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Peripheral artery disease (PAD) is a broad term encompassing a range of atherosclerotic and
aneurysmal conditions of the extra-coronary arteries [1]. PAD is estimated to affect up to 15% of the
population aged over 65 years, and is predicted to become increasingly common in parallel with an
ageing population [2]. Indeed, recent data suggest that global abdominal aortic aneurysm (AAA) related
mortality increased by ~10% between 1990 and 2010 [3]. Similarly, the world-wide prevalence of lower
limb atherothrombosis increased by ~20% in the 10 years between 2000 and 2010 [4]. There are
significant shortfalls in current PAD management, including a need for better ways to diagnose PAD
early and a requirement for new treatment options. PAD is recognized to present a cardiovascular risk
equivalent to coronary heart disease, although risk factor management appears to be less intensive in
PAD patients, possibly due to a primary treatment focus on the presenting complaint [5-9]. Thus, there
is a clear need to improve PAD patient care through directed research. We are delighted to present a
Special Issue of the International Journal of Molecular Sciences [10] which includes 11 articles focused
on PAD. Collectively these articles cover aspects of AAA and lower limb atherothrombosis and discuss
findings of current research using human tissues and animal models. We are extremely grateful to
all contributing authors and peer-reviewers for their excellent work and support in making this Special
Issue possible.

Addressing the shortfalls in PAD management remains problematic due to our incomplete
understanding of disease pathophysiology. Limited access to arterial biopsies from patients and suitable
controls presents a significant hurdle to PAD research [11]. This has in part been addressed through the
development of rodent models for PAD which have been widely employed in the literature, although
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their relevance and translational potential to the clinical situation is not always immediately clear [12].
This is highlighted by Lin and colleagues who provide an excellent overview of widely used PAD
models, and discuss the role of imaging techniques to provide data on PAD formation and progression
in experimental animals [13]. Such imaging modalities are under-utilised in preclinical PAD research,
and the authors point out that their potential to provide novel insight of in vivo pathology is largely
untapped. In line with the sentiment of this Special Issue, Lin and colleagues emphasise that effective
translation of research from small animals requires parallel advances in our understanding of PAD
pathogenesis in both animal models and human patients.

Six of the papers in this Special Issue focus on AAA which still presents a significant scientific and
clinical challenge, arguably due to its multifactorial nature. Inflammation and matrix remodeling are
strongly implicated in AAA [2]. A large amount of pre-clinical data has suggested that doxycycline
through its ability to inhibit matrix metalloproteinases and inflammation might have a therapeutic value
for AAA [14]. In this Special Issue Kroon and Taanman discuss the potential of doxycycline as a
treatment for AAA and explore potential anti-inflammatory mechanisms by which this drug may limit
AAA growth [15]. A recent large clinical trial failed to demonstrate any value of doxycycline in limiting
AAA growth [16]. Kroon and Taanman argue that this could be due to the use of too low a dose of the
drug although the dose used was based on prior testing in patients [17]. A further trial is on-going and
the results of this study are expected to resolve whether doxycycline has any value in AAA patients
(detailed at https://clinicaltrials.gov/ct2/show/NCTO01756833). Data presented by Hinterseher et al. [18]
and Yoshimura et al. [19] provide further insight into the relevance of the inflammatory process in AAA
pathology. The study by Hinterseher builds on prior genomic data and investigates in detail the
association of the natural killer cell-mediated cytotoxicity pathway with AAA presence [18]. Similarly,
Yoshimura and colleagues present data to support a role for statins in suppressing the inflammatory
process within the AAA wall [19]. Although the association of dyslipidaemia with AAA remains
controversial [1], findings from Yoshimura and colleagues hint at a potential benefit of statin therapy
for AAA patients beyond traditional lipid lowering roles.

A positive family history increases AAA risk ~2-fold, suggesting that genetic factors are important
in AAA development [20,21]. Genetic and bioinformatic investigations by Pahl et al. identify changes
in the binding properties of several transcription factors in AAA patients compared to controls [22].
Similarly Ryer and colleagues report alterations to the circulating DNA methylation profile in AAA
patients compared to controls [23]. This is further supported by Spear et al. who report that the
micro-RNA expression profile in AAA-associated tissues is also reflected in patient plasma and can
differentiate AAA patients from controls [24]. Collectively, these data suggest that alterations in gene
regulation may be important determinants of AAA and may provide tools to screen at-risk populations.

This Special Issue also contains a mix of publications examining biochemical and patient-oriented
strategies to improve the management of lower-limb atherothrombosis. Lower limb atherothrombosis is
the most common form of PAD and it is widely recognised that improved management strategies are
needed for patients that present with this problem [25]. Improvements are needed in a number of areas,
including earlier diagnosis, more effective and varied treatment options, and better adherence to
evidence-based medicine. The work presented in this issue illustrates some of the current challenges in
researching lower limb atherothrombosis. Krishna and colleagues describe some of the pathophysiological
aspects of lower limb atherothrombosis. The authors focus particularly on circulating biomarkers which



Int. J. Mol. Sci. 2015, 16 11127

could theoretically be brought into clinical practice to facilitate early diagnosis, better target current
therapies and monitor response to treatment [26]. While Krishna et al. illustrate that many circulating
markers have been associated with PAD presence, severity, and outcome, none have been shown to
guide management exclusively for patients with lower limb atherothrombosis. One pathophysiological
mechanism implicated in the complications of lower limb atherothrombosis by Krishna and colleagues
is oxidative stress. Hernandez-Aguilera and colleagues investigate the expression of a group of antioxidant
enzymes called paraoxonases (PON) [27]. They report that expression of PON1 and PON3 is upregulated
within the arteries and blood of patients with lower limb atherothrombosis. They also link the expression
of PON with the up-regulation of the chemokine CCL2. They suggest that PON and its related
chemokines could be involved in the pathogenesis of atherosclerosis within the lower limb but whether
this association is causal remains to be established.

Supervised exercise is an established treatment for patients with lower limb atherothrombosis
presenting with intermittent claudication [28]. Leicht and colleagues examine the effect of supervised
exercise on anthropometric measures in patients with intermittent claudication [29]. They report that
patients randomised to supervised exercise experience a smaller increase in body fat compared to
patients undertaking medical management alone. This was observed despite there being no change in
dietary pattern amongst the patients receiving supervised exercise. The findings are further evidence for
the value of exercise in patients with intermittent claudication. Finally, Je and colleagues report the use
of the Peripheral Artery Questionnaire (PAQ) in Korean patients with lower limb atherothrombosis [30].
This health-related quality of life tool is one of few which has been validated for use in Korean patients
with lower limb atherothrombosis. The investigators examined a group of patients that had undergone
revascularisation and report that improvements in the PAQ responses were correlated with
improvements in the ankle-brachial pressure index (ABPI). ABPI is an established tool for assessing the
response to revascularisation [31]. The investigators also demonstrate that there are some patients in
which there are disparate changes in the PAQ and ABPI after revascularisation. It is likely that both measures
have independent value in assessing the outcomes of interventions to treat lower limb atherothrombosis.

Overall the studies included in this Special Issue illustrate some of the unique features and challenges
of PAD which require tailored solutions. Many of the treatments currently applied in PAD patients have
been adopted from findings in other fields, particularly cardiology. There is an on-going need for
research specifically focused on PAD in order to address the current requirements for improved
diagnostics and treatments for this important and growing medical problem. The multifactorial nature of
PAD, and the presence of multiple co-morbidities in patients likely presents the most significant hurdle
to realizing this goal. It is our opinion that successful translation of findings in the short-to-medium
term will be best achieved by focusing on the end-users (i.e., the patient and clinician), as opposed to
generating data solely of biological interest. For example, recent advances in molecular and biochemical
techniques permit elaborate analyses which yield large biological datasets, but are typically limited to
relatively small sample sizes due to technical and financial restrictions. In such studies, identifying
relevant outcomes from complex data can be challenging, and the generalizability of findings to the
wider PAD patient population is not immediately apparent when these approaches are applied in
isolation [12,32]. We therefore strongly believe that multi-disciplinary studies collaboratively conducted
by laboratory scientists, clinicians and patients are vital to advance our understanding, and ultimately
the management of PAD.



Int. J. Mol. Sci. 2015, 16 11128

Acknowledgments

Joseph V. Moxon and Jonathan Golledge are supported by grants from James Cook University,
the Australian National Health and Medical Research Council (NHMRC: 1020955; 1022752; 1000967;
10003707; 1021416; 1079369; 1079193; 1063476), The Townsville Hospital Private Practice Trust
Fund and the Queensland Government. JG holds a Practitioner Fellowship from the NHMRC, Australia
(1019921) and a Senior Clinical Research Fellowship from the Queensland Government. The funding
bodies played no role in the editorial process of this Special Issue.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Moxon, J.V; Liu, D.; Wong, G.; Weir, J.M.; Behl-Gilhotra, R.; Bradshaw, B.; Kingwell, B.A.;
Meikle, P.J.; Golledge, J. Comparison of the serum lipidome in patients with abdominal aortic
aneurysm and peripheral artery disease. Circ. Cardiovasc. Genet. 2014, 7, 71-79.

2. Moxon, J.V.; Parr, A.; Emeto, T.I.; Walker, P.; Norman, P.E.; Golledge, J. Diagnosis and
monitoring of abdominal aortic aneurysm: Current status and future prospects. Curr. Probl. Cardiol.
2010, 35, 512-548.

3. Sampson, U.K.; Norman, P.E.; Fowkes, F.G.; Aboyans, V.; Yanna, S.; Harrell, F.E., Jr;
Forouzanfar, M.H.; Naghavi, M.; Denenberg, J.O.; McDermott, M.M.; et al. Global and regional
burden of aortic dissection and aneurysms: Mortality trends in 21 world regions, 1990 to 2010.
Glob. Heart 2014, 9, 171-180.

4. Fowkes, F.G.; Rudan, D.; Rudan, I.; Aboyans, V.; Denenberg, J.O.; McDermott, M.M.;
Norman, P.E.; Sampson, U.K.A.; 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.

5. Subherwal, S.; Patel, M.R.; Kober, L.; Peterson, E.D.; Bhatt, D.L.; Gislason, G.H.; Olsen, A.-M.S.;
Jones, W.S.; Torp-Pedersen, C.; Fosbol, E.L. Peripheral artery disease is a coronary heart disease
risk equivalent among both men and women: Results from a nationwide study. Eur. J. Prevent. Cardiol.
2015, 22, 317-325.

6. Jones, W.S.; Patel, M.R.; Rockman, C.B.; Guo, Y.; Adelman, M.; Riles, T.; Berger, J.S. Association
of the ankle-brachial index with history of myocardial infarction and stroke. Am. Heart J. 2014,
167,499-505.

7. Subherwal, S.; Patel, M.R.; Kober, L.; Peterson, E.D.; Jones, W.S.; Gislason, G.H.; Berger, J.;
Torp-Pedersen, C.; Fosbol, E.L. Missed opportunities: Despite improvement in use of
cardioprotective medications among patients with lower-extremity peripheral artery disease,
underuse remains. Circulation 2012, 126, 1345-1354.



Int. J. Mol. Sci. 2015, 16 11129

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zeymer, U.; Parhofer, K.G.; Pittrow, D.; Binz, C.; Schwertfeger, M.; Limbourg, T.; Rother, J.
Risk factor profile, management and prognosis of patients with peripheral arterial disease with or
without coronary artery disease: Results of the prospective German REACH registry cohort.
Clin. Res. Cardiol. 2009, 98, 249-256.

Sharma, S.; Thapa, R.; Jeevanantham, V.; Myers, T.; Hu, C.; Brimacombe, M.; Vacek, J.L.;
Dawn, B.; Gupta, K. Comparison of lipid management in patients with coronary versus peripheral
arterial disease. Am. J. Cardiol. 2014, 113, 1320-1325.

Special Issue “Advances in Peripheral Artery Disease”. Available online: http://www.mdpi.com/
journal/ijms/special issues/peripheral artery disease (accessed on 15 April 2014).

Moxon, J.V.; Padula, M.P.; Herbert, B.R.; Golledge, J. Challenges, current status and future
perspectives of proteomics in improving understanding, diagnosis and treatment of vascular disease.
Eur. J. Vasc. Endovasc. Surg. 2009, 38, 346-355.

Moxon, J.V.; Liu, D.; Moran, C.S.; Crossman, D..; Krishna, S.M.; Yonglitthipagon, P.;
Emeto, T.I.; Morris, D.R.; Padula, M.P.; Mulvenna, J.P.; et al. Proteomic and genomic analyses
suggest the association of apolipoprotein C1 with abdominal aortic aneurysm. Proteomics Clin. Appl.
2014, 8, 762-772.

Lin, J.B.; Phillips, E.H.; Riggins, T.E.; Sangha, G.S.; Chakraborty, S.; Lee, J.Y.; Lycke, R.J.;
Hernandez, C.L.; Soepriatna, A.H.; Thorne, B.R.H.; ef al. Imaging of small animal peripheral artery
disease models: Recent advancements and translational potential. Int. J. Mol. Sci. 2015, 16,
11131-11177.

Golledge, J.; Norman, P.E. Current status of medical management for abdominal aortic aneurysm.
Atherosclerosis 2011, 217, 57-63.

Kroon, A.M.; Taanman, J.W. Clonal expansion of T cells in abdominal aortic aneurysm: A role for
doxycycline as drug of choice? Int. J. Mol. Sci. 2015, 16, 11178-11195.

Meijer, C.A.; Stijnen, T.; Wasser, M.N.; Hamming, J.F.; van Bockel, J.H.; Lindeman, J.H.
Doxycycline for stabilization of abdominal aortic aneurysms: A randomized trial. Ann. Intern. Med.
2013, 759, 815-823.

Lindeman, J.H.; Abdul-Hussien, H.; van Bockel, J.H.; Wolterbeek, R.; Kleemann, R. Clinical trial
of doxycycline for matrix metalloproteinase-9 inhibition in patients with an abdominal aneurysm:
Doxycycline selectively depletes aortic wall neutrophils and cytotoxic T cells. Circulation 2009,
119,2209-2216.

Hinterseher, 1.; Schworer, C.M.; Lillvis, J.H.; Stahl, E.; Erdman, R.; Gatalica, Z.; Tromp, G.;
Kuivaniemi, H. Immunohistochemical analysis of the natural killer cell cytotoxicity pathway in
human abdominal aortic aneurysms. Int. J. Mol. Sci. 2015, 16, 11196-11212.

Yoshimura, K.; Nagasawa, A.; Kudo, J.; Onoda, M.; Morikage, N.; Furutani, A.; Aoki, H.;
Hamano, K. Inhibitory effect of statins on inflammation-related pathways in human abdominal
aortic aneurysm tissue. Int. J. Mol. Sci. 2015, 16, 11213-11228.

Golledge, J.; Kuivaniemi, H. Genetics of abdominal aortic aneurysm. Curr. Opin. Cardiol. 2013,
28,290-296.

Larsson, E.; Granath, F.; Swedenborg, J.; Hultgren, R. A population-based case-control study of the
familial risk of abdominal aortic aneurysm. J. Vasc. Surg. 2009, 49, 47-51.



Int. J. Mol. Sci. 2015, 16 11130

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Pahl, M.C.; Erdman, R.; Kuivaniemi, H.; Lillvis, J.H.; Elmore, J.R.; Tromp, G. Transcriptional
(ChIP-Chip) analysis of ELF1, ETS2, RUNXI1 and STATS in human abdominal aortic aneurysm.
Int. J. Mol. Sci. 2015, 16, 11229-11258.

Ryer, E.J.; Ronning, K.E.; Erdman, R.; Schworer, C.M.; Elmore, J.R.; Peeler, T.C.; Nevius, C.D.;
Lillvis, J.H.; Garvin, R.P.; Franklin, D.P.; et al. The potential role of DNA methylation in abdominal
aortic aneurysms. Int. J. Mol. Sci. 2015, 16, 11259—-11275.

Spear, R.; Boytard, L.; Blervaque, R.; Chwastyniak, M.; Hot, D.; Vanhoutte, J.; Staels, B.;
Lemoine, Y.; Lamblin, N.; Pruvot, F.R.; et al. Adventitial tertiary lymphoid organs as potential
source of microRNA biomarkers for abdominal aortic aneurysm. Int. J. Mol. Sci. 2015, 16,
11276-11293.

Reinecke, H.; Unrath, M.; Freisinger, E.; Bunzemeier, H.; Meyborg, M.; Luders, F.; Gebauer, K.;
Roeder, N.; Berger, K.; Malyar, N.M. Peripheral arterial disease and critical limb ischaemia:
Still poor outcomes and lack of guideline adherence. Eur. Heart J. 2015, 36, 932-938.

Krishna, S.M.; Moxon, J.V.; Golledge, J. A review of the pathophysiology and potential biomarkers
for peripheral artery disease. Int. J. Mol. Sci. 2015, 16, 11294-11322.

Hernéndez-Aguilera, A.; Sepulveda, J.; Rodriguez-Gallego, E.; Guirro, M.; Garcia-Heredia, A.;
Cabré, N.; Luciano-Mateo, F.; Fort-Gallifa, I.; Martin-Paredero, V.; Joven, J., et al
Immunohistochemical analysis of paraoxonases and chemokines in arteries of patients with
peripheral artery disease. Int. J. Mol. Sci. 2015, 16, 11323—-11338.

Ahimastos, A.A.; Pappas, E.P.; Buttner, P.G.; Walker, P.J.; Kingwell, B.A.; Golledge, J.
A meta-analysis of the outcome of endovascular and noninvasive therapies in the treatment of
intermittent claudication. J. Vasc. Surg. 2011, 54, 1511-1521.

Leicht, A.; Crowther, R.; Golledge, J. Influence of regular exercise on body fat and eating patterns
of patients with intermittent claudication. /nt. J. Mol. Sci. 2015, 16, 11339-11354.

Je, H.G.; Kim, B.H.; Cho, K.I.; Jang, J.S.; Park, Y.H.; Spertus, J. Correlation between
patient-reported symptoms and ankle-brachial index after revascularization for peripheral arterial
disease. Int. J. Mol. Sci. 2015, 16, 11355—-11368.

Golledge, J.; Ferguson, K.; Ellis, M.; Sabharwal, T.; Davies, A.H.; Greenhalgh, R.M.; Powell, J.T.
Outcome of femoropopliteal angioplasty. Ann. Surg. 1999, 229, 146—153.

Moxon, J.V.; Padula, M.P.; Clancy, P.; Emeto, T.I.; Herbert, B.R.; Norman, P.E.; Golledge, J.
Proteomic analysis of intra-arterial thrombus secretions reveals a negative association of clusterin
and thrombospondin-1 with abdominal aortic aneurysm. Atherosclerosis 2011, 219, 432—439.

© 2015 by the authors; licenpsee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



