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Objective: Sepsis-associated intestinal injury has a higher morbidity and mortality in
patients with sepsis, but there is still no effective treatment. Our research team has proven
that inhaling 2% hydrogen gas (H,) can effectively improve sepsis and related organ damage,
but the specific molecular mechanism of its role is not clear. In this study, isobaric tags for
relative and absolute quantitation (iTRAQ)-based quantitative proteomics analysis was used
for studying the effect of H, on intestinal injury in sepsis.

Methods: Male C57BL/6J mice were used to prepare a sepsis model by cecal ligation and
puncture (CLP). The 7-day survival rates of mice were measured. 4-kd fluorescein isothiocyanate-
conjugated Dextran (FITC-dextran) blood concentration measurement, combined with hematox-
ylin-eosinstain (HE) staining and Western blotting, was used to study the effect of H, on sepsis-
related intestinal damage. iTRAQ-based liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis was used for studying the proteomics associated with H, for the treatment of
intestinal injury.

Results: H, can significantly improve the 7-day survival rates of sepsis mice. The load
of blood and peritoneal lavage bacteria was increased, and H, treatment can signifi-
cantly reduce it. CLP mice had significant intestinal damage, and inhalation of 2%
hydrogen could significantly reduce this damage. All 4194 proteins were quantified, of
which 199 differentially expressed proteins were associated with the positive effect of
H, on sepsis. Functional enrichment analysis indicated that H, may reduce intestinal
injury in septic mice through the effects of thyroid hormone synthesis and nitrogen
metabolism signaling pathway. Western blot showed that H, was reduced by down-
regulating the expressions of deleted in malignant brain tumors 1 protein (DMBT1),
insulin receptor substrate 2 (IRS2), N-myc downregulated gene 1 (NDRG1) and serum
amyloid A-1 protein (SAA1) intestinal damage in sepsis mice.

Conclusion: A total of 199 differential proteins were related with H, in the intestinal protection
of sepsis. H,-related differential proteins were notably enriched in the following signaling
pathways, including thyroid hormone synthesis signaling pathway, nitrogen metabolism signal-
ing pathways, digestion and absorption signaling pathways (vitamins, proteins and fats). H,
reduced intestinal injury in septic mice by down-regulating the expressions of SAA1, NDRGI,
DMBT]I and IRS2.

Keywords: sepsis, intestinal injury, hydrogen gas, proteomics, isobaric tags for relative and
absolute quantitation, iTRAQ

Introduction
Sepsis is a harmful host response, which is caused by a series of pathophysio-
logical processes such as the excessive release of inflammatory factors and the
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imbalance between anti-inflammatory and pro-
inflammatory responses, and then develops into multiple-
organ dysfunction syndrome (MODS) and/or tissue
hypoperfusion." Because of its high incidence and mor-
tality, it has become one of the top ten causes of death in
the intensive care unit in the United States,? but there is
still no effective treatment. The intestine plays a key role
in various pathophysiology of sepsis.® The intestinal
mucosal barrier consists of connections between intest-
inal epithelial cells and adjacent cells, which can effec-
tively prevent intestinal bacteria and endotoxins from
invading the human body.* However, under the condi-
tions of inflammatory response and oxidative stress, the
structure and function of the intestinal mucosa are
damaged, and the permeability of the intestinal wall is
increased, causing intestinal bacterial translocation.’

Hydrogen gas (H,), as the most widespread gas in the
universe, has been identified as a therapeutic medical gas for
many diseases due to its antioxidant, anti-inflammatory and
anti-apoptotic effects.® Earlier studies by our group have
shown that 2% hydrogen inhalation has a significant relief
and therapeutic effect on sepsis and multiple organ damage
related to sepsis including lung, brain and intestine.”” In
addition, it has been demonstrated that H, can also prevent
intestinal damage caused by sepsis in vitro.'” However, to date,
the specific mechanism of H, treatment remains unknown.

Due to the continuous update of molecular biology tech-
nology, proteomics analysis has become a highly effective
screening technology for comprehensive evaluation of pro-
tein expressions in complex specimens and has been broadly
used in numerous research areas.'' One of the quantitative
proteomics technologies is relative quantitative and absolute
quantitative isobaric labeling (iTRAQ), which can perform
multiple relative quantification of proteins by mass
spectrometry.'? Previously, our group confirmed that the
proteome of sepsis lung tissue is significantly different
from that of normal lung tissue.'? In this study, iTRAQ
technology was used in combination with liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS) to study
differentially expressed proteins in the intestine of H, treated
sepsis mice to further explore the molecule mechanism of H,
in the positive role of sepsis.

Materials and Methods
Ethics

All experimental protocols were approved by the

Institutional Animal Care and Use Committee of Tianjin

Medical University General Hospital, and were conducted
in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory animals.

Animals and Experimental Design

Adult male C57BL/6J mice, weighing 23 to 28 g, 8 weeks
old, were purchased from the Experimental Animal Center
of the Academy of Military Medical Sciences (Beijing,
China).
a controllable environment (temperature 22~25 °C, humid-
ity 45%~55%, 12:12 h light-dark cycle). In this study, all
360 mice were randomly divided into four groups (n =

Mice were given water and food under

72 per group): Sham, Sham+H,, Sepsis, and Sepsis+H,.
Sepsis mice were created by cecal ligation and puncture
(CLP). 2% H, was inhaled for 1 hbeginning at both 1 st
and 6 th hour after sham or CLP operation in Sham+H, or
SepsistH, group. Eighty mice were applied to assess the
7-day survival rates (n = 20 per group), 24 mice were
sacrificed for the bacterial load quantification (n = 6 per
group), 24 mice were employed for the hematoxylin-
eosinstain (HE) staining (n = 6 per group), 96 mice were
applied for intestinal tight junction barrier permeability at
4 time points (n = 6 per group), 40 mice were used for
intestinal proteomics analysis (n = 10 per group), 72 mice
were sacrificed for intestinal tight junction protein by
Western blot at 3 time points (n = 6 per group) and 24
mice were sacrificed to verify H,-related differential pro-
tein by Western blot (n = 6 per group). The 7-day survival
rates were calculated after Sham or CLP operation.

CLP Model

Cecal ligation and perforation (CLP) was performed on the
basis of the method of previous study.” Animals need to
fast for 8 hduring which they drink water freely. Mice
were induced into an anesthetic state by intraperitoneally
injecting 2% sodium pentobarbital (50 mg/kg) diluted with
saline. Hair on mice abdomen was shaved and a 1 cm
midline abdominal incision was made with the aim of
exposing the cecum. The cecum was ligated with a 3-0
silk thread at the distal end of the ileocecal valve. The
cecum distal to the point of ligation was punctured with
a 20-gauge needle, and the feces was squeezed out through
the puncture point, and then the cecum was put to the
peritoneal cavity gently. The incision was sutured with
a sterile 3—0 silk absorbable suture. The mice of Sham and
Sham+H, groups received laparotomy without CLP.
Normal saline (1 mL) was given subcutaneously to all
mice after operation.
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H, Treatment

Based on depiction of our previous method,” the animals
were placed in a leaktight plexiglass box with an air inlet
and an outlet. H, was generated through the TF-1 gas
flowmeter (YUTAKA Engineering Corp) at a speed of 4
L/min and then mixed with air into the box. The concen-
tration of H, was continuously monitored by a detector
(HY-ALERTA Handheld Detector Model 500, H, Scan).
Baralyme (Chemetron Medical Division, Allied
Healthcare Products, Inc., St. Louis, MO, USA) removed
carbon dioxide produced by animals. The mice were given
2% H, treatment for 1 hbeginning at both 1 st and 6 th
hour after Sham or CLP operation. In the meantime the
mice in Sham or Sepsis groups were set inside the iden-
tical container with air inhalation.

Survival Rates

The survival rates of all groups were evaluated within 7
days after the procedure and all the experiments were
repeated.

Sample Collection

The mice in different groups were induced into a deep
state 24h after Sham or CLP operation.
Two mL of sterile phosphate buffered saline (PBS) were

anesthetic

injected into the abdominal cavity. Then the incision of

plates (Becton, Dickinson Company, Germany). The
plates were cultivated at 37°C in a cell incubator for
24 h. The number of colony-forming units (CFU) was
calculated.

HE Staining

Intestinal specimens were collected immediately after
mice sacrifice. The intestines were immersed in 4% paraf-
ormaldehyde for 24 h, stained with hematoxylin and eosin
after dehydration, embedded and sliced. The structural and
morphological changes were observed and analyzed by
a OLYMPUS BX51 microscope. Histological score was
determined by multiplying the percent involvement for the
following histologic characteristics namely inflammation
severity, extent of inflammation and crypt damage by the
% area of involvement (Table 1)."

Intestinal Tight Junction Barrier

Mice were fasted without water deprived 4 h before
gavage. At the first 30 min of 90, 180, 360 and 720 min,
50 mg/mL 4-kd fluorescein isothiocyanate-conjugated
Dextran (FITC-Dextran; Sigma Chemicals) were gavaged
at 4 uL/g body weight through an 18-gauge stainless steel

Table | Criteria Used to Determine Small Intestine Histology
Score

abdomen was made and the peritoneal lavage was collected. Histological Criteria Grade
Next, the thoracic cavity of mice was exposed and the Parameter
cardiac chamber was pierced by utilizing a sterile 18 Inflammation severity | None 0
gauge needle. The blood was gathered with a heparinized Minimal I
syringe. After the right auricle was pierced, isotonic saline Moderate 2
was injected into left ventricle to clear blood away. The Severe 3
mice were sacrificed for intestinal tissue. A part of intestinal Extent of inflammation | None 0
sample was ground in 1 mL 0.9% sterile normal saline and Mucosa '
the bacterial load was quantified. Using liquid nitrogen, the Mucosa and Submucosa 2
other part of intestinal sample was quickly frozen, and the Severe 3
Transmural 4
specimen was kept in —80 °C refrigerator for subsequent
analysis. Five samples of each group were blended as one Crypt damage None 0
sample for analysis in order to avoid th? indiividual (%iffer- _?\:Z tt::rr: fo ccrr;::tt j:::;: ;
ences. All 8 samples of 4 groups (10 biological replicates Crypts loss, surface epithelium | 3
and 2 technical replicates) were disposed by iTRAQ-based intact
quantitative proteomic analysis. Crypts loss, surface epithelium | 4
lost
Bacterial Load Quantification % Area involvement 0% | 1-25% 0
The blood and peritoneal lavage of mice were mixed 26-50% !
with sterile PBS (1:10). The bacteria in each group of iéjg?% ;
100 pL dilution were planted on 5% goat blood agar
Drug Design, Development and Therapy 2020:14 submit your manuscript 4887
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gavage needle. Portal blood samples were collected 30
min after FITC-Dextran injection. The blood specimens
were centrifuged at 4°C, 8000 rpm for 7 min. FITC-
Dextran concentration in blood samples were analyzed
through a fluorometer (EnSpire, PerkinElmer, Waltham,
MA, USA) at an excitation wavelength of 480 nm and
an emission wavelength of 520 nm. A standard curve
prepared by dilution of FITC-Dextran with phosphate buf-
fered saline was used to calculate the concentration of
FITC-Dextran in plasma samples.

Protein Preparation

Intestinal tissues were grounded in liquid nitrogen and
lysed in 8 M urea, 1% NP40, 1% sodium deoxycholate
supplemented with 5 mM DTT, 2 mM EDTA and protease
inhibitor cocktail (Calbiochem, San Diego, CA, USA).
The
(20,000 g, 4°C, 10 min). The protein content in the super-

impurities were precipitated by centrifugation
natant was detected. The reduced equivalent protein was
alkylated and precipitated with acetone. The precipitate
was washed twice with acetone, suspended in 0.1M
TEAB, and treated with trypsin (1/25) (Promega,
Madison, WI, USA) for 12 h at 37°C. The peptide
obtained after termination of digestion was washed on
a Strata X C18 SPE column (Phenomenex, Torrance,
CA, USA) and dried under vacuum.

Quantitative Proteomic Analysis
The intestinal tissue samples were quickly frozen in liquid
nitrogen and stored at —80°C. Then all tissues in a group of
samples were ground into powder with liquid nitrogen, and
each tube was stored at 200-300mg and at —80 °C. One tube
of sample (about 220mg) had 1mL of pre-cooled acetone
(supplemented with 2mM EDTA/10mM DTT/1% protease
inhibitor mixture) added, rinsed, precipitated at —20 °C for
1h, centrifuged at 20,000g for 10min at 4 °C, and the super-
natant was discarded. The residual acetone was air-dried at
room temperature. 900ul of lysate (8M urea/50mM Tris7.0/
1% NP40/1% NaDOC/2mM EDTA/5SmM DTT/1% protease
inhibitor mixture) (Calbiochem, San Diego, CA, USA) were
added and the sample was sonicated on ice to promote
dissolution. Then the specimen was centrifuged and the
supernatant was transferred into a new tube. The protein
concentration in the supernatant was determined using
a 2D Quant kit (GE Healthcare, Piscataway, NJ, USA).
Two 300 pg proteins were taken from each sample, and
the gap was filled with lysate. Disulfide bonds were
reduced by adding a final concentration of 5 mM DTT

and reacted at 30 °C for 30 minutes. After cooling to room
temperature, 30 mM IAM were added to block free thiol
groups, and the reaction was protected from light at room
temperature for 45 min. 10 volumes of —20 °C pre-cooled
acetone were added to precipitate the protein and put at
—20 °C overnight. The specimen was centrifuged, the
supernatant was discarded. 80% acetone pre-cooled at
—20 °C was added, rinsed, and placed at —20 °C for 1h.
Then the supernatant was centrifuged and removed. The
protein precipitate was left at room temperature for 10
min, and the residual acetone was evaporated.

300ul of 0.12M TEAB were added and the protein was
sonicated on ice to promote precipitation. 6ug trypsin were
added, and hydrolyzed at 37 °C overnight. 6ug trypsin were
added, and the reaction was stopped by adding 1% TFA at
a final concentration of 1 hour after 37 °C hydrolysis. C;g
SPE cartridge (Phenomenex, Torrance, CA, USA) was used
for demineralization and the peptide was eluted with
a vacuum concentrator (Labogene, Lynge, Denmark). The
peptide was dissolved in an appropriate volume of 0.5M
TEAB, and 50 ug of the peptide were labeled with iTRAQ
reagent, and reacted at room temperature for 1 h.

The dried peptides were reconstituted in the liquid
phase A solution (100% H,O, pH 10.0), and 25ug peptides
were taken from each of the eight samples and mixed and
centrifuged. The supernatant was loaded onto a C;g col-
umn and subjected to reverse gradient separation under
alkaline conditions using conventional high performance
liquid chromatography (HPLC) (Shimadzu, Kyoto, Japan).
According to the peak range displayed by the ultraviolet
lamp, about 60 components of the eluted peptide were
combined into 21 components, and the vacuum concen-
trator was drained. Each pre-separated component was
dissolved in liquid A solution, centrifuged, and the super-
natant was transferred to a sample vial. A 1-hour LC/MS
analysis was performed on each component using the LC/
MS system, and the sample load was about 1 ug.

Western Blot
Intestinal tissues were obtained at 6 h, 12 h and 24 h after
CLP or Sham operation to detect expressions of Occludin,
Zonula occludens-1 (ZO-1), deleted in malignant brain
tumors 1 protein (DMBT1), insulin receptor substrate 2
(IRS2), N-myc downregulated gene 1 (NDRGI) and
serum amyloid A-1 protein (SAA1). Total proteins were
extracted by cleavage in RIPA buffer (Solarbio, Beijing,
inhibitor cocktail

China) and protease (Beyotime,

Shanghai, China). The homogenates were centrifuged at

submit your manuscript

4888

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Jiang et al

20,000g for 20 min at 4 °C. And the supernatants were
collected as protein samples. The protein concentrations
were measured by BCA protein assay kit (Well-bio,
Shanghai, China). The samples (50 pg/sample) were solu-
bilized with 5xSLB (Solarbio, Beijing, China), heated at
100 °C for 15 min and then separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PADE),
electrotransferred onto polyvinylidene fluoride membranes
(Millipore, Germany), soaked in 5% nonfat milk in TBST
for 2 h at room temperature, and incubated overnight at 4 °
C with the following primary antibodies against Occludin
(1:50,000; Abcam, Cambridge, UK), ZO-1 (1:1000;
abcam), DMBT1 (1:500, R&D, USA), IRS2 (1:1000,
CST, USA), NDRG1 (1:1000, CST), SAA1 (1:1000,
R&D) and B-actin (1:6000, Proteintech, USA). After five
washes with TBST, membranes were bound to TBST-
diluted goat antirabbit or antimouse secondary antibodies
(1:5000, KPL, USA) for 60min under room temperature.
The membrane was soaked in electrochemiluminescence
(ECL) reagent. The protein bands were quantified using
Imagel] software. The relative levels of Occludin and ZO-1
were standardized to B-actin. The test was repeated 6
times.

Statistical Analysis
This study used SPSS 21.0 software. The survival rates
were calculated by Fisher exact probability method and
Quantifiable data

expressed as mean + standard deviation (SD). One-way

expressed as percentages. were
ANOVA was applied for comparison between groups, and
Tukey’s multiple comparison test was employed to analyze
comparison between groups. P < 0.05 was recognized as

statistically significant.

Results
Survival Rates

After CLP or Sham procedure, we observed several repre-
sentative physiological and pathological changes of mice,
such as hair characteristics (messy hair), stool character-
istics (loose stools), activity frequency (decreased fre-
quency), and respiratory frequency (frequency increase).
In the indicator of 7-day survival rates, all mice survived
in Sham and Sham + H, groups, while the survival rates of
the mice in Sepsis and Sepsis + H, groups reduced sig-
nificantly (P < 0.05). However, compared with the mice in
Sepsis group, the survival rates of the mice in Sepsis + H,

group that inhaled 2% H, were significantly improved
(30% vs 60%, P < 0.05) (Figure 1).

Bacterial Load Quantification in Blood,

Peritoneal Lavage

24 h after surgery, blood and peritoneal lavage fluid from
mice were collected to detect CFU. Compared with Sham-
operated mice, the bacterial load of blood and peritoneal
lavage fluid in septic mice drastically increased (P < 0.05),
while the same indicator in septic mice after H, treatment
was significantly reduced (P < 0.05) (Figure 2).

Intestinal Histopathological Changes

To verify the results of intestinal histopathological
changes, we performed HE staining. The intestinal villi
structure of mice in Sham and Sham + H, groups was
normal and arranged regularly without hyperemia and
rupture. In Sepsis group, the intestinal villi were disor-
dered and continuously ruptured, and the submucosa and
primary blood vessels were congested. Compared with the
Sepsis group, the arrangement of intestinal villi in H;
treated septic mice was slightly irregular, the continuity
of intestinal villi was still intact, and the pathological
changes of intestinal tissues were significantly improved.
According to the small intestinal histological score scale,
SepsistH, group were significantly reduced compared
with Sepsis group (P < 0.05) (Figure 3).

Intestinal Tight Junction Barrier

As illustrated in Figure 4, compared to the sham operation
group, the intestinal permeability of 4.4 kDa FITC-dextran
of mice in the Sepsis and Sepsis + H, groups at 90 min,
180 min, 360 min, and 720 min significantly increased
(P < 0.05). Compared with the Sepsis group, the intestinal
permeability of 4.4 kDa FITC-dextran of mice in Sepsis +

1004 Sham
s 80- Sham+H,
] -e- Sepsist+H,
©
% 60 *# Sepsis
E 40-
3 *
@ 20-

0 T T T T T T 1

0 1 2 3 4 5 6 7
Time after Sham or CLP operation (d)

Figure | H, inhalation meliorated the 7-day survival rates in septic mice. The
survival rates of mice were monitored for 7 days (n = 20). *P < 0.05 versus Sham
group, *P < 0.05 versus Sepsis group.
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Figure 2 H, enhanced the clearance of bacterial burden in the blood and peritoneal lavage of septic mice. The blood (A) and peritoneal lavage (B) were harvested at 24
h after Sham or CLP operation. Results were displayed as mean * SD (n=6). *P < 0.05 versus Sham group, #P < 0.05 versus Sepsis group.

H, group was significantly reduced (P < 0.05). H, can
significantly improve the intestinal tight junction barrier in
sepsis mice.

Tight Junction Protein Occludin and
Z0-1

Previous studies have shown that the permeability of the
intestinal barrier is related to changes in tight junction

B Sham+Hz

A Sham
r AR dae 4 4

proteins.'* Therefore, we compared the changes of the
tight junction proteins Occludin and ZO-1. Intestinal spe-
cimens were collected at 6 h, 12 h, and 24 h after Sham or
CLP surgery. Quantitative Western blot revealed that the
expression levels of Occludin and ZO-1 at three time
points in sepsis mice were significantly lower than those
of mice after sham surgery (P < 0.05). Compared with the

mice in the Sepsis group, the levels of Occludin and ZO-1

20
o *
3
9 154 #
(1]
O °
2 10- .
S e .
® ° Eo‘
o 5- °
w
o3
T
0_
& 0 ©
9“0 ¥ ‘,ogQg é\Qx
23 ey

Figure 3 H, can alleviate intestinal pathological damage caused by sepsis. Intestinal tissues were obtained at 24 h after sham or CLP operation. The structures of intestinal
villi were normal in Sham (A) and Sham+H, (B) group. Intestinal villi were disordered, submucosal and primary blood vessels were congested, and the continuity of intestinal
villi was broken in Sepsis (C) group. The small intestine histology change in SepsistH, (D) group were significantly improved compared with Sepsis group. (E) HE
histopathological scores for each group. Results were displayed as mean * SD (n = 6). Scale bar = 100 ym. *P < 0.05 versus Sham group, #P < 0.05 versus Sepsis group.
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Figure 4 H; can improve the intestinal tight junction barrier. FITC-dextran perme-
ability was measured at 90 min, 180 min, 360 min, and 720 min after sham or CLP

operation. Results were displayed as mean * SD (n = 6). *P < 0.05 versus Sham
group, #P < 0.05 versus Sepsis group.

at three time points of mice in the Sepsis + H, group
dramatically increased (P < 0.05) (Figure 5).

Quantitative Proteomic Analysis
Intestinal tissue of mice was collected 24 hours after CLP
or sham surgery for proteomic analysis, and the differen-
tially expressed proteins were revealed through a high-
throughput quantitative proteomics workflow based on
iTRAQ. Finally, 5321 proteins were screened out, of
which 4194 proteins were quantifiable (fold change > 1.3
or fold change < 0.77, coefficient of variance < 30%).
Based on a pairwise comparison of the four groups,
differential proteins related to H, can alleviate sepsis-
associated intestinal damage and should meet at least one
of the following two conditions. Condition 1) induced
sepsis caused expressions’ differences of some proteins
(differential proteins in Sepsis/Sham), and H, treatment
under conditions that had induced sepsis also caused
expressions’ differences of some proteins (different pro-
teins in SepsistH,/Sepsis). If the up-and-down trend of
differential proteins was opposite in the comparison
between the two groups, it meant that H, treatment can
reduce or eliminate the difference in protein expressions
caused by sepsis, thereby alleviating the symptoms of
sepsis. Condition 2) induced sepsis caused differences in
the expressions of some proteins (differential proteins in
Sepsis/Sham), while sepsis did not cause these proteins to
produce differential expressions (non-differential proteins
in Sepsist+H,/Sham+H,) under conditions of H, treatment.
If the differential proteins in the former were not different
or opposite in the latter (or the differential proteins in the
latter were not different or opposite in the former), it also
indicated that these proteins were targets for hydrogen

therapy. According to the two conditions, all 22 proteins
were screened out under Condition 1 (List 10 of 22 pro-
teins in Table 2), and 193 proteins were identified under
Condition 2 (List 10 of 193 proteins in Table 3). Among
them, Condition 2 contains most of the proteins of Group
1 (16 proteins), so 199 differential proteins were screened
out, which were recognized to be extremely associated
with the hydrogen treatment mechanism (or target) for
reducing intestinal damage in sepsis mice.

Functional Enrichment Analysis of
Differential Proteins

In aims of further studying the function of H,-related pro-
teins, we conducted gene ontology (GO) on 199 H,-related
proteins. The GO database (http://www.geneontology.org/)

was used to find differential proteins, and the number of
differential proteins and background proteins were compared
to obtain enrichment significance (p-value) and enrichment
fold changes. The smaller the p-value is, the higher the fold
change is, and the higher the degree of enrichment of such
differential proteins is. We used categories with p-values less
than 0.05 and categories with differential proteins greater
than 1 as significant enrichments, describing the molecular
function of the gene, the cell location where the gene is
located, and the biological process involved.

For molecular function, the top three terms in percen-
tage were binding (58%), catalytic activity (24%) and mole-
cular transducer activity (6%). Figure 6A showed six
significantly enriched molecular functional GO terms, in
addition to the three above, including transporter activity,
enzyme regulator activity and molecular function regulator.

For the percentage of GO terms for cell component, we
found that cell part (26%), organelle (21%), and organelle
part (14%) were the top three terms. Figure 6B showed the
10 significantly enriched GO terms, which were: mem-
brane, extracellular matrix, organelle part, organelle, mem-
brane part, cell part, extracellular region part,
macromolecular complex, membrane-enclosed lumen and
cell junction.

In regard to biological process GO terminology, single-
organism process (21%), cellular process (19%), and bio-
logical regulation (13%) were listed in the top three of the
percentages. Figure 6C showed 14 significantly enriched
biological process terms in sequence, namely single-
organism process, cellular process, biological regulation,
metabolic process, response to stimulus, developmental

process, cellular component organization or biogenesis,

Drug Design, Development and Therapy 2020:14

submit your manuscript

4891

Dove


http://www.geneontology.org/
http://www.dovepress.com
http://www.dovepress.com

Jiang et al Dove
A 6h B 6h c 6h
1.6 1.2
Occludin : : £ 4 0
WY W e - £ 1] ™
g 10 g 0.8
ZO-1| W w— —— | ] g ool
; ; 3 0.61 v |
B-actin | GHNP WD WS WS | © o Q4
i 0.2- 0.2-
S .
a X ) X 0.0 0.0
°}\ e
D E F
12h 12h
1.6 1.2
Occludin| S wume s - £ 14 1.0-
: T 1.2 £
© +2 0.8
. @ 107 3
ZO-1 | "W wape s cme E 0.4 & 06
S 0.6- T oAl
B-actin | NS WM WP WS | G Q™
O o.M 0.2
<& N [\ N o o
(a x ) x 0.0 0.0
®
G H |
24 h 24 h
1.6 1.2-
Occludin gy — £ T 1.01
~ —— b S 1.21 £
g. 1.0 *# ‘g 0.8
ZO-1| iR W »ww wmpw < o081 & 0.6
S =
: 3 067 ) 0.4
B-actin| W WP WND W | 2o x iy
- O .21 é 21
‘\@(‘\ X Qé\e .9,8"’ 0.0 . . 0.0
6 (b& %@ Q\ 'b& é\g xpp
2 X & & &L 2
X R
) o

Figure 5 H, can increase the expressions of Occludin and ZO-1. The intestinal tissues were obtained from mice at 6 h, 12 h, and 24 h after sham or CLP operation. The
tight junction protein expressions of Occludin and ZO-| measured by Western blot (A, D, G). Quantitative analysis of Occludin (B, E, H) and ZO-1 (C, F, I) is shown as
the ratio of band density to that of B-actin respectively. Results were displayed as mean + SD (n = 6). *P < 0.05 versus Sham group, “P < 0.05 versus Sepsis group.

multicellular organismal process, immune system process,
multi-organism process, rhythmic process, localization,
reproductive process, behavior, and locomotion.

We then explored the Kyoto Encyclopedia of Genes
and Genomes (KEGQG) function of 199 different proteins
through the KEGG database (http://www.kegg.jp/kegg/
pathway.html). Figure 6D showed the top ten significantly

enriched signaling pathways in order: vitamin digestion
and absorption, protein digestion and absorption, fat diges-
tion and absorption, linoleic acid metabolism, nitrogen
metabolism, pancreatic secretion, thyroid hormone synth-
esis, retinol metabolism, ECM-receptor interaction, and

arachidonic acid metabolism.

We also conducted a functional interaction network
analysis based on the STRING database (www.string-db.
org). In the association network, there were four signifi-
cantly enriched interaction clusters: ribosomal protein,
trypsin-related protein, heat shock protein and protein dis-
ulfide isomerase, and collagen (Figure 7).

Verification of H,-Related Differential

Protein

To verify the proteomics results, we used quantitative
Western ~ blot further Based
a comprehensive analysis of protein function and the fea-

for testing. on

sibility of commercial antibody application, proteins of
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Table 2 List of the Several H,-Related Significantly Differential
Proteins According With Condition One

Table 3 List of the Several H,-Related Significantly Differential
Proteins According With Condition Two

DMBTI, IRS2, NDRG1 and SAA1 were picked out for
further experiment. Figure 8 demonstrated the expressions
and ratios of four measured proteins. Comparing to the
Sham group, the levels of DMBT1, IRS2, NDRG! and
SAATI in mice of Sepsis group significantly increased (P <
0.05). Compared with the Sepsis group, the levels of
DMBT]I, IRS2, NDRGI and SAA1 of mice in the Sepsis +
H, group were remarkably reduced (P < 0.05).

Discussion

Sepsis is becoming more and more common clinically and
has quite high mortality. It has been a major complication
of severe trauma, burns, shock and major surgery, and has
become one of the major causes of death in critical
illness.'>™'” Sepsis and multiple organ failure associated
with sepsis remain major challenges for scientists and
clinicians. For clinical sepsis, CLP in rats or mice is
commonly applied to simulate clinical appendicitis per-
foration or diverticulitis perforation, which was considered
as the gold standard for the animal model of sepsis.'® In

Protein Name Protein | Gene Sepsis/ | Sepsist+H,/ Protein Name Protein | Gene Sepsis/ | Sepsis+H,
IDs Name Sham Sepsis IDs Name | Sham | /Sham+H,
Hemoglobin P02089 Hbb-b2 1.5165 | 0.5305 Synapse-associated | Q9D5V6 | Syapl 24945 | 0817
subunit beta-2 protein |
Deleted in Q60997 | Dmbtl 1.679 0.675 Lithostathine-2 Q08731 Reg2 2.0655 1.2855
malignant brain
. Sodium/nucleoside 088627 Slc28a2 | 2.009 1.2005
tumors | protein
cotransporter 2
Protein NDRGI Q62433 Ndrgl 1.701 0.71
CCAAT/enhancer- | P28033 Cebpb 1.8885 1.216
Fatty acid-binding | P04117 Fabp4 1.3825 0.7285 binding protein
protein, adipocyte beta
Cytochrome Q64464 | Cyp3al3 | 2.4345 | 0.6635 Protein DPCD Q8BPA8 | Dpcd 1.8235 1.0625
P450 3A13
Alpha- Q61247 | Serpinf2 | 1.8155 | 0.9275
Gastrotropin P51162 Fabp6 0.402 5913 2-antiplasmin
Galectin-6 054891 Lgalsé 0.2315 1.701 Ribosome P97452 Bopl 1.7595 1.204
biogenesis protein
Acyl-coenzyme Q9QYR9 | Acot2 1.3355 0.756 BOPI
A thioesterase 2,
mitochondrial Insulin receptor P81122 Irs2 1.7455 1.0835
substrate 2
Regenerating P35230 Reg3b 11.5745 | 0.506
islet-derived Protein NDRGI Q62433 Ndrgl 1.701 1.145
protein 3-beta
Placenta-specific Q9)148 Plac8 1.6695 1.222
Serum amyloid P05366 Saal 3.2255 0.556 gene 8 protein
A-| protein

this study, a sepsis model was prepared using CLP. The
results showed that the bacterial load of blood samples and
peritoneal lavage fluid in mice in CLP group increased,
which proved that the mouse CLP sepsis model was suc-
cessfully prepared. After successful preparation of the
mouse sepsis model, the histopathological analysis of the
intestinal tissue was performed. The results showed that
the intestinal villus was disordered, the submucosal and
primary vascular congestion, and the intestinal villi were
continuously broken. The model of mouse sepsis intestinal
injury was proved to be successful.

Since Ohsawa et al first reported that hydrogen activity
can be used as a hydroxyl radical scavenger,'” it has been
widely demonstrated that hydrogen also has anti-
inflammatory, anti-apoptotic, and cytoprotective effects.?
At present, it is widely believed that both H, and hydrogen-
rich saline have good therapeutic effects on sepsis. Our
previous research have shown that hydrogen therapy had
beneficial effects on sepsis and sepsis-associated organ
dysfunction, involving the brains, lungs, and intestines’*
We also confirmed that 2% H, inhalation dramatically
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meliorated survival rate septic mice
apeutic scheme that 2% H, inhalation beginning at both 1 st
and 6 th hour after sham or CLP operation was the safest
and the most economical and effective scheme of hydrogen
treatment.” In this study, the mice were inhaled 2% H. for 1
h at 1 st and 6 th hour after CLP and sham surgery. And the
results confirmed that H, inhalation could effectively
improve the 7-day survival rates of sepsis mice. The gut is
the target organ for critical diseases, including trauma,
burns, ischemia-reperfusion injury, and sepsis.”’ Studies
have confirmed that hydrogen-rich saline can regulate
intestinal barrier dysfunction and bacterial migration in
mouse models of sepsis.”* Previous studies have shown
that the loss of barrier function of intestinal epithelial cells
may be caused by the destruction of epithelial cells and
severe metabolic injury caused by sepsis.”> These effects
may be related to the disturbance of intestinal microbiota
after sepsis. In order to prevent the displacement of intest-
inal endogenous bacteria, it is considered to involve four

defense mechanisms: mechanical barrier, immune barrier,
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biological barrier and chemical barrier, among which
mechanical barrier is the most important, and the connec-
tion between intestinal epithelial cells and adjacent cells is
the determinant of mechanical barrier.”* The connections
between intestinal epithelial cells are most important for
tight connections, especially in maintaining intestinal bar-
rier permeability. Tight junctions are mainly composed of
tight junction proteins, including occludin, zonal closure
protein (ZO) family, claudin protein family and junction
adhesion molecule (JAM), etc. However, the degree of
sealing varies according to external stimuli and pathological
conditions.”>® Studies have confirmed that inflammatory
response, stress response and ischemia-hypoxia reperfusion
injury are closely related to intestinal barrier dysfunction.
The outcomes of this research illustrated that the perme-
ability of the intestinal tract to 4.4 kDa FITC-dextran was
notably enhanced in Sepsis group and SepsistH, group at
90 min, 180 min, 360 min and 720 min after sepsis surgery
compared with the Sham group. After inhalation of H, for
60 min at 1 st h and 6 th hour after CLP operation, the
permeability of the 4.4 kDa FITC-dextran was drastically
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Figure 8 Effects of H; on the protein expressions of DMBT I, IRS2, NDRGI, and SAAI in intestinal tissue of septic mice. The intestinal samples were harvested at 24 h after
sham or CLP operation. The protein expressions of DMBT]I, IRS2, NDRGI, and SAA| measured by Western blot (A). Quantitative analysis of DMBT| (B), IRS2 (C),
NDRGI (D), and SAAI (E) is shown as the ratio of band density to that of B-actin respectively. Results were displayed as mean + SD (n = 6). *P< 0.05 versus Sham group,

#P < 0.05 versus Sepsis group.

decreased in the Sepsis+H; group compared with the Sepsis
group. Compared with the Sepsis group, the expressions of
tight junction proteins Occludin and ZO-1 were upregulated
in the SepsistH, group at 6 h, 12 h, and 24 h after CLP
procedure. The experimental results show that hydrogen
can improve intestinal barrier dysfunction intestinal muco-
sal permeability.

Our research group has been committed to the study of
multiple organ damage caused by sepsis, including lung,
brain, intestine, etc. In our previous studies, iTRAQ-based
proteomics technology was used to analyze the effect of H,
on sepsis induced lung injury and sepsis-associated
encephalopathy.'?” In this study, we found that hydrogen
can play a protective role in intestinal barrier function caused
by sepsis, but the specific mechanism is still unclear.
Quantitative proteomics techniques were applied, including
in vitro iTRAQ labeling in combination with LC-MS/MS.
All 199 proteins were screened out and believed to be extre-
mely related to the mechanism by which hydrogen improves
intestinal barrier function in septic mice. The functions and
pathways of 199 proteins were annotated by GO, KEGG
database, and STRING protein interaction network.

GO analysis revealed that the H,-related differential
proteins primarily included the molecular function
(immune system process, multicellular system process,
cellular component organization or biogenesis, develop-
mental process, etc.), and the cellular location part (macro-
molecular complex, extracellular region part, organelle
part, cell part, etc.), and biochemical process (transporter
activity, catalytic activity, binding, etc.). Severe sepsis
remains a clinical and biological challenge. The immune
system has been shown to be the treatment target for
sepsis. Figuring out how immune response modulators
alter sepsis is necessary and provides reliable information
for treatment.”® Studies have shown that recombinant IL-7
and PDl1-specific antibodies can reverse the underlying
immune deficiency in sepsis, thereby increasing the survi-
val rates of many clinically relevant sepsis animal
models.?” The intestine has been considered the initiator
of sepsis and multiple organ dysfunction syndrome for
decades. Studies have found that a balanced microbiota
is essential for maintaining intestinal and systemic
immune homeostasis, and disrupting the integrity of the

gut microbiota may increase susceptibility to sepsis.** In
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the present study, significantly enriched molecular func-
tions include system process, cell localization and bio-
chemical processes including macromolecular complex,
extracellular region part, transporter activity, and catalytic
activity, suggesting that H, may through immune system
regulation and intestinal cell repair alleviate sepsis induced
intestinal injury, thereby reducing intestinal inflammation
and cell tight junction destruction, and improving immune
function in septic mice, improving intestinal barrier
function.

In our KEGG pathway analysis, H,-related differential
proteins were notably enriched in thyroid hormone synth-
esis signaling pathways, nitrogen metabolism signaling
pathways, digestion and absorption signaling pathways
(vitamins, proteins and fats). Studies have found that sep-
sis can lead to thyroid injury and dysfunction, reduce
serum thyroid hormone levels, and increase thyroid folli-
cular epithelial cell death.>' Other studies have confirmed
that
increase globulin synthesis, reduce albumin synthesis,

pneumococcal-induced sepsis can significantly
and enhance nitrogen excretion and metabolism.*” In sum-
mary, it is suggested that H, may reduce intestinal injury
in septic mice through the effects of thyroid hormone
synthesis and nitrogen metabolism signaling pathway.
Four clusters in the STRING protein-protein interac-
tion networks were identified. The first group was mainly
ribosomal proteins. Studies have found that sepsis induces
protein synthesis in muscle, and the number of ribosomes
and translation factor abundance was reduced.”® The dis-
covery of ribosomal protein clustering suggests that the
positive mechanism of H, on sepsis may be due to
improved expressions of ribosomal proteins to improve
protein synthesis. Second, a set of trypsin-related digestive
enzyme proteins was found in STRING. Studies have
confirmed that in the multiple organ failure of sepsis,
digestive enzymes and their degradation products in the
intestinal lumen can lead to direct destruction of the intest-
inal tissue and self-digestion, and may even lead to loss of
cell function and systemic inflammatory response.**
Another study found that blocking the digestive enzymes
in the intestinal cavity in sepsis can reduce the destruction
of the mucosal barrier and reduce the occurrence of multi-
ple organ dysfunction.”> In summary, it suggests that the
therapeutic mechanism of H, inhalation for intestinal
damage caused by sepsis may involve blocking trypsin-
related digestive enzymes. Third, STRING network ana-
lysis also discovered heat shock proteins and protein dis-
ulfide isomerase-associated proteins. Studies have found

that by promoting the expression of heat shock protein 90
(HSP90) can reduce myocardial cell apoptosis in septic
rats.”® Studies have confirmed that mRNA of heat shock
protein 72 (HSP72) in monocytes and lymphocytes is
activated and protein expression is enhanced in severe
sepsis or SIRS, thereby improving the defense against
fever.’” In summary, it is shown that the therapeutic
mechanism of H, on intestinal damage in sepsis may
involve enhancing the expressions of heat shock protein-
related proteins. The last group was a collagen-related
protein. The study found that the level of cross-linked
telopeptides of type I collagen (ICTP) in the serum of
patients with severe sepsis was significantly elevated, sug-
gesting that it can be used as a marker of the severity and
prognosis of sepsis.”® Another study confirmed that enter-
ococcus faecalis can degrade collagen, leading to sepsis
caused by intestinal anastomotic leakage.>® In summary, it
is suggested that the positive mechanism of H, on intest-
inal injury of sepsis may be related to the inhibition of
collagen degradation. In view of these protein clusters, the
positive effect of H, on sepsis may be related to the
synthesis of ribosomal proteins, blocking trypsin, enhan-
cing heat shock protein expression, and inhibiting collagen
degradation.

Four differentially expressed proteins (SAA1, NDRGI,
DMBTI, IRS2) were picked out for further experiment.
The trend of levels of these proteins was verified by
Western blot to be very consistent with proteomics data,
indicating the accuracy of high-throughput quantitative
proteomics analysis based on iTRAQ and LC-MS/MS.
But the difference in Western blot measurements is greater
than that in protein expressions in proteomics data. This
circumstance is in line with the tendency of iTRAQ tech-
nology to underrate the change in protein folding, since it
contaminates near-isostatic ion co-segregation and
fragmentation.** Therefore, low-throughput molecular
biology techniques should be applied to detect protein
levels.

SAAL is an acute phase protein that is widely recog-
nized as an accurate and sensitive indicator of
inflammation.*' In the inflammatory state, serum amyloid
Al can be increased 1000 times in vivo.*? Studies have
confirmed that SAA1 can be induced by lipopolysacchar-
ide (LPS) and is associated with pathological changes in
a variety of diseases, indicating that SAA1 participates in
the expressions of inflammatory factors induced by LPS.*
It has been found that inhibition of SAA1 can abolish the

release of inflammatory factors in vascular smooth muscle
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cells (VSMCs) induced by LPS through mediating the
p38MAPK/NF-kB  pathway to inhibit NOX/ROS
pathway.** The mass spectrometric data indicated that
the expression rate of SAAI1 in Sepsis/Sham was 3.2255,
while the expression rate in Sepsis+H,/Sepsis was 0.556.
While H, treatment notably down-regulated the expression
of SAA1, which may be involved in inhibition of the
inflammatory response.

NDRGI is an intracellular protein consisting of 394
amino acids, highly preserved in multicellular organisms,
and its expression is induced by stress stimulation.*’
Studies have confirmed that NDRGI1 can reduce the
expressions of chemokines inflammatory cells in the reg-
ulation of pancreatic cancer, causing a significant reduc-
tion in neutrophil recruitment.*® Meanwhile, studies have
found that NDRG1 plays an key role in the angiogenesis
of gastric cancer tumors induced by IL-1.*” The mass
spectrometric data demonstrated that the expression rate
of NDRGI1 in Sepsis/Sham was 1.701, while the expres-
sion rate in SepsistH,/Sepsis was 0.71. While H, treat-
ment notably down-regulated the expression of NDRGI,
which may be associated with inhibited of neutrophil
recruitment.

DMBTI1 pertained to the superfamily of scavenger
receptor cysteine-rich (SRCR) genes.*® Studies have
shown that DMBT1 is mainly expressed in epithelial
cells and secreted by epithelial cells in a polarized manner,
for example, to the extracellular matrix (squamous epithe-
lial cells) or to the lumen (monolayer epithelial cells and
glands).*’ Studies have confirmed that DMBT1 can inhibit
the cell invasion of Salmonella enterica, inhibit LPS-
induced NF-kB activation and cytokine secretion.>
Therefore, DMBT1 may play an important role in the
first line of mucosal defense, with anti-inflammatory and
bacterial cell wall components immune rejection. The
mass spectrometric data illustrated that the expression
rate of DMBT1 in Sepsis/Sham was 1.679, while the
expression rate in SepsistH,/Sepsis was 0.675; while H,
treatment notably down-regulated the expression of
DMBTI1, which may be involved in inhibition of inflam-
matory responses and immune rejection.

IRS2 regulates various cellular processes through insu-
lin. Studies have shown that the expressions of cell signal
inhibitors are elevated in insulin-sensitive tissues of
patients with endotoxemia, and insulin resistance can be
induced by inhibiting IRS2 phosphorylation and its down-
stream signals.”’ The mass spectrometric data indicated
that the expression rate of IRS2 in Sepsis/Sham was

1.7455, while the expression rate in SepsistH,/Sepsis
was 1.0835. While H, treatment notably down-regulated
the expression of IRS2, which may be involved in insulin-
mediated cellular processes.

Conclusion

We used iTRAQ labeling combined with LC-MS/MS
quantitative proteomics method to find that 199 differ-
ential proteins were related with H, in the intestinal
protection of sepsis. The identified proteins were classi-
fied by molecular function, cell localization, and bio-
chemical processes by functional enrichment analysis.
H,-related differential proteins were notably enriched
in the following signaling pathways, including thyroid
hormone synthesis signaling pathway, nitrogen metabo-
lism signaling pathways, digestion and absorption sig-
naling pathways (vitamins, proteins and fats). In
addition, H, reduced intestinal injury in septic mice by
down-regulating the expressions of SAAl, NDRGI,
DMBT]I, and IRS2. The mechanism and clinical appli-
cation of these differentially rich proteins in intestinal

injury caused by sepsis are for further study.
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