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in Diabetes Patients

XU Lujing, WANG Ziyin, LU Yifei, TENG Cong, LI Ying
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Abstract: To evaluate the prebiotics of wheat starch-mung bean hull polyphenol complex-based resistant starch (WS-
MBPs-R) on the intestinal tract of T2DM patients, this study used the in vitro fermentation model, with wheat starch-based
resistant starch (WS-R) and wheat starch-based resistant starch/mung bean skin polyphenols mixture (WS-R/MBPs) as
positive controls, to determine the pH, gas production, reducing sugar content and short chain fatty acids (SCFAs) content
of the fermentation broth at different times, and analyzed the impact of WS-MBPs-R on the intestinal flora of diabetes
patients by 16S rRNA sequencing. Meanwhile, the multi-scale structural changes of WS-MBPs-R during the fermentation
process were characterized using scanning electron microscopy, Fourier transform infrared spectroscopy, and X-ray
diffraction. The results showed that compared with the negative (without carbon source) and positive control groups, the pH
of the fermentation broth in the WS-MBPs-R group significantly decreased to 4.47 after 24 hours of fermentation, while the
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gas production significantly increased to 8.6 mL (P<0.05). Fermentation with three types of resistant starch promoted the
production of SCFAs, especially WS-MBPs-R, whose total SCFAs concentration reached 246.51+3.01 mmol/L after
fermentation for 24 h. WS-MBPs-R fermentation could improve the intestinal flora structure of diabetes patients, promote

the proliferation of beneficial bacteria such as Prevotella and Bifidobacterium, and inhibit the growth of harmful bacteria

such as Escherichia Shigella and Fusobacterium. After fermentation, the short-range ordered structure and total

crystallinity of WS-MBPs-R increased, indicating that gut microbiota preferentially utilized the amorphous region of

resistant starch. In conclusion, WS-MBPs-R, a new type of resistant starch, has good probiotics and can be developed and

utilized as a functional food raw material for people with diabetes.

Key words: wheat starch; mung bean hull polyphenol; complex; resistant starch; diabetes; gut microbiota

2 BUBEFR I (Type 2 diabetes mellitus, T2DM ) j&
— PP A PE AT RS, FRRIE 2 R 5 AT
F/BGSTIAAS FE . B A ML) BE Befis IR 252 1Y) ve 1B o
T2DM FE b AR i 88 S8 90%~95%, il

18] 2035 58T 5.9 12P, T2DM 234 IS % .

AU PR ISP AR . M BRI 10 LA 1) IXUISS: , X JiReAy
IR ) A B e A SN £ /AN S S ERE SR 1 s 2obp A 1
i IR ZR B, T2DM A BEJR 4372 fH imiE A= &k
55 |21, CLFETAAE A A i AR AR

NI iE A — A R Z 100 TT42AM
I RS AR EETE S . BT S e R A5G
R, Z5EFE . Ge A QPRI U8 AR SC i b RO
R R IS B BT IR VE S IR AREANR], AL 4% R
FIZAEERIR, LASASR 02K A E AR
AR, FEITIZKAE L, T2DM B = EE R | T AT B
ITAY = B S 0, AT R ) 0 T BE A BRI
1E )& /K I, Bifidobacterium J& T2DM W57 W & &
DWW 358, Faecalibacterium . Akkermansia. Rose-
buria X Prevotella W HZiE 5 T2DM iy k4 Kk
B FAHSE, T Ruminococcus . Fusobacterium . Blautia
SENTENR PRI B b R RO, AN, A A
A T Yl B R S A 1 SR SR i S A, AT
B RAB TR SAE™

PUHEVER A Sy S —Flopr ARG 2T 4k, W E N
JEDI I IE A YRR, G R E A, JF A
A, s A STIE RO AR NS MR v
TERPO ARYESRIFE BTN LB YA [, BerEiEs T
S o ERAL R TE A (RS1) o AR £k 1% KSR T A5 UL
(RS2) | MIA=FEHRF(RS3) | fLor 2l MEFERT (RS4) M 3E
r-NR A G (RS5) kM Hirp, RSS i iR )i
38 b B A AR EAE T W G B B BT M e I B
A, VR PAIEE BR RR U (1 45 F R S U 114 B A
£ A FR, 5 RS2 Ml RS3 AHLL, RSS 7EHIBL T FRIY
FEAE DT A RN, AR, FETIEN -2 W S
FIPTIETE AN R T RSS5. TEM-ZEE ST
FH 35 A . BiKAH BAE R AR B A BAE R
8, Z2 W AT FR A B EGER g K BRI 2 i N TE L v
HIGLEY), 5% 5088y B B IE T A R AR
TEMY-Z W E G itk 455 &850, 28 bfa e
19 G FBUETE S 09 15 8 25 2B PR A OGS

Liu S5 W5 RN, 5 AR EOKRTER AR b, TOKTE
Br -l R IR & S 3L Pi e R U T Bacteroides .
Bifidobacterium . Lachnospiraceae_ UCG-001 %54 25
B BY 38 FE Az 55 4% B8 T B2 (short chain fatty acids,
SCFAs) A . ROKGERT-1ETT 2RI S W AP TEvE
YAl DAV ZE SCFAs f77 AR B2, DT (il HAE DL o4t
s oy RAEVERIN . A, 5/NEETERAR L, BT
IINFEVE MY SR L R 22 19 52 5 W BT MR GE R 1
T SCFAs YU E, ¥ 5l & LA IR, FHfe gk T
Prevotella 55 25 AR, I R] WL, JEMy-Z2 10
G FB T TER BA T Rt A e, SR A 2 H
e G5 1 Wi W 8 TRREAR) FH 0 [R] s, 2Bl o 193 2540
JBT, 3X LA B U T R T i B A E A A I e
A A I AL, FETT A AP AR AR T

25 (Vigna radiata L.) J2=ZR B WHB X )™ V2 FHAE
M SEZAVENT, 23t B R ) Z2 1y AR X Ay, (L
WAEI TR b e E 5. I BAAT DTS S5 R R B,
£ 5 7 Z % (Mung bean hull polyphenols, MBPs) 5
/INAZ BEHF (Wheat starch, WS) & & 1] 145 H (b Pt
PEUS, AH B T2 S W BT GE R 1 g0 8 W A R
R R A ARARAT e BE—2DARTE . AWFFER R
RSN R AR AIDPAL T HUPEGE R SR PRI 85 B L
W Z [AIRIAHEAE T, JFERIY T R e R hpe e sy
THOMLEE AL | SR RRAT P G H S 2 b a5 A i) A8 AR AR
AT R BTHEGE R B A AR T 22 fbi bR
L ST DN (S /S A WY.-a S EALE I Nie RS Vi N e S
T PR AR
1 MR5REE
L1 MRISER

sl VLIRA RN R E B L DA E Y W 5T BT 4
s INAZTERY | IR o-BERITEF(O U/mg) | o~ 2 M 1T
il (28 U/mg) . 3,5- ALK MZ (3,5-dinitrosalicylic
acid, DNS) | J5HEL | Sk z | 423K K1, L-2f
PeadBRERIREL . BRIy . AR, 71 L
W A=A BRSNS F 5 SN B S A BiER —
PR TRIREE . SIS . BRIR SN HhiiR 80 VAERAT L
TR AR A LR IR IE T R . 5+
TR G Sigma 23 Fls PR TAEL, R85
HAs =320 A); R IEW DNA $#2BOA5R & 8=
Qiagen 23 H]; ISR 4B st



- 156 - £ Tl B4

2026 4 2 A

FE28 pH 1Y MRt 2R (P ED A
BRZSE]; SWT-100 fEIR/K G FEIR - ALK BRI S
FRZ\ W] ZEISS EVO-LS10 9 i i ik fEE g%
]\ Fl; Nicolet 1s50 £T4MGIFAN 38 EFERR KR
Bl 2\ 7l ; Bruker AXS D2 PHASER X $£R 477 51X

FEEAT S 50 F s IMI-78A 287K I
WFHEEREN EF R A IRA T C-31 IRESEFEE H
AR ZZEON T LS 6890 N “UAHA RGN 25 [ 244
WM A Rl LGJ-18D BE25 ¥ % T 0L b
PO R S LA BR 4 Hl 3 —80 °CTDE 8 1IK #& vk 4% .
Medifuge {IRIE SRS OAL IR MNBEBR CIHRIGES S
PR/ H]; LRH-70F fE#RIEFRAE i ER22AES
HRRAF]

1.2 KWHE
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T FE S 30 Y, WS-MBPs-R 2H & 1% W& 7F 4% B [a] 25
i pH % Blank. WS-R Fil WS-R/MBPSs 2 & 75 [
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Fig.1 Changes in pH during in vitro fermentation
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MBPs-R 0= S B K 4 h BHYGHE BT, 5364
PREFRRGE, RIS =R UrETE R BE B IR 8 5
ETAE A ORI . e, WS-MBPs-R 2H1477S,
e, TEABESGE R L 8.6 mL, 5 pH I E4h R —
., 5 WS-RZHHH L, WS-R/MBPs 48 14 77 < &
1%, FREHUFEES Z2 Wy A T SR Az
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Fig.2 Changes in gas production during in vitro fermentation
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Fig.3 Changes in reduced sugar content during in vitro
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[l RSP b s = et ol A W = N 5 S R I A Y7
1% 4 h if, WS-R, WS-R/MBPs &2 WS-MBPs-R £ 11}
WM S B4y WA 1.4240.02. 1.67+0.04 F1 1.33+
0.03 mg/mL, X J& K RHPitE e BT Sl e PR I B
H A YR E T SRR, r AR R B i
JE Y A AR SR, B 2 PR RSt a] B —AE 10,
J T AU A B DR BB, I VM AR RN FH 3K 638 JhE
SR & P, SR e TR R AR
PRI AE PR AR 2l S SR IR AN 2 WE &
P Hp gl U 3128290, (EASE A, 7EATH 12 h
J&, WS-MBPs-R ZH i JFpH & & 255 T WS-R il
WS-R/MBPs 21 (P<0.05), Z= 54 & 7T Il A i
JEOBE, 3 U8 BH 7 1EOWE DS R A 1 1 B RE T HEXT WS-
MBPs-R A = AR R,
2.2 SCFAs ZEnHh

SCFAs JEPUIETER 718 & B A =4y, =2
WFG 1% RN T 1R . Aok ik = Uk 48 2R 81,
SCFAs W] GEIH il it 19 % 2R 43 . 4 i R 5 ZR AUk
PE . B A IE R A | BN R TEEE . D IR T RS
FI4&RESEHLHIZE T2DM By & A= & J v & P4 51 B4
FHPO, 3R 1 BoR T RSN & izl it AN [RIBsta] 2 = A
HIZBR . IR . T IR KBRS . BRm S, =Rl
PETER RIEEMEIE T SCFAs 19774, SIRMe A R
Pt ok A2 P AN TS D, JE R WS-MBPs-R 2, HD G
BR U FEAE & 1% 24 h J5 A% 246.51+£3.01 mmol/L, kb
Blank ZH (62.29+1.56 mmol/L) & 2.96 1%, Liu Z&0'4
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Table 1 Contents of produced short-chain fatty acids (SCFAs) during in vitro fermentation (mmol/L)
A 1E] (h)
SCFAs 215
4 8 12 24

Blank 34.19+0.97¢ 41.60+2.55° 43.73+1.04¢ 46.09+0.90¢
" WS-R 112.44+1.02¢ 142.60+3.67° 154.23+1.66° 167.95+2.30°
em WS-R/MBPs 115.60+1.04° 140.96+1.02° 140.48+3.99° 164.58+0.55¢
WS-MBPs-R 156.61+2.51* 179.55+1.31° 183.73+1.71° 192.55+1.12°

Blank 4.34+0.08° 5.11+0.13¢ 5.28+0.06¢ 6.90+0.08°

" WS-R 8.01+0.10° 10.89+0.07° 10.81+0.08° 11.07+0.02°
e WS-R/MBPs 8.27+0.05" 10.26+0.13° 11.07+0.17° 11.40+0.11°
WS-MBPs-R 10.49+0.31° 12.69+0.07 13.03+0.10° 14.40+0.05°

Blank 7.88+0.18° 8.57+0.43¢ 9.08+0.36¢ 9.30+0.11¢

" WS-R 22.4420.60° 22.85+0.31° 23.75+0.18° 27.15+0.42°
T WS-R/MBPs 22.64+0.35 24.27+0.13 24.90+0.62° 25.47+0.31°
WS-MBPs-R 33.57+£0.31° 37.81+0.72° 38.16+0.11° 39.56+0.55°

Blank 46.41+0.32¢ 55.28+0.55° 58.10+0.64° 62.29+1.56°
i WS-R 142.90+2.31¢ 176.34+1.00° 188.79+3.12° 206.17+1.87°
WS-R/MBPs 146.51+1.24° 175.49+2.06° 176.44+2.01° 201.44+1.88°
WS-MBPs-R 200.67+2.22° 230.04+4.12° 234.91+3.22° 246.51£3.01°

s AN TR ) — I Ta) 2% 21 22 8] BT 251 22 57 (P<0.05) .

WHE TR R, SEmyrrEre s IR & YAH
Lo, FOKTER: - B BRIR 2 5 M) BT METE MV E R A=)
RIE I B S SCFAs PEfE, Blank., WS-R.,
WS-R/MBPs X WS-MBPs-R 4 & I8 % & 2 R #
BERpLE I F, KEE 24 hJ5, 5351k #] 46.09+0.90.
167.95+2.30, 164.58+0.55 Fl 192.55+1.12 mmol/L.
P die i, 2 WA )T 2035 I 8 Bt B DR, FEARRS
5S35 P, #1044 g A ERE BT LR BY, WS-R.,
WS-R/MBPs K. WS-MBPs-R 9 % A 7 T N R |4
e, 1R R BESEIR A8 Blank ZH3 BN T 60.43%.
65.22% & 108.70%. PRFRHEABGIINE S B, 4
£ p AHMuThAE . N8 HR RAESAE AP, TR
Ve NS E) 1Z 1 SCFA, AT LB e #EREE I FE M
LR T e SR £ 5 i 5 Z AU, i nl LA
WOE TR A LIS AR s . ILAh, (RS R
ARG, 855 iz ot o S 2P IR 5 S e St 2 T R ek
3 T2DM MIHLHICO, = Fhhotvet i R et 7
TR~ 4z, H WS-MBPs-R 2H & v T e M B 7E
A RBP4 TIHALPILE . L% 24 h
B, =Rt IE Ry & R P TR & R HET D WS-
MBPs-R 2 (39.56+0.55 mmol/L)>WS-R £ (27.15+
0.42 mmol/L)>WS-R/MBPs £H(25.47+0.31 mmol/L ),
FIRGER LI, FH WS-MBPs-R 15 AR #HAT A
BB = B £ SCFAs, oA Uik

2.3 IMEEM A B ER R A B AER A AR
23.1 oM pEREVESTHT ARG =R TE By X
1 DR Ios N 7 18 i A e 2H BT = B A S i), E R
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1 WS-MBPs-R 2 11 _E iR FebnE I 2R, AT 6E

S TS SSOR BT Ry M A ™ ) R e
I AEREIARRS = BERG TS, FE AR P d il B0 T
RIS g ZREE S Al T AN [RIAE A 2 8]
M 2E5 . AN 4E s, 7E5E T OTU /K19 4k
43431 (Principal Components Analysis, PCA) H1, $&
B~ EZON S B TT 2209 95.60%(PC1: 81.29%
1 PC2: 14.31%) o PUZHAE S AR L 7325, W] WS-
R. WS-R/MBPs Fl1 WS-MBPs-R & ¥4 it 25 5210 T
W B E I RI L, B T IER S5 A 28 S AR AR, —
FIPTPETE A X R TRHERORA I X ] . EARPRST
#r(Principal Coordinates Analysis, PCoA )53 (El 4F)
WS T RMIYAE R .
2.3.2 JBIEREBESSH ST TR TKOF b, Fra ety
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12 ¥F B ] ( Fusobacteriota, 0%~9%) Az it 7 B8 1]
( Desulfobacterota, 0%~1%) %540 5% (& 5A) . a4k
I8, AUUFF BT A R A v iy = B2 B vy, TR B )
1E T2DM 83 H il LL i BB 28 WS-R, WS-
R/MBPs il WS-MBPs-R KI5, SUFFET T A9 AT
FEM 31.42% S35IBEIIE] 42.55% . 42.43% Fi1 42.68%,
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WS-R<Blank, ¥ WS-MBPs-R #5745 Bl T 2504 R
I BB M TR R RS o

TEJ&E /K |, Prevotella 9. Escherichia_Shige-
lla. Bacteroides . Collinsella . Megamonas . Bifidobac-

terium. Alistipes. Megasphaera. [Ruminococcus]
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Fig.5 Relative abundance of gut microbiota at phylum (A) and genus (B) level
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Fig.6. SEM images of 3 kinds of resistant starches before
and after fermentation
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Fig.7 FT-IR (A) and XRD (B) spectra of WS-MBPs-R
at different fermentation times
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Table 2 R,45/,2, Value and total crystallinity of WS-MBPs-R at different fermentation times

iH 0Oh 4h 8h 12h 24 h
R 04571022 0.520+0.028¢ 0.6960.073° 0.748+0.011% 0.829+0.032° 1.037+0.086"
RS (%) 5.39+0.03¢ 8.57+0.13° 7.49+0.04¢ 9.260.06° 9.6240.02°

T R TS RING FRERR AR S AEAS () A e ) AT 225 57 (P<0.05) .
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