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SUMMARY

FXR agonists are used to treat non-alcoholic fatty liver disease (NAFLD), in part because they
reduce hepatic lipids. Here, we show that FXR activation with the FXR agonist GSK2324
controls hepatic lipids via reduced absorption and selective decreases in fatty acid synthesis.
Using comprehensive lipidomic analyses, we show that FXR activation in mice or humans
specifically reduces hepatic levels of mono- and polyunsaturated fatty acids (MUFA and PUFA).
Decreases in MUFA are due to FXR-dependent repression of Scdl, Dgat2, and Lpinl expression,
which is independent of SHP and SREBP1c. FXR-dependent decreases in PUFAs are mediated
by decreases in lipid absorption. Replenishing bile acids in the diet prevented decreased lipid
absorption in GSK2324-treated mice, suggesting that FXR reduces absorption via decreased bile
acids. We used tissue-specific FXR KO mice to show that hepatic FXR controls lipogenic genes,
whereas intestinal FXR controls lipid absorption. Together, our studies establish two distinct
pathways by which FXR regulates hepatic lipids.

In brief

The nuclear receptor FXR lowers hepatic triglycerides to protect against the onset of NAFLD.
Clifford et al. demonstrate that activation of FXR decreases hepatic triglycerides through two

distinct mechanisms. First, via bile-acid-dependent decreases in intestinal lipid absorption and
second, through selective changes in lipogenesis.

Graphical Abstract

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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INTRODUCTION

The liver is the nexus for many metabolic pathways, including those that regulate bile
acids, fatty acids, cholesterol, and glucose. In healthy humans, metabolized nutrients are
distributed to various tissues without long-term accumulation in the liver. In disease states,
however, metabolites may accrue in the liver, impairing hepatic function (Alves-Bezerra
and Cohen, 2017; Birkenfeld and Shulman, 2014). Owing to a drastic increase in obesity,
dysregulation of hepatic lipid metabolism is commonplace and non-alcoholic fatty liver
disease (NAFLD) has become the most prevalent liver disease globally (Targher et al.,
2018; Younossi et al., 2018). NAFLD comprises a spectrum of liver disorders with the
initial accumulation of ectopic hepatic triglycerides (TAGS) progressing to the more serious
non-alcoholic steatohepatitis (NASH) in a sub-group of individuals. Patients with NASH
exhibit not only elevated hepatic TAG levels, but also fibrosis, hepatocellular ballooning,
and lobular inflammation, which may progress further to cirrhosis or liver failure (Cohen
etal., 2011; Kleiner and Makhlouf, 2016). Currently, there are limited therapeutic options
available to patients diagnosed with NALFD/NASH, but agonists of the nuclear receptor
farnesoid X receptor (FXR) have shown considerable promise. FXR agonists, including
obeticholic acid (OCA), a synthetic bile acid conjugate, as well as non-steroidal agonists, are
currently in clinical trials as potential treatments for NAFLD/NASH (Schumacher and Guo,
2019; Shah and Kowdley, 2020).

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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FXR is endogenously activated by bile acids and is highly expressed in both hepatocytes
and intestinal enterocytes where it controls all aspects of bile acid metabolism including
synthesis, export into the bile ducts, and resorption from the intestine (Dawson and Karpen,
2015). Classically, FXR controls the inhibitory arm of the bile acid synthesis pathway
whereby elevated bile acid levels activate FXR leading to repression of hepatic genes
involved in bile acid synthesis in a negative feedback loop (de Aguiar Vallim et al., 2013a).

Studies in mice and humans have shown that activation of FXR results in a number of
clinically relevant changes such as reduced levels of hepatic and plasma TAGs, reduced
inflammation, increased insulin sensitivity, and protection from certain toxic drugs (Ahmad
and Haeusler, 2019). The mechanism by which FXR is proposed to reduce liver TAG

is through reduced hepatic de novo lipogenesis via an FXR-SHP-SREBP1c pathway
(Watanabe et al., 2004). More recent paradoxical studies have suggested that specifically
activating (Fang et al., 2015) or repressing (Gonzalez et al., 2016; Jiang et al., 2015) FXR,
particularly intestinal FXR, is key to the beneficial reduction in hepatic TAG levels.

In this study, we utilize GSK2324, a potent and specific synthetic FXR agonist (de Aguiar
Vallim et al., 2015; Bass et al., 2011; Tarling et al., 2017) together with multiple knockout
mouse models to identify two distinct pathways that FXR utilizes to reduce hepatic TAG.
We show that FXR activation selectively alters lipogenesis by repressing only three of

the 24 genes involved in TAG synthesis and that these decreases are independent of SHP
and SREBP1c. We use three independent absorption assays to demonstrate that GSK2324
treatment of mice reduces lipid absorption in both low- and high-fat-fed animals. By feeding
animals a diet containing bile acids, we show that the FXR-dependent decrease in lipid
absorption can be abolished when bile acids are replenished. Lastly, we utilized mice

with tissue-specific loss of FXR to demonstrate that hepatic FXR controls the GSK2324-
dependent decreases in lipogenic genes, whereas intestinal FXR largely controls changes
in lipid absorption. Together, our data present a new understanding of how FXR activation
reduces hepatic TAG levels.

Humans and mice treated with FXR agonists have selective reductions in hepatic TAGs
containing MUFAs and PUFAs

To study how FXR activation alters hepatic TAG levels, we obtained liver biopsies from
human patients awaiting gallstone surgery (n = 11) (Al-Dury et al., 2019). Patients were
randomized and treated with either placebo (n = 6) or the FXR agonist OCA (n = 5) for

3 weeks (Figure 1A). Hepatic FXR activation was confirmed in patients receiving OCA by
induction of the FXR target gene BSEP and a decrease in the bile acid synthetic enzyme
CYP7A1 (Figures S1A and S1B). Serum and gall bladder bile acid composition of the same
OCA-treated patients was previously shown to be altered as compared with placebo-treated
controls (Al-Dury et al., 2019), consistent with FXR activation. We next used state-of-the-art
lipidomics to measure 13 lipid classes and over 700 individual lipid species. Analysis of
lipid classes revealed that FXR activation specifically reduced hepatic TAG, which was the
most abundant lipid class in these livers but did not affect other lipid classes (Figure 1B).
Detailed analysis of individual TAG species showed that OCA treatment decreased most of

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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the highly abundant TAG species, which were predominantly TAG containing fatty acids
with one double bond (MUFAs; Figure 1C), and TAG containing two or more double bonds
(PUFAS) to different extents, suggesting FXR agonism affects TAG metabolism in complex
ways (Figure 1C).

To interrogate the molecular mechanism underlying the FXR-mediated decreases in hepatic
TAG, we treated wild-type and £x7/~ mice with the synthetic, water-soluble, and specific
FXR agonist GSK2324 (Bass et al., 2011) (Figure 1D). FXR activation increased the
expression of two well-characterized FXR target genes SAip and MafG (de Aguiar Vallim

et al., 2015; Goodwin et al., 2000) specifically in wild-type, but not in £x7/~ mice (Figure
1E). As with our human data (Figure 1B), the most pronounced effect of FXR activation

on liver lipids was decreased hepatic TAG levels in wild-type, but not £x7~/~ mice (Figures
1F and 1G). In addition to TAG, FXR activation only significantly reduced the levels of
phosphatidylethanolamine (PE; Figure 1G) and did not alter hepatic cholesterol (Figure
S1C). Closer analysis of distinct TAG species showed that most of the highly abundant
TAG species were decreased in wild type, but not £x7/~ mice treated with GSK2324
(Figure 1H). FXR activation reduced the levels of MUFA-containing (Figure 11) and PUFA-
containing TAGs (Figure 1J), In contrast, TAG species containing only saturated fatty acids
were unaltered following GSK2324 treatment (Figure S1D). Taken together, these analyses
demonstrate that FXR activation selectively alters specific lipid species, primarily those
containing fatty acids with one or more double bonds.

Treatment with GSK2324 selectively reduces the expression of fatty acid and triglyceride
synthesis genes

Having determined that FXR activation selectively reduces MUFA- and PUFA-containing
hepatic TAGs in humans and mice, we next sought to establish whether genes involved

in TAG or fatty acid production were regulated in response to FXR activation. Hepatic de
novo TAG synthesis involves the coordinated actions of several enzymes that synthesize
fatty acids from two-carbon precursors (Alves-Bezerra and Cohen, 2017) and then conjugate
these fatty acids to a glycerol backbone to generate TAGs containing various acyl chains
(Takeuchi and Reue, 2009). The enzymes and metabolites of this complex pathway are
shown in Figure 2A. We measured hepatic mRNA levels of genes encoding all 24 enzymes
in both wild-type and £x7/~ mice treated with either vehicle or GSK2324 (Figures 2B—2H).
There were no significant reductions in mMRNAs encoding enzymes of saturated fatty acid
synthesis or fatty acid elongation in response to FXR activation (Figures 2B and 2C).
Indeed, Fasn mRNA levels were increased (Figure 2B), consistent with an earlier report
showing that Fasnis a direct FXR target gene (Matsukuma et al., 2006).

Importantly, of the 24 mRNAs encoding enzymes involved in hepatic TAG synthesis
(Figures 2B—2H), only three genes were reduced in an FXR-dependent fashion following
treatment with GSK2324, Scdl (Figure 2D), Lpin (Figure 2G), and Dgat2 (Figure 2H).
These three mRNAs were not decreased following GSK2324 treatment of £x7/~ mice
(Figures 2D, 2G, and 2H), consistent with a requirement for FXR. Together, our data suggest
that FXR activation does not promote a generalized decrease in the expression of fatty acid
synthesis genes, but instead, results in selective changes in fatty acid and TAG metabolism.

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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For example, FXR activation decreases ScdZ expression, the gene encoding the enzyme
steroyl CoA desaturase (SCD1), which converts saturated fatty acids (mainly C16:0 and
C18:0) to monounsaturated fatty acids (C16:1 and C18:1) (Flowers and Ntambi, 2008).
Thus, the FXR-dependent decrease in MUFA-containing TAGs is likely due to decreased
expression of SCD1.

We next determined whether FXR activation reduced de novo fatty acid synthesis. To
measure lipogenesis, we added deuterium oxide (D,0) to the drinking water of mice, and
then treated them with either GSK2324 or vehicle as we have done previously (Parker
etal., 2019) (Figure 2I). Hepatic FXR activation was confirmed by induction of FXR
target genes Shp and MafG (Figure S2A), and decreased expression of key lipogenic genes
Srebplc, Scdl, Dgat2, and Lpinl (Figure S2B). To determine which fatty acids were newly
synthesized, we extracted neutral lipids to deplete most of the phospholipid classes but retain
most of the TAGs, DAGs, CEs and FFAs. The synthesis of MUFAs (C16:1 and C18:1)

was dramatically decreased following GSK2324 treatment (Figure 2J), whereas there were
only modest changes in the levels of newly synthesized saturated fatty acids (Figure 2J).
Notably, the total levels of saturated fatty acids in the neutral lipid fraction were largely
unaffected, whereas total MUFA levels were significantly decreased (Figure S2C). Based
on these studies, we conclude that FXR activation results in a preferential decrease in the
synthesis of MUFA that are being incorporated into hepatic TAGs, leading to the observed
changes in TAG-fatty acid composition.

FXR activation reduces hepatic TAG levels independently of SHP and SREBP1c

It has been proposed that FXR regulates hepatic TAGs via an SHP-dependent reduction in
SREBP1c (Watanabe et al., 2004), the master transcriptional activator of numerous lipogenic
genes (Horton et al., 2002). To determine if the FXR-dependent reductions in TAG were
elicited through the transcriptional repressor SHP, we treated wild-type and Sho~/~ mice
with GSK2324 for 3 days (Figure 3A). FXR activation induced the FXR target gene MafG
in wild-type and SAp~~ mice, whereas Shpwas induced in wild-type mice but, as expected,
was undetectable in S#p~/~ mice (Figure 3B). GSK2324 treatment of both wild-type and
Shu™'~ mice also repressed hepatic levels of Srebplc, Scdl, Lipin, and Dgat2 (Figure 3C),
indicating that the repression of these genes was independent of SHP. Further, treatment
with GSK2324 decreased hepatic TAG in both wild-type and Shg~~ mice equivalently,
suggesting SHP is not required for FXR-mediated decreases in hepatic TAGs (Figure 3D),
including TAGs containing MUFAs and PUFAs (Figures 3E-3G). Thus, we concluded that
the FXR-dependent regulation of hepatic TAG was largely independent of SHP.

Next, to address whether FXR activation requires SREBP1c to mediate the changes in
hepatic lipids, we treated wild-type and SrebpZc™/~ mice with GSK2324 (Figure 3H). The
induction of FXR target genes SApand MafG was identical in both wild-type and Srebplc~
mice (Figure 31), demonstrating robust FXR activation. Hepatic ScdZ, Lpini, and Dgat?
were still decreased in SrebpIc™~ mice treated with GSK2324 (Figure 3J), suggesting the
mechanism by which FXR reduces the expression of these genes is also independent of
SREBPI1c. Lipidomic analysis confirmed decreased hepatic TAG in wild-type mice treated
with GSK2324 (Figure 3K), which was especially evident in MUFA- and PUFA-containing

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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TAGs (Figures 3L-3N). Basal hepatic TAG levels in Srebp1c™'~ mice were significantly
lower than in wild-type littermates (Figures 3K and S3A), likely due to a lifelong deficit

in lipogenesis (Horton et al., 2002). Notably, however, treatment with GSK2324 still
significantly reduced total hepatic TAG and numerous TAG species in these animals despite
significantly lower basal hepatic lipid levels (Figures 3L, 3N, and S3A-S3D), demonstrating
that SREBP1c is not required for FXR-mediated reductions in hepatic TAG.

To dissect the molecular mechanism by which FXR activation reduces the expression of
Scdl, Lpini, and Dgat2 we considered direct repression, where FXR may bind to the
promoters of these genes and block their transcription by competing with the transcriptional
activator PPARa (Lee et al., 2014). To test this hypothesis, we treated wild-type and
Ppara™'~ mice with GSK2324 (Figure S3E) and confirmed FXR activation through
induction of FXR target genes (Figure S3F). In both wild-type and Ppara™'~ mice hepatic
TAG and TAG species were significantly decreased in response to GSK2324 treatment
(Figures S3G-S3l), as was Scdl, Lpini, and Dgat2 expression (Figure S3J). These data
suggest that direct repression by FXR via competition with PPARa at response elements in
the three repressed genes is unlikely to be the mechanism for the FXR-dependent repression
of specific lipogenic genes. Further, ChlP-seq analysis (Thomas et al., 2010) did not identify
proximal FXR-binding sites in these genes compared with known FXR targets Shp (Nrob2)
and Fasn (Figures S3K-S30). Together, these data show that FXR activation via GSK2324
reduces hepatic TAGs independently of SHP, SREBP1c, and PPARa., suggesting that FXR
reduces the expression of these genes via an unknown mechanism.

FXR activation decreases intestinal lipid absorption

In addition to significant decreases in MUFAS, our lipidomic analysis of mouse livers treated
with GSK2324 also showed consistent reductions in PUFA-containing TAGSs, such as those
containing C18:2 (linoleic acid) fatty acyl chains (Figures 1F, 3E, and 3L). Moreover,
GC-MS analysis of hepatic fatty acids showed significant reduction in total C18:2 levels
(Figure 4A). Linoleic acid is an essential lipid, which cannot be synthesized in mammalian
cells and is exclusively acquired from the diet (Burr and Burr, 1930; Spector and Kim,
2015). We therefore hypothesized that FXR activation may decrease absorption of dietary
lipids in the intestine.

To investigate the effect of FXR activation on lipid absorption, we utilized three separate
absorption assays. First, we treated wild-type mice for 3 days with either vehicle or
GSK2324 and then gavaged them with a bolus of olive oil spiked with radiolabeled 14C-
triolein (Figure 4B). FXR activation not only lowered plasma total TAG levels after the
bolus of oil (Figure 4C) but also lowered the levels of 14C fatty acids in plasma (Figure 4D),
consistent with a decrease in lipid absorption.

Second, we treated mice with either vehicle or GSK2324 as before but instead gavaged the
mice with a bolus of olive oil containing C1,-BODIPY fluorescent fatty acid (Figure 4E). By
imaging the intestinal villi, quantification of mean fluorescence intensity revealed reduced
signal in the jejunum of mice treated with GSK2324 compared with controls (Figures 4F,
4G, and S4A).

Cell Metab. Author manuscript; available in PMC 2022 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clifford et al.

Page 8

Lastly, we synthesized modified diets containing a non-absorbable lipid, sucrose
polybehenate (SPB; C22:0/behenic acid conjugated to a sucrose backbone) (Moser and
McLachlan, 1999) to act as an internal control for the measurement of fecal fatty acids
(Jandacek et al., 2004). To determine whether GSK2324 altered fatty acid absorption, we
individually housed wild-type mice and fed them a diet containing SPB (Figure S4B) for 1
week. During the last 3 days of feeding, the mice were treated daily with either vehicle or
GSK2324 (Figure 4H). GSK2324 treatment significantly increased fecal fatty acids (Figures
41 and S4C), consistent with reduced lipid absorption. As expected, fecal fatty acid levels
were not different between the groups prior to GSK2324 treatment (Figures S4D-S4F), and
the levels of the internal control C22:0 were not altered (Figures S4F and S4G). In summary,
we show that FXR activation following GSK2324 treatment decreases the absorption of
dietary fatty acids in the intestine.

Decreased intestinal lipid absorption requires FXR-dependent changes in bile acids

Absorption of dietary lipids in the intestine requires that TAGs are dispersed in micelles
containing bile acids and phospholipids so that pancreatic-derived lipases can hydrolyze
them to release fatty acids and monoacylglycerides (MAGSs). These fatty acids and MAGs
then enter enterocytes where TAGs are resynthesized and secreted into the lymph via
chylomicrons (Hofmann and Borgstroem, 1964; Ko et al., 2020). Bile acids are detergents
and play a key role in the formation of micelles in the intestinal lumen. Since FXR is

the master regulator of bile acid metabolism (de Aguiar Vallim et al., 2013a, 2013b), we
hypothesized that FXR activation may affect intestinal lipid absorption through a reduction
in bile acid levels and/or a shift in bile acid composition.

First, we demonstrated that the GSK2324-dependent decreases in absorption required FXR
after treatment of wild-type and £x7/~ mice with GSK2324 and fecal lipid analysis (Figures
5A and 5B). To investigate how GSK2324 treatment alters the bile acid pool, we isolated
liver, intestine, and gallbladder, the major organs that contain bile acids (Hofmann, 2009;
Rizzolo et al., 2019) to quantify different bile acid species by UPLC-MS/MS (Figures

5C, 5D, and S5A-S5E). FXR activation with GSK2324 significantly reduced total biliary
(Figure 5C) and liver (Figure S5A) bile acids in wild-type mice but had no effect on
intestinal bile acid levels (Figure S5C). In contrast, no decrease in bile acid levels was noted
following treatment of Ax7/~ mice with GSK2324 (Figures 5C, S5A, and S5C). Notably,
treatment with GSK2324 altered the bile acid composition irrespective of compartment,
with specific reductions in taurocholic acid (TCA) and cholic acid (CA) in wild-type, but
not £x7~'~ mice in gallbladder (Figure 5D), liver (Figure S5B), and intestine (Figure S5D).
These changes were specific, as other abundant bile acid species, such as muricholic acids
(MCAs), were unaffected by GSK2324 treatment (Figures 5D, S5B, and S5D). We propose
that biliary bile acids are most indicative of the absorptive properties of bile acid pool, as
biliary bile acids are the first detergents to mix with dietary lipids to facilitate absorption
(Dawson and Karpen, 2015). Thus, our data suggest that GSK2324 decreases intestinal lipid
absorption in an FXR-dependent manner, and this is likely the result of changes in bile acid
levels and/or composition.

Cell Metab. Author manuscript; available in PMC 2022 August 03.
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The FXR-dependent changes in bile acids suggest that changes in CA and its derivatives
likely play a role in FXR-mediated changes in intestinal lipid absorption (Figures 5A-5D).
To test this hypothesis, we performed a rescue experiment to establish if replenishing the
bile acid pool would prevent changes in lipid absorption. We fed wild-type mice either a
standard diet or a diet supplemented with 0.5% CA for 4 days and then treated each group
with either vehicle or GSK2324 for the final three days of the feeding period (Figure 5E).
As expected, the CA diet alone increased the expression of hepatic FXR target genes (Figure
5F). However, GSK2324 treatment still resulted in robust induction of FXR target genes
Shp and MafG (Figure 5F). GSK2324 significantly decreased total biliary bile acids (and
specifically decreased CA bile acids) in mice fed the standard diet, but not in mice fed the
CA-containing diet (Figures 5G and 5H). Feeding with 0.5% CA was sufficient to restore
the contracted bile acid pool size observed in standard-diet-fed mice as has been shown
before (Jones et al., 2012). While GSK2324 did not significantly reduce total amounts of
bile acid in standard-diet- or CA-diet-fed mice, the FXR agonists only decreased bile acid
pool CA levels in control-fed mice, and this effect was completely ablated by CA feeding
(Figures S5F-S5J).

We then measured hepatic TAG using lipidomics and showed that while FXR activation in
standard-diet-fed mice decreased both total TAG (Figure 5I) and numerous TAG species
(Figure 5J), GSK2324 treatment following CA supplementation in fact resulted in an
increase in hepatic TAG (Figures 51 and 5J). Expression of key lipogenic genes Srebplc,
Scdl, Lpini, and Dgat2were significantly reduced following GSK2324 treatment in both
standard- and CA-fed mice (Figure S5K). Importantly, we show that CA feeding abolished
the increase in fecal fatty acids seen after treatment with GSK2324 (Figure 5K). These
data demonstrate that FXR activation decreases intestinal lipid absorption and that this
decrease in absorption can be rescued with bile acid supplementation, suggesting that the
FXR-dependent decreases in lipid absorption are predominantly mediated by changes in the
composition of the bile acid pool.

In an NAFLD model, FXR activation dramatically decreases hepatic TAG and intestinal lipid

absorption

The standard rodent diet contains relatively little dietary fat, and mice fed this diet typically
do not develop fatty liver disease. In contrast, when rodents are fed a diet rich in fat
(Western-type diet; WD), they accumulate significantly more TAGs in the liver, reminiscent
of NAFLD (Zhang et al., 2020). To better understand the role of FXR in controlling elevated
hepatic lipid levels, we fed wild-type and £x7/~ mice WD for 8 weeks to promote hepatic
lipid accumulation. We then treated these mice with either vehicle or GSK2324 for the

final 3 days of the experiment (Figure 6A). GSK2324 treatment induced FXR target genes
Shp and MafG in an FXR-dependent manner (Figure 6B). WD feeding shifted the hepatic
lipidome such that TAG became the predominant type of lipid in the liver (Figure 6C).
However, GSK2324 treatment significantly reduced the large amount of hepatic TAG in
wild-type, but not £x7/~ mice (Figure 6C). Fxr/~ mice were protected from diet-induced
NAFLD when fed WD, likely a consequence of reduced body weight compared with
wild-type mice (Figure S6A), which has been previously reported (Zhang et al., 2010,
2012). There were no signs of liver toxicity as plasma ALT and AST levels were not
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altered following GSK2324 treatment (Figure S6B). In WD-fed mice, GSK2324 treatment
decreased numerous TAG species irrespective of saturation of the acyl tails (Figure 6D).
To determine whether GSK2324 altered the bile acid pool in WD-fed mice, we measured
bile acids in gall bladder, liver, and intestine by UPLC-MS/MS. The total bile acid pool
was significantly decreased in wild-type, but not £x7~/~ mice (Figure 6E), in contrast to
animals fed the standard rodent diet where the pool was not significantly altered (Figure
S5E). In WD-fed mice, GSK2324 treatment in wild-type, but not £x7/~, mice significantly
decreased the amount of TCA in the bile acid pool (Figure S6C), whereas T-BMCA levels
were unchanged (Figure S6D).

FXR activation resulted in more pronounced decreases in hepatic TAGs after WD feeding,
suggesting that changes in lipid absorption may have been enhanced. We therefore repeated
our three absorption assays in wild-type mice fed WD for 8 weeks. First, WD-fed mice
were gavaged with FA-BODIPY (Figure 6F). Fluorescent signal in the intestinal villi of

the jejunum in GSK2324-treated mice was markedly reduced compared with vehicle-treated
animals (Figures 6G, 6H, and S6E). In mice gavaged with radiolabeled 14C triolein (Figure
6F) we observed a significant decrease in 14C label in the liver (Figure 61). Finally,

we also fed wild-type mice WD for 7 weeks, and in the final week fed a custom WD
containing sucrose polybehenate (Figures 6J and S6F) prior to measuring fecal fatty

acids. GSK2324 treatment significantly increased fecal fatty acids (Figures 6K and S6G),
consistent with decreases in intestinal lipid absorption. Fecal lipids, including the C22:0
internal standard, were unaltered before GSK2324 treatment (Figures S6H-S6K). Together,
our data demonstrate that in WD-fed mice, FXR activation results in pronounced decreases
in hepatic TAG and intestinal lipid absorption.

Intestinal FXR mediates changes in lipid absorption, whereas hepatic FXR controls lipid

synthesis

To determine whether the FXR-dependent reduction in hepatic lipids required SHP in a
NAFLD model, we repeated the WD-feeding experiments with GSK2324 treatment in
Shu™!~ mice (Figures 7A and S7TA-S7E). WD-fed SAp~'~ mice had reduced hepatic TAGs,
indicating these animals are protected from diet-induced NAFLD (Figure 7B). However,
consistent with our findings in low-fat-fed animals, SHP was not required for the GSK2324-
dependent reduction in hepatic TAGs (Figure 7B). Similarly, intestinal lipid absorption
(Figure S7B) and total bile acids in the pool (Figure S7C) were decreased in both wild-type
and Shp'~ mice treated with GSK2324. Importantly, the repression of lipogenic genes by
FXR activation was not altered by loss of SHP (Figure S7D), demonstrating the regulation
of these genes by FXR in a NAFLD model is independent of SHP. Plasma ALT and AST
levels were not significantly elevated irrespective of genotype or treatment (Figure S7E).
Next, we repeated the WD-feeding experiment in SrebpIc™~ mice (Figure 7C) and showed
that FXR activation in wild-type and SrebpZc™'~ mice (Figure S7F) significantly reduced
hepatic TAGs in both wild-type and SrebpIc™~ mice (Figure 7D), despite lower lipid
levels in SrebpIc™'~ mice. The repression of key lipogenic genes after FXR activation was
equivalent in both wild-type and SretpZc™~ mice (Figure S7G).
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Lastly, we wanted to determine whether hepatic or intestinal FXR mediated the GSK2324-
dependent changes in hepatic lipids and absorption. We generated cohorts of mice where
FXR was absent in hepatocytes (£xr% bred to an albumin-Cre; Fxr-V-KO) or enterocytes
(Fxr™f bred to a villin-Cre; Fx/A""KO). W then fed these animals WD for 8 weeks and
treated them with GSK2324 for 3 days as before (Figure 7E). To confirm tissue-specific
FXR deletion and FXR activation with GSK2324, we measured hepatic FXR target genes
Shp and MafG, which were induced in both £x/A1/fl and FxAntKO mice, but not AxrLv-KO
mice (Figures 7F and S7H). Conversely, the intestinal FXR target genes Fgfl5 and Fabp6
were induced in the ileum in both Ax/Af and FxrtV-KO mice, but not Fx/"KO mice
(Figures 7G and S71), confirming tissue-specific knockout in each of our models.

To determine how GSK2324 altered hepatic lipids in tissue-specific FXR knockout mice,
we performed lipidomics. FXR activation significantly reduced hepatic TAG in Ax/A1/f
mice; however, neither Fxr-V"KO nor Fxr"-KO mice had significant reductions in TAG
levels after treatment with GSK2324 (Figure 7H), suggesting that both are required for

this effect. Detailed analysis of TAG species revealed consistent and robust decreases in
TAGs regardless of acyl tail in AT mice but not in Fxr-"KO mice or FxAnKO mice
(Figure S7J). Hepatic expression of lipogenic genes after treatment with GSK2324 showed
reduced expression of Srebplc, Scdl, Dgat2, and to a lesser extent Lpin in Fxr /T mice and
Fxr"KO mice, but not AxrtV"KO mice (Figures 71, S7K, and S7L). To determine whether
hepatic or intestinal FXR mediate changes in lipid absorption, we analyzed fecal lipids and
found that FXR activation significantly increased fecal lipids in both £x/V/fl and FxrLv-KO
mice, but not AxAA"KO mice (Figure 7J). These data indicate that a change in intestinal lipid
absorption is largely dependent on activation of intestinal FXR. Finally, we measured the
bile acid pool of these tissue-specific FXR knockout mice and found that treatment with
GSK2324 significantly decreased the bile acid pool in Ax//fl and FxrtV-KO mice, but not
Fxr"tKO mice (Figure 7K). Together, these data suggest that both hepatic and intestinal
FXR are required for GSK2324-mediated reductions in hepatic TAG, but through two
distinct pathways. Hepatic FXR controls selective changes in de novo lipogenesis, whereas
intestinal FXR decreases intestinal lipid absorption.

DISCUSSION

Agonists for the nuclear receptor FXR are currently under investigation for the treatment
of NAFLD; however, the mechanisms for the beneficial effects of FXR agonism have not
been fully elucidated. Numerous studies implicate various tissue-specific pathways as the
mechanisms for the beneficial lipid-lowering effect of FXR activation (Fang et al., 2015;
Jiang et al., 2015; Watanabe et al., 2004). Our studies implicate both hepatic and intestinal
FXR as required for FXR-mediated reductions in hepatic TAG. These findings may have
important clinical significance as our data suggest combined activation of FXR in liver and
intestine are required for maximal hepatic TAG lowering.

We demonstrate that activation of FXR decreases both intestinal lipid absorption and bile
acids, particularly CA and T-CA. These data highlight that changes in lipid absorption

are a key regulatory pathway in mediating hepatic lipid accumulation, and this mechanism
may be especially important in determining the efficiency of FXR agonists in clinical
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practice. Importantly, the decrease in intestinal lipid absorption was abolished when the
diet was supplemented with CA, suggesting that changes in bile acids are key mediators

in the FXR-dependent changes in lipid absorption. Specific shifts in bile acid composition
were recently shown to reduce lipid absorption following vertical sleeve gastrectomy, and
decreases in TCA and CA levels were also reported to cause decreased intestinal lipid
absorption (Ding et al., 2021). The concept that changes in bile acid composition affect
lipid absorption is further supported by Cyp8b1~'~ mice, which do not synthesize CA
(Li-Hawkins et al., 2002). These animals are protected from diet-induced steatosis, and
have reduced lipid absorption (Bonde et al., 2016). Thus, lipid absorption may be regulated
not only by decreases in the bile acid pool but also by specific changes to the bile acid

pool composition without affecting the overall pool size. Since we show FXR alters lipid
absorption, this may also result in decreased uptake of essential fat-soluble vitamins, which
should be carefully monitored in patients taking FXR agonists.

Changes in lipid absorption may also explain conflicting studies showing that both inhibiting
(Jiang et al., 2015) and activating (Fang et al., 2015) intestinal FXR can have beneficial
effects on hepatic TAG levels. In these studies, conclusions were based on the actions

of intestinal FXR only. Jiang and colleagues report that intestinal FXR signaling was
suppressed through increases in T-b-MCA, a proposed FXR antagonist (Sayin et al., 2013),
which was protective against hepatic TAG accumulation (Jiang et al., 2015). We postulate
that substantially increasing T-B-MCA could alter absorption independently of its actions

on FXR, as B-MCA is a poor detergent, compared with TCA (Montet et al., 1987). Thus,
based on the current data, we propose that activation of intestinal FXR by non-bile acid
agonists reduces lipid absorption as a result of a decrease in the bile acid pool size and
altered composition. In contrast, treatment of mice with the FXR antagonist T-p-MCA alters
bile acid composition also resulting in decreased lipid absorption.

A second important finding in these studies is that the activation of hepatic FXR mediates
selective changes in hepatic lipogenesis. The current paradigm is that FXR activation
reduces hepatic TAGs and lipogenic gene expression through a SHP-SREBP1c pathway
(Watanabe et al., 2004). Watanabe and colleagues used a bile acid or GW4064 as FXR
agonists in hypertriglyceridemic mice and proposed that FXR reduced triglycerides via a
SHP-dependent reduction in fatty acid synthesis by suppressing SrebpIc (Watanabe et al.,
2004). However, the Watanabe et al. studies mainly measured plasma TAG, which we have
previously demonstrated and has almost no correlation with hepatic lipid burden (Parker
et al., 2019), thus highlighting a key difference with our studies that measure liver TAG.
We have demonstrated using knockout mice that FXR activation reduces hepatic lipids
independently of both SHP and SREBP1c. We also demonstrate that FXR activation in
mice fed a WD, which promotes significant hepatic TAG accumulation, still reduces hepatic
TAG independently of SHP and SREBP1c. In agreement with previous studies, we found
that whole-body knockout of SHP is protective against hepatosteatosis (Akinrotimi et al.,
2017; Huang et al., 2007), as was SREBP1c knockout. Yet despite these lower basal TAG
levels, treatment with GSK2324 was still able to reduce hepatic TAG in both Shg/~ and
SrebpIc™~ mice. Further, we show that rather than a decrease in the expression of all
lipogenic enzymes, FXR activation causes selective reductions in the expression of only
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three hepatic fatty acid synthesis genes, ScdZ, Lpini, and DgatZ. The mechanism for this
repression remains to be elucidated.

Taken together, our data demonstrate that intestinal lipid absorption is a novel mechanism by
which FXR activation decreases hepatic lipid accumulation. Using a specific, non-steroidal
FXR agonist (GSK2324), we demonstrate that FXR activation decreases hepatic TAG levels
in mice fed a standard rodent diet and in animals with fatty livers due to prolonged WD
feeding. Our studies demonstrate two complex and distinct mechanisms for a clinically
relevant class of drug used to treat NAFLD, first through the selective regulation of lipogenic
genes and second through decreased intestinal lipid absorption. Importantly, this highlights
lipid absorption as a mode of action of FXR agonists, which is likely to be clinically
significant.

Limitations of study

We demonstrate that activation of FXR results in significant changes to intestinal lipid
absorption as well as selective decreases in lipogenesis. It is difficult to determine the
relative contribution of each pathway, however, our tissue-specific FXR knockout mice
suggest both pathways play a significant role. Our studies were all carried out using

a relatively acute agonist treatment regimen (3 days of agonist treatment), which was
sufficient to reduce liver TAG burden in multiple mouse models. However, it remains to be
determined how longer-term administration of FXR agonists alters hepatic lipids.

There are different classes of FXR agonists that are currently being evaluated clinically,
and these are either bile acid analogs or non-steroidal agonists. This study used mostly a
non-steroidal agonist and our data point to a potentially important difference between the
two types of FXR agonists. Since we show that bile acids are required for FXR-dependent
decreases in lipid absorption, we reason that the use of a bile acid-derived agonist may
replenish or alter the bile acid pool and thus may not alter lipid absorption and have
reduced efficacy in reducing liver TAGs. Human patients described in this publication were
previously shown to have altered biliary bile composition after treatment with the bile acid
analog OCA (Al-Dury et al., 2019), suggesting changes in lipid absorption may still have
occurred. However, it seems important to carry out studies directly comparing different FXR
agonists while monitoring changes in bile acid composition.

Finally, we and others mostly utilize mouse models to determine the effects of FXR
activation on liver TAG. However, it is well known that humans and mice have different
types of bile acids, for example, mice produce muricholic acids that are absent in humans.
While the changes in bile acids were predominantly observed in CA and TCA, a bile acid
that is prominent in both mice and humans, these bile acid species differences may also
result in additional mechanisms in humans that cannot be elucidated in mice.
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STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Thomas Vallim
(tvallim@mednet.ucla.edu).

Materials availability—This study did not generate new unique reagents. GSK2324 was
obtained via a material transfer agreement from GlaxoSmithKline.

Data and code availability—This paper analyzes existing, publicly available ChIP-Seq
data. The reference for these data is listed in the key resources table.

All original code for the custom GC/MS analysis software has been deposited at GitHub
and is publicly available at the time of publication. Repository information is listed in the
software section of the key resources table.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice, treatments, and diets—All mice used in the following studies were male and 8
weeks of age at the start of each experiment. Wildtype and £x7~/~ mice were previously
described (Sinal et al., 2000), and have been crossed to a C57BL/6J background for over

15 generations and bred as separate colonies. SAp~/~ mice were a kind gift from Dr. Bryan
Goodwin and were previously described (Hartman et al., 2009) and have been backcrossed
to C57BL/6J for over 10 generations. SrebpIc™~ mice (Jax004365) and Ppara™~ mice
(Jax008154) were purchased from Jackson Laboratories and backcrossed for 10 generations.
FXR floxed mice (Fxr/™ have been previously described (Kim et al., 2007; de Aguiar
Vallim et al., 2013b) and have been backcrossed to C57BL/6J for 12 generations, before
being crossed to Albumin-Cre or Vilin-Cre (Jackson Laboratories). Cre negative, littermate
floxed controls from both Albumin- and Vilin-Cre breeding pairs were combined and
analyzed as a single control group. GSK2324 has been extensively described (de Aguiar
Vallim et al., 2015; Tarling et al., 2017). In all studies, mice were treated with either vehicle
(water) or GSK2324 (dissolved in water) via intraperitoneal injection once daily at 30mg/kg
body weight for three days. Animals were fed ad /ibitum until the final day of treatment,
when mice were injected with GSK2324 starting 9am, fasted for 4 hours, and sacrificed
starting 1pm to ensure a consistent circadian cycle time. All mice were housed on a 12-hour
light/dark cycle. All animals were maintained on a standard laboratory rodent chow (referred
to as “standard rodent diet” in the text, Ralston Purina Company, #5053), unless specified.

For Western diet fed studies, mice were fed a typical Western diet for 8 weeks (Research
Diets, D12079B; 43% kcal from carbohydrate, 40% kcal from fat, 17%kcal from protein.
0.21% cholesterol). For experiments involving measurement of fecal lipids, mice were
fed with modified diets containing the compound sucrose polybehenate (SPB, CarboMer,
56449-50-4) at a concentration of 5% of total dietary fat (Jandacek et al., 2004). These
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included standard laboratory diet (0.8% total SPB; Envigo, TD170975), Western diet (1.04%
total SPB; Research Diets, D17121803), and a standard laboratory diet with 0.5% cholic
acid diet (0.8% total SPB, Envigo, TD170976). For absorption studies, mice were singly
housed and diet switched to the appropriate custom diet for the final 7 days of the study. In
the cholic acid feeding study, mice were fed standard SPB diet for 3 days, and half of the
animals switched to the cholic acid SPB diet for the final 4 days. In every experiment, cages
were changed after 48 hours on SPB diet to ensure subsequent fecal collections were of
SPB-containing samples. Fecal collections were made prior to the first GSK2324 treatment
and after the 4-hour fast period following the final GSK2324 treatment, prior to sacrifice.
Animals were housed in fresh cages for the 4-hour fast period to ensure post-GSK2324 fecal
collections contained only feces excreted after all three GSK treatments.

For deuterium labeling studies, mouse drinking water was supplemented with deuterium
oxide at a concentration of 5% for the final 4 days of the study (Sigma-Aldrich 151882).

Human studies—Human liver samples were obtained from a cohort of patients that has
been previously described (Al-Dury et al., 2019). Briefly, 11 patients awaiting laparoscopic
gallstone surgery were randomized to receive either placebo or obeticholic acid (OCA) at
25mg/day for 3 weeks until the day of surgery (placebo n=6, OCA n=5). All patients had
symptomatic gallstone disease but had no significant comorbidities or medications known to
affect glucose or lipid metabolism. At the beginning of the operation, approximately 1x1cm
liver specimens were obtained by electrocautery. Tissues were frozen immediately in liquid
nitrogen. All samples were kept frozen at —80 °C until analysis.

Study approval—All animal experiments were approved by the Office of Animal
Research Oversight (OARO) and the Institutional Animal Care and Use Committee
(IACUC) at the University of California Los Angeles.

The human study was approved by the Regional Ethical Committee in Gothenburg (Dnr
199/11: 08JUN2011) and the Swedish Medical Products Agency (EudraCT 2011-0008-13—
37;07MAY2012). Informed consent was obtained from all patients before participation in
the study.

METHOD DETAILS

Gene expression analyses—RNA was extracted from snap frozen liver pieces
(approximately 50mg in weight) using QIAZOL (Qiagen), DNAse-I treated (Thermo
Scientific) for 30 minutes and re-extracted using acidified Phenol:Chloroform:Isoamyl
alcohol (Thermo Scientific). The same extraction process was used for ileum samples.

At sacrifice, ileal contents were pushed up the intestinal tract to preserve contents for

bile analysis and approximately 2.5cm section of clean ileum was cut from the end of

the intestine for RNA isolation. Purified RNA (500ng) was used to make cDNA, which
was diluted 1:10 for gene expression analysis. Gene expression was determined using
primers specific for each gene (primer sequences can be found in Table S1) using a SYBR-
Green master mix (Roche Diagnostics) and relative quantification was determined using an
efficiency corrected method (Roche Diagnostics) using a Lightcycler 480 11 gPCR machine
(Roche Diagnostics). All genes were normalized to either 7hp or 36B4.
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Lipidomic analysis—L.ipidomic analyses were carried out at the UCLA lipidomics core
with one exception (Ppara™'~ mice), which was done at the Baker Heart & Diabetes
Institute, Melbourne. The UCLA lipidomics core protocol has been previously described
(Hsieh et al., 2021). In brief, for tissue, 50-100 mg of frozen liver were placed in a 2mL
homogenizer tube pre-loaded with 2.8mm ceramic beads (Omni #19-628). PBS was added
to the tube and the sample homogenized in the Omni Bead Ruptor Elite (3 cycles of

10 seconds at 5 m/s with a 10 second dwell time). For lipid extraction, 3-6mg of tissue
homogenate were transferred to a glass tube for a lipid extraction using a modified Bligh
and Dyer extraction (Bligh and Dyer, 1959). Prior to biphasic extraction, a 13-lipid class
Lipidyzer Internal Standard Mix was added to each sample (AB Sciex, 5040156). Following
two successive extractions, pooled organic layers were dried down using a Genevac

EZ-2 Elite. Lipid samples were resuspended in 1:1 methanol/dichloromethane with 10mM
Ammonium Acetate and transferred to robovials (Thermo 10800107) for analysis. Samples
were analyzed on the Sciex Lipidyzer Platform for targeted quantitative measurement

of 1100 lipid species across 13 classes. Differential Mobility Device on Lipidyzer was
tuned with SelexION tuning kit (Sciex 5040141). Instrument settings, tuning settings, and
MRM list available upon request. Data analysis was performed on the Lipidyzer software.
Quantitative values were normalized to mg of liver. The Baker Institute protocol is an
expanded iteration of Huynh et al. (2019) where 636 unique lipid species were analyzed.

Quanitifcation of FAMEs by GC-MS—For liver, 100mg of frozen sample was weighed
and homogenized in ice-cold PBS using the OMNI Bead Ruptor (OMNI International),
and 5uL of homegenate was used for analysis. Fecal pellets were powdered using liquid
nitrogen and 10mg weighed for analysis. Fatty acid methyl esters (FAMES) were extracted
from liver and fecal samples using mild acid methanolysis. Samples were incubated

at 45°C overnight in a hydrochloric acid/methanol/toluene mixture supplemented with
trinonadecanoin (Nu- chek Prep, T-165) as an internal standard. Resultant FAMESs were
extracted in 1mL of hexane and 1-20uL was analyzed by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 7890B/5977A with DB-WAX Ul column (Agilent,
122-7032 Ul). Complete GC-MS configurations and method programs are available upon
request. Quantification of all ions was determined using custom Python Tkinter software
by comparison of sample data with serial dilutions of Nu-Check-Prep Fatty Acid Standard
Mixes (GLC20a for liver, GLC96, GLC96b and GLC96c for feces) that contain a mixture
of various long-chain fatty acid species (methyl myristate, palmitate, palmitoleate, stearate,
oleate, linoleate, linolenate, arachidonate and behenate). Integration of all ions (samples
and standards) was performed on MassHunter Quantitative Analysis Program (Agilent
Technologies). De novo lipogenesis analysis was measured by labelled isotopic enrichment
of FAMES after correcting for the natural abundance of stable isotopes using the modern
least-squares implementation of the skewed matrix correction method as we have published
previously (Parker et al., 2019).

Absorption studies—Radioactive lipid absorption studies were performed as previously
described (Wang et al., 2016). Mice were fasted for 5h and gavaged with 1uCi of 14C-
trioleoylglycerol (Perkin Elmer) in 200pl of olive oil (Sigma-Aldrich). After 2h, mice were
anesthetized and bled from the retroorbital capillary bed. 100ul of plasma was added to
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3mL of Bio-Safe Il scintillation fluid (RPI). Fluorescent fatty acid absorption studies were
performed as previously described, with some modifications (Zhang et al., 2019). Mice
were fasted for 5h and gavaged with olive oil (10uL/g body weight) containing BODIPY
FL C1» (Invitrogen). 30-minutes post gavage, the mice were anesthetized, the chest cavity
was opened to expose the heart and 10mL of 4% PFA was injected via syringe through

the left ventricle. After perfusion, the entire length of the intestine was removed, extended
and measured lengthwise from the stomach using a ruler to collect 5cm past the pyloric
sphincter to 15cm, thus approximating the jejunum. This segment was pinned in a silicone-
plated dish containing 1X PBS (Gibco #10010-023) and flushed with 1X PBS using a
10mL syringe and a reusable feeding needle (Fine Science Tools #18060-20) to remove
feces. Next, ball-tip artery scissors (Fine Science Tools #14080-11) were used to open

the intestine. The opened jejunum segment was pinned (Fine Science Tools #26002—-20)

in 4% PFA for 4 hours. The orientation of each intestine sample was kept consistent to
enable comparison of the same region. Tissues were washed with 1X PBS overnight on a
digital waving rotator at 4°C. Segments of the jejunum were cut from the same location
proximal to the duodenum and single-villus wide slices were isolated using Dumont #5
Fine Forceps (Fine Science Tools #11254-20) and Trabeculum Scissors (Geuder #G-19745)
under a Leica MZ95 Stereomicroscope. Each slice was then individually transferred to glass
microscope slide. The intestine slices were mounted using ReadiUse microscope mounting
solution (AAT Bioquest #20009) and a glass coverslip (Fisher Scientific #12548C). Imaging
was performed on a Zeiss LSM 880 or LSM 900 equipped with Plan-Apochromat 20x/0.8
M27 objective and 488nm Argon laser with GaAsP PMT array detector set to acquire
499-552nm. Laser intensity settings were optimized for a vehicle-treated intestine sample
and then applied to all other samples. Z-stacks were performed to image 50um sections

of the intestinal villi making sure to capture the villi tips. After acquisition, a maximum
intensity projection of the Z-stack was applied to visualize the 50um sections. To quantify
the fluorescence intensity in ZEN Blue, individual villi were traced using ‘Draw Spline
Contour’ tool to define an individual region of interest (ROI) and the arithmetic mean
intensity was calculated for each villus/ROI. Three individual villi were quantified per
mouse for a total of 36 measurements from 12 animals (6 vehicle-treated and 6 GSK2324-
treated). For the Western fed animals, seven individual villi were quantified per mouse for a
total of 14 measurements from 4 animals (2 vehicle-treated and 2 GSK2324-treated).

Bile acid extraction and analysis—Bile obtained from mouse gallbladders was diluted
1to 100 and 1 to 10,000 in Optima methanol (ThermoFisher) prior to analysis. For livers,
100-200mg of liver tissue was homogenized in 4mL of Optima methanol containing a spike
in of 1uL of 20mM (10nmol) GCA and GCDCA as recovery standard. Whole intestine (and
contents) were homogenized in 9mL of Optima methanol containing a spike in of 4.5uL of
100mM (450nmol) GCA and GCDCA as recovery standard. Homogenates were vortexed
thoroughly and incubated at room temperature overnight. The following day, samples were
centrifuged at 8000rpm for 10 minutes, and the supernatant used for bile acid analysis.
Intestinal samples were diluted 1 to 10 prior to analysis.

Identification and quantification of bile acids was achieved by LC-MS using an
Ultimate3000 UHPLC liquid chromatography system (ThermoScientific) equipped with
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a C18-PFP 1.7um column (ACE Excel) paired to a TSQ Quantiva Mass Spectrometer
(ThermoScientific). 210mM ammonium acetate buffer (eluent A) and 75% acetonitrile, 25%
methanol with 10mM ammonium acetate (eluent B) were used with a flow rate of 0.325mL/
min. For detection of bile acids, a gradient method was used starting at 26% eluent B for

5 min, and increasing to 98% eluent B by 25 min. A wash step was performed after each
run using 100% methanol for 2 min, followed by equilibration in 100% eluent A for 5
minutes. lonization of the samples was performed with the following settings: spray voltage,
3500 V; vaporizer temperature, 350°C; sheath and auxiliary gas (nitrogen) pressure, 20

and 2 arbitrary units, respectively; ion transfer capillary temperature, 300°C; collision gas
(argon) pressure, 1.5 mTorr; collision energy 10-55V; and ion polarity, negative. Selected
reaction monitoring (SRM) was conducted using the characteristic precursor-to-product ion
transition and retention times listed in Table S2. Sample (1uL) was injected into the LC-MS
by autoinjector. Bile acid retention time was determined empirically using pure standards of
each bile acid. Bile acid concentrations in samples were determined using standard curves
for each bile acid except T-aMCA, T-BMCA and T-wMCA where TCA was used as a class
standard, as shown in Table S3. Bile acid abbreviations, common names and systematic
name from LIPIDS MAPS Lipidomics Gateway (https://lipidmaps.org/) are also provided in
Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

All error bars represent the mean + SEM unless otherwise stated in the figure legend. For
comparison of two groups significance was determined using a two-tailed, paired Student’s
t-test. For comparison of more than two groups a one- or two-way ANOVA was performed
as appropriate with multiple comparisons performed using Fisher’s Least Squares Difference
(LSD) test. A p-value of less than 0.05 was taken to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Non-steroidal agonists of FXR significantly decrease intestinal lipid
absorption

FXR decreases hepatic triglycerides independently of SHP and SREBP1C

FXR activation reduces expression of three key lipogenic genes, Scdl, Lpinl,
and Dgat2

Intestinal and hepatic FXR are both required to decrease hepatic triglycerides
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Figure 1. Humans and mice treated with FXR agonists have selective reductions in hepatic TAG
containing MUFAs and PUFAs

(A) Experiment schematic of double-blinded placebo-controlled randomized trial for
obeticholic acid (OCA) in human patients.

(B and C) Lipidomic analyses of (B) hepatic lipid classes (nmol/mg liver) and (C) hepatic
TAG species (nmol/mg liver) in human patients treated as in (A).

(D) Experiment schematic: wild-type or £x7/~ mice (n = 11-12/group) fed a standard
rodent diet were treated for 3 days with vehicle or FXR agonist GSK2324.

(E) Hepatic mRNA expression of FXR target genes SApand MafG in mice from (D).
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(F) Total hepatic TAG in mice from D.

(G and H) Lipidomic analyses of (G) hepatic lipid classes (nmol/mg liver) and (H) hepatic
TAG species (nmol/mg liver) in mice from (D).

(I and J) Bar graphs of individual TAG species containing (1) monounsaturated and (J)
polyunsaturated fatty acids in livers of mice from (D).

Data are represented as mean + SEM with individual animals noted as dots. *p < 0.05, **p <
0.01, ***p < 0.001. See also Figure S1.
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Figure 2. Treatment with GSK2324 selectively reduces the expression of fatty acid and
triglyceride synthesis genes

(A) Schematic of the hepatic de novo lipogenesis pathway, where genes are represented in
yellow and metabolites in green.

(B-H) Hepatic mRNA expression for 24 genes encoding major enzymes in hepatic
lipogenesis from livers of wild-type or £x7/~ mice fed a standard rodent diet and treated
with vehicle or GSK2324 with most significantly changing genes denoted with red asterisks
in (A).

(1) Experimental schematic outlining de novo lipogenesis measurements using deuterium
oxide (D20) in mice treated for 3 days with FXR agonist GSK2324 (n = 8/group).

(J) Fatty acid methyl ester analysis for newly synthesized neutral lipids in livers of mice
from (1).

Data are represented as mean + SEM with individual animals noted as dots. *p < 0.05, **p <
0.01, ***p < 0.001. See also Figure S2.
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Figure 3. FXR activation reduces hepatic TAG levels independently of SHP and SREBP1c

(A and H) Experiment schematics: wild-type mice and (A) Shp~'~ or (H) SrebpIc™ mice (n
= 9-12/group) fed a standard rodent diet were treated for 3 days with vehicle or FXR agonist
GSK2324.

(B and 1) Hepatic mRNA expression of FXR target genes Shp and MafG in wild-type and
(B) Shp!~ or (H) Srebpic~ mice.

(C and J) Hepatic mMRNA expression of select lipogenic genes in wild-type and (C) Sho/~ or
(3) SrebpIc™~ mice.

(D and K) Hepatic lipid classes (nmol/mg liver) in wild-type and (D) Sk~ or (K)
SrebpIc!~ mice.

(E and L) Hepatic TAG species (nmol/mg liver) in wild-type and (E) Sho™/~ or (L)
Srebp1c~ mice.

(F, G, M, and N) Individual TAG species containing MUFA and PUFA acy! tails in wild-
type and (F and G) Ao/~ or (M and N) Srebp1c™~ mice.

Data are represented as mean + SEM with individual animals noted as dots. *p < 0.05, **p <
0.01, ***p < 0.001. See also Figure S3.
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Figure 4. FXR activation decreases intestinal lipid absorption
(A) Total hepatic C18:2 in wild-type mice treated with vehicle or GSK2324.

(B, E, and H) Experiment schematics for three different lipid absorption methods. Wild-type

mice fed a standard rodent diet were treated with either vehicle or GSK2324 and (B)

gavaged with 14C triolein, (E) gavaged with fatty acid conjugated to BODIPY fluorophore,
or (H) fed a diet containing non-absorbable lipid standard sucrose polybehenate (C22:0, n =

10/group).

(C and D) Total plasma TAG (C) and plasma radioactive counts (D) from 14C triolein from

mice as in (B).

(F and G) (F) Representative images and (G) fluorescence quantification from intestinal

sections of mice treated as in (E).

Cell Metab. Author manuscript; available in PMC 2022 August 03.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Clifford et al.

Page 28

(1) Fatty acid methyl ester analysis of fecal lipids normalized to C22:0 from mice treated as
in (H).

Data are represented as mean = SEM with individual animals noted as dots. **p < 0.01,
***n < 0.001. See also Figure S4.
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Figure 5. Decreased intestinal lipid absorption requires FXR-dependent changes in bile acids
(A) Experiment schematic: wild-type or £x7~/~ mice (n = 11-12/group) fed a standard

rodent diet were treated for 3 days with vehicle or FXR agonist GSK2324.

(B) Fecal fatty acids in mice from (A).

(C and D) Total biliary bile acid concentration (C) and biliary bile acid composition (D) in
mice from (A).

(E) Experiment schematic: wild-type mice fed either a standard rodent diet or a diet
supplemented with cholic acid were treated with vehicle or GSK2324 for3 days (n = 10/
group).

(F) Hepatic mRNA expression of SApand MafG in mice from (E).

(G-J) Total biliary bile acid concentration (G) and biliary bile acid composition (H) in mice
from (E). Lipidomic analyses of (1) total hepatic TAG and (J) individual hepatic TAG species
(nmol/mg liver) in mice from (E).

(K) Fecal fatty acids in mice from (E).

Data are represented as mean + SEM with individual animals noted as dots. *p < 0.05, ***p
< 0.001. See also Figure S5.
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Figure 6. In an NAFLD model, FXR activation dramatically decreases hepatic TAG and
intestinal lipid absorption

(A) Experiment schematic of diet-induced NAFLD model. Wild-type or £x7~/~ mice fed
WD for 8 weeks were treated for 3 days with vehicle or FXR agonist GSK2324 (n = 8-10/
group).

(B) Hepatic mRNA expression of FXR target genes SAp and MafG in mice from (A).

(C and D) Lipidomic analyses of (C) hepatic lipid classes (nmol/mg liver) and (D) hepatic
TAG species (nmol/mg liver) in mice from (A).

(E) Total bile acid pool amount from mice in (A).
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(F and J) Experiment schematic for absorption methods. WD-fed wild-type mice were
treated with either vehicle or GSK2324 and (F) gavaged with 14C triolein or with fatty
acid conjugated to BODIPY fluorophore, or (J) fed a diet containing non-absorbable lipid
standard sucrose polybehenate (C22:0, n = 10/group).

(G and H) Representative images (G) and fluorescence quantification (H) from intestinal
sections of BODIPY-gavaged mice treated as in (F).

(1) Liver radioactive counts from 14C triolein-gavaged mice as in (F).

(K) Fecal fatty acids after treatment with either vehicle or GSK2324 in mice as in (J).
Data are represented as mean = SEM with individual animals noted as dots. **p < 0.01,
***n < 0.001. See also Figure S6.
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Figure 7. Intestinal FXR mediates changes in lipid absorption, whereas hepatic FXR controls
lipid synthesis
(A, C, and E) Experiment schematics: wild-type or (A) SAp™'~ mice, (C) SrebpIc™™ mice,

or (E) AxrAl Fxrt KO and Fxr"-KO mice were fed a Western diet for 8 weeks and treated
with either vehicle or GSK2324.
(B and D) Lipidomic analysis of hepatic lipid classes in WD-fed (B) SAp~/~ mice and (D)

Srebpic!-

mice.

(F) Hepatic mRNA expression of FXR target gene SAp in mice from (E).
(G) lleal mMRNA expression of FXR target gene FGF15in mice from (E).
(H) Lipidomic analysis of hepatic lipid classes in mice from (E).
(1) Hepatic mRNA expression of select lipogenic genes in mice from (E).

(J) Fecal fatty acids after treatment with either vehicle or GSK2324 in mice as in (E).
(K) Total bile acid pool amount in mice from (E).
Data are represented as mean + SEM with individual animals noted as dots. *p < 0.05, **p <
0.01, ***p < 0.001. See also Figure S7.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Human liver biopsies Al-Dury et al., 2019 N/A

Chemicals, peptides, and recombinant proteins

Sucrose polybehenate (SPB) CarboMer Cat # 56449-50-4
Deuterium oxide Sigma-Aldrich Cat # 151882
Bile acid standards See Table S3 N/A

Fatty Acid Standards

Nu-Chek-Prep

GLC96, GLC20a, GLC96b, GLC96c

Experimental models: Organisms/strains

Fxr'~ mice (whole-body) Jackson Laboratory Cat# JAX 004144
Shp"‘ mice Kind gift from Dr. Bryan Goodwin N/A

Srebplc™ mice Jackson Laboratory Cat#t JAX 004365
Ppara™'~ mice Jackson Laboratory Cat# JAX 008154
Albumin-Cre mice Jackson Laboratory Cat# JAX 003574
Villin-Cre mice Jackson Laboratory Cat# JAX 021504
Fxrfufl Jackson Laboratory Cat# JAX 028393
Oligonucleotides

Primer sequences for gPCR See Table S1 N/A

Software and algorithms

MsAnalyzer (Custom software for GCMS Analysis)  https://github.com/gcalmettes/labUtils ~ N/A

Other

Standard rodent chow Purina Cati 5053

Western diet

Research Diets

Cat# D12079B

Standard rodent chow with 0.8% SPB

Envigo

Cat# TD170975

Standard rodent chow with 0.8% SPB and 0.5% CA

Envigo

Cat# TD170976

Western diet with 1.04% SPB

Research Diets

Cat# D17121803
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