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Effect of Eicosapentaenoic Acid and Docosahexaenoic Acid
on the Gastrointestinal Mucosa
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We investigated the effect of Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA) on major ATP-
Binding Cassette transporter function such as P-glycoprotein (P-gp) in Caco-2 cell monolayers and also examined
the involvement of tight junctional structure in the effects induced by both fatty acids on P-gp function. We
investigated the effect of EPA (0.001%~0.1%) and DHA (0.001%~0.1%) on the barrier function of tight junction
(T]) by measuring transepithelial electrical resistance (TEER) and rhodaminl23, a P-gp substrate flux. A
decrease in the TEER value and an increase in Rhodaminel23 in the apical to basal and basal to apical flux were
observed after incubating Caco-2 cell monolayers with EPA and DHA in the high concentration range (0.03%~
0.1%) for 24 hr, suggesting the loss of the barrier function of TJ. In addition, the inhibitory effect of Verapamil, a
specific inhibitor of P-gp on Rhodaminel23 in the basal to apical flux were observed in the low concentration range
(0.0019%~0.01%), but not in the high concentration range (0.03%~0.1%). And the relative of P-gp activity tended
to increase in a concentration dependent fashion as the EPA and DHA increased up to 0.01% and decreased at
concentrations higher than 0.03%. These results suggest that the levels of TEER are decreased by treatment with

EPA and DHA, and that this change is involved in the relative P-gp activity dysfunction mechanism.

Key words — Eicosapentaenoic acid, Docosahexaenoic acid, P-glycoprotein, Tight Junction
b B Tld n-3 AVZEAERIEERD 1 H 1 g LA EOIEEL

EPA (Eicosapentaenoic acid) B X " DHA
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(ABC transporter) @ P-glycoprotein (P-gp) (2K
b,

AKBFZETlE, & MBI b MR o € 7Ov
ELTIHEN TV S b MEBIEH R Caco-2 HiE
fii % FWC, fli 4 EEEICB1F 5 EPA B & O° DHA
@ Caco-2 HIBFEAD 24 FEMIRTEIC L A T] & H
|2 P-gp OFEBEICH T A EEIEHAHONICT S
ExHME L B, RITERREIEELTEHE
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b G dE H K Caco-2 Mg i3 RIKEN Cell Bank
£ i AL 7Z. Rhodaminel23 1¥ SIGMA-
ALDRICH, Verapamil iZ nacalai tesque & b A
L7z, EPA B X U°DHA IZH LA T3 & b A
L7z, Mo Id e Tl E w7z,
b
i E

b I i H ok Caco-2 flllfig % H ik 2 e VW LB B,
#1172, 2 Transwell ® 71~ 7'Ml (Apical il ; A
) 12 DMEM FBS (+) 12 THE L 7z Caco-2 #ll
fo% (12.6x10% cells/mL) &FE L, # v 744
(Basal il ; Bffl) 121X DMEM FBS (+) %z
72, FD%, 95% CO, 5% 0, 37CHEMT, 21 H
MEELZITo72. B, AKIZ48 255508
DEEBRICH L7z, B, FBSIIE #F 10%i8 B
THEH L7z
RERAELER R

K42 21 HHIZ DMEM FBS(-) it & 55
L, #HIEER (EPA & %\ X DHA) &H5#
ZT24 BRI A v 2=+ L7z, BRI,
Taurocholate & Lecithin Z I\ T I LIV 2 TR L
7ZIRRE TRy Hbp 12 FLfb & 872, Lecithin 11.4mg
(0.75 mM), Taurocholate 32.2 mg (3 mM),
DMEM FBS(-) 20 mL % Sonication {2 &£ 1,
EPAHLWVIEDHA ZRG I VE L THEEL,

DMEM FBS(-) TI10 AT 2 2 & THH 2 1F
B L7z, 24 WRIHIMEEE 9 A MR IAIE O K5t i FE R o8
% 0% (Control: Lecithin 3 & OF Taurocholate {4
), 0.001%, 0.003%, 0.01%, 0.03%, 01%& L
7o B, PRITEREEXEESEHEERTECTH
H1H1glE25#I12, 1H]1 g2 MHEL/-E
WZBWTHAZZD, RO FHEEEEHRICED
Caco-2 BB VAEM L 72, X o T, L&kt g
T57:0I121H1 gl FTOBEE TR ZITV, &
KIEEx 01%EFE L. g, HILEN TR
HIEL TV L HEOER L LHICEFER KL L
H121 g» EPA B X U'DHA &M L, Z DEMR
WS/ ~E S L IRE2 S, 1 H 1 g BEHEE
WX ) EREAERE X 01% & % B EAGE L 72,
B EREMEI (Trans-Epithelial Electrical
Resistance: TEER) #IZE

T ML EERORIETH ), KIS E 2
WONY) T ELTHREL TWwW5b . T &2 L%k
WIREEWE OFZBESEERT 2 &N TREDTR
BTHH TEER MK T § 5. RFEBRTIE, KMk
FE O B Ih k% 5% 24 W5 [ 4 @ Tight Junction (TJ)
Wzt & L TEER ##llE L 72. TEER
DI I Millicell ERS-2 (MILLIPORE) # v 7z,
[P TS

P-gp t&AE % FEAME 3 2 720012, FRAGEEME T 24 HE
#% 0 Caco-2 B % FIv: 72 2 BpfH O 5% 8 S5k %
i L7z, P-gp O4F Y E Rhodaminel23 ¥ D TH
Ui A 20> & FERCIEARI 7 1H) (Apical to Basal: A to B,
WL T 1)) & B v i3 2 e A1 2> & T vy 480 52 5 1)
(Basal to Apical: B to A, #EH K 1w ) @
Rhodaminel23 @ & % @ £ = H W L 72
Rhodaminel23 D& X 10 uM IZ3%5E L7z, B,
P-gp O 4F R A PH E %) Verapamil 19 % H W T,
100 uM @ Verapamil fFEF, FEHFETICBIT S
Rhodaminel23 D & @R 2 KD B Z L1280,
P-gp OMxFEMEE BEH L7z B, BEEIEERE
TEHT & #4712 TEER 252 L, &SR O
TEER IZZEB D 72\ L 2 FERR L 72,
1) A to B IO 7 # Ik

HoMNL®H, 127 L — 2 HBSS-HEPES
buffer (HBSS, 4 mM NaHCOs;, HEPES, 1IN NaOH,
pH74) % 15 mL o0, Wikss37CIZ% 5% X
HINZA v F 2= L7 Transwell ® A il O5%
HAE WGk L, A AEK TG %, HBSS-
HEPES buffer Tiii/7z N7z 7L —bb~NEeH v 7%
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# L, Rhodaminel23 % & A L 72 HBSS-MES

(HBSS, 4 mM NaHCOs;, MES, 1N NaOH, pH 65) 05 Relative activity = @

mL % 7 v 7°|7q (A1) \2hnz7=. 20, 40, 60, .

90, 12047122 v 7o4Mll (B A5 100 uL 7272 L,

FRELL 7. Eﬁﬂ%ﬁi?ﬁ‘ T B IZFEZAE D buffer & P.,, - Permeability coefficient without Verapamil

B #1247 L72. Rhodaminel23 jEfE 1%, @GR P,.ss - Permeability coefficient with Verapamil

(Excitation: 485 nm, Emission: 538 nm) ®illl%E % BE

/L CHEM L7 (Infinite M1000, TECAN). AETLEL L, Control #: & @ H# X Dunnett i

2) B to A FIM D% #HFEER GE, T OMDOME Lt E & VTR EHLE &
A to B HIAIDME#E#FEER & RO T TIT - 72, fTo7-.

B ]l Rhodaminel23 %# &4 L 72 HBSS-HEPES

buffer (pH 7.4), A fliZi% HBSS-MES buffer (pH & g

65) %720 20, 40, 60, 90, 120 43flcA v 7
OWME (AR 205 100 ul FRECL 72, BURHRELZ EPA 5 £U'DHA @O TEER (CRIF§ &

I ZE B IZF 7w O buffer & A HIIZHFS L 7. # bR 3K HUE  (Trans-Epithelial Electrical

3) Rhodaminel23 O &% # 4% 55 7 & N2 P-gp #H Resistance: TEER) 125-2 % EPA B £ ' DHA ®

FORER PN RiH] SE R GET L7z, Fig VIXIRIGEEGEEE 24 BRI 212

BEEREIE LT oRICE AR L2 BlF 5 Caco2 HJg[ED TEEREZ /R L7 DTH
3% 84550 (Permeability coefficient; Pc, cm/s) 5. EPABRGERICB VT, METEE 0.001%~
” 0.01% D &P T ik TEER 1|2 Control #f & D Z 1%

Pc= dt-5C, R oN% 057255, 003%T I Control #IZxF LT

#50%, 0.1%I2BWTIEH8%E TR TR S
72 (Fig. la). —J7, DHABZEHICBWVWTD,

dA
7L, : HiJg i % /i L 72 Rhodaminel23 @ ‘ -
0.03% VL I DR FZ i B 12 38\ T control & iR L

25 1 (nmol/s) S HiBRO X (cm?) TH 87%F T TEER @Eﬁ% AT 2SR S T
Co: HIEEE (uM) (Fig. 1b). 0.01%W% 1= 35> T id 0.03%50 | DBEFE
P-gp OHRFRLEE LT OXL DS L 72 IO T ORI 5 1 DRI
B to A MO BE#EERIZ BT 5 P-gp HIXHETE Control BEE DIICBVWCHELEL ol &
(Relative activity) 17 B, EPABEZEHB LIV DHABEZEHOZNZFN
1000 - () EPA (b) DHA
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Fig. 1. Effects of EPA (a) and DHA (b) on TEER in Caco-2 cell monolayers. Caco-2 cell monolayers were incubated
with fatty acids. After a 24 hr incubation period, TEER were measured according to Ohm’s law. The concentrations
used in this study were 0.001%, 0.003%, 0.01%, 0.03% and 0.1%. Results represent the mean and SE. (n=12 for each
condition). The significance of differences between control and fatty acids-exposed conditions was assessed using the
Dunnett’s test or Student’s t-test for unpaired samples. N.S., not significant, *P<0.05, P <0.01 compared with the control.
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Fig. 2. Effects of EPA (a) and DHA (b) on the Rhodaminel23 flux in the apical to basal and the basal to apical direction
in Caco-2 cell monolayers. These permeation experiments were performed for a 2 hr period using Caco-2 cell monolayers
treated by fatty acid. The concentrations used in this study were 0.001%, 0.003%, 0.01%, 0.03% and 0.1%. Results represent
the mean and S.E. of at least three experiments. Open column and closed column represent the apical to basal and basal
to apical direction of rhodaminel23 permeability, respectively. The significance of differences between control and fatty
acids-exposed conditions was assessed using the Dunnett’s test or Student’s t-test for unpaired samples. N.S., not
significant, *P<0.05, *P<0.01 compared with the control. T P<0.05, £P<0.01

0.03% & 0.1%DRIZB1F % TEER O T IZHEETHY
W IRERFEA RS 1z (Fig 1).
EPA # & U DHA @ Rhodaminel23 B&3% &4 [ %¢
THHE

BERh R E% 24 We[E % @ Caco-2 HJE R % v C
P-¥E % X7 (P-gp) H£ED Rhodam1ne123
(Rhol23) D KR4 A7z, THMIIE (apical)
2 & FEIENEE (basal) ], 37&bH AtoBAHAB
LU'B to A FMOEE#ERE L BT L7z, 2Ok
H EPABRZEHIZBWTIZ003%5B £ N 0.1%D %
FENZ B\ T A A O JEZE #£8540A Control #F & HUi
LTC3~10f512 LA L7 (Fig 2a). %8, 0.03%
RIEEIZBIT 5 B to A D EEEEENL, control
EHEEL TR L7727, MEMIICHEZITRD S
N7Zdol: (Fig. 2a). DHABEREIZBWTY
0.03% LA DEFEIZ 3BT 5~20 1% & Tl J5 18] D i 3%
WIRBOFE R EANR S 172 (Fig 2b).

—F, RN NVEEICOWTHE L& 2 A,
EPA B HE 12 5 W Tid 0.001%~0.03% D i Fi & FH

IZBWT B to A FIMOEE#EREA A to B 71
0”5'&1&1@4%%‘(0 EXRTHEBIIEL, A2T R
Control # & FIERIZRZ M VEgEATR SN2 01%
DIEFETIE, A toB & B to A JHDEEELR
BICHEERZIAON R o 72 (Fig 2a). DHA
BEFEREIZB VT D, 0001%~0.01%D &I B
WT, Bto A SIAOEEBREA A to B IO

EBRRBIC AR THREITICABRICEWRERER D,
Control #E &L D X7 MVEEDHERE S L7z
(Fig. 2b). L22L7%&2%5, 0.03%8 & U 01%D3EE
IZBWTIE, N7 MuakiEiEk L7z (Fig 2b).
B, METLREHENICB VT, BaEETER
BHAGHT & # T2 TERR IS LS RS N h o7z
Z L ZERRL T\ % (Data not shown).
Rhodaminel23 EE B (ZXF$ D Verapamil DFE
Rhodaminel23 @ & #1412 xf 3 % Verapamil @

WEZWME L7z, Fig 3%, Verapamil fffE T B X
O JEFEAE T 12 B1F 5 Rhodaminel23 @ B to A Jilf

DIEZERRB @B LVOTEL, ZhZho
TEERIZHLT7Oy FLZbDTHLH. LD
R, Verapamil FFFTET (O) 12517 5 BEEBLREL
Vm&fVammmﬁET<0)f®ﬁﬁﬁﬁﬁ
KT L, Rhodaminel23 O &% 8 (2% 3 4%
Verapamil @ HER LD FED 57z, %@x)ﬁ'ﬁ
TEER 2°500Qcm? L LTz Th - 72 (Fig. 3).
B, INHORRIT EPA BER, DHA BEHERH
WINOERICBW b g N/ (Fig 3).
—77, TEER 28400Qcm? DL FIR T3 5 & 20
|Z Rhodaminel23 @ﬂ% i ﬁz‘;’?ﬁﬁﬂ:ﬁ@"% N /N
RENT, 20X BEHTIIBW TR
Verapamil 12 X 5 fHEE xﬂ%ﬁ‘ﬁ%ﬂ% LOD, FD
B TEER 25500Qcm? UL ETH 5N/ AKIC

?/Er

TEs L7z (Fig. 3).
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Fig. 3. Effects of Verapamil on the Rhodaminel23 flux in the basal to apical direction in Caco-2 cell
monolayers. Results are expressed as the relationship between permeability coefficient of
Rhodaminel23 and TEER after 24 hr exposure of EPA (a) and DHA (b) in Caco-2 cell monolayers.
The circles and diamond represent the datum in the presence or absence of Verapamil, respectively.

Table 1. Effects of EPA and DHA on the relative activity of P-glycoprotein
assessed with Rhodaminel23 permeability in the presence or absence of
Verapamil across Caco-2 cell monolayers. Each value represents the mean of
three independent experiments.

P. coefficient (x10-6cm/sec)
[mean =SE] Relative activity
Ver (—) Ver (+)
control 74 £ 06 32 £ 05 0.57
0.001% 79 £ 07 25 £ 03 0.68
EPA 0.003% 85 £ 08 25 £ 04 0.70
0.01% 89 £ 10 27 £ 02 0.69
0.03% 154 = 23 88 £ 31 048
0.1% 440 £ 10 320 = 32 0.27
control 88 £ 15 30 £ 02 0.64
0.001% 89 £ 08 31 £02 0.65
0.003% 101 = 0.7 29 £ 03 0.71
DHA
0.01% 150 = 22 34 = 0.05 0.76
0.03% 568 + 4.3 376 £ 48 0.34
0.1% 54.7+37 39107 0.28

P-gp #A35EM 1S3 F 5 EPA KU DHA D&

Table 1 121%, EPA 3 X O"DHA B2 X % P-gp
OAPEERE N O REZ R LTS (Table 1).
Feiits & b ICBEEIREE 00019%~0.01%D &FHA 2 B
W C P-gp AHXHE ML EAMEM AR L7z (Table 1).
THICK LT, EPABREH® 003%5 L U8 0.1%12
BT P-gp HxHEHEOIE T AR S, FTOTFIC
BRI EAR &7z (Table 1). DHA BEFREC
BT 003%B X U°0.1%I2 3BT P-gp HIxHim
DI T 2SS, EWA TSR % R
EPA (L BHE 2 L D TId %> 72 (Table 1).

% %

EPA B X O’ DHA & n-3 R VLZEARFNRILEE C
HU, BERBERLZEICBOWTTFHNEIRD S
nNCTBy, ARG, 7Y A MELTHER
HEEF > TWwb. EPA B XU DHA @& HEE
W& D HILERERDE L B 2w ) HiE L w o
HBHA, T EESEEIEn-3RIEHEOIHL g
DEFEENT A EAHEREL TS, O L LD
5, n-3 RIRIEEOBIE IC EIRAED STV
WOPHIRTH 5. HILE TR D 5\ Id 5%
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i, BFAPBY, BEH i

I 2 TEYWIN S 51217 2 b
EOWINLIH S . Foizd, AR M EE & R
DI ENKRUITHY, BOKGEIN-HEYSH L
7)) A MEIHILENTEREZRSZ LI
£V, ZEEREICCTZEORIDFThILE. LoT,
HILEN TORESRIGERIZ BN CTIIEE LR
T s, BOKSINEY, 7)) 20 ME
WACHIZHE T A, HIIWEEERNTROILEL
72885 C, TOEMIIMATIEIIL~12LI13ET
HY, FEAZHERIZ1 40 mL O B @SELEL T
L. Ok, E72HWIPERALTH B2 D A
Ins. BNEWMRIE LT RBONEDEIC
Lo TREINDDS, HBWNICH T 2EHEZ BNE
PEMEER & v, AR ofE, SNHE, BE,
BB, WE, SE WEE FHELZECOREY
ZIHIEDBHSNTWES, Fald, 7)Y A~
FalHTERROBRL25A%2HE L, ek
@ EPA B X I° DHA @ Caco-2 HJE R~ 24 Kf
MEEEEIC L 5 T &2 5 0N Pgp RIS T 5
TER 2 ME L7z, 2B, FRITEREE IEA5 @4
WRHETHA1H1gEE2E# 2, 1H1g%
FE L7ZREIZB W TR A DS, IR O FmG
HVERIZ & D Caco2 HEESEMR L7, Lo T,
LA WF T A0 1 H 1 gl FTOEETH
ARV, RRKEEZ 01%E%RELZ. 2,
HILENTRLIWEL CVWIHEOREKLILPICA
ke L5121 gD EPA B X OF DHA 75 f#
L, TOBEMEINMr~Ef SN LIRE»S, 1H
1 g BEOEAIUI L o TERENIREIZ 01% &2 5 &
WE L7z, —J, b N CTOWRNEZEM, ) 7#
RERFMIE e NHROMBEASTFE L, ZOH TR
MGG K Caco-2 Ml i b ST w5
V= NVTHA. Filx, Caco-2 Mfgz & iFIZHE W
WET LI ETHRBEE L L CHEBICH L /2. Caco-
2 1 W R SRS T A s s [ < R o Ml
BHELTWDLL0D, ABC b T ¥ AR—% —iz
BLNXVhe MG E O TIEFIZERWHBEAR
bNTwnwg, 1

EPA B X 0" DHA B&52 0.03%LL E DI B\
T TEER DK FAR 51 (Fig. 1), 0.03%& 0.1%
EDOMIZBWTHIREKFEIRO LN, T ik
DT 2> & DN T HERERL HE O W 85 1 FEAKAE M A3 R
E7z. P-gp #'E @ Rhodaminel23 o 5 % s 52 57
RRMRIZETH, WRIEREER BT 0.03%8B
L ON0.19%D ¥ BTl 0] 0 55 8 42 5 hs

Control # & i L CHEIC EA L (Fig 2), WE
D& E M LA O D5 b N 7 ERBERfE AR &
7z, A ® in vitro TOHEFRIL, 0.03%LL L3 7%
503 gl Lo EPA B XU DHA OBEgEIX T 1
EELE N L -WEESEE LA EZE &R T L
A EWL, EEGEHESHERST 2 EPABID
DHAL H 1 g DL EOHESE TIZ/NIGAGEE LRz o /x )
THREBETOWNEEZRTLDOTHL. —iKIZ,
P RA Y FOREEIIBWTIFHEEI ATV
B, FHIB L O & 00 2 &I A2 CTHALE RS
B ERz N THEREIR T 7 EOFEFRIHRZ 50
REVEASRIE S N7z,
BEmoOMmE» S5 2 A5 HMWT, P-gp &Y
Rhodaminel23 @ B to A F 1Al D& #1235 P-
gp FHEH] Verapamil DR F % #ET L7-. EPA &
#f (Fig. 3a), DHA IE#E# (Fig. 3b) Wi OB
T B WD, Verapamil I FIZ BT 5 [HFE
BRI X T Verapamil /776 F T O E % #4525
AMETF L, TEER 2°500Qcm? ML ECHHECTH - 72
(Fig. 3). TEER 77400Qcm? L FIZB W Tl
Verapamil 12 £ 2 HERITASNE L ODIEET
37 H o7z (Fig. 3). /M kMl s kg <
HHZEDEHMD1OTHY, TEERDETIC
Lo THRMEMEREDS R EE L 72 V) P-gp DR - TOZ%E
PEANHEL TV LIEESH 20, BfE0LZ A
HEO2TERW, 22T, N5 %I P-
gp A EEMICHAT L 2 A, WIENBE
12001%F TOBEFEIZ B\ Tld P-gp HxHH X B
AMEMEZR L2, COHHBAE LTEHAEDL A
B S RIETE DS, TR & ARE & oM
BRI ROmEEAS EA L, P-gp i2xd %
BAIESZLL W RESEZONDL. — 7,
0.03% LI L DTz 12 B\ Tl P-gp A IETE X E
R T T4 2 AR EN7z (Tablel). i
FCIZ, BB CH HIEARE, 1 HEEER O
Polyethylleneglycol, % JgffifikE h Vv =F > D
YV A= NTHBET VAT W L HLE
HilEE _E Rz A TEER OAK T 23712 P-gp 6%
BT SEDWEEPELET DLV MEDV RSN
Twh. Fig 1 Lt ofEREEZAEDESL L, EPA
B LU DHABEFEIZ X A TEERIL T OAEJEE & AHxf
B P-gp i AR T IS E DS w72 Sz b vz
L. —F, INEFTIZHTY YEEF M)A &
% TEERIETH#EEE LT, » 7Y YEF ) v A4
B, BEEDKRAKA 2 M= 2) Y BHIH A
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b= 3) YRGB ICEEY S 2, M
AN T ALNVDERENLT, MldEERo
PHEIZ X ) TEER 2MK T3 5 & v ) BRI BRAE
PRIBEINTWS, ¥ SERE L2 EPAB LT
DHA BT LHIDY TV T VAT
Ta yPHEINDD, LS HROMEEET
H5H. LIk, EPABXUDHABREIZCLIDETL
72 TEER @ LNV 7 P-gp MIXHEPEE T O 2 7 = X
LG LT Retrid b LR STz,
KWL T, BEWINOHEREFTH 5 Tight
junction (T]) Hik& PHEs 828 (P-gp) HfE
\Z%F 3 % Eicosapentaenoic acid (EPA) 7 5 NI
Docosahexaenoic acid (DHA) OEHIZOWT, b
A B3 ok Caco2 B2 W CTRRET L 72, 2
DiEF, EPA B X U DHA 1213 P-gp BEfE 2K T &
T LWEMASAET A 2L, ZOMMEE LT T
FEDLTALDE G- LT\ 5B EDVRIEE N
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