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ABSTRACT

BackgroundJ To evaluate the role of free fatty acids on the ischemic myocardium, influences of various free
fatty acids upon transmembrane action potential and ATP-sensitive K" (K srp) channel activity were examined
in the ventricular myocardium and single cardiac myocytes. Methods[] Krp channel activities were mea-
sured in the enzymatically (collagenase) isolated single rat ventricular cardiac myocytes by the method of the
excised inside-out and the cell-attached patch clamp, and transmembrane action potentials were recorded
using the conventional 3M-KCI microelectode techniques in the rat ventricular myocardium. Results[] Free
fatty acids [FFAs[ arachidonic acid (AA), linoleic acid (LA) and lysophosphatidylcholine (LPC)] reduced
the Krp channel activity in a dose-dependent manner in the inside-out patch, and 50%-inhibition concentra-
tions (IC 50) were 88+ 11.2, 49+ 12.5, and 188+ 17.4 UM respectively. Both frequency of channel opening
and the mean open-burst duration were markedly decreased, but the amplitude of single channel currents
were not changed by the FFAs. AA (50 pM) and LPC (50 pM) did not affect the dinitrophenol (DNP, 50
pMM)-induced Karp channel activity, whereas LA (50 uM) had a tendency to reduce the activity. The channel
inhibition effects by 10 UM AA in the inside-out patch were significantly augmented by diclofenac (10 pM),
but was not changed by nordihydroguaiaretic acid. FFAs never stimulated Krp channel activity, even in the
inside-out patch where Kurp channel activity reduced in the presence of internal ATP (100 pM). Time for
90% repolarization (APDy,) significantly increased during superfusion of the FFAs, to 22 (50 UM AA), 24
(50 uM LA), and 18 (50 pM LPC)% from those of the contol at the time of 10 min superfusion, but the
other action potential characteristics were not changed by the FFAs. AA (10 pM) attenuated cromakalim
(10 pM)-induced APDy, shortening effects. Conclusion( It was inferred that FFAs inhibit the Kapp
channel activity directly by themselves and/or indirectly by their metabolites in the rat ventricular cardio-
myocytes, and therefore, duration of action potential lengthens to be a burden over the ischemic myocardium
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accounting for the injury of myocardium at the late stage of ischemia. (KKorean Circulation J 2000;30(12):

1589-1601)
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Fig. 1. Patch clamp configurations used in the present
study in the single rat ventricular cardiac myocytes.
LeftO Excised inside-out patch, RightO Cell-attached
patch.
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Fig. 2. Schematic diagram of the
electrical recording system (con-
ventional 3M-KCI microelectrode
technique) for measuring tfransme-
mbrane action potential in the rat
ventricular fibers.
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Fig. 4. Current-voltage (I-V) relationship of the Kare cha-
nnel activities. Recordings were obtained in the excised
inside-out patch at different clamp potentials ranging
from —100 to O 100 mV (left panel). Current-voltage
relationship curve (right panel) was plotted by the
single channel currents from the left panel.

\/HP-GO mV

1 mM ATP

50 pM Glibenclamide

Fig. 3. Representative recording
of the typical Karr channel activity
in the excised inside-out patch at
—60 mV holding potential. The ch-
annel activity appeared immedio-
tely after making inside-out patch,
and 1 mM ATP almost completely

‘pr

1 min

inhibited the channel activity. The
channel activity reappeared when
the ATP washed out from the bath
solution, and then 50 u M glibenc-
lamide inhibited the channel act-
ivity again.
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Fig. 5. Effects of free fatty acids (FFAs) on the Karr chao-
nnel activities. Recordings are showing that the three
FFAs inhibited the channel activities at —60 mV holding
potential in the excised inside-out patch.
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Fig. 6. Dose-response curves of Karr channel inhibition
by the three free fatty acids in the excised inside-out
patch. AAO arachidonic acid, LAO linoleic acid, LPCO
lysophosphatidylcholine. Each point denotes the mean
of 3—4 experiments and the vertical bar is SEM.

\_/HP -60 mV

50 UM Linoleic acid

10pA
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-~}

Fig. 7. An aspect of channel inhibition by the linoleic
acid (upper trace). Both channel opening frequencies
and the mean open-burst durations were markedly de-
creased as shown by the channel openings at the times
marked A and B at expanded scale. Single channel
current amplitudes, however, were not affected (lower
two fraces).
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Fig. 8. Influence of diclofenac (a cyclooxygenase in-
hibitor) and nordihydroguaiaretic acid (a lipoxygenase
inhibitor) on the Karr channel inhibition effect of arac-
hidonic acid (10 p M) in the excised inside-out patch
at —60 mV holding potential. The inhibitory effect was
augmented significantly in the presence of 10 p M
diclofenac, but was not affected by 10 y M nordihy-
droguaiaretic acid.
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Table 1. Influences of cyclooxygenase (Diclofenac) and
lipoxygenase (NDGA) inhibitor on the Karr channel
activity inhibition by free fatty acids after 10 min after
application in the excised inside-out patch in rat ven-
fricular cardiac myocytes

Treatments
Control  Diclofenac ~ NDGA
aopmMy (d0uMm
AA (10 p M) 071 011 0.35+ 0.09* 0.79+ 0.13
LA (10 p M) 0.55+ 0.14 0.56+ 0.15 0.65+ 0.14
LPC (50 p M) 0.63+x 0.11 0.59+ 0.13  0.68% 0.15

Numerals are mean relative activity to the activiry im-
mediately after making inside-out patch preparation,
+ SEM of 5 to 6 expeiments. NDGAO nordihydroguai-
aretic acid, AAO arachidonic acid, LAO linoleic acid,
LPCO lysophospha-tidylcholine. *0 p<0.05 by Student’s
t-test as compared to the control

HP -60 mV |10pA

1 min

50 pM Arachidonic acid
50 uM Dinitrophenol

50 pM Linoleic acid
50 UM Dinitrophenol

50 UM Lysophosphadylcholine

50 pM Dinitrophenol

Fig. 9. Effect of free fatty acids on the dinitrophenol
(DNP)-induced Karr channel activity in the cell-attach-
ed patch at —60 mV holding potential. Arachidonic
acid or lysophosphatidylcholine added to the bath
solution did not affect the dinitrophenol (DNP)-indu-
ced channel activity, but linoleic acid slightly reduced
the DNP-induced channel activity.
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Fig. 10. Effects of the three free fatty acids (FFAsO AA
arachidonic acid, LA linoleic acid and LPC lysoph-
osphatidyl-choline) on the attenuated Karr channel
activity by internal ATP in the inside-out patch at —60
mV holding potfential. FFAs did not increase the cha-
nnel activity even in the presence of internal ATP.

U dob 0od0 0bod oboo ob boo. b
O 0000 Karp OO OOO OOOO O OO OO
00 00000 excised inside—out patchd OO0
00 ATP 100 yMO OO0OO OO OOO OoOOO
000 OO OODODAA LAO LPCO 50 y MO O
oo 00 0bdo bob oo ooooo. ooo
gooooo ATPOOOO OO0 O0OO OoObO oo
000 00 0O0OD 00000 000 (Fig. 10).

et

Transmembrane E5M9 &8 A

00 Tyrode 0 OO0O0O OOOO OO

00 000000 0000 0000, 0000do o
O (maximum diastolic potentials(] MDP)[] —81+
1.2mV,phase 0 0000 000000 (dV/dt max)
O 241+ 189 V/sec, OOOO 0O (action potential
amplituded APA)O 121+ 2.9 mV, 90% OO0O0O0O
00 0O0o0ooo (action potential duration APDgg)
0 196+ 5.2 msec 000 (Table 20 control).

Arachidonic acid (10 pM)

220 T (b)
’g) 200 A
£ @
2 180 A o- o
E mV
< 160 | @ " 200ms

| (b)
0 T T T T T
0 4 8 12 16 20
Time (min)

Fig. 11. Effect of arachidonic acid on the action pot-
ential duration (APDso) in the ventricular fiber. 10 y M
arachidonic acid lengthened APDgo up to 22% of the
control

Table 2. Effects of various free fatty acids on action potential characteristics at 10 min superfusion in rat ven-

tricular fibers

MDP (mV) dV/dtmax (V/sec) APA (mV) APDso (ms)
Control -81+ 1.2 241+ 18.9 121+ 2.9 196+ 5.2
AA (10 p M) —79+ 2.1 225+ 14.2 119+ 2.0 239+ 5.2%*
LA (10 p M) -78+ 1.5 218+ 13.5 120+ 2.7 243+ 5.7**
LPC (50 p M) —80+ 1.4 232+ 15.2 117+ 4.1 231+ 4.9%

MDPO maximal diastalic potential, dV/dtmaxd maximum upstroke velocity of phase 0 depolarization, APAO
action potential amplitude, APDyol action potential duration at 90% repolarization. AA (arachidonic acid), LA
(linoleic acid), LPC (lysophos-phatidylcholine). Numerals are meant SEM of 5 to 6 experimental results. *O p<0.05,

**0 p<0.01 by Student's t-test as compared to the control.

1596

Korean Circulation J 2000,30(12):1589-1601



(a) (b) (o]
‘ N 20mv
200 ms

Arachidonic acid (10 pM)
Cromakalim (10 pM)

220 A

200 | (a)

180 |

APDg, (msec)

Vol (b)

0 L~ T T T T T
0 4 8 12 16 20
Time (min)

Fig. 12. Influence of arachidonic acid on the action
potential duration duration (APD90) during croma-
kalim (10 p M) application in the venftricular fiber.
Arachidonic acid (10 p M) attenuated the cromaka-
lim-induced APD90-shortening effect.
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000 APDd O0OOOO O OO OO0 arachi—
donic acid(10 p M)J 0O0O0O OOOOO oOOO
00000 (Fg. 12).

a1

ik

ATP-000 0000(Kare 00)D OO O(sp—
ecies)] OO 0000 00O ATPO OO OO ATP/
ADP OO 000 000 O 000 0000 000
00 O 000 000,22 00 0ooooo oo
000000 oDooo®®ooo g ooooo

000 0070 000 000 000 00000, O
0 00 000 oboo obooo ooa DD(KD)D
0% o gooo K” 0o 0o®*®0 ooo o
gob 0b0 OO0 Oobb O O oob ATP OO
0 D000 Kare 000 O0ODO 0DOO K OO
(efflux)d OOO0OO OOO O OO. 000 OO0
0000 OO (ate stage—00 OO0 200 0O0O)
U0 0obob 000 oodob oob oooob, bog
arachidonic acid 00O OO OO0OOO lysophos—
pholipid OO OO0 OO0 OO OO0 OO0O0O O0OO
U 0d0 00 o0 Oob,bb0 0o bob oobo
00 00000 000 ooo oo bobo ooo
0 002" 000 00 0000 00 arachidonic
acidd 00O OO 000 OO0 OO0 OOOo odo
0000 Kare U0 OO0 OOD0O DOODO DO
O 00 Langendorff 000 OO OOOO OOO O
0 00 000 ooboo oobo booob booo o
gob bod. 0ob b0 boobo 0o oboo oo
00 ATP-0O0O0 O0ODOKaAre O00) OOO OO
0 000 patch clamp OO0 0OOOO OO O0OO
00 0bOOoOo Oob boob oo oob boo oo
000000000 ooooo o ooo.

0 0000 000000 00 000 000 excised
inside—out patch 0000, O OO0 ATPO OO
gob 0 000 Dbob obob 1mM ATPO O
000 0Oo0 oobooo ATPO OOO0O OO O
00 0000 Karp OO OOOO glibenclamidel
gob 00D D000 D00 00 Kare OO OO
oo o 0o ooo. oo oo-00 oo oo ooo
000 OO 00O 000 slope conductanced O 62
pSUO OO OO0OOO OO ObOO boob go o
0 conductance®®*® 00D OO0 OOOO0 OO O
0 0odod 0o 00O oob oo oboo ooo o
aoo.

Excised inside—out patch 0000 0000 Karp
00 000 arachidonic acidD OO0 O OO O
Ud ooob 000 OO0 obboo oobob bo
Langendorff 0000 arachidonic acidd O00O0O0O
JUdd odddd 0 0dd Kare U0 oo
glibenclamideD 000 0O0OOD 00 00 O
000 OO0 OO0 000 whole—cell OOOO
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ATP—free pipettedl 00 OOOO0O0O OO (dialyzing)
00 OO0 Kare OO OOO arachidonic acidd O
00 00000 000 0000, 00 0000
Kare 00 OO0 OO OO0 OOO OO OO OO
OO0 OO0 OO Ooooo ooo oooo. oo
Cell—attached patch OOO0O0O OOO ATP OOO
00 OO0 0000 Kare OO0 OO0 ODOOO O
O0. 000 Karp OO OO0 OOOO OO0 bath
00 00000 dinitropheno®®0 0000 Kare
00 000 000 0000 o0oooo oooo
OO linoleic acidd O0O0O0O0 Kare OO OOO O
0O 000 000 Oooo. ooo oo ooo ar—
achidonic acid 00O lysophosphatidylcholinedl Kate
00 00 00 000 0ooo ooooo ooo o
0O 000 ODOOO 000 oooo oo ggod.
000 O 0000 linoleic acidD OO0 OO 0OOO
00 OO0 dinitrophenol—induced Karp OO OO0
0000 OO0 linoleic acidd 0000 OOOO OO
0000 0OD0O0O0O 0000 000 OO0 00O oo
00 000 0000 00 0000 00D oooo
000 OO0 OO0 00O oooo.o oo ooo
000 OO0 0000 000 000 oooo ooo
0O 000 0000, 0000 00 000ooo oo
00 OO0 OO0 collagenase OO0 OO0 OO
0 0000 0000 oooo oo o o oo.

000 arachidonic acid(10 p M)O 00O Kare O
0O OO OO OO0 cyclooxygenase OO OO dic—
lofenac OOO0O0O0 OOOOO lipoxygenase 00O
00 nordihydroguaiaretic acid 00O OO0O0O OO
0O 00 OO0 00 00,0 000 0ooooo oo
0O 000 0000 ooooo, 0000 odd ar—
achidonic acidd OO0 lipoxygenase pathway(l O
O leukotriened OO0 OO0O0OD0O OOOO O O0ODO
00 Karp 00 OO0 OO O ODOOOODO DOO
0O 0o0o.

Arachidonic aciddl OO0 OO OO0O0 Kare O
0 00 00 000 00000 oo oooo ooo
000 OO0 DOOO0(second messengen)d 00O
00 0000 000 000 ooo oooo o oo
0O 000000 0O 00 00,00 Oooo ooo
eicosanoidl O OO0O0O arachidonic acid 00 OO
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U000 Kare OO OO OO OO0 O0O OQ0O O
00 0odo oo oboboo oo boooo oo
gobd boob oo O boobo b oboo.
ordway 00 00 0O00 KOO 00 OO0 O
000 O000 OO0 OO0 000 0 00, Kimd
Clapham”)D arachidonic acidd OOOO0O pros—
taglandind 00O OO OO0 OO0 OOOOOOO
K’ 00 000 O0ODO0OD OO0 0O 00.0 O
00 00O DDOO0O0O DOOO00 prostaglandind O
OO0 cAMP, IP; OO DAG OO OO0OO OO0 O
U0 0obdo 0odb b0 oobob ob oo oo
000 000 0O 0O

Excised inside—out patch 00000 0000 (in—
ternal solution)l ATPO OO O0O. O0O0O patch
U000 Kare OO 0O0OO OO0 OO OOO O
gob 00 0odb boob b0 b0 oob booo
0 000 00 00O Ooob bboo oo goo. o
U0 0O 00000 00 DbO00 Kare OO OOO
0000 O OO0 0000 0000 0Od excised
inside—out patch 000 OO OO0 OOO O0OO
0 0 0oood 100 yMO ATPO OOOO OO
000 oobooo ooo oo oooo oooo o
ugob bd0o 00 bOo0 0obo oo gb bod.
00 000 00 OO000 Kare OO OOO OOO
00 DOO0. 000 Xiaopingd Lee®™®0 0O 0OOO
0 000 000 whole—cell 0000 OOOOO 1
mM ATP pipetteDl 00 OOOO arachidonic acid
bathODO 0000 Karpe OO OO0 OOOCOO OO
000 OO0 0000 OO OO0 OOoobOg Kare OO
gob boob b0 00 00bo oob oo oo
0 000 inside—out OO0 O OO0 OOOO O
U db0bo0o0 0D oo.on oo oboo
transmembrane OO0O0 OO O O00OO0O 90% O
000000 OOd@APDy)O 0000 OO0 OO O0d
00 00000 00ooo oo ooog oo. Cell—
attached patchd 0 arachidonic acidl] lysophosp—
hatidylcholined Karp 00 OO0 OO0 OO0 O
0 000 000 OO0 0000 Kae OOO OOO
U o0 0obo ooboob bobo oo od.
000 linoleic acidd cell—attached patchd O Katp
00 000 OoobbO ooo ooo, Karp Od
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openerl] cromakalimd OO 0OOO0O OO OO O
00 arachidonic acidd OOO OO0 OO, OO0 O
000 U0 0O0O0ODO 0D 00 000 00 Kare O
00 000D oooo oooog god.

00000 00 0000 00 000 0000 Kare
00 000 0000 0000 OO0 oooooo
0O 000000 OO0 0000 000 ooooo o
00 000 000 0000 oo oooo ooo o
000 000 0000 0 ooo oood.

(@] (o]
I =

A :

Arachidonic acidd 0000 00O O0O0O0O O0OO
0000 00 Oo0OO0 0o0 ooooo oooo o
000 00000 o000 OO0 oooo oo go
0000 0000 000 OD0ooo.0do oo o
00 00 0O OOooo oo ooo goo go
ATP-0OUO0O OO OO0 OO0 OO0 ODOooo o
00 Langendorff OO0 OO OOOO OO0 OO
00 000 0000 000 Ooooo oooo oo
0000. 00 O 00000 00 Ooooo oo o
00 0000 ATP-0O0OO O0O0O0O0M®are O0O) O
00 000 000 patch clamp O transmembrane
0000 OO0 OO0 CooO00o ooooo oogo
000000 00 000 OO0 oo o O oo
0000 ooooo ooo.

Y H:

Kare OO OO0 OO (collagenase) 00000 O
00 OO0 OO0 0000000 excised inside—out
O cell-attached patch clamp OOO0O O0O0OO0O,
transmembrane OO0O0O0 OO0 OO0 OOOO
0000 3M—KCl OO0OO0Ooooo ooooo.

2

Arachidonic acid(AA), linoleic acid(LA) O ly—
sophosphatidylcholine(LPC) excised inside—out
patchd Karp OO OO0 OO OOOOO OOOO
00 OO0 000 50% 0000 O00(Cs)0 AAO
88+ 11.2, LAO 49+ 125 000 LPCO 188+ 174
pMOOO.OOO0OO 000 OO0 oooo ooo
000 OO0 U000 000 U0Obo oooooo o

000 000 000 ooo goo. AAGO pMOo
LPC(50 p M)O cell-attached patchCl bathC0O O
00 0OOO0d dinitrophenol(50 y MO OO0 O
000 00 000 OO0 Oooo oooo LAGO
pyM)IO OO0 000 0000 OO0 Oooo.10uM
AAO excised inside—out patchd Karp OO OO
00 000 cyclooxygenae 0000 diclofenac(10
pMO O000 0000 OOOO0OO lipoxygenase
0000 nordihydroguaiaretic acid(10 p M)O 00O
OO0 000 00O 0oo. AAGO p M), LAGGO p M)
O LPC(50 y M)O excised inside—out patch O
0000 100 p M ATPO 0000 Kare OO OO
0 000 O0OQoo OO 000 ooooo ooo.
00 OO0 000 100 0OoOoO oooo ooo
APD 90O O0OOO OOO,10pu MO AADO LADO
00 50 yMO LPC OO0 OO 22%, 24% O 18%
Ogoooo. 10 y MO AAO cromakalim(10 y MO
00 APDO0 OO OO0 OOOOO.

3 E:

000 00O O0OO0O0b0 00 Ooopo oo oo o
0O 00000 000 Kare OO ODO0O OOQDDO O
000 OO0 ooooo, 00 OO oo oooo
000 00 000 000 000 ocopooo oo o
00 0000 000 oboooo.

ZM o000 0DO- DOOO- ATP-OOO0 O
00o- 00 000.

0 000 0000000 oo0ooO ooooooo@o
098-30)0 199800 OOOOO ODOOOOO OOO
ooo ooooo.
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