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Abstract

Background: The EU ban on antimicrobial growth promoters (AGP) has initiated a search for non-
antibiotic alternatives. It has been demonstrated that certain antibiotics and non-antibiotic alter-
natives enhance growth by inhibiting inflammatory cells, i.e. neutrophils and macrophages in the
intestine. There is very little information on the effect of anti-inflammatory compounds on intes-
tinal epithelial cells, which are known to play an important role in intestinal inflammatory res-
ponses. In order to establish this, a porcine intestinal epithelial cell line (IPEC J2) was incubated
with an adherent enterotoxigenic E. coli (ETEC) to stimulate inflammation, using a non-pathogenic
non-adherent E. coli (EC) as a control. The influence of the presence of the anti-inflammatory
compounds Macleaya cordata extract (MCE) and acetylsalicylic acid (ASA) on inflammatory tran-
scriptional responses was studied. Results: ETEC induced a strong inflammatory response as was
most evident from the expression of IL-1f, IL-8 and TNF-a, whereas EC induced IL-1£ only. Co-in-
cubation with MCE and ASA significantly reduced the responses of the pro-inflammatory cytokines,
similarly for IL-1f8 and TNF-a, but ASA was more effective than MCE in reducing the IL8 response.
Conclusions: The present results suggest that the in vivo anti-inflammatory growth promoting ef-
fects of AGP and effective alternatives to AGP such as MCE and ASA are not restricted to inflamma-
tory cells and also involve the more abundant enterocytes. This suggests a major role for epithelial
cells in growth promotion livestock, and it further supports the notion that effective alternatives
to AGP should have anti-inflammatory activity.
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1. Introduction

Antimicrobial growth promoters (AGP) are antibiotics added to feed in sub-therapeutic concentrations. In 2006
they were banned in the European Union, which has led to a search for effective alternatives. This search was
hampered by the lack of a plausible mechanism for AGP. Initially, the growth promoting effect of AGP in li-
vestock was attributed to their antibiotic character [1]. This is unlikely, mainly because of the fact that AGP are
antibiotics in sub-therapeutic concentrations. In 2007, it was proposed that AGP rather work by direct inhibition
of inflammatory responses, thus saving energy for growth [2]. It also explained why AGP still worked in the
presence of wide spread antibiotic resistance [3]. Further support for the concept of direct inhibition of inflam-
mation by AGP came from recent studies in pigs and poultry [4]-[7]. In the original publication on the anti-in-
flammatory concept the major target cells were thought to be intestinal macrophages and neutrophils because
there was ample in vitro and in vivo evidence on inactivation of the latter by AGP antibiotics [2]. However, it is
clear that the major cell types in the intestines are enterocytes which play an important role in modulating intes-
tinal inflammatory responses working in close concert with inflammatory cells (for recent reviews see [8] [9]).
Recently, we have demonstrated that growth promoting effects of AGP and the phytobiotic alternative Macleaya
cordata extract (MCE) coincide with a reduction of inflammatory responses in small intestinal mucosa in broi-
lers [10]. Because the mucosa contains a multitude of different cell types, no conclusions could be drawn on the
role of enterocytes. Therefore, in the current study we tried to establish the inflammatory response of a mono-
culture of enterocytes to MCE using the non-antibiotic anti-inflammatory compound acetylsalicylic acid (ASA) [11]
with known growth promoting activity [12] as a control. MCE is an extract of Macleaya cordata (commonly
known as plume poppy), and the active anti-inflammatory component is sanguinarine [10]. Co-culture with en-
terotoxigenic E. coli (ETEC) was used to stimulate inflammation and gene expression was compared with co-cul-
ture with a non-pathogenic non-adhesive E. coli strain (EC), using the porcine intestinal cell line IPEC-J2.

2. Material and Methods
2.1. Bacterial Strains

Two strains of E. coli were used in this study. An enterotoxigenic F4 fimbriae type E. coli K88ac (MUN 287),
(ETEC; [13]) was used to stimulate inflammation, whereas a non-fimbriated E. coli strain (G58-1), (EC; [13])
was used as control. Both ETEC and EC were kindly donated by the Professor Rodney A. Moxley (University
of Nebraska, Lincoln) and were grown in Luria Bertani Broth at 37°C for 18 h before use under low agitation to
reach the concentration of 1 to 2 x 108 CFU/mL. For each experiment, the bacterial solution was adjusted to 2 x
108 CFU/mL using the optic an density at 650 nm, and samples were plated on Luria agar to confirm the number
of bacteria.

2.2. Cell Culture

The IPEC-J2 (epithelial cell line derived from the jejunum of neonatal piglets), were kindly donated by the Pro-
fessor Anthony Blikslager (North Carolina State University). Cells were maintained following previously estab-
lished protocols, and for the gene expression assay, cells were seeded into 6-well plates in a 2-mL volume/well,
containing 2 - 4 x 10° cells each. Cells were used at confluence after 3 to 4 d [14]. Experiments were performed
in triplicate. Anti-inflammatory treatments included a commercial Macleaya cordata extract (MCE) (Sangrovit
WS SV Phytobiotics GmbH, Eltville, Germany containing 12,235 mg/kg of sanguinarine and 4073 mg/kg of
chelerythrine, of which sanguinarine is the active component [10]) and acetylsalicylic acid (ASA, Sigma Aldrich,
St. Louis, USA), both diluted in sterile PBS at 0.001% (w/v), which is in the range of the intestinal concentra-
tion expected by in feed use of the compounds as AGP. One mL of each E. coli strains cultures (2 x 10°
CFU/mL) was mixed with 1 mL of MCE, ASA or PBS (control) solutions and pre-incubated for 30 minutes at
RT [14]. After this step, the solutions were added to confluent monolayers of IPEC-J2 and incubated for 2 h at
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37°C with 5% of CO,. Then, cells from all treatments were washed twice with sterile PBS and used for RNA
extraction [14]. Cells were incubated for no more than 2 h to allow for sufficient gene induction whilst prevent-
ing artefacts caused by cell death as a result of bacterial overgrowth.

2.3. RNA Isolation and Quantitative PCR Analysis

RNA extraction was performed by adding 1 mL of TriPure Isolation Reagent (Roche Applied Science) to each
well and following the manufacturer’s instructions for centrifuge-based extraction. A Turbo DNA-free kit (Ap-
plied Biosystems) was used to digest contaminating DNA. The integrity of the RNA was checked by analyzing
0.5 ug on a 1% (w/v) agarose gel. RNA concentration and purity were determined spectrophotometrically using
the Nanodrop ND-1000 (Nanodrop Technologies) and RNA integrity was assessed using a Bioanalyser 2100
(Agilent). cDNA was produced then by using a iScript cDNA Synthesis Kit (Bio-Rad) following the manufac-
turer’s instructions. Real-time quantitative PCR were used to quantify the gene products of interest (TLR-4,
TLR-5, IL-18, IL-8, IL-10; and TNF-a) relative to the quantity of Cyclophilin A mRNA in total RNA isolated
from cultured IPEC-J2. Cyclophilin A was used as a reliable housekeeping gene for low abundant transcripts in
expression studies in different pig tissues using SYBR green quantitative PCR [15]. PCR reactions were carried
out in triplicate in 96-well plates using the iQ5 Real-Time PCR detection system (Bio-Rad Laboratories, Her-
cules, CA, USA). Each reaction included the appropriate forward and reverse primers (200 nM) (Table 1), 5 uL
of cDNA (not included in non template controls) and 12.5 uL of iQ™ SYBR® Green Supermix (Bio-Rad La-
boratories, Hercules, CA, USA) The following thermal protocol was performed: 30 cycles at 94°C for 30 s, 57°C
for 30 s and 72°C for 45 s. A standard curve including TLRs, cytokine and housekeeping genes was generated
using serial dilutions of a pooled RNA. Relative abundance of TLRs, cytokines and chemokines gene expression
was determined from real-time PCR data of IPEC-J2 cells by the ratio (R) equation [15]. The ratios were horma-
lized using the results of a negative control treatment (cell line without the bacterial challenge).

2.4. Statistical Analysis

The statistical software program Graph Pad Prism 5 for Windows (GraphPad software) was used to carry out all
statistics. Data followed a normal distribution as assessed by the D’ Agostino-Pearson normality test. Differences
in gene expression between ETEC and EC treated cells with MCE, ASA and PBS were compared with each
other by one-way ANOVA and Tukey’s multiple comparison post-tests. The significance level was set at P <
0.05.

3. Results
The results are given in Figure 1. ETEC compared to EC induced higher mRNA levels of TLR-4 and TLR-5,

Table 1. Primers for real-time polymerase chain reaction.

Gene name Accession number Sequence (5' - 3') Efficiency R? Reference
Cyclophilin-A-for JX523419 CCTGAACATACGGGTCCTG 2.00 0.98 [15]
Cyclophilin-A-rev AACTGGGAACCGTTTGTGTTG

TLR4-for AB188301 GCCATCGCTGCTAACATCATC 1.98 0.99 [15]

TLR4-rev CTCATACTCAAAGATACACCATCGG

TLR5-for NM_001123202 CAGCGACCAAAACAGATTGA 2.00 0.99 [20]
TLR5-rev TGCTCACCAGACAGACAACC
IL1B-for NM_214055 GGCCGCCAAGATATAACTGA 1.99 0.98 [15]
IL1B-rev GGACCTCTGGGTATGGCTTTC
IL8-for M86923 TTCGATGCCAGTGCATAAATA 2.02 0.97 [15]
I1L8-rev CTGTACAACCTTCTGCACCCA
IL10-for L20001 CAGATGGGCGACTTGTTG 2.00 0.99 [20]
IL10-rev ACAGGGCAGAAATTGATGAC
TNFa-for NM_214022 CGCCCACGTTGTAGCCAATGT 2.00 0.99 [15]
TNFo-rev CAGATAGTCGGGCAGGTTGATCTC
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Figure 1. The response of IPEC-J2 cells to challenge with two strains of E. coli in the presence or absence of an-
ti-inflammatory compounds. C is the non-pathogenic E. coli control, P the pathogenic E. coli (ETEC). ASA is
acetylsalicylic acid, MCE is Macleaya cordata extract. Experiments were performed in triplicate (n = 3). Errors

bars represent the standard deviation of the mean. Letters indicate the result of statistical testing. Treatments not
sharing letters are significantly different (P < 0.05).

although differences were not significant. However, lower levels of IL-10 (P < 0.01), and higher levels of IL-8
(P < 0.001), and TNF-a (P < 0.001) mRNA were found in ETEC-challenged cells compared to EC challenged
cells, whereas levels of 1L-15 were not different. In ASA-treated cells, no differences in expression of TLR-4,
TLR-5, IL-10 and IL-1p were found in ETEC-challenged cells compared to EC, but the first showed higher
MRNA levels of IL-8 (P < 0.001) and TNF-a (P < 0.001). In ETEC-challenged cells treated with MCE, higher
MRNA levels were found compared to control (EC) cells for TLR-4 (P < 0.001), TLR-5 (P < 0.001), IL-8 (P <
0.001), and TNF-a (P < 0.001), while 1L-10 and IL-1/ expression was not different. Compared to PBS-treated
cells, ASA caused a reduction in TLR-4 (P <0.001), IL-8 (P < 0.001), IL-10 (P < 0.01), TNF-a (P < 0.001) and
IL-15 (P < 0.001) mRNA levels in ETEC-challenged cells. A lower expression of IL-8 (P < 0.001), TNF-a (P <
0.001) and IL-18 (P < 0.001) was detected in ETEC-challenged cells treated with MCE compared with PBS.
Differences in pro-inflammatory gene expression between the two anti-inflammatory treatments in ETEC-chal-
lenged cells were evident for TLR-4 and 1L-8, which showed lower expression in ASA-treated cells than in cells
exposed to MCE (P < 0.001).

4. Discussion

The IPEC-J2 cell line (intestinal porcine epithelial cells), isolated from jejunum of neonatal piglets, is a reliable
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model for the in vitro study of the swine small intestine [16]. It is also very useful for studying the inflammatory
responses to F4 fimbriated ETEC mainly because it expresses the F4-specific receptor [17] [18]. After challenge
with ETEC F4, IPEC-J2 cells express the Toll-like receptor-4 (TLR-4), as well as TLR-5, leading to up regula-
tion of IL-1f, IL-8 and TNFa, and down regulation of IL-10 [14]. ETEC strains without F4 fimbriae lead to
lower expression of interleukins, and non-pathogenic, non-F4 fimbriated EC induce the lowest responses in par-
ticular concerning IL-8 [14] [18].

Concerning the non-treated controls, results were largely similar to those of the earlier study [14]. For TLR-4
and TLR-5 no large differences were found between the bacterial strains, and the effect of the anti-inflammatory
compounds on the expression of these genes is limited too. IL-10 was down regulated in response to ETEC, but
no effect of ASA and MCE was seen. No difference was found between the EC strains for IL-18, however, a
clear significant down regulation of IL-15 expression was seen in the presence of ASA and MCE. A striking
difference between the bacterial strains was seen for IL-8 and TNF-a as before [14]. This is consistent with the
strong effect of F4 fimbriated ETEC on IL8 expression of IPEC-J2 [18]. Furthermore, as was the case for IL-1p,
a clear significant reduction of IL-8 and TNF-a expression by ASA and MCE of ETEC compared to the un-
treated controls was found. It should be realized that cytokine mRNA responses as quantified here by PCR do
not always translate into equal amounts of active secreted cytokine protein, and results should be interpreted
with caution. However, it is deemed unlikely that the strong and consistent response of the three different pro-
inflammatory cytokines to ASA and MCE were not functionally relevant.

The mechanism by which ASA exerts its activity in cells is not entirely clear [11], and the same is the case for
MCE [10]. Still, MCE and ASA have clear anti-inflammatory effects on different cell types including entero-
cytes as demonstrated here. This is consistent with the anti-inflammatory effects described by others in vitro and
in vivo, although there are certainly differences concerning the expression of particular anti-inflammatory genes.
For instance, as opposed to in vitro, in jejunal mucosa of broilers there was no effect of in feed MCE on IL-10
expression, and only a small quadratic effect on IL-14 [10]. Differences with other in vitro studies may be due to
different cell types, incubation conditions and time et cetera. Similarly, large differences with in vivo conditions
are apparent. It can also be argued that species differences may exist between pig and chicken. However, it has
been demonstrated that chicken immunological responses in the small intestine are largely similar to mammals
(e.g. [19]). Furthermore, a recent study in piglets showed that MCE promoted growth while reducing the plasma
levels of acute phase proteins [20], indicating a similar anti-inflammatory mechanism as in chicken.

Thus it appears that MCE (and other growth promoters) inhibit inflammation in vitro as well as in vivo [10]
[21]. Inflammation is known to reduce growth (through inappetance and muscle catabolism), which explains
why effective growth promoters must be inhibitors of inflammatory responses, thus sparing energy for growth

[2].
5. Conclusion

The present in vitro results indicate that the anti-inflammatory effect of growth promoters in vivo is not likely
restricted to inflammatory cells such as macrophages, and also affects the more abundant enterocytes. Thus epi-
thelial cells may play an important role in the growth promoting effects of anti-inflammatory compounds. It is
also shown that phytobiotic extracts can be effective alternatives to antimicrobial growth promoters.
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