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Abstract

Peripheral arterial disease (PAD) is a common disease with increasing preva-

lence, presenting with impaired walking ability affecting patient’s quality of life.

PAD epidemiology is known, however, mechanisms underlying functional mus-

cle impairment remain unclear. Using a mouse PAD model, aim of this study

was to assess muscle adaptive responses during early (1 week) and late (5 weeks)

disease stages. Unilateral hindlimb ischemia was induced in ApoE�/� mice by

iliac artery ligation. Ischemic limb perfusion and oxygenation (Laser Doppler

imaging, transcutaneous oxygen pressure assessments) significantly decreased

during early and late stage compared to pre-ischemia, however, values were sig-

nificantly higher during late versus early phase. Number of arterioles and arte-

riogenesis-linked gene expression increased at later stage. Walking ability,

evaluated by forced and voluntary walking tests, remained significantly

decreased both at early and late phase without any significant improvement.

Muscle glucose uptake ([18F]fluorodeoxyglucose positron emission tomogra-

phy) significantly increased during early ischemia decreasing at later stage. Gene

expression analysis showed significant shift in muscle M1/M2 macrophages and

Th1/Th2 T cells balance toward pro-inflammatory phenotype during early ische-

mia; later, inflammatory state returned to neutrality. Muscular M1/M2 shift

inhibition by a statin prevented impaired walking ability in early ischemia.

High-energy phosphate metabolism remained unchanged (31-Phosphorus mag-

netic resonance spectroscopy). Results show that rapid transient muscular

inflammation contributes to impaired walking capacity while increased glucose

uptake may be a compensatory mechanisms preserving immediate limb viability

during early ischemia in a mouse PAD model. With time, increased ischemic

limb perfusion and oxygenation assure muscle viability although not sufficiently

to improve walking impairment. Subsequent decreased muscle glucose uptake

may partly contribute to chronic walking impairment. Early inflammation

inhibition and/or late muscle glucose impairment prevention are promising

strategies for PAD management.

Introduction

Peripheral arterial disease (PAD) is a common disorder

mainly due to atherosclerosis characterized by stenosis and/

or obstruction of lower limbs arteries leading to decreased

muscle perfusion and oxygenation. PAD represents a major

public health issue. Its prevalence is ~12% in the adult pop-

ulation, increasing to 20% above 70 years (Hirsch et al.

2006; Norgren et al. 2007; Olin et al. 2010). Symptomatic

PAD patients suffer symptoms of intermittent claudication

(IC), defined as fatigue, discomfort, or pain occurring

in limb muscles during effort, due to exercise-induced
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ischemia, with rapid relief at rest (Hirsch et al. 2006). As a

result, patients with PAD and IC are physically impaired

and have a markedly reduced quality of life (Hirsch et al.

2006; Norgren et al. 2007; Olin et al. 2010). Moreover,

PAD is associated with a significant increase in cardiovas-

cular (CV) morbidity (myocardial infarction and stroke)

and mortality (CV and all cause) (Hirsch et al. 2006; Nor-

gren et al. 2007; Olin et al. 2010). PAD management

includes strict CV risk factors control, and patient encour-

agement to regular walking exercise. If needed, revasculari-

zation procedures are proposed to avoid lower limb

amputation. Unfortunately, no specific treatment for PAD

is yet available.

Due to the complexity and multifactorial origins of

PAD, as well as the differences in muscular adaptive

responses, precise PAD pathophysiological mechanisms

are still largely unknown. Although blood flow limitation

to active muscle is of critical importance, little is known

about factors independent of blood flow and intrinsic to

skeletal muscle that may also contribute to disease process

and functional limitations in PAD patients.

More than 90% of cases of PAD are secondary to athe-

rosclerosis, which is now recognized as a chronic inflam-

matory disease. Atherosclerotic plaques contain abundant

immune cells, mainly macrophages and CD4+ T cells, that

orchestrate many of the inflammatory processes occurring

throughout atherogenesis (Hansson and Hermansson

2011; Ketelhuth and Hansson 2011). These cells can

polarize toward different phenotypes (pro-inflammatory

or anti-inflammatory) according to various stimuli pres-

ent in their surrounding microenvironment. Thus, CD4+

T-cell subtype Th1 (pro-inflammatory cells) and CD4+

T-cell subtype Th2 (anti-inflammatory cells) exist in pla-

ques, each having a distinct function influencing lesion’s

fate, that is, development of rupture-prone unstable ver-

sus stable plaque phenotype (Hansson and Hermansson

2011; Ketelhuth and Hansson 2011). Likewise, macro-

phages can polarize into two different subsets: classically

pro-inflammatory M1 macrophages, driven by Th1 cyto-

kines, or alternatively anti-inflammatory M2 macrophag-

es, driven by Th2 cytokines. Recent evidence indicates

that macrophage polarization balance is a crucial element

in determining plaque outcome (Hoeksema et al. 2012).

Besides their role in atherosclerosis, macrophages and

CD4+ T cells have been implicated in ischemia-induced

neovascularization through the synthesis of local angio-

genic/arteriogenic factors (Silvestre et al. 2008). However,

although emerging evidence shows a role for CD4+ T cells

and macrophage phenotype switch in atherosclerosis, no

study has addressed this significance in PAD.

Few studies have reported abnormal skeletal muscle

metabolism in patients with PAD and IC, including

impaired skeletal muscle glucose uptake (Pipinos et al.

2007, 2008; Anderson et al. 2009; Pande et al. 2011),

however, this potential mechanistic explanation has not

been studied in early and late phases of PAD.

Using a mouse model of peripheral ischemia with

impaired walking ability, aim of present study was to

assess skeletal muscle adaptive responses during early and

late stages of PAD focusing on glucose and high-energy

phosphates metabolism, and M1/M2 macrophages and

Th1/Th2 cells polarization.

Methods

Mouse model of PAD and IC

Unilateral hindlimb ischemia was induced in 14–16-week
old male hypercholesterolemic and atherosclerotic C57BL/

6J Apolipoprotein E knock-out (ApoE�/�) mice (Charles

River Laboratories, L’Arbresle Cedex, France) by right

common iliac artery ligation. Briefly, mice were anesthe-

tized using isoflurane inhalation (1–2% in O2) and placed

on a heated pad during surgery. Hindlimbs and inferior

abdominal area were shaved. Through a small abdominal

incision, right common iliac artery was exposed and

ligated with 7–0 silk suture just above the internal–external
iliac artery bifurcation. Iliac vein and nerve were preserved.

Abdominal incision was then sutured with a resorbable

5–0 silk suture. Sham-operated contralateral nonischemic

hindlimb served as control. One week prior to surgery,

mice were treated with Dafalgan (200 mg/kg) via the

drinking water for 14 days. In addition, mice were admin-

istered Temgesic (0.01 mg/kg, s.c.) following surgery.

Mice were fed regular rodent chow, and accessed water

ad libitum throughout the study. Animal experiments

were performed according to the Swiss Federal guidelines

(Ethical Principles and Guidelines for Experiments on

Animals). The protocol was approved by the local Institu-

tional Animal Committee (Service V�et�erinaire Cantonal,

Lausanne, Switzerland). All efforts were made to mini-

mize animal suffering during the experiments.

In vivo transcutaneous oxygen pressure
measurement

Before ischemia, 1 week, and 5 weeks postischemia, skin

oxygenation in ischemic hindlimb was determined by mea-

suring transcutaneous oxygen pressure (TcPO2) using a

TcPO2-monitoring system equipped with a Clark electrode

(TCM30; Radiometer, Copenhagen, Denmark). TcPO2

measurements are routinely used in vascular clinical prac-

tice as a measure of ischemia severity in lower extremities

of PAD patients. Reproducibility and accuracy of TcPO2

measurements in mice were tested in preliminary experi-

ments in control nonischemic mice. Measurements were
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performed in anesthetized mice placed in the supine posi-

tion on a heated pad to maintain body temperature at

37 � 1°C. Prior to each measurement, electrode calibra-

tion was performed according to manufacturer’s instruc-

tions. After calibration, the electrode was connected to a

ring filled with contact solution, to avoid oxygen air inter-

ference, and fixed to the skin just above the knee. After a

15 min period of stabilization, TcPO2 (expressed in

mmHg) was continuously recorded during 15 min. Values

measured at 15 min were used for analysis.

In vivo laser Doppler perfusion imaging

Skin perfusion of both ischemic and contralateral nonis-

chemic hindlimbs was evaluated using a Laser Doppler

Imager (Moor Instruments, Axminster, U.K.) in anesthe-

tized mice placed in a prone position on a heating pad.

Before ischemia, 1 week, and 5 weeks postischemia, five

consecutive plantar foot images were recorded at 30-sec

intervals, and averaged. Perfusion status was calculated on

the basis of colored histogram pixels within the region of

interest (ROI) using Moor LDI Image Review software.

Tissue perfusion in ischemic hindlimb was expressed as a

percentage of that measured in contralateral nonischemic

hindlimb. This calculation allows minimizing biases due

to variables such as ambient light and even minimal tem-

perature variations.

Total walking distance assessment

Total 24-h walking distance (24hTWD) was assessed at

three time points: before ischemia, 1 week, and 5 weeks

postischemia. Mice were housed in individual cages

containing a 12-cm diameter wheel and were free to run

during 24 h. The wheel was connected to a counter

recording number of revolutions allowing 24hTWD (kilo-

meters) calculation for each animal.

Maximal walking distance and time
assessment

Maximal walking distance (MWD) and maximal walking

time (MWT) were determined before ischemia, 1 week, and

5 weeks postischemia using a forced treadmill (Columbus

Instruments, Columbus, OH). Mice were subjected to an

incremental speed protocol, starting at a speed of 9 m/min

for 3 min with an increase of 2 m/min every 3 min until

speed reached 19 m/min (0% slope). Mice were encouraged

to run as long as possible with the use of an electric grid

located at the back of the treadmill (1.5 mA, 3 Hz). The test

was stopped when mice were exhausted (remained on the

shock grid for five continuous seconds). MWD (kilometers)

and time (minutes) were then calculated for each animal.

Clinical evaluation of ischemia and limb
function

At 1 and 5 weeks postischemia, mice were observed and

scored according to an ischemia grade scale (0 = normal,

1 = foot discoloration, and 2 = tissue necrosis). Limb

function was also assessed using a gait abnormality grade

scale (0 = normal, 1 = limping, 2 = dragging of foot).

In vivo [18F]fluorodeoxyglucose PET imaging
and glucose metabolism of hindlimb muscle

At 1 and 5 weeks postischemia, noninvasive [18F]fluoro-

deoxyglucose (18FDG) positron emission tomography

(PET) hindlimbs imaging was performed using an ava-

lanche photodiode microPET scanner (LabPET4; Gamma

Medica, Sherbrooke, Canada) (Seyer et al. 2013). Mice

were anesthetized with a mixture of 1.5% isoflurane in

100% O2 (0.9 L/mL, 2.5 bars) and tail vein catheterized

into. Animals were prone positioned with extended legs.

Fifty-minute list mode acquisitions were acquired with

field of view (FOV) containing both ischemic and contra-

lateral nonischemic hindlimbs. i.v. injection of 18FDG

(�50 MBq) through tail vein catheter was initiated within

the first 10 sec of PET scan, followed by 100–500 lL of

saline chase solution. Number of detected single events/s

was used to evaluate and control intravenous 18FDG

delivery. During the entire scanning period, mice were

maintained under isoflurane anesthesia using a face mask.

Temperature and breathing rate were continuously

monitored. An energy window of 250–650 keV and a coin-

cidence timing window of 22.2 nanoseconds were used. For

image reconstruction, storage of coincidence events,

recorded in list mode files during the PET scan, were bin-

ned according to their line of response, as previously

described (Selivanov et al. 2000). Voxel size measured

0.5 9 0.5 9 1.2 mm, giving a typical resolution of

1.2 mm at the center of FOV. For spatial histogramming,

scans of 50 min duration were reconstructed in three

blocks (15, 15 and 20 min, respectively) using a FOV of

46 mm, a span field of 31 and a “maximum likelihood

expectation maximum” (MLEM) from 20 to 60 iterations,

intermediate images were saved every five iterations. After

correcting for different count-rates of each line of response

and for quantitative 18FDG calibration, images of accumu-

lated intracellular 18FDG-6P at steady state were quantita-

tively expressed using standardized uptake value (SUV)

(mean ROI activity [kBq/cm3])/(injected dose [kBq]/body

weight [g]). Images were corrected for nonuniformity of

the scanner response, dead time count losses, and physical

decay from time of injection. No correction was applied for

attenuation and partial-volume effects. Images were

analyzed with PMOD 3.2 software (PMOD Technologies,
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Zurich, Switzerland). ROIs were manually drawn by optical

reading of well-delineated hindlimb muscle. Glucose

uptake in ischemic hindlimb muscle was expressed as per-

centage of that in contralateral nonischemic hindlimb.

Inter-hindlimb variability in individual mice was

assessed in three control nonischemic animals. Results

demonstrated <2% variability in 18FDG uptake between

right and left hindlimb.

In vivo 31-phosphorus magnetic resonance
spectroscopy

Mice were measured on a 9.4 T Varian VNMRS spectrome-

ter (Varian, Palo Alto, CA) in supine position 1 and

5 weeks postischemia. Animal anesthesia, body tempera-

ture, and breathing rate were continuously monitored

through the measurement. A home-built 18 mm-diameter

dual 1H quadrature/10 mm-diameter 31P single-loop sur-

face radiofrequency coil was used and positioned over mice

hindlimbs. Thereafter, hindlimbs were fixed in order to

prevent any movement leading to signal deterioration. T2-

weighted turbo-spin-echo images were obtained in the axial

plane of ischemic and nonischemic quadriceps muscles

using a FOV 30 9 30 mm and 1 mm slice thickness. For

spectroscopy, volume of interest (VOIs) of about 60 mm3

was chosen. Static field homogeneity in selected VOI was

adjusted by an echo-planar-imaging version of FASTMAP

(fast, automatic shimming technique by mapping along

projections) using the 1H signal of water (Gruetter and

Tkac 2000). Spectroscopic localization was achieved by

outer volume saturation, that is, by applying slice selective

inversion in the upper horizontal plane and saturation

pulses in all planes around the selected VOI (Mlynarik

et al. 2006). Overall, 160 transients were collected with a

repetition time of 4 sec. Total measurement time for imag-

ing and 31P spectroscopy was about 1 h. Peak intensities of

inorganic phosphate (Pi), phosphocreatine (PCr), and

adenosine triphosphate (c-ATP) were obtained by fitting to

a Lorentzian function using AMARES (Vanhamme et al.

1997) from the jMrui software (http://sermn02.uab.cat/

mrui7). Ratios of PCr to c-ATP and PCr to Pi were calcu-

lated from the respective peaks intensities. PCr/c-ATP and

PCr/Pi in ischemic hindlimb were expressed as percentage

of PCr/c-ATP and PCr/Pi in nonischemic contralateral

hindlimb, respectively. Preliminary data showed similar

PCr to c-ATP and PCr to Pi ratios between right and left

hindlimb in control nonischemic mice.

Muscle histology and
immunohistochemistry analysis

On week 5 postischemia, ischemic quadriceps and gas-

trocnemius skeletal muscles were isolated and fixed with

10% buffered formalin. Quadriceps and gastrocnemius

muscles were also harvested from two independent groups

of mice sacrificed at pre-ischemia (control nonischemic

mice), and 1 week postischemia. After fixation, specimens

were further embedded in paraffin, and tissue sections

(5 lm thick) prepared. Transverse sections were hematox-

ylin and eosin stained. Pictures were acquired with a

high-sensitivity color camera (Leica DC300F Camera,

Wetzler, Germany). Muscle fiber size (lm2) was deter-

mined using morphometric analysis (Qwin software, Le-

ica). For each sample, a minimum of 50 muscle fiber

sizes were quantified, and results averaged.

For arteriogenesis evaluation, muscle sections were

immunostained with a mouse monoclonal a-SM actin anti-

body, followed by a secondary biotinylated anti-mouse anti-

body. Antibodies were revealed with a peroxidase-linked

avidin-biotin detection system (Vectastain ABC kit; Vector

Laboratories, Burlingame, CA) as previously described

(Mazzolai et al. 2004). The number of arterioles in each sec-

tion was counted in a blinded fashion in five randomly

selected fields using the Qwin software. Arteriolar density,

number of arterioles per muscle fiber, was then calculated.

Real-time reverse transcription-polymerase
chain reaction

Total RNA was isolated from ischemic and nonischemic

quadriceps and gastrocnemius muscles, at both 1 and

5 weeks postischemia, using Trizol reagent (Invitrogen,

Switzerland) followed by the RNeasy Cleanup Kit (Qiagen,

Switzerland). RNA concentration and purity were spectro-

photometrically estimated by calculating the A260/A280 ratio.

cDNA was then synthesized by reverse transcription using

the iScriptTTM cDNA Synthesis Kit from Bio-Rad (Reinach,

Switzerland). Quantitative Real time PCR was performed

on IQTM-Cycler (Bio-rad, Switzerland) using iQ
TM SYBR�

Green Supermix (Bio-Rad, Switzerland) according to

manufacturer’s protocols. The following primers were used:

Hypoxia-inducible factor-1a (HIF-1a): sens 50-TCAAGT-
CAGCAACGTGGAAG-30, and antisense 50- TATCGAGGC
TGTGTCGACTG-30; Angiopoietin-2 (ANG2): sens 50-GC
ATGTGGTCCTTCCAACTT-30, and antisens 50- TGGTGT
CTC TCAGTGCCTTG-30; CD11c: sens 50-ACACAGTGTG
CTCCAGTATGA-30, and antisense 50-GCCCAGGGATAT
GTTCACAGC; CD206: sense 50-CATGGATGTTGATGGC-
TACTGGAG-30, and antisense 50-GTCTGTTCTGACTCTG
GACACTTG-30; Interferon-gamma (IFN-c): sense 50- TGA
GACAATGAACGCTACACACTG-30, and antisense 50-TT
CCACATCTATGCCACTTGAG-30; Interleukin-4 (IL-4):

sense 50-TCAACCCCCAGCTAGTTGTC-30, and antisense:

50-TGTTCTTCGTTGCTGTGAGG-30; and 36B4: sense 50-
ATGGGTACAAGCGCGTCCTG-30, and antisense 50GCC
TTGACCTTTTCAGTAAG-30. All samples were run in
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duplicates. Post PCR melting curves were analyzed to

ensure primer specificity. Data were analyzed using the

comparative threshold cycles (CT) method (Livak and

Schmittgen 2001). Briefly, all results were normalized for

the housekeeping 36B4 gene. mRNA expression of genes

from ischemic muscles was expressed as fold change in

those from non ischemic contralateral muscles.

Statin treatment

ApoE�/� mice were administrated oral atorvastatin

(20 mg/kg per day in drinking water, kindly provided by

Pfizer) (Wang et al. 2011) 1 day before ischemia until

1 week postischemia. Nontreated mice were used as con-

trols. 24hTWD was assessed in mice before and after ator-

vastatin treatment using the voluntary walking test while

gene expression analysis for CD11c and CD206 was per-

formed in ischemic and nonischemic quadriceps at the end

of the treatment according to methods described above.

Statistical analysis

All data are expressed as mean � SD. Statistical signifi-

cance was evaluated using one-way analysis of variance

(ANOVA) or repeated measures ANOVA followed by the

Tukey post hoc analysis for multiple comparisons. For

comparison between two groups, statistical significance

was determined by the paired or unpaired t-test. Differ-

ences in ischemia and limb function scores were evaluated

by the Fisher exact test. A value of P < 0.05 was consid-

ered to be statistically significant.

Results

Mouse model of PAD

Following artery ligation, perfusion of ischemic hindlimbs,

assessed by laser Doppler, significantly decreased by 47%

1 week postintervention (early stage of ischemia) com-

pared to the pre-ischemic situation (P < 0.0001; Fig. 1A).

Perfusion remained significantly low (�26%) also at later

phase of ischemia (5 weeks postartery ligation; P < 0.0001

vs. pre-ischemia) although values resulted higher than

those observed in the earlier ischemic phase (P < 0.001;

Fig. 1A). Similarly, tissue oxygenation of ischemic hind-

limbs, assessed by TcPO2, significantly decreased 1 week

postischemia compared to the pre-ischemic situation

(P < 0.001; Fig. 1B). This decrease remained significant at

5 weeks (P < 0.05) although values were increased com-

pared to the 1 week levels (P < 0.05; Fig. 1B).

Number of ischemic muscles arterioles was also evaluated

using a-SM actin immunostaining. Consistent with laser

Doppler imaging and TcPO2 results, number of arterioles

significantly increased, after 5 weeks, in ischemic quadri-

ceps muscle (P < 0.01 vs. 1 week; Fig. 1C). At similar time

point, number of arterioles increased also in gastrocnemius

muscle although not significantly (P = 0.08; Fig. 1C).

Along the same line, mRNA expression of pro-angio-

genic factor HIF-1a was significantly upregulated both in

ischemic quadriceps (2.2-fold) and gastrocnemius (1.5-

fold) muscles already at 1 week postischemia (P < 0.05

vs. respective nonischemic muscle; Table 1). ANG2

expression (an arteriogenic factor) was significantly up-

regulated in ischemic quadriceps muscle at 5 weeks

postischemia (1.3-fold, P < 0.001 vs. nonischemic one),

and in ischemic gastrocnemius muscles both at 1 and

5 weeks postischemia (2.1-fold and 1.7-fold, respectively,

P < 0.05 vs. nonischemic muscles) (Table 1).

Walking abilities of mice at early and late
stages of limb ischemia

Walking ability of mice was evaluated at early (1 week

postartery ligation) and late (5 weeks postartery ligation)

stages of ischemia using voluntary and forced walking tests.

24hTWD significantly decreased by 50% during early stages

of ischemia compared to the pre-ischemic phase (P < 0.01;

Fig. 2A). Walking impairment significantly persisted at

5 weeks (P < 0.05 vs. pre-ischemia; Fig. 2A) and up to

14 weeks postischemia (data not shown). Similarly, both

MWD and MWT significantly decreased by 85% (P < 0.01

vs. pre-ischemia), and 80% (P < 0.001 vs. pre-ischemia),

respectively during early ischemic phase (Fig. 2B and C).

These decreases remained significant also after 5 weeks

(P < 0.05 vs. pre-ischemia; Fig. 2B and C). Interestingly,

no significant improvement in walking ability was observed

between early and late phases of ischemia (Fig. 2A–C).
Clinical observation of mice revealed impaired limb

function both at early and late stages of ischemia, charac-

terized by limping and foot dragging (Fig. 3A). No discol-

oration and/or necrosis was observed. As expected,

histological analysis showed muscle fiber atrophy in ische-

mic quadriceps and gastrocnemius muscles (Fig. 3B).

In vivo resting muscle glucose metabolism
in early and late stages of limb ischemia

Noninvasive [18F]fluorodeoxyglucose PET imaging was

used to quantify glucose uptake in ischemic hindlimb mus-

cles. Representative 18FDG PET images of phosphorylated
18FDG levels at steady state are shown in Figure 4A. Dur-

ing early phase, glucose uptake significantly increased in

ischemic hindlimb muscle compared to the nonischemic

one (P < 0.01; Fig. 4A and B). On the contrary, at later

stages of ischemia, ischemic muscle glucose uptake signifi-

cantly decreased not only compared to the nonischemic
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Table 1. Proangiogenic/arteriogenic gene expression in quadriceps and gastrocnemius muscles at early and later stages of peripheral ische-

mia.

1 week postischemia 5 week postischemia

Quadriceps muscle Gastrocnemius muscle Quadriceps muscle Gastrocnemius muscle

Nonischemic

hindlimb

Ischemic

hindlimb

Nonischemic

hindlimb

Ischemic

hindlimb

Nonischemic

hindlimb

Ischemic

hindlimb

Nonischemic

hindlimb

Ischemic

hindlimb

HIF-1a 1 � 0.21 2.22 � 0.21* 1 � 0.17 1.54 � 0.28* 1 � 0.13 1.09 � 0.18† 1 � 0.24 1.13 � 0.30

ANG2 1 � 0.27 1.04 � 0.44 1 � 0.20 2.06 � 0.20*** 1 � 0.10 1.33 � 0.15*† 1 � 0.21 1.68 � 0.20*

Results are expressed as fold change in expression over respective contralateral nonischemic muscles, set at 1 (n = 8–10 animals per time

point).

*P < 0.05, ***P < 0.001 versus respective nonischemic muscle.
†P < 0.05 versus 1 week postischemia.
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Figure 1. In vivo hindlimb tissue perfusion and oxygenation, and muscles arteriolar density before ischemia, at early, and later stages.

(A) Upper, Representative laser Doppler images of ischemic (right) and contralateral nonischemic (left) paws at the various time points. Low

perfusion is indicated by blue color while high perfusion by the red color according to a color scale. Lower, Quantification of ischemic hindlimb

tissue perfusion expressed as percentage of nonischemic hindlimb perfusion (n = 7–10 animals per time point). (B) Quantification of ischemic

hindlimb tissue oxygenation using TcPO2 measurement (n = 10 animals per time point). Results are reported in mmHg. (C) Quantification of

arteriolar density in ischemic quadriceps (proximal to ischemia) and gastrocnemius (distal to ischemia) muscles, measured as the number of

a-SM actin positive arterioles per muscle fiber (n = 4–7 animals per time point).
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muscle (P < 0.05) but also compared to the early stage

within the ischemic muscle (P < 0.001) (Fig. 4A and B).

In vivo resting muscles energetic state in
early and late stages of limb ischemia

Muscle energy state was assessed by 31P-MRS. Peaks of

high-energy phosphate metabolites (PCr, c-ATP), and Pi

were, respectively, identified in spectra measured from

ischemic and nonischemic contralateral hindlimb muscle.

As shown in Figure 5A and B, PCr/c-ATP and PCr/Pi

ratios were not different between ischemic and nonischem-

ic hindlimb muscles either at early or at later stages of

ischemia. Similarly, no change in integral intensity of the

ATP peaks (in terms of signal-to-noise ratio) was observed

in ischemic hindlimbs.

Muscle macrophage phenotype in early and
late stages of limb ischemia

Macrophage phenotype was characterized by examining

expression of specific pro-inflammatory M1 (CD11c) and

anti-inflammatory M2 (CD206) macrophage markers

using real-time PCR. At early stage of ischemia, CD11c

mRNA expression was significantly upregulated both in

ischemic quadriceps (10.5-fold, P < 0.01), and gastrocne-

mius muscles (8.1-fold, P < 0.05) (Fig. 6A). At later stage,

CD11c mRNA expression remained significantly upregu-

lated exclusively in ischemic quadriceps muscle (2.2-fold,

P < 0.05) although values were significantly lower than

those observed at 1 week (P < 0.001; Fig. 6A). During

early phase of ischemia, CD206 mRNA expression was

significantly upregulated (2.1-fold) in ischemic quadriceps
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Figure 2. Walking ability of mice before ischemia, at early, and later stages. (A) Quantification of 24 h total walking distance (24hTWD) using

a 24 h voluntary running wheel test (n = 9 animals per time point). (B) Quantification of maximal walking distance (MWD), and (C)

Quantification of maximal walking time (MWT) as measured by forced incremental treadmill running test (n = 5–7 animals per time point).

Reported results are expressed in kilometers or minutes.
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muscle only (P < 0.01; Fig. 6B). Based on these results,

calculation of CD11c to CD206 ratio (index of M1/M2

macrophage balance) resulted significantly higher both in

quadriceps (4.9-fold, P < 0.05), and gastrocnemius (5.4-

fold, P < 0.01) ischemic muscles, compared to nonis-

chemic ones, during early stage of limb ischemia. This

increase was no longer significant at later stage (Fig. 6C).

Phenotype of muscle T cells in early and late
stages of limb ischemia

Phenotype of T cells (pro-inflammatory Th1 cells vs.

anti-inflammatory Th2 cells) in hindlimb muscles was

also evaluated. As shown in Figure 8A, IFN-c mRNA

expression (pro-inflammatory Th1 marker), was signifi-

cantly upregulated in early ischemic phase both in quadri-

ceps (8.0-fold, P < 0.05 vs. nonischemic one) and

gastrocnemius (3.8-fold, P < 0.05 vs. nonischemic one)

muscles. However, this upregulation was no longer

present in later ischemic stage (Fig. 7A). IL-4 mRNA

expression (anti-inflammatory Th2 marker) was not sig-

nificantly modulated by ischemia, both at early and late

phases (Fig. 7B). As a consequence, IFN-c/IL-4 ratio

(index of Th1/Th2 cell balance) resulted significantly

higher in ischemic quadriceps (7.3-fold), and gastrocne-

mius (3.8-fold) muscles during early phase of ischemia

(P < 0.05 vs. respective nonischemic muscles; Fig. 7C).

Effect of muscle inflammation inhibition on
walking ability of mice in early stage of
limb ischemia

Markers of M1/M2 macrophage balance were determined

in quadriceps muscle 1 week postischemia in mice treated
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with or without atorvastatin. As shown in Figure 8A,

while the ratio of CD11c to CD206 was significantly

higher in ischemic quadriceps muscle than in nonischem-

ic one in control nontreated mice (P < 0.05), no signifi-

cant difference was observed in atorvastatin-treated mice.

Interestingly, atorvastatin treatment prevented the signifi-

cant decrease in 24hTWD observed in control mice

(P < 0.05) (Fig. 8B).

Discussion

Results from this study show that in a mouse model of

PAD, different muscular adaptive mechanisms take place

in response to early and late stages of ischemia. During

early phase, muscle glucose uptake raises significantly

while decreasing at later phases. Local inflammatory reac-

tions take place with significant macrophage and polariza-

tion of T cells toward a pro-inflammatory phenotype

during early phase. This inflammatory imbalance is, how-

ever, restored at later phases.

It is known that abnormal ischemic limb hemodynamic

status (reduced limb oxygenation and perfusion) does not

completely explain functional limitations experienced by

patients with PAD (Szuba et al. 2006; Pipinos et al. 2007;

Anderson et al. 2009). Our mouse model closely reproduces

this human process. Indeed, walking capacity remains pro-

foundly impaired even though limb perfusion and oxygena-

tion tends to significantly increase with time (though

remaining inferior to the pre-ischemic situation). Along the

same line, muscle arteriolar density tends to increase. This

corroborates the hypothesis that additional intrinsic ische-

mic muscle factors, independent of hemodynamic ones, are

likely to play a role in PAD pathophysiology.

Plasma-derived glucose importantly contributes to

muscle energetic fueling. PET scan, using 18FDG glucose

tracer, is a well-established approach to measure in vivo

skeletal muscle glycolytic activity (Kelley et al. 2001;

Gondoh et al. 2009). It allowed us to demonstrate, for

the first time in a mouse model of PAD, a significantly

increased glucose uptake in resting ischemic mouse mus-

cles during early phase of ischemia. Modulation of glu-

cose uptake during early ischemia was also documented

in a porcine model of myocardial infarction (Lautamaki

et al. 2009). In this study, 18FDG PET also revealed

increased glucose uptake in the hypoperfused infarcted

area early after myocardial infarction. Contrary to the

early phase situation, during the later phase of ischemia,

we observed a significantly decreased glucose uptake. This

result is in accordance with a recent study showing

decreased calf muscle glucose uptake in chronic PAD

patients with IC compared to healthy control subjects

(Pande et al. 2011). Interestingly, this metabolic abnor-

mality characterizing later phases of peripheral ischemia

in our model relates to impaired walking ability, suggest-

ing that decreased muscle glucose uptake may predict

exercise limitation. Taken together, these findings suggest

that transient initial increase in muscle glucose uptake

allows maintaining basal muscle viability despite signifi-

cantly reduced limb perfusion but that at later stages fail-

ure to maintain a sustained muscle glucose metabolism

impairs ameliorating walking performances despite

increased limb perfusion. Future investigations are needed

to determine molecular mechanisms responsible for glu-

cose uptake modulation occurring in peripheral ischemia.

Systemic inflammation has been shown to play a role

in the pathophysiology of PAD. Indeed, previous works

showed a strong relationship between elevated serum or

plasma levels of various inflammatory markers and PAD

claudication severity (McDermott et al. 2008; Brevetti

et al. 2010). The implication of inflammation at the local

Is
ch

em
ic

 m
us

cl
e 

PC
r/P

i
(%

 o
f n

on
is

ch
em

ic
)

0

50

100

150

200

250

Nonischemic hindlimb

Ischemic hindlimb

Nonischemic hindlimb

Ischemic hindlimb

0

50

100

150A

B

Is
ch

em
ic

 m
us

cl
e 

PC
r/ 

 -A
TP

(%
 o

f n
on

is
ch

em
ic

)

1 week
postischemia

5 weeks
postischemia

1 week
postischemia

5 weeks
postischemia

Figure 5. In vivo hindlimb muscle bioenergetics at early and later

stages of peripheral ischemia. (A) Ratio of PCr to c-ATP and (B)

Ratio of PCr to Pi in resting ischemic hindlimb muscle, as measured

by 31P-MRS. Results are expressed as percentage of nonischemic

contralateral hindlimb muscle, set at 100% (n = 5–8 animals per

time point).

ª 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2014 | Vol. 2 | Iss. 2 | e00234
Page 9

M. Pellegrin et al. Muscle Response to Experimental Limb Ischemia



level (i.e., muscle) remains, however, poorly investigated.

Previous works have demonstrated presence of M1 and

M2-polarized macrophages as well as CD4 Th1 and Th2

cells in atherosclerotic plaques. Additionally, growing evi-

dence strongly suggests that modulation of the M1/M2

and/or the Th1/Th2 balance affects pathogenesis, evolu-

tion, and complications of atherosclerosis (Mantovani

et al. 2009; Ketelhuth and Hansson 2011; Hoeksema et al.

2012). Although macrophage and T-cell balance plays a

major role in atherosclerosis, few experimental data are

available as yet to substantiate their role in PAD. In the

present work, phenotypic analysis of muscle infiltrating

M1, M2 macrophages and Th1, Th2 cells revealed that

early ischemia is accompanied by macrophage and T-cell

balance shift toward a pro-inflammatory state. This pro-

inflammatory phenotypic switch returns to neutral state

at later stages of ischemia. Therefore, pro-inflammatory

cells may be critical players in the initial phase of ische-

mic events, and may contribute to impaired walking

capacity. To test this hypothesis, mice were treated with a

statin to selectively inhibit muscular inflammation, espe-

cially pro-inflammatory M1 activation state. The rational

for the use of statin as a therapeutic agent to inhibit

macrophage polarization has been demonstrated recently

(Li et al. 2013; van der Meij et al. 2013). Results show

that M1/M2 shift inhibition at early stage of limb ische-

mia prevented impaired mice walking ability, thereby

demonstrating that pro-inflammatory muscular state plays

a critical role in PAD-related impaired walking ability in

our mouse model. 18FDG used in PET imaging is uptaken

by macrophages (Joshi et al. 2011). Thus, PET scan

results showing increased muscle glucose uptake in early

ischemic phase may also reflect increased number of

infiltrating pro-inflammatory macrophages. Rapid local

muscle inflammation in response to ischemia may, there-

fore, be a transient deleterious mechanism contributing to

walking ability impairment. With time, compensatory

increased limb perfusion will provide sufficient basal state
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muscle nutriment though not enough to guarantee

appropriate energy fueling during functional activity (i.e.,

walking).

To gain insights into skeletal muscle energy metabolism,

in response to early and late stages of ischemia, index of

energetic state (PCr/c-ATP and PCr/Pi ratios) was mea-

sured using 31P-MRS. 31P-MRS is at present the only avail-

able technique permitting noninvasive in vivo

measurement of major phosphorylated compounds

involved in muscle energy metabolism: that is, ATP, and

PCr (Boesch 2007). ATP is a substrate for all energy-con-

suming cellular reactions, as its hydrolysis provides free

energy (Ten Hove and Neubauer 2007). PCr acts as an

energy buffer and serves as an energy transport molecule

in the creatine kinase/PCr energy shuttle (Ten Hove and

Neubauer 2007). No differences in resting ischemic muscle

energy state were observed in our mouse model, both in

early and late phases of limb ischemia, relatively to nonis-

chemic contralateral limb. On the other hand, Boring et al.

(2013) recently showed a drop of PCr and ATP levels

1 week after femoral artery ligation and excision in

C57BL/6 wild-type mice, compared to those before femo-

ral ligation. In our 31P-MRS experiments, a drop in the

PCr/c-ATP concentration after iliac artery ligation and a

significant increase in PCr/c-ATP and PCr/Pi ratios

between early and late ischemic stages were observed not

only in the ischemic hindlimb but also in the contralateral

nonischemic one used as internal control for each mouse

(data not shown). This phenomenon may be due to a sys-

temic response following unilateral arterial occlusion, as

previously reported (Yan et al. 2009), and may have inter-

fered with local metabolite changes in ischemic limb in this

study. However, clinical studies also reported no signifi-

cant differences in resting muscle metabolism between

PAD patients and control subjects (Pedersen et al. 2009).

Similar concentrations of high-energy phosphate metabo-

lites have also been reported under resting conditions in

patients with type 2 diabetes and hypercholesterolemia,
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two majors CV risk factors for PAD, as compared to corre-

sponding control healthy subjects (Laaksonen et al. 1996;

Scheuermann-Freestone et al. 2003). Taken together, these

data indicate that energy reserve is unchanged in resting

skeletal muscle compared to nonischemic muscle at any

stage of peripheral ischemia.

In conclusion, results presented herein provide novel

insights into the intrinsic adaptive mechanisms taking

place in early and late phases of muscle ischemia. These

ischemia-associated changes in skeletal muscles may con-

tribute to PAD-related walking ability impairment.

Clinical perspective

PAD is a common disorder limiting patient’s walking

ability. To date, no pharmacological therapy for

PAD exists. Only a better understanding of biological

mechanisms underlying PAD may help develop new ther-

apeutic strategies aiming at improving patient function

and quality of life. This study indicates that both pro-

inflammatory T cells and macrophages are implicated in

early ischemia whereas late ischemia is associated with

impaired muscle glucose uptake in a mouse model of PAD.

Hence, treatment aiming at preventing modulation of mus-

cle macrophage and T cells toward a pro-inflammatory

phenotype in early disease stage and/or impaired muscle

glucose uptake during late disease stage might improve

clinical symptoms of patients with PAD.
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