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INTRODUCTION

Liver plays a major role in regulating blood gluedsvel by maintaining the balance between
the storage and release of glucose (Kim et al., 200HA levels are often increased in obese
individuals in both the fed and fasted states aagetbeen implicated as critical players in the
progression of obesity to type Il diabetes (Baldgweal., 2000; Bolinder et al., 2000; Boden
et al., 1997; Henry et al., 1995; Kelley et al., 200@yikeet al., 2002). FFA has been proposed
to directly regulate hepatic gluconeogenesis inddest of hormones in several ways. First,
FFA promotes gluconeogenesig serving as a source of substrates and energyding
acetyl-CoA,NADH, and ATP. Second, FFA may directly regulate ghemgenesithrough
transcription of key gluconeogenic genes (Lam et 2003). Gluconeogenesis is involved
several signal pathways. The intermediary proteimage Akt2/protein kinase B (PKB)-
elicits the phosphorylation of PGC-1, promoting glneogenesis in the liver of type 2 diabetes
mellitus patients (Li et al., 2007). p38 MAPK is nesay for FFA-induced activation of the
gluconeogenesis on primary rat hepatocyte (Co#inal., 2006). Also, AMP-activated protein
kinase (AMPK) is considered as a “fuel-gauge” amcgheogenesis in metabolic diseases such
as obesity and type Il diabetes mellitus (Davalakt 2006). Activities of glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate gkitmse (PEPCK) are known to
contribute to gluconeogenesis transcriptional ratimh in most models of diabetes (Hall et al.,
2000; Schmoll et al., 2000; Argaud et al., 1996). Altito PPARs are ligand-activated
transcription factors involved in physiologicaligss, such as energy balance, lipid metabolism,
and glucose control (Lee et al, 2003), the functiafs PPAR3/d in hepatocytes
gluconeogenesis exposed to linoleic acid are lpngeknown. Therefore, we hypothesize that
PPARD may plays an important role in the gluconeogenesiprimary cultured chicken

hepatocytes.



A primary culture of hepatocytes has been used &yynbiophysiological studies on the liver
function because it retains many of the liver-sfiediunctions and responds to various
hormones through the expression of the liver-sfetiinctions (Lee et al., 2006; Suh et al.,
2007). The primary chicken hepatocytes culture sysieed in this study also retains iine
vitro differentiated phenotype that is typical of theehi including albumin expression (Hou et
al., 2001), P450 1A induction (Hou et al., 2001jp$sjne aminotransferase expression (Sasaki
et al., 2000), and ascorbate recycling (Sasaki e@01). Therefore, this study examined the
effect of linoleic acid on gluconeogenesis andétated pathways in primary cultured chicken

hepatocytes.

MATERIALSAND METHODS

Materials

Two week-old male White Leghorn chickens were otgdi from Dae Han Experimental
Animal Co, Ltd. (Chungju, Korea). All the procedures dmimal management were performed

according to the standard protocols at Seoul Natigmiversity. The appropriate management
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of the experimental samples and quality contraihef laboratory facility and equipment were
maintained. The Class IV collagenase and soybeasitrynhibitor were purchased from Life
Technologies (Grand Island, NY, USA). The fetal boveerum was supplied by Gibco
(Rockville, MD, USA). The linoleic acid, mepacrine, ASCHF;, indomethacin, and
monoclonal antp-actin were obtained from Sigma Chemical Companyl(@uis, MO, USA).
The cPLA2, COX2, and PPARantibodies were purchased from Santa Cruz Biotdoly
(Santa Cruz, CA, USA). The goat anti-rabbit IgG waarcpased from Jackson
Immunoresearch (West Grove, PA, USA). All the othergemts were of the highest purity

commercially available.
M ethods
Primary culture of chicken hepatocytes

The chicken liver cells were prepared and mainthiag a monolayer culture, as described
elsewhere (Hou et al., 200Byiefly, the chicken hepatocytes were isolated bifyséon with
0.05% collagenase from a liver that had been starved for Zpatbtytes with > 90% viability,
as verified by a trypan blue exclusion test, wemdu®r subsequent plating. The hepatocytes
were plated (5.0xf0cells/ 60-mm collagen-coated dish) with an incidramedium (Basal
Medium Eagle supplemented with essential aminosgc@bntaining 75 U/ml penicillin and 75
U/ml streptomycin, Jug/ml insulin, 10> M dexamethasone, [Bg/ml transferrin, 1§ M Tj,
and 5% calf serum, and incubated for 4 hr at 37°8#nCQ. The medium was then replaced
with fresh incubation medium, and the hepatocyte® weubated for a further 20 hr in order

to achieve the monolayer culture.
Measurement of glucose production

Glucose production from primary cultured chickempdtecytes was measured as previously
described (Collins et al., 2006). Briefly, cells werashed three times with warm phosphate-
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buffered saline to remove glucose, followed by the treatmih 0.1 mM linolein acid for 4 hr

in the glucose-free medium (Gibco 11966-025) witmtaining gluconeogenic substrates (20
mM sodium lactate and 2 mM sodium pyruvate). Gluamsgentration was determined with a
glucose assay kit from Roche Applied Science (cat. 0F16251) and normalized to the
cellular protein concentrations. Total glucose puatidin was derived from both glycogenolysis
and gluconeogenesis. Glucose production from glyoolgsis was measured in the absence of
gluconeogenic substrates. The amount of glucoseuptiod by gluconeogenesis is defined as

the difference between total glucose production and gkroalysis.
Assay of AArelease

AA release from the cultures was determined by dification of the method of Xing et al.
To summarize, confluent monolayers of chicken hepaéts were incubated for 24 hours in
basal medium containing 0.5 mCHJAA/mI, as well as the three growth supplements. The
monolayers were washed three times with Williamédiam (pH 7.4), and incubated (at’€j
for 1 hour in incubation medium containing specifiagents. At the end of the 1 hour
incubation period, the incubation medium was rempwet transferred to ice-cold tubes
containing 100 ml of 55 mM EGTA and EDTA (final ammtration, 5 mM each). The
incubation medium was then centrifuged at 12,000gliminate cell debris. To determine
radioactive levels, aliquots of the samples werecqaain scintillation vials containing
scintillation fluid, and the radioactivity was coadtusing a liquid scintillation counter. The
cells which remained attached to the plates weawrgped into 1 ml of 0.1% SDS, and 900 ml of
the resulting cell lysate was utilized for scimtiibn counting. The remaining 100 ml of the cell
lysate was utilized for protein determinations. The qtyanfi[’H]AA release in each condition
(determined as described above) was then standdrdiith respect to protein. Subsequently,
this standardized level of releaséH]AA was compared percentage-wise to the levebtdlt

[*H]AA which had been incorporated into the cellghat start of the 1 hour incubation period
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with the specified agents (equivalent to the qunanfi total released radioactivity plus the total

cell-associated radioactivity at the end of the 1 hourliation period).

PGE, Assay

Chicken hepatocytes plated on 60-mm culture plates wewengroa FBS-free medium for
24 hours and divided into groups according to the experahprdtocol. The PGE
concentration in the culture medium was measured usiegame-linked immunosorbent
assay (ELISA) with a PGHigh Sensitivity Immunoassay kit (R&D Systems, Minneagol

MN, USA).
PPARJsmall interfering ribonucleic acid transfection

The cells were grown in each dish until they redcfi®% confluence. They were then
transfected for 24 hours with either a SMART pobthe small interfering RNAs specific to
PPAR & (200 pmol/L) or a non-targeting small interferiRINA (as negative control; 200
pmol/L; Dharmacon, Inc., Lafayette, CO) using LipofdddAE 2000 (Invitrogen, Carlsbad,

CA) according to the manufacturer’s instructions
RNA isolation and RT-PCR

Total RNA was extracted from primary cultured cleok hepatocytes using STAT-60,
monophasic solution of phenol and guanidine isayanate from Tel-Test, Inc. (Friendwood,
Tex., USA). Reverse transcription was conducted ®itlg RNA using reverse transcription
system kit (AccuPow&r RT PreMix, Korea) with oligo-di pri-mers. After that, 5ul of RT
products was amplificated with PCR kit (AccuPoW®CR PreMix, Korea) followed by:
denaturation at 94C for 5 min and 35 cycles at 9€ for 15 sec, 53C for 1 min and 72C
for 30 sec followed by 5 min extension at’®2 Amplifications of G6Pase, PEPCK, and PPAR

(a, &, y) cDNAs were performed in cells using primers digsat in Table 1. PCR di-actin



was also performed as control for quantity of RNA.
Real-time RT-PCR

The total RNA was extracted from the cells treatétti each designated agent using STAT-60,
which is a monophasic solution of phenol, and guasigsothiocyanate, which was purchased
from Tel-Test, Inc. (Friendwood, Tex., USA). The realdiguantification of RNA targets was
then performed in the Rotor-Gene 2000 real-timentlaé cycling system (Corbett Research,
NSW, Australia) using the QuantiTect SYBR Green RIRPkit (QIAGEN, CA, USA). The
reaction mixture (2Qul) contained 200 ng of total RNA, OtV of each primer, appropriate
amounts of enzymes, and fluorescent dyes as recodetdyy the supplier. The Rotor-Gene
2000 cycler was programmed as follows: 30 min &C5fdr reverese transcription; 15 min at
95°C for DNA polymerase activation; 15 sec at®@5or denature; 45 cycles of 15 sec at®@4
30 sec at 5%, 30 sec at 7Z. The data collection was carried out during thiersion step
(30 sec at 7X). The PCR reaction was followed by a melting caralysis to verify
specificity and identity of the RT-PCR products, @hican distinguish the specific PCR
products from the non-specific PCR product resgltirom primer-dimer formation. The
primers used were described in Table 1. The temperatf PCR products was elevated from
65 to 99°C at a rate of IC/5 sec, and the resulting data were analyzed Ioyg ube soft-ware

provided by the manufacturer.
Preparation of cytosolic and total membrane fraction

The medium was removed, and the cells were washig twith ice-cold PBS, scraped,
harvested by microcentrifugation and resuspendetbuiffier A (137 mM NacCl, 8.1 mM
NaHPQ,, 2.7 mM KCI, 1.5 mM KHPG,, 2.5 mM EDTA, 1 mM dithiothreitol, 0.1 mM PMSF,
10 pg/ml leupeptin, pH 7.5). The resuspended cells wgsed mechanically on ice by

trituration using a 21.1-gauge needle. The lysat® \irst centrifuged at 1,000 x g for 10 min
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at 4°C. The supernatants were further centrifugeld@000 x g for 1 hr at 4°C to prepare the
cytosolic and total particulate fractions. The matate fraction containing the membrane
fraction was washed twice and resuspended in buéffeontaining 1% Triton X-100. The

protein level in each fraction was quantified using thelra procedure (Bradford. 1976).
Western blot analysis

The cell homogenates (403 of protein) were separated by 10% SDS-polyacrigangel
electrophoresis and transferred to nitrocellulosgep. The blots were then washed with TBST
(10mM Tris-HCI, pH 7.6, 150 mM NacCl, 0.05% Tween-20). Thembrane was blocked with
5% skim milk for 1hr and incubated with the appiag primary antibody at the dilutions
recommended by the supplier. The membrane was tlashed, and the primary antibodies
were detected with goat anti-rabbit-lgG conjugatedhorseradish peroxidase. The antibodies
were incubated at°€. The bands were visualized using enhanced cheindscence

(Amersham Pharmacia Biotech, England).
Satistical analysis

The results are expressed as the mean + the stiaedar (S.E.). All the experiments were
analyzed by ANOVA. In some experiments, a comparisothe treatment means was made

with the control using a Bonnferroni-Dunn test. A p-value@5@vas considered significant.
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Table 1. Primers used for PCR

Gene Primer sequence 5’- 3’ Product size bp

G6Pase Sense GTGAATTACCAAGACTCCCAG 305 bp
antisense GCCCATGGCATGGCCAGAGGG

BEPCK Sense CTGGTTCCGGAAAGACAAAA 350 bp
antisense GCTCGGAGCTCCCTCTCTAT

PEAR Sense GACGAATGCCAAGATCTGAGAAG 374 bp

o antisense CG CTCTTTGTA GTGCTGTCAGC

Sense ACCTGCAGATGGGCTGTCAC 483 bp

PPARS  antisense GTCTCGATGTCGTGGATCAC

PPARy Sense AAGAGCTGACCCAATGGTTG 314 bp
antisense TCCATAGTGGAAGCCTGATGC

B-actin Sense AGCCATGTACGTAGCCATCC 230 bp
antisense CTCTCAGCTGTGGTGGTGAA

Effect of FFA on gluconeogenesis

The effective treatment time and concentrationirdléic acid on glucose production were
determined by observing the chicken hepatocytear@us times (0-24 hr) and concentrations
(0-1M). As shown in Fig. 1A and B, ToM linoleic acid for 4 hr was chosen in the present
study. To compare the effect of linoleic acid oncglueogenesis with other fatty acids, the
cells were treated with TOM linoeic acid (double-unsaturated, long chain),icolecid
(monounsaturated, long chain), and palmitic acidglolhain), or caproic acid (short chain) for
4 hr and then glucose production were determinedoléic acid, oleic acid, palmitic acid
promoted glucose production whereas caproic adlddfao promoted glucose production

(Fig.1C).
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Figure 1. FFA induction of glucose production in primary cultured chicken hepatocytes.

(A, B) Primary cultured chicken hepatocytes were incubwaii#id different concentrations (0-1
M) and times (0-240 min) of linoleic acid and thglucose production was measured. The
values represent the mean £ S.E. of 4 independestimgnts with triplicate dishes. *P< 0.05
vs. control.(C) Cells were incubated with ™ linoleic acid, oleic acid, palmitic acid, or
caproic acid for 4 hr. Then glucose production wassared. The values represent the mean *

S.E. of 4 independent experiments with triplicate dishes.0tB5 vs. control.

I nvolvement of cPLA,and COX, in linoleic acid-induced gluconeogenesis
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The level of cPLA phosphorylation was also increased from the 1Qutaestreatment with
linoleic acid (Fig. 2A). Indeed, as shown in Figure 2C, AACO@B® M) and mepacrine (10
M) significantly blocked the linoleic acid-inducéacrease of H]AA release (Fig. 2C). The
cells were treated with AACOGFRand mepacrine before adding linoleic acid to exanihe
role of cPLA pathway in linoleic acid-induced gluconeogenesis. ghown in Fig. 2B,
AACOCF; and mepacrine significantly blocked the linoleicidainduced increase glucose
production. The COX (1, 2) expression was examiagd function of the time in order to
determine if linoleic acid can induce the expressib the COX (1, 2) proteins. The results
showed that linoleic acid increased the level oX&Dexpression in a time-dependent manner
(> 10 min) but had no effect on COX-1 (Fig. 3A). Morenuvhese increases were inhibited by
either AACOCE or mepacrine (Fig. 3C) which suggests that cPl#\ upstream signal
molecules of COX Indeed, as shown in Fig. 3D, linoleic acid increaB&E, production,
which were blocked by AACOGFand indomethacin (I0M). The cells were treated with
indomethacin before adding linoleic acid to examihe role of COX2 pathway in linoleic
acid-induced gluconeogenesis. As shown in Fig. 3Bormethacin significantly blocked the

linoleic acid-induced increase glucose production.
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Figure 2. Involvement of cPLA, in linoleic acid-induced gluconeogenesis. Primary cultured
chicken hepatocytes were isolated and culturecetsleld under “Materials and Method$A)
Cells were treated with linoleic acid for 0-240 naind then harvested. The total protein was
extracted and blotted with the phospho cRloAB-actin antibodies. The lower panels denote
the means + S.E. of three experiments for each dondidetermined from densitometry
relative to-actin. *P < 0.05 vs. contro{B, C) Cells were treated with AACOGRF10° M) or
mepacrine (18 M) for 30 min prior to treatment of linoleic acfdr 4hr and then glucose
production and*H]AA release were measured. The values representmtten + S.E. of 3
independent experiments with triplicate dishes. *B.65 vs. control, **P < 0.05 vs. linoleic

acid.
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Figure 3. Involvement of COX; on linoleic acid-induced gluconeogenesis. Primary cultured
chicken hepatocytes were isolated and culturecetsled under “Materials and Methodg§A)

Cells were treated with linoleic acid for 0-240 namd harvested. The total protein was
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extracted and blotted with the C@XCOX,, or-actin antibodies. The lower panels denote the
means = S.E. of four experiments for each condiietermined from densitometry relative to
B-actin. *P < 0.05 vs. contro(B) Cells were treated with indomethacin €1®1) for 30 min
prior to treatment of linoleic acid for 4hr and thglucose production was measured. The
values represent the mean + S.E. of 4 independegtimants with triplicate dishes. *P < 0.05
vs. control, **P < 0.05 vs. linoleic acidqC) To examine the upstream signal molecule, cells
were treated with AACOGFand mepacrine for 30 min prior to treatment obli@ic acid for 1

hr. The total protein was extracted and blotted with COX or 3-actin antibodies. The lower
panels denote the means + S.E. of three experimentsaich condition determined from
densitometry relative t@-actin. *P < 0.05 vs. control, **P<0.05 vs. linoleic éc{D) Cells
were treated with AACOGE mepacrine, and indomethacin for 30 min prior t@tirent of
linoleic acid for 2hr and then PGroduction was detected. The values represenndan +
S.E. of 4 independent experiments with triplicatdess *P < 0.05 vs. control, **P < 0.05 vs.

linoleic acid.

Involvement of PPARJ in linoleic acid-induced gluconeogenesis

The expression of PPAR isotypes were detected by?@R to determine if the PPARs are
involved in the linoleic acid-induced gluconeogeseAs shown in Fig. 4A, PPAR 6, andy
were expressed in chicken hepatocytes. Indeed, iinated increased the level of the PRAR
proteins in a time-dependent manrerlQ min) (Fig. 4B), which was blocked by AACOLF
mepacrine, and indomethacin (Fig. 4D). To deternfitieei PPAR are involved in the linoleic
acid-induced gluconeogenesis, the cells were tratesfedth the PPAR specific SiRNAs (200
pmole) then glucose production was measured. RBPdRecific SiRNA blocked linoleic acid-
induced glucose production whereas non specifibl8iRad no effect (Fig. 4C). Linoleic acid
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increased glucose-6-phosphatase and PEPCK (glugeniecenzymes) mRNA level (Fig. 5A).
These results indicate that linoleic acid can diyeelevate levels of gluconeogenesis gene
transcripts in hepatocytes. PP3Rpecific sSiRNA blocked linoleic acid-induced glmemgenic

genes mMRNA expression which suggest relevancy (Fig. 5B).
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Figure 4. Involvement of PPARJ in linoleic acid-induced gluconeogenesis. Primary cultured
chicken hepatocytes were isolated and culturecetsleld under “Materials and Method§A)

Cells were treated with linoleic acid for 2 hr, ahd PPARq, &, y gene expression levels were
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then analyzed by RT-PCRB) Cells were incubated with linoleic acid for 0-241n and then
harvested. The nuclear fraction was extracted awitell with the PPAR or 3-actin antibodies.
The lower panels denote the means + S.E. of fiverxgnts for each condition determined
from densitometry relative tp-actin. *P < 0.05 vs. contro{C) Cells were transfected for 24
hours with either a SMARTpool of PPAR (siRNAs (2pfhol/L) or a non-targeting control
SiRNA (200 pmol/L) using LipofectAMINE 2000 prioo finoleic acid treatment for 2 hr. Then
glucose production was measured. The values refgrésenmean + SE of 4 independent
experiments with triplicate dishes. *P<0.05 vs. cdnttP<0.05 vs. linoleic acid(D) To
examine the upstream signal molecule, cells weratedewith AACOCE, mepacrine, and
indomethacin for 30 min prior to treatment of lieig! acid for 1 hr. The nuclear fraction was
extracted and blotted with the PPABr 3-actin antibodies. The lower panels denote the means
+ S.E. of four experiments for each condition detagdifrom densitometry relative @actin.

*P<0.05 vs. control, **P<0.05 vs. linoleic acid.
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Figure 5. Involvement of PPARJ ioin gluconeogenic enzymes. (A) Primary cultured chicken

hepatocytes treated with linoleic acid for 4 hr dimel G6Pase and PEPCK mRNA levels were
analyzed by RT-PCR or real-time RT-PCR. The valugsrasent the mean = SE of 3
independent experiments. *P<0.05 vs. contfB). Cells were transfected for 24 hours with
either a SMART pool of PPAR (siRNAs (200 pmol/L) @mon-targeting control siRNA (200

pmol/L) using LipofectAMINE 2000 prior to linoleiacid treatment for 4 hr. The G6Pase and
PEPCK mRNA levels were analyzed by RT-PCR or need-RT-PCR. The values represent

the mean + SE of 4 independent experiments. *P<0.05 vs. EdtReg0.05 vs. linoleic acid.
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DISCUSSION

In the present study, we showed linoleic acid (dewbisaturated, long chain), oleic acid
(monounsaturated, long chain), and palmitic acidglehain) increased glucose production,
whereas caproic acid (short chain) did not incred$ese results suggest long chain FFA
(saturated or unsaturated) can stimulate glucosduption. Linoleic acid plays its roles

through in membrane lipids, as ligands for recepaois transcription factors that regulate gene
expression, precursor for eicosanoids, in cellulamroanication, and through direct

interactions with proteins. Adverse fatty acid aténe fatty acid composition of membrane
phospholipids and storage triglycerides with theeptal to disrupt cellular environments, and

program structure and function (Innis, 2007). Thereforeselected linoleic acid as a ligand.

In the present study, linoleic acid leads the atitim of cPLA and AA release. High dietary
linoleic acid led to a high heart membrane AA, @al+ dependent cPLA2 with a marked
increase in pigs (Ghosh et al.,, 2007). Blgnzyme acts as the catalyst the hydrolysis of
cellular phospholipids at the sn-2 position to fldie arachidonic acid (Nanda et al., 2007). In
the present study, treatment of linoleic acid sigaiitly increased the expression of COX-2
protein levels. These results consistent with aipusvstudy, linoleic acid induced expression
of COX-2 as well as PGEin retinal pigment epithelial cell (Nanda et al.,0ZD COX,
including COX-1 and COX-2, is the rate-limited enzywatalyzing the conversion of AA into
endoperoxide intermediates, which are ultimately veoled by specific synthases to
prostanoids, including PGEGupta and Dubois, 2001; Smith and Langenbach e2@Dl).
Prostaglandins are oxygenated metabolites of the&a#ion polyunsaturated fatty acid
molecule AA, which is released from the membranespholipids through the action of
phospholipases, mainly phospholipase (Miga et al., 2007). In the present study, the

concentration of PGEgenerated through COX increased glucose produatioichicken
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hepatocytes obtained under linoleic acid treatm@rfd. also provide direct evidence for an
involvement of cPLA and COX% in the stimulation of hepatocytes glucose produnctby

linoleic acid.

In the present study, we demonstrate that linaeid up-regulates PPARexpression. Thus,
we hypothesize that overexpression of PBARchicken hepatocytes is a sufficient condition
to gluconeogenesis. We reproduced this observasngwa PPAR specific SIRNA system to
validate PPAR as the mediator of gluconeogenesis. The preseul igsconsistent with a
previous report that PPARSs, after binding peroxis@moliferation compounds or fatty acids,
are activated and regulate the expression of geelesed to lipid metabolism, such as
gluconeogenesis (Panadero et al., 2005). The phggaloand pharmacological roles of
PPAR are just beginning to emerge. It has recently becolear that PPA&Rhas a function in
epithelial tissues, but inconsistent reports le&eesituation controversialhese data raise the
possibility of a model in which impaired activatiai PPAR may alter the lipid signaling
required for gluconeogenesis. It is well known thath G6Pase and PEPCK are rate limiting
enzymes of gluconeogenesis. In the present stuelyexpression of both G6Pase and PEPCK
are stimulated by FFA, which is dependent of P&AfRbsequently with previous studies
(Yamagata et al., 2007; Davies et al., 2001; Tontonew.,e2007). They share many common
features in their gene transcription (Collins et 2D06). For example, their transcription are
stimulated glucagons but suppressed by insulintfBaret al., 2003; Hanson et al., 1997).
However, there are some distinctionshie regulation of these two genes. The sigfnafa the
central nervous system regulate the expressiomedB6Pase gene but do not influence the
transcription of the PECHene in the liver (Lam et al., 2005). Because PEPCKesearliest
rate-limitingenzyme in the process of gluconeogenesis, it mayghaoramportant role in the

regulation of gluconeogenesis.
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CONCLUSION

In conclusion, linoleic acid induced gluconeogesegia cPLA, COX, and PPAR

pathways in cultured chicken hepatocytes.
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