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I8, KRB B lARAR, SPF %
C57BL/6J /N (HEYE 6 JH i ,n=40) , ¥ m 1 150 5
B EEABRAF L 10%K0R R 45% % I8 1
T I A AR IR R AT BR A W R O WL 3R
1, AR, BT AR ARE A YR A R 5T
A ESEZHERG Porl6A_WE, S8R Al R
K OHLL (HE) e, s B 4 R A W R B A R
A 3 Trizol i 5f], 32 [ Invitrogen 23 w5 G JH & P
(TC) 5 150 & | e % B2 IR 4 11 1AL [#] A% (HDL—c)
I R &, P AR ) AR E Y T RNA 4
iR &, A RMRAEFHECA R 5 5xAll-In-
One RT %4 fift )2 % 5% — 1K 3L 7] & F1 Eva Green
Express 2xq PCR Master Mix,abm A &),
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Table 1 Ingredients of laboratory animal diets
P 10% 1% A& 43 #+/ 45% & R 4 4/
g-kg g kg
&G 200 233
E R A 506 85
LR 125 117
FEAE 69 201
2 25 29
b 20 207
o Y% 50 58
B IR 45 52
A 10 12
L-Fe 2B 3 3
B G BR A2 A%, 2 2
TBHQ 0.05 0.05
&t 1055 1 000
BEE AR 3.58 4.73

1.2 {5 &E&

L 3196 6 B BE (NIKON/Ni-E) | H A% JE BE2A
w ; bR (SPARK 10M) , B+ TECAN ; Nanodrop
2000/2000C (436G EET ), 2 [E Thermo Scientific
45 Al s Miseq M F- 5, 36 [ Hlumina 2 A
1.3 RKEH*
1.3.1  SESERa MR i i 4%

1) LR —WMW W40 g BEFRIMA
800 mL pH 6.5 BYZEH/K , H &K, m A P&
Pt A AR 2% A0 R < 422 R 10 500 Ulg 1 Dl £
MR I 2 g, 7F 45 CREf# 6 h Bl i 25
J&i ,7E 100 °C/K ¥ 10 min K , B 5 E SR TR
4 000 r/min B.0> 15 min, AP b 7% RD £ 50 p—
it 4

2) BEEA MW ) B AR TS SR
Z AT Porl6A_Wf AKZ2MEfrE, WM 251 . N
0.5 U/g,35 CH§f# 2 h, F 100 C/K¥H m# 10
min K[, 485 4 000 r/min 5.0 15 min, 115 F1E
W53 52 5 B A
1.3.2 SCSEma i W BAL PR 5T 43 By

1) SRR A R SRR R 2
SRR UTTE R T RRE TR I0E TR

2) B SR AR R el R AR A
25 °CTF 5 B R RE, 35 P) AR 0~100 57!,

3) ER ST R A 0 0 S R Ry 2 R
E HC10 mL B T T, T 4 CrhlE 7
d,8 000 r/min B0 10 min, B 2% R E K
Bl BL R (%)=( E2ERARBY SRR ) x
100, B 10 mL Rl T 20 B4 b, T 4 Ci &
7d, MENHAKZMEE (Lw) MRS & B
(Ls), HHET)ZZ(%)=(Lw/Ls)x100,

4) BT TR SR R A R I R
FH ¥ 2% B R E (pHBH ) 125 00 7 55 5% 28 11 6 ik Y
5 S5 A Tl Ak A P 3 SO 1 3 i
1.3.3 ZhiR s SHHE s Sc o & B R
FEMPE S T RSB e B2 5 S )G
7 (45 SPXY2020061602) , ¥ 32 H I C57BLY
6) /INRVE 7 1 JEUG , Hi B AR EBEHL 7 R 4 41K
BRAK B 4L (LFD) &5 BRIk B 41 (HFD) 5% 3% 5 — iy
fift W2 (SPEH) 2536 & & T i W 41 (CPEH ) , B 41
8 H(K 1), Br LFD A1 M 10%ARNE Rk} A4
YR 45% = Rk, MR 1 8 S LFD 41
HFD 2H ¥ 8 £ # #h7K ,SPEH 21 fil CPEH 41 43
I HE PR 5 SR A [ 300 mg/ (kg bw) ], /N B
1% M B N E I (23 £ 2) CL I E 55%~
58%. 5 10 JAZE AR A SE/IN R BUN G I IE S
HL,F-80 °C 47,

CHEPEG)E B /N
RN X T 4L(LFD) -Q— AE3E
LFD
#aflg T 4L(HFD) -Q $ L5
HFD
s —mwa seer JD e
HFD HFD+SEH
wan ammna cee> JD » 1t
| HFD | HFD+CEH
; 10
©
Time/ /4]
B 1 SRRt E

Fig.1 Schematic illustration of animal experiment

1.3.4 /NERAE, SEn KRERGINE PR
STa) BT R A 1 /N BRSNS 6 /D Rl
BUJE 51 0 0B KT B | B =2 1 s R0 B T
ENENIFR L

1.3.5 I AR PR rg e BO BRI TR 3
B, 15 000 t/min #5010 min JFE R,
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1.1 d ik & € TC HDL—c /K, #4E J7 v
Z UL,

1.3.6  EMF4H40 HE P20 BeE ig i gl
BUH 4% 2 R HEEEE, YR 4 pm 3R,
FH HE Je i fifi Y e o0 2¢ ' ik Be WLER 1R I 440 it
BRI, S Ak E 5 AU A, AU A B L%
B 8~10 M ALEF, R Image J #4583 HE Wi K
AN & =

1.3.7 s PCR 4081 Ml FH Trizol 2 BUIF

JIE G 8 RNA, i RNA ZlifkiL 5
SEEBREAL, OO T, I 5x All-Tn-
One RT S i il &l %5 cDNA . S 9O 5E Bt
PCR #% 8 EvaGreen Express 2xqPCR MasterMix
WG G U T A A, S A& 095 °C, 10 min;
95 C,15 5,60 C,20 5,95 C,15 s(45 MEH);
5C FHEZE 95°C(0.5°C/10 s) ,mRNA #HXf £ ik
B 2RI SIS (3R 2) 25 Z TR

GEHEAT B,

®2 5lMF73
Table 2 Primer sequence
AR Ew(5°-3") R _#1(3°-5")
DAGTI AGGACGGACACGACGAT GAACGCAGTCACAGGAAA
DAGT2 TCCTGTCTTTCCTCGTGC ACCTTTCTTGGGCGTGT
ATGL TCTACTGTGGGCTGATACCT GTGGAACTGTCTCGTGGG
HSL AGCACTACAAACGCAACGA CTGAATGATCCGCTCAAACT

1.3.8 % BENS 1T B2 (SCFAs) 70 M1 K Cao %514
77 B A I 264 v SCFAs i, FRIBUCEMERE S,
A K 4l K (0.1 g2 600 wL) Jm Bt 7 | 3t 4k 7% 1R
5). A 509 BR R Ak A 2R 550 B L3, 43901
AN — 3T BRASFARFUTC K 8, BT pl
M TSR EE 58 (23R GC 6890) ., AN &
4l AU, B e A 3 A O 2 CB-FFAP (30 m x
0.25 mm,0.25 wm) . A W5 Sk S0 KO0 B 10 A
#(FID)
1.3.9 16S rRNA ¥ 3457 /F 4 0r DA HUAY 28
il DNA Btk , k40 515F/926R 5144 44
16S tRNA 1y V4~V5 E7AE X P, 5% 28 i 451
95 i, 24T PCR 4lifb fny 3% | i 4% PCR ;=% %
HI Agencourt Ampure XP beat kit #% i 2l 1k i 5
gaifb i, gifb)s P38 =2 Tra Seq®
DNA PCR-Free Sample Preparation Kit )% i 7
ST SO SO ARG ] Miseq W7 OF
& LALm

K HI MiSeq £ 6l #F MCS 2.4.1 #4175 45 19
ToAL B FastQCO.11.2 FAF7E 4700 7y J5t s B4 1) o
s, B S B K 1 F 51 28 PandaSeq 2.8 X
1 PF 4z Contigs, FH QIIME pipeline 1.9.1 ZBr$%
SABIYFI G, D EE ] Green Gene £l
R B A B AT DG 22 5 0 Lok, R AT A

RS AT, TS B OTU £ H FIa & #r, FH
R 3.6.1 119 ANCOMBC & %41 53t B K °F L iy
BFEZEFE, M selbal 72 15 balance 74T, 7F
FH TaxdFun F2 770 (501 18 & D Re 100 43 . A
FH STAMP {4 1% H ATt 35 22 S5 1) i 3 o A
il (i % A )
1.4 HIELE

FEAT i 6 BHE ¥ B SPSS 25.0 Bk b AT 483t
8T VEEIYI R A GraphPad Prism 8.0 &b # {4,
S5 LIS Y E bR E 25 R0 | 21 R) 22 5ok T I &R
75 253 B (One-Way ANOVA), Lk P<0.05 R 2%
SAGIFERE X,

2 #ERERH

21 EXMmERELER

2,11 ECREMEREAIHR R E A
it YRR 114 5% S5 it it 1) FH 23600 3K 63% 1 78% , 3 W
5830 2 W ) A A R SR FE A A
2,12 ECEMEMIERE W 2 KBy U] EOR T 53R
ity A VR R B O S, R BT DIl 0~100 87! 19 2%
T, &R — W A B 2~15 Pas, 838
BATHR RN E N 1.9~8.5 Pa-s, HIL A%, 16
LRZHERNIERT, 26 MM R A 5K
P2, 2% B 5550 2 W i 0 25 R AIK T AR VT B
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18 - Table 3 The stability of the porphyra enzymatic
16 —A RN
1 o SEREmER hydrolysate
@ 15 B K RRE—BMR RRALSEBMR
<
o 3 s A% 91 100
g #E B EI% 6 0
Z
R4 EXBRRELIRESE
0 20 40 60 80 100 Table 4 Reducing sugar content in the porphyra
) % enzymatic hydrolysate
Shear rate/s™ FRE—SBR ¥ RIS B
B2 EXMHBEMNE & JRAE RS 0.2503 0.4289
Fig.2 Viscosity of the porphyra enzymatic hydrolysate &R M4 F g mL! 8.78 15.55

2.1.3  SECRMMPNAREYE WAk 3 s, P
TR A VL 5 0 3 5 R R ) 22 SRR [ A A B I 1Y) 22
S, R IITE RN SRR R I A T A
7 d JERa e e TR — AR
2,14 WM PR ERES R R 4 s,
LR TR B, 2 AR A SRR
I T 17.5% (VAT Biibit) . ik vl DI 7E 55580
Ji &K B 2 P4 il e o R v, R SRR L OF
TE 2850 22 R B A T oK i
22 EXBMBEMNEMNREEBREERES
BAEMNZMN

B R ) A 2 PR T R e A ), IR
LR S 34 A g i S ME RO R L IR
[i] /I B 1R 7 0 B 1 A8 Ak UL KT 3a il 3b, 4541/
FUAR R EFRRE I K AR AR KR S, HFD 44/
FUAR K R B % m F LFD 41 (P<0.001),CPEH
20 /N B 3 R W] IR T HFD 41 (P<0.05) , 11
CPEH X} HFD /)s U AE 2 £8 A JC B 2 52 1)
2.3 ZLFEERE R XY BB BE /N BR i A 7k S B9 B2 M

KA = g & 5 28U iE TC /KF LT, [
I T 5 3 B [ B ) HDL-c & & R R, s 4
Jrn, HEESERH#R T HUS ,SPEH 4181 CPEH 41
(I B 7K AE —E B AR ks, b CPEH 2k
A MR ZK-FROR B 18 3% (P<0.05) .
2.4 R ERAFR X BRE /N BR BSR40 B L A AR
BE 2R B9 %2 M

g 7 4t T 2 AR RO 1 A8 2 g I AR ) B
FLREAENT ) G0 5 BT, LFD ZH /0N B A0 i 1 AL

25 20 B R/NES 50 s HED 417N BRUBR W T8 ALK, R/
NI 5] HAN MO A A 58 SR B AR T TS
SPEH ZH /Iy BUIR D7 4 M 2 LR 9 AR 15 21 B S e
% ;CPEH 4 5 LFD 415 7 i R /N VR o 35 o 42
T, M2 SRR G WA A O S IR B
TR, SR B — Bl A
25 EXEWmMBEXEHE/NMNRERHEBAXEEY
A

REE SR AR 25 6L 3 ZR B A5 i A ik
SE-TH e R o0 A AR KT B IR AR Y
T TG A B 2 37 o, — R Tk H i ok 356 4 B g
(DGATI #1 DGAT2)BEMEAL TG & MUK e Jm — 251,
mE 6 fin, 5 HFD 41t % ,CPEH 41 i JIiE
DAGTI ) mRNA 19 %k AKCFREAIN T 31.62% , H
JHFRE DAGT2 () mRNA 13635 K- B EFEAL (P<
0.05),

Jig Wi H ik =8 g 5 B (ATGL) A1 2 U= IR
B (HSL) /22 54 TG M i S, 5
HFD 41 b3 ,SPEH 2 /9 (1 A B8 I ATGL 1 HSL
) mRNA 1 2R3k KF 5 25 5 (P<0.05) , 4R 3R
W, SRE AT IS E UCEREE SR
FRFZEL .
2.6 MR SCFAs & BB NE

SCFAs J& 738 W B0y £ 2 ACH =9, 1615+
Jig ARV T R R AR Y, I 7 B,
5 LFD 40 Lt HFD 40 218 . TIER AT fR/KF
S BT 45.9% ,40.6%F1 38.3%., 5 HFD 414
It ,CPEH 4 /) &2 TR 5 T TR 1 /K F i 3% 4
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Fig.3 Effects of the porphyra enzymatic hydrolysate on body weight, food intake, body weight growth rate

and mean energy intake in high fat diet—fed mice
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Fig.4 Effects of the porphyra enzymatic hydrolysate on serum lipid levels in high fat diet—fed mice
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Fig.5 Effects of the porphyra enzymatic hydrolysate on adipocyte morphology and size, and body fat percentage

of high fat diet—fed mice
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Fig.6 Effects of the porphyra enzymatic hydrolysate on genes related to lipid metabolism of high fat diet—fed mice
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U 2R P<0.05 . i P<O.01,*#* %5 P<0.001,
#rik 21 P<0.0001,n=8.,

B7 EXBHERMSERENREESD
SCFAs & ERI#
Fig.7 Effects of the porphyra enzymatic hydrolysate

on fecal SCFAs content in high fat diet—fed mice

TM(P<0.05), &2, 52052 A M W+ 1 10 J& vl
fiE#E HED /N &5 N SCFAs (1774, B & & i
R T B e A B F IR HFD /) BUG 8 R
27 EXmMRXEMINRBERSESLEMTNA
X B 5% i
2.7.1 X REJHE /IS BUSERE B 1) RN T 1) b A3 1) 5
W BIESEERT, NEHE A b S RE TR ] A LLAT BT
I 4] (Firmicutes/Bacteroidetes, F/B) Tt 15 , Jf H i@
R E AT REAL F/B LR, &8 v, 5 HFD
AR L, CPEH 21/ RU B B RE D F/B L) 0 35
K (P<0.5),
2.7.2 X JEE /I B G R LR R A
ANCOM ¥ 3 Hr 20 1] Jib 25 2 5 1) i 3 400 1, 285 0 AL
%5, 5 LFD 40 b4 ,HFD 41 %% Bk i B} (Strepto-
coccaceae) SFFXTFEE W ER N (KIEEW P{E
(Adjusted P value) /T 0.01), 219 B #}(Cori-
obacteriaceae) ZFAIXTEE W FH W/ (KIEFEH P
{H/TF 0.01)) . SPEH 4141k B RSG5 ik 25
T HFD #H (KBS PAE/NT 0.01), 5 HFD
HAH EE , CPEH 4H Muribaculaceae AR AT # #} (He-
licobacteraceae ) % AH X =F & {2 & W4 I (1 J5 1 P
{H/NT 0.01) , BEER B BHAH X 32 5 5 28 4> (K2 1E
JG W PAE/NT 0.01)), DL 1454 3R B 48 S il At T
A T 1 DR R /N BRI T AR 2 R e S
K H Selbal 734t , A5 e R £ AP Bl 5 3
it At YA 00 R ) T 3 AN BR R AE . A&l 9a IR
H 4] 25 BR R A T MR TR R A T AR A, U
T AR AR R /N B s B AR N B ] A )

FIB

‘ LFD HFD SPEH CPEH
205
Group
o IR P<0.01,n=8,
B8 (£XWMmERMERRENRERA
A E ] (F/B) b Bl B %2 1
Fig.8 Effects of the porphyra enzymatic hydrolysate
on the ratio of Firmicutes to Bacteroidetes (F/B)

in high fat diet-fed

FEAER AR 1L (AUC = 1.0) . IR 9b v 50, R4 B R
(Anaerovoracaceae ) Fl4EBR B Bk 2H 1% 14 - 1T DA i
RS A T AT I AR R AIE . BEER DR RILR
S ARE 2 8] 1 P A R A, A % S A 2 B
CPEH i /b T 4 BR AR A X B, 2RIy, fhiH
1k 4% BR B Bl (Peptostreptococcaceae ) Fll Muribacu-
laceae #H i 1Y F- 155 X7 SPEH 4k ¥ B 1R &5 14 75 m
HERAE (AUC = 0.953, 8 9¢) .
2.8 KEHMEIT R EDIEEHE T

B 16s M PG 5 KEGG $ud FE Fext, %t
T REEAT O RE TR, T R R D AR S e AR
WHAHER ZR o A STAMP $0F 43 A7 4 1) 2 3 25 57 19
KEGG i, JUHE 5 ARG i i . il &
10a~10c AT AT, 5 LFD 4 HFD A 3 4% i
(MR AR < FotE 22 T 0 O JRt 2 1 A X F < H a4
W) RIS, A S5 A B AR T R
THIMBE I

HAREER S, 78 HFD 411 CPEH 41 ] H.

RSN, Z 50 BRI SEA G,
FH &1 10d~10f W] 1, Horfr 3 B (KO0057 “ H i -3
W 2 M LB [EC : 1.1.1.94]” , K01755 “ K & 2 10 3%
FA TR 24 i [EC :4.3.2.1]7 FI KO1940 “ K & 3 BF 11
MR BHEC:6.3.4.5]")7E HFD h W & &4, M5
HFD 4148 Lt ,CPEH 41 () 3 il i) =F B2 1 1o 3%
FAI% (P<0.5) . CPEH T W52 1 fizp 18 1 B 9 T B
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Fig.9 Effects of the porphyra enzymatic hydrolysate on gut microbial feature of high fat diet—fed mice
&5 ETANCOM AHHRKFELAENREEZRNGEAE
Table 5 Differentially abundant taxa at family level between groups identified by ANCOM
A8 AT F % .
(A) P1h ¥ IE G # PR
LFD HFD
o8 K A 0.0005 + 0.0009 0.0002 + 0.0007 0 0
F AR LKA A 0.0002 + 0.0007 0.0021 + 0.0027 0 0
x5 @ A 0.0025 + 0.0007 0.0002 + 0.0024 0 0
Parvibacter 0.0007 + 0.0003 0.0014 + 0.0002 0 0
4R A 0.0500 + 0.0611 0.1412 £ 0.1827 0 0
Ak E A 0.0476 +0.0413 0.1479 + 0.152 0 0.01
LA IR 0.0843 +0.0733 0.0224 £ 0.0188 0 0.04
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Table 6 Differentially abundant taxa at family level between groups identified by ANCOM

HA 2T F /% .
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Table 7 Differentially abundant taxa at family level between groups identified by ANCOM
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Fig.10 Effects of the porphyra enzymatic hydrolysate on gut microbial function of high fat diet-fed mice
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Effect of Complex Enzymatic Hydrolysate of Porphyra on Improving High Fat
Diet—induced Obesity and Regulating Intestinal Flora

Cheng Xiaojie, Zhang Yuying, Chang Yaoguang, Xue Changhu, Tang Qingjuan’

(College of Food Science and Engineering, Ocean University of China, (Qingdao 266003, Shandong)

Abstract The compound enzymatic hydrolysate of Porphyra (CPEH) was prepared using a novel porphyranase (EC 3.2.
1.178) and neutral protease. Then 16S rRNA gene sequencing, gas chromatography and real-time PCR analysis were
used to analyze the effects of CPEH on diet—induced obesity (DIO) and gut microbiome in HFD-fed mice. The results
suggested that CPEH improved blood lipid levels, alleviated body fat deposition, and reduced adipocyte size. Possibly
because CPEH could repress the expression of genes (DGATI and DGAT2) related to triglyceride synthesis in liver, and
promote gene expression of enzymes (ATGL and HSL) related to lipolysis in adipose tissue. Furthermore, CPEH promot-
ed the proliferation of beneficial bacteria (Muribaculaceae and Helicobacteraceae) related to obesity and repressed the
growth of harmful bacteria (Streptococcaceae). CPEH also regulated the abundance of KEGG pathways associated with
lipid metabolism, such as “Glycerolipid_metabolism”. In summary, CPEH effectively prevented high fat diet—induced obe-
sity and regulated gut microbial composition and function. CPEH has potential to be applied to the development of func-
tional beverage. This study could contribute to the high value application of low valued Porphyra.
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