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Fig. 4. Endothelium-dependent relaxation response to
acetylcholine (A) and endothelium-independent relaxation
response to sodium nitroprusside (B) in isolated aortic rings
of sinoaortic-denervated rats (SAD) and sham-operated rats
(Sham). Data are expressed as the percent relaxation of con-
traction evoked by norepinephrine (100 nmol/l) and shown
as the mean®SEM (n=5-7 for each group). * p<<0.05 vs.
sham-operated rats for maximum relaxation.

significantly reduced in the SAD group compared with the
values in the sham-operated group (Fig. 4A, Table 2). On the
other hand, endothelium-independent relaxation in response
to sodium nitroprusside was not significantly different be-
tween the SAD group and sham-operated group (Fig. 4B).
As shown in Table 2, the maximum relaxation response to
sodium nitroprusside was identical in the two groups. Sensi-
tivity to sodium nitroprusside tended to be slightly impaired
in the SAD group; however, this difference was not statisti-
cally significant (Table 2).

To analyze endothelial NO release from isolated endothe-
lium-preserved aortic rings, the nitrite/nitrate concentration
was measured in a balanced salt solution containing acetyl-
choline (1 pmol/l) 4 weeks after SAD or sham operation. As
shown in Fig. 5, acetylcholine-induced NO production by
aortic rings was significantly reduced in the SAD group at 60
min after stimulation compared with that in the sham-operat-
ed group.

To investigate the effects of SAD on neointimal forma-
tion, SAD (or sham operation) and balloon injury were per-
formed simultaneously, and then the injured carotid arteries
were isolated 2 weeks after the procedures. Representative
photomicrographs are shown in Fig. 6A and B. The neointi-
mal area and neointimal-to-medial area ratio were signifi-
cantly increased in the SAD group compared with those in
the sham-operated group (Fig. 7A, C), while no significant
difference was observed in medial area between the two
groups (Fig. 7B). To evaluate cell-proliferating activity in vi-
vo, immunochistochemical staining using anti-PCNA anti-
body was performed (Fig. 6C, D). The percentage of PCNA-
positive cells in the neointima was significantly increased in
the SAD group compared with that in the sham-operated
'group (SAD group, 11.8221.0%; sham-operated group,
8.241.0%; n=6, p<0.05).
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Fig. 5. Acetylcholine (1 pmol/l)-induced NO production by
isolated aortic rings derived from sinoaortic-denervated rats
(SAD) and sham-operated rats (Sham). Each bar represents
the mean*SEM (n=5-7 for each group).

Discussion

SAD was previously reported to cause neurogenic hyperten-
sion (9). However, in that study, blood pressure was mea-
sured indirectly in restrained rats, and hypertension may
have been attributable to the acute response to restraint
rather than the effect of SAD. Several recent studies have re-
ported an absence of sustained hypertension in SAD animals
using direct measurement over a long period (10, 11). These
reports concluded that SAD induces a marked increase in
blood pressure lability without affecting the average blood
pressure level. Consistent with these: findings, our data
demonstrated that blood pressure lability (standard deviation
of MAP) was significantly increased without elevation of av-
erage MAP in SAD rats from the initial phase (days 1-3) to
the chronic phase (4 weeks after SAD). Therefore, we con-
sidered that SAD rats are appropriate as an animal model of
blood pressure lability to evaluate the effects of blood pres-
sure lability on the vascular wall in vivo.

Recent studies have shown that endothelium-derived NO
is not only a potent vasorelaxing factor, but that it also exerts
an antiatherogenic action by inhibiting the migration and
proliferation of vascular smooth muscle cells (I8, 19),
monocyte adhesion to the endothelium (20), and platelet ag-
gregation (27, 22). In addition, endothelial dysfunction has
been considered to be an important process in the early stage
of atherosclerosis (23). Therefore, it is of critical importance
to investigate whether endothelial dysfunction is present in
this animal model of blood pressure lability. In the present
study, the endothelium-dependent relaxing response of iso-
lated aortic rings from SAD rats was significantly decreased
compared with that in sham-operated control rats, whereas
the endothelium-independent relaxation responses by sodium
nitroprusside were comparable between the two groups. Al-
though similar results were reported recently (24), the mech-
anisms underlying impaired endothelium-dependent vaso-
motor function in SAD rats have not been elucidated. To
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Tig. 6. Representative histological sections of common carotid arteries 14 days after balloon injury from a sham-operated rat
(A, C) and a sinoaortic-denervated rat (SAD)-(B, D). Elastica van Gieson staining (A, B) and immunohistochemical staining us-
ing anti-proliferating cell nuclear antigen (C, D). The arrow indicaies the internal elastic lamina and the arrowhead indicates

the luminal margin. Magnification, X 100 (A, B) and X400 (C, D).
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Fig. 7. A and B show cross-sectional areas of the neointima and media, respectively, of carotid arteries 14 days after balloon
injury from sinoaortic-denervated rats (SAD) and sham-operated rats (Sham). C shows the neointimal-to-medial area ratio of
carotid arteries from the same two groups. Each bar represents the meanL SEM (n=06 for each group).

clarify this point, we also evaluated NO production from iso-
lated aortas. Acetylcholine-induced NO release from en-
dothelium-preserved aortic rings was also significantly de-
creased in SAD rats. Since NO release is not stimulated by
acetylcholine in endothelium-deprived aortic rings (25), en-
dothelial NO production is considered to be reduced in SAD
rats. Other possible mechanisms of impairment of endothe-
lial function in SAD rats should be examined. As is the case
with endothelial dysfunction in animal models of hyperten-
sion (26, 27), several mechanisms can be hypothesized, such
as augmented endothelium-derived constricting factor, in-
creased NO inactivation (augmented superoxide production),
and desensitization of vascular smooth muscle to endotheli-

um-derived vasorelaxing factor. In fact, mechanical stretch
stimulates superoxide production in cultured vascular en-
dothelial cells (28). To address these issues, further investi-
gation is needed, including the measurement and blockade of
superoxide and endothelium-derived constricting factor in
SAD rats. However, taking these results together, we can
conclude that SAD itself causes endothelial dysfunction in
rats, at least in part by inhibiting endothelial NO production.

In the second set of experiments, we examined whether
SAD affects the vascular structural change induced by bal-
loon injury. Neointimal formation after balloon injury was
significantly enhanced in SAD rats compared with that in
sham-operated rats. It has been reported that atherosclerotic



plaque in the aorta induced by both high cholesterol diet and
endothelial denudation is significantly enhanced in SAD rats
(29). However, the underlying mechanisms could not be elu-
cidated in this previous study. Neointimal formation is
known to be attributable to medial smooth muscle cell mi-
gration and proliferation and accumulation of extracellular
matrix (15, 30). PCNA-positive cells in the neointima, as a
marker of cell proliferation, were significantly increased in
the SAD group compared with those in the sham-operated
group. This finding indicates that the proliferation of smooth
muscle cells stimulated by balloon injury was increased in
the SAD group. Since NO has an inhibitory action on
smooth muscle cell migration and proliferation (18, 19), de-
creased NO production by regenerated endothelial cells after
vascular injury in SAD rats may be involved in the mecha-
nism. Unfortunately, the time courses were different between
the first and the second part of the experiments, and we have
no direct evidence to clarify this point in this study. Alterna-
tively, there may be another mechanism. Blood pressure la-
bility might directly influence smooth muscle cells by modu-
lating the growth or production of growth factors such as
transforming growth factor- and platelet-derived growth
factor. These growth factors play important roles in balloon
injury-induced neointimal formation (3/-34) and are in-
duced by mechanical stretch in cultured vascular smooth
muscle cells (35, 36). Therefore, it would be interesting to
study the production of these growth factors by vascular
smooth muscle cells in SAD rats in the future.

It has been reported that SAD does not affect the resting
plasma concentrations of neurohumoral factors such as nor-
epinephrine (37), epinephrine (37), renin activity (37, 38),
and arginine vasopressin (38). However, since local secre-
tion of these factors or the involvement of other neurchu-
moral factors is not known, a possibility may still remain
that a change in neurohumoral factors after SAD affects the
disturbance of endothelial function and enhanced neointimal
formation.

Recent studies have focused on the clinical significance of
blood pressure variability. It has been shown that blood pres-
sure variability has several patterns according to the cycle
length. Among these patterns, the circadian rhythm, which
has a cycle length of approximately 24 h, has been shown to
have clinical value (4, 39, 40). Similarly, previous studies (7,
8, 41) from our and other groups have sought to clarify the
significance of short-term blood pressure variability, which
is modulated by the arterial baroreflex. These studies have
shown that increased short-term blood pressure variability
(blood pressure lability) is associated with hypertensive tar-
get organ damage (7, 8), cognitive function (41), and cardio-
vascular events ‘(our unpublished dbservations). However,
these clinical data showed only an association and could not
establish a cause-and-effect relation. Recently, it has been re-
ported that SAD rats show aortic hypertrophy (24, 42), vaso-
motor dysfunction (24), and cardiac hypertrophy (43, 44)
without an increase in MAP, suggesting the possibility that
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an increase in short-term blood pressure variability may be
the cause of cardiovascular damage rather than its conse-
quence. Our present results provide additional experimental
evidence in support of this hypothesis. In this context, it
might be presumed that short-term blood pressure variability
should be taken into consideration in the treatment of hyper-
tensive patients, and particularly in the treatment of elderly
hypertensive patients, in order to prevent target organ dam-
age.

In summary, the present study demonstrated that SAD re-
duced endothelium-dependent vasorelaxation and enhanced
neointimal formation after balloon injury. These results sug-
gest that increased blood pressure lability, independently of
average blood pressure level, may contribute to atherogene-
sis.
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Background: It is known that the process of arteriosclerosis is affected by sex and estro-
gen. The present study was thus undertaken to examine the effects of these factors on arte-
rial calcification, a form of arteriosclerosis, using a rat model of vitamin D toxicity.

Methods and results: Vehicle or 5 pg/kg per day 1a(OH)D; was given to male and
female 30-week-old Fisher rats for 2 weeks. Arterial calcification, evaluated by calcium
content in the aorta, was 70% more marked in male rats compared to that in female rats,
whereas calcium content in the aorta was similar in vehicle-treated male and female rats.
Next, the effects of ovariectomy and estrogen replacement (estradiol dipropionate 20 ug/kg
per week) were examined in female rats given S ug/kg per day 10(OH)D; for 2 weeks. Cal-
cium content in the aorta was significantly higher in ovariectomized rats than in sham-
operated rats and in ovariectomized and estrogen-replaced rats. No difference between the
groups was seen when vehicle was given to the animals.

Conclusions: These results suggest that sex and estrogen can modify the process of arte-
rial calcification. The mechanisms remain to be determined, although the effects were

independent of serum calcium level.

Keywords: artery, estradiol, gender, histo(patho)logy, hormones, smooth muscle.

Introduction

Arterial calcification is an important manifestation of
arteriosclerosis that reflects advanced atheromatous
disease'” and predicts coronary events.® Arterial calcifi-
cation independent of atherosclerosis can be induced in
experimental animals by vitamin D toxicity although
calcification is confined to the media and resembles the
pattern seen in Monckeberg’s syndrome.*® This type of
arterial calcification is frequently seen in dialysis
patients with chronic renal failure®” and in the legs of
diabetic patients,®® and is associated with cardiovascular
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disease.”” Thus, vitamin D toxicity-induced arterial cal-
cification is considered not only an animal model but
also a useful tool to explore the pathogenesis of arterial
calcification in humans.

A number of epidemiological studies have shown
that the prevalence of cardiovascular disease is lower in
premenopausal women than in men of the same age
but increases after menopause.!®! According to obser-
vational studies, estrogen replacement protects post-
menopausal women from coronary heart disease,*!
although the cardioprotective effects of estrogen plus
progestin replacement have not been found in random-
ized controlled studies.'®'® The sex difference and ben-
efit of estrogen in coronary heart disease are largely
attributable to the impact on atherosclerosis through
various mechanisms such as lipid metabolism and vas-
cular function.'®'* Regarding arterial calcification, a
lower prevalence in women's¢ and inhibition by estro-
gen replacement'”"® are also reported in observational
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studies. These findings may result from the difference in
atherosclerotic plaque burden, but suggest a possible
role of sex and estrogen in the process of arterial calci-
fication. In fact, it is reported that the sex difference in
arterial calcification and the effect of estrogen replace-
ment were independent of atherosclerotic plaque
Size.lé'lg

Thus, in the present study we tested the hypothesis
that female rats would be resistant to arterial calcifica-
tion compared to male rats, and that estrogen would
inhibit arterial calcification in females. For this purpose
we applied a toxic dose of vitamin D and induced arte-
rial calcification in rats.

Methods

Maintenance of animals

Eight-week-old-and 30-week-old male and female
Fisher rats (Nippon Bio-Supply Center, Tokyo, Japan)
were used in the present study. They were kept individ-
ually in stainless steel cages in a room where lighting
was controlled (12 h on, 12 h off) and room tempera-
ture was kept at 22°C. They were given a standard diet
(CE-2; Japan Clea, Tokyo, Japan) and water ad libitum.
The diet contained 1.2% calcium and 1.08% phospho-
rus by weight. All the surgical procedures were per-
formed under continuous ether anesthesia. All of the
experimental protocols were approved by the Animal
Research Committee of the University of Tokyo.

Experimental groups

In the first set of experiments, 8-week-old and 30-week-
old male rats were used and divided into three groups.
Two groups were orally given 5 or 10 pg/kg 1o(OH)D,
(dissolved in 0.5 mL corn oil; supplied by Teijin, Tokyo,
Japan) using a feeding tube daily for 2 weeks. The other
group of rats was orally given corn oil as vehicle for
2 weeks.

Sex difference in arterial calcification was examined
using 30-week-old male and female rats. They were
orally given vehicle or Sug/kg 1o(OH)D;s daily for
2 weeks. To examine the effect of estrogen on arterial
calcification, 8-week-old female rats were randomly
divided into three groups® Two groups of rats were
ovariectomized and the other group received a sham
operation. After a 1 week recovery period, each group
was orally given vehicle or 5 pg/kg 1o{OH)D; daily for
2 weeks. At the same time, one group of ovariectomized
rats received a subcutaneous injection of estradiol
dipropionate (20 pg/kg; Teikoku Hormone, Tokyo,
Japan) suspended in corn oil once a week (OVX + E2
group). The other group of ovariectomized rats (OVX
group) and sham-operated rats (Sham group) received
the same amount of corn oil as vehicle once a week.
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After the experimental period, blood was collected to
measure serum calcium concentration, the rats were
killed by exsanguination, and the aorta was excised from
the root to the iliac bifurcation.

Assay for arterial calcification and serum calcium

The aorta was dissected free from the surrounding
adventitial tissue using a cotton swab, and was then lyo-
philized and weighed. The lyophilized aorta was burnt
in an electric oven (700°C for 24 h), and the ashes were
dissolved in HCL Calcium concentration in these ali-
quots and in the serum was determined with an atomic
absorption spectrometer (Model 180-60; Hitachi,
Tokyo, Japan).?® Calcium content in the aorta was nor-
malized by dry weight and used as a measure of arterial
calcification.

Data analysis

The values in the text, tables and figures are expressed
as mean+ SEM. The data were analyzed using one-
factor ANOVA. If a statistically significant effect was
found, Bonferroni test was performed to isolate the dif-
ference between the groups. P < 0.05 was considered
statistically significant.

Results

Effect of age and dosage of vitamin D

Vehicle or 1a{OH)Ds5 (5 or 10 ug/kg per day) was given
to 8-week-old and 30-week-old male rats for 2 weeks.
Administration of 10a,(OH)D; raised serum calcium con-
centration similarly in the two age groups; 9.8 + 0.5 mg/
dL for vehicle, 12.7 + 0.4 mg/dL at 5 ug/kg per day and
13.0 + 0.4 mg/dL at 10 pg/kg per day in 8-week-old rats
(n=35, P<0.01); 9.5+0.4mg/dL for vehicle, 12.0%
0.5 mg/dL at 5 pg/kg per day and 12.1 £ 0.6 mg/dL at
10 pg/kg per day in 30-week-old rats (n=35, P < 0.01).
There was no significant difference in serum calcium
concentration between 5 and 10pg/kg per day
1a(OH)D; and between 8-week-old and 30-week-old
rats. Calcium content in the aorta was increased by vita-
min 1o(OH)D; administration in a dose-dependent
manner (Fig. 1). Interestingly, arterial calcification was
exaggerated in 30-week-old male rats compared to 8-
week-old-male rats at 5 ug/kg per day 1o(OH)D; but
notat 10 pug/kg per day and with vehicle, suggesting that
age affects arterial calcification depending on the exper-
imental conditions. In these series of experiments, his-
tological examination (hematoxylin and eosin staining
and von Kossa staining) confirmed that calcification was
confined to the media as previously reported*® (data not
shown).
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Figure 1 Influence of age and vitamin D dosage on arterial
calcification in male rats.Vehicle or 1a(OH)D; (5 or 10 pg/kg/
per ay) was given to 8-week-old and 30-week-old male rats for
2 weeks. Calcium content in the aorta was then measured and
normalized by dry weight. *P < 0.01 vs corn oil, 5P < 0.01 s

corn oil and S pg/kg per day 10(OH)D;. n= 5 for each group.

Sex difference and effects of estrogen

Sex difference was examined in male and female 30-
week-old rats. The rats were given vehicle or S pg/kg
per day 1a(OH)D; for 2 weeks. Serum estradiol con-
centration was 38+ 7 pmol/L. for vehicle and 35+
6 pmol/l. for 1o(OH)D; in male rats, and 128+
31 pmol/LL  for vehicle and 120+ 35 pmol/L. for
1a(OH)Ds in female rats (P<0.05 vs male). Serum
calcium concentration was not different between male
and female rats although 1o(OH)D; raised serum cal-
clum concentration significantly in each sex;
9.8 +0.2 mg/dL for vehicle and 13.2+ 0.2 mg/dL. for
1o(OH)D; in male rats (P<0.01); 10.3+0.1 mg/dL
for vehicle and 14.4+0.3 mg/dL. forla(OH)D; in
female rats (P < 0.01). Calcium content in the aorta in
vitamin D-treated rats was 70% higher in male than

in female rats, whereas they were similar in vehicle- .

treated male and female rats (Fig. 2).

To further examine the sex-related effects on arterial
calcification, ovariectomy and estrogen replacement
were performed in female rats. In this set of experi-
ments, younger 8-week-old rats were given vehicle or
5 pg/kg per day 1ofOH)D; for 2 weeks. Neither ovariec-
tomy nor ovariectomy plus estrogen replacement influ-
enced the serum calcium level (Table 1). However,
arterial calcification in response to vitamin D toxicity
was significantly exaggerated in OVX compared to

Sham and OVX +E2 (Fig. 3). No difference between

the groups was seen when vehicle corn oil was given to

- ———~-the-animals- -—— -~ —--oe v o

-—-—-response-to—vitamin—P-was-exaggerated—in—male—rats

100 7
P<0.01
% % Male 80 1
g % D Female
£ g 60
£5
[+ =)
£ 40
E 5 10
8= 08
5}
o 0.6 20
0.4
0.2
0 L E L

Corn oil

10(OH)Dg

Figure 2 Sex difference in vitamin D toxicity-induced
arterial calcification in rats.Vehicle or 5 pg/kg per day
1a(OH)D; was given to 30-week-old male and female rats for
2 weeks. Calcium content in the aorta was then measured and
normalized by dry weight. »= 8 for corn oil and n= 13 for
1a(OH)D, treatment.

Discussion

Vitamin D toxicity-induced calcification is seen in var-
ious organs including artery, trachea, lung, kidney and
intestine,** indicating that calcification is a systemic
occurrence. The site of vitamin D-induced arterial cal-
cification, however, is restricted to the medial layer.®®
This is different from atheromatous intimal calcification
in terms of localization but clinically important as well,
particularly in patients with end-stage renal disease®’
and in diabetic patients®’ A few factors are known
to affect vitamin D-induced arterial calcification:
bisphosphonates® and osteoprotegerin® both inhibit
arterial calcification and bone resorption. In the present
study we demonstrated that sex and estrogen influenced
vitamin D-induced arterial calcification in rats.

In the first set of experiments we applied different
doses of vitamin 10(OH)Dj; in two age groups of male
rats. The degree of arterial calcification was dependent
on the dose of vitamin D, and was higher in 30-week-
old rats than in 8-week-old rats when 5 ug/kg per day
1a(OH)D; was administered. This is consistent with the
decreased regression of arterial calcification in 30-week-
old rats compared to 8~week-old rats (our preliminary
results; data not shown); calcium content in the aorta
was measured after 2 week administration of 10 pg/kg
per day 1e(OH)Dj; and a 3 week washout period. These
results suggest an effect of age or aging on arterial cal-
cification, but are too preliminary to form a conclusion
on the issue of age. Older and younger age groups
should be added in the analysis.

Based on the previous experiment, sex difference was
examined using S pg/kg per day 1a{OH)D; and 30-
week-old male and female rats. Arterial calcification in
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Table 1 Serum calcium concentration in sham, OVX and OVX + E2 female

rats
Treatment group Serum calcium Estradiol
(mg/dL) {pmol/L)
Sham Comn oil 10.8+£0.2 129+ 30
1a(OH)Ds 14.2 £0.3* 124 £33
OVX Corn oil 10.7£0.1 40 + 68
1o(OH)Ds 14.8 £0.3* 37+ 78
OVX +E2 Cormn oil 10.9£0.2 95+15
1o(OH)Ds 14.8 £ 0.2% 90420

Sham, sham-operated; OVX, ovariectomized; OVX + E2, OVX + estradiol-replaced.
Values are expressed as mean + SEM. *P < 0.01 vs corn oil; 5P < 0.05 vs Sham.
n =8 for corn oil and n=2 for '*(OH)D, treatment.

P<0.05 P<0.05
[ P

(]
1

D Sham
B ovx
2 OVX+E2

Calcium content in aorta
(ug/mg dry weight)

Corn oil

16(OH)Dg

Figure 3 Effects of ovariectomy and estrogen replacement
in vitamin D toxicity-induced arterial calcification in female
rats.Vehicle or 5 pg/kg per day 1a(OH)D; was given to 8-
week~old sham-operated (Sham), ovariectomized (OVX), and
OVX + estradiol-replaced (OVX + E2) female rats for 2
weeks. Calcium content in the aorta was then measured and
normalized by dry weight. n=8 for corn cil and n =12

for 1a(OH)D; treatment.

compared to female rats with similar serum calcium
level and baseline calcium content in the aorta. Because
estrogen plays an important role in sex difference and
atherogenesis,’®*''* the effects of ovariectomy and
estrogen replacement were examined. Younger 8-week-
old female rats were used in the present experiment.
Accordingly, the calcification response to S ug/kg per
day vitamin D was smaller than that in 30-week-old
female rats. Estrogen status does not account for this
phenomenon because serum estradiol level was compa-
rable in 8-week-old and 30-week-old female rats. Ova-
riectomy increased and estrogen replacement reversed
arterial calcification. Conversely, ovariectomy reduced
serum estradiol concentration to the level of that in
male rats, and estrogen replacement raised it to the level
of that in control female rats. Serum calcium level was
not influenced by ovariectomy or estrogen replacement.

Our results concerning sex difference and the effect
of estrogen on arterial calcification fit with the clinical
observations that the prevalence and degree of coronary
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calcium detected by ultrafast computed tomography
were greater in men than in women,!3 and that the
prevalence of coronary calcification in postmenopausal
women was lower in estrogen users than in non-
users.'”® The underlying mechanisms, however, remain
unknown. In the present study we could show only that
serum calcium level was not related to the sex difference
or estrogen effect on arterial calcification. The effects
were independent of atherosclerosis because 2 week
administration of vitamin D did not induce any athero-
sclerotic change in the artery (data not shown). Because
vascular smooth muscle cells play a role in
calcification?®® and estrogen acts on vascular smooth
muscle cells,'**® the inhibition of calcification by estro-
gen might be through the effects on vascular smooth
muscle cells. The contribution of androgen to the sex
difference was not examined in the present study.
Because estrogen explains a large part of the sex differ-
ence in atherosclerosis,'®??* estrogen may be more
important than androgen in the sex difference in arterial
calcification by analogy. The effects of gonadectomy and
testosterone replacement should be examined to deter-
mine the exact role of androgen.

Recent studies have demonstrated that common fac-
tors regulate bone metabolism and vascular calcifica-
tion,??® as is the case with estrogen; estrogen inhibits
bone resorption® and arterial calcification (our present
results). In mice deficient in osteoprotegerin,” matrix Gla
protein® and klotho,?” both arterial calcification and
abnormal bone metabolism such as osteoporosis devel-
oped. Of these factors, osteoprotegerin is reported to be
regulated by estrogen.?** Serum level of osteoprotegerin
correlated with endogenous estrogen level”® and was
increased by estrogen replacement® in men. In addition,
estradiol stimulates the expression of osteoprotegerin in
a mouse stromal cell line via estrogen receptor-o.*’
Therefore, osteoprotegerin is one of the candidate factors
that mediate the effect of estrogen on arterial calcifica-
tion. Because many factors are involved in arterial cal~
cification,??® extensive examination of these factors one



Estrogen and arterjal calcification

by one or profiling gene expression using cDNA arrays
is necessary to clarify the molecular mechanism respon-
sible for the effect of estrogen on arterial calcification.

In summary, we found that female rats were resistant
to vitamin D-induced arterial calcification, and that
estrogen inhibited arterial calcification in female rats.
Although the mechanism is unclear, our findings add
new information to the understanding of the cardiopro-
tective action of estrogen.
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Abstract

The effect of 17B-estradiol (E2) on the proliferation of cardiac fibroblasts (CFs) remains controversial. This study investigated
which subtype of estrogen receptor (ER), ERa or ERB, mediated the effect of E2 on CF growth by the gain of function analysis
using an adenovirus vector. One hundred nanomoles per liter of E2 attenuated DNA synthesis by up to 10%, and transactivated the
estrogen-responsive element determined by luciferase assay in rat neonatal CFs. We constructed replication-deficient adenoviruses
bearing the coding region of human ERa, ERP, or the dominant-negative form of ERB (designated AXCAERa, AXCAERB, and
AXCADNERp, respectively). When CFs were infected with AXCAERo or AxCAERS at multiplicity of infection of 20 or higher,
DNA synthesis was decreased by 50% in response to E2 and the effect was abolished by co-infection with AXxCADNERS(. Similarly,
transcriptional activity of ER in CFs infected with AxCAER« or AxCAERP was markedly enhanced and co-infection with Ax-

CADNERS abolished the effects. These results suggest that E2 inhibits CF growth and that both ER subtypes mediate the effect
comparably and redundantly.

© 2003 Elsevier Inc. All rights reserved.

Keywords: Cardiac remodeling; Cardiac fibroblast; Hormones: Receptor; Adenovirus

Structural remodeling of the ventricular wall takes of myocardial structure, and in diseased hearts play
place in several cardiac disorders including acute myo- pivotal roles in remodeling [3]. Recent studies have
cardial infarction, cardiomyopathy, and hypertensive shown that the interactions between CFs and cardio-
heart disease. Histopathologically, it is characterized by myocytes are essential for the progression of cardiac
a structural rearrangement of components of the normal remodeling [3]. Thus, it is clinically important to inhibit
chamber wall that involves cardiomyocyte hypertrophy, CF growth in the process of cardiac remodeling,
proliferation of cardiac fibroblast (CFs), fibrosis, and From several epidemiological studies, estrogen (E2) is
cell death [1]. In the adult heart, CFs substantially thought to have a protective effect against left ventric-
constitute the non-myocyte cells [2] and contribute to ular hypertrophy which is an important cardiovascular
cardiac remodeling by undergoing proliferation, depos- risk factor for morbidity and mortality [4-6]. Pre-
iting extracellular matrix proteins which are mainly menopausal women have a lower prevalence of left
produced by CFs in the myocardium, and eventually ventricular hypertrophy than their age-matched male
replacing myocytes with fibrotic scar tissue. CFs also counterparts [4]. Left ventricular mass is significantly
produce matrix metalloproteinases, growth factors, and greater in men than in women even after indexing for
cytokines, all of which are involved in the maintenance body surface area [5,6]. Experimental studies have

shown cardioprotective roles of E2 [7-10], however, the

* Corresponding author. Fax: +81-3-5800-6530. direct effect of E2 on cardiac cell growth remains to be

E-mail address: youchi-tky@uminzcjp (Y. Ouchi). determined. Previous studies have demonstrated that the
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exogenous administration of E2 either decreased 71,
increased [11], or had no effect on DNA synthesis in
cultured CFs [12,13].

Most biological effects of B2 are mediated by the es-
trogen receptor (ER). ER has two subtypes, classical ER
and newly identified ER B [14]. Tt is reported that both ER
subtypes are expressed in CFs [13,15]. However, little is
known about the involvement of ER in CF growth, al-
though many transcriptional factors including nuclear
receptors regulate the functions of CFs in the process of
cardiac remodeling [3]. There is only one report showing
that the inhibitory effect of E2 on CF growth is inde-
pendent of ER [16]. Adenovirus-mediated gene transfer is
a useful tool to clarify the precise role of a specific gene.
We constructed replication-deficient adenovirus vectors
carrying ERo, ERP or dominant-negative form of ERB.
In this study, to determine the effect of E2 on CF growth
and which ER subtype plays a pivotal role in the cell
growth, we evaluated DNA synthesis in CFs overex-
pressing each ER subtype using adenovirus vector. Here
we show that E2 attenuated DNA synthesis by up to 10%
in rat neonatal CFs and that adenovirus-mediated over-
expression of either of the ER subtypes in CFs augmented
growth inhibition in a ligand-dependent manner.

Methods

Cell culture. Rat CFs were harvested from the heart of Wistar
neonatal rats at birth, as previously reported by Zang et al. [17] Briefly,
the hearts were removed from neonatal rats and minced with scissors
until very small pieces were produced. The peilet of minced tissue was
then resuspended in 1% collagenase and incubated at 37°C for 2h.
Next, the tissue was resuspended in 0.25% trypsin and incubated at
37°C for 2h. The digested tissue was resuspended in Dulbecco’s
modified Eagle’s medium (DMEM; Nikken Bio Medical Laboratory,
Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS) (In-
tergen, Purchase, NY), 25mM Hepes (pH 7.4), pemicillin (100 Ulmt),
and streptomycin (100 pg/ml) at 37°C in a humidified atmosphere of
95% air and 5% CO,. Twenty-four hours later, the medium was aspi-
rated and the fresh medium was added, CFs at 6-9 passages were used
in the experiments. At the time of experiments, we used dextran-coated
charcoal-stripped FBS (DCC-FBS) and phenol-red-free M 199 medium
to avoid contamination with steroids or estrogen receptor agonists.

Construction of adenovirus vectors carrying estrogen receptor sub-
types and transfer into CFs. Replication-deficient adenovirus vectors
carrying the CMV-IE enhancer, chicken B-actin promoter, and the
coding region of human ERe, ERB, or dominant-negative form of
ERP, were constructed by use of adenovirus expression vector kit
(Takara Shuzo, Kyoto, Japan) as described before [18} and named
AxCAER0, AxCAERP, and AxCADNERS, respectively. CFs were
exposed to different multiplicities of infection (MOQI) of either Ax-
CAERo, AxCAERP, AxCADNERSB, or a replication-deficient re-
combinant adenovirus carrying the Escherichia coli B-galactosidase
gene (AxCALacZ) for 2h in DMEM with 5% FBS. Then, the cells
were rinsed with phosphate-buffered saline once and used for the
experiments.

RNA isolation, reverse transcription polymerase chain reaction.
Total RNA was prepared from CFs and rat ovary as positive control,
using Isogen (Wako Pure Chemical Industries, Osaka, Japan). Then,
1 g total RNA was reverse transcribed into cDNA and one-twentieth
of the product was amplified for 35 cycles. Negative control reverse

transcription polymerase chain reactions (RT-PCRs) were performed
by omitting reverse transcriptase. The primer pairs used in PCR are:
CTAAGAAGAATAGCCCCGCC (forward, +1126 to +1 145) and
CAGACCAGACCAATCATCAGG (reverse, +1402 to +1382) for rat
ERo (GenBank Accession No. NM_012689), and CGACTGAGCAC
AAGCCCAAATG (forward, +76 to +97) and ACGCCGTAA
TGATACCCAGATG (teverse, +353 to +332) for rat ERP (GenBank
Accession No. AB(12721),

Measurement of [> H Jthymidine incorporation. CFs seeded onto 24-
well tissue culture plates were grown until 70-90% confluent and then
made quiescent by culturing in phenol-red-free M199 medium (Gibco)
for 24h. Then, the cells were stimulated with 5% DCC-FBS in the
presence of water-soluble 17p-estradiol (Sigma-Aldrich, Japan) for
241, followed by pulse-labeling with 1 uCi/ml PH]thymidine for 3h.
[PH]Thymidine incorporated into DNA was determined as previously
described [19].

Number of CFs. CFs were seeded onto six-well multiplates and
cultured until a confluent state was obtained. After infection of CF's
with adenovirus vectors, the medium was replaced with phenol-red-
free M199 to arrest the growth. After 24 h, the medium was replaced
again with phenol-red-free M 199 containing 5% DCC-FBS with E2 or
vehicle. After incubation for 48 h, the cells were trypsinized and sus-
pended. Then the number of cells was determined using a Coulter
Counter (model ZM, Coulter Electronics, Hialeah, FL).

Luciferase assays. CFs were transfected with ERE-TK-Luc re-
porter plasmid and pRL-SV40 control plasmid using FuGENES§
(Rache) for 24h according to the manufacturer’s instructions [20].
Then, CFs were incubated in phenol-red-free M199 medium with 1%
DCC-FBS for 24h and exposed to E2 for additional 24 h. We
measured two kinds of luciferase activity using a dual-luciferase
Teporter assay system (Promega) according to the manufacturer’s
protocol, and the ratio of firefly Iuciferase activity to that of Renilla
luciferase in each sample was used as a measure of normalized
luciferase activity [20].

Western blotting. After infection with adenovirus vector, cells were
incubated with serum-free M199 medium for 245 to detect ER sub-
types. Cells were washed quickly with phosphate-buffered saline twice
and lysed in RIPA buffer (50 mM Tris/HCI, pH 7.5, 150 mM NacCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and protease
inhibitors cocktail; Complete, Mini; Roche). The samples were sepa-
rated on 12% SDS-PAGE, electroblotied onto nitrocellulose mem-
brane, and immunoblotted with anti-ER o polyclonal antibody (FH-184;
Santa Cruz, 1:1000 dilution), anti-ER B monoclonal antibody (CWK-
F12, kindly provided by Dr. Benita §. Katzenellenbogen, thanks and
details are given in Acknowledgements, 1:1000 dilution). Antibody was
detected with a horseradish peroxidase-linked secondary antibody us-
ing an enhanced chemiluminescence system (Amersham Life Science).

Statistical analysis. The dose-response effect of E2 or ER overex-
pression on DNA synthesis in CFs wag analyzed using one-way factor
ANOVA. Ifa statistically significant effect was found, Newman—K euls
test was performed to isolate the difference between the groups. A
value of P < 0.05 was considered statistically significant. All data in
the text and figures are expressed as means + SE.

Results

Endogenous expression of ER subtypes and the effect of
E2 on CF growth

To investigate the endogenous expression of ER in
rat CFs, RT-PCR amplification was performed. Both
rat ERo and ER B were expressed in CFs (Fig. 1A). At
physiological concentrations, E2 inhibited the prolifer-
ation of CFs dose-dependently by up to 10% (Fig. 1B).
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Fig. 1. ER gene expression and the effect of E2 on rat CF proliferation. (A) RT-PCR was performed using the cDNA of rat ovary as a positive
control with (lane 4) or without (lane 5) reverse transcriptase and using the cDNA of rat CFs with (lane 2) or without (lane 3) reverse transcriptase.
Lane 1 shows the molecular weight marker. B) Serum-starved CFs were stimulated with 5% DCC-FBS in the absence or presence of 101000 nmol/L
17B-estradiol for 24 h. PH]Thymidine incorporation into DNA was determined by pulse-labeling for the last 3 h of incubation. Results are shown as
means & SE (# = 3). Similar results were obtained in three independent experiments.

Expression of ER subtype in CFs by adenovirus-mediated
transfer of the ER subtype genes

Expression of the ERa and ERf protein was con-
firmed by Western blot analysis (Fig. 2A). Although
both ER subtypes were detected by RT-PCR, the pro-
tein expression was undetectable in non-transfected
CFs; the bands corresponding to ERa (65 kDa) or ERf
(55kDa) were seen in CFs infected with AxCAER«, or
with AxCAERGp, respectively (Fig. 2A), and also in
MCEF-7 cells or rat ovary which were used as positive
controls (data not shown). The protein expression was
increased by overexpression MOI-dependently. We also
checked the protein level of both ER subtypes in non-
infected cells after the addition of E2. However, E2 did
not induce the protein of either ER subtype in our ex-
perimental conditions (data not shown).

Effect of adenovirus-mediated transfer of the ER subtype
genes on CF growth

When AxCALacZ was introduced into CFs at more
than 60 MOI, DNA synthesis reduced in a MOI-
dependent manner in the absence of E2 (data not
shown). Therefore, we examined DNA synthesis at 60
MOI or less to avoid the influence of adenovirus itself
on DNA synthesis. CFs infected with AxCALacZ
showed no additional decrease in DNA synthesis in
response to E2 (Fig. 2B). In contrast, when CFs were
infected with AxCAERa or AXCAERSp at more than 10
MOI, DNA synthesis was significantly inhibited in a
MOI-dependent manner in response to E2 to grossly
similar extent. To confirm this, the cell number was
counted in the presence or absence of E2, Comparable
to the thymidine incorporation assay, overexpression of
either FRo or ERf enhanced the inhibitory effect of E2
on CF growth (Fig. 2C). Moreover, in CFs infected with
either AxCAFERa or AxCAERJ at 20 MOI, E2

decreased DNA synthesis in a concentration-dependent
manner at 1071-10-%mol/L (Fig. 3). Taking these re-
sults together, the effects of AXCAER« and AxCAERf
seemed comparable. To examine whether the effect of
ER transfer is truly ER subtype dependent, we investi-
gated DNA synthesis in CFs co-infected with
AxCAERa or AxCAERP and AxCAERDNp. The
reduction of DNA synthesis in CFs infected with Ax-
CAFRa or AXCAERP alone at 20 MOI was abolished
by co-infection with AXCAERDNB (Fig. 4).

Transcriptional activity of ERE in CFs infected with ER
genes

We examined the transcriptional activity of ER by
luciferase activity of the ERE reporter plasmid. In non-
infected CFs, 100nmol/I. E2 augmented the luciferase
activity of ERE by approximately 1.3-fold compared to
vehicle (p = 0.02) (Fig. 5). CFs infected with AxCAER«
or AXCAERP at 20 MOI showed a strong increase in
transcriptional activity in the presence of E2; 3.3-fold
increase with AXCAERa and 3.9-fold increase with
AxCAERS( in response to E2. This increase was com-
pletely abolished by co-infection with AXCADNERf.

Discussion

Conflicting results have been reported concerning the
effect of E2 on CF growth. One group demonstrated that
CF growth was not affected by E2 [12]. Two groups
showed that E2 inhibited CF growth [7,13], whereas
another has shown that E2 enhanced CF growth through
mitogen-activated protein kinase-dependent pathway
[11]. Thus, the effect of estrogen on CF growth remained
to be addressed. In this study, E2 inhibited DNA syn-
thesis in CFs by up to 10%, and this inhibition was
augmented by overexpression of either of ER subtypes,
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Fig. 2. Induction of ER protein and inhibition of CF growth by ade-
novirus-mediated transfer of ER genes. (A) CFs were infected without
(lanes 1 and 4), or with 10 and 100 MOI of AXCAER«, (lanes 2 and 3,
respectively) or 10 and 100 MOT of AxCAERS (lanes 5 and 6, re-
spectively). Western blot analysis was performed with 40 pg of protein
per lane by using an anti-ER polyclonal antibody (left panel) or anti-
ERP monoclonal antibody (right panel). CFs seeded onto a 24-well
plate (B) or 6-well plate (C) were exposed to DMEM containing either
AxCAlacZ, AxCAERw, or AXCAERS (1, 10, and 30 MOI B), re-
spectively, from left to right, or 30 MOI (O)) for 2h and serum-de-
prived for 24h. [*H]Thymidine incorporation into DNA (B) was
determined at 24h after the stimulation with 5% DCC-FBS in the
presence or absence of 100 nmol/L E2 and presented as a percentage of
the serum-stimulated control. The left-sided 3 lines indicate non-in-
fected CFs with serum-free medium, 5% DCC-FBS in the absence of
E2, and 5% DCC-FBS in the presence of 100 nmol/L E2, respectively
(B). Cell numbers were counted after 48 h of stimulation with 5%DCC-
FBS in the presence or absence of 100 nmol/L, E? (C). The left-sided
line indicates non-infected CFs before the stimulation. *P < 0.01 vs
CFs without E2. Results are shown as means + SE (n=3) (B,C).
Similar results were obtained in three independent experiments.

indicating that both ER subtypes work to inhibit CF
growth in a redundant fashion.

Both ER subtypes are expressed in cardiac myocytes
and CF as shown by Western blotting [13,15,21], and are
transcriptionally active [15], suggesting that ER sub-
types play a role in cardiac cells. Moreover, it is reported
that the expression of ER subtypes in cardiac cells was
regulated by physiological or pathophysiological stimuli
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Fig. 3. Dose-response effect of E2 on DNA synthesis in CFs overex-
pressing ER subtypes. CFs seeded onto a 24-well plate were exposed to
DMEM containing 10 MOI of AxCAERw (A) or AxCAERB (B) for
2h, and were serum-deprived for 24 h. [PH]Thymidine incorporation
into DNA was determined at 24 h after the stimulation with 5% DCC-
FBS in the absence or presence of the indicated concentrations of F2
and presented as a percentage of CFs without E2. *P < 0,01 vs CF
without E2. Results are shown as means - SE (n = 4). Similar results
were obtained in three independent experiments.

such as E2 [15] and hypoxia [22]. Protein levels of both
ER subtypes were increased in CFs and cardiac myo-
cytes in response to E2 [15]. Under hypoxic condition,
the protein level of ER p but not of ER o was upregulated
while the presence of E2 decreased the level of ERB
protemn in CF's [22]. Modulation of ER subtype expres-
sion by E2 was not confirmed in the present study (data
not shown) presumably because the expression in non-
transfected CFs was too low to detect by Western
blotting. Changes of ER expression in cardiac cells as-
sociated with cardiovascular disease are currently un-
known. However, the gain-of-function analysis implies
the physiological relevance by mimicking the conditions
of the previous reports [13,15,21,22]. Another rationale
in using the overexpression system was to compare the
effects on CF growth between ER subtypes. Because
adenovirus vectors successfully induced ER subtypes to
a similar extent, we could interpret the results clearly.
Several reports have examined the role of ER sub-
types in proliferation using the gene transfer techniques
into cell lines [23-26]. Cheng and Malayer [26] have
reported that overexpression of ER« in an ER-negative
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Fig. 4. The effect of dominant negative ER on ER subtype overex-
pression in CFs. CFs seeded onto a 24-well plate were exposed to
DMEM containing 20 MOI of AXCAER« (A) or AxCAERP (B) and
the indicated MOI of AxCADNER . After infection, CFs were serum-
deprived for 24h. [*H]Thymidine incorporation into DNA was
determined at 24h after the stimulation with 5% DCC-FBS in the
absence or presence of 100nmol/L of E2, and were presented as a
perceniage of CFs infected with AXCAER« alone (A) or AXCAER
alone (B) without E2. Results are shown as means+SE (= 3).
Similar results were obtained in three independent experiments.

rat fibroblast cell line, rat-1, resulted in an estrogen-
dependent small («<10%) but significant increase in cell
proliferation but overexpression of ERp did not affect
proliferation. In contrast, Lazennec et al. [24] have
shown that overexpression of ERo in an ER-negative
human breast cancer cell line, MDA-MB-231, led to a
hormone-dependent inhibition of proliferation, whereas
overexpression of ERP caused a hormone-independent
inhibition. Taken these results together with other re-
ports examining the effect of ER overexpression in non-
CF cells [23-25], the role of ER subtypes in cell prolif-
eration may be different between cell types. This may
also be the case with our results and the results in fi-
broblasts by Cheng and Malayer [26]. We used neonatal
primary cultured CFs that expressed low levels of both
ER subtypes, while Cheng et al. used a cell line derived
from embryo fibroblasts that did not express ER.

10 o
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Fig. 5. The influence of ER overexpression on the promoter activity of
ER responsive enhancer elements in CFs. CFs were infected with
AxCAlacZ, AxCAERw, AXCAERB, or AxCADNER § at the indicated
MOI for 2h, and transfected with the Iuciferase reporter plasmids
containing ERE and the pRIL-SV40 control plasmid. Twenty-four
hours after transfection, the cells were treated with or without 100 nmol/
L E2 for 24 h. Results are shown as means &+ SE (n = 3). Similar results
were obtained in three independent experiments.

The divergent roles of ER subtypes can be explained
by the differential induction of estrogen response genes,
the different interactions with promoter elements in-
cluding AP-1 sites [27] and SP-1 sites [28] in an ERE-
independent manner, or differential recruitment of
transcriptional co-factors. In the present study, how-

-ever, ERa and ERB inhibited CF growth and transac-

tivated the ERE similarly in response to E2. The only
difference between ER subtypes observed in this study
was that overexpression of ERa exerted the effects on
cell growth and transcriptional activity ligand-indepen-
dently (Figs. 2B and 5), although these effects were slight
and might be non-specific. Accordingly, it is suggested
that ERa and ER § mediate the inhibitory effect of E2 on
CF growth in a redundant or compensatory fashion as is
the case with some gene superfamilies [29,30].

Our findings provide a mechanistic insight into the
understanding of how E2 acts in CFs in the process of
cardiac remodeling. Our data imply that the prolifera-
tion of CFs involved in cardiac hypertrophy and fibrosis
can be inhibited by E2 as is shown in clinical and ex-
perimental settings [4-10], and that both ER subtypes
expressed in CFs mediate the inhibitory effects of E2.
Unfortunately, recent clinical trials [31,32] have failed to
show beneficial effects of hormone replacement therapy
on cardiovascular disease. Alternatively, specific ligands
such as selective ER modulators [33] might exert bene-
ficial clinical effects, particularly in combination with the
gene transfer of ER subtypes, to inhibit cardiac re-
modeling. To test this possibility, in vivo experiments
using ER overexpression and selective ER modulators
should be performed in the future.
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Abstract

Objectives and background: Nocturnal apnea and hypoxia are implicated in the pathogenesis of pulmonary and systemic hypertension in
obstructive sleep apnea syndrome (OSAS). We have hypothesized that vasodilating factors including nitric oxide (NO) are affected by

nocturnal apnea and hypoxia in patients with OSAS.

Method: We examined the serum level of NO production in 24 patients with OSAS (mean age 54.2 * 7.9 years) and 24 age-matched
control subjects (53.4 *+ 8.1 years) and tested the effects of oxygen administration on the production of NO in the patients.

Results: The serum level of nitrite/nitrates (NO,), which are stable metabolites of NO, was lower in patients with OSAS.than in control
subjects. Administration of 1-2 /min of oxygen during night increased the patients’ NO; level from 35.6 = 7.3 to 57.8 + 11.6 uM.
Compressed air administration did not affect the NO, level in the patiens.

Conclusion: These results indicate that systemic NO production is impaired in OSAS patients, possibly due to nocturnal hypoxia.

, © 2003 Elsevier B.V. All rights reserved.

Keywords: Nitric oxide, Hypoxia; Obstructive sleep apnea syndrome; Oxygen administration

1. Introduction

Obstructive sleep apnea syndrome (OSAS) is now
recognized as an important sleep disorder, contributing to
excessive daytime sleepiness, cardiovascular dysfunction,
and the impairment of health-related quality of life [1-6].
Hypoxia, hypertension, hypoxic pulmonary vasoconstric-
tion, pulmonary hypertension, and altered cardiovascular
variability are implicated in the subsequent development of
overt cardiovascular diseases, resulting in increased mor-
tality {7,81. However, the mechanisms underlying the causal
relationship between OSAS and cardiovascular diseases
are largely unknown. Nitric oxide (NO) is one of the key
regulators of vascular physiology [9,10]. Abnormalities of
NO productions have been implicated in the pathogenesis of
pulmonary hypertension [11,12]. The concentration of NO
in the exhaled air appears to be reduced in patients with

* Corresponding author. Fax: +81-3-5800-8652.
E-mail address: shinjit-tky @umin.ac.jp (S. Teramoto).
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pulmonary hypertension [13]. Treatment of pulmonary
hypertension with NO inhalation reduces pulmonary
vascular resistance in patients with pulmonary hypertension
[14]. We thus speculated that the production of NO might be
impaired in patients with OSAS.

The aim of the present study was to compare the serum
level of NO production between OSAS and control subjects.
Furthermore, to examine the relationship between NO
production and nocturnal hypoxemia in patients with OSAS,
we examined the effects of oxygen administration on the
production of NO in patients with OSAS.

2. Methods

2.1. Subjects

All patients referred for PSG had daytime fatigue,
sleepiness, and/or snoring. From April 2000 to November
2001, we invited all patients who had been referred for



404 S. Teramoto et al. / Sleep Medicine 4 (2003) 403—407

a diagnostic PSG to participate in this study. Once consent
had been received, patients underwent a diagnostic poly-
somnography (PSG).

Twenty-four patients with OSAS (19 men, 5 women,
mean (*SD) aged 56 = 4 (range 35-66)) and 24 age-
matched controls (20 men; 4 women, mean (* SD) aged
53 * 4 (range 30-68)) were studied. OSAS was defined as
the presence on polysomnography of > 10 obstructive sleep
apneas or hypopneas per hour of sleep in association with a
history of snoring and excessive daytime sleepiness. None
of the subjects consumed alcohol on a regular basis or took
hypnotics, sedatives, analgesics, or medications with known
effects on sleep and ventilation. None of the subjects had
evidence of chronic obstructive pulmonary diseases or other
chronic lung disease. Four of 24 patients with OSAS were
taking calcium channel blockers, compared to three of 24
control subjects. No other antihypertensive medications
were prescribed for the participants in this study. We found
no evidence of cardiovascular disease likely to affect
pulmonary hemodynamics. Current and ex-smokers were
excluded from this study because endothelial function may
be affected by smoking. The demographic data relevant to
the study are shown in Table 1. Because we measured the
serum level of nitrite/nitrate (NO,), we avoided the major
confounding factors of NO, measurements. All participants
avoided foods rich in nitrites/nitrates, such as cured meat,
for a week, and none took drugs known to increase NO,
levels (angitensin-converting enzyme (ACE) inhibitors and
nitroglycerin).

Spirometry was performed using standard techniques
[15] (CHESTAC-5v, Chest Co., Tokyo, Japan). Forced
expiratory maneuvers were performed in triplicate, and the
best effort was analyzed. Measurements were made on

Table 1
Demographic and anthropometric data

OSAS CTRL
Number of subjects 24 24
Male: female 19:5 20:4
Age (years) 542 3.6 532+ 36
Height (cm) 164 = 6 162 =5
Weight (kg) 78 £ 6 15*6
BMI (wt/(ht)?) 290 1.6 28.6 = 1.7
FVC () 2.82 £ 0.26 2.79 £0.22
FEV(D) 242 = 0.12 238 £ 0.11
FEV/EVC (%) 85.8 = 5.6 853+ 5.1
Pa0, (mmHg) 68.2 £ 2.1 702 = 1.8
PaCO, (mmHg) 422+ 13 418+ 12
SBP (mmHg) 138 =438 132 £ 46
DBP (mmHg) 74 £ 24 7322

Data were presented as mean 3 SD.

OSAS, obstructive sleep apnea syndrome; CTRL, control subjects
without OSAS; BMI, body mass index,; FVC forced vital capacity (1);
FBV,, forced expiratory volume in 1s (I); PaO,, arterial pressure of
oxygen; PaCO,, arterial pressure of carbon dioxide; SBP, systolic blood
pressure; DBP, diastolic blood pressure. '

forced vital capacity (FVC) and forced expiratory volume in
1's (FBV;). All testing was performed with the patient in a
seated position. The pulmonary function test data were
expressed as a percentage of predicted normal values.

3. Sleep study

All subjects were admitted for two or more consecutive
nights for polysomnographic study. Polysomnography con-
sisted of 8h of overnight monitoring using a standard
technique [16]. Respiratory effort was measured by respira-
tory inductance plethymography (Respitrace Corp., USA),
and airflow at the nose and mouth was measured with
thermistors. Surface electrodes were applied to obtain an
electroencephalogram (EEG), electrooculogram (EOG),
electrocardiogram, and a record of heart rate. Arterial
oxygen saturation (Sa0,) was recorded with a pulse oxi-
meter (502-P, Criticare System Inc., Centrouis, MO, USA).
A polygraph was used to record data on both the paper of a
6-channel chart recorder (Nihonkoden, Tokyo, Japan) and a
floppy disk via an IBM-compatible personal computer data
acquisition system (NEC 9801, NEC, Tokyo, Japan). In
subjects who slept for less than 6 h, as determined by EEG
and EOG, repeat sleep studies were performed to assess
whether poor sleep led to a missed diagnosis or inaccurate
estimation of disease severity. Apnea was defined as the
cessation of oronasal airflow for more than 10 s. Oxyhemo-
globin desaturation was not a criterion for scoring apneas.
The hypopneas are further defined by flow reduction and 2%
desaturation. Flow reduction was defined as a reduction of
50% or more for atleast 10 sin the oronasal flow in relation to
prevailing values during preceding normal breathing. In this
study, sleep apnea syndrome was determined by apnea +
hypopnea index (AHI) values greater than 10/h. We did not
measure body position or leg movement in the study.

After nocturnal oxygen administration (1-2 /min) via
nasal prong for 1 week, sleep studies were repeated to assess
the effects of oxygen supplement on the severity of noc-
turnal apneas and arterial oxygen desaturation in OSAS
patients. For the control arm of the study, the same group
received nocturnal administration of compressed air via
nasal prong for a week, and the sleep study was repeated to
assess the effects of air administration on the NO, levels,
severity of nocturnal apneas, and arterial oxygen desatu-
ration in these patients. The flow rate of oxygen/air
administration was determined by the nadir SaO,; 2 1/min
of oxygen/air was administered when the nadir Sa0, was
smaller than 80%. Oxygen and air were randomly
administered using a crossover protocol with a 1 week
washout period. '

3.1. Serum nitrite/nitrate measurement

Peripheral blood samples were obtained from the OSAS
patients at 8.00 AM and 8:00 PM, before and after a week of
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oxygen administration. Blood samples were collected in ice-
cooled tubes containing lithinm-heparin. Samples were
deproteinized before analysis with 4% ZnSO,. Serum
nitrite/nitrate (NO,) concentrations were determined using
an analyzer employing the Griess method as previously
described [17]. Data presented in the tables were obtained
by means of addition of the NO; plus NO3 concentrations,
expressed in jLM. In most samples, NO3 accounted for more
than 90% of the total value.

3.2. Statistical analysis

The Mann-Whitney nonparametric test was used to
compare the variables of demographic data and pulmonary
function data in OSAS patients and control subjects. An
analysis of variance with one fixed factor with repeated
measures was used to compare the variables in baseline, air,
and oxygen in the two subject groups. The association
between serum NO, levels and other variables was assessed
separately. The analyses were performed by a software
package using Stat View 4.0 (Abacus Concepts, Inc.,
Berkeley, CA, USA). The data are presented as mean + SD.
p << 0.05.was considered to be statistically significant.

4. Results -

In the current study, all the participants in both the OSAS
group (body mass index (BMI)= 28.8 = 2.0) and the
control group (BMI = 28.4 =+ 3.3) were obese. The control
subjects were matched for age and BMI. spirometric
indices, and variables of arterial blood gas were within
normal range in all subjects. Anthropometric and pulmonary
function data are shown in Table 1. The control subjects
were also matched for parameters of pulmonary function
testing and blood gas analysis. In the OSAS group, all
20 patients had moderate to severe obstructive sleep apnea

Table 2

(obstructive or mixed apneas/hypopneas per hour of sleep
were greater than 10) and the mean AHI was 38.6 = 4.8. No
member of the control group had more than five apneas/
hypopneas per hour (AHI was less than 5) and mean AHI
was 1.8 & 0.8 (Table 2). Although the baseline value of
Sa0; in patients with OSAS was not different from that in
the control subjects, the nadir SaQ, values were consider-
ably lower in OSAS patients than in control subjects
(p < 0.01). While the number of apneas among OSAS
patients was not significantly reduced by oxygen adminis-
tration, the 4% arterial oxygen desaturations from baseline
S5a0, was markedly reduced (Table 2). The nadir SaO, was
improved by the oxygen supplementation but not by air
administration. In control subjects, 1-2 I/min of oxygen
administration did not affect the number of apneas or the
nadir Sa0, (Table 2).

The serum level of NO, in OSAS patients was lower than
that in control subjects (Figure 1) (Table 3). Oxygen
administration significantly increased the serum NO, levels
in every patient, but they did not reach the normal levels of
the control subjects. Air administration had no effect on the
NO, levels in the patients. Oxygen administration did not
affect the serum NO, levels among control subjects
(Table 3).

We examined the relationship between the NO, levels
and the following parameters: AHI, nadir SaO,, systolic
blood pressure, diastolic blood pressure, and arterial
oxygen. There were significant relationships between NO,
levels, nadir SaO,, and the 4% oxygen desaturations
(Table 4). However, AHI and systolic/diastolic blood
pressures were not correlated with NO, levels (Table 4).

5. Discussion

The present study demonstrates that the serum levels of
nitrite/nitrate (NO,), which are stable metabolites of NO,

Effects of the supplementation of oxygen or compressed air on the numbers of apneas and arterial oxygen desaturation in OSAS patients and control subjects

Supplementation OSAS CTRL

Non Air Oxygen Non Air Oxygen
Number of subjects 24 24
AHI (/h) 39, =+ 5% 36 = 6% 36 = 6% 2x1 2%2 2*2
Baseline Sa0, (%) 95 =2 95 =2 96 = 1 95+ 2 97 £ 2 96 = 2
Nadir Sa0O, (%) 70 £ 8* 73 * 4% 90 + 3* 93 £2 95 %2 93+ 1
N of 4% desaturation 264 *+ 5% 246 + 7% 28 & o* . 42 22 3+2

Data were presented as mean * SD.

OSAS, obstructive sleep apnea syndrome; CTRL, control subjects without OSAS; air: 1 -2 ml/min of compressed air was administered during night via

nasal prong in for a week.

Oxygen: | week oxygen administration (12 I/min) during night via nasal prong. AHI, apnea and hypopnea index; baseline Sa0,, stable value of Sa0, at
supine position before sleep (%); nadir SaOs, the lowest value of Sa0, during night (%); N of 4% desaturation, number of 4% of arterial oxygen desarutation

from baseline value of SaO,.
*p < 0.01 compared with the same value of CTRL.

th < 0.01 compared with the same value without oxygen supplementation.
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Fig. 1. Serum NO, levels before sleep in patients with OSAS and in obese controls without OSAS.

were smaller in OSAS patients than in control subjects. It
has recently been reported that the early morning serum
NO,, levels were significantly lower in OSAS subjects than
in control subjects (OSAS == 38.9 uM, control subjects =
63.1 uM) [18]. Schulz and coworkers have reported that
NO, levels were 21.7 uM in OSA patients, compared with
42.6 uM in healthy volunteers and 36.7 pM in control
patients without OSA but with a similar spectrum of
co-morbidity [19]. Our data support these previous
observations.

We report that there is a significant negative correlation
between serum nitrites/nitrates and the following para-
meters: AHI, oxygen desaturation time, and systolic blood
pressure. Examination of the relationship between the NO,
level and AHI, nadir Sa0O,, systolic blood pressure, diastolic
blood pressure, and arterial oxygen desaturation indicates
that the level of NO, is significantly correlated with the
number and amount of oxygen desaturations but not with
AHI and blood pressure. Repeated episodes of nocturnal
hypoxemia may be due to the impaired production of NO.
Comparing the effects of nocturnal oxygen supplementation
on apneas and NO, production in OSAS patients with the
effects of compressed air supplementation revealed that

Table 3
Serum concentration of NO, before and after sleep studies

oxygen (but not air) increased the NO, level but did not
affect the apneas. It is reasonable to assume that repeated
episodes of nocturnal hypoxemia are a mechanism of the
impaired NO production in patients with OSAS. Because
oxygen is a cosubstrate of NO synthase (NOS), OSAS-
related nocturnal desaturations might result in depressed
synthesis of NO.

The current results are at least supported in part by recent
evidence that nasal continuous positive airway pressure
(nCPAP) reverses the suppressed NO in OSAS patients
[18,19]. However, the nCPAP might reverse both apneas
and hypoxemia, there is a possibility that nocturnal apneas
themselves are involved in the impaired NO production.
Because oxygen supplementation increased the NO pro-
duction but did not totally reverse the NO, levels in the
current study, we must consider the possibility that
nocturnal apnea itself, and other factors, may contribute to
endothelium dysfunction in OSAS patients. It has been
demonstrated that NOS inhibitors are elevated in OSAS
patients and thus might also contribute to lowered NO, levels
[20]. The nitrite/nitrate (NO,) levels might be influenced
by a variety of confounding factors, such as arterial
hypertension, cigarette smoking, hypercholesterolemia,

Supplementation OSAS CTRL

Non Air Oxygen Non Air © Oxygen
NO, before sleep (M) 43.7 = 6.2% 4477 = 6.4* 65.8 = 6.4% 79.6 =73 786+ 53 80.6 = 4.3
NO, after sleep (M) 35.6 £ 5.3* 37.6 £ 5.9% 58.8 + 7.3* 72.6 43 75.6 £5.2 732+ 4.1

Data were presented as mean * SD.

Air: 1-2 ml/min of compressed air was administered during night via nasal prong for a week.
Oxygen: | week oxygen administration (1-2 I/min) during night via nasal prong.

# < 0.01 compared with the same value of CTRL.

#1 < 0.01 compared with the same value without air/oxygen supplementation.
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Table 4
Relationships between the serum level of NO, and other variables

P r
AHI (/h) =)
Baseline Sa0, (%) (=)
Nadir Sa0, (%) 0.05 —357
N of 4% desaturation 0.01 —401
Systolic BP (=)
Diastolic BP (=)

BP, blood pressure.

and diabetes mellitus. Thus, we should further determine by
direct comparison the effects of CPAP and O, on the NO,
levels in patients.

1t has been reported, using the measurements of brachial
artery diameter under baseline conditions, during reactive
hyperemia and after sublingual administration of nitro-
glycerin (an endothelium-independent vasodilator), that
patients with OSAS have an impairment of resistance-
vessel endothelium-dependent vasodilation {21]. Although
the reduced levels of NO, were identified in patients
with OSAS, the functional impairment of endothelium-
dependent vasodilators should be further examined. NO,
being one of the mediators, may be involved in the
hemodynamic regulation and long-term vascular remodel-
ing in OSAS patients.

In conclusion, these results indicate that systemic NO
production is impaired in OSAS patients, possibly due to
nocturnal hypoxia.
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