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Abstract: The feasibility of using lumbrokinase as a protease in the development of bioactive peptides was investigated,

together with the assessment of antihypertensive activity of angiotensin-converting enzyme (ACE)-inhibitory peptides derived from

porcine blood proteins and clarification of their underlying mechanisms of action. Lumbrokinase was extracted from earthworms

and purified, yielding an enzyme preparation exhibiting an activity of 43 125.87 U-mg ' protein. The enzyme was used to prepare
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ACE-inhibitory peptides from porcine blood proteins. After separation and purification, an ACE-inhibitory peptide with an ACE

inhibition rate of 91.30% was obtained and designated PBEP-M. An angiotensin (Ang) II-induced human umbilical vein endothelial

cell (HUVEC) damage model was established. The toxicity of PBEP-M towards HUVECs was determined using the CCK-8 assay;

the secretion levels of endothelin 1 (ET-1), nitric oxide (NO), and reactive oxygen species (ROS) was measured using ELISA Kkits;

and the expression of ACE-Ang II-Ang II receptor type 1 (AT1-R) pathway-related proteins was analyzed using western blotting.

PBEP-M significantly promoted cell proliferation at concentrations of 62.5~1 000 pg-mL™" (P<0.05). At 500 pg-mL"', PBEP-M

significantly increased NO secretion by 84.00% compared with the level in the Ang II group (P<0.05). In addition, PBEP-M

significantly reduced the secretion of ET-1 and ROS by 53.66% and 36.94% respectively (P<0.05 vs. Ang II group). Furthermore,
PBEP-M significantly reduced the expression of ACE, renin, and AT1-R by 76.76%, 83.96%, and 89.05%, respectively (P<0.05

vs. Ang Il group). Moreover, PBEP-M enhanced eNOS expression by 8.77 times (P<0.05 vs. Ang II group). This study provides

a theoretical foundation for the application of lumbrokinase as a protease in the development of bioactive peptides and offers new

insights for advancing the deep processing of livestock and poultry blood.

Key words: lumbrokinase; porcine blood protein; ACE-inhibitory peptide; human umbilical vein endothelial cells; endothelial

dysfunction

W 5] A T S 1) SE B AU B Eh Y, SR
(E.Perrier) J&—FpJ" 2 3 A T A [ B A IX A i ],
MAREN “T He s Rt MIB TR, T A B
R BUAL BUAFAEAL. PUmARSETh, XTI REE
e 40 -5 M A P ) 5 i 3 O I SR DDA G
Wl e — AR A RS TR R A BAR, AR 4
AN, 2 YR OB RS Y DL S SR SR
YL VA B OO M 2 4y o LG R T RE % ] I )N
Bkt BRIME A B A AL, B 5L 4EE A
GRPRIOSEA T, REWSERER LMY, B E:MM e
WA AR A", RIRYT O MU H A2 .

B B2 &SRB EMIN L i R Y,
PR, eI AEE S B, HARE S M A
NIRFEYEF MR, G T ERENRERES
MBS, BMAA B NE SRME, ER AR
KJETTSITEAETIRETE & dh, 035 T 15 i 2wl AR
(R B K A JR b TR R0, L B R R 1Y
it BN B AL ] () T B AR LE B Y BRI v 5 R
e AL 20 8 S5 A O R R, I ] 48 IR 4 i P B
RE AR 3 PR G AL o N2 ML 2T 24 2R 5 2 RO I A 4 I
LA, ARSI T A R, TR e A A T
P ERARAN K PP FEAR AR BRI o DR IE ) P i A I A 5 1 7K
LT AR AR PE, AT DA e AT 4R AR R A
(07K gt 5 DAY 30 D BEI R Ao v L s 2 o 6 L6 9
MEE G R, M SRR N (ACE) &Ik
W RGERI RN T2, 2P0 LR 25 V)T 7T 1 5
AL o P IR R R B BRI R CACED 2%
e L A R 7% 2R, I PR A HI K ACEL 2454
WEAARFEREERENERY . Bk, 24t R
JEAAR K BIEYE ACE I BKE A 5 gl 8 552 €

AT FARAE B A4 PEAE AR 48 ACE #0254
WL T AR
TEARBEFUH, MFTEES IR R P i 4ifth, 193]
TS N 43 125.87 U-mg ' & (A (00 ikl A A L0t
M B A BT KR RIT T A AR A K SR RO 2l Ak %
H oy HIfR 4 ACE #17EPE. - Ang 11 55 HUVEC
ANHBRGIERL, BRIUHE LB 1 ACE 0l kot 45495 40
MRS R s 325 AR 5SS A5 A 7~ NO. ET-1
FROS %53 B A7 b LA K w8 L R AR S B B Fa b a1 3%
B, VPN LA ACE #01] ik HUVEC 24
F ARG 1 F R L5t RAS BRGS0, g I & 1)
REARIN L3850 Heht, A UAEIRMEE FOR R Thae v &
A FRITT R AR AL AR, oA R A B K R
A A T A S FE B RN T DA R B AR S

1 MR5REE

1.1 AR5

5% 2,4,6- = fi§ FE 2K fi#f FR (Trinitro Benzene
Sulfonic Acid, TNBS) . 5 Rt - 2H 2 I - 2
% (Hippuryl-His-Leu-OH, HHL). 5 JX i (Hippuric
Acid, Hip). #fii L& Rk Rl (ACE), WH%
Sigma-Aldrich A 7] ; B & 22 vf i (pH 1A 8.2).
DilahE. A4EEAlL. Bl Rl (pH A
8.3) FI-RFLEAF| (Captopril), W H i yg APk}
HAWRAR W, KRN, M. SBRME
s, M E ) N4 GR ) . DEAE Sepharose Fast
Flow, 4 B b #H & AP FH A R A 7 ; Sephadex
G-75 MBI EREREENFEAERLAA: =Z#H LK
(Trifluoroacetic Acid, TFA), W H LiEpl+i T A4k £}

179



MR B

Modern Food Science and Technology

2026, Vol.42, No.6

FRmARAR; 485 (Acetonitrile, ACN), W H K
AT RRE R ARG A R A F s HUVEC 2008, 6T
BAY) s Ori Cell 585775, WT 20 AR A R
o~H]; RS (Trypsin 0.25% EDTA), 8T 3¢E Thermo
Fisher Scientific A5 ; Pt (HEHH /HEFR) HIRM
YN e B A IR & (CCK-8), T RKEES
EMHEARGIRAE; MEZKE T (AnglD, HTRE
Sigma-Aldrich 2 ] ; NO £l i 77 & Al ROS A X 7]
&, T BB A RKAEVHEARGRAR ; ET-1 805
&, WL Sl A R AH ; ACE Antibody. Renin
Antibody. AT1-R Antibody. eNOS Antibody Fl S-Actin
Antibody, TR HEEY TREAERAR; HT
HPLC W5 HIRF A HPLC 2%, HA b .
12 HEE5&%E

DF-0191S BB In#viE i ek 2%, T
T AR PR AT A 7] s HH-4 BUEIE KB4, A4
ESLIRACEY) s 818 B pH it, FHEA LA R AR
A 5 Victor 3 ZAUFLIRATIAL, HT N PerkinElmer 2
F]; Waters 2695 BURAH RS, 35 [E Waters A 7] ; Heracell
1501 B — S AL Wk B2 32 46, £ [ Thermo Fisher Scientific
AT HL-2B BUESh A, Rk R Sl AR A ] s BSZ-
160F B [ B ss, L RERISIERR A A

1.3 LIk

1.3.1  Hl#deey 4%
13,11 Il p R LS 4ifl

HEERREH KRR~ 37 CAKESh > B WRE
7~ (NH,),SO, WL —» & & B b i i - AR IR % - % 4
F )& — DEAE Sepharose Fast Flow [l & F & #7 4 5 B 41k
- Sephadex G-75 BtJAz 4 B #htb — A & TR
1.3.1.2 Wl e P e s

# 0.01 mol-L™" f] PBS (pH 18 7.8) S EL/KkH%
1:17 (/) (LR A Bl 45 2 TARE . H TAE%
T 1) o £ 43 R 1.5% 1) B B Y0 R ot 5 40 80
0.2% 12 8 A RS 140 mL o WG 4 1:1CV/V)
EU AR A (10 R] B 0 NG 52 5 i B A, PR TR 50 )5 o
RPN R, SR KPCE . ML h s AT AL
SATAL, ALK M ECFRAE AL 10 pL, Nk 5 BT
37 CHIFFMAEEIE T 16 h, FHUbR RO v i el
HMWNEAR, LUSIEEEbs s AR, bR 2R E
RIFIS BN P ARl br et 26, ARNFE i 2 B
T ] R 1
1.3.1.3 W] e 1) i v 40 A7

FES AT R N B DR B B A5 20 3R 5 2k AT o i

180

Rl o 5 143 B 48 F Thermo /A @ 1) Q Exactive ™3 it
BCH R AT . IRBORE id sl BB RE RS RN G 45 &
Z CI8 HiIRAE, A Wl 2= A WAL AT 70 5. MS/
MS REEM %A BN B 55 KT 3e6, HMHN
2470 BT E R HERR I M5B 35 s. AR
WA PEUCECRR B, A BT 02 ot 45040
132 S Bax %t & & 697K R

REIMLE A S EMBKLL 1:15 m/V) EBR A5,
F 1 mol' L™ {J HCl 5Bl pH fH % 7, /KBTS,
TN 250 80 2% (sl iy, B Ttk as
KRB he BEFRSERUG, KRR 95 °C, fREF
15 min, KIGWHEET. 15 KE S BEERA RS, B,
B3] EEmAMTTE, W BB, B AETERE R
BARJE T 40 CUKFELRAFE, 1N PBEP.
133 KA (DH) BA-FEapNE

K= AR (TNBS %), JF#kTiH%.
K5 UHERREL— 52 & f¥] PBEP i il Bt S FE N 5 mg-mL™
(FTRE S VA VAR RE 100 5. X 1 mL FE SRR,
BN 1 mL B R 3k 22 ph i (pH {8 8.2) A1 1 mL {4
480N 0.05% ) TNBS %, S ZIR % RS, 1F
50 °C TG K IS 60 min. KB 45 H S NN 2 mL )
0.1 mol-L" {J HCl iF W £ 1L [ B, e Ja N 5 mL 2
BTK, ETREAA A, 340 nm K E ROGEEE .
PLL-m R IR HbsE 2, A - Z R T &, K
it P s A 2O

hs_hO

ht_hO

DH= x100% QD)

ENS

DH——KI&E, % ;

h—— ¥ 0 & B4 R IL A4, mmolL';

hy——# % & R A F A F, mmolL”;

h——¥ G %A KRR AN A, mmol L,

4y ¥ & € K H HPLC ¥, #% 18 GB/T 22729-
2008 FATM . D4R C (MWI12384), ik
(MW6500). AFE Kk (MW1422). 2 %R - &R -
MR - KA R (MWA4ASD). L8R - 25 - &
g (MW189) Abritan, FREUF: & 100 mg & T 10 mL
wa, FREFmEEZIE, #75 5Smin, B0
AL I BB LA .
1.3.4 ARSPACEp 4| 7E 324

¥ 10 WL ACE ¥ (0.1 U'-mL™) A1 50 pL £ FE 5
IREYIEEIE 37 C R E Smin. 5, MU 40 uL (K
¥ (HHL, 6.5mmol-L™") 7£ 37 C Fi¥ & 60 min 5, HIA
100 pL (IE5R (1 mol-L) b, F 022 um it g



MK EBBHT

Modern Food Science and Technology

2026, Vol.42, No.6

Ja, TR RGBAR (i iE B NAR R 5 SRR (HA)D
IR EE . (EXTIRZLAN 2 (I 4lrh, ACE S0 JIKAE it )
MR b G, 7N, fEEAAF, BT R ETIN
A Tmol 'L (f#52 100 L B SE. THEARN:
A-B-4,
T A4,
Kb
R——¥dn % & ACE #7#lIkxf ACE 8947415, %
A——3F LY B REAPFER R, mAUs;
B—— R LR E @A, mAUs;
Ay —E AT BIREAEEAR, mAUs.

1.3.5 PBEP#) 45 44k

¥ PBEP it ] /8 73 29K £ 4 1 mg-mL ™" (¥ 7% 9
i 0.45 pum P8 RS ST IR IE, T EE S
9 <3, 3~10 F1>10 ku =420, WE 3 NHDH
ACE i 22, W £ ACE $ |3 M e v PR 4E 23 I AT ot 2
BT N 100 u, KRB TR R TR R ) R
WPEAN 10 mgmL " (I H 0.45 pm (KIS 38 5
JN Sephadex G-25 JE#THE. FBAiKEAT IR, Tk
i s R AU R, R A AN e e v T
220 nm AP EIROGAE, WO H LB AR I BE B, 1R
T ACE #IHNEE, KAl 445 203 1 i = i A
5 A ACE #i#iJikic &y PBEP-M.

1.3.6 HUVEC#mjfegi:4

1.3.6.1 HUVECYIU IR

P EA | mL R AR IR EGE P, &
T 37 CoKi IR SRR, NSRRI TG S mL
e FRIR A A1E 1100 r'min' B0 5 min, BEJS
SEEPFEE IS, NN S mL sEA kiR dE, RBWE
BRBWRITIRSI M, SR J5 A0 2 E T T25 Ki 3R
H, TERNERRRAGE T AR,
1E CO, B R 1577 24 h, UG EEAE K, M40/
A K B TA 1) 80%~90% i, Y AL 40 B 15 E 41 i =7k
XTI, MR — e fB8UE, EMEALRT.
1.3.6.2 &I [ ACEF il [t 24 it 25 1 Py i o

UGB K8 HUVEC 400, PAAERSL 1.0x10" 4
U A E M T 96 fLiR, 8 &R IR A {E CO, 5
FEAAHRRE SR 24 he WIS 2 B3SO 100 pL AN[F]
R E (625, 125, 250, 500, 1000, 2000 pgrmL™)
1) PBEP-M R 7831, AT A1 56 a5 7 58 0
FIvEX IR, FERESR 24 ho 3% BIEW, AN 100 pL #4671
S ECN 10% 1) CCK-8 ik 71), 1577 1 h J5 T K 450 nm
ME A . DA FE S BT BRZH, DURE
100 puL 7R F1 43 $5 8 10% () CCK-8 i 7l 41 == (A 4,

x100% (2

TR A RIS T
1.3.6.3  #37 Ang IIHR1GHUVECHH i i 7Y

WIEH XA, Ang 1140 (107, 10, 107, 107,
10°mol'L), #FHEMA (REAEaRE). KK
5mgAng IL KR, T 478 uL PBS ZEphifir, Mok
WREN 13102 mol- L FATI, VAL AEER, H4HAMRE
BT FRREE . BON B K IR HUVEC 44/, DAL
1.0x10° AN BB T 96 FLIR .

IEE XA ARIER AP 24 h )5, A E
JREEFEHEE, BEHMA 100 pL 8535 gk S 55 .

Ang 11 4. AfR7ES MR 24 h 5, FEE
Bk, 4y RN 100 pL 7S R BE (107, 10°°,
10°, 107, 107 mol-L™) Ang II ¥ 35 3£, 4k 4 T i
24 ho ZJa3 BIEW, M 100 puL A& FR 73 #0R 10%
1) CCK-8 k7, 1% 1 hJ5 T K 450 nm 4030 52 W
HeAH, THE AR AR 7
1.3.7 HUVEC#a R -F 9 2

N T B R SR IS BT ACE 001 JUR 7D B L
i, BB PN

STHEAH . U Rh IR 24 h e, FEJRREE IR,
FEHINN 100 uL 5595 R4k 405 9% 24 h; Ang 1T 4. 4H
MR 7% 24 h G, IR FREE, I 100 pL 3K
9 10* mol-L" () Ang IT 15 77 3 45 1% HUVEC 48 Jfd 24 h ;
Ang II+Pep 2H : 4HM#EMIE % 24 h 5, (51485772,
BN 100 pL 3 % 4 10 mol-L™ f#) Ang 11 15 77 Z i 4
HUVEC #iif 24 h 2 J5 E1485 2 B N 100 pL 57 &
W E A 500 pg-mL " %% 1f 2% (4 ACE 1 ik PBEP-M
5 24 h s Pep 4. HIFEFIRG TR 24 h J5, (B4 77 4,
TN 100 pL 5 f ik o 500 pg-mL ™ ({54 1 85 14 ACE
#0# ik PBEP-M i & 24 ho 485 ¢ 4 4 HUVEC 41
Jifl E3EW H NO. ET-1 1 ROS [ & .
1.3.7.1  4HHINO &1 &

HO BE KA, CAARRFL 1.0x10% AN 41 il 1) 31
M TS IR B A 96 LR, H B AR IREAE CO,
BRI 24 h, BJE 2 BIG W LI AH
Wl: XTHRZL. Ang IT 4. Ang II+Pep A1 Pep 4, 7
AN 100 pL % 5 AT 85 7%, B J5 R NO % 64k
£ DAF-FM DA 35 &6 40 i P 119 NO #E47 7 &=l e
AR T2 Bk m & v 1.
1.3.7.2  4HUROSE & 1l 52

B B K A4, DAREFL 1.0x10% 440 i 1 %
REM TSR B A 96 LR, F AR AL CO,
BIRM TSR 24 h, BEEFEE LW LRI
WFHEZH. Ang 11 ZH. Ang II+Pep 20 F1 Pep 41, 43 %im
A 100 pL # 5 3EAT 55 7%, Bl 5 F A ROS KOG IR B

181



MR B

Modern Food Science and Technology

2026, Vol.42, No.6

DCFH-DA 4 Jfd 4 () ROS HEAT s B 5E, HAK 7%
SRR S U .
1.3.7.3 ZHMET-15 &/ 5E

OB A0, DABESL 1.0x 10° A4 o £ =
BeRh T 96 FLAR, FH 58 ARG IR FETE CO, B 7R 56 K5 7%
24h, Bl LER. SRR WY, Ang
11 4H. Ang II+Pep 41 Pep 2, Z3HII 100 pL Ff
HHATRFE, B S R ELISA 77 & 2 4 o 55 35 b
W ET-1 &R, BAriEsRHIEw .
1.3.8  Western-Blot/&#MHUVEC 48 it 1 %42 % & #)
REE

F PBS #F %6 40 Ml 2~3 K Jg, 0N 3E 24 4K B
RIPA A T35 72N M. 5 min 5 F 40 B &I K 40
JHE T, #BH 1.5 mL BOEY, UK ERME 30 min,
WE R AT, MRiRdfse 22 0%. RIE7E4 C,
12 000 r-min ' 2644 K &0 10 min, Y& FiF, B38
EABW. Bk, BEEHTIARE, WETRE
JCE i B R PR P M. K e B 52 I PVDF JEEL H
FLE MR K 48, AR GO T S T PR A, s S TRCAE AL
SRR, IR AL ECL RJ6i, bk
FEAIR WM, &N 1 min 25, WKL, F b
[0 2 R AR, BRI, Z RIS T I
BT R, TR G, RAT IR GG BN TIFF k%30,
139 ZAEAE

FrA B35 i 3 4°PAT, RVFIME £ ArdEdy
7% (mean+SD) FIx. i SPSS 26.0 3K {47 5. 3%
P2 o0 b, ¥ P<0.05 Mo &R R 3E s fiH Origin
2022 AT .

a

Earthworm

#U-—U-7

Autolysis Salting out
b o7}

0.6 - =
- o5t %
203} il
E 02} ‘§
& 0lr =

0.0

-0.1
0

2 HR5S

2.1 45| B Ee el ) A

Wi Al N S R E AT YR DA IRRE, (ERRE
AT AT LOKAR B S & R A% . WE 1a iR,
PRSI B AT B, AR e 1 SR G
R DR B BRI E . IR LSS SRR, fEdsl
BEGFHIR RS NA R )G, EEREAFRBEEIREH
3237.43 pg-mL " R3] 2 998.39 pg-mL ', T ]
P 28 61028 U'mL" _EJF#) 30 116,15 UmL". HAELEH
J& 8000 r'min ' B0y 20 min, H_EIEWT 25 CT/KEB, A
[E]44 (NH,),SO, AFTHANRE, AEHABFIEELT] 30%, #HE
6 h & FH AR B HLEA 8 000 r-min' B0y 15 min, HU_E
TERGEATHE, WES TERT 10 ku 4. KitEE
S5 15 3 A 5] 384 i FH 2 4 22 DEAE-Sepharose Fast Flow
P AR T 4lifk, S5 B 1b s, fR4E S MER
HUE NI T 3l 44 8 F1. F2. F3. F4, F5, WEE&Uk
it VN s FL s A M o AU F1-F3 SR ] ity
EE, o F2 (i PR, FEEGEE 10 36 26831 Urmg !
A KON F3, HIG /8 10 34435 Umg ' 85 5 Fl
TEE RS, HEOE 1A 5 601.97 Umg ' & . WA F2
(e B 53 BN VR T 2 J5 34T Sephadex G-75 71 SR it
IRy B Alif . SR e, /MR 2 AN, Rk
%08 ST, S2, W U | P 1, b ST 400k
RS ] AR, S2 4 A3 MR v 43 125.87 Urmg !
HH, MHEF2 o s R T T 18.91%. S2 41
Sy B R aliA A5 20 rdsl B, W S2 45 F T g o A
S S5 S IR B AR S5

. =
7 ' Lumbrokinase —x/
Purification Ul;LC—MS/MS
C
0.8F S2
ol
RE 0.6
£
& 04}
g sl
S 02t
N
00 =TT
0 10 20 30 40 50 60
EH

1 BIHEHREUR A B e L E
Fig.1 The process of the lumbrokinase extraction and column chromatography purification diagram
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