PPAR-a increases gluconeogenesis via
glucose 6-phosphatase gene expression in
fasting liver

Sool-Ki Kwon

Department of Medical Science
The Graduate School, Yonsei University



PPAR-a increases gluconeogenesis via
glucose 6-phosphatase gene expression in
fasting liver

Directed by Professofong-Ho Ahn

The master’s Thesis Submitted to the
Department of Medical Science, the Graduate
School of Yonsei University in the partial
fulfilment of the requirements for the degree

of Master of Medical Science

Sool-Ki Kwon

December 2007



This certifies that the Master’s Thesis
of Sool-Ki Kwon is approved.

Thesis Supervisor : Yong-Ho Ahn

Kyung-Sup Kim

Bong-Soo Cha

The Graduate School
Yonsei University

December 2007



Acknowledgements

I would like to express my gratitude to my supesviBrof. Yong-Ho Ahn for
his warm personality and tireless support duringiaster’'s Degree course.
During the course, his criticism and discussioneagwod milestones to me to
do this work. | wish to express my appreciate Dyukg-Sup Kim and Dr.
Bong-Soo Cha for the counsel and for serving on diggertation thesis
committee. The sincere thanks are also extendé&t.tdan-Wook Hur, Dr.
Kun-Hong Kim, Dr. Sang-wook Park, Dr. Jae-Woo Kibr, Ho-Geun Yoon
and Dr. Ha-il Kim for their advice and suggestiohaspecially wish to thank
Dr. Seung-Soon Im. His excellent guidance and disiom were essential for
the progress of this work. | sincerely acknowledge the support and
friendship of all colleagues and all lab membersngumy stay at the
department of biochemistry and molecular biologgohg them | am deeply
grateful to Dr. Mi-Young Kim, Dr. Jin-Sik Bae, Ta#yun Kim, Joo-Man Park,
Young-Sin Park and Jin-Hwa Jang. | would like tartk my friends, all
members of ‘Lee-Jang Group’ and ‘Bioman-plus”.

| have no words to express my gratitude to my nro#mal father for their
encouragement, support and endless love to mepdcedly appreciate my
yonger sister Woo-Youn Kwon, her husband, Joon-goseo, lovely nephew,
Un Seo for their love and encouragement whenereed it the most.

Again once, | would like to express special thatkeny parents. This thesis
is dedicated to my mother and father.

Sool-Ki Kwon



Table of Contents

Abstract

T . INTrOQUCTION ---eee e eeeeetinieee ettt et 3

1. Materials and MethOdS: -----ceeereeerrremeriieeiieeriieeriieerieeeeieeeeians 6
1. Animals and material . ....cocooeeeeueinniniinine, 6
2. Cell CURUIE. et 6
3. Isolation of total RNA, northern blot analysisdaRT-PCR..- 7
4. Construction of reporter p|asmid5 ....................................... 8
5. Transient transfection ASSAYrereerverersrrresnsrsiie g9
6. Invitro translation and western blot analysis: ... 9
7. Electrophoretic mobility shift assay (EMSA)........c..ccu.... 1C
8. Chromatin immunoprecipitation(CHIP) assay:.......cccevue.. 11
9. Statistical analysis. . ...eoevererierieinieieii 12

. RESURS ..o, 14

1. Effect of fasting on PPAR-and G6Pase mRNA levels
[T [LV7=) T PR 14
2. Effect of PPARa/RXR-a on the promoter activities of

gluconeogenic genes in the HepG2 cell lin@s.-------e-e.... 17



3. Localization of PPRE in rat G6Pase promotef................. 17

4. |dentification of PPRE and binding of PPARRXR-a to

the G6Pase PrOMOLEL- e eveesreeieiiiiii 21
5. PPARa/RXR-a heterodimer binding to putative
G6Pase-PPRE in fasting SEHUB/IVO ---vvveveeereneenmeneeneeneeneennennen 24
6. Binding of PPARa/RXR-a to putative G6Pase-PPRE
IN ZDF FALS «++vveverrrerrerrereremieeiiiiieieiieeieieeieeieeeeeeeeeeeeieeieenes 24
TV . DISCUSSION ccttvueetetitiaeeetiiieeeetiiieeeetiieeeetaieeeettiseeereneeeannnnseeannnnns 28
AV ©o] g Tox [ V1] (0] o TS USSPt 32
RO OIENCES ettt ettt ettt e e e eeeeaeaes 33

Abstract (in Korean.) ....................................................................... 41



List of Figures

Figure 1. The expression of PPARand G6Pase mRNA in the
fasting and refeeding IVeF. ..., 15

Figure 2. The effect of PPAR-and RXRe agonist on the G6Pase
MRNA levels in primary cultured hepatocytes.......... 16

Figure 3. Effect of PPARr ligand on the promoter activities of

G6Pase and PEPCK gENES: -« eerereiniinieiiienine 18
Figure 4. Localization of PPRE in the rat G6Pasemuter ......... 19
Figure 5. PPAR¥/RXR-a binding to PPRE of G6Pase

PrOMOLEN VILFO «-sseesesseesemserseisseiseniseisseisieis i 29
Figure 6. Effect of fasting on the PPARRXR-a binding to

PPRE of G6Pase Promoi@nivo « - wweeeesecenene. 25

Figure 7. Binding of PPARYRXR-a to the putative PPRE
in the G6Pase gene promoiiBMiVO «..c.ceoeeveeereienennes 26

List of Tables

Table 1. The sequences of the oligonucleotides uinsEMSA----- 13



Abstract

PPAR-a increases gluconeogenesis via glucose 6-
phosphatase gene expression in fasting liver

Sool-Ki Kwon

Department of Medical Science
The Graduate School, Yonsel University

(Directed by Professofong-Ho Ahn)

Glucose-6-phosphatase (G6Pase) plays a key rofleaintaining blood
glucose level. The enzyme is responsible for prodooof glucose in liver
during fasting or type 2 diabetes mellitus (T2DNhus, understanding the
molecular mechanism of G6Pase gene expression usiatrfor the
development of therapeutic drugs for T2DM. Durirggting or in T2DM,

peroxisome proliferator activated receptofPPAR«) is activated, which



may contribute to increased hepatic glucose outgatvever, it is not well
established that the expression of G6Pase geneagalsited by PPAR:-

In this study, we demonstrate that PPARXR-a upregulates glucose 6-
phosphatase gene expression. We have localizedclaachcterized PPAR
responsive element (PPRE) in the promoter regiorrabf G6Pase gene.
Treatment of PPARr ligand, Wy14,643, to HepG2 cell lines and primary
cultured hepatocytes increased G6Pase mRNA legehl®leletion, mutation
studies in the putative PPRE and electrophoretibilitbpshift assay studies
indicated that the putative PPRE is present inrgiggon between bases -268
and -256 of G6Pase promoter. Treatment of Wyl4t64t@éan or ZDF rats
resulted in the rise of G6Pase mRNA level. Thesaltgindicate that PPAR-

a can directly upregulates hepatic G6Pase gene esxpnes

Key Words : Glucose 6-phosphatase, PRARgluconeogenesis, type 2
diabetes mellitus, liver



PPAR-a increases gluconeogenesis via glucose 6-
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I . Introduction

The incidence of type 2 diabetes (T2DM) is incnegsthroughout the
world *. T2DM has complex features of biochemical and icdin
manifestations. One of them is increased hepaticoge productiofi which
is caused by the increased gluconeogeriesiuconeogenesis is one of the
metabolic adaptation during energy deprivation immmals. During fasting
in normal state, glucose which is formed from nohohydrate precursors in
liver is supplied to other tissues for energy seur©n the other hand, in

T2DM, activation of gluconeogenesis is in part mespble for chronically



increased blood glucose level. In this state, free fatty acids are elevated and
have been implicated as a causative link of instdisistance appeared in
obesity or T2DM® ”. In addition, free fatty acids were shown to irge
hepatic glucose productidn’ by activating key enzymes of gluconeogenesis,
i.e., phosphoenolpyruvate carboxykinase (PEPCK),uctfise 1,6
bisphosphatase (F1,6BPase) and glucose- 6-phospt{&aPasey.

G6Pase hydrolyzes glucose-6-phosphate to glucogkeafinal step of
gluconeogenesis. The enzyme is expressed maitilyein kidney, ang3-cells
of pancreas®™ *2 The enzyme which is a multienzyme complex consits
catalytic and transporter subunit. The transpontefudes T1 (glucose-6-
phosphate transporter), T2 (inorganic phosphatesparter), and T3 (glucose
transporter). G6Pase gene is positively contradiethe transcriptional level
by glucocorticoids, cAMP, glucose, and fatty acidi¥® whereas the gene is
inhibited by insulin, tumor necrosis factoer-and interleukin-6°'8 Gé6Pase
mRNA level is increased in animal models of diabefé® Furthermore,
modest overexpressiafi G6Pase in rat liver results in glucose intolesan
andhyperinsulinemi&®.

The peroxisome proliferator-activated receptorsARS) are a family of
nuclear receptors acting as transcription factohe receptors share a high
degree of structural homology with other nucleamtame receptors in the
DNA-binding, ligand-binding, and cofactor-bindingmain ?*. The receptor
acts as heterodimer with retinoid X receptor (RX®Jen ligands bind to the
receptor, the heterodimer activates gene expredsyominding to acis-



element, known as peroxisome proliferator respaiement (PPRE) in the
target gene promoters. In the transcriptional abtnby PPARI/RXRa,
interaction with coregulator complexes is required.

PPAR4 is a nuclear receptor which regulates liver glechsmeostasis as
well as lipid metabolisnf®>. PPARe is widely expressed in liver, muscle,
kidney, and intestiné®. PPARa_lowers circulating triglyceride levels by
increasing fatty acid oxidation and reduces adtgogihich improves insulin

sensitivity "%,

Furthermore, PPAR- agonists have significant anti-
inflammatory responses that may plagratective role in the cardiovascular
system®. In the liver, PPARx activates fattyacid catabolism, stimulates
gluconeogenesis, ketone bayythesis, and lipoprotein assemBiy*. Severe
hypoglycemia observed in PPARdeficient mice upon fasting, characterized
by a 50% drop in blood glucose concentration aférhours of fasting,

suggested a role for PPARin glucose homeostasis However, molecular

mechanism by which PPAR-upregulates G6Pase gene expression has not

been explored.

In this study, we have identified functional PPRE the promoter of
G6Pase gene. We also demonstrated that RPAfRectly mediates the
upregulation of G6Pase gene in the liver of fastamgl animal model of
T2DM.



II. Material and Methods

1. Animals and materials

Male Sprague-Dawley rats (weighing approx. 200cheaeere fed a fat-
free, high carbohydrate diet for the indicated qeriLean and obese Zucker
diabetic fatty (ZDF) rats were kindly donated by. [Beong JK, Seoul
National University, Korea. Diabetes was confirnisdchecking the plasma
glucose levels through an oral glucose toleranst (@GTTYC. All the
materials for the diet were purchased from Harlekldd Co. (Madison, WI,
USA). Wy14,643 in 20 mM in 19% BSA and 5% dimethylfoxide and S%is
retinoic acid (9€R) in 2 mM in 50% ethanol and 50% dimethyl sulfoxide
were diluted to the final concentration of M and 1 pM respectively.
Wy14,643 and %R were purchased from Sigma-Aldrich (St. Louis, MO).
PPAR@ antibody and RXRx antibody were purchased from Chemicon and
Santa Cruz, respectivelfy-?P|ATP, [a-3?P]dCTP were purchased from
Perkinelmer Life Science. Rediprime labeling kdad a rapid hybridization

solution were purchased from Amersham Biosciences.

2. Cell culture
HepG2 human hepatoma cell line (American Type CaltCollection
number HB-8065) was maintained in Dulbecco’s MadlfiEagle’s medium

(DMEM, Hyclone) with 10% (v/v) fetal bovine serurkBS), 100 unith¢



penicillin and 1004g/mM¢ streptomycin at 37C and 5% CQ.

3. Isolation of total RNA, northern blot analysis, and reverse
transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated from the liver of Spraguealsy rat using Trizol
reagent (Invitrogen) according to the manufactuirgssructions. For northern
blotting, DNA probes were radio-labeled by fillimg-with [a-3P]dCTP
(Perkinelmer Life Science, Boston, MA, USA) usiihg tKlenow fragment of
DNA polymerase 1 (Roche Diagnostics GmbH, Germahgbeling was
performed using the Rediprime labelling Kit (Ameash Biosciences, Little
Chalfont, Buckinghamshire, UK). Twenpyg of each sample was denatured
and subjected to electrophoresis in a 0.9% dematddrmaldehyde-agarose
gel and transferred to a nylon membrane. The mambravere hybridized
with the probe for 4 h at 65 °C with Rapid-Hybridiffter (Amersham
Biosciences). After hybridization, the membrane wasshed twice with a
high salt washing buffer (0.1% SDS, 2x SSC) at réemperature for 30 min,
followed by a low salt washing buffer (0.1% SDSX0SSC) at 65 °C for 15
min. The membrane was exposed to Kodak BioMax @igimg an intensifying
screen at —70 °C. For RT-PCR, the first strandDifi& was synthesized from

1 g of total RNA using using ImProm'lf reverse transcriptase (Promega).
One & of the reverse transcription reaction mixture veasplified with
primers specific for G6Pase, PPARandB-actin in a total volume of 5@£.

Linearity of the PCR was tested with amplificatioytles between 25 and 30.



According to the test amplification profile, sangplere amplified using the
following parameters: € for 30 sec, 5& for 30 sec, and 7€ for 30 sec.
B-actin was used as an internal control for qualitg quantity of RNA. The
PCR primers used were as follows: rat G6Pase, fonwaGTG GGT CCT
GGA CAC TGA CT-3' and reverse 5'-CAA TGC CTG ACA AGCTC CA-
3" rat PPARe, forward 5-GGT CCG ATT CTT CCA CTG C-3' and reger
5-TCC CCT CCT GCA ACT TCT C-3’; raB-actin forward 5-TT G TAA
CCA ACT GGG ACG ATA TGG-3' and reverse 5-CGA CCAAG GCA
TAC AGG GAC AAC-3..

4. Construction of reporter plasmids

Rat G6Pase promoter (-1194/+88 bp) and human PEREIO/-61 bp)
were constructed by PCR-based amplification fromgenomic DNA and
inserted into the pGL3 basic vector (pGL3b). Sedieletion constructs from
G6Pase promoter construct as above, pG6P-483, @36PpG6P-159 were
prepared by amplifying the regions of -483/+88, 1288 and -159/+88
respectively, and were subcloned into the pGL3ke PRPRE point mutation
was introduced into the putative PPARbinding site, designated PPRE, by
QucikChange site-directed mutagenesis kit (Strat@ge generate pG6P-mut.
Following primers were used: sense: 5-AGG AAG GTAC ACC CCT
TAG CAC TGT CAA-3’, antisense 5-GGG GTG TAT GCC TICTG GTC
CTC GAA GCC-3).



5. Transient transfection assay

Transient transfections were performed using Trah$IL transfection
reagent (Mirusbio, Japan) according to the manufact protocol. Briefly,
cells were plated in 6-well tissue culture dishies density of 1x10cells/well
in 2 M medium. Six#£ of TransIT-LT1 transfection reagent were gently
mixed in 20044 of OPTI-MEM (Gibco-BRL, Grand Island, NY, USA) and
incubated for 15 min at room temperature. And tteh, 48 of pGL3basic,
G6Pase, and PEPCK-promoter-luciferase constructs,«® of pCMV{3-
galactosidase expression plasmid, the indicatecuate@f pCMX, PPARx,
and RXRe expression plasmid, and 208 of transfection reagent mixtures
were mixed and incubated for 15 min. The transfactioxtures were added
to the cells and incubated at 37 in a humidified incubator. After 24 h, the
medium was replaced with DMEM containing approgrifigands or their
solvent (the final concentration of 20 for Wy14,643 and JuM for 9-CR
respectively). After 24 h of ligands treatment, Iselvere harvested for
luciferase andg3-galactosidase assay (Promega). The luciferaseitpoivas

normalized by3-galactosidase activity.

6. In vitro translation and western blot analysis

pcDNA3.1, pcDNA3.1-rPPARy and pcDNA3.1-rRXRa were expressed
in TNT-coupled reticulocyte lysate system (Promega&rording to the
manufacture’s protocol. pcDNA3.1-rPPAR-and pcDNA3.1-rRXRx were



tagged with V5 and flag respectiveln vitro translations were confirmed by
western blot analysis using V5 (Chemicon) and f{&gma) antibodies.

Briefly, total recombinant proteins b vitro translation were fractionated on
8% SDS-PAGE and transferred to nitrocellulose mamés. Then, the blot
was incubated with an indicated antibody followgdabsecondary antibody
conjugated to horseradich peroxidase. Reactivity than detected with the

Enhanced Chemiluminiscence (ECL) kit (Amersham &imsces).

7. Electrophoretic mobility shift assay (EMSA)

The single-stranded G6Pase-PPRE probes for theshiftl assays were
labelled with [/-**P]JATP (PerkinElmer Life Sciences) and T4 polynutit®
kinase and annealed with five fold molar excesscafi complementary
oligonucleotides, which was heated at @ for 5 min and slowly cooled
down to room temperature. The labeled double-sedndligonucleotides
were purified by using spin column (BioRad) withpBadex G25 (Amersham
Biosciences). pCMX, PPAR-and RXRe proteins were prepared byvitro
translation as described above. One hundred thdusam of labeled probe
and 8 #¢ of in vitro translated proteins were incubated for 40 mincenwith
15 ¢ binding buffer containing 50 mM [2-[4-(2-hydroxyethyl)-1-
piperazinyllethanesulfonic acid(HEPES), pH 7.9, 300 mM KCI, 1mM
dithiothreitol (DTT), and 248 poly(dl-dC). The protein-DNA complexes
were resolved form the free probe by electropheregi 4°C on a 4%
polyacrylamide (PAGE) gel in 0.25X TBE buffer (THisrate EDTA, 1 X

10



TBE contained 9 mM Tris, 90 mM boric acid, 20 mM E&) pH 8.0). The
dried gels were exposed to X-ray film at “fDwith intensifying screens. The

oligonucleotides used for EMSA were shown in Tdble

8. Chromatin immunoprecipitation (ChlP) assay

ChiP assays were performed as described previowstih minor
modifications*. Rats were anesthetized and perfused with #0®f ice-
cold phosphate buffered saline (PBS) and liver Vieed by perfusing the
portal vein with 200m¢ of 3% formaldehyde in ice-cold PBS. Liver was
harvested, homogenized, and sonicated. The sodicat@ernatant was
divided into aliquots (1004£) and diluted with 10 fold volumes of ChIP
dilution buffer (0.01% SDS, 1.1% Triton X-100, InaM EDTA, 16.7 mM
Tris-HCI (pH 8.1) and 167 mM NaCl) and preclearehws0% slurry of
protein A-agarose/herring sperm DNA for 1 h. Formumoprecipitation,
antibody was added and agitated overnight &C4 The complexes were
collected with protein A-agarose/herring sperm DiAd eluted from the
beads. The eluted DNA was amplified by PCR usimggtimers which were
appropriated for each set. These primers were lisvi for G6Pase-Chip;
sense 5-TCT CCA AAC AAA TAC AAT TG-3' and antisea$’-TCA TCA
GTA GGT TGA TGC AA -3, for G6Pase-control; senseARA AGT GAC
TGG TCA GGC TG-3' and antisense 5-GGA ATG GAC TCTRAGT CA-
3'. For PEPCK-Chip Sense 5-GTA ACA CAC CCC AGC CAX -3’ and
antisense 5- CTC TTG CCT TAATTG TCA GG-3’

11



9. Statistical analysis
All transfection studies were performed in 3-5 safmexperiments, where
triplicate dishes were transfected. The data wepeesented as meanS.D.

Statistical analysis was carried out using Microgofcel (Microsoft).

12



Table 1. The sequences of the oligonucleotides usedEMSA

Name 5’ -> 3’ sequence
Sense GGC TTC GAG GAC CAG GAAGGAGGT
G6Pase- CAC CCCTTAGC
PPRE antisense GCTAAG GGG TGACCT CCTTCC TGG

TCC TCGAAGCC

GGC TTC GAG GAC CAG GAAGGC ATA
Sense

G6Pase- CAC CCCTTAGC
mut antisense GCTAAG GGG TGTATG CCTTCC TGG
TCC TCGAAGCC
Sense CTTTGACTT GAC CTTTGACTATGG
PEPCK GGT GAC
-PPRE antisense GTC ACC CCATAG TCAAAG GTCACA
GTC AAAG

13



III. Results

1. Effect of fasting on PPARea and G6Pase mRNA levels in rat liver.
RT-PCR (Fig. 1A) and northern blot analysis (Fid) lof G6Pase and
PPAR« revealed that both G6Pase and PRARRNA level in liver were
increased during fasting when compared tolibdum or refed rats. These
results suggest that there is a positive correldietween the expression of
PPAR¢a and G6Pase gene. Treatment of Wyl14,643 a@R &nown as
lignads for PPARx and RXRe respectivelyto primary cultured hepatocytes
resulted in the increase in G6Pase mRNA level winels measured by RT-
PCR (Fig. 2A) or northern blot (Fig. 2B). As showa6Pase mRNA was
increased by Wy14,643, but not byCR Combined treatment of Wy14,643
and 9€CR also increased G6Pase mRNA level. These data siegh¢hat
PPAR@a is a major determinant in the upregulation of G&Paene

transcription.

14



Fasting Ad  Refeeding

PPARG |

Go6Pase

Praciin | o sm— —

Fasting Ad  Refeeding

G6Pase | & 7 - |

B-actin ’

Fig. 1. The expression of PPARx and G6Pase mRNA in the fasting and
refeeding liver. A: PPARe and G6Pase mRNA levels measured by RT-
PCR.B, Northern blot of G6Pase mRNA levels. Rats weste for 24 h and
adlibitum. For refeeding group, rats fasted for 24 h wefedravith a fat-free,
high-carbohydrate diet for 6 h. For northern biati total RNA (20.g)
isolated from liver tissue was subjected to 0.9%niddehyde-agarose gel
electrophoresis. The RNA in the gel was transfetoea nylon membrane and
hybridized to 32P-Iabeled cDNAs for G6Pase @Factin. The blots are
representatives of two different experiments. FOrHCR, total RNA (3.g)

isolated from liver was used. Ad: &bitum.
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G6Pase - -

Pactin | N S a—

MOCK Wyl4,643 9-CR Both

G6Pase _b - i
e | V. T ——
18S

Fig. 2. The effect of PPARa and RXR-a agonists on the G6Pase mRNA
levels in primary cultured hepatocytes. A, G6Pase mRNA levels
measured by RT-PCH, Northern blot of G6Pase. Hepatocytes isolated from
rat were plated for 5 h and cultured further fohlié the presence of 2% FBS,
10 uM dexamethasone, 2mM glutamate and 1mM sodium pyeusnd then
incubated for 12 h in the presence or in the alesefénsulin (100 nM) and
glucose (25 mM). Wy14,643 (2AM) and 9CR (1 uM) were treated to
primary cultured hepatocytes. Total RNA ofi8 or 20 yg was used for RT-
PCR or northern blotting, respectively. All the mRMvels were normalized

to a-actin for PCR products and 18s, 28s rRNA for nemthblot analysis.
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2. Effect of PPARa/RXR-a on the promoter activities of gluconeogenic
genes in the HepG2 cell lines.

As shown in Fig. 3, the promoter activities of Gé€and PEPCK gene
were activated by ectopic expression of PRARXR-a in HepG2 cell lines
in the presence of their respective ligands. Tip®nter activities of G6Pase
and PEPCK promoter were increased by 25 and 7 ,falespectively,
suggesting that the promoters are activated by P@#RXR-a. However, the
stimulatory effect of PPARYRXR-a on the PEPCK promoter construct is

weaker than that of G6Pase.

3. Localization of PPRE in rat G6Pase promoter.

A computer search for PPRE homology sequence irGiegase promoter
suggested that -268/-256 bp regions of G6Pase permmoay play as a
functional PPRE (Fig. 4A). To confirm the identitf the PPRE, serial
deletion constructs of the G6Pase promoter (fral®41-483, -231, and -159
to +88, Fig. 4B) were prepared. As shown in Fig, BBAR& responsiveness
is decreased when the promoter region is delete¢thdo -231 bp. These
results suggest that PPRE may be located betwe@® ahd -231 bp.
Introduction of mutation at the putative PPRE regiesulted in 75% decrease
in promoter activity when compared to promoter ¢tauts (pG6P-1194),
suggesting that -268 bp/-256 bp region may be etimmal PPRE.

17



O Mock M Pa/Ra
35

30

251

20

Fold Increase

0 — 1
PGL3b Go6Pase PEPCK

Fig. 3. Effect of PPARa ligand on the promoter activities of G6Pase and
PEPCK gene.Luciferase reporter constructs of G6Pase (-11381/b8) or
PEPCK (-599/-61 bp) were cotransfected with PRARXR-a in HepG2
cells. After 24h, 20M of Wy14,643 and iIM 9-CR was treated to the cells
and it was maintained for 24h. Normalized luciferastivities were shown as
means_+standard deviation of three independent experisnanttriplicates
and are expressed as the fold increase relatitreetbasal activity, &R, 9cis

retinoic acid.
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G6Pase

-268 —256
_\‘F“PARa‘, RXRa m=

B Fold increase
0 15} 10 15 20 25

@ Mock

Luc pGL3b B PaRa
PPRE
) Luc pG6P-1194

PPRE

_”!, pG6P-483

Luc pG6P-231

PG6P-159
Luc

pG6P-mut

X

Fig. 4. Localization of PPRE in the rat G6Pase promter. A, A schematic
showing putative PPRE in the G6Pase promdgeEffect of deletion on the
PPARe dependent promoter activities of G6Pase. Schemedebétion
constructs were shown in the left panel and PlRATRpendent activities were
shown in the right. The indicated numbers represé® number of



nucleotides from mRNA start codon. Promoter adésitwere measured by

cotransfecting PPAR/RXR-o. with deletion constructs into HepG2 cell lines

5
which were plated at a density ok20 cells/35-mm dish. The results were
shown as relative luciferase activities. Normalizadiferase activities are
shown as mean +S.D. of three independent experiniesst triplicate.
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4. Identification of PPRE and binding of PPARa/RXR-a to the G6Pase
promoter.

Fig. BA shows a putative PPRE in the G6Pase promoter. Tfircothe
binding of PPARe/RXR-a heterodimer, electrophoretic mobility shift assay
(EMSA) was performed (Fig.B using recombinant PPAR-and RXRe
which were prepared kin vitro translation. The oligonucleotide probe (-281/-
247) formed DNA-protein complexane 5). Addition of 100 fold excess
amount of unlabeled competitor from PEPCK-PPRE (88)inished the
formation of protein-DNA complexidne 7). Mutant probel@ne 8) failed to
compete the binding of PPA®RXR-a heterodimer to the probe. Addition of
V5 antibody decreased the formation of protein-DNémplex (ane 6),
suggesting that PPARRXR-o heterodimer binds to the probe. Introduction
of mutation at the core site of putative PPRE (AG&T CATA in Fig. 5A)
abolished the binding of PPARRXR-a (Fig. 3B, lane 11). The quality of
recombinant PPAR-and RXRe prepared by in vitro translation system was

explored by western blot analysis as shown in 5.

21



A

-281 -268 PPRE 256 —242
GGCTTCGAGGACCAGGAAGGAGGTCACCCCTTAGC
———————————————————— CAAY——————————

B G6Pase-PPRE G6Pase-PPRE-mut
TNTpCMX - + - - =— — — = -+ -
TNTPPARa - - + - + + + + - -+
TNT-RXRa - - - + + + + + - -+
Compeptitor — - — = = = PEPCK Mutant - - =
Antibody = = = = =y = + . - .

Pa/Ra —»

C Lysate  PCMX PPARa Lysate PCMX _RXRa

=

o

S0KDa=

Fig. 5. PPAR#/RXR-a binding to PPRE of G6Pase promotein vitro. A,

Nucleotide sequence of promoter region containingative PPRE.B,

22



Identification of PPAR#/RXR-a binding to the putative PPRE or mutant
probe in the G6Pase promot€&;. Western blot ofn vitro translated PPAR-
and RXRe. The proteis were detected by anti-V5 antibody. EMSA was
performed with in vitro translated-PPARand RXRe in 4% (w/v) non-
denaturing polyacrylamide gel. Then, 100,000 cprh finole) of32P-IabeIed
G6Pase promoter fragment (-281/-242) containingatiug PPRE was
incubated with 4.0 of PPARe and RXRe protein respectively. The DNA-
protein complexes are indicated by an arrow. Resrk the mean = S.D. of
three independent experiments performed in trigicBi/Ra, PPARe&/RXR-

o.
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5. PPAR-0/RXR-a heterodimer binding to putative G6Pase-PPRE in
fasting state in vivo

To confirm whether PPAR/RXR-a complex binds directly to the rat
G6Pase gene promoter regiom vivo, we observed interaction between
PPAR@a/RXR-0 and the putative PPRE in the promoter region dP&@ in
liver using Chip assay. Chromatin was extractechfaol libitum or fasted rat
liver, and the PPAR* or RXR-a antibody was used to immunoprecipitate the
fragmented chromatin followed by PCR amplificatiomsth respective
primers (Fig 6). In fasting state, the binding d?AR-0/RXR-a to the rat
G6Pase promoter was increased by fasting (Fig.@BYl it suggests that
endogeneously increased PPARerms a heterodimer with RXR-and this
PPAR@a/RXR-0 binds to the putative PPRE of G6Pase gene promoter
Binding of PPARe/RXR-a to PEPCK promoter was slightly increased (Fig.
6C)

6. Binding of PPAR-a/RXR-a to putative G6Pase-PPRE in ZDF rats.

To confirm that increased PPAIRcause the transcriptional up-regulation
of G6Pase gene expression in the diabetic animdemwe experienced the
ChIP assay using ZDF rats which showed elevatedoghki tolerance(GTT)
curve (Fig. 7C). As shown in Fig. 7B, binding ofARa/RXR-0 to PPRE in
the G6Pase is increased, suggesting that RiPARding is increased in the
PPRE of G6Pase gene promoter in the ZDF rats. Asgative control, we
used upstream region of G6Pase promoter which doesontain PPRE. As

shown, there is no binding to the G6Pase contgibre(Fig. 7A).
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Fig. 6. Effect of fasting on the PPARa/RXR-a binding to PPRE of
G6Pase promotetin vivo. Upper panel: Schematics of the promoter region of
G6Pase and PEPCK gene in the ChIP assay. The seggtween - 371 and -
121 for G6Pase gene and between -528 and -298 E®CR gene were
amplified. For the Chip assay, chromatin was extdhérom livers of ratad
libitum or fasted for 48 h. and precipitated by PP&Rntibody and putative
PPRE was amplified by PCR. The quantity of DNA lie precipitation was

normalized by input chromatin (3/1t(h)03f chromosomal DNA used for
precipitation). The regions (A as a negative cdnt® of G6Pase, C of
PEPCK) were amplified. Lower paneld)( Negative control, B) and C)
PPRE of G6Pase and PEPCK, respectively.
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Fig. 7. Binding of PPARe/RXR-a to the putative PPRE in the G6Pase
gene promoterin vivo. Upper panel: Scheme of G6Pase promoter amplified
in the ChIP assay. The region between -1605/-12§5a0d -371/-121 (B)
were amplified. For ChIP assay, chromatin extrabtexah the livers of lean or
ZDF rats were precipitated either by PPARsr RXRwu antibodies and
G6Pase-PPRE. The DNA fragments were amplified byR.POetailed
procedures are described in the EXPERIMENTAL PROURES. A,
Negative controlB, Chip assay of lean and ZDF ra. Glucose tolerance

curve of lean and ZDF rats.
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IV. Discussion

Gluconeogenesis occurs in the livers of animalsnathey are subjected to
long term fasting®”’ or diabetic state€®. The key gluconeogenic enzymes,
G6Pase and PEPCK are regulated eithdraascriptional or translational
levels. The promoters of these genes were cloned nomerous
transcriptional factors regulating their gene egpi@n in relation to the
pathogenesis of T2DM have been characteriZzed

PPAR is a nuclear receptor which is mainly expressdd/ar and brown
adipose tissu&. It plays as an important lipid sensor and regulaf cellular
energy-harvesting metabolisth This conclusion is derived from PPAR-
knock-out (KO) mice which showed decreased levElBsnaymes involved in
fatty acid catabolic enzymes and showed an unrasgemess to peroxisome
proliferating agent&’. In addition, the PPARragonist, Wy14,643, decreased
glycogen content in livef®. These results indicate that PARRmay be
involved in hepatic glucose production directlyindirectly. Direct role of
PAPR@ on the transcriptional activation of gluconeogegénes is not well
established, although there is a functional PPR&énPEPCK gene, one of
the key gluconeogenic enzyme. Thes-element PPRE on the PEPCK
promoter region is mainly responsible for the ratjoh in the adipocyte®s.

In this study, we showed that there is a direculaggry link between

PPAR@a and G6Pase, another key gluconeogenic enzymehdnliter of
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fasted rats, both PPAR-and G6Pase mRNA level were increased (Fig. 1).
Treatment of the PPAR-ligand resulted in the increase in G6Pase mRNA
levels. However, ©R alone did not increased G6Pase mRNA levels,
suggesting that PPAR-plays a major role in the upregulation of the G&Pa
gene. Combined treatment of Wyl14,648R- further increased G6Pase
MRNA levels, indicating that these two ligands #ch synergistic manner
(Fig. 2B).

In the promoter reporter assays (Fig. 3), the ptemof G6Pase gene is
activated 100 folds whereas that of PEPCK is oclyvated 7 fold by their
ligands. This result parallels with that observedhie ChIP assay. It showed a
considerably weaker binding of PARRRXR-a to the PEPCK gene
promoter compared to the G6Pase gene promoter @FigAlthough the
PEPCK gene promoter has an intermediate-affinifRP® and this region is
responsible for binding and upregulation of theegby PPARy in adipose
tissue*’, PEPCK gene expression was not altered in wilé tgpd PPARx
KO mice in livers of both the fed and fasted miceThe lack of PPARx
responsiveness of PEPCK might be due to the cotigretbetween other
transcription factors such as HNF4 and RXR/RERThese results suggest
that PPRE plays relatively minor role in PEPCK gerpression. Contrary to
PEPCK-PPRE, the G6Pase gene promoter is well setiviy PPARa/RXR-

a invitro (Fig. 3). The binding of PPAR/RXR-0 to the G6Pase promoter is
increased in fasting or in the ZDF rats (type dt&c rat model) (Fig. 6 and
7). These results suggest that, contrary to PER&BRase may be directly
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activated by PPARx.

During fasting or in T2DM, free fatty acids (FFAshich are increased in
B-oxidation, have been implicated in hepatic glucgemesis’’*°. Several
putative mechanisms are proposed on the link betwdeA and hepatic
glucose production. Among these, FFA upregulates ghnes expression
involved in the gluconeogenesis by activating draiptional factors like
SREBP-1, PPAR, or HNF-4*¥% |ndeed, there are seven potential HNF-4
binding sites in the promoter region of G6Psdhese sites are responsible
for FFA-mediated activation of G6Pase. In additiampregulation of
gluconeogenic genes, i.e., PEPCKand G6Pasé’ by FFAs is has been
shown to be PAPR-dependent’. To explore the relationship between HNF-
4 and PPARx in the activation of G6Pase gene expression, wee ha
overexpressed HNFedand PPARa in the HepG2 cell lines. As shown, the
addition of HNF-4r to PPARe group did not affect the promoter activities of
G6Pase gene (Suppl. Short chain FA upregulates the G6Pase gene
expression through HNFe4 binding to the region of -668/-647 in the
promoter®®, whereas the PPRE region overlaps with HNF-4 bipdéegion -
433/-457 in the PEPCK promoter regifr’>. HNF-4a may compete with the
putative PPRE which was observed in the PEPCK geomoter. Theses
results indicate that the activation of G6Pase gergression by HNF-
4a may be different from that of PEPCK. These assumptire further
supported by the results shown on in Fig. 3, 6,7and

Current study provides evidences that up-regulatibthe G6Pase gene can
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be mediated by the direct action of PPARXR-0 and adds to the current
understanding of the transcriptional control of @& gene expression. By
studying the diverse effects of PPAR-it will be possible to develop

selective modulators of PAP&R- which is more potent and less toxic to

patients with type 2 diabetes and dyslipidemia.
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V. Conclusion

We have localized the PPRE(-268/-256) in the raP&@ promoter. The
region was regulated by PPARa, which may play apomant role in the
regulation of blood glucose level. Wy14,643 treattrregulted in the increase
in G6Pase mRNA in the isolation hepatocyte systErmom these results,
Wy14,643 may play an pmportant role in regulatidmold glucose level by

activating hepatic G6Pase level.

32



Reference

Mokdad AH, Ford ES, Bowman BA, et al. Prevalendeobesity,
diabetes, and obesity-related health risk fact@@)1. Jama. Jan 1
2003;289(1):76-9.

DeFronzo RA, Bonadonna RC, Ferrannini E. Pathagisraé NIDDM. A
balanced overvievDiabetes Care. Mar 1992;15(3):318-68.

Consoli A. Role of liver in pathophysiology of NID/. Diabetes Care.
Mar 1992;15(3):430-41.

Boden G, Chen X, Stein TP. Gluconeogenesis in navely and severely
hyperglycemic patients with type 2 diabetes medlitAm J Physiol
Endocrinol Metab. Jan 2001;280(1):E23-30.

Magnusson |, Rothman DL, Katz LD, Shulman RG, S8tard GI.
Increased rate of gluconeogenesis in type |l debetellitus. A 13C
nuclear magnetic resonance stubiglin Invest. Oct 1992;90(4):1323-7.
Lewis GF, Carpentier A, Adeli K, Giacca A. Disordd fat storage and
mobilization in the pathogenesis of insulin resisaand type 2 diabetes.
Endocr Rev. Apr 2002;23(2):201-29.

Kelley DE, Mandarino LJ. Fuel selection in humaelstal muscle in
insulin resistance: a reexaminati@iabetes. May 2000;49(5):677-83.
Boden G. Role of fatty acids in the pathogenekiagulin resistance and
NIDDM. Diabetes. Jan 1997;46(1):3-10.

Chen X, Igbal N, Boden G. The effects of free yfaticids on
gluconeogenesis and glycogenolysis in normal stgjdcClin Invest.

33



10.

11.

12.

13.

14.

15.

16.

Feb 1999;103(3):365-72.

O'Brien RM, Granner DK. Regulation of gene expi@sdy insulin.
Physiol Rev. Oct 1996;76(4):1109-61.

Mithieux G. New knowledge regarding glucose-6 pitadase gene and
protein and their roles in the regulation of glueearetabolismEur J
Endocrinol. Feb 1997;136(2):137-45.

Foster JD, Pederson BA, Nordlie RC. Glucose-6-phatase structure,
regulation, and function: an updatBroc Soc Exp Biol Med. Sep
1997;215(4):314-32.

Lin B, Morris DW, Chou JY. The role of HNFlalphdNF3gamma, and
cyclic AMP in glucose-6-phosphatase gene activaBdochemistry. Nov
18 1997;36(46):14096-106.

Garland RC. Induction of glucose 6-phosphataseuitured hepatoma
cells by dexamethasonaBiochem Biophys Res Commun. Sep 30
1986;139(3):1130-4.

Argaud D, Kirby TL, Newgard CB, Lange AJ. Stimutat of glucose-6-
phosphatase gene expression by glucose and fre@igdrsphosphatel.
Biol Chem. May 9 1997;272(19):12854-61.

Lange AJ, Argaud D, el-Maghrabi MR, Pan W, Mai8R, Pilkis SJ.
Isolation of a cDNA for the catalytic subunit oft river glucose-6-
phosphatase: regulation of gene expression in FAgatoma cells by
insulin, dexamethasone and cAMBPochem Biophys Res Commun. May
30 1994;201(1):302-9.

34



17.

18.

19.

20.

21.

22.

23.

Grempler R, Kienitz A, Werner T, et al. Tumour resis factor alpha
decreases glucose-6-phosphatase gene expressioacthation of
nuclear factor kappaliochem J. Sep 1 2004;382(Pt 2):471-9.
Metzger S, Goldschmidt N, Barash V, et al. Intakla-6 secretion in
mice is associated with reduced glucose-6-phosphatand liver
glycogen levelsAmJ Physiol. Aug 1997;273(2 Pt 1):E262-7.

Argaud D, Zhang Q, Pan W, Maitra S, Pilkis SJ,deaAJ. Regulation of
rat liver glucose-6-phosphatase gene expressiddiffierent nutritional
and hormonal states: gene structure and 5'-flank@umenceDiabetes.
Nov 1996;45(11):1563-71.

Liu Z, Barrett EJ, Dalkin AC, Zwart AD, Chou JY.ffect of acute
diabetes on rat hepatic glucose-6-phosphatasdtacivd its messenger
RNA level. Biochem Biophys Res Commun. Nov 30 1994;205(1):680-6.
Haber BA, Chin S, Chuang E, Buikhuisen W, Naji Fgub R. High
levels of glucose-6-phosphatase gene and protgiression reflect an
adaptive response in proliferating liver and diabel Clin Invest. Feb
1995;95(2):832-41.

Massillon D, Barzilai N, Chen W, Hu M, RossettiGlucose regulates in
vivo glucose-6-phosphatase gene expression invbedf diabetic rats.
J Biol Chem. Apr 26 1996;271(17):9871-4.

Trinh KY, O'Doherty RM, Anderson P, Lange AJ, Newd) CB.
Perturbation of fuel homeostasis caused by oveesspn of the

glucose-6-phosphatase catalytic subunit in livemofmal rats.J Biol

35



24.

25.

26.

27.

28.

29.

30.

Chem. Nov 20 1998;273(47):31615-20.

Michalik L, Auwerx J, Berger JP, et al. Internaidd Union of
Pharmacology. LXI. Peroxisome proliferator-activhtereceptors.
Pharmacol Rev. Dec 2006;58(4):726-41.

Kersten S, Desvergne B, Wahli W. Roles of PPARsealth and disease.
Nature. May 25 2000;405(6785):421-4.

Auboeuf D, Rieusset J, Fajas L, et al. Tissueridigion and
quantification of the expression of mMRNAs of pesmxhe proliferator-
activated receptors and liver X receptor-alphaumans: no alteration in
adipose tissue of obese and NIDDM patienBiabetes. Aug
1997;46(8):1319-27.

Guerre-Millo M, Gervois P, Raspe E, et al. Peroxis proliferator-
activated receptor alpha activators improve inss#insitivity and reduce
adiposity.J Biol Chem. Jun 2 2000;275(22):16638-42.

Kim H, Haluzik M, Asghar Z, et al. Peroxisome pieiator-activated
receptor-alpha agonist treatment in a transgenigeinof type 2 diabetes
reverses the lipotoxic state and improves glucasedostasisDiabetes.
Jul 2003;52(7):1770-8.

Chou CJ, Haluzik M, Gregory C, et al. WY14,643,paroxisome
proliferator-activated receptor alpha (PPARalphagpnist, improves
hepatic and muscle steatosis and reverses ins@sistance in
lipoatrophic A-ZIP/F-1 micel Biol Chem. Jul 5 2002;277(27):24484-9.
Berger JP, Akiyama TE, Meinke PT. PPARs: theradpetargets for

36



31.

32.

33.

34.

35.

36.

metabolic diseasdrends Pharmacol Sci. May 2005;26(5):244-51.
Staels B, Vu-Dac N, Kosykh VA, et al. Fibrates doggulate
apolipoprotein C-lll expression independent of ictitn of peroxisomal
acyl coenzyme A oxidase. A potential mechanisntlier hypolipidemic
action of fibratesJ Clin Invest. Feb 1995;95(2):705-12.

Vu-Dac N, Schoonjans K, Kosykh V, et al. Fibratasrease human
apolipoprotein A-ll expression through activatiof the peroxisome
proliferator-activated receptal Clin Invest. Aug 1995;96(2):741-50.
Kersten S, Mandard S, Escher P, et al. The penmdsproliferator-
activated receptor alpha regulates amino acid robsab. Faseb J. Sep
2001;15(11):1971-8.

Reddy JK, Hashimoto T. Peroxisomal beta-oxida@oml peroxisome
proliferator-activated receptor alpha: an adaptiegabolic systenmAnnu
Rev Nutr. 2001;21:193-230.

Kersten S, Seydoux J, Peters JM, Gonzalez FJ,ebgsy B, Wahli W.
Peroxisome proliferator-activated receptor alphaliates the adaptive
response to fasting.Clin Invest. Jun 1999;103(11):1489-98.

Duong DT, Waltner-Law ME, Sears R, Sealy L, GranD&. Insulin
inhibits hepatocellular glucose production by mtilg liver-enriched
transcriptional inhibitory protein to disrupt thesaciation of CREB-
binding protein and RNA polymerase Il with the pblegenolpyruvate
carboxykinase gene promoter.J Biol Chem. Aug 30
2002;277(35):32234-42.

37



37.

38.

39.

40.

41.

42.

43.

44.

Cherrington AD. Banting Lecture 1997. Control ¢figpse uptake and
release by the liver in viviabetes. May 1999;48(5):1198-214.
Shulman GI. Cellular mechanisms of insulin resiséaJ Clin Invest. Jul
2000;106(2):171-6.

Barthel A, Schmoll D. Novel concepts in insuliguéation of hepatic
gluconeogenesis. Am J Physiol Endocrinol Metab. Oct
2003;285(4):E685-92.

Braissant O, Foufelle F, Scotto C, Dauca M, WaMi Differential
expression of peroxisome proliferator-activatedeptors (PPARS): tissue
distribution of PPAR-alpha, -beta, and -gamma ire thdult rat.
Endocrinology. Jan 1996;137(1):354-66.

Berger J, Moller DE. The mechanisms of action BARs. Annu Rev
Med. 2002;53:409-35.

Lee SS, Pineau T, Drago J, et al. Targeted disnuptf the alpha isoform
of the peroxisome proliferator-activated receptengyin mice results in
abolishment of the pleiotropic effects of peroxigoproliferators.Mol
Cell Biol. Jun 1995;15(6):3012-22.

Ye JM, Iglesias MA, Watson DG, et al. PPARalphamiga ragaglitazar
eliminates fatty liver and enhances insulin actiorfat-fed rats in the
absence of hepatomegahdm J Physiol Endocrinol Metab. Mar
2003;284(3):E531-40.

Tontonoz P, Hu E, Devine J, Beale EG, Spiegelmidn BPAR gamma 2

regulates adipose expression of the phosphoenalgtgicarboxykinase

38



45.

46.

47.

48.

49.

50.

51.

geneMol Cell Biol. Jan 1995;15(1):351-7.

Juge-Aubry C, Pernin A, Favez T, et al. DNA birgdiproperties of
peroxisome proliferator-activated receptor subtypasvarious natural
peroxisome proliferator response elements. Impogari the 5'-flanking
region.J Biol Chem. Oct 3 1997;272(40):25252-9.

Sugiyama T, Scott DK, Wang JC, Granner DK. Stmadteequirements
of the glucocorticoid and retinoic acid responseitsunin the
phosphoenolpyruvate carboxykinase gene promigiarEndocrinol. Oct
1998;12(10):1487-98.

Oakes ND, Cooney GJ, Camilleri S, Chisholm DJ, e§en EW.
Mechanisms of liver and muscle insulin resistamm@uced by chronic
high-fat feedingDiabetes. Nov 1997;46(11):1768-74.

Antras-Ferry J, Le Bigot G, Robin P, Robin D, tr€. Stimulation of
phosphoenolpyruvate carboxykinase gene expressjorfatty acids.
Biochem Biophys Res Commun. Aug 30 1994;203(1):385-91.

Lam TK, van de Werve G, Giacca A. Free fatty adiigease basal
hepatic glucose production and induce hepatic imstgsistance at
different sitesAm J Physiol Endocrinol Metab. Feb 2003;284(2):E281-
90.

Massillon D, Barzilai N, Hawkins M, Prus-WertheimP, Rossetti L.
Induction of hepatic glucose-6-phosphatase geneesgipn by lipid
infusion. Diabetes. Jan 1997;46(1):153-7.

Lam TK, Carpentier A, Lewis GF, van de Werve Qytiea IG, Giacca A.

39



52.

53.

54.

55.

Mechanisms of the free fatty acid-induced increiaséepatic glucose
production.Am J Physiol Endocrinol Metab. May 2003;284(5):E863-73.
Massillon D, Arinze 1J, Xu C, Bone F. Regulatiori glucose-6-
phosphatase gene expression in cultured hepatoagtesi4lIE cells by
short-chain fatty acids: role of hepatic nucleatda-4alphaJ Biol Chem.
Oct 17 2003;278(42):40694-701.

Rajas F, Gautier A, Bady I, Montano S, Mithieux Bblyunsaturated
fatty acyl coenzyme A suppress the glucose-6-phatsgh promoter
activity by modulating the DNA binding of hepatoeyhuclear factor 4
alpha.J Biol Chem. May 3 2002;277(18):15736-44.

Yanuka-Kashles O, Cohen H, Trus M, Aran A, BensgnN, Reshef L.
Transcriptional regulation of the phosphoenolpytavaarboxykinase
gene by cooperation between hepatic nuclear fadtmisCell Biol. Nov
1994;14(11):7124-33.

Beale EG, Forest C, Hammer RE. Regulation of ofios
phosphoenolpyruvate carboxykinase gene expresgioradipocytes.
Biochimie. Dec 2003;85(12):1207-11.

40



Abstract (in Korean)
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