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Abstract

Background Oxidative stress has been suggested to be a factor contributing to the disease severity of inflammatory bowel
disease (IBD). BJ-1108, a derivative of 6-amino-2,4,5-trimethylpyridin-3-ol, is reported to significantly inhibit the generation
of reactive oxygen species (ROS) in vitro. However, whether this molecule affects intestinal inflammation is largely unknown.
We aimed to investigate the effect of BJ-1108 on dextran sulfate sodium (DSS)-induced experimental colitis in mice.
Methods Colitis was induced in mice with DSS, and disease severity was estimated by evaluating body weight, colon length,
histology, immune cell infiltration, and intestinal permeability. We examined the protective effects of BJ-1108 on barrier
function using Caco-2 cells. Last, we estimated the impact of BJ-1108 on the phosphorylation of NF-kB, PI3K/AKT, and
mitogen-activated protein kinases.

Results Mice treated with BJ-1108 exhibited improved disease severity, as indicated by evaluations of body weight, his-
tological scores, spleen weight, and infiltrates of T cells and macrophages. The administration of BJ-1108 inhibited the
colonic mRNA expression of IL-6 and IL-1p in vivo. Additionally, BJ-1108 limited intestinal permeability and enhanced
the expression of tight junction (TJ) proteins such as claudin-1 and claudin-3 in the DSS-induced colitis model. In an in vitro
model using Caco-2 cells, BJ-1108 ameliorated cytokine-induced ROS generation in a dose-dependent manner and remark-
ably recovered barrier dysfunction as estimated by evaluating transepithelial electrical resistance and TJ protein expression.
BJ-1108 suppressed the NF-kB/ERK/PI3K pathway.

Conclusions This study demonstrated that BJ-1108 ameliorated intestinal inflammation in an experimental colitis mouse
model, suggesting possible therapeutic implications for IBD.
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Introduction

Inflammatory bowel disease (IBD) is a chronic inflamma-
tory condition of the intestinal wall in humans. Although the
exact etiology of IBD is not fully understood, various fac-
tors have been suggested to be the cause of IBD, including
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abnormal immune responses, genetics, intestinal microflora,
and environmental circumstances [1]. The traditional thera-
pies for patients with IBD mainly consist of anti-inflamma-
tory and immunomodulatory treatments. Additionally, bio-
logic therapies have been introduced and widely used in the
treatment of IBD. However, the systemic administration of
these agents has limitations due to infection, tumorigenesis,
intolerance, and high cost. Therefore, the development of
new therapeutic agents is strongly needed.

Reactive oxygen species (ROS) are one of the risk fac-
tors contributing to the development of IBD [2, 3]. Under
normal conditions, intestinal epithelial cells (IECs) maintain
their scaffold by adhering with neighboring cells via tight
junctional (TJ) proteins, supporting intestinal homeostasis
against various foreign antigens. When mucosal inflamma-
tion occurs, ROS are generated by IECs, neutrophils, and
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macrophages [3]. In turn, excessive ROS result in alterations
in TJs and consequently lead to disruption of intestinal bar-
rier function. There are some reports that patients with IBD
have impaired expression of the oxidase enzymes involved
in ROS generation (e.g., NOX and myeloperoxidase, MPO)
and intracellular antioxidants (e.g., SOD and GSH) [4-6].

BJ-1108 is a 6-amino-2,4,5-trimethylpyridin-3-ol ana-
logue that was previously suggested to have antioxidant
and antiangiogenic activity in vitro [7, 8]. A study reported
that BJ-1108 treatment significantly diminished 5-hydroxy-
tryptamine (5-HT)-induced angiogenesis, tumor prolifera-
tion, and ROS generation [9]. Additionally, BJ-1108 sig-
nificantly inhibits IFN-y- and IL-17a-producing cells in
ovalbumin-challenged mice and attenuates experimental
autoimmune encephalomyelitis in myelin oligodendrocyte
glycoprotein-induced mice [10]. However, the anticolito-
genic effect of BJ-1108 is largely unknown.

The dextran sulfate sodium (DSS)-induced colitis model
established in mice is regarded as a relevant animal model.
Previously, it was demonstrated that DSS treatment induces
significantly elevated expression of ROS through the nuclear
factor-kB (NF-kB) pathway in a human colonic epithelial
cell line, which can be rescued by treatment with a super-
oxide scavenger [11]. Therefore, the aims of this study were
to determine the anticolitogenic effects of BJ-1108 using an
in vivo DSS-induced colitis model and investigate the pos-
sible signaling pathway by using an in vitro Caco-2 system.

Materials and Methods

Experimental Colitis Induced by DSS in Mice
and Colitis Evaluation

Wild-type male C57BL/6N mice (8 weeks old, n=8) were
maintained under specific pathogen-free conditions at 22 °C
with a 12-h light/dark cycle. To induce colitis, animals were
administered 2% DSS (MP Biomedicals, USA) in the drink-
ing water for 7 days, followed by housing with normal drink-
ing water for 14 days. Then, the 2% DSS administration
in the drinking water was repeated for 7 days, followed by
housing with normal drinking water for 7 days. The control
group received normal drinking water continuously. Mice
were orally administered either BJ-1108 (1 or 3 mg/kg) or a
vehicle (corn oil). All mice were fasted overnight and killed.
The severity of colitis was investigated by evaluating colon
length, histology, spleen size, in vivo intestinal permeability,
and colonic MPO activity.

Histological scores were evaluated using previously
published scoring systems [12]. To measure in vivo intes-
tinal permeability, 4-kDa fluorescein isothiocyanate dex-
tran (FITC-dextran) (Sigma-Aldrich, Seoul, Korea) was
administered to mice by oral gavage. After 4 h, the serum

FITC-dextran level was measured using a fluorescence spec-
trometer with a standard. MPO activity was measured by
assessing an enzymatic reaction in the presence of peroxide
and o-dianisidine (D3252, Sigma) [13]. Briefly, colon tis-
sue samples were homogenized in a hexadecyltrimethylam-
monium bromide buffer (H5882, Sigma) and placed in a
96-well microplate. The enzymatic reaction was initiated by
adding a peroxide and o-dianisidine solution. The absorb-
ance was read at 450 nm.

This study was approved by the animal care committee of
Kyungpook National University, and all experiments were
performed in accordance with the guidelines of the Associa-
tion for Assessment and Accreditation of Laboratory Animal
Care International.

Immunohistochemical (IHC) Staining

Paraffin-embedded sections were rehydrated, and endog-
enous peroxidase was blocked by treatment with H,O, for
15 min. Epitope retrieval was performed in Tris—EDTA
buffer or sodium citrate buffer. The slides were blocked with
5% bovine serum albumin and then incubated with either
an anti-CD3 (A0452, Agilent) or anti-F4/80 (MCA497GA,
Bio-Rad) antibody for 30 min. Labeling was visualized with
3,3’-diaminobenzidine (DAB)(K3468, Dako).

Quantitative PCR (qPCR)

Total RNA was extracted from homogenized colon tissue
with Qiazol (Qiagen) and purified with a Qiagen RNeasy
mini isolation kit (Qiagen). RNA purity was measured
with a Nanodrop (Thermo Fisher). A reverse transcrip-
tion prime kit (EBT-1520, ELPIS Biotech) was used to
generate a cDNA library. qPCR was performed accord-
ing to the manufacturer’s recommendation with PowerUp
SYBR Green Master Mix (4367659, Thermo Fisher). Data
were analyzed with Vii™ 7 Real-Time PCR. The primer
sequences were as follows: IL-12b (forward, 5'-AGA-CCC-
TGC-CCA-TTG-AAC-TG-3' and reverse, GAA-GCT-
GGT-GCT-GTA-GTT-CTC-ATA-TTT), Tjpl (forward,
5'-TCA-TCC-CAA-ATA-AGA-ACA-GAG-C-3'and reverse,
5'-GAA-GAA-CAA-CCC-TTT-CAT-AAG-C-3"), Ocln
(forward, 5'-AAG-CAA-GTG-AAG-GGA-TCT-GC-3'and
reverse, 5'-GGG-GTT-ATG-GTC-CAA-AGT-CA-3"), Cldnl
(forward, 5'-GCT-GTG-CTG-CTA-ACC-CTG-TTG-3’
and reverse, 5'-TGC-AGG-ATC-TGG-GAT-GGA-AA-3"),
Cldn3 (forward, 5'-CCA-CCC-CAC-CTT-CCA-GAT-G-3'
and reverse, 5-GGA-GAT-GCC-AGC-CTG-TCT-GT-3'),
Cldn4 (forward, 5'-GTG-TCC-TGG-ACC-GCT-CAC-A-3’
and reverse, 5'-GCC-CCC-ATT-TCC-CTC-TTC-T-3"), IL-1b
(forward, 5'-TTC-AGG-CAG-GCA-GTA-TCA-CTC-3" and
reverse, 5'-GAA-GGT-CCA-CGG-GAA-AGA-CAC-3"), IL-
6 (forward, 5'-TTC-TCT-GGG-AAA-TCG-TGG-AAA-3' and
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reverse, 5'-TGC-AAG-TGC-ATC-ATC-GTT-GTT-3'), and
IL-10 (forward, 5'-CAG-AGC-CAC-ATG-CTC-CTA-GA-3’
and reverse, 5'-GTC-CAG-CTG-GTC-CTT-TGT-TT-3").

ROS Detection in Caco-2 Cells

Intracellular ROS were detected with a dihydroethidium
(DHE) fluorescent probe and quantified by fluorescence
confocal microscopy and florescence photospectroscopy.
Briefly, a monolayer of Caco-2 cells was incubated with
1 uM DHE (D7008, Sigma) for 15 min at 37 °C, washed
and fixed with 10% formalin. The nuclear counterstain
4',6-diamidino-2-phenylindole (DAPI) was added for con-
focal microscopy.

Western Blot Analysis

A Western blot assay was performed by using antibodies
specific for p65 (Cell Signal Technology, #8242), p-p65
(CST, #3033), p38 mitogen-activated protein kinase
(MAPK) (CST, #9212), p-p38 MAPK (CST, #4631), phos-
phoinositide 3-kinase kinase (PI3K) p85 (19H8), p-PI3K
p85 (CST, #4257), extracellular signal regulated kinase
(ERK) (BD, 610123), p-ERK (CST, #9101), c-Jun N-ter-
minal kinase 2 (JNK2) (56G8) (CST, #9258), phosphor
stress-activated protein kinase/c-Jun NH2-terminal kinase
(p-SAPK/INK) (Thr183/Tyr185)(81E11) (CST, #4668), pro-
tein kinase B (AKT) (CST, #9272), p-AKT (ser473) (CST,
#9271), mammalian target of rapamycin (mTOR) (CST,
#2972), and p-mTOR (CST, #2972).

Cell Viability Assay

Drug cytotoxicity in Caco-2 cells was examined by moni-
toring extracellular lactate dehydrogenase (LDH) using a
CytoTox96® non-radioactive cytotoxicity assay kit (G1780,
Promega). The levels of released LDH in culture superna-
tants were measured with a 30-min coupled enzymatic assay
according to the manufacturer’s instructions.

Transepithelial Electrical Resistance (TEER)

Approximately 1.5x 103 Caco-2 cells were cultured on the
collagen-coated transwell insert (CLS3460, Sigma) with
200 pl culture medium added to the apical chamber and
1000 pl to the basolateral chamber for two weeks before
TEER measurement. The epithelial voltmeter EVOM
STX2 (World Precision Instruments) was used. Resistance
was defined according to the surface of the transwell filters
(Qxcm?), and the TEER of cell-free inserts was calculated
from these values.
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Statistical Analysis

Statistical analysis was performed using Excel (Microsoft,
USA) or GraphPad Prism5 (La Jolla, CA, USA).

Results

Treatment with BJ-1108 Ameliorated Experimental
Colitis Induced by DSS in Mice

To determine the anticolitogenic effects of the BJ-1108
compound, we used an experimental colitis mouse model
induced by DSS, which is known to disrupt ROS homeosta-
sis in IECs and consequently lead to defective TJ integrity,
cell cycle arrest, and apoptosis [14, 15]. It was found that two
cycles of DSS administration in mice successfully induced
severe inflammation in the colon, which was indicated by
weight loss, colon length reduction, spleen swelling, high
histological scores, elevated MPO activity, and increased
intestinal permeability estimated with FITC-dextran (Fig. 1).

Next, we administered BJ-1108 daily by oral gavage dur-
ing the DSS cycles and examined inflammation severity in
mice. Interestingly, the mice administered BJ-1108 appeared
to have enhanced weight recovery, especially after 24 days
of DSS treatment, compared with the control mice (Fig. 1a).
Moreover, histological examinations revealed that BJ-1108
treatment significantly limited tissue damage (Fig. 1d, e).
BJ-1108 administration significantly mitigated serum FITC-
dextran levels in the treated mice compared with the control
mice (Fig. 1g), indicating decreased gut permeability.

Last, BJ-1108 tended to attenuate colon length shortening
and MPO activity, but these differences were not significant
(Fig. 1c, f). The weight of the enlarged spleen was signifi-
cantly recovered in the BJ-1108-treated group compared
with the DSS control group (Supplementary Figure 1).

The infiltration of T cells and macrophages in the colon
was determined by IHC staining (Fig. 2). The numbers of
CD3* T cells in the mucosal area were remarkably reduced
in the BJ-1108-treated group compared with the control
group (Fig. 2a, b). Moreover, the numbers of infiltrated
F4/80* macrophages in the intestinal mucosa were reduced
after BJ-1108 administration (Fig. 2c, d). These data suggest
that treatment with BJ-1108 has anticolitogenic effects on
the experimental DSS-induced colitis model.

BJ-1108 Downregulated IL-16, IL-6, IL-12, and IL-10
Expression in the Colon

Next, we asked whether BJ-1108 treatment mitigates the
mRNA expression of various inflammatory cytokines
such as IL-1f, IL-6, IL-12, and IL-10, which were previ-
ously shown to exhibit highly upregulated expression in
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Fig.1 BJ-1108 treatment ameliorates experimental DSS-induced
colitis in mice. C57BL/6N mice were treated with 2% DSS in the
drinking water for 1 week, followed by housing with normal drink-
ing water for 2 weeks, and then 2% DSS in the drinking water for
1 week, followed by housing with normal drinking water for 1 week.
BJ-1108 compounds (1 or 3 g/kg) were administered daily via oral

DSS-induced colitis mice [16]. Mice fed 2% DSS expressed
higher IL-1p, IL-6, IL-12, and IL-10 mRNA levels in the
colon than did control mice (Fig. 3a—d). In contrast, BJ-
1108-treated mice exhibited significant reductions in IL-1p,
IL-6, IL-12, and IL-10 transcription (Fig. 3a—d). This overall
downregulation of cytokine expression possibly reflected the
amelioration of DSS-induced colitis mediated by BJ-1108,
as shown in Figs. 1 and 2.

BJ-1108 Ameliorated Intestinal Permeability
by Upregulating TJ Protein Expression

Impaired expression of TJ proteins is related to altered intes-
tinal epithelial integrity and increased intestinal permeability
in colitis [17, 18]. In this study, we investigated TJ protein
expression in the colon and in vivo intestinal permeabil-
ity. The mRNA expression of Tjpl and Ocln (encoding the
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gavage. a Weight changes of control, vehicle control (DSS), and BJ-
1108-treated mice during DSS-induced colitis. b Representative gross
image of the colon. ¢ Mean colon lengths. d, e Representative H&E
staining of colon samples with histological severity scores. Scale bar
size 100 pm. f MPO activity. g Plasma FITC-dextran 4-kDa level

Z0-1 and occludin proteins, respectively) in the colon was
significantly downregulated after DSS treatment compared
with control treatment, whereas mice administered BJ-1108
exhibited significantly higher levels of mRNA expression
of TjpI and Ocln (Fig. 4a, b). However, the protein expres-
sion of ZO-1 and occludin was not influenced by BJ-1108
treatment (Fig. 4c—e). Nonetheless, the levels of other TJ
proteins such as claudin-1, claudin-3, and claudin-4 were
restored after BJ-1108 administration in DSS-treated mice
(Fig. 4c, f-h).

BJ-1108 Enhanced Intestinal Barrier Functions
and Reduced ROS Production In Vitro

To further determine the protective role of BJ-1108 com-
pounds in intestinal barrier function, we used an in vitro system
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Fig.2 BJ-1108 treatment reduced colonic CD3* T cell and F4/80%
macrophage numbers. a Representative IHC images of CD3
expression in the colon of control, vehicle control (DSS), and BJ-
1108-treated mice (1 or 3 mg/kg). b Relative intensity of CD3*
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Fig.3 BJ-1108 treatment compromised cytokines in response to DSS
injury. The mRNA expression of cytokines such as a IL-1b, b IL-6,
¢ IL-10, and d IL-12b in the colon of control, vehicle control (DSS),
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DAB chromogen (per section). ¢ Representative IHC images of
F4/80 expression in the colon of control, vehicle control, and BJ-
1108-treated mice. d Relative intensity of F4/80" DAB chromogen
(per section). Scale bar size 100 pm
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and BJ-1108-treated mice (1 or 3 mg/kg) was evaluated by qPCR. All
the mRNA levels were normalized to the glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) level
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consisting of a human colonic epithelial cell line (Caco-2  Treatment with TNF-o/IFN-y greatly increased ROS produc-

cells). A monolayer of Caco-2 cells grown for 2 weeks was  tion in Caco-2 cells compared with no treatment (Fig. 5c—e).

exposed to TNF-a and IFN-y, which are major cytokines that ~ The addition of BJ-1108 significantly reduced ROS genera-

have been shown to induce oxidative stress in IECs in a colitis  tion in Caco-2 cells in a dose-dependent manner (Fig. Sc—e)

animal model and the rearrangement of TJ molecules in vitro ~ without causing necrosis, as indicated by monitoring LDH

[19-21]. Furthermore, the previous study has been shown that  release (Supplementary Figure 2).

the combination of IFN-y and TNF-« has superior effects on

deforming tight junctional structure and inducing secretion of

cytokines (IL-6 and IL-8) [21-23]. The function of the barrier ~ BJ-1108 Decreased NF-kB and PI3K/AKT Expression

was documented by visualization of TJs by confocal immuno-  and Increased ERK Expression in Caco-2 Cells

fluorescence (IF) imaging for ZO-1 and TEER measurement.

Indeed, treatment with TNF-a/IFN-y increased the tortuosity ~ After the determination of the enhanced intestinal barrier

and rearrangement of the ZO-1 TJ scaffold (Fig. 5a) and sig-  function and antioxidant effects of BJ-1108 on Caco-2 cells,

nificantly disrupted TEER (Fig. 5b). BJ-1108 treatment mark-  we further examined the potential signaling pathway through

edly ameliorated these altered barrier functions (Fig. 5a, b). which BJ-1108 might mediate the protective effects against
In addition, ROS production was measured by DHE ROS. To do this, we incubated Caco-2 cells with BJ-1108

staining to investigate the antioxidant effects of BJ-1108.  and then TNF-o/IFN-y.
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A TNF-g + [EN-y B 5

Control Vehicle

Fig.5 Injured intestinal barrier function and intracellular ROS lev-
els in Caco-2 cells were rescued after BJ-1108 treatment. a Repre-
sentative IF images of ZO-1 (green) and the nucleus (blue) in Caco-2
cells treated with BJ-1108 (1 or 10 pM) in the absence or presence
of TNF-a and IFN-y (each 40 ng/mL). BJ-1108 reduced reactive
oxygen species (ROS) production in vitro. Scale bar size 30 pm for
%200 magnification and 10 pm for X600 magnification. b Percentage

First, we evaluated the expression of the inflammatory
transcription factor NF-xB p65 and its phosphorylation by
Western blotting. Pretreatment with BJ-1108 significantly
downregulated p-p65 expression (Fig. 6a). Incubation with
TNF-a/IFN-y increased the p-p65/p65 ratio in the absence
of BJ-1108, whereas the p-p65/p65 ratio was significantly
reduced in the presence of BJ-1108 (Fig. 6b), suggesting that
the anti-inflammatory effects of BJ-1108 were mediated by
NF-«B dephosphorylation.

Next, we examined whether the anticolitogenic effects
of BJ-1108 were possibly mediated by the MAPK signaling
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change in TEER after 24 h. Monolayers of Caco-2 cells were treated
with BJ-1108 (1 or 10 pM) in the absence or presence of TNF-a
(40 ng/mL) and IFN-y (40 ng/mL) for 24 h. ¢ Representative IF
images of DHE (red) and DAPI (blue). Scale bar size 30 pm. d Rela-
tive intensity of DHE (per section). e Relative intensity levels of DHE
in experimental samples compared to untreated control samples

pathway in Caco-2 cells. The results showed that Caco-2
cells pretreated with BJ-1108 significantly increased p-ERK
expression, while total ERK1/2 expression remained con-
stant without stimulation (Fig. 6¢). After treatment with
TNF-o/IFN-y, the vehicle control had a tendency to increase
p-ERK expression in a time-dependent manner, whereas the
drug-treated group sustained a high level of p-ERK expres-
sion (Fig. 6d). However, this difference was not significant.
For MAPK signaling pathway molecules, we also exam-
ined the impact of BJ-1108 on p38 and JNK expression by
Western blotting (Fig. 6¢). The results suggested that the
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Fig.6 BJ-1108 treatment affects NF-xB, JNK and AKT phosphoryla-
tion in Caco-2 cells. a Western blot analysis of p-p65 and total p65
in Caco-2 cells pretreated with BJ-1108 (10 pM) for 30 min in the
absence or presence of TNF-a (40 ng/mL) and IFN-y (40 ng/mL) for
5, 15, 30, 60, or 120 min. b Relative intensity of p-p65 levels to total
p65 levels. ¢ Western blot analysis of p-ERK, total ERK, p-p38, total
p38, p-JNK and total INK in Caco-2 cells pretreated with BJ-1108
(10 pM) for 30 min in the absence or presence of TNF-a (40 ng/mL)

anticolitogenic action of BJ-1108 was independent of the
p38 and JNK signaling pathways (Fig. 6e, f).

Finally, we examined whether BJ-1108 treatment affects
the AKT/PI3K/mTOR axis in Caco-2 cells. The Western

and IFN-y (40 ng/mL) for 5, 15, 30, 60, or 120 min. d—g Relative
intensity of p-ERK, p-p38, and p-JNK levels to the respective total
form level. h Western blot analysis of p-AKT, total AKT, p-p85, total
p85, p-mTOR, and mTOR in Caco-2 cells pretreated with BJ-1108
(10 pM) for 30 min in the absence or presence of TNF-a (40 ng/
mL) and IFN-y (40 ng/mL) for 5, 15, 30, 60, or 120 min. i-k Rela-
tive intensity of p-AKT, p-p85, and p-mTOR levels compared to the
respective total form level

blot image shows a significant reduction in the expression
of p-PI3K in Caco-2 cells treated with BJ-1108 compared
with the corresponding control cells (Fig. 6h, j). However,
the expression of AKT and p-AKT was not affected by
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BJ-1108 treatment. In addition, p-mTOR expression was
significantly downregulated by pretreatment with BJ-1108
(Fig. 6k). Taken together, these results suggest that the anti-
colitogenic effect of BJ-1108 on injured IECs is mediated
mainly through NF-kB and PI3K inhibition.

Discussion

This in vivo and in vitro study revealed that BJ-1108 sig-
nificantly improved intestinal inflammation by reducing
ROS production, decreasing cytokine levels, and enhancing
intestinal barrier functions. The NF-kB and PI3K pathway
might be involved in the anti-inflammatory effect of BJ-1108
on the colitis model.

Antioxidant drugs have been investigated to evaluate
their therapeutic efficacy in IBD using various experimental
colitis models. N-acetylcysteine (NAC), a synthetic antioxi-
dant, significantly attenuates the development of 2,4,6-trini-
trobenzenesulfonic acid (TNBS)-induced colitis in rats, as
indicated by MPO activity measurement and histological
examination, in comparison with mesalamine alone [24].
NAC reduced colonic COX-2 transcript expression, PGE-2
protein expression, and inducible nitric oxide synthase activ-
ity in TNBS-treated rats [25]. The protective effects of NAC
have also been demonstrated in a DSS-induced colitis mouse
model by ameliorating histological scores, MPO activity,
cytokine levels, and ROS generation [26]. NAC administra-
tion prevents epithelial cell apoptosis, necrosis, oxidative
stress, mucin depletion, and MPO activity in DSS-treated
mice [27]. These results support our findings that BJ-1108, a
derivative of an antioxidant, successfully lowered histologi-
cal scores, MPO levels, cytokine production, and immune
cell infiltration in the experimental DSS-induced colitis
model in vivo.

Antioxidant therapy has been shown to modulate the
function of the mucosal barrier in vivo and in vitro. Treat-
ment with berberine, which is known to reduce ROS pro-
duction [28], significantly diminishes oxidative stress in
the colon and improves intestinal barrier function in DSS-
induced colitis mice compared with control mice [29].
Additionally, treatment with quercetin and antioxidants
remarkably restores ROS-injured paracellular permeability
and TJ protein redistribution in Caco-2 cells [30, 31]. In
the present study, we confirmed that BJ-1108 significantly
ameliorated intestinal barrier dysfunction, as evidenced by
reduced FITC-dextran absorption and preserved TJ protein
expression in DSS-treated mice in vivo, as well as attenuated
ROS production, reduced paracellular permeability, and TJ
redistribution in vitro (Fig. 5).

In the in vitro model, we noticed that treatment with
BJ-1108 decreased NF-kB phosphorylation. The NF-kB
signaling pathway plays a critical role in intestinal barrier
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homeostasis, which may be altered in patients with IBD.
In humans, the activation and expression of NF-kB in the
mucosa of IBD patients are reported to have positive cor-
relations with the severity of intestinal inflammation [32].
In an animal study, knocking down the expression of p65, a
subunit of NF-kB, significantly attenuated disease severity
in TNBS-induced or IL-10 knockout colitis mouse models
[33]. Additionally, conditionally knocking out IKKp, an
NF-kB regulator, suppresses acute colitis in a DSS-induced
colitis model [34]. Moreover, treatment with telmisartan,
an antioxidant/anti-inflammatory agent targeting the angio-
tensin II receptor, significantly attenuates the expression of
NF-kB and MPO and oxidative stress in the colonic tissues
of rats with TNBS-induced colitis [35].

The detailed mechanisms underlying the protective role
of NF-kB dephosphorylation by BJ-1108 are unclear. Acti-
vation of NF-xB seems to be involved in pro-oxidant gene
expression such as NADPH oxidase organizer 1 (NOXO1),
one of the components forming NADPH oxidase 1 (NOX1)
complex which is known to produce ROS in epithelial
cells [36]. Notably, the inhibition of p65, a subunit NF-«B,
expression markedly suppressed the TNF-a-induced noxol
gene transcription [36]. Although we did not perform experi-
ment to evaluate NOX1 expression in this study, we surmise
that antioxidant effect of BJ-1108 may be possibly mediated
by reduced nox!I gene expression by NF-kB dephosphoryla-
tion at least in part.

We found that BJ-1108 increased ERK expression
in vitro. Data of ERK effects on the tight junction of epi-
thelial cells are conflicting in the literature. Some reports
showed that intracellular ERK phosphorylation have a nega-
tive relationship with the intestinal epithelial cell differentia-
tion process. ERK 1/2 phosphorylation markedly reduced in
differentiated Caco-2/15 cells after 12 days post-confluent
[37]. Furthermore, inhibition of ERK1/2 phosphorylation
by AG1478 or U0125 inhibitors completely prevented
cytokine-induced TJ disassembly [38]. On the other hand,
some studies showed that ERK activation can protect the
disruption of barrier integrity. Hydrogen peroxide-induced
disruption of TJ organization of occludin and ZO-1 in dif-
ferentiated Caco-2 cell monolayers was dramatically pro-
tected by epithelial growth factor (EGF) treatment through
ERK activation [39]. Moreover, phosphorylated ERK by
EGF is co-localized predominantly at the intercellular junc-
tions with occludin [39], although ERK activation provides
protective effects on TJ in differentiated, but not in under-
differentiated Caco-2 cell monolayers [40]. In agreement
with these previous studies, BJ-1108 treatment in the present
study increased phosphorylation of ERK in differentiated
Caco-2 cells, suggesting that BJ-1108 enhances TJ integrity
via ERK activation.

The PI3K/AKT signaling pathway has been demon-
strated to regulate cellular ROS and TJ proteins in IECs
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[41-45], which corroborates our findings that BJ-1108
treatment prevented phosphorylation of PI3K/mTOR, ROS
generation, and TJ disruption in Caco-2 cells under inflam-
matory conditions. This finding was comparable with the
previous observation that the treatment with BJ-1108
significantly reduced PI3K/AKT phosphorylation, ROS
generation, and angiogenesis in 5-HT-treated HUVECs
comparable to the reduction level by thePI3K/AKT inhibi-
tor wortmannin [9]. Furthermore, mucosal biopsy tissue
samples taken from patients with IBD show significantly
higher levels of p-AKT and treatment with wortman-
nin alleviates disease scores and histological scores in
DSS-induced colitis [46]. Given those, anticolitic effects
of BJ-1108 can be possibly mediated by ROS reduction
through PI3K pathway in IECs.

We presented the antioxidant effects of BJ-1108 on
IECs in vitro. Given that ROS signaling is critical in the
activation of immune cells such as neutrophils, mac-
rophages, dendritic cells, T cells, and B cells [47], we
cannot rule out the possibility that BJ-1108 also neutral-
izes harmful ROS in pro-inflammatory cells. A previous
study showed that inhibition of NADPH oxidase type 2
which generates large amounts of ROS robustly reduced
neutrophil infiltration and ameliorated complete Freund’s
adjuvant-induced arthritis in mice [48]. In our study, we
noticed that BJ-1108 reduced the infiltration of neutro-
phils in DSS-treated mice, as indicated by reduced MPO
activity.

In conclusion, our study documented the therapeutic
effects of BJ-1108 on a chemically induced experimental
model of IBD. These effects may be related to the regula-
tion of ROS stress in intestinal epithelial cells. Moreover,
BJ-1108 intensified intestinal barrier function by modulat-
ing TJ molecule expression. Additionally, we found that
the therapeutic action of BJ-1108 may involve the NF-kB,
ERK and PI3K signaling pathway. This result supports
ROS and an altered intestinal barrier as mechanisms of
intestinal inflammation in part and highlights the thera-
peutic potential of BJ-1108 in IBD.
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