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Abstract

The purpose of this study was to clarify how eicosapentaenoic acid (EPA), an w-3 polyunsaturated fatty acid, modulates the vascular
action of vasopressin in rat aortic smooth muscle cell lines. The effects of EPA on Ca?* mobilization and DNA synthesis elicited by
vasopressin were investigated and compared to those of Ca?" channel blocking agents, by means of Ca?" measurements and the
incorporation of [*H]thymidine. Patch-clamp techniques were also employed. Vasopressin (100 nM) elicited an initial peak of intracellular
Cca?t ([Ca?*]), followed by a sustained phase due to Ca2* entry. Nifedipine or nicardipine (1 wM), a potent L-type Ca2* channel
blocker, partly inhibited the sustained phase, but La®* completely abolished it. EPA (10 wM) also inhibited it even in the presence of
nicardipine. Under voltage-clamp conditions with CsCl-internal solution, depolarizing pulses positive to —30 mV from a holding
potential of —40 mV elicited a slow inward current. The inward current was blocked by La®", nicardipine, and nifedipine (1 wM),
suggesting that the inward current mainly consisted of the voltage-dependent L-type Ca®* channel (1, ). EPA (1-30 wM) also inhibited
lcoL N a concentration-dependent manner. The inhibitory effect of EPA was observed at concentrations higher than 1 wM, and its
half-maximal inhibitory concentration (IC;) was 7.6 M. Vasopressin induced a long-lasting inward current at a holding potential of
—40 mV. The vasopressin-induced current was considered as a non-selective cation current (I) with a reversal potential of
approximately +0 mV. Both nifedipine and nicardipine (10 wM) failed to inhibit it significantly, but La®* completely abolished .
EPA also inhibited vasopressin-induced |, in a concentration-dependent manner; its ICy, value was 5.9 wM. Vasopressin (100 nM)
stimulated [*H]thymidine incorporation. Exclusion of extracellular Ca?* with EGTA or La®* markedly inhibited it. EPA (3-30 wM) also
inhibited the incorporation induced by vasopressin, while nifedipine and nicardipine (1 wM) only partly inhibited it. These results
suggested that EPA, unlike nifedipine and nicardipine, inhibited vasopressin-induced Ca?*-entry and proliferation in rat vascular smooth
muscle cells, where the inhibitory effects of EPA on |, as well as I,, might be involved. Thus, EPA would exert hypotensive and
antiatherosclerotic effects. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Eicosapentagnoic acid (EPA), an w-3 polyunsaturated
fatty acid extracted from fish ail, has been shown to exert
antihypertensive and antiatherosclerotic effects (Dyerberg
et a., 1978; Puska et al., 1983; Hui et al., 1989; Knapp
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and Fitzgerald, 1989; Bonna et al., 1990). These basic
mechanisms include inhibition of platelet aggregation
(Siess et d., 1980; Brox et al., 1981), and decrease in
serum lipids and enhancement of the production of va-
sodilator substrates including prostaglandin 1, (Abey-
wardena et al., 1989). EPA has also been shown to reduce
vascular smooth muscle contractility (Juan et al., 1987;
Engler, 1992a,b,c), which may partially account for the
reduction in cardiovascular risk. In addition, EPA sup-
presses the proliferation and migration of vascular smooth
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muscle cells (Shiina et a., 1993; Terano et al., 1996;
Mizutani et al., 1997; Asano et a., 1998), which may
contribute to its antiatherosclerotic effects. However, the
mechanisms by which EPA inhibits the proliferation and
reduces vascular smooth muscle contractility are not well
understood. Since both growth (Pardee, 1989; Sperti and
Colucci, 1991; Mogami and Kojima, 1993; Short et d.,
1993; Berridge, 1995) and contractility depend in part on
entry of extracellular Ca®*, reduction of Ca?* entry may
be involved in these vascular action of EPA. Actualy,
DNA synthesis and cell proliferation have been reported to
be inhibited by Ca** channel antagonists such as vera-
pamil and nifedipine (Block et al., 1989; Sperti and Colucci,
1991; Asakura et a., 1997).

Vasopressin induces the breakdown of phosphatidyli-
nositol that results in the formation of inositol 1,4,5-tri-
phosphate and diacylglycerol in vascular smooth muscle
cells, subsequently increasing intracellular Ca?* ([Ca?*].)
and stimulating protein kinase C which are closely related
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to cell contraction and proliferation (Capponi et al., 1985;
Doyle and Ruegg, 1985; Caramelo et al., 1989; Thibbon-
nier et al., 1991). Furthermore, vasopressin induces c-fos
protein (Nambi et al., 1989) and activates mitogen-activated
protein (MAP) kinase (Granot et al., 1993; Kribben et al.,
1993), which plays an essential role in signa transduction,
and acts as a growth factor in normal and abnormal cell
development. In vascular smooth muscle cells, vasoactive
agents such as vasopressin increase [C2®* ], in a biphasic
manner (Capponi et al., 1985; Doyle and Ruegg, 1985;
Wallnofer et al., 1987; Thibbonnier et a., 1991; Nakajima
et al., 1996; Minowa et a., 1997). The initia transient
increase in [Ca2* ], is mainly elicited by intracellular re-
lease from Ca?* storage sites, while the second phase is
considered to be due to Ca?* entry across the plasma
membrane via receptor-operated Ca?* entry pathways such
as capacitative Ca?* entry (CRAC) (Putney, 1990; Byron
and Taylor, 1995; lwasawa et a., 1997) and second mes-
senger-operated channels (SMOCs) (Meldoles and Poz-
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Fig. 1. Effects of EPA on[Ca?" ]; concentration in aortic smooth muscle cells (A7r5 cells). (A) Effects of vasopressin (&) and EPA (10 wM) (b) on [Ca?" ];
in the presence of extracellular Ca?*. Results are representative of five similar experiments. (B) Effects of nicardipine (1 wM) and La*" (1 mM) on
vasopressin-induced [Ca®" ], rise. Results are representative of 15 similar experiments. (C) Effects of EPA (10 wM) on the sustained rise in [C&* ],
elicited by vasopressin (100 nM) in the presence of nicardipine (1 wM). Results are representative of seven similar experiments. [Ca%" ], with calibration
was obtained from the ratio signal of the emission light at 500 nm by excitation at 340 and 380 nm.
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zan, 1987; Van Renterghem and Lazdunski, 1994), or
voltage-dependent Ca?* channels. Also, non-selective
cation channels that allow the influx of several cations
such as Na* and Ca&* (Byrne and Large, 1988; Van
Renterghem et al., 1988; Amedee et al., 1990; Wang and
Large, 1991; Inoue and Kuriyama, 1993; Krautwurst et al.,
1994; Nakagjima et al., 1996; Minowa et al., 1997) play an
important role in the receptor-mediated Ca?* entry and
opening the voltage-dependent Ca®* channels. Thus,
Ca”*-permeable non-selective cation channels (1) as well
as the voltage-dependent L-type Ca&?* channels (lg,,)
play an essential role in regulating vascular functions
including cell proliferation as shown in other types of cells
(Jung et al., 1992). Recently, we have demonstrated that
w-3 polyunsaturated fatty acids inhibit receptor-activated
non-selective cation currents (1) in vascular smooth
muscle cells (Asano et al., 1997), but the detailed effects
of EPA on vascular actions of vasopressin including Ca?*
mobilization and cell proliferation and their underlying
mechanisms have not been investigated in detail.
Therefore, the present study was undertaken to clarify
how EPA modulates the cellular action of vasopressin in
vascular smooth muscle cells. The effects of EPA on Ca?*
mobilization and DNA synthesis induced by vasopressin

D Ve
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were investigated and compared to those of Ca2* channel
blocking agents. The effects of EPA on the I, and I
were also compared to Ca2* blocking agents, by means of
the whole-cell voltage clamp technique.

2. Materials and methods
2.1. Céll preparation

A7Tr5 cels (ATCC-7), a well-established vascular
smooth muscle cell line obtained from embryonic rat aorta
(Kimes and Brandt, 1976; Standley et a., 1991), were
purchased from the American Type Culture Collection
through Dainippon Seiyaku (Kyoto, Japan). Cultured cells
were fed every second day with Dulbecco’'s modified
Eagle medium (DMEM) supplemented with 10% fetal
bovine serum, 100 U /ml penicillin and 50 pwg,/ml strepto-
mycin a 35°C in a fully humidified atmosphere of 5%
CO,. Cells subcultured to passage number 12-18 were
grown as monolayers on glass dides, and confluent cells
were detached from the culture flasks with 0.25% trypsin
in 0.02% EDTA, and used for later experiments. Cell
viability, as determined by trypan blue exclusion, was
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Fig. 2. Effects of EPA on l¢,, . In A—C, the cells were held at —40 mV, and command voltage steps to +0 mV (320 ms in duration) were applied at 0.2
Hz. The zero current level is indicated by the line. (A and B) Effects of nifedipine (0.1-1 M) (A) and L& (1 mM) (B) on I, . (C) Effects of EPA on
Ica - The current traces in the control, in the presence of EPA (10 M), and after the washout with bathing solution containing albumin (0.1%) are shown.
In (D) the cells were held at — 40 mV, and command voltage pulses to various membrane potentials were applied at 0.2 Hz. The original current tracesin
the control (upper trace) and in the presence of EPA (10 uM, lower trace) are shown. The current—voltage relationships at the peak |, are plotted in (E).
(F) Concentration-dependent inhibition of I-,, by EPA. Various concentrations of EPA were tested, and results are representative of six similar

experiments.



202 M. Asano et al. / European Journal of Pharmacology 379 (1999) 199-209

approximately 91%. All experiments were performed at
35-37°C.

2.2. Solutions and drugs

The composition of the standard Tyrode's solution was
as follows (in mM): NaCl 136.5, KCl 5.4, CaCl, 1.8,
MgCl, 0.53, glucose 5.5, HEPES-NaOH buffer 5 (pH
7.4). The patch pipette contained (in mM): CsCl 130,
EGTA 0.15, MgCl, 2, Na,ATP 3, guanosine-5-triphos-
phate (sodium sdt, Sigma, St. Louis, MO) 0.1 and
HEPES-CsOH buffer 5 (pH 7.2). The Ba?*-containing
Tyrode's solution was the same as the control bathing
solution with the exception that CaCl, was replaced by
BaCl, (5 mM). When extracellular CI~ ([CI"],) or intra-
cellular CI~ ([Cl~];) concentration was changed, Cl~ was
replaced by aspartic acid. [Arg®]vasopressin and cis-
5,8,11,14,17-EPA (EPA, Na sdt) were purchased from
Sigma.

2.3. Recording technique and data analysis

Membrane currents were recorded with glass pipettes
under whole-cell clamp conditions (Hamill et al., 1981;
Nakaiima et al., 1989), using a patch-clamp amplifier
(EPC-7, List Electronics, Darmstadt, Germany). The heat-
polished patch electrode, filled with the artificial internal
solution (for composition, see above), had a tip resistance
of 3-5 MQ. The series resistance was compensated.
Membrane currents were continuously monitored with a
high-gain storage oscilloscope (COS 5020-ST, Kikusui
Electronic, Tokyo, Japan). The data were stored on a
videotape using the PCM converter system (RP-890, NF,
Electronic Circuit Design, Tokyo). The data were repro-
duced, low-passed, filtered a 1 kHz (—3 dB) with a

A

I
100% CaL

80

607

% inhibition

401

20

0 ‘
1 10

100 uM

Bessd filter (FV-625, NF, 48 dB/octave dope attenua-
tion), sampled at 5 kHz and analyzed off-line on a com-
puter using pClamp software (Axon Instruments, CA).

2.4. Measurement of DNA synthesis

Cells were grown to subconfluence in 24-well tissue
culture dishes and growth was arrested for 48 h in serum-
free DMEM. The DMEM medium was employed to main-
tain the vascular smooth muscle cells in a quiescent, but
not catabolic state, a condition resembling that of healthy
cells in the normal arterial wall in vivo. The medium was
then removed, and fresh DMEM containing vasopressin
(100 nM) was added to the quiescent cells. The cells were
subsequently incubated for 18 h in the absence or presence
of EPA with «-tocopherol acetate (1 wM), nifedipine,
nicardipine or La®". In several experiments, 0.5 mM EGTA
was added to the control solution to reduce extracellular
Ca?* concentration. The cells were then incubated with
methyl-[*H]thymidine (0.5 w.Ci /ml, Amersham Pharmacia
Biotech UK, Bucks, UK) for 4 h in the absence or
presence of these agents. The medium was then removed,
the cells were washed twice with ice cold 5% trichloro-
acetic acid and then incubated in 5% trichloroacetic acid
onicefor 15 min. The cells were solubilized by adding 0.5
ml of 0.5 N NaOH. The 0.2-ml aliquots were then neutral-
ized and counted in scintillation fluid. Cellular proteins
were measured using Bradford's method.

2.5. Determination of cytosolic free Ca?* concentration
Cytosolic free Ca?* concentration ([Ca?* ];) was deter-
mined using the fura-2 fluorescence method as described

previously (Grynkiewicz et al., 1985; Asano et al., 1998).
The Ca2*-free bathing solution was the same as the normal
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Fig. 3. Effects of EPA on |, and vasopressin-activated non-selective cation currents (1,). (A) Concentration-dependent inhibitory effects of EPA on
lcar - The amplitude of the peak I, during application of EPA was compared with the control value. The percent inhibition induced by EPA on I,
(mean + S.D. vaue) is shown. The data were obtained from six different cells including Fig. 2F. (B) Concentration-dependent inhibitory effects of EPA on
vasopressin-activated | . The data were obtained from 10 different cells including Fig. 4F.
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Tyrode's solution except that CaCl, was omitted and 0.5 maximum fluorescence, 300 MM EGTA pH < 8.0 for min-
mM EGTA was added to the solution (pH 7.4). Fura-2 imum fluorescence. [Ca?*]. was determined using the
acetoxymethylester (fura-2 AM) was obtained from Dojin method of Grynkiewicz et al. (1985).

Chemicals (Japan). Cells were trypsinized, washed twice
with the standard solution, adjusted to a cell density of 10°
cell /ml and loaded with 1 M fura-2 AM for 60 min in a
20°C-shaking water bath. After incubation, the medium
containing fura-2 was removed, and fluorescent cells in
suspension were measured at 37°C while being continu- Data were expressed as the mean + S.D., and analysis
oudy stirred in a cuvette placed by a spectrofluorometer of variance (ANOVA) and Fisher’s protected least signifi-
(CAF-100, JASCO, Tokyo). The excitation wavelengths cance difference (PLSD) for multiple comparisons and
were 340 and 380 nm, and emission was 500 nm. Fluores- Student’s t-test were performed. Differences with a P
cence signals were calibrated using 0.5% Triton W-100 for value of < 0.05 were considered significant.

2.6. Satistical analysis
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Fig. 4. Effects of La®*, nifedipine and EPA on vasopressin-activated non-selective cation currents (1,). (A) Activation of |, by vasopressin. The cells
were held at —60 mV. Ramp voltage pulses from —80 mV to +40 mV (100 ms in duration) were applied before and during application of vasopressin
(100 nM). The zero current level is denoted by dotted lines. The current—voltage relationships of the subtraction current from the current trace in the
presence of vasopressin to control trace are shown in the right part of (A). Results are representative of 12 similar experiments. (B) Effect of atering the
Na* or ClI~ concentration on the reversal potentia (E,, ) of the vasopressin-induced current, (i) extracellular Na* (136 mM) was totally replaced by
Tris* (136 mM). (ii, iii) Effect of changing [Cl~], (10 mM CI~ in bath solution) or [CI~]; (24 mM CI~ in the pipette solution) on E,,, where equimolar
concentration of [CI~], (ii) or [CI~]; (iii) was replaced by aspartate. The typical current—voltage relationships of the vasopressin-induced current are
indicated in (i—iii). (C) Effects of 4,4-diisothiocyanotostilbene-2,2-disulphonic acid (DIDS, 1 mM) and La®" (1 mM) on the vasopressin-activated
currents. (D and E) Effects of nifedipine, La®* and Gd?* on vasopressin-activated 1,. The cells were held at —40 mV. Note that La®* and Gd?* (1
mM) completely abolished the current. The zero current level is shown by dotted lines. (F) Effects of EPA on vasopressin-activated 1. In C—F, the cells
were held at —40 mV, and results are representative of four to five similar experiments.
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3. Results

3.1. Effects of eicosapentaenoic acid on Ca?* mobiliza-
tion elicited by vasopressin

Fig. 1 shows the effects of vasopressin and EPA on
[Ca®" ], concentration in rat aortic smooth muscle cell lines
(A7r5 cells). In the presence of extracellular Ca2*, vaso-
pressin (100 nM) induced a biphasic increase of [Ca?™ ],
(Fig. 1Aa). The first transient increase of [Ca®" ], elicited
by vasopressin resulted mainly from Ca?* release from
intracellular store sites, and the persistent elevation of
[Ca®" ] resulted from the entry of extracellular Ca*. Fig.
1B and C show the effects of nicardipine and La®* on
vasopressin-induced Ca?* mobilization. After the [Ca?™ ];
rise elicited by vasopressin (100 nM, Fig. 1B and C)
reached the steady state, nicardipine (1 wM, Fig. 1B and
C) and nifedipine (1 wM, data not shown) partly decreased
the final sustained phase of [Ca?* ], by about 12% of the
control level (12 + 10% of the control, n= 15, P < 0.05).
Alternatively, La®* (1 mM) completely eliminated the
sustained phase of [Ca?*];, suggesting that vasopressin-
induced Ca?* entry occurred via a dihydropyridine-
insensitive Ca®* channel as well as the I,, . Fig. 1Ab
shows the effects of EPA on resting [Ca®*] and Ca®*

M
—lal m‘___\ia_sopressin 100 nM

Nifedipine 1 uM

mobilization induced by vasopressin. EPA (10 wM) did
not affect the resting [Ca®* ].. However, in the presence of
EPA (10 pM, Fig. 1Ab), the sustained rise in [Ca?" ],
elicited by vasopressin significantly decreased, in compari-
son with the control cell (Fig. 1Aa). Fig. 1C shows the
effects of EPA on the sustained rise in [C&?* ]; elicited by
vasopressin. After the [Ca®" ] rise elicited by vasopressin
reached the steady state, nicardipine (1 wM) dightly de-
creased the sustained phase of [Ca?*] by 18% of the
control level, whereas EPA (10 M) markedly inhibited it.
EPA suppressed the sustained rise in [Ca?* ], induced by
vasopressin by about 80% of the control level (76 + 14%,
n=7) in the presence of nicardipine or nifedipine. Simi-
larly, EPA (10 wM) inhibited it by about 80% of the
control level (80 + 13%, n=6, data not shown) in the
absence of nicardipine. These results suggest that EPA
inhibited the dihydropyridine-insensitive Ca®* entry in-
duced by vasopressin in aortic smooth muscle cells.

3.2. Effects of eicosapentaenoic acid on the
voltage-dependent L-type Ca?* current

In vascular smooth muscle cells, vasoactive agents such

as vasopressin induce Ca?* influx through voltage-depen-
dent Ca?" channels and/or receptor-operated Ca?* chan-
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Fig. 5. Effects of La®*, nifedipine and EPA on Ig,, and vasopressin-activated non-selective cation currents (1,). The cells were held at —40 mV, and
command voltage pulses to +0 mV (320 ms in duration) were applied at 0.2 Hz. Effects of nifedipine (1 wM) and EPA (30 wM) on Ig,, and
vasopressin-activated |, are shown in (A) and (B). The current traces (a—d) shown in the lower part of (A) and (B) were obtained at the times indicated in
the upper part (a—d). In (A) and (B), the origina current traces in the control are shown in the |eft part. Note that vasopressin increased the holding current
in the inward direction, which reflected the activation of 1, and concomitantly inhibited Io,, (Aaand Ba), in comparison with the control trace. (C)
Comparative effects of EPA and nifedipine on the I, and vasopressin-activated non-selective cation currents (1.,,). The cells were held at —40 mV, and
command voltage steps to +0 mV were applied to evoke |¢,, . The percent inhibition of nifedipine and EPA on I, and I (mean + S.D.) is shown, in
comparison to the inhibition by La®* (1 mM), since La®" (1 mM) completely inhibited I.,, and vasopressin-activated |,. The data were obtained from

six different cells including (A) and (B).
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nels. So, we first examined the effects of EPA on I, in
ATr5 cells as shown in Fig. 2. The bath was superfused
into Ba?*-containing solution instead of Ca?*, and the
patch pipette contained with EGTA and ATP. The com-
mand voltage pulsesto +0 mV elicited the inward current.
Nifedipine (0.1 and 1 wM, Fig. 2A), nicardipine (1 uM,
data not shown) and La®* (1 mM, Fig. 2B) inhibited I, ,
proposing that it mainly consisted of I, . EPA (10 pM)
also reduced the amplitude of 1.,, by 554 13% (n=6)
(Fig. 20). After washing out the cells with bathing solution
containing albumin (0.1%), I.,, returned to a near control
level. Fig. 2D shows the effects of EPA (10 wM) on
current—voltage relationships of I, . lc,. €licited by
depolarizing command steps from —40 mV was reduced
by EPA (10 uM, Fig. 2D, lower part). The amplitude of
the peak inward current was plotted at each command
potential (Fig. 2E). EPA consistently reduced the ampli-
tude of |.,, a each command potential without affecting
the shape of the current—voltage relationships of I, . Fig.
2FFig. 3A indicate the relationships between concentra-
tions of EPA and percent inhibition of I, a +0 mV
from a holding potential of —40 mV. EPA suppressed
lcaL 1N @ concentration-dependent manner. The half-maxi-
mal inhibitory concentration of EPA was approximately
7.6 1M (Fig. 3A). These results indicated that EPA inhib-
ited I, in vascular smooth muscle cells, which may
partly contribute to the inhibitory effects of EPA on the
vasopressin-induced sustained rise of [Ca?* ].
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3.3. Effects of eicosapentaenoic acid on vasopressin-
activated non-selective cation currents

In vascular smooth muscle cells, the contractile agonists
such as endothelin-1 and vasopressin induce Ca?* influx
through receptor-operated Ca®* channels such as CRAC
and SMOCs, in which I, is aso involved (Byrne and
Large, 1988; Van Renterghem et al., 1988; Amedee et al.,
1990; Wang and Large, 1991; Krautwurst et al., 1994;
Nakgjimaet a., 1996; Iwasawa et a., 1997; Minowaet al.,
1997). Therefore, we next examined the effects of EPA on
vasopressin-activated |, and compared them with those
of Ca?*-blocking agents. Fig. 4 shows the effects of
vasopressin on membrane currents in rat aortic smooth
muscle cells (A7r5 cell). Under the conditions with Cs*-in-
ternal solution, vasopressin (100 nM) induced a long-last-
ing inward current with a high noise level at a holding
potential of —60 mV. The vasopressin-activated current
reversed a —2+ 3 mV (n=12, Fig. 4A). The reversa
potential (V,,,) of the current was not affected when [Cl ],
or [CI7], was decreased (Fig. 4B), suggesting that vaso-
pressin activated |, but not a ClI~ current under these
conditions, as previously described (Van Renterghem et
al., 1988; Krautwurst et a., 1994; Nakajima et al., 1996;
Iwasawa et al., 1997). 4,4'-Diisothiocyanotostilbene-2,2'-
disulphonic acid (DIDS, 1 mM, Fig. 4C), a Ca?*-activated
Cl~ channel blocker, party inhibited the vasopressin-
activated currents only by 25+ 10% (n = 4), which also
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Fig. 6. Effects of removal of extracellular Ca®", Ca?* channel antagonists and EPA on vasopressin (AVP)-induced proliferation of A7r5 cells. Cell
proliferation was measured by the incorporation of [ Hlthymidine. Each mean + S.D. value was obtained from five different experiments. * P < 0.05 vs.
controls **P < 0.01 vs. controls. (A) Effects of nifedipine (0.1-1 wM), nicardipine (0.1-1 wM), La*>" (1 mM) and removal of extracellular C&2* on
vasopressin (100 nM)-induced [*H]thymidine incorporation. (B) Effects of EPA (0.3—30 wM) on vasopressin-induced [*H]thymidine incorporation.
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suggests that the vasopressin-induced current mainly con-
sisted of |,. Fig. 4C—F show the effects of nifedipine,
La®*, Gd** and EPA on the vasopressin-activated |-
The current was not significantly affected by nifedipine
(10 wM, Fig. 4E), nor by nicardipine (10 wM, data not
shown), but it was completely abolished by La®* (1 mM,
Fig. 4C and D) and Gd?* (1 mM, Fig. 4D). EPA (3-30
M, Fig. 4F) aso inhibited the vasopressin-activated |
in a concentration-dependent manner. The half-maximal
inhibitory concentration of EPA on |, was 59 pM as
indicated in Fig. 3B.

The effects of La®*, nifedipine and EPA on I, as
well as on vasopressin-activated |, were compared as
shown in Fig. 5. The cells were held a8 —40 mV, and
command voltage pulses to +0 mV were applied at 0.2
Hz. Vasopressin (100 nM) increased the holding current in
the inward direction, which reflected the activation of |,
and decreased the amplitude of |,, in comparison with
the control (Fig. 5Aa and Ba) as previously described (Van
Renterghem et al., 1988; Nakajima et al., 1995). La®" (1
mM) completely abolished vasopressin-activated |, as
well as I.,, (Fig. 5Ab). On the other hand, nifedipine (1
wM) amost completely abolished I.,,, but it faled to
significantly inhibit vasopressin-activated 1, (Fig. 5Ad).
EPA dso inhibited 1., , and antagonized the vaso-
pressin-evoked |, (Fig. 5Bb). Fig. 5C summarizes the
effects of nifedipine and EPA on I, and vasopressin-
activated 1. EPA (30 wM) inhibited 1,, and I, while
nifedipine did not inhibit 1, at all.

cat

3.4. Effects of eicosapentaenoic acid on vasopressin-in-
duced mitogenesis

Fig. 6 illustrates the effects of vasopressin on the
proliferation of rat aortic smooth muscle cells. Vasopressin
(100 nM) €licited an increase in the incorporation of
[*H]thymidine into cells. Fig. 6A shows the effects of
extracellular Ca* and Ca?* channel antagonists on vaso-
pressin-induced mitogenesis. Removal of extracellular
Ca?*t with EGTA dramatically suppressed the vaso-
pressin-induced incorporation of [*H]thymidine. Nifedipine
(1 wM) or nicardipine (1 wM) partly inhibited the vaso-
pressin-induced thymidine incorporation, while La®* (1
mM) suppressed it remarkably. These observations suggest
that extracellular Ca2* may play a role in the mitogenic
effects of vasopressin. The effects of EPA on vasopressin-
induced mitosis are shown in Fig. 6B. EPA (0.3-30 uM)
decreased the incorporation of [*Hlthymidine elicited by
vasopressin in a concentration-dependent manner.

4, Discussion

The major findings of the present study are the follow-
ing. (1) EPA inhibited the sustained rise of [Ca?* ], elicited

by vasopressin in aortic smooth muscle cells, while
nifedipine and nicardipine partly inhibited it. (2) EPA
inhibited vasopressin-elicited 1, as well as the I,
while nifedipine and nicardipine failed to inhibit 1. (3)
Vasopressin stimulated mitosis as indicated by the incorpo-
ration of [*H]thymidine. Removal of extracellular Ca?*
and La®* reduced it more effectively than nifedipine and
nicardipine. (4) EPA also inhibited proliferation induced
by vasopressin in a concentration-dependent manner. These
results suggest that EPA inhibits vasopressin-induced Ca?*
entry, and thereby the proliferation of vascular smooth
muscle cells, where the inhibitory effects of EPA on |, as
well as |, might be involved.

4.1. Eicosapentaenoic acid inhibits vasopressin-induced
[Ca?*]. mobilization

V asocontractile agonists such as vasopressin induce the
sustained rise in [Ca®"] due to Ca?* entry across the
plasma membrane. Since vasopressin incresses I, in
certain types of smooth muscle cells (Bonev and Isenberg,
1992) or depolarizes the membrane potentiad (Van
Renterghem et al., 1988), it is speculated that Ca®* entry
through 1.,, may be involved in the sustained rise in
[Ca?" ] elicited by vasopressin. Actually, as illustrated in
Figs. 1 and 2, nifedipine and nicardipine (1 .M), a potent
lc,. channel antagonist, which almost completely blocked
lca» inhibited the sustained rise in [Ca®*], induced by
vasopressin by approximately 12% of the control. How-
ever, remova of extracellular Ca&?* and La®" (1 mM)
suppressed it more effectively than the Ca®* channel-
blocking agents. Thus, it is likely that Ca2* entry through
lc,. contributes in part to the sustained rise in [Ca?* ],
elicited by vasopressin, but vasopressin mainly evokes
Ca?" entry via a nifedipine-insensitive and La*-sensitive
mechanism as previously reported (Wallnofer et d., 1987;
Thibbonnier et al., 1991; Nakgjima et al., 1996; Iwasawa
et a., 1997). EPA inhibited the sustained rise in [C&" ],
elicited by vasopressin even in the presence of nicardipine,
suggesting that EPA inhibited the nifedipine-insensitive
Ca?™ entry pathways. It has been reported that fish oil and
EPA induce relaxation of «-adrenoceptor agonist- and
angiotensin l1-induced contraction in aortic smooth muscle
cells (Juan et al., 1987; Engler, 1992a,b,c). In the present
study, 10 uM EPA markedly suppressed the sustained rise
in[Ca?* ], elicited by vasopressin. On the other hand, EPA
(10 wM) did not inhibit the transient rise in [Ca?"];
induced by vasopressin in the absence of extracellular
Ca?* (data not shown, n=4), indicating that the in-
hibitory effects of EPA are not located proximal to inositol
1,4,5-triphosphate production. These findings are compati-
ble with those of the previous studies in that EPA did not
affect the initial phase of the noradrenaline-induced con-
traction in Ca?*-free solution (Engler, 1992a), which is
mediated by inositol 1,4,5-triphosphate formation and sub-
sequent release of [Ca?*],. Taking these findings into
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accounts, we may assume that the inhibitory effects of
EPA on vasopressin-induced Ca?* mobilization may not
be attributed to an inhibition of inositol 1,4,5-triphosphate
formation, but to a preferential inhibition of Ca?* entry
associated with receptor-operated channels. Recently, we
have shown that chronic treatment of vascular smooth
muscle cells with EPA for 7 days modulated Ca?* mobi-
lization induced by vasoactive agents (Asano et al., 1998).
Under long-term treatment with EPA (30 wM), both the
peak and the sustained rise in [Ca®" ], induced by vaso-
pressin, endothelin-1 and platelet derived-growth factor
(PDGF) decreased, in contrast with the findings of the
present study. Chronic treatment with EPA for severa
days incorporated the EPA into the plasma membrane,
possibly inhibiting receptor-inositol 1,4,5-triphosphate sig-
nalling pathways, and subsequently suppressing the forma-
tion of inositol 1,4,5-triphosphate as previously described
(Locher et a., 1988; Locher et a., 1989). Thus, it is
interesting to note that EPA can modulate [Ca?* ], mobi-
lization induced by vasoactive agents in several ways.

4.2. Eicosapentaenoic acid inhibited vasopressin-induced
non-selective cation currents and voltage-dependent L-type
Ca?* currents

w-3 Polyunsaturated fatty acids such as EPA have been
shown to have a variety of effects on ionic channels in
excitable cells including smooth muscle cells. They acti-
vate K* channels in toad gastric smooth muscle cells
(Ordway et al., 1989, 1991), pulmonary arterial cells
(Kirber et al., 1992) and canine coronary arterial cells (Xu
and Lee, 1996). Recently, we have shown that -3 poly-
unsaturated fatty acids such as EPA inhibit receptor
(vasopressin and endothelin-1)-activated |, (Asano et a.,
1997). EPA has also been reported to inhibit I, in rat
ventricular myocytes and guinea-pig tracheal myocytes
(Xiao et d., 1997; Hazama et al., 1998). In the present
study we also showed that EPA modulated |,, aswell as
I 1N vascular smooth muscle cells. The half-maximal
inhibitory concentration of EPA was approximately 7.6
M for 1, and 5.9 uM for I. Thus, EPA inhibited
both types of Ca?"-permeable channels in vascular smooth
muscle cells.

The vasopressin-activated Ca’*-entry is mediated
through the 1.,, and/or receptor-mediated Ca?* channels
such as CRAC and SMOCs. The receptor-activated Ca?*
channel is also mediated partly by 1, (Byrne and Large,
1988; Van Renterghem et a., 1988; Amedee et a., 1990;
Wang and Large, 1991; Inoue and Kuriyama, 1993;
Krautwurst et a., 1994; Nakgjima et al., 1996; Minowa et
al., 1997). Nifedipine and nicardipine (1 M) partly inhib-
ited the sustained rise in [Ca?* ], elicited by vasopressin,
suggesting that EPA may inhibit the vasopressin-induced
sustained rise in [Ca?"], by inhibiting 1, . However,
EPA further inhibited the sustained rise in [Ca?* ], elicited
by vasopressin even in the presence of nicardipine or

nifedipine as in case of La®*. These effects of EPA on
[Ca" ], unrelated to 1,, may be partly due to the block-
ade of |, elicited by vasopressin. However, the contribu-
tion of the effects of EPAs on the other receptor-mediated
Ca?" entry pathway such as CRAC and SMOCs cannot be
ruled out in the present study. In rat aortic smooth muscle
cells, it has been reported that nitric oxide donors and
cyclic GMP inhibited endothelin-1-activated non-selective
cation currents, inhibiting the sustained rise in [Ca®" ]
induced by endothelin-1 (Minowa et al., 1997). Therefore,
it has to be clarified whether the inhibitory effects of EPA
on | are related to the production of nitric oxide or
cyclic GMP. However, the inhibitory effects of EPA on
| Were not inhibited by N©-monomethyl-L-arginine (L-
NAME, 1 mM), a nitric oxide synthetase inhibitor (data
not shown), indicating that the involvement of nitric oxide
might be ruled out.

4.3. Eicosapentaenoic acid inhibited vasopressin-induced
cell proliferation

In vascular smooth muscle cells, it has been shown that
eicosapentaenoic acid inhibits [*H]thymidine incorporation
induced by PDGF (Shiina et al., 1993; Terano et al.,
1996). The present findings also showed that eicosapenta
enoic acid inhibited vasopressin-stimulated [*Hlthymidine
incorporation into rat aortic smooth muscle cells as previ-
ously reported (Jones et al., 1994). [Ca®" ], is considered to
play an essentia role in cell proliferation as well as
contractility (Kleine et al., 1986; Pardee, 1989; Sperti and
Colucci, 1991; Mogami and Kojima, 1993; Short et d.,
1993; Berridge, 1995). The removal of extracellular Ca?*
markedly reduced the incorporation of [*H]thymidine in-
duced by vasopressin as shown in Fig. 6, suggesting that
extracellular Ca* mediates the mitogenic effects of vaso-
pressin. Nifedipine and nicardipine partly decreased the
incorporation of [*Hlthymidine as previously reported
(Block et al., 1989; Sperti and Colucci, 1991; Asakura et
al., 1997), suggesting that the influx of Ca®* through the
I, Might contribute to the mitogenic effects of vaso-
pressin in vascular smooth muscle cells. However, the
inhibitory effects of nifedipine or nicardipine were much
less that those of La®* or the remova of extracellular
Ca?*. These findings indicate that Ca?* entry pathways
other than I, activated by vasopressin may play essen-
tia roles in the mitogenic actions of vasopressin. These
results are somewhat compatible with those of the present
study showing that nifedipine and nicardipine (1 M)
amost completely inhibited I, , but only partly de-
creased the sustained rise in [Ca?*] elicited by vaso-
pressin. On the other hand, La®" and eicosapentaenoic
acid markedly reduced the sustained rise in [C&®"], in-
duced by vasopressin as well as I.,, ,and blocked the
mitogenic effects of vasopressin. Thus, it is likely that
eicosapentaenoic acid inhibits vasopressin-induced cell
proliferation, in which the inhibitory effects of eicosa



208 M. Asano et al. / European Journal of Pharmacology 379 (1999) 199-209

pentaenoic acid on |, aswell as 1,, might be involved.
Infact, it has been reported that blockers of PDGF-activated
non-selective cation channel inhibit cell proliferation in
mouse fibroblasts (Jung et al., 1992). However, the effects
of eicosapentaenoic acid on mitogenesis might be partly be
due to the chronic effects of eicosapentaenoic acid after
incorporating cell membrane, since eicosapentaenoic acid
rapidly incorporates into cell membrane as previously de-
scribed (Asano et al., 1998).

In summary, eicosapentaenoic acid inhibited the vascu-
lar action of vasopressin including Ca2* mobilization and
cell proliferation in rat aortic smooth muscle cells, in
which the inhibitory effects of eicosapentaenoic acid on
|l 8 well as I, might be involved. The inhibitory
effects of eicosapentaenoic acid on cell proliferation may
contribute to the suppressive effects of eicosapentaenoic
acid on smooth muscle cell growth observed in patients
with hypertension or atherosclerosis. Thus, eicosapenta
enoic acid appears to exert antihypertensive and an-
tiatherosclerotic effects.
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