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Peripheral artery disease (PAD) affects more than 230 million people worldwide. PAD patients suffer from reduced
quality of life and are at increased risk of vascular complications and all-cause mortality. Despite its prevalence,
impact on quality of life and poor long-term clinical outcomes, PAD remains underdiagnosed and undertreated
compared to myocardial infarction and stroke. PAD is due to a combination of macrovascular atherosclerosis and
calcification, combined with microvascular rarefaction, leading to chronic peripheral ischemia. Novel therapies are
needed to address the increasing incidence of PAD and its difficult long-term pharmacological and surgical

management.

peripheral artery disease PAD intimal hyperplasia

| 1. Introduction

Peripheral artery disease (PAD), defined as “all arterial diseases other than coronary arteries and aorta”, affects
more than 230 million people worldwide L2,

PAD is primarily due to the development of atherosclerotic plaques, leading to progressive narrowing of the vessel
lumen. Limb symptoms include leg pain, cramps, fatigue, and muscle weakness during physical activity. At rest,
blood flow remains sufficient to meet basal oxygen requirements and patients are free of symptoms. However,
during exercise, the increased oxygen supply to the lower limb is impaired, leading to moderate ischemia, which
the patient experiences as cramping pain. The patient usually stops walking until the pain subsides. Alternating
cycles of walking and resting, known as intermittent claudication (IC), is the cardinal clinical manifestation of PAD
Bl patients with IC have a reduced walking distance, leading to an inability to perform daily activities and a
reduced quality of life WEIB! However, IC may be present in only 10-35% of patients, whereas 40-50% of PAD
patients have a wide range of atypical leg symptoms, and 20-50% of patients are asymptomatic “IEI8l The
femoral and popliteal arteries are the most common sites of atherosclerotic disease in patients with PAD.

Approximately 80-90% of patients with symptomatic PAD have some combination of femoropopliteal occlusive
disease MBI,

In late-stage PAD, ischemia worsens as the arteries become completely occluded, leading to chronic limb-
threatening ischemia (CLTI). CLTI is characterized by resting muscle pain, ulceration, and gangrene, and a
significant reduction in quality of life. In addition, PAD and CLTI patients are at increased risk of developing
vascular occlusive disease and all-cause mortality, as atherosclerosis usually develops throughout the vasculature.

Notably, the 1-year incidence of all major cardiovascular events is 30% higher in patients with PAD than in those
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with coronary or cerebral artery disease [&l. Without surgical revascularization, 25% of CLTI patients die within one
year of initial diagnosis and 40% of CLTI patients undergo limb amputation within three years RI19. Venous bypass
surgery and endovascular approaches such as angioplasty with or without stenting and endarterectomy are the
main treatment for CLTI. The disease presentation and the patient’s general health and comorbidities determine

the choice between open surgery and endovascular approaches.

Acute limb ischemia (ALI) is another severe manifestation of PAD, defined by sudden, severe hypoperfusion of the
limb, usually due to thromboembolism. Symptoms may include pain, pallor, pulselessness, poikilothermia,
paresthesias and paralysis, with loss of sensation and motor function in severe cases. Although ALI can occur in
the absence of significant peripheral atherosclerosis due to distant plaque rupture, it is common in the setting of
PAD.

| 2. Current Management of PAD and CLTI

The main risk factors for the development of PAD are age, smoking, and diabetes. Hyperlipidemia and
hypertension are also risk factors for PAD, although the predictive value of these parameters does not appear to be
as strong as for the primary risk factors. The presentation of PAD varies considerably and includes four categories:
asymptomatic, claudication, critical limb ischemia, and ALI. PAD patients are classified according to the Fontaine or

Rutherford classification systems.

e Fontaine

o Stage I—No symptoms

» Stage ll—Intermittent claudication subdivided into:

» Stage lla—Without pain on resting, but with claudication at a distance of greater than 650 feet (200 m)
« Stage llb—Without pain on resting, but with a claudication distance of less than 650 feet (200 m)
» Stage lll—Nocturnal and/or resting pain

» Stage IV—Necrosis (death of tissue) and/or gangrene in the limb

e Rutherford

» Stage 0—Asymptomatic

» Stage 1—Mild claudication

» Stage 2—Moderate claudication
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Stage 3—Severe claudication

Stage 4—Rest pain

Stage 5—Minor tissue loss with ischemic nonhealing ulcer or focal gangrene with diffuse pedal ischemia

Stage 6—Major tissue loss—Extending above transmetatarsal level, functional foot no longer salvageable

Asymptomatic PAD patients with evidence of atherosclerosis who do not have typical claudication symptoms
(Fontaine | or Rutherford 0) are offered risk reduction strategies to decrease cardiovascular risk factors depending
on symptom severity, lipid levels, and the presence of comorbidities such as diabetes, smoking and hypertension.
Thus, current guidelines for the management of PAD are preventive strategies such as diet and lifestyle
modification, including supervised exercise, smoking cessation and pharmacotherapy tailored to individual risk
factors WBILLA2NL3IIA] Al patients with PAD should receive statin medication. Antihypertensive therapy should be
administered to hypertensive patients to reduce the risk of myocardial infarction (Ml), stroke, heart failure, and
cardiovascular death. Antiplatelet therapy with aspirin or clopidogrel alone may be considered in asymptomatic
patients, and should always be administered to symptomatic PAD patients. After assessment of bleeding risk,
further anti-coagulant therapies (Rivaroxaban) may be considered for symptomatic PAD patients as they

significantly reduce the risk of stroke, myocardial infarction, and AL| IZH12][15][16]

For patients with lifestyle-limiting claudication or CLTI (Fontaine llb—IV; Rutherford 4-6), who are poor responders
to medical and/or exercise therapy, surgical revascularization remains the only option when possible. Venous
bypass surgery and endovascular approaches such as angioplasty, stenting and atherectomy are the main
methods. The choice between open surgery and endovascular approaches depends on the presentation of the
disease and the patient’'s general health and comorbidities. Whenever possible, autogenous vein is the conduit of
choice for open revascularization so that bypass surgery is limited to patients with “good” veins L7 All patients
with CLTI should be given antithrombotic and lipid-lowering therapies, as well as counseling on smoking cessation,
diet, exercise, and preventive foot care. Additional antihypertensive, and glycemic control therapies should be

given appropriately LELL2],

Without surgical revascularization, 25% of CLTI patients die within one year of initial diagnosis and 40% of CLTI
patients undergo limb amputation within three years B9 Up to 25% of CLTI patients are ineligible for
revascularization and amputation is often the only option X8, When possible, surgery may be suboptimal for
symptom relief, and 20% of PAD patients have “failed revascularization”. Furthermore, PAD patients, especially
those with CLTI, carry a high risk of post-op complications, including ALI, often leading to limb loss, disability, and
death 12129 Even if the procedure is technically successful, residual microvascular disease remains and the

outcomes after amputation stay poor 22129,

| 3. Etiology of PAD
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Atherosclerosis in lower limb arteries is the main cause of PAD 21, but emerging evidence suggests that medial
calcification also contributes to the disease, especially in lower limb PAD. Microvascular disease is also emerging

as a potential contributor to the progression of PAD and a clinically relevant sign of PAD severity.

3.1. Atherosclerosis

Atherosclerosis is a chronic inflammatory disease characterized by the accumulation of fatty cholesterol streaks in
arterial trees. Several pathophysiological processes are involved in this disease, including endothelial cell (EC)
dysfunction, inflammation, lipid accumulation, and vascular smooth muscle cell (VSMC) proliferation and migration

(reviewed in detail in [22)),

The disease is initiated by EC dysfunction. Located at the interface between the blood and the vessel wall, EC
maintain a non-thrombogenic surface. In arteries, high shear stress and laminar blood flow maintain EC function
and secretion of anti-thrombotic and vasodilator agents, mainly nitric oxide (NO) and prostacyclins 23], Disturbed
arterial flow patterns observed at bifurcations and curved sections of arteries create regions of low shear stress
that induce EC dysfunction or “endothelial activation”. These weak points in the vasculature are the sites of primary
occlusion by atherosclerotic plagues. Endothelial dysfunction or injury results in reduced production of NO and
hydrogen sulfide (H,S), two gasotransmitters that maintain healthy vascular function. Impaired EC function
promotes vasoconstriction, platelet aggregation and the accumulation of oxidized low-density lipoproteins (LDL) in
the vessel wall. Monocytes attracted to the inflamed vessel wall differentiate into macrophages, which engulf large
amounts of LDL particles and become foam cells to form the fatty streaks typical of early atherosclerotic lesions.
Foam cells undergo apoptosis and form a lipid core within the vessel wall, exacerbating inflammation. The VSMC
composing the media layer of vessels are highly plastic. Upon chronic inflammation, VSMC switch to a “synthetic”
phenotype, characterized by a loss of contractile markers. Recent lineage-tracing studies revealed that VSMC
dedifferentiate into intermediate multipotent cell type, often referred to as mesenchymal stem cells (MSC). These
cells may give rise to adipocytes, myofibroblasts, macrophage-like cells and fibro/osteochondrogenic cells 241231[26]
(271, Of note, VSMC-derived macrophages perform nonprofessional phagocytosis and contribute to the population
of foam cells in atherosclerotic plaques 2829 Altogether, proliferating immune cells and reprogrammed VSMC

promote matrix remodeling and the development of a fibrous cap overlying the lipid core.

Overall, atherosclerosis is driven by dyslipidemia and vascular chronic inflammation 27%  Macrophages are the
primary immune cells involved in atherosclerosis, but over the years evidence has accumulated of a coordinated
inflammatory immune response involving T- and B-lymphocytes in the progression of atherosclerotic plaques [, It
should also be noted that all the cell types found in atheromatous plaques can secrete pro-inflammatory cytokines,
such as interleukin-1 (IL-1) and tumor necrosis factors alpha (TNFa) and chemokine monocyte chemoattractant
protein-1 (MCP-1/CCL2). Activated T-helper 1 (Th1) lymphocytes produce interferon gamma (IFNy), which
promotes phagocytosis and formation of foam cells. B2 lymphocytes also secrete mediators that can aggravate
atherogenesis. In contrast, other immune cells including M2 macrophages, B1 lymphocytes and Th2 lymphocytes

can produce anti-inflammatory mediators to alleviate inflammation 439, |n addition, activated EC secrete lipid-
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derived pro-inflammatory molecules called eicosanoids, including prostaglandins, leukotrienes, and thromboxanes,

which also play a major role in the pathophysiology of atherosclerosis E122],

Despite decades of research and although dyslipidemia and inflammation are known to be the major
pathophysiological features leading to atherosclerosis, the exact pathways and mechanisms remain to be

elucidated.

3.2. Vascular Medial Calcification

PAD is commonly described as an atherosclerotic disease. However, for lower limb artery disease, recent clinical
data suggest that researchers underestimated the role of medial arterial calcification in PAD (recently reviewed in
detail in [B8l34) Thus, the etiology of PAD, particularly in the arteries below the knee, may differ from that of the

coronary and femoral arteries.

Two types of vascular calcification exist, intimal calcification (VIC) and medial calcification (VMC), also referred to
as medial arterial calcification (MAC) 2234, vIC is a common feature of advanced atherosclerotic lesions and a
risk factor for rupture. In contrast, VMC/MAC develops independently of atherosclerosis, but is a common feature
of arterial disease associated with aging 2. It is found in up to 40% of patients with advanced chronic kidney
disease [B8IETIB8IB9 and histological studies show that up to 70% of occluded arteries below the knee feature VMC
and intimal thickening, but no atherosclerotis 2%, In their recent study, Jadidi et al. used machine learning to
identify age, creatinine, body mass index, coronary artery disease and hypertension as the strongest predictors of
calcification. They further confirmed that distal vessel segments (iliofemoral vs. aortic) calcify first. In this study of

an American cohort, they estimated that up to 80% of people had VMC by the age of 40 33,

VMC is characterized by the accumulation of calcium (Ca?*) phosphate and the formation of hydroxyapatite
crystals, leading to hardening of the medial layer BZ. It is particularly prevalent in patients with chronic kidney
disease, especially diabetic patients, due to impaired phosphate homeostasis 43839 Different stages/severities
of arterial calcification have been described by histopathologists, ranging from punctate to nodular calcification, and

finally bone formation 33,

VIC in atherosclerosis lesion is well characterized. It is due to ectopic vascular osteogenesis via phenotypic
reprogramming of contractile medial VSMC into synthetic mesenchymal VSMC, which then differentiate into
osteochondrogenic VSMC, leading to bone formation B4, VMC in lower limb arteries has not been so well studied.
The presence of osteogenesis vs. hydroxyapatite deposition and their respective contribution to VMC in PAD and
CLTI patients remain unknown, and may differ depending on the vascular bed BZI38139 \vMC increases the risk of
complications during vascular interventions and worsens their outcomes [B3IB441  Fyrther work is required to
define the process underlying medial calcification in the absence of atherosclerosis, evaluate its impact on PAD

and CLTI, and eventually target it for treatment.

3.3. Microvascular Dysfunction
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PAD is usually recognized as a macrovascular disease. However, several recent studies indicate that artery
occlusion in PAD is often accompanied by microvascular disease. Microvascular dysfunction (MVD) refers to the
impairment of capillary function and number. Usually, peripheral microvascular endothelial function is evaluated
using laser speckle contrast imaging, which allows assessment of cutaneous microcirculation. The incidence of
MVD is particularly high in diabetic patients. Thus, 20 to 30% of PAD patients, and up to 70% of CLTI patients have
diabetes 19, Of note, diabetic patients have a five-fold increased risk of developing CLTI, and diabetic CLTI
patients have up to five-fold more incidence of adverse outcomes and amputations RI1942 Gjven the strong
association between diabetes complications and MVD, clinical studies also tend to define MVD as the presence of
nephropathy, retinopathy, or neuropathy. Clinical studies revealed a strong association between MVD and risk of
heart failure in diabetic patients, independent of traditional heart failure risk factors including coronary artery
disease 431441451 MVD is also a common phenomenon in PAD patients, which feature impaired cutaneous
microcirculation throughout the progression of PAD, often leading to reduced capillary density in CLTI patients. In
PAD patients, MVD can contribute to the progression of the disease and the development of complications such as
ischemic pain, tissue hypoxia, and impaired wound healing 29, A recent study also found a positive correlation
between microvascular endothelial function and impaired cognitive performance in PAD patients 481, MVD can also
worsen the outcome of surgical procedures as it reduces the ability of the blood vessels to respond to the

increased blood flow after revascularization, which impairs healing, leading to a higher risk of complications.

Additionally, recent studies suggest that MVD may be used to assess PAD severity. In a recent meta-analysis, the
Chronic Kidney Disease Prognosis discovered that albuminuria, a marker of nephropathy, strongly correlates with
the incidence of amputation 4. This study advocates that even at mild-to-moderate stages, chronic kidney disease
and MVD may be a major risk factor for PAD. In a similar study, a stronger association was found between

retinopathy and the incidence of PAD/CLTI, than between coronary heart disease or stroke and PAD/CLT] 48,

Mechanistically, MVD is not due to the formation of atherosclerosis plaque and/or occlusion of vessels. MVD is due
to EC apoptosis and progressive loss of capillaries, which plays a major role in the development and progression of
diabetic complications (diabetic retinopathy, nephropathy, and neuropathy). Patients with familial

hypercholesterolemia also feature impaired endothelial-dependent vasodilatation 42!,

Overall, MVD contributes to PAD, but is seldom considered in diagnostic and therapeutic approaches. There is
currently no specific therapy for MVD. However, the good news is that current PAD therapeutic strategies focused
on optimizing risk factors (management of diabetes, and hypercholesterolemia), and lifestyle modifications
(physical exercise, smoking cessation, and weight loss), improve vascular fitness, including microvascular function.
For instance, several clinical studies demonstrated that exercise promotes microvascular function in disease states
(BOI1I521531541 - Although solid evidence is still lacking, statins may also provide benefits to endothelial function and
against MVD [B3I58]  pre-clinical studies also showed that anti-diabetic therapies, metformin especially, may
preserve/restore endothelium function [BZEEISA60  ynderstanding the mechanisms underlying MVD in PAD
patients and finding new treatments and therapeutics targeting MVD specifically may help reduce symptoms and

improve quality of life.
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Overall, PAD is due to a combination of macrovascular atherosclerosis and calcification, associated with a
rarefying microvasculature, leading to impaired vascular function and a complex inter-individual response to

treatment and revascularization interventions.

3.4. Intimal Hyperplasia: The Unmet Challenge of Post-Operative PAD Management

Bypass surgery and endovascular revascularization, which includes angioplasty, stenting and atherectomy, are
recommended for patients with lifestyle-limiting claudication who do not respond to medical and/or exercise
therapy. Unfortunately, the vascular trauma associated with surgical revascularization eventually leads to
secondary occlusion of the injured vessel, a process called restenosis. For open surgical procedures such as
bypass and endarterectomy, the rate of restenosis at 1-year ranges from 20 to 30% [ For endovascular
approaches, the rate of re-occlusion after balloon angioplasty and stenting ranges from 30 to 60% depending on
the location 82, Restenosis has various causes, such as secondary growth of atherosclerotic lesions or inward
remodeling. However, the most common cause is intimal hyperplasia (IH). IH is a well-known complication of all
types of vascular surgery. The progressive growth of a neointimal layer causes both an outward and inward
remodeling of the vessel wall, resulting in luminal narrowing and ultimately impaired perfusion of downstream

organs.

IH begins as a physiological healing response to injury to the blood vessel wall 83164l | jke atherosclerosis, IH is
initiated by EC injury, which promotes vasoconstriction, platelet aggregation and recruitment/activation of resident
and circulating inflammatory cells. Inflammation leads to the reprogramming of VSMC and fibroblasts into
proliferating and migrating cells that form a neointimal layer between the intima and the internal elastic lamina. This
new layer is mainly composed of VSMC-derived cells expressing various markers of mesenchymal (stemness) or

osteochondrogenic phenotype and secreting abundant ECM [641(65(66]

All current strategies to limit IH, such as paclitaxel and sirolimus, target cell proliferation. Paclitaxel is a
chemotherapeutic agent that stabilizes microtubules, thereby preventing mitosis 7. Sirolimus inhibits the
mammalian target of rapamycin (MTOR), a master regulator of cell growth and metabolism €2, However, targeting
cell proliferation to reduce IH also impairs re-endothelialization. Endothelial repair is critical to limit inflammation,

remodeling and IH. Poor endothelial repair also prolongs the need for antithrombotic therapy.

The increasing number of PAD and CLTI patients in need of surgical vascular repair, combined with difficult long-
term pharmacological and surgical management, calls for novel therapies to promote endothelial repair while
inhibiting VSMC phenotypic switch, fibrosis, and VMC. The gaseous vasodilator molecule H,S has interesting

properties in this respect.

References

https://encyclopedia.pub/entry/45444 7/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

10.

11.

. Aboyans, V.; Ricco, J.B.; Bartelink, M.E.L.; Bjorck, M.; Brodmann, M.; Cohnert, T.; Collet, J.P.;

Czerny, M.; De Carlo, M.; Debus, S.; et al. 2017 ESC Guidelines on the Diagnosis and Treatment
of Peripheral Arterial Diseases, in collaboration with the European Society for Vascular Surgery
(ESVS): Document covering atherosclerotic disease of extracranial carotid and vertebral,
mesenteric, renal, upper and lower extremity arteriesEndorsed by: The European Stroke
Organization (ESO)The Task Force for the Diagnosis and Treatment of Peripheral Arterial
Diseases of the European Society of Cardiology (ESC) and of the European Society for Vascular
Surgery (ESVS). Eur. Heart J. 2018, 39, 763-816.

. Aday, A.W.; Matsushita, K. Epidemiology of Peripheral Artery Disease and Polyvascular Disease.

Circ. Res. 2021, 128, 1818-1832.

. Hamburg, N.M.; Creager, M.A. Pathophysiology of Intermittent Claudication in Peripheral Artery

Disease. Circ. J. 2017, 81, 281—-289.

. Shan, L.L.; Yang, L.S.; Tew, M.; Westcott, M.J.; Spelman, T.D.; Choong, P.F.; Davies, A.H. Quality

of Life in Chronic Limb Threatening Ischaemia: Systematic Review and Meta-Analysis. Eur. J.
Vasc. Endovasc. Surg. 2022, 64, 666—683.

. Porras, C.P.; Bots, M.L.; Teraa, M.; van Doorn, S.; Vernooij, R.W.M. Differences in Symptom

Presentation in Women and Men with Confirmed Lower Limb Peripheral Artery Disease: A
Systematic Review and Meta-Analysis. Eur. J. Vasc. Endovasc. Surg. 2022, 63, 602—-612.

. Hiatt, W.R.; Armstrong, E.J.; Larson, C.J.; Brass, E.P. Pathogenesis of the limb manifestations

and exercise limitations in peripheral artery disease. Circ. Res. 2015, 116, 1527-1539.

. Thukkani, A.K.; Kinlay, S. Endovascular intervention for peripheral artery disease. Circ. Res.

2015, 116, 1599-1613.

. Fowkes, F.G.; Aboyans, V.; Fowkes, F.J.; McDermott, M.M.; Sampson, U.K.; Criqui, M.H.

Peripheral artery disease: Epidemiology and global perspectives. Nat. Rev. Cardiol. 2017, 14,
156-170.

.Ying, A.F.; Tang, T.Y.; Jin, A.; Chong, T.T.; Hausenloy, D.J.; Koh, W.P. Diabetes and other vascular

risk factors in association with the risk of lower extremity amputation in chronic limb-threatening
ischemia: A prospective cohort study. Cardiovasc. Diabetol. 2022, 21, 7.

Barnes, J.A.; Eid, M.A.; Creager, M.A.; Goodney, P.P. Epidemiology and Risk of Amputation in
Patients With Diabetes Mellitus and Peripheral Artery Disease. Atheroscler. Thromb. Vasc. Biol.
2020, 40, 1808-1817.

Abola, M.T.B.; Golledge, J.; Miyata, T.; Rha, S.W.; Yan, B.P.; Dy, T.C.; Ganzon, M.S.V.; Handa,
P.K.; Harris, S.; Zhisheng, J.; et al. Asia-Pacific Consensus Statement on the Management of
Peripheral Artery Disease: A Report from the Asian Pacific Society of Atherosclerosis and

https://encyclopedia.pub/entry/45444 8/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Vascular Disease Asia-Pacific Peripheral Artery Disease Consensus Statement Project
Committee. J. Atheroscler. Thromb. 2020, 27, 809-907.

Conte, M.S.; Bradbury, A.W.; Kolh, P.; White, J.V.; Dick, F.; Fitridge, R.; Mills, J.L.; Ricco, J.B.;
Suresh, K.R.; Murad, M.H.; et al. Global vascular guidelines on the management of chronic limb-
threatening ischemia. Eur. J. Vasc. Endovasc. Surg. 2019, 58, S1-S109.e33.

Gerhard-Herman, M.D.; Gornik, H.L.; Barrett, C.; Barshes, N.R.; Corriere, M.A.; Drachman, D.E.;
Fleisher, L.A.; Fowkes, F.G.R.; Hamburg, N.M.; Kinlay, S.; et al. 2016 AHA/ACC Guideline on the
Management of Patients With Lower Extremity Peripheral Artery Disease: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice
Guidelines. J. Am. Coll. Cardiol. 2017, 69, e71-e126.

Fowkes, F.G.; Rudan, D.; Rudan, I.; Aboyans, V.; Denenberg, J.O.; McDermott, M.M.; Norman,
P.E.; Sampson, U.K.; Williams, L.J.; Mensah, G.A.; et al. Comparison of global estimates of
prevalence and risk factors for peripheral artery disease in 2000 and 2010: A systematic review
and analysis. Lancet 2013, 382, 1329-1340.

Morrison, J.T.; Govsyeyev, N.; Hess, C.N.; Bonaca, M.P. Vorapaxar for Prevention of Major
Adverse Cardiovascular and Limb Events in Peripheral Artery Disease. J. Cardiovasc. Pharmacol.
Ther. 2022, 27, 10742484211056115.

Golledge, J. Update on the pathophysiology and medical treatment of peripheral artery disease.
Nat. Rev. Cardiol. 2022, 19, 456-474.

Almasri, J.; Adusumalli, J.; Asi, N.; Lakis, S.; Alsawas, M.; Prokop, L.J.; Bradbury, A.; Kolh, P,
Conte, M.S.; Murad, M.H. A systematic review and meta-analysis of revascularization outcomes
of infrainguinal chronic limb-threatening ischemia. J. Vasc. Surg. 2019, 69, 126S-136S.

lyer, S.R.; Annex, B.H. Therapeutic Angiogenesis for Peripheral Artery Disease: Lessons Learned
in Translational Science. JACC Basic Transl. Sci. 2017, 2, 503-512.

Bager, L.G.V.; Petersen, J.K.; Havers-Borgersen, E.; Resch, T.; Smolderen, K.G.; Mena-Hurtado,
C.; Eiberg, J.; Kober, L.; Fosbol, E.L. The Use of Evidence-Based Medical Therapy in Patients
with Critical Limb-Threatening Ischemia. Eur. J. Prev. Cardiol. 2023, zwad022.

Govsyeyev, N.; Nehler, M.R.; Low Wang, C.C.; Kavanagh, S.; Hiatt, W.R.; Long, C.; Jones, W.S,;
Fowkes, F.G.R.; Berger, J.S.; Baumgartner, |.; et al. Etiology and outcomes of amputation in
patients with peripheral artery disease in the EUCLID trial. J. Vasc. Surg. 2022, 75, 660—670.e3.

Shu, J.; Santulli, G. Update on peripheral artery disease: Epidemiology and evidence-based facts.
Atherosclerosis 2018, 275, 379-381.

Libby, P.; Buring, J.E.; Badimon, L.; Hansson, G.K.; Deanfield, J.; Bittencourt, M.S.; Tokgozoglu,
L.; Lewis, E.F. Atherosclerosis. Nat. Rev. Dis. Primers 2019, 5, 56.

https://encyclopedia.pub/entry/45444 9/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Stone, J.R. Chapter 4—Diseases of Small and Medium-sized Blood Vessels. In Cardiovascular
Pathology, 4th ed.; Academic Press: Cambridge, MA, USA, 2016; pp. 125-168.

Hartmann, F.; Gorski, D.J.; Newman, A.A.C.; Homann, S.; Petz, A.; Owsiany, K.M.; Serbulea, V.;
Zhou, Y.Q.; Deaton, R.A.; Bendeck, M.; et al. SMC-Derived Hyaluronan Modulates Vascular SMC
Phenotype in Murine Atherosclerosis. Circ. Res. 2021, 129, 992-1005.

Pan, H.; Xue, C.; Auerbach, B.J.; Fan, J.; Bashore, A.C.; Cui, J.; Yang, D.Y.; Trignano, S.B.; Liu,
W.; Shi, J.; et al. Single-Cell Genomics Reveals a Novel Cell State During Smooth Muscle Cell
Phenotypic Switching and Potential Therapeutic Targets for Atherosclerosis in Mouse and Human.
Circulation 2020, 142, 2060-2075.

Brandt, K.J.; Burger, F.; Baptista, D.; Roth, A.; Fernandes da Silva, R.; Montecucco, F.; Mach, F,;
Miteva, K. Single-Cell Analysis Uncovers Osteoblast Factor Growth Differentiation Factor 10 as
Mediator of Vascular Smooth Muscle Cell Phenotypic Modulation Associated with Plaque Rupture
in Human Carotid Artery Disease. Int. J. Mol. Sci. 2022, 23, 1796.

Kong, P.; Cui, Z.Y.; Huang, X.F.; Zhang, D.D.; Guo, R.J.; Han, M. Inflammation and
atherosclerosis: Signaling pathways and therapeutic intervention. Signal. Transduct. Target Ther.
2022, 7, 131.

Vengrenyuk, Y.; Nishi, H.; Long, X.; Ouimet, M.; Savji, N.; Martinez, F.O.; Cassella, C.P.; Moore,
K.J.; Ramsey, S.A.; Miano, J.M.; et al. Cholesterol loading reprograms the microRNA-143/145-
myocardin axis to convert aortic smooth muscle cells to a dysfunctional macrophage-like
phenotype. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 535-546.

Wang, Y.; Dubland, J.A.; Allahverdian, S.; Asonye, E.; Sahin, B.; Jaw, J.E.; Sin, D.D.; Seidman,
M.A.; Leeper, N.J.; Francis, G.A. Smooth Muscle Cells Contribute the Majority of Foam Cells in
ApoE (Apolipoprotein E)-Deficient Mouse Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2019,
39, 876-887.

Libby, P. The changing landscape of atherosclerosis. Nature 2021, 592, 524-533.

Gleim, S.; Stitham, J.; Tang, W.H.; Martin, K.A.; Hwa, J. An eicosanoid-centric view of
atherothrombotic risk factors. Cell. Mol. Life Sci. 2012, 69, 3361-3380.

Yamaguchi, A.; Botta, E.; Holinstat, M. Eicosanoids in inflammation in the blood and the vessel.
Front. Pharmacol. 2022, 13, 997403.

Lanzer, P.; Hannan, F.M.; Lanzer, J.D.; Janzen, J.; Raggi, P.; Furniss, D.; Schuchardt, M.;
Thakker, R.; Fok, P.W.; Saez-Rodriguez, J.; et al. Medial Arterial Calcification: JACC State-of-the-
Art Review. J. Am. Coll. Cardiol. 2021, 78, 1145-1165.

Kim, T.I.; Guzman, R.J. Medial artery calcification in peripheral artery disease. Front. Cardiovasc.
Med. 2023, 10, 1093355.

https://encyclopedia.pub/entry/45444 10/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Jadidi, M.; Poulson, W.; Aylward, P.; MacTaggart, J.; Sanderfer, C.; Marmie, B.; Pipinos, M.;
Kamenskiy, A. Calcification prevalence in different vascular zones and its association with
demographics, risk factors, and morphometry. Am. J. Physiol. Heart Circ. Physiol. 2021, 320,
H2313-H2323.

Sorensen, I.M.H.; Saurbrey, S.A.K.; Hjortkjaer, H.O.; Brainin, P.; Carlson, N.; Ballegaard, E.L.F;
Kamper, A.L.; Christoffersen, C.; Feldt-Rasmussen, B.; Kofoed, K.F.; et al. Regional distribution
and severity of arterial calcification in patients with chronic kidney disease stages 1-5: A cross-

sectional study of the Copenhagen chronic kidney disease cohort. BMC Nephrol. 2020, 21, 534.

Chen, Y.; Zhao, X.; Wu, H. Arterial Stiffness: A Focus on Vascular Calcification and Its Link to
Bone Mineralization. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 1078-1093.

Zununi Vahed, S.; Mostafavi, S.; Hosseiniyan Khatibi, S.M.; Shoja, M.M.; Ardalan, M. Vascular
Calcification: An Important Understanding in Nephrology. Vasc. Health Risk Manag. 2020, 16,
167-180.

Singh, A.; Tandon, S.; Tandon, C. An update on vascular calcification and potential therapeutics.
Mol. Biol. Rep. 2021, 48, 887-896.

Narula, N.; Dannenberg, A.J.; Olin, J.W.; Bhatt, D.L.; Johnson, K.W.; Nadkarni, G.; Min, J.; Tori,
S.; Poojary, P.; Anand, S.S.; et al. Pathology of Peripheral Artery Disease in Patients With Critical
Limb Ischemia. J. Am. Coll. Cardiol. 2018, 72, 2152-2163.

Skolnik, J.; Weiss, R.; Meyr, A.J.; Dhanisetty, R.; Choi, E.T.; Cunningham-Hill, M.; Rubin, D.;
Oresanya, L. Evaluating the Impact of Medial Arterial Calcification on Outcomes of Infrageniculate
Endovascular Interventions for Treatment of Diabetic Foot Ulcers. Vasc. Endovasc. Surg. 2021,
55, 382-388.

Belur, A.D.; Shah, A.J.; Virani, S.S.; Vorla, M.; Kalra, D.K. Role of Lipid-Lowering Therapy in
Peripheral Artery Disease. J. Clin. Med. 2022, 11, 4872.

Crea, F.; Camici, P.G.; Bairey Merz, C.N. Coronary microvascular dysfunction: An update. Eur.
Heart J. 2014, 35, 1101-1111.

Gallinoro, E.; Paolisso, P.; Candreva, A.; Bermpeis, K.; Fabbricatore, D.; Esposito, G.; Bertolone,
D.; Fernandez Peregrina, E.; Munhoz, D.; Mileva, N.; et al. Microvascular Dysfunction in Patients
With Type Il Diabetes Mellitus: Invasive Assessment of Absolute Coronary Blood Flow and
Microvascular Resistance Reserve. Front. Cardiovasc. Med. 2021, 8, 765071.

Kaze, A.D.; Santhanam, P.; Erqou, S.; Ahima, R.S.; Bertoni, A.; Echouffo-Tcheugui, J.B.
Microvascular Disease and Incident Heart Failure among Individuals with Type 2 Diabetes
Mellitus. J. Am. Heart Assoc. 2021, 10, e018998.

Owens, C.D.; Mukli, P.; Csipo, T.; Lipecz, A.; Silva-Palacios, F.; Dasari, T.W.; Tarantini, S.;
Gardner, A.\W.; Montgomery, P.S.; Waldstein, S.R.; et al. Microvascular dysfunction and

https://encyclopedia.pub/entry/45444 11/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

neurovascular uncoupling are exacerbated in peripheral artery disease, increasing the risk of
cognitive decline in older adults. Am. J. Physiol. Heart Circ. Physiol. 2022, 322, H924-H935.

Matsushita, K.; Ballew, S.H.; Coresh, J.; Arima, H.; Arnlov, J.; Cirillo, M.; Ebert, N.; Hiramoto, J.S;
Kimm, H.; Shlipak, M.G.; et al. Measures of chronic kidney disease and risk of incident peripheral
artery disease: A collaborative meta-analysis of individual participant data. Lancet Diabetes
Endocrinol. 2017, 5, 718-728.

Yang, C.; Kwak, L.; Ballew, S.H.; Jaar, B.G.; Deal, J.A.; Folsom, A.R.; Heiss, G.; Sharrett, A.R.;
Selvin, E.; Sabanayagam, C.; et al. Retinal microvascular findings and risk of incident peripheral
artery disease: An analysis from the Atherosclerosis Risk in Communities (ARIC) Study.
Atherosclerosis 2020, 294, 62—71.

De Lorenzo, A.; Moreira, A.S.B.; Muccillo, F.B.; Assad, M.; Tibirica, E.V. Microvascular Function
and Endothelial Progenitor Cells in Patients with Severe Hypercholesterolemia and the Familial
Hypercholesterolemia Phenotype. Cardiology 2017, 137, 231-236.

Romero, S.A.; Moralez, G.; Jaffery, M.F.; Huang, M.U.; Engelland, R.E.; Cramer, M.N.; Crandall,
C.G. Exercise Training Improves Microvascular Function in Burn Injury Survivors. Med. Sci.
Sports Exerc. 2020, 52, 2430-2436.

Bauer, C.J.; Findlay, M.; Koliamitra, C.; Zimmer, P.; Schick, V.; Ludwig, S.; Gurtner, G.C.; Riedel,
B.; Schier, R. Preoperative exercise induces endothelial progenitor cell mobilisation in patients
undergoing major surgery—A prospective randomised controlled clinical proof-of-concept trial.
Heliyon 2022, 8, €10705.

Schier, R.; El-Zein, R.; Cortes, A.; Liu, M.; Collins, M.; Rafat, N.; Teschendorf, P.; Wu, H.K.;
Heymach, J.; Mehran, R.; et al. Endothelial progenitor cell mobilization by preoperative exercise:
A bone marrow response associated with postoperative outcome. Br. J. Anaesth. 2014, 113, 652—
660.

Hill, J.M.; Zalos, G.; Halcox, J.P.; Schenke, W.H.; Waclawiw, M.A.; Quyyumi, A.A.; Finkel, T.
Circulating endothelial progenitor cells, vascular function, and cardiovascular risk. N. Engl. J.
Med. 2003, 348, 593-600.

Hurley, D.M.; Williams, E.R.; Cross, J.M.; Riedinger, B.R.; Meyer, R.A.; Abela, G.S.; Slade, J.M.
Aerobic Exercise Improves Microvascular Function in Older Adults. Med. Sci. Sports Exerc. 2019,
51, 773-781.

Dillon, G.A.; Stanhewicz, A.E.; Serviente, C.; Flores, V.A.; Stachenfeld, N.; Alexander, L.M. Seven
days of statin treatment improves nitric-oxide mediated endothelial-dependent cutaneous
microvascular function in women with endometriosis. Microvasc. Res. 2022, 144, 104421.

Pajkowski, M.; Dudziak, M.; Chlebus, K.; Hellmann, M. Assessment of microvascular function and
pharmacological regulation in genetically confirmed familial hypercholesterolemia. Microvasc.

https://encyclopedia.pub/entry/45444 12/13



Etiology of Peripheral Arterial Disease | Encyclopedia.pub

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Res. 2021, 138, 104216.

Tentolouris, A.; Eleftheriadou, 1.; Tzeravini, E.; Tsilingiris, D.; Paschou, S.A.; Siasos, G.;
Tentolouris, N. Endothelium as a Therapeutic Target in Diabetes Mellitus: From Basic
Mechanisms to Clinical Practice. Curr. Med. Chem. 2020, 27, 1089-1131.

Love, K.M.; Barrett, E.J.; Horton, W.B. Metformin’s Impact on the Microvascular Response to
Insulin. Endocrinology 2022, 163, bgac162.

Liu, J.; Aylor, K.W.; Chai, W.; Barrett, E.J.; Liu, Z. Metformin prevents endothelial oxidative stress
and microvascular insulin resistance during obesity development in male rats. Am. J. Physiol.
Endocrinol. Metab. 2022, 322, E293-E306.

Silva, C.; Rodrigues, I.; Andrade, S.; Costa, R.; Soares, R. Metformin Reduces Vascular
Assembly in High Glucose-Treated Human Microvascular Endothelial Cells in An AMPK-
Independent Manner. Cell J. 2021, 23, 174-183.

Simpson, E.L.; Kearns, B.; Stevenson, M.D.; Cantrell, A.J.; Littlewood, C.; Michaels, J.A.
Enhancements to angioplasty for peripheral arterial occlusive disease: Systematic review, cost-
effectiveness assessment and expected value of information analysis. Health Technol. Assess.
2014, 18, 1-252.

Buccheri, D.; Piraino, D.; Andolina, G.; Cortese, B. Understanding and managing in-stent
restenosis: A review of clinical data, from pathogenesis to treatment. J. Thorac. Dis. 2016, 8,
E1150-E1162.

Nakano, M.; Otsuka, F.; Yahagi, K.; Sakakura, K.; Kutys, R.; Ladich, E.R.; Finn, A.V.; Kolodgie,
F.D.; Virmani, R. Human autopsy study of drug-eluting stents restenosis: Histomorphological
predictors and neointimal characteristics. Eur. Heart J. 2013, 34, 3304-3313.

Deglise, S.; Bechelli, C.; Allagnat, F. Vascular smooth muscle cells in intimal hyperplasia, an
update. Front. Physiol. 2022, 13, 1081881.

Chakraborty, R.; Chatterjee, P.; Dave, J.M.; Ostriker, A.C.; Greif, D.M.; Rzucidlo, E.M.; Martin,
K.A. Targeting smooth muscle cell phenotypic switching in vascular disease. JVS Vasc. Sci. 2021,
2, 79-94.

Li, F.; Yan, K.; Wu, L.; Zheng, Z.; Du, Y.; Liu, Z.; Zhao, L.; Li, W.; Sheng, Y.; Ren, L.; et al. Single-
cell RNA-seq reveals cellular heterogeneity of mouse carotid artery under disturbed flow. Cell
Death Discov. 2021, 7, 180.

Yu-Wei, D.; Li, Z.S.; Xiong, S.M.; Huang, G.; Luo, Y.F.; Huo, T.Y.; Zhou, M.H.; Zheng, Y.W.
Paclitaxel induces apoptosis through the TAK1-JNK activation pathway. FEBS Open Bio 2020, 10,
1655-1667.

Retrieved from https://encyclopedia.pub/entry/history/show/102819

https://encyclopedia.pub/entry/45444 13/13



