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The objective of this study was to evaluate the suitability fothe rainbow trout
intestinal epithelial cell line (RTgutGC) as an vitro model for studies of gut immune
function and effects of functional feed ingredients. Effds of lipopolysaccharide
(LPS) and three functional feed ingredients [nucleotidesmannanoligosaccharides
(MOS), and beta-glucans] were evaluated in RTgutGC cells @vn on conventional
culture plates and transwell membranes. Permeation of uascently-labeled albumin,
transepithelial electrical resistance (TEER), and tightinction protein expression
con rmed the barrier function of the cells. Brush border menbrane enzyme activities
[leucine aminopeptidase (LAP) and maltase] were detectechithe RTgutGC cells
but activity levels were not modulated by any of the exposue Immune related
genes were expressed at comparable relative basal levels athese in rainbow trout
distal intestine. LPS produced markedly elevated gene expssion levels of the pro-
in ammatory cytokines illb, il6, il8, and tnfa but had no effect on ROS production.
Immunostaining demonstrated increased F-actin contents fier LPS exposure. Among
the functional feed ingredients, MOS seemed to be the most p@nt modulator
of RTgutGC immune and barrier function. MOS signicantly icreased albumin
permeation andillb, il6, il8, tnfa, and tgfb expression, but suppressed ROS production,
cell proliferation and myd88 expression. Induced levels ofillb and il8 were also
observed after treatment with nucleotides and beta-glucas. For barrier function
related genes, all treatments up-regulated the expressiorof cldn3 and suppressed
cdhl levels. Beta-glucans increased TEER levels and F-actin ctant. Collectively, the
present study has provided new information on how functionkaingredients commonly
applied in aquafeeds can affect intestinal epithelial fution in sh. Our ndings
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Wang et al. RTgutGC Immune and Feed Interactions

suggest that RTgutGC cells possess characteristic featuse of functional intestinal
epithelial cells indicating a potential for use as an ef cig in vitromodel to evaluate effects
of bioactive feed ingredients on gut immune and barrier furions and their underlying
cellular mechanisms.

Keywords: RTgutGC, invitro model, lipopolysaccharide, functional feed ingredients, muco sal immune responses,
gut barrier

INTRODUCTION can suppress nuclear factor-kB transactivation, regulatetime
response, and strengthen intestinal epithelial barrier fiomcin
The sh intestine is a multifunctional organ responsible for human Caco-2 cellsl6-17).
key physiological processes such as digestion, absorption of Until recently, no relevant intestinal cell lines from sh have
nutrients, and osmoregulationl). Furthermore, the intestine peen available, but promising cultures have been estaflishe
has an important immunological role and constitutes a phylsicabased on the rainbow trout@ncorhynchus mykijssntestinal
barrier against pathogens)( In order to secure optimal gut derived cell line RTgutGC1@). Since their initial isolation,
health and function in farmed sh, there is now particular & RTqutGC cells have been relatively well-characterized aed a
on various feed additives inC'Uding functional feed ing'BEdS now routine|y grown as m0n0|ayers on permeab|e supports,
that are branded not only in terms of their nutritional value |eading to a two-compartment intestinal barrier model
but also based on their health promoting and disease prevgntirconsisting of a polarized epithelium. The system is divided
properties. These functional feed ingredients could includénto an upper (apical) and a lower (basolateral) compartment,
intact microbes (e.g., probiotic organisms), mixed or pud e thereby mimicking the intestinal lumen and the portal blood,
extracts from microbial or plant structural components [e.9. respectively. Reported structural and functional featureshef t
mannanoligosaccarides (MOS), beta-glucans], metabdtes, RTgutGC cells include tight junction and desmosome formatio
nucleotides) or even conventional nutrients, if their @Bt petween adjacent cells, development of transepitheliateasie
inclusion is higher than the animal's requirement. Funo@ and polarization over time to exhibit epithelial and brush Her
feeds are typically applied during predicted stressful evenigharacteristicsi8-20). The cell line has, as such, been proposed
or challenging farming conditions, such as grading, seaewat as a physiologically adequate sh intestinal epithelial mode
transfer, vaccination, and during critical life stages &lththe  equivalent to the Caco-2 cell line for human intestinal eplthm
animalward o pathogens and secure good heallh Functional (20, 21), and has been used recently in studies on sh intestinal
feed ingredients are generally believed to exert their maifinmune and barrier function8, 22, 23).
actions locally within the gut, and may have direct modulgtor  The objective of this study was to evaluate the suitabilfty o
eects on gut microbiota §), gut barrier, immune, and/or the RTgutGC cells as an vitro model for studies of gutimmune
metabolic functions4-7). For example, nucleotides are of crucialfunction and e ects of functional feed ingredients. E ects of
importance for a whole range of normal intestinal functions,a prototype pathogen-associated molecular pattern (PAMP),
such as growth, nutrient metabolism, immune system, tissugpopolysaccharide (LPS), and three functional ingredients
repair, and developmeni). Beta-glucans can increase cellularcommonly applied in commercial sh feeds (nucleotides, MOS,
and humoral immune responses in immune cells and epithelighnd beta-glucans) were evaluated by diverse analysesdiimg!
tissues of sh @-11). MOS as an immune modulator has a closecell viability measurements and proliferation, brush barde
relation to pathogen colonization blocking and immune syste digestive enzyme activity, barrier function, ROS production

regulation, as well as improving intestinal morphology ané th morphology, and relevant gene and protein expression.
epithelial brush border(0, 12, 13).

Current knowledge regarding mechanisms underlying e ects
of functional feed ingredients on sh gut health and funatio MATERIALS AND METHODS
is, however, limited largely due to a lack of targeted redear
tools. The use oin vitro approaches, such as appropriate celRTgutGC Cell Culture
lines, would facilitate further research on basic funcéaf the Routine RTgutGC cell cultivation was based on the
digestive tract and e ects of functional feed ingredientshmst  description by Kawano et al1§). Brie y, RTgutGC cells were
intestinal immune, barrier and digestive function. It wduhlso  cultured in 75-cn asks (TPP, Trasadingen, Switzerland).
reduce the current dependence on large-scale feeding, tifieis  L-15 complete medium (L-15/C), i.e., Leibovitzs L-15
contributing to a shift toward 3R studies within sh nutritn ~ medium without Phenolred (21083, Gibco Invitrogen,
research. In mammalian research, intestinal cell lineglpagven Basel, Switzerland) supplemented with 10% bovine serum
to be valuable tools for exploration of basic mechanisms of gyF7524, Sigma Aldrich, Buchs, Switzerland) and gentamicin
function and health and interactions with dietary compongnt (15710-049, Invitrogen, Basel, Switzerland) with a nal
For example, nucleotide supplements in human Caco-2 andoncentration of 100ng/mL, was used to culture cells in
rat IEC-6 cell lines have been observed to strengthen in@st a 20C incubator under normal atmosphere. Cells were
maturation and growth {4). Beta-glucans and plant avonoids split in a 1:2 ratio using trypsin (0.25% in PBS w/o%€a
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Mg?®; L0910; Biowest; Nuaillé, France) after reachinddssessment of Cell Viability
con uency. Alamar Blue (AB, DAL1025, Invitrogen, Basel, Switzerlzamt)

For cells grown on conventional culture plates without inser 5-carboxy uorescein diacetate acetoxymethyl ester (CHADA
1mL or 3.5mL cell suspensions (1.5 10 cells/mL, 78,947 C1345, Invitrogen, Basel, Switzerland) were used to measure
cells per cr for 24-well plates and 54,688 cells perZcfor  cell viability ¢4, 26). AB was used to measure cell metabolic
6-well plates) were seeded in 24-well (N0.662160, Greiiger-B activity, whereas CFDA-AM was used to measure cell membrane
one, Frickenhausen, Germany) or 6-well plates (No. 65796Mhtegrity. After 6 h of incubation, stimulant working soliahs
Greiner-Bio-one, Frickenhausen, Germany), respectivelgl a were discarded, cells were washed twice using 1 mL PBS and
were cultured to reach at least 80 % conuency beforesubsequently, a volume of 40 of fresh AB and CFDA-AM
use (3—4 days). were added to each well. The plates were then incubated &t 20

For the two-compartment intestinal barrier model, RTgutGCfor 30 min in the dark before measurement. The Cytation 3
cells were cultured as described previously, (20). Briey, plate reader (Bio Tek Instruments, Winooski, USA) was used to
24-well plates with 33.6 mftranswell inserts (No. 662 630, measure the uorescence of ABg¢xD 530 nm;| exD 595 nm)
Greiner-Bio-one, Frickenhausen, Germany) and 6-well plateand CFDA-AM ( exD 493 nm;l exD 541 nm).
with 425.4 mnt transwell inserts (No. 657 630, Greiner-Bio-one,

Frickenhausen, Germany) with pore sizes ofi8 were used to Measurement of Transepithelial Electrical
simulate gut lumen (apical /upper chamber) and portal bloodResistance (TEER)
(basolateral /lower chamber). Cells were seeded addingm800 As a quality measure of monolayer formation, TEER was
or 3.5mL cell suspension (8 10* cells/mL, 71,429 cells per ém measured in RTgutGC cells grown in 24-well-culture plates wit
for 24-well plates and 65,820 cells perxcfor 6-well plates) in  membrane inserts at day 1, 7, 14, and 28. Additionally, TEER wa
the apical chamber of 24-well or 6-well plates, respectivelgnTh measured in RTgutGC cells exposed to LPS and the functional
1 or 3.5mL of L-15/C were added into the basolateral chamber gngredients for 6 h after 28 days of culture on transwell meanie
24-well or 6-well plates, respectively. The apical and bamalat inserts in 6-well plates. TEER levels were measured using
medium was changed once per week for a total of 28 days.  an EVOM Voltohmmeter with STX2 electrode and Endohm-
6 electrode (World Precision Instruments, Berlin, Germany)
. as described by Geppert et al9. TEER was calculated by
Exposure Design subtracting the values without cells from the values withscell
Stock solutions were prepared for LPS and the functionafEER values were givenas cn?.
ingredients. LPS (L2630, Sigma, Norway) stock solution was
prepared to 1 mg/mL in L15/ex medium. The L15/ex mediumBrush Border Membrane Enzyme Activity
contains only the inorganic salts, galactose, and pyruvaigfter 3—4 days of culture on conventional 24-well plates,
concentrations of L-15 Z4). Nucleotides (T25-1KT, Sigma, RTgutGC cells were exposed to LPS and the functional
Norway) stock solution was prepared to 10 mg/mL using milliQingredients for 6 h. After discarding the mucosal salindwiPS
water. MOS (Active MOS extracted from yeast, Biorigin, S&or functional ingredients, cells were harvested by trypsomat
Paulo, Brazil) stock solution was prepared to 20 mg/mL usingind centrifugation. Cell pellets were reconstituted in 1 mL
sterile PBS, and then sonicated in a water bath (30 s/3 tian@$) ice-cold 2mM Tris/50mM mannitol pH 7.1, containing
centrifuged (500 g/ 5min). The supernatant was subsequentlyphenyl-methyl-sulphonyl uoride (P-7626, Sigma, Norway)
transferred into new vials and stored at20 C according to as serine protease inhibitor. Brush border membrane enzyme
previous descriptionsl@). Beta-glucans (G5011, Sigma, Norway)activities, i.e., leucine amino peptidase (LAP) and maltase,
stock solution was prepared to 2 mg/mL in sterile PBS accordingere subsequently measured. LAP activity was analyzed
to previous reports43). colorimetrically with a commercial kit (NO. 251, Sigma, May)

For all exposure tests performed with the two-compartmeniusing L-leucineb-naphthylamide as substrate according to the
intestinal barrier model, the stock solutions of LPS and themethods described by Krogdahl et &t7(. Maltase activity was
functional ingredients were diluted in mucosal saline, prepga measured using maltose as substrate according to the gaeari
according to Genz et al.2f (Supplementary Table }, and  of Dahlquist ¢8). Total protein concentrations were determined
added to the apical chamber in order to mimic intestinalusing a Bio-Rad Protein Assay (Bio-Rad Laboratories, Munich
lumen conditions. Before performing the exposure tests wittGermany). Enzyme activities were expressed as mol substrate
LPS and the functional ingredients, L-15/C and mucosahsali hydrolysed per hour per mg protein.
acted as exposure medium for RTgutGC cells to evaluate
whether the mucosal saline a ected cell viability. For expesu Albumin Translocation Assay
tests performed with conventional plates, working solutionsAfter 28 days of culture on transwell-membrane inserts in&tw
were prepared by diluting in mucosal saline or L15 mediumplates, RTgutGC cells with an initial seeding density of 80*
depending on the analytical assay as speci ed below. To selamlls/mL (65,820 cells per &nwere exposed to LPS and the
nal working concentrations for further analysis, LPS andfunctional ingredients for 6 h. The permeation of uorescent
the functional ingredients were tested at a range of di erentabeled albumin was then used to evaluate the barrier potentia
concentrations in 6 h exposures in 24-well-conventional ggat of the cells. 20rL albumin (Alexa FluorTM 488 Bovine Serum
without inserts Supplementary Table 2 Albumin, Thermo Fisher Scienti ¢, USA) was added into the
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apical chamber of each well, and 280 of culture medium was geometric average of beta-actac{t) and ribosomal protein s20

collected from the basolateral chamber at the followingriveds:  (rps2Q after con rming reference gene intra- and interspeci ¢
10, 30, 45, 60, and 90 min and temporary stored in the dark at 2&ability (30). Mean normalized expression of the target genes was
C. After collecting all the samples, 16@ of each sample was calculated from raw Cq values by relative quanti cati@i

added to a 96- well black plate (M5061-40EA, Sigma, Norway . .

in duplicate, and uorescence was measured using a Cyta'[iog);eII Proliferation Assay

3 plate reader (Bio Tek Instruments, Winooski, USA) equipped! he ability of RTgutGC cells to close a gap during exposure

with a 490 excitation and 525 emission lter. to LPS, MOS and beta-glucans was investigated in a cell
proliferation assay by using 2-well-culture inserts (802B1i
Quantitative Real Time PCR (qPCR) GmbH, Martinsried, Germany). The inserts were placed on a

After 28 days of culture on transwell membrane inserts inconventional cell culture surface, i.e.meDish 35 mm (81156,
6-well plates, RTgutGC cells were exposed to LPS and ttidi GmbH, Martinsried, Germany) creating two wells, which
functional ingredients for 6 h, and subsequently harvestad f Were separated by a rubber partition. Approximately 10,000 cells
gene expression pro ||ng After discarding the mucosal salin in 70 mL L-15/C were seeded into each well. The cultures were
with LPS or functional ingredientsl 1 mL of TRIzol (|nvitr0ge incubated at 20C for 2 days until con uence. Then, the rubber
Thermo Fisher Scientic, USA) was added to each apicdpartition was removed to create a 5@ gap between the cells.
chamber. Cells were collected by scarping and ushing thémmediately, LPS (5@g/mL), MOS (4 mg/mL), beta-glucans
membrane inserts 10 times with the TRIzol solution. The cel(100mg/mL) and PBS (control), all dissolved in L-15 medium,
homogenate was transferred into a 1.5 mL Eppendorf tube, snapere added to the cultures and phase contrast pictures were
frozen in liquid N, and subsequently stored at80 C until ~ captured atday 0, 1, 2, and 4 (or until the gap was closed) using
RNA extraction. Gene expression levels in RTgutGC cells wefeZEISS Axio microscope (with Axiocam 105 color). The image
compared with those of rainbow trout tissues by using total RNAvVere processed using Image2)( In brief, all images were rst
samples from liver, pyloric, mid and distal intestine obtaine adjusted using Adjust tool for achieving a clear contrastueen
from a fresh-water stage female rainbow trout as previousl{he cell-free area and area covered by cells. Subsequerly, th
described 29). RNA was subsequently puri ed using a PureLink cell-free area was measured using Analyze particles tool.elhe ¢
RNA mini Kit (Invitrogen, Thermo Fisher Scientic, USA). proliferation rate was calculated by dividing the cell-freezaat
RNA purity and concentration were measured using an Epocl§ach time point with the cell-free area at day 0.
Microplate Spectrophotometer (BioTeK Instruments, Winooski, . . .
USA). The RNA integrity was veri ed using a 2100 Bioanalyzer ifoXidative Stress Detection and Substrate
combination with RNA Nano Chip (Agilent Technologies, SantaUptake Assay
Clara, USA). First-strand complementary DNA was synthesizedfter 3—4 days of culture on conventional 6-well plates, RGJLI
from 1.0 mg total RNA from all samples using SuperScriptcells were exposed to LPS and the functional ingredients
IV VILO Master Mix (Invitrogen™, ThermoFisher Scientic). for 6h. After discarding the mucosal saline with LPS or
Negative controls were performed in parallel by omitting RNAfunctional ingredients, cells were harvested by trypsorand
or enzyme. centrifugation. Cell pellets were reconstituted in 5% FBS i PB
Twelve target genes with important functions related tofor ROS generation measurement. CellRO¥C 10444, Thermo
immunity, barrier function and metabolism were pro led. The Fisher, Waltham, USA) reagent was added to the cell suspensions
gPCR primers were designed using Primer3web software versiat a nal concentration of 5mM, followed by incubation at
4.0.0 (http://primer3.ut.ee/) or obtained from the litera&u room temperature for 30 min. After the incubation, cells were
Primer details are shown iBupplementary Table 3All primer  washed three times with ice-cold phosphate bu ered saline
pairs were rst used in gradient reactions in order to detenmi (PBS) and ROS generation was analyzed by ow cytometry
optimal annealing temperatures. To conrm ampli cation (Beckman Coulter Gallios). At least 10,000 events wereatel
speci city, the PCR products from each primer pair werefor each sample. Data were analyzed using Kaluza software
subjected to melting curve analysis and visual inspectiothef v.2.1 (Beckman Coulter) and gated using Side scatter (SSC)
PCR products by agarose gel electrophoresis. PCR e ciency fggranularity) and Forward scatter (FSC) (size) parameters.
each gene assay was determined using 2-fold serial dikitioDiscrimination of aggregates from single cells was performed
of randomly pooled complementary DNA. The expressions ofising side scatter-W (SSC-W) vs. side scatter (SSC). ROS was
individual gene targets were analyzed using the LightCycleneasured at 650/675 nm (FL3).
96 (Roche Diagnostics, Basel, Switzerland). Eacim1DNA Fluorescence conjugated Zymosan (223373, Thermo Fisher
ampli cation reaction contained 2rl PCR grade water, 81 of  Scientic, USA) and albumin (Alexa FluorTM 488 Bovine
1:10 diluted complementary DNA templatenbLightCycler 480 Serum Albumin, Thermo Fisher Scienti c, USA) were added
SYBR Green | Master (Roche Diagnostics) andml.6l0 mM)  into culture media at 20 and 12rBg/ml, respectively for cells
of each forward and reverse primer. Each sample was assayedjiowing in 6-well-conventional plates. Cells were trypsidize
duplicate, including a no-template control. The three-sté0R  and centrifuged after 1, 1.5, and 3h after adding substrates
run included an enzyme activation step at @55 min), forty to  respectively. Cell pellets were reconstituted in 5% FBS in PBS
forty- ve cycles at 95C (10 s), 60C (10s), and 72C (15s) and a before ow cytometry (Beckman Coulter Gallios) was performed
melting curve step. Target gene expression was normalizeeto tko analyze the cells with or without uorescence at 495/519 nm
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Immunocytochemistry of F-actin Content protein content was visualized with Ponceau S (P3504, Sigma)
For morphological characterization, confocal laser micopgyy  and used as a qualitative loading control.

was used for imaging. RTgutGC cells in L-15/C were seeded in

an 8 chamber tissue cultured treated glass Falcon CultaeSli - Statistical Analysis

(Corning, New York, USA) at a density of 150,000 cells pepll data were tested for normality and variance homogeneity
chamber. When reaching 80% con uence, cells were washéd wigising histogram and “residual by predicted” plot, respecivel
Dulbecco's Phosphate-Bu ered Saline (DPBS) and treated witfising JMP Pro 13.0.0 (SAS Institute, United States). When
LPS (50mg/mL), MOS (4 mg/mL), beta-glucans (10Q/mL), necessary, the data were transformed to achieve normal
and PBS (control), all dissolved in L-15 medium. After 6 Hisce distribution. Further statistical analyses and graphics ewver
were washed with DPBS and xed with 3% paraformaldehydenade using GraphPad Prism 7 (GraphPad Software, La Jolla,
(Sigma-Aldrich) for 20 min at 4C. Following xation, the cells  California, United States). The ow cytometry gures were dea
were permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,by Kaluza (Beckman Coulter). Data of albumin translocation
St. Louis, USA) for 10min at room temperature. Cells werend cell proliferation rate were analyzed using two-way ANOVA
then incubated in blocking bu er (BB) (10% goat serum, 3%using time and treatment as class variables followed by Ditnne
bovine serum albumin, and 0.1% Triton X-100 in DPBS) formultiple comparisons tests. Other data were analyzed using one
1h at room temperature. Afterwards, cells were incubategvay ANOVA followed by Dunnett multiple comparisons tests.
with phalloidin (R425, Thermo Fisher) for F-acin staining Data were calculated as mearSEM of two or three independent
according to the manufacturer's instruction. After staigi cells experiments with 3 or 4 technical well or insert replicates
were washed three times for 3min with DBPS and left I(Xdepending on analytical assays, see specications in gure
air dry. Once dry, plastic chambers were removed from theegends). Asterisks denote the level of statistical sigmioe
slides. Three drops of mounting medium, Fluoroshield (Sigma( p< 0.05, P< 0.01, P<0.001).

Aldrich), containing DAPI were added to the slides, followed

by covering with coverslip. The image was analyzed by Imag%g

software to investigate the morphology change of the celiteun ESULTS

di erent treatments. Three random pictures were taken fromKey Features of RTgutGC Cells Exposed in

cells under respective treatments. Individual cell numheese L :
counted based on DAPI-stained nuclear numbers manuall;J.V“‘ICOSaI Saline in Conventional Culture

F-actin contents were subsequently calculated by the totgflates and Transwell Membranes

uorescence intensity of phalloidin divided by number of the Compared with RTgutGC cells cultivated in L-15/C medium,
cells. cells cultivated in mucosal saline maintained above 80% cell

viability after 12 h exposure~(gure 1A). When RTgutGC cells
were grown on transwell membrane inserts in 24-well plates,

Protein E_XpreSSion of E-cadherin, TEER levels increased steadily and reached about 26
Aquaporin 8, and Hsp70 by Western Blot cn? after 4 weeks of cultureF{gure 1B). After addition of
Analysis uorescent albumin to mucosal saline solution in the apical

RTQutGC cells were seeded on 6-well plates and grown unfhamber, basolateral uorescence levels increased bteaith
con uence before 6 h exposure to LPS (BmL), MOS time when no cells were seeded on the membrane whereas with
(4 mg/mL), beta-glucans (10fy/mL), and PBS (control), all cells, low uorescence was observed over the 90 min observat
dissolved in L-15 medium. Cells were harvested by trypsiitiza period, demonstrating that the RTgutGC cells formed a barrier
and centrifugation and protein was extracted using PARIS Kifind strongly attenuated albumin translocation from the apic
(AM 1921, Thermo Fisher) according to the manual. Proteint© the basolateral chambeFigure 10). Confocal uorescence
concentrations were measured using Bradford protein assdyicroscopy images of RTgutGC cells grown on conventional
kit (Bio-Rad, Hercules, California, United States) and 10 ofulture plates illustrated presence of the tight junction phote
20 mg of the protein were loaded on SDS page gels. Afteelaudin 3 (red) and the nuclei (blue)F{gure 1D).We also
40 min electrophoresis at 100 voltage, proteins were traresfer investigated the uptake of albumin and zymozan in RTgutGC
to PVDF membranes, blocked with 5% dry milk for 1h at cells, grown on conventional support, as a character of foneti
room temperature, and incubated consecutively with E-caighe €nterocytes. During a time course of 3h, albumin uptake into
monoclonal antibody (#701134, Thermo Fisher), Heat shocRTQutGC cells increasedrigure 15. However, RTgutGC cells
protein 70 (Hsp70) monoclonal antibody (MA3-008, Thermo did not take up zymosan as shownfigure 15

Fisher), or Aquaporin 8 (Aqp8) polyclonal antibody (kindly

provided by Prof. Steen S. Madsen, Institute of Biology,Effects of LPS and Functional Ingredients
University of Southern Denmark). After 3 times washing inCell Viability

PBS and incubation of HRP conjugated secondary antibodyJsing a cell viability cut-o level of 80% compared to
the signal was visualized with Bio-Rad Gel Doc system afteontrol cells, 6h of exposure to &®/mL LPS Figure 2A),
adding ECL detection reagents (GERPN2209, Sigma-Aldricihomg/mL nucleotides Kigure 2B), 4 mg/mL MOS Figure 20

to the membrane. Due to the potential in uence of treatmentsand 100ng/mL beta-glucansHigure 2D) were selected as nal
on candidate reference protein expression, the total memdranworking concentration for further analysis.
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FIGURE 1 | Key features of RTgutGC cells grown on conventional culturplates or transwell membranes(A) Viability of RTgutGC cells in 24-well-culture plates with
1.5 105 cells/mL (78,947 cells per cn?) exposed to mucosal saline for 12 h(B) TEER of RTgutGC cells grown up to 4 weeks in 24-well-culturelptes with
membrane inserts at initial density of 8 104 cells/mL (71,429 cells per cn?). (C) Fluorescent levels in basolateral media after uorescentlalimin exposure into
apical chamber in 24-well-transwell membrane plates with owithout RTgutGC cells.(D) Confocal uorescence microscopy images of the tight junctim protein
claudin 3 (red) and the nuclei (blue) in RTgutGC cells growma@onventional culture plates.(E,F) Uptake of albumin(E) and zymosan (F) during the 3 h exposure time
with cells cultured in conventional 6-well plates. For botipanels (E,F), X axis shows the uorescence signal from albumin or zymosamicells. Y axis shows the
percentage of albumin/zymosan positive cells out of totale cell population. Data represent mean SEM of two independent experiments with 3—4 technical
replicates each (wells or inserts). Scale bad 100 nm.

TEER and Albumin Translocation Brush Border Membrane Enzymatic Activity
After 6h of exposure to beta-glucans, TEER levels increas@&fush border membrane enzyme activities (LAP and maltase)
signi cantly compared to control Figure 3 P < 0.05). Other were detected in the RTgutGC cells. There were no signi cant
treatments had no e ect on TEER levelsdure 3 original TEER e ects of LPS or any of the functional ingredients on LAP
values seen iBupplemental Figure L (Figure 5A) or maltase Figure 5B) activities P> 0.05).

After 6 h of exposure to MOS increases in basolateral albumin
uorescent levels were observed compared to control cellGene Expression
signi cantly at 30 and 60 min time pointsR < 0.05). No LPS exposure resulted in markedly increased mRNA levels
signi cant e ects onthe uorescent level were observed fiter  of several pro-in ammatory cytokines, including interleink
treatments Figure 4, P> 0.05). 1b (il1b), interleukin 6 {16), interleukin 8 {I8), and tumor
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FIGURE 2 | Viability of RTgutGC cells exposed to LP$A), nucleotides (B), MOS (C), and beta-glucan (D). Breaking lines indicate cut-off level of about 80% cell
viability compared to control cells. For LPS, data represérmean SEM of two independent experiments with 3 technical well-nglicates. For nucleotides, MOS and
beta-glucan, two independent experiments with 3 technicalvell-replicates each and concentrations as shown irSupplementary Table 1 were conducted. For
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single mean values are plotted.

necrosis factor alphdr{fa). Furthermore, LPS up-regulated the 0.05). Gene expression levels of the bile acid transporter
expression of the tight junction gene Claudin 8ldn3 P <  solute carrier family 10 member &I¢10aRin RTgutGC cells
0.001), but suppressed the intestinal alkaline phosphatag ( increased signi cantly after exposure to nucleotides and MOS
expressionKigure 6 P< 0.05). (P< 0.05).

Pro-in ammatory cytokine genes illb and il8) were In general, immune genes were expressed at comparable
signi cantly increased after exposing cells to functionalrelative basal levels in RTgutGC cells as in rainbow trout
ingredients, especially MO®  0.01). MOS also produced a distal intestinal tissue, whereas most genes related tdepar
signi cant up-regulation of transforming growth factor ket function and metabolism showed lower relative expression
(tgfb following 6 h of exposureR < 0.05) while expression (Supplementary Table R Overall, nucleotides produced little or
of myeloid di erentiation factor 88 ihyd8§ and proliferating no e ect on analytical endpoints related to barrier functiondan
cell nuclear antigen pcng were signicantly decreased gene expression. In order to reduce costs, we therefore chose
(Figure 6, P< 0.01). to omit nucleotide exposures in the additional analysesioeiti

Compared to control, MOS and beta-glucans up-regulatedbelow.
the expression ofldn3(P < 0.01) while the expression @lp
and Na/K-ATPase rnika 1b) decreased signi cantly following Cell Proliferation
exposure to MOS Higure 6, P < 0.05). There was also a In control cells, the gap area of the culture wells was fullg@tb
signi cant decrease in the expression of E-cadherauhl) by day 4 Figure 7). When treated with LPS or beta-glucans, cells
after exposure to the dierent functional ingredientd® (<  were able to close the gap in a similar pace as in the contrgl. cell
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In contrast, MOS treatment reduced the cell proliferation andF-actin Content and E-cadherin, Aquaporin 8, and
consequently the gap closure ratet60% at day 4 as shown in Hsp70 Protein Expression

Figure 7.

ROS Generation
As shown in Figures 8A—C viable cell

positive cells markedly (96% decreaseB, <

numbers were
not aected by treatments, while MOS diminished ROS
0.001).

As shown inFigures 9A,B intracellular F-actin contents were
signi cantly increased in LPS and beta-glucan groups (0.01),
while MOS treated cells remained at control levels. Western
blot analyses demonstrated that expressions levels of Aqp8
and Hsp70 were not inuenced by any of the treatments. E-
cadherin expression was increased in cells treated with LRS, bu
decreased in beta-glucan and MOS treated grodps (0.01)

Moreover, mean uorescence intensity of ROS in cells(FigurelQ

were signi cantly smaller than

in other groupsP( <

0.001).
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FIGURE 3 | TEER levels of RTgutGC cultures exposed to LPS and functioha
ingredients in 6-well-transwell membrane inserts for 6 h. &ta are expressed
as percent of control cells and represent mearC SEM of two independent
experiments with 3 technical insert replicates each. Astésks denote treatment
groups statistically different to the control @ < 0.05).
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FIGURE 4 | Fluorescent levels in basolateral media after uorescent lalimin
exposure into apical chamber in 24-well transwell membran&ith RTgutGC
cells exposed to LPS and functional ingredients for 6 h. Datare expressed as
percent of control cells and represent mearC SEM of two independent
experiments with 3 technical insert replicates each. Astésks denote treatment
groups statistically different to the control at the same e point ( < 0.05,
**P < 0.001).

DISCUSSION

Well-characterizedn vitro model systems o er many bene ts

for screening purposes, given their simplicity and relative
inexpensiveness compared to experiments using live animals.
They could also serve as essential tools to increase the
knowledge of cellular and molecular mechanisms underlying
e ects observed in animal trials. In the present work, we have
continued the ongoing characterization of the rst estahkd
intestinal epithelial cell line from sh, RTgutGC1g and
evaluated its suitability as an vitro model for studies of e ects

of LPS and functional feed ingredients.

Functional Characterization of RTgutGC

Cells

Based on previously established RTgutGC cell featurgs2§,

33), we rst con rmed the viability and barrier function of the
RTgutGC cells when grown on transwell membranes. Barrier
formation was assessed by TEER measurements and uorescent
albumin translocation from the apical to basolateral cellobar.
TEER levels in the present study were comparable to those
reported previously 19, 20). We also observed a strong and
time-dependent increase in basolateral uorescence ofraibu

in wells without cells, whereas low and stable values were
observed for wells with cells. Thus, our observations condme
earlier reports 20, 33) demonstrating that RTgutGC cells
grown on permeable inserts strongly attenuate uorescentleio
molecules' translocation from apical to basolateral chambe
RTgutGC barrier function was further supported by relatedgen
and protein expressionc{dn3 cdhl Claudin 3) as previously
demonstrated 19, 20, 22). We also con rmed the ndings by
Minghetti and co-workers Z0) by demonstrating the viability

of the RTgutGC cells when exposed to a buer designed to
mimic the intestinal lumen %5), i.e., mucosal saline. Another
indication that the RTgutGC cells function as enterocytethés
presence of brush border membrane enzymatic activity. Busvi
studies have demonstrated that RTgutGC cells possess alkalin
phosphatase activityl§). In the current work, we continued to
explore RTgutGC brush border features by measuring activity
levels of two important brush border digestive enzymes, i.e.
LAP and maltase. Activity of both these enzymes were deatecte
in the RTgutGC cells. Higher LAP activity, but very low
maltase activity, were found compared to the resultsirof
vivo tests B4). Altogether, the current re-establishment of key
barrier and brush border features demonstrates the robustnes
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of the RTgutGC transwell system and shows that RTgutG@nmune transcriptional responses to pathogen infection have
cells develop certain intestinal functions similar to timevivo  previously been observed in human intestinal epithelial cells

situation. (37). In sh, similar e ects of LPS on innate immune related
gene expression have been observed also in head kidney
Effects of LPS Exposure on RTgutGC leukocytes of rainbow trout 9). Moreover, LPS has been

We continued to explore RTgutGC cell immune function byreported to up-regulatetnfa gene expression in RTgutGC
detailed exposures to a prototype PAMP, i.e., LPS. LPS showioglls grown on conventional culture plate<8|. Intestinal
no e ect on cell viability at concentrations up to 16@/mL is  alkaline phosphatase (lalp) is an important apical brush border
in line with previous reports suggesting that sh cells withou enzyme, which has been found to lower the expression of
TLR4/CD14 signaling system may be less responsive to LBf-in ammatory cytokines by inhibiting the activation and
compared to mammalian celld 35, 36). The LPS used in the translocation of their master transcription factor N8B (39).
present study was derived frobn colj and it is possible that LPS LPS is a reported substrate for lalfg[, and in the current
isolated from a sh pathogen could be more potent in RTgutGCwork, LPS suppresséalp expression. This response could re ect
cells. Anyhow, the nal working concentration (30)/mL LPS) the interplay between LPS, lalp and pro-in ammatory cytokine
was clearly su cient to induce immune-related gene expressi signaling.
responses and in uence cell proliferation and F-actin consesf
RTgutGC cells in this study. . .
The epithelial cells of the intestinal tract are in directEﬁeCtS of Functional Feed Ingredients on
contact with the external environment of the gut lumen and RTgutGC
must be prepared to mount an immune response againsPur strategy for determining the nal exposure concentraton
antigens and infections agents of dietary origin. It is vkelbwn of the functional ingredients was based on measurements of
that intestinal epithelial cells of teleost sh produce sewer cell viability. When applied at high concentration, all fuicctal
innate immune defense factors, and they can over-express pringredients signi cantly reduced cell viability in RTgutGe2lls.
in ammatory cytokines following a bacterial infectior?. In  We chose our nal exposure concentrations at levels that
the present study, LPS produced markedly elevated levels mwintained 80% cell viability as compared to control cellshwit
pro-in ammatory cytokine gene expressionll, il6, iI8, and the underlying assumption that these cells were in a healte st
tnfa). The data point toward RTgutGC immunocompetence,and could exert true physiological responses to the functiona
and demonstrate that RTgutGC cells possess the ability andgredients. It should be noted that the cell viability assesere
transcriptional apparatus to mount an innate immune responserformed with cells grown on conventional plates, and we
against LPS, a common model PAMP. There are, to outherefore assume similar responses to the stimulants ineiiy
knowledge, no published studies on spatial immune genen membrane inserts.
expression patterns along the rainbow trout intestinal tract Intwo-compartment epithelial celh vitro systems, increased
Given that the RTgutGC cell line was initially isolated fromTEER levels are interpreted as an increase in epithelial
the distal intestine 18), which is believed to be a specic barrier tightness. In the present study, beta-glucans awsed
intestinal region for certain mucosal immune function89, TEER values, whereas no signi cant e ects were observed for
it is interesting to note that RTgutGC relative immune genenucleotides or MOS exposure. In contrast, MOS treatment
expression were found at comparable levels as in the distalcreased albumin translocation across the RTgutGC mores|a
intestine of rainbow trout Supplementary Table R Induced indicative of a reduced barrier function that could be attribd

A LAP activity B Maltase activity
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FIGURE 5 | Brush border membrane leucine aminopeptidase (LAR\) and maltase(B) activity of RTgutGC cells grown on 24-well-conventional dture plates
exposed to LPS and functional ingredients. Data represent gan C SEM of two independent experiments with 3 technical well reficates each.
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FIGURE 6 | Immune, barrier, and metabolic gene expression in RTgutGC tls grown on 6-well transwell membranes exposed to LPS and fuctional ingredients. Data
are expressed relative to control cell levels and represemiean C SEM of two independent experiments with 3 technical insertaplicates each. Asterisks denote
treatment groups statistically different to the control @ < 0.05, **P < 0.01, ***P < 0.001).

to alterations in both transcellular and paracellular routessupports, whereas no uptake of the larger molecule zymosan
The relative proportion of trans- and paracellular translocati was detected. For junction barrier related gene expression,
of albumin remains unknown, and should be explored inall functional ingredients suppresseddhl levels and all
future studies, for example by detailed studies of albumiringredients except nucleotides increass#din3 The suppressed
uptake kinetics into RTgutGC cells grown on permeablecdhl levels in cells treated with MOS and beta-glucan were
supports. Of note, we demonstrated that albumin was indeedlso mirrored by decreases at the protein expression level. In
taken up by the RTgutGC cells when grown on conventionaCaco-2 cells, decreases dldn3 mRNA levels were observed
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FIGURE 7 | Cell proliferation assay of RTgutGC cell{A) Cells treated with LPS, MOS and beta-glucan at day 0, 2, and 4 féer removal of the gap insert.
Representative images of three independent experiments arshown. (B) Quanti cation of cell proliferation rate at different time pints during treatment. Data represent
mean SEM of three independent experiments with 3 technical welleplicates each. Asterisks denote treatment groups statigcally signi cant different to the control
at the same time point (**P < 0.001). Scale barD 100 mm.

in concert with increase in paracellular permeability and a12, 40, 41). In European seabass, MOS treatment enlarged
reduction in TEER 89. Similarly, the observed decreases inintestinal fold height and reduced gut bacterial transtoma
adherence junction-relateddhlexpression would be expected demonstrative of MOS e ects on epithelial barrier function
to loosen the junction barrier and increase paracellula42). Furthermore, bene cial physiological e ects on epithelial
permeability. In vivo, MOS supplementation to sh has in cells of sh fed MOS could be a result of increasing mucus
several independent studies been found to improve microvillsecretion {3), viscoelasticity of the mucust4) or induced
integrity in terms of microvilli density {2 and length tight junction closure (ZO-1, occluding or E-cadherin}g).
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FIGURE 8 | Flow cytometry analysis of reactive oxygen species (ROS)qfuction in RTgutGC cells grown on 6-well conventional plas and exposed to LPS, MOS
and beta-glucan for 6 h.(A) Representative histograms of ROS dye uorescence intensityX axis shows the CellRox uorescence signal in cells. Y axish®ws the
percentage of total live cell population. Horizontal bar dicate ROS positive (RO§) cells.(B) Statistical analysis of ROS$ cell number under different treatments
(C) Mean Fluorescent Intensities of ROS dye in cells under diffart treatments. Data represent meanC SEM of two independent experiments with 3 technical
well-replicates each. Asterisks denote treatment groups titistically signi cant different to the control (*# < 0.001).

To our knowledge, there are no published studies of e ectsvarrants further investigation. Pcna plays an important role
of MOS on gut epithelial barrier or tight junction function in in cell proliferation £0. MOS also down-regulategpcna
rainbow trout. The ndings of TEER, albumin translocation, gene expression in the present study, conrming the cell
and junction barrier related gene and protein expressiorproliferation assay results indicating that MOS inhibited cell
in the present study may point to how MOS can act agroliferation (50).
homeostatic balancer of barrier functian vivo and in vitro Functional ingredients are expected to exert immune-
(46). modulatory eects in the intestine by regulating the
RTgutGC cell proliferation was assessed by a previousgxpression of cytokines?(7, 10, 51). Among the functional
established cell proliferation assag? RTgutGC cells had ingredients evaluated in the present work, MOS seemed
the ability to close the cell free gap in 4 days in thisto be the most potent modulator of RTgutGC immune
study, which was faster than in a previous report, possiblyesponses. Specically, MOS treatment induced levels of
due to dierent culture conditions £2). During the 4-day pro-in ammatory (illb, il6, I8, and tnfa) and tgfb cytokine
period, MOS strongly reduced the cell proliferation speedranscripts, but suppressenhyd88 expression. In particular,
compared to control. In addition, MOS signi cantly suppressedthe alterations of pro-in ammatory cytokine gene expression
ROS production compared with control cells. ROS playand the suppression ofalp mirrored the eect of LPS.
important roles in homeostasis and cell signaling, and RO vivo, dietary MOS in European sea bass can provide
levels typically increase during periods of environmente¢sd protection against Vibrio alginolyticus infection (62) and
and may cause signi cant damage to cell structurés).( counteract the side e ects of soybean meal oil by increasing
Whether the MOS-induced decrease in RTgutGC proliferatiorthe mucus cell density and area in the distal intestine and
ability could be a result of reduction in stress bers andregulating GALT-related genes (i.@6, il10, and tgfb (46).
suppressed ROS production as previously reportéd ¢9 MOS supplementation to rainbow trout was also found
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FIGURE 9 | RTgutGC cell morphology after treatments with LPS, MOS, anbeta-glucan. (A) Staining of cell nuclei (blue) and skeleton (orange) aftehGxposure to
stimulants. (B) Mean Fluorescent Intensities (MFI) of RTgutGC skeleton (Ftaxy). Data represent meanC SEM of three independent experiments, with 3 technical
replicates each. Asterisks denote treatment groups stattically signi cant different to the control (*P < 0.01). Scale barD 100 nm.

to improve lysozyme concentration, classical pathway afpecies including rainbow trouts¢—56). In vitro, beta-glucans
complement (APCA and CPCA)5@, microvilli structure were found to have positive e ects on neutrophil degranulation
and absorptive surface aredl?. Whether the immune- of fathead minnowsX7) and respiratory burst activity of Atlantic
modulatory e ects induced by MOS in the present studysalmon §£8). In the present study, beta-glucan treatment also
having any relation to the increase in epithelial permeapilit produced increased mRNA levels of pro-in ammatory cytokine
is a question that clearly warrants attention in futuregenes i{lb and il8). This observation is in agreement with
studies. Possibly, the increased permeability could lead farevious studies demonstrating that beta-glucans up-regdla
an increased antigen inux that would trigger mucosal pro-in ammatory cytokine expression in head kidney cells of
immune responses, including modulation of cytokinerainbow trout () and increasedlb expression in Atlantic cod
expression. after challenged witNibrio anguillarum(10). A previous report
Beta-glucan is one of the potent and promisingalso found thatillb production was induced by cathelicidin-
immunostimulants in aquaculture which could be bene ciatf 2 variants andillb expression upregulation was elicited by
growth, disease resistance and immune response of arangh of a synergic e ect of zymosan and cathelicidin-2 variants in
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FIGURE 10 | (A) Representative Western blot pictures for target proteinsStatistical analysis of protein expression levels of heahsck protein 70 (hsp70,B),
aquaporin 8 (Agp8,C), and e-cadherin(D). Data represent meanC SEM from two or three independent experiments with 3 technial replicates each. Asterisks denote
treatment groups statistically signi cant different to thecontrol (P < 0.05, **P < 0.01). Full scans of the entire original blots are shown iBupplementary Figure 2 .

RTgutGC cells 3. Beta-glucan lowered transactivation of CONCLUSION

NF-kB to stimulate immune response was also found in Caco-2

cells (5. Whether the expression dflb and il8 is aected An increasing body of literature demonstrates that functibn
by the cathelicidin-2 variants or the activation of Nd& in  feed ingredients can support intestinal health and reduceedise
RTgutGC still needs to be explored in future studiesvivo, susceptibility via multiple mechanisms, including direct et
the expression ofil8 was not aected signicantly in the on a variety of intestinal functions, e.g., barrier function
distal intestine of Atlantic cod fed beta-glucans0) which  nutrient transport and immune responses/, (23, 64-66).

is dierent from our ndings. Available literature suggests In sh, knowledge about basic mechanisms of functional
that beta-glucans may regulate in ammatory e ects in aningredients and their interactions with the intestinal dige is
inconsistent pattern, possibly depending on the dierencegveak and fragmentary. The present study has provided new
of composition, dosage, quality, route, and exposure timé&formation on how functional ingredients commonly applied
(11, 23, 54, 59). Nucleotides also produced elevated levels dh aquafeeds can aect intestinal epithelial function in sh.
illb and il8, but the degree of response was minor compared\dditionally, our study demonstrates the suitability of the
to the other functional ingredients evaluated in the cutren RTQUtGC transwell system as an alternative to sh feeding
study. Previousn vivo tests have found that dietary nucleotidesexperiments for prediction of health e ects of functional
might improve growth, disease resistance agafisiniaeand  feeds.

pancreatic necrosis, serum alternative complement activity,

serum lysozyme activity and crowding stress of rainbow trou

(60-62) and in uence macrophage activity, respiratory burst AUTHOR CONTRIBUTIONS

activity and expression oillb, il8, and tnfa in turbot (63).
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