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Pulmonary hypertension (PH) is an important pathophysiological process in the developm ent of many 
diseases. However, the mech anism responsible for the development of PH remains unknown. The objec- 
tive of the study was to explore the possibl e impact of sulfur dioxide (SO2) on the endogenous hydrogen 
sulfide (H2S) pathway in rats with PH induced by high pulmonary blood flow. Compared with sham 
group, the systolic pulmonary artery pressure (SPAP) in the shunt group was significantly increased, 
along with the increased percentage of muscularized arteries and partially muscularized arteries of small 
pulmonary arteries. Compared with the shunt group, SPAP in the shunt + SO 2 group was significantly 
decreased, and the percentage of muscularized pulmonary arteries was also decreased. Additionally, rats 
that developed PH had significantly lower levels of SO 2 concentration, aspartate aminotransferase (AAT)
activity, protein and mRNA expressions of AAT2 in pulmonary tissues. Administration of an SO 2 donor
could alleviate the elevated pulmonary arterial pressure and decrease the muscularization of pulmonary 
arteries. At the same time, it increased the H2S production, protein expression of cystathioni ne- c-lyase
(CSE), mRNA expression of CSE, mercapto pyruvate transsulphurase (MPST) and cystathionine- b-synthase
(CBS) in the pulmonary tissue of the rats. The results suggested that endogenous SO 2/AAT2 pathway and 
the endogenous H2S production were downregulated in rats with PH induced by high pulmonary blood 
flow. However, SO 2 could reduce pulmonary arterial pressure and improve the pulmonary vascular path- 
ological changes in association with upregulating endogenous H2S pathway. 

� 2013 Elsevier Inc. All rights reserved. 
1. Introduction 

Pulmonary hypertension (PH) is an important pathophysiol ogi- 
cal process in the development of a variety of clinical cardiac and 
pulmonary diseases, and has critical influence on the progress 
and prognosis of the diseases [1]. High pulmonary blood flow-in-
duced PH is a serious complication in patients with congenital 
left-to-right shunt. Previous studies indicate that enhanced vaso- 
motor response and vascular remodeli ng are part of the pathogen- 
esis in high pulmonary blood flow-induced PH [2,3]. However , the 
exact mechanism s remain unclear. Gaseous signaling molecules, 
with its properties of quick generation, rapid diffusion, extensive 
action and short half-life, play an important role in vascular 
ll rights reserved. 
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regulatio n. The lung is an organ where gas exchange takes place, 
and therefore, gasotransm itters play a prominent role in the regu- 
lation of pulmonary circulation. Previous research demonstrat ed 
that both nitric oxide (NO) [4–6] and hydrogen sulfide (H2S) [7,8]
exerted significant mitigation effect on high pulmonary blood 
flow-induced pulmona ry hypertension. They reduced the mean 
pulmona ry arterial pressure, decreased deposition of collagen I
and collagen III in the pulmonary arterial walls, and induced apop- 
tosis of pulmonary artery smooth muscle cells through activation 
of the Fas signaling pathway, thus alleviating pulmonary vascular 
structura l remodeli ng [4–8]. Recently, our research group demon- 
strated that sulfur dioxide (SO2) could be endogen ously generated 
in the cardiovascu lar system [9]. Also, the sulfur dioxide/a spartate 
amino transferase pathway was present in a variety of organs and 
tissues of rats [10]. SO 2 could significantly inhibit pulmonary vas- 
cular structural remodeling in monocrotaline- induced PH and hyp- 
oxic PH in rats [11,12]. However , its role in the pathophy siological 
process of increased pulmona ry blood flow-induced PH remains 
unknown .
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mailto:jinhongfang51@126.com
http://dx.doi.org/10.1016/j.bbrc.2013.03.014
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


520 L. Luo et al. / Biochemical and Biophysical Research Communications 433 (2013) 519–525
Our research group discovered that H2S was involved in the reg- 
ulation of high pulmonary blood flow-induced PH [13,14]. The 
endogenous H2S/CSE, MPST and CBS pathways participated in the 
pathogenes is of high blood flow-induced PH [15,16]. SO 2 and H2S
are generate d from methionine metabolic pathway. However, 
whether SO 2 has any impact on the endogenous H2S generating 
pathway in pulmonary arteries in the pathogenesis of high blood 
flow-induced PH is still unclear. Therefore, the present study was 
undertaken to investigate the possible role of SO 2 in the develop- 
ment of high blood flow-induced PH and the impact of SO 2 on
the endogen ous H2S/CSE, MPST and CBS pathways in PH induced 
by high pulmonary blood flow.
2. Materials and methods 

2.1. Preparation of the animal model 

Male Wistar rats weighing from 130 to 190 g were provided by 
the Animal Research Committee of the First Hospital, Peking Uni- 
versity. Twenty-four rats were randomly divided into three groups: 
the sham group (n = 8), the shunt group (n = 8) and the shunt + SO 2
group (n = 8). Rats in the shunt group and the shunt + SO 2 group
were subjected to an abdominal aorta-inferior vena cava shunting 
to create an animal model of high pulmonary blood flow. All 
groups of rats were raised under the same diet and drinking condi- 
tions. Starting from the second day of the shunting operation, rats 
from the shunt + SO 2 group were given intraperitonea l injection of 
an SO 2 donor, Na 2SO3/NaHSO3, which was dissolved in physiolog- 
ical (0.9%) saline (0.54 mmol/kg per 0.18 mmol/kg body weight)
before injection. Na 2SO3/NaHSO3 was injected once per day 
(85 mg/kg body weight) during eight weeks. The shunt group 
was given the same amount of physiological saline. 

2.2. Measuremen t of systolic pulmonary artery pressure 

Eight weeks after the administration of the SO 2 donor, rats were 
anesthetize d with urethane (1 g/kg body weight). A silicone cathe- 
ter (outer diameter, 0.9 mm) was inserted into the right jugular 
vein through venotomy, and then passed through the tricuspid 
valve and right ventricle until it reached the pulmona ry artery. 
The other end of the catheter was connected to a Multi-Lead Phys- 
iological Monitor (BL-420F, Chengdu TME Technology , Chengdu, 
China) through a P50 pressure transduc er. The curves of systolic 
pulmonary artery pressure (SPAP) were traced, and SPAP was 
measured.

2.3. Pulmonary vascular morphologic al changes 

The lung lobes were fixated by 10% (W/V) formaldehyde buffer, 
and the paraffin sections were done. Subsequently, HE staining was 
applied. Pulmonar y vascular morphology was observed and the 
percentage of muscularized pulmonary arteries of the total amount 
of small pulmonary arteries was calculated. 

2.4. Determinati on of SO 2 content in lung tissue 

SO2 concentrations in the lung tissue samples were detected by 
high-perform ance liquid chromatogr aphy (HPLC, Agilent 1100 ser- 
ies, Agilent Technologies, Palo Alto, CA, USA). Samples of the lung 
tissues (100 ml) were mixed with 70 ml of 0.212 Mm sodium boro- 
hyderide in 0.05 M Tris–HCl (pH 8.5) and incubated at room tem- 
perature for 30 min. They were then mixed with 10 ml of 70 Mm 
monobromobi mane in acetonitrile . Fifty milliliters of 1.5 M per- 
chloric acid was added to the mixture after incubation for 10 min 
at 42 �C. Protein precipitates were removed by centrifugation at 
12400 g for 10 min. By adding 20 ml of 2.0 M Tris, the supernatant 
was neutralized, and then gently mixed and centrifuged again at 
12400 g for 10 min at room temperature. Then, the neutraliz ed 
supernat ant (100 ml) was transferred and stored at 4 �C in foil 
wrapped tubes, and 5 ml of the sample was injected into the HPLC 
column. The column was equilibrated with methano l, acetic acid, 
and water in the ratio of 5.00:0.25:94. 75 (by volume, pH 3.4). Sul- 
fite-bimane adduct was detected by excitatio n at 392 nm and 
emission at 479 nm. 

2.5. Determina tion of AAT activity in lung tissue 

AAT Determination Kit (Nanjing Jiancheng Biologica l Engineer 
Academy, Nanjing, China) was used to detect AAT activity in the 
lung tissue samples. The samples were homogenated with 
0.01 mol/L phosphate-buffer ed saline (PBS; weight: volume, 
1:10). Protein precipitates were removed by centrifugation at 
2500 g for 10 min at room temperature . The tissue protein was 
measure d by the Coomassie method and the supernat ant was used 
to detect AAT content by using the Reitman method. 

2.6. Assay of endogenous H2S concentratio n

The lung tissue samples were firstly suspended in 50 mmol/L 
ice-cold potassium phosphate buffer (pH 6.8). The mixture con- 
tained (in mmol/L): 100 potassium phosphate buffer (pH 7.4), 10 
L-cysteine, 2-pyridoxal -5 0-phosphate, and 10% (w/v) tissue homog- 
enate. Cryovial test tubes were used as the center wells containing 
0.5 mL of 1% zinc acetate as trapping solution and a filter paper. 
The reaction was performed in a 25 mL of Erlenmeyer flask (Pyrex).
The reaction started by transferring the flasks from ice to a 37 �C
shaking water bath. After incubation for 90 min, 0.5 mL of 50% tri- 
chloroaceti c acid was added to stop the reaction. The flasks were 
sealed again and incubated at 37 �C for another 60 min. The con- 
tents of the center wells were then transferred to test tubes, each 
containing 3.5 mL of water. Afterwards 0.5 mL of 20 mmol/L N,N-
dimethyl -p-phenylened iamine sulfate in 7.2 mol/L HCl was added, 
followed by the addition of 0.4 mL of 30 mmol/L FeCl 3 in 1.2 mol/L 
HCl. The absorbance at 670 nm was measured later with a spectro- 
photometer (Shimadzu UV 2100, Japan). The H2S concentration 
was calculated against the calibration curve of the standard H2S
solutions.

2.7. Expression of CSE, MPST and CBS in pulmonary blood vessels 
determined by immunohist ochemical analysis 

The paraffin sections were dewaxed and hydrated, and then 
processed by 3% H2O2 for 10 min at room temperat ure, followed 
by antigen repairing for 10 min (microwave heating method).
The slides were washed twice with phosphate-buffer ed saline 
(PBS), then blocked with goat serum at 37 �C for 30 min, and incu- 
bated overnight at 4 �C with CSE, MPST and CBS antibodies (diluted
at 1:200, 1:200, and 1:200, respectively ). The slides were then 
rinsed in PBS twice. Biotinylated anti-rabbit or anti-mou se IgG 
was incubate d for 1 h at 37 �C. After rinsed in PBS twice, slides 
were stained with 3,30-diamin obenzidine to develop color. The 
slides were then dehydrated through a graded ethanol series and 
dimethyl benzene. Positive signals were defined as brown granules 
in the tissue samples under optical microscop e. 

2.8. Determina tion of AAT2, CSE, MPST and CBS protein expression in 
lung tissue by using Western blot analysis 

The lung tissue samples were homogenize d and lysed. Equal 
amounts of protein were boiled and separated by SDS–PAGE and 
were transferred to nitrocellul ose membran es. The primary 



Table 1
Primers and TaqMan probes used in quantita tive real-time PCR for the measurement of AAT2, CSE, MPST, CBS and b-actin cDNAs in rats. 

cDNA Oligonucleotide Sequence Product size (bp)

AAT2 Forward primer 50-GAGGGTCGGAGCCAGCTT-30 121 
Reverse primer 50-GTTTCCCCAGGATGGTTTGG-30

TaqMan probe 50-TTTAAGTTCAGCCGAGATGTCTTTC-30

CSE Forward primer 50-GCTGAGAGCCTGGGAGGATA-30 101 
Reverse primer 50-TCACTGATCCCGAGGGTAGCT-30

TaqMan probe 50-CTGAGCTTCCAGCAATCATGACCCATG-30

MPST Forward primer 50-CGGCGCTTCCAGGTAGTG-30 131 
Reverse primer 50-CTGGTCAGGAATTCAGTGAATGG-30

TaqMan probe 50-CGCAGCTGGCCGTTTCCA-30

CBS Forward primer 50-CTCCGGGAGAAGGGTTTTGA-30 81 
Reverse primer 50-CATGTTCCCGAGAGTCACCAT-30

TaqMan probe 50-AGGCACCTGTGGTCAACGAGTCTGG-30

b-Actin Forward primer 50-ACCCGCGAGTACAACCTTCTT-30 80 
Reverse primer 50-TATCGTCATCCATGGCGAACT-30

TaqMan probe 50-CCTCCGTCGCCGGTCCACAC-30

TaqMan probe labeled with FAM at the 50end and TAMRA at the 30 end. AAT: aspartate aminotransferase; CSE: cystathionine- c-lyase; MPST: 
mercaptopyruvate transsulphurase; CBS: cystathionine- b-synthase.
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antibody dilutions were 1:1000 for AAT2 and CSE, 1:5000 for MPST 
and 1:1000 for CBS. Secondary antibodies were incubate d for 1 h at 
room temperature . Immunoreaction was visualized, exposed to X- 
ray film (Kodak Scientific), and then quantified by use of AlphaIm- 
ager (San Leandro, CA, USA).

2.9. Expressions of AAT2, CSE, MPST and CBS mRNA in lung tissue by 
using quantitative real-time polymerase chain reaction (PCR)

RNA in the lung tissue samples was extracted using the Trizol 
reagent and reverse-trans cribed by oligo(dT)15 primer and M- 
MLV reverse transcriptase. The sequences of the primers and the 
probes are shown in Table 1. In each sample, b-actin was used to 
calibrate the sample amount used for the determinati on. 

2.10. Data analysis 

For comparis on of the means between more than two groups, 
one-Way ANOVA was used. Mean comparisons between groups 
were used when homogeneit y of variance. The least significant dif- 
ference method (LSD) was used, and in heterogenei ty of variance 
the Tambane’s T2 was used. For mean comparisons between two 
groups, t test was used. All the data were analysed by SPSS 16.0 
(Chicago, IL, USA). A value of P < 0.05 was considered statistically 
significant. Results are expresse d as mean ± standard error. 
3. Results 

3.1. Systolic pulmonary artery pressure 

Compared with that of sham group, SPAP in shunt group was 
significantly increased (P < 0.01), whereas it was significantly de- 
creased in shunt + SO 2 group compare d with that of the shunt 
group (P < 0.01) (Fig. 1).

3.2. Pulmonary vascular morphologic al changes by HE staining 

Compared with that of the sham group, the ratio of the number 
of muscularized arteries (MA) to the number of small pulmonary 
arteries in shunt group was significantly increased, but the ratio 
of non-muscul arized arteries (NMA) was decreased (P < 0.01)
(Fig. 1). However, compare d with that of shunt group, the ratio 
of MA to small pulmonary arteries in shunt + SO 2 group was signif- 
icantly decreased, but the percentage of NMA was increased 
(P < 0.01) (Fig. 1).
3.3. Determina tion of SO 2 content in lung tissue 

The SO 2 content in the lung tissue samples of shunt group was 
significantly decreased compared with sham group (P < 0.05)
(Fig. 2).

3.4. Measurem ent of AAT activity 

The AAT activity in the lung tissue samples of shunt group was 
significantly decreased compare d with the sham group (P < 0.05)
(Fig. 2).

3.5. H2S concentrati on in lung tissue 

The H2S concentratio n in the lung tissue samples of shunt group 
was significantly decreased compared with that of sham group 
(P < 0.05), whereas lung tissue H2S concentr ation in shunt + SO 2
group was significantly increased compared with that of the shunt 
group (P < 0.01) (Fig. 1).

3.6. Expression of CSE, MPST and CBS in small pulmonary arteries 
determined by immunohistochem ical analysis 

The proteins of CSE, MPST and CBS were expressed in both 
endotheli al cells and smooth muscle cells of small pulmonary 
arteries. Compared with those of sham group, the immunosta ining 
signals of CSE in small pulmona ry arteries in shunt group were sig- 
nificantly decrease d (P < 0.01). The SO 2 donor significantly in- 
creased the immunosta ining signals of CSE in small pulmonary 
arteries in the rats of shunt group (P < 0.01) (Fig. 3). Compared with 
those of sham group, the immunosta ining signals of MPST in small 
pulmona ry arteries in shunt group were significantly decrease d
(P < 0.05). The SO 2 donor significantly increased its expression in 
small pulmona ry arteries of shunt group (P < 0.05) (Fig. 3). Com- 
pared with those of the sham group, the immunosta ining signals 
of CBS in small pulmonary arteries in shunt group were signifi-
cantly decreased (P < 0.01). However, CBS expressions in small pul- 
monary arteries in the rats of shunt + SO 2 group were significantly
increased as compared with those of shunt group (P < 0.01) (Fig. 3).

3.7. Expression of AAT2, CSE, MPST and CBS in lung tissue by using 
Western blot analysis 

Compare d with that of sham group, the protein expression of 
AAT2 in the lung tissue samples of the rats in shunt group was sig- 
nificantly decreased (P < 0.01) (Fig. 1) and so was the protein 



Fig. 1. (A) Systolic pulmonary artery pressure between the sham group, the shunt group and the shunt + SO 2 group; (B) The H2S concentration in lung tissue between the 
sham group, the shunt group and the shunt + SO 2 group (⁄P < 0.05 vs. sham, ⁄⁄P < 0.01 vs. shunt, ##P < 0.01 vs. shunt); (C) Small pulmonary artery morphology detected by HE 
staining; (D) The percentage of MA in small pulmonary artery; (E) The percentage of PMA in small pulmonary artery; (F) The percentage of NMA in small pulmonary artery 
(⁄⁄P < 0.01 vs. shunt, ##P < 0.01 vs. shunt).

Fig. 2. (A) The content of SO 2 in lung tissue between the sham group and the shunt group; (B) The AAT activity in lung tissue between the sham group and the shunt group; 
(C) The protein expression of AAT2 in lung tissue in rats between the sham group and the shunt group determined by Western blot; (D) The expression of AAT2 mRNA in lung 
tissue in rats between the sham group and the shunt group determined by real-time PCR (⁄P < 0.05 vs. sham, ⁄⁄P < 0.01 vs. shunt).
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Fig. 3. (A) The expression of CSE, MPST and CBS in small pulmonary arteries of lung tissue in rats between the sham group, the shunt group and the shunt + SO 2 group 
determined by immunohistochemistry (DAB dye); (B–D) Mean optical density analysis of protein expression of CSE, MPST and CBS in small pulmonary arteries in lung tissue 
in rats between the sham group, the shunt group and the shunt + SO 2 group (⁄P < 0.05 vs. sham, ⁄⁄P < 0.01 vs. shunt, #P < 0.05 vs. shunt, ##P < 0.01 vs. shunt).
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expression of CSE in lung tissues of shunt group (P < 0.05). How- 
ever, the protein expression of CSE in the lung tissue samples of 
shunt + SO 2 group was significantly increased compared with that 
of shunt group (P < 0.05) (Fig. 4). Compare d with sham group, the 
protein expression of MPST in the lung tissue samples of shunt 
group was significantly decrease d (P < 0.05), whereas the protein 
expression in lung tissues of shunt + SO 2 group was significantly
increased compared with that of the shunt group (P < 0.05)
(Fig. 4). Compare d with sham group, the protein expression of 
CBS in lung tissues of the shunt group was significantly decreased 
(P < 0.01). However , there was no significant differenc e in lung tis- 
sue protein expression of CBS between shunt + SO 2 group and 
shunt group (Fig. 4).

3.8. Expression of AAT2, CSE, MPST and CBS mRNAs in lung tissues 

Compared with sham group, expression of AAT2 mRNA in the 
lung tissue samples of shunt group was decreased (P < 0.05)
(Fig. 1). Expression of CSE mRNA in the samples of shunt rats 
was decreased significantly in comparison with that of sham group 
(P < 0.01), whereas the expression of CSE mRNA in the samples of 
shunt + SO 2 group was significantly increased compared with that 
of shunt group (P < 0.01) (Fig. 4). Expression of MPST mRNA in the 
lung tissue samples of shunt rats was decreased significantly in 
comparison with that of sham group (P < 0.05), whereas the 
expression of lung tissue MPST mRNA in shunt + SO 2 group was 
significantly increased compared with that of shunt group 
(P < 0.05) (Fig. 4). Expression of CBS mRNA in the lung tissue sam- 
ples of shunt rats was decreased significantly in comparis on with 
that of sham group (P < 0.05), whereas lung tissue expression of 
CBS mRNA in shunt + SO 2 group was significantly increased com- 
pared with that of shunt group (P < 0.05) (Fig. 4).
4. Discussion 

PH is an important pathophysiologi cal process in a variety of 
cardiovascu lar and pulmonary diseases. In the present study, a
high blood flow-induced PH was successfully produced. SPAP 
was increased significantly in rats with high pulmona ry blood flow.
At the same time, H2S concentr ation in the shunt group was signif- 
icantly decreased, in consistence with previous studies [15,16].
However , the mechanis m responsible for the developmen t of high 
pulmona ry blood flow-induced PH remains unknown. 

SO2 is a small gaseous molecule which is considered to be a
harmful air pollutant. Our research group recently reported that 
endogen ous SO 2 pathway was distributed broadly in cardiovascu- 
lar system [9] and in other organs [10]. It plays an important role in 
the pathophysiologi cal process of a variety of diseases [17–29]. Our 
previous study [12] demonstrated that by promoting collagen 



Fig. 4. (A–C) The protein expression of CSE, MPST and CBS in small pulmonary arteries in lung tissue in rats between the sham group, the shunt group and the shunt + SO 2
group determined by Western blot (⁄P < 0.05 vs. sham, #P < 0.05 vs. shunt); (D–F) The expression of CSE, MPST and CBS mRNA in lung tissue in rats between the sham group, 
the shunt group and the shunt + SO 2 group determined by real-time PCR (⁄P < 0.05 vs. sham, ⁄⁄P < 0.01 vs. shunt, #P < 0.05 vs. shunt, ##P < 0.01 vs. shunt).
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degradation , SO 2 inhibited abnormal collagen accumulati on in the 
pulmonary artery under hypoxic conditions. SO 2 could also inhibit 
pulmonary vascular structural remodeling [11] in PH induced by 
monocrotali ne. In the present study, we discovered that endoge- 
nous SO 2/AAT2 pathway was downregul ated in PH induced by high 
pulmonary blood flow, and in particular, SO 2 donor could markedly 
improve pulmonary arterial structural remodeli ng and alleviate 
PH, indicating that the downregul ation of endogen ous SO 2/AAT2
pathway plays an important role in the pathogen esis of high blood 
flow induced PH. 

However, how SO 2 regulates PH induced by high pulmonary 
blood flow is still unclear. Both SO 2 and H2S are products of the 
methionine metabolism, but generate d from the L-cysteine/CDO /
AAT catalytic pathway and the L-cysteine/CS E/CBS catalytic path- 
way, respectively. Mitsuhaship [30,31] reported that H2S and SO 2
could convert into each other during oxidative stress in mammals. 
Therefore, it would be interesting to investigate whether there is 
any interaction between them in vivo . In order to better interpret 
the interaction between the metabolic family members H2S and 
SO2 and their pathophysiol ogical relevance, we designed this study 
to explore the possible impact of SO 2 on the endogenous H2S path- 
way in rats with PH induced by high pulmona ry blood flow.

In pulmona ry arteries of the shunt rats, the concentration of H2S
in lung tissue, protein and mRNA expressions of CBS, CSE and MPST 
were significantly decrease d. After giving SO 2 donor, pulmonary 
arterial pressure was decreased, meanwhile, H2S concentratio n, 
the gene expressions of CSE, MPST and CBS were increased, and 
the protein expressions of CSE and MPST were increased signifi-
cantly, suggesting that SO 2 markedly upregulated the reduced 
endogenous H2S pathway. 

Our study presented that SO 2 could upregulate H2S concentr a- 
tion and its generating enzymes, including CSE, MPST and CBS, sug- 
gesting that SO 2 plays a regulatory role in upregulating the 
endogenous H2S pathway in rats with PH induced by high pulmon- 
ary blood flow. To demonstrat e the possible mechanism by which 
SO2 upregulates the H2S pathway, our research discovered that the 
protein expression of CSE, MPST, and CBS and its mRNA expression 
in rat lungs were increased, suggestin g that SO 2 could upregulate 
the protein expression of the key generating enzymes of H2S path- 
way likely through enhancing their gene transcriptio n. Previous 
studies confirmed that H2S exerted strong vasorelaxing effect, 
and could inhibit pulmonary vascular structural remodeling [8].
Therefore, it is likely that SO 2 is involved in the mechanism s
responsib le for the developmen t of high pulmonary blood flow-in-
duced PH by upregulatin g the endogenous H2S pathway. 
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