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- Abstract -

Background: Studies for the regulation of fatty acid metabolissn are deficient relatively in
skeletal muscle and heart. The investigations in pathological conditions for malonyl-CoA
decarboxylase (MCD) and for the relation of MCD and PPAR-a - -y agonists are insufficient
in particular.

Methods: In the current study, fully differentiated H9c2 muscle cells were exposed to
pathological conditions such as hyperlipidemic (0.1 mM Palmitate) and hyperglycemic
(16.5 mM Glucose) condition with 5 uM PPAR-y agonist (rosiglitazone) and 10 uM PPAR-a
agonist (WY14,643) and then experiments such as MCD activity assay, MCD real-time
RT-PCR, MCD reporter gene assay, MCD Western blotting, PPAR-a Western blotting, and
palmitate oxidation test were carried out.

Results: Only PPAR-a agonist increased MCD activity. In the result of real-fime RT-PCR, both
PPAR-a and PPAR-y agonists elevated MCD mRNA expression in hyperlipidemic condition.
MCD protein expression was decreased in hyperlipidemic condition, however, increased in
rosiglitazone, or WY 14,643 freated conditions. Rosiglitazone, and WY 14,643 treated groups
showed incresed MCD protein expression in hyperglycemic condition.

Hyperlipidemic control group and PPAR-a - -y agonists treated groups presented about 3.8
times more increased palmitate oxidation level than normolipidemic control group in
hyperlipidemic condition.

PPAR-a agonist freated group showed 49% more increased palmitate oxidation rate than
hyperlipidemic control group in primary cultured rat skeletal muscle cells. The amount of
palmitate oxidation from differentiated H9c2 muscle cells that had overexpressed PPAR-a
sfructural genes was more increased than control group.
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Conclusion: This stfudy suggests that PPAR-a agonist ameliorates the defects induced by
hyperlipidemic condition through the regulation of MCD.

In summary, a closely reciprocal relation among PPAR-a agonist, MCD, and fafty acid
oxidation existed distinctly in hyperlipidemic condition, but not in hyperglycemic condition.

(J Kor Diabetes Assoc 30:324~335, 2006)

Key Words: Fatty acid oxidation, Hyperglycemic, Hyperlipidemic, H9c2 cell, Malonyl-CoA
decarboxylase (MCD), PPAR-a agonist, PPAR-y agonist, Rosiglitazone, Skeletal muscle cell,
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carnitine palmitoyltransferase I (CPT 1)& <JAgho 24
Az AMAE ABLE dojemg)s 24 28-S 3. malonyl
-CoA FE+ o]& FAISl= acetyl-CoA carboxylaseol] 2]
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8419l PPAR (peroxisome proliferator-activated receptor)

Eo] Pofsl=tll'” rosiglitazone 52| PPAR-y agonist5-
4L, A =24, 2 59 34 A7l insulin
-dependent glucose uptakeE ZZA|Z]= insulin sensitizer
24 Aol A AESE T Aw vl g o] o4l
ol Q17 AEEZ BHA7RE 7155 ek, S GLUT 4
of upala} A Floel o EE ZuMA Andew ol
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A R FAN0ZA AR RS Zofele] AT
23} hypolipidemic &S VERAICP?.

#= MCD promoter regions A7g Agol| up=m
upstream % -55~-325 $-9]oll PPARs binding sites& ¥3}
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w2 ol 2l7] MCD mRNA ko] Zhasigich w
3 A 4213 A2 A ol MCD BAL 7kl
otk

B ol A= &5 AIEE ANEE 3lo] pathophysiological
condition < hyperlipidemic condition¥} hyperglycemic
conditionoll4 A|ZEFol FAoll rosiglitazoned} WY 14,643
52| PPAR agonistga *2lsle] MCD 24, mRNA &
H, protein v =90 wglE enzyme activity assay, real
time RT-PCR, Western blotting 5] A&& E3l] Lol
g A gl nxed z7ie] WA Aol MCD7}
AL oAb 2ol oAl Agsk=rlE ATl
PPAR-a Thd whlsk 42 siqle) o]ef 2+ MCDell
o3k 2R Aok Al A4 AR A1 (palmitate
oxidation test)= <F3¥3led MCD2] A it =4 75
= sk 53 PPAR-a T2 AARE B 25 Al
Fo transfections}o] o] F 3 Wk A7) F AL A2k A
43} PPAR-a Wl hleke Zgelo] At Alslol] v
= PPAR-a9| -5 oLz dokHgir)
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1. XE

H9c2 &5 AT+ 3= AlEF 238elld] Fdslisict
(A=, o=,

ATy AkES ADYFTE (AL T
GIBCO (Carlsbad, California, USA)ollA F-43ic} HEAA]
BRIEES et e AAEEvE g
American Radiolabled chemicals, Inc. (St Louis, MO,
USA), PerkinElmer Life Sciences, Inc (Boston, MA,
USA). ABI Prism 7700 Sequence Detection System}
TagMan EZ RT-PCR Core Reagents<> Applied
Biosystems (Foster City, CA, USA)ollA FJAct rat
MCD/Luc reporter gene (+1~-325)2 Z-64F 3 A4l
(CAINs,  Ag, iR ERE Fo] Wgktk rat
PPAR-a 727 h&E 51 A4 (AT ez, A
<, gl 2 HE] 3o Qo) reporter gene assay©l] 2=
o= luciferase assay system<= Promega (Medison, WI,
USA)olA] 433l O-nitrophenyl 3D-galactopyranoside
(ONPG)+= SIGMA-ALDRICH (St. Louis, MO, USA)°l|A]
THHt AL ot A2 AEESE YRk
guinea pig polyclonal anti-MCD (PEPTRON, Inc., Seoul,
Korea), goat polyclonal anti-PPAR-a (Santa Cruz
Biotechnology, Inc., California, USA), goat polyclonal
anti-cyclophilin B (Santa Cruz Biotechnology, Inc.,

California, USA). chemiluminesence Western blot

detection kit~ Amersham Pharmacia Biotech (Little
Chalfont , England) 23] T3k

2. H9c2 2= MEZFQ| Hi2n} XX

6 well 32 12 well vliek HAoll AZE EF3l 5
10% fetal bovine serum (FBS) ¥+ ®lA] (DMEM-F12,
55 mM E5% 559 DMEM AZET viA) 24 80%
A% confluencedld wi7kA] A}2bA| 3t 7 1% FBS ¥ £
3} A E wiA 5 Zobrar 49 B3 myotube HEIE F35}
= A7k 49 Bt 23 F 294 w iR E vh A
FESAM (0.1 mM palmitate) 2 TEETEY (16.5
mM glucose) FEIE WHE01FaL FAo]] rosiglitazone (5 1
M) I} WY14,643 (10 iM)S Helghc}

3. HepG2 ZH MIZEZQ| H{R} AX|

6 well 3212 well #ljF Aol AIEE 7 5 10%
FBS 33 wiA] (DMEM-F12)24] 80% A% confluencedl]
2 iR ApA gk F AlES] S 7S sh7] Sl8l
1% FBS 3t viAZ Zo} & by, 29 53 A% (0.1
mM palmitate) FEHE 5ol FAlol rosiglitazone (5
M) Z+ WY14,643 (10 uM)S X 2lgkch

H

4. 7 ZAZ M

Hl

HHQFRt XX

Blau®} Webster™ Bl Sarabia S°Y9] S 2-23)0]
F AT ks ARl A F 4T 24 15 nL
DMEM/F-12 mediacl] Woi 222 ZA A7l v A
2014 25 mL 0.05% trypsin/EDTAIA] 3087+ 3ol 2
H AES gelel el Bk me AEE 4ol 2
Fhke), 229 AERS 1200 rpmolld] 4% F<E U4
S ¥ AFUE vl de AEE BAT g
(DMEM/F-12 with 10% FBS, 1% Antibiotics)= %] =
HG A7k 29k AlZEHE 100 mm vk FHAol] Yo
95% Os/ 5% CO, incubatorol] o] ul|oFA]7Ic), uljokele
2Yo]] gH HlFo] S0 70~80% confluence”} ©]Fo A=
uffel] Agdol] o] g3kt 3k Bl A= H9e2 &5 AT
o] uhEcl.

Mo

5. MCD &4 &M =X

6 well #iF HAJeNA 49 F<F E3AP7IAL 1 7 29 &
QF X X]gt AEES 0.5 mL MCD 3 2288 (pH 7.4
HEPES buffer containing protease inhibitors: 0.575 mM
PMSF, 0.002 mg/mL leupeptin, 0.001 mg/mL pepstatin A,
0.002 mg/mL aprotinin, 1 mM EDTA, 10 yM DTT)< 4
3 7%} g gellE gk F 13,000 rpmollA] 5E EQF YAE
215 slo] 1 ASHE dadlow A3tk MCD E4
B4 S4E Mo, EAYRE oLkt vzt 2t 4
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Table 1. Primer and Probe Sequences Used for Real Time RT-PCR

Gene Primer/Probe Sequence
MCD Forward 5’-CGGCACCTTCCTCATAAAGC-3’

Reverse 5’-GGGTATAGGTGACAGGCTGGA-3’

Probe 5’-FAM-AGTGGTCAAGGAGCTGCAGAAGGAGTTT-TAMRA-3’
Cyclophilin Forward 5’-CTGATGGCGAGCCCTTG-3’

Reverse 5’-TCTGCTGTCTTTGGAACTTTGTC-3’

Probe 5’-FAM-CGCGTCTGCTTCGAGCTGTTTGCA-TAMRA-3’

22k (20~30 1g)°] FAME | mM pHS.0 Tris-HCI, 0.02
mM DTE, 0.018 mM malonyl-CoA[(hot:cold=1:3) 0.0375
1Ci], ST o= Tt Hhe Eetelell Hrfelo] HE F-
317} 150 uL7} =A] ghek 1417 304 &1t vk A7 F
10% perchloric acid 25 ULE 7lsto] W3-8 FAA7 o
S 4 FollA 208 Feb Wjelo] CO7} e 2

2 ) 14c02-‘—‘;:—’— EABE FolE  viald =7)a

scintillation solutiong 3L countings ¥Hc}.
6. MCD mRNA szl =3

MCD mRNA W2s Z74gs7] 913l AE5s 7 AA
T 3704 100 mm FHAlell 25, 3k, 2E|a X3 F
mRNA 5% A]9FQ] TriZole 1 mL4 il wiirdel] wheh
mRNA & FE3Icl. MCD mRNA H&laF 2742 real time
RT-PCR (ABI Prism 7700 Sequence Detection System)
WS Agsl=tll TagMan EZ RT-PCR Core Reagents
= AR&ste] iRt 50 L Wk E9kEe] S vkt
7t

100 ng total RNA, TagMan EZ buffer, 3 mM Mn
(OAc), 300 pM dATP, 300 utM dCTP, 300 yM dGTP,
600 yM dUTP, 200 nM MCD forward and reverse

primers (or 200 nM Cyclophilin forward and reverse
primers), 100 nM MCD Probe (or 100 nM cyclophilin
Probe), 0.1 U/L tTth DNA Polymerase, and 0.01 U/L
AmpErase.

one-step real time RT-PCRQ| 2712 t}-&3} 7t}

2 min at 50°C (initial step), 30 min at 60°C (RT step),
5 min at 95C (deactivation step), 40 thermal cycles of 20
seconds at 94C (melting) and 1 min at 62°C (annealing

and extend)
7. 8K} 0|2 (Transfection)

7} 6 well ek Aol A|ZE- 80% A= confluences|A|
AP @ vk
h (1) 8 well & 100 pL ¥l (F- €A) + 3 1L

Lipofectamine

(2) 3 well & 100 uL wiA] (- &) + 1 1g
plasma DNA + 2 L Plus reagent, ()3 )&
24zt m2A 42 F A2elA 53 E]E vwiek

tt (DT F 2 the 304 BRF 2ol uiek
2k A (- ) 800 ULE 7+ wellell WolErh

vl Z} wellol] transfection complex& %)

ul 37°CellA] 3A17F E1F ulek

AL Lipid/DNAZ A7)

o 7z} wells PBSE Holra dA45 I3} vl S ©

< oy A9 ik
8. Reporter gene assay

7}. Luciferase assay reagent <o)

Luciferase assay substrateS B~ -27]ol| assay buffers
713kt

v Al sl £

29 b wAME wExERY g3 FAlol] PPAR-y@}f
PPAR-a agonistE *|2Ist ¥ MCD promoter gene
construct®- transfectionA]Z] vljokel A|Eol|A] wlokelSs- A
713t 5| phosphate buffered saline (PBS) 2.2 Aol tha
wjok HAlQ] 7 welloll 1 x lysis bufferS Yal shf 3
12000 goll ] BAIRREE s Al 2kt

tl LuminometerS ARg3lo] 24

Luminometer tubeol] 20 pL2] A|3E s}afjelS- ¥Wl51 100
uL®] substrate S A7Fsle] ZA gt

= [Bgalactosidase assay

96 well plateol] AE Z}afo} 50 L& Y3 2 x buffer
50 L& F71sE ¥ A& 43 &oie] o] ot mRke
| uf7kA] 37°CellA] 304 &3 HESAIZ] Thg 1 M sodium
carbonate 150 pLE H7}slo] HE2-S Z2)A)7]1 £ 420 nm
Sl FAES 2t

9. CHHZI HISIZF =M (Western blot analysis)

A7} 80% A X confluencedtA] A= 100 mm wHek A
Alol] whalEl ZE2ol 200 uLE Y3 = ¥ 50 B3t
voltexing & slo] AEZ shifigh 5 208 53t ds} 20C
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15,000 pmellA] 108 E9F AR

H 2lslo] 22 =] Breadford HHH O b
miAERS 243 £] SDS-PAGEE A8t} AH7]ed%o
L1 vlE nitrocellulose membraneol] 1A]7F 305 E<F
transfer& 3+ ¥ 5% (w/v) fat-free milk powder / TBS-TZ
2 overnight blocking% AA)3) blocking 2% TBS-TEH
1084 39 Aol o ohg 2% (w/v) fat- free BSA /
TBS-Toll 3]4AZ] anti-MCD 3= PPAR-a polyclonal
primary antibody & 24|17} <t X2lgcl. TBS-TEZ4 10%
2 3 Aol 5 5% (w/v) fat-free milk powder /| TBS-T
o] 3]AA71 HRP-conjugated secondary antibody & A7+
ol xg]3l & TBS-TZX 1054 33, TBSE 105 E<t

—_

e

=

13 Aol 5] ECL western blotting detection reagent5-<
Aelelol WS A7) 5| AE Helgt iz G
A cyclophiling AR&s}ic)

(9]

10. X|HHAF Aksl2F £X (Palmitate oxidation)

e

Palmitate oxidation 2% Rognstad®] W™ w3t}

. g

MCD Activitg
(pM/min/ug

Ctrl 165Gk Rosi WY
[Hyperglycemia]

Fig. 1. The alteration of MCD activities in hyperglycemic (A) and hyperlipidemic

o Agel} &, 12 well vloFgAloA] AIEE serum-free
media 490 pLE P wieksl=d, 10 Lo 713N
([9,10-3H] palmitic acid, 0.2 uCi, final concentration = 5
umol/L)& Z7kste] 3A17F B3k 37C 95% O, : 5% CO,
incubatorel}4] wiFgck wiek % wieked 100 pLE ion
feetio] 2
3] Wizt Foll S/ 0.75 mLE - Holl 2% Yol Frk
o]ul] non-oxidized palmitate (charged state)<= resinol|] 732
columntol] HF-2A] =31, oxidized palmitate= A5
columng EFsto] & (HOH)9| 2 olel2 E2] vial
of RolAth *HO| radioactivityS liquid scintillation

spectrophotometer ©]8slo] ZAgkc]

-exchange resin®| €] )= columnol] Y31

11. SAHEN 24

T A T Aol FAEH R ou| 9lE Xo] o=
Student’s t-testS AF&slo] AASIG L P < 0.05LW] 2]
I o= dllor BE AY Aze HTg) + EF

222 et

MCD Activit{
(pM/min/ug

Ctrl 0.1 Pal Rosi wy
[Hyperlipidemia]

(B) conditions. Fully differentiated myotubes were treated with 5 uM rosiglitazone
and 10 uM WY14,643 in hyperglycemic condition and in hyperlipidemic condition.

Only WY-14,643 increased MCD enzyme activity in hyperglycemic and

hyperlipidemic conditions.
* P < 005

(=]
T

MCD mRNA
(Relative Expression)
o
154

Ctrl 16.5GIc Rosi wy
[Hyperglycemia]

B

10
s

- *

o
Z

05+
=
g
(1

0.0-

Ctrl 0.1Pal Rosi WY
[Hyperlipidermial

Fig. 2. The alteration of MCD mRNA expressions in hyperglycemic (A) and
hyperlipidemic (B) conditions. The elevation of MCD mRNA expression by PPAR
agonists was observed in hyperlipidemic condition, however, not in hyperglycemic

condition.
* P <005
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1. MCD &4 &AM

H9c2 o5 A|ZE- uioFg Aol 80%7HA AFelAl & 3 A}
A (4 10% FellAl E3kE- i (BH 1% 3D
2 ulggo] 49 F]F B3Ik B3} F w2 F
Qb e B A HeElE sFaL Aol PPAR-yot
PPAR-a agonistE X 2]8l| =t} wljoko] vt H nilR]E A
78kaL phosphate buffered saline (PBS)S AR&3lo] A5
AE the Tl Felislo] MCD &4 84 248 9
g B FENS Azl

“Co, TS Agslo] MCD 34 #4E 4%
733} PPAR-a agonistq] WY-14,6437F0] 124} RA=
2 Aelolld] AslE MCD &4 I4S Z7HACE e
PPAR-y agonist@! rosiglitazone-> IAM}F 8] IE5d F

2ZellA] MCD 4= 848 S7HI7IA Feislet (Fig. 1).

NL o
F

2. MCD mRNA gsizk

Real time RT-PCR A% W& o]8slo] MCD mRNA
o

=4
WS AR Ay axsd 27k B e

15000000 4 * =3 pGL-3

s Ctrl
- |5.5Glc
== Rosi
cm WY

ezz Ctrl
cm (.1Pal
=3 Rosi
[——RVia'S

10000000 4

Lucif-Gal

5000000

A [l

[Hyperglycemia] ~ [Hyperlipidemia]

o

Fig. 3. The result of MCD promoter gene assay in hyperglycemic
and hyperlipidemic conditions. The expression rate of MCD
promoter gene was increased by PPAR agonists in hyperlipidemic
condition, however, not in hyperglycemic condition.

* P < 005

Cyclophilin—» & && &8 &8

MCD— — —

Ctrl 16.5Glc Rosi WY
[Hyperglycemia]

EEG IO HIQIOH I8 NIEQ| MWL CHMO) DINK= PPAR- 29f PPAR—  agoniste] 2 —

AFEET N2, 18]3L rosiglitazone B WY 14,643 *|2]
25 Aolol] Slr] QI MCD mRNA ] Aol 9]
Ak Tefu 32 276l A tizte] B ol
Z7He 14 ZAEE A=l rosiglitazone B
WY14,643 A2l& sl -+ ] o[ MCD mRNA & o]
Zstelgich (Fig. 2).

3. MCD reporter gene assay

MCD promoter gene construct (+1~-325)5 HIC2 A=
of] o]YdAIZ] ¥ reporter gene assays & 727} real time
RT-PCR ZA}¢} f-AstAl mAM 24042t PPAR-a2}
PPAR- y agonist5°] MCD promoter gene®| && 715
doZick

5 21X Z7ee 7 ARTE Aol MCD
promoter gene W&lEol Xtol7t giodck e} A =
ZAoA= rosiglitazone B WY14,643 X2|E W AT
o] 1AM} =72} MCD promoter gene go] S}
3133c). MCD real time RT-PCR Ao} 2] 12} o=
To| 238 A4 thxFE} promoter gene & Eo] k7t
Y F7FsIsie (Fig. 3).

-

4. MCD SHHE szt
IEEG 204 MCD i WIS A AT
3} BARACE e gl Aol ggia LEET 270

4] PPAR-y - -a agonistE9] rosiglitazone®} WY-14,6435
Helge 735 il whaske] S7Hch A =710f)4
© A% diz=re] MCD T wkaloke] 42% & A3l=%
al rosiglitazonei'/]- WY-14,6438 A 2|dhS uf] 2ul o4 1k
o] S7VsISIt (Fig. 4).

5. H9c2 28 MIEFS} HepG2 ZHE MEFOIA X|gt
A Abst

Ho2 T8 AERS] 749 mEw 26 7 AT

Cyclophilin—» = & 4

MCD—
Ctrl 0.1Pal Rosi WY
|
[Hyperlipidemia]

Fig. 4. The alteration of MCD protein expressions in hyperglycemic (A) and

hyperlipidemic (B) conditions. MCD protein expression that was decreased in

hyperlipidemic condition was increased by treatments of PPAR agonists. In

hyperglycemic condition PPAR agonists increased MCD protein expression.

* P < 0.05
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E Tl At Astek Kol elgick et A =71
oA A =73} PPAR-q -y agonistE-S A3t -
ol B4 izl vlal] A4t Asleko] <F 3.8u F713
o} e A iz agonistEo XEldt 75 Ao|
of] A4t Abstekel] Xol= Hdich

A 27104 HepG2 7 AIEFS] A4t 443} <

A [H9c2 celll
0.100
(., 0075

0.050

0.025

0.000
Ctrl 165Gl Rosi WY

[Hyper gl yceni al

& [HepG2 cell]

,__l

Gtrl

=

g R HO) 5 AEFS} v AZ wA Tt
PPAR-q, -y agonist5-& Held T5o] 44 vhzol ula
A Astee] Zkisieh aRhl mAN oz
PPAR agonist5-& H2Id T35 Aeloll At Astegel 2}
ol gigieh (Fig. 5)

B [H9c2 cell]

k3
1.00

0.75
5

0.50

0.25

0.00
Cirl 0.1Pal Rosi WY
[Hyperl i pi dem al

01Pal Rosi WYy
[Hyperl i pi demi al

Fig. 5. The effects of PPAR agonists on palmitate oxidations from H9c2 cells (A, B) in
hyperglycemic (A) and hyperlipidemic (B) conditions, and from HepG2 cells (C) in hyperlipidemic
condition. Palmitate oxidation was increased in only hyperlipidemic condition.

The increase of palmitate oxidation from H9c2 cells occurred only in hyperlipidemic condition, but
palmitate oxidation rates among hyperlipidemic control group and PPAR agonists treated groups were
not different. HepG2 cells in hyperlipidemic condition was like to the palmitate oxidation aspect of

HO¢2 cells in same condition.
* P <005

Oxidation Rate
(nmol/mg)

0.25

Ctrl 16.5 Gl Rosi wYy
[Hyperglycemia]

B
*
10.0
° * *
;ua 75
pd X
S
=E
o 25
0.0
Ctrl 0.1Pal  Rosi wy
[Hyperlipidemia]

Fig. 6. The effects of PPAR agonists on palmitate oxidations from primary cultured rat
skeletal muscle cell in hyperglycemic (A) and hyperlipidemic (B) conditions. There was
no differences among experimental groups in hyperglycemic condition. But in
hyperlipidemic condition the palmitate oxidation rates of hyperlipidemic control group
and PPAR-a agonist treated group were more increased than normolipidemic control

group and hyperlipidemic control group respectively, however, the palmitate oxidation
rate of PPAR-y agonist treated group was decreased in comparison with hyperlipidemic

control group.
* P < 0.05
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Fig. 7. The alteration of PPAR-a protein expression
in hyperlipidemic condition

In hyperlipidemic condition, only protein expression
of WY14,643 treated group was increased.

* P < 0.05.
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Fig. 8. The variations of palmitate oxidation (A) and PPAR-a protein
expression (B) rates after PPAR-a structural gene overexpression. PPAR-a

overexpression group showed increased palmitate oxidation rate and PPAR-a

protein expression as comparison with control group.

* P < 0.05.
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