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Abstract

Background: Melatonin (5-methoxy-N-acetyltryptamine), a hormone produced in the pineal gland, has a variety of
biological functions as an antioxidant, but a functional role of melatonin in the regulation of intestinal mucin (Muc)
production during bacterial infection has yet to be described in detail. In this study, we investigate the effects of
melatonin during Muc2 repression elicited by the Gram-negative bacterium V. vulnificus.

Methods: Mucus-secreting human HT29-MTX cells were used to study the functional role of melatonin during
Muc2 depletion induced by the recombinant protein (r) VwpM produced by V. vulnificus. The regulatory effects of
melatonin coupling with melatonin receptor 2 (MT,) on the production of reactive oxygen species (ROS), the
activation of PKCS and ERK, and the hypermethylation of the Muc2 promoter as induced by rVwvpM were examined.
Experimental mouse models of V. vulnificus infection were used to study the role of melatonin and how it
neutralizes the bacterial toxin activity related to Muc2 repression.

Results: Recombinant protein (r) VvpM significantly reduced the level of Muc2 in HT29-MTX cells. The repression of
Muc2 induced by r'vpM was significantly restored upon a treatment with melatonin (1 uM), which had been
inhibited by the knockdown of MT, coupling with Gaq and the NADPH oxidase subunit p47 P"°*. Melatonin
inhibited the ROS-mediated phosphorylation of PKCS and ERK responsible for region-specific hypermethylation in
the Muc2 promoter in vpM-treated HT29-MTX cells. In the mouse models of V. vulnificus infection, treatment with
melatonin maintained the level of Muc2 expression in the intestine. In addition, the mutation of the WwpM gene
from V. vulnificus exhibited an effect similar to that of melatonin.

Conclusions: These results demonstrate that melatonin acting on MT, inhibits the hypermethylation of the Muc2

promoter to restore the level of Muc2 production in intestinal epithelial cells infected with V. vulnificus.
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Background layer facilitates intestinal epithelium-pathogen interac-

The gastrointestinal mucus layer serves as the frontline
defense barrier by promoting immune responses for the
clearance of bacterial pathogens and by separating them
from the intestinal epithelium [1]. Damage to the mucus
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tions and the invasion of pathogenic microorganisms
[2]. The major component of this intestinal mucus layer
is O-glycosylated mucin (Muc)2 in the human small in-
testine and colon. Muc2, produced by goblet cells, plays
an important role as a physiological barrier via the for-
mation of an enormous net-like mucus polymer barrier
[2]. Indeed, Muc2 deficiency in mice, which lack an
inner mucus layer, causes the spontaneous development
of inflammation, gross bleeding and increased paracellu-
lar permeability via unusual commensal bacteria
colonization [3, 4]. Given that mucin plays a critical role
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in providing protection against the multiple inflamma-
tory responses induced by invading pathogens and
toxins, it is important to identify the factors that regulate
Muc2 gene expression, such as growth factors [5], tran-
scription factors [6], and the methylation status [7].

Vibrio (V.) wvulnificus is a rod-shaped anaerobic
Gram-negative food pathogen that often causes acute in-
flammatory responses in the gut [8, 9]. Infection with V.
vulnificus is cytotoxic to host cells, and its virulence is
mediated by secreted cytotoxins and enzymes, such as
VvhA, MARTX, VvpE, and VvpM [10-14]. A 55-kDa
zinc-metalloprotease designated as V. vulnificus VvpM is
considered to be major exoprotease that causes cytotoxic
effects and an autophagic process affecting intestinal epi-
thelial cells [13, 14]. We previously reported that VvpM
induces the production of reactive oxygen species (ROS)
and IL-1P coupled with necrotic macrophages via the
transcriptional and epigenetic regulation of the inflam-
matory process [15]. However, the underlying cellular
mechanisms of the VvpM involvement in the production
of gastrointestinal mucin remain undescribed.

Melatonin (5-methoxy-N-acetyltryptamine) is a hor-
mone produced in the pineal gland. It is readily avail-
able, produces few side effects, and is a relatively
inexpensive substance. It is also a functional substance
produced at various locations in body, including the
skin, the lymphocytes and the gastrointestinal tract [16—
18]. Melatonin mediates diverse effects through its cog-
nate receptors, which include at least two members of
the G protein-coupled receptor (GPCR) super-family,
MT,_,, as well as M T3, while others may involve nuclear
binding sites or may be receptor-independent [16]. It
was previously shown that melatonin has a potential
therapeutic effect on those with chronic obstructive pul-
monary disease (COPD) by inhibiting mucin production
[19]. In contrast, the underlying cellular mechanisms of
melatonin that stimulate intestinal mucin production
and the receptor specificity of intestinal epithelial cells
involved in this process remain largely unknown. There
are no previous reports related to the molecular mecha-
nisms of the action of melatonin that which drives
mucin production during a V. vulnificus infection.

In this study, therefore, we investigate the role of the
melatonin signaling pathway in promoting gastrointes-
tinal mucin production and evaluate its potential thera-
peutic effect against a V. vulnificus infection.

Materials and methods

Materials

Fetal bovine serum (FBS) was purchased from BioWhit-
taker (Walkersville, MO, USA). The following antibodies
were purchased: PKC§ antibody (BD Biosciences, Frank-
lin Lakes, NJ, USA); p-ERK, ERK, p-PKC, PKC and B-
actin antibodies (Santa Cruz Biotechnology, Paso Robles,
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CA, USA); Muc2 antibody (Abcam, Cambridge, MA,
USA); and horseradish peroxidase (HRP)-conjugated
goat anti-rabbit and goat anti-mouse IgG antibodies
(Jackson ImmunoResearch, West Grove, PA, USA). The
2’, 7’-dichlorofluorescein diacetate (CM-H,DCFDA)
was obtained from Invitrogen (Carlsbad, CA, USA).
Melatonin (Mel, 5-methoxy-N-acetyltryptamine) and N-
acetyl-l-cysteine (NAC) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). All other reagents were of
the highest purity commercially available and were used
as received.

Cells

Mucus-secreting human intestinal epithelial (HT29-
MTX) and Caco-2 human intestinal epithelial cells were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured at 37°C in
5% CO, in RPMI-1640 and DMEM containing 10% FBS
and antibiotics (10 units/mL penicillin G and 10 ug/mL
streptomycin). HT29-MTX cells have been used to study
the adhesion and invasion of pathogens due to their
physiologically relevant characteristics responsible for
the formation of a mucus layer [20, 21]. Caco-2 cells
were used as an alternative epithelial cell line to confirm
the role of rVvpM in the Muc2 expression outcomes.

Cell viability

A cell viability assay was conducted using the EZ-
CYTOX cell viability kit (Dail-Lab Service, Seoul, Korea)
according to the manufacturer’s instructions. Cells were
cultured on 96-well culture plates. After incubation with
rVvpM and melatonin, the EZ-CYTOX master mix was
added to each well for 1 h. Cell viability was analyzed by
measuring the absorbance at 450 nm.

Bacterial strains, plasmids, and culture media

All V. vulnificus strains are isogenic and naturally resist-
ant to polymyxin B (Table 1). Unless otherwise noted, V.
vulnificus strains were grown in Luria Bertani (LB)
media supplemented with 2.0% (wt/vol) NaCl (LBS) at
30°C. All media components were purchased from Difco
(Difco Laboratories Inc., Detroit, MI). V. vulnificus
strains were grown to the mid-log phase (Aggo = 0.500)
corresponding to 2 x 108 CFU/mL and were centrifuged
at 6000xg for 5min. The pellet was washed with
phosphate-buffered saline (PBS) and adjusted to the de-
sired colony-forming unit amount (CFU)/mL based on
Agoo as determined using a UV-VIS spectrophotometer
(UV-1800, Shimadzu, Japan) to estimate the culture
density.

Generation of the VvpM mutant and its complementation
Bacteria strains for the VvpM mutant and the comple-
mentation of the VvpM mutant were kindly provided by
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Table 1 Plasmids and bacterial strains used in this study
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Strain or plasmid Relevant characteristics °

Reference or source

Bacterial strains

V. vulnificus
M06-24/0 Clinical isolate; virulent; WT
MLO5 MO6-24/0 AVvpM; Km'; VwpM mut
E. coli
DH5a N~ @80dlacZAM15 A (lacZYA-argh)U169 recAl endAT hsdR17 (k™ my ) SupE44 thi-1 gyrA relAl;
plasmid replication
S17-1\pir N-pir lysogen; thi pro hsdR hsdM* recA RP4-2 Tc:Mu-Km:Tn7;Tp" Sm'; host for m-requiring
plasmids; conjugal donor
Plasmids
pDM4 R6K y ori sacB; suicide vector; oriT of RP4; Cm'
pRK415 IncP ori, broad-host-range vector; oriT of RP4; Tc'
pKK1535 pRK415 with VipM; Tc"

Laboratory collection

Lee et al, 2013 [22]

Laboratory collection

Simon et al, 1983 [23]

Milton et al, 1996 [24]
Keen et al, 1988 [25]
This study

2 Km', kanamycin resistant; Tp", trimethoprim resistant; Sm", streptomycin resistant; Cm', chloramphenicol resistant; Tc', tetracycline resistant

Prof. Sang Ho Choi (Seoul National University,
Korea). Briefly, a deficient mutant in VvpM genes
was generated by methods described previously [22,
26, 27]. For the generation of the VvpM mutant
[24], VvpM was inactivated in vitro by the deletion
of its open reading frame (ORF) using the PCR-
mediated linker-scanning mutation method, as de-
scribed in the literature [28]. Pairs of primers for
VvpM-upF and -upR (for amplification of the 5’
amplicon) or VvpM-downF and -downR (for amplifi-
cation of the 3’ amplicon) were designed and used
(Additional file 1: Table S1). To complement the
VvpM mutation process, ORF of VvpM was ampli-
fied from the genomic DNA of V. vulnificus MO6-
24/0O by PCR with the primer pair VvpMOO1F and
VvpMOOIR (Additional file 1: Table S1) and then
digested with BamHI and Sacl. The amplified VvpM
ORF was subcloned into the broad-host-range vector
pRK415 [25] linearized with the same enzymes
(Table 1) to result in pKK1535. The E. coli S17-1
Apir, tra strain [23] containing pKK1535 was used as
a conjugal donor to the VvpM mutant. The plasmid
pKK1535 was delivered into the VvpM mutant by
conjugation, as described previously [28].

Purification of the recombinant VvpM

The recombinant (r) VvpM protein [13, 14] was kindly
provided by Prof. Kyu-Ho Lee (Sogang University,
Korea). We assessed the rVvpM protein for LPS contam-
ination using an endotoxin quantitation kit (Pierce® LAL
Chromogenic Endotoxin Quantitation Kit, Thermo
Fisher Scientific Inc. Waltham, MA, USA). The level of
endotoxin in 100 pg/mL of rVvpM was less than 0.003
EU. Thus, we suggest that rVvpM is a purified recom-
binant protein containing a very low level of endotoxin
and that it is suitable for our experiments in this study.

Reverse transcription polymerase chain reaction (RT-PCR)
and quantitative real-time PCR

Total RNA was extracted using the RNeasy Plus Mini
Kit (Quiagen, Valencia, CA, USA). Reverse transcrip-
tion (RT) was carried out with 3 pg of RNA using a
Maxime RT premix kit (iNtRON Biotechnology,
Sungnam, Korea). The c¢cDNA (5ul) for MT;, MT,,
Muc2, and B-actin were amplified using the following
primer pairs: MT;, 5- TCCTGGTCATCCTGTCGG
TGTATC-3" and 5'-CTGCTGTACAGT TTGTCG
TACTTG-3"; MT,, 5'-TCCTG GTGATCCTCTCCGT
GCTCA-3" and 5-AGCCAGA TGAGGCAGAT
GTGCAGA-3"; Muc2, 5'-CAGCTCATCTCGTCCGTC
TC-3" and 5'-GCTGGCTGGTTTTCTCCTCT-3'; fS-
actin, 5-AACCGCGAGAAGATGACC-3" and 5'-
AGCAG CCGTGGCCATCTC-3'. The real-time
quantification of Muc2 was conducted using a Rotor-
Gene 6000 real-time thermal cycling system (Corbett
Research, New South Wales, Australia) with a Quanti-
Mix SYBR kit (PhileKorea Technology, Daejeon,
Korea) according to the manufacturer’s instructions.
B-Actin was used as an endogenous control.

Small interfering (si) RNA transfection

Cells were grown until 75% of the surface of the plate
was covered and were then transfected for 36h with
ON-TARGETplus siRNAs mixed with six different siR-
NAs specific for MT, Gaq, Gai, Gal2, NCF1, PKCS,
and ERK (GE Dharmacon, Lafayette, CO, USA) or non-
targeting (nt) siRNA as a negative control (GE Dharma-
con, Lafayette, CO, USA) with the HiPerFect transfection
reagent (QIAGEN, Valencia, CA, USA) according to the
manufacturer’s instructions. The siRNA efficacy rates for
MT, Gaq, Gai, Gal2, NCFI, PKC6, and ERK as deter-
mined by Western blots were 68, 71, 70, 68, 66, 75, and
64%, respectively (data not shown).
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Intracellular reactive oxygen species (ROS) detection

2,7 '-dichlorofluorescein diacetate (CM-H;DCFDA) was
used to detect the production of intracellular ROS. To
quantify the intracellular ROS levels, cells treated with
10mM DCEF-DA were rinsed twice with ice-cold PBS
and then scraped. A 100 pL cell suspension was loaded
into a 96-well plate and examined using a luminometer
(Victor3; Perkin-Elmer, MA, USA) and a fluorescent
plate reader at excitation and emission wavelengths of
485 and 535 nm, respectively.

Western blot analysis

Western blotting was performed as previously described
with minor modifications [29]. Cells were harvested,
washed twice with PBS, and lysed with a buffer (20 mM
Tris [pH7.5], 1 mM EDTA, 1 mM EGTA, 1% Triton X-
100, 1 mg/mL aprotinin, and 1 mM phenylmethylsulfo-
nyl fluoride [PMSF]) for 30 min on ice. The lysates were
then cleared by centrifugation (22,250 x g at 4°C for 30
min). Equal amounts of protein (20 ug) were resolved by
10 ~15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride (PVDF) membranes. The membranes
were washed with TBST solution [10 mM Tris-HCI (pH
7.6), 150 mM NaCl, and 0.05% Tween-20], blocked with
5% skim milk for 1 h, and incubated with the appropriate
primary antibody at 4 °C overnight. Each membrane was
then washed and incubated with a horseradish
peroxidase-conjugated secondary antibody for 2h. The
bands were visualized by enhanced chemiluminescence
(Amersham Pharmacia Biotech Inc., Buckinghamshire,
UK) and detected using a Bio-Rad ChemiDoc™ XRS+
system with images manipulated using Image Lab™ soft-
ware #170-8265 (Bio-Rad, Hercules, CA, USA).

Enzyme-linked immunosorbent assay (ELISA)

HT29-MTX cells plated on 60-mm culture dishes were
grown in FBS-free media for 24 h and divided into groups
according to the experimental protocol. In each case, the
Muc?2 concentration in the culture medium was quantified
by an enzyme-linked immunosorbent assay (ELISA)
(Elabscience Biotech Co., Ltd., Wuhan, Hubei, China) ac-
cording to the manufacturer’s instructions.

Immunofluorescence and immunohistochemical analysis

Either HT29-MTX cells or ileum frozen sections were
fixed in 4% paraformaldehyde in PBS for 10 min at room
temperature, permeabilized in 0.1% Triton X-100 in PBS
for 5 min, and blocked in PBS containing 5% (v/v) nor-
mal goat serum (NGS) for 30 min at room temperature.
Samples were then stained with primary antibody over-
night at 4 °C. Following three washes with PBS, the sam-
ples were incubated with Alexa 488-conjugated goat
anti-rabbit/mouse IgM (Invitrogen Co., Carlsbad, CA,
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USA) and counterstained with PI in PBS containing 5%
(v/v) NGS for 2 h. After washing with PBS, the samples
were mounted on slides and visualized with an Olympus
FluoView™ 300 confocal microscope with a 400x object-
ive lens. For an immunohistochemical analysis, ileum
frozen tissues incubated with primary antibody overnight
at 4°C were treated with a biotinylated secondary anti-
body solution (Vectastain Elite ABC kit, Vector Labora-
tories, CA, USA) for 1h at room temperature. Sections
were washed with PBS, incubated in the ABC reagent
for 1h at room temperature, washed again, and incu-
bated in a peroxidase solution. The sections were then
counterstained with hematoxylin, dehydrated, and cover-
slipped. Images were acquired using an Axioskop 2 plus
microscope equipped with an AxioCam MRc5 CCD
camera (Zeiss). Other samples were subjected to
hematoxylin and eosin (H&E) staining for histological
examinations.

Methylation analysis

Genomic DNA from the HT29-MTX cells was prepared
with the QIAamp DNA Mini Kit (Qiagen, Valencia, CA,
USA). The extracted DNA was treated with sodium bi-
sulfite using an EzZWay™ DNA methylation detection kit
according to the manufacturer’s instructions (KOMA
BIOTECH, Seoul, Korea). The methylation status of the
Muc2 gene in the HT29-MTX cells was determined by a
methyl-specific PCR (MSP) analysis. We conducted MSP
for the Muc2 gene promoter at two CpG sites (- 274
and - 193) which play functional roles in the regulation
of Muc2 expression, as described previously [30]. The
primer sequences for each CpG site of the Muc2 pro-
moter and the size of products are summarized in Add-
itional file 1: Table S2.

Mouse model and lethality rate

All animal procedures were performed following the Na-
tional Institutes of Health Guidelines for the Humane
Treatment of Animals, with approval from the Institu-
tional Animal Care and Use Committee of Seoul National
University (SNU-140108-4). Seven-week-old male ICR
mice (n = 8) received an i.g. inoculation of boiled V. vulni-
ficus (Cont), V. vulnificus (WT), WT, VvpM mutant, or
VvpM complement at 1.3 x 10° CFU/mL and after 16 h
were sacrificed. To evaluate the functional role of mela-
tonin, the mice had been given an oral administration of
melatonin (10 mg/kg) once a day for 7 days prior to their
infection of WT for 16 h, which is the minimum duration
for intestinal colonization by WT [31]. The ileum tissue
was embedded in O.C.T. compound and stored at — 70 °C.
Samples were then cut into 6-pm-thick frozen sections.
To determine the mouse lethality rate, seven-week-old
mice (n = 10) given 250 mg/kg of iron dextran received an
oral administration of melatonin (10 mg/kg) daily for 7
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days prior to ip. inoculation with boiled V. vulnificus
(Cont) and V. vulnificus (WT) at 1.2 x 102 CFU/ml, with
the survival rate of the mice then recorded for 24 h.

Histologic damage score

Histological parameters were determined a
blinded fashion by two experienced gastrointestinal
pathologists, as previously described [32], with some
modification. Briefly, scores were assigned as follows:
0 =no damage (normal); 1 =slight submucosal and/or
lamina propria separation (mild); 2 = moderate separ-
ation of the submucosa and/or lamina propria and/
or edema in the submucosa and muscular layers
(moderate); 3 =severe separation of the submucosa
and/or lamina propria and/or severe edema in the
submucosa and muscular layers with regional villous
sloughing (severe); or 4 =1loss of villi and necrosis
(necrosis). Intermediate scores of x 0.0 or x 0.5 were
also used to assign the degree of intestinal damage
more precisely.

in

Statistical analysis

Results are expressed as means + standard errors (S.E.).
All experiments were analyzed by ANOVA, followed in
some cases by a comparison of treatment means with a
control using the Bonferroni-Dunn test. Differences
were considered statistically significant at P < 0.05.

+
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Results

Melatonin regulates the level of Muc2 in intestinal
epithelial cells treated with rVvpM

To find the functional role of melatonin in mucin pro-
duction, we used mucus-secreting human HT29-MTX
cells, which form a homogeneous population of polar-
ized goblet cells. These types of cells have been widely
used in the field of mucin-related research [21]. Previous
work has shown that Muc2 mRNA is most abundant in
HT29-MTX cells, followed by Muc6, whereas the ex-
pression levels of Mucl, Muc3, Muc4, and Muc5 are
relatively low [33]. To evaluate the role of VvpM in the
regulation of Muc2 expression levels, HT29-MTX cells
were exposed to various concentrations (0~500 pg/mL)
of the recombinant protein (r) VvpM for 12h. Com-
pared to the cells with no treatment, rVvpM treatments
from 100 to 500 pg/mL significantly inhibited the Muc2
expression levels of HT29-MTX cells (Fig. 1a). A de-
crease in Muc2 expression was observed after 12 h of in-
cubation with 100 pg/mL of rVvpM (Fig. 1b). In
addition, we found that 100 pg/mL of rVvpM did not
have cytotoxic effects on HT-29 MTX cells for 24h
(Additional file 1: Figure S1A), suggesting that Muc2 re-
pression induced by rVvpM is not affected by a de-
creased number of viable cells. To determine the
molecular mechanisms by which melatonin regulates in-
testinal mucin production, cells were treated with mela-
tonin at various concentrations (10 nM-1uM) 30 min
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5 1.5 5 15 3 15
> o~ >~ >~
23 @3 23 Mel
< E < s <= —
Eg 10 Egm Eé 1.0 "
£ 5 * £ 5 € 5
235 05 N S350 H 23 s
58 58 W 58
© = © © =
© 4 4
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Fig. 1 Melatonin regulates the level of Muc2 in intestinal epithelial cells treated with r'VvpM. Dose (a) and time (b) responses of r'VvpM in Mucin
(Muc)2 mRNAs of HT29-MTX cells are shown. Data represent means + SE.n=5.% p<0.05 vs. 0 pg/mL. ¢ Cells were treated with melatonin at
various concentrations (10 nM ~ 1 uM) for 30 min prior to rVvpM (100 pg/mL) exposure for 12 h. Expression of Muc2 is shown. Data represent
means + SE.n=4.* p <005 vs. vehicle. *, p <001 vs. VwpM alone. d Time responses of 100 pg/mL of 'VvpM in Muc2 ELISA assay are shown.
Error bars represent the means = SE.n=4.* p <0.01 vs. 0 h. HT29-MTX (e) and Caco-2 human intestinal epithelial cells (f) were incubated with
melatonin (1 uM) for 30 min prior to 'VvpM exposure for 24 h. The level of Muc2 production was quantified by ELISA. Data represent means + SE.
n=4.% p<001 vs. vehicle. ”, p < 0.05 vs. VvpM alone
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prior to rVvpM (100 pg/mL) for 12 h. Interestingly, the
inhibitory effect of rVvpM on Muc2 expression was
silenced by a pretreatment with melatonin at a concen-
tration of 1 uM (Fig. 1c). We also explored the ability of
rVvpM to regulate Muc2 production in an ELISA assay.
In contrast to the control, 100 pg/mL of rVvpM evoked
a substantial reduction of Muc2 secretion for 24h
(Fig. 1d), with this decrease significantly blocked by a
pretreatment with 1 uM of melatonin (Fig. le). Mela-
tonin itself did not affect Muc2 production. These re-
sults suggest that rVvpM regulates the expression and
secretion of Muc2 and that the protective effect of mela-
tonin on V. vulnificus infection is related to the blockage
of mucin repression caused by rVvpM. Similar effects
were seen in Caco-2 cells (Fig. 1f), suggesting that the
functional roles of rVvpM and melatonin are reprodu-
cible in other types of human epithelial cells. In addition,
a decrease in Muc2 protein levels was observed after 12
h of incubation with 100 pg/ml of rVvpM. This result in-
dicates that Muc2 repression induced by rVvpM in a
culture supernatant is significantly influenced by the
levels of Muc2 mRNA and protein (Additional file 1:
Figure S1B). We explored the ability of melatonin to
regulate Muc2 repression as induced by rVvpE, which is
known to ameliorate Muc2 production as another toxin
of V. vulnificus. In contrast to the control, 50 pg/ml of
rVvpE evoked a substantial reduction of Muc2 secretion,
whereas the repression activity of rVvpE on Muc2 was
blocked by the pretreatment with melatonin (Additional
file 1: Figure S2). This result indicates that the functional
role of melatonin is reproducible in other types of toxins
produced by V. vulnificus.

Melatonin triggers the MT, receptor-mediated signaling

pathway to regulate ROS production induced by rVvpM

To determine the molecular mechanisms related to
mucin regulation, we conducted a closer examination of
the roles of rVvpM and melatonin in the production of
reactive oxygen species (ROS), which are crucial for con-
trolling both microbial infections and melatonin func-
tions. A significant increase in the ROS level was
observed, at 15 and 60 min after incubation with 100 pg/
mL of rVvpM (Fig. 2a), though the increase at 30 min
could be blocked by 1pM of melatonin (Fig. 2b). In
addition, we determined the levels of production of ROS
upon long-term exposure to rVvpM. We found that
rVvpM significantly stimulates the production of ROS
for 12 h compared to cells with no treatment (Additional
file 1: Figure S3A). In order to examine the mechanism
causing these effects by melatonin, we determined the
expression levels of melatonin receptors in HT29-MTX
cells. As shown in the inset in Fig. 2b, we found that
HT29-MTX cells harbor MT,, but not MT;. Moreover,
the inhibitory effect of melatonin on ROS production
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was attenuated by the knockdown of MT, expression
with MT, siRNA in HT29-MTX cells treated with
rVvpM (Fig. 2b), suggesting that melatonin acting on
MT, is crucial for controlling V. vulnificus infections. In
addition, the knockdown of genes for the heterotrimeric
Gaq protein and the NADPH oxidase including p47 P>
(NCEF-1) significantly abrogated an anti-oxidative effect
of melatonin (Fig. 2c). These results indicate that mela-
tonin inhibits ROS production via MT, coupling with
Gaq and NCF-1. The anti-oxidative effect of melatonin
via MT, coupling with Gaq and NCEF-1 was further visu-
alized by staining the HT29-MTX cells with a fluores-
cent dye, CM-H,DCFDA (Fig. 2d). The production of
ROS by rVvpM was significantly blocked by the treat-
ment with melatonin as well as an antioxidant, N-
acetylcysteine (NAC) (Fig. 2d, top panel). In addition, a
pre-treatment with siRNAs for MT, Gag and NCF-I1
significantly blocked the anti-oxidative effect of mela-
tonin in rVvpM-treated HT-29-MTX cells (Figs. 2d, bot-
tom panel). Consistent with this, the protective effect of
melatonin during Muc2 repression elicited by rVvpM
was significantly silenced by the knockdown of MT,,
Gag and NCF-1 (Fig. 2e). The silencing of Gai and Ga12
with siRNAs did not affect Muc2 recovery as mediated
by Mel, ruling out the roles of Gai and Gal2. These re-
sults indicate that the protective effect of melatonin on
ROS production is related to the blockage of mucin re-
pression caused by rVvpM and that melatonin triggers
the MT), receptor-mediated signaling pathway.

Melatonin inhibits the PKC8/ERK pathway activated by
rVvpM

Many bacterial stimuli regulate the PKC and MAPK path-
ways, which are important candidates as downstream me-
diators of ROS. It was previously reported that PKCS is
one of PKC isotypes responsible for Muc2 repression in-
duced by V. vulnificus [33]. As expected, treatment with
rVvpM significantly induced the phosphorylation of PKC§
between 15 and 60 min (Fig. 3a), with the increase at 30
min blocked by a treatment with melatonin as well as an
antioxidant, NAC (Fig. 3b). The membrane translocation
of PKCS8 was further confirmed by immunofluorescence
staining in rVvpM-treated HT29-MTX cells (Fig. 3c).
However, melatonin significantly blocked PKC9 activation
induced by rVvpM. We then determined how rVvpM is
linked to the activation of MAPKs, which are interesting
candidates as downstream mediators of PKC in the regu-
lation of mucin production [33]. rVvpM increased the
phosphorylation of ERK between 15 and 30 min (Fig. 3d).
In addition, the phosphorylation of ERK evoked by a treat-
ment with rVvpM was markedly inhibited by a treatment
with melatonin and the knockdown of PKCS§ by siRNA
(Fig. 3e). We also determined the levels of the phosphoryl-
ation of PKCS and ERK during long-term exposure to
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rVvpM. Significant increases in the phosphorylation of  Regulatory effect of melatonin on the hypermethylation
PKCS and ERK appeared after incubation with 100 pg/ml  of the Muc2 promoter induced by rVvpM

for 6h compared to a control (Additional file 1: Figure = Because ERK is known to affect gene methylation directly
S3B-C). These results provide strong evidence of the time  for epigenetic alteration [34], the methylation status follow-
differential between the activation of the signal cascade ing a treatment with rVvpM was determined by means of
that leads to Muc2 repression. To provide more evidence  methyl-specific PCR (MSP), after which the relative value
of the involvement of PKC§ and ERK, we studied whether  of CpG methylation compared to an unmethylated form in
the knockdown of PKCS and ERK regulates mucin repres-  the Muc2 promoter was quantified via a real-time PCR ana-
sion induced by rVvpM (Fig. 3f). The silencing of PKC§ lysis. We attempted to analyze the methylation status of the
and ERK by siRNAs had a significant inhibitory effect on ~ Muc2 gene promoter containing two CpG sites, — 193 and
mucin repression in rVvpM-treated HT29-MTX cells. - 274, which are critical CpG sites responsible for the re-
These results indicate that the inhibitory effect of mela-  pression of Muc2 expression [30]. As shown in Fig. 4a, 100
tonin on the phosphorylation of both PKC8 and ERK is  pg/mL of rVvpM markedly increased the level of Muc2
related to the blockage of mucin repression caused by  promoter methylation at the — 274 CpG site, but not at —
rVvpM. 193 for 12h. However, the level of Muc2 promoter
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methylation at the — 274 CpG site was significantly inhib-
ited by a treatment with NAC, siRNAs for PKCS and ERK,
and the DNA methylation inhibitor 5-azacytidine (5-Aza)
(Fig. 4b). Interestingly, a pre-treatment with melatonin sig-
nificantly inhibited the level of Muc2 promoter methylation
as induced by rVvpM, results which were abrogated by the
aforementioned siRNAs for M T, Gag and NCF-1 (Fig. 4c).
In addition, a pre-treatment with 5-aza significantly blocked
the repression of Muc2 evoked by rVvpM (Fig. 4d). These
data indicate that melatonin acting on MT, inhibits the
ERK-mediated hypermethylation of the Muc2 promoter to
restore the level of Muc2 production in rVvpM-treated
HT29-MTX cells.

Melatonin restores Muc2 depletion induced by VvpM in a
mouse ileum infected with V. vulnificus

To evaluate the clinical relevance of V. vulnificus VvpM,
we investigated the effect of VvpM on the expression of

intestinal Muc2 in a mouse inoculated intragastrically
with a control, WT, and with the VvpM mutant (mut)
and VvpM complementation (comp) at 1.3 x 10° CFU/
mL for 16 h. Mice were also given an oral administration
of melatonin (10 mg/kg) for seven days prior to infection
of V. vulnificus (WT) for 16 h (Fig. 5a). The number of
goblet cells immunostained by Muc2 in the ileum in-
fected with WT was decreased by 6.0 + 1.5/villus at 16 h
compared to the control. However, when mice were in-
oculated with the mutant deficient in the VvpM gene
(VvpM mut), the levels were increased by 5.8 + 0.9/villus
compared to those associated with the WT. In contrast,
complementation of the VvpM mutant with a functional
VvpM gene (VvpM comp) completely restored the effect
of WT on the immunofluorescence staining of Muc2.
These results indicate that VvpM plays an important
role in the repression of Muc2 during a V. vulnificus
infection. Importantly, the numbers of goblet cells
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decreased by WT infection were significantly recovered
in the mice group pretreated with 10 mg/kg melatonin,
suggesting that melatonin restores Muc2 depletion in-
duced by VvpM in the mouse ileum infected with V. vul-
nificus. The functional role of melatonin on mucin
repression induced by WT was further confirmed by the
immunohistological staining of Muc2 (Fig. 5a, bottom
panel). There were no significant differences between
the numbers of goblet cells in mice treated with a con-
trol or with 10 mg/kg of melatonin alone, suggesting that
exogenous melatonin at a concentration of 10 mg/kg
does not have a relevant effect on the expression of in-
testinal Muc2 in mice. WT caused severe necrotizing en-
teritis of the intestine, where it induces shortened villi
heights accompanied by an expanded width and in-
creased inflammation at 16 h post oral infection, result-
ing in an increased histopathological damage score
compared to that of the control mice (Fig. 5b). However,
we found that an oral administration of the VvpM mu-
tant failed to elevate the histopathological damage score

caused by the WT infection (Fig. 5b). The functional ef-
fects of the VvpM mutant were significantly restored by
treatment with VvpM complamentation (comp). Not-
ably, an oral administration of 10 mg/kg of melatonin in
WT mice decreased the histopathological damage score,
showing nearly complete restoration of the damage by
WT and suggesting that melatonin is a potential thera-
peutic for V. vulnificus infections because it maintains
the physiological function during mucin production of
intestinal goblet cells. We also investigated whether
melatonin prevents lethal activity induced by V. vulnifi-
cus. We used an iron-overloaded mouse model quickly
to bring the growth of V. vulnificus to the lethal level
[35]. As shown in Fig. 5¢, all of the mice injected with V.
vulnificus were dead by 13 h post injection, whereas six of
the ten mice pre-treated with melatonin remained alive
for more than 24 h, showing some degree of the attenu-
ation of mouse lethality due to the treatment with mela-
tonin. This result indicates the severity of the infection of
V. vulnificus and the clinical potential of melatonin.
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Discussion to ROS production. These results are in contrast to the
Our data indicate that melatonin coupling with MT, re-  previously characterized effect of melatonin on mouse
stores Muc2 depletion induced by V. vulnificus VvpM  asthmatic conditions, where melatonin effectively atten-
and that melatonin plays an important role in the inhib- uates mucus hypersecretion via a reduction in the
ition of Muc2 promoter hypermethylation occurring due  MUC5AC expression level [19]. We believe that these
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broad and often contradictory effects of melatonin are in
part due to the presence of the different mucin isoforms
in different types of cells/tissue, and outcomes may vary
depending on the cellular concept. In contrast to the
lung tissue harboring abundant expressions of MUCS5,
the major component of the intestinal mucus layer is
Muc2 in the human small intestine and colon, where it
plays an important role as a physiological barrier via the
formation of an enormous net-like mucus polymer bar-
rier [2]. Indeed, Muc2 deficiency in mice, which lack an
inner mucus layer, causes the spontaneous development
of inflammation, gross bleeding and increased paracellu-
lar permeability due to unusual commensal bacteria
colonization [3, 4]. In addition, we have shown that
Muc2 is the major intestinal O-glycosylated protein pro-
duced by goblet cells and HT29-MTX cells [33]. Con-
cerning the concentration of melatonin, it was
previously reported that the physiological levels of mela-
tonin are in the picomolar and nanomolar ranges in the
blood, whereas the melatonin concentrations of some
tissues and cells can be exceptionally high. However, this
was found to be physiological [36]. Given that the intes-
tine is the main organ involved in the uptake of nutri-
ents [37], the concentration of melatonin in the intestine
could be high due to the melatonin present in several
foods, including meat and vegetables. In addition, it was
shown that cells in the gastrointestinal tract contain
melatonin in high concentrations [38], indicating that
melatonin in other body fluids and cells is not necessar-
ily in equilibrium with those in the blood. Thus, we sug-
gest that melatonin at 1 uM has a physiological function
in the regulation of intestinal MT, activation and Muc2
production during an infection with V. vulnificus. This
means that the cellular mechanism of melatonin acting
on the melatonin receptor to manipulate mucin produc-
tion in the gastrointestinal tract differs from that of
asthma and COPD in the lung.

In the present study, we presented several novel find-
ings pertaining to the functional role of VvpM and mela-
tonin based on at least two observations. First, our data
demonstrate that V. vulnificus VvpM is the functional
zinc-metalloprotease responsible for Muc2 repression in
the mouse and that VvpM, acting through the ROS-
dependent activation of the PKCS/ERK pathway, inhibits
Muc2 expression by stimulating the methylation of the
Muc2 gene promoter in mucus-secreting HT29-MTX
cells. In contrast to earlier work showing that many en-
teric pathogens directly degrade intestinal mucin by pro-
ducing Pic [39], StcE [40], or Hap [41], we suggest that
V. vulnificus regulates intestinal Muc2 expression levels
by producing VvpM via a transcriptional regulatory
mechanism with modes of action that differ from those
of other enteric pathogens. Concerning the biological
significance of the redundant Muc2 inhibition by VvpE
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and VvpM during a V. vulnificus infection, it was previ-
ously reported that VvpE makes a significantly faster
contribution to Muc2 repression together with epithelial
tissue damage [33]. However, the effect of rVvpM is not
limited to Muc2 repression, as this toxin also shows a
unique potential to disrupt the innate immune system
by killing the recruited phagocytes that would promote
rapid in vivo V. vulnificus growth and colonization [15].
Thus, it is possible that the combination of rapid growth
and tissue damage together with the Muc2 repression
evoked by VvpE and VvpM is one mechanism that pro-
motes dissemination to the bloodstream during the V.
vulnificus infection cycle. In addition, it clear that the
impairment of the mucus layer enhances the
colonization of pathogens with the establishment of an
appropriate portal of entry, where it gains access more
easily to epithelial cells and thereby promotes pathogen-
host adherence mechanisms. Thus, these results suggest
VvpM plays an important role in the pathogenesis of V.
vulnificus in the gastrointestinal tract. Second, we are
the first to show that HT29-MTX cells pretreated with
melatonin acting through MT, have the ability to block
Muc2 depletion induced by rVvpM. Thus, goblet cells
may be more protective against an infection of V. vulni-
ficus if they are pre-activated by melatonin. The pre-
activation of HT29-MTX cells may offer a means by
which to improve the protective potency of these cells
without the need for an additional treatment of antibi-
otics to eliminate V. vulnificus. Given that MT, expres-
sion is most abundant in HT29-MTX cells and
considering that the loss of the MT, function signifi-
cantly blocks rVvpM-induced mucin repression, our re-
sults indicate that MT, is the major melatonin receptor
that regulates the signaling pathway responsible for
mucin production, thus providing the first evidence that
melatonin may have a unique MT, receptor signaling
pathway during a V. vulnificus infection. Therefore, our
findings suggest that melatonin is a good candidate for
host cell protection against V. vulnificus infections when
used as a pre-activation agent that induces the MT, sig-
naling pathway.

The MT), receptor initially couples with heterotrimeric
Ga proteins. It was shown previously that MT, couples
with mainly Gai and Gq, whereas MT; interacts with
Gai, Gaq, and Gas [29, 42, 43]. In HT29-MTX cells
treated with rVvpM, however, we found that mucin pro-
duction mediated by MT, was selectively regulated by
Gagq, not by Gai or Gal2. These results are supported
by those in a previous study in which Gaq subunit-
linked signal transduction was found to be a critical step
in the regulation of melatonin signaling to block the
apoptotic and autophagic cell death induced by V. vulni-
ficus in intestinal epithelial cells [44]. Moreover, we
noted that melatonin blocks ROS production via MT,
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acting with NCF-1 in HT29-MTX cells treated with
rVvpM. The ROS generated by a bacterial infection have
been shown to induce the oxidative inactivation of sev-
eral proteins harboring oxidant-sensitive thiol groups
and of the ubiquitin—proteasome pathway [45], thereby
activating many redox-sensitive proteins, including regu-
lators of MAP kinase pathways [46]. NADPH oxidase in-
cluding p47 phox (NCF-1) is a critical source of cellular
ROS and has been studied extensively in phagocytes as
an innate host defense component [47, 48]. Increasing
evidence has suggested that lipid rafts are clustered to
form a redox-signaling platform through the activation
of NOX2 by interacting with NCF1 and Racl for mem-
brane ROS production [47, 49]. However, it has been
shown that melatonin signaling via MT, triggers the re-
cruitment of NCF-1 into non-lipid rafts to block ROS
production induced by V. vulnificus in intestinal epithe-
lial cells [44]. Thus, our results here suggest that mela-
tonin is a functional agent preventing the virulence
effect of rVvpM by regulating the spatial distribution of
MT, and NCEF-1 to block ROS production during the
regulation of bacterial infections.

We subsequently showed that melatonin has an inhibi-
tory effect on the phosphorylation of PKC8 responsible
for ERK activation to block mucin depletion as induced
by rVvpM. Many bacterial stimuli regulate the PKC and
MAPK pathways, both of which are interesting candi-
dates as downstream mediators of ROS. For instance, it
was previously revealed that the presence of H. pylori in-
duces the phosphorylation of a novel type of PKCS to
activate ERK kinase pathways [50], whereas an H. pylori
infection also regulates p38 MAPK activation to pro-
mote the ROS signaling pathway [51]. However, other
authors showed that conventional PKCa activation was
found to be necessary for the impairing of the intestinal
barrier function induced by an Enteropathogenic E. coli
infection [52]. These results indicate that the cellular
pathways activating PKC and MAPK differ in terms of
the type of bacterial pathogen. Indeed, we previously
demonstrated that V. vulnificus activates PKC8 and ERK
via ROS production during the prompting of mucin
repression [19], suggesting that rVvpM selectively regu-
lates specific PKC isozymes and MAPK phosphorylation.
On the other hand, PKC and MAPK pathways mediated
by melatonin receptor coupling with Gaq play critical
roles in the regulation of the circadian effects of mela-
tonin [16]. Hence, it is conceivable that melatonin has a
potential role in Muc2 depletion induced by rVvpM via
the regulation of PKC§ /ERK cascades. Therefore, our
results strongly suggest that melatonin is a functional
agent that blocks ROS-dependent PKCS/ERK activation
during the promotion of mucin recovery in goblet cells
infected with V. vulnificus. In addition, having shown
that rVvpM triggers the signaling cascade for ROS
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production as well as PKCS§ and ERK phosphorylation to
ameliorate Muc2 production in a short period of time
(within 15 min), we suggest that a pre-treatment has an
advantage in that the melatonin reaches a steady state to
concert with the MT, signaling pathway, which induces
the recruitment of NCF-1 into non-lipid rafts to prevent
the production of ROS in the membranes of intestinal
epithelial cells [44]. On the other hand, there are poten-
tial problems with therapeutic/suppressive agents when
eliminating bacteria itself owing to the growing problem
of antibiotic resistance. However, we suggest that mela-
tonin is a unique antibiotic-free agent that manipulates
the foodborne pathogen signaling pathway by preventing
the clustering of the redox-signaling platform in the
membranes of intestinal epithelial cells.

Next, we attempted to uncover the mechanism by
which the ROS/PKCS/ERK pathway is linked to other
molecular mechanisms that are closely related to mucin
repression in cells treated with rVvpM. The promoter
methylation of cytosine residues at CpG dinucleotides is
an important epigenetic mechanism during the promo-
tion of the transcriptional repression of Muc2 [53]. In-
deed, it was clearly shown that ROS influences global
histone modification and DNA methylation, which are
key events responsible for the expression of genes [54].
Compelling evidence further supports the role of PKC§
and ERK during the hypermethylation of tumor-
suppressor genes and the pathogenesis of colon cancer
[34]. Our current results indicate that rVvpM induces
the region-specific methylation of the Muc2 promoter at
the - 274 site through ERK, suggesting that this bacterial
pathogen promotes the hypermethylation of the Muc2
promoter to repress Muc2 expression. In contrast, we
found that the inhibition of DNA methylation by mela-
tonin blocks rVvpM-induced Muc2 depletion. Given
that melatonin inhibits the ROS/PKCS /ERK pathway
responsible for mucin repression, we suggest that the in-
hibitory effect of melatonin on the Muc2 promoter
hypermethylation is likely to be compounded by the
selective expression of MT, coupling with Gaq in
HT29-MTX cells. Thus, the results here indicate that
melatonin regulates the distinctive infectious stratagems
of V. vulnificus to control mucin gene expression by ma-
nipulating the host methylation status.

Finally, in the mouse models of V. vulnificus infection,
our results obtained from gain- and loss-of-function ap-
proaches for VvpM revealed that VvpM is an important
virulence factor of V. vulnificus responsible for mucin
depletion. These results are further supported by a pre-
vious study in which VvpM was found to contribute to
V. vulnificus colonization, facilitating pro-inflammatory
responses in the mouse intestine [44]. Thus, our result
indicates that V. vulnificus uniquely subverts the host
signal pathways by secreting VvpM with different modes
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of infection mechanisms to circumvent the host defen-
sive responses in the gut. Importantly, we also prove
here that melatonin blocks the mucin depletion of goblet
cells infected with V. vulnificus, suggesting that the func-
tional role of melatonin of neutralizing the bacterial
toxin activity involved in Muc2 repression may provide
potential therapeutic strategies for bacterial pathogen in-
fections in the intestinal epithelium. This means that
melatonin therapy could aid in the development of new
therapeutic strategies to control bacterial infections, ul-
timately providing deeper insight into various intestinal
disorders.

Conclusion

Overall, these findings highlight the relevance of the
melatonin coupling with the MT, signaling pathway
during Muc2 depletion induced by V. vulnificus VvpM
and provide important insight into the potential for the
development of therapeutic strategies and agents to treat
V. wvulnificus infections. Although our study demon-
strated that a pretreatment of melatonin onto goblet
cells leads to significantly improved mucin production
during a V. vulnificus infection while also defining the
molecular mechanism by which melatonin acts during
this process, further research is required to establish in
greater detail in the effect of melatonin on the mucin
production process.
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