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a b s t r a c t

While sulfur dioxide (SO2) has been previously known for its toxicological effects, it is now known to be
produced endogenously in mammals from sulfur-containing amino acid L-cysteine. L-cysteine is cata-
lyzed by cysteine dioxygenase (CDO) to L-cysteinesulfinate, which converts to b-sulfinylpyruvate through
transamination by aspartate aminotransferase (AAT), and finally spontaneously decomposes to pyruvate
and SO2. The present study explored endogenous SO2 production, and AAT and CDO distribution in
different rat tissue. SO2 content was highest in stomach, followed by tissues in the right ventricle, left
ventricle, cerebral gray matter, pancreas, lung, cerebral white matter, renal medulla, spleen, renal cortex
and liver. AAT activity and AAT1 mRNA expression were highest in the left ventricle, while AAT1 protein
expression was highest in the right ventricle. AAT2 and CDO mRNA expressions were both highest in liver
tissue. AAT2 protein expression was highest in the renal medulla, but CDO protein expression was
highest in liver tissue. In all tissues, AAT1 and AAT2 were mainly distributed in the cytoplasm rather than
the nucleus. These observed differences among tissues endogenously generating SO2 and associated
enzymes are important in implicating the discovery of SO2 as a novel endogenous signaling molecule.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction produced in porcine coronary artery. Our research group discovered
Sulfur dioxide (SO2) is well known for its toxicological effects,
for which it has been extensively reported in the past [1]. However,
it was recently discovered that SO2 could be produced endoge-
nously from sulfur-containing amino acid L-cysteine in mammals
[2]. L-cysteine is catalyzed by cysteine dioxygenase (CDO) to
L-cysteinesulfinate, which converts to b-sulfinylpyruvate through
transamination by aspartate aminotransferase (AAT), then sponta-
neously decomposes to pyruvate and SO2 [3]. Additionally, H2S can
be catalyzed to SO2 by nicotinamide adenine dinucleotide phos-
phate oxidase [4] or by the reduction of thiosulphate [3]. SO2 is
metabolized to sulfite and oxidized to sulfate by sulfite oxidase,
and finally excreted in urine [2].

Currently, the biological effects of endogenous SO2 are not fully
understood in mammals. In neutral pH [3], SO2 dissociates to its
sulfite derivatives (NaHSO3/Na2SO3, 1:3 M/M), which is regulated
to maintain homeostasis in vivo. Serum sulfite is significantly in-
creased in patients with acute pneumonia and renal failure [5,6].
Balazy et al. [7] found that carbonyl sulfide and SO2 could be
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that endogenous SO2 and AAT existed in vascular and cardiac
tissues [8]. Previous studies have reported the vasorelaxing effect
of SO2 [8–14]. SO2 can also regulate cardiac function in rats [15]
and inhibit L-calcium channels in cardiomyocytes [16]. Addition-
ally, SO2 can improve pulmonary vascular structural remodeling
[17,18], protect myocardium against isoproterenol-induced injury
[19], and have an anti-atherogenic effect in rats [20]. Considering
these discoveries, we proposed that SO2 might be an important
mediator in the cardiovascular system [21–24]. However, the gen-
eration of endogenous SO2 in the lung, stomach, small intestine, li-
ver, pancreas, spleen, renal cortex, renal medulla, cerebral gray
matter and cerebral white matter has not been clear. Therefore,
detecting the production of SO2 and its related enzymes, such as
AAT and CDO, in different rat tissues is becoming important for fur-
ther studies exploring the biological effects of SO2. Therefore, the
present study was designed to determine the endogenous SO2

pathway in different tissues of rats.
2. Materials and methods

2.1. Animal preparation

Animal care and experimental protocols complied with the
Animal Management Rule of the Ministry of Health, China and
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the Animal Care Committee of Peking University First Hospital, Bei-
jing, China. Eight male Wistar rats (body weight 250 ± 10 g) were
obtained from the Experimental Animal Center, Peking University
Health Science Center, Beijing, China. The rats were housed under
special pathogen-free conditions, and kept at a temperature of
22 �C with 40% humidity and a 12 h light/12 h dark cycle.
2.2. Preparation of different tissue samples in rats

Eight male Wistar rats were anaesthetized by use of urethane
(1 g/kg) by intraperitoneal injection, and then the tissues of the left
and right ventricle, lung, stomach, small intestine, liver, pancreas,
spleen, renal cortex, renal medulla, cerebral gray matter, and cere-
bral white matter were harvested rapidly for the following analy-
ses. Samples were frozen and stored in liquid nitrogen. The
tissues were homogenized in 0.1 mol/L phosphate-buffered saline
(PBS, pH 7.4, 10 mL/g tissue), and then centrifuged at 12,000g for
30 min at 4 �C. The supernatants obtained were prepared for SO2

content, AAT activity and protein assay determination. Protein con-
centration in tissues was measured using the Coomassie brilliant
blue method [25]. For in situ hybridization and immunohistochem-
ical analyses, tissues were fixed in 4% polyoxymethylene.
2.3. Determination of plasma and tissue concentration of SO2

SO2 concentrations were measured using high-performance li-
quid chromatography (HPLC, Agilent 1200 series, Agilent Technol-
ogies, Palo Alto, CA, USA) [5,26]. The tissue sample for SO2

determination was prepared in the same manner as previously re-
ported [8,19]. The supernatant was used for HPLC. The column
(4.6 � 150 mm C18 reverse-phase column, Agilent Technologies,
Palo Alto, USA) was first equilibrated with a buffer (methanol: ace-
tic acid: water = 5:0.25:94.75 by volume, pH 3.4). The sample
loaded onto the column was resolved by a gradient of methanol
for 0–5 min, 5%; 5–10 min, 5–35%; 13–30 min, 35–45%;
17–22 min, 45–100%; 22–27 min, 5% at a flow rate of 0.8 mL/min.
Sulfite–bimane was detected by excitation at 392 nm and emission
at 479 nm. Quantification was carried out using the standardiza-
tion of Na2SO3.
2.4. Measurement of AAT activity

AAT activity in plasma and tissue homogenates was determined
by a Hitachi 7600 Automatic Biochemistry Analyzer (Tokyo, Japan).
Tissue AAT activity was expressed as IU/g protein.
2.5. Determination of AAT1, AAT2 and CDO mRNA in tissues by
quantitative real-time RT-PCR

Total RNA in rat tissues was extracted using the Trizol reagent
and reverse-transcribed by oligo (dT)15 primer and M-MLV reverse
transcriptase. The reaction for the real-time PCR (final volume of
25 lL) was mixed with 2.5 lL of 10� PCR buffer, 1 lL of
7.5 lmol/L forward and reverse primer, 1 lL of 2.5 mmol/L dNTP
mixture, 0.25 lL of Taq DNA polymerase, and 2 lL of rat tissue
cDNA. The sequence of the primers and probes is shown in Table
1. The PCR condition was set to predenaturation at 95 �C for
5 min, followed by 40 cycles of 95 �C for 15 s and 60 �C for 1 min.
An extraction of the passaged viruses of all genotypes available
was at 10-fold (1 � 10�1–1 � 10�6) dilution and analyzed by both
real-time and reverse-transcribed PCR methods. b-actin in each
sample was used to calibrate the sample amount used for the
determination [19].
2.6. Determination of AAT and CDO protein expression in tissues by
Western blot analysis

The different rat tissues were homogenized and lysed. Equal
amounts of proteins were boiled and separated by SDS–PAGE
and transferred onto nitrocellulose membranes. The primary anti-
body dilutions were 1:500 for AAT1, 1:5000 for GAPDH and AAT2,
and 1:500 and 1:4000 for two groups of CDO, respectively. Second-
ary antibodies were used as follows: HRP-labeled Santa Cruz goat
anti-mouse and Santa Cruz goat anti-rabbit at dilutions of 1:6000
and 1:8000 for two groups of CDO, 1:4000 for AAT1, 1:20000 and
1:40000 for GAPDH and AAT2, respectively. Immunoreactions
were visualized using electrochemiluminescence (ECL) and ex-
posed to X-ray film (Kodak Scientific), and then quantified by use
of AlphaImager (San Leandro, CA, USA) [27].
2.7. Expression of AAT1, AAT2 and CDO in different tissues using
immunohistochemical analysis

We detected the expression of AAT1, AAT2 and CDO in different
tissues by using immunohistochemical analysis. Sections of tissues
were dewaxed by dimethylbenzene, and washed thrice with phos-
phate-buffered saline (PBS) each for 5 min, and then treated with
3% H2O2 for 10 min. The slides were also washed thrice with PBS
(5 min each), then blocked with goat serum working fluid at 37 �C
for 30 min, and incubated overnight at 4 �C with AAT1, AAT2 or
CDO antibodies (dilutions of 1:30, 1:300, and 1:300, respectively).
Slides were then thrice rinsed with PBS (5 min each). Biotinylated
anti-rabbit or anti-mouse IgG was incubated for 15 min (AAT1) or
60 min (AAT2 and CDO) at 37 �C. After the slides were rinsed in
PBS for three times, the sections were stained with 3,30-diam-
inobenzidine (DAB) to develop color. The sections were dehydrated
through a graded ethanol series and made transparent in dimethyl-
benzene. Positive signals were defined as brown granules in tissues
under light microscopy. For negative controls, primary incubation
was performed with non-immune goat serum instead of primary
antibodies [18].
2.8. Statistical analysis

Results are expressed as mean ± SEM. The analyses were done
using SPSS 13.0 (Chicago, IL, USA). Differences of P < 0.05 were con-
sidered statistically significant.
3. Results

3.1. Characterization of the endogenous SO2 content in different tissues
in rat

The distribution of SO2 content in respective rat tissue is shown
in Fig. 1A. Among the different tissues, SO2 concentration was
highest in tissue of the stomach, followed by tissue of the right
ventricle, left ventricle, cerebral gray matter, pancreas, lung, cere-
bral white matter, renal medulla, spleen, renal cortex and liver.
3.2. Characterization of AAT activity in different tissues in rat

The tissue distribution of AAT, a key SO2-generating enzyme, is
shown in Fig. 1B. Unlike SO2 content distribution, AAT activity was
highest in the left ventricle, then right ventricle, cerebral gray mat-
ter, cerebral white matter, renal medulla, renal cortex, liver, intes-
tine, pancreas, lung, spleen and stomach.



Table 1
Primers and TaqMan probes used in quantitative real-time PCR for the measurement of AAT1, AAT2, CDO and b-Actin cDNAs in rats.

cDNA Oligonucleotide Sequence Product size (bp)

AAT1 Forward primer 50-CCAGGGAGCTCGGATCGT-30 121
Reverse primer 50-GCCATTGTCTTCACGTTTCCTT-30

TaqMan probe 50-CCACCACCCTCTCCAACCCTGA-30

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

TaqMan probe 50-TTTAAGTTCAGCCGAGATGTCTTTC-30

CDO Forward primer 50-GGGAAAATCAGTGTGCCTACATT-30 121
Reverse primer 50-GCATGGCATGTATCGAAAGGT-30

TaqMan probe 50-TTACATCGAGTAGAGAACGTCAGCCACACAGAG-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; CDO: cysteine dioxygenase.

Fig. 1. Comparison of SO2 content and AAT activity in different rat tissues
(mean ± S.E.M). (A) SO2 content was highest in the stomach, followed by the right
ventricle, left ventricle, cerebral gray matter, pancreas, lung, cerebral white matter,
renal medulla, spleen, renal cortex and liver. (B) AAT activity was highest in the left
ventricle, then right ventricle, cerebral gray matter, cerebral white matter, renal
medulla, renal cortex, liver, intestine, pancreas, lung, spleen and stomach.

Fig. 2. Comparison of AAT1, AAT2 and CDO mRNA levels in different rat tissues.
(mean ± S.E.M). (A) AAT1 mRNA was highest in the pancreas, then right ventricle,
cerebral gray matter, cerebral white matter, liver, spleen, renal medulla, intestine,
lung, stomach, left ventricle and renal cortex. (B) AAT2 mRNA was highest in the
liver, then left ventricle, right ventricle, renal cortex, renal medulla, cerebral gray
matter, cerebral white matter, pancreas, intestine, stomach, lung and spleen. (C)
The expression levels of CDO mRNA were highest in the liver, followed by the renal
medulla, cerebral gray matter, cerebral white matter, renal cortex, pancreas, lung,
stomach, left ventricle, intestine, right ventricle, and spleen.
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3.3. Characterization of AAT1, AAT2 and CDO mRNA in different tissues
by quantitative real-time PCR

The relative mRNA expression of AAT 1 and AAT 2 paralleled
that of the total AAT. The tissue distribution of AAT1 mRNA in
different tissues is shown in Fig. 2A. AAT1 mRNA was highest in
the left ventricle, followed by the right ventricle, cerebral gray
matter, cerebral white matter, intestine, liver, renal medulla, renal
cortex, pancreas and stomach. There was very little AAT1 mRNA in
spleen and lung tissue (Fig. 2A).



Fig. 3. Comparison of AAT1, AAT2 and CDO expressions in different rat tissues using Western blot analysis. (mean ± S.E.M) (A) AAT1 protein expression was highest in the
right ventricle, followed by the left ventricle, cerebral gray matter, cerebral white matter, liver, renal cortex, renal medulla, stomach, spleen and lung. (B) AAT2 protein
expression was highest in the renal medulla, then the right ventricle, renal cortex, liver, left ventricle, cerebral gray matter, cerebral white matter, lung, spleen and stomach.
(C) CDO expression is much higher in the liver, lung, renal cortex and renal medulla than in the stomach, cerebral gray matter, spleen, cerebral white matter, left ventricle and
right ventricle.
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AAT2 mRNA was highest in the liver, followed by the left ventri-
cle, right ventricle, renal cortex, renal medulla, cerebral gray mat-
ter, cerebral white matter, pancreas, intestine, stomach, lung and
spleen (Fig. 2B).
The expression levels of CDO mRNA were highest in the liver,
followed by the renal medulla, cerebral gray matter, cerebral white
matter, renal cortex, pancreas, lung, stomach, left ventricle, intes-
tine, right ventricle and spleen (Fig. 2C).



Table 2
The expression of AAT1, AAT2 and CDO in different tissues in rat by using immuno-
histochemical analysis.

Tissues AAT1 AAT2 CDO

Intestine Bellows surfaces
and smooth
muscle layer

Bellows surfaces
and smooth
muscle layer

Bellows surfaces
and smooth
muscle layer,
stronger in bellows
surfaces

Stomach Bellows surfaces
and smooth
muscle layer

Bellows surfaces
and smooth
muscle layer

Bellows surfaces
and smooth
muscle layer

Myocardium Myocardial cells Myocardial cells Myocardial cells
Pancreas Acinar cells and

islet cells
Acinar cells and
islet cells

Acinar cells and
islet cells

Lung Alveolar
epithelium,
alveolar septum
cells, vascular
smooth muscle
layer and
bronchial smooth
muscle layer

Alveolar
epithelium,
alveolar septum
cells, vascular
smooth muscle
layer and
bronchial smooth
muscle layer

Alveolar
epithelium,
alveolar septum
cells, vascular
smooth muscle
layer and
bronchial smooth
muscle layer

Kidney Small artery and
distal luminal
surface

Glomerulus, renal
capsule and renal
tubule, the highest
in renal
glomerulus and
distal convoluted
tubule

Renal glomerulus,
renal tubule (distal
convoluted tubule
was significantly
higher than the
proximal tubule)

Spleen Blood vessels and
individual cells in
red pulp

Red and white
pulp, more
obviously in the
junction area

Splenic trabeculae,
blood vessels and
red pulp

Liver Hepatic cells Hepatic cells Hepatic cells, more
obviously in
central lobular
vein around the
vein

AAT: aspartate aminotransferase; CDO: cysteine dioxygenase.
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3.4. Characterization of AAT1, AAT2 and CDO protein expression in
different tissues by Western blot analysis

Next, we detected AAT1, AAT2 and CDO protein expressions in
different tissues by Western blot analysis. The distribution of
AAT1 protein expression in different tissues is shown in Fig. 3A.
AAT1 protein expression was highest in the right ventricle, fol-
lowed by the left ventricle, cerebral gray matter, cerebral white
matter, liver, renal cortex, renal medulla, stomach, spleen and lung
(Fig. 3A).

Unlike the distribution of AAT1 protein expression, AAT2 pro-
tein expression was highest in the renal medulla, then the right
ventricle, renal cortex, liver, left ventricle, cerebral gray matter,
cerebral white matter, lung, spleen and stomach (Fig. 3B).

We also detected CDO protein expression in different tissues by
Western blot analysis, the distribution of which is shown in Fig. 3C.
CDO protein expressions in the liver, lung, renal cortex and renal
medulla were much more abundant than expression in the cere-
bral gray matter, spleen, cerebral white matter, stomach, left ven-
tricle and right ventricle (Fig. 3C).
3.5. Expression of AAT1, AAT2 and CDO in different tissues by using
immunohistochemical analysis

Protein locations of AAT1, AAT2 and CDO in different tissues
stained by immunohistochemical analysis are shown in Table 2
and Fig. 4.
4. Discussion

CDO and AAT are two important enzymes in the generation of
SO2 [8,28]. CDO catalyzes the oxidation of L-cysteine to L-cysteine-
sulfinate, which then converts to b-sulfinylpyruvate under AAT
catalysis, and finally decomposes to SO2 [3]. CDO is one of the
highly regulated metabolic enzymes that respond to diet and play
a critical role in the regulation of cellular cysteine concentration
[28,29]. According to its localization, AAT consists of two types of
isozymes, AAT1 and AAT2. AAT1 is localized in the cell cytoplasm
and AAT2 is localized in the cell mitochondria [30]. Both are pres-
ent in all but erythrocyte in animal tissue [31]. There are some dif-
ferences between AAT1 and AAT2 in functional effects. For
example, both AAT1 and AAT2 are involved in the malate–aspar-
tate shuttle. However, ketoglutarate and aspartate react together
to form glutamate and oxaloacetate in a reaction catalyzed by
AAT1, while glutamate and oxaloacetate react together to form
ketoglutarate and aspartate as catalyzed by AAT2 [31]. Up to
now, the distribution of SO2 and its generating enzymes have not
been understood clearly in different organs. Thus, the present
study explored the endogenous production of SO2 and its impor-
tant generating enzymes AAT and CDO in different tissues of rat.

Previously, it has been reported that the concentration of SO2 in
plasma is (15.54 ± 1.68) lmol/L in male Wistar rats [8]. Meng et al.
reported a similar concentration of (16.77 ± 8.24) lmol/L SO2 in
plasma [9]. The concentration of sulfite in serum detected by HPLC
is (4.87 ± 2.49) lmol/L in healthy donors. The reference range for
total normal serum sulfite is 0–10 lmol/L [26]. The level of plasma
AAT activity is (87 ± 18) U/L in rat [8]. The present study showed
that SO2 content was relatively high in the stomach and right ven-
tricles compared with that in the renal cortex and liver. However,
the activity of AAT, a key enzyme for SO2 generation, was distrib-
uted differently compared with SO2. AAT activity was highest in
the left and right ventricles, and lowest in the stomach and spleen.
Furthermore, the gene and protein expressions of AAT1 and AAT2
in different tissues were also detected by quantitative real-time
RT-PCR and Western blot analysis, respectively. The distribution
of mRNA and protein expressions differed between AAT1 and
AAT2. AAT1 mRNA was highest in the left ventricle and lowest in
the lung and spleen. However, AAT2 mRNA was highest in the liver
while lowest in the lung and spleen. AAT1 protein expression was
highest in the right ventricle and lowest in the lung and spleen.
However, AAT2 protein expression was highest in the renal medul-
la and lowest in the lung and spleen. The data indicate that the
SO2/AAT pathway is abundant in the left and right ventricles, but
not so much in the lung and spleen.

We further detected the expression of CDO, another key enzyme
in SO2 production, by Western blot analysis. CDO protein
expression was higher in the renal medulla and lung than in the
stomach, right ventricle, left ventricle, cerebral gray matter, cere-
bral white matter, and spleen. The expression levels of CDO mRNA
were highest in the liver, and lowest in the intestine and spleen.
The data are consistent with those of previous studies where high
levels of CDO were expressed in the liver, and substantial amounts
were also present in the kidney, lung, pancreas and adipose tissue
of mice and rats [28].

In this study, we also explored protein localization of AAT1 and
AAT2 in different tissues by immunohistochemical methods. AAT is
reported to be abundant in endothelial cells and located in vascular
smooth muscle cells adjacent to the endothelial layer [8]. We
found that AAT1 was mainly distributed in the cytoplasm, not in
the nucleus. In some tissues, the distribution of AAT2 was similar
to that of AAT1. AAT1 and AAT2 were expressed on the smooth
muscle layer of intestines, alveolar epithelium, alveolar septum
cells and bronchial smooth muscle layer of lung, and evenly



Fig. 4. Expression of AAT1, AAT2 and CDO in different rat tissues using immunohistochemistry. (A) AAT1: (a) Intestine, expressed on smooth muscle layer; (b) stomach,
distributed on smooth muscle layer of stomach; (c) heart, distributed in a wide range of myocardial cells; (d) pancreas, distributed in the acinar and islet cells; (e) lung,
distributed in the alveolar epithelium, alveolar septum cells, vascular smooth muscle layer and bronchial smooth muscle layer; (f) kidney, distributed in small arteries and the
distal luminal surface; (g) spleen, expressed in blood vessels and individual cells in red pulp; (h) liver, expressed in a wide range of liver cells. (B) AAT2: (a) intestine,
distributed on the smooth muscle layer of intestines; (b) stomach, expressed on the smooth muscle layer; (c) heart, distributed in a wide range of myocardial cells; (d)
pancreas, evenly distributed in acinar and islet cells; (e) lung, expressed in the alveolar epithelium, alveolar septum cells, vascular smooth muscle layer and bronchial smooth
muscle layer of lung; (f) kidney, distributed in renal glomerulus, renal capsule, renal tubule, glomerulus and distal convoluted tubule; (g) spleen, expressed in red pulp, white
pulp, and more obviously in the junction area; (h) liver, expressed in a wide range of liver cells. (C) CDO: (a) intestine, distributed on the smooth muscle layer of intestines; (b)
stomach, expressed on the smooth muscle layer; (c) heart, uniformly expressed in a wide range of myocardial cells; (d) pancreas, uniformly expressed in acinar and islet cells;
(e) lung, in the alveolar epithelium, alveolar septum cells, vascular smooth muscle layer and bronchial smooth muscle layer of lung; (f) kidney, distributed in the renal
glomerulus and renal tubule (expression was significantly stronger in the distal convoluted tubule than in the proximal tubule); (g) spleen, expressed in splenic trabeculae,
blood vessels and red pulp; (h) liver, well-distributed in liver cells, mainly in the central venous and lobular vein.
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distributed in acinar, myocardial and liver cells. However, in the
spleen, AAT1 was distributed in blood vessels and individual cells
in red pulp. AAT2 was uniformly expressed in red pulp and white
pulp. More obvious expression was noted on the junction edge.
In the kidney, AAT1 was expressed in small arteries and the distal
luminal surface, while AAT2 was expressed in the renal glomeru-
lus, renal capsule and glomeruli of the renal distal convoluted tu-
bule ball.

CDO is one of the most highly regulated metabolic enzymes
[28]. In our study, it was mainly distributed in the cytoplasm
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rather than the nucleus, as determined by immunohistochemical
analysis. CDO was mainly expressed in the smooth muscle layer
of the intestines and in the alveolar epithelium, septum cells and
bronchial smooth muscle layer of the lung. In the liver, CDO was
mainly expressed in the central lobular vein around the vein of li-
ver. In addition, CDO was distributed in the renal glomerulus, renal
tubule, acinar cells and myocardial cells, and expressed in splenic
trabeculae and red pulp. These data indicate that AAT and CDO,
key enzymes for SO2 generation, are widespread among different
tissues.

The present study reported the distribution of SO2 and its gen-
erating enzymes AAT and CDO in different tissues of the rat. The re-
sults indicated that endogenous SO2, AAT and CDO were abundant
in the ventricles but low in the lung and spleen. The observation
that tissues can endogenously generate the gas SO2 strongly sup-
ports its role as an endogenous gaseous signal molecule.

Acknowledgments

This work is supported by the Major Basic Research Develop-
ment Program of People’s Republic of China (2011CB503904,
2012CB517806), National Natural Science Foundation of China
(30821001 and 81070111), and Beijing Natural Science Foundation
(7112130).

References

[1] Z. Meng, Oxidative damage of sulfur dioxide on various organs of mice: sulfur
dioxide is a systemic oxidative damage agent, Inhal. Toxicol. 15 (2003) 181–
195.

[2] M.H. Stipanuk, Metabolism of sulfur-containing amino acids, Ann. Rev. Nutr. 6
(1986) 179–209.

[3] R. Shapiro, Genetic effects of bisulfite (sulfur dioxide), Mutat. Res. 39 (1977)
149–175.

[4] H. Mitsuhashi, S. Yamashita, H. Ikeuchi, T. Kuroiwa, Y. Kaneko, K. Hiromura, K.
Ueki, Y. Nojima, Oxidative stress-dependent conversion of hydrogen sulfide to
sulfite by activated neutrophils, Shock 24 (2005) 529–534.

[5] H. Mitsuhashi, H. Ikeuchi, S. Yamashita, T. Kuroiwa, Y. Kaneko, K. Hiromura, K.
Ueki, Y. Nojima, Increased levels of serum sulfite in patients with acute
pneumonia, Shock 21 (2004) 99–102.

[6] H. Kajiyama, Y. Nojima, H. Mitsuhashi, K. Ueki, S. Tamura, T. Sekihara, R.
Wakamatsu, S. Yano, T. Naruse, Elevated levels of serum sulfite in patients with
chronic renal failure, J. Am. Soc. Nephrol. 11 (2000) 923–927.

[7] N.G. Abraham, H. Jiang, M. Balazy, A.I. Goodman, Methods for measurements of
heme oxygenase (HO) isoforms-mediated synthesis of carbon monoxide and
HO-1 and HO-2 proteins, Methods Mol. Med. 86 (2003) 399–411.

[8] S.X. Du, H.F. Jin, D.F. Bu, X. Zhao, B. Geng, C.S. Tang, J.B. Du, Endogenously
generated sulfur dioxide and its vasorelaxant effect in rats, Acta Pharmacol.
Sin. 29 (2008) 923–930.

[9] Z. Meng, J. Li, Q. Zhang, W. Bai, Z. Yang, Y. Zhao, F. Wang, Vasodilator effect of
gaseous sulfur dioxide and regulation of its level by Ach in rat vascular tissues,
Inhal. Toxicol. 21 (2009) 1223–1228.
[10] Q. Zhang, Z. Meng, The vasodilator mechanism of sulfur dioxide on isolated
aortic rings of rats: involvement of the K+ and Ca2+ channels, Eur. J. Pharmacol.
602 (2009) 117–123.

[11] J. Li, Z. Meng, The role of sulfur dioxide as an endogenous gaseous vasoactive
factor in synergy with nitric oxide, Nitric Oxide 20 (2009) 166–174.

[12] Y.K. Wang, A.J. Ren, X.Q. Yang, L.G. Wang, W.F. Rong, C.S. Tang, W.J. Yuan, L. Lin,
Sulfur dioxide relaxes rat aorta by endothelium-dependent and – independent
mechanisms, Physiol. Res. 58 (2009) 521–527.

[13] Z. Meng, H. Zhang, The vasodilator effect and its mechanism of sulfur dioxide-
derivatives on isolated aortic rings of rats, Inhal. Toxicol. 19 (2007) 979–986.

[14] Z. Meng, Y. Li, J. Li, Vasodilatation of sulfur dioxide derivatives and signal
transduction, Arch. Biochem. Biophys. 467 (2007) 291–296.

[15] S. Zhang, J. Du, H. Jin, W. Li, Y. Liang, B. Geng, S. Li, C. Zhang, C. Tang,
Endogenous sulfur dioxide aggravates myocardial injury in isolated rat heart
with ischemia and reperfusion, Transplantation 87 (2009) 517–524.

[16] R.Y. Zhang, J.B. Du, Y. Sun, S. Chen, H.J. Tsai, L. Yuan, L. Li, C.S. Tang, H.F. Jin,
Sulfur dioxide derivatives depress L-type calcium channel in rat
cardiomyocytes, Clin. Exp. Pharmacol. Physiol. 38 (2011) 366–372.

[17] H.F. Jin, S.X. Du, X. Zhao, H.L. Wei, Y.F. Wang, Y.F. Liang, C.S. Tang, J.B. Du,
Effects of endogenous sulfur dioxide on monocrotaline-induced pulmonary
hypertension in rats, Acta Pharmacol. Sin. 29 (2008) 1157–1166.

[18] R. Tamizhselvi, Y.H. Koh, J. Sun, H. Zhang, M. Bhatia, Hydrogen sulfide induces
ICAM-1 expression and neutrophil adhesion to caerulein-treated pancreatic
acinar cells through NF-kappaB and Src-family kinases pathway, Exp. Cell Res.
316 (2010) 1625–1636.

[19] H.L. Liang, F. Sedlic, Z. Bosnjak, V. Nilakantan, SOD1 and MitoTEMPO partially
prevent MPTP, necrosis and mitochondrial apoptosis following ATP depletion-
recovery, Free Radic. Biol. Med. 49 (2010) 1550–1560.

[20] Z.Z. Zhao, Z. Wang, G.H. Li, R. Wang, J.M. Tan, X. Cao, R. Suo, Z.S. Jiang,
Hydrogen sulfide inhibits macrophage-derived foam cell formation, Exp. Biol.
Med. (Maywood) 236 (2011) 169–176.

[21] X.B. Wang, H.F. Jin, C.S. Tang, J.B. Du, Significance of endogenous sulfur-
containing gases in the cardiovascular system, Clin. Exp. Pharmacol. Physiol.
37 (2010) 745–752.

[22] D. Liu, H. Jin, C. Tang, J. Du, Sulfur dioxide: a novel gaseous signal in the
regulation of cardiovascular functions, Mini Rev. Med. Chem. 10 (2010) 1039–
1045.

[23] H.F. Jin, J.B. Du, C.S. Tang, Frontiers in research series: the pathophysiological
significance of sulphur-containing gases, Clin. Exp. Pharmacol. Physiol. 37
(2010) 743–744.

[24] J.L. Hart, Role of sulfur-containing gaseous substances in the cardiovascular
system, Front. Biosci. (Elite Ed). 3 (2011) 736–749.

[25] J.J. Sedmak, S.E. Grossberg, A rapid, sensitive, and versatile assay for protein
using Coomassie brilliant blue G250, Anal. Biochem. 79 (1977) 544–552.

[26] A.J. Ji, S.R. Savon, D.W. Jacobsen, Determination of total serum sulfite by HPLC
with fluorescence detection, Clin. Chem. 41 (1995) 897–903.

[27] H. Wei, R. Zhang, H. Jin, D. Liu, X. Tang, C. Tang, J. Du, Hydrogen sulfide
attenuates hyperhomocysteinemia-induced cardiomyocytic endoplasmic
reticulum stress in rats, Antioxid. Redox Signal. 12 (2010) 1079–1091.

[28] M.H. Stipanuk, I. Ueki, Dealing with methionine/homocysteine sulfur: cysteine
metabolism to taurine and inorganic sulfur, J. Inherit. Metab. Dis. 34 (2010)
17–32.

[29] M.H. Stipanuk, I. Ueki, J.E. Dominy Jr., C.R. Simmons, L.L. Hirschberger, Cysteine
dioxygenase: a robust system for regulation of cellular cysteine levels, Amino
Acids 37 (2009) 55–63.

[30] R.J. DeLorenzo, F.H. Ruddle, Glutamate oxalate transaminase (GOT) genetics in
Mus musculus: linkage, polymorphism, and phenotypes of the Got-2 and Got-1
loci, Biochem. Genet. 4 (1970) 259–273.

[31] T.D. Scholz, S.L. Koppenhafer, C.J. tenEyck, B.C. Schutte, Ontogeny of malate–
aspartate shuttle capacity and gene expression in cardiac mitochondria, Am. J.
Physiol. 274 (1998) C780–C788.


	Endogenous generation of sulfur dioxide in rat tissues
	1 Introduction
	2 Materials and methods
	2.1 Animal preparation
	2.2 Preparation of different tissue samples in rats
	2.3 Determination of plasma and tissue concentration of SO2
	2.4 Measurement of AAT activity
	2.5 Determination of AAT1, AAT2 and CDO mRNA in tissues by quantitative real-time RT-PCR
	2.6 Determination of AAT and CDO protein expression in tissues by Western blot analysis
	2.7 Expression of AAT1, AAT2 and CDO in different tissues using immunohistochemical analysis
	2.8 Statistical analysis

	3 Results
	3.1 Characterization of the endogenous SO2 content in different tissues in rat
	3.2 Characterization of AAT activity in different tissues in rat
	3.3 Characterization of AAT1, AAT2 and CDO mRNA in different tissues by quantitative real-time PCR
	3.4 Characterization of AAT1, AAT2 and CDO protein expression in different tissues by Western blot analysis
	3.5 Expression of AAT1, AAT2 and CDO in different tissues by using immunohistochemical analysis

	4 Discussion
	Acknowledgments
	References


