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Abstract

Immune metabolism has been recognized as a new paradigm in the regulation of host immunity. In 
the environment, there are many micro-organisms including pathogenic and non-pathogenic and/or 
beneficial ones. Immune cells exhibit various responses against different types of microbes, which 
seem to be associated with changes in energy metabolism. In addition, dietary nutrition influences 
host metabolism and consequent responses by immune cells. In this review, we describe the 
complex network of immune metabolism from the perspectives of nutrition, micro-organisms and 
host immunity for the control of immunologic health and diseases.

Keywords:   fatty acid, host defense, metabolite, symbiotic bacteria, vitamin B1

Introduction

Metabolism is the process whereby substances are 
synthesized or broken down in vivo by anabolic or catabolic 
reactions. Mammalian cells use six major metabolic path-
ways that have important roles in cell growth and survival: 
the aerobic glycolytic pathway, the tricarboxylic acid (TCA) 
cycle (also known as the citric acid cycle or Krebs cycle), the 
pentose phosphate pathway, fatty acid oxidation, fatty acid 
synthesis and the amino acid pathway.

The activity and importance of such metabolic pathways 
vary greatly depending on the type of cell and the active state 
of the cell. For example, cancer cells show an altered effect 
that is characterized by a shift to aerobic glycolysis, which is 
known as the Warburg effect and contributes to the rapid pro-
liferation and survival of cancer cells (1). Immune cells are not 
exceptions and accumulating evidence has shown that cel-
lular energy metabolism pathways such as aerobic glycolysis 
and the TCA cycle are altered during the differentiation 
and activation of immune cells. It is also known that meta-
bolic products and intermediates that are generated during 
the pathways affect several cellular functions and signaling 
(2). Therefore, energy metabolism regulates the functions of 
immune cells.

There are many micro-organisms in the environment; some 
of them are pathogenic and others are non-pathogenic and/
or beneficial. Various immune cells are deployed in the body 
where they work cooperatively with each other while exhib-
iting unique functions and they are responsible for defense 
against pathogens. Simultaneously, these immune cells show 
immunological tolerance to harmless and/or beneficial mi-
crobes and maintain immunological homeostasis. Thus, 
the immune response induced by various types of micro-
organism is different, suggesting that the type of micro-
organism also affects cellular energy metabolism.

In addition to micro-organisms, nutrients are essential for 
the development, maintenance and regulation of the host 
immune responses. Therefore, deficient or inappropriate in-
take of nutrients is frequently associated with increased risk 
of infectious, allergic and inflammatory diseases. Since nu-
trients are important factors not only for cellular components 
but also for energy metabolism, nutrition affects immune 
functions through the regulation of energy metabolisms in im-
mune cells. In this review, we outline immune metabolism by 
focusing on the differences in metabolic changes caused by 
the type of micro-organisms and dietary nutrition.
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Metabolic pathway in the acquired immune system

Naive T cells exhibit low metabolic activity and rely pri-
marily upon fatty acid oxidation as a source of energy (2, 3). 
However, when naive T cells are activated, they acquire a 
large amount of glucose and increase glycolysis for rapid pro-
liferation and differentiation into effector T cells. The changes 
are associated with the expression of glucose transporter 1 
(glut1), a transporter that takes glucose into cells from extra-
cellular environments, and activation of phosphatidylinositol 
3′-kinase (PI3K), mammalian target of rapamycin (mTOR) 
and Akt (protein kinase B) (4). mTOR also promotes fatty acid 
synthesis and mitochondrial biogenesis (5).

The proliferating T cells require not only glucose but also 
glutamine, which is utilized primarily as a mitochondrial sub-
strate, collectively suggesting that mitochondrial activity also 
plays an important role in T-cell activation. Indeed, mitochon-
drial metabolism plays a critical role in the expression of 
genes that drive T-cell activation through modulation of nu-
clear factor of activated T cells (NFAT), which is a key tran-
scriptional factor for T-cell activation, by the generation of 
reactive oxygen species (ROS) via mitochondrial oxidative 
phosphorylation (OXPHOS) (6).

More interestingly, each differentiated effector T-cell subset 
exhibits unique metabolic requirements, which is thought to 
be closely related to their functions (7). Th1, Th2 and Th17 
cells show a high level of glut1 expression on the cell sur-
face and highly depend on glycolysis. In contrast, regulatory 
T cells (Treg cells) show a lower level of glut1 expression and 
a high level of fatty oxidation like naive T cells (7). Therefore, 
in glut1 transgenic mice, which highly express glut1 specif-
ically in T cells, effector T cells, including Th1, Th2 and Th17 
cells, were selectively increased although the T-cell-specific 
glut1 transgenic mice showed no overt signs of illness (7, 8). 
In contrast, AMP-activated protein kinase stimulation, which 
decreases glut1 expression and increases fatty oxidation, in-
creases Treg generation (7).

Similarly, T-cell-specific deficiency of mTOR led to the en-
hanced generation of Treg cells with impaired differentiation 
of Th1, Th2 and Th17 cells (9). Of note, two different mTOR 
complexes, TORC1 and TORC2, exhibit disparate effects 
on the T-cell fate decision. Specific deletion of the Ras homo-
logue enriched in brain (RHEB), which disrupts TORC1 ac-
tivity, impairs Th1 and Th17 differentiation (10). In contrast, T 
cells deficient in the scaffolding protein raptor-independent 
companion of TOR (RICTOR), which is a critical adaptor 
protein for TORC2, fail to differentiate into Th2 cells (10).

As further evidence for a T-cell fate decision, acetyl coen-
zyme A (acetyl-CoA) carboxylase 1 (ACC1)—an enzyme that 
catalyzes the conversion of acetyl-CoA to malonyl coenzyme 
A, a carbon donor for fatty acid synthesis—influences the 
development of Th17 cells (11). ACC1-mediated fatty acid 
synthesis is required for development of Th17 cells through 
production of phospholipids for cellular membranes (11).

As with T cells, B cells also show a metabolic shift to glycolysis 
during activation. For example, B-cell antigen receptor (BCR) 
stimulation induces B-cell proliferation and increased glucose 
uptake through activation of PI3K and Akt (12). Indeed, in-
hibition of glycolysis blocks BCR-mediated B-cell proliferation 
and antibody production, indicating that glycolysis is required 

for B-cell responses to antigen. B cells are also activated by 
other signals such as CD40L, B-cell-activating factor (BAFF) 
and interleukin (IL-4). Interestingly, IL-4 mediates B-cell sur-
vival by regulating glucose energy metabolism via a signal 
transducer and activator of transcription 6 (Stat6)-dependent 
pathway in a PI3K-independent manner (13).

For cell proliferation, it is necessary to synthesize cellular 
macromolecules in addition to the rapid production of ad-
enosine triphosphate (ATP) by glycolysis. Indeed, fatty acid 
synthesis contributes to proliferation and differentiation of B 
cell through the induction of endogenous ATP-citrate lyase 
(ACLY) that produces acetyl-CoA from mitochondria-derived 
citrate (14). The mitochondrial activity is also required for 
B-cell functions. ROS production induced by mitochondrial 
OXPHOS appears to support BCR-mediated proliferation and 
regulate B-cell functions (15). Thus, during T-cell and B-cell 
activation, glycolysis is required for initial proliferation; on the 
other hand, mitochondrial function and fatty acid metabolism 
are closely linked to the later cellular events.

Immune metabolism in innate immune cells

Like acquired immunity, cells involved in innate immunity 
such as macrophages, dendritic cells (DCs) and neutro-
phils change their energy metabolism upon the recognition 
or capture of pathogens in order to eliminate the pathogens. 
The metabolic changes associated with infection have been 
well-characterized in macrophages (16, 17). In general, naive 
(M0) macrophages differentiate into M1 or M2 macrophages 
in response to stimulation with lipopolysaccharide  (LPS) in 
combination with interferon  (IFN)-γ or IL-4, respectively. M1 
macrophages produce inflammatory cytokines and nitric 
oxide (NO) for the clearance of microbial infection. In con-
trast, M2 macrophages function in the resolution of inflamma-
tion and tissue repair.

M1 macrophages show high glycolysis, low OXPHOS and 
two breaks in the TCA cycle. These breaks occur at both 
isocitrate dehydrogenase and succinate dehydrogenase, 
resulting in increased levels of citrate and succinate. M1 
macrophages also show increased activity of fatty acid syn-
thesis, allowing the usage of citrate as a substrate for NO and 
prostaglandin production and of succinate to enhance IL-1β 
production through the stabilization of the transcription factor 
hypoxia-inducible factor-1α (HIF-1α) (18).

M2 macrophages show high levels of fatty acid oxida-
tion, OXPHOS and an intact TCA cycle. The increased fatty 
acid oxidation and OXPHOS are induced by peroxisome 
proliferator-activated receptor-γ (PPARγ)-coactivator-1β 
(PGC-1β) in a STAT6-dependent manner in response to IL-4 
(19). The increased OXPHOS is linked to M2 polarization and 
anti-inflammatory properties. Indeed, inhibition of OXPHOS 
by oligomycin or carbonyl cyanide 4-(trifluoromethoxy) 
phenylhydrazone (FCCP) decreases the expression level of 
arginase I, a key functional marker for M2 polarization. M2 
macrophages also require glutamine and therefore glutamine 
deprivation decreases M2 polarization (16).

In addition, macrophages show dynamic changes of fatty 
acid synthesis during Toll-like receptor (TLR)-mediated activa-
tion. The intracellular content of anti-inflammatory mono- and 
poly- (ω-3, ω-7 and ω-9) unsaturated fatty acids was rapidly 
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decreased at early time points of TLR4-mediated inflammation, 
whereas the late phase was characterized by increased intra-
cellular unsaturated fatty acid levels, which contribute to the 
resolution of inflammation (20). The temporal pattern changes 
in specific lipid species were correlated with the changes in 
mRNAs encoding corresponding biosynthetic enzymes, which 
are regulated by sterol regulatory element-binding protein 1 
(SREBP1) (20). In another report, the mTOR–Semaphorin 6D 
(Sema6D)–PPARγ axis plays critical roles in macrophage po-
larization through regulation of fatty acid uptake and meta-
bolic reprogramming (21). Sema6D induces anti-inflammatory 
properties in macrophages by IL-4 stimulation, including Arg1 
and IL-10 gene expression, and promotes fatty acid syn-
thesis and uptake pathways in a PPARγ-dependent manner 
(21). Thus, fatty acid synthesis is likely to be associated with 
anti-inflammatory states of macrophages.

Like M1 macrophages, DCs show an increase of glucose 
uptake and glycolysis and a decline in OXHPOS when they 
are activated by LPS (22). The increased glycolysis is regu-
lated in PI3K-dependent and Akt-dependent manner and 
these metabolic changes are essential for features of DC 
maturation such as IL-12 production and CD86 expression 
(22). In contrast to T cells, the metabolic switch is not linked 
to cellular proliferation but rather appears to support the syn-
thesis, expression and secretion of a broad panel of immune 
mediators, including cytokines and co-stimulatory factors.

Immune metabolism in the defense against pathogenic 
bacteria

Immune responses vary depending on the type of microbe, 
which is presumably associated with the metabolic changes 
in the host cells. It is interesting to note that metabolic repro-
gramming is different in response to bacterial lysates from 
Escherichia coli, Staphylococcus aureus or Mycobacterium 
tuberculosis (23). All bacterial lysates equally increase gly-
colysis, whereas increased levels of mitochondrial activity 
vary among bacterial species (23). Consistently, diverse 
metabolic changes are induced by microbial stimulation of 
different TLR signaling pathways in CD14+ human monocytes 
(23). LPS–TLR4 stimulation induces increased glycolysis and 
lactate production together with low levels of mitochondrial 
respiration, whereas Pam3CysSK4 (P3C)–TLR2 increases 
both glycolysis and mitochondrial respiration (23). Thus, 
metabolic changes vary depending on the type of bacteria 
and stimulation; therefore, it becomes important to under-
stand the different responses to individual bacteria.

Mycobacterium tuberculosis is a typical intracellular bac-
terium and can proliferate and survive inside cells after being 
engulfed by macrophages. Lung tissue-resident alveolar 
macrophages suppress inflammation and adaptive immunity 
under physiological conditions to maintain immunological 
homeostasis but can be activated by responding to micro-
bial factors to play a critical role for host defense in the lung 
(24). Mycobacterium tuberculosis-infected lung tissue shows 
up-regulation of glycolytic enzymes and transporters for glu-
cose uptake including those regulated by HIF-1α, and down-
regulation of enzymes participating in the TCA cycle and 
OXPHOS, indicating that M.  tuberculosis infection induces 
metabolism similar to the Warburg effect (25).

Consistent with this, similar metabolic changes, especially 
increased glycolysis, are also observed in human alveolar 
macrophages and play an important role in protection against 
M. tuberculosis infection (24). Inhibition of the metabolic shift 
decreases levels of IL-1β, a crucial cytokine in the innate im-
mune response to M.  tuberculosis and increases levels of 
anti-inflammatory IL-10, resulting in increased bacterial sur-
vival (24). These similar phenotypes are also observed in 
human monocyte-derived and murine bone marrow-derived 
macrophages (24), suggesting that the metabolic shift in M1 
macrophages as described above occurs in human lung 
tissue.

As another mechanism, the expression of lactate 
dehydrogenase-A (LDH-A), which mediates glucose me-
tabolism by converting lactate to pyruvate, was increased in 
M.  tuberculosis-infected macrophages under the control of 
HIF-1α. In HIF-1α-deficient macrophages, the pyruvate con-
centration increases and is used as a feasible carbon source 
for intracellular growth by M tuberculosis. HIF-1α prevents the 
hijacking of pyruvate in macrophages, making this a funda-
mental host-protective mechanism against M.  tuberculosis 
(26). In M.  tuberculosis-infected macrophages, immune re-
sponsive gene 1 (Irg1) is highly expressed. Irg1 produces 
itaconic acid through the decarboxylation of cis-aconitate, a 
TCA cycle intermediate (27). Itaconic acid inhibits isocitrate 
lyase activity, an enzyme for bacterial growth, in M.  tuber-
culosis. Therefore, depletion of Irg1 decreases intracellular 
itaconic acid levels as well as reducing anti-microbial activity 
during bacterial infections.

Listeria monocytogenes is a gram-positive bacterium that 
parasitizes intracellularly in phagocytic cells such as macro-
phages and causes listeriosis. Although there are few reports, 
a metabolic shift similar to that induced by M.  tuberculosis 
infection seems to be induced by Listeria infection (28, 29). 
On the other hand, in regard to acquired immunity, Listeria 
infection induces robust CD8+ T-cell responses through in-
nate inflammatory responses including IL-12, IL-18, IFN-γ 
and TNF-α production, which play a critical role in protective 
immune responses against Listeria infection.

After Listeria infection, activated CD8+ T cell showed in-
creased expression of Acc1, suggesting that the fatty acid 
synthesis pathway plays an important role in CD8+ T-cell ac-
tivation and functions (30). Indeed, T-cell-specific deletion of 
the Acc1 gene did not compromise effector CD8+ T-cell dif-
ferentiation upon Listeria infection but did result in a severe 
defect in antigen-specific CD8+ T-cell accumulation because 
of the increased death of proliferating cells (30).

Host immune responses and metabolism for symbiotic 
commensal bacteria

In addition to pathogenic micro-organisms, some micro-
organisms are non-toxic or even beneficial to the host and 
thus host immunity establishes a symbiotic relationship with 
them. In this regard, we previously revealed unique bac-
terial communities in intestinal lymphoid tissues, including 
Peyer’s patches (PPs) (31). 16S rRNA sequencing and fluor-
escent in situ hybridization analysis allowed us to identify 
Alcaligenes spp., including Alcaligenes faecalis, which are 
a dominant genus within the PPs of mice; we termed them 
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as lymphoid-tissue-resident commensal bacteria (LRCs) (31) 
(Fig. 1). A subsequent study showed that A. faecalis is cap-
tured by CD11c+ DCs in PPs after being taken up by M cells 
(32).

An additional study showed that LRCs induced multiple 
members of the IL-10 cytokine family, including DC-derived 
IL-10 and type 3 innate lymphoid cell (ILC3)-derived 
IL-22, and provided protective effects in a murine colitis 
model (33, 34). Moreover, we previously demonstrated that 
A. faecalis activates DCs to produce moderate levels of IL-6 
through the weak agonistic activity of its LPS against TLR4 
without inducing excessive inflammatory activity, allowing 
Alcaligenes spp. to maintain their homeostatic relationship 
with host immunity (35). This evidence highlights that LRCs, 
including A.  faecalis, interact directly with DCs in intestinal 
lymphoid tissue and regulate their immune functions to main-
tain immunologic homeostasis in the intestine (Fig. 1).

We further extended our knowledge by investigating bac-
teria that persistently colonize colonic macrophages and 
revealed the presence of Stenotrophomonas maltophilia in 
murine colonic macrophages (36) (Fig. 1). Interestingly, intra-
cellular colonization by S. maltophilia in vitro led to increased 
mitochondrial respiration and robust IL-10 production, which 
are similar characteristics to those of M2 macrophages. 
Indeed, IL-10 production is critical for maintenance of the 
symbiotic condition, because intracellular colonization by 
S. maltophilia was impaired in IL-10-deficient macrophages 
(36). Moreover, we identified the smlt2713 gene as a crit-
ical bacterial factor for this symbiosis through the induction 
of IL-10 production (Fig. 1). The 25-kDa hypothetical protein 
is encoded by the smlt2713 gene and annotated as a bac-
terial protein exported by the type II secretion machinery. 
In line with this finding, an S. maltophilia smlt2713-deficient 
strain failed to establish persistent intracellular colonization 
in macrophages (36). Thus, unlike pathogenic bacteria, sym-
biotic bacteria induce unique host metabolic changes in the 
establishment of symbiotic relationships with immune cells.

Role of vitamin B1 in B-cell responses through 
regulation of immune metabolism

Another important factor involved in the control of immune 
metabolism is the nutritional condition. In mice in a fasting 
state, the number of B cells decreased in small intestinal 
PPs, reducing immune responses such as antigen-specific 
IgA antibody production against oral vaccines (37) (Fig. 2). 
As a mechanism, the expression of CXCL13 in bone marrow 
stromal cells is increased through metabolic reprogramming 
into Warburg-like aerobic glycolysis during fasting, so naive 
B cells migrate from the PPs to the bone marrow and the 
number of naive B cells in PPs apparently decreases (37). 
In addition, activated germinal center B-cell numbers in 
PPs are reduced by the induction of apoptosis by starva-
tion (37) (Fig. 2). PPs are well-characterized small intestine-
associated lymphoid structures, where antigens including 
oral vaccines are taken up for the subsequent induction of 
antigen-specific intestinal immune responses including IgA 
antibodies (38). Therefore, the nutrition-mediated mainten-
ance of PPs is an important factor in the control of the effi-
cacy of oral vaccines and prevention of infectious diseases 
in the intestine.

From the perspective of a specific nutrient and immune 
function, we focus on vitamin B1, which is also known as 
thiamine (39–41). The TCA cycle is an important biochem-
ical cycle of aerobic metabolism via citrate, α-ketoglutarate, 
succinyl-CoA, fumarate and oxaloacetate, which occurs in 
the matrix of the mitochondrion and generates ATP through 
OXPHOS (39, 41). As major routes in which the TCA cycle 
takes up the substrate, glucose-derived pyruvate and fatty 
acids are converted to acetyl-CoA, which enters the TCA 
cycle. Glutamate is also converted to α-ketoglutarate and 
enters the TCA cycle. Vitamin B1 acts as an essential co-
factor for enzymes such as pyruvate dehydrogenase and 
α-ketoglutarate dehydrogenase, which are both involved in 
the TCA cycle (39, 40).

Fig. 1.  Modulation of immune metabolism and function by symbiotic bacteria. Alcaligenes and Stenotrophomonas are identified as predominant 
symbiotic bacteria in DCs in the PPs and colonic macrophages, respectively. They have unique systems for modulation of immune cell metab-
olism and function to establish their symbiotic environment.
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Previously, we found a different dependency on vitamin B1 
during B-cell differentiation in the small intestine (41) (Fig. 2). 
In the small intestine, naive B cells differentiate into IgA+ B 
cells in the PPs by class-switching of the immunoglobulin and 
then differentiate into IgA-producing plasma cells (IgA+ PCs) 
in the small intestine lamina propria (iLP). Both naive B cells 
in PPs and IgA+ PCs in iLP use the TCA cycle but only IgA+ 
PCs undergo glycolysis (41). These metabolic differences 
reflected their dependencies on vitamin B1, an essential co-
factor for the TCA cycle. Indeed, depletion of dietary vitamin 
B1 decreases only naive B cells in PPs but does not affect 
IgA+ PCs in iLP in mice (41). Since PPs are the primary sites 
of induction of antigen-specific IgA responses, PP regres-
sion induced by vitamin B1 deficiency leads to decreased 
IgA antibody responses to oral vaccines in mice (41) (Fig. 2).

In addition to diets, commensal bacteria, including gut 
microbiota, contribute to vitamin metabolism (39). Most in-
testinal commensal bacteria are obligate anaerobic bac-
teria belonging to the phyla Firmicutes, Bacteroidetes and 
Actinobacteria, which are dominant phyla among human 
gut microbiota. Bacteria belonging to Bacteroidetes such 
as Bacteroides and Prevotella and Actinobacteria such as 
Bifidobacterium are most likely to be able to synthesize the 
vitamin B family and vitamin K but many of the bacteria 
belonging to the Firmicutes such as Faecalibacterium lack 
the genes involved in the synthesis pathways of these vita-
mins, suggesting that it is impossible to synthesize vita-
mins (39, 42).

Thus, there are bacteria that can synthesize vitamins and 
there are bacteria that are not able to synthesize vitamins. 
On the other hand, it is believed that many bacteria in the 
intestine possess vitamin transporters, even in bacteria that 
do not have a vitamin synthesis pathway. Therefore, many 

bacteria in the intestine are believed to take up vitamins and 
use them. Taken together, intestinal commensal bacteria are 
one of the key factors that influence host immunity through 
vitamin-mediated energy metabolism.

Dietary vitamin B1 is absorbed by the small intestinal epi-
thelium via thiamine transporters and is transported to the 
blood for distribution throughout the body (43). Therefore, it 
is thought that dietary vitamin B1 does not reach the colon; 
however, commensal bacteria are mainly present in the colon, 
indicating that bacterial vitamin B1 is absorbed directly by 
the colon (39). Thus, dietary vitamin B1 and bacterial vitamin 
B1 appear to have immunological roles at different places in 
the intestine.

Role of dietary and bacterial fatty acid metabolites in 
host immune metabolism

Fatty acids are key components of many cellular structures 
and associate with cellular signaling through several recep-
tors. Therefore, fatty acids play an important role in the control 
of cell metabolism. As an example of the importance of fatty 
acid metabolism in immune function, we reported that dietary 
palm oil promotes intestinal IgA antibody production in mice 
(44, 45) (Fig. 2). Palm oil contains a large amount of palm-
itic acid, which occurs in membrane phospholipids and has 
multiple fundamental biological functions (46, 47). 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 such as sphingo-
lipids (Fig. 2).

When we co-cultured IgA-producing cells and palm-
itic acid in vitro, IgA antibody production was enhanced 

Fig. 2.  Role of dietary nutrition and its metabolism in intestinal IgA responses. The nutritional conditions are an important factor in the control 
of immune metabolism and function. Naive B cells have a high dependency on the TCA cycle for energy generation, and therefore depletion 
of dietary vitamin B1, an essential cofactor in the TCA cycle, results in decreased B-cell numbers in the PPs and a reduction of intestinal IgA 
responses against oral vaccine antigens. Dietary palmitic acid enhances intestinal IgA production through a direct effect on IgA-producing cells 
and an indirect effect via endogenous sphingolipid metabolism.
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by the direct action of palmitic acid in a dose-dependent 
manner (45). Sphingolipids, which are endogenously pro-
duced from palmitic acid by serine-palmitoyl transferase, 
are involved in several cellular events including differenti-
ation, proliferation, migration and apoptosis (46, 47). In this 
regard, we found that sphingosine 1 phosphate is associ-
ated with differentiation of naive B cells to IgA+ B cells in 
PPs and migration of IgA+ B cells into iLP (48–50). Thus, 
fatty acid metabolism plays an important role in immuno-
logical function, especially small intestinal IgA immune re-
sponses. Taken together, it has been clarified that dietary 
nutrients regulate immune function through the metabolism 
of immune cells.

In addition, intestinal bacteria contribute to fatty acid me-
tabolism for the modulation of the immune system (51–53). 
Conjugated linoleic acid is a well-known bacterial fatty acid 
metabolite, which is used widely as a functional food (52, 54, 
55). Conjugated linoleic acid such as (9Z,11E)-CLA isomer is 
a potent agonist of PPAR-α and increases catabolism of lipids 
in the liver (56). In addition, conjugated linoleic acid modu-
lates macrophage function and induces anti-inflammatory M2 
macrophages in a PPAR-γ-dependent manner (53). Another 
bacterial metabolite, the linolenic acid metabolite 10-hydroxy-
cis-12-octadecenoic acid (HYA), acts as a G-protein-coupled 
receptor 40 (GPR40) agonist and enhances the barrier func-
tion of the intestinal epithelium by increasing the expression 
of tight-junction-related molecules, resulting in suppression 
of colitis in mice (51, 57). The α-linolenic acid metabolites 
13-hydroxy-9(Z),15(Z)-octadecadienoic acid and 13-oxo-
9(Z),15(Z)-octadecadienoic acid induce the differentiation 
of anti-inflammatory M2 macrophages through GPR40 (58). 
Thus, bacterial fatty acid metabolites have several biological 
functions, including modulation of the differentiation and 
function of immune cells.

When considering the signaling pathways and roles of re-
ceptors for bacterial fatty acid metabolites, PPARs play an 
important role in energy metabolism, including fatty acid me-
tabolism, glucose metabolism and mitochondrial function 
in several tissues and cells (59). GPR120 and GPR40 also 
regulate energy metabolism through the regulation of glucose 
metabolism (60–62). Taken together, bacterial fatty acid me-
tabolites could modulate cell metabolism associated with im-
munological function.

Conclusion

Accumulating evidence reveals mechanisms of metabolic 
regulation and roles in immune functions; however, there 
is still a lack of information about the metabolic changes 
and their roles in the defense against individual pathogenic 
micro-organisms. Metabolic changes to commensals seem 
to be different from those to pathogens. Moreover, both the 
diet and microbial effects on nutrition are also involved in 
the regulation of host metabolism. When considering im-
mune metabolism, we need an understanding of complex 
interactions between host immunity, nutrition and micro-
organisms. Further research will lead to the development 
of new therapies and prevention of infectious and immune 
diseases.
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