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BACKGROUND AND PURPOSE
Cardiac ischaemia–reperfusion (IR) injury remains a significant clinical problem with limited treatment options available. We
previously showed that cardioprotection against IR injury by nitro-fatty acids, such as nitro-linoleate (LNO2), involves covalent
modification of mitochondrial adenine nucleotide translocase 1 (ANT1). Thus, it was hypothesized that conjugation of LNO2

to the mitochondriotropic triphenylphosphonium (TPP+) moiety would enhance its protective properties.

EXPERIMENTAL APPROACH
TPP+-LNO2 was synthesized from aminopropyl-TPP+ and LNO2, and characterized by direct infusion MS/MS. Its effects were
assayed in primary cultures of cardiomyocytes from adult C57BL/6 mice and in mitochondria from these cells, exposed to
simulated IR (SIR) conditions (oxygen and metabolite deprivation for 1h followed by normal conditions for 1h) by measuring
viability by LDH release and exclusion of Trypan blue. Nitro-alkylated mitochondrial proteins were also measured by Western
blots, using antibodies to TPP+.

KEY RESULTS
TPP+-LNO2 protected cardiomyocytes from SIR injury more potently than the parent compound LNO2. In addition,
TPP+-LNO2 modified mitochondrial proteins, including ANT1, in a manner sensitive to the mitochondrial uncoupler
carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and the ANT1 inhibitor carboxyatractyloside. Similar protein
nitro-alkylation was obtained in cells and in isolated mitochondria, indicating the cell membrane was not a significant barrier
to TPP+-LNO2.

CONCLUSIONS AND IMPLICATIONS
Together, these results emphasize the importance of ANT1 as a target for the protective effects of LNO2, and suggest that
TPP+-conjugated electrophilic lipid compounds may yield novel tools for the investigation of cardioprotection.

LINKED ARTICLES
This article is part of a themed issue on Mitochondrial Pharmacology: Energy, Injury & Beyond. To view the other articles in
this issue visit http://dx.doi.org/10.1111/bph.2014.171.issue-8

Abbreviations
ANT1, adenine nucleotide translocase 1; CATr, carboxyatractyloside; FCCP, carbonylcyanide-p-
trifluoromethoxyphenylhydrazone; LNO2, nitro-linoleate; SIR, simulated ischaemia-reperfusion; TMRE,
tetramethylrhodamine ethyl ester; TPP+, triphenylphosphonium cation

Introduction
Cardiac mitochondria sit at a critical axis in determining the
fate of myocardium during ischaemia–reperfusion (IR) injury

(Murphy and Steenbergen, 2008). Some of the key events that
determine cardiomyocyte fate during IR and are governed by
mitochondria include dys-regulation of Ca2+ homeostasis
(Shintani-Ishida et al., 2012), generation of reactive oxygen
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species (Zorov et al., 2006), disruption of membrane integrity
(Sparagna and Lesnefsky, 2009) and bioenergetic crisis
(Grossman et al., 2013). Numerous studies have demon-
strated that pharmacological interventions that preserve
mitochondrial function can be beneficial in cardiac IR injury
(see Walters et al., 2012), although few such therapies have
achieved clinical usage. As such, there is a need for new small
molecule therapeutic agents to limit cardiac IR injury.

The nitroalkenes are a novel series of NO-derived anti-
inflammatory lipid-signalling molecules of potential thera-
peutic benefit in the setting of cardiac IR. These molecules,
for example nitro-linoleate (LNO2), are electrophilic nitration
products of polyunsaturated fatty acids (Lim et al., 2002), and
as such can covalently modify nucleophilic cysteine and
lysine residues in proteins (nitro-alkylation) (Koenitzer
and Freeman, 2010). In support of a cardioprotective role
for nitroalkenes, we recently reported that LNO2 can be
generated inside cardiac mitochondria during the innate
cardioprotective paradigm of ischaemic preconditioning. In
addition, acute administration of synthetic LNO2 elicited pro-
tection against IR injury in an ex vivo perfused heart model
(Nadtochiy et al., 2009). Furthermore, we identified adenine
nucleotide translocase 1 (ANT) as a potential molecular target
of LNO2, mediating its cardioprotective effects via activation
of mild mitochondrial uncoupling (Nadtochiy et al., 2009;
2012).

A possible limiting factor in the therapeutic utility of
LNO2 (and other electrophilic lipids of interest) is its interac-
tion with non-mitochondrial proteins (Batthyany et al.,
2006). As such, limiting these side reactions by targeting
LNO2 to mitochondria might enhance its ability to engage
specific mitochondrial targets such as ANT1. A popular
approach to enhance drug accumulation in mitochondria is
conjugation to the triphenylphosphonium cation (TPP+)
(Murphy, 2008). Several studies have demonstrated that
mitochondrially targeted drugs can confer pharmacological
effects at lower concentrations than their parent non-targeted
compounds (Prime et al., 2009; Diers et al., 2010). Further-
more, numerous mitochondrially targeted antioxidants and
other drugs have been shown to elicit cardioprotection
against IR injury, at in vivo doses of as low as 100 ng·kg−1,
including mitoQ (Adlam et al., 2005), mitoTEMPO (Luo et al.,
2013), mitoSkQ1 (Lakomkin and Kapel’ko, 2009) and
mitoSNO (Chouchani et al., 2010; 2013).

In this study, we hypothesized that mitochondrial target-
ing of LNO2 by conjugation to TPP+ would enhance its
protective efficacy. Furthermore, because mitochondrial tar-
geting of LNO2 would be expected to decrease its reaction
with potential cytosolic targets, protection by TPP+-LNO2

would provide important supporting evidence for the
concept that the bona fide protective target of LNO2 is indeed
mitochondrial. Finally, the TPP+ moiety provides a conveni-
ent antigen for detection of LNO2 covalently linked to mito-
chondrial proteins, by Western blot.

Methods

Animals
All animal care and experimental procedures complied with
the recommendations of the National Institutes of Health

Guide for the Care and Use of Laboratory Animals and were
approved by the University of Rochester Committee on
Animal Resources. Male 2-month-old mice on the C57BL/6
background were maintained in a pathogen-free vivarium,
under a 12 h light–dark cycle and food and water available ad
libitum. A total of 31 mice were used in the experiments
described here.

Synthesis, purification and quantitation
of TPP+-LNO2
LNO2 was synthesized by nitroselynation (Lim et al., 2002)
and purified by TLC (Cui et al., 2006), as previously described
(Nadtochiy et al., 2009). Amino-propyl-TPP+ (NH2-TPP+) was
synthesized according to Wagner et al., (1991). LNO2 and
NH2-TPP+ (Supporting Information Figure S1) were coupled
by combining in a 1:1:1 molar ratio with 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (Thermo
Scientific Inc., Waltham, MA, USA) in acetonitrile/ethanol
(8:2, v/v). The mixture was gassed under argon and stirred at
room temperature in the dark for 18 h. Products were sepa-
rated by TLC, and TPP+-LNO2 (Rf = 0.56) was then recovered
and subjected to MS/MS analysis. The single-charged species
with m/z = 627 was analysed by a Thermo Finnigan LCQ Deca
Max XP (Thermo Fisher Scientific Inc.) using collision-
induced dissociation (normalized collision energy 40 V, frag-
mentation scan range m/z = 170–800, positive ion mode).
Figure 1 shows MS/MS fragmentation of TPP+-LNO2.

TPP+-LNO2 was quantified using tri-iodide chemilumines-
cence analysis (Sievers NOA-280) (Samouilov and Zweier,
1998; Burwell et al., 2006). TPP+-LNO2 and synthetic LNO2

were decomposed in phosphate buffer in sealed clear vials at
37°C for 1 h. Aliquots were injected into the purge vessel
containing a mixture of acidified potassium iodide (1% w/v)
and iodine (0.65% w/v), causing reduction of NO2

− to NO•.
Inside the NOA, NO• reacts with ozone, emitting light pro-
portional to [NO•] generated in the purge vessel. Concentra-
tions were calibrated to a standard curve constructed using
NaNO2. Aliquots of TPP+-LNO2 were stored under argon in
amber vials at −80°C.

Figure 1
Fragmentation of TPP+-LNO2 by MS/MS. TPP+-LNO2 was analysed by
collision-induced dissociation as described in the Methods section.
Cleavage at sites A–F results in ions to the left or right of the cleavage
site (indicated by arrows), as labelled on the spectrum.
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Seahorse XF-24 measurements in adult
mouse cardiomyocytes
Cardiomyocytes were isolated from adult mice as follows.
Mice were anesthetized using freshly prepared tribromoetha-
nol (100 μl of a 2.5 mg mL−1 solution in sterile saline, given
i.p.) and the heart rapidly excised and perfused for 3 min.
(flow rate 3 mL min−1) with perfusion buffer (PB) comprising
(in mM): NaCl (120), KCl (15), Na2HPO4 (0.6), KH2PO4 (0.6),
MgSO4 (1.2), HEPES (10), NaHCO3 (4.6), taurine (30), butadi-
one monoxime (10), glucose (5.5), pH 7.4. PB was then
replaced by 10 min. perfusion with digestion buffer (DB): i.e.,
PB plus 2.5% (w/v) trypsin + 6.525U collagenase A + 15.375U
collagenase D (Roche, Indianapolis, IN). Ventricular tissue
was then chopped and filtered through 200 μm mesh. Cells
were settled by gravity for 10 min. then resuspended in
2.5 ml of stop buffer (SB): i.e., PB plus 10% (v/v) FBS, 12.5 μM
CaCl2. A series of settling and wash steps were then used to
raise [Ca2+] to 1.8 mM and the final pellet was resuspended in
MEM with penicillin/streptomycin and 2.5% (v/v) heat inac-
tivated FBS. The protocol yielded ∼4.5x105 cells per heart,
∼85% rod-shaped and excluding Trypan blue (Figure S2).

Seahorse XF V7-PET plates (Seahorse Bioscience, Billerica,
MA, USA) were coated with laminin (No. 354232, BD Biosci-
ence, San Jose, CA, USA), 1.5 μg per well in PBS, incubated at
37°C for 1 h (Readnower et al., 2012). Excess laminin was
aspirated and cardiomyocytes plated at 10 000 cells per well
by centrifugation (44× g, 2 min) and then incubated at 37°C
in a 5% CO2 atmosphere for 1 h.

Cell media were replaced with a bicarbonate-free DMEM
containing (in mM) L-glutamine (4.0), pyruvate (0.1), glucose
(5.0) and palmitate (0.1, conjugated to fat-free BSA), pH 7.4 at
37°C. The 20 measurement wells on each plate were divided
into five groups: (i) simulated IR (SIR) alone; (ii) linoleic acid
(LA) + SIR; (iii) LNO2 + SIR; (iv) TPP+-LNO2 + SIR; and (v)
bromopropyl-TPP+ (TPP+) + SIR. All agents were administered
60 min before the onset of SIR. The Seahorse XF-24 analyser
was adapted for infusion of gases in the cartridge headspace
to provide an in vitro model of IR injury as previously
described (Guo et al., 2012). Following SIR, LDH release into
the supernatant was measured using a kit (Roche, Indianapo-
lis, IN, USA) according to the manufacturer’s protocol, and
expressed as a percentage of the total LDH content in both
the supernatant and the Triton X-100 (Sigma, St. Louis, MO,
USA) lysed cell pellet. Cell death was confirmed using Trypan
blue (see below).

Cell viability assay with Trypan blue
At the end of SIR, 20 μl of a 0.4% (w/v) solution of Trypan
blue dye was added to each well of the XF24 plate (1 mL. total
media volume), and cardiomyocytes were incubated for
15 min. at 37°C. Dead cardiomyocytes were stained blue.
Images were collected by digital photography using a Canon
Powershot SD990-IS and analyzed by ImageJ 1.47t software
(NIH). Representative images are shown in Figure S3.

Mitochondrial incubations
Cardiac mitochondria were isolated as follows. Hearts were
removed and immersed in 2 mL ice-cold isolation medium
(IM) comprising (in mM) sucrose (300), Tris-HCl (20), EGTA
(2), pH 7.35 @ 4°C. Tissue was chopped, washed and homog-

enized in 2 mL of IM using a ‘Tissumizer’ device (IKA Instru-
ments). The homogenate was centrifuged at 1000 x g for
5 min., the pellet discarded, and the supernatant centrifuged
at 7,000 x g for 10 min. The pellet was resuspended in 1.5 mL
IM and centrifuged at 10,000 x g for 5 min. The top layer of the
resulting pellet (broken mitochondria and microsomes) was
discarded, and the remaining pellet resuspended in 50μL IM.
Protein was determined by the Folin-Phenol method (Lowry
et al. 1951) against a standard curve constructed using bovine
serum albumin. A single mouse heart typically yielded 3-4 mg
mitochondrial protein. Mitochondria were suspended at a
concentration of 0.5 mg protein·mL−1 in buffer comprising (in
mM) KCl (120), KH2PO4 (3), Tris (50), succinate (5), glutamate
(5) and malate (2.5), pH 7.35 at 37°C. Optionally, the follow-
ing reagents were added: TPP+-LNO2 (1 μM), carbonylcyanide-
p-trifluoromethoxyphenylhydrazone (FCCP; 1 μM), TPP+

(1 μM), carboxyatractyloside (CATr, 5 μM; Calbiochem EMD
Millipore, Billerica, MA, USA). In some experiments, TPP+-
LNO2 was pre-incubated with NaOH (5 mM) to destroy its
electrophilic moiety via the Nef reaction (Schopfer et al.,
2005), and pH was corrected before the product was added to
mitochondria. All reactions were incubated for 20 min, fol-
lowed by centrifugation at 14 000× g to pellet mitochondria.

Mitochondrial membrane potential (ΔΨm) and
mitochondrial permeability transition (PT)
pore opening
Methods for measuring these variables are presented in the
Supporting Information.

For ΔΨm measurements, cells (5x104 mL−1) were incubated
with 20 nM TMRE (tetramethylrhodamine ethyl ester)
in non-quench mode, for 20 min. in bicarbonate free
DMEM containing (in mM): L-glutamine (4), pyruvate (0.1),
glucose (5), and palmitate (0.1, conjugated to fat-free BSA),
pH 7.4, 37°C. TMRE fluorescence was measured (555 nm λEX,
577 nm λEM) in a Cary Eclipse spectrofluorimeter (Varian,
Australia). The mitochondrial uncoupler carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP, 5 μM) was added
to dissipate ΔΨm, and the ΔTMRE fluorescence recorded. Two
groups were established: (i) Ctrl (no treatments) and (ii) TPP+

(25nM, added before TMRE).

Mitochondrial swelling
Mitochondrial permeability transition (PT) pore opening was
measured as the decrease in light scattering (absorbance at
520 nm) caused by swelling, in a Beckman DU800 spectro-
photometer. Mitochondria were suspended at 0.5mg mL−1 in
buffer comprising KCl (120 mM), KH2PO4 (3 mM), Tris
(50 mM), succinate (5 mM), rotenone (5 μM), pH 7.35 at
37°C. The following groups were established: (i) Ctrl (no
treatment); (ii) Ca2+ (100 μM); (iii) Ca2+ + CsA (2 μM, added
prior to Ca2+); (iv) TPP+-LNO2 (25 nM) and (v) TPP+ (25 nM).
Tested agents were added as indicated by the arrow in
Figure S6.

Immunoprecipitation and Western blotting
After treatments, mitochondria or cell pellets were incubated
for 5 min at 37°C in a high-SDS sample loading buffer. In
some experiments, ANT1 was immunoprecipitated from cell
lysate (10 000 cells in RIPA buffer) using protein G agarose
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(EMD Millipore Corporation, Billerica, MA, USA) and mono-
clonal anti-ANT1 antibodies (Abcam-MitoScience, Cam-
bridge, MA, USA) (Nadtochiy et al., 2012). Samples were
resolved on SDS-PAGE gels, transferred to nitrocellulose and
probed with antibodies against TPP+ (a kind gift of Mike
Murphy, Cambridge, UK) or ANT1. HRP-linked secondary
antibodies (GE Biosciences, Pittsburgh, PA, USA) were used
with ECL detection (GE Biosciences, Pittsburgh, PA, USA).
Blots were quantified by densitometry using open-source
Scion Image software (National Institutes of Health,
Bethesda, MD, USA).

Statistics
Results are presented as means ± SEM. Significance between
two groups was determined using Student’s t-test. For com-
parisons between multiple groups, normality of data was
calculated using Prism (v6.02, GraphPad, La Jolla, CA, USA).
Normally distributed data were analysed by ANOVA with
Tukey’s multiple comparison tests.

Materials
All chemicals were the highest grade obtainable from Sigma,
unless specified otherwise.

Results

Previously, we have shown that LNO2 can protect cardiac-
derived H9c2 cells from SIR injury in a manner sensitive to
ANT1 knock-down (Nadtochiy et al., 2012). Thus, we sought
to test the cytoprotective efficacy of TPP+-LNO2 in a similar SIR
injury model using primary adult mouse cardiomyocytes. The
model, based on the Seahorse XF-24 plate reader platform, was
essentially as previously described (Guo et al., 2012), wherein
the instrument was adapted for internal gas flow, permitting
control of pO2 and real-time measurement of pO2 and pH in
the media throughout the experiment. Figure 2 shows aver-
aged pO2 and pH readings for a typical SIR injury experiment.

A concentration-response study (Figure 3A) revealed the
optimal protective effect (lower cell death after IR injury) of
TPP+-LNO2 occurred at 25 nM. In contrast, the most protec-
tive dose of LNO2 was 100 nM, that is, four times higher than
that of TPP+-LNO2. A direct comparison of 25 nM LNO2 versus
TPP+-LNO2 showed that only the latter exhibited significant
protection (Figure 3B), while at this same dose LA and TPP+

were without effect. The morphological appearance of cells
following IR injury (i.e. live cells rod shaped, dead cells
rounded) was consistent with LDH release data (Figure 3B,
micrographs). Furthermore, assessment of cell death by
Trypan blue exclusion assay yielded similar results (Support-
ing Information Figure S3).

The TPP+ moiety, in addition to being mitochondriot-
ropic, provides a convenient antigen for detection by immu-
nological techniques. Such technology has been used
previously to detect thiol modifications with the TPP+-tagged
alkylator iodobutyl-TPP+ (Lin et al., 2002; Tompkins et al.,
2006). Here, we have used anti-TPP+ antibodies to detect
covalent modification (i.e. nitro-alkenylation) of mitochon-
drial proteins by TPP+-LNO2.

Figure 4A demonstrates that upon incubation of mito-
chondria with TPP+-LNO2, a number of mitochondrial pro-
teins were labelled (lane 2). These modifications were due to
covalent interactions as decomposition of the electrophilic
moiety of LNO2 via the Nef reaction (Schopfer et al., 2005)
significantly reduced protein nitro-alkylation (lane 3). Fur-
thermore, TPP+-LNO2 labelled mitochondrial proteins in an
FCCP-sensitive manner (lane 4), indicating that mitochon-
drial membrane potential (ΔΨm) was the driving force for
TPP+-LNO2 accumulation. Importantly, TPP+ (i.e. the TPP+

moiety alone) did not label proteins (lane 5), indicating that
the protein modification was due to the LNO2 part of the
molecule and not simply hydrophobic interaction. Densi-
tometry and statistics are shown below the blots. Further-
more, we observed no effect of TPP+ alone on cellular oxygen
consumption measured by the Seahorse method, or on mito-
chondrial membrane potential measured by TMRE fluores-

Figure 2
Representative pO2 and pH traces during simulated IR. (SIR). Values
of pO2 (A) and of pH (B) were measured by fluorescent probes
mounted on each plunger of the XF-24 cartridge. Times of argon
flow and lowered plungers are noted above the graph in panel A.
pO2 and pH values were averaged from n = 8 runs, and data are
shown as means ± SEM.
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cence in cells (Supporting Information Figure S4), suggesting
the TPP+ moiety did not affect mitochondrial function at the
concentrations used here.

Previously, we demonstrated that the cytoprotective effect
of LNO2 was blocked in cells with ANT1 knocked-down
(Nadtochiy et al., 2012). We also identified Cys57 of ANT1 as a
mitochondrial target for LNO2, and showed that this modifi-
cation could be blocked by a conformational shift in ANT1
induced by the inhibitor CATr (Nadtochiy et al., 2009; 2012).

Figure 4B shows that TPP-LNO2 also modified a protein of
about 32 kDa, a modification blocked by CATr, consistent
with ANT1 being a target. Importantly, these changes were
not due to altered levels of ANT1 on the gel (lower panels).

Figure 3
TPP+-LNO2 protects cardiomyocytes during SIR injury. Myocytes were
isolated, plated on V7-PET plates and subjected to SIR. LDH release
was measured in supernatants and expressed as percentage of total
LDH (obtained after lysing cells with Triton X-100). (A) Dose response
for LNO2 and TPP+-LNO2. Nitroalkene concentrations are shown
below the graph. Data are means ± SEM, *P < 0.01 versus control (no
added lipid), #P < 0.01 versus LNO2. (B) Comparison of cytoprotec-
tion from SIR injury by LA, TPP+, LNO2 and TPP+-LNO2, each at
25 nM, using LDH assay. Above the graph are representative photo-
micrographs, showing typical changes in cardiomyocyte morphol-
ogy after SIR. Data are means ± SEM, *P < 0.01 versus control (SIR
alone), #P < 0.01 versus LNO2.

Figure 4
Modification of mitochondrial proteins by TPP+-LNO2. Cardiac mito-
chondria were incubated as described. (A) Upper blot shows TPP+–
LNO2-mediated protein modifications detected by Western blot with
anti-TPP+ antibodies. Experimental conditions are indicated above
each lane (labels 1–5 below are to simplify explanations in the text).
The membrane was stripped and re-probed with anti-ANT1 anti-
bodies for loading control (lower blot). Densitometry was performed
in the range 20–150 kDa and normalized to protein across the same
molecular mass range from Ponceau S-stained membranes (Support-
ing Information Figure S5). Values are shown below the blot. *P <
0.05 significantly different from TPP+-LNO2. (B) Upper blot shows
protein modifications by TPP+-LNO2, with or without CATr (5 μM).
The membrane was stripped and re-probed with anti-ANT1 antibod-
ies for loading control (lower blot). Regions corresponding to ANT1
are shown by dotted lines. Densitometry of ANT on the anti-TPP+

blot was performed and normalized to ANT1 densitometry on the
lower blot. Values are shown below the blot. * P < 0.05, significantly
different from TPP+-LNO2. All images are representative of, and den-
sitometry values are means ± SEM of, at least five independent
experiments. Corresponding Ponceau S-stained membranes are
shown in Supporting Information Figure S5.
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To test whether TPP+-LNO2 could modify ANT in intact
cells, cardiomyocytes were incubated with TPP+-LNO2 fol-
lowed by anti-TPP+ Western blotting. Figure 5A shows that
TPP+-LNO2 modified several proteins in cells. Furthermore,
immunoprecipitation of ANT1 from cells, followed by anti-
TPP+ Western blot revealed that ANT1 was indeed modified by
TPP+-LNO2 (Figure 5B). Ponceau S stained membranes for
blots in Figures 4 and 5, indicating equal protein loading, are
shown in Supporting Information Figure S5.

Finally, although we had previously shown that LNO2 was
only capable of inducing mitochondrial permeability transi-
tion (PT) pore opening at very high concentrations (>10 μM),
it might be possible that intra-mitochondrial concentration
of TPP+-LNO2 could elicit PT pore opening at lower doses.
However, as shown in Supporting Information Figure S6, the
protective concentration of TPP+-LNO2 (25 nM) was without
effect in the standard isolated mitochondrial PT pore-swelling
assay.

Discussion and conclusions
The key advance of this study is the development of a novel
mitochondrially targeted nitroalkene (TPP+-LNO2) for use as
both an investigational tool and potentially as a therapeutic
agent. The use of this reagent revealed that TPP+ conjugation
of LNO2 enhanced its cytoprotective efficacy approximately
fourfold in a model of IR injury in primary cardiomyocytes
(i.e. peak protection by TPP+-LNO2 was seen at a fourfold
lower dose than for LNO2; Figure 3). Notably, however, the
protective index of the reagent was not altered significantly,
that is, the reduction in cell death was approximately the
same for the peak doses of LNO2 or TPP+-LNO2.

It is somewhat surprising that TPP+ conjugation of LNO2

only moderately enhanced its protective efficacy. Previous
studies on TPP+-conjugated drugs have shown that this
strategy can achieve increases in the intra-mitochondrial con-
centration of the targeted agent, on the order of 100- to
1000-fold (Lin et al., 2002; Prime et al., 2009). However, the
present results could be due to the fact that LNO2 is already a
very potent cardioprotective agent (Nadtochiy et al., 2009)
and is known to enter mitochondria, as shown by its modi-
fication of a thiol on the matrix side of ANT1 (Nadtochiy
et al., 2012). Alternatively, this result may represent a limita-
tion of the cardiomyocyte model of SIR injury used here, such
that a ceiling of cytoprotection may have been reached, and
further increases in efficacy may not be achievable. In addi-
tion, assuming that the protective effect of LNO2 requires its
reaction with proteins, the drop in pH observed during SIR
(Figure 2B) may compromise the efficacy of protein nitroalk-
enylation, which is known to be a pH-sensitive process (Baker
et al., 2007). A third possibility is that addition of the TPP+

moiety to LNO2 may indeed enhance its targeting to specific
proteins within the mitochondrial membrane such as ANT,
but may simultaneously prevent LNO2 from engaging an
alternative target required for its cardioprotective benefit
(e.g. a cytosolic protein or a non-membrane mitochondrial
protein). Although a direct comparison of the binding targets
of TPP+-LNO2 versus LNO2 would be desirable, unfortunately,
the latter has so far only been visualized using biotin-tagged
LNO2 (Nadtochiy et al., 2009; 2012). Because a number of
mitochondrial proteins contain biotin, this makes compari-
son between biotin-based and antibody-based detection
difficult.

Nevertheless, the data presented here are consistent with
our previous findings using biotin-tagged LNO2. Specifically,
conjugation of the –COOH moiety of the nitro-fatty acid
[either with biotin (Nadtochiy et al., 2009; 2012) or with TPP+

(as here) does not affect its biological activity. This suggests
that the biological effect of LNO2, in terms of a protective
phenotype, is not mediated by the –COOH end of the mol-
ecule. This has important implications for ANT1 as a target of
LNO2, as it has been suggested that one mechanism of mito-
chondrial uncoupling involves flip-flop of protonated/de-
protonated fatty acids across the mitochondrial membrane,
catalysed by carrier proteins such as ANT or the uncoupling
proteins (Skulachev, 1991; Jezek et al., 1997). Because biotin-
LNO2 and TPP+-LNO2 both have their –COOH moiety
blocked, they cannot be protonated/de-protonated, so this
mechanism is not possible. Furthermore, it is known that
TPP+ accumulates on the matrix side of the mitochondrial

Figure 5
Modification of cardiomyocyte proteins by TPP+-LNO2. Cardiomyo-
cytes were treated with TPP+-LNO2 as described. (A) Blot shows
TPP+–LNO2-mediated protein modifications detected by Western
blot of whole cell lysates with anti-TPP+ antibodies. Densitometry was
performed in the range 20–150 kDa and normalized to protein
across the same molecular mass range from Ponceau S-stained mem-
branes (Supporting Information Figure S5). Values shown below the
blot are means ± SEM, from 4 independent blots. *P < 0.05, signifi-
cantly different from Ctrl (Student’s t-test). (B) ANT1 was immuno-
precipitated from Ctrl (non-treated) and TPP+–LNO2-treated samples,
and Western blotted with anti-TPP+ antibodies (upper blot). Regions
corresponding to ANT1 are shown by dotted lines. Lower panel
shows anti-ANT1 blot, demonstrating equal amounts of ANT1 were
pulled down in each sample. Images are representative of 3 inde-
pendent experiments.
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membrane, and this is consistent with our previous finding
that Cys57 of ANT, also on the matrix side of the membrane,
is a target for LNO2 (Nadtochiy et al., 2012).

TPP+ conjugation has been used to target several different
classes of therapeutic drugs to mitochondria, including
antioxidants (Adlam et al., 2005; Lyamzaev et al., 2011),
S-nitrosothiols (Prime et al., 2009), lipids (Diers et al., 2010),
spin traps (Quin et al., 2009) and fluorescent reporter mol-
ecules (Mavri-Damelin et al., 2009). This is the first report of
a mitochondrial-targeted nitroalkene, and it may be interest-
ing for TPP+ to conjugate to other nitroalkenes that elicit
cardioprotective effects, such as nitro-oleate (Rudolph et al.,
2010).

Finally, it is important to emphasize that TPP+-LNO2

should currently be considered only as a tool. As with all
potentially cardioprotective molecules, significant obstacles
remain in translating these findings into actual therapeutic
usage in humans (see Kloner, 2013; Ovize et al., 2013; Vander
Heide and Steenbergen, 2013). Nevertheless, TPP+-conjugated
nitroalkenes may still be useful in determining the modifica-
tion of mitochondrial proteins by electrophilic lipids. As
such, the identification of additional mitochondrial targets of
TPP+-LNO2 seen in Figures 4 and 5 is an ongoing project.
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Figure S1 Detection of amino-propyl-triphenylphos-
phonium (NH2-TPP+) by MS. NH2-TPP+ (m/z = 320) was
detected using Thermo Fisher Finnigan LCQ Deca Max XP in
positive ion mode. Inset shows a structure of NH2-TPP+.
Figure S2 Freshly isolated adult mouse cardiomyocytes.
Approximately 85% of cells were rod shaped, as shown. For
scale, the single grid lines on the haemocytometer are spaced
every 200 microns.
Figure S3 Measurement, by Trypan blue exclusion, of cell
death in simulated IR (SIR) injury. Myocytes were isolated,
plated on V7-PET plates and subjected to SIR as in Figure 3 of
the main manuscript. (A–E) Representative photomicro-
graphs of cardiomyocytes (10× objective). Cells were sub-
jected to the following conditions: (A) SIR, (B) TPP+ + SIR, (C)
LA + SIR, (D) LNO2 + SIR and (E) TPP+-LNO2 + SIR, and incu-
bated with Trypan blue dye after SIR. All agents were at 25 nM
final dose. (F) Quantitation of cell death (i.e. number of
Trypan blue positive cells as a percentage of total number of
cells). Data are means ± SEM, *P < 0.01 versus SIR alone,
n = 5.
Figure S4 Effect of TPP+ on mitochondrial function. Cardio-
myocyte isolation and incubations were performed as
detailed in the methods. (A) Oxygen consumption rate (OCR)
in Ctrl- and TPP+-treated cardiomyocytes. OCR was measured
using a Seahorse XF-24 analyser. (B) Membrane potential in
Ctrl- and TPP+-treated cardiomyocytes. ΔTMRE fluorescence
represents the difference before and after FCCP (5 μM) addi-
tion, (a.u., arbitrary units). All data are means ± SEM, n > 5
independent experiments.
Figure S5 Ponceau S staining of Western blot membranes for
Figures 4 and 5 in the main manuscript. (A) corresponds to
Figure 4A. (B) corresponds to Figure 4B. (C) corresponds to
Figure 5A.
Figure S6 Effect of TPP+-LNO2 and TPP+ on mitochondrial PT
pore opening/swelling. Upper panel shows typical PT pore-
swelling traces, and lower panel shows magnitude of swelling
measured at 15 min, expressed as percentage decrease relative
to initial optical density (OD). Legend indicates traces/bars
corresponding to addition of Ca2+ (100 μM), TPP+-LNO2

(25 nM) or TPP+ (25 nM), at the arrow. PT pore inhibitor
cyclosporin A (CsA, 2 μM) was added 5 min before Ca2+. All
data are means ± SEM, n = 5, **P < 0.05 versus Ctrl.

BJP S M Nadtochiy et al.

2098 British Journal of Pharmacology (2014) 171 2091–2098

http://dx.doi.org/10.1111/bph.12405

