MREmBE Modern Food Science and Technology 2026, Vol.42, No.6

REFR-3-O-HEIET R E A EIREERLY
%3 Caco-24 A B BRI B A0 1E I LL 4

ke, INXE", M=, [N, Bl BEE, FLESH, Mk
(AR LRFRSEENIRFR, LB 230009)

WE: ATRTEARFERENE3-0-MEHBEF (C3G) AL AHBMEBEBI T MAERNE-3- (6"- A4B) REH
4 (C3G-C12) *f Caco-2 fmff2 ] B FORAHE 69 %) o0 B L VT AR R ALH]. 2 AR08 i -4 & 48 &3 (Semi-HPLC) M2
KIEHE PRI C3G, AM &AM ELTEFAA (LC-MS/MS) %7 iZ#8IK, v C3G A4, A A AEF Novozymes 435 B
st Lt AT B R BE AL, #—F 83T Semi-HPLC 4 B L =4, LC-MS/MS Feff et 4ot kid (FTIIR) Wiz Sk, #3
21 d 8 Caco-2 Mif b & afeAR R, 2318 kS & E 4 500 100, 150 pg'mL™" C3G #= C3G-C12 & 20 pmol-L™" A2 B B &k
PR FURIT £ A H TR A5 K0, A8 520840 &3 (HPLC) 4o 4m e fe B BE Bk 4415 2, 58 %82 3 PCR (qPCR)
# NPCIL1 mRNA #9435, 4R A, Caco-2 e ] B 4435 sT 4k — & 2R EARHitkr 4], 150 pgmL ' i 28R4
C3G A= C3G-C12 3 4 A% A2 B BB T & 46.21% F= 56.36%, 5142 56.93% A= 59.76% #9 NPC1L1 mRNA £k F I, 42 EATig,
C3G-C12 42 C3G 24 &4 4| e B BEOIK, KT 45 £474%] NPCILI mRNA 8 & EH %. ZAF 5 A B AT H F iR R AL
AR A AR i e B BE AR MR R 4R T 228l

XBIF: XEHE3O-NHBEF (C3G); KEHE3- (6"-AAEAL) A (C3G-CI12); Caco-2 mfies; fEEEE; NPCILI

MEHS: 1673-9078(2026)06-95-104 DOI: 10.13982/j.mfst.1673-9078.2026.6.0369

Comparison of the Effects of Cyanidin-3-O-glucoside and Its Lauric Acid
Enzymatic Acylation Product on Cholesterol Uptake in Caco-2 Cells
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Abstract: The effects of the black rice anthocyanidin monomer cyanidin-3-O-glucoside (C3G) and its lauric acid enzymatic
acylation product cyanidin-3-(6"-lauroyl) glucose (C3G-C12) on cholesterol absorption and transport in Caco-2 cells and its possible
mechanism of action were investigated. In this study, C3G was extracted from black rice anthocyanidins using semi-preparative—
high performance liquid chromatography (semi-HPLC), and the monomer was identified using liquid chromatography—mass
spectrometry (LC-MS/MS). C3G was used as raw material and enzymatically acylated with lauric acid and Novozymes 435. The
acylated products were further separated via semi-HPLC, and the monomer was verified via LC-MS/MS and Fourier transform

infrared spectroscopy. A 21-day Caco-2 intestinal epithelial cell model was established. The cells were incubated with 50, 100, and
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150 pg'mL ™' C3G and C3G-C12 and 20 umol-L ' cholesterol absorption inhibitor ezetimibe to perform transport experiments. HPLC

was used to detect the cellular cholesterol absorption, and fluorescence quantitative polymerase chain reaction was used to detect

NPCI1LI mRNA expression. The results showed that both inhibits cholesterol transport of Caco-2 cells in a concentration-dependent

manner. Specifically, 150 pg-mL™" C3G and C3G-C12 reduced cholesterol absorption by 46.21% and 56.36%, respectively, and
NPCILI mRNA expression by 56.93% and 59.76%, respectively. In summary, C3G-C12 more effectively inhibited cholesterol

absorption than C3G, which might be related to its inhibition of NPCILI mRNA expression. This study provides a theoretical basis

for the enzymatic acylation modification of black rice anthocyanins and their role in regulating intestinal cholesterol metabolism.

Key words: Cyanidin-3-O-glucoside (C3G); cyanidin-3-(6"-lauroyl) glucose (C3G-C12); Caco-2 cells; cholesterol; NPC1L1
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AIRAF: AR, AZMENKTESN, WT L
e TAENEHCER AR ;. A NPCIL1 514, Wik
A S SER O 8 = PCR T 2R AR I 5
WofE, T I ZE YR AR A IR 4 | 5 Caco-2
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FIRHSE A BRA A o Bl B A A &, T R A
AR ER AR s HER. FEEHER. KBS,
FOHERE AR . RACER. MEMRE . YOO, WIWT Lk
W T AR R AR AR s OB, HEE. L.
AUKEE. BEke. 1E-ERE, T EWgRTRL T AR KR
WHERAE . Fra AR b4t
1.2 FEMNHEL

HD Plus 100D %Y > ] £ 7Y vy 20 AH 3 4, H)
RS (ORI AR AT 5 E2695 w8 i A € it X,
3 [ Waters 2 ] ; Agilent 1290 Infinity % ¥ #H €2 3% —
JRRERE AL, 95 H 22 HE 48 A F] 5 Nicolet 67 24 HLi21
A6, 35 [E Thermo Nicolet A& ; HH-2 B % B 46
WK B, H N B A S i iE A PR A & 5 Infinite 200
Pro B FFRAY, ¥t H (Tecan) A #]; L8GIJ-12 HY
HAERE TR, b MIEEXNBIE R BARAF
ZHWY-200B B E IR B 77 4R% 4%, BR300 i A4
Hli& A5 PR A F 5 Heracell VIOS 160i £ CO, 59546,
Thermo 2 7 ; Millicell ERS-2 Y 41 it e PEAY, 35 [
BRoT B N F] 5 RE-52AA BUe6 78 RAL, Lilglioe
A ES) s CFX Connect BY%¢ % %8 &= PCR X, ZEH
Bio-Rad A& ; ETC811 A PCR 1%, JbARHEGIH A
BHEHRA A

1.3 R F =

1.3.1 C3GHRIAAL

155 FH 2F 1) 4% = 2800 A B v (Semi-HPLC) 4y
B C3G, i Ay C18 (25 mmx200 mm, 10 pm,
Galak Chromatography Technology Co. Ltd., China).
L 10 mL-min™ {9 & 3EAT BE REVERE, WA OK:
B R =90:10, V/V) FIB ( & 15 : W/ B R : K
=25:25:10:40, V/V/v/V) Hl. BHEVERCA : 0~8 min,
16%~20% B ; 8~11 min, 20%~38% B ; 11~26 min,
38%~46% B ; 26~27 min, 38%~46% B ; 27~34 min,
46%~85% B ; 34~40 min, 85%~16% B. B KL H &
Fl10% () BE VA R, BB RN 5.0 mg-mL ',
RS EA 1 mL. BT B 2 A £ B 1K
7 520 nm FRGIIE K, Wb R m g,
132 C3GH%EE

C3G % & K H T8 %W i 5 ik 17 R H
Agilent 1260 UPLC £ 4t (3 H %8 A w D FlLC-
ESI-MS/MS HimE %5 5 B i v (S 22481 AR X
TH R MBI YEATEE, KA 1260 Infinity
II 708, 7£520 nm RMAETH &= —ARE FEAIRE
M55 BN 520 nm. C3G H Agilent Eclipse Plus C18

(2.1 mmx50 mm, 1.8 um) fHI7EEEHR LA 0.20 mL-min” )
WMESE . WH AOK : FIfR =90:10, /1) A B(ZME)
M. BEEVER N : 0~5 min, 95%~90% A ; 5~10 min,
90%A ; 10~17 min, 90%~76% A ; 17~27 min, 76%~10% A ;
27~30 min, 10% A ; 30~35 min, 10%-95% A ; 35~40 min,

95% A
133 C3G-C1289 A A BR B % BRALAE 4

SR FE AR G4k S S 46 A RERR L6 B =™
WA ¥ 1.5 g C3G N 25 mL [BJERRT, B S mL
BUREEEAR, BN 11 g ARERE. 1.0 g 4A 770l
Novozymes 435 fig i B CHnfg & 7724 1 000 PLU).
¥R AR EWE THERG R+, 1556 CK
100 r-min”' 2644 T #E0E SN 48 h, [ 5 g 46 s R
2 4A 4y 1 0 A Novozymes 435 JIE i filg, & 1k 2 i,
KRB EHAMT 70 mL Z M Bk (0 - Bk
=2:5, V/V) h, RINZIR, B AR &AM
BB K BRBERON 55 CRITEIRK#H 20 min, F
TSI UE R 2 VAW #E 50 “C A1 0.08~0.1 MPa % 11
TR BRI ZIEMBikt. sk T
W57 T 80 C.

134 C3G-Cl2#8h% %

C3G-C12 % € 5 C3G J7ik— 5. K Agilent
1260 UPLC % %4 (35 [H %416 ) F1 LC-ESI-MS/
MS HLE 55 ER G Bl (SR e A | X C3G H
R BEVE B~ W A R S5 M AT 5558, RGRL%
1260 Infinity I — 7632, 7 520 nm AL 2. F)
F Agilent Eclipse Plus C18 % #: (2.1 mmx50 mm)
Iy B, N 02mL-min', JEBENAH N A (K H R
=90:10, V) FIB (ZJE). BEVEMFEF N : 0~5 min,
95%~90% A ; 5~10 min, 90% A ; 10~17 min,
90%~76% A ; 17~27 min, 76%~10% A ; 27~30 min,
10% A ; 30~35 min, 10%~95% A ; 35~40 min, 95%
A. 1t Agilent 6430 — 5 PURZAT I A R G A7 IR
MM, FEE RGN 200 2 1000 m/z. JEJE )y 310 °C,
N, Vi# N 11.0 psic BAHE LN 4 kV, FmEHN
5L'min ',

13.5 C3GAC3G-CI12694% B ot 4r9h ki A7

FEAS B AR e 2L A0 4 06 6 B iE (FT-IRD B A il
C3G Il C3GC12 Mt {48 (KBr) 200 CF
T 24 ho FESVRIRALER (KBr) 76 BRI L0501 15 5%
L 10:1 (mgg D [MILLfl—e ot g, JEHl &, 78
500~4 000 cm ' {1 B0 Hr
13.6 Kl difApe BB pkske i

ZHRIME ) %, 20 g il WEEA K MR 1 L #R
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A0fiE (FBS) W, 4 CHifEE R, IR &WTE
15000 rrmin”, 4 ‘CE.0r 1 h, YdE I 0.20 pm JE
s 318 I 4% P o O ] P e Y R L R SRR
RS IR T AP . FRECIR A (0.6 mmol- L™
BT R, B E N, T B SEERER H
g (2mmol-L™), AL EN (2 mmol-L™) F0fJH [F
(1 mmol-L'), MAZEEMHEM, N, TH. &EHE
fif 4F pH {E o 7.4 /) HBSS ¥ H . 0.22 pm il FLJE
REPERREE, A

1.3.7 21d Caco-2/if b & tmieis Az

Caco-2 4 g2 Fh T 24 FL Transwell 35 FE4 b,
B BB ECN 20% FRF TG 1% PR 1% JE 25
AL DMEM #5785 85 9%, T 37 CRIMARF /%L
N 5% CO, I iEIR 21 d J5, ARAT LS
B, i R BHACAE 3 d I LR S AR F A
BT 0=70% B9 S BEE W, R 15 min, HLAR IR T
J5i FH HBSS J& ¥t. ¥ Tanswell # AP Ul A1 BL ] () %
FRHEW e, KA HBSS IH el )2 1~2 i . B Ji5 7
AP In N 0.4 mL ¥57%5E, BL A 0.6 mL 155773
P BEL L 00 B, %% PR JoE ity T B RS R/ & AP I,
ANELROAER] AP A0 H R, KumiR ABEFR/N= BL I,
Rrckasea, o (D) eI .

R=(R,~R,)x0.33 (1

KF:

R——Caco-2 A 935 ILE, Q-cm’;

R—— KB ZAs5 R B, Q

R——%a@bsm, Q;

0.33——24 3L Transwell #IEF0 s £ @A, cm’.
1.3.8  Caco-24m st B BA B & /) tb A )

7 Caco-2 Al Fr 2 AE K B2 501041417 2 21 K,
1E AP 5 BL {0 7 7 BURE 2390, A58 FH 70 ol 1k 1
B R B U 2 PR 3% S e . S Tl s il s v 22,
HERFER A AP 5 BL 661 B R S /T
13.9 @i k&g £

Caco-2 2 RE 77 21 d JEAEH PN #4237 “C11)
HBSS ek 3 W, A5 BN B 7% 56 4 B2 30 min.
7E AP U i0 N\ F HBSS B i 5 &3 %4 0.4 mgrmL
F19¢ 68, £ BL A 2.5 mL HBSS 2k, BT
B RAE K5 7% 120 mine % 0.5 h A\ BL I 500 uL 1
AR S AT 5 2k, FF A HBSS #h 78 BL il it
FEZ IR 1£ 492 nm FARIIIROEEE . AKX (D
THEIBIE R DAV R AL Rl i 1k

do

P="4maxc,

@)
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BN

P——Caco-2 L&A % 4L Papp, cm's';

dQ/di——F A5 B 1 e F e IHEE, ngs';

A—— e E @R, om’;

Co——AP M 5% Kkt ke i &k &, pgmL™".
13.10 fmiedi ik

Caco-2 LLEFZ T 2x10° NI AT 96 FLAR 1,
E AR XS W FE N 95% AT CO, 7R FA 43 0y 5% 1) 1 I 4
B TR PG R, A MTT 01 %€ C3G. C3G-Cl2.
MR AT 22 A1 S JIE ] e ol Js PRV 0 Caco-2 41 S 1 75 1
5 B 24 h J5, # C3G. C3G-Cl12. R % i Je 7
TERE T4 J R T TR R (E DMEEM 159236 b, 2 H 24 h
G, EFRIRBW, K EHREREHN S mgmL
(1) MTT ISR TRk, WL 120 ul i A FFLBR .
VU /INE) JEAE 490 nm A P00 5 R BE A
1.3.11  C3G. C3G-Cl2AniRkfr A A af e ) B3 4442 49
EAEY

Caco-2 ZH i £ Transwell 5 55 4% E I R E %5, 58
BEYIME S, NN HBSS 28 MG vk 2 Ik, K
20 mine W& ALGE ML H S50 o0 4 — M A
. EIREER C3G FIH R AR DA SR rhy ik
FE 1) C3G-C12 I IH [F] B A I R 5 9. BH M o R 2L 44K
A A B B R DA R O R 2. 5 — il
N HBSS 2 #1 . ik 70 ME [H B AN AP—BL {ll 5% iz i},
AP AN 0.5 mL ik 4r 2HiE W, BL AN 1.5 mL
HBSS ZZ# Wi . 2R J5 % Transwell 55 72X 37 “CIE G
IR LW E, #3350 rmin’s 2 HI7E 30, 60, 90 K
120 min M B 5 A [HHUFE 50 pL, $RJ5 b 78 4 AR F2
HBSS ZZ, FEA —80 CLRAFAFI -

F1 RWEHABR
Table 1 Experimental grouping

483 B
L-C3G 32k +50 pg-mL " C3G+ 2 B BE A R
M-C3G ¥R +100 pg-mL ™ C3G+ fla B B A ik &
H-C3G A +150 pg-mL ™ C3G+ fla B BE A i R
L-C3G-C12 333 +50 pg'mL™" C3G-C12+ 2 B BE AR &

M-C3G-C12  ##4 +100 pg'mL"' C3G-C12+ flz Bl BE ik &

H-C3G-C12 37k +150 pgrmL ' C3G-C12+ f2 [ B itk &

PRkt EEZE 3EIRH 420 pmol L AR A A + g B BRI R
EFA A+ R B B AR R

1.3.12 fe B BE4kia 2400
JE [ 2 & RS I SR FH R RO R e i, I e
Caco-2 B HER P HIHE RS 8. g% &
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4% Poroshell 120 EC-C18 (2.7 um, 2.1 mmx50mm). JzNAH :
B (ARFR 20 B0 100%) . Wi &9 0.3 mL-min”', #&
TP KA 205 nm, AN 38 C, #EFERE N 10 pL. 7F
CL I 58 1 OB B 56 AR T, TG I AR HE TR TR R
FUFEATIS,  DARH [ BE B2 AR bR, W THI AR A 9L A4
B, bR A 2o oy ) TG A AS TR B ) AEL ] 2
WEHWL, TR EE 4r 78 0.08 0.1, 0.2, 0.3, 0.4,
0.5 2 0.6mgmL", JEiT HPLC il & Higmf, HR4miHE
Ptk B 5 0 TR P O R T SR ] 5 = . »=T75.668 T3x
+86.572 74, R’=0.994 JyJH [F B FI bk ih 28 o
1.3.13 EHXAZ RN HEREEEZIEE
NPCILI mRNA#) & ik

H Caco-2 2 LLAEFL 1.8x10° /> 24 i 4] 248 ff 2% i 2
FRTYE 5 cm MUk 7RI I, SRJS7E 37 CHFE 48 h. 48 h
JE IR LR MG R FREE, 43R 1 M IR LA R
BEF7 24 he 24 h JEWCEEAIAR, ] TRizol 577 41
PEHURNA, R 58 RGN cDNA,  Fill NPCIL1
mRNA 1K, R 7519 5 510 NEE 2 b B 4R, i)
0 11 325 P () B, E ST O 58 B PCR AR I R 4 ik
17 PCR. FT A FE i — =ik 47. NPCILL U547
%1 3 5-GGACTCGTACCTGCTTGACTATTTC-3, T i 5
Y ¥ %1 9 5-TGTGGCATACTGGATCTTCTGG-3'. 1 F
GAPDH 1E A W bRk AT I3 —1k, {# A 27 i1 5 NPCILI
R I &
1.3.14  HAEL 5547

K SPSS 13.0 JfF6, #dls LAFI{E £ SD R,
AT G20 Hr. 8 Origin 2021 228 B . 8
Turkey f G024 MT 7%, KSR/KF#N P<0.05.

2 ZER59MH

2.1 C3GHkr=

i 2 ) & = 80 A 4 15 (semi-preparative
HPLC) Xf BOKAET M ARIEAT 7 B alifth, LR %
B E REAR——REHR-3-0- M A ML (C3G).
WK 1a frox, (£ B A O] B I E] Dy 16.24 min [
NEWE, RIFZRSANFEENEET R E. B, X
F 34 B HPLC X FrWsc 46 40 40 kAT oy % e 5 3 =l
JEo SEREIR, AR R B E]Y 16.24 min, 5
PRk S AR B I TR (16.27 min) & —80 W) HE
PN C3G. i — i@ e AR, TR
HR B =96%. K LC-MS X KB40, #E—
LN R SRR, 45 Rk 16 B, i,
FE— i (MS) A 2 m/z 449.09 (1) F 25 1
W, SHZAEMIARN > F R E, fFEREH R -3-0-

) % B (Cyanidin-3-O-glucoside, C3G) 1] 7 T 4¥
fE. #E—BFE R (MS? mREES, HHT
m/z 287.07 [ F BRI T, %18 C3G fER %
—MNEEREREENE R, RENRRERZR, X4
Rk — I 1 7 BRI AR C3G.

q 100

C3G 100 |- #99
80 | S 80
=60
60 - & 40
=) T2 287.0
< 40 + olLLlh 1 L L L
=] 500 1000 1500 20002 500
m/z
°l L
ol L .
20 25 30

0 5 10 15 35 40 45

FiJ 18] / min
b 500l — Ai{LJE IC3G
------- C3GHrifEfh
150
2
g 100 -
50 -

0 A n /\J\.L A

0 5 10 15 20 25 30 35 40 45
Bf 1] / min
B 1 BRRRYREHEBIERA&LE C3G MR E R
Fig.1 Liquid chromatogram of black rice extract and LC-MS

spectrum of purified C3G
E: (a) TR 4 HPLC A= C3G 45 LC-MS B i%,
(b) £tz 89 BEARRBR YA C3G #7449 HPLC.

22 C3G-CI2HNLC-MSX =

X F LC-MS X} C3G A ¥ W& & % Bt 1k ™= 9
C3G-Cl2 # T4 % e, R WK 2 Fin. 5 C3G
FHLE, C3G-C12 7E A ik o (1 O/ B A 8] B 2 A 4K,
YRR R 1) A A U B DR = T C3G-C12 [ IRV
Pho BE—B X H TR (MS/MS) EREHEAT 0 H &
B, C3G-C12 5 C3G —FfEon i AH R R ERE B 25T
g m/z 287, XM TREHZFE (Cyanidin) FIRHZ L5
[FIF, C3G-C12 HIAHXS 7318 631, & — " HER
rfE (2000 H5—A C3G 4 F&E (449) Z Ak —
ARy PR (18). %4 BRI, 7EBGLNE b N
o AEERIFARMEH T RERRIIRIAGE R, ik
PEEHOE AT T A REF NS 6 MRt b, &AM
T SR B I R A PR . W A BT i ) N R
3% -3-0-(6"- HAERD-# & M (C3G-C12).
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R 2 AEEKIEIERCaco-24HaSRERE ( Q-cm’)
Table 2 Transmembrane resistance of Caco-2 cells in different growth periods (Q-cm’)

285 3d 6d 9d 12d 15d 18d 21d
ZHIL 5528+023" 5836+021" 58.31+0.25" 59.60 +0.28" 57.54+0.64 59.80 +0.10' 63.26 +0.26"
%130 7636+0.76° 193.57+0.74°  242.77+023"  30585+0.10°  396.36+0.64°  458.80 +0.34° 548.59 + 0.20°
#2330 77.67£030°  200.99%0.96°  244.45+0.35°  355.04+0.52°  398.51%0.10°  461.64+0.59"  548.40 (.08
%330 76.41+025 208.89%0.01" 257.15+0.36°  325.14=0.81"  394.57+030"  452.77 £0.46" 547.57+0.51
%430 7424+049°  201.98+0.02° 235.99+0.01°  351.90£0.16°  419.87+0.98°  466.71 £0.11° 526.52+0.25"
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Caco-2 FRZG K & i, L e 4. ALP G JItE
S bR A S —E. 21 d ALP 3% A 2
B, UL IRIR G DI RE R, T TR it 7 o
& 3 TEEKKEKCaco-24 /1 2 /= MM I BT EEE J1LL
Table 3 Activity ratio of alkaline phosphatase on both sides of
Caco-2 cell monolayer in different growth periods

A1) /d B B BR Bl E 77 PG /(AP/BL)

5 1.21£0.02°
10 2.75+0.0'd
14 2.88 £0.04°
17 3.01+0.0°b
21 3.33+0.01°

2.6 Caco-2%H Ji7% K 3 5% A

Caco-2 Al (1) 58 B VBFE F 45 AR 4 Fiom. 9%
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xR 4 AEizEEICaco-24 MRS ER

Table 4 Permeability of Caco-2 cells at different transport times

Papp/(1x10”cm-s ™)

285

30 min 60 min 90 min 120 min

1 1.04£0.01° 135£0.17 1.76+0.16™ 2.16+0.21"

1.68£0.06° 1.83+021" 2.12+0.15" 2.10+0.12°

1.47+0.01° 1.60£0.17"

2 1.07+0.03° 1.44+0.16™ 1.76£0.09" 2.000.02"
30 137%0.12° 1.39+0.01° 1.82+0.06" 1.94+0.08"
4 1.02+0.02° 1.36+0.01° 1.59=0.08 1.99+0.14°
5 1.03£0.01° 1.10£0.10° 137£0.19° 2.00+0.16"
6 1.07+0.01° 1.12+0.14° 1.75+0.18"" 2.06+0.16"
;

8

2.31+0.19°  2.18%0.19°
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