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Abstract
Perinatal hypoxia has been observed to cause more aggressive pulmonary hypertension in human.
Several mediators such as reactive oxygen species (ROS) and substance P are believed to be crucial in the
mechanism of inducing pulmonary hypertension. This study was designed to test whether substance P and
ROS play a role in perinatal hypoxia-exaggerated, monocrotaline (MCT)-induced pulmonary hypertension.
Normoxic Wistar rats (weighing 258 ± 9 g, n = 31) were divided into two groups: control (n = 16) and MCT
(n = 15). Perinatal hypoxia Wistar rats (weighing 260 ± 19 g, n = 49) were divided into six groups: Hypoxia
(n = 8), Hypoxia+MCT (n = 8), Hypoxia+capsaicin (CP)+MCT (n = 7), Hypoxia+MCT+1,3-dimethyl-2thiourea (DMTU) E (n = 10), Hypoxia+MCT+DMTU L (n = 9), and Hypoxia+MCT+ hexa(sulfobutyl)
fullerenes (HSF) (n = 7). Rats in the control group received saline injections. MCT (60 mg/kg, s.c.) was given
three weeks prior to the functional examination. Chronic capsaicin pretreatment was performed to deplete
substance P. Hydroxyl radical scavenger DMTU (500 mg/kg) was intraperitoneally (i.p.) injected early
(DMTUE) or late (DMTUL) after MCT. Antioxidant HSF (10 mg/kg, i.p.) was given once daily for three
weeks following MCT. MCT treatment caused significant increases in pulmonary arterial pressure (Ppa)
and substance P level in lung tissue in normoxic rats. The MCT-induced increase in pulmonary arterial
blood pressure was exaggerated by perinatal hypoxia, but this exaggeration was attenuated by either
capsaicin pretreatment or antioxidant administrations. These results suggest that both ROS and substance
P are involved in perinatal hypoxia-augmented, MCT-induced pulmonary hypertension.
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Introduction

fetal development. This, in turn, irreversibly impairs
physiological functions and increases susceptibility
to disease later in life (2, 3). Many clinical observations support this hypothesis. Smoking during pregnancy is probably the most documented example, and
it is being associated with retardation of fetal growth
(26, 31, 37, 43, 51). Despite the substances con-

Exposure to adverse conditions in utero can
hamper the development of the fetus. It was hypothesized by Barker (2) that diseases of adults are of fetal
and infant origins. It is proposed that alterations to
the fetal environment can potentially interfere with
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tained in a cigarette, another important consequence
of smoking is perinatal hypoxia (9). Perinatal hypoxia
is frequently seen in conditions of preeclampsia and
living in high altitude. It is proved that during preeclampsia, harmful factors released from maternal
circulation predispose to a pathological response in
offspring’s cardiovascular system in later life (23,
54). When living in high altitude, greater increase
in pulmonary arterial pressure (Ppa) is found in the
participants with perinatal hypoxemia than in the
controls of matched for age and gender (42). Similar
results are also obtained in an animal study (6).
Monocrotaline (MCT) is now widely used in
animal studies to induce pulmonary hypertension
(7, 47). It is a pyrrolizidine alkaloid, and can induce
endothelial inflammation in pulmonary vessels hours
after treatment (7, 20, 21, 53); muscularization of
arterioles is then detectable within a week post injection (7, 34), finally ending up with pulmonary hypertension with right ventricular hypertrophy by 21 days
(7, 34). MCT increases Ppa through the mechanism
of pulmonary arterial tree remodeling. Caslin et al.
(6) demonstrated that rats exposed to perinatal hypoxia exhibited an exaggerated response to MCT in
the pulmonary arterial tree (6). However, the underlying mechanisms for the perinatal hypoxia exaggeration of MCT-induced pulmonary hypertension are
still unclear. This study is designed to investigate the
underlying mechanisms.
Reactive oxygen species (ROS) are presumed to
be involved in the cellular mechanism that underlies
the pneumotoxicity caused by MCT (1, 7). Animal
studies have demonstrated that MCT-induced pulmonary hypertension can be prevented or attenuated by
antioxidants (7, 8, 13). Hexa(sulfobutyl)fullerenes
(HSF) are water-soluble polyhydroxylated antioxidants
(55) that scavenge superoxide (55) and hydroxyl radicals (7, 8, 13). Additionally, 1,3-dimethyl-2-thiourea
(DMTU) is a potent diffusing antioxidant with a long
half-life that scavenges hydrogen peroxide and
hydroxyl radicals (10). In our previous study, administration of HSF and DMTU protects the rats from MCT
injury (8). Thus, both antioxidants were used in this
study to evaluate the effects on perinatal hypoxiaexaggerated MCT-induced pulmonary hypertension.
Tachykinins, including neurokinin A and substance P (SP), are a family of peptides that share a
common C-terminal sequence. SP induces proliferation of vascular smooth muscle cells (38). In vitro
studies have demonstrated that SP elevates Ppa in a
dose-dependent manner (48). SP is a vasoactive substance characterized by angiogenesis and is present in
the afferent C-fibers arising from the mammalian
lungs (4, 33). SP-ergic neurotransmission plays a
role in the development of MCT-induced pulmonary
hypertension. An increase in SP levels in lung tissues
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is observed in the MCT-induced pulmonary hypertension (56). In addition, depletion of tachykinins from
afferent C-fibers by capsaicin prevents the development of MCT-induced pulmonary hypertension (8).
These findings indicate a close relationship between
the SP level and the induction of MCT-induced pulmonary hypertension. Accordingly, we explored whether
SP also played a role in MCT-induced pulmonary
hypertension in perinatal hypoxia rats.
The aims of the present study were to test the
following two possibilities: 1. Perinatal hypoxiaexaggerated, MCT-induced pulmonary hypertension
may be closely related to the SP levels of the lung
tissue. 2. The exaggeration of MCT-induced pulmonary
hypertension may be attenuated by antioxidants, namely
DMTU and HSF, by lowering the lung tissue SP level.

Materials and Methods
Animal Preparation
All animal experiments and care were performed
according to the principles and guidelines of the Canadian
Council on Animal Care. The study was approved by
the “Laboratory Animal Care Committee” of the College
of Medicine National Taiwan University. Thirty-one
normoxic male Wistar rats weighing 258 ± 9 g were
divided into two groups: control (n = 16) and MCT
(n = 15). Rats in the control group received saline
injections. Three weeks before the functional study,
when the rats were seven weeks old, MCT (60 mg/kg)
was given subcutaneously. To breed perinatal hypoxia
rats, pregnant Wistar rats were exposed to intermittent
hypoxia by placing them in a decompression chamber
with a barometric pressure of 380 Torr for 17 days,
from the 5th day to the 21st day of pregnancy. They
were exposed to hypoxia from 5 PM to 8 AM each day
(intermittent exposure) and to the air the rest of the
time. Forty-nine infants were born from these pregnant
rats and grew up in normoxic conditions. These perinatal
hypoxia rats (weighing 260 ± 19 g) were divided into
six groups: Hypoxia (n = 8), Hypoxia+MCT (n = 8),
Hypoxia+capsaicin (CP)+MCT (n = 7), Hypoxia+
MCT+DMTU E (n = 10), Hypoxia+MCT+DMTU L
(n = 9), and Hypoxia+MCT+HSF (n = 7). All perinatal
hypoxia rats, except those in the Hypoxia+CP+MCT
group, were treated starting from the age of 7 weeks.
Perinatal hypoxia rats in the Hypoxia and the Hypoxia+
MCT groups were treated in the same manner as the
normoxic rats. For the Hypoxia+CP+MCT group,
capsaicin pretreatment was performed according to
the method of Zhou and Lai (56). Briefly, 6-week-old
animals continuously received three daily subcutaneous
(s.c.) injections of capsaicin; the consecutive daily
doses of capsaicin were 50, 100 and 150 mg/kg. These
doses were the same in terms of the total dosage as
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those employed by Jancso et al. (22) to deplete
tachykinins in adult rats. During the first two days,
the capsaicin injections were administered in small
doses as many as six to eight times per day, with at
least a one-hour interval between any two injections.
Four days after capsaicin pretreatment, the rats were
injected with MCT (60 mg/kg, s.c.). DMTU (500 mg/
kg, i.p.) treatments were carried out on the 3rd, 5th
and 7th days (Hypoxia+MCT+DMTUE), or on the 15th,
17th and 19th days (Hypoxia+MCT+DMTUL) following
MCT. Considering the toxicity and short half-life of
HSF (50), rats in the Hypoxia+MCT+HSF group received
daily injections of HSF (10 mg/kg, i.p.) for three weeks
after MCT treatment.
Functional Study
Change in Ppa was used as the index of pulmonary hypertension. Functional measurement of Ppa
and the sampling of tissues for measurement of SP
were carried out three weeks after the MCT treatment. Rats in both the control and Hypoxia groups
were kept for the same length of time as the MCTtreated animals. On the day of the functional tests,
rats were anesthetized with sodium pentobarbital
(50 mg/kg, i.p.). After surgical insertion of a tracheal
cannula and a right carotid arterial catheter, artificial
ventilation with a respirator at a rate of 60 breaths/
min and a tidal volume of 6-8 ml/kg was applied.
The chest of the anesthetized-ventilated rat was
opened via a midline incision. A 22-G needle filled
with heparinized saline was inserted through the
wall of the right ventricle and advanced into the
pulmonary artery (7, 27). Ppa was measured with a
Statham pressure transducer with its diaphragm
located at the heart level and recorded on a MacLab/
200 System. Mean Ppa was calculated according to
the formula: diastolic pressure + 1/3 pulse pressure.
The systemic mean blood pressure and heart rate were
obtained through the right carotid arterial catheter
connected with a Statham pressure transducer kept at
the heart level and also recorded on the MacLab/200
System. After functional determination, the right
ventricle (RV) was separated from the left ventricle
and septum (LV+S); both portions were weighed, and
the weight ratio, RV/(LV+S), was calculated as the
index of right ventricular hypertrophy. To determine
the SP level, right lung tissues were obtained immediately after Ppa measurement and stored at -70°C.

level. For the assay, a 96-well plate was pre-coated
with mouse monoclonal antibody. Fifty microliters
of SP standard or unknown sample, in duplicate, was
added to each well. In addition, 50 µl of SP tracer (SP
linked to an acetylcholinesterase molecule) and 50 µl
of rabbit antiserum were added to each well. The
plate was incubated at 4°C for 18 h. After washing,
200 µl of Ellman’s reagent, consisting of acetylthiocholine and 5,5’-dithio-bis-(2-nitrobenzoic acid), was
added to each well. Optimum development was obtained by using an orbital shaker equipped with a
large, flat cover to allow the plate to develop in the
dark for 90 min. The plate was then read in a microwell
reader at 412 nm to detect the amount of 5-thio-2-nitrobenzoic acid. SP concentrations in the samples
were determined from the simultaneously obtained
SP concentration standard curve.
Morphometric Examinations
For morphometric evaluations, lung samples were
taken from each group. The left lung was excised
after the functional study and inflated with 4% formaldehyde to maintain 25 cm H 2O pressure for 30 min.
Then, the trachea was tied and the lung lobe was immersed in formaldehyde. Tissue blocks were taken
from the rostral, middle and caudal portions of the
formaldehyde-immersed lung. These blocks were
washed, fixed and vacuum embedded in paraffin. From
each block, at least three nonconsecutive 2-µm sections were cut, stained with hematoxylin and eosin,
and examined by light microscope for the thickness
of pulmonary arteries (< 200 µm in diameter) according to the method of Zhou and Lai (56). The external
diameter was measured as the distance between the
outer edges of the bisected external elastic lamina,
and the average external diameter was obtained from
two perpendicular external diameter measurements.
Thickness of the smooth muscle layer was determined
as the distance from the luminal side of the internal
elastic lamina to the outside of the external lamina by
calculating the average of four measurements made at
equidistant points around the artery. Arterial medial
thickness was expressed as a ratio of thickness to
external diameter (%). The total magnification of
the light microscope was ×400. In each rat, at least 10
arteries were measured, and the resulting measurements were averaged.
Statistical Analysis

Determination of SP by Enzyme Immunoassay (EIA)
SP was first extracted from the thawed frozen
lung tissues using the method of Saria et al. (41). We
subsequently used a commercial EIA kit from Cayman
Chemicals (Ann Arbor, MI, USA) to quantify the SP

Data are presented as means ± SEM. Evaluations of differences in Ppa, weight ratio, body weight
and hemodynamic parameters between normoxia
and perinatal hypoxia rats were carried out by twoway analysis of variance with Scheffe’s method for
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Table 1. Body weight (BW), systemic hemodynamic parameters and weight ratio of the right ventricle to the left
ventricle plus septum [RV/(LV+S)] in rats
BW
(g)

MBP
(mmHg)

HR
(beats/min)

RV/(LV+S)
ratio

Normoxic groups
C (n = 16)
MCT (n = 15)

253 ± 23
272 ± 12

123 ± 4
123 ± 7

403 ± 15
355 ± 15

0.27 ± 0.01
0.51 ± 0.05*

Perinatal hypoxia groups
Hypoxia (n = 8)
Hypoxia+MCT (n = 8)
Hypoxia+CP+MCT (n = 7)
Hypoxia+MCT+DMTUE (n = 10)
Hypoxia+MCT+DMTUL (n = 9)
Hypoxia+MCT+HSF (n =7)

243 ± 20
255 ± 24
294 ± 19
241 ± 20
251 ± 23
242 ± 21

124 ± 12
133 ± 10
110 ± 10
130 ± 9
113 ± 7
118 ± 9

384 ± 26
425 ± 21
373 ± 15
406 ± 10
388 ± 20
404 ± 16

0.34 ± 0.04
0.35 ± 0.02
0.51 ± 0.05*
0.40 ± 0.04
0.32 ± 0.02
0.39 ± 0.04

Values are means ± SE. n, number of rats; MBP, mean blood pressure; HR, heart rate; C, control; MCT, monocrotaline;
Hypoxia, perinatal hypoxic exposure; CP, capsaicin pretreatment; DMTUE, 1,3-dimethyl-2-thiourea (DMTU) injected
on the 3rd, 5th, and 7th days after MCT; DMTUL, DMTU injected on the 15th, 17th and 19th days after MCT. HSF,
hexa(sulfobutyl)fullerenes. *Significant difference (P < 0.05) compared to the respective control group.

Results
No significant difference in body weight (BW)
or in hemodynamic parameters, including mean blood
pressure (MBP) and heart rate (HR), between the
experimental groups was found. The ventricular
mass, the RV/(LV+S) ratio, showed no statistical difference between the control and Hypoxia groups.
MCT administration elevated the right ventricular
mass ratio significantly in normoxia but not in perinatal
hypoxia rats when compared with the respective control groups. For perinatal hypoxia rats, MCT-induced
right ventricular hypertrophy appeared only in rats
receiving capsaicin pretreatment (Table 1).
The effects of MCT on Ppa in normoxia and
perinatal hypoxia rats are summarized in Fig. 1. No
significant difference in Ppa was observed between
the control and Hypoxia groups. MCT administration
significantly increased Ppa in both normoxia and
hypoxia rats compared with their respective control
groups. In addition, the increase in Ppa was larger in
perinatal hypoxia rats than in normoxia rats indicating that the MCT-induced pulmonary hypertension
was exaggerated by perinatal hypoxia exposure (Fig.
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post-hoc testing and estimating differences between
groups. The differences in Ppa, weight ratio, pulmonary arterial medial thickness, and SP level among
groups of MCT-treated perinatal hypoxia rats were
established by one-way analysis of variance. Subsequently, significant differences between any two
groups were established using Newman-Keuls multiple
group comparisons. Differences were regarded as
significant if P < 0.05.

**

NS

*

20

10

0

C

MCT

Hypoxia

Hypoxia
+MCT

Fig. 1. Pulmonary arterial pressure (Ppa) in normoxia and perinatal hypoxia (Hypoxia) rats. C, control; MCT, monocrotaline; Bars indicate 1 SE. MCT administration caused
a significant increase in Ppa in normoxia rats (*P < 0.05)
and in perinatal hypoxia rats (**P < 0.01). A significant difference existed (##P < 0.01) between perinatal
hypoxia and normoxia rats treated with MCT.

1). The Ppa values measured in all groups of perinatal
hypoxia rats are summarized in Fig. 2. Compared
with the Hypoxia group, MCT induced a significant
increase in Ppa that was significantly attenuated by
capsaicin, HSF and DMTU (both DMTU E and
DMTU L).
The levels of SP within lung tissues in all rats
were investigated (Fig. 3). Control and Hypoxia groups
had similar tissue SP levels. MCT induced a significant
increase in the tissue SP level in the control rats, but
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Fig. 2. Pulmonary arterial pressure (Ppa) in six groups of perinatal hypoxia (Hypoxia) rats. MCT, monocrotaline;
CP, capsaicin pretreatment; DMTUE, 1,3-dimethyl-2thiourea (DMTU) was injected on the 3rd, 5th and
7th days after MCT; DMTUL, DMTU was injected on
the 15th, 17th and 19th days after MCT; HSF, hexa
(sulfobutyl)fullerenes. Bars indicate 1 SE. **Significant difference (P < 0.01) compared with the Hypoxia
group. Significant difference compared with the
Hypoxia+MCT group: +P < 0.05 and ++P < 0.01.
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Fig. 3. Lung substance P levels in normoxic and perinatal
hypoxia (Hypoxia) rats. C, control; MCT, monocrotaline.
Bars indicate 1 SE. MCT administration caused a significant increase in substance P level in normoxia rats
(**P < 0.01). A significant difference (##P < 0.01) existed between perinatal hypoxia and normoxia rats
treated with MCT.

not in the perinatal hypoxia rats. For the perinatal
hypoxia rats, although the MCT-induced increase in
the tissue SP levels were blunted, capsaicin pretreatment (Hypoxia+CP+MCT) and the antioxidants DMTU
and HSF significantly decreased the SP levels when

Hypoxia Hypoxia Hypoxia Hypoxia Hypoxia Hypoxia
+MCT +MCT +MCT +MCT +MCT
+CP +DMTUE +DMTUL +HSF

Fig. 4. Lung substance P levels in six groups of perinatal hypoxia (Hypoxia) rats. MCT, monocrotaline; CP, capsaicin pretreatment; DMTUE, 1,3-dimethyl-2-thiourea
(DMTU) was injected on the 3rd, 5th and 7th days after
MCT; DMTUL, DMTU was injected on the 15th, 17th
and 19th days after MCT; HSF, hexa(sulfobutyl)
fullerenes. Bars indicate 1 SE. *Significant difference
(P < 0.05) compared with the Hypoxia group. Significant difference compared with the Hypoxia+MCT group:
+
P < 0.05 and ++P < 0.01.

compared with the MCT-treated group (Fig. 4).
The magnitude of pulmonary arterial remodeling
was evaluated by the arterial medial thickness (Figs. 5
and 6). As shown in Fig. 5, morphometry images revealed more severe proliferation in the smooth muscle
layer of the pulmonary artery in the Hypoxia+MCT
group (B) than in the Hypoxia group (A). Furthermore,
capsaicin pretreatment and antioxidant administration (DMTUE, DMTU L and HSF) prevented the progression of this proliferation. Mean vessel wall thicknesses from the groups of perinatal hypoxia rats are
summarized in Fig. 6. Compared to the Hypoxia group,
MCT injection significantly increased the arterial medial
thickness, but this effect was significantly attenuated
by capsaicin pretreatment and antioxidant administration (DMTUE, DMTUL and HSF) (Fig. 6).

Discussion
This study confirmed that MCT administration
in normoxia rats causes increases in Ppa and lung
tissue SP levels (Figs. 1 and 3). Perinatal hypoxia exaggerated the MCT-induced increase in Ppa but did
not affect the lung tissue SP levels (Figs. 1 and 3).
Our study also yielded several notable findings. The
perinatal hypoxia-exaggerated, MCT-induced pulmonary hypertension was attenuated significantly by
capsaicin pretreatment and antioxidants (Fig. 2).
Furthermore, in comparison with the Hypoxia+MCT
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B.

Hypoxia

D. Hypoxia+MCT+DMTUE

Hypoxia+MCT

E. Hypoxia+MCT+DMTUL

C.
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Hypoxia+CP+MCT

F. Hypoxia+MCT+HSF

Fig. 5. Lung histology of perinatal hypoxia (Hypoxia) rats in six groups. MCT, monocrotaline; CP, capsaicin pretreatment; DMTUE,
1,3-dimethyl-2-thiourea (DMTU) was injected on the 3rd, 5th and 7th days after MCT; DMTUL, DMTU was injected on the
15th, 17th and 19th days after MCT. HSF, hexa(sulfobutyl)fullerenes (HSF). Bar indicates 50 µm, ×400.
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Fig. 6. Pulmonary artery (< 200 µm in diameter) medial thickness (%) in all groups of rats. C, control; MCT, monocrotaline; Hypoxia, perinatal hypoxia; CP, capsaicin
pretreatment; DMTUE, 1,3-dimethyl-2-thiourea (DMTU)
was injected on the 3rd, 5th and 7th days after MCT;
DMTUL, DMTU was injected on the 15th, 17th and 19th
days after MCT. HSF, hexa(sulfobutyl)fullerenes. Bars
indicate 1 SE. #Significant difference (P < 0.05) compared with the Control group. **Significant difference
(P < 0.01) compared with the Hypoxia group. ++Significant difference (P < 0.01) compared with the Hypoxia+
MCT group.

group, both capsaicin pretreatment and antioxidants
significantly decreased lung SP levels in MCT-treated
perinatal hypoxia rats (Fig. 4).
Our study agrees with previous investigations
that more severe pulmonary vascular disorders appear
in tested animals that have ever been exposed to hypoxia perinatally, even though they are similar in
resting conditions (6, 39, 42, 49). The increase in
Ppa, measured by echocardiography at high altitude
challenge, was greater in participants who had had
perinatal hypoxemia than in the controls of matched
age and gender (42, 54). These clinical results suggested that transient perinatal hypoxia, an insult to
the pulmonary circulation, left a persistent imprint,
which, when activated in adult life, predisposed to a
greater pathological response than those without
similar history (42). Similar results were obtained in
different systems (39) and species (6, 49, 54). MCTinduced remodeling of pulmonary vessels was exaggerated in perinatal hypoxia rats compared to normoxia
rats. However, the morphometric observations were
similar in the two control groups prior to MCT (6, 7).
Similar augmentation of Ppa in perinatal hypoxia rats
was also performed in a hypoxia-induced pulmonary
hypertension model (31, 49). In addition, the stress-
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induced increases in the systemic blood pressure and
heart rate were significantly enhanced in the perinatal
hypoxic rats when compared with the normoxia rats,
though those parameters did not alter under resting
conditions (39). In this study, compared to normoxia
rats, the MCT-induced increase in Ppa in perinatal
hypoxia rats was statistically exaggerated (Fig. 1).
Previous studies have demonstrated that rats exposed
to hypoxia perinatally had elevated pulmonary
vascular reactivity to hypoxia (14, 15). The elevated
ROS as well as the decrease level of antioxidants
were demonstrated recently in neonates from mother
with preeclampsia (19). Since a decrease in O 2 tension in MCT-treated rats has been reported (17, 28),
we propose that the exaggeration of the MCT-induced
increase in Ppa is attributed to an augmentation of
vascular reactivity to hypoxia in MCT-treated, perinatally hypoxia-exposed rats.
We suggest that the perinatal hypoxia-exaggerated, MCT-induced pulmonary hypertension is
related to an enhanced effect of SP in the pulmonary
arteries (8), which in turn activates the rennin-angiotensin system (12). The increased sensitivity to SP of
pulmonary arterial tree in the MCT-rats was demonstrated in our previous study (8). SP is able to
produce a receptor-mediated proliferative effect on
connective tissues (35) and smooth muscle cells (38).
The production of SP via leukotrienes is also related
to ROS (40) subsequently resulting in peripheral
vascular remodeling. Besides, it is able to induce the
production of angiotensin II by a mixed population of
isolated cardiac inflammatory cells, including mast
cells, lymphocytes and macrophages (29), which are
also identified in the MCT-induced pulmonary hypertension (35). Another piece of evidence is that the
antenatal hypoxia results in enhancing the sensitivity
of the rennin-angiotensin system in pulmonary circulation (12). In response to antenatal hypoxia for 48 h,
the obvious increases in the mRNA and protein levels
of angiotensin-converting enzyme, angiotensin II
receptors, and rennin were identified in FVB/NJ mice
(12). Our suggestion is supported by the fact presented
in this study that decrease in SP by capsaicin or
antioxidants prevented the development of perinatal
hypoxia-exaggerated, MCT-induced pulmonary hypertension (Figs. 2 and 4). Incidentally, a lower level
of nitric oxide synthase was detected in adult rats
that experienced hypoxia in infancy (46), indicating
impairment in the vasodilatation. Consistent with the
above papers and our findings, the reduced SP level
below the normal range prevents development of
pulmonary hypertension.
We also demonstrated the involvement of ROS
in perinatal hypoxia-exaggerated, MCT-induced pulmonary hypertension. ROS has been demonstrated
to play a role in the development of MCT-induced

pulmonary hypertension (7, 8). A rapid inflammatory
response with notable increases in monocytes in the
adventitia of pulmonary arterioles was found within
8-16 h after MCT injection (53). The proliferative
muscularization of arterioles was then detectable as
early as 3 and 7 days post injection (31, 34) and
reached significance by 10 and 14 days. By compensatory reflex, the RV hypertrophy was apparent by 21
days (31, 34). Therefore, the increased amounts of
ROS promote the development of pulmonary hypertension through the effects of inflammation (18, 44)
in the early stage, and proliferation (16, 31) in the
later stage. Another clue was performed in lung
tissues which had had experienced oil smoking (30).
The NK 1 receptor antagonist, L733060, prevented
the increase in the amount of ROS in plasma (30). In
addition, perinatal hypoxia decreased the expression
and activity of superoxide dismutase (11), but
increased the preproendothelin-1 mRNA in the lung
(46). It is interesting that the production and function
of endothelin-1, an important role in the development
of MCT-induced pulmonary hypertension (17), are
mediated by ROS (24). Accordingly, poor tolerance
to ROS in perinatal hypoxia rats is reasonable. Hence,
we used antioxidants to attenuate the syndrome of
pulmonary hypertension. The water-soluble HSF
shows not only a potent free radical scavenger (55)
but also expresses antiproliferative effects through
inhibiting protein tyrosine kinase (32). In the present
study, treatment with HSF significantly attenuated
the perinatal hypoxia-exaggerated, MCT-induced
pulmonary hypertension (Table 1, Figs. 2 and 4). The
rapid inflammatory response was found very soon
after MCT injection (53), another antioxidant, DMTU,
was designed to administer in the early phase. We
suggest that the property of ROS scavenger should
contribute to the attenuating effect on the MCTinduced pulmonary hypertension in the Hypoxia+
MCT+DMTUE group. In addition to oxygen scavenging activities, DMTU inhibits cell mitogenesis by
altering membrane integrity (45). Moreover, DMTU
induces several effects, including reduction of cell
growth rate (36), suppression of lung collagen synthesis (52) and promotion of cellular differentiation
(36). These anti-proliferative (not antioxidant) and
differentiation-promoting effects of DMTU are related
to the characteristics occurring in the late phase of
the development of MCT-induced pulmonary hypertension. Therefore, we propose that the attenuating
effect on pulmonary hypertension in the Hypoxia+
MCT+DMTU L group is contributed by the antiproliferative and differentiation-promoting effects of
DMTU. In contrast to our results, Brunner and
colleagues investigated the effects of antioxidants
catalase and dimethyl sulfoxide (DMSO) on MCTinduced pneumotoxicity and reported that DMSO
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failed to prevent MCT-induced pneumotoxicity (5).
Warren et al. (52) demonstrated that DMTU has a
very long half-life in rats (> 24 hours) compared to
the short half-life of DMSO and other scavengers. In
addition, Bruner et al. (5) evaluated changes in the
lung weight ratio one week after MCT pyrrole injection
in normoxia rats, whereas we measured the change in
Ppa three weeks after MCT injection in perinatal
hypoxia rats. Therefore, we attribute the difference
between our findings and those of Bruner et al. (5) to
different experimental conditions and indicators.
The impairment of compensatory response in
the perinatal hypoxia rats caused the disappearance
of MCT-induced RV hypertrophy in this study. The
perinatal hypoxia exposure caused a slight but persistent impairment of the development of the heart as
well as the compensatory response to the increase in
the Ppa (39). Comparing to the normoxic rats, the
utilization rates of noradrenaline were significantly
reduced in the heart, lungs, superior cervical ganglion,
stellate ganglion and celiac ganglion in the perinatal
hypoxia rats (39). Those ganglions were related to
the development in cardiac structures and the adrenals
(39). Unfortunately, the lowered metabolic activity
persisted till adulthood (12-week-old) in the stellate
ganglion and heart (39). Under stress challenges, the
exaggerated variability of blood pressure is considered
to be the main consequence of any intervention interrupting the baroreflex loop (39). Therefore, there
was no difference in the weight ratio of RV/(LV+S)
between the Hypoxia and Hypoxia+MCT groups
(Table 1). On the other hand, capsaicin pretreatment
depletes not only SP but also the calcitonin generelated peptide. Complete depletion of calcitonin
gene-related peptide from cardiac sensory nerves
after systemic capsaicin treatment leads to deterioration of adriamycin-induced heart failure (25). The
absence of calcitonin gene-related peptide in rats of
the Hypoxia+CP+MCT group induced the RV hypertrophy (Table 1).
In summary, we have found that perinatal hypoxia can exaggerate MCT-induced pulmonary hypertension. Reducing the SP level in lung tissues and
administering antioxidants are useful ways to attenuate
the augmented MCT-induced pulmonary hypertension
in perinatal hypoxia rats.
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