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Abstract Exclusive enteral nutrition using polymeric for-
mula (PF) is a well-established therapeutic option for active
Crohn’s disease; however, its mechanisms of action are un-
known. We investigated the anti-inflammatory effects of PF
in an in vitro model of epithelial cell inflammation. PF did
not affect cell viability over a range of dilutions, but when PF
was added to the culture medium the interleukin (IL)-8 re-
sponse to proinflammatory stimuli was significantly reduced.
This effect was due to PF acting directly on the cells as the
IL-8 response was still reduced when PF was separated from
the proinflammatory stimuli in a 2-compartment system. In
the presence of PF, nuclear factor (NF)-κB nuclear migration
was not inhibited; however, IκBα degradation was delayed.
PF has direct anti-inflammatory effects upon immortalized
colonic enterocytes. Therefore PF may, in part, modulate
gut inflammation by directly reducing the inflammatory re-
sponse of the intestinal epithelium.

Keywords Polymeric formulae . Inflammatory bowel
disease . Anti-inflammatory effects . In vitro model

Crohn’s disease (CD) and ulcerative colitis (UC), collectively
known as inflammatory bowel disease (IBD), are chronic ill-
nesses that predominantly affect the gastrointestinal tract.
Incidence of IBD, especially CD, has increased in the last
decades in developing countries [1–3]. Currently, there is
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no cure for IBD with this chronic illness characterized by
remissions and exacerbations continuing throughout the pa-
tient’s life. Although recent research has progressed our un-
derstanding of IBD pathogenesis, its etiology remains un-
known. The current accepted hypothesis is that interactions
between the intestinal epithelium, the innate immune system,
and environmental factors including the intestinal microflora,
in genetically susceptible individuals, lead to a dysregulated
immune response [4].

IBD is often diagnosed during young adulthood, although
in up to 25% of patients initial disease presents during ado-
lescence or early childhood, with 2% of pediatric diagnoses
occurring before 2 years of age [2, 5, 6]. Classic present-
ing features of pediatric CD are abdominal pain, diarrhea,
and weight loss; if left untreated growth failure and pubertal
delay can follow [5, 6]. Growth failure is present in almost
50% of pediatric IBD patients and is caused by malnutri-
tion associated with reduced oral intake, increased energy
requirement, increased nutrient loss, and malabsorption [2,
7, 8]. Consequently, attention to nutrition plays a central
role in the management of IBD in children [7, 9, 10]. Such
an approach may involve the administration of an enteral
formula provided exclusively (EEN). Although reports vary
with regard to the efficacy of EEN in adults [11–14], there is
support for EEN as a treatment modality in children with ef-
ficacy equivalent to steroids in the induction of remission in
active CD, while avoiding steroid-related side effects [9, 10].
In addition, EEN offers nutritional and linear growth benefits
[10, 15]. Although both polymeric and elemental formulae
are effective at inducing disease remission [16–18], poly-
meric formulae (PFs) lead to greater weight gains [18], are
more palatable (thus permitting oral administration), and are
cheaper than elemental formulae [17].

Over the 2 decades that EEN has been used as a ther-
apeutic option in the management of CD, it is noted to
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induce disease remission; aid mucosal healing [19] and
histologic improvement [20]; has been shown to suppress in-
flammatory markers [20–23] and increase expression of anti-
inflammatory cytokines [24], including transforming growth
factor β (TGF-β) [21]. Despite these findings, the precise
mechanism by which EEN reduces intestinal inflammation
is unknown. The aim of the current study was to further inves-
tigate the anti-inflammatory properties of PFs used for EEN
and determine if PF has direct anti-inflammatory effects on
enterocytes in an in vitro model of intestinal epithelial cell
inflammation.

Materials and methods

Materials

Tumor necrosis factor α (TNF-α), interleukin-1α (IL-
1α), lipopolysaccharide (LPS), TGF-β, anti–TGF-β, anti–
nuclear factor-κB p65 (NF-κB p65) and anti-goat im-
munoglobulin G (IgG) were obtained from Sigma Chem-
ical Co. (St. Louis, MO). NF-κB SN50 was obtained
from Biomol Research Laboratories (New South Wales,
Australia). For all experiments, cytokines were used at
the following concentrations: TNF-α (100 ng/mL), IL-1
(10 ng/mL), and LPS (1 µg/mL). The PFs tested were Osmo-
lite (Abbott, Columbus, OH), Ensure (Abbott), and Modulen
(Nestlé Nutrition, Glendale, CA).

Intestinal epithelial cell lines and culture conditions

HT-29 cells (ATCC HTB-38) were maintained in McCoy’s
5A medium, (Gibco Invitrogen, Carlsbad, CA) contain-
ing 10% fetal bovine serum (FBS; Gibco) and 100 U/mL
penicillin/streptomycin (Gibco). Caco-2 cells (ATCC HTB-
37) were maintained in minimum essential medium with
Earle’s salt and l-glutamine (Gibco) containing 20% FBS,
100 U/mL penicillin/streptomycin (Gibco), and 0.1 mmol
nonessential amino acids (Gibco). INT407 cells (ATCC
CCL-6) were maintained in basal medium Eagle with Earle’s
salt (Gibco) containing 10% FBS and 100 U/mL peni-
cillin/streptomycin.

For experimentation, Caco-2 and INT407 cells were
seeded in 24-well plates (Becton Dickinson, Franklin Lakes,
NJ), with HT-29 cells seeded in 24-well plates (Becton
Dickinson) coated with rat tail collagen (BD Biosciences,
Bedford, MA). For experiments requiring a 2-compartment
system, HT-29 cells were grown to a monolayer on the mem-
brane of inserts (Bio Coat Collagen I inserts 24-well 3.0 mi-
cron; BD Biosciences). For immunostaining, HT-29 cells
were grown on 4-well culture slides (BD Biosciences) and
for the IκB immunoassay, HT-29 cells were grown in 96-well
culture plates (Microwell Nunc, Roskilde, Denmark). Cells
were incubated in an atmosphere of 5% CO2 in air at 37◦C

until at least 80% confluent. In each series of experiments,
cell-free supernatants were collected and stored at − 80◦C
until required for subsequent analysis.

Assessment of cell viability by trypan blue exclusion

Intestinal epithelial cells (IECs), grown in 24-well culture
plates, were washed twice with warm phosphate-buffered
saline (PBS, 500 µL/well; Gibco) then incubated with
Tryspin-EDTA (500 µL/well; Gibco) for 15 minutes. Warm
FBS (500 µL/well) was then added to inhibit trypsin with
the contents of each well transferred to a separate eppendorf
tube. Tubes were then centrifuged at 1200 g for 5 minutes.
The supernatant was discarded and the pellet containing the
cells gently resuspended in warm media. Equal volumes of
cells and Trypan blue (Sigma) were combined with cell vi-
ability counts conducted using a hemocytometer and a light
microscope.

Enzyme-linked immunosorbent assay to measure
Interleukin-8

The concentration of IL-8 in culture supernatant was
measured using a commercial enzyme-linked immunosor-
bent assay (ELISA; Biosource International, Camarillo,
CA) according to the manufacturer’s protocol. Briefly,
samples added in duplicate to 96-well microtiter plates
(Maxisorp Nunc) coated with monoclonal IL-8 antibody
and detected with biotinylated secondary antibody and
streptavidin-horseradish peroxidase conjugate (Pharmin-
gen, San Diego, CA). TMB (3,3′,5,5′-tetramethylbenzidine
[Sigma] in 0.1 mol citrate acetate buffer with H2O2) was
added and the color reaction stopped after 5 minutes with
the addition of 5 N H2SO4. A450 nm was measured with an
ELISA plate reader (BioRad, Hercules, CA).

Enzyme-linked immunosorbent assay to measure IκBα

Total IκBα protein was measured using a commercial
ELISA (SuperArray, Frederick, MD) according to the man-
ufacturer’s protocol. Briefly, HT-29 cells grown to conflu-
ence in 96-well microtiter plates were subjected to exper-
imental procedure then fixed with 4% fixing buffer (4%
paraformaldehyde [ProSciTech, Thuringowa, Australia;] pH
7, 100 µL/well) overnight at 4◦C. Plates were washed with
wash buffer (200 µL/well) on a platform mixer (Ratek,
Boronia Victoria, Australia) for 5 minutes, after which the
wash step was repeated. Plates were quenched by incubat-
ing with quenching buffer (100 µL/well) for 20 minutes at
room temperature and then washed. Antigen retrieval buffer
(100 µL/well) was added and the plates heated in a mi-
crowave oven (Samsung, Seoul, Korea) for 3 minutes at
300 V. Plates were allowed to cool, then washed and blocked
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with blocking buffer (100 µL/well) for 1 hour at room tem-
perature. After washing, IκBα-specific antibody (1:100 di-
lution, 50 µL/well) was added and the plates incubated for
1 hour at room temperature, then washed once. Secondary
antibody (1:16 dilution, 100 µL/well) was added and the
plates incubated for 1 hour at room temperature, then washed
twice with wash buffer and once with PBS (100 µL/well).
Developing solution was added (100 µL/well) with the color
reaction proceeding for 10 minutes. Stop solution was added
(100 µL/well) with A450 nm measured on an ELISA plate
reader (BioRad). Plates were then washed once with wash
buffer (200 µL/well) and once with water (200 µL/well) then
air dried for 5 minutes. Cell-staining buffer (200 µL/well)
was added and plates incubated for 30 minutes at room tem-
perature. Following 2 rinses then 2 washes with water, a 1%
sodium dodecyl sulfate solution (100 µL/well) was added
and the plate incubated for 1 hour at room temperature, after
which A595 nm was measured with a plate reader (BioRad).

Western blot analysis

Fifteen microliters of PFs were combined with 15 µL re-
ducing buffer (5% glycerol [Sigma], 0.03% bromophenol
blue [BioRad], 10 mmol dithiothreitol [Sigma]), separated
on a 4–20% polyacrylamide gel (Gradipore, Frenches Forest,
NSW, Australia) and transferred to a nitrocellulose mem-
brane using the PROTEAN II miniblot system (BioRad).
The membrane was blocked by incubating with 3% BSA in
PBS overnight at 4◦C and probed with anti–TGF-β (1:1000
dilution) for 1 hour at room temperature on a platform
mixer. The membrane was washed with Tris-buffered saline
(15 mmol Tris-Base [Promega, Madison, WI) and 150 mmol
NaCl containing 0.05% Tween 20 (polyoxyethylene [20]
sorbitan monolaurate; Ajax Finechem, Seven Hills, NSW,
Australia) and incubated with anti-goat IgG (1:5000 dilu-
tion) for 1 hour at room temperature on a platform mixer.
Following washing, developing substrate (Nitro Blue Tetra-
zolium [Promega] and 5-bromo-4-chloro-3-indolyl phos-
phate [Promega] in 100 mmol Tris-Base, 100 mmol NaCl
and 5 mmol MgCl2.6H2O, pH 9.5) was added and incubated
at room temperature for 5 minutes with the reaction stopped
by immersing the membrane in water.

NF-κB immunofluorescence

HT-29 cells were grown on a 4-well culture slide to con-
fluence, washed with PBS then fixed with Zamboni’s fixa-
tive (1 mL/well, 1.5% saturated picric acid, 2% formalde-
hyde in PBS, pH 7.0) for 20 minutes at room temperature.
Slides were washed with PBS and incubated with 10% goat
serum in 0.1% BSA (Sigma) in PBS for 20 minutes at
room temperature. After 2 washes, slides were incubated
overnight at 4◦C with anti–NF-κB p65 (1:100 in 0.05%

saponin [Sigma] BSA/PBS). Following 3 washes, slides were
incubated with Alexa Fluor 488 goat anti-mouse Ig (1:200
v/v in saponin/BSA/PBS; Molecular Probes, Eugene, OR)
for 2 hours at room temperature in the dark, then washed
and mounted in media containing DAPI (Vector Laborato-
ries Inc, Burlingame, CA). Slides were viewed at × 200 and
× 400 magnification on an Axioplan 2 Fluorescent micro-
scope (Zeiss, Oberkochen, Germany) with images collected
and analyzed using Axio Vision software (Zeiss).

Statistical analysis

GraphPad Prism version 3.00 for Windows (GraphPad Soft-
ware, San Diego, CA) was used to generate graphs and statis-
tical analysis. ANOVA was used for multiple comparisons,
followed by t-test to determine individual differences be-
tween groups. Results are presented as mean values ± SEM.
Significant was accepted if P < .05. All experiments were
repeated a minimum of 3 times.

Results

Effect of polymeric formulae on cell viability

HT-29 cells were incubated for 18 hours with PF (formula
A, B, or C) at a dilution of 1 in 2, 1 in 5, 1 in 10, 1 in 20,
or 1 in 50 in media. Following incubation, cell viability was
assessed by Trypan blue exclusion. There was no difference
in cell viability over the range of dilutions for any of the
formulae (data not shown). Polymeric formula A (PFA) at 1
in 5 dilution in media was used for all further experiments.

Anti-inflammatory effects of polymeric formula A

IEC were incubated with or without PFA for 18 hours to con-
dition cells. Following conditioning, IEC were replenished
with similar media (either with or without PFA) containing
inflammatory stimuli (TNF-α, IL-1, or LPS) then incubated
for a further 6 hours. Following incubation, cell-free culture
supernatants were collected and assayed for IL-8. Experi-
ments were repeated at least twice.

PFA alone did not have an inflammatory effect as similar
IL-8 levels were measured in culture with PFA compared to
culture with media alone (Fig. 1). However, PFA had a pro-
nounced anti-inflammatory effect; conditioning and main-
taining cells in PFA dramatically decreased the IL-8 response
to inflammatory stimuli. HT-29 cells, cultured in the absence
of PFA produced 10,230 ± 1113 pg/mL IL-8 in response to
TNF-α; however, this was reduced to 2205 ± 554 pg/mL IL-
8 when cells were conditioned and maintained in PFA and
exposed to TNF-α (P < .0001; Fig. 1A). Similarly, HT-29
cells cultured without PFA produced 2610 ± 632 pg/mL IL-
8 in response to IL-1, but only 390 ± 126 pg/mL IL-8 when
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Fig. 1 PFA exerts an anti-inflammatory effect on intestinal epithe-
lial cell lines. HT-29 (A, B), Caco-2 (C), and INT407 cells (D) were
incubated for 18 hours, with or without PFA, then exposed to TNF-α
(100 ng/mL), IL-1 (10 ng/mL), or LPS (1 µg/mL) and incubated for

a further 6 hours. Cell-free supernatants were collected with IL-8 lev-
els measured. In the 3 cells lines, PFA significantly reduced the IL-8
response to TNF-α, IL-1, and LPS (∗P < .005)

cultured with PFA and stimulated with IL-1 (P < .002).
Furthermore, HT-29 cells produced 301 ± 20 pg/mL IL-8 in
response to LPS in the absence of PFA and 198 ± 13 pg/mL
IL-8 when PFA was present in the culture media (P < .0001;
Fig. 1B).

Similar results were observed for Caco-2 and INT407
cells. Caco-2 cells, cultured in media alone, produced
75 ± 14 pg/mL IL-8 in response to TNF-α but only
27 ± 3 pg/mL in response to TNF-α in the presence of PFA
(P < .003; Fig. 1C). Caco-2 cells, stimulated with IL-1 pro-
duced 217 ± 17 pg/mL IL-8 in the absence of PFA but only
130 ± 20 pg/mL IL-8 in the presence of PFA (P < .003;
Fig. 1C). INT407 cells cultured in the absence of PFA pro-
duced 5678 ± 1434 pg/mL IL-8 in response to TNF-α, but
only 844 ± 90 pg/mL IL-8 when PFA was included in the
media (P < .003; Fig. 1D). Also, INT407 cells produced
2201 ± 317 pg/mL IL-8 when cultured with IL-1 and media
alone, but only 741 ± 91 pg/mL IL-8 when cultured with
IL-1, media and PFA (P < .0001; Fig. 1D).

Further experiments were conducted to determine if
PFA maintained its anti-inflammatory effect on uncondi-
tioned cells following prolonged exposure to proinflamma-
tory stimulus. HT-29 and INT407 cells were cultured for
18 hours with either TNF-α or IL-1. Following this in-
cubation, media was replenished with fresh media, with
or without PFA. Cells were then incubated for a further
6 hours with the culture supernatant collected and assayed for
IL-8.

The anti-inflammatory effect of PFA was maintained in
unconditioned cells after prolonged exposure to inflamma-
tory stimuli. HT-29 cells produced 1383 ± 135 pg/mL IL-8
in response to TNF-α stimulation, but only 576 ± 34 pg/mL
IL-8 upon TNF-α exposure in the presence of PFA (P <

.0001). However, IL-1 stimulation produced a similar IL-8
response, with or without PFA, after IL-1 stimulation (Fig.
2A). PFA was effective at reducing the IL-8 response in
INT407 cells on exposure to both TNF-α and IL-1. With
TNF-α exposure, INT407 cells produced 1134 ± 125 pg/mL
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Fig. 2 The anti-inflammatory effect of PFA was maintained after
intestinal epithelial cells were preexposed to inflammatory stimuli. (A)
HT-29 and (B) INT407 cells were pretreated with a proinflammatory
stimulus (TNF-α [100 ng/mL] or IL-1 [10 ng/mL]) for 18 hours. Cells
were then incubated with fresh media, with or without PFA, for a
further 6 hours with supernatants collected and assayed for IL-8. After
inflammatory stimulus exposure, PFA still had an anti-inflammatory
effect on HT29 cells in response to TNF-α (∗P < .0001) and on INT407
cells in response to both TNF-α and IL-1 (∗∗P < .02)

IL-8, but only 763 ± 35 pg/mL IL-8 upon TNF-α exposure
followed by PFA in the media (P < .01; Fig. 2B). For IL-1
exposure, INT407 cells produced 877 ± 133 pg/mL IL-8 in
the absence of PFA and only 540 ± 65 pg/mL IL-8 in the
presence of PFA (P = .02; Fig. 2B).

Separation of polymeric formula A and inflammatory
stimuli in a two-compartment system

To determine if PFA had direct effects on IECs, PFA was
separated from TNF-α. Conditioned HT-29 cells, grown on
inserts, were exposed to PFA in the apical compartment and
TNF-α in the basal compartment then incubated for 6 hours.
Supernatants were collected from both compartments and
assayed for IL-8. PFA exerted an anti-inflammatory effect,
as IEC cells secreted 3085 ± 777 pg/mL IL-8 basally in the

Fig. 3 The anti-inflammatory effect of PFA is maintained in a
2-compartment system. TNF-α and PFA were separated in a 2-
compartment system with HT-29 cells grown as a monolayer on a
membrane support, separating an apical and a basal compartment. Cells
were conditioned with PFA in the basal compartment for 18 hours, then
incubated for 6 hours with TNF-α (100 ng/mL) in the apical compart-
ment and PFA in the basal compartment. Cell-free supernatants were
collect and assayed for IL-8. PFA still exerted its anti-inflammatory
effect on HT-29 cells when separated from TNF-α, as significantly less
IL-8 was excreted basally when cells were in contact with PFA (∗P <

.007)

absence of PFA but only 750 ± 136 pg/mL IL-8 when PFA
was present (P < .007; Fig. 3).

Detection of TGF-β in polymeric formula by western
blotting

Previous studies have demonstrated that PFs containing
TGF-β have positive effects on mucosal healing and dis-
ease remission in IBD [21]. Western blotting was used
to determine if formulae A, B (PFB), or C (PFC) con-
tained TGF-β. TGF-β was detected in PFC but not in PFA
or PFB (data not shown). These findings are consistent
with the manufacturer’s statement that PFC contains bovine
TGF-β.

Effect of heating or freezing/thawing on polymeric
formula A

To determine if the anti-inflammatory component of PFA is
heat sensitive, PFA was frozen and thawed or heated at 100◦C
for 20 minutes. Fresh or treated PFA was then added to HT-
29 in the presence of TNF-α and incubated for 6 hours.
There was no difference in the level of IL-8 produced by
HT-29 cells in response to TNF-α, in the presence of fresh,
frozen/thawed, or heated PFA (data not shown).

Effect of polymeric formula A on nuclear localization
of NF-κB p65

To determine if the anti-inflammatory effect of PFA was due
to inhibition of NF-κB nuclear localization, HT-29 cells,
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Fig. 4 PFA delays IκBα degradation in response to TNF-α stimu-
lation. HT-29 cells stimulated with TNF-α for 15, 30, 45, 60, 90, or
120 minutes with or without PFA were fixed with total IκBα levels
measured. Total IκBα levels are presented as percentage of total IκBα

levels in unstimulated (baseline) cells. (A) In the absence of PFA after
30 minutes of TNF-α stimulation, IκBα levels were at their lowest
at 47% (P = .0473) of baseline, then returned to baseline levels after
60 minutes of stimulation. (B) In the presence of PFA, IκBα degrada-
tion was delayed 15 minutes, where levels reached their lowest point
(40%, P = .0189) after 45 minutes of stimulation. IκBα levels then re-
turned to baseline at 60 minutes but were elevated compared to baseline
after 90 minutes (163%, P = .0243) of TNF-α stimulation

stimulated with TNF-α for periods of 15, 30, 45, 60, 90, or
120 minutes in the presence or absence of PFA were fixed
and stained with anti-NF-κB p65. In unstimulated cells, NF-
κB was observed only in the cytoplasm. After 30 minutes
of TNF-α exposure, NF-κB was predominantly seen in and
around the nucleus. After 120 minutes of exposure, NFκB
was observed in the cytoplasm with very minimal nuclear
staining (data not shown). Exposure to PFA in the absence
of TNF-α did not appear to induce NF-κB nuclear localiza-
tion as NF-κB staining appeared predominantly cytoplasmic
following 30 minutes exposure to PFA alone. PFA also did
not inhibit NF-κB nuclear localization; after 30 minutes ex-
posure to TNF-α in the presence of PFA, NF-κB staining
was predominantly nuclear. Pretreatment with SN50 inhib-
ited NF-κB nuclear localization. Following 30 minutes of
exposure to TNF-α, NF-κB staining was predominantly cy-
toplasmic in HT-29 cells pretreated with SN50 (data not
shown).

Effect of polymeric formula A on IκBα degradation

Further studies investigated whether PFA affected IκBα

degradation. Levels of total IκBα in HT-29 cells were mea-
sured following 15-, 30-, 45-, 60-, 90-, or 120-minute ex-
posure to TNF-α in the presence or absence of PFA. In
the absence of PFA after 30 minutes of TNF-α exposure,
IκBα levels fell to 47% (P = .0473) of unstimulated (base-
line) IκBα levels (Fig. 4A). Total IκBα remained low at 61%
(P > .05) after 45 minutes exposure then returned to baseline
levels after 60 minutes (116%, P > .05), and remand con-
stant following 90 (132%, P > .05) and 120 minutes (106%,
P > .05) of exposure to TNF-α (Fig. 4A). Incubation of HT-
29 cells with PFA alone had no effect on IκBα levels over
the 120-minute period (data not shown). However, TNF-α
stimulation in the presence of PFA delayed the degradation
of IκBα. IκBα level after 30 minutes of exposure to TNF-α
with PFA was 79% of baseline (P > .05). IκBα was signif-
icantly decreased after 45 minutes exposure to TNF-α with
PFA: levels were 40% of baseline (P = .0189; Fig. 4B). Lev-
els then rose at 60 minutes (79%, P > .05) and continued to
increase until they were significantly elevated compared to
baseline at 90 minutes (163%, P = .0243) with levels begin-
ning to fall by 120 minutes (152%, P > .05; Fig. 4B).

Discussion

EEN is used in many pediatric centers to induce remission in
children with active CD. Although utilized for many years,
the precise mechanisms of action of this therapy have not
been clearly elucidated. Recent reports show that EEN may
lead to alterations in intestinal microflora [25]. The results
of the current studies and a previous report by Meister et al.
[24] indicate that PFs, as used for EEN, have specific anti-
inflammatory properties. It is likely, therefore, that EEN has
direct anti-inflammatory effects on the intestinal epithelium
in addition to indirect effects secondary to modification of
intestinal microflora.

The model utilized in this study is similar to previously
published models used to study the intestinal epithelial re-
sponse in vitro [24]. Here, immortalized colonic epithelial
cells were grown as a monolayer to imitate the epithelial
cell lining of the colonic mucosa. TNF-α, IL-1, and LPS,
important proinflammatory stimuli involved in IBD patho-
genesis [20, 26, 27], were used to mimic inflammation and
IL-8, a sensitive indicator of inflammation and marker of
NF-κB activation [28], was used to quantitate the epithelial
cell response. A dilution of 1 in 5 of PF was considered to
represent a physiologic dilution as the average adolescent
receives 2 L/d PF as IBD therapy, and has a daily intestinal
luminal fluid turnover of approximately 10 L [29]. With this
model, PF was shown to have no effect on cell viability and
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PF itself did not induce an inflammatory response. However,
PF was shown to significantly reduce IL-8 production in re-
sponse to a range of proinflammatory stimuli in 3 different
epithelial cell lines.

The nature of this anti-inflammatory effect was investi-
gated further. The action of PF could be due to either an
intracellular mechanism or an interference of inflammatory
stimuli binding with their respective receptors. To clarify
this, PF and inflammatory stimuli were separated in a 2-
compartment system. In this system, epithelial cells were in
contact with TNF-α only through their upper surface and PF
only through the lower surface. Here the epithelial cells still
produced significantly less IL-8 in response to stimulation
when in contact with PF compared to media alone. There-
fore, it is likely that PF acts directly on the epithelial cells to
reduce IL-8 production.

The NF-κB pathway, a central intracellular signal trans-
duction pathway, was considered a possible target for the
intracellular action of PF. Schreiber et al. [30] described
increased levels of NF-κB p65 in the lamina propria of pa-
tients with IBD, and demonstrated that levels decrease during
corticosteroid administration. These findings have been con-
firmed by other investigators [31]. NF-κB exists as either a
homodimer or heterodimer of Rel family proteins including
p50/100, p52/p100, p65, RelB, and c-Rel, and is retained
in the cytoplasm of unstimulated cells in a complex with
IκB proteins [32]. Surface receptor activation, by ligation to
proinflammatory stimuli, leads to a cascade of phosphoryla-
tion events resulting in the phosphorylation and degradation
of IκBα by the ubiquination pathway [33]. Phosphorylation
of IκBα releases NF-κB, which then translocates to the nu-
cleus and promotes the transcription of multiple proinflam-
matory and immunoregulatory genes, including IL-8 [33].
We initially investigated whether PF interferes with NF-
κB nuclear translocation. The results indicated that in the
presence of PF, NF-κB nuclear translocation proceeds un-
inhibited. Next we investigated whether PF affected IκBα

degradation. Our results indicate that PF does not inhibit
IκBα phosphorylation or degradation, but does appears to
influence the rate of these events and promotes IκBα expres-
sion. The delay in IκBα phosphorylation and enhanced IκBα

production may, in part, account for the anti-inflammatory
properties of PF.

To investigate this further, we tested for the presence of
anti-inflammatory cytokine TGF-β in PF. Fell et al. [21]
reported that 79% of children with active CD went into
clinical remission after 8 weeks of treatment with PF con-
taining TGF-β. Indeed, TGF-β is an essential cytokine in
maintaining mucosal integrity. TGF-β inhibits IEC growth,
stimulates IEC differentiation, [34, 35] regulates gut inflam-
mation [36], and acts on tight junctions to limit intestinal
permeability [37, 38]. TGF-β was present in only 1 of the 3
PFs used in this study. However, PFA—used for the majority

of experiments—displayed anti-inflammatory properties in
the absence of TGF-β. Further, freeze–thawing or boiling did
not destroy the anti-inflammatory activity of PFA, suggest-
ing that its anti-inflammatory component is not readily labile.
The NF-κB pathway can be inhibited by a range of molecules
that interact at different locations in the pathway. An exam-
ple is aspirin and its metabolite sodium salicylate, which
inhibit NF-κB activation by binding IκBα and preventing its
phosphorylation and degradation [39]. A component of PF
may similarly interact with IκBα and may therefore reduce
its functionality.

In summary, the use of EEN in the treatment and man-
agement of IBD is accepted, although its mode of action is
poorly understood. What is known is that EEN offers nutri-
tional benefits and may limit intestinal inflammation by al-
tering intestinal microflora [25]. EEN has also been shown to
influence the ratio of proinflammatory and anti-inflammatory
cytokines to favor an anti-inflammatory intestinal environ-
ment [24]. In addition, we have shown that PF, used for EEN,
has direct anti-inflammatory effects on enterocytes, limiting
their chemokine response to proinflammatory stimuli. Con-
sequently, this work has provided further evidence to support
the validity of EEN as a treatment modality in CD. Contin-
ued investigation into the anti-inflammatory mechanism of
PF must now be undertaken to help improve the therapeutic
properties of PF.
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