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Increased levels of n-6 arachidonic acid (AA), a precursor of pro-inflammatory eicosanoids, have
been found in the colon mucosa of inflammatory bowel disease patients when compared with
healthy subjects. The hypothesis was that dietary AA would aggravate colon inflammation by
changing expression of genes in inflammatory signaling pathways. AA-enriched diet was fed to
IL10 gene-deficient (I110~/") mice, model of a inflammatory bowel disease, and compared with
1110™/~ mice fed an oleic acid control diet. Effects of AA on gene expression profiles during
colitis were examined using whole genome microarray analysis. Dietary AA decreased the
expression levels of some colonic genes in ER stress, complement system, nuclear respiratory
factor 2-mediated oxidative stress and positive acute phase response pathways compared with
11107/~ mice fed an oleic acid diet. AA increased the expression levels of fatty acid catabolism
genes, but decreased that of lipid synthesis genes during colitis, likely by sterol regulatory
element binding transcription factor 1 and target gene regulation. A link has been suggested
between AA and reduction of intestinal fibrosis by down-regulating the expression levels of pro-
inflammatory and fibrotic marker genes. Contrary to the hypothesis, these findings suggest that
dietary AA, in the present experimental conditions, is not pro-inflammatory, reduces ER stress
and protects colonocytes from oxidative stress in 11107/~ mice.
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sion of genes that modulate inflammatory processes by
altering fatty acid metabolism in intestinal epithelial cells
[1, 2]. Metabolism of n-3 and n-6 PUFA is interlinked. For
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example, the n-3 PUFA eicosapentaenoic acid (EPA)
competes with arachidonic acid (AA), the most abundant
n-6 PUFA in animal cell membranes, for incorporation into
membrane phospholipids, replacing it and blocking the
production of pro-inflammatory eicosanoids [3]. Higher
levels of AA are also found in the colon mucosa of inflam-
matory bowel disease (IBD) patients compared with that of
healthy subjects [4].

Epidemiological studies have associated increased intake
of dietary n-6 PUFA and decreased intake of n-3 PUFA with
a higher incidence of IBD [5, 6]. This is supported by a study
with IL10 gene-deficient (Il107/7) mice (a model for a
T-helper type 1-mediated colitis), which found that n-6
PUFA-rich corn oil increased colon inflammation compared
with #n-3 PUFA-rich fish oil [7]. Although AA has been
postulated to have pro-inflammatory effects compared with
EPA [2], another study has reported that feeding an AA ethyl
ester oil-enriched diet to mice with dextran sodium sulfate-
induced colitis increased AA content in colon tissue without
increasing colon inflammation. It also reduced weight loss
and diarrhea scores compared with the diets containing n-3
PUFA-rich fish oil and n-9 oleic acid (OA)-rich sunflower
seed oil [8].

Dietary PUFA can regulate the expression levels of
several genes crucial for immuno-regulatory reactions [9] by
interacting with transcription factors that play an important
role in IBD [10, 11]. Both n-6 and n-3 PUFA and their
metabolites are natural ligands for peroxisome proliferator-
activated receptors (PPARs) such as PPARa [11, 12].
PPARa induces changes in the expression levels of genes
involved in fatty acid oxidation and lipoprotein metabolism
and inhibits that of genes coding for pro-inflammatory
proteins. PUFA can inhibit lipogenic (cholesterol,
triglyceride and fatty acid synthesis) gene expression by
suppression of the transcription factor sterol regulatory
element binding protein (SREBP) [11, 12]. PUFA also
regulate another transcription factor, nuclear factor-xB
(NFxB), which controls the expression of pro-inflammatory
genes (e.g. cyclooxygenase 2 (COX2) and IL6). AA can
induce NFkB translocation and subsequent activation of
target gene transcription leading to inflammation, whereas
EPA inhibits NFkB translocation by PPARa-mediated
activation, resulting in decreased pro-inflammatory and
immuno-regulatory genes and proteins [12]. The interaction
of PUFA with the transcription factors SREBP and NFkB in
the regulation of fatty acid metabolism and immune and
inflammatory responses is still poorly defined. Rodent
studies in which AA-enriched diets were fed showed AA
present at inflammatory sites, and acting as an important
regulator of inflammatory responses within tissues [13], but
AA also has protective effects in mice with experimental
colitis [8].

The present study was designed to test whether dietary
AA aggravates colon inflammation in 1110/~ mice, parti-
cularly the immune and inflammatory pathways. 11107/~
and C57 mice were inoculated with a mix of “complex
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intestinal microflora” and pure cultures of Enterococcus
faecalis [14, 15], and genome-wide expression profiling of
colon tissues was used to identify gene regulatory networks
by which dietary AA affected colon inflammation.
Dietary AA supplementation was also studied in non-
inflamed colon tissue of C57 mice to determine levels of
gene expression compared with inflamed colon. The geno-
type comparison (I1107/~ versus C57 mice) on OA diet
reflects the changes in gene expression levels due to colon
inflammation alone.

2 Materials and methods
2.1 Animals, treatment and tissue collection

This study was approved by the AgResearch Ruakura
Animal Fthics Committee in Hamilton, New Zealand
according to the Animal Protection Act and Animal
Protection Regulations and amendments, animal ethics
approval no. 10587. Twelve male 11107/~ (C57BL/6] back-
ground, formal designation B6.129P2-1110<tm1Cgn>/])
and twelve male C57 control (C57BL/6]) mice were obtained
from The Jackson Laboratory (Bar Harbor, ME, USA). All
mice were 35 days or 5 wk of age at the start of the trial. The
animals were individually housed under conventional
conditions in standard shoebox size cages containing
untreated wood shavings. Water was provided ad libitum.
After 4 days, all mice were inoculated orally with a mixture
of commensal bacteria, as previously described [14, 15], to
obtain a more consistent and reproducible intestinal
inflammation.

Mice were randomly assigned to one of two AIN-76A-
based diets made in-house containing equivalent amounts
of OA or AA ethyl esters (Table 1), with six 110/~ and C57
mice on each diet. Ethyl esters of AA, OA, linoleic
acid and o-linolenic acid were 99% pure (NuCheck,
Elysian, MN, USA). The OA ethyl ester was chosen as a
control fatty acid because it has no effect on tissue AA
content or on eicosanoid biosynthesis [16]. Both diets
contained 1% corn oil, and this was supplemented with
purified linoleic acid and o-linolenic acid to meet the
nutritional requirements for mice [17]. The OA and AA diets
were isocaloric, isoproteinic and varied only in lipid
composition, both containing 5% w/w fat in total. Analysis
of the fatty acid content of the diets was as described
previously [14] (Table 1) and was completed before the
study began to confirm fatty acid composition. To reduce
lipid oxidation, diets were stored at —80°C and supplied
fresh daily (3.5-4.0 g/mouse). Throughout the experimental
period, dietary intake was estimated and adjusted daily to
equal the mean amount of food consumed by 1110/~ mice
on the previous day to ensure similar intakes between C57
and I110~/~ mice. All mice were weighed three times a week
and carefully monitored for disease symptoms (weight loss,
soft faeces, inactivity, etc.).
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Table 1. Composition and analysis of key fatty acids of the two
experimental diets

OA diet AA diet
Ingredient (%)
Casein? 20 20
pL-methionine® 0.3 0.3
Sucrose® 50 50
Dextrin® 15 15
Arbocel, non-nutritive bulk® 5 5
Corn oil? 1 1
C18:2, 99%+9 0.2 0.2
C18:3, 99%+" 0.06 0.06
OA, 99%+ 3.74 0
AA, 99%+ 0 3.74
Choline bitartrate® 0.2 0.2
AIN-76A mineral mix" 35 35
AIN-76A vitamin mix" 1 1
TBHQ! 0.001 0.001
Analysis

Gross energy (MJ/kg) 18.14 18.16
Nitrogen (%) 3.27 3.01
Lipid (%) 5.15 5.18
Fatty acids (%)%

Palmitic acid (C16:0) 0.14 0.13

OA (C18:1) 3.03 0.26

AA (C20:4) 0 2.75

Linoleic acid (C18:2n-6) 0.53 0.50

Linolenic acid (C18:3n-3) 0.05 0.05

Both diets were prepared in-house using ingredients from the

suppliers listed, and according to the compositions shown.

a) Alacid, lactic casein 30 mesh, NZMP Ltd., Wellington,
New Zealand.

b) Sigma, Sigma-Aldrich, St. Louis, MO, USA.

c) Caster sugar, Chelsea, New Zealand Sugar Company,
Auckland, New Zealand.

d) Wheaten cornstarch, Golden Harves, Primary Foods,
Auckland, New Zealand.

e) Arbocell B600, J. Rettenmaier & Sohne, Rosenberg, Germany.

f) Tradewinds, Davis Trading, Palmerston North, New Zealand.

g) C18:2, linoleic acid.

h) C18:3, a-linolenic acid.

i) Prepared in-house based on the AIN-76A diet formulation [45].

j) TBHQ, tertiary butylhydroquinone as antioxidant.

k) Those analysed.

At 77 days of age, all mice were randomly divided into
sampling groups with 12 mice euthanized each day. A
previous study showed that by 77 days of age, inoculated
11107/~ mice had an acceptable and consistent level
of colon inflammation [18]. On the last day, mice were
fasted overnight (14 h), then food was reoffered for 2h and
again removed for the 2h prior to sampling [14]. This
was done to minimize the variation in time between
the last food intake and tissue sampling [19]. Mice were
euthanized by CO, asphyxiation and cervical dislocation,
and cardiac puncture was then performed. Plasma was
separated from the blood, frozen in liquid nitrogen and
stored at —80°C for analysis of serum amyloid A (SAA). The
intestine was quickly removed, cut open lengthwise, flushed
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with 0.9% sodium chloride to remove digesta and divided
into duodenum, jejunum, ileum and colon. The proximal
part of the colon was divided in half. The epithelial layer of
the proximal first half of the colon was scraped off and the
mucus frozen at —80°C. The distal half of the colon was
divided in half again. The first piece was stored in phosphate
buffered 10% formaldehyde at room temperature for histo-
logical analysis, and the second piece was frozen in liquid
nitrogen and stored at —80°C for gene expression profiling
(microarrays, quantitative RT-PCR).

2.2 Histology and SAA

Formaldehyde-fixed colon samples were embedded in a
paraffin block, cut into 5 pm thick sections and stained with
haematoxylin and eosin. The stained sections were eval-
uated by a pathologist (who had no knowledge of the
experimental protocol) for indications of inflammation,
including scoring inflammatory cell infiltration (monocytes,
neutrophils, fibrin exudation and lymphangiectasis), tissue
destruction (enterocyte loss, ballooning degeneration,
oedema and mucosal atrophy) and tissue repair (hyperpla-
sia, angiogenesis, granulomas and fibrosis). A rating
score between 0 (no change from normal tissue section)
and 3 (lesions involving most areas and all layers of
the tissue section including mucosa, muscle and omental
fat) was given for each aspect of inflammatory lesions,
tissue destruction and tissue repair. The histological
injury score (HIS) was calculated as: HIS = (inflammatory
lesions score x 2)+tissue destruction score+tissue repair
score. Monocyte and neutrophil infiltration represented the
main characteristic of the observed colon inflammation;
therefore the sum of inflammatory lesions was multiplied
by 2 to give more weight to this value. A total colon
HIS score from 0-3 was regarded as no inflammation,
from 4-6 as moderate inflammation and >7 as severe
inflammation.

Inflammation was also assessed by measuring SAA
levels in plasma using a murine-specific SAA kit (Tridelta
Development, Maynooth, County Kildare, Ireland), accord-
ing to the manufacturer’s instructions and as described
previously [14].

2.3 RNA isolation

Total RNA from colon tissue was isolated by homogenizing
the samples in TRIzol (Invitrogen, Auckland, New Zealand),
a modification of the acid guanidinium thiocyanate-phenol-
chloroform extraction method, according to the manu-
facturer’s instructions. RNA levels and sub-unit ratios were
quantified with a Nanodrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA), and RNA
integrity assessed with an RNA 6000 Nano Labchip kit using
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
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Clara, CA, USA). Extracted RNA was purified using the
Qiagen RNeasy Mini kit (Qiagen, San Diego, CA, USA).
Only total RNA with an OD 260/280 ratio >2.0, a Bioana-
lyzer 28 s/18 s peak ratio >1.2 and an RNA integrity number
>8 was used for microarray hybridization. An equimolar
pool of colon RNA extracts from two to three mice per
treatment was made to minimize individual variation.
For the reference microarray design, the reference RNA
was prepared using an equal amount of total purified
RNA extracted from small intestine, colon, kidney,
liver and fetuses of normal, healthy growing Swiss
mice.

2.4 Microarrays

The Low RNA Input Linear Amplification kit (Agilent
Technologies) was used according to the manufacturer’s
instructions to synthesize and label cRNA with cyanine 3
(samples) and cyanine 5 (reference) dye (10mM; Perkin-
Elmer/NEN Life Science (NEL 580, 581), Boston, MA, USA).
Dye incorporation was monitored spectrophotometrically
using a Nanodrop ND-1000. The labeled cRNA was hybri-
dized onto 44k mouse oligonucleotide arrays (Agilent
Technologies, G4122-60510) using the in situ Hybridization
plus kit (Agilent Technologies) and following the manu-
facturer’s protocols. These arrays comprise 44 290 probe sets
representing 33994 unique genes. After hybridization, the
slides were washed in solutions I, II and III (Agilent
Technologies), air-dried and scanned immediately
with a GenePix Professional 4200A scanner (Molecular
Devices, Sunnyvale, CA, USA). Spots were identified
and quantified using GenePix 6.0 software (Molecular
Devices). Irregular features and poor quality spots were
eliminated before analysis. Array data have been submitted
to the Gene Expression Omnibus, accession number
GSE12028.

2.5 Analysis of microarray data

Linear models for microarray analysis (Limma) from the
Bioconductor project was used for statistical analysis of the
microarray data [20]. Data quality was assessed on diagnostic
plots (boxplots and density plots) and spatial images
generated from the raw (non-processed) data. All arrays
passed the quality control and were included in the
analyses. Intensity ratios for all microarray spots were
normalized using a global loess smoothing procedure
to remove the effect of systematic variation in the micro-
arrays and no background correction was necessary due to
homogeneous hybridization [21]. The normalized data from
the arrays of each dietary group were log,-transformed, as is
typical for microarray data, and averaged. Three experi-
mental comparisons were performed: (i) diet comparison
(AA versus OA) in 11107/~ mice; (i) diet comparison (AA
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versus OA) in C57 mice; and (iii) genotype comparison of
inflammation on the OA control diet, 11107/~ mice
(inflamed) versus C57 mice (not inflamed). For each
comparison, a list of differentially expressed probe sets was
generated by calculating moderated t-statistics for each
probe set using the Limma package, which implements an
empirical Bayes approach to assign differential gene
expression.

2.6 Quantitative RT-PCR

Total RNA (0.6 pg) of all sample pools used for microarrays
and all individual animals was reverse transcribed using the
Transcriptor First Strand cDNA Synthesis kit (Roche Diag-
nostics, Mannheim, Germany). Quantitative RT-PCR was
performed on a LightCycler 480 Instrument (Roche Diag-
nostics). The LightCycler 480 SYBR Green I Master kit
(Roche Diagnostics) was used according to the manu-
facturer’s protocol to quantify ten differentially expressed
genes, i.e. ATP-binding cassette, sub-family B member 1,
aldehyde dehydrogenase 1 family member A1 (Aldhlal),
carboxylesterase 2 (Ces2), fatty acid binding protein 2,
insulin-like growth factor binding protein 5 (Igfbp5), IL1
beta (I11b), matrix metalloproteinase 13 (Mmp13), Ppara,
sterol regulatory element binding transcription factor 1
(Srebf1) and sulfotransferase family 1A member 1 (Sultlal)
and the results expressed as mRNA level normalized
to calnexin (Canx). Primer sequences used for quantitative
RT-PCR are available in Supporting Information Table S1.
These genes were chosen based on pathway analysis,
as they seemed to be important in the effect of AA on
colon inflammation. Canx was chosen as a suitable
normalization reference gene after evaluating a panel of
candidate control genes for similar expression level amongst
all samples. LightCycler 480 Relative Quantification Soft-
ware was used to calculate mRNA concentrations based on
the appropriate standard curves and normalized ratios
(target/reference).

2.7 Bioinformatics analysis of pathways, networks
and functions

Ingenuity Pathway Analysis software (IPA, Version 7.0,
Ingenuity Systems, Redwood City, CA, USA; www.ingenuity.
com) was used for pathway and network analyses of differ-
entially expressed probes in the microarray data set. The
data files containing probe identifier (gene accession
numbers) and the corresponding changes in expression
values (fold change (FC) and p-value) were uploaded into
IPA. Probes from the microarray data set that satisfied the
cut-off criteria of 1.3 FC in expression levels (up- or down-
regulated) and a p<0.01 were considered for the pathway
and network analysis. Recent studies have shown that a
FC>1.6 might underestimate the number of differentially
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expressed genes from a dietary treatment [22, 23]. Each
probe was mapped to its corresponding gene object in the
Ingenuity Pathway Knowledge Base. Metabolic and regula-
tory processes were assigned to each gene and the pathways
ranked according to the significance of the data. Pathways
were considered significantly affected by dietary AA when
p<0.01 (calculated by the Fisher’s exact test), where at least
10% of the genes from a particular pathway were differen-
tially expressed in the microarray data set. Biological inter-
action networks were generated by IPA to highlight
regulatory relationships between genes from the data set
and other gene objects stored in the Ingenuity Pathway
Knowledge Base.

FUNC, a tool for gene ontology (GO) enrichment analy-
sis, was applied as a complementary method to IPA to relate
changes in gene expression levels to specific biological
functions and pathways. For the FUNC approach, differen-
tially expressed genes (p<0.01, FC>1.3) from each
comparison were analysed for over-represented GO terms
using the hypergeometric test and subsequent refinement
provided by the FUNC package [24]. GenBank accession
numbers were used as the basis for the analysis, and
duplicate accessions were consolidated into one count. Only
GO terms annotated to at least ten genes were considered.
GO terms with false discovery rate <0.05 according to the
hypergeometric test were passed to the refinement step,
and GO terms with p<0.05 after refinement were consid-
ered over-represented in the list of differentially expressed
genes.

2.8 Statistics

SAS (9.1.3 Service Pack 4, SAS Institute, Cary, NC, USA)
was used for statistical analyses of body weight and dietary
intakes, and GenStat (10" edition, VSN International,
Hemel Hempstead, UK) used to analyze HIS, SAA and
quantitative RT-PCR data. Analysis of repeated measure-
ments with ante-dependence and autoregressive variance-
covariance structures was used to fit the body weight
and dietary intake data and to test for treatment
differences in each strain over time. Linear regression and
ANOVA was applied to estimate whether the rate of
body weight gain differed between AA and OA diets for
11107/~ and C57 mice. For ANOVA analyses, log-transfor-
mations of raw data were performed in cases of unequal
variances. Differences in HIS between AA and OA diets for
each mouse strain were analyzed using an ANOVA with
pooled variance. A constant was added to the SAA data prior
to log-transformation to avoid negative values found in C57
mice. Differences were considered significant at p<0.05. A
trend was declared when 0.05 <p<0.10. One Il10~/~ mouse
from the OA diet group died during the experiment (for
unknown reasons) and no samples could be obtained from
this animal for histological examination, scoring and
statistics.
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3 Results
3.1 Body weight and dietary intake

The average body weight and dietary intake of mice from 35 to
75 days of age are shown in Fig. 1. Average body weight of
11107/~ and C57 mice increased over time in both diet groups.
From days 47 to 75 of age, C57 mice fed AA gained less weight
than C57 mice fed OA (p<0.05). The body weight of 11107/~
mice fed the AA diet compared with I110~/~ mice fed the OA
diet was reduced only at day 54 (p = 0.02). There was a signif-
icant decrease (p<0.05) in dietary intake from day 61 to 65 and
from day 70 to 72 between AA- and OA-treated 1110™/~ mice.

3.2 Histology and SAA

There was a trend (0.05 < p<0.10) to reduce colon HIS in AA-
fed 110~/~ mice compared with OA-fed 1110~/~ mice, but no
difference between C57 mice fed the OA and AA diets (Table
2). 1107/~ mice on the OA diet showed severe (HIS>7) colon
inflammation, AA-fed 1110/~ mice showed moderate (HIS
4-6) inflammation, and C57 animals no sign of colon
inflammation (Fig. 2). Figure 2 shows that colon HIS was
mainly characterized by inflammatory cell infiltration (mostly
monocytes) and to a lesser extent by tissue destruction and
repair. The inflammatory lesions only occurred in some areas
of the colon, but involved most layers of the colon. There was
no difference in inflammatory cell infiltration or tissue
destruction and repair in the colon of 1110~/~ mice in the AA
compared with the OA group. There was a 22-fold difference
in plasma SAA concentration between 1110/~ and C57 mice
on the OA diet (p<0.05; Table 2). There was also a trend
(0.05<p<0.10) to reduced plasma SAA in AA-fed 11107/~
mice compared with OA-fed 1110~/ mice.

3.3 Effects of dietary AA on gene expression during
colon inflammation

The number of shared and unique differentially expressed
genes for each comparison is summarized in Fig. 3. The
following comparisons were made: (i) diet comparison (AA
versus OA in 1110/~ mice); (ii) diet comparison (AA versus
OA in C57 mice) and (iii) genotype comparison (inflam-
mation; 1110~/ versus C57 mice on the OA diet). In total,
426 genes were differentially expressed (p<0.01; FC>1.3)
in the colon of 11107/~ mice fed the AA compared with the
OA diet (213 up- and 213 down-regulated). Of these, 208 of
the 426 differentially expressed genes were common to
11107/~ mice fed OA (compared with C57 on the same diet)
and 11107/~ mice fed AA (compared with 11107/~ mice fed
OA), and 202 genes were related to the effect of dietary AA
on colon inflammation. In C57 mice, the AA diet resulted in
differential expression of only 217 genes, and of those, 7
genes were common to those found in AA-fed 1110~/~ mice.
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Microarray results were confirmed for selected genes by
quantitative RT-PCR for the pooled colon samples (Table 3).
The Srebf1 gene showed a tendency but not a significant
expression (p=0.06) by quantitative RT-PCR in 11107/~
mice (unlike the array result) comparing AA with OA diet,
due to higher variability in the AA-fed I110~/~ mice.

3.4 Pathway analysis of the dietary AA effects on
colon inflammation

The metabolic and regulatory pathways most affected by

dietary AA during colon inflammation in 1110/~ mice

(compared with OA-fed 11107/~ mice), in which at least 10%
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of the genes were differentially expressed according to IPA,
are discussed (Supporting Information Table S2). These
pathways involved stress and immune/inflammatory
response, retinoid X receptor (RXR) activation pathways,
lipid metabolism and fibrosis development.

The expression levels of genes involved in stress and
immune/inflammatory response pathways (ER stress,
complement system, nuclear respiratory factor 2 (NRF2)-
mediated oxidative stress response and acute phase
response signaling) were down-regulated in the colon of AA-
fed 11107/~ mice. This includes genes coding for comple-
ment component 1 q or s subcomponent (Clqa, Clgb, CIs),
eukaryotic translation initiation factor 2-alpha kinase 3
(Eif2ak3), I11b, IL1 receptor type 2 (Il1r2), Kelch-like ECH
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Table 2. Inflammation and HIS in colon tissue, and plasma SAA concentrations in C57 and 1170~ mice fed OA or AA diets

C57 mice 11107~ mice

OA diet AA diet OA diet® AA diet Isd®
Colon HIS 0.13 0.34 7.00 5.00 3.00
Inflammatory cell infiltration (x2) 0.13 0.34 5.30 3.58 1.95
Tissue destruction 0 0 1.30 1.17 1.17
Tissue repair 0 0 0.40 0.25 0.47

SAA (ug/mL)* 23.8 82.2 538 161
(4.28) (4.87) (6.38) (5.35) 1.26

A trend (0.05<p< 0.10) has been observed for colon HIS and plasma SAA.

a) One /1107~ mouse from the OA group died during the experiment and could not be taken into account for statistical analysis. The
scores for total colon HIS and inflammation type (inflammatory cell infiltration, tissue destruction and repair) are shown as average of
all mice in the treatment group and Isd (statistical analysis within //70~~ mice, mostly zero scores for C57 mice).

b) Isd, least significant difference.

c) SAA is shown as average with log-transformed values in parentheses, and Isd of the log-transformed data.

Figure 2. Haematoxylin and eosin stained colon sections of a C57 and an //70~ mouse. (A) Colon section ( x 100) from a normal, non-
inflamed C57 mouse fed AA diet. (B) Moderate inflamed colon section ( x 100) from an //70~/~ mouse fed AA diet. (C) Severe inflamed
colon section ( x 100) from an /1707~ mouse fed OA diet. Lesions are mainly caused by inflammatory cell infiltration with a high number of

monocytes and neutrophils (<), loss of crypt cells through crypt abscesses and loss of goblet cell («) in the lamina propria.

associated protein 1 (Keapl), tumor necrosis factor (Thf) and
TNF receptor associated factor 2 (Traf2).

Genes from pathways related to RXR activation were also
affected in the colon of AA- compared with OA-fed 1110/~
mice. These include constitutive androstane receptor (CAR)/
RXR activation, liver X receptor (LXR)/RXR activation, LPS/
IL1-mediated inhibition of RXR function and co-factor
metabolism. RXR, as a major heterodimeric partner for
nuclear receptors such as CAR and LXR, regulates the
expression of several genes of xenobiotic metabolism and
immune/inflammatory response (Il1a, Il1b, Il1r2 and Tnj).
Analysis of biological networks by IPA showed interaction of
genes involved in xenobiotic metabolism with those involved
in stress and immune/inflammatory response (Fig. 4). The
expression levels of xenobiotic metabolism genes up-regu-
lated in AA-fed 11707/~ mice included Aldhlal, cytochrome
P450 family members (CYP, e.g. Cyp3a5), glutathione
S-transferase A4 (Gsta4), flavin containing monooxygenase2
(Fmo2), sulfotransferase family 1 members (Sultlal,
Sultlc2) and uridine diphosphate glucuronosyltransferase
family 1 member (Ugtlal). ABC transporter (Phase III)
enzyme (e.g. Abcbl), and carboxylesterase (e.g. Ces2) gene

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

expression levels, were significantly increased in the colon of
AA-fed 11107/~ mice when examined with the more sensi-
tive quantitative RT-PCR. The mRNA abundance of retinol
dehydrogenase 5 (Rdh5), a gene involved in retinoic acid
synthesis, was increased in the colon of AA-fed 11107/~
mice.

The AA-fed 1107/~ mice had decreased colonic expression
levels of the Srebf1 gene, which is also regulated by RXR. Gene
networks show that the decrease in SrebfI gene expression
levels might be due to a reduction in Thf mRNA abundance
and indirectly due to a reduction in II1b gene expression levels.
Expression of the Srebfl gene is further linked to decreased
expression levels of the cholesterol biosynthesis genes
3-hydroxy-3-methylglutaryl-Coenzyme A (CoA) reductase
(Hmger) and farnesyl diphosphate synthase (Fdps). The
expression levels of other lipogenic transcription factors such
as Ppara and members of the nuclear receptor superfamily
Nri1h3 (LXRay), Nr1i3 (CAR) and Rxra (RXRa) were unchanged
in the AA-fed 1110/~ mice. Dietary AA up-regulated the
expression levels of genes of fatty acid catabolism including
acetyl-Co A acyltransferase 2 (Acaa2) and acyl-CoA thioesterase
5 (Acot5), whereas that of genes of fatty acid synthesis, e.g.

www.mnf-journal.com



Mol. Nutr. Food Res. 2010, 54, S62-S74

acetyl-CoA carboxylase alpha (Acaca) were down-regulated in
the colon of 1107/~ mice.

Genes of the fibrosis pathway (such as collagen type 1 alpha
2 (Colla2), fibroblast growth factor 7 (Fgf7) and Igfbp5), had
decreased mRNA levels in the colon of AA- compared with

AAvs. OA, IL10™* Al vs. DA, 057

1952

O, 110" vs, C57

Figure 3. Venn diagram showing the numbers of differentially
expressed genes unique to or in common with the genotype
comparison (//10/~ mice versus C57 mice on OA diet) and the
two diet comparisons (AA versus OA in /1107~ mice and AA
versus OA in C57 mice). Numbers represent genes that satisfied
the criteria of p<0.01 and FC>1.3 in each comparison.

S69

OA-fed 11107/~ mice. Decreased expression levels of fibrosis
development genes was also associated with decreased
expression levels of genes involved in tissue degradation (e.g.
Mmp13) and immune/inflammatory response in the colon of
AA-compared with OA-fed 11107/~ mice. In contrast, the levels
of these genes were more highly expressed in 1110/~ mice on
the OA diet versus C57 mice on OA diet.

3.5 Functional analysis of dietary AA effects on
colon inflammation

GO enrichment analysis was performed on the differentially
expressed gene list to identify biological processes and
functions affected by dietary AA (compared with OA-fed
1110~/~ mice). Table 4 shows 15 terms most strongly over-
represented in the colon of II107/~ mice fed AA diet
compared with 11107/~ mice fed OA diet. These included
GO terms such as extracellular space (complement compo-
nent, insulin-like growth factor binding protein, and
immunoglobulin-complexes) and collagen (fibrillar and
transmembrane collagen), which can be linked to immune
response and fibrosis processes, respectively. Other over-
represented GO terms were antigen binding and mono-
oxygenase activity, which are descriptors for immune
response and lipid metabolism. The FUNC analysis
agreed well with the IPA analysis, so dietary AA can be
confidently linked with those processes involved in colon
inflammation.

4 Discussion

Contrary to the hypothesis, this study showed beneficial
effects of dietary AA on colon inflammation in Il10~/~ mice,

Table 3. Validation of gene expression results from microarray analysis using quantitative RT-PCR

Gene Fold Change microarray

symbol

Fold Change quantitative RT-PCR Canx®

1110~ versus AA versus 1110~~ versus AA versus
C57 OA diet OA 11107~ mice C57 OA diet OA 11107~ mice
Abcb1la -3.3 1.6° -9.1 2.2
Aldh1at -2.1 1.6 -5.3 2.7
Ces2 -3.6 1.6 -7.7 3.7
Fabp2 —2.4 1.4 —14.3 2.2
lgfbp5 2.0 -2.3 3.0 -1.8
I11b 8.5 —2.6 16.9 -3.3
Mmp13 3.2 —2.2 9.0 —3.6
Ppara -25 1.4 5.0 2.5°
Srebf1 1.19 -1.7 1.8% —1.4°
Sult1a1 -2.1 2.2 -8.1 2.9

a) Canx reference gene used to normalize the data.

b) Microarray result was not significantly different using moderated t-statistics in Limma. Probe sets that satisfied the criterion of >1.3 FC

with moderated p<0.01 considered to be significantly different.

c) Quantitative RT-PCR result showed a tendency to significance using ANOVA (p = 0.06).
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Figure 4. Biological interaction
network of genes of the most
significantly regulated pathways
generated for the AA versus OA
1110~ mice comparison using
IPA. Genes or gene products are
represented as nodes, and the
biological relationship between
two nodes is represented as an
edge. All edges are supported by
at least one reference from the
literature. Red and green colored
nodes indicate genes with up-
and down-regulated expression,
respectively, in /1107~ mice fed
AA diet compared with //107~
mice fed OA diet. The intensity of
the colors specifies the degree of
up- or down-regulation. Greater
intensity represents a higher
expression level. Nodes and
edges are displayed with various
shapes and labels that present
the functional class of genes and
the nature of the relationships
between the nodes.

Table 4. GO terms over-represented in the colon of //707~ mice fed AA diet compared with OA-fed //707~ mice

GO ID GO term Number of genes p Over-representation
after data refinement

GO0:0005615 Extracellular space 185 2.48E-12
G0:0005792 Microsome 23 8.68E-07
G0:0016616 Oxidoreductase activity, acting on the CH-OH group of donors, NAD 15 6.13E-05

or NADP as acceptor
GO0:0030020 Extracellular matrix structural constituent conferring tensile strength 8 1.28E-04
G0:0005581 Collagen 8 3.74E-04
G0:0016705 Oxidoreductase activity, acting on paired donors, with incorporation 14 3.99E-04

or reduction of molecular oxygen
G0:0031672 A band 5 1.04E-03
G0:0005859 Muscle myosin complex 5 1.34E-03
GO0:0003823 Antigen binding 6 1.35E-03
G0:0003924 GTPase activity 16 2.07E-03
GO0:0003774 Motor activity 18 2.24E-03
G0:0004497 Monooxygenase activity 13 3.64E-03
G0:0008483 Transaminase activity 6 3.70E-03
G0:0005737 Cytoplasm 221 8.59E-03
GO0:0017111  Nucleoside-triphosphatase activity 42 2.26E-02

FUNC analysis was used to identify significantly over-represented GO terms in the colon of AA-fed //70™

/~ mice compared with OA-fed

1110~~ mice. GO terms annotated to at least ten genes and with false discovery rate <0.05 (according to the hypergeometric test) were
passed to data refinement, and those with p<0.05 after refinement were considered over-represented in the list of differentially expressed

genes.

using a combination of statistical, functional, pathway and
network analysis of the whole murine transcriptome. Diet-
ary AA tended to decrease colon HIS and plasma SAA in
11107/~ mice when compared with OA-fed 11107/~ mice.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Genome-wide expression analysis revealed a complex
network of transcript changes distinctive to the AA-fed
11107/~ mice, characterized by changes in stress and
immune/inflammatory responses, fibrosis development,
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lipid metabolism, RXR activation pathways and LPS/
IL1-mediated inhibition of RXR function. These pathways
were shown to be affected by inflammation (11107~ versus
C57 mice, both fed OA, reported by Knoch et al. [14]); dietary
AA counteracted some of these effects in 11107/~ mice
(compared with OA-fed 11107/~ mice). In most cases,
dietary AA fed to C57 mice did not affect these pathways
(compared with OA-fed C57 mice). The following para-
graphs discuss the pathways most significantly affected by
dietary AA, and explain how the various transcript changes
are interconnected and modulate adaptive cellular responses
at the transcriptional level during the course of colon
inflammation.

4.1 Dietary AA reduced colonocyte stress

Compared with dietary OA, dietary AA reduced the expres-
sion levels of several genes of ER stress (Eif2ak3 and Traf2),
complement system (Clga and Clgb) and positive acute
phase response (CIs, [11b and Thnf) pathways in the colon of
1110~/~ mice. Inhibition of complement components (e.g.
C5) has been shown to attenuate the activity of several
mediators of intestinal tissue injury including neutrophil
trafficking, cytokine production and adhesion molecule
expression [25]. Activation of the complement system has
been linked with mediation of tissue damage, and increase
in intestinal inducible nitric oxide synthase (iNOS) protein
activity seems to play a role in this activation [26]. iNOS is
induced by the cytokines TNF, IL1, IFNy, and by LPS in a
variety of cell types [27]. The gene network built here using
IPA indicates that the reduced Thf and Il1b cytokine gene
expression levels observed in the colon of AA-fed 11107/~
mice were not linked to a change in mRNA abundance of
the Nos2 gene.

Dietary AA reduced the abundance of the Eif2ak3 (Perk)
gene, which codes for an ER transmembrane protein kinase
that phosphorylates the eukaryotic translation initiation
factor elF2a and suppresses protein synthesis in response to
ER stress [28]. Decreased Eif2ak3 gene expression levels
suggest reduced ER stress in response to dietary AA, which
is supported by reduced mRNA abundance of Keapl. Upon
ER stress, NRF2 is released from its repressor KEAPI,
which leads to accumulation of NRF2 in the nucleus. NRF2
binds to the antioxidant response element and activates
transcription of genes coding for detoxifying and anti-
oxidant enzymes, glutathione S-transferase (GST) and
uridine diphosphate glucuronosyltransferase (UGT) [29].
Reduced ER stress in the colon of 1107/~ mice fed an AA
diet was not associated with change in expression levels of
NRF2 (Nfe2l2) gene, but linked to increased mRNA abun-
dance of its target enzyme genes, e.g. Gsta4 and Ugtlal.
This implies an increase in detoxification activities in the
colon of those mice and likely an effect of dietary AA on
NRF2 protein phosphorylation, which is not measured in
this study, leading to increased GST and UGT activities.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Dietary AA also increased expression levels of the Aldhlal
gene (which is involved in oxidative stress and prevents lipid
damage by destruction of reactive aldehydes [30]) in 11107/~
mice, and decreased expression levels of the Traf2 gene,
which codes for a protein that can elicit (when activated
during stress response) c-Jun N-terminal kinase phosphor-
ylation and activation [31]. The findings suggest mechan-
isms by which dietary AA could reduce ER stress response
and protect colonocytes from oxidative stress in 11107/~
mice.

4.2 Dietary AA and lipid metabolism genes

As expected, dietary supplementation with AA ethyl ester
affected several genes critical to lipid metabolism in
inflamed colon. Dietary AA increased fatty acid transport
(Slc27a2 or Fatp2), mitochondrial (Acaa2), peroxisomal
(Acot5) and microsomal (Cyp4a1l) fatty acid oxidation genes
in the colon of 11107/~ mice. It decreased the expression
levels of cholesterol and fatty acid (Acaca) synthesis genes
likely via down-regulation of SrebfI and its target genes, for
example, the ratelimiting enzyme of sterol biosynthesis
Hmger and signaling co-factors such as Tnf in the colon of
11107/~ mice. These transcript changes are in agreement
with existing knowledge about fatty acid transport, synthesis
and metabolism; fatty acids can be P-oxidized in mito-
chondria or peroxisomes or o-oxidized in microsomes for
energy production and cell signaling [32, 33].

In this study, COX-dependent AA metabolism was
reduced in the AA-fed 1107/~ mouse colon, because
expression levels of the Cox2 (Ptgs2) gene, and subsequently
inflammatory response genes, were decreased, suggesting a
protective effect of dietary AA in the colon of I110~/~ mice.
This finding does not agree with a study where supple-
mentation of purified AA (1.5% AA ethyl ester) to an EPA
diet (10% w/w fat total) was tumorigenic by reducing the
anti-tumorigenic effect of purified EPA on colorectal cancer
using the Apc™™/* mouse model [34]. AA can be metabo-
lized by different enzyme systems: COX, lipoxygenases
(LOX) and CYP [35]. COX (e.g. prostaglandins, thromboxane
and prostacyclin) and LOX (e.g. leukotrienes and hydro-
xyeicosatetraenoic acids) products are differentially distrib-
uted in the intestine with effects on intestinal motility,
secretion and blood flow [35]. CYP in intestinal microsomal
fractions metabolize AA to several oxygenated metabolites
(epoxyeicosatrienoic acids or hydroxyeicosa-tetraenoic acids,
HETE) [36]. Expression levels of the Cyp2c40 gene were
highly reduced in inflamed colon of [110~/~ mice, and
showed a tendency to be increased by dietary AA. CYP2C40,
the main CYP2C in the intestinal tract, has also been
identified in murine colon and metabolizes AA to 16-HETE
[36]. The anti-inflammatory mediator 16-HETE can inhibit
adhesion and aggregation of neutrophils, suggesting a role
in resolution of inflammation [36]. The exact roles of the
CYP2C differentially expressed in various extrahepatic
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tissues remains unknown, but CYP2C40 may play an
important role in intestinal inflammation and in metabo-
lizing AA, and may contribute to specific AA metabolite
production in those tissues to reduce or promote inflam-
mation.

However, similar to the present study, Ramakers et al. [8]
reported a protective effect of dietary AA in dextran
sodium sulfate-induced colitis mice (colon mostly affected)
fed AA-enriched diet (1.1% AA ethyl ester oil, 6% w/w
total fat; approximately one-third of the AA amount
used here); the animals showed decreased weight loss
and less diarrhea compared with the OA-enriched diet.
Sustained increased delivery of dietary AA during the
onset of colon inflaimmation might have resulted in
increased transport of AA from the peripheral circulation
into the colonocytes, increased storage in the colonocyte
membrane and esterification of AA with glycerol in
membrane phospholipids. Therefore, the concentration of
free AA in the intracellular compartment might have
remained at a level insufficient to initiate inflammation.

4.3 Dietary AA reduced colonocyte fibrosis

Several genes implicated in the development of intestinal
fibrosis were expressed at lower levels in the colon of AA-fed
1110~/~ mice. Supporting this observation, colonic short-
ening and deformation appeared to be reduced in the colon
tissue of 11107/~ mice fed AA diet compared with that of
OA-fed 11107/~ mice (visual observation noted at tissue
sampling, data not shown), although fibrotic features
were not scored in detail in the histological examination.
Crohn’s disease-associated fibrosis is the result of a
complex interplay among fibroblasts, smooth muscle cells,
cytokines, inflammatory cells and chronic transmural
inflammation.

Increase in collagen synthesis by smooth muscle cells,
fibroblasts, and an increase in muscle layer thickness have
also been observed in Crohn’s disease patients with intest-
inal fibrosis [37]. In AA-fed 11107/~ mice, decreased
expression levels of pro-inflammatory cytokines were linked
to lower Mmp13 gene expression levels. MMP can degrade
extracellular proteins (e.g. collagen, laminin and fibronectin)
and their expression is activated by pro-inflammatory cyto-
kines (e.g. TNF and IL1A), with over-expression leading to
dysregulated extracellular matrix turnover and intestinal
inflammation [38].

Reduction of intestinal fibrosis by dietary AA is also
suggested by down-regulation of the expression levels of
Colla2 gene involved in collagen synthesis. Reduced mRNA
abundance of Igfbp5 gene by dietary AA in the colon of
1110~/~ mice is in agreement with observations that higher
expression levels of Igfbp5 are related to extracellular matrix
remodeling by increasing collagen synthesis and cell
proliferation, and thus, to fibrosis development in inflamed
colon [37]. The colonic expression levels of Fgf7 gene, which
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is involved in epithelial tissue homeostasis, repair and
disease and exerts some of its cytoprotective effects through
activation of NRF2 under stress conditions [39], was also
decreased in AA-treated 1110/~ mice. It has been reported
that an AA-enriched oil can decrease the expression levels of
genes involved in collagen synthesis and cell adhesion in
mice [30], but the link between dietary AA and intestinal
fibrosis has not been made previously.

While the changes in immune and inflammatory
responses to dietary AA may be specific to the present
experimental conditions, the impact of the IL10 mutation on
colitis development varies as a function of the inbred strain
background when maintained under the same conditions.
The colitis in 11107/~ mice on the C57BL/6] background for
example is mild [40], compared with when the I110™<&"
allele is bred into the 129/SvEv, C3H/He]Bir and C3H.SW
background strains, where colitis is severe and progressive
[41-43]. This suggests that other genes or gene interactions
particular to the genetic background of each strain modify
the development of colitis and probably the response to a
dietary intervention. For example, the study by Andriko-
poulos et al. [44] has shown that the effect of a high fat diet
on insulin secretory function was dependent on the mouse
strain. Future investigations of the effects of dietary AA on
whole genome gene expression profiles of I110~/~ mice on
different genetic backgrounds may unravel gene interac-
tions that lead to phenotypic differences.

In conclusion, it was found that in 1107/~ mice, dietary
AA reduced the expression levels of some genes associated
with cellular stress, inflammatory and immune response and
intestinal fibrosis development, compared with dietary OA.
This suggests that the colonocytes were able to deal with a
sustained exposure to AA as used here, a recognized pro-
inflammatory fatty acid during colitis development. Dietary
AA could reach the colonocytes from the peripheral circula-
tion and remain at a level that did not initiate inflammatory
processes resulting from reduced COX-dependent metabo-
lism. Since sampling was performed at only one time point in
this disease model, further investigation is warranted to study
the effect of AA on changes in the gene expression profile at
several time points, including postprandial intervention and
after clinical manifestation of colitis. The different bioavail-
ability of AA and OA ethyl esters and triglycerides containing
these fatty acids is also important to explain their bioactive role
in the process of inflammation.
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