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Abstract: Peripheral artery disease (PAD) affects over 200 million people worldwide, resulting in
significant morbidity and mortality, yet treatment options remain limited. Among the manifestations
of PAD is a severe functional disability and decline, which is thought to be the result of different
pathophysiological mechanisms including oxidative stress, skeletal muscle pathology, and reduced
nitric oxide bioavailability. Thus, compounds that target these mechanisms may have a therapeutic
effect on walking performance in PAD patients. Phytochemicals produced by plants have been
widely studied for their potential health effects and role in various diseases including cardiovascular
disease and cancer. In this review, we focus on PAD and discuss the evidence related to the clinical
utility of different phytochemicals. We discuss phytochemical research in preclinical models of PAD,
and we highlight the results of the available clinical trials that have assessed the effects of these
compounds on PAD patient functional outcomes.

Keywords: polyphenols; beetroot; cocoa; flavonols; claudication; hindlimb ischemia

1. Introduction

Although modern nutritional science is thought to date back to only the 20th century
(with the discovery of vitamins), phytochemicals, or plant-derived chemicals, have been
used traditionally in medicine for thousands of years across the world [1]. In fact, the
Greek physician Dioscorides wrote a pharmacopoeia of medicinal plants, De materia medica,
as early as the year 50 AD [2]. Following the era of nutrient discovery with a focus on
deficiency diseases, the latter half of the 20th century saw nutritional research more focused
on identifying the relationship between food, nutrition, and chronic diseases [1,3]. Large
epidemiologic studies have consistently demonstrated inverse relationships between fruit
and vegetable consumption and the risk of a wide range of chronic diseases as well as
all-cause mortality [4–6]. This relationship has been largely studied in the context of
coronary heart disease and stroke, and higher fruit and vegetable intake are consistently
associated with reduced risk of these cardiovascular/cerebrovascular diseases [7]. The most
common underlying cause of cardiovascular and cerebrovascular disease is atherosclerosis,
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a disease involving multiple factors including inflammation, oxidative stress, endothelial
dysfunction, and dyslipidemia [8]. Interestingly, subclinical measures of atherosclerosis
are also inversely associated with fruit and vegetable intake [9], and in animal models,
fruit and vegetable supplementation can reduce subclinical markers of atherosclerosis [10].
Another atherosclerotic disease, peripheral artery disease (PAD), affects arteries other
than those supplying the brain or heart, most commonly affecting the femoropopliteal
or infrapopliteal arteries of the legs [11,12]. Although there has been less research on
dietary composition and PAD, the available data suggest a similar association of reduced
PAD risk with higher fruit and vegetable intake. One cross-sectional study including
over 3.6 million participants showed that consumption of 3 or more servings of fruits
and vegetables per day was associated with 18% lower odds of PAD than consuming
≥3 servings of fruits and vegetables less than once a month [13]. Likewise, in a case-cohort
study of 944 patients with type 2 diabetes, a high-score Mediterranean dietary pattern (diet
rich in plant-based foods and polyphenol-rich olive oil) was independently associated with
a 56% reduced risk of PAD [14]. These data suggest that fruits and vegetable consumption
may be a lifestyle and dietary risk factor for PAD.

The mechanisms behind the health benefits associated with fruits and vegetables
are thought to be largely attributable to phytochemical components of plants [15]. There
have been thousands of identified phytochemicals which are divided into classes based on
their chemical structures that largely dictate their function [16]. These categories broadly
include flavonoids, stilbenes, organosulfur compounds, nitrogen-containing compounds,
carotenoids, and diarylheptanoids [16]. The main mechanism by which phytochemicals
are thought to exert their health-promoting effects is via antioxidant effects. Although
some phytochemicals possess free radical scavenging ability in vitro [17], direct reaction
with reactive oxygen species (ROS) in vivo is less likely due to the lower dose of the phy-
tochemicals in vivo. For example, phytochemical concentrations in plasma are around
~1 µM, and the levels in tissue are not believed to exceed the nanomolar range, while
antioxidant enzymes such as superoxide dismutase can be present at concentrations as
high as ~20 µM [18]. Instead, phytochemicals can act to induce de novo expression of
endogenous antioxidant defense genes, such as glutathione peroxidase, superoxide dismu-
tase, NAD(P)H quinone oxidoreductase, and heme oxygenase-1 [16]. These genes contain
a common antioxidant-responsive element in their 5′-flanking regions, which can be bound
and regulated by transcription factors such as nuclear factor erythroid 2-related factor
(Nrf2) or the aryl hydrocarbon receptor [19,20]. Various phytochemicals have been shown
to enhance the expression and activation of these transcription factors, thus inducing the
activation of target antioxidant enzymes [16]. In addition to these mechanisms, organosul-
fur, and nitrogen-containing phytochemicals are thought to exert unique protective effects
by increasing nitric oxide and hydrogen sulfide bioavailability [21]. Both nitric oxide and
hydrogen sulfide are important gaseous transmitters that work together to induce smooth
muscle relaxation, vasodilation, increased blood flow, and angiogenesis [22], and hydrogen
sulfide is also a known activator of Nrf2 [23]. Notably, PAD patients have been shown to
have reduced levels of hydrogen sulfide, reduced Nrf2 activation, and reduced NO bioavail-
ability compared to non-PAD controls [24,25]. Modulation of these pathophysiological
processes by phytochemicals may be viable therapeutic options for PAD patients.

Phytochemicals have been studied in a wide range of conditions ranging from can-
cer [26] to musculoskeletal disorders [27]. Likewise, previous reviews have focused on the
potential cardiovascular and cerebrovascular beneficial effects of phytochemicals [28,29].
However, no comprehensive review article has reported on the preclinical and clinical
vascular beneficial effects of these compounds in the context of limb ischemia, a major com-
plication of PAD. Thus, the purpose of this narrative review is to summarize the research
assessing the effectiveness of different phytochemicals as therapeutic interventions in the
context of PAD. We include studies on phytochemicals that have been studied in preclinical
models of the disease as well as in clinical trials including PAD patients.
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2. Peripheral Artery Disease

PAD is an atherosclerotic condition of the extremities, mostly affecting arteries of
the legs [12]. According to estimates, over 200 million people globally are affected with
PAD [30]. PAD is especially common in older individuals, affecting up to 27% of 45- to
74-year-olds and 1 in 3 individuals in the 91–100-year-old age group [31,32]. Based on the
Fontaine classification system, asymptomatic PAD patients are classified in Stage I, and
patients presenting with the most common symptom of PAD, intermittent claudication,
(walking-induced leg pain) are classified in Stage II. In the later stages of PAD, patients with
foot pain at rest are classified in Stage III, and Stage IV patients with ulcers and gangrene
are considered to have critical limb ischemia [33].

PAD is associated with an elevated risk of all-cause mortality, cardiovascular disease
mortality, myocardial infarction, and stroke [34–36]. In addition, PAD patients experience
exercise limitations and dramatic reductions in walking performance of up to 50% of
non-PAD controls [37–39]. The pathophysiology of the functional impairment found
in PAD is believed to encompass different mechanisms, including oxidative stress [40],
skeletal muscle myopathy [41], and endothelial dysfunction [42]. Increased oxidative stress
markers have been documented in PAD, and oxidative stress markers are correlated with
reduced walking distances of patients [43,44]. Likewise, nitric oxide levels are reduced
in PAD [24], and flow-mediated dilation (FMD), a measure of endothelial function, is
associated with patients’ walking ability [45]. Notably, inflammation is also thought to
play a role in the pathophysiology of PAD [46]. Several inflammatory markers have been
shown to have a strong predictive value for the development and presence of PAD [46].
Large cohort studies have shown that markers of inflammation such as C-reactive protein
(CRP) and cellular adhesion molecules are independently associated with PAD risk [47,48].
In addition to their role as prognostic indicators; however, inflammatory molecules are
also implicated in disease mechanisms. In fact, atherosclerosis has been described as an
“inflammatory disease,” with evidence suggesting that components of inflammation in
the arteries can lead to progressive arterial damage [49]. Inflammatory cytokines such as
tumor necrosis factor alpha (TNF-α) and interleukins (ILs) can lead to arterial stiffening
via increased leukocyte infiltration, enhanced elastin degradation, and increased vascular
smooth muscle cell de-differentiation and collagen synthesis [50]. Immune cells recruited
by inflammatory cytokines can also alter oxidative balance, as these cells are known to
be major sources of ROS [51]. Furthermore, inflammatory molecules such as CRP can
directly inhibit endothelial NO synthase activity [52]. CRP can also promote production of
superoxide, which can result in NO synthase uncoupling by oxidation of the critical NOS
co-factor, tetrahydrobiopterin [53]. Therefore, oxidative stress, inflammation, endothelial
dysfunction, and the interactions between these processes are important considerations in
PAD pathogenesis.

Without therapeutic interventions, PAD also leads to significantly accelerated func-
tional decline over time [54]. Thus, although the primary treatment goals for patients is to
improve cardiovascular risk and limb salvage, improving exercise performance, daily func-
tional and physical activity, and quality of life are also important treatment considerations.

Recent research on PAD interventions have focused on targeting oxidative stress, skele-
tal muscle pathology, and nitric oxide bioavailability to improve functional outcomes in
patients. For practical significance, the minimal clinically important differences in walking
performance following an intervention for PAD patients have been defined. For the 6-min
walk test, a small meaningful change is considered an improvement in walking distance
of 8–20 m, and a large meaningful change has been defined as a change of 50 m [55,56].
During a treadmill test, an increase in peak walking time of at least 38 s and an increase
in claudication onset time of at least 35 s have been suggested as small minimal clinically
important differences [57]. Currently, treatment options for PAD management are limited
with only two modestly effective medications approved for claudication [58,59]. On the
other hand, supervised exercise training has been shown to lead to greater improvements
in walking performance in PAD [60]. Despite the success of individual interventions, the
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long-term efficacy of all treatment options for PAD remains questionable. For example, an
interesting recent network meta-analysis of 46 randomized controlled trials compared the
short-, moderate-, and long-term outcomes of a variety of treatments for PAD including
supervised exercise therapy, endovascular revascularizations, and cilostazol [61]. It was
found that although some treatments effectively improved walking distance at short- or
moderate-term follow-up, none of the treatments improved walking performance of PAD
patients in the long-term (≥2 years) [61]. This highlights the dire need for more durable
PAD treatments.

In addition, exercise bouts have been shown to increase ROS biomarkers in PAD pa-
tients, and some studies have shown that exercise can lead to pathologic changes in skeletal
muscle and skeletal muscle injury [62–64]. This observation has led some researchers to
suggest the addition of antioxidant supplementation along with exercise interventions to
alleviate exercise-induced oxidative stress [65,66]. Although some smaller studies have
suggested that nonspecific antioxidants such as vitamin C and vitamin E may improve
exercise tolerance in PAD patients [65,67,68], large-scale trials such as the “POPADAD”
trial and the “HOPE” trial found no evidence that these antioxidants can improve out-
comes such as revascularizations, amputations, and cardiovascular events [67,68]. Some
researchers argue that this may be due to the fact that the concentration of vitamins C
and E that would be necessary to induce antioxidant effects in the vascular wall may be
unachievable, neither vitamin reacts appreciably with hydrogen peroxide, and the vitamins
themselves may also be oxidized and inactivated by free radicals [69,70]. Instead, a better
strategy may be therapies with antioxidant concepts such as phytochemicals that act to
increase antioxidant capacity by activation of endogenous antioxidant defense systems.
Thus, in recent years, a number of preclinical studies and a few clinical trials have sought
to test the efficacy of individual plant components for the mitigation of the oxidative stress
and oxidative-stress-induced damage and pathology associated with limb ischemia. These
studies are discussed in the next sections.

3. Preclinical Research
3.1. Hindlimb Ischemia

Preclinical murine models of hindlimb ischemia (HLI) have long been used to simulate
PAD pathophysiology [71]. The most common method for induction of HLI is by ligation
or excision of the femoral artery [72]. However, this approach is considered an acute limb
ischemia model, and blood flow recovers rapidly due to the quick formation of collateral
circulation [73]. Thus, other approaches have been developed, such as gradual femoral
artery occlusion with ameroid constrictors (subacute) [74] and a two-stage limb ischemia
model (chronic), which are considered more relevant to the human disease [75,76]. HLI
models typically result in reduced limb perfusion, functional deficits, reduced walking
performance, systemic inflammation, and skeletal muscle damage [73]. However, it is
important to note that other manifestations that play an important role in PAD pathogenesis
may not be well-modeled in animal HLI studies. For example, PAD can be accompanied
by ulcers; yet, an animal model of non-healing ulcers in limb ischemia has not yet been
established [77]. In fact, very few studies have demonstrated wound generation in the
clinically relevant peripheral site of the limb or in older animals, and other issues related
to study design and bias reduction also exist [77]. It is also important to note that the
HLI induction technique as well as other factors, including species (rat vs. mouse), strain,
age, and the presence of other comorbid conditions, can affect the resulting ischemic
damage [74]. Regardless of the procedure, HLI models are considered useful for testing
new therapies for PAD treatment [73], and have thus been used to study a wide range of
potentially beneficial phytochemicals.

3.2. Flavonoids

Flavonoids are a category of polyphenolic metabolites found in plants, characterized
by a general structure of a 15-carbon skeleton, consisting of 2 phenyl rings and a hetrocyclic,
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oxygen-containing ring [78]. Flavonoids are further categorized into six subgroups, the
anthocyanidins, anthoxanthins, flavanones, flavanonols, flavans, and isoflavonoids [79].
The results of a meta-analysis of flavonoid effects on aortic atherosclerosis in mice suggest
that flavonoids can significantly reduce aortic atherosclerosis [80]. Interestingly, atheroscle-
rosis area-reducing effects were isolated to flavonols, but not flavan-3-ols, suggesting that
flavonols may hold the most potential therapeutic value in atherosclerosis [80].

Quercetin (Figure 1A), an anthoxanthin, is a flavonoid found in many fruits and veg-
etables, with the most appreciable amounts found in red onions and kale [81]. Quercetin
has been well-studied in basic research due to its antioxidant potential [82]. In rats un-
dergoing acute HLI, 200 mg/kg/day of quercetin, administered for one week prior to
ischemia induction, significantly increased antioxidant enzyme activity and reduced lipid
peroxidation markers [83]. However, in contrast to this study, a more recent study assessed
the effect of quercetin (~185 mg/kg/day for 30 days following HLI) in the sustained, two-
stage model of HLI [84]. These mice also had dyslipidemia (apolipoprotein E-deficient),
which further simulates human PAD [76]. Utilizing this model, quercetin had no effect on
limb perfusion. Despite this, plasma nitrate and nitrite concentrations were significantly
increased in mice that consumed quercetin at the end of the study, although oxidative stress
markers were not measured [84]. Furthermore, this study also measured the clinically
relevant variables of exercise performance and physical activity on a treadmill as well as an
open field test, and quercetin was shown to have no effect on distance travelled or velocity
during either test [84]. Therefore, although it may have some effect on reducing oxidative
stress markers, due to the lack of improvement in functional performance during sustained
HLI, quercetin is unlikely to be effective for PAD treatment. Notably, this ineffectiveness
may be due to its low bioavailability. In another study, quercetin glucosides (enzymatically
trans-glycosylated isoquercitin), which have a higher solubility in water and better bioavail-
ablity compared with quercetin, were administered to mice (100 mg/kg/day) for 2 weeks
prior to acute HLI induction and 2 weeks following surgery [85]. Blood flow recovery
and capillary density were augmented in ischemic limbs of mice that received quercetin
glucosides, along with plasma glutathione levels [85]. Thus, conversion of quercetin into
glucosides may be a promising strategy to enhance its bioavailability and effectiveness in
future interventions.

The flavan subgroup of flavonoids include catechin, epicatechin, and epigallocatechin
3-gallate (EGCG) [79]. EGCG (Figure 1B) is highly abundant in green tea and is believed to
be responsible for much of the effects mediated by tea [86]. Although EGCG administration
(50 mg/kg, administered 30 min prior to reperfusion) was shown to reduce oxidative status
and increase total antioxidant status following acute HLI-reperfusion in rats (2 h), EGCG
had no protective effect on oxidative or antioxidant status following long-term reperfusion
(24 h), which better resembles true ischemia-reperfusion conditions [87]. Furthermore,
serum inflammatory cytokine levels (IL-1, IL-6, IL-8, and TNF-α) were unaffected by EGCG
administration in either short- or long-term reperfusion [87]. EGCG, due to its pyrocatechol
structure, has been shown to coordinate with metal ions, and these metal-EGCG networks
have also been applied to the study of different conditions [88,89]. In mouse HLI models
established by femoral artery ligation and excision, copper-EGCG capsules or zinc-EGCG
capsules injected into ischemic muscles reduced ischemic damage and improved blood
flow recovery, vessel volume, and angiogenic markers [90,91]. However, there were no
significant differences with respect to the levels of the inflammatory cytokines TNF-α
and IL-6. Therefore, although these data suggest that metal-EGCG coordinated capsules
may hold promise as potential medical therapies, their safety and efficacy must first be
established in humans. Additionally, it is unclear how much of the benefit was due to the
metal compared to EGCG. Thus, there is not enough evidence to suggest that EGCG alone
may be an effective treatment for PAD.
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Figure 1. Polyphenol chemical structures. (A) is the chemical structure of quercetin, (B) is the chemical structure of
epigallocatechin gallate (EGCG), (C) is the chemical structure of catechin, (D) is the chemical structure of epicatechin, (E) is
the chemical structure of betanin, (F) is the chemical structure of resveratrol, (G) is the chemical structure of allicin, (H) is
the chemical structure of diallyl disulfide (DADS), (I) is the chemical structure of diallyl trisulfide (DATS), (J) is the chemical
structure of sulforaphane, (K) is the chemical structure of lycopene, and (L) is the chemical structure of curcumin.

Catechin (Figure 1C) and epicatechin (Figure 1D) are found in many different foods
including prune juice, peaches, tea, and açaí. Notably, cocoa is believed to have the highest
content of catechins among all foods (>100 mg/100 g) [78]. Catechin and epicatechin have
been heavily studied in different preclinical models. In one in vitro study, supernatant of
activated platelets from PAD patients were used to increase soluble cell adhesion molecules
(markers of endothelial activation and inflammation) and reduce NO bioavailability in
human umbilical vein endothelial cells [92]. Pretreatment with 0.1–10 µM of catechin and
epicatechin was shown to reduce the increase in adhesion molecules induced by PAD
platelets and increase NO levels [92]. Furthermore, in a mouse HLI model induced by two
ligations proximal and distal to the femoral artery, epicatechin feeding, starting at 5 days
prior to ischemia induction, improved perfusion recovery and capillary density in a dose-
dependent manner, with maximal effects seen at 2 mg/kg per day [93]. These promising
preclinical results have led to a number of clinical trials in PAD patients using catechin-
and epicatechin-rich dark chocolate/cocoa, which will be discussed in later sections.

3.3. Nitrogen-Containing Compounds

Certain phytochemicals that contain nitrogen atoms provide a dietary source of inor-
ganic nirate, which been suggested to have potential beneficial effects related to modulation
of NO levels [94]. Nitrate-containing vegetables, such as spinach, arugula, celery, and
beetroot, have been thought to be key mutual components of diets associated with low in-
cidences of cardiovascular disease (i.e., Mediterranean and Japanese traditional diets [94]).
Notably, nitrate therapy has been showed to induce pro-angiogenic effects in several mod-
els of HLI, including murine [95,96] and swine [97,98]. Of all the studied dietary nitrate
donors, beetroot (Beta vulgaris) is one of the most heavily researched [94]. Aside from the
nitrate-mediated effects of beetroot, associated health benefits may also be a consequence
of the properties of the betanin pigment found in beetroot (Figure 1E). Betanin is one of
the betalain pigments, which are a group of red/yellow pigments found in plants, chemi-
cally characterized as tyrosine-derived aromatic indoles [99]. Compounds with an indole
moiety are known to possess antioxidant activity and likely activate the aryl hydrocarbon
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receptor [100]. A number of studies have also suggested that betalains may possess strong
antioxidant and anti-inflammatory properties [101–103]. During the last 10 years, beetroot
has been extensively studied in preclinical and clinical research for its potential cardiovas-
cular benefits [104]. However, beetroot has yet to be studied in any animal models of limb
ischemia. In a cardiovascular model, mice were exposed to coronary artery occlusion for
30 min followed by 24 h of reperfusion as a model of cardiac ischemia-reperfusion [105].
Interestingly, mice given beetroot juice powder at a dosage containing 0.7 mM nitrate
showed reduced infarct size and improved ventricular function [105]. This suggests that
beetroot may play a protective role in the context of ischemia-reperfusion injury, including
limb ischemia, but studies in a HLI model are required before drawing definite conclusions.

3.4. Stilbenes

Stilbenoids are hydroxylated derivatives of 1,2-diphenylethene (stilbene), charac-
terized by a C6-C2-C6 structure [106]. One of the most widely studied stilbenoids is
3,5,4′-trihydroxy-trans-stilbene, or resveratrol (Figure 1F), which is known for its content
in red wine as well as red or purple grapes. Early in vitro data and in vivo work sug-
gested that resveratrol may hold therapeutic potential for lifespan extension as well as the
prevention or slowed progression of different diseases, including cancer, cardiovascular
disease, and diabetes [107–109]. While the exact mechanisms are unclear, resveratrol has
been shown to exert potent antioxidant effects by modulating antioxidant enzymes and
intrinsic antioxidant capacity [110]. Furthermore, resveratrol is a known activator of sirtuin
1, a histone deacetylase enzyme that regulates expression of genes involved in metabolic
regulation, survival, autophagy, and stress response [110].

In acute rat models of HLI, administration of 1–20 mg/kg/day resveratrol was shown
to reduce oxidative stress markers, improve hindlimb skeletal muscle histology (reduced
myofiber atrophy, segmental necrosis, and edema), and protect femoral artery tissue from
vascular wall thickening, apoptosis, inflammatory cell infiltration, and edema [111–113].
In rabbits with HLI induced by femoral artery excision, resveratrol (2.5 mg/day) has also
been demonstrated to have pro-angiogenic effects by improving endothelial NO synthase
expression, limb blood flow, and capillary density [114]. Similar effects were shown after
injection of bone marrow derived nuclear cells incubated with 100 µM resveratrol into
hindlimb muscles of mice with HLI induced by femoral artery excision [115]. Thus, in
preclinical models, resveratrol has shown efficacy in improving ischemic pathology.

3.5. Organosulfur Compounds

Organosulfides refer to sulfur-containing organic compounds, which are classified
according to the sulfur-containing functional group. One of these compounds is allicin
(Figure 1G), the active flavor compound in chopped or crushed garlic [116]. After formation,
allicin is quickly converted into compounds including diallyl disulfide (DADS) (Figure 1H)
and diallyl trisulfide (DATS) (Figure 1I) [117]. Importantly, both DADS and DATS have
been shown to play a role in cellular detoxification and protection against oxidative stress,
and DATS is further known to be a source of hydrogen sulfide [118]. Thus, DATS has been
widely studied in the context of ischemia-reperfusion injury [119]. In a mouse model of
HLI induced by femoral artery ligation, injection of 500 µg/kg/day i.p. DATS for 10 days
improved blood flow recovery, capillary density, and NO bioavailability [120]. These
results were also duplicated in mice with concomitant HLI and streptozotocin-induced
diabetes [121].

Another promising organosulfur compound is sulforaphane (Figure 1J), a compound
found in cruciferous vegetables such as broccoli that is known to be a potent Nrf2 activa-
tor [122]. Importantly, sulforaphane has been shown to protect against ischemia-reperfusion
injury in preclinical models of cerebral [123], retinal [124], intestinal [125], myocardial [126],
and renal [127] ischemia. Sulforaphane has also recently been studied for its potential
impact on cardiac and skeletal muscle dysfunction associated with aging [128]. In older
mice (21–22 months old), feeding 442.5 mg/kg/day of sulforaphane for 12 weeks restored
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the age-associated loss in mitochondrial function, cardiac function, skeletal muscle satellite
cell activation and differentiation, and skeletal myofiber cross-sectional area [128]. These
changes were also accompanied by improved exercise performance, assessed as improved
running time and work until exhaustion during a treadmill test and improved isometric
grip strength [128]. Sulforaphane may also play a role in the attenuation of atherosclerosis.
In a streptozotocin-induced diabetic mouse model, feeding 0.5 mg/kg/day of sulforaphane
for 12 weeks prevented the diabetes-associated aortic fibrosis [129]. Likewise, in rabbits fed
a high cholesterol diet, supplementation of the diet with 0.25 mg/kg/day of sulforaphane
reduced fibrosis and edema in aortic tissue, normalized NO levels, and improved en-
dothelial function [129]. Although sulforaphane has not been specifically studied in the
context of HLI, studies from other in vivo models of similar pathophysiology suggest that
sulforaphane may be a promising therapeutic in the context of limb ischemia.

3.6. Carotenoids

Carotenoids are yellow, orange, or red pigments produced mainly by plants and algae.
Their general structure is characterized by a polyene hydrocarbon chain, consisting of
4 terpene units each containing 10 carbon atoms [130]. Carotenoids are further divided
into oxygenated (xanthophylls) and oxygen-free subclasses (carotenes). Carotenes include
α-carotene, β-carotene, and lycopene. Both α- and β-carotene are considered precursors
to Vitamin A (provitamin A) [130]. Interestingly, despite the antioxidant properties of
carotenes, two large cross-sectional studies (The Rotterdam study, N = 4367 and The
Edinburgh Artery Study, N = 1592) both showed no association between dietary intake of
β-carotene and risk of PAD or lower extremity blood flow [131,132]. Although no studies
have assessed the effectiveness of α- or β-carotene supplementation in preclinical or clinical
limb ischemia, lycopene (Figure 1K) has been studied in this context. In rats with HLI,
induced by clamping of the abdominal aortae, feeding 10 mg/kg/day for 15 days prior to
ischemic induction protected hindlimb skeletal muscles from atrophy and necrosis [133].
Lycopene has also been shown to protect against injury due to other forms of ischemia,
including myocardial [134] and cerebral [135] ischemia. However, it is important to note
that issues related to lycopene tissue bioavailability may limit its clinical utility [136,137].
The low bioactivity may explain the lack of effectiveness of lycopene consumption on
cardiovascular markers in humans [138]. Future studies should take into account factors
that may affect the absorption, bioavailability, and bioconversion of specific carotenoids.

3.7. Diarylheptanoids

Diarylheptanoids are a group of secondary metabolites of plants, consisting of two
aromatic rings connected by a seven carbon chain [139]. Curcuminoids are linear diarylhep-
tanoids, and the most widely studied is curcumin (Figure 1L), isolated from the turmeric
flowering plant of the ginger family. Curcumin has been studied in numerous laboratory
and clinical studies of several different diseases, including HLI models. In mice with
HLI induced by a double ligation of the femoral, great saphenous, and iliac circumflex
arteries with a suture, injection of 100 mg/kg i.p. of curcumin 1 h prior to ligation reduced
skeletal muscle fibrosis and enhanced muscle fiber density [140]. These effects also trans-
lated to enhanced running capacity during a treadmill test in curcumin-treated mice [140].
Curcumin has also been shown to elicit pro-angiogenic effects in HLI. In mice with HLI
induced by femoral artery ligation and excision, feeding 1000 mg/kg/day of curcumin for
2 weeks improved perfusion recovery and increased capillary density [141]. This was also
demonstrated in mice exposed to the same HLI conditions and concomitant streptozotocin-
induced diabetes [142]. However, despite these promising preclinical findings, curcumin’s
low bioavailability and limited tissue distribution limit its bioactivity and clinical effec-
tiveness [143]. This has led researchers to call curcumin “deceptive” and “a cautionary
tale” [144]. In fact, despite >120 clinical trials of curcumin in several different disease
conditions, no double-blinded, placebo controlled clinical trial has been successful [143].
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Thus, curcumin is likely not a viable approach for PAD treatment. Table 1 summarizes the
results of the preclinical studies discussed.

Table 1. Preclinical studies of phytochemicals in HLI models.

Compound Dosage and
Administration

Treatment
Schedule Species HLI Induction Results Reference

Quercetin

200 mg/kg/day
(orally)

1 week prior to
HLI Rat Tourniquet

Reduced lipid peroxidation
and increased antioxidant

enzyme activity
[83]

Glucosides:
100 mg/kg/day

(gavage)

2 weeks prior to
HLI and 2 weeks

following
Mouse Resection of femoral

and saphenous artery
Enhanced blood flow recovery,

increased capillary density [85]

185 mg/kg/day
(orally)

30 days,
beginning 5 days

after HLI
Mouse

2-stages: 1st stage:
ameroid constrictors

around femoral
artery; 2nd stage:

resection of femoral
artery

No effect on exercise
performance or limb

perfusion, but increased
plasma nitric oxide

metabolites

[84]

EGCG

25 or 50 mg/kg
(i.p. injection)

30 min prior to
reperfusion Rat Tourniquet (ischemia-

reperfusion)

50 mg/kg reduced total
oxidative status and increased

total antioxidant status of
skeletal muscle during acute

reperfusion (2 h); neither dose
affected oxidant/antioxidant

status long-term (24 h); no
effect on inflammatory

cytokines

[87]

Copper-EGCG
(2 µg)

(intramuscular
injection)

1, 3, and 5 days
after HLI Mouse Ligation and excision

of femoral artery

Increased angiogenic markers,
enhanced blood flow recovery,

reduced ischemic damage,
improved vessel volume

[91]

Zinc-EGCG
(0.682 µg)

(intra-muscular
injection)

1, 3, and 5 days
after HLI Mouse Ligation and excision

of femoral artery

Increased angiogenic markers,
enhanced blood flow recovery,

reduced ischemic damage,
improved vessel volume

[90]

Catechin 1–10 mg/kg/day
(orally)

5 days prior to
HLI Mouse Ligation of femoral

artery

Improved perfusion recovery
and increased capillary

density
[93]

Resveratrol

1 mg/kg/day
(orally)

8 weeks following
HLI Rat Tourniquet

Alleviated femoral artery
tissue damage, reduced lipid
peroxidation, and increased

antioxidant expression

[111]

10 mg/kg (i.p.
injection)

Immediately
prior to

reperfusion
Rat Tourniquet (ischemia-

reperfusion)

Improved skeletal muscle
histopathology, reduced lipid

peroxidation
[112]

20 mg/kg/day
(orally)

2 weeks prior to
HLI Rat Tourniquet (ischemia-

reperfusion)

Reduced markers of muscle
damage and oxidative stress

markers
[113]

2.5 mg/kg
(loading

subcutaneous
dose), followed

by
2.5 mg/kg/day

(orally)

4 weeks following
HLI Rabbit

Resection of femoral,
popliteal, and

saphenous arteries,
and ligation of

external iliac artery

Increased limb blood pressure
ratio, angiographic score, and

angiogenic markers
[114]

Intramuscular
injection of bone

marrow
mononuclear cells

incubated with
100 µM

resveratrol

Immediately
following HLI Mouse Ligation and excision

of femoral artery

Enhanced blood flow recovery,
increased capillary density

and angiogenic markers,
reduced ROS production

[115]
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Table 1. Cont.

Compound Dosage and
Administration

Treatment
Schedule Species HLI Induction Results Reference

DATS

500 µg/kg/day
(i.p. injection)

10 days following
HLI Mouse Ligation of femoral

artery

Enhanced blood flow recovery
and capillary density, reduced

oxidative stress
[120]

500 µg/kg/day
(i.p. injection)

2 weeks following
HLI Mouse Ligation of femoral

artery

Enhanced blood flow recovery
and capillary density,

increased angiogenic markers,
increased NO reduced

oxidative stress markers,
increased tissue nitric oxide

metabolites

[121]

Lycopene 10 mg/kg/day 15 days prior to
HLI Rat Tourniquet (ischemia-

reperfusion)

Reduced lipid peroxidation,
increased antioxidant levels,

improved skeletal muscle
histopathology

[133]

3.8. Phytochemical Bioavailability

One of the issues related to the clinical utility of phytochemicals is that of bioavail-
ability. While certain compounds can demonstrate promising results in vitro or in animal
models, these effects do not always translate to human studies [145]. Cell culture studies
only assess biological effects, without taking into account the important factors of digestion,
absorption, metabolism, and tissue distribution [146]. Moreover, animal studies often use
supra-physiological dosages of phytochemicals that are beyond what can be achieved
with normal human dietary intakes [147]. In addition, differences in animal and human
metabolism may also lead to differential results. For example, there are known variations
in the metabolites that result from the consumption of phenols between rodents and hu-
mans [148]. Importantly, many factors can influence bioavailability in vivo. One of the
most important determinants for a compound’s bioavailability is related to its chemical
structure. For example, according to Lipinski et al.’s ‘rule of 5′, compounds with more than
five hydrogen-bond donors, 10 hydrogen-bond acceptors, a molecular weight over 500 dal-
tons, and a common logarithm of the partition coefficient (logP, a measure of lipophilicity)
greater than 5, can be considered to have poor absorption [149]. Certain phytochemicals,
such as curcumin, fall into this category. Still, other compounds that would appear to
have better bioavailability can demonstrate high excretion rates, low stability in the gastric
environment, increased oxidation, rapid first-pass metabolism or high hepatic uptake,
extensive metabolism by the gut microbiome, or poor absorption across the intestinal
wall [150,151]. Finally, in addition to these factors, the amount of the compound that
accumulates at the target site (for example, in the arterial wall) is also another important
factor for consideration [152]. Taken together, these issues urge caution when interpreting
preclinical studies, and highlight the need for well-controlled human intervention trials to
corroborate findings from in vitro and animal models.

4. Clinical Research
4.1. Flavonoids

Flavonoid intake has been inversely associated with coronary heart disease in several
studies [153,154]. Total flavonoid intake is also associated with a lower risk of PAD hos-
pitalizations, atherosclerosis, and aneurysm, and a lower incidence of revascularizations,
endovascular surgery, and amputations [155]. Due to the high flavonoid content of cocoa
and dark chocolate, the effects of dietary consumption of cocoa and cocoa products on
human health has been widely researched. Three previous studies have tested cocoa in the
setting of PAD. In one of these studies, the primary outcome measure assessed was flow-
mediated dilation (FMD) [156]. In a randomized, controlled, cross-over design, 21 Stage II
PAD patients were randomized to either 50 g dark chocolate (70% cocoa content, 13.5 mg
catechin, and 45 mg epicatechin) or cocoa-free chocolate (control). FMD was measured
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at baseline and 2 h after ingestion. There were no significant changes in FMD in either
group after chocolate ingestion, and there was no difference in the change in FMD between
study arms [156]. The other two studies assessed walking performance as the primary
outcome measures following cocoa consumption. Specifically, the first study sought to
assess the acute effect of cocoa on walking ability [157]. Twenty Stage II PAD patients
received either 40 g dark chocolate (>85% cocoa) or 40 g milk chocolate (control, <35%
cocoa) in a randomized, controlled, cross-over design. The maximum walking distance
and maximum walking time until maximum claudication pain were assessed during a
treadmill test at baseline and 2 h after chocolate ingestion. Maximum walking distance
improved significantly (p < 0.001) by 11.5 m (+11%) and maximum walking time increased
(p < 0.001) by 20 s (+15%) following dark chocolate ingestion, but not after milk chocolate
ingestion [157]. Additionally, in contrast to the previous study demonstrating no acute
change in FMD, in this study FMD was shown to increase significantly after dark chocolate
compared to control.

Recently, the results of the COCOA-PAD phase 2 randomized clinical trial were also
published [158]. In this study, 44 PAD patients were randomized to either a cocoa beverage
containing 15 g of cocoa (75 mg epicatechin) or a placebo beverage daily for 6 months. The
primary outcome measures assessed were the change in the maximum walking distance
during a 6-min walk test, measured 2.5 h and 24 h after beverage consumption at the
6-month follow-up. At the end of the study, compared with placebo, the 6-min walk
distance significantly improved in the cocoa-treated group by 42.6 m at 2.5 h. The 6-min
walk distance also increased by 18 m at 24 h [158]. However, there was no significant
effect of cocoa on FMD [158]. Notably, increases of 18 m and 42.6 m are both considered
meaningful changes in walking performance. However, the data regarding the effect
of cocoa flavonoids on FMD are less consistent. For example, although Loffredo et al.
demonstrated an increase in FMD following acute dark chocolate consumption [157],
Hammer et al. showed no change [156]. One possible explanation may be the higher
cocoa content in Loffredo et al.’s study (>85%) compared to Hammer et al.’s study (70%).
However, another potential explanation is the lower baseline FMD in Loffredo et al.’s study
(2.3%) compared to Hammer et al.’s study (5.1%). Notably, in McDermott et al.’s study,
6 months of cocoa also did not affect FMD, and the mean baseline FMD was 6.47% [158].
Therefore, dark chocolate/cocoa may improve PAD patients’ FMD only when baseline
FMD is low (<3%). Overall, the results of these studies suggest a possible therapeutic effect
of cocoa flavonoids on walking performance in PAD patients. Future studies in larger
samples should be conducted to definitively determine the effect of cocoa flavonoids on
endothelial function and walking performance in PAD patients.

4.2. Nitrogen-Containing Compounds

In recent years, there has been a specific interest in studying the potential health effects
of beetroot. In fact, beetroot has been recommended as an adjunct treatment that may
improve clinical outcomes in cardiovascular disease management [159]. Two previous
studies have investigated the use of beetroot in the setting of PAD. The first study was
a randomized, cross-over study in which 8 Stage II PAD patients consumed 500 mL of
beetroot juice or placebo [160]. The primary outcome measures assessed were claudication
onset time and peak walking time during a Gardner treadmill test performed 3 h after
beverage consumption. Participants walked for 32 s (18%) longer before the onset of
claudication following beetroot juice consumption, which was a significant difference
compared to placebo. Peak walking time also increased by 65 s (17%) after beetroot
juice compared to placebo. [160]. The NO-PAD trial was an extension of this previous
preliminary study [161]. In a randomized, per-protocol study design, 24 Stage II PAD
patients were assigned to a 36-session (12 week) exercise rehabilitation program along with
an oral inorganic nitrate beverage (4.2 mmol beetroot juice), or the exercise program and a
placebo. The exercise program consisted of supervised treadmill training for 30 min three
times per week. The beetroot juice or placebo were consumed 3 h before training [161].
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The primary outcome measures were claudication onset time during a maximal treadmill
test and 6-min walk distance. Although the claudication onset time improved for both
groups after 12 weeks, the increase was statistically significant in only the exercise +
beetroot juice group, resulting in a medium-large effect size of 0.62 [162]. Similarly, the
6-min walk distance improved in both groups, but the increase was only statistically
significant in the exercise + beetroot juice group, resulting in an effect size of 0.43 [162].
Notably, a combination of beetroot and exercise improved claudication onset time by
121.1 s (more than one full stage of the graded treadmill test), which was an increase of
200% compared to exercise alone [162]. The increase of over 2 min can be considered
a moderate minimal clinically important difference. Thus, based on these pilot studies,
beetroot may be a viable treatment option for improving functional performance in PAD
patients, especially in combination with exercise. Future study should be conducted in
a larger sample to confirm whether beetroot therapy may provide clinically meaningful
changes in functional performance.

4.3. Stilbenes

Despite many promising preclinical studies, there is little evidence of health benefits
of resveratrol in humans due to the poor bioavailability of the compound [163]. Still, some
clinical studies have shown some cardioprotective effects of resveratrol, such as improved
endothelial function, ventricular and diastolic function, and improved blood lipids [164].
Resveratrol was also studied for its potential impact on walking performance in PAD
patients during the RESTORE randomized clinical trial [165]. In this study, 66 patients
were randomized to receive 125 mg/day resveratrol, 500 mg/day resveratrol, or placebo
for 6 months. The maximum walking time during a 6-min walking test increased only
in the group receiving 125 mg/day by 4.6 ± 8.1 m, which was a statistically significant
difference based on the defined level of statistical significance (although not considered to
be a clinically meaningful improvement). Further, there was no change in the maximum
walking time during a treadmill test in either group [165]. Thus, there seems to be no
consistent evidence that resveratrol improves walking performance in PAD patients to a
clinically relevant extent.

4.4. Organosulfur Compounds

Organosulfur compounds, including garlic-derived allicin/DATS, as well as isoth-
iocyanates such as sulforaphane, have been studied in a variety of conditions ranging
from autism to metabolic disease and diabetes. However, these compounds have not been
well studied in PAD patients. Only one early randomized clinical trial in 80 Stage II PAD
patients investigated the effect of garlic powder (800 mg diallyl dose) in combination with
a physical therapy training program for 12 weeks on walking performance, compared with
the training program and a placebo [166]. Although pain-free walking distance during a
treadmill test increased in both groups (physical therapy + garlic: 46 m [28.5%] increase,
physical therapy + placebo: 31 m [18.1%] increase), the improvement was significantly
greater in the group receiving the garlic powder along with the physical therapy train-
ing [166]. The increase of walking distance of 46 m following physical therapy + garlic
is considered a clinically meaningful change. Additionally, even the difference in the im-
provement in walking performance between the patients randomized to physical therapy
+ garlic compared to physical therapy + placebo of 15 m is a meaningful difference [166].
Table 2 summarizes the results of the discussed clinical trials.
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Table 2. Clinical studies of phytochemicals in PAD patients.

Study (Ref.) Compound Dosage Sample
Size Study Type Intervention/

Intervention Length
Outcome

Measure(s)
Difference or Change in Outcome

Measure(s) p-Value

Kenjale et al.,
2011 (160)

treatment:
beetroot juice

placebo: orange
juice

Nitrate content:
18,181 µmol/L N = 8

randomized
control

cross-over trial
3 h (acute)

treadmill:
claudication onset
time, peak walking

time; flow-mediated
dilation

treadmill claudication onset time:
placebo: 183 ± 84 s; beetroot:

215 ± 99 s
treadmill peak walking time:
placebo: 467 ± 223 s; beetroot:

533 ± 233 s

treadmill claudication onset time:
p < 0.01 *

treadmill peak walking time:
p < 0.05 *

Woessner
et al., 2018

(162)

Treatment:
beetroot juice

Placebo:
nitrate-depleted
identical drink

Nitrate content:
4.2 mmol N = 24 randomized

controlled trial

exercise (3×/wk) +
daily beverage,

12 weeks

treadmill:
claudication onset

time; 6-min walking
test: 6-min walking

distance

treadmill claudication onset time:
change in exercise + placebo group:
59.2 ± 57.3 s; change in exercise +

beetroot group: 180.3 ± 46.6 s
6-min walking distance:

change in exercise + placebo group:
24.6 ± 12.1 m; change in exercise +

beetroot group: 53.4 ± 19.6 m

treadmill claudication onset time:
p < 0.05 *

6-min walking distance: p < 0.05 *

Loffredo
et al., 2014

(157)

Treatment:
Cocoa

Placebo: Milk
chocolate

40 g dark
chocolate

(>85% cocoa)
N = 20

randomized
control

cross-over trial
2 h (acute)

treadmill: maximum
walking distance,

maximum walking
time; flow-mediated

dilation

treadmill maximum walking distance:
placebo: 109.1 ± 65.1 m; Cocoa:

122.2 ± 61.5
treadmill maximum walking time:

placebo: 125.4 ± 64.1 s; Cocoa:
142.2 ± 62.0 s

flow-mediated dilation:
placebo: 3.6 ± 3.2%; Cocoa:

6.3 ± 2.7%

treadmill maximum walking distance:
p = 0.01 *

treadmill maximum walking time:
p = 0.006 *

flow-mediated dilation: p = 0.003 *

Hammer
et al., 2015

(156)

Treatment:
Cocoa

Placebo: Milk
chocolate

50 g dark
chocolate (70%
cocoa content)

N = 21
randomized

control
cross-over trial

2 h (acute) flow-mediated
dilation

flow-mediated dilation:
change in placebo group: −2.0%;

change in Cocoa group: 0.4%
flow-mediated dilation: p = 0.18

McDermott
et al., 2020

(158)

Treatment:
Cocoa

Placebo:
Identical,
cocoa-free
beverage

15 g cocoa
(75 mg

epicatechin)
N = 44 randomized

control trial
Daily beverage,

6 months

6-min walking test:
6-min walking

distance 2.5 h, 6-min
walking distance 24

h,
treadmill: pain-free

walking time,
maximum walking

time; flow-mediated
dilation 2.5 h;

flow-mediated
dilation 24 h

6-min walking distance 2.5 h:
change in placebo group: from

337.3 ± 85.2 m to 322.0 ± 96.4 m;
change in Cocoa group: from

348.6 ± 74.2 m to 356.6 ± 64.0 m
6-min walking distance 24 h:

change in placebo group: from
329.1 ± 90.4 m to 335.4 ± 92.5 m;

change in Cocoa group: from
347.7 ± 74.3 m to 353.0 ± 76.9 m

6-min walking distance 2.5 h:
p = 0.005 *

6-min walking distance 24 h: p = 0.12
flow-mediated dilation: 2.5 h:

p = 0.84; 24 h: p = 0.30
treadmill pain-free walking time:

p = 0.68
treadmill maximum walking time:

p = 0.62
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Table 2. Cont.

Study (Ref.) Compound Dosage Sample
Size Study Type Intervention/

Intervention Length
Outcome

Measure(s)
Difference or Change in Outcome

Measure(s) p-Value

Kieswetter
et al., 1993

(166)

Treatment:
Garlic

Placebo: coated
cellulose tablets

Garlic coated
tablets (800 mg) N = 80 randomized

control trial

physical therapy
(2×/wk) + daily

supplement,
12 weeks

treadmill: pain-free
walking distance

treadmill pain-free walking distance:
change in placebo group:

172 ± 60.9 m to 203.1 ± 72.8 m
change in Garlic group: from
161 ± 65.1 m to 207.1 ± 85 m

treadmill pain-free walking distance:
p < 0.038 *

McDermott
et al., 2017

(165)

Treatment:
Resveratrol

Placebo: Placebo
pill

125 mg/day or
500 mg/day N = 66 randomized

control trial
Daily supplement,

6 months

6-min walking test:
6-min walking

distance; treadmill:
maximum walking

time

6-min walking distance:
change in placebo group:

−12.3 ± 7.9 m; change in 125 mg
group: 4.6 ± 8.1 m; change in 500 mg

group: −12.8 ± 7.5 m
treadmill maximum walking time:

change in placebo group:
0.4 ± 2.1 min; change in 125 mg
group: 0.5 ± 2.3 min; change in
500 mg group: −0.6 ± 2.1 min

6-min walking distance: 125 mg vs.
placebo: p = 0.07 *; 500 mg vs.

placebo: p = 0.96
treadmill maximum walking time:

125 mg vs. placebo: p = 0.18; 500 mg
vs. placebo: p = 0.12

Note: * indicates significant difference, as defined by study.
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Although sulforaphane has not been specifically tested in PAD patients, clinical trials
from other conditions have shown improvements in atherosclerosis-related biomarkers
following supplementation. Specifically, two independent randomized controlled trials
(N = 130) reported that consumption of high sulforaphane-content broccoli (400 g broccoli,
containing 24.83 µmol/g glucoraphanin, the glucosinolate of sulforaphane) for 12 weeks
reduced plasma LDL-C [167]. Likewise, in 40 overweight participants, consumption of
30 g/day of sulforaphane-containing broccoli sprouts (51.08 mg glucoraphanin) reduced
the inflammatory markers interleukin-6 and C-reactive protein [168]. Additionally, one
of the most promising applications of sulforaphane to date has been in the treatment of
type 2 diabetes. An earlier 4-week randomized controlled trial (N = 63) administering
112.5 or 225 µmol/d sulforaphane to patients with diabetes showed significant reductions
in oxidative stress markers and oxidized LDL [169]. This was followed by other random-
ized controlled trials (N = 72) that demonstrated that the same protocol of sulforaphane
administration reduced serum triglycerides and the atherogenic index of plasma [170],
and decreased serum insulin concentration and improved insulin resistance [171]. Most
recently, a 12-week study administering 150 µmol sulforaphane/day in 103 obese patients
with type 2 diabetes showed that sulforaphane improved fasting glucose and glycated
hemoglobin [172]. One of the aspects related to potential organosulfur compound benefits
may be the comparatively high bioavailability. For example, in contrast to a number of
molecules with low bioavailability (i.e., quercetin, ECGC, lycopene, and curcumin), sul-
foraphane exhibits a high bioavailability (80% compared to 4% for quercetin and 1% for
curcumin) [173,174]. Thus, based on these promising findings, future studies should assess
the clinical relevance of these organosulfur compounds in the treatment of PAD.

4.5. Dietary Interventions

In addition to testing individual phytochemicals, the Prevención con Dieta Mediterránea
(PREDIMED) randomized trial assessed the effect of three different dietary interventions:
a Mediterranean diet supplemented with olive oil, a Mediterranean diet supplemented
with nuts, or a control low-fat diet [175,176]. At baseline, participants (N = 7447) aged
55 to 80 years had no clinical PAD or cardiovascular disease. In an exploratory analysis,
both Mediterranean diet interventions were associated with a reduced PAD risk compared
to the control diet at 5-year follow-up [177]. Furthermore, the reduction in PAD risk
was greater in the group randomized to the Mediterranean diet supplemented with olive
oil (hazard ratio of 0.34) compared to the Mediterranean diet supplemented with nuts
(hazard ratio of 0.50), although there was no statistically significant difference between
the two groups [177]. These results provide evidence for a relationship between diet and
incident PAD. Consumption of a wide range of phytochemicals and antioxidants from
fruits, vegetables, nuts, and olive oil may be beneficial for the prevention of PAD.

5. Conclusions

Phytochemicals have long been studied for their antioxidant activities, both as direct
scavengers of ROS as well as by inhibition of pro-oxidant enzymes and upregulation of
antioxidant enzymes [178]. More recently, phytochemicals have also been studied for the
potential to counter endothelial dysfunction by increasing NO bioavailability [178]. While
a large body of research has developed surrounding the cardioprotective effects of different
phytochemicals, fewer studies are available in the context of PAD. The functional impair-
ment characteristic of PAD is associated with increased oxidative stress and endothelial
dysfunction [42]; thus, treatments targeting these mechanisms may be helpful in improving
patients’ walking performance. Despite the promising findings of a number of preclinical
studies using several phytochemical compounds, clinical trials in patients have been less
successful. The poor bioavailability exhibited by several of the molecules discussed in the
preclinical section may be the reason for significant laboratory potential but limited clinical
usefulness. However, from the studies included in this review, it appears that beetroot and
cocoa may be promising phytochemicals for improving functional status in PAD patients,
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with two studies for each compound demonstrating some degree of clinically significant
improvements in walking performance. Since the compounds likely act via both shared
and distinct mechanisms, it would be interesting to assess the utility of a combined beetroot
+ cocoa intervention. Furthermore, based on the findings of a number of preclinical studies
as well as clinical trials in other diseases, organosulfur compounds may be promising
therapeutic approaches for PAD treatment as well. Future studies should test sulforaphane
as a potentially clinically relevant nutraceutical in the treatment of PAD. Additionally, none
of the human studies assessed the effects on inflammatory molecules; since phytochemicals
may have anti-inflammatory effects, future studies should also include inflammation mark-
ers as outcome measures. Another important point to consider is the potential long-term
beneficial effects of these compounds, as the longest trial included in this review was only
6 months. Since data suggest a lack of durable PAD treatments [61], future studies should
consider whether beneficial effects of phytochemicals can be sustained in the long-term.
Finally, aside from the specific actions of certain phytochemicals, due to the broad health
benefits of fruits and vegetables, consumption of a wide variety of fruits and vegetables
(i.e., Mediterranean diet) should be recommended and encouraged for PAD patients.
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