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Introduction

Hydrogen sulfide (H2S) is a type of noxious gas. Exposure 
to high concentrations of H2S results in identified 
respiratory, cardiovascular, metabolic, and neurological 

diseases (1). H2S is produced in many tissues of the 
human body, such as the gastrointestinal tract, which is 
a major organ for H2S generation (2,3). Normal plasma 
concentrations of H2S range from 30–100 μmol/L (4). At 
present, there is extensive evidence that H2S is a crucial 
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molecule for humans, and plays a crucial role in physiology 
and pathophysiology in humans, especially in the 
gastrointestinal tract (1). In addition to carbon monoxide 
(CO) and nitric oxide (NO), H2S is also regarded as the 3rd 
gasotransmitter (5).

H2S is implicated in gut motility, inflammation, ulcer 
healing, oxidative stress, and many other vital biological 
functions (5,6). Recently, considerable research has 
been conducted to identify the molecular mechanisms 
involved in the anti-inflammatory effect of H2S. There 
are diametrically opposed views on the role of H2S in 
inflammatory diseases, but it has been recognized for 
centuries that H2S can reduce pain and inflammation (7).  
Many early studies reported that elevated H2S levels 
generated within the colon lumen by bacteria result 
in colitis or even colon cancer (8,9). However, there is 
increasing evidence that H2S plays an important role in 
preventing tissue damage, reducing inflammation, and 
promoting repair (4,7). The balance of evidence reveals 
that at a physiological concentration, H2S exerts an anti-
inflammatory effect.

In the context of intestinal inflammation, H2S could 
be used therapeutically for colitis, functioning to reduce 
dysbiosis and helping mucus layer reconstitution (10,11). 
There is evidence showed that intestinal inflammation 
results in gut microbiota dysbiosis and barrier function 
damage. H2S acts as an important regulator of mucosal 
homeostasis, and mediates microbiota biofilm and the 
mucus barrier repair functions, further promoting the 
resolution of colonic inflammation (12). The study 
revealed that events that fragmented microbiota biofilms 
and reduced production of mucus granule were occurred 
during the development of colitis (12). Thus, we can take 
advantage of endogenous production of H2S to enhance the 
establishment of microbiota biofilms and the production 
of colonic mucus. There are evidences suggesting that 
therapeutic delivery of exogenous H2S into the colon have 
good curative effects of reducing inflammation, restoring 
the microbiota biofilm, and increasing the production of 
mucus granules. Besides, study findings showed that H2S 
not only promotes biofilm formation, but also reduces 
the growth of planktonic bacteria in ex vivo human 
microbiota (12). Given that H2S has a number of beneficial 
properties that can be useful in the treatment of all kinds of 
diseases, including end organ ischemia (13), diabetes (14), 
gastrointestinal disorders (15) and so on. Thus, H2S can 
be a target of pharmacotherapy and the pharmacological 
effects are focus on exploiting the potent anti-inflammatory 

and cytoprotective actions (15). Many companies have 
developed H2S-based drugs to reduce the gastrointestinal 
ulceration that is normally caused by non-steroidal anti-
inflammatory drugs (NSAIDs). The lead drug (ATB-346), 
a naproxen derivative, which is used for osteoarthritis 
treatment, is going through the development stage and 
has completed Phase I clinical trials in healthy volunteers 
(15,16). Moreover, the lead drug, GIC-1001 is developed by 
GIcare Pharma company to reduce visceral pain (17). GIC-
1001 is a salt that is the counter-ions being thiobenzamide 
and trimebutine, and this drug has been used to treat 
various of gastrointestinal conditions. The preliminary test 
results showed GIC-1001 is safe in a Phase I clinical trial 
(ClinicalTrials.gov identifier: NCT01738425), and this 
drug is now in Phase II clinical trials as a pre-colonoscopy 
analgesic (ClinicalTrials.gov identifier: NCT01926444 and 
NCT02276768) (15).

Inflammatory bowel disease (IBD) is  a chronic 
gastrointestinal inflammatory disease, which includes 
ulcerative colitis and Crohn’s disease (18). Damaged 
colon motility is a major issue of IBD (19). Colonic 
motor neuromuscular dysfunction, such as rapid transit 
and increased propulsive activity, may be induced by 
pathological disorders, including colonic diverticular 
disease, irritable bowel syndrome, and even low-grade 
inflammation (20). Experimental results with H2S donor 
sodium hydrosulfide (NaHS) have generally shown that in 
addition to inducing the concentration-dependent relaxation 
of smooth muscle contractility, H2S has a suppressive 
effect on gastrointestinal motility (21,22). In the colon 
smooth muscle cells of rats, H2S has been shown to have an 
inhibitory effect on both large conductance Ca2+-activated 
K+ (BKCa) channels and L-type calcium channels (23).  
However, the role of H2S in calcium channels is not yet 
clear.

Although several studies have detailedly showed the 
complex relationship between inflammatory bowel diseases 
and gastrointestinal motility disorders, and the regulatory 
function of H2S on calcium channel in colitis, it is still 
unclear that in the context of intestinal inflammation, 
the effect of exogenous H2S on intestinal motility, which 
requires further exploration (3,24). Here, we investigated 
the mechanism of H2S on intestinal motility. In this 
study, a colitis model induced by dinitrobenzene sulfonic 
acid (DNBS) was used to further examine the function of 
H2S in intestinal motility and the mechanism underlying 
its participation in calcium channels. We present the 
following article on accordance with the ARRIVE reporting 
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checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-2126/rc).

Methods

Reagents and antibodies

NaHS (a donor of H2S) and DNBS were purchased 
from Sigma-Aldrich. Antibodies against KCND3, 
KCNMA1, and KCNJ8 were provided by Boster 
Biological Technology. The glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) antibody was obtained from 
Abcam. Enzyme-linked immunoassay (ELISA) kits for rat 
tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β,  
and IL-6 were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). Quantitative-
reverse transcription polymerase chain reaction (qRT-PCR) 
primers were obtained from Invitrogen (Shanghai, China). 
TRIzol, complementary deoxyribonucleic acid (cDNA) 
synthesis kits, intracellular calcium detection kits, and 
Bestar™ qPCR-RT kits were purchased from Invitrogen.

Animals and ethical statements

A total of 30 adult male Wistar rats (weighing 200–250 g) 
from the Guilin Medical University Animal Center were 
accommodated in plastic cages and kept under controlled 
humidity of 60–70%, at a temperature of 20 ℃, on a light-
dark light cycle of 12–12 hours, and fed with standard 
laboratory water and chow ad libitum. After adaption for  
7 days, the rats were randomly separated into the following 3 
groups (10 per group): (I) the control group; (II) the model 
group; and (III) the NaHS group. All the experimental 
procedures were approved by the Institutional Animal 
Ethics Committee of Guilin Medical University (No. 
GLMC202203270), in compliance with Guide for the Care 
and Use of Laboratory Animals, 8th edition. A protocol was 
prepared before the study without registration.

Induction and assessment of colitis

Colitis was induced in animals with DNBS in the model 
group and the NaHS group (25). DNBS was administered 
to the model group and NaHS group once in accordance 
with the following protocol. An 8-cm long thin plastic 
tube was slowly inserted 7 cm into the anus of the rat, and 
the drug (30% DNBS) was slowly pushed with the syringe 
connected to the plastic tube. After the plastic tube was 
slowly removed, the rat’s head was kept downward for  

60 seconds. An enema with an equal volume of normal 
saline (NS) was used for the control group, and the 
other steps were the same as those detailed above. After 
1 day of DNBS treatment, the NaHS group was given 
intraperitoneal injections daily of 1 mg/kg of NaHS, 
dissolved in 100 μL of sterile NS. In parallel, the other rats 
received intraperitoneal injections of NS (100 μL) daily. All 
the rats were sacrificed on the 8th day.

The severity and inflammation of colitis were assessed 
by examining weight loss, diarrhea and hematochezia. 
The disease activity index (DAI) was determined using the 
following equation: DAI = (score of weight loss rate + score 
of fecal property + score of hematochezia status)/3. 

The body weight of each rat was determined using an 
electronic balance (n=8). Fecal property was graded as 
loose, semi-loose, or normal. Loose stools refer to watery 
stools that adhere to the anus; semi-loose stools refer to 
semi-formed stools or paste-shaped loose stools that do not 
adhere to the anus; and normal stools refer to well-formed 
stools. Hematochezia status was graded using the Modified 
EZ Detect Fecal Occult Blood Test Kits (26), as normal 
feces, feces with light occult blood (++), or feces with heavy 
occult blood (+++).

Gut motility determination

The protocol for gastrointestinal transit detection has 
been previously described (27,28). After the animals were 
fasted overnight, activated carbon ink (10 mL/kg) was 
administered orally. The 1st black feces defecation of the 
rats was recorded. Next, 0.5 h later, the rats were sacrificed 
by cervical dislocation. The colon was instantly and carefully 
excised without stretching, and the total length of the colon 
and the distance traveled by the ink was evaluated. The data 
are presented as the percentage (%) of the distance that the 
ink traveled along the full length of colon.

HE staining

After rats were sacrificed, the distal colon was harvested and 
washed, and then fixed by 4% paraformaldehyde overnight 
at 4 ℃. The tissues underwent a cleaning and dehydration 
step before being paraffin-embedded. After being sliced, 
the colonic tissues were exposed to standard HE staining to 
assess the integrity of the intestinal mucosal barrier and the 
inflammatory cells influx in the mucosal layers. A total of 
3 regions, observed blindly by 3 independent researchers, 
were randomly selected from each sample.

https://atm.amegroups.com/article/view/10.21037/atm-22-2126/rc)
https://atm.amegroups.com/article/view/10.21037/atm-22-2126/rc)
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ELISA

The whole blood from each rat was collected and left 
undisturbed for 15–30 min at room temperature to clot. The 
serum was separated by centrifuging the whole blood in a 
refrigerated centrifuge for 10 minutes at 1,000–2,000 ×g to 
remove the clot. Next, we determined TNF-α, IL-1β, and 
IL-6 levels in the serum of the rats using the appropriate 
ELISA kits in accordance with the instructions. The 
concentrations of the inflammatory factors were evaluated 
using a microplate reader according to the optical density 
values at 450 nm. The experiment was repeated 3 times.

Preparing dispersed smooth muscle cells

The rats were vertically abdominally incised after being 
euthanized with carbon dioxide inhalation. Next, the 
proximal colons were transferred in buffer containing  
25 mM of N-2-hydroxy-ethylpiperazine-N’ 2-ethanesulfonic 
acid (HEPES), 14 mM of glucose, 2.0 mM of Calcium 
chloride (CaCl2), 2.6 mM of Potassium dihydrogen 
phosphate (KH2PO4), 0.6 mM of Magnesium Chloride 
(MgCl2), 4 mM of Potassium Chloride (KCl), 120 mM of 
Sodium Chloride (NaCl), and 2.1% basic Eagle Medium 
(essential amino mixture, pH 7.4). The mucosal layer was 
scraped gently from the muscle layer, and the successive 
enzymatic digestion of muscle strips, filtration, and 
centrifugation were performed to separate the smooth 
muscle cells. The muscle layer strips were treated in a 

digestive solution, containing trypsin inhibitor (0.1%), 
collagenase II (0.15%), and bovine serum albumin (0.25%) 
in a calcium-free physiological saline solution (PSS) at 37 ℃  
for 20–30 min. During digestion, 100% oxygen was applied 
to bubble the tissues mildly. Next, collagenase-free medium 
was used to rinse the partially digested tissues twice. 
The smooth muscle cells were allowed to disperse in the 
collagenase-free medium spontaneously. Subsequently, the 
dispersed smooth muscle cells were filtered with 500 μm of 
Nitex and suspended in HEPES medium (29,30).

Total RNA extraction and RT-PCR analysis

The total RNA extraction was performed using the 
following protocol. TRIzol (1.0 mL) was added to the 
smooth muscle cells for 5 min at 4℃, after which 0.2 mL 
of chloroform was added. After being oscillated for 15 s, 
the mixture was incubated for 3 min at room temperature 
before being centrifuged at 12,000 rpm for 15 min at 4 ℃.  
The upper aqueous phase was removed to a new tube before 
the addition of an equal volume of isopropanol. The mixture 
was treated and centrifuged at 12,000 rpm for 15 min  
at 4 ℃. The supernatant was removed and 1 mL of cold 
diethylpyrocarbonate (DEPC)-treated ethanol (75%) was 
used to wash the pellet. They were again centrifuged at 
8,000 rpm at 4 ℃ for 15 min. After collection, they were air-
dried for 15 min at room temperature. After being dissolved 
into 30 µL of 0.1% DEPC-treated water, the RNA was 
measured with an ultra-micro ultraviolet analyzer, and then 
stored at –80℃ awaiting use.

For the cDNA synthesis, 2 µg of RNA in a final volume 
of 10 µL reverse transcription reaction system were used. 
The reverse transcription reaction was performed in 
accordance with the manufacturer’s instructions using a 
BestarTM qPCR-RT kit (DBI Bioscience, China). qRT-
qPCR was carried out on a Stratagene Mx3000p Real-
Time PCR machine (Agilent Technologies, CA, USA), and 
was done in a final volume of 20 μL, containing 10 μL of 
Bestar® SybrGreen qPCR master mix, 0.5 μL of 10-μM 
forward primer, 0.5 μL of 10-μM reverse primer, 1.0 μL 
of cDNA, and 8.0 μL of DNase/RNase-free water. The 
primer sequences and expected product length of KCND3, 
KCNMA1, and KCNJ8 in the rats are shown in Table 1 (31). 
The conditions were 2 min of initial denaturation at 95 ℃,  
20 s at 94 ℃, 20 s at 58 ℃, and 20 s at 72 ℃ (40 cycles) 
with a final extension step of 5 min at 72 ℃. The products 
of PCR were separated by electrophoresis in a 1.2% 

Table 1 Primer sequences and for rat KCND3, KCNMA1, and 
KCNJ8

Gene Sequence (5'-3')
Product 
length (bp)

GAPDH F: CCTCGTCTCATAGACAAGATGGT 169

R: GGGTAGAGTCATACTGGAACATG

KCND3 F: GCAAGACCACGTCACTCATC 116

R: GGTGGAGGTTCGTACAGACA

KCNJ8 F: AGAACATCCGAGAGCAAGGT 135

R: GCCACCACATGATAGCGAAG

KCNMA1 F: TCCATCACAACCGGAGTCAA 223

R: CTGTCACCAGGGTCCGTATT

KCND3, potassium voltage gated channel subfamily D member 
3; KCNMA1, maxi potassium channel alpha; KCNJ8, potassium 
inwardly rectifying channel J8. 
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agarose gel at 100 V in the presence of ethidium bromide. 
Ultraviolet fluorescence and a Bio-Rad Gel Doc EZ Imager 
were used to visualize and record the bands. The relative 
expression evaluated from cycle thresholds by the individual 
standard amplification curves of each transcript was 
standardized to GAPDH mean expression.

Western blot analysis

The smooth muscle cells were solubilized in Triton X-100-
based lysis buffer plus protease and phosphatase inhibitors. 
The lysates were centrifuged at 20,000 rpm for 10 min 
at 4 ℃ and a Bicinchoninic Acid (BCA) Protein Assay kit 
(Thermo, #23227) was used to measure supernatant protein 
concentrations. The proteins were separated with Sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and removed to Polyvinylidene fluoride (PVDF, 
Millipore, IPVH00010) membranes. They were treated 
with antibodies to KCND3 (Boster, PB0226, 1:500), 
KCNMA1 (Boster, PB0227, 1:500), and KCNJ8 (Boster, 
A04950-1, 1:500) for 12 h at 4 ℃ before incubation with a 
secondary antibody conjugated with horseradish peroxidase 
for 1 h. Enhanced chemiluminescence was used to visualize 
the protein bands.

Statistical analyses

The statistical analyses were conducted with SPSS 17.0 
(SPSS Inc., Chicago, IL, USA). The results are presented 
as the mean ± standard deviation. The differences between 
groups were compared by a 1-way analysis of variance 
(ANOVA) followed by a Tukey’s post-hoc test. A P value 
<0.05 was considered statistically significant.

Results

Colonic motility and ion channels were altered by DNBS-
induced colitis in rats

To explore the anti-inflammatory activity of H2S, we 
adopted a DNBS-induced colitis model. DNBS (30%) 
was directly injected into the rat colon. Compared to the 
control group, an insignificant decline in body weight was 
observed in the model group (Figure 1A). The number of 
stools in the model group was significantly reduced after 
the 2nd day of the observation period (Figure 1B). The 
histological assessment of the colonic specimens revealed 
crypt deformation, goblet cell loss, inflammatory cell 

infiltration, and mucosal tissue damage (Figure 1C). The 
DAI of the rats was also calculated. Its level in the model 
group was obviously higher than that in the control group 
(Figure 1D).

To further investigate alterations in the calcium-ion 
channel of rat colitis induced by DNBS, the distribution 
of calcium ion was imaged with a fluorescence-inverted 
microscope. Cellular calcium exists in some special 
organelles, such as mitochondria, sarcoplasmic reticulum, 
nucleus, and plasma membrane. We observed a more 
concentrated distribution of calcium ions in the model group 
than the control group (Figure 1E). To confirm that the anti-
inflammatory effect of H2S is involved in the calcium ion-
related channel, protein expression of KCND3, KCNMA1, 
and KCNJ8 genes in the smooth cells were analyzed 
using Western blot techniques. The protein expression 
levels of each target gene expressed in the model group 
were higher than those of the control group (Figure 1F).  
Our results confirmed that DNBS-induced colitis altered 
the colonic motility and ion channels in the colonic 
epithelial tissues of the rats.

H2S prevents DNBS-induced colonic inflammation in rats

To investigate the anti-inflammatory activity of H2S, 
NaHS was applied to the rats with DNBS-induced colitis. 
Compared to the control and model groups, partial weight 
recovery was observed in the NaHS group, but there was 
no significant difference in comparison to the model group 
(Figure 2A). The DAI of the rats was obviously reduced 
in the NaHS group (Figure 2B), and the pathological 
alterations were inhibited in the NaHS group (Figure 2C). 
These results suggest that H2S ameliorates DNBS-induced 
colitis in rats.

H2S improved rat intestinal motility and reduced serum 
inflammatory factors

After DNBS-induced colitis, the bowels were significantly 
reduced in the model group, but no changes were observed 
in the NaHS group (Figure 3A). We also observed a similar 
shortening of the colon in both the model and NaHS 
groups, and the length difference was not statistically 
significant. The carbon powder traveled further in the 
rat colons of the rats in the NaHS group than in the rat 
colons of the rats in the model group; however, the length 
of the colons in the NaHS group was still shorter than the 
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Figure 1 DNBS-induced colitis in rats. (A) Body weight; (B) number of rat bowels; (C) colonic sample images of HE staining. The area 
of T cell infiltration (black oval circles), mucus-reducing goblet cells (black arrows), granulocytes (red arrows); the crypt distortion (black 
triangle); necrotic mucosal epithelial cells (red triangle); (D) DAI of rats; (E) distribution of cellular calcium ions in rats detected by an 
intracellular calcium detection kit and photographed by fluorescence microscope; (F) the protein level of KCND3, KCNMA1, and KCNJ8 
in colonic smooth muscle cells was detected by Western blot. GAPDH was used as a loading control. *P<0.05, ***P<0.001 vs. Control by 
unpaired t-test (n=8). DNBS, dinitrobenzene sulfonic acid; DAI, disease activity index; HE, hematoxylin and eosin.
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length of the colons in the control group (Figure 3B,3C). 
Pivotal pro-inflammatory cytokines, including IL-1β, 
TNF-α, and IL-6, are involved in colitis. In the model and 
NaHS groups, the expressions of IL-1β, IL-6, and TNF-α 
were significantly higher than those in the control group, 
while those in the NaHS group were significantly lower 
in comparison to the model group (Figure 3D-3F). These 
results suggest that H2S ameliorates DNBS-induced colitis 
in rats and show that H2S protects intestinal motility from 
DNBS damage.

H2S affected the distribution of Ca2+ in smooth muscle cells

Colitis contributes to the electrical and structural 
remodeling of smooth muscle cells (32). A previous study 
has reported that the calcium-ion channel is involved in the 
anti-inflammatory effect of H2S on colitis (1). After NaHS 
was administered to the rats with DNBS-induced colitis, 
cellular calcium was observed in some special organelles, 
such as the mitochondria, sarcoplasmic reticulum, nucleus, 
and plasma membrane. We observed a normal distribution 

Figure 2 Effect of NaHS on DNBS-induced colitis in rats. (A) Body weight; (B) DAI of rats; (C) pathological images measured by HE 
staining. The area of T cell infiltration (black oval circles), mucus-reducing goblet cells (black arrows), granulocytes (red arrows); the crypt 
distortion (black triangle); necrotic mucosal epithelial cells (red triangle). The results are presented as the mean ± standard deviation. 
**P<0.01 vs. Control by a one-way ANOVA, followed by a Tukey’s post-hoc test. #P<0.05 vs. Model by a one-way ANOVA, followed by a 
Tukey’s post-hoc test (n=8). NaHS, sodium hydrosulfide; DNBS, dinitrobenzene sulfonic acid; DAI, disease activity index; HE, hematoxylin 
and eosin.
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Figure 3 Effect of NaHS on the intestinal motility of rats with DNBS-induced colitis. (A) Number of rat bowels; (B,C) length of rat colon 
(data presented in brackets) and transit distance of carbon ink in rat colon; (D-F) levels of 3 serum inflammatory factors (IL-1β, IL-6, and 
TNF-α). The results are presented as the mean ± standard deviation. *P<0.05, ** P<0.01, ****P<0.0001 vs. Control by a one-way ANOVA, 
followed by a Tukey’s post-hoc test. ###P<0.001, ####P<0.0001 vs. Model by a one-way ANOVA, followed by a Tukey’s post-hoc test (n=8). 
NaHS, sodium hydrosulfide; DNBS, dinitrobenzene sulfonic acid; DAI, disease activity index.
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in the NaHS group compared to that of the control and 
model groups (Figure 4). The images indicated that anti-
inflammatory effect of H2S may involves in calcium ion 
related channel by affecting cellular calcium.

H2S unregulated the expression of KCND3, KCNMA1 
and KCNJ8 genes in smooth muscle cells

The protein expression of KCND3, KCNMA1, and KCNJ8 
genes are important for the calcium ion (Ca2+)-activated 
K+ channel or the inwardly rectifying K+ channels (33). To 
confirm that the anti-inflammatory effect of H2S involves 
in calcium-ion related channel by affecting cellular calcium, 
the mRNA and protein expression levels of the 3 genes 
in the smooth cells were also analyzed using both qPCR 
and Western blot techniques. The mRNA and protein 

expression levels in the NaHS group were lower than those 
in the model group (Figure 5). The results suggest that 
H2S regulates colonic motility by promoting ion channel 
remodeling.

Discussion

DNBS-induced colitis can be applied to study the 
mechanisms involved in mucosal injury and intestinal 
inflammation, and the effects of potential therapies on 
IBD (34,35). IBD is characterized by chronic relapsing 
inflammation in the gastrointestinal tract, which induces 
symptoms of diarrhea, weight loss, and injured mucosa. In 
this study, we also detected the typical symptoms of IBD 
in a DNBS-induced model, and further found the DNBS 
damaged rat intestinal motility and affected the abnormal 

Figure 4 Representative images of calcium ion in smooth muscle cells of rats from control, model, and NaHS groups. Ca2+ detected by an 
intracellular calcium detection kit and photographed by fluorescence microscope. Scale bar: 100 μm. NaHS, sodium hydrosulfide.
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distribution of Ca2+ in smooth muscle cells, while H2S 
protected the rat intestine from DNBS by reconstructing 
the ion channels.

In healthy individuals, semi-solid contents from the 
terminal ileum enter the colon, and are compacted and 
propelled in the colon. When the colonic contents enter the 
rectum, rectal ampulla distension, and the anal sphincter 
reflex send signals to the central nervous system about 
whether to evacuate. However, in IBD individuals, the 
function may be disordered by inflammatory conditions 
in the gut (20). We observed that DNBS induced small 
intestine shortening and reduced intestinal transit in rats, 

while the administration of H2S donor NaHS reversed 
the alterations. The colonic mucosa possesses an effective 
H2S-detoxifying mechanism in the rat colon to oxidize 
H2S (>300 µmol per day) (36). If severe colitis damages 
the barrier, abundant H2S may enter the muscle layers to 
suppress motility (37). However, these findings conflict 
with our findings, but this may be due to the animal 
(rat) and the dosage (1 mg/kg) of NaHS we used in our 
experiments. For example, Grasa et al. (38) administered 
5 mg/kg of NaHS for Tlr2−/− and Tlr4−/− mice. The limits 
between physiological, pharmacological, and even toxic 
concentrations are still unknown (21). Our results showed 

Figure 5 mRNA and protein expression of KCND3, KCNMA1, and KCNJ8 in smooth muscle cells of rats from control, model, and 
sodium hydrosulfide (NaHS) groups. KCND3, KCNMA1, and KCNJ8 mRNA (A) and protein (B) expression were measured by qPCR 
and Western blot techniques. The results are presented as the mean ± standard deviation. **P<0.01, ****P<0.0001 vs. Control by a one-way 
ANOVA, followed by a Tukey’s post-hoc test. #P<0.05, ###P<0.001 vs. Model by a one-way ANOVA, followed by a Tukey’s post-hoc test 
(n=8). qPCR, quantitative polymerase chain reaction; KCND3, Potassium voltage gated channel subfamily D member 3; KCNMA1, Maxi 
Potassium channel alpha; KCNJ8, potassium inwardly rectifying channel J8.
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that a lower dosage of NaHS improved intestinal motility 
in rats with DNBS-induced colitis. In addition, low dosage 
of NaHS may be the key reason for reducing inflammation. 
A previous study at the cellular level revealed that low 
concentration of H2S enhances cell viability, mitochondrial 
sulfide metabolism and oxidative stress, whereas high 
concentration of H2S promotes inflammatory response 
and oxidative stress, further influencing the mitochondrial 
sulfide metabolism ability, which may be detrimental to 
gut health (39). These provide direct evidence for using 
lower doses of hydrogen sulfide for the treatment of colitis. 
Moreover, upon the treatment with H2S, the reducing level 
of inflammatory factors in blood could serve as a prognostic 
indicator, but the threshold requires further validation.

Intestinal transit is generated by intestinal smooth 
muscles (33,40). Smooth muscles constitute 2 layers of 
circular or longitudinal muscle bundles throughout most of 
the gastrointestinal tract. Smooth muscle cells coordinate 
contractions by forming mechanical and electrical 
junctions between cells. Ca2+ entry through ion channels 
causes excitation-contraction coupling in the plasma 
membrane, which results in an elevation of intracellular 
Ca2+ (33). The concentration of intracellular free Ca2+ 
widely varies based on its location. In the resting state, the 
extracellular Ca2+ is −10−3 M, 104 times higher than the 
cytoplasmic Ca2+ of −10−7 M. In the cells, the levels of Ca2+ 
in the mitochondrial matrix and in the nuclear matrix are 
comparable to those in the cytoplasm. Conversely, other 
intracellular organelles that are considered Ca2+ stores can 
accumulate Ca2+ and keep a higher Ca2+ of 1–5×10−4 M than 
that kept in the cytoplasm. The endoplasmic reticulum 
and the sarcoplasmic reticulum in the muscle cells are the 
main organelles for the internal Ca2+ store. The healthy 
physiological distribution of Ca2+ is vital if smooth muscle 
cells are to exchange signals (41). However, our results 
showed that the distribution of Ca2+ in the smooth muscle 
cells of rats with DNBS-induced colitis was abnormal, but 
H2S donor NaHS reversed the destruction of DNBS on rat 
colon and restored the normal physiological distribution of 
calcium. H2S regulates various calcium-ion channels and 
transporters and is thus involved in a strong physiological 
and pathological process (42). Further, H2S mediates 
various cellular biological processes associated with the 
regulation of intracellular calcium concentration (42). Our 
results support those previous reports above. Of course, 
given that H2S function as a novel signaling molecule has 
been found to be involved in all kinds of cellular functions, 

including apoptosis, inflammation, and perfusion. However, 
we still have some questions for the deeper regulatory 
mechanism of H2S on colonic motility. A study has proved 
that H2S augments of colonic motility by regulating 
cGMP/PKG signaling pathway (43). Besides, there is also 
evidence revealed that H2S enhances gastric fundus smooth 
muscle tone by regulating voltage-dependent potassium 
and calcium channels (44). Therefore, we can speculate that 
H2S influences calcium channels, further regulating colonic 
motility by affecting cGMP/PKG signaling pathway in the 
context of intestinal inflammation. However, this hypothesis 
needs to be confirmed in the subsequent study. The 
interaction between H2S and transporters and calcium-
ion channels have been exhibited in different cells (42). 
The DNBS intervention inhibited the KCND3, KCNJ8, 
and KCNMA1 protein and mRNA levels in rat smooth 
muscles. The proteins expressed by KCND3, KCNJ8, 
and KCNMA1 are components of the A-type K+ channel, 
the Adenosine Triphosphate (ATP)-sensitive K+ channel 
and Ca2+-dependent K+ channel, respectively (33). This 
suggests that DNBS reduces these channels by activating 
the expression of KCND3, KCNMA1, and KCNJ8, which 
is consistent with previous study about alterations in gene 
and protein expressions of smooth muscle isoform of 
ATP-sensitive K+ channels and L-type Ca2+ channels due 
to gastrointestinal inflammation (32). Conversely, H2S 
donor NaHS improved their expression in smooth muscle 
cells, which suggests that H2S can reconstruct the A-type 
K+ channel, ATP-sensitive K+ channel and Ca2+-based K+ 
channel in our experiments. This provides novel insights 
into the role of H2S in anti-inflammatory actions.

Conclusions

Taken together, H2S donor NaHS improved the intestinal 
mucosa of colitis rats by alleviating tissue edema and 
congestion and repairing the gland structure of the intestinal 
mucosa. NaHS also reduced the levels of inflammatory 
factors in rat blood. Additionally, the NaHS intervention 
partially restored rat intestinal motility by downregulating 
the protein and mRNA expressions of KCND3, KCNMA1, 
and KCNJ8 to reconstruct ion channels.
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