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Background—Carbon dioxide–rich water bathing has the effect of vasodilatation, whereas it remains undetermined
whether this therapy exerts an angiogenic action associated with new vessel formation.

Methods and Results—Unilateral hindlimb ischemia was induced by resecting the femoral arteries of C57BL/J mice.
Lower limbs were immersed in CO2-enriched water (CO2 concentration, 1000 to 1200 mg/L) or freshwater (control) at
37°C for 10 minutes once a day. Laser Doppler imaging revealed increased blood perfusion in ischemic limbs of CO2

bathing (38% increase at day 28, P�0.001), whereas NG-nitro-L-arginine methyl ester treatment abolished this effect.
Angiography or immunohistochemistry revealed that collateral vessel formation and capillary densities were increased
(4.1-fold and 3.7-fold, P�0.001, respectively). Plasma vascular endothelial growth factor (VEGF) levels were elevated
at day 14 (18%, P�0.05). VEGF mRNA levels, phosphorylation of NO synthase, and cGMP accumulation in the
CO2-bathed hindlimb muscles were increased (2.7-fold, 2.4-fold, and 3.4-fold, respectively) but not in forelimb muscles.
The number of circulating Lin�/Flk-1�/CD34� endothelial-lineage progenitor cells was markedly increased by CO2

bathing (24-fold at day 14, P�0.001). The Lin�/Flk-1�/CD34� cells express other endothelial antigens (endoglin and
VE-cadherin) and incorporated acetylated LDL.

Conclusions—Our present study demonstrates that CO2 bathing of ischemic hindlimb causes the induction of local VEGF
synthesis, resulting in an NO-dependent neocapillary formation associated with mobilization of endothelial progenitor
cells. (Circulation. 2005;111:1523-1529.)
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Carbon dioxide–rich (CO2) water bathing has a long history
and is thought to be effective in the treatment of peripheral

vascular disorder1; however, the mechanism(s) underlying this
traditional therapy remains poorly defined. The effect of CO2-
enriched water on cutaneous circulation depends primarily on
the vasodilatation elicited by the CO2 that diffuses into the
subcutaneous tissue through the skin layers.2,3 Findings in the
intact coronary circulation4 and in isolated aortic strips5 have
suggested that vasodilation in response to CO2 may be mediated
in part by nitric oxide (NO).

Previous investigations have provided inferential evidence that
biological processes modulated by NO might extend to include
angiogenesis. Direct in vitro evidence that NO may induce angio-
genesis was demonstrated recently by Papapetropoulos et al.6,7

Ziche et al8,9 established the first line of evidence that NO can
induce angiogenesis in vitro. Murohara et al10 clearly showed
NO-mediated angiogenesis in response to tissue ischemia in NO-
deficient mice. We have also reported that overexpression of
endothelial NO synthase (eNOS) causes a marked increase in

neocapillary formation in response to tissue ischemia.11 Further-
more, hypercapnia-associated acidosis was reported to induce the
expression of angiogenic factors, vascular endothelial growth factor
(VEGF), or basic fibroblast growth factor and inhibit endothelial
cell apoptosis.12 Taken together, this accumulated evidence may
raise the possibility that the CO2-enriched water bathing therapy
enhances regional blood perfusion by increasing new vessel forma-
tion. In the present study, we report that CO2-enriched water bathing
stimulates blood flow restoration in the ischemic hindlimbs of mice
by increasing NO-dependent collateral vessel formation and the
mobilization of endothelial-lineage progenitor cells into the
circulation.

Methods
Principle of the Device
This device uses a CO2 gas–permeable membrane similar to the
principle of an artificial lung on the extracorporeal circulatory
system. The unit consists of 15 000 multilayered composite-
membrane hollow fibers with porous membrane sandwiching on

Received June 1, 2004; revision received November 13, 2004; accepted November 19, 2004.
From the Department of Cardiovascular Medicine, Kyoto Prefectural University School of Medicine, Kyoto, Japan.
Correspondence to Hiroaki Matsubara, MD, Department of Cardiovascular Medicine, Kyoto Prefectural University of Medicine, Kamigyo-Ku, Kyoto,

602-8566, Japan. E-mail matsubah@koto.kpu-m.ac.jp
© 2005 American Heart Association, Inc.

Circulation is available at http://www.circulationaha.org DOI: 10.1161/01.CIR.0000159329.40098.66

1523

Vascular Medicine

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2021

TEMED 1
Highlight



both sides of gas-permeable membrane (Mitsubishi-Leiyon) and is
capable of instantly converting 20 L/min of water (pH 7.0) into
CO2-enriched water (free CO2 concentration, 1000 to 1200 mg/L, pH
5.0).

Mouse Model of Unilateral Hindlimb Ischemia and
CO2 Bathing
Unilateral hindlimb ischemia was induced by resecting the right
femoral arteries (including muscle branches) and veins of 8-week-
old male C57BL/J mice under anesthesia with sodium pentobarbital
(50 mg/kg IP).11,13 To inhibit NOS chronically, the mice were
provided water containing 1 mg/mL NG-nitro-L-arginine methyl ester
(L-NAME) for 4 weeks.11 Because CO2 bathing immediately after
operation delayed the closure of this skin wound, we started the CO2

bathing of the lower limb from 4 days after surgery. Lower limbs of
mice were immersed into CO2-enriched water for 10 minutes or
freshwater (control) at 37°C once a day under anesthesia (n�10 in
each group). The Institutional Animal Care and Use Committee of
our university approved all animal protocols.

Immunohistochemistry
Four pieces of ischemic tissues from the adductor and semimembra-
nous muscles were obtained 28 days after the surgery of hindlimb
ischemia. Frozen sections were stained with anti-factor VIII, fol-
lowed by incubation with TRIC-conjugated secondary antibody.
Five fields from 2 muscle samples of each animal were randomly
selected for capillary counts. To ensure that capillary densities were
not overestimated as a consequence of myocyte atrophy or underes-
timated because of interstitial edema, the capillary/muscle fiber ratio
was determined.11,13 To examine whether cells survived in the
tissues, adjacent sections were subjected to alkaline phosphatase
staining by the indoxyl-tetrazolium method. Alkaline phosphatase
staining turns capillary endothelial cells a dark blue color only when
they are viable and when the intracellular enzyme activity remains
intact.11,13

Laser Doppler Analysis and Angiography
We measured the ratio of the ischemic (right)/normal (left) limb
blood flow by use of a laser Doppler perfusion image (LDPI)
analyzer (Moor Instruments). After blood flow had been scanned
twice, stored images were subjected to computer-assisted quantifi-
cation of blood flow, and average flows of the ischemic and
nonischemic limbs were calculated. To minimize data variables
caused by ambient light and temperature, the LDPI index was
expressed as the ratio of ischemic (left) to nonischemic (right) limb
blood flow.11,13

Vessel density was evaluated with a microfocus x-ray television
device (Hitex Co Ltd) 28 days after ischemia (n�5). Longitudinal
laparotomy was performed to introduce a catheter into the abdominal
aorta, followed by injection of contrast medium (lipiodol). Angiog-
raphy was performed for 2 seconds after the injection. We quanti-
tatively analyzed collateral vessel numbers as previously report-
ed.11,13 Briefly, numbers of vessels in the thigh area were counted by
use of 5-mm2 grids by 2 radiologists who were unaware of the group
identity of the angiographic film. Interobserver variation was �5%.

cGMP Assay and Measurement of Blood pH Level
The assay for tissue cGMP was performed by use of the cGMP
enzyme immunoassay system (Biotrak; Amersham) as previously
described.11 The tissues remaining after cGMP measurement were
digested by use of a bicinchoninic acid protein assay kit (Pierce).
Blood pH levels were measured by automated blood gas analyzer
(ABL505, Radiometer A/S).

Northern and Western Blotting and Plasma
VEGF Measurement
Frozen skeletal samples from hindlimbs or forelimbs were homog-
enized in Trizol reagent (Gibco BRL). Blots were hybridized with a
random-primed 32P-labeled cDNA probe for VEGF11 and normalized

by densities for GAPDH as an internal control. Hybridized signals
were measured by scanning densitometry, and VEGF mRNA levels
were arbitrarily normalized relative to the GAPDH mRNA levels.

Phosphorylation of eNOS (serine 1177) was analyzed by Western
blotting using phospho-specific antibodies (New England Biolabs).
The muscles were homogenized in lysis buffer. Lysates were
immunoblotted with anti-phospho antibodies and detected with an
enhanced chemiluminescence kit (Amersham).11 Plasma VEGF con-
centration was measured by use of the ELISA kit (R&D Systems).

FACS Staining
Total nuclear cells in the peripheral blood were isolated by erythro-
cyte lysis with ammonium chloride solution (PharM Lyse, Becton
Dickinson). Lin�/Flk� cells were isolated by PE-labeled lineage
antigens (CD11b, CD3, B220, Ter-199, Gr-1, CD4, CD8e, CD16/
32), FITC-CD34, and biotin-Flk-1 and then analyzed by use of a
FACScan flow cytometer.14,15 Lin�/Flk�/endoglin� cells were
isolated by FITC-labeled lineage antigens, PE–Flk-1 and biotin-
endoglin. To prove the specificity of anti-CD34 antibody, the
biotin-labeled anti-mouse CD34 antibody used in this study was
reacted with mouse bone marrow cells and purified with
streptavidin-magnet beads, followed by fluorescence-activated cell
sorter (FACS) analysis using streptavidin-PE. All anti-mouse anti-
bodies were purchased from BD Biosciences.

Differentiation of Lin�/Flk-1� Cells Into
Endothelial Cells In Vitro
The population of Lin�/Flk-1� cells was isolated with FACS from
the peripheral blood of the mice that had undergone the limb
ischemic operation and then treated with CO2 bathing for 14 days.
These cells were cultured on fibronectin-coated plastic dishes in
DMEM supplemented with 100 ng/mL VEGF and 10% FBS. After
4 days, DiI-labeled acetylated LDL (Biomedical Technologies Inc)
was added into medium at 2 �g/mL for 6 hours, fixed with 4%
paraformaldehyde, and stained with anti–VE-cadherin antibody and
FITC-labeled anti-IgG antibody.

Statistics
Statistical analyses were performed by 1-way ANOVA followed by
pairwise contrasts using Dunnett’s test. Data (mean�SEM) were
considered significant at a value of P�0.05.

Results

Laser Doppler Blood Perfusion
Progressive recovery of limb perfusion was disclosed in
CO2-bathed and control freshwater-bathed mice after induc-
tion of limb ischemia. A greater degree of blood perfusion
recovery was observed in the ischemic limbs of CO2-bathed
mice compared with controls (38% increase at day 28,
P�0.001) (Figure 1, A and B). Inhibition of NOS activity by
L-NAME administration abolished an enhancement of blood
flow recovery by CO2 bathing and reversed the recovery ratio
toward the control level. Blood flow in L-NAME–treated
mice tended to be lower than that in wild-type mice, but this
difference was not significant (Figure 1B).

Angiography
All animals were subjected to iliac angiography using con-
trast medium (lipiodol) on postoperative day 28. Collateral
vessel numbers were markedly increased in ischemic limbs of
CO2-bathed mice (4.1�0.4-fold at day 28, P�0.001, n�5)
compared with those in water-bathed mice (Figure 2).
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Analysis of Capillary Density
Immunohistochemical staining for anti-factor VIII revealed
the presence of capillary endothelial cells (Figure 3A). The
capillary/muscle fiber ratio in the skeletal muscle obtained 28
days after hindlimb ischemia was significantly increased in
the CO2-bathed mice (3.7-fold, P�0.001) compared with that
in water-bathed mice. A similar increase (4.2-fold increase,
P�0.001) was also observed in ALP staining for detection of
viable endothelial cells (Figure 3B). Administration of
L-NAME (1 mg/mL) in drinking water reduced the increased

vessel numbers by CO2 bathing toward the normal level
(Figure 3).

Induction of VEGF Expression, eNOS
Phosphorylation, and cGMP Levels
VEGF mRNA levels were examined in hindlimb muscles
dissected at days 0 (before), 1, 2, 7, 14, and 21. VEGF mRNA
levels were decreased immediately after hindlimb ischemia
(day 1, day 2), and then gradually reverted to the basal levels
at day 7 in the control group. In the CO2-enriched water
group, a marked increase in VEGF mRNA levels was
observed at day 7 (1.6-fold versus day 0 preischemic levels,
P�0.01) and showed a peak level at �day 14 (2.7-fold versus
day 0, P�0.001). Induction of the VEGF mRNA from the
preischemic level was significantly higher in the CO2 bathing
group than the increase in the control group (Figure 4),
whereas the increase in VEGF mRNA synthesis by CO2

bathing was not affected by L-NAME treatment (Figure 5A).
To define whether the effect of CO2 bathing results from

systemic or local VEGF synthesis, we examined the time-
dependent VEGF mRNA induction in forelimb skeletal mus-
cles after CO2 bathing and changes in plasma VEGF levels.
The mRNA levels in forelimb skeletal muscles of CO2-bathed

Figure 1. LDPI. A, Greater blood perfusion (red to yellow) was
observed in CO2-enriched water-bathed limbs, in contrast to
reduced perfusion (green to blue) in freshwater-bathed ischemic
limbs (control). B, Computer-assisted analyses of LDPI revealed
significantly greater blood perfusion values in CO2-enriched
water-bathed group than in control group. Administration of
L-NAME (1 mg/mL) in drinking water reduced increased perfu-
sion by CO2-enriched water bathing toward normal level. Values
shown are mean�SEM (n�10) at each time point. *P�0.001 vs
control mice.

Figure 2. Angiographic analysis. Representative angiograms
were obtained on postoperative day 28. Arrows indicate ligated
ends of femoral arteries. Collateral vessel numbers counted by
use of 5-mm2 grids were markedly increased in ischemic limbs
of CO2-bathed mice (4.1�0.4-fold at day 28, P�0.001, n�5)
compared with those in water-bathed mice.

Figure 3. Immunohistochemical analysis. A, Ischemic tissues
from adductor and semimembranous muscles were obtained 28
days after surgery of hindlimb ischemia. Endothelial cells were
stained with anti-factor VIII antibody, followed by incubation
with TRIC-conjugated secondary antisera. B, Alkaline phospha-
tase staining turns viable endothelial cells blue. Five fields from
2 muscle samples of each animal (n�10) were randomly
selected, and capillary density was shown as capillary/muscle
fiber ratio. Administration of L-NAME (1 mg/mL) in drinking
water reduced increased vessel numbers by CO2 bathing
toward control levels of freshwater-bathed ischemic limbs
(n�10). *P�0.001 vs control mice. Bars�50 �m.
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ischemic mice did not change significantly after CO2 bathing
compared with the preischemic levels (Figure 5A). Although
only induction of hindlimb ischemia did not affect plasma
VEGF levels, VEGF levels in the CO2-bathed ischemic mice
were slightly but significantly elevated at day 14 (18%,
P�0.05, n�6) compared with the water-immersed ischemic
mice (n�6) (Figure 5B). Furthermore, we determined plasma
pH levels to study whether CO2 bathing–mediated effects are
systemic. We found that CO2 bathing of ischemic lower limbs
did not significantly affect the pH levels in the peripheral
blood (control, 7.2�0.04; CO2 bathing, 7.2�0.03 at day 14;
n�6 each). These findings demonstrate that VEGF synthesis
by CO2 bathing is induced only locally and that this increase
in local VEGF synthesis leads to the elevation in plasma
VEGF levels.

Skeletal muscles at day 14 (in which VEGF expression is
maximally increased) were dissected, and eNOS phosphory-
lation and cGMP levels were examined. The eNOS phosphor-
ylation levels at day 14 (normalized with expression levels of
eNOS protein) were increased significantly in both control
and CO2-enriched water groups relative to the day 0 preis-
chemic levels (1.6- and 2.4-fold, respectively) (Figure 6A).
eNOS phosphorylation levels in the CO2-enriched water
group were significantly higher than those in the control
group (P�0.001 versus the control group). Consistent with
eNOS phosphorylation, cGMP levels in skeletal muscles at
day 14 were also significantly higher (3.4-fold, P�0.001) in
the CO2-enriched water group compared with those in the
control group (Figure 6B).

Effect of CO2 Bathing on Circulating
Endothelial-Lineage Progenitor Cells
CD34�/AC133�/Flk-1� hematopoietic stem cells circulate
in the peripheral blood of humans as an endothelial precursor
cell and play a critical role in neovascularization in ischemic
tissue.16 Because AC133 marker is not available for mice, we
isolated hematopoietic lineage-negative (Lin�) cells from the
peripheral blood and then analyzed the CD34- and endothe-

lial markers Flk-1– and endoglin-positive population to study
whether endothelial-lineage precursor cells are mobilized by
CO2-enriched water bathing. FACS analysis indicated that
Lin�/Flk-1� cells are barely detected in the peripheral blood
of normal mice (0.01�0.002% of total nuclear cells, n�12).
Lin�/Flk-1� cells were significantly increased after limb
ischemia and showed a peak value at day 14 (�7-fold versus
the preischemic value) (from 0.01�0.002% to
0.073�0.002%, P�0.001, n�7). Interestingly, such a Lin�/
Flk-1� population was further increased by CO2 bathing and
showed a peak value at day 14 (�24-fold increase, from
0.01�0.002% to 0.24�0.03%, P�0.001, n�7) (Figure 7A).
The Lin�/Flk-1� cells mobilized by CO2 bathing were
mostly positive for anti-endoglin antibody and in the CD34-
negative fraction (Figure 7B). Considering that CD34�/
Flk-1� cells rather than CD34�/Flk-1� are reported to be a
real population of hematopoietic stem cells,17 our present data

Figure 4. VEGF mRNA expression in ischemic hindlimb. Hind-
limb skeletal muscles were dissected after ischemia, and RNA
was extracted. Densities of VEGF mRNA signals were measured
by densitometry and normalized relative to those of GAPDH
mRNA signals. Results (mean�SEM, n�6) were arbitrarily indi-
cated as values relative to VEGF mRNA levels at day 0.
*P�0.001 vs day 0 preischemic levels.

Figure 5. Effect of L-NAME on VEGF mRNA expression in hind-
limb and forelimb skeletal muscles after hindlimb ischemia and
plasma VEGF concentrations. A, Mice with hindlimb ischemia
were provided water containing 1 mg/mL L-NAME, and time-
dependent VEGF mRNA expression was measured as described
in Figure 4. Forelimb skeletal muscles were dissected from
hindlimb ischemia mice, and VEGF mRNA was analyzed.
Results (mean�SEM, n�5) were arbitrarily indicated as values
relative to VEGF mRNA levels at day 0. *P�0.001 vs day 0 pre-
ischemic levels, B, Plasma VEGF concentrations were measured
by ELISA (control, CO2 bathing of normal mice; ischemia,
freshwater-bathed ischemic mice; ischemia�CO2 water, CO2-
bathed ischemic mice, n�5 each). *P�0.05 vs day 0.
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indicate that CO2-enriched water bathing mobilizes very
immature hematopoietic stem cells, including endothelial
progenitor cells. To prove the specificity of anti-CD34
antibody, CD34� cells were enriched by anti-mouse CD34
antibody from mouse bone marrow cells. As shown in Figure
7C, 83% purity of CD34-positive cells was detected by
FACS, indicating that the staining for the CD34 antigen was
properly performed.

We further examined whether Lin�/Flk-1� cells express
another endothelial marker, VE-cadherin, and also possess
the characteristics of endothelial cells, such as acetylated
LDL uptake. The Lin�/Flk-1� cell population, mobilized by
CO2 bathing, was isolated and cultured with 100 nmol/L
VEGF-supplemented medium for 4 days. Approximately
26�1.2% (n�12) of the Lin�/Flk-1� cells adhered onto the
fibronectin-coated plastic dishes. Approximately 74�2.3%
(n�12) of the attaching cells showed the ability to incorpo-
rate the DiI-labeled acetylated LDL, and these cells expressed
the VE-cadherin (Figure 7D).

Discussion
A number of reports about the physiological effects of
CO2-enriched water on subcutaneous microcirculation have
been published. Savin et al18 reported that transfer of CO2

across the skin can have beneficial local vasomotor effects.
Hartmann et al19 demonstrated an increase in tissue oxygen
brought about by the Bohr effect in addition to the vasodila-
tion effect by CO2 or vasodilation by decrease in plasma
catecholamine levels. Toriyama et al20 also reported that the
effect of CO2-enriched water on the subcutaneous microcir-
culation results from peripheral vasodilation resulting from
increased parasympathetic and decreased sympathetic nerve
activity. Findings in the intact coronary circulation4 and in
isolated aortic strips5 have suggested that vasodilation in
response to CO2 may be mediated in part by NO. Consistent
with these previous studies, our present study demonstrates
that immersion of ischemic hindlimb into CO2-enriched water
bathing causes an NO-dependent increase in collateral blood
perfusion, induction of regional VEGF synthesis, and mobi-

lization of endothelial-lineage progenitor cells into the
circulation.

What is the mechanism responsible for the proangiogenic
effect by CO2-enriched water bathing? In the endothelial cells
cultured in the medium equilibrated with hypercapnia-
associated acidosis, the expressions of potent angiogenic
factors, such as VEGF or basic fibroblast growth factor, are
increased and endothelial cell apoptosis is inhibited.12 VEGF
was well known to mobilize endothelial progenitor cells from
bone marrow into the circulation.21 Our present data clearly
indicate that VEGF expression is markedly induced in hind-
limb skeletal muscles after CO2-enriched water bathing. A
high concentration of CO2 (1000 to 1200 mg/L) liberates free
CO2 in the freshwater (pH 7.0), resulting in a decrease in pH
level (pH 5.0). We found that CO2 bathing of ischemic lower
limbs did not affect the pH levels in the peripheral blood and
VEGF mRNA synthesis in the forelimb muscle. Considering
that acidosis induces VEGF expression in the endothelial
cells,12 the local tissue acidosis by CO2 bathing, rather than
the CO2 content of the water, may induce VEGF synthesis in
the local skeletal muscles. Furthermore, calcium mobilization
associated with local tissue pH changes may serve as alter-
nate, or contributory, mechanisms for these observations.

Previous studies reported that VEGF stimulates the release
of NO from the arterial wall22,23 and promotes the recovery of
disturbed endothelium-dependent flow in the ischemic hind-
limb.24 Involvement of NO in the angiogenic properties of
VEGF has been established in the NO-deficient mice; Muro-
hara et al10 showed NO-mediated angiogenesis in the hind-
limb ischemia model, and Aicher et al25 reported that VEGF-
mediated mobilization of endothelial progenitor cells is
reduced in NO-deficient mice. The present study revealed
that inhibition of NOS activity by L-NAME inhibited the
recovery of collateral blood flow by CO2 bathing without
affecting local VEGF synthesis. Taken together, these find-
ings demonstrate that the proangiogenic effect by CO2 bath-
ing is a result of activation of NO-mediated signaling and that
this activation results from the downstream effects of VEGF.
Considering that VEGF-mediated mobilization of endothelial

Figure 6. cGMP accumulation in ischemic
limbs. A, Skeletal muscles were homogenized
and immunoblotted with anti-phospho antibod-
ies for eNOS. Phospho signals in filters were
stripped and reprobed with anti-eNOS anti-
body. Phospho-eNOS densities were measured
by densitometry and normalized relative to
those of eNOS signals. Results are arbitrarily
indicated as values relative to signal densities
in day 0 preischemic control. Results shown
are mean�SEM (n�6), and representative data
are shown. *P�0.001 vs values in day 0 preis-
chemic control. B, Skeletal muscles were dis-
sected at days 7, 14, and 21 after hindlimb is-
chemia, and tissue cGMP levels were
measured. Results shown are mean�SEM (n�6
each). *P�0.05, **P�0.001 vs day 0 preische-
mic control.
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progenitor cells is NO-dependent,25 our present study sug-
gests that CO2 bathing causes the induction of local VEGF
synthesis, resulting in an NO-dependent neocapillary forma-
tion associated with mobilization of endothelial progenitor
cells.

Hartman et al19 reported that repeated CO2-enriched water
bathing increases arterial flow, transcutaneous oxygen ten-
sion, and pain-free walking distance in the clinical trial of
peripheral arterial disease. Although they have not performed
angiography, the enhancement of neovascularization may
cause the increases in walking distance in addition to the
improvement of blood vessel function. Toriyama et al20 also
showed that CO2 foot bathing is clinically effective in the
salvage of critical limb ischemia. In conclusion, our present
study clearly demonstrates for the first time that CO2-
enriched water bathing causes the enhanced induction of local
VEGF synthesis associated with activation of the NO-cGMP
pathway and mobilization of endothelial progenitor cells,
resulting in NO-dependent neocapillary formation that leads
to an increase in collateral blood flow. Thus, these findings
indicate that the CO2-enriched water bathing therapy can be
included in angiogenic therapies associated with neovascu-
larization, such as the transplantation of bone marrow mono-
nuclear cells14 or VEGF gene therapy.26

Acknowledgments
This study was supported in part by Grants-in-Aid from the Ministry
of Education, Science, and Culture and from the Ministry of Health,

Labor, and Welfare, and by the Uehara Memorial Grant in Japan. We
thank Yoshimi Togawa for expert assistance in the experiment.

References
1. Blair DA, Glover WE, McArrdle L. The mechanism of the peripheral

vasodilation following carbon dioxide inhalation in man. Clin Sci. 1960;
19:407–423.

2. Schnizer W, Erdl R, Schops P, Seichert N. The effects of external CO2

application on human skin microcirculation investigated by laser Doppler
flowmetry. Int J Microcirc Clin Exp. 1985;4:343–350.

3. Ito T, Moore JI, Koss MC. Topical application of CO2 increases skin
blood flow. J Invest Dermatol. 1989;93:259–262.

4. Gurevicius J, Salem MR, Metwally AA, Silver JM, Crystal GJ. Contri-
bution of nitric oxide to coronary vasodilation during hypercapnic
acidosis. Am J Physiol. 1995;268:H39–H47.

5. Fukuda S, Matsimoto M, Nishimura N, Fujiwara N, Shimoji K, Takeshita
H, Lee TJ. Endothelial modulation of norepinephrine-induced con-
striction of rat aorta at normal and high CO2 tensions. Am J Physiol.
1990;258:H1049–H1054.

6. Papapetropoulos A, Desai KM, Rudic RD, Mayer B, Zhang R, Ruiz-
Torres MP, Garcia-Cardena G, Madri JA, Sessa WC. Nitric oxide
synthase inhibitors attenuate transforming-growth-factor-�1–stimulated
capillary organization in vitro. Am J Pathol. 1997;150:1835–1844.

7. Papapetropoulos A, Garcia-Cardena G, Madri JA, Sessa WC. Nitric oxide
production contributes to the angiogenic properties of vascular endothe-
lial growth factor in human endothelial cells. J Clin Invest. 1997;100:
3131–3139.

8. Ziche M, Morbidelli L, Masini E, Amerini S, Granger HJ, Maggi CA,
Geppetti P, Ledda F. Nitric oxide mediates angiogenesis in vivo and
endothelial cell growth and migration in vitro promoted by substance P.
J Clin Invest. 1994;94:2036–2044.

9. Ziche M, Morbidelli L, Choudhuri R, Zhang HT, Donnini S, Granger HJ,
Bicknell R. Nitric oxide synthase lies downstream from vascular endo-
thelial growth factor–induced but not fibroblast growth factor–induced
angiogenesis. J Clin Invest. 1997;99:2625–2634.

Figure 7. FACS analysis of circulating
endothelial-lineage progenitor cells. A
and B, Lin�/Flk� cells in peripheral
blood nuclear cells were isolated by
PE-labeled lineage antigens, FITC-CD34
and biotin–Flk-1, and then analyzed.
Lin�/Flk�/endoglin� cells were isolated
by FITC-labeled lineage antigens,
PE-Flk-1 and biotin-endoglin. Cell num-
ber ratio of Lin�/Flk� cells to total
nuclear cells is shown (n�6 each).
*P�0.05, **P�0.001 vs day 0 preische-
mic control. C, To prove specificity of
anti-CD34 antibody, CD34� cells in
mouse bone marrow cells were enriched
by biotin-labeled anti-mouse CD34 anti-
body and purified with streptavidin-
magnet beads, followed by FACS analy-
sis using streptavidin-PE. Rat anti-mouse
IgG was used as a negative control. D,
Lin�/Flk� cells were cultured on
fibronectin-coated plastic dishes in
DMEM supplemented with 100 ng/mL
VEGF and 10% FCS. After 4 days, DiI-
labeled acetylated LDL was added into
medium at 2 �g/mL for 6 hours, fixed
with 4% paraformaldehyde, and stained
with anti–VE-cadherin antibody and
FITC-labeled anti-IgG antibody.

1528 Circulation March 29, 2005

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2021



10. 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.

11. Amano K, Matsubara H, Iba O, Okigaki M, Fujiyama S, Imada T, Kojima
H, Nozawa Y, Kawashima S, Yokoyama M, Iwasaka T. Enhancement of
ischemia-induced angiogenesis by eNOS overexpression. Hypertension.
2003;41:156–162.

12. Arcangelo DD, Facchiano F, Barlucchi LM, Melillo G, Illi B, Testolin L,
Gaetano C, Capogrossi MC. Acidosis inhibits endothelial cell apoptosis
and function and induces basic fibroblast growth factor and vascular
endothelial growth factor expression. Circ Res. 2000;86:312–318.

13. Iba O, Matsubara H, Nozawa Y, Fujiyama S, Amano K, Mori Y, Kojima
H, Iwasaka T. Angiogenesis by implantation of peripheral blood mono-
nuclear cells and platelets into ischemic limbs. Circulation. 2002;106:
2019–2025.

14. Tateishi-Yuyama E, Matsubara H, Murohara T, Ikeda U, Shintani S,
Masaki H, Amano K, Kishimoto Y, Yoshimoto K, Akashi H, Shimada K,
Iwasaka T, Imaizumi T. Therapeutic angiogenesis for patients with limb
ischemia by autologous transplantation of bone marrow cells: a pilot
study and a randomised controlled trial. Lancet. 2002;360:427–435.

15. Fujiyama S, Amano K, Uehira K, Yoshida M, Nishiwaki Y, Nozawa Y,
Jin D, Takai S, Miyazaki M, Egashira K, Imada T, Iwasaka T, Matsubara
H. Bone marrow monocyte–lineage cells adhere on injured endothelium
by MCP-1–dependent manner and accelerate reendothelialization as en-
dothelial progenitor cells. Circ Res. 2003;93:980–989.

16. Peichev M, Naiyer AJ, Pereira D, Zhu Z, Lane WJ, Williams M, Oz MC,
Hicklin DJ, Witte L, Moore MA, Rafii S. Expression of VEGF-2 and
AC133 by circulating human CD34� cells identified a population of
functional endothelial precursors. Blood. 2000;95:952–958.

17. Kabrun N, Buhring HJ, Choi K, Ullrich A, Risau W, Keller G. Flk-1
expression defines a population of early embryonic hematopoietic pre-
cursors. Development. 1997;124:2039–2048.

18. Savin E, Balliart O, Bonnin P, Bedu M, Cheynel J, Coudert J, Martineaud
JP. Vasomotor effects of transcutaneous CO2 in stage II peripheral
occlusive arterial disease. Angiology. 1995;46:785–791.

19. Hartmann BR, Bassenge E, Pittler M. Effect of carbon dioxide–enriched
water and fresh water on the cutaneous microcirculation and oxygen
tension in the skin of the foot. Angiology. 1997;48:337–343.

20. Toriyama T, Kumada Y, Matsubara T, Murata A, Ogino A, Hayashi H,
Nakashima H, Takahashi H, Matsuo H, Kawahara H. Effect of artificial
carbon dioxide foot bathing on critical limb ischemia (Fontaine IV) in
peripheral arterial disease patients. Int Angiol. 2002;21:367–373.

21. Asahara T, Takahashi T, Masuda H, Kalka C, Chen D, Iwaguro H, Inai
Y, Silver M, Isner JM. VEGF contributes to postnatal neovascularization
by mobilizing bone marrow–derived endothelial progenitor cells. EMBO
J. 1999;18:3964–3972.

22. Ku DD, Zaleski JK, Liu S, Brock TA. Vascular endothelial growth factor
induces EDRF-dependent relaxation in coronary arteries. Am J Physiol.
1993;265:H586–H592.

23. van der Zee R, Murohara T, Luo Z, Zollmann F, Passeri J, Lekutat C,
Isner JM. Vascular endothelial growth factor (VEGF)/vascular perme-
ability factor (VPF) augments nitric oxide release from quiescent rabbit
and human vascular endothelium. Circulation. 1997;95:1030–1037.

24. Bauters C, Asahara T, Zheng LP, Takeshita S, Bunting S, Ferrara N,
Symes JF, Isner JM. Recovery of disturbed endothelium-dependent flow
in the collateral-perfused rabbit ischemic hindlimb after administration of
vascular endothelial growth factor. Circulation. 1995;91:2802–2809.

25. Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Ihling C, Technau-
Ihling K, Zeiher AM, Dimmeler S. Essential role of endothelial nitric
oxide synthase for mobilization of stem and progenitor cells. Nat Med.
2003;9:1370–1376.

26. Ferrara N, Alitalo K. Clinical application of angiogenic growth factors
and their inhibitors. Nat Med. 1999;5:1359–1364.

Irie et al Neovascularization by Carbon Dioxide–Rich Water 1529

D
ow

nloaded from
 http://ahajournals.org by on January 31, 2021


