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Immunological Diseases, Tokushima University, Tokushima, Japan

FXR is a key molecule that modulates anti-inflammatory activity in the intestinal-
liver axis. Although FXR has pleiotropic functions including regulation of liver
inflammation and activation of macrophages, it remains unclear whether it is
involved in macrophage polarization. In this paper we demonstrated that
stimulation of macrophages derived from the bone marrow using an FXR agonist
activated polarization toward M2 but not M1 macrophages. The treatment of mice
with chitin skewed macrophage polarization towards M2 macrophages, while co-
treatment with an FXR agonist further promoted the polarization toward M2
macrophages in vivo. This skewed polarization towards M2 macrophages by an
FXR agonist was accompanied by increased expression of signaling molecules
related to the retinoic acid receptor. Inhibition of the retinoic acid receptor
suppressed FXR agonist-mediated M2 macrophage polarization, indicating that
this polarization was, at least, partly dependent on the retinoic acid receptor
pathway. These data demonstrate that FXR has a role in polarization toward M2
macrophages and suggest a possible therapeutic potential of FXR agonists in M2
macrophage-related conditions.

KEYWORDS
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Introduction

The macrophage is a key player in inflammatory processes, as it initially reacts with
antigens, then digests them, resulting in the release of cytokines and chemokines that activate
and recruit other immune cells (1-4). During the inflammatory process, macrophages are
polarized into proinflammatory M1 macrophages that initiate adaptive immunity and tissue
inflammation (4-7). Overactivation of M1 macrophages causes tissue damage and impairs
the wound healing process. In contrast, M2 macrophages prevent tissue fibrosis after damage
and initiate tissue regeneration and remodeling (4). M2 macrophages are also important in
the response to helminth and fungal infections. Chitin is a component of fungi and an
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exoskeleton component of arthropods. Previous research suggests
that administration of chitin in mice increases macrophage
infiltration into the peritoneal cavity and induces activation of M2
macrophages (8, 9). Therefore, chitin-mediated M2 macrophage
activation is useful for studying in vivo activation of these cells. The
balance between tissue inflammation and repair offers a solution to
prevent an unwanted amplification loop within the inflammation
pathway. Both intrinsic and extrinsic cellular factors have been
reported to be generally involved in determining macrophage
polarization under inflammation conditions (5, 6).

The farnesoid X receptor (FXR, gene name: Nrlh4) is highly
expressed in the liver and intestine, and its primary function is to act
as a receptor for bile acid and also to orchestrate homeostasis (10-12).
Activation of FXR induces a series of downstream pathways, which in
turn, protect against inflammation, mainly in the gastrointestinal
tract-liver axis (12, 13). A loss of function associated with a mutation
in human NRIH4 leads to progressive liver disease and high
cholesterol levels, suggesting that FXR may contribute to liver
disease (14). Several recent studies in experimental models have
provided evidence that activation of the FXR signal has a protective
role in inflammation by modulating bile acid homeostasis, intestinal
integrity, and liver injury. For instance, FXR-deficient mice were
shown to develop more severe liver inflammation, after
administration of LPS or Con A-induced hepatitis (15, 16).
Activation of FXR by an agonist was also shown to have a
mitigating effect in the DSS-induced colitis model (17). Although
several papers reported that FXR is involved in macrophage activation
(18, 19), it remains to be determined whether FXR contributes to
polarization of M1 and M2 macrophages. Therefore, we investigated
the roles of FXR in macrophages, in which inflammatory properties
are executed primarily via M1/M2 macrophage polarization.

In this paper we investigated whether FXR had a role in M1/M2
macrophage polarization and showed that an FXR agonist promoted
M2 but not M1 polarization. Furthermore, the skewed polarization
towards M2 macrophages was accompanied by increased expression
of molecules related to retinoic acid receptor signaling. Inhibition of
the retinoic acid pathway suppressed FXR agonist-mediated M2
macrophage polarization, indicating that FXR stimulates M2
macrophage polarization via the retinoic acid pathway. These data
demonstrate that FXR contributes to M2 macrophage polarization
and indicates that an FXR agonist has potential benefit to promote
M2 macrophage-mediated tissue repair and remodeling.

Material and methods
Mice
C57BL6/] mice were purchased from Japan SLC (Shizuoka,

Japan). All animal experiments were approved by the animal
research committee of Tokushima University.

Purification of immune cells

A spleen was excised and then smeared and filtered through a 70
um filter. A single cell suspension was prepared and washed with
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washing buffer. Cell isolation procedures were performed according
to the manufacturer’s instructions. CD19" B cells were isolated first
using CD19" microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany), with the negative fraction then used to enrich for CD3"
T cells using Pan T Cell Isolation (Miltenyi Biotec). The CD11c" cells
were labelled magnetically with CD11c" ultrapure MicroBeads
(Miltenyi Biotec). After sorting, the remaining negative fraction was
separated to obtain CD11b" cells using CD11b MicroBeads (Miltenyi
Biotec) and then subjected to column separation. The purity of each
immune cell type was assessed by flow cytometry.

Preparation of macrophages

Male C57BL6/] mice (10-weeks-old) were used to prepare
peritoneal macrophages and bone marrow derived macrophages
(BMDMs). The peritoneal macrophages were obtained by flushing
the peritoneal cavity two times with 5 mL of ice-cold culture medium
containing RPMI-1640 (Nacalai Tesque, Kyoto, Japan), 10% FBS, 0.1%
2-mercaptoethanol (Thermo Fisher Scientific, Waltham, MA, USA),
and 1% penicillin-streptomycin mixed solution (Nacalai Tesque) using
a 25-gauge needle. The peritoneal fluid collected was poured into a
100 mm dish, followed by incubation for 4 hr in a CO, incubator to
isolate the cells attached to the bottom of the dish. After incubation, the
dish was washed two times with 10 mL of pre-warmed culture medium,
with the attached cells then collected by gentle scraping into 10 mL of
culture medium for use in the experiments as peritoneal macrophages.
For preparation of BMDMs, bone marrow cells were collected from
femurs and tibias by flushing these bones with 10 mL of culture
medium. After lysis of the red blood cells with 2 mL of hypotonic
ammonium chloride solution, the cells were collected by centrifugation
at 500 x g for 5 min at 4°C, and then cultivated for 7 d in 10 mL of
culture medium containing recombinant mouse M-CSF (Pepro Tech,
Cranbury, NJ, USA) at a concentration of 10 ng/mL.

BMDM polarization and treatment with
GW4064 and LE540

In order to initiate polarization towards M1 macrophages, the
BMDMs were incubated for 24 hr in culture medium containing
recombinant mouse IFNYy (Pepro Tech) and LPS (Sigma-Aldrich, St.
Louis, MO, USA) at concentrations of 25 ng/mL and 2.5 pg/mL,
respectively. M2 macrophages were generated by cultivation of
BMDMs with 10 ng/mL of recombinant mouse IL-4 (Pepro Tech)
for 24 hr. In some experiments, GW4064 (Sigma-Aldrich, EC50 = 15
nM) and LE540 (FUJIFILM Wako Pure Chemical, Osaka, Japan)
dissolved in DMSO were diluted with the culture medium and then
added into the culture medium during M1 and M2 induction.

RNA extraction and quantitative RT-PCR

RNA was extracted from 1 x 10° of macrophages with RNAiso
Plus (Takara Bio, Shiga, Japan), according to the protocol provided by
the manufacturer. The quality and concentration of the extracted
RNA were determined using a Nanodrop 2000 spectrophotometer
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(Thermo Fisher Scientific). Complementary DNA was generated
from 120 ng of the extracted RNA using the ReverTra Ace® qPCR
RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan) in
accordance with the manufacturer’s protocol. Quantitative RT-PCR
was conducted using the QuantStudio® 5 real-time PCR system
(Thermo Fisher Scientific) and Applied Biosystems SYBR Green
Master Mixes (Thermo Fisher Scientific). Relative gene expression
level was estimated by normalizing the expression of each target gene
to that of the hypoxanthine phosphoribosyl transferase (HPRT) gene.
The sequences of the primer sets used for qPCR in this study are listed
in Supplementary Table.

Western blotting

BMDM s (2x10° cells) were seeded in six-well plates and cultured
for 48 hr under M2 conditions with or without GW4064 and LE540.
The cells were lysed with RIPA buffer (Nacalai Tesque) containing
protease inhibitors (Roche, Basel, Switzerland). The lysates were
resolved by SDS-PAGE and the blots incubated with anti-ARG-1
(E2, Santa Cruz biotech, Dallas, TX, USA) or anti-actin (A2066,
Sigma-Aldrich) antibodies, followed by incubation with HRP-
conjugated goat anti-mouse IgG antibody (Merk, Darmstadt,
Germany). The bands were detected using ECL Prime
Chemiluminescent Substrate (GE Healthcare, Chicago, IL, USA)
and the ImageQuant LAS-4000 Mini System (GE Healthcare).

Chitin treatment

Female C57BL/6 mice were injected intraperitoneally with 50 pg
of chitin particles from shrimp shells (C9752, Sigma-Aldrich) for 3 hr
to induce M2 macrophages, followed by the first dosage of GW4064
(30 mg/kg) and 2 mg/kg LE540 or vehicle control. A second dose of
GW4064 and LE540 at the same concentration as the first was then
administered and the peritoneal macrophages collected for analysis.

Flow cytometric analysis

BMDMs (1 x 10° cells per sample) were treated with 5 or 20 uM
GW4064 for 3 d in 6-well plates under the conditions used to induce
M2 macrophages. The same amount of DMSO with GW4064 was
added to the M2-inducing or neutral culture systems to prepare 0 uM
GW4064 samples. After treatment of the cells, each well was washed 2
times with 1 mL of ice-cold PBS and the cells then collected by gentle
scraping in PBS, followed by centrifugation at 500 x g for 5 min at 4°
C. The collected cells were treated with 2.4G2 antibody at 4°C for
15 min, washed with FACS buffer made of PBS, 2% FBS, and 0.05%
sodium azide, and then stained at 4°C for 15 min with either
propidium iodide (PI), PE-anti CD1lc (BioLegend, clone N418),
APC-anti CD206 (BioLegend, clone C068C2), APC-Cy7-anti
CD11b (BioLegend, clone M1/70), or Pacific blue-anti F4/80
(BioLegend, clone BM8) in FACS buffer. Flow cytometric analysis
was conducted using the BD FACSCanto II system (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) by acquiring at
least 10,000 events for each sample. The data obtained was analyzed
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using FACSDiva software (BD Biosciences, Franklin Lakes, NJ, USA)
to calculate the mean fluorescence intensity (MFI) of CD206
expressed on the surface of PI' CD11b" F4/80" live macrophages.

Microarray analysis

Total RNA was extracted from 10° of BMDM treated for 24 hr with
10 uM GW4064 or DMSO under M2 conditions using the ReliaPrep
RNA Cell Miniprep system (Promega, Madison, WI, USA) in accordance
with the manufacturer’s protocol. RNA integrity was detected using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA),
while microarray analysis was performed using a 44K Whole Genome
mRNA microarray system (Agilent Technologies). Biological process
annotation and pathway analysis with normalized and filtered data was
performed with GeneSpring 14 software.

The microarray results are available in the NCBI GEO website
(accession number: GSE216995).

Statistical analysis

The representative data of the results were expressed as mean +/-
SD. One way ANOVA was performed for multiple comparisons,
while Student’s t test was used for comparisons between two groups.

Results

Activation of FXR in macrophages
contributed to promotion of
M2 macrophages

FXR is expressed in multiple tissues, particularly the liver and
intestine (20). To investigate the roles of FXR in macrophages, we first
examined Nrl1h4 mRNA gene expression in immune cells. We sorted
CD3" T cells, CD19" B cells, CD11lc" dendritic cells and CD11b*
myeloid cells from B6 spleens, collected peritoneal CD11b*F4/80"
macrophages, and prepared BMDMs. In splenic CD11b" myeloid
cells, mRNA Nrlh4 expression was moderately lower than that
observed in peritoneal macrophages and BMDMs, whereas Nrlh4
expression was detected only rarely in the T and B cell lineages
(Figure 1A). This suggested that FXR in macrophages may be
functional and relevant in BMDMs and peritoneal macrophages. We
first set up an experimental protocol for inducing M2 macrophages
using BMDMs, which was started using a standard protocol for BMDM
differentiation supplemented with recombinant mouse M-CSF
(Figure 1B). The M2 macrophages were induced by 10 ng/mL of IL-
4 for 1 d with or without 10 uM of GW4064. (Figure 1B). The treatment
with GW4064 did not affect cell survival of bone marrow cells.
Treatment with GW4064 increased mRNA expression of the key M2
macrophage genes, Argl, Chil3, and Retnla, whereas GW4064 did not
change the expression of M2 macrophage-related genes under M1
conditions, except for Argl that was increased slightly compared to that
observed in neutral conditions (Figure 1C). In contrast, GW4064
treatment did not induce the M1-related genes, Ccl2 and Ifng, under
M2 macrophage polarization conditions (Figure 1D).
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Activation of FXR in macrophages by GW4064 treatment selectively enhances M2- but not M1-associated genes. (A) mRNAs from peritoneal
macrophages, BMDMs, splenic myeloid cells, dendritic cells, T cells, and B cells were extracted and converted to cDNA. Relative FXR mRNA gene (Nrih4)
expression in these cells was determined by real-time PCR. (B) Schematic representation of the M2 macrophage polarization protocol. Bone marrow
cells were isolated from mice femurs and cultivated for 7 d in the presence of recombinant M-CSF to become BMDMs. M2 polarization was then
induced for 1 d using 10 ng/mL of recombinant IL-4. (C) BMDMs were treated with 10 pM of GW4064 under M1 or M2 macrophage-inducing conditions
and left untreated as a Neu condition for 1 d. RT-qPCR analysis for M2-related genes was then conducted. (D) Real-time PCR analysis for M1-related
genes was performed by using the same samples used in (C). Each experiment was performed in triplicate and repeated three times. The results are
representative data, expressed as mean +/- standard deviation. Analysis of variance (ANOVA) was used for the statistical analysis. **P < 0.01. Nr1h4,
nuclear receptor subfamily 1 group H member 4; M-CSF, macrophage colony-stimulating factor; Neu, neutral.

Activation of FXR in BMDM promoted
M2 macrophages

We next analyzed the time and dose course of M2 macrophage

polarization induced by an FXR agonist. Treatment with GW4064
increased Argl and Chil3 mRNA expression in a time-dependent

Frontiers in Immunology

manner (Figure 2A). In addition, GW4064 treatment clearly
increased ARG-1 protein under M2 macrophage polarization
conditions compared with that observed in the control (Figure 2B).
In accordance with the increase in ARG-1, GW4064-treated BMDM
under M2 conditions showed a significant increase in the percentage
of CD11b" F4/80" CD206" (M2) cells at a dose of 20 pM of GW4064,
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FIGURE 2
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Activation of FXR with GW4064 increased expression of M2-associated markers. (A) BMDMs were treated with or without 10 pM of GW4064 under the
M2 condition from 1 to 3 d, and left untreated as a Neu condition and M2-associated gene expression then measured by real-time PCR. (B) ARG-1
protein (35 kDa) expression was examined by immunoblotting on day 2 of GW4064 treatment under M2 conditions, with relative ARG-1 expression
normalized to B-actin (42 kDa) expression (left panel). The graph shows the relative expression of ARG-1 protein in GW4064-treated cells compared to
that of the vehicle control group (right panel). (C) BMDMs were treated with 0, 5, or 20 yM of GW4064 under the M2 condition for 3 d. Flow cytometry
analysis of CD11b* F4/80" CD206"* and CD206 expression on the cell surface was performed, with the results expressed as the percentage of CD206 in

CD11b* F4/80" cells (upper panel) and MFI (lower panel). Each experiment w.
representative data are shown as mean +/- SD. Analysis of variance (ANOVA)
fluorescence intensity. *P < 0.05, **P < 0.01.

with the mean fluorescence intensity of CD206, a marker for M2
macrophages, upregulated by increasing doses of GW4064
(Figure 2C). The gating strategy in Figure 2C is shown in
supplementary Figure 1. Collectively, these data indicated
that GW4064-mediated FXR activation selectively promoted
M2 macrophages.

as carried out in triplicate and repeated three times. The results of the
and the Student’s t test were used for the statistical analyses. MFl: mean

Retinol metabolism was upregulated
following FXR activation in M2 macrophages

Because FXR activation induced M2 polarization but not Ml
polarization, we next investigated how FXR activation contributed to
M2 macrophages. To address this point, we first treated BMDMs
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under M2 conditions in the presence of GW4064 or its vehicle control
for 1 d and then performed DNA microarrays to profile the altered
genes. As shown in Figure 3A, alternative gene expression shown in
heatmaps and pathway analysis provided a comprehensive view of the
genes involved in metabolic pathways including glycolysis and focal
adhesion of PI3K-Akt mTOR under GW4064 treatment. These
signaling pathways were essential for normal cell survival and
differentiation. The list of top-ranking genes showed a significant
increase in retinol metabolism. As shown in Figure 3B, DNA
microarray analysis revealed that Rarb and Cyp26bl were
upregulated when FXR was activated under M2 conditions. As a
consequence, we used qPCR to evaluate alterations in mRNA
expression of genes involved in retinal metabolism including Rarb
and Cyp26bl. Under M2 macrophage polarization conditions,
GW4064 treatment increased both Rarb and Cyp26b] mRNA
expression, but decreased it in the presence of LE540, an inhibitor
of the retinoic acid receptor (Figure 3C). These findings suggested
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FIGURE 3

Rarb and Cyb26b1l expression was increased by FXR activation with GW4064 in M2 macrophages. (A) BMDMs were treated with DMSO or 10 yM of
GW4064 under M2-inducing conditions for 1 d. The mRNAs were isolated and checked for integrity and a DNA micro array then used to profile
differential gene expression. The heatmap analysis shows profiling of gene alterations according to biological process annotations and pathway analysis
(B) A diagram showing that RARB and CYP26BL1 are included in the retinoic acid signaling pathway. (C) Real-time PCR was performed to assess Rarb and
Cyb26b1 mRNA gene expression in BMDMs treated with DMSO, 10 uM of GW4064, or 2 uM of LE540 under M2-inducing conditions for 1 d and left

untreated as a Neu condition. Each experiment was performed in triplicate

mean +/- SD. Analysis of variance (ANOVA) was used for the statistical analysis. ** P < 0.01. Rarb: Retinoic acid receptor beta; Cyp26b1: Cytochrome

P450 family 26 subfamily B member 1.
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that the retinoic acid receptor might be, at least partly, involved in
FXR-activated M2 macrophage polarization.

Inhibition of the retinoic acid
receptor influenced FXR activation in
M2 macrophages

We next investigated whether altered retinoic acid signaling by
the retinoic receptor inhibitor (LE540) contributed to GW4064-
induced polarization towards M2 macrophages. The expression of
Argl (Figure 4A) and Retnla (Figure 4B) was decreased markedly in
M2 macrophages at 2 and 10 uM of LE540, respectively, whereas
expression of Chil3 remained unaltered (Figure 4C). The treatment of
cells with LE540 did not affect cell survival of macrophages. The
inhibition of ARG-1 expression was validated at the protein level,
with this expression markedly reduced in the presence of LE540 and
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Inhibition of the retinoic acid receptor by LE540 reduced expression of M2-related markers induced by GW4064-mediated FXR activation. BMDMs were
treated with 2 and 10 uM of LE540 with or without 10 uM of GW4064 under M2 conditions for 1 d. Messenger RNA gene expression of Argl (A), Retnla
(B) and Chil3 (C) was evaluated by RT-gPCR. (D) Immunoblotting analysis of ARG-1 (35 kDa) expression in BMDMs treated with 2 and 10 uM of LE540
with or without 10 uM of GW4064 under M2 conditions for 2 d and left untreated as a Neu condition (left panel). The expression level of ARG-1 was
normalized to B-actin (42 kDa) expression, with the graph showing the relative expression of ARG-1 in BMDMs treated with or without LE540 in the
presence of GW4064 compared to that observed with the control M2 condition (right panel). Each experiment was performed in triplicate and repeated
three times. The results of the representative data are shown as mean +/- SD. Analysis of variance (ANOVA) was used for the statistical analysis

*P < 0.05, **P < 0.01.

GM4064 in a dose-dependent manner (Figure 4D). These findings
indicated that the retinoic acid receptor complements FXR activation

in M2 macrophages by increasing ARG-1.

Retinoic acid receptor inhibitor reduced
FXR-mediated M2 macrophages in
chitin-treated mice

We analyzed whether the retinoic acid pathway played an
important role in the polarization of FXR-mediated M2
macrophages in vivo. Chitin administration to mice was used to
initiate M2 macrophage polarization and examine the function of

Frontiers in Immunology

GW4064 FXR activation in promoting this polarization. We
established a protocol to induce macrophages to the M2 state in
vivo by administering chitin particles to prime murine peritoneal
macrophages (Figure 5A). This schematic protocol involved a mouse
model in which chitin particles were injected intraperitoneally. After a
second dose of GW4064, GW4064 and LE540 was administered,
peritoneal macrophages were collected for analysis (Figure 5A).
Administration of GW4064 upregulated M2-associated gene
expression (Argl, Chil3, and Mrcl) in peritoneal macrophages of
chitin-treated mice (Figure 5B). GW4064 treatment increased the
frequency and number of M2 macrophages (CD206" CD11¢") in the
chitin-treated group compared to control group but did not affect M1
macrophage (CD206~ CD11c") polarization (Figure 5C). In addition
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Administration of a retinoic acid receptor inhibitor reduced GW4064-enhanced M2 macrophages in chitin-treated mice. (A) The schematic protocol to
induce M2 peritoneal macrophages by injection of chitin particles and assess the effects of GW4064 and LE540 on M2 macrophage induction in vivo.
The mice received an intraperitoneal injection of 50 pg of chitin to prime M2 induction for 3 hr and then either 30 mg/kg bodyweight of GW4064 or
GW4064 together with 2 mg/kg bodyweight of LE540 were administered two times within a 24 hr interval. (B) Peritoneal macrophages were collected
for further analysis. Messenger RNA expression of M2-associated genes in collected peritoneal macrophages (PMs) was analyzed by real-time PCR. (C)
Flow cytometric analysis of CD206" (M2) and CD11c* (M1) from CD11b* F4/80" PMs. The frequency and total numbers of each population are shown in
the lower panel. Five mice were used in each experimental group, except for the control group Neu in which four mice were used. Each experiment was
repeated two times independently (n=4-5 mice/group), and the result of the representative data shown as mean +/- SE. Analysis of variance (ANOVA)
was used for the statistical analysis. *P < 0.05, **P < 0.01

to GW4064 treatment, administration of LE540 reduced the

Discussion

frequency and number of chitin and GW4064-mediated M2

macrophages (CD206" CD11c¢) compared to that observed in the
LE540-untreated group (Figure 5C). Treatment with LE540 did not
affect M1 macrophage (CD206~ CD11c") polarization. Those data
indicated that retinoic acid signaling was involved in FXR-mediated
M2 macrophages in vivo.

Frontiers in Immunology

Macrophages are involved in various aspects of tissue
inflammation, with polarization towards M1 and M2 macrophages
being one determinant for the outcome of inflammation (1, 6, 21).
This study demonstrated that an FXR agonist, GW4064, promoted

polarization toward M2 macrophages both in vitro and in vivo. In
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addition, polarization toward M2 macrophages induced by GW4064
treatment was accompanied by increased expression of molecules
related to the retinoic acid pathway. Inhibition of retinoic acid was
shown to suppress FXR-mediated polarization toward M2
macrophages. The study therefore provided evidence that FXR has
a role in M2 macrophage polarization and suggests that GW4064
treatment may provide a novel therapeutic strategy for stimulating
M2 macrophage-mediated tissue repair or remodeling.

Bile acids (BAs) are generated by hepatocytes and have a role in
dietary lipid absorption and cholesterol homeostasis (22, 23). BAs
bind to FXR, a member of the nuclear receptor super-family that has
transcriptional activity. FXR binds to FXR response elements as a
monomer or heterodimer in conjunction with the retinoid X receptor
(RXR) and has pleiotropic functions including immune cell activation
and lipid metabolism (13, 24). The current study demonstrated that
stimulation of macrophages with an FXR agonist increased the
activity of signaling molecules related to retinoic acid receptors and
inhibited the retinoic acid pathway, resulting in at least partial
suppression of M2 macrophage polarization. Retinoic acid receptors
(RARs) are nuclear hormone receptors that contain o, 3, and vy
isotypes, and act as a binding partner for RXR (25). The question
remains as to how FXR regulates the polarization of M2 macrophages
through retinoic acid receptors. One possible explanation is that FXR
contributes to increased expression of RARB, which strengthens
retinoic acid receptor signaling. That idea is supported by a recent
study that demonstrated retinoic acid promoted polarization of M2
macrophages (26). However, we cannot completely abrogate M2
macrophage polarization by inhibiting the retinoic acid pathway.
This indicates that FXR may also regulate M2 macrophage
polarization programs independent of the retinoic acid pathway.
FXR may regulate M1 macrophage polarization independent of the
M2 program.

We identified an M2 enhancement mechanism induced by a FXR
agonist in BMDMs. Because BMDMs are naive or less activated by the
cytokine environment during the differentiation or activation
processes compared to that obtained in vivo with other
macrophages including peritoneal macrophages, we used BMDM:s
to study the mechanisms of the M2-enhancing effect caused by the
FXR agonist in vitro system. We also showed that the M2-enhancing
effect of GW4064 in vitro and in the in vivo chitin treatment model
could enhance M2 polarization. Furthermore, the expression level of
the Fxr gene was comparable in BMDMs and peritoneal
macrophages. These results indicated that FXR activation may have
a shared underlying mechanism in regulating M2 in both BMDMs
and peritoneal macrophages.

The results showing that the expression of IL-4-mediated M2
related genes in BMDMs was further enhanced when treated together
with a FXR agonist suggested signaling crosstalk between the FXR and
IL-4 pathways. Study of the molecular mechanisms and the roles of
signaling cross talk in M2 polarization would be worthwhile in future
studies. Our findings also suggested that FXR activation in
combination with retinoic acid signaling favored M2 macrophage
polarization rather than mediating M1 polarization. In contrast,
Murray et al. (19) demonstrated that nitrogen mustard (NM)
generated both M1 and M2 in FXR-deficient mice leading to lung
injury. This contradicts our findings that FXR activation favored M2
macrophage polarization rather than M1 polarization. This
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discrepancy may be explained by the different stimulator used in
each experiment. Instead of NM, we conducted an experiment with
IL-4 and chitin to induce M2 in vitro and in vivo, respectively.
Stimulation of NM and chitin may induce distinct underlying
mechanisms that influence the outcome of M1/M2 polarization in
microenvironments. In addition, in the microenvironment of lung
tissue, immune and non-immune cells might have a critical role of
interacting with other cells to modulate M1/M2 polarization
of macrophages.

We evaluated the involvement of RAR in FXR activation of M2
macrophages in vivo. LE540 had the opposite effect on Argl gene
expression compared to that induced by other M2-related genes. This
discrepancy might be explained by the fact that Argl expression is
dependent on the retinoic acid pathway whereas other M2-related
genes such as Chil3 are not. Our results also demonstrated that
polarization of GW4064-mediated M2 macrophages was reduced by
co-administration of the LE540 RAR antagonist. This result can be
further explained by the fact that the retinoic acid receptor is involved
in FXR-mediated polarization of M2 macrophages in mice treated
with chitin particles. We cannot rule out the possibility that FXR or
retinoic acid receptor signaling in non-macrophages cells indirectly
regulates M2 macrophages in the peritoneal cavity because
hepatocytes and intestine also strongly express FXR. In addition, a
limitation of our study was that our experiments were conducted by
hyperactivating FXR using the GW4064 agonist, which may induce
FXR-independent signaling that currently has not yet been defined. In
future experiments, FXR-deficient mice, tissue-specific FXR-deficient
mice, or retinoic acid receptor-deficient mice would be valuable
models for studying the roles of FXR and the retinoic acid receptor
in macrophage polarization.

In conclusion, we demonstrated that an FXR agonist mediated
M2 macrophage polarization both in vitro and in vivo and that this
effect was, at least partly, dependent on the retinoic acid pathway. We
propose that FXR agonists may be therapeutically useful for treating
M2 macrophage-mediated tissue repair or remodeling.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by Animal
Research committee in Tokushima University.

Author contributions

TJ, HA, and KY conceived and designed the studies. TJ and HA
performed and analyzed all the experiments. CI, YS, KO, HK, and S-
IT analyzed the data. T], HA, and KY wrote the paper, and all authors
reviewed the final version of the paper. KY supervised all the
experiments. All authors contributed to the article and approved
the submitted version.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1065790
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jaroonwitchawan et al.

Funding

This work was supported by the Tokushima University
Cluster program.

Acknowledgments

We thank Ms. C. Kinouchi and M. Toyozaki for their technical
and editorial assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat
Rev Immunol (2008) 8:958-69. doi: 10.1038/nri2448

2. Watanabe S, Alexander M, Misharin AV, Budinger GRS. The role of macrophages in the
resolution of inflammation. J Clin Invest (2019) 129:2619-28. doi: 10.1172/JCI124615

3. Cox N, Pokrovskii M, Vicario R, Geissmann F. Origins, biology, and diseases of
tissue macrophages. Annu Rev Immunol (2021) 39:313-44. doi: 10.1146/annurev-
immunol-093019-111748

4. Sheu KM, Hoffmann A. Functional hallmarks of healthy macrophage responses:
Their regulatory basis and disease relevance. Annu Rev Immunol (2022) 40:295-321.
doi: 10.1146/annurev-immunol-101320-031555

5. Gosselin D, Glass CK. Epigenomics of macrophages. Immunol Rev (2014) 262:96-
112. doi: 10.1111/imr.12213

6. Varol C, Mildner A, Jung S. Macrophages: development and tissue specialization.
Annu Rev Immunol (2015) 33:643-75. doi: 10.1146/annurev-immunol-032414-112220

7. Guilliams M, Scott CL. Liver macrophages in health and disease. Immunity (2022)
55:1515-29. doi: 10.1016/j.immuni.2022.08.002

8. Reese TA, Liang HE, Tager AM, Luster AD, Van Rooijen N, Voehringer D, et al.
Chitin induces accumulation in tissue of innate immune cells associated with allergy.
Nature (2007) 447:92-6. doi: 10.1038/nature05746

9. Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y, et al. The
Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses against
helminth infection. Nat Immunol (2010) 11:936-44. doi: 10.1038/ni.1920

10. Parks DJ, Blanchard SG, Bledsoe RK, Chandra G, Consler TG, Kliewer SA, et al.
Bile acids: natural ligands for an orphan nuclear receptor. Science (1999) 284:1365-8.
doi: 10.1126/science.284.5418.1365

11. Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez FJ. Targeted
disruption of the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell
(2000) 102:731-44. doi: 10.1016/s0092-8674(00)00062-3

12. Mosinska P, Szczepaniak A, Fichna J. Bile acids and FXR in functional
gastrointestinal disorders. Dig Liver Dis (2018) 50:795-803. doi: 10.1016/j.d1d.2018.05.016

13. Sun L, Cai J, Gonzalez FJ. The role of farnesoid X receptor in metabolic diseases,
and gastrointestinal and liver cancer. Nat Rev Gastroenterol Hepatol (2021) 18:335-47.
doi: 10.1038/s41575-020-00404-2

14. Gomez-Ospina N, Potter CJ, Xiao R, Manickam K, Kim MS, Kim KH, et al.
Mutations in the nuclear bile acid receptor FXR cause progressive familial intrahepatic
cholestasis. Nat Commun (2016) 7:10713. doi: 10.1038/ncomms10713

Frontiers in Immunology

10

10.3389/fimmu.2023.1065790

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.
1065790/full#supplementary-material

15. Wang YD, Chen WD, Wang M, Yu D, Forman BM, Huang W. Farnesoid X
receptor antagonizes nuclear factor kappa b in hepatic inflammatory response.
Hepatology (2008) 48:1632-43. doi: 10.1002/hep.22519

16. Mencarelli A, Renga B, Migliorati M, Cipriani S, Distrutti E, Santucci L, et al.
The bile acid sensor farnesoid X receptor is a modulator of liver immunity in a
rodent model of acute hepatitis. ] Immunol (2009) 183:6657-66. doi: 10.4049/
jimmunol.0901347

17. Zhou X, Cao L, Jiang C, Xie Y, Cheng X, Krausz KW, et al. PPARalpha-UGT axis
activation represses intestinal FXR-FGF15 feedback signalling and exacerbates
experimental colitis. Nat Commun (2014) 5:4573. doi: 10.1038/ncomms5573

18. Fiorucci S, Baldoni M, Ricci P, Zampella A, Distrutti E, Biagioli M. Bile acid-
activated receptors and the regulation of macrophages function in metabolic disorders.
Curr Opin Pharmacol (2020) 53:45-54. doi: 10.1016/j.coph.2020.04.008

19. Murray A, Banota T, Guo GL, Smith LC, Meshanni JA, Lee ], et al. Farnesoid X
receptor regulates lung macrophage activation and injury following nitrogen
mustard exposure. Toxicol Appl Pharmacol (2022) 454:116208. doi: 10.1016/j.taap.
2022.116208

20. Radun R, Trauner M. Role of FXR in bile acid and metabolic homeostasis in
NASH: Pathogenetic concepts and therapeutic opportunities. Semin Liver Dis (2021)
41:461-75. doi: 10.1055/s-0041-1731707

21. Krenkel O, Tacke F. Liver macrophages in tissue homeostasis and disease. Nat Rev
Immunol (2017) 17:306-21. doi: 10.1038/nri.2017.11

22. Fuchs CD, Trauner M. Role of bile acids and their receptors in gastrointestinal and
hepatic pathophysiology. Nat Rev Gastroenterol Hepatol (2022) 19:432-50. doi: 10.1038/
541575-021-00566-7

23. Godlewska U, Bulanda E, Wypych TP. Bile acids in immunity: Bidirectional
mediators between the host and the microbiota. Front Immunol (2022) 13:949033.
doi: 10.3389/fimmu.2022.949033

24. Preidis GA, Kim KH, Moore DD. Nutrient-sensing nuclear receptors PPARalpha
and FXR control liver energy balance. J Clin Invest (2017) 127:1193-201. doi: 10.1172/
JCI88893

25. Rastinejad F. Retinoic acid receptor structures: the journey from single domains to
the full-length complex. ] Mol Endocrinol (2022) 69:T25-36. doi: 10.1530/JME-22-0113

26. Fige E, Sarang Z, Sos L, Szondy Z. Retinoids promote mouse bone marrow-derived
macrophage differentiation and efferocytosis via upregulating bone morphogenetic
protein-2 and Smad3. Cells (2022) 112928. doi: 10.3390/cells11182928

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1065790/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1065790/full#supplementary-material
https://doi.org/10.1038/nri2448
https://doi.org/10.1172/JCI124615
https://doi.org/10.1146/annurev-immunol-093019-111748
https://doi.org/10.1146/annurev-immunol-093019-111748
https://doi.org/10.1146/annurev-immunol-101320-031555
https://doi.org/10.1111/imr.12213
https://doi.org/10.1146/annurev-immunol-032414-112220
https://doi.org/10.1016/j.immuni.2022.08.002
https://doi.org/10.1038/nature05746
https://doi.org/10.1038/ni.1920
https://doi.org/10.1126/science.284.5418.1365
https://doi.org/10.1016/s0092-8674(00)00062-3
https://doi.org/10.1016/j.dld.2018.05.016
https://doi.org/10.1038/s41575-020-00404-2
https://doi.org/10.1038/ncomms10713
https://doi.org/10.1002/hep.22519
https://doi.org/10.4049/jimmunol.0901347
https://doi.org/10.4049/jimmunol.0901347
https://doi.org/10.1038/ncomms5573
https://doi.org/10.1016/j.coph.2020.04.008
https://doi.org/10.1016/j.taap.2022.116208
https://doi.org/10.1016/j.taap.2022.116208
https://doi.org/10.1055/s-0041-1731707
https://doi.org/10.1038/nri.2017.11
https://doi.org/10.1038/s41575-021-00566-7
https://doi.org/10.1038/s41575-021-00566-7
https://doi.org/10.3389/fimmu.2022.949033
https://doi.org/10.1172/JCI88893
https://doi.org/10.1172/JCI88893
https://doi.org/10.1530/JME-22-0113
https://doi.org/10.3390/cells11182928
https://doi.org/10.3389/fimmu.2023.1065790
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Stimulation of the farnesoid X receptor promotes M2 macrophage polarization
	Introduction
	Material and methods
	Mice
	Purification of immune cells
	Preparation of macrophages
	BMDM polarization and treatment with GW4064 and LE540
	RNA extraction and quantitative RT-PCR
	Western blotting
	Chitin treatment
	Flow cytometric analysis
	Microarray analysis
	Statistical analysis

	Results
	Activation of FXR in macrophages contributed to promotion of M2 macrophages
	Activation of FXR in BMDM promoted M2 macrophages
	Retinol metabolism was upregulated following FXR activation in M2 macrophages
	Inhibition of the retinoic acid receptor influenced FXR activation in M2 macrophages
	Retinoic acid receptor inhibitor reduced FXR-mediated M2 macrophages in chitin-treated mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


