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Abstract

Recent advances in diagnostic technologies have revealed that nonsteroidal anti-inflammatory
drugs (NSAIDs) can cause serious mucosal injury in the upper and lower gastrointestinal tract
(including the small intestine). A drug to treat NSAID-induced small-intestinal injury (Sll) is lacking.
Sodium alginate is a soluble dietary fiber extracted from brown seaweed and its solution has been
used as a hemostatic agent to treat gastrointestinal bleeding due to gastric ulcers. Whether sodium
alginate has therapeutic effects on NSAID-induced SIl and its mechanism of action are not known.
Here, we investigated if administration of two forms (high-molecular-weight (HMW) and
low-molecular-weight (LMW)) of sodium alginate could ameliorate indomethacin-induced SII.
Pretreatment with HMW sodium alginate or LMW sodium alginate before indomethacin
administration improved ulceration and the resultant intestinal shortening was associated with
reduced histological severity of mucosal injury and ameliorated MRNA expression of
inflammation-related molecules in the small intestine. We found that mRNAs of secretory Muc2
and membrane-associated Mucl, Muc3 and Muc4 were expressed in the small intestine. mRNA
expression of Mucl—4 was increased in indomethacin-induced Sll, and these increases were
prevented by sodium alginate. Thus, administration of sodium alginate could be a therapeutic
approach to prevent indomethacin-induced SII.

Key words: gene expression, mucin, nonsteroidal anti-inflammatory drugs, small intestine, sodium alginate.

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs)
such as indomethacin are used against inflammation
and pain, but serious adverse effects on the
gastrointestinal tract (GIT) and kidney can limit use.
They can cause serious mucosal injury to the upper
GIT [1], but recent advances in diagnostic
technologies have revealed that they can cause serious
mucosal injury to the small intestine [2, 3]. In contrast
to the rationale for preventing damage to the upper
GIT by acid suppression using proton pump
inhibitors, such a strategy cannot prevent
NSAID-induced small-intestinal injury (SII) [4, 5] and
can exacerbate such injury in rats by induction of

dysbiosis [6]. A drug to treat NSAID-induced SII is
lacking.

Several factors have been shown to be involved
in NSAID-induced SII [5, 7-9], but the mechanisms of
NSAID-induced SII are complicated [5]. NSAIDs
hamper synthesis of prostaglandin E; by inhibiting
cyclooxygenase (COX),  thereby  enhancing
small-intestinal motility and reducing mucus
secretion [10], which results in minute injury that
allows intestinal bacteria to invade the mucosa.
Lipopolysaccharide produced by intestinal bacteria
elicits production of inducible nitric oxide synthase
(iNOS), which causes production of nitric oxide and
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reactive oxygen species. These gases induce
neutrophil activation and thereby COX-2 induction as
well as production of inflammatory cytokines and
mediators, which causes progression of intestinal
inflammation [11]. Thus, a NSAID-impaired mucosal
defense system causes erosion and ulcers within the
small intestine [12, 13].

The surface of the intestinal mucosa is covered
with mucins and glycoproteins that constitute a
“mucous barrier” between the intestinal epithelial
wall and external environment. Healthy mucosa can
be protected from adverse conditions by mucous
layers that contain mucins, but in injured mucosa,
different mucins from those in healthy mucosa are
expressed [14].

Sodium alginate is a soluble dietary fiber
extracted from brown seaweed. It is a heteropolymer
of D-mannuronic acid and L-guluronic acid [15]. The
molecular weight of sodium alginate depends on by
hydrolysis condition in its production. A solution of
high-molecular-weight (HMW; 32-250 kD) sodium
alginate is used as a hemostatic agent to treat GIT
bleeding due to gastric and duodenal ulcers, erosion
of gastric mucosa, and reflux esophagitis [16]. Because
of its high viscosity, taking a sufficient amount of
HMW sodium alginate to improve constipation and
lower cholesterol levels in blood is difficult.
Therefore, low-molecular-weight (LMW, average 50
kD) sodium alginate is available in Japan as a dietary
supplement that promotes cholesterol excretion,
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v

relieves constipation, and suppresses carbohydrate
absorption.

Our research team has developed a mouse
model of indomethacin-induced SII to: (i) identify the
underlying mechanism of action; and (ii) find a drug
to prevent SII [17]. Here, we examined if and how
HMW sodium alginate and LMW sodium alginate can
prevent indomethacin-induced SII in mice.

Material and Methods

Indomethacin-induced SII

Animal experiments were approved by the
Animal Care Committee of Kobe Pharmaceutical
University (Kobe, Japan). Indomethacin-induced SII
was induced as described previously [17]. Male
C57BL/6 mice (7 weeks) were purchased from CLEA
Japan (Shizuoka, Japan). They were provided with
powdered CE-2 (CLEA Japan) and water ad libitum.
Then, they were provided with regular CE-2 (n=6-7)
or CE-2 premixed with 5% (w/v) HMW (n=7) or LMW
sodium alginate (1=6), kind gifts from Kaigen Pharma
(Osaka, Japan), for 7 days. To induce SII, mice were
fasted for 18 h and then indomethacin
(Sigma-Aldrich, Saint Louis, MO, USA) in
physiologic (0.9%) saline with Tween 80 was
administered (10 mg/5 mL/kg, s.c.). Twenty-four
hours after indomethacin administration, mice were
anesthetized (isoflurane inhalation) and small
intestines excised (Figure 1).
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Figure 1. Study protocol. Two experiments were conducted to examine the effects of high-molecular-weight sodium alginate (HMW SA) and low-molecular-weight sodium
alginate (LMW SA) on indomethacin-induced small-intestinal injury in mice. i.p.: intraperitoneal injection.
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Histology

The small intestine was excised and opened
along the anti-mesenteric attachment. SII was
evaluated by noting the area of macroscopically
visible ulcers and length of the small intestine. Injured
segments of the small intestine were trimmed and
fixed in neutral-buffered 10% formalin solution, and
then processed as tissue blocks for evaluation by
hematoxylin and eosin staining. Injury was assessed
by a scoring system for histological damage
comprising four factors: width of ulceration (0 to 2);
depth of the lesion (0 to 4); degree of inflammatory
infiltration (0 to 3); thrombi (0 and 1) [18]. Thus, the
range of histological score was from 0 to 10. Two
scorers blinded to treatment groups undertook
scoring of each section individually.

Additional paraffin-embedded sections (4 pm)
were subjected to periodic acid-Schiff (PAS) staining.
PAS-stained cells in the apical surface and basal-crypt
layers of small-intestinal ulcers were scored. Staining
was classified into one of four categories: “high”
(=90-100% of cells, score=3), “medium” (25-90%,
score=2), “low” (1-25%, score=1) and “virtually
none” (<1%, score=0) [19]. Two investigators blinded
to treatment groups scored each section individually.
Histology scores were assessed by calculating the
Cohen’s kappa coefficient (CKC) with SPSS v22.0
(IBM, Armonk, NY, USA).

Table 1: Primer sequences.

Quantitative real-time polymerase chain
reaction (PCR)

Total RNA was extracted from the small
intestine using TRIzol™ Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) according to
manufacturer instructions. RNA quantity was
measured using a ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA).
Two-hundred nanograms of total RNA were
subjected to reverse transcription. Purified RNA was
reverse-transcribed with a ReverTra Ace® qPCR RT
kit (Toyobo, Osaka, Japan). PCR amplification was
done on a Thermal Cycler Dice Real Time System
(TaKaRaBio, Otsu, Japan) with Thunderbird® SYBR®
Green PCR Master Mix (Toyobo). PCR conditions
were 40 cycles of 15 s at 95°C for denaturation and 60 s
at 60°C for annealing and extension. Primer sequences
are shown in Table 1. Relative expression was
calculated using the delta-delta Ct method with
B-actin used as a reference gene [20].

Statistical analyses

Data are the mean * standard error (SEM) of
independent determinations for each experiment.
Significance was analyzed using Student’s t-test, and
comparisons of more than two groups were evaluated
with one-way analysis of variance followed by the
Tukey test as appropriate with SPSS v22.0. A value of
P<0.05 was considered significant.

Results

Reduction of the histological

Gene NM_ID Product size (bp) Sequence (5'—3’) Exon severity of indomethacin-induced
Tnf  NM_013693.2 103 Fw CCACCACGCTCTTCTGTCTAC Exon 1 SIl in mice by HMW sodium
Rv AGGGTCTGGGCCATAGAACT Exon 2 .
N1b  NM_008361.3 152 Fw CAACCAACAAGTGATATTCTCCATG Exons 5-6 alglnate
Rv GATCCACACTCTCCAGCTGCA Exons 6-7 .
16 NM_031168.1 102 Fw CTGGAGTCACAGAAGGAGTGG Exon 5 First, we tested thg effects of
Rv GGTTTGCCGAGTAGATCTCAA Exon 5 HMW sodium alginate on
Nos2  NM_010927.3 95 Fw CAGCTGGGCTGTACAAACCTT Exon 17 indomethacin-induced SII in mice. All
Rv CATTGGAAGTGAAGCGTTTCG Exon 18 animals Survived under the
Ptgs2  NM_011198.3 129 Fw GGTGCCTGGTCTGATGATGTATG  Exon7 . .
Rv ATGAGTATGAGTCTGCTGGTTTGG  Exons 7-8 expenmental conditions and  body
Actb NM_009898.2 138 Fw AGAGGGAAATCGTGCGTGAC Exon 4 weight between groups was not
Rv CAATAGTGATGACCTGGCCGT Exon 4 changed significantly (data not shown).
Mucl NM_013605.1 165 Fw TTCTTGCCCTTCCAAGTGAG Exon 1 Histology revealed indomethacin to
Rv GTCTGAGTTGCTGCTGTGGA Exon 2 . . .
Muc2  NM_023566.3 166 Fw TCTGGCATCAACATTGTGGT Exon 2 have caused multiple, deep intestinal
Rv CACTGGGCAGGATACAGTCA Exon 3 ulcerations with destruction to the
Muc3  XM_355711.9 153 Fw GCTGAAGTAACCACCACTGCT Exon 1 epithelium and infiltration of
Rv. GCACTTGTCACCTGTCCAGA Exon 2 inflammatory cells within 24 h of
Muc4d  NM_080457.3 147 Fw GAGAGTTCCCTGGCTGTGTC Exon 1 .. . )
Rv GATGAGGTCGATGCTTGTGA Exon 2 administration (Figure 2A).
Muc5ac NM_010844.1 83 Fw GCTGGAGTTGGACACCAAATA Exon 5 Histological ~damage scores were
Rv GGAACTCGTTGGATTTTGGA Exon 6 increased Signiﬁcantly in
Muc5bh NM_028801.2 121 Fw AGAAACTGGAGCTGGGCTCT Exon 1 indomethacin-treated mice ~(P<0.01,
Rv TCTGACTGTCTCCGGTGAGTT Exon 2 . .
Muc6  NM_181729.2 62 Fw CTGCTGTTGCTGCTCTTCAG Exon 1 Figure 2B). Simultaneously, the length
Rv ATACTCATGGCCGTCAAAGG Exon 3 of the small intestine in
indomethacin-treated mice was
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significantly shorter than that in control animals
(Figure 2C). Pretreatment with HMW sodium alginate
before indomethacin administration improved the
severity of intestinal lesions significantly (Figure 2A,
B) as well as shortening of the length of the small
intestine (Figure 2C). CKC is used to measure
agreement between the evaluations of two
investigators. A negative CKC value suggests that the
investigators are rating in the opposite direction,
whereas a positive CKC value suggests that the
investigators are concordant. The CKC was 0.876,
which suggested almost perfect agreement in our
analysis. Collectively, these results suggested that
HMW sodium alginate reduced the histological
severity of indomethacin-induced SII.

A Control

Indo

Suppression of small-intestinal inflammation
by HMW sodium alginate

Interactions between luminal bacteria and
mucosal immune cells (e.g, neutrophils,
macrophages) cause indomethacin-induced intestinal
injury. Therefore, we examined if HMW sodium
alginate could suppress small-intestinal
inflammation. Indomethacin upregulated mRNA
expression of inflammatory cytokines such as tumor
necrosis factor-a, interleukin-1p and interleukin-6 in
the small intestine (Figure 3A-C). HMW sodium
alginate ameliorated upregulation of these genes
significantly =~ (P<0.01, Figure 3A-C). Similarly,
indomethacin upregulated mRNA expression of
COX-2, but not iNOS (Figure 3D, E). COX-2 induction
was ameliorated significantly by HMW sodium
alginate (P<0.01, Figure 3D, E). Thus, HMW sodium
alginate suppressed small-intestinal inflammation.
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Figure 2. Reduction of the histological severity of indomethacin-induced small-intestinal injury in mice by high-molecular-weight sodium alginate (HMW
SA). Indomethacin (Indo, 10 mg/kg) was administered to mice that had been given the regular CE-2 or CE-2 premixed with 5% HMW SA for | week. Representative low (upper)
and high (lower) magnified histological images (A), histological damage scores (B) and the length of the small intestine (C) are shown. $P<0.01, NS: not significant.
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Figure 3. Suppression of small-intestinal inflammation by high-molecular-weight sodium alginate (HMW SA). mRNA expressions of Tnf (A), lllb (B), ll6 (C),
Nos2 (D) and Ptgs2 (E) in the small intestine were analyzed by real-time polymerase chain reaction (PCR). 1P<0.01, NS: not significant.

Prevention of indomethacin-induced mucin
depletion in the small intestine by HMW
sodium alginate

We examined the pattern of PAS staining of
goblet cells (major source of mucins). PAS staining
showed that indomethacin reduced the number of
PAS-stained cells on the surface and in basal layers of
small-intestinal ulcers, suggesting depletion of goblet
cells (Figure 4A, B). HMW sodium alginate
ameliorated the reduction in the number of
PAS-stained cells in these layers significantly (P<0.01,
Figure 4A, B).

We analyzed mRNA expression of MucI-Muc6
in untreated control mice. mRNAs of secretory Muc2
and membrane-associated Muc3 and Muc4 were
expressed prominently (Figure 5A). Mucl mRNA was
also expressed but mRNAs of Mucbac, Muc5b, and
Muc6 were not. In the small intestine, mRNA
expression of Mucl, Muc2, Muc3 and Muc4 was
increased, and these increases were decreased
significantly by HMW sodium alginate (P<0.01,
Figure 5B-D). Thus, HMW sodium alginate prevented
indomethacin-induced mucin depletion in the small
intestine.

Reduction of the histological severity of
indomethacin-induced Sll in mice by LMW
sodium alginate

Next, we examined if LMW sodium alginate
could prevent indomethacin-induced SII in mice.
Similar to the preventative effects of HMW sodium
alginate, LMW sodium alginate improved the severity
of intestinal lesions significantly (P<0.01, Figure 6A,
B) as well as shortening the length of the small
intestine (Figure 6C). The CKC value was 0.635, which
suggested substantial agreement in our analysis.
Collectively, these results suggested that LMW
sodium alginate reduced the histological severity of
indomethacin-induced SIL

Suppression of small-intestinal inflammation
by LMW sodium alginate

Indomethacin-induced upregulation of
expression of inflammatory cytokine mRNA was
decreased significantly by LMW sodium alginate
(P<0.01, Figure 7A-C). Similarly, indomethacin-
induced upregulation of expression of inflammatory
mediators was ameliorated significantly by LMW
sodium alginate (P<0.01, Figure 7D, E). These results
suggested that LMW sodium alginate suppressed
small-intestinal inflammation.
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Figure 4. Prevention of indomethacin-induced mucin depletion in the small intestine by high-molecular-weight sodium alginate (HMW SA). Representative
periodic acid-Schiff (PAS) staining images (A) and PAS staining scores (B) in both surface and basal (C) layers of small-intestinal ulcers are shown. $P<0.01, NS: not significant.
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Figure 5. Prevention of the upregulation of mucin genes in the small intestines by high-molecular-weight sodium alginate (HMW SA). mRNA expressions of
mucins in the normal small intestine were analyzed using real-time polymerase chain reaction (PCR) (A). mMRNA expressions of Mucl (B), Muc2 (C), Muc3 (D) and Muc4 (E) in
the small intestine were analyzed using real-time PCR. $P<0.01, NS: not significant.
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Figure 6. Reduction of the histological severity of indomethacin-induced small-intestinal injury in mice by low-molecular-weight sodium alginate (LMW
SA). Indomethacin (10 mg/kg) was administered to mice that had been given the regular CE-2 or CE-2 premixed with 5% LMW SA for 1 week. Representative low (upper) and
high (lower) magnified histological images (A), histological damage scores (B) and the length of the small intestine (C) are shown. 1P<0.01.

Prevention of indomethacin-induced mucin
depletion in the small intestine by LMW
sodium alginate

LMW sodium alginate ameliorated reduction in
the number of PAS-stained cells on the surface and
basal layers of small-intestinal ulcers significantly
(P<0.01, Figure 8A, B). Indomethacin-increased
mRNA expression of Mucl, Muc2, Muc3 and Muc4
was decreased by LMW sodium alginate (Figure
9A-C). Thus, LMW sodium alginate prevented
indomethacin-induced mucin depletion in the small
intestine.

Discussion

We showed that pretreatment with HMW
sodium alginate ameliorated indomethacin-induced
SII in mice. We noted reduction of ~70% in terms of
four histologic factors (width of the ulceration; depth

of the lesion; degree of inflammatory infiltration;
thrombi), which is similar to the protective action of
this drug on gastric ulcers. The etiology of
indomethacin-induced SII is more complicated than
that of gastric ulcers. Indomethacin inhibits the
production of prostaglandin E,, thereby enhancing
small-intestinal ~motility and reducing mucus
secretion [10], which allows increasing the intestinal
permeability. Intestinal bacteria can invade the
mucosa, which triggers consequent inflammation and
injury in the small intestine. Sodium alginate, which is
not be absorbed in the small intestine, can adhere to
mucosal surface of the small intestine owing to its
viscosity, which prevents the invasion of intestinal
bacteria into the small intestine, thus reducing
consequent intestinal inflammation and injury. The
viscosity of sodium alginate is likely important for the
adhesion to the mucosal surface in small intestine.
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Satoh et al reported a correlation between the
viscosity and the muco-protective actions of soluble
dietary fibers [21]. In this way, sodium alginate could
suppress indomethacin-induced SII in mice. In
agreement with this hypothesis, HMW sodium
alginate has been shown to improve inflammation in
the lower GIT in an experimental model of colitis [15,
22] and in methotrexate-induced SII [16]. Here, we
also showed that, in addition to HMW sodium
alginate, pretreatment with LMW sodium alginate
ameliorated indomethacin-induced SII in mice.
Protective effects of LMW sodium alginate were
comparable with those of HMW sodium alginate even
though their viscosities are different. Similar to HMW
sodium alginate, these protective effects are probably
due to the mucosal-protective action of LMW sodium
alginate caused by its adhesion to the mucosal surface
and its apophthegmatic action. Thus, our results
demonstrate that HMW sodium alginate and LMW
sodium alginate have protective effects against
indomethacin-induced SII in mice.

We analyzed mucin expression in the small
intestine and confirmed mRNA expression of Mucl,
Muc2, Muc3, and Muc4, results that are consistent
with those of other scholars [23, 24]. In the small

intestine, Muc?2 is the major component of the secreted
mucous barrier and is produced by goblet cells and
Paneth cells [23, 24]. Muc5 and Muc6 were secreted by
the colon, but not by the small intestine. mRNAs of
membrane-associated Mucl, Muc3, and Muc4 were
expressed in the small intestine. We also showed that
mRNAs of Mucl, Muc2, Muc3, and Muc4d were
upregulated in indomethacin-induced SII. These
results were consistent with the previous reports
showing that mRNAs of Mucl, Muc2, Muc3 and Muc4
were induced by inflammatory cytokines [18, 25, 26].
This phenomenon was probably due to compensation
of depletion of mucosal mucins. Consistent with this
hypothesis, mRNAs of Mucl, Muc2, Muc3, and Muc4
were ameliorated in indomethacin-treated mice by
HMW sodium alginate and LMW sodium alginate,
and presumably reflected non-depletion of mucosal
mucins.

Scholars have examined the effects of several
drugs on indomethacin-induced SII in rats. An opener
of Karp channels, diazoxide, ameliorates, whereas a
blocker of Karr channels, glibenclamide, enhances
injury [27]. Diazoxide exerts its beneficial effects by
protecting against mitochondrial damage, reducing
intercellular permeability, and relaxing smooth
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muscle. Rebamipide, an agent that can protect the
gastric mucosa, exerts its beneficial effects by
inhibiting the genes of matrix metalloproteinases and
chemokines [28]. We reported that 18p-glycyrrhetinic
acid (an active metabolite of glycyrrhizin that is a
major water-soluble constituent of licorice root) and
hydroxypropyl y-cyclodextrin  protect against
indomethacin-induced SII  in mice wviz an
anti-inflammatory mechanism [17]. Thus, several
mechanisms may underlie indomethacin-induced SII.

Recently, Yamamoto et al. examined the effects of
sodium  alginate on  indomethacin-induced
gastrointestinal mucosal injuries in rats [4]. They
administered sodium alginate per os (p.o.) 30 min
before and 6 h after indomethacin administration
(p.0.) and, 24 h later, assessed lesion formation in the
stomach and small intestine. They showed that
sodium alginate ameliorated indomethacin-induced
mucosal injury in these organs. Sodium alginate
ameliorated indomethacin-induced atrophic changes,
increases in the number of intestinal bacteria, vascular
permeability, oxidative stress, and mucin depletion in
the small intestine. In the present study, we provide
evidence to support a mechanism by which sodium
alginate protects against depletion of mucosal mucins.
Therefore, prevention of mucin depletion induced by
NSAIDs is a therapeutic strategy for NSAID-induced
SII. Mucins exert an intestinal-barrier function to
prevent intestinal bacterial translocation [29], which is
a major source of pathogenicity arising from
NSAID-induced enteritis [30]. Accordingly, protection
against depletion of mucosal mucins by sodium
alginate may prevent intestinal bacteria infiltration
from injury sites in the small intestine. Sodium
alginate is already available for human use. Our
results suggest that the pre-administration of sodium
alginate before administration of NSAIDs is effective
for the prevention or reduction of NSAID-induced SII.
When pre-administration of sodium alginate is
difficult in clinical setting, co-treatment of sodium
alginate might be effective for the treatment of
NSAID-induced SII. However, it is unknown whether
sodium alginate is effective for the prevention or
treatment of NSAID-induced SII in humans, so
clinical trials to explore the effectiveness of sodium
alginate on NSAID-induced SII in humans should be
conducted.

Conclusions

Pretreatment with HMW sodium alginate or
LMW  sodium alginate before indomethacin
administration in mice ameliorated mRNA expression
of inflammation-related molecules and protected
indomethacin-induced mucin depletion in the small
intestine. HMW sodium alginate and LMW sodium

indomethacin-induced  SII.
effective

alginate  prevented
Pretreatment with sodium alginate is
prophylaxis for NSAID-induced SII.
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