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Peripheral artery disease (PAD) is characterized by varying severity of arterial stenosis, exercise
induced claudication, malperfused tissue precluding normal healing and skeletal muscle dysfunction.
Revascularization interventions improve circulation, but post-reperfusion changes within the
skeletal muscle are not well characterized. This study investigates if revascularization enhanced
hemodynamics increases walking performance with concurrent improvement of mitochondrial
function and reverses abnormal skeletal muscle morphological features that develop with PAD.
Fifty-eight patients completed walking performance testing and muscle biopsy before and 6 months
after revascularization procedures. Muscle fiber morphology, desmin structure, and mitochondria
respiration assessments before and after the revascularization were evaluated. Revascularization
improved limb hemodynamics, walking function, and muscle morphology. Qualitatively not

all participants recovered normal structural architecture of desmin in the myopathic myofibers

after revascularization. Heterogenous responses in the recovery of desmin structure following
revascularization may be caused by other underlying factors not reversed with hemodynamic
improvements. Revascularization interventions clinically improve patient walking ability and can
reverse the multiple subcellular functional and structural abnormalities in muscle cells. Further
study is needed to characterize desmin structural remodeling with improvements in skeletal muscle
morphology and function.

Peripheral artery disease (PAD) is associated with the obstruction of peripheral arteries impairing blood flow to
limbs. The most common clinical manifestation of symptomatic PAD is intermittent claudication (IC), which is
defined as exercise induced pain caused by ischemia that is relieved with rest"2. The alleviation of this pain during
the cessation of exercise is due to decreased metabolic demands from the skeletal muscle and reperfusion of the
tissue’. It has been postulated that exposure to repeated cycles of ischemia and reperfusion (I/R) can lead to a
myopathy that progresses to further impair muscle function independent of hemodynamic obstruction*®. PAD
has been shown to cause increased ROS production from the mitochondria (electron transport complexes I, I1I,
and IV) potentially indicating damaged and dysfunctional mitochondria'®-**. Further, mitochondrial reactive
oxygen species (ROS) production is normally neutralized by antioxidant defense systems, but concentrations of
manganese superoxide dismutase are decreased with PAD indicating that this ROS neutralizing system may be
compromised'"!*. Uncontrolled ROS production can lead to a myriad of problems within the myofiber such as
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impaired anabolic signaling, increased protein catabolism, lipid peroxidation, and loss of mitochondria through
mitophagy">.

Skeletal and cardiac muscle contains desmin, a major type III intermediate filament protein which constitutes
one of many cytoskeletal structures within myofibers. Desmin is positioned near the sarcolemma at costameres,
through the intermyofibrillar spaces, and around Z-discs of myofibrils in a honeycomb shape when viewed in
anatomical cross-sections'®-2!. The structural positioning of desmin in both cardiac and skeletal muscle has been
speculated to allows the cytoskeletal protein to have a major role in cellular homeostasis. In studies utilizing
models of desminopathies, such as desmin null mice (Des”") or a-B-crystallin (CryAB) mutations, there is a
marked decrease in mitochondrial function as well as altered mitochondrial localization?*?2. Additionally, these
models of desminopathies stimulate the localized loss and aggregation of desmin throughout the myofiber?*?2.
Similarly, Des”" mice display decreased sarcomere alignment and abnormal sarcomeres with no clear I or A
bands, decreased muscle force, and muscular endurance?. Besides its structural role, desmin influences metabolic
and contractile function within skeletal muscle and its turnover is likely highly regulated?*?>23.

Interestingly, investigations into PAD patients muscle morphology and function have shown muscle and
myofiber atrophy as well as similar features identified in desminopathies'>?*?*. PAD patients display both a
sporadic pattern of desmin aggregates and a localized loss of desmin within myofibers'>*. Further, PAD IC
patients display muscle atrophy, decreased muscular endurance, decreased muscular strength, as well as decreased
mitochondrial function in gastrocnemius myofibers!>*#?. The point at which PAD skeletal muscle begins to
worsen is unclear but involves alterations in the structure of desmin. The restoration of blood flow to the limb
after revascularization has the potential to alter the trajectory of the muscle myopathy and may decrease the
accumulation of desmin within the myofiber which may alleviate some negative symptoms of PAD. To the best
of the authors knowledge no study has attempted to measure the morphological changes in the intermediate
filament desmin, mitochondrial function, or walking performance within PAD skeletal muscle before and after
revascularization interventions to determine if there were improvement in both morphology and metabolic
function of the impacted skeletal muscle. Therefore, the aim of this paper is to determine if revascularization
improves hemodynamics, skeletal muscle function, and improve the desminopathy that has been previously
shown to exist in PAD patients.

Methods

Fifty-eight patients referred for evaluation and treatment for lower extremity claudication from PAD per standard
of care were recruited to participate in this study. The demographics of all patients are listed in Table 1. Each
patient was assessed at the Baylor Scott and White Medical Center (Temple, TX) and the University of Texas
Health Science Center San Antonio (San Antonio, TX), and the appropriate treatment was determined, resulting

Age, years 62.2+5.9
Body mass index 27.5+6.3
Male/female 45/13
Race (W/WH/B) 36/18/4

Risk factors (%)

Tobacco use

Current 30 (51.7)

Never 17 (29.3)

Former 11 (19.0)
Hypertension 33 (56.9)
Diabetes mellitus 31(53.4)
Dyslipidemia 46 (79.3)
CAD 16 (27.6)
Obesity, BMI>30 14 (24.1)
Medications (%)
Aspirin 22(37.9)
ACE-inhibitor 27 (46.5)
ARB 6(10.3)
B-Blocker 16 (27.6)
Calcium channel blocker 10 (17.2)
Surgery location (%)
Aortoiliac 19 (32.8)
Femoropopliteal 17 (29.3)

Aortoiliac and femoropopliteal | 22 (37.9)

Table 1. Patient Demographics at enrollment. W White, WH White Hispanic, B Black; CAD coronary artery
disease.
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in a revascularization operation. Patients’ medical histories, ankle brachial index, 6-min walking ability, AND
maximal walking performance were recorded. The initial muscle biopsy was collected during the revasculariza-
tion procedure from the anterior medial side of the gastrocnemius. All patients returned to the corresponding
Medical Center for their follow-up visit 6 months post-revascularization. For each patient, the same parameters
were collected. The study was approved by Baylor University Institutional Review Board (human clinical trial
NCT04089943 and single-IRB protocol 162404). Written informed consent was obtained from each patient
who elected to participate. All methods were carried out in accordance with relevant guidelines and regulations.

Hemodynamic measurements

Ankle brachial index (ABI) was measured at rest using Doppler technique (ABi Parks Flo Lab 2100-sx, Parks
Medical Electronics, Inc., Aloha, OR) in the brachial artery and both posterior tibial and dorsalis pedis arteries?.
ABI measurements were taken from the revascularized leg before and after revascularization.

Walking performance testing

Walking performance tests were conducted one week before and six-months after revascularization opera-
tions. Patients were instructed to walk a 30 m distance as many times as possible within 6 min, and the dis-
tance achieved was recorded in meters. Additionally, maximal walking performance was measured for all PAD
patients using the graded treadmill test. Briefly, patients walked at a constant speed of 3.2 km/h on a 0° grade
that increased 2° every 2 min. Claudication onset time, claudication total distance, maximum walking time, and
maximum walking distance were all measured during each test.

Histology and quantitative fluorescence microscopy

Muscle samples collected for histology one week before and six-months after revascularization were immedi-
ately fixed in cold methacarn'>'>** then transferred to cold ethanol:H,0 (50:50) after 48 h. Samples were then
dehydrated in increasing gradients of ethanol before being cleared in xylene and paraffin embedded. Paraffin
embedded tissues were subsequently sectioned at 4 pm, deparaffinized, and rehydrated in ethanol and distilled
H,0 washes. The rehydrated slides were heated at 95 °C in 100 mM citrate buffer (pH 6.0) for 15 min and cooled
for 20 min before being soaked in washing buffer for 30 min at room temperature. Slides were then incubated
with a desmin primary rabbit monoclonal antibody (0.20 pg/ml; ab32362, Abcam) overnight at 4 °C. The next
day, slides were incubated with the secondary antibody Fluor® 488 goat anti-rabbit IgG (H + L) antibody, highly
cross-adsorbed (10 pg/mL; A-11034; Life Technologies, Molecular Probes). Sarcolemmas were labeled with Alexa
Fluor® 647-conjugated wheat germ agglutinin (10 pg/ml; W32466; Life Technologies, Molecular Probes) and
slides were mounted in ProLong® Gold anti-fade medium with DAPI nuclear stain (P36931; Life Technologies,
Molecular Probes).

Desmin quantification was based on three-channel imaging of each microscopy field as previously
described'>?’-%. Briefly, fluorescence images were captured at 10 x objective of a wide field epifluorescences
microscope and a PRIME 95B sCMOS camera. All tissue that was mounted on each slide (250-350 microscopic
fields per specimen, corresponding to 20,000 to 30,000 myofibers and in triplicate) was captured in three fluo-
rescence channels corresponding to nuclei, desmin, and myofiber sarcolemma. Fluorescence signal produced by
desmin was expressed as mean pixel intensity in grayscale units. The florescence was corrected for background
intensity near the black level of the camera, negative stained control slides and all myofibers mean desmin inten-
sity for each sample was determined. Myofiber cross-sectional area (CSA), perimeter, roundness, solidity, major
axis length, minor axis length, and myofiber density were all measured for each participant.

Mitochondrial respiration

Muscle samples partitioned for mitochondrial respiration were immediately placed into an ice-cold preservation
solution and immediately transferred to the lab for processing. Muscle samples were saponin-permeabilized
before respiration testing with an Oroborors O2k Oxygraph (Oroboros Instruments, Innsbruck, Austria) as
previously conducted™. Briefly, saponin permeabilized samples were immersed in respiration media consisting
of 105 mM MES potassium salt, 30 mM potassium chloride (KCI), 10 mM potassium dihydrogen phosphate
(KH,PO4), 5 mM magnesium chloride, hexahydrate (MgCl,.6H20), and 0.5 mg/mL BSA. Oxygen consumption
was measured at 37 °C in a respiration buffer supplemented with creatine monohydrate (20 mM). A substrate
inhibitor titration protocol was performed, whereby 2 mM malate and 10 mM glutamate were added to the
chambers followed by the addition of 4 mM ADP, to measure Complex I respiration. Next, 10 mM succinate was
added to the chambers to stimulate electron flow through Complex II. Rotenone (10 uM) was then used to inhibit
Complex I, and 1 mM of duroquinol was added to measure Complex III. Finally, we added 5 uM antimycin A
to inhibit Complex III. followed by 0.4 mM N,N,N’ N’-tetramethyl-p-phenylenediamine (TMPD), and 2 mM
ascorbate to prevent TMPD auto-oxidation to measure Complex IV. All reagents and chemicals were purchased
from Sigma Aldrich (St. Louis, MO). Citrate Synthase (CS) was measured using a modified protocol from Janssen
and Boyle®! in skeletal muscle lysates in duplicate as a maker of mitochondrial content. All oxygen consumption
values for each individual mitochondrial complex were made relative to CS activity for each participant. The
activity of Mn SOD (Superoxide Dismutase) activity was measured using a previously published method'* and
normalized to CS activity.

Statistical analysis

Multivariate analyses of variance using general linear models with repeated measurements of pre-post revascu-
larization operations were performed. These models were selected to consider the multiple dependent variables
measured from each patient. Statistical power analyses established that this sample size had sufficient power
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(0.97) to detect a small to medium effect size correlation, r=0.20 with a=0.05 (G*Power 3.1.9.). GraphPad Prism
was used to create the figures. All statistical analyses were conducted using the commercially available statistical
software SPSS version 28.0 (IBM, Armonk, NY, USA).

Results

Hemodynamics

The revascularization surgery significantly improved the average measures of hemodynamic blood flow within
the patients (Table 2). ABI increased substantially 6 months post-surgery (p <0.001).

Myofiber morphometrics

Revascularization yielded several beneficial changes in the myofiber morphology 6 months following the opera-
tion and can be seen in Table 2. There were increases seen in the average myofiber cross sectional area (p=0.022),
major axis (p=0.033), minor axis (p=0.045), equivalent diameter (p=0.024), and myofiber density (p =0.001),
There was no statistically significant difference in the other parameters.

There was a significant decrease in total amount of average desmin quantified from the fluorescence micros-
copy analysis (p=0.034). In addition to the average decrease, there was a clear difference in the appearance of
the desmin fluorescence within each patient after revascularization. There appear to be focal losses of the desmin
protein that are absent of signal, while other locations consist of desmin aggregates that fluoresce intensely in all
participants before surgery. After revascularization, the myofibers from some patients (n=50) appeared to have
decreased number of desmin aggregates and refilled the locations where desmin was previously absent (Fig. 1).
However, some patients (n =8) appear to have been less affected or had no change in the desmin structure from
the revascularization (Fig. 2). For reasons currently unknown, the focal absence of desmin and aggregates of
desmin persisted despite the improvement in hemodynamics within these individuals. These results indicate that
a group of PAD patients will respond and reverse the pathological desmin morphology while others respond
differently to revascularization treatments.

Walking performance

There were substantial improvements in the average walking performance after the revascularization procedure
that are presented in Fig. 3. 6 min walking distance (SMWD) improved significantly from their pre-revasculari-
zation (277 m) values to post-revascularization (365 m, p <0.001). Similarly, measures from the graded treadmill
test also improved after revascularization with increases in claudication onset time (COT; 112 vs. 170 s, p=0.001),
claudication onset distance (92 vs. 189 m, p=0.001), maximal walking time (MW'T; 254 vs. 628 s, p=0.001), and
maximum walking distance (MWD; 235 vs. 617 m, p <0.001).

Mitochondrial respiration and antioxidant activity

The revascularization procedure led to improvements in oxygen consumption after revascularization operations
(Fig. 4). There were statistically significant increases in the total oxygen consumed for complex I (p=0.037),
complex IT (p=0.012), complex III (p =0.040), and complex IV (p=0.044). Total SOD activity normalized by
CS activity was not statistically different (0.241 vs. 0.194 units per CS).

Discussion

Improved understanding of what happens during the clinical course and clinical care of ischemic tissue in PAD
could hold the potential to improve our clinical identification of tissue needing reperfusion, our interventional
therapies as well as our ability to procedurally target which patients will improve with revascularization. Fur-
thermore, pharmaceutical therapies and noninvasive treatments can all likely be advanced by an enhanced
understanding of the metabolic changes within ischemic tissue. Previous work demonstrates that revasculariza-
tion improves hemodynamic measures associated with PAD progression and improves cardiovascular disease
risk?*=%>. Improvement in ABI and an increase in average walking time may also decrease the frequency of I/R

Pre- revascularization Post- revascularization p-value
Ankle Brachial Index 0.49+0.24 0.77+0.29 <0.001
Desmin (gsu) 1213+376 1072+274 0.034
Cross-sectional area (um?) 4206 + 1450 4725+1659 0.022
Major axis (um) 98.6£19.5 104£19.6 0.033
Minor axis (um) 50.7+9.6 54.4+10.9 0.045
Equivalent diameter (um) 70.1+£12.7 744+13.4 0.024
Perimeter (pm) 270+50.4 286+53.4 0.058
Roundness 0.820+0.03 0.817+0.02 0.880
Solidity 0.914+0.03 0.917+0.02 0.270
Myofiber density 0.716£0.08 0.764+0.06 0.001

Table 2. Ankle Brachial Index, desmin and myofiber morphometrics of the gastrocnemius of PAD patients at
baseline and 6 months after revascularization. Revascularization operation improved the Ankle Brachial Index,
desmin and myofiber morphometrics, indicating that it is an effective treatment option for patients with PAD.
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Figure 1. Desmin immunofluorescence staining from patients with PAD that improved after revascularization
operation. At pre-revascularization (A-B, 20 x objective) disorganization of desmin is evident with areas

of higher concentration within the myofiber (C-D, 40 x objective). After post-revascularization (E-F,

20 x objective) desmin concentration within the myofiber is decreased. Subsarcolemmal desmin is mainly
evident (G-H, 40 x objective) indicating a relative normal staining. Myofiber morphology is improved with
myofibers having a similar shape and size after revascularization operations. Scale bars are 20 x objective at

50 um and 40 x objective at 25 um. Desmin is stained with green and nuclei with blue.
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Figure 2. Desmin immunofluorescence staining from patients with PAD that did not improve after
revascularization operation. At pre-revascularization (A-B, 20 x objective), the disorganization of desmin

is evident in several areas of higher concentration within the myofiber (C-D, 40 x objective). After post-
revascularization (E-F, 20 x objective), desmin concentration within the myofiber did not decrease. Myofiber
morphology did not improve, with myofibers having irregular shape and size after revascularization operations.
Scale bars are 20 x objective at 50 um and 40 x objective at 25 um. Desmin is stained green, and the nuclei are
blue.
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Figure 3. Revascularization operations improved mitochondrial respiration of the electron transport chain
complexes I-IV. Mitochondrial respiration is normalized to citrate synthase activity. *p <0.05.
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Figure 4. Revascularization operations improved the walking function of patients with PAD. Six minute
walking distance (SMWD), claudication onset time (COT), claudication onset distance (COD), maximum
walking time (MWT), and maximum walking distance (MWD) were all significantly improved post-
revascularization. *p <0.05.

cycles and delay the progression of myopathy within these patients. However, the functional improvements in
walking ability with revascularization are not always seen*~¥. One study found that revascularization did not
reverse the clinical functional decline in muscle performance in some patients®. Walking speed, step cadence,
and 6-min walking ability were identical 3-4 months post-surgery®. The persistent impairments seen within
these individuals after revascularization may potentially be due to differences in disease stage or a varying pres-
entation of PAD that may be due to the limited ability of our current guidelines and clinical tests to stratify***".

Improvements in walking performance were associated with increased perfusion of the affected limb and
were accompanied by substantial improvements in mitochondrial respiration across all electron transport chain
complexes 6 months post-revascularization. Revascularization also led to a decrease in the activity of total SOD.
Previous research has shown basal decreases in the activity of the SOD antioxidant enzyme within PAD patients
that did not receive revascularization'®. It is difficult to determine if reduced SOD is found across all stages of
PAD since the study did not stratify the PAD based on staging'*. In the context of the current study, the decrease
in SOD activity could possibly be related to a reduced ROS load experienced after revascularization. Typically,
ROS production has been shown to occur at complex I, ITI, and IV'%-%, Collectively, the improvements in JO,
(mitochondrial respiratory oxygen flux) associated with these complexes, improvements in walking performance,
and increased perfusion likely indicate improvements in individual electron transport chain complex function
and reduced ROS production. Further, research investigating the alterations of antioxidant defense enzymes
content and activity are needed to clearly understand these changes within this demographic.

The average changes in the CSA and morphological characteristics of myofibers after the surgical interven-
tion indicate that revascularization has the potential to reverse the muscle myopathy within IC PAD patients.
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Further, the quantified amount of desmin present within each of the participants showed an average decrease
after revascularization. However, upon investigating morphological changes in desmin structure, there were
still desmin aggregates and complete loss of desmin in various locations within the myofibers of some patients
after revascularization. The presence of desmin aggregates in the patients either before and after surgery may be
formed by mutations, post-translational modifications or oxidation mediated changes that decreases CryAB’s
chaperone function®**’, Desmin has previously been found to be a major target for oxidation within skeletal
muscle*!. If desmin is being oxidized during I/R cycles, it could form protein aggregates via ROS induced
unfolding. However, there is limited evidence on the effect of desmin aggregation within PAD skeletal muscle,
and it cannot be ruled out that both CryAB and desmin may mutually contribute to abnormal cellular structure
and clinical presentation. However, the persistence of desmin aggregation in patients who displayed improved
hemodynamics, mitochondrial function, and decreased Mn-SOD activity after surgery may indicate that ROS-
mediated changes in desmin structure are not the only potential mechanism for desmin aggregate formation.
The time frame and natural progression of this hypothetical mechanism for continued functional decline is still
unclear.

The patients that displayed no change in desmin architecture after revascularization still showed focal loss of
desmin in locations throughout the myofiber. This decrease in desmin content in specific locations may indicate
spatially regulated increases in desmin catabolism not restored by revascularization. Desmin degradation was
shown to be a target of calpain proteolysis and precedes sarcomere breakdown upon atrophying stimuli**-*.
The initial step that facilitates desmin disassembly by calpain-1 is the phosphorylation of desmin by glycogen
synthase kinase 3-p (GSK3-B)*2. Inhibition of GSK3-f using L803mts has been shown to prevent desmin phos-
phorylation and myofibril destruction*?. For desmin depolymerization and degradation to occur it seems neces-
sary that calpain-1 becomes active to fulfill this action. It has been postulated that calpains have the potential to
become active after exercise-induced calcium release (with or without damage) and can have elevated activity for
95 h after intense exercise**™*. Exercising in a hypoxic environment was shown to cause higher neuromuscular
activation for each muscle within the quadriceps muscle group*. The hypoxic intramuscular environments
during frequent I/R cycles could cause compensatory increases in both calcium concentration and metabolic
stress facilitating GSK3-B/calpain induced desmin loss. The specific mechanism for region specific focal loss of
desmin is also unclear and further research is necessary to shed light in a potentially underlying mechanism for
patient presentation.

It may be possible that specific intermyofibrillar regions may be undergoing different remodeling/signaling
processes in response to metabolic stress at the same time. For example, distinct pockets of mitochondria could
be producing large amounts of ROS which may explain regions with desmin aggregates, while regionally specific
GSK3-p/calpain activation could cause the absence of desmin. It is perplexing why revascularization would lead
to the recovery of desmin structure in some patients but not others. Previous work with cardiomyocytes has
shown irreversible damage occurs after I/R if the ischemic episode last for an extended duration of time**.
Perhaps a similar mechanism, albeit much slower, occurs in PAD whereby the total exposure or frequency of
exposure to I/R cycles and the severity of the I/R is a predictive indicator of myopathic progression. Further
research is needed to elucidate these speculative mechanisms that underpin the observed remodeling and poten-
tially explain the dichotomous responsiveness to revascularization.

Limitations

While the results of this study are promising there are limitations that should be considered. The number of
patients and time points of data collection are limited. It is also possible that the individuals we consider to be
non-responders may recover over a longer period of time with more medical supervision. Further, without
direct supervision of the patients, lifestyle behaviors could also contribute to delayed skeletal muscle desmin
remodeling. Future studies will have closer and more prolonged annual follow up.

Conclusion

Studies that investigate changes in clinical walking ability and revascularization in PAD patients show inconsist-
ent positive outcomes. Further research is needed to shed light on the underlying mechanisms of treatment and
potentially integrate novel structural and biochemical tests to provide a prognostic value for clinical decision
making. It may be that in certain patients with IC, the skeletal muscle, despite improved perfusion, display subcel-
lular functional and architectural impairments, which could explain different responses to the standard of care
treatments and disease progression. We demonstrate that the intermediate cytoskeletal protein desmin remains
perturbed after revascularization in certain patients with IC. Considering these findings, further research in the
underlying mechanisms could lead to markers with prognostic value in the claudication group of patients who
are considered for interventional therapies.

Data availability

Study data are available from the corresponding author upon reasonable request.
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