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Abstract

Peroxisome proliferator-activated receptor alpha (PPARa) controls lipid homeostasis through
regulation of lipid transport and catabolism. PPARa activators are clinically used for
hyperlipidemia treatment. The role of PPARa in bile acid (BA) homeostasis is beginning to
emerge. Herein, Ppara-null and hepatocyte-specific Ppara-null (Poard*HeP) as well as the
respective wild-type mice were treated with the potent PPARa agonist Wy-14,643 (Wy) and
global metabolomics performed to clarify the role of hepatocyte PPARa in the regulation of BA
homeostasis. Levels of all serum BAs were markedly elevated in Wy-treated wild-type mice but
not in Ppara-null and Ppara®HeP mice. Gene expression analysis showed that PPARa activation (1)
down-regulated the expression of sodium-taurocholate acid transporting polypeptide and organic
ion transporting polypeptide 1 and 4, responsible for the uptake of BAs into the liver; (2)
decreased the expression of bile salt export pump transporting BA from hepatocytes into the bile
canaliculus; (3) upregulated the expression of multidrug resistance-associated protein 3 and 4
transporting BA from hepatocytes into the portal vein. Moreover, there was a notable increase in
the compositions of serum, hepatic and biliary cholic acid and taurocholic acid following Wy
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treatment, which correlated with the upregulated expression of the Cyp8b1 gene encoding sterol
12a-hydroxylase. The effects of Wy were identical between the PparaHeP and Ppara-null mice.
Hepatocyte PPARa controlled BA synthesis and transport not only via direct transcriptional
regulation but also via crosstalk with hepatic farnesoid X receptor signaling. These findings
underscore a key role for hepatocyte PPARa in the control of BA homeostasis.
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1. Introduction

Bile acids (BAs) are detergent-like molecules derived from cholesterol in the liver. The
major functions of BAs include: (1) generating bile flow and inducing hepatic secretion of
biliary lipids (phospholipid and cholesterol); (2) forming micelles and facilitating absorption
of nutrients (lipids, cholesterol, and fat-soluble vitamins) in the gut; and (3) acting as
hormones to signal through nuclear and G-protein-coupled receptors in order to regulate the
bile acid enterohepatic circulation, hepatic function, gut motility, and energy metabolism [1-
3]. Besides these beneficial functions, the accumulation of BAs in hepatocytes triggers
cholestatic injury [4].

Hepatic BA synthesis is the predominant metabolic pathway for cholesterol catabolism in
humans. BAs synthesized in the liver are designated primary BAs (cholic acid, CA, and
chenodeoxycholic acid, CDCA) to distinguish them from the secondary BAs that are formed
by reactions carried out by the gut microbiota [5,6]. Primary BAs are mainly synthesized via
two pathways, the classic pathway and to a lesser extent the alternative pathway [7,8]. The
classic (or neutral) bile acid biosynthetic pathway is initiated by the rate-limiting enzyme
cholesterol 7a-hydroxylase (CYP7AL), producing most of the BA pool. Following the
action of 3@-hydroxy-A>-C27-steroid oxidoreductase (HSD3B7), a bile acid metabolic
intermediate is further converted to CA by sterol 12a-hydroxylase (CYP8B1) and those that
escape the action of CYP8BL are transformed to CDCA by mitochondrial sterol 27-
hydroxylase (CYP27AL). In this capacity, CYP8B1 controls the rate of CA synthesis and is
an important determinant of the ratio of 12a.-hydroxylated (12a.-OH) to non-12a-OH BAs.
An alternative (or acidic) pathway is initiated by CYP27A1, followed by the action of
oxysterol 7a-hydroxylase (CYP7B1) to form CDCA. In rodents, another two primary BAs
a- and p-muricholic acid (MCA) are generated from CDCA and ursodesoxycholic acid
(UDCA) via CYP2C70-mediated 6-hydroxylation, respectively [9]. After biosynthesis, the
majority of BAs are further conjugated via a two-step process involving the generation of a
bile acid-CoA by bile acid-CoA synthase (BACS, SLC27A5) and then amidation with
taurine (mainly in rodents) or glycine (mainly in humans) by bile acid-CoA-amino acid N-
acyltransferase (BAAT) [10].

Hepatocytes take up BAs through the sinusoidal membrane which directly contacts the
portal blood plasma, and excrete BAs at the canalicular membrane into bile; these are two
important steps in the enterohepatic circulation of BAs [2]. Hepatocytes are polarized
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epithelial cells, and thus active transport of BAs across the two membranes is required. Na*-
dependent taurocholate transporter (NTCP; SLC10A1) and organic anion transporting
polypeptides (OATPs, a.k.a. SLCOs) are responsible for sinusoidal BA uptake into the
hepatocytes. NTCP accounts for 80% of the total conjugated BA uptake and is regarded as
the major BA uptake transporter, while OATPs mediate the uptake of the unconjugated BAs
and a small fraction of conjugated BAs [11,12]. BAs are excreted into the bile canaliculi via
the ATP-dependent bile salt export pump (BSEP; ABCB11). A small amount of BAs can be
conjugated with sulfate or glucuronide, and then secreted primarily by multidrug resistance
protein 2 (MRP2; ABCC2) [13]. The major transporters involved in hepatocyte sinusoidal
bile acid efflux includes MRP3 (ABCC3), MRP4 (ABCC4), and the heteromeric organic
solute transporter a-organic solute transporter p (OSTa-OSTR; SLC51A-SLC51B) [1].

Peroxisome proliferator-activated receptor alpha (PPARa; NR1C1) is a transcription factor
that responds to fatty acid metabolite agonist generated by fasting. PPARa is highly
expressed in the liver, kidney, heart, skeletal muscle, and, to a lesser extent, other tissues
[14-16]. Upon food deprivation or fasting, PPARa is activated and regulates lipid
homeostasis through activation of genes involved in fatty acid transport and catabolism,
lipoprotein metabolism, glucose homeostasis, and ketogenesis [17-19]. Moreover, during
starvation, PPARa induces the expression of fibroblast growth factor (FGF) 21, which is
excreted and functions as an endocrine hormone in metabolic regulation [20,21]. Fibrates
have been widely used to treat hyperlipidemia for decades. They increase high-density
lipoprotein levels and decreases triglyceride levels via activation of PPARa [22]. While
PPARa is involved in hepatic oxidation of lipids, its role in BA synthesis and transport is
much less investigated.

There is a clear relationship between hepatic PPARa and BAs, as revealed by an earlier
study showing an antagonistic effect of CA and CDCA on PPARa signaling in mice [23].
Another study also showed that the natural farnesoid X receptor (FXR; NR1H4) ligand
CDCA and the synthetic nonsteroidal FXR agonist GW4064 induced human PPARA mRNA
levels in HepG2 cells [24]. Recent studies have uncovered a regulatory role for PPARa in
BA homeostasis. Fibrate treatment, including bezafibrate and gemfibrozil, was found to
decrease CYP7AL expression and enzyme activity [25,26], consistent with two previous
cell-based reporter assays which found that PPARa overexpression and synthetic PPARa
agonist Wy-14,643 (Wy) repressed both human and rat CYP7AI1 promoter activities [27,28].
Another study revealed a contradictory result showing that both human and murine CYP7A1
promoters were stimulated by fatty acids and Wy through PPARa [29]. Cyp8b1 mRNA
levels were induced by both 1-week Wy treatment and 24-hour fasting in the liver of wild-
type mice, which is diminished in Ppara-null mice [30]. Expression of CypZ27a1 was
repressed by fibrate treatment in mice [31]. More recent studies revealed that activation of
PPARa with clofibrate decreased expression of Cyp7b1, and increased expression of Nicp,
Oatp4, and Bsep mRNAS [32]. Although these studies provided compelling evidence
demonstrating that PPARa. is involved in the regulation of BA synthesis and transport,
significant gaps remain in our understanding of the role of PPARa in BA homeostasis. The
liver is the predominant site for BA metabolism and, to date, studies have not identified the
specific regulatory mechanisms by which PPARa activation within hepatocytes influences
BA homeostasis.
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Therefore, the objectives of the current study are to comprehensively investigate the
alterations in BA profiles in mice treated with Wy, which is a more selective and potent
ligand of PPARa compared with fibrates. Mice lacking PPARa expression globally and
specifically within hepatocytes were employed to clarify the effect of hepatocyte PPARa
activation in BA regulation, synthesis, and transport. The physiological activation of PPARa
by fasting was also evaluated.

Material and methods

2.1. Chemicals and reagents

Wy was purchased from Chemsyn Science Laboratories (Lenexa, KS) and mixed into a
custom grain-based diet by Research Diets (New Brunswick, NJ). CA, deoxycholic acid
(DCA), CDCA, taurocholic acid (TCA), taurodeoxycholic acid (TDCA),
taurochenodeoxycholic acid (TCDCA), tauroursodeoxycholic acid (TUDCA), and
taurohyodeoxycholic acid (THDCA) were purchased from Sigma-Aldrich (St. Louis, MO).
BMCA, w-MCA, tauro-a-muricholic acid (TaMCA), tauro-p-muricholic acid (TBMCA),
and d5-TCA were obtained from Toronto Research Chemicals (North York, ON, Canada).
All other reagents were of the highest grade commercially available.

2.2. Animals and treatment

2.3.

Ppara wild-type (Ppara*’*), full-body Ppara knockout (Ppara™~), Ppara-floxed (Ppard/f),
and hepatocyte-specific Ppara knockout (Ppara®HeP) mice were generated and maintained as
previously described [33,34]. All mice used in this study were 8- to 10-week-old males on
the C57BL/6N background. Groups of Ppara*’* and PparaV/™ mice were included in all
experiments and no detectable differences between the two control mouse strains were
observed. All mice were fed ad libitum and housed in a temperature- and light-controlled
vivarium in the same room and rack to avoid differences in gut microbiota. For Wy
treatment, mice were allowed unrestricted access to a standard control grain diet for two
weeks for acclimation, then assigned to experimental groups (6 mice per group) and placed
on either a diet containing 0.1% Wy (approximately 100 mg/kg/day), or a matching grain
control diet (chow) for two weeks. For the fasting study, the control group (5 mice/group)
was allowed unrestricted, ad libitum access to a chow diet, while the fasting group (5 mice/
group) was deprived from food, but with ad libitum access to water, for 48 h. All mouse
studies were approved by the NCI Animal Care and Use Committee and performed in
accordance with the Institute of Laboratory Animal Resources guidelines.

LC-MS sample preparation

BAs were extracted from mouse serum and liver tissues then analyzed by LC-MS. An
aliquot of 25 pl of serum was deproteinated with 100 pl of acetonitrile containing 1 uM d5-
TCA (internal standard). After centrifugation for 10 min at 15,000 xg, 100 pl of the
supernatant was further diluted with 100 pl of water containing 0.1% formic acid. The liver
samples were homogenized with 1/10 (w/v) acetonitrile containing 1 pM d5-TCA. After
centrifugation for 10 min at 15,000 xg, 40 ul of supernatant was diluted with 360 pl of water
containing 0.1% formic acid. A 5 pl aliquot of the supernatants was injected into an Acquity
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ultra-high-performance liquid chromatography/Synapt G2Si quadrupole time-of-flight mass
spectrometry system (UPLC-Q/TOF MS, Waters Corporation, Milford, MA).

2.4. BA analysis by LC-MS

BAs concentrations were measured using a Waters UPLC-Q/TOF MS system with an
electrospray source. An Acquity BEH C18 column (100 x 2.1 mm internal diameter, 1.7
mm, Waters Corp.) was applied for chromatographic separation. A mixture of 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B) was used as the mobile phase. The
gradient elution was started from 80% A for 4 min, decreased linearly to 60% A over 11
min, to 40% A over the next 5 min, to 10% A for the succeeding 1 min, and finally increased
to 80% A for 4 min to re-equilibrate the column. Column temperature was maintained at 45
°C, and the flow rate was 0.4 ml/min. Mass spectrometry was carried out in the negative
mode for detection of BA metabolites. A mass range of /m/z50-850 was acquired. The
results were calculated according to individual standard curves established as follows:

areaanalyte/areinternal standard-

2.5. Data processing and multivariate data analysis (MDA)

Progenesis QI software (Waters Corp., Milford, MA) was used to deconvolute the
chromatographic and mass spectrometric data. A multivariate data matrix containing
information on sample identity, ion identity (Rt and /77/2), and ion abundance was generated
through centroiding, deisotoping, filtering, peak recognition, and integration. The data
matrix was further analyzed using SIMCA version 14.1 software (Umetrics, Kinnelon, NJ).
Principle component analysis (PCA) was used to examine the separation between groups.
Orthogonal projections to latent structures discriminant analysis (OPLS-DA) was used to
analyze data and identify the major latent variables in the data matrix. Potential metabolites
were identified by analyzing the ions contributing to the separation of sample groups in the
loading scatter plots.

2.6. Calculations of primary, secondary, 6-hydroxylated (6-OH) and 12a-OH BA
concentrations

Concentrations of various BA groups including primary, secondary, 6-OH, and 12a-OH
were determined by calculating the sum concentrations of the group members. The primary
BAs included CA, CDCA, BMCA, TCA, TCDCA, TaMCA, and TBMCA. The secondary
BAs included DCA, ®MCA, TDCA, TUDCA, and THDCA. The 6-OH BAs included
BMCA, ®MCA, TaMCA, and TBMCA. The 12a-OH BAs included CA, DCA, TCA, and
TDCA.

2.7. Gene expression analysis

Messenger RNA levels were measured by quantitative real-time PCR analysis using frozen
liver samples processed in TRIzol reagent (Thermo-Fisher, Waltham, MA) with a Percellys
bead homogenizer (Bertin, Rockville, MD) using 1 mm zirconia/silica beads. Total RNA
was quantified by use of a NanoDrop spectrophotometer (NanoDrop Products, Wilmington,
DE), and 2 pg of RNA reverse transcribed with cDNA Synthesis Super Mix (BioTool,
Houston, TX). cDNA was quantified using SYBR Green qPCR Master Mix (BioTool,
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Houston, TX) and an Applied Biosystems QuantStudio 7 Flex Real-time PCR System
(Thermo-Fisher, Waltham, MA). Values are expressed as fold change over control,
calculated using the 2ACt method and normalized to S-actin (Actb) mRNA. Real-time PCR
primer sequences are shown in Supplementary Table 1.

2.8. RNA sequencing (RNA-seq) analysis

Ppara** and Ppara”~ mice were placed on either control diet or matching diet containing
0.1% Wy for 48 h. Mice were killed, and livers removed for sample preparation. Thirty mg
fresh liver was placed in RNAlater (Thermo-Fisher, Waltham, MA), incubated at 4 °C
overnight, then stored at —80 °C. Total RNA was extracted and purified using a Qiagen
RNeasy Plus kit (Qiagen, Germantown, MD) following the manufacturer’s protocol. Total
RNA concentrations and quality were determined. For each treatment group, total RNA from
9 to 12 mice was collected, purified, then pooled into 3 samples. Pooled total RNA samples
were sent to the NCI CCR Sequencing Facility (Frederick, MD) for library preparation using
TruSeq Stranded mRNA kits (Illumina, San Diego, CA) and sequencing on an lllumina
HiSeq 3000 Sequencer to a depth of 50-60 million total reads per sample. Read alignment
and differential gene expression analysis was performed with Qiagen CLC Genomics
Workbench software.

2.9. Luciferase reporter assays

The PPAR response element (PPRE)-luciferase (PPRE-luc) construct was described
previously [35]. Grace L. Guo supplied the FXR luciferase reporter construct (SHP-luc)
which contains an FXR binding site from the Arob2 (Shp) gene promoter. PPRE-luc or
SHP-luc firefly luciferase reporter constructs and the phRL-TK Renilla luciferase control
vector were co-transfected into AML12 hepatocytes using Lipofectamine 3000 transfection
reagent (Life Technologies). Empty reporter (pGL4.10) was used as a negative control. In
addition, cells were transfected with expression vectors for both mouse PPARA (pSG5-
mPPARA) and FXR (pSG5-mFXR) with or without mouse RXRa (pSG5-mRXR). After
transfection, cells were treated with either DMSO and/or CDCA (100 uM) and/or Wy (50
uM) for 36 h. Luciferase assays were performed using the Promega Dual-Luciferase assay
kit (Madison, WI) and analyzed using a Veritas microplate luminometer (Turner Biosystems,
Sunnyvale, CA).

2.10. Preparation and treatment of mouse primary hepatocytes

Mouse primary hepatocytes were isolated as described previously [9,36,37]. Hepatocytes
were seeded in collagen-coated 12-well plates (Becton, Dickinson and Company, Franklin
Lakes, NJ) at a density of 4 x 10° cells/well and cultured in William’s E medium (Thermo
Fisher Scientific) with 10% fetal bovine serum and antibiotics (100 U/ml penicillin and 100
pg/ml streptomycin, Gemini Bio Products, West Sacramento, CA). Sixteen hours after
seeding, the cells were treated with medium containing 100 uM CDCA, 100 uM Wy,
CDCA/Wy (each 100 uM) or dimethyl sulfoxide (DMSO) as a vehicle, respectively. For
RXRa inhibition using HX531, the cells were treated with 1 uM HX531 (Tocris Bioscience,
Bristol, UK) 4 h after seeding. Twelve hours after HX531 treatment, the cells were treated
with medium containing 100 uM CDCA, 100 uM Wy, CDCA/Wy (each 100 uM) or
dimethyl sulfoxide (DMSO) with or without 1 pM HX531, respectively. Three days after
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treating the cells with the compounds, they were harvested and subjected to measurement
mRNA levels.

2.11. Western blot analysis

Approximately 50 mg of mouse liver was homogenized in ice-cold buffer (0.1 M Tris-HCI,
0.1 M KCI, 1 mM EDTA, pH 7.4). The homogenates were centrifuged at 9000 g for 15 min
at 4 °C to obtain S9 fraction. The protein concentrations of S9 fraction were measured with
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The S9
fraction (10 pg of protein) were subjected to 4%—15% Criterion TGX Precast Midi Protein
Gel (Bio-Rad, Hercules, CA) and transferred to Trans-Blot Turbo Midi polyvinylidene
fluoride (Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). The membranes
were blocked with 5% bovine serum albumin for 1 h and incubated overnight with primary
antibodies against CYP8B1 (ab191910, 1:1000 dilution; Cambridge, United Kingdom),
CYP7Al1 (MABDA42, 1:1000 dilution; Millipore Sigma, Burlington, MA) and the ACTB
band obtained by reprobing the membranes with antibody against p-actin (#8457, 1:2000
dilution; Cell Signaling Technology, Danvers, MA), used as a loading control. Each band
intensity was quantified using Bio-Rad Image Lab software, normalized by p-actin, and
expressed as a fold change relative to chow-fed Pparaf mice.

2.12. Statistical analysis

Experimental values are presented as mean + SEM. Statistical analysis was performed using
Prism version 7.0 (GraphPad Software, San Diego, CA). One-way ANOVA followed by
Tukey’s post-hoc correction was applied for multi-group comparisons. P-values of < 0.05
were considered significant.

3. Results

3.1.

Metabolomics analysis of serum from chow- and Wy-treated mice

To investigate the impact of PPARa activation on BA metabolism, untargeted metabolomics
was carried out on serum from Ppara*'* and Ppara”~ mice and PpardV™ and Ppard HeP mice
fed a chow or matching diet containing 0.1% Wy for two weeks. Clear separation was found
in the PCA plots between the chow and Wy-treated Ppara*’* mice (Fig. 1A), as well as the
chow and Wy-treated Ppara"/f mice (Fig. 1B). Separation was also observed between the
Wy-fed Ppara*’* and Ppara~ mice (Fig. 1A), and the Wy-fed PpardV/fl and Ppar#HeP mice
(Fig. 1B). PCA analysis did not reveal major differences in the gross serum metabolite
profiles of Apara-null mice or Ppar#*HeP mice either with or without Wy treatment (Fig.
1A,B). These data indicate that BA metabolism is driven by both Ppara genotypes (compare
Ppara*"* and Ppara™'~ mice; Ppard and Ppara*HeP mice) and PPARa agonist treatment of
wild-type (Ppara** and Ppard/M) mice. The agonist-derived differences are hepatocyte
PPARa-dependent. Major ions driving PCA separation of chow and Wy-treated Ppara*’*
mice, and the chow and Wy-treated PparaV/fl mice were identified based on associated
loading scatter plots for Ppara*’* vs. Ppara™~ (Fig. 1C) and PpardVf vs. PpardAHeP (Fig.
1D), designated as M1 to M9. Based on the metabolomics database (https://
metlin.scripps.edu), these ions were assumed to be bile acids, which were further confirmed
by comparisons with authentic standards. Detailed information on these metabolites is
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shown in Table 1. Taken together, PPARa activation by agonist treatment disrupted BA
homeostasis, and hepatocyte PPARa plays an essential role in the regulation of bile acid
homeostasis.

3.2. Effects of PPARa activation on BA concentrations and composition in mouse serum

PCA separation of groups was primarily associated with changes in BA metabolites (Table
1). Most BAs were increased in Ppard/f mouse serum by Wy treatment, while no
significant changes were noted in Wy-treated Ppar*HeP mice (Fig. 2A). The hydrophobicity
index, which reflects the hydrophilic-hydrophobic balance of total BAs and determines the
rate of lipid recruitment from the liver [38], was lower in livers of PpardV/f mice treated with
Wy, but not Ppar*H€P mice (Fig. 2B). Corresponding changes, or lack thereof, were also
observed in Ppara** and Ppara~ mice, respectively (Fig. S1A and B). Quantitative analysis
revealed a robust increase in total BAs, conjugated BAs, and unconjugated BAs in Wy-
treated PpardVf (Fig. 2C, Table S2) and Ppara*'* (Fig. S1C, Table S3) mice. Primary and
secondary BAs, as well as 6-OH and 12a.-OH BAs were also increased in both Ppara/f! and
Ppara*™* mice. Serum BAs in Ppara”~ and Ppar*HeP mice were not affected by agonist
treatment. All these data indicate that the hepatocyte PPARa activation unbiasedly elevates
all BA levels in mouse serum, most likely through regulation of BA transport.

As a percentage of total, primary BAs were increased while secondary BAs derived from gut
microbiota metabolism were decreased in serum of Ppard"fl (Fig. 2D, Table S2) and Ppara
*I* (Fig. S1D, Table S3) mice treated with Wy; no changes were observed in either Ppara -
or PparaHeP treatment groups. The relative proportion of each BA in the serum is shown in
Fig. 2E-H and Fig. SIE-H. DCA plus TDCA were the most abundant BAs in serum of
chow-fed PpardV/™ and Ppara*’* mice (Fig. 2E and S1E). PPARa activation by Wy treatment
resulted in TCA plus CA becoming the most abundant BAs in serum (from 15.4% to 50.3%
in Ppoard"M mice and 15.2% to 60.4% in Ppara*’* mice), whereas PPARa activation
decreased DCA plus TDCA from 61.1% to 34.9% in Ppara/f mice and 68.8% to 23.8% in
Ppara*"* mice (Fig. 2E,F and S1E,F). However, no significant differences were noted in
Ppara™~ and PpardHeP mice by Wy treatment (Fig. 2G,H and S1G,H). These results suggest
that the gut microbiota is affected in Wy-treated Ppara*'* and Ppara/f mice, since DCA is
produced from CA by bacterial dihydroxylation. Moreover, it appears hepatic PPARa is
specifically responsible for this response as DCA does not decrease in Wy-treated Ppara*Hep
mice. Additionally, the concentration and relative percentage of DCA was decreased in
chow-fed Ppara™'~ mice compared with chow-fed Ppara*'* mice (Fig. S1A,E,G), but not in
Ppar-a*HeP mice (Fig. 2A,E,G), indicating that extrahepatic PPARa affected gut microbiota
composition, perhaps through intestinal PPARa.

3.3. Effects of PPARa activation on BA concentrations and compaosition in mouse liver

Several BAs including DCA, BMCA, ®MCA, TBMCA, and THDCA were preferentially
increased in livers of Ppard®HeP and Ppara™'~ mice treated with Wy. Except for o MCA, all
increases were modest (Figs. 3A and S2A). TCA and TCDCA, on the other hand, were
increased by Wy treatment in livers of PpardV/fl and Ppara*’* mice, but not Ppard*HeP or
Ppara”~ mice (Fig. 3A and S2A). Furthermore, the hydrophobicity index was increased in
livers of Ppard"T and Ppara*’* mice treated with Wy, but not Ppar*H€P or Ppara™~ mice
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(Fig. 3B and S2B). Shifts in the major classes of BA metabolites were also observed in
response to PPARa activation. The levels of all BA classes were increased in livers of Wy-
treated Ppard*HeP and Ppara™~ mice but not in similarly treated Ppard"T or Ppara** mice
(Fig. 3C and S2C, Table S4 and S5). However, compared to Ppara/fl and Ppara™* mice, Wy
treatment tended to decrease the proportion of conjugated BAs and primary BAs in livers of
Wy-treated Ppard*HeP and Ppara '~ mice (Fig. 3D and S2D, Table S4 and S5).

Analysis of the percentages of individual BA in the BA pool clearly revealed that TCA
levels were significantly increased in livers of Wy-treated Ppara™/fl mice, while Wy had no
impact on hepatic TCA levels in Ppara*HeP mice (Fig. 3E-H). Similarly, hepatic TCA
fractions were elevated in Wy-treated Ppara*’* mice and unchanged in Ppara~ mouse livers
(Fig. S2E-H). In addition, the chow-fed Ppara*HeP and Ppara’~ mice had lower TCA
percentages in livers than the corresponding chow-fed Ppard"f and Pparat* mice (Fig.
3E,G and S2E,G). These changes led to the PPARa-dependent alterations of percentages of
12a.-OH BAs (Fig. 3D and S2D, Table S4 and S5) and the ratios of 12a-OH to non-12a.-OH
BAs (Fig. 31 and S2I). Furthermore, the percentages of TCDCA and TUDCA were markedly
increased whereas Ta + BMCA (metabolites of TCDCA and TUDCA) were decreased by
Wy treatment in livers of Ppard/fl and Ppara™* mice, but not PparaHeP or Ppara™~ mice
(Fig. 3E-H and Fig. S2E-H). As a result, Wy treatment significantly decreased the
percentages of 6-OH BAs in livers of PpardV/fl and Pparat’* mice, but the percentages were
unaffected in both knockout strains (Fig. 3D and S2D, Table S4 and S5). Taken together,
these results suggest that the overall effect of hepatic PPARa activation on liver BA levels
was relatively small, and the synthesis of 12a.-OH BAs and 6-OH BAs seems to be
controlled by hepatocyte PPARa..

3.4. Effects of PPARa activation on BA concentrations and composition in mouse

gallbladder

The biliary excretion of most BA species including DCA, BMCA, «MCA, TCA, TDCA,
TCDCA, TaMCA, TBMCA, TUDCA, and THDCA was markedly decreased in Ppara/fl
mice treated with Wy, while no significant changes were noted in Wy-treated Ppara*Hep
mice (Fig. 4A). The hydrophobicity index was higher in bile of PparaVf mice treated with
Wy, but not Ppara*HeP mice (Figs. 4B). Correspondingly, the levels of all BA classes were
excreted much less in Wy-treated PparaV/™ mice than in chow-treated mice (Figs. 4C). These
results indicate that hepatocyte PPARa activation unbiasedly reduces excretion of all BA,
most likely through inhibition of BA efflux transport.

Similar to the bile acid composition in serum and liver, primary BAs were increased while
secondary BAs decreased in bile of Ppard/f mice treated with Wy (Fig. 4D). The relative
proportion of each BA in the bile is shown in Fig. 4E-H, with taurine-conjugates as the
major species of BAs in bile. PPARa activation by Wy treatment resulted in the elevation of
percentages of 12a.-OH BAs (Fig. 4D) and the ratios of 12a-OH to non-12a.-OH BAs (Fig.
41) by significantly increasing the TCA and TDCA fractions in bile (Fig. 4E,F). PPARa
activation also significantly decreased the percentages of 6-OH BAs (Fig. 4D) as the
percentages of TCDCA and TUDCA were markedly increased whereas Ta + BMCA were
decreased by Wy treatment in bile of Ppard"/f mice, but not PparaHeP mice (Fig. 4E-H). All
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of these changes were not observed in the Ppara*HeP treatment group Taken together, these
results also support that the synthesis of 12a-OH BAs and 6-OH BAs is controlled by
hepatocyte PPARa..

3.5. Effects of PPARa activation on expression of BA synthesis and conjugation genes

CYP8BL regulates CA formation in the classic BA synthesis pathway and plays an
important role in controlling the 12a-OH/non-12a-OH BAs ratio. Cyp8b1 mRNA was
robustly induced in Pparat’* and Ppara"M mice treated with Wy; no increase in Cyp8b1
mRNA was found in Wy-treated knockouts (Fig. 5A,B). Notably, Cyp8b1 expression was
significantly lower in chow-fed Ppara™~ and PparaHeP mice. The expression of CYP8B1
protein further supported the induction of CYP8B1 by hepatic PPARa activation (Fig. S3).
This is consistent with ChlP-seq data (GSE61817) showing a binding peak at the CYP8B1
promoter [39], suggesting a direct transcriptional activation of Cyp861 by PPARa (Fig.
S4A). In contrast to Cyp8b1, Cyp27al mRNA encoding CYP27A1 which is the rate-limiting
enzyme in an alternative BA synthetic pathway that primarily contributes to CDCA
formation, was similarly decreased by treatment of Ppara™* and Ppard"™ mice with Wy.
Cyp27al expression was also PPARa-dependent as levels were unchanged in either Ppara’~
and Ppara 1P mice (Fig. 5A,B). CYP7BL1 is the other important enzyme in the alternative
BA synthetic pathway. Cyp7b1 expression was markedly decreased by Wy-treatment of
wild-type mice (Ppara*'* and PparaV) mice with no decreased in this mRNA after Wy-
treatment in either knockout mouse line (Fig. 5A,B). Interestingly, Cyp7b1 expression was
constitutively elevated in chow fed Ppara~ and Ppar#*HeP mice. CYP2C70 is involved in
the conversion of CDCA to MCA [9]. Cyp2c70 mRNA expression was substantially
decreased in both wild-type mouse lines (Ppara™* and Ppardf) treated with Wy (Fig.
5A,B). Like Cyp27aland Cyp7bl, CypZc70 mRNA suppression was hepatocyte PPARa-
dependent. Lower CYP2C70 protein would provide a mechanistic explanation for the
decrease TBMCA fractions after Wy treatment in Ppara*’* and Ppard™ mice. Hsd3b7
mRNA was also slightly elevated in livers of Wy-treated Pparat’* and PpardVf mice and not
in Ppara™'~ or Ppard®HeP mice, and Cyp7al mRNA, which encodes the rate-limiting enzyme
in BA synthesis, was unchanged by Wy (Fig. 5A,B). CYP7A1 protein was also unchanged
by Wy treatment of Ppara”HeP mice (Fig. S3).

Analysis of MRNA for other enzymes involved in the synthesis of taurine conjugates
revealed that Csad mRNA was increased while 7aut (a.k.a. S/c6a6), Cdo (a.k.a. Cdol), Bacs,
and Baatwere decreased in Wy-treated Ppara*'* and Pparaf mice (Fig. 5C,D). Except for
Cdo mRNA, which was slightly increased by Wy, Csd, Taut, Bacs, and Baat mMRNAS were
unchanged in Wy-treated Ppara '~ and PparaHeP mice. Overall, these results revealed a
functional role of hepatocyte PPARa in BA synthesis and conjugation.

3.6. Effects of PPARa activation on gene expression of hepatic and biliary BA transport

system

For sinusoidal transporters, treatment of Ppara*’* and PpardVf mice with Wy decreased the
MRNA expression of the conjugated BA uptake transporter NTCP, and the unconjugated BA
transporters OATP1 and OATP4, and increased mRNAs encoding the efflux transporters
MRP3 and MRP4 (Fig. 5E,F). Activation or suppression of these genes were PPARa.-
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dependent as expression was unchanged or showed opposite alterations in Wy-treated Ppara
~I= or Ppara”HeP mice. Analysis of archived PPARa ChIP-seq datasets (GSE61817)
indicated a binding peak at the Mrp4 promoter [39], suggesting direct transcriptional
activation of Mrp4 by PPARa (Fig. S4B). These data suggest that following PPARa
activation by Wy, serum BA levels are increased through decreased expression of the hepatic
BA uptake and increased BA transport back to circulation. Expression of the canalicular
transporter BSEP contributes to BA pool size by facilitating BA transport from hepatocytes
into the bile. Bsep MRNA was substantially decreased by Wy treatment in wild-type (Poara
*I* and Ppara"'M) mice (Fig. 5G,H). The mRNA level of the other BA efflux transport MRP2
was slightly induced by Wy (Fig. 5G,H). Abcg5 and Abcg8encode canalicular heterodimer
cholesterol efflux transporters and Mar2 (Abcb4, MDR3in humans) encodes a canalicular
phospholipid efflux transporter [40,41]. Abcg5, Abcg8, and Mdr2 mRNAS were
significantly upregulated by PPARa activation in Ppara™* and Ppara/f. Levels of these
canalicular transporter mMRNAs were unchanged in Wy-treated knockout models indicating
that these changes are either directly or indirectly dependent on PPARa (Fig. 5G,H). These
data suggest that hepatocyte PPARa appears to be involved in the regulation of BA
transport.

3.7. Effects of PPARa activation on gene expression of BA homeostasis regulation

Changes in levels of BA metabolites may affect signaling from other receptors that are
modulated by BAs either directly or indirectly. FXR is directly activated by BAs and
primarily regulates BA transport and synthesis through a complex network of transcriptional
cascades that mediate enterohepatic circulation [42]. BAs also indirectly regulate liver
receptor homologue 1 (LRH1; NR5A2) and hepatocyte nuclear factor 4a (HNF4a;
NR2A1), which are positive regulators of BA synthesis [43,44]. Along with the activation of
hepatic PPARa signaling by Wy (Fig. 6A), hepatic £xrmRNA was not altered in Ppara/fl
treated with Wy, while the FXR target gene small heterodimer partner (S/p) mRNA was
markedly decreased indicating FXR signaling may be attenuated (Fig. 6B). Moreover, Lrh1
and Hnf4a mRNAs were also decreased in Ppara"f mice treated with Wy (Fig. 6B). These
changes are not observed in Wy-treated Ppar*HeP mice. These findings implied that PPARa
regulates BA synthesis and transport at least partially through affecting liver FXR signaling.
Wy also activated intestinal PPARa as revealed by a significantly induction in the PPARa
target gene mRNAs Acotl and Cyp4al10 (Fig. 6C) while intestinal FXR signaling was
suppressed as reflected by decreased FgfZ5mRNA, an FXR target gene, in both Ppard/
and PparaHeP mice (Fig. 6D). Meanwhile, Wy treatment inhibited intestinal BA absorption
by downregulation of Astrand /babp mRNAs in both PpardVf and Ppard*HeP mice (Fig.
6D). These data suggested that inhibition of intestinal FXR by Wy treatment is not mediated
by hepatic PPARa and that the intestinal FXR-FGF15 axis is not required for hepatic
PPARa-controlled BA metabolism.

Since the proportion of hepatic BAs with FXR agonistic potency (CA, TCA, and TCDCA)
were significantly elevated and those with FXR antagonistic potency (TaMCA, TBMCA)
were decreased in Wy-treated mice, the BA pool would be expected to activate hepatic FXR
signaling. However, the current data showed that hepatic PPARa activation repressed the
FXR-SHP pathway. To explore how PPARa modulates FXR signaling, primary hepatocytes
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were isolated from wild-type, Ppara”~, and Fxr'~ mice and treated with CDCA, Wy, or the
combination of CDCA and Wy. CDCA suppressed Wy-induced PPARa activation as
illustrated by the mRNA levels of two PPARa target genes AcoxZ and Cyp4al0(Fig. SSA-
C), while Wy suppressed CDCA-induced FXR activation revealed by the mRNA levels of
two FXR target genes Shp and Bsep (Fig. S5D-F). These effects were abrogated in either
Ppara™’~ or Fxr'~ mice. To understand the mechanism for the interplay between PPARa and
FXR, cell-based luciferase reporter assays were carried out. PPRE-luc or SHP-luc firefly
luciferase reporter constructs were transiently co-transfected into AML12 hepatocytes with
empty vector or both FXR and PPARa expression vectors with or without a retinoid X
receptor a (RXRa; NR2B1) expression vector. In the PPARa reporter assay system, PPARa
activation by Wy dramatically increased luciferase activity of the PPRE-luc reporter,
whereas FXR agonist CDCA co-treatment significantly suppressed Wy-activated PPARa
transcriptional activity (Fig. 6E). Similarly, luciferase activity of the SHP-luc reporter was
notably induced by CDCA treatment but attenuated by adding Wy into the FXR reporter
assay system (Fig. 6F). Interestingly, expressing a surplus of RXRa negated the decrease in
luciferase activities in both systems indicating that the pool of unbound RXRa is limiting
(Fig. 6E and F). To further clarify the role of RXRa competition in PPARa and FXR
crosstalk, RXRa inhibitor HX531 was used to deplete the RXRa pool in primary
hepatocytes. HX531 treatment decreased the CDCA-induced Sfp mRNA levels in both wild
type and Ppara '~ primary hepatocytes, and abolished the suppressive effects of Wy (Fig.
S5G and H). These results suggest a crosstalk between PPARa and FXR, potentially
through RXRa competition.

3.8. RNA-seq analysis of livers from short-term Wy-treated mice

To exclude the unexpected secondary regulatory effects following long-term Wy feeding on
PPARa activation and figure out the exact role of PPARa activation on BA homeostasis,
RNA-seq analysis was performed on the livers from 48-hour Wy-treated mice. Expression of
Shp, Cyp27al, Cyp7bl, Cyp2c70, Taut, Cdo, Bacs, Baat, Ntcp, Oatpl, Oatp4, Ostb, and
Bsep mRNAs were downregulated, while the expression of Cyp8b1, Csad, Mrp3, Mrp4and
MdrZ2 mRNAs were upregulated by Wy treatment (Fig. S6). These alterations were ablated
in Ppara’~ mice, except for Mrp4 mRNA which exhibited an attenuated response. Mrp4
mRNA was only induced 1.8-fold in Wy-treated knockout mice when compared to 4.2-fold
in Wy-treated wild-type mice. These results implied an early occurrence of crosstalk
between PPARa and FXR resulting in a rapid regulation of bile acid synthesis and transport.

3.9. Effects of physiological PPARa activation by fasting on BA concentrations and
compaosition

To further elucidate the role of PPARa activation in BA metabolism, the mice were fasted
for 48 h to physiological activate PPARa. Compared to Wy treatment, fasting had similar
effects on serum and liver BA profiles in PparaV mice resulting in increased individual,
total, and other classes of BAs in serum, lowered hydrophobicity index, and increased
percentages of TCA plus CA and the ratios of 12a.-OH to non-12a-OH BAs (Fig. 7 and Fig.
8). However, compared to the fasted-PparaV/fl mice, hepatic PPARa disruption further
increased serum BA levels by 2-fold, but did not affect serum BA composition (Fig. 7).
Contrasting the increase of hepatic BAs in Wy-treated Ppar*HeP mice, there was no

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al. Page 13

difference between fed and fasted Ppara®HeP mice (Fig. 8A,C). Gene expression analysis
showed that fasting inhibited FXR signaling and altered multiple genes involved in BA
metabolism and transport, as did Wy treatment (Fig. S7). However, fasting further induced
Mrp3and Mrp4 mRNA levels leading to the accumulation of BAs in the serum of Ppara®Hep
mice. These data indicate that physiological activation of hepatic PPARa by fasting has
similar effects on BA synthesis and transport as pharmacological activation of PPARa by
Wy. However, fasting also has other effects that need to be further explored.

4. Discussion

The liver plays a central role in maintaining BA homeostasis. It was shown that PPARa
activators, such as Wy and fibrates disrupt BA homeostasis in mice [31,32,45,46]. However,
these studies cannot distinguish the direct regulatory effects from hepatic PPARa and the
indirect effects from PPARa expressed in extrahepatic tissues. Therefore, it is important to
investigate the impact of hepatocyte-specific PPARa deletion on BA profiles in vivo.
Herein, Wy treatment remarkably elevated the levels of all the BAs in serum as well as
increased ratios of the CA-derived 12a.-OH/CDCA-derived non-12a-OH BAs via the
regulation of many genes involved in BA metabolism and transport. The alterations in BA
homeostasis observed in wild-type mice were almost ablated in both full body knockout and
hepatocyte-specific knockout mice (Fig. 9). This is the first report showing that PPARa
expression and activation specifically within hepatocytes plays an important role in the
regulation of BA synthesis and transport.

The current study revealed that PPARa activation has a profound impact on BA homeostasis
and caused a pronounced increase in circulating BA levels, since Wy treatment resulted in a
12.4-fold and 16.8-fold increase in total BAs in PpardV and Ppara** mice, respectively.
CYP7AL is the first and key enzyme in bile acid synthesis, determining the size of BA pool
in vivo [1]. To date, conflicting results were reported on the effects of PPARa agonists on
the expression and activity of CYP7A1 [25-29]. In the current study, the levels of Cyp7al
mRNA were unchanged in all treatment groups. Moreover, the total BAs in the livers of
PpardV and Ppara™* mice remained unchanged in response to Wy treatment. These
observations suggest that the regulatory function of PPARa has more impact on the serum
BA pool than the liver, most likely due to the regulation of BA transport. Indeed, PPARa
activation by Wy increases circulating BA levels by decreasing expression of the mRNAs
encoding the sinusoidal uptake transporters NTCP and OATPs, while at the same time,
increasing expression of the mRNAs encoding the efflux transporters MRP3 and MRP4.
Meanwhile, PPARa activation also down-regulates expression of the major canalicular
efflux transporter BSEP, maintaining hepatic BA levels at normal levels. These changes were
blocked in Wy-treated Ppara™’~ or Poara*eP mice. Several studies have implicated that
PPARa may be involved in the regulation of BA transport in the liver. Two weeks’
ciprofibrate feeding was shown to significantly decrease hepatic NTCP, OATP1, BSEP
expression in mice with reduced biliary BA concentrations [47]. Another study also
demonstrated a PPARa-dependent down-regulation of OATPs and NTCP by perfluorinated
fatty acids [48]. On the contrary, a recent study revealed that short-term (4 days) clofibrate
treatment increased the mRNA expression of Nicp, Oatp4, and Bsep in mice [32]. To explain
these contradicting observations, the BA transport-related genes were screened in the RNA-
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seq dataset of the livers from 48-hour Wy-treated mice in the present study to exclude the
potential prolonged effects induced by Wy treatment. Consistent with the present long-term
treatment results, short-term Wy feeding also decreased the expression of Ncp, Oalp1,
Oatp4, and Bsep mRNAs, while increasing the expression of Mrp3and Mrp4 mRNAs. This
discrepancy may be explained by clofibrate activating PPARa in muscle, liver, and other
tissues, whereas Wy is a more potent and selective ligand for PPARa compared with fibrates
which primarily activate hepatic PPARa [49,50]. Furthermore, upregulation of the
sinusoidal export pumps MRP3 and MRP4 presumably functions as an adaptive
compensatory mechanism to reduce the damaging cellular effects of cholestasis. Mrp4-null
mice displayed more severe liver injury after bile duct ligation, along with significant
reductions in serum BA levels [51]. PPARa could directly activate Mrp4 transcription
because a binding peak was noted in the archived PPARa ChlIP-seq datasets (GSE61817).
These findings have led to the idea that pharmacological upregulation of MRP3 and MRP4
might be of therapeutic benefit.

Elevated BA content revealed a significant shift in relative concentrations towards TCA and
CA in both serum and liver. The ratio of 12a-OH/non-12a.-OH BA metabolites within the
total BA pool also increased in response to PPARa activation. The present data indicates
that upregulation of CYP8BL in the classic pathway for CA formation and downregulation
of CYP27A1 and CYP7BL1 in the alternative pathway for CDCA formation may be
responsible for this alteration. Regulation of CYP8B1 was PPARa.-dependent as expression
in Ppara knockout mouse lines was unchanged. Analysis of the ChlP-seq dataset identified a
strong binding site within the Cyp8b1 promoter region suggesting that this gene is directly
regulated by PPARa. This was supported by an early study where a functional PPRE was
identified in the rat CYP8BI promoter region in HepG2 cells [30]. It was also reported that
bezafibrate treatment can increase CA to CDCA ratios in gallstone patients, which further
supports that regulation of CYP8B1 by PPARa may likely be conserved in humans [25]. In
line with the current observations, fibrate treatment reduced Cyp27al and Cyp7b1 mRNA
expression in the liver, which were completely abolished in Ppara-null mice [31,32].
Furthermore, PPARa activation decreases rodent-specific BA Ta + BMCA levels and
increases TCDCA levels by suppressing expression of CypZc70. The mechanism by which
Cyp2c70mRNA is decreased by PPARa activation remains to be elucidated.

Changes in relative local concentrations of endogenous BA agonists and antagonists in
hepatocytes may affect the activity of FXR, which is tightly linked to BA metabolism and
transport [3]. In the current study, the relative levels of FXR agonist pool (CA, TCA, and
TCDCA) were increased while the FXR antagonist pool (TaMCA and TBMCA) were
decreased in livers from Wy-treated wild-type mice, indicating the possibility of BA-
activated FXR signaling by PPARa activation. Nonetheless, PPARa activation by Wy is
coincident with inhibition of FXR signaling as revealed by a decrease in the FXR target gene
Shp. This can be explained by the crosstalk between PPARa and FXR through RXRa
competition which was further confirmed by using cell-based luciferase reporter assays and
RXRa inhibition studies. Wy treatment strongly activates PPARa dramatically reducing
unbound RXRa pools within hepatocytes. The depletion of RXRa by Wy occurs as early as
48 h after treatment as the expression of Shpwas reduced in 48-h Wy-treated mice. By
outcompeting FXR for RXR, PPARa activation indirectly suppresses FXR signaling,
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whereas PPARa disruption would not markedly alter RXRa levels in hepatocytes and thus
FXR was not notably activated in Ppara knockouts. Nitcp, Oatpl, Oatp4, and Bsep are known
target genes of FXR [42]. Therefore, FXR inhibition by PPARa activation is likely
responsible for the observed down-regulated of these transporters.

Two mechanisms have been proposed for FXR feedback inhibition of CYP7A1, CYP8BL,
and bile acid synthesis. In the liver, binding of BAs to FXR-RXRa heterodimer results in
transcription of SHP, a transcriptional co-repressor, which inhibits CYP7A1and CYP8B1
gene expression by preventing the LRH1- and/or HNF4a-mediated induction of these genes
[43,52]. In addition to the local effect in the liver, FXR in the distal ileum is also activated
by BAs and then induces FGF15, which circulates to the liver and binds to FGF receptor 4/
B-Klotho heterodimer, thereby inhibiting CYP7AZ and CYPS8B1 gene transcription via INK
and ERK signaling cascade [53]. In the current study, suppression of the FXR-SHP pathway
would be expected to cause upregulation of both Cyp7aland Cyp8b1. However, the mRNA
levels of Lrh1and Hnf4awere reduced by Wy, independent of the action of the co-repressor
SHP. As a result, Cyp7al gene expression was not affected by either PPARa activation or
disruption. This is consistent with a previous finding that 1-week Wy feeding did not alter
Cyp7al mRNA [31]. Furthermore, Wy treatment was found to downregulate Fgf15
expression via intestinal PPARa-FXR competition. Thus, neither hepatic nor intestinal FXR
signaling was involved in the regulation of CYP7A1 after Wy treatment. However, in
addition to the direct transcriptional control by PPARa., it seems that the hepatic FXR/SHP
pathway and intestine-derived FGF15 are also responsible for the induction of CYP8BL1 by
PPARa activation. Recent studies reported that induction of CYP8B1 and increased 12-OH
BAs are linked to NAFLD and insulin resistance [54-56], implying that hepatic PPARa
activation may have a negative effect on lipogenesis and glucose metabolism.

In addition to pharmacological PPARa activation by Wy, physiological activation of PPARa
by fasting also has similar effects on BA metabolism and transport. However, there was still
some hepatic PPARa-independent effects because the BA balance was still disrupted in the
PpardHeP mice. Besides hepatic PPARa, extrahepatic PPARa and other nutrient-sensing
nuclear receptors like PXR, LXR and FXR also control the response to fasting [57].

It is known that the hydrophilic-hydrophobic balance of secreted BAs in the BA pool may
have a close relationship to cholesterol and lipid absorption efficiency. Hydrophobic BAs
have a high capability for solubilizing fats and lipids while the hydrophilic BAs preclude
efficient sterol solubilization [58]. PPARa activation by Wy was shown to increase the
hydrophobicity index of BA pool implying a potentially decreased lipid and cholesterol
absorption. Moreover, the canalicular cholesterol transporters (ABCG5 and ABCG8) and
phospholipid efflux transporter MDR2 were also induced by PPARa activation. These
observations suggest that the lipid- and cholesterol-lowering effects of PPARa agonists
might be partially mediated though PPARa-BA axis via decreased absorption in the
intestine.

The effects of Wy on BA homeostasis were completely negated in hepatocyte-specific Ppara
knockout mice and corresponded to data from full-body knockout mice. This strongly
indicates that PPARa activation within hepatocytes contributes to maintaining BA
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homeostasis. The current data also suggests that crosstalk with FXR may further lead to
alterations in BA metabolites. Here, an important role of PPARa was uncovered in the
regulation of genes encoding proteins responsible for bile acid synthesis and transport in
humans, including CYP8B1, NTCP, BSEP, MRP3 and MRP4. Expression of many of these
genes is altered in cholestatic liver diseases. Accumulating data demonstrated that PPARa
activation by fibrates has beneficial effects on cholestatic diseases in humans and
experimental animal models. Bezafibrate improved cholestasis-related marker serum
alkaline phosphatase in patients with hyperlipidemia [59]. Fenofibrate is increasingly used to
treat patients with chronic cholestatic liver diseases who are refractory to UDCA
monotherapy [50]. Moreover, fenofibrate protected against ANIT-induced intrahepatic
cholestatic liver injury [60,61]. Fenofibrate, bezafibrate, or gemfibrozil attenuated the acute
cholestasis induced by ethinylestradiol plus chlorpromazine in rats [62]. Together these
observations introduce the possibility that PPARa ligands could be beneficial, and
considered as an alternative pharmacological target, for the treatment of various cholestatic
liver disorders.
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BA bile acid

BAAT bile acid-CoA:amino acid N-acyltransferase
BACS bile acid-CoA synthetase
BSEP bile salt export pump

CA cholic acid

CDCA chenodeoxychoic acid

CDO cysteine dioxygenase

CsD cysteinesulfinate decarboxylase
CYP cytochrome P450

DCA deoxycholic acid

FXR farnesoid X receptor
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HSD
HNF4a
LRH1
BMCA
wMCA
MDA
MRP
NTCP
OATP
OPLS-DA
oSsT
PCA
PPARa
QITOF MS
RXR
SNP
NTCP
TAUT
TaMCA
TBMCA
TCDCA
TCA
TDCA
THDCA
TUDCA
UPLC

Wy

hydroxysteroid dehydrogenase
hepatocyte nuclear receptor 4a

liver receptor homologue 1
p-muricholic acid

w-muricholic acid

multivariate data analysis

multidrug resistant protein
Na*-dependent taurocholate transporter

organic anion transporting polypeptides
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Orthogonal projections to latent structures discriminant analysis

organic solute transporter

principal components analysis

peroxisome proliferator-activated receptor a
quadrupole time-of-flight mass spectrometry
retinoid X receptor

small heterodimer partner
sodium-taurocholate acid transporting polypeptide
taurine transporter

tauro-a.-muricholic acid

tauro-p-muricholic acid
taurochenodeoxycholic acid

taurocholic acid

taurodeoxycholic acid

taurohyodeoxycholic acid
tauroursodeoxycholic acid

high performance chromatography

Wy-14643
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Fig. 1.
Multivariate data analysis and metabolite identification in serum of chow- and Wy-treated

mice by UPLC-Q/TOFMS analysis. A. Scores plot of serum metabolome in chow- and Wy-
treated Ppara*’* and Ppara”’~ mice as determined by PCA. B. Scores plot of serum
metabolome in chow- and Wy-treated Ppara/f and PparaHeP mice as determined by PCA.
C. Loading scatter plot for PCA of serum metabolome in the chow- and Wy-treated Ppara**
and Ppara™’~ mice. D. Loading scatter plot for PCA of serum metabolome in the chow- and
Wy-treated Ppara/f and PparaHeP mice. Each point represents an individual mouse serum
sample (A, B) or unique ion (C, D). lons labeled M1-M3 contribute to agonist-dependent
PCA separation. The t[1] and t[2] correspond to principal components 1 and 2, respectively.
The p[1] values represent the relative abundance of the ions and p[2] values represent the
interclass difference. 7= 6/group.
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Fig. 2.

Effect of Wy on serum BA composition in Ppard"f and Ppara*HeP mice. A. Heat map of
individual BA levels. B. Hydrophobicity index of serum bile acids. C. Total concentration of
different BA classes. D. Relative percentage of different BA classes to total BAs. E. Relative
fraction of individual BAs in serum of chow-treated Ppara™/f! mice. F. Relative fraction of
individual BAs in serum of Wy-treated Ppara/fl mice. G. Relative fraction of individual BAs
in serum of Chow-treated Ppar2*HeP mice. H. Relative fraction of individual BAs in serum
of Wy-treated Ppard HeP mice. =-BAs, total BAs. T-BAs, taurine-conjugated BAs. U-BAs,
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unconjugated BAs. 1° BAs, primary BAs. 2° BAs, secondary BAs. 12a-OH, 12a-
hydroxylated BAs. 6-OH, 6-hydroxylated BAs. Data are presented as mean + SEM; =6/
group. *P<0.05 or **P< 0.01, by one-way ANOVA followed by Tukey’s post-hoc
correction.
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Effect of Wy on hepatic BA composition in PpardVf and Ppar£*HeP mice. A. Heat map of
individual BA levels. B. Hydrophobicity index of hepatic bile acids. C. Total concentration
of different BA classes. D. Relative percentage of different BA classes to total BAs. E.
Relative fraction of individual BAs in livers of chow-fed Ppara/fl mice. F. Relative fraction
of individual BAs in livers of Wy-treated Ppara"/f mice. G. Relative fraction of individual
BAs in livers of chow-fed Ppar#HeP mice. H. Relative fraction of individual BAs in livers of
Wy-treated Ppard*HeP mice. E. 12a-OH/non-12a-OH BAs ratio. T-BAs, total BAs. T-BAs,
taurine-conjugated BAs. U-BAs, unconjugated BAs. 1° BAs, primary BAs. 2° BAs,
secondary BAs. 12a-OH, 12a-hydroxylated BAs. 6-OH, 6-hydroxylated BAs. Data are
presented as mean = SEM; 7= 6/group. *P< 0.05 or **P < 0.01, by one-way ANOVA

followed by Tukey’s post-hoc correction.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xie et al.

A

Gallbladder bile acids (nmol/g !quc)n

= ppara™", Chow

= Ppara"m‘Wy
1000 & Ppara®*®, Chow 'i

500 = ppara® P, wy

Page 26

Ppara™™, Wy
para*™**®, Chow
Ppara™™*®, wy

:
b
)

e
&

~
A
v—vih

bile acids

150 0.0 2 34
100 E
). Aa oz ll il aa -0.14 % 24
10 g
s
s 02 e 14
5 x g
3 g
0 = 03 -
LalPS S S S S S S S S S S
(%) 00 oo(: \*0 .“‘0 & &00 oél \*0 \*O \\OCI Q«o(l s S
A SN < 04 &4 LR
o & Q?.
%00 i . ] = ppara™", Chow QQ’ Qq’o Q?‘
£ = ppara™”, Wy 0.5
B Ppara“**®, Chow
B ppara'*?, wy E
DCA CDCA THDCA CA DCA® cDCA'
2000 —_ THDCA

3
8

o

30

TUDCA

fan} T-B-MCA

— = pPpara” TOCA

— = Ppara‘"'" Chow
=] Ppara “".WY

wr

THDCA Dea CDCA THDCA#

TooA Ppara®"®®, Chow

Fig. 4.
Effect of Wy on BA composition in gallbladders of PpardV/fl and PpardHeP mice. A. Heat

map of individual BA levels. B. Hydrophobicity index of bile acids in gallbladders. C. Total
concentration of different BA classes. D. Relative percentage of different BA classes to total
BAs. E. Relative fraction of individual BAs in gallbladders of chow-fed Pparaf mice. F.
Relative fraction of individual BAs in gallbladders of Wy-treated Ppara/fl mice. G. Relative
fraction of individual BAs in gallbladders of chow-fed Ppar#*HeP mice. H. Relative fraction
of individual BAs in gallbladders of Wy-treated Ppara*HeP mice. I. 12a-OH/non-12a.-OH
BAs ratio. X-BAs, total BAs. T-BAs, taurine-conjugated BAs. U-BAs, unconjugated BAs. 1°
BAs, primary BAs. 2° BAs, secondary BAs. 12a.-OH, 12a-hydroxylated BAs. 6-OH, 6-
hydroxylated BAs. Data are presented as mean + SEM; 7= 3-4/group. *P< 0.05 or **P<
0.01, by one-way ANOVA followed by Tukey’s post-hoc correction.

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 October 01.

CA DCAz cDCM

TUDCA* MCA TUDCA##
T-B-MCA
o o & s & *
IN L R TCA
T-a-MCA*
T-a-MCA#
TCDCA

TDCA## Ppara

" TUDCA"
-MCA
- T-a-MCA
TCDCA
TDCA®
TCA
4 T-a-MCA
= pparal", Chow JCUCA Ppara™, Chow Ppara™"

AHop \y



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xie et al.

Page 27
A 4 B s, fi/fl
B Ppara*’*, Chow — : zparaﬂm, Chow
B Ppara™*, Wi * o para”", Wy
para: o Y Bl Ppara’'*P, Chow
B Ppara”, Chow 5 4 Ll ™ PP \Hep’w
c 3] = Ppara”, Wy L) c = para”HeP, Wy
o [~} ~
2 ]
17 o
£ ©
s s
3 21 3
o o
2 2
1 ]
S =
© ]
© 44 [
04
& & & o N P
R & N ¢ R &
G by 9 o) ¢ (@)
C s B3 ppara*’*, Chow D 4, = ppara"", Chow
—— = Ppara**, Wy . B ppara™" Wy
2y B Ppara”, Chow - w B pPpara“"P, Chow
44 B Ppara’, Wy L ars L B pparateP, wy
c £ 34 —
S S
¢ 3 g
= wox s
: —= £
o o
2> 2 3
k] * ** — k]
g | = N € 4.
14
0- 0-
& 0 S =] » & 0 S o »
< & & 0'»" $$° < o & 0'»" Q’b
*x
E so- - = Ppara*’*, Chow F o o B pPpara™” Chow
70- S = Ppara’*, Wy 704 1 = Ppara"'", Wy
] = Ppara'j‘, Chow Bl ppara’®P, Chow
< 601 = Ppara”, Wy < 601 B pparater, Wy
-] o
@ 50 2 50
o e
% 240
) o 4
E s —
S £ 3 A
s 5 R N .
[ P .. = — 1
o "
— —
14
o
A ) @ » Q A ) ® »
&R A AN O A N
& o,,\Q 0"& \‘\‘Q ‘x‘&h o° o° K 05&’ 05\?" ‘3& \“Qb' o° o°
G 4 B Ppara*, Chow H s, = ppara””, Chow IL1
= Ppara*, Wy = ppara””, Wy —
B Ppara”, Chow Bl Ppara*"*P, Chow =
34 | Ppara'/‘, Wy = Ppa,a\nap' Wy

Relative expression

® Q q
\*‘& W& VV& \!9 090 “& ng

Fig. 5.
Wy treatment alters hepatic expression of genes involved in BA synthesis, conjugation, and

transport. A. mRNA levels of genes involved in BA synthesis in chow- and Wy-treated Ppara
*I* and Ppara’~ mice. B. mRNA levels of genes involved in BA synthesis in chow- and Wy-
treated PpardVfl and Ppar#*HeP mice. C. mMRNA levels of genes involved in taurine
conjugation in chow- and Wy-treated Ppara*'* and Ppara”~ mice. D. mRNA levels of genes
involved in taurine conjugation in chow- and Wy-treated Ppara/fl and Apara*HeP mice. E.
MRNA levels of genes related to the BA sinusoidal transporters in chow- and Wy-treated
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Ppara*’* and Ppara™~ mice. F. mRNA levels of genes related to the BA sinusoidal
transporters in chow- and Wy-treated PparaV/™ and Ppara*HeP mice. G. mRNA levels of
genes related to the BA canalicular transporters in chow- and Wy-treated Ppara*’* and Ppara
-/~ mice. H. mRNA levels of genes related to the BA canalicular transporters in chow- and
Wy-treated PpardV and Ppara®HeP mice. Data are presented as mean + SEM; 1= 6/group.
*P<0.05 or **P< 0.01, by one-way ANOVA followed by Tukey’s post-hoc correction.
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PPARa activation by Wy treatment suppresses FXR signaling through RXRa competition.
A. Hepatic mRNA expression of PPARa and its target genes. B. Hepatic mRNA expression
of genes involved in regulating BA homeostasis. C. Intestinal Ppara mRNA expression and

its target genes. D. Intestinal mMRNA expression of genes involved in regulating BA

homeostasis. E. Luciferase activity of vehicle-, Wy-, and CDCA-treated AML12 cells co-

transfected with PPRE-luc reporter and empty vector, FXR, PPARa, and/or RXRa
expression vectors. F. Luciferase activity of vehicle-, CDCA-, and Wy-14,643-treated

AML12 cells co-transfected with SHP-luc reporter and empty vector, FXR, PPARa and/or

RXRa expression vectors. Data are presented as mean + SEM; 7= 6/group. *~ < 0.05 or

**p<0.01, by one-way ANOVA followed by Tukey’s post-foc correction.
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Fig. 7.

Effect of fasting on serum BA composition in Ppara/fl and PparsHeP mice. A. Heat map of
individual BA levels. B. Hydrophobicity index of serum bile acids. C. Total concentration of
different BA classes. D. Relative percentage of different BA classes to total BAs. E. Relative
fraction of individual BAs in serum of fed Ppara/fl mice. F. Relative fraction of individual
BAs in serum of fasted PpardV/fl mice. G. Relative fraction of individual BAs in serum of fed
Ppar#*HeP mice. H. Relative fraction of individual BAs in serum of fasted PparZ*HeP mice.
2-BAs, total BAs. T-BAs, taurine-conjugated BAs. U-BAs, unconjugated BAs. 1° BAs,
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primary BAs. 2° BAs, secondary BAs. 12a-OH, 12a-hydroxylated BAs. 6-OH, 6-
hydroxylated BAs. Data are presented as mean + SEM; 1= 6/group. *P< 0.05 or **P<
0.01, by one-way ANOVA followed by Tukey’s post-hoc correction.
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Effect of fasting on hepatic BA composition in Ppard"f and Ppara HeP mice. A. Heat map
of individual BA levels. B. Hydrophobicity index of hepatic bile acids. C. Total
concentration of different BA classes. D. Relative percentage of different BA classes to total
BAs. E. Relative fraction of individual BAs in livers of fed Ppara/f mice. F. Relative
fraction of individual BAs in livers of fasted PparaV/f mice. G. Relative fraction of
individual BAs in livers of fed Ppar£*HeP mice. H. Relative fraction of individual BAs in
livers of fasted Ppara*HeP mice. I. 12a-OH/non-12a.-OH BASs ratio. Z-BAs, total BAs. T-
BAs, taurine-conjugated BAs. U-BAs, unconjugated BAs. 1° BAs, primary BAs. 2° BAs,
secondary BAs. 12a-OH, 12a-hydroxylated BAs. 6-OH, 6-hydroxylated BAs. Data are
presented as mean + SEM; n= 6/group. *P< 0.05 or **£ < 0.01, by one-way ANOVA

followed by Tukey’s post-hoc correction.
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Fig. 9.

Mechanism for hepatocyte PPARa activation on BA synthesis and transport regulation.
PPARa activation within hepatocytes by Wy represses both hepatic BA uptake mediated by
NTCP and OATPs and canalicular BA efflux mediated by BSEP, while increases sinusoidal
BA efflux by induction of MRP3 and MRP4. The overall effect is elevated circulating BAs.
PPARa activation also induces the expression of CYP8B1 which leads to the increased
levels of CA and TCA in classic pathway as well as downregulates the expression of
CYP27A1 and CYP7BL in alternative BA synthesis. These changes result in an increased
12a-OH/non-12a-OH BAs ratio. The reduced expression of CYP2C70 decreases the
synthesis of FXR antagonist pool consisting of TaMCA and TBMCA. T/G-BA, taurine/
glycine-conjugated BA. U-BA, unconjugated BA. S/G-BA, sulfate or glucuronide-
conjugated BA. The proteins in red are induced by PPARa activation and the proteins in
green are suppressed by PPARa activation. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Serum metabolite ions identified in the negative mode that were significantly increased in Wy-treated Ppara*’*

and PpardVM mice.

m/z Rt Ppara*’*, Wy Pparalfl, wy Metabolite
P[1] P[2] VIP  P[1] P[2] VIP

M1 514284 103 03218 -0.1882 111 0.3397 -0.1139 114 TCA
M2 514284 72 01306 -00751 46 01527 -00587 54 TBMCA
M3 391285 188 00677 -0.0398 28 00801 -0.0095 34 DCA
M4 514284 67 00551 -00338 20 00565 -00355 25 TaMCA
M5 498289 136 00522 -0.0295 1.8 00362 -00170 24 TDCA
M6 407.280 122 00499 -0.0309 17 00754 -00206 17 CA
M7 498288 130 00389 -0.0227 15 00415 -00170 16 TCDCA
M8 498288 9.8 00244 -00150 11 00294 -00179 11 TUDCA
M9 498288 100 00213 -0.0049 10 00215 -00208 10 THDCA
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