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1 The effects of w-3 polyunsaturated fatty acids on receptor-mediated non-selective cation current (/..
and K™ current were investigated in aortic smooth muscle cells from foetal rat aorta (A7r5 cells). The
whole-cell voltage clamp technique was employed.

2 With a K" -containing solution, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA,
30 uM) produced an outward current at a holding potential of —40 mV. This response was inhibited by
tetracthylammonium (20 mM) or Cs™ in the patch pipette solution, and the reversal potential of the
EPA-induced current followed the K* equilibrium potential in a near Nernstian manner.

3 Under conditions with a Cs™-containing pipette solution, both vasopressin and endothelin-1 (100 nm)
induced a long-lasting inward current at a holding potential of —60 mV. The reversal potential of these
agonist-induced currents was about +0 mV, and was not significantly altered by the replacement of the
extracellular or intracellular Cl1~ concentration, suggesting that the induced current was a cation-selective
current (Z.,)-

4 La*" and Cd*" (1 mM) completely abolished these agonist-induced I.,,, but nifedipine (10 uM) failed
to inhibit it significantly.

5 -3 polyunsaturated fatty acids (3—100 um), EPA, DHA and docosapentaenoic acids (DPA),
inhibited the agonist-induced I, in a concentration-dependent manner. The potency of the inhibitory
effect was EPA>DHA >DPA, and the half maximal inhibitory concentration (ICsy) of EPA was about
7 uM.

6 Arachidonic and linoleic acids (10, 30 uM) showed a smaller inhibitory effect compared to w-3 fatty
acids. Also, oleic and stearic acids (30 uM) did not show a significant inhibitory effect on I,,.

7 A similar inhibitory action of EPA was observed when I, was activated by intracellularly applied
GTPyS in the absence of agonists, suggesting that the site of action of w-3 fatty acids is not located on
the receptor.

8 These results demonstrate that w-3 polyunsaturated fatty acids can activate a K™ current and also
effectively inhibit receptor-mediated non-selective cation currents in rat A7r5 vascular smooth muscle
cells. Thus, the data suggest that w-3 fatty acids may play an important role in the regulation of vascular

tone.
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Introduction

w-3 polyunsaturated fatty acids, such as eicosapentaenoic
(EPA, C20:5 (w-3) and docosahexaenoic (DHA, C22:6 (w-3))
acid, which are the major components among the fatty acids
contained in fish oil, have attracted much attention due to their
biological activities. Dietary supplementation with fish oil re-
duces the incidence of coronary heart disease, and athero-
sclerosis (Bang & Dyerberg, 1972; Dyerberg et al., 1978;
Kromann & Green, 1980; Kromhout ez al., 1985) and also
exerts antihypertensive effects (Puska et al., 1983; Hui et al.,
1989; Knapp & FitzGerald, 199; Bonaa et al., 1990). Several
mechanisms have been described to explain the anti-
hypertensive effects of w-3 fatty acids. Diets enriched in fish
oils facilitate endothelium-dependent relaxations and reduce
endothelium-dependent contractions in normal, athero-
sclerotic and hypercholesterolaemic arteries (Harris-Hooker et
al., 1983; Shimokawa & Vanhoutte, 1988), and shift the bal-
ance of constrictor/dilatator prostaglandins to favour vasodi-
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latation (Brox et al., 1981). An endothelium-independent
vasorelaxant action of these fatty acids has also been shown
(Juan et al., 1987; Engler et al., 1990; Engler, 1992a, b, ¢). w-3
fatty acids, EPA or DHA, per se inhibited the contraction of
rat aortic rings induced by agonists such as a-adrenoceptor
agonists and angiotensin II (Juan et al., 1987; Engler et al.,
1990; Engler, 1992a,b,c). Also, a diet rich in EPA can decrease
systemic vascular reactivity to noradrenaline and lower sys-
temic blood pressure in man (Lorenz et al., 1983). However,
the precise mechanism of the hypotensive action of the w-3
fatty acids remains to be clarified.

Polyunsaturated fatty acids are major components of
phospholipids, the fundamental structure unit of biological
membranes and play a key role in membrane function (Merrill
& Schroeder, 1993). Dietary fats can modulate the composi-
tion of the fatty acid moiety of the membrane phospholipids in
tissues and may influence the activity of membrane-bound
proteins, such as enzymes and ion channels. Unsaturated free
fatty acids such as arachidonic acid and polyunsaturated fatty
acids, have been shown to activate K* channels in toad gastric
smooth muscle cells (Ordway et al., 1989, 1991), rabbit pul-
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monary artery (Kirber et al., 1992), aortic smooth muscle cells
(Bregestovski et al., 1989) and canine coronary arterial cells
(Xu & Lee, 1996). In vascular smooth muscle cells, hormones
such as vasopressin, angiotensin IT and endothelin induce Ca**
release from internal stores and Ca®* influx through receptor-
operated Ca®" channels and Ca?" influx through the voltage-
dependent Ca?* channels. The receptor-activated Ca** entry is
mediated partly by Ca®'-permeable non-selective cation
channels which are resistant to calcium antagonists, such as
nifedipine (Benham & Tsien, 1987; Byrne & Large, 1988, Van
Renterghem et al., 1988; Amedee et al., 1990; Wang & Large,
1991; Chen & Wagoner, 1991; Loirand et al., 1991; Inoue &
Kuriyama, 1993; Van Renterghem & Lazdunski, 1994;
Krautwurst et al., 1994; Nakajima et al., 1996). In addition,
activation of these channels depolarizes the membrane, which
may increase the probability of opening voltage-dependent L-
type Ca>" channels, and hence produce Ca®* influx. Thus,
Ca’>"-permeable non-selective cation channels are thought to
play an important role in regulating vascular tone. Therefore,
to clarify the mechanisms underlying the vasorelaxant effect of
the w-3 fatty acids, we examined their effects on receptor-
mediated Ca®>*-permeable non-selective cation channels as well
as K" currents. Here we provide novel evidence that w-3
polyunsaturated fatty acids effectively inhibit the receptor-
mediated Ca*>* permeable non-selective cation current (I, in
rat A7r5 aortic smooth muscle cells.

Cell preparation

A7r5 cells (ATCC-7), an established vascular smooth muscle
cell line obtained from embryonic rat aorta (Kimes & Brandt,
1976; Ng et al., 1994), were purchased from the American Type
Culture Collection through Dainippon Seiyaku (Kyoto, Ja-
pan). Cells were grown in Dulbecco’s modified Eagle’s Med-
ium (DMEM, Nissui Seiyaku, Tokyo, Japan) supplemented
with 10% foetal bovine serum (M.A. Bioproducts, Walkers-
ville, MD), 50 units ml~" penicillin and 50 ug ml~' strepto-
mycin at 35°C in a fully humidified atmosphere of 5% CO, in
air. Cells subcultured to passage number 10—30 were grown as
monolayers on glass slides, and confluent cell layers were ser-
um-derived by culturing in DMEM containing 0.3% bovine
serum albumin for 24 h. Cells were isolated by an enzymatic
procedure with trypsin, and used for later experiments. All
experiments were performed at 35—37°C.

Solutions and drugs

The composition of the control (Tyrode) extracellular solution
was as follows (in mM): NaCl 136.5, KCl 5.4, CaCl, 1.8, MgCl,
0.53, glucose 5.5 and HEPES-NaOH buffer 5.5. (pH 7.4).
When the external concentration of K* ([K],) was changed,
NaCl was replaced with equimolar KCl. Low external Cl~
[C17], solution was made by replacing NaCl (136.6 mM) into
Na aspartate (136.5 mM). Low external [Na "], solution con-
tained (in mMm): TrisCl 136.5, KCl1 5.4, CaCl, 1.8, MgCl, 0.53,
glucose 5.5 and HEPES-NaOH buffer 5.5 (pH 7.2). The Ca**
bathing-solution contained (in mMm): CaCl, 85, MgCl, 0.53,
glucose 5.5 and HEPES 5, adjusted to pH 7.4 with Ca(OH),.
The K -internal solution was as follows (in mm): KCI 130,
EGTA 0.05, MgCl, 2, Na,ATP 3, guanosine-5'-triphosphate
(GTP, sodium salt) 1, and HEPES-KOH buffer 5 (pH 7.2). To
block K* currents, the patch pipette contained the Cs™-in-
ternal solution (in mM): CsCl 140, EGTA 0.15, MgCl, 2,
Ma,ATP 3, GTP 1, and HEPES-CsOH buffer 5 (pH 7.2). Low
internal [CI~]; solution contained (in mM): Cs aspartate 120,
CsCl 20, EGTA 0.15, MgCl, 2, Na,ATP 3, GTP 1 and
HEPES-CsOH buffer 5 (pH 7.2). In some experiments, gua-
nosine-5-0-(3-thiotriphosphate) (GTPyS, Boehringer and
Mannhein, Germany) was added to the internal solution in-
stead of GTP. [Arg®]-vasopressin and endothelin-1 were ob-
tained from Sigma Chemical Co. (St Louis, MO). Cis-
5,8,11,14,17-eicosapentaenoic acid (EPA, Na salt and free
acid), cis-4,7,10,13,16,19-docosahexaenoic acid (DHA, free

acid), cis-7,10,13,16,19-docosapentaenoic acid (DPA, free
acid), arachidonic acid (Na salt), oleic acid, stearic acid and
linoleic acid (free acid) were purchased from Sigma Chemical
Co. To prepare the salt of DHA or DPA (Na salt, 30 mM), 3 M
NaOH was added to 3 M DHA or DPA (free acid). w-3 fatty
acids (EPA, DHA, DPA) (Na salt) and arachidonic acid (Na
salt) were dissolved in the control bathing solution and were
freshly made before use. Eicosapentaenoic acid (EPA, free
acid) and the other fatty acids (free acid) were dissolved in
ethanol at a concentration of 10 mM and stored under a ni-
trogen atmosphere at —20°C. The experimental concentration
of fatty acids was obtained by diluting the stock solution. In-
domethacin and nordihydroguaiaretic acid (NDGA) were also
purchased from Sigma Chemical Co. and were dissolved in
ethanol at a concentration of 10 mM.

Recording technique and data analysis

Membrane currents were recorded with glass pipettes by use of
the whole-cell clamp configuration (Hamill er al., 1981; Na-
kajima et al., 1989), with a patch-clamp amplifier (EPC-7, List
Electronics, Darmstadt, Germany). Heat-polished patch pip-
ettes, filled with the artificial internal solution (for composi-
tion, see above), had a tip resistance of 2—4 MQ. Membrane
currents were monitored with a high-gain storage oscilloscope
(COS 5020-ST, Kikusui Electronics, Tokyo). Capacitance
currents were cancelled, by use of the automatic capacitance
compensation. At the start of each experiment, the series re-
sistance was compensated. The data were stored on video tapes
by a PCM converter system (RP-880, NF electronic circuit
design, Tokyo). Later, the data were reproduced, low-passed
filtered at 2 kHz (—3 dB) with a Bessel filter (FV-665, NF,
48 dB/octave slope attenuation), sampled at 5 kHz and ana-
lysed off-line on a computer with p-Clamp software (Axon
Instruments, CA). Voltage-ramp command pulses were used to
generate current-voltage (I-V) relationships. In experiments of
ramp pulses, nifedipine (10 uM) was added into the bathing
solution. Data are expressed as the mean +s.d. Student’s 7 test
was used for statistical analysis and P <0.05 was considered to
be significant.

Results

Induction of K" current by w-3 polyunsaturated fatty
acids in rat A7r5 vascular smooth muscle cells

The effects of eicosapentaenoic acid (EPA, Na salt) on mem-
brane currents were first investigated as shown in Figure la
and Figure 2. Under conditions with a K *-containing pipette
solution, EPA (30 uM) induced an outward current at a
holding potential of —40 mV (Figure la) and after washout,
the current gradually returned to the control level. Tetra-
ethylammonium (20 mM, not shown) or CsCl in the patch
pipette (Figure 1c) abolished the activation of the outward
current by EPA, suggesting that EPA activates a K™ current.
Similar results were obtained in eight out of ten cells tested.
Docosahexaenoic acid (DHA, Na salt, 30 uM) (Figure 1b) or
arachidonic acid (Na salt, 30 uM, not shown) also elicited an
outward current. The current-voltage relationships of the
EPA-induced current were examined with ramp voltage com-
mands (Figure 2) and the EPA-induced current, defined as the
difference between the control and the membrane current in
the presence of EPA is presented in Figure 2b. The EPA-
induced current displayed outward rectification (Figure 2b).
With 5.4 mM K™ in the extracellular solution, the current-
voltage relationships of the EPA-induced current reversed at
—81+4 mV (n=>5, Figure 2b and c). The reversal potential
(E.) of the current was shifted by increasing [K™], from
54mM to 20 mM (Figure 2b). The E,., was —44+4 mV
(n=75) with 20 mM [K ], and —28+3 mV (n=15) with 50 mM
[K*], (Figure 2¢). The E,., changed about 55 mV per ten fold
change of [K™],, which is close to the theoretical shift of the
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Figure 1 Effect of eicosapentaenoic (EPA) and docosahexaenoic

acids (DHA) on membrane currents in rat A7r5 aortic smooth
muscle cells. The cells were held at —40 mV (V). The patch pipette
contained K “-(a, b) and Cs " -internal solution (c). The zero current
level is denoted by dotted lines. The drug sequences are illustrated
with horizontal bars in this figure and the following figures above
each trace.

equilibrium potential of K™ (Ek). These results indicate that
the EPA-induced currents are K selective, which is compa-
tible with data from earlier studies showing that poly-
unsaturated fatty acids, as well as arachidonic acid, activate
K™ channels in various kinds of smooth muscle cells including
aorta (Bregestovski et al., 1989; Ordway et al., 1989; Kirber et
al., 1992; Xu & Lee, 1996).

Receptor-mediated Ca’”" -permeable non-selective cation
currents

Figure 3 shows the effects of vasopressin on membrane cur-
rents in rat aortic smooth muscle cells (A7r5 cells) with Cs™-
containing pipette solution. Vasopressin (100 nM) induced a
long-lasting inward current which was associated with an in-
crease in membrane ‘noise’ at a holding potential of —60 mV
(Figure 3a). The response to vasopressin was observed in 86%
of cells (12 of the 14 cells). The current-voltage relationship of
the inward current were examined with the voltage ramps. In
the control bathing solutions, the current-voltage relationship
of the vasopressin-induced current reversed at —2+3 mV
(n=12, Figure 3a). The reversal potential (E,..,) of the current
was unaffected by decreasing [Cl™], or [Cl™]; (Figure 3b (ii),
(iii), Table 1). Alternatively, when Na™ was replaced by Tris ™,
the E,, shifted to negative potentials (Figure 3b (i), Table 1).
These results suggest that vasopressin activates a non-selective
cation current (I,) with no contribution of a chloride current
(Hazama et al., 1996). Similarly, vasopressin induced an in-
ward current with 10 mM EGTA or BAPTA in the patch
pipette to chelate intracellular Ca?*, which agrees with pre-
vious results (Van Renterghem et al., 1988; Inoue & Kuriyama
1993; Van Renterghem & Lazdunski, 1994; Krautwurst et al.,
1994; Nakajima et al., 1996). In addition, even when extra-
cellular Na* was totally replaced by Ca** (Figure 3c), vaso-
pressin (100 nM) still activated I.,, with a negative shift of E,.,
(Table 1), suggesting that Ca®>* is also a charge carrier of the
vasopressin-induced I, as shown previously (Van Renterghem
et al., 1988; Nakajima et al., 1996).

Figure 4 shows the effects of nifedipine, Cd*" and La*" on
vasopressin-induced I, Nifedipine (10 gMm) did not sig-
nificantly affect the holding current or inhibit the vasopressin-
induced I, (Figure 4a). However, Cd** (1 mM) (Figure 4b)
and La** (1 mMm) (Figure 4c) completely inhibited the vaso-
pressin-induced /... The reduction of I, by these agents was
associated with a decrease in the noise level and the inhibitory
effect of these agents was reversible. Endothelin-1 (100 nMm)
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Figure 2 Activation of K™ current by eicosapentaenoic acid (EPA).
(a) The patch pipette contained a K™ -containing solution. The cell
was held at —40 mV, and ramp commands from —80 mV to
+40 mV (100 ms in duration) were applied before and during the
application of EPA (30 um). The zero current level is denoted by
dotted lines. The current-voltage (I-V) relationships of the EPA-
induced current, defined as the difference between the control and the
membrane current in the presence of EPA, were obtained by
subtracting the control current from that in the presence of EPA
during the ramp pulses. In (b) a typical I-V relationship of the EPA-
induced current with 5.4 mm K™ bath solution and 20 mm K bath
solution are shown. The reversal potential (E,.,) of the EPA-induced
current was —76 mV with 54 mm K™, and —43 mV with 20 mm
K" in the bathing solution. (c) Dependence of the reversal potential
of EPA-induced currents on [K ], The reversal potential is plotted
as a function of [K'],. The mean values are shown from five
different cells in each [K *],; vertical lines show s.d.

also activated the non-selective cation current and the effects of
endothelin-1 were also abolished by La*" (1 mm) (Figure 4d).

Inhibitory effects of w-3 polyunsaturated fatty acids on
receptor-mediated Ca’* -permeable non-selective cation
currents

Figure 5 illustrates the effects of EPA (30 uM) on the vaso-
pressin-induced 7., With a Cs™-containing pipette solution,
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Figure 3 Activation of Ca®"-permeable non-selective cation channels by vasopressin in rat A7r5 aortic smooth muscle cells. (A)
Activation of the inward current by vasopressin. The cells were held at —60 mV and the patch pipette was filled with the Cs™-
containing pipette solution. Ramp voltage commands from —80 mV to +40 mV (100 ms in duration) were applied before and
during the application of vasopressin (100 nm). The current traces of ramp pulses (a, b) recorded at the times indicated in the upper
part of the trace are shown in the graph. The current-voltage relationships of (a) and (b) are shown, after the leakage current
determined by linear approximation of current amplitudes measured during 5 mV hyperpolarizing steps from —80 mV had been
subtracted. The current-voltage relationships of the subtraction current from (b—a) are shown in the lower part of (A). (B) Effect of
altering the Na™* or C1~ concentration on the reversal potential (E,.,) of the vasopressin-induced current. (i) Extracellular Na™ was
intracellular C1™ (iii) was replaced by aspartate. The typical I-V relationships of the vasopressin-induced current are indicated in (i—
iii). (C) Activation of the inward current by vasopressin in a bathing solution containing 85 mm CaCl,; the cell was held at
—60 mV.

Table 1 Reversal potential of the vasopressin-induced currents in rat A7rS vascular smooth muscle cells

Ionic conditions

Bath solution Pipette solution Reversal potential
Control Tyrode solution CsCl — internal solution —24+3mV (n=12)
(136mM Na™, 145mm CI7) (140mM Cs™, 145mm Cl17)

Control Tyrode solution Cs aspartate — internal solution —3+4mV (n=5)

(136mM Na™, 145mm CI7) (140mm Cs™, 24mm CI7)

Low CI™ solution CsCl — internal solution —4+3mV (n=5)

(136mm Na™, 10mm Cl7) (140mm Cs™, 145mMm Cl17)

Low Na™ solution CsCl — internal solution —37+6mV (n=4)*
(136mmM Tris*, 145mm CI7) (140mM Cs™, 145mm Cl7)

Ca®" bathing solution CsCl — internal solution —9+4mV (n=4)*
(85mm Ca™) (140mMm Cs™, 145mm CI7)

Extracellular Na™ was replaced by Tris™, and extracellular or intracellular CI~ was replaced by aspartate. The detailed compositions
are shown in the Methods section. The data represent the mean+s.d. and the number of cells tested (#) is shown in parentheses.
*P<0.05 when compared with the control (145mm [Cl™],/145mMm [Cl™]).
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Figure 4 Effect of (a) nifedipine (10 um), (b) Cd** (1 mm) and (c)
La*" (1 mMm) on the vasopressin-activated non-selective cation
current. The cells were held at —40 mV. The zero current level is
illustrated by the dotted lines. (d) Activation of the inward current by
endothelin-1. Endothelin-1 (100 nM) activated the inward current.

EPA (Na salt, 10—100 uM) did not affect the holding current
significantly as shown in Figure 1c. However, EPA (Na salt,
30 uM) did inhibit the vasopressin-activated I, and this was
partially reversible (Figure 5Aa). On the other hand, after EPA
was washed out with a bath solution containing 1 mg of bo-
vine serum albumin ml~', the amplitude of I, returned ra-
pidly to the control level (Figure 5Ab). The EPA-induced
suppression of the currents was observed at all voltages studied
(Figure 5b). The reversal potential of the current was not al-
tered by EPA (Na salt, 30 uMm) (Figure 5B), which was ap-
proximately +0 mV. The inhibitory effect of EPA was also
observed in the free acid form of EPA (Figure 5SAc).

Figure 6 shows the effects of various concentrations of w-3
fatty acids on the vasopressin-activated I,,. EPA (3—100 uMm)
inhibited the vasopressin-induced current in a concentration-
dependent manner (Figure 6Aa). DHA (100 uM, Figure 6Ab)
and DPA (100 uM, Figure 6Ac) also suppressed the current
and the potency of the inhibitory effect of the w-3 fatty acids
was EPA>DHA >DPA. Figure 6B summarizes the con-
centration-dependence of the w-3 fatty acid-induced suppres-
sion of the vasopressin-activated I, The half-maximal
inhibitory concentration (ICs) of EPA was 7.0 uM, and
100 um EPA almost completely inhibited the currents. EPA
(30 um) inhibited the endothelin-induced I, in a similar
manner (Figure 7A). Taken together, these results indicate that
the w-3 fatty acids inhibit the receptor (vasopressin and en-
dothelin-1)-activated I, in rat A7r5 vascular smooth muscle
cells.

Inhibitory effect of w-3 fatty acids on GTPyS-induced

cat

To investigate the site of action of EPA on I, the effect of
EPA on GTPyS-induced non-selective cation currents was ex-
amined. For this purpose, the patch pipette was filled with the
non-hydrolysable GTP analogue (GTPyS, 1 mM). Immediately
after the rupture of the membrane (Figure 7B), the holding
current gradually increased in the inward direction at a holding
potential of —40 mV even in the absence of agonist (vaso-
pressin or endothelin-1). The reversal potential of the GTPyS-
induced current was —1+3 mV (n=4), and was unaffected by

B
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Figure 5 Effect of EPA (eicosapentaenoic acid) on vasopressin-
activated non-selective cation current in rat A7r5 aortic smooth
muscle cells. The cells were held at —40 mV. In (Aa), EPA was
washed out with control bath solution. In (Ab) and (Ac), EPA was
washed out with bath solution containing 1 mg bovine serum
albumin (BSA) ml~!. The dotted lines represent the zero current
level. EPA (Na salt) was used in (Aa) and (Ab), and EPA (free acid)
was used in (Ac). In the subsequent figures, the fatt?/ acids were
washed out with bath solution containing 1 mgml™ " (BSA). (B)
Effect of EPA on the current-voltage (/-V) relationship of the
vasopressin-induced current. The cell was held at —60 mV, and ramp
voltage commands (—80 mV to +40 mV in 100 ms duration) were
applied under control conditions (a), during the application of
vasopressin (100 nm) (b), vasopressin plus EPA (Na salt, 30 um) (c),
and vasopressin plus La (1 mm) (d). The original current traces of
(a)—(c) are shown on the left side of the lower part. The current-
voltage relationships of the subtraction currents of (b) — (a), (b) —
(c) and (b) — (d) are shown on the right side of the lower part.

changes in [Cl7], or [Cl™];. These results suggest that GTPyS
activates I, even in the absence of agonists, possibly by direct
activation of the GTP-binding proteins coupled to the re-
ceptors (vasopressin and endothelin receptors). EPA (3—
100 pM) inhibited the GTPyS-activated I, in a concentration-
dependent manner (Figure 7B). The concentration-dependence
of the relationships for the inhibitory effect of EPA on the
vasopressin-induced 7., and GTPyS-induced currents (Table 2)
were similar, suggesting that the site of action of EPA is not
located on the pharmacological receptor.
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Figure 6 Effects of the w-3 fatty acids on the vasopressin-activated
non-selective cation current I.,.. The cells were held at —40 mV. (A)
Effects of EPA (a), DHA (b) and DPA (c) on I, The zero current
level is indicated by dotted lines. (B) Dose-response curve for w-3
fatty acid-induced suppression of the vasopressin-induced non-
selective cation current; EPA (@), DHA (O) and DPA (M) were
examined at various concentrations. The vasopressin-induced current
was measured in the presence of vasopressin (100 nm) alone and plus
an w-3 fatty acid. The % inhibition by the w-3 fatty acid of I is
illustrated. Each point represents the mean of data obtained from five
different cells; vertical lines show s.d. EPA (eicosapentaenoic acid, Na
salt), DHA (docosahexanoic acid, Na salt) and DPA (docosapentae-
noic acid, Na salt). **P<0.05 vs DHA at various concentrations.
*P<0.05 vs DPA at various concentrations.

Effects of some other polyunsaturated and saturated
fatty acids on the vasopressin-induced non-selective
cation current

Figure 8 shows the effects of EPA (10, 30 uM), arachidonic
acid (C20:4 (w-6)) (10, 30 uMm), linoleic acid (C18:2 (w-6)) (10,
30 uM), oleic acid (C18:1 (w-9)) (30 uM) and stearic acid
(C18:0) (30 um) on the vasopressin-induced I.,,. Arachidonic
acid (Figure 8a) and linoleic acid (10, 30 uM) inhibited the
current, but their inhibitory effects were smaller than that of
EPA and the other w-3 fatty acids (Figure 8a and c). By
contrast, oleic acid (Figure 8b), a monounsaturated fatty acid,
and stearic acid, a saturated fatty acid, had no significant in-
hibitory effects on the vasopressin-induced non-selective cation

A

EPA 30 um  EPA 30 um
B Endothelin-1 100 nm 100 pA

GTPYS 1 min
1mm
AL

A

a

GTPYS EPA 10 pm ‘
L lzoo pA

;A 1 min

30 um

EPA 3 um IZOOpA

1 min

Figure 7 Effect of eicosopentaenoic acid (EPA) on endothelin-1- and
GTPyS-induced non-selective cation currents. The cells were held at
—40 mV. (A) Effect of EPA (Na salt, 30 um) on endothelin-1
-induced non-selective cation current. Endothelin-1 (100 nm) was
added to the bath solution and EPA (Na salt) was washed out with
bath solution containing 1 mg ml~' BSA. (B) Effect of EPA (Na
salt) on GTPyS-induced non-selective cation current. The patch
pipette was filled with Cs*-internal solution containing GTPyS
(1 mm). Rupture of the membrane occurred at the arrowhead (A).

Table 2 Inhibition of EPA of vasopressin or GTPyS-
induced currents in aortic smooth muscle cells

% inhibition

EPA

concentration Vasopressin GTPyS

3 uM 16+10 (n=6) 1848 (n=6)
10 um 65+9 (m=6) 70+17 (n=6)
30 uM 82+8 (n=6) 854+9 (n=6)
100 um 97+3 (n=6) 98+2 (n=6)

The % inhibition by eicosapentaenoic acid (EPA, 3-—
100 um) of vasopressin- or GTPyS-induced non-selective
cation currents is indicated. The mean +s.d. value is shown
and the number of cells tested (n) is shown in parentheses.
No statistically significant difference between the %
inhibition by EPA on vasopressin-induced non-selective
cation currents and that by EPA on GTPyS-induced non-
selective cation currents at any concentration was observed.

current (Figure 8c). To exclude the possible involvement of the
cyclo-oxygenase and lipoxygenase pathways, the effects of
EPA on the vasopressin-induced I.,, were investigated in the
presence of both indomethacin (10 uM), a cyclo-oxygenase
inhibitor, and NDGA (10 uM), a lipoxygenase inhibitor. In-
domethacin (10 uM, Figure 9a) and NDGA (10 uM, Figure 9b)
did not inhibit the vasopressin-induced I.,; and the inhibitory
effects of EPA were still observed in all cells tested (n=23), as
shown in Figure 9c.

Discussion

The major findings of the present study are: (1) w-3 poly-
unsaturated fatty acids (EPA or DHA) induced a K* current
in rat A7r5 aortic smooth muscle cells. (2) w-3 polyunsaturated
fatty acids, EPA, DHA and DPA, at concentrations of 3—
100 uM inhibited I, activated by vasopressin and endothelin.
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AA 30 pm
Vasopressin 100 nm

EPA 30 um
llOO pPA

1 min

Oleic acid 30 pm TEPA 30 pm
Vasopressin 100 nm 100 pA

1 min

100

50 1

% inhibition

0 ]
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Figure 8 Comparison of the blocking effects of fatty acids on the
vasopressin-induced non-selective cation currents (I.). (a and b)
Effects of various fatty acids on the I The cells were held at
—40 mV. (c) Comparison of the blocking effects of fatty acids on the
I.,: column (A) EPA 10 um, (B) EPA 30 uMm, (C) AA 10 uMm, (D) AA
30 uM, (E) linoleic acid 10 um, (F) linoleic acid 30 um, (G) oleic acid
30 um and (H) stearic acid 30 um. Each column represents the mean
% inhibition +s.d. The data were obtained from five different cells in
each case. EPA (eicosapentaenoic acid, Na salt), AA (arachidonic acid,
Na salt), linoleic acid (free acid), oleic acid (free acid) and stearic acid
(free acid).

(3) The site of action of w-3 fatty acids is not located on the
receptors.

It has been shown that fish oil and w-3 fatty acids, eicosa-
pentaenoic and docosahexaenoic acids (EPA and DHA), in-
duce relaxation of a-adrenoceptor agonist- and angiotensin II-
induced contraction in aortic smooth muscle (Juan et al., 1987;
Engler et al., 1990; Engler, 1992a, b, c). The relaxant effects of
the w-3 fatty acids were not modified by the use of in-
domethacin or NDGA (Engler et al., 1990), suggesting that
cyclo-oxygenase/lipoxygenase pathway products, e.g. vasoac-
tive eicosanoids and docosanoids, are not involved in the re-
laxant action. Furthermore, the vasoactive effects of EPA are
not attributed to elevated levels of cyclic nucleotides (cyclic
AMP, cyclic GMP) (Juan et al., 1987). In addition, EPA or
DHA produced a concentration-dependent relaxant effect in
vessels contracted with noradrenaline, an «-adrenoceptor
agonist, without substantially affecting KCl-induced contrac-
tion (Engler, 1992a, b, c), suggesting that the voltage-depen-
dent L-type Ca®>* channel is not a primary site of the inhibitory
action of the w-3 fatty acids. Moreover, DHA and EPA did
not affect the initial phase of the noradrenaline-induced con-
traction in Ca®"-free solution (Engler 1992b), which is medi-
ated by inositol 1,4,5-triphosphate (IP;) formation and
subsequent release of intracellular calcium. Taking these pre-

Vasopressin 100 nm
Indomethacin 10 um
b 1 min

lzoo pA

c 1 min

200 pA

Vasopressin 100 nm
NDGA 10 um

Vasopressin 100 nm

lzoo pA

1 min

EPA 30 M

Figure 9 Effects of eicosapentaenoic acid (EPA) on the vasopressin-
induced non-selective cation currents in the presence of (a)
indomethacin (10 pm) and (b) nordihydroguaiaretic acid (NDGA,
10 um). (c) Effects of EPA (30 uM) on the vasopressin-induced non-
selective cation currents in a cell treated with indomethacin (10 um)
and NDGA (10 um) for approximately 30 min.

vious findings into account, it is suggested that the relaxant
effects of the w-3 fatty acids may not be attributed to an in-
hibition of IP; formation, but to a preferential inhibition of
calcium influx associated with receptor-operated channels. In
vascular smooth muscle cells, contractile agonists such as
noradrenaline, vasopressin and endothelin induce Ca®* release
from internal stores and Ca®" influx through receptor-oper-
ated Ca’" channels or from Ca?" influx through voltage-de-
pendent Ca?* channels. The receptor-operated Ca>" entry is
partly mediated by Ca?*-permeable non-selective cation
channels, which are resistant to calcium antagonists, such as
nifedipine (Benham & Tsien, 1987; Byrne & Large, 1988; Van
Renterghem et al., 1988; Amedee et al., 1990; Wang & Large,
1991; Chen & Wagoner 1991; Loirand et al., 1991; Inoue &
Kuriyama, 1991; Van Renterghem & Lazdunski, 1994;
Krautwurst et al., 1994; Nakajima et al., 1996). The present
results demonstrate that the w-3 unsaturated fatty acids inhibit
the receptor (vasopressin and endothelin-1)-mediated Ca®"-
permeable non-selective cation current. The inhibitory effect of
the w-3 fatty acids was observed at concentrations of 3—
10 uM, indicating that the inhibitory action of the w-3 fatty
acids on I, may contribute to the vasorelaxant actions. Ac-
tually, the w-3 fatty acids at concentrations more than 1 uM
have been shown to produce a concentration-dependent re-
laxation in vessels contracted with noradrenaline (Engler,
1992a, b).

The inhibitory effect of the w-3 fatty acids on the channels
could occur at any of the steps that exist between receptor
binding and channel opening. High concentrations of EGTA
or BAPTA (10 mM) in the patch pipette did not block the
activation of the current by vasopressin or endothelin-1, in-
dicating that I, is not directly mediated by a rise in the in-
tracellular concentration of Ca?" ([Ca®"]). These results are
consistent with those of earlier reports (Byrne & Large, 1988;
Van Renterghem et al., 1988; Wang & Large, 1991; Inoue &
Kuriyama, 1993; Van Renterghem & Lazdunski, 1994;
Krautwurst et al., 1994; Nakjima et al., 1996). The treatment
of smooth muscle by free fatty acids such as EPA and DHA
has been shown to inhibit binding or pressor hormones (in-
cluding angiotensin II) to vascular smooth muscle with con-
sequent reduction in IP; formation and in calcium
mobilization (Ullian, 1993). However, it is also unlikely that a
direct inhibitory effect on receptors (vasopressin and en-
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dothelin-1) is primarily involved in w-3-induced inhibition of
I.... As illustrated in Figure 7, and shown in previous studies
(Krautwurst et al., 1994; Nakjima et al., 1996), activation of
I... by vasopressin and endothelin is mediated by GTP-binding
proteins. Inclusion of GDPfS in the patch pipette solution
abolished activation of the current, and the addition of
GTPyS, a non-hydrolysable GTP analogue, activated I, in the
absence of agonists, probably due to the direct activation of
GTP-binding proteins coupled to receptors (Krautwurst et al.,
1994; Nakajima et al., 1996). w-3 fatty acids inhibited both the
agonist-dependent activation of I, and the activation of I, by
GTPyS in a similar manner (Figure 7B, Table 2), suggesting
that the receptor is not the primary site of the inhibitory action
of w-3 fatty acids. As illustrated in Figure 3, immediately after
wash-out with albumin, the suppressed current rapidly in-
creased within several seconds. The reason for this early rapid
wash-out effect is not clear. However, the inhibitory effects of
w-3 fatty acids on kinase activity, i.e. protein kinase C as
previously shown (Holian & Nelsen, 1992), may not be in-
volved in the actions of w-3 which appear to modulate directly
the channel protein itself or act at some site near the channels.

Lipoxygenase-dependent metabolites of arachidonic acid
regulate Na™ channels in A6 cells (Cantiello et al., 1990) and
play an important role in the modulation of activity of the 5-
HT-gated channels in Aplysia sensory neurone (Piomelli ef al.,
1987), and the GTP-binding protein-coupled muscarinic re-
ceptor gated K" channels in cardiac myocytes (Kim er al.,
1989; Kurachi et al., 1989). In the present study, neither in-
domethacin, a cyclo-oxygenase inhibitor, nor NDGA, a li-
poxygenase inhibitor, prevented the inhibitory effects of w-3
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