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Animal models of peripheral arterial disease
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Peripheral arterial disease (PAD) affects >200 million people worldwide and is associated with significant mortality, morbidity, 
and healthcare costs. It results from atheroma plaque build-up in the lower limb arteries restricting blood flow to the leg 
and foot muscles, leading to intermittent claudication, and complications such as wound ulcers/infections and chronic limb-
threatening ischemia, which can progress to gangrene and lower extremity amputation. As such, new treatments are needed 
to prevent the onset and progression of PAD in order to improve health outcomes in patients with PAD. In this regard, 
animal models of PAD are essential for studying the complex pathophysiological mechanisms underlying this condition and 
for identifying and validating novel treatment targets for PAD. In this short review, we describe two animal models based 
on endothelial denudation in the peripheral vasculature, which recapitulate the vascular pathophysiology observed in PAD 
patients. We discuss their benefits and shortcomings and how these models may be improved to be more clinically relevant, 
for example including vascular risk factors such as diabetes in animal PAD models. The use of more clinically relevant animal 
models of PAD will facilitate the identification and the validation of novel treatment targets for preventing the onset and 
progression of PAD and will result in improved outcomes in patients with PAD.  
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Introduction 
Peripheral arterial disease (PAD) affects >200 million people 
worldwide and is associated with significant mortality, 
morbidity, and healthcare costs (Polonsky and McDermott, 
2021). It results from atheroma plaque build-up in the lower 
limb arteries restricting blood flow to the leg and foot muscles, 
where it results in intermittent claudication, and complications 
such as wound ulcers/infections and chronic limb-threatening 
ischaemia, which can progress to gangrene and lower extremity 
amputation (Shu and Santulli, 2018; Polonsky and McDermott, 
2021). As such new treatments are needed to prevent the onset 
and progression of PAD in order to improve health outcomes in 
patients with PAD.  
     The use of animal models has paved the way for many 
medical advances, often providing critical insights into disease 
mechanisms and management. For instance, in the case of PAD, 

post-angioplasty restenosis remains a major stumbling block. 
Proof-of-concept studies in small and large animal models have 
contributed tremendously to the understanding of the vascular 
response to injury, such as atherosclerosis, restenosis (Isoda 
et al., 2003; Morton et al., 2005), and neointimal formation 
(Chamberlain et al., 2010). Additionally, pre-clinical models 
have contributed to the discovery of new interventions such as 
drug-coated balloons (Scheller et al., 2003), which eventually 
led to clinical trials (Scheinert et al., 2014; Tepe et al., 2015; El 
Sayed et al., 2016) and subsequent FDA approval. This mini-
review summarizes two animal models that recapitulate the 
pathophysiology of human PAD through endothelial denudation 
and stretch in the femoral artery (FA). The inclusion of 
vascular risk factors such as diabetes mellitus (DM) (Fowkes 
et al., 2013; Eraso et al., 2014) in animal PAD models will 
improve the clinical relevance of these models and facilitate 
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the identification and validation of novel treatment targets for 
preventing the onset and progression of PAD, and result in 
improved outcomes in patients with PAD.  
     Limb revascularization using techniques such as angioplasty 
significantly lower the risk of acute ischemic complications of 
PAD but are often complicated by post-angioplasty restenosis 
due to neointimal hyperplasia – the prototypic response to 
vascular injury (Vartanian and Conte, 2015). An inflammatory 
response ensues, and is followed by the activation of vascular 
smooth muscle cells (VSMCs), resulting in a proliferative 
lesion with subsequent elaboration of extracellular matrix and 
fibrosis (Vartanian and Conte, 2015). The resultant neointimal 
hyperplasia often leads to restenosis, where 30 to 40% of the 
patients experience restenosis within two years of angioplasty 
(Rymer and Jones, 2018). Thus, prevention of restenosis 
remains one of the greatest unmet needs in PAD patients.  
     Despite extensive translational research, preclinical studies 
have yet to translate to clinical trials due to several limitations 
of PAD animal models. These include the inconsistencies in the 
surgical approach used, the outcome measurements employed, 
the animal species, and the lack of concomitant conditions 
seen in PAD in humans (Krishna et al., 2016). There are two 
widely used models to investigate post-angioplasty restenosis 
– (1) wire-injury model and (2) balloon-injury model (Gasper 
et al., 2013; Takayama et al., 2015). They employ surgical 
techniques to induce endothelial denudation and arterial stretch 
in the FA. These models have provided insights into the cell 
biology of post-angioplasty restenosis, and a platform to test 
therapeutic compounds against neointimal hyperplasia. These 
models also provide a means to assess the effects on restenosis 
following endothelial denudation. The femoral wire-injury 
model requires an arteriotomy in the muscular branch of the FA 
to produce endothelial denudation. The balloon-injury model 
involves using an angioplasty balloon to overstretch an artery. 
Following either method of arterial injury, they recapitulate 
the pathological hallmark of PAD, neointimal hyperplasia and 
restenosis (Gasper et al., 2013; Takayama et al., 2015)

The femoral wire-injury model
Mechanistic insights of neointimal hyperplasia development 
were mostly derived from studies using the wire-injury model 
(Sata et al., 2000; Han et al., 2001; Kang et al., 2004; Wang 
et al., 2006; Chen et al., 2015; Afzal et al., 2016; Baek et al., 
2017; Baek et al., 2018; Yang et al., 2018; Mori et al., 2019). 
The rat arterial injury model was first established in the late 
1970s (Clowes et al., 1977) using a flexible wire (Lindner et 
al., 1993), and then subsequently used in mice. Originally, a 
mouse model of endothelial denudation was established in 
the common carotid artery (CA) with a flexible wire under a 
dissecting microscope (Lindner et al., 1993) but is now mainly 
induced in the FA (Sata et al., 2000). Although the larger 
CA provides easier access, the neointima formation tends to 
be less robust as compared to FA, likely due to ineffective 
denudation. Conversely, the FA wire-injury models are highly 
reproducible, particularly since the wire for inducing FA injury 
is commercially manufactured and available (Takayama et 
al., 2015). More importantly, given that the CA and FA are 
structurally different, there would be differences in the vascular 
remodeling response (Moser et al., 2016), and vascular injury 
at the FA would better reflect the femoro-popliteal lesions 
commonly seen in PAD patients (Shu and Santulli, 2018).  
     Briefly, a straight spring wire (0.38 mm diameter) is inserted 
into the FA for a minute to denude the endothelium and enlarge 
the vessel. After which, the wire is removed and the distal FA is 
ligated at the point of bifurcation to restore blood flow to the FA 
(Takayama et al., 2015). Two hours following the transluminal 
injury, fibrin and aggregated platelets are deposited at the site 
of wire insertion. After a week, immunohistochemistry revealed 

that hematopoietic cells accumulate, marking peak inflammatory 
cell infiltration, resulting in neointimal hyperplasia consisting of 
VSMCs (Shoji et al., 2004). Leukocyte infiltration at this time is 
largely mediated by myeloid-related protein (MRP)-14 as shown 
via immunohistochemical analysis, eventually contributing to 
neutrophil- and monocyte-dependent vascular inflammation and 
proliferation of VSMCs (Croce et al., 2009). Further histological 
analyses showed that tumor necrosis factor alpha (TNF-α) was 
important in the inflammatory fibroproliferation (Zimmerman 
et al., 2002). After four weeks, a concentric, homogenous 
neointimal lesion can be observed using hematoxylin and eosin 
staining (Sata et al., 2000), with accumulation of leukocyte and 
adhesion molecules on the denuded luminal surface as revealed 
using immunohistochemistry (Roque et al., 2000) (Figure 1). 
The VSMCs contributing to the neointimal hyperplasia are 
largely derived from bone marrow (BM)-derived progenitors 
(Han et al., 2001). Vessel injury activates stem cell factor (SCF, 
or Steel factor) that is critical for the mobilization of BM-
derived progenitors to the site of injury, which in turn mediates 
the differentiation of c-Kit+ progenitor cells to VSMCs (Wang 
et al., 2006). 

Benefits of this model
The impact of rodent models lies in the availability of 
transgenesis and tools for genetic manipulation, offering an 
attractive platform to investigate cellular and molecular events 
compared to large animal models (Curaj et al., 2015). Previous 
studies suggested that insulin and insulin receptors are largely 
involved in the increased restenosis risk in DM and insulin 
resistance (Bornfeldt et al., 1992). More recently, using genetic 
engineering (knockout) and wire-injury murine models, a study 
has elucidated a main player in VSMC proliferation in diabetic 
post-angioplasty restenosis. It demonstrated that the actions 
of insulin through the homozygous insulin receptor, not the 
previously thought insulin growth factor receptor, accelerated 
neointimal hyperplasia in DM and insulin resistance (Li et al., 
2019). 
     Given the many genetic engineering strategies established in 
mice, the use of mice would allow for gain- and loss-of-function 
studies to provide mechanistic insights or elucidate potential 
drug targets. For instance, several microRNAs were found to 
confer protection against post-injury neointimal hyperplasia. 
In injured vessels, miR-34a expression is downregulated; gain/
loss-of-function assays showed that miR-34a could reduce 
VSMC proliferation through the repression of Notch1 (Chen 
et al., 2015). Similarly, miR-214 was shown to reduce VSMC 
proliferation, migration, and actin polymerization through 
inhibition of NCK associated protein 1 (NCKAP1) – a mediator 
for lamellipodia formation and cell motility (Afzal et al., 
2016). In addition, miR-22 was able to reverse pathological 
VSMC proliferation, and prevent post-angioplasty neointimal 
hyperplasia by modulating several target genes – MECP2, 
HDAC4, and EVI1 (Yang et al., 2018).
     Rodent models have also provided valuable insights into 
the molecular mechanisms of post-angioplasty restenosis. 
Leukocytes were known to be important in the development 
of neointimal hyperplasia. Using the wire-injury model, 
5-lipoxygenase in monocytes was found to contribute to 
neointimal hyperplasia development by modulating the 
monocyte-macrophage differentiation (MMD). The resulting 
macrophage infiltrated the neointima, contributing to post-injury 
vascular remodeling (Baek et al., 2017). Similarly, leukotriene 
signaling in monocytes was shown to be essential for MMD via 
high-mobility group box 1 (HMGB1), which in turn contributed 
to neointimal hyperplasia (Baek et al., 2018).
     Rodent models, being widely available, provided a suitable 
platform for drug studies. Luseogliflozin, a sodium-glucose 
co-transporter 2 (SLGT2) inhibitor, was found to attenuate 
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neointimal hyperplasia in mice fed a high-fat diet, in part 
through the suppression of macrophage platelet-derived growth 
factor-B (PDGF-B) (Mori et al., 2019). Since SGLT2 inhibitors 
are used to manage type 2 DM (Tat and Forest, 2018), the 
beneficial effects seen in neointimal hyperplasia is particularly 
exciting given the association of PAD with DM.
     Lastly, the wire-injury model is relatively quick to 
generate, with the wire-injury procedure taking about 20 min, 
and the ensuing neointimal hyperplasia peaking after 3 to 4 
weeks. Furthermore, as mentioned earlier, the commercially 
manufactured guidewires for FA wire-injury models provide 
greater robustness and high reproducibility of the model 
(Takayama et al., 2015). 

Limitations of this model
Rodent models have inherent anatomical and physiological 
differences that may impact the interpretation of research 
findings. For instance, rodents do not develop atherosclerosis 
naturally, nor do they have strokes, myocardial infarction, 
or claudication (Kent and Liu, 2004). Structurally, murine 
arterial intima has only endothelium overlaying the internal 
elastic lamina, and lacks the smooth muscle cells or connective 
tissues found in human arterial intima. Murine tunica media 
is also thinner, and murine artery lacks the vasa vasorum (Lee 
et al., 2017). The small arteries of rodents also mean that it 
is impossible to test human-like endovascular interventions 
in these models. For such studies, the balloon-injury model 
would be more suitable.  Moreover, although the techniques are 
highly reproducible, different studies have employed varying 
methodology (Ebert et al., 2021), making it hard to compare 
results and draw meaningful interpretations between studies. 
Also, since the wire-injury model is technically challenging, a 
single operator should perform the technique on all animals of a 
single trial to avoid large discrepancies and variations.

Future directions with this model
Many post-angiography restenosis studies have used the wire-
injury model that was first established by Sata et al. (2000). This 

murine model has since seen some improvements. To better 
recapitulate advanced atherosclerotic plaques, more extensive 
vascular damage can be induced. This is achieved by using a 
bigger diameter wire with no hydrophilic coating, repeatedly 
inserting and retracting the wire ten-times before leaving 
it in the FA for one minute. The additional steps led to the 
breakdown and rupture of elastic lamina along with hyperplasia 
neointimal contributed by adventitial lineage cells (Nomura-
Kitabayashi and Kovacic, 2018).
     Given that the risk of restenosis following femoropopliteal 
intervention is dependent on the anatomical severity of 
the lesions (Iida et al., 2020), the absence of a preceding 
atherosclerotic lesion in most arterial injury studies may result 
in variations in the resultant neointimal hyperplasia.  Animal 
models should mimic these anatomical severities in order to 
provide a better chance at translating from benchtop to bedside. 
A preceding atherosclerotic lesion in mice can be induced 
using diet or genetic modification (Lee et al., 2017) prior to 
arterial injury (i.e. double injury). Nonetheless, the murine 
atherosclerosis may differ from that in humans, particularly 
since the murine lesion lacks a thick fibrous cap (Lee et al., 
2017). With the advent of blastocyst complementation, perhaps 
chimeric mice containing human blood vessels can be created 
to better represent the post-angioplasty restenosis. Though it 
has never been done, human blood vessels are able to make 
connections with mouse blood vessels (Tsukada et al., 2021). 
Furthermore, chimeric mice with pluripotent stem cell-derived 
vascular endothelial cells have also been successfully made 
(Hamanaka et al., 2018). 

Balloon-injury model
In terms of the process of inducing vascular injury, the balloon-
injury model is most similar to clinical settings (Figure 2). 
It uses larger animal models compared to mice, such as rats 
(Fingerle et al., 1990; Indolfi et al., 1995; Indolfi et al., 2001), 
rabbits (Griese et al., 2003), and swine (Gasper et al., 2013) 
due to easier access to the blood vessels. The porcine models 

Figure 1. The murine femoral artery (FA) wire-injury model involves insertion of a wire into the FA to induce endothelial denudation. Within 
two hours, fibrin and platelets aggregate at the site of vascular injury. Inflammation peaks at one week with accumulation of hematopoietic 
cells along with the development of neointimal hyperplasia. Neointimal hyperplasia is composed of vascular smooth muscle cells (VSMCs) 
that mostly originate from bone marrow (BM)-derived progenitors. Leukocyte infiltration at this point is largely mediated by myeloid-related 
protein (MRP)-14 that modulates neutrophil- and monocyte-dependent vascular inflammation and VSMC proliferation. After a month, a 
concentric homogenous neointimal lesion can be seen. 
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are more clinically relevant for PAD as it induces the vascular 
injury at the FA instead of the carotid artery as seen in rats and 
rabbits. It should also be noted that the latex balloon used in 
rats significantly overstretches an artery as compared to PVC 
balloon angioplasty, which maintains a balloon-to-artery ratio 
of 1:2:1. Furthermore, the resulting lesion lacks several features 
to that seen in humans such as calcium deposits (Lafont and 
Faxon, 1998). 
     In 2013, Gasper et. al. (2013) established two techniques to 
create porcine models for FA restenosis. Briefly, the first model 
(i.e. single-injury model) involved using an angioplasty balloon 
to overstretch (40 to 60%) 4 centimeters of the proximal 
superficial FA. To induce  great injury, three inflations, 30 
seconds each, were done. The second model (double-injury 
model) was similar but diseased substrate was induced prior 
to the overstretch. First, endothelial denudation was achieved 
by using a compliant embolectomy balloon inflated to 2 atm, 
and dragged three times through the entire length of the target 
superficial FA. After two weeks, balloon angioplasty was 
performed to overstretch (by 20 to 30%) 4 centimeters of the 
proximal and distal superficial FA. Similar to the first model, 
three inflations, 30 seconds each, were performed (Gasper et 
al., 2013). The double-injury model resulted in a higher degree 
of neointimal hyperplasia without differences in the extent 
of medial fibrosis or inflammation as compared to the single-
injury model. Using the single-injury model, it was found 
that nab-rapamycin was able to reduce lumen area stenosis, 
and medial fibrosis (Gasper et al., 2013). This double-injury 
model was recently adapted to investigate the effects of direct 
injection of sirolimus nanoliposomal formulation (Nanolimus) 
via infusion catheter (Bullfrog catheter) on the inflammatory 
response in post-angioplasty vascular injury. The study yielded 
promising results where Nanolimus led to significant reduction 
in neointima area, and luminal stenosis (Ang et al., 2020). 
Although the double-injury model requires an additional 
surgical procedure, and hence time, the model results in two 
injury sites per FA. 

Benefits of this model 
The main advantage of using swine compared to rodent is 
that the induced lesions closely resemble the post-angioplasty 
neointimal hyperplasia observed in humans, and their severity 

is proportional to the injury. Physiologically, swine has a similar 
circulating cholesterol make-up – 60% low-density lipoproteins, 
38% high-density lipoprotein – compared to humans. Unlike 
rodents, swine can develop atherosclerosis spontaneously. 
Furthermore, swine have similar hemodynamic parameters as 
compared to humans (Lelovas et al., 2014). More importantly, 
the porcine model produces neointimal hyperplasia similar to 
human restenotic neointima with regards to cell size, density, 
and histopathological presentation (Gasper et al., 2013).

Limitations of this model
The procedures to induce balloon-injury models in swine 
require a catheterization laboratory with a dedicated team of 
anesthetists and anesthesiologist. Furthermore, the cost of 
maintaining large animals is significantly higher, with greater 
burden for husbandry and housing. Lastly, genetic engineering 
can be more challenging in swine as compared to mice. 

Future directions with this model
Larger animal models such as swine provide greater vascular 
access to investigate promising endovascular interventions. 
Additionally, a recent study has shown the feasibility of 
creating chimeric swine with human endothelial cells (Das et 
al., 2020). Unfortunately, the use of large animal models may be 
hampered by the logistical issues as mentioned earlier.  Small 
animal models could be used for initial proof-of-concept studies 
before translating it to larger animal models, and eventually 
into humans. With technological advancements, perhaps small 
animal models could be generated that better recapitulate 
human post-angioplasty restenosis. 

Diabetic animal models of PAD
The prevalence of type 2 DM has been increasing in many 
parts of the world, in part due to rapid urbanization, unhealthy 
eating, and sedentary lifestyles. DM is a leading cause 
of human suffering and deaths (Khan et al., 2020). It is 
associated with increased risk of PAD (Fowkes et al., 2013), 
with a recent multicenter retrospective showing an inverse 
association between diabetes and dialysis with the severity of 
femoropopliteal lesions (Takahara et al., 2020). Importantly, 
DM is associated with higher risk and accelerated rate of 
post-angioplasty restenosis (Gilbert et al., 2004; Fujita et al., 

Figure 1. The murine femoral artery (FA) wire-injury model involves insertion of a wire into the FA to induce endothelial denudation. Within 
two hours, fibrin and platelets aggregate at the site of vascular injury. Inflammation peaks at one week with accumulation of hematopoietic 
cells along with the development of neointimal hyperplasia. Neointimal hyperplasia is composed of vascular smooth muscle cells (VSMCs) 
that mostly originate from bone marrow (BM)-derived progenitors. Leukocyte infiltration at this point is largely mediated by myeloid-related 
protein (MRP)-14 that modulates neutrophil- and monocyte-dependent vascular inflammation and VSMC proliferation. After a month, a 
concentric homogenous neointimal lesion can be seen. 
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2020; Pan et al., 2021). The increased risk is in part due to (1) 
metabolic perturbations leading to endothelial dysfunction, (2) 
increased inflammation and proliferation by insulin, or glucose, 
and (3) insufficient VSMC apoptosis (Lv et al., 2013). To 
investigate the effects of post-angioplasty restenosis in diabetes, 
rabbits (Sligar et al., 2019) or rodents are widely used with the 
latter being more popular. Diabetic rodent models have been 
widely used, and their advantages and disadvantages were 
extensively reviewed previously, (Goldberg and Dansky, 2006; 
Al-Awar et al., 2016). Studies on post-angioplasty restenosis 
in DM have used both, genetic models and chemically-induced 
models (Gonzalez-Navarro et al., 2007). However, due to the 
mechanism in which DM is induced, different models may 
yield differing results. For instance, balloon-injury caused 
increased neointimal hyperplasia (> 200%) in obese Zucker 
rats (experimental type II diabetes) compared to lean Zucker 
rats (Park et al., 2001). Conversely, post-angioplasty neointimal 
hyperplasia by wire-injury was attenuated significantly (~90%) 
in leprdb/db diabetic mice (experimental type II diabetes) 
compared to nondiabetic wild-type mice (Stephenson et al., 
2003). 
     DM models are not limited to rodents. Several laboratories 
have successfully induced type 1-like diabetes with the injection 
of streptozotocin, which destroys a significant proportion of 
insulin-producing pancreatic β-cells in Yorkshire domestic 
pigs. Diabetes combined with hypercholesterolemia increases 
atherosclerosis two-fold compared with hypercholesterolemia 
alone (Bentzon et al., 2014). The progress in pig genomics 
research has recently made it possible to create mini-pig 
versions of the genetic atherosclerosis models that have proved 
efficient in mice. That study used a single bolus intravenous 
injection of streptozotocin (STZ) to create diabetic swine 
to investigate sirolimus-eluting stent implantation. Post-
angioplasty neointimal hyperplasia was shown to persist for at 
least six months (Zhang et al., 2007).

Summary, conclusions and future perspectives
Animal models remain an indispensable tool to pave the 
way for medical advancements. The advent of angioplasty 
has helped many PAD patients. However, the often-ensuing 
restenosis due to neointimal hyperplasia may complicate the 
success of angioplasty. The wire-injury and the balloon injury 
animal models are widely accepted and have been used to 
uncover insights into the disease, and its therapy. Nonetheless, 
despite many years of research, post-angioplasty restenosis 
remains prevalent. Promising results from pre-clinical trials 
failed to translate into clinics largely due to the limitations of 
the animal models. Rodent models have inherent differences 
when compared to their human counterpart, whereas the use of 
porcine models requires extensive logistics. Nonetheless, both 
models have their own advantages. The rodent models allow 
for genetic engineering to elucidate potential drug targets while 
the porcine models offer similar-sized arteries to test human-
like endovascular interventions. Thus, both of these models 
remain invaluable to the field of PAD research. In the future, we 
envision the use of murine chimeras to recapitulate PAD better, 
and hopefully improve the translatability of preclinical results 
to clinical trials. 
     The femoropopliteal lesions were previously classified by 
the Trans-Atlantic Society Consensus (TASC). A recent large 
multicenter prospective study has proposed a new angiographic 
risk score to better predict the 12-month restenosis risk 
following femoropopliteal interventions in clinical settings 
(Iida et al., 2020). Though reproducible, the extent of vascular 
injury in the animal models likely varies between operators, 
and hence, studies. Perhaps by classifying the animal models 
according to the risk score, the models would provide more 
translatable insights, especially to specific patient subgroups.

     In conclusion, the use of more clinically relevant animal 
models of PAD will facilitate the identification and validation of 
novel treatment targets for preventing the onset and progression 
of PAD and result in improved outcomes in patients with PAD.

Acknowledgements
Derek Hausenloy is Duke-National University Singapore 
Medical School, Singapore Ministry of Health’s National 
Medical Research Council under its Clinician Scientist-
Senior Investigator scheme (NMRC/CSA-SI/0011/2017) and 
Collaborative Centre Grant scheme (NMRC/CGAug16C006). 
This article is based upon work from COST Action EU-
CARDIOPROTECTION CA16225 supported by COST 
(European Cooperation in Science and Technology). Sauri 
Hernandez-Resendiz is supported by the Singapore Ministry 
of Health’s National Medical Research Council under its Open 
Fund-Young Individual Research Grant (OF-YIRG)-[NMRC/
OFYIRG/0078/2018]. 

Conflict of Interest
The authors declare no conflicts of interest.

References
Afzal TA, Luong LA, Chen D, Zhang C, Yang F, Chen Q, An W, 

Wilkes E, Yashiro K, Cutillas PR, Zhang L, Xiao Q (2016) 
NCK Associated Protein 1 Modulated by miRNA-214 
Determines Vascular Smooth Muscle Cell Migration, 
Proliferation, and Neointima Hyperplasia. J Am Heart 
Assoc 5.

Al-Awar A, Kupai K, Veszelka M, Szucs G, Attieh Z, Murlasits 
Z, Torok S, Posa A, Varga C (2016) Experimental 
Diabetes Mellitus in Different Animal Models. J Diabetes 
Res 2016:9051426.

Ang HY, Xiong GM, Chaw SY, Phua JL, Ng JCK, Wong PEH, 
Venkatraman S, Chong TT, Huang Y (2020) Adventitial 
injection delivery of nano-encapsulated sirolimus 
(Nanolimus) to injury-induced porcine femoral vessels to 
reduce luminal restenosis. J Control Release 319:15-24.

Baek SE, Jang MA, Lee SJ, Park SY, Bae SS, Kim CD (2017) 
5-Lipoxygenase in monocytes emerges as a therapeutic 
target for intimal hyperplasia in a murine wire-injured 
femoral artery. Biochim Biophys Acta Mol Basis Dis 
1863:2210-2219.

Baek SE, Park SY, Bae SS, Kim K, Lee WS, Kim CD (2018) 
BLTR1 in Monocytes Emerges as a Therapeutic Target 
For Vascular Inflammation With a Subsequent Intimal 
Hyperplasia in a Murine Wire-Injured Femoral Artery. 
Front Immunol 9:1938.

Bentzon JF, Otsuka F, Virmani R, Falk E (2014) Mechanisms of 
plaque formation and rupture. Circ Res 114:1852-1866.

Bornfeldt KE, Arnqvist HJ, Capron L (1992) In vivo 
proliferation of rat vascular smooth muscle in relation to 
diabetes mellitus insulin-like growth factor I and insulin. 
Diabetologia 35:104-108.

Chamberlain J, Wheatcroft M, Arnold N, Lupton H, Crossman 
DC, Gunn J, Francis S (2010) A novel mouse model of in 
situ stenting. Cardiovasc Res 85:38-44.

Chen Q, Yang F, Guo M, Wen G, Zhang C, Luong le A, Zhu J, 
Xiao Q, Zhang L (2015) miRNA-34a reduces neointima 
formation through inhibiting smooth muscle cell 
proliferation and migration. J Mol Cell Cardiol 89:75-86.

Clowes AW, Breslow JL, Karnovsky MJ (1977) Regression 
of myointimal thickening following carotid endothelial 
injury and development of aortic foam cell lesions in long 
term hypercholesterolemic rats. Lab Invest 36:73-81.



REVIEW ARTICLE

Conditioning Medicine 2021 | www.conditionmed.org

Conditioning Medicine | 2021, 4(5):209-215

214

Croce K, Gao H, Wang Y, Mooroka T, Sakuma M, Shi C, 
Sukhova GK, Packard RR, Hogg N, Libby P, Simon 
DI (2009) Myeloid-related protein-8/14 is critical for 
the biological response to vascular injury. Circulation 
120:427-436.

Curaj A, Simsekyilmaz S, Staudt M, Liehn E (2015) Minimal 
invasive surgical procedure of inducing myocardial 
infarction in mice. J Vis Exp:e52197.

Das S, Koyano-Nakagawa N, Gafni O, Maeng G, Singh BN, 
Rasmussen T, Pan X, Choi KD, Mickelson D, Gong W, 
Pota P, Weaver CV, Kren S, Hanna JH, Yannopoulos 
D, Garry MG, Garry DJ (2020) Generation of human 
endothelium in pig embryos deficient in ETV2. Nat 
Biotechnol 38:297-302.

Ebert MLA, Schmidt VF, Pfaff L, von Thaden A, Kimm MA, 
Wildgruber M (2021) Animal Models of Neointimal 
Hyperplasia and Restenosis: Species-Specific Differences 
and Implications for Translational Research. JACC: Basic 
to Translational Science.

El Sayed H, Kerensky R, Stecher M, Mohanty P, Davies M 
(2016) A randomized phase II study of Xilonix, a targeted 
therapy against interleukin 1alpha, for the prevention of 
superficial femoral artery restenosis after percutaneous 
revascularization. J Vasc Surg 63:133-141 e131.

Eraso LH, Fukaya E, Mohler ER, 3rd, Xie D, Sha D, Berger 
JS (2014) Peripheral arterial disease, prevalence and 
cumulative risk factor profile analysis. Eur J Prev Cardiol 
21:704-711.

Fingerle J, Au YP, Clowes AW, Reidy MA (1990) Intimal 
lesion formation in rat carotid arteries after endothelial 
denudation in absence of medial injury. Arteriosclerosis 
10:1082-1087.

Fowkes FG, Rudan D, Rudan I, Aboyans V, Denenberg JO, 
McDermott MM, Norman PE, Sampson UK, Williams 
LJ, Mensah GA, Criqui MH (2013) Comparison of global 
estimates of prevalence and risk factors for peripheral 
artery disease in 2000 and 2010: a systematic review and 
analysis. Lancet 382:1329-1340.

Fujita T, Takeda T, Tsujino Y, Yamaji M, Sakaguchi T, Maeda 
K, Mabuchi H, Murakami T, Morimoto T, Kimura T 
(2020) Effect of Glycemic Control During Follow-up on 
Late Target Lesion Revascularization After Implantation 
of New-Generation Drug-Eluting Stents in Patients With 
Diabetes- A Single-Center Observational Study. Circ Rep 
2:479-489.

Gasper WJ, Jimenez CA, Walker J, Conte MS, Seward K, 
Owens CD (2013) Adventitial nab-rapamycin injection 
reduces porcine femoral artery luminal stenosis induced by 
balloon angioplasty via inhibition of medial proliferation 
and adventitial inflammation. Circ Cardiovasc Interv 
6:701-709.

Gilbert J, Raboud J, Zinman B (2004) Meta-analysis of the 
effect of diabetes on restenosis rates among patients 
receiving coronary angioplasty stenting. Diabetes Care 
27:990-994.

Goldberg IJ, Dansky HM (2006) Diabetic vascular disease: an 
experimental objective. Arterioscler Thromb Vasc Biol 
26:1693-1701.

Gonzalez-Navarro H, Burks DJ, Andres V (2007) Murine 
models to investigate the influence of diabetic metabolism 
on the development of atherosclerosis and restenosis. 
Front Biosci 12:4439-4455.

Griese DP, Ehsan A, Melo LG, Kong D, Zhang L, Mann MJ, 
Pratt RE, Mulligan RC, Dzau VJ (2003) Isolation and 
transplantation of autologous circulating endothelial cells 

into denuded vessels and prosthetic grafts: implications 
for cell-based vascular therapy. Circulation 108:2710-
2715.

Hamanaka S, Umino A, Sato H, Hayama T, Yanagida A, 
Mizuno N, Kobayashi T, Kasai M, Suchy FP, Yamazaki S, 
Masaki H, Yamaguchi T, Nakauchi H (2018) Generation 
of Vascular Endothelial Cells and Hematopoietic Cells by 
Blastocyst Complementation. Stem Cell Reports 11:988-
997.

Han CI, Campbell GR, Campbell JH (2001) Circulating bone 
marrow cells can contribute to neointimal formation. J 
Vasc Res 38:113-119.

Iida O, Takahara M, Soga Y, Fujihara M, Kawasaki D, Hirano 
K, Choi D, Mano T (2020) A Novel Angiographic Risk 
Score for Femoropopliteal Interventions. J Endovasc Ther 
27:967-973.

Indolfi C, Esposito G, Di Lorenzo E, Rapacciuolo A, Feliciello 
A, Porcellini A, Avvedimento VE, Condorelli M, 
Chiariello M (1995) Smooth muscle cell proliferation is 
proportional to the degree of balloon injury in a rat model 
of angioplasty. Circulation 92:1230-1235.

Indolfi C, Torella D, Cavuto L, Davalli AM, Coppola C, 
Esposito G, Carriero MV, Rapacciuolo A, Di Lorenzo 
E, Stabile E, Perrino C, Chieffo A, Pardo F, Chiariello 
M (2001) Effects of balloon injury on neointimal 
hyperplasia in streptozotocin-induced diabetes and in 
hyperinsulinemic nondiabetic pancreatic islet-transplanted 
rats. Circulation 103:2980-2986.

Isoda K, Shiigai M, Ishigami N, Matsuki T, Horai R, Nishikawa 
K, Kusuhara M, Nishida Y, Iwakura Y, Ohsuzu F (2003) 
Deficiency of interleukin-1 receptor antagonist promotes 
neointimal formation after injury. Circulation 108:516-
518.

Kang HJ, Kim HS, Zhang SY, Park KW, Cho HJ, Koo BK, 
Kim YJ, Soo Lee D, Sohn DW, Han KS, Oh BH, 
Lee MM, Park YB (2004) Effects of intracoronary 
infusion of peripheral blood stem-cells mobilised with 
granulocyte-colony stimulating factor on left ventricular 
systolic function and restenosis after coronary stenting 
in myocardial infarction: the MAGIC cell randomised 
clinical trial. Lancet 363:751-756.

Kent KC, Liu B (2004) Intimal hyperplasia--still here after all 
these years! Ann Vasc Surg 18:135-137.

Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa 
H, Al Kaabi J (2020) Epidemiology of Type 2 Diabetes 
- Global Burden of Disease and Forecasted Trends. J 
Epidemiol Glob Health 10:107-111.

Krishna SM, Omer SM, Golledge J (2016) Evaluation of the 
clinical relevance and limitations of current pre-clinical 
models of peripheral artery disease. Clin Sci (Lond) 
130:127-150.

Lafont A, Faxon D (1998) Why do animal models of post-
angioplasty restenosis sometimes poorly predict the 
outcome of clinical trials? Cardiovasc Res 39:50-59.

Lee YT, Lin HY, Chan YW, Li KH, To OT, Yan BP, Liu T, Li 
G, Wong WT, Keung W, Tse G (2017) Mouse models 
of atherosclerosis: a historical perspective and recent 
advances. Lipids Health Dis 16:12.

Lelovas PP, Kostomitsopoulos NG, Xanthos TT (2014) A 
comparative anatomic and physiologic overview of the 
porcine heart. J Am Assoc Lab Anim Sci 53:432-438.

Li Q, Fu J, Xia Y, Qi W, Ishikado A, Park K, Yokomizo H, 
Huang Q, Cai W, Rask-Madsen C, Kahn CR, King GL 
(2019) Homozygous receptors for insulin and not IGF-



REVIEW ARTICLE

Conditioning Medicine 2021 | www.conditionmed.org

Conditioning Medicine | 2021, 4(5):209-215

215

1 accelerate intimal hyperplasia in insulin resistance and 
diabetes. Nat Commun 10:4427.

Lindner V, Fingerle J, Reidy MA (1993) Mouse model of 
arterial injury. Circ Res 73:792-796.

Lv L, Zhang J, Zhang L, Xue G, Wang P, Meng Q, Liang W 
(2013) Essential role of Pin1 via STAT3 signalling and 
mitochondria-dependent pathways in restenosis in type 2 
diabetes. J Cell Mol Med 17:989-1005.

Mori Y, Terasaki M, Hiromura M, Saito T, Kushima H, Koshibu 
M, Osaka N, Ohara M, Fukui T, Ohtaki H, Tsutomu H, 
Yamagishi SI (2019) Luseogliflozin attenuates neointimal 
hyperplasia after wire injury in high-fat diet-fed mice 
via inhibition of perivascular adipose tissue remodeling. 
Cardiovasc Diabetol 18:143.

Morton AC, Arnold ND, Gunn J, Varcoe R, Francis SE, 
Dower SK, Crossman DC (2005) Interleukin-1 receptor 
antagonist alters the response to vessel wall injury in a 
porcine coronary artery model. Cardiovasc Res 68:493-
501.

Moser J, van Ark J, van Dijk MC, Greiner DL, Shultz LD, van 
Goor H, Hillebrands JL (2016) Distinct Differences on 
Neointima Formation in Immunodeficient and Humanized 
Mice after Carotid or Femoral Arterial Injury. Sci Rep 
6:35387.

Nomura-Kitabayashi A, Kovacic JC (2018) Mouse Model of 
Wire Injury-Induced Vascular Remodeling. Methods Mol 
Biol 1816:253-268.

Pan L et al. (2021) Clinical Outcomes of Drug-Coated Balloon 
in Coronary Patients with and without Diabetes Mellitus: 
A Multicenter, Propensity Score Study. J Diabetes Res 
2021:5495219.

Park SH, Marso SP, Zhou Z, Foroudi F, Topol EJ, Lincoff AM 
(2001) Neointimal hyperplasia after arterial injury is 
increased in a rat model of non-insulin-dependent diabetes 
mellitus. Circulation 104:815-819.

Polonsky TS, McDermott MM (2021) Lower Extremity 
Peripheral Artery Disease Without Chronic Limb-
Threatening Ischemia: A Review. JAMA 325:2188-2198.

Roque M, Fallon JT, Badimon JJ, Zhang WX, Taubman 
MB, Reis ED (2000) Mouse model of femoral artery 
denudation injury associated with the rapid accumulation 
of adhesion molecules on the luminal surface and 
recruitment of neutrophils. Arterioscler Thromb Vasc Biol 
20:335-342.

Rymer JA, Jones WS (2018) Femoropopliteal In-Stent 
Restenosis. Circ Cardiovasc Interv 11:e007559.

Sata M, Maejima Y, Adachi F, Fukino K, Saiura A, Sugiura 
S, Aoyagi T, Imai Y, Kurihara H, Kimura K, Omata M, 
Makuuchi M, Hirata Y, Nagai R (2000) A mouse model 
of vascular injury that induces rapid onset of medial 
cell apoptosis followed by reproducible neointimal 
hyperplasia. J Mol Cell Cardiol 32:2097-2104.

Scheinert D, Duda S, Zeller T, Krankenberg H, Ricke J, Bosiers 
M, Tepe G, Naisbitt S, Rosenfield K (2014) The LEVANT 
I (Lutonix paclitaxel-coated balloon for the prevention 
of femoropopliteal restenosis) trial for femoropopliteal 
revascularization: first-in-human randomized trial of 
low-dose drug-coated balloon versus uncoated balloon 
angioplasty. JACC Cardiovasc Interv 7:10-19.

Scheller B, Speck U, Romeike B, Schmitt A, Sovak M, Bohm M, 
Stoll HP (2003) Contrast media as carriers for local drug 
delivery. Successful inhibition of neointimal proliferation 
in the porcine coronary stent model. Eur Heart J 24:1462-
1467.

Shoji M, Sata M, Fukuda D, Tanaka K, Sato T, Iso Y, Shibata M, 
Suzuki H, Koba S, Geshi E, Katagiri T (2004) Temporal 
and spatial characterization of cellular constituents during 
neointimal hyperplasia after vascular injury: Potential 
contribution of bone-marrow-derived progenitors to 
arterial remodeling. Cardiovasc Pathol 13:306-312.

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

Sligar AD, Howe G, Goldman J, Felli P, Karanam V, Smalling 
RW, Baker AB (2019) Preclinical Model of Hind Limb 
Ischemia in Diabetic Rabbits. J Vis Exp.

Stephenson K, Tunstead J, Tsai A, Gordon R, Henderson 
S, Dansky HM (2003) Neointimal formation after 
endovascular arterial injury is markedly attenuated in db/
db mice. Arterioscler Thromb Vasc Biol 23:2027-2033.

Takahara M, Soga Y, Fujihara M, Kawasaki D, Kozuki A, Iida 
O (2020) Inverse association of diabetes and dialysis with 
the severity of femoropopliteal lesions and chronic total 
occlusion: a cross-sectional study of 2056 cases. BMC 
Cardiovasc Disord 20:514.

Takayama T, Shi X, Wang B, Franco S, Zhou Y, DiRenzo D, 
Kent A, Hartig P, Zent J, Guo LW (2015) A murine model 
of arterial restenosis: technical aspects of femoral wire 
injury. J Vis Exp.

Tat V, Forest CP (2018) The role of SGLT2 inhibitors in 
managing type 2 diabetes. JAAPA 31:35-40.

Tepe G, Laird J, Schneider P, Brodmann M, Krishnan P, Micari 
A, Metzger C, Scheinert D, Zeller T, Cohen DJ, Snead 
DB, Alexander B, Landini M, Jaff MR, Investigators IPST 
(2015) Drug-coated balloon versus standard percutaneous 
transluminal angioplasty for the treatment of superficial 
femoral and popliteal peripheral artery disease: 12-month 
results from the IN.PACT SFA randomized trial. 
Circulation 131:495-502.

Tsukada Y, Muramatsu F, Hayashi Y, Inagaki C, Su H, Iba T, 
Kidoya H, Takakura N (2021) An in vivo model allowing 
continuous observation of human vascular formation in 
the same animal over time. Sci Rep 11:745.

Vartanian SM, Conte MS (2015) Surgical intervention for 
peripheral arterial disease. Circ Res 116:1614-1628.

Wang CH, Anderson N, Li SH, Szmitko PE, Cherng WJ, Fedak 
PW, Fazel S, Li RK, Yau TM, Weisel RD, Stanford 
WL, Verma S (2006) Stem cell factor deficiency is 
vasculoprotective: unraveling a new therapeutic potential 
of imatinib mesylate. Circ Res 99:617-625.

Yang F, Chen Q, He S, Yang M, Maguire EM, An W, Afzal TA, 
Luong LA, Zhang L, Xiao Q (2018) miR-22 Is a Novel 
Mediator of Vascular Smooth Muscle Cell Phenotypic 
Modulation and Neointima Formation. Circulation 
137:1824-1841.

Zhang Q, Lu L, Pu L, Zhang R, Shen J, Zhu Z, Hu J, Yang Z, 
Chen Q, Shen W (2007) Neointimal hyperplasia persists 
at six months after sirolimus-eluting stent implantation in 
diabetic porcine. Cardiovasc Diabetol 6:16.

Zimmerman MA, Selzman CH, Reznikov LL, Miller SA, 
Raeburn CD, Emmick J, Meng X, Harken AH (2002) 
Lack of TNF-alpha attenuates intimal hyperplasia after 
mouse carotid artery injury. Am J Physiol Regul Integr 
Comp Physiol 283:R505-512.


