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Peroxisome proliferator-activated receptor � (PPAR�) regu-
lates many genes involved in lipid metabolism. Hepatic lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3) has critical
functions in triglycerides transport and endoplasmic reticulum
stress response due to its unique ability to catalyze the incorpo-
ration of polyunsaturated fatty acids into phospholipids. Previ-
ous studies identified liver X receptor as the transcription factor
controlling LPCAT3 expression in mouse liver tissue. Here we
show that the hepatic LPCAT3 gene is transcriptionally regu-
lated by PPAR�. Adenovirus-mediated knockdown of PPAR� in
cultured hepatic cells and liver tissue reduced LPCAT3 mRNA
levels, and exogenous overexpression of PPAR� increased
LPCAT3 mRNA expression. Activation of PPAR� in HepG2,
Huh7, and Hepa 1-6 cells with its specific agonists increased
LPCAT3 mRNA levels in all three hepatic cell lines. Through
conducting sequence analysis, LPCAT3 promoter assays, and
direct DNA binding assays, we have mapped the functional
PPAR-responsive element to a proximal region from �135 to
�123 of the LPCAT3 promoter that plays an essential role in
mediating PPAR�-induced transactivation of the LPCAT3 gene.
Finally, we have provided in vivo evidence showing that activa-
tion of PPAR� by agonist L165041 in mice increased hepatic
LPCAT3 mRNA abundance and LPCAT enzymatic activity,
which is associated with increased incorporations of arachido-
nate into liver phosphatidylcholine and phosphatidylethanol-
amine. Furthermore, transient liver-specific knockdown of
LPCAT3 in mice affected PPAR�-mediated activation of several
hepatic genes involving in FA metabolism. Altogether, our new
findings identify LPCAT3 as a direct PPAR� target gene and
suggest a novel function of PPAR� in regulation of phospholipid
metabolism through LPCAT3.

Phospholipids (PLs)2 are important components of biologi-
cal membranes and also serve as precursors for the generation

of diverse lipid signaling molecules. In mammalian cells, PLs
are initially synthesized de novo and undergo further remodel-
ing through deacylation by phospholipases and the subsequent
reacylation by lysophospholipid acyltransferases (LPCATs).
The LPCAT-dependent remodeling process is essential for the
diversity and asymmetric distribution of acyl chains because
the de novo PL synthesis pathway has poor substrate specificity
(1). In the liver, LPCAT3 is the abundant isoform of the LPCAT
family and catalyzes the formation of phosphatidylcholines
(PCs) from saturated lyso-PCs and polyunsaturated fatty acids
(PUFAs) at the sn-2 position (2). Recent new studies utilizing
mouse models of liver-specific deletion of LPCAT3 revealed a
critical role of LPCAT3 in very low density lipoprotein-triglyc-
eride (VLDL-TG) secretion due to its unique ability to catalyze
the incorporation of arachidonate into membranes (3). Mice
lacking LPCAT3 in the liver show reduced plasma TGs and
hepatosteatosis and secrete lipid-poor VLDL lacking arachi-
donoyl phospholipids. In another study, it was demonstrated
that liver-specific overexpression of LPCAT3 reduces post-
prandial hyperglycemia and improves plasma lipoprotein met-
abolic profiles in mice fed a normal chow diet (4).

At the gene transcriptional level, a previous study identified
liver X receptor (LXR) as the important transcription factor
controlling LPCAT3 expression in liver tissue via an LXR
response element (LXRE) in the proximal promoter region of
the murine Lpcat3 gene (5). It was further reported that the
ligand-induced activation of LXR reduces hepatic inflamma-
tion and ER stress in hyperlipidemic mice through a LPCAT3-
mediated mechanism.

The peroxisome proliferator-activated receptors (PPARs)
belong to a subfamily of the nuclear receptor superfamily with
three members: PPAR� (also called PPAR�), PPAR�, and
PPAR� (6). They are nutrition-sensitive transcription factors
and regulate many genes with important functions in fatty acids
(FAs) and glucose metabolism (7–9). PPARs contain a signa-
ture type II zinc finger DNA binding motif and a hydrophobic
ligand binding domain. Upon activation by specific synthetic
ligands (L165041, GW0742, WY14643, and 15d-PGJ2) (10)
or endogenous ligands, including PUFAs (7), PPARs het-
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erodimerize with retinoid X receptor (RXR) and subsequently
bind to specific sequences on the DNA referred to the PPAR
response element (PPRE) to activate the transcription of target
genes encoding various enzymes with specific functions in PLs
and FA metabolism.

One family of enzymes essential for FA metabolism in mam-
mals is the long chain acyl-CoA synthetase (ACSL), which has
five members, including ACSL1, ACSL3, ACSL4, ACSL5, and
ACSL6 (11, 12). They catalyze the formation of fatty acyl-CoAs
from ATP, CoA, and long chain fatty acids with certain degrees
of substrate specificity (13, 14). In particular, ACSL4 has been
shown to have marked substrate preference for PUFAs, includ-
ing arachidonic acid (AA) (15). Recent in vitro studies further
suggested that ACSL4 has specific functions in the AA incor-
poration into PLs (16, 17). Our previous studies conducted in
hepatic cells and in liver tissue of hamsters have identified
ACSL4 as a direct target gene of PPAR� (18). Activation of
PPAR� in liver cells led to increased ACSL4 protein abundance
and higher arachidonyl-CoA synthetase activity, which could
potentially provide more substrates to LPCAT3 as LPCAT3
synthesizes arachidonoyl-PC from AA-CoA and lyso-PCs (3,
19). Increases in LPCAT3 expression and activity are associated
with the reduction of ER stress (5, 20). It has been widely rec-
ognized that ER stress is one underlying cause of metabolic
diseases (21), and PPAR� activations prevent ER stress, inflam-
mation, and insulin resistance in different metabolic tissues,
including skeletal muscle and liver (22–26).

The aims of the current study are to determine whether
LPCAT3 and ACSL4 are coordinately up-regulated by PPAR�
and to further identify cis-acting elements in the regulatory
region of the LPCAT3 gene that mediate the induction of
LPCAT3 gene transcription by PPAR� agonists in hepatic cells.

Results

Hepatic Depletion of PPAR� Leads to the Suppression of
LPCAT3 Gene Expression—To determine whether LPCAT3
gene expression is directly regulated by PPAR�, we first made
an Ad-shPPAR� adenoviral construct that expresses an shRNA
targeting the human PPAR� coding sequence. HepG2 cells
were transduced with Ad-shPPAR� or an shRNA control virus
Ad-shLacZ for 3 days, and subsequently gene expression was
analyzed by qRT-PCR. Fig. 1A shows that Ad-shPPAR� trans-
duction specifically reduced PPAR� mRNA levels by nearly 90%
compared with that in control cells transduced with Ad-
shLacZ. Depletion of PPAR� significantly lowered LPCAT3
mRNA levels to �64% of control (p � 0.001) and also reduced
levels of ACSL4 and ACSL3 mRNA, both of which are known
target genes of PPAR�. In contrast, expression of PPAR�
shRNA in HepG2 cells did not diminish ACSL1 mRNA levels,
which was consistent with our previous in vivo observations
that PPAR� activation increased ACSL4 and ACSL3 expres-
sions without affecting ACSL1 mRNA levels in hamster liver
(18, 27).

Next, we transduced HepG2 cells with adenovirus expressing
human PPAR� (Ad-PPAR�) or GFP (Ad-GFP). Transduced
cells were treated with PPAR� agonist GW0742 or DMSO for
24 h (Fig. 1B). Gene expression analysis by qRT-PCR indicated
that overexpression of PPAR� in HepG2 cells slightly but sig-

nificantly increased LPCAT3 mRNA levels, which were further
elevated by the PPAR� agonist to 2.4-fold of control of Ad-GFP-
transduced cells without ligand treatment. We observed a sim-
ilar pattern in elevation of ACSL4 mRNA levels by PPAR� over-
expression and GW0742 treatment. To confirm the inducing
effects of PPAR� agonists on LPCAT3 gene expression in other
hepatic cells, we treated HepG2, Huh7, and Hepa 1-6 cells with
PPAR�-specific ligand L165041 and GW0742 (Fig. 1C). In all
three liver cell lines, LPCAT3 mRNA levels were significantly
elevated by both agonists, with L165041 being more potent.
Thus, we treated HepG2 cells with different concentrations of
L165041 and observed a dose-dependent increase in steady
state expression of LPCAT3 and ACSL4 mRNA at 24 h after
treatment of L165041 (Fig. 1, D and E). To examine the regula-
tion of LPCAT3 gene expression by PPAR� in liver tissue, we
developed adenovirus (Ad-sh-mPPAR�) targeting mouse
Ppar� and injected it into mice, and we also injected control
mice with control virus Ad-shLacZ. After 10 days of viral infec-
tion, we quantified mRNA expressions of Ppar�, Ppar�, Ppar�,
and all Lpcat family members as well as several inflammatory
genes from mouse liver tissues. Real-time PCR analysis revealed
that, compared with Ad-shLacZ-infected control animals,
Ppar� mRNA expression was reduced by �62% (p � 0.01) in
mice infected with the Ad-sh-mPPAR� adenovirus (Fig. 1F).
Similar to results observed in cultured cells, this reduction in
PPAR� was accompanied by a �48% reduction in Lpcat3
mRNA expression (p � 0.05), whereas all other Lpcat mRNA
levels were unchanged. Interestingly, knockdown of PPAR�
expression resulted in elevations of inflammatory genes,
including Atf3, Chop, and Xbp1 in liver tissue. Altogether, these
data demonstrate that LPCAT3 gene expression is directly reg-
ulated by PPAR� along with ACSL4 in cultured hepatic cells
and in liver tissue.

Mapping LPCAT3 Promoter to Identify PPAR�-responsive
Cis-acting Elements—Utilizing the Matinspector software, we
analyzed the upstream 5�-flanking region of the human
LPCAT3 gene to identify putative PPRE elements that may
mediate the inducing effects of PPAR� agonists. Transcription
factor prediction revealed the presence of two putative PPRE
motifs within a 1-kb proximal promoter region that also con-
tains the previously identified LXRE site (Fig. 2A). We desig-
nated these PPRE sites as PPRE1 and PPRE2. PPRE1 is located
on the antisense strand of the promoter spanning the region
�135 to �123 and is composed of two half-sites separated by a
single nucleotide (3�-AGTGGAAACGGAA-5�). PPRE2 resides
in the sense strand of the LPCAT3 promoter spanning the
region �619 to �607. PPRE2 site is also a typical direct repeat 1
site (5�-AGGTCATGTTTTA-3�).

To assess the significance of these sequence motifs, we con-
structed a plasmid (pLPCAT3-Luc) containing the promoter
region from �790 to �186 relative to the transcription start site
(TSS) of the human LPCAT3 gene (Fig. 2A). The inducing
effects of the PPAR� ligands L165041 and GW0742 on the
LPCAT3 promoter construct were examined in HepG2 cells
along with a LXR-specific agonist GW3965 as comparator (5).
PPAR� agonists and LXR agonist produced equivalent stimu-
lating effects on the luciferase activity in HepG2 cells trans-
fected with pLPCAT3-Luc (Fig. 2B), suggesting that LPCAT3
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gene transcription is activated by PPAR� and LXR to similar
extents. Next, we mutated the two PPRE sites individually and
in combination on the wild type reporter pLPCAT3-Luc (Fig.
3A) and tested the response of mutated reporters to L165041 in
Huh7 cells. Neither PPRE1 nor PPRE2 mutation affected basal
promoter activity. Interestingly, the induction of LPCAT3 pro-
moter activity by L165041 was not affected by disruption of the
PPRE2 site; PPRE1 mutation, however, completely abolished
the inducing activity of L165041 in Huh7 cells (Fig. 3B). Muta-
tions of both PPRE1 and PPRE2 sites produced the same effects
as PPRE1 mutation alone on LPCAT3 promoter activity. These
results suggested that PPRE1 site is the functional regulatory
sequence motif mediating PPAR�-induced transactivation of
the LPCAT3 gene. Next, we examined the individual effects of
LXR agonist GW3965 and L165041 and their combination on
the wild type promoter versus PPRE-mutated promoter activi-
ties (Fig. 3C). Treating cells with GW3965 and L165041
together produced an additive effect on the wild type LPCAT3

promoter activity. Ablation of the PPRE site did not signifi-
cantly impact LXR activity but again abolished the PPAR�-me-
diated activation of LPCAT3 promoter activity, thereby sug-
gesting the independent action of PPAR� and LXR on LPCAT3
gene transcription.

Specific Interaction of PPAR� with PPRE1 Motif of LPCAT3
Promoter Is Enhanced by Ligand Treatment—PPAR� regulates
gene transcription largely by forming heterodimers with RXR�
and binding to PPRE motifs of its target genes. To determine
whether the observed increase in LPCAT3 promoter activity by
PPAR� agonist is directly attributed to PPAR� binding to the
functional PPRE1 site under in vitro and in vivo conditions, we
first examined the interaction of PPAR� with the LPCAT3-
PPRE1 sequence by performing EMSA. Using biotin-labeled
PPRE1 probe we demonstrated that the purified PPAR�-RXR
heterodimers are capable of interacting with the biotinylated
oligonucleotide probe encompassing the LPCAT3 promoter
PPRE1 site (Fig. 4A, lane 2). Competition with wild type unla-

δ

PPAR
ACSL4

ACSL3

LP
CAT3

ACSL1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

***

***

Ad-shLacZ
Ad-shPPARδ

**
***

N
o

rm
al

iz
ed

 m
R

N
A

 L
ev

el
s

(F
o

ld
 o

f 
A

d
-s

h
L

ac
Z)

Ad-
GFP δ

Ad-
PPAR

Ad-
GFP

+G
W

07
42

+G
W

07
42

δ

Ad-
PPAR

Ad-
GFP δ

Ad-
PPAR

Ad-
GFP

+G
W

07
42

+G
W

07
42

δ

Ad-
PPAR

0.0

0.5

1.0

1.5

2.0

2.5

***

***

* ** *** ***

LPCAT3 ACSL4

N
o

rm
al

iz
ed

 m
R

N
A

 L
ev

el
s

(F
o

ld
 o

f 
A

d
-G

F
P

)

A B C

D

DMSO

L1
65

04
1

GW
07

42

DMSO

L1
65

04
1

GW
07

42

DMSO

L1
65

04
1

GW
07

42
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5 HepG-2 Huh-7 Hepa 1-6

N
o

rm
al

iz
ed

 L
P

C
A

T
3 

m
R

N
A

 L
ev

el
s

(F
o

ld
 o

f 
D

M
S

O
)

E

0 0.5 1.5 2.5
0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50 LPCAT3
ACSL4

L165041 μM

R
el

at
iv

e 
m

R
N

A 
le

ve
ls

(fo
ld

 o
f D

M
SO

)

0 2.5 5 10 20 25
0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50 LPCAT3
ACSL4

L165041 μM

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

(f
ol

d 
of

 D
M

S
O

)

F

α

Ppar
δ

Ppar
γ

Ppar
Lpca

t1

Lpca
t2

Lpca
t3

Lpca
t4

Atf3 Atf4
Chop α

Ire
1

Xbp1
0.0

0.5

1.0

1.5

3

4

5 Ad-shLacZ
Ad-shPPARδ

**

*

*

*

*

N
or

m
al

iz
ed

 m
R

N
A 

Le
ve

ls
(F

ol
d 

of
 A

d-
sh

La
cZ

)

**

***
***

* * **

*** ***

** ** ** **

***
***

*** ***
***

*
*

** ***

FIGURE 1. Regulation of LPCAT3 mRNA expression by PPAR� activation. A, HepG2 cells were seeded in a 12-well cell culture plate. After 24 h, cells were
transduced with Ad-shLacZ (50 MOI) or Ad-shPPAR� (50 MOI) adenovirus in duplicate wells per transduction. Fresh cell culture medium was replaced 5 h later,
and cells were incubated for a further 48 h. Total RNA was collected from transduced cells for quantitative PCR analysis. Bars, mean � S.E. (error bars) of two RNA
samples with triplicate measurement per RNA sample. **, p � 0.01; ***, p � 0.001. The data shown are representative of two independent assays. B, HepG2 cells
were transduced with Ad-GFP (50 MOI) or Ad-PPAR� (50 MOI) adenoviruses in duplicate wells per transduction. Fresh cell culture medium was replaced 5 h
later, and cells were incubated for a further 24 h and then subsequently treated with 1 �M GW0742 or DMSO. Total RNA was collected from transduced cells for
quantitative PCR analysis. Bars, mean � S.E. of two RNA samples with triplicate measurement per RNA sample. *, p � 0.05; **, p � 0.01; ***, p � 0.001. The data
shown are representative of two independent assays. C, real-time PCR quantification of LPCAT3 mRNA expression from HepG2, Huh7, and Hepa 1-6 cells
treated with GW0742 (1 �M), L165041 (20 �M), or DMSO for 24 h. LPCAT3 expression levels were normalized to GAPDH mRNA levels, where the relative
expression of LPCAT3 mRNA in DMSO-treated cells was set at 1. D and E, qRT-PCR quantification of LPCAT3 or ACSL4 mRNA expression from HepG2 cells treated
with L165041 at the indicated concentrations. Bars, mean � S.E. of triplicate measurements of each RNA sample. The data shown are representative of two
independent assays. *, p � 0.05; **, p � 0.01; ***, p � 0.001 compared with DMSO-treated samples. F, C57BL/6J mice fed a normal chow diet were injected with
Ad-sh-mPPAR� (n � 4) or Ad-shLacZ (n � 4). Ten days after injection, mice were sacrificed for liver tissue collection. qRT-PCR was used to determine the relative
expression levels (mean � S.E., n � 4/group) of individual mRNAs after normalization with GAPDH mRNA levels. *, p � 0.05; **, p � 0.001, compared with the
vehicle group, which was set at 1.
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beled probe resulted in almost complete quenching of the bind-
ing with the biotin-labeled probe (Fig. 4A, lane 3), whereas
competition with an unlabeled probe harboring the mutant
PPRE1 sequence were much less effective in repressing the
binding of PPAR�-RXR� complex to the LPCAT3 promoter
probe (Fig. 4A, lane 4). These results indicate that under in vitro
conditions, PPAR� recognizes the PPRE1 sequence motif with
high affinity and specificity.

To further assess the functional interaction of endogenous
PPAR� with the LPCAT3 promoter in living cells with and
without activation by an agonist, using a PPAR�-specific anti-
body, we performed a ChIP assay in HepG2 cells that were
untreated or treated with L165041 at 10 and 20 �M concentra-
tions. Compared with the control IgG antibody, we observed a
higher immunoprecipitation of the LPCAT3 promoter region
surrounding the PPRE1 site with anti-PPAR� antibody (Fig.
4B). Importantly, we detected a dose-dependent increase in the
relative amount of LPCAT3 promoter immunoprecipitated by
the PPAR� antibody after L165041 treatment. Furthermore,
ChIP assays revealed very low binding of PPAR� to the PPRE2-
LPCAT3 region regardless of ligand treatment. The ChIP
results are highly corroborative with the functional assays of
promoter activity that showed no effect of PPRE2 mutation on

FIGURE 2. Up-regulation of human LPCAT3 promoter activity in HepG2 cells
by PPAR�agonists and LXR agonist. A, diagrammatic representation of human
LPCAT3 promoter luciferase reporter construct. B, relative luciferase activities
from HepG2 cells transfected with pLPCAT3-Luc promoter luciferase plasmid or
pGL3-basic vector. Data represent summarized results (mean � S.E. (error bars))
of 4–6 replicates/treatment and are expressed as ratio of luciferase/�-gal activity
from each sample, where the relative luminescence from cells transfected with
promoterless pGL3-basic vector and treated with DMSO is set to 1. *, p � 0.05
compared with DMSO-treated samples. The data shown are representative of
three separate transfection experiments.
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FIGURE 3. Mapping the functional PPRE site in human LPCAT3 promoter. A, diagrammatic representation of human LPCAT3 promoter luciferase reporter
constructs of wild type and PPRE mutants. B, relative luciferase activities from control and L165041-treated Huh7 cells transfected with LPCAT3 promoter wild type and
PPRE site-mutated reporter constructs or pGL3-basic vector. Data represent summarized results (mean � S.E.) of 4 replicates/treatment and are expressed as the ratio
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LPCAT3 promoter activity. In addition, quantitative PCR was
performed using the two primer sets and chromatin DNA con-
tained in the immunoprecipitates. The results confirmed that
L165041 treatment further increased the binding of PPAR� to
the PPRE1 site in a dose-dependent manner (Fig. 4C). Alto-
gether, these findings, for the first time, identify the LPCAT3
gene as a novel target gene of PPAR� via a direct interaction of
this nuclear receptor with the proximal PPRE1 motif of the
human LPCAT3 gene promoter.

Activation of PPAR� Increases Hepatic LPCAT3 and ACSL4
Expression in Mice—The aforementioned results established
the important role of PPAR� as the trans-activator for Lpcat3
gene transcription in hepatic cells. To examine whether this
regulatory mechanism also operates in liver tissue in vivo,
L165041 was orally administered to mice for 7 days at a daily
dose of 40 mg/kg, whereas control mice received an equal vol-
ume of the vehicle. Measurement of serum lipid levels showed
that L165041 treatment reduced serum TC levels by 14% (p �
0.05) and free FA (NEFA) levels by 17% (p � 0.05) as compared

with control animals, whereas serum total PL levels were
unchanged, and a trend in lowering TG was observed in
L165041-treated mice (Fig. 5, A–D). We further performed
HPLC separation of the pooled serum samples of control and
L165041 treatment groups. Interestingly, although total serum
TG showed a trend of reduction by L165041 treatment, HPLC
analysis of lipoprotein-TG fractions revealed a 13% increase in
VLDL-TG, whereas a 15% reduction in LDL-TG was detected
(Fig. 5E). Further analysis of hepatic lipid levels showed a mod-
est 13.1% (p � 0.05) reduction in cholesterol and a 20% (p �
0.05) reduction in FFA contents in the liver of L165041-treated
mice compared with the vehicle group without a change in
hepatic TG level (Fig. 5, G–I).

Utilizing qRT-PCR assays, we measured mRNA levels of all
Lpcat family members in livers of control and L165041-treated
mice. Fig. 6A shows that Lpcat3 is the most abundant isoform of
this family, and it is the only enzyme being up-regulated by
PPAR� ligand (Fig. 6B). These data provided in vivo evidence
confirming the activating role of PPAR� in Lpcat3 gene tran-
scription. We tried to detect LPCAT3 protein in liver tissue by
Western blotting with commercial available anti-LPCAT3 anti-
bodies and failed to detect specific signals. The difficulty in
detection of LPCAT3 protein has been previously reported in
the literature (3). However, we measured the total LPCAT
enzymatic activity in the liver microsomal fraction and detected
a 44% increase by L165041 treatment (Fig. 6C). Further exam-
inations of Acsl4 mRNA and protein levels in liver samples
showed that Acsl4 mRNA levels were increased by 53% over
control (p � 0.001) (Fig. 6D), and ACSL4 protein abundance
was increased by 57% of control (p � 0.001) (Fig. 6E), thereby
confirming the co-induction of Acsl4 with Lpcat3 in mice
treated with L165041. In addition, we measured mRNA levels
of a panel of genes involved in FA and cholesterol metabolism
(Fig. 6F). The mRNA levels of Cpt1�, a marker gene for FA
�-oxidation, were increased to 1.8-fold of control by L165041,
consistent with the literature-reported activities of PPAR� on
stimulating FA �-oxidation (28). Interestingly, the mRNA level
of microsomal transport protein (Mttp) was also increased in
L165041-treated mice. Because MTP is involved in the
assembly of VLDL-TG in liver (29), the increase in MTP along
with LPCAT3 may explain the increased serum level of the
VLDL-TG fraction in mice treated with this PPAR� agonist.

Next, we applied a lipidomics approach to profile PC and PE
molecular species in liver tissues of mice that were treated with
L165041 or vehicle. Fig. 7A shows that arachidonoyl-PC (36:4,
16:0/18:4) was the most abundant PC species in liver tissue, and
its level was increased by �29% by L165041 treatment. Inter-
estingly, we also detected increased incorporation of arachido-
nate and other PUFA into PE species PE (36:4, 16:0/18:4) and
PE (38:6, 16:0/22:6) by PPAR� activation (Fig. 7B). These lip-
idomic data provided additional evidence for a direct effect of
PPAR� activation on LPCAT3-mediated synthesis of arachi-
donoyl-PL species. Taken together, these data corroborated
our in vitro findings of induction of Lpcat3 gene expression by
PPAR� activation and also demonstrated favorable plasma and
hepatic lipid profiles with reductions in FFA and cholesterol
levels in mice treated with PPAR� agonist.
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Liver-specific Lpcat3 Knockdown in Mice Affected PPAR�-
mediated Activation of Hepatic Genes in FA Metabolic
Pathway—To further understand the function of PPAR� in
regulation of PL metabolism through the LPCAT3-ACSL4
pathway, we developed an adenovirus, Ad-shLPCAT3, to spe-
cifically knock down hepatic LPCAT3 expression in mice. Mice
were injected with Ad-shLPCAT3 or Ad-shLacZ. Three days
after viral injection, mice were treated with either L165041 (40
mg/kg) or vehicle for an additional 7 days. Measurement of liver
LPCAT activity showed that Ad-shLPCAT3 infection reduced
liver LPCAT activity by �85% (p � 0.001) compared with that
in Ad-shLacZ-infected mice (Fig. 8A), and L165041 treatment
consistently increased LPCAT activity in the liver tissue of con-

trol mice (Fig. 8B). Hepatic gene expression analysis by qRT-
PCR showed that the mRNA levels of Lpcat3 were significantly
reduced in Ad-shLPCAT3-infected mice compared with con-
trol mice (Fig. 8C), which was in agreement with the enzyme
assay results. Interestingly, the L165041-mediated elevations in
Lpcat3, Acsl4, Mttp, and Cpt1� mRNA levels were not
observed in mice infected with Ad-shLPCAT3. Depletion of
LPCAT3 led to increased expression of stress genes Atf3 and
Chop, which have been observed in previous studies of mice
with liver-specific Lpcat3 knockdown (5).

Measurements of serum and hepatic lipid levels showed that
LPCAT3 depletion reduced serum TG (Fig. 9A) and elevated
hepatic TG contents (Fig. 9E), which have been observed pre-
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viously in other animal models with genetic deletion of
LPCAT3 (3). Activation of PPAR� by L165041 ameliorated the
steatosis in Ad-LPCAT3-infected mice by lowering hepatic TG
and hepatic TC (Fig. 9F) contents. Hepatic total PL contents
were not changed by LPCAT3 depletion or L165041 treatment
(Fig. 9G), whereas hepatic free FA (NEFA) levels were reduced
by PPAR� activation (Fig. 9H) in both control and LPCAT3-
depleted mice.

Serum TC levels were lower in L165041-treated mice regard-
less of LPCAT expression status (Fig. 9B). Recently, we have
identified a PPRE regulatory motif in the LDLR promoter and
demonstrated its functional role in activation of LDLR tran-

scription independent of the SREBP pathway (30). Again, in this
study, we observed increased LDLR mRNA levels in mice
treated with L165041 (Fig. 8C); however, in contrast to Acsl4 or
other genes that are involved in FA and PL metabolism, the
induction of LDLR by L165041 was independent of LPCAT3
expression levels. The reduction of serum TC is consistent with
increased hepatic LDLR mRNA level in L165041-treated mice
infected with Ad-shLPCAT3 or Ad-shLacZ.

Discussion

PPAR� activation in liver is known to activate a transcrip-
tional program to increase cellular abundances of multiple
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enzymes to modulate FA and PL metabolism (31). Our previous
studies have identified ACSL4 as a new molecular target of
PPAR� in liver cells (18). In this study, we explored the possi-
bility that activation of PPAR� in liver tissue might not only
increase ACSL4 cellular abundance and its enzymatic activity
but could also affect the metabolic fates of ACSL4-produced
PUFA-CoAs by altering the availability of ACSL4 fatty sub-
strates, its interacting proteins, and downstream effectors.
Because LPCAT3 synthesizes arachidonoyl-PC from lyso-PCs
and PUFA-CoAs, in particular AA-CoA (3, 19), we focused our
current study on examining the likelihood that LPCAT3 and
ACSL4 are coordinately regulated by PPAR� to maximize the
use of the AA-CoA in arachidonoyl-PC production. Now we
have provided both in vitro and in vivo evidence demonstrating
that, indeed, LPCAT3 gene transcription is induced by PPAR�

ligands along with ACSL4 in liver cells.

Utilizing adenovirus-mediated knockdowns in HepG2 cells
and in mouse liver tissue, we showed that cellular depletion of
PPAR� specifically reduced LPCAT3 mRNA levels, and
conversely, overexpression of PPAR� was associated with
increased LPCAT3 gene expression. In our in vitro assays con-
ducted in different hepatic cell lines, we demonstrated co-in-
ductions of LPCAT3 with ACSL4 but not with ACSL1, the
abundant isozyme of the ACSL family that has no substrate
preference for arachidonate and predominately conjugates sat-
urated FAs with CoAs (11).

To further demonstrate a direct effect of PPAR� on LPCAT3
transcription, we did a thorough sequence analysis of the 5�
upstream regulatory region of the LPCAT3 gene and examined
the potential involvements of two putative PPRE sequence
motifs in the proximal region of the LPCAT3 gene promoter.
Our experimental results of a mutagenesis assay and in vivo
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DNA binding assays demonstrated that the binding of PPAR�
to the PPRE1 site (�135 to �123) was induced by L165041
treatment in intact HepG2 cells, and disruption of this binding
by altering the nucleotide sequence within this motif totally
abolished the up-regulation of LPCAT3 promoter activity by
PPAR� agonist. In contrast, the putative PPRE2 site (�619 to
�607) was not bound by PPAR� in vivo, and disruption of the
binding sequence had no impact on PPAR�-induced promoter
activity, indicating that this putative motif is not a functional
PPAR� binding site. Thus, our study identifies the proximal
PPRE1 site as the authentic cis-acting element mediating the
induction of LPCAT3 gene transcription by PPAR�.

Numerous studies in different animal models have demon-
strated the beneficial effects of PPAR� agonists in improving

insulin sensitivity, reducing hyerlipidemia and hepatosteatosis
through its multiple effects on anti-inflammation and reduc-
tion of ER stress (22–24, 28, 32). However, it has not been
reported that LPCAT3 plays a role in the action of PPAR�, and
there is no precedent report on PPAR� regulation of LPCAT3.
In this study, we provided the first in vivo evidence that
LPCAT3 expression and enzymatic activity in liver tissue are
up-regulated by L165041, which may in some way contribute to
the reduction of FFA levels in circulation as well as in the liver of
normolipidemic mice. We did not observe changes in total PL
levels in serum or in liver, which was in line with other studies
showing that LPCAT3 depletion in liver did not affect total PL
levels (3). However, our lipidomic analysis demonstrated
higher abundances of arachidonoyl-PC species and PE species,
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in particular PC (36:4; 16:0/20:4) and PE (36:4; 16:0/20:4), in the
liver of L165041-treated mice. This provides strong evidence to
support a direct regulatory role of PPAR� in LPCAT3 expres-
sion. To further understand the function of LPCAT3 in the
PPAR�-activated transcriptional program in liver tissue, we
utilized adenovirus to transiently deplete liver LPCAT3 and
examined responses of wild type mice and LPCAT3-depleted
mice to L165041 treatment. Interestingly, we found that several
PPAR�-regulated genes that encode enzymes involved in FA
metabolism did not respond to PPAR� activation in Ad-
shLPCAT3-infected mice. In contrast, induction of LDLR
mRNA expression was not affected by knocking down
LPCAT3. These new findings support our hypothesis that the
LPCAT3/ACSL4 pathway is probably an integral part of a
PPAR�-mediated transcriptional program.

In summary, previous studies have identified LXR as the
trans-activator for LPCAT3 gene expression in human macro-
phages (33) and mouse liver tissue (5). We now have demon-
strated a new functional role of PPAR� in LPCAT3 gene tran-
scription in liver cells. We further show that, different from
LXR agonist that has no effect on ACSL4 expression (34),
PPAR� activation leads to coordinated up-regulation of
LPCAT3 and ACSL4, consequently leading to an increased

lysophosphatidylcholine acyltransferase enzyme activity. Our
results suggest that the LPCAT3-ACSL4 axis has important
roles in PPAR�-mediated amelioration of inflammation, ER
stress, insulin resistance, and hepatosteatosis.

Experimental Procedures

Cells and Reagents—The human hepatoma cell lines HepG2
and Huh7 and mouse hepatoma cell line Hepa 1-6 were
obtained from ATCC and cultured in Eagle’s minimum essen-
tial medium and Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS (Thermo Fisher Scientific). PPAR� ago-
nists L165041 and GW0742 were obtained from Tocris
Bioscience. LXR agonist GW3965 and anti-�-actin monoclonal
antibody were obtained from Sigma-Aldrich. Rabbit anti-
ACSL4 antibody was reported previously (18). Rabbit anti-
PPAR� antibody (sc-7197X) was obtained from Santa Cruz Bio-
technology, Inc.

Constructions of Ad-shPPAR� Adenoviral Vector for PPAR�
Knockdown in HepG2 Cells and in Mouse Liver—A U6
promoter-based vector (pSH-PPAR�) that expresses an shRNA
targeting human PPAR� coding region (5�-GCACATCTA-
CAATGCCTACCT-3�) was generated using Invitrogen’s
BLOCK-iTTM U6 RNAi entry vector kit following the manufa-
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FIGURE 9. Effects of hepatic LPCAT3 knockdown on serum and hepatic lipid levels of mice with or without L165041 treatment. Male C57BL/6J mice (5
mice/group) were injected with 3 	 109 IFU/mouse of Ad-shLacZ or Ad-shLPCAT3 adenovirus particles. Three days after injection, mice were orally treated with
L165041 (40 mg/kg) or vehicle for 7 days. Four-h-fasted serum samples were collected at the experimental termination, and the liver was excised. Serum TG (A),
TC (B), PL (C), and NEFA (D) were measured. Liver lipids were extracted and used to measure hepatic TG (E), TC (F), PL (G), and NEFA (H). Statistical analysis was
performed using one-way ANOVA with Dunnett’s post hoc test. *, p � 0.05; **, p � 0.01; ***, p � 0.001, compared with the vehicle group injected with
Ad-shLacZ. V, vehicle; L, L165041. Error bars, S.E.
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cturer’s instruction. The sequence identity and orientation of
PPAR� shRNA in pSH-PPAR� was confirmed by sequencing.
The pSH-PPAR� plasmid was then recombined with pAD/
BLOCK-iT DEST vector to generate Ad-shPPAR� viral vector
and was transduced into HEK293A cells. The crude viral stocks
were further amplified and purified. The titer of the purified
virus was determined by the Adeno-XTM rapid titer kit (Clon-
tech). The viral titer was expressed as plaque-forming units
(pfu/ml). Utilizing the same methods, an adenovirus (Ad-sh-
mPPAR�) expressing an shRNA targeting the mouse PPAR�
coding region (5�-GCAAGCCCTTCAGTGACATCA-3�) was
generated for in vivo knockdown of PPAR� expression in
mouse liver. An adenovirus expressing an shRNA targeting
�-galactosidase was used as a control (Ad-shLacZ). In addition,
purified adenoviral stocks expressing human PPAR� (Ad-GFP-
PPAR� catalog no. 1284) and green fluorescent protein (Ad-
GFP) (catalog no. 1060) were obtained from Vector Biolabs
(Malvern, PA).

Constructions of Ad-shLPCAT3 Adenoviral Vector for
LPCAT3 Knockdown in Mouse Liver—An adenovirus (Ad-sh-
LPCAT3) expressing an shRNA targeting mouse LPCAT3
mRNA sequence (5�-GCCAATCTACTACGATTGTAT-3�)
was generated and amplified by Vector Biolabs (Malvern, PA)
for in vivo knockdown of LPCAT3 expression in mouse liver.

Adenoviral Transduction in Cell Culture—HepG2 cells were
seeded at 5 	 105 cells/well in 12-well plates overnight. The

next day, cells were transduced with the adenovirus at a multi-
plicity of infection (MOI) of 50 in 1 ml of medium containing
0.5% FBS for 5 h. Then medium containing virus was replaced
by fresh medium containing 10% FBS. After 48 h of infection,
cells were treated with PPAR� agonist, L165041 or GW0742,
for 24 h, and then the cells were harvested for total RNA isola-
tion and gene expression analysis.

Human LPCAT3 Promoter Cloning and PPRE Mutant
Reporter Plasmid Construction—For generation of LPCAT3
promoter reporter, a DNA fragment of 977 bp covering the
human LPCAT3 proximal promoter region from �790 to
�186 relative to TSS was amplified from human genomic DNA
(Promega) with a 5�-primer containing a SacI site and a
3�-primer containing an XhoI site. Gel-purified PCR product
was digested with SacI and XhoI and subsequently cloned into
the pGL3-basic luciferase vector (Promega). The PPRE mutant
reporters were generated by using the LPCAT3 promoter plas-
mid as template and the QuikChange site-directed mutagenesis
kit (Stratagene). The respective primer sequences and all other
oligonucleotides used in this study are listed in Table 1. After
transformation and propagation in E. coli, 3– 6 independent
clones per reporter construct were sequenced to verify the
sequence and orientation of the promoter fragment.

Transfections and Luciferase Assay—The luciferase assay was
performed as described previously (18). Briefly, HepG2 cells
were seeded at a density of 3 	 104 cells/well onto 96-well

TABLE 1
qRT-PCR primer, EMSA probes, promoter cloning primers, and ChIP primer sequences

Gene name Forward Reverse

Mouse primers
Lpcat1 GTGCACGAGCTGCGACT GCTGCTCTGGCTCCTTATCA
Lpcat2 TGTACTAATCGCTCCTGTTTGATT CACTGGAACTCCTGGGATG
Lpcat3 GGCCTCTCAATTGCTTATTTCA AGCACGACACATAGCAAGGA
Lpcat4 TTCGGTTTCAGAGGATACGACAA AATGTCTGGATTGTCGGACTGAA
Acsl3 TCTTGCAAACAAAGCTGAAGGA GGTTGGAGGCTTCCCATCAA
Acsl4 CTTCCTCTTAAGGCCGGGAC TGCCATAGCGTTTTTCTTAGATTT
Acc1 AGCACAGCTCCAGATTGCCA GGAGATACCCCATACATCATAC
Cpt1� GGCCATCTGTGGGAGTATGT ACTGTAGCCTGGTGGGTTTG
Srebp1c CAAGGCCATCGACTACATCCG CACCACTTCGGGTTTCATGC
Fas GTGATAGCCGGTATGTCGGG TAGAGCCCAGCCTTCCATCT
Scd1 CTGCAGGTTGTGCTAGATGGGATGG GCCTGGGGTCTTTGGTAAGTAGGC
Dgat1 TGGTAGTGGGCCCAAGGTAG GAATCTTGCAGACGATGGCAC
Dgat2 GGCTACGTTGGCTGGTAACT TCTTCAGGGTGACTGCGTTC
Mttp CCAGGGCTTTTGCCTTGAAC GAGGACCTGTCCCACAATGG
Ldlr ACCTGCCGACCTGATGAATTC GCAGTCATGTTCACGGTCACA
Gapdh ATGGTGAAGGTCGGTGTGAA ACTGGAACATGTAGACCATGTAGT

Human primers
LPCAT3 TGGGCCGCACCATCAC AGTTGCCGGTGGCAGTGTA
PPAR� AGCCAGTACAACCCACAGGT CGATGTCGTGGATCACAAAG
ACSL1 CTTCTGGTACGCCACGAGAC GTCGCTGTCAAGTAGTGCG
ACSL3 CCACGCCTGCGGCACATCAT TGGTTTTCCATGCTGGCCTTGG
ACSL4 CCCTGAAGGATTTGAGATTCACA CCTTAGGTCGGCCAGTAGAAC
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA

Human LPCAT3 promoter cloning primers
LPCAT3 promoter WT CCACGAGCTCGAGAATGAAAAGCAGGGAGG GCAGCTCGAGGTTAAGGCTCAGCTCCTGG
LPCAT3-PPRE1 Mut. TGCATTCTCGGCAGGAGTCACTCCCGCCTT

ACAAACCTTCAGACCC
GGGTCTGAAGGTTTGTAAGGCGGGAGTGA
CTCCTGCCGAGAATGCA

LPCAT3-PPRE2 Mut. CATGCAGTTTCCTGTAGTAAAACATAGCTCT
CCCCCTAGAGGCGATGAAATTAAG

CTTAATTTCATCGCCTCTAGGGGGAGAGC
TATGTTTTACTACAGGAAACTGCATG

EMSA probes
LPCAT3-PPRE1 WT GCATTCTCGGCAGGAGTCACCTTTGCCTTA

CAAACCTTCAGACCCGCC
GGCGGGTCTGAAGGTTTGTAAGGCAAAGGT
GACTCCTGCCGAGAATGC

LPCAT3-PPRE1 Mut. GCATTCTCGGCAGGAGTCACCCCCTCCTTA
CAAACCTTCAGACCCGCC

GGCGGGTCTGAAGGTTTGTAAGGAGGG
GGTGACTCCTGCCGAGAATGC

ChIP primers
LPCAT3-PPRE1 (�37 to �225) CGGGCTCAGACCTTTCCAAT GCCAGCTCACCCCGTTATT
LPCAT3-PPRE2 (�539 to �652) GGCATATCTTAATTTCATCGCCTCT TGCCCCAGGAACAGACATTG
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plates. The cells in each well were transfected with 100 ng of
LPCAT3 promoter reporter plasmid and 10 ng of pCMV-�-gal
plasmid as an internal control of transfection efficiency. Twen-
ty-four h after transfection, cells were incubated with low
serum (0.5% FBS) medium overnight and subsequently treated
with PPAR� agonists for 24 h before cell lysis for both luciferase
and �-galactosidase (�-gal) assays. Promoter luciferase activity
was normalized by �-gal activity.

EMSA—EMSA was performed using the LightShift chemilu-
minescent EMSA kit (Pierce). Briefly, a 5�-end biotin-labeled
probe identical to the 48-bp nucleotide region surrounding the
putative PPRE1 element in the LPCAT3 promoter was synthe-
sized. The DNA-protein binding assay was performed at room
temperature for 20 min in a final volume of 20 �l with human
recombinant proteins of PPAR� (200 ng) plus RXR� (100 ng)
(Active Motif). The DNA-protein complexes were separated by
5% PAGE in 0.5	 TBE buffer at 100 V for 1 h at room temper-
ature and transferred to a Hybond-N nylon membrane (Amer-
sham Biosciences). DNA-protein complexes were fixed to the
membrane by a UV cross-linker (Bio-Rad), and biotin signal
was detected using chemiluminescence. For competition
experiments, a 100-fold higher concentration of unlabeled wild
type or PPRE1 mutant oligonucleotide probe was incubated
with the reaction mixture containing PPAR�/RXR� and biotin-
LPCAT3 probe.

ChIP—The ChIP assay was conducted using Zymo-SpinTM

ChIP kit (catalogue no. D5209, Zymo Research Corp., Irvine,
CA) (34, 35). Briefly, HepG2 cells were seeded at a density of
3 	 106 cells/100-mm culture dish. The next day, cells were
cultured in medium containing 0.5% FBS overnight and treated
with PPAR� agonist L165041 or DMSO for 24 h. Cells were
trypsinized, resuspended in PBS at a concentration of 6 	 106

cells/ml, and fixed with 1% formaldehyde (Sigma) for 10 min.
To obtain nuclear lysates, fixed cells were resuspended in 500 �l
of chromatin shearing buffer and sonicated at 4 °C in a Biorup-
tor 300 instrument (Diagenode, Inc.) for 13 cycles of 30 s on/30
s off at a high setting with intermittent vortex mixing. Chroma-
tin-containing nuclear lysates (100 �l) were immunoprecipi-
tated at 4 °C overnight with 5 �g of rabbit anti-PPAR� antibody
(sc-7197X) or rabbit IgG as a negative control (Santa Cruz Bio-
technology). Immunocomplexes were isolated by using protein
A magnetic beads. ChIP DNA was eluted, cross-linking was
reversed, and protein-free DNA was purified. The bound and
the input DNA were analyzed by PCR with primers that amplify
a 188-bp fragment of the human LPCAT3-PPRE1 promoter
region �225 to �37 and a 113-bp fragment of LPCAT3-PPRE2
promoter region �652 to �539, relative to the TSS. The PCR
conditions included a denaturation step at 94 °C for 3 min and
then 31 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and
extension at 72 °C for 7 min. The PCR products were visualized
on a 2% agarose gel stained with ethidium bromide. Intensities
of the PCR products were scanned and quantified with the
Alpha View software (Cell Biosciences, Inc.). Additionally, real-
time quantitative PCR was performed using the two primer sets
and chromatin DNA contained in the immunoprecipitates.
Primer sequences for the ChIP assay are listed in Table 1.

Animal Studies—Male C57BL/6J mice (8 –10 weeks old)
were purchased from Jackson Laboratory. Mice were fed a stan-

dard chow diet and housed under pathogen-free conditions in a
temperature-controlled room with a 12-h light/dark cycle. Ani-
mals had free access to autoclaved water and food. All animal
experiments were approved by and performed in accordance
with the guidelines of the Veterans Affairs Palo Alto Health
Care System Animal Care and Use Committee.

For the experiment of PPAR� activation, 10 mice were
divided into two groups (5 mice/group) and were orally admin-
istered with PPAR� agonist L165041 at a daily dose of 40 mg/kg
or vehicle (0.5% carboxymethyl cellulose) in 0.3 ml for 7 days.
At the end of treatment, mice were fasted for 4 h. Blood samples
were collected for the analysis of serum TC, TG, PL, and NEFA.
Mice were sacrificed, and liver tissues were harvested and were
snap-frozen in liquid nitrogen and stored at �80 °C until
mRNA and protein extraction.

For the experiment of in vivo knockdown of hepatic PPAR�,
eight mice were divided into two groups (4 mice/group). Group
1 was injected with adenovirus Ad-shLacZ (4 	 109 IFU/
mouse), and the other group was injected with Ad-sh-mPPAR�
(4 	 109 IFU/mouse). Ten days after adenovirus injection, mice
were fasted for 4 h, and liver tissue samples were collected and
stored at �80 °C for the analysis of mRNA expression.

For in vivo knockdown of LPCAT3, 20 mice were divided
into four groups (n � 5). Mice were injected with Ad-shLacZ
(3 	 109 IFU/mouse, groups 1 and 2) or Ad-shLPCAT3 (3 	 109

IFU/mouse, groups 3 and 4). Three days after injection, mice in
group 1 and group 3 were orally administered with PPAR� ago-
nist (L165041) at a daily dose of 40 mg/kg for 7 days, whereas
mice in group 2 and 4 were gavaged with vehicle (0.5% car-
boxymethyl cellulose) for 7 days. At the end of the experiment,
mice were fasted for 4 h, and blood samples were collected for
serum lipid analysis. Livers were excised and snap-frozen in
liquid nitrogen and stored at �80 °C for protein, mRNA, and
lipid analyses.

Measurement of Serum and Hepatic Lipids—Blood was col-
lected by retro-orbital bleeding, and the serum was separated
by centrifugation. Serum and hepatic lipids were measured
with the kit purchased from Stanbio Laboratory (Boerne, TX).
The NEFA and phospholipid C measurement kit were pur-
chased from Wako Diagnostics (Mountain View, CA). Hepatic
lipids were extracted with the Folch lipid extraction method as
we described previously (34) and measured with the same enzy-
matic kits.

HPLC Separation of Serum Lipoprotein Cholesterols and
Triglycerides—After 7 days of treatment, individual fasting
serum samples from the L165041-treated group and vehicle
control group were pooled together to analyze cholesterol and
triglyceride levels of each of the major lipoprotein classes,
including chylomicron (
80 mm), VLDL (30 – 80 nm), LDL
(16 –30 nm), and HDL (8 –16 nm) with a dual detection HPLC
system consisting of two tandem connected TSKgel
Lipopropak XL columns (300 	 7.8 mm; Tosoh, Tokyo,
Japan) at Skylight Biotech, Inc. (Tokyo, Japan) as we de-
scribed previously (36).

Isolation of Total RNA and qRT-PCR—Total RNA was iso-
lated from 20 mg of flash-frozen liver tissue samples or from
treated hepatic cells by using an RNeasy Plus minikit (Qiagen)
or Quick RNA kit (Zymo Research). Complementary DNA syn-
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thesis was carried out using SuperScript III reverse transcrip-
tase (Life Technologies) and 2 �g of total RNA as a template.
Quantitative real-time PCR was performed using SYBR Green
Master Mix and an ABI 7900HT sequence detection system
(Applied Biosystems) and PCR primers specific for each gene
being amplified. Target mRNA expression in each sample was
normalized to the housekeeping gene GAPDH. The 2���Ct

method was used to calculate relative mRNA expression levels.
Liver Membrane (Microsomal) Protein Isolation and LPCAT

Activity Assay—For microsomal protein isolation, 100 mg of
liver tissue were homogenized in homogenization buffer con-
taining 100 mM Tris-HCl, pH 7.4, 2 mM EDTA, 300 mM sucrose,
and complete protease inhibitor. Homogenate were centri-
fuged at 1000 	 g for 10 min, and supernatants were further
subjected to ultracentrifugation at 100,000 	 g for 1 h. There-
after, pellets were resuspended in homogenization buffer. Pro-
tein concentrations were estimated by the BCA protein assay
kit. LPCAT enzyme activity was determined by measuring the
incorporation of radiolabeled acyl-CoA into phospholipids as
described previously (19). In brief, the reaction mixture in a
total volume of 100 �l contained 100 mM Tris-HCl, pH 7.4, 2
mM EDTA, 300 mM sucrose, 2 mM CaCl2, 0.015% Tween 20, 1
mg/ml fatty acid-free bovine serum albumin, 200 �M 16:0
lyso-PC (Avanti Polar Lipids), 20 �M [1-14C]arachidonyl-CoA
(American Radiochemicals), and 100 �g of liver membrane
proteins. The reaction was initiated by the addition of the mem-
brane proteins, incubated for 20 min at room temperature, and
stopped by adding 375 �l of chloroform/methanol (1:2, v/v).
Phospholipids were extracted by the method of Bligh and Dyer.
The organic phase was dried under nitrogen gas. Lipids were
redissolved in 30 �l of chloroform and then applied onto silica
gel H plates (catalog no. 10011, Anatech, Newark, DE) along
with PC standard. The running solvent for quantifying individ-
ual phospholipid classes was chloroform/methanol/glacial ace-
tic acid/water, 60:50:1:4 (2). After separation and drying off the
solvent, lipids were visualized by iodine vapor. The PC spots
were scraped off the plate, and the 14C radioactivity in the spots
was measured by scintillation counting.

Lipidomics—Fifty mg of individual frozen liver samples from
mice treated with L165041 (n � 5) or vehicle (n � 5) were
subjected to lipidomic analysis at the West Coast Metabolic
Center (University of California, Davis, CA). Five replicas of
extracted lipids from each treatment group were applied to the
lipidomics study using an automated electrospray ionization-
tandem mass spectrometry (ESI-MS/MS) approach with a
group of internal lipid standards. The LC/MS/MS analyses
were carried out on an Agilent 1200 SL UHPLC system (Santa
Clara, CA) coupled with an AB Sciex 4000 QTRAP system (Fos-
ter City, CA) under negative MRM mode. The detailed meth-
ods were described previously (37). The specific peaks on the
spectra are normalized and are relative semiquantifications. All
data acquisition, analysis, acyl group identification, and nor-
malization were conducted by the West Coast Metabolic
Center.

Statistical Analysis—Statistics were performed using Student’s
t test (two groups) or one-way ANOVA (more than two groups),
with Dunnett’s post hoc test to compare with the control group.

Data are presented as means � S.E., as indicated, and considered
statistically significant at p � 0.05.
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