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� CBS-H2S axis protects the intestinal
barrier function.

� Hydrogen sulfide increases the
sulfhydration level of HuR.

� HuR sulfhydration reduces the
stability of COX-2 mRNA.

� Low expression of CBS significantly
aggravated LPS-induced intestinal
and systemic inflammatory
symptoms.

� H2S donor shows anti-inflammatory
effects.
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Introduction: Lipopolysaccharide (LPS) causes lesions of the epithelial barrier, which allows translocation
of pathogens from the intestinal lumen to the host’s circulation. Hydrogen sulfide (H2S) regulates multi-
ple physiological and pathological processes in colonic epithelial tissue, and CBS-H2S axis involved in
multiple gastrointestinal disorder. However, the mechanism underlying the effect of the CBS-H2S axis
on the intestinal and systemic inflammation in colitis remains to be illustrated.
Objectives: To investigate the effect of CBS-H2S axis on the intestinal and systematic inflammation related
injuries in LPS induced colitis and the underlying mechanisms.
Methods: Wild type and CBS�/+ mice were used to evaluate the effect of endogenous and exogenous H2S
on LPS-induced colitis in vivo. Cytokine quantitative antibody array, western blot and real-time PCR were
applied to detect the key cytokines in the mechanism of action. Biotin switch of S-sulfhydration, CRISPR/
Cas9 mediated knockout, immunofluorescence and ActD chase assay were used in the in vitro experiment
to further clarify the molecular mechanisms.
Results: H2S significantly alleviated the symptoms of LPS-induced colitis in vivo and attenuated the
increase of COX-2 expression. The sulfhydrated HuR increased when CBS express normally or GYY4137
was administered. While after knocking kown CBS, the expression of COX-2 in mice colon increased sig-
nificantly, and the sulfhydration level of HuR decreased. The results in vitro illustrated that HuR can
increase the stability of COX-2 mRNA, and the decrease of COX-2 were due to increased sulfhydration
of HuR rather than the reduction of total HuR levels.
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Conclusion: These results indicated that CBS-H2S axis played an important role in protecting intestinal
barrier function in colitis. CBS-H2S axis increases the sulfhydration level of HuR, by which reduces the
binding of HuR with COX-2 mRNA and inhibited the expression of COX-2.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The intestinal barrier plays a vital part in separating the intesti-
nal lumen and the internal milieu, which is essential for maintain-
ing mucosal homeostasis and immune balance [1]. During colotis,
the intestinal barrier function is damaged by inflammatory cytoki-
nes, bacteria derived LPS and multiple deleterious luminal compo-
nents. Meanwhile, the consequential ‘‘leaky gut” renders increased
the toxic antigens entering the internal environment, which fur-
ther aggravating the vicious circle composed of inflammation and
intestinal barrier damage [2]. This cycle empowers the spreading
of large quantities of antigens and pathogens from the intestinal
lumen into the circulation, leading to systemic inflammation and
distant organ injuries [3]. Thus, seeking protective reagents against
intestinal barrier disfunction might provide novel therapeutic
approaches for colitis.

As the third confirmed gaseous transmitter, H2S is mainly pro-
duced by cystathionine b-synthase (CBS), 3-mercaptopyruvate sul-
fur transferase (3-MST) and cystathionine c-lyase (CSE) in
mammalian tissues, which is under delicate regulation in plethora
of both physiological and pathological processes [4]. Cumulative
studies including our previous work have validated the involve-
ment of decreased expression of CBS-H2S axis in multiple gastroin-
testinal disorders including ulcerative colitis (UC) [5]. Besides, the
inhibition of the activation of NLRP-3 inflammasome and NF-kB
mediated MLCK signaling have been related with the advantageous
role of H2S on the barrier function of intestine [6]. Recently, H2S
has emerged as a vital paracrine factor in the protective effect of
mesenchymal stem cells in hypoxic-ischemic brain injury [7].
However, the mechanism underlying the effect of the CBS-H2S axis
on the intestinal and systemic inflammation in colitis remains to
be illustrated.

As an RNA-binding protein (RBP), HuR can bind with the
adenylate-rich and uranyl-rich elements (ARE) in the mRNA 30un-
translated region (30UTR), by which increase the stability of mRNA
[8,9]. The s-sulfhydration of HuR, mediated by endogenous H2S
derived from CSE, has been reported to attenuate the binding activ-
ity of HuR by breaking the disulfide bond between HuR monomer
[10]. COX-2 is a critical proinflammatory enzyme in colitis, which
catalyzes the conversion of arachidonic acid to prostaglandins.
Recent studies have shown that the mRNA level of COX-2 is depen-
dent on its degradation rate, which is regulated by RNA-binding
proteins, including HuR [11,12]. Considering the regulatory effect
of HuR on COX-2 expression, we hypothesize that the s-
sulfhydration of HuR mediated by endogenous H2S might be
involved in the protective effect of CBS-H2S axis on the inflamma-
tion localized both in the intestinal epithelium and distant organs.

In this study, LPS was used to make experimental colitis in mice.
The CBS�/+ heterozygous mice developed more severe colitis com-
pared with WT mice, featured by the worsened clinical symptoms,
increased intestinal permeability and more severe tissue injuries.
The s-sulfhydration levels of HuR in CBS�/+ mice were decreased
compared with WT mice, accompanied by the augmented expres-
sion of COX-2 in CBS�/+ mice. The regulatory effect of CBS-H2S axis
on the s-sulfhydration of HuR and the expression of COX-2 were
further validated in vitro utilizing Caco-2 and HT-29 cells.
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In summary, our results indicated that endogenous H2S,
mainly derived from CBS, played a vital part in keeping the
integrity of the intestinal barrier function. The inhibition of
HuR-COX-2 axis might be the molecular mechanism underlying
the anti-inflammation function of H2S in both intestinal epithelium
and other tissues.
Materials and methods

Animals and treatment

The CBS knockdown mouse was created by Cyagen Biosciences
using a CRISPR/Cas9-mediated genome-editing system; we
selected exon 3 to 14 as the target sites (SI, Fig. S1A). Guide RNA
and Cas9 mRNA were co-injected into fertilized eggs of C57BL/6
mouse to produce mutant lines with a 14,130 base deletion. Geno-
typing by PCR and DNA sequencing analysis of the founders were
performed. Since all the homozygous animals with CBS knockout
(CBS�/�) died within 5 weeks of birth, so we selected the CBS�/+

mice as the experimental animals. All CBS�/+ mice used were
obtained from heterozygous breeding with PCR analysis for the
genotype detection (SI, Fig. S1B). For animal experiments with
CBS�/+ mice, littermate controls with normal CBS expression were
used as WT animals. Animals were randomly allocated to experi-
mental groups, and all CBS�/+ mice used in this study were male
mice of matched age. The mice were maintained in specific
pathogen-free facilities with a standard 12 h light/dark schedule
and provided standard chow and water ad libitum at the Depart-
ment of Laboratory Animal Science of Peking University. Animal
experiments in this study were carried out according to the Guide-
lines of Peking University Animal Care and Use Committee. Accord-
ing to the prescribed protocol, we anesthetized mice with 0.5%
pentobarbital. The experimental protocol complied with the Guide
for Care and Use of Laboratory Animals and was authorized by the
University Ethics Committee for the use of experimental animals
(201604).

The colitis model of mouse was established by injecting LPS
intraperitoneally (Sigma Aldrich, America, 100 ug/10 g). 30 wt
and 30 CBS�/+ mice were stochastically grouped as follows: Con-
trol; LPS; GYY4137 + LPS. Control mice were treated with PBS
200 lL/10 g at baseline and PBS 100 lL/10 g every day from the
second day. Mice in the LPS group were injected with 100
ug/10 g LPS + 100 lL/10 g PBS at baseline and 100 lL/10 g PBS
every day from the second day. Mice in the GYY4137 + LPS group
were injected with 500 ug/10 g GYY4137 (Sigma Aldrich, America)
and 100 ug/10 g LPS at baseline and 500 ug/10 g GYY4137 every
day from the second day. After 7 days of treatment, all mice were
euthanized.
Clinical evaluation

We used a previous clinical score system to assess the clinical
conditions of mice in each group (10 per group) [13]. The scoring
method is shown in Table 1. 3 independent researchers performed
the scoring work blindly.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1
The scoring of clinical evaluation.

Variable Score

0 1 2

Conjunctivitis Eye closed or bleared with discharge Eyes opened with serous discharge Normal, no
conjunctivitis

Stool consistency Diarrhea Loose stool Normal stool
Hair coat Rough and dull fur, ungroomed Reduced grooming, rough hair coat Well groomed,

shiny fur
Activity upon moderate stimulation Lethargic, only lifting of the head

after moderate stimulation
Inactive, less alert, <2 steps after
moderate stimulation

Normal
locomotion and
reaction, >2
steps
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Paracellular permeability detection of mice intestine

Mice intestinal permeability was detected as mentioned previ-
ously [14]. On the 7th day of the animal experiment, FD-4 (150 g/L,
Sigma, America) was administered to mice by gavage at a dose of
40 lL/10 g body weight. 4 h after FD-4 gavage, we collected the
blood samples and detected the serum fluorescence level with Syn-
ergy H2 microplate reader (Biotek Instruments, America) with
492 nm excitation and 520 nm emission filter.

Transmission electron microscopy of colon epithelial cells

We took the first 2 cm of mouse colon (3 in each group), washed
it with PBS, then fixed it with 4% glutaraldehyde, overnight at 4 �C
followed by fixation with 1% osmium tetroxide. The tissue was
embedded in EMbed 812 and cut into thin slices. Then the sections
were stained with lead citrate and uranyl acetate, and observed
with H-450 (Hitachi, Japan) transmission electron microscope.

Histological assessment of colon epithelium

The proximal colons of different groups of mice were taken and
embedded with paraffin. We prepare sections and used hema-
toxylin and eosin (HE) to stain them.We obtained the images using
Zeiss imaging optical microscopes with magnifications of 40x,
100x, and 400x. We collected at least 6 images for each slice. The
extent of histopathological alterations was assessed by 3 patholo-
gists who were unaware of grouping and grading based on a scor-
ing method as previously mentioned [15] (Table 2).

Histological assessment of liver, lung and brain

Livers, lungs, and brains of different groups of mice were taken
and embedded with paraffin. We prepared sections and used
hematoxylin and eosin (HE) to stain them. We obtained the images
using Zeiss imaging optical microscopes with magnifications of
200x. We collected at least 6 images for each slice and the extent
of histopathological changes were scored by 3 pathologists in a
‘‘blinded fashion” to confirm the level of inflammation.
Table 2
The scoring of histological assessment.

Grade Histological characteristic(s)

0 Normal mucosal villi
1 Subepithelial Gruenhagen’s space (edema), usually at the apex of the

villus
2 Extension of the subepithelial space with moderate lifting of

epithelial layer from the lamina propria
3 Massive epithelial lifting down the sides of villi; a few tips may be

denuded
4 Denuded villi with lamina propria and dilated capillaries exposed
5 Digestion and disintegration of lamina propria; hemorrhage and

ulceration
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The histopathological changes of livers were assessed by an
injury grading score as previously described with modifications
[16]. The scoring systemwas as follows: 0 = no infiltration, 1 = min-
imal/slight infiltration, 2 = moderate infiltration, 3 = severe infiltra-
tion and 4 = maximal infiltration.

The histopathological changes of lungs were evaluated based on
Mikawa methods for lung injury pathology score: (1) alveolar con-
gestion, (2) leukocytes infiltration, (3) hemorrhage, (4) thickness of
the alveoli wall and formation of a hyaline membrane. Each item
was scored on as follows: 0 = minimal damage, 1 = mild damage,
2 = moderate damage, 3 = severe damage, and 4 = maximal damage
[17]. The average score of 4 indexes was calculated to evaluate the
degree of lung injury.

The histopathological changes of brains were scored in line with
a scoring method as mentioned previously with modifications:
lesions were scored according to their severity, and the severity
of each sample was overall scored using the following criteria:
0 = normal; 1 = mild; 2 = moderate; 3 = severe; and 4 = maximal
severe [18].
Measurement of inflammatory cytokines in plasma

The concentrations of 18 kinds of Th1, Th2, and Th17 Cytokines
in the mice plasma from each group (3 mice/group) were deter-
mined using the Quantibody� Mouse Th17 Array 1 Kit (Raybiotech,
America) according to the product instructions.
Cell culture

We acquired the human colonic cell lines HT-29 and Caco-2
from the American Type Culture Collection. Caco-2 was cultured
in DMEM High Glucose (BI, ISR) and HT-29 was cultured in
McCoy’s 5A Medium (BI, ISR), supplemented with fetal bovine
serum (10% v/v), penicillin (50 U/ml), streptomycin (50 U/ml), 1%
non-essential amino acids and 25 mM HEPES. Incubation was in
an environment of 37℃ and 5% CO2.

For the in vitro experiments, 10 ug/L LPS was added into the
medium for 48 h to induce the cell damage with or without
GYY4137 (50 lM).
Real-time quantitative polymerase chain reaction (RT-qPCR)

We utilized TRIzol onestep method (Trizol reagent; Invitrogen,
America) to extract the total RNA of cells and RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher, America) to reverse
transcribe RNA into cDNA. PowerUp SYBR Green Master Mix
(Thermo Fisher, America) was used to conduct RT-qPCR. Primers
(50-30) were shown below: GAPDH: F, GCACCGTCAAGGCTGAGAAC;
R, ATGGTGGTGAAGACGCCAGT; COX-2: F, CCCCACAGCAAACCGTA-
GAT; R, GGCCATGGGGTGGACTTAAA. The RT-qPCR reaction was
repeated three times for each sample. GAPDH was used as internal
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reference gene, and RNA relative expression was figured out by
comparative threshold cycle (CT) method (2�44CT).

Western blot analysis

A method described previously was used to extract total pro-
teins of cells [19]. We collected the mucosa of the first 2 cm colon
and acquired the total protein as previously mentioned [20]. BCA
method (Thermo Scientific, America) was used to detect the pro-
tein concentration, and the extracts containing same amount of
proteins (20 lg) were cataphoresed in 4%-12% polyacrylamide
gel. Isolated protein was transferred onto the PVDF membrane.
The membrane was non-specifically bound (5% bovine serum albu-
min in TBS-Tween 20 buffer) for 1 h at room temperature. 0.1% rab-
bit anti-CBS monoclonal antibody (Invitrogen, America), 0.1%
rabbit anti-COX-2 monoclonal antibody (CST, America), 0.1% rabbit
anti-ELAVL1/HuR monoclonal antibody (CST, America), 0.1% rabbit
anti-b-actin antibody (CST, America), and 0.1% rabbit anti-GAPDH
monoclonal antibody (CST, America) were used to incubate the
membrane for the night at 4℃. Then we used the secondary anti-
body to incubate the membrane for 1 h at room temperature,
and used ECL detection reagent to perform blots (Merck Millipore,
America).

Biotin switch assay of S-sulfhydration

With reference to the previously described method, a modified
biotin switch assay was used to detect the level of sulfhydration
[21]. In short, HEN buffer (HEPES-NaOH (pH 7.7 250 mM) with
neocuproine (0.1 mM) and EDTA (1 mM)) with protease/phos-
phatase inhibitors, 1% Nonidet-P40 (NP-40), and 150 lM deferox-
amine were utilized to homogenize the cells or tissue samples.
We sonicated the homogenized samples and centrifuged them at
13,000g at 4 �C for 20 min. Then we added HEN buffer with
20 mM methyl thiosulfonate (MMTS) and 2.5% SDS to the lysate
and shaken for 30 min at 50 �C. Next, the acetone was added to
the samples to remove MMTS. Meanwhile, we precipitated the
protein for 1 h at �20 �C. HEN buffer with 4 mM biotin-HPDP
and 1% SDS was used to resuspend the pellets. After incubating
at 25 �C for 3 h, acetone was used to purify the protein. In the
end, we dissolved the protein in solution buffer and purified it with
streptavidin-agarose beads, then the sulfhydrated protein was
examined by Western blot. Negative controls were from cells trea-
ted by dithiothreitol (DTT) (1 mmol/L).

CRISPR/Cas9 mediated knockout of CBS in cells

The CRISPR/Cas9 system was used to achieve stable knockout of
CBS in Caco-2 and HT-29 cells. In short, the interference target
sgRNA was designed based on the sequence of the CBS gene as
shown below: CTGATGAGATCCTGCAGCAG. We phosphorylated,
annealed, and cloned the guide oligonucleotide into the BsmBI site
of the pHBLV-U6-gRNA-EF1-CAS9-PURO vector (Hanbio Biotech-
nology, China) followed by verifying the constructed vector by
sequencing. Then we transformed the transfer plasmid with guide
oligonucleotide into Escherichia coli DH5a, and used Plasmid DNA
purification kit (Macherey-Nagel, Germany) to isolate the plasmid
from bacteria. Transferable lenti-CAS-puro plasmid (Hanbio
Biotechnology, China), packaging plasmids psPAX2 (Hanbio
Biotechnology, China) and pMD2G (Hanbio Biotechnology Co.,
Ltd., China) were transfected into 293 T cells to produce the len-
tivirus. 48 and 72 h after transfection, we collected the virus-
containing supernatant, then transfected Caco-2 or HT-29 cells
with the supernatant. Fresh medium containing puromycin
(10 mg/L) was utilized for replacing the medium containing len-
tivirus after infected for 16 h. After 7 days of screening, we col-
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lected the puromycin-resistant cells. In the end, western blot was
used to detected the cell infection efficiency.

Hydrogen sulfide determination

To detect the inhibition of cellular H2S synthesis after CBS
knockout, a fluorescent probe kindly provided by Professor Long
Yi was used in line with the manufacturer’s recommendations
[22]. Briefly, we used a glass-bottom plate (Corning, America) to
inoculated WT and CBS�/+ cells (�2 � 104 cells/well) and cultured
cells for 24 h. Then the H2S probe (10 lmol/L) was incubated with
cells for 30 min. Finally, wash cells with PBS for twice and visualize
the fluorescence under Fluoview 1000 confocal microscope (Olym-
pus, Japan).

Plasmid transfection

The plasmid pENTER-flag-6x His-HuRWT and pENTER-flag-
6xHis-HuRC13A were purchased from Vigene Biosciences (Shan-
dong, China). DNA sequencing was used to confirmed the success-
ful single-site mutation of Cys13 to alanine. In line with the
manufacturer’s recommendations, Lipofectamine 3000 (Thermo
fisher, America) was used to transfect the expression plasmids into
cells. After transfected for 24 h, the cells were studied, and cells
transfected with pENTER, which is the empty vector, were used
as negative control.

ActD chase assay

For the ActD (Sigma, America) chase assay, we treated Caco-2
cells with ActD (10 lg/ml) alone or ActD + GYY4137 (50 lM) in
serum free medium. Then we collected cells every hour for 6 h
and utilized RT-qPCR to examine the expression of COX-2 mRNA.
The relative mRNA expression at different time points was calcu-
lated as the fold change from the baseline.

Statistical analysis

We used the two-tailed Student’s t-test (unpaired) and one-way
ANOVA to analyze the differences in mean values between the
groups (GraphPad Prism version 8.0 for Windows, GraphPad Soft-
ware, America). P value < 0.05 indicates statistical significance,
and all results were expressed as means ± standard error of the
mean (SEM). To ensure the reproducibility, all experiments were
repeated at least three times. Standard deviation was shown by
error bars. * P < 0.05, ** P < 0.01, vs control group. # P < 0.05, ##
P < 0.01, vs LPS group.4 P < 0.05,44 P < 0.01, WT vs CBS�/+ group.

Results

H2S ameliorated clinical symptoms and preserved the intestinal
barrier in experimental colitis

Decreased expression of CBS in colon epithelium of CBS�/+ mice
was validated by western blot analysis (Fig. 1A and B; SI, Fig.S2A)
and IHC (SI, Fig.S1C and D). The weight and clinical score of WT
mice in LPS group began to decrease significantly 1 day after LPS
treatment, and decreased to the lowest level at day 3, then gradu-
ally recovered during day 4–7 compared with the control group.
Weight and clinical scores of WT mice in GYY4137 + LPS group dis-
played no significant difference compared with those in LPS group
during day 1–3, but revealed a faster recovery rate during day 4–7
compared with LPS group (Fig. 1C and G). The weight and clinical
score of CBS�/+mice in LPS group decreased continuously during
day 1–4, and gradually recovered during day 5–7. The weight



Fig. 1. CBS knockdown exaggerated the experimental colitis induced by LPS. WT and CBS�/+ mice were intraperitoneally administered with LPS (100 ug/10 g) alone or
LPS + GYY4137 (500 ug/10 g). (A) Representative western blot images of CBS in mice colon epithelial cells. (B) Relative band density of CBS in western blot. (C) Body weight
changes of WT mice in 7 days. (D) Body weight changes of CBS�/+ mice in 7 days. (E) Comparison of weights between WT and CBS�/+ mice from LPS group in 7 days. (F)
Comparison of weights between WT and CBS�/+ mice from LPS + GYY4137 group in 7 days. (G) The clinical score changes of WT mice in 7 days. (H) The clinical score changes
of CBS�/+ mice in 7 days. (I) Comparison of clinical scores between WT and CBS�/+ mice from LPS group in 7 days. (J) Comparison of clinical scores between WT and CBS�/+

mice from LPS + GYY4137 group in 7 days. (K) FD-4 flux of intestine of WT and CBS�/+ mice at the 7th day.
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and clinical scores of CBS�/+ mice in GYY4137 + LPS group
decreased during day 1–3 and began to recover from day 4 with
a higher recovery speed than those in LPS group (Fig. 2 D and H).
The comparison of weights and clinical scores between WT and
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CBS�/+ mice in LPS group during 7 days showed that the weights
of CBS�/+ mice were significant lower at day 4, 5 and 6, and the
clinical scores of CBS�/+ mice were significant lower at day 2, 4, 5
and 6, which indicated that CBS�/+ mice showed more severe clin-



Fig. 2. CBS-H2S axis attenuated the injuries of colon epithelium inmice with LPS-induced colitis. (A, B) Ultrastructure of colon epithelial cells of WT and CBS�/+ mice were
investigated by TEM (Red arrow: the missing intestinal villi; Yellow arrow: the incomplete TJs; Blue arrow: the swollen mitochondria). (C, D) Representative images of HE
staining of proximal colon tissue of WT and CBS�/+ mice 7 days after LPS administration with or without GYY4137 (40x, 100x and 400x). (E, F) Colon mucosal damages of WT
and CBS�/+ mice were assessed utilizing a score system. (G) Comparison of inflammation scores of colons between WT and CBS�/+ mice from LPS group at the 7th day. (H)
Comparison of inflammation scores of colons between WT and CBS�/+ mice from LPS + GYY4137 group at the 7th day. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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ical symptoms and lower recovery speed than WT mice after the
LPS treatment (Fig. 1E and I). As for the comparison of weights
and clinical scores in LPS + GYY4137 group, only the clinical scores
206
at day 4 and 5 showed significant differences between WT and
CBS�/+ mice (Fig. 1F and J). Serum FD-4 inWTmice challenged with
LPS increased by 1 time compared with control group, while FD-4
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of serum frommice of LPS + GYY4137 group declined by about 25%
compared with that from mice of LPS group. As for CBS�/+mice, the
increase of serum FD-4 in mice of LPS group was about 3 times,
which was higher than that in WT mice. And the serum FD-4 of
the CBS�/+ mice in LPS + GYY4137 group decreased by about 50%
in comparison to LPS group (Fig. 1K). The results illustrated that
LPS disrupted the intestinal barrier function of mice and induced
more severe colitis in CBS�/+ mice.

H2S improved the pathological changes in colon and distant organs in
mice with colitis

To assess the injuries of intestinal epithelial tissues, TEM was
adopted to investigate the status of epithelial junctions as well as
subcellular changes. WT mice in control group had an intact struc-
ture of microvilli and TJs. After 7 days of LPS treatment, the missing
microvilli, decreased electron-dense materials between cells,
opened TJs and swollen mitochondria were observed in the colon
epithelial cells. However, GYY4137 attenuated the subcellular
changes of mice with colitis. As for CBS�/+ mice, the subcellular
injury was more severe in LPS group, and GYY4137 attenuated
the subcellular changes (Fig. 2A and B).

The histological injuries of intestinal epithelium of each group
were scored by HE staining after 7 days of LPS treatment (Fig. 2-
C-H). The results indicated that the intestinal inflammatory condi-
tion of CBS�/+ mice was exaggerated compared with WT mice after
LPS treatment, and GYY4137 alleviated the histological injuries of
intestinal epithelium in both WT and CBS�/+ mice challenged with
LPS. As for the distant organs, the histological scores of liver, lung
and brain tissue of bothWT and CBS�/+ mice in LPS group increased
at day 7 compared with the control group, while the elevated his-
tological scores elicited by LPS was significantly attenuated by
GYY4137 (Fig. 3A-D). Compared with WT mice, CBS�/+ mice
showed increased histological scores in liver and lung after 7 days
of LPS treatment, while no difference shown between the two kind
of mice in the LPS + GYY4137 group (Fig. 3E and F).

H2S decreased the inflammatory cytokines level in the plasma of mice
with colitis

The levels of 18 inflammatory cytokines in plasma of WT mice
were examined by Quantibody� array kits. IFN-c, IL-17F, IL-17,
IL-6, MIP-3a, TNF-a, IL-22 and IL-13 augmented significantly after
12 h treatment of LPS. Co-administration with GYY4137 alleviated
the increase of IFN-c, but made no differences on the other 7 kinds
of increased cytokines (Fig. 3G). After 7 days of colitis induced by
LPS, although the overall cytokine levels were much lower than
that of 12 h, 9 kinds of cytokines (IL-17F, IL-22, IL-17, IL-23, IFN-
c, TNF-a, IL-13, IL-5 and IL-10) in plasma were still elevated in
mice of LPS group compared with control group, and GYY4137
attenuated the increase of 6 of them, including IL-17F, IL-22, IL-
17, IL-23, IFN-c and TNF-a (Fig. 3H). These results indicated that
CBS�/+ mice were more sensitive to the systemic inflammation
responses in LPS induced colitis, and exogenous H2S significantly
ameliorated both the local inflammation and the systemic inflam-
mation responses.

H2S inhibited the expression of COX-2 in mice colon epithelium

Considering the intricate relationship between the LPS induced
inflammatory responses and COX-2, we detected the COX-2
expression of mice colon epithelial cells in each group (Fig. 4A, B
and C; SI, Fig.S2B and C). The expression of COX-2 and HuR in colon
epithelium increased significantly in mice with experimental coli-
tis induced by LPS compared with control group. Co-
administration with GYY4137 prominently inhibited the aug-
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mented expression of COX-2 in both WT and CBS�/+ mice of LPS
group, but made no differences on the increased expression of
HuR (Fig. 4A, B and D; SI, Fig.S2B and C). The s-sulfhydrated HuR
was detected by biotin switch assay, and the results showed that
the s-sulfhydration level of HuR was significantly increased by
GYY4137 in both groups of mice (Fig. 4A, B and E; SI, Fig.S2B and C).
H2S inhibited the expression of COX-2 by s-sulfhydrating HuR at Cys13

The impact of H2S on the expression of COX-2 was further
investigated with both Caco-2 and HT-29 cells. The knockout effi-
ciency of KO-CBS in the two kind of cells was verified using west-
ern blot (Fig. 5A; SI, Fig.S2D and E). Decreased endogenous H2S
levels were validated in CBS-KO cells (Fig. 5B). COX-2 expression
increased after CBS knockout, without significant difference on
HuR expression levels in both Caco-2 or HT-29 cells (Fig. 5C; SI,
Fig.S3A and B). In addition, the s-sulfhydrated HuR (HuR-SSH)
expression was significantly decreased after knocking out CBS
(Fig. 5D; SI, Fig.S3C and D).

For the purpose of validating the impact of s-sulfhydration of
HuR on the expression of COX-2, plasmids expressing WT HuR
(HuRWT) and mutated HuR with single-site mutation of Cys13 to
alanine (HuRC13A) were respectively transfected into Caco-2 cells.
The results indicated that the overexpression of either HuRWT or
HuRC13A increased the expression of COX-2 in Caco-2 cells
(Fig. 5E; SI, Fig.S3E). However, GYY4137 failed to inhibit the
expression of COX-2 in cells transfected with HuRC13A, and
GYY4137 also failed to s-sulfhydrate the HuR expressed in cells
transfected with HuRC13A (Fig. 5E; SI, Fig.S3E). ActD chase assay
was further performed in Caco-2 cells to investigate the stability
of HuR mRNAs. The results showed that in cells treated with ActD
alone, the half-life of COX-2 mRNA was about 3.6 h. While in cells
administered with ActD + GYY4137, the half-life of COX-2 mRNA
was about 1.2 h (Fig. 5F). These results indicated that the s-
sulfhydration of HuR mediated by H2S might be the mechanism
underlying the protective effect of CBS-H2S axis on both local
and systemic inflammation responses accompanying the experi-
mental colitis.
Discussion

As the first line to defense against the luminal content, the
intestinal barrier system is a prerequisite for the homeostasis of
the intestinal ecosystem. Intestinal barrier injuries play an impor-
tant role in the initiation and propagation of multiple diseases,
including inflammatory bowel diseases, necrotizing enterocolitis
and so on. During colitis, the increased intestinal permeability,
aka ‘‘leaky gut”, allows tremendous flux of noxious contents and
antigens into the intern milieu, which further aggravates the
destruction of the intestinal barrier and boosts both local and sys-
temic inflammation responses [23]. Seeking protective reagents
against the intestinal barrier function might provide promising
therapeutic approaches for colitis.

H2S plays a vital role in the pathogenesis of various diseases
including cancer and inflammatory diseases [24,25]. The inhibiting
effect of exogenous H2S on the intestinal inflammation has been
validated [26,27]. Our previous studies found that the expression
of CBS declined at the lesion sites of UC, and indicated that CBS
knockdown exaggerated the barrier injuries caused by TNF-a/
IFN-c in Caco-2 monolayers [28]. However, the role of CBS-H2S axis
on the development of experimental colitis in vivo and the under-
lying mechanism remains to be explored.

In this study, experimental colitis was induced by LPS in WT
and CBS�/+ mice. The results indicated that, after the intraperi-
toneal injection of LPS, the body weight and clinical scores of



Fig. 3. H2S attenuated the inflammatory responses of multiple-organs and the increased level of inflammatory cytokines in systemic circulation. (A, B) Representative
images of HE staining of liver, lung and brain tissue of WT and CBS�/+ mice 7 days after LPS administration with or without GYY4137. (C, D) Histological score of liver, lung and
brain tissue of WT and CBS�/+ mice. (E) Comparison of histological scores of livers, lungs and brains between WT and CBS�/+ mice from LPS group at the 7th day. (F)
Comparison of histological scores of livers, lungs and brains between WT and CBS�/+ mice from LPS + GYY4137 group at the 7th day. (G) Quantitative measurement of 18
mouse TH1/TH2/TH17 cytokines in WT mice plasma 12 h after LPS administration with or without GYY4137. (H) Quantitative measurement of 18 mouse TH1/TH2/TH17
cytokines in WT mice plasma 7 days after LPS administration with or without GYY4137.
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CBS�/+ mice decreased more quickly compared with WT mice, and
the recoveries of clinical scores was slower. A more remarkable
increase of intestinal permeability was also noticed. Electron
microscope analysis indicated that after intraperitoneal injection
of LPS, the microvilli on the surface of the mouse colonic epithe-
lium were destroyed, the tight junctions between epithelial cells
became larger, and the mitochondria in the epithelial cells swelled.
Also, CBS knockdown aggravated these pathological ultrastructure
208
alterations in mouse colon epithelium. Histological assessment of
colon, liver, lung and brain indicated that the degree of inflamma-
tion in these tissues increased after CBS knockdown. For both WT
and CBS�/+ mice, administration of exogenous H2S donor
GYY4137 attenuated the injuries of intestinal barrier function
and distant organs. The levels of 18 kinds of inflammatory cytoki-
nes in the plasma of mice with colitis were measured and the
results indicated that at 12 h after inducing colitis, the levels of 7



Fig. 4. H2S attenuated the the increased expression of COX-2 in colon epithelium induced by LPS. (A) Representative western blot images of b-actin, COX-2, HuR and HuR-SSH
in colon epithelium cells of WT mice. (B) Representative western blot images of b-actin, COX-2, HuR and HuR-SSH in colon epithelium cells of CBS�/+ mice. (C, D, E) Relative
band intensity.

S. Guo, Z. Huang, J. Zhu et al. Journal of Advanced Research 44 (2023) 201–212
kinds of the cytokines in plasma increased significantly, and the
administration of GYY4137 attenuated the increase of IFN-c. At
the 7th day after administration of LPS, the levels of 9 cytokines
in plasma were still elevated, while the increase of 6 cytokines
among them were attenuated by the administration of GYY4137.
These results indicated that the decreased CBS-H2S axis aggravated
the intestinal barrier dysfunction and injuries related with sys-
temic inflammation in the mice model of experimental colitis.
Based on these results, we set out to research on the mechanism
underlying the anti-inflammation effect of H2S on experimental
colitis.

As one of the three known isoforms of cyclooxygenase, COX-2
signaling has been validated to play a pivotal role in impairing
intestinal epithelial regeneration and propagating inflammation
responses in colitis [29]. Increased expression of COX-2 prompted
the release of proinflammatory cytokines from monocytes in flar-
ing colitis [30–32]. The expression level of COX-2 and its mRNA
is relatively low under normal circumstances, and the COX-2
mRNA is usually rapidly degraded in normal colon epithelium
[33]. However, COX-2 expression could be significantly up-
regulated by multiple inflammation related stimuli including bac-
terial derived LPS, inflammation cytokines and various stresses
[34]. Recent studies have shown that the level of COX-2 mRNA also
depended on its degradation rate, which was under the regulation
of RNA binding proteins [11,12]. As an RNA binding protein target-
ing ARE areas in the 30-UTR of mRNAs, HuR is mainly located in
nucleus. However, inflammation elicited increased shuttling of
HuR from the nucleus to the cytoplasm, and improved the regula-
tory effect of HuR on target mRNAs [35,36]. Previous studies have
shown that HuR could stabilize COX-2 mRNA in human mesangial
cells, myeloid leukocytes, human duct smooth muscle cells and
vascular smooth muscle cells [37–40]. What’s intriguing was that
recent studies have validated the inhibitory effect of s-
sulfhydration mediated by H2S on the proper function of HuR
homodimers [10].

Based on these results and previous reports, we hypothesized
that the CBS-H2S axis could inhibit the expression of COX-2
through s-sulfhydrating HuR and thus inhibiting the formation of
homodimers of HuR. Our results indicated that in LPS induced col-
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itis, the expression of COX-2 and HuR in the intestinal epithelial
tissues of both WT and CBS�/+ mice increased significantly, while
administration of GYY4137 decreased the expression of COX-2
without significant changes of the expression of HuR. We detected
the s-sulfhydration of HuR by a biotin switch assays and western
blot and found that when GYY4137 was administered, the s-
sulfhydration of HuR was significantly increased. CRISPR/Cas9
was adopted to knock out CBS in Caco-2 and HT-29 cells, and the
results indicated that CBS knockout significantly decreased the s-
sulfhydration levels of HuR and augmented the expression of
COX-2. Previous studies have reported that HuR could be s-
sulfhydrated at the13th cysteine. In the present study, plasmids
expressing wild type HuR (HuRWT) and HuR with cysteine 13
mutated to alanine (HuRC13A) were respectively transferred into
Caco-2 cells. The results illustrated that the expression of COX-2
was significantly increased after HuR overexpression. GYY4137
increased the s-sulfhydration level of HuR and decreased the
expression of COX-2 in cells transfected with HuRWT. However, in
cells transfected with HuRC13A, the expression of COX-2 remained
unchanged after the administration of GYY4137. Furthermore, we
detected the stability of COX-2 mRNA in cells through ActD chase
assay and found that GYY4137 significantly declined the stability
of COX-2 mRNA in Caco-2 cells. These results indicated that CBS-
H2S axis reduced the stability of COX-2 mRNA and the expression
level of COX-2 by increasing the s-sulfhydration level of HuR at
cysteine13, which could be one of the potential mechanisms of
the anti-inflammation effect of CBS-H2S axis both locally and sys-
tematically. HuR contains three cysteines, and the cysteine at
amino acid 13 (Cys13) is highly nucleophilic and can be sulfhy-
drated by endogenous hydrogen sulfide. It has been reported that
Cys13 is important for the formation of HuR dimer, which has
stable activity, and the sulfhydration of Cys13 leads to the forma-
tion of HuR monomer, which is inactive to bind to the target
mRNAs [10]. Increased H2S may render a higher proportion of
HuR in monomer form through sulfhydrating Cys13 in HuR, which
inhibit the function of HuR in stabilizing COX-2 mRNA, thus caus-
ing the degradation of COX-2 mRNA and reducing the expression of
COX-2.



Fig. 5. CBS-H2S axis decreased the stability of COX-2 mRNA as well as the expression level of COX-2 by s-sulfhydrating HuR. (A) Western blot analysis of CBS in different
cells. (a) Representative western blot images of Caco-2 cells. (b) Representative western blot images of HT-29 cells. (c)Relative band intensity. (B) H2S level in different cells,
measured by H2S probe. (C) Western blot analysis of HuR and COX-2 in different cells. (a) Representative western blot images of Caco-2 and HT-29 cells. (b, c) Relative band
intensity. (D) Western blot analysis of HuR and HuR-SSH in different cells. (a) Representative western blot images of Caco-2 cells. (b) Representative western blot images of
HT-29 cells. (c) Relative band intensity. (E)Western blot analysis of HuR, HuR-SSH and COX-2 in Caco-2 cells after transfected HuR plasmid and the relative band intensity. (a)
Representative western blot images. (b-d) Relative band intensity. (F) ActD chase assays for the stability of COX-2 mRNA in Caco-2 cells treated with or without GYY4137. *
P < 0.05, ** P < 0.01, vs WT group. # P < 0.05, ## P < 0.01, vs ActD group.
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In this study, some novel methods were applied in vitro and
in vivo. We established a CBS knockdown mouse strain to verify
the protective effect of CBS-H2S axis in mice with colitis. When
detecting the content of H2S in cells, we used a new type of H2S
210
probe, which is more intuitive and sensitive than the traditional
lead acetate method [22]. Also, a mutated HuR protein, in which
cysteine at amino acid site 13 mutated into alanine, was synthe-
sized, by which the sulfhydrated site of HuR was confirmed.
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In conclusion, our study showed for the first time that the CBS-
H2S axis played a vital role in protecting the intestinal barrier func-
tion in sepsis, and suggested that the inhibition of the stability of
COX-2 mRNA by increasing the s-sulfhydration of HuR could be
one of the mechanisms underlying the anti-inflammation effect
of the CBS-H2S axis on colitis and potentially other disorders.
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