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Abstract

Background: We investigated the roles and regulation of contractile and sodium ion transporter
proteins in the pathogenesis of diarrhea in acute ulcerative colitis. Methods: Acute ulcerative colitis
was induced in male Sprague-Dawley rats using dextran sulfate sodium (DSS) in drinking water for
seven days. The effects of nobiletin, a citrus flavonoid, were also examined. Results: Increased
myeloperoxidase activity, colon mass, and inflammatory cell infiltration associated with damage to
goblet cells and the epithelial cell lining indicated the development of acute ulcerative colitis. SERCA-
2 calcium pump expression remained unchanged, whereas the phospholamban (PLN) regulatory
peptide was reduced and its phosphorylated form (PLN-P) increased, suggesting a post-translational
enhancement of SERCA-2 activity in the inflamed colon. Higher levels of IP3 were associated with a
decrease in the Gaq protein levels without altering phospholipase C expression, suggesting that IP3
regulation is independent of Gaq protein signaling. In addition, the expression of sodium/hydrogen
exchanger isoforms NHE-1, NHE-3 and carbonic anhydrase-1 and sodium pump activity were
decreased in the inflamed colon. Nobiletin treatment of colitis selectively reversed the inflammatory
and oxidative stress markers, including superoxide dismutase and catalase without restoring the
expression of ion transporters. Conclusions: This study highlights alterations in the expression of ion
transporters and their regulatory proteins in acute ulcerative colitis. These changes in the ion
transporters are likely to reduce NaCl absorption and alter contractility, thereby contributing to the
pathogenesis of diarrhea in the present acute model of ulcerative colitis. Nobiletin selectively
ameliorates acute colitis in this model.

Keywords: ulcerative colitis; myeloperoxidase; phospholamban; SERCA-2; NHE; carbonic
anhydrase; DSS

1. Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are two major forms of inflammatory bowel
diseases (IBDs) that commonly affect individuals worldwide [1]. These conditions are associated with
decreased colonic contractility, rapid transit, and increased propulsive activity in the gastrointestinal
tract, contributing to diarrhea [2,3]. These changes cause diarrhea which is likely resulting from the
defects in Ca?* mobilization in smooth muscle cells and impaired sodium transport in gastrointestinal
epithelial cells [2]. Studies have shown an impaired extracellular and intracellular Ca?* mobilization
due to defects in the L-type calcium channels in chronic inflammatory bowel diseases [4-8]. However,
the role of IP3-sensitive Ca?* channels, which release calcium from intracellular stores, remains
incompletely understood in the acute ulcerative colitis. For the efficient functioning of IP3-sensitive
calcium channels, refilling of the intracellular calcium stores (ER) by the sarcoplasmic/endoplasmic
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reticulum-bound calcium ATPase, or SERCA-2 Ca-pump, is critical. The SERCA-2 activity is inhibited
by phospholamban (PLN) inhibitory peptide and activated by PLN-P, the phosphorylated form [9].
Therefore, it is also essential to investigate the role and regulation of SERCA-2 by measuring the
levels of Ca? signaling molecules, including IP3, PLN, PLN-P, protein Gq, and PLCy in the acute
stage of ulcerative colitis.
Impaired epithelial Na* transport in the inflamed colon is also likely to contribute to diarrhea
[10]. Transport of Na* is regulated by Na-H exchangers (NHE), Na channels, pump, and
cotransporters [11-13]. While NHEs are responsible for an electroneutral absorption of NaCl and
water, epithelial sodium channels (ENaC) regulate electrogenic Na* absorption from the distal colon.
Altered expression of epithelial Na* transporters, including NHEs, ENaC, and sodium pump, has
been reported in chronic inflammation in human IBDs [11,12,14-16]. NHE-3 isoform is the main
regulator of electroneutral uptake of NaCl from the gastrointestinal tract, whereas NHE-1 primarily
regulates intracellular pH [17-22]. The activity of NHE is regulated by Na* and H* ion gradients
established, respectively by the sodium pump and carbonic anhydrase (CA) [3]. Several studies have
reported conflicting results on the suppression of sodium pump activity in chronic colitis [23-26].
The carbonic anhydrase isoforms CA-1 and CA-2 also regulate the NHE-1 activity by a direct
interaction, which is disrupted in TNBS-induced colitis [27]. Proton (H*) and HCOs produced by CA
are removed, respectively, by NHE and anion exchangers SLC4A and SLC26A. Among the several
SLC26A isoforms, SLC26A3 and SLC26A6 are primarily responsible for apical CI/HCOs exchange
in the mammalian intestine [28]. Colon expresses a high level of SLC26A3 playing a key role in
chloride (CI") absorption, whereas the electrogenic SLC26A6 exchanger is predominantly localized
to the small intestine [29]. Notably, single-nucleotide polymorphisms in the SLC26A3 gene have been
reported to increase susceptibility to ulcerative colitis [30], possibly by altering the luminal pH,
mucosal barrier, and dysbiosis [31]. The reports on the role of the anion exchanger in IBD are
conflicting, with findings ranging from induction and suppression to no observable change.
Therefore, it is crucial to investigate the role of key ion transporters, including NHE-1, NHE-3, the
sodium pump, carbonic anhydrase, and the anion exchanger SLC26A3, in the acute ulcerative colitis.
The primary objective of this study was to investigate the molecular mechanisms underlying
diarrhea in the acute ulcerative colitis induced in male Sprague-Dawley rats using dextran sulfate
sodium. The role of muscle contractility was also investigated by examining the expression of
SERCA-2, phospholamban, and inositol trisphosphate (IP3) levels. Furthermore, the level of Gaq
protein and phospholipase Cy (PLCy) signalling molecules was also examined in the inflamed
colonic tissue. To explore the role of sodium transport, we examined the expression of NHE-1, NHE-
3, and their regulators, including the sodium pump, carbonic anhydrase, and the chloride-
bicarbonate exchanger. Acute ulcerative colitis was induced by administering DSS in the drinking
water for seven days, as described recently [32]. We observed ameliorative effects of nobiletin in
colitis, which support our recent findings [32]. However, these findings showed a lack of reversal
effect of nobiletin on the expression of the selected ion transporter proteins in the present model.
Our findings demonstrate a post-translational activation of both SERCA-2 and IP3-sensitive
calcium channels in acute ulcerative colitis. This dual activation is likely to disturb cytoplasmic Ca?*
levels, contraction, and propulsive action in the inflamed colon. Interestingly, an increase in IP3
concentrations despite a reduction in Gaq protein expression and no significant change in PLCy
levels suggests that the IP3 increase in this context is regulated independently of the canonical Gag-
PLCy axis. Regarding Na* absorption, a reduction in Na* transporter and CA-1 expression, without
any change in CA-2, suggests a reduced NHE activity in the inflamed colon. These changes lead to
the accumulation of intracellular Na* and H*, resulting in acidosis, cell swelling, and necrosis.
Nobiletin selectively reversed the inflammatory markers, sparing ion transporters in the present
acute ulcerative colitis model. In conclusion, the epithelial cell Na* and Ca?* transport defects,
together with thinning of the colonic muscularis, likely affect the colonic muscle contractility and
diarrhea in the present model of acute ulcerative colitis.
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2. Materials and Methods

2.1. Induction of Colitis

Male Sprague-Dawley rats (6 weeks old) used in this study were maintained by the Animal Care
Facility, College of Medicine, Kuwait University, following the animal care guidelines. Colitis was
induced by allowing the animals free access to a freshly prepared 6% aqueous solution of dextran
sulfate sodium (DSS, MP Biomedicals Inc, USA) for the first 3 days, followed by 3% DSS solution for
an additional 4 days, until day 7 [32]. This study was approved by the Health Sciences Centre
Research Ethics Committee via approval number 23/VDR/EC.

2.2. Nobiletin Treatment

Nobiletin (Catalog# CFN98726, ChemFaces, China) was suspended in the autoclaved
phosphate-buffered saline (PBS, pH 7.4) and daily administered (60 mg/kg BW) orally. The drug was
initiated 2 days before DSS administration and terminated 2 hours before sacrificing the animals on
day 7 post-induction of colitis. The dose of nobiletin was selected based on its effectiveness published
recently [32].

2.3. Test Groups

This study was conducted using four experimental groups: C (non-colitis control), D (DSS-
colitis), CN (non-colitis controls treated with nobiletin), and DN (DSS-colitis treated with nobiletin).
On day 7, animals were euthanized by cervical dislocation, colons were taken out, cleaned with ice-
cold PBS, and used in this study.

2.4. Percentage Body Weight Change

The animal body weights were recorded daily until day 7. Changes in body weight were
expressed as a percentage weight gain relative to the body weight on day 0. On day 7, post-sacrifice
colon weight and colon length were measured and used for different experiments as described
recently.

2.5. Myeloperoxidase activity

Colonic myeloperoxidase activity (MPO), a reliable marker of acute inflammation, was used to
assess the induction of colitis by DSS [32]. Briefly, MPO activity was measured in the colonic tissue
lysates in the presence of O-dianisidine (Sigma, UK) as described [32].

2.6. Superoxide Dismutase Assay

Superoxide dismutase (SOD) was measured in the colon tissue homogenates using the
Invitrogen SOD colorimetric activity kit (Catalog# EIASODC, ThermoFisher Scientific, UK).
Following the manufacturer’s protocol, undiluted samples and standards were added to the
designated wells, followed by addition of the substrate and the chromogenic detection reagents. After
20 min of incubation at room temperature, absorbance was measured spectrophotometrically at 450
nm (BMG LabTech ClarioStar, Germany). A standard curve was prepared to calculate enzyme
activity in the samples.

2.7. Catalase Assay

Catalase activity was measured in the colonic tissue homogenates using a colorimetric assay kit
(Catalog# EIACATC, ThermoFisher Scientific, UK). Homogenate and standard samples were mixed
with hydrogen peroxide in appropriate wells and incubated for 30 minutes at room temperature.
Then, the substrate and horse radish peroxidase (HRP) were added into each well. After incubation
for 15 min the absorbance was measured at 560 nm spectrophotometrically (BMG LabTech ClarioStar,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1112.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2025 d0i:10.20944/preprints202510.1112.v1

4 of 17

Germany). To measure the catalase activity, a catalase standard curve was prepared using standards
provided with the kit.

2.8. Hematoxylin and Eosin Staining

Cleaned colonic segments fixed in paraformaldehyde were used to prepare paraffin-embedded
tissue blocks [32]. Thin tissue sections (5 pum thickness), collected onto coated-glass slides, were
stained with hematoxylin and eosin dyes (Sigma, UK) using routine methods [32]. Histological scores
were measured and photographed using a camera (Olympus DP71) attached to a microscope
(Olympus BX 51TF).

2.9. Mucin Staining

Integrity of the mucin layer was examined by alcian blue (1% alcian dye, pH 2.5) staining of the
colonic tissue sections [32]. The sections were analyzed and photographed using a camera (Olympus
DP71, Germany) attached to the microscope (Olympus BX 51TF, Germany).

2.10. Expression of Contractile Proteins

ECL western blot analysis was employed to examine the expression of contractile proteins in the
colonic tissue lysates.

2.10.1. ECL Western Blot Analysis

Colonic tissues were chopped with scissors and homogenized using an ice-cold 4-
morpholinepropanesulfonic acid buffer solution (pH 7.4). Lysates were centrifuged at 600x g for 10
min, and the supernatants were collected after passing through cheesecloth. The supernatants were
then centrifuged at 5000x g for 10 min, and the resulting supernatants were collected for protein
expression studies. Crude microsomes were also prepared by centrifuging a portion of each
supernatant at 188,000x g for 45 min (Sorvall, UK). All steps were conducted at 4°C.

Total protein concentrations in the lysates and crude microsomes were estimated using a
protein-dye binding assay kit (BioRad, USA). The protein samples (2 mg/ml protein) were
electrophoresed on a polyacrylamide gel along with a pre-stained protein size marker (Biorad, USA)
at 60 volts for 1-2 hr at ambient temperature. Subsequently, the separated proteins were electroblotted
from the gels onto PVDF membranes (GE Healthcare, Amersham-Hybond TM-P, Switzerland). After
washing with 1x PBS, the membranes were blocked with a 5% skimmed milk solution for 30 min and
then incubated with appropriate primary antibodies (Santa Cruz Biotechnology, USA). After
washing, the membranes were incubated with the secondary antibody-peroxidase-conjugates
(AffiniPure goat anti-rabbit IgG, Jackson, USA) for 2 hrs. All steps were performed at ambient
temperature with gentle shaking. Protein bands were developed using ECL reagents (BioRad, USA),
detected and quantified using Image Lab software on a BioRad Chemi Doc (Bio-Rad chemi-DocTM
MP Imaging System, USA).

To reprobe with different primary antibodies, the bound antibodies were removed by treating
the membranes with 62.5 mM Tris-base buffer (pH 6.8) with 2% SDS, 100 mM {3-mercaptoethanol for
20 min at 50 °C with constant shaking.

2.10.3. Measurement of Inositol Trisphosphate

Inositol trisphosphate (IP3) was measured in colonic homogenates using a rat IP3 ELISA Kit
(Catalog# MBS754505, MyBioSource, USA). The diluted homogenate samples were incubated with
IP3-HRP conjugate in a pre-coated plate for 1 hr, following the manufacturer’s instructions. At the
end of incubation, the wells were washed with a buffer and then incubated with an HRP enzyme
substrate. The reaction was terminated, and the color intensity was measured at 450 nm using a
spectrophotometer (BMG LabTech ClarioStar, Germany). A standard curve was also prepared using
0-50 ng/ml concentrations of the IP3 supplied with the kit to calculate IP3 concentration (ng/ml).
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2.11. Sodium Pump Activity

Sodium pump activity was represented by the ouabain-sensitive K-stimulated p-
nitrophenylphosphatase (PNPase) activity of the sodium pump. Briefly, the colonic homogenates
were diluted to 1ug/pl using imidazole buffer (pH 7.4). The pump activity was measured in the
absence (A) and presence (B) of ouabain (Sigma) at 37 °C for 1 hr in a water bath. The optical density
of the samples was measured at 410 nm using a spectrophotometer. The activity was calculated using
the equation: PNPase activity = (ODa-ODs) x 63 pmol/mg/min.

2.12. mRNA Expression

Total RNA was extracted from colonic segments using a TRIzol kit (Invitrogen, UK). Briefly,
tissues were homogenized in TRIzol solution, extracted with phenol and chloroform, and centrifuged
at 14000 rpm for 10 min to collect the aqueous layer. Total RNA was precipitated from the aqueous
layer using isopropanol and recovered by centrifugation at 14000 rpm for 10 min at 4 °C. RNA pellets
were washed with 70% ethanol, air-dried, and suspended in RNase-free deionized water. The quality
and concentration of the total RNA were examined by measuring the optical density at 260 nm and
280 nm. DSS inhibits RT-PCR reaction; therefore, the total RNA was further purified by two rounds
of 8M LiCl precipitation [32,33].

The primers selective for NHE-1 and NHE-3 were designed using the published sequences
XM_032896551.1_and NM_012654.2, respectively. The mRNA levels were quantified using the
purified RNA samples by the realtime RT-PCR method with Sybr green dye. The mRNA expression
levels were represented as the ratios of NHE mRNA to (3-actin mRNA.

2.13. Statistical Analysis

Data were presented as mean + SD, and the differences between the mean values of two or more
groups were tested using a two-way analysis of variance (ANOVA). The significance was further
evaluated with a post hoc Tukey test using GraphPad Prism. A value of significance at p <0.05 was
considered statistically significant compared to respective controls.

3. Results

3.1. Characterization of Colitis

The growth of colitis animals on day 7 was significantly inhibited compared to the non-colitis
controls, regardless of nobiletin treatment (Figure 1A). MPO activity was markedly increased in the
inflamed colon, which was suppressed significantly by the nobiletin treatment (Figure 1B). Colitis
was also assessed by measuring the superoxide dismutase (SOD) (Figure 2A) and catalase activity
(Figure 2B). DSS caused a significant reduction in both SOD and catalase enzyme activities in the
inflamed-colon, which was significantly reversed by the nobiletin treatment (Figures 2AB).
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Figure 1. Shown are A: percentage animal body weight changes on day 7 post-induction of colitis, relative to
their weights at day 0, and B: colonic myeloperoxidase (MPO) activity (units/mg/min) in tissue samples from the
four test conditions: non-colitis control (C), DSS-induced colitis (D), non-colitis treated with nobiletin (CN) and
DSS-colitis treated with nobiletin (DN). Data are mean + SD (n=10). **Significance at p <0.05 between the
indicated groups.
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Figure 2. Shown are A: superoxide dismutase (SOD) activity (units/ml), and B: catalase activity (units/ml) in
colonic segments taken from non-colitis control (C), DSS-induced colitis (D), non-colitis treated with nobiletin
(CN), and DSS-colitis treated with nobiletin (DN). Data are mean + SD (n=10). ** and **** indicate significance at
p <0.05 between the shown groups.

3.2. Histological Changes

Hematoxylin and eosin-stained colonic sections exhibited increased infiltration of inflammatory
cells in the lamina propria and submucosal layers. The epithelium was also disrupted. There was an
increased infiltration of inflammatory cells (Figures 3A, B, C) and epithelial disruptions in the DSS-
induced colitis group (Figures 3A, B, D). Furthermore, the quantitative data showed a significant
increase in the mean number of inflammatory cells/mm? and epithelial disruption in the inflamed
colon, which were reversed by nobiletin treatment (Figures 3A, B, C).
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Figure 3. A: A representative photomicrograph showing histology of colonic sections stained with hematoxylin
and eosin. Inflammatory cells in the lamina propria and submucosal layers (arrows), epithelial disruption (arrow
heads), goblet cells, and muscularis externa thickness are shown. B: number of inflammatory cells/mm2 area of
colon, and C: bar diagram showing inflammatory cells per mm?2, and D: epithelial discontinuities/section in
colon from the indicated test conditions. Data are mean + SD (n = 5). *** and *** show significance at p <0.05

between indicated groups. Scale bar = 50pm.

DSS significantly reduced the number of goblet cells, which were normalized by nobiletin
treatment of the colitis animals (Figures 4A, B). Morphometry of the muscularis externa showed a
significant thinning of the muscle layer in the inflamed colon, which was normalized by nobiletin
treatment of the colitis animals (Figures 4C, D).
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Figure 4. A: A representative photomicrograph of colonic mucosa showing goblet cells (arrows). B: bar diagram
showing mean number of goblet cells/intestinal gland, C: a representative photomicrograph showing colon
muscularis externa (ME), and D: bar diagram showing muscularis externa thickness (um) in the colon from the
indicated test conditions. The data are the mean + SD (n = 5). ***, **** show significance at p <0.05 between
indicated groups. Scale bar = 50um.

3.3. Expression of SERCA-2 and Phospholamban

The SERCA-2 Ca pump is expressed in the smooth muscle of the gastrointestinal tract [34]. The
SERCA-2 selective primary antibodies reacted with an expected size of protein (Figure 5A). The
SERCA-2 protein levels remained unchanged in all four test groups (Figure 5A). Furthermore, the
expression of phospholamban, PLN inhibitory peptide was decreased significantly in the inflamed
colon as compared to the non-colitis control regardless of nobiletin treatment (Figure 5B). However,
phosphorylated PLN-P expression was increased in the DSS-inflamed colon compared to the controls
irrespective of nobiletin treatment (Figure 5C). The level of 3-actin, a housekeeping gene remained
unchanged in all test conditions.
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Figure 5. Shown are the expression of the indicated proteins, A: calcium pump (SERCA-2) using SERCA-2
selective primary antibody (ABCAM, AB183531), B: total phospholamban (PLN), and C: phosphorylated
phospholamban (P-PLN) using primary antibodies (ABCAM, AB234903 and AB15000) examined by ECL
western blot analysis relative to 3-actin using primary antibodies (Sigma, A5316) in the colonic tissues from the
indicated test conditions. In each case, the inset is a representative figure of the corresponding data from the four

indicated conditions. Data are mean + SD (n = 10). *Significance at p <0.05 between the indicated groups.

3.4. IP3-Sensitive Ca?* Signalling

DSS increased the IP3 concentration in the inflamed colon, which was not reversed by nobiletin
treatment of colitis (Figure 6A). Regarding the mechanism underlying the colitis-induced increase in
the IP3 levels, we observed a decrease in the Gaq protein expression irrespective of nobiletin
treatment (Figure 6B). In addition, DSS did not change the levels of PLC-y in the test conditions
(Figure 6C).
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Figure 6. Shown are the levels of A: IP3 (ng/ml) determined by ELISA assay, B: G-protein aq (Gaq) using primary
antibodies (SantaCruz Sc136181), and C: phospholipase C-gamma (PLC-y) with primary antibodies (ABCAM,
AB131455) measured by ECL western blot analysis relative to P-actin using the actin-selective primary
antibodies (Sigma, A5316) in the colonic tissues from the indicated test conditions. Inset is a representative figure
of the indicated protein from the four test conditions. Data are mean + SD (n = 8). * and ** show significance at p

<0.05 between the indicated groups.

3.5. Expression of NHE Isoforms

The expression of NHE-1 and NHE-3 isoforms relative to (3-actin was decreased in the inflamed
colon, which was not reversed by nobiletin treatment (Figures 7AB). To explore the underlying
mechanism of NHE regulation, we examined the activity of sodium pump, which was significantly
reduced in the inflamed colon (Figure 7C). Treatment of nobiletin restored sodium pump activity

significantly (Figure 7C).
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Figure 7. Bar diagram showing the levels of expression of A: NHE-1, B: NHE-3 relative to 3-actin using selective
primary antibodies, and C: sodium pump (PNPase) activity (units per mg protein) in the colonic tissues from
the indicated test conditions. Insets showing a representative figure in the indicated four conditions. Data are

mean + SD (n=6). ¥, **, *** show significance at p <0.05 between the indicated groups.

Furthermore, DSS reduced the level of carbonic anhydrase CA-1 isoform expression significantly
in the inflamed colon, irrespective of nobiletin treatment (Figure 8A). However, the CA-2 expression
remained unchanged in the inflamed colon (Figure 8B). Additionally, the level of SLC26A3 anion
exchanger remained unchanged in the test conditions (Figure 8C).
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Figure 8. Bar diagram showing the level of expression of A: carbonic anhydrase-1 (CA-1), B: carbonic anhydrase-
2 (CA-2), and C: anion exchanger (SLC26A3) proteins relative to (3-actin using selective primary antibodies,
respectively (Santacruz, 5¢393497, Sc133111, Sc376187) with ECL western blot analysis in the colonic tissues from

the indicated test conditions. Insets show a representative figure in the indicated four conditions. Data are mean
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+SD (n=9). *Shows significance at p <0.05 between the indicated groups.

The level of B-actin remained uniform in the test conditions and was used to calculate the ratios
NHE:B-actin mRNA expression. The level of NHE-1 mRNA expression remained invariant in the test
conditions, whereas NHE-3 mRNA was significantly reduced in the inflamed colon without any
reversal by nobiletin (supplementary).

4. Discussion

A delicate regulation of cations and anions is critical to maintain electrolyte homeostasis and
intestinal contractility. An interplay between cation transport defects in the colonic epithelial and
smooth muscle, therefore, underpins the complex pathophysiology of diarrhea. These mechanisms
have been studied in human and animal models of chronic inflammatory IBD conditions, and
inconsistencies have been reported in the results. We investigated the role and molecular mechanisms
underlying the Na* and Ca?* transport in DSS-induced acute ulcerative colitis in rats. Specifically, we
examined the roles of the NHE-1 and NHE-3 isoforms, carbonic anhydrase (CA), and sodium pump
as markers of epithelial cell transport, and SERCA-2 Ca-pump and IP3-sensitive Ca channels as
markers of the smooth muscle ion transport. The regulatory role of phospholamban in SERCA-2
activity and the Gaq protein-PLC signaling mechanism for IP3 regulation was also explored. It is to
emphasize that we were interested in investigating changes in the acute stage of ulcerative colitis
using the present animal model, which was developed recently [32]. Thus, by selecting these
transporters and their regulatory molecules, we investigated the role and regulation of epithelial cell
and smooth muscle cell transport comprehensively in the pathogenesis of acute experimental colitis.
In addition, the effects of nobiletin, an anti-inflammatory and antioxidant natural flavonoid, were
investigated on the selected transporters.
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The NHE activity is crucial for a net uptake of NaCl in the gastrointestinal tract. While the NHE-
1 isoform regulates intracellular pH, the NHE-3 isoform mediates a net uptake of NaCl in the
gastrointestinal tract. We report a post-translational decrease in NHE-1 and NHE-3 activities in the
present acute ulcerative colitis. These findings in acute colitis are consistent with earlier observations
reported in the TNBS-induced chronic inflammation in the colon [8]. Functionally, this reduction is
likely to decrease intracellular pH and increase intracellular Na* load, fluid loss, cell necrosis, and
tissue damage (present study). Since NHE-1 mRNA expression remained unchanged, while NHE-3
was decreased, we interpret that the expression of NHE isoforms is regulated post-translationally. To
further investigate the post-translational regulation of NHE, we examined the levels of CA-1 and CA-
2 isoforms, SLC26A3 anion exchanger, and sodium pump activity. Carbonic anhydrase produces
HCOs and H* by reversible hydration of CO: and regulates the NHE activity. The HCOs anion fuels
the SLC26A3 anion exchanger, allowing it to exchange CI. In our case, reduced expression of the CA-
1 isoform and sodium pump activity without any change in CA-2 expression suggests a decrease in
NHE activity in the inflamed colon.

For a net uptake of NaCl, HCOs is exchanged with CI- in an electroneutral manner by the
SLC26A3 anion exchanger. As these transporters work in an integrated fashion, no change in the
expression of SLC26A3 is likely to augment the electrolyte and water imbalance in the gastrointestinal
tract. We examined these molecular changes using ECL western blot analysis with (3-actin as an
internal control. Therefore, these changes are consequences of inflammation, culminating in diarrhea,
a hallmark symptom of IBD. In conclusion, these findings suggest that the epithelial transport defects
in the acute stage of ulcerative colitis are similar to those seen in the chronic model of colitis.

Next, we investigated the role of Ca? regulatory mechanisms, including SERCA-2 and IP3-
sensitive Ca channels, and their regulation by phospholamban, IP3, Gaq, and PLC proteins. SERCA-
2 calcium pump sequesters the cytoplasmic Ca?* into the sarcoplasmic reticulum, promoting muscle
relaxation [34]. In IBD, inflammation-induced oxidative stress and reported ER dysfunction can
disrupt SERCA-2 function, compromising Ca? homeostasis. Notably, there was no change in the
SERCA-2 protein expression. However, the phospholamban PLN, an inhibitory peptide, was
reduced, and the phosphorylated PLN-P, which relieves SERCA-2 inhibition, was increased,
suggesting a post-translational activation of SERCA-2 in the present acute ulcerative colitis. These
findings do not support earlier findings reported in the chronic model of Crohn’s disease induced by
TNBS in rats but indicate a defect in the Ca-refilling mechanism of internal Ca stores [8]. Increased
SERCA-2 activity reduces cytoplasmic Ca?" concentration, disrupts calcium signaling, epithelial
barrier function, and smooth muscle contractility, thereby exacerbating diarrhea.

Furthermore, increased IP3 concentration suggests increased porosity and disturbed Ca?*
homeostasis of the intracellular Ca?* stores. Given the reduced Gaq protein expression, together with
no change in PLC levels, the mechanism of IP3 increase appears to be independent of the Gaq and
PLC signaling pathway. While IP3-mediated Ca? release is essential for smooth muscle contraction,
excessive release or an inability of SERCA-2 to sequester Ca?* may lead to abnormal contractility,
colonic motility, and the development of diarrhea.

In the present study, we comprehensively examined the role and regulation of these ion
transporters in the production of diarrhea in the present acute ulcerative colitis. This study reports
the role of ion transport in epithelial cells and contractile proteins, particularly Ca-sensing proteins
in the smooth muscle cells, in the pathogenesis of diarrhea.

Our model exhibited acute colonic inflammation, as demonstrated by increased MPO activity,
oxidative stress markers, and inflammatory cell infiltration. Epithelial cell damage was evidenced by
reduced mucin secretion and structural disruption in the colonic crypts. These findings consistently
support our recent report [32]. Additionally, the muscularis externa was significantly thin in the
inflamed colon, potentially impairing colonic contractile capacity, consistent with earlier reports in
mouse models of chronic ulcerative colitis [35]. These findings provide a comprehensive presentation
of the molecular and structural changes underlying diarrhea in acute ulcerative colitis.
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Nobiletin treatment reversed the inflammation-induced molecular changes, including
suppression of CA-1, sodium pump activity, and partly SERCA-2 regulatory mechanisms. However,
NHE-1 and NHE-3 expression remained unchanged, indicating a selective action of nobiletin in acute
colitis. These findings highlight the anti-inflammatory and antioxidative properties of nobiletin, as
evidenced by reduced MPO activity, restored superoxide dismutase (SOD) and catalase activity, and
improved epithelial integrity.

5. Conclusions

This study presents a comprehensive analysis of ion transport and smooth muscle contractility
dysfunction in the acute DSS-induced colitis model, highlighting their contribution to the
development of diarrhea. Unlike previous studies that focused on individual transporters in chronic
inflammation, we examined the molecular interplay of Na* and Ca? transport mechanisms,
elucidating their roles in the pathophysiology of diarrhea. The selective reversal of inflammation-
induced changes by nobiletin underscores its therapeutic potential in acute colitis (Graphical
abstract). Further research is warranted to explore the mechanisms underlying IP3 elevation and its
implications in Ca?* homeostasis.
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