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Abstract

Ulcerative colitis is an inflammatory bowel disease with a complex aetiology characterised by
an abnormal immune responses and oxidative stress-induced tissue injury. Inflammatory cells
play an important role in the progression of this pathology through the overproduction of
reactive oxygen species (ROS) from various sources including the NADPH oxidases (NOXs).
The aim of this study was to investigate the preventive effect of apocynin, a natural antioxidant
molecule and a selective inhibitor of NOXs, on acetic acid (AA)-induced ulcerative colitis in
rats. Our results first confirmed that apocynin has a high free radical scavenging capacity as
well as a potent iron chelating ability. Oral pretreatment of rats with apocynin (200 and 400
mg/kg) for seven days prior to AA-induced colitis, suppressed the increase in pro-oxidant
markers in colonic homogenates and preserved colonic cytoarchitecture from acetic acid-
induced damage. Oral administration of apocynin (200 and 400 mg/kg) also reduced several
systemic inflammatory markers such as alkaline phosphatase, iron, pro-inflammatory
cytokines, C-reactive protein and myeloperoxidase. This study shows that apocynin protects
rats from acetic acid-induced colonic inflammation and suggests that apocynin may have a

promising beneficial effect in the prevention of ulcerative colitis.

KEY WORDS : Apocynin, inflammatory markers, ulcreative colitis, oxidative stress,

myeloperoxidase, colon cytoarchitecture



Abbreviations

AA : acetic acid, ABTS: 2,2'-azino-bis ethylbenzothiazoline-6-sulfonic acid, AOPPs :
advanced oxidation protein products, ALP : alkaline phosphatase, AP : apocynin, BHT :
Butylated hydroxytoluene, CRP : C-reactive protein; DAI : disease activity index, DMSO :
dimethyl sulfoxide, DPPH: 1,1-diphenyl-2-picrylhydrazyl, DTNB: 5,5'-dithiobis-(2-
nitrobenzoic acid), EDTA: ethylenediaminetetraacetic acid, ELISA: enzyme-linked
immunosorbent assay, EM : external mucosa, GM-CSF : granulocyte-macrophage colony-
stimulating  factor, GSH: glutathione, H>O02: Hydrogen peroxide, HTAB:
Hexadecyltrimethylammonuim bromide, IBD : inflammatory bowel disease, ICso: half
maximal inhibitory concentration, IL-1B : Interleukin-1B, iINOS : inducible nitric oxide
synthase, LM : lamina, L : length, MDA : malondialdehyde, MM : muscosa muscularis, MPO :
myeloperoxidase, NADPH oxidase : nicotinamide adenine dinucleotide phosphate oxidase,
NOX : NADPH oxidase, PBS: phosphate buffered saline, ROS : Reactive oxygen species,
RNS : Reactive nitrogen species, SOD : superoxide dismutase, SM : submucosa, SSZ :
Sulfasalazine, TCA : trichloroacetic acid, TBA: thiobarbituric acid, TNF-a : Tumor ncrosis

factor-a, UC : ulcerative colitis, W : weight,



INTRODUCTION

Reactive oxygen species (ROS) play a crucial role in physiological and pathological processes
[1]. Their overproduction causes oxidative stress, which accelerates cellular dysfunction and
leads to several diseases, including atherosclerosis [2], cancer [3], pulmonary inflammation [4],
and inflammatory bowel disease (IBD) [5]. Oxidative stress is involved in ulcerative colitis
(UC), which is a chronic inflammatory bowel disease [6]. The early stage of this pathology is
characterised by an increase in neutrophil and lymphocyte infiltration in the small intestine [7].
Indeed, neutrophilia promotes the accumulation of a large amounts of ROS, leading to oxidative
stress, activation of proteolytic enzymes [8], and cytokine production of cytokines such as
tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B) [9]. The generation of ROS is
mediated by several enzymatic systems, including the mitochondrial electron transport chain
[10], xanthine oxidase [11], and NADPH oxidase [12]. NOX-derived ROS have been
implicated in a variety of pathological conditions associated with oxidative stress [13]. For
example, the phagocyte NADPH oxidase NOX2 and its epithelial homologue (NOX1) are the
main major contributors to superoxide anion production and ROS accumulation in the colon
during ulcerative colitis [14]. Furthermore, oxidative stress and a decrease in the free radical
scavenging mechanism that controls the formation of ROS and inducible nitric oxide synthase
(iNOS) are both major contributors to IBD, such as UC [15]. In fact, the overproduction of ROS
and INOS is the primary cause of an oxidative stress state, which is manifested by a decrease
in catalase activity and glutathione levels content as well as an increase in lipid peroxidation
[16]. UC disease is characterised by an increase in neutrophils, macrophages, and leukocyte
infiltrates in the colon, which stimulates the production of pro-oxidant markers [17]. The
overproduction of free radicals (H20) in peripheral cells (monocytes and lymphocytes) leads
to an increase in plasma CRP [18] and an increase in cytokine production [19]. The dramatic
increase in cytokine products activates nuclear factor kappa B (NF-«B), which is implicated in

the progression of UC by increasing of IL-1pB, IL-6, and TNF-o production, mainly through



positive regulation of inflammatory genes [20]. Currently, there are a variety of drugs are used
to treat ulcerative colitis, including corticosteroids and aminosalicylates [21]. However, their
therapeutic effect is limited by the maintenance of remission [22]. In addition, there are a
number of adverse effects associated with the use of aminosalicylates in the treatment of
ulcerative colitis, such as diarrhea, abdominal pain, and nausea [23]. The use of corticosteroids
to treat ulcerative colitis [24] has been associated with serious side effects such as glaucoma
and adrenaline deficiency [25]. This explains why scientists are investigating NADPH oxidase
inhibitors as a potential treatment for inflammatory bowel disease [26]. In addition, natural

products are the primary targets of the most recently discovered drugs [27].

Based on these conditions, we could suggest apocynin, a natural compound derived from
the Himalayan medicinal plant Picrorhiza kurroa. It is an inexpensive molecule and acts as a
NADPH oxidase inhibitor by preventing the translocation of p47phox, the cytosolic subunit to
the membrane [28], and its expression [29]. Apocynin also has an antioxydant effect as it can
react directly with ROS molecules [30]. In an experimental pathological model, apocynin limits
the overproduction of ROS in inflammatory, neurological, and vascular disorders [31]. Many
studies have shown that this compound has anti-inflammatory properties that are useful in the
treatment and prevention of chronic inflammatory disorders [32, 33]. Apocynin also has
specific antioxidant effects through the metabolic activation of phagocytes and the production
of MPO [34]. The anti-inflammatory effects of this molecule have been observed in vitro, such
as the suppression of granulocyte chemotaxis and the reduction of neutrophil oxidative burst
[35]. Furthermore, apocynin can act as an inhibitor of NOX2, but it also has several other effects
independent of NOX2 inhibition, such as inhibition of the AKT and ERK1/2 pathways activated
by granulocyte-macrophage colony-stimulating factor (GM-CSF) [36]. Our research aims to

investigate the preventive effects of apocynin on acetic acid-induced ulcerative colitis in rats.



MATERIAL AND METHODS
Reagents

Apocynin  (4-hydroxy-3-methoxyacetophenone),  dimethylsulfoxide = (DMSO),
hexadecyltrimethylammonium bromide (HTAB), phosphate buffered saline (PBS), NaCl,
chloroamine-T, potassium iodide (KI), acetic acid (AA), sulfasalazine (SSZ), butylated
hydroxytoluene (BHT), trichloroacetic acid (TCA), thiobarbituric acid (TBA), hydrochloric
acid (HCL), orthodianisidine dihydrochloride, Tris buffer, hydrogen peroxide (H.0), 2,2'-
azino-bis3-ethylbenzothiazoline-6-sulphonic acid (ABTS), 1,1-diphenyl-2-picrylhydrazyl
(DPPH), ethylenediaminetetraacetic acid (EDTA), epinephrine, bovine catalase, sodium
carbonate/bicarbonate were from Sigma-Aldrich (St. Louis, MI, USA). Rat TNF-a ELISA kit
and rat IL-1B ELISA kit were purchased from Peprotech (Cranbury, NJ, USA). Iron, alkaline

phosphatase, and C-reactive protein Kits were purchased from Biomaghreb (Tunisia).

In vitro antioxidant activity and iron chelating capacity of apocynin

The antioxidant activity of apocynin was evaluated by using the ABTS and DPPH free
radicals, as described respectively by Re et al [37] and Grzegorczyk et al [38], respectively. In
addition, iron chelating capacity was determined using the method described by Chew et al

[39].

Animal care

The Ethics Committee of the Tunisian Association of Laboratory Animal Sciences gave
its ethical approval (No. 0123/2022 ATSAL) for all studies which were conducted in

accordance with the European Community Council Directive of 24 November 1986.



Thirty male Wistar rats weighing 200-220 g were purchased from the Pasteur Institute in
Tunis. The rats were maintained in a controlled environment with a 12:12h light-dark cycle,
65-70% humidity, and 22 £ 1 °C temperature, with free access to water and normal rodent

chow.

Induction of ulcerative colitis

Ulcerative colitis was induced according to a previous study [40] with slight modifications, i.e.
rats were given 5 mL/kg of acetic acid, diluted to 3% with 0.9% NaCl using a paediatric catheter
via the intra-rectal route (a flexible plastic catheter inserted 8 cm into the rectum). Animals
were kept in the Trendelenburg position (head-down) for 20 seconds after receiving AA in order

to avoid solution leakage. 24 hours after the induction of colitis, the animals were sacrified.

Experimental design

Rats were divided into six groups: the control and acetic acid groups received daily oral DMSO.
One group received a daily oral dose of SSZ at 150 mg/kg for 7 days, while the other three
groups received different concentrations of apocynin (100, 200, and 400 mg/kg) for 7 days.
Following the pretreatment phase, all animals received intra-rectal acetic acid, except the
control group, which received intra-rectal NaCl 0.9% (Fig. 1). 24 hours after the induction of

colitis (day 8), the animals were sacrified.

Disease Activity Index (DAI) measurement

During the study, the body weight of the rats was recorded daily using an electronic
weighing machine. Feeding behaviour was also monitored. In addition, we looked for signs of

animal stress, such as diarrhoea and a decrease in activity. 24 hours after the induction of colitis



(day 8), the animals were sacrified. As previously described, plasma and organs were carefully
collected, and their relative weights measured. Disease activity index [41], weight (W) and
length (L) of the colon (from the cecum to the rectum) of each rat were determined to evaluate

the wet colon sample (W (g)/L (cm)) ratio.

Protein determination

Colon homogenate was rinsed in ice-cold NaCl 0.9% (w/v) and homogenised in a 0.1 M
phosphate buffer solution (pH 7.4). Homogenates were centrifuged at 4000 rpm for 20 minutes

at 4 °C. Total tissue protein content was determined by the Lowry method [42].

Advanced oxidation of protein products

Advanced oxidation of protein products (AOPPs) in the colon was assessed using the technique
described by Witko-Sarsat et al [43]. This procedure is based on a standard curve prepared with
acetic acid, Kl, and chloroamine T (10 mM). The level of AOPPs is determined by measuring
the absorbance at 340 nm with a reference absorbance at 490 nm. The AOPP levels were

expressed as pM/mg of colon protein according to the chloramine standard curve.

Malondialdehyde (MDA) content of lipid peroxidation

The MDA level in colonic homogenate was estimated according to the method described by
Yagi [44]. Aliquots of colonic homogenates were mixed with a BHT-TCA solution containing
1% BHT (w/v) dissolved in 20% TCA (w/v), then centrifuged at 1000 g for 5 min at 4°C. The
supernatant was mixed with HCI (0.5 N), 120 mM TBA buffered in a 26 mM Tris solution, and
heated at 80 °C for 10 minutes. Absorbance was measured at 532 nm using a UV

spectrophotometer (Agilent CARY 3500). MDA levels were calculated using an extinction



molar coefficient of 1.56 x 10° M.cm™ of the MDA-TBA complex, and results are expressed

as nmol/mg of protein.

Catalase activity

H20O> detoxification was evaluated by the method of Aebi et al [45], which is based on the
evaluation of the rate constant of H.O> decomposed by the catalase enzyme at 240 nm by using
a UV-visible spectrophotometer (Agilent CARY 3500) for 3 min. The enzymatic activity was
calculated from the extinction coefficient of H2O, and then the results are expressed as mmol

of H202 /min/mg of protein.

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was determined by using an epinephrine assay described
by Mirsa and Fridovich [46]. Briefly, the supernatant was added to 2 mL of a reaction solution
containing bovine catalase, epinephrine, and a buffer solution of sodium carbonate/bicarbonate
(pH = 10.2). Enzymatic activity was measured spectrophotometrically at 480 nm for three

minutes using a UV-visible spectrophotometer (Agilent CARY 3500).

Myeloperoxidase activity

A spectrophotometric method described by Bradeley et al [47] was used to determine the index
of neutrophil infiltration in plasma and colonic tissue. The colon was briefly centrifuged, and
the supernatant was mixed with PBS containing 0.5% HTAB and sonicated. The supernatant
was mixed with PBS containing 0.167 mg/mL orthodianisidine dichloride and 0.0005% H20-.
The rate of absorbance change was measured at 460 nm for 10 minutes to evaluate this activity.

The results are given as one unit of MPO = mM of H20,. mint.mg? protein.



Determination of reduced glutathione (GSH) content

Colonic GSH levels were measured according to the method described by Ellman [48].
According to the 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) reduction, the yellow colour
produced depends on the GSH concentration, and the optical density was measured at 412 nm

using a UV-visible spectrophotometer (Agilent CARY 3500).

Assessment of inflammatory mediators

For the assessment of inflammatory mediators in rat plasma, TNF-a (catalogue N°900-
M73, lot N°0521073-M) and IL-1p (catalogue N°900-M91, lot N°0319091-M) were measured
using enzyme-linked immunosorbent assay (ELISA) kits from Peprotech according to the
manufacturer's instructions and plasma C-reactive protein was determined using the
colorometric method as described in the Biomaghreb kit reference (41012). In addition, alkaline
phosphatase activity and plasma iron levels were determined using Biomaghreb Kits (refs 13026

and 20061).

Histological study

Intestinal tissue was collected and stored overnight in 10% formol. Colon samples were
processed in graded ethanol solutions and embedded in paraffin. Histological sections were cut
at 5 um, stained with hematoxylin and eosin (H&E) and the morphological evaluation was

performed by light microscopy (Carl Zeiss, Jena, Germany).

Statistical analysis
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Results are presented as mean = S.E.M. Variation between groups was analysed by one-
way ANOVA, followed by Tukey's multiple comparison post-test, using Graph-Pad Prism 7
software (Graph-Pad Software, San Diego, CA, USA) with a p-value < 0.05 was considered

statistically significant.

RESULTS

Effect of apocynin on macroscopic and histological changes of the colon in AA-induced

colitis in rats

The aim of this study was to investigate the effect of apocynin, an antioxidant and NADPH
oxidase inhibitor, on acetic acid (AA)-induced colitis in rats. The results show that AA induced
a dramatic increase in the Disease Activity Index (DAI), an indicator of the degree of
inflammation determined by the examining each animal’s body weight, diarrhea and fecal blood
(Fig 2a). The ulcerative colitis group (AA group) showed a significant increase (p< 0.05) in the
DAI index as compared to the control group. Furthermore, SSZ used as a positive control,
significantly decreased (p< 0.05) the DAI index compared to the AA group. Interestingly, pre-
treatment of rats with apocynin at doses of 200 and 400 mg/kg significantly (p< 0.05) reduced
this index compared to the AA group (Fig. 2a).

Macroscopic examination of the colon showed that the colon of the AA group was characterised
by a reduction in length, signs of inflammation, and redness, and that SSZ and apocynin
protected it from this inflammation (Fig. 2b). In addition, the wet colon weight in the AA group
was significantly higher (p < 0.05) than in the control group, and apocynin dramatically reduced
this AA-induced effect compared to the AA group. Apocynin concentrations of 200 and 400

mg/kg were more effective (p < 0.01) than SSZ (Fig. 2c).
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The results of the histological examination of the colon (Fig. 3) showed that the colonic
architecture of the control group appeared normal (magnification x4), with intact epithelium
(black arrow) (magnification x10, x20). A microstructure was clearly visualised: external
mucosa (EM), submucosa (SM), muscosa muscularis (MM), intact lamina (LM) (magnification
x20) with the presence of goblet cells (magnification x40) (green arrow). For the AA group,
histological analysis showed that acetic acid caused extensive ulceration and the deterioration
of tissue architecture (red arrow), erosion of mucosa (blue arrows) (x4 magnification) with
mucosal hemorrhage, loss of epithelial and goblet cells (purple arrow), oedema (red stars), and
neutrophil infiltration in the submucosal layers (yellow stars) (x40 magnification). Pretreatment
with sulfasalzine protected the microstructure of the colon (magnification x4), attenuated
mucosal ulceration and neutrophil infiltration in the submucosal layers (x10 and x20
magnification). Furthermore, examination of the colon shows the presence of goblet cells
without neutrophil infiltration (magnification x40). Our results also showed that apocynin at
100 mg/kg prevented the erosion of colonic structure and ulceration induced by acetic acid
(magnification x4) and reduced the accumulation of inflammatory cells to some extent
(magnification x10, x20), with the presence of edema in the submucosal layers (magnification
x40) (Fig. 3). Pretreatment with apocynin at doses of 200 and 400 mg/kg protected the structural
integrity of the colon (magnification x4) with a similar length of villus to the control and SSZ
groups (magnification x10). In addition, there was no ulceration or accumulation of neutrophils
in these two groups (x20 magnification). Higher magnification also shows the presence of

goblet cells (x40 magnification).

Apocynin exerts antioxidant and iron-chelating properties in vitro and prevents oxidative

stress in the colon

To test the involvement of an oxidative stress in AA-induced colitis and the effect of apocynin

on this process, we first evaluated the antioxidant activities of apocynin in vitro using the ABTS
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and DPPH tests, which revealed that apocynin had a potent antioxidant activity by scavenging
free radicals with a half maximal inhibitory concentration (1Cso) of 124.12 + 3.79 pg/mL for
the ABTS test compared to that of trolox (ICsp = 66.29 + 1.03 pg/mL). In addition, our results
showed that apocynin also scavenges DPPH free radicals (ICso = 31.56 + 0.21 pg/mL)
compared to the BHT test (ICso = 12.73 + 4.01 pg/mL). Furthermore, our results indicate that
apocynin has a potent iron chelating ability (ICso = 8.23 £ 0.151 pg/mL) close to that of EDTA
(ICs0 = 5.44 £ 0.205 pg/mL) (Table 1).

We then investigated the effect of apocynin on oxidative stress markers such as protein
and lipid oxidation and MPO in vivo in the rat colon. Measurement of AOPP levels, a marker
of protein damage in colonic homogenate, showed that intrarectal administration of acetic acid
caused a significant increase (p < 0.001) in the AOPPs as compared to the control group (Fig.
4a). Furthermore, pretreatment of rats with different doses of apocynin and SSZ significantly
reduced AOPP levels in the colon as compared to the AA group. Furthermore, our results
showed that there was no significant difference between SSZ and AP-400 mg/kg (Fig. 4a).
Evaluation of lipid peroxidation status by the determination of MDA levels in colonic
homogenate showed that acetic acid significantly increased the MDA levels in the AA group
compared to the control group (p < 0.001). Our analysis showed that pretreatment of rats with
apocynin exerted a significant preventive effect (p < 0.001 vs. the AA group) on the increase
in MDA content induced by acetic acid. Based on our results, there is no significant difference
between SSZ and AP-400 mg/kg (Fig. 4b).

Myeloperoxidase (MPO) is a pro-oxidant enzyme mainly found in neutrophils, and its activity
has been used as an index of neutrophil infiltration and activation in the colon. Our results
showed that intrarectal administration of AA significantly (p < 0.001) increased MPO activity
in the colon as compared to the control group. SSZ pre-treatment significantly reduced (p <
0.001) the MPO activity by 55% compared to the AA group. In addition, the different doses of

apocynin significantly reduced MPO activity (p < 0.001) in colonic homogenate as compared
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to the AA group. Therefore, there is no significant difference in myeloperoxidase activity
between the SSZ and apocynin (400 mg/kg) groups (Fig. 4c). These redox changes in the
colonic tissue were prevented by pretreatment with apocynin at doses of 200 and 400 mg/kg.

We then investigated the effect of apocynin on antioxidative stress markers such as SOD
and catalase in vivo in the rat colon. Determination of SOD activity in colonic homogenate
shows that induction of ulcerative colitis with an AA group significantly reduced (p < 0.001)
SOD activity compared to the control group (Fig. 5a). Our results showed that apocynin at 100
mg/kg for seven days significantly (p < 0.05) prevented the decrease in SOD activity in colonic
homogenate as compared to the AA group. This increase is more effective (p <0.01) at 200 and
400 mg/kg. Furthermore, there was no significant difference in SOD levels between the SSZ
and the 400 mg/kg apocynin groups.

Determination of catalase activity in colonic homogenates shows that the AA group leads
to a significant reduction (p < 0.001) of this enzymatic activity as compared to the control group
(Fig. 5b). Our analysis showed that SSZ significantly increased (p < 0.001) the catalase activity
as compared to the AA group and apocynin treatment at 200 mg/kg significantly improved (p
< 0.05) the catalase activity compared to the AA group. This increase is more significant (p <
0.001) in the apocynin (400 mg/kg) group than in the AA group. Furthermore, our analysis
revealed no significant variation in catalase levels between the SSZ and apocynin (400 mg/kg)
groups (Fig. 5b).

Evaluation of the GSH content in colonic homogenate showed that acetic acid induced a
significant decrease (p < 0.001) in this antioxidant marker as compared to the control group
(Fig. 5c). Pretreatment with SSZ also had no affect on the GSH levels compared to the AA
group. Interestingly, pretreatment with apocynin at different doses indicated that apocynin at
400 mg/kg significantly (p < 0.01) increased the GSH content in colonic homogenate as
compared to the AA group. Furthermore, our analysis showed no significant variation between

SSZ and apocynin (400 mg/kg) (Fig. 5c).
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Effect of apocynin on pro-inflammatory mediators in rat plasma

Evaluation of plasma alkaline phosphatase activity in plasma shows a significant increase (p <
0.001) in this activity in the AA group compared with the control group. Furthermore, according
to our results, pre-treatment with sulfasalazine for 7 days significantly reduced (p < 0.001) the
increase in ALP activity as compared to the AA group. Furthermore, apocynin at 200 and 400
mg/kg significantly prevented (p < 0.001) the increase in ALP compared to the AA group. Also,
according to our results, there is no significant difference between the SSZ and apocynin groups
treated with 400 mg/kg (Fig. 6a).

According to the biochemical analysis of iron in plasma, ulcerative colitis exacerbated by
acetic acid was characterised by a significant increase (p < 0.001) in this parameter as compared
to the control group. Our results showed that sulfasalazine at 150 mg/kg for seven days
significantly reduced (p < 0.001) the increase in plasma iron content compared to the AA group.
However, pretreatment with apocynin at a dose of 100 mg/kg had no effect on the level of
plasma iron. On the other hand, apocynin at 200 and 400 mg/kg significantly (p < 0.001)
decreased the plasma iron content compared to the AA group (Fig. 6b).

A typical sign of inflammation produced by the liver is C-reactive protein, our results
show that acetic acid significantly increased (p < 0.01) this plasmatic marker compared to a
control group. Furthermore, SSZ at 150 mg/kg significantly (p < 0.001) reduced CRP levels, as
well as those of the AA group. Our analysis also showed that apocynin at different doses
reduced CRP levels; this reduction was more significant at 200 and 400 mg/kg of apocynin
pretreatment than at 100 mg/kg. Our study also found no statistically significant difference
between the 400 mg/kg apocynin and SSZ groups (Fig. 6¢).

Assessment of myeloperoxidase activity showed that acetic acid significantly increased (p <
0.001) the MPO in rat plasma compared with the control group. Pretreatment with sulfasalazine

significantly reduced (p < 0.001) MPO activity compared to the AA group. Interestingly,

15



apocynin at different doses significantly reduced the increase of this marker as compared to the
AA group. According to our results, pretreatment with apocynin at 200 and 400 mg/kg is more
effective (p < 0.001) in reducing MPO activity compared to the AA group. Our results showed
no significant difference between the SSZ and apocynin groups treated with apocynin 400
mg/kg (Fig. 6d).

Enzyme-linked immunosorbent assay analysis of pro-inflammatory mediators in rat plasma
clearly showed that acetic acid caused a significant increase (p < 0.001) in TNF-a (4.258 *
0.325 ng/mL) compared with the control group (0.586 £ 0.115 ng/mL). Pretreatment with SSZ
(150 mg/kg) significantly (p < 0.001) reduced this pro-inflammatory marker (1.806 + 0.165
ng/mL) compared to the control group. Our research showed that apocynin, at doses of 100,
200, and 400 mg/kg, significantly reduced the production of TNF-a; this prevention is more
significant (p < 0.001) at doses of 200 and 400 mg/kg as compared to the AA group.
Furthermore, our analysis shows that there is a significant difference (p < 0.05) in TNF-a levels
between the SSZ group and the group pretreated with apocynin at 400 mg/kg (Fig. 6e). The
determination of IL-1f showed a significant increase (p < 0.01) of this proinflammatory marker
in the AA group (3.515 % 0.192 ng/mL) as compared to the control group (1.633 £ 0.127
ng/mL). Our analysis shows that SSZ at 150 mg/kg significantly (p < 0.001) reduced the level
of this marker (1.26 + 0.199 ng/mL) as compared to the AA group. In addition, our results
indicate that apocynin at 200 and 400 mg/kg prevented significantly more overproduction of
IL-1B compared to the AA group. Furthermore, our results showed that there was no significant
difference in IL-1p levels between the SSZ group and the apocynin group at 400 mg/kg (Fig.

6).

DISCUSSION

Oxidative stress has become a major focus of basic and clinical research. It is defined as

the imbalance between ROS production and their clearance resulting in excessive ROS
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production, which is involved in the progression of many inflammatory diseases such as
ulcerative colitis [49]. Finding new strategies to inhibit oxidative stress could be a novel anti-
inflammatory approach. In this study, we used apocynin, a molecule which is known to inhibit
NADPH oxidase NOX2 and to scavenge ROS, to investigate its effect in acetic acid-induced
colitis, an inflammatory model associated with high oxidative stress. Our results show that
apocynin protected rats against AA-induced colitis and inhibited key oxidative and

inflammatory markers.

Histopathological analysis revealed an altered colonic cytoarchitecture and neutrophil
infiltration on the colonic epithelial surface in this model of colitis. Our findings are in
agreement with a previous study [50] which showed that AA-induced ulcerative colitis is
characterised by inflammatory cell infiltration into the intestinal tissue, necrosis, and ulceration
[51]. According to our results, AA-induced colitis promotes a dramatic increase in colonic pro-
oxidant markers with a significant reduction of antioxidant markers. Furthermore, AA-induced
colitis leads to a dramatic increase in plasma iron. Iron accumulation and excessive ROS
generation may be involved in the Fenton and Haber-Weiss reactions. Indeed, the increase in
labile iron may activate the NF-kB pathway and increase proinflammatory cytokine production
[52]. Our data are supported by previous studies indicating the important role of TNF-a and
cytokines in IBD [53]. Currently, the use of anti-inflammatory drugs for the treatment of IBD
is associated with several side effects. For example, corticosteroids cause a number of adverse
effects [54]. Long-term corticosteroid therapy may be associated with an increased risk of death

and may be corticosteroid dependent [55].

Given this adverse effect, there is an urgent need to develop inexpensive and effective
anti-inflammatory drugs. Recently, research has focused on reducing ROS production [56]. Due
to its low toxicity, apocynin could be an interesting candidate, as it inhibits NADPH oxidase
activity [57] and has an antioxidant and anti-inflammatory properties [58, 59]. Evaluation of

apocynin's antioxidant effect indicates that it can scavenge free radicals [60] with a potent iron
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chelating ability. Furthermore, pretreatment with apocynin reduces plasma iron levels in
ulcerative colitis. In fact, apocynin has a high ferrous chelating ability explaining its potent anti-
inflammatory effect as the use of iron chelators was tested in the treatment of inflammation

disorders [61].

Our research showed that pre-treatment with apocynin reduced the (W/L) colon index
and the macroscopic damage to the colon. Our results are in agreement with the study of Marin
et al.,, who showed that apocynin has a protective role in DSS murine colitis [32]. This
protective effect is more effective at higher apocynin doses (similar to sulfazalazine). Some in
vivo studies involving apocynin in the treatment of ulcerative colitis support our findings [62].
According to the histological analysis of the colon, pretreatment with apocynin at high doses
preserved the cytoarchitecture of the colon and reduced inflammatory cells in the epithelial
layers. Our findings are supported by those of Komiya et al., who showed that apocynin in
drinking water reduced the aberrant crypt in the colon [63]. Our results also showed that pre-
treatment with apocynin prevented AOPPs and MDA levels initially exacerbated by colitis,

justifying the antioxidant key role of this natural molecule [64].

Furthermore, our results showed that apocynin restored the SOD and catalase activities
and stabilised the GSH levels in colonic tissue, which is consistent with previous research
showing that apocynin prevents the oxidative stress state [65, 66]. Our results also demonstrated
the key role of apocynin in inhibiting NF-«xB, which is one of the major target of oxidative stress
[67]. Furthermore, Hamilton et al., showed that apocynin inhibits the production of superoxide
anions in human arteries and veins [68]. Pretreatment with apocynin maintained the activity of
the antioxidant enzymes SOD and catalase in colonic homogenate which, is in agreement with
the study by Rosa et al. [69], and protected against the increase of ALP activity in ulcerative
colitis which, consistent with previous research [70]. In addition, apocynin preserves the level
of plasma iron in ulcerative colitis. Previous studies have shown that apocynin, was effective

in maintaining iron homeostasis [71].
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CRP is the most common indicator of inflammation produced by the liver [72]. Its
significant increase shows that ulcerative colitis is associated with extra-intestinal symptoms
that alter liver metabolism [73, 74]. Based on our findings, pre-treatment with apocynin,
reduces the plasmatic level of this pro-inflammatory markers and suppresses the increase in
plasma cytokines. Apocynin is a natural anti-inflammatory agent that reduces cytokines and
pro-inflammatory factors [67]. During the degranulation process, myeloperoxidase is released
into the neutrophil phagosome, which then releases HOCL and impairs healthy tissue function
[75]. Our results show that apocynin reduces the increase in MPO activity during ulcerative
colitis. In fact, this natural molecule contributes to the reduction of HOCL produced by
phagocytic cells [76]. MPO is also involved in the oxidation of apocynin to a dimer, which is

more efficient than apocynin itself [27].

CONCLUSION

In conclusion, our results clearly show that pretreatment of rats with apocynin, prevents
acetic acid-induced ulcerative colitis. This natural molecule protects the colon from damage
caused by oxidative stress and acts as a prodrug by reducing the levels of TNF-a, IL-1p and

CRP. Taking apocynin may be beneficial in the prevention of ulcerative colitis.
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Figure legends

Fig. 1. Summary of the experimental design used in this study. Rats were divided into six
groups: the control and acetic acid groups received daily oral DMSO. One group received a
daily oral dose of SSZ at 150 mg/kg, while the other three groups received different
concentrations of apocynin (100, 200, and 400 mg/kg) for 7 days. Following the pretreatment
phase, all animals received intra-rectal acetic acid, except the control group, which received
intra-rectal NaCl 0.9%. 24 hours after the induction of colitis (day 8), the animals were sacrified

and samples were collected for the assessement of inflammation and oxidative stress.

Fig. 2. Effect of apocynin on macroscopic changes of the colon in AA-induced colitis in
rats. Rats were treated as described in the experimental design scheme, colons were isolated
and disease activity index (DAI) (a), macroscopic state (b), and wet colon weight (c) were
determined. Results are presented as mean + S.E.M. (n = 5) with * p < 0.05 compared to the
control group, # p < 0.05, ## p < 0.01, ### p < 0.001 compared to the AA group, and $3$ p <

0.01 compared to the SSZ group.

Fig. 3. Histological examination of colon structure after apocynin pretreatment and
induction of ulcerative colitis by glacial acetic acid. Rats were treated as described in the
experimental design scheme, colons were isolated, fixed, and embedded in paraffin.
Histological sections were stained with haematoxylin and eosin (H&E), and the morphological
evaluation was performed by light microscopy at different magnifications (X4, X10, X20, and

X40). “Control* are colons from untreated rats, “AA* are colons from acetic acid-treated rats,
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“SSZ+AA“ are colons from SSZ-treated and acetic acid-treated rats, “AP-100+AA*, “AP-
200+AA* and “AP-400+AA* are colons from rats treated with apocynin at 100 mg/kg, 200
mg/kg, and apocynin 400 mg/kg respectively and acetic acid. Mucosa (M), external mucosa
(EM), submucosa (SM), muscosa muscularis (MM), intact lamina (LM), goblet cells (green
arrow), deterioration of tissue architecture (red arrow), loss of epithelial cells (purple arrow),
mucosal erosions (blue arrows), oedema (red stars), and inflitration at the submucosal layers

(yellow stars). Representative images from 6 different rats.

Fig. 4. Effect of apocynin on colonic pro-oxidant markers in AA-induced colitis in rats.
Rats were treated as described in the experimental plan, colons were isolated and AOPP (a),
MDA (b), and MPO activity (c) were determined. Results are presented as mean £ S.E.M. (n =
5) with *** p < 0.001 compared to the control group, ## p < 0.01, ### p < 0.001 compared to

the AA group, and $ p < 0.05, $$ p < 0.01, $$$ p < 0.001 compared to the SSZ group.

Fig. 5. Effect of apocynin on colonic antioxidant markers in the colon in AA-induced
colitis in rats. Rats were treated as described in the experimental design scheme, colons were
isolated and SOD (a), catalase activity (b) and GSH (c) were determined. Results are presented
as mean £ S.E.M. (n =5) with *** p < 0.001 compared to the control group, # p < 0.05, ## p <

0.01, and ### p < 0.001 compared to the AA group.

Fig. 6. Effect of apocynin on plasma inflammatory markers in AA-induced colitis in rats.
Rats were treated as described in the experimental design scheme, plasmas were isolated, and

the enzymatic activities of alkaline phosphatase (a), iron concentration (b), CRP level (c),
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myeloperoxidase activity (d), TNF-a (e) and IL-1p (f) were determined. Results are presented
as mean = S.E.M. (n = 5) with ** p < 0.01, *** p < 0.001 compared to the control group, ## p
< 0.01, ### p < 0.001 compared to the AA group and $ p < 0.05, $$3$ p < 0.001 compared to

the SSZ group.
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Table.1 Evaluation of the antioxidant and iron chelating ability of apocynin.

Scavenging of DPPH radicals Scavenging of ABTS radicals iron chelating ability

Agent I1Cs0 (ug/mL) Agent I1Cs0 (ug/mL) Agent I1Cso0 (ug/mL)
Apocynin 31.56 +0.21 Apocynin 124.12 + 3.79 Apocynin 8.23+0.151
BHT 12.73+4.01 Trolox 66.29 + 1.03 EDTA 5.44 + 0.205

Half maximal inhibitory concentrations (ICso) were determined for each agent and the results were expressed

as mean + S.E.M of 3 different experiments.
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