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Absorption and transportation characteristic of six linear furocoumarins
in a model of Caco-2 cell monolayer in human intestine

LI Su-ning, YANG Xiu-wei
State Key Laboratory of Natural and Biomimetic Drugs, Peking University, Department of Natural Medicines, School
of Pharmaceutical Sciences, Peking University, Beijing 100191, China

Abstract: Objective To study the absorption and transportation characteristic of xanthotoxol (1), xanthotoxin (2), imperatorin (3),
isoimperatorin (4), cnidilin (5), and isopimpinellin (6), which were classified as the linear type furocoumarins, in a model of Caco-2
cell monolayers in human intestinal epithelium. Methods Caco-2 (the human colon adenocarcinoma cell lines) cell monolayer was
used as an intestinal epithelial cell model. The permeability of the six coumarins from apical side (AP side) to basolateral side (BL side)
or from BL side to AP side was evaluated. The concentration of the six coumarins was measured by HPLC coupled with UV detector.
Transportation parameters and permeability coefficients (P,,,) were then calculated, and P, values were compared with the reported
values for model compounds, Propranolol and Atenolol. Based on the absorption and transportation characteristic of coumarins 1—6,
and psoralen (7), bergaptol (8), bergaptol-O-p-D-glucopyranoside (9), bergapten (10), nodakenin (11), nodakenetin (12), decuroside V
(13), umbelliferone (14), osthole (15), angelol-A (16), and angelol-B (17) in a model of Caco-2 cell monolayer, the relationship of
absorption and transportation with diversed chemical structures and lipophilicity was reviewed. Results In the Caco-2 cell monolayer
model, the P,,, magnitudes of the linear furocoumarins 1—6 were 107 cm/s in the bi-directional transport, which was identical with
Propranolol. And the permeability of Caco-2 cell monolayer is mainly via passive absorption. Conclusion The above-mentioned
linear furocoumarins 1—6 are well-absorbed compounds. The results show that a significant Sigmoid dependence of permeability on
lg Py ap—pr and 1g D at pH 7.35 of all 1—17 furocoumarins can be absorbed across intestinal epithelial cells by passive diffusion
mechanism.
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Fig.1 Chemical structures of compounds 1—17
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1.1 #RAE

Caco-2 4l #k (ATCCHHTB-37) W 1 3%
ATCC (American Type Culture Collection, Rockville,
MD).,
1.2 AmRkEERT

ZAEY 1~6 B HARBA NN Adegle
marmelos (L.) Correr!' ", Jil% Angelica pubescens
Maxim. f. biserrata Shan et Yuan"™. K3 Angelica
dahurica (Fisch.) Benth. et Hook.f.. & fif >4 I

Angelica gigas Nakait'?, J&iF Notopterygium incisum

Ting ex H. T. Chang""H 438543 1], HPLC Rl 3L 5
BB >99%. DMEM 15753, Hank’s 22 5
(HBSS)\ 251 /K B % /K . — LA (DMSO)
B0 Sigma A+, HiEiiE (FBS). dEd fiad st
TR B Hyclone A, ¥ ZFENRkIE 2R (HEPES)
6 BAC TR 2D AT, R AR E AR R
W TREANT], TR BER R W H R 2545,
Na,CO;. D-(+)-#i%i8E. 2 4Vl 2.8 (EDTA) i
HAL A A A, BB RREE (ALP) 7 &
V& E R R TR, HRE (kD
H PR, S 2K, 12 FLER K
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BERE 50 (Transwell) F125. 75 cm?® 40 o 75 i
I 5 Corning Costar 2~ 7] (Cambridge, MA, F[H ).,
1.3 X5

GALAXYB M CO, AR5 7441 (J£H RS Biotech
v # ), Evom 40 i H FH 1 ( World Precision
Instrument, Sarasota, FL, ZE[E), XDS—1 H& &
e (REPOCHAER AT, GRX—9051B A
B RIS R R A B AR, A ZER
JE 3K (RIS %A R AR, HZS—H
RUIE I KB PR35 2 (W R T R T HAR TR
BRA T, TGL—16C BlmEnd & B 0HL (Fifgees
BEEAXEE ). DIONEX @0 Eig{ (HPLC)
£%t (Dionex Co., Miinchen, fE[E), f1f5 DIONEX
P680 44, UVD 170U ZYA Ml % , Chromeleon Version
6.50 K AL BR T 4435k . Dikma Diamonsil ™ Cyg 335K
(250 mm X 4.6 mm, 5pum), fHit Dikma Easy Guard
Cis f£974F (20 mm X 4.6 mm); PALLAS 3.3.2.6
ADME/Tox Fiil|# /4 (CompuDrug Chemistry Ltd.) .
2 HiE
2.1 IEFFIRFNGE AR A H

54 DMEM 55783 584> DMEM £ 783#-10
H1-20. HBSS ¥ #h % i« PBS 2% M ¥ W
0.01%EDTA-PBS %1 0.25%]# 4 (A -PBS ¥
(O A DL SR 7 Y
2.2 {HREIEFEFOFNER

PR T VEPO R R R, Caco-2 41 A K
B A% 80%JA 14X, H DMEM &7 41 i fiff i 2%
YREE 1 X 10°/mL; [7] Transwell [£1JiC3; (basolateral,
BL) JIA 1.5 mL 54> DMEM-10 ¥53855, ) Tiid
(apical, AP) A 0.5 mL C7847R 4 40 v
W, N 37 ClHIE CO SMAEFRFhR TR: 2 2
RHe AP wi i BL 3 (5579, 4394 0.5+ 1.5 mL;
%5 3~7 KEE R AP il BL 5 (55789, 209 0
0.5.1.5 mL; £ 8~ 17 KA K4 AP Ui 55777 0.5 mL,
FE R BL Ik 78 1.5 mL; 55 18 KLU HRERH#
AP Ui fl BL 3 (5573, 434 0.5 1.5 mL. A
P T EASE AN M 3 JE R T, B BRSAE 1. 3
RIS 564 AP SR FRM: 28 5 RLAG by b
0 o PR R R R A S AR I TG, i e e BL
Ui R TR . ANSEIGAEFH Caco-2 4R ECH 42~
58 fR.
2.3 Caco-2 iR R EE 4 5iEsE HiklE

FERRAERRAE R A TAE Caco-2 4 Mo B JZAK

b 5 RGO I 1R BH 0T 24 2% v R R
W 1 BH 0 SR 2B R v AR (R R e s iR . R
(1) Caco-2 4L, HITEREFRINEE 64 11, 164 21 K
F HBSS ZZlidedl ez 2 I, H&EH 1.0
mmol/L. &£ 0.5 mmol/L 1 0.5% Triton-100 %] PBS
RN, UK B 1 h, 12 000X g B0 10 min,
I WS, % Lowry VAN RN E. % ALP
RF A UL H 1T Caco-2 Uil ALP vETEIRE:, 36
iE Caco-2 41 i 51 2 5o 3 B i i R

2.4 HPLC &

ZXt &Y 1~6 1) HPLC 43 #7 A Dikma
Diamonsil™ Cyg 0345 (250 mmX4.6 mm, 5 pum),
FEUEL A B0 BERE R 20 pls WahAR N FHE-7K (80 :
20), PRFRVLE 1 mL/min; SZRMEY 1~4 RN
WK 245 nm; LAY 5 M6 BRI KR 322 nm.
25 ZRBEEERRTEMRR

P I B Th,  PE IS B rh B IR (150
umol/L) ZikEF G REWEGWWM, T 37 C/KiG#E
PR _Ed Fr e vh i e Kl B I ] (180 minD YL H, HX
HEA T, —20 CUKFAPIRAE 24 h, frabH.
2.6 WRULAEFISNAIRIE

SEEHT A 6 MRRFERMEWH T
DMSO HC % 10 mmol/L ik 43, I} HBSS 22
VRO R A2 SIZ6 T LTI IR R o 325 EN M 195 5 FiL BEL > 500
Q/cm’ ] Caco-2 4L 2, MRS BETT, 20 AE
1 i 2 B N SR AR HBSS il (AP
¥ 0.5 mL, BL % 1.5mL), T 37 CIHEFEER (50
t/min) FWEE. 6 M REBSCEIE R 2R S
B4 50 pmol/L (DMSO ZARF 40/ T 0.5%) « 4%
ST A AR BL SnEk AP SOV, BAAL
WS, B 5OPAT 3 ML. AP R4S 2. BL I HUFES>
T RS IZ R s BL dih 2. AP SRR 04T 4
AMRAREE . 2 AP Iigh 250, 452500 AP BiHURE 0.40
mL, #5200 BL 3HUFE 1.3 mL; 34 BL #5250,
25 Py RS2 0 43 3 EURE 0.45 mL. FITECEE T4 1
T, T-20 CUKFEPORAE, FEkbi.

2.7 HERAIE

K “2.57, “2.67 TUHITHA T AR M—20 C
VKEEHECH, ISR I R, SRR AT R
B VMR 20 min; 76 12 000 X g 4 F 540> 10 min,
B B35, % “2.47 T HPLC 403047 20 Hrill o .
2.8 ZHREBANIRL

“2.67 TUFEAMEE K G, DMOoBERKIZL
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WY, LAA ) HBSS G2l 3 I IE 520 C
UKFEHAVRIRAT 24 h J5 S Rl CE 24 h, Wil
FAURRE 3 UK, K A 7RSIk BR I 1% Caco-2 4t il
U, e IE S EE-/K (70 1 30) TRAVET, JiE
TR A] JE A YA 30 min, 8 000X g 444 FEL 10
min, B E3E, HIfS Caco-2 4 s N3 BT FE S, N
HPLC (AT /Ml e, THE 2 & 35 1E Caco-2
AN B Is I 25 N AP S BL S Al
Caco-2 A i RN &2 FUA R e s R
ARG R 2t B EeR
29 RMWEBRH (P EITEMEIELLE

AR A U FEAE Caco-2 G A 1 (1) Py, (E AR 2
R Pupp=dQ/dt X 1/4X1/Cy, 3 Q (umol/L)
e RBE R, RS ECE B R
dQ/dt (umol-L™"s™) K, Co AWML T =
IRIEEH S, Bfrky (pmolL em); 4 (em®)
JERBKBRI R AR . B SO FAT 3 ALY
fH, Mx+sEr.
3 #R
3.1 DA EREL

SR E AL AP 1 (1.9 mg). 2 (2.5 mg).
3 (2.6mg). 4 (2.6 mg). 5 (29mg). 6 (2.3 mg),
FHl DMSO #%fi#, FEBL/ 10 mmol/L ¥ & i i# £ 9
R 40 pL il £, S 1 IXBEY: Caco-2 4
JH B ZE ) HBSS ke 4 4 mL, 7870850 Ja MUk W EX
20, 50. 100+ 200+ 300 400. 500, 600. 800. 1 000
ul, 430 HBSS /2 &4 1 mL, HIEIRE R 2. 5.
10. 20, 30, 40. 50. 60. 80. 100 pmol/L [ &%
W ARTRE, I EER S 1 mL, 15000X g
20 10 min, B EIEW, HEFE 20 pL, 4% “2.47 1
SATFEAT AT, DA AR AME () AR,
FESEERIREE (o) REAAAR, 1FLPERDA T2 b
EW1 N y=3.6405x—0.04 (+°=0.9994, n=3);
WA 2 Jy=2.707 3 x+0.976 7(*=0.999 1,n=3);
&Y 3 h y=3.738 4 x+2.698 2 (+=0.999 1,
n=3); &Y 4K y=4573 6 x+0.455 2 (*=
0.9992, n=3); &M SHy=6.1525x+2.998 3
(r°=0.999 2, n=3); L&Y 6 Jy=6927 9 x+
23622 (#2=0.999 1, n=3). &MIEHE N 2.00X
10°~0.1 mmol/L. 7F “2.4” Witail: &R, 6 M
GEMRENN () WHE 1.
3.2 ERERIRE

AP 4%y, 6 NEERLHIRKER N 50

pmol/L. #524)5 90 min, 43 7HL AP ¥ 1 BL ¥y,
T “2.67 WM “2.77 WUJFIEACEE, 4% “2.47 Wik
fRorteile, HEReE, Wa? 1~6 i
43994 80.20%- 98.10%- 70.77%- 87.54%- 116.29%
89.29%. FRLEW 3 4b, HAh 5 MUAEWIE ST
PR EARE AR AL BURER g i b, X
SR AR AT AW . AT 3 TR
Db AR LR B I TR /N4 &9 3 s [R) 4 tH I —
AN, A O HARE P a2 SR E
33 SIRENRINIEER

iz “2.47 TAAFRAT o HrillsE, LGP 1~6
M ARAT IR Cumol) 435124 0.27. 1.09. 3.00+
0.44. 3.70 2.77; A &R (umol) 4351l 4 : 0.27,
1.34. 3.65. 0.85. 5.36. 4.06.
34 BREMRARE

HPLC jE=IME 4 KK, i 6 M2idEFw
#/E HBSS S0l fE 37 CH&IF P RE:, ER
3.5 Caco-2 iR R R STIEHE

ARSZI M, 7E Caco-2 4l H 24 B |
U W WS 3 T BH P o) TR 24 35 250K IR Py (N
(2.461+0.28) X107 cm/s, & CHRIRIEAL 2.75 X
107 cm/s B S MEREIE [ H X 24 B 0%
IR Popp fEN (23440.09) X107 crfs, FF& SRR
B 1.0X 107 em/s B, Al v e
ALP 35, KB Caco-2 4l A58 4 & B ANHEK
fift ALP JEA)0T -3 B IR h A BOn) -H 32K,
7k Caco-2 4B ALP 35 diffase 4yl &, ik
RS A AT IR ek A RS - LKy, BT ALP VS
P, EIR Caco-2 4l i 4b B FEARTE il e ASSLLG T
Caco-2 40 fuls7% 21 d HAT ALP 3G, Ui 40 i)
O, T LRGSR, AT Caco-2 4HJif
HEEAR RUFIEHPE,. et Rz e
3.6 MUHIEIRE

M Transwell [¥] AP ¥iE% BL %252, 6 NEF5
HEIE K IERS H 50 umol/L. ¥ E 90 min, 233
NG 2y RS2 0 A, M AP B 2 BL S 1M BL
Ui 1) AP 3 (1] Popp L WLFE 1
3.7 HEEzhHFERE

6 N ERIEL 2R IE K 50 umol/L B, AP %
2524, 4 30 min BORE, JLIENA 180 min, $HUHR
(1) 32 2 L ] 2 5 i B T) AR A RO 38 TR Py
EL LI 3 Al 4.
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3.8 RESRWEEFIEXANAR 150 pmol/L R B [¥) 4 iz it % i & WLIEL 5 il 6.,
6 MEUEPERE 4 MMAESY 1~4 3.9 BEE 1~17 &, RESRIERBFR
T EE SIS 2 C R/ ME9T, 100 254 50,100, WA R, JFasaHAD 11 MREHE (T~

%1 6 MBETHETE Caco-2 B RERI EEN P,,, EREIRERE (1=3)

Table 1 Bilateral P,,, values of six coumarins in model of Caco-2 cell monolayer and their retention times (n=3)

’Hﬁ%#@ Papp APHBL/( X 1075 Cm'sil) Papp BLHAP/( X 1075 Cm'sil) Papp AP—»BL/Papp BL—AP 1g D (pH 735) tR/min

1 2.651+0.14 2.631+0.13 1.01 1.48 4.26
2 3.43+0.24 3.97+0.18 0.86 2.17 4.93
3 2.384+0.07 2.144+0.13 1.11 3.70 8.27
4 3431022 3.44+0.12 1.00 3.70 5.82
5 1.754+0.10 1.2240.05 1.43 2.07 9.88
6 1.4140.01 1.20£0.07 1.18 2.82 11.85

lgD(pH 7.35) : A HEAE pH 7.35 BRI REL
Ig D (pH 7. 35): apparent partition coefficient of test coumarins at pH 7.35

60 A
| Beerencnoy, L LTI Spe Froriness gy,
60 4 r s, 12
£ 40
40 e i(-_— s ol T S 5
< 5 T
3 X I T
9 < P
m 20 | ; 20 A ?m‘:r——%——-%“-%--%“
Q*% b -— - - 6
/
0 ; ; . 0 : ' ) .
0 50 100 150 200 0 50 100 150 200
t/min t/min
2 6 NEETEM Caco-2 iR EER AP imE| 4 6 NEZRH Py pr-ap ERERT BT Bh 2L
BL ifHI3EE (x+s,n=3) (xts,n=3)
Fig. 2 Kinetic curve of six coumarins transportion rate Fig. 4 Relationship of Py, pr_ap Vs
in Caco-2 cell monolayer from AP to BL side for six coumarins (x+s,n=3)
(xts,n=3)
. 80
Y T 1
60 =, T -
s 4 %\‘-._. < 60 1
S BN g 0
5 ~ ¥ #
s 40 3‘ ~oy = S 4 {
S .. S, X 40 &~ /:
X g ~. -~ = | & o
< i o, 5 ek “
1201 5 F-~%F mi._. i 3’?207 Rt I
< b Rt T = 1 o s e
: e ® B2 ey
A 6 — — B AV
0 ‘ ‘ ‘ ‘ 0 e ‘ ‘ '
0 50 100 150 200 0 50 100 150
t/min C/(umol-L ™)
3 6 NMEE R Puppar-p EFERT B T 1L 2% 5 ANMNBEEETRIREMNM AP 2| BL if I IERE
(x+ts,n=3) (x+s,n=3)
Fig. 3 Relationship of P, sp_py, s retention time Fig. 5 Transportation rate of four coumarins with different

for six coumarins (x+s,n=3) concentrations from AP to BL side (x+s,n=3)
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17) M1 Caco-2 4 # 2SR (R R Wi iz, 4 i
BT S R IE AL 3= 2 5 Al g h 3wk, X Le
B 2 W A 30 7 e AR S LA 5 1) 34k 25
PR, WSENETE. 1 KNG, SElat 2 =
Ehrie ML AR E 1g D (pH 7.35)0 LA Pypp ap—nL
IR EfE ) 1g D (pH 7.35) £, 15K 7.

~ 60 A2
oA

E ;

E o
Y40 A i &
= o]
X Lot

= . 4
N'\ﬂ- ‘."'“ ~ -t -~ - F%
ﬁﬁ 20 7 &, e :-‘ 3
i s e

-~ - ~
& s e
0 ET
0 50 100 150
C/(umol-L ")

6 4 MNEZREAFRIREMN BL 2| AP ik #1525 EE
(xts,n=3)
Fig. 6 Transportation rate of four coumarins with different

Concentrations from BL to AP side (x+s,n=3)

2 4

1g Papp Ap—BL

Ig D (pH 7.35)

7 BEE 1~17 BRI SRR KR
Fig. 7 Relationship of Ig P, sp_p vs 1g D (at pH 7.35)

for coumarins 1—17

4 g
AWFFERT T AEMERTY . fEHa 2. RRATH .
SRRATIER . 8-H A B R RKET A LA S mi T 3 6
ANER UGN A7 L X R S WAE NG Caco-2 4 i
B SR  (RRCREE o WRC IE RS MR R G 45
KW, 6 NETEM Py I ELE 107 c/s R,
5 T o 2 3 259 K BB T ki R Ay WAL L
AP o MR SCRR IR P ) F00 T 14E AR
RSOy AEMEE 3R . SRR 38 > JEh e
Wy WRCHT A 3R > 8- AR SR BRAT I 3% . S 1mi T 3% o

W& WiEL Caco-2 AU JEIN E 2525 1) Itk
SRAKPE LB G5 1 R /N IR 250 M, AEARCEE L AE A
B/ AL, JRAREE 28 SCEL W 25 00 o e e
B, PrLLEAT g, OO . R RRHT
HH 25 5 W EH F AT 237 s K/ MHAE, AAH R
IAREE, (EFERZ EIERA EA, Frlnl fe
h A (A G RE R DG 2R 5 S T 50 3% 1) JW R AL e ) 3Lt o
8- AR e I ) 35 L e BT A 32 2 — /N H AU
WS, R

6 M LRI G IS ) Py (EHAH B
76 0.8~1.5, &R EATMBBCSNRBE AT, W]
HEMEATE Caco-2 4 HAR IS vh (KW A B4 e
224, W RVIF 2 AE Caco-2 4l Ut ! v 1%
B IR e LN A IE A b sl s .

e E YT -Ss R B, 6 MuEWTE
120 min J5 & HIL T 2RI N E, Xt H
il A WA A I TR) 36 o 250 AN Wi 5, Caco-2
S E S A (1) A B 2 ANk, A LAV FERA B2
BN 1IN A P .

M 3 F1 4 ATLUEH, 6 MRS RERIEWLAE
I T Z) 7 ZE T Pagp (AT 2 AEBTE 2R . 7 BK
T H 28 > e RURE Iy > 8- FH AR e R i #H 22 > BRI i
B> TR, 5 SRR R S I ) 45 R
A—F fWER . feHEERE A REATH RN Py
LER Ry iR T Ry TR A =R P S Ao (£
HEIa R B N ] PR X RGOl T B A FE s 4]
1, Caco-2 405 2Pk G W B 22 SR 30K,
BEAE L B IR R, A EL RN, iR
JIS 00 PR P 2 ARG, DT AR FE 66 B2 Sk 3 0 (1) 5
B RS o IX AN G5 IR AT LA W] 2 1A R 20
A BRI AT 2 0. MERATEHZE . 8-H4
S BT 2R S T 2R 1) Papp BUEAHX RN, #
IEHARIAC, AU AT s R AN R AR
o BN RIS THZAR IS, )R B 22 1R AR 4k IR
ANGRR, BT EAAT W] 0 Wi A 4 34 i

16 6 N DR PEEI T 4 MU g L
R AT I E 5 WRISUAZ O R BT, I EATTRE
WEEHGIN, WORCFI A R B SN, B
MRS . 1 —AEIX 4 AN S R e i g
J AR L I B BN T, s 7 AOD IR FEBR LK
BB 1

M 7 S5 AT LA, 1g D {HEM-1.0~4.0 Y,
TFER 1~17 (A 1g Py ap-pL 9 1g D 2 EFH) S Y
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a2k F1H2001F1H

R (r=0.976), S8R SCHRIGE T S T

% (Sigmoid dependence) P, X T4 s B 4

witeEm (8O s, HESRARNE L AE

FEEELL B 1g D (pH 7.35) >1.5, Hags@E Ml ik

FBEME RIFF G X . XIRRETIERAUED)

I, ATLLEREHE TE e 51, AR B E
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