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WA EN; VAR E K M RAW264.7 4 i JaAE AP A& @ B AUl A =4 (RBPD) &9 % BT &k, 4
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46.50%, a-¥F7AE W 22.38% MY £ 1580%; LF ALREE (EAA) & 40.33%; 4F AKLB/AELE ALR
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RBPI #8495 2 ¥ 3 RAW264.7 mib ey miaiE /1, Thik29h, TR 2 F IS RAW264.7 m b Bdfe 1. — R R
(NO) %ik¥E, RIS ZFREERmiboikmibEF a4 % (interleukin, IL) -18. IL-10 ﬁnﬂ“l’?ﬁ?:ﬁiib%-
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Abstract: This study aimed to investigate the structural changes of rice bran protein during gastrointestinal digestion and
the immunomodulatory activity of its digestive products. Rice bran protein (RBP) was used as the raw material. Changes in
molecular weight, microstructure, and amino acid composition were analyzed at different stages of in vitro simulated
gastrointestinal digestion. The immunomodulatory activity of RBP digestion products (RBPI) was evaluated using

RAW264.7 murine macrophage cells as a model. Most of the digestive products exhibited a molecular weight below 10 kDa
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after simulated gastrointestinal digestion. The S-sheet content increased from 33.66% to 46.50%, while the a-helix content
decreased from 22.38% to 15.80%. Essential amino acids (EAA) accounted for 40.33% of the total amino acid content, with
an EAA to non-essential amino acid (NEAA) ratio of 0.68. Digestion changed the microstructural of the protein, and the

surface of the digestive products appeared finely granular. RBPI, at concentrations of 50~600 pg/mL, significantly

enhanced the viability of RAW264.7 cells and notably increased their phagocytic capacity and nitric oxide production.

Furthermore, RBPI significantly stimulated the secretion of the cytokines interleukin (IL)-14, IL-10, and tumor necrosis

factor-a (TNF-a) by macrophages, indicating strong immunoenhancing activity. These findings indicated that RBP, after in

vitro simulated digestion, had good nutritional value and potential to activate macrophages and boost immune function, it

was expected to provide data support for the application of gastrointestinal digestion products of rice bran protein in the

functional food and health food industries.
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A BRAE]; B EREF(30000 U/g) | B FIRF(2500 U/
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1.2.1 ARSMERIE L =% MINEKUS 450 11
7 B AEE L, B RBP il 76 pH7.0 1) K,HPO,-
KH,PO, BfREhSE & b, Bl s 50 mg/mL /1 RBP
PSR, B RPB 22 Pl SR B W (SGF) 1: 1
SEABUER A (B AL AT 7 WZR 1), FH 1 mol/L
HCUBHEW pH P2 3.0 S5 il A E 3 FEE, WE XD
2000 U/mL, ¥HREG W E T 37 C EE/KIBIR mi%
J# 180 r/min JZ)J% 120 min LIBERLE W1k, 2045
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Table 1 Chemical composition of the simulated
digestive solution!"”
SGF(pH2) SIF(pH7)
THALHE S (mol/L)
mL mL
0.5 KCl1 6.9 6.8
0.5 KH,PO, 0.9 0.8
1 NaHCO,4 12.5 425
2 NaCl 11.8 9.6
0.15 MgCl,-6H,0 04 1.1
0.5 (NH,),CO, 0.5 -

6 HCI1 1.3 0.7

H,0 365.7 375.74
0.3 CaCl, 0.0125 0.05

22

(12000 r/min. 4 °C.

WA pH R 7.00 B0
B, RE ST 200 R TE

20 min) B _VE W& UR T4,
& H .

1.2.2 RSMERLE i Libit B 1.2.1 Al
BTH AN I TE A SIS M (STF) 12 1 S5AFH
RA, IFH pH P 2 7.0 J5 I AP M, Y ik
2] 1500 U/mL, ¥HRGWE T 37 C 1BER/KIBEIRZ#F
%433 180 r/min 52 180 min LIAILIZ AL, 52 W 4%
HEE T 100°C K 10 min KEGALFR, i385 10
ZE R AL W pH P = 7.0, & .0 (12000 r/min,
4 °C. 20 min) B L VE W T, B E F-20 C
PRAFEH

1.2.3 SDS-PAGE HiJk =& VERA U9 (15 ik
FERSAEES . FES T B B M A ™ ke
R BT R BE A 10 me/mL BOYSR, Feibi il 5 L)
TN A ot i 122 9 - 5 DR s P g 5 g Hh, Tk (SDS-
PAGE) FE 5% 2% #h#% (0.125 mol/L Tris-HC1 & ),
&b 3 min 5 THLYK . BREE 20 pL, BERSHL VK
FHE AR R A7, Wi I T 4B 5%, HUR AR
FETE 80 V, 43 ES I ITT i /0 12%, JEA GBI
JEIG = 120 V., BERRYL AR BT E 580N 0.25%
M5 S TS R-250 VR, il L BE- VK 2 iR-7K e il
AR O TR A T £

1.2.4 (EHEILOAMGEEN G FRESR P O R
YR IS RE S, IRAERS SRR 1: 5005 Hh)
TRIIE), B PR R R R o IS SRS
e, S EBEE N 4 cm ' B4 R R 32 IR A
(4000~500 cm™), [A]B 0.1 s,

1.2.5 HBEE(SEM) HIAZREEU/DERE A
KA =R T IaRE S B E BRI & b, a2k
T R4, Y & L, YRS B I
VA RAZE R (3000 . 5000%) 5 I EE

1.2.6 JFEEFR S /EN [k TaTkk
L, FREX 0.1 g AMEER 1 A Ak = s T /a B s T

50 mL B0, LA 10 mL 50% Z 54875 30 min,

FRUBWAE 80 °C R e T, fe)m HZARM/KE R I ER

= 1 mL, WHL 200 pL FESMERE T 2 mL B0
1, AR ARSI (AL 1:4(v/v) B = ZR%- ZIE W
B: 1:80(v/v) 5 5 SR K5 -1% L NEIHE W, 5%
100 pL), #2457, iR E 1 h, INAIES &S 400 L, 58
SRR R E 10 min (i H )2 . BN 2B, H
0.22 pm VBT UE IS SEAE 3 = 0 AR i A T R T
MRE o = RO AH SR S AH 53500 2 - AL PR i
B.F % . C.Z N ; PR AH BE AR )T : 0 min B, i s AH
A:B:C=93:6:1; 10 min 5, /i sh #H A:B:C=90:
2:8; 25 min i, #izHH A:B:C=88:2:10; 31 min A,
WiaAH A:B:C=84:0:16;32 min B, 7iZiAH A:B:C=
82:0:18;47 min A, Wizt A:B:C=68:0:32; 50 min
B, WiEhAH A:B:C=42:0:58;53 min I}, %34H A:B:
C=42:0:58; 55 min i, JiizhtH A:B:C=93:6:1, {4
WA Acclaim™ 120 Cg 23541 (4.6 mm=250 mm,
5 um); FEIRCA 402 °C; KPR 254 nm; Lk A
1.0 mL/min; #EREEN 2 nL o

1.2.7 RBPI X RAW264.7 4 Jifd (14 428 98 =15 7
VEH/)S BB W41 Al 2 RAW?264.7 AT B8 875 45
T, ¥ RAW264.7 L1756 I8, T DEME 58445
FEHR(10% I ITE, 1% T HERE ) P RFFREAC, B
AR R EOH AN TR 22505

1.2.7.1 AUME3E SR LT L5 AT 1E, 4TS
FIREINHE e MTT 3£, SeBCHHE A K p g it
FhZE 96 FLMR, FFLINLA 100 pL AUZ4HMLERR, T 37 °C,
5% CO, MR E &M T il 8535, 378 LG, 47
ANA 100 pL A 3% 38 3L Bl #) 19 ¥ & 2 50, 100,
200. 400. 600, 800. 1200 pg/mL 1) RBPI ¥ ¥k, |7
A5 S P 2H AN A ) X BRZH (BEAh 41 it i
AFEFRHEL), & 4 DNEFL, TR IR T ik ss
&, HILA 100 uL 1 mg/mL B9 MTT TAER, TEF48
MERIEFE 4 h, 7525 BIE, WA 100 pL DMSO #f ¥R
% T IR R B 10 min, £l FH B AR A I 2 HAE
570 nm PEARALWOCEE, I T XS4 TE J7:

ot o, FERZHAGME - 2 A H
A = S P Aoy L= 2 E T A
x (D
1.2.7.2 WA FVERE S RAW264.7
Mz FhAE 96 FLAR ik e 3%, Sl sk, fflrh
AN 100 pL A LAk 2235 3% 24 h, Z 5L nA
20 pL 0.1% P PELLEEHIER S 30 min /5375, FHIGH
PBS YE¥% =Wk Ja 4k &2 A 100 uL 4 ie R (2
B VKO TR=1:1, v/v) PR, iR FFE 120 min, [[)
B 25 A O EERb 4 i) - oF BRZH (2 Rh g fits 5o
ABGFERL), 1 pg/mL LPS 5 40 Sy BHPEXT R 20 .
A7 FHEERRA M 52 HAE 540 nm P KA G, 9%
R ARG TR,
o, FERRZ A MH - 25 AL E
TR = ST A = 2 A
x (2)
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1.2.7.3 NO Zrh/KFlE ¥ RAW264.7 B4
Rodzefh 2 96 FLARII R G F7; Sl g sk, [Alad i B X
AR (Bep i SN ARG F738), 1 ng/mL LPS fRZEHE
ZH Ry BEAEXT BRLH, FEFLP A 100 pL #F S 4k i 357
24 h, AR 4 DEFL, TRE I, $08 NO K
MR S U A A
1.2.7.4 AHHOEHEF 5wk E 4 HE 2x10° 44
M/mL B9 BERE AN 2 96 FLMU 557, [RIAT i B Xt
FRLH (gl I AREFRREL), 1 pg/mL LPS IgZhE
ZH Sy BHAHE X BRZH , #2228 S0 InAE 58 12 h, HX 100 pL
B =S (e o B 3 R Wy | e BT S I b =l = R 1 S
F(TNF-a. IL-18. IL-10) 577K
1.3 BN

FRARE AT E AT 26 = YR, BOE LI B R i 2%
2R, R SPSS 26 HEAT I 255007, 4 a] 22 55 W 2
KA Duncan’s ANONA #4722 5 L4 (P<0.05), il
JH Origin 2022 %K,

2 HBRE5ESH
21 KRFEERAKRHBBELEL ™) SDS-PAGE
ik

SDS-PAGE HLIK ST AT RAXWER S KM ER (H 74
PUE AT R A RIEAGR T B 4T i AR b, IR 1
"L, & B IR B, 35 kDa V. 3k 4505 53 B R
%, IFAE 25~15 kDa M 15~10 kDa X [a] H} BSR B 2%
Ty, AT BB T B BRI T A BRI B SR I, BRASsy
SR D) E O AR R X, R T AR A A
F, GRS/ N IR . AE B IBBG IR EL,
By TR 44T (515 kDa) JL 584578 4<, 1 10 kDa
o3 1) Sy 5 B B S W4, e WA B R, 1 1t oo AR S e
Y FDRY 28 18 RN 2 iR s L, E— 2B MR B IH Ak
Yo BeIEARIE T ER S 4 FRAIRT 10 kDa,
X5 PHONGTHAI Z£2% 5% Fj HPLC-MS 57l 21 (Y
KRMFETHE AR EL 53T 553 A8 (EZELHE F T 0.5~8 kDa)
JE AR B EJIE .

M, (kDa) M 1 2 3

BT R B H A AL ) SDS-PAGE HLUK 34T
Fig.1 SDS-PAGE electrophoresis analysis of rice bran protein
and its gastrointestinal digestion products
{E: M 24 Maker $H, 1 AREREH, 2 RMEE A B 2 h

7Y, 3 KRR B AU AL 3 h o

22 KIFEEREBRELIENA~4 MIR-FTIR AR
ZIREERI T

{ifi F Feakfit4.2 Xf FTIR AYBEENE T X k4T —
B UL A, BB 1 A5 PN BT X B B 2 45 48 4 51 R
1610~1640 cm ™' Xt h; T p-P18 . 1640~1650 cm ™' Xt
W T T . 1650~1660 cm™' X% T a-12 jiE Fn
1660~1700 cm™' X} T p-FL AP, B 2 AKEE
MH B A= B2 GEE, R 2 BT
KRR 1 R ESAAE R S T AR TS R AR AR,
KAEFRE] 2255 35 (P<0.05) . o185 & i TS AL BT
Y 22.38% JeIhNZE 23.62% JaAENG TR IS ALY By b
% 15.80%, XA feS& B 7 B AL AR T, BaE
BVE FH T 228 IR o-WRJHE 4544 5T B I Hsh R JiE 4
G2 gt im B TE AR S, AR A X T R SS A4 AP S
YIHR, S BOLfRE Hi% AL  HAA R P g S AE s
FRIHAL 2 h BT 33.66% s/ = 32.53% 54 0is
FRIEAL KT B BN 2 46.50%, T G Py AR I 7E
B ERERPE IR IR N IR T H o S R 4%, S BGH ST -
PrE&f B B b Rt rh — L8 T 7 Xl H At 2
%A Ry p-Yr e, LB RS E TS ; 1 B itk
SRR, TORRIN A th 2544 Se g in s vsi/b, AT RE& T
S AT R PR U S BT W R, RER
T2 TJ0)7 X B BT NS th 25 a3 . &t B s
LA 7 AR RS KB AT B Fe T B /K AE FH P
HHAE A, & A R AR s EH T & T8 W A T 4514,
PRI TCHRLIN s [ 2 Aa s 204

RBP

O N L i

RBP B AL TH L4

B (%)

RBP B S tiE ™)

W

500 IOIOO ISIOO 2OIOO 25IOO 30'00 35'()0 40l00
PEEL (em™)
K2 RS A RSB A 28 P
Fig.2 FITR of rice bran protein and its gastrointestinal
digestion products

T2 RBEEN IO R E AL (%)
Table 2 Percentage of secondary structure composition of rice
bran protein and digestion products (%)

ELIES o- 15T pHE piEf TR

KIEEFI(RBP)  22.38+0.03" 33.66+0.04° 16.63+0.03* 27.33+0.02°

RBPHEY EH#BIH AL
(2h)

23.62+0.01" 32.53+0.01° 13.44+0.05° 30.41+0.03"

RBP&%H}?})I&”M{ 15.80+0.03° 46.50+0.02" 13.89+0.01" 23.81+0.02¢

TE: W] — SRR FREROR 22 5 A 25, Al RN 22 53 .25 (P<0.05)

2.3 KEBEEBKEBMIELLEY 4 SEM 247
nEE 3 Fras, B 3000 150 5000 3% 944
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BOWEE, WL RO F1 S HH A ) B TOUL S )
FTHACTREE . FEARTHACIRES T, KBRS (8] 3A. D)
BB RLN FREAS, BA XD GCHT o H—
FERRALIRA . S B AL, T B RIS

S, SRR A ROMEE A (] 3B, E) A T BEAE
1o JEASEE IR A LRGSR PR IR, FR1E HH B4/
AR, X T AR OB A IR T T

IKAFRAE I, B R 8 ORISR N Z2 K BE

SRHUIE ACE AN R B, th T IBREE A B, T

ey 2T (18] 3C. F) ORI E— 2 7K i il 3 /)
B 22 IR 2 IR A5 N I, IEAS ARG B

LAY BRI S A AR, I BL 24070 AR

AR FITZR AR D)

< 10 tiin

3 KR A AR B 18 A A P i s 1
Fig.3 Scanning electron micrographs of rice bran protein and
simulated gastrointestinal digestion products at different stages

TE: KB 1 (A: 5000, D: 3000 ), 4451 F#H4L 2 h(B: 5000,

E: 3000%), BHUAIEH L 3 h(C: 5000%, F: 3000%)

24 KFEEBBHELIENEINERERIETHK
vkl
KRR P 2 L B A DL A= Ui 125 S o

EMEL R ULER 3, M L4 B b e
FILPRFIIE T4, BRaEIRS L, Hofth b Te s LR Y hE
Kt o VAR & I AT AL KR B 1 1 D 1.34
1%, AT B REIR S BN 1.38 4%, RBPI 10575 &k
P /AR T S IR M 0.68, WhTls S IEMR/ B 2 Sk 1 5
40.33%; Hor SHr5a b . SR G DA S 55
TG IR (Phe+Tyr) . S IEIR (Met+Cys) B
4 B3R 263.19 F1 85.97 mg/100 g, & YOU
SEROV S I, AR TN A, R P TR A R
PR K S FER AN B iR 2 B8, AEPT A AL MERE LA X
SPEVE IR P R AR — 2 EH, X S SCFR 4 R
AAE I HKRHRER 1 B IS A6 0 25 Arg &%
B 25.95 mg/100 g W EEHINE] 97.83 mg/100 g(P<
0.05), U AT WF5T & RS 2 PR AE S e YAl v & 44 G ik
PFVEFHET 28,
2.5 RBPI Xt RAW264.7 {RRE S & M 54
2.5.1 RBPI %} EWE4I I RAW264.7 41 i J1 58200

AS[EVA BE AL BE RBPI X E WE4H)IL RAW264.7 4Hfi
Wi IR E 4 s, ST HRZHAREL, RAW264.7
ZH B T% JJ B RBPT MR BE i T AR 2 805 BT

710 pm.

3 OB S BN AL il 2 R A L
(mg/100 g)
Table 3 Composition of free amino acids in rice bran protein

and its gastrointestinal simulated digestion products (mg/100 g)

RBPELUE M  RBPEHUIE

AL RBP

k(2 h) M3 h)
KA HFRAsp 21.18+0.22° 39.61+0.26° 64.10+0.24°
B AMGlu 14.72+0.23° 16.09+£0.29° 54.76+0.24°
KA Asn 8.10+0.15° 12.86+0.20° 17.32+0.16"
2255 Ser 33.39+0.31° 32.51+0.61° 26.78+0.21°
A A BENEGIn 14.07+0.19° 39.12+0.71° 49.30+0.28"
HA&ARRGly 2.97+0.06° 12.30£0.20 14.28+0.21°
= fRHis 14.04+0.16° 26.37+0.65 29.20+0.25"
TR Arg 25.95+0.33° 70.980.80° 97.83+0.32°
FRE MR Thr” 6.04+0.12¢ 24.77+0.65 51.60+0.24°
AR Ala 17.02:£0.20° 14.66+0.25° 97.02+0.90°
fifiZ & Pro 18.84+0.22° 48.86+0.35° 20.63+0.22°
%% The 70.96+0.68° 172.3542.03" 190.57+0.71°
Ji% & R Tyr 18.88+0.23° 55.50+0.65" 81.41+0.30°
A FRVal 10.61+0.17° 28.2120.50° 39.69+0.24°
TR B Met” 43.72+1.46" 66.08<1.06 40.08+0.21°
AR Cys 73.07+2.58° 32.02+0.60° 45.89+0.24°
st Rlle” 22.33+0.28° 35.94+0.45 42.4140.23"
SRR Leu” 69.95+1.63 62.19+1.21° 53.1540.25¢
RN % Phe” 40.21+0.33° 68.57+2.60° 181.78+1.63"
W ERLys 65.47+0.42° 68.48+1.00 87.68+0.26
MEILR 551.5249.88°  927.47+15.07°  1255.48+7.38"
BT EILR  212.86x4.41° 364.24+7.47° 506.39+3.06"
jff%;ﬁﬁ%gé 0.63 0.65 0.68
ggg%%@ 38.59 39.27 4033

T * T B, TR PR FRR 2 R A B E, AR FEFRoRE R
3 (P<0.05),

175 ¢

150

~ 125+

100 |

75 H

50 H

25+
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