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Abstract: Hydrogen sulfide (H,S) is a toxic gas that has important regulatory functions. In the colon,
H,S can be produced and detoxified endogenously. Both too little and too much H,S exposure are
associated with inflammatory bowel disease (IBD), a chronic intestinal disease mainly classified
as Crohn’s disease (CD) and ulcerative colitis (UC). As the pathogenesis of IBD remains elusive,
this study’s aim was to investigate potential differences in the expression of HyS-metabolizing
enzymes in normal aging and IBD. Intestinal mucosal biopsies of 25 adults and 22 children with IBD
along with those of 26 healthy controls were stained immunohistochemically for cystathionine-y-
lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethylmalonic encephalopathy 1 protein (ETHE1),
sulfide:quinone oxidoreductase (SQOR) and thiosulfate sulfurtransferase (TST). Expression levels
were calculated by multiplication of the staining intensity and percentage of positively stained cells.
Healthy adults showed an overall trend towards lower expression of H,S-metabolizing enzymes
than healthy children. Adults with IBD also tended to have lower expression compared to controls.
A similar trend was seen in the enzyme expression of children with IBD compared to controls.
These results indicate an age-related decrease in the expression of HyS-metabolizing enzymes and a
dysfunctional H»S metabolism in IBD, which was less pronounced in children.

Keywords: hydrogen sulfide; HyS metabolism; inflammatory bowel disease; IBD pathogenesis;
enzymatic expression

1. Introduction

Hydrogen sulfide (H;S) was long known only as a flammable, toxic gas with the smell
of rotten eggs [1]. Like nitric oxide (NO) and carbon monoxide (CO), H,S now belongs
to the family of gasotransmitters [2]. In contrast to the deleterious effects of H,S as an
environmental pollutant, it has important regulatory functions in the body, which are
assumed to vary depending on the cell type and concentration [3,4].

In human cells, endogenous H;S is the product of direct enzymatic desulfhydra-
tion of L-cysteine with or without homocysteine and indirect desulfhydration from 3-
mercaptopyruvate (3MP), which is produced by cysteine aminotransferase (CAT) from cys-
teine and «-ketoglutarate (Figure 1) [5,6]. The former is catalyzed by cystathionine-y-lyase
(CSE) and cystathionine-p-synthase (CBS), whereas the latter is catalyzed by 3-mercapto-
sulfurtransferase (3-MST) [5,7,8]. CBS can produce not only H,S and serine from cysteine
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but also H,S and lanthionine from two cysteine molecules and H,S and cystathionine
from cysteine and homocysteine. Similarly, CSE catalyzes the conversion of cysteine into
H,S, ammonia (NH3) and pyruvate as well as cysteine and homocysteine into H,S and
cystathionine [9].
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Figure 1. Endogenous hydrogen sulfide (H,S) production and detoxification. HjS is produced
from L-cysteine with or without homocysteine by cystathionine-y-lyase (CSE) and cystathionine-f3-
synthase (CBS) in the cytosol and from 3-mercaptopyruvate (3MP) by 3-mercapto-sulfurtransferase
(3-MST) in mitochondria. The detoxification is catalyzed by sulfide:quinone oxidoreductase (SQOR)
and subsequently by thiosulfate sulfurtransferase (TST) or ethylmalonic encephalopathy 1 protein
(ETHEL1). This process takes place in the mitochondria. Cysteine aminotransferase (CAT); D-amino
acid oxidase (DAO); electron (e™), coenzyme Q (CoQ); glutathione persulfide (GSSH); thiosulfate
(8S03%7); sulfite (50327 ); glutathione (GSH); ammonia (NH3).

The enzymatic pathway, which involves CAT and 3-MST, converts cysteine and o-
ketoglutarate into H,S and is found primarily in mitochondria [9,10]. CBS and CSE,
however, reside in the cytosol but can translocate into mitochondria if 3-MST activity is
reduced in conditions like hypoxia [10-12]. Additionally, endogenous H;,S can be produced
through D-amino acid oxidase (DAO). This pathway predominantly takes place in the
cerebellum and the kidney and primarily involves the peroxisomes, where D-cysteine is
converted into 3MP by DAO [13]. Then, 3MP is further processed to HS by 3-MST in the
mitochondria [12].

Likewise, the other HpS-producing enzymes are described as being organ-specific. CBS
is largely expressed in the brain, the nervous system and the liver and CSE in the vascular
system and liver, while 3-MST is mainly found in the brain and vascular system [14-16].
Nevertheless, the enzymes are found distributed across various tissues [11,15]. The main
H,S-producing enzymes in the gastrointestinal (GI) tract seem to be CBS and CSE [17-21].
The CAT-3MST pathway, however, might play an even more important part in colonic HpS
production [22].

The colonic epithelium is not only exposed to endogenously produced H,S but also
to exogenously produced H;S on its luminal side [9]. This is the result of proteins being
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degraded by intestinal bacteria into amino acids, including cysteine and other sulfur-
containing compounds [9,23]. The amount of sulfide in the colonic lumen not only depends
on the composition of the microbiota but also on the dietary status, in particular the protein
intake [24,25]. Some dietary compounds that reach the colon without being absorbed, like
zinc, heme and polyphenols, are able to bind H,S [26-28].

Most of the HjS exits the body as sulfate via urine through the kidney. Sulfide:quinone
oxidoreductase (SQOR), a flavoenzyme bound to the inner mitochondrial membrane, oxi-
dizes H,S [29]. This process generates sulfane sulfur while transferring electrons to the coen-
zyme Q (CoQ) [30]. The transfer of sulfane sulfur to glutathione (GSH) and sulfite (SO527)
by SQOR results in glutathione persulfide (GSSH) or thiosulfate (550527) [29,31,32]. An-
other mitochondrial matrix enzyme, ethylmalonic encephalopathy 1 protein (ETHEI, also
known as persulfide dioxygenase), oxidizes GSSH and cuts the disulfide bond, producing
SO52~ and GSH [33-35]. Sulfite oxidase (SUOX), which is found in the mitochondrial
intermembrane space, further oxidizes sulfite to sulfate (S042~) and transfers two electrons
to cytochrome c [36].

Thiosulfate sulfurtransferase (TST), also known as rhodanese, represents another mito-
chondrial enzyme which is able to transfer sulfane sulfur from GSSH to thiosulfate [32,37,38].
Sulfide-detoxifying enzymes, like rhodanese, then catalyze the transformation of thiosulfate
into sulfate or sulfite, which is immediately oxidized into sulfate [39,40].

The need for a quick removal of H,S from the body is partly due to its toxic ef-
fects on mitochondria. It inhibits complex IV (cytochrome c oxidase, COX), which is
a component of the electron transport chain [41]. This bioenergetic modulation is a
concentration-dependent effect, since in lower concentrations, H,S even enhances the
electron transport chain during oxidative phosphorylation by acting as an electron donor
to complex II [42—44]. H,S is the first inorganic compound known to be coupled with ATP
generation in mitochondria [45]. Of all cells, the intestinal epithelial cells (IEC) use this
function of H»S most efficiently [46,47].

H,S is obtaining more and more attention as a key player in various diseases [48-58].
As the colon is exposed not only to endogenously but also to exogenously produced H;S, it
is exposed to a greater amount than any other organ. This is also the reason why H,S is
receiving growing attention in intestinal diseases, especially in the unknown etiology of
inflammatory bowel disease (IBD) [9,17,18,59-62].

IBD is the umbrella term for two chronic relapsing diseases, namely ulcerative colitis
(UC) and Crohn’s disease (CD), which are defined by clinical, pathological, endoscopic
and radiological characteristics of inflammation in the Gl-tract [63]. CD shows transmural
inflammatory “skip lesions” that can develop anywhere in the GI-tract but most commonly
occur in the terminal ileum [64-66]. UC shows homogenous inflammatory lesions limited
to the mucosa in the colon and mainly affects the distal rectum [65-67].

Globally, the incidence of IBD is increasing, especially in newly industrialized coun-
tries. This, together with the increasing rates of diagnosis and decreasing rates of mortality,
has led to an enormous rise in the number of people affected by IBD [68]. These trends
highlight the significance of elucidating the exact pathogenesis, which is still unknown, in
order to be able to develop targeted therapies. This is especially important for pediatric
IBD, as its progression is more aggressive and rapid and the intestinal involvement is more
extensive when compared to adult IBD [69,70]. The current understanding of the patho-
genesis of this disease indicates an interplay of genetics, external environment, intestinal
microbiota and altered immune response [71-74].

As with many functions of H»S, its effect on intestinal inflammation varies at different
concentrations [18]. Interestingly, H,S not only exhibits pro-inflammatory but also anti-
inflammatory effects [17,19,75-80]. This leads to the assumption that HyS might have a
dome-shaped curve of beneficial concentration levels in the colon, with levels which are
too high and too low being harmful.

Some studies have already shown differences in the expression of selected enzymes involved
in the metabolism of H,S in inflamed tissue and healthy controls [17,19,20,61,80-82]. To be able
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to examine the differences in IBD patients of different age groups, the physiological changes
in the H)S metabolism through aging have yet to be assessed. This study aims to investigate
differences in the expression of both producing (CSE, 3-MST) and detoxifying enzymes
(ETHE1, SQOR and TST) in colon tissue samples, not only in pediatric and adult patients
with IBD, but also throughout aging in comparison with healthy controls.

2. Materials and Methods

The study was approved by the local ethics committee (415-E/2080/5-2016) and
conducted in accordance with the Helsinki Declaration of 1975 (revised 2013).

2.1. Patients and Tissue Samples

Tissue samples were taken during colonoscopies at the Departments for Pediatrics
and Internal Medicine, University Hospital of Salzburg, Austria. These colonoscopies were
performed on patients with abdominal symptoms in order to rule out or confirm IBD. For
better representation of the inflammation status of the intestine, the terminal ileum and
all segments of the colon (cecum, ascending colon, transverse colon, descending colon,
sigmoid colon, and rectum) were biopsied in routine ileo-colonoscopies. The tissue samples
were then analyzed to confirm or exclude the diagnosis. The remaining tissue samples,
which were prepared by the Institute of Pathology, University Hospital Salzburg, were used
for the subsequent immunohistochemical staining for this study. Patients’” characteristics
are shown in Table 1.

Table 1. Total number of patients used for this study per group and their characteristics. P-IBD:
children and adolescents with inflammatory bowel disease (IBD); A-IBD: adults with IBD; pediatric
controls and adult controls. CD: Crohn’s disease; UC: ulcerative colitis.

Location of Biopsy

Number of Age: Mean (Range) Sex:
G 8 ge), . .
roups Patients in Years Male/Female  rerminal  Ascending .
Ileum Colon
PoIBD CD 11 12.2 (7-17) 5/6 X X
- ucC 11 13.2 (4-16) 4/7 X X
AIBD CD 11 27.8 (18-42) 3/8 X X
: uC 14 47.2 (19-83) 6/8 X X
Control Pediatric 14 11.9 (3-17) 6/8 X X X
ontrols Adults 12 57.8 (22-77) 4/8 X X X

The samples were classified according to a previous study by Schneider et al. [83].
Patients with macroscopically and histologically proven IBD were assigned to the study
group. In this category, samples were taken from the terminal ileum in CD patients
and from the rectum of UC patients, since these represent the most frequently affected
locations. To exclude any treatment-based effects on the colonic epithelium, only newly
diagnosed patients were selected for this study. An additional sample was obtained from
the ascending colon in the whole study group. This provided a better comparison of the
different categories by analysis of the same colon segment.

If the results of the colonoscopy excluded UC and CD, they were appointed as controls.
The analysis was conducted by the pathologists using a histologic severity score (HSS) in
accordance with the study by Schneider et al. [83]. Zero to three points were given in each
of the categories of crypt architecture, signs of acute inflammation, signs of chronic inflam-
mation and regeneration of the epithelium, resulting in a score range of 0-12. Subsequently,
the mean score of these categories was calculated. To qualify for the control group, the
samples had to have a value of 1 or less. Analogous to the study group, samples from the
terminal ileum, rectum and ascending colon were analyzed in the controls.
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The following groups are the result of this classification:

- P-IBD: pediatric patients (below 18 years) with IBD

- A-IBD: adult patients with IBD

- Pediatric controls: children and adolescents (below 18 years) without signs of IBD
or inflammation

- Adult controls: adults without signs of IBD or inflammation

2.2. Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) tissues were cut into 4 pm sections. The
immunohistochemical staining was performed as described by Zimmermann et al. [84]. The
following primary antibodies were used: SQOR (17256-1-AP, dilution 1:1500; Proteintech,
IL, USA), 3-MST (NBP1-87147, dilution 1:1000; NovusBio, CO, USA), CSE (12217-1-AP,
dilution 1:1000; Proteintech, CO, USA), TST (NBP1-87147, dilution 1:2000; NovusBio,
CO, USA), ETHE1 (NBP1-81689, dilution 1:2000; NovusBio, CO, USA). These antibodies
were diluted in Dako antibody diluent with background-reducing components (Dako,
Glostrup, Denmark).

After deparaffinization, the samples were placed in TE-T buffer (ImM EDTA, 0.05%
Tween-20, pH 8.0) for 40 min at 95 °C. Then they were washed with distilled H,O and
equilibrated in a phosphate-buffered saline containing 0.5% Tween 20 (PBS-T; pH 7.6),
followed by incubation in Dako Peroxidase Blocking reagent for 5 min and then, again,
rinsed in phosphate-buffered saline and Tween 20 (PBS-T). Samples were incubated with
the respective primary antibody for one hour at room temperature (RT) and rinsed in
PBS-T. Afterwards, the second antibody (Dako EnVision+; Dako, Glostrup, Denmark) was
added for one hour at RT and rinsed in PBS-T. The specimens were then incubated in
diaminobenzidine for 5 min and subsequently counterstained with hematoxylin. Samples
were blued for 10 min in running tap water, dehydrated in 2-propanol and xylol, and
ultimately mounted on slides [84].

2.3. Evaluation and Statistics

After immunohistochemical staining, slides were scanned automatically at 20x mag-
nification using the VS-120-L Olympus slide scanner 100-W system and processed using
the Olympus VS-ASW-L100 program (Olympus, Shinjuku, Tokyo, Japan). The staining
was evaluated in accordance with a previous study by Schneider et al. [83]. First, the
staining intensity of IEC was assessed using a score system ranging from 0 to 3 (0 = no
staining, 1 = weak staining, 2 = moderate staining, 3 = strong staining) (Figure 2). Then,
the percentage of positive IEC inside the crypts was estimated. This was conducted by
two independent examiners blinded to each other. The mean values were calculated, and
the mean staining score was multiplied with the mean percentage of stained cells. These
values were referred to as expression levels [84]. Biopsies without IEC were excluded.

The results were illustrated with boxplots. For statistical analysis, R-Studio (R version 4.1.1,
Vienna, Austria) was used. Owing to the ordinal scale of the expression scores, data were
compared by median and interquartile range. Then, the nonparametric ANOVA-Type
statistic was applied with rankFD. Additionally, the relative effect (pd) was calculated. It
was tested for the null hypothesis in regard to the relative effect. A 5% significance level
was used on all tests; therefore, a p-value below 0.05 indicated a significant difference.
Since the analysis was of an exploratory nature, no p-value correction for multiple testing
was applied.
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Figure 2. Assessment of staining intensity. (A) 0 = no staining (case number 36677: adult with
Crohn’s disease; biopsy of the ascending colon stained with cystathionine-y-lyase (CSE) antibody),
(B) 1 = weak staining (case number 21480: child with Crohn’s disease; biopsy of the ascending colon
stained with cystathionine-y-lyase (CSE) antibody), (C) 2 = moderate staining (case number 10145:
adult from control group; biopsy of the ascending colon stained with 3-mercapto-sulfurtransferase
(3-MST) antibody), (D) 3 = strong staining (case number 13366: child from control group; biopsy of
the ascending colon stained with ethylmalonic encephalopathy 1 protein (ETHE1) antibody). Scale
bar: 50 um.

3. Results
3.1. Age-Related Difference

The control group was examined in order to determine a possible difference between
adults and children independent of any disease-related effect. Overall, a lower expression of
most HyS-metabolizing enzymes was observed in adults compared to children in different
parts of the gastrointestinal tract (Tables 2—4; Figures 3-6).

Table 2. Expression as mean with standard deviation (SD), absolute reduction and percentage as
well as p-value of the terminal ileum of the healthy control group (C) separated by age group.
Pediatric (P); adult (A). cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST). ** = p-value < 0.01.

Controls—Terminal Ileum 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)
Cp 165 (85) 110 (53) 228 (95) 53 (37) 237 (73)
Ca 119 (96) 42 (45) 145 (89) 38 (36) 191 (92)
Reduction Cp — Cx 46 (28%) 68 (62%) 83 (36%) 15 (28%) 46 (19%)

p-value 0.5236 0.0086 ** 0.1155 0.7397 0.3588
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Table 3. Expression as mean with standard deviation (SD), absolute reduction and percentage as well
as p-value of the rectum of the healthy control group (C) separated by age group. Pediatric (P); adult
(A). cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethylmalonic encephalopathy
1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate sulfurtransferase (TST).

Controls—Rectum 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)
Cp 186 (47) 108 (56) 258 (33) 143 (75) 232 (70)
Ca 118 (79) 68 (53) 216 (66) 144 (74) 211 (79)
Reduction Cp, — Cp 68 (37%) 40 (37%) 42 (16%) —1(—1%) 21 (9%)
p-value 0.0914 0.0852 0.072 0.8591 0.6195

Table 4. Expression as mean with standard deviation (SD), absolute reduction and percentage as
well as p-value of the ascending colon of the healthy control group (C) separated by age group.
Pediatric (P); adult (A). cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST). * = p-value < 0.05.

Controls—Ascending

Colon 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)
Cp 210 (46) 75 (46) 262 (44) 164 (56) 258 (37)
Ca 122 (94) 59 (64) 206 (77) 119 (92) 208 (89)
Reduction Cp — Cp 88 (42%) 16 (21%) 56 (21%)  45(27%) 50 (19%)
p-value 0.0224 * 0.1374 0.1259 0.275 0.2943
CSE 3-MST ETHE1 SQOR TST
250+ i .
© 200-
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Figure 3. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the terminal ileum of pediatric (P)
and adult (A) healthy controls. Range of expression levels from a minimum of 0 to a maximum of
300. ** = p-value < 0.01.
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Figure 4. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the rectum of pediatric (P) and adult
(A) healthy controls. Range of expression levels from a minimum of 0 to a maximum of 300.
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Figure 5. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the ascending colon of pediatric (P)
and adult (A) healthy controls. Range of expression levels from a minimum of 0 to a maximum of
300. * = p-value < 0.05.

In the terminal ileum, the expression of CSE was 62% lower in adults compared to
children (p = 0.0086). The other enzymes also tended to be less expressed in the adult
terminal ileum (reduction: 3-MST: 28%; ETHE1: 36%; SQOR: 28%; TST: 19%) (Figure 3;
Table 2). Apart from SQOR, the expression of CSE, 3-MST, ETHE1 and TST in the rectum
tended to be reduced by 9% to 37% in adults compared to children. (Figure 4; Table 3). In
the ascending colon, the expression of MST was 42% lower in adults compared to children
(p = 0.0224). A similar trend toward lower expression levels of these enzymes was also
observed in the adult ascending colon (reduction: CSE: 21%, ETHE1: 21%; SQOR: 27%; TST:
19%) (Figure 5; Table 4).
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Crohn's Disease Ulcerative Colitis
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Figure 6. Immunohistochemical staining of 3-mercapto-sulfurtransferase (3-MST) (a,f k), cystathionine-
v-lyase (CSE) (b,g1), ethylmalonic encephalopathy 1 protein (ETHE1) (c,h,m), sulfide:quinone oxi-
doreductase (SQOR) (d,i,n) and thiosulfate sulfurtransferase (TST) (e,j,0) in the ascending colon of an
pediatric Crohn’s disease (CD) patient (case number: 21480; a—e), ulcerative colitis (UC) patient (case
number: 17921; f—j) and a healthy control (case number: 41952; k-o0). Scale bar: 50 um.

3.2. Disease Related Difference

To determine whether there is a difference in the expression of HyS-metabolizing
enzymes between the two IBD entities, the terminal ileum was examined for CD and the
rectum for UC, as these sites are the most likely to be affected. For a general comparison
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with healthy controls, the ascending colon was examined. Since age-related differences
were observed in healthy colon samples, the comparison was performed individually for
adult and pediatric samples (Figures 6 and 7).

Crohn's Disease Ulcerative Colitis Control

Figure 7. Immunohistochemical staining of 3-mercapto-sulfurtransferase (3-MST) (afk), cystathionine-
y-lyase (CSE) (b,g 1), ethylmalonic encephalopathy 1 protein (ETHE1) (c,h,m), sulfide:quinone oxidore-
ductase (SQOR) (d,i,n) and thiosulfate sulfurtransferase (TST) (e,j,0) in the ascending colon of an adult
Crohn'’s disease (CD) patient (case number: 1593; a—e), ulcerative colitis (UC) patient (case number:
118884; f—j) and a healthy control (case number: 14411; k-o). Scale bar: 50 pm.
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3.3. Terminal Ileum (Crohn’s Disease)

Except for SQOR, the expression of HyS-producing and detoxifying enzymes in the
terminal ileum of adult CD patients tended to be lower compared to healthy controls
(reduction: 3-MST: 46%; CSE: 17%; ETHEL: 12%; TST: 34%) (Figure 8 and Table 5). In the
terminal ileum of pediatric CD patients, the expression of CSE was 56% lower than in
healthy children (p = 0.0396). The expression of 3-MST and TST also tended to be lower
in pediatric CD patients, with a reduction of 7% and 22%, respectively. In contrast, the
expression of ETHE1 and SQOR was similar in patients and healthy controls.

2L -
250- | E

200+ m—— ——

150+

100+ ‘ ‘

Agegroup

CSE 3-MST ETHE1 SQOR TST E K

Expression level

250+

200

150+

100+ ‘

HERE L BE

0-

co  cC co ¢C co  cC co ¢C co  cC
Figure 8. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the terminal ileum in Crohn’s dis-

ease (CD) compared to healthy controls (C). Range of expression levels from a minimum of 0 to a
maximum of 300. * = p-value < 0.05.

3.4. Rectum (Ulcerative Colitis)

The expressions of CSE, ETHE1, SQOR and TST were significantly lower in the rectum
of adult UC patients compared to healthy controls (CSE: p < 0.001, reduction: 92%; ETHE1:
p = 0.0017, reduction: 39%; SQOR: p = 0.021, reduction 50%; TST: p = 0.0101, reduction
41%) (Figure 9 and Table 6). There was also a downward trend in the expression of 3-MST
(62% decrease).
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Table 5. Expression as mean with standard deviation (SD), absolute reduction and percentage as
well as p-value of the terminal ileum in the Crohn’s disease group (CD) separated by age group com-
pared to age matched controls (C). Pediatric (P); adult (A), cystathionine-y-lyase (CSE), 3-mercapto-
sulfurtransferase (3-MST), ethylmalonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidore-
ductase (SQOR) and thiosulfate sulfurtransferase (TST). * = p-value < 0.05.

CD—Terminal Ileum 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)

CDj 65 (53) 35 (32) 127 (82) 42 (46) 126 (77)
Ca 119 (96) 42 (45) 145 (89) 38 (36) 191 (92)
Reduction Cs — CD4 54 (46%) 7 (17%) 18 (12%) —4(—11%) 65 (34%)

p-valuey 0.139 0.5036 0.8129 0.9343 0.2533
CDp 154 (88) 49 (35) 236 (75) 92 (96) 184 (99)
Cp 165 (85) 110 (53) 228 (95) 53 (37) 237 (73)
Reduction Cp — CDp 11 (7%) 61 (56%) —8(—4%)  —39(—74%) 53 (22%)

p-valuep 0.8985 0.0396 * 0.8132 0.6544 0.3759
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Figure 9. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHEL1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the rectum of ulcerative colitis (UC)
compared to healthy controls (C). Range of expression levels from a minimum of 0 to a maximum of
300. * = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001.
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Table 6. Expression as mean with standard deviation (SD), absolute reduction and percentage as well
as p-value of the rectum of ulcerative colitis (UC) separated by age group compared to age matched
controls (C). Pediatric (P); adult (A); cystathionine-y-lyase (CSE); 3-mercapto-sulfurtransferase (3-
MST); ethylmalonic encephalopathy 1 protein (ETHE1); sulfide:quinone oxidoreductase (SQOR) and
thiosulfate sulfurtransferase (TST). * = p-value < 0.05, **= p-value < 0.01, *** = p < 0.001.

UC—Rectum 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)

UCp 44 (27) 6 (8) 131 (70) 72 (66) 125 (92)

Ca 118 (79) 68 (53) 216 (66) 144 (74) 211 (79)
Reduction Cp — UCy 74 (62%) 62 (92%) 85 (39%) 72 (50%) 86 (41%)
p-valuep 0.0539 3.55 x 10712 #x= 0.0017 ** 0.021 * 0.0101 *

UCp 162 (51) 41 (55) 244 (48) 86 (61) 190 (80)

Cp 186 (47) 108 (56) 258 (33) 143 (75) 232 (70)
Reduction Cp — UCp 24 (13%) 67 (62%) 14 (5%) 57 (40%) 42 (18%)

p-valuep 0.238 0.0162 * 0.4812 0.0632 0.1341

In pediatric samples of UC patients, the expression of CSE was 62% lower compared
to healthy controls (p = 0.0162). The levels of the other enzymes also tended to be lower in
the rectum of UC patients compared to healthy controls (reduction: 3-MST: 13%; ETHE1:
5%; SQOR: 40%; TST: 18%).

3.5. Ascending Colon

The expression of HyS-producing enzymes 3-MST and CSE as well as of the detoxifying
ETHE1 was 47% to 85% lower in samples of the ascending colon of adult CD patients (3-
MST: p = 0.0188, reduction: 65%; CSE: p = 0.0004, reduction: 85%; ETHE1: p = 0.0026,
reduction: 47%) (Figure 10, Tables 7 and 8). The expression of SQOR and TST also tended
to be lower in adult CD patients (reduction: SQOR: 34%; TST: 31%).

In adult UC patients, a similar regulation was observed. CSE and ETHE1 showed a
70% and 47% lower expression, respectively, compared to healthy controls (CSE: p = 0.0019;
ETHELI: p = 0.0018). The expression of 3-MST, SQOR and TST tended to be lower as well
in adult UC patients compared to healthy controls (reduction: 3-MST: 40%; SQOR: 23%;
TST: 34%).

Table 7. Expression as mean with standard deviation (SD), absolute reduction and percentage as well
as p-value of the ascending colon in adults with Crohn’s disease (CDp) and adults with ulcerative
colitis (UC,) compared to age matched controls (Cp). Pediatric (P); adult (A); cystathionine-y-
lyase (CSE); 3-mercapto-sulfurtransferase (3-MST); ethylmalonic encephalopathy 1 protein (ETHE1);
sulfide:quinone oxidoreductase (SQOR) and thiosulfate sulfurtransferase (TST). * = p-value < 0.05,
** = p-value < 0.01, *** = p-value < 0.001.

Ascending Colon 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)

CD4 43 (31) 9 (6) 109 (78) 78 (74) 143 (79)

Ca 122 (94) 59 (64) 206 (77) 119 (92) 208 (89)
Reduction Cp, — CDy 79 (65%) 50 (85%) 97 (47%) 41 (34%) 65 (31%)

p-value 0.0188 * 0.0004 *** 0.0026 ** 0.3113 0.0692

UCyx 73 (66) 18 (35) 110 (76) 91 (90) 138 (87)

Ca 122 (94) 59 (64) 206(77)  119(92) 208 (89)
Reduction C5 — UCx 49 (40%) 41 (70%) 96 (47%) 28 (23%) 70 (34%)

p-value 0.1266 0.0019 ** 0.0018 ** 0.6992 0.0696
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Table 8. Expression as mean with standard deviation (SD), absolute reduction and percentage as well
as p-value of the ascending colon in children with Crohn’s disease (CDp) and children with ulcerative
colitis (UCp) compared to age matched controls (Cp). Pediatric (P); adult (A); cystathionine-y-
lyase (CSE); 3-mercapto-sulfurtransferase (3-MST); ethylmalonic encephalopathy 1 protein (ETHE1);
sulfide:quinone oxidoreductase (SQOR) and thiosulfate sulfurtransferase (TST). * = p-value < 0.05,
** = p-value < 0.01.

Ascending Colon 3-MST CSE ETHE1 SQOR TST
Expression Level, Mean (SD)
CDp 178 (72) 84 (44) 228 (54) 148 (75) 231 (28)
Cp 210 (46) 75 (46) 262 (44) 164 (56) 258 (37)
Reduction Cp — CDp 32 (15%) -9 (—12%) 34 (13%) 16 (10%) 27 (10%)
p-value 0.4635 0.5216 0.0837 0.5356 0.0308*
UCp 197 (87) 75 (65) 239 (57) 95 (55) 202 (54)
Cp 210 (46) 75 (46) 262 (44) 164 (56) 258 (37)
Reduction Cp — UCp 13 (6%) 0 (0%) 23 (9%) 69 (42%) 56 (22%)
p-value 0.8514 0.7052 0.3238 0.0078 ** 0.0118 *
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Figure 10. Expression of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST), ethyl-
malonic encephalopathy 1 protein (ETHE1), sulfide:quinone oxidoreductase (SQOR) and thiosulfate
sulfurtransferase (TST) in pediatric (P) and adult (A) samples in the ascending colon in Crohn’s

disease (CD), ulcerative colitis (UC) and healthy controls (C). Range of expression levels from a
minimum of 0 to a maximum of 300. * = p-value < 0.05, ** = p-value < 0.01, *** = p < 0.001.
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In contrast, in the ascending colon of pediatric CD patients, TST expression was
significantly lower than in healthy controls (p = 0.0308, reduction: 10%). There was also
a trend towards lower expression of 3-MST, ETHE1 and SQOR (reduction: 3-MST: 15%;
ETHEL: 13%; SQOR: 10%).

In pediatric UC patients, the expression of SQOR and TST in the ascending colon was
42% and 22% lower than in healthy controls (SQOR: p = 0.0078; TST: p = 0.0118). 3-MST
and ETHE1 expression also tended to be lower (reduction: 3-MST: 6%; ETHE1: 9%).

No difference was seen in the expression of CSE either in pediatric CD or in pediatric
UC patients.

3.6. Correlation with Severity of Inflammation

To investigate whether or not the lower expression of HyS-metabolizing enzymes
correlates with the degree of inflammation, the expression score and the HSS were subjected
to a non-parametric Spearman correlation analysis, which evaluates monotonic correlations.
This was conducted separately for pediatric and adult groups in the terminal ileum and the
ascending colon for the CD group and the rectum and ascending colon for the UC group.
No strong correlations were seen in either group (Appendix A: Figures A1-A3).

4. Discussion

In the present study, the expression of HyS-metabolizing enzymes was analyzed in
colonic mucosal biopsies of (i) healthy children and adults as well as (ii) pediatric and adult
patients with IBD in comparison to healthy controls.

(i) Our data suggest that the expression of HpS-producing and H,S-detoxifying enzymes
decreases with age. This seems to be a result of the physiological process of aging, as
a decrease of HyS-metabolizing enzymes was shown in various other organs during
aging [85-88]. To our knowledge, there has been no study so far on age-related
changes in the expression of HyS-metabolizing enzymes in the colon other than TST.
Yi et al. reported a decrease of TST in the human colonic epithelial cells of 25- to
65-year-old males throughout aging by proteomic analysis [89]. Many studies confirm
an age-related decline in the expression of certain metabolism-related proteins like
the oxidative phosphorylation complexes in mitochondria in the intestine and other
organs [90-95]. Ozsoy et al. demonstrated that there is a continuous decline in
the number of colonic crypts with a partial or complete loss of complexes I and
IV [90]. On a cellular level, H,S affects nearly all “hallmarks of aging”, which are
genomic instability, epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered
intracellular communication and telomere attrition [96]. This suggests that H»S might
play a modulating role in aging, even though its exact contribution to this complex
process is still being debated. In colonocytes, H,S might exert genotoxic effects, as it
does in human lung fibroblasts [97,98]. There, NaHS, a H,S donor, is seen to induce
fibroblast cell death by triggering the release of cytochrome ¢ and the translocation
of Bax into the mitochondria. It also induces p53 and is responsible for cell cycle
changes and micronuclei formation, which show an increased amount of DNA lesions
left unrepaired [98]. This genotoxicity of HjS, just like many of its other functions,
seems to be concentration dependent [97,98]. High concentrations inside the colon
might lead to genomic instability and the accumulation of mutations, which is seen in
colorectal cancer [97].

(ii) Regarding IBD, independent of the disease subtype, diseased adults show a downward
trend of lower expression of HyS-metabolizing enzymes compared to healthy controls.

As with aging, H,S has been reported to have positive and negative effects on in-
testinal disorders and inflammation, which is why its role is quite controversial [18,60].
Several studies on the changes in H,S-metabolizing enzymes associated with IBD have
already been published [17,19,20,61,80,81]. The studies examining CSE are contradic-
tory. Some results indicated a lower expression using Western blot analysis, while for
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example, Hirata et al. showed an increase in the enzyme expression using Western blot
analysis [20,80]. Wallace et al. also reported an increase in CSE levels using immunohisto-
chemical staining [17]. Yet, these studies were conducted in rodents, and the immunohis-
tochemical staining showed an increase in CSE expression in the mucosa and submucosa
while the epithelial cells remained unstained [17,80]. Consequently, this could still be in
line with our results, which focused on epithelial cells and detected a lower expression in
patients with IBD.

Studies on the other enzymes, namely ETHE1, TST and SQOR, all show a lower
expression in human and in animal colitis samples [20,61,81]. These studies, together
with our results, strengthen the assumption that the metabolism of H,S appears to be
dysfunctional in IBD in adults. Whether this is the consequence of the disease or part of
its cause is yet to be answered. The fact that children show a less pronounced reduction
when compared to controls indicates that the reduction might be a cumulative effect of the
inflammatory process as a consequence of the disease over time. Adults with IBD would
thus exhibit a greater difference in the expression of HyS-metabolizing enzymes compared
to healthy controls.

However, this is in contrast to the fact that lower expression scores do not correlate
with the severity of the inflammation in our study, yet, the cross-sectional design of our
study reflects the degree of inflammation at a single point in time rather than the actual
cumulative inflammatory burden.

The lower expression presented here, together with other studies that show lower
enzyme expression, supports the hypothesis that the expression of H,S-producing as well
as H,S-detoxifying enzymes might in fact be lower in IBD patients [17,19,20]. The lower
expression of enzymes of the H,S metabolism might lead to a loss of control of the H,S levels
the colon is exposed to. Consequently, it could be more vulnerable to high or low levels of
H,S in the lumen, both of which promote inflammation [18]. Lower enzyme expression
of detoxifying enzymes leading to an increased level of HyS would thus predispose to
the pro-inflammatory effects of H,S [17,75]. On the other hand, decreased levels of H,S
due to the lower expression of HyS-producing enzymes might increase the inflammatory
response caused by the lack of anti-inflammatory effects [19,76,77,99]. Since there are other
plausible factors involved, like diet and the composition of the microbiota, which affect
the HjS levels, it would be necessary to directly measure H;S levels in the colon. The
increased susceptibility to inflammation because of the inability to control luminal H,S
levels, however, could be the common denominator in many of the different hypotheses
about the pathogenesis of IBD. Several studies suggest an alteration in HyS-producing
microbiota as a decisive aspect in the development of IBD [61,100-102]. An increased level
of HjS in the colonic lumen has been shown to destabilize the protective mucosal layer,
which acts as a barrier between microbiota and the epithelium. This destabilization through
reduction of disulfide bonds most likely increases the interaction of bacteria with the
colonic epithelial cells [103]. Lower expression of detoxifying enzymes, as demonstrated
in this study, may accelerate or even initiate this process by allowing an unopposed
bacterial production of H,S. On the contrary, a lower expression of HyS-producing enzymes
may compromise the intestinal repair mechanisms [17,80]. Furthermore, endogenously
produced HjS has been shown to increase mucus production, inhibit the activation of the
inflammasome pathway and protect against barrier dysfunction [62,104,105]. A decrease in
these effects might contribute to the development or deterioration of IBD. As a result, no
matter which way the HjS level scale is tipped, the body will be unable to restore balance.
Nevertheless, further studies on changes in H,S levels inside the colon of patients with IBD
are needed to elucidate the consequences of low expression of HyS-metabolizing enzymes.

Data on HyS-metabolizing enzymes in human samples are very limited, especially in
children. To our knowledge, there is only one study, by Mottawea et al., which reported
a lower expression of TST, SQOR and ETHE1 in pediatric CD patients by employing
proteomic analysis of mucosal biopsies [61]. This is in agreement with our results showing
a lower expression of most HyS-metabolizing enzymes, which is less extensive than the
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differences in adults. All, except for CSE in the ascending colon of children with IBD and
ETHET1 as well as SQOR in the terminal ileum of pediatric CD patients, show a downward
trend. Mottawea et al. propose that the lower levels are due to the lack of butyrate-induced
gene expression [61]. However, the fact that the differences in enzyme expression in
children are not as pronounced as compared to those in adults with IBD suggests that other
factors might be necessary for the development of early-onset IBD.

Due to the limited sample size in each group, the statistical correlations are moderate.
Even though the study does not take the exogenous H,S metabolism into account, it is
the first study that comprehensively assesses the endogenous metabolism by not only
analyzing the production but also the detoxification pathways. Another main strength of
this study is the broad age spectrum of patients. Samples from patients over an age-span
of 80 years offer the chance to elucidate the changes in the expression of these complexes
throughout aging, which allows a better understanding of their role in the pathogenesis in
different age groups.

5. Conclusions

A reduction in the expression of HyS-synthesizing and H,S-detoxifying enzymes,
namely CSE, 3-MST, ETHE1, SQOR and TST, was observed in the comparison of colon
samples from healthy children and adults as well as in the comparison of adult IBD patients
and healthy controls. These results indicate a physiological decrease in the expression of
H;S-metabolizing enzymes with aging and a pronounced dysfunctional HyS metabolism in
adult patients with IBD compared to healthy controls. Unlike adult IBD patients, children
with IBD show fewer differences from their control group. This suggests that the disruption
of HyS metabolism is a consequence rather than a cause of inflammation in IBD, although
this is limited by the cross-sectional nature of the study. However, more research is needed
to answer this question and hopefully identify new targets for an effective treatment of IBD.
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Appendix A
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Figure A1l. Expression levels of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST),
ethylmalonic encephalopathy 1 protein (ETHEL1), Sulfide:quinone oxidoreductase (SQOR) and thio-
sulfate sulfurtransferase (TST) of biopsies from the terminal ileum compared to the histologic severity
score (HSS) of each sample, separated into Crohn’s disease (CD) and controls (C).
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Figure A2. Expression levels of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST),
ethylmalonic encephalopathy 1 protein (ETHEL1), Sulfide:quinone oxidoreductase (SQOR) and thio-
sulfate sulfurtransferase (TST) of biopsies from the rectum compared to the histologic severity score
(HSS) of each sample, separated into ulcerative colitis (UC) and controls (C).
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Figure A3. Expression levels of cystathionine-y-lyase (CSE), 3-mercapto-sulfurtransferase (3-MST),
ethylmalonic encephalopathy 1 protein (ETHE1), Sulfide:quinone oxidoreductase (SQOR) and thiosul-
fate sulfurtransferase (TST) of biopsies from the ascending colon compared to the histologic severity
score (HSS) of each sample, separated into Crohn’s disease, ulcerative colitis (UC) and controls (C).
References
1.  Evans, C.L. The toxicity of hydrogen sulphide and other sulphides. Q. J. Exp. Physiol. Cogn. Med. Sci. 1967, 52, 231-248. [CrossRef]
[PubMed]

2. Wang, R. The gasotransmitter role of hydrogen sulfide. Antioxid. Redox Signal. 2003, 5, 493-501. [CrossRef] [PubMed]

3. Olson, K.R. Vascular actions of hydrogen sulfide in nonmammalian vertebrates. Antioxid. Redox Signal. 2005, 7, 804-812.
[CrossRef] [PubMed]

4. Webb, G.D,; Lim, L.H.; Oh, VM.; Yeo, S.B.; Cheong, Y.P; Ali, M.Y,; El Oakley, R.; Lee, C.N.; Wong, PS.; Caleb, M.G.; et al.
Contractile and vasorelaxant effects of hydrogen sulfide and its biosynthesis in the human internal mammary artery. . Pharmacol.
Exp. Ther. 2008, 324, 876-882. [CrossRef] [PubMed]

5. Kabil, O.; Banerjee, R. Redox biochemistry of hydrogen sulfide. J. Biol. Chem. 2010, 285, 21903-21907. [CrossRef]

6. Kimura, H. Signaling molecules: Hydrogen sulfide and polysulfide. Antioxid. Redox Signal. 2015, 22, 362-376. [CrossRef]

7. Chiku, T,; Padovani, D.; Zhu, W.; Singh, S.; Vitvitsky, V.; Banerjee, R. H2S biogenesis by human cystathionine gamma-lyase leads
to the novel sulfur metabolites lanthionine and homolanthionine and is responsive to the grade of hyperhomocysteinemia. J. Biol.
Chem. 2009, 284, 11601-11612. [CrossRef]

8. Singh, S.; Padovani, D.; Leslie, R.A.; Chiku, T.; Banerjee, R. Relative contributions of cystathionine beta-synthase and gamma-
cystathionase to H2S biogenesis via alternative trans-sulfuration reactions. J. Biol. Chem. 2009, 284, 22457-22466. [CrossRef]

9.  Blachier, F; Beaumont, M.; Kim, E. Cysteine-derived hydrogen sulfide and gut health: A matter of endogenous or bacterial origin.
Curr. Opin. Clin. Nutr. Metab. Care 2019, 22, 68-75. [CrossRef]

10.  Gheibi, S.; Samsonov, A.P,; Vazquez, A.B.; Kashfi, K. Regulation of carbohydrate metabolism by nitric oxide and hydrogen sulfide:
Implications in diabetes. Biochem. Pharmacol. 2020, 176, 113819. [CrossRef]

11.  Kolluru, G.K;; Shen, X.; Bir, S.C.; Kevil, C.G. Hydrogen sulfide chemical biology: Pathophysiological roles and detection. Nitric
Oxide 2013, 35, 5-20. [CrossRef] [PubMed]

12.  Cao, X,; Ding, L.; Xie, Z.Z.; Yang, Y.; Whiteman, M.; Moore, P.K.; Bian, ].S. A Review of Hydrogen Sulfide Synthesis, Metabolism,
and Measurement: Is Modulation of Hydrogen Sulfide a Novel Therapeutic for Cancer? Antioxid. Redox Signal. 2019, 31, 1-38.
[CrossRef] [PubMed]


http://doi.org/10.1113/expphysiol.1967.sp001909
http://www.ncbi.nlm.nih.gov/pubmed/5182405
http://doi.org/10.1089/152308603768295249
http://www.ncbi.nlm.nih.gov/pubmed/13678538
http://doi.org/10.1089/ars.2005.7.804
http://www.ncbi.nlm.nih.gov/pubmed/15890028
http://doi.org/10.1124/jpet.107.133538
http://www.ncbi.nlm.nih.gov/pubmed/18029544
http://doi.org/10.1074/jbc.R110.128363
http://doi.org/10.1089/ars.2014.5869
http://doi.org/10.1074/jbc.M808026200
http://doi.org/10.1074/jbc.M109.010868
http://doi.org/10.1097/MCO.0000000000000526
http://doi.org/10.1016/j.bcp.2020.113819
http://doi.org/10.1016/j.niox.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23850632
http://doi.org/10.1089/ars.2017.7058
http://www.ncbi.nlm.nih.gov/pubmed/29790379

Antioxidants 2022, 11, 2235 20 of 23

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shibuya, N.; Koike, S.; Tanaka, M.; Ishigami-Yuasa, M.; Kimura, Y.; Ogasawara, Y.; Fukui, K.; Nagahara, N.; Kimura, H. A novel
pathway for the production of hydrogen sulfide from D-cysteine in mammalian cells. Nat. Commun. 2013, 4, 1366. [CrossRef]
[PubMed]

Abe, K.; Kimura, H. The possible role of hydrogen sulfide as an endogenous neuromodulator. |. Neurosci. 1996, 16, 1066-1071.
[CrossRef]

Calvert, ].W.; Coetzee, W.A_; Lefer, D.]. Novel insights into hydrogen sulfide—Mediated cytoprotection. Antioxid. Redox Signal.
2010, 12, 1203-1217. [CrossRef]

Kamoun, P. Endogenous production of hydrogen sulfide in mammals. Amino Acids 2004, 26, 243-254. [CrossRef]

Wallace, J.L.; Vong, L.; McKnight, W.; Dicay, M.; Martin, G.R. Endogenous and exogenous hydrogen sulfide promotes resolution
of colitis in rats. Gastroenterology 2009, 137, 569-578.e561. [CrossRef]

Guo, FF; Yu, T.C.; Hong, J.; Fang, ].Y. Emerging Roles of Hydrogen Sulfide in Inflammatory and Neoplastic Colonic Diseases.
Front. Physiol. 2016, 7, 156. [CrossRef]

De Cicco, P,; Sanders, T.; Cirino, G.; Maloy, K.J.; Ianaro, A. Hydrogen Sulfide Reduces Myeloid-Derived Suppressor Cell-Mediated
Inflammatory Response in a Model of. Front. Immunol. 2018, 9, 499. [CrossRef]

Taniguchi, E.; Matsunami, M.; Kimura, T.; Yonezawa, D.; Ishiki, T.; Sekiguchi, F; Nishikawa, H.; Maeda, Y,; Ishikura, H.; Kawabata, A.
Rhodanese, but not cystathionine-gamma-lyase, is associated with dextran sulfate sodium-evoked colitis in mice: A sign of
impaired colonic sulfide detoxification? Toxicology 2009, 264, 96-103. [CrossRef]

Linden, D.R.; Sha, L.; Mazzone, A.; Stoltz, G.J.; Bernard, C.E.; Furne, ].K,; Levitt, M.D.; Farrugia, G.; Szurszewski, ].H. Production
of the gaseous signal molecule hydrogen sulfide in mouse tissues. J. Neurochem. 2008, 106, 1577-1585. [CrossRef] [PubMed]
Flannigan, K.L.; Ferraz, ].G.; Wang, R.; Wallace, J.L. Enhanced synthesis and diminished degradation of hydrogen sulfide in
experimental colitis: A site-specific, pro-resolution mechanism. PLoS ONE 2013, 8, €71962. [CrossRef] [PubMed]

Blachier, F.; Davila, A.M.; Mimoun, S.; Benetti, PH.; Atanasiu, C.; Andriamihaja, M.; Benamouzig, R.; Bouillaud, F; Tomé, D.
Luminal sulfide and large intestine mucosa: Friend or foe? Amino Acids 2010, 39, 335-347. [CrossRef] [PubMed]

Beaumont, M.; Andriamihaja, M.; Lan, A.; Khodorova, N.; Audebert, M.; Blouin, ].M.; Grauso, M.; Lancha, L.; Benetti, PH.;
Benamouzig, R.; et al. Detrimental effects for colonocytes of an increased exposure to luminal hydrogen sulfide: The adaptive
response. Free Radic. Biol. Med. 2016, 93, 155-164. [CrossRef]

Magee, E.A_; Richardson, C.J.; Hughes, R.; Cummings, J.H. Contribution of dietary protein to sulfide production in the large
intestine: An in vitro and a controlled feeding study in humans. Am. J. Clin. Nutr. 2000, 72, 1488-1494. [CrossRef] [PubMed]
Andriamihaja, M.; Lan, A.; Beaumont, M.; Grauso, M.; Gotteland, M.; Pastene, E.; Cires, M.]J.; Carrasco-Pozo, C.; Tomé, D.;
Blachier, F. Proanthocyanidin-containing polyphenol extracts from fruits prevent the inhibitory effect of hydrogen sulfide on
human colonocyte oxygen consumption. Amino Acids 2018, 50, 755-763. [CrossRef]

Jensen, B.; Fago, A. Reactions of ferric hemoglobin and myoglobin with hydrogen sulfide under physiological conditions. J. Inorg.
Biochem. 2018, 182, 133-140. [CrossRef]

Suarez, F; Furne, J.; Springfield, J.; Levitt, M. Production and elimination of sulfur-containing gases in the rat colon. Am. J. Physiol.
1998, 274, G727-G733. [CrossRef]

Augustyn, K.D.; Jackson, M.R.; Jorns, M.S. Use of Tissue Metabolite Analysis and Enzyme Kinetics To Discriminate between
Alternate Pathways for Hydrogen Sulfide Metabolism. Biochemistry 2017, 56, 986-996. [CrossRef]

Jackson, M.R; Loll, PJ.; Jorns, M.S. X-Ray Structure of Human Sulfide:Quinone Oxidoreductase: Insights into the Mechanism of
Mitochondrial Hydrogen Sulfide Oxidation. Structure 2019, 27, 794-805.794. [CrossRef]

Landry, A.P; Ballou, D.P; Banerjee, R.H.J. H,S oxidation by nanodisc-embedded human sulfide quinone oxidoreductase. J. Biol.
Chem. 2017, 292, 11641-11649. [CrossRef] [PubMed]

Jackson, M.R.; Melideo, S.L.; Jorns, M.S. Human sulfide:quinone oxidoreductase catalyzes the first step in hydrogen sulfide
metabolism and produces a sulfane sulfur metabolite. Biochemistry 2012, 51, 6804—-6815. [CrossRef] [PubMed]

Kabil, O.; Motl, N.; Strack, M.; Seravalli, J.; Metzler-Nolte, N.; Banerjee, R. Mechanism-based inhibition of human persulfide
dioxygenase by y-glutamyl-homocysteinyl-glycine. J. Biol. Chem. 2018, 293, 12429-12439. [CrossRef] [PubMed]

Kabil, O.; Banerjee, R. Characterization of patient mutations in human persulfide dioxygenase (ETHE1) involved in H2S
catabolism. J. Biol. Chem. 2012, 287, 44561-44567. [CrossRef]

Pettinati, I.; Brem, J.; McDonough, M. A ; Schofield, C.J. Crystal structure of human persulfide dioxygenase: Structural basis of
ethylmalonic encephalopathy. Hum. Mol. Genet. 2015, 24, 2458-2469. [CrossRef]

Stipanuk, M.H. Metabolism of Sulfur-Containing Amino Acids: How the Body Copes with Excess Methionine, Cysteine, and
Sulfide. J. Nutr. 2020, 150, 24945-2505S. [CrossRef]

Libiad, M.; Sriraman, A.; Banerjee, R. Polymorphic Variants of Human Rhodanese Exhibit Differences in Thermal Stability and
Sulfur Transfer Kinetics. J. Biol. Chem. 2015, 290, 23579-23588. [CrossRef]

Jackson, M.R.; Melideo, S.L.; Jorns, M.S. Role of human sulfide: Quinone oxidoreductase in H2S metabolism. Methods Enzymol.
2015, 554, 255-270. [CrossRef]

Picton, R.; Eggo, M.C.; Merrill, G.A.; Langman, M.].; Singh, S. Mucosal protection against sulphide: Importance of the enzyme
rhodanese. Gut 2002, 50, 201-205. [CrossRef]

Levitt, M.D.; Furne, J.; Springfield, J.; Suarez, F.; DeMaster, E. Detoxification of hydrogen sulfide and methanethiol in the cecal
mucosa. J. Clin. Invest. 1999, 104, 1107-1114. [CrossRef]


http://doi.org/10.1038/ncomms2371
http://www.ncbi.nlm.nih.gov/pubmed/23340406
http://doi.org/10.1523/JNEUROSCI.16-03-01066.1996
http://doi.org/10.1089/ars.2009.2882
http://doi.org/10.1007/s00726-004-0072-x
http://doi.org/10.1053/j.gastro.2009.04.012
http://doi.org/10.3389/fphys.2016.00156
http://doi.org/10.3389/fimmu.2018.00499
http://doi.org/10.1016/j.tox.2009.07.018
http://doi.org/10.1111/j.1471-4159.2008.05502.x
http://www.ncbi.nlm.nih.gov/pubmed/18513201
http://doi.org/10.1371/journal.pone.0071962
http://www.ncbi.nlm.nih.gov/pubmed/23940796
http://doi.org/10.1007/s00726-009-0445-2
http://www.ncbi.nlm.nih.gov/pubmed/20020161
http://doi.org/10.1016/j.freeradbiomed.2016.01.028
http://doi.org/10.1093/ajcn/72.6.1488
http://www.ncbi.nlm.nih.gov/pubmed/11101476
http://doi.org/10.1007/s00726-018-2558-y
http://doi.org/10.1016/j.jinorgbio.2018.02.007
http://doi.org/10.1152/ajpgi.1998.274.4.G727
http://doi.org/10.1021/acs.biochem.6b01093
http://doi.org/10.1016/j.str.2019.03.002
http://doi.org/10.1074/jbc.M117.788547
http://www.ncbi.nlm.nih.gov/pubmed/28512131
http://doi.org/10.1021/bi300778t
http://www.ncbi.nlm.nih.gov/pubmed/22852582
http://doi.org/10.1074/jbc.RA118.004096
http://www.ncbi.nlm.nih.gov/pubmed/29980601
http://doi.org/10.1074/jbc.M112.407411
http://doi.org/10.1093/hmg/ddv007
http://doi.org/10.1093/jn/nxaa094
http://doi.org/10.1074/jbc.M115.675694
http://doi.org/10.1016/bs.mie.2014.11.037
http://doi.org/10.1136/gut.50.2.201
http://doi.org/10.1172/JCI7712

Antioxidants 2022, 11, 2235 21 of 23

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.
65.

66.

Blackstone, E.; Morrison, M.; Roth, M.B. H2S induces a suspended animation-like state in mice. Science 2005, 308, 518. [CrossRef]
[PubMed]

Moddis, K.; Coletta, C.; Erdélyi, K.; Papapetropoulos, A.; Szabo, C. Intramitochondrial hydrogen sulfide production by 3-
mercaptopyruvate sulfurtransferase maintains mitochondrial electron flow and supports cellular bioenergetics. FASEB |. 2013, 27,
601-611. [CrossRef] [PubMed]

Szabo, C.; Coletta, C.; Chao, C.; Médis, K.; Szczesny, B.; Papapetropoulos, A.; Hellmich, M.R. Tumor-derived hydrogen sulfide,
produced by cystathionine-f-synthase, stimulates bioenergetics, cell proliferation, and angiogenesis in colon cancer. Proc. Natl.
Acad. Sci. USA 2013, 110, 12474-12479. [CrossRef] [PubMed]

Szabo, C.; Ransy, C.; Mdédis, K.; Andriamihaja, M.; Murghes, B.; Coletta, C.; Olah, G.; Yanagi, K.; Bouillaud, F. Regulation of
mitochondrial bioenergetic function by hydrogen sulfide. Part I. Biochemical and physiological mechanisms. Br. J. Pharmacol.
2014, 171, 2099-2122. [CrossRef]

Yong, R.; Searcy, D.G. Sulfide oxidation coupled to ATP synthesis in chicken liver mitochondria. Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 2001, 129, 129-137. [CrossRef]

Goubern, M.; Andriamihaja, M.; Niibel, T.; Blachier, F.; Bouillaud, F. Sulfide, the first inorganic substrate for human cells. FASEB ].
2007, 21, 1699-1706. [CrossRef]

Mimoun, S.; Andriamihaja, M.; Chaumontet, C.; Atanasiu, C.; Benamouzig, R.; Blouin, ].M.; Tomé, D.; Bouillaud, F.; Blachier, F.
Detoxification of H(2)S by differentiated colonic epithelial cells: Implication of the sulfide oxidizing unit and of the cell respiratory
capacity. Antioxid. Redox Signal. 2012, 17, 1-10. [CrossRef]

Chunyu, Z.; Junbao, D.; Dingfang, B.; Hui, Y.; Xiuying, T.; Chaoshu, T. The regulatory effect of hydrogen sulfide on hypoxic
pulmonary hypertension in rats. Biochem. Biophys. Res. Commun. 2003, 302, 810-816. [CrossRef]

Qingyou, Z.; Junbao, D.; Weijin, Z.; Hui, Y.; Chaoshu, T.; Chunyu, Z. Impact of hydrogen sulfide on carbon monoxide/heme
oxygenase pathway in the pathogenesis of hypoxic pulmonary hypertension. Biochem. Biophys. Res. Commun. 2004, 317, 30-37.
[CrossRef]

Li, Y,; Liu, G,; Cai, D.; Pan, B,; Lin, Y,; Li, X;; Li, S.; Zhu, L.; Liao, X.; Wang, H. H,S inhibition of chemical hypoxia-induced
proliferation of HPASMCs is mediated by the upregulation of COX-2/PGI2. Int. |. Mol. Med. 2014, 33, 359-366. [CrossRef]

Wu, J.; Pan, W.; Wang, C.; Dong, H.; Xing, L.; Hou, J.; Fang, S.; Li, H.; Yang, F; Yu, B.H. H;S attenuates endoplasmic reticulum
stress in hypoxia-induced pulmonary artery hypertension. Biosci. Rep. 2019, 39, BSR20190304. [CrossRef]

Zhu, L.; Yang, B.; Ma, D.; Wang, L.; Duan, W. Hydrogen Sulfide, Adipose Tissue and Diabetes Mellitus. Diabetes Metab. Syndr.
Obes. 2020, 13, 1873-1886. [CrossRef] [PubMed]

Yang, N.; Liu, Y.; Li, T.; Tuo, Q. Role of Hydrogen Sulfide in Chronic Diseases. DNA Cell Biol. 2020, 39, 187-196. [CrossRef]
[PubMed]

Si, Y.F; Wang, J.; Guan, ].; Zhou, L.; Sheng, Y.; Zhao, ]. Treatment with hydrogen sulfide alleviates streptozotocin-induced diabetic
retinopathy in rats. Br. |. Pharmacol. 2013, 169, 619-631. [CrossRef]

John, AM.S.P; Kundu, S.; Pushpakumar, S.; Fordham, M.; Weber, G.; Mukhopadhyay, M.; Sen, U. GYY4137, a Hydrogen Sulfide
Donor Modulates miR194-Dependent Collagen Realignment in Diabetic Kidney. Sci. Rep. 2017, 7, 10924. [CrossRef]

Elrod, ].W.,; Calvert, ].W.; Morrison, J.; Doeller, ].E.; Kraus, D.W.; Tao, L.; Jiao, X.; Scalia, R.; Kiss, L.; Szabo, C.; et al. Hydrogen
sulfide attenuates myocardial ischemia-reperfusion injury by preservation of mitochondrial function. Proc. Natl. Acad. Sci. USA
2007, 104, 15560-15565. [CrossRef]

Pan, L.L,; Liu, X.H.; Shen, Y.Q.; Wang, N.Z.; Xu, J.; Wu, D.; Xiong, Q.H.; Deng, H.Y.; Huang, G.Y.; Zhu, Y.Z. Inhibition of NADPH
oxidase 4-related signaling by sodium hydrosulfide attenuates myocardial fibrotic response. Int. J. Cardiol. 2013, 168, 3770-3778.
[CrossRef]

Pan, L.L.; Wang, X.L.; Zhu, Y.Z. Sodium hydrosulfide prevents myocardial dysfunction through modulation of extracellular
matrix accumulation and vascular density. Int. J. Mol. Sci. 2014, 15, 23212-23226. [CrossRef]

Blachier, F.; Andriamihaja, M.; Larraufie, P; Ahn, E.; Lan, A.; Kim, E. Production of hydrogen sulfide by the intestinal microbiota
and epithelial cells and consequences for the colonic and rectal mucosa. Am. |. Physiol. Gastrointest. Liver Physiol. 2021, 320,
G125-G135. [CrossRef]

Medani, M.; Collins, D.; Docherty, N.G.; Baird, A.W.; O’Connell, PR.; Winter, D.C. Emerging role of hydrogen sulfide in colonic
physiology and pathophysiology. Inflamm. Bowel Dis. 2011, 17, 1620-1625. [CrossRef]

Mottawea, W.; Chiang, C.K.; Miihlbauer, M.; Starr, A.E.; Butcher, J.; Abujamel, T.; Deeke, S.A.; Brandel, A.; Zhou, H,;
Shokralla, S.; et al. Altered intestinal microbiota-host mitochondria crosstalk in new onset Crohn’s disease. Nat. Commun.
2016, 7, 13419. [CrossRef]

Motta, J.P.; Flannigan, K.L.; Agbor, T.A.; Beatty, ] K.; Blackler, R.W.; Workentine, M.L.; Da Silva, G.J.; Wang, R.; Buret, A.G;
Wallace, J.L. Hydrogen sulfide protects from colitis and restores intestinal microbiota biofilm and mucus production. Inflamm.
Bowel Dis. 2015, 21, 1006-1017. [CrossRef] [PubMed]

Podolsky, D.K. Inflammatory bowel disease. N. Engl. |. Med. 2002, 347, 417-429. [CrossRef]

Baumgart, D.C.; Sandborn, W.J. Crohn’s disease. Lancet 2012, 380, 1590-1605. [CrossRef]

Liu, T.C,; Stappenbeck, T.S. Genetics and Pathogenesis of Inflammatory Bowel Disease. Annu. Rev. Pathol. 2016, 11, 127-148.
[CrossRef]

Torres, J.; Mehandru, S.; Colombel, J.E; Peyrin-Biroulet, L. Crohn’s disease. Lancet 2017, 389, 1741-1755. [CrossRef]


http://doi.org/10.1126/science.1108581
http://www.ncbi.nlm.nih.gov/pubmed/15845845
http://doi.org/10.1096/fj.12-216507
http://www.ncbi.nlm.nih.gov/pubmed/23104984
http://doi.org/10.1073/pnas.1306241110
http://www.ncbi.nlm.nih.gov/pubmed/23836652
http://doi.org/10.1111/bph.12369
http://doi.org/10.1016/S1096-4959(01)00309-8
http://doi.org/10.1096/fj.06-7407com
http://doi.org/10.1089/ars.2011.4186
http://doi.org/10.1016/S0006-291X(03)00256-0
http://doi.org/10.1016/j.bbrc.2004.02.176
http://doi.org/10.3892/ijmm.2013.1579
http://doi.org/10.1042/BSR20190304
http://doi.org/10.2147/DMSO.S249605
http://www.ncbi.nlm.nih.gov/pubmed/32581562
http://doi.org/10.1089/dna.2019.5067
http://www.ncbi.nlm.nih.gov/pubmed/31895585
http://doi.org/10.1111/bph.12163
http://doi.org/10.1038/s41598-017-11256-3
http://doi.org/10.1073/pnas.0705891104
http://doi.org/10.1016/j.ijcard.2013.06.007
http://doi.org/10.3390/ijms151223212
http://doi.org/10.1152/ajpgi.00261.2020
http://doi.org/10.1002/ibd.21528
http://doi.org/10.1038/ncomms13419
http://doi.org/10.1097/MIB.0000000000000345
http://www.ncbi.nlm.nih.gov/pubmed/25738373
http://doi.org/10.1056/NEJMra020831
http://doi.org/10.1016/S0140-6736(12)60026-9
http://doi.org/10.1146/annurev-pathol-012615-044152
http://doi.org/10.1016/S0140-6736(16)31711-1

Antioxidants 2022, 11, 2235 22 of 23

67.
68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ordas, I.; Eckmann, L.; Talamini, M.; Baumgart, D.C.; Sandborn, W.J. Ulcerative colitis. Lancet 2012, 380, 1606—1619. [CrossRef]
Chaparro, M.; Garre, A.; Nufiez Ortiz, A.; Diz-Lois Palomares, M.T.; Rodriguez, C.; Riestra, S.; Vela, M.; Benitez, ].M.; Ferndndez
Salgado, E.; Sanchez Rodriguez, E.; et al. Incidence, Clinical Characteristics and Management of Inflammatory Bowel Disease in
Spain: Large-Scale Epidemiological Study. J. Clin. Med. 2021, 10, 2885. [CrossRef] [PubMed]

Van Limbergen, J.; Russell, RK.; Drummond, H.E.; Aldhous, M.C.; Round, N.K;; Nimmo, E.R.; Smith, L.; Gillett, PM.; McGrogan, P,;
Weaver, L.T.; et al. Definition of phenotypic characteristics of childhood-onset inflammatory bowel disease. Gastroenterology 2008,
135,1114-1122. [CrossRef]

Pigneur, B.; Seksik, P; Viola, S.; Viala, J.; Beaugerie, L.; Girardet, ].P.; Ruemmele, EM.; Cosnes, J. Natural history of Crohn’s
disease: Comparison between childhood- and adult-onset disease. Inflamm. Bowel Dis. 2010, 16, 953-961. [CrossRef]

Guan, Q. A Comprehensive Review and Update on the Pathogenesis of Inflammatory Bowel Disease. |. Immunol. Res. 2019, 2019,
7247238. [CrossRef] [PubMed]

Zhang, Y.Z.; Li, Y.Y. Inflammatory bowel disease: Pathogenesis. World ]. Gastroenterol. 2014, 20, 91-99. [CrossRef] [PubMed]
Dixon, L.J.; Kabi, A.; Nickerson, K.P.; McDonald, C. Combinatorial effects of diet and genetics on inflammatory bowel disease
pathogenesis. Inflamm. Bowel Dis. 2015, 21, 912-922. [CrossRef] [PubMed]

Leone, V.; Chang, E.B.; Devkota, S. Diet, microbes, and host genetics: The perfect storm in inflammatory bowel diseases.
J. Gastroenterol. 2013, 48, 315-321. [CrossRef]

Levitt, M.D.; Springfield, J.; Furne, J.; Koenig, T.; Suarez, FL. Physiology of sulfide in the rat colon: Use of bismuth to assess
colonic sulfide production. J. Appl. Physiol. (1985) 2002, 92, 1655-1660. [CrossRef]

Wallace, J.L.; Dicay, M.; McKnight, W.; Martin, G.R. Hydrogen sulfide enhances ulcer healing in rats. FASEB ]. 2007, 21, 4070-4076.
[CrossRef]

Wallace, ].L.; Ianaro, A.; de Nucci, G. Gaseous Mediators in Gastrointestinal Mucosal Defense and Injury. Dig. Dis. Sci. 2017, 62,
2223-2230. [CrossRef]

Pitcher, M.C.; Beatty, E.R.; Cummings, ].H. The contribution of sulphate reducing bacteria and 5-aminosalicylic acid to faecal
sulphide in patients with ulcerative colitis. Gut 2000, 46, 64-72. [CrossRef]

Rowan, EE.; Docherty, N.G.; Coffey, ].C.; O’Connell, P.R. Sulphate-reducing bacteria and hydrogen sulphide in the aetiology of
ulcerative colitis. Br. J. Surg. 2009, 96, 151-158. [CrossRef]

Hirata, I.; Naito, Y.; Takagi, T.; Mizushima, K.; Suzuki, T.; Omatsu, T.; Handa, O.; Ichikawa, H.; Ueda, H.; Yoshikawa, T.
Endogenous hydrogen sulfide is an anti-inflammatory molecule in dextran sodium sulfate-induced colitis in mice. Dig. Dis. Sci.
2011, 56, 1379-1386. [CrossRef]

De Preter, V.; Arijs, I.; Windey, K.; Vanhove, W.; Vermeire, S.; Schuit, F.; Rutgeerts, P.; Verbeke, K. Decreased mucosal sulfide
detoxification is related to an impaired butyrate oxidation in ulcerative colitis. Inflamm. Bowel Dis. 2012, 18, 2371-2380. [CrossRef]
[PubMed]

Picton, R.; Eggo, M.C.; Langman, M.].; Singh, S. Impaired detoxication of hydrogen sulfide in ulcerative colitis? Dig. Dis. Sci.
2007, 52, 373-378. [CrossRef] [PubMed]

Schneider, A.M.; Ozsoy, M.; Zimmermann, FA.; Brunner, S.M.; Feichtinger, R.G.; Mayr, J.A.; Kofler, B.; Neureiter, D.; Klieser, E.;
Aigner, E.; et al. Expression of Oxidative Phosphorylation Complexes and Mitochondrial Mass in Pediatric and Adult Inflamma-
tory Bowel Disease. Oxid. Med. Cell Longev. 2022, 2022, 9151169. [CrossRef] [PubMed]

Zimmermann, FA.; Mayr, ]J.A.; Neureiter, D.; Feichtinger, R.; Alinger, B.; Jones, N.D.; Eder, W.; Sperl, W.; Kofler, B. Lack of
complex I is associated with oncocytic thyroid tumours. Br. J. Cancer 2009, 100, 1434-1437. [CrossRef] [PubMed]

Zivanovic, J.; Kouroussis, E.; Kohl, J.B.; Adhikari, B.; Bursac, B.; Schott-Roux, S.; Petrovic, D.; Miljkovic, J.L.; Thomas-Lopez, D.;
Jung, Y.; et al. Selective Persulfide Detection Reveals Evolutionarily Conserved Antiaging Effects of S-Sulfhydration. Cell Metab.
2019, 30, 1152-1170.e1113. [CrossRef]

Sastre, J.; Martin, J.A.; Gémez-Cabrera, M.C.; Pereda, J.; Borras, C.; Pallardo, EV.; Vifia, J. Age-associated oxidative damage leads
to absence of gamma-cystathionase in over 50% of rat lenses: Relevance in cataractogenesis. Free Radic. Biol. Med. 2005, 38,
575-582. [CrossRef]

Hou, C.L.; Wang, M.].; Sun, C.; Huang, Y,; Jin, S.; Mu, X.P; Chen, Y.; Zhu, Y.C. Protective Effects of Hydrogen Sulfide in the
Ageing Kidney. Oxid. Med. Cell Longev. 2016, 2016, 7570489. [CrossRef]

Wu, W.; Hou, C.L.; Mu, X.P; Sun, C.; Zhu, Y.C.; Wang, M.].; Lv, Q.Z. HyS Donor NaHS Changes the Production of Endogenous
H,S and NO in D-Galactose-Induced Accelerated Ageing. Oxid. Med. Cell Longev. 2017, 2017, 5707830. [CrossRef]

Yi, H.; Li, XH.; Yi, B;; Zheng, ].; Zhu, G.; Li, C,; Li, M.Y.; Zhang, P.F; Li, ].L.; Chen, Z.C.; et al. Identification of Rack1, EF-Tu and
Rhodanese as aging-related proteins in human colonic epithelium by proteomic analysis. J. Proteome Res. 2010, 9, 1416-1423.
[CrossRef]

Ozsoy, M.; Zimmermann, FA.; Feichtinger, R.G.; Mayr, J.A.; Kofler, B.; Neureiter, D.; Klieser, E.; Schiitz, S.; Weghuber, D.;
Schneider, A.M. Changes in the expression of oxidative phosphorylation complexes in the aging intestinal mucosa. Exp. Gerontol.
2020, 135, 110924. [CrossRef]

Greaves, L.C.; Barron, M.].; Plusa, S.; Kirkwood, T.B.; Mathers, ].C.; Taylor, R.W.; Turnbull, D.M. Defects in multiple complexes of
the respiratory chain are present in ageing human colonic crypts. Exp. Gerontol. 2010, 45, 573-579. [CrossRef] [PubMed]
Boengler, K.; Kosiol, M.; Mayr, M.; Schulz, R.; Rohrbach, S. Mitochondria and ageing: Role in heart, skeletal muscle and adipose
tissue. J. Cachexia Sarcopenia Muscle 2017, 8, 349-369. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(12)60150-0
http://doi.org/10.3390/jcm10132885
http://www.ncbi.nlm.nih.gov/pubmed/34209680
http://doi.org/10.1053/j.gastro.2008.06.081
http://doi.org/10.1002/ibd.21152
http://doi.org/10.1155/2019/7247238
http://www.ncbi.nlm.nih.gov/pubmed/31886308
http://doi.org/10.3748/wjg.v20.i1.91
http://www.ncbi.nlm.nih.gov/pubmed/24415861
http://doi.org/10.1097/MIB.0000000000000289
http://www.ncbi.nlm.nih.gov/pubmed/25581832
http://doi.org/10.1007/s00535-013-0777-2
http://doi.org/10.1152/japplphysiol.00907.2001
http://doi.org/10.1096/fj.07-8669com
http://doi.org/10.1007/s10620-017-4681-0
http://doi.org/10.1136/gut.46.1.64
http://doi.org/10.1002/bjs.6454
http://doi.org/10.1007/s10620-010-1461-5
http://doi.org/10.1002/ibd.22949
http://www.ncbi.nlm.nih.gov/pubmed/22434643
http://doi.org/10.1007/s10620-006-9529-y
http://www.ncbi.nlm.nih.gov/pubmed/17216575
http://doi.org/10.1155/2022/9151169
http://www.ncbi.nlm.nih.gov/pubmed/35035669
http://doi.org/10.1038/sj.bjc.6605028
http://www.ncbi.nlm.nih.gov/pubmed/19352385
http://doi.org/10.1016/j.cmet.2019.10.007
http://doi.org/10.1016/j.freeradbiomed.2004.11.029
http://doi.org/10.1155/2016/7570489
http://doi.org/10.1155/2017/5707830
http://doi.org/10.1021/pr9009386
http://doi.org/10.1016/j.exger.2020.110924
http://doi.org/10.1016/j.exger.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20096767
http://doi.org/10.1002/jcsm.12178
http://www.ncbi.nlm.nih.gov/pubmed/28432755

Antioxidants 2022, 11, 2235 23 of 23

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Taylor, R.W.; Barron, M.J.; Borthwick, G.M.; Gospel, A.; Chinnery, P.F,; Samuels, D.C.; Taylor, G.A.; Plusa, S.M.; Needham, S.J.;
Greaves, L.C.; et al. Mitochondrial DNA mutations in human colonic crypt stem cells. J. Clin. Invest. 2003, 112, 1351-1360.
[CrossRef] [PubMed]

Corsetti, G.; Pasini, E.; D’Antona, G.; Nisoli, E.; Flati, V.; Assanelli, D.; Dioguardi, ES.; Bianchi, R. Morphometric changes induced
by amino acid supplementation in skeletal and cardiac muscles of old mice. Am. ]. Cardiol. 2008, 101, 26E-34E. [CrossRef]
[PubMed]

Aspnes, LE.; Lee, CM.; Weindruch, R.; Chung, S.S.; Roecker, E.B.; Aiken, J.M. Caloric restriction reduces fiber loss and
mitochondrial abnormalities in aged rat muscle. FASEB |. 1997, 11, 573-581. [CrossRef]

Perridon, B.W.; Leuvenink, H.G.; Hillebrands, ].L.; van Goor, H.; Bos, E.M. The role of hydrogen sulfide in aging and age-related
pathologies. Aging 2016, 8, 2264-2289. [CrossRef]

Attene-Ramos, M.S.; Wagner, E.D.; Plewa, M.].; Gaskins, H.R. Evidence that hydrogen sulfide is a genotoxic agent. Mol. Cancer
Res. 2006, 4, 9-14. [CrossRef]

Baskar, R.; Li, L.; Moore, PX. Hydrogen sulfide-induces DNA damage and changes in apoptotic gene expression in human lung
fibroblast cells. FASEB J. 2007, 21, 247-255. [CrossRef]

Oh, G.S.; Pae, H.O.; Lee, B.S.; Kim, B.N.; Kim, ] M.; Kim, H.R.; Jeon, S.B.; Jeon, WK.; Chae, H.J.; Chung, H.T. Hydrogen
sulfide inhibits nitric oxide production and nuclear factor-kappaB via heme oxygenase-1 expression in RAW264.7 macrophages
stimulated with lipopolysaccharide. Free Radic. Biol. Med. 2006, 41, 106-119. [CrossRef]

Mills, D.J.; Tuohy, K.M.; Booth, J.; Buck, M.; Crabbe, M.].; Gibson, G.R.; Ames, ].M. Dietary glycated protein modulates the colonic
microbiota towards a more detrimental composition in ulcerative colitis patients and non-ulcerative colitis subjects. |. Appl.
Microbiol. 2008, 105, 706-714. [CrossRef]

Verma, R.; Verma, A K.; Ahuja, V.; Paul, J. Real-time analysis of mucosal flora in patients with inflammatory bowel disease in
India. J. Clin. Microbiol. 2010, 48, 4279-4282. [CrossRef]

Loubinoux, J.; Bronowicki, J.P,; Pereira, I.A.; Mougenel, J.L.; Faou, A.E. Sulfate-reducing bacteria in human feces and their
association with inflammatory bowel diseases. FEMS Microbiol. Ecol. 2002, 40, 107-112. [CrossRef] [PubMed]

Ijssennagger, N.; Belzer, C.; Hooiveld, G.J.; Dekker, J.; van Mil, S.W.; Miiller, M.; Kleerebezem, M.; van der Meer, R. Gut microbiota
facilitates dietary heme-induced epithelial hyperproliferation by opening the mucus barrier in colon. Proc. Natl. Acad. Sci. USA
2015, 112, 10038-10043. [CrossRef] [PubMed]

Qin, M.; Long, F; Wu, W.; Yang, D.; Huang, M.; Xiao, C.; Chen, X.; Liu, X.; Zhu, Y.Z. Hydrogen sulfide protects against
DSS-induced colitis by inhibiting NLRP3 inflammasome. Free Radic. Biol. Med. 2019, 137, 99-109. [CrossRef]

Chen, S.; Bu, D.;Ma, Y,; Zhu, J.; Sun, L.; Zuo, S.; Ma, J.; Li, T.; Chen, Z.; Zheng, Y.; et al. GYY4137 ameliorates intestinal barrier
injury in a mouse model of endotoxemia. Biochem. Pharmacol. 2016, 118, 59—67. [CrossRef] [PubMed]


http://doi.org/10.1172/JCI19435
http://www.ncbi.nlm.nih.gov/pubmed/14597761
http://doi.org/10.1016/j.amjcard.2008.02.078
http://www.ncbi.nlm.nih.gov/pubmed/18514623
http://doi.org/10.1096/fasebj.11.7.9212081
http://doi.org/10.18632/aging.101026
http://doi.org/10.1158/1541-7786.MCR-05-0126
http://doi.org/10.1096/fj.06-6255com
http://doi.org/10.1016/j.freeradbiomed.2006.03.021
http://doi.org/10.1111/j.1365-2672.2008.03783.x
http://doi.org/10.1128/JCM.01360-10
http://doi.org/10.1111/j.1574-6941.2002.tb00942.x
http://www.ncbi.nlm.nih.gov/pubmed/19709217
http://doi.org/10.1073/pnas.1507645112
http://www.ncbi.nlm.nih.gov/pubmed/26216954
http://doi.org/10.1016/j.freeradbiomed.2019.04.025
http://doi.org/10.1016/j.bcp.2016.08.016
http://www.ncbi.nlm.nih.gov/pubmed/27553476

	Introduction 
	Materials and Methods 
	Patients and Tissue Samples 
	Immunohistochemistry 
	Evaluation and Statistics 

	Results 
	Age-Related Difference 
	Disease Related Difference 
	Terminal Ileum (Crohn’s Disease) 
	Rectum (Ulcerative Colitis) 
	Ascending Colon 
	Correlation with Severity of Inflammation 

	Discussion 
	Conclusions 
	Appendix A
	References

