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Extracorporeal Shock Wave Therapy Ameliorates
Hindlimb Ischemia in Rabbits
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We have recently demonstrated that the low-energy extracorporeal cardiac shock wave
(SW) therapy improves myocardial perfusion and cardiac function in a porcine model of
chronic myocardial ischemia and also ameliorates myocardial ischemia in patients with
severe coronary artery disease. The present study was designed to examine whether our
SW therapy also is effective to ameliorate hindlimb ischemia in rabbits. Hindlimb isch-
emia was made by surgical excision of the entire unilateral rabbit femoral artery. One
week after the operation, we performed the SW (n = 9) or sham-therapy (n = 9) to the isch-
emic region 3 times a week for 3 weeks. Three weeks after the SW therapy, the develop-
ment of collateral arteries, the flow ratio of the ischemic/non-ischemic common iliac arter-
ies, the blood pressure ratio of the ischemic/non-ischemic hindlimb, and the capillary
density in the ischemic muscles were all significantly increased in the SW group compared
with the control group, indicating that the SW therapy induced therapeutic angiogenesis.
Importantly, no adverse effect, such as muscle damage, hemorrhage, or thrombosis, was
noted with the therapy. Finally, we examined the role of endothelial nitric oxide synthesis
(eNOS) and vascular endothelial growth factor (VEGF) in the mechanisms of SW-induced
angiogenesis on day 28. The expression levels of eNOS and VEGF proteins in ischemic
hindlimb muscles tended to be increased in the SW group compared with the control
group. These results suggest that our low-energy SW therapy also is effective and safe for
the treatment of peripheral artery disease. ——— shock wave therapy; angiogenesis;
peripheral artery disease; blood flow; capillary density.
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The severity of peripheral arterial disease
(PAD) is closely associated with the risk of myo-
cardial infarction, ischemic stroke, and death from
vascular causes (Caro et al. 2005). The current
management of PAD has three major therapeutic
options, including medical treatment, percutane-

ous transluminal angioplasty, and bypass surgery.
However, prognosis of patients with severe PAD
still remains poor when there is no indication of
bypass surgery or percutaneous transluminal
angioplasty (Hirsch et al. 2006). Angiogenesis is
a new promising therapeutic strategy for severe
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PAD, however, gene or cell therapy is invasive in
nature, difficult to repeat, and still at preclinical
stage (Isner et al. 1996; Leschke et al. 1996;
Losordo et al. 1998; Tateishi-Yuyama et al. 2002).

We have recently demonstrated that low-
energy shock wave (SW) could induce various
angiogenic factors and enhance angiogenesis in
vitro (Nishida et al. 2004). SW is a longitudinal
acoustic wave, traveling with the speed in water
of ultrasound through body tissue, which is a sin-
gle pressure pulse with a short needle-like posi-
tive spike of less than 1 microsecond duration and
amplitude up to 100 MPa followed by a tensile
part of several microseconds with lower ampli-
tude (Apfel 1982). SW is known to exert “cavita-
tion effect” (a micrometer sized violent collapse
of bubbles inside the cells) and has recently been
demonstrated to induce localized stress on cell
membranes that resembles shear stress (Apfel
1982; Maisonhaute et al. 2002). We have recently
demonstrated that low-energy extracorporeal SW
therapy effectively induces angiogenesis and
ameliorates myocardial perfusion and cardiac
function in a porcine model of chronic myocardial
ischemia and in patients with severe coronary
artery disease without any adverse effects (Nishida
et al. 2004; Fukumoto et al. 2006; Uwatoku et al.
2007). Furthermore, it has been recently demon-
strated that low-energy SW therapy improves
recruitment of circulating endothelial progenitor
cells via enhanced expression of chemoattractant
factors in hindlimb ischemia of rat model (Aicher
et al. 2006). The present study was thus designed
to examine whether our SW therapy also is effec-
tive to ameliorate severe hindlimb ischemia in
rabbits.

METHODS

All procedures were approved by the Institutional
Animal Care and Use Committee and were conducted in
conformity with the institutional guidelines of Kyushu
University. The authors had full access to the data and
take full responsibility for its integrity. All authors have
read and agree to the article as written.

Animal preparation
Male New Zealand White rabbits (weight, 3.0 to 3.2

kg) were anesthetized with an intramuscular injection of
xylazine (5 mg/kg) and ketamine (50 mg/kg). Rabbit
unilateral hindlimb ischemia model was made as previ-
ously described (Takeshita et al. 1994). Briefly, under
sterile surgical conditions, we performed a longitudinal
incision in the left hindlimb, where the femoral artery
was completely excised from its proximal origin to the
point where it bifurcates into the popliteal and saphenous
arteries including all branches of the femoral artery
(Takeshita et al. 1994).

Extracorporeal cardiac SW therapy

One week after the induction of left hindlimb isch-
emia, we performed the SW therapy (0.09 mJ/mm”,
about 10% of the energy for lithotripsy treatment, 30
spots in the ischemic muscle, 200 shots/spot) (Nishida et
al. 2004) to the animals with a guidance of ultrasonic
echogram 3 times a week for 3 weeks (n =9). In the pre-
vious study, we confirmed that the current energy level
of shock wave exerts maximum angiogenic effects)
(Nishida et al. 2004).

Study protocol

The SW therapy was performed 3 times a week,
starting at day 7 for 3 weeks, while the control group
received the same procedures 3 times a week without the
SW therapy (n =9 each). Angiography was performed at
day 7 and 28, and blood flow, histological, and immu-
noblotting analyses were done at day 28 of sacrifice.

Angiographic analysis

Selective angiography of the ischemic limb was
performed at day 7 and 28 after the surgery (n = 6 each),
using the quantitative cineangiography (QCA) system
(Toshiba Medical, Tokyo) (Nishida et al. 2004; Uwatoku
et al. 2007). A 4F end-hole infusion catheter was inserted
into the left common iliac artery of the ischemic limb via
the common carotid artery. Then, angiography was per-
formed with 4 mL of contrast media (1 mL/sec) for 8§ sec.
To quantitatively assess collateral vessel development, a
grid with 2.5-mm-diameter squares was placed over the
angiogram in the region of middle thigh. The number of
squares crossed by contrast-pacified arteries was counted
and angiographic score was calculated as the ratio of the
number of total squares (Nishida et al. 2004; Uwatoku et
al. 2007). To quantitatively assess collateral vessel flow,
the number of frame from beginning of infusion of con-
trast media to filling to distal popliteal and saphenous
artery were calculated by recorded angiography (Nishida
et al. 2004; Uwatoku et al. 2007).
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Common iliac artery blood flow ratio

Common iliac artery blood flow was directly mea-
sured by ultrasonic transit-time flow meter (Transonic
Systems Inc, NYC, NY, USA) at the time of sacrifice (day
28, n =9 each). We performed a longitudinal incision in
the lower abdomen, where lower abdominal aorta and
bilateral common iliac artery was carefully isolated, and
bilateral common iliac artery blood flow was simultane-
ously measured at least for 5 min. The ratio of ischemic
to non-ischemic hindlimb blood flow was defined in each
rabbit as the ratio of mean common iliac artery flow (ml/
min) of the ischemic limb to that of the non-ischemic
limb.

Lower limb calf blood pressure ratio

Calf blood pressure was measured with auto-detect-
ed blood pressure monitor (BP100D, Fukuda ME Kogyo
Co., Ltd., Tokyo) at day 28 (n = 9, each). The ratio of
ischemic to non-ischemic hindlimb blood flow was
defined for each rabbit as the ratio of systolic blood pres-
sure (mmHg) of the ischemic limb to that of the non-
ischemic limb.

Lower limb muscle weight

We measured the weight of the adductor muscle and
the semimembranous muscle of the ischemic and non-
ischemic limbs of each animal (n = 7-8 each) at the time
of sacrifice (day 28).

Capillary density and capillary /muscle fiber ratio

Tissue specimens were obtained as transverse sec-
tions from the adductor muscle and the semimembranous
muscle of the ischemic limb of each animal (n = 6 each)
at the time of sacrifice (day 28). Muscle samples were
embedded in OCT compound and snap-frozen in liquid
nitrogen. Multiple frozen sections were then sliced (5
um in thickness) from each specimen on a cryostat
(Nishida et al. 2004; Uwatoku et al. 2007). The tissue
sections were stained for alkaline phosphatase using an
indoxyl-tetra-zolium method to detect capillary endothe-
lial cells, as previously described, and were counter-
stained with eosin (Nishida et al. 2004; Uwatoku et al.
2007). A total of 20 different fields from the two muscle
were randomly selected, and capillaries were counted
under a x100 objective to determine the capillary density
(number of capillaries/mm®) (Nishida et al. 2004;
Uwatoku et al. 2007). In order to ensure that analysis of
capillary density was not overestimated because of mus-
cle atrophy, capillary density was also evaluated as a

function of the number of muscle fibers in the section
(capillaries/muscle fibers ratio) (Nishida et al. 2004;
Uwatoku et al. 2007).

Western blot analysis for eNOS and VEGF protein
expression

Whole cell proteins were extracted from the adduc-
tor muscle and the semimembranous muscle of the isch-
emic limb of each group (n = 6 each) at day 28. Mouse
monoclonal antibody to human endothelial nitric oxide
synthesis (eNOS, pS633, BD Transduction Laboratories,
San Jose, CA, USA) and human vascular endothelial
growth factor (VEGF, G143-850, BD Pharmingen, San
Jose, CA, USA) were used. The same amount of extract
protein (50 ug) was loaded for SDS-PAGE/ immunoblot-
ting analysis. The regions containing eNOS and VEGF
proteins were visualized by ECL Western blotting lumi-
nal regent (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The levels of Western blot for eNOS and VEGF
were normalized to those for S-actin as an internal con-
trol.

Statistical analysis

Continuous variables were expressed as mean =+
s.e.M. Comparisons of all parameters were evaluated by
unpaired z-test. All statistical analyses were performed
using Stat View (SAS Institute, Cary, NC, USA), and P
values of less than 0.05 were considered to be statistical-
ly significant.

RESULTS

Hemodynamic variables

At day 7 and day 28 after the surgery, sys-
temic arterial pressure and heart rate were compa-
rable between the control and the SW groups (data
not shown).

Angiogenic effects of the SW therapy

The selective internal iliac angiography
showed that both of control and SW-treated rab-
bits did not have well-developed collateral arter-
ies at day 7 (Fig. 1A, C), while SW therapy
increased the collateral fillings at day 28 as com-
pared with the control group (Fig. 1B, D). The
evaluation by angiographic score and filling time
to distal popliteal and saphenous artery demon-
strated that the SW therapy significantly increased
the angiographic collateral fillings at day 28 (Fig.
2).
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Fig. 1. Representative selective internal iliac angiography of control rabbit at day 7 (A) and day 28 (B),

and shock wave (SW)-treated rabbit at day 7 (C, before SW therapy) and day 28 (D, 3 weeks after
SW therapy). Note that increased collateral arteries were noticed in the SW-treated animal at day

28 (D).
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Fig. 2. Effects of the SW therapy in the ischemic limbs on collateral vessel growth and collateral blood
flow by angiography. (A) The SW therapy significantly increased the angiographic score expressed
as percent change compared with control group at day 28. (B) Filling time to distal popliteal and
saphenous artery was significantly decreased in the SW group compared with the control group at
day 28. Results are expressed as means + S.E.M.
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Fig. 3. Effects of the SW therapy in the ischemic limb on hindlimb blood pressure and common iliac
arterial blood flow. The SW therapy significantly improved the calf blood pressure (CBP) ratio
(ischemic/non-ischemic hindlimb) (A) and the common iliac flow ratio (ischemic/normal hindlimb)
(B) at day 28. Results are expressed as means + S.E.M.

Furthermore, the SW therapy to the ischemic
hindlimb significantly improved the calf blood
pressure ratio and the common iliac flow ratio
(ischemic/non-ischemic hindlimb) (Fig. 3).
Although the SW therapy tended to increase the
weight of the ischemic lower limbs, the effect did
not reach the statistically significant level (Fig. 4).
It increased capillary density in the ischemic mus-
cle as compared with the control group at day 28
(Fig. 5). No adverse effect (e.g. muscle damage,
hemorrhage, thrombosis) was noted with the SW
therapy.

Effects of the SW therapy on eNOS and VEGF
expression

The SW therapy tended to increase eNOS
and VEGF protein expression in the ischemic
limb at day 28 (Fig. 6).

DiscussioN

The novel finding of the present study is that
our non-invasive SW therapy increased angio-
graphic collaterals and blood flow in rabbits with
ischemic limb without any procedural complica-
tions or adverse effects. The present result is in
accordance with our previous findings that our
non-invasive extracorporeal cardiac SW therapy
ameliorates myocardial ischemia in a porcine
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Fig. 4. Effects of the SW therapy in the ischemic/
non-ischemic limbs on the weight of the
adductor muscle and the semimembranous
muscle. The SW therapy tended to increase
the weight of ischemic lower limb muscle at
day 28. Results are expressed as means =+ S.E.M.

model of chronic myocardial ischemia and in
patients with severe coronary artery disease
(Nishida et al. 2004; Fukumoto et al. 2006;
Uwatoku et al. 2007).

Mechanism of the SW therapy-induced angio-
genesis

The precise mechanism of a low-energy SW
to induce angiogenesis remains to be fully eluci-
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Fig. 5. Effects of the SW therapy on capillary density in the ischemic skeletal muscle. Capillary density
in the ischemic muscle was increased in the SW group (B) compared with the control group (A) at
day 28. Dark blue dots indicate capillaries that are positive for alkaline phosphatase staining. Bars
indicate 100 ym. Quantitative analysis of capillary density indicates that capillaries/mm’ (C) and
capillaries/muscle fiber ratio (D) in the ischemic muscle were both significantly greater in the SW
group than in the control group. Results are expressed as means + S.E.M.
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6. Effects of the SW therapy on the protein expression of eNOS (A) and VEGF (B) in the ischemic
skeletal muscle. The SW therapy tended to increase eNOS and VEGF expression in the ischemic
limb. Results are expressed as means =+ S.E.M.
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dated; however, it has been demonstrated that SW
can cause non-enzymatic nitric oxide (NO) syn-
thesis from L-arginine and hydrogen peroxide
(Gotte et al. 2002), and that SW induces neovas-
cularization at tendon (Rompe et al. 1995; Wang
et al. 2003) and up-regulates the expression of
eNOS, VEGEF, and proliferating cell antigen
(PCNA) (Wang et al. 2003). We have previously
confirmed that low-energy SW up-regulates
VEGEF and its receptor, Flt-2, in endothelial cells
in vitro and VEGF in the ischemic porcine myo-
cardium in vivo (Nishida et al. 2004). Recently,
Aicher et al. (2006) have demonstrated that low-
energy SW up-regulates mRNA expression of the
chemoattractant stromal cell-derived factor 1 and
the number of VEGF-positive endothelial cells at
various energy levels, resulting in significantly
enhanced recruitment and homing of endothelial
progenitors that were intravenously administered
24 hrs after SW therapy in a rat model of hindlimb
ischemia. However, in the present study, we were
unable to demonstrate the significant up-regula-
tion of eNOS or VEGF in the ischemic limb
although there noted such a tendency. It is con-
ceivable that the timing of the examination (day
28) might not be adequate to detect the up-regula-
tion because the VEGF-FIt system could mainly
affect the initiation of vasculogenesis and/or
angiogenesis in ischemic limb (Nishida et al.
2004). It also is possible that endogenous angio-
genic systems other than eNOS or VEGF are
involved in the effect of the SW therapy. These
points remain to be examined in future studies.

Advantage of the non-invasive SW therapy
Although angiogenesis by gene or cell thera-
py may be effective in patients with severe PAD,
it is invasive in nature and difficult to repeat (Isner
et al. 1996; Leschke et al. 1996; Losordo et al.
1998; Tateishi-Yuyama et al. 2002). A major
advantage of our SW therapy is shown by the fact
that it is quite non-invasive and safe, without any
procedural complications or adverse effects
(Nishida et al. 2004; Fukumoto et al. 2006;
Uwatoku et al. 2007). If necessary, we can
repeatedly treat patients with our SW therapy
because no surgery, anesthesia, or even catheter

intervention is required for the therapy. This is an
important factor in determining the clinical use-
fulness of angiogenic therapies in elderly patients
with severe PAD. Therefore, our non-invasive
SW therapy appears to be a useful treatment for
ischemic PAD.

Limitations of the study

Several limitations should be mentioned for
the present study. First, the present rabbit model
lacks atherosclerotic lesions in the systemic or
peripheral vasculature. Future studies are needed
to demonstrate whether SW therapy is effective in
animals or patients complicated with systemic
and/or peripheral atherosclerosis. Second, as we
discussed above, the up-regulation of eNOS and
VEGEF by the SW therapy at day 28 did not reach
a statistically significant level. The precise mech-
anism of SW-induced angiogenesis remains to be
examined in future studies. Third, it remains to
be examined whether our SW therapy is also
effective to ameliorate hindlimb ischemia with
greater or lesser extent than that in the present
rabbit model (~50% reduction of blood flow).
Fourth, the best strategy of SW delivery still
remains to be elucidated. Our strategy was to
shoot 200 shots/spot in 30 spots, 3 times a week
for 3 weeks in the ischemic muscle in the present
study (Nishida et al. 2004), while Aicher et al.
(2006) have shot 500-2,000 shocks in one session.
Further studies are required to determine the best
treatment strategy. Finally, it was difficult to dis-
tinguish vasculogenesis from angiogenesis in this
model, because we were unable to recognize
which vessels were de novo formation of blood
vessels and which were from pre-existing vascu-
lar network.

CONCLUSIONS

We were able to demonstrate that our low-
energy non-invasive SW therapy effectively
induces angiogenesis in ischemic limbs, resulting
in the increase in collateral flow, hindlimb blood
pressure, and arterial blood flow without any
adverse effects. Thus, our SW therapy could be a
useful strategy for the treatment of PAD.
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