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Characterisation of the vasodilation effects of
DHA and EPA,n-3 PUFAs(fish oils), in rat aorta
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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 (apamin), IKCa (TRAM-34) and BKCa (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 IKCa 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 BKCa in these arteries.

PLOS ONE | https://doi.org/10.1371/journal.pone.0192484 February 2, 2018 1 / 17

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

�2�3�(�1�$�&�&�(�6�6

Citation:LimbuR,CottrellGS,McNeishAJ(2018)
Characterisationof thevasodilationeffectsof DHA
andEPA,n-3PUFAs(fishoils),in rataortaand
mesenteric resistancearteries. PLoSONE13(2):
e0192484.https://doi.org/10.1371/journal.
pone.0192484

Editor:Alain-PierreGadeau,"INSERM", FRANCE

Received:September1,2017

Accepted:January24,2018

Published:February2,2018

Copyright:�‹ 2018Limbuetal.Thisis anopen
accessarticledistributedunderthetermsof the
CreativeCommonsAttributionLicense,which
permitsunrestricteduse,distribution,and
reproductioninanymedium,providedtheoriginal
authorandsourcearecredited.

DataAvailabilityStatement:Allrelevantdataare
withinthepaperandits SupportingInformation
files.

Funding:RoshanLimbuwassupportedbyBritish
HeartFoundationPhDstudentshipFS/14/33/30799
withAlisterJ McNeishasthePrincipalinvestigator
andGraemeSCottrellasCo-investigator,www.
bhf.org.uk.Thefundershadnorolein study
design,datacollectionandanalysis,decisionto
publish,orpreparationof themanuscript.

Competinginterests: Theauthorshavedeclared
thatnocompetinginterestsexist.

https://doi.org/10.1371/journal.pone.0192484
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0192484&domain=pdf&date_stamp=2018-02-02
https://doi.org/10.1371/journal.pone.0192484
https://doi.org/10.1371/journal.pone.0192484
http://creativecommons.org/licenses/by/4.0/
http://www.bhf.org.uk
http://www.bhf.org.uk


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 IKCa and BKCa 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 BKCa dependent relaxation. To our knowledge this is the first study indicating the

involvement of IKCa in n-3 PUFA mediated relaxation.

Introduction
Cardiovasculardiseases(CVDs)aretheleadingcauseof deathsworldwideandaccordingto
theWorld HealthOrganisation,CVDsaccountfor up to 31%of all deathsglobally.Oneof the
major risk factorsassociatedwith CVDsisendothelialandvasculardysfunctionwhichcauses
impairmentof vascularrelaxationandreactivity[1]. Endotheliumlinestheinterior surfaceof
bloodvesselsandhasacritical role in theproductionof variousvasodilatorssuchasnitric
oxide(NO), prostaglandins,endothelium-dependent hyperpolarization(EDH) andendothe-
lium-derivedhyperpolarizationfactors(EDHFs)that include;hydrogenperoxideandcyto-
chromeP450(CYP450)metabolitesof arachidonicacid(AA) [2±6].

Thecardioprotectiveeffectsof omega-3longchainpolyunsaturatedfattyacids(n-3
PUFAs)or ªfish oilsº werefirst identifiedin GreenlandandJapanesepopulationswherethe
mortality ratefrom CVDsweresignificantlylesscomparedto Westernpopulations[7, 8].
Thesebeneficialeffectswereattributedto highconsumptionof fish;subsequentlyclinicaland
epidemiologicalstudieson n-3 PUFAsreportedtherapeuticbenefitsto health[9]. Thebenefi-
cialeffectsof n-3 PUFAsincludeprovidingprotectivecardiovasculareffects,enhancingbrain
function,attenuatingtherisk of cancer,andinhibiting inflammation[10±12].Therearethree
main typesof n-3 PUFAsfound in fish:alphalinolenicacid(ALA, 18:3),eicosapentaenoicacid
(EPA,20:5),anddocosahexaenoicacid(DHA, 22:6)[13]. DHA andEPAareprimarily associ-
atedwith thebeneficialeffectsof n-3 PUFAs,includingvasodilation[14].

Vascularstudieshavereportedthatdietaryfatscanaffectendothelialfunction andoverall
vasculartone[15]. Forexample,AA isanomega-6PUFAinvolvedin numeroussignalling
pathwaysincludingvasodilationÐreviewedin [4, 6,16±18].Differentenzymesareinvolvedin
theproductionof metabolitesof AA, alsoknownaseicosanoids,theseinclude;cycloxygenase
(COX)-derivedseries-2prostaglandins(e.g.PGI2) andcytochromeP450epoxygenase
(CYP450)-derivedepoxyeicosatrienoicacids(EETs)bothof whichareknownto evokevasodi-
lation [16,17].Similarto AA, n-3 PUFAscanalsobefoundasfreefattyacidsandcanbe
releasedfrom membranephospholipidsviatheactivityof phospholipaseA2 (PLA2)[19,20].
n-3 PUFAscompetewith AA assubstratesfor manyenzymesincluding thoseinvolvedin the
productionof AA-derivedeicosanoids[21,22].Forexample,EPAandDHA produceCOX
metabolites(series-3PGs),CYP450metabolitesknownasepoxyeicosatetraenoic acids
(EpETEs)derivedfrom EPA[23] andepoxydocosapentaenoic acids(EDPs)derivedfrom
DHA [22] whichareall involvedin vasodilation[24±26].

n-3 PUFAscanimproveendothelialfunction andvascularreactivityin bothhealthyvolun-
teersandpatientssufferingfrom cardiovasculardisorders[27±29].Thesestudiesindicatedan
increasedarterialvasodilatationfollowing thedietaryinclusionof n-3 PUFAs;themechanisms
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involvedcandiffer dependinguponthen-3 PUFAstudied[28]. Onemechanismproposedto
beinvolvedin theseresponsesis theimprovedbioavailabilityof NO [29]. However,n-3
PUFAsalsocompetewith AA for variousenzymesinvolvedin vasodilation[30], indicating
that thesevasodilatorpathwaysalsocontributeto n-3 PUFAmediatedrelaxation.Forexample,
EDPsderivedfrom DHA metabolismbyCYP450sareinvolvedin vasodilationof porcinecor-
onaryarteries[25]. Similarto AA-derivedEETs,theseEDPswerereportedto activatelarge
conductancecalciumactivatedpotassiumchannels(BKCa) resultingin hyperpolarizationand
relaxationof vascularsmoothmusclecells(VSMCs).COXmetabolitesof EPAarealso
reportedto beinvolvedin n-3 PUFAmediatedvasodilation[24]. Thesestudiesindicatethatn-
3PUFAsevokerelaxationthroughanendothelium-dependentmechanism,but thereisalso
evidencethat theymayactdirectlyon VSMCsviauncharacterizedmechanisms[27].

Fewstudieshavelookedin depthinto theindividual vasodilationmechanismsof DHA and
EPAanddifferentmechanismsarereportedto beinvolved,dependinguponthetypeof artery
andn-3 PUFAstudied.Therefore,thisstudyfocusedon thedetailedcharacterisationof com-
mon vasodilationpathwaysincludingNO, COX,CYP450andEDH-like responsesin theindi-
vidualvasodilatoreffectsof DHA andEPA.Weconductedthesestudiesin aconduitartery
(aorta)andaresistanceartery(mesentericartery)of ratsasthevasodilatormechanismsin
thesearterytypesshowconsiderableheterogeneity;theNO pathwaydominatingin conduit
arteriesandagreatercontribution of EDH in resistancearteries[6, 31].Weconfirm theroleof
BKCaandprovideevidenceof anovelrole for intermediateKCa(IKCa) channelsin relaxation
mediatedbyDHA in rat aortaandmesentericarteryalongwith EPA-inducedrelaxationin rat
mesentericartery.

Methods
MaleWistarKyoto (WKY, 8±12weeks,200±300g) ratswerekilled accordingto scheduleone
of theAnimals(ScientificProcedures)Act 1986andthuswasgivenanethicalapprovalwaiver
by theUniversityof ReadingAnimal WelfareandEthicalReviewBoard(AWERB).To ensure
death,aninhaledoverdoseof isofluranewasimmediatelyfollowedbycervicaldislocation.The
aorticandmesentericvascularbedsweredissectedfrom WKY ratsandimmediatelyplacedin
ice-coldisotonicKrebssolutioncontaining(mM): CaCl2, 2.5;glucose,11;KCl, 3.6;KH2PO4,
1.2;MgSO4.7H2O,1.2;NaCl,118andNaHCO3, 24.Segmentsof aortaandthird ordermesen-
tericarteries(~2 mm of length)weremountedin Mulvany-Halpernwire myograph(Danish
MyoTechnology,620M).Thetissueswereimmersedin Krebssolutionbubbledwith 95%O2/
5%CO2 andsubjectedto zerotensionfollowedbyequilibrationat37ÊCfor 20minutes.The
tissueswerethenstretchedto astandardizedtensionof 7±13mN (aorta)and~3 mN (mesen-
tericartery)accordingto theDMT normalizationmodulein Labchart7.Tensionwasmea-
suredusingisometricforcetransducerconnectedto PowerLab(ML846;AD Instruments,UK)
andacomputerrunning Labchart7 software(AD Instruments,UK). All arteriesweretested
for functionalendotheliumbypreconstrictingthemwith thethromboxaneA2 receptor(TP)
agonist,U46619(5±100nM) followedby theadditionof acetylcholine(ACh,1 �M) to induce
vascularrelaxation.Arteriesthatexhibited>90%relaxationwereconsideredto haveviable
endothelium.A stablesub-maximaltone(~ 50±80%of maximum)waselicitedwith U46619
(5±100nM) andn-3 PUFAmediatedrelaxationswereinvestigatedthroughcumulativeaddi-
tion with increasingconcentrations(10nMÐ30 �M). In someexperimentstheendothelium
wasremovedto assessits role in n-3 PUFAmediatedrelaxationbygentlyrubbingtheinner
layerof thearterieswith eitherastainlesssteelwire (Diameter:250�m) (aorta)or goldplated
tungstenwire (Diameter:25�m) (mesentericartery).Arterieswith <10%relaxationto ACh
(1 �M) wereconsideredto havefunctionalremovalof endothelium.Followingthecontrol
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concentrationresponsecurve,in thesamearterialrings,inhibitors wereincubatedfor at least
20minsbeforepreconstrictingto asimilar levelof toneaswasachievedin thecontrol experi-
mentbyadjustingtheconcentrationof U46619(5±100nM), if necessary.Theroleof eNOS,
COX,CYP450andEDH-like responseswereassessedon DHA- andEPA-mediatedrelaxation.
NO, COXandCYP450pathwayswereblockedby:theselectivenitric oxidesynthaseinhibitor
L-NAME (300�M), theselectivecycloxygenaseinhibitor indomethacin(10�M) andthenon-
selectiveCYP450inhibitor clotrimazole(1 �M) respectively.In orderto investigatetheEDH
response,experimentswereconductedin thepresenceof L-NAME to preventtheeffectof
basalNO releaseor NO mediatedresponses.TheKCachannelsinvolvedin EDH responses
wereinhibited with thespecificblockers,apamin(SKCablocker,50nM), TRAM-34(IKCa

blocker,1 �M) andpaxilline(BKCablocker,1 �M). OftenEDH-like responsesrequireblock-
adeof all 3 subtypesof KCagenerallythecombinationof SKCaandIKCaissufficientto block
thispathway[6]. Weinitially addedapaminwhichfailedto affectresponses;therefore,wethen
assessedthecombinationapaminandTRAM-34whichwouldelucidatetheroleof IKCa. As
residualrelaxationwasobservedfollowing thiscombination,thefurther contribution of BKCa

(andthusthetotalEDH/EDHFcomponentof relaxation)wasassessedbyaddingpaxillineto
thisblockingcocktail.

Data analysisandstatisticalprocedures
Resultsareexpressedasmean�SEMof � experiments,where� refersto thenumberof biologi-
calreplicateseachobtainedfrom aseparateanimal.Dataanalysiswascarriedout usingGraph-
PadPrism5 (v5.0,GraphPadSoftware,SanDiego,CA,USA).Relaxationresponsewas
measuredaspercentagereductionof thestabletoneinducedbyU46619(5±100nM). One-way
analysisof variance(ANOVA) andBonferroni'spost-hoctestor two-tailedStudent'st-test(as
appropriate)wereusedfor statisticalcomparisonof theconcentrationresponsecurvesin
GraphPadPrism5(GraphPad,USA).P-valueof < 0.05wasconsideredasbeingstatistically
significant.

Drugs,chemicals,reagentsandother materials
All inhibitors wereobtainedfrom Sigma(Poole,UK). Saltsfor Krebssolutionwereobtained
from FisherScientific(Loughborough,UK) with theexceptionof CaCl2 andMgSO4.7H2O
whichwereacquiredfrom Sigma.Apamin,L-NAME (L-NG-Nitroargininemethylester)and
acetylcholineweredissolvedin distilledwater.Clotrimazole(1-[(2-Chlorophenyl)(diphenyl)
methyl]-1H-imidazole),indomethacin(2-{1-[(4-Chlorophenyl)carbonyl]-5-methoxy-
2-methyl-1H-indol-3-yl}acetic acid),paxilline((2R,4bS,6aS,12bS,12cR,14aS)-4b-hydroxy-2-
(1-hydroxy-1-methylethyl)-12b,12c-dimethyl-5,6,6a,7,12,12b,12c,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)andU46619(9,11-dideoxy-9��,11��-methanoepoxy PGF2��)
weredissolvedin 100%dimethylsulphoxide(DMSO).DHA andEPAweredissolvedin 100%
ethanolandsubsequentdilutionswerecarriedout in distilleddeionizedwater.All stockdrugs
werepreparedat10mM with theexceptionof L-NAME (100mM), indomethacin(100mM)
andapamin(100�M).

Results
Forall experimentalgroupsEC50andmaximumrelaxation(Emax%)to eachn-3 PUFAwere
calculatedandcanbefound in supplementalmaterials(TableA in S1File).A pooledanalysis
of control curvesfor DHA andEPAmediatedrelaxation(TableB in S1File)demonstrated
that therewasno differencein theEmaxbut thatDHA wassignificantlymorepotentatevoking
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relaxationin bothmesentericartery(� = 19±20,P<0.05)andaorta(� = 17±18,P<0.05;
TableB in S1File).

Roleof endothelium in n-3 PUFA-dependentrelaxationof rat mesenteric
artery andaorta
Endotheliumhasacritical role in maintainingvascularhomeostasisthereforeweassessedthe
contribution of endotheliumto DHA andEPAmediatedvasodilation.Bothn-3 PUFAs
evokedconcentrationdependentrelaxationof mesentericarteryandaorta.Relaxationsto
bothDHA andEPAwerepartiallyinhibited followingendotheliumremovalin rat mesenteric
arteries(Fig1A and1B)(� = 5±6,P<0.05).Similarly,in aortaEPA-inducedrelaxationwas
partiallysuppressedfollowingendotheliumremoval(Fig1D, � = 6,P<0.05).However,DHA-
inducedrelaxationwasunaffectedby theremovalof endotheliumin aorta(Fig1C,� = 7).

Roleof eNOSandCOX in n-3 PUFA-dependentrelaxation of rat
mesentericartery andaorta
In rat mesentericartery,DHA andEPA-inducedrelaxationareunaffectedby theinhibition of
eNOS(L-NAME, 300�M) andtheadditionalinhibition of COX(indomethacin,10�M)

Fig 1. Theeffectof endothelium removalin n-3 PUFA-inducedrelaxationof rat arteriespreconstrictedwith U46619.(A) DHA (� = 5) and(B)
EPA-inducedrelaxationof rat mesentericarteryfollowingendotheliumremoval(� = 6).(C) DHA (� = 7) and(D) EPA-inducedrelaxationof rat aorta
followingendotheliumremoval(� = 6).Dataareexpressedasmean�SEM. � IndicatesP<0.05,significant differencefrom control curvewasassessedby
one-wayANOVA followedbyBonferroni post-test.

https://doi.org/10.1371/journal.pone.0192484.g001
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(Fig2A and2B)(� = 5).Similarly,in rat aortabothDHA- andEPA-inducedrelaxationswere
not alteredin thepresenceof L-NAME alone,or in combinationwith indomethacin(Fig2C
and2D) (� = 5).

Roleof CYP450in n-3 PUFA-dependentrelaxationof rat mesentericartery
andaorta
Theeffectof CYP450epoxygenaseinhibition on n-3 PUFA-mediatedrelaxationwasinvesti-
gatedin rat mesentericarteryandaorta.Fig3A and3Cdemonstratethatnon-selectiveinhibi-
tion of CYP450(clotrimazole,1 �M) did not modify therelaxanteffectsof DHA in rat
mesentericarteryandaorta(� = 5 and6,respectively).In contrast,EPA-inducedrelaxationin
rat mesentericarteryandaortawerebothpartiallyinhibited with clotrimazole(1 �M) as
shownin Fig3Band3D (� = 5,P<0.05).ThesefindingsindicatethatCYP450epoxygenase
metabolitesof EPAareinvolvedin vasodilation.

Roleof KCachannelsin n-3 PUFA-dependentrelaxationof rat mesenteric
artery
TheEDH pathwayisanintegralcomponentof endothelium-dependentrelaxationin resis-
tancearteries[32]. Thispathwaywasinvestigatedthroughtheblockadeof KCachannels

Fig 2. Theeffectsof L-NAME and indomethacin in n-3 PUFA-inducedrelaxationof rat arteriespreconstrictedwith U46619.(A) DHA- and(B)
EPA-inducedrelaxationof rat mesentericarteryin thepresenceof L-NAME (300�M) andsubsequentadditionof indomethacin (10�M) (� = 5).(C)
DHA- and(D) EPA-inducedrelaxationof rat aortain thepresenceof L-NAME andsubsequentadditionof indomethacin (� = 5).Dataareexpressedas
mean�SEM. � IndicatesP<0.05,significantdifferencefrom controlcurvewasassessedbyone-wayANOVA followedbyBonferroni post-test.

https://doi.org/10.1371/journal.pone.0192484.g002
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responsiblefor subsequenthyperpolarizationandrelaxationof VSMCs.Pre-treatmentof rat
mesentericarterywith thecombinationof L-NAME andtheSKCachannelinhibitor, apamin
(50nM), did not modify DHA-inducedrelaxation.However,additionalinhibition of IKCa

with TRAM-34(1 �M) partiallyinhibited this relaxation(� = 5,P<0.05)(Fig4A).Subsequent
additionof theBKCainhibitor, paxilline(1 �M) further inhibited DHA-inducedrelaxation
(Fig4A) (P<0.05).Consistentwith thesefindingsusingidenticalexperimentalconditions,
inhibition of IKCaandBKCachannelsalsoinhibited EPA-inducedrelaxationsin rat mesenteric
artery(Fig4B� = 5,P<0.05).

Roleof KCachannelsin n-3 PUFA-dependentrelaxationof rat aorta
While EDH isnot thepredominantvasodilationmechanismin theaorta,KCachannelsare
presentandcanaffectdilator responses[33±36].Combinedinhibition of eNOSwith L-NAME
(300�M) andSKCawith apamin(50nM) did not modify DHA-inducedrelaxation(Fig5A).
However,subsequentinhibition of IKCawith TRAM-34(1 �M) ledto partialattenuationof
DHA-inducedrelaxationwhichwasenhanceduponadditionalinhibition of BKCawith paxil-
line (1 �M) (� = 5,P<0.05).In contrast,combinedinhibition of eNOS,SKCa, IKCaandBKCa

did not affecttheEPA-inducedrelaxationof rat aorta(Fig5B)(� = 5).

Fig 3. Theeffectof clotrimazolein n-3 PUFA-inducedrelaxationof rat arteriespreconstrictedwith U46619.(A) DHA- and(B) EPA-inducedrelaxationof
rat mesentericarteryin thepresenceof clotrimazole(1 �M) (� = 5±6).(C) DHA- and(D) EPA-inducedrelaxationof rat aortain thepresenceof clotrimazole
(� = 5).Dataareexpressedasmean�SEM. � IndicatesP<0.05,significant differencefrom control curvewasassessedbyone-wayANOVA followedby
Bonferronipost-test.

https://doi.org/10.1371/journal.pone.0192484.g003
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Discussion
CVDsareassociatedwith theimpairmentof vasodilationmechanismsin arteries[14,37].The
n-3 PUFAs,EPAandDHA, found in fishandsupplementsarereportedto improvevasodila-
tion throughdifferentmechanismsthatpromoteendothelialfunction andvascularreactivity
[27]. Our studycharacterisedn-3 PUFA-inducedrelaxationatconcentrationsof freefattyacid
(100nM-30 �M) thatareachievablein humanplasmafollowingan-PUFArich meal
(~70�M) [38]. Wedid this in both resistanceandconduitarteriesof ratssincestudiessuggest
that thevasodilationmechanismscandiffer dependinguponthetypeof artery[31]. Conduit

Fig 4. Theeffectsof inhibiting KCachannelsin n-3 PUFA-inducedrelaxationof rat mesentericartery preconstricted with U46619.(A) DHA- and
(B) EPA-inducedrelaxationof rat mesenteric arteryin thepresenceof L-NAME (300�M) followedby thesubsequentadditionof KCainhibitors;
apamin(50�M), TRAM-34(1 �M) andpaxilline(Pax,1 �M) (� = 5).Dataareexpressedasmean�SEM. � IndicatesP<0.05,significantdifferencefrom
control curveassessedbyone-wayANOVA followedbyBonferroni post-test.

https://doi.org/10.1371/journal.pone.0192484.g004

Fig 5. Theeffectsof inhibiting KCachannelsin n-3 PUFA-inducedrelaxationof rat aorta preconstricted with U46619.(A) DHA- and(B) EPA-
inducedrelaxationof rat aortain thepresenceof L-NAME (300�M) followedby thesubsequentadditionof KCainhibitors;apamin(50�M), TRAM-34
(1 �M) andpaxilline(Pax,1 �M) (� = 5).Dataareexpressedasmean� SEM.� IndicatesP<0.05,significantdifferencefrom controlcurvewasassessed
byone-wayANOVA followedbyBonferroni post-test.

https://doi.org/10.1371/journal.pone.0192484.g005
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arteriesarethelargerelasticbloodvesselsthataremainly involvedin thedistribution of blood
[39] whereasarterieswith thelumendiameterof <300 �m areclassedasresistancearteries
andarecritical in theregulationof bloodpressure[40,41];vasodilationispredominantly
mediatedbyNO in conduitarterieswhile in resistancearteriesEDH mechanismsalsocontrib-
uteto relaxation[31,36].Therefore,weinvestigatedboth typesof bloodvesselto fully under-
standthemechanismsinvolvedwith n-3 PUFAmediatedrelaxation.

Endotheliumhasanimportant role in theregulationof vasculartonesinceit is involvedin
theproductionof variousvasodilatorsincludingNO, PGI2 andEETs,alongwith thetransmis-
sionof endothelialhyperpolarizationto VSMCsviamyoendothelialgapjunctions[2±5].We
investigatedtheeffectof endothelialremovalin n-3 PUFAmediatedrelaxationof rat aorta
andmesentericarteries.Our findingsindicatethatendothelialremovalcausespartialattenua-
tion in bothDHA- andEPA-inducedrelaxationof rat mesentericartery(Fig1A and1B).Simi-
larly, this inhibitory effectwasalsoobservedwith EPA-inducedrelaxationof rat aorta(Fig
1D).This isconsistentwith numerousreportssuggestingthatn-3 PUFAscanimproveendo-
thelialfunction andaugmentendotheliumdependentrelaxation[15,27±29,42].However,
relaxationwasonly partiallyinhibited followingremovalof endotheliumandalargeresidual
relaxationremainedindicatingthat thevasodilatoreffectof n-3 PUFAsisprimarily endothe-
lium-independent.Furthermore,asDHA-inducedrelaxationremainedunalteredfollowing
endotheliumremovalin theaorta(Fig1C),thereisheterogeneityin thevasodilatormecha-
nismsof DHA betweenconduitandresistancearteries.

A largebodyof evidenceexistsdemonstratingthatn-3 PUFAscanevokeendothelium-
dependentNO-mediatedrelaxation.Forexample,EPAwasreportedto inducecalcium-inde-
pendentincreasesin NO resultingin relaxationof bovinecoronaryarteries[43]. Similarly,
DHA wasalsoreportedto enhanceIL-1��-mediatedNO productionin VSMCsderivedfrom
rat aorta[44]. Elevationof eNOSmRNA andprotein levelsin isolatedaortictissueshavebeen
suggestedasamechanismof n-3 PUFA-inducedNO production[45]. Clinicalstudieshave
validatedthesefindings,indicatingthat long-termEPAtreatmentin patientswith coronary
arterydiseaseimprovedbothNO-dependentand-independentvasodilation[29]. However,
our resultsdemonstratethat inhibition of eNOSdid not affectDHA- andEPA-inducedrelaxa-
tion in rat mesentericarteryandaorta(Fig2A±2D).Othergroupshavereportedalackof effect
of n-3 PUFAson NO mediatedrelaxation.Forexampleastudyinvestigatingtheeffectof
DHA supplementationin orchidectomizedanimals[46] found thatvasodilatorresponsesand
NO levelsweresignificantlylowerin orchidectomizedratscomparedto thecontrol ratsand
thatDHA normalizedtheselevels[46]. HoweverDHA-supplementedcontrol ratsdid not
havealteredlevelsof NO in aorticsegments.Additionally, in placentaltissuederivedfrom
pregnancy-inducedhypertensiveratswith impairedvasodilatorresponses,n-3 PUFAsupple-
mentationledto anincreasein eNOSlevels[47]. Therefore,it ispossiblethat thebeneficial
effectsof n-3 PUFAson NO productioncanonly beobservedin conditionswhereNO bio-
availabilityiscompromised.arecentmeta-analysisindicatedthat thehypotensiveeffectsof n-
3PUFAsareonly observedin hypertensiveindividualsbut not in healthyvolunteers[48]. We
believeour studyindicatesthatn-3 PUFAsdo not affecteNOS-mediatedrelaxationswhen
acutelyappliedto arterialtissuefrom healthyanimalsandhighlightsthatcaremustbetaken
whencomparingn-3 PUFAeffectsbetweenspeciesanddiseasemodels.

BothDHA andEPAcompetewith AA assubstratesfor COXenzymesresultingin thepro-
ductionof vasoactivemetabolitesandclinicalevidencedemonstratesthereisalteredprosta-
noid productionasaresultof fishoil supplementationin humans[49]. Furthermore,n-3
PUFAsinhibit noradrenaline-andangiotensinII-induced vasoconstrictionof humanforearm
resistancevessels,aneffectthat issensitiveto COXblockade[49]. However,wefoundno evi-
denceof COX-derivedmetabolitescontributing to n-3 PUFA-mediatedrelaxationin either
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mesentericarteryor aorta(Fig2).This is in contrastto previousstudiesbyEngler�� �� where
COX-derivedmetabolitesof DHA andEPAwerereportedto beinvolvedin relaxationof rat
aorta[24,50].In thesestudies,relaxationsweresensitiveto theblockadeof COXandadeno-
sinetriphosphate-sensitivepotassiumchannels(KATP); consistentwith studiesindicatingthat
AA-derivedprostanoidsactivatevascularKATP [51]. Thisdiscrepancymight haveoccurred
dueto significantmethodologicaldifferencesbetweenour laboratoryandthatof Engler�� ��
[24,50],which includetheuseof adifferentvasoconstrictor(noradrenaline)andtheuseof
considerablylargerandolderWKY ratsby theEnglergroup[16±17weeks,355�11 g).Thereis
evidenceindicatingthatageingisassociatedwith endothelialdysfunctionandthereforeisa
risk factorfor CVDs[52]. Variousstudieshaveindicatedthatageingcanevokebiochemical
changesin thebloodvesselsresultingin impairmentof NO productionandPGI2-induced
relaxation[53±57].Therefore,it ispossiblethatageingcouldalsoaffectthemechanisms
involvedwith n-3 PUFA-inducedvasodilation[58]; for example,theCOXmetabolitesof n-3
PUFAsmayhaveamoreprofoundeffectin improving theimpairedendothelialfunction in
olderratsandthismaypartlyexplainthediscrepancy.However,our findingsareconsistent
with anotherstudywherecombinedinhibition of COXandeNOSdid not modify DHA-
inducedrelaxationof U46619-constrictedrat aorta[59]. Thisstudywasconductedwith ratsof
thesameageandweightasusedin our study.Furtherinvestigationis requiredto examineif
differentvasoconstrictoragonistsandagegroupsof WKY ratsalterthemechanismsunderly-
ing n-3 PUFAmediatedvasodilation.

In addition to thereportedeffectson NOSandCOXmediatedrelaxations,n-3 PUFAcom-
petewith AA assubstratesfor CYP450,resultingin theproductionof differentvasoactive
metabolitesin arteries[22,25,60].In porcinecoronaryarteries,DHA-derivedCYP450metab-
olites,EDPs,werereportedto activateBKCachannelsfound in VSMCsresultingin hyperpo-
larizationandvasodilation[25]. Furthermore,CYP450metabolitesof EPA,17(18)-EpETEs,
relaxpulmonaryarterythroughactivationof BKCa[60]. Therefore,weinvestigatedtheroleof
CYP450epoxygenasein rat mesentericarteryandaortawith n-3 PUFAs.Our findingsdemon-
stratethat inhibition of CYP450epoxygenasedid not affectDHA-inducedrelaxationin either
artery(Fig3A and3C).In contrast,EPA-inducedrelaxationwaspartiallyattenuatedby inhibi-
tion of CYP450in botharteries(Fig3Band3D).Thesefindingsagainindicateheterogeneity
in thevasodilationmechanismsof n-3 PUFAs.Thelackof effecton DHA mediatedrelaxation
andthelargeproportion of relaxationremainingfollowing theblockadeof CYP450in EPA
mediatedrelaxation,suggestsothermechanismsarealsoinvolved.Therefore,our findings
suggestthat thatn-3 PUFAsdo not necessarilyrequireCYP450metabolismto inducefull vas-
cularrelaxation.However,wecannoteliminatethepossibilitythatmetabolismbyother
enzymes,suchaslipoxygenase,couldcontributeto theserelaxationresponses[61].

In thisstudy,wealsoinvestigatedif mechanismsof EDH-mediatedrelaxationcouldbe
involvedwith thevasodilationeffectof n-3 PUFAs.EDH isanimportant vasodilationpath-
way,especiallyin smallerresistancearteries,that involvesendothelialSKCaandIKCaand
VSMCBKCaactivationresultingin thehyperpolarizationandrelaxationof VSMCs[4, 5].
DHA andDHA-derivedEDPsactivateBKCachannelspresentin VSMCsfrom porcinecoro-
nary[25] andrat coronaryarteries[62,63];with EDPsreportedto be1000timesmorepotent
in activatingBKCacomparedto AA-derivedEETs.Similarly,CYP450metabolitesof EPA,
17R,18S-EpETEs,activateBKCachannelsin rat cerebralandmesentericarteries[26] aswellas
humanpulmonaryartery[60]. Consistentwith thesestudies,our resultsdemonstratethat
DHA-mediatedrelaxationsin bothmesentericarteryandaortahaveacomponentsensitiveto
theblockadeof BKCa(Figs4A and5A).Our dataisconsistentwith theability of DHA to
directlyactivatethesechannelsastherelaxationsareindependentof themetabolicactionof
CYP450(Fig3A and3C).In themesentericartery(but not theaorta),BKCablockadealsoled
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to inhibition of EPA-inducedrelaxation(Fig4B).It isconceivablethatEpETEsderivedby
metabolismof EPAbyCYP450couldcontributeto thiseffectasinhibition of CYP450also
reducedEPA-mediatedrelaxation(Fig3B).Thelackof anyeffecton EPA-inducedrelaxation
followingBKCainhibition in theaortaindicatesthatdirector indirect modulationof thischan-
nelbyEpETEsdoesnot occurin thisartery;againdemonstratingtheheterogeneityin the
vasodilatormechanismsof n-3 PUFAmediatedresponses,dependinguponboth thetypeof
arteryandthen-3 PUFAsusedto evokerelaxation.

To datethereareno reportsof n-3 PUFAsactivatingtheSKCaandIKCachannelsinvolved
in EDH mediatedrelaxations.Blockadeof theSKCachanneldid not modify therelaxation
responsesto DHA or EPAin eitherartery.It isworth noting thatwepreconstrictedarteries
with U46619andthatactivationof TPreceptorsinhibits SKCachannelactivityin rat cerebral
[64] andmesentericarteries[65]. Therefore,it ispossiblethatanypotentialSKCacomponent
of n-3 PUFA-mediatedrelaxationwasmasked.However,anentirelynovelfinding of this
studyis that IKCablockadeinhibits DHA-inducedrelaxationof rat mesentericarteryand
aorta(Figs4A and5A respectively).Furthermore,IKCaalsocontributedto EPA-inducedrelax-
ationof rat mesentericartery(Fig4B).Thiswassurprisingasit hasbeenpreviouslyreported
thatDHA inhibits IKCacurrents[66] in humanembryonickidney(HEK) cells.Wecannot
fully explainthisdiscrepancy,but arterialIKCachannelsarerestrictedto signallingmicrodo-
mainsin theendotheliumwhereactivationof associatedproteinsregulatesIKCa-mediated
hyperpolarization[67,68].It ispossiblethatHEK cellslackthesemicrodomains,andthus
whatweobservemayreflectanindirect activationof IKCabyDHA observedonly in native
tissue.

Theendothelium-independentvasodilationmechanismsof n-3 PUFAsin arterieshavenot
beenextensivelystudiedandremainunclear.BKCaarepredominantlyexpressedin VSMCs
andasdiscussedearlier,DHA andn-3 PUFAmetaboliteshavebeenfound to activateBKCa

[25,62,63].Thesemetabolitesaregenerallyreportedto beproducedbyendotheliumderived
enzymessuchasCYP450epoxygenase,but DHA alsodirectlyactivatesBKCachannelsin the
VSMCs[62]. Our datasupportsthedirectactionon VSMCsthroughBKCa, astherewasamin-
imal roleof endothelium-dependent mechanismsin n-3 PUFA-inducedrelaxations.However,
otherendothelium-independent mechanismsfor n-3 PUFAinducedrelaxationhavebeen
reported,for example,via inhibition of calciuminflux in sheeppulmonaryartery[69]. Fur-
thermore,n-3 PUFAsareknownto activateproteinkinasessuchasproteinkinaseG,asdem-
onstratedin cardiacfibroblasts[70]. If n-3 PUFAsareinvolvedin activationof proteinkinase
G in arteries,theywouldalsoindirectlyactivateBKCa[71±74]whichwouldbeconsistentwith
our findings.n-3 PUFAsalsoactivateproteinkinaseA in rat cardiaccells,epithelialcellsand
humanadipocytes[75,76].ProteinkinaseA canalsoevokevasodilation,throughdirectactiva-
tion of vascularKATP [77], thereforeit canbespeculatedthatn-3 PUFAscouldalsohavean
indirect interactionwith potassiumchannelsthroughthemodulationof proteinkinases,pre-
sentinganavenuefor future investigation.

Conclusion
Theaimof thisstudywasto characterisethemechanismsof DHA- andEPA-dependentvaso-
dilation in rat conduitandresistancearteries.Wedemonstratethatendotheliumhasaminor
role in theserelaxationsasconfirmedbyNO andCOXnot beinginvolvedin n-3 PUFA-
inducedrelaxationandCYP450metabolismonly havingasmalleffect.Thesefindingsare
summarisedin Fig6 andtheyclearlydemonstrateheterogeneityin thevasodilationmecha-
nismsof n-3 PUFAsdependinguponboth thetypeof n-3 PUFAandthevascularbed.Similar
to previousstudies,BKCawasfound to beinvolvedin DHA- andEPA-inducedrelaxation[25,
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26,62,63].However,wealsoobservedanovelrolefor IKCain DHA- andEPA-inducedrelaxa-
tion of rat mesentericarteries.Despiteinhibition of anumberof majorvasodilatorpathways,a
largeproportion of relaxationremainedresidualto theseinterventionsindicatingthepresence
of uncharacterised,endothelium-independentvasodilationmechanisms,whichmayinvolve
otherK+ channelsandproteinkinases[24,50,77,78].In conclusion,our studyprovidesevi-
denceof significantheterogeneityin themechanismsof n-3 PUFAmediatedrelaxationin rat
aortaandmesentericarteryalongwith anovelrole for IKCa. Webelievethesefindingswill be
invaluablefor thedesignof futurevascularstudiesthat involvetheuseof n-3 PUFAs.

Supporting information
S1File. Supplementarydatafor: Characterisationof the vasodilationeffectsof DHA and
EPA,n-3 PUFAs(fish oils), in rat aorta andmesentericresistancearteries.TableA shows
curvefit analysisfor all experimentalgroupsin eacharterytypeTableBShowscurvefit analy-
sisfor pooledcontrol datafor DHA andEPAin eacharterytype.
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