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Abstract

Peripheral artery disease (PAD) is an atherosclerotic disease that impairs blood
flow and muscle function in the lower limbs. A skeletal muscle myopathy characterized
by mitochondrial dysfunction and oxidative damage is present in PAD; however, the
underlying mechanisms are not well established. We investigated the impact of chronic
ischemia on skeletal muscle microcirculatory function and its association with leg
skeletal muscle mitochondrial function and oxygen delivery and utilization capacity in
PAD. Gastrocnemius samples and arterioles were harvested from patients with PAD (n
= 10) and age-matched controls (Con, n = 11). Endothelium-dependent and
independent vasodilation was assessed in response to flow (30 yL-min'), acetylcholine,
and sodium nitroprusside (SNP). Skeletal muscle mitochondrial respiration was
quantified by high-resolution respirometry, microvascular oxygen delivery, and
utilization capacity (tissue oxygenation index, TOl) were assessed by near-infrared
spectroscopy. Vasodilation was attenuated in PAD (P < 0.05) in response to
acetylcholine (Con: 71.1 £ 11.1%, PAD: 45.7 + 18.1%) and flow (Con: 46.6 + 20.1%,
PAD: 29.3 + 10.5%) but not SNP (P = 0.30). Complex | + |l state 3 respiration (P <
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0.01) and TOI recovery rate were impaired in PAD (P < 0.05). Both flow and
acetylcholine-mediated vasodilation were positively associated with complex | + I
state 3 respiration (r= 0.5 and r = 0.5, respectively, P < 0.05). Flow-mediated
vasodilation and complex | + |l state 3 respiration were positively associated with TOI
recovery rate (r= 0.8 and r = 0.7, respectively, P < 0.05). These findings suggest that
chronic ischemia attenuates skeletal muscle arteriole endothelial function, which may
be a key mediator for mitochondrial and microcirculatory dysfunction in the PAD leg
skeletal muscle. Targeting microvascular dysfunction may be an effective strategy to

prevent and/or reverse disease progression in PAD.

NEW & NOTEWORTHY Ex vivo skeletal muscle arteriole endothelial function is
impaired in claudicating patients with PAD, and this is associated with attenuated
skeletal muscle mitochondrial respiration. In vivo skeletal muscle oxygen delivery and
utilization capacity is compromised in PAD, and this may be due to microcirculatory and
mitochondrial dysfunction. These results suggest that targeting skeletal muscle arteriole
function may lead to improvements in skeletal muscle mitochondrial respiration and

oxygen delivery and utilization capacity in claudicating patients with PAD.

chronic ischemia; endothelial dysfunction;, microvascular dysfunction; peripheral artery

disease

INTRODUCTION

Peripheral artery disease (PAD) is an atherosclerotic disease that impairs
the blood flow and muscle function of the lower extremities (1). The prevalence
of PAD increases with age and affects over 200 million individuals globally (1,
2). Symptoms of PAD typically include intermittent claudication and leg fatigue
in the earlier disease stages, but as the disease progresses patients may
experience critical limb ischemia (CLI; 1). Treatment options for PAD are fairly
limited, with amputation being necessary for a large number of patients with CLI.
Therefore, it is essential to investigate the mechanisms underlying skeletal

muscle mitochondrial dysfunction, oxidative stress damage, walking capacity,



and attenuated oxygen delivery capacity in PAD to develop successful and
lasting therapeutic interventions that may avert or reverse disease progression.

PAD is thought to be initiated by atherosclerotic blockages in the conduit
arteries reducing blood flow to the legs. However, hemodynamic measures
alone (reflective of conduit artery disease) have failed to explain the degree of
functional impairment in the legs of patients with PAD. We believe that a
compromised microcirculatory network is a more likely determinant of leg
function, as the microcirculation is known as a key regulator of skeletal muscle
blood flow and perfusion (3—6). Previous studies have shown that a myopathy
characterized by skeletal muscle mitochondrial dysfunction and oxidative
damage affects the muscles of the ischemic legs of patients with PAD (7, 8), but
the exact mechanisms underlying these biochemical changes have not been well
documented. One potential mechanism may be a failure of the downstream
skeletal muscle microcirculatory network to regulate muscle blood flow and
perfusion. Previous work in animal skeletal muscle microcirculation has shown
that ischemia can induce the production of reactive oxygen species (ROS) in the
arterioles (9), whereas ischemia-reperfusion is associated with arteriolar
vasoconstriction and attenuated capillary perfusion (10), and these
microvascular deficits may be key contributors to the deleterious environment
that induces oxidative damage and mitochondrial dysfunction in PAD (7, 8). In
support of this theory, our group and others have recently shown that patients
with claudication experience abnormally fast reductions in calf muscle oxygen
saturation during walking, suggesting that patients with PAD may have impaired
microcirculatory function (11-13).

There are currently no studies that have used isolated skeletal muscle
arterioles to directly examine the skeletal muscle microcirculation in the
claudicating legs of patients with PAD, and this is likely due to limited access to
tissue samples from this population. To the extent of our knowledge, this is the first
study that aimed to directly examine the vasomotor function of skeletal muscle
arterioles and its potential association with mitochondrial dysfunction and

impaired microvascular oxy- gen delivery and utilization capacity in the



claudicating limbs of patients with PAD. We tested the hypotheses that in the
skeletal muscles of the affected lower extremities of claudicating patients with PAD:
1) endothelium-dependent vasodilatory function is impaired, whereas endothelium-
independent vasodilatory function is not altered, 2) impaired endothelium-de-
pendent vasodilation correlates with attenuated skeletal muscle mitochondrial
respiratory function, and 3) attenuated endothelium-dependent vasodilation and
skeletal muscle mitochondrial respiratory function correlates with impaired oxy-

gen delivery and utilization capacity.

METHODS
Participants

The experimental protocol was approved by the Veterans Affairs
Nebraska-Western lowa Institutional Review Boards. All subjects gave written,
informed consent, and all protocols were performed in accordance with the
Declaration of Helsinki. A total of 11 male control (Con) participants (Con, age 64 +
8 yr) and 10 male patients with claudication (PAD, age 68 £ 9 yr) were recruited for
participation. Con participants led sedentary lifestyles, had no history of PAD-
related symptoms, and had normal blood flow to their lower limbs as indicated by
normal ankle-brachial index (ABI) at rest and after stress. Patients with PAD
presented with claudication (Fontaine Stage Il PAD) and were undergoing
evaluation for symptomatic PAD. Medical history, physical examination,
decreased ABI (ABI < 0.9), and computerized or standard arteriography that
revealed stenotic and/or occluded arteries supplying the lower extremity were
evaluated to establish the diagnosis for each patient. All patients with PAD
presented with intermittent claudication, but no ischemic rest pain or tissue loss.
Participants were instructed to arrive for testing after an overnight fast.

Skeletal Muscle and Arteriole Harvest and Preparation
Gastrocnemius samples were obtained from the anteromedial aspect of
the medial muscle belly 10 cm distal to the tibial tuberosity. This biopsy site was

chosen because the posterior calf muscles (plantar flexors) are the muscle group



most affected by PAD-related symptoms and are consistently found to be
impaired in biomechanical evaluations comparing muscle performance between
patients with PAD and controls (14—16). In addition, the gastrocnemius is the
most superficially located muscle of the posterior compartment of the calf, and
its anteromedial aspect is easily accessed via a medial approach (14—16). All
biopsies were obtained with a 6-mm Bergstrom needle (7). Samples were trans-
ported to the laboratory immediately in biopsy preservation solution [BIOPS;
containing (in mM) 2.77 CaK2EGTA, 7.23 K2EGTA, 6.56 MgCl2, 0.5 DTT, 50
K-MES, 20 imidazole, 20 taurine, 5.77 Na2ATP, and 15 phosphocreatine, pH
7.1 at 4°C]. Arterioles were isolated, and skeletal muscle was prepared for
permeabilization and respiratory analysis within 15 min of tissue arrival. The
remaining skeletal muscle not used for the respiratory assessment was frozen at

-80°C for later citrate synthase activity and immuno- blotting analyses.

Arteriole Isolation and Vasodilation Assessments

Arterioles (~30—80 um of intraluminal diameter, 1 arteriole/participant) were
isolated from the skeletal muscle using a dissection microscope (Zeiss Stemi 305
Dissection Microscope, Zeiss, White Plains, NY) in BIOPS. Any additional
connective tissues and adipose tissues surrounding the arterioles were removed
in 4°C physiological saline solution [PSS; containing (in mM) 145.0 NaCl, 4.7 KCl,
2.0 CaClz, 1.17 MgSOs4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, and 3.0 MOPS with
10 g/L BSA at pH 7.4; 17]. Arterioles were cannulated onto glass micropipettes and
mounted in myograph chambers at 37°C in PSS (Culture Myograph System, 204CM,
DMT Systems, Aarhus, Denmark; 18). Arterioles were incubated and allowed to
equilibrate for 1 h in the PSS solution. Vessel diameter was assessed using an
inverted microscope and camera system (DMT Systems), and data were projected
in real time to the automated edge-detection software (MyoVIEW, v.4, DMT Systems).
Fluid leak was assessed by pressurizing the arteriole to an intraluminal pressure of
60 mmHg (17, 19). Arterioles free of leaks were used for the vasodilatory function
experiments.

Briefly, vasodilatory dose-response curves (%) were assessed in response to



three different stimuli to comprehensively assess vasodilatory function:
endothelium-mediated vasodilation in response to increased shear stress,
endothelium-mediated vasodilation in response to acetylcholine (ACh), and
endothelium-independent vasodilation in response to sodium nitroprusside (SNP;
17, 19, 20). Each of these responses was recorded following preconstriction with
phenylephrine (PE; 10°-10-* M, Sigma-Aldrich, St. Louis, MO) to ~70% of the
maximal PE response (20). First, flow-induced shear stress was used to assess
the endothelium-dependent vasodilatory response. Height of the fluid reservoirs
was adjusted to achieve a pressure difference of 30 mmHg, which produced an
approximate flow rate of 30 yL-min-' (20). Second, we assessed endothelium-
dependent vasodilation in response to ACh. An ACh dose-response curve (ACh,
10-"—103 M, Sigma-Aldrich) was then performed. Last, maximal SNP-mediated
endothelium- independent vasodilation was assessed by using a maximal dose
of SNP (SNP, 103 M, Sigma-Aldrich). The same vessel from each participant (n =
10 PAD, n = 11 Con) was used for the entirety of the vessel experiments (flow, ACh,
and SNP).

To account for baseline differences in vessel diameter for each
experiment (i.e., flow, ACh, and SNP), vasodilation (%) was calculated as (Ds -
De/D\ - Dp) x 100, where Ds is the lumen diameter following the respective
stimulus (flow, ACh, and SNP), Dp is the lumen diameter following preconstriction
with PE before each experiment, and D is the lumen diameter immediately before
addition of PE (baseline diameter; 18, 20).

Mitochondrial Respiration

Skeletal muscle samples were stored in BIOPS for < 30 min before
starting the fiber permeabilization procedures (21). Briefly, to facilitate optimal
membrane permeability to substrates, skeletal muscle tissues were teased apart
using needle-tip surgical forceps after the removal of adipose and connective
tissues (21). Samples were placed in BIOPS with saponin stock (5 mg/mL) and
were gently rocked for 30 min. Samples were rinsed twice in mitochondrial
respiration medium [MiR05, containing (in mM) 0.5 EGTA, 3 MgCl2-6H20, 20



taurine, 10 KH2-PO4, 20 HEPES, 1 g/L BSA, 60 potassium-lactobionate, 110
sucrose, pH 7.1] for 10 min.

Mitochondrial respiratory Oz flux was assessed using a high-resolution
Oxygraph-2k (Oroboros, Innsbruck, Austria), as previously described (21).
Briefly, permeabilized samples were weighed (~4-5 mg) using a standard
analytical balance and were placed in the respirometer with 2 mL MiROS.
Samples were constantly stirred at 37°C, and respiratory substrates and inhibitors
(Table 1) were added. Baseline respiration was recorded before substrate
administration. O2 consumption of individual mitochondrial complexes was
assessed by adding several respiratory substrates and inhibitors in the following
order with the final concentrations in the chamber: glutamate-malate (2:10 mM),
adenosine diphosphate (ADP; 5 mM), succinate (10 mM), cytochrome ¢ (10 pum),
rotenone (0.5 pm), antimycin-A (2.5 pm), oligomycin (5 mM), and N,N,N, N-
tetramethyl-phenylenediamine (TMPD)-ascorbate (2:0.5 mM). Therefore,
mitochondrial complexes were assessed: 7) complex | (Cl) state 3 respiration,
the ADP-activated state of oxidative phosphorylation assessed with the addition
of glutamate + malate and ADP; 2) complex | + Il (Cl + Il) state 3 respiration,
assessed with the addition of glutamate + malate, ADP, and succinate; 3)
complex Il (Cll) state 3 respiration, assessed with the addition of glutamate +
malate, ADP, succinate, and rotenone; 4) mitochondrial membrane integrity,
assessed with the addition of cytochrome c; 5) state 4 respiration, assessed by
blocking ATP synthase with oligomycin; and 6) complex IV (CIV) respiration. It
should be noted that autooxidation can increase residual oxygen consumption,
therefore we determined the amount of oxygen consumption due to
autooxidation of ascorbate + TMPD. After measuring CIV, CIV respiration was
blocked by adding sodium azide to measure chemical respiration (21). Chemical
respiration was subtracted from the total CIV respiration to calculate the reported
CIV respiration (21). For each addition of substrate or inhibitor, the respiration rate
was recorded after a stable response was achieved (~3-5 min). The Oz
consumption rate was measured as picomoles of O2 per second and then

calculated relative to the skeletal muscle sample mass (pmol-mg*-s-'). The



respiratory control ratio (RCR), an index of the net oxidative coupling rate and
ATP production efficiency, was calculated by the ratio of state 3/state 4

respiration (19, 20).

Citrate Synthase Activity

Citrate synthase activity was assessed to estimate mitochondrial content
in the skeletal muscle samples, as previously described by Picard et al. (22).
Briefly, skeletal muscle samples (frozen, ~2 to 3 mg dry wt) were homogenized
using homogenization buffer (250 mM sucrose, 40 mM KCI, 2 mM EGTA, and
20 mM Tris HCI). Triton X-100 (0.1%) was added to the homogenate and was
incubated for 60 min on ice. Samples were centrifuged for 8 min (10,000 g).
The activity assay was read using a spectrophotometer (BioTek Instruments,
Winooski, VT).

Table 1. Mitochondrial respiration protocol

Step | Substrate of Inhibitor Complex Activity Respiration State

1 Malate (2 mM) + glutamate (10 mM) + Complex | Complex | state 2

2 ADP (5 mM) + Complex V Complex | state 3

3 Succinate (10 mM) + Complex Complex | + 1l state 3

4 Rotenone (0.5 ym) -Complex | Complex Il state 3

5 Cytochrome-c (10 um) Mitochondrial membrane integrity

6 Oligomycin (5 mM) -Complex V State 4

7 Sodium azide (4 M) + ascorbate (0.5 -Cytochrome-c oxidase + complex | Complex IV respiration
mM) + TMPD (2 mM) v

The site of action for the added chemicals to the respirometer included substrates ( +) or
inhibitors (-), and the respiration state was assessed for each step, respectively. ADP,
adenosine diphosphate; TMPD, N,N,N,N-tetramethyl-phenylenediamine.

Immunoblotting

The relative abundance of proteins was assessed by standard Western
blotting techniques in the skeletal muscle, according to manufacturer instructions
using protocols as previously described (23). Briefly, protein was extracted from
both PAD and Con skeletal muscle samples using a lysis buffer consisting of
radio-immunoprecipitation assay buffer (RIPA; No. BP-115, Boston BioProducts,
Ashland, MA) and 100x protease inhibitor (No. P8340, Sigma-Aldrich). A ratio of

200 pL lysis buffer per 0.01 g of tissue was used to ensure equal loading. The




protein lysate was briefly vortexed and left on ice for 30 min. Samples were then
centrifuged at 10,000 g at 4°C for 10 min. The supernatant was collected, and
protein concentration was quantified using a Pierce BCA protein assay kit (No.
23225, Thermo Fisher Scientific, Waltham, MA). For the blots, 30 uL of loading
sample containing 25 pg protein was warmed to 37°C for 10 min and loaded into a
15-well 12% polyacrylamide gel for electrophoresis and then transferred onto either
a PVDF or nitrocellulose membrane overnight at 20 V in 4°C (No. 162-0260, Bio-
Rad, Hercules, CA). Membranes were incubated in 5% nonfat dry milk (No. 170-
6404, Bio-Rad) in Tris-buffered saline (TBS) at room temperature for 1 h.
Membranes were incubated overnight at 4°C with primary antibodies: total
OXPHOS (No. ab110413, 1:200, Abcam, Cambridge, MA), 4- hydroxynonenal (4-
HNE, 1:2,000, No. ab46545, Abcam), and glutathione peroxidase-4 (GPX-4,
1:2,000, No. ab125066, Abcam). After washing membranes (5 min, 3 times), we
incubated the membranes with anti-mouse IgG-HRP (No. 7076, Cell Signaling
Technology, Danvers, MA) at a dilution of 1:2,000 for 1.5 h at room temperature,
then washed again (10 min, 3 times). The membranes were developed in a
chemiluminescence substrate (No. 170-5061, Bio-Rad). Image Lab software (v.4.1,

Bio-Rad) was used for the densitometric analyses.

Skeletal Muscle Microvascular Oxygen Delivery and Utilization Capacity in Vivo
Continuous-wave near-infrared spectroscopy (NIRS) was used to
noninvasively assess skeletal muscle microvascular oxygen delivery and
utilization capacity at rest, during walking, and during recovery (tissue
oxygenation index, TOI) using the Gardner-Skinner protocol (24). The portable
NIRS device (PortaMon, Artinis, Einsteinweg, The Netherlands) with Oxysoft
software (v. 3.0.103.3, Artinis) was adhered to the medial gastrocnemius with a
commercially available adhesive and was wrapped in black cloth to block
extraneous light from disturbing the signals (12, 25). Data were continuously
collected at 1 Hz and were exported as Excel files for later analyses in MATLAB
(v. R2021a, MathWorks, Natick, MA). The NIRS data were analyzed according
to a modified Beer—Lambert’s law (26), as previously described (27). Briefly, the



walking protocol was used as an active hyper- emic stimulus to desaturate the
skeletal muscle tissue. The TOI recovery rate, which represents the capacity by
which the microcirculation can resaturate the tissue to the initial resting TOI
values (27-29), was calculated using a linear regression model (from the end of
exercise to the initial resting TOI values, %-s™'; 27, 29). TOI minimum during
walking and TOIl maximum after recovery were normalized to baseline TOI

values (expressed as a percentage of baseline TOI) (13).

Statistical Analysis

All statistical analyses were performed with GraphPad Prism v. 9.0.2
(GraphPad Software, San Diego, CA). Data normality was tested using the
Shapiro—Wilk’s test. For descriptive characteristics, independent t tests were
used for comparisons between Con and PAD groups. Fisher’s exact test was
used for categorical variables (comorbidities and medications). Vasomotor
function assessments were analyzed with a two-way repeated measures
ANOVA. If significance was noted, Tukey’s test was used for post hoc
comparisons. Flow, skeletal muscle mitochondrial respiration, citrate synthase
activity, protein expression data, and in vivo skeletal muscle microvascular
oxygenation data were analyzed using independent ¢ tests. Nonparametric tests
(i.e., Mann—Whitney tests and Kruskal-Wallis tests) were used for nonnormally
distributed variables. Pearson’s product-moment correlation was used to assess
the correlation between variables. Cohen’s d was performed to assess effect
sizes and was interpreted as 0.2, 0.5, and 0.8 as small, moderate, and large
effect sizes, respectively (12, 25, 30). A Pvalue of <0.05 was considered

significant for all analyses. All data are presented as means + SD.

RESULTS
Participant Characteristics

The Con group presented with greater ABI (P < 0.01) com- pared with the
PAD group (Table 2), and patients with PAD had an average time from diagnosis

of 5.6 + 3.9 yr with stable symptoms. There were no statistical differences in



age, height, body mass, BMI, comorbidities, or medications between groups (P
> 0.05; Table 2). Participants in both groups presented with several
comorbidities and were regularly taking medications for these specific diseases
and conditions (Table 2). Harvested vessel diameters following pressurization to
60 mmHg were not different between the Con and PAD groups (Con: 238.4 + 32.2
um, PAD: 207.5 £ 37.4 ym; P = 0.34). In addition, the vessel diameters for each
experiment (i.e., flow, ACh, and SNP) were not statistically different within or

between groups at baseline (P = 0.18) or following preconstriction (P = 0.98).

Microvascular Function

All vessels for both PAD (n = 10) and Con (n = 11) were used in the final
analyses for microvascular function. Endothelium- dependent vasodilatory
function induced by flow was lower in PAD compared with Con (Con: 46.6 £ 20.1%,
PAD: 29.3 + 10.5%, P = 0.03; Fig. 1A). Furthermore, PAD arterioles demonstrated
attenuated vasodilation in response to several ACh concentrations compared with
Con at 104 M (Con: 58.5 + 9.5%, PAD: 39.4 + 18.6%, P = 0.02) and 103 M
(Con: 71.1 £ 11.1%, PAD:45.7 + 18.1%, P < 0.01; Fig. 1B). On the contrary,
endothelium-independent vasodilatory response induced by a maximal dose of
SNP was not different between patients with PAD com- pared with Con (103 M,
Con: 100.5 + 2.1%, PAD: 94.6 + 6.3%, P = 0.30; Fig. 1B).

Mitochondrial Respiratory Function and Citrate Synthase Activity

State 3 respiratory function was attenuated in PAD com- pared with Con
for Cl (Con: 12.4 £ 6.1, PAD: 4.4 £ 2.5 pmol-s”'-mg', P<0.01), ClI + Il (Con:
27.4 £ 6.4, PAD: 7.3 £5.2 pmol-s”'-mg', P <0.01), and Cll (Con: 13.0 + 10.3,
PAD: 3.2 + 3.1 pmol-s'-mg', P <0.01; Fig. 2A). State 4 respiration, an indicator
of nonphosphorylating respiration, was not different between Con and PAD
(Con: 4.7 £ 1.5, PAD: 5.4 + 4.9 pmol-s”'-mg', P = 0.59), and CIV respiration
was not different between groups (Con: 102.8 £ 31.1, PAD: 83.9 + 36.2 pmol-s-
-mg, P = 0.21; Fig. 2A). RCR was greater in Con compared with PAD (Con:
53+22,PAD: 2.3+1.9, P<0.01; Fig. 2B), and citrate synthase activity was



higher in PAD compared with Con (Con: 0.185 + 0.01, PAD: 0.200 + 0.01
U-min'-pug, P =0.02).

Table 2. Participant characteristics for the control and patients with PAD

| | Control | PAD | P Value

Participant characteristics
n 11 10
Age, yr 64 +8 68 +9 0.18
Height, cm 181.8+9.9 174.2+8.2 0.10
Mass, kg 94.1+£19.3 76.5+ 20.5 0.07
Body mass index, kg/m? 284 +48 248+53 0.14
ABI 1.1+£0.41 0.6 +0.2¢ <0.01
Walking distance (6 min), m 394.8 + 55.7 252.7 + 20.7t <0.01

Risk factors and comorbidities, n
Family history 7 4 0.2
Coronary artery disease 4 3 >0.99
Hypertension 4 5 0.67
Obesity 2 2 >0.99
Dyslipidemia 6 5 >0.99
Current smoker 2 5 0.18
Past smoker 4 3 >0.99
Cancer 2 0 0.48
Prediabetes 2 0 0.48
Diabetes mellitus 2 4 0.36
Renal disease 2 2 >0.99
COPD or lung disease 5 4 >0.99
Osteoporosis/arthritis 0 1 0.48

Medications, n
Statins 6 6 >0.99
B-Blockers 1 5 0.06
Proton pump inhibitors 2 0 0.48
Anticoagulants 1 2 0.59
Diabetic therapy 3 4 0.66
Pin medication 3 1 0.59
Bronchodilators 4 1 0.31

Values are means = SD or n. ABI, ankle-brachial index; COPD, chronic obstructive pulmonary
disease; PAD, peripheral artery disease. +P < 0.01 vs. Con.

Protein Expression

Expression of 4-HNE, a marker of oxidative stress (31), was not different
between patients with PAD and Con [Con: 0.08 £ 0.03, PAD: 0.11 + 0.01
arbitrary units (AU), P = 0.06; Fig. 3A], whereas GPX-4, an antioxidant marker
(32), was lower in patients with PAD (Con: 0.24 + 0.06, PAD: 0.11 £ 0.04 AU, P
< 0.01; Fig. 3B). In addition, the ratio between 4-HNE and GPX-4 was greater
in patients with PAD (Con: 0.34 + 0.06, PAD: 1.14 £ 0.4, P <0.01; Fig. 3C).

Furthermore, mitochondrial respiratory complex protein was lower in patients




with PAD compared with Con at Cl (Con: 0.31 £ 0.08, PAD: 0.16 + 0.05 AU, P <
0.01), Cll (Con: 0.44 £ 0.05, PAD: 0.28 + 0.04 AU, P <0.01), Clll (Con: 0.29 £
0.06, PAD: 0.18 £ 0.06 AU, P = 0.02), CIV (Con: 0.25 £ 0.05, PAD: 0.16 £ 0.03
AU, P <0.01), and CV (Con: 0.34 £ 0.08, PAD: 0.18 £0.09 AU, P <0.01; Fig.
3D).

Relationships between Microvascular Function and Skeletal Muscle Mitochondrial
Function

Assessments of flow-mediated vasodilation and ACh-mediated
vasodilation in the skeletal muscle arterioles revealed significant relationships
with skeletal muscle oxidative phosphorylating respiration. Flow-mediated
vasodilation was positively associated with CI + |l state 3 respiration (r= 0.5, P =
0.03; Fig. 4A), and ACh-mediated vasodilation exhibited a positive relationship
with Cl + Il state 3 respiration (r= 0.5, P=0.02; Fig. 4B). In addition, ACh-
mediated vasodilation showed a positive relationship with RCR (r= 0.5, P =
0.04; Fig. 4C).

A 8040 CON (n = 11) B
e PAD (n = 10) % 120~
c
60- = 100-
= S
L y & 80-
T 404 T =
g 40 'g 60-
S 4
40=
32 20 >
S 20-
0¢ | 0= T
base 30 base .7 -6 -5 -4 -3 max
- SNP
Flow rate (uL-min™") [ACh] logy

Figure 1. The vasomotor function of skeletal muscle arterioles from healthy controls (Con, n = 11) and patients
with peripheral artery disease (PAD, n = 10) in response to flow (30 puL-min-'), acetylcholine (ACh, 10-7—
10-3), and sodium nitroprusside (SNP, 10-3). A: flow-mediated vasodilatory response (%) was attenuated (P
=0.03) in PAD compared with Con. B: ACh-mediated vasodilatory response (%, 10-7 M to 10-3 M) was
attenuated at 10~ M (P = 0.02) and 10-3 M (P < 0.01) in PAD compared with Con. Maximal SNP-mediated
vasodilatory response (%, 10-3 M) was not different (P = 0.30) between patients with PAD and Con. Data
are means + SD. “P < 0.05 vs. Con. +P < 0.01 vs. Con.



Skeletal Muscle Microvascular Oxygen Delivery and Utilization Capacity, and
Relationships between Ex Vivo Microvascular Function and Skeletal Muscle
Oxidative Phosphorylating Respiration

The slope of TOI recovery after walking, an index of skeletal muscle
microvascular oxygen delivery and utilization capacity (33, 34), was attenuated
in patients with PAD compared with Con (Con: 0.51 + 0.4, PAD: 0.09 + 0.06%"s"
', P =0.04; Fig. 5A). There were also no differences in baseline TOI (Con: 58.5
6.9%, PAD: 53.8 £ 10.8%, P = 0.42), TOIl minimum during walking (Con: 52.0 + 38.9%,
PAD: 30.2 + 34.6%, P = 0.35), or maximum TOI after walking recovery (Con: 194.8 +
124.3%, PAD: 133.0 + 28.7%, P = 0.26). The slope of TOI recovery rate was positively
associated with vasodilation to flow (r = 0.8, P < 0.01) and showed a positive albeit
statistically insignificant relationship with maximal ACh-mediated vasodilation (r = 0.5,
P =0.10; Fig. 5, B and C). In addition, the slope of TOI recovery rate was positively
associated with Cl + |l state 3 respiration (r = 0.7, P = 0.03; Fig. 5D). However, ABI, the
clinical diagnostic assessment for PAD, demonstrated no distinct relationships with
ACh-mediated vasodilation (r = -0.3, P = 0.47), flow-mediated vasodilation (r =-0.3, P =
0.76), or CI + |l state 3 respiration (r =-0.1, P = 0.88) in PAD.
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Figure 2. Skeletal muscle mitochondrial respiratory function from healthy controls (Con, n = 11) and patients
with peripheral artery disease (PAD, n = 10). A: state 3 respiratory function (pmol-s'-mg-') was attenuated in
PAD compared with Con at complex | (Cl, P <0.01), complex | + 1l (ClI + I, P<0.01), and complex Il (CII, P
< 0.01). State 4 respiration and complex IV (CIV) respiration (pmol-s-'-mg-) were not different between Con
and PAD (P = 0.59 and 0.21, respectively). B: respiratory control ratio (RCR, CI + Il state 3/state 4
respiration) was lower in PAD compared with Con (P < 0.01). Data are means + SD. +P < 0.01 vs. Con.
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Figure 3. The expression of 4-hydroxynonenal (4-HNE), glutathione peroxidase 4 (GPX4), and electron
transport chain proteins (total OXPHOS) in the skeletal muscle from healthy controls (Con, n = 6) and
patients with peripheral artery disease (PAD, n = 6). Representative Western blot images consist of two
continuous lanes (from the same blot) all normalized to total protein. A: 4-HNE expression was not different
between Con and PAD groups (P = 0.06). B: GPX4 expression was lower in PAD compared with Con (P <
0.01). C: 4- HNE and GPX4 ratio, indicator of oxidative stress damage to antioxidant status, was
attenuated in PAD compared with Con (P < 0.01). D: expression of proteins from the electron transport
chain (complexes |-V, Cl-V) was lower at CI (P < 0.01), Cll (P <0.01), Clll (P = 0.02), CIV (P <0.01), and CV
(P <0.01) in PAD compared with Con.
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Figure 4. Relationships between vasodilatory capacity in response to flow (30 uL-min-"), acetylcholine (ACh,
103 M) with skeletal muscle oxidative phos- phorylating respiration (Cl + Il state 3), respiratory control ratio
(RCR) from healthy controls (Con, n = 11), and patients with peripheral artery disease (PAD, n = 10). A:
positive relationship (r= 0.5, P = 0.03) between flow-mediated vasodilation (%) and complex | + Il state 3
respiration (pmol-s'-mg'). B: positive relationship (r = 0.5, P = 0.02) between maximal ACh-mediated
vasodilation (%) and complex | + |l state 3 respiration (pmol-s-'-mg-"). C: positive relationship (r=0.5, P =
0.04) between maximal ACh-mediated vasodilation (%) and RCR (state 3/state 4 respiration).

DISCUSSION

The presence of microvascular dysfunction in patients with PAD has
been found to be strongly related to increased incidence of lower limb tissue
loss (nonhealing ulcers and gangrene) and amputation (35-37). As expected,
this has drawn increasing attention to the pathophysiology of the microvascular
environment in patients with early-stage PAD with the aim of developing
potential therapies that may aid in symptom management and in delaying,
stopping, or even reversing disease progression. To our knowledge, we are the
first group to directly examine skeletal muscle arteriole vasomotor function in PAD and
to integrate ex vivo and in vivo findings regarding skeletal muscle mitochondrial function
and microvascular oxygen delivery and utilization capacity in patients with PAD. This
study produced several novel findings. First, we found that endothelium-dependent
vasodilation was attenuated in the skeletal muscle arterioles of patients with PAD.
Second, we found that attenuated endothelium-dependent vasodilation is moderately
associated with reduced skeletal muscle mitochondrial function. In addition, we found
that microvascular function is a stronger predictor of leg mitochondrial function and
oxygen delivery and utilization capacity in the PAD legs than hemodynamic compromise
(reflected in the ABI) produced by conduit artery blockages. Last, we evaluated the

relationships between ex vivo skeletal muscle arteriole function and microvascular



function in vivo. Our findings indicate that in the calf skeletal muscle of claudicating
patients with PAD, ex vivo arteriole endothelial function and myofiber mitochondrial
respiration are related to in vivo skeletal muscle microvascular oxygen delivery and
utilization capacity. Taken together, our results suggest that chronic leg ischemia,
produced by atherosclerotic occlusive disease in the conduit arteries sup- plying the
lower extremities, attenuates skeletal muscle arteriole endothelial function and this is
likely an important contributor to the mitochondrial dysfunction and impaired
microvascular oxygen delivery and utilization capacity in the skeletal muscle of the legs
of claudicating patients with PAD. Notably, these findings suggest that therapies that
target the microcirculation may delay or even reverse the progression of PAD.
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Figure 5. Measurements of in vivo skeletal muscle microvascular oxygenation capacity in healthy controls
(Con, n = 5) and patients with peripheral artery disease (PAD, n = 6) for tissue oxygenation index (TOI) and
relationships with flow-mediated vasodilation (30 pL-min-'), acetylcholine (ACh)-mediated dilation (10-3 M), and
skeletal muscle oxidative phosphorylating respiration (Cl + |l state 3 respiration). A: the slope of TOIl recovery
(%-s") was attenuated in PAD compared with Con (P = 0.04). B: positive relationship (r=0.8, P <0.01)

between flow-mediated vasodilation (%) and slope of TOI recovery rate (%-s™). C: positive relationship (r =



0.5, P = 0.10) between maximal ACh-mediated vasodilation (%) and slope of TOI recovery rate (%-s™). D:
positive relationship (r= 0.7, P =0.03) between Cl + |l state 3 respiration (pmol-s'-mg-') and slope of TOI

recovery rate (%-s!). Data are means + SD. *P < 0.05 vs. Con.

Microvascular Function

The flow-mediated dilation (FMD) technique is the most widely used
noninvasive assessment of macrovascular endothelial function in healthy and
disease populations. In brief, the procedure uses Doppler ultrasound to record
the change in the diameter of a conduit artery (usually brachial or popliteal) in
response to reactive hyperemia produced by cuff occlusion, and the response is
calculated as a percent change from baseline arterial diameter (12, 25, 38).
Using the FMD technique, we and others have reported that endothelial
dysfunction is present in the conduit arteries of the upper and lower extremities
of patients with PAD (12, 25, 39-41). However, very few studies have attempted
to examine microvascular endothelial function in patients with PAD, prob- ably
due to the limited accessibility to human PAD tissues. The majority of these
studies used in vivo approaches for the assessment of the microcirculation
localized to the skin (42— 45) and the muscle (46, 47). These methods have been
rather heterogenous and included techniques such as laser Doppler (42, 43),
microdialysis (42—45), MRI (46, 47), and NIRS (48, 49). Fronek et al. (42, 43)
assessed microvascular endothelial activity using ACh iontophoretic
administration with laser Doppler flowmetry, and they found that endothelial
activity is attenuated in patients with PAD compared with healthy individuals.
Rossi et al. (44, 45) also reported blunted endothelial function in response to
iontophoretic ACh administration in patients with PAD compared with controls.
Others have demonstrated attenuated microvascular endothelial responsivity
to reactive hyperemia using MRI and described that attenuated endothelial
function is related to the stage of PAD, with patients with CLI having worse
function than patients with claudication (46, 47). Although these previous studies
suggest that attenuated endothelium-dependent vasodilatory function is present
in the PAD microcirculation, these techniques have limitations, such as lacking

the ability to directly assess the skeletal muscle microcirculation (50). These



constraints may raise several issues with data interpretation, especially when
considering that skin and muscle vascular beds have distinct hemodynamic
control mechanisms (37).

To our knowledge, we are the first group to isolate and directly assess the
skeletal muscle arteriole vasodilatory function from the legs of patients with PAD.
Our results indicate that flow-mediated and ACh-mediated vasodilation, both
indicators of endothelial function, are attenuated in PAD (Fig. 1, A and B). On
the other hand, smooth muscle function assessed by SNP was not different
between groups (Fig. 1B), which is consistent with our previous preliminary
findings in the PAD microcirculation and the findings of others in the
macrocirculation (12, 41). These findings suggest that PAD produces a state of
impaired microvascular function that is more readily apparent at the level of the
arterial intima and endothelium than that of the arterial media and vascular
smooth muscle (51). It is important to consider that this attenuation in
microvascular endothelial function is presumably multifaceted with several
mechanisms contributing to these deficits. First, ischemia alone has been
shown to increase ROS production within skeletal muscle arterioles (9), which
may induce oxidative stress and damage that can attenuate microvascular
function. Second, PAD is often characterized by frequent cycles of ischemia-
reperfusion, occurring every time a patient with PAD walks (52, 53). Several
studies have demonstrated that ischemia-reperfusion within the skeletal muscle
microcirculation can facilitate excessive ROS production, leukocyte activation,
and inflammation, which jointly contribute to increased micro- vascular
permeability, endothelial dysfunction, and micro- vascular injury (10, 54-59).
Collectively, these mechanisms may impair hemodynamic regulation and
increase peripheral vascular resistance, thus altering tissue perfusion that may
lead to skeletal muscle damage (7, 8). Of note, our results show that patients
with PAD demonstrate a trend for greater levels of intramuscular 4-HNE (Fig.
3A) and lower expression of GPX-4 (Fig. 3B). These results are consistent with
previous research that indicated increased oxidative stress damage and

attenuated antioxidant markers in the PAD skeletal muscle (7, 8, 60).



Furthermore, we found that the 4-HNE-to-GPX-4 ratio is greater in patients with
PAD compared with Con (Fig. 3C), which further confirms that an imbalance
between oxidative stress and antioxidant defense mechanisms persists in the

PAD skeletal muscle environment.

Skeletal Muscle Mitochondrial Function

Several previous studies reported on the components of the skeletal
muscle mitochondrial dysfunction present in PAD (61), such as dysfunctional
electron transport chain, reduced ATP production, damaged ultrastructure and
DNA, and impaired antioxidant enzyme activity (7, 62—67). With the
permeabilized fiber method, it has been shown that patients with PAD have
impaired mitochondrial respiratory function at ClI, CIIl, and CIV (7, 62, 63). The
data from the present study confirm and build upon these previous findings, as
we found that Cl state 3, Cl + Il state 3, and CIl state 3 respiration are
attenuated in patients with PAD (Fig. 2A). In addition, RCR, which has been
identified as an indicator of net oxidative coupling rate and ATP production
efficiency (20), was lower in patients with PAD (Fig. 2B). In further sup- port of
this mitochondrial dysfunction, we also found decreased protein expression of
the mitochondrial electron transport chain complexes (Fig. 3D). The decreased
mitochondrial respiratory complex protein expression may be one of the
mechanisms operating to produce reduced oxygen consumption and ATP
production coupling in PAD, which coincides with our findings regarding
mitochondrial respiratory function and ATP production efficiency (RCR). These
data support that a dysfunctional bioenergetic environment prevails in the PAD
skeletal muscle, which likely further exacerbates the well-known blood flow
limitations and oxidative stress produced by the blocked conduit arteries in the
legs of patients with PAD (62, 68).

We and others have used citrate synthase activity in humans and animal
models (19, 21, 63, 69), which is recognized as a sound assessment of skeletal
muscle mitochondrial content (70). In chronically ischemic skeletal muscle, it has

been suggested that mitochondrial content increases to compensate for the



dysfunctional bioenergetic environment (63). In the present study, we found that
patients with PAD have greater citrate synthase activity compared with controls
(Con: 0.185 + 0.01 U-min”"-ug™’, PAD: 0.200 + 0.01 U-min"'-ug™', P = 0.02), which
is consistent with previous work in human PAD and mouse models for citrate
synthase activity (63, 69). These data may provide additional evidence to
support that increased mitochondrial content may be a potential compensatory
mechanism for the bioenergetic impairments in the PAD skeletal muscle.
However, the increased citrate synthase activity does not appear to be sufficient to
satisfy the bioenergetic demands of the affected muscles, as respiration per
mitochondrion and ATP production efficiency (RCR) are compromised in PAD.

Microvascular Function and Skeletal Muscle Mitochondrial Function

Although skeletal muscle mitochondrial dysfunction in PAD has been well
documented (7, 63), little work has been done to identify the mechanisms
underlying these deficits. In the present study, we sought to investigate
microvascular endothelial dysfunction as a contributing mechanism to skeletal
muscle mitochondrial dysfunction. Our data demonstrate that skeletal muscle
arteriole flow-mediated vasodilation and ACh-mediated vasodilation are both
positively associated with oxidative phosphorylation capacity in the skeletal
muscle (Fig. 4, A and B), and ACh-mediated vasodilation is also positively
associated with RCR (Fig. 4C). These correlations between skeletal muscle
arteriole endothelial function and skeletal muscle mitochondrial function may be
interpreted as moderate-strength positive relationships; however, in conjunction
with effect size analyses, these correlations may be more meaningful. Cohen’s
d revealed that these variables have large effect sizes (flow: d = 1.1, ACh 103 M:
d=1.7, complex | + Il state 3 respiration: d = 3.4, and RCR: d = 1.5), which
further support the clinical relevance of these relationships.

Our findings indicate that the microcirculation, specifically skeletal muscle
arteriole endothelial dysfunction, may be an important contributor to the
mitochondrial myopathy of PAD (61, 71-73). Previous work has suggested that the

microcirculation is critical for hemodynamic regulation, perfusion, and oxygen



extraction within the skeletal muscle, especially when oxygen supply is limited
(4-6, 74). These ischemic conditions can be particularly harmful for the skeletal
muscle mitochondrial environment and can subsequently result in bioenergetic
deficiencies, impaired enzymatic activity, and augmented ROS production (68,
75), which ultimately facilitates a deleterious environment that generates skeletal
muscle mitochondrial dysfunction and oxidative damage (7, 63, 76). In addition,
this detrimental environment that is local to the ischemic tissue may adversely
impact the vessels that perfuse it, thus impact- ing the systemic circulation (77,
78). These elevated levels of circulating ROS may generate a vicious cycle that
impairs systemic vascular function in patients with PAD, but the exact
mechanisms underlying these relationships and potential causal roles of

endothelial dysfunction warrant further investigation (77, 78).

Ex Vivo Microvascular Function and in Vivo Skeletal Muscle Microvascular
Oxygen Delivery and Utilization Capacity

To further explore whether our ex vivo findings of micro- vascular function
can be translated to the in vivo skeletal muscle microcirculation, we assessed
skeletal muscle micro- vascular oxygen delivery and utilization capacity in vivo
using NIRS. To adequately assess the skeletal muscle micro- circulation
noninvasively, it has been suggested that a hyperemic stimulus (i.e., exercise or
cuff occlusion) should be used in addition to assessing resting values (50). We
and others have successfully used exercise as a hyperemic stimulus to assess
calf muscle tissue oxygen delivery and utilization in patients with PAD (11-13, 25,
28). We noted that basal TOI (Con: 58.5 + 6.9%, PAD: 53.8 + 10.8%, P = 0.42)
and the maximal TOI recovery after exercise were not different between groups
(Con: 194.8 + 124.3%, PAD: 133.0 + 28.7%, P = 0.26). These data are consistent
with previous work, as patients with PAD who have mild-to-moderate
claudication have normal skeletal muscle tissue perfusion at rest and show no
difference in their maximal level of recovery following walking exercise (13, 79).
These works also demonstrated that patients with PAD experience a greater

reduction in TOI during walking exercise compared with controls, which suggests



that patients with PAD experience a greater amount of tissue desaturation during
activity (13, 79). Although we did not achieve statistical significance for this
metric in the present study (Con: 52.0 £ 38.9%, PAD: 30.2 £ 34.6%, P = 0.35), we
noted a moderate effect size (d = 0.6), which may suggest a clinical difference
in the TOIl minimum during walking between groups. Last and consistent with
previous work (13, 79), we found that patients with PAD demonstrated a slower
slope of TOI recovery compared with Con (Fig. 5A). This may indicate that
patients with PAD have blunted skeletal muscle microvascular oxygen delivery
capacity (33, 34) and may provide in vivo evidence of microcirculatory
dysfunction in the PAD skeletal muscle.

We found that ex vivo flow-mediated vasodilation is positively associated
with the slope of TOI recovery rate (r= 0.8, P < 0.01; Fig. 5B), whereas ACh-
mediated vasodilation showed a trend to be positively associated with the slope
of TOI recovery rate (r = 0.5, P = 0.10; Fig. 5C). Our effect size analyses
(Cohen’s d; large effect sizes, TOIl recovery rate: d = 1.5, flow: d = 1.1, and ACh
103 M: d = 1.7) support these moderate-positive correlations and suggest that the
skeletal muscle microcirculatory endothelial function may play a role in calf
muscle microvascular oxygen delivery and utilization capacity in vivo, and they
may supply evidence that supports the roles of the skeletal muscle arterioles in
regulating blood flow and oxygen transport in PAD (3). It may be possible that
methods that enhance the endothelial function of the skeletal muscle
microvessels in patients with PAD may improve blood flow and oxygen delivery
and utilization capacity, which may be an area of interest for developing new
and much-needed therapies to delay and/or possibly reverse the progression of
PAD.

In addition, we noted that oxidative phosphorylation capacity (Cl + Il state
3 respiration) was positively associated with TOI recovery rate (r=0.7, P =
0.03; Fig. 5D), and our effect size analyses also complement these relationships
(complex | + Il state 3 respiration: d = 3.4 and TOI recovery rate: d = 1.5). These
data may support the notion that attenuated mitochondrial oxidative

phosphorylation capacity at the level of the skeletal muscle may be a



consequence of poor skeletal muscle microvascular oxygen delivery and
utilization capacity in patients with PAD. Although we have previously shown
that improving macrovascular endothelial function with a mitochondrial-targeted
therapy improves leg skeletal muscle function and walking performance in
patients with PAD (27), the current results are the first to pro- vide an integrated
approach of directly investigating skeletal muscle arteriole endothelial function
and skeletal muscle mitochondrial function in parallel with leg skeletal muscle
microvascular oxygen transfer and utility capacity in vivo in claudicating patients
with PAD. These integrative findings may be crucial for future work, as the
microcirculation appears to be a promising potential predictor of leg function and

a key target for novel therapies for patients with PAD.

Contribution of Microvascular and Skeletal Muscle Mitochondrial Dysfunction to
PAD Manifestations

It has been previously shown that the ABI assessment reflecting occlusive
disease in the conduit arteries supplying the lower extremities (macrovascular
disease) cannot adequately explain the symptoms, walking impairment, and
degree of myopathy in PAD (52, 53, 80). Our findings support this pre- mise, as
we found that ABI was weakly associated with ACh-mediated vasodilation (r = -
0.3, P=0.47), flow-mediated vasodilation (r= -0.3, P = 0.76), and skeletal muscle
Cl + Il state 3 respiration (r=-0.1, P = 0.88) in claudicating PAD. On the contrary,
we found that microcirculatory function may be stronger than ABI as a predictor of
leg mitochondrial function and oxy- gen delivery and utilization capacity (Figs. 4
and 5), which further supports our hypothesis on the importance of the
microcirculation as a key component of the pathophysiology of PAD. In addition,
upon further analysis, we found a negative relationship between time from
diagnosis and maximal ACh-mediated vasodilation (r=-0.8, P = 0.04), and
negative albeit insignificant relationships between time from diagnosis and
vasodilation to flow (r=-0.5, P = 0.29) and CI + |l state 3 respiration (r = -0.3,
P = 0.54). These relationships likely indicate the cumulative nature of the insult

to the micro- circulation and skeletal muscle mitochondria in PAD muscle,



resulting from chronic repetitive episodes of ischemia- reperfusion that occur
every time a patient with claudication walks. Furthermore, the microvasculature
exhibits a stronger relationship with disease duration when com- pared with
mitochondrial respiration.

It is important to consider the temporal sequence and connection between
microvascular and skeletal muscle mitochondrial dysfunction, the roles they play in
PAD pathophysiology, and the generation of PAD manifestations. With this being
the first time to directly investigate the skeletal muscle microcirculation in patients
with PAD, it is difficult to draw definitive conclusions. Previous in vivo work in
rodents has suggested that the skeletal muscle microcirculation is subject to
ischemia-reperfusion damage before the skeletal muscle tissue is affected (10).
Although preliminary, these correlations suggest that the microvascular
endothelial dysfunction may precede skeletal muscle mitochondrial dysfunction,
although both are produced by the chronic damage of repetitive episodes of
ischemia-reperfusion as encountered during routine walking over the months
and years that the occlusive disease is advancing in the leg arteries of patients
with PAD. However, extensive investigation is still required to ascertain an answer
to this perplexing question. Our previous work showed that acute oral
mitochondrial-targeted antioxidant (Mito-Q, 80 mg) intake can improve vascular
endothelial function and walking capacity in patients with claudicating PAD in
vivo (12), and acute Mito-Q incubation can reverse age-related vascular
dysfunction in human skeletal muscle feed arteries (17). Our group plans to
perform similar investigations to determine potential differential mechanisms
underlying both microvascular and skeletal muscle mitochondrial dysfunction in

claudicating PAD.

Experimental Considerations

It is important to note that this study has some experimental
considerations. First, our study participants were all males, and thus our findings
may not be directly generalizable to female patients with PAD. Future studies

should power for sex differences in the skeletal muscle microcirculation in



patients with PAD. Second, although the use of walking as a hyperemic
stimulus for NIRS may be clinically applicable in patients with claudication,
future work should use a more consistent method such as cuff occlusion to
induce reactive hyperemia. In addition, NIRS may be sensitive to the severity
and chronicity of PAD, and it will be important to attempt to identify and recruit
patients with early-stage PAD so we can evaluate the earliest events in calf
muscle ischemic damage and myopathy before the disease progresses to later
stages. In addition, the participants were actively using medications, such as b-
blockers, metformin, anticoagulants, and bronchodilators, which have may
altered vascular reactivity properties or reduced inflammation. Furthermore, with
human samples, we do not always get the same quantity of tissue per biopsy,
and for this rea- son, our protein expression data have a lower sample size in
comparison with our primary outcome assessments of microvascular and

skeletal muscle mitochondrial function.

Conclusion and Future Direction

Our data demonstrate, for the first time, that skeletal muscle arteriole
endothelium-mediated vasodilatory function is attenuated in patients with PAD.
Our findings also identify an association between microcirculatory endothelial
dysfunction and the skeletal muscle mitochondrial respiratory function. Last, we
integrated our ex vivo findings with in vivo assessments of skeletal muscle
microvascular oxygen delivery and utilization capacity and found that skeletal
muscle arteriole endothelial function and skeletal muscle mitochondrial
respiratory function are directly related to in vivo leg skeletal muscle
microvascular oxygen delivery and utilization capacity in patients with PAD. Our
work suggests that chronic leg ischemia produced by atherosclerotic block- ages
in conduit arteries of the legs attenuates skeletal muscle arteriole endothelial
function, and this may be a principal mediator of mitochondrial dysfunction and
impaired muscle oxygen delivery and utilization capacity in the affected legs of
patients with PAD. Notably, the information from the present study suggests that

microcirculatory endothelial dysfunction may be a key contributor in the



bioenergetic and oxygen transfer and utility deficits of the ischemic legs in PAD.
This demonstrates the importance of microcirculatory endothelial dysfunction as

a therapeutic target in the care of claudicating patients with PAD.
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