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Short Communication

Hypoxia Inducible Factor-1 Alpha Correlates the Expression of
Heme Oxygenase 1 Gene in Pulmonary Arteries of Rat

with Hypoxia-induced Pulmonary Hypertension

Qi-Fang LI* and Ai-Guo DAT*
( Department of Respiratory Medicine, Geriatric Hospital of Hunan Province, Changsha 410001, China )

Abstract To test the hypothesis that hypoxia inducible factor-1 alpha (HIF-1a) up-regulated the
expression of heme oxygenase-1 (HO-1) gene in pulmonary arteries of rats with hypoxia-induced pulmonary
hypertension, 8 male Wistar rats in each of 5 groups were exposed to hypoxia for 0, 3, 7, 14 or 21 d, respectively.
Mean pulmonary arterial pressure (mPAP), vessel morphometry and right ventricle hypertrophy index were
measured. Lungs were inflation fixed for immunohistochemistry, in situ hybridization; frozen for later
measurement of HO-1 enzyme activity. mPAP increased significantly after 7 d of hypoxia [(18.4 & 0.4)
mmHg, P<0.05], reaching its peak after 14 d of hypoxia, then remained stable. Pulmonary artery remodeling
became to develop significantly after 14 d of hypoxia. HIF-1a protein in control was poorly positive (0.05=+
0.01), but was up-regulated in pulmonary arterial tunica intima of all hypoxic rats. In pulmonary arterial
tunica media, the levels of HIF-1q protein were markedly up-regulated after 3 d and 7 d of hypoxia
(0.20 = 0.02; 0.22 £ 0.02, P<0.05), then declined after 14 d and 21 d of hypoxia. HIF-1a mRNA staining
was poorly positive in control, hypoxia for 3 and 7 d, but enhanced significantly after 14 d of hypoxia
(0.20 £ 0.02, P<0.05), then remained stable. HO-1 protein increased after 7 d of hypoxia (0.10 £ 0.01,
P<0.05), reaching its peak after 14 d of hypoxia (0.21 % 0.02, P<0.05), then remained stable. HO-1 mRNA
increased after 3 d of hypoxia, reaching its peak after 7 d of hypoxia (0.17 = 0.01, P<0.05), then declined.
Linear correlation analysis showed that HIF-1g mRNA, HO-1 protein and mPAP were associated
with pulmonary remodeling. HIF-1¢ protein (tunica intima) was conversely correlated with HIF-14 mRNA
(r=0.921, P<0.01), HO-1 protein was conversely correlated with HIF-1a protein (tunica intima)
(r=0.821, P<0.01). HIF-1a and HO-1 were both involved in the pathogenesis of hypoxia-induced pulmonary
hypertension in rat. Hypoxia inducible factor-1 alpha correlated the expression of heme oxygenase 1 gene
in pulmonary arteries of rat with hypoxia-induced pulmonary hypertension.
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Chronic hypoxia produces well-known adaptive chan-
ges in pulmonary vasculature, lung, heart, and other
systems. Acute hypoxia reversibly constricts the pulmo-
nary arteries and dilates systemic arteries, a process known
as hypoxia pulmonary vasoconstriction (HPV), whereas
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chronic hypoxia leads to structural changes in the pulmo-
nary arteries including smooth muscle cell proliferation
and hypertrophy in arterial vessels that are not muscu-
larized under normal circumstances, a process known as
hypoxia pulmonary artery remodeling (HPRS). Reversible
pulmonary hypertension gradually becomes irreversible,
accompanied by right heart hypertrophy and failure.
Hypoxia inducible factor 1 (HIF-1) is a potential mediator
of pulmonary responses to hypoxia [1]. HIF-1 is a he-
terodimeric transcription factor composed of a hypoxia-
inducible factor 1 alpha (HIF-1a) functional subunit and
hypoxia-inducible factor 1 beta (HIF-1[) constitutional
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subunit. Hypoxia induces the expression of HIF-1a, which
then activates the transcriptions of some hypoxia-respon-
sive genes. Expression of HO-1 protein is up-regulated in
the pulmonary arteries of chronically hypoxic rats [2].
Recent studies have demonstrated that HIF-1a is essential
for the hypoxic regulation of the HO-1 gene transcription
in pulmonary arterial endothelial cells and pulmonary
arterial smooth muscle cells in vitro [3]. However, the
dynamic expression of HIF-1a in the development of
hypoxic pulmonary hypertension and its relationship with
the expression of HO-1 in vivo are not identified yet.

In the present study, the expressions of H/F-1a and
HO-1I genes, as well as the relationship between the
expressions of these two genes, were investigated in
pulmonary arteries of rats at different phases of hypoxia-
induced pulmonary hypertension development.

Methods and Materials

Animals and hypoxia

Hypoxia and normoxia rat protocols were set up as
described previously [4]. Briefly, 40 male Wistar rats (220
* 10 g, 6-8 weeks old, from the Animal Experimental
Center of Center South University, Changsha, China) were
randomly divided into five groups, with 8 rats in each
group. Hypoxic rats were exposed for specified periods
(3,7, 14 or 21 d, with 8 h per day intermittently) to nor-
mobaric hypoxia [(1040.5)% O,] in a ventilated chamber.
To establish the hypoxic conditions the chamber was
flushed intermittently with a gas mixture of room air and
nitrogen from a liquid nitrogen reservoir, and an oxygen
analyzer (HT-6101 oxygen analyzer, Kangda Electrical Co.
Ltd., Chengdu, China) was used to monitor the chamber
environment (the chamber was ventilated by a hole, then a
dynamic balance was achieved because of inspiration and
expiration of the rats). CO, was removed with soda lime,
excess humidity was prevented by anhydrous calcium
chloride, and boric acid was used to keep ammonia in the
chamber to a minimum level. The control rats were kept in
anormoxic ventilated chamber (21% O,) in the same room,
and were killed after being caged for 10 d, because breed-
ing duration has no significant effect on their mPAP, HPRS
and right ventricular hypertrophy index (RVHI) [5].

mPAP and RVHI measurement

Mean pulmonary arterial pressure (mPAP) was measured
as described previously [5]. Rats were intraperitoneally
anesthetized with 40 mg pentobarbital sodium per 1 kg

body weight, then a specially designed single-lumen
catheter was inserted into their main pulmonary artery
through the right jugular vein, the injecting position was
decided through the waveform of pressure. Through this
catheter, mean pulmonary arterial pressure was measured
with PowerLab monitoring equipment (AD Instrument Pty
Ltd., USA).

For RVHI measurement, hearts were cut open and atria
were removed. The right ventricular free wall was
dissected, and each chamber weighed. Formula (1) was
used to calculate the RVHI. In which, RV is the weight of
right ventricular, LV is the left ventricular weight, and S is
the weight of septum.

RVHI = RV
LV +S

x100% (1)

Morphometric analysis

Lung slices of 5 um were embedded with paraffin, stained
with hematoxylin and eosin, followed by elastic fiber
staining, then examined with light microscopy. At least
5 representative pulmonary arterioles (outer diameter
100—150 mm) chosen from 3 different sections from each
animal were independently examined. To evaluate hypoxic
remodeling by calculating the parameters of pulmonary
vascular cross section, the ratio of vascular wall area to
total vascular area (WA %), the ratio of vascular lumen area
to total vascular area (LA%), the number of smooth
muscle cell nuclei in pulmonary arteriole media per
1000 um? (SMC) and pulmonary artery media thickness
(PAMT) were measured. The images of the arterioles
were captured and analyzed using PIPS-2020 image
software.

HO-1 activity assay

HO-1 activity assay was performed as described pre-
viously with minor modification [6]. Briefly, lungs were
homogenized on ice in one volume of 0.1 M mono-
potassium phosphate buffer. The homogenates were cen-
trifuged for 15 min at 18,800 g. The HO-1 activity of
supernatant was quantified as following. The reaction mix-
ture consisted of 20 pl sample homogenate, 20 pl liver
cytosol (source of biliverdin reductase), 40 pl 2 mM
hemin (Sigma), 20 pl 4.5 MNADPH (Sino-America Bio-
technology Co.), and the reaction was performed in
duplicate inthe dark for 10 min. The samples were scanned
with spectrophotometer from 464 to 530 nm. Bilirubin
concentration was calculated based on the change in
optical density at 464 nm from that at 530 nm, with an
extinction coefficient of 40 mM/cm. The values are
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expressedas picomoles of bilirubin formed per hour for
per milligram protein. An NADPH-free reaction mixture
was provided as blank control. Protein level of the super-
natant was determined by Coomassie brilliant Blue stain-

ing method.

In situ hybridization of HIF-1a and HO-1

In situ hybridization was performed using in situ
hybridization detection kit (Wuhan Boster Biological
Technology Co. Ltd., China). The oligonucleotide probes
were designed according to the sequences of rat HIF-1a
and HO-1 by Wuhan Boster Biological Technology Co.
Ltd., China. The sequences of probes against HIF-1a
mRNA were: 5-CAAAG CTCTG AGTAATTCTT CAC-
CC TGCAG-3"; 5"-ATCAT ATACG TGAAT GTGGC
CTGTG CAGTG-3"; 5'-GTGAC AACTG ATCAA AG-
GAA CGTAA TCGGA-3'. The sequences of probes
against HO-1 mRNA were: 5-AGAAT GCTGA GTTCA
TGAGG AACTT TCAGA-3" 5-GCTGC TGGTG GC-
CCA CGCCT ACACC CGCTA-3"; 5'-TTCCT GCTCA
ACATC CAGCT CTTTG AGGAG-3".

Hybridization was performed on serial lung tissue slices
in paraffin fixed by formalin containing 0.1% di-
ethy- pyrocarbonate according to manufacturer’s instruc-
tions [5]. Briefly, slices were digested with pepsin for 20
min at 37 “C. After 2 h prehybridiztion, slices underwent
hybridization with digoxin-labeled single-stranded
oligo- nucleotide probes for 16 h at 38 ‘C; in negative
control studies, oligonucleotide probes were substituted
by blank probes solution. After washing off unbound
probes, slices were first incubated with rabbit antibodies
against digoxin, then biotinylated goat antibodies against
rabbit. Afterwards, slices were incubated with SABC-
peroxidase. Peroxidase activity was visualized by a color
reaction with diamino-benzidine (Wuhan Boster Biologi-
cal Technology Co. Ltd., China) as the substrate. Brown
and yellow colors indi- cated positive results (mainly
cytoplasm). Finally, the sections were counterstained with
hematoxylin (resulting in blue nuclei) and mounted. Brown
and yellow colors indicated positive results (mainly
cytoplasm).

Immunohistochemistry

A commercial SABC kit (Wuhan Boster Biological
Technology Co. Ltd., China) was used for immuno-
histochemisty and the detection was performed similarly
as described previously with minor modification [7].
Briefly, serial lung tissue slices were digested with 3%
H,O, for 20 min at room temperature and preincubated
with 10% non-immunized serum. Then these slices were

incubated with anti-HIF-1a or HO-1 specific rabbit poly-
clonal antibody (at a working dilution of 1:150) overnight
at 4 ‘C (for negative control studies, the antibodies were
substituted by phosphate-buffered saline). After unbound
antibodies were washed off, the slices were incubated with
biotinylated second antibodies against rabbit and there-
after incubated with streptavidin peroxidase. Subsequently,
peroxidase activity was visualized by a color reaction with
diaminobenzidine similar to that of in situ hybridization.
Expression levels of mRNA and protein were quantified
using absorbance value (4) of positive signaling by
pathology image analysis system (PIPS-2020).

Statistical analysis

Data are expressed as X +s. One-way analysis of
variance (ANOVA) was used to determine statistically
significant difference among >2 groups, with Newman-
Keuls test being used to analyze statistical significance
between two groups. P<0.05 was considered as statis-
tically significant difference.

Results

Chronic hypoxia increases mean pulmonary arterial
pressure

The mPAP was measured as an indicator of pulmonary
artery pressure in conscious rats. In normoxic rat, the mPAP
was (14.4 £ 0.4) mmHg. As expected from the change of
mPAP, the hypoxic animals developed pulmonary
hypertension after 7 d exposed to hypoxia (P<0.05),
reaching its peak after 14 d of hypoxia, and then remain-
ing stable as the hypoxia condition prolonged (Table 1).

Chronic hypoxia leads to hypoxic pulmonary vascular
remodeling and right ventricle hypertrophy

Increased thickness of pulmonary arterioles (LA% and
WA%) due to SMC hypertrophy and hyperplasia is the
structural hallmark of pulmonary hypertension. As shown
in Table 1, pulmonary arterioles in normoxic animals were
thin, whereas after 7 d of hypoxic exposure they devel-
oped increased medial thickness characteristic of pulmo-
nary hypertension. Quantification of these structural chang-
es in several lung slices from all 3 hypoxia groups (hypoxia
for 7, 14 and 21 d) revealed significantly increased medial
thickness of pulmonary arterioles in hypoxic animals
compared with normoxic controls.

Right ventricular hypertrophy is a hallmark of pulmo-
nary hypertension resulting from right ventricle pressure
overload. After 14 d of hypoxia, RVHI was significantly
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increased compared with the control value, and increased
further after 21 d of hypoxia. These data indicated that
right ventricular hypertrophy developed after 14 d exposed
to hypoxia (Table 1).

HO-1 enzyme activity increased transiently after
chronic hypoxia

HO-1 enzyme activity in the lung was measured from
both control and hypoxia rats. It was found that the HO-1
activity in the lung increased significantly after 7 d of
hypoxia compared with the control value (£<0.05). While
after 14 and 21 d of hypoxia, HO-1 activity in the lung
was not significantly different from the control value de-
spite the increased immunoreactive protein (Table 1,2).

Hypoxia induces HIF-1a and HO-1 mRNA expression
in pulmonary arterial walls

In situ hybridization showed that HO-1 mRNA expres-
sion in pulmonary arterial walls was poorly positive in
the control group, increased after 3 d of hypoxia, reached
its peak after 7 d of hypoxia and located mainly in adven-

titia whereas it declined to the control level after 14 d of
hypoxia, then increased after 21 d of hypoxia, this time it
located mainly in arterial tunica media and intima [ Fig. 1
(A-C), Table 2]. HIF-1a mRNA expression in pulmonary
arterial walls was increased significantly after 14 and 21 d
of hypoxia, but showed no obvious changes after 3 or 7 d
of hypoxia. HIF-1a mRNA was located predominantly in
tunica intima and tunica media [Fig. 2(A—C), Table 2].

Hypoxia induces HIF-1a and HO-1 expression in
pulmonary arterial walls

In HIF-1a immunohistochemical analysis, the protein
level varied between pulmonary arterial tunica media and
tunica intima. In pulmonary arterial tunica media, HIF-1a
staining was poorly positive in control rats, but was
enhanced markedly after 3 and 7 d of hypoxia, then
lessened after 14 and 21 d of hypoxia [Fig. 3(A—C), Table
2]. In pulmonary arterial tunica intima, however, HIF-1a
staining was negative in control rats, but strong positive in
all hypoxia rats [Fig. 3(A—C)].

In control and 3 d of hypoxia groups, HO-1 staining was

Table 1 Effects of different hypoxia time periods on mPAP, RVHI, LA%, WA%, SMC, PAMT and HO-1 activity of rats
Gow (e e AT WACH 0w ) (ol b
Control 14.4+0.4 23.6£0.5 64513 355+ 1.3 5.5+ 1.0 11.9+ 0.6 203
H3 14.6 £0.3 23.3+1.7 63.0£ 0.9 37.0+ 0.8 5.8 0.8 12.0+ 0.5 17£2
H7 18.4+0.4® 24.0£0.95 22+ 0.8  47.8+ 0.8 6.1£ 0.8 12.3£ 0.5 60 £ 52bed
H14 21.2+£0.2% 250+ 1.8 39.7+ 0.4% 60.3+ 0.4% 7.1+ 0.8 15.0£ 0.3% 21+4
H21 22.2+0.2%c  277+1.0% 35.0% (.74 65.0+ (0.7%d 9 1+ (). 8ebed 23.0+= 0.8%d  18+2

Data are represented as ¥+s, n=8 in each group. H3, hypoxia for 3 d; H7, hypoxia for 7 d, H14, hypoxia for 14 d; H21, hypoxia for 21 d. *P<0.05 vs. control group;

®P<0.05 vs. group H3; <P<0.05 vs. group H7; ‘P<0.05 vs. group H14.

Table 2 Effects of different hypoxia time periods on expression of HIF-1a and HO-1 gene in pulmonary arteries of rats
Group HIF-1a protein HIF-1a mRNA HO-1 protein HO-1 protein
Control 0.05+0.01 0.05+0.01 0.04+0.01 0.03+0.01
H3 0.20+0.02° 0.06+0.02 0.03+0.01 0.11+0.01°
H7 0.22+0.02* 0.05+0.02 0.10+0.01% 0.17£0.01%
H14 0.16£0.01% 0.20 £0.02%¢ 0.21£0.02%¢ 0.04+0.01"
H21 0.10£0.01%<d 0.18+0.01%¢ 0.20 +£0.02%¢ 0.08+ (.02

Data are represented as X+s of absorbance value, n=8. The absorbances of HO-1 and HIF-1a from entire arterial walls were detected. H3, hypoxia for 3 d; H7,
hypoxia for 7 d; H14, hypoxia for 14 d; H21, hypoxia for 21 d. *P<0.05 vs. control group; *P<0.05 vs. group H3; °P<0.05 vs. group H7; ¢P<0.05 vs. group H14.
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Fig. 1 The HO-1 mRNA staining of pulmonary arteria after hypoxia treatment by in situ hybridization
(A) Control, HO-1 mRNA staining was poorly positive in the whole wall of pulmonary arterial (x200). (B) Hypoxia for 7 d, HO-1 mRNA staining was strongly positive
in arterial adventitia and media (x200). (C) Hypoxia for 21 d, HO-1 mRNA staining was positive in arterial intima (x200).

Fig. 2 The HIF-1a mRNA staining of pulmonary arteria after hypoxia treatment by in situ hybridization
(A) Control, HIF-1a mRNA staining was poorly positive in the whole wall of pulmonary arterial (x200). (B) Hypoxia for 14 d, HIF-1a mRNA staining was strongly
positive in arterial intima and media (x200). (C) Hypoxia for 21 d, HIF-1a mRNA staining was strongly positive in the whole wall (x200).

Fig. 3 The HIF-1a protein staining of pulmonary arteria after hypoxia treatment
(A) Hypoxia for 3 d, HIF-1a protein staining was positive in the intima and media of pulmonary arterial (x200). (B) Hypoxia for 14 d, HIF-1¢ protein staining was
positive in the intima and media of pulmonary arterial (x200). (C) Hypoxia for 21 d, HIF-1a protein staining was poorly positive in the intima and media of pulmonary
arterial (x200).
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slightly positive in pulmonary arterial tunica media and
tunica intima. After 7 d hypoxia, positive staining for
HO-1 was found in pulmonary arterial tunica media,
especially tunica intima. After 14 and 21 d, the small
pulmonary arterioles began to show smooth muscle
hypertrophy in the vascular wall, HO-1 staining was heavy
in the thickened smooth muscle layer and tunic intima in
small pulmonary arteries, especially after 21 d. In pulmo-
nary arterial tunica adventitia, HO-1 was negative in the
control group, but it is positive in all the hypoxia groups
[Fig. 4(A,B), Table 2].

Analysis of linear correlation

The linear correlation analysis was performed between
different parameters for hypoxia rats. The coefficient of
linear correlation between HIF-1a protein (tunica intima)
and HIF-1a mRNA was —0.921 (P<0.01), between HO-1
protein and HIF-1a protein (tunica intima) was —0.821

Fig. 4

(P<0.01), other parameters were as shown in Table 3.

Discussion

Regulation of pulmonary vascular tone and homeo-
stasis involves a number of vasoconstrictors, relaxing
agents and growth factors that are released from different
kinds of cells in the vasculature and interact through feed-
back loop mechanism in autocrine and paracrine ways.
Hypoxia is known to regulate these cellular interactions
mainly by modifying gene expression. Hypoxia-inducible
factor 10 is one of the pivotal mediators in the response of
lung to decreased oxygen availability, which has been
implicated in the pathogenesis of pulmonary hypertension
in response to chronic hypoxia increasingly. It has been
reported that HIF-1a mRNA was induced by hypoxia in
rat lung [8]. Recently, it has been demonstrated that

The HO-1 protein staining of pulmonary arteria after hypoxia treatment

(A) Hypoxia for 3 d, HO-1 protein staining was poorly positive in the whole wall of pulmonary arterial (x400). (B) Hypoxia for 14 d, HO-1 protein staining was strongly

positive in the whole wall of pulmonary arterial (x400).

Table3  Gene expression linear correlation analysis between HIF-1a, HO-1, mPAP, arterial morphometric index, HO-1 activity ()
Group LA WA  SMC  PAMT RVHI I;gt'elin ng'I N ErIOFtelln a ﬂg\'}f chw:y
HO-1 protein ~ 0.976%*  0.976¥* 0.962%  0.907* 0.955% \ 0183 -0.162 0927 0214
HO-1 mRNA  0.089  -0.089 -0.109 -0.155 -0.152 -0.183 \ 0.783 0427  0.417
HIF-1a protein  0.097  -0.097 -0211 -0.324 -0312 -0.162 0783 \ -0.193  -0.104
HIF-la MRNA -0.932%  0.932% 0841 0775 0.809  0.927* -0427 -0.193 \ 0.175
mPAP 20.976%%  0.976%% 0.955%% 0.932% 0.962%* 0.987%* -0.041 0.095 0.862 -0.236

*P<0.05; **P<0.01. Relative levels of HO-1, HIF-1a, and their mRNAs were taken from entire pulmonary arterial walls.
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HIF-1a expression in the lung is related to the oxygen
concentration and duration of hypoxia [9]. Heme oxy-
genase 1 (HO-1) gene, a downstream target gene of
HIF-1, is an oxygen-dependent enzyme mediated by
HIF-1a [3]. HO-1 may regulate vascular tone and cell
proliferation through the production of CO [10]. The dy-
namic expression of HIF-1d in the development of chro-
nic hypoxic pulmonary hypertension is elusive according
to current knowledge. In the present study, the expressions
of HO-1 and HIF-1a at different time points in the pulmo-
nary arteries of chronic hypoxic rats were investigated.

Over the 3-week chronic hypoxia, the adult rat de-
veloped pulmonary hypertension, pulmonary vascular
remodeling after 7 d of hypoxia, and right ventricular hy-
pertrophy after 14 d of hypoxia. In our study on HO-1 and
HIF-1a expressions in pulmonary arteries during this
period, we found that HIF-1a mRNA staining was posi-
tive in pulmonary artery walls of control rats, and remained
stable after 3 or 7 d of hypoxia, but increased significantly
after 14 or 21 d of hypoxia. Immunohistochemical analy-
sis showed that HIF-1a protein staining in pulmonary ar-
terial tunica intima was negative in control rats, but strongly
positive in all four hypoxia groups; the staining in pulmo-
nary arterial tunica media was enhanced after 3 and 7 d of
hypoxia, but then weakened. HIF-1a protein showed a
negative linear correlation with HJF-7¢ mRNA. These
results indicate that HIF-]q gene expression is involved
in the pathogenesis of hypoxic pulmonary hypertension
and that hypoxic regulation of H/F-]a gene expression
mainly happens at the protein level. We surmised that the
up-regulation of HJF-]a mRNA expression after hypoxia
for 14 d is possibly caused by relative deficiency of
HIF-10 protein. Compared With 3 d of hypoxia and nor-
moxia group, HO-I mRNA level reached its peak after 7 d
of hypoxia and declined thereafter. HO-1 protein level
began to increase after 7 d of hypoxia and enhanced in-
creasingly thereafter. The negative linear correlation of
HO-1 with HIF-1a protein, together with the increased
thickness of pulmonary arteries due to SMC hypertrophy
and hyperplasia is the structural hallmark of pulmonary
hypertension, indicated that the level of HIF-1a was down-
regulated by HO-1 and the inter-regulation between them
may be essential for the development of HPRS.

We discover that HO-1 protein level shows a positive
correlation with HIF-]g¢ mRNA level. The up-regulations
of HO-1 mRNA and its protein correlate temporarily to
hypoxic pulmonary arterial remodeling and elevation of
mPAP. These results show that HO-1 gene expression is
induced by chronic hypoxia, and up-regulation of HO-1
gene expression by hypoxia mainly happens at the

transcriptional level. The result is consistent with that from
Ohlmann et al. [11].

An important reason for HO-1 induction in hypoxia could
be related to increased red blood cell turnover because the
heme substrate induces the enzyme activity [12]. However,
in the lung, the HO-1 increase preceded the onset of
erythrocytosis, and this response was not maintained as
the hemoglobin concentration increased. This observation
provides further indirect evidence that HO-1 induction in
the lung is a specific response to hypoxia [2]. HO-1
enzyme activity in the lung increases in accordance with
the immunoreactive protein after 7 d of hypoxia; however,
it is similar to the control value after 14 and 21 d of hy-
poxia also the immunoreactive protein increased
persistently. Because the activity assay is performed ex
vivo, it provides optimal conditions and substrates for the
reaction, indicating that the enzyme in the lung may be
inactivated in vivo during hypoxia. One explanation for
this finding can be proposed. HO-1 maybe modified in a
redox-sensitive manner during hypoxia, also posttransla-
tional modifications of new HO-1 enzyme produced dur-
ing hypoxia or decreased degradation of inactive enzyme
could result in an increase in nonfunctional enzyme. The
present study shows HO-1 activity is negatively linearly
correlated with HIF-1a protein. These results indicate
that the transcription activation of HIF-1O may be
inhibited through a CO pathway. The mechanism of CO
inhibiting HIF-10 activation has not yet been fully
elucidated. Rebecca ef al. supposed that it inhibited the
hypoxia-induced DNA-binding activity of HIF-1a [10].
The role of CO in modulating the response to chronic
hypoxia is increasingly being interpreted. In adult dogs,
ventilation with CO inhibits hypoxic pulmonary vaso-
constriction [13]; in cultured vascular smooth muscle cells,
CO also decreases cellular proliferation [14].

In summary, HIF-1a protein may up-regulate the
expression of HO-1 gene by transcriptional activation while
HO-1 protein may inhibit the expression of HIF-/a in a
negative feedback way. The present study implicated the
following mechanisms in chronic hypoxic pulmonary
hypertension of rat. In pulmonary arterial tunica media,
hypoxia prevents HIF-1a protein from oxygen-dependent
degradation and allows it to form heterodimer with
HIF-1a subunit, whereupon HIF-1 activates the trans-
cription of HO-1 gene, resulting in the up-regulation of
both HO-1 mRNA and its protein. Then, increased CO
down-regulates HIF-1a protein, which leads to relative
deficiency of HIF-1a protein, at which point, the level of
HIF-1a mRNA increases in compensation.

In pulmonary arterial tunica intima, CO concentration is
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not high enough to down-regulate the level of HIF-1a
protein because CO synthesized by HO-1 is diluted and
transported by the bloodstream continuously. This would
explain why HIF-1a protein staining is stronger in pulmo-
nary arterial tunica intima than that in tunica media and is
strongly stained in all hypoxic groups. Alternatively,
expression of HO-1 is inhibited by CO, so that staining of
HO-1 protein in pulmonary arterial tunica intima is
stronger than that in tunica media in rats after hypoxia
from 7 to 21 d.

Although the pathophysiologic importance of HIF-1Q
and HO-1 in pulmonary arteries of rat with hypoxia-
induced pulmonary hypertension starves for the eluci-
dation of binding activity of HIF-1a and HO-1, the present
study provides new information about variations in local
synthesis and distribution of HIF-1a and HO-1 in arteries
of rat. Since over-expression of HO-1 effectively prevents
the pulmonary inflammatory and vascular responses to
hypoxia [15], further elucidation of the effects of these
proteins may offer a new therapeutic approach to suppress
hypoxia-induced pulmonary hypertension.
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