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Abstract: Enzymatic hydrolysis preparation process of angiotensin-I converting enzyme (ACE) inhibitory peptides from
Antarctic krill (Euphausia superba) was optimized and its stability was evaluated. Using the degreased Antarctic krill meal
as the substrate and the ACE inhibition rate of enzymatic hydrolysates as the evaluation index, alkaline protease was
selected as the optimal protease for preparing ACE inhibitory peptides from Antarctic krill among six types of proteases.
The optimum enzymatic hydrolysis conditions were determined through single factor and response surface experiments,
which were finally confirmed as follows: Enzymatic hydrolysis time of 3.4 h, material liquid ratio of 1:7 (g/mL) and
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enzyme dosage of 1.6%. Under these conditions, the ACE inhibition rate of enzymatic hydrolysates was 74.37%+0.87%.

The obtained ACE inhibitory peptides exhibited good thermal stability at temperatures ranging from 20 °C to 100 °C and

were relatively stable under neutral and weak alkaline conditions. The ACE inhibitory activity of the peptides decreased
significantly under pH<7.0 and pH>8.0 conditions (P<0.05). The peptides could maintain 86.96% of the original ACE
inhibitory activity after simulated gastrointestinal digestion in vitro. The present research provides scientific support for the

development of Antarctic krill protein-derived healthy foods and food-derived peptides-based antihypertensive drugs.
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FABEEF (Euphausia superba) 7=/ NKEEAEZ R
Gerp v SRR, AR 2GR 6.5~10 A4, & ABRE
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TR [ AR R 2850 AR R R B R A,
{H H Bt X rg s s R ot S E Ak R A T R Akt
WRMAFENE BRI T &, X8 SR A B AN
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v I 2 30 i) F D e DR AR B 1 R DL A M e
Z—, H LIS K IR RS TH & 2 2200 IR AR AR, 2
SEURA | SRR MR L O T e A U I L BB Y 2R
TEREI PO, L Bk 55 L (Angiotensin-1
converting enzyme, ACE) 7E ¥ 715 Il &P H & 45
ZAEY, Ham bR A Bk R 1 A A k=R
T Qi & Wi 5910 , A8 HAA E7 3K A8V T 0 S iUk O
N (R e Ea [ A A (TREA R (1N A S ) o =N G B I 1 |
ACE &R LA BINEYT & MR IRCR, (BB TR
IR FH-RFEEFI . MR 255 L ACE W57 2
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AP SR IRAR SRR H 22 AT HEY ACE fiiil 57 i
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BIEMEZIRIE ACE #HIFI B A 224t . 2
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THTEAR, IRk, NS Ea LT R a4t
L N N7 E £ S0 AN o ol = € RIC 2 0 3 Sy ST % )
B AT R A ) Z AR 22 e B B R 451 ACE
IS PR, FAR SRR IR ACE #HI IR A9 T At K]
AR FN G . Zhao FEUOT W I A T AR i MRS ot £ T
o198\~ EBA ACE MG Z K, UERH T
T AR B MR B 11 B A 7 ) A R ACE il 3 g
AV, B HHTOC T R BEAR ACE i Bk i il 75 1
N EFEE MM Z B AT ATIY . 27 1, 4SBT
VABEH# =0 ) ACE $H 3 PR FEAR, it H i
Jit e FE AR STM h 4 ACE #l AR %) Focids 25 9, 18
b B PR 2R ST 3 TS T2 4R A, 3
RGEERIE | TR | AL E i T b A R
WREUE ACE #ifil ikFae e py sz, LU Sk B bR i s
B BHRE IS R RS B S R SRR S

1 #MRI5RE
1.1 MR5EE

AR FE AR BRIy 7 S r A dE R A R A RR
N T R T (Alcalase 2.4 L 250000 U/mL)
A E L AR E R 7] BREE H (250000 U/g) |
B HEF(10000 U/g) . P8 HEF(50000 U/g) . XL
R R 1 (30000 U/g) . A JKER F i (800000 U/g) |
Lowry INER M BEEM e i & db RSEERHA
BRSNS MM E TR H LR (ACE, 25 U/g) i
Fi A= W AR BR AN il 5 N-[3-(2-Wk i 38 ) P ik 2L 1-
L-ZEN - H 2R - H 2R {N-[3-(2-Furyl)acryloyl]-
Phe-Gly-Gly, FAPGG} Sigma-Aldrich 2\ &5 12 .
VUBIRREN . BR8N . IR A 4N . S8 fben.
BRG] SbTal, E 25 H kAR R ] .

SHA-B AUEIRIRZ 4% . HH-4 BB [HIE KB
By H N TR RS H AT BR S F]; ST3100 %Y pH
T S EE CEND) AT BR F]; Neofuge 15R U
HRUREOHL g ) RSB TRA R UV-
10211 BUEAN AT LA R R FERAER
FH IR ZD-2 B A A E I R R
AL ESE A FRZN T ; CTFD-10P I ELAS ¥R T-HR AL
B KA AIEHE FRHECA R A F; ES502S #BlH TR
o REBETE LRI ARA IR A F]; BSA224S-CW
BRI TR ROF  SEEZRIHTRIAES A BRAF .
1.2 T E
1.2.1 FHEAMEATGETE AR BRI, 5
BITE 6 PP BRI Sl pH AR 554 F (BB A
fit} 55 °C, pH7.5; R EE 1 37 °C, pHS.0; & & 1 /il
40 °C, pH2.5; P HFE AN 45 °C, pH7.0; XU E i
50 °C, pH7.0; AJRNEHEEF 55 °C, pH6.5) JEA TR
N, AR YE R 8 i 5 i A 2.0% (v/m BY, m/m) (Y 3E B
W . PRI L 1: 6(g/mL) I ABSRRELSZ s, TR
JElEfE 3 h, N 25 SO Tl K 20 min, 4]
FEFE R, 7500 r/min Z.L> 20 min, Y8 FIE W, ME
ACE i3,
1.2.2 FRPRIESCE Gk 0 AR R A iR
pH FHIRBE S5 F , LLBS#H 7~ )10 ACE fI il 2RIk
B SR PP R b, FEAT IS TR) | RMAE LG L N
MR E AL . B L 1:6(g/mL) . i i
2.0%(v/m), FEfEET A 535020 1.2, 3. 4. 5 h, FE1THE
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i SN 5 BEEARESTTE] 3 hy INBE iR 2.0% (vim), B k43
SIA 1:4,1:5,1:6, 1:7, 1:8(g/mL), FEATEER I
R BEfEBTTE] 3 h BHE EE 1:6(g/mL), Jin g 4351
K 1.0%. 1.5%. 2.0%. 2.5%. 3.0%(v/m), 17
S N 5 Bl 485 BS Tk KW I 20 min, BRI 2=
#i5, 7500 r/min B5.0> 20 min, Y FiEW, ME ACE
TR AR AT

1.2.3 ma o A ae AR PR B R AL A R, SR H
Box-Behnken R E6G 317 75 X BT 1E] (h) | B Ee
(g/mL) . JNfEG & (%) AT = K2 =K, U
2 1. A ACE Wil 3 Sy W AE , X2 #E 4 7 [l
UH53HT, W2 B g T 2 454

N OIS ESEY S ey

Table 1 Factors and levels of response surface experiment
. KF
-1 0 1
ARSRIRE] (h) 3 4 5
BRI (g/mL) 1:6 1:7 1:8
CIMmER(%) 1.0 L5 2.0

1.2.4 FAtRBEER ACE #PHIARISEEM:  RIJLEH
RE A B A T 25 25 A 85 JE B e b sl AR Bl A, 2
HASEUR TR RS Rt B R ACE HHI IRAE &, 551
W3 . pH LA K AR SMETHLLE 7 38 15 A T FLRR e 1 1
FEM
1.2.4.1 JREEXTEIHBEERF ACE $1H] IkAL 2 PRS2
ZHESCHER [7,17] 73R 361700 2 - IBGE AR S FH 2%
BT /KECH AL 0.5 mg/mL BUER, S35l E T 25, 37,
60. 80. 100 °C /KB LR 1 h, SRIBRZE RS =
SR, ME ACE #hl%,
1.2.42 pH X R BEER ACE 00 kB 52 Pk i 52 i)
ZHESCHR [7,17] 7R 300700 - HGE B & 435
JH pH2.0. 4.0, 6.0, 7.0, 8.0, 10.0 AUMEHL L 2% vh &
(0.1 mol/L) Bl 0.5 mg/mL AR, BT 37 °C /K
R 1 h, S5RS TR pH & 7.0, E ACE
R,
1.2.4.3 {RSMELLE B8 AT R AR R ACE #iiii]
IREGE PRSI S RESCHR [7,17] Jr ik T e
BGE EAE G pH2.0 MBEIR $R 5% iR (0.1 mol/L) Bic
il 0.5 mg/mL YR, I AEHY) i &= 5758 4.0%
(m/m) B9 '8 FE B, BT 37 °C /KIBIRE AL
1.5 h, A58 WU 53 P HR 43, — B0k 2K s m#k
10 min 2% 1F SN, A B T ARRE &5 o) 438 o gk S 2
Rz, F 1 mol/L S ALENTE WA pH & 7.5, ILAUJR
WA 4.0% (m/m) [ BRER I T, BT 37 °C K
IR AN, 2 h, SN SE RS /K EIF 10 min
LT, A B A T ARAE Sl 43 S e e AR T . BT
1. BIBIHARES Y ACE %2,
1.2.5 ACE #M#IZME S35 3CHk [17] kT
M RE: BLEL 550 pL FEA U, A 275 pL FAPGG

YW (0.25 mmol/L, 18 0.1 mol/L WIEEh 2% vk e
WD, I8, SR 275 uL ACE F#§#%(0.125 U/mL),
VRAIE S HIIGE 340 nm R YG(E, SR /5 F 37 °C %
B 30 min, W45 A5 BRI E 340 nm bW SGAR,
LA ZENE AR AR AR O T WO RE, 1T ACE il 2%,
NS /(1

ACE 113 (%% ) =X REZH W SGAE 25 (H—FE i 4H
W SCAB 220 /5T BELH I GIE22(H>< 100
1.2.6 JKMFEERIIIRE 7K B2 SR T v P A R R 3
A S B AS RN A, AU

IR BE (%o ) =2 FEPRAN A 1t/ SVA % 1< 100

SR & A & E I E = B GB 5009.235-
2016 HHRBETHIR A HLE AT BBHL 5 mL BRI T
100 mL Z5EHH, ARSI EWEAL 20 mL T* 250 mL
HEFEH A, InZ€6E7K 60 mL, F 0.05 mol/L S EAL4H
FRUEVS W EZ pH N 8.2, I 10 mL FIMEIA W,
YRA] 1 min, B 0.05 mol/L S AR AEIR U 4k
THREZE pH 2N 9.2, i8S H IS R THFEE AL
AR UER B FLC Vo 55 B 80 mL ZEME K TF
250 mL #EEIH T, B FREREMSeEs AL, s nA
FR 728 R TH AR SRR BRI IR R Voo T
FAEFREAE S E, AU

SR SR & (2/100 mL)=(V,—V,) x0.05x
0.014x100

BVAEA A E S GB 5009.5-2016 FEILER
RE R R E A T EEGE AR GO SRA V) &
THEALE H, BN 0.4 g BREREH . 6 g BRAREF A& 20 mL
il AR s b, B RS B ER, U
HJEEAZE 50 mL, JH 0.05 mol/L Th B bR ALK T
FI L ICE ZAY 528 A Sk . 280 i e o e,
IO SR B AL AR TR V, 10 SR THFEER RIS
WIIERFN Vo DIZEMR KA RE IS WA as 4,
IO SR THFEER RPN IR M AERTR Vo THE B AE &
T, ANECUN TR

BVRE AR (/100 mL) =(V,—V,) x0.05%0.014x
100/(V=V_/100)
1.3 #iEIE

SCEGEER R P ME R IR B R R,
KH IBM SPSS 27.0. Excel 2007, Origin 2018, Design
Expert 8.0.6 G AT E RN BRI K ZR 211 . R
PARZR 7 225 M A T4 [R] 2 5 Lh 3%, DA P<0.05 S22
SEEGIRE
2 GREHH
2.1 ERBEATHE

AS[RIZE FH i) T i 7= 40 ACE $90 it 7 4 %) 52 g
DLIEL 1, AHER T A 4 FhEE g, st A e e
T 1 = ) HL A SR AT ACE B 0 P (P<
0.05), e, Bk 2R 1 B 20 1) ACE | 38 5
7, i85 62.50%+0.52%. AN[FIEE e A RS ma A
BRI IRAS I G PR AR 25 5%, X S AR BB IR
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FEEERE, PR = A 0 2 B AR S A K P A R
FYZZ R, Kohmura 28U 5545 H, 5 A0 A 5%
IR FEMR B0 22 JTRAR LU, AR A 7K P LR Y 22 Jik
W5y 5 ACE Wi o0 TR 45 G, 38 B 4 g 4
ACE 1EPEMIFE RO o 27675 18R I Bn(d FH liAs
ST =400 ACE FNlG M, ASHFFE0f >R FHak
B BRI TR BN ACE #HI AKAYHI 4 o

1 N[REE H EX iE4) ACE I8 1 (4 52
Fig.1 Effect of different proteases on ACE inhibitory activity
of enzymatic hydrolysates
e AN R BRI R R [E] SE g 4 (A 2 A 38 M 22 7 (P<0.05),

& 2~ 4, 5] 8~ 10 [,

22 BERILW

2.2.1 A TRIXT R 74 ACE IS P A K A 2
FISENE  EEEAR A () X BiEAR 4 ACE FI il v P Fn ok
fREE B SEmE VLKl 2, WEMRETTAIZE 1~4 h 785 FBIET, B
TR ACE $ i 35 1 Bl o I A AT ] ) S T 3 T
BT M EETTRICA 4 h 55, B =90 ACE NG
PEAE IR (P<0.05), ACE #Iii| %24 70.50%+2.00%; 1ij
J& W B st ] Y S, B~ Y ACE FIifil i
It EMAE(P>0.05) o Ff#HISTRIZE 1~3 h I,
TRt =400 (A 7K i B 255 155 (P<<0.05) , T B 4 Pt it
B [0 2, il A 7 40 1) K i B G Wk 35 MR AR b (P>
0.05) . Bifi Bt a8 in, Bl S g 78433647, H
A ACE G Z I BTN, ACE SR ASW;
e s A5 S B B ] Ak 22 e, BAR ACE il id M
B4 22 JRHE i0 A4 TRT ), U, 55 DRI A A4 ad B K fi i 1788 281 7

80 420
—e— ACE/H % a a

70T —a s fi st
~ 60t 19
= _
o 50+ X
iy 8=
E 40t i
% 30+ g
O 17 %
< 20}

10 16

T 2 3 4 s

TAFEIRSTH] ()

P2 AR IR TRD X R 7240 ACE S0 M R K A 2 4 5200
Fig.2 Effect of enzymatic hydrolysis time on ACE inhibitory

activity and hydrolysis degree of enzymatic hydrolysates

TRO7-197201 i 2 (1) ACE 16 PEARXT G E o WA At
[G]7E 4 h I, BEAR 200 ACE $Mi 38w, BN i
BT KRN TR Ko 25 I, YERRREfRIT ] 3~
5 h TSk,

2.2.2 RHE HEXTEEE ) ACE SIS RIK i B 69
o RN FEXT B ACE SRS P ERI/K S BE 1Y
S UL 3. BH& LEAE 1:4~1:8(g/mL) {85 FElI B, i
R F= ) ACE il 335 14 B 5 R b 385 i S e
J& R R 2R S 1:7(g/mL) B, B =4 ACE
PR 2 R (P<0.05), ACE #1556 N 69.67%+
0.63%. BHELL 1:4~1:8(g/mL)VEEIRT, BEH =M
TKFBE Se T e R, 2R Ak 38 (P<0.05) o R L i
fIREY, RNV R TR, SR i ek 5 seorah
A, TR A S 0 HAG ACE FIRI I MR Y 22 ik /b B
RN LI, TS5 RS A S5z fivk, PR SN 7R3
AT, BAA ACE MG MR 2 GE Wi =2, BEfgre
Y ACE Wil =7t as; Rk Lb akSe ek, ik 5
A RO 25 A BT RRAIR, HoAA ACE TS
PEY 22 KA v 2L, BiEf P-4 ACE M B8l
[Eel717200 el FUAE 1:7(g/mL) B, BEe P24 ACE
T 5 5 oK e BE EI AL T I Ko 255 1, SRR
bt 1:6~1:8(g/mL)BATIELe1k.

801 o ACEMHI% 120
—a— JKfif S a -

70t z ,;/\‘ 19
o Ci C
S60f k/{/ a 18 =
M b 117 &
£ 50+ .—l// C é
= d d 116
oo >
% 40 115 N

30 114

1 4 1 5 1 6 1 7 1 8
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3 RN E XA 1) ACE 03 P A Ak B2 1 52 )
Fig.3 Effect of material liquid ratio on ACE inhibitory activity
and hydrolysis degree of enzymatic hydrolysates

2.2.3  JINPEE RIS ACE SIS PRI R 69
SR N X R S ACE J TS R R K R
FOSENE DL IK 4. INEEEAE 1.0%~1.5% 0 IR, Pl fie
FEYII ACE $H 35 P Bif o Dt e v 5 i e 2
IRy 1.5% B, BEf# 79000 ACE $ i 36 M: W 2
F i (P<0.05), ACE il %24 68.49%+0.76%; Il J&
R 25 N e (A 1 0, A =420 1 ACE S0 35 P4l
FEAR (P<0.05) o JNEFRAE 1.0%~3.0% Y [BIRT, B
FERIZK R e TS T RE, A8 b 25 (P<0.05) . Bl
N AN, B Wi K, HAT ACE #ii
WA Z2 B TN, ACE SR SRASWT T 1525
fifF E RSN, B -5 45 & i B AR A i
5y FEORY L KA, HAA ACE $l G P i 22 ik
BT IR, [ 7= 2 0% PR RIS 70 = AE 1.5%
At WA P 920 14 ACE 4110 il 25 5 7K i 18 25 4k 1 Fe
Ko b, PRI 1.0%~2.0%% 175 4%
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Fig.4 Effect of enzyme dosage on ACE inhibitory activity and
hydrolysis degree of enzymatic hydrolysates

At
2.3 Mgz EiREE

AR5 PR 2 S 56 25 1, /K 4G Box-Behnken 15
TR, XA TE] (A) L B L (B) 5 nig e (C)
AT = A E KO R T A, SEEGSE R ULER 2., X
M N AT SE B EE A T Rk ST LG, 15 2 e -
Y ACE #iii| Z(Y) 5 HZ2 &t A, B, C gy [R5
K Y=74.41-2.82A—0.95B+2.03C—1.68AB—1.52AC—
4.05BC—2.53A>—5.97B*—6.11C?

% 2 Box-Behnken {56111 544
Table 2 Box-Behnken experimental design and results

(SES
i oass Y: ACEHIHIZR(%)
A B c
1 1 1 0 60.26
2 0 -1 -1 58.08
3 0 0 0 73.68
4 1 -1 0 64.55
5 -1 1 0 70.63
6 -1 0 -1 63.94
7 1 0 -1 62.72
8 0 0 0 71.24
9 -1 0 71.85
10 0 0 0 75.64
11 0 1 -1 63.33
12 0 0 0 76.18
13 0 -1 1 69.42
14 1 0 1 64.55
15 0 0 0 75.29
16 -1 -1 0 68.20
17 0 1 1 58.46

Ko S G AR IR Ky [ U 7 AR AT i 3 M AT, 4
DL 3, TR F{EA 18.88. P=0.0004<0.01,
FHH A ST YRS AU AN W 2 R F{E N 0.58. P=
0.6582>0.05, FEHAJSHITIA td 355 A S 56 7= A= Ao kil
HUARZEXT SIS L5 REE /N, B SR a L S AR
B o IZ AR RP=0.9604, i R AL R 4=
0.9096, {5M: I, Adeq Precision=12.391>4, FHBJiZ A
VAT R AT B P, AR SR R B CV (H N 2.68%,
FEUZ LI E MLy, AR R R i P AR, HE
ARG, AL BC. B?. C* XTif§fi =4 ACE Hii]

SR G35 (P<0.01), C X"~ ACE Mk 5%
mi 2 35 (P<0.05), B. AB. AC X fHi#r=4) ACE 1]
A2 (P>0.05) . B F{E AT 50, 45 K 2% i
i r=4) ACE FD 7% PE 2 AR B A . A>C>B, B[l
R A >IN EE >R L . DL EAr TRl S 4Y
T, RS AR AT FH T S R AR B A
£ ACE IR T 254545953 AT

3 AR 220 b

Table 3 Variance analysis of regression model

FEAKE FHM AmE ¥y FH PE BENE
X 557.56 9 61.95 18.88  0.0004 o
ARG#ET 63.51 1 63.51  19.35  0.0032 **
B BH L 7.16 1 7.16 218  0.1831
CnE  32.85 1 3285 1001 0.0158 *
AB 11.29 1 1129 344  0.1060
AC 9.24 1 924 282 0.1372
BC 65.69 1 65.69  20.02  0.0029 o
Al 26.88 1 26.88 819  0.0243 *
B? 150.03 1 150.03 4572 0.0003 o
c 157.41 1 15741 4796 0.0002 o
B2z 22.97 7 3.28
AU 6.97 3 2.32 0.58 0.6582 ANEE
alifR s 16.00 4 4.00
syl 580.54 16

T *FR 257 B (P<0.05); ** TR 220 R 3 (P<0.01) .

BEAEESTA] L BRA Lh . I a2 A1 AE B AR F X il
7)) ACE 4 i 52 e LI S5~ 7. mi iz T A
THTEE BE , 156 BH WA A 28 22 18] 19 38 B AR FH %) 1§ 7 7= )
ACE il S8 (1452 ) ik b 255 il o) S5 e AR I 532 H
VE RS G B i E LB, B X LU & 5~F] 7, 22 H.
YEH BC i iy 1 AT 25 e, flin) S5 S 2k 2 %
N, U B Pt AR B ] — 2 B, R L S il e 1 38 HAE
FHXTHE# T4 ACE FWH S 04952 00 i 255 Mg BAEH
AB. AC i)z e e BEs /N AR, Fln &5
R AR BE O, UL R Ta] SRR LL 38 HAE T | i
S BF 18] 55 0 Pl 119 38 B AR X B A 74 ACE #1114k
RIS 35 25 R R PR BEAE ST R 507
220 S IR —FL

i# 1f Design Expert 8.0.6 #X{} 43 #r #5 21| %

ACEHil 4 (%)

5 - _— ';;’."-':.'.':;‘.,4 00
6307 50

' o\ ~f\ Qﬂ\\
t”
p

) 6.00 3.00
Pl 5 WA IR TR] SRR L A2 B X ACE S0 3218 520
Fig.5 Interaction effect of enzymatic hydrolysis time and
material liquid ratio on ACE inhibition rate of enzymatic

hydrolysates
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Fig.6 Interaction effect of enzymatic hydrolysis time and

enzyme dosage on ACE inhibition rate of enzymatic
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