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Characterisation of the vasodilation effects of
DHA and EPA,n-3 PUFAs(fish oils), in rat aorta
and mesenteric resistance arteries
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Abstract

Background and purpose

Increasing evidence suggests that the omega-3 polyunsaturated acids (n-3 PUFA), docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA), are beneficial to cardiovascular
health, promoting relaxation of vascular smooth muscle cells and vasodilation. Numerous
studies have attempted to study these responses, but to date there has not been a system-
atic characterisation of both DHA and EPA mediated vasodilation in conduit and resistance
arteries. Therefore, we aimed to fully characterise the n-3 PUFA-induced vasodilation path-
ways in rat aorta and mesenteric artery.

Methods

Wire myography was used to measure the vasomotor responses of freshly dissected rat
mesenteric artery and aorta. Arteries were pre-constricted with U46619 and cumulative con-
centrations of either DHA or EPA (10 nM-30 M) were added. The mechanisms by which n-
3 PUFA relaxed arteries were investigated using inhibitors of vasodilator pathways, which
include: nitric oxide synthase (NOS; L-NAME), cycloxygenase (COX; indomethacin), cyto-
chrome P450 epoxygenase (CYP450; clotrimazole); and calcium-activated potassium
channels (Kca), SKca (@pamin), IKca (TRAM-34) and BKc, (paxilline).

Results

Both DHA- and EPA-induced relaxations were partially inhibited following endothelium
removal in rat mesenteric arteries. Similarly, in aorta EPA-induced relaxation was partially
suppressed due to endothelium removal. CYP450 also contributed to EPA-induced relaxa-
tion in mesenteric artery. Inhibition of IKc, partially attenuated DHA-induced relaxation in
aorta and mesenteric artery along with EPA-induced relaxation in mesenteric artery. Fur-
thermore, this inhibition of DHA- and EPA-induced relaxation was increased following the
additional blockade of BK, in these arteries.
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Conclusions

This study provides evidence of heterogeneity in the vasodilation mechanisms of DHA and
EPA in different vascular beds. Our data also demonstrates that endothelium removal has
little effect on relaxations produced by either PUFA. We demonstrate IKc, and BKc, are
involved in DHA-induced relaxation in rat aorta and mesenteric artery; and EPA-induced
relaxation in rat mesenteric artery only. CYP450 derived metabolites of EPA may also be
involved in BKc, dependent relaxation. To our knowledge this is the first study indicating the
involvement of IK, in n-3 PUFA mediated relaxation.

Introduction

CardiovasculadiseasefCVDs)aretheleadingcauseof deathsworldwideandaccordingto
theWorld HealthOrganisationCVDsaccountfor up to 31%of all deathgglobally.Oneof the
major risk factorsassociatetith CVDsis endothelialand vasculadysfunctionwhich causes
impairmentof vascularelaxationandreactivity[1]. Endotheliumlinestheinterior surfaceof
bloodvesselandhasacritical role in the production of variousvasodilatorsuchasnitric
oxide(NO), prostaglandinsgndothelium-dependerhyperpolarization(EDH) and endothe-
lium-derivedhyperpolarizatiorfactors(EDHFs)thatinclude;hydrogenperoxideandcyto-
chromeP450(CYP450)metabolitef arachidonicacid(AA) [26].

The cardioprotectiveeffectof omega-3ong chainpolyunsaturatedatty acids(n-3
PUFASs)or ?fish oils® werefirst identifiedin Greenlandand Japanespopulationswherethe
mortality ratefrom CVDsweresignificantlylesscomparedo Westernpopulationg 7, 8].
Thesebeneficiakffectavereattributedto high consumptionof fish; subsequentlglinical and
epidemiologicastudieson n-3 PUFAsreportedtherapeutidoenefitsto health[9]. The benefi-
cial effectof n-3 PUFAsincludeproviding protectivecardiovasculaeffectsenhancingorain
function, attenuatingtherisk of cancerandinhibiting inflammation[10+12].Therearethree
main typesof n-3 PUFAsfound in fish:alphalinolenic acid (ALA, 18:3) eicosapentaenogcid
(EPA,20:5),anddocosahexaenoarid(DHA, 22:6)[13]. DHA andEPAareprimarily associ-
atedwith the beneficiakeffectsof n-3 PUFAs,including vasodilation14].

Vascularstudieshavereportedthat dietaryfatscanaffectendothelialfunction and overall
vasculatone[15]. ForexampleAA isanomega-8PUFAinvolvedin numeroussignalling
pathwaysncluding vasodilationBreviewedn [4, 6, 16+ 18] Differentenzymesreinvolvedin
the production of metaboliteof AA, alsoknown aseicosanoidghesenclude;cycloxygenase
(COX)-derivedseries-2rostaglandinge.g.PGl,) andcytochromeP450epoxygenase
(CYP450)-derive@poxyeicosatrienoiacids(EETs)both of whichareknown to evokevasodi-
lation [16,17]. Similarto AA, n-3 PUFAscanalsobefound asfreefatty acidsand canbe
releasedrom membranephospholipidsviathe activity of phospholipasé&?2 (PLA2)[19, 20].
n-3 PUFAscompetewith AA assubstrategor manyenzymesncluding thoseinvolvedin the
productionof AA-derivedeicosanoid$?1,22]. ForexampleEPAand DHA produceCOX
metabolitegseries-F Gs),CYP450netaboliteknown asepoxyeicosatetraeit acids
(EpETEsYerivedfrom EPA[23] andepoxydocosapentaeracids(EDPs)derivedfrom
DHA [22] whichareall involvedin vasodilation24+26].

n-3 PUFAscanimproveendotheliafunction andvasculareactivityin both healthyvolun-
teersand patientssufferingfrom cardiovasculadisorderq27+29].Thesestudiesndicatedan
increasedrterialvasodilatatiorfollowing the dietaryinclusionof n-3 PUFAsthe mechanisms
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involvedcandiffer dependinguponthe n-3 PUFAstudied[28]. Onemechanisnproposedo
beinvolvedin theseresponsess theimprovedbioavailabilityof NO [29]. Howevern-3
PUFAsalsocompetewith AA for variousenzymesnvolvedin vasodilation[30], indicating
thatthesevasodilatopathwaysalsocontributeto n-3 PUFAmediatedrelaxation For example,
EDPsderivedfrom DHA metabolismby CYP450sreinvolvedin vasodilationof porcinecor-
onaryarterieg25]. Similarto AA-derivedEETstheseEDPswerereportedto activatdarge
conductancealciumactivatedbotassiunchanneldBKc,) resultingin hyperpolarizatiorand
relaxationof vasculasmoothmusclecells(VSMCs).COX metaboliteof EPAarealso
reportedto beinvolvedin n-3 PUFAmediatedvasodilation24]. Thesestudiesndicatethat n-
3 PUFAsevokerelaxationthroughanendothelium-dependennechanismbut thereis also
evidencdhattheymayactdirectlyon VSMCsviauncharacterizednechanism$27].

Fewstudieshavelookedin depthinto theindividual vasodilatiormechanism®f DHA and
EPAanddifferentmechanismsrereportedto beinvolved,dependinguponthetypeof artery
andn-3 PUFAstudied.Thereforethis studyfocusecdbn the detailedcharacterisatiomf com-
mon vasodilationpathwaysncluding NO, COX, CYP450nd EDH-like responsem theindi-
vidualvasodilatoreffectsof DHA and EPA.We conductedhesestudiesn aconduitartery
(aorta)andaresistancartery(mesenteriartery)of ratsasthe vasodilatormechanismn
thesearterytypesshowconsiderabléneterogeneitythe NO pathwaydominatingin conduit
arteriesandagreatercontribution of EDH in resistancarterieq6, 31]. We confirm therole of
BKcaandprovideevidenceof anovelrole for intermediateK ., (IK ¢ channelsn relaxation
mediatedoy DHA in rat aortaand mesenteriarteryalongwith EPA-inducedrelaxationin rat
mesenteri@artery.

Methods

MaleWistar Kyoto (WKY, 8+12weeks200+30@) ratswerekilled accordingto schedulene
of the Animals(ScientificProceduresfct 1986andthuswasgivenan ethicalapprovalwaiver
by the University of ReadingAnimal Welfareand EthicalReviewBoard(AWERB).To ensure
death,aninhaledoverdosef isofluranewasimmediatelyfollowedby cervicaldislocation.The
aorticandmesentericvasculabedsweredissectedrom WKY ratsandimmediatelyplacedn
ice-coldisotonicKrebssolutioncontaining(mM): CaC}, 2.5;glucosel11;KCl, 3.6;KH POy,
1.2;MgSQ,. 7H,0, 1.2;NaCl,118andNaHCO;, 24.Segmentsf aortaandthird ordermesen-
teric arterieg(~2 mm of length)weremountedin Mulvany-Halpernwire myograph(Danish
MyoTechnology620M).Thetissuesvereimmersedn Krebssolutionbubbledwith 95%0./
5%CO, andsubjectedo zerotensionfollowedby equilibrationat 37EGor 20minutes.The
tissuesverethenstretchedo astandardizedensionof 7£13mN (aorta)and~3 mN (mesen-
tericartery)accordingto theDMT normalizationmodulein Labchart7. Tensionwasmea-
suredusingisometricforcetransducerconnectedo PowerLab(ML846;AD Instruments,UK)
andacomputerrunning Labchart7 softwarg(AD Instruments,UK). All arterieswveretested
for functionalendotheliumby preconstrictingthemwith the thromboxaneA, receptor(TP)
agonistU466195+100nM) followedby the addition of acetylcholind ACh,1 M) toinduce
vascularelaxation Arteriesthat exhibited>90% relaxationwereconsideredo haveviable
endothelium A stablesub-maximatone (~ 50+80%0f maximum)waselicitedwith U46619
(5£100nM) andn-3 PUFAmediatedrelaxationsvereinvestigatedhrough cumulativeaddi-
tion with increasingconcentrationf10nMB30 M). In someexperimentghe endothelium
wasremovedto assesis role in n-3 PUFAmediatedrelaxationby gentlyrubbingtheinner
layerof the arterieswith eithera stainlessteelwire (Diameter:250 m) (aorta)or goldplated
tungsterwire (Diameter:25 m) (mesenteriartery).Arterieswith <10% relaxationto ACh
(1 M) wereconsideredo havefunctionalremovalof endothelium.Followingthe control
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concentrationresponseurve,in the samearterialrings, inhibitors wereincubatedfor atleast
20mins beforepreconstrictingto asimilar levelof toneaswasachievedn the control experi-
mentby adjustingthe concentrationof U466195+100nM), if necessaryl herole of eNOS,
COX,CYP45mndEDH-like responsewereassessenh DHA- andEPA-mediatedelaxation.
NO, COXandCYP45@athwaysvereblockedby: the selectivanitric oxidesynthasénhibitor
L-NAME (300 M), theselectiveeycloxygenasiahibitor indomethacin(10 M) andthenon-
selectiveCYP450nhibitor clotrimazole(1 M) respectivelyln orderto investigatehe EDH
responseexperimentsvereconductedn the presencef L-NAME to preventthe effectof
basaNO releas®r NO mediatedresponseslhe K, channelsnvolvedin EDH responses
wereinhibited with the specificblockersapamin(SK,blocker,50nM), TRAM-34(IK ¢,
blocker,1 M) andpaxilline (BKcablocker,1 M). Often EDH-like responsesequireblock-
adeof all 3 subtype®f Kc,generallythe combinationof SK-,and IK ¢, is sufficientto block
this pathway[6]. Weinitially addedapaminwhichfailedto affectresponseghereforewethen
assessettie combinationapaminand TRAM-34whichwould elucidatetherole of IKc.. As
residualrelaxationwasobservedollowing this combination,thefurther contribution of BKc,
(andthusthetotal EDH/EDHF componentof relaxation)wasassessday addingpaxillineto
this blockingcocktail.

Data analysisand statistical procedures

Resultareexpressedsmean SEMof experimentsywhere refersto the numberof biologi-
calreplicatesachobtainedfrom aseparat@animal.Dataanalysisvascarriedout usingGraph-
PadPrism5 (v5.0,GraphPadsoftware SanDiego,CA, USA).Relaxatiorresponseavas
measureaspercentageeductionof the stabletoneinducedby U466195+100nM). One-way
analysiof variance ANOVA) andBonferroni‘'spost-hoctestor two-tailedStudent's-test(as
appropriate)wereusedfor statisticacomparisonof the concentratiorresponseurvesn
GraphPadPrism5 (GraphPadlUSA).P-valueof < 0.05wasconsideredasbeingstatistically
significant.

Drugs, chemicalsreagentsand other materials

All inhibitors wereobtainedfrom Sigma(Poole,UK). Saltsfor Krebssolutionwereobtained
from FisherScientific(LoughboroughlUK) with the exceptionof CaCh andMgSQ,.7H,O
whichwereacquiredirom SigmaApamin, L-NAME (L-N®-Nitroarginine methylester)and
acetylcholinaveredissolvedn distilledwater.Clotrimazole(1-[(2-Chloropheny)(diphenyl)
methyl]-1H-imidazole)jndomethacin(2-{1-[(4-Chlorophenyl)cebonyl]-5-methoxy-
2-methyl-1H-indol-3-yl}acet acid),paxilline (2R,4bS 6aS,12bS 12cR 14aS)-4b-hydroxy-2-
(1-hydroxy-1-methylethyl)-12H 2¢c-dimethyl-56,6a,7,12,12b,12¢,13,14,14a-decahydro-
2H-chromeno[5',6":6,7]indeno[1,2-b]indol-3(4bH)-one), TRAM-34(1-[(2-chlorophenyl)
diphenylmethyl]-1 -pyrazole)andU466199,11-dideoxy-9 ,11 -methanoeppPGF2 )
weredissolvedn 100%dimethylsulphoxide(DMSO).DHA andEPAweredissolvedn 100%
ethanolandsubsequentilutions werecarriedout in distilled deionizedwater.All stockdrugs
werepreparedat 10mM with the exceptionof L-NAME (100mM), indomethacin(100mM)
andapamin(100 M).

Results

For all experimentabroupsEGsp and maximumrelaxation(Eqax %) to eachn-3 PUFAwere
calculatecand canbefoundin supplementaiaterialgTableA in S1File).A pooledanalysis
of control curvesfor DHA andEPAmediatedrelaxation(TableBin S1File)demonstrated
thattherewasno differencen the E,,« but that DHA wassignificantlymore potentat evoking
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Fig 1. The effectof endothelium removalin n-3 PUFA-inducedrelaxation of rat arteriespreconstrictedwith U46619.(A) DHA ( =5)and(B)
EPA-inducedelaxationof rat mesenteri@arteryfollowing endotheliumremoval( =6).(C) DHA ( =7)and(D) EPA-indu@drelaxationof rat aorta
following endotheliumremoval( = 6). Dataareexpressedsmean SEM IndicatesP<0.05,significart differencefrom control curvewasassesseuly
one-wayANOVA followedby Bonferron post-tes

https://doi.0g/10.1371§urnal.pon®192484.9001

relaxationin both mesenteriartery( = 19+20P<0.05)andaorta( =17+18P<0.05;
TableBin S1File).

Roleof endotheliumin n-3 PUFA-dependentrelaxation of rat mesenteric
artery and aorta

Endotheliumhasacritical role in maintainingvasculahomeostasithereforewe assessettie
contribution of endotheliumto DHA andEPAmediatedvasodilationBothn-3 PUFAs
evokedconcentrationdependentelaxationof mesenteri@arteryandaorta.Relaxationso
bothDHA andEPAwerepatrtiallyinhibited following endotheliumremovalin rat mesenteric
arterieg(Fig1Aand1B)( =5%6,P<0.05).Similarly,in aortaEPA-inducedelaxationwas
partially suppressetbllowing endotheliumremoval(Fig 1D, =6,P<0.05).However DHA-
inducedrelaxationwasunaffectedoy the removalof endotheliumin aorta(Fig 1C, =7).

Roleof eNOSand COXin n-3 PUFA-dependentrelaxation of rat
mesentericartery and aorta

In rat mesenteriartery,DHA and EPA-inducedrelaxationareunaffectedoy theinhibition of
eNOS(L-NAME, 300 M) andtheadditionalinhibition of COX (indomethacin,10 M)
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Fig 2. The effectsof L-NAME and indomethadn in n-3 PUFA-inducedrelaxation of rat arteriespreconstrictedwith U46619.(A) DHA- and(B)
EPA-inducedrelaxationof rat mesenteri@arteryin the presencef L-NAME (300 M) andsubsequeraddition of indomethain (10 M) ( =5).(C)
DHA- and(D) EPA-induedrelaxationof rat aortain the presencef L-NAME andsubsequeraddition ofindomethain ( =5). Dataareexpresseds
mean SEM. IndicatesP<0.05,significantdifferencefrom control curvewasassesseuly one-wayANOVA followedby Bonferrori post-tes.

https:/Hoi.org/10.137/ournal.pon®192484.g002

(Fig2Aand2B)( =5).Similarly,in rataortaboth DHA- andEPA-inducedelaxationsvere
not alteredin the presencef L-NAME alone,or in combinationwith indomethacin(Fig 2C
and2D)( =5).

Roleof CYP450in n-3 PUFA-dependentrelaxation of rat mesentericartery
and aorta

Theeffectof CYP450poxygenas@ahibition on n-3 PUFA-mediatedelaxationwasinvesti-
gatedin rat mesenteri@arteryandaorta.Fig 3A and 3C demonstratehat non-selectivénhibi-
tion of CYP45(clotrimazole, 1 M) did not modify therelaxanteffectsof DHA in rat
mesenteri@rteryandaorta( =5and6, respectively)ln contrast EPA-inducedelaxationin
rat mesenteri@rteryandaortawereboth partially inhibited with clotrimazole(1 M) as
shownin Fig3Band3D ( =5,P<0.05).Thesdindingsindicatethat CYP450poxygenase

metabolitef EPAareinvolvedin vasodilation.

Roleof Kc5channelsin n-3 PUFA-dependentrelaxation of rat mesenteric
artery

The EDH pathwayis anintegralcomponentof endothelium-dependentlaxationin resis-
tancearterieq32]. This pathwaywasinvestigatedhroughthe blockadeof K-, channels
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Fig 3. The effectof clotrimazolein n-3 PUFA-inducedrelaxation of rat arteriespreconstrictedwith U46619.(A) DHA- and(B) EPA-inducedelaxationof
rat mesenteri@rteryin the presencef clotrimazole(1 M) ( =5%6).(C) DHA- and(D) EPA-induedrelaxationof rat aortain the presencef clotrimazole
( =5).Dataareexpresedasmean SEM IndicatesP<0.05,significart differencefrom control curvewasassesseuay one-wayANOVA followedby

Bonferronipost-test.

https://doi.org/1A.371/journal pne.0192484003

responsibldor subsequentiyperpolarizatiorandrelaxationof VSMCs Pre-treatmenbf rat
mesenteri@rterywith the combinationof L-NAME andthe SK-,channelinhibitor, apamin
(50nM), did not modify DHA-induced relaxation However additionalinhibition of IK

with TRAM-34(1 M) partiallyinhibited this relaxation( =5,P<0.05)(Fig4A). Subsequent
addition of the BKc,inhibitor, paxilline(1 M) further inhibited DHA-induced relaxation
(Fig4A) (P<0.05).Consistentwith thesefindingsusingidenticalexperimentatonditions,
inhibition of IK c;and BKc;channelsalsoinhibited EPA-inducedrelaxationsn rat mesenteric
artery(Fig4B =5,P<0.05).

Roleof Kc4channelsin n-3 PUFA-dependentrelaxation of rat aorta

While EDH is not the predominantvasodilatiormechanisnin the aorta,Kc,channelsare
presentandcanaffectdilator responsef33+36].Combinedinhibition of eNOSwith L-NAME
(300 M) andSK,with apamin(50nM) did not modify DHA-inducedrelaxation(Fig 5A).
However subsequeninhibition of IK,with TRAM-34(1 M) ledto partialattenuationof
DHA-inducedrelaxationwhich wasenhancedipon additionalinhibition of BKc,with paxil-
line(1 M) ( =5,P<0.05).In contrastcombinedinhibition of eNOS SKc,, IKcaandBKc,
did not affectthe EPA-inducedrelaxationof rat aorta(Fig5B) ( =5).
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Fig 4. The effectsof inhibiting K, channelsin n-3 PUFA-inducedrelaxation of rat mesentericartery preconsticted with U46619.(A) DHA- and
(B) EPA-induedrelaxationof rat mesenteic arteryin the presencef L-NAME (300 M) followedby the subsequeraddition of Kc,inhibitors;
apamin(50 M), TRAM-34(1 M) andpaxilline(Pax,1 M) ( =5).Dataareexpressedsmean SEM. IndicatesP<0.05,significantdifferercefrom
control curveassesseay one-wayANOVA followedby Bonferror post-test.

https://doi.0g/10.1371§urnal.pon®192484.9004

Discussion

CVDsareassociatewiith theimpairmentof vasodilatiormechanismén arterieq14,37]. The
n-3 PUFAs EPAandDHA, foundin fishandsupplementarereportedto improvevasodila-
tion throughdifferentmechanismshat promoteendotheliafunction andvasculareactivity
[27]. Our studycharacterise-3 PUFA-inducedrelaxationat concentrationf freefatty acid
(200nM-30 M) thatareachievabléin humanplasmafollowing an-PUFArich meal

(~70 M) [38]. Wedid thisin both resistancend conduitarteriesof ratssincestudiessuggest
thatthevasodilatiormechanismgandiffer dependinguponthetypeof artery[31]. Conduit

Fig 5. The effectsof inhibiting Kc,channelsin n-3 PUFA-inducedrelaxation of rat aorta preconsticted with U46619.(A) DHA- and(B) EPA-
inducedrelaxationof rat aortain the presencef L-NAME (300 M) followedby the subsequeraddition of K, inhibitors; apamin(50 M), TRAM-34
(1 M) andpaxilline(Pax,1 M) ( =5).Dataareexpressedsmean SEM. IndicatesP<0.05,significantdifferencefrom control curvewasassesske

by one-wayANOVA followedby Bonferrori post-test.
https://doi.0g/10.137 1§urnal.pon€192484.g005
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arteriesarethelargerelasticblood vesselthat aremainly involvedin thedistribution of blood
[39] whereasrterieswith the lumendiameterof <300 m areclassedsresistancarteries
andarecritical in theregulationof blood pressurd40,41]; vasodilationis predominantly
mediatedby NO in conduitarterieswhile in resistancarteriesEDH mechanismslsocontrib-
uteto relaxation[31, 36]. Therefore weinvestigatedoth typesof blood vesselo fully under-
standthe mechanisménvolvedwith n-3 PUFAmediatedrelaxation.

Endotheliumhasanimportantrolein theregulationof vasculatonesinceit isinvolvedin
the production of variousvasodilatorsncluding NO, PGl, and EETs alongwith the transmis-
sionof endotheliahyperpolarizatiorto VSMCsviamyoendotheliabapjunctions[2+5]. We
investigatedhe effectof endotheliaremovalin n-3 PUFAmediatedrelaxationof rat aorta
andmesenteri@arteriesOur findingsindicatethat endotheliaremovalcausepartial attenua-
tion in both DHA- andEPA-inducedelaxationof rat mesenteriartery(Fig 1A and 1B).Simi-
larly, thisinhibitory effectwasalsoobservedvith EPA-inducedrelaxationof rat aorta(Fig
1D). Thisis consistentith numerousreportssuggestinghat n-3 PUFAscanimproveendo-
thelialfunction andaugmentendotheliumdependentelaxation15,27+2942]. However,
relaxationwasonly partiallyinhibited following removalof endotheliumandalargeresidual
relaxationremainedindicating that the vasodilatoreffectof n-3 PUFAsis primarily endothe-
lium-independentFurthermore asDHA-induced relaxationremainedunalteredfollowing
endotheliumremovalin the aorta(Fig 1C),thereis heterogeneityn the vasodilatormecha-
nismsof DHA betweerconduitandresistancarteries.

A largebody of evidenceexistsdemonstratinghat n-3 PUFAscanevokeendothelium-
dependeniNO-mediatedrelaxation. For exampleEPAwasreportedto inducecalcium-inde-
pendentincreased NO resultingin relaxationof bovinecoronaryarterieg43]. Similarly,
DHA wasalsoreportedto enhancdL-1 -mediatedNO productionin VSMCsderivedfrom
rat aorta[44]. Elevationof eNOSMRNA andproteinlevelsn isolatedaortictissuedavebeen
suggestedsa mechanisnof n-3 PUFA-inducedNO production[45]. Clinical studieshave
validatedthesdindings,indicatingthatlong-term EPAtreatmentin patientswith coronary
arterydiseasémprovedboth NO-dependentind-independentvasodilation29]. However,
our resultsdemonstrateghatinhibition of eNOSdid not affectDHA- andEPA-inducedrelaxa-
tion in rat mesenteri@rteryandaorta(Fig 2A+2D).Othergroupshavereportedalackof effect
of n-3 PUFAson NO mediatedrelaxation.For examplea studyinvestigatinghe effectof
DHA supplementationin orchidectomizedanimals[46] found thatvasodilatoresponseand
NO levelswneresignificantlylowerin orchidectomizedatscomparedo the control ratsand
thatDHA normalizedthesdevelq46]. HoweverDHA-supplementedontrol ratsdid not
havealteredlievelsof NO in aorticsegmentsAdditionally, in placentatissuederivedfrom
pregnancy-inducethypertensiveatswith impairedvasodilatoresponses)-3 PUFAsupple-
mentationledto anincreasen eNOSleveld47]. Thereforejt is possiblghatthe beneficial
effectsf n-3 PUFAson NO productioncanonly beobservedn conditionswhereNO bio-
availabilityis compromisedarecentmeta-analysigdicatedthat the hypotensivesffectof n-
3 PUFAsareonly observedn hypertensivéndividualsbut not in healthyvolunteer448]. We
believeour studyindicateshatn-3 PUFAsdo not affecteNOS-mediatedelaxationsvhen
acutelyappliedto arterialtissuefrom healthyanimalsand highlightsthat caremustbetaken
whencomparingn-3 PUFAeffectsbetweerspeciesinddiseasenodels.

BothDHA andEPAcompetewith AA assubstratesor COX enzymesesultingin the pro-
duction of vasoactivenetabolitesandclinical evidencedemonstrateshereis alteredprosta-
noid productionasaresultof fish oil supplementatiorin humang[49]. Furthermoren-3
PUFAsinhibit noradrenaline-andangiotensinl-induced vasoconstrictiorof humanforearm
resistanceesselsan effectthatis sensitiveo COX blockaddg49]. However wefound no evi-
denceof COX-derivedmetabolitecontributing to n-3 PUFA-mediatedelaxationin either
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mesenteri@rteryor aorta(Fig 2). Thisisin contrastto previousstudiesby Engler ~ where
COX-derivedmetabolitef DHA andEPAwerereportedto beinvolvedin relaxationof rat
aorta[24,50].In thesestudiesrelaxationsveresensitivao the blockadeof COX andadeno-
sinetriphosphate-sensitivpotassiunthanneldK o1p); consistentvith studiesndicatingthat
AA-derivedprostanoidsactivatevasculaiK otp [51]. This discrepancynight haveoccurred
dueto significantmethodologicadlifference$etweerour laboratoryandthat of Engler
[24,50],whichincludethe useof adifferentvasoconstrictofnoradrenaline)andthe useof
considerablyargerandolder WKY ratsby the Englergroup[16+17weeks355 11 g). Thereis
evidencendicatingthat ageings associatewith endothelialdysfunctionandthereforeis a
risk factorfor CVDs[52]. Variousstudieshaveindicatedthat ageingcanevokebiochemical
changesén thebloodvesselgesultingin impairmentof NO productionand PGl-induced
relaxation[53+57].Thereforejt is possiblahat ageingcould alsoaffectthe mechanisms
involvedwith n-3 PUFA-inducedvasodilation[58]; for examplethe COX metaboliteof n-3
PUFAsmayhaveamore profound effectin improving theimpairedendotheliafunctionin
olderratsandthis maypartly explainthe discrepancyHowever our findingsareconsistent
with anotherstudywherecombinedinhibition of COX andeNOSdid not modify DHA-
inducedrelaxationof U46619-constrictedat aorta[59]. This studywasconductedwith ratsof
thesameageandweightasusedin our study.Furtherinvestigations requiredto examineif
differentvasoconstrictoagonistsaandagegroupsof WKY ratsalterthe mechanismsinderly-
ing n-3 PUFAmediatedvasodilation.

In additionto thereportedeffectson NOSand COX mediatedrelaxationsn-3 PUFAcom-
petewith AA assubstrate$or CYP450resultingin the production of differentvasoactive
metabolitesn arterieq22,25,60].In porcinecoronaryarteries DHA-derived CYP450metab-
olites,EDPswerereportedto activateBKc, channelfound in VSMCsresultingin hyperpo-
larizationandvasodilation[25]. Furthermore CYP450metaboliteof EPA,17(18)-EpETES,
relaxpulmonaryarterythroughactivationof BK-,[60]. Thereforeweinvestigatedherole of
CYP45(poxygenasia rat mesenteri@arteryandaortawith n-3 PUFAs.Our findingsdemon-
stratethatinhibition of CYP45Cepoxygenasaid not affectDHA-inducedrelaxationin either
artery(Fig 3A and3C).In contrast EPA-inducedelaxationwaspartially attenuatedy inhibi-
tion of CYP450n both arterieg(Fig 3Band 3D). Thesdindingsagainindicateheterogeneity
in thevasodilatiormechanism®f n-3 PUFAs.Thelackof effecton DHA mediatedrelaxation
andthelargeproportion of relaxationremainingfollowing the blockadeof CYP450n EPA
mediatedrelaxation suggeststher mechanismsrealsoinvolved.Therefore pur findings
suggesthatthat n-3 PUFAsdo not necessarilyequireCYP450metabolisnto inducefull vas-
cularrelaxation However we cannoteliminatethe possibilitythat metabolismby other
enzymessuchaslipoxygenasegould contributeto theserelaxationresponsefs1].

In this study,wealsoinvestigatedf mechanism®f EDH-mediatedrelaxationcouldbe
involvedwith the vasodilationeffectof n-3 PUFAs.EDH is animportant vasodilatiorpath-
way,especiallyn smallerresistancarteriesthatinvolvesendothelialSK-,andIKc,and
VSMCBKc,activationresultingin the hyperpolarizatiorandrelaxationof VSMCs[4, 5].
DHA and DHA-derived EDPsactivateBK-, channelgpresenin VSMCsfrom porcinecoro-
nary[25] andrat coronaryarterieg62, 63]; with EDPsreportedto be1000timesmore potent
in activatingBKc,comparedo AA-derivedEETs Similarly, CYP450metabolitef EPA,
17R,18S-EpETEsctivateBK-,channelsn rat cerebrabnd mesenteriarterieg26] aswellas
humanpulmonaryartery[60]. Consistenwith thesestudiespur resultsdemonstratehat
DHA-mediatedrelaxationsn both mesenteri@rteryandaortahaveacomponentsensitiveo
theblockadeof BKc, (Figs4A and5A). Our datais consistentvith the ability of DHA to
directly activatethesechannelsasthe relaxationsareindependenif the metabolicaction of
CYP45(QFig 3A and 3C).In the mesenteriartery(but not the aorta),BK-, blockadealsoled
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to inhibition of EPA-inducedrelaxation(Fig 4B).lt is conceivabléhat EpETEserivedby
metabolismof EPAby CYP45Qould contributeto this effectasinhibition of CYP450also
reducedEPA-mediatedelaxation(Fig 3B).Thelackof anyeffecton EPA-inducedrelaxation
following BKc4inhibition in the aortaindicatesthatdirector indirect modulationof this chan-
nelby EpETEsIoesnot occurin this artery;againdemonstratinghe heterogeneityn the
vasodilatormechanism®f n-3 PUFAmediatedresponsesjependingupon both the type of
arteryandthe n-3 PUFAsusedto evokerelaxation.

To datethereareno reportsof n-3 PUFAsactivatingthe SK-,and IK ., channelsnvolved
in EDH mediatedrelaxationsBlockadeof the SK-,channeldid not modify the relaxation
responseto DHA or EPAIn eitherartery.lt is worth noting thatwe preconstrictedarteries
with U4661%ndthat activationof TP receptordnhibits SK-, channelactivityin rat cerebral
[64] andmesenteri@arterieg65]. Thereforejt is possiblehat anypotential SK-;component
of n-3 PUFA-mediatedelaxationwasmaskedHoweveran entirelynovelfinding of this
studyisthat IK ¢, blockadenhibits DHA-induced relaxationof rat mesenteriarteryand
aorta(Figs4A and5A respectively)Furthermore JK c,alsocontributedto EPA-inducedrelax-
ation of rat mesenteri@rtery(Fig 4B). Thiswassurprisingasit hasbeenpreviouslyreported
thatDHA inhibits IK ¢, currents[66] in humanembryonickidney (HEK) cells We cannot
fully explainthis discrepancybut arterialIK c,channelsarerestrictedto signallingmicrodo-
mainsin the endotheliumwhereactivationof associate@roteinsregulatesk c-mediated
hyperpolarizatior{67,68]. It is possiblehat HEK cellslackthesemicrodomains andthus
whatweobservemayreflectanindirect activationof IK . ,by DHA observednly in native
tissue.

Theendothelium-independentasodilatiormechanism®f n-3 PUFAsin arterieshavenot
beenextensivelptudiedandremainunclear BK-,arepredominantlyexpresseth VSMCs
andasdiscusse@arlier,DHA andn-3 PUFAmetabolitehavebeenfound to activateBKc,
[25,62,63]. Thesemetabolitesaregenerallyreportedto be producedby endotheliumderived
enzymesuchasCYP450poxygenasbut DHA alsodirectly activate8K., channelsn the
VSMCg[62]. Our datasupportsthe directactionon VSMCsthrough BKc,, astherewasamin-
imal role of endothelium-dependermechanismén n-3 PUFA-inducedrelaxationsHowever,
otherendothelium-independet mechanismgor n-3 PUFAinducedrelaxationhavebeen
reported for exampleyiainhibition of calciuminflux in sheepulmonaryartery[69]. Fur-
thermore,n-3 PUFAsareknown to activateprotein kinasesuchasproteinkinaseG, asdem-
onstratedn cardiacfibroblastg70]. If n-3 PUFAsareinvolvedin activationof protein kinase
Gin arteriestheywould alsoindirectly activateBKc,[71+74]which would be consistentvith
our findings.n-3 PUFAsalsoactivateprotein kinaseA in rat cardiaccells epithelialcellsand
humanadipocyte$75, 76]. ProteinkinaseA canalsoevokevasodilationthroughdirectactiva-
tion of vasculaK o1p [77], thereforeit canbespeculatedhat n-3 PUFAscouldalsohavean
indirect interactionwith potassiunchannelghroughthe modulationof proteinkinasespre-
sentinganavenudor future investigation.

Conclusion

Theaim of this studywasto characteris¢he mechanism®f DHA- and EPA-dependentaso-
dilation in rat conduitandresistancarteriesWe demonstrateéhat endotheliumhasaminor
rolein theserelaxationsasconfirmedby NO and COX not beinginvolvedin n-3 PUFA-
inducedrelaxationand CYP450metabolismonly havingasmalleffect. Thesdindingsare
summarisedn Fig 6 andtheyclearlydemonstratéheterogeneityn thevasodilatiormecha-
nismsof n-3 PUFAsdependingupon both the typeof n-3 PUFAandthe vasculabed.Similar
to previousstudiesBKc,wasfound to beinvolvedin DHA- andEPA-inducedrelaxation[25,
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Fig 6. A schemaic showingpotential mechansmsinvolvedin n-3 PUFA-inducedrelaxation of rat mesenteic artery and aorta preconsticted
with U46619.Solidarrowsrepresenpathwayshat havebeenpreviouslyinvestigatedvhereaslottedarrowsrepresenhypothetcal pathwaysdasedn
our findings.In mesentec arteriesn-3 PUFAsentersthe cytosolof the endothelum viadiffusionfrom the plasmaor releasérom the phosphaipid
bilayerviathe activity of phospholipaeA2 (PLA2);(1) EPAcanbeconvertednto EpETEdy CYP450activatingBKc,. IK c,maybepotentially
activatedoy (2) EpETEs(3) EPAand(4) DHA. (5) Similarto EpETESEPAmight alsobeinvolvedin the directactivationof BKc,. (6) DHA directly
activate8BKc,(62).(7) Bothn-3 PUFAsmayenterthe cytosolof VSMCsvia diffusion or releasdrom the phosphoipid bilayerdueto the activity of
phospholipas A2 (PLA2)anddirectly activateBKc, (8) CYP450derivedmetaboitesof EPAsuchasEpETEsmayinducevasodilatiorthroughKc,
independethmechanismsvhich couldinvolveotherpotasaim channes suchasK otp.

https://doi.org/1A.371/journal pne.0192484006

26,62,63]. However wealsoobservednovelrole for IK,in DHA- andEPA-inducedelaxa-
tion of rat mesenteri@rteries Despiteinhibition of anumberof major vasodilatopathwaysa
largeproportion of relaxationremainedresidualto thesenterventionsindicatingthe presence
of uncharacterisecendothelium-independentasodilatiormechanismsyhich mayinvolve
otherK* channelsandproteinkinaseg24,50,77,78].In conclusionour studyprovidesevi-
denceof significantheterogeneityn the mechanism®f n-3 PUFAmediatedrelaxationin rat
aortaand mesenteri@arteryalongwith anovelrole for IK -, We believethesefindingswill be
invaluablefor the designof future vasculastudieghatinvolvethe useof n-3 PUFASs.

Supporting information

S1File. Supplementarydatafor: Characterisationof the vasodilation effectsof DHA and
EPA,n-3 PUFAs(fish ails), in rat aorta and mesentericresistancearteries. TableA shows
curvefit analysidor all experimentafroupsin eacharterytypeTableB Showsurvefit analy-
sisfor pooledcontrol datafor DHA and EPAIn eacharterytype.
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