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Abstract: Inflammatory bowel diseases (IBD) are chronic, inflammatory disorders of the gastroin-
testinal (GI) system, which have become a global disease over the past few decades. It has become
increasingly clear that oxidative stress plays a role in the pathogenesis of IBD. Even though several
effective therapies exist against IBD, these might have serious side effects. It has been proposed
that hydrogen sulfide (H2S), as a novel gasotransmitter, has several physiological and pathological
effects on the body. Our present study aimed to investigate the effects of H2S administration on
antioxidant molecules in experimental rat colitis. As a model of IBD, 2,4,6-trinitrobenzenesulfonic
acid (TNBS) was used intracolonically (i.c.) to induce colitis in male Wistar–Hannover rats. Animals
were orally treated (2 times/day) with H2S donor Lawesson’s reagent (LR). Our results showed that
H2S administration significantly decreased the severity of inflammation in the colons. Furthermore,
LR significantly suppressed the level of oxidative stress marker 3-nitrotyrosine (3-NT) and caused a
significant elevation in the levels of antioxidant GSH, Prdx1, Prdx6, and the activity of SOD compared
to TNBS. In conclusion, our results suggest that these antioxidants may offer potential therapeutic tar-
gets and H2S treatment through the activation of antioxidant defense mechanisms and may provide
a promising strategy against IBD.

Keywords: hydrogen sulfide; inflammation; inflammatory bowel disease; colitis; peroxiredoxins;
antioxidants

1. Introduction

Inflammatory bowel diseases (IBD) are chronic, inflammatory disorders of the gas-
trointestinal (GI) system which have become a global disease over the past few decades [1].
IBD comprises two main types: Crohn’s disease (CD) and ulcerative colitis (UC). CD and
UC are intermittent diseases with the cyclic alternation of relapse and remission states and
are characterized by many similar symptoms. However, the development and manifesta-
tion of these diseases are different [2]. CD can affect any part of the GI tract with transmural
inflammation [3], while UC shows continuous superficial damage, which localizes in the
colon [4]. Although currently used medications are commonly effective, they often cause
side effects, and the long-term usage of these drugs is not recommended [5]. Therefore,
new therapeutic targets and the development of new treatments are needed.

Even though IBD has been intensively researched, its pathogenesis is not fully under-
stood. However, it is increasingly clear that oxidative stress is involved in the development
and progression of IBD [6]. Under oxidative stress conditions, the oxidant/antioxidant
homeostasis is disturbed through an excessive release of reactive oxygen species (ROS).
During cellular oxygen metabolism, ROS are continuously produced as a byproduct in the
body, including free radicals such as the superoxide anion (O2

•−), hydroxyl radical (OH•−),
non-radical hydrogen peroxide (H2O2) and hypochlorous acid (HOCl). Furthermore, ROS
in analog with reactive nitrogen species (RNS) such as nitric oxide (NO), nitrogen dioxide
(NO2), and peroxynitrite (ONOO−) are derived from nitrogen [7]. Nitrotyrosine (3-NT),
which is formed through post-translational protein modification on free tyrosine residues
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by ONOO−, can be considered a marker of oxidative or nitrosative stress [8]. At an optimal
concentration, ROS act as regulators of several signaling pathways; however, the accumula-
tion of ROS in cells can cause reversible or irreversible structural and functional damage
in many cell components and macromolecules, especially membrane lipids, proteins, and
DNA [7]. Consequently, increased and uncontrolled ROS production leads to the injury of
the mucosal barrier and the invasion of opportunistic pathogens contributing to inflamma-
tory processes and tissue destruction in IBD [9]. The maintenance of intracellular redox
homeostasis is mainly regulated by an endogenous antioxidant defense system, which
consists of non-enzymatic and enzymatic antioxidants [7]. The major intracellular non-
enzymatic compound is the glutathione (GSH), which can directly scavenge ROS, including
O2
•−, OH•−, and ONOO−, which serves as a co-factor for glutathione peroxidases (GPXs)

in the detoxification processes of H2O2, and lipid hydroperoxides [10]. Furthermore, the
most important defense mechanisms to avoid ROS-mediated damages are controlled by
antioxidant enzymes, such as superoxide dismutases (SODs), GPXs, catalases (CATs), and
peroxiredoxins (Prdxs) [11]. SODs play a central role in the protection against oxidative
stress. These enzymes catalyze the dismutation of O2

•− by converting it to H2O2, and
furthermore, by removing O2

•−, the enzyme inhibits the generation of ONOO− from O2
•−

and NO [12]. CATs and GPXs can transform H2O2 into water [13]. Additionally, Prdxs, a
ubiquitous family of thiol-dependent peroxidases, neutralize H2O2, hydroperoxides, and
ONOO−, protecting cells from oxidative damage. In mammalian cells, six Prdx isoforms
have been identified (Prdx1–6) [14]. From these, the roles of Prdx1 [15], -2 [16], -4 [17], and
6 [18] have been suggested to be implicated in IBD. Several studies have demonstrated,
in line with the excessive generation of reactive free radicals in IBD, how the levels of
endogenous antioxidants and antioxidant enzymes in colonic tissues are decreased [19].
Therefore, the enhancement of antioxidant defense may represent an effective therapy
for IBD.

Based on the research of the last two decades, H2S is now accepted as an important
signaling gas molecule in the body, along with nitric oxide (NO) and carbon monoxide
(CO) [20]. Endogenous H2S is synthesized both enzymatically and non-enzymatically, and
primarily during the metabolism of cysteine via transsulfuration pathways [21]. H2S has
several molecular targets, such as different ion channels, receptors, proteins, and enzymes,
by which the gasotransmitter can regulate a wide range of physiological and pathological
processes [22]. It is increasingly clear that H2S plays a role in maintaining redox status
and promoting defense mechanisms through the upregulation of antioxidant components
or directly scavenging ROS [23]. Even though the antioxidant function of H2S has been
extensively investigated, its effects on the isoforms of the Prdx family are still unclear.

Therefore, in the present study, we hypothesized that the protective effect of H2S may
rely on the activation of endogenous antioxidant signaling pathways in 2,4,6-
trinitrobenzenesulfonic acid (TNBS)-induced rat colitis. Primarily we focused on the
alteration of antioxidant GSH, SOD, and four isoforms of Prdxs due to an exogenously
administered H2S donor. To the best of our knowledge, this is the first study to investigate
the relationship between H2S and Prdxs in IBD. Our results reveal that H2S donor treatment
can significantly suppress the levels of the oxidative stress marker 3-NT while significantly
elevating levels of GSH, Prdx1, Prdx6, and SOD activity in the inflamed colon. Based on
our results, we suggested H2S administration as a promising strategy for IBD treatment by
protecting against oxidative stress.

2. Materials and Methods
2.1. Experimental Animals

All experimental procedures were performed under the recommendations of the
European Community guidelines for the Care and Use of Laboratory Animals and were
approved by the Institutional Ethics Committee (XX./4799/2015, 15 December 2015) at the
University of Szeged.
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Male Wistar–Hannover rats (225–250 g) were purchased from Toxi-Coop Ltd. (Bu-
dapest, Hungary) and were kept under controlled circumstances with a 12 h light/dark
cycle. Animals were provided with standard rat chow and tap water ad libitum.

2.2. Preparation of Drugs

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and prepared di-
rectly before use. For the induction of colitis, 2,4,6-trinitrobenzenesulfonic acid (TNBS) was
dissolved in 50% ethanol (EtOH). As an H2S donor, Lawesson’s reagent (LR) was suspended
in 0.5% carboxymethylcellulose (CMC). Animals were anesthetized with thiopental (Tiobar-
bital Braun, 0.5 g, B. Braun Medical SA, Barcelona, Spain) and dissolved in physiological
saline (0.9%).

2.3. Induction of Colitis and Experimental Design

The animals were assigned to three groups: an absolute control (Ctrl, no treatment,
n = 8), EtOH group (0.25 mL 50% ethanol, n = 8), and TNBS group (10 mg in 0.25 mL of
50% ethanol, n = 30). The induction of colitis was based on the method described by Morris
et al. [24]. Briefly, after overnight fasting, a single dose of TNBS was administered to the
animals intracolonically (i.c.) with an 8 cm long polyethylene cannula under mild anesthesia
(thiopental, i.p. 40 mg/kg). TNBS-treated animals were separated into different groups and
treated per os twice a day with the following drugs: Lawesson’s reagent (LR, an H2S donor,
n = 12) at the dose of 18.75 µM/kg/day; carboxymethylcellulose (CMC, 0.5%, vehicle of
Lawesson’s reagent, n = 8). The treatment doses were based on our prior results in the same
colitis model [25]. After 72 h of TNBS instillation, the animals were euthanized (thiopental,
i.p. 100 mg/kg), and a distal 8 cm section of the colon was harvested, opened, rinsed
immediately in cold physiological saline, and pictures were taken of it (Panasonic Lumix
DMC-TZ6, Panasonic Co., Kadoma, Osaka, Japan) to determine macroscopic inflammatory
damage. Finally, the colon tissues were frozen, powdered in a mortar with a pestle in liquid
nitrogen, and kept at −80 ◦C until biochemical measurements.

2.4. Determination of Macroscopic Damage

The severity of inflammation and ulceration was determined macroscopically in a
randomized manner from the colon photos, using a proprietary computerized planimetry
software that was evolved in our laboratory (Stat_2_1_1, Szeged, Hungary). The extent of
the macroscopically apparent mucosal injury was calculated and presented as the percent-
age (%) of the total 8 cm tissue segment area.

2.5. Measurement of SOD Activity in the Colon Tissue

The colonic SOD activity was determined with a kit from Abcam (Cambridge, UK).
The samples were homogenized (Benchmark Scientific Handheld homogenizer D1000,
Benchmark Scientific, New Jersey, MA, USA) in ice-cold 0.1 M Tris/HCL, pH 7.4 containing
0.5% Triton X-100, 5 mM β-ME, and 0.1 mg/mL PMSF, which were then centrifuged at
14,000× g for 5 min at +4 ◦C. Supernatants were collected, and the assay was performed
according to the instructions of the manufacturer. Optical densities (OD) were measured at
450 nm on a microplate reader. Finally, the SOD activity (inhibition rate %) was calculated
using the following equation:

SOD Activity (inhibition rate %) =
(Ablank1−Ablank3)− (Asample−Ablank2)×100

(Ablank1−Ablank3)
A = absorbance

(1)

2.6. Measurement of Colonic Total GSH Level

To measure the colonic total GSH (GSH + GSSG) levels, tissues were homogenized in
a solution containing 0.25 M sucrose, 1 mM DTT, and 20 mM Tris and then centrifuged at
15,000× g for 30 min at +4 ◦C. Supernatants were incubated in a solution of 0.1 M CaCl2,
0.25 M sucrose, 20 mM Tris, and 1 mM DTT for 30 min at 0 ◦C. Then, the samples were
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further centrifuged at 21,450× g for 60 min at +4 ◦C, and the clear cytosolic fractions were
used for the enzyme assay. A mixture of 125 mM Na phosphate and 6.0 mM EDTA was
used for the stock solution of GSH, glutathione reductase, 5,5′dithio-bis-2-nitrobenzoic acid
(DTNB), and β-NADPH. In a 96-well microplate, 40 µL of each blank, standard, or sample
in the form of 20 µL of a DTNB stock solution and 140 µL of β-NADPH were added to each
well and incubated for 5 min at +25 ◦C. To start the reaction, a 10 µL volume of glutathione
reductase was used, and after 10 min of shaking, the absorbance was measured at 405 nm.
In the assay, GSH was sequentially oxidized with DTNB and reduced by NADPH in the
presence of glutathione reductase. The total GSH levels were expressed in nmol/mg protein.

2.7. Measurement of Colonic 3-NT and Prdxs Levels by ELISA

Double antibody sandwich ELISA kits were used for the determination of tissue
levels of 3-NT (Bioassay Technology Laboratory, Shanghai, China) and four isoforms of
Prdxs (Prdx1, -2, -4, -6) (GenAsia Biotech Co., Ltd., Shanghai, China). The colon samples
were homogenized (Benchmark Scientific Handheld homogenizer D1000, Benchmark
Scientific, New Jersey, MA, USA) in an ice-cold Phosphate Buffer Saline (PBS, pH 7.4)
and centrifuged at 3000 rpm for 20 min at +4 ◦C. The measurements were carried out
according to the manufacturer’s instructions and protocols, and ODs were determined
spectrophotometrically at 450 nm. The results are expressed in nmol/L (3-NT) or pg/g
protein (Prdx1, -2, -4, -6).

2.8. Determination of Protein Concentrations

The total protein contents were measured by the Bradford assay. To perform the
measurement, 200 µL of the Bradford reagent was added to the bovine serum albumin (BSA)
standard dilutions and each appropriately diluted sample. The protein concentration of the
samples was assayed spectrophotometrically at 595 nm and expressed as mg protein/mL.

2.9. Statistical Analysis

All values were represented as the mean± standard error of the mean (S.E.M.). Statistical
analysis was performed by SigmaPlot 12.0 for Windows (Systat Software Inc., San Jose, CA,
USA). Normality was checked in all datasets with a Shapiro–Wilk test. Parametric data
were assessed by one-way ANOVA followed by a Holm–Sidak post hoc test, and these were
nonparametric with the Kruskal–Wallis test followed by Dunn’s post hoc test. For all analyses,
a probability (p) < 0.05 was accepted as a statistically significant difference.

3. Results
3.1. Hydrogen Sulfide Donor Ameliorates the Extent of Lesions in TNBS-Induced Rat Colitis

To model colitis, the animals were injected intracolonically with 2,4,6-
trinitrobenzenesulfonic acid (TNBS) dissolved in 50% ethanol (EtOH), and 72 h after the
administration, macroscopic colonic damages were analyzed. Compared to the untreated
healthy controls, both TNBS and its solvent EtOH caused serious mucosal lesions in the
colon tissues. As the dissolvent of TNBS, EtOH alone induced hyperaemia and superficial
ulcers; however, the administration of TNBS resulted in more pronounced colonic injuries
with severe hemorrhagic necrosis. The extent of the inflammation was approximately
50% of the examined colonic area in the TNBS group (51.58 ± 2.97 %). Treatment with
an effective dose of H2S donor Lawesson’s reagent (LR, 18.75 µM/kg/day) significantly
attenuated the severity of colon lesions compared to the tissues from the TNBS group
(30.60 ± 3.08 vs. 51.58 ± 2.97%). The vehicle of LR, CMC, was also examined alone, and
there was no statistically significant difference in mucosal injury compared to the TNBS
group, suggesting that the anti-inflammatory effect was a consequence of H2S released
from LR (Figure 1).
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Figure 1. (a) Visible colonic lesions in the different groups of TNBS-induced rat colitis. Representative
images of colonic inflammation in the experimental groups: (b) Ctrl (absolute control, no treatment);
(c) EtOH (50% ethanol, the solvent of TNBS); (d) TNBS (2,4,6-trinitrobenzenesulfonic acid enema);
(e) TNBS + LR (TNBS + 18.75 µM/kg/day Lawesson’s reagent); (f) TNBS + CMC (TNBS + 0.5%
carboxymethylcellulose, the vehicle of Lawesson’s reagent). Results are shown as mean ± S.E.M.;
n = 6–12/group; one-way ANOVA, Holm–Sidak post hoc test, and && p < 0.001 Ctrl vs. EtOH;
## p < 0.001 Ctrl vs. TNBS; ** p < 0.001 TNBS vs. TNBS + LR.

3.2. Hydrogen Sulfide Donor Attenuated the Level of Oxidative Stress Marker 3-NT

As a marker of oxidative stress, the level of 3-NT was significantly elevated after the induc-
tion of colitis by TNBS compared to the control group (115.58 ± 4.63 vs.
80.34 ± 5.76 nmol/L). The administration of an effective dose of the H2S donor signifi-
cantly attenuated the level of the stress marker compared to the TNBS group (86.83 ± 6.81 vs.
115.58 ± 4.63 nmol/L). The results are presented in Figure 2.

3.3. Effect of Hydrogen Sulfide Donor on the Level of Antioxidant Total GSH in TNBS Colitis

Concerning the antioxidant defense mechanisms, the total GSH level was measured.
Following TNBS administration, the GSH content was significantly diminished compared
to the untreated control animals (50.73 ± 2.06 vs. 106.86 ± 6.94 nmol/mg protein). As a
result of LR treatment, the level of GSH was increased in comparison with the TNBS group,
and this difference was statistically significant (76.69 ± 7.16 vs. 50.73 ± 2.06 nmol/mg
protein) (Figure 3a).
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Figure 2. Effect of LR on the level of oxidative stress marker 3-NT in rat coli-
tis. Ctrl (absolute control, no treatment); TNBS (2,4,6-trinitrobenzenesulfonic acid enema);
TNBS + LR (TNBS + 18.75 µM/kg/day Lawesson’s reagent). Results are shown as mean ± S.E.M.;
n = 8/group; one-way ANOVA, Holm–Sidak post hoc test, # p < 0.05 Ctrl vs. TNBS; * p < 0.05 TNBS
vs. TNBS + LR.
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Figure 3. Changes in the (a) total level of antioxidant GSH and (b) SOD activity after LR treatment
in TNBS-induced colitis. Ctrl (absolute control, no treatment); TNBS (2,4,6-trinitrobenzenesulfonic
acid enema); TNBS + LR (TNBS + 18.75 µM/kg/day Lawesson’s reagent). Results are shown as
mean ± S.E.M.; n = 5–12/group; one-way ANOVA, Holm–Sidak post hoc test, ## p < 0.001 Ctrl vs.
TNBS; * p < 0.05 TNBS vs. TNBS + LR.

3.4. Hydrogen Sulfide Donor Treatment Elevated the SOD Activity in TNBS-Induced Colitis

As shown in Figure 3b, a slight reduction was observed in the activity of SOD after
the induction of colitis (87.68 ± 7.51 vs. 104.19 ± 8.76 inhibition rate%), but there was
no significant difference between TNBS and the untreated control groups. However, the
release of H2S from LR caused a significant elevation in the activity of the antioxidant
enzyme compared to the TNBS group (127.12 ± 5.36 vs. 87.68 ± 7.51 inhibition rate %).

3.5. Alterations in the Levels of Prdx1, -2, -4, and -6 after Hydrogen Sulfide Donor Treatment in
TNBS Colitis

In the present study, we investigated alterations in the levels of Prdx1, -2, -4, and -6
isoforms of Prdx antioxidant enzymes after the induction of colitis and H2S donor treatment.
TNBS administration significantly reduced the levels of all measured isoforms compared to
the absolute control group (0.18 ± 0.01 vs. 0.39 ± 0.04; 306.58 ± 44.05 vs. 574.17 ± 87.52;
546,40± 51.80 vs. 1250.46± 146.96; 48.62± 6.17 vs. 110.16± 14.48 pg/g protein). However,
in the case of Prdx1 and Prdx6, we observed a statistically significant elevation as a result
of LR treatment compared to the TNBS group (0.25 ± 0.02 vs. 0.18 ± 0.01; 78.36 ± 9.60 vs.
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48.62 ± 6.17 pg/g protein). Our findings showed that H2S did not affect the levels of Prdx2
and Prdx4 isoforms. The results are presented in Figure 4.
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Figure 4. Alterations in the level of (a) Prdx1, (b) Prdx2, (c) Prdx4, (d) Prdx6 due to LR treatment
in TNBS colitis. Ctrl (absolute control, no treatment); TNBS (2,4,6-trinitrobenzenesulfonic acid
enema); LR (TNBS + 18.75 µM/kg/day Lawesson’s reagent). Results are shown as mean ± S.E.M.;
n = 7–11/group; one-way ANOVA, Holm–Sidak post hoc test or Kruskal–Wallis test followed by
Dunn’s post hoc test, # p < 0.05 Ctrl vs. TNBS; * p < 0.001 TNBS vs. TNBS + LR.

4. Discussion

Oxidative stress-mediated signaling mechanisms were implicated in the pathogenesis
of several inflammatory diseases, such as IBD [7,26]. In the present study, we investigated
the effects of H2S donor Lawesson’s reagent (LR) treatment on the components of the
endogenous antioxidant defense system in a chemical-induced model of IBD. Our results
show that the oral administration of H2S ameliorated the severity of inflammation in TNBS-
induced rat colitis. Additionally, the H2S donor significantly reduced the tissue level of
oxidative stress marker 3-NT, and in the case of antioxidants, it resulted in a significant
increase in the level of GSH and the activity of SOD. Moreover, the levels of Prdx1 and
Prdx6 antioxidant enzymes were also significantly elevated after H2S donor treatment.
Our findings suggest that the protective effect of H2S may partially rely on preventing the
harmful effects of oxidative stress through the induction of various antioxidants.

The number of patients with IBD is continuously increasing worldwide, but its therapy
has still not been completely resolved. Though the currently used conventional therapeutic
options to reduce inflammation effectively, the long-term usage of these drugs is not
recommended because of their common side effects [5]. Today, the participation of H2S
as an important gasotransmitter in several physiological and pathological processes has
been well established [27]. An increasing amount of evidence suggests that in physiological
concentrations, H2S has a cytoprotective, antioxidant, vasodilator, anti-inflammatory, and
anti-apoptotic effect [28]. Furthermore, several investigations reported the benefits of H2S
donor molecules and their drug hybrids in a reduction in inflammation with fewer side
effects, suggesting their therapeutic options in various diseases [29,30].
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In our current study, a TNBS-induced colitis model was used and developed by
Morris et al. [24], which is a widely accepted model for studying IBD. TNBS instillation
induces Th1 and Th17 cell-mediated pathways and transmural inflammation with ulcers
which are hallmarks of human CD [31]. In this study, we reported that H2S, when released
from LR, significantly reduced the severity of inflammation and the area of ulceration
in TNBS rat colitis. These results confirm our previous study in relation to the anti-
inflammatory effect of H2S in the same colitis model [25]. Furthermore, our observations are
consistent with the findings of Matsunami et al. [32]. They also found that the intracolonic
administration of NaHS, an H2S donor, suppressed inflammation in the TNBS-induced
rat colitis model. In dextran sulfate sodium (DSS)-induced mice colitis, Chen et al. [33]
demonstrated that the intraperitoneal injection of NaHS decreased clinical symptoms, the
level of pro-inflammatory parameters, as well as tissue damage. However, the background
of the anti-inflammatory mechanisms of H2S is still not exactly clear.

The overproduction of ROS is crucial in inflammatory processes [26]. These reactive
intermediates are produced in large amounts by infiltrating leucocytes, which contribute
to tissue destruction [34]. In the present study, we found an elevation in the level of
the oxidative stress marker 3-NT after the induction of colitis by TNBS. This result is in
accordance with our previous observation in the same colitis rat model [35]. Furthermore,
Gochman et al. [36] detected a higher expression of 3-NT in human biopsies of colitis and
cancer compared to colonic sections from healthy patients. However, here we showed
that repeated oral H2S donor administration resulted in a significant reduction in the level
of this marker. Furthermore, Mishra et al. [37] found that NaHS treatment in mice with
chronic heart failure attenuated 3-NT content in the heart tissue.

H2S can scavenge ROS directly; however, it can be presumed that the primary antioxi-
dant mechanism of H2S is the promotion of intracellular antioxidant gene expression by
sulfhydration key signaling molecules [38]. Previously, we showed that H2S donor treat-
ment reduced inflammation through the activation of antioxidant and anti-inflammatory
heme oxygenase 1 in experimental colitis [25]. One of the non-enzymatic antioxidants is
GSH in the body, which has an important role in antioxidant defense [10]. In physiolog-
ical circumstances, GSH occurs mainly in a reduced form, while under oxidative stress
conditions, the oxidized form (GSSG) increases. Thus, the decreased GSH/GSSG ratio
is a good indicator of oxidative stress [39]. Sido et al. reported decreased GSH and in-
creased GSSG levels in the mucosa of patients suffering from IBD compared to the healthy
control group [40]. In our study, we showed that the level of GSH decreased after the
induction of colitis; however, the protective dose of the H2S donor significantly elevated
the level of this antioxidant. Consistent with our current findings, Guo et al. [41] detected
reduced GSH levels in ischemia–reperfusion (I/R)-induced gastric epithelial cells injury;
however, H2S donor NaHS preconditioning on cells prevented I/R-related oxidative stress
and inflammatory processes by increasing the GSH level and reducing ROS production.
Furthermore, Cui et al. [42], in a gastric I/R rat model, found that pretreatment with an
endogenous H2S synthetase blocker DL-propargylglycine (PAG) led to gastric mucosal
ulceration in rats, but pretreatment with L-cysteine, the precursor of H2S, protected the
mucosa from the damage induced by I/R. They measured decreased GSH levels in the
gastric mucosal tissue from the PAG group, while L-cysteine increased the GSH content.
Additionally, in rats pretreated with L-cysteine, increasing endogenous H2S resulted in
the enhanced activity of the antioxidative enzyme, SOD, compared to decreased enzyme
activity when the generation of H2S was blocked by PAG. Our results are in accordance
with this observation since the exogenously administered H2S donor significantly elevated
the activity of SOD, which was suppressed by TNBS in the rat colon. Seguí et al. [43]
also demonstrated in the same colitis model that SOD treatment ameliorated the observed
clinical, pathologic, and inflammatory markers of colitis and diminished lipid peroxidation
in a dose-dependent manner in inflamed colonic tissues.

Prxs are highly conserved and abundant enzymes that are mainly involved in defense
mechanisms against oxidative stress by eliminating peroxides [14]. However, the role of



Antioxidants 2023, 12, 1025 9 of 11

Prdxs in inflammatory disorders is controversial [16,44]. Here, we found that the levels
of Prdx1, -2, -4, and -6 were significantly attenuated in TNBS-induced colitis. The current
results confirm our previous observation in the same experimental model, where we also
showed suppressed levels of the four measured Prdx isoforms [35]. Moreover, Hsieh
et al. [45] demonstrated the downregulation of Prdx1 and Prdx2 in colonic biopsy samples
from patients with UC. In contrast to our results, Wu et al. [46] showed an increased Prdx1
level in rats with dextran sulfate sodium (DSS)-induced colitis, and they found that the
silencing of Prdx1 expression improved colonic damage induced by DSS. Moreover, Horie
et al. [15] suggested Prdx1 as a potential marker for monitoring oxidative stress in UC.
Additionally, Senhaji et al. [16] detected overexpression of Prdx2 in the samples of IBD
patients. Furthermore, Tagaki et al. [17] reported higher disease activity index (DAI) scores
and levels of inflammatory markers in Prdx4 knockout mice with colitis induced by DSS,
suggesting the protective effect of Prdx4 in IBD. Melhem et al. [18] found in their study
that Prdx6 was downregulated in acute and chronic DSS colitis in mice, which is in line
with our findings in the case of Prdx6 in TNBS-induced rat colitis. However, they showed
overexpression of Prdx6 mRNA in colonic samples of IBD patients. Interestingly, they also
demonstrated that Prdx6 knockout mice with colitis had less ulceration and lower levels of
pro-inflammatory parameters. In our present study, we observed changes in the four Prdx
isoforms after H2S donor administration in TNBS-induced colitis. We found significant
elevations in the enzyme contents in the case of Prdx1 and Prdx6 due to the H2S released
from LR in the inflamed colons. However, H2S donor treatment did not affect the levels
of Prdx2 and Prdx4. To the best of our knowledge, this is the first paper to describe the
association between H2S treatment and Prdxs in IBD. In accordance with us, Liu et al. [47]
showed that pretreatment with NaHS on H9c2 cardiomyocytes attenuated doxorubicin-
induced cardiotoxicity and reversed increased expression levels of Prdx3. Additionally,
Chen et al. [48] detected decreased Prdx2 levels in the D-gal-induced aging model which
was reversed by NaHS. Furthermore, Unuma et al. [49] reported enhanced Prdx4 levels in
an animal model of sepsis, but this increase was attenuated by the pretreatment of GYY4137,
an H2S donor, which contributed to the protective effect of H2S.

Limitation

Our results are promising; however, this study has some limitations. The first limi-
tation is that we measured the total GSH level, although this was less informative about
oxidative stress state than the GSH/GSSG ratio. Additionally, the second limitation of
our research is that we did not investigate the comprehensive signaling pathways exerted
by H2S supplementation. Therefore, it would be worth clarifying the exact signaling
mechanism of the H2S-mediated antioxidant effect in the future.

5. Conclusions

In conclusion, we found that H2S donor treatment attenuated inflammation, which
could contribute to ulcer healing in TNBS-induced rat colitis by activating antioxidant
defense mechanisms. The GSH level, the activity of SOD, as well as Prdx1 and Prdx6 levels,
were increased due to H2S administration, suggesting the protective actions of H2S against
oxidative stress-induced tissue destruction. Based on our findings, these antioxidants
may offer potential therapeutic targets, and H2S treatment may provide a new strategy
against IBD. Our current result is promising; however, further investigations are needed
to understand the precise role of Prdxs in inflammatory conditions and the protective
mechanisms of H2S.

Author Contributions: Conceptualization, S.T. and N.A.; methodology, S.T. and N.A.; software, D.B.;
validation, R.S.; formal analysis, M.V.; investigation, S.T. and N.A.; resources, C.V.; data curation,
S.T.; writing—original draft preparation, S.T.; writing—review and editing, N.A.; visualization, S.T.;
supervision, C.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



Antioxidants 2023, 12, 1025 10 of 11

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee at the University of Szeged (XX./4799/2015, 15 December 2015).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data analyzed in this study are included in this published article.

Acknowledgments: This research was supported by the ÚNKP-22-4-SZTE-525 (Szilvia Török) New
National Excellence Program of the Ministry for Culture and Innovation from the Source of the
National Research, Development and Innovation Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ng, S.C.; Shi, H.Y.; Hamidi, N.; Underwood, F.E.; Tang, W.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Wu, J.C.Y.; Chan, F.K.L.; et al.

Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: A systematic review of population-based
studies. Lancet 2017, 390, 2769–2778. [CrossRef]

2. Seyedian, S.S.; Nokhostin, F.; Malamir, M.D. A review of the diagnosis, prevention, and treatment methods of inflammatory
bowel disease. J. Med. Life 2019, 12, 113–122. [CrossRef]

3. Baumgart, D.C.; Sandborn, W.J. Crohn’s disease. Lancet 2012, 380, 1590–1605. [CrossRef] [PubMed]
4. Ungaro, R.; Mehandru, S.; Allen, P.B.; Peyrin-Biroulet, L.; Colombel, J.F. Ulcerative colitis. Lancet 2017, 389, 1756–1770. [PubMed]
5. Pithadia, A.B.; Jain, S. Treatment of inflammatory bowel disease (IBD). Pharmacol. Rep. 2011, 63, 629–642. [CrossRef]
6. Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative stress and pathogenesis of inflammatory bowel disease: An epiphenomenon or

the cause? Dig. Dis. Sci. 2007, 52, 2015–2021. [CrossRef]
7. Kruidenier, L.; Verspaget, H.W. Review article: Oxidative stress as a pathogenic factor in inflammatory bowel disease–radicals or

ridiculous? Aliment. Pharmacol. Ther. 2002, 16, 1997–2015. [CrossRef]
8. Ahsan, H. 3-Nitrotyrosine: A biomarker of nitrogen free radical species modified proteins in systemic autoimmunogenic

conditions. Hum. Immunol. 2013, 74, 1392–1399. [CrossRef] [PubMed]
9. Yuksel, M.; Ates, I.; Kaplan, M.; Arikan, M.F.; Ozin, Y.O.; Kilic, Z.M.Y.; Topcuoglu, C.; Kayacetin, E. Is Oxidative Stress Associated

with Activation and Pathogenesis of Inflammatory Bowel Disease? J. Med. Biochem. 2017, 36, 341–348. [CrossRef] [PubMed]
10. Masella, R.; Di Benedetto, R.; Vari, R.; Filesi, C.; Giovannini, C. Novel mechanisms of natural antioxidant compounds in biological

systems: Involvement of glutathione and glutathione-related enzymes. J. Nutr. Biochem. 2005, 16, 577–586.
11. Diaz de Barboza, G.; Guizzardi, S.; Moine, L.; Tolosa de Talamoni, N. Oxidative stress, antioxidants and intestinal calcium

absorption. World J. Gastroenterol. 2017, 23, 2841–2853. [CrossRef] [PubMed]
12. Wang, Y.; Branicky, R.; Noe, A.; Hekimi, S. Superoxide dismutases: Dual roles in controlling ROS damage and regulating ROS

signaling. J. Cell Biol. 2018, 217, 1915–1928. [PubMed]
13. Galasso, M.; Gambino, S.; Romanelli, M.G.; Donadelli, M.; Scupoli, M.T. Browsing the oldest antioxidant enzyme: Catalase and

its multiple regulation in cancer. Free Radic. Biol. Med. 2021, 172, 264–272.
14. Rhee, S.G. Overview on Peroxiredoxin. Mol. Cells 2016, 39, 1. [PubMed]
15. Horie, K.; Mikami, T.; Yoshida, T.; Sato, Y.; Okayasu, I. Peroxiredoxin 1 expression in active ulcerative colitis mucosa identified by

proteome analysis and involvement of thioredoxin based on immunohistochemistry. Oncol. Lett. 2018, 15, 2364–2372. [CrossRef]
[PubMed]

16. Senhaji, N.; Zaid, Y.; El Khalfi, B.; Fahimi, M.; Martin, J.; Badre, W.; Nadifi, S.; Soukri, A. Peroxiredoxin-2 up-regulation in
inflammatory bowel disease: Friend or foe? J. Gastroenterol. Hepatol. 2017, 32, 1212–1220. [CrossRef] [PubMed]

17. Takagi, T.; Homma, T.; Fujii, J.; Shirasawa, N.; Yoriki, H.; Hotta, Y.; Higashimura, Y.; Mizushima, K.; Hirai, Y.; Katada, K.; et al.
Elevated ER stress exacerbates dextran sulfate sodium-induced colitis in PRDX4-knockout mice. Free Radic. Biol. Med. 2019, 134,
153–164. [CrossRef]

18. Melhem, H.; Spalinger, M.R.; Cosin-Roger, J.; Atrott, K.; Lang, S.; Wojtal, K.A.; Vavricka, S.R.; Rogler, G.; Frey-Wagner, I. Prdx6
Deficiency Ameliorates DSS Colitis: Relevance of Compensatory Antioxidant Mechanisms. J. Crohns Colitis 2017, 11, 871–884.
[CrossRef]

19. Zhu, H.; Li, Y.R. Oxidative stress and redox signaling mechanisms of inflammatory bowel disease: Updated experimental and
clinical evidence. Exp. Biol. Med. 2012, 237, 474–480. [CrossRef]

20. Wang, R. Two’s company, three’s a crowd: Can H2S be the third endogenous gaseous transmitter? FASEB J. 2002, 16, 1792–1798.
[CrossRef]

21. Nagy, P. Mechanistic chemical perspective of hydrogen sulfide signaling. Methods Enzymol. 2015, 554, 3–29. [PubMed]
22. Zaichko, N.V.; Melnik, A.V.; Yoltukhivskyy, M.M.; Olhovskiy, A.S.; Palamarchuk, I.V. Hydrogen sulfide: Metabolism, biological

and medical role. Ukr. Biochem. J. 2014, 86, 5–25. [CrossRef] [PubMed]
23. Xie, Z.Z.; Liu, Y.; Bian, J.S. Hydrogen Sulfide and Cellular Redox Homeostasis. Oxid. Med. Cell. Longev. 2016, 2016, 6043038.

[CrossRef]
24. Morris, G.P.; Beck, P.L.; Herridge, M.S.; Depew, W.T.; Szewczuk, M.R.; Wallace, J.L. Hapten-induced model of chronic inflammation

and ulceration in the rat colon. Gastroenterology 1989, 96, 795–803. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(17)32448-0
https://doi.org/10.25122/jml-2018-0075
https://doi.org/10.1016/S0140-6736(12)60026-9
https://www.ncbi.nlm.nih.gov/pubmed/22914295
https://www.ncbi.nlm.nih.gov/pubmed/27914657
https://doi.org/10.1016/S1734-1140(11)70575-8
https://doi.org/10.1007/s10620-006-9622-2
https://doi.org/10.1046/j.1365-2036.2002.01378.x
https://doi.org/10.1016/j.humimm.2013.06.009
https://www.ncbi.nlm.nih.gov/pubmed/23777924
https://doi.org/10.1515/jomb-2017-0013
https://www.ncbi.nlm.nih.gov/pubmed/30581331
https://doi.org/10.3748/wjg.v23.i16.2841
https://www.ncbi.nlm.nih.gov/pubmed/28522903
https://www.ncbi.nlm.nih.gov/pubmed/29669742
https://www.ncbi.nlm.nih.gov/pubmed/26831451
https://doi.org/10.3892/ol.2017.7549
https://www.ncbi.nlm.nih.gov/pubmed/29434945
https://doi.org/10.1111/jgh.13664
https://www.ncbi.nlm.nih.gov/pubmed/27869326
https://doi.org/10.1016/j.freeradbiomed.2018.12.024
https://doi.org/10.1093/ecco-jcc/jjx016
https://doi.org/10.1258/ebm.2011.011358
https://doi.org/10.1096/fj.02-0211hyp
https://www.ncbi.nlm.nih.gov/pubmed/25725513
https://doi.org/10.15407/ubj86.05.005
https://www.ncbi.nlm.nih.gov/pubmed/25816584
https://doi.org/10.1155/2016/6043038
https://doi.org/10.1016/S0016-5085(89)80079-4
https://www.ncbi.nlm.nih.gov/pubmed/2914642


Antioxidants 2023, 12, 1025 11 of 11

25. Kupai, K.; Almasi, N.; Kosa, M.; Nemcsok, J.; Murlasits, Z.; Torok, S.; Al-Awar, A.; Barath, Z.; Posa, A.; Varga, C. H(2)S confers
colonoprotection against TNBS-induced colitis by HO-1 upregulation in rats. Inflammopharmacology 2018, 26, 479–489. [CrossRef]
[PubMed]

26. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxid. Med. Cell Longev. 2017, 2017, 8416763. [CrossRef]

27. Mancardi, D.; Penna, C.; Merlino, A.; Del Soldato, P.; Wink, D.A.; Pagliaro, P. Physiological and pharmacological features of the
novel gasotransmitter: Hydrogen sulfide. Biochim. Biophys. Acta 2009, 1787, 864–872. [CrossRef]

28. Gemici, B.; Wallace, J.L. Anti-inflammatory and cytoprotective properties of hydrogen sulfide. Methods Enzymol. 2015, 555,
169–193.

29. Sparatore, A.; Santus, G.; Giustarini, D.; Rossi, R.; Del Soldato, P. Therapeutic potential of new hydrogen sulfide-releasing hybrids.
Expert. Rev. Clin. Pharmacol. 2011, 4, 109–121. [CrossRef]

30. Marutani, E.; Ichinose, F. Emerging pharmacological tools to control hydrogen sulfide signaling in critical illness. Intensive Care
Med. Exp. 2020, 8, 5. [CrossRef]

31. Antoniou, E.; Margonis, G.A.; Angelou, A.; Pikouli, A.; Argiri, P.; Karavokyros, I.; Papalois, A.; Pikoulis, E. The TNBS-induced
colitis animal model: An overview. Ann. Med. Surg. 2016, 11, 9–15. [CrossRef]

32. Matsunami, M.; Kirishi, S.; Okui, T.; Kawabata, A. Hydrogen sulfide-induced colonic mucosal cytoprotection involves T-type
calcium channel-dependent neuronal excitation in rats. J. Physiol. Pharmacol. 2012, 63, 61–68. [PubMed]

33. Chen, X.; Liu, X.S. Hydrogen sulfide from a NaHS source attenuates dextran sulfate sodium (DSS)-induced inflammation via
inhibiting nuclear factor-kappaB. J. Zhejiang Univ. Sci. B 2016, 17, 209–217. [CrossRef] [PubMed]

34. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological Conditions. Oxid.
Med. Cell Longev. 2016, 2016, 1245049.

35. Almasi, N.; Torok, S.; Valkusz, Z.; Tajti, M.; Csonka, A.; Murlasits, Z.; Posa, A.; Varga, C.; Kupai, K. Sigma-1 Receptor Engages an
Anti-Inflammatory and Antioxidant Feedback Loop Mediated by Peroxiredoxin in Experimental Colitis. Antioxidants 2020, 9, 1081.
[CrossRef] [PubMed]

36. Gochman, E.; Mahajna, J.; Shenzer, P.; Dahan, A.; Blatt, A.; Elyakim, R.; Reznick, A.Z. The expression of iNOS and nitrotyrosine in
colitis and colon cancer in humans. Acta Histochem. 2012, 114, 827–835. [CrossRef]

37. Mishra, P.K.; Tyagi, N.; Sen, U.; Givvimani, S.; Tyagi, S.C. H2S ameliorates oxidative and proteolytic stresses and protects the
heart against adverse remodeling in chronic heart failure. Am. J. Physiol. Heart Circ. Physiol. 2010, 298, H451–H456. [CrossRef]

38. Scammahorn, J.J.; Nguyen, I.T.N.; Bos, E.M.; Van Goor, H.; Joles, J.A. Fighting Oxidative Stress with Sulfur: Hydrogen Sulfide in
the Renal and Cardiovascular Systems. Antioxidants 2021, 10, 373. [CrossRef]

39. Dziabowska-Grabias, K.; Sztanke, M.; Zajac, P.; Celejewski, M.; Kurek, K.; Szkutnicki, S.; Korga, P.; Bulikowski, W.; Sztanke, K.
Antioxidant Therapy in Inflammatory Bowel Diseases. Antioxidants 2021, 10, 412. [CrossRef]

40. Sido, B.; Hack, V.; Hochlehnert, A.; Lipps, H.; Herfarth, C.; Droge, W. Impairment of intestinal glutathione synthesis in patients
with inflammatory bowel disease. Gut 1998, 42, 485–492. [CrossRef]

41. Guo, C.; Liang, F.; Shah Masood, W.; Yan, X. Hydrogen sulfide protected gastric epithelial cell from ischemia/reperfusion injury
by Keap1 s-sulfhydration, MAPK dependent anti-apoptosis and NF-kappaB dependent anti-inflammation pathway. Eur. J.
Pharmacol. 2014, 725, 70–78. [CrossRef]

42. Cui, J.; Liu, L.; Zou, J.; Qiao, W.; Liu, H.; Qi, Y.; Yan, C. Protective effect of endogenous hydrogen sulfide against oxidative stress
in gastric ischemia-reperfusion injury. Exp. Ther. Med. 2013, 5, 689–694. [CrossRef] [PubMed]

43. Segui, J.; Gironella, M.; Sans, M.; Granell, S.; Gil, F.; Gimeno, M.; Coronel, P.; Pique, J.M.; Panes, J. Superoxide dismutase
ameliorates TNBS-induced colitis by reducing oxidative stress, adhesion molecule expression, and leukocyte recruitment into the
inflamed intestine. J. Leukoc. Biol. 2004, 76, 537–544. [CrossRef]

44. Knoops, B.; Argyropoulou, V.; Becker, S.; Ferte, L.; Kuznetsova, O. Multiple Roles of Peroxiredoxins in Inflammation. Mol. Cells
2016, 39, 60–64. [PubMed]

45. Hsieh, S.Y.; Shih, T.C.; Yeh, C.Y.; Lin, C.J.; Chou, Y.Y.; Lee, Y.S. Comparative proteomic studies on the pathogenesis of human
ulcerative colitis. Proteomics 2006, 6, 5322–5331. [CrossRef] [PubMed]

46. Wu, N.; Du, X.; Peng, Z.; Zhang, Z.; Cui, L.; Li, D.; Wang, R.; Ma, M. Silencing of peroxiredoxin 1 expression ameliorates ulcerative
colitis in a rat model. J. Int. Med. Res. 2021, 49, 300060520986313. [CrossRef]

47. Liu, M.H.; Lin, X.L.; Yuan, C.; He, J.; Tan, T.P.; Wu, S.J.; Yu, S.; Chen, L.; Liu, J.; Tian, W.; et al. Hydrogen sulfide attenuates
doxorubicin-induced cardiotoxicity by inhibiting the expression of peroxiredoxin III in H9c2 cells. Mol. Med. Rep. 2016, 13,
367–372. [CrossRef] [PubMed]

48. Chen, X.; Zhao, X.; Cai, H.; Sun, H.; Hu, Y.; Huang, X.; Kong, W.; Kong, W. The role of sodium hydrosulfide in attenuating the
aging process via PI3K/AKT and CaMKKbeta/AMPK pathways. Redox Biol. 2017, 12, 987–1003. [CrossRef]

49. Unuma, K.; Yoshikawa, A.; Aki, T.; Uemura, K. Increased circulating peroxiredoxin-4 in sepsis model rats involves secretion from
hepatocytes and is mitigated by GYY4137. J. Toxicol. Pathol. 2019, 32, 305–310. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10787-017-0382-8
https://www.ncbi.nlm.nih.gov/pubmed/28770475
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1016/j.bbabio.2009.03.005
https://doi.org/10.1586/ecp.10.122
https://doi.org/10.1186/s40635-020-0296-4
https://doi.org/10.1016/j.amsu.2016.07.019
https://www.ncbi.nlm.nih.gov/pubmed/22460462
https://doi.org/10.1631/jzus.B1500248
https://www.ncbi.nlm.nih.gov/pubmed/26984841
https://doi.org/10.3390/antiox9111081
https://www.ncbi.nlm.nih.gov/pubmed/33158023
https://doi.org/10.1016/j.acthis.2012.02.004
https://doi.org/10.1152/ajpheart.00682.2009
https://doi.org/10.3390/antiox10030373
https://doi.org/10.3390/antiox10030412
https://doi.org/10.1136/gut.42.4.485
https://doi.org/10.1016/j.ejphar.2014.01.009
https://doi.org/10.3892/etm.2012.870
https://www.ncbi.nlm.nih.gov/pubmed/23403765
https://doi.org/10.1189/jlb.0304196
https://www.ncbi.nlm.nih.gov/pubmed/26813661
https://doi.org/10.1002/pmic.200500541
https://www.ncbi.nlm.nih.gov/pubmed/16947118
https://doi.org/10.1177/0300060520986313
https://doi.org/10.3892/mmr.2015.4544
https://www.ncbi.nlm.nih.gov/pubmed/26573464
https://doi.org/10.1016/j.redox.2017.04.031
https://doi.org/10.1293/tox.2019-0030

	Introduction 
	Materials and Methods 
	Experimental Animals 
	Preparation of Drugs 
	Induction of Colitis and Experimental Design 
	Determination of Macroscopic Damage 
	Measurement of SOD Activity in the Colon Tissue 
	Measurement of Colonic Total GSH Level 
	Measurement of Colonic 3-NT and Prdxs Levels by ELISA 
	Determination of Protein Concentrations 
	Statistical Analysis 

	Results 
	Hydrogen Sulfide Donor Ameliorates the Extent of Lesions in TNBS-Induced Rat Colitis 
	Hydrogen Sulfide Donor Attenuated the Level of Oxidative Stress Marker 3-NT 
	Effect of Hydrogen Sulfide Donor on the Level of Antioxidant Total GSH in TNBS Colitis 
	Hydrogen Sulfide Donor Treatment Elevated the SOD Activity in TNBS-Induced Colitis 
	Alterations in the Levels of Prdx1, -2, -4, and -6 after Hydrogen Sulfide Donor Treatment in TNBS Colitis 

	Discussion 
	Conclusions 
	References

