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Abstract

Critical limb ischemia is a devastating manifestation of peripheral arterial disease with no effective
strategies for improving morbidity and mortality outcomes. We tested the hypothesis that cellular
mitochondrial function is a key component of limb pathology and that improving mitochondrial
function represents a novel paradigm for therapy. BALB/c mice were treated with a therapeutic
mitochondrial-targeting peptide (MTP-131) and subjected to limb ischemia (HLI). Compared to
vehicle control, MTP-131 rescued limb muscle capillary density and blood flow (64.7£11% of
contralateral vs. 39.9+4%), and improved muscle regeneration. MTP-131 also increased electron
transport system flux across all conditions at HLI day-7. /n vitro, primary muscle cells exposed to
experimental ischemia demonstrated markedly reduced (~75%) cellular respiration, which was
rescued by MTP-131 during a recovery period. Compared to muscle cells, endothelial cell
(HUVEC) respiration was inherently protected from ischemia (~30% reduction), but was also
enhanced by MTP-131. These findings demonstrate an important link between ischemic tissue
bioenergetics and limb blood flow and indicate that the mitochondria may be a pharmaceutical
target for therapeutic intervention during critical limb ischemia.
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1. Introduction

Critical limb ischemia (CLI) patients have a risk of major amputation or death that
approaches 40% in one year [1, 2], with few effective clinical treatment paradigms. Limb
skeletal muscle plays a critical role in determining morbidity and mortality in peripheral
arterial disease patients [3, 4] and the plastic nature of the ischemic skeletal muscle serves as
a unique and potentially influential medium for the vascular network. As little is known
about how ischemic limb metabolism contributes to the myopathic and angiogenic/
arteriogenic responses, this represents an exciting area of discovery for therapeutic
intervention. Limb muscle mitochondrial content is inversely related to PAD mortality [8]
and PAD patients have abnormal mitochondrial function and increased oxidative stress-
mediated damage [5-7]. In this report, we demonstrate the efficacy of therapeutically
targeting mitochondria to improve limb perfusion recovery and myopathy using a murine
model of CLI.

2. Materials and Methods

2.1 Animals

Experiments were conducted on adult (=12 weeks) BALB/cJ male mice purchased from
Jackson Laboratories. All animal experiments adhered to the Guide for the Care and Use of
Laboratory Animals from the Institute for Laboratory Animal Research, National Research
Council, Washington, D.C., National Academy Press, 1996, and any updates. All procedures
were approved by the Institutional Animal Care and Use Committee of East Carolina
University.

2.2 Materials

All reagents and chemicals were obtained from Sigma-Aldrich with the exception of
Amplex Ultra Red (Invitrogen) and pronase (Calbiochem). All cell culture materials were
obtained from Gibco (Life Technologies) unless otherwise stated.

2.3 Animal Models of Ischemic Peripheral Artery Disease

Acute hindlimb ischemia (HLI) [8] was induced by ligation and excision of the femoral
artery from its origin just below the inguinal ligament by a single blinded investigator
(JMM). The inferior epigastric, lateral circumflex, and superficial epigastric artery branches
of the femoral artery were left intact, thereby preserving collateral perfusion to the limb.
Mice were anesthetized via intraperitoneal (IP) injection of ketamine/xylazine.

2.4 Mitochondrial Therapy

Mice were administered either a mitochondrial-targeted therapy (MTP-131, generic name

elamipretide) or saline control via IP injection. The dosage of MTP-131 was 1.5mg/kg body
weight in sterile saline. IP injections began 24h prior to the onset of ischemia, and continued
once daily until sacrifice for experiments in Figure 1, as well as Supplemental Figures 2 and
3. In Supplemental Figure 1, IP injections began 6 hours post surgery and continued once

daily until sacrifice. A single investigator (CAS), who had no involvement with other /in vivo
analyses (LDPI, necrosis scoring), was responsible for treatments and daily animal handling.
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2.5 Necrosis Score

The extent of necrosis, if any, was recorded postoperatively using a semiquantitative scale by
a single blinded investigator (JMM) [8]: grade 0, no necrosis in ischemic limb; grade I,
necrosis limited to toes; grade 11, necrosis extending to dorsum pedis; grade 111, necrosis
extending to crus; and grade IV, necrosis extending to thigh or complete limb necrosis.

2.6 Assessment of Limb Perfusion

Laser Doppler perfusion image (LDPI) scanning and image analysis was performed by a
single blinded investigator (TER) using a Moor Instruments LDI2-High Resolution (830nM)
System (Moor, Axminster, UK).

2.7 Preparation of isolated skeletal muscle mitochondria

Skeletal muscle mitochondria were isolated by a blinded investigator (TER) from the plantar
flexor (i.e. gastrocnemius and soleus) muscles of both control (right) and surgery (left)
hindlimbs. To ensure sufficient mitochondrial yield, muscle was pooled from two animals.
Dissected muscle was washed in mitochondrial isolation medium (MIM: 300mM sucrose,
10mM HEPES, 1mM EGTA), minced on ice, then trypsinized for two minutes. Trypsinized
muscle was homogenized on ice and centrifuged at 800xg to pellet non-mitochondrial
myofibrillar proteins, nuclei, and other cellular components. The resulting supernatant was
centrifuged at 12,000xg to pellet mitochondria. The final mitochondrial pellet was
resuspended in MIM and stored on ice until analysis (less than 1 hr). Mitochondrial protein
content was determined by BCA protein assay (Pierce).

2.8 Mitochondrial respiration measurements

High-resolution O, consumption measurements were conducted by blinded investigators
(TER and RJA) at 37 C in buffer Z (105 mM K-MES, 30 mM KCI, 1 mM EGTA, 10 mM
KoHPO4, 5 mM MgCl»,-6H,0, 0.5 mg/ml BSA, pH 7.1), supplemented with creatine
monohydrate (20 mM), using the OROBOROS O2K Oxygraph. A substrate inhibitor
titration protocol was run as follows: 2mM Malate + 10mM Glutamate (State 2 respiration),
followed by the addition of 4mM ADP to initiate State 3 respiration supported by Complex |
substrates; convergent electron flow was initiated with 10mM Succinate; 10uM Rotenone
was added to inhibit Complex I, followed by 10uM Cytochrome C to test the integrity of the
mitochondrial membrane; Complex IV supported respiration was examined using N,N,N”,N
’-tetramethyl-p-phenylenediamine (TMPD) at 0.5mM with 2mM Ascorbate (to limit auto-
oxidation of TMPD) and 5uM of Antimycin A (to inhibit reverse electron flow); finally,
uncoupled respiration was assessed with 0.5uM Carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP). All respiration measurements were performed
in duplicate and the average taken for statistical analysis. The rate of respiration was
normalized to mitochondrial protein loaded.

2.9 Histological and Immunofluorescence Microscopy

The tibialis anterior muscle (TA) was harvested at the time of sacrifice and placed in OCT
(optimal cutting temperature medium) and frozen in liquid nitrogen cooled isopentane. 8um
sections were cut on a CM3050S cryotome (Leica). For histological analysis, sections were
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stained with Hematoxylin and Eosin, images were acquired at 20x magnification and
centralized nuclei were quantified using NIH ImageJ. For immunofluorescence staining,
sections were fixed in 50/50 acetone/methanol. Fixed sections were blocked in 5% goat
serum in 1X PBS. Sections were incubated with Rat anti-Mouse CD31 (AbD Serotec
MCA-2388), Mouse IgG anti smooth muscle actin (Sigma 074M4814V), and Rabbit anti
dystrophin (Thermo Scientific RB-9024) primary antibodies. Washes were performed using
1X PBS. Sections were incubated in Alexa fluor 488 goat anti-rat igG (Invitrogen A-11006),
Alexa fluor 568 goat anti-mouse 1gG2a (Invitrogen A-21134), and Alexa fluor 647 goat anti-
rabbit 1gG highly cross adsorbed (Invitrogen A-21245) secondary antibodies. Sections were
mounted using Vectashield hard set mounting medium with DAPI (Vector Laboratories
H-1500). Images were obtained using an Evos FL auto cell imaging system (Life
Technologies AMAFD1000). 20X images of each section were taken at similar
topographical positions (n = 3 each: anterolateral, central, and posteromedial). ImageJ was
used to overlay a grid on each image and a cell counter plugin was used to count discrete
positive CD31 signal in each grid. All images were coded and randomized for blinded
analysis.

2.10 Primary Muscle Progenitor Cell Isolation and Culture

2.11 Human

2.12 In vitro

Primary murine muscle precursor cells (mouse myablasts) derived from peripheral hindlimb
muscles as previously described [8]. After myoblast purification (Lhr pre-plating on an
uncoated flask to allow fibroblast adherence), cells were maintained on collagen coated
T150 flasks. After reaching approximately 70% confluence, MPCs were then plated in pre-
warmed growth media (GM: Hams F10 with 20% FBS and 1% Penicillin/Streptomycin/
Amphotericin B) on culture-ware coated with entactin/collagen/laminin and allowed to reach
approximately 90% confluence. Confluent MPCs were then switched to differentiation
medium (DM: DMEM with 4.5g/L glucose, supplemented with 2% HoS and 1% Penicillin/
Streptomycin/Amphotericin B and supplemented with 0.1% insulin/transferrin/selenium).
DM was changed every 24-hours.

Umbilical Vein Endothelial Cell Culture

HUVECs were purchased from ATCC and cultured on 0.1% gelatin coated dishes in
endothelial cell growth medium (GM: EBM2 with EGM-2MV bullet kit, supplemented with
20%FBS and 1% Penicillin/Streptomycin/Amphotericin B).

Hypoxia and Nutrient Deprivation

We utilized a previously described /in vitro model of hypoxia and nutrient deprivation to
examine the response in primary cells and mitochondria [8]. For cell experiments, the cells
were placed in Hank’s buffered saline solution (HBSS) in a cakepan hypoxia chamber
flushed for nitrogen for ~10 min.

2.13 Primary cell respiration measurements

Primary muscle and endothelial cell respiration was assessed using the Seahorse XF24
Analyzer. Cells were placed in assay media containing 2.5mM Glucose, 10mM Pyruvate,
and 2mM GlutaMax approximately 30 minutes prior to the start of the experiment, and
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allowed to equilibrate. Respiration was measured with sequential additions of 1ug/ml
oligomycin (to inhibit ATP synthase), 1uM FCCP (to uncouple respiration), and 2.5uM
Antimycin-A (to inhibit electron flow by blocking Complex I11). All cell respiration
experiments were performed using identical cell seeding densities (150,000 cells/well for
myoblasts) and corrected for background rates of oxygen consumption. Seahorse
experiments were performed by a single blinded investigator (TER) who was unaware of
groups/treatments.

2.14 Statistics

3. Results

Data are presented as mean £ SEM. a priori two sided t-tests were performed to determine
differences in the control (R) limbs of the vehicle and peptide groups. Statistical analysis
was performed using unpaired Student’s #test or one-way ANOVA with Tukey’s multiple
comparison’s test for analysis of significance among groups. Repeated-measures ANOVA
was used for analysis for LDPI data. The level of significance was set at P < 0.05.

Ischemia robustly attenuated BALB/c muscle mitochondrial respiratory function, which was
rescued by MTP-131 (Figure 1A; expressed as a percentage of contralateral control limb).
MTP-131 also altered the distribution of BALB/c limb tissue necrosis (Figure 1B), and
improved ischemic muscle regeneration at HLI day-7 (Figure 1C,D). Laser Doppler
perfusion imaging verified improved whole limb blood flow by MTP-131 (64.7+£11% versus
39.9+4%; expressed as a percentage of contralateral control limb) (Figure 1E,F) and rescued
capillary density (Figure 1G) at HLI d7. Importantly, there were no detectable effects of
MTP-131 on mitochondrial respiration, limb perfusion, or vascular density in the non-
ischemic control limb (vs. vehicle control limb). In an attempt to more closely mimic
patients in the clinic, we also administered MTP-131 after the onset of ischemia. Post-
surgery delivery of MTP-131 improved limb perfusion recovery and muscle regeneration, as
well as modest increases in mitochondrial respiratory function (Supplemental Figure 1).
However, the magnitude of improvement in these outcomes was not as large as when
MTP-131 was delivered prior to ischemia. This apparent difference in pre-clinical efficacy is
likely due to limitations of drug availability to the ischemic limb when administered post
femoral artery ligation and excision.

We next isolated primary muscle progenitor cells from BALB/c hindlimbs. After
differentiation, cultures were subjected to experimental ischemia with or without MTP-131
and cellular respiration was assessed. Myotubes displayed a marked reduction (~75%) in
maximal respiratory capacity following ischemia, which was largely rescued by MTP-131
treatment during 24-hours of recovery (Figure 2A-D). To mimic the in vivo experiments, we
also performed in vitro assays in primary myotubes in which MTP-131 was administered
during ischemia (no pre-treatment) as well as after ischemia (during the 24h recovery
period). In both treatment scenarios MTP-131 rescued primary muscle cell respiratory
function (Figure 2E—H). Interestingly, endothelial cells (HUVECS) displayed only a modest
(~30%) reduction in maximal respiratory capacity following 3-hour ischemia, which was
intrinsically recovered by 24-hours of normoxia (Figure 21-L). MTP-131 increased the
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maximal respiratory capacity of HUVEC cells above baseline during ischemia recovery
(Figure 2J,L).

4. Discussion

PAD is often associated with skeletal muscle myopathies including reduced muscle strength
and exercise intolerance, reduced mitochondrial enzyme activity, and increased markers of
oxidative stress which have been related to morbidity and mortality in these patients [3, 7, 9,
10]. Current treatment paradigms are focused on re-establishing blood flow to the limb
through surgical or therapeutic neovascularization approaches, but these have limited
success at reducing long-term morbidity and mortality [11]. In the clinical realm, a clear
need exists for novel therapeutic treatments that are cytoprotective, easy to administer, and
can prevent/lessen limb necrosis. Mitochondria are an attractive therapeutic for several
reasons: 1) reduced ATP generation can disrupt ion homeostasis and contribute to the
activation of the mitochondrial permeability transition pore and initiation of apoptosis, and
2) substantial degenerative and regenerative processes in the ischemic limb require efficient
electron transport system flux to satisfy the high demand for ATP and the efficient
performance of these tasks.

A number of previous reports have demonstrated the beneficial effects of MTP-131 on
ischemic pathology in pre-clinical models of ischemic diseases in other organ/tissue systems
including cardiac [12-16] and kidney [17-19] ischemia/reperfusion. In addition,
mitochondrial-targeted peptides such as SS-31 or MTP-131 have also shown beneficial
effects in non-ischemic disease models [20-24]. MTP-131 is an analogue of SS-31 [25], that
accumulates specifically in mitochondria in a membrane potential-independent manner [12,
26]. MTP-131 has been repeatedly shown to reduce production/emission of reactive oxygen
species [15, 26, 27] although the underlying mechanism is independent of direct scavenging
[12]. MTP-131 exerts its effects through interactions with cardiolipin, which result in
stabilization of the inner mitochondrial membrane and its resident electron transport system
proteins [13, 28, 29] thereby improving the function of the electron transport system while
consequently reducing electron leak [30].

Within the ischemic limb, multiple cell types are involved in the complex regulation of the
microenvironment. Little is known about how each individual cell type responds to
ischemia/hypoxia or how the individual responses contribute directly or indirectly (i.e.
paracrine signaling) to limb pathology. We have previously shown that there is a cell type
specific susceptibility to ischemia [8], and extend these findings to mitochondrial respiratory
function, revealing that skeletal muscle cell respiratory capacity is substantially reduced
during experimental ischemia, whereas endothelial cell respiratory capacity is only modestly
reduced with experimental ischemia and recovered rapidly. Importantly, primary myotube
respiratory capacity could be rescued with mitochondrial-targeted treatment with MTP-131.

Together, these findings suggest that MTP-131 treatment /n7 vivo may be exerting most of its
effects through skeletal muscle mitochondria. Interestingly, MTP-131 therapy improved
mitochondrial respiration only when muscle and endothelial cells were allowed to recover
from ischemia. This finding mirrors previous studies[12], which demonstrated
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cardioprotection of this peptide specifically during the reperfusion phase of ischemia-
reperfusion. Importantly, MTP-131 demonstrated efficacy both in vivo and in vitro even
when delivered after the ischemic event, which may be most similar to PAD/CLI patients
that often arrive at the clinic vascular insufficiency. In summary, the current work
demonstrates the efficacy of mitochondrial-targeted therapy to improve ischemic limb
pathology and provides pre-clinical support for the further investigation of limb tissue
bioenergetics as a means to improve PAD outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Critical limb ischemia results in severe skeletal muscle mitochondrial
myopathy.
. Mitochondrial dysfunction is more severe in muscle compared to
endothelial cells.
. Mitochondrial-targeted peptide therapy improves recovery from limb

ischemia.
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Figure 1. Effects of pre-surgery MTP-131 therapy on limb necrosis, perfusion and vascular
density, and skeletal muscle mitochondrial function

MTP-131 or Saline was administered by IP-injection 24-hours prior to the onset of acute
hindlimb ischemia (HLI), and once daily until sacrifice. A. Graphical display of
experimental time course. B. Skeletal muscle mitochondrial respiratory function (expressed
as a percentage of the non-ischemic control limb) HLI d7 (n=10/group). C. Distribution of
limb necrosis score after 3- and 7-day HLI (n=16/group). D. Representative H&E sections
demonstrating TA morphology after HLI d7. R, right (non-surgical limb); L, left (surgical
limb). E. Quantitation of regenerating TA myofibers (centralized nuclei) at HLI d7 (n=10/
group). T P<0.05 vs. contralateral control (R). * P<0.05 vs. Saline Ischemia (L). F. Capillary
density (CD31 positive immunofluorescence) in the control and ischemic TA muscle at HLI
d7 (n=10/group). * P<0.05; **** P<0.0001. G. Representative images from laser Doppler
perfusion imaging in mice before (Pre), immediately post-op (d0), and HLI d7. H.
Quantitation of whole limb perfusion, presented as a ratio of ischemic (L) to non-ischemic
(R) limb perfusion (n=16/group). * P<0.05 vs. Saline.
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Figure 2. Effects of MTP-131 on primary myotube and HUVEC cellular respiratory function
Cellular respiration was assessed using the Seahorse XF24 analyzer in both control

(normoxia with normal culture media) and HND (hypoxia with HBSS) muscle and
endothelial cells. A. Primary BALB/c muscle cells (vehicle vs. MTP-131) were exposed to
3-hr HND, after which cellular respiration was assessed immediately following using a
sequential protocol with additions of 1ug/ml oligomycin (ATP synthase inhibitor), 1uM
FCCP (chemical uncoupler), and 2.5uM antimycin A (mitochondrial complex 111 inhibitor).
B. Vehicle-treated primary muscle cells and MTP-131 primary muscle cells were subjected
to 3-hr HND and allowed to recover in normal media for 24 hours before assaying cell
respiration. C. Basal respiration rates (prior to addition of oligomycin) expressed as a
percentage of the control (normoxia) cells with no recovery (from panel A) and 24h

recovery (from panel B). D.

Maximal respiratory capacity (addition of FCCP) expressed as a

percentage of the control (normoxia) cells with no recovery (from panel A) and 24h

recovery (from panel B). E.
immediately subjected to 3-

BALB/c primary muscle cells were treated with MTP-131 and
hr HND (no pre-treatment) and allowed to recovery 24 hours

before cell respiration assay. F. BALB/c primary muscle cells were subjected to 3-hr HND
and then treated with MTP-131 after HND (post-treatment) and allowed to recovery 24
hours before cell respiration assay. G. Basal respiration rates (prior to addition of

oligomycin) expressed as a

percentage of the control (normoxia) cells (from panels E and F)

and 24h recovery. H. Maximal respiratory capacity (addition of FCCP) expressed as a
percentage of the control (normoxia) cells (from panels E and F). 1. Human endothelial cells
(vehicle vs. MTP-131) were exposed to 3-hr HND, after which cellular respiration was
assessed immediately following using a sequential protocol with additions of 1ug/ml
oligomycin (ATP synthase inhibitor), 1uM FCCP (chemical uncoupler), and 2.5uM
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antimycin A (mitochondrial complex 11 inhibitor). J. Vehicle-treated HUVECs and
MTP-131 treated HUVECs were subjected to 3-hr HND and allowed to recover in normal
media for 24 hours before assaying cell respiration. K. Basal respiration rates (prior to
addition of oligomycin) expressed as a percentage of the control (normoxia) cells with no
recovery (from panel E) and 24h recovery (from panel F). L. Maximal respiratory capacity
(addition of FCCP) expressed as a percentage of the control (normoxia) cells with no
recovery (from panel E) and 24h recovery (from panel F). 2 P<0.05 vs. no recovery (time
effect). PP<0.05 vs. vehicle-treated control (drug effect).
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