieved in attenuating MPTP-induced dopamine depletion by
24%, 33%, 39%, and 43%, respectively, and the 5 and 10 mg/kg
doses rescued the striatal dopamine from MPTP-induced de-
pletion back to the control levels (Fig. 1A). The dopamine me-
tabolites DOPAC and HVA showed the same dose-dependent
protection patterns as dopamine (Fig. 1A).

Surprisingly, SS-20 also provided significant protection of
dopamine neurons at the moderate MPTP exposure (Fig. 1B).
4mg/kg of SS-20 attenuated 40% of the MPTP-induced do-
pamine depletion (p <0.01) to close to the dopamine level
of controls (p>0.05) (Fig. 1B). The dopamine metabolites
DOPAC and HVA showed the same protection patterns as
dopamine (Fig. 1B).

Neither SS-31 nor S5-20 (data not shown) altered dopamine
and its metabolites in mouse striatum when given alone.

S§S-31 and SS-20 protect dopaminergic neurons
in substantia nigra against MPTP damage

Losses of dopaminergic TH-positive neurons in the SNpc
induced by MPTP (10 mg/kg, three doses) were significantly
prevented by both SS-31 and SS-20 (Fig. 2A). Dose-dependent
protective effects were seen with SS-31 doses of 0.5, 1, and
5mg/kg. SS-20 also showed significant protection at a dose of
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FIG. 1. The neuroprotective effect of SS-31 and SS-20 on mice treated with MPTP. (A) In a moderate MPTP modality
(10mg/kg, three doses in 2h interval), dopamine depletion in striatum by MPTP toxin was 44%, and SS-31 showed a
significant dose-respondent protection effect on MPTP-induced dopamine depletion. DOPAC and HVA levels showed dose-
respondent protection effects of SS-31. (B) 4 mg/kg SS-20 in a moderate MPTP modality (10 mg/kg, three doses in every 2h)
significantly protected dopamine, DOPAC, and HVA from MPTP-induced depletion. #p <0.01 compared with normal

control. *p < 0.05 compared with MPTP alone, n =10.

4mg/kg (Fig. 2B). Nissl stained neuron counts verified the
TH-positive neuronal loss (Fig. 2C).

SS-31 does not interact with MPTP metabolism
in the brain

Ninety minutes after intraperitoneal injection of MPTP
20mg/kg, MPP" levels in the mouse striatum were not dif-
ferent between the MPTP alone group (4.56 + 0.6 ng/mg wet
tissue) and the group injected with MPTP and 1mg/kg SS-31
(4.72 £ 0.3 ng/mg wet tissue), indicating that neuroprotective
effects of S5-31 are not due to an effect on MPTP uptake or
conversion of MPTP to MPP*.

S§S-31 and SS-20 prevent cell death elicited by MPP*
in SN4741 dopamine cells

To show that SS peptides are effective when applied in vitro
to cells, SN4741 dopamine cells were treated with MPP*
(100 uM) for 48h in the absence or presence of SS peptides.
Incubation with MPP™" alone resulted in a significant reduc-
tion in cell viability, while concurrent incubation of these cells
with either SS-31 or 55-20 dose-dependently increased cell
viability (p < 0.001) (Fig. 3A). The morphologic appearance of
cells treated with MPP" was consistent with apoptosis. Cells
treated with 100 uM MPP" became rounded and shrunken.
Staining with Hoechst 33324 showed an increased number of

cells with nuclear fragmentation and condensation. Concurrent
treatment with either S5-31 or S5-20 dose-dependently reduced
the percentage of apoptotic cells (Fig. 3B).

SS-31 and SS-20 prevent MPP -induced inhibition
of mitochondrial O, consumption and ATP production

MPP" is known to inhibit mitochondrial complex I activity,
and previous studies showed that MPP" reduces mitochon-
drial O, consumption and ATP production (7, 15). Isolated
liver mitochondria were therefore used to better understand
the mechanisms of cytoprotection provided by SS-31 and
SS-20. Treatment of liver mitochondria with 100 uM MPP*
significantly decreased state 3 oxygen consumption, and this
reduction was dose-dependently attenuated by the addition
of either SS-31 or SS-20 (p<0.001) (Fig. 4). Oxygen con-
sumption in mitochondria treated with MPP™ in the presence
of 50 uM of either SS-31 or SS-20 was not different as com-
pared to untreated mitochondria. There was no difference
between the protection provided by SS-31 or SS-20. Neither
55-31 nor SS5-20 alone altered oxygen consumption in isolated
liver mitochondria (data not shown). The inhibition of mito-
chondrial oxygen consumption by MPP* was associated with
a significant decrease in ATP production (p < 0.001) (Fig. 4).
Treatment with either S5-31 or SS-20 also dose-dependently
prevented the reduction in ATP production (Fig. 4). The in-


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2445&iName=master.img-000.jpg&w=468&h=299

‘01 = 1 ‘auofe JILJIN
pim paredwod GO0 > d, JORU0d [euriou Yym paredwod G > di "sso [euoinau aanisod-F{], paure)s swdzus sy} paryaa ddNS
Ul SJUNOd UoINau paurels [ssiN (D) -uondajord juedyudis paurene ospe (85/3w ) 0g-GS Pue SSOf [[90 pasned ([EAISJUL | UL SISOP
damyy “3/3w Q1) JIJIN Woaj suoiau padajord Appuspuadap-asop (3/3wrg pue ‘1 ‘G0) 1£-SS Pomoys ddNS Ul sjunod [euoInau
aansod-H 1 (4) "0Z-SS 10 1¢-SS oo Aq papajord pue Koixo JIJIN Aq posned ddNS ur sso [euoimau dARISOd-F{] pamoys
sapr[s aanejuasarday (V) afewep JIJN IsureSe eiSiu enuejsqns ur suoinau didrurwedop pajord 0z-§S pue 1¢-SS T "OI4

£ TEw/Bu]
pz-ss G I S0 - L ~ |egs
+ + + 4+ + . - dldN
IQ m-
1%
Lz &
b
Ly &
0
o
] &
%
-8 w
=
T
Lol 2
5
Lz 8
=
0
(Bybuw)
0zSS § . G - L s o
+ + + + + - - dLdW
-0 M
w
Lz B
-
2
e
@
# g @
= r
p 8 2 .
# i B
* | —
¥ o %
o
Lzl 8
a



http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2445&iName=master.img-001.jpg&w=357&h=562

2100 YANG ET AL.
B FIG. 3. SS-3+1 and SS-20
reduced MPP"-induced cell
fe §8-31 death in SN4741 dopamine
1004 i s cells. SN4741 cells were treated
% -T- with MPP* (100 uM) for 48 h in
= 754 the absence or presence of SS
g 25~ peptides. Cell viability was
> 50+ s quantified by the Almar Blue
@ o5 ] % 20 assay. (A) Concurrent treat-
© 3 *x X% ment with S5-31 or SS-20 dose-
0 O 454 dependently attenuated the
control MPP+ 01nM 1nM  10nM £ bl % reduction in cell viability
125- 2 104 induced by MPP* *p<0.05;
9 S$S-20 & *p<0.01 compared to treat-
100 = N & 54 ment with MPP* alone. (B) SS-
= 31 and S-520 reduced apoptotic
& 757 0 cell death induced by 100 uM
1~ 501 control MPP+ 1nM 10nM 1nM 10nM MITJr' (i\goptoﬁc cells were
B evaluate microscopy usin;
S 25- S$8-31 §5-20 the Hoechsty33324 dye Fa)zlld cell%
with fragmented or condensed
0 nuclei were scored as apoptotic.
| control MPpe 01nM oM 10 oM <001 compared to treat
ment with MPP™ alone.
hibition of ATP production was almost completely prevented Discussion

by 50 uM of either SS-31 or SS-20.

S§S-31 and SS-20 prevent MPP" -induced
mitochondrial swelling

In addition to impairment of ATP production, MPP" has
been shown to cause mitochondrial swelling which can lead
to cytochrome c release (6). We, therefore, examined whether
the SS peptides can prevent MPP"-induced mitochondrial
swelling. The addition of MPP" induced swelling in liver
mitochondria in a dose-dependent manner (Fig. 5A). The
swelling caused by 300 uM MPP* was completely inhibited
by the addition of 50 uM SS-31 (Fig. 5B) or SS-20 (Fig. 5C).

Both mitochondrial dysfunction and oxidative damage are
strongly implicated in the pathogenesis of PD (24). The de-
velopment of agents that can target mitochondria, protect
mitochondrial function, and that also exert antioxidant prop-
erties is of great potential interest for the treatment of PD. In the
present study, we examined the effects of SS-31 and SS-20, two
mitochondria-targeted peptides that have been shown to re-
duce mitochondrial H,O, production, inhibit mitochondrial
swelling, and prevent ischemia-reperfusion injury (36). The
major difference between the two peptides is that S5-31 can
scavenge ROS because of the phenoxyl group on dimethyl-
tyrosine (36, 47). As a result, S5-31, but not SS5-20, has been
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FIG. 4. SS-31 and SS-20 reduced MPP*-induced inhibition of mitochondrial oxygen consumption and ATP production.
Isolated mouse liver mitochondria were incubated in respiratory buffer and oxygen consumption was measured by a Clark-
type oxygen electrode. State 3 respiration was initiated by the addition of ADP. Co-incubation with 50 uM SS-31 or 10 uM and
50 uM SS-20 significantly attenuated the inhibition of oxygen consumption induced by 100 uM MPP*. ATP production was
determined by using luciferase bioluminescent assay. Co-incubation with both doses of 10 uM and 50 uM of either SS-31 or
SS-20 significantly attenuated the inhibition of ATP production induced by 100 uM MPP™*. *p < 0.05; **p < 0.01 compared to
treatment with MPP" alone. Incubation with SS-31 or S5-20 alone did not alter oxygen consumption and ATP production

(data not shown).
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FIG.5. SS-31and SS-20 reduced mitochondrial swelling induced by 300 xuM MPP™ in the presence of 50 uM Ca>" and Pi.
Mitochondrial swelling was measured by decrease in absorbance at 540nm. Addition of MPP" alone dose-dependently
increased mitochondrial swelling (A). The light gray line indicates no MPP" added. The swelling induced by 300 xM MPP™*
was prevented by addition of 50 uM SS-31 (B) or 50 uM SS-20 (C).

shown to be very potent in preventing cell death caused by
t-butylhydroperoxide (45) or hypochlorous acid (38).

Therapeutics development for neurodegenerative diseases
has been hampered by difficulty in delivering compounds
across the blood-brain barrier. Brain uptake of these aromatic-
cationic tetrapeptides has been shown to be rapid and helps to
account for their efficacy in the MPTP model in our present
study. The distribution of SS-20 to the brain was determined
at various times after subcutaneous injection of 10 mg/kg to
rats and brain concentration (determined by HPLC/MS) was
found to be 15.1, 7.7, 3.97, and 1.26 ng/g at 0.5, 2, 6, and 16 h
after administration (Dajun Yang, personal communication,
Stealth Peptides Inc).

The results of the present study show that both SS-31 and
S5-20 were equally effective in preventing MPTP neurotox-
icity. To investigate neuroprotection in MPTP models, it is
important to choose proper MPTP dosage to cause dopamine
system damage in a moderate range. We, therefore, chose
MPTP at a dose of 10 mg/kg administered three times. This
produced approximately a 50% reduction in dopamine.
Under these circumstances, SS-31 at 0.5, 1, 5, and 10 mg/kg
produced statistically significant dose-dependent neuropro-
tection, and even the lowest dose of 0.1 mg/kg showed a trend
in attenuating MPTP-induced dopamine depletion by 15%. At
5 and 10mg/kg of SS-31, there was complete protection
against loss of dopamine and its metabolites. SS-20 was
equally effective in preventing the loss of dopamine, DOPAC,
and HVA in the moderate MPTP treatment paradigm, and
restored the levels to those seen in controls.

We also examined the ability of SS-31 and SS-20 to protect
dopaminergic neurons in the SNpc against MPTP induced
damage. We found that SS-31 produced dose-dependent
neuroprotective effects, with complete protection at 5 mg/kg.
SS-20 at a dose of 4mg/kg also produced complete neuro-
protection against loss of dopaminergic neurons in the SNpc.

The results of this study show that the mitochondria-
targeted peptides, SS-31 and SS-20, are highly effective as
neuroprotective agents in vivo. It should be noted that the
peptides were only administered 30 min before the injection of
MPTP. This is consistent with the ability of these small aromatic-

cationic peptides to rapidly penetrate cell membranes and dif-
fuse across cellular monolayers (46). Furthermore, our results
show that the two peptides do not affect MPTP uptake into the
brain, nor do they alter the metabolism of MPTP to MPP".

The efficacy of SS-20 was unexpected since it is generally
thought that ROS play a major role in MPTP neurotoxicity
and S5-20 cannot scavenge ROS (36, 47). The ability of SS-20 to
protect against MPTP neurotoxicity in the whole animal and
prevent MPP"-induced cytotoxicity suggests that the cyto-
protective effects of these compounds may occur by mecha-
nisms other than scavenging ROS.

MPP* inhibits complex I (NADH dehydrogenase) of the
electron transport chain (25), and this has been associated
with increased superoxide formation by mitochondrial en-
zymes (1, 18). Later studies, however, found no increase in
ROS induced by MPP™ in isolated brain mitochondria when
concentrations were kept below 1 mM (2, 15). We also found
no increase in ROS production when isolated mitochondria
were incubated with up to 300 uM of MPP* (data not shown).
This concentration, however, significantly reduced mito-
chondrial oxygen consumption and ATP production. A rapid
loss of intracellular ATP has also been reported by other in-
vestigators (2, 7, 15) and may be the major cause of cell death.
Glucose supplementation to enhance anaerobic glycolysis
was able to protect against MPP™ toxicity in C6 glioma cells
(39), and infusion of the ketone body D-f-hydroxybutyrate
also produced protection against MPTP neurotoxicity in mice
(33). Interestingly, both SS-31 and SS-20 were able to signifi-
cantly prevent the inhibition of mitochondrial oxygen con-
sumption and ATP production caused by MPP™, and prevent
cell death. These results suggest that the primary cause of cell
death elicited by MPP" may be inhibition of mitochondrial
ATP synthesis rather than free radical formation, and that the
SS peptides can reduce cell death by preserving mitochondrial
ATP synthesis.

In addition to impairment of ATP production, MPP" may
also contribute to neurotoxicity by causing mitochondrial
swelling and cytochrome c release (6). In the presence of Ca**
and Pi, MPP" induces mitochondrial swelling in both liver
and brain mitochondria (6). The effect of MPP" is inhibited by
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cyclosporin A, suggesting that MPP* induces the MPT. At-
tenuation of MPP*-induced mitochondrial swelling by super-
oxide dismutase and catalase led to the suggestion that MPP*
caused MPT via oxidative mechanisms. In our study, MPP*
induced mitochondrial swelling was completely inhibited by
50 uM SS-31 or SS-20, concentrations shown to prevent MPP*-
induced ATP depletion. ATP depletion is known to potentiate
MPT in cultured hepatocytes (8). Upon depletion of ATP, cal-
cium homeostasis cannot be maintained and MPT is induced
(33). Thus we believe that the SS peptides prevent MPTP tox-
icity by two mechanisms—preserving mitochondrial ATP
synthesis and inhibiting MPT.

The remarkable potency of the SS peptides in preventing
MPP*-induced cell death (nM) may appear to be at odds with
the uM concentration required for protecting mitochondrial
ATP synthesis and MPT. This may be explained by the selective
partitioning of these peptides in the mitochondrial inner
membrane. Peptide uptake studies in isolated mitochondria
have shown that the concentrations of SS-31 and its analogs
in mitochondria are 1,000-5,000 times higher than extramito-
chondrial concentrations (45, 47). Thus, extracellular concen-
trations in the nM range could result in >1 uM concentration in
the mitochondrial inner membrane. Similar potency has been
observed for SS-31 in preventing mitochondrial depolarization
and apoptosis caused by t-butylhydroperoxide (45).

We have previously examined the effectiveness of SS-31
for the treatment of amyotrophic lateral sclerosis (ALS) (26).
Mouse neuroblastoma cells (N,A) stably transfected with
G93A mutant SOD1 show increased sensitivity to oxidative
stress induced by H;O,. SS5-31 dose-dependently reduced
H,0,-induced cell death in G93A cells. We also examined
55-31 in the G93A transgenic mouse model of familial ALS.
These mice develop progressive weight loss, impaired motor
function eventually paralysis leading to premature death.
This is accompanied by a marked loss of motor neurons
within the spinal cord. We found that administration of SS-31
led to a significant improvement in survival and motor per-
formance, as well as decreased cell loss and decreased oxi-
dative stress in the lumbar spinal cord.

Our present results provide evidence that these mitochondria-
targeted peptides, which act at the inner mitochondrial mem-
brane and protect against mitochondrial damage, represent a
novel approach to treating neurodegenerative diseases (23, 45).
Due to the strong implication of both mitochondrial dysfunction
and oxidative damage in PD pathogenesis, this approach may be
promising for the treatment of PD.
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