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Abstract
The purpose of the present study was to determine the effects of transcutaneous  CO2 application on the blood flow and 
capillary architecture of the soleus muscle in rats with streptozotocin (STZ)-induced hyperglycemia. Wistar rats were ran-
domly divided into four groups: control, control + CO2-treated, STZ-induced hyperglycemia, and STZ-induced hyperglyce-
mia + CO2-treated groups. Blood flow in soleus muscle increased during the transcutaneous  CO2 exposure, and continued 
to increase for 30 min after the treatment. In addition, the transcutaneous  CO2 attenuated a decrease in capillary and the 
expression level of eNOS and VEGF protein, and an increase in the expression level of MDM-2 and TSP-1 protein of soleus 
muscle due to STZ-induced hyperglycemia. These results indicate that the application of transcutaneous  CO2 could improve 
capillary regression via the change of pro- and anti-angiogenesis factors, which might be induced by an increase in blood flow.
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Introduction

The microvasculature in skeletal muscle changes in response 
to physiological or pathological conditions. An elevation in 
muscle activity such as exercise leads to angiogenesis [1], 
while a decrease in neuromuscular activity and an exposure 
to hyperglycemia result in capillary regression [2, 3].

Hyperglycemia is a risk factor for peripheral vascular 
diseases, which causes widespread tissue dysfunction and 
deleterious complications [4]. It is well known that poorly 
controlled hyperglycemia reduces both skeletal muscle mass 
[5, 6] and muscle capillarization [7, 8]. The number and 
diameter of capillaries are important factors in the deliv-
ery of oxygen and nutrients to all tissues including skeletal 
muscles and are these factors determining exercise capacity 
[9–11].

The architecture of capillaries is regulated by pro-angi-
ogenic and anti-angiogenic factors in skeletal muscle. Vas-
cular endothelial growth factor (VEGF) is a key factor in 
angiogenesis, while thrombospondin-1 (TSP-1) plays an 
important role in capillary regression [11–16]. These pro- 
and anti-angiogenic factors are well known to be associ-
ated with alterations in muscle capillaries in response to a 
variety of conditions, including exercise [11, 14], periph-
eral arterial disease [17, 18], and disuse [19–21]. In addi-
tion, an imbalance in the expression of pro- and anti-angi-
ogenic factors is involved in capillary regression caused by 
diabetes-induced hyperglycemia [7]. Furthermore, it has 
been reported that high glucose levels are associated with 
increased expression levels of TSP-1 [22]. Therefore, it 
is necessary to optimize a balance in expression between 
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pro-angiogenic and anti-angiogenic factors in order to 
attenuate angiopathy with hyperglycemia.

Endurance exercise training is well known as a princi-
pal countermeasure for attenuating hyperglycemia-induced 
capillary regression [23, 24]. However, there are instances 
where it is difficult for hyperglycemic subjects to under-
take exercise training because of their complications and 
exercise intolerance. Therefore, it is necessary to develop 
an alternative treatment for hyperglycemic subjects with 
exercise intolerance.

Carbon dioxide  (CO2) therapy has long been used as 
an effective treatment for cardiac disease and skin lesions 
[25–27].  CO2 therapy has been reported to promote effects 
such as vasodilation and increased blood flow in periph-
eral tissues, as well as a partial increase in  O2 pressure in 
local tissues, known as the Bohr effects [25, 27–31]. The 
transfer of  CO2 across the skin might have beneficial local 
vasomotor effects without causing systemic hemodynamic 
modifications [32]. These reports have indicated that  CO2 
therapy has a positive impact on microcirculation, such 
as elevated blood flow in peripheral tissues. An increase 
in blood flow leads to shear stress in endothelial cells and 
leads to enhancement of the expression levels of endothe-
lial nitric oxide synthase (eNOS) in vascular endothelial 
cells [33–35], which plays a major role in many physi-
ological functions, such as regulating vascular tone [36, 
37] and insulin sensitivity [38]. In addition, up-regula-
tion of eNOS expression by several types of stimulation, 
such as physical exercise and administration of prazosin, 
an α1-adrenergic receptor antagonist, leads to enhanced 
VEGF expression [35, 39] and resultant angiogenesis in 
skeletal muscle [39–41]. Indeed, it has been reported that 
 CO2 therapy induces an increase in blood flow in subcu-
taneous tissues and angiogenesis via activation of eNOS 
and VEGF [31, 42, 43]. On the other hand, an increase in 
blood flow induced by administration of prazosin leads to 
an increase in the expression of murine double minute 2 
(MDM-2) [23], which participates in capillary growth in 
skeletal muscle [44] and also acts as a negative regulator 
of TSP-1 [45]. It has been shown that TSP-1 in endothelial 
cells is downregulated in response to shear stress in vitro 
and vivo [46]. Therefore, the exposure of shear stress to 
endothelial cells could regulate the capillaries in skeletal 
muscle via the expression of MDM-2 and TSP-1. From 
these reports, it is plausible to conclude that application 
of transcutaneous  CO2 to diabetic rats could increase the 
blood flow in skeletal muscle and play a positive role in 
the maintenance of the capillary network by modulating 
pro- and anti-angiogenic factors, such as VEGF, eNOS, 
MDM-2, and TSP-1 within the muscle. The purpose of 
the present study was to investigate whether transcuta-
neous application of  CO2 treatment attenuates capillary 

regression and optimizes angiogenic signaling in skeletal 
muscle of rats with hyperglycemia.

Materials and methods

Animals

Twenty-nine male Wistar rats were purchased from Japan 
SLC (Hamamatsu, Japan). The rats were housed in an iso-
lated and environmentally controlled room at 22 ± 2 °C on a 
12–12-h light–dark cycle and had access to food and water 
ad libitum. The study was approved by the institutional Ani-
mal Care and Use Committee and was performed according 
to the Kobe University Animal Experimentation Regula-
tions. All experiments were conducted in accordance with 
the National Institutes of Health (NIH) Guidelines for the 
Care and Use of Laboratory Animals (National Research 
Council 1996).

Transcutaneous  CO2 therapy

All animals were anesthetized with isoflurane (Wako, Japan), 
the hairs on their hind limbs were shaved, and  CO2 hydrogel, 
which enhances transcutaneous  CO2 absorption (NeoChemir 
Inc., Kobe, Japan) was applied on their hind limbs, as previ-
ously described [30, 43]. In the previous study, the exposure 
of  CO2 gas without  CO2 hydrogel and application of  CO2 
hydrogel without  CO2 gas do not almost give rise to transfer 
 CO2 across the rat skin [30]. The  CO2 adaptor was attached 
to the limbs and sealed under no anesthetic condition; 100% 
 CO2 gas (Mizushima Sanso, Kobe, Japan) was administered 
into the adaptor for 30 min, as previously described [43].

Experiment 1

Firstly, the effects of transcutaneous  CO2 application on 
blood flow in the soleus muscle were determined. Five 
Wistar rats (342–370 g) were used. Blood flow in the soleus 
muscle of each rat was measured before and 5, 10, 20, and 
30 min after the application or not of transcutaneous  CO2. 
During the measurement of blood flow, heart rate and blood 
pressure were also monitored. The rats were anesthetized by 
inhalation of 2% isoflurane gas via facemask. After adminis-
tration of heparin (1000 IU/kg, i.p.), a cannula was inserted 
into the carotid artery. A tracheotomy was performed, fol-
lowed by connection of the rat to an artificial ventilator 
(Shimano Seisakujo, Tokyo, Japan). The  CO2 adaptor was 
attached to both of the hind limbs of rats and sealed, and 
100%  CO2 gas was administered into the adaptor. To analyze 
blood flow in soleus muscle during the  CO2 application, 
firstly, a small hole was drilled in the adaptor. The probe 
of a laser Doppler flowmeter was inserted into the adaptor 
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through the hole and then the adaptor was sealed. Transcu-
taneous  CO2 was applied to both of their hind limbs. The 
belly of the soleus muscle was exposed and blood flow in 
the right skeletal muscle was measured with a laser Doppler 
flowmeter (ALF21, Advance, Tokyo, Japan).

Experiment 2

We determined whether application of transcutaneous  CO2 
could prevent capillary regression due to hyperglycemia. We 
used a hyperglycemic rodent model generated by a single 
injection of streptozotocin (STZ), a compound that displays 
a preferential toxicity towards pancreatic β cells. Twenty-
four 8-week-old rats (223–274 g) were randomly divided 
into four groups: control (CON; n = 6), carbon dioxide-
treated  (CO2; n = 6), streptozotocin-induced hyperglycemic 
(STZ; n = 6), and streptozotocin-induced hyperglycemic plus 
carbon dioxide-treated (STZ + CO2; n = 6) groups. Applica-
tion of transcutaneous  CO2 was performed five times a week 
for 8 weeks. Hyperglycemia was induced by a single intrave-
nous injection of 50 mg/kg streptozotocin (Wako, Japan) dis-
solved in citrate buffer. Blood glucose levels were measured 
2 days after the injection, and animals with blood glucose 
levels of more than 250 mg/dl were used as hyperglycemic 
models. The rats in the STZ and STZ + CO2 groups were 
injected with STZ, and the rats in the CON and  CO2 groups 
were injected with the same volume of citrate buffer.

Muscle preparation

The rats were anesthetized deeply with sodium pentobar-
bital (50 mg/kg, i.p.). The left soleus muscle was removed, 
cleaned of excess fat and connective tissue, weighed, imme-
diately frozen in isopentane cooled with dry ice, and stored 
at − 80 °C until histochemical and biochemical analyses 
were performed. The three-dimensional (3D) capillary 
architecture of the right soleus was visualized as described 
previously [2, 20, 21, 47, 48]. Briefly, a catheter was inserted 
into the right iliac artery and physiological saline containing 
heparin (50 mg/kg, i.p.) was injected to wash out intravascu-
lar blood. The right soleus was then perfused with 8% gela-
tin containing 2% fluorescent material as contrast medium. 
The right soleus muscle was removed and immediately fro-
zen in isopentane cooled with dry ice and stored at − 80 °C 
until analyses of the 3D capillary architecture network were 
performed.

Histochemical analysis

The left soleus muscle was sliced into 10-μm-thick trans-
verse sections using a cryostat microtome (CM-1510S, Leica 
Microsystems, Mannheim, Germany). Sections were stained 
with alkaline phosphatase (AP) to visualize capillaries in the 

soleus muscle. Sections were incubated in 0.1% 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium for 45 min 
at 37 °C and fixed with 4% paraformaldehyde, as previously 
described [19]. The stained sections were used for counting 
the number of capillaries and muscle fibers to calculate cap-
illary-to-fiber (C/F) ratios with the ImageJ (NIH, Bethesda, 
MD, USA).

Three‑dimensional visualization of the capillary 
network

The visualization of 3D capillary architecture in the soleus 
muscle was performed using a confocal laser scanning 
microscope (C2, Nikon, Tokyo, Japan) with an argon laser 
(488 nm), as previously described [2, 20, 47]. Briefly, the 
frozen right soleus muscle was longitudinally cut into 100-
μm sections using a cryostat (CM-1510S, Leica Microsys-
tems, Mannheim, Germany). Microscopic 3D capillary 
images were obtained at a magnification of 20× and scanned 
in 1-μm-thick longitudinal slices over a total depth of 50 μm. 
The 50 images were stacked and converted into digital 
images. These results of mean capillary volume and luminal 
diameter were obtained using 7–10 3D images per a muscle. 
The capillary volume was measured in a cube (200 µm long, 
200 µm wide, and 50 µm deep) using NIH’s Image software 
program (NIH, Bethesda, MD, USA), and then calculated 
in cubic meters  (10−2 mm3/mm3). At least five representa-
tive areas within each of 7–10 3D images were analyzed 
and overall average was calculated. The capillary luminal 
diameter (µm) was also measured about 30–90 spots per a 
3D image using NIH’s Image software program.

Western blotting

Portions (approximately 10 mg) of each soleus muscle were 
homogenized in RIPA lysis buffer containing 1 mM  Na3VO4, 
1 mM NaF and protease inhibitor cocktail (1:100, P8340; 
Sigma Chemicals, Perth, WA, USA). Total supernatant pro-
tein concentrations were determined according to the Brad-
ford method using a protein assay kit (Bio-Rad Laboratories, 
Hercules, CA, USA) before loading onto either 7.5, 10, or 
12.5% SDS–polyacrylamide gels. Proteins were blotted on 
polyvinylidene difluoride (PVDF) membranes and blocked 
for 1 h with 5% skimmed milk in phosphate-buffered saline 
with 0.1% Tween 20 (PBST). Membranes were incubated 
using antibodies against eNOS (1:1000 in PBST, #5880; 
Cell Signaling, Danvers, MA, USA), VEGF (1:200 in PBST, 
sc-7269; Santa Cruz Biotechnology, Dallas, TX, USA), 
TSP-1 (1:200 in PBST, sc-59887; Santa Cruz Biotechnol-
ogy) or MDM-2 (1:1000 in PBST, OP115; Calbiochem, La 
Jolla, CA, USA) overnight at 4 °C and then incubated in a 
solution with HRP-conjugated anti-mouse secondary anti-
bodies (1:1000 in PBST, GE Healthcare, Waukesha, WI, 
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USA) for 1 h. Proteins were detected using EzWestLumi 
One (ATTO, Tokyo, Japan). Finally, images were analyzed 
with a LAS-1000 (Fujifilm, Tokyo, Japan) using a chemi-
luminescent image analyzer and quantified using the Multi-
Gauge Image Analysis Software program (Fujifilm) against a 
relative concentration of GAPDH (1:1000 in PBST, #97166; 
Cell Signaling) as an internal control.

Statistical analyses

The data of experiment 1 were assessed by two-way repeated 
measured ANOVA, followed by Tukey’s post hoc test. The 
data of experiment 2 were presented as mean ± SEM. The 
differences were assessed by two-way ANOVA, followed 
by Tukey’s post hoc test. Results were deemed statistically 
significant at p < 0.05.

Results

Blood flow dynamics, heart rate, and blood pressure

Blood flow in the soleus muscle was higher 5, 10, 20, 
30 min after than before application of transcutaneous  CO2 
and higher at the same time points after application than no 
application (Fig. 1a). Blood pressure and heart rate were not 
affected by transcutaneous  CO2 (Fig. 1b).

Body mass, soleus muscle mass, fasting blood 
glucose, and C/F ratio

The mean body mass and soleus muscle mass significantly 
decreased due to the 8-week hyperglycemia (Table  1). 
Blood glucose levels were significantly higher in the STZ 
and STZ + CO2 groups than in the CON and  CO2 groups, 
and lower in the STZ + CO2 group than in the STZ group 
(Table 1). The C/F ratio was not significantly different 
between in the CON and  CO2 groups, whereas it was sig-
nificantly increased in the CON and STZ + CO2 groups com-
pared to the STZ group (Table 1).

3D capillary architecture

Representative confocal images of the 3D capillary archi-
tecture of a soleus muscle from a rat in each group are 
shown in Fig. 2a–d. Mean capillary diameter was signif-
icantly higher in the  CO2 group compared to the CON 
group (6.9 ± 0.1 vs. 6.3 ± 0.1 μm, Fig. 2e), whereas they 
were significantly lower in the STZ group than in the 
CON and STZ + CO2 groups (5.5 ± 0.2 vs. 6.3 ± 0.1 and 
6.4 ± 0.1 μm, Fig. 2e). Mean capillary volume were sig-
nificantly higher in the  CO2 group than in the CON group 

(11.0 ± 0.6 vs. 8.9 ± 0.7  10−2 mm3/mm3, Fig. 2f), whereas 
they were significantly lower in the STZ group than in the 
CON and STZ + CO2 groups (6.6 ± 0.6 vs. 8.9 ± 0.7 and 
9.9 ± 0.2  10−2 mm3/mm3, Fig. 2f). The frequency distri-
butions of capillary luminal diameters and volumes are 
shown in Fig. 2g–n; the frequency distribution in the STZ 
group was shifted towards reduced capillary diameters 
and volumes compared with that in the CON,  CO2 and 
STZ + CO2 groups, which indicates that smaller capillaries 
were more abundant and the capillary density in skeletal 
muscle decreased in the STZ group.

Fig. 1  Changes in blood flow in skeletal muscle before and after 
application or not of  CO2 (a). The data are expressed as fold change 
(a.u.) from the value before application or not of  CO2. Blood pressure 
and heart rate in rats before and after application or not of  CO2 (b). 
Values are presented as mean ± SEM. * and †: significantly different 
from before the same intervention, and no application of  CO2 at the 
same time point, respectively, at p < 0.05
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Expression levels of eNOS, VEGF, MDM‑2, and TSP‑1

Representative images of Western blots for eNOS, VEGF, 
MDM-2 and TSP-1 in the soleus muscle are shown in Fig. 3. 
There are no significant differences in the protein levels of 
eNOS, VEGF, MDM-2, and TSP-1 between the CON and 
 CO2 groups. The protein levels of eNOS and VEGF were 
significantly higher in the STZ + CO2 group than in the STZ 
group (Fig. 3b, c). MDM-2 levels were significantly lower 
in the STZ group than in the CON group, whereas they were 
significantly higher in the STZ + CO2 group than in the STZ 
group (Fig. 3d). TSP-1 levels were significantly higher in 
the STZ group than in the CON group, whereas they were 
significantly lower in the STZ + CO2 group than in the STZ 
group (Fig. 3e).

Discussion

We found that application of transcutaneous  CO2 increased 
muscle blood flow and attenuated capillary regression in the 
skeletal muscle of STZ-induced hyperglycemic rats in the 
present study. Furthermore,  CO2 therapy counteracted the 
hyperglycemia-induced changes in pro- and anti-angiogenic 
factors, such as eNOS, VEGF, MDM-2, and TSP-1 as well 
as the alterations in muscle capillarity.

It has long been known that the change of blood pH 
influences microcirculation in local tissue via the change 
of vascular tone. This is due to the fact that a decrease in 
pH relaxes the vascular tissue, causing an increase in blood 
flow in local tissue, but an increase in pH induces vascu-
lar contraction [49, 50]. Also, an increase in  CO2 tension 
in blood results in a decrease in pH of the blood [51]. It 
has been observed that  CO2 applied to the vascular network 

induced arteriolar vasodilation [52]. From these reports, it 
is presumed that vasodilation in response to  CO2 could be 
regulated by pH in blood. Indeed, the previous study demon-
strated that our transcutaneous  CO2 system led to a decrease 
in pH in intramuscular and an artificial Bohr effect [30]. 
Transfer of  CO2 across the skin had beneficial local vasomo-
tor effects without inducing systemic hemodynamic modi-
fications, which was associated with an increase in blood 
flow by  CO2 treatment [32]. Additionally, a recent study 
demonstrated that  CO2 therapy resulted in vasodilation and 
an increase in blood flow in the femoral subcutaneous tissue 
of rats, as revealed by digital microscope and near-infra-
red spectroscopy [31]. The immersion of ischemic mouse 
hindlimbs into a bath of artificially created  CO2-enriched 
water led to a nitric oxide-dependent increase in collateral 
blood perfusion [42]. Thus,  CO2 treatment has beneficial 
effects for the microvascular circulation, such as vasodila-
tion and an increase in blood flow in the tissue. In line with 
these reports, our results demonstrated that application of 
transcutaneous  CO2 increases blood flow in skeletal mus-
cle, as shown in experiment 1. Together these reports,  CO2 
application has a possible impact on an increase in blood 
flow in pH- and/or NO-dependent manner in the applied 
muscle tissue. However, the present study did not completely 
explain the underlying mechanisms, so that our future study 
should focus on whether or not the  CO2 application actually 
affects blood pH and NO production in the applied muscle 
tissue such as soleus muscle.

Based on the results of the present study, we investigated 
the effect of  CO2 therapy-induced increase in blood flow 
on capillary architecture and associated angiogenic fac-
tors in the skeletal muscles of STZ-induced hyperglycemic 
rats. VEGF is well known as a regulator of angiogenesis, 
stimulating the formation of new vascular networks by the 
recruitment and the promotion of differentiation of endothe-
lial cells [53]. In addition, VEGF is an important molecule 
for angiogenesis in skeletal muscle [54]. In fact, endurance 
exercise training promotes angiogenesis in skeletal muscle 
via the expression of VEGF [55]. However, STZ-induced 
hyperglycemia resulted in capillary regression, whereas 
there was not a significant difference in VEGF expression 
between the CON and STZ group in this study. VEGF has 
been established as an essential trigger for the initiation 
of angiogenesis by several stimuli [55–61]. Nevertheless, 
capillary density remains unchanged in the organs and tis-
sues of endothelial-cell-targeted Vegf gene deletion in mice 
[62]. Also, it has been reported that capillary regression in 
skeletal muscle may not be influenced to a greater degree 
by angiogenic factors such as VEGF in several conditions 
[8, 19, 48, 63]. Combining these results, Olfert et al. [64] 
concluded that while the evidence for VEGF as an essen-
tial trigger for the initiation of angiogenesis has been well 
established, VEGF is not required to maintain the already 

Table 1  Body mass, absolute soleus muscle mass, fasting blood glu-
cose, C/F ratio

Values are presented as mean ± SEM. * and † indicate significantly 
different from CON with same intervention and between  CO2 (−) vs. 
 CO2 (+), respectively, at p < 0.05

CON STZ

CO2 (−) CO2 (+) CO2 (−) CO2 (+)

Body 
mass 
(g)

325.7 ± 8.4 316.3 ± 9.1 216.3 ± 16.2* 214.8 ± 14.2*

Muscle 
mass 
(g)

123.3 ± 3.8 124.8 ± 4.4 90.0 ± 6.0* 86.3 ± 6.0*

Fasting 
blood 
glucose 
(mg/dl)

80.0 ± 1.8 74.3 ± 3.5 481.5 ± 26.9* 415.8 ± 29.8*†

C/F ratio 2.27 ± 0.04 2.36 ± 0.03 2.04 ± 0.08* 2.30 ± 0.06†
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developed microvascular structure and capillary regres-
sion. From these reports, a decrease in the expression levels 
of VEGF would not necessarily be required for capillary 
regression in diabetic muscle. On the other hand, TSP-1 is 
generally known as an inhibitor of angiogenesis and has 
anti-proliferative and pro-apoptotic effects [1, 12, 14, 16, 
65]. A decrease in the number and structural alterations of 
capillaries, such as a decrease in diameter and volume, is 
accompanied by an increase in TSP-1, which is observed in 
disuse, ovariectomy, and diabetes [20, 24, 48]. It has also 
been reviewed by Olfert et al. [64] that TSP-1 could be an 
important factor for capillary regression and rarefaction. 
In line with these reports, we found an increase in TSP-1 
expression levels in diabetic muscle compared with non-
diabetic control muscle. This suggested that capillary regres-
sion in the STZ group observed in this study did depend on 
an alteration in TSP-1, but not VEGF, protein expression.

It has been reported that elevated shear stress associated 
with an increase in blood flow promotes the expression of 
eNOS [33, 34, 66], which enhances endothelial cell prolif-
eration [67]. In addition, prazosin, which increases tissue 
blood flow, induces angiogenesis in skeletal muscle via shear 
stress-dependent eNOS expression [35]. Thus, an increase in 
blood flow appears to be a strong modulator of eNOS con-
centration. An up-regulation of eNOS expression enhanced 
VEGF expression and the resultant capillary growth [39]. 
Moreover, it has been reported that the increased blood 
flow-induced eNOS and VEGF expression improved struc-
tural alterations of the microvasculature of unloaded muscle 
[21]. Accordingly, these results suggest that an increase in 
blood flow is a crucial factor for angiogenesis through the 
enhancement of eNOS and VEGF-related signaling. On the 
other hand, it has been shown that  CO2 therapy promotes 
blood flow in subcutaneous tissue and, additionally, upregu-
lates the expression of eNOS and VEGF in ischemic rodent 
muscles [31, 42]. In the present study, an increase in blood 
flow was observed by transcutaneous  CO2 application, as 
shown in experiment 1. Also, the application of transcutane-
ous  CO2 to hyperglycemic rats promoted eNOS and VEGF 
expression and improved the abnormality of the microvas-
culature caused by STZ-induced diabetes. Therefore, these 
results suggest that the increase in blood flow caused by 

transcutaneous  CO2 enhanced eNOS and VEGF-related 
signaling, which contributed to protection of muscle capil-
lary regression in hyperglycemic rats.

MDM-2 has been known as a major negative regulator of 
p53 and plays a major role in angiogenesis in tumors [68]. 
Notably, a recent study reported that MDM-2 contributes 
to capillary growth and regression in skeletal muscle tissue 
as well [45]. It has been reported that increased MDM-2 
expression by exercise induces angiogenesis in the skeletal 
muscle of Zucker diabetic fatty rats [45]. The report also 
demonstrated that reduced MDM-2 expression in skeletal 
muscle results in an increase in TSP-1 expression and lower 
levels of angiogenesis independent of p53. Additionally, 
prazosin-induced increase in blood flow was associated with 
expression of MDM-2 [23], but downregulation of TSP-1 
expression in endothelial cell in vivo studies [46]. From 
these studies, it can be concluded that elevated blood flow 
could regulate muscle angiogenesis via modulating MDM-
2- and TSP-1-related signaling. In the present study, STZ-
induced diabetes decreased the expression of MDM-2 and 
increased the expression of TSP-1. Therefore, these results 
suggested that a decrease in MDM-2 in STZ-induced diabe-
tes could be associated with capillary regression induced by 
overexpression of TSP-1. On the other hand, transcutaneous 
 CO2 improved the alterations in MDM-2 and TSP-1 expres-
sion in hyperglycemic muscle. These results suggest that 
blood flow elevated by transcutaneous  CO2 could increase 
not only eNOS expression but also MDM-2 expression, 
which suppresses the upregulation of TSP-1 and resultant 
capillary regression observed in hyperglycemic muscle.

However, application of transcutaneous  CO2 to control 
rats failed to increase the expression levels of eNOS and 
VEGF in experimental 2, even though led to an increase in 
the blood flow in the experiment 1. In the previous study, it 
has been shown that shear stress was increased in muscle of 
normal rats after acute electrically muscle stimulation but 
not after chronic stimulation [69]. It has also been reviewed 
that shear stress in capillary had returned to control value 
level after chronic stimulation, since there were many more 
pre-capillary arterioles distributing flow through a capillary 
bed that had increased in size [70]. It has also been reviewed 
that after chronic stimulation, shear stress in capillary had 
returned to control values since there were many more pre-
capillary arterioles distributing flow through a capillary bed 
that had increased in size [71]. In this study, an increase in 
blood flow of skeletal muscle was observed as an acute effect 
of transcutaneous  CO2. On the other hand, the chronic treat-
ment in experiment 2 demonstrated that the application of 
transcutaneous  CO2 had already increased capillary luminal 
diameter and volume. Together these results suggested that 
an increase in eNOS and VEGF expression levels might be 
occurred in the early stage of the  CO2 treatment, resulting in 
an increased capillary luminal diameter and volume in the 

Fig. 2  A representative confocal laser-scanning microscopy image 
of the 3D capillary architecture in the soleus muscle in the CON (a), 
 CO2 (b), STZ (c), and STZ + CO2 (d) groups. Scale bar = 100  μm. 
Mean capillary luminal diameters (e) and volumes (f) in the soleus 
muscles in each group. Values are presented as mean ± SEM. * and 
† indicates significantly different from CON with same intervention 
and  CO2 (−) vs.  CO2 (+), respectively, at p < 0.05. Frequency distri-
butions of capillary luminal diameters and capillary volumes for the 
CON (g, k),  CO2 (h, l), STZ (i, m), and STZ + CO2 (j, n) groups are 
displayed. Arrows indicate the medians of capillary luminal diameters 
and volume

◂
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 CO2 group, but not at a point after 8 weeks of the treatment 
in the present study.

This study demonstrates a novel effect of transcutaneous 
 CO2 on capillary abnormalities in STZ-induced hypergly-
cemia, as shown by improvement in the number and archi-
tecture of capillaries in skeletal muscle. The underlying 
mechanisms could involve eNOS and VEGF expression as 
well as MDM-2 and TSP-1-related signaling, which could be 
induced by the increase in blood flow brought about by  CO2 
application. The positive effects of transcutaneous  CO2 on 
blood flow and the capillaries result in enhanced supply of 
oxygen and nutrition to the skeletal muscles and most likely 
improve exercise endurance capacity, as a reduction in the 
density/quality of the capillary network leads to exercise 
intolerance.
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