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A cell line, RTgutGC, was developed from the intestine of
Oncorhynchus mykiss. RTgutGC has an epithelial-like
shape, been passaged over 100 times, and cryopreserved
successfully. A rainbow trout origin was conﬁrmed by
sequencing a 652 bp region of the mitochondrial cytochrome c oxidase I gene. RTgutGC is grown routinely in
LeibovitzÕs L15 without glutamine supplemented with 10%
fetal bovine serum (FBS). Cell viability was evaluated with
Alamar blue (AB) for metabolic activity and carboxyﬂuorescein diacetate acetoxymethyl ester (CFDA AM) for
membrane integrity. Viability was unchanged by lipopolysaccharide (LPS) for cultures in FBS. For cultures at low
cell densities in L15 without FBS or glutamine, cell viability
declined in a LPS dose-dependent manner, allowing calculation of the concentration causing a 50% decline in viability (EC50). When glutamine was present, the EC50 was
increased for both AB and CFDA AM. As the cell density
increased, LPS became much less cytotoxic and no EC50
could be calculated for very conﬂuent cultures. Only highdensity cultures had alkaline phosphatase (AP) activity.
Thus, glutamine and possibly AP protect against LPS
cytotoxicity. RTgutGC should be a useful in vitro tool for
studying problems of nutrition and gastrointestinal health
in ﬁsh.
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Fish feeds of the future will likely be much more complex than
those currently used and development will require research
from a wide range of disciplines, including in vitro approaches
with cell lines. Cell lines oﬀer the advantage of allowing
problems to be investigated quickly and inexpensively at the
molecular and cellular levels in order to gain information that
can be used to design the most eﬃcient in vivo studies of the
problems. Examples of the use of human and rodent gastrointestinal cell lines in food research abound. They have been
used to detect beneﬁcial bioactive compounds in foods
(Giron-Calle et al. 2004), identify potentially destructive and
protective agents for the intestinal mucosa in foods (King
et al. 2006), determine the bioavailability of compounds in
food (Jin et al. 2006), examine interactions between food
components and drugs (Lilja et al. 2005; Sun et al. 2008),
discover antivirals in food (Bojsen et al. 2007) and study
probiotics (Larsen et al. 2007). Problems in the development
of ﬁsh feed where cell lines might be applied are in identifying
and studying antinutritional factors, nutriceuticals and
immuno-stimulants. As plant-based diets have been examined
as alternatives to ﬁshmeal, the problem of antinutritional
factors has been identiﬁed. This includes protease inhibitors,
lectins, phytic acid, saponins, phytoestrogens, antivitamins
and allergens (Francis et al. 2001). As ﬁsh in aquaculture are
maintained at high densities, the problem of immunological
impairment and disease outbreaks can arise. This might be
prevented through eﬃcient incorporation of nutriceuticals
and immuno-stimulants in new feed formulations.
Mammalian cell lines have been established from most of
the anatomical regions of the GI tract: oesophagus, stomach,
small intestine, and colon/rectum. The majority of these cell
lines are from human GI tract tumours. These include

epithelial cell lines from oesophageal adenocarcinoma and
squamous cell carcinoma (Boonstra et al. 2007), gastric adenocarcinoma (Li et al. 2002) and colorectal carcinoma (Oh
et al. 1999). Conditionally immortalized cell lines have been
developed from the foetal small intestine (Quaroni & Beaulieu
1997). Cell lines, such as Caco-2 and HT-29 from human colon
adenocarcinomas, can be made to diﬀerentiate into enterocytes as well by manipulating the in vitro culture conditions
(Simon-Assmann et al. 2007). Immortal rodent GI tract cell
lines have been obtained through the use of SV40 ts-T-antigen
transgenic mice and rats as the source of cultures (Obinata
2007), and several rodent cell lines appear to have been
immortalized spontaneously, such as IEC-6 (Quaroni et al.
1979). A spontaneously immortalized chicken intestinal cell
line also has been developed (Velge et al. 2002). By contrast,
although cell lines have been prepared from most tissues and
organs of ﬁsh, none are from the GI tract (Bols & Lee 1991).
In this work, we describe the development of a rainbow
trout intestinal epithelial cell line, RTgutGC. The cell line is
characterized for some general properties such as cell morphology, and for intestinal speciﬁc properties, such as alkaline
phosphatase (AP), which is expressed by some but not all
intestinal epithelial cell lines. For the purpose of showing how
the cell line could be used to investigate GI health, we have
studied the actions glutamine and LPS as well. In mammals,
glutamine has been found to have both nutritive and protective
roles in vivo (Souba et al. 1990; Sukhotnik et al. 2007), and the
cellular basis of these roles have been studied successfully with
human intestinal cell lines (Turowski et al. 1994; Lenaerts
et al. 2006). LPS is a constituent of the outer membrane of
Gram negative bacteria, which are part of resident intestinal
ﬂora, and can cause gastrointestinal injury. Interestingly, the
intestine is considered hyporesponsive to LPS relative to other
tissues (Naik et al. 2001; Zayat et al. 2008). The hyporesponsiveness is thought to be because of the lack of critical LPS
recognition and signalling molecules, including the Toll-like
receptor (TLR4) and the myeloid diﬀerentiation receptor
(MD-2). Mammalian intestinal cell lines have been useful for
studying this; but at high concentrations, LPS kills these cells
(Abreu et al. 2001; Bocker et al. 2003; Lenoir et al. 2008).

A rainbow trout intestinal epithelial cell line termed
RTgutGC was initiated and used in this study. Development
and growth conditions for RTgutGC are discussed in the
following text. Also, two human intestinal epithelial cell lines

were used in this study: HT-29 and Caco-2. Both human
intestinal epithelial cell lines were obtained from American
Type Tissue Culture (ATCC). The human intestinal epithelial
cell lines were routinely cultured in DulbeccoÕs Modiﬁed
Eagle Medium (DMEM) with 10% foetal bovine serum
(FBS; Sigma, St. Louis, MO, USA) at 37 C and 5% CO2.

The primary culture that led to the RTgutGC cell line was
derived from a small female rainbow trout (O. mykiss). The
ﬁsh was not fed for 2 days prior to sampling and anaesthetised in an aqueous solution of 1 : 10000 tricaine methanesulphonate (MS222; Syndel, Vancouver, BC, Canada)
before dissection. The gut was cut out and carefully cleaned
and rinsed with cell culture–grade distilled water. It was then
placed in DulbeccoÕs phosphate-buﬀered saline free of
Ca2+and Mg2+ (DPBS; Sigma) but containing 50 lg mL)1
gentamicin. The gut was cut open longitudinally and intensively rinsed with the DPBS/gentamicin solution. Thereafter,
pieces of about 1 mm2 were isolated from the distal portion
of the gut and placed in 12.5 cm2 culture ﬂasks in LeibovitzÕs
L15 medium containing 30% FBS and penicillin (100 IU
mL)1) and streptomycin (100 lg mL)1). The volume of the
medium was adjusted so as to just cover the tissue fragments.
The ﬂasks were placed in a 20 C incubator in ambient air.
The ﬂasks were regularly observed and the medium carefully
exchanged every 2 weeks. After a period of 8 weeks, two
ﬂasks showed an extensive stroma surrounded by epitheliallike cells. Moreover, dendritic-like cells were visible across
the culture surface, particularly in otherwise bare areas. The
cells in one of the ﬂasks were treated with versene and 0.1%
(w/v) trypsin (Sigma) and sub-cultured into 12.5-cm2 ﬂasks
containing L15 medium with 20% FBS.

Cells at passage 94 were collected by enzymatic dispersion as
described for the propagation of cells. Approximately 1 · 105
cells in 50 lL of DPBS were aseptically placed on indicating
FTA cards (Whatman, Piscataway, NJ, USA) for DNA
extraction, labelled, covered and allowed to dry at room
temperature. The cards were placed in sterile bags and submitted to the Biodiversity Institute of Ontario (Guelph, ON,
Canada) for DNA barcoding (molecular genotyping using
cytochrome c oxidase subunit I) as described by Cooper et al.
(2007) using a PCR primer cocktail developed for ﬁshes as
described by Ivanova et al. (2007). Sequence analysis for
species identiﬁcation used both the Barcode of Life Data
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(BOLD; Ratnasingham & Hebert 2007) system (http://
www.barcodinglife.org) as well as the NCBI BLAST search
engine (http://www.ncbi.nlm.nih.gov/BLAST).

Primary cultures were sub-cultivated at diﬀerent time points
(ranging from 72 to112 h). Commercial trypsin was used to
detach adherent cells and continually propagated until
morphology became uniform and designated RTgutGC.
RTgutGC cultures have been successfully cryopreserved in a
liquid nitrogen dewar at early (7–9), middle (52–75) and late
passages (91–115). In all cases, the cells were frozen in L15
supplemented with 10% (v/v) dimethyl sulphoxide (DMSO)
and 10% FBS. Growth characteristics of RTgutGC were
determined as described previously for a rainbow trout liver
cell line, RTL-W1 (Lee et al. 1993).

RTgutGC were routinely maintained at room temperature in
L15 supplemented with 10% FBS and 1% P/S. Cells were
commonly maintained in 75-cm2 ﬂasks and at conﬂuency
(approximately 7–8 · 106 cells ﬂask-1) were split (1 : 2) into
new 75-cm2 ﬂasks, which usually became conﬂuent again
6 days later. Optimal basal media composition for RTgutGC
proliferation assays were performed with diﬀerent sera supplementations. Proliferation was evaluated using 12-well
tissue culture plates. Approximately 5.0 · 104 cells well-1
were seeded into each well with 2 mL of growth medium and
allowed to attach overnight prior to treatment with altered
basal medium. The day 0 reference point was determined by
counting a triplicate of wells using a Coulter particle counter.
Counts were made every 3 days over a 15 days time period.

RTgutGC was screened for b-galactosidase activity using a
histochemical kit (Sigma). Brieﬂy, 1.0 · 106 cells were seeded
into replicate 35-mm2 tissue culture petri dishes (BD Biosciences, Mississauga, ON, Canada). The cells were ﬁxed
with 1X ﬁxation buﬀer from the kit. Cells were exposed to
the staining mixture for 12 h. b-galactosidase activity was
seen as blue colouring within cells.

RTgutGC was screened for AP activity using a histochemical kit for detecting AP activity in leucocytes (Sigma).
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Brieﬂy, cells at diﬀerent densities (2.5 · 105, 1.0 · 106, and
2.0 · 106) were seeded into replicate slide ﬂasks (Nunc,
Rochester, NY, USA). The cells were ﬁxed using a citratebuﬀered acetone solution for 30 s and washed for 45 s with
deionized water. Then, cells were exposed to an AS-MX
phosphate alkaline solution mixed with diazonium salt
solution for 2 h. This was followed by a wash in deionized
water for 2 min and counterstaining in MayerÕs haematoxylin solution for 10 min. A ﬁnal wash was performed with
tap water to remove excess stain. AP was seen as purple
granular colouring within cells.

RTgutGC cells were exposed to either 20 or 50 lg mL)1
LPS. Cultures treated with 20 lg mL)1 LPS were exposed for
4 h. Cultures treated with 50 lg mL)1 LPS were exposed for
24 h. Cells were collected at desired time points after LPS
treatment. Pellets were washed with DPBS, and RNA
extracted using GenElute mammalian total RNA miniprep
kit (Sigma). RNA was quantiﬁed using a NanoDrop 100
(Thermo Scientiﬁc). To remove genomic DNA, 2 lg RNA
was incubated with DNase I for 30 min at 37 C and 5 min
at 75 C. cDNA was generated using the following steps.
1 lL of 0.5 lg mL)1 oligo-(dT)23 anchored primer (Sigma)
was added to each RNA sample and heated to 70 C for
10 min and put on ice. To each sample, 4 lL 5 · buﬀer
(250 mM Tris–HCl pH 8.3, 375 mM KCl, 15 mM MgCl2;
Invitrogen, Burlington, Canada), 1 lL 10 mM dNTP mix,
2 lL 0.1 M dithiothreitol (DTT) and 80 U Superscript III
reverse transcriptase (Invitrogen) were added. Samples
equilibrated at room temperature for 10 min. Samples were
then incubated for 50 min at 42 C and 5 min at 95 C.
Resulting cDNA was diluted 1 : 20 in nuclease-free water
and stored at )80 C. All polymerase chain reactions (PCR)
contained the following: 0.5 lL 10 mM dNTP mix (Sigma),
1.25 U Taq polymerase (Sigma), 1.5 mM MgCl2 (Sigma),
2.5 lL 10· reaction buﬀer (100 mM Tris–HCl pH 8.3,
500 mM KCl; Sigma), 1.25 lL 10 lM forward and reverse
primers, 2.5 lL diluted cDNA and nuclease-free water to a
total volume of 25 lL. The primer sequence, cycle number
and annealing temperature for each primer were listed in
Table 1. PCR reactions were carried out using Mastercycler
personal thermocycler (Eppendorf). Cycle conditions for
each reaction were as follows: 5 min at 95 C, a set number
of cycles with 95 C for 30 s, 30 s at primer-speciﬁc annealing
temperature, 75 C for 1 min and a ﬁnal extension at 72 C
for 5 min. PCR products were visualized on 1.5% agarose

Table 1 Primers used in study, including PCR product size and number of cycles
Annealing
temperature

Product
size (bp)

Cycle
number

Primer reference

F 5¢ ATCGTGGGGCGCCCCAGGCACC 3¢
R 5¢ CTCCTTAATGTCACGCACGATTTC 3¢
F 5¢ TGGCTATGGAGGCTGTGTGGGGTC 3¢
R 5¢ GCCTTCGCCAATTTCGGACTCAGC 3¢

53 C

514

30

(Brubacher et al. 2000)

68 C

512

30

Unpublished

F 5¢ TGGAGAGGGGCCTTGAAAATAG 3¢
R 5¢ CGTCCTGCATCGTTGCCA 3¢

68 C

206

30

(Komatsu et al., 2009)

Gene

Primers

b-actin (Gene
Accession: AJ438158)
TNF-a1 (Gene
Accession:
NM_001124357)
TNF-a2

stained with ethidium bromide (EtBr). UV transillumination
was performed using Fluorochem 8000 (Alpha Innotech, San
Leandro, CA, USA).

concentrations of 5% (v/v) AB and 4 lM CFDA-AM. Cells
were exposed to indicator dyes for approximately 1 h and
quantiﬁed with the SPECTRAmax GEMINI XS microplate reader (Molecular Devices, Sunnyvale, CA, USA) at
respective excitation and emission wavelengths of 530 (±30)
and 595 (±35) nm for AB, and 485 (±22) and 530 (±30) nm
for CFDA-AM.

Commercial phenol extracted LPS from Escherichia coli
(Sigma) was prepared at 20 mg mL)1 in L15/ex (Schirmer
et al. 1997; Dayeh et al. 2003). Cells were seeded in 96-well
tissue culture plates at a density of 4.0 · 104 cells well)1 in
200 lL L15. Cells were allowed to attach for 24 h prior to
exposure. HT-29 and Caco-2 were dosed with LPS concentrations of 5, 15, 50, 150 and 500 lg mL)1. RTgutGC was
dosed with LPS concentrations of 5, 15, 50, 100 and
150 lg mL)1. Each concentration was tested in sextuplicates.
Dosing was performed by directly adding the stock solution
into the culture well. The ﬁnal concentration of L15/ex in the
culture wells was 0.5% (v/v). A control was performed by
adding L15/ex to the cells.

Statistical analyses were performed using GraphPad InStat
(version 3.00 for Windows 95; GraphPad Software, San
Diego, CA, http://www.graphpad.com, USA). For graphical
presentation and derivation of eﬀective concentration (EC50)
values, the data were processed with GraphPad Prism 4
(GraphPad Software) using a variable slope dose–response
sigmoidal model. EC50s values were compared using an
unpaired t-test, with results indicated on Table 2. In all cases,
a P-level £0.05 was considered signiﬁcantly diﬀerent.

Cell viability after exposure was conducted using two ﬂuorescent dyes: Alamar blue (AB) and 5-carboxyﬂuorescein
diacetate acetoxymethyl ester (CFDA-AM). These dyes were
used concurrently and prepared in L15/ex to give ﬁnal

Cells of the RTgutGC cell line are adherent with an epithelial-like morphology. In the early passage cultures, the cell

Table 2 Effect of glutamine on the cytotoxicity of lipopolysaccharide to RTgutGC
Culture conditions1

EC50s from viability assessments with

Basal media

Glutamine

Alamar Blue
(n = 2)

5-carboxyfluorescein
diacetate acetoxymethyl ester
(n = 2)

t-test

None
2 mM
None
2 mM

18.3 ± 0.0
35.43 ± 5.3
27.0 ± 2.3
49.73 ± 2.6

25.7 ± 0.9
36.23 ± 1.1
30.1 ± 6.9
70.23 ± 4.0

P
P
P
P

2

L15 ex
L15 ex
L154
L15

Statistical comparison

<
>
>
<

0.05
0.05
0.05
0.05

4.0 · 104 cells well)1 of 96 well plate.
L15 salts plus galactose and sodium pyruvate.
3
Significantly different from above EC50 without glutamine (t test, P < 0.05).
4
LeibovtizÕs L15 without glutamine.
1
2
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morphology was heterogenous, with thin bipolar cells along
with epithelial-like cells (Fig. 1a, b). Some of the epitheliallike cells were large and ﬂagstone shaped. After approximately 20 passages, the bipolar ﬁbroblast-like cells and the
larger epithelial-like cells had disappeared from cultures,
leaving a relatively uniform population of epithelial-like cells
(Fig. 1c). The following results were obtained with these
more homogenous cultures. The cells remained adherent
whether the cultures were maintained for a week after they
had grown to become conﬂuent or whether the cultures were
initiated at very high cell densities. In the latter case, the
cultures consisted of a tightly packed monolayer in which
mounds of cells were embedded.

PCR ampliﬁcation of RTgutGC DNA from the FTA card
produced a 652 nucleotide fragment that yielded a 100%
sequence identity match to reference sequence proﬁles
derived from O. mykiss on BOLD and in GenBank. The
sequence for this line was deposited in BOLD within the
project ÔCharacterizing Cell Lines from Fish and Shellﬁsh
(CCLF)Õ under sample ID ÔRTgut-2Õ. Sequence alignment
analysis using the NCBI BLAST search engine as well as the
BOLD database returned a 100% match for O. mykiss
cytochrome C oxidase subunit I (Hubert et al. 2008).
CCTCTATTTAGTATTTGGTGCCTGAGCCGGGATAGTAGGCACCGCCCTGAGTCTACTGATTCGGGCGGAACTAAGCCAGCCGGGCGCTCTTCTGGGGGATGACCAAATCTATAACGTGATCGTCACAGCCCATGCCTTCGTTATGATTTTCTTTATAGTCATGCCAATTATAATCGGGGGCTTTGGAAACTGAı̂CCTCTATTTAGTATTTGGTGCCTGAGCCGGGATAGTAGGCACCGCCCTGAGTCTACTGATTCGGGCGGAACTAAGCCAGCCGGGCGCTCTTCT CCTCTATTTAGTATTTGGTGCCTGAGCCGGGATAGTAGGCACCGCCCTGAG
TCTACTGATTCGGGCGGAACTAAGCCAGCCGGG
CGCTCTTCTGGGGGATGACCAAATCTATAACGT

(a)

(b)

GATCGTCACAGCCCATGCCTTCGTTATGATTTTCTTTATAGTCATGCCAATTATAATCGGGGGCT
TTGGAAACTGAı̂CCTCTATTTAGTATTTGGTG
CCTGAGCCGGGATAGTAGGCACCGCCCTGA
GTCTACTGATTCGGGCGGAACTAAGCCAG
CCGGGCGCTCTTCT CCTCTATTTAGTATTTG GTGCCTGAGCCGGGATAGTAGGCACCGCCCTGAGTCTACTGATTCGGGCGGAACT.

Cells of the RTgutGC cell line were routinely grown in the
basal medium, L15, without a supplement of glutamine but
with a supplement of FBS. In L15 alone without glutamine,
the cells remained attached to the culture surface for at least
30 days, but did not increase in number. This was also true
for cultures in L15 without glutamine but with 10% dialyzed
FBS (dFBS; Fig. 2). Cell growth was supported only by

Figure 2 Growth curves for RTgutGC grown in different L15 media
compositions. Cultures were initiated at approximately 5.0 · 104
cells well)1 in 12-well tissue culture plates at room temperature. The
next day, cell number was determined with a Coulter counter for
three wells (starting count) and cells were grown in L15 alone, 10%
fetal bovine serum (FBS), 20% FBS or 10% dFBS. Subsequent cell
counts were made every 3 days over a 15-days period and expressed
as a percentage of the starting count.

(c)

Figure 1 Appearance of RTgutGC cultures at different passage numbers. Photomicrographs of passage 6 (a), 12 (b) and above 100 (c) were
taken on an inverted phase contrast microscope. Scale bar indicates 100 lm.
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complete FBS (Fig. 2). Cells grew with either 10 or 20%
FBS, but with 20% FBS the cells were packed more tightly
into conﬂuent monolayers, yielding in the end more cells per
culture (Fig. 2). However, 10% FBS was used for the routine
maintenance of the cell line to reduce costs.

RTgutGC had an aneuploid karyotype and were conﬁrmed
to be from rainbow trout. Only a few metaphase plates from
RTgutGC cultures were examined, but they had more
chromosomes than the usual diploid chromosome number,
which for rainbow trout can vary with the strain but commonly is reported as being between 58 and 64 (Thorgaard
1983; Colihuegue et al. 2001). Therefore, RTgutGC are
concluded not to be diploid but aneuploid. RTgutGC has
properties consistent with immortal cell lines. RTgutGC was
maintained for 4 years, undergoing more than 100 subcultivations (passages) or approximately 150 population doublings. The cells were successfully cryopreserved at diﬀerent
passage levels with 10% DMSO as a cryoprotectant. The
number of positive staining b-galactosidase cells was minimal
(Fig. 3).
(a)

Cytochemical staining of RTgutGC cultures for AP revealed
staining only in super conﬂuent cultures (Fig. 4). These were
cultures that had been initiated at very high densities and the
mounds of cells within the monolayer stained intensely, but
the cells in monolayers did not (Fig. 4).

Transcripts for two isoforms of TNF-a were detected by RTPCR in RTgutGC cultures after 4- or 24-h exposures to LPS
at 20 or 50 lg mL)1, respectively (Fig. 5). Expression seemed
higher after 24 h. By contrast, no expression was seen in
control cultures.

Under some culture conditions, exposure to increasing concentrations of LPS progressively decreased the viability of
RTgutGC cells. Viability was evaluated with AB, which
measures energy metabolism and CFDA AM, which indicates
(b)

Figure 3 Examination of RTgutGC cultures for b-galactosidase activity. A histochemical stain for b-galactosidase activity was applied overnight to cultures of RTgutGC. Photomicrographs are shown for ﬁxed (a) and stained (b) cells. Cells showing blue staining were found in a small
percentage of RTgutGC cultures, with some indicated by arrows. Scale bar indicates 100 lm.

Subconfluent

Confluent

Super confluent

Phase
contrast

Alkaline
phosphatase
stain

Figure 4 Examination of RTgutGC cultures for alkaline phosphatase activity at varying cell densities. A histochemical stain for AP activity was
applied for 2.5 h to cultures for RTgutGC. The top row shows RTgutGC seeded at varying densities prior to detecting AP activity. The bottom
row shows RTgutGC seeded at varying densities after AP staining. Scale bar indicates 100 lm.
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(a)

Control

4h

(b)

TNF-α1

TNF-α1

TNF-α2

TNF-α2

β-actin

β-actin

Control 24 h

Figure 5 RTgutGC cultures were exposed to 20 lg mL)1 lipopolysaccharide (LPS) for 4 h (a) or 50 lg mL)1 LPS for 24 h (b). Cells
were collected and reverse transcription polymerase chain reaction
performed to measure TNF-a expression. Individual bands represent
expression of TNF-a1, TNF-a2 and b-actin at the transcript level as
indicated in the labels on the ﬁgure.
Figure 7 Bar graphs of RTgutGC exposed to lipopolysaccharide
(LPS) seeded at varying cell densities. Cultures were seeded at
approximately 1.0 · 104, 2.0 · 104, 4.0 · 104 or 8.0 · 104 cells well)1
in a 96-well culture plate with L15. The next day, a ﬁxed LPS concentration (50 lg mL)1) was directly dosed to six wells for each cell
density. After 24 h, the viability of cultures was evaluated with
Alamar blue for energy metabolism and CFDA-AM for cell membrane integrity. Both assays are ﬂuorescent and read as relative
ﬂuorescent units (RFUs), which were expressed as percentages of the
RFUs in control wells. The means with standard deviations for the
percentage cell viability with the two assays are plotted against LPS
concentration for one of two independent experiments.

plasma membrane integrity. No change in viability was
observed during a 24-h exposure to up to 150 lg LPS mL)1
in medium with FBS. Yet, 24-h exposure to 50 lg LPS mL)1
in L15 alone without glutamine caused a pronounced
change in the appearance of cultures, with cells shriveling and
detaching (Fig. 6). Both AB and CFDA AM indicated a
decline in cell viability, although the magnitude of the decline
depended on the cell density (Fig. 7). When approximately
1.0 · 104 cells had been added per well, viability had declined
by 79.2% ± 6.6 (n = 2) and 68.9% ± 10.7 (n = 2) as
measured, respectively, by AB and CFDA AM; and in
contrast, when approximately 8.0 · 104 cells had been added
per well, viability had declined only by 8.2% ± 7.6 (n = 2)
and 5.0% ± 7.0 (n = 2) as measured, respectively, by AB
and CFDA AM. With cell density kept constant at approximately 4.0 · 104 cells well)1, cultures showed a progressive
decline in viability with increasing LPS (Fig. 8). From the
dose–response curves for AB and CFDA AM, EC50s could be
calculated and compared. The EC50s for AB were generally

lower, but only in two experimental conditions were the
EC50s for AB and CFDA AM statistically diﬀerent from one
another (Table 2).
The viability of cultures to increasing concentrations of
LPS was compared with and without 2 mM glutamine
(Fig. 8). This was carried out in a simple salt solution, L15/
ex, which consisted of L15 salts plus galactose and pyruvate,
as well as in the basal medium, L15. In both cases, the dose–
response curves for both AB and CFDA AM were shifted to

LPS (µg mL–1)

Control
(a)

(b)

(c)

(d)

+2 mM L-GLU
Figure 6 Appearance of RTgutGC cultures with lipopolysaccharide (LPS)
treatment. RTgutGC cells were seeded
into 25-cm2 tissue culture ﬂasks in L15
with and without glutamine. After 24-h
exposure with 50 lg mL)1 LPS with
glutamine, images were taken: control
(a) and dosed (b). Similarly, images were
taken of exposures without glutamine:
control (c) and dosed (d). Some areas of
cytotoxicity are indicated with a circle.
Scale bar indicates 100 lm.

NO L-GLU
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the right in the presence of glutamine, yielding higher EC50
values (Table 2).
For a comparison with mammalian intestinal epithelial cell
lines, cultures of Caco-2 and HT-29 at 4.0 · 104 cells in
DMEM with glutamine were exposed to increasing concentrations of LPS and evaluated for viability after 24 h with AB
and CFDA AM. For HT-29, the EC50s for AB and CFDA
AM were, respectively, 174.9 ± 2.9 and 161.7 ± 2.9 lg
mL)1 (n = 2) and were not statistically diﬀerent (t-test,
P > 0.05) from each other or from the EC50s for Caco-2,
which were 173.5 ± 26.7 and 156.7 ± 9.7 9 lg mL)1
(n = 2) for, respectively, AB and CFDA AM. These values
with the human cell lines were signiﬁcantly higher than the
EC50s for RTgutGC at 4.0 · 104 cells in L15 with glutamine,
which were 49.7 ± 2.6 and 70.2 ± 4.0 lg mL)1 (n = 2) for,
respectively, AB and CFDA AM.

Figure 8 Cytotoxicity curves of three intestinal cell lines after lipopolysaccharide (LPS) treatment. Cultures were initiated at approximately 4.0 · 104 cells well)1 in a 96-well culture plate. The next day,
varying concentrations of LPS were directly dosed to six wells for
each concentration. RTgutGC was exposed to lipopolysaccharide
(LPS) with and without glutamine in L15/ex (a) or L15 (b). Two
mammalian intestinal cell lines, HT-29 and Caco-2, were exposed to
LPS in DulbeccoÕs Modiﬁed Eagle Medium (c). After 24 h, the viability of cultures was evaluated with Alamar Blue for energy metabolism and 5-carboxyﬂuorescein diacetate acetoxymethyl ester for cell
membrane integrity. Both assays used ﬂuorescent dyes and read as
relative ﬂuorescent units (RFUs), which were expressed as percentages of the RFUs in control wells. The means with standard deviations for the percentage cell viability with the two assays are plotted
against LPS concentration for one of two independent experiments.

A cell line, RTgutGC, is described for the ﬁrst time from the
gastrointestinal tract of ﬁsh. RTgutGC was conﬁrmed as
derived from rainbow trout, O. mykiss, by amplifying and
sequencing a 652-bp region of the mitochondrial cytochrome
c oxidase I gene (COI), which has been demonstrated to
unambiguously diagnose several thousand species of ﬁshes
(reviewed in Ward et al. 2009), including North American
freshwater species such as rainbow trout (Hubert et al. 2008).
This sequence covers the 648-bp segment of the 5¢ region of
the COI gene that continues to be used to form the library of
primary barcodes for the animal kingdom (Hebert et al.
2003) and has been successfully used to identify many other
cell lines (Lorenz et al. 2005; Cooper et al. 2007). The
development and basic characteristics of RTgutGC were
similar to other cell lines from rainbow trout. The line
seemed to be continuous as some cultures have been maintained continuously for 4 years and subjected to over 100
passages. The cell line was heteroploid. Nearly all rainbow
trout cell lines developed to date appear to have immortalized spontaneously and are heteroploid (Bols et al. 2005).
Like these cell lines, RTgutGC required serum for growth
and could be cryopreserved. RTgutGC cells had an epithelial-like morphology. Several epithelial-like cell lines have
been developed from a variety of adult rainbow trout tissues,
including the gill, liver, pituitary and spleen (Lee et al. 1993;
Bols et al. 1994, 1995; Ganassin & Bols 1999). However, in
comparison to them, the cells in conﬂuent cultures of
RTgutGC are more uniformly cobblestone. RTgutGC
should be a useful tool for investigating many topics on ﬁsh
intestinal epithelial cells. This is illustrated in the following
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text by investigating their requirement for glutamine, their
expression of AP and their cellular response to LPS.

The survival and growth of RTgutGC in medium without
glutamine is similar to the behaviour of some but not all
mammalian intestinal epithelial cell lines and similar to nonintestinal ﬁsh cell lines. The rat intestinal cell line, RIE-1,
underwent apoptosis upon glutamine starvation (Papaconstantinou et al. 1998). By contrast, RTgutGC survived in the
complete absence of glutamine. Previously, ﬁsh cell lines from
embryos and from the liver, spleen, and skin of adults also
were shown to survive in L15 in the absence of serum and
glutamine (Bols et al. 1994). With a supplement of serum, L15
without glutamine supported the proliferation of these ﬁsh
cell lines (Bols et al. 1994) and in this study RTgutGC. Thus,
only the small amount of glutamine in serum was suﬃcient to
support the growth of these cell lines. Similar results have
been obtained with the Caco-2 cell line. This human intestinal
cell line grew in the absence of glutamine in basal medium that
was supplemented with growth factors or FBS (Turowski
et al. 1994; Lenaerts et al. 2006). At least one ﬁsh cell line
grew in the complete absence of glutamine. CHSE-214 proliferated in L15 with dFBS and no glutamine (Bols et al.
1994). However, RTgutGC did not. Rather than being a
diﬀerence between the two cell lines, the results might reﬂect
the use of dFBS with a molecular weight (MW) cutoﬀ of
1000 for CHSE-214 and 10 000 for RTgutGC. With the
10 000 MW cut-oﬀ, more small nutrients and growth factors
would have been lost, possibly preventing this dialyzed serum
from supporting growth in the absence of glutamine. Further
research will be needed to determine whether the response of
RTgutGC to glutamine deprivation is general to ﬁsh cells or
to intestinal epithelial cells.

As with many mammalian intestinal epithelial cell lines,
RTgutGC expressed AP activity only under some culture
conditions. Little or no AP activity was seen in normally
grown human and rat intestinal epithelial cell lines, such HT29, T84, LoVo and IEC-6 (Herz & Halwer 1990; Nollevaux
et al. 2006). However, AP activity could be induced by a
variety of treatments, such as sodium butyrate (Herz &
Halwer 1990; Fukushima et al. 1998). Another human cell
line, Caco-2, expressed AP when the cells were grown to
conﬂuency (Matsumoto et al. 1990). The AP induced under
these conditions was the intestinal form of AP (IAP) and
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considered a marker of diﬀerentiation, as in vivo only differentiated enterocytes expressed IAP. However, for some of
these cell lines, other AP isoforms also were induced (Herz &
Halwer 1990; Fukushima et al. 1998). For RTgutGC, AP
activity was not detected cytochemically in cultures under
normal growth conditions. However, seen in cultures that
had been initiated at very high cell densities, where clumps of
cells attached on top of the monolayer. Determining the
nature of the observed AP as induction of IAP, which has
been identiﬁed in ﬁsh (Bates et al. 2007), and whether this
represents enterocyte diﬀerentiation will be interesting questions to explore with the cell line in the future.

LPS up-regulated the expression in RTgutGC of transcripts
for two isoforms of TNF-a, which is a major pro-inﬂammatory cytokine and an immunoregulator in mammals
(Cruse & Lewis 2004). Previous in vivo studies have shown
the induction of TNF-a2 transcripts in the rainbow trout
intestine (Mulder et al. 2007). Recently, expression of TNFa2 protein as well as transcripts was shown to be inducible in
the rainbow trout gut (Komatsu et al. 2009). Transcript
induction was demonstrated in primary cultures and protein
induction was revealed immunohistochemically in rainbow
trout in which Aeromonas salmonicida had been placed via
the rectum into the posterior intestine for 6 h (Komatsu et al.
2009). RTgutGC should be a convenient in vitro alternative
for studying pro-inﬂammatory cytokine expression in the ﬁsh
intestine.

LPS at concentrations that were broadly similar to the lethal
concentrations reported with mammalian intestinal epithelial
cell lines reduced cellular viability of RTgutGC in sub-conﬂuent cultures. Literature values for the LPS concentrations
cytotoxic to mammalian intestinal epithelial cells varied,
likely because of diﬀerences in exposure conditions and
endpoints, but ranged from approximately 40 lg mL)1 for
SCBN (Chin et al. 2006) to 600 lg mL)1 for Caco-2 (Hirotani et al. 2008). When the same endpoints that were used
with RTgutGC were applied to HT29 and Caco-2, the EC50s
were between 150 and 175 lg mL)1, which were within the
published range but higher than with RTgutGC. The diﬀerences in the basal media and temperature used to culture cells
for the two species may account for the diﬀerences between
the rainbow trout and human intestinal epithelial cell lines.

Fish cells are often considered less sensitive to LPS than
mammalian cells (Iliev et al. 2005; Maier et al. 2008), but
usually viability has not been the response measured and
intestinal epithelial cells have not been compared.
Generally, ﬁsh cells are thought to be less responsive to
LPS because they appear to lack the CD14/LY96/TLR4
recognition and signalling system (Iliev et al. 2005). Mammalian intestinal epithelial cells are known to be hyporesponsive to LPS because they express no or low MD2 (Ly96)
(Lenoir et al. 2008) and possibly TLR4 (Abreu et al. 2001;
Bocker et al. 2003). Thus, for intestinal cell viability, there
might be little diﬀerence between mammals and ﬁsh in their
response to LPS. The reduction in cellular viability caused by
LPS might be initiated through a mechanism independent of
the CD14/TLR4-signalling pathway. Impairment of mitochondrial function represents one action of LPS independent
of CD14 (Glover et al. 1996). Changes in AB reduction
indicates changes in energy metabolism (OÕBrien et al. 2000),
including mitochondrial activity (Zhang et al. 2004). Thus,
the decline in AB reduction by RTgutGC in response to LPS
might be a CD14/LY96/TLR4 independent response. The
steps between the impairment of energy metabolism in
RTgutGC and the loss of membrane integrity remain to be
elucidated. Furthermore, the loss of cell viability could be
associated with apoptosis or by some alternative mode of cell
death.

The sensitivity of RTgutGC to the toxic actions of LPS was
inﬂuenced by several culture conditions that hint at possible
protective mechanisms. As the cell density of cultures was
increased, the cells became less susceptible to LPS. In other
culture systems, cell density has been found to modulate the
induction of NO synthase by LPS (de Oliveira et al. 2002),
but modulation of cell killing by LPS has not been previously
reported. One possible reason for the cells being less susceptible to LPS-killing at high cell density was the elevated
levels of AP activity. Recently, several studies have suggested
that AP in the gut detoxiﬁes LPS (Bates et al. 2007; Koyama
et al. 2002; Vaishnava & Hooper 2007). Thus, in the future,
RTgutGC could be used to study the possible protective
action of AP against LPS at the cellular level.
Another protective mechanism could involve glutamine. In
the presence of 2 mM glutamine, the dose–response curve for
the cytotoxicity of LPS to RTgutGC was shifted to the right,
meaning that a higher concentration of LPS was needed to
reduce cellular viability by 50%. In mammals, glutamine was
found to be generally protective for intestinal epithelial cells

both in vitro (Chow & Zhang 1998; Evans et al. 2005) and
in vivo (Sukhotnik et al. 2007) and appears to achieve this in
multiple ways. Glutamine can protect by supporting the
synthesis of glutathione and heat shock proteins and by
suppressing the induction of cytokines and the activation of
apoptosis (Evans et al. 2005; Roth 2008). The mechanisms
responsible for glutamine attenuating LPS remains to be
investigated, but the results hint that Gln could also have a
protective role in the ﬁsh intestine. Finally, no cytotoxicity
was observed when FBS was present. The serum presumably
protects by binding with LPS, making it less available to cells
and by generally supporting the health of cells.

In the future, further characterization of RTgutGC for
functional parameters should enhance the value of the cell
line in nutritional research. Some parameters of interest
would be the formation of tight junctions and the expression
of speciﬁc intestinal transporters. This might allow RTgutGC
to be the ﬁsh equivalent of the Caco-2 cell monolayer, which
has been used extensively to identify substrates, inhibitors
and inducers of intestinal transporters, especially P-glycoprotein (Sun et al. 2008).
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