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ABSTRACT Mitochondrial oxidative stress and dysfunction
have been implicated in the aging process and in numerous
chronic diseases. The need for therapies that can protect and/
or improve mitochondrial function is obvious. However, the
development of mitoprotective drugs has been hampered by a
number of challenges, and there are at present no approved
therapies for mitochondrial dysfunction. This article describes
the original discovery, preclinical development, and clinical
development of a novel class of small peptide molecules that
selectively target the inner mitochondrial membrane and
protect mitochondrial function. These compounds have the
potential to be a paradigm-shifting approach to the treatment
of mitochondrial dysfunction, which underlies many common
diseases, including cardiorenal, neurologic, and metabolic
disorders.
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ABBREVIATIONS
ATP adenosine triphosphate
BBB blood-brain barrier
CypD cyclophilin D
Cyt c cytochrome c

ETC electron transport chain
IMM inner mitochondrial membrane
iv intravenous
MCAT overexpression of catalase targeted to mitochondria
MPP+ 1-methyl-4-phenylpyridium
MPT mitochondrial permeability transition
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
OMM outer mitochondrial membrane
ROS reactive oxygen species
sc subcutaneous
SOD superoxide dismutase
TPP+ triphenylphosphonium ion

INTRODUCTION

Mitochondria are intracellular organelles found in most
eukaryotic cells that are responsible for the generation of
adenosine triphosphate (ATP), the predominant source of
cellular energy for the body. Mitochondrial disorders
resulting from genetic mutations in mitochondrial DNA
or nuclear DNA that encode mitochondrial proteins
generally present with deficits involving multiple organ
systems, especially neuropathies, myopathies, cardiomyop-
athies, and diabetes (1). In addition to their primary role as
energy providers for cellular processes, mitochondria are
also the major producers of intracellular reactive oxygen
species (ROS) and are themselves highly susceptible to the
damaging effects of free radicals. Mitochondrial oxidative
damage leads to reduced ATP production and further
increases in ROS production that can eventually lead to
declining cellular function and cell death. Mitochondrial
oxidative stress and dysfunction have been implicated in the
aging process and in numerous chronic diseases, including
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diabetes, ischemic heart disease, heart failure, acute and
chronic kidney diseases, and neurodegenerative diseases
such as Parkinson’s disease and Alzheimer’s disease (2–5).
Furthermore, many of the side effects of approved drugs
are now recognized to be due to mitochondrial toxicity (6).
The need for therapies that can protect and/or improve
mitochondrial function is obvious. However, the develop-
ment of mitoprotective drugs has been hampered by a
number of challenges, and there are at present no approved
therapies for mitochondrial diseases.

The two biggest impediments to the development of
mitoprotective drugs are the lack of a specific molecular
entity to target and the difficulty of delivering the
therapeutic agent to the proper mitochondrial compartment.

Mitochondria are intracellular organelles composed of
two membranes, an outer mitochondrial membrane
(OMM) and an inner mitochondrial membrane (IMM).
The OMM is similar in composition to the plasma
membrane and is freely permeable to small lipophilic
molecules. In addition, the OMM contains VDAC
(voltage-dependent anion channel) and other channels that
are permeable to small hydrophilic molecules and allows
the transfer of metabolites in and out of mitochondria. The
mitochondrial matrix enclosed by the IMM contains not
only mitochondrial DNA but also the major enzymes of the
tricarboxylic acid cycle, which provides reducing equiva-
lents in the form of NADH and FADH2 to the electron
transport chain (ETC) on the IMM. The IMM is further
compartmentalized into numerous cristae that greatly
increase the surface area of the IMM. The four protein
complexes of the ETC (complex I–IV) reside on these
cristae in the IMM, and the proton gradient generated
across the inner membrane as a result of electron transfer
from complex I to complex IV drives the production of
ATP by the F0F1 ATPase (complex V). The IMM is
unique in that it has a very high concentration of proteins
and is rich in cardiolipin, a very anionic phospholipid that
has four fatty acid chains rather than two. This special
composition makes the IMM highly impermeable to all
molecules including small cations.

Modern drug discovery has focused on developing
therapies that target a specific molecular entity in the
disease process, such as receptors, enzymes, or transcription
factors. The discovery process is then aided by high
throughput assays and chemical libraries for rapid screen-
ing of likely drug candidates that would act on the target of
interest. The development of mitoprotective therapies has
been hampered by the lack of simple high-throughput
assays that can assess activity of the ETC or mitochondrial
ATP synthesis. In addition, mitochondrial ATP synthesis is
a process that requires many mitochondrial components to
function properly, and it is therefore difficult to target a
single molecular entity for drug development. One excep-

tion might be the putative mitochondrial permeability
transition (MPT) pore. The MPT pore is a high conduc-
tance channel that is thought to be formed by the VDAC
on the OMM, the adenine nucleotide translocator on the
IMM, and cyclophilin D (CypD) in the matrix (see reviews
(7,8)). MPT can be induced by high mitochondrial Ca2+,
inorganic phosphate, and oxidative stress. Opening of the
MPT pore causes a sudden increase in permeability of the
IMM, resulting in swelling of the mitochondrial matrix,
rupture of the outer membrane, mitochondrial uncoupling,
and release of cytochrome (cyt) c into the cytosol. The loss
of mitochondrial cyt c would inhibit electron transport (7),
while cytosolic cyt c is known to trigger the caspase cascade
and apoptosis (8). The pharmaceutical industry is actively
developing CypD inhibitors because compounds that bind
to CypD, such as cyclosporine A, can inhibit MPT.

The site of action is also a significant challenge for
development of mitoprotective compounds. To be effective,
CypD inhibitors need to be delivered into the mitochon-
drial matrix. Most molecules have difficulty penetrating the
IMM, with the exception of highly lipophilic molecules.
Compounds that get to mitochondria also tend to inhibit
mitochondrial function, either by inhibiting the protein
complexes of the ETC, uncoupling the proton gradient, or
directly inhibiting the ATP synthase (see reviews (6,9)).
More than 60 types of xenobiotics are known to inhibit
complex I, including the fibrates and thiazolidinediones
(10,11). Some of the non-steroidal anti-inflammatory drugs
and other lipophilic weak acids can dissipate the proton
gradient across the IMM and reduce ATP synthesis (12).
Other well-known drugs, such as propranolol and local
anesthetics, can directly inhibit the ATP synthase (9). All of
these xenobiotics can produce off-target inhibition of
cellular energy.

For this reason, recent drug development efforts have
focused their attention on reducing mitochondrial oxidative
stress. Oxygen normally serves as the ultimate electron
acceptor in the ETC and is reduced to water in the process
of oxidative phosphorylation. Excessive electrons in the
ETC, however, can lead to electron leak and generate
superoxide anion, especially at complex I and complex III
(see review (13)). Superoxide from complex I is released into
the matrix, while complex III can release superoxide into
the matrix as well as the intermembrane space (14). The
proteins and cardiolipin of the IMM are therefore most
vulnerable to oxidative damage (15). Oxidative damage to
the protein complexes of the ETC inhibits enzyme activity,
and cardiolipin peroxidation results in loss of cardiolipin
and dissociation of cyt c from the IMM (16). Cyt c is the
mobile electron carrier responsible for shuttling electrons
from complex III to complex IV. Being a cationic protein,
cyt c binds with high affinity to the anionic cardiolipin on
the IMM. Loss of cyt c from the IMM will reduce ATP
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synthesis and further increase electron leak and ROS
generation, setting up a feed-forward cycle of ROS-
induced ROS production (17). Mitochondrial DNA, which
is associated with the IMM, is also susceptible to oxidative
damage because it is not protected by histones, and this can
further inhibit activity of the electron transport chain and
reduce mitochondrial ATP production (18).

Mitochondrial ROS are normally countered by a
number of antioxidant enzymes in mitochondria, including
Mn superoxide dismutase (SOD), which converts superox-
ide to hydrogen peroxide (H2O2), and glutathione perox-
idase and catalase, which convert H2O2 to water (19).
Oxidative stress takes place when there is either excessive
production of ROS or diminished endogenous antioxidant
capacity. It should be noted that the antioxidant enzyme
systems become dysfunctional under oxidative stress, result-
ing in defense failure and further exacerbation of oxidative
damage (20,21). In turn, this will result in further activation
of the mitochondrial ROS generating sites and set in
motion a self-sustaining and amplifying feed-forward cycle
between ROS generation and mitochondrial dysfunction.

Mitochondrial ROS clearly contributes to age-related
pathologies and lifespan. Deletion of MnSOD accelerated
aging and decreased lifespan in mice (22,23), while over-
expression of MnSOD increased lifespan in Drosophila
melanogaster (24), although not in mice (25). Interestingly,
overexpression of catalase targeted to mitochondria
(MCAT) extended lifespan in mice and reduced cardiac
pathology, cataracts, tumor burden, and insulin resistance
(26–30). In contrast, overexpression of catalase in perox-
isomes or nucleus had no protective effect (26). These
studies suggest that control of mitochondrial H2O2 can
reduce age-related pathologies and increase lifespan.
Mitochondrial oxidative stress can be minimized either by
scavenging excessive ROS or reducing mitochondrial ROS
emission. But, most importantly, the therapy needs to be
delivered to the mitochondrial compartment to be effective.

Conventional antioxidants, such as coenzyme Q (CoQ),
vitamin E, and N-acetylcysteine, have not been particularly
effective because of their limited distribution to mitochon-
dria. This has led to several attempts in improving
mitochondrial delivery of available antioxidants. The most
common method for targeting compounds to mitochondria
takes advantage of the potential gradient (150–180 mV)
that is generated as a result of the proton gradient across
the IMM. Conjugating lipophilic antioxidants to a cation
can result in 100–1,000-fold accumulation in the mito-
chondrial matrix (31). Triphenylphosphonium ion (TPP+)
has successfully been used to deliver a number of natural
antioxidants, like CoQ (MitoQ) and plastoquinone (SkQ1),
into the mitochondrial matrix (31,32). The effectiveness of
this approach, however, is limited to mitochondria with
normal potential, while excessive matrix uptake of these

lipophilic cations can depolarize mitochondria. Both
MitoQ and SkQ1 are currently in early clinical trials, and
their efficacy and safety remain to be determined.

THE CHANCE DISCOVERY OF A NOVEL CLASS
OF MITOPROTECTIVE COMPOUNDS

The Szeto-Schiller (SS) peptides are the first compounds
that selectively target and concentrate in the IMM where
ATP and free radical production take place. The SS
peptides were discovered by serendipity while Hazel H.
Szeto and Peter W. Schiller were working on a family of
dermorphin analogs that showed very high affinity and
selectivity for the μ opioid receptor (see Table I) (33). SS-01
(H-Tyr-D-Arg-Phe-Lys-NH2) and SS-02 (H-Dmt-D-Arg-
Phe-Lys-NH2; Dmt = 2′6′-dimethyltyrosine) (originally
abbreviated as DALDA and [Dmt1]DALDA, respectively,
in published papers) are highly polar water-soluble tetra-
peptides that carry 3+ net charge at physiologic pH. As
with all opioid peptides, SS-01 and SS-02 both have Tyr
(or Dmt) in the N-terminus, which is necessary for high
affinity binding to opioid receptors. The substitution of
Dmt for Tyr in SS-02 further increased binding affinity to
the μ receptor (33). It was a big surprise when SS-02
demonstrated potent analgesic activity after subcutaneous
(sc) administration to rodents (34), suggesting that it was
capable of crossing the blood-brain barrier (BBB). It has
generally been thought that only highly lipophilic com-
pounds are capable of crossing the BBB.

Subsequent studies in cell cultures showed that SS-02
readily penetrated a variety of cell types without the need
for specific transporters or receptors (35). Furthermore, SS-
02 was able to translocate through a monolayer of
polarized epithelial cells, consistent with its ability to cross
the BBB. This was highly unexpected, given the molecular
size of SS-02 (640), the highly polar peptide backbone, and
the presence of 3+ net charge (the N-terminal amino
group and the side chains of Arg and Lys). The key
discovery was the observation by confocal laser scanning
microscopy that an SS-02 analog containing the small
fluorescent anthraniloyl label showed an intracellular
distribution similar to that of Mitotracker TMRM, suggest-
ing that the peptide was targeted to mitochondria (36).
Mitochondrial uptake of SS-02 was confirmed using both
[3H]SS-02 and the fluorescent labeled analog in isolated
mitochondria. Surprisingly, although SS-02 has a 3+ net
charge at physiologic pH, its mitochondrial uptake did not
depend on mitochondrial potential, suggesting that it was
not distributed into the mitochondrial matrix. Potential-
independent uptake is a significant advantage when dealing
with diseased mitochondria that are likely to have reduced
mitochondrial potential. In contrast, TPP+-conjugated
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compounds, such as MitoQ and SkQ1, are not taken up by
depolarized mitochondria and will even be released from
the mitochondrial matrix when mitochondrial potential
drops (31). Mitochondria fractionation studies ultimately
revealed that >85% of SS-02 was found in the fraction
containing IMM (36), making it the first compound to
selectively target the IMM where the ETC resides. It was
estimated that SS-02 concentrates >1,000-fold in the IMM
when compared to extracellular concentrations. Unlike
MitoQ and SkQ1, SS-02 does not cause mitochondrial
depolarization, even at high concentrations, because it is
not distributed into the matrix.

Opioid Actions of SS-02

Before SS-02 was recognized as a mitochondria-targeted
antioxidant, it was known to be a highly potent and
effective opioid analgesic (34). Opioid receptors are seven
transmembrane receptors found on the plasma membrane
that are coupled to G proteins. There are three types of
opioid receptors: μ, δ and κ. SS-02 binds with very high
affinity to the μ opioid receptor but has much lower affinity
for the δ and κ receptor, thus making it highly selective for
the μ receptor (33,37) (see Table I). The binding affinity of
SS-02 for the μ receptor (0.14 nM) is 7-fold greater than
that of morphine (1 nM). SS-02 is an agonist at all three
opioid receptors as shown by G protein binding assays (37).
The selectivity and agonist activity of SS-02 was also
confirmed using standard bioassays based on inhibition of
electrically evoked contractions of the guinea pig ileum
(GPI) and the mouse vas deferens (MVD) (33). The GPI
assay is usually considered as representative for μ opioid
receptor interactions, even though the ileum does also
contain κ opioid receptors. In the MVD assay, activity is
primarily mediated by δ opioid receptors, even though μ and
κ receptors also exist in this tissue. The results showed that
SS-02 is a very potent agonist at the μ receptor (33)
(Table II). The EC50 for SS-02 in the GPI assay is 1.41±
0.29 nM, as compared to 29.3±2.2 nM for morphine. In vivo
analgesic testing in mice revealed that SS-02 is 36 times
more potent than morphine when administered subcutane-
ously and as much as 833 times more potent than morphine
when administered into the intrathecal space (34).

The very high affinity of SS-02 for the μ opioid receptor
makes it undesirable as a mitoprotective compound. In
addition to analgesia, the μ opioid receptor is associated
with adverse effects, including constipation, respiratory
depression, tolerance, and dependence. It was therefore
important to develop other mitochondria-targeted peptide
compounds that do not have high affinity for opioid
receptors.

Development of Non-opioid Analogs of SS-02

Peptides are usually not cell-permeable because of the
tendency of the peptide backbone to form hydrogen bonds
with water. The endogenous opioid peptide, met-
enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH), is a pentapep-
tide that can only penetrate cells by receptor-mediated
uptake or by other transporter systems (38). Although SS-
02 is a little smaller, it carries 3+ net charge at physiological
pH. Unexpectedly, SS-02 diffused rapidly into a variety of
cell types without the need for receptors or transporters
(35). Furthermore, the permeability coefficient of SS-02
across a monolayer of epithelial cells was >100-fold larger
compared to four analogs of met-enkephalin, none of which
contain charged residues (35,39). On the other hand, cell
penetration is also negligible for oligopeptides consisting of
less than six charged amino acid residues such as Lys or Arg
(40), suggesting that basic residues alone cannot explain the
cellular permeability of SS-02. The unique feature of SS-02 is
its alternating aromatic-cationic structural motif, where
aromatic residues (Dmt and Phe) alternate with basic residues
(Arg and Lys). This motif allows for intramolecular cation-π
interaction between the electron-rich π ring (Dmt or Phe) and
the adjacent cation (Arg or Lys). The additional methyl
groups on Dmt further increases electron density on the π
ring. Cation-π energies are of the same order of magnitude
as hydrogen bonding energies, and the π rings may shield the
cation charge and enhance membrane penetration. Thus, a
decision was made to retain this aromatic-cationic motif in
the design of non-opioid analogs of SS-02.

It has long been appreciated from studies of opioid
peptides that the hydroxyl group on the N-terminal Tyr is
essential for opioid activity (41). The substitution of Dmt for
Tyr further increases opioid binding affinity (33) (see

Compound Ki (nM)a

μb δb κc

H-Tyr-D-Arg-Phe-Lys-NH2 (SS-01) 1.69±0.25 >10,000 4,230±360

H-Dmt-D-Arg-Phe-Lys-NH2 (SS-02) 0.143±0.015 2,100±310 22.3±4.2

H-Phe-D-Arg-Phe-Lys-NH2 (SS-20) 63.0±0.7 >10,000 2,190±240

H-D-Arg-Dmt-Lys-Phe-NH2 (SS-31) 287±9 >10,000 >10,000

Table I Opioid Receptor Binding
Data of SS Peptides
a Values represent means of 3–6
determinations ± SE. b Displace-
ment of [3H]DAMGO (μ-selec-
tive) and [3H]DSLET (δ-selective)
from rat brain membrane binding
sites. c Displacement of [3H]
U69,593 (κ-selective) from guinea
pig brain membrane binding sites
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Table I). A relatively simple way to reduce opioid affinity
would be to replace the Dmt of SS-02 with a Phe, and this
analog (H-Phe-D-Arg-Phe-Lys-NH2) was synthesized as SS-
20. However, Dmt is the amino acid residue that can
scavenge free radicals (42), and SS-20 would not have that
capability. A second approach was to change the order of
the amino acid residues in SS-02 so that the Dmt is not the
N-terminal amino acid, while preserving the alternating
aromatic-cationic motif. This resulted in SS-31 (H-D-Arg-
Dmt-Lys-Phe-NH2).

The binding affinity of SS-20 and SS-31 to μ, δ and κ
opioid receptors was determined by competitive displace-
ment of [3H]DAMGO, [3H]DSLET, and [3H]U69,593,
respectively, from guinea pig brain membranes (33). These
three radioligands are considered to be selective for the μ, δ
and κ opioid receptor, respectively, and are routinely used
for assessment of binding affinity (37). The results are
shown in Table I. Replacement of Dmt with Phe resulted in
450-fold decrease in affinity for the μ receptor and lack of
appreciable binding to either δ or κ opioid receptors.
Changing the Dmt from position 1 to position 2 resulted in
2,000-fold lower affinity of SS-31 for the μ receptor and no
appreciable binding to δ or κ receptors.

The loss of opioid activity was confirmed using the GPI
and MVD bioassays, and the results are summarized in
Table II. SS-20 is more than 100-fold less potent than SS-
02 in both the GPI and MVD assay, while SS-31 is at least
30,000-fold less potent than SS-02 in the GPI assay and
2,000-fold less in the MVD assay. Thus, both SS-20 and
SS-31 are essentially devoid of opioid activity.

To further confirm that SS-31 lacks opioid activity, SS-
31 was administered to mice intrathecally, and pain
sensitivity (nociception) was measured by the classic tail-
flick assay. This is an acute nociceptive assay in which
radiant heat is directed to the tail of a mouse or rat, and the
latency of the mouse to remove its tail from the heat source
is recorded. In mice, it was found that SS-31, even at doses
>1,000 times the ED50 of SS-02, did not elicit any
antinociceptive response (H.H. Szeto, unpublished results).

Mitochondrial Uptake of SS-31 and SS-20

The conservation of the alternating aromatic-cationic motif
appears to be sufficient for cell penetration and mitochon-

dria targeting. [3H]SS-31 was readily taken up by N2A
neuroblastoma cells, and steady-state concentrations were
obtained in 30 min, suggesting that SS-31 is metabolically
stable and diffuses freely across the cell membrane (43). The
intracellular concentration of SS-31 was estimated to be ~6
times the extracellular concentration. Mitochondrial uptake
of [3H]SS-31 was demonstrated using isolated mouse liver
and brain mitochondria. Uptake of [3H]SS-31 by mito-
chondria was very rapid, with maximal levels (30–50%)
reached before 2 min (43). The uptake of SS-31 was
concentration-dependent with no evidence of saturation up
to 10 μM. SS-31 was estimated to concentrate ~5,000-fold
in mitochondria.

Cell penetration of SS-20 was demonstrated with
confocal laser scanning microscopy in normal lung fibro-
blasts as well as cancer cells (44). SS-20 was found to co-
localize with Mitotracker CMXRos, suggesting mitochon-
drial localization. Furthermore, structure-activity studies
showed that the aromatic-cationic motif was sufficient for
cell permeability and mitochondrial targeting and that
other natural and unnatural aromatic and basic amino
acids can be utilized to enhance the library of
mitochondria-targeting peptides (44).

Mitochondrial Actions of SS Peptides

Unlike TPP+ that only serves as a mitochondrial delivery
vector for other compounds, the SS peptides have intrinsic
activity in mitochondria. The Dmt-containing analogs have
intrinsic antioxidant activity because Tyr is known to
scavenge oxyradicals, forming relatively unreactive tyrosyl
radicals that can be followed by radical-radical coupling to
give dityrosine or react with superoxide to form tyrosine
hydroperoxide (42). Dmt has the same or even greater
scavenging ability because of its greater electron density on
the aromatic ring. SS-02 and SS-31 were shown to dose-
dependently scavenge hydrogen peroxide, hydroxyl radical,
and peroxynitrite in vitro (36,45). SS-20, which does not
contain a Tyr or Dmt, was unable to scavenge these ROS.
Because these peptides are targeted directly to the IMM,
SS-02 and SS-31 are positioned to scavenge H2O2 from
both the matrix as well as the intermembrane space. Both
SS-02 and SS-31 reduced spontaneous H2O2 emission
from isolated mitochondria under basal conditions (36,45).

Compound GPIa MVDb

EC50 (nM)c EC50 (nM)c

Morphine 29.3±2.2 155±31

H-Dmt-D-Arg-Phe-Lys-NH2 (SS-02) 1.41±0.29 23.1±2.0

H-Phe-D-Arg-Phe-Lys-NH2 (SS-20) 687±88 755±115

H-D-Arg-Dmt-Lys-Phe-NH2 (SS-31) 45,400±4,100 42,700±13,600

Table II Bioassays for Opioid
Activity

a Guinea pig ileum assay (repre-
sentative of μ opioid receptor
activity. b Mouse vas deferens
assay (representative of δ opioid
receptor activity. c Mean of 3–6
determinations ± SE
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SS-02 and SS-31 can also inhibit lipid peroxidation (36,45)
and are therefore ideally situated to prevent cardiolipin
peroxidation from hydroxyl radicals.

The selective targeting and concentration of SS-02 and
SS-31 in the IMM make them extremely potent in reducing
mitochondrial oxidative stress in intact cells. Both SS-02
and SS-31 inhibited cell death caused by the lipid
hydroperoxide (tert-butylhydroperoxide) in nanomolar con-
centrations (36,43). Treatment with SS-31 reduced intra-
cellular ROS and mitochondrial depolarization and
prevented caspase activation and apoptosis (43). An
extracellular concentration of 1 nM can produce a
concentration of >1 μM in the IMM, which is well within
the concentration determined to be sufficient to protect
mitochondria in isolated mitochondrial studies (36). SS-31
also inhibited the increase in mitochondrial superoxide and
mitochondrial depolarization in hepatocytes treated with
hypochlorous acid and prevented cell death (46). When
endothelial cells were subjected to shear stress, 1 nM SS-31
prevented the increase in mitochondrial superoxide and
upregulation of heme oxygenase-1 (47).

In addition to their antioxidant actions, the SS peptides
can also promote mitochondrial respiration. 1-methyl-4-
phenylpyridium (MPP+), the active metabolite of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is known to
inhibit mitochondrial complex I activity and inhibits
mitochondrial O2 consumption and ATP production (48).
Remarkably, both SS-31 and SS-20 dose-dependently
abolished the inhibition of O2 consumption and ATP
production caused by MPP+ in isolated mouse liver
mitochondria (49). The mitochondrial protection provided
by the SS peptides was readily demonstrated in intact cells.
Both SS-31 and SS-20 dose-dependently prevented MPTP-
induced cell death in dopamine cells (49). Improved
mitochondrial respiration should reduce ROS generation.
Thus, even though SS-20 cannot scavenge free radicals, it
can still act as a mitochondrial antioxidant by reducing
ROS generation (50).

Other than their direct action on the mitochondrial
ETC, the SS peptides can also inhibit MPT and mito-
chondrial swelling. SS-02 and SS-31 were both effective in
preventing mitochondrial swelling, mitochondrial depolar-
ization, and cyt c release in isolated mitochondria elicited
by Ca2+ overload (36). Furthermore, SS-31 and SS-20
inhibited mitochondrial swelling induced by MPP+ in
isolated mitochondria and prevented MPTP-induced apo-
ptosis in dopamine cells (49).

In summary, the SS peptides exert multiple protective
functions on mitochondria. They promote mitochondrial
respiration and ATP synthesis, reduce ROS generation,
and inhibit mitochondrial swelling. In addition, Dmt-
containing SS peptides (SS-02 and SS-31) can also directly
scavenge mitochondrial ROS.

Preclinical Efficacy of SS Peptides

The hypothesis that mitochondrial ROS contributes to the
aging process is supported by recent studies showing that
lifespan is significantly increased in transgenic C57BL/6J
mice that overexpress human catalase in cardiac and
skeletal muscle mitochondria (MCAT mice) (26). Catalase
is normally localized in the peroxisome, and lifespan was
not increased in transgenic mice that overexpress catalase
in peroxisome or nucleus (26). In addition to increased
lifespan, MCAT mice have been shown to have less age-
related pathology, including cataracts, hearing loss, inflam-
mation, tumor burden, cardiac lesions, and insulin resis-
tance (27–29,51). MCAT mice have also been reported to
have improved exercise performance (52) and to be
protected against insulin resistance induced by high fat diet
(53), cardiomyopathy caused by zidovudine (54), and
hypertensive cardiomyopathy (55).

The in vivo efficacy of the SS peptides has been evaluated
in a number of disease animal models, and they have
demonstrated remarkable efficacy as mitochondria protec-
tants. In some studies, the protective actions of SS-31 were
similar to the protection seen in MCAT mice (53,55),
providing evidence that SS-31 acts by reducing mitochon-
drial oxidative stress.

Ischemia-Reperfusion Injury

Mitochondrial dysfunction and oxidative stress play a major
role in ischemia-reperfusion injury. Oxidative phosphory-
lation is inhibited during ischemia and may deteriorate
further upon reperfusion due to opening of the MPT pore
resulting in mitochondrial depolarization, impaired ATP
synthesis, and further increase in ROS production. SS-02,
SS-31, and SS-20 have all been shown to reduce
myocardial ischemia-reperfusion injury in ex vivo and in vivo
studies. Specifically, cardiac stunning was attenuated by all
the SS peptides in isolated guinea pig hearts when given
prior to global ischemia (45,56). When SS-31 and SS-20
were administered after ischemia, only SS-31 was effective
in reducing myocardial stunning, suggesting that while SS-
20 can precondition the heart and reduce ischemic damage,
only the scavenging analogs can counter the oxidative burst
upon reperfusion and serve as post-conditioning agents
(45,57). In vivo studies showed that SS-02 and SS-31 both
reduced cardiac infarct size when administered prior to
occlusion of the left anterior descending coronary artery in
rats (58). Further in vivo studies showed that this myocardial
protection also occurs when SS-31 is administered imme-
diately prior to reperfusion and the return of coronary
blood flow. Both peptides significantly improved myocar-
dial ATP content and decreased lipid peroxidation in rats
after reperfusion, suggesting most likely that SS-20 can
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reduce mitochondrial ROS production by improving
mitochondrial bioenergetics (45).

Renal ischemia-reperfusion injury is the most common
cause of acute kidney injury. A recent study showed that
treatment with SS-31 limited tubular cell apoptosis and
necrosis after prolonged ischemia in rats and provided
significant improvement in renal biomarkers 24 h later (59).
Electron microscopy revealed that SS-31 prevented mito-
chondrial swelling during ischemia and protected the
integrity of the mitochondrial membranes. The preserva-
tion of mitochondrial integrity significantly increased
mitochondrial respiration, accelerated ATP recovery upon
reperfusion, and minimized tubular cell death. The
protection of tubular cells with SS-31 was associated with
reduced oxidative stress and inflammatory response and
accelerated tubular cell proliferation.

SS-31 has also been reported to protect reduced
glutathione status in the brain, significantly attenuated infarct
size, and reduced hemispheric swelling when administered
following transient occlusion of the middle cerebral artery in
mice (58). SS-31 also protected skeletal muscles and
preserved normal cellular architecture after 3 h of hindlimb
ischemia in mice caused by a tourniquet (60).

These preclinical studies support mitochondrial protec-
tion as an upstream target for pharmacological intervention
in ischemia-reperfusion injury. The SS peptides hold
tremendous promise for use in the setting of anticipated
ischemic intervals, such as free tissue transfer, cell and solid
organ transplantation, and many other medical and
surgical procedures.

Neurodegenerative Diseases

Mitochondrial impairment and oxidative damage are
intimately involved in the pathogenesis of neurodegenera-
tive diseases. An additional impediment in the development
of therapies for these diseases is their ability to penetrate the
BBB. The SS peptides can readily cross the BBB (34), and
they have demonstrated in vivo efficacy in animal models of
Parkinson’s disease and amyotrophic lateral sclerosis (ALS).

In a model of Parkinson’s disease, SS-31 and SS-20
protected dopamine neurons from the cytotoxic effects of
MPTP and prevented striatal dopamine depletion (49).
Immunohistologic staining for tyrosine hydroxylase showed
complete preservation of dopamine neurons in the sub-
stantia nigra. These findings are consistent with the
mitochondrial and cell culture studies described above.

A point mutation in SOD1 (CuZn SOD) is known to be
associated with familial ALS in humans (61). Mice with a
G93A mutation in SOD1 develop a phenotype that closely
mimics human ALS with tremors, gait impairment, and
paralysis. Treatment of G93A SOD1 mice with SS-31 led
to significant delay in the onset of resting tremors,

improved rotarod performance, and prolonged survival
(62). The improved outcome was associated with a
significant reduction in motor neuron cell loss in the
lumbar spinal cord, and several oxidative biomarkers were
markedly decreased (62).

These studies indicate that the SS peptides can indeed
penetrate the BBB and exert neuroprotective actions. A
recent study showed that SS-31 can prevent amyloid β
toxicity in neuroblastoma N2A cells and significantly
increased neurite outgrowth in primary neurons from
AβPP transgenic mice, a mouse model of Alzheimer’s
disease (63). These findings support SS-31 as potential
treatment for Alzheimer’s disease.

Muscle Atrophy and Weakness

Mechanical ventilation is a life-saving measure that is often
required for medical conditions such as acute lung injury,
sepsis, heart failure, chronic obstructive lung disease,
neuromuscular disorders, and drug overdose. Prolonged
mechanical ventilation is associated with significant dia-
phragmatic weakness resulting from both myofiber atrophy
and contractile dysfunction and is the most frequent cause
of weaning difficulty (64,65). Recent studies revealed that
mechanical ventilation-induced oxidative stress in the
diaphragm leads to proteolysis via activation of calpain
and caspase-3 (66). Administration of SS-31 as an intrave-
nous (iv) infusion to rats during mechanical ventilation
prevented increase in diaphragmatic mitochondrial ROS
emission and protected against diaphragmatic protein
oxidation, calpain and caspase-3 activation, myofiber
atrophy, and contractile dysfunction (67). These findings
indicate that mitochondria are a primary source of ROS
production in the diaphragm during prolonged mechanical
ventilation and that SS-31 may reduce weaning difficulty.

Extended periods of skeletal muscle inactivity also result
in loss of muscle mass and strength. Mitochondrial
oxidative stress plays a central role in proteolytic pathways
in skeletal muscle (68), and SS-31 was recently shown to
attenuate muscle atrophy in rats following hindlimb
immobilization (69). These findings suggest that the SS
peptides may be beneficial in preventing muscle atrophy
resulting from chronic bed rest or spaceflight, cancer
cachexia, and sarcopenia due to aging, or medications such
as the antiretroviral drugs.

Metabolic Syndrome

Reduced mitochondrial ETC function in skeletal muscles is
also associated with obesity, insulin resistance, and type 2
diabetes (70). High fat diet leads to mitochondrial dysfunc-
tion and elevated ROS production in skeletal muscle (53).
Administration of SS-31 was able to inhibit the increase in
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skeletal muscle mitochondrial H2O2 production following
high fat diet in rats, and this prevented the development of
insulin resistance (53). Similar findings were seen in MCAT
mice, demonstrating that SS-31 can mimic the protective
effect of mitochondrial catalase overexpression.

Heart Failure

Systemic hypertension induces left ventricular hypertrophy,
fibrosis, and diastolic dysfunction. The renin-angiotensin-
aldosterone system plays a central role in hypertensive
cardiovascular diseases. Angiotensin binds to the angiotensin
receptor-1 and stimulates ROS formation byNADPHoxidase,
which has been shown to stimulate mitochondrial ROS and
mitochondrial dysfunction (71). A recent study showed that
angiotensin-induced cardiomyopathy was ameliorated by
SS-31 treatment and was not observed in the MCAT mice
(55). These findings support a role for mitochondrial oxidative
stress in heart failure and provide a strong rationale for
investigating the clinical application of SS-31 for treatment or
prevention of hypertensive cardiovascular diseases.

Clinical Development of SS Peptides

Based on these very promising preclinical efficacy data, the
SS peptides have entered into clinical development with a
for-profit commercial sponsor using a modified form of SS-
31. A brief summary of the progress made to date with this
modified form of SS-31 is provided below.

Drug Metabolism and Pharmacokinetic Studies

One major drawback of small peptide molecules is their
susceptibility to rapid enzymatic degradation. Met-
enkephalin (H-Tyr-Gly-Gly-Phe-Met-OH) is highly suscep-
tible to peptidases, and its elimination half-life is less than
2 min when administered systemically. The incorporation
of D-Arg and amidation of the C-terminus greatly
enhanced the plasma stability of SS-02 and provided an

elimination half-life of 1.77 h in sheep (72). No degradation
of SS-02 was found when incubated in sheep plasma for up
to 4 h at 37°C (72).

Stability of SS-31 has been determined in mouse, rat,
dog, monkey, and human plasma. There was little
degradation of SS-31 when incubated at 37°C for 1 h in
all species. Longer incubation showed fastest degradation in
rat and mouse plasma (t1/2~1.8 and 3.6 h, respectively),
but SS-31 was much more stable in dog, monkey, and
human plasma (t1/2~7.7, 4.3 and 30.8 h, respectively).

Liver microsomal preparations from mouse, rat, dog,
monkey, and human were used to determine the metabolic
stability of SS-31, according to standard guidelines. Dextro-
methorphan was used as a positive control in these assays.
With the exception of the dog, no appreciable loss of SS-31
was observed when incubated in any of the other microsomal
preparations for up to 1 h at 37°C. Approximately 96.7% of
the parent compound remained at the end of 60 min
incubation in the human liver microsomal preparation. The
results predict a very low in vivo clearance of 0.54 ml/min/kg
for SS-31 in humans, and SS-31 would be classified as a
compound of low clearance (<2.2 ml/min/kg) (73).

The in vivo pharmacokinetics of SS-31 have been
determined in rats, dogs, and non-human primates. The
plasma level curves after iv and sc injections in rats are
shown in Fig. 1. There was no significant gender difference
in rats, and the results shown in Fig. 1 are combined data
from both genders. Following iv injection of 1 mg/kg,
plasma concentration of SS-31 declined rapidly with an
apparent terminal half-life of about 0.8 h. Plasma concen-
tration at 8 h was 0.8 ng/ml, or ~1 nM, which is effective
concentration seen in majority of cell culture studies
(36,43,47,49,63,74). The calculated pharmacokinetic
parameters for SS-31 from iv administration are summa-
rized in Table III. Consistent with its very polar property,
the apparent volume of distribution of SS-31 is very small,
being only 40% of total body water. SS-31 is rapidly
absorbed after sc administration, with peak plasma levels
detected within 15 min. By comparing area under the curve

Fig. 1 Plasma levels of SS-31 in
rats following intravenous injection
(left panel) and subcutaneous in-
jection (right panel). Data are
plotted as mean ± SE; n=6 in
each group.
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(AUC) after iv (2,123 ng.h/ml) and sc (815 ng.h/ml)
administration, the bioavailability of sc SS-31 is estimated
to be 38%. Plasma levels and drug exposure (as determined
by AUC) were dose-proportional from 1 to 10 mg/kg,
doses that span the dose range used in preclinical efficacy
studies (49,53,55,58,59,62,75).

Single dose iv dose studies in dogs and cynomolgus
monkeys show that there is little species difference in the
pharmacokinetics of SS-31 among rats, dogs and monkeys
(see Table III). Bioavailability of SS-31 after sc administra-
tion was higher in the dog (72.7%) and monkey (81.4%)
compared to rat (38%).

Investigational New Drug Application and Clinical Trials. An
Investigational New Drug application has been opened
with the U.S. FDA, and Phase 1 trials with the modified
form of SS-31 are ongoing. In the completed first-in-human
Phase 1clinical trial, the test compound was administered iv
for 4 h to five cohorts of healthy volunteers. Preliminary data
suggest that the compound exhibits the same linear pharma-
cokinetics as described for animals. There was no change in
pupillary reaction from pre-dose to 1, 2, or 4 h post-dose as
assessed by pupil size of reaction to light. Similarly, there was
no change from pre-dose to 1, 2, or 4 h post-dose in the degree
of subject sedation as assessed by the Ramsay-scale Sedation
Assessment. As measured, mean changes in expiratory volume
between baseline and 0.5 and 4 h post-dose were also not
considered clinically significant in any volunteer. Further-
more, mean changes in histamine between baseline and
15 min, 30 min, 1 h, and 4 h were not considered clinically
significant in any volunteer. These results suggest that SS-31
lacks any appreciable opioid activity. It is anticipated that a
proof-of-concept Phase 2 clinical trial for ischemia-reperfusion
injury will begin this year in patients with first-time acute ST-
segment elevation myocardial infarctions.

The Role of Serendipity in Drug Discovery

Serendipity has played a significant role throughout the history
of drug discovery. In fact, many of the most effective and most
widely used therapeutic agents today arose through serendip-
ity. Over the past three decades, the drug discovery paradigm

has shifted more and more to a target-based approach aided
by computer modeling, chemical libraries, and high through-
out screening. Despite enormous investments by the pharma-
ceutical industry, the results of this modern paradigm have
been very disappointing, and new drug development has been
in a sharp decline over the past decade. Why has this new
paradigm not worked well? One reason is that we simply do
not understand enough about complex diseases to identify
validated targets. Another reason is that the use of rational
drug design and high throughput systems tend to remove any
chance of serendipitous discoveries.

Serendipity played a dominant role in the initial discovery
of the SS peptides. This platform would never have been
discovered by rational design because we simply do not know
enough about the targets for mitochondria protection or the
structural requirements for mitochondria targeting. This
chance discovery was followed by rational peptide design
rather than a high throughput screen using peptide libraries.
Likewise, rational design was involved in the design of analogs
that have suitable chemical, pharmacokinetic, and pharma-
codynamic properties. Preclinical studies to date suggest that
these peptides may have therapeutic potential in numerous
clinical disorders with unmet needs. The first candidate
compound is in early clinical trial and other compounds are
in preclinical development. In the meantime, studies are
ongoing to further explore the mechanisms of action of this
novel class of mitoprotective compounds. These compounds
also provide valuable tools to explore mitochondrial biology
and the role of mitochondrial dysfunction in aging and
associated illnesses.
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