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Abstract: In Inflammatory Bowel Disease (IBD), malabsorption of electrolytes (NaCl) results in
diarrhea. Inhibition of coupled NaCl absorption, mediated by the dual operation of Na:H and
Cl:HCO3 exchangers on the brush border membrane (BBM) of the intestinal villus cells has been
reported in IBD. In the SAMP1/YitFcs (SAMP1) mice model of spontaneous ileitis, representing
Crohn’s disease, DRA (Downregulated in Adenoma) mediated Cl:HCO3 exchange was shown to be
inhibited secondary to diminished affinity of the exchanger for Cl. However, NHE3 mediated Na:H
exchange remained unaffected. Mast cells and their secreted mediators are known to be increased in
the IBD mucosa and can affect intestinal electrolyte absorption. However, how mast cell mediators
may regulate Cl:HCO3 exchange in SAMP1 mice is unknown. Therefore, the aim of this study was to
determine the effect of mast cell mediators on the downregulation of DRA in SAMP1 mice. Mast
cell numbers and their degranulation marker enzyme (β-hexosaminidase) levels were significantly
increased in SAMP1 mice compared to control AKR mice. However, treatment of SAMP1 mice
with a mast cell stabilizer, ketotifen, restored the β-hexosaminidase enzyme levels to normal in
the intestine, demonstrating stabilization of mast cells by ketotifen. Moreover, downregulation of
Cl:HCO3 exchange activity was restored in ketotifen treated SAMP1 mice. Kinetic studies showed that
ketotifen restored the altered affinity of Cl:HCO3 exchange in SAMP1 mice villus cells thus reinstating
its activity to normal. Further, RT-qPCR, Western blot and immunofluorescence studies showed
that the expression levels of DRA mRNA and BBM protein, respectively remained unaltered in all
experimental conditions, supporting the kinetic data. Thus, inhibition of Cl:HCO3 exchange resulting
in chloride malabsorption leading to diarrhea in IBD is likely mediated by mast cell mediators.

Keywords: SAMP1/YitFcs; down regulated in adenoma; DRA; inflammatory bowel disease; Crohn’s
disease; mast cells; ketotifen

1. Introduction

Crohn’s disease (CD), part of a group of gastrointestinal disorders named as inflam-
matory bowel diseases (IBD), is characterized by transmural inflammation and skip lesions
that might occur throughout the length of the gastrointestinal tract [1]. The incidence of CD,
although variable in different geographical regions, has been steadily increasing over the
years in North America, Western Europe, Asia, and South America [2,3], particularly in the
United States. The etiopathogenesis of this incurable disease is said to be complex and is
known to involve interacting elements including genetic susceptibility of the host, intestinal
microbiota, environmental factors, and immunological abnormalities of the host [4]. The
chronic inflammation of CD is due to dysregulated host immune inflammatory response
leading to its pathogenesis [5]. Most importantly, many of the immune inflammatory medi-
ators released in the chronically inflamed mucosa of IBD profoundly affect the absorptive
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and secretory properties of intestinal epithelial cells leading to diarrhea, malnutrition, and
weight loss in IBD patients [6,7]. More specifically, as demonstrated by multiple studies,
impaired intestinal absorption of nutrients (glucose, amino acids, vitamins etc.) and elec-
trolytes (Na, Cl etc.) have been shown to be caused by specific immune-inflammatory
meditators affecting epithelial transport properties [8–12].

In the mammalian small intestine, electroneutral NaCl absorption is the predominant
mechanism of absorption of the electrolytes Na and Cl, which occurs through the func-
tional coupling of brush border membrane (BBM) exchangers mediating Na:H exchange
(NHE3/SLC9A3) and Cl:HCO3 exchange (DRA, Downregulated in Adenoma/SLC26A3
and PAT1, Putative Anion Transporter-1/SLC26A6) [13–16]. Impairment of this electroneu-
tral exchange is believed to be the prime cause of IBD associated diarrhea [17,18]. In
addition, considerable evidence found in the literature suggests the direct role of pro-
inflammatory cytokines and eicosanoids on the dysregulation of electrolyte absorption
in IBD [13,18,19]. Another key mucosal immune component that might have a regula-
tory role on IBD associated malabsorption of electrolytes is the mast cell. Activated mast
cells are known to release an array of immune mediators that affect the mucosal barrier
function including histamine, 5-hydroxytryptamine (5-HT), neutral proteases (tryptases,
chymases and carboxypeptidase A), prostaglandins, leukotrienes, platelet activating fac-
tor, and a variety of cytokines including TNFα, IL-3, IL-4, IL-5, etc. [20–23]. Moreover,
many of these mast cell immune mediators have been implicated in altered epithelial ion
transport processes [24,25].

SAMP1/YitFcs (SAMP1) is a recombinant-inbred mice model that spontaneously
develops ileitis, therefore, unlike other animal models, does not require any biological or
chemical agent to induce inflammation [26]. The characteristics of SAMP1 ileitis is very
similar in many features to the human IBD such as the presence of mixed inflammatory
infiltrate and epithelial injury including villus shortening etc. and hence is a highly
appropriate in vivo model to study small intestinal inflammation. In this animal model, we
have previously demonstrated that Cl:HCO3 exchange was downregulated in ileal villus
cell BBM. Moreover, this downregulation of Cl:HCO3 exchange was found to be secondary
to the altered affinity of the Cl:HCO3 exchanger for chloride [27]. Furthermore, molecular
studies demonstrated that only DRA, but not PAT1, had altered phosphorylation levels at
its serine and threonine residues, which likely mediated its altered affinity for chloride [28].
These data indicated that DRA, rather than PAT1, is the anion exchanger responsible
for chloride malabsorption during chronic ileitis. With regard to Na:H exchange in the
same study, Na:H exchange mediated by NHE3 remained unaffected in the BBM of villus
cells [27], which led us to believe that dysregulated traditional NaCl coupled absorption
may not be the viable reason for Na and Cl malabsorption leading to diarrhea in the
SAMP1 model of chronic ileitis. Given this background and the importance of DRA in
the IBD associated malabsorption of chloride, we determined if mast cell mediators could
be responsible for the specific downregulation of DRA mediated chloride malabsorption
in the SAMP1 model of spontaneous ileitis. Thus the aim of the current study was to
determine how mast cell stabilization may affect the downregulation of DRA in the BBM
of villus cells in the SAMP1 mice model of chronic ileitis and to define the functional and
molecular aspects of DRA regulation by mast cells.

2. Materials and Methods
2.1. Animal Models and Drug Treatment

AKR/J mice (males) and SAMP1/YitFcs mice (males) were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and were used in the current study at 10 weeks of
age. The animals were maintained in a 12-h light/dark cycle with free access to food and
water. Mice that were injected intraperitoneally with distilled water were used as untreated
controls. For drug treatment, AKR and SAMP1/YitFcs mice were intraperitoneally injected
for 2 days with ketotifen (10 mg/kg body weight), a noncompetitive H1-antihistamine and
mast cell stabilizer. Ketotifen was obtained from Cayman Chemicals, Ann Arbor, MI, USA.
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All the components of this animal study including animal handling procedures, treatments
and euthanization were approved by Marshall University’s Institutional Animal Care and
Use Committee (Protocol Reference number 743).

2.2. Cell Isolation

Ca++ chelation technique was used for the isolation of small intestinal villus cells from
treated and untreated AKR and SAMP1/YitFcs mice as described before [29,30]. Small
intestinal villus cells were also obtained from treated and un-treated mice by scrapping the
intestinal mucosa. The cells were flash frozen immediately in liquid nitrogen and stored at
−80 ◦C until experimental use.

2.3. β-Hexosaminidase Activity Assay

β-hexosaminidase activity assay was performed to detect mast cell degranulation
levels in vivo. In brief, homogenized villus cells from different experimental conditions
were centrifuged at 14,000× g for 10 min at 4 ◦C and the supernatant was used for the assay.
β-hexosaminidase activity was then measured in an equal amount of protein using GSI
Beta-N-acetylhexosaminidase colorometric assay kit (Cat. GR107044, Genorise Scientific,
Inc., Glen Mills, PA, USA). The results were expressed as percentage of β-hexosaminidase
activity relative to control.

2.4. BBM Vesicles (BBMV) Preparation

Mg++ chelation and differential centrifugation techniques were used for the ileal
villus BBM vesicles (BBMV) preparation as previously reported [13,30]. Villus BBMV was
suspended in an appropriate vesicle medium for uptake experiments. For Western blot
studies, villus BBMV was suspended in an appropriate protein extraction buffer.

2.5. 36Cl− Uptake Studies to Determine Cl−/HCO3
− Exchange in BBMV

The rapid-filtration technique was employed for the 36Cl− uptake studies in BBMVs.
Cl−/HCO3

− exchange experiments were performed by resuspending BBMV in vesicle
medium containing 105 mM N-methyl-D-glucamine (NMG) gluconate, 50 mM HEPES-Tris
pH 7.5 with either 50 mM KHCO3

− gassed with 5% CO2 + 95% N2 or 50 mM potassium
gluconate gassed with 100% N2. The reaction was started by adding 5 µL of vesicle to 95 µL
reaction medium containing 5 mM NMG 36Cl−, 149.7 mM potassium gluconate, 50 mM
MES-Tris pH 5.5 and either 0.3 mM KHCO3 gassed with 5% CO2, 95% N2 or 150 mM
potassium gluconate gassed with 100% N2. One mM 4,4-diisothiocyanatostilbene-2,2-
disulfonic acid disodium salt (DIDS), a potent anion exchange inhibitor, was used as the
inhibitor. The uptake was stopped at the desired time with ice cold stop solution containing
50 mM HEPES-Tris buffer (pH 7.5), 0.10 mM MgSO4, 50 mM potassium gluconate, and
100 mM NMG gluconate. The mixture was filtered on 0.45 µm Millipore (HAWP) filters and
washed twice with 5 mL ice-cold stop solution. Filters with BBMV were dissolved in 4 mL
scintillation fluid (Ecoscint, National Diagnostics), and radioactivity was determined in a
Beckman 6500 Beta Scintillation Counter. Results were calculated as the HCO3 dependent
DIDS sensitive Cl− uptake.

2.6. 22Na Uptake Studies to Determine Na/H Exchange in BBMV

NHE3 activity was measured as pH dependent and amiloride sensitive 22Na uptake.
22Na uptake was measured in BBMV by the rapid filtration technique as previously de-
scribed [31,32]. Briefly, 5 µL of BBMV was suspended in vesicle medium and incubated in
95 µL of reaction medium and with or without 1 mM amiloride. At 60 s, the uptake was
arrested by mixing with ice-cold stop solution and processed as described for 36Cl− uptake
studies in BBMV.
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2.7. Cl−/HCO3
− Exchange Kinetic Studies in Intact Villus Cells

For Cl−/HCO3
− exchange kinetic studies, 36Cl− uptake was performed in isolated

intact villus cells. Briefly, intact villus cells (100 mg wet wt.) were resuspended in either
5 mM of N-methyl-D-glucamine (NMG), 50 mM of KHCO3, and 50 mM of HEPES-Tris
pH 7.5 or 5 mM of NMG, 50 mM of potassium gluconate and 50 mM of HEPES-Tris pH
7.5. Ten µL of villus cells were then incubated in 90 µL of appropriate reaction medium
that contained varying concentrations of NMG 36Cl− (0.5, 1, 5, 10, 25, 50 mM) for 30 s. The
mixture was then filtered on 0.65 µm Millipore (Bedford, MA, USA) filters and washed
twice with ice cold-stop solution. The filter was dissolved in 4 mL Ecoscint solution and the
radioactivity was determined in a Beckman Coulter LS6500 Scintillation counter. Uptake
values were analyzed for simple Michaelis–Menten kinetics using a non-linear regression
data analysis using GraphPad Prism 8 (San Diego, CA, USA).

2.8. Real Time qPCR Analysis

Total RNA was extracted from treated and untreated mice small intestinal villus cells
using RNeasy mini kit (74106; Qiagen, Germantown, MD, USA). RTQ-PCR was performed
by a two-step method. First strand cDNA synthesis was performed with High capacity
cDNA Reverse Transcription kit (4368814; Applied Biosystems, Foster City, CA, USA). The
cDNAs generated were used as templates for RTQ-PCR. The reactions were performed using
TaqMan universal PCR master mix from Applied Biosystems on an Applied Biosystems
Step One Plus Real-time PCR system. RTQ-PCR for mouse specific DRA (Mm00445313 m1)
was performed using TaqMan® Gene Expression Assays obtained from Applied Biosystems.
Mouse specific β-actin (Mm01205647 g1) RT-qPCR, which served as the endogenous control,
was run along with the DRA in similar experimental conditions (40 cycles: 95 ◦C for 15 s and
60 ◦C for 1 min). The data obtained with β-actin was used to normalize the expression levels
of DRA between individual samples. RT-qPCR experiments were performed in triplicate
using total RNA extracted from isolated villus cells.

2.9. Western Blot Analysis

BBM protein extract from isolated small intestine villus cells solubilized in RIPA buffer
(50 mM Tris-HCl pH 7.4, 1% Igepal, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM
Na3VO4, 1 mM NaF) with protease inhibitor cocktail (SAFC Biosciences, Lenexa, KS, USA)
was used for the Western blot analyses. The equal amount of proteins from different
experimental conditions were mixed with sample buffer (100 mM Tris, 25% glycerol, 2%
SDS, 0.01% bromophenol blue, 10% 2-ME, pH 6.8) and denatured. Proteins were separated
by electrophoresis on an 8% polyacrylamide gel. The separated proteins were transferred to
a BioTrace PVDF membrane which was blocked with 5% nonfat dried milk in TBS (20 mM
Tris, pH 7.5, 150 mM NaCl) with 0.1% Tween-20 and probed with anti-DRA antibody
(diluted 1:1000) (sc376187, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4 ◦C for
overnight. Western blot analysis of Ezrin protein, detected with anti-Ezrin (diluted 1:1000)
(MAB3822-C, Millipore, Temecula, CA, USA), was used to confirm equal protein loading.
The primary antibody bound to the DRA and Ezrin proteins were detected with horseradish
peroxidase coupled secondary antibody (diluted 1:1000) (1706516, Bio-Rad Laboratories,
Life Science Group, Hercules, CA, USA) for an hour at room temperature. The blots were
then developed with an enhanced chemiluminescent detection reagent (GE Healthcare,
Chicago, IL, USA). The chemiluminescence was detected using a FluorChem M instrument
(Alpha Innotech, San Leandro, CA, USA) and the DRA specific protein density was then
calculated with ImageJ PC-based software (National Institute of Health).

2.10. Histology and Immunofluorescence Study

A small portion of ileum was fixed in 10% neutral buffered formalin and processed
for paraffin embedding. Paraffin sections (5 µm) were cut for use in histology, and im-
munofluorescence. To visualize the mast cells, sections were dewaxed with two washes
in xylene and hydrated by serial passage through graded alcohols. Sections were stained
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with toluidine blue, a metachromatic dye for mast cells, made up of 0.1% toluidine blue
O (Sigma-Aldrich Corporation, St. Louis, MO, USA) in 1% sodium chloride at pH 2.3 for
3 min. Sections were washed in distilled water, dehydrated, and mounted. Images were
visualized in a light microscope and captured at different magnification. Mast cell granules
stain purple in color due to the presence of heparin and histamine. For this reason, purple
stain was recognized as a positive staining for mast cells. For immunofluorescence study,
sections were dewaxed with xylene and hydrated by graded alcohols. Antigen retrieval
was performed by incubating the dewaxed and hydrated sections with 10 mM sodium
citrate buffer, pH 6, at 95 ◦C for 10 min. The sections were washed three times with PBST
(0.05% Tween-20 in phosphate buffered saline). The tissue sections were then blocked by
incubation with 2% bovine serum albumin for 1 h at room temperature. The tissue sections
were incubated with anti-chicken DRA primary antibody (custom antibody, Invitrogen Life
Technologies) (diluted 1:100) for 1 h at room temperature. Excess primary antibody was re-
moved with PBST three times followed by incubation with secondary antibody Alexa Fluor
488 goat anti-chicken (Cat No. A11039; Invitrogen Molecular Probes, Carlsbad, CA, USA)
(diluted 1:500) for 1 h at room temperature. Excess secondary antibody was removed with
PBST three times, and the section was mounted with Fluoroshield mounting medium with
4,9,6-diamidino-2-phenylindole (DAPI) for nucleus staining (ab104139, Abcam, Cambridge,
MA, USA). Images were captured with an EVOS FL Cell imaging system with the same
exposure time and magnification in all the conditions. Omission of primary antibodies
was used as a control. Quantification of florescence intensity was determined by Image
J Software (version 1.52n, National Institute of Health, Bethesda, MD). Equal areas from
each of the villus brush border membranes were selected by rectangular tools in image j to
measure the raw integrated density. Relative fluorescence unit (RFU) was calculated from
the raw integrated density.

2.11. Protein Assay

Total proteins were quantified by Lowry’s method using the DCTM protein assay
kit (Bio-Rad, Berkeley, CA, USA) for all the uptake and molecular studies described in
this study.

2.12. Statistical Analysis

Results are shown as means ± standard error of mean (SEM), calculated with Graph-
Pad Prism 7 (San Diego, CA, USA) software. All the uptake experiments were performed in
quadruplicate. The “n” number indicates experiments performed with cells isolated from
different animals. Student’s t-test was performed for statistical analysis with GraphPad
Prism 7 software and p < 0.01 was considered significant.

3. Results
3.1. Effect of Ketotifen on Mast Cell Degranulation in Chronically Inflamed SAMP1 Mice

As shown in Figure 1A, mast cells are rarely found in AKR mice ileum. However,
in SAMP1 mice ileum, many mast cells were scattered throughout the lamina propria
in between the villus and close to the crypts (Figure 1B,C). To observe the mast cell
degranulation, 40× image was captured. In SAMP1 mice, degranulated mast cells exhibited
less intense metachromasia, unclear or irregular cell membranes and had free granules
within the cytoplasm and outside of the cell border (Figure 1D). In vivo treatment of SAMP1
mice with ketotifen reduced the degranulation of mast cells, which appeared round or
oval with uniform color and intact cell membranes (Figure 1E). This result indicates that
in chronic ileitis, there is a marked increase in the number of mast cells accompanied by
elevated degranulation, whereas, in vivo ketotifen treatment stabilized the mast cells to
prevent its degranulation during inflammation.
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Figure 1. Effect of ketotifen on mast cell degranulation. Ileum of AKR (A), SAMP1 (B) and SAMP1
mice treated with ketotifen (C) were stained by toluidine blue. A marked increase in number of
mast cells was observed by toluidine blue staining in SAMP1 mice (B,C). Original magnification 10×.
Degranulation status of mast cell in SAMP1 (D) and SAMP1 mice treated with ketotifen (E) were
observed in the presence of metachromatic blasts. Original magnification 40×. (D) In SAMP1 mice,
degranulated mast cells were characterized by less intense metachromasia with free granules within
the cytoplasm and outside of the cell border (indicated by thin black arrow). (E) In vivo treatment of
SAMP1 mice with ketotifen prevented the degranulation of mast cells, which were round or oval
with uniform color and intact cell membranes (indicated by bold black arrow).

3.2. Effect of Ketotifen on Mast Cell β-Hexosaminidase in Intestinal Mucosa

Mast cells contain a large number of enzymes that are known to be involved in several
inflammatory pathways. β-hexosaminidase is a glycolytic enzyme found in abundance in
mast cells. β-hexosaminidase is commonly used as a biomarker of mast cell degranulation
during inflammation. In the present study, β-hexosaminidase activity was significantly
increased in villus cells isolated from the SAMP1 intestine compared to that of AKR mice
indicating enhanced degranulation of mast cells in SAMP1 mice. However, this increased
β-hexosaminidase activity in SAMP1 mice was reversed back to the normal levels by
in vivo ketotifen treatment of SAMP1 mice, which indicates that mast cell degranulation
was prevented by ketotifen (Figure 2). There was no change in β-hexosaminidase activity
levels in intestinal villus cells isolated from treated and untreated AKR mice.

3.3. Effect of Ketotifen on Cl−/HCO3
− Exchange in the BBMV of Ileal Villus Cell

Cl−/HCO3
− exchange, defined as HCO3

−-dependent and DIDS sensitive Cl uptake,
was significantly reduced in villus cell BBMV from SAMP1 mice compared to AKR mice. In or-
der to determine whether mast cell mediators are responsible for the decrease in Cl−/HCO3

−

exchange in the BBM, SAMP1 mice were treated in vivo with ketotifen. Ketotifen treat-
ment of SAMP1 mice resulted in a significant reversal of Cl−/HCO3

− exchange in villus
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cell BBMV (279 ± 15 pmol/mg protein/min in AKR; 102 ± 8 pmol/mg protein/min in
SAMP1; 268 ± 5 pmol/mg protein/min in AKR + ketotifen; 268 ± 5 pmol/mg protein/min
in SAMP1 + ketotifen), but had no effect in AKR mice (Figure 3). These results indicate that
Cl−/HCO3

− exchange diminished during chronic inflammation was reversed by in vivo
ketotifen treatment by mast cell stabilization in ileal villus cell.
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cally inflamed SAMP1 mice when compared to AKR control mice. In vivo treatment with ketotifen
in SAMP1 mice restored β-hexosaminidase activity at normal levels while having no effect in the
ketotifen treated AKR mice.
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ketotifen treatment reversed the decreased BBM Cl−/HCO3
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to normal levels. Cl−/HCO3

− exchange activity remained unchanged in AKR mice treated with
ketotifen when compared to that of untreated AKR control mice.
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3.4. Na/H Exchanger (NHE3) Activity in the BBMV of Ileal Villus Cell

Na/H exchange was unaffected in the chronically inflamed intestine of SAMP1 mice
compared to that of AKR control mice (276 ± 20 pmol/mg protein/min in AKR; 287 ± 18
in SAMP1) (Figure 4). This result indicates that the inhibition of coupled NaCl absorption
during chronic ileitis is secondary to the inhibition of Cl−/HCO3

−, but not Na/H exchange.
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3.5. Kinetic Studies for Cl−/HCO3
− Exchange

To determine the mechanisms of reversal of the Cl−/HCO3
− exchange activity by

ketotifen in inflamed villus cells, we performed intact villus cell kinetic studies. Figure 5
shows 36Cl uptake in intact villus cell as a function of varying concentrations of extra-
vesicular Cl. As the concentration of extra-vesicular Cl was increased, 36Cl uptake was
stimulated and subsequently became saturated in all conditions. Kinetic parameters
demonstrated that in the intact intestinal villus cells isolated from SAMP1 mice inhibition
of Cl−/HCO3

− exchange activity occurs as a result of an increase in the Km, and in vivo
ketotifen treatment reversed this change (Km was 11.14 ± 0.5 mM in AKR, 19.44 ± 0.3 mM
in SAMP1, 11.01 ± 0.3 mM in SAMP1 + Ketotifen; n = 4). The maximal rate of uptake
(Vmax) was unaffected in all conditions (Vmax was 1.62 ± 0.04 nmol/mg protein/30 s in
AKR, 1.75 ± 0.03 in SAMP1, 1.65 ± 0.05 in SAMP1 + Ketotifen; n = 4). These data indicate
that the mechanism of reversal of inhibition of Cl−/HCO3

− exchange by ketotifen during
chronic intestinal inflammation was secondary to a restoration in the affinity for Cl− rather
than an alteration in the number of intestinal villus cell Cl−/HCO3

− exchangers.

3.6. DRA mRNA Expression by RT-qPCR

In order to elucidate the molecular mechanism of mast cell regulated inhibition of
the major Cl−/HCO3

− exchanger such as DRA, we determined its mRNA expression
in villus cells by RT-qPCR. The results showed that DRA specific mRNA expression
remained unchanged in all experimental samples (Figure 6). This data has consistency with
kinetic parameters that demonstrate that the mechanism of ketotifen mediated reversal of
inhibition of Cl−/HCO3

− exchanger activity in the villus cells isolated from the chronically
inflamed intestine was secondary to the restoration of the affinity of the co-transporter for
its substrate without a change in the transporter numbers.

3.7. Western Blot Studies for DRA

Since the mRNA level may not necessarily correlate with the immunoreactive protein
in the BBM, we quantitated DRA specific immunoreactive protein. There was no significant
difference in the immunoreactive levels of DRA in any of the conditions tested (Figure 7).
Densitometric quantitation confirmed these observations (Figure 7). These results, in
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conjunction with kinetic parameters and RT-qPCR data suggested that the mechanism of
inhibition of Cl−/HCO3

− exchanger activity by the mast cell degranulation during chronic
intestinal inflammation was secondary to a decrease in the affinity of the transporter for
Cl− without a change in the transporter numbers.
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Figure 5. Kinetics of Cl−/HCO3
− exchange in intact intestinal villus cells from AKR, SAMP1 and

ketotifen treated SAMP1 mice. HCO3
−-dependent and DIDS-sensitive 36Cl uptake is shown as

a function of varying concentrations of extra vesicular Cl− at 30 s. As the concentration of extra-
vesicular Cl− was increased, 36Cl uptake was stimulated and subsequently became saturated in all
conditions. Analysis of the data yielded kinetic parameters. In villus cells isolated from SAMP1
mice the Cl−/HCO3

− exchange was inhibited by altering the affinity of the transporter for Cl− and
ketotifen treatment significantly reversed the inhibited Cl−/HCO3

− exchange in SAMP1 villus cell
by restoring the affinity of the transporter (Km) without an alteration in the maximal rate of uptake
(Vmax) of Cl.
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Figure 6. RT-qPCR analysis of DRA mRNA expression in intestinal villus cells isolated from ketotifen
treated and untreated AKR, and SAMP1 mice. DRA mRNA expression remained unchanged in all
experimental samples. The data obtained with β-actin was used to normalize the expression levels of
DRA between individual samples.

3.8. Immunofluorescence Studies of DRA

In order to localize DRA in the mice ileum and to further confirm if it is affected
by chronic intestinal inflammation in SAMP1 mice, immunofluorescence was performed
along with AKR control mice. Figure 8 demonstrates that DRA is present in the BBM of
mice small intestinal villus cells. Further, DRA protein expression was unaltered during
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chronic intestinal inflammation in SAMP1 mice compared to that of AKR mice. In SAMP1
mice treated with ketotifen DRA protein expression also remained unchanged. Altogether,
immunofluorescence results along with molecular studies and kinetic parameters demon-
strate that Cl−/HCO3

− exchange inhibition during chronic inflammation is not secondary
to a decrease in protein expression.
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Figure 8. Immunofluorescence of DRA in small intestine of AKR, SAMP1 and ketotifen treated
SAMP1 mice. Images captured at 20×magnification. (A) DRA in AKR mouse intestine demonstrating
its abundance in the BBM of villus cells lining the villus. (B) In SAMP1 mouse intestine demonstrating
DRA in the BBM of villus cells lining the villus remained unaltered during chronic ileitis compared
with AKR villus cells. (C) DRA in ketotifen treated SAMP1 mouse intestine demonstrating that DRA
expression is unchanged in the BBM of villus cells. (D) Quantitation analysis showed that DRA
expression was not altered in small intestine of AKR, SAMP1 and ketotifen treated SAMP1 mice.

4. Discussion

Mast cells in the gastrointestinal mucosa are known to be involved in a number of
physiological and pathophysiological functions in the normal and chronically inflamed
intestine. Its primary physiological function is to maintain tissue homeostasis and guard
the intestinal barrier as it is the pivotal site for the initiation and development of immune
and infectious diseases [33]. In pathophysiological conditions such as in IBD or in infectious
bowel disorders, mast cell degranulation has been linked to epithelial barrier dysfunction
and development and progression of inflammation by the activation of adaptive immune
response mechanisms [33,34]. Specifically, degranulation of intestinal mast cells releases a
variety of mast cell mediators including histamine, serotonin, proteases, and proteoglycans,
as well as newly synthesized factors such as cytokines, growth factors, and free radicals [34].
Mast cells and their mediators are known to play a vital role in the onset and progression
of IBD [35–40]. However, only very few studies have been documented in the literature
regarding the involvement of mast cells in the regulation of intestinal ion transport [24,41–44].

In the present study, infiltrated mast cell numbers were shown to be significantly
increased in the small intestine of the SAMP1 mouse model of chronic spontaneous ileitis
compared to control AKR mice. Moreover, β-hexosaminidase levels, which serve as an
indicator of mast cell degranulation [45], were significantly increased in the intestinal
extracts from SAMP1 mice compared to AKR mice suggesting the possible role of mast
cell mediators not only in the progression of inflammation in SAMP1 mice but also in
the downregulation of chloride absorption in the BBM of villus cells from SAMP1 mice.
Further experimental data derived in this study from ketotifen treated animals confirmed
the involvement of mast cell mediators in chloride malabsorption in SAMP1 mice. In this
study, we used ketotifen as the mast cell stabilizing agent, since we had successfully used
this agent previously in our rabbit model of chronic intestinal inflammation to demonstrate
the effect of mast cell stabilization on intestinal nutrient transport regulation [46]. In SAMPI
mice, treatment with ketotifen reversed the β-hexosaminidase levels to near normal levels
with concurrent restoration of villus cell BBM Cl:HCO3 exchange activity to normal levels,
suggesting that mast cell mediators were likely involved in the downregulation of chloride
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absorption in chronic intestinal inflammation. Though the identity of the specific mast cell
mediator that might regulate chloride malabsorption in SAMP1 mice is yet to be deciphered,
previously reported in vivo studies have indeed demonstrated that mast cell mediators,
specifically histamine and serotonin, regulate small intestinal ion transport [29,47].

As demonstrated in a previous study [27] and in this current study, downregulation of
Cl:HCO3 exchange mediated by DRA in the BBM was found to be secondary to the altered
affinity of DRA for its substrate chloride rather than an alteration in its maximal velocity of
chloride absorption. Western blot confirmed this finding with unaltered expression of DRA
in the BBM of villus cells. This altered affinity of DRA in the villus BBM of SAMP1 mice was
found to be restored to normal by ketotifen treatment in the present study. RT-qPCR data
analyses revealed that DRA mRNA expression remained unchanged in all experimental
conditions confirming that altered transcription was unlikely to be the mechanism of altered
DRA expression in the different experimental conditions of this study. Likewise, Western
blot analysis of DRA BBM protein expression corroborated the kinetic studies and RT-
qPCR data establishing that ketotifen treatment restored DRA activity exactly by the same
mechanism that downregulated its activity in SAMP1 mice. This finding is comparable to a
previous study where inhibition of inducible nitric oxide by L-NIL treatment reversed DRA
activity by the same mechanism that was initially responsible for its downregulation in
the SAMP1 mouse model of chronic ileitis [27]. Moreover, in a related study, it was further
established that altered affinity of DRA leading to its downregulation in chronic intestinal
inflammation was due to increased phosphorylation in its serine and threonine residues,
which was also restored back to its normal levels by L-NIL treatment [28]. Contrary to
our molecular findings in the inflamed small intestine of SAMP1 mice, several studies
conducted in the mice model of Dextran sulfate sodium (DSS) induced colitis and Rag2−/−

mice have demonstrated that DRA downregulation in colon is due to a decrease in its
mRNA and protein expression [48–51]. These contrary findings indicate that the molecular
mechanism of downregulation of DRA in intestinal inflammation is unique to the small
and large intestines.

Both DRA and PAT1 have been traditionally known to be the predominant chloride
absorptive mechanisms in the BBM of villus cells in the mammalian gastrointestinal tract.
However, the inevitable significance of DRA over PAT1 as the mediator of diarrheal pheno-
type is evident from several studies found in the literature. Most importantly, congenital
chloride diarrhea in humans, which is an autosomal recessive disorder due to mutations
in the DRA gene slc26a3, is characterized by extensive diarrhea, loss of chloride, and
metabolic alkalosis [52–56]. Similarly, in DRA knockout mice, which mimics the congenital
chloride diarrhea, severe chloride losing diarrhea resulting in serum electrolyte imbalance,
metabolic alkalosis, and growth retardation is known to occur [57]. However, slc26a6 (PAT1)
deficient mice do not manifest diarrheal phenotype indicating the insubstantial importance
in chloride malabsorption [58]. This explains the significant observation in our previous
study in SAMP1 mice, where only DRA was affected at the level of its protein in the BBM
of villus cells by altered phosphorylation levels, whereas PAT1 remained unaffected [28],
establishing the singular role of DRA in downregulation of chloride absorption in IBD.

In various experimental in vivo models of IBD, such as in DSS and Trinitrobenzene-
sulfonic (TNBS) colitis rat models and in IL-10 deficient mice model, increased mast cell
proliferation and degranulation has been shown to play a critical role in disease progres-
sion [59–63]. In human IBD patients, in addition to showing increased mast cells in the
lamina propria and submucosa, evidences of degranulation of mast cells in terms of in-
creased expression of TNFα, IL6, substance P and elevated histamine, prostaglandins,
leukotrienes, and tryptase levels have been demonstrated [37,64,65]. It is likely that one
of the abovementioned mast cell mediators is involved in the downregulation of DRA in
SAMP1 mice model of chronic ileitis. In a study conducted in a rabbit model of chronic
enteritis it was shown that the cyclooxygenase pathway rather than the lipooxygenase
pathway is involved in the downregulation of DRA in chronic small intestinal inflamma-
tion [19]. There again, the downregulation of DRA was due to altered affinity of the BBM
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transporter for its substrate. In an interesting study published in 1992 in the TNBS model
of colitis, ketotifen treatment was found to significantly decrease macroscopic damage to
the colon accompanied by a decrease in prostaglandin E2, thromboxane B2, leukotriene
B4 and C4 generation, and nitric oxide synthase activity [66]. Summing all this literature,
a prostaglandin released by the mast cell in response to chronic inflammation, may be
responsible for altered downregulation of DRA in SAMP1 mice as seen in the present study.
Ongoing studies in SAMP1 mice and in SAMP1 mice derived organoids will establish the
identity of the specific immune inflammatory mediator and the functional and molecular
mechanisms responsible for the downregulation of DRA in SAMP1 mice.

The treatment drugs used currently for the treatment of IBD are known to affect mast
cell activities. For example, corticosteroids are well known to reduce mast cell numbers
in human IBD [67]. Also, 5-aminosalicylic acid has been shown to inhibit histamine and
prostaglandin D2 release from intestinal mast cells [23,68]. Interestingly, a handful of
studies performed in the 1990s investigated the therapeutic potential of ketotifen for the
treatment of human IBD, which showed limited advantageous outcomes [69,70]. Based on
the current study, the therapeutic potential of mast cell stabilizers in the treatment of IBD,
most importantly in the treatment of chloride malabsorption in IBD diarrhea, needs to be
reevaluated as this might help to overcome some of the adverse effects seen by patients
using corticosteroids, which is the current mainstay of treatment for IBD patients.

In conclusion, DRA mediated downregulation of chloride malabsorption was signifi-
cantly restored by the mast cell stabilizer ketotifen in the SAMP1 model of spontaneous
chronic ileitis. The mechanism of restoration of DRA activity was secondary to the restora-
tion of its altered affinity. Therefore, mast cell mediator/s are likely involved in the
downregulation of chloride absorption in chronic small intestinal inflammation.

Author Contributions: M.M.R. and S.A. (Sheuli Afroz) performed the experiments; M.M.R. and S.A.
(Subha Arthur) analyzed the data and interpreted the results, drafted and revised the manuscript;
U.S. conceived and designed the study, revised the manuscript and approved the final version of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Veteran’s Administration Merit Review grant BX003443-
01 and the National Institutes of Health grants DK-67420, DK-108054, and P20GM121299-01A1 to
U. Sundaram.

Institutional Review Board Statement: All the components of this animal study including ani-
mal handling procedures, treatments and euthanization were approved by Marshall University’s
Institutional Animal Care and Use Committee (Protocol Reference number 743).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Usha Murughiyan for editorial assistance in the preparation
of this manuscript.

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

References
1. Parray, F.Q.; Wani, M.L.; Bijli, A.H.; Thakur, N.; Irshad, I.; Nayeem-ul-Hassan. Crohn′s disease: A surgeon′s perspective. Saudi J.

Gastroenterol. 2011, 17, 6–15. [CrossRef]
2. Feuerstein, J.D.; Cheifetz, A.S. Crohn Disease: Epidemiology, Diagnosis, and Management. Mayo Clin. Proc. 2017, 92, 1088–1103.

[CrossRef] [PubMed]
3. Molodecky, N.A.; Soon, I.S.; Rabi, D.M.; Ghali, W.A.; Ferris, M.; Chernoff, G.; Benchimol, E.I.; Panaccione, R.; Ghosh, S.; Barkema,

H.W.; et al. Increasing Incidence and Prevalence of the Inflammatory Bowel Diseases With Time, Based on Systematic Review.
Gastroenterology 2012, 142, 46–54.e42. [CrossRef]

4. Torres, J.; Mehandru, S.; Colombel, J.-F.; Peyrin-Biroulet, L. Crohn’s disease. Lancet 2017, 389, 1741–1755. [CrossRef]
5. Lee, S.H.; Kwon, J.E.; Cho, M.-L. Immunological pathogenesis of inflammatory bowel disease. Intest. Res. 2018, 16, 26–42.

[CrossRef] [PubMed]
6. Anbazhagan, A.N.; Priyamvada, S.; Alrefai, W.A.; Dudeja, P.K. Pathophysiology of IBD associated diarrhea. Tissue Barriers 2018,

6, e1463897. [CrossRef] [PubMed]

http://doi.org/10.4103/1319-3767.74430
http://doi.org/10.1016/j.mayocp.2017.04.010
http://www.ncbi.nlm.nih.gov/pubmed/28601423
http://doi.org/10.1053/j.gastro.2011.10.001
http://doi.org/10.1016/S0140-6736(16)31711-1
http://doi.org/10.5217/ir.2018.16.1.26
http://www.ncbi.nlm.nih.gov/pubmed/29422795
http://doi.org/10.1080/21688370.2018.1463897
http://www.ncbi.nlm.nih.gov/pubmed/29737913


Cells 2021, 10, 697 14 of 16

7. Meerveld, B.G.-V.; Johnson, A.C.; Grundy, D. Gastrointestinal Physiology and Function. Snake Venoms 2017, 239, 1–16. [CrossRef]
8. Sullivan, S.; Alex, P.; Dassopoulos, T.; Zachos, N.C.; Iacobuzio-Donahue, C.; Donowitz, M.; Brant, S.R.; Cuffari, C.; Harris, M.L.;

Datta, L.W.; et al. Downregulation of sodium transporters and NHERF proteins in IBD patients and mouse colitis models:
Potential contributors to IBD-associated diarrhea. Inflamm. Bowel Dis. 2009, 15, 261–274. [CrossRef]

9. Fletcher, J.; Cooper, S.C.; Ghosh, S.; Hewison, M. The Role of Vitamin D in Inflammatory Bowel Disease: Mechanism to
Management. Nutrients 2019, 11, 1019. [CrossRef]

10. Singh, S.; Arthur, S.; Sundaram, U. Mechanisms of Regulation of Transporters of Amino Acid Absorption in Inflammatory Bowel
Diseases. Compr. Physiol. 2020, 10, 673–686. [CrossRef] [PubMed]

11. Arthur, S.; Sundaram, U. Inducible nitric oxide regulates intestinal glutamine assimilation during chronic intestinal inflammation.
Nitric Oxide 2015, 44, 98–104. [CrossRef] [PubMed]

12. Arthur, S.; Manoharan, P.; Sundaram, S.; Rahman, M.M.; Palaniappan, B.; Sundaram, U. Unique Regulation of Enterocyte Brush
Border Membrane Na-Glutamine and Na-Alanine Co-Transport by Peroxynitrite during Chronic Intestinal Inflammation. Int. J.
Mol. Sci. 2019, 20, 1504. [CrossRef] [PubMed]

13. Sundaram, U.; West, A.B. Effect of chronic inflammation on electrolyte transport in rabbit ileal villus and crypt cells. Am. J.
Physiol. Content 1997, 272, G732–G741. [CrossRef]

14. Martínez-Augustin, O.; Romero-Calvo, I.; Suárez, M.D.; Zarzuelo, A.; De Medina, F.S. Molecular bases of impaired water and ion
movements in inflammatory bowel diseases. Inflamm. Bowel Dis. 2009, 15, 114–127. [CrossRef]

15. Priyamvada, S.; Gomes, R.; Gill, R.K.; Saksena, S.; Alrefai, W.A.; Dudeja, P.K. Mechanisms Underlying Dysregulation of Electrolyte
Absorption in Inflammatory Bowel Disease–Associated Diarrhea. Inflamm. Bowel Dis. 2015, 21, 2926–2935. [CrossRef] [PubMed]

16. Walker, N.M.; Simpson, J.E.; Yen, P.; Gill, R.K.; Rigsby, E.V.; Brazill, J.M.; Dudeja, P.K.; Schweinfest, C.W.; Clarke, L.L. Down-
regulated in Adenoma Cl/HCO3 Exchanger Couples With Na/H Exchanger 3 for NaCl Absorption in Murine Small Intestine.
Gastroenterology 2008, 135, 1645–1653.e3. [CrossRef]

17. Barkas, F.; Liberopoulos, E.; Kei, A.; Elisaf, M. Electrolyte and acid-base disorders in inflammatory bowel disease. Ann.
Gastroenterol. 2013, 26, 23–28.

18. Binder, H.J. Mechanisms of Diarrhea in Inflammatory Bowel Diseases. Ann. N. Y. Acad. Sci. 2009, 1165, 285–293. [CrossRef]
19. Manoharan, P.; Coon, S.; Baseler, W.; Sundaram, S.; Kekuda, R.; Sundaram, U. Prostaglandins, not the leukotrienes, regulate

Cl−/HCO3− exchange (DRA, SLC26A3) in villus cells in the chronically inflamed rabbit ileum. Biochim. Biophys. Acta (BBA)
Biomembr. 2013, 1828, 179–186. [CrossRef]

20. Bischoff, S.C. Physiological and pathophysiological functions of intestinal mast cells. Semin. Immunopathol. 2009, 31, 185–205.
[CrossRef]

21. Groschwitz, K.R.; Hogan, S.P. Intestinal barrier function: Molecular regulation and disease pathogenesis. J. Allergy Clin. Immunol.
2009, 124, 3–20. [CrossRef]

22. De Winter, B.Y.; Wijngaard, R.M.V.D.; De Jonge, W.J. Intestinal mast cells in gut inflammation and motility disturbances. Biochim.
Biophys. Acta (BBA) Mol. Basis Dis. 2012, 1822, 66–73. [CrossRef]

23. He, S.-H. Key role of mast cells and their major secretory products in inflammatory bowel disease. World J. Gastroenterol. 2004, 10,
309–318. [CrossRef]

24. Crowe, S.E.; Luthra, G.K.; Perdue, M.H. Mast cell mediated ion transport in intestine from patients with and without inflammatory
bowel disease. Gut 1997, 41, 785–792. [CrossRef]

25. Perdue, M.H.; Masson, S.; Wershil, B.K.; Galli, S.J. Role of mast cells in ion transport abnormalities associated with intestinal
anaphylaxis. Correction of the diminished secretory response in genetically mast cell-deficient W/Wv mice by bone marrow
transplantation. J. Clin. Investig. 1991, 87, 687–693. [CrossRef] [PubMed]

26. Pizarro, T.T.; Pastorelli, L.; Bamias, G.; Garg, R.R.; Reuter, B.K.; Mercado, J.R.; Chieppa, M.; Arseneau, K.O.; Ley, K.; Cominelli,
F. SAMP1/YitFc mouse strain: A spontaneous model of Crohn’s disease-like ileitis. Inflamm. Bowel Dis. 2011, 17, 2566–2584.
[CrossRef] [PubMed]

27. Arthur, S.; Palaniappan, B.; Mani, K.; Sundaram, U. 1020—Inducible Nitric Oxide Mediates the Inhibitiion of Coupled Nacl
Abosorption in a Mouse Model of Spontaneous Ileitis. Gastroenterology 2018, 154, S-193. [CrossRef]

28. Arthur, S.; Palaniappan, B.; Sundaram, U. Su1830—Inducible Nitric Oxide Mediated Phosphorylation Regulates the Altered
Activity of Downregulated in Adenoma (DRA) in a Mouse Model of Spontaneous Ileitis. Gastroenterology 2019, 156, 627. [CrossRef]

29. Sundaram, U.; Knickelbein, R.G.; Dobbins, J.W. Mechanism of intestinal secretion. Effect of serotonin on rabbit ileal crypt and
villus cells. J. Clin. Investig. 1991, 87, 743–746. [CrossRef]

30. Sundaram, U.; Knickelbein, R.G.; Dobbins, J.W. pH regulation in ileum: Na(+)-H+ and Cl(-)-HCO3- exchange in isolated crypt
and villus cells. Am. J. Physiol. Liver Physiol. 1991, 260, G440–G449. [CrossRef] [PubMed]

31. Coon, S.; Sundaram, U. Unique regulation of anion/HCO3- exchangers by constitutive nitric oxide in rabbit small intestine. Am.
J. Physiol. Liver Physiol. 2003, 285, G1084–G1090. [CrossRef] [PubMed]

32. Manokas, T.; Fromkes, J.J.; Sundaram, U. Effect of chronic inflammation on ileal short-chain fatty acid/bicarbonate exchange. Am.
J. Physiol. Liver Physiol. 2000, 278, G585–G590. [CrossRef] [PubMed]

33. Wallace, J.L.; Chin, B.C. Inflammatory Mediators in Gastrointestinal Defense and Injury. Exp. Biol. Med. 1997, 214, 192–203.
[CrossRef] [PubMed]

http://doi.org/10.1007/164_2016_118
http://doi.org/10.1002/ibd.20743
http://doi.org/10.3390/nu11051019
http://doi.org/10.1002/cphy.c190016
http://www.ncbi.nlm.nih.gov/pubmed/32163200
http://doi.org/10.1016/j.niox.2014.12.006
http://www.ncbi.nlm.nih.gov/pubmed/25524833
http://doi.org/10.3390/ijms20061504
http://www.ncbi.nlm.nih.gov/pubmed/30917504
http://doi.org/10.1152/ajpgi.1997.272.4.G732
http://doi.org/10.1002/ibd.20579
http://doi.org/10.1097/MIB.0000000000000504
http://www.ncbi.nlm.nih.gov/pubmed/26595422
http://doi.org/10.1053/j.gastro.2008.07.083
http://doi.org/10.1111/j.1749-6632.2009.04039.x
http://doi.org/10.1016/j.bbamem.2012.08.003
http://doi.org/10.1007/s00281-009-0165-4
http://doi.org/10.1016/j.jaci.2009.05.038
http://doi.org/10.1016/j.bbadis.2011.03.016
http://doi.org/10.3748/wjg.v10.i3.309
http://doi.org/10.1136/gut.41.6.785
http://doi.org/10.1172/JCI115047
http://www.ncbi.nlm.nih.gov/pubmed/1991852
http://doi.org/10.1002/ibd.21638
http://www.ncbi.nlm.nih.gov/pubmed/21557393
http://doi.org/10.1016/S0016-5085(18)31052-7
http://doi.org/10.1016/S0016-5085(19)38467-7
http://doi.org/10.1172/JCI115056
http://doi.org/10.1152/ajpgi.1991.260.3.G440
http://www.ncbi.nlm.nih.gov/pubmed/1848409
http://doi.org/10.1152/ajpgi.00013.2003
http://www.ncbi.nlm.nih.gov/pubmed/14613918
http://doi.org/10.1152/ajpgi.2000.278.4.G585
http://www.ncbi.nlm.nih.gov/pubmed/10762613
http://doi.org/10.3181/00379727-214-44087
http://www.ncbi.nlm.nih.gov/pubmed/9083252


Cells 2021, 10, 697 15 of 16

34. Galli, S.J.; Nakae, S.; Tsai, M. Mast cells in the development of adaptive immune responses. Nat. Immunol. 2005, 6, 135–142.
[CrossRef]

35. Andoh, A.; Deguchi, Y.; Inatomi, O.; Yagi, Y.; Bamba, S.; Tsujikawa, T.; Fujiyama, Y. Immunohistochemical study of chymase-
positive mast cells in inflammatory bowel disease. Oncol. Rep. 2006, 16, 103–107. [CrossRef]

36. Raithel, H.T.S.M. Effect of Substance P on Histamine Secretion from Gut Mucosa in Inflammatory Bowel Disease. Scand. J.
Gastroenterol. 1999, 34, 496–503. [CrossRef]

37. Raithel, S.W.M. Release of Mast Cell Tryptase from Human Colorectal Mucosa in Inflammatory Bowel Disease. Scand. J.
Gastroenterol. 2001, 36, 174–179. [CrossRef]

38. Kurashima, Y.; Amiya, T.; Nochi, T.; Fujisawa, K.; Haraguchi, T.; Iba, H.; Tsutsui, H.; Sato, S.; Nakajima, S.; Iijima, H.; et al.
Extracellular ATP mediates mast cell-dependent intestinal inflammation through P2X7 purinoceptors. Nat. Commun. 2012, 3, 1034.
[CrossRef]

39. Vivinus-Nébot, M.; Frin-Mathy, G.; Bzioueche, H.; Dainese, R.; Bernard, G.; Anty, R.; Filippi, J.; Saint-Paul, M.C.; Tulic, M.K.;
Verhasselt, V.; et al. Functional bowel symptoms in quiescent inflammatory bowel diseases: Role of epithelial barrier disruption
and low-grade inflammation. Gut 2014, 63, 744–752. [CrossRef] [PubMed]

40. Boeckxstaens, G. Mast cells and inflammatory bowel disease. Curr. Opin. Pharmacol. 2015, 25, 45–49. [CrossRef]
41. Wang, L.; Stanisz, A.M.; Wershil, B.K.; Galli, S.J.; Perdue, M.H. Substance P induces ion secretion in mouse small intestine through

effects on enteric nerves and mast cells. Am. J. Physiol. Liver Physiol. 1995, 269, G85–G92. [CrossRef]
42. Barrett, K.E. Immune-related intestinal chloride secretion. III. Acute and chronic effects of mast cell mediators on chloride

secretion by a human colonic epithelial cell line. J. Immunol. 1991, 147, 959–964. [PubMed]
43. Russell, D.A. Mast cells in the regulation of intestinal electrolyte transport. Am. J. Physiol. Liver Physiol. 1986, 251, G253–G262.

[CrossRef]
44. Perdue, M.H.; Marshall, J.; Masson, S. Ion transport abnormalities in inflamed rat jejunum. Gastroenterology 1990, 98, 561–567.

[CrossRef]
45. Fukuishi, N.; Murakami, S.; Ohno, A.; Yamanaka, N.; Matsui, N.; Fukutsuji, K.; Yamada, S.; Itoh, K.; Akagi, M. Does β-

Hexosaminidase Function Only as a Degranulation Indicator in Mast Cells? The Primary Role of β-Hexosaminidase in Mast Cell
Granules. J. Immunol. 2014, 193, 1886–1894. [CrossRef] [PubMed]

46. Singh, S.; Arthur, S.; Talukder, J.; Palaniappan, B.; Coon, S.; Sundaram, U. Mast cell regulation of Na-glutamine co-transporters
B0AT1 in villus and SN2 in crypt cells during chronic intestinal inflammation. BMC Gastroenterol. 2015, 15, 1–8. [CrossRef]

47. Collins, C.B.; McGrath, J.; Baird, A.W.; Campion, D.P. Effect of Mast Cell Degranulation on Chicken Ileal Ion Transport In Vitro.
Poult. Sci. 2007, 86, 843–849. [CrossRef] [PubMed]

48. Singh, V.; Kumar, A.; Raheja, G.; Anbazhagan, A.N.; Priyamvada, S.; Saksena, S.; Jhandier, M.N.; Gill, R.K.; Alrefai, W.A.;
Borthakur, A.; et al. Lactobacillus acidophilus attenuates downregulation of DRA function and expression in inflammatory
models. Am. J. Physiol. Liver Physiol. 2014, 307, G623–G631. [CrossRef] [PubMed]

49. Anbazhagan, A.N.; Thaqi, M.; Priyamvada, S.; Jayawardena, D.; Kumar, A.; Gujral, T.; Chatterjee, I.; Mugarza, E.; Saksena,
S.; Onyuksel, H.; et al. GLP-1 nanomedicine alleviates gut inflammation. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 659–665.
[CrossRef] [PubMed]

50. Jayawardena, D.; Anbazhagan, A.N.; Guzman, G.; Dudeja, P.K.; Onyuksel, H. Vasoactive Intestinal Peptide Nanomedicine for the
Management of Inflammatory Bowel Disease. Mol. Pharm. 2017, 14, 3698–3708. [CrossRef]

51. Jayawardena, D.; Tyagi, S.; Nazmi, A.; Olivares-Villagómez, D.; Dudeja, P.K. Ion Transport Basis of Diarrhea in a Mouse Model of
Adoptive T Cell Transfer Colitis. Dig. Dis. Sci. 2020, 65, 1700–1709. [CrossRef] [PubMed]

52. Höglund, P.; Sormaala, M.; Haila, S.; Socha, J.; Rajaram, U.; Scheurlen, W.; Sinaasappel, M.; De Jonge, H.; Holmberg, C.;
Yoshikawa, H.; et al. Identification of seven novel mutations including the first two genomic rearrangements in SLC26A3 mutated
in congenital chloride diarrhea. Hum. Mutat. 2001, 18, 233–242. [CrossRef] [PubMed]

53. Kamal, N.M.; Khan, H.Y.; El-Shabrawi, M.H.; Sherief, L.M. Congenital chloride losing diarrhea. Medicine 2019, 98, e15928.
[CrossRef]

54. Mäkelä, S.; Kere, J.; Holmberg, C.; Höglund, P. SLC26A3 mutations in congenital chloride diarrhea. Hum. Mutat. 2002, 20,
425–438. [CrossRef]

55. Wedenoja, S.; Pekansaari, E.; Höglund, P.; Mäkelä, S.; Holmberg, C.; Kere, J. Update on SLC26A3 mutations in congenital chloride
diarrhea. Hum. Mutat. 2011, 32, 715–722. [CrossRef] [PubMed]

56. Amato, F.; Cardillo, G.; Liguori, R.; Scorza, M.; Comegna, M.; Elce, A.; Giordano, S.; Lucaccioni, L.; Lugli, L.; Cardile, S.; et al.
Twelve Novel Mutations in the SLC26A3 Gene in 17 Sporadic Cases of Congenital Chloride Diarrhea. J. Pediatr. Gastroenterol.
Nutr. 2017, 65, 26–30. [CrossRef] [PubMed]

57. Schweinfest, C.W.; Spyropoulos, D.D.; Henderson, K.W.; Kim, J.-H.; Chapman, J.M.; Barone, S.; Worrell, R.T.; Wang, Z.; Soleimani,
M. slc26a3 (dra)-deficient Mice Display Chloride-losing Diarrhea, Enhanced Colonic Proliferation, and Distinct Up-regulation of
Ion Transporters in the Colon. J. Biol. Chem. 2006, 281, 37962–37971. [CrossRef] [PubMed]

58. Alper, S.L.; Sharma, A.K. The SLC26 gene family of anion transporters and channels. Mol. Asp. Med. 2013, 34, 494–515. [CrossRef]
[PubMed]

59. Coldwell, J.R.; Phillis, B.D.; Sutherland, K.; Howarth, G.S.; Blackshaw, L.A. Increased responsiveness of rat colonic splanchnic
afferents to 5-HT after inflammation and recovery. J. Physiol. 2007, 579, 203–213. [CrossRef]

http://doi.org/10.1038/ni1158
http://doi.org/10.3892/or.16.1.103
http://doi.org/10.1080/003655299750026236
http://doi.org/10.1080/003655201750065933
http://doi.org/10.1038/ncomms2023
http://doi.org/10.1136/gutjnl-2012-304066
http://www.ncbi.nlm.nih.gov/pubmed/23878165
http://doi.org/10.1016/j.coph.2015.11.005
http://doi.org/10.1152/ajpgi.1995.269.1.G85
http://www.ncbi.nlm.nih.gov/pubmed/1650388
http://doi.org/10.1152/ajpgi.1986.251.2.G253
http://doi.org/10.1016/0016-5085(90)90274-5
http://doi.org/10.4049/jimmunol.1302520
http://www.ncbi.nlm.nih.gov/pubmed/25015817
http://doi.org/10.1186/s12876-015-0275-5
http://doi.org/10.1093/ps/86.5.843
http://www.ncbi.nlm.nih.gov/pubmed/17435017
http://doi.org/10.1152/ajpgi.00104.2014
http://www.ncbi.nlm.nih.gov/pubmed/25059823
http://doi.org/10.1016/j.nano.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27553076
http://doi.org/10.1021/acs.molpharmaceut.7b00452
http://doi.org/10.1007/s10620-019-05945-4
http://www.ncbi.nlm.nih.gov/pubmed/31741140
http://doi.org/10.1002/humu.1179
http://www.ncbi.nlm.nih.gov/pubmed/11524734
http://doi.org/10.1097/MD.0000000000015928
http://doi.org/10.1002/humu.10139
http://doi.org/10.1002/humu.21498
http://www.ncbi.nlm.nih.gov/pubmed/21394828
http://doi.org/10.1097/MPG.0000000000001418
http://www.ncbi.nlm.nih.gov/pubmed/28644346
http://doi.org/10.1074/jbc.M607527200
http://www.ncbi.nlm.nih.gov/pubmed/17001077
http://doi.org/10.1016/j.mam.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23506885
http://doi.org/10.1113/jphysiol.2006.123158


Cells 2021, 10, 697 16 of 16

60. Menozzi, A.; Pozzoli, C.; Poli, E.; Lazzaretti, M.; Grandi, D.; Coruzzi, G. Long-term study of TNBS-induced colitis in rats: Focus
on mast cells. Inflamm. Res. 2006, 55, 416–422. [CrossRef]

61. Xu, X.; Weksler-Zangen, S.; Pikarsky, A.; Pappo, O.; Wengrower, D.; Bischoff, S.C.; Pines, M.; Rivkind, A.; Goldin, E.; Levi-Schaffer,
F. Mast cells involvement in the inflammation and fibrosis development of the TNBS-induced rat model of colitis. Scand. J.
Gastroenterol. 2002, 37, 330–337. [CrossRef]

62. Fukumoto, Y.; Kasai, H.; Takahashi, H.; Sugiyama, H.; Hase, N.; Kaneko, H.; Hamamura, I.; Aoki, Y.; Ota, M.; Kobayashi, T.; et al.
The role of mast cells in the development of 2, 4, 6-trinitrobenzene sulfonic acid-induced colitis in rats. Scand. J. Gastroenterol.
2002, 37, 555–560. [CrossRef]

63. Chichlowski, M.; Westwood, G.S.; Abraham, S.N.; Hale, L.P. Role of Mast Cells in Inflammatory Bowel Disease and Inflammation-
Associated Colorectal Neoplasia in IL-10-Deficient Mice. PLoS ONE 2010, 5, e12220. [CrossRef]

64. Barbara, G.; Stanghellini, V.; de Giorgio, R.; Corinaldesi, R. Functional gastrointestinal disorders and mast cells: Implications for
therapy. Neurogastroenterol. Motil. 2005, 18, 6–17. [CrossRef]

65. Sasaki, Y.; Tanaka, M.; Kudo, H. Differentiation between ulcerative colitis and Crohn’s disease by a quantitative immunohisto-
chemical evaluation of T lymphocytes, neutrophils, histiocytes and mast cells. Pathol. Int. 2002, 52, 277–285. [CrossRef]

66. Eliakim, R.; Karmeli, F.; Okon, E.; Rachmilewitz, D. Ketotifen effectively prevents mucosal damage in experimental colitis. Gut
1992, 33, 1498–1503. [CrossRef] [PubMed]

67. Goldsmith, P.; McGarity, B.; Walls, A.F.; Church, M.K.; Millward-Sadler, G.H.; Robertson, D.A.F. Corticosteroid treatment reduces
mast cell numbers in inflammatory bowel disease. Dig. Dis. Sci. 1990, 35, 1409–1413. [CrossRef] [PubMed]

68. Fox, C.C.; Moore, W.C.; Lichtenstein, L.M. Modulation of mediator release from human intestinal mast cells by sulfasalazine and
5-aminosalicylic acid. Dig. Dis. Sci. 1991, 36, 179–184. [CrossRef] [PubMed]

69. Marshall, J.K.; Irvine, E.J. Ketotifen Treatment of Active Colitis in Patients with 5-Aminosalicylate Intolerance. Can. J. Gastroenterol.
1998, 12, 273–275. [CrossRef]

70. Jones, N.L.; Roifman, C.M.; Griffiths, A.M.; Sherman, P. Ketotifen therapy for acute ulcerative colitis in children: A pilot study.
Dig. Dis. Sci. 1998, 43, 609–615. [CrossRef] [PubMed]

http://doi.org/10.1007/s00011-006-6017-y
http://doi.org/10.1080/003655202317284246
http://doi.org/10.1080/00365520252903107
http://doi.org/10.1371/journal.pone.0012220
http://doi.org/10.1111/j.1365-2982.2005.00685.x
http://doi.org/10.1046/j.1440-1827.2002.01354.x
http://doi.org/10.1136/gut.33.11.1498
http://www.ncbi.nlm.nih.gov/pubmed/1452075
http://doi.org/10.1007/BF01536749
http://www.ncbi.nlm.nih.gov/pubmed/1977567
http://doi.org/10.1007/BF01300753
http://www.ncbi.nlm.nih.gov/pubmed/1703070
http://doi.org/10.1155/1998/398142
http://doi.org/10.1023/A:1018827527826
http://www.ncbi.nlm.nih.gov/pubmed/9539658

	Introduction 
	Materials and Methods 
	Animal Models and Drug Treatment 
	Cell Isolation 
	-Hexosaminidase Activity Assay 
	BBM Vesicles (BBMV) Preparation 
	36Cl- Uptake Studies to Determine Cl-/HCO3- Exchange in BBMV 
	22Na Uptake Studies to Determine Na/H Exchange in BBMV 
	Cl-/HCO3- Exchange Kinetic Studies in Intact Villus Cells 
	Real Time qPCR Analysis 
	Western Blot Analysis 
	Histology and Immunofluorescence Study 
	Protein Assay 
	Statistical Analysis 

	Results 
	Effect of Ketotifen on Mast Cell Degranulation in Chronically Inflamed SAMP1 Mice 
	Effect of Ketotifen on Mast Cell -Hexosaminidase in Intestinal Mucosa 
	Effect of Ketotifen on Cl-/HCO3- Exchange in the BBMV of Ileal Villus Cell 
	Na/H Exchanger (NHE3) Activity in the BBMV of Ileal Villus Cell 
	Kinetic Studies for Cl-/HCO3- Exchange 
	DRA mRNA Expression by RT-qPCR 
	Western Blot Studies for DRA 
	Immunofluorescence Studies of DRA 

	Discussion 
	References

