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Background-—Limb ischemia resulting from peripheral vascular disease is a common cause of morbidity. Vessel occlusion limits
blood flow, creating a hypoxic environment that damages distal tissue, requiring therapeutic revascularization. Hypoxia-inducible
factors (HIFs) are key transcriptional regulators of hypoxic vascular responses, including angiogenesis and arteriogenesis. Despite
vascular smooth muscle cells’ (VSMCs’) importance in vessel integrity, little is known about their functional responses to hypoxia in
peripheral vascular disease. This study investigated the role of VSMC HIF in mediating peripheral ischemic responses.

Methods and Results-—We used ArntSMKO mice with smooth muscle–specific deletion of aryl hydrocarbon receptor nuclear
translocator (ARNT, HIF-1b), required for HIF transcriptional activity, in a femoral artery ligation model of peripheral vascular
disease. ArntSMKO mice exhibit impaired perfusion recovery despite normal collateral vessel dilation and angiogenic capillary
responses. Decreased blood flow manifests in extensive tissue damage and hypoxia in ligated limbs of ArntSMKO mice. Furthermore,
loss of aryl hydrocarbon receptor nuclear translocator changes the proliferation, migration, and transcriptional profile of cultured
VSMCs. ArntSMKO mice display disrupted VSMC morphologic features and wrapping around arterioles and increased vascular
permeability linked to decreased local blood flow.

Conclusions-—Our data demonstrate that traditional vascular remodeling responses are insufficient to provide robust peripheral
tissue reperfusion in ArntSMKO mice. In all, this study highlights HIF responses to hypoxia in arteriole VSMCs critical for the
phenotypic and functional stability of vessels that aid in the recovery of blood flow in ischemic peripheral tissues. ( J Am Heart
Assoc. 2018;7:e009205. DOI: 10.1161/JAHA.118.009205.)
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L imb ischemia is a sequela of peripheral vascular disease,
a major cause of morbidity affecting millions of people

worldwide.1 Arterial occlusion limits blood flow, creating a
hypoxic environment and damaging tissue, which in severe
cases can necessitate amputation. Vascular responses to
episodes of ischemia attempt to restore perfusion through
arteriogenic processes of redirecting blood flow through
extant collateral circulation and angiogenic processes initiat-
ing de novo growth of vessels to regenerate the downstream

vascular network.2–4 Although the role of endothelial cells
(ECs) in initiating and effectuating these responses has been
extensively examined, far less is known about the contribu-
tions and regulators of neighboring vascular smooth muscle
cells (VSMCs).

In response to various physiological stresses, VSMCs
undergo phenotypic switching, permitting them to proliferate
and migrate, contributing to the remodeling of the vascular
wall in pulmonary hypertension, systemic hypertension, and

From the Department of Pathology (A.H.B., B.L.B., A.Y.H.), Case Cardiovascular Research Institute (A.H.B., A.S., M.A.A., M.K.J., A.P., D.L.R.-B.), Division of Pediatric
Hematology-Oncology, Department of Pediatrics (A.Y.H.), and Case Comprehensive Cancer Center (A.Y.H.), Case Western Reserve University School of Medicine,
Cleveland, OH; and Harrington Heart and Vascular Institute (A.H.B., A.S., M.A.A., M.K.J., A.P., D.L.R.-B.), Neurological Institute (L.E.N.), and Angie Fowler Adolescent and
Young Adult Cancer Institute and University Hospitals Rainbow Babies and Children’s Hospital (A.Y.H.), University Hospitals, Cleveland, OH.

Accompanying Table S1 and Figures S1 through S5 are available at http://jaha.ahajournals.org/content/7/11/e009205/DC1/embed/inline-supplementary-
material-1.pdf

Correspondence to: Diana L. Ramirez-Bergeron, PhD, Case Western Reserve University School of Medicine, 2103 Cornell Rd, Cleveland, OH 44106. E-mail:
dlr36@case.edu

Received March 20, 2018; accepted May 2, 2018.

ª 2018 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for
commercial purposes.

DOI: 10.1161/JAHA.118.009205 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.118.009205
http://jaha.ahajournals.org/content/7/11/e009205/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/7/11/e009205/DC1/embed/inline-supplementary-material-1.pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


atherosclerosis, among others.5,6 For many of these
conditions, hypoxia is an important pathologic trigger.
Hypoxia-inducible factors (HIFs) are heterodimeric transcrip-
tion factors, composed of HIF-a and aryl hydrocarbon
receptor nuclear translocator (ARNT; HIF-b) subunits, essen-
tial for cellular responses to hypoxia.7–13 In the presence of
O2, HIF-1a and HIF-2a are hydroxylated and targeted for
proteasomal degradation. Hypoxic conditions inhibit the
hydroxylation of a-subunits, which dimerize with ubiquitously
expressed ARNT to form active HIF-1 or HIF-2 functioning as
master regulators of O2 homeostasis by binding to and
activating gene promoters containing hypoxia response
elements.12 Although HIF-20s expression and activity are
more restricted, HIF-1 has been implicated in the transcrip-
tional regulation of hundreds of genes, including many
involved in vascular growth and remodeling.14–16

Hypoxia and HIFs have been studied extensively in VSMCs
of the pulmonary vasculature. In the context of hypoxia-driven
pulmonary hypertension, HIF-1 is essential for VSMC prolif-
eration in vivo.17–19 However, the pulmonary vasculature
differs from the systemic vasculature in hemodynamic forces
and O2 status, suggesting that these results may not be
directly translatable to other arterial beds. Studies of the role
of HIF in VSMCs outside of the pulmonary circulation are
limited and have primarily focused on examining the interplay
between HIF-1 and angiotensin II signaling in vascular
remodeling of the aorta.20,21

A considerable body of literature demonstrates the involve-
ment of HIF in response to peripheral ischemia. Human patients
with critical limb ischemia exhibit changes in HIF-1a protein
levels and vascular density.22 Increased levels of stabilized HIF-
1a are also seen in mouse models of hind-limb ischemia (HLI)
induced by femoral artery ligation.23 Although global Hif-1a+/�

mice show decreased blood reperfusion after ligation, injection
of stabilized HIF-1a in ischemic muscle promotes angiogenesis
and arteriogenesis, thereby increasing reperfusion.23–26 Speci-
fic to vascular cells, EC responses are known to be dependent
on HIFs, with EC-specific knockouts of HIF-2a displaying
decreased blood flow after induction of HLI attributable to
aberrant arteriogenic and angiogenic responses.27 Most
recently, VSMC HIF-1a knockout mice were characterized with
decreased limb reperfusion after femoral artery ligation
attributable to the enhanced production of thrombospondin-
2, known to inhibit angiogenesis.28 However, although HIFs’
regenerative vascular properties have been well described in
the nontargeted and EC contexts, the specific mechanisms of
revascularization dependent on HIF-driven VSMC responses to
peripheral ischemia are not well described.

The following studies tested the hypothesis that endoge-
nous HIF in VSMCs contributes to peripheral perfusion
recovery. Canonical HIF transcriptional activity was ablated in
VSMCs in vivo through the tissue-specific deletion of ARNT, the
required HIF-b subunit. Our findings reveal impaired reperfu-
sion after femoral artery ligation despite signs of arteriogenesis
and angiogenesis. Evidence of disrupted VSMC organization at
the arteriolar level implicate VSMCs as central to this deficit.
Moreover, this study finds hypoxia’s capacity to regulate the
molecular markers of VSMC structure, homeostasis, prolifer-
ation, and migration is ARNT dependent. Our findings under-
score the essential role of HIF-dependent hypoxia-driven
responses by VSMCs to achieve optimal peripheral perfusion
recovery.

Methods
The data, analytic methods, and study materials will be made
available on reasonable request to other researchers for purposes
of reproducing the results or replicating the procedure.

Mouse Generation
Previously described SM22a-Cre+/� and Arntlox/lox mice were
crossed and maintained in a C57Bl/6j background.29–33 The
progeny of SM22a-Cre+/� Arnt+/lox9Arntlox/lox were used for
experiments. Arnt deletion was verified by protein and mRNA
levels in aortic VSMCs isolated and cultured, as described
later. Sex- and litter-matched, or if unavailable, aged-matched
Cre� Arntlox/lox or Cre� Arntwt/lox mice were selected as
controls. All animal studies were performed with the approval

Clinical Perspective

What Is New?

• Vascular smooth muscle cell (VSMC)–specific disruption of
hypoxia-inducible factor, through deletion of aryl hydrocar-
bon receptor nuclear translocator (hypoxia-inducible factor-
1b subunit), impairs reperfusion after femoral artery
ligation.

• Ligated limbs of VSMC aryl hydrocarbon receptor nuclear
translocator knockout mice show increased tissue damage,
hypoxia, and vascular permeability despite dynamic signs of
arteriogenesis and angiogenesis.

• Loss of aryl hydrocarbon receptor nuclear translocator
disrupts arteriolar VSMC morphologic features.

• Hypoxia’s capacity to regulate the molecular markers of
VSMC structure, homeostasis, proliferation, and migration
is aryl hydrocarbon receptor nuclear translocator
dependent.

What Are the Clinical Implications?

• Hypoxia-inducible factor–driven responses of VSMCs are
essential for full recovery in peripheral ischemia; thus,
VSMCs are important targets to consider for therapeutic
interventions.
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of the Case Western Reserve University Institutional Animal
Care and Use Committee.

Echocardiography
For transthoracic echocardiography, mice were anesthetized by
inhalation of 1% isoflurane with O2. All data were recorded and
analyzed by the VEVO 770 High Resolution Imaging System
(FujifilmVisual Sonics Inc) and theRMV-707B30-MHzprobe. InM-
mode short-axis images, ejection fraction and fractional shorten-
ing were measured at the papillary muscle level. Measurements
were acquired at heart rates >500 beats per minute.

HLI Model
HLI procedure, tissue harvest for frozen preparation, and
pigment perfusion were performed as previously described,
with minor modifications.34 Briefly, 8- to 12-week-old mice,
assigned a number for blinding purposes, were anesthetized
by IP injection of ketamine (80 mg/kg) and xylazine (7 mg/
kg). Surgical depth of anesthesia was verified by toe pinch.
After hair removal, preoperative perfusion assessment, and
preparation of the surgical field, an incision was made in the
left inner thigh. Blunt dissection was used to visualize and
separate the femoral artery from the neighboring vein and
nerve. Two ligatures of 7-0 braided silk suture were placed on
the superficial femoral artery distal to the branching of the
deep femoral artery and proximal to the popliteal bifurcation,
and the intervening artery was cut. Alternatively, a more
severe model of HLI was achieved by placing both ligatures
proximal to the branching of the deep femoral artery. The
epigastric artery was dissected and cauterized (Bovie). Wound
clips (7.5 mm; Michel) and 6-0 polypropylene suture were
used to close the incision. Postoperative analgesia with
buprenorphine (0.06 mg/kg; IP; every 12 hours) was admin-
istered for 3 days. Male mice were used for these studies
because of previously described improved HLI recovery in
male versus female mice,35 allowing more dynamic range and
increasing power to detect recovery deficits.

To assess perfusion, mice were anesthetized, as previously
described, and placed on 37°Cheating pad for 5 minutes before
scanning. Infrared laser Doppler scans of the foot pad were
performed at 4 ms/pixel in triplicate on aMOORLDI2-IR (Moore
Instruments Ltd). Mean blood flow on flux images was assessed
by moorLDI v5.0 software package. Perfusion heat maps for
visual display are presented with palate limits of 0 and 2000.

Where indicated, 594-conjugated lycopersicon esculentum
lectin (100 lL; DL-1177; Dylight) was administered via the
jugular vein and allowed to circulate for 5 minutes at 7 days
after HLI. For vascular permeability assessments, 2 mg of
2000-kDa fluorescein isothiocyanate (FITC)–dextran
(FD2000S; Sigma) was administered via tail vein, 2 hours

before euthanasia. In anesthetized mice, the chest was opened
and the left ventricle was cannulated and infused with
vasodilation solution (10 U/mL heparin [Sigma], 100 lmol/L
adenosine [Sigma], 100 lmol/L papaverine hydrochloride
[Sigma], 0.05% wt/vol BSA [fraction V; Fisher] in Ca+ Mg+

Dulbecco’s PBS [Invitrogen]) at 10 mL/min, followed by warm
10% neutral-buffered formalin or pigmented fixation solution
(8 g gouache [470; Winsor & Newton] in 50 mL 4%
paraformaldehyde). Some mice were injected IP with the
hypoxic marker pimonidazole {1-[(2-hydroxy-3-piperidinyl)pro-
pyl]-2-nitroimidazole} hydrochloride (60 mg/kg; Hypoxyprobe,
Inc) 30 minutes before euthanasia to visualize hypoxic regions.

Collateral Assessment
Limbs perfused with pigmented fixation solution were
removed at the hip. After removing the skin, limbs were
dehydrated to 100% methanol and the tissues were cleared
with 1:1 benzyl alcohol/benzyl benzoate. Vessels were
imaged with Leica MZ 16 FA at 910, without a filter, and
965, with a green fluorescent protein filter for improved
contrast. Average diameter was quantified in ImageJ as the
dividend of the vessel profile area and the vessel length from
tiled 965 images segmented in Photoshop (Adobe).

Histological and Immunohistochemistry Features
Gastrocnemius muscles for histological assessment were
harvested, cryoprotected in 15% sucrose, then 30% sucrose
overnight, embedded in optimal cutting temperature compound
(Tissue Tek), frozen, and stored at �80°C. Serial transverse
sections (8-µm thick) of gastrocnemius muscle were obtained
with a cryostat (Leica CM 1850 UV) and postfixed in 2%
paraformaldehyde. For damage assessment, sections were
stained with hematoxylin and eosin and imaged with Leica DM
2000LED (940 objective). For capillary quantification, sections
were blockedwith 2% BSA and 5% normal goat serum in PBS and
subsequently incubated with anti-CD31 (1:50; 550274; BD-
Pharmingen), followedby goat anti-rat IgG-488 (1:200; A-11006;
Invitrogen) and, where indicated, Cy3-conjugated a-smooth
muscle actin (SMA; 1:400; C6198; Sigma). To detect areas of
hypoxia, 0.1% Triton X-100 was added to the blocking buffer
above, followed by FITC-conjugated mouse anti-pimonidazole
(1:200; Hypoxyprobe). Tissues were counterstained with 40,6-
diamidino-2-phenylindole in mounting medium (Vector). Images
were captured on a Leica DMI 6000 B with a910 objective. For
myocyte enumeration, gastrocnemius sections were labeled
with 5 lg/mL wheat germ agglutinin, Oregon green-488
(W7024; Invitrogen) in PBS. Damaged and hypoxic areas were
quantified as a percentage of gastrocnemius cross-sectional
area in ImageJ. CD31+ capillaries, lectin+ vessels, SMA+ VSMCs,
and skeletal myocytes were enumerated in blinded raw images
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collected at the same exposure. For each limb, 6 301-lm2

regions of 2 gastrocnemius sections were quantified.

Arteriole Imaging in Spinotrapezius Whole Mount
Collection and visualization of vessels in the spinotrapezius has
been previously described.36 Briefly, after euthanasia with CO2

and left ventricular infusion of warm PBS, spinotrapezius
muscles were collected and fixed in 4% paraformaldehyde in
PBS for 20 minutes at room temperature. Tissues were blocked
with 2% BSA and 0.3% Triton X-100 in PBS overnight at 4°C.
VSMCs were identified by FITC-conjugated anti-SMA (1:400;
F3777; Sigma). Confocal images were taken on a Leica SP5
DMI 6000B using argon 488-nm and helium-neon 633-nm laser
lines with a Leica 506192 HCX PL APO k blue 963/1.4 oil
objective with 0.17-mm glass correction. For detection, 12-bit
photomultiplier tubes were used with Leica LAS AF acquisition
software.

Vascular Imaging in Thick Sections of
Gastrocnemius Muscles
After post-HLI tissue collection, as previously described, 400-
lm coronal sections of gastrocnemius muscle were cut by
vibratome (Leica VT 1200). Sections were blocked with 5%
normal goat serum, 2% BSA, and 0.3% Triton X-100 in PBS. In
permeability studies, vessels were labeled with anti-CD31
(1:50; 550274; BD-Pharmingen), followed by goat anti-rat IgG-
647 (1:200; A21247; Invitrogen). VSMCs were labeled with
FITC-conjugated anti-SMA (1:400; F3777; Sigma). A Leica SP5
confocal microscope equipped with a 920 water immersion
lens (Leica HCX-APO-L; numerical aperture, 1.0) and a tunable
16W Ti/Sapphire IR laser tuned to 800 nm (Chameleon
Coherent, Inc) was used for 2-photon laser scanning
microscopy imaging using nondescanned detectors set to
capture Alexa Fluor 647 CD31 and/or FITC (dextran or SMA)
fluorescence. For perfusion imaging, XYZ images with an XY
dimension of 7759775 lm were obtained at 5129512 pixels
in 5-lm z stacks. For SMA imaging of gastrocnemius muscle,
XYZ images with an XY dimension of 3109310 lm were
obtained at 102491024 pixels in 1.95-lm z stacks.

Confocal and Multiphoton Image Processing
High-resolution confocal and multiphoton images were decon-
volved by Huygens Professional 16.10 using classic maximum
likelihoodestimation at an estimated signal/noise ratio of5. Point
spread functions were estimated a priori in Huygens Professional
using thewavelengths of excitation and emission light, position of
the cover slip and orientation of the lens, lens immersion and
specimenmountingmedia, and pinhole radius. These parameters
were held identical within sets of images. After restoration, data

were imported to Imaris (BitPlane, Inc) to generate figures. Low-
resolution confocal images were not deconvolved, and a median
filter of 393 voxels was applied in Imaris. Because of inhomo-
geneities in SMA staining intensity between and within tissues,
brightness and contrast were adjusted to facilitate comparison of
smooth muscle cell architecture.

Cell Culture
Isolation and culture of primary aortic VSMCs were performed
as previously described.30 Briefly, explants of thoracic aorta
were divided longitudinally and plated lumen side down in 1-
mm2 pieces on 2 tissue culture dishes and covered with glass
cover slips. Plateswere incubated inDMEM/F12 supplemented
with GlutaMAX-1 (10565-018; Gibco) and 20% fetal bovine
serum (FBS; Atlanta or Gemini bioproducts). After 2 weeks of
growth at 37°C and 5% CO2, explants and cover slips were
removed, and media was reduced to 10% FBS. For transcription
analysis, the following day, cells were starved in DMEM/
F12+0.5% FBS for 16 hours, then exposed to 2%O2 (hypoxia) or
21% O2 (normoxia) for 24 hours in DMEM/F12+10% FBS.

Proliferation assays

VSMC cultures (20 000 cells per well) were plated in 12-well
plates. After 16 hours of starvation in serum-free DMEM/F12,
cells were exposed to hypoxia or normoxia in DMEM/F12+5%
FBS. At 24 hours of exposure, 5-bromo-20-deoxyuridine was
added to 10 lmol/L and incubated for an additional 8 hours in
normoxia or hypoxia. Cells were fixed in 4% paraformaldehyde,
followed by antigen retrieval with 1 mol/L HCl, and blocking
with 0.75% BSA and 0.1% Triton X-100. 5-Bromo-20-
deoxyuridine–positive cells were labeled with anti–5-bromo-
20-deoxyuridine (1.25 lg/mL; B44; BD Biosciences) and
counterstained with 40,6-diamidino-2-phenylindole (H-1200;
Vectashield). Assays were performed in triplicate. Six repre-
sentative images from each well were quantified.

Migration assay

Cells were plated at confluence and starved for 16 hours in
serum-free DMEM/F12. After scratch with 200-lL standard
pipette tip, cultures were placed in normoxia or hypoxia in
DMEM/F12+0.5% FBS+25 ng/mL platelet-derived growth
factor (PDGF)-BB (315-18; PeproTech). Migration distance
was quantified from phase-contrast images taken at 0 and
6.5 hours and analyzed using NIH ImageJ software.

Real-Time Reverse Transcription–Polymerase
Chain Reaction
Total RNA was isolated from cultured cells using TRIzol
reagent (Ambion). RNA was reversed transcribed to cDNA
with QuantiTect reverse transcription kit (205311; Qiagen).
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Relative expression was quantified in technical triplicates by
real-time quantitative reverse transcription–polymerase chain
reaction using the FastStart Universal SYBR Green Master
(ROX) Mix (04913850001; Roche) on a StepOnePlus system
(Applied Biosystems). Target gene expression was analyzed
using the 2�DDCt method (threshold values) with normaliza-
tion to 18S ribosomal RNA.37 Results are reported as gene
expression relative to Arntlox/lox in normoxia. Primers used for
target genes are presented in Table S1.

Western Blotting
Cell extraction buffer (FNN0011; Invitrogen) supplemented with
cOmplete protease inhibitor cocktail and PhosSTOP phos-
phatase inhibitor cocktail (04693159001 and 04906845001,
respectively; Roche) was used to collect protein from either
samples of gastrocnemius muscle through bead homogeniza-
tion (Qiagen TissueLyserII) or VSMCs in culture. Protein was
quantified by bicinchoninic acid. Cell lysate (40µg) or 100 lg of
gastrocnemius lysate in SDS sample buffer (Boston Bioprod-
ucts) was run on 8% polyacrylamide gels in tris-glycine-SDS
running buffer. Semidry transfer to nitrocellulose membrane
was conducted in transfer buffer with 20% methanol. Western
blots of total protein isolates were probed overnight at 4°C with
rabbit anti-ARNT (1:800; 5537S; Cell Signaling) diluted in Pierce
protein-free T20 (tris-buffered saline) blocking buffer (37571;
Thermo Scientific). To detect the protein bands, blots were
washed and probed with secondary horseradish peroxidase–
linked anti-rabbit IgG (1:1000 or 1:2000; 7074S; Cell Signaling)
and detected by enhanced chemiluminescence, according to
the manufacturer’s instructions (32106; Pierce). Membranes
were stripped (21059; Thermo Scientific) and reprobed with b-
actin rabbit antibody (1:5000; 4967S; Cell Signaling).

Statistical Analysis
Results are reported as the mean�SEM. Statistical analyses
were performed as identified in each figure legend. Normality
and homoscedasticity were evaluated with Shapiro-Wilks test
and F test or Brown-Forsythe. Post testing used Tukey’s
multiple comparisons test for 1- and 2-way ANOVAs, Bonfer-
roni’s multiple comparisons test for repeated-measures 2-way
ANOVA, and 2-stage linear step-up procedure of Benjamini,
Krieger, and Yekutieli for Kruskal-Wallis test (GraphPad).
Significance was defined as P<0.05.

Results

Generation of Smooth Muscle–Specific Arnt
Knockout Mouse Model
To examine the role of HIF signaling in vascular smooth
muscle, we generated a model of Arnt deletion to disrupt

HIF canonical transcriptional activity and avoid compen-
satory changes in other HIF family members, which can
confound single a-subunit deletion models.38,39 The smooth
muscle specificity of this deletion was accomplished by
crossing well-characterized SM22a-Cre mice29–31 with
Arntlox/lox.32 Primary aortic VSMCs isolated from SM22a-
Cre+/�Arntlox/lox mice (ArntSMKO) show loss of Arnt expres-
sion at the mRNA and protein levels (Figure 1A and 1B).
Maintenance of ARNT expression in skeletal muscle was
assessed in bulk tissue samples of gastrocnemius muscle.
Similar ARNT mRNA and protein levels were present in
gastrocnemius muscles of ArntSMKO and Arntlox/lox mice
(Figure 1C and 1D). ArntSMKO mice display no overt
phenotypes, with similar weight, appearance, and longevity
to littermate controls (Arntlox/lox) (Figure 1E and data not
shown). Because SM22a-Cre has demonstrated activity in
cardiac tissue,29 cardiac function was assessed by echo-
cardiography.40 No differences were seen in heart rate,
ejection fraction, fractional shortening, or left ventricle
mass of ArntSMKO compared with Arntlox/lox littermate
controls (Figure 1F through 1I). These results indicate that
mice with tissue-specific deletion of Arnt in the smooth
muscle appear healthy overall, without compromise of
cardiac function.

ArntSMKO Mice Show Impaired Blood Flow
Recovery in HLI Model
Although atherosclerotic obstruction of peripheral arteries
ordinarily contributes to peripheral vascular disease in
humans, we used inducible HLI, the most common mouse
model of peripheral vascular disease. The superficial femoral
artery was surgically ligated distal to the deep femoral artery,
restricting downstream blood flow to the limb. Peripheral
perfusion recovery in the foot pad was examined by infrared
laser Doppler at 3, 7, 14, and 21 days after ligation
(Figure 2A). Results, expressed as ratio of flow in ligated/
unligated limb, show decreased perfusion recovery in the
ligated limbs of ArntSMKO mice compared with Arntlox/lox

littermate controls beginning at day 7, with continued
separation through day 21 after femoral artery ligation
(Figure 2B). Recovery of blood flow in ArntSMKO mice is not
only slower, but also plateaus at a lower level than controls.
By day 7, a gap in perfusion of �20% emerges, closing by only
an additional 5% over the subsequent 2 weeks. Functional
motor recovery, evaluated using a 0- to 3-point scale from full
function of foot flexion and toe grasp to dragging of the
ligated limb, was delayed in ArntSMKO mice, although this did
not achieve statistical significance (Figure 2C). Collectively,
mice lacking ARNT in vascular smooth muscle demonstrate a
significant and persistent disruption in perfusion recovery
after femoral artery ligation.

DOI: 10.1161/JAHA.118.009205 Journal of the American Heart Association 5

Peripheral Perfusion Recovery Requires VSMC ARNT Borton et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



Limb Ischemia Stimulates Collateral Remodeling
in ArntSMKO and Arntlox/lox Mice

Appearance of perfusion deficits in the first week after ligation
and previously described roles for smooth muscle in arteri-
ogenic responses prompted assessment of collateral vessel
dilation and remodeling. Luminal diameters of collateral blood
vessels branching proximal to the ligation and traveling
through the adductor muscles were visualized by pigment
perfusion and subsequent tissue clearance, which revealed
similar collateral patterning and diameter in unligated limbs of
Arntlox/lox and ArntSMKO mice (Figure 3A through 3C). At 7
days after ligation, the time point with the largest perfusion
deficit in ArntSMKO, we observed significant collateral vessel
dilation in the ligated limbs of either mouse genotype
(Figure 3A through 3C). Surprisingly, despite lower levels of
distal limb perfusion, collateral vessels in ArntSMKO have
significantly larger lumen diameters than those in control
animals (Figure 3C). Flow rate through a vessel is proportional
to its cross-sectional area, indicating that collaterals in
ArntSMKO have, on average, 2.5-fold higher projected flow
than the analogous vessels in Arntlox/lox mice (Figure 3D). The
collateral cross-sectional area is inversely correlated with
perfusion of the limb; mice with the lowest perfusion had the

largest diameter collaterals (Figure S1). These results suggest
that the observed deficit perfusion in ArntSMKO is not
attributable to inadequate collateral vessel dilation.

Early Capillary Angiogenesis Does Not Depend on
VSMC Arnt in HLI
With sufficient collateralization observed, we next evaluated the
angiogenic response to induced ischemia in the downstream
vascular beds. A more severe ischemia ligation model elimi-
nating collateralization of the deep femoral artery showed
decreased reperfusion in ArntSMKO mice, implicating dysregu-
lation of smaller vessels in impaired perfusion recovery
(Figure S2). To assess for differences in angiogenesis, gastroc-
nemius sections were collected 7 days after ligation. Capillary
number was evaluated by staining for CD31+ ECs, and the
presence or absence of blood flow in each vessel was assessed
by intravenous lectin injection before tissue collection (Fig-
ure 4A). At baseline, the unligated limbs of ArntSMKO and
Arntlox/lox show equivalent capillary densities and fractional
perfusion (Figure 4B through 4D). At day 7, similar capillary and
perfused vessel densities in ligated limbs of Arntlox/lox and
ArntSMKO mice were also observed (Figure 4B through 4D). In
the ligated limbs, total number of capillaries in a 301-lm2 area

Figure 1. Characterization of ArntSMKO mice. Isolated aortic vascular smooth muscle cells from ArntSMKO mice show loss of aryl hydrocarbon
receptor nuclear translocator (ARNT) expression in mRNA (n=5; A) and total protein (n=3; B). Tissue samples from gastrocnemius muscle show
no differences in bulk ARNT expression in mRNA (n=5; C) or total protein (n=4; D). E, Body weights of male mice are similar in ArntSMKO (n=8)
and Arntlox/lox (n=11) littermates. Smooth muscle–specific ARNT deletion does not compromise cardiac function assessed by heart rate (F),
ejection fraction (G), fractional shortening (H), and left ventricular (LV) mass (I) on echocardiogram (n=5). Unpaired 2-tailed t test (A through F, H,
and I) with Mann-Whitney test (G) or Welch’s correction (H) was used. *P<0.05.
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is not significantly different between Arntlox/lox and ArntSMKO

mice (Figure 4B). Although there is a decrease in the number of
CD31+ capillaries/myocyte in the ligated limb of Arntlox/lox and
ArntSMKO mice relative to their counterpart unligated limb, it is
only statistically significant in ArntSMKO mice (Figure 4C). In
contrast, fractional perfusion of capillaries is significantly
decreased in the ligated relative to unligated limbs in both
ArntSMKO and Arntlox/lox mice (Figure 4D). Sections from
unligated and ligated limbs were stained with SMA to identify
smooth muscle cells associated with any identified CD31+

capillaries. Unligated and day 7 sections exhibited little
colocalization of SMA with capillaries (Figure S3).

Because the bulk of angiogenic responses is known to
occur between days 7 and 28 after femoral artery ligation,
capillary density was also measured at day 28 to thoroughly
assess for effects of Arnt deficiency on angiogenesis.
Quantified by average capillaries/301 lm2, both Arntlox/lox

and ArntSMKO mice have increased numbers of capillaries in
the day 28 ligated relative to unligated gastrocnemius

muscles (Figure 4F); however, when capillaries per myocyte
were quantified, the smaller myocytes of ArntSMKO ligated
gastrocnemius muscles reveal a deficiency in late angiogenic
responses. Although Arntlox/lox shows recovery in the number
of capillaries per myocyte by day 28, ArntSMKO recovery is
limited, with significantly reduced capillary/myocyte ratios in
ligated limbs (Figure 4E and 4G). No difference was apparent
at day 28 in frequency of SMA+ CD31+ vessels between
ligated ArntSMKO and Arntlox/lox limbs (Figure 4E and 4H). To
comprehensively evaluate for variability in regional vascular-
ization as recently shown by Schaad et al,41 we assessed
vascularity in 6 distinct regions across the gastrocnemius
muscle. Numbers of capillaries and perfused vessels between
ArntSMKO and Arntlox/lox mice were comparable in all 6 regions
at days 7 and 28 (Figure S4). In summary, although
angiogenic deficiencies in ArntSMKO may contribute to late
(day 14–28) perfusion plateau, similar angiogenic patterns
and use of capillary beds are seen in both ArntSMKO and
Arntlox/lox mice at day 7 after femoral artery ligation.

Figure 2. Bulk perfusion and functional recovery are reduced in ArntSMKO mice after femoral artery
ligation. Ligations distal to the deep femoral artery branch point were performed in the left limbs of age- and
sex-matched adult ArntSMKO and Arntlox/lox mice. A, Representative images of perfusion measured using
infrared laser Doppler scanning for ArntSMKO and Arntlox/lox mice over 21-day recovery. B, Perfusion,
reported as a ratio of ligated/unligated limb, was significantly lower in ArntSMKO compared with Arntlox/lox

mice from days 7 through 21 (n≥10, repeated-measures ANOVA). C, Functional scoring on days 3 and 7
shows impairment trend in functional recovery in ArntSMKO mice (n=11). D indicates day; Pre-op,
preoperatively; Post-op, postoperatively. *P<0.05, ArntSMKO vs Arntlox/lox.
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ArntSMKO Mice Show Increased Hypoxia and
Damage in Gastrocnemius Muscle in Response to
Ischemia

To assess the anatomical consequences of perfusion deficit,
gastrocnemius muscle cross sections were stained with
hematoxylin and eosin. Although ArntSMKO and Arntlox/lox

unligated limbs displayed normal skeletal muscle histological

features, striking differences were observed between ligated
limbs at day 7 (Figure 5A and 5B). Disruption of the muscular
structure, defined by centrally located nuclei, decreased
myocyte diameter, and abundant infiltrating cells were promi-
nent features in ArntSMKO tissues, whereas Arntlox/lox tissues
were relatively unaffected (Figure 5A). At day 28 after femoral
artery ligation, centralized nuclei and evidence of regenerating
myocytes were still visible in ArntSMKO gastrocnemius sections

Figure 3. Vascular smooth muscle cell aryl hydrocarbon receptor nuclear translocator (ARNT) is not
required for ischemia-induced collateralization. Collateral vessel responses in adductor muscles visualized
with pigment perfusion angiography at day 7. A, Lumen diameter enlargement visible in ligated compared
with respective unligated limbs of ArntSMKO and Arntlox/lox mice. The 910 images in top rows illustrate
similar patterning; arrowheads indicate collaterals of interest. Higher-magnification inset outlined by dashed
rectangle. Scale bar=1 mm. The 965 images in bottom rows captured through green fluorescent protein
filter for improved contrast. Scale bar=250 lm. B, Tracings of skeletonized images across entire length of
collaterals. Scale bar=1 mm. C, Average collateral diameters show dilation in ligated limbs of both ArntSMKO

and Arntlox/lox mice. Collaterals in ArntSMKO ligated limbs are significantly larger than in Arntlox/lox (n=3). D,
Cross-sectional area calculations reflect approximation of projected flow rate. Measurements indicate 2.5-
fold larger collateral vessels in ArntSMKO relative to Arntlox/lox mice (n=3). 1-way ANOVAs were performed.
D indicates day. *P<0.05, ArntSMKO vs Arntlox/lox; ^P<0.05, ligated vs unligated.
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(Figure 5A). Across the gastrocnemius muscle, these patho-
logic features extend over >60% of the ligated limbs of ArntSMKO

mice compared with <30% of the area of Arntlox/lox gastrocne-
mius muscle (Figure 5B and 5C). Overall, the histological
features reflect a maladaptive injury response, consistent with
chronically reduced blood flow recovery in ArntSMKO mice.

At the tissue level, hypoxia identifies areas of limited
perfusion; thus, to quantify the extent of hypoxic

gastrocnemius muscle after femoral artery ligation, pimonida-
zole intraperitoneal injection was used to label hypoxic
tissues. Pimonidazole adducts, which identify tissue with
<10 mm Hg O2, were neither found in gastrocnemius
sections from unligated limbs of ArntSMKO and Arntlox/lox mice
nor present in Arntlox/lox sections at day 7 (Figure 5D).42,43

However, large hypoxic pimonidazole+ areas were present in
ligated limbs of ArntSMKO mice 7 days after ligation (Figure 5D

Figure 4. Histological assessment of capillary number and perfusion status in gastrocnemius muscle
(GC). A, Representative micrographs of perfused vessels assessed by staining sections for CD31 (green)
from GCs processed after mice were infused with endothelium-binding intravenous lectin at day 7 after
femoral artery ligation (red). Although the number of CD31+ capillaries per field at day 7 is not significantly
different (B), ligated limbs of ArntSMKO and Arntlox/lox mice show decreased CD31+ capillaries/myocyte (C)
and fraction of perfused double-positive vessels (D) compared with unligated limbs at day 7 (n=4). No
significant differences were seen between ArntSMKO and Arntlox/lox in any of the above metrics at day 7. E,
Representative images of immunostained sections for CD31-labeled vessels (green) and a-smooth muscle
actin (SMA; smooth muscle cells; red) from day 28 after ligation of GCs. F, Numbers of CD31+ capillaries
per field in day 28 ligated limbs of ArntSMKO and Arntlox/lox are similar to, if not increased, over unligated
limbs (n=3). G, Ligated limbs of ArntSMKO mice show decreased CD31+ capillaries/myocyte compared with
ligated limbs of Arntlox/lox mice at day 28 (n=3). Scale bar=50 lm. H, Day 28 ligated limbs of ArntSMKO and
Arntlox/lox have similar numbers of CD31+ SMA+ vessels (n=3). One-way ANOVA (B), Kruskal-Wallis test (C,
D, F, and G), or unpaired 2-tailed t test (H) was used. D indicates day. *P<0.05, ArntSMKO vs Arntlox/lox;
^P<0.05, ligated vs unligated.
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and 5E). Together, significantly increased tissue damage and
hypoxic areas demonstrate that loss of VSMC ARNT leads to
substantial skeletal muscle injury after induced HLI.

Next, vascular integrity was examined by evaluating
permeability to intravenous infused high-molecular-weight
FITC-dextran. In both gastrocnemius muscles of Arntlox/lox and
the unligated limb of ArntSMKO, dextran was limited to CD31+

vascular structures in thick coronal sections imaged by
multiphoton microscopy; however, extravascular dextran
infiltrates were diffusely present in gastrocnemius muscles
of ArntSMKO ligated limbs (Figure 5F). Collectively, increased

tissue damage, hypoxic areas, and vascular permeability
suggest that compromised vasculature in ArntSMKO underlies
impaired perfusion and skeletal muscle injury after induced
HLI.

Altered Vascular Smooth Muscle Morphologic
Features in ArntSMKO Mice
Despite substantial collateralization and similar capillary
responses in the first week after ligation, the presence of
significant and persistent perfusion deficits and tissue

A B

D E

F

C

Figure 5. Ischemic skeletal muscle regeneration and vessel integrity are impaired in ArntSMKO mice. A, Representative images of hematoxylin
and eosin–stained gastrocnemius muscle (GC) sections show comparable muscle phenotype in unligated limbs. Day 7 assessment illustrates
widespread atrophic myocytes and infiltrating cells in ArntSMKO while present only in small well-defined areas of Arntlox/lox GCs. Signs of damage
and delayed regeneration, including centralized nuclei, persist to day 28 in ArntSMKO mice (n=3). Scale bar=50 lm. B and C, Whole GC cross
sections show increased tissue damage in ArntSMKO compared with Arntlox/lox in ligated limbs at day 7 (n=5). Scale bar=500 lm. Histological
analysis (D) and quantification (E) of ArntSMKO ligated limbs show an increase in hypoxic regions identified by pimonidazole (Hypoxyprobe; green)
staining at day 7 that are absent from unligated limbs of ArntSMKO and either limb of Arntlox/lox, with 40,6-diamidino-2-phenylindole (blue; nuclei
counterstain; n≥5). Scale bar=50 lm. F, Representative multiphoton images of fluorescein-conjugated dextran (yellow) administered
intravenously show increased permeability in ligated limbs of ArntSMKO mice at day 7. CD31+ vessels (purple; n=2). Scale bar=100 lm. Unpaired
2-tailed t test (C) or Mann-Whitney test (E) was used. D indicates day. *P<0.05, ArntSMKO vs Arntlox/lox.
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disruption point to a smooth muscle effect outside of these
classically endothelial-driven perfusion restoration mecha-
nisms. In light of recent reports of aberrant arteriolar VSMC
wrapping in dysfunctional vasculature,44 we examined the
cellular architecture of arterioles using whole mount confocal
fluorescent microscopy imaging of skeletal muscle samples.
Visualization of a-SMA+ arterioles revealed striking differ-
ences in VSMC morphologic features and conduit coverage in
native spinotrapezius muscle tissue from ArntSMKO versus
Arntlox/lox mice (Figure 6A). Although the Arntlox/lox VSMCs
appear well organized and tightly wrapped, with smooth
coverage along the length of the vessel, the ArntSMKO VSMCs
appeared more rounded, clearly delineated, and detached
(Figure 6A and Figure S5). Similarly sized vessels were also
examined deep in the gastrocnemius muscles by multiphoton
microscopy. Morphologic disruption of SMA+ VSMCs affected
arterioles in ligated and unligated limbs of ArntSMKO mice
(Figure 6B). The aberrant perimural morphologic features of
arterioles in ArntSMKO mice implicate a dysregulated VSMC
phenotype at the cellular level linked to impaired perfusion
recovery.

Loss of ARNT Alters VSMC Phenotype
To assess ARNT’s role in VSMC phenotype and responses to
hypoxic stress in ischemic limbs, cultured aortic VSMCs from
ArntSMKO and Arntlox/lox mice were challenged with 24-hour
hypoxic exposure at 2% O2.

45,46 Evaluation of transcripts
revealed divergent changes in drivers of hypoxia-induced

phenotype modulation well described in pulmonary artery and
aortic VSMCs (Figure 7).20,47–52 Expression of HIF targets,
vascular endothelial growth factor A (Vegfa) and glucose
transporter 1 (Glut1), whose levels increase in hypoxia and are
attenuated by ARNT deletion in ECs, responded as
expected.33,53–55 Hypoxia induced expression of Vegfa and
Glut1 in Arntlox/lox VSMCs, and loss of ARNT prevented
induction of expression in hypoxia (Figure 7A and 7B).
Transcriptional changes were also observed in critical prolif-
erative and migratory genes. ArntSMKO VSMCs displayed
reduced expression of serpin family E member 1 (Serpine1;
Pai1), fibroblast growth factor 2 (Fgf2), PDGF receptor b
(Pdgfrb), Pdgfb, and tissue inhibitor of metalloproteinases 1
(Timp1) mRNA levels relative to normoxic ArntSMKO VSMCs
and, except Pdgfb, relative to hypoxic Arntlox/lox VSMCs
(Figure 7C through 7G). Furthermore, differences in gene
expression were observed under normoxia in ArntSMKO

VSMCs, including increases in matrix metalloproteinase 3
(Mmp3) and decreases in Vegfa, Glut1, Fgf2, Pdgfrb, and
thrombospondin-2 (Thbs2) relative to Arntlox/lox VSMCs (Fig-
ure 7A, 7B, 7D, 7E, 7H, and 7J). Although hypoxic treatment
of control VSMCs leads to reduced expression of throm-
bospondin-1 and thrombospondin-2 (Thbs1 and Thbs2),
ArntSMKO VSMCs failed to mitigate Thbs2 reduction (Figure 7I
and 7J). To examine the phenotypic consequences of
transcriptional dysregulation, migration and proliferation were
evaluated. Migration assessed by 2-dimensional scratch assay
in the presence of PDGF-BB showed ArntSMKO cells are less
migratory in hypoxia than Arntlox/lox cultures (Figure 8A).

Figure 6. Smooth muscle morphologic features and perimural wrapping of small arterioles. A,
Representative confocal images of smooth muscle actin positive (SMA+; cyan) vascular smooth muscle
cells (VSMCs) around small arterioles in spinotrapezius muscle illustrate disruption of organization and
VSMC morphologic features in ArntSMKO mice (n=3). Top row scale bar=60 lm. Bottom row scale
bar=10 lm. B, Representative peripheral arterioles in gastrocnemius muscles of ArntSMKO mice also display
aberrant morphologic features and organization of SMA+ VSMCs visualized by multiphoton microscopy
(n=3). Scale bar=60 lm; insets, 93 magnification. D indicates day.
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Proliferation, quantified by percentage of 5-bromo-20-
deoxyuridine–positive cells, increased when Arntlox/lox cells
were exposed to hypoxia for 24 hours (Figure 8B). ArntSMKO

VSMCs show no increased proliferation in hypoxia over
normoxia, but they notably have greater percentage of
replicating cells than Arntlox/lox under both conditions. Collec-
tively, these findings suggest that gene expression differences
in hypoxia-treated ArntSMKO VSMCs underlie cellular derange-
ments responsible for vascular reperfusion impairment.

Discussion
The present study illustrates the importance of HIF-orche-
strated VSMC responses in peripheral perfusion recovery in a
model of induced HLI. Specifically, knockout of Arnt in smooth
muscle impairs perfusion restoration after femoral artery

ligation. Although insufficient blood flow manifests in
increased hypoxic tissue and skeletal muscle damage in the
ischemic limbs of ArntSMKO mice, interestingly there were no
signs of limitation in collateral dilation or of disruption of
perfused capillary density. However, loss of ARNT led to
morphologic disorganization of VSMC coverage of small
arterioles and increased vascular permeability in ligated
limbs. Furthermore, the transcriptional dysregulation of
multiple genes involved in VSMC function affect proliferation
and migration of isolated ArntSMKO cells. In all, this study
identifies hypoxia-mediated responses in VSMCs critical to
maintaining VSMC phenotype, cellular organization around
arterioles, and vessel integrity, and to achieving optimal
reperfusion of ischemic peripheral tissues.

Our observation of impaired limb recovery with diminished
reperfusion is striking in a mouse genetic model targeting

Figure 7. Transcriptional expression of proliferation and migration regulators in response to hypoxia. A through J, mRNA samples from
ArntSMKO and Arntlox/lox mouse aortic vascular smooth muscle cell (VSMC) cultures after 24 hours of hypoxia (2% O2) exposure were analyzed by
real-time quantitative polymerase chain reaction, normalized to 18s ribosomal RNA, and compared with normoxic (21% O2) control samples.
Transcriptional profile of VSMCs from ArntSMKO differs from control Arntlox/lox samples: Vegfa (A), Glut1 (B), Pai1 (Serpine1; C), Fgf2 (D), Pdgfrb
(E), Pdgfb (F), Timp1 (G), Mmp3 (H), Thbs1 (I), and Thbs2 (J). n=3. 1- way ANOVAs were performed. *P<0.05, ArntSMKO vs Arntlox/lox; ^P<0.05,
hypoxia vs normoxia.
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smooth muscle cells. ECs have been described as the primary
regulators of blood flow and orchestrators of reperfusion;
however, the degree of impairment observed in ArntSMKO mice
is more profound than that seen in global Hif-1a+/� mice23

and on par with endothelial-specific deletions of Hif-2a.27

Furthermore, our findings are supported by a recent report of
decreased reperfusion with Hif-1a deletion in VSMCs using a
severe form of HLI.28 Our genetic model conditionally deleting
VSMC-ARNT permits efficient study of all HIF-canonical
transcriptional function, whereas HIF-a subunit activities
involving noncanonical binding partners remain undisrupted.56

In context, our results demonstrate the importance of smooth
muscle cell canonical HIF-dependent responses in perfusion
recovery necessitated by regional peripheral ischemia.

Perfusion deficits in HLI models are often explained by
impaired angiogenic and/or arteriogenic responses.57 Classi-
cally, hemodynamic changes prompt arteriogenesis assessed
by number and dilation of collaterals, whereas hypoxia drives
angiogenesis visualized by increased capillary density; how-
ever, local stabilization of HIF-1a through introduction of a
constitutively active variant or by inhibition of its degradation
pathway increases both angiogenic and arteriogenic
responses.25,50,58,59 The impacts on reperfusion mechanisms
are not explicitly described in Hif-1a+/� or tissue-specific HIF-
1a models, but endothelial-specific deletion of Hif-2a impairs
both benchmark vascular remodeling processes.27 Lower
capillary density in day 28 ArntSMKO gastrocnemius muscles
helps to explain the persisting perfusion limitations after
recovery has plateaued. Yet, at day 7, when the perfusion
deficit is largest, measurements of arteriogenesis and angio-
genesis in response to HLI are similar in ArntSMKO and Arntlox/

lox mice. In fact, ligated limbs of ArntSMKO mice have larger-
diameter collateral vessels at day 7 than their littermate
controls. The inverse correlation between collateral cross-
sectional area and bulk perfusion in ArntSMKO and Arntlox/lox

limbs suggests that collateral vessel diameter is responsive to
changes in blood flow and compensating for elevated
ischemia in mutant mice. In a model that spares HIF signaling
in the endothelium, traditionally viewed as the primary driver
of vascular ischemic responses, it may therefore be unre-
markable that these processes appear intact.60 Despite
substantial arteriogenic and angiogenic responses, these
compensatory changes are insufficient to restore perfusion to
the affected tissue in the ArntSMKO mice. Whether attributable
to greater extent of ischemic insult, injury, and/or impaired
recovery, substantial areas of hypoxia remain at least 7 days
after ligation and signs of tissue damage persist across the
gastrocnemius muscle after 28 days of recovery. These
findings suggest that established responses to ischemia
through well-defined revascularization mechanisms do not
adequately explain the perfusion deficit at day 7. Indeed,
although increases in microvessel number have also been
documented in affected peripheral tissues from patients with
chronic limb ischemia, these responses also do not appear to
be sufficient to alleviate ischemia.22

Perfusion, as measured by laser Doppler, can be described
as a function of red blood cell concentration and flow rate.61

In the absence of differences in cardiovascular function,
global volumetric flow rates should be comparable in ArntSMKO

and Arntlox/lox mice. Thus, the perfusion deficit can be
attributed to local changes in vascular flow rate in the hind
limb. Recent reports of pathologic vessel patterning in
regenerated vascular networks after HLI could clarify the
ArntSMKO reperfusion deficit. Arpino et al implicated disor-
dered VSMC phenotype and wrapping around small arterioles
in limiting red blood cell transit through the microvasculature
of regenerating skeletal muscle.44 Similarly, in skeletal muscle
of ArntSMKO mice, we detect aberrant smooth muscle cell
morphologic features and investment of the small arterioles,
consistent with these novel reports. Furthermore, the integrity
of the microvasculature is compromised, as evidenced by
increased permeability. Vascular leak affects pressure gradi-
ents and contributes to disruption of local blood flow. Thus,
although the hallmark revascularization measurements
(namely, collateral diameter, capillary number, and fractional
perfusion) appear normal, disruption in VSMC patterning in
vessels of ArntSMKO mice likely contributes to reduced
reperfusion and muscle recovery after HLI.

In the pulmonary circulation, HIF-1 is a well-described
mediator of hypoxia-triggered vascular remodeling and VSMC
phenotype modulation. Mouse models of chronic hypoxia
induced pulmonary hypertension with reduced HIF-1a activity,
through either global haplodeficiency or SMC-specific

Figure 8. Assessment of vascular smooth muscle cell (VSMC)
phenotype in vitro. A, Migration in normoxic (21% O2) or hypoxic
(2% O2) conditions was detected in a 2-dimensional scratch assay
measured after 6.5 hours. ArntSMKO VSMCs show decreased
migration in hypoxia compared with Arntlox/lox cultures (n=9). B,
Quantitative analyses of immunopositive 5-bromo-20-deoxyuridine
(BrdU) cells reveal increased proliferation of ArntSMKO VSMCs in
normoxia and hypoxia (n=3). 1- way ANOVAs were performed.
DAPI indicates 40,6-diamidino-2-phenylindole. *P<0.05, ArntSMKO

vs Arntlox/lox; ^P<0.05, hypoxia vs normoxia.
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deletion, demonstrate decreased vascular remodeling.17,62,63

Mature VSMCs retain a remarkable amount of plasticity and
can exhibit a phenotypic spectrum ranging from principally
contractile and rarely dividing to highly synthetic, proliferative,
and migratory.64 Early debate in the field about VSMC
responses to hypoxia emerged in studies using pulmonary
artery SMC cultures.65 However, recent reports of pulmonary
artery SMCs consistently show HIF-mediated hypoxic
responses increase proliferation, survival, and migration, and
stimulate growth factor production, including vascular
endothelial growth factor A.47–50 HIF targets, including PDGFs
and fibroblast growth factors, are key promoters of VSMC
proliferation and migration; their inhibition impairs prolifera-
tion of pulmonary artery SMCs in vitro and prevents vascular
remodeling in models of pulmonary hypertension.66,67 Expres-
sion of multiple HIF targets in ArntSMKO VSMCs diverges from
levels seen in control cells. Failure to maintain expression
levels of Pdgfrb, Pdgfb, and Fgf2 indicates dysregulation of
pathways central to proliferative and migratory responses to
hypoxia. Indeed, ArntSMKO cells do not show proliferation
increase with hypoxic exposure over normoxia and are less
migratory than Arntlox/lox in hypoxia.

Although these effects of HIF-dependent phenotypic mod-
ulation are varied in differing oxygenation and hemodynamic
environments outside of the pulmonary circulation, several
recent reports have identified HIF-1 as central to maintaining
the structure and function of the arterial wall.20,21,68 Down-
stream HIF-1 targets have been identified as important in
systemic VSMC physiological features and response to
hypoxic stimuli.20,51,52 HIF targets, PDGF and throm-
bospondin-2, regulate VSMC attachment to extracellular
matrix; impaired expression of Pdgfrb and Thbs2 in ArntSMKO

helps explain disrupted VSMC morphologic features observed
around arterioles.69,70 As supporting cells in the vascular wall,
it is well recognized that VSMCs are involved in physiologic
responses to mechanical and biochemical changes in blood
vessels. Changes in VSMC phenotype have consequences for
vasoreactivity. Tissue-specific deletion of HIF-1a has been
shown to increase contractility, a putative marker of mature
VSMC phenotype, in studies of aortic and pulmonary artery
VSMCs.18,21,71 The morphologic changes in VSMCs around
small arterioles in ArntSMKO mice, taken together with the
abnormal proliferative and migratory behavior and the altered
gene expression observed in isolated cells, are consistent
with phenotypic dysregulation of VSMCs.

In summary, the present study indicates that loss of
hypoxic signals in VSMCs limits the ability of mice to
recover from inducible HLI, a classic model for peripheral
vascular disease. We provide evidence that, despite conven-
tional compensatory arteriogenic and angiogenic responses
in the first week after ligation, dysregulated smooth muscle
cell function in ArntSMKO arterioles, manifested by

morphologic disruption, aberrant expression of key pheno-
typic regulators, and altered proliferation and migration, is
sufficient to compromise vascular integrity and ultimately
impair limb reperfusion. Our results therefore underscore a
critical role for VSMC HIF in peripheral perfusion recovery
and reiterate the importance of understanding the regulation
of VSMC function in arteriolar vessels in supporting optimal
blood flow.
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SUPPLEMENTAL MATERIAL



Table S1. qPCR primers

Gene Forward Reverse
18s 5'-GAATTCCCAGTAAGTGCGGG-3' 5'-GGGCAGGGACTTAATCAACG-3'
Arnt 5'-GACAGACCACAGGACAGTTCC-3' 5'-AGCATGGACAGCATTTCTTGAA-3'
Fgf2 5'-ACCTTGCTATGAAGGAAGATGG-3' 5'-CAGTCGTTCAAAGAAGAAACACTC-3'
Glut1 5'-TCAACACGGCCTTCACTG-3' 5'-CACGATGCTCAGATAGGACATC-3'
Mmp3 5'-ACCAACCTATTCCTGGTTGCTGCT-3' 5'-ATGGAAACGGGACAAGTCTGTGGA-3'
Pai1 5'-AGGATCGAGGTAAACGAGAGC-3' 5'-GCGGGCTGAGATGACAAA-3'
Pdg� 5'-CGGCCTGTGACTAGAAGTCC-3' 5'-GAGCTTGAGGCGTCTTGG-3'
Pdgfrb 5'-CTTCCACGAGGACGATGAGG-3' 5'-CTGCAGGTAGACCAGGTGAC-3'
Thbs1 5'-GCAGCACACACAGAAGCATT-3' 5'-CAATCAGCTCTCACCAGCAG-3'
Thbs2 5'-CACAGGTGGAGACAAGATGCT-3' 5'-TGAAGTGTCCTTGACGTGGT-3'
Timp1 5'-ACTCGGACCTGGTCATAAGGGC-3' 5'-TTCCGTGGCAGGCAAGCAAAGT-3'
Vegfa 5'-ACCAGACCTCTCACCGGAAA-3' 5'-GATGGCGTGGTGGTGACAT-3'
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Figure S1. Collateral vessel lumen cross sectional area vs limb perfusion.  (A) An inverse 
correlation is present between ratio of cross sectional area of collateral vessel lumens in 
ligated/unligated limbs and foot pad perfusion, reported as LDI ratio ligated/unligated; R2=0.848; 
n=6. 
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Figure S2. Proximal HLI model. The left femoral artery was ligated proximal to the deep femoral 
artery branch point in age- and gender- matched adult ArntSMKO and Arntlox/lox mice. (A) Reduced 
perfusion, reported as a ratio of ligated/unligated limbs, was observed at days 3 and 14 in 
ArntSMKO mice; n=7, repeated-measures ANOVA: *p<0.05 ArntSMKO vs. Arntlox/lox.
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Figure S3. Capillary density and smooth muscle cell colocalization in gastrocnemius (GC) 
at day 7. Representative images of immunostained sections for CD31 labeled vessels 
(green) and α-smooth muscle actin (SMA, smooth muscle cells, red) from (A) unligated and 
(B) day 7 post ligation GCs. No apparent difference in number of SMA+ vessels between 
ArntSMKO and Arntlox/lox in (A) unligated or (B) ligated day 7 limbs; n=3. 
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Figure S4. Regional assessment of 
capillary density and perfusion status in 
gastrocnemius muscule (GC). (A) A diagram 
illustrates relative locations of evaluated 
regions in GC. (B) At day 7, assessment of 
CD31+ vessels shows similar capillary 
densities all regions ArntSMKO and Arntlox/lox 
GCs from both ligated and unligated limbs. 
Reductions in capillary density are seen in 
regions 1, 2, and 5 of ligated limbs relative 
to unligated while capillary density 
increases in region 3 of ligated limbs. (C) 
Comparable density of lectin+ vessels are 
also present in ArntSMKO and Arntlox/lox across 
the GC. Reductions in number of perfused 
vessels are seen in regions 1, 2, and 5 of 
ligated limbs. (D) Likewise, reductions in 
fraction of capillaries perfused are observed 
in regions 1, 2, 3, 5, and 6 of ligated limbs; 
n=4. (E) At day 28, GCs from ligated limbs 
of ArntSMKO and Arntlox/lox have similar CD31+ 
capillary densities; n=3, two-way ANOVA: 
^p<0.05 ligated vs. unligated.
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Figure S5. Additional images of arterioles in skeletal muscle. (A, B) Representative confocal 
images of SMA+ VSMCs around small arterioles in spinotrapezius muscle illustrate disruption 
of organization and VSMC morphology in ArntSMKO. (A) Scale bars: 60μm. (B) Scale bars: 
10μm. 
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