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Abstract

Lithocholic acid (LCA) is an endogenous compound associated with hepatic toxicity during
cholestasis. LCA exposure in mice resulted in decreased serum lysophosphatidylcholine (LPC)
and sphingomyelin levels due to elevated lysophosphatidylcholine acyltransferase (LPCAT) and
sphingomyelin phosphodiesterase (SMPD) expression. Global metabolome analysis indicated
significant decreases in serum palmitoyl-, stearoyl-, oleoyl- and linoleoyl-LPC levels after LCA
exposure. LCA treatment also resulted in decreased serum sphingomyelin levels and increased
hepatic ceramide levels, and induction of LPCAT and SMPD mRNAs. Transforming growth
factor- TGF-p) induced Lpcat2/4 and Smpd3 gene expression in primary hepatocytes and the
induction was diminished by pretreatment with the SMAD3 inhibitor SI1S3. Furthermore,
alteration of the LPC metabolites and Lpcat1/2/4 and Smpd3 expression was attenuated in LCA-
treated farnesoid X receptor-null mice that are resistant to LCA-induced intrahepatic cholestasis.
This study revealed that LCA induced disruption of phospholipid/sphingolipid homeostasis
through TGF-f signaling and that serum LPC is a biomarker for biliary injury.

Introduction

Cholestatic liver disease arises when the excretion of bile acids from liver is interrupted.
Bile acids, mainly produced from cholesterol in liver, are required for the absorption and
excretion of lipophilic metabolites such as cholesterol.2: 2 The excess accumulation of bile
acids markedly alters the expression of various genes involved in cholesterol and
phospholipid homeostasis resulting in cell death and inflammation, leading to severe liver
injury.3: 4 Thus, cholestasis would be expected to alter serum and urinary metabolites.
However, changes in endogenous chemicals during cholestasis have not been systematically
examined.

Metabolomics, based on ultra-performance liquid chromatography coupled with time-of-
flight mass spectrometry (UPLC-TOFMS), has been employed for the detection and
characterization of small organic chemicals in biological matrices.® Global metabolic
approaches have been widely performed to identify small molecules associated with disease
and to further understand the mechanisms of metabolic disorders. Alteration of urine
metabolites has also been investigated in rodent cholestasis models, and in human
cholestasis.5~8 However, determining the qualitative and quantitative changes in
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endogenous metabolites, and the role of these metabolites in disease, requires additional
experimentation.

Lithocholic acid (LCA), the most potent endogenous chemical causing liver toxicity, is
increased in patients with liver disease.® LCA causes intrahepatic cholestasis,'0 and
experimental interventions to protect against LCA toxicity have been investigated using
animal models.}1~14 Nuclear receptors, such as pregnane X receptor, were reported to
protect against LCA toxicity through regulation of CYP3A and sulfotransferase 2A that can
protect from the LCA toxicity. A variety of LCA metabolites have been reported to be
associated with this protection.”: 15-18 Recently, endogenous bile acid metabolism
associated with LCA toxicity has also been investigated.” LCA exposure was reported to
change levels phospholipids, cholesterol, free fatty acids, and triglycerides.1® However, a
comprehensive view of LCA-induced alterations in endogenous metabolites has not been
rigorously examined.

In the current study, change in the serum metabolome following LCA-induced liver injury
was assessed in mice fed LCA-supplemented diets in order to determine the mechanism of
cholestatic liver injury and to discover biomarkers for disease progression. Comparison of
the LCA-induced metabolic changes and altered gene expression patterns in the farnesoid X
receptor (Fxr)-null mouse that is resistant to LCA-induced liver injury, provided further
understanding of the mechanism of the LCA-induced liver toxicity.

Experimental Procedures

Animals and diets

Female mice (C57BL/6NCr), farnesoid X receptor (Fxr)-null mice, and background-
matched wild-type mice20 were housed in temperature and light controlled rooms and given
water and pelleted NIH-31 chow ad libitum. For the LCA studies, mice were given 0.6%
LCA-supplement AIN93G diet with the AIN93G diet as a control (Dyets, Bethlehem, PA).
All animal studies were carried out in accordance with Institute of Laboratory Animal
Resources (ILAR) guidelines and protocols approved by the National Cancer Institute
Animal Care and Use Committee.

Serum chemistry

Serum was prepared using Serum Separator Tubes (Becton, Deckinson and Company,
Franklin Lakes, NJ). The serum catalytic activity of alanine aminotransferase (ALT) and
alkaline phosphatase (ALP) was measured with ALT and ALP assay Kit, respectively
(Catachem, Bridgeport, CT).

UPLC-TOFMS analysis

Serum was prepared using Serum Separator Tubes (Becton, Deckinson and Company). The
serum was diluted with 19 volumes of 66% acetonitrile and centrifuged twice at 18,000g for
20 min to remove insoluble materials. UPLC-TOFMS was preformed as previously
reported.?! The eluant was introduced by electrospray ionization into the mass spectrometer
[Q-TOF Premier® (Waters Corp, Milford, MA)] operating in either negative or positive
electrospray ionization modes.

Data processing and multivariate data analysis

Data processing and multivariate data analysis were conducted as previously reported.’
Orthogonal projection to latent structures (OPLS) and contribution analyses were performed
using SIMCA-P+12 (Umetrics, Kinnelon, NJ).
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RNA analysis

RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and gPCR was
performed using cDNA generated from 1 ug total RNA with a SuperScript Il Reverse
Transcriptase kit and random oligonucleotides (Invitrogen). Primers were designed using
gPrimerDepot. All sequences are listed in Supplementary Table 1. Quantitative PCR
reactions were carried out using SYBR green PCR master mix (Applied Biosystems, Foster
City, CA) in an ABI Prism 7900HT Sequence Detection System. Values were quantified
using comparative CT method, and samples were normalized to 18S ribosomal RNA.

Quantification of hepatic choline levels

Liver tissue was homogenized with Choline/Acetylcholine Assay Buffer (Abcam,
Cambridge, UK) and the homogenate centrifuged at 18,0009 for 20 min. The supernatant
was subjected to determination of choline levels with the Choline/Acetylcholine Assay Kit
(Abcam). Protein was measured with the Micro BCA Protein Assay Kit (Thermo Fisher
Scientific Inc, Waltham, MA). Choline levels were normalized to total protein.

Quantification of serum lysophosphatidylcholine and sphingomyelin and hepatic ceramide

levels

Quantification of serum lysophosphatidylcholine was performed according to a previously
reported method.?! Serum sphingomyelin levels were estimated with the Sphingomyelin
Assay Kit (Cayman, Ann Arbor, MI). Hepatic N-stearoyl-D-erythro-sphingosine (C18-
ceramide) and N-palmitoyl-D-erythro-sphingosine (C16-ceramide) levels were determined
as described below. Liver tissue (20 mg) was homogenized with 600 pL of methanol:CHCl3
(2:1) solution including N-palmitoyl (D31)-D-erythro-sphingosine (Avanti Polar Lipids,
Inc., Alabaster, AL) as internal standard, and sonicated. To the homogenate was added 400
pL of CHCIs3, followed by vortexing for 2 min, addition of 400 uL 0.1M HCI and vortexing
for 2 min. The homogenate was centrifuged for 10 min and 200 pL of the organic phase was
transferred to a new glass tube and dried with air. The pellet was suspended with a 79%
methanol/20% water/1% formic acid solution, and sonicated. LC-MS for the ceramide
detection was performed based on a method reported previously.22 Briefly, the sonicated
samples were separated on a Phenomenex 2.1x100mm Luna 3u C18 column (Torrance, CA)
using the following gradient: (A:B) 80:20 for 1 min to 100% B at 5 min, held for 15 min,
then equilibration at 80:20 for 1.5 min. The mobile phase consisted of (A) methanol-water-
formic acid (74:25:1) and (B) methanol-formic acid (99:1). Both A and B were also buffered
with 5 mM ammonium formate. The LC-MS system consisted of a PE series 200 LC pump
and auto-injector (Perkin Elmer, Waltham, MA) coupled to an AP12000 mass spectrometer
(Applied Biosystems) operated in positive electrospray ionization mode. Multiple reaction
monitoring was performed: 538.5—264.3 for C16-ceramide, 566.5—264.3 for C18-
ceramide and 569.7—264.2 for the internal standard. C16- and C18-ceramides were
determined with the authentic chemicals (Avanti Polar Lipids, Inc.), and the quantification
was performed with standard curve.

Preparation and culture of primary hepatocytes

Primary hepatocytes were prepared based on a method previously reported.23 Cells were
exposed to TGF-f for 6 hours, collected and lysed for RNA analysis.

Statistical analysis

Statistical analysis was performed using Prism® version 5.0c (GraphPad Software Inc., San
Diego, CA). A p-value of less than 0.05 was considered as significant difference.
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Results

Lithocholic acid exposure decreased serum lysophosphatidylcholine level

The influence of LCA exposure on serum metabolites was investigated using female mice
treated for 7 days with AIN93G diet (control diet) and 0.6% LCA-supplemented AIN93G
diet (LCA diet). Orthogonal projection to latent structures (OPLS) analysis was performed
with UPLC-TOFMS negative mode data derived from serum of mice fed LCA or control
diets. OPLS analysis showed a separation between the control and the LCA groups (Fig. 1A)
that was further examined with an S-plot (Fig. 1B). The contribution analysis indicated ten
enhanced and ten attenuated ions as the top-ranking ions giving rise to the separation. Most
enhanced ions were derived from bile salts (Supplementary Table 2). In the attenuated ions
group, seven ions were lysophosphatidylcholine (LPC) fragments ([M-H+HCO,H]™) (Table
1). Tandem mass spectrometry MS/MS fragmentation indicated that the ions had common
fragmentation patterns as revealed by the presence of 224.06~ (C8H18NO4P™) and a
fragment derived from loss of oxygen ([M-OH]™) (Fig. S1A-G). The other major fragments,
m/z=540.3299~ at 4.99 min, m/z = 568.3615~ at 5.60 min, m/z = 564.3297~ at 4.76 min, m/z
=566.3462" at 5.14 min, m/z = 588.3287~ at 4.75 min, m/z = 538.3133™ at 4.58 min and m/z
=612.3286 at 4.71 min were assigned as 1-palmitoyl-sn-glycero-3-phosphocholine
(palmitoyl LPC; 16:0-LPC), 1-stearoyl-sn-glycero-3-phosphocholine (strearoyl LPC; 18:0-
LPC), 1-linoleoyl-sn-glycero-3-phospholcholine (linoleoyl LPC; 18:2-LPC), 1-oleoyl-sn-
glycero-3-phosphocholine (oleoy I L P C ; 1 8 : 1-LPC), 1-arachidonoyl-sn-glycero-3-
phosphocholine (arachidonoyl LPC), 1-palmitoleoyl-sn-glycero-3-phosphocholine
(palmitoleoyl LPC) and 1-docosahexanoyl-sn-glycero-3-phosphocholine (docosahexanoyl
LPC), respectively. These ions were confirmed using positive MS/MS fragmentation (data
not shown). In addition, the relative abundance of the major acyl-LPCs (16:0-, 18:0-, 18:1-
and 18:2-LPC) was decreased significantly after LCA exposure (Fig. 1C).

Serum LPC levels were negatively correlated with serum ALP activity

Serum ALT and ALP activities were measured at 1, 3, and 6 days after feeding an LCA diet
(Fig. 2A and 2B). Serum ALT activity increased to 2810 + 1100 U/L at day 1 and remained
elevated at day 3 and day 6. Serum ALP activity significantly increased to 462 + 135 U/L at
day 3 and was much higher at day 6 (841 + 301 U/L). Serum 16:0-, 18:0-, 18:1- and 18:2-
LPC levels were also estimated at 1, 3, and 6 days after feeding the LCA diet (Fig. 2C). The
16:0-LCA levels were 1.04-, 0.79- and 0.58-fold at day 1, 3, and 6, respectively, and
significantly decreased at day 6. The 18:0-LPC levels were 0.90-, 0.56- and 0.30-fold at day
1, 3, and 6, respectively. The 18:1-LPC levels were 0.77-, 0.55- and 0.42-fold, respectively,
and the 18:1-LPC levels decreased by 0.88-, 0.74- and 0.62-fold, respectively. Thus, LPCs
were decreased in a time-dependent manner after LCA exposure with marked decreases
noted at day 6. In addition, the LPC levels were negatively correlated with the ALP activity
(Fig. 2D, p<0.0001). The 18:0-LPC level showed the best correlation with the ALP activity
among these LPCs (r = —0.8482). These results may indicate that the serum LPC levels are
negatively associated with biliary injury.

LCA exposure changed hepatic expressions of genes involved in phosphatidylcholine
homeostasis

Hepatic and serum phospholipase A1 (PLAL) and A2 (PLAZ2) activities, major enzymes
involved in LPC synthesis from phosphatidylcholine (PC),24: 25 were measured. The
activities were not different between control and LCA groups in both liver and serum,
although hepatic PLA1 and serum PLA2 were slightly increased (Fig. S2). Levels of
mRNAs encoding lysophosphatidylcholine acyltransferases (LPCAT) 1 to 4,
lysophospholipase Al (LYPLA1L) and ectonucleotide pyrophosphatase/phosphodiesterase 2
(ENPP2, also known as LysoPLD), involved in LPC metabolism,24: 26-28 were then
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determined in livers. Hepatic LPCAT1, LPCAT2 and LPCAT4 mRNAs increased by 2.5-,
4.0- and 12-fold, respectively, and hepatic LPCAT3 and LYPLA1 mRNA levels slightly
decreased 0.49- and 0.60-fold, respectively (Fig. 3A). LCA exposure significantly increased
the mMRNASs encoding hepatic phospholipase D1 (PLD1) and phospholipase D2 (PLD2),
which catalyze conversion of PC to phosphatidic acid,?®: 30 by 2.8-fold and 2.0-fold,
respectively (Fig. 3B). In addition, LCA exposure significantly enhanced the neutral and
acidic PLD activities by 3.1-fold and 3.5-fold, respectively (Fig. 3C). Serum PLD activities
were not changed. Hepatic choline levels were also increased after LCA exposure (control
and LCA were 25.0 and 34.5 nmol/mg protein, respectively, Fig. 3D). To investigate
whether LCA exposure increases de novo PC synthesis,3! hepatic choline kinase (CHK) a
and p (CHKa and CHKp), phosphate cytidylyltransferase 1 (PCYT1) a and p (PCYT1a and
PCYT1p) and, choline phosphotransferase 1 (CHPT1) mRNA levels were measured (Fig.
3E). CHKa and PCYT1B mRNA levels were increased (4.1- and 6.0-fold, respectively), but
CHKp and PCYT1a mRNA levels were not changed. CHPT1 mRNA level was decreased
after LCA exposure by 0.63-fold. Phospholipid levels in bile were also decreased by LCA
exposure (Fig. S3). These results suggest that LCA exposure markedly alters hepatic
phospholipid homeostasis leading PC deletion.

LCA exposure enhanced hepatic ceramide synthesis

Since sphingomyelin (SM) is known to be metabolically associated with PC homeostasis,3?
serum SM levels were measured (Fig. 4A). SM was markedly decreased after LCA exposure
(52.5 t0 29.9 mg/dL). SM is mainly regulated by SM synthase (SGMS) and sphingomyelin
phosphodiesterase (SMPD, also known as sphingomyelinase).32 Thus, SGMS1 and 2, and
SMPD1 to 4 mRNA levels were measured in livers revealing that SGMS1 levels were
slightly increased (1.3-fold) but SGMS2 unchanged. Acidic sphingomyelinase SMPD1 level
was not altered after LCA exposure, while neutral sphingomyelinase SMPD3 level was
markedly increased by 26-fold (Figs. 4B and 4C). The levels of the other neutral
sphingomyelinases (SMPD2 and SMPD4) were not changed (0.88- and 1.2-fold).
Furthermore, hepatic ceramides (CM) N-palmitoyl-D-erythro-sphingosine (C16-CM) and N-
stearoyl-D-erythro-sphingosine (C18-CM) levels were measured. The C16-CM and C18-
CM levels were increased to 6.3 and 8.7 ng/mg liver, respectively (Fig. 4D). Hepatic
mRNAs encoding de novo synthesis-related genes, such as serine palmitoyltransferase, long
chain base subunit 1 and 2 (SPTLC1 and 2), LAG1 homolog, ceramide synthase 1 and 2
(LASS1 and 2) and degenerative spermatocyte homolog 1 (DEGS1), were also increased
(Fig. 4E). Thus hepatic disruption of SM-CM homeostasis was also observed after LCA
exposure.

Influence of LCA on phospholipid/sphingolipid homeostasis waned in Fxr-null mice

Fxr-null mice were resistant to the LCA hepatotoxicity (Fig. S4A-C), as reported
previously.13 To determine whether the altered phospholipid/sphingolipid homeostasis was
associated with LCA-induced liver injury, Fxr-null mice were examined. The deceased ratio
of the tested LPC levels was smaller in Fxr-null mice than that in the wild-type mice, the
ratio of 16:0- and 18:0-LPC were significantly lowered (Fig. 5A). The suppression of
expression of stearoyl-coenzyme A desaturase 1 (SCD1), which catalyzes the rate-limiting
reaction for monounsaturated fatty acid synthesis, was not significantly different between
wild-type and Fxr-null mice although the constitutive expression was higher in Fxr-null
mice without and with LCA (Fig. S4D). The LCA-induced increase in expression of several
key genes was also attenuated in the livers of Fxr-null mice (Fig. 5B-E), although the LCA-
induced Chptl expression was unchanged (Fig. S4E). Interestingly, hepatic C16- and C18-
CM levels were much lower in the Fxr-null mice than in wild-type mice (Fig. 5F). These
observations suggest that increased C16-and C18-CM levels after LCA exposure contribute
to the liver injury.
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TGF-B is aregulator for phospholipid/sphingolipid homeostasis

Since LCA-induced gene expression was attenuated in Fxr-null mice that are resistant to
LCA toxicity, studies were conducted to determine whether FXR regulates the genes that
showed altered expression upon LCA exposure. The FXR agonist GW4064 exposure did not
enhance expression of the Lpcatl, Lpcat2, Lpcat4, Pld1, Pld2, Smpd3 and Tgfbl genes in
primary hepatocytes, while the bonafide FXR target gene, small heterodimer partner, was
induced by 3 fold (Fig. S6). Earlier studies revealed that transforming growth factor-p (TGF-
B) increases CM levels in Mv1Lu cells33 and tumor necrosis factor-a. (TNF-a) was reported
to up-regulate LPCAT activities in immune cells.34 Indeed, LCA exposure resulted in
increased TGF-p and TNF-a mRNAs (Fig. 6A). TGF- exposure induced Lpcat2/4 and
Smpd3 expression in primary hepatocytes but did not induce Lpcatl, Pld1, Pld2, and Pcytlb
expression (Fig. 6B). Chka expression was decreased by treatment with TGF-p. However,
TNF-a exposure did not change expression of these genes in hepatocytes (data not shown).
In addition, the enhanced expression was attenuated by treatment with the SMAD3 inhibitor
SIS3 (Fig. 6C). Furthermore, the LCA-induced Tgfbl gene expression was diminished in
Fxr-null mice (Fig. 6D). Enhanced taurolithocholate, which is a potent stimulator of
oxidative stress, was lower in the LCA-treated Fxr-null mice as compared to wild-type mice
(Fig. S6A), and hepatic H,O- levels were lower (Fig. S6B). Elevated oxidative stress can
accelerate hepatic TGF-B activation.3® These results may indicate that oxidative stress-
activated TGF-B-SMAD3 signaling is involved in LCA-induced disruption of phospholipid/
sphingolipid homeostasis.

Discussion

The current study demonstrated that LCA disrupted phospholipid and sphingolipid
homeostasis following changes in the expression of enzymes involved in their synthesis
(Fig. 7). To further determine the global changes of serum metabolites after an LCA diet, the
serum metabolome of the LCA-treated mice was interrogated and compared with that of the
controls. UPLC-TOFMS, in conjunction with an OPLS analysis, revealed changes in serum
metabolites after LCA exposure, and determined bile acid metabolites as being markedly
elevated while LPCs were decreased. Since the liver is the major site of serum LPC
biogenesis,36: 37 the changes in serum lipid profiles may reflect liver injury. Levels of the
major LPCs in serum (16:0-, 18:0-, 18:1- and 18:2-LPC) were decreased in a time-
dependent manner after LCA exposure, and interestingly, serum LPC levels were negatively
correlated with serum ALP levels, which is a conventional marker for cholestasis. In
addition, the decrease in serum LPC levels was attenuated in Fxr-null mice, which are
resistant to LCA-induced liver injury. The LCA-treated Fxr-null mice, however, showed
significantly decreased unsaturated LPC (18:1- and 18:2-LPC) as well as the wild-type mice.
This is due to lower hepatic SCD1 mRNA level that produces unsaturated LPC.2! While the
association of hepatic Scd1 expression with biliary injury requires further investigation,
these results strongly support the view that LPCs, especially saturated LPC, reflect the
severity of biliary injury such as cholestasis.

LPC was reported to be a proinflammatory atherogenic phospholipid that activates a variety
of immune cells such as monocytes and neutrophils.38=41 In immune cells, oxidative stress
stimulates LPC production following enhanced PLA2 activity.*? Hydrophobic bile acid
exposure leads to reactive oxygen generation from mitochondria.*3 However, LCA exposure
did not induce PLAZ activities in both serum and liver, but rather decreased serum LPC
levels. Thus, in vivo, especially with regard to hepatic PC metabolism, the influence of bile
acid accumulation on PLAZ2 activity may be marginal. In contrast, LCA exposure induced
the expression of Lpcat 1, 2 and 4 genes in livers. In the hepatic remodeling system of PC
(Lands’ cycle*4), PC production is enhanced after LCA exposure. Despite this, LCA
exposure significantly decreased phospholipid levels in bile. Excess of hepatic bile acids can

Hepatology. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matsubara et al.

Page 7

lead to increased consumption of phospholipids to facilitate the excretion of the bile acids.
Among the phospholipids, PC is the most important component for elimination of bile acids.
In addition to the Lands’ cycle, PC homeostasis is mainly achieved by de novo synthesis
through a cascade of three enzymatic steps from choline to PC (CHK, PCYT1 and CHPT1,
Kennedy pathway31). CHPT1 mRNA levels were decreased in liver after LCA exposure.
Although the CHKa and PCYT1B mRNA levels were increased, LCA exposure attenuated
PC synthesis through the Kennedy pathway following a decrease in hepatic CHPT1 levels.1?
In addition, hepatic PLD1 and 2 activities, which are involved in PC degradation, were
elevated due after LCA exposure. Judging from results in the present study, the mechanisms
by which LCA induces hepatic PC depletion were considered to be 1) excess consumption
of PC, 2) attenuation of the Kennedy pathway and 3) enhancement of PLD activities (PC
degradation). Thus, the LCA-induced decrease of serum LPC levels may result from their
compensatory action on PC supply following induction of hepatic Lpcat expression.

Further to the alteration of PC homeostasis, decreased serum SM levels were observed in the
present study. SM is dominantly regulated by the SM cycle,32 which involves the synthetic
enzyme SGMS and the degradative enzyme SMPD. Both hepatic SGMS1 and 2 mRNA
levels were little changed, while hepatic Smpd3 expression was markedly induced after LCA
exposure. The decrease in serum SM levels may result from SMPD3 induction. Furthermore
LCA exposure increased hepatic C16- and C18-CM levels. SMPD3 (also known as neutral
sphingomyelinase 2) has emerged as a predominant mediator for stress-induced CM
production.*>: 46 CM, one of the functional sphingolipids, is known to induce apoptosis in
various cells.#” Hydrophobic bile acids are also known to induce hepatocyte apoptosis#3: 48
and apoptosis is observed in the livers of patients with cholestasis.*? 30 Interestingly,
incubation of hepatocytes with a specific inhibitor of neutral, but not acidic,
sphingomyelinase diminished the apoptotic response of primary hepatocytes to bile acids.
51-53 Thus, LCA-mediated SMPD3 induction can be a crucial potentiator of LCA-induced
cholestasis. However, Kupffer cell acidic sphingomyelinase (SMPD1) is required for
survival and regeneration in bile duct ligation-liver>* and Kupffer cell CM act to protect
against liver injury. Additional studies are needed to determine the influence of CM
accumulation in hepatocytes and nonparenchymal cells on cholestasis.

Bile duct ligation induced production of proinflammatory cytokines including TGF-$ and
TNF-0.55 LCA exposure also resulted in increased levels of hepatic TGF-p and TNF-a.
mRNAs. TGF-p expression is observed not only in liver cells, but also in metaplastic bile
duct epithelium®8. TGF-p, but not TNF-o, induced the expression of Lpcat2/4 and Smpd3 in
primary hepatocytes. In addition, the SMAD3 inhibitor-treated hepatocytes showed lower
induction of these genes. Thus, bile duct-derived TGF- and hepatocyte SMAD3 signaling
may be involved in altering hepatic phospholipid/sphingolipid homeostasis during biliary
injury.

LCA exposure dramatically altered the expression of genes involved in phospholipid- and
sphingolipid-metabolism. A decrease in CHPT1 activity was suggested to be associated with
liver injury.1® Fxr-null mice showed a decrease in CHPT1 mRNA as well as the wild-type
mice. Thus, the CHPT1 decrease may not be a crucial factor for LCA-induced liver injury.
In Fxr-null mice, except for Chptl, the enhancement of the phospholipid- and sphingolipid-
related gene expression was attenuated. Furthermore, the decrease in serum LPC and the
increase in hepatic CM were reduced in Fxr-null mice along with diminished hepatic TGF-3
mMRNA compared to wild-type mice treated with LCA. These results strongly support the
view that the metabolic alterations described in the present study can play a causative role in
biliary injury/cholestasis. The present observations may suggest that FXR activation is
associated with the LCA-induced liver injury. However, the FXR agonist GW4064 did not
induce the expression of several genes altered during LCA-induced liver injury. Additional
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studies are needed to determine whether FXR directly contributes to the LCA-induced gene
expression in non-parenchymal cells. It is likely from the available evidence that the
attenuation of the LCA-enhanced gene expression in Fxr-null mice may result form
adaptation to LCA toxicity.

In conclusion, the present study revealed LCA-induced alterations of phospholipid/
sphingolipid homeostasis, indicating the possibility of serum LPC as a serum biomarker of
cholestasis. While the present results established a metabolic linkage between LPC and
biliary injury, future studies are required to understand the relationship between cytokines,
cholestasis and phospholipid/sphingolipid homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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lysophosphatidylcholine
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Figure 1. Identification of ions changed by LCA exposure
(A) OPLS analysis of the serum metabolome between control diet (open diamond) and LCA
diet (closed diamond). (B) S-plot analysis following the OPLS analysis. Number indicates a
ranking determined by contribution analysis based on the OPLS analysis. (C) Relative
abundance of serum LPC. Amounts were normalized to the internal standard 1-stearoyl
(D35)-2-hydroxy-sn-glycero-3-phosphocholine. The value was expressed as fold to the
mean of control. Data represents the mean and SD (n=6-7). Significance was determined

with unpaired

t test (*, P<0.05; **, P<0.01).
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Figure 2. Time-dependent changes of serum ALT, ALP and LPCs after LCA exposure

Serum ALT (A) and ALP (B) activities after LCA treatment. The values are expressed as U/
L and data represents the mean and SD (n=9-10). Significance was determined by one way-
ANOVA with Dunnett’s test (***, P<0.001). NS, no significance. DO, D1, D3, and D6
represents pretreatment, 1 day, 3 days, and 6 days after LCA treatment, respectively. (C)
Serum LPC levels after LCA treatment. The values are expressed as fold to the mean of the
control amount. Data represents the mean and SD (n=9-10). Significance was determined by
one way-ANOVA with Dunnett’s test (*, P<0.05; **P<0.01; ***, P<0.001). NS, no
significance. DO, D1, D3, and D6 represents pretreatment, 1 day, 3 days, and 6 days after
LCA treatment, respectively. (D) Correlation between serum ALP activity and serum LPC
levels. Correlation factor (r) and p-value were estimated with Pearson’s correlation analysis.
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Figure 3. LCA exposure alters hepatic phospholipid metabolism

gPCR analysis of mRNAs encoding LPC metabolism-related genes (A) and PLD (B).
Expression was normalized to 18S ribosomal RNA and each bar represents the mean value
and SD (n=5-6). (C) Serum and liver PLD activities were determined and the values
expressed as fold to the mean of control activity. Data represents the mean and SD (n=3-4).
N and A denotes neutral and acidic conditions, respectively. (D) Hepatic choline levels were
normalized to protein amounts of whole extract. Data represents the mean and SD (n=4-5).
(E) gPCR analysis of mRNAs encoding PC synthesis-related genes. Expression was
normalized to 18S ribosomal RNA and each bar represents the mean value and SD (n=5-6).
Significance was determined with unpaired t test (*, P<0.05; **P<0.01; ***, P<0.001). NS,
no significance.
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Figure 4. LCA exposure induced hepatic ceramide production

(A) The SM levels were determined and the data represents the mean and SD (n=4-5). (B
and C) gPCR analysis of SGMS (B) and SMPD (C) mRNAs. Levels were normalized to 18S
ribosomal RNA and each bar represents the mean value and SD (n=5-6). (D) Hepatic CM
levels were determined and the values expressed as ratio to liver weight (ng/mg liver). Data
represents the mean and SD (n=9). C16, C16-ceramide; C18, C18-ceramide. (E) qPCR
analysis of the CM synthase genes. Expression was normalized to 18S ribosomal RNA and
each bar represents the mean value and SD (n=5-6). SPTLC1, serine palmitoyltransferase,
long chain base subunit 1; SPTLC2, serine palmitoyltransferase, long chain base subunit 2;
LASS1, LAG1 homolog, ceramide synthase 1; LASS2, LAG1 homolog, ceramide synthase
2; DEGS]1, degenerative spermatocyte homolog 1 (Drosophila). Significance was
determined with an unpaired t test (*, P<0.05; **P<0.01; ***, P<0.001). NS, no
significance.
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Figure 5. LCA-induced disruption of phospholipid/sphingolipid homeostasis in Fxr-null mice
WT and FKO donates wild-type and Fxr-null mouse, respectively. (A) Relative abundance
of serum LPC. Amounts were normalized to the internal standard 1-stearoyl (D35)-2-
hydroxy-sn-glycero-3-phosphocholine. The value was expressed as fold to the mean of
control amount. Data represents the mean and SD (n=6-7). Significance was determined
with an unpaired t test (*, P<0.05; **, P<0.01). Decrease ratio represent proportion of the
LCA to the control. gPCR analysis of LPCATS (B), PLDS (C), CHKa and PCYT1p (D),
and SMPD3 (E) mRNAs. Expression was normalized to 18S ribosomal RNA and each bar
represents the mean value and SD (n=5-6). Significance was determined by one way-
ANOVA with Bonferroni’s test (*, P<0.05; **P<0.01; ***, P<0.001). NS, no significance.
(F) Hepatic CM levels were measured and the values expressed as ratio to liver weight (ng/
mg liver). Data represent the mean and SD (n=5-6). Significance was determined by one
way-ANOVA with Bonferroni’s test (**P<0.01; ***P<0.001).
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Figure 6. LCA induces Lpcat2/4 and Smpd3 expression through TGF-g-SMAD3 signaling

(A) gPCR analysis of TGF-p and TNF-a mRNAs in liver. Expression was normalized to
18S ribosomal RNA and each bar represents the mean value and SD (n=5-6). Significance
was determined with an unpaired t test (*, P<0.05; **P<0.01; ***, P<0.001). (B) g°PCR
analysis of LCA-induced genes in primary hepatocytes. Five ng of active TGF-3 protein was
subject to primary hepatocytes. Six hours after, the cells were collected and lysed for g°PCR
analysis. Expression was normalized to 18S ribosomal RNA and each bar represents the
mean value and SD (n=4). Significance was determined with unpaired t test (*, P<0.05; **,
P<0.01; ***, P<0.001). (C) qPCR analysis of LPCAT2/4 and SMPD3 mRNAs in primary
hepatocytes after treatment with the SMAD3 inhibitor SIS3. Primary hepatocytes were
incubated with 10 uM of SIS3 (0.1% of DMSO as vehicle) before 5 ng of active TGF-
protein was added. Six hours after the addition of TGF-p, the cells were collected and lysed
for gPCR analysis of mMRNA. Messenger RNA expression was normalized to 18S ribosomal
RNA and each bar represents the mean value and SD (n=3). Significance was determined
with one-way ANOVA followed by Tukey’s test (*, P<0.05; ***, P<0.001). (D) gPCR
analysis of TGF-p mRNA in the livers of wild-type and Fxr-null mice. Expression was
normalized to 18S ribosomal RNA and each bar represents the mean value and SD (n=5-6).
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Significance was determined with one-way ANOVA followed by Bonferroni’s test (***,
P<0.001).
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Figure 7. LCA-induced alteration of phospholipid/shingolipid metabolism

Pink and green boxes represent enhanced and attenuated gene expression, respectively.
Yellow and blue double squares represent increased and decreased metabolites, respectively.
Accelerated and decelerated metabolic pathways are represented as bold and dashed arrow,
respectively.
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