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Introduction

Pulmonary hypertension (PH) is characterized by high
pressure in the pulmonary artery and high pulmonary
vascular resistance, ultimately inducing right ventricular
failure and death with pathological changes in precapillary
The pathophysiology of PH
involves alterations in vascular reactivity, vascular
structure, and interactions of the vessel wall with

pulmonary arteries'"..

©2008 CPS and SIMM

Abstract

Aim: The present study aimed to explore the protective effect of endogenous
sulfur dioxide (SO,) in the development of monocrotaline (MCT)-induced
pulmonary hypertension (PH) in rats. Methods: Forty Wistar rats were randomly
divided into the MCT group receiving MCT treatment, the MCT+L-aspartate-f3-
hydroxamate (HDX) group receiving MCT plus HDX treatment, the MCT+SO,
group receiving MCT plus SO, donor treatment, and the control group. Mean
pulmonary artery pressure (mPAP) and structural changes in pulmonary arteries
were evaluated. SO, content, aspartate aminotransferase activity, and gene
expression were measured. Superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), catalase (CAT), reduced glutathione (GSH), oxidized glutathione,
and malondialdehyde (MDA) levels were assayed. Results: In the MCT-treated
rats, mPAP and right ventricle/(left ventricle+septum) increased significantly
(P<0.01), pulmonary vascular structural remodeling developed, and SOD, GSH-
Px, CAT, GSH, and MDA levels of lung homogenates significantly increased
(P<0.01) in association with the elevated SO, content, aspartate aminotransferase
activity, and gene expression, compared with the control rats. In the MCT+HDX-
treated rats, lung tissues and plasma SO, content and aspartate aminotransferase
activities decreased significantly, whereas the mPAP and pulmonary vascular
structural remodeling were markedly aggravated with the decreased SOD,
CAT, and GSH levels of lung tissue homogenates compared with the MCT-
treated rats (P<0.01). In contrast, with the use of a SO, donor, the pulmonary
vascular structural remodeling was obviously lessened with elevated lung tissue
SOD, GSH-Px, and MDA content, and plasma SOD, GSH-Px, and CAT levels.
Conclusion: Endogenous SO, might play a protective role in the pathogenesis of
MCT-induced PH and promote endogenous antioxidative capacities.

circulating blood elements™*! especially the structural
remodeling of pulmonary arteries and the infiltration
of perivascular inflammation. Although it has been
demonstrated that endothelin, atrial natriuretic peptide,
angiotensin II, serotonin, and adrenomedullin participate
in the process of PH® ™, the pathogenesis of PH is not
completely understood.

Over the last 2 decades, the discovery of endogenous
gas signal molecules, including nitric oxide (NO), carbon
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monoxide (CO), and hydrogen sulfide (H,S), have created
a better understanding of PH” ', NO is endogenously
produced by NO synthase via the metabolism of L-arginine
and exerts potent pulmonary vasodilation and the inhibition
of smooth muscle cell (SMC) proliferation, and therefore
may regulate vascular remodeling'>'"). CO, which is
also endogenously produced by heme oxygenase via the
metabolism of heme to biliverdin, can prevent the elevation
of right ventricular systolic pressure and can partially
normalize the thickened intra-acinar pulmonary arteries' .
Endogenous H,S can be metabolized from L-cysteine by
cystathionine y-lyase (CSE), a pyridoxal-5"-phosphate-
dependent enzymes, in the cardiovascular system!"”. The
previous study suggested that dysfunction of endogenous
H,S/CSE pathway was involved in the development of
PH""'". However, the precise mechanism of PH still
remains to be elucidated.

Recently, it has been proven that sulfur dioxide
(SO,) and its derivatives can relax the isolated aortic
ring in vitro and lower blood pressure in vivo!™"™. Tt
has also been proven that sulfite is generated, at least
in part, from 3’-phosphoadenosine 5 -phosphosulfate
by activated neutrophils""”’ and has been proposed to
act as an endogenous mediator in host defense and/
% Therefore, in the present study, we
employed monocrotaline (MCT), a pyrrolizidine alkaloid,
to induce pulmonary artery smooth muscle hypertrophy
and PH in a rat model”"*”. We then examined the SO,
concentration and aspartate aminotransferase (a key
enzyme of endogenous SO, generation) activity in plasma
or lung tissue homogenates of MCT-induced pulmonary-
hypertensive rats. We also measured the changes of
pulmonary artery pressure and pulmonary vascular
structural remodeling. It has been reported that oxidative
stress greatly contributes to the pathogenesis of MCT-
induced PH**** and SO, can cause lipid peroxidation
and changes of antioxidative status in the lungs and heart
of mice'”. Therefore, we assayed the antioxidative
enzymes and production of lipid peroxidation of plasma
and lung tissue in MCT-treated rats to explore the possible
mechanisms by which endogenous SO, regulates MCT-
induced PH.

or inflammation'

Materials and methods

Reagents Sodium sulfite (Na,SO;) and sodium
bisulfite (NaHSO;) were used as the SO, donor (mole ratio
was adjusted to approximately 3:1, pH 7.4). L-aspartate-
B-hydroxamate (HDX, an aspartate aminotransferase
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inhibitor), MCT, and monobromobimane (mBrB) were
purchased from Sigma (St Louis, MO, USA). TRIzol,
M-MuLV reverse transcriptase, dNTP, Tag DNA
polymerase, and oligo(dT),; primer were obtained from
Promega (Madison, WI, USA). Other chemicals and
reagents were of analytical grade.

Animal preparation Animal care and experimental
protocols complied with the Animal Management Rule of
the Ministry of Health, China (documentation 55, 2001)
and the Animal Care Committee of Peking University First
Hospital, Beijing, China. Forty male Wistar rats (body
weight 150+£5 g) were obtained from the Experimental
Animal Center, Peking University Health Science Center,
Beijing, China.

The rats were randomized into the following groups:
control group, MCT group, MCT+HDX group, and
MCT+SO0, group (n=10 for each group). The rats in the
control group were administered saline water; the rats
in the MCT group were injected with MCT (60 mg/kg
intraperitoneally) on d 1; the rats in the MCT+HDX group
were given HDX (25 mg/kg orally on d 0, 7 and 14) after
injection with MCT; and the rats in the MCT+SO, group
were subcutaneously injected with the SO, donor (Na,SO,/
NaHSO,, 72.3 mg/kg) every day.

MCT (100 mg crotaline; Sigma, USA) was dissolved in
0.6 mL of 1 mol/L HCI followed by the addition of 1-2 mL
distilled water. This solution was adjusted to pH 7.4 using
1 mol/L NaOH solution with 5 mL distilled water. The rats
received a single subcutaneous injection of MCT solution
or saline solution. The animals were housed with a
12 h light/12 h dark cycle and given water and standard
rat chow ad libitum. At 3 weeks after injection, the rats
were killed and the organs were harvested for the following
analyses.

Measurement of hemodynamic parameters and
sample preparation On d 22, the rats were weighed and
anesthetized with 12% ethylcarbamate (10 mL/kg body
weight) intraperitoneally. A polyethylene catheter (0.9
mm in outer diameter, PE-50, Intramedic, Sarasota, FL,
USA) was introduced into the right jugular vein and passed
across the tricuspid valve and right ventricle (RV) into
the pulmonary artery. The catheter was filled with 0.9%
NaCl containing 25 U/mL bovine heparin. The other end
of the catheter was connected to a pressure transducer (PT-
100, Chengdu Technology & Market Co LTD, Chengdu,
China), and mean pulmonary artery pressure (mPAP) was
simultaneously recorded on a physiological polygraph
instrument (BL-420F New centrary, Chengdu Technology
& Market Co LTD, Chengdu, China). The right lung was
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rapidly isolated, snap frozen and then stored in liquid
nitrogen. The heart was removed and the RV and the left
ventricle (LV) plus the septum (SP) were dissected. These
tissues were blotted and weighed using an electronic
scale. The ratio of the wet weight of the RV to that of
the LV+SP [RV/(LV+SP)] was calculated as an indicator
of RV hypertrophy. Plasma was collected from the rats,
centrifuged, and stored at —70 °C.

Morphometric analysis of small pulmonary arteries
The left lower part of the lung tissue was removed and
immersed into 10% (w/v) paraformaldehyde. The lung
tissues were then dehydrated, embedded in paraffin, and
sectioned at a thickness of 4 um. The elastic fiber in
the lung tissues was stained according to the modified
Weigert’s method and counterstained with Van Gieson
solution. A morphological analysis was performed using
a video-linked microscope digitizing board system (Leica
Q550CW, Vizla, Germany). The inflammatory cells were
semiquantified by the total number of the mononuclear
cells around both small and medial arteries in the sections
(cells/mm”) of each section. Only vessels showing clearly
defined external and internal elastic lamina were used in
analysis. In this study, according to Barth’s methods™,
which renders obliquely-cut arterial vessels able to be
assessed accurately for medial thickness by planimetry,
we defined the medial and small pulmonary arteries as
those with an outer diameter ranging from 50 to 150 pm,
and 15 to 50 pum, respectively, and calculated the relative
medial thickness (RMT) and relative medial areas (RMA).
Barth’s methods consider o the angle at which a vessel is
cut as an important parameter of vessel geometry. Based
on o known, the shape of the obliquely cut artery is
mathematically transformed to its ideal concentric circular
shape.

A small part of the lung tissue was cut from the upper
part of left lung lobe and quickly immersed into 3%
glutaraldehyde. It was then cut into | mmx1 mmx1 mm
pieces and post-fixed in 1% phosphate-buffered osmium
tetroxide for 6 h. It was then rinsed again (overnight) and
dehydrated in a graded series of ethanol. These specimens
were infiltrated with propylene oxide and embedded
with Epon812. These procedures were all done at room
temperature. Finally, the specimens were embedded in
new batches of Epon812 and polymerized at 40°C (24 h)
and 60°C (48 h). From the selected blocks, a series of
transverse or longitudinal sections were made. Semithin
sections (1 um) were stained with Azur II and methylene
blue. Ultra-thin sections (60—90 nm) were made with an
ultra microtome and mounted on formvar-coated copper

grids (75 meshes). Then it was stained with uranyl
acetate and lead citrate, and examined in detail under a
transmission electron microscope (JEM-100CX; JEOL,
Tokyo, Japan).

Determination of SO, content in plasma and lung
tissues Samples taken from plasma and lung tissue
homogenates were prepared, and the high performance
liquid chromatography (HPLC) with fluorescence deter-
mination was used to determine the SO, concentration””**).
Briefly, 100 pL sample was mixed with 70 uL of 0.212
mol/L sodium borohydride in 0.05 mol/L Tris-HCI (pH
8.5) and incubated at room temperature for 30 min. The
sample was then mixed with 10 uL of 70 mmol/L mBrB in
acetonitrile, incubated for 10 min at 42 °C, and then mixed
with 40 pL of 1.5 mol/L perchloric acid. The protein
precipitate in the mixture was removed by centrifugation
at 12 400xg for 10 min at 23 °C. The supernatant was
immediately neutralized by adding 10 pL of 2 mol/L
Tris-HCI (pH 3.0) and centrifuged at 12400xg for 10
min. The neutralized supernatant was used for HPLC.
The column (4.6x150 mm C18 reverse-phase column;
Agilent series 1100; Agilent Technologies, Waldbronn,
Karsruhe, Germany) was first equilibrated with a buffer
(methanol:acetic acid: water=5.00:0.25:94.75 by volume,
pH 3.4). The sample loaded onto the column was resolved
by a gradient of methanol (0—5 min at 5%, 5—10 min at
35%, 10-17 min at 45%, 17-22 min at 100%, and 22-27
min at 5%) at a flow rate of 1.0 mL/min. Sulfitebimane
was measured by excitation at 392 nm and emission at 479
nm.

Assay of aspartate aminotransferase activity
Aspartate aminotransferase activity in plasma and lung
tissue homogenates was determined by the use of a
continuous assay and a biochemistry analyzer (Hitachi
7600; Tokyo, Japan). Tissue aspartate aminotransferase
activity was expressed as U/g protein.

Determination of aspartate aminotransferase 1/
aspartate aminotransferase 2 mRNA in lung tissues by
quantitative real-time PCR Total RNA in the lung tissue
was extracted by TRIzol reagent and reverse transcribed by
oligod(T),s primer and M-MuLV reverse transcriptase. The
primers and probes used are listed in Table 1. Quantitative
real-time PCR was performed on an ABI PRISM 7300
instrument (ABI USA Sales Corp, Los Angeles, CA, USA).
The PCR mixture contained 5 plL of 10xPCR buffer, 5 uL
cDNA template or standard DNA, 4 pL of 2.5 mmol/L
each dNTP, 5 U Tag DNA polymerase, | pL 6-carboxy-
X-rhodamine (ROX, Category No 12223-012; Invitrogen,
Carsbad, CA, USA), 15 pmol each forward and reverse
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primers, and 10 pmol 7ag Man probe in a total volume of
50 uL. Samples and standard DNA were determined in
duplicate. The PCR condition was predenaturing at 95 °C
for 5 min, then 95 °C for 15 s, and 60 °C for 1 min for 40
cycles.

Measurements of lung tissue oxidants and anti-
oxidative enzymes The left lung was rinsed with saline
through the pulmonary artery and resected. Nine-fold
volume of phosphate-buffered saline (PBS) was added and
then grinded gently at 4°C. Superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), catalase (CAT), reduced
glutathione (GSH), oxidized glutathione (GSSG), and
malondialdehyde (MDA) of the lung tissue homogenates
and plasma were determined by colorimetric method using
corresponding kits (Nanjing Jiancheng Biology, Nanjing,
China).

Statistics The results are expressed as mean+SD. All
data were analyzed with SPSS 11.5 (SPSS, Chicago, IL,
USA). ANOVA, followed by post-hoc analysis, (Newman—
Keuls test) was used to compare differences among groups.
P-values less than 0.05 were considered statistically
significant.

Results

Rat model of PH A single intraperitoneal injection
of MCT resulted in a significant increase in mPAP of the
rats in the MCT group after 3 weeks of the experiment
compared with the control group (P<0.01). This was
paralleled by right ventricular hypertrophy with an
increased RV/(LV+SP) weight ratio (an index of RV
hypertrophy) at 3 weeks (P<0.01). Moreover, the rats of
the MCT group had significantly lower body weight after 3

Table 2. Comparison of mPAP, RV/(LV+SP) ratio and BW among 4
groups of rats. n=10. Mean+SD. °P<0.01 vs control group. 'P<0.01 vs
MCT group.

Groups mPAP (mmHg) RV/(LV+SP)ratio BW (g)
MCT group 38.18+6.15° 0.57+0.06° 236+17°
MCT+HDX group 47.61+7.26% 0.65+0.06 233+21°¢
MCT+SO0, group 38.91+8.55° 0.55+0.05° 227427¢
Control group 15.75+2.41 0.31+0.03 271+24

mPAP, mean pulmonary artery pressure. RV/(LV+SP), right ventricular
weight/left ventricular plus septum weight. BW, body weight. MCT,
monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-B-hydroxamate.

weeks of the experiment (P<0.01, Table 2).
Morphometric analysis of pulmonary arteries
in MCT-induced pulmonary-hypertensive rats A
histological examination of the lungs at 3 weeks after
MCT injection revealed interstitial thickening and
prominent media hypertrophy of muscular pulmonary
arteries and arterioles. Lumens of arteries were narrowed,
even occluded, and the normal structure of artery wall
was remodeled. Compared with the control rats, the
total number of monocular cells around the arteries in
the sections was significantly increased in the rats of the
MCT group (54.35+18.75 cells/mm’ vs 14.25+5.25 cells/
mm” (P<0.01, Figure 1). Compared with the rats in the
control group, RMT and RMA, defined as parameters of
pulmonary vascular structural remodeling, were increased
significantly in the medial and small pulmonary arteries
(all P<0.01), together with the development of PH in the
rats of the MCT group (Table 3, Figure 2). Furthermore,
the endothelial cells (EC) were swollen and hypertrophic,

Table 1. Primers and TagMan probes used in quantitative real time RT-PCR for the measurement of aspartate aminotransferase 1, aspartate

aminotransferase 2 and B-actin cDNAs in rat.

cDNA Oligonucleotide Sequence Product size (bp)
Aspartate Forward primer 5'-CCAGGGAGCTCGGATCGT-3' 79
amino Reverse primer 5-GCCATTGTCTTCACGTTTCCTT-3'
transferase 1 TagMan probe 5'-CCACCACCCTCTCCAACCCTGA-3'
Aspartae Forward primer 5'-GAGGGTCGGAGCCAGCTT-3' 82
amino Reverse primer 5'-GTTTCCCCAGGATGGTTTGG-3'
transferase 2 TagMan probe S-TTTAAGTTCAGCCGAGATGTCTTTC-3'
B-actin Forward primer 5'-ACCCGCGAGTACAACCTTCTT-3' 80

Reverse primer
TaqMan probe

5'-TATCGTCATCCATGGCGAACT-3'
5'-CCTCCGTCGCCGGTCCACAC-3'

TagMan probe labeled with FAM at the 5" end and TAMRA at the 3" end.
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Figure 1. Microstructural changes in rat lung. (A) control group: the normal lung arteriole wall was thin, and endothelial cells were flat and continuous.
Cells distributed well, and the size and thickness were consistent. (B) MCT group: the interstitial thickening and prominent media hypertrophy

of muscular pulmonary arteries and arterioles were shown. Lumens of arteries were narrowed, even occluded, normal structure of arteriolar wall
disappeared, and inflammatory cells infiltrated around the arteriole. Compared with control group, the total number of inflammatory cells (neutrophils
and lymphocytes) in sections was significantly increased in MCT rats. (C) MCT+HDX group: the pathological changes were much aggravated.
Compared with those of MCT group, less inflammatory cells infiltrated at both perivascular and peribronchial areas in MCT+HDX group. (D) MCT+SO,
group: the interstitial thickening and prominent media hypertrophy of muscular pulmonary arteries and arterioles were attenuated significantly, though the

infiltration of inflammatory cells was increased compared with MCT group. (HE staining, x400).

the internal elastic lamina appeared irregular, and rough
endoplasmic reticulum and free ribosomes increased in the
cytoplasm of SMC in the rats of the MCT group (Figure 3).

Alteration of the SO,/aspartate aminotransferase
pathway in MCT-induced pulmonary hypertensive
rats The aspartate aminotransferase activity and

Table 3. RMT and RMA changes of medium and small pulmonary
arteries of 4 groups of rats. n=10. Mean+SD. °P<0.01 vs control group.
°P<0.05 vs MCT group.

Small pulmonary artery ~ Medium pulmonary artery

Groups
RMT (%) RMA (%) RMT (%) RMA (%)

MCT group 9.3942.34° 17.84+4.16° 15.07+4.72° 29.35+3.84°
MCT+HDX group 11.99+1.94 20.5448.59% 17.59+5.04 31.86+4.13
MCT+S0, group ~ 6.53+2.10° 12.59+3.91° 13.65+4.11° 25.29+6.96°
Control group 5204221 1026+4.15 11.1942.58 21.85+4.56

MCT, monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-f3-
hydroxamate. RMT, relative medium thickness. RMA, relative media
area.

SO, concentration in the lung tissues was increased
significantly of the rats of the MCT group (all P<0.01).
The aspartate aminotransferase activity in plasma was also
increased obviously (P<0.01, Table 4). Compared with
the control group, aspartate aminotransferase 1 mRNA
levels in the lung tissues of the rats in the MCT group
were increased obviously (P<0.01). Meanwhile, aspartate
aminotransferase 2 mRNA levels in the lung tissues and
pulmonary arteries of the rats in the MCT group were
higher than that of the control group (all P<0.01, Table 5).
Effects of endogenous SO, on MCT-induced PH and
pulmonary artery structural remodeling The aspartate
aminotransferase activity and SO, concentration in the lung
tissues and plasma of the rats in the MCT+HDX group
decreased markedly (all P<0.01, Table 4). However, the
aspartate aminotransferase 2 mRNA in the lung tissues and
pulmonary arteries of the rats in the MCT+HDX group
was further increased, respectively (all P<0.01; Table 5).
Meanwhile, the aspartate aminotransferase 1 mRNA in
the lung tissues of the rats in the MCT+HDX group also
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Figure 2. Elastin fiber staining of small pulmonary
arteries under optical microscope. (A) control group:
the wall of small pulmonary artery exhibited a
normal structure. (B) MCT group: the wall of small
pulmonary artery was thick compared with that of
control rat. (C) MCT+HDX group: the wall of small
pulmonary artery was thicker than that of MCT-
treated rat. (D) MCT+SO, group: the wall of small
pulmonary artery was thinner than that of MCT-
treated rat. (x400).

Figure 3. Ultra-structural changes of rat lung tissues.
(A) control group: the normal vascular endothelial
cells (VECs) were flat and thin, inner elastic layer
thickness was even, and smooth muscle cells were in
fusiform shape. Structures of actin filament, dense
body and dense patch were clear. (B) MCT group:
the VECs were swollen and degenerated lightly,
small vacuole could be seen. The inner elastic layers
were rarefaction and the thickness was not even.
The smooth muscle cells were hypertrophic, and cell
organs were abundant. (C) MCT+HDX group: the
shape of arteriole endothelial cells was augmented
to collumn shape and degenerated slightly. The
inner elastic layers were much puff, smooth muscle
cells were hypertrophic, and cell organs, such as
chondriosome and rough endoplasmic reticulum,
were abundant. (D) MCT+SO, group: the VECs
proliferation and lumen stenosis still could be found,
though they were flat and thin. The inner elastic layer
was comparatively even. SMC also was in fusiform
shape, and structure of dense body and dense patch
was clear. (x12000).
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Table 4. SO,/aspartate aminotransferase pathway in monocrotaline-
induced PH rats. n=10. Mean+SD. "P<0.05, °P<0.01 vs control group.
°P<0.05, 'P<0.01 vs MCT group.

Aspartate aminotransferase SO, content

activity
Groups Plasma Lung tissue Plasma  Lung tissue
(IU/L) (IU/g (ng/mL) (umol/g
protein) protein)
MCT group 134.02+18.51° 64.4242.80° 2.31+0.51 4.77+0.43

MCT+HDX group 93.51£7.43°" 34.81+5.92" 1.74£0.31° 2.55+0.54"
MCT+S0, group  125.33+14.62° 50.34+4.52  4.69+1.74 9.08+1.17"
Control group 80.81£8.25  53.73+4.92 1.88+0.33 3.92+0.46

MCT, monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-f-
hydroxamate.

increased obviously (P<0.05). The mPAP and RV/(LV+SP)
of the rats in the MCT+HDX group were higher than those
of the MCT group (all P<0.01, Table 2). Compared with
the MCT group, the RMT and RMA of small pulmonary
arteries in the rats of the MCT+HDX group were further
increased by 27.7% and 15.1%, respectively (all P<0.05,
Table 3, Figure 2). Meanwhile, the RMT and RMA of the
medium pulmonary arteries were also increased by 16.7%
and 8.5%, respectively (all P<0.05). In the rats of the
MCT+HDX group, lung interstitial edema was aggravated,
more inflammatory cells infiltrated (78.55+23.75 cells/
mm’), and most pulmonary alveoli were disorganized. The
hyperplasia and shedding of type II alveolar epithelial cells
were aggravated. Arteriolar EC were augmented to column
shape and degenerated slightly. Lumens were obliterated,
and the inner elastic layers of small pulmonary artery of the
rats in the MCT+HDX group were much puff compared
with that of the rats in the MCT group. SMC hypertrophy
was significant, and cell organs, such as chondriosome
and rough endoplasmic reticulum were more abundant as
compared with the MCT group (Figure 3).

Effects of SO, donor on MCT-induced pulmonary
artery structural remodeling The SO, content in the
lung tissues and plasma in the rats of the MCT+SO, group
were higher than that of the MCT group (all P<0.01; Table
4). Compared with the MCT group, the RMT and RMA
of the pulmonary arteries in the rats of the MCT+SO,
group decreased by 30.4% and 29.4% for small pulmonary
arteries and by 9.4% and 13.8% for median pulmonary
arteries, respectively (all P<0.05). However, the infiltration
of inflammatory cells (93.75+24.68 cells/mm”) increased
obviously compared with those of the MCT group (P<0.05,
Table 3, Figure 2).

Influence of SO, on the oxidative and antioxidative
balance in MCT-induced pulmonary-hypertensive
rats Compared with the control group, the activities
of antioxidative enzymes, including SOD, GSH-Px
and CAT, in the lung tissues of the rats in the MCT
group increased significantly (all P<0.01), and GSH, an
important antioxidant, also increased obviously (P<0.01).
Meanwhile, oxidative production, including GSSG and
MDA, in the lung tissues of the rats in the MCT group also
increased markedly (P<0.01). Compared with the MCT
group, SOD and CAT enzymatic activity and GSH content
in the lung tissues in the rats of the MCT+HDX group
decreased by 14.95%, 18.22%, and 15.06%, respectively
(all P<0.05, Table 6). In the rats of MCT+SO, group, SOD
and GSH-Px enzymatic activity and MDA content in the
lung tissues were increased by 20.6%, 13.05%, and 13.1%
compared with MCT group respectively (all P<0.01,
Table 6). Meanwhile, SOD, GSH-Px, and CAT enzymatic
activity in the plasma of the rats in the MCT+SO, group
also increased obviously (P<0.05, Table 7).

Discussion

In the present study, we successfully established a
rat model of MCT-induced PH and pulmonary vascular

Table 5. Glutamate oxaloacetate transaminase mRNA expression in MCT-induced PH rats. n=10. Mean+SD. °P<0.01 vs control group. 'P<0.01 vs

MCT group.
Lung tissues Pulmonary artery
G Aspartate aminotransferase ~ Aspartate aminotransferase  Aspartate aminotransferase Aspartate aminotransferase
roups | mRNA/B-actin mRNA 2 mRNA/B-actin mRNA | mRNA/B-actin mRNA 2 mRNA/B-actin mRNA
MCT group 0.16+0.02° 0.73+0.09° 0.55+0.08 0.59+0.06°
MCT-+HDX group 0.34+0.05° 2.37+0.13 0.58+0.09 1.250.16F
MCT+S0, group 0.45+0.10° 2.73£0.31° 0.5940.02 1.53£0.24
Control group 0.08+0.01 0.14+0.03 0.51+0.03 0.29+0.07

MCT, monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-B-hydroxamate.
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Table 6. Effects of SO, on the oxidative stress in the lung tissues in MCT-induced PH rats. n=10. Mean+SD. °P<0.01 vs control group. “P<0.05,

'P<0.01 vs MCT group.

Groups SOD GSH-Px CAT GSH GSSG GSH/GSSG MDA
(U/mg lung) (U/mg lung) (U/mg lung) (nmol/g lung) (umol/g lung) (umol/g lung)
MCT group 118.61+8.64° 41.75+4.73° 41.27+3.95° 63.365.30° 35.92+4.81° 1.77£0.13° 5.34+0.31°
MCT+HDX group 100.88+17.97* 40.35+11.63° 33.75+9.14 53.82+1.83 33.33+£5.46 1.58+0.32% 5.68+0.70°
MCT+S0, group 143.05+18.48°" 47.20+7.54 38.36+6.15° 59.1045.95° 32.5943.92 1.8340.18° 6.04+0.49°
Control group 82.12+4.69 27.04+4.11 22.14+43.51 41.77+6.61 34.98+3.75 1.19+0.15 4.48+0.55

MCT, monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-pB-hydroxamate. SOD, superoxide dismutase. GSH-Px, glutathione peroxidase. CAT,
catalase. GSH, reduced glutathione. GSSG, oxidized glutathione. MDA, malondialdehyde.

Table 7. Effects of SO, on the oxidants and antioxidants in the plasma of MCT-induced PH rats. n=10. Mean+SD. °P<0.05 vs MCT group.

Groups SOD (U/mL) GSH-Px (U/mL) CAT (U/mL) GSSG (umol/L ) MDA (umol/L)
MCT group 68.53+7.46 74.67£11.35 24.1%5.17 41.7315.58 6.19+1.85
MCT+HDX group 75.06+9.19 64.62424.92 23.51+5.48 49.02+12.56 6.93£1.93
MCT+SO0, group 79.1947.04° 93.67+17.33¢ 31.04+10.41° 43.39+11.96 5.89+1.63
Control group 74.80+10.21 74.85+20.86 28.69+5.30 37.28+16.83 7.59+1.27

MCT, monocrotaline. SO,, sulfur dioxide. HDX, L-aspartate-B-hydroxamate. SOD, superoxide dismutase. GSH-Px, glutathione peroxidase. CAT,

catalase. GSSG, oxidized glutathione. MDA, malondialdehyde.

structural remodeling. On the basis of the rat model of
MCT-induced PH, we explored the role of endogenous
SO, in the pathogenesis of MCT-induced PH. SO, is
best known as a common air pollutant that has resulted
from increased industrial activity over the past several
decades. Less recognized, however, is the fact that SO, is
also a biological gas endogenously generated from sulfur-
containing amino acids in a series of reactions catalyzed by
aspartate aminotransferase'”".

We found that the endogenous SO,/aspartate amino-
transferase pathway was upregulated significantly in
the rats of the MCT groups, exhibiting an increase
in endogenous SO, content in the lung tissues and
enhancement of aspartate aminotransferase enzymatic
activity in plasma and lung tissues. Moreover, we
determined the change of the aspartate aminotransferase
mRNA level in the lung tissues and pulmonary arteries in
the rats of the MCT group. Aspartate aminotransferase
has two isoenzymes named for their intracellular location:
aspartate aminotransferase 1 is located in the cell
cytoplasm, and aspartate aminotransferase 2 is located in
the cell mitochondria. Our data showed that expression
of aspartate aminotransferase 1 mRNA in the lung tissues
and that of aspartate aminotransferase 2 mRNA in the lung
tissues and pulmonary arteries of the rats in the MCT group
were increased markedly.
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To further determine the significance of the SO,/
aspartate aminotransferase pathway during the development
of PH in MCT-treated rats, HDX, an inhibitor of aspartate
aminotransferase, was administered and significantly
inhibited the activity of aspartate aminotransferase and
the production of endogenous SO,. At the same time,
mPAP and RV/(LV+SP) were further increased, and the
microstructure and ultrastructure of muscular pulmonary
arteries worsened, which suggested that the inhibition
of endogenous SO, can augment PH, and promote right
ventricular hypertrophy and pulmonary vascular structural
remodeling in MCT-treated rats. Na,SO,/NaHSO;, a donor
of exogenous SO,, was supplied for 3 weeks and was
found to significantly increase the lung tissue SO, content.
Simultaneously, Na,SO,/NaHSO, alleviated small and
median pulmonary artery structural remodeling. All these
data implied that the upregulation of the endogenous SO,/
aspartate aminotransferase_pathway might play a protective
role in the process of MCT-induced PH.

However, the underlying mechanism responsible
for the protective role of the endogenous SO,/aspartate
aminotransferase pathway in the development of PH is
not clear. Studies have suggested that increased oxidative
stress, such as the enhanced production of superoxide
anions and other reactive oxygen species, might contribute
to the pathogenesis and/or development of PH®'?. Tt
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has also been reported that oxidative stress may in part
contribute to the pathogenesis of PH in a MCT model”**".
The antioxidative defense is largely provided by several
enzymes such as SOD, GSH-Px, and CAT"**”. Meng and
coworkers™ indicated that low doses of SO, (22 and 56
mg/m’) caused significant increases in SOD, GSH-Px, and
CAT activities in the lungs.

In the present study, the activities of those antioxidative
enzymes, including SOD, GSH-Px, and CAT in the lung
tissues of the MCT-treated rats increased significantly
compared with the control group. Also, GSH/GSSG, which
is believed to be a major element in the detoxification of
S0,"", and MDA, lipid peroxidation production, increased
markedly in the lung tissues of the rats in the MCT group.
These results are in accordance with those previously
reported”'**.

Interestingly, when the endogenous SO, was inhibited
by HDX, the antioxidative enzyme (SOD and CAT)
activities and GSH levels in the lung tissues decreased
significantly compared with the MCT group, suggesting
that endogenous SO, could increase the antioxidative
ability in MCT-treated rats. To further understand the effect
of SO, on MCT-induced oxidative stress, we observed the
changes in oxidative stress and the antioxidative status
in the rats of the MCT+SO, group. Compared with the
MCT group, the activities of those antioxidative enzymes,
including SOD and GSH-Px in the lung tissues were
increased significantly. Moreover, GSH-Px and CAT
activities in the plasma also increased obviously in the rats
of the MCT+SO, group. These results imply that the SO,
can, at least partly, increase the antioxidative capacity of
rats.

Additionally, the inflammatory cell infiltration around
the pulmonary arteries in the rats of the MCT group were
worsened following administration of HDX, suggesting
that the inhibition of perivascular inflammation might
be involved in the regulatory effect of endogenous SO..
However, Na,SO,/NaHSO, was found to aggravate
inflammatory cell infiltration around the pulmonary arteries
in the rats of the MCT group. The mechanisms by which
the supplement of exogenous SO, produced such a result
is unclear. A previous study showed that SO, inhalation
(5 ppm) could increase the levels of interleukin-6 and
TNF-a in lungs and sera, and cause an inflammatory
reaction””. All these findings imply that the effect of SO,
on perivascular inflammation might depend on the different
concentrations of SO, in tissues. Further studies on the
role of endogenous or exogenous SO, in the regulation of
inflammation are needed.

Previous studies on this gas molecule have focused
on the toxicity and oxidative damage of exogenous SO,
inhalation™**. In the present study, we first explored
the pathophysiological significance of endogenous SO, in
MCT-induced PH. Based on our studies, it is suggested
that endogenous SO, might play a pathophysiological and
protective role, at least partially, in the process of MCT-
induced PH.
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