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ABSTRACT

Intestinal tissue has a specialized immune system that exhibits an exquisite balance between
active and suppressive responses important for the maintenance of health. Intestinal immunity is
functionally affected by both diet and gut commensal bacteria. Here, we review the effects of fatty
acids on the regulation of intestinal immunity and immunological diseases, revealing that dietary
fatty acids and their metabolites play an important role in the regulation of allergy, inflammation,
and immunosurveillance in the intestine. Several lines of evidence have revealed that some
dietary fatty acids are converted to biologically active metabolites by enzymes not only in the
host but also in the commensal bacteria. Thus, biological interaction between diet and commen-
sal bacteria could form the basis of a new era in the control of host immunity and its associated

diseases.

Introduction

The intestinal tract is a digestive organ that not only
absorbs nutrients from dietary foods but also plays
an important immunological role. Indeed, more
than half of the immune cells in the body are
present in the intestine. The intestinal immune
system, including IgA antibody production, contri-
butes to defense during the early phase of infection
because pathogens - including viruses, bacteria, and
toxins — invade the mucosal surface of the intestinal
tract.”> Gut is exposed not only to pathogenic
microorganisms but also to dietary foods and com-
mensal microorganisms, which are beneficial or
harmless to the body. For these beneficial compo-
nents, intestinal immunity has a suppressive
immune system, which shows tolerance and non-
responsiveness. Thus, intestinal immunity is
equipped with a system that maintains a balance
between active and suppressive immune responses.”
In the event of collapse of the immunological
homeostasis in the intestine, excessive immune
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responses lead to autoimmune diseases, inflamma-
tion, and allergy; in contrast, impaired immune
functions are associated with an increase in the
risk of infectious diseases.” Therefore, disturbance
in the homeostatic mechanism regulated by intest-
inal immunity has been related to various diseases,
and the effect of various environmental factors
related to the control has been clarified.

Nutrients are essential for the development,
maintenance, and regulation of the host immune
system including intestinal immunity.** Deficient
or inappropriate intake of nutrients is frequently
associated with increased risk of infection, allergy,
and inflammatory diseases. One of the three major
nutrients essential for the human body is lipids,
which act as components of energy sources,
plasma membranes, etc. Fatty acids, which are
a main component of lipids, undergo a variety of
metabolic processes after absorption in the gut.
These components are converted to fatty acid
metabolites that have biological activities by endo-
genous enzymes, such as cytochrome P450 (CYP),
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cyclooxygenase, and lipoxygenase.>” For example,
the fatty acids such as arachidonic acid, eicosapen-
taenoic acid (EPA), and docosahexaenoic acid
(DHA) are metabolized to epoxy fatty acids and
hydroxy fatty acids by CYP; to prostaglandin and
thromboxane by cyclooxygenase; and to leuko-
triene, lipoxins, protectin, and resolvin by lipoxy-
genase. These metabolites have a variety of
biological functions, including roles in various
immune responses.

In addition, the gut microbiota also regulates the
development of intestinal immunity and maintenance
of immunological homeostasis.® Peyer’s patches
(PPs), a major gut-associated lymphoid tissue, are
abnormally small in germ-free (GF) mice.
Furthermore, the intestines of GF mice lack germinal
centers, resulting in impaired immune responses such
as IgA antibody production.” Recent studies show the
presence of several bacteria-specific immune regula-
tion functions. For example, segmented filamentous
bacteria promote IgA antibody production and are
associated with induction and activation of Th17 cells
in the intestine;''" Klebsiella is involved in the induc-
tion of Thl immune response;'> and Alcaligenes,
which is a symbiotic bacterium inside gut-associated
lymphoid tissues such as PPs, promotes activation of
dendritic cells and IgA antibody production.'* In
contrast, lactic acid-producing bacteria such as
Lactobacillus show anti-inflammatory properties,
and some Clostridia species inhibit inflammation by
inducing production of interleukin 10 and transform-
ing growth factor p and promoting the differentiation
and proliferation of Treg (regulatory T) cells.">"”

In addition to regulating intestinal immunity,
the gut microbiota is involved in lipid metabolism.
For example, gut commensal bacteria associate
with bile acid metabolism in the enterohepatic
circulation.'® Some of the bile acids generated in
the liver (primary bile acids) and secreted into the
intestine are metabolized by gut commensal bac-
teria to form secondary bile acids. Thus, the gut
microbiota is involved in lipid metabolism includ-
ing absorption of cholesterol through bile acid
metabolism. Furthermore, recent studies revealed
that the gut microbiota directly metabolizes fatty
acids in the intestinal lumen. The fatty acid meta-
bolic pathways of bacteria differ from those of
mammals, and therefore bacteria produce unique
metabolites from dietary fatty acids. In our
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previous studies, we consistently detected several
unique fatty acid metabolites in the intestine and
serum of specific pathogen-free (SPF) mice but not
of GF mice."” In this review, we explore the effects
of fatty acids and their metabolites on intestinal
immunity and diseases, focusing on host and bac-
terial metabolisms of dietary oils and the results of
our recent studies.

Roles of dietary palmitic acid and its
metabolite, sphingolipids, in intestinal
immune responses

Fatty acids containing carbon chains of 16 or more
are generally referred to as long-chain fatty acids.
Long-chain fatty acids are divided into saturated
fatty acids, which have no double bonds in their
carbon chains, and unsaturated fatty acids, which
have double bonds. Palmitic acid is the most com-
mon saturated fatty acid found in our body and is
provided from endogenous synthesis and diet.*
As the name indicates, palmitic acid is contained
in palm oil, but it is also found in meat, dairy
products, breast milk, and other sources. Palmitic
acid occurs in membrane phospholipids and adi-
pose triacylglycerols and has multiple fundamental
biological functions at the cellular and tissue levels.
Therefore, disruption of palmitic acid homeostasis
leads to several pathophysiological consequences,
including tumor growth, metabolic disorder, and
inflammation.*’

Palmitic acid is metabolized to several metabo-
lites by endogenous enzymatic processes. For
example, palmitic acid is converted to palmitoleic
acid, oleic acid, and stearic acid by desaturation
and elongation reactions.”® Sphingolipids, which
are endogenously produced from palmitic acid by
serine-palmitoyl transferase, are involved in sev-
eral cellular events including differentiation, pro-
liferation, migration, and apoptosis.”' In addition,
some kinds of gut commensal bacteria in the
Bacteroidetes phylum also produce sphingolipids
through Dbacterial serine-palmitoyl transferase.
Bacteria require sphingolipids for stress resistance
and survival; for instance, genetic knockout of
serine-palmitoyl transferase reduces resistance to
oxidative stress.”> Bacteria-derived sphingolipids
can act as signaling molecules to modulate host
immune responses in the gut. Glycosphingolipids
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produced by bacteria are recognized by invariant
natural killer T (iNKT) cells through a non-
polymorphic major histocompatibility complex
class I-like molecule, CD1d, and therefore, play
an important role in intestinal iNKT cell
homeostasis.”> Bacteroides fragilis-derived glyco-
sphingolipids suppress excessive proliferation of
iNKT cells in the colon and exert protective effects
against colitis.”> Thus, palmitic acid metabolism by
host and bacteria plays important roles in several
biological functions including maintenance of
intestinal immunological homeostasis.

By focusing on the composition of fatty acids,
especially palmitic acid, in dietary oils and examining
their effects on intestinal immunity, we have revealed
that fatty acids and their metabolites affect intestinal
immune functions, including IgA antibody produc-
tion. For example, we discovered that IgA concen-
tration in fecal samples and accumulation of IgA-
producing cells in the large intestine are higher in
mice fed palm oil than in those fed soybean oil
(Figure 1). As mentioned earlier, palm oil contains
a large amount of palmitic acid; we therefore focused
on the effect of palmitic acid on immune cells. We
found two pathways by which palmitic acid
enhances IgA antibody production: a direct pathway
in which palmitic acid directly affects IgA-producing
cells and an indirect pathway where palmitic acid
acts through its metabolites (Figure 1). When we co-
cultured IgA-producing cells and palmitic acid
in vitro, IgA antibody production was enhanced by
the direct action of palmitic acid in a palmitic acid
concentration-dependent manner.** Palmitic acid is
converted to sphingolipids by serine—palmitoyl

Direct pathway

transferase in vivo, and we found that the increased
IgA antibody production in mice fed with palm oil
was canceled by administration of a serine-palmitoyl
transferase inhibitor.** This finding suggests that
there is an indirect pathway to enhance IgA antibody
production through palmitic acid metabolites
mediated by endogenous serine—palmitoyl transfer-
ase (Figure 1). In another study, we found that
sphingosine 1 phosphate, which is a palmitic acid
metabolite mediated by serine-palmitoyl transferase,
is associated with (1) differentiation of naive B cells
to IgA+ cells in PPs, which are place for the induc-
tion of antigen-specific immune responses in gut and
(b) migration of IgA+ cells into intestinal lamina
propria.”>*” Collectively, these findings suggest that
the metabolic pathway from palmitic acid to sphin-
golipids plays an important role in biological defense
through IgA antibody production. As mentioned
earlier, some commensal bacteria can produce sphin-
golipids, suggesting that they metabolize dietary pal-
mitic acid to its metabolites including sphingolipids
in gut. When considering the interaction between
bacteria and host immunity in the intestine, gut
commensal bacteria may contribute to host defense
against pathogenic microorganisms through their
role as a sphingolipids supplier.

Anti-inflammatory and anti-allergic effects of
dietary omega 3 fatty acids

Omega 3 (w3) and w6 fatty acids are unsaturated
fatty acids that are known as essential fatty acids
because mammals (including humans) cannot
synthesize them in the body and they must be
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Figure 1. IgA antibody production enhanced by palmitic acid and its metabolite, sphingolipids.
Palmitic acid enhances IgA antibody production in the intestine by two pathways. A direct pathway in which palmitic acid directly

affects IgA-producing cells to promote IgA production and an indirect pathway where sphingolipids converted from palmitic acid by
endogenous serine—palmitoyl transferase enhance proliferation of IgA-producing cells.



obtained from the diet. The balance of dietary intake
of w3 and w6 is involved in the maintenance of host
immunological homeostasis; disturbance of the bal-
ance increases risk of allergic and inflammatory
diseases.”® Among commonly consumed dietary
oils, soybean oil, grape seed oil, corn oil, and cotton-
seed oil contain a large amount of linoleic acid,
which is an w6 fatty acid. Linoleic acid is endogen-
ously metabolized to arachidonic acid, which is con-
verted to fatty acid metabolites including
prostaglandin and leukotriene.”” In contrast,
a-linolenic acid, an w3 fatty acid, is abundant in
linseed oil and perilla oil and is endogenously meta-
bolized to EPA and DHA. It is known that w3 fatty
acids have anti-inflammatory and cardiovascular
protective effects.”>*° For example, the Inuit people,
an aboriginal people who live in icy and snowy areas
including northern Canada and consume fish and
seals which contain many w3 fatty acids, show a low
mortality rate associated with heart disease com-
pared to Danish people, who share the same genetic
background with the Inuit.’’ In comparison,
Japanese people tend to overconsume w6 fatty
acids. Because excessive intake of linoleic acid (an
w6 fatty acid) has been suggested to increase the risk
of allergy and inflammation, this fatty acid dietary
habit is considered to be a potential cause of the
recent increase in immune diseases, such as food
allergy and pollinosis, in Japan.
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In light of this background information, we
examined the effects of composition of fatty acids
in dietary oils on host organisms by using animal
models. In mice fed linseed oil, which contains
abundant a-linolenic acid (an w3 fatty acid), both
a-linolenic acid itself and its metabolite, EPA,
accumulated in the intestine’ (Figure 2). In con-
trast, in mice fed soybean oil, which contains
abundant linolenic acid (an w6 fatty acid), linole-
nic acid accumulated in the intestine.”> Thus, it
was revealed that the composition of dietary essen-
tial fatty acids is directly reflected in the composi-
tion of fatty acids and their metabolites in living
tissues.

Because, as mentioned earlier, w3 fatty acids
have anti-inflammatory properties, we next exam-
ined the effects of dietary fatty acids in linseed and
soybean oil on food allergy in mice. Mice fed lin-
seed oil showed a significantly lower rate of onset
of allergic diarrhea compared with those fed soy-
bean oil’* (Figure 2). Consistently, mast cell degra-
nulation was inhibited in mice fed linseed oil.**
Thus, w3 fatty acids ingested from dietary linseed
oil accumulate in intestinal tissues and can prevent
diseases through functional regulation of immune
cells. Host immunity is associated with not only
immune diseases such as inflammation and allergy
but also lifestyle-related diseases including hyper-
tension and biological functions of brain and liver.
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Figure 2. Anti-allergy and anti-inflammation effects of EPA metabolite, 17,18-EpETE.

Dietary omega 3 (w3) fatty acids accumulate in intestinal tissues and are converted to their metabolites. Among these metabolites,
17,18-epoxyeicosatetraenoic acid (17,18-EpETE) converted from eicosapentaenoic acid (EPA) shows protective effects on food allergy
and contacts hypersensitivity models through the prevention of mast cell degranulation and neutrophil trafficking, respectively.
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Therefore, a wide variety of physiological func-
tions and diseases likely can be controlled by diet-
ary w3 fatty acids, and further research is needed.

Endogenous EPA and DHA metabolites
showing anti-allergic and anti-inflammatory
effects

As mentioned earlier, after absorption in the gut,
fatty acids are converted by endogenous enzy-
matic processes to numerous fatty acid metabo-
lites that display biological effects. Therefore, we
used metabolome analysis to comprehensively
measure the fatty acid metabolites in the intest-
inal tissue of mice fed linseed oil. We noted that
a large amount of 17,18-epoxyeicosatetraenoic
acid (17,18-EpETE), which is a fatty acid meta-
bolite derived from EPA due to the endogenous
enzyme CYP, was produced in the intestine of
mice fed linseed oil*? (Figure 2). In addition,
administration of chemically synthesized 17,18-
EpETE prevented allergic diarrhea in mice fed
soybean oil** (Figure 2). 17,18-EpETE is consid-
ered to mediate the food allergy suppressive
effects of dietary linseed oil. In addition, our
recent studies showed that 17,18-EpETE could
suppress contact hypersensitivity in mouse and
nonhuman primate models.*? 17,18-EpETE was
recognized by G protein-coupled receptor (GPR)
40 (also known as free fatty acid receptor 1) and
inhibited chemoattractant-induced Rac activa-
tion and pseudopod formation in neutrophils™
(Figure 2). Thus, 17,18-EpETE inhibits neutro-
phil mobility through the activation of GPR40,
which is a potential therapeutic target for con-
trol of allergic inflammatory diseases.

Other reports have similarly indicated that w3
fatty acids are converted to a variety of metabolites
with anti-allergic and anti-inflammatory properties.
Protectin D1 produced from DHA ameliorates
intestinal inflammation in a mouse colitis model.**
DHA-derived maresin 1 exerts protective actions in
a mouse colitis model by inhibiting the NF-kB
pathway and consequently multiple inflammatory
mediators, as well as by enhancing the macrophage
M2 phenotype.’>® Furthermore, resolvins D1 and
E1 exert protective effects on diverse immune dis-
eases, including periodontitis, psoriatic dermatitis,
and allergic airway inflammation.>”*°

Bacteria-derived w3 and w6 fatty acid
metabolites and their biological effects

Lipid metabolism by bacteria also generates several
fatty acid metabolites, such as conjugated fatty acids
and trans-fatty acids that are biologically active and
affect host functions (Figure 3). For example, con-
jugated linoleic acid is now recognized as a beneficial
fatty acid metabolite and is used widely as
a functional food.*' Dietary intake of conjugated
linoleic acid shows beneficial effects, including
reduced body fat*>** and prevention of diabetes,**
colitis,”> atherosclerosis,"® and cancer.” As an
underlying mechanism, conjugated linoleic acid is
a potent agonist of peroxisome proliferator-
activated receptor (PPAR)-a and increases catabo-
lism of lipids in liver. In addition, conjugated linoleic
acid modulates macrophage function and induces
anti-inflammatory M2 macrophages in a PPAR-y-
dependent manner. Similarly, conjugated a-linolenic
acid is produced in the intestine and possesses sev-
eral bioactivities. For example, jacaric acid, an iso-
mer of conjugated a-linolenic acid, shows
antitumor™ and anti-obesity”” effects. Conversely,
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Figure 3. Fatty acid metabolism by commensal bacteria.

Dietary fatty acids are metabolized by commensal bacteria and
their metabolites show several biological effects. For example,
10-hydroxy-cis-12-octadecenoic acid (HYA) converted from lino-
leic acid by gut commensal bacteria suppresses colitis through
improvement of intestinal barrier and its anti-inflammatory
effects.



consumption of trans-fatty acids increases the risk of
coronary heart disease by increasing low-density
lipoprotein cholesterol and reducing high-density
lipoprotein cholesterol levels.”® Therefore, trans-
fatty acids are thought to be harmful for health.
Some intermediates generated during the produc-
tion of conjugated fatty acid likewise exert beneficial
effects on host health®! (Figure 3). Certain lactic
acid-producing bacteria, such as Lactobacillus plan-
tarum, metabolize linoleic acid and convert it to 10-
hydroxy-cis-12-octadecenoic acid (HYA)."” HYA is
detected in the feces of SPF mice but not GF mice,
suggesting that it is mainly produced by gut com-
mensal bacteria. Subsequent studies revealed that
HYA acts as a GPR40 agonist and enhances the
barrier function of intestinal epithelium by increas-
ing the expression of tight junction-related
molecules.”” In addition, HYA suppresses colitis in
mice by inhibiting the NF-kB pathway.”* Like other
bacteria-derived intermediates, 10-oxo-trans-11-
octadecenoic acid, which is also generated from lino-
leic acid, shows anti-inflammatory effects on macro-
phages; it suppresses proinflammatory cytokine
production by downregulating nuclear NF-xB p65
protein levels through GPR120.>>>* The a-linolenic
acid metabolites 13-hydroxy-9(Z),15(Z)-
octadecadienoic acid and 13-0x0-9(Z),15(Z)-
octadecadienoic acid induce differentiation of anti-
inflammatory M2 macrophages through GPR40.”
Thus, dietary fatty acids are metabolized by the gut
microbiota before they are absorbed in the intestine.
Elucidation of bacterial fatty acid metabolism will
lead to a deeper understanding of the relationship
between fatty acid intake and human health.

Conclusion

Intestinal immunity exhibits an exquisite balance
between active and suppressive immune responses
to prevent infectious diseases and suppress
immune disorders, including food allergy. This
balance is controlled by not only genomic influ-
ences but also a variety of environmental factors.
Among them, we have focused on dietary fatty
acid, paying particular attention to the results of
our recent research. Given that the oil ingested
daily is metabolized and the component fatty
acids continuously used and replaced, we can
easily imagine that daily diet influences immune
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function and the crisis of immunological disease.
In the future, further accumulation of scientific
evidence of immunoregulation through diet and
nutrition and advances in our knowledge of fatty
acid metabolism through the gut microbiota
should lead to a comprehensive understanding of
the diet-gut microbiota-host interaction and the
development of individualized nutrition, which is
expected to fundamentally alter health science.
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