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Objective—Whole-body periodic acceleration (WBPA) has been developed as a passive exercise technique to improve
endothelial function by increasing shear stress through repetitive movements in spinal axis direction. We investigated
the effects of WBPA on blood flow recovery in a mouse model of hindlimb ischemia and in patients with peripheral
arterial disease.

Methods and Results—After unilateral femoral artery excision, mice were assigned to either the WBPA (n�15) or the
control (n�13) group. WBPA was applied at 150 cpm for 45 minutes under anesthesia once a day. WBPA significantly
increased blood flow recovery after ischemic surgery, as determined by laser Doppler perfusion imaging. Sections of
ischemic adductor muscle stained with anti-CD31 antibody showed a significant increase in capillary density in WBPA
mice compared with control mice. WBPA increased the phosphorylation of endothelial nitric oxide synthase (eNOS) in
skeletal muscle. The proangiogenic effect of WBPA on ischemic limb was blunted in eNOS-deficient mice, suggesting
that the stimulatory effects of WBPA on revascularization are eNOS dependent. Quantitative real-time polymerase chain
reaction analysis showed significant increases in angiogenic growth factor expression in ischemic hindlimb by WBPA.
Facilitated blood flow recovery was observed in a mouse model of diabetes despite there being no changes in glucose
tolerance and insulin sensitivity. Furthermore, both a single session and 7-day repeated sessions of WBPA significantly
improved blood flow in the lower extremity of patients with peripheral arterial disease.

Conclusion—WBPA increased blood supply to ischemic lower extremities through activation of eNOS signaling and
upregulation of proangiogenic growth factor in ischemic skeletal muscle. WBPA is a potentially suitable noninvasive
intervention to facilitate therapeutic angiogenesis. (Arterioscler Thromb Vasc Biol. 2011;31:2872-2880.)
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Patients with peripheral arterial disease (PAD) are at risk
of limb loss and impairment of quality of life.1 Exercise

therapy is an effective primary nonpharmacologic treatment
for patients with PAD.2,3 The proposed mechanisms for the
beneficial effects of exercise training on PAD include the
formation of collateral vessels, improvement in endothelium-
dependent vasodilatation and skeletal muscle metabolism,
and increased secretion of proangiogenic growth factors.2,4–6

Based on this evidence, the current guidelines recommend
supervised exercise for patients with PAD. However, it is
sometimes difficult to provide appropriate exercise therapy
for PAD patients who are incapable of performing active
exercise, such as those with neurodegenerative and rheuma-
tologic diseases or age-related skeletal muscle wasting re-
ferred to as sarcopenia.

Whole-body periodic acceleration (WBPA) is a noninva-
sive, passive exercise that produces repetitive head-to-foot–
direction movements of the body.7,8 Matsumoto et al9 dem-
onstrated that a 4-week course of WBPA increased flow-
mediated brachial artery dilatation in adults with low fitness
levels. Studies from our group have recently shown that a
single session of WBPA increased coronary artery flow
reserve in healthy subjects and patients with coronary artery
diseases.10 WBPA is reported to cause the release significant
amounts of nitric oxide (NO) into the peripheral circulation
by increasing shear stress on the vascular endothelium.11 In
addition to NO, WBPA is reported to increase serum levels of
prostacyclin, prostaglandin E2, and tissue plasminogen acti-
vator antigen and activity and to upregulate D-dimer expres-
sion in an animal model.12 These findings suggest that WBPA
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increases the levels of various vasoactive substrates, which in
turn could enhance blood flow and promote blood vessel
recruitment. However, the impact of WBPA on blood flow to
ischemic legs has not been investigated in detail.

The present study was designed to test the hypothesis that
passive exercise using WBPA promotes angiogenesis and
increases blood supply in a mouse model of hindlimb
ischemia and in patients with PAD. The results indicated that
WBPA stimulates ischemia-induced revascularization
through the activation of endothelial nitric oxide synthase
(eNOS) signaling and upregulation of angiogenic growth
factor expression in ischemic hindlimbs.

Materials and Methods
Animal Studies
Experiments were conducted in male C57BL/6J (wild-type [WT])
mice, eNOS-deficient mice (Jackson Laboratory) and diet-induced
obese (DIO) C57BL/6J mice. DIO mice were fed a very-high-fat diet
(Diet No. D12492, Research Diets, Inc) from 4 weeks of age.13 The
composition of very-high-fat diet is 34.9% fat, 26.3% carbohydrate,
and 26.2% protein. At the age of 8 to 10 weeks, mice were subjected
to unilateral hindlimb surgery under anesthesia with sodium pento-

barbital (50 mg/kg IP). In this model, the entire left femoral artery
and vein were excised surgically.14 All procedures were performed
in accordance with the Kumamoto University animal care guidelines,
which conform to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (Publica-
tion No. 85-23, revised 1996).

WBPA
The mice were placed longitudinally on a linear shaker that produces
repetitive head-to-foot direction movements of the body (model
KS-6320, Marysol, Tokyo, Japan). In the WBPA group, WBPA was
applied at 150 cpm for 45 minutes under anesthesia with sodium
pentobarbital (25 mg/kg IP) once a day until the last day of the
experiment. Mice of the control group remained in a static position
under the same dose of anesthesia for 45 minutes.

Laser Doppler Perfusion Imaging
Excess hair was removed from the hindlimbs using a depilatory
cream. Mice were first placed on a heating plate set at 37°C. This
was followed by measurement of hindlimb blood flow with a laser
Doppler Imager (Moor Instruments). To minimize the effects of
other variables including ambient light and temperature, the calcu-
lated perfusion was expressed as the ratio of ischemic to nonischemic
hindlimb. Under pentobarbital anesthesia, laser Doppler perfusion
imaging was performed at baseline; immediately after surgery; and at
1, 3, 5, 7, and 14 days after surgery, as described previously.14

Figure 1. Whole-body periodic acceleration (WBPA) promotes blood flow recovery in response to hindlimb ischemia. A, Representative
laser Doppler perfusion images of the control and WBPA groups. B, Time course of computer-assisted analysis of laser Doppler perfu-
sion flow ratio. C, Representative photographs of adductor muscles stained for CD31 and 4�,6-diamidino-2-phenylindole (DAPI). Control
group, n�4; WBPA group, n�6. D, Capillary density was expressed as the proportion of CD31-positive cells relative to the control.
Data are mean�SEM. *P�0.05 vs control.
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Measurements of Metabolic Parameters
Blood glucose was assayed with an Accu-Chek glucose monitor
(Roche Diagnostics, Manheim, Germany). Glucose tolerance test
was performed in 12-hour-fasted mice as described previously.15 In
brief, mice were intraperitoneally injected with D-glucose (1.5 g/kg
of body weight), and blood glucose levels were determined imme-
diately before and 30, 60, and 120 minutes after injection. Insulin
sensitivity test was performed in 18-hour-fasted mice as described
previously.15 Mice were injected intraperitoneally with insulin (0.5
U/kg of body weight), and blood glucose levels were determined
immediately before and 20, 40, and 60 minutes after injection. Total
serum cholesterol and triglycerides levels were analyzed by an online
dual-enzymatic method for simultaneous quantification of cholester-
ol and triglycerides by high-performance liquid chromatography at
Skylight Biotech Inc (Akita, Japan).16

Clinical Study
Ten patients with PAD (age, 69�7 years; 9 men, 1 woman)
underwent a single-session WBPA at 140 cpm for 45 minutes, as
described previously.10 Another group of 5 patients (age, 64�3
years, 4 men, 1 woman) underwent 45-minute WBPA daily for 7
days. WBPA was performed after �3 hours of fasting. All subjects
were asked to abstain from smoking and alcohol congestion for 24
hours before the study. The skin blood flow of the lower extremity
was estimated before and immediately after WBPA with the AT-101
(Non-Invasive Monitoring Systems, Inc, Miami, FL). The regions of
interest were placed on the toe of the ischemic and nonischemic
lower extremities, and the ischemic/nonischemic ratio was then
calculated in a fashion analogous to the animal study. The study was
approved by Institutional Review Board of the Osaka Ekisaikai
Hospital, and each subject provided informed consent before
participation.

Statistical Analysis
All data are presented as mean�SEM. Differences between data of
2 experimental groups were tested for statistical significance by the
Student t test. Data of multiple groups were compared by 1-way
analysis of variance (ANOVA). A probability value less than 0.05
was accepted as statistically significant.

Results
Animal Studies

WBPA Promotes Blood Flow Recovery Following
Hindlimb Ischemia
To test whether WBPA promotes blood flow recovery, we
created a mouse model of hindlimb ischemia by femoral
artery excision. Immediately after surgery, blood flow to the
ischemic hindlimb decreased to approximately 90% of the
nonischemic hindlimb in both the WBPA group (n�15) and
the control group (n�13). WBPA mice showed significant
blood flow recovery in the ischemic limb compared with the
control mice (day 7: 0.54�0.06 versus 0.33�0.04; day 14:
0.61�0.05 versus 0.51�0.03, respectively, P�0.05; Figure
1A and 1B). To investigate the extent of revascularization at
the capillary artery level, capillary density was measured in
histological sections harvested from muscles of the ischemic
limb. Figure 1C shows representative images of the adductor
muscles of the WBPA and control mice stained with CD31,
an endothelial marker. Quantitative analysis indicated a
significant increase in capillary density at day 7 in WBPA
mice compared with control mice (Figure 1D), suggesting
that WBPA promotes angiogenesis at a microcirculatory
level.

Stimulatory Action of WBPA on Revascularization Is
Dependent on eNOS Signaling
Because WBPA is reported to increase eNOS phosphoryla-
tion, as well as nitric oxide production,17 Western blot
analysis using ischemic adductor muscle lysates obtained at 3
to 12 hours after a single session of WBPA was conducted to
investigate the effect of WBPA on eNOS activation. Com-
pared with the still-control mice, the level of phosphorylation
of eNOS in the ischemic muscle of the WBPA mice was
significantly increased at 3, 6, and 12 hours after a single-
session WBPA (Figure 2A and 2B). We also performed
Western blot analysis using ischemic muscle lysates obtained
after 7 or 14 days WBPA and found that eNOS activation was
sustained in the chronic phase of WBPA (Figure 2C and 2D).
The level of phosphorylation of Akt in the ischemic muscle of

Figure 2. Stimulatory action of whole-body periodic acceleration
(WBPA) on revascularization is dependent on endothelial nitric
oxide synthase (eNOS) signaling. A, Representative immuno-
blots of phosphorylated-eNOS (P-eNOS) and total-eNOS
(T-eNOS) expression using ischemic adductor muscle in control
and WBPA mice after a single session of WBPA. Data are
mean�SEM of 3 to 5 mice, each. B, Quantitative analysis of
Western blotting. C, Representative immunoblots of p-eNOS
and eNOS expression using ischemic adductor muscle in con-
trol and WBPA mice 1 or 2 weeks after daily sessions of
WBPA. D, Quantitative analysis of Western blotting. Data are
mean�SEM of 4 to 5 mice. E, Representative laser Doppler per-
fusion images. F, Time course of computer-assisted analysis of
laser Doppler perfusion flow ratio. G, Representative photo-
graphs of immunostaining of adductor muscles for CD31 and
4�,6-diamidino-2-phenylindole (DAPI). eNOS-deficient mice were
assigned into the control group (n�7) and the WBPA group
(n�7). H, Capillary density was expressed as the ratio of CD31-
positive cells per control. Data are mean�SEM. n.s. indicates
not significant.
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the WBPA mice was not changed at 3, 6, and 12 hours
after WBPA (Supplemental Figure I, available online at
http://atvb.ahajournals.org). In the next set of experiments
in eNOS-deficient mice, we examined the causal role of
eNOS activation in WBPA-induced blood flow improve-
ment. Hindlimb ischemia was surgically induced in eNOS-
deficient mice. Postoperatively, the mice were divided into
the control (n�7) and WBPA (n�7) groups. Consistent
with previous results,18 eNOS-deficient mice exhibited
impairment of ischemia-induced neovascularization, com-
pared with the WT mice. WBPA did not increase the
ischemic/nonischemic side blood perfusion ratio in eNOS-

deficient mice at day 14 (Figure 2E and 2F). As shown in Figure
2G and 2H, the density of capillaries in ischemic hindlimb was
not different between the control and WBPA groups at 14 days
after hindlimb ischemia surgery. These results suggest that the
stimulatory action of WBPA on revascularization in vivo is
dependent on eNOS signaling pathway.

WBPA Upregulates the Expression of Angiogenic Growth
Factors in Ischemic Skeletal Muscle
We examined the expression of molecules involved in angio-
genesis in ischemic adductor muscle of WT mouse (Table 1).
Quantitative real-time polymerase chain reaction analysis
showed significant increases in expression of vascular endo-
thelial growth factor (VEGF), fibroblast growth factor 2
(FGF2), stromal cell–derived factor 1� and platelet-derived
growth factor-B (PDGF-B) in WBPA mice compared with
control mice after a single session of WBPA (Figure 3A).
There was a trend toward increases in the expression levels of
VEGF, FGF2, and PDGF-B after daily sessions of WBPA for
7 days, although the differences were not statistically signif-
icant (Supplemental Figure IIA).

Next, the effect of eNOS signaling pathway on the expres-
sion levels of angiogenic growth factors was analyzed in the
ischemic muscle of eNOS-deficient mouse. WBPA increased
FGF2, PDGF-B, and stromal cell–derived factor-1�, but not
VEGF, in eNOS-deficient mice after a single session of
WBPA (Figure 3B). WBPA did not affect the expression
levels of these angiogenic growth factors after 7 or 14 days of
daily sessions of WBPA in eNOS-deficient mice (Supple-
mental Figure IIB).

WBPA Alters Expression Profile of
Angiogenesis-Related Proteins
WBPA is reported to increase serum levels of various
vasoactive substrates.11,12 Therefore, mouse angiogenesis
antibody array analysis was performed to determine the

Figure 3. Whole-body periodic acceleration (WBPA) upregulates angiogenic growth factor expression in ischemic skeletal muscle. A,
The time course of vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2), platelet-derived growth factor-B
(PDGF-B), and stromal cell–derived factor (SDF)-1 transcript expression in adductor muscle of wild-type mice after a single session of
WBPA assessed by quantitative real-time polymerase chain reaction. B, The time course of VEGF, FGF2, PDGF-B, and SDF-1 tran-
script expression in adductor muscle of endothelial nitric oxide synthase (eNOS)-deficient mice after a single session of WBPA
assessed by quantitative real-time polymerase chain reaction. Data are mean�SEM of 4 to 5 mice for each panel. n.s. indicates not
significant.

Table 1. Sequences of Primers Used for Quantitative
Real-Time Polymerase Chain Reaction

Gene Primer sequence

VEGF

Forward 5�-ATGCGCATGATGTGCATGG-3�

Reverse 5�-AGTCCCATGAAGTATCAAGTTCA-3�

FGF-2

Forward 5�-TCCAGTTGGTATGTGGCACT-3�

Reverse 5�-GTATGGCCTTCTGTCCAGGT-3�

PDGF-B

Forward 5�-CCCACAGTGGCTTTTCATTT-3�

Reverse 5�-GTGGAGGAGCAGACTGAAGG-3�

SDF-1

Forward 5�-ACCAGTCAGCCTGAGCTACC-3�

Reverse 5�-CAACAATCTGAAGGGCACAG-3�

18S

Forward 5�-GGACCAGAGCGAAAGCATTTG-3�

Reverse 5�-GCCAGTCGGCATCGTTTATG-3�

VEGF indicates vascular endothelial growth factor; FGF, fibroblast growth
factor; PDGF, platelet-derived growth factor; SDF, stromal cell–derived factor.
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effects of WBPA on circulating angiogenesis-related pro-
teins (Supplemental Figure IIIA). Supplemental Figure
IIIB shows representative images of angiogenesis antibody
array analysis of mouse sera of control and 3, 6, and 12
hours after a single session of WBPA. Significant differ-
ences in the expression levels of 9 proteins were noted in
mice of the WBPA group at 1 or more time points
(Supplemental Figure IIIC). Several proangiogenic pro-
teins were differentially upregulated, including amphi-
regulin, angiogenin, epidermal growth factor, osteopontin,
and PDGF-AB/BB. On the other hand, WBPA signifi-
cantly upregulated angiostatic proteins, such as ADAMTS1

and Delta-like protein 4, compared with the control.
To determine whether these factors are derived from the
ischemic hindlimb, we examined the mRNA expression
levels of these proteins in ischemic skeletal muscles. Consis-
tent with the protein array data, PDGF-B and ADMATS1
expression levels were increased by WBPA. However, the
expression profile of other factors did not correlate with
their protein array data (Supplemental Figure IIID). These
results suggest that WBPA upregulates the expression of
circulating angiogenic-related growth factors not only in
the ischemic hindlimb but also in tissues remote from the
ischemic site.

Figure 4. Whole-body periodic acceleration (WBPA) promotes blood flow recovery in response to hindlimb ischemia in diet-induced
obese (DIO) mice. A, Effect of WBPA on glucose tolerance at 10 days after daily sessions of WBPA. Wild-type (WT) mice, n�5; DIO
mice, n�7; WBPA-DIO mice, n�8. B, Effect of WBPA on insulin sensitivity at 14 days after daily sessions of WBPA. WT mice, n�5;
DIO mice, n�5; WBPA-DIO mice, n�4. C, Effect of WBPA on lipid profile at 14 days after daily sessions of WBPA. WT mice, n�5; DIO
mice, n�6; WBPA-DIO mice, n�8. D, Representative laser Doppler perfusion images of DIO and WT mice. E, Time course of
computer-assisted analysis of laser Doppler perfusion flow ratio. WBPA DIO mice, n�8; control DIO mice, n�7; WBPA-WT mice, n�5;
control WT mice, n�5. Data are mean�SEM. *P�0.05 WT vs WT�WBPA, **P�0.05 DIO vs DIO�WBPA, †P�0.05 WT vs DIO,
‡P�0.05 WT�WBPA vs DIO�WBPA. n.s. indicates not significant.
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WBPA Promotes Blood Flow Recovery in Response to
Hindlimb Ischemia in DIO Mice
Diabetes mellitus is an important and major cause of PAD,19

and associated with impaired angiogenesis.20–23 Therefore,
we assessed the effects of WBPA on glucose metabolism and
ischemia-induced revascularization in DIO mice. There was
no difference in body weight between the WBPA and control
groups at 10 days after surgery (control: 23.1�0.4 g; WBPA:
23.1�0.3 g). Blood flow recovery was impaired in DIO mice
compared with WT mice at 5, 7, and 14 days after hindlimb
surgery (0.18�0.02 versus 0.33�0.04, 0.27�0.01 versus
0.41�0.02, and 0.56�0.03 versus 0.66�0.03, respectively,
P�0.05; Figure 4A). In DIO mice, daily sessions of WBPA
for 10 days did not affect glucose tolerance (Figure 4A), and
WBPA for 14 days did not affect insulin sensitivity (Figure
4B). Total cholesterol but not triglyceride level was signifi-
cantly lower after 14 days of WBPA (Figure 4C). WBPA
significantly enhanced blood flow recovery at 7 and 14 days
after hindlimb surgery in DIO mice compared with non-
WBPA mice (0.39�0.05 versus 0.27�0.01, 0.65�0.02 ver-
sus 0.57�0.03, respectively, P�0.05; Figure 4D and 4E).
These results suggest that WBPA-induced accelerated flow
recovery is independent of glucose tolerance and insulin
sensitivity.

Clinical Study

WBPA Improves Blood Flow in the Lower Extremity of
Patients With PAD
We also assessed the effect of WBPA on blood supply in the
lower extremity of patients with PAD. Table 2 summarizes
the clinical characteristics of 15 patients with PAD. No
hemodynamic or mechanical complications were observed
during the procedure or follow-up (Figure 5A). Single-
session WBPA significantly improved the ischemic/nonis-
chemic ratio of blood flow in the lower extremity from
0.74�0.21 to 0.87�0.21 (P�0.05, Figure 5B and 5C). There
were no significant differences in hemodynamics and labo-
ratory data, including NO and VEGF, between before and
after the procedure (Table 3).

In the 5 patients who received daily WBPA for 7 days, the
ischemic/nonischemic ratio of blood flow in the lower ex-
tremity increased from 0.85�0.04 to 0.99�0.08 (P�0.007,
Figure 5D). Interestingly, the extent of blood flow improve-
ment after 1-week WBPA was similar to that after a single-
session WBPA (0.14�0.06 versus 0.13�0.12, P�0.9), but
the variability of the response decreased by 50%. Specifi-
cally, the ischemic/nonischemic ratio of blood flow in the
lower extremity was slightly decreased or unchanged after a
single-session WBPA in 2 of 10 (20%) patients, whereas
blood flow improved in all patients (100%) after 1-week
WBPA.

Discussion
In the present study, we demonstrated that passive exercise
using WBPA stimulates revascularization in a murine model
of hindlimb ischemia through an eNOS-dependent mecha-
nism. Histological analysis confirmed that WBPA promotes
angiogenesis at a microcirculatory level, suggesting that this
mode of exercise facilitates both arteriogenesis and angiogen-

esis. The stimulatory effect of WBPA on blood flow was also
documented in a mouse model of diabetes despite there being
no alteration in glucose tolerance and insulin sensitivity.
Furthermore, both a single-session and 7-day repeated ses-
sions of WBPA improved blood flow in the lower extremities

Figure 5. Whole-body periodic acceleration (WBPA) improves
blood flow in the lower extremity in patients with peripheral arte-
rial disease. A, WBPA system. B, Images of the ischemic lower
extremity of a representative patient with peripheral arterial dis-
ease before and after WBPA. C, Changes in ischemic/nonische-
mic ratio of blood flow after a single session of WBPA (n�10).
D, Changes in ischemic/nonischemic ratio of blood flow after a
daily session of WBPA for 7 days (n�5). Data are mean�SEM.

Table 2. Clinical Characteristics of Patients

Single-Time WBPA
(n�10)

One wk WBPA
(n�5)

Height, cm 158�1 161�3

Weight, kg 59.2�1.9 62.9�5.4

Body mass index, kg/m2 23.7�0.5 24.0�1.2

Risk factor

Hypertension, n (%) 8 (80) 4 (80)

Diabetes, n (%) 4 (40) 4 (80)

Hypercholesterolemia, n (%) 5 (50) 4 (80)

Smoking, n (%) 2 (20) 2 (40)

Ejection fraction, % 57.5�2.6 55.0�5.2

Cardiac medications

Diuretic, n (%) 2 (20) 2 (40)

Beta-blockers, n (%) 5 (50) 2 (40)

Calcium channel blockers, n (%) 4 (40) 4 (80)

ACE inhibitors or ARB, n (%) 9 (90) 5 (100)

Statin, n (%) 5 (50) 3 (60)

Antiplatelet agent, n (%) 10 (100) 3 (60)

Fontaine classification

II 8 (80) 5 (100)

III 1 (10) 0 (0)

IV 1 (10) 0 (0)

Ankle-brachial pressure index 0.66�0.05 0.69�0.02

Data are presented as mean value�SEM or No. (%) of patients. WBPA
indicates whole-body periodic acceleration; ACE, angiotensin-converting en-
zyme; ARB, angiotensin receptor blockers.
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of patients with PAD. Our findings suggest that WBPA could
be a potentially useful noninvasive intervention to facilitate
therapeutic angiogenesis.

Exercise is known to improve vascular function of the
peripheral and coronary endothelia, leading to a reduction in
cardiovascular events.24 In the clinical setting, however, it is
sometimes difficult to apply exercise therapy in patients with
chronic cardiovascular diseases. Passive exercise refers to exer-
cise performed without volitional control that can be viewed as
an alternative and complementary modality for active exercise.
Passive exercise is known to increase blood flow by mechanical
pump effects or reflex activation. For example, passive move-
ment using a motor-driven knee extensor device enhanced the
secretion of proangiogenic growth factor and increased capillary
density in skeletal muscle.25 Passive leg cycle exercise in the
sitting position increased vascular blood flow velocity in the
paralyzed legs of patients with paraplegia.26 On the other hand,
passive leg movements and cycling did not affect on the arterial
peripheral circulation assessed by echo Doppler measurements
in subjects with spinal cord injury.27 In the present experimental
and clinical studies, we demonstrated a clear enhancement of
blood flow by WBPA. Our results are in agreement with the
findings of Adams et al,28 who demonstrated that WBPA
increased regional blood flow in anesthetized pig model.

In our clinical study, both single-session and daily admin-
istration of WBPA for 7 days significantly improved blood
flow in the lower extremities of patients with PAD. Interest-
ingly, the extent of blood flow improvement after 7-day
WBPA was similar to that after a single session of WBPA,
although the variability of the response diminished by 50%.
Our recent clinical study showed that a single session of
WBPA significantly improved coronary microcirculation in
patients with coronary artery disease.10 Recently, Miyamoto
et al reported that 4-week WBPA in patients with angina
enhanced exercise capacity, ameliorated myocardial ische-
mia, and improved left ventricle function.29 In agreement

with these reports, our findings provide definitive proof that
WBPA improves vascular function both in the acute and
chronic phases.

WBPA is known to cause internal shifts of blood; the
motion platform accelerates and decelerates blood flow by
adding pulses to the circulation, thereby increasing shear
stress to the endothelium.8 Braith et al30 recently demon-
strated that enhanced external counterpulsation, representing
a noninvasive outpatient treatment option for patients with
ischemic heart diseases, improves peripheral artery flow-
mediated dilation, increases endothelial-derived vasoactive
agents, and decreases the production of proinflammatory
cytokines. The enhanced external counterpulsation increases
shear stress and thus stimulates endothelial NO release via the
activation of eNOS. Evidence suggests that eNOS signaling
participates in the regulation of endothelial cell function and
blood vessel growth under conditions of ischemic stress.31 In
the present study, we demonstrated that the level of phos-
phorylation of eNOS in skeletal muscle was significantly
increased by WBPA in both the acute and chronic phases, and
the proangiogenic effect of WBPA on ischemic limb was
blunted in eNOS-deficient mice, indicating that the stimula-
tory action of WBPA on revascularization is dependent, at
least in part, on eNOS.

The eNOS signaling pathway plays a pivotal role in growth
factor–stimulated angiogenesis.18 Numerous studies reported
that eNOS is an important downstream mediator of several
angiogenic growth factors, such as FGF2, PDGF-B, stromal
cell–derived factor-1�, and VEGF.32 On the other hand, it
was reported that NO, derived from eNOS, acts as upstream
promoter of VEGF expression in certain cell types.33,34 In the
present study, WBPA did not increase the mRNA expression
levels of VEGF in eNOS-deficient mice in the acute phase of
hindlimb ischemia, and WBPA had virtually no proangio-
genic effect in eNOS-deficient mice. Along with the previous
report showing that WBPA causes the release of significant
amounts of NO into the peripheral circulation,11 our findings
suggest that WBPA promotes angiogenesis through eNOS-
dependent mechanism, and NO-dependent VEGF upregula-
tion facilitates angiogenesis in skeletal muscles in the acute
phase of hindlimb ischemia.

Diabetes is an important risk factor for the progression of
PAD.19 Diabetes also impairs skeletal muscle angiogenesis
through several proteins of the angiogenesis signaling path-
way.20–23 Especially, eNOS signaling plays an important role
in endothelial dysfunction and vascular inflammation in the
presence of insulin resistance.35,36 It was reported that eNOS-
dependent NO production is essential for the activation of
insulin signaling.37 Therefore, it is reasonable to speculate
that WBPA could improve glucose tolerance and insulin
sensitivity. In this study, proangiogenic effects of WBPA on
ischemic limb were observed in a mouse model of diabetes;
however, glucose tolerance and insulin sensitivity did not
change after 2 weeks of WBPA. One reason for the lack of
improvement of glucose and insulin tolerance is perhaps the
relatively short duration of the study. Additional long-term
experiments are warranted to investigate the effects of WBPA
on glucose and lipid metabolism.

Table 3. Hemodynamics and Laboratory Data Before and After
a Single Session of WBPA

Before WBPA
(n�10)

After WBPA
(n�10) P Value

Hemodynamics

Heart rate, beats/min 63�5.1 66�5.4 0.5

Systolic blood pressure, mm Hg 139�5.7 139�8.2 0.9

Laboratory data

WBC, per mm3 6001�556 5985�639 0.9

High-sensitive CRP, mg/dL 0.71�0.35 1.19�0.75 0.4

Total cholesterol, mg/dL 171.3�11.4 168.0�12.4 0.5

LDL cholesterol, mg/dL 97.1�9.4 94.3�9.8 0.4

HDL cholesterol, mg/dL 42.8�2.5 43.0�2.6 0.7

Triglyceride, mg/dL 153.5�14.1 137.5�17.4 0.2

Glucose, mg/dL 136.2�15.2 153.0�24.1 0.4

Nitric oxide, �mol/L 58.3�9.4 57.2�10.2 0.6

VEGF, pg/mL 143.6�25.4 146.9�32.4 0.8

Data are mean�SEM. WBPA indicates whole-body periodic acceleration;
WBC, white blood cell; CRP, C-reactive protein; LDL, low-density lipoprotein;
HDL, high-density lipoprotein; VEGF, vascular endothelial growth factor.

2878 Arterioscler Thromb Vasc Biol December 2011

D
ow

nloaded from
 http://ahajournals.org by on A

pril 24, 2019



Skeletal muscles are known to secrete factors that influ-
ence the behavior of neighboring or remote cells.38 For
example, VEGF is secreted from skeletal muscles to maintain
tissue perfusion, illustrating a mechanism through which
blood vessel recruitment can be coupled to normal tissue
growth.39 Using myocyte-specific VEGF-deficient mice, Olf-
ert et al40 demonstrated that VEGF expressed on myocytes is
required for exercise-induced skeletal muscle blood vessel
growth and that skeletal muscle capillarity is a pivotal factor
in exercise capacity. In the present study, significant in-
creases in VEGF, FGF2, and PDGF-B expression levels were
noted in skeletal muscle tissues. FGF2 and PDGF-B are
known to facilitate blood flow recovery in response to
hindlimb ischemia, at least in part, by stimulation of VEGF
secretion414243 We also used an angiogenesis antibody array
to examine the effects of WBPA on circulating angiogenesis-
related proteins and found that WBPA increased the expres-
sion of angiogenic growth factors not only in the ischemic
hindlimb only but also in tissues remote from the ischemic
site. Although specific cell types are unknown, WBPA-
induced upregulation of angiogenic growth factor might be
another mechanism that facilitates ischemia-induced
neovascularization.

In conclusion, our results demonstrated that WBPA en-
hanced blood supply to ischemic hindlimb through its ability
to activate eNOS signaling in skeletal muscle tissue and
upregulate angiogenic growth factor secretion. Passive exer-
cise using a WBPA device could be a useful alternative
exercise modality for patients with PAD who cannot exercise
independently.

Acknowledgments
We thank Saeko Tokunaga, Megumi Nagahiro, Sachiko Sakata, and
Kumiko Maeda for excellent technical assistance.

Sources of Funding
This work was supported by a Grant-in-Aid for Young Scientists B
(22790711) from the Ministry of Education, Science, and Culture,
Japan; by a grant-in-aid from the Cardiovascular Research Fund,
Tokyo, Japan; and by Astellas Foundation for Research on Metabolic
Disorders, Tokyo, Japan (to Y.I.).

Disclosures
None.

References
1. Hirsch AT, Haskal ZJ, Hertzer NR, Bakal CW, Creager MA, Halperin JL,

Hiratzka LF, Murphy WR, Olin JW, Puschett JB, Rosenfield KA, Sacks
D, Stanley JC, Taylor LM Jr, White CJ, White J, White RA, Antman EM,
Smith SC Jr, Adams CD, Anderson JL, Faxon DP, Fuster V, Gibbons RJ,
Hunt SA, Jacobs AK, Nishimura R, Ornato JP, Page RL, Riegel B.
ACC/AHA 2005 guidelines for the management of patients with periph-
eral arterial disease (lower extremity, renal, mesenteric, and abdominal
aortic): executive summary: a collaborative report from the American
Association for Vascular Surgery/Society for Vascular Surgery, Society
for Cardiovascular Angiography and Interventions, Society for Vascular
Medicine and Biology, Society of Interventional Radiology, and the
ACC/AHA Task Force on Practice Guidelines (writing committee to
develop guidelines for the management of patients with peripheral arterial
disease) endorsed by the American Association of Cardiovascular and
Pulmonary Rehabilitation; National Heart, Lung, and Blood Institute;
Society for Vascular Nursing; Transatlantic Inter-Society Consensus; and
Vascular Disease Foundation. J Am Coll Cardiol. 2006;47:1239–1312.

2. Stewart KJ, Hiatt WR, Regensteiner JG, Hirsch AT. Exercise training for
claudication. N Engl J Med. 2002;347:1941–1951.

3. Gardner AW, Poehlman ET. Exercise rehabilitation programs for the
treatment of claudication pain: a meta-analysis. JAMA. 1995;274:
975–980.

4. Brass EP, Hiatt WR, Green S. Skeletal muscle metabolic changes in
peripheral arterial disease contribute to exercise intolerance: a point-
counterpoint discussion. Vasc Med. 2004;9:293–301.

5. Gustafsson T, Puntschart A, Kaijser L, Jansson E, Sundberg CJ. Exercise-
induced expression of angiogenesis-related transcription and growth
factors in human skeletal muscle. Am J Physiol. 1999;276:H679–H685.

6. Hoppeler H. Vascular growth in hypoxic skeletal muscle. Adv Exp Med
Biol. 1999;474:277–286.

7. Adams JA. Endothelium and cardiopulmonary resuscitation. Crit Care
Med. 2006;34:S458–S465.

8. Kohler M, Amann-Vesti BR, Clarenbach CF, Brack T, Noll G, Russi EW,
Bloch KE. Periodic whole body acceleration: a novel therapy for cardio-
vascular disease. Vasa. 2007;36:261–266.

9. Matsumoto T, Fujita M, Tarutani Y, Yamane T, Takashima H, Nakae I,
Horie M. Whole-body periodic acceleration enhances brachial endothelial
function. Circ J. 2008;72:139–143.

10. Fukuda S, Shimada K, Kawasaki T, Kono Y, Jissho S, Taguchi H, Maeda
K, Yoshiyama M, Fujita M, Yoshikawa J. “Passive exercise” using whole
body periodic acceleration: effects on coronary microcirculation. Am
Heart J. 2010;159:620–626.

11. Sackner MA, Gummels E, Adams JA. Nitric oxide is released into
circulation with whole-body, periodic acceleration. Chest. 2005;127:
30–39.

12. Adams JA, Bassuk J, Wu D, Grana M, Kurlansky P, Sackner MA.
Periodic acceleration: effects on vasoactive, fibrinolytic, and coagulation
factors. J Appl Physiol. 2005;98:1083–1090.

13. Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, Neels JG.
Ablation of CD11c-positive cells normalizes insulin sensitivity in obese
insulin resistant animals. Cell Metab. 2008;8:301–309.

14. Ouchi N, Oshima Y, Ohashi K, Higuchi A, Ikegami C, Izumiya Y, Walsh
K. Follistatin-like 1, a secreted muscle protein, promotes endothelial cell
function and revascularization in ischemic tissue through a nitric-oxide
synthase-dependent mechanism. J Biol Chem. 2008;283:32802–32811.

15. Izumiya Y, Hopkins T, Morris C, Sato K, Zeng L, Viereck J, Hamilton
JA, Ouchi N, LeBrasseur NK, Walsh K. Fast/glycolytic muscle fiber
growth reduces fat mass and improves metabolic parameters in obese
mice. Cell Metab. 2008;7:159–172.

16. Usui S, Hara Y, Hosaki S, Okazaki M. A new on-line dual enzymatic
method for simultaneous quantification of cholesterol and triglycerides in
lipoproteins by HPLC. J Lipid Res. 2002;43:805–814.

17. Wu H, Jin Y, Arias J, Bassuk J, Uryash A, Kurlansky P, Webster K,
Adams JA. In vivo upregulation of nitric oxide synthases in healthy rats.
Nitric Oxide. 2009;21:63–68.

18. Murohara T, Asahara T, Silver M, Bauters C, Masuda H, Kalka C,
Kearney M, Chen D, Symes JF, Fishman MC, Huang PL, Isner JM. Nitric
oxide synthase modulates angiogenesis in response to tissue ischemia.
J Clin Invest. 1998;101:2567–2578.

19. Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: epi-
demiology, pathophysiology, and management. JAMA. 2002;287:
2570–2581.

20. Hazarika S, Dokun AO, Li Y, Popel AS, Kontos CD, Annex BH.
Impaired angiogenesis after hindlimb ischemia in type 2 diabetes melli-
tus: differential regulation of vascular endothelial growth factor receptor
1 and soluble vascular endothelial growth factor receptor 1. Circ Res.
2007;101:948–956.

21. Li Y, Hazarika S, Xie D, Pippen AM, Kontos CD, Annex BH. In mice
with type 2 diabetes, a vascular endothelial growth factor (VEGF)-
activating transcription factor modulates VEGF signaling and induces
therapeutic angiogenesis after hindlimb ischemia. Diabetes. 2007;56:
656–665.

22. Shoji T, Koyama H, Morioka T, Tanaka S, Kizu A, Motoyama K, Mori
K, Fukumoto S, Shioi A, Shimogaito N, Takeuchi M, Yamamoto Y,
Yonekura H, Yamamoto H, Nishizawa Y. Receptor for advanced gly-
cation end products is involved in impaired angiogenic response in
diabetes. Diabetes. 2006;55:2245–2255.

23. Tanii M, Yonemitsu Y, Fujii T, Shikada Y, Kohno R, Onimaru M, Okano
S, Inoue M, Hasegawa M, Onohara T, Maehara Y, Sueishi K. Diabetic
microangiopathy in ischemic limb is a disease of disturbance of the
platelet-derived growth factor-BB/protein kinase C axis but not of
impaired expression of angiogenic factors. Circ Res. 2006;98:55–62.

Rokutanda et al Passive Exercise Facilitates Angiogenesis 2879

D
ow

nloaded from
 http://ahajournals.org by on A

pril 24, 2019



24. Nelson ME, Rejeski WJ, Blair SN, Duncan PW, Judge JO, King AC,
Macera CA, Castaneda-Sceppa C. Physical activity and public health in
older adults: recommendation from the American College of Sports
Medicine and the American Heart Association. Circulation. 2007;116:
1094–1105.

25. Hoier B, Rufener N, Bojsen-Moller J, Bangsbo J, Hellsten Y. The effect
of passive movement training on angiogenic factors and capillary growth
in human skeletal muscle. J Physiol. 2010;588:3833–3845.

26. Ballaz L, Fusco N, Cretual A, Langella B, Brissot R. Acute peripheral
blood flow response induced by passive leg cycle exercise in people with
spinal cord injury. Arch Phys Med Rehabil. 2007;88:471–476.

27. Ter Woerds W, De Groot PC, van Kuppevelt DH, Hopman MT. Passive
leg movements and passive cycling do not alter arterial leg blood flow in
subjects with spinal cord injury. Phys Ther. 2006;86:636–645.

28. Adams JA, Mangino MJ, Bassuk J, Kurlansky P, Sackner MA. Regional
blood flow during periodic acceleration. Crit Care Med. 2001;29:
1983–1988.

29. Miyamoto S, Fujita M, Inoko M, Oba M, Hosokawa R, Haruna T, Izumi
T, Saji Y, Nakane E, Abe T, Ueyama K, Nohara R. Effect on treadmill
exercise capacity, myocardial ischemia, and left ventricular function as a
result of repeated whole-body periodic acceleration with heparin pre-
treatment in patients with angina pectoris and mild left ventricular dys-
function. Am J Cardiol. 2011;107:168–174.

30. Braith RW, Conti CR, Nichols WW, Choi CY, Khuddus MA, Beck DT,
Casey DP. Enhanced external counterpulsation improves peripheral artery
flow-mediated dilation in patients with chronic angina: a randomized
sham-controlled study. Circulation. 2010;122:1612–1620.

31. Shiojima I, Walsh K. Role of Akt signaling in vascular homeostasis and
angiogenesis. Circ Res. 2002;90:1243–1250.

32. Hiasa K, Ishibashi M, Ohtani K, Inoue S, Zhao Q, Kitamoto S, Sata M,
Ichiki T, Takeshita A, Egashira K. Gene transfer of stromal cell-derived
factor-1� enhances ischemic vasculogenesis and angiogenesis via
vascular endothelial growth factor/endothelial nitric oxide synthase-
related pathway: next-generation chemokine therapy for therapeutic neo-
vascularization. Circulation. 2004;109:2454–2461.

33. Benoit H, Jordan M, Wagner H, Wagner PD. Effect of no, vasodilator
prostaglandins, and adenosine on skeletal muscle angiogenic growth
factor gene expression. J Appl Physiol. 1999;86:1513–1518.

34. Jozkowicz A, Cooke JP, Guevara I, Huk I, Funovics P, Pachinger O,
Weidinger F, Dulak J. Genetic augmentation of nitric oxide synthase
increases the vascular generation of VEGF. Cardiovasc Res. 2001;51:
773–783.

35. Kim F, Pham M, Maloney E, Rizzo NO, Morton GJ, Wisse BE, Kirk EA,
Chait A, Schwartz MW. Vascular inflammation, insulin resistance, and
reduced nitric oxide production precede the onset of peripheral insulin
resistance. Arterioscler Thromb Vasc Biol. 2008;28:1982–1988.

36. Rizzo NO, Maloney E, Pham M, Luttrell I, Wessells H, Tateya S, Daum
G, Handa P, Schwartz MW, Kim F. Reduced NO-cGMP signaling con-
tributes to vascular inflammation and insulin resistance induced by
high-fat feeding. Arterioscler Thromb Vasc Biol. 2010;30:758–765.

37. Hsu MF, Meng TC. Enhancement of insulin responsiveness by nitric
oxide-mediated inactivation of protein-tyrosine phosphatases. J Biol
Chem. 2010;285:7919–7928.

38. Walsh K. Adipokines, myokines and cardiovascular disease. Circ J.
2009;73:13–18.

39. Takahashi A, Kureishi Y, Yang J, Luo Z, Guo K, Mukhopadhyay D,
Ivashchenko Y, Branellec D, Walsh K. Myogenic Akt signaling regulates
blood vessel recruitment during myofiber growth. Mol Cell Biol. 2002;
22:4803–4814.

40. Olfert IM, Howlett RA, Wagner PD, Breen EC. Myocyte vascular endo-
thelial growth factor is required for exercise-induced skeletal muscle
angiogenesis. Am J Physiol Regul Integr Comp Physiol. 2010;299:
R1059–R1067.

41. Cao R, Brakenhielm E, Pawliuk R, Wariaro D, Post MJ, Wahlberg E,
Leboulch P, Cao Y. Angiogenic synergism, vascular stability and
improvement of hind-limb ischemia by a combination of PDGF-BB and
FGF-2. Nat Med. 2003;9:604–613.

42. Seghezzi G, Patel S, Ren CJ, Gualandris A, Pintucci G, Robbins ES,
Shapiro RL, Galloway AC, Rifkin DB, Mignatti P. Fibroblast growth
factor-2 (FGF-2) induces vascular endothelial growth factor (VEGF)
expression in the endothelial cells of forming capillaries: an autocrine
mechanism contributing to angiogenesis. J Cell Biol. 1998;141:
1659–1673.

43. Brogi E, Wu T, Namiki A, Isner JM. Indirect angiogenic cytokines
upregulate VEGF and bFGF gene expression in vascular smooth muscle
cells, whereas hypoxia upregulates VEGF expression only. Circulation.
1994;90:649–652.

2880 Arterioscler Thromb Vasc Biol December 2011

D
ow

nloaded from
 http://ahajournals.org by on A

pril 24, 2019


