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A B S T R A C T   

Objective: This study aimed to determine the communicational pattern of gaseous signaling molecules sulfur 
dioxide (SO2) and nitric oxide (NO) between vascular endothelial cells (VECs) and vascular smooth muscle cells 
(VSMCs), and elucidate the compensatory role and significance of endogenous SO2 in the development of hy
pertension due to NO deficiency. 
Approach and results: Blood pressure was monitored by the tail-cuff and implantable physiological signal 
telemetry in L-nitro-arginine methyl ester (L-NAME)-induced hypertensive mice, and structural alterations of 
mouse aortic vessels were detected by the elastic fiber staining method. L-NAME-treated mice showed decreased 
plasma NO levels, increased SO2 levels, vascular remodeling, and increased blood pressure, and application of L- 
aspartate-β-hydroxamate, which inhibits SO2 production, further aggravated vascular structural remodeling and 
increased blood pressure. Moreover, in a co-culture system of HAECs and HASMCs, NO from HAECs did not 
influence aspartate aminotransferase (AAT)1 protein expression but decreased AAT1 activity in HASMCs, 
thereby resulting in the inhibition of endogenous SO2 production. Furthermore, NO promoted S-nitrosylation of 
AAT1 protein in HASMCs and purified AAT1 protein. Liquid chromatography with tandem mass spectrometry 
showed that the Cys192 site of AAT1 purified protein was modified by S-nitrosylation. In contrast, dithiothreitol 
or C192S mutations in HASMCs blocked NO-induced AAT1 S-nitrosylation and restored AAT1 enzyme activity. 
Conclusion: Endothelium-derived NO inhibits AAT activity by nitrosylating AAT1 at the Cys192 site and reduces 
SO2 production in HASMCs. Our findings suggest that SO2 acts as a compensatory defense system to antagonize 
vascular structural remodeling and hypertension when the endogenous NO pathway is disturbed.   

1. Introduction 

Hypertension, characterized by increased blood pressure in the ar
teries of the body circulation and sustained increase in vascular tone, is a 
latent risk factor for several cardiovascular diseases and chronic renal 
failure. By 2025, 1.56 billion people worldwide are expected to be 
affected by hypertension [1,2]. Despite numerous experimental studies, 
the exact pathogenesis of hypertension is still in its infancy. Therefore, 

exploring the pathogenesis of hypertension is an important scientific 
topic in life science and medicine presently. 

Nitric oxide (NO) is an indispensable gas signaling molecule in the 
body, produced by L-arginine catalyzed by nitric oxide synthase (NOS). 
Endothelial-derived NO is a potent vasodilator substance and has a 
significant impact on the maintenance of homeostasis in the cardio
vascular system of the body by activating soluble guanylate cyclase and 
producing intracellular cyclic guanosine phosphate, which leads to 
smooth muscle relaxation [3–5]. Several animal studies demonstrate 
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that restraint of constitutively expressed endothelial nitric oxide syn
thase (eNOS), which interrupts NO production, leads to an increase in 
blood pressure and the development of hypertension [6,7]. Clinical data 
suggest that systemic NO production is reduced in hypertensive patients 
compared to normotensive controls. When NO biosynthesis is reduced or 
inactivated, NO bioavailability is reduced; reduced NO bioavailability 
leads to a decreased diastolic function of the vascular wall and is a 
pivotal factor for the development of hypertension [8]. In addition, 
endogenous sulfur dioxide (SO2), a novel endogenous gasotransmitter, is 
produced with L-cysteine as a substrate and is catalyzed by aspartate 
aminotransferase (AAT). The endogenous SO2/AAT pathway is present 
in alveolar epithelial cells, vascular endothelial cells, vascular smooth 
muscle cells, fibroblasts, cardiomyocytes, and adipocytes and is a 
contributory factor in the regulation of cardiovascular homeostasis 
[9–14]. Our group has proposed for the first time that endogenous SO2 
acts as a fourth gaseous signaling molecule in cardiovascular regulation 
and is involved in maintaining normal cardiovascular structure [15–18]. 
Other studies also showed that plasma SO2 level in serum was signifi
cantly decreased in spontaneously hypertensive rats (SHR), while, sup
plementation of SO2 donor significantly inhibited hypertension in SHRs 
[19]. SO2 donor promoted the relaxation of isolated rat aortic rings in a 
concentration-dependent manner, while L-aspartate-β-hydroxamate 
(HDX), an inhibitor of AAT, inhibited endogenous SO2 production and 
subsequently caused vasoconstriction [20]. The abovementioned find
ings suggest that SO2, as a bioactive molecule, exerts a powerful effect on 
the regulation of vasodilatory function. 

Accumulating evidence indicates that the interactions amongst 
members of different bioactive substance families, such as peptides, 
amino acids, and gaseous signaling molecules, play a critical regulatory 
role in vascular regulation [21–23]. However, the integrated regulatory 
role of gaseous signaling molecules in the development of hypertension 
and its mechanisms remain unclear. Similar to SO2, NO, a gaseous 
signaling molecule, has various biological effects, such as vasodilation, 
antioxidant, and anti-inflammatory activities [14,15,24]. Interestingly, 
Li et al. found that low concentrations (3 or 5 nM) of sodium nitro
prusside (SNP) increased the vasodilatory effect of SO2 by approxi
mately 6-fold [25], and Lu et al. found that SO2 increased the NO level of 
SHR aorta and enhanced the vasodilatory response of SHR aorta to SNP 
[26], suggesting that NO and SO2 possibly have a synergistic vaso
dilatory effect. While, the effect of endogenous NO on endogenous SO2 
production and its role in the pathogenesis of hypertension remains 
unclear. Gaseous signal molecules can freely pass through the cell 
membrane and exert a regulatory effect in adjacent cells through a 
paracrine mode. Therefore, we hypothesized that the interaction be
tween NO and SO2 might mediate intercellular communication between 
human aortic endothelial cells (HAECs) and human aortic smooth 
muscle cells (HASMCs). 

Therefore, this study was undertaken to explore the effect of 
endothelial-derived NO on endogenous SO2 production in HASMCs and 
its mechanisms to elucidate the significance of NO–SO2-based intercel
lular communication between HAEC and HASMCs in the development of 
hypertension and vascular remodeling. 

2. Materials and methods 

2.1. Animal model and capsule osmotic pressure pump implantation 

Mice were purchased from Beijing Viton Lever Experimental Animal 
Center and housed in the Experimental Animal Center of Peking Uni
versity First Hospital. During the experiments, mice were fed and 
watered freely, and the 12 h/12 h circadian rhythm was maintained. 
During the experimental operation, the animal management rules of the 
Ministry of Health of the People’s Republic of China were strictly 
observed and approved by the Animal Research Ethics Committee of 
Peking University First Hospital (Ethics No.: 201747). Thirty-two male 
C57BL/6J mice weighing 20–25 g were randomly distributed into the 
following 4 groups (8 mice in each group): The control group comprised 
mice with an intraperitoneal injection of saline; the L-nitro-arginine 
methyl ester (L-NAME) group included mice with a subcutaneous dorsal 
surgery with a capsule osmolarity pump preloaded with L-NAME (100 
mg/kg); the L-NAME + HDX group consisted of mice with a subcu
taneous dorsal surgery with a capsule osmolarity pump preloaded with 
L-NAME (100 mg/kg) and daily intraperitoneal injection of HDX (25 
mg/kg); the HDX group included mice with a daily intraperitoneal in
jection of HDX (25 mg/kg) for 8 weeks. 

These mice were monitored weekly for blood pressure changes. The 
capsule osmotic pressure pump was implanted with L-NAME (100 mg/ 
kg) solution preloaded in the capsule osmotic pressure according to the 
instructions, and the pump was administered subcutaneously on the 
back of the mice after blood pressure measurement. Mice were anes
thetized through intraperitoneal injection of 0.5% sodium pentobarbital 
(100 μl/10 g) and fixed in a prone position. The skin and subcutaneous 
tissue were cut in the middle of the scapula posteriorly, and the capsule 
osmotic pressure pump was then carefully placed subcutaneously on the 
back. The subcutaneous tissue and skin were sutured together, and 200 
μl of saline was injected intraperitoneally. The mice were placed on an 
electric blanket (37◦C) for observation after surgery and were then 
placed back in the cage after the mice could move freely. 

2.2. Tail-cuff method for blood pressure measurement in mice 

The mice were placed in a quiet environment, fixed in a mouse bag, 
and put into a heat preservation tube to keep warm. The cuff was put on 
the root near the tail of the mouse, and the mouse was adapted for a 
while. After the blood pressure of mice was stable, the tail-cuff was 
pressed automatically to measure the blood pressure 3 times, and the 
mean value was calculated. 

2.3. Implantable telemetry for blood pressure detection in mice 

Mice were anesthetized through intraperitoneal injection of 0.5% 
sodium pentobarbital (100 μl/10 g). Then, the mice were fixed on the 
operating table in a supine position with an elastic band. Along the 
median neck incision, the left common carotid artery was carefully 
separated under a body vision microscope, and the catheter of the 
implant sub (soaked in saline for 15–30 min before surgery) was gently 
fed into the vessel for 1–2 cm, and the implant sub was fixed to the 
abdominal muscle of the mice. After one week of postoperative obser
vation, when the mice were in normal mental state and activity, the 
implantable radio telemetry devices were opened and programmed to 
monitor the blood pressure of the mice every 1 min for 48 h. The blood 
pressure monitoring data were saved. 

Abbreviations 

AAT aspartate aminotransferase 
DTT dithiothreitol 
eNOS endothelial nitric oxide synthase 
HAECs human aortic endothelial cells 
HASMCs human aortic smooth muscle cells 
HDX L-aspartate-β- hydroxamate 
L-NAME L-nitro-arginine methyl ester 
NO nitric oxide 
NOS nitric oxide synthase 
SBP systolic blood pressure 
SHR spontaneously hypertensive rats 
SNP sodium nitroprusside 
SO2 sulfur dioxide  
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2.4. Mouse aortic elastic fiber staining 

The sections were sequentially placed in three separate xylene tanks, 
each tank for 10 min, and then dewaxed in anhydrous ethanol, 95% 
ethanol, and 75% ethanol for 10 min. Next, the sections were immersed 
in a staining tank with Weigert resorcinol magenta staining solution for 
3 h at 25◦C and then washed in deionized water three times (10 min 
each). The background staining of the cell pulp was removed with 95% 
ethanol, and the sections were transferred to anhydrous ethanol for 10 
min, followed by incubation with xylene three times for 10 min. The 
slices were sealed up with resin, left at room temperature for 2–3 days, 
and observed under a microscope. The morphometric indices including 
aortic median area and thickness were detected with the Optilab algo
rithm on LeicaQ550cw cytogenic workstation. The median area was 
defined as the area surrounded by the internal and external elastic 
lamina of the aorta. For the measurement of the aortic median thickness, 
each aorta section was gauged at four points 0, 3, 6, and 9 o’clock 
clockwise and then the average value was calculated. 

2.5. Mouse arterioles in brown fat elastic fiber staining 

The brown fat tissue on the back of mice was fixed with 4% poly
methyl and embedded in paraffin. The sections were soaked in xylene to 
dewax, and then rehydrated in gradient ethanol as the abovementioned 
protocol. Next, the sections were stained with the Verhoeff staining 
solution, a mixture of alcohol hematoxylin, ferric chloride, and iodine 
solution for 30 min. The differentiation solution slightly differentiated 
the background. The sections were stained with Van Gieson solution 
(saturated picric acid: the acidic magenta in a volume ratio of 9:1) for 
1–3 min and washed quickly with water. Finally, the sections were 
sequentially soaked with anhydrous ethanol and xylene for 1–5 min, and 
sealed with neutral resin. The elastic fibers are purple-black and the 
collagen fibers are red. Images were acquired and analyzed using Leica 
Q550 CW. Each section was selected for 3 different fields of view under a 
microscope. 

2.6. Immunofluorescence assay of collagen I and III 

Collagen III protein expression in primary HASMCs was detected by 
immunofluorescence assay. HASMCs were washed with PBS twice (5 
min each time). Cells were fixed with 4% paraformaldehyde for 20 min. 
After washing with PBS, cells were incubated with 200 μl of punching 
solution (10 mL of PBS, 0.5 g of bovine serum albumin, and 30 μl of 
Triton X-100) at 37◦C for 0.5–1 h. They were then incubated with pri
mary antibody (dilution: 1:50; 50 μl/well) in punching solution at 37◦C 
for 1 h and then at 4◦C for 8 h. Cells were subsequently incubated with 
secondary antibodies for 2 h at 37◦C (red fluorescent mouse secondary 
antibody; diluted 1:300 with PBS). The red fluorescent signal represents 
the collagen I or III protein in the cells when observed using laser 
confocal microscopy. 

2.7. Colorimetric detection of NO 

NO levels in cell supernatant and mouse plasma were detected with a 
nitric oxide assay kit (Beyotime Biotechnology). HAECs supernatant (50 
μl) or mouse plasma (50 μl) was added to a 96-well plate. Griess Reagent 
I and II (50 μl) were added sequentially, and absorbance was measured 
at 540 nm. The concentrations of NO in these samples were computed 
according to the standard curve. 

2.8. Western blotting of AAT1, eNOS, collagen I and III 

Cells or tissues were lysed in RIPA buffer (Beyotime, China). Equal 
quantities of proteins were separated using 10% SDS-PAGE gel and 
transferred to nitrocellulose membranes, and the membranes were then 
blocked with a closure solution containing 5% milk. The primary 

antibodies and their dilutions used were as follows: anti-AAT1 (1:1000; 
Sigma, USA), anti-collagen I (1:1000; Abcam, USA), anti-collagen III 
(1:500; Abcam, USA), anti-eNOS (1: 500; Santa Cruz, USA), and anti- 
GAPDH (1:5000; Kangcheng, China). Bands were photographed using 
chemiluminescence reagents with a FluorChem M MultiFluor system 
(Protein Simple, USA), and the optical density of the bands was quan
tified using the multi-band analysis function of AlphaEaseFC (Alpha, 
USA) software. 

2.9. Determination of AAT activity by colorimetric assay 

AAT activity of aorta tissue, cells, and purified proteins of porcine 
AAT1 was measured as described previously [27] according to the in
structions of the AAT activity assay kit (Nanjing Jiancheng, Nanjing, 
China). The AAT activity of aorta tissue and cells was corrected for 
homogenate protein concentration and was expressed as U/g. Purified 
protein AAT activity was measured and expressed as Carmen’s units/g. 

2.10. Detection of SO2 by high-performance liquid chromatography 
(HPLC) 

Sodium borohydride (dissolved with 50 mM Tris-HCl [pH 8.5]; 212 
μM) was added to the samples or sulfite standards (0, 1, 2, 5, 10, and 20 
μM) and incubated for 0.5 h at 25◦C. Then, 70 mM monobromobimane 
was added, and the mixture was incubated at 42◦C for 10 min. The su
pernatant fluid was mixed with 2.0 M Tris-HCl and centrifuged at room 
temperature at 12,000 g for 10 min. The mouse plasm and supernatant 
fluid were transferred to a special brown glass vial and analyzed by 
HPLC (Agilent 1100 series, USA). The standard curve was prepared 
according to the sulfite standard and the corresponding peak area, and 
the SO2 level of each specimen was calculated by substituting the peak 
area based on the standard curve. 

2.11. Cell culture 

HASMCs (Lifeline, USA) were grown in the vascuLife® SMC com
plete medium (Lifeline, USA) containing 5% fetal bovine serum, 30 mg/ 
mL gentamicin, 15 μg/mL amphotericin B, 5 ng/mL rh basic FGF, 5 μg/ 
mL rh insulin, 10 mM L-glutamine, 50 μg/mL ascorbic acid, and 5 ng/mL 
rh EGF. HAECs (Lifeline, USA) were grown in the vascuLife® VEGF 
endothelial complete medium (Lifeline, USA) containing 2% fetal 
bovine serum, 30 mg/mL gentamicin, 15 μg/mL amphotericin B, 5 ng/ 
mL rh VEGF, 5 ng/mL rh basic FGF, 1 μg/mL hydrocortisone hemi
succinate, 50 μg/mL ascorbic acid, 10 mM L-glutamine, 15 ng/mL rh 
IGF-1, 5 ng/mL rh EGF, and 0.75 U/mL heparin sulfate. Cells were 
cultured with 5% CO2 at 37◦C and starved for 6 h before drug treatment. 
HASMCs were treated with NO donor SNP for 2 h and divided into 
control, 50 μM, 100 μM, and 200 μM groups. 

2.12. Preparation of eNOS-deficient HAECs 

HAECs were cultured and infected with lentivirus carrying shRNA 
targeting eNOS gene (1 × 105 TU/ml) and polybrene (5 μL/ml) at 70% 
confluence. After 24-h infection, cells were cultured in a fresh medium 
for 72 h. HAECs were treated with 4 μg/mL puromycin for 2 weeks to 
screen stable HAECs infected with eNOS shRNA lentivirus. 

2.13. Plasmid transfection in HASMCs 

AAT1-C192S (cysteine [site 192] mutates to serine) plasmid or 
AAT1-WT(wild-type) plasmid were transfected into HASMCs using 
JetPEI reagent (Polyplus-transfection, France) following manufacturer’s 
instructions for 12 h before treatment. 
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2.14. Primary HAECs and HASMCs co-culture 

HAECs stably transfected with eNOS shRNA lentivirus were inocu
lated in the lower chamber of a transwell 6-well plate, and 1.5 mL of 
vascular endothelial cell complete medium was added. Meanwhile, 
HASMCs were inoculated in the upper chamber of the transwell 6-well 
plate. Then, 1.5 mL of vascular smooth muscle cell complete medium 
was added, and cells were incubated in an incubator containing 5% CO2 
at 37 ◦C. Primary HAEC and HASMC co-cultures were used and divided 
into the empty virus transfection group, eNOS shRNA lentiviral infection 

group, and eNOS shRNA lentiviral infection + HASMCs HDX group, in 
which 100 μM HDX was added for 24 h. 

2.15. In situ detection of endogenous SO2 levels in cells by fluorescent 
probes 

SS-1 is a chemoselective fluorescent probe for in situ detection of SO2, 
developed and generously given by Prof. Xiaoqi Yu and Prof. Kun Li 
from Sichuan University [28]. The threshold of detecting SO2 de
rivatives in PBS buffer by the SS-1 probe reached 92 nM. 

Fig. 1. Endogenous SO2 pathway compensates disturbed endogenous NO generation to protect against hypertension. A, Colorimetric assay of plasma NO content in 
mice (n = 8). B, Western blotting analysis to detect the expression of AAT1 protein in mouse aortic tissues (n = 8). C, Colorimetric assay of AAT activity in mouse 
aortic tissues (n = 8). D, Colorimetric assay to determine SO2 in mouse plasma (n = 8). E, Blood pressure measurement in mice by the tail-cuff method (n = 8). F, 
Blood pressure monitoring in mice by implantable telemetry (n = 3). Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01. AAT, aspartate aminotransferase; 
NO, nitric oxide; SO2, sulfur dioxide. 
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Simultaneously, the SS-1 probe was reported to selectively react with 
SO2 and exhibit low cytotoxicity [28]. Cells were cultured in chambers, 
incubated with the fluorescent probe of SO2 for 0.5 h, rinsed with PBS 3 
times, and then fixed with 4% paraformaldehyde for at least 10 min. 
Cells were rinsed as described above and added an appropriate con
centration of DAPI to visualize nuclear DNA. Immunofluorescence re
sults were obtained using a confocal microscope (TCS SP5, Leica 
Microsystems, Germany), with blue fluorescence representing the nu
cleus and green fluorescence representing the SO2 level. The signal in
tensity of fluorescence was measured using Image J (NIH, USA) 
software. 

2.16. Analysis of enzymatic kinetic properties of AAT1 

Porcine AAT1 purified protein (Sigma, USA) (75 ng) was treated with 
0.1 mM SNP or ddH2O for 0.5 h at 37◦C and then assorted with various 
concentrations of matrix solution (L-aspartic acid and α-ketoglutaric acid 
in a fresh configuration at a 1:100 M ratio, with α-ketoglutaric acid 
concentrations of 100, 50, 25, 12.5, 6.25, and 2.5 μM, respectively). The 
mixed liquor was incubated at 37 ◦C for 30 min. AAT activity was 
detected by the AAT activity assay kit. The Vmax and Km values of AAT1 
protein were calculated from the Eadie-Hofstee plot, a transformed form 
of the Michaelis-Menten equation [29]. 

2.17. Biotin switch assay for S-nitrosylation modifications detection 

Cells were rinsed with pre-cooled PBS three times, and Hens 1 so
lution (0.25 M Hepes, 100 μM neocuproine, 1‰ SDS, 1% Triton X-100, 
protease inhibitors, phosphatase inhibitors, 1 mM EDTA, and PMSF) was 
then added. Cells were incubated on ice for 0.5 h, and 10 μl of the 
supernate was retained as basic protein. The remaining supernate was 
incubated with a final concentration of 0.02 M MMTS for 20 min at 
50 ◦C, and proteins were resuspended by precipitation with acetone 
followed by the addition of Hens 1 solution and a final concentration of 
5 mM ascorbic acid and 1 mM Biotin-HPDP. Subsequently, 50 μl of 
NeutrAvidinTM was added into the mixture and incubated at 4◦C for 8 h. 
The beads were rinsed 3 times with Hens solution, 1 mM EDTA, and 
0.5% Triton X-100. Proteins were subjected to western blotting to detect 
protein S-nitrosylation modifications. 

2.18. In situ detection of AAT1 S-nitrosylation levels by fluorescent probe 
assay 

AAT1 S-nitrosylation level was measured by fluorescent probe assay 
according to instructions of the cellular protein S-nitrosylation modifi
cation detection kit (Cayman, USA). Confocal microscopy was applied to 
observe and take pictures. Blue light shows the nucleus, green fluores
cence indicates nitrosylated protein, red fluorescence shows AAT1 
protein, and co-localization of two fluorescence fusions represents the 
nitrosylated modified AAT1 protein. 

2.19. Detection of AAT1 S-nitrosylation by liquid chromatography-mass 
spectrometry (LC-MS/MS) 

Purified AAT1 protein was prepared in 100 μl of PBS, and 100 μM NO 
was then added; the mixture was incubated in a water bath for 0.5 h at 
37◦C with gentle shaking. A final concentration of 20 mM MMTS was 
added into the mixed liquids and incubated at 50◦C with shaking for 20 
min. After protein precipitation with acetone, the protein samples were 
resuspended by adding Hens 1 solution and a final concentration of 5 
mM ascorbic acid and 1 mM Biotin-HPDP, and the solution was incu
bated for 1.5 h. After the addition of a non-reducing loading buffer, the 
protein samples were separated with 10% SDS-PAGE gel. The protein gel 
bands were stained with Coomassie Brilliant Blue R-250, followed by in- 
gel digestion, and the acetonitrile-extracted peptide mixture was 
analyzed by liquid chromatography-linear ion trap-orbitrap mass 

Fig. 2. Endogenous SO2 pathway compensates disturbed endogenous NO 
generation to protect against vascular structural remodeling A, Western blot 
analysis to detect collagen I and III protein expression in mouse aortic tissues (n 
= 8). B, Elastic fiber staining method to detect the median area and thickness in 
the mouse aortic section (n = 8). Scale bar, 40 μm. C, Verhoeff’s-Van-Gieson 
staining of arterioles in mouse brown fat tissues (n = 8). Scale bar, 100 μm. D, 
Primary HAECs were transfected with scramble or eNOS shRNA lentivirus and 
co-cultured with primary HASMCs. Primary HASMCs were incubated with 100 
μM HDX in the culture supernatant for 24 h. Western blotting analysis was 
performed to detect the protein expression of collagen III in primary HASMCs in 
the co-culture experiment (n = 10). E, Primary HAECs were transfected with 
scramble or eNOS shRNA lentivirus and co-cultured with primary HASMCs. 
Primary HASMCs were incubated with 100 μM HDX in the culture supernatant 
for 24 h. Collagen I and III protein expression in primary HASMCs was detected 
by immunofluorescence in the co-culture experiment (n = 9). The nucleus and 
collagen I/III are indicated by blue and red fluorescence, respectively. Scale 
bar, 30 μm **P < 0.01. HDX, L-aspartate-β-hydroxamate; NO, nitric oxide; SO2, 
sulfur dioxide. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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spectrometer. Data analysis was performed using Proteome Discoverer 
(version 1.4.0.288, Thermo Fischer Scientific) software. 

2.20. Statistical analysis 

All data are presented as mean ± SEM. Both IBM SPSS 22.0 and 
Graphpad Prism 8.0 were used for statistical analysis. The two-tailed 
Student’s t-test was adopted to compare two groups. One-way ANOVA 
followed by LSD postdoc analysis was used to compare the data among 
multiple groups. Statistical significance was regarded as P < 0.05. 

3. Result 

3.1. Endogenous SO2 compensates disturbed endogenous NO generation 
to protect against hypertension 

We treated mice with L-NAME, a NOS inhibitor, to construct a hy
pertensive mouse model [30]. Compared with the control group, plasma 
NO level was decreased by 42.11% (P < 0.01) without any change in 
aortic AAT1 protein expression, while the aortic AAT activity was 
increased by 31.35% (P < 0.05) with the subsequently increased SO2 
level by 89.46% (P < 0.01) in the L-NAME group (Fig. 1A–D). At the 
same time, systolic blood pressure (SBP) measured by tail-cuff method 
was significantly increased by 20.53% (P < 0.01) in the L-NAME group 
compared with the control group (Fig. 1E). Furthermore, HDX, an AAT 
inhibitor, was used to inhibit the generation of endogenous SO2 and 
explore the significance of L-NAME-upregulated SO2/AAT pathway. The 
results showed that the aortic AAT activity and SO2 level were decreased 

by 36.55% (P < 0.05) and 82.10% (P < 0.01), respectively, but the SBP 
was elevated by 14% in the mice of the HDX group compared with the 
control group (Fig. 1C–E). When HDX was co-administered in 
L-NAME-treated mice, plasma NO content did not change significantly; 
however, aortic tissue AAT activity was decreased by 48.29% (P < 0.01) 
with the subsequent decrease in SO2 content by 87.11% (P < 0.01), and 
the SBP was further increased by 13.33% (P < 0.01) (Fig. 1A–E). The 
results of SBP real-time monitoring values by implantable telemetry in 
awake unrestrained mice were similar to those of the tail-cuff method 
(Fig. 1F). The above findings suggest that the endogenous SO2 pathway 
might act as a compensatory defense system to antagonize hypertension 
in response to disturbed endogenous NO generation. 

3.2. Endogenous SO2 compensates disturbed endogenous NO generation 
to protect against vascular structural remodeling 

In the aorta tissue of mice, collagen I and collagen III protein ex
pressions were increased by 154.87% and 158.18%, respectively, and 
the median thickness and area were increased by 14.69% and 33.05%, 
respectively, in L-NAME-treated mice compared with control mice (P 
all<0.01). HDX treatment further upregulated the protein expression of 
collagen I and collagen III, the media thickness and area by 64.05%, 
116.90%, 15.92%, and 17.08% in the L-NAME + HDX group, respec
tively (P all <0.01). While compared with the control group, the 
expression of collagen I, collagen III and the media area in the mice of 
the HDX group were elevated by 116.06% (P < 0.05), 120.22% (P <
0.05), and 21.73% (P < 0.01), respectively (Fig. 2A and B). In the ar
terioles in brown fat of mice, L-NAME treatment increased the media 

Fig. 3. NO donor inhibits endogenous SO2 production by suppressing AAT1 activity in primary HASMCs. A, Primary HASMCs were treated by varying concentrations 
of SNP (0, 50, 100, or 200 μM) for 2 h. SO2 content in the supernatant in primary HASMCs was detected by HPLC. B, Primary HASMCs were treated with 100 μM SNP 
for 2 h, and endogenous SO2 content in primary HASMCs was detected by the SO2 fluorescence probe method. The nucleus is indicated by blue fluorescence, and SO2 
by green fluorescence. Scale bar, 30 μm. C, Primary HASMCs were treated with various concentrations of SNP (0, 50, 100, or 200 μM) for 2 h, and AAT1 protein 
expression was detected in primary HASMCs by western blotting analysis. D, Primary HASMCs were treated with various concentrations of SNP (0, 50, 100, or 200 
μM) for 2 h or with 200 μM SNP for 1 h and then DTT (100 μM) for 1 h. Colorimetric assay was used to detect AAT activity in primary HASMCs. *P < 0.05, **P < 0.01. 
n = 9–12. Data are expressed as mean ± SEM. NO, nitric oxide; SNP, sodium nitroprusside; SO2, sulfur dioxide. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Y. Song et al.                                                                                                                                                                                                                                    



Redox Biology 48 (2021) 102192

7

thickness and area of arterioles in the control mice by 27.65% (P < 0.05) 
and 72.62% (P < 0.01), respectively. The intervention of HDX per
formed on the L-NAME-treated mice further upregulated the media 
thickness and area of arterioles by 19.65% and 29.34%, respectively (P 
all <0.05). While, the media area of arterioles in the mice of HDX group 
was elevated by 49.73% compared with the control group (P < 0.05) 
(Fig. 2C). The above findings suggested that the change of vascular 
remodeling in the resistance arteries was in accordance with that in the 
aortas. 

The results of co-culture of primary HAECs and primary HASMCs 
showed that compared with the scramble group, collagen III protein 
expression was increased by 167.41% (P < 0.01), collagen I and III 
protein fluorescence signals were enhanced in primary HASMCs co- 
cultured with eNOS knock-downed primary HAECs. Furthermore, 
compared with the eNOS shRNA group, the expression of collagen III 
protein was further increased by 218.56% (P < 0.01), collagen I and III 

protein fluorescence signals were further enhanced after HDX inter
vention in primary HASMCs. Compared with the scramble group, 
collagen III protein expression was increased by 135.73% (P < 0.05), 
collagen I and III protein fluorescence signals were enhanced in HDX- 
treated primary HASMCs (Fig. 2D and E). The results suggest that the 
endogenous SO2 pathway might act as a compensatory defense system 
against vascular structural remodeling in response to disturbed endog
enous NO generation. 

3.3. NO donor inhibits endogenous SO2 production by suppressing AAT1 
activity in primary HASMCs 

To investigate the influence of NO on endogenous SO2 production in 
primary HASMCs, primary HASMCs were treated with different con
centrations (0, 50, 100, and 200 μM) of the NO donor SNP. HPLC results 
showed that SO2 levels in the supernatants of primary HASMCs treated 

Fig. 4. eNOS knockdown facilitates endogenous 
SO2 production by promoting AAT1 activity in pri
mary HASMCs. Primary HAECs were transfected 
with scramble or eNOS shRNA lentivirus, and the 
stably transfected lentiviral HAECs were co- 
cultured with HASMCs. A, Western blotting anal
ysis to detect eNOS protein expression in primary 
HAECs in the co-culture system. B, A colorimetric 
assay to detect the supernatant NO content in the 
primary HAECs in the co-culture system. C, HPLC 
method for determining SO2 in the supernatant in 
primary HASMCs in the co-culture system. D, SO2 
fluorescence probe to detect endogenous SO2 in 
primary HASMCs in the co-culture system. The nu
cleus is indicated by blue fluorescence, and SO2 by 
green fluorescence. Scale bar, 20 μm. E, Western 
blotting analysis to detect AAT1 protein expression 
in primary HASMCs in the co-culture system. F, 
Colorimetric assay to detect AAT activity in primary 
HASMCs in the co-culture system. **P < 0.01. n =
9–12. Data are expressed as mean ± SEM. HDX, L- 
aspartate-β-hydroxamate; NO, nitric oxide; SO2, 
sulfur dioxide. (For interpretation of the references 
to color in this figure legend, the reader is referred 
to the Web version of this article.)   
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with 50, 100, and 200 μM SNP were decreased by 37.76%, 74.03%, and 
92.29%, compared to control treatment, respectively (P < 0.01) 
(Fig. 3A). The SO2 fluorescence signal was attenuated in primary 
HASMCs after 100 μM SNP treatment compared to control treatment; 
the results are consistent with those of the HPLC quantitative analysis 
(Fig. 3B). The above results indicate that NO could inhibit endogenous 
SO2 production in primary HASMCs. 

To further examine the mechanisms by which NO inhibits endoge
nous SO2 production in primary HASMCs, the expression level of AAT1, 
an endogenous SO2 producing enzyme, was examined in primary 
HASMCs, and the results showed no significant difference in AAT1 
protein expression in primary HASMCs after treatment with different 
concentrations of SNP (Fig. 3C). However, 50, 100, and 200 μM SNP 
treatment reduced AAT1 activity in primary HASMCs by 33.84% (P <
0.05), 48.42% (P < 0.01), and 63.21% (P < 0.01) compared to control 
treatment, respectively, while dithiothreitol (DTT; a thiol reducing 
agent) treatment blocked the effect of NO on AAT1 activity (P < 0.01) 
(Fig. 3D). The above results indicate that exogenous NO has no effect on 
the expression of AAT1 protein in primary HASMCs but represses AAT1 
activity, suggesting that NO could inhibit endogenous SO2 production 
by suppressing AAT1 activity in primary HASMCs. 

3.4. eNOS knockdown facilitates endogenous SO2 production by 
promoting AAT1 activity in primary HASMCs 

A co-culture model of primary HAECs and primary HASMCs was 
used to determine the influence of HAEC-derived NO on endogenous 
SO2 production in primary HASMCs. The results showed that in primary 
HAECs, eNOS protein expression was significantly reduced after 
knockdown of eNOS (P < 0.01) (Fig. 4A), and the NO level in the cell 
supernatant was reduced by 52.42% (P < 0.01) (Fig. 4B); however, the 
SO2 level in the supernatant of primary HASMCs in co-culture primary 
HAECs and primary HASMCs was increased by 52.34% (P < 0.01) 
(Fig. 4C). The results of the SO2 fluorescence probe in primary HASMCs 
are consistent with the HPLC results, which also showed increased 
endogenous SO2 production after knockdown of eNOS expression 
(Fig. 4D). These results suggest that reduced NO production from pri
mary HAECs could enhance endogenous SO2 production in primary 

HASMCs. Further, knockdown of HAEC eNOS in the co-culture system 
did not impact AAT1 protein expression in primary HASMCs, but 
HASMC AAT1 activity was significantly increased after knockdown of 
HAEC eNOS (P < 0.01) (Fig. 4E and F). The findings indicate that 
reduced HAEC NO production could enhance AAT activity in primary 
HASMCs but did not affect AAT1 protein expression, suggesting that NO 
from primary HAECs could inhibit endogenous SO2 production in pri
mary HASMCs by suppressing AAT activity. 

3.5. NO directly inhibits purified protein AAT1 activity and affects kinetic 
characteristics of AAT1 

Different concentrations of SNP (50,100, and 200 μM) could signif
icantly inhibit the activity of purified protein AAT1, and the inhibition 
rates were 20.53%, 45.32%, and 60.02%, respectively (P < 0.01); 
however, further application of DTT blocked the effect of SNP on AAT1 
activity (P < 0.01) (Fig. 5A). The enzyme kinetic analysis showed that 
the Vmax value of purified AAT1 protein was decreased by 41.23% (P <
0.01), and the Km value was increased by 53.84% (P < 0.05) after 
treatment with 100 μM NO for 30 min (Fig. 5B and C). These results 
indicate that NO significantly inhibits the enzymatic catalytic efficiency 
of AAT1 (Vmax/Km). 

3.6. NO inhibits AAT1 activity through S-nitrosylation 

In vitro experiments revealed that DTT was able to reverse the effect 
of NO on AAT1 activity (Figs. 3D and 5A), suggesting that the cysteine 
sulfhydryl group of AAT1 protein might be the target of NO to inhibit 
endogenous AAT1 activity. The sulfhydryl S-nitrosylation modification, 
a covalent reaction of NO with the active cysteine on the target protein, 
is the main mechanism by which NO exerts its biological activity [31]. 
To further elucidate the molecular mechanism underlying inhibition of 
AAT1 protein activity by NO, we examined the S-nitrosylation level of 
AAT1 protein in primary HASMCs using a biotin switch assay. The re
sults showed that the S-nitrosylation level of AAT1 protein was elevated 
in primary HASMCs after SNP treatment compared to control treatment, 
whereas application of DTT successfully blocked S-nitrosylation of AAT1 
by NO (P < 0.01) (Fig. 6A). In addition, SNP treatment also increased the 

Fig. 5. NO directly inhibits the activity of AAT1 
purified protein and affects kinetic characteristics of 
the AAT1 enzyme. A, Purified AAT1 proteins were 
treated with various concentrations of SNP (0, 50, 
100, or 200 μM) for 2 h or with SNP (200 μM) for 1 
h and then DTT (100 μM) for 1 h. The purified 
protein AAT activity was detected by colorimetric 
assay (n = 6). B and C, 100 μM SNP or ddH2O 
treatment for 30 min at 37◦C. The Eadie-Hofstee 
plot graphing was used to determine Vmax and 
Km values of purified AAT1 protein (n = 6). **P <
0.01. Data are expressed as mean ± SEM. "V" means 
the reaction velocity. "[S](uM)" means the substrate 
concentration. AAT, aspartate aminotransferase; 
DTT, dithiothreitol; NO, nitric oxide; SNP, sodium 
nitroprusside.   
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S-nitrosylation level of AAT1 in purified protein, and DTT treatment 
successfully blocked S-nitrosylation of AAT1 in purified protein by NO 
(P < 0.01) (Fig. 6B). In-situ inspection of AAT1 S-nitrosylation levels in 
primary HASMCs using a fluorescent probe method also yielded the 
consistent conclusion that SNP promotes AAT1 nitrosylation in primary 
HASMCs, whereas DTT markedly blocks AAT1 S-nitrosylation (Fig. 6C). 

3.7. NO nitrosylates AAT1 at cysteine 192 

Next, we examined the nitrosylation and the site of action of NO on 

purified AAT1 protein by LC-MS/MS, and the results showed that NO 
could nitrosylate AAT1 protein; the finding is consistent with the results 
of the BSA method and the fluorescence co-localization method 
mentioned above. S-nitrosylation on Cysteine 192 on the AAT1 protein 
was successfully detected, and Cysteine 192 of AAT1 was labeled by the 
Biotin-HPDP (428.19104 Da) probe with an m/z value of y15

2+1042.19 
(Fig. 7A), indicating that Cys192 is an S-nitrosylation site on AAT1 
protein. To further determine the significance of NO-induced S-nitro
sylation of Cys192 on AAT1, primary HASMCs were transfected with 
AAT1-C192S or AAT1-WT plasmid. The results showed that NO 

Fig. 6. NO inhibits AAT1 activity through S-nitrosylation. A, Primary HASMCs were treated with 100 μM of SNP for 2 h or with SNP (100 μM) for 1 h and then DTT 
(100 μM) for 1 h. The BSA method was used to detect nitrosylated AAT1 in primary HASMCs. B, Purified proteins were treated with 100 μM of SNP for 2 h or with 
SNP (100 μM) for 1 h and then DTT (100 μM) for 1 h. The BSA assay was used to detect S-nitrosylation of purified AAT1 protein. C, Primary HASMCs were treated 
with 100 μM of SNP for 2 h or with SNP (100 μM) for 1 h and then DTT (100 μM) for 1 h. In situ detection of AAT1 in primary HASMCs was performed by the 
fluorescent probe method. The nucleus is indicated by blue fluorescence, S-nitrosylation-modified protein by green fluorescence, AAT1 protein by red fluorescence, 
and S-nitrosylation-modified AAT1 protein by yellow fluorescence. Scale bar, 10 μm. n = 9–13.**P < 0.01. Data are expressed as mean ± SEM. AAT, aspartate 
aminotransferase; DTT, dithiothreitol; NO, nitric oxide; SNP, sodium nitroprusside. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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nitrosylated AAT1 and inhibited the activity of AAT in primary HASMCs 
transfected with the AAT1-WT plasmid; in contrast, NO could not 
nitrosylate AAT1 and thereby not impact the activity of AAT in primary 
HASMCs transfected with the AAT1-C192S plasmid (Fig. 7B and C). 
These findings suggest that NO modifies the AAT1 Cys192 site by S- 
nitrosylation and thus inhibits the enzymatic activity of AAT1. 

4. Discussion 

This study reveals that the endogenous SO2 pathway in HASMCs acts 
as a compensatory defense system against vascular remodeling and 
hypertension formation in response to the disturbed endogenous HAEC 
NO pathway, and NO inhibits AAT1 activity through S-nitrosylation 
modification of the Cys192 site of AAT1 protein, thereby reducing SO2 
production. This study is the first to demonstrate that HAEC-derived NO 
inhibits HASMC-derived SO2 production, thereby contributing to a 
HAEC-HASMC communication mechanism. 

NO is the first gas signaling molecule identified to be involved in 
signal transduction in vivo, and it is extremely easy to pass through the 
cell membrane and can diffuse freely inside and outside the cell. In the 
cardiovascular system, NO is produced by the endothelium and then 
diffuses rapidly outward, and it can induce smooth muscle cell relaxa
tion in the vascular system, thereby causing vasodilation and calming 
blood pressure [32,33]. HAECs and HASMCs are the main cellular 
components of the vascular wall, and the information interaction be
tween the two types of cells plays a significant role in vascular physio
logical homeostasis and pathological vascular reshaping. Since gaseous 
signaling molecules can easily diffuse and penetrate the intercellular 
space and multiple gaseous signaling molecules are involved in the 
adjustment of intravascular homeostasis and blood pressures, we 

hypothesized that gaseous signaling molecules NO and SO2 communi
cate between HAECs and HASMCs. Therefore, we investigated the 
relationship between NO and SO2 using an animal model of L-NAME-
induced hypertension as well as a co-culture model of HAECs-HASMCs. 
In L-NAME-induced hypertensive mice, the AAT activity of the mouse 
aortic tissue was decreased, and plasma SO2 content was reduced. 
Administration of HDX resulted in further increased vascular remodel
ing in the aorta and arterioles, and blood pressure. In vitro, SNP could 
inhibit the AAT activity of HASMCs and decrease the SO2 level in the 
supernatant in HASMCs, while knockdown of eNOS in HAECs could 
increase the SO2 level in the supernatant of HASMCs, suggesting that NO 
derived from HAECs could inhibit SO2 production in HASMCs. We 
speculate that the effect of HAEC-derived NO on HASMC-derived SO2 
production might be a molecular mechanism underlying the communi
cation between HAECs and HASMCs. 

The mechanisms underlying the inhibitory effect of HAECs-derived 
NO on HASMC-derived SO2 production remain unclear. Endogenous 
production of SO2 is mainly regulated by protein expression and activity 
of its key regulation enzyme AAT1. We investigated the modulatory 
effect of HAEC-derived NO on the HASMC-derived SO2/AAT1 pathway 
under various physiological conditions in a co-culture model of HAECs 
and HASMCs. The results showed that HAECs-derived NO had no impact 
on AAT1 gene expression in HASMCs but regulated protease activity, a 
relatively faster and better controllable factor. As expected, we 
confirmed the direct regulatory effect of NO on the enzymatic reaction 
of AAT1 in our experiments with purified AAT1 protein. NO decreased 
the Vmax value and increased the Km value of AAT1, suggesting that NO 
may reduce the enzyme-substrate affinity and the number of bound 
substrates by altering the structure of AAT1 protein, which in turn 
severely reduces the catalytic efficiency (Vmax/Km) of AAT1 enzyme. 

Fig. 7. NO nitrosylates AAT1 at Cys192. A, Effect of NO on the S-nitrosylation modified site of purified AAT1 protein. B, Primary HASMCs were treated with 100 μM 
SNP for 2 h or with SNP (100 μM) for 1 h and then DTT (100 μM) for 1 h after transfection with plasmid. The BSA method was used to detect S-nitrosylation 
modification of AAT1 protein Cys192 in primary HASMCs (n = 10). C, Primary HASMCs were treated with 100 μM of SNP for 2 h after transfection with plasmids, 
and AAT1-WT and AAT1-C192S activities in primary HASMCs were detected by colorimetric assay (n = 12). **P < 0.01. Data are expressed as mean ± SEM. AAT, 
aspartate aminotransferase; DTT, dithiothreitol; NO, nitric oxide; SNP, sodium nitroprusside. 
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The finding demonstrates that NO can directly inhibit the activity of 
AAT1. Further, the S-nitrosylation level of AAT1 was examined in pu
rified AAT1 protein and HASMCs using the BSA method. We found that 
NO could nitrosylate AAT1 protein, and DTT treatment could signifi
cantly eliminate S-nitrosylation modification of AAT1 protein by NO, 
indicating that NO acts on the sulfhydryl group of AAT1 by S-nitro
sylation modification and inhibits AAT activity. Notably, a previous 
study showed that SO2 could inhibit AAT activity by modifying the 
AAT1 Cys192 site through sulfenylation [34]. Moreover, homologous 
sequence analysis revealed that Cys192 of AAT1 protein is highly 
conserved, and NO might nitrosylate AAT1 on the Cys192 site. To 
further confirm this hypothesis, using LC-MS/MS, we examined whether 
NO can nitrosylate AAT1 protein and what the possible sites of action 
are. We found that NO did nitrosylate AAT1 protein, as demonstrated by 
the BSA method and fluorescence co-localization method mentioned 
above, and Cys192 was the S-nitrosylation modification site, suggesting 
that Cys192 is a molecular target of NO for chemical modification of 
AAT1 protein and regulation of its activity. Thus, NO might inhibit 
AAT1 activity by S-nitrosylation modification of AAT1 Cys192. 

Endogenous SO2 in the cardiovascular system, as an emerging gas 
transmitter, has important effects on blood pressure regulation and in
hibition of vascular structural remodeling [35–38]. In the present study, 
we detected blood pressure by the tail-cuff method and implantable 
telemetry in the L-NAME-induced hypertension model mice and found 
that endogenous SO2 levels were elevated, and blood pressure was 
elevated in these mice when the NO/NOS pathway was impaired. HDX 
administration further aggravated vascular remodeling and blood 
pressure, suggesting that endogenous SO2 acts as a compensatory de
fense system of the disturbed endogenous NO pathway and antagonizes 
hypertension in response to injury stimuli. Moreover, in the 
HAEC-HASMC co-culture cell model, it was found that when the 
HAEC-derived NO/NOS pathway was impaired, SO2 production and 
collagen III protein expression in HASMCs were elevated. However, the 
addition of HDX, a key enzyme inhibitor of SO2 production, further 
increased collagen III protein expression in HASMCs, suggesting that 
decreased HAECs-derived NO can maintain normal vascular structure by 
increasing the production of HASMC-derived SO2. The findings indicate 
that the HASMC-derived SO2 pathway acts as a compensatory defense 
system of the disturbed HAEC-derived NO pathway to antagonize the 
development of hypertension and vascular structural remodeling. 

In conclusion, this study is the first to demonstrate that the endog
enous SO2 pathway is involved in the regulation of cardiovascular ho
meostatic balance as a defense mechanism against the disturbed 
endogenous NO system under pathological conditions. The inhibition of 
HASMC-derived SO2 production by HAEC-derived NO is a novel mo
lecular mechanism for HAEC-HASMC intercellular communication. 
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