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Received for publication, December 21, 2012 Published, JBC Papers in Press, March 4, 2013, DOI 10.1074/jbc.M112.446575
Rachel H. McMahan*, Xiaoxin X. Wang®, Lin Ling Cheng®, Tibor Krisko", Maxwell Smith!, Karim El Kasmi**,

Mark Pruzanski**, Luciano Adorini°®, Lucy Golden-Mason

+99

, Moshe Levi®, and Hugo R. Rosen*'""

From the Divisions of *Gastroenterology and SNephrology and Hypertension, Department of Medicine, and **Division of
Gastroenterology, Hepatology and Nutrition, Department of Pediatrics, University of Colorado Denver, Aurora, Colorado 80045,
the "Division of Gastroenterology, Hepatology and Endoscopy, Brigham and Women'’s Hospital, Boston, Massachusetts 02115, the
HDepartment of Laboratory Medicine and Pathology, Mayo Clinic Arizona, Scottsdale, Arizona 85259, **lntercept Pharmaceuticals,
New York, New York 10013, §§Intercept Pharmaceuticals, 06073 Perugia, Italy, and the '"'"lntegrated Program in Immunology,

National Jewish Hospital, Denver, Colorado 80206

Background: The bile acid receptors FXR and TGR5 have pleiotropic functions, including immune modulation.
Results: Treatment of a murine model of nonalcoholic fatty liver disease (NAFLD) with a dual FXR/TGR5 agonist decreased
intrahepatic inflammation and altered the immune phenotype of monocytes.

Conclusion: Bile acid receptor activation improves NAFLD.

Significance: These results identify potential targeting strategies for treatment of NAFLD.

Nonalcoholic fatty liver disease (NAFLD) affects a large propor-
tion of the American population. The spectrum of disease ranges
from bland steatosis without inflammation to nonalcoholic steato-
hepatitis and cirrhosis. Bile acids are critical regulators of hepatic
lipid and glucose metabolism and signal through two major recep-
tor pathways: farnesoid X receptor (FXR), a member of the nuclear
hormone receptor superfamily, and TGR5, a G protein-coupled
bile acid receptor (GPBAR1). Both FXR and TGR5 demonstrate
pleiotropic functions, including immune modulation. To evalu-
ate the effects of these pathways in NAFLD, we treated obese
db/db mice with a dual FXR/TGR5 agonist (INT-767) for 6
weeks. Treatment with the agonist significantly improved the
histological features of nonalcoholic steatohepatitis. Further-
more, treatment increased the proportion of intrahepatic
monocytes with the anti-inflammatory Ly6C'®" phenotype and
increased intrahepatic expression of genes expressed by alterna-
tively activated macrophages, including CD206, Retnla, and
Clec7a. In vitro treatment of monocytes with INT-767 led to
decreased Ly6C expression and increased IL-10 production
through a cAMP-dependent pathway. Our data indicate that
FXR/TGR5 activation coordinates the immune phenotype of
monocytes and macrophages, both in vitro and in vivo, identify-
ing potential targeting strategies for treatment of NAFLD.

Nonalcoholic fatty liver disease (NAFLD)? is estimated to
affect one-third of the American population (1-3). The spec-
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trum of disease encompasses bland steatosis without inflam-
mation to nonalcoholic steatohepatitis (NASH), the latter
being associated with a relatively greater risk of cirrhosis,
occurring in up to 15% of patients (4). Although insulin resist-
ance and its sequelae, i.e. inappropriate peripheral lipolysis and
de novo lipogenesis in the liver (5), represent important risk
factors for the development of NAFLD, the precise mecha-
nisms controlling the disease pathogenesis remain largely
undefined.

Macrophages and monocyte populations are an important
source of cytokines in the liver and key players in NASH pro-
gression and resolution (6). Indeed, recent data indicate that
depletion of Kupffer cells prevents the development of diet-
induced steatosis and insulin resistance (7). In addition, the
recruitment of different monocyte populations can also affect
the balance of M1/M2 macrophages during inflammation. Two
subsets of monocytes have been identified, Ly6C"™" and
Ly6C'", which can migrate to tissues and differentiate into
pro- or anti-inflammatory macrophages, respectively (8). Obe-
sity and diet-induced increases in the Ly6C"#" monocyte pop-
ulation have been observed, and adoptive transfer of the
Ly6C"e" monocytes cells causes liver damage (9, 10).

Bile acids are critical regulators in lipid and glucose metabo-
lism and signal through two major receptor pathways: farnesoid
X receptor (FXR), a member of the nuclear hormone receptor
superfamily (11), and TGR5, a G protein-coupled receptor (12,
13). FXR is considered a master regulator of the pleiotropic
activities of endogenous bile acids in enterohepatic recycling
and feedback regulation of bile acid synthesis in the gut-liver
axis, in gluconeogenesis and glycogenolysis in the liver, and in
the regulation of peripheral insulin sensitivity in adipose tissue
(11). The relevance of FXR to hepatic physiology has been indi-
cated by the observation that FXR-depleted mice on a high-fat
diet exhibit massive hepatic steatosis, necroinflammation, and
fibrogenesis (14-16). The demonstration that mice knocked
out for both the LDL receptor and FXR and fed a high-fat diet
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develop necroinflammation and greater hepatic levels of proin-
flammatory cytokines, TGEf, procollagen, and collagen com-
pared with LDL receptor '~ /EXR™’™" mice implicates a role for
FXRin determining the features typical of NASH (15). Further-
more, FXR exerts homoeostatic functions at the interface
between nutrient and lipid metabolism with innate immunity,
antagonizing NF-«B in hepatic inflammatory responses (17)
and inhibiting intestinal inflammatory responses (16, 18).

Activation of TGR5 by natural and synthetic bile acids leads
to stimulation of cAMP synthesis (19), and phosphorylation of
cAMP response element-binding protein results in the tran-
scriptional activation of multiple pathways that include
increased GLP-1 (glucagon-like peptide-1) and insulin secre-
tion (20). Stimulation of TGR5 with taurolithocholate attenu-
ates LPS-induced up-regulation of proinflammatory cytokines
(IL-1B, IL-6, and TNFa) by rat Kupffer cells (21). Moreover,
human THP-1 cells transduced with TGR5 and stimulated with
bile acids demonstrate diminished LPS-induced TNF« secre-
tion compared non-transduced cells (13). Agonist-induced
TGRS activation inhibits the expression of inflammatory medi-
ators in response to TLR4 (Toll-like receptor 4) activation by
LPS in WT but not TGR5 /™ mouse liver, identifying TGR5 as
a negative regulator of liver inflammation (22).

In this context, we hypothesized that bile acid receptor
activation would ameliorate histology in a murine model of
NAFLD/NASH, and we comprehensively explored changes
in the phenotype and function of hepatic innate immune
cells. By using a combination of pharmacological and genetic
approaches, we demonstrate that simultaneous activation of
FXR/TGR5 with the dual agonist INT-767 improves NAFLD/
NASH histological features, results in recruitment of Ly6C'**
monocytes to the liver, directly down-regulates the expression
of Ly6C on bone marrow-derived monocytes, and decreases
production of proinflammatory cytokines by macrophages.
Additionally, treatment with INT-767 increases IL-10 produc-
tion by macrophages and enhances hepatic expression of genes
associated with alternatively activated macrophages (AAM).
These findings underscore the critical roles played by the bile
acid receptor pathways in the pathogenesis of NAFLD/NASH
and provide a rationale for them as emerging molecular targets
(23) with beneficial effects on lipid metabolism and innate
immune responses.

EXPERIMENTAL PROCEDURES

Animals—Male db/db, db/m, and C57BL/6 mice were pur-
chased from the Jackson Laboratory. Twelve-week-old db/db
and db/m mice were fed for 6 weeks with either normal chow
only or chow containing the semisynthetic dual FXR/TGR5
agonist 6a-ethyl-24-nor-53-cholane-3a,7a,23-triol-23-sulfate
sodium salt (INT-767, Intercept Pharmaceuticals, New York,
NY) at 30 mg/kg of body weight (24). Alternatively, mice were
injected intraperitoneally daily with 20 mg/kg INT-767 resus-
pended in 1% methyl cellulose. All animal experiments were
performed humanely under a protocol approved by the Animal
Care and Use Committee of the University of Colorado Denver.

Liver Pathology—Serial liver sections were stained with H&E
and Masson’s trichrome stain using standard techniques.
Blinded liver samples were scored by two separate pathologists
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for NAFLD severity as described previously (25). Briefly, livers
were scored for hepatic steatosis as follows: 0, <5% of the liver
parenchyma; 1, 5-33% of the liver parenchyma; 2, 33—66% of
the liver parenchyma; and 3, >66% of the liver parenchyma.
Lobular inflammation was scored by assessment of the number
of inflammatory foci within a 20X field: 0, no foci; 1, <2 foci per
20X field; 2, 2—4 foci per 20 X field; and 3, >4 foci per 20X field.
Livers with no hepatocyte ballooning were give a score of 0,
those with a few ballooning cells were given a score of 1, and
those with many ballooning cells were given a score of 3.

Isolation of Splenic and Intrahepatic Leukocytes—For isola-
tion of intrahepatic leukocytes, explanted tissue was finely
minced and homogenized with a 10-cc syringe, followed by 1-h
incubation with digestion medium (0.02% (w/v) collagenase IV
and 0.002% DNase) at 37 °C. Red blood cells were lysed in 0.16
M NH,Cl and 0.17 m Tris (pH 7.65), and the cells were washed
twice with RPMI 1640 medium (Invitrogen) containing 10%
fetal bovine serum (HyClone). Cells were then filtered
through a 70-um filter and, if not being used immediately,
frozen in FBS and 10% Me,SO. Mouse splenocytes were har-
vested in a similar manner but without collagenase diges-
tion. Monocytes were isolated from the bone barrow of
C57BL/6 mice using the EasySep mouse monocyte enrich-
ment kit (Stem Cell Technologies).

Flow Cytometric Analysis—Directly conjugated antibodies
against the following surface molecules were used: CD45 (30-
F11), Ly6C (AL21), and Ly6G (1A8) (BD Biosciences). Antibod-
ies against CD115 (AFS98), CD11b (M1/70), CD11c (N418),
F4/80 (BMS), and PD-L1 (MIH5) were from eBioscience. The
anti-CD206 antibody was from AbD Serotec. Multiparameter
flow cytometry was performed using a BD FACSCanto instru-
ment (BD Biosciences) compensated with single fluorochromes
and analyzed using FACSDiva software (BD Biosciences).
Splenocytes and intrahepatic leukocytes were analyzed for cell
surface antigen expression following staining with antibodies at
4 °C in the dark for 30 min. Cells were washed three times with
2 ml of PBS containing 1% bovine serum albumin and 0.01%
sodium azide and subsequently fixed in 200 ul of 1% parafor-
maldehyde (Sigma-Aldrich).

Quantitative PCR—Liver tissue was snap-frozen following
harvest and stored in liquid nitrogen until used. Tissues were
homogenized (Tissue-Tearor), and RNA was extracted using
the RNeasy minikit and converted to cDNA using the Quanti-
Tect RT kit (both from Qiagen) following standard protocols.
Real-time quantitative PCR was carried out on an Applied Bio-
systems 7300 real-time PCR system. The following QuantiTect
primer pairs were purchased from Qiagen: procollagen 1A,
a-smooth muscle actin, IL-18, TNFq, monocyte chemoattrac-
tant protein-1 (MCP-1), IL-18, CD206, Retnla, Clec7a, soluble
IL-1 receptor antagonist (sIL-1Ra), and F4/80. Samples were
run in duplicate in a 10-ul reaction volume consisting of 5 ul of
SYBR Green PCR Mix (Qiagen), 1 ul of the primer set, 0.5 ul of
¢DNA, and 3.5 ul of H,O. Cycling conditions consisted of 40
cycles at 94 °C for 15 s, 50 °C for 30 s, and 72 °C for 30 s. Each
individual sample was normalized to 3-actin, and gene expression
was compared with the matched normal mouse fed a low-fat diet.
TaqMan quantitative PCR was done to determine IL-10 expres-
sion using the following primers: IL-10 (Mm00439614_m1) and

VOLUME 288+-NUMBER 17+APRIL 26,2013



B-actin (MmO00607939_s1) (Applied Biosystems). Samples
were run in duplicate in a 20-ul reaction volume consisting of
10 ul of TagMan Gene Expression Master Mix (Applied Bio-
systems), 1 ul of the primer/probe set, 1 ul of cDNA, and 8 ul of
H,O. Cycling conditions consisted of 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. -Fold change in transcripts was calculated
using the AAC, method (26).

In Vitro Stimulation of Macrophages—Bone marrow was iso-
lated from the femurs and tibias of mice by flushing with PBS.
Bone marrow cells (5 X 10°) were plated in 24-well plates with
RPMI 1640 medium and 10% FBS containing 30 ng/ml recom-
binant M-CSF (eBioscience) and, if indicated, 30 um INT-767.
After 5 days, 100 ng/ml LPS was added to the wells for 24 h, and
supernatants were collected and stored at —80 °C. For the pro-
duction of proinflammatory cytokines, the cells were treated
with LPS and 20 ng/ml recombinant IFNy (eBioscience). RNA
was isolated using the RNeasy minikit. For cAMP experiments,
macrophage stimulation was done in the presence of the adeny-
Iyl cyclase inhibitor MDL-2300A (10 uMm, Sigma).

cAMP ELISA—Bone marrow-derived macrophages (1 X 10°)
were cultured in 24-well plates in RPMI 1640 medium contain-
ing 1 mM isobutylmethylxanthine (Sigma) and then incubated
for 20 min with 30 um INT-767. The cells were lysed in 500 ul of
0.1 M HCI, and the lysates were analyzed for cAMP levels
according to the cAMP ELISA kit instructions (Cayman
Chemical).

Assays for Cytokine Production—For analysis of cytokines in
the supernatants of cell cultures, Luminex xMAP and ELISA
techniques were utilized. For Luminex, samples were trans-
ferred to MultiScreen filter plates (Millipore) and assayed for
cytokines using Luminex xMAP technology on a Luminex 100
IS system. Quantities of MCP-1 and IL-18 were determined
using a MILLIPLEX MAP magnetic bead kit. Duplicate samples
and standards were processed according to the kit protocol,
opting for overnight incubation with the beads. Standards were
mixed and serially diluted 1:2 in tissue culture medium for the
maximum detection range. Results were analyzed using five-
parameter logistic curves (fluorescence intensity versus pg/ml)
generated by Luminex 100 IS software (version 2.3). IL-10 pro-
duction was determined using the mouse IL-10 Ready-Set-Go!
ELISA kit (eBioscience) according to the standard protocol.

Statistical Analysis—Results are expressed as the mean =
S.E. Unpaired Student’s ¢ tests were used to compare differ-
ences between groups, and a p value of =0.05 was considered
significant. Prism 5.0 statistical analysis software (GraphPad
Software) was used.

RESULTS

Activation of the Bile Acid Receptor Pathways Improves
NAFLD—To determine whether activation of bile acid recep-
tors affects obesity-induced hepatic steatosis and inflamma-
tion, we administered the dual FXR/TGR5 bile acid receptor
agonist INT-767 for 6 weeks to obese db/db mice or db/m lean
littermate controls. Administration of INT-767 improved
hepatic histology with decreased steatosis and inflammatory
foci within the liver (Fig. 1). It has been shown previously that
obese db/db mice fail to develop fibrosis unless fed a diet defi-
cient in methionine and choline (27). Accordingly, in our study,
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the db/db mice did not show liver fibrosis as assessed by
trichrome staining (data not shown). Nonetheless, treatment
with INT-767 significantly decreased expression of the procol-
lagen 1A and a-smooth muscle actin profibrotic genes (Fig. 2, A
and B). Expression of the proinflammatory cytokines IL-18 and
TNFa has also been shown to be increased in NAFLD (28 —30).
Treatment of db/db mice with INT-767 significantly decreased
IL-18 and TNFa expression in the liver (Fig. 2, C and D), sug-
gesting a reversal of the proinflammatory cytokine profile in
response to FXR/TGR5 activation. It should be noted that with
the 6-week treatment, there was no significant change in body
weight or blood glucose between the obese db/db and INT-767-
treated db/db mice (data not shown).

FXR/TGRS Activation Results in Increased Intrahepatic
Ly6C"" Monocytes—It has recently been demonstrated that
mice fed a high-fat diet develop intrahepatic infiltration of
Ly6CMe" monocytes and that these cell are crucial for obesity-
associated liver inflammation (10). Conversely, the recruitment
of Ly6C'** monocytes inhibits the inflammatory response asso-
ciated with lipid-associated diseases, such as obesity and ather-
osclerosis, and favors mechanisms of tissue repair (31). Ly6C'*™
monocytes exhibit features of anti-inflammatory macrophages
and have been shown to differentiate into tolerogenic dendrit-
ic-like cells that use PD-L1, a T cell inhibitory molecule impor-
tant for liver immunoregulation (32, 33). Therefore, we ana-
lyzed the phenotype of intrahepatic monocytes, defined
phenotypically as CD45"CD11b*Ly6G ™, in mice treated with
INT-767. We observed an increase in intrahepatic monocytes
in both obese db/db and INT-767-treated db/db mice (Fig. 3A).
The monocyte population was not increased in db/m mice
treated with the agonist, suggesting that INT-767 does not
increase the recruitment of monocytes to the liver. However,
treatment with the agonist led to a decrease in the intrahepatic
Ly6C"#" monocyte population and an increase in the Ly6C'*"
population (Fig. 3, B and C). Treatment also resulted in an
increased proportion of monocytes with the Ly6C'** pheno-
type both in the liver and, to a lesser extent, in the spleen
(Fig. 3D). The Ly6C'*" cells were CD11c™ (Fig. 3E), in agree-
ment with a previous report (31). Taken together, these data
suggest that the agonist alters the phenotype of monocytes in
the liver.

To determine whether the observed hepatic decrease in
Ly6Chel cells induced by INT-767 treatment was due to a
direct or indirect effect on monocyte populations, we treated
bone marrow-derived monocytes from C57BL/6 mice fed a
normal chow diet with the FXR/TGR5 agonist. Following 48 h
of stimulation with INT-767, the levels of Ly6C on monocytes
were statistically decreased (Fig. 4, A and B), suggesting that the
observed decrease in intrahepatic Ly6C"e" cells is due to a
direct effect on monocytes.

INT-767 Treatment of Monocytes Attenuates Proinflamma-
tory Cytokines and Increases IL-10 Production by Macrophages—
CD11b"Ly6C"e" and CD11b"Ly6C'*" monocytes have been
shown to differentiate into two different subset of macrophages
with distinct functional activity (31). CD11b" Ly6C"&" mono-
cytes give rise to proinflammatory macrophages, whereas
CD11b*Ly6C'" monocytes represent precursors for “alterna-
tively activated” macrophages (8, 34). We therefore investi-
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db/db db/m + INT-767 db/m

db/db + INT-767
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FIGURE 1. Treatment with the FXR/TGR5 agonist INT-767 improves liver pathology in NAFLD. Obese db/db and control db/m mice were treated with
INT-767 (30 mg/kg/day) for 6 weeks. A, H&E staining of livers demonstrated increased steatosis and inflammatory foci (arrows) in db/db mice and resolved liver
pathology in INT-767-treated mice. B, livers from 15 mice/treatment group were scored for steatosis, inflammatory foci, and hepatocyte ballooning as
described under “Experimental Procedures.” Data are expressed as the arithmetic mean = S.E.

gated cytokine production from bone marrow-derived macro-
phages differentiated in the presence of INT-767. Production of
the proinflammatory cytokines TNFa and IL-13 and the
chemokine MCP-1 was decreased following stimulation with
IFNy and LPS (Fig. 5A). Interestingly, INT-767 also
increased expression of IL-10 following stimulation with
LPS (Fig. 5B). A similar increase in IL-10 production follow-
ing LPS treatment was observed in CD11b™ cells isolated
from the livers of mice treated intraperitoneally for 8 days
with the agonist (Fig. 5C).

Treatment with INT-767 Increases Hepatic Expression of
Genes Associated with AAM—Because it has been suggested
that the Ly6C'*" monocyte population may differentiate into
phagocytes with properties similar to AAM (8), we analyzed the
macrophage phenotype in the livers of db/db mice treated with
INT-767 (Fig. 6). Compared with db/m mice, db/db mice had
higher expression of the F4/80 gene, consistent with an increase
in hepatic macrophage population. The expression levels of
F4/80 were further increased following treatment with INT-
767 (Fig. 6A). Macrophages can be characterized as M1 or M2
based on the expression of specific genes (35). Increased levels
of genes associated with M2 or AAM, CD206, Retnla, and
Clec7a (dectin-1), were observed in mice treated with INT-767
(Fig. 6B). In addition, CD206 was expressed at a higher percent-
age of intrahepatic macrophages in mice treated with INT-767
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(Fig. 6C). Expression of sIL-1Ra was also increased in the livers
of INT-767-treated mice. Collectively, these data indicate a
phenotypic switch from a proinflammatory macrophage to an
AAM within the livers of mice treated with the dual FXR/TGR5
agonist INT-767. Importantly, cell surface expression of CD206
and the T cell inhibitory ligand PD-L1 was increased following
in vitro incubation of bone marrow-derived macrophages with
INT-767 (Fig. 6D), demonstrating that the agonist can act
directly on these cells to alter the phenotype.

INT-767-increased IL-10 Is Mediated through cAMP—Prior
work has indicated that cAMP is important for signaling
through TGR5, which is a G protein-coupled receptor (36, 37).
Therefore, we investigated the role of cAMP signaling in this
model. We verified that the INT-767 agonist induced cAMP
production from monocytes (Fig. 7A). Furthermore, activation
of monocyte-derived macrophages with LPS and INT-767 in
the presence of MDL-2300A, an adenylyl cyclase inhibitor that
inhibits generation of cAMP, attenuated the INT-767-induced
increase in IL-10 (Fig. 7B).

DISCUSSION

We have shown that treatment of a murine model of NAFLD
with a dual FXR/TGRS5 bile acid receptor agonist improves dis-
ease and alters the phenotype of intrahepatic macrophage pop-
ulations. Cells of the monocyte/macrophage lineage are highly
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FIGURE 2. Decreased intrahepatic expression of profibrotic and proinflammatory genes in obese db/db mice treated with INT-767. Intrahepatic
expression of the indicated profibrotic (A and B) and proinflammatory (C and D) genes from db/m and obese db/db mice fed INT-767 for 6 weeks was
determined by quantitative PCR. Data are expressed as the arithmetic mean = S.E. of eight mice/treatment group. p values represent unpaired t tests. ProCol 1A,

procollagen 1A; a-SMA, a-smooth muscle actin.

heterogeneous and display remarkable plasticity with regard to
cytokine production and immunoregulatory effects (38). A
common designation for macrophages divides them into two
broad groups, M1 and M2. M1 (or “classically activated”)
macrophages produce Thl-type cytokines and are induced by
[FNvy and Toll-like receptor stimulation. M2 (AAM) macro-
phages are induced by a variety of stimuli, including the Th2
cytokines IL-4 and IL-13 (35). IL-10 may also be important in
the differentiation of M2 macrophages because IL-10 knock-
out mice have fewer M2 macrophages (39). The M2 subset of
macrophages demonstrates extensive functional diversity,
including increased phagocytic activity and mannose recep-
tor expression, enhanced IL-10 production, and high expres-
sion of the IL-1 decoy receptor (35). In general, these immu-
noregulatory cells dampen inflammation and promote tissue
remodeling, playing an important role during the resolution
phase of inflammation by producing anti-inflammatory
cytokines (e.g. IL-10, TGEB, and sIL-1Ra) and scavenging
cellular debris (40).

We have shown that FXR/TGR5 activation by INT-767
inhibits the production of proinflammatory cytokines from
macrophages and decreases intrahepatic expression of both
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TNFa and IL-18. In other disease models, both FXR and TGR5
activation has been shown to directly inhibit LPS-induced pro-
inflammatory cytokine and chemokine production by macro-
phages, including TNFe, IL-183, IL-6, and MCP-1 (18, 21,
41); this decrease is likely to improve NAFLD given the
importance of proinflammatory cytokines in disease patho-
genesis (42). In addition to inhibition of proinflammatory
cytokine production, we have demonstrated that INT-767,
in combination with LPS activation of TLR4 enhances IL-10
production and CD206 expression on macrophages. Treat-
ment also restores expression of M2 markers in the livers of
db/db mice and increases production of IL-10 by intrahe-
patic macrophages.

Recent data suggest that M2 macrophages may be protective
in NAFLD/NASH pathogenesis, as shown by the observation
that blocking M2 activation exacerbates obesity-induced insu-
lin resistance and induces NAFLD (43). Co-culture experi-
ments with hepatocytes have previously indicated that impair-
ment of M2 activation leads to potent suppression of
B-oxidation and oxidative phosphorylation (43). Although the
role of IL-10 in obesity-induced inflammation and liver disease
is not fully elucidated, macrophages in the adipose tissue of
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FIGURE 3. Increased intrahepatic Ly6C'" monocytes in obese db/db mice treated with INT-767. Intrahepatic monocyte populations from obese db/db
mice treated with INT-767 for 6 weeks were analyzed by flow cytometry. A, the percentage of CD45" cells in the liver that were monocytes
(CD1157CD11b"Ly6G ) was increased in mice treated with INT-767. Data represent the mean = S.E. from 16 mice/treatment group. B, upper, representative
plots show Ly6C and CD11b expression on intrahepatic CD45 “F4/80 Ly6G ™~ cells from db/m and db/db mice treated with INT-767. Lower, histograms of Ly6C
staining are shown for the gated populations. C, bar graphs demonstrate the percentage of total CD45™" intrahepatic cells that are Ly6C'°" (left) or Ly6C"o"
(right) monocytes. Data represent the mean = S.E. from 16 mice/treatment group. D, bar graphs demonstrate the percentage of monocytes with low
expression of Ly6C in the liver (left) and spleen (right). Treatment with INT-767 significantly increased the number of Ly6C'°" cells in the livers of db/db mice.
Data represent the mean * S.E. from 16 mice/treatment group. £, a representative histogram plot shows increased CD11c expression on Ly6C'*" (gray)

compared with Ly6C"9" (black line) monocytes.

mice fed a high-fat diet undergo a phenotypic switch from
IL-10-producing M2 macrophages to TNFa-producing M1
macrophages (44), and the latter are directly linked with insulin
resistance (45). Furthermore, mice lacking IL-10 demonstrate
more severe liver inflammation and steatosis following a high-
fat diet (46, 47), suggesting that IL-10 may play a protective role
in NAFLD.

The recruitment of different monocyte populations can also
affect the balance of M1/M2 macrophages during inflamma-
tion. Two subsets of monocytes, Ly6C"¢" and Ly6C'", have
been identified that can migrate to tissues and differentiate into
pro- or anti-inflammatory macrophages, respectively (8). Obe-
sity and diet-induced increases in the Ly6C"€" monocyte pop-
ulation have been observed, and adoptive transfer of the
Ly6C"#" monocyte cells causes liver damage (9, 10). In keeping
with these observations, we found an increase in the Ly6C"e"
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monocyte population in db/db mice. This increase was reversed
following treatment with INT-767, and in vitro treatment of
monocytes directly down-regulated Ly6C expression. There-
fore, treatment with INT-767 may also modulate the phenotype
of monocytes recruited to the steatotic liver by inducing a
switch from Ly6C"&" to Ly6C'®" monocytes and therefore
altering the macrophage populations in the liver.

The signaling pathways downstream of FXR and TGR5 that
modulate macrophage function have not been fully elucidated,
but FXR has been shown to antagonize NF-«B, which may
explain its inhibitory actions against proinflammatory cyto-
kines (17). Additionally, TGR5 has been shown to induce cAMP
production by macrophages (13), and this pathway is important
for IL-10 production (48). Here, we have shown that the INT-
767 agonist increases cCAMP production by macrophages and
that inhibition of this pathway prevents agonist-induced IL-10
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FIGURE 4. Decreased Ly6C expression by CD115*CD11b™ cells treated in vitro with INT-767. Bone marrow-derived monocytes from C57BL/6J mice were
isolated by magnetic bead separation; treated in vitro for 48 h with the INT-767 agonist; and stained with antibodies against CD115, CD11b, Ly6G, Ly6C, and
CD11c. A, representative flow cytometric plots showing down-regulation of Ly-6C on monocytes (CD115*CD11b*Ly6G ™). B, bar graphs demonstrating the
percentage of CD115"CD11b"Ly6G ™~ cells from bone marrow with high expression of Ly6C. Data represent the mean = S.E. from triplicate samples.
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FIGURE 5. Decreased proinflammatory cytokines and enhanced IL-10 production by macrophages treated in vitro with INT-767. A, bone marrow-
derived macrophages from C57BL/6 mice were stimulated with 20 ng/ml IFN-yand 100 ng/ml LPS for 24 h, and the relative expression levels of TNFa, MCP-1,
and IL-1 B were determined by quantitative PCR. Expression was normalized to 3-actin expression, and the -fold expression over resting macrophages is shown.
B, shown is IL-10 gene expression in macrophages matured in the presence of the INT-767 agonist following LPS stimulation. The bar graph represents the
mean * S.E.from two separate experiments. C, monocytes were isolated from the livers of db/db and db/m mice treated with INT-767 in vivo and cultured with
100 ng/ml LPS for 24 h. The presence of IL-10 in the supernatants was determined by ELISA. Data represent triplicate samples from two mice/treatment group.

production (Fig. 7). The observed inhibition of proinflamma- tion from macrophages in an autocrine fashion (49). Further
tory cytokines by TGR5 seen by other groups may be due to  studies differentiating the downstream signaling pathways of
IL-10-induced inhibition of proinflammatory cytokine produc- FXR and TGR5 in macrophages are warranted.
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FIGURE 6. Increased expression of AAM markers by monocytes following INT-767 treatment. The liver gene expression levels of the macrophage marker
F4/80 (A) and the markers of alternative activation (CD206, Retnla, Clec7a and sIL-1Ra) (B) were determined in mice treated with the INT-767 agonist for 6 weeks.
Expression was normalized against B-actin, and the -fold expression over livers from db/m mice was calculated. Data represent the mean =+ S.E. from six
mice/treatment group with the exception of sIL-1Ra, which was four mice/group. C, the percentage of intrahepatic macrophages (CD45"CD11b"F4/
80"Ly6G ") expressing CD206 was determined by flow cytometry. Data represent samples from four mice/treatment group. D, bone marrow-derived macro-
phages from C57BL/6 mice were differentiated in the presence of INT-767 and stimulated with 100 ng/ml LPS for 24 h. The percentage of CD115"CD11b"F4/
80" cells expressing CD206 and PD-L1 was determined by flow cytometry. The bar graphs present the mean = S.E. from two separate experiments.
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FIGURE 7.INT-767 induces cAMP production by macrophages, and block-
ing cAMP inhibits cytokine production. A, bone marrow-derived macro-
phages from C57BL/6 mice were stimulated with 30 um INT-767 for 20 min,
and cAMP production was determined by ELISA. B, macrophages were
matured in the presence of the INT-767 agonist, followed by LPS stimulation
for 18 h either alone or in the presence of the cAMP inhibitor MDL-2330A.
IL-10 expression was determined by quantitative PCR. The bar graphs repre-
sent the mean * S.E.

In conclusion, our data indicate that treatment with a dual
FXR/TGR5 agonist decreases liver steatosis and inhibits
hepatic inflammation in a murine model of NAFLD. The dual

11768 JOURNAL OF BIOLOGICAL CHEMISTRY

agonist decreases proinflammatory cytokines, increases IL-10
production, leads to down-regulation of Ly6C both in vitro and
in vivo, and results in a phenotypic reversal from obesity-in-
duced M1 to M2 macrophages.
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