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Abstract 
While the aetiology of inflammatory bowel disease (IBD) has been linked to genetic susceptibility coupled with environmental factors, the 
underlying molecular mechanisms remain unclear. Among the environmental factors, diet and the gut microbiota have been implicated as 
drivers of immune dysregulation in IBD. Indeed, epidemiologic studies have highlighted that the increase in incidence of IBD parallels the 
increase in dietary intake of omega-6 (n-6) polyunsaturated fatty acids (PUFAs) and the change in balance of intake of n-6 to n-3 fatty acids. 
Experimental evidence suggests that the increase in n-6 PUFA intake increases cell membrane arachidonic acid, which is accompanied by 
the production of pro-inflammatory mediators as well as increased oxidative stress; together, this contributes to the development of chronic 
inflammation. However, it is also increasingly clear that some of the n-6 PUFA-derived mediators exert beneficial effects depending on the 
settings and timing of ingestion. In contrast to n-6, when n-3 PUFA eicosapentaenoic acid and docosahexaenoic acid are incorporated into the 
cell membrane and are metabolized into less pro-inflammatory eicosanoids, as well as strong specialized pro-resolving mediators, which play 
a role in inflammation cessation. With a focus on preclinical models, we explore the relationship between dietary lipid, the gut microbiome, 
and intestinal inflammation.
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Introduction
During the latter part of the 20th century, industrialized na-
tions experienced a rapid rise in inflammatory bowel disease 
(IBD) incidence,1 which is now being followed by a rising 
incidence in developing countries. IBD is a multi-factorial 
disease linked to genetic susceptibility coupled with environ-
mental factors. Since it is unlikely that the prevalence of ge-
netic susceptibilities has increased, changes in environmental 
factors have been identified as key determinants, with diet 
and its impacts on intestinal microbiome ecology playing a 
key role. Diets high in refined sugars, animal fat, and complex 
carbohydrates have been associated with higher rates of IBD, 
whereas diets rich in omega-3 (n-3) fatty acids, vegetables, 
fruits, and fibre appear to protect against the development 
of IBD.2,3

Relationship between dietary fatty acid intake and 
IBD
The relationship between fatty acid intake and IBD in humans 
has not yet been well demonstrated in the literature; however, 
there has been extensive research on this relationship using 
animal models. Animal studies have demonstrated that fat, ei-
ther alone or in combination with sugar, contributes to ileal in-

flammation, intestinal dysbiosis, altered barrier integrity, and 
a pro-inflammatory environment.4–6 Despite this, longitudinal 
cohort studies in humans have failed to show associations 
between total or specific fatty acids and Crohn’s disease 
(CD), except for one study reporting that docosahexaenoic 
acid (DHA, 22:6n-3) was protective against CD.7 In ulcera-
tive colitis (UC), omega-6 (n-6), polyunsaturated fatty acids 
(PUFA), linoleic acid (LA, 18:2n-6), and arachidonic acid 
(ARA, 20:4n-6) have been associated with increased risk of 
UC, while the n-3 fatty acid docosahexaenoic acid (DHA, 
22:6n-3) and monounsaturated omega-9 fatty acid, oleic acid 
(18:1n-9), has been associated with decreased risk.8,9 A recent 
systematic review and meta-analysis of six studies (563 CD, 
260 UC) reported no association between fish consumption 
and overall risk of IBD;10 however, when stratified by IBD 
type and using a random-effects model, there was a signifi-
cant inverse association between fish consumption and risk 
of CD (0.54; 95% CI 0.31–0.96). A two-sample Mendelian 
randomization study on the effects of fatty acids on IBD also 
reported a protective effect of n-3 PUFA against UC.11 These 
human studies emphasize the need for further evaluation of 
the potential benefits of n-3 PUFA and potential deleterious 
effects of n-6 fatty acids on IBD development.
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In more recent studies, evidence of the benefits of the 
Mediterranean diet (MD) (high in monounsaturated fatty 
acids, 18:1n-9, and n-3 fatty acids) in potentially reducing 
the risk of IBD development was reported through the 
Genetic, Environmental, Microbial (GEM) Project.12 The 
study evaluated a cohort of 2289 healthy FDRs of patients 
with CD and reported that individuals consuming a diet 
resembling the MD had an increased abundance of fibre-
degrading bacteria, such as Ruminococcus, as well as taxa 
such as Faecalibacterium and a significantly lower levels of 
subclinical gut inflammation (defined by faecal calprotectin), 
compared with other dietary patterns.12 Furthermore, a pro-
spective study of two adult Swedish cohorts reported that 
greater adherence to an MD was associated with a significant 
lower risk of developing CD.13 Here, we will review the ev-
idence and discuss the proposed mechanisms for the role of 
fatty acids in IBD.

Change in dietary fatty acid consumption and 
metabolic consequences
The dramatic changes in dietary fat content and composition 
during the 20th century have been linked to the rising inci-
dence of IBD in Western countries. The association between 
plasma LDL cholesterol and atherosclerotic heart disease led 
to the replacement of dietary sources of saturated animal fats 
from around 18%–20% to 11%–12% dietary energy with 
vegetable oils and margarines high in n-6 PUFA, with an 
increase in LA from around 3% to 5%–7% of dietary en-
ergy.14–17 Currently, n-6 LA intake in the typical Western diet 
is about 5–15 times higher than n-3 α-linolenic acid (ALA; 
18:3n-3) leading to LA as the dominant substrate.14,18 The 
increase in LA intake also leads to an increase in LA in breast 

milk, leading to an increase in milk LA to ALA ratio from 
about 4:1 to 10:1 (14) which in turn has influenced PUFA 
transfer to the newborn14,19,20). Similarly, infant formulas have 
had a high level of LA, providing 8%–10% dietary energy, 
and an LA to ALA ratio of about 8–10:1.21,22

LA and ALA are regarded as essential fatty acids and are 
not synthesized in animals and humans. As LA and ALA are 
synthesized in plants, they are mainly found in high amounts 
in foods of plant origin: LA rich in safflower, sunflower, soy-
bean, corn oils (COs), and pumpkin seeds, and ALA-rich in 
canola, soybean, flax seeds and flaxseed oil, pumpkin seeds, 
and walnuts.18,23 The metabolic conversion of LA to ARA 
and of ALA to eicosapentaenoic acid (EPA, 20:5n-3) share 
the same enzymes (Figure 1A), with the result that the rate of 
 synthesis of ARA and EPA and subsequently docosahexaenoic 
acid (DHA, 22:6n-3) is dependent upon the relative avail-
ability of the substrate.23 Early experimental studies have 
shown that increasing LA intake, over ALA, reduces tissue 
EPA and DHA14 and decreases downstream tissue n-3 fatty 
acid metabolites and regulatory molecules.18 EPA and DHA 
are essential for normal physiologic functions, and it has 
been demonstrated that the rate of biosynthesis of EPA and 
DHA from ALA is low and insufficient to meet the physi-
ological demands, and therefore requires additional dietary 
intake of EPA and DHA.24,25 EPA and DHA in human diets 
are found mainly in marine animals and plant plankton and 
have either remained unchanged or decreased over time. The 
reliance on marine oil supplements has also increased sig-
nificantly.26 Notably, n-3 fatty acids are chemically unstable 
and rapidly oxidize during storage to lipid peroxides and sec-
ondary oxidation products (potentially pro-inflammatory) 
resulting in reduced concentrations of unoxidized EPA and 

Figure 1. (A) Pathways of conversion of essential fatty acids linoleic acid (LA) and alpha-linolenic acid to their respective longer chain and more 
unsaturated derivatives. (B) Pathway of metabolism of arachidonic acid (ARA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) via the 
actions of cyclooxygenase (COX) and lipoxygenase (LOX) pathways to their respective bioactive metabolites. ARA metabolism leads to the formation 
of prostaglandins (PGs) and leukotrienes (LTs) generally exhibiting a pro-inflammatory role, although resolution of inflammation is also regulated via 
PGE2, prostacyclin (PGI2) and Lipoxins (Lx), with LxA4 considered a potent pro-resolving mediator. EPA and DHA and their downstream metabolites are 
generally considered to have lower pro-inflammatory potential and include 5-series LTs and specialized pro-resolving mediators (SPM), which play a role 
in inflammation cessation including 5-series lipoxins (5-Lx), E and D resolvins (RvE and RvD), protectins (PD1), and maresins (macrophage mediator in 
resolving inflammation, MaR1).
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DHA.27 Moreover, the duration of storage, heat (commonly 
kept at room temperature), and light exposure also impact 
lipid peroxidation and lower EPA and DHA concentrations. 
Consequently, a significant number of Westernized societies 
and adults in North America, in particular, are not meeting 
the recommendations for n-3 fatty acid intake and are gener-
ally deficient in EPA and DHA.28

Overall, these dietary changes associated with the marked 
increase in the balance of n-6 to n-3 fatty acid in the 
Western diet has had important consequences on plasma 
membrane phospholipids (PLs) fatty acid composition; re-
flective of the abundance of ARA, and decreased presence 
of EPA and DHA, which has also resulted in alterations in 
inflammatory metabolites towards a pro-inflammatory en-
vironment.15,29

Bioactive lipids and mediators of inflammation
ARA is an integral constituent of cell membranes conferring 
it with fluidity and flexibility necessary for normal phys-
iological function of all cells. Free ARA (released from cell 
membrane phospholipid) modulates the function of ion 
channels, several receptors, and enzymes. Despite these bene-
ficial properties, free ARA levels are kept at very low levels in 
cells because uncontrolled accumulation is linked to inflam-
mation, and can impair cell survival via induction of apop-
tosis.30,31 ARA is metabolized via the cyclooxygenase (COX) 
pathways to form prostaglandins (PGs) and thromboxanes 
(TXs) termed prostanoids, the lipoxygenase (LOX) pathways 
to form leukotrienes (LTs) and lipoxins (LXs) (Figure 1B), 
and the cytochrome P450 pathways to form various epoxy, 
hydroxy, and dihydroxy derivatives.32 While COX-1 is consti-
tutively expressed in almost all tissue types, COX-2 is induc-
ible by bacterial products such as lipopolysaccharide (LPS) 
and toll-like receptor-4 (TLR-4) activation and inflammatory 
cytokines.32–34 ARA has been reported to be over 10 times 
more effective than EPA as a substrate for COX-1 and 3.3 
times more effective as a substrate for COX-2.35 In humans, 
5-LOX is expressed predominantly in cells of myeloid origin 
including neutrophils, eosinophils, monocytes, macrophages, 

mast cells and dendritic cells36 and 12-LOX in platelets, and 
15-LOX in endothelial cells.

Experimental and clinical evidence link ARA to in-
flammation through the metabolism of pro-inflammatory 
eicosanoids (Figure 1B), including PGE2, TxA2, and LTB4. 
Notably, the profile of eicosanoid production is defined by 
the type and duration of the inflammatory stimulus, the na-
ture of cells and differential expression of enzymes within 
cells present at the sites of inflammation: mast cells predomi-
nantly generate PGD2, monocytes, and macrophages produce 
PGE2, TXA2, and prostacyclin (PGI2), activated platelets 
produce TXA237,38 and dendritic cells produce PGE2 and 
LTB4.39 LTB4 produced primarily by pro-inflammatory M1 
macrophages is a potent activator and chemoattractant of 
polymorphonuclear leukocytes (PMNs), such as neutrophils 
and macrophages, and is important in the early phases of in-
fection and inflammation.40 LTB4 enhances the production 
of reactive oxygen species and NF-κB-mediated activation 
of pro-inflammatory cytokines.32 Paradoxically, LTB4 plays 
a critical role in bacterial clearance but also contributes to 
long-term inflammatory disorders. In addition, the pro-
inflammatory eicosanoids (PGE2, TxA2, and LTB4) promote 
IL-23 and inhibits IL-12 and IL-27 with a shift in Th1/Th17 
balance.41–43 Furthermore, IL-17 synergizes with LPS to induce 
cyclooxygenase (COX) 2 expression in colonic sub-epithelial 
myofibroblasts34 maintaining a pro-inflammatory environ-
ment. However, there is also increasing evidence that despite 
the pro-inflammatory actions of ARA-derived eicosanoids, 
resolution of inflammation is also regulated via PGE2, PGI2, 
and Lx, with LxA4 considered a potent pro-resolving me-
diator.44,45 Notably, PGE2 limits inflammation by control-
ling cytokine levels (TNF-α, IL-1β, and IL-6),46 augmenting 
IL-10 secretion,47 suppressing 5-LOX and inhibiting synthesis 
of LTs and inducing 15-LOX to promote the synthesis of 
LXs.48,49 However, PGE2 has been reported to decrease the 
phagocytic activity of neutrophils, stimulate gastrointestinal 
mucus secretion,50 and ameliorate DSS-induced colitis in mice 
by increasing T reg cells.51 These unique functions of PGE2 
emphasize its importance during the inflammatory process 

Figure 1. Continued
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and in the resolution of inflammation. Similarly, PGI2 has 
an important role in maintaining gastrointestinal integrity by 
maintaining epithelial barrier intergrity, increasing mucosal 
blood flow, and stimulating mucus secretion.50 Indeed, treat-
ment with PGI2 in DSS-induced colitis was shown to atten-
uate the disruption in epithelial barrier integrity by decreasing 
epithelial cell apoptosis, attenuating barrier disruption and 
ameliorating the colitis.52 Furthermore, the anti-inflammatory 
and pro-resolving actions of LXs have been reported to exert 
their effects via multiple pathways: by limiting PMN recruit-
ment to the site of inflammation by targeting endothelial ad-
hesion; by enhancing monocyte recruitment and M2-resolving 
macrophage phenotypes (express Lxs); by increasing neutro-
phil apoptosis; and by increasing macrophage efferocytosis 
of apoptotic neutrophils.53 However, the beneficial effects of 
LXs are limited by their rapid metabolic inactivation and deg-
radation. LxA4 has also been reported to inhibit the produc-
tion of PGE2 and LTs and suppress cytokine production.54 
The various epoxy, hydroxy, and dihydroxy derivatives are 
also involved in inflammation with various actions. Their 
pro-inflammatory effects include 20 hydroxyeicosatetraenoic 
acid (20-HETE) acting to increase reactive oxygen spe-
cies, expression of cellular adhesion molecules,55 and pro-
inflammatory cytokines. Whereas, eicosatetraenoic acids 
(EETs) are generally anti-inflammatory acting to inhibit in-
flammatory cytokine production and leucocyte-endothelial 
adhesion by mechanisms involving inhibition of transcription 
factor NK-κβ.56 Indeed the timing and elaboration of the ap-
propriate mediators with a switching from a predominantly 
pro to anti-inflammatory environment is essential for the res-
olution of the inflammatory process.

The preventative and therapeutic benefits of n-3 fatty acids 
are believed to involve both the reduction in cell membrane 
phospholipid ARA and partial replacement of ARA with 
EPA and DHA.57,58 EPA and DHA and their downstream 
metabolites (Figure 1B) are generally considered to have lower 
pro-inflammatory potential29,45 via multiple mechanisms: 
through activation of G-protein coupled receptors (GPR), 
activation of peroxisome proliferator-activated receptor-γ 
(PPAR-γ); decreasing activation of NF-KB signal transduc-
tion pathways;59 and production of various pro-inflammatory 
cytokines, chemokines, adhesion molecules; and reducing oxi-
dative stress pathways. Notably, 15-deoxy-PGJ2, a metabolite 
of PGD2 also binds to PPAR-γ and inhibits NF-κB signalling 
and inflammasome activation to exert its immunoregulatory 
effects.60,61 Some of the additional benefits include the 
 induction of Treg cells with an increase in IL-10 production, 
preventing overdevelopment of a Th17 response, a shift in 
macrophages towards an M2 phenotype to promote healing 
and enhancing epithelial barrier integrity.45,58,59,62–64

Further evidence has emerged that EPA and DHA can be 
metabolized via the LOX pathway to bioactive specialized 
pro-resolving mediators (SPMs, Figure 1B) including EPA 
derived 3 series resolvins (RVe1-3) and lipoxins and DHA-
derived D-series resolvins (RvD: RvD1-6), macrophage me-
diator in resolving inflammation (maresins, MaR: Mar1-2), 
and protectins (PD: PD1, PDX).65–68 These bioactive lipids 
display potencies in the nanomolar range and signal through 
G-protein coupled receptors (GPR) with many of the anti- 
inflammatory benefits described above attributed to these 
bioactive lipids. The SPMs limit and/or terminate neutrophil 
recruitment, induce neutrophil apoptosis, shift macrophages 
towards an M2 phenotype,69 and increase IL-10.66,70,71 Other 

more recently described benefits include an increase in genera-
tion of Treg cells and preventing naïve CD4+ T cell differenti-
ation into Th1 and Th17 cells72 and an increase in generation 
of type 2 innate lymphoid cells.73

PUFA exposure in preclinical models of IBD
The variable age of onset of IBD and duration of subclinical 
disease makes it exceedingly difficult to prove a causal rela-
tionship with diet. Moreover, the timing of dietary exposure is 
likely exceedingly important and probably precedes the onset 
of clinical disease possibly by many years. Collectively, ex-
perimental studies of chemically induced colitis or ileitis in 
adult rats and mice (Supplementary Tables 1A–C) induced 
by trinitrobenzene sulfonic acid (TNBS) or dinitronbenzene 
sulfonic acid (DNBS) (Supplementary Table 1A),74–81 dextran 
sodium sulfate (DSS) (Supplementary Table 1B)82–86, or acetic 
acid (87 and in infectious colitis with Citrobacter rodentium in 
mice (Supplementary Table 1C)88,89 show beneficial effects of 
n-3 PUFAs, most often given as fish oil, and given prior to the 
inflammatory insult. Diets high in n-3 PUFA have also been 
reported to decrease spontaneous colitis in IL-10 knockout 
mice90 and spontaneous ileitis in senescence-accelerated mice 
(SAM)P1/Yit mice.91 In addition, in transgenic fat-1 mice that 
endogenously produce n-3 PUFAs, protection against DSS-
induced colitis has been reported.92,93

In chemically induced colitis and ileitis studies and C. 
rodentium infection, various sources of n-3 fatty acids were 
utilized, including fish oil, krill oil, cod liver oil, ALA-rich 
camelina oil, and omegaven (Supplementary Table 1A and C). 
The source of n-6 fatty acids was mostly soybean oil (54% 
LA, 23% oleic acid, 8% ALA) but also included CO and saf-
flower oil. In these studies, percent dietary calories from fat 
was quite variable ranging from 8% to 20% as was n3:n6:n-9 
fatty acid ratios (Table 1). All lipid diets but one were 
commenced prior to induction of intestinal inflammation 
with the timing ranging from -47 days to -7 days until the end 
of the experiment, which was also quite variable ranging from 
post-induction day 2 to 50 with various time points in be-
tween. The beneficial effects of the diets high in n-3 fatty acids 
in the various studies (Supplementary Tables 1A–C) included 
an attenuation of inflammation, mediated by a decrease in 
COX-2 expression, an induction of PPAR-γ expression and a 
reduction in NF-κB activation. There were resultant decrease 
in oxidative stress (decrease in colonic inducible nitric oxide, 
an increase in colonic glutathione levels, a decrease in urinary 
8-isoprostane levels), and a decrease in colonic ARA-derived 
eicosanoids (PGE2 and LTB4), pro-inflammatory cytokines 
(TNF-α, INFγ, IL1β, IL-6, IL-8, IL17A, IL-23), chemokines 
(MCP1, MIP2, KC), and endothelial VCAM-1 and VEGFR2 
expressions. Moreover, the high n-3 fatty acid diets were as-
sociated with an increase in anti-inflammatory cytokines (IL-
10, and IL-22), an attenuation in intestinal epithelial barrier 
disruption, and an increase in goblet cells with mature mucin 
granules and MUC2 expression. Additionally, the high n-3 
fatty acid diet prevented C. rodentium translocation.88 One 
study used a dual therapeutic approach combining fish oil 
(Omegaven) with a 5-ASA compound (75 mg/kg) and re-
ported that the dual combination was more effective at re-
ducing NF-κB activation and inducing PPARγ expression but 
added no benefit on ARA-derived eicosanoids or on TNF-α 
and IL-1β production.80 Similarly, in transgenic fat-1 mice 
protection against DDS colitis was associated with a reduc-
tion in COX-2 and PGE2 expression (92 70) and reduced 
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expression of IL-17F, IL-21, and CCR6, whereas IL-27 was 
increased suppressing Th17 responses.93 In contrast, high die-
tary intake of LA prior to and during induction of colitis, 
enriched colon PLs with LA and ARA, and exacerbated host 
mucosal Th17 response with increased tissue damage.

A more recent study by Charpentier et al.81 (Table 1, 
Supplementary Table 1a) included: a control group with a 
“well balanced” diet, a high n-3 diet, based on a Japanese 
clinical trial for IBD patients94; a high n-6 diet, based on 
a Western diet (a typical western diet has an n-3:n-6 ratio 
of 1:15) and a n-9 enriched diet based on the MD95 rein-
forced the benefits of the high n-3 diet as described. In ad-
dition, the n-9 diet was also associated with a reduction in 
colon IL-6 production and an increase in MUC2 expression. 
Unfortunately, this study only continued the diet for 2 days 
after the instillation of TNBS, thus missing out on evaluating 
the longer-term benefits and comparisons between the high 
n-3 and high n-9 diets.

Despite the positive anti-inflammatory effects of n-3 fatty 
acid diets, some studies have drawn correlation to some negative 
systemic effects of a diet high in n-3 fatty acids (Supplementary 
Table 1C)).88 An infectious colitis study reported increased 
mortality in the mice fed the high n-3 diet (not observed in the 
other studies), which the authors linked to the suboptimal in-
duction of intestinal IFN-γ, TNF-α, IL-17A, IL-22, IL-23, and 
Relmβ compared to pre-infection expression. Moreover, they 
reported a reduction in expression of intestinal alkaline phos-
phatase (IAP) in infected mice (also reported in other studies, 
Supplementary Table 1A and B), a key endogenous mucosal 
defense factor inducible by  microbiota96 that dephosphorylates 
LPS during infection and prevent sepsis.97,98 Furthermore, 
IL-15, a cytokine shown to induce sepsis, was increased as was 
serum lipopolysaccharide-binding protein (LBP) levels, a clin-

ical biomarker of sepsis in the n-3 PUFA treated and infected 
mice,.99 Indeed, adverse outcomes with n-3 PUFA intake have 
also been observed in several murine models exposed to viral, 
bacterial, and fungal pathogens associated with impaired path-
ogen clearance and increased mortality.100

Timing of PUFA exposure and bowel inflammation
Epidemiological studies also suggest that the early dietary 
experience wherein nutrient deficiencies or imbalances occur 
has the potential to alter the normal developmental trajectory 
and lead to long-lasting effects on cell function and disease 
susceptibility. Indeed, in our experimental model, maternal 
dietary fat intake during gestation and lactation influenced 
the fatty acid composition of milk and was associated with 
altered colonic membrane fatty acids in the newborn and 
nursing rat.101,102 In 15-day old suckling pups examined 12 h 
post-instillation of DNBS, pups in the cohort of high  maternal 
n-6 intake developed a severe early colitis.101 This was in con-
trast to the high n-3 diet, which abrogated the inflammatory 
response. On the other hand, the maternal diet high in oleic 
acid, resulted in an inflammatory response between that of 
the other two diet groups. In this study, we reported an ab-
sence in the differences in colonic phospholipid ARA be-
tween pups in the high n-6 and n-3 groups suggesting that the 
enhanced susceptibility to the colitis may have involved the 
significant increase in colonic LA or reduced levels of long-
chain n-3 fatty acids. However, despite the short-term benefit 
of the n-3 fatty acids in this model we also observed that the 
maternal diet high in n-3 fatty acids with the induced changes 
in colonic membrane n-6 and n-3 fatty acid content had a 
negative effect on colonic barrier integrity (shorter crypts, 
increased intestinal permeability) in 15-day-old rat pups.102 
Additionally, the altered intestinal development noted in 

Table 1. TNBS and DSS colitis and dietary ratios of n3, n6, and n-9. Soybean oil contains approximately 54% LA (18:2n-6), 23% oleic acid (18:1n-9), 8% 
ALA (18:3n-3), and 6% saturated fat. Sunflower oil contains approximately 85% unsaturated fatty acids consisting of 44%–75% LA, 14%–43% oleic 
acid, and 15% saturated fat. Sunflower oil contains approximately 60% LA, 25% oleic acid, 15% saturated fat, and minimal ALA. Olive oil contains 
approximately 55%–83% oleic acid, 2.5%–21% LA, 0.0%–1.5% ALA, and 7.5%–20% saturated fat. 

Dietary fatty acids Colitis model n-3:n-6:n-9 Ref

Sunflower—high n-6 fatty acid diet
Cod liver oil—high n-3 fatty acid diet

TNBS 1:66:32
1:1:1.4

52

Corn oil high n-6 fatty acid diet
ALA-rich camelina oil—high n-3 fatty acid diet

TNBS 1:62:33
1:1:1.2

55

Soybean oil (intralipid) —high n-6 fatty acid diet
FO (omegaven)—high n-3 fatty acid diet

TNBS DHA/EPA: 1:1
1:0.15:0.3

56

CTRL well-balanced diet
High n-3 diet
High n-6 diet (comparable to Western diet)
High n-9 diet (comparable Mediterranean diet)

TNBS 1:4:16
1:1:4
1:16:16
1:4:24

59

Soybean oil (SO) high n-6 fatty acid diet
Virgin olive oil-
FO (fat 96% virgin OO and 4% refined FO)

DSS 1:15.7:5.9
1:15:146
1:4.4:39

60

SO (soybean oil)
FO (fat 96% virgin OO and 4% refined FO)
FO + oral flavonoid quercitrin (QR)*

DSS 1:16:6
1:4.4:39
1:4.4:39

61

SO (soybean oil)
FO (100% fish oil)
SF (50% soybean oil and 50% FO)

DSS 1:10
1:6
1:2

62

Low-dose Krill oil (L-KO)—0.25 g/kg KO
High-dose Krill (H-KO)—0.5 g/kg KO

DSS 1:0.8:4.79
EPA:DHA 2:1

64

Abbreviations: ALA, α-linolenic acid; DSS, dextran sulfate sodium; LA, linoleic acid; TNBS, trinitrobenzene sulfonic acids.

http://academic.oup.com/jcag/article-lookup/doi/10.1093/jcag/gwad058#supplementary-data
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http://academic.oup.com/jcag/article-lookup/doi/10.1093/jcag/gwad058#supplementary-data
http://academic.oup.com/jcag/article-lookup/doi/10.1093/jcag/gwad058#supplementary-data
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15-day-old rat pups persisted post weaning, priming the off-
spring to an exaggerated inflammatory response at 3 months 
of age to DNBS-induced colitis in the absence of long-lasting 
effects on colonic lipids.102 These observations lend support 
to the double hit theory wherein changes in colonic mem-
brane n-6 and n-3 fatty acids in early life alter the intestinal 
developmental trajectory, predisposing, or priming the host to 
an exaggerated immunological response to an inflammatory 
insult in later life.

PUFA and the microbiome
The interplay between gut bacteria and inflammation 
continues to be explored, and dietary intake plays a critical 
role in the microbiome. Animal models have demonstrated 
a correlation between microbiome and dietary PUFA intake. 
In the study by Gosh et al.88 as discussed previously, mice 
fed a high n-3 diet had an attenuated colitis, which was as-
sociated with an increase in benificial microbes, including 
Bifidobacteria spp., Lactobacillus spp., and Clostridia 
coccoides; this was in contrast to those fed a high n-6 PUFA 
diet (CO), who had increased potential pathobionts including 
Enterobacteriaceae,103,104 segmented filamentous bacteria 
(SFB) and Clostridia spp. Notably in the maternal-offspring 
diet study, 15-day-old pups in both the high maternal n-3 
and n-6 groups had a decrease in overall bacterial density, a 
decreased ratio of Firmicutes to Bacteroidetes, and a decrease 
in several dominant microbes, compared to a standard chow-
fed group (n-3:n-6 ratio 1:8).105 Offspring in the n-3 dietary 
group had enriched populations of bacteria from the phyla 
Bacteroidetes, while n-6 groups had enriched populations 
from the phyla Firmicutes; in this study, both groups had a de-
crease in Enterobacteriaceae, Bifidobacteria and Lactobacillus 
spp., C. coccoides, Bacillus spp., and SFB. In addition, pups 
in the n-3 group were noted to harbour intestinal pathobionts 
including Bilophila wadsworthia, Enterococcus faecium, 
and Bacteroides fragilis. Offspring in both n-3 and n-6 diet 
groups had delayed development of T cells in colonic tissues 
(reduction of CD3+, CD4+, and CD4+FOXp3+ T cells). In 
contrast, only the n-3 diet group had reduced colonic CD8+ 
T cells, likely leading to an imbalance in host defensive cells 
and contributing to the blooms of opportunist pathogens and 
reduced M2 macrophages resulting in a skewed M1 to M2 
ratio, important for resolution of acute inflammation. Taken 
together these data suggest that the balance of n-6 to n-3 fatty 
acids in gestation and lactation is likely different to what is 
required in later life with further studies needed to evaluate 
these observations.

Mediterranean diet
To date, much of the dietary research in IBD has focused on 
the potential negative impact of high fat intake8,106; how-
ever, one diet higher in fat intake than is recommended in 
the national guidelines, is the Mediterranean diet (MD) (40% 
by energy derived from fat). The MD is characterized by a 
high intake of plant-based foods (vegetables, fruits, breads, 
and cereals (traditionally minimally refined), nuts, legumes, 
and seeds); minimally processed; seasonally fresh and locally 
grown foods; a high intake of unsaturated fat such as olive oil 
(especially virgin and extra-virgin olive oil); a medium intake 
of fish, dairy products, and a low consumption of saturated 
fat, meat, and sweets.107,108 This diet has been associated with 
beneficial effects in IBD.109,110

Haskey et al. recently reinforced the benefits of the MD.111 
In this study, 40.8% of total calories were derived from fat; 
the MD fat blend (high mono unsaturated fatty acids (MUFA), 
n-3:n-6 1:2) was compared to CO (n-6 PUFA), olive oil, (OO 
high MUFA), and anhydrous milk fat (MF, high saturated FA) 
on spontaneous colitis development in Muc2−/− mice. Overall, 
the MD was most effective at attenuating the colitis, followed 
by the OO diet, and in contrast to the CO and MF diets that 
were associated with severe colitis. The MD also induced 
tolerogenic CD103+ CD11b+ dendritic, Th22 and IL-17+ 
IL-22+ cells necessary for intestinal barrier repair. The MD 
and MF diets showed increased IAP activity, suggesting that 
saturated fat might play a key role in IAP function. Moreover, 
the MD was associated with beneficial microbes including 
Lactobacillus animalis, and was associated with higher acetic 
acid levels, which negatively correlated with colitogenic 
microbes like Akkermansia muciniphila. In contrast, CO 
showed a higher prevalence of mucin-degraders including A. 
muciniphila and potential pathobionts Enterobacteriaceae. 
Notably, SFA was needed in some amounts in the MD with 
several beneficial responses reported including epithelial bar-
rier function and insulin tolerance. Indeed, these findings sup-
port the concept that not a single type of fat is important in its 
ability to completely protect against colitis and that different 
fat diets correspond to unique immunological responses, 
though this requires further evaluation. Hasket et al. also 
recently reported the benefit of the Mediterranean dietary 
pattern (MDP) in a 12-week randomized controlled trial in 
adult patients with mild-moderate UC in remission compared 
to the Canadian Habitual Diet Pattern (CHD).112 The MDP 
was associated with improved bowel symptoms (gas and te-
nesmus), maintenance of remission in the majority of patients, 
(defined as faecal calprotectin levels <100 μg/g; 87% MDP 
vs. 25% CHD), a significant increase in faecal secretory IgA 
(sIgA) and higher levels of total faecal SCFAs (including acetic 
acid and butyric acid). Several other studies in both paediatric 
and adult IBD patients have shown benefits.110 In another re-
cent study in adult patients with CD with mild to moderate 
symptoms, the MD was reported to be similarly effective at 
achieving symptomatic remission at 6 and 12 weeks compared 
to the specific carbohydrate diet.113 The findings together with 
the relative ease of implementation of the MD and the added 
general health benefits of the MD suggest that the MD might 
be the preferred diet. It is important to note that, in addition 
to MUFAs, water-soluble fibre (including inulin, pectin, gums, 
and beta-glucans),114,115 vegetables and fruit,116 legumes,117,118 
yogurt and other fermented dairy products,118 and spices and 
herbs (particularly turmeric) have been reported to provide 
added benefit in the prevention and management of IBD119,120 
While these studies have had shown beneficial effects as-
sociated with the MD, there has yet to be definitive studies 
demonstrating that the MD solely modifies disease course 
or outcomes in IBD patients. Moreover, the Canada food 
guide has a number of similarities to the traditional MD also 
promoting a diet rich in grains, fruits, and vegetables but also 
recommending limited alcohol intake, suggesting that this 
might be another dietary approach in IBD care.121,122

Conclusion
Animal models suggest multiple mechanisms by which 
dietary lipid intake influences inflammation and colitis. 
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The contrasting differences in dietary lipid intake and 
outcomes in animal models and patient with IBD make it 
difficult to make substantive conclusions. In animal models 
of IBD, the lipid diet is most often given as fish oil, and 
provided prior the onset of the inflammatory insult; is pro-
vided in a controlled environment, in the absence of other 
confounding dietary variables, and conducted in specific, 
pathogen-free environments. This environment does not 
factor in the role of microbes in causality, as well as the 
differences in gut microbiota composition between humans 
and rodents.

N-3 PUFAs have been shown to be beneficial in compar-
ison to N-6 PUFAs in animal studies; however, despite these 
animal results, this has not been convincingly demonstrated 
in human trials. A primary reason for the lack of response of 
fish oil supplements in IBD patients may relate to studying 
standardized concentrations of n-3 fatty acids as encapsulated 
dietary supplements which differs substantially from the oil 
in fresh fish with its higher bioavailability. Moreover, as n-3 
fatty acids are chemically unstable and are subject to lipid 
peroxidation with the result that the composition of a fish oil 
supplement cannot be simply inferred from the labelled EPA 
and DHA concentrations.

The benefits of fish oil, and more particularly fresh marine 
food, may lie in reducing the risk of developing IBD in sus-
ceptible individuals; however, further studies are required to 
evaluate this taking into account the balance of n-3 and n-6 
fatty acids and their bioactive metabolites, the timing of ex-
posure (different in the developing foetus and infant vs. older 
children and adults) and on potentially reducing host resist-
ance to infection. Moreover, further studies are required to 
evaluate the complementary benefits of fish oil taking into 
account the variables identified above and fresh marine food 
in known IBD patients. The MD high in MUFA might also 
be beneficial in modifying progression to IBD and is prom-
ising as a complementary approach to pharmacotherapy in 
IBD patients.
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