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Abstract
Peripheral artery disease is a major health care problem with significant morbidity and

mortality. Humans with peripheral artery disease exhibit two major and differential clinical

manifestations – intermittent claudication and critical limb ischemia. Individuals with inter-

mittent claudication or critical limb ischemia have overlapping risk factors and objective

measures of blood flow. Hence, we hypothesized that variation in genetic make-up may be

an important determinant in the severity of peripheral artery disease. Previous studies have

identified polymorphism in genes, contributing to extent of atherosclerosis but much less is

known about polymorphisms associated with genes that can influence peripheral artery

disease severity. This review outlines some of the progress made up-to-date to unravel the

molecular mechanisms underlining differential peripheral artery disease severity. By exploring the recovery phenotype of different

mouse strains following experimental peripheral artery disease, our group identified the limb salvage-associated quantitative trait

locus 1 on mouse chromosome 7 as the first genetic modifier of perfusion recovery and tissue necrosis phenotypes. Furthermore,

a number of genes within LSq-1, such as ADAM12, IL-21Ra, and BAG3 were identified as genetic modifiers of peripheral artery

disease severity that function through preservation of endothelial and skeletal muscle cells during ischemia. Taken together, these

studies suggest manipulation of limb salvage-associated quantitative trait locus 1 genes show great promise as therapeutic

targets in the management of peripheral artery disease.
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Introduction

Peripheral artery disease (PAD) is a major health care prob-
lem with increasing morbidity and mortality.1–5 PAD is
characterized by impaired blood flow to tissues outside
the heart due to atherosclerosis and this most frequently
occurs in the lower extremities.2,3,6 Humans with PAD
exhibit two major and differential clinical manifestations:
Intermittent claudication (IC), which is defined as mobility
or exercise-triggered leg pain usually relieved by rest; and
critical limb ischemia (CLI), which is defined as leg pain at
rest and is usually accompanied by tissue loss or necro-
sis.2,6,7 The risk factors for developing PAD include

diabetes, hypertension, hypercholesterolemia, and smok-
ing.3,6 These risk factors are associated with development
of both IC and CLI.8 Although in a number of studies, dia-
betes was shown to be more common among individuals
with CLI compared with those with IC, many people with
IC also have diabetes.8–11 Additionally, while many people
with CLI tend to have low ankle-brachial index values
(<0.5) many individuals with IC also have low ankle bra-
chial index.8,12,13 Taken together, this suggests that individ-
uals with CLI or IC have overlapping risk factors and
objective measures of blood flow. Hence, we hypothesized
that variation in genetic make-up may be an important
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determinant of PAD severity.2,14 The role of genetic influ-
ence on PAD outcomes can be considered in two major
ways. (1) Genetic polymorphisms may contribute to the
development of lower extremity atherosclerosis; examples
of this include Apo lipoprotein E, interleukin-6, and throm-
bin.9,15–17 (2) Alternatively, following vessel occlusion due
to atherosclerosis, genetic polymorphisms may influence
disease severity such as extent of blood flow recovery,
necrosis, or tissue loss.18,19 The role of inflammation in
the development of atherosclerosis is well known.20

Numerous studies have identified polymorphism in
genes, contributing to extent of atherosclerosis2,9,15–17 but
much less is known about polymorphism in genes that can
influence PAD severity.18,19,21 The hind limb ischemia (HLI)
model is a well-known preclinical model of PAD that
involves surgical ligation and excision of the femoral
artery to induce limb ischemia.22–29 The application of
this experimentally induced PAD technique has significant-
ly advanced our knowledge of the pathophysiology of PAD
and some of the molecular mechanisms involved in the
adaptation to ischemia.14,23,25,29–32

Similar to the findings in humans where PAD severity
differs despite overlapping risk factors, extent of blood
flow recovery and presence or absence of tissue necrosis
differs considerably among different strains of mice follow-
ing HLI.14,27,33,34 Studies by Fukino et al.,27 were one of the
earliest to show following induction of HLI in the C57BL/6
and Balb/c strains perfusion recovery was quite different
between the 2 strains.27 The C57BL/6 strain typically
showed favorable perfusion recovery with little or no
tissue necrosis, whereas the Balb/c strain typically
showed poor perfusion recovery with profound tissue
necrosis.14,27,34 Our group and others have since confirmed
these findings and showed that following induction of HLI
in different mouse strains perfusion recovery and extent of
limb necrosis differed considerably.14,33,34

Identification of LSq-1, the first genetic
modifier of PAD outcomes

We took advantage of the difference in the recovery pheno-
type between the C57BL/6 and Balb/c strains to identify
the first quantitative trait locus (QTL) associated with per-
fusion recovery and tissue necrosis in mice following
HLI.14 Initial studies to identify the LSq-1 QTL involved
generating F1 mice by crossing C57BL/6 and Balb/c
mice. The F1 exhibited no significant difference in perfu-
sion recovery or necrosis from the C57BL/6 parental strain.
This finding is consistent with a dominant allele(s) in
C57BL/6 being responsible for the perfusion recovery
and lack of tissue loss. To map the allele in C57BL/6
mice, we backcrossed the F1 to the Balb/c and generated
105 N2 progeny. The N2 progenywas genotyped for the 239
SNPs that were informative in this cross. The average spac-
ing between SNPs was 6.8� 1.6 cM, affording full coverage
of the mouse genome. All but one of the chromosomes
(chromosome 7) showed linkage profiles that were essen-
tially flat, suggesting no other strongly acting loci maps to
the other chromosomes. This single locus on chromosome 7
spanned �31 Mb with significant linkage to tissue necrosis

and day 21 perfusion ratios. The peak LOD scores were 7.96
and 3.71, respectfully, at marker rs13479513. Interestingly,
the linkage peak for necrosis was even more significant, far
surpassing the P¼ 0.001 threshold. The linkage peaks for
perfusion ratio and necrosis were almost identical in chro-
mosomal position, differing only in the magnitude of the
strength of linkage.14

Hence, we identified, to our knowledge, the first QTL-1
associated with the extent of perfusion recovery following
experimental PAD. However, the mechanism by which this
locus modifies perfusion recovery or tissue preservation
was not known. We postulated that this locus may impact
preexisting collateral vessels, arteriogenesis, development
of new collateral vessels via angiogenesis, adaptation to
tissue ischemia, or some combination of these factors to
contribute to differential recovery after ischemia or that
genes within this locus could work through mechanisms
not yet postulated.14

Identifying specific LSq-1 genes involved in
adaption to tissue ischemia

To home in on the genes within the LSq-1 capable of mod-
ifying PAD severity, experimental PAD was performed on
six inbred mouse strains shown previously to demonstrate
favorable (C57Bl/6J, C57BlKS/J, CBA/J, DBA2, and
FVB/nJ) or poor (129SI/Svlm) recovery in an ischemic
stroke model35 and their perfusion recovery phenotype
was determined. These mice strains were then classified
as showing favorable recovery (C57Bl/6-like) or showing
poor recovery (Balb/c-like). Haplotype blocks based on
single nucleotide polymorphism (SNP) alleles, common
in strains that recover well but absent in strains that recover
poorly were generated.14 For this analysis, two additional
mouse strains with already known perfusion recovery phe-
notype were included, i.e. Balb/c and A/J. Hence, our hap-
lotype block analysis was based on SNPs in C57Bl/
6J¼C57BlKS/J¼CBA/J¼DBA2/J but 6¼Balb/cJ, A/J,
129SI/SvlmJ, FVB/nJ. Using this approach, five haplotype
blocks containing 25 genes were identified.34 See Table 1,
adapted from Dokun et al.34

Experimental validation of the expression profiles of the
25 genes housed within the five-haplotype blocks in non-
ischemic mouse hind limb muscles (gastrocnemius) was
performed.34 Additionally, day 3 post ischemic expression
was also assessed in mouse hind limbs and four genes were
found to be significantly upregulated in the C57BL/6 strain
compared to the Balb/c strain.34 These genes are ADAM12
(A Disintegrin And Metalloproteinase 12),34 IL-21Ra
(Interleukin-21 receptor),34 IL-4Ra (Interleukin-4a receptor),34

and INPP5F (inositol polyphosphate-5-phosphatase F).34

ADAM12was put forward as the lead candidate gene mod-
ifier of PAD severity because it showed the most increase in
mRNA and protein fold expressions (>3 fold) in C57BL/6
compared to Balb/c following hind-limb ischemia. The role
of ADAM12 in perfusion recovery following experimental
PAD was assessed using gain-of-function approach in
Balb/c strain (which normally has poor recovery) and
loss-of-function approach in C57BL/6 strain (that normally
has good recovery), we demonstrated that ADAM12
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mediated favorable perfusion recovery and rescued limb
blood flow following hind-limb ischemia as measured
using laser Doppler imaging technology.34 Moreover, we
showed ADAM12 upregulation in ischemic hind limbs
occurred primarily in endothelial cells.34 In vitro studies
in pooled HUVECs (Human Umbilical Vein Endothelial
Cells) also corroborated the in vivo finding of ADAM12
upregulation in ischemic endothelial cells. We further
showed knock down of ADAM12 in ischemic endothelial
cells decreased cell proliferation, angiogenesis (tube forma-
tion), while increasing apoptosis.34 These findings affirm
the notion – that ADAM12 is a genetic modifier of murine
peripheral arterial disease at least in part through regula-
tion of endothelial cell function in ischemia.34

ADAM12 is a key modulator of PAD in mice
and men

ADAM12 is a member of the metalloproteinase family of
enzymes. A multi-domain, multifunctional, typically
membrane-bound and zinc-dependent proteases.36,37

There are two alternative splicing variants of human
ADAM12 protein – L-form also known as the membrane
bound form and S-form also known as the secreted form.
ADAM12-L is an orthologue of mouse ADAM12, which is
the variant of ADAM12 in mouse.38,39 ADAM12-L is com-
posed of N-terminal pro-domain, metalloproteinase
domain, disintegrin domain, cysteine-rich domain, EGF-
like domain, transmembrane region and cytoplasmic tail.
The structural difference between the L-form and the

S-form is the absence of the transmembrane region and
cytoplasmic tail in the S-form.40,41 ADAM12 has been
shown to induce Epidermal Growth Factor Receptor
EGFR (RTKs; Receptor Tyrosine Kinase) activation via pro-
teolytic regulation of the ligand (HB-EGF to EGF) activation
in epithelial cells.42,43 Additionally, in vitro studies by
Frohlich et al.,44 showed ADAM12 regulates ectodomain
shedding/cleavage of several endothelial cell membrane
proteins including Tie2 and VEGFR2.44 However, whether
this regulation of membrane proteins could occur in vivo
was not known. Recently, our group extended these studies to
show that ADAM12 cleaves Tie2 in ischemic mouse hind
limbs in vivo.34 Moreover, we found no evidence of VEGFR2
cleavage by ADAM12 in vivo.34 We showed ADAM12 regu-
lation of endothelial cell proliferation, survival, and angiogen-
esis (tube formation) in ischemia is via Tie2 shedding and
receptor activation.34 These studies suggest that robust upre-
gulation of ADAM12 in ischemia is a key mechanism
involved in post ischemic angiogenesis and ADAM12 func-
tions at least in part through Tie2 cleavage and activation.34

Regulation of ADAM12

ADAM12 expression is subject to multiple order of regula-
tion by other proteins.34,38,45 Notch signaling (i.e. activation
of Notch receptor) regulates ADAM12 expression at both
mRNA and protein levels, and this requires active NF-ŒB
signaling cue in cultured mammalian cells.38 Diaz et al.,46

showed in human epithelial cancer cells that hypoxia-
induced Notch signaling was responsible for increase in

Table 1 Summary of genes within the five haplotype blocks and their mRNA expression profile

Haplotype

Block Gene (Assay ID)

Expression in

Mouse Hind limbs

Upregulated

in Ischemia C57BL/6>Balb/c Balb/c>C57BL/6

Block 1 3100003L05Rik (Mm01277666_m1) No No No No

4933440M02Rik (Mm01277432_m1) No No No No

4930571K23Rik (Mm03807449_s1) No No No No

Jmjd5 (Mm00513079_m1) Yes No No No

Nsmce1 (Mm00471126_m1) Yes No No No

Il4ra (Mm01275139_m1) Yes Yes Yes (<2-fold) No

Il21a (Mm00600319_m1) Yes Yes Yes (=2-fold) No

Gtf3c1 (Mm01278522_m1) Yes No No No

D430042009Rik (Mm00525471_m1) Yes No No No

Gsg1l (MM01278522_m1) No No No No

Xpo6 (Mm00503902_m1) Yes No No No

Sbk1 (Mm00455133_m1) Yes No No No

Lat (Mm00456761_m1) Yes Yes No No

Spns1 (Mm00470041_m1) Yes No No No

Nfatc2ip (Mm00803049_m1) Yes No No No

Cd19 (Mm00515420_m1) No No No No

Block 2 Bag3 (Mm00443474_m1) Yes No No No

Inpp5f (Mm00724391_m1) Yes Yes Yes (<2-fold) No

Block 3 ADAM12 (Mm00475719_m1) Yes Yes Yes (>3-fold) No

D7Ertd443e (Mm01131413_m1) Yes No No No

Dock1 (Mm01269874_m1) Yes Yes No No

Block 4 9430038I01Rik (Mm03991735_g1) Yes Yes No Yes

Block 5 Gpr123 (Mm00623786_m1) No No No No

Kndc1 (Mm006278522_m1) No No No No

Utf1 (Mm00447703_g1) No No No No

Note: No expression¼ no amplification or comparative threshold> 40. Adapted from Dokun et al.34
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ADAM12 expression. This study also went on to show that
increase in HIF-1a expression (the master regulator of hyp-
oxia) parallels increases in ADAM12 expression.46

Moreover, our study showed ADAM12 upregulation in
ischemia is regulated by HIF-1a.34

Going beyond protein regulation of ADAM12 in ische-
mia, recent, studies from our group provided one of the first
evidence of microRNA regulation of ADAM12 in vivo in the
setting of ischemia.45 MicroRNAs are important post-
transcriptional regulators of gene expression.28,47–51 MiR29
family consists of three closely related members, namely
miR29a, miR29b, and miR29c, and all three members have
the same seed sequence.38,52,53 Prior data from Li et al.,38

and colleagues, had showed a regulatory link between
miR29a and ADAM12 in fibroblasts in vitro;38 however,
less was known about ADAM12 regulation by miRNAs in
ischemia. Recently, studies from our group showed using
gain-of-function and loss-of-function approaches that
ischemia-induced upregulation of ADAM12 expression is
mediated through ischemia-induced suppression of
miR29a.45 This is the first study to establish miR29 regula-
tion of ADAM12 as a critical part of the endothelial cell
adaptation to ischemia. Moreover, it established a key role
for this signaling cue in post ischemic angiogenesis and
perfusion recovery in experimental PAD.45 Lastly, our
data further suggest that impaired perfusion recovery fol-
lowing vessel occlusion in diabetes may be due in part to
hyperglycemia-related impaired downregulation of
miR29a leading to suboptimal upregulation of ADAM12
in ischemia.45 Taken together, the regulation of ADAM12
expression appears to involve a plethora of different
regulatory tiers that includes ligands, receptors, and
miRNA43–45 (i.e. Notch signal axis, HIF-1a, NF-ŒB, miR29a).

Genetic variation in ADAM12 is associated
with CLI in a human cohort

To investigate the possible role of ADAM12 in PAD severity
in humans, we assessed whether SNPs in ADAM12 are
associated with clinical outcomes in a cohort of humans
with PAD (CATHGEN bio-repository).54 In this cohort
with 135 CLI and 544 IC individuals, 96 linkage disequilib-
rium (LD) tagged SNPs were genotyped and tested for
association with CLI using multivariable logistic regres-
sion, corresponding to good (69% of SNPs with r2 of 0.7)
coverage of the gene. Only one SNP, RS1471244,
was strongly associated with CLI (odds ratio 2.4 95%
CI [1.5–4.1]), P¼ 0.0006 for dominant model; odds ratio
2.2 [1.3–3.6], P¼ 0.002 for additive model), even after
adjustment for the presence of diabetes mellitus, age,
race, and smoking.55 Based on these findings, targeting
ADAM12 directly or at the level of miR29a offers a prom-
ising therapeutic option in the management of peripheral
arterial disease.

IL-21Ra in endothelial cell adaptation to
ischemia

A review of the result of our gene expression studies also
identified IL-21Ra as a gene within LSq-1 that was more

highly upregulated in the C57BL/6 mice (strain with
good recovery phenotype) compared to Balb/c (strain
with poor recovery phenotype) following experimental
PAD.34 IL-21Ra was originally discovered in immune
cells, where it was reported to control lymphoid and mye-
loid cell proliferation and differentiation.56,57 IL-21Ra is a
cell membrane cytokine receptor that forms a heterodi-
meric receptor complex with the common cytokine receptor
c chain (cc).56,57 The activation of IL-21Ra by its cognate
ligand IL-21 is known to play an essential role in both
innate and adaptive immune responses by regulating clas-
sical signaling pathways such as STAT3, ERK1/2 and
AKT-1 (Protein Kinase B) signal axes, which in turn enhan-
ces cell survival and angiogenesis.56,57

To better understand the role of IL-21Ra in post ischemic
angiogenesis, Wang et al.58 explored in which cell type
ADAM12 upregulation was occurring and found that the
upregulation of IL-21Ra occurred primarily in endothelial
cells. Moreover they showed in vitro treatment of ischemic
endothelial cells with IL-21 increased proliferation, migra-
tion, and tube formation.58 In vivo mice lacking IL-21Ra
showed impaired perfusion recovery following experimen-
tal PAD.58 IL-21Ra-mediated improved perfusion recovery
is accomplished by preventing endothelial cell apoptosis,
enhancing endothelial cell survival, and promoting angio-
genesis via STAT3 signaling pathway and increased anti-
apoptotic BCL-2/BAX ratio.58

The significance of IL-21Ra signaling was further inves-
tigated in humans with PAD. In good agreement with data
from preclinical studies, Wang et al.59 showed that the
expression of IL-21Ra was higher in skeletal muscle endo-
thelial cells from calf muscle biopsies in human patients
with PAD compared to control subjects. In addition,
blood samples from patients with PAD had higher levels
of circulating IL-21 ligand compared to age and gender-
matched healthy subjects. Taken together, the data from
both preclinical and human studies suggest that the upre-
gulation of IL-21 and its cognate receptor IL-21Ra, and acti-
vation of IL-21Ra indeed contributes to robust perfusion
recovery and muscle adaptation to ischemic insult.

Beyond the endothelium, BAG3 is an LSq-1
gene involved in skeletal muscle adaptation
to ischemia

Following the initial identification of the LSq-1 locus, we
speculated that genes within this locus may impact perfu-
sion recovery or skeletal muscle adaption to ischemia.14

Recent studies have highlighted the notion that the preser-
vation of both endothelial cells and skeletal muscle cells
within the mouse hind limb is critical for tissue preserva-
tion and favorable perfusion recovery following experi-
mental PAD.31 Briefly, in vitro study showed that both
murine primary skeletal muscle cells and endothelial cells
were susceptible to simulated ischemia (hypoxia and nutri-
ent deprivation or HND).31 In addition, in vivo study
showed that Balb/c strain exhibited greater skeletal
muscle atrophy and apoptosis compared to C57BL/6
strain following hind-limb ischemia.31
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We previously identified a Bcl-2-associated athanogene-
3 (BAG3) as one of the 25-gene cohort located on LSq-1 of
mouse chromosome 7, using haplotype block analysis.34

BAG3 is known to play a significant role in skeletal
muscle biology and myofiber integrity.60–62 However,
unlike the observed upregulation of ADAM12 in day 3
post ischemic mouse hind limbs, BAG3 was not found to
be upregulated at this time point.34 Note emphasis is on
three days post-ischemia analysis. In our original LSq-1
gene expression studies, we used samples from day 3
post-ischemic hind limbs for gene expression analysis,
because at this time point perfusion recovery was compa-
rable among mouse strains (C57BL/6 vs. Balb/c) following
induction of experimental PAD.14,34

McClung et al.63 recently revisited the possible role of
BAG3 in post ischemic perfusion recovery with a focus
on skeletal muscle. In this study, the investigators explored
expression of BAG3mRNA at day 1, 2, and 3 post induction
of experimental PAD and found greater upregulation in
C57BL/6 strain than in Balb/c strain on day 1 and 2.
Interestingly, the study detected the greatest increase in
BAG3 mRNA expression (>3 fold) on day 1 post hind-
limb ischemia with no detectable upregulation of BAG3
mRNA on day 3 post-induction of experimental PAD
when compared to non-ischemic controls. This study
went further to identify that C57BL/6 BAG3 is different
from Balb/c BAG3 due to a point mutation at residue 81
(Isoleucine to Methionine substitution at residue 81;
Iso81Met). Additionally, they showed the Iso81Met muta-
tion contributed to impaired muscle regeneration and limb
blood flow in Balb/c following experimental PAD.63

Upregulation of BAG3 after hind-limb ischemia and
expression of the functional BAG3 (Isoleucine 81) are both
critical for the role of BAG3 in preventing ischemic limb
necrosis (skeletal muscle atrophy) and rescuing limb
blood flow. At the molecular level, BAG3 stimulates
muscle regeneration by increasing myofiber differentiation
and muscle precursor cell fusion in ischemia via autophagy
regulation.63

Non-LSq-1 genes associated with PAD and
PAD severity

PAD is the result of atherosclerosis in the lower extremi-
ties,2,3,6 hence genes involved in the development of ath-
erosclerosis are likely to be associated with severity of PAD.
For example, increased concentrations of circulating
inflammatory biomarkers such as C-reactive protein
(CRP)64–67 and Serum amyloid A (SAA)67,68 have been
reported to be associated with PAD severity and inversely
correlates with ABI (reviewed in Hazarika et al.,69 ). Also,
HMGB1 (High-mobility group box 1 protein) a transcrip-
tional regulatory factor as well as an inflammatory media-
tor has been shown to be elevated in the plasma of patients
with PAD compared to patients without PAD.70

Additionally, osteopotegerin (OPG) a member of the
tumor necrosis factor (TNF) receptor family has been impli-
cated in vascular diseases and its levels were correlated
with presence and severity of PAD.70 Previously, work
by Sachdev et al.71 also showed that pre-treatment with

anti-HMGB1 antibody increased muscle necrosis following
HLI, and as a result the authors suggested that HMGB1 and
TLR4 protect against muscle necrosis following HLI.71

Beyond the involvement of genes associated with the path-
ogenesis of atherosclerosis and PAD severity, microRNAs
such as miR93 have been shown to regulate mouse perfu-
sion recovery following HLI.28

The above-mentioned genes may serve as biomarkers
for PAD and PAD severity; however, less is known about
whether these genes actually play key roles in adaptation to
ischemia and possible molecular mechanisms involved.
Additionally, whether polymorphism in these genes may
play a role in PAD severity is not known.

Conclusion

Recent research advancements in the study of preclinical
model of PAD (PAD) have uncovered a number of molec-
ular pathways that are important in the outcome of PAD
severity. The survival of both endothelial cells and skeletal
muscle cells following hind-limb ischemia is critical for
tissue preservation and perfusion recovery.2,31,34,63

Current experimental evidence from preclinical model of
PAD indicates that on one hand, ADAM12 and IL-21Ra are
genetic modifiers of endothelial cell functions: cell prolifer-
ation, survival, and angiogenesis.34,58 On the other hand,
BAG3 is a genetic modifier of skeletal muscle fate and func-
tions: muscle precursor cell differentiation and fusion.63

There is also data showing polymorphism in ADAM12 is
associated with CLI in humans with PAD.34,55 IL-21Ra and
IL-21 expression is higher in tissue samples from humans
with PAD compared to the level in tissue from individuals
without PAD.59 Mutations in BAG3 gene are present in
humans with muscular dystrophy.61,72 These clinical obser-
vations are consistent with the findings in our preclinical
studies, which show these LSq-1 genes play key roles in
perfusion recovery and tissue preservation following
experimental PAD.34,45,58,63 Taken together, ADAM12 and
IL-21Ra in endothelial cells, and BAG3 in skeletal muscle
cells are potential therapeutic targets in the management of
PAD in humans.

The identification of LSq-1 and our studies of some of
the genes within this QTL has significantly improved our
understanding of the pathophysiology of PAD severity.
Nevertheless, our understanding of tissue adaptation to
ischemia and the molecular mechanisms critical to limb
survival following vessel occlusion is still quite limited.
Future studies to explore the role of other LSq-1 genes in
tissue adaptation to ischemia would likely be very informa-
tive. Findings from the current studies suggest manipula-
tion of ADAM12, IL-21Ra, and BAG3 provide promise as
therapeutic targets that may improve PAD outcomes in
humans.
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