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Mechanisms of vasorelaxation induced by eicosapentaenoic acid

(20:5n-3) in WKY rat aorta
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1 The vasorelaxant activity of eicosapentaenoic acid (EPA, 20:5n-3), the omega-3 polyunsaturated
fatty acid, was investigated in isolated Wistar Kyoto (WKY) rat aortae by measuring isometric
tension.

2 FEicosapentaenoic acid (1-100 uM) relaxed rat aortae contracted with high K* (80 mMm) or
noradrenaline (NA, 1 uM) in a concentration-dependent manner. Contractions induced by Bay K
8644 or increasing concentrations of calcium were unaffected by EPA.

3 The relaxant effect of EPA (3—100 uM) was significantly inhibited by indomethacin (10 uM), the
cyclo-oxygenase inhibitor, but not by the nitric oxide (NO) synthesis inhibitor, N”-nitro-L-arginine
methyl ester hydrochloride (L-NAME, 100 uM). Removal of the endothelium did not alter EPA-
induced relaxations.

4 In Ca’"-free, EGTA 2 mM solution, EPA (10-30 uM significantly inhibited NA-sustained
contractions. Incubation with EPA (5, 10 uM) diminished both NA-induced (1 uM) phasic and
sustained contractions.

5 The vasorelaxant effects of EPA (=30 uM) on NA-induced (1 uM) contractions were significantly
inhibited by the K" channel blocker, glibenclamide (10 uM), but not tetraethylammonium (1 mm).
Moreover, indomethacin and glibenclamide combined significantly inhibited EPA-induced (1-
100 uM) responses.

6 These results indicate EPA exerts its endothelium-independent vasorelaxant effects in WKY rat
aortae through production of prostanoids which activate K*tp channels. Inhibition of Ca*
mobilization from intracellular pools and influx through the non-L-type, but not the L-type, Ca’*

channel are also possible mechanisms action of EPA’s.
British Journal of Pharmacology (2000) 131, 1793 -1799

Keywords: Eicosapentaenoic; omega-3 fatty acid; relaxation; rat aorta; potassium channels; calcium; cyclo-oxygenase,
prostanoids
Abbreviations: ANOVA, analysis of variance; EDHF, endothelium-derived hyperpolarizing factor; EPA, eicosapentaenoic acid;
K* atp, ATP-sensitive K™ channel; K¢,, Ca®"-activated K™ channel; KCI, potassium chloride; L-NAME, N*-
nitro-L-arginine methyl ester hydrochloride; NA, noradrenaline; NO, nitric oxide; PGl,, PGl;, prostacyclin;
TEA, tetracthylammonium; WKY, Wistar Kyoto
Introduction

Eicosapentaenoic acid (EPA, 20:5n-3) is a long chain, omega-
3 polyunsaturated fatty acid (PUFA) and is one of the major
components found in seafood and fish oil supplements. There
is increasing evidence that the omega-3 fatty acids, EPA and
docosahexaenoic (DHA, 22:6n-3), may be cardiovascular
protective nutrients (Chin & Dart, 1995; McLennan et al.,
1996; de Deckere et al., 1998). In vessels from various animal
models, EPA induces relaxations and antagonizes contrac-
tions by mechanism(s) which are endothelium-dependent
(Shimokawa et al., 1987, Yanagisawa & Lefer, 1987),
endothelium-independent (Juan et al., 1987; Yanagisawa &
Lefer, 1987; Engler & Engler, 1996; Engler et al., 1994;
1999a,b), independent of trienoic cyclo-oxygenated products
(Juan & Sametz, 1986; Yanagisawa & Lefer, 1987), and
independent of increases in cyclic AMP and cyclic GMP
levels (Juan et al., 1987; Engler, 1992a). To date, the possible
role of nitric oxide (NO), prostanoid/cyclo-oxygenase
products, K" channels, or calcium ions in the direct relaxant
effect of EPA has not been clearly defined.
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Our laboratory has previously reported that the relaxant
effect of EPA in Sprague-Dawley rat aortae was specific to o-
adrenoceptor stimuli and related to intracellular calcium
mechanisms (Engler, 1992b). Others have indicated that EPA
acts as a non-selective antagonist of sympathetic transmitters
in small peripheral vessels (Juan et al., 1988). In vitro studies
have also shown that EPA alters intracellular free calcium
concentration ([Ca®*];) following incubation in cultured
endothelial and vascular smooth muscle cells (Okuda et al.,
1994; Locher et al., 1991; Engler et al., 1999a).

It is known that EPA can compete with arachidonic acid
(20:4n-6) as a substrate in vascular and platelet production
of eicosanoids (Boulanger et al., 1990). Although, there is a
shift towards the production of 3-series eicosanoids that
occurs with increased dietary intake of EPA; vasodilator
prostacyclin  (PGI,) is still formed from 20:4n-6 in
endothelial cells by cyclooxygenase. These 3-series eicosa-
noids include the physiologically inactive eicosanoid,
thromboxane Aj, produced by platelets and PGI;, which
has similar vasodilator and platelet anti-aggregatory proper-
ties to PGIs.

In addition to prostacyclin (PGI,), other endothelium-
derived relaxing factors include endothelium-derived hyper-
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polarizing factor (EDHF) and nitric oxide (NO), which is
formed following the conversion of L-arginine to citrulline
by the enzyme NO synthase (Palmer et al., 1988). The
mechanism of EDHF’s relaxant effects is primarily due to
hyperpolarization from activation of K" channels (Cowan &
Cohen, 1991; Nagao & Vanhoutte, 1992). The opening of
K" channels and resultant hyperpolarization can be
prevented by K™ channel blockers or increased external
K™ concentrations (Nagao & Vanhoutte, 1991; Garland et
al., 1995).

To investigate the relaxant mechanism(s) of action of EPA
in normotensive Wistar Kyoto (WKY) rat aortae, we
examined the effects of EPA on high K™"-induced and
noradrenaline-induced contractions under normal calcium
and calcium-free conditions. Bay K 8644, a L-type calcium
channel agonist, was also used as a contractile agonist and
calcium-response curves were generated in the presence and
absence of EPA. Moreover, the specific properties of EPA in
relation to the endothelium and production of NO,
prostanoids, and opening of K* channels were investigated.
A preliminary report of some of these findings was presented
at the American Heart Association’s 70th Scientific Sessions
in Orlando, FL, U.S.A., on November 9—12, 1997 (Engler
& Engler, 1997).

Methods

Male Wistar-Kyoto (WKY) rats, (Harlan Sprague-Dawley,
Inc., Indianapolis, IN, U.S.A., Taconic, Germantown, NY,
U.S.A.)) (ages 16—17 weeks, mean weight 355+11 g) were
anaesthetized with a mixture of 70% oxygen, 30% nitrous
oxide, and 5% halothane. Prior to anaesthesia, systolic
blood pressure was 117+ 1 mm Hg, n=32 as measured by
tail-cuff plethysmography. Thoracic aortaec were excised,
cleaned of all connective and fat tissue and cut into rings
of 3 mm length. Each ring was mounted under optimal
resting tension of 2 g in tissue baths (Radnoti Glass
Technology Inc., Monrovia, CA, U.S.A.) containing 15 ml
Krebs-Ringer bicarbonate solution (pH 7.4) of the following
composition (mM); NaCl 118.3, KClI 4.7, CaCl, 2.5,
KH,PO, 1.2, MgSO4 1.2, NaHCO; 25.0, glucose 11.1.
Calcium-free solution contained the same components except
that ethylene glycol-bis (f-aminoethylether)-N,N'-tetra-acetic
acid (EGTA, 2 mMm) was substituted for CaCl,. The
solutions were aerated with 95% O,/5% CO, and main-
tained at 37°C.

Isometric tension was recorded with force displacement
transducers (Grass FTO3, Grass Instrument Co., Quincy,
MA, U.S.A.)) coupled to an eight-channel chartwriter
(model WR3701, Western Graphtec, Inc., Irvine, CA,
U.S.A.). Data acquisition was performed by a PO-NE-
MAH computerized system (Gould, Inc., Cleveland, OH,
U.S.A.). Tension adjustments and bath washes were
controlled by an automated system (STC 400, Buxco
Electronics Inc., Troy, NY, U.S.A.). Tissues were allowed
to equilibrate for 60—90 min before the start of the
experiments. Tissue viability was determined with KCI
30 mM and the integrity of the endothelium was assessed
by acetylcholine-induced (1 uM) relaxation in KCl-con-
tracted rings. In some rings, the endothelium was removed
with the tip of curved forceps. Removal of the endothelium
was confirmed by lack of relaxation to acetylcholine. The
guidelines of the Committee on Animal Research, Uni-
versity of California San Francisco were followed for all
experimental procedures performed.

Experimental Procedure

Protocol 1 This series of experiments was performed to
determine the relaxant responses of eicosapentaenoic acid in
WKY rat aortae precontracted by noradrenaline (NA, 1 um),
potassium chloride (KCI, 80 mM), or Bay K 8644 (1 uM, in
the presence of 15 mM KCI). Concentration response curves
of relaxation were obtained by the addition of cumulative
concentrations of EPA (1-100 um) following the plateau of
contraction to NA, KCI, or Bay K 8644. Concentrations of
EPA (1-30 um) were chosen since this range represents
physiological-obtainable levels in normal human plasma
(Engler 1992a); whereas, EPA at 100 uM is considered a
high non-physiological level. Relaxations were expressed as a
percentage of the maximum tension by contractile agonist
addition. The endothelium was removed prior to noradrena-
line-induced contraction and administration of EPA (1-—
100 uMm) in some rings. KCl-contracted aortic rings were
pretreated (20 min) with phentolamine (1 uM) to prevent the
effect of endogenous catecholamines. This series of experi-
ments also included a noradrenaline-contracted group
pretreated (20 min) with indomethacin (10 uM) or N®-nitro-
L-arginine methyl ester hydrochloride (L-NAME, 100 um).
Indomethacin, a cyclooxygenase enzyme inhibitor, and L-
NAME, a nitric oxide (NO) synthesis inhibitor, were used to
determine the possible role of prostanoids or endothelial
nitric oxide involvement in the EPA-induced relaxation. The
relaxant responses to EPA were then assessed as previously
described. The possible role of ATP-sensitive potassium
channels and potassium conductance on EPA-induced aortic
relaxation was also examined in another set of experiments.
Glibenclamide (10 gM), an inhibitor of ATP-sensitive
potassium channels (Katp), or tetracthylammonium (TEA,
1 mm), a Ca’*-activated potassium channel (Kc,) blocker,
were preincubated for 20 min prior to the EPA-induced
relaxation in noradrenaline-contracted rings. Combinations
of indomethacin (10 uM) and glibenclamide (10 uM) were
also preincubated for 20 min prior to EPA-induced relaxa-
tion in noradrenaline-contracted rings to determine the
possible involvement of prostanoid-mediated opening of
K™ channels.

Protocol 2 1In this series of experiments, aortic rings were
initially equilibrated in Krebs solution with 2.5 mm CaCl,
and were then washed four times at 4 min intervals for a
total of 20 min in calcium-free solution containing 2.0 mMm
EGTA. The rings were then exposed to noradrenaline (1 uM)
in the calcium-free solution, which produced an initial phasic
contraction followed by a sustained contraction. At the
plateau of the sustained noradrenaline contraction, cumula-
tive concentration-response curves to EPA (1-30 uM) were
generated. The possible inhibitory effect of EPA on the
sustained noradrenaline contraction in calcium-free solution
was determined.

Protocol 3 Experiments in this series examined the possible
influence of EPA (10, 30 uM) incubation (20 min) on
cumulative calcium (Ca**)-concentration (0.05—10 mMm) re-
sponse curves. Aortic rings were exposed to EPA in Ca>"-free
buffer without EGTA as described previously for 20 min.
Noradrenaline (1 pM) was then administered and at the
plateau NA response, calcium chloride was added in a
cumulative manner.

Protocol 4 1In this protocol, the possible inhibitory effect
of EPA on both the initial phasic and sustained
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noradrenaline contractile response in calcium-free solution
containing EGTA (2 mM) were examined. EPA (5,
10 uM) was incubated for 20 min prior to noradrenaline
(1 um)  administration. Both the initial phasic and
sustained contractions to noradrenaline in the calcium-
free solution are expressed as the percentage of the NA-
induced (1 uM) contraction in Krebs (calcium-containing)
solution.

Chemicals

Acetylcholine chloride, norepinephrine (—)-arterenol bitar-
trate salt, tetracthylammonium chloride, glibenclamide, L-
NAME, EGTA, eicosapentaenoic acid (sodium salt, >99%
purity), phentolamine, and indomethacin were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Bay K 8644
was obtained from Research Biochemical International,
Natick, MA, U.S.A. EPA was dissolved in nitrogen
saturated methanol and stored at —70°C under nitrogen
with preparation as previously described (Engler & Engler,
1996). The fatty acid vehicle (0.9% NaCl) was used in
control vessels. Noradrenaline was preserved in 0.2%
ascorbic acid stock solution. Glibenclamide and Bay K
8644 were dissolved in dimethyl sulphoxide (DMSO) at a
final concentration of DMSO of less than 0.1%. Indo-
methacin was dissolved in sodium carbonate solution
(0.1 m).

Data analysis

Data are presented as mean+s.e.mean of the percentage or
absolute tension maximal responses. Statistical significance
was determined by applying the Student’s #-test for unpaired
observations and analysis of variance (ANOVA) for multiple
comparisons. The post-hoc Scheffe procedure was used
following ANOVA for statistically significant F values.
When the assumption of equal variances required for the
ANOVA was not satisfied, the Kruskal-Wallis test was used
for group comparisons. Repeated measures ANOVA was
also used for comparisons of concentration response curves.
The Greenhouse-Geisser adjustment for multi-sample as-
phericity was used to avoid excessive Type [ error
(Ludbrook, 1994). Significance criteria was set at 0.05 and
when multiple comparisons were performed at each
concentration, the test of simple main effects with
Bonferroni correction was used, e.g., 0.05/5=0.01. n refers
to the number of animals with an average of 2—3 ring
responses per permutation.

Results

Vasorelaxant response to EPA: effects of indomethacin/
L-NAME and potassium channel blockers

As seen in Figure 1, EPA (1-100 uMm) induced similar
relaxant responses in noradrenaline (I uM)-(EPA) and KCl
(80 mMm) (KCI-EPA)-contracted rings (n.s.). Control re-
sponses for noradrenaline- and KCl-contracted rings ranged
from 14+0.7% to 3+3% and 0.1+1% to 0.4+3%,
respectively (n=3-6). Significantly greater relaxations to
EPA>30 uMm, (P<0.01) were seen in noradrenaline-con-
tracted rings as compared to control responses. In KCI-
contracted rings, EPA evoked greater relaxations (P<0.05—
P<0.01) at lower concentrations (1 —30 uM) when compared
to control responses.
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Figure 1 The concentration-dependent effect of eicosapentaenoic

acid (EPA) in aortic rings (intact and de-endothelialized, E-)
contracted with noradrenaline (NA, 1 um) +indicates incubation
(20 min) with indomethacin (INDO, 10 um) or L-NAME (LN,
100 um) in NA-contracted rings. The responses to EPA in Bay K
8644 (1 um)- and potassium chloride-(KCl, 80 mm) contracted rings
are also depicted as Bay K 8644-EPA and KCI-EPA, respectively.
n=3-15 per group. *Indicates significance at P<0.05, **P<0.01,
****P<0.0001 as compared to EPA group.

The maximal contractile response to KCl (80 mM) in the
presence of phentolamine (1 M) and noradrenaline (1 um)
was 1610+128 mg (n=6) and 2939+171 mg (n=10),
respectively. As seen in Figure 1, EPA responses following
Bay K 8644 contractions were significantly less (P<0.05)
than EPA responses (=30 uM) in noradrenaline-contracted
rings (EPA). Control responses in Bay K 8644 contracted
rings were similar to Bay K 8644-EPA responses at —0 to
—2+4% (n.s., n=3). The maximal contractile response to
Bay K 8644 was 1695+26 mg (n=4). Removal of the
endothelium did not alter EPA-induced responses (EPA E-)
as compared to the group with intact endothelium (EPA),
n.s., (Figure 1).

The noradrenaline-contractile response in the de-
endothelialized group was 2990+400 mg (n=5). The
contractile response to noradrenaline following separate
pretreatment with L-NAME (100 uM) or indomethacin
(10 um) were 2706+76 and 1075+49 mg, respectively.
When comparing EPA relaxant responses in noradrena-
line-contracted rings in the presence (EPA+LN) and
absence (EPA) of L-NAME, there was no significant
difference. However, a significant contractile effect was
seen with EPA (3-100 uM) in the presence of
indomethacin (Figure 1).

The effects of potassium channel inhibitors, glibenclamide
(10 um) or TEA (1 mMm) on EPA-induced relaxations in
noradrenaline-contracted rings are depicted in Figure 2.
Glibenclamide but not TEA treatment significantly inhibited
EPA-induced (=30 uM) relaxations (P<0.001). Combination
of indomethacin and glibenclamide treatment prior to EPA
(1-100 um) evoked significant vasoconstriction (P<0.01) as
seen in Figure 2.

Inhibitory effect of EPA on the sustained
noradrenaline-induced contraction in calcium-free
solution containing EGTA (2 mM)

After 20 min in calcium-free solution, addition of noradrena-
line (1 uM) produced a phasic contraction followed by a
sustained one. EPA significantly inhibited noradrenaline
sustained contractions at concentrations (10—30 uM) as
compared to the control (vehicle) as seen in Figure 3.

British Journal of Pharmacology vol 131 (8)
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Figure 2 The effect of eicosapentaenoic acid (EPA) in intact
aortic rings contracted with noradrenaline (NA, 1 um) following
pretreatment (20 min) with the K "-channel blockers, glibenclamide
(+GLB, 10 um) or TEA (1 mm). INDO+ GLB reflects incubation
(20 min) with indomethacin (10 uM) and glibenclamide (10 um).

n=3-10 per group. **Indicates significance at P<0.01,
*¥**P<0.001, ****P<0.001 as compared to EPA group.
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Figure 3 Inhibitory effect of eicosapentaenoic acid (EPA) on the

sustained noradrenaline (1 uM) contraction in calcium-free solution
containing EGTA (2 mMm). n=6 per group. **P<0.01 and
***P<0.001 (statistical difference compared with parallel control
data).

Relaxation responses to EPA (1-30 uM) ranged from
—7+1% to —30+4%. After the above experimental
procedure, aortic rings were washed with Krebs (calcium-
containing) solution. The resultant spontaneous increase in
aortic tension was not significantly different between the
EPA-treated group (18254+40 mg, n=8) and the control
group (17144150 mg, n=6, n.s.).

Influence of EPA incubation on concentration-response
curves to calcium

As demonstrated in Figure 4, no significant difference in
calcium-induced concentration curves (0.05—10 mM) were
noted in the presence of EPA (10 uM or 30 uM) as compared
to the control.

Effect of EPA on increases in tension induced by
noradrenaline in calcium-free solution containing EGTA
(2 mm)

Following incubation of EPA (5, 10 uM) for 20 min in
calcium-free solution, noradrenaline (I uM) induced phasic
and sustained contractions, were significantly diminished
(Table 1).
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Figure 4 The effect of eicosapentaenoic acid (EPA) in intact aortic
rings on cumulative concentration-response curves to calcium (0.05—
10 mMm). Aortic rings were initially exposed to calcium-free buffer
without EGTA for a period of 20 min. followed by administration of
noradrenaline (1 um). n=3 per group.

Table 1 Noradrenaline-induced (1 um) contractile re-
sponses following pretreatment with EPA (5, 10 um) in
calcium-free solution containing EGTA (2 mm)

Group (n) Phasic Sustained
EPA 5 um 9 37+1%* 8+ 1%**
EPA 10 um 9 354+ 1%** 104+0.9%
Control 8 47+4% 1442%

Data are expressed as percentage of the noradrenaline-
induced (1 uM) contractions in Krebs (calcium-containing)
solution. All values represent mean+s.e.mean. *Indicates
significance at P<0.05; **P<0.01 as compared to control.

Discussion

In the present study, we examined the mechanisms associated
with the vasorelaxant properties of the omega-3 fatty acid,
eicosapentaenoic acid (EPA) in normotensive Wistar Kyoto
rat aortae. The results indicate EPA induces an endothelium-
independent relaxant effect primarily through the production
of prostanoids which activate K" opp channels. Prostanoid-
mediated activation of ATP sensitive potassium channels has
been previously documented in rat arteries (Bouchard et al.,
1994). Specifically, prostacyclin (and its analogue iloprost)
produce relaxation mediated by opening of K stp channels
(Quast, 1993). Dietary intake of fish oils, rich in EPA, has
been documented to increase production of total prostacyclin,
PGI, and PGI; (Chin & Dart, 1995).

The inhibitory effects of indomethacin in EPA-induced
relaxations (3—100 uM) suggests the involvement of vasodi-
lator prostanoids, such as PGI,;;. Moreover, the contractile
responses to EPA (1-100 uM) in the presence of both
indomethacin and glibenclamide indicate that these vasodi-
lator prostanoids activate K rp channels. Fatty acids may
directly or indirectly through metabolic conversion affect ion
channels on an associated cell membrane site (Ordway et al.,
1991). Recent work by Asano et al. (1997) demonstrated
EPA’s (30 uM) induction of K™ currents in rat A7r5 smooth
muscle cells. These findings support our current data.

Criteria for K" channel openers has been established to
include: (1) the induction of an outward K™ current and
hyperpolarization of the cell membrane by K* channel
openers; (2) the vasorelaxant effect of K* channel openers is
abolished in media containing high concentrations of K™
(>50 mM); and (3) the vasorelaxant and K" channel opening
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effects are inhibited by sulphonylureas, i.e., glibenclamide
(Quast, 1993). The experimental evidence from the current
study demonstrates that EPA meets criteria 3 as a K™
channel opener. Eicosapentaenoic acid under criteria 2 does
not match the characteristics of a typical K* channel opener
since EPA inhibits high K™"-induced contractions in the
current study. In fact, this criteria is considered insufficient in
itself to prove that membrane K* opening is involved in the
relaxing effect, since depolarization may effect many cellular
activities.

It has been shown that pinacidil, a well known Katp
opener vasodilator, inhibits contraction in rabbit mesenteric
arteries and canine coronaries induced by high concentrations
(90—-128 mM) of extracellular K* without decreasing [Ca®"];
(Itoh et al., 1991; Yanagisawa et al., 1990). We have also
found pinacidil to inhibit contractions to high K* (80 mMm) in
rat aortic rings. Interestingly, the inhibitory effect is similar to
EPA. Many endogenous vasodilators act through membrane
hyperpolarization caused by K™ channel activation in
addition to other mechanisms independent of K* channel
activation (Nelson & Quayle, 1995). For example, calcitonin
gene-related peptide (CGRP) induced relaxations in rabbit
mesenteric arteries are inhibited only 57% by glibenclamide
(Nelson et al., 1990).

The Katp opener vasodilators, pinacidil and levcromaka-
lim, also cause vasorelaxation through mechanisms other
than K* channel opening (Itoh et al., 1991; Okada et al.,
1993). Such mechanisms of pinacidil include a direct
inhibitory action on the contractile apparatus in vascular
smooth muscle (Itoh er al., 1991) and a decrease in [Ca’*]; by
possible redistribution of Ca?" to more peripheral intracel-
lular sites. Levcromakalim’s actions include a reduction in
Ca’" sensitivity of the contractile elements, which is
antagonized by glibenclamide (Okada er al., 1993). It is
apparent that EPA-induced relaxation may also be attributed
to additional mechanisms aside from prostanoid-mediated
K" channel opening. It is evident that EPA-induced
relaxation is not associated with opening of Ca?*-activated
K™ channels since TEA had no effect.

The relaxant effect of EPA is further characterized as
endothelium-independent and not dependent on the produc-
tion/release of nitric oxide. This is evidenced by the negative
findings resulting from pretreatment with L-NAME and
physical removal of the endothelium. Although, activation
of K* channels is involved in EPA-induced relaxation,
EDHF as a contributing factor is also not probable since
removal of the endothelium and hence, EDHF, did not alter
EPA’s relaxant responses. The vasorelaxant properties of
EPA due to plasmalemmal K* channel opening and
subsequent repolarization and/or hyperpolarization of the
cell membrane are supported by the current results.
Potassium channel openers have been shown to decrease
the opening probability of voltage-dependent L- and T-type
Ca?" channels, reduce agonist-induced Ca®* release from
intracellular stores, and lower the efficiency of calcium as an
activator of contractile proteins (Quast et al., 1994).

The lack of effect of EPA on Bay K 8644-induced
contraction as well as calcium-induced contractile responses
does suggest that EPA’s action in rat aortae are not
specifically directed at influx of Ca®* through the L-type
Ca?* channel. Moreover, the spontaneous increase in aortic
tension following refill with calcium-containing solution was
not altered by EPA (30 uMm). This indicates that EPA does
not inhibit extracellular Ca>" entry into the vascular smooth
muscle cells nor refilling of intracellular Ca®* stores.
Although, previous studies have demonstrated the effects of

omega-3 PUFAs in preventing ouabain toxicity-induced
calcium overload and their modulation of calcium ion influx
via L-type calcium channels in pretreated rat cardiac
myocytes (Pepe et al., 1994; Hallaq et al., 1990), our results
suggest a different mechanism of action.

Potassium channel openers also inhibit agonist induced
contractions in calcium-free solution (Quast et al., 1994). In
calcium-free solution, noradrenaline induces a biphasic
contractile response (phasic, tonic) which is mediated by
two different intracellular Ca?* pools, i.e., SR, plasma
membrane Ca’?" storage compartments in rat aortae
(Heaslip & Rahwan, 1982). The initial phasic contraction
and transient increase in [Ca®']; with noradrenaline is
believed to be due to release of Ca>* from the sarcoplasmic
reticulum (Karaki et al., 1997). In contrast, the sustained
portion involves Ca®" influx through both L-type and non-
L-type Ca®" channels. This suggests that EPA’s actions not
only involve intracellular Ca** pools, i.e., SR, but possibly
Ca?" influx through non-L-type Ca?* channels. The current
findings with EPA in Bay K 8644 seem to rule out the
possible involvement of L-type Ca?* channels in EPA-
induced relaxation. The inhibitory effect of EPA on
noradrenaline-induced phasic and sustained contractions in
calcium-free medium may be the result of inhibition of
intracellular Ca?* release from the two dissimilar Ca>*
pools. Dietary investigations have also shown an altering
effect by fish oil on calcium transport properties in rat
myocytes (Karmazyn et al., 1987) and on modulation of
calcium metabolism in WKY rat aortac (Smith et al.,
1992).

In a previous study we also found EPA’s vasorelaxant
actions in Sprague-Dawley rat aortae to be possibly
attributed to alterations in the intracellular Ca®** pool
(Engler, 1992b). The effects of EPA may involve interference
with signal transduction systems, i.e., InsP; formation. EPA
reportedly has an inhibitory influence on phospholipase C
and impairs synthesis of DAG and InsP; in stimulated rat
vascular smooth muscle (VSM) cells (Hui ef al., 1992; Locher
et al., 1989). Our recent studies with cultured VSM cells from
spontaneously hypertensive rat (SHR) aortae also suggest an
inhibitory effect of EPA on Ca’" signalling (Engler et al.,
1999a). EPA (30 uM) pretreatment in these cells attenuates
angiotensin II-induced Ca?* transients by 95%. Moreover,
EPA per se produced an increase in [Ca®*]; lasting 20 min in
cultured SHR VSM cells which was not altered by removal of
extracellular Ca>". We also found the level of InsP; was
unaffected in response to EPA. The slightly increased [Ca>*];
seen with EPA in SHR VSM cells may be important for
subsequent signalling which underlie the vasorelaxant effects
of EPA (Engler et al., 1999a).

Whether the relaxant effects of EPA and associated
mechanism(s) of action in large conduit arteries (aortae) are
similar in smaller resistance arteries is not known and
requires further study. However, it is known that rat aortae
and mesenteric arteries share the same extracellular Ca**
influx and intracellular Ca>* release mechanisms associated
with noradrenaline-induced tension development (Godfraind
et al., 1982). Given these similarities of calcium-mediated
mechanisms in different sized vessels, the current calcium-
related findings with EPA in aortae may have relevance in
small resistance vessels. The use of isolated rat aortae as a
bioassay system is in some respects ideal to study the direct
effects of fatty acids or drugs on the vasculature. This is due
to the lack of interference from nervous innervation and
other central-mediated mechanisms that govern vascular
responses.
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Vascular structure and function shows some similarities
between different species and thus careful extrapolation of
animal studies to man is certainly warranted. For example,
Ca?* mobilization appears to be the key process in overall
control of vascular smooth muscle responsiveness (Fleisch
1974). It remains to be elucidated whether the reduced
vascular responsiveness seen in clinical trials with dietary fish
oil is directly attributed to interference with Ca** mechan-
isms in VSM.

Several clinical trials have examined the in vivo vascular
effects of dietary omega-3 fatty acid supplementation. Dietary
fish oil reduced forearm vascular resistance responses to
angiotensin II in normotensive men (Kenny et al., 1992) and
improved endothelium-dependent flow-mediated dilation in
hypercholesterolemic subjects (Goodfellow er al., 2000).
Dietary intake of the omega-3 fatty acids has also been
found to improve coronary vasomotion seen with sympa-
thetic stimulation in patients with coronary artery disease
(Yamamoto et al., 1992) and attenuated the reduction in
forearm blood flow to noradrenaline in healthy subjects
(Chin et al., 1993). This attenuation was abolished with
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