Original Research

Orally administered emu oil attenuates disease in a mouse model
of Crohn’s-like colitis

Chloe J Mitchell’2, Gordon S Howarth'?3, Lauren C Chartier' ®, Debbie Trinder*>,
lan C Lawrance*®, Li San Huang? and Suzanne Mashtoub'>*

1Gastroenterology Department, Women’s and Children’s Hospital, North Adelaide, South Australia 5006, Australia; 23chool of Animal and
Veterinary Sciences, University of Adelaide, Roseworthy, South Australia 5371, Australia; *Adelaide Medical School, University of

Adelaide, Adelaide, South Australia 5005, Australia; “School of Medicine, University of Western Australia, Murdoch, Western Australia
6150, Australia; 5Harry Perkins Institute of Medical Research, Murdoch, Western Australia 6150, Australia; ®Saint John of God Hospital,

Centre for Inflammatory Bowel Disease, Subiaco, Western Australia 6008, Australia
Corresponding author: Suzanne Mashtoub. Email: suzanne.mashtoub@adelaide.edu.au

Impact statement

The submitted work details novel research
to contribute to the field of inflammatory
bowel diseases, specifically Crohn’s dis-
ease and alternative therapies. This work is
important as current therapies for Crohn’s
disease are variably effective and often
significantly compromise patient quality of
life. Emu oil, used in the current study, has
the potential to alleviate disease severity
and promote intestinal repair in a mouse
model of Crohn’s-like colitis. The new
findings from this manuscript, whereby
emu oil attenuated disease severity from
clinical scores and colonoscopy results,
add to the literature of inflammatory bowel
disease mouse models and support the
therapeutic potential of emu oil. This
research may advance the progression to
clinical trials and ultimately the commer-
cialization of emu oil as an adjunctive or
alternative therapy for the detrimental
inflammatory bowel diseases.

Abstract

Crohn’s disease is a severe, incurable inflammatory bowel disease. Orally administered
emu oil has demonstrated anti-inflammatory properties in previous models of gastrointes-
tinal disease. We aimed to determine whether orally administered emu oil could attenuate
disease in a mouse model of Crohn’s-like colitis. Female ARC(s) mice (CD-1 equivalent,
n=10/group) were intra-rectally administered water (120 pL) or trinitrobenzene sulfonic acid
(TNBS; 3mg in 50% ethanol; 120 uL bolus) on day 0. Mice were orally administered water
(80 puL) or emu oil (80 uL or 160 puL) daily for five days and euthanized on day six. Bodyweight
and disease activity were recorded daily. Colonoscopy, burrowing activity, facial grimace,
histological parameters (damage severity, small intestinal villus height/crypt depth and
colonic crypt depth), myeloperoxidase activity and intestinal permeability were assessed.
P < 0.05 was considered statistically significant. TNBS decreased bodyweight (days 1, 2, 4;
P < 0.05) and increased disease activity (days 1-6; P < 0.01), compared to normal controls.
Emu oil (80 uL) attenuated disease activity on days 5-6 (P < 0.05), although bodyweight loss
was not significantly impacted (P > 0.05). Facial grimace and colonoscopy scores were
significantly increased in TNBS-control mice; effects attenuated by both volumes of emu
oil (P <0.001). TNBS increased histological damage severity compared to normal controls

(P < 0.05); an effect attenuated by 80 pL emu oil (proximal and distal colon; P < 0.05) and 160 pL emu oil (distal colon; P < 0.01). In
the ileum, villus height and crypt depth were unaffected by TNBS or emu oil treatment compared to normal (P > 0.05). TNBS-
induced distal colonic crypt lengthening was unaffected following emu oil administration (P> 0.05). Remaining parameters,
including burrowing, myeloperoxidase activity and intestinal permeability, were unchanged across all treatment groups
(P> 0.05). In normal mice, emu oil treatment did not significantly impact any parameter compared to normal controls. In conclu-
sion, emu oil reduced overall disease severity and facial grimace scores in TNBS mice. These results suggest therapeutic potential
for orally administered emu oil in the management of Crohn’s disease.
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Introduction

Inflammatory bowel disease (IBD) is the collective term for
a group of incurable inflammatory conditions of the small
intestine and colon, encompassing Crohn’s disease, ulcera-
tive colitis, and indeterminate colitis. Crohn’s disease is a
chronic inflammatory condition characterized by transmu-
ral inflammation of the gastrointestinal tract occurring in
alternating active and quiescent periods, distinguishing
it from colitis which affects only the colonic mucosa.'
Crohn’s disease may affect all layers of the gastrointestinal
tract from mucosa to serosa in a discontinuous pattern of
inflamed and healthy segments.*”

Common treatments for Crohn’s disease include cortico-
steroids (prednisolone, budesonide) and targeted anti-
TNF-a antibody therapies (infliximab, adalimumab) with
the aim to alleviate inflammation and induce remission.'
There are detrimental aspects to the use of commonly pre-
scribed medications which limit their efficacy, particularly
with prolonged use. Reported side-effects of adverse extra-
intestinal manifestations include ocular and dermatological
reactions, metabolic and nervous system interference, as
well as increased risk of opportunistic infections resulting
from immunosuppression.*” Surgical intervention is often
required to resect severely inflamed sections of bowel, yet
this is not curative and post-operative recurrence is
common. The variable efficacy and side-effects of conven-
tional IBD treatments emphasize the need for new and
novel adjunctive treatment options, and naturally derived
orally administered therapies (nutraceuticals) have been of
recent interest.®

Emu oil is one such animal-derived product investigated
for its potential therapeutic applications. Traditionally used
by Indigenous Australian people as a topical anti-
inflammatory treatment for wound healing and arthritis
relief,”® emu oil is rendered from the subcutaneous and
retroperitoneal adipose tissue of the emu (Dromaius novae-
hollandiae). Modern emu oil refinement involves heating
and filtration of adipose tissue to remove solids, and cen-
trifugation to further separate contents.” The refined oil
comprises approximately 98% fatty acids: 49% n-9 oleic
acid, 24% palmitic acid, 4% n-7 palmitoleic acid, 1% n-3
a-linoleic acid, with lower levels of other fatty acids.®
The content and ratio of n-3, n-6 and n-9 fatty acids have
been of particular interest. n-3 fatty acids have demonstrat-
ed anti-inflammatory potential by downregulating
pro-inflammatory eicosanoid pathways and reducing
levels of pro-inflammatory cytokines including TNF-o
and interleukin-12 in a rodent model of colitis."® Topically
applied emu oil has exhibited greater anti-inflammatory
and reparative properties than other animal-derived oils
with lower 1-6 and higher -3 fatty acid content' as well
as exhibiting a greater antioxidant effect than other ratite
oils with similar fatty acid profiles. Dietary fish oil has pre-
viously been investigated in IBD attributed to its high #-3
content; however, it has been ineffective at long-term main-
tenance of disease remission.”

Oral administration of emu oil has effectively attenuated
disease parameters in preclinical models of gastrointestinal

disease, including non-steroidal anti-inflammatory drug
(NSAID)-induced enteropathy,' ulcerative colitis,*'*coli-
tis-associated colorectal cancer,"”>'” and chemotherapy-
induced mucositis."®" Although emu oil has demonstrat-
ed efficacy in rodent models of colitis, it has yet to be inves-
tigated in a Crohn’s disease-specific model. The
trinitrobenzene sulfonic acid (TNBS) rodent model is a
well-established IBD model that mimics the histopathology
and clinical presentation of Crohn’s disease.”

In the current study, it was hypothesized that orally
administered emu oil would attenuate disease severity in
a mouse model of TNBS-induced Crohn’s-like colitis. The
aim of the study was to determine whether emu oil could
reduce the severity of TNBS-induced Crohn’s-like colitis as
assessed by clinical indicators, biochemical and histological
analyses.

Materials and methods

Animals

All studies were conducted in accordance with the
“Australian code of practice for the care and use of animals
for scientific purposes 8th edition (2013)" (National Health
and Medical Research Council; Canberra, 2013) under
approval from the Animal Ethics Committees of the
University of Adelaide and the Women’s and Children’s
Health Network (approval number 1024/2/2018). Female
ARC(s) mice (12weeks of age, mean day 0 bodyweight
33.7¢g) were sourced from the Animal Resource Centre
(Perth, Western Australia, Australia) and housed at the
Women’s and Children’s Hospital Animal Care Facility
(North Adelaide, South Australia, Australia). Animals
were group-housed in standard open-top cages with litter
and shredded newspaper bedding at room temperature
with a light:dark cycle of 14:10h. All animals underwent
a one-week acclimatization period and were provided ad
libitum access to standard mouse chow and drinking water
throughout the trial period.

Experimental trial

The experimental trial duration was determined from a
seven-day pilot study. Female ARC(s) mice (n=>50) were
assigned to five groups (n=10/group) by random stratifi-
cation based on initial bodyweight and burrowing ability:
Group 1: normal control; mice administered water enema
and water gavage (Water+Water), Group 2: mice adminis-
tered water enema and emu oil gavage (Water+emu oil
(160 pL)), Group 3: Crohn’s-like colitis control; mice admin-
istered TNBS enema and water gavage (TNBS+Water),
Group 4: mice administered TNBS enema and low
volume emu oil gavage (TNBS+emu oil (80 uL)), Group 5:
mice administered TNBS enema and high volume emu oil
gavage (TNBS+emu oil ((160pL)). On day 0, mice were
anaesthetized (1.5-2% isoflurane; AbbVie; Mascot, New
South Wales, Australia) and administered an intra-rectal
enema of Water (120puL) or TNBS (3mg in 50% ethanol;
120pL bolus; Sigma, Castle Hill, New South Wales,
Australia) while in the Trendelenburg position. Water or



Table 1. Fatty acid composition of emu oil (Emu Tracks, Marleston,
South Australia, Australia; batch #09171018) analyzed by gas
chromatography.

Analyte Common name Total lipids (%)
Total saturates 44.0
14:00 Myristic acid 5.0

16:00 Palmitic acid 22.7
18:00 Stearic acid 12.7
20:00 Arachidonic acid 0.2
Total monounsaturated 44.7
16: 1n-7 Omega 7 Palmitoleic acid 6.3
18: 1n-9 Omega 9 Oleic acid 36.4
18: 1n-7 Omega 7 Vaccenic acid 3.0
20: 1n-9 Omega 9 Gondoic acid 0.4
Total Omega 9 36.6
Total Omega 7 8.1
Total Omega 3 29
18: 3n-3 Alpha-linolenic acid 0.9
Total Omega 6 7.6
18: 2n-6 Linoleic acid 8.0
20: 2n-6 Eicosadienoic acid 0.8
20: 4n-6 Arachidonic acid 0.8

Bold characters signify the total lipids for that category of Analytes. Non-bold
characters listed below the bold characters represent the breakdown of the
lipids within that Analyte category.

emu oil (100% emu oil) was administered by oral gavage
once daily from day 1 to 5 of the trial (total five gavages).

Emu Oil

Commercially available pure emu oil was purchased from
Emu Tracks (Marleston, South Australia, Australia; batch
#09171018). Aliquots (5 mL) of emu oil were stored in dark-
ness at 4°C. Fatty acid composition (Table 1) was analyzed
by gas chromatography by the Waite Lipid Analysis Service
(Urrbrae, South Australia, Australia).

Colonoscopy

Disease progression was monitored using a high-resolution
Karl Storz colonoscope (1.9 mm outer diameter; Tuttlingen,
Germany). On day 0 and 5, mice were anaesthetized using
isoflurane inhalant (AbbVie; Mascot, New South Wales,
Australia) and colonoscopy was conducted to obtain base-
line data and visualize disease progression. Colitis severity
was scored by a blinded assessor using five parameters
scored from 0 to 3 (maximal severity): colon wall thicken-
ing, changes in vasculature pattern, fibrin, mucosal granu-
larity, and stool consistency.”

Disease activity index and daily monitoring

Mice were monitored daily for changes in body weight and
condition throughout the experimental period. Disease
activity index (DAI) was used to assess colitis severity
based on four parameters scored from 0 to 3 (maximal
severity): daily body weight change, rectal bleeding, stool
consistency and general condition.”* Rectal bleeding was
scored as 0 for not present, 1; if identified in the feces, 2;
if present around the anus, and 3; when bleeding was
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obviously wet/smeared along the mouse’s tail
Additionally, general condition was scored by observing
grooming, activity, alertness and movement of each
mouse. Mice with severely impaired general condition
appeared with a ruffled coat, hunched and immobile.

Behavioral analyses

Burrowing behavior was recorded pre- and post-enema as
an indicator of welfare and pain due to disease progression.
Burrowing studies were conducted on days —2, —1 and 4 of
the experimental period. On day —2, animals were bur-
rowed in pairs to encourage burrowing behavior and famil-
iarize the animals with the burrowing apparatus, with
subsequent burrowing conducted individually (day —1
being the baseline recording of individual burrowing abil-
ity). Burrows were pre-filled with 400g of clay substrate
gravel (cat litter, Black and Gold; Adelaide, South
Australia, Australia). Mice were allowed to acclimatize in
darkness for 1 h before being moved to test cages, where
they remained in darkness to burrow for an additional
hour. At the end of the test period, the burrow was removed
and weighed to determine the volume of displaced
substrate.

TNBS-induced pain was measured using the validated
mouse facial grimace criteria.”> Animals were individually
placed in a transparent plastic enclosure and video
recorded (JVC Everio Hard Disk Camcorder GZ-MG330;
Yokohama, Japan) for a 10-min period. Ten still images
were retrieved from the video footage when animals were
facing the camera front-on, or when a clear side-on image
could be acquired. Images were cropped to show only the
face, and five images were randomly selected for scoring by
two treatment-blinded observers.

Tissue collection and histological analysis

On day 6, animals were euthanized by CO, asphyxiation
and whole blood was obtained by cardiac puncture.
The small intestine and colon were removed, measured,
emptied of contents and weighed before being separated
into segments for further processing and histological anal-
ysis. Organs (thymus, heart, lungs, liver, stomach, spleen,
kidneys) were removed, weighed and discarded.

Sections of the ileum and colon (4 um) were stained with
hematoxylin and eosin. Proximal and distal colonic crypt
depth measurements were obtained from 40 crypts per
tissue section per mouse. Histological damage severity
scoring was assessed using a quantitative scoring
system.”®  Additionally, measurements of 10 well-
orientated villi and crypts for each ileum section per
mouse were recorded. Sections were analyzed in a blinded
fashion using a light microscope (Olympus Corporation;
Tokyo, Japan) and Olympus Soft Imaging Solutions
GmbH software analysis version 5.2 (Tokyo, Japan).

Myeloperoxidase assay

Colonic myeloperoxidase (MPO) activity was determined
as an indicator of acute inflammation by neutrophil
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infiltration using techniques previously described.”
Absorbance (450 nm) was measured at 1-min intervals for
15min with a BioTek Synergy Mx Microplate Reader
(BioTek; Winooski, Vermont, USA) and Gen5 version
2.00.18 software.

Intestinal permeability assay

Three hours prior to euthanasia, mice from Water+Water,
TNBS+Water and TNBS+emu oil (160pL) treatment
groups received a 500 mg/kg dose of fluorescein isothiocy-
anate (FITC)-dextran (mol wt 4000, 75mg/mL; Sigma;
Castle Hill, New South Wales, Australia) by oral gavage.
Blood samples were centrifuged (11,000g at 23°C) for
12min and serum collected. Serum samples were diluted
1:3 with 0.2 M PBS and FITC-dextran was quantified using
a BioTek Synergy Mx Microplate Reader (BioTek; Winooski,
Vermont, USA) and Genb version 2.00.18 software relative
to a standard curve (0.001-100 pg/mL).

Statistics and sample size justification

Sample size calculations (SigmaPlot 12.3) based upon the
primary outcome of MPO activity (indicative of acute
inflammation) indicated that a total of 10 mice per group
would enable the detection of a 3.6-fold difference between
groups with 95% power (alpha =0.05). Statistical analyses
were conducted using SPSS version 17 for Windows (SPSS
Inc.; Chicago, Illinois, USA). Shapiro-Wilk test and residual
plots were used to test data for normality. Bodyweight, DAI,
burrowing activity and colonoscopically-assessed disease
severity were analyzed using a repeated measures
ANOVA with least significant difference (LSD) post hoc.
Facial grimace score, intestinal villus height/crypt depth,
MPO activity, FITC-dextran and organ data were analyzed
by one-way ANOVA with Tukey’s post hoc test. Data were
presented as meanzstandard error of the mean (SEM).
Histological severity score data were analyzed by non-
parametric Kruskal-Wallis test with Mann-Whitney U post
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hoc and were presented as median and interquartile range
(IQR). P < 0.05 was considered statistically significant.

Results

Bodyweight

Bodyweight was determined as a percentage change from
starting weight (day 0, 100% bodyweight). TNBS adminis-
tration significantly decreased bodyweight compared to
normal controls (days 1, 2, and 4; maximum 4.5% body-
weight reduction [(95.5% starting bodyweight); P <0.05;
Figure 1). There was no statistically significant effect of
emu oil administration (80 pL or 160 uL) on bodyweight
when compared to both normal controls and TNBS-
treated controls (P > 0.05; Figure 1).

Disease activity index

Compared to normal controls, emu oil treatment did not
increase any DAI parameters in normal animals (P > 0.05;
Figure 2). TNBS increased DAI compared to normal con-
trols throughout the trial period (days 1-6; maximum
11-fold increase; P < 0.01; Figure 2). In TNBS-treated mice,
80puL emu oil treatment significantly reduced DAI scores
compared to controls on days 5 and 6 (maximum 55%
reduction, P < 0.05; Figure 2). There was no statistically sig-
nificant effect of 160 u. emu oil treatment on DAI score
(P> 0.05; Figure 2).

Colonoscopy

Water and emu oil (160 pL) treated normal controls did not
develop Crohn’s-like colitis throughout the trial (Figure 3).
TNBS administration induced colitis, increasing colono-
scopically assessed disease severity scores (2.9 +0.3) com-
pared to normal controls (0.14+0.1; P < 0.001; Figure 4). In
TNBS-treated mice, both 80 uL. and 160 pL. volumes of emu
oil significantly reduced colonoscopically assessed disease
severity (80 uL: 1.7 £0.3; 160 pL: 2.1 £ 0.3; P < 0.01; Figure 4)
compared to TNBS-treated controls.

—+—Water + Water
Water + Emu Qil (160ul)
—i—TNBS + Water
——TNBS + Emu Oil (80pl)
TNBS + Emu Oil (160pul)

Figure 1. Daily bodyweight change of mice (n =10/group). Data analyzed by repeated measures ANOVA with LSD post hoc, expressed as mean (% change from
starting weight)+SEM. *P < 0.05 compared to Water+Water. (A color version of this figure is available in the online journal.)
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—#—Water + Water
~m—Water + Emu Oil (160ul)
—i—TNBS + Water
—=—TNBS + Emu Oil (80pul)
~i—TNBS + Emu Oil (160p1)

Figure 2. Daily disease activity index (DAI) score (n = 10/group). DAl score calculated from bodyweight loss, general condition, stool consistency, and rectal bleeding.
Data analyzed by repeated measures ANOVA with LSD post hoc, expressed as mean (disease activity index total)+SEM. **P < 0.01, **P < 0.001 compared to
Water+Water. AP < 0.05 compared to TNBS+Water. *P < 0.05 compared to TNBS+emu oil (80 uL). (A color version of this figure is available in the online journal.)

Figure 3. Images of mouse colon taken from day 5 colonoscopy. From left to right: Water+Water, Water+emu oil (160 uL), TNBS+Water, TNBS-+emu oil (80 pL),
TNBS+emu oil (160 pL). (A color version of this figure is available in the online journal.)
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Figure 4. Colonoscopically assessed colitis severity scores (n = 10/group). Colitis severity score was calculated from parameters including; mucosal thickening,
vasculature pattern, stool consistency, granularity of mucosal surface, and presence of fibrin. Data analyzed by repeated measures ANOVA with LSD post hoc,
expressed as mean (colitis score)+SEM. ***P < 0.001 compared to Water+Water. AP < 0.01, AMAP < 0.001 compared to TNBS-+Water. (A color version of this figure

is available in the online journal.)

Facial grimace score

TNBS administration significantly increased facial grimace
scores compared to normal controls (11.5-fold increase;
P <0.001; Figure 5). Both 80puL and 160puL volumes of
emu oil significantly reduced facial grimace score com-
pared to TNBS-treated controls (11.5-fold and 5.4-fold
decrease respectively, P < 0.001; Figure 5). There were no

statistically significant differences between the two vol-
umes of emu oil (P > 0.05).

Visceral and gastrointestinal organ weights
and lengths

Organ weights were expressed as a percentage of day 6
bodyweight. TNBS administration did not affect visceral
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Figure 5. Facial grimace score (n = 10/group). Data analyzed by one-way ANOVA with Tukey’s post hoc, expressed as mean (grimace score)+SEM. ***P < 0.001
compared to Water+Water. AP < 0.001 compared to TNBS+Water. (A color version of this figure is available in the online journal.)

organ weights across treatment groups, with the exception
of liver and left kidney weight. Liver weight was increased
in TNBS-treated mice receiving 80 uL emu oil treatment
compared to both TNBS-treated controls and 160 uL. emu
oil treatment (P < 0.05; data not shown). Left kidney weight
was increased in normal mice receiving 160 puL emu oil
compared to normal controls (P < 0.05; data not shown).

TNBS administration did not significantly impact gas-
trointestinal lengths or weights. Emu oil administration
also had no impact on gastrointestinal lengths or weights
in either water- or TNBS-treated animals (P > 0.05; data not
shown).

Histological analyses

Histological damage severity score was increased in TNBS-
treated animals compared to normal controls (P <0.05;
Figure 6); an effect significantly attenuated by 80 uL emu
oil in both the proximal and distal colon (P < 0.05), and by
160 uL emu oil in the distal colon (P < 0.01). Importantly,
there was no effect of emu oil treatment on histological
severity score in normal animals compared to normal con-
trols (P > 0.05; Figure 6).

TNBS induced compensatory intestinal crypt lengthen-
ing in the distal colon (190.0 & 8.6 pm) compared to normal
controls (161.1 £3.9 pm; P < 0.05; Figure 7). Emu oil admin-
istration in TNBS-treated animals had no impact on
proximal or distal colonic crypt depth compared to
TNBS-treated controls (80 pL: 206.6 £10.7 um; 160 pL:
202.4 +4.9 pm; P> 0.05).

In the ileum, emu oil did not affect villus height (181 + 14
um), crypt depth (76 =2 pm), or villus height:crypt depth
ratio (2 £ 0.2 um) in normal mice compared to normal con-
trols (165+8 pum; 74+2 pum; 2+£0.1pm respectively;
P>0.05; Figures 8 and 9). Furthermore, TNBS did not
affect villus height (154 £10 um), crypt depth (78 =4 pm),
and villus height: crypt depth ratio (2 £0.1 pm) compared
to normal controls (P > 0.05). Moreover, emu oil (high dose:
153 £12 pm; low dose: 194 £19 um) did not alter villus
height or crypt depth of TNBS-treated animals compared
to TNBS controls (P > 0.05; Figures 8 and 9). Finally, villus
height: crypt depth ratio remained unchanged in TNBS-
mice treated with emu oil (high dose: 2+0.1pm; low

dose: 24+0.2pm) compared to TNBS controls (P> 0.05;
Figure 9).

Burrowing, myeloperoxidase activity, and intestinal
permeability

There was no demonstrable impact of TNBS administration
or emu oil treatment on burrowing ability, tissue MPO, or
serum FITC-dextran levels.

Discussion

In the present study, TNBS administration induced clinical,
macroscopic and histological features of Crohn’s-like coli-
tis. Importantly, orally administered emu oil attenuated
selected disease parameters as evidenced by reduced dis-
ease activity, decreased colonoscopically- and histological-
ly-assessed disease severity and normalized behavioral
analyses. Moreover, histological measurements of villus
height/crypt depth in the ileum were unaffected by
TNBS or emu oil, highlighting that the current model
induced damage that was confined to the colon.
Therefore, the current study mimicked a Crohn’s-like coli-
tis disease phenotype compared to a traditional Crohn’s
model, in which damage can be observed in the small
intestine.

The safety of emu oil for intestinal application has been
confirmed in both acute and chronic models of gastrointes-
tinal disease.®'>~>17=21:27-2% Abimosleh et al.'” reported that
emu oil administration did not adversely affect small intes-
tinal function in normal animals, as assessed by the non-
invasive "*C-sucrose breath test.® Chartier et al.'”> were the
first to demonstrate the safety of emu oil for long-term use
in normal mice, demonstrating consistent biological
parameters in normal animals. Additionally, Mashtoub
et al.*® confirmed that indicators of intestinal proliferation
in rodent models of mucositis and colitis returned to
normal levels following cessation of emu oil treatment. In
the current study, emu oil administration in normal animals
did not elicit significant biological changes across any
parameters investigated, supporting these previous studies
detailing the safety of emu oil for application in healthy
individuals.
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Figure 6. Histologically assessed colitis severity score for (a) proximal and (b) distal colon (n = 10/group). Data analyzed by Kruskal-Wallis test with Mann-Whitney U
post hoc, expressed as median and IQR. *P < 005, ***P < 0.001 compared to Water+Water. AP < 0.05, AP < 0.01 compared to TNBS+Water. (A color version of this

figure is available in the online journal.)

Previously, oral administration of emu oil was effective
at attenuating clinically assessed disease severity in rodent
models of gastrointestinal disease, including both body-
weight and disease activity index parameters.'>”*
Nonetheless, Abimosleh et al.'® reported that bodyweight
was not significantly affected by emu oil administration in
a rat model of NSAID enteropathy."® Similar results are
reflected in the current study, whereby emu oil administra-
tion did not impact bodyweight, though significantly
reduced clinically-assessed disease severity compared to
TNBS controls. Moreover, in normal animals, emu oil did
not significantly impact bodyweight, indicating that the

observed restoration of bodyweight may not have been
attributed to dietary lipid intake by emu oil ingestion,
rather, a protective or reparative effect of emu oil on the
intestinal barrier.*’

It is well documented that communication occurs
between the central and enteric nervous system; hence,
inflammation and altered microbiota in the gut could
impact not only intestinal physiology but also affective
state and behavior.®® Burrowing is a behavior used as a
measure of wellbeing in mice. In a previous study of
colitis-associated colorectal cancer in mice, disease control
animals displayed impaired burrowing activity during
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depth (um)-+SEM. *P < 0.05 compared to Water+Water. (A color version of this figure is available in the online journal.)
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Figure 8. Small intestinal villus height and crypt depth measurements (n = 10/group). Data analyzed by one-way ANOVA with Tukey’s post hoc, expressed as mean
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periods of peak disease; an effect which was attenuated by
emu oil."”” Additionally, Jirkof et al®' reported that a
decrease in burrowing behavior coincided with an increase
in colitis severity in mice. Interestingly, neither TNBS
administration nor emu oil impacted burrowing activity
in the current study. Animals were allocated to treatment
groups by stratified randomization based upon their initial
burrowing ability and bodyweight; however, increasing the
number of baseline tests conducted prior to TNBS or water
treatment may have benefited the current preselection cri-
teria by allowing the animals to familiarize themselves with
the burrowing apparatus. An insult to the gut microbiota
can negatively impact behavior, as demonstrated by
anxiety-like behaviors in a mouse model of DSS colitis
during a light/dark box test’’; hence, further analyses on
cecal content would be useful to determine the effect of
emu oil treatment on the gut microbiota in future studies.

Pain has been assessed by “rodent grimace scales” in
various studies as a method of evaluating acute
pain.??*** In the present study, TNBS administration
induced an increase in the mouse grimace scale compared
to normal controls; an effect which was attenuated by both
doses of emu oil. The grimace test was conducted at base-
line and repeated at four days post TNBS administration,
allowing time for inflammation to progress as confirmed by
colonoscopy the following day. Importantly, the current
study is the first to incorporate the mouse grimace scale
as a measure of pain in a model of TNBS-induced inflam-
mation, and the results indicate potential for the scale to be
utilized in other models of gastrointestinal disease.

In a model of acute colitis, emu oil treatment reduced
histologically assessed colonic damage severity up to three-
fold and induced colonic crypt lengthening compared to
DSS controls.® Chartier et al.”® reported that colonic crypt
depth was increased in a chronic mouse model of colitis-
associated colorectal cancer, with no further effect follow-
ing long-term emu oil administration. In the current acute
study, there was compensatory crypt lengthening following
TNBS administration, with no further effect of emu oil
treatment. In future studies, it would be useful to conduct
a time-course study to determine if emu oil treatment in
mice administered TNBS could result in compensatory
crypt lengthening at an earlier time point than the endpoint
of the current study.

In the present study, intestinal permeability, as quanti-
fied by serum FITC-dextran uptake, was unaffected by both
TNBS administration and emu oil treatment. This may have
been attributed to the timing of blood collection, upon
which the site of FITC-dextran uptake within the gastroin-
testinal tract is highly dependent.** It would be useful to
employ a multi-sugar permeability assay in future studies
using the TNBS model to allow separate determinations of
small intestinal and colonic permeability.*

Prior studies have reported an increase in MPO activity
in animal models of small intestinal disease including
chemotherapy-induced mucositis'®*” and NSAID-induced
enteropathy." Despite a reduction in ileal MPO following
emu oil treatment in these models of small intestinal dis-
ease, MPO levels remained unchanged across all treatment
groups in the current model of colonic disease.
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TNBS colitis increases levels of circulating IL-12 and IL-
17 as inflammation becomes chronic.>® Additionally, serum
levels of the pro-inflammatory cytokines IL-6, IL-11 and
IL-22 are known to increase in human IBD patients.37IL—6,
IL-11 and IL-22 are of particular interest as they are respon-
sible for activation of the Signal Transducer and Activator
of Transcription 3 (STAT3) gene, known to be associated
with IBD susceptibility.”® These interleukins have both pro-
tective and antagonistic action, as they can confer a protec-
tive effect on intestinal epithelial cells, yet may
simultaneously elicit an inflammatory immune response.”’
It would be beneficial in further studies to analyze tissue
activity of pro-inflammatory cytokines known to be
involved in both the pathogenesis of human Crohn’s dis-
ease and the inflammatory pathways associated with
TNBS-induced Crohn’s-like colitis.

While the exact mechanism of emu oil action is not well
understood, it has been suggested that its protective and
reparative effects may be attributed to its fatty acid profile.
A higher ratio of n-6 to n-3 FAs has been associated with
colitis development' Dietary 1-3 FAs eicosapentanoic acid
(EPA) and docosahexanoic acid (DHA) regulate multiple
inflammatory pathways, inhibiting the transcription of
genes responsible for production of pro-inflammatory cyto-
kines.” Interestingly, emu oil has exhibited greater anti-
inflammatory action than other animal-derived oils with
both similar FA profiles and profiles with higher n-3 con-
tent.*” This suggests that the properties of emu oil cannot be
attributed to the FA profile alone. It is therefore important
to consider the composition of the 2% non-triglyceride frac-
tion as well as the ratio of unsaturated to saturated FAs.
Previous studies suggest that a high unsaturated to satu-
rated FA ratio is indicative of greater radical scavenging
activity (RSA), thereby protecting against oxidative
damage.40 However, Mashtoub et al.*' demonstrated that
this ratio was greater for olive oil than for emu oil, despite
emu oil exhibiting far greater RSA.*>*! This further sup-
ports the theory of the 2% non-triglyceride fraction of
emu oil comprising compounds responsible for its antiox-
idant properties.

This study is the first to investigate emu oil administra-
tion in a Crohn’s-specific animal model, providing encour-
aging results for the potential application of emu oil in the
management of Crohn’s disease. Exploring microbiome
analyses, relevant cytokine profiles and intestinal perme-
ability measures will further elucidate the mechanism of
emu oil action. Moreover, although there were no overt
indications of extra-intestinal effects of emu oil, future
studies could include serological and urine tests to deter-
mine renal and hepatic function. Finally, it would be worth-
while investigating emu oil in a model of chronic Crohn’s
disease which is more reflective of the long-term relapsing
disease course.
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