EXPERIMENTAL INVESTIGATIONS

Repeated Thermal Therapy Up-Regulates Endothelial
Nitric Oxide Synthase and Augments Angiogenesis
in a Mouse Model of Hindlimb Ischemia
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Background Nitric oxide (NO), constitutively produced by endothelial NO synthase (eNOS), plays roles in
angiogenesis. Having reported that thermal therapy up-regulated the expression of arterial eNOS in hamsters, we
investigated whether this therapy increased angiogenesis in mice with hindlimb ischemia.

Methods and Results Unilateral hindlimb ischemia was induced in apolipoprotein E-deficient mice, which
were divided into control and thermal therapy groups. The latter mice were placed in a far-infrared dry sauna at
41°C for 15min and then at 34°C for 20min once daily for 5 weeks. Laser Doppler perfusion imaging demon-
strated that the ischemic limb/normal side blood perfusion ratio in the thermal therapy group was significantly
increased beyond that in controls (0.79+0.04 vs 0.54+0.08, p<0.001). Significantly greater capillary density was
seen in thermal therapy group (757+123 /mm? vs 416+20/mm2, p<0.01). Western blotting showed thermal thera-
py markedly increased hindlimb eNOS expression. To study possible involvement of eNOS in thermally induced
angiogenesis, thermal therapy was given to mice with hindlimb ischemia with or without NC-nitro-L-arginine
methyl ester (L-NAME) administration for 5 weeks. L-NAME treatment eliminated angiogenesis induced using
thermal therapy. Thermal therapy did not increase angiogenesis in eNOS-deficient mice.

Conclusion Angiogenesis was induced via eNOS using thermal therapy in mice with hindlimb ischemia.
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thelial NO synthase (¢eNOS), plays important roles

in vascular biology including regulation of vas-

cular tone and blood pressure! as well as the regulation of
angiogenesis? Vascular endothelial growth factor (VEGE)
augments the release of NO from cultured human umbilical
venous endothelial cells and up-regulates expression of
mRNA and protein expression for NOS3#4 Basic fibroblast
growth factor (bFGF) and transforming growth factor-3
(TGF-p) also increase the expression of eNOS and pro-
duction of NO3S The release of NO in response to these
growth factors is critical to their angiogenic actions. Direct
in vitro evidence that NO may induce angiogenesis was
demonstrated by Papapetropoulos et al7® while Ziche et al
established the first line of evidence that NO can induce
angiogenesis in vivo?19 eNOS overexpressing or deficient
mice showed differences in response to tissue ischemia,
which demonstrates that eNOS modulates angiogenesist! 12
We developed a form of thermal therapy that differed

Nitric oxide (NO), constitutively produced by endo-
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from the traditional sauna, finding that the repeated use of
a dry sauna at 60°C improved hemodynamics, ameliorated
symptoms and ventricular arrhythmias in patients with
chronic heart failure!314 In addition, we have found that
repeated thermal therapy decreased the impairment of
vascular endothelial function in patients with chronic heart
failurel and in patients with coronary risk factors such as
hypertension, hyperlipidemia, diabetes mellitus and smok-
ingl6

Furthermore, we demonstrated that one of the molecular
mechanisms by which repeated thermal therapy improved
endothelial function involved an increase of mRNA and
protein of eNOS!7 We hypothesized that repeated thermal
therapy can up-regulate eNOS and thereby augment
ischemia-induced angiogenesis. The purpose of the present
study was to determine whether repeated thermal therapy
increased angiogenesis in a mouse model of hindlimb
ischemia.

Methods

Animal Models

The investigation confirms with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No.85-23,
revised 1996). This study was carried out in accordance
with the Guide for Animal Experimentation of the Faculty
of Medicine at Kagoshima University. Unilateral hindlimb
ischemia was induced by resecting the femoral artery and
vein in 12-week-old apolipoprotein E (apoE)-deficient
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Table 1 Systolic Blood Pressure, Heart Rate and Bodyweight at Day 35

Control Thermal therapy Thermal therapy plus L-NAME
(n=5) (n=5) (n=35)

Systolic blood pressure (mmHg) 109.247.2 106.4%7.4 119.0+4.3%

Heart rate (beats/min) 638+35 636+18 63523

Bodyweight (g) 21.410.8 21.5%0.7 21.010.6

*p<0.01 vs control and thermal therapy.
L-NAME, N%-nitro-L-arginine methyl ester.

female mice (Jackson Laboratory). The procedure for crea-
ting the ischemic hindlimb has been described previouslyl®
Briefly, after animals were anesthetized by intraperitoneal
pentobarbital injection (50mg/kg), the femoral artery was
isolated and its proximal portion was ligated with 6-0 silk
ligatures, followed by the distal portion of the saphenous
artery. The remaining arteries and veins were all dissected
free and then excised. The overlying skin was closed using
2 surgical staples.

Blood pressure and heart rate were measured in con-
scious mice using a computer-controlled tail-cuff system
(MK-2000, Muromachi Kikai). Before recording measure-
ments, mice were made accustomed to the apparatus for at
least 3 days.

To chronically inhibit NO synthase, mice were given
water containing 1 mg/ml NC-nitro-L-arginine methyl ester
(L-NAME) for 5 weeks. Furthermore, eNOS-knockout mice
(eNOS-KO) were purchased from Jackson Laboratory.
Unilateral hindlimb ischemia was induced by resecting the
femoral artery and vein in 12-week-old eNOS-KO mice.

Thermal Therapy

The mice were divided into a control (n=7) and a ther-
mal therapy group (n=7). Thermal therapy was carried out
in an experimental far-infrared dry sauna system (Kyushu
Olympia) at 41°C for 15min and then at 34°C for 20min.
The thermal therapy group underwent daily thermal thera-
py 5 days a week for 5 weeks. We previously had estab-
lished that this protocol elevates the rectal temperature by
1°C, with the elevation persisting for at least 20min as
shown in the clinical setting!® All animals were allowed
food and water ad libitum and maintained under controlled
environmental conditions (24°C, 12-h light/dark cycles).

Laser Doppler Perfusion Imaging (LDPI)

Serial assessment of hindlimb blood flow was performed
with a Laser Doppler Imager (Moor Instruments) as previ-
ously described!® Excess hair was removed from the
hindlimbs using a depilatory cream. To minimize variables
including ambient light and temperature, calculated per-
fusion was expressed as a ratio of left (ischemic) to right
(normal) hindlimb, and mice were placed on a heating plate
at 37°C before initiating scanning. Perfusion analyses were
performed sequentially under pentobarbital anesthesia
before surgery, immediately after surgery and at 3, 7, 14,
21, 28 and 35 days after surgery.

Tissue Preparation

The animals were killed with an overdose of sodium
pentobarbital at 35 days after surgery. For immunohisto-
chemical analysis, intact ischemic and nonischemic limbs
were immediately fixed in methanol overnight. Then, after
removal of bones, 5-mm thick tissue sections were cut and
embedded in paraffin. For Western blot analysis, isolated

tissue samples were rinsed in phosphate buffered saline to
remove excess blood, flash-frozen in liquid nitrogen and
stored at —80°C until use.

Preparation of Protein Extracts

Proteins were extracted for Western blot analysis as re-
ported previously2® Briefly, the hindlimb muscles (gastro-
cnemius muscle from ischemic and nonischemic hindlimbs)
were ground to a fine powder under liquid nitrogen and
incubated in ice-cold 0.1% Triton lysis solution (mmol/L:
HEPES 10 (pH 7.4), sodium pyrophosphate 50, NaF 50,
EDTA 5, EGTA 5, and NaCl 50; and 100mmol/L Na3VOs4,
0.1% Triton X-100, 500 mmol/L. PMSF, and 10mg/ml
leupeptin) for 30min. Insoluble matter was removed
through centrifugation and the protein concentration was
measured using a bicinchoninic acid assay (Pierce).

Western Blot Analysis

Western blotting was performed with 2 NuPAGE Elec-
trophoresis System (Novex) as reported previously?2!
Briefly, 10-1g protein samples were resuspended in a
reduced sample buffer, and then electrophoresed on a
4+12% Bis-Tris gel (Novex) with MOPS running buffer;
blotted to nitrocellulose; and sequentially probed with
polyclonal rabbit antisera raised against ¢eNOS, VEGF or
a-actin (Santa Cruz Biotechnology). A horseradish peroxi-
dase-conjugated goat anti-rabbit antibody (Santa Cruz
Biotechnology) was then added, and secondary antibodies
were detected through autoradiography using enhanced
chemiluminescence (ECL Plus, Amersham).

Measurement of Nitrate and Nitrite

Serum nitrate and nitrite (NOx) were measured using the
Griess method, as previously described?? Serum samples
were deproteinized using ultrafiltration through a 10kDa
micropore membrane (Millipore Corporation). Results of
the assay were determined using a nitrate/nitrite colorimet-
ric kit (Cayman Chemical).

Measurement of Capillary Density

Capillary densities in ischemic hindlimbs were analyzed
for specific evidence of neovascularity. Endothelial cells
were stained with a rat monoclonal antibody directed
against mouse CD31 (PharMingen) and counted under a
light microscope. Five different microscopic fields on 2 dif-
ferent sections from each of 3 animals at each time point
were counted, and capillary density was expressed as num-
ber of capillaries/mm?2. The animals were coded in order to
analyze without any knowledge of which treatment each
individual animal had received. Intraobserver variability
was determined from triplicate measurements performed
by one observer for all sections. The mean +SD difference
among measurements made by the same observer was
2.0+0.4%. Interobserver variability was determined from
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measurements of 10 randomly selected sections performed
by a second observer in addition to the first. The numeric
difference between the measurements made by the 2 ob-
servers was 2.3+0.9%.

Statistical Analysis

All values are expressed as the mean+SD. Statistical
significance was evaluated using unpaired Student’s t-tests
for comparisons between 2 groups. A probability value of
p<0.05 was considered to indicate statistical significance.

Results

Repeated Thermal Therapy Increased Blood Flow
in Ischemic Hindlimb

Unilateral hindlimb ischemia was induced surgically in
apoE-deficient mice divided into control and thermal thera-
py groups. Systolic blood pressure, heart rate and body
weight did not differ between control and thermal therapy
groups at day 35 (Table1).

Serial blood flow measurements were performed using a
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py group (n=7) than in the control group (n=
7). *p<0.003, **p<0.001 vs control group.

LDPI. Immediately after operative excision of left femoral
artery and vein, a marked reduction of blood flow was ob-
served in the left leg. Although flow in the ischemic leg had
recovered slightly in the control group at day 35, thermal
therapy increased the blood flow in the ischemic left leg at
day 35 beyond that in the control (Fig1A). Fig 1B shows
the time course of computer-assisted determinations of
LDPI. In the control group, blood flow remained impaired
for 7 days and increased to 54% of flow in the nonischemic
limb by day 35. A similar reduction of hindlimb blood flow
occurred in the thermal therapy group, but in contrast to
the control group, hindlimb blood flow then recovered to
79% (thermal therapy vs control, 0.79+0.04 vs 0.54+0.08,
p<0.001).

Repeated Thermal Therapy Increased Capillary Density
We analyzed whether repeated thermal therapy induced
angiogenesis. Capillary density was examined as an index
of angiogenesis using immunohistochemistry with CD31
antibodies. A significant increase in capillary density at day
35 was found in the thermal therapy group as compared
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with the control group (757+123/mm? vs 416+20/mm?,
p<0.01; Fig2).

Repeated Thermal Therapy Increased eNOS and NOx

We examined the expression of angiogenic factors.
Western blot analysis of VEGF demonstrated that VEGF
protein expression level in the ischemic hindlimb did not
differ between the control and thermal therapy groups at
day 14, and it was not detected in either group at day 35. In
contrast, Western blot analysis of eNOS at day 14 and 35
showed that thermal therapy markedly increased eNOS

7727

protein expression not only in the ischemic hindlimb but
also in the nonischemic hindlimb (Fig3). We measured
serum NOx and confirmed that repeated thermal therapy
increased NOx at day 35 (Fig4).

L-NAME Treatment and eNOS Deficiency Abolished
Angiogenesis Induced by Thermal Therapy

To determine the involvement of NO synthase in blood
flow improvement induced by thermal therapy, we admin-
istered repeated thermal therapy in the mouse model of
unilateral hindlimb ischemia with or without L-NAME
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administration at 1mg/ml for 5 weeks. By measuring
serum NOx, we confirmed that L-NAME administration
suppressed NO production induced by repeated thermal
therapy (Fig4). Although no significant difference in heart
rate or body weight was seen between the thermal therapy
group and the thermal therapy with L-NAME group,
systolic blood pressure was significantly higher in the
thermal therapy with L-NAME group than in the thermal
therapy group (Table 1).

LDPI showed that L-NAME administration reduced the
increase in blood flow induced by thermal therapy at day
35 (FigS5A). Computer-assisted analysis of LDPI indicated
that the increase of blood flow using thermal therapy was
completely eliminated by L-NAME at day 35 (thermal
therapy vs thermal therapy plus L-NAME, 0.80+0.06 vs
0.45+0.07, p<0.001; Fig5B). L-NAME treatment with
thermal therapy reduced an increase in capillary formation
to the control level (thermal therapy vs thermal therapy plus
L-NAME, 757+123 /mm?2 vs 423+24 /mm?2, p<0.01; Fig2).

In addition, we performed the experiments using eNOS-
KO mice to confirm the involvement of eNOS in blood
flow improvement induced by thermal therapy. Unilateral
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Fig6. Results of laser Doppler perfusion
imaging. (A) Images show that thermal ther-
apy did not increase blood flow in endo-
thelial nitric oxide synthase-knockout mice
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leg blood perfusion ratio did not differ be-
tween control and thermal therapy groups. In
each group, n=7.

hindlimb ischemia was surgically induced in ¢eNOS-KO
mice and they were divided into control (n=7) and thermal
therapy groups (n=7). The thermal therapy groups under-
went the thermal therapy for 5 weeks. The ischemic/normal
leg blood perfusion ratio did not differ between the control
and thermal therapy groups at day 35 (control vs thermal
therapy: 0.40+0.08 vs 0.42+0.08; Fig6). Capillary density
in the ischemic hindlimb also did not differ between the
control and thermal therapy groups (control vs thermal ther-
apy: 357£20/mm? vs 35020 /mm?; Fig 7). Thermal therapy
did not increase angiogenesis in eNOS-KO mice with
hindlimb ischemia. eNOS is suggested to be a critical regu-
lator for angiogenesis using repeated thermal therapy.

Discussion

To better understand the effect of repeated thermal thera-
py on angiogenesis, we studied these effects in a mouse
model of hindlimb ischemia. We demonstrated that repeated
thermal therapy increased eNOS protein expression, blood
flow and capillary density in the ischemic hindlimb. Fur-
thermore, when we administered repeated thermal therapy
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in mice with hindlimb ischemia also given L-NAME, inter-
ference with therapeutic benefits established that NO plays
an important role in angiogenesis induced by thermal thera-
py. In addition, thermal therapy did not increase blood flow
and capillary density in eNOS-KO mice, and eNOS is sug-
gested to be a critical regulator for angiogenesis by thermal
therapy.

NO is a mediator of angiogenesis, although in vitro re-
sults concerning this have not been uniform. NO inhibited
migration of cultured endothelial cells23 and NO donors in-
hibited angiogenesis in the chick chorioallantoic membrane
and microvascular tube formation in the matrigel tube
formation assay?+25 In contrast, Guo et al reported that
exogenous administration of an NO donor stimulated
proliferation of cultured rat aortic endothelial cells?6 Ziche
et al suggested that NO may be involved in angiogenesis
elicited by VEGF but not bFGF!0 Finally, several in vivo
studies demonstrated that NO modulates angiogenesis in
response to tissue ischemia. Murohara et al showed that
angiogenesis in the ischemic hindlimb was significantly
impaired in eNOS-deficient mice compared with wild-type
controls evaluated using cither laser Doppler flow or capil-
lary density measurement!! Amano et al demonstrated that
transgenic mice overexpressing eNOS in the endothelium
increased new capillary formation in response to tissue
ischemia!2 Namba et al reported that intramuscular injec-
tion of bovine eNOS plasmid induced therapeutic angio-
genesis in a rat ischemic hindlimb model!® Thus, NO is a
critical regulatory molecule for angiogenesis in response to
tissue ischemia. It is well established that endothelial pro-
genitor cells or bone marrow-derived stem cells play a
crucial role in angiogenesis in hindlimb ischemia and
Aicher et al have demonstrated the essential role of eNOS
for mobilization of stem and progenitor cells?” As a next
step, we are planning to analyze the effect of thermal thera-
py on the dynamics of endothelial progenitor cells and the
involvement of bone marrow-derived cells.

NO is an angiogenic mediator acting downstream of
VEGF; impaired angiogenesis in eNOS-deficient mice was
not improved by the administration of VEGF!! and trans-
genic mice overexpressing eNOS did not show a greater
increase in VEGF expression in hindlimb ischemial? We
believe that eNOS up-regulation induced by repeated ther-
mal therapy is caused by an increase in cardiac output and
blood flow, which in turn results in increased shear stress,
although thermal stimulation might up-regulate arterial
eNOS directly!317 Repeated thermal therapy increases car-
diac output, shear stresses of the vessel wall and ultimately
eNOS expression. Although repeated thermal therapy did
not increase the expression of VEGF in the ischemic hind-
limb, thermal therapy augmented angiogenesis by increas-
ing eNOS expression in the course of ischemia-induced
VEGF expression. Therefore, the presence of VEGF is nec-
essary for angiogenesis induced by repeated thermal thera-
py. since repeated thermal therapy does not up-regulate
VEGF expression itself.

Hypercholesterolemia adversely affects native collateral
development. Collateral vessel development associated
with hindlimb ischemia is severely attenuated in animal
models of spontaneous hypercholesterolemia such as the
Watanabe heritable hyperlipidemic rabbit (WHHL) and the
apoE-deficient mouse?8:2% Administration of human VEGF
to WHHL rabbits or adenoviral VEGF gene transfer to
apoE-deficient mice resulted in marked augmentation of
hindlimb blood flow and capillary density in hindlimb
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ischemia. Furthermore, Duan et al reported that collateral
vessel formation and angiogenesis in response to hindlimb
ischemia were significantly attenuated in rats with dietary
hypercholesterolemia, and the mechanism may be related
to reduced NO bioactivity in the ischemic tissue. They
demonstrated that augmentation of the tissue NO activity
by oral L-arginine supplementation restored impaired
angiogenesis in hypercholesterolemia3® We demonstrated
in the present study that repeated thermal therapy up-regu-
lated eNOS and augmented ischemia-induced angiogenesis
in apoE-deficient mice.

Selective modulation of ¢NOS activity is a promising
strategy for altering angiogenesis in vivo. A better strategy
might be to manipulate endogenous generation of NO.
Several previous studies have demonstrated angiogenesis
induced by the eNOS gene by the use of adenoviral vectors
in the rat hindlimb ischemia model!%-31-322 Compared to gene
therapy with the eNOS gene, thermal therapy is safe and
remarkably cost-effective. Modulation of eNOS activity by
repeated thermal therapy is a promising strategy for alter-
ing angiogenesis in vivo. We now are applying thermal
therapy to patients with peripheral arterial disease, analyz-
ing its effect on angiogenesis in the ischemic limb.
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