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Abstract

Background Patients with lower extremity peripheral arterial disease (PAD) and sarcopenia are a population at risk requiring
specific and targeted care. The aim of this review is to gather all relevant studies associating sarcopenia and PAD and to identify
the underlying pathophysiological mechanisms as well as potential therapeutic strategies to improve skeletal muscle function.
Methods A systematic review was carried out following the recommendations of the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA).
Results Data extraction allowed the evaluation of 140 publications; 87 met the inclusion criteria; of which 79 were included
in the final review, reporting sufficient data for epidemiological and diagnostic criteria, mechanical analysis, and therapeutic
approaches. Epidemiological analysis and diagnostic criteria were based on 18 studies following 2362 PAD patients [31.39%
(SD 7.61) women], aged 72.42 (SD 2.84); sarcopenia was present in 34.63% (SD 12.86) of the patients. Mechanical and path-
way analysis were based on five animal studies and 29 clinical reports, showing significantly altered muscle strength and func-
tion in 1352 PAD patients [26.49% (SD 17.32) women], aged 67.67 (SD 5.14) years; impaired muscle histology in 192 PAD
patients (9.2% (SD 11.22) women), aged 64.3 (SD 0.99) years; +58.63% (SD 25.48) of oxidative stress in 69 PAD patients
[16.96% (SD 8.10) women], aged 63.17 (SD 1.43) years; mitochondriopathy in 153 PAD patients [29.39% (SD 28.27) women],
aged 63.50 (SD 1.83) years; +15.58% (SD 7.41) of inflammation in 900 PAD patients [40.77% (SD 3.71) women], aged 74.88 (SD
2.76) years; and altered signalling pathways in 51 PAD patients [34.45% (SD 32.23) women], aged 72.25 (SD 5.25) years. Ther-
apeutic approaches analysis was based on seven animal studies and 21 clinical reports. In total, 884 patients followed an ex-
ercise therapy, and 18 received an angiogenesis treatment; 30.84% (SD 17.74) were women. Mean ages of patients studied
were 66.85 (SD 3.96).
Conclusions Sarcopenia and lower extremity PAD have musculoskeletal consequences that directly impair patients’ quality
of life and prognosis. Although PAD is primarily a vascular disease, all etiological factors of sarcopenia identified so far are pres-
ent in PAD. Indeed, both sarcopenia and PAD are accompanied by oxidative stress, skeletal muscle mitochondrial impairments,
inflammation, inhibition of specific pathways regulating muscle synthesis or protection (i.e. IGF-1, RISK, and SAFE), and activa-
tion of molecules associated with muscle degradation. To date, besides revascularization, the best therapeutic strategy in-
cludes exercise, but approaches targeting the underlying mechanisms still deserve further studies.
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Introduction

Cardiovascular diseases are a major cause of death around
the globe, with a prevalence gradually increasing as life ex-
pectancy rises.1 Among them, lower extremity peripheral ar-
terial disease (PAD) is defined by a reduction of or an
obstruction to blood flow in the arteries, with symptoms
ranging from intermittent claudication to critical limb ische-
mia (CLI), characterized by rest pain and/or ulcers.2–4

Peripheral arterial disease is commonly accompanied by
musculoskeletal abnormalities including generalized loss of
skeletal muscle mass, strength, and physical performance—
also called sarcopenia.5,6 Both PAD and sarcopenia can run
in parallel, many patients with PAD being also diagnosed with
a sarcopenic condition (and probably even more are undiag-
nosed). In addition to worsen the loss of muscle mass and
function in a vicious circle, sarcopenia further aggravates pa-
tients’ quality of life and prognosis.7 It is therefore essential
to have a better understanding on how PAD and sarcopenia
may impair skeletal muscle.

This systematic review resulted from the need to raise
awareness on the importance of diagnosing sarcopenia in
daily practice, and to better understand the pathological
mechanisms underlying sarcopenia and PAD that might open
the way towards new therapeutic advances. Therefore, the
aim of this article is to gather all the relevant studies associ-
ating sarcopenia and PAD. To this end, the proposed system-
atic review will answer the following questions:

1 Epidemiological data: is sarcopenia a rare condition in pa-
tients with PAD?

2 Diagnostic criteria: how to diagnose sarcopenia and is
sarcopenia a factor of poor prognosis for patients with
PAD?

3 Mechanical analysis: how does sarcopenia affect skeletal
muscle?

4 Therapeutic approaches: can we reverse the sarcopenic
condition in patients with PAD?

Methods

Systematic review of the literature

A systematic review was performed following previously pub-
lished Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.8

Eligibility criteria

Throughout the process of literature selection, clear inclusion
and exclusion criteria were followed. Studies included were
full text English or French publications without any

chronological limit. All primary research studies reporting a
link between sarcopenia and PAD were included. Studies
not eligible for inclusion were reviews, letters, editorials,
comments, book chapters, and studies focusing on other dis-
eases. The main outcomes of interest were the presence of
epidemiological data, mechanical data, and therapeutic data
focusing on skeletal muscle aberrations and PAD. Studies that
listed patient characteristics, assessment method of
sarcopenia, duration of follow-up, and prognostic outcome
were considered to have epidemiological significance. Studies
that listed mechanistic pathways leading to muscular defects
in PAD were considered to have mechanical significance.
Studies that listed therapies targeting skeletal muscle for
PAD patients were considered to have therapeutic significant.

Information sources and search strategy

The PubMed database was analysed with a combined strat-
egy using the subject heading terms (‘peripheral artery dis-
ease’ OR ‘peripheral arterial disease’ OR ‘critical limb
ischemia’ OR ‘chronic limb-threatening ischemia’) AND
(‘sarcopenia’ OR ‘muscle atrophy’ OR ‘amyotrophy’ OR ‘mus-
cle strength’ OR ‘muscle loss’ OR ‘muscle dysfunction’). All ti-
tles and abstracts collected from the search strategy were
screened for relevance. When a relevant article was found,
full text articles were retrieved. Studies that did not meet
the inclusion criteria were excluded. The publications of the
reference lists of included studies were searched and scanned
for other potentially relevant studies. The full text of all po-
tentially relevant articles was obtained and reviewed for
eligibility.

Study records and data items

Data were extracted using a standardized form. This was
done in duplicate to increase accuracy and to reduce mea-
surement bias. Data extracted included study characteristics
(year of publication, study design, population, and parame-
ters determined) and particularly skeletal muscle characteris-
tics (type of muscle, measurement method of muscle mass
and strength) and main results.

Results

A flowchart showing study selection is given in Figure 1. Data
extraction led to the evaluation of 140 publications, of which
87met the inclusion criteria, and 79 were included in the final
review.9–87 Of these, 18 gave sufficient data for epidemiolog-
ical analysis and diagnostic criteria,9–26 33 gave sufficient data
for mechanistical analysis,27–59 and 28 gave sufficient data for
therapeutic approaches.60–87
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1/Epidemiological data: Is sarcopenia a rare
condition in patients with PAD?

Epidemiological analysis and diagnostic criteria were based
on 17 studies following 2362 PAD patients; 31.39% (SD
7.61) were women. Mean age of patients studied was 72.42
(SD 2.84). Sarcopenia was present in 34.63% (SD 12.86) of
the patients.

Sarcopenia is also described in conditions associated with
PAD, such as metabolic syndrome. The metabolic syndrome
—clustering of multiple metabolic abnormalities (i.e. diabe-
tes mellitus, dyslipidemia, hypertension, or obesity)—is as-
sociated with an increased risk of cardiovascular morbidity
and mortality and is highly prevalent in PAD patients.9

Interestingly, in a rat model of PAD, the presence of diabe-
tes mellitus worsened the ischemia–reperfusion-induced
skeletal muscle injury, as shown by a more severe decline in

mitochondrial respiration and by enhanced levels of oxidative
stress and apoptosis effectors in skeletal muscles.10

In humans, patients living with both PAD and diabetes
mellitus displayed musculoskeletal and biomechanical
changes in the lower limbs. Indeed, Bartolo et al. recently
showed a significant increase in the electromyogram muscle
amplitude of PAD and diabetic patients, characteristic of less
efficient lower muscle contractions and probable early
fatigue.11

Thus, skeletal muscle wasting is exacerbated in PAD pa-
tients presenting with a metabolic syndrome. Such patients
represent a particularly fragile population that requires spe-
cific attention because of prominent atherosclerotic risk fac-
tors and poor outcomes. Moreover, the accumulation of
skeletal muscle alterations might enhance the prevalence of
sarcopenia—particularly hidden sarcopenia—in this fragile
population. Indeed, it is important to note that a large

FIGURE 1 Flowchart of the systematic review.
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proportion of these patients might be obese and thus, might
be at risk of developing sarcopenic visceral and/or subcutane-
ous obesity. Such potential hidden condition is resulting in a
higher risk of adverse outcomes.12

2/Diagnostic criteria: How to diagnose sarcopenia
and is sarcopenia a factor of poor prognosis for
patients with PAD?

A/What is sarcopenia? Definition and diagnostic criteria
Sarcopenia is characterized by a decline in muscle mass and
function with age or disease. It represents a significant bur-
den for the patients, as it is associated with physical disability,
increased hospitalization rates and mortality.13 It is therefore
essential for healthcare professionals to better recognize this
condition. In this light and during the last decade, collabora-
tive efforts were made all over the world, for example,
Europe, America, and Asia in order to reach a consensus def-
inition and diagnosis criteria for sarcopenia. To date, it ap-
pears accepted by the different working groups on
sarcopenia that sarcopenia should be defined through three
main criteria: (i) low muscle strength, (ii) low muscle quantity
or quality, and (iii) low physical performance. Alone, Criterion
1 is considered the most reliable, and it should guide towards
the diagnosis of sarcopenia. When combined, Criteria 1 and 2
account for the certainty of the diagnosis. Last, if all three
criteria are met, sarcopenia is considered severe based on
the link between low physical performance and poor
prognosis.

Muscle strength assessment According to the European
Working Group on Sarcopenia in Older People (EWGSOP),
low muscle strength can be assessed with measures of grip
strength, with cut-off points under 27 kg for men and 16 kg
for women. The chair stand test can be used to measure im-
paired lower body strength (sarcopenia is suspected if the
time required to complete five consecutive rises exceeds
15 s). Finally, isometric torque methods can be used to mea-
sure muscle extension/flexion power.

Muscle mass/quality assessment Low muscle quantity can be
assessed by measurements of appendicular skeletal muscle
mass (ASM) or skeletal muscle mass index (ASM/height2)
using bioelectrical impedance analysis (BIA) or dual X-ray ab-
sorptiometry (DXA). The reference values for low ASM are
under 20 kg for men and 15 kg for women and under
7.0 kg/m2 for men and 6.0 kg/m2 for women for low skeletal
muscle mass index. Magnetic resonance imaging (MRI) or
computed tomography (CT) can also be used to appreciate
muscle quantity; however, appropriate cut-offs values are
not well defined for these measurements.

Physical performance assessment Low physical performance
can be predicted by low gait speed (≤0.8 m/s) or low score
on the short physical performance battery test (≤8 point).14

The data published show an important heterogeneity in
the application of sarcopenic diagnostic criteria. Indeed,
based on the articles in Tables 1 and 2, 12 articles are using
a single-measurement approach (measure of muscle mass
alone in six articles, muscle strength alone in five articles
and physical performance alone in one article); nine articles
are using two points of measure (commonly muscle strength
and physical performance), and no articles are using all three
criteria (muscle strength, muscle mass, and muscle function).
Where muscle mass is used, four articles focused on lumbar
muscles, one on leg muscles, and three on individual psoas
muscle; and values are either unindexed in five articles,
indexed to tibial length square in one article, height square
in one article, or even to the adjacent vertebral body in one
article. These disparities make it difficult to aggregate and
compare the resulting data. Further, it is unlikely that a single
muscle might be used as a sentinel for sarcopenia diagnostic.
These data support the need of further studies to reach a
consensus allowing clear and valid diagnostic criteria for
sarcopenia in PAD patients.15

B/Sarcopenia in PAD: a factor of poor prognosis
Sarcopenia has been associated with multiple adverse events
such as physical limitation, poor quality of life, and mortality
and was shown to predict patients’ prognosis and outcome
following vascular procedures.16 Similarly, recent data have
revealed a link between sarcopenia, PAD and high comorbid-
ity. In a 48-month longitudinal study, a reduction in calf mus-
cle density, lower limb extension/flexion power, and hand
grip strength was shown to be associated with an increase
in mortality in 434 PAD patients.17 Interestingly, this conclu-
sion was also reached when only one parameter of
sarcopenia was measured (muscle quantity18 or muscle
strength19). Indeed, in a retrospective study of 327 patients
with PAD followed for up to 30 months, Sugai et al. found
an independent link between low psoas muscle area and ma-
jor adverse cardiovascular and limb events. Likewise, after a
9-month follow-up, Reeve et al. highlighted an association
between lower grip strength and elevated comorbidity and
cardiac risk in patients with vascular diseases, including
PAD. Noteworthy, in a study realized on 410 patients with
PAD followed for 60 months, poor leg extension/flexion
power was reported to predict mortality in men but not in
women.20 This result might be explained by the larger pro-
portion of men studied. Finally, a recent study following pa-
tients with PAD for 72 months showed no difference on
overall survival between patients with high or low muscle
mass, assessed through comparison of psoas-L4 vertebral
index.21 Together, these results indicate that muscle strength
rather than muscle mass is a poor prognosis factor in PAD.
This might be attributable to the fact that muscle mass
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measurements are extremely susceptible to bias, supporting
the need for homogenized technic used, muscle analysed,
and cut-off values of low muscle mass.

Sarcopenia was also linked with CLI and high mortality
rates. Indeed, in 2015, and subsequently in 2017, Matsubara
et al. reported that sarcopenia was associated with higher
cardiovascular events and lower survival, in 64 and 114 pa-
tients suffering from CLI, respectively.22,23 Recent papers con-
firmed this association in retrospective studies including
patients with CLI, where low skeletal muscle mass was predic-
tive of a worse overall survival24–26 (Table1).

3/Mechanistical analysis: how does sarcopenia
affect skeletal muscle?

Mechanistical analysis was based on five animal studies [10;
43–44; 48; 58] and 29 clinical reports. This allowed the anal-
ysis of the following:

i muscle strength and function,27–38 based on 1352 PAD pa-
tients [26.49% (SD 17.32) women], aged 67.67 (SD 5.14)
years;

ii muscle histology,39–42 based on 192 PAD patients [9.2%
(SD 11.22) women], aged 64.3 (SD 0.99) years;

iii oxidative stress,43–47 based on 69 PAD patients [16.96%
(SD 8.10) women], aged 63.17 (SD 1.43) years;

iv mitochondriopathy [43; 47–53], based on 153 PAD pa-
tients [29.39% (SD 28.27) women], aged 63.50 (SD 1.83)
years;

v inflammation,54–56 based on 900 PAD patients [40.77%
(SD 3.71) women], aged 74.88 (SD 2.76) years;

vi signalling pathways [10; 57–59], based on 51 PAD patients
[34.45% (SD 32.23) women], aged 72.25 (SD 5.25) years.

Muscle dysfunction in PAD: the missing link to
better understand the common mechanisms of
sarcopenia and PAD pathophysiology

Patients with lower extremity PAD present various skeletal
muscle defects, such as weak baseline strength, functional
decline, and abnormal muscle histology. Although sarcopenia
is currently defined by its clinical manifestations, all etiologi-
cal factors identified so far—including excessive oxidative
stress production, skeletal muscle mitochondrial impair-
ments, high inflammation, and altered muscle kinetic pro-
cess—are present in PAD and emphasizing skeletal muscle
injuries (Figure 2).

A/Impaired muscle strength and function
Peripheral arterial disease pathophysiology is characterized
by metabolic and structural myopathic changes in skeletal
muscles, responsible for the decline in strength and

function.27 Lower extremity ischemia was shown to specifi-
cally impair proximal and distal leg muscles. Indeed, in a study
of 424 patients with PAD, plantar flexion and knee extension
strength was significantly lower when compared with
age-matched controls.28 Similarly, analysis of strength and
endurance of hip, knee, ankle, and plantar muscles of pa-
tients with and without PAD revealed an association between
PAD and weaker leg muscles.29–32 PAD physiopathology is
thus characterized by a failure of specific muscles that are
necessary for normal walking.

Accordingly, the loss of muscle strength appears to play a
central role in the functional defects observed in patients.
In the chronic stage of PAD, values of force-velocity parame-
ters of the lower limbs and 6-min walk capacity were signifi-
cantly lower compared with the control group.33

Interestingly, the impairment in force and mobility was also
seen in earlier stages of PAD, as shown by three independent
studies. In the first study, 22 patients with PAD underwent
6-min walking speed testing, maximum strength/endurance
testing of lower limb muscles, as well as performance-based
testing of muscle function. Patients with PAD presented over-
all body disability, muscle weakness, and reduced physical
performance.34 The other two studies highlighted a gait im-
pairment in patients with PAD, using a walkway embedded
with a force plate.35,36 Moreover, in a study of 374 patients
with PAD, the correlation between poor strength/mobility
and lower limb ischemia was found in women, but not
men, probably because of their higher baseline strength.37

It is important to note that in a total of 11 studies associ-
ating low muscle strength and/or function and/or quality
and PAD, none used the term sarcopenia. Yet a sarcopenic di-
agnosis represents a turning point for patients, families, and
clinicians. Indeed, beyond aggravating patients’ prognosis,
sarcopenia constitutes a great burden, as it participates to
the isolation and dependence of patients with PAD38

(Table2).

B/Impaired muscle histology
The morphological and physiological consequences of the
denervation–reinnervation process that occur in PAD were
assessed in 26 patients with PAD based on gastrocnemius
cross-sectional area values and peak treadmill walking time.
Overall, PAD was characterized by a general decline in type
II muscle fibres number and size, responsible for the decay
in general muscle strength.39 Subsequent studies focusing
on myofibre morphometrics of PAD gastrocnemius revealed
significant changes in muscle quality, including lower diame-
ter and density, rounder myofibres, and a fast-to-slow switch
resulting in a predominance of type I fibres, as demonstrated
by cross-sectional area analysis.40–42

Thus, the genesis of sarcopenia in PAD patients might be
explained by the progressive loss of motoneurons included
in type II motor units, which remains uncompensated despite
reinnervation of muscle fibres by adaptive sprouting.
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C/Oxidative stress
An imbalance between pro-oxidant and antioxidant activities
(also called oxidative stress) is responsible for reactive oxygen
species (ROS) accumulation, mitochondrial respiratory chain
dysfunctions, and oxidative damage of DNA. In PAD, ischemic
lesions generate extensive oxidative stress. Accordingly, mu-
rine models of PAD displayed reduced antioxidant enzymes
mRNA levels, increased ROS production,43 increased oxida-
tive stress, and impaired mitochondrial respiration, notably
with reduced electron transport chain complexes I, III, and
IV activities in ischemic muscles.44

Similarly, human studies reported altered antioxidant en-
zyme activities, reduced electron transport chain complexes
I, III, and IV activities and impaired mitochondrial respiration
in patients with PAD.45 PAD was also associated with signifi-
cant oxidative stress and ROS production.46 Interestingly,

the extend of oxidative damage in PAD gastrocnemius was
shown to be associated with advanced disease stage and
lower myofibre cross-sectional area.47

Taken together, these data suggest the pathological impli-
cation of excessive oxidative stress in myofibres damage and
PAD.

D/Mitochondriopathy
With disease and/or advancing age, mitochondrial dysfunc-
tions accumulate, thus disrupting vital
mitochondrial-dependent activities.47 Accordingly, studies in
murine models of CLI revealed mitochondrial DNA damages
in ischemic aged muscles, lower mitochondrial respiration,
declined mitochondrial biogenesis, impaired calcium reten-
tion capacity and muscle atrophy, and muscle contractile
deficits.43,48

FIGURE 2 Major signalling pathways associated with sarcopenia and peripheral arterial disease (PAD). In the context of PAD, ischemia/reperfusion (I/
R) injury induces a decrease in mitochondrial biogenesis, dynamics, and mitophagic activities, resulting in reactive oxygen species (ROS) burst and con-
secutive oxidative stress. Additionally, elevated levels of IL6, TNF-α, and CRP are responsible for the activation of the inflammatory pathway. Ulti-
mately, I/R-induced oxidative stress and inflammation enhance the activity of the atrophy-related ubiquitin ligases MuRF-1 and atrogin-1 and the
degradation of mitochondria and proteins. I/R is also associated with defective stimulation of the muscle synthesis PI3K/Akt/mTOR pathway, notably
via lower activity of the IGF-1 and RISK pathways. Moreover, alteration of the protective pathways RISK and SAFE lead to persistent mitochondrial per-
meability transition pore (mPTP) opening, reduction in mitochondrial calcium retention capacity, and aggravation of mitochondrial dysfunction. Fur-
ther, during I/R, myostatin overexpression results in enhanced activity of the muscle degradation pathway TGFβ.
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Human investigations regarding mitochondrial dysfunction
in PAD showed an increase in skeletal muscle mitochondrial
DNA injuries49 and abnormal mitochondrial respiratory activ-
ity of ischemic muscles50 compared with controls. Interest-
ingly, Koutakis et al. investigated the potential role of the
muscle specific intermediate filament desmin in PAD patho-
physiology and linked abnormal desmin accumulation with
low mitochondrial respiration.51 Moreover, immunohisto-
chemical analysis of muscle biopsies revealed accumulation
of microtubule-associated protein light chain 3 (LC3)—an au-
tophagic marker—in the area depleted of mitochondria in
PAD myofibres, thus suggesting an association between PAD
and aberrant mitophagy process.52 Last, a recent work has
stressed a unique and severe mitochondriopathy touching
patients with CLI. Indeed, besides the reduced mitochondrial
oxidative capacity and respiratory activity also observed in
patients with PAD, CLI was shown to be characterized by def-
icits in permeabilized myofibre mitochondrial function and
decreased abundance of mitochondria-associated mRNAs
and proteins.53

Overall, mitochondriopathy is thought to be a major con-
tributor to sarcopenia and PAD, notably with significant dis-
ruption of mitochondrial biogenesis, dynamics, and
mitophagy.

E/Inflammation
Systemic inflammation is considered an important patho-
physiological mechanism in PAD and likely contributes to skel-
etal muscle wasting. Accordingly, several vascular
inflammatory markers such as IL6, IL1 receptor antagonist, fi-
brinogen, and CRP were found elevated in PAD patients com-
pared with controls subjects.54 Further studies revealed an
association between higher levels of these markers of inflam-
mation and poorer 6-min walk distance and overall perfor-
mance (combining walking speed, balance, and chair rises
exercises),55 lower calf strength, and more adverse calf mus-
cle characteristics.56

It is therefore possible that sarcopenia in PAD patients
finds its origin in altered inflammatory process, likely medi-
ated by the dysregulation of multiple cytokine factors.

F/Impaired signalling pathways
IGF-1 synthesis pathway The IGF-1/PI3K/Akt/mTOR signalling
pathway is a key player in muscle growth, stimulating protein
synthesis, and satellite cell proliferation in muscle, all to-
gether while simultaneously suppressing pathways responsi-
ble for protein degradation. Regarding the exact role played
by this synthesis pathway in PAD, data are scarce. In 2004,
Tuomisto et al. reported an up-regulation of the anabolic fac-
tors IGF-1 and IGF-2 in atrophic and regenerating ischemic
myocytes of patients with CLI.57 The IGF system could pro-
mote skeletal muscle survival, regeneration and angiogenesis
under chronic ischemia, notably via the VEGF pathway.

RISK and SAFE protective pathways The RISK and SAFE path-
ways play essential roles in the reduction of
ischemia/reperfusion (I/R) injuries, as they participate to
muscle regeneration and mitochondrial integrity. Though this
phenomenon is well documented in the field of cardiology,
very little is known during PAD. In our rat model of PAD ex-
posed to 3 h of ischemia followed by 2 h of reperfusion, the
RISK and SAFE pathways were inefficiently activated, leading
to mitochondrial dysfunctions, increased oxidative stress
and apoptosis.10

Impaired muscle degradation pathways Several members of
the TGFβ superfamily play a key role in protein degradation,
among them, myostatin is well known for the extreme hyper
muscularity of myostatin knock-out mice and conversely, for
the muscle atrophy of mice overexpressing myostatin. In
mice models of PAD, silencing of myostatin led to gastrocne-
mius hypertrophy and improved running performance.58

In humans, very little is known about the role of the TGFβ
superfamily in PAD pathology. A recent research conducted
by Ha et al. showed that TGFβ1 expression increased with ad-
vancing PAD severity.59 Overall, myostatin is thought to be an
important factor in the pathophysiology of sarcopenia and
PAD.

Overall, evidence seem to indicate an imbalance between
protein synthesis and degradation leading to reduced or im-
paired anabolic pathway and, in a broader sense, impaired
muscle function and strength in PAD.

4/Therapeutic approaches: can we reverse the sarcopenic
condition in patients with PAD?
Therapeutic analysis was based on seven animal studies [61–
63; 83–86] and 21 clinical reports, Among the clinical reports,
19 were observational trial studies [64–68; 70–82; 87], and
two were prospective studies [60; 69]. In total, 884 patients
followed an exercise therapy, and 18 received an angiogene-
sis treatment; 30.84% (SD 17.74) were women. Mean age of
patients studied was 66.85 (SD 3.96).

Treating sarcopenia in PAD

Lower limb revascularization surgery is the treatment of
choice for patients suffering from CLI, enabling blood flow
restoration and limb salvage, while reversing some
sarcopenic features. Indeed, in a prospective study following
18 patients with CLI, surgical revascularization improved mus-
cle strength, 6-min walk distance, bodily pain and overall
quality of life.60 However, these muscular parameters are
not currently tested in routine clinical practice, and therefore,
we do not know whether ischemia-related muscle impair-
ment are normalized or whether sequela remain. Neverthe-
less, additional therapeutic approaches like exercise training
or angiogenesis therapies seems useful to further sustain
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functional muscular improvement and to preserve patients’
quality of life.

A/Exercise training
Molecular and cellular effects In a mouse model of chronic
CLI, moderate exercise consisting in a 3-week treadmill train-
ing up to five times per week enhanced mitochondrial bio-
genesis and antioxidant enzymes mRNA levels, restored
mitochondrial respiration and calcium retention capacity
and reduced tissue damages, while generating low amount
of oxidative stress.61 On the other hand, Hain et al. showed
that repeated cycles of electrical stimulation (mimicking exer-
cise) resulted in increased NF-κB activity and muscle fibre
atrophy.62 Further, 2-week treadmill exercise was shown to
have consequences on skeletal muscle mRNA expression in
PAD models, notably by down-regulating skeletal muscle re-
generation markers.63 These results might indicate that exer-
cise intensity could be associated with adverse effects on
skeletal muscle function and might also underscore the ben-
eficial systemic effects of exercise.

In humans, studies show a significant increase of the in-
flammatory markers ICAM-1, VCAM-1, TNF-α, and IL6 directly
following one treadmill exercise.64,65 However, a reduction in
the inflammatory process was shown in PAD patients follow-
ing either a 8-week supervised training program66 or a
12-week homebased exercise training.67 Last, 6 to 12 months
of progressive resistance training was shown to increase type
I and type II skeletal muscle fibre areas and capillary
density.68

Functional and vascular effects In humans, the impact of ex-
ercise on PAD was assessed in prospective studies following
training sessions for 4 weeks up to 12 months.

4-week program After a 4-week rehabilitation program
consisting in walking exercises, selective muscle strengthen-
ing, and sports, patients suffering from PAD showed signifi-
cant improvement in walking distance.69

8-week program Patients following 8 weeks of maximal
strength training alone,70 or combined with plantar flexion
endurance training,71 presented increased leg strength, force
development, and walking performance.

12-week program A 12-week homebased exercise training
was shown to positively influence vascular function (microcir-
culation of the lower extremities measured by calf muscle
haemoglobin oxygen saturation) and endurance (6-min walk
distance, peak walking time, and daily ambulatory activity)
in PAD patients.67

The effects of a 12-week treadmill-walking program on
PAD were analysed in several independent studies. Notably
Wang et al. demonstrated the importance of this training
program in improving endurance (walking capacity) and
strength (peak force, peak torques in plantar flexion) inTa
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patients with PAD.72 The improvements in endurance (pain-
free walking distance, 6-min walking distance, and peak exer-
cise performance) were accompanied by a large decline in bi-
lateral thigh lean mass73 or by a significant increase in the
number of denervated calf muscle fibres.74 Here, regions re-
mote to the ischemic lesion are mostly affected by a decline
in muscle mass and muscle quality, possibly caused by sen-
sory and motor nerve dysfunction during exercise. Further,
this training program was shown to improve both muscular
function (i.e. increased pain-free walking distance) and endo-
thelial function (i.e. increased flow-mediated dilatation) in
PAD patients.75 Interestingly, a 12-week treadmill walking ex-
ercise was found more effective than a 12-week strength
training program in term of exercise performance.76

12-week vs. 24-week program A supervised treadmill walking
exercise program was shown to improve exercise perfor-
mance and overall functional status after 12 weeks, with con-
tinued improvement after 24 weeks.76,77

24-week program The effects of two training program were
assessed in patients suffering from PAD. Improvements in
6-min walk and treadmill walking performance, brachial ar-
tery flow-mediated dilatation, and overall quality of life were
observed in the group following supervised treadmill training;
whereas climbing ability, treadmill performance, and quality
of life were ameliorated in the group following resistance
training, when compared with controls.78

6-month to 12-month program Two studies demonstrated
the functional and vascular benefits of a 6-month supervised
walking exercise in PAD. Indeed, Andrew et al. observed im-
provements in peripheral circulation, walking economy, and
cardiopulmonary function79; while Schieber et al. observed
improvements in walking distance, muscle strength, and gait
biomechanics, as well as overall quality of life.80 Moreover, in
medium to longer term (i.e. 6 to 12 months follow-up), pro-
gressive resistance training was shown to have beneficial ef-
fects on walking ability81 and muscle strength.82

In brief, exercise induces (i) molecular adaptations, notably
with modifications of the transcript levels of mitochondrial
biogenesis, antioxidant, oxidative phosphorylation enzymes,
and reduction of the inflammatory process; (ii) cellular adap-
tations with enhanced mitochondrial plasticity, muscle fibre
areas, and capillarization; and (iii) functional and vascular ad-
aptations with enhanced functional status and improved mi-
crovascular circulation of the lower extremities in PAD
(Table 3). Regular physical activity is highly recommended
to prevent or reduce the onset of adverse effects occurring
with PAD.

Angiogenesis PAD and CLI are characterized by vascular dys-
function, reduced microvascular flow and altered angiogene-
sis process. On this basis, therapeutic angiogenesis
represents a promising approach in the restoration of blood
flow and treatment of ischemic lesions. In mouse models of
CLI, angiogenic therapy consisting in bone marrow cells injec-
tions resulted in reduced limb necrosis and muscle

FIGURE 3 Sarcopenia and PAD: Diagnostic criteria, mechanistic pathways, and current therapies.
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impairment, enhanced gastrocnemius and quadriceps muscle
mass, and blood flow regeneration, compared with untreated
ischemic animals.83–85 Interestingly, in a murine hindlimb is-
chemic model, injections of donepezil—an anti-Alzheimer
drug—upregulated angiomyogenesis factors (VEGF, HIF-1α,
and Akt) and reduced skeletal muscle atrophy.86

Data in humans did not confirm the potential benefice of
angiogenesis therapy in PAD, notably showing similar exercise
performance and survival rates.87

Concluding remarks and perspectives

With more than 200 million individuals affected worldwide,
lower extremity PAD is a major issue for public healthcare.
The morbidity and mortality rates are alarmingly high, espe-
cially in patients also presenting with sarcopenia. The mecha-
nistic link between sarcopenia and PAD remains to be
investigated but likely involves oxidative stress, mitochondrial
dysfunction, inflammation and impaired muscle synthesis,
and degradation pathways. Although difficult, the diagnosis
of sarcopenia is crucial for PAD patients’ care, as it deter-
mines prognosis, quality of life, and possible treatments.

Indeed, targeting the muscular defects through exercise
training could reverse the sarcopenic features observed in pa-
tients suffering from PAD and thus, ameliorate their quality of
life and overall prognosis. Further, although therapeutic data
are largely contradictory, complementary pharmacologic
strategies focused on muscle mitochondrial dysfunction
through oxidative stress, inflammation, and/or angiogenesis
modulation should be further investigated in view of their po-
tential usefulness as new innovative therapeutic approaches
against sarcopenia (Figure 3).
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