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Abstract

Significance: Mitochondrial function is central to a wide range of biological processes in health and disease and
there is considerable interest in developing small molecules that are taken up by mitochondria and act as either
probes of mitochondrial function or therapeutics in vivo. Recent Advances: Various strategies have been used to
target small molecules to mitochondria, particularly conjugation to lipophilic cations and peptides, and most of
the work so far has been on mitochondria-targeted antioxidants and redox probes. In vivo studies will reveal
whether there are differences in the types of bioactive functionalities that can be delivered using different carriers.
Critical Issues: The outstanding challenge in the area is to discover how to combine the established selective
delivery to mitochondria with the specific delivery to particular organs. Future Directions: These targeting
methods will be used to direct many other bioactive molecules to mitochondria and many more wider applications
other than just to antioxidants can be anticipated in the future. Antioxid. Redox Signal. 15, 3021-3038.

Introduction

MITOCHONDRIA ARE CENTRAL TO MUCH OF METABOLISM,
supply most of the ATP to the cell, and are also critically
involved in both apoptotic and necrotic cell death (44, 75, 78,
107, 130, 146, 154, 160). Consequently, there is considerable
interest in developing a basic understanding of how mito-
chondria function and how changes in variables such as levels
of reactive oxygen species (ROS), membrane potential, cal-
cium or ATP concentrations may alter mitochondrial metab-
olism. In addition, there is also interest in developing
therapies to ameliorate the damage to mitochondria that oc-
curs in a range of diseases (9, 103, 107, 146). These goals can be
achieved by directing to mitochondria proteins with either
protective functions such as antioxidant enzymes (27), or
which can act as probes to indicate changes in redox levels or
calcium concentration within mitochondria such as those
derived from aequorin and green fluorescent protein (GFP)
(96, 122). There is also a need to develop small molecules
directed to mitochondria that can act as reporter probes or
protective agents against mitochondrial malfunction. There
are many situations in which a small molecule probe may be
more easily used as an experimental tool than a macromole-
cule, and furthermore, protective small molecules can be
readily developed as potential therapeutics.

Mitochondria are a major source of ROS such as superoxide
and are also particularly susceptible to damage caused by

these species (9, 104). Consequently, mitochondria accumulate
oxidative damage that contributes to dysfunction and cell death
in a range of diseases, although it should be noted that mito-
chondria also use ROS such as hydrogen peroxide as a crucial
component in redox signaling (9, 97, 101). Therefore, a focus has
been on developing small molecules that report on or prevent
oxidative damage to mitochondria (38, 106, 123, 142) without
disrupting many other vital metabolic processes. A wide vari-
ety of mitochondria-targeted pharmacophores and probes
could be conceived and developed; however, to date, the mi-
tochondrion has been a neglected drug target (103). Develop-
ments to target pharmacophores, probes, and bioactive
molecules selectively to mitochondria in vivo by oral, intrave-
nous, or intraperitoneal administration could elevate mito-
chondria into important drug targets and, in addition, enhance
and extend core knowledge about how mitochondria function
(Fig. 1). The selective targeting of a pharmacophore to con-
centrate in mitochondria will decrease the external dose re-
quired, while the sequestration within mitochondria may limit
toxic side reactions and minimize metabolism of the com-
pound. Extension of this concept is possible, for example,
mitochondria-targeted pro-drug compounds may be possible
that involve the mitochondrion as an intracellular “reaction
chamber” to release pharmacophores or other bioactive molecules
selectively to the mitochondrion or to the rest of the cell (Fig. 2).

For these reasons, the development of small-molecule mi-
tochondria-targeted compounds and the potential strategies
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FIG. 1. Schematic principles of the uptake of mitochon-

dria-targeted compounds in vivo. (To see this illustration in
color, the reader is referred to the web version of this article
at www liebertonline.com/ars).

that can be used to deliver therapeutic and probe molecules is
important. Here we review the methods that can be used to
target small molecules to mitochondria, survey progress to
date in the development of probes and therapeutics, and
suggest future directions.
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Methods of Targeting Small Molecules to Mitochondria
Conjugation to lipophilic cations

The most generally applicable method to target small
neutral molecules to the mitochondrial matrix in vivo is by
conjugation to a lipophilic cation, as has been reviewed ex-
tensively elsewhere (99, 106, 107, 127). The distinctive feature
of lipophilic cations is that their positive charge is delocalized
over a large and hydrophobic surface area. Consequently,
they can pass easily through phospholipid bilayers, enabling
their accumulation into the mitochondrial matrix in response
to the membrane potential (51, 73, 127). The uptake of lipo-
philic cations into mitochondria depends on the very large
membrane potential across the mitochondrial inner mem-
brane of up to 150-160 mV (negative inside) which, coupled
with the plasma membrane potential of 30-60mV (negative
inside), drives the extensive uptake of cations within the mi-
tochondrial matrix. The Nernst equation indicates that the
otherwise unimpeded uptake of singly charged cations in-
creases 10-fold for every 61.5mV of membrane potential at
37°C (127), and therefore the relative concentration of lipo-
philic cations in the mitochondrial matrix should then be
several hundred- to a few thousand-fold greater than in the
extracellular environment. A wide range of lipophilic cations
are taken up by mitochondria in this manner. Historically,
lipophilic cationic dyes such as Janus green were used as vital
stains to visualize mitochondria for light microscopy (81),
although the physical basis of the accumulation was not rec-
ognized at the time. With the advent of the chemiosmotic
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coupling hypothesis, it became clear that there should be a
large membrane potential across the mitochondrial inner
membrane (109), and the demonstration of the distribution
of lipophilic cations and anions across mitochondrial mem-
branes was compelling evidence for the central role of the
membrane potential in bioenergetics (84, 85). Since then, the
uptake of the lipophilic tetraphenylphosphonium and me-
thyltriphenylphosphonium cations have been widely used to
measure mitochondrial membrane potential (8, 20). In parallel
to these, Chen developed the idea of visualizing mitochondria
within cells by the uptake of lipophilic fluorescent cations
such as rhodamine 123 and JC-1 (26), and this has led to the
routine use of fluorescent lipophilic cations to visualize mi-
tochondria and to assess the mitochondrial membrane po-
tential within cells (34, 65).

Based on the realization that lipophilic cations can be taken
up by mitochondria in cells, it was a natural extension to
consider linking a lipophilic cation to a moiety that can
then be delivered selectively to mitochondria in vivo (99).
Chen was the first to achieve this by linking to the fluorescent
lipophilic cation rhodamine 123 (26, 33, 147, 148) and us-
ing the knowledge that mitochondria in cancer cells have a
higher membrane potential than noncancer cells to selectively
target anticancer drugs to mitochondria. Subsequently, the
idea of taking advantage of the elevated mitochondrial
membrane potential in cancer cells to increase the uptake was
enhanced to increase the nonspecific toxicity of these cations
to cancer cells (139). Selective toxicity to cancer cells was also
shown for tetra- and triphenylphosphonium (TPP) lipophilic
cations (120) and this was extended by conjugating toxic
functionalities such as nonspecific alkylating agents to in-
crease the effectiveness of cancer cell killing (94), or by tar-
geting two distinct lipophilic cations to mitochondria that
then react to form a toxic product (112, 119). This represents
the first use of lipophilic cations to direct attached compo-
nents to mitochondria within cells and was aimed at selec-
tively killing cancer cells. Since then, our groups have
extended this approach to use lipophilic cations, predomi-
nantly the TPP cation, to direct redox probes, antioxidants,
spin traps, and other bioactive molecules to mitochondria
with the idea of protecting, modifying, or reporting on mito-
chondrial function (22, 23, 72, 106, 136). In parallel work,
the uptake of the TPP cation has been used to construct
novel mitochondria-targeted positron emission tomography
(PET) probes by conjugation of a TPP cation to a PET-visible
nuclide (90, 91).

Use of the TPP cation to target mitochondria

A number of factors support the use of the TPP cation for
generating mitochondria-targeted compounds. The biophys-
ics of the movement of TPP cations across phospholipid bi-
layers has been extensively studied and is well understood
(51, 73, 127). In isolated mitochondria and cells, the uptake of
TPP compounds is adequately described by the Nernst
equation, implying specific molecular transport methods are
not necessary and the compounds display extensive binding
to the matrix surface of the mitochondrial inner membrane
(67, 68, 128). A critical parameter affecting the rate and extent
of uptake of TPP cations into mitochondria within cells is their
hydrophobicity (128). As the hydrophobicity increases,
the activation energy for transport of TPP cations across the
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plasma membrane is lowered and this greatly enhances the
rate of uptake (128). Furthermore, TPP cations have a strong
tendency to bind to the surface of phospholipid bilayers in a
potential energy well close to the membrane surface, with the
“cargo” attached to the TPP cation dipping into the mem-
brane. Increasing the hydrophobicity enhances this tendency
to bind to the inner membrane, thereby lowering the amount
of unbound compound that equilibrates with the membrane
potentials. As a consequence, the overall uptake into mito-
chondria of more hydrophobic TPP compounds is increased
relative to less hydrophobic compounds at the same mem-
brane potential (7, 67, 68, 128). The hydrophobicity of the
moiety attached to the TPP is a critical parameter and provi-
des an opportunity to modulate the extent and rate of uptake
of these compounds into mitochondria.

Utilizing a TPP moiety to generate mitochondria-targeted
lipophilic cations has a number of practical advantages, as it is
chemically relatively easy to introduce a TPP into a com-
pound at the end of a synthetic scheme, usually by displacing
a leaving group by reaction with a triphenylphosphine (134).
This facilitates the production of modified versions of mito-
chondria-targeted compounds containing a radio- or stable
isotopically labeled TPP moiety, widely used for studying the
uptake and metabolism of these compounds, conveniently
towards the end of the chemical synthesis (134). These ad-
vantages have led to a range of mitochondria-targeted com-
pounds based on TPP being widely used by a number of
groups to target antioxidants, bioactive molecules, and probes
to mitochondria, and a selection is shown in Figures 3 and 4.
However, despite the many advantages of using TPP, it
should be noted that many different lipophilic cations could
be used in principle to target attached bioactives to mito-
chondria comparable to TPP. This may be particularly useful
if it is necessary to modify the targeting cationic moiety to
alter its hydrophobicity or to avoid structure-specific prob-
lems such as selective excretion or metabolism.

Uptake of TPP cations by mitochondria in vivo

The ability of TPP-based compounds to be taken up by
mitochondria in vivo has been assessed in detail (113, 124,
137). TPP cations are taken up rapidly into mitochondria
within organs in vivo following oral, intravenous, or intra-
peritoneal administration with negligible residual amounts
present in the blood, consistent with the uptake into the or-
gans from the circulation driven by the plasma and mito-
chondrial membrane potentials (113, 124, 137). Of particular
note is the very rapid uptake of lipophilic TPP compounds
into mitochondria within organs in vivo within 5 min follow-
ing intravenous administration (113), which may facilitate
application to acute therapies. The toxicity of TPP compounds
is relatively low and they can be safely administered indefi-
nitely to give significant levels in organs such as the heart,
liver, and kidneys (113, 124, 137). There is also some uptake of
TPP compounds into the brain (124, 137), but it is less than
into other organs and the reason for the difference is unclear at
this time. Nonetheless the antioxidant MitoQ;, (Fig. 3) is still
protective in the brain against the selective damage caused by
the 1-methyl-4-phenyltetrahydropyridine (MPTP) neurotoxin
(54). The metabolism of TPP compounds in vivo has been in-
vestigated and there is no evidence of any significant modi-
fication of the TPP functionality (82, 83, 128) although the
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FIG. 3. A selection of antioxidant and bioactive compounds based on the TPP lipophilic cation that have been shown to
target mitochondria.
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FIG. 4. A selection of probe compounds based on the TPP lipophilic cation that have been shown to target mitochondria.

bioactive group can be altered, for example, the ubiquinol
moiety in MitoQ; is modified by sulfation or glucuronidation
followed by excretion by the biliary pathway, or by the kid-
neys into the urine (82, 83). The metabolism is very dependent
on the chemistry of the bioactive component of the TPP
compound, for example, a targeted lipoic acid (MitoLipoic
acid, Fig. 3) was reduced and the free thiol groups methylated
when incubated with cells in culture (21). The loss of TPP
compounds from tissues has also been investigated, and after
a single bolus intravenous injection into mice, they are taken
up rapidly into a range of organs with a maximum concen-
tration obtained within a few minutes and very low amounts
remaining in the blood (113). The TPP compounds are then
gradually lost from these organs with half lives in the range of
2-15 hours, depending on the compound and organ (113).
This is consistent with efflux from the tissues being primarily
determined by the Nernstian distribution. Once the level of
the compound in the extracellular fluid and blood decreases
due to metabolism and excretion through the kidneys and the
biliary pathway, then the compounds will redistribute from
the mitochondria and the cytosol into the extracellular fluid
and be excreted. The factors that govern the uptake, distri-
bution, metabolism, and excretion of lipophilic cations in vivo
are shown schematically in Figure 5 and an idealized profile
for this process is shown schematically in Figure 6. The Nernst

equation governs accumulation of different TPP conjugates
independently, but membrane disruption that is possible with
very high accumulation will probably depend on the sum of
TPP-containing compounds. In principle, the uptake of lipo-
philic cations is well understood with the relative concentra-
tions of compound taken up by different compartments being
determined by the concentration in the blood, the plasma and
mitochondrial membrane potentials, the extent of binding in
the cytosol and mitochondria, and the relative sizes of those
compartments. However, the difference in the extent of uptake
of TPP compounds by different tissues is not solely determined
by their equilibration between the various pools and is a com-
plicated function of the location of the organ relative to its site of
administration, its rate of uptake across the plasma membrane,
the magnitude of any selective efflux, and metabolism path-
ways associated with the payload attached to the TPP, the size
of the plasma and mitochondrial membrane potentials, and the
cytoplasmic and mitochondrial volumes within the organs.
Therefore, the distribution shown in Figure 6 is idealized and
the details will vary with organ and compound.

Variations of the TPP targeting system

A number of modifications to the TPP delivery system have
been developed that may become widely utilized over time.
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One of these has been the study of the uptake of TPP dications
which, from consideration of the Nernst equation could be
taken up 10-fold into mitochondria for every 30mV of
membrane potential as compared with 60mV for the same
effect with monocations (126). This could potentially lead to
significantly greater uptake and concentration of mitochon-
dria-targeted dications into mitochondria than monocations.
While dications were taken up by isolated mitochondria to a
greater extent than monocations, the enhancement was less
than predicted by the Nernst equation for reasons that are
currently unclear (126). It was also evident that lipophilic di-
cations had to be significantly more hydrophobic than a
comparable monocation in order to be taken up across a bi-
ological membrane, presumably to help counteract the in-
crease in activation energy for membrane transport associated
with the larger charge (126). The use of dications may in time
yield compounds that are taken up into mitochondria to a
greater extent than current TPP monocations, and uptake of
lipophilic dications into mitochondria has yet to be explored
in vivo (1, 89, 126).

TPP cations can also be used as delivery systems for the
release of bioactive molecules within mitochondria. In this
approach, a TPP moiety is attached to its cargo by a labile
connection that enables the bioactive molecule to be taken up
into mitochondria and then released on cleavage of the link-
age to TPP. This has been done for the bioactive molecule
nitric oxide (NO) in which a mitochondria-targeted NO-donor
MitoSNO (Fig. 3) was taken up rapidly by mitochondria and
released NO within the mitochondrial matrix that can diffuse
out from the mitochondria to induce vasodilation and also
to modulate mitochondrial respiration (114). In addition,
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FIG. 5. Uptake, metabolism, and excre-
tion of a mitochondria-targeted TPP mole-
cule. Following its administration in vivo, a
mitochondria-targeted compound compris-
ing a TPP compound conjugated to a cargo
(X) equilibrates between the extracellular
space, the cytoplasm, and the mitochon-
drion, in response to the plasma membrane
potential (Ay,) and the mitochondrial
membrane potential (Ay,). The compound
will be gradually excreted and metabolized,
leading to a decrease in its concentration in
the extracellular space, and a corresponding
loss from the cytoplasm and the mitochon-
drion. (To see this illustration in color, the
reader is referred to the web version of this
article at www liebertonline.com/ars).

plasma
membrane

MitoSNO selectively S-nitrosates mitochondrial protein thiols
and protects the heart from ischemia-reperfusion injury (29,
114). The bioactive molecule lipoic acid was also delivered to
mitochondria by conjugation to a TPP delivery system by a
labile ester linkage (revMitoLipAc, Fig. 3) that was cleaved by
mitochondrial aldehyde dehydrogenase (ALDH2) to release
lipoic acid within mitochondria (121). Related approaches
have been used to conjugate a TPP moiety to a peptide nucleic
acid (PNA) by a disulfide link to deliver it across the plasma
membrane (48); however, the relatively slow subsequent up-
take across the mitochondrial membrane coupled with the
rapid reduction of the disulfide bond in the cytosol meant that
this procedure only delivered the PNA effectively to the cy-
tosol. Since then, the methodology for linking a TPP moiety to
a compound by a disulfide bond has been optimized (95), so it
should now be straightforward to assess if this approach can
successfully deliver a molecule to the mitochondrion without
excessive loss by reduction of the disulfide bond in the cytosol.
In another application, attempts to tag stem cells by using TPP
modified polythiophenes was unsuccessful when using mol-
ecules containing a cleavable disulfide linkage, whereas more
chemically robust linkages gave encouraging results (43). This
approach can potentially be further modified to deliver a wide
range of molecules to mitochondria in vivo and modulated by
altering the linkage between the cargo and the TPP to increase
or decrease the rate and selectivity of cleavage. One issue that
must be considered with this approach to delivering mole-
cules to mitochondria is that after removal of the TPP cation
there may no longer be a thermodynamic driving force to
retain the delivered molecule within the mitochondrial matrix
and it may rapidly diffuse out of the mitochondrion once



MITOCHONDRIA-TARGETED SMALL MOLECULES

< —

5 10,000

=

(0]

o

o

;g_ 1,000 — Mitochondria

o

2

k)

o 100 —

c

ke

8

3

8 10 —

9 Cytosol

o

2

© 1=

Cqﬁ’ Extracellular fluid
00—

Time

FIG. 6. Relative distribution of a mitochondria-targeted
TPP molecule in vivo. This schematic shows in outline how a
mitochondria-targeted TPP compound would distribute be-
tween the extracellular fluid, the cytoplasm, and the mito-
chondrion over time, following a single administration.

released from its delivery module. A final variation on the use
of TPP to deliver molecules to mitochondria is by simulta-
neously targeting two different TPP cations to mitochondria
so that both accumulate in the same molecular environment
and react due to the high local concentration within the mito-
chondrial “reaction chamber” to form a new bioactive product
(112, 119). There are a number of intriguing possibilities to
extend the scope of delivery to mitochondria by conjugation to
lipophilic cations that remain to be explored.

Common questions about using lipophilic cations
to target mitochondria

There are frequently asked questions about the phenome-
non of the uptake of lipophilic TPP cations into mitochondria
in vivo and some comment is appropriate at this point. A
common concern is whether the several thousand-fold accu-
mulation of lipophilic cations within mitochondria in vivo will
result in the continual accumulation of more and more com-
pound within mitochondria upon subsequent dosing and
ultimately lead to unacceptable toxicity. This does not occur
because, as is illustrated in Figure 6, uptake of lipophilic cat-
ions into mitochondria is effectively self-limiting, due to the
rapid equilibration of the compound between the circulation
and the mitochondria and then depletion in the circulation
level due to excretion. Once the level in the circulation de-
creases, the reversibility of the membrane transfer process will
result in loss of the compound from mitochondria by passing
back to the circulation to maintain the relative concentrations
of the compound as determined by the membrane potential.
Exceptions are possible, for example, where the TPP com-
pound is metabolized to a membrane impermeable product,
or forms a covalent attachment to a macromolecule. A second
question relates to the requirement of a membrane potential
for the uptake of TPP cations into mitochondria, which could
be compromised by the lack of a mitochondrial membrane
potential during pathological conditions. While the complete
loss of a mitochondrial membrane potential would prevent
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uptake, this occurs very rarely as, even under extreme mito-
chondrial dysfunction, such as in cells entirely lacking mito-
chondrial DNA, there is still a large membrane potential of
about 70mV (5). In most disorders it is unlikely that the
membrane potential will fall much below the normal range
in vivo of 130-150 mV, as this is counteracted by reversal of the
ATP synthase and it is likely that cells in which the mito-
chondrial membrane potential is negligible are already dam-
aged beyond repair. Another concern that has been raised is
that some mitochondria-targeted antioxidants can also have
prooxidant effects because, under some conditions in vitro,
many quinols can redox cycle to produce superoxide (69), and
this has been demonstrated for mitochondria-targeted quinols
in vitro (42, 45, 67, 110, 133). This was assessed in vivo by
measuring mitochondrial oxidative damage in mice that were
fed MitoQ, for up to 24 weeks (124). There were no changes
in oxidative damage to the phospholipid cardiolipin (CL)
(111), the accumulation of protein carbonyls (32, 80), the ac-
tivity of mitochondrial respiratory complexes, mtDNA copy
number, and damage to mtDNA (129). Furthermore, MitoQ;,
had no effect on the expression of the manganese superoxide
dismutase, MnSOD, which is sensitively upregulated in re-
sponse to increased mitochondrial superoxide production (64,
76). This indicates that MitoQ;y does not increase oxidative
damage or ROS levels in vivo and is supported by the one
year’s safety data for this compound in humans (138). Thus,
while pro-oxidant reactions of some mitochondria- targeted
antioxidants can be measured in vitro, they do not occur in vivo
with TPP-based antioxidants and this is probably because most
of these compounds will be adsorbed to membranes in vivo,
thereby preventing these types of reactions (135). A related
concern is whether mitochondria-targeted antioxidants might
block the useful production of ROS in vivo, such as that used by
neutrophils in bacterial killing or in redox signaling. Admin-
istration of MitoQ; for up to 28 weeks in mice and for up to 1
year in humans did not lead to any changes in immune func-
tion or gene expression (124, 135), suggesting that the location
of these compounds in the mitochondrion minimizes inhibition
of the production of “useful” ROS at the cell surface by NADPH
oxidases. The mitochondria-targeted antioxidants that have
been used in vivo to date such as MitoQ;y do not react with
hydrogen peroxide (67), which is likely to be the major ROS
involved in mitochondrial redox signaling (101, 102). However,
this issue may arise in the future as mitochondria-targeted
antioxidants with selectivity for other ROS are used in vivo. A
final point that has been raised is the potential toxicity of large
amounts of accumulated lipophilic cations within mitochon-
dria. In experimental studies, parallel incubations with other-
wise inactive control TPP compounds are carried out to determine
any contribution of nonspecific effects (124). It was found that the
biological efficacy of compounds such as MitoQ; occurs at a far
lower concentration than that at which control TPP compound
toxicity starts (71), giving a therapeutic window of ~1000 fold in
that study. Most importantly, compounds such as MitoQ, have
been given to animals for up to 6 months and to humans for up
to 1 year with no toxic side effects at concentrations that are
effective against various pathologies (124, 135).

Mitochondria-targeted peptides

The other major approach to targeting small molecules to
mitochondria is by using mitochondria-targeted peptides (4,
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143, 159, 160). The first such molecules developed were the
Szeto-Schiller (SS)-peptides that are taken up by mitochon-
dria within cells and some of which have intrinsic antioxidant
activity, due to the incorporation of a dimethyl tyrosine resi-
due (163). The SS-peptides act as mitochondria-targeted an-
tioxidants and have been shown to selectively protect isolated
mitochondria and cells from oxidative damage in a number of
studies (163). These peptides comprise four alternating aro-
matic/basic amino acids, some of which are nonstandard,
such as dimethyltyrosine, along with a D-amino acid in the
first or second position, and amidation of the C-terminus to
increase stability (e.g., SS-31, Fig. 7). At physiological pH,
these peptides have a positive charge of three and are rapidly
bound to isolated mitochondria by a process that is largely
independent of the mitochondrial membrane potential and
was not significantly affected by physically disrupting
the mitochondria (163). These findings suggest that these
peptides are bound selectively to the mitochondrial inner
membrane rather than being accumulated within the mito-
chondrial matrix, although the nature of this interaction is
uncertain. The SS-peptides protect isolated mitochondria
against oxidative damage in vitro which is consistent with
some type of selective interaction with mitochondria (163).
This class of peptides is also taken up into cells by a non-
saturable process through the plasma membrane, consistent
with nonmediated passage directly through the phospholipid
bilayer (162). Within the cell, these peptides localize to mito-
chondria, as demonstrated by confocal microscopy using a
peptide tagged with a neutral fluorophore, f-anthraniloyl-L-
o, f-diaminopropionic acid in place of one of its lysine residues
(145, 163).

SMITH ET AL.

Another class of peptide with similar structure to the SS-
peptides has been developed by the Kelley laboratory (63,
160). This series of peptides initially comprised four to eight
amino acid residues, with alternating alkyl and basic func-
tionalities, some of which are nonstandard, such as a reduced
(cyclohexyl) derivative of phenylalanine, along with D-argi-
nine to increase stability (e.g., MMP; Fig. 7). The alternating
arrangement of positive residues does not seem to be essential
for mitochondrial uptake, although concentrated blocks of
positive charge do impede transport (159). These peptides
have net positive charges of three to five and are taken up
rapidly by mitochondria within cells. However, in contrast to
the SS-peptides, this uptake is driven by the membrane po-
tential and is critically dependent on the balance between the
molecular charge and hydrophobicity (63). The profile of the
uptake of these peptides has many similarities to that of li-
pophilic cations (63, 159); however, it is unclear if the charge
on the peptides is delocalized and more work is required to
better understand the similarities and differences in the
mechanism of uptake between lipophilic cations such as TPP
and targeted peptides. The peptides can be used to deliver a
variety of attached cargo molecules to mitochondria (159).
The initial peptides investigated contained a thiazole orange
fluorophore to facilitate measurement of its intracellular lo-
cation (63). As this fluorophore is itself a lipophilic cation
connected to the peptide by a hydrophobic methylene bridge,
the extent to which this appendage assists the uptake into
mitochondria was unclear. However, subsequent studies
using an anionic fluoroscein fluorophore also showed mito-
chondrial localization within cells (159), consistent with the
peptides themselves having the intrinsic ability to localize to
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mitochondria. It would be informative if the mitochondrial
and cellular uptake of radiolabeled versions of these peptides,
without the additional molecular complexities of the fluo-
rescent tags, could be investigated. This would facilitate
quantitation of uptake into isolated mitochondria and cells,
allow estimation of the applicability of the Nernst equation to
these systems, and reveal the charge level of the species that
are actually traversing the membrane. It would also be par-
ticularly interesting to see if these compounds can sustain a
diffusion potential across a black lipid bilayer and, if so,
whether its magnitude indicates the charge of the species
crossing the membrane as has been done for TPP cations (126).
In addition, there is a growing list of peptides that incorporate
positively charged amino acids, particularly those containing
the guanidinium group, that also show uptake into mito-
chondria (16, 47, 55). Therefore, it is likely that many other
peptide variants will be designed and developed to optimize
delivery to mitochondria. Towards this goal it would be
useful to have more detailed information about the mecha-
nism of the uptake of these compounds into mitochondria and
their passage through biological membranes.

Mitochondria-targeted peptides can be used as cargo-
delivering modules by conjugation to the molecule to be
delivered to mitochondria. As mentioned previously, the
peptides from the Kelley laboratory have been conjugated to
fluorescent tags in order to demonstrate mitochondrial up-
take in cells, and these have also been shown to be capable of
delivering biotin and antioxidants to mitochondria in cells (63,
92, 159). Similarly, the SS-peptides can be used to deliver at-
tached fluorophores to mitochondria in cells (141). Thus it
should be possible to conjugate mitochondria-targeted pep-
tides to functionalities and routinely deliver these to mito-
chondria. It will be interesting to see if the cargoes that can be
delivered by peptides are different from those that can be
directed to mitochondria by conjugation to a lipophilic cation,
and a particular area of great interest would be to determine if
peptides could be used to deliver more polar or negatively
charged cargo that may not be possible for singly charged
lipophilic cations (159).

The uptake of mitochondria-targeted peptides in vivo has
been less extensively investigated than that of lipophilic cat-
ions to date. SS-peptides can be safely administered intrave-
nously, intraperitoneally, and subcutaneously to rodents (4,
141), but their efficacy or distribution following oral admin-
istration has not been reported. The half life of the SS-peptides
in rat and sheep plasma is relatively long (144), consistent
with their uptake into the tissues. However, the uptake of
these peptides into mitochondria within tissues in vivo and
their metabolism has not yet been reported (4, 143, 158, 162). A
number of animal studies have shown that SS-peptides that
can act as mitochondria-targeted antioxidants, such as S5-31,
are protective in a range of animal studies in which mito-
chondrial oxidative stress is thought to be involved. These
include ischemia-reperfusion injury to the isolated heart (163);
prevention of insulin resistance in skeletal muscle (4); pro-
tection against the MPTP model of selective neuronal injury in
the brain (141). These findings are encouraging and support
the view that these peptides are taken up by mitochondria
within tissues in vivo where their antioxidant activity protects
the mitochondria from damage. Even so, it is important that at
some stage the uptake of these compounds into mitochondria
in vivo is confirmed, quantified, and their metabolism and

3029

excretion is better understood to enable the rational optimi-
zation of this class of mitochondria targeted compound.

Other strategies to target small molecules
to mitochondria

While mitochondria-targeted lipophilic cations or peptides
are currently the most recognized, robust, and adaptable
modes for targeting small molecules to mitochondria, there
are a number of other methods that can in principle be used in
this context. Even though these other approaches have not
been widely utilized to date, they may prove useful in the
future for the targeting of particular compounds to mitochon-
dria. Among these possibilities is the utilization of the many
specific transport machineries present in the mitochondrial
inner membrane. This has been demonstrated for the protein
import pathway where it has been shown in proof of principle
experiments with isolated mitochondria that small molecules
can be imported by conjugation to a signal peptide (152, 153).
Many other specific mitochondrial transport systems could
also be possibly used and this might enable the mitochondrial
delivery of molecules that are too polar to be transferred by
conjugation to lipophilic cations or mitochondria-targeted
peptides, but which can be accommodated by the protein
machinery of that specific transport process.

Other ways in which compounds could be selectively tar-
geted to mitochondria is by the use of high affinity mito-
chondria-specific binding sites. This has been suggested for
the accumulation of nonylacridine orange which binds to the
mitochondria-specific phospholipid cardiolipin (52). A re-
lated approach is the relatively selective binding of porphy-
rins to the mitochondrial benzodiazepine receptor, which is
present on the mitochondrial outer membrane (151). This
approach may be used in photodynamic therapy to kill cells
selectively in cancer therapies, as cancer cells express more of
these receptors (151). In addition, there is considerable interest
in developing ways of selectively inducing the mitochondrial
pathway of cell death by targeting the proteins, such as those
of the Bcl-2 family, that are present on the mitochondrial outer
membrane and regulate the permeabilization of the mito-
chondrial outer membrane during the induction of apoptosis
(6, 19). The development of molecules that bind to these sites
has yet to yield a general strategy to target mitochondria;
however, these approaches may prove useful when it is nec-
essary to target to other locations in mitochondria such as the
outer membrane or the inter membrane space.

Mitochondria-Targeted Small Molecule Therapeutics
Antioxidants

The most widespread use of mitochondria-targeted com-
pounds as therapies has been with antioxidants designed to
ameliorate mitochondrial oxidative damage. This area has
already been covered in detail by a number of recent reviews
(106, 135, 141) and therefore here it will be discussed con-
cisely. The rationale for the development of mitochondria-
targeted antioxidants is that, although oxidative damage to
mitochondria contributes to a wide range of pathologies (3,
11, 50, 57, 141), antioxidant therapies have performed poorly
in clinical trials (17, 30). One of the reasons for this lack of
success may be related to the fact that only a very small
proportion of the antioxidant in vivo is actually located in the
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mitochondria, where it is needed most. The driving force for
the development of mitochondria-targeted antioxidants was
to overcome this limitation (30).

A number of mitochondria targeted antioxidants have been
developed by conjugation to the TPP cation (reviewed in Ref.
106) and the first example was a targeted version of Vitamin E,
called MitoE, (Fig. 3) (136). Since then many other antioxi-
dants have been targeted to mitochondria in this way, in-
cluding a ubiquinone (72), the peroxidase Ebselen (49), lipoic
acid (21), a plastoquinone (133), nitroxides (36, 39, 149), and
nitrones (59, 60, 105, 157). Most of these have shown protec-
tion against oxidative damage in isolated mitochondria and in
cells, although only a few have been used in vivo. In animal
studies, the best characterized mitochondria-targeted antiox-
idant is MitoQ;p, which consists of a ubiquinone moiety
linked to a TPP cation by a ten-carbon alkyl chain (7, 66, 68, 72,
106, 137). The ubiquinol form of MitoQ;( acts as an antioxi-
dant and in doing so it is oxidized to the ubiquinone form,
which is then rapidly re-reduced by complex II in the respi-
ratory chain, restoring its antioxidant efficacy (68). As Mi-
toQ is primarily found adsorbed to the mitochondrial inner
membrane, and its linker chain enables the active ubiquinol
antioxidant component to penetrate deeply into the mem-
brane core, it is an effective antioxidant against lipid perox-
idation (7, 72). The oral administration of MitoQ;o to mice and
rats for up to at least 24 weeks is safe (124) and a number of
in vivo studies have shown that orally administered MitoQ;q
can protect against oxidative damage in a number of animal
models of pathology, including: cardiac ischemia/reperfu-
sion (I/R) injury (2, 108), damage to endothelial cells in vivo by
nitroglycerin (46), hypertension (56), sepsis (88, 140), adria-
mycin toxicity (25), kidney damage in type I diabetes (24),
MPTP toxicity in the brain (54), kidney cold preservation for
organ transplantation (98), and cocaine toxicity (150). Other
antioxidant moieties such as plastoquinone (133) and the
nitroxide TEMPO (149) have also proven effective protective
agents in vivo (39). Together these findings suggest that anti-
oxidants targeted to mitochondria in vivo are protective
against pathological changes in a number of animal models of
mitochondrial oxidative damage that are relevant to human
diseases.

The positive results in animal models led to the develop-
ment of MitoQ; as a pharmaceutical and it was assessed in
phase II trials in humans. It was first used to ascertain if it
could slow disease progression in Parkinson’s disease (PD) in
the PROTECT trial (www.clinicaltrials.gov: NCT00329056;
last accessed April 18, 2011) (138). While MitoQ;, (40 and
80mg per day) over 12 months showed no difference from
placebo (138), this study did demonstrate that MitoQ;, can be
safely administered as a daily oral tablet to patients for a year.
The second human trial with MitoQ;, was the CLEAR trial on
chronic hepatitis C virus (HCV) patients (53) (www.clinicaltrials
.gov: NCT00433108; last accessed April 18, 2011). Participants
received either 40 mg, 80 mg, or matching placebo for 28 days.
Both treatment groups showed significant decreases in se-
rum alanine transaminase (ALT), suggesting that MitoQ;,
can reduce liver damage due to the inflammation associated
with HCV infection. More importantly, this study was the
first report of a clinical benefit from the use of mitochondria-
targeted antioxidants in humans. This result, coupled with
the one year’s safety data for MitoQ,o from the PD study,
suggested that MitoQ;o was worth investigating in chronic
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liver diseases that involve mitochondrial oxidative damage.
Therefore, a phase IIB trial in nonalcoholic fatty liver disease,
the MARVEL trial (www.clinicaltrials.gov: NCT01167088;
last accessed April 18, 2011) is now underway in the UK.
Overall these findings to date suggest that orally adminis-
tered antioxidants targeted to mitochondria by conjugation to
a lipophilic cation may be applicable to the wide range of
human pathologies that involve mitochondrial oxidative
damage. Hopefully, studies over the next few years will in-
dicate whether MitoQ;o and/or related compounds can de-
crease mitochondrial oxidative damage in a range of diseases,
and whether this improves the outcome for the patient.

Mitochondria-targeted antioxidants based on SS-peptides
have also been assessed in animal models of disease (143),
most often with the SS-31 peptide that has antioxidant func-
tion (141). The peptide SS-31 showed protection in an ex vivo
cardiac reperfusion model of I/R injury (163), while the
peptides SS-02 and SS-31 were also protective against cardiac
I/R injury when added during the reperfusion phase (143).
Intraperitoneal injection of SS-31 resulted in uptake into the
brain and protection against the neurotoxin MPTP-induced
cell damage that mimics that of Parkinson’s disease, to the
substantia nigra (158). The SS-20 peptide, which does not have
antioxidant ability in vitro, was also effective in this disease
model, perhaps suggesting that, in this case, the protection
may not be simply related to its antioxidant ability (158). In-
traperitoneal injection of SS-31 was also protective against
insulin resistance in the skeletal muscle in a high fat-fed
mouse model (4). While the SS-peptides are effective in a
number of animal models of disease involving mitochondrial
damage and can be delivered in vivo by intraperitoneal or
intravenous administration, they have not been yet shown to
be orally active. While human trials have yet to be reported
with SS-peptides, these are planned in the near future (H.
Szeto, personal communication).

Using mitochondria-targeted compounds
as anticancer agents

The application of mitochondria-targeted compounds as
anticancer agents is another potentially important aspect and,
as this field has been reviewed extensively, it will not be dealt
with in detail herein (6, 14, 19, 40). The general strategy em-
ployed is to selectively kill the cancer cell by exploiting an
aspect of cancer cell mitochondrial metabolism that differs
from the situation in normal cells (14, 116). The most
straightforward approach is to use the feature that mito-
chondria in cancer cells have a larger membrane potential
than normal cells and consequentially there is increased up-
take of lipophilic cations into cancer cells (26, 33, 147, 148).
This increased concentration of the lipophilic cation in the
cancer cell can then lead to selective toxicity by either the
nonspecific effects arising from the accumulation of large
amounts of the lipophilic cation in the mitochondria (120,
139), or by conjugation of the lipophilic cation to a suitable
toxic agent (41). Functionalities such as an alkylating agent
which damages DNA and disrupts the mitochondrion func-
tion or leads to toxicity elsewhere within the cancer cell have
been utilized (94, 147, 148). An alternative approach involves
the simultaneous targeting of two molecules to concentrate
within mitochondria that then react to produce a toxin that
damages the cancer cell in the neighbourhood of where it was
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formed (112, 119). Alternative approaches include to direct
compounds to mitochondria that can render them more sus-
ceptible to other anticancer drugs or to selectively target as-
pects of mitochondrial metabolism that may contribute to
resistance to anticancer drugs. For example, the targeting of
gold compounds to mitochondria to inhibit mitochondrial
protective antioxidant enzymes may be of use in limiting re-
sistance to some cancer drugs (13, 62). Other approaches have
been based on photodynamic therapy (40), involving the use
of mitochondria targeted compounds that act as photosensi-
tizers and the selective toxic effect is achieved by targeting
only the tumor with light to induce local cell death (77).

Targeting pharmacophores and bioactive molecules
to mitochondria

While most therapeutic or bioactive molecules that have
been targeted to mitochondria have been either antioxidants
or anticancer agents, the development of methodologies to
target small molecules to mitochondria opens the way to di-
recting many other pharmacophores and bioactive molecules
to mitochondria in vivo (99, 103, 160). At this time there are
only a few examples of such mitochondria-targeted molecules
as exemplified by the mitochondria-targeted nitric oxide (NO)
donor, MitoSNO (Fig. 3). This compound reacts with the in-
tramitochondrial environment and produces NO locally that
can diffuse out of the mitochondria and affect vasodilation in
adjacent cells. In addition, the NO can also compete with
oxygen at cytochrome oxidase to prevent hypoxia (114).
Furthermore, MitoSNO can directly S-nitrosate mitochondrial
protein thiols and thereby affect the activity of mitochondrial
enzymes such as complex I and aconitase which correlates
with protection in the heart in vivo during a model of cardiac
I/R injury (29, 114). Another example of the selective target-
ing of bioactive molecules to mitochondria has been the de-
livery of compounds designed to selectively decrease the
mitochondrial membrane potential, which may be of use in
decreasing obesity or selectively decreasing the production of
superoxide by mitochondria (61). One possible approach in-
volved targeting protonophores to mitochondria by direct
conjugation to the TPP cation with the intention of developing
self-limiting uncouplers (15); however in one case reported,
the TPP cation rendered the protonophore inactive (18).
Nonetheless, some mitochondria TPP molecules do seem to
interact with the mitochondrial inner membrane in such a
way as to stimulate proton movement (87) and others have
shown the potential to carry fatty acids across the inner
membrane (131). A note of caution in this area is appropriate
given that in wild-type mice fed MitoQ;, there was no effect
on whole body energetics, suggesting that any such effects
in vivo may be minimal (124). Cyclosporin A (CsA) has at-
tracted interest as it inhibits the activity of cyclophilin D,
thereby preventing much of the mitochondrial damage that
occurs during I/R injury due to induction of the mitochon-
drial permeability transition (58). In order to improve mito-
chondrial targeting, CsA has been conjugated to TPP and this
modification increased the selectivity of the modified CsA for
mitochondrial cyclophilin D over cyclophilin A which is
present outside the mitochondria. The modified CsA also
showed protection against the mitochondrial permeability
transition in cell models, even though conjugation to the TPP
decreased the binding affinity to cyclophilins (93). Finally, it
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should be noted that molecules targeted to mitochondria need
not always be protective to give interesting information. Il-
lustration of this point is provided by the example of a pho-
tosensitizer targeted to mitochondria that generates singlet
oxygen locally within mitochondria when illuminated, en-
abling the mitochondrial response to oxidative stress to be
investigated (92). In summary, there is considerable scope to
target a wide range of pharmacophores and bioactive mole-
cules to mitochondria in vivo in order to act as therapies or to
modify mitochondrial function.

Mitochondria-Targeted Probes

As well as using mitochondria-targeted molecules to in-
tervene in mitochondrial function, there is also considerable
interest in using probes to assess how mitochondria operate
within cells and in vivo. There are a number of aspects of
mitochondrial function that can be interrogated with small
molecule probes.

Probes of the mitochondrial membrane potential

The mitochondrial membrane potential is a critical variable
in assessing mitochondrial function and dysfunction (100, 109).
The membrane potential, generated by proton pumping across
the mitochondrial inner membrane by the respiratory chain, is
utilized for ATP synthesis, uptake of molecules into mitochon-
dria, and for thermogenesis (109). Consequently, the magnitude
of the potential is one of the most important indicators of mi-
tochondrial functional status. The extent of uptake of lipophilic
cations by mitochondria has been widely used to assess the
mitochondrial membrane potential in isolated mitochondria
and cells (8, 20). The most commonly used methods for asses-
sing the mitochondrial membrane potential in cells and in vivo is
through the use of lipophilic fluorescent cations such as tetra-
methylrhodamine and the MitoTracker series of compounds
that are selectively taken up into mitochondria in response to
the magnitude of the mitochondrial membrane potential. The
extent of uptake into the mitochondria can be assessed by
confocal microscopy, measurement of fluorescence or, in tis-
sues, by two photon fluorescence microscopy. These optical
approaches have been reviewed extensively (12, 79, 109).

In some circumstances, it would be advantageous to be able
to assess mitochondrial membrane potential by nonoptical
approaches, for example, in whole animals or patients. One of
these approaches is to directly measure the uptake of a lipo-
philic cation within mitochondria in vivo by positron emission
tomography (PET) which enables the location and concen-
tration of the PET nuclide within the body of an animal to be
accurately determined. In principle, the local concentration of
such a mitochondria-targeted PET probe within the body
would reflect the amount of mitochondria in the region and
their membrane potential. Therefore, tumors, which have a
higher mitochondrial membrane potential, or areas of damaged
tissue, which have a lower mitochondrial membrane potential,
could be identified precisely and thus aid diagnosis and as-
sessment of treatments in patients. To date, a number of PET
probes based on the TPP lipophilic cation containing the ''C
(90), '8F (28, 118), and ®*Cu (74, 155) PET nuclides have been
used in animal models with promising preliminary results (74,
90, 91). It is likely that these and other related direct methods to
determine the mitochondrial membrane potential in whole or-
ganisms and patients by nonoptical means will be developed.
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Mitochondria-specific probes for reactive
oxygen species

Mitochondria produce the reactive oxygen species (ROS)
superoxide which in turn forms hydrogen peroxide and per-
oxynitrite and this leads onto oxidative damage and also can
be at the center of mitochondrial redox signaling (9, 70, 102).
Consequently, there is considerable interest in measuring the
levels of ROS such as superoxide and hydrogen peroxide
within mitochondria in cells. This can be achieved by using
fluorescent probes that are specific for a particular ROS and
then modifying the molecule, generally by conjugation to a
lipophilic cation, so that it is taken up by mitochondria (37, 38,
123). Among these is MitoSOX (Fig. 4), a mitochondria-tar-
geted version of hydroethidine that reacts with superoxide to
form a fluorescent product, thus enabling observation of the
changes in fluorescence to indicate changes in mitochondrial
superoxide (123). The chemistry of the reaction of MitoSOX
with reactive oxygen species is complicated as it yields two
fluorescent products, one of which is superoxide specific,
while the other is formed in response to general oxidative
stress, potentially affecting the interpretation of the fluores-
cent measurements, although the two products can be sepa-
rated by HPLC (161, 164). To measure mitochondrial
hydrogen peroxide, the TPP lipophilic cation has been linked
to a phenylboronate ester (MitoPy1, Fig. 4) which reacts with
hydrogen peroxide to generate a fluorescent product, thereby
enabling the measurement of hydrogen peroxide within mi-
tochondria (37, 38). The phenylboronate moiety also reacts
with peroxynitrite, so these probes will respond to this ROS as
well (132). These mitochondria-targeted fluorescent probes
can be used to assess the production of various ROS within
mitochondria in cells more selectively than untargeted probes
and it is likely that many more selective fluorescent probes
will be developed with enhanced sensitivity and selectivity
for particular ROS species.

While mitochondria-targeted fluorescent ROS probes can
be used effectively in cell systems and to some extent in vivo in
transparent organisms such as zebrafish or in the outer layers
of cells in tissues by the use of two photon confocal micros-
copy, there are many experimental systems, particularly
in vivo, that are not accessible. Therefore it would be very
useful to have alternative modes of ROS measurement using
mitochondria-targeted probes that are not optically limited.
One possible approach is to conjugate a spin trap to a lipo-
philic cation in order to direct the spin trap to mitochondria.
Spin traps react selectively with free radicals to generate a
relatively stable spin-trap adduct molecules containing an
unpaired electron that can then be detected by electron
paramagnetic resonance (EPR) spectroscopy (125). The ad-
vantage of this approach is the inherent selectivity for free
radical species as a result of using the EPR spectroscopy de-
tection system, as it is specific for products containing an
unpaired electron. However, there are also a number of
practical limitations to this approach including the issue that
the reaction rate with free radicals is often quite low, so very
high concentrations of the spin trap are required. Further-
more, the spin adduct often decomposes or is rapidly meta-
bolised in vivo to form EPR silent products (125). Even so, a
number of mitochondria-targeted spin traps have been de-
veloped by conjugating the TPP lipophilic cation to known
spin traps such as PBN (105), DEPMPO (59, 60), BMPO (157),
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and cyclic nitrones (115) (Fig. 4). While these molecules are
taken up by mitochondria and react with free radicals, to date,
the low sensitivity of the probes developed has meant that
none has so far been used to report on mitochondrial ROS
production directly in vivo. Conversely in some cases, the
targeted spin traps have proven useful as antioxidants to se-
lectively decrease particular oxidative reactions within mito-
chondria (105). An alternative way to retain the selectivity of
the reaction of a ROS-selective mitochondria-targeted probe
but with greatly increased sensitivity is to use mass spec-
trometry to detect and quantify the reaction product (31). Our
groups have extended this approach by using a ratiometric
mass spectrometric mitochondria-targeted ROS probe named
MitoBoronic acid (MitoB, Fig. 4) (31). We chose an arylboronic
acid, based on the pioneering work of Chang (37, 97), who
showed that the reaction of this moiety with H,O, to form a
phenol can be used to assess H,O, within living cells. This
function will also react with peroxynitrite (ONOO ™) (132) so
the extent of the conversion of MitoB to its phenol product
(MitoP) in vivo (Fig. 8), the MitoP /MitoB ratio, will report on
mitochondrial H,O, and ONOO™ production. After extract-
ing the compounds from the whole organism, mass spec-
trometry was used to determine the MitoP/MitoB ratio, and
accurate quantitation was achieved by including deuterated
internal standards to correct for any variability in extraction
and detection (82). The inherent positive charge of the TPP
component of the MitoB and MitoP probes facilitates their
very sensitive detection by mass spectrometry (10, 156). So far
this approach has been used to measure the concentration of
hydrogen peroxide within living fruit flies (31), but can be
extended to measure many other types of specific ROS.

Other potential mitochondria-targeted probes

Many other probes of mitochondrial function can be devel-
oped using similar principles to those outlined above. For ex-
ample, intramitochondrial thiol status has been examined by
using lipophilic compounds containing a TPP function con-
nected to various thiol reactive moieties (e.g., iodoacetamide
TPP, Fig. 4). These compounds are taken up by mitochondria,
react with protein thiols, and can then subsequently be iden-
tified by immunoblotting with antisera against the TPP moiety
(86, 113, 128). This approach can be used to infer that protein
thiols have been oxidized (86), and can also be used to show
that a TPP compound is taken up by mitochondria in vivo (113,
137). A related development is the mitochondria-targeted li-
pophilic cations that can act as fluorescent probes for levels of
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FIG. 8. A mitochondria-targeted hydrogen peroxide and
peroxynitrite probe. The mitochondria-targeted molecule
MitoB reacts with hydrogen peroxide and peroxynitrite (not
shown) to produce MitoP, and the ratio of the two molecules
in vivo can be used to assess mitochondrial hydrogen per-
oxide and peroxynitrite production in vivo.
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mitochondrial iron (117). Thus, it is clear that as a general
strategy it should be possible to adapt a wide range of probes to
measure the mitochondrial environment by conjugation to a
lipophilic cation. It should also be possible to extend this ap-
proach to make mitochondria-specific substrates by, for ex-
ample, measuring the activity of mitochondrial processes
in vivo by measuring the formation of a product by LC/MS/
MS relative to deuterated standards as has been done for MitoB
(31). Thus by appropriate modification and development of the
approaches outlined here, it should be possible to generate
many new and improved ways to assess mitochondrial func-
tion in cells and in vivo that will complement the other currently
used methodologies.

Conclusions and Future Perspectives

The effort over the past few years on the development of
general methods to deliver molecules to mitochondria i vivo is
leading to many new classes of mitochondria-targeted thera-
pies and probes. The delivery by lipophilic cations to mito-
chondria in vivo is reasonably well understood and it is
relatively straightforward to use this approach to deliver small
neutral probes, bioactive molecules, or pharmacophores to
mitochondria in vivo. The delivery of compounds to mito-
chondria by conjugation to mitochondria-targeted peptides is
also promising, but it will be useful to obtain more funda-
mental information about the rates, thermodynamic influences
which are driving uptake, metabolism in vivo, and oral deliv-
ery. It will be particularly interesting to compare the uptake of
mitochondria-targeted cations and peptides in vivo to deter-
mine whether there are consistent differences in the types of
bioactive functionalities that can be delivered or if the uptake
into particular tissues can be exploited for therapeutic advan-
tage. Some significant challenges remain for both approaches
including discovering how to combine the selective delivery to
mitochondria with the specific delivery to particular organs.

It is now established that mitochondria-targeted antioxi-
dants show efficacy in a wide range of animal models. Fur-
thermore, they have been shown to be safe for oral
administration to humans for up to one year and have shown
promising results in a phase IIA study. Therefore, it is likely
that many other mitochondria-targeted antioxidants will be
developed as potential therapies for mitochondrial dysfunc-
tion for human diseases. This is also likely to lead to the uti-
lization of these delivery strategies to develop many more
mitochondria-targeted pharmacophores, bioactive molecules,
and probes. To conclude, we are at the beginning of an ex-
citing phase of research, development, and clinical innovation
in the mitochondrial field. The important role of mitochon-
drial function and dysfunction in pathologies is accepted and
useful new tools are now becoming available to learn more
about these disorders and to treat them effectively.

Acknowledgments

Work in the authors’ laboratories is supported by the
Medical Research Council, the Biochemical and Biophysical
Research Council, the Wellcome Trust, the United Mi-
tochondrial Disease Fund, Antipodean Pharmaceuticals Inc.,
the Foundation for Research, Science and Technology New
Zealand, the Marsden Fund of the Royal Society of New
Zealand, the Lloyds TSB Foundation for Scotland and by the
Royal Society of Edinburgh.

3033

Author Disclosure Statement

MPM and RAJS hold intellectual property in the area of
mitochondria-targeted compounds and act as consultants for
Antipodean Pharmaceuticals Inc. RCH holds intellectual
property on flavonol-vitamin E hybrid antioxidants and
consults for Antoxis.

References

1. Abu-Gosh SE, Kolvazon N, Tirosh B, Ringel I, and Yavin E.
Multiple triphenylphosphonium cations shuttle a hydro-
philic peptide into mitochondria. Mol Pharm 6: 1138-1144,
2009.

2. Adlam V], Harrison JC, Porteous CM, James AM, Smith
RAJ, Murphy MP, and Sammut IA. Targeting an antioxi-
dant to mitochondria decreases cardiac ischemia-reperfu-
sion injury. EASEB ] 19: 1088-1095, 2005.

3. Ames BN, Shigenaga MK, and Hagen TM. Oxidants, anti-
oxidants, and the degenerative diseases of aging. Proc Natl
Acad Sci USA 90: 7915-7922, 1993.

4. Anderson EJ, Lustig ME, Boyle KE, Woodlief TL, Kane DA,
Lin CT, Price JW, 3rd, Kang L, Rabinovitch PS, Szeto HH,
Houmard JA, Cortright RN, Wasserman DH, and Neufer
PD. Mitochondrial H,O, emission and cellular redox state
link excess fat intake to insulin resistance in both rodents
and humans. [ Clin Invest 119: 573-581, 2009.

5. Appleby RD, Porteous WK, Hughes G, James AM, Shan-
non D, Wei Y-H, and Murphy MP. Quantitation and origin of
the mitochondrial membrane potential in human cells lacking
mitochondrial DNA. Eyr [ Biochen 262: 108-116, 1999.

6. Armstrong JS. Mitochondria: A target for cancer therapy.
Br I Pharmacol 147: 239248, 2006.

7. Asin-Cayuela J, Manas AR, James AM, Smith RAJ, and
Murphy MP. Fine-tuning the hydrophobicity of a mito-
chondria-targeted antioxidant. EEBS Lett 571: 9-16, 2004.

8. Azzone GF, Pietrobon D, and Zoratti M. Determination of
the proton electrochemical gradient across biological
membranes. Curr Top Bioenerg 13: 1-77, 1984.

9. Balaban RS, Nemoto S, and Finkel T. Mitochondria, oxi-
dants, and aging. Cell 120: 483-495, 2005.

10. Barry SJ, Carr RM, Lane SJ, Leavens W], Manning CO,
Monte S, and Waterhouse I. Use of S-pentafluorophenyl
tris(2,4,6-trimethoxyphenyl)phosphonium acetate bromide
and (4-hydrazino-4-oxobutyl) [tris(2,4,6-trimethoxyphenyl)
phosphonium bromide for the derivatization of alcohols,
aldehydes and ketones for detection by liquid chromatog-

raphy/electrospray mass spectrometry. Rgpid Comnun

Mass Spectrom 17: 484-497, 2003.
11. Beckman KB and Ames BN. The free radical theory of ag-

ing matures. Physiol Revs 78: 547-581, 1998.

12. Bernardi P, Scorrano L, Colonna R, Petronilli V, and Di Lisa
F. Mitochondria and cell death. Mechanistic aspects and
methodological issues. Eur [ Biochem 264: 687-701, 1999.

13. Berners-Price S] and Filipovska A. The design of gold-
based, mitochondria-targeted chemotherapeutics. Aust ]
Chem 61: 661-668, 2008.

14. Biasutto L, Dong LF, Zoratti M, and Neuzil ]. Mitochondrially
targeted anti-cancer agents. Mitochondrion 10: 670681, 2010.

15. Biasutto L, Sassi N, Mattarei A, Marotta E, Cattelan P,
Toninello A, Garbisa S, Zoratti M, and Paradisi C. Impact
of mitochondriotropic quercetin derivatives on mitochon-
dria. Bigchim Rigghys Actg 1797: 189-196, 2010.

16. Biswas G, Jeon OY, Lee WS, Kim DC, Kim KT, Lee S,
Chang S, and Chung SK. Novel guanidine-containing



3034

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

molecular transporters based on lactose scaffolds: Lipo-
philicity effect on the intracellular organellar selectivity.
Chemistry 14: 9161-9168, 2008.

Bjelakovic G, Nikolova D, Gluud LL, Simonetti RG, and
Gluud C. Antioxidant supplements for prevention of
mortality in healthy participants and patients with vari-
ous diseases. Cochrane Database Syst Revs, 2, CD007176,
2008.

Blaikie FH, Brown SE, Samuelsson LM, Brand MD, Smith
RAJ, and Murphy MP. Targeting dinitrophenol to mito-
chondria: limitations to the development of a self-limiting
mitochondrial protonophore. Biosci Rep 26: 231-243, 2006.
Bouchier-Hayes L, Lartigue L, and Newmeyer DD. Mi-
tochondria: Pharmacological manipulation of cell death. |
Clin Invest 115: 2640-2647, 2005.

Brand MD. Measurement of mitochondrial protonmotive
force. In: Bioenergetics. A Practical Approach. edited by
Brown GC, Cooper CE. Oxford: IRL; 1995, pp. 39-62.
Brown SE, Ross MF, Sanjuan-Pla A, Manas AR, Smith RA],
and Murphy MP. Targeting lipoic acid to mitochondria:
synthesis and characterization of a triphenylphosphonium-
conjugated alpha-lipoyl derivative. Exgg Radic Bigl Med 42:
1766-1780, 2007.

Burns R] and Murphy MP. Labeling of mitochondrial
proteins in living cells by the thiol probe thiobutyl-
triphenylphosphonium bromide. dgek Rigcheue Bignkyg 339:
33-39, 1997.

Burns RJ, Smith RAJ, and Murphy MP. Synthesis and
characterization of thiobutyltriphenylphosphonium bro-
mide, a novel thiol reagent targetted to the mitochondrial
matrix. Azch Bigchon Biguhyg 322: 60-68, 1995.

Chacko BK, Reily C, Srivastava A, Johnson MS, Ye Y,
Ulasova E, Agarwal A, Zinn KR, Murphy MP, Kalyanara-
man B, and Darley-Usmar V. Prevention of diabetic
nephropathy in Ins2(+ /)(AkitaJ) mice by the mitochon-
dria-targeted therapy MitoQ. Biochemn | 432: 9-19, 2010.
Chandran K, Aggarwal D, Migrino RQ, Joseph J, McAllister
D, Konorev EA, Antholine WE, Zielonka ], Srinivasan S,
Avadhani NG, and Kalyanaraman B. Doxorubicin inacti-
vates myocardial cytochrome c¢ oxidase in rats: Cardio-
protection by Mito-Q. Biophys | 96: 1388-1398, 2009.

Chen LB. Mitochondrial membrane potential in living cells.
Auuu Rep Cell Biol 4: 155-181, 1988.

Chen Z, Siu B, Ho YS, Vincent R, Chua CC, Hamdy RC,
and Chua BH. Overexpression of MnSOD protects against
myocardial ischemia/reperfusion injury in transgenic mice.
LMol Cell Cardiol 30: 22812289, 1998.

Cheng Z, Subbarayan M, Chen X, and Gambhir SS.
Synthesis of a (4-[18F]fluorophenyl)triohenylphonium as a
potential imaging agent for mitochondrial dysfunction. |
Labell Coug Radigglgiay 48: 131-137, 2005.

Chouchani ET, Hurd TR, Nadtochiy SM, Brookes PS,
Fearnley IM, Lilley KS, Smith RAJ, and Murphy MP.
Identification of S-nitrosated mitochondrial proteins by
S-nitrosothiol difference in gel electrophoresis (SNO-DIGE):
Implications for the regulation of mitochondrial function
by reversible S-nitrosation. Biochem | 430: 49-59, 2010.
Cochemé HM and Murphy MP. Can antioxidants be ef-
fective therapeutics? (uaQuiluneskie Diygs 11: 426431,
2010.

Cochemé HM, Quin C, McQuaker SJ, Cabreiro F, Logan A,
Prime TA, Abakumova I, Patel JV, Fearnley IM, James AM,
Porteous CM, Smith RAJ, Saeed S, Carré JE, Singer M,
Gems D, Hartley RC, Partridge L, and Murphy MP. Mea-

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

SMITH ET AL.

surement of H,O, within living Drosophila during aging
using a ratiometric mass spectrometry probe targeted to the
mitochondrial matrix. Cell Metab 13: 340-350, 2011.
Davies SM, Poljak A, Duncan MW, Smythe GA, and
Murphy MP. Measurements of protein carbonyls, ortho-
and meta-tyrosine and oxidative phosphorylation complex
activity in mitochondria from young and old rats. Free
Radic Biol Med 31: 181-190, 2001.

Davis S, Weiss M], Wong JR, Lampidis TJ, and Chen LB.
Mitochondrial and plasma membrane potential cause un-
usual accumulation and retention of rhodamine 123 by
human breast adenocarcinoma-derived MCE-7 cells. | Biol
Chem 260: 13844-13850, 1985.

De Vos K] and Sheetz MP. Visualization and quantification
of mitochondrial dynamics in living animal cells. Methods
Cell Biol. 80: 627-682, 2007.

Dessolin J, Schuler M, Quinart A, De Giorgi F, Ghosez L,
and Ichas F. Selective targeting of synthetic antioxidants to
mitochondria: Towards a mitochondrial medicine for neu-
rodegenerative diseases? Eur L Pharugcol 447: 155-161,
2002.

Dhanasekaran A, Kotamraju S, Karunakaran C, Kalivendi
SV, Thomas S, Joseph ], and Kalyanaraman B. Mitochon-
dria superoxide dismutase mimetic inhibits peroxide-
induced oxidative damage and apoptosis: Role of
mitochondrial superoxide. Fzgg Radic Biol Med 39: 567-583,
2005.

Dickinson BC and Chang CJ. A targetable fluorescent probe
for imaging hydrogen peroxide in the mitochondria of
living cells. [ Az Chemn Soc 130: 9638-9639, 2008.
Dickinson BC, Srikun D, and Chang CJ. Mitochondrial-
targeted fluorescent probes for reactive oxygen species.
Sl Quin Cheg Bigl 14: 50-56, 2010.

Dikalova AE, Bikineyeva AT, Budzyn K, Nazarewicz RR,
McCann L, Lewis W, Harrison DG, and Dikalov SI. Ther-
apeutic targeting of mitochondrial superoxide in hyper-
tension. Circ Res 107: 106-116, 2010.

Don AS and Hogg PJ. Mitochondria as cancer drug targets.
Trends Mol Med 10: 372-378, 2004.

Dong LF, Jameson V], Tilly D, Cerny ], Mahdavian E,
Marin-Hernandez A, Hernandez-Esquivel L, Rodriguez-
Enriquez S, Stursa ], Witting PK, Stantic B, Rohlena J,
Truksa ], Kluckova K, Dyason JC, Ledvina M, Salvatore
BA, Moreno-Sanchez R, Coster MJ, Ralph SJ, Smith
RA]J, and Neuzil J. Mitochondrial targeting of vitamin E
succinate enhances its pro-apoptotic and anti-cancer
activity via mitochondrial complex II. [ _Biol Chem 286:
3717-3728, 2011.

Doughan AK and Dikalov SI. Mitochondrial redox cycling
of mitoquinone leads to superoxide production and cellular
apoptosis. Audigxid Redax Sigugl 9: 1825-1836, 2007.

Duca M, Dozza B, Lucarelli E, Santi S, Di Giorgio A, and
Barbarella G. Fluorescent labeling of human mesenchymal
stem cells by thiophene fluorophores conjugated to a li-

pophilic carrier. Chem Commuy 46: 7948-50, 2010.
Duchen MR. Mitochondria in health and disease: Perspec-

tives on a new mitochondrial biology. Mol Aspect Med 25:
365-451, 2004.

Echtay KS, Murphy MP, Smith RAJ, Talbot DA, and Brand
MD. Superoxide activates mitochondrial uncoupling pro-
tein 2 from the matrix side. Studies using targeted antiox-
idants. [ Biol Chem 277: 47129-47135, 2002.

Esplugues JV, Rocha M, Nunez C, Bosca I, Ibiza S, Herance
JR, Ortega A, Serrador JM, D'Ocon P, and Victor VM.



MITOCHONDRIA-TARGETED SMALL MOLECULES

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Complex I dysfunction and tolerance to nitroglycerin: An
approach based on mitochondrial-targeted antioxidants.
Circ Res 99: 1067-1075, 2006.

Fernandez-Carneado ], Van Gool M, Martos V, Castel S,
Prados P, de Mendoza ], and Giralt E. Highly efficient,
nonpeptidic oligoguanidinium vectors that selectively inter-
nalize into mitochondria. [Agr Chem Soc 127: 869-874, 2005.
Filipovska A, Eccles MR, Smith RAJ, and Murphy MP.
Delivery of antisense peptide nucleic acids (PNAs) to the
cytosol by disulphide conjugation to a lipophilic cation.
EEBS Lett 556: 180-186, 2004.

Filipovska A, Kelso GF, Brown SE, Beer SM, Smith RA]J,
and Murphy MP. Synthesis and characterization of a tri-
phenylphosphonium-conjugated peroxidase mimetic: In-
sights into the interaction of ebselen with mitochondria. |
Biol Chem 280: 2411324126, 2005.

Finkel T. Opinion: Radical medicine: Treating ageing to
cure disease. NgtRezMal Cell Biol 6: 971-976, 2005.
Flewelling RF and Hubbell WL. Hydrophobic ion interac-
tions with membranes. Biophys | 49: 531-540, 1986.

Gallet PF, Maftah A, Petit JM, Denis-Gay M, and Julien R.
Direct cardiolipin assay in yeast using the red fluorescence
emission of 10-N-nonyl acridine orange. Eur [ Biochem 228:
113-119, 1995.

Gane EJ, Weilert F, Orr DW, Keogh GF, Gibson M, Lock-
hart MM, Frampton CM, Taylor KM, Smith RAJ, and
Murphy MP. The mitochondria-targeted antioxidant mito-
quinone decreases liver damage in a phase II study of
hepatitis C patients. Liver Int 30: 1019-1026, 2010.

Ghosh A, Chandran K, Kalivendi SV, Joseph ], Antholine
WE, Hillard CJ, Kanthasamy A, Kanthasamy A, and Ka-
lyanaraman B. Neuroprotection by a mitochondria-
targeted drug in a Parkinson’s disease model. Free Radic
Biol Med 49: 1674-1684, 2010.

Ghosh SC, Kim B, Im J, Lee WS, Im CN, Chang YT, Kim W,
Kim KT, and Chung SK. Mitochondrial affinity of guani-
dine-rich molecular transporters built on m(E = o- and sc(E
>llo-inositol scaffolds: Stereochemistry dependency. Bull
Korean Chem So¢ 31: 3623-3631, 2010.

Graham D, Huynh NN, Hamilton CA, Beattie E, Smith
RA]J, Cochemé HM, Murphy MP, and Dominiczak AF. The
mitochondria targeted antioxidant MitoQ10 improves en-
dothelial function and attenuates cardiac hypertrophy.
Hypertension 54: 322-328, 2009.

Green K, Brand MD, and Murphy MP. Prevention of mi-
tochondrial oxidative damage as a therapeutic strategy in
diabetes. Diabetes 53: S110-118, 2004.

Halestrap A. Biochemistry: A pore way to die. Nature 434:
578-579, 2005.

Hardy M, Chalier F, Ouari O, Finet JP, Rockenbauer A,
Kalyanaraman B, and Tordo P. Mito-DEPMPO synthesized
from a novel NH2-reactive DEPMPO spin trap: A new and
improved trap for the detection of superoxide. Chent Comi-
mun: 1083-1085, 2007.

Hardy M, Rockenbauer A, Vasquez-Vivar ], Felix C, Lopez
M, Srinivasan S, Avadhani N, Tordo P, and Kalyanaraman
B. Detection, characterization, and decay kinetics of ROS
and thiyl adducts of mito-DEPMPO spin trap. Chemn Res
Toxicol 20: 10531060, 2007.

Harper JA, Dickinson K, and Brand MD. Mitochondrial
uncoupling as a target for drug development for the
treatment of obesity. Obes Rev 2: 255-265, 2001.

Hickey JL, Ruhayel RA, Barnard PJ, Baker MV, Berners-
Price SJ, and Filipovska A. Mitochondria-targeted chemo-

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

3035

therapeutics: The rational design of gold(I) N-heterocyclic
carbene complexes that are selectively toxic to cancer cells
and target protein selenols in preference to thiols. | Am
Chem Soc 130: 12570-12571, 2008.

Horton KL, Stewart KM, Fonseca SB, Guo Q, and Kelley
SO. Mitochondria-penetrating peptides. Chem Biol 15: 375—
382, 2008.

Hu Y, Rosen DG, Zhou Y, Feng L, Yang G, Liu J, and
Huang P. Mitochondrial manganese-superoxide dismutase
expression in ovarian cancer: Role in cell proliferation and
response to oxidative stress. [ Biol Chem 280: 39485-39492,
2005.

Jakobs S. High resolution imaging of live mitochondria.
Sl 1763: 561-575, 2006.
James AM, Cocheme HM, and Murphy MP. Mitochondria-
targeted redox probes as tools in the study of oxidative

damage and ageing. Mech Ageing Dep 126: 982-986, 2005.
James AM, Cocheme HM, Smith RAJ, and Murphy MP.
Interactions of mitochondria-targeted and untargeted ubi-
quinones with the mitochondrial respiratory chain and re-
active oxygen species. Implications for the use of exogenous
ubiquinones as therapies and experimental tools. | Biol
Chem 280: 21295-21312, 2005.

James AM, Sharpley MS, Manas AR, Frerman FE, Hirst J,
Smith RAJ, and Murphy MP. Interaction of the mitochondria-
targeted antioxidant MitoQ with phospholipid bilayers and
ubiquinone oxidoreductases. [ Biol Chem 282: 14708-14718,
2007.

James AM, Smith RAJ, and Murphy MP. Antioxidant and
prooxidant properties of mitochondrial Coenzyme Q. Arch
Biochem Biophys 423: 47-56, 2004.

Janssen-Heininger YM, Mossman BT, Heintz NH, Forman
HJ, Kalyanaraman B, Finkel T, Stamler JS, Rhee SG, and
van der Vliet A. Redox-based regulation of signal trans-
duction: principles, pitfalls, and promises. Ezxge Radic Biol
Med 45: 1-17, 2008.

Jauslin ML, Meier T, Smith RAJ, and Murphy MP. Mi-
tochondria-targeted antioxidants protect Friedreich Ataxia
fibroblasts from endogenous oxidative stress more effec-
tively than untargeted antioxidants. FASEB | 17: 1972-1974,
2003.

Kelso GF, Porteous CM, Coulter CV, Hughes G, Porteous
WK, Ledgerwood EC, Smith RAJ, and Murphy MP. Selec-
tive targeting of a redox-active ubiquinone to mitochondria
within cells. [ Biol Chem 276: 4588-4596, 2001.

Ketterer B, Neumcke B, and Laeuger P. Transport mecha-
nism of hydrophobic ions across through lipid bilayers. |
Memb Biol 5: 225-245, 1971.

Kim YS, Yang CT, Wang J, Wang L, Li ZB, Chen X, and Liu
S. Effects of targeting moiety, linker, bifunctional chelator,
and molecular charge on biological properties of ®*Cu-
labeled triphenylphosphonium cations. [ _Med Chem 51:
2971-2984, 2008.

Kroemer G, Zamzami N, and Susin SA. Mitochondrial
control of apoptosis. [yl Todgy 18: 44-51, 1997.
Larrea E, Beloqui O, Munoz-Navas MA, Civeira MP, and
Prieto ]. Superoxide dismutase in patients with chronic
hepatitis C virus infection. Frgg Radic Biol Med 24: 1235
1241, 1998.

Lei W, Xie J, Hou Y, Jiang G, Zhang H, Wang P, Wang X,
and Zhang B. Mitochondria-targeting properties and
photodynamic activities of porphyrin derivatives bear-
ing cationic pendant. L Dhgtecker Dhgtobigl B 98: 167-171,
2010.




3036

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Lemasters JJ, Nieminen A-L, Qian T, Trost LC, Elmore SP,
Nishimura Y, Crowe RA, Cascio WE, Bradham CA, Bren-
ner DA, and Herman B. The mitochondrial permeability
transition in cell death: A common mechanism in necrosis,
apoptosis and autophagy. Biochim Bionhus Actg 1366: 177—
196, 1998.

Lemasters J] and Ramshesh VK. Imaging of mitochondrial
polarization and depolarization with cationic fluorophores.
Meth, Cell Biol. 80: 283-295, 2007.

Levine RL, Williams JA, Stadtman ER, and Shacter E.
Carbonyl assays for determination of oxidatively damaged
proteins. Meth Enzymol 233: 346-357, 1994.

Lewis MR and Lewis WH. Amer] Anat 17: 339-401, 1915.
Li Y, Zhang H, Fawcett JP, and Tucker IG. Quantitation
and metabolism of mitoquinone, a mitochondria-targeted
antioxidant, in rat by liquid chromatography/tandem mass
spectrometry. Sl gasa ety 21: 1958-1964,
2007.

Li Y, Zhang H, Fawcett JP, and Tucker IG. Effect of cy-
closporin A on the pharmacokinetics of mitoquinone (Mi-
toQ10), a mitochondria-targeted antioxidant, in rat. Asian |
Pharm Sci 5: 106-113, 2010.

Liberman EA and Skulachev VP. Conversion of biomem-
brane-produced energy into electric form. IV. General dis-
cussion. Bigchim Bigphys Actg 216: 30-42, 1970.

Liberman EA, Topali VP, Tsofina LM, Jasaitis AA, and
Skulachev VP. Mechanism of coupling of oxidative phos-
phorylation and the membrane potential of mitochondria.
Nature 222: 1076-1078, 1969.

Lin TK, Hughes G, Muratovska A, Blaikie FH, Brookes PS,
Darley-Usmar V, Smith RAJ, and Murphy MP. Specific
modification of mitochondrial protein thiols in response to
oxidative stress: A proteomics approach. [ Biol Chem 277:
17048-17056, 2002.

Lou PH, Hansen BS, Olsen PH, Tullin S, Murphy MP, and
Brand MD. Mitochondrial uncouplers with an extraordi-
nary dynamic range. Biochem | 407: 129-140, 2007.

Lowes DA, Thottakam BM, Webster NR, Murphy MP, and
Galley HF. The mitochondria-targeted antioxidant MitoQ
protects against organ damage in a lipopolysaccharide-
peptidoglycan model of sepsis. FrgoRadic Biol Med 45:
1559-1565, 2008.

Luque-Ortega JR, Reuther P, Rivas L, and Dardonville C.
New benzophenone-derived bisphosphonium salts as leish-
manicidal leads targeting mitochondria through inhibition of
respiratory complex II. [ Med Chem 53: 1788-1798, 2010.
Madar I, Anderson JH, Szabo Z, Scheffel U, Kao PF, Ravert
HT, and Dannals RF. Enhanced uptake of [Y!C]JTPMP in
canine brain tumor: A PET study. [ Nucl Med 40: 1180-1185,
1999.

Madar I, Ravert HT, Du Y, Hilton J, Volokh L, Dannals RF,
Frost JJ, and Hare JM. Characterization of uptake of the
new PET imaging compound '®F-fluorobenzyl triphenyl
phosphonium in dog myocardium. | Nucl Med 47: 1359-
1366, 2006.

Mahon KP, Potocky TB, Blair D, Roy MD, Stewart KM,
Chiles TC, and Kelley SO. Deconvolution of the cellular
oxidative stress response with organelle-specific peptide
conjugates. Chem Biol 14: 923-930, 2007.

Malouitre S, Dube H, Selwood D, and Crompton M. Mi-
tochondrial targeting of cyclosporin A enables selective
inhibition of cyclophilin-D and enhanced cytoprotection
after glucose and oxygen deprivation. Biochem [ 425: 137-
148, 2010.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

SMITH ET AL.

Manetta A, Gamboa G, Nasseri A, Podnos YD, Emma D,
Dorion G, Rawlings L, Carpenter PM, Bustamante A, Patel
J, and Rideout D. Novel phosphonium salts display in vitro
and in vivo cytotoxic activity against human ovarian cancer
cell lines. Guuecolog Oncol 60: 203-212, 1996.

Mehiri M, Caldarelli S, Di Giorgio A, Barouillet T, Doglio
A, Condom R, and Patino N. A “ready-to-use” fluorescent-
labelled-cysteine-TBTP (4-thiobutyltriphenylphosphonium)
synthon to investigate the delivery of non-permeable PNA
(peptide nucleic acids)-based compounds to cells. Bioorg
Chem 35: 313-326, 2007.

Meyer AJ] and Dick TP. Fluorescent protein-based redox
probes. Autioxid Redax Sigugl 13: 621-650, 2010.

Miller EW, Tulyathan O, Isacoff EY, and Chang CJ. Mole-
cular imaging of hydrogen peroxide produced for cell sig-
naling. Nat Chem Biol 3: 263-267, 2007.

Mitchell T, Rotaru D, Saba H, Smith RA]J, Murphy MP, and
MacMillan-Crow L. The mitochondria-targeted antioxidant
Mitoquinone protects against cold storage injury of renal
tubular cells and rat kidneys | Pharmacol Exper Therap 336:
682-692, 2011.

Murphy MP. Targeting bioactive compounds to mito-
chondria. Tzeuds Biotechnal 15: 326-330, 1997.

Murphy MP. How understanding the control of energy
metabolism can help investigation of mitochondrial dys-
function, regulation and pharmacology. Biochim Biophis
Acta 1504: 1-11, 2001.

Murphy MP. How mitochondria produce reactive oxygen
species. Biochem | 417: 1-13, 2009.

Murphy MP. Investigating mitochondrial radical production
using targeted probes. Biochenr Soc Trgus 32: 1011-1014, 2004.
Murphy MP. Mitochondria—A neglected drug target. Curr
Quin Inpectio Dryos 10: 1022-1024, 2009.

Murphy MP. Development of lipophilic cations as thera-
pies for mitochondrial diseases. gt idaRiollhorgay 1:
753-764, 2001.

Murphy MP, Echtay KS, Blaikie FH, Asin-Cayuela ], Co-
cheme HM, Green K, Buckingham JA, Taylor ER, Hurrell F,
Hughes G, Miwa S, Cooper CE, Svistunenko DA, Smith
RAJ, and Brand MD. Superoxide activates uncoupling
proteins by generating carbon-centered radicals and initi-
ating lipid peroxidation: Studies using a mitochondria-
targeted spin trap derived from alpha-phenyl-N-tert-bu-
tylnitrone. [ Biol Chem 278: 48534-48545, 2003.

Murphy MP and Smith RAJ. Targeting antioxidants to
mitochondria by conjugation to lipophilic cations. Ann Rev
DPharmacol Toxicol 47: 629-656, 2007.

Murphy MP and Smith RA]J. Drug delivery to mitochon-
dria: The key to mitochondrial medicine. Adp Drug Delip
Rev 41: 235-250, 2000.

Neuzil ], Widen C, Gellert N, Swettenham E, Zobalova R, Dong
LF, Wang XF, Lidebjer C, Dalen H, Headrick JP, and Witting PK.
Mitochondria transmit apoptosis signaling in cardiomyocyte-
like cells and isolated hearts exposed to experimental ischemia-
reperfusion injury. Redox Rep 12: 148-162, 2007.

Nicholls DG and Ferguson SJ. Bioenergetics 3. London:
Academic Press; 2002.

O’'Malley Y, Fink BD, Ross NC, Prisinzano TE, and Sivitz
WI. Reactive oxygen and targeted antioxidant administra-
tion in endothelial cell mitochondria. [ _Biol Chem 281:
39766-39775, 2006.

Paradies G, Petrosillo G, Paradies V, and Ruggiero FM. Role
of cardiolipin peroxidation and Ca2+ in mitochondrial
dysfunction and disease. Cell Calcium 45: 643650, 2009.




MITOCHONDRIA-TARGETED SMALL MOLECULES

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Patel J, Rideout D, McCarthy MR, Calogeropoulou T,
Wadwa KS, and Oseroff AR. Antineoplastic activity, syn-
ergism, and antagonism of triarylalkylphosphonium salts
and their combinations. Agticancer Res 14: 21-28, 1994.
Porteous CM, Logan A, Evans C, Ledgerwood EC, Menon
DK, Aigbirhio F, Smith RAJ, and Murphy MP. Rapid
uptake of lipophilic triphenylphosphonium cations by mi-
tochondria in vivo following intravenous injection: Im-
plications for mitochondria-specific therapies and probes.
Biocking Bigphys Actg 1800: 1009-1017, 2010.

Prime TA, Blaikie FH, Evans C, Nadtochiy SM, James AM,
Dahm CC, Vitturi DA, Patel RP, Hiley CR, Abakumova I,
Requejo R, Chouchani ET, Hurd TR, Garvey JF, Taylor CT,
Brookes PS, Smith RAJ, and Murphy MP. A mitochondria-
targeted S-nitrosothiol modulates respiration, nitrosates
thiols, and protects against ischemia-reperfusion injury.
Beac Natl Acad SeilIS4 106: 10764-10769, 2009.

Quin C, Trnka J, Hay A, Murphy MP, and Hartley RC.
Synthesis of a mitochondria-targeted spin trap using a
novel Parham-type cyclization. Tefrahedron 65: 8154-8160,
2009.

Rao VA, Klein SR, Bonar SJ, Zielonka J, Mizuno N, Dickey
JS, Keller PW, Joseph ], Kalyanaraman B, and Shacter E.
The antioxidant transcription factor Nrf2 negatively regu-
lates autophagy and growth arrest induced by the anti-
cancer redox agent mitoquinone. [ Biol Chem 285: 34447-
34459, 2010.

Rauen U, Springer A, Weisheit D, Petrat F, Korth HG, De
Groot H, and Sustmann R. Assessment of chelatable mi-
tochondrial iron by using mitochondrion-selective fluores-
cent iron indicators with different iron-binding affinities.
Chembiochem 8: 341-352, 2007.

Ravert HT, Madar I, and Dannals RF. Radiosynthesis of 3-
[18F]ﬂuoropr0py1 and 4-[ 18F]ﬂuorobenzyl triarylpho-
sphonium ions. LLghell Camg Radionkauy 47: 469476, 2004.
Rideout D. Self-assembling drugs: A new approach to
biochemical modulation in cancer chemotherapy. Cancer
Invest 12: 189-202; discussion 268-269, 1994.

Rideout DC, Calogeropoulou T, Jaworski JS, Dagnino R, Jr.,
and McCarthy MR. Phosphonium salts exhibiting selective
anti-carcinoma activity in vitro. Auticgucer Diyg Des 4: 265
280, 1989.

Ripcke ], Zarse K, Ristow M, and Birringer M. Small-
molecule targeting of the mitochondrial compartment with
an endogenously cleaved reversible tag. Chem Biochem 10:
1689-1696, 2009.

Rizzuto R, Simpson AWM, Brini M, and Pozzan T.
Rapid changes of mitochondrial Ca revealed by specifcally
targeted recombinant aequorin. Nature 358: 325-327, 1992.
Robinson KM, Janes MS, Pehar M, Monette JS, Ross MF,
Hagen TM, Murphy MP, and Beckman JS. Selective
fluorescent imaging of superoxide in vivo using ethidium-
based probes. RigeaNatdeadatcilland 103: 15038-15043,
2006.

Rodriguez-Cuenca S, Cocheme HM, Logan A, Abakumova
I, Prime TA, Rose C, Vidal-Puig A, Smith AC, Rubinsztein
DC, Fearnley IM, Jones BA, Pope S, Heales SJ, Lam BY,
Neogi SG, McFarlane I, James AM, Smith RAJ, and Murphy
MP. Consequences of long-term oral administration of the
mitochondria-targeted antioxidant MitoQ to wild-type
mice. Exgo Radic Bigl Med 48: 161-172, 2010.

Rosen GM, Britigan BE, Halpern HJ, and Pou S. Free Ra-
dicals. Biology and Detection by Spin Trapping Oxford: Oxford
University Press; 1999.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

3037

Ross MF, Da Ros T, Blaikie FH, Prime TA, Porteous CM,
Severina, II, Skulachev VP, Kjaergaard HG, Smith RAJ, and
Murphy MP. Accumulation of lipophilic dications by mi-
tochondria and cells. Biochem | 400: 199-208, 2006.

Ross MF, Kelso GF, Blaikie FH, James AM, Cocheme HM,
Filipovska A, Da Ros T, Hurd TR, Smith RA]J, and Murphy
MP. Lipophilic triphenylphosphonium cations as tools in
mitochondrial bioenergetics and free radical biology. Bio-
ehenyistry (Mosc) 70: 222-230, 2005.

Ross MF, Prime TA, Abakumova I, James AM, Porteous
CM, Smith RAJ, and Murphy MP. Rapid and extensive
uptake and activation of hydrophobic triphenylpho-
sphonium cations within cells. Biochem | 411: 633-645,
2008.

Santos JH, Meyer JN, Mandavilli BS, and Van Houten B.
Quantitative PCR-based measurement of nuclear and mi-
tochondrial DNA damage and repair in mammalian cells.
Meth Mol Biol 314: 183-199, 2006.

Saraste M. Oxidative phosphorylation at the fin de siecle.
Science 283: 1488-1493, 1999.

Severin FF, Severina, II, Antonenko YN, Rokitskaya TI,
Cherepanov DA, Mokhova EN, Vyssokikh MY, Pustovidko
AV, Markova OV, Yaguzhinsky LS, Korshunova GA,
Sumbatyan NV, Skulachev MV, and Skulachev VP. Pene-
trating cation/fatty acid anion pair as a mitochondria-
targeted protonophore. Drge Natldcgd SeilISd 107: 663-668,
2010.

Sikora A, Zielonka J, Lopez M, Joseph ], and Kalyanaraman
B. Direct oxidation of boronates by peroxynitrite: Me-
chanism and implications in fluorescence imaging of per-
oxynitrite. Erge Radic Bigl Med 47: 1401-1407, 2009.
Skulachev VP, Anisimov VN, Antonenko YN, Bakeeva LE,
Chernyak BV, Erichev VP, Filenko OF, Kalinina NI,
Kapelko VI, Kolosova NG, Kopnin BP, Korshunova GA,
Lichinitser MR, Obukhova LA, Pasyukova EG, Pisarenko
OI, Roginsky VA, Ruuge EK, Senin, II, Severina, II, Sku-
lachev MV, Spivak IM, Tashlitsky VN, Tkachuk VA, Vys-
sokikh MY, Yaguzhinsky LS, and Zorov DB. An attempt to
prevent senescence: A mitochondrial approach. Biochim
Biophys Acta 1787: 437-461, 2009.

Smith RAJ, Kelso GF, James AM, and Murphy MP. Tar-
geting coenzyme Q derivatives to mitochondria. Methods
Enzymol 382: 45-67, 2004.

Smith RAJ and Murphy MP. Animal and human studies
with the mitochondria-targeted antioxidant MitoQ. Ann
NY Acad Sci 1201: 96-103, 2010.

Smith RAJ, Porteous CM, Coulter CV, and Murphy MP.
Targeting an antioxidant to mitochondria. Eyz J Biochem
263: 709-716, 1999.

Smith RAJ, Porteous CM, Gane AM, and Murphy MP.
Delivery of bioactive molecules to mitochondria in wvivo.
Beac Natl Acad ScilIS4 100: 5407-5412, 2003.

Snow BJ, Rolfe FL, Lockhart MM, Frampton CM, O’Sullivan
JD, Fung V, Smith RAJ, Murphy MP, and Taylor KM. A
double-blind, placebo-controlled study to assess the mito-
chondria-targeted antioxidant MitoQ as a disease-modifying
therapy in Parkinson’s disease. Moy Disord 25: 1670-1674,
2010.

Sun X, Wong JR, Song K, Hu ], Garlid KD, and Chen LB.
AAl, a newly synthesized monovalent lipophilic cation,
expresses potent in vivo antitumor activity. Cancer Res 54:
1465-1471, 1994.

Supinski GS, Murphy MP, and Callahan LA. MitoQ
administration ~ prevents endotoxin-induced cardiac



3038

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

dysfunction. fiseisiesiniesnesiiniel 207
R1095-1102, 2009.

Szeto HH. Cell-permeable, mitochondrial-targeted, peptide
antioxidants. AAPS | 8: E277-83, 2006.

Szeto HH. Mitochondria-targeted peptide antioxidants:
Novel neuroprotective agents. AAPS | 8: E521-31, 2006.
Szeto HH. Mitochondria-targeted cytoprotective peptides
for ischemia-reperfusion injury. Aufiox Redox Sigl 10: 601—
619, 2008.

Szeto HH, Lovelace JL, Fridland G, Soong Y, Fasolo J, Wu
D, Desiderio DM, and Schiller PW. In vivo pharmacoki-
netics of selective mu-opioid peptide agonists. [ Pharmacol
Exp Ther 298: 57-61, 2001.

Szeto HH, Schiller PW, Zhao K, and Luo G. Fluorescent
dyes alter intracellular targeting and function of cell-
penetrating tetrapeptides. EASEB [ 19: 118-120, 2005.
Szewczyk A and Wojtczak L. Mitochondria as a pharma-
cological target. Phgruacol Rep 54: 101-127, 2002.

Teicher BA and Holden SA. Antitumor and radio-
sensitizing activity of several platinum-(+) dye complexes.
Radiat Res 109: 58-67, 1987.

Teicher BA, Holden SA, and Cathcart KN. Efficacy of
Pt(Rh-123)2 as a radiosensitizer with fractionated X rays.
ittt ialaoliis 13: 12171224, 1987.

Trnka J, Blaikie FH, Smith RAJ, and Murphy MP. A mito-
chondria-targeted nitroxide is reduced to its hydroxyl-
amine by ubiquinol in mitochondria. Frgg Radic Bigl Med 44:
1406-1419, 2008.

Vergeade A, Mulder P, Vendeville-Dehaudt C, Estour F,
Fortin D, Ventura-Clapier R, Thuillez C, and Monteil C.
Mitochondrial impairment contributes to cocaine-induced
cardiac dysfunction: Prevention by the targeted antioxidant
MitoQ. Erge Radic Biol Med 49: 748-756, 2010.

Verma A, Facchina SL, Hirsch DJ, Song S-Y, Dillahey LF,
Williams JR, and Snyder SH. Photodynamiic tumor thera-
py: Mitochondrial benzodiazapine receptors as a thera-
peutic target. Mol Med 4: 40-45, 1998.

Vestweber D and Schatz G. Mitochondria can import arti-
ficial precursor proteins containing a branched polypeptide
chain or a carboxy-terminal stilbene derivative. [._Cell Biol
107: 2045-2049, 1988.

Vestweber D and Schatz G. Transfection of mitochondria:
Strategy towards a gene therapy of mitochondrial DNA
diseases. Nature 338: 170-172, 1989.

Wallace DC. Mitochondrial diseases in man and mouse.
Science 283: 1482-1488, 1999.

Wang J, Yang CT, Kim YS, Sreerama SG, Cao Q, Li ZB,
He Z, Chen X, and Liu S. 64Cu-Labeled triphenylpho-
sphonium and triphenylarsonium cations as highly tumor-
selective imaging agents. [ Med Chem 50: 5057-5069, 2007.
Woo HK, Go EP, Hoang L, Trauger SA, Bowen B, Siuzdak
G, and Northen TR. Phosphonium labeling for increasing
metabolomic coverage of neutral lipids using electrospray
ionization mass spectrometry. Rggide oL Ass
Spectrom 23: 1849-1855, 2009.

Xu 'Y and Kalyanaraman B. Synthesis and ESR studies of a
novel cyclic nitrone spin trap attached to a phosphonium
group. A suitable trap for mitochondria-generated ROS?
Free Radic Res 41: 1-7, 2007.

Yang L, Zhao K, Calingasan NY, Luo G, Szeto HH, and
Beal MF. Mitochondria targeted peptides protect against 1-

159.

160.

161.

162.

163.

164.

SMITH ET AL.

methyl-4-phenyl-1,2,3,6-tetrahydropyridine neurotoxicity.
Aubiguid Redax Sigugl 11: 2095-2104, 2009.

Yousif LF, Stewart KM, Horton KL, and Kelley SO.
Mitochondria-penetrating peptides: Sequence effects and
model cargo transport. ChemBiochem 10: 2081-2088, 2009.
Yousif LF, Stewart KM, and Kelley SO. Targeting mito-
chondria with organelle-specific compounds: Strategies
and applications. ChemBiochern 10: 1939-1950, 2009.

Zhao H, Joseph ], Fales HM, Sokoloski EA, Levine RL,
Vasquez-Vivar ], and Kalyanaraman B. Detection and
characterization of the product of hydroethidine and in-
tracellular superoxide by HPLC and limitations of fluo-
rescence. Ruae Natl Acad ScillcA 102: 5727-5732, 2005.
Zhao K, Luo G, Zhao GM, Schiller PW, and Szeto HH.
Transcellular transport of a highly polar 3+ net charge
opioid tetrapeptide. [Ruguugcol Fxp Ther 304: 425-432, 2003.
Zhao K, Zhao GM, Wu D, Soong Y, Birk AV, Schiller PW,
and Szeto HH. Cell-permeable peptide antioxidants tar-
geted to inner mitochondrial membrane inhibit mitochon-
drial swelling, oxidative cell death, and reperfusion injury.
[ Biol Chem 279: 34682-34690, 2004.

Zielonka ], Vasquez-Vivar ], and Kalyanaraman B. Detec-
tion of 2-hydroxyethidium in cellular systems: A unique
marker product of superoxide and hydroethidine. Nat
Protoc 3: 8-21, 2008.

Address correspondence to:
Dr. Michael P. Murphy

MRC Mitochondrial Biology Unit
Wellcome Trust-MRC Building
Hills Road

Cambridge CB2 0XY

United Kingdom

E-mail: mpm@mrc-mbu.cam.ac.uk

Date of first submission to ARS Central, February 28, 2011;
date of acceptance, March 13, 2011.

Abbreviations Used

ALDH2 = aldehyde dehdrogenase
ALT =alanine transaminase
CL = cardiolipin
CsA =Cyclosporin A
EPR = electron paramagnetic resonance
GFP = green fluorescent protein
HCV = hepatitis C virus
I/R =ischemia/reperfusion
MitoB = MitoBoronic acid
NO = nitric oxide
ONOQO™ = peroxynitrite
PD = Parkinson’s disease
PET = positron emission tomography
PNA = peptide nucleic acid
ROS =reactive oxygen species
SS-peptides = Szeto-Schiller-peptides
TPP = triphenylphosphonium




Thisarticle has been cited by:

1. Shiguo Wang, Na Li, Wei Pan, Bo Tang. 2012. Advances in functiona fluorescent and luminescent probes for imaging
intracellular small-molecul e reactive species. TrAC Trends in Analytical Chemistry 39, 3-37. [CrossRef]

2. Sara Rodriguez-Enriquez, Luz Herndndez-Esquivel, Alvaro Marin-Hernandez, Lan-Feng Dong, Emmanuel T. Akporiaye,
Jiri Neuzil, Stephen J. Ralph, Rafael Moreno-Sanchez. 2012. Molecular mechanism for the selective impairment of
cancer mitochondrial function by a mitochondrially targeted vitamin E analogue. Biochimica et Biophysica Acta (BBA) -
Bioenergetics 1817:9, 1597-1607. [ CrossRef]

3. ParthaMukhopadhyay, B#la Horvéth, Zsuzsanna Zsengel I#r, Sandor Batkai, Zongxian Cao, Malek Kechrid, Eileen Holovac,
Katalin Erd#lyi, Galin Tanchian, Lucas Liaudet, Isaac E. Stillman, Joy Joseph, Balaraman Kalyanaraman, P4 Pacher. 2012
Mitochondrial reactive oxygen species generation triggers inflammatory response and tissue injury associated with hepatic
ischemia—reperfusion: Therapeutic potential of mitochondrially targeted antioxidants. Free Radical Biology and Medicine
53:5, 1123-1138. [CrossRef]

4. Tracy A. Prime, Marleen Forkink, Angela Logan, Peter G. Finichiu, Jennifer McLachlan, PamelaBoon Li Pun, Werner J.H.
Koopman, Lesley Larsen, Melissa J. Latter, Robin A.J. Smith, Michael P. Murphy. 2012. A ratiometric fluorescent probe for
assessing mitochondrial phospholipid peroxidation within living cells. Free Radical Biology and Medicine 53:3, 544-553.
[CrossRef]

5. Jiri Neuzil, Lan-Feng Dong, Jakub Rohlena, Jaroslav Truksa, Stephen J. Ralph. 2012. Classification of mitocans, anti-cancer
drugs acting on mitochondria. Mitochondrion . [ CrossRef]

6.M. A. Aon, B. A. Stanley, V. Sivakumaran, J. M. Kembro, B. O'Rourke, N. Paolocci, S. Cortassa. 2012. Glutathione/
thioredoxin systems modul ate mitochondrial H202 emission: An experimental -computational study. The Journal of General
Physiology 139:6, 479-491. [ CrossRef]

7. Robin A.J. Smith, Richard C. Hartley, HelenaM. Cochemé, Michael P. Murphy. 2012. Mitochondrial pharmacology. Trends
in Pharmacological Sciences . [CrossRef]

8. Werner J.H. Koopman, Peter H.G.M. Willems, Jan A.M. Smeitink. 2012. Monogenic Mitochondrial Disorders. New England
Journal of Medicine 366:12, 1132-1141. [CrossRef]

9. JosE Teixeira, Pedro Soares, Sofia Benfeito, Alexandra Gaspar, Jorge Garrido, Michael P. Murphy, Fernanda Borges. 2012.
Rational discovery and development of a mitochondria-targeted antioxidant based on cinnamic acid scaffold. Free Radical
Research 1-12. [CrossRef]

10. Partha Mukhopadhyay, Béla Horvath, Zsuzsanna Zsengellér, Jacek Zielonka, Galin Tanchian, Eileen Holovac, Malek
Kechrid, Vivek Patel, Isaac E. Stillman, Samir M. Parikh, Joy Joseph, Balaraman Kalyanaraman, Pa Pacher. 2011.
Mitochondrial-targeted antioxidants represent a promising approach for prevention of cisplatin-induced nephropathy. Free
Radical Biology and Medicine . [ CrossRef]


http://dx.doi.org/10.1016/j.trac.2012.07.010
http://dx.doi.org/10.1016/j.bbabio.2012.05.005
http://dx.doi.org/10.1016/j.freeradbiomed.2012.05.036
http://dx.doi.org/10.1016/j.freeradbiomed.2012.05.033
http://dx.doi.org/10.1016/j.mito.2012.07.112
http://dx.doi.org/10.1085/jgp.201210772
http://dx.doi.org/10.1016/j.tips.2012.03.010
http://dx.doi.org/10.1056/NEJMra1012478
http://dx.doi.org/10.3109/10715762.2012.662593
http://dx.doi.org/10.1016/j.freeradbiomed.2011.11.001

