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Abstract

This brief review summarizes current evidence regarding lower extremity peripheral artery disease
(PAD) and lower extremity skeletal muscle pathology. Lower extremity ischemia is associated
with reduced calf skeletal muscle area and increased calf muscle fat infiltration and fibrosis on
computed tomography (CT) or magnetic resonance imaging. Even within the same individual,
the leg with more severe ischemia has more adverse calf muscle characteristics than the leg with
less severe ischemia. More adverse CT-measured calf muscle characteristics, such as reduce calf
muscle density, are associated with higher rates of mobility loss in people with PAD. Calf muscle
in people with PAD may also have reduced mitochondrial activity compared to those without
PAD, although evidence is inconsistent. Muscle biopsies document increased oxidative stress in
PAD. Reduced calf muscle perfusion, impaired mitochondrial activity, and smaller myofibers

are associated with greater walking impairment in PAD. Preliminary evidence suggests that calf
muscle pathology in PAD may be reversible. In a small uncontrolled trial, revascularization
improved both the ankle brachial index and mitochondrial activity, measured by calf muscle
phosphocreatine recovery time. A pilot clinical trial showed that cocoa flavanols increased
measures of myofiber health, mitochondrial activity, and capillary density while simultaneously
improving six-minute walk distance in PAD. Calf muscle pathologic changes are associated

with impaired walking performance in people with PAD, and interventions that both increase
calf perfusion and improve calf muscle health are promising therapies to improve and walking
performance in PAD.

Potential conflicts: Dr. McDermott reports other research support from ReserveAge, Helixmith, Chromadex, ArtAssist, Mars, and
Hershey. Dr. McDermott reports research support from Regeneron.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDermott et al.

Page 2

Lower extremity peripheral artery disease (PAD) affects approximately 8.5 million people in
the United States and nearly 200 million worldwide (1,2). PAD is defined by atherosclerotic
blockages of arterial supply of the lower extremities and is characterized by reduced oxygen
and energy delivery to lower extremity skeletal muscle during walking activity, resulting in
leg discomfort and/or weakness during walking that typically resolve within ten minutes of
rest. Because of reduced lower extremity perfusion and reduced energy and oxygen delivery
to leg muscles, people with PAD walk significantly shorter distances in a six-minute walk
test, and have slower walking velocity and lower physical activity than people without PAD,
even after adjusting for potential confounders (3). Over a six-month period, people with
PAD typically decline by 10 meters in the distance they are able to walk in six minutes

and 20-25% report new mobility loss, defined as difficulty walking up and down a flight of
stairs or walking ¥ mile without assistance (4-6).

While PAD is primarily defined by atherosclerotic narrowing of lower extremity arteries,
people with PAD also have significant pathology in calf skeletal muscle, including reduced
calf muscle area, increased calf muscle fatty infiltration and fibrosis, and metabolic and
cellular abnormalities, compared to people without PAD (7-13). This review summarizes
evidence regarding the pathologic changes in lower extremity muscle of people with PAD
and clinical significance of these skeletal muscle pathologic changes.

Ischemia and calf skeletal muscle

While reduced physical activity levels in people with PAD likely contributes to atrophy

of lower extremity muscle, substantial evidence shows that lower extremity ischemia-
reperfusion injury may also contribute directly to lower extremity skeletal muscle damage in
PAD. Several examples follow. First, in a clinical trial of 26 patients with PAD randomized
to treadmill exercise training, lower extremity strength training, or a non-exercising control
group for 12 weeks, participants randomized to treadmill exercise training had greater
denervation in calf muscle (from 7.6% to 15.6% denervated muscle fibers) at 12-week
follow-up, compared to the other two groups (7). Second, in an observational study of 704
people age 59 and older, including 439 with PAD, more severe lower extremity ischemia,
measured by lower ankle brachial index (ABI) values, was associated with smaller calf
muscle area and greater calf muscle fatty infiltration, measured by CT imaging, even

after statistical adjustment for physical activity (8). Mean calf muscle area values were:
ABI < 0.50: 5,193 mm?; ABI 0.50-0.90: 5,536 mm?; and ABI 0.91-1.30: 5,941 mm?,
P<0.001 and mean percent fat values were: ABI<0.50: 12.8%; ABI 0.50-0.90:11.4%; ABI
0.90-1.30: 9.2% (P trend=0.02). In the subset of participants with PAD without history of
lower extremity revascularization whose right and left leg ABI values differed by at least
0.20 (N=92), mean intra-individual comparisons of the lower vs. higher leg ABI values
demonstrated more adverse changes in the leg with greater ischemia: (lower vs. higher

leg ABI calf muscle area: 5,283 mm? (SD: 1,403) vs. 5,511 mm? (SD:1,230), P=0.001

and lower vs. higher leg ABI calf muscle fatty infiltration: 11.4% vs. 9.5%, P=0.04) (8).
Third, an uncontrolled clinical trial of 10 participants with PAD undergoing unilateral
revascularization showed significant improvement in calf muscle phosphocreatine recovery
time in the revascularized leg, measured by 31P magnetic resonance spectroscopy (from
91+33 seconds to 52+34 seconds, P<0.003) along with significant improvement in ABI
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(from 0.62+0.17 to 0.93+0.25, P<0.003 (14). Together, these data suggest that PAD-related
ischemia reperfusion results in calf skeletal muscle damage and that revascularization may
improve skeletal muscle damage in people with PAD.

Associations of lower extremity skeletal muscle pathology with walking

impairment in PAD

In 370 people with PAD, more adverse calf muscle characteristics, measured by CT
imaging, were associated with higher rates of mobility loss, defined as becoming unable

to walk up and down a flight of stairs or walk ¥4 mile without assistance (9). Rates of
mobility loss were 5.4%, 13%, and 25% across tertiles of CT measured calf muscle density,
with lower muscle density associated with higher rates of mobility loss (P<0.001). Rates

of mobility loss were 25%, 9%, and 10% across tertiles of CT measured calf muscle area,
with smaller calf muscle area associated with higher rates of mobility loss (P<0.01) (9).
These associations remained statistically significant after adjusting for known and potential
confounders, including severity of PAD (9).

In 424 people with PAD, plantar flexion isometric strength and knee extension power were
significantly poorer compared to 271 people without PAD after adjusting for confounders
(13). There were no significant differences in hand grip or knee extension isometric strength
between people with vs. without PAD (13). The planter flexion isometric strength measures
calf muscle strength, while knee extension isometric strength measures quadriceps strength.
In people with PAD, lower values for calf muscle density, plantarflexion strength, knee
extension power, and hand grip strength were each associated with higher rates of mortality
(15). However, poorer hand grip strength has also been associated with increased mortality
in people without PAD (16).

PAD and calf muscle mitochondrial abnormalities

Pre-clinical and preliminary human evidence demonstrated mitochondrial abnormalities in
lower extremity skeletal muscle exposed to lower extremity ischemia. In a mouse model
of hind limb ischemia, ischemia and reperfusion of limb skeletal muscle was associated
with greater mitochondrial dysfunction, increased oxidative damage (measured by greater
abundance of total protein carbonyl and 4-hydroxy-2-nonenal), and reduced electron

transport chain complex I, 111, and IV activity, compared to absence of hind-limb ischemia
(17-19). In humans, Pipinos et al. reported reduced mitochondrial electron transport chain
activity in complexes I, 11l and 1V and reduced mitochondrial respiration in calf muscle

of people undergoing surgery for advanced PAD (n =25, mean age =63, mean ABI =0.34)
compared to control patients undergoing leg operations to treat varicose veins (n =16, mean
age =60, mean ABI =1.10) (20). White et al reported a higher prevalence of muscle fibers
lacking complex I, IV and succinate dehydrogenase activity (complex I1), in 26 people with
PAD compared to seven without PAD (21).

However, not all studies consistently showed reduced mitochondrial activity in PAD. Hou
et al. reported no difference in ATP production or citrate synthase activity in seven people
with PAD (mean age 62 years, mean ABI of 0.68) compared to 11 healthy controls without

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDermott et al. Page 4

PAD (mean age=60.8 years, mean ABI=1.31) (22). Hart et al. reported no difference in
mitochondrial or citrate synthase activity in ten people with PAD (mean age=65, ABI =
0.67) compared to 12 healthy controls (mean age=62, mean ABI=1.18) (19). Inconsistencies
in reports of presence of mitochondrial dysfunction in people with PAD compared to those
without PAD may be due to the smaller sample sizes in the studies showing no differences
or may be due to variation in severity of PAD between these studies (20-23). A recent study
of 19 patients with critical limb ischemia (mean ABI 0.35 SD:0.30), 27 patients with mild to
moderate PAD (mean ABI 0.56, SD: 0.21) and 32 people without PAD (no ABI provided)
showed down-regulation of mitochondrial gene expression in the patients with critical limb
ischemia but no difference in these measures between participants with mild to moderate
PAD vs. those without PAD (24). However, this study also showed lower expression of
mitochondrial oxidative phosphorylation proteins in PAD participants with mild to moderate
PAD, compared to healthy controls, and suggested that mitochondrial activity was lower in
the PAD participants with mild to moderate PAD compared to healthy controls, although
specific quantitative data and exact p values for the latter comparisons were not presented
(24). None of the studies adjusted for potential confounders (20-24). Further study with
larger sample sizes that adjust for potential confounders are needed.

Anderson et al used magnetic resonance imaging (MRI) to measure calf muscle perfusion
and 31p magnetic resonance spectroscopy phosphocreatine recovery time constant at

peak exercise to measure calf muscle mitochondrial activity in 85 patients with mild to
moderate PAD (mean ABI 0.69: SD 0.14) (25). Phosphocreatine recovery time, a measure
of mitochondrial health (with lower values indicating better mitochondria health), was
significantly and negatively correlated with ABI (r=-0.32, P<0.01) and with maximal
treadmill walking time (r=-0.22, P<0.05), but was not associated significantly with tissue
perfusion or six-minute walk distance. In contrast, calf muscle perfusion was associated
significantly with six-minute walk distance (r=0.32, P<0.01), but not with treadmill
walking distance (25). Optimal mitochondrial oxidative capacity requires effective delivery
of oxygen and substrate as well as healthy mitochondria. As described above, a small
uncontrolled study showed that lower extremity revascularization in PAD significantly
improved mitochondrial phosphocreatine recovery time (14).

PAD and Mitochondrial DNA copy number

Most cellular DNA exists in chromosomes within the cell nucleus. However, mitochondria
also contain DNA, termed “mitochondrial DNA” (mtDNA), consisting of 37 genes in
humans. Normal function of all 37 genes is required for optimal mitochondrial function.
Calf muscle exposure to oxidative stress via repeated episodes of ischemia-reperfusion may
promote accumulation of DNA damage in people with PAD at a higher frequency than

in people without PAD, potentially reducing the number and activity of mitochondria in
people with PAD. In nine people with unilateral PAD (mean age=62 years), multiple mtDNA
deletion mutations were identified in calf muscle from both the ischemic and non-ischemic
limb, with ischemic limb having a greater abundance of mtDNA damage (26,27). The most
common mtDNA deletion was a 4977 bp deletion, associated with loss of genes encoding
subunits of respiratory chain complexes (ATPase6, ATPase8, COXIIIl, ND3, ND4, ND4L,
and ND5).
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MtDNA damage stimulates mitochondrial biogenesis (28). McDermott et al. reported an
inverse association of ABI with mtDNA copy number in 34 people with PAD (mean age
73.5, mean ABI 0.67) and 10 without PAD (mean age =73.1, ABI =1.14)) (29). Higher
mtDNA copy number was associated with better six-minute walk distance in those without
PAD and in those with mild to moderate PAD, but not in participants with severe PAD.
Although this study was cross-sectional and no causal inferences can be made, one possible
explanation for these findings is that mechanisms compensating for mtDNA damage may
become exhausted in people with severe or long-standing PAD and fail to overcome the
adverse effects of ischemia on lower extremity mitochondria. Longitudinal study is needed
to explore this hypothesis.

Mitochondrial DNA heteroplasmy

The D-loop of mtDNA is a non-coding region essential for normal mtDNA replication

that is particularly susceptible to damage from ischemia. When mtDNA is damaged and
not fully repaired, the result is mitochondria containing both wild type and mutated
mtDNA, a condition termed “heteroplasmy”. Twenty-five percent of people without chronic
disease have detectable heteroplasmy in blood and saliva, particularly in the non-coding
mtDNA D-loop (30). Patients with coronary artery disease have an increased abundance of
heteroplasmy in myocardial mitochondria compared to controls (31) and 22 human aorta
specimens with atherosclerosis contained a greater abundance of mitochondrial mutations
compared to human aorta sections without atherosclerosis (32). In calf muscle biopsies
from 33 people with PAD (mean age 73.7 years, mean ABI 0.67) and nine without

PAD (mean age 73.3 years, mean ABI 1.14), participants with PAD had a significantly
higher abundance of heteroplasmy in muscle compared to participants without PAD (33).
MtDNA heteroplasmy was more abundant in the D-loop and cytochrome b coding regions
in participants with PAD compared to those without PAD (P=0.037) (33). PAD participants
with both lower abundance of mtDNA heteroplasmy and lower mtDNA copy number had
faster walking speed than PAD participants without both of these mtDNA characteristics
(33).

Calf muscle histopathology in PAD

Although PAD is defined by atherosclerotic narrowing of lower extremity arteries, some
studies reported higher capillary density while others reported lower capillary density in
people with PAD compared to those without PAD (9,21,34-38). However, in two of the
studies reporting lower capillary density in participants with PAD, these differences were no
longer statistically significant after adjusting for fiber area or number (36,37). A third study
reporting lower capillary density in people with PAD compared to those without PAD, was
limited by a 12 year age difference between those with vs. without PAD (38).

White et al. reported a higher number of capillaries per fiber in muscle from people with
PAD compared to those without PAD (21). However, greater capillary density was not
associated with better functional performance (21). It is possible that increased capillary
density in people with PAD represents a compensatory phenomenon, similar to increased
numbers and size of collateral vessels observed in people with more severe PAD (39),
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but these compensatory phenomena are not sufficient to overcome the adverse effects

of muscle ischemia in PAD. In a clinical trial in which 35 participants with PAD were
randomized to supervised vs. home-based exercise training for 12 weeks, capillary density
significantly increased among participants randomized to supervised exercise training at
3-week follow-up (216 +66 vs. 284 + 77, P<0.01), but there were no significant differences
in capillary density between the supervised and home-based exercise groups and there were
no within group differences in change in capillary density per myofiber at either 3 or 12
week follow-up in participants randomized to supervised exercise (1.72+0.5 vs. 1.87 £ 0.70,
P=0.08) (40).

Fiber atrophy has been observed in muscle biopsies from people with PAD (21,41,42).
However, some studies reported that PAD was associated with atrophy in type Il fibers, the
muscle fibers that rely on anaerobic respiration and are responsible for short quick bursts
of speed (41,42), while other studies reported that people with PAD have atrophy in type |
fibers, the muscle fibers that rely on aerobic metabolism and are recruited during endurance
activity (21). Muscle fiber shape also varies within PAD muscles compared to control
(42-45). Koutakis et al. collected muscle biopsies from 154 patients with PAD undergoing
vascular surgery (mean age 62.9 (SD:7.5), mean ABI 0.51 (SD:0.25)) and 85 controls
undergoing non-vascular surgery (mean age 62.5 (SD:9.8), mean ABI 1.08 (SD:0.08)) (43).
Muscle from patients with PAD had significantly smaller myofiber area and perimeter than
those without PAD (43).

During normal aging, type Il fibers can become denervated and may be reinnervated with

a slow motor neuron, thereby converting the fiber to type I, potentially rescuing the muscle
fiber. Grouping of type I fibers indicates type Il re-innervation and conversion to type

I. Myofiber atrophy due to denervation is characterized by small, tightly packed, angular
appearing myofibers with a crowded angular appearance. Reinnervation is characterized

by appearance of the myofibers in groups (i.e. ‘grouping’). Angular and grouped muscle
fibers have been described in PAD, and angular fibers consistent with denervation are more
common in people with lower ABI values (7,42,45). White et al reported type | fiber
grouping in calf muscles from some individuals with PAD, and larger type | myofibers were
associated with faster walking velocity (21). However, extreme variability in calf muscle
fiber type composition was observed, with type | fibers comprising 9% to 81% of total
muscle fibers (21). This variability may partially explain prior conflicting reports regarding
the predominant myofiber type in PAD, with some showing higher muscle area occupied

by type I fibers in PAD compared to age-matched controls while others report fewer type |
muscle fibers in people with PAD along with an increased abundance of 11X fibers, normally
associated with inactivity (17,21,41,42,45-48).

Muscle fiber contractile properties and oxidative capacity are closely associated with
mitochondria activity within skeletal muscles, with slow-twitch, type I fibers having greater
mitochondrial content and activity compared to fast-twitch, type Il fibers (49). As described
above, mitochondrial dysfunction has been documented in PAD and may be a major
contributor to PAD myopathy (19-25). In 26 calf muscle biopsies from patients with PAD,
White et al. reported absence of intermyofibrillar mitochondrial activity in up to 17% of
oxidative, type | fibers (21). Mitochondrial transmembrane proteins were absent in these
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muscle fibers, indicating a complete loss of mitochondria within these fibers (21). The
autophagosome marker LC3 was observed in fiber areas lacking mitochondria, suggesting
mitochondrial degradation or recycling (21). Larger fiber size was positively associated with
the proportion of fibers lacking mitochondria in PAD, suggesting mitochondrial destruction
in the center of larger fibers where oxygen deficiencies are most severe (Figure 1).

Abnormal actin and myosin in PAD

Abnormalities in actin and myosin, proteins responsible for muscle contraction, have also
been reported in PAD (46,50). In healthy muscle, actin and myosin are highly organized
within the muscle sarcomere, facilitating coordinated contraction of a muscle fiber. Sjostrom
et al. reported sarcomere disruptions within muscle fibers from PAD patients, consisting

of irregularly packed myofibrils and Z-disk abnormalities, evidence of disorganization in
normal muscle fiber structure (46). The protein desmin, integral for myofibrillar alignment
at the Z-discs, was also disorganized in calf muscle from people with PAD (50). A recent
clinical trial showed that PAD muscle fibers contain a high proportion of central nuclei,
which may also disrupt normal contractile function (51). Together, these findings document
alterations of basic muscle fiber properties with PAD. Delineating how these changes effect
muscle performance and contribute to functional impairment with PAD requires further
study.

Implications of ischemia-related muscle pathology for treatment of PAD

Randomized trials have tested whether lower extremity muscle strengthening improves
walking performance in people with PAD (52-54). McGuigan et al. randomized 20
participants with PAD to resistance training or a control group for 24 weeks. Resistance
training increased type | and type Il muscle fiber area, capillary density, maximum leg
press, calf press strength, and treadmill walking distance compared to the control group
(52). However, in a separate trial of 156 participants with PAD randomized to supervised
treadmill exercise, supervised lower extremity resistance training, or attention control, those
randomized to supervised treadmill exercise improved six-minute walk distance by 35.9
meters (95% CI: +15.3, +56.5, p<0.001) while those randomized to resistance training
improved their six-minute walk distance by 12.4 meters (95% CI: —-8.42, +33.3, P=0.24)
compared to control, a difference that was not statistically significant but was consistent with
a clinically meaningful effect (53,54). A meta-analysis of 15 randomized trials including
826 participants with PAD randomized to resistance training or a comparator concluded that
resistance training significantly improved treadmill walking compared to a control group,
but did not improve six-minute walk distance (55). Improvement in six-minute walk may
be more meaningful to patients and relevant to walking in daily life than improvement in
maximal treadmill walking (56,57). Older patients with PAD can find treadmill walking
particularly difficult and the treadmill test is associated with a substantial learning effect
(55,56). For these reasons, and because the effects of strength training on six-minute walk
are not as great as the effects of walking exercise on six minute walk, current evidence
supports walking exercise as a more effective therapy for PAD than strength training.
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Therapeutic interventions that improve perfusion simultaneously with calf skeletal muscle
abnormalities may have the greatest effects on walking impairment in people with PAD

(58). Consistent with this hypothesis, randomized trials have consistently demonstrated that
combining lower extremity revascularization with supervised treadmill exercise improves
walking performance more than lower extremity revascularization or supervised treadmill
exercise alone (58). A recent pilot study of 44 participants with PAD randomized to a cocoa-
flavanol beverage vs. placebo demonstrated that the cocoa flavanol beverage significantly
improved six-minute walk distance at 6-month follow-up while simultaneously improving
calf muscle perfusion and calf muscle biopsy measured capillary density, COX enzyme
activity, and reducing the proportion of myofibers with central nuclei (51).

Additional Considerations

Many aspects of the pathophysiologic effects of lower extremity ischemia on skeletal
muscle remain unclear. First, walking exercise substantially improves walking ability in
people with PAD but simultaneously exposes calf muscle to ischemia reperfusion and

can promote calf muscle denervation (7). Reasons for this inconsistency require further
investigation. It is likely that benefits of walking exercise on perfusion and skeletal muscle
overcome the possible adverse effects of increased denervation. Second, while it is possible
that lower extremity skeletal muscle damage in PAD presents a “final common pathway”
common to other disease states associated with lower extremity muscle damage such as
chronic obstructive pulmonary disease and heart failure, current evidence supports a unique
and specific effect of PAD on skeletal muscle pathology. For example, while PAD was
associated with increased calf muscle mitochondrial DNA, increased capillary density, and
heterogeneous proportions of Type 1 and Type 2 myofibers compared to people without
PAD, COPD was associated with reduced lower extremity skeletal muscle mitochondria
abundance, lower capillary density, and reduced abundance of Type 1 myofibers compared
to people without COPD (59-62). Third, current evidence suggests that novel therapies for
PAD should aim to improve calf muscle perfusion, mitochondria activity, and myofiber size
and quality of function. However, the most important skeletal muscle targets for therapeutic
interventions to improve walking performance remain unclear. Fourth, while smaller calf
muscle area, lower muscle density, and increased calf muscle fat infiltration were associated
with a greater abundance of circulating inflammatory biomarkers and homocysteine in
PAD (63), to our knowledge circulating biomarkers associated with the histopathologic and
mitochondrial deficiencies have not been identified.

In summary, people with PAD have pathologic changes in lower extremity skeletal muscle
compared to people without PAD. Identifying skeletal muscle targets for novel therapies has
the potential to improve walking performance and prevent mobility loss in the large and
growing number of people disabled by PAD.
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Nonstandard Abbreviations and Acronyms

ABI Ankle brachial index

CT Computed tomography

MRI Magnetic resonance imaging

MtDNA Mitochondrial DNA

PAD Peripheral artery disease
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HIGHLIGHTS

. Lower extremity peripheral artery disease is associated with reduced calf
muscle area and increased calf muscle fatty infiltration and fibrosis.

. Calf muscle biopsy abnormalities in PAD include mitochondrial dysfunction,
signs of denervation, and fibers lacking mitochondria centrally

. Calf muscle abnormalities in PAD are associated with functional impairment
and mobility loss.

. Preliminary evidence suggests that interventions that reverse calf muscle
abnormalities can improve walking performance in PAD
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Figure 1. Fiber areas lacking intermyofibrillar mitochondria in gastrocnemius muscle from PAD
patients.
A. Histochemistry for succinate dehydrogenase (SDH) and immunohistochemistry (IHC)

identifying type | myosin heavy chain (MyHC; pink) showing mitochondrial cavities in type
| fibers within the gastrocnemius muscle of a PAD patient. Representative region of interest
from an image acquired at 100x magnification. Scale bars = 100 um. B. SDH and IHC for
mitochondrial membrane COX-1 (complex 1V; green) and complex | (orange) showing an
absence of mitochondria and mitochondrial activity in the center of a gastrocnemius muscle
fiber from a PAD patient. Image acquired at 400x magnification. Scale bars = 50 pm.
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Calf skeletal muscle pathology in peripheral artery disease
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Calf muscle pathologic changes in
PAD

Associations with functional
impairment and decline

Additional information or
controversies

Computed
tomography
imaging

Greater leg ischemia is associated with
smaller muscle area and greater fat
infiltration.

Smaller muscle area and
greater fat infiltration of calf
muscle were associated with
greater functional impairment
and increased rates of mobility
loss

Mitochondrial
activity

Lower extremity ischemia is associated
with reduced mitochondrial activity.

Reduced mitochondrial activity
has been associated with poorer
treadmill walking time but not
with six-minute walk distance.

Data on the associations of
mitochondrial activity with functional
performance are mixed, with some
studies showing a direct association
and others showing no association.

Mitochondrial
DNA damage

People with PAD have increased
mitochondrial DNA mutations compared
to those without PAD

Preliminary evidence shows that
among people with PAD, those
with lower mitochondrial copy
number combined with lower
mitochondrial DNA heteroplasmy
have faster walking velocity.

Mitochondrial DNA damage was
observed even in the unaffected leg of
patients with unilateral PAD. However,
the abundance of mitochondrial DNA
damage was greater in the leg with
ischemia.

Capillary density

Studies both show higher and lower
capillary density in people with PAD.
Greater capillary density may be a
compensatory mechanism in PAD.

No association of capillary
density and walking impairment
has been demonstrated in people
with PAD.

At least one study showing a lower
capillary density in people with PAD
compared to those without PAD was
limited by a 12 year difference in age
between those with vs. without PAD.
Capillary density decreases with age in
older people.

Histopathologic
changes

Changes in myofiber typing are
heterogeneous between people with
PAD. Increases in type | and type

11 myofibers have been demonstrated

in PAD. Leg ischemia is associated
with changes of denervation. Larger
myofibers have ‘holes’ that are devoid of
mitochondrial activity, with evidence of
autophagic marker accumulation in the
holes. Central nuclei are also increased
in muscle of people with PAD.

Larger myofibers are associated
with faster walking velocity.

There is substantial heterogeneity in
the relative abundance of type 1 vs.
type 2 fibers in people with PAD.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 16.



	Abstract
	Ischemia and calf skeletal muscle
	Associations of lower extremity skeletal muscle pathology with walking impairment in PAD
	PAD and calf muscle mitochondrial abnormalities
	PAD and Mitochondrial DNA copy number
	Mitochondrial DNA heteroplasmy
	Calf muscle histopathology in PAD
	Abnormal actin and myosin in PAD
	Implications of ischemia-related muscle pathology for treatment of PAD
	Additional Considerations
	References
	Figure 1.
	Table.

