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Abstract: Objective: To compare the structural characteristics and antitumor activities of pectin (PC) and its degradation
products, and to analyze their structure-activity relationships. Methods: Pectin was degraded using pectate lyase, rhamno-
galacturonase, and hydrogen peroxide. The structures of pectin and its degradation products were characterized by UV-vis-
ible spectroscopy, Fourier transform infrared spectroscopy (FTIR), and high-performance liquid chromatography (HPLC).
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Their in vitro antitumor activities were evaluated using MTT assay, live/dead cell staining, flow cytometry, wound-healing,
and cellular uptake experiments. The relationship between structural parameters and biological activity was analyzed by
partial least squares (PLS) regression. Results: Three degradation products were obtained rhamnogalacturonase product
(RE), pectate lyase product (PL), and hydrogen peroxide product (HPX). Compared with native pectin, all three shared
the basic pectic structure but exhibited distinct molecular weight distributions, ranked as PC (530.49 kDa)>RE
(381.65 kDa)>HPX (27.14 kDa)>PL (main peak 3.80 kDa). The particle size followed the order: PC (651.48 nm)>RE
(612.44 nm)>PL (225.18 nm)>HPX (159.04 nm). Monosaccharide composition analysis revealed that pectin and its degra-
dation products mainly consisted of galacturonic acid (GalA) and galactose (Gal), but with markedly different molar ratios.
Comparative analysis of their antitumor activities showed that PL and HPX exhibited significantly stronger inhibitory
effects on tumor cell proliferation than PC, while displaying negligible cytotoxicity toward normal cells. Both PL and HPX
induced apoptosis and cell death more effectively and suppressed tumor cell migration. Cellular uptake experiments demon-
strated that the degradation products exerted a synergistic effect when combined with doxorubicin (DOX), outperforming
DOX alone or in combination with native pectin. PLS analysis indicated that GalA content, molecular weight, and particle
size were highly correlated with antitumor activity. Conclusion: PL and HPX exhibited superior antitumor activity com-
pared with native pectin. Their key structural features lower molecular weight, smaller particle size, and higher GalA con-

tent jointly contributed to the remarkable enhancement in bioactivity.
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AiE, IR E R ARTE D RERDEH R AR AR YE o
1 HRSEE
1.1 MRS5S

B (Galacturonic acid>74.0%) SIGMA 4N#E];

SRS (=600 U/mL) . FRASFEH (=40 kU/g)

B mD) AR I R A R F s o AL S
W L-PUIRINLER . — BRI EE va A bR A
1y 4 BRZS F]; DMEM 35 3% 3 . RPMI1640 35 5% 35 |
PBS BFRELZZ vk . MGA- IS 35 Gibeo 2] ; ME
g5 (Al =98%) MP A= HBE YT 4\ H] ;3 Calcein/PI
G PR AR B ARG I TR 6 L 4% 22 5% I [
W R AR ARG A DAPT Ykt 58
[E Thermofisher /> F]; #hifiR LR L E  _LIEHIT
A AL BB 5 A BR 2N 7l s Huh-7 AR 40l . A549
N iiEs 4t . MCF-7 AZLIRE 4. LO2 N IEH I
A HK2 N th/ Mg F iz gnme Rk
3 FRI I ML AR SR s o

Infinite M1000Pro B HR1Y % Tecan 2\ &l ;

(H L M AR AT AMETEIY. SE[E PerkinElmer 22 H]; U-
2910 54T WA EEETT  HASH AL F]; 1260 5
AR5/ . Novo Quanteon 77 2G40 ML 43 A%
J[E Agilent 22 F]; WCI-180 CO, W74 Jbat4iidd
ARA BRAH]; IC-10004 MUY HigEE A
Bl BR 2 7] Nanobrook 90Plus PALS A% B {37 M
AL & EATE vl SO E] 4 F BB E DO WAy
P& g HAS Nikon 2NH]
1.2 LWHE
1.2.1 REREfE = iles SraIFRE 1.00 g SLmBe
FEWIHEIEIR P, A 150 mL ZiR- 2. 1R 4N 2% vh
W, P, B 1 mL SRR SR AN B W I A SN,
RZR, B 50 °C . #5533 180 r/min MTEIRFE IR
K 16 ho SRIGHCETE 100 °C /K458 10 min 2% 11
SN, B ER 5 08, YR, A MWCO 3000 Da
MBHTASSENT 48 h, PR T 9L 4 it =4 (PL )
FEZAE I (RE) . 7% Al-Wraikat 52" (¥ )7
5, FREX 1.00 g SR ZEHETR A, A 100 mL A8 4l
IK, SR RRESIIERE, A 6% AL EEM 1.25 mL
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5 L-yiIR Mg 0.88 g(FE/RLL 1: 1) W 2 h, 2R)5
JH 80% v/v ZEEEST 24 h, 5000 r/min &.0> 15 min
JEBUTVESR T, [FIRBENT 48 h, R T1Sd AL E= Y
(HPX) . FRESSTHEEATHRE, 155 W(%) A RN:

W(%):%XIOO #® (D

i my Sy REME 7B 0T, mg; my, Sy AR5
H, mgo
1.2.2 SRR K LRt = P o R S5 R A
1.2.2.1 2AGIER I B SR AR S BC H L
1 mg/mL BYFIE, DA 200~600 nm T 455 AT
WA TR
1.2.2.2 £IAMGIERMIRE  AEFAFREL 1 mg SRR
i, B2 T H AR LT A NSRS AT A B i AR e T
¥ R e A TR, BEEGEFICA 4000~500 cm' .
1.2.2.3 SrFmmIE RSSO AFHEE RS (g k
M 25y T80, BREL 3755, 1190, 820, 500, 220,
95. 60. 35, 4. 1 kDa B H] RAESTF = XTHE S 4 mg,
JH pH6.8 UESIRER 2 pP IR BC K 1 mg/mL PUEEW, &
0.22 pm /K FRIEMELUE . HEFIFREL 4 mg SEBAE AL
H 1 mg/mL W, R o s 5510 i sh
AR EL 2% i (pH6.8) 5 RID KM #5)E 35 °C;
£5,45% 4% 5 TSKgel GMPWXL (7.8 mm 1.D.x30 cm,
13 um), 576 25 °C; {3 0.4 mL/min, #FFEE 10 pL,
1.2.2.4 HUBEHBMINE  SEER/K SR PMP
FERTAT A AL 1 2 2R 2 AU, K 10 mg SRR
T 5 mL 2 mol/L i =3l LR, TER AP 45
7R 115 °C /Kt 6 ho BRZE =H O BR, fli/KE W%,
AN 200 puL 0.3 mol/L NaOH &, H-HIIA 200 uL
0.5 mol/L PMP I EE#E UL, 70 °C JZ ¥ 100 min J5 Il
A 200 pL 0.3 mol/L HCl & 1k )W o A =& e
FEUL 4 Y, BUK)Z 3 0.22 um /K R ERE, EALAGI
(O3 5544 RBIAH N 83% 25 17% pH6.85 Wil
FhZ R SR FATC e DAD /il #0 Agilent 1260 /&5
RO AHAL 53 BT, R I P 4 SR 254 nm; 235 AR Sl
Waters SunFire C;g (3.0 mmx=250 mm, 5 pm),
#& 30 °C; Wi 1.0 mL/min, #EFER 10 pl.
1.2.2.5 CRIARFIHALMIE B HRBRE S R 4lizK
PEFAREC AL 2 mg/mL ¥R, i 0.8 um 7K R ERE,
i1 Zeta FEALRIARSIATAGIN a2 HORLAR FIHLAT
1.2.3  HihEE s
1.2.3.1 ZHMel53% B Huh-7. MCF-7 4403 37 T
& 10% G4 MLIE Y DMEM i3s3k b, A549 4Hjifls
FET & 10% G4 175 1 RPMI-1640 35325 dh, B
F 5%CO, 14 37 °C tEiRANIRE F=4E R .
1.2.3.2 HUMEEMESss A KR =it NIE
A LO2 B R BT gl /N R 4 i HK2
PyZeatE . B BRI LO2 4 iFn HK2 41
SyHILL 5x10° A/FLIEFT 96 FLARK, MEE 24 h, 54l

MRS, e s FL N BEFREL, M ALY BN 100 pl
ANEIHREERLEE (400, 200, 100, 50, 25 pug/mL) FYRES
B, B E 48 h JFREEHIIA 20 uL /9 MTT & #, %)
RBEZHINA 100 pL B53R3E, 25 (U4 NP A . 4k
ZEWFE 4 h JF ST FLAR NS W, FRFLINA 150 pL i
DMSO, #&¥% 10 min, € #5-FLFE 490 nm JE K ALY
WHCRE . AR R V(%) TR AR

A -A,

A, —A,

Ko Ay s A OREEF AR WOGEE; A R
PR s A, R X R (1% 5 LR e bt i ) %
ST
1.2.3.3 4UMEGA S5 SR MTT i SLme A H
e AL = Ik A W) 9 20 RS B A a4 FH O, B4k
A= K WY Huh-7 410 . A549 4i)ifl . MCF-7 41, i1
UG5 LL 5%10° 4~/4L, #:FL 100 pL B2F0F 96 FL
MR, BEE 24 h, FRATMEN RS S, W FEFLN B FRIE, M)
LA B 100 pL AS[EIH RS (400, 200, 100,
50. 25 pg/mL) RS, XTRRZHINA 100 pL B335
I, A A ARNEEFP AL . WEE 48 h JaE N A
20 uL A9 MTT W, ShEEEE 4 h J5 W SEFLAR N
W, AL 150 uL B9 DMSO, ¥E7% 10 min, Il E 4%
FLAE 490 nm PERAN OGRS . AIEHDHIE R(%) )
AN
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1.2.3.4 WRPRAMMOgLasSiEs BRI Huh-7
AUMLLA 2x10* A~/FLEEFRP T 24 FLAR, R A BE s 45
2, GRS EE I 48 h 5 FEFLINFE IR, ] Calcein/PI
2R s P S A B AR AT S et 1 h SR
DG AN T A RS
1.2.3.5 4HEET-505 B U K MY Huh-7 44
BIL 2x10° A/FLEERR T 6 FLAR, Frdu Mol e s 4524,
2524 48 h JE TN AL B WAE 4 i, F PBS Veisc4n ey
R, 3 V&, FH 500 uL A9 1xBinding Buffer ZZ ik &
AU iE, A S uL B9 annexin-V FITC F1 10 pL Y
PI, ZE{REEIFE 5 min J5_EAUG
1.2.3.6 ZifsRIEscss  WOAECAE KA Huh-7 41
Moy 2524, T 24 h J5, K 4niaiErs & R G4
iy 24 FLAR P, AFL 100 pL, %R 6x10* 4A~/4L, 15
= 6 h J5 3% Lig Fd 4, Bl 800 pL Brasdkks
FE, S BIAE AR I % 0. 24 h 4l ie A K1
o (8 Image J BAFS53HT 0. 24 h I RPYR AL, JF
HRERPRAG . VYRS S(%) A A R:
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1.2.3.7 4B B EAE K B9 Huh-7 40
MILL 5x10* A~/FLIERP T 24 FLIR, 5405 Jr4H
Y525, 53R ZS X REZH(NC) | FIEEZE4H(DOX) | 1
e S [EEfA = FH DOX 21, AR 400 pg/mL,
DOX M EE N 200 pg/mL, 2525 i 1 h )5, 2
3, FH PBS W BE 3 IR, I 4% Z= 3R i [E 2
30 min, [ESSHEFF A2 R FEE, PBS %6 3 ¥, N
A DAPI &7, 20 min, F-FH PBS W ¥E 3 K, 2k )5 H
o T G5 R (S Twe
1.2.4 ML FRSTHT R simeald. 1 F]R4F53Hr 51
& B [ S r - i 25 ) S P IR TS PR R RO &R -
1.3 HIELIE

S EE DO EA R EZIE RN . SR
Origin2024 F1 Graphpad Prism10.1.2 {4224 & 3%,
FIFH SPSS27.0 G TR S I AL, DL P<0.05
FTREFDE .
2 HERESH
2.1 REREEEIISER

FR 1 iz, RE P28 38080 5, ik 92.4%, 3=
BRIz A <3 kDa I/INF e /b; PL F=45
SIS, AHE 30% ZEAT, $Eon LR = A= it/ Ny
Wiz ; 43 H0>3 kDa 7715938 RE>HPX>PL,

R R SRR R RE X T B AR

Table 1 Relative molecular weights and yields of pectin
and its degradation products
Femam Bgs  REIE (min) 4 F(kDa)  15%(%)
PC 1 15.119 530.49+1.7°
RE 1 15.386 381.65+0.8° 92.4+1.09
1 15.271 241.56+1.2°
PL 2 19.008 3.80+0.9¢ 30.243.74
HPX 1 17.460 27.14+2.4¢ 56.9+2.01

T [ — AR PR 3oR 22 57 135 (P<0.05), #2~K3 ).

2.2 GESIBMRIERE

2.2.1 2RANERESHT  E 1A s, BETE 260~
280 nm AbAG BRI, PL F1 HPX y™ 47t 2 3 AR
{LUSEAE, 22 BH &0 & H sk R 25 0T, RE =974
I B TCWRORC UG AN BB 2 i 53 B, PL 7= 0HE
235 nm A YRR G, PR HGm I p-TH R RN A%,
DS 0 o-1,4 WEHEE, 220 &8 AN IR
P/ [

222 LIANEESHT  UnE 1B s, S A =
7R I F B SR (g 2 R AT A IR SRR AE Y, LA
M5, £ 3660~2990 cm ' 4k | 43 T (A % 43 T N &
i S BT T ST AN 2940 em ! AbA Sk [ P 3
P LK) C-H 45 3R 3165 1740 ecm ™' #1610 cm™!
A4y R BAR C=0 Mfh4aiRahlg, B il ek B b
TR B A B ik, T 35 i RESKE PRI PR UF B PR 5t iy
C=0; 1480~1180 cm™" Ab>k 5 HIFL | WV H FLAE LA
1100 cm™' F1 1015 cm™' PiALAG A {8 AT R ARNF 04
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P (nm)

! \2040 SN /4 Y
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Fig.1 Ultraviolet spectra (A) and infrared spectra (B) of pectin
and its degradation products

HEAh, 7E 890 cm™ Fl1 840 cm™' PHAL /Y54 G2 Bl ¢
A HRAETE S-S -t ERPY . S5 IRERIT, Lead AW
7 RS, R BS540 5 B RE AT LR B,
VEH B B AR P BRI Y FEAS G5 R A8 1
223 SrTEIE WK 2A BN, SRR
A RT=15.119min L i

1 PC

RT=15.386 min ~%
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RT=19.008 min - 2
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Fig.2 Molecular weight distribution (A) and monosaccharide
composition (B) of pectin and its degradation products
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Table 2 Molar percentage composition of monosaccharides in pectin and its degradation products (%)
FESHZ R Man Rha GalA Gle Gal Ara
PC 0.32+0.08¢ 5.85+0.25" 39.62+1.6° 14.60+0.83° 35.48+0.16" 4.13£0.09*
RE 9.24+0.10° 2.76+0.18° 30.94+1.8¢ 13.3120.64" 40.13+0.08° 3.61£0.11°
PL 1.08+0.04° 4.44+0.27° 42.63+1.2° 11.90+0.71° 36.64+0.19° 3.31+0.14°
HPX 0.12+0.01° 2.09+0.39¢ 50.03+1.1° 10.29+0.55¢ 34.91+0.11° 2.56+0.10°

TEAE T 530.49 kDa, AN [RIRESF 7 1238 AT REARIR BE
M5t (HRERER AN R], Horp RE =4 24 rh
T 381.65 kDa; PL F=4) =245 H F 241.56 kDa Fl
3.80 kDa; HPX 77# FZAE 1 T 27.14 kDa. {RBEET
[H]7E 20.808 min J&5 MY TG, BRSSPI AA—XF
PRIIOTEIE, ST 453A0) 12 o PL SEIEXT R I AEXT
SyFEA 3.80 kDa, WG i, FEHA R L 2l RS
WEFARRR N5 TH . HPX 7ERrA S A—fn
TG Ty ik, S o AT B2, BRiFR ! RN R g
P, SrFEAMN SEREARAS, AT RESR B D SO 3 R AE
HTRIZUE, 437 EREWr R, ZEHiE a1
E DS UM% me S = NNV TR O N, Y0 31 R RS 0 5 a e i e o E B = A
A —E MEREE, AL i = iz B P i
Ko RE G314 TR, H5r 58k B 5819
53 AT o AT R =Py TR R BRI T AR
B4 435k, Horp PL PR RRARRR BE e s, HLUO®: HPX
I, RE J5ik.
2.2.4 FRBEARSIAT B S EONEARIES, PR B B
E] PO 53 1T R e B o i r= ) AR 4L . 4RIl 2B il
2R 2 N, SR RS A H EE (Man) . BRZSEE
(Rha) | FUPHEEAR (GalA) | FIZ5HE (Gle) . FL b
(Gal) . FTHLAEHE (Ara) 55 B8 45, (H I & LU
[F], iX 5 Ma &8P (G OFFE 45 AL AR — 3. R LA
GalA Fll Gal i =, 56 HLRUIR I 1Y Z 854544 ; RE 7~
Y GlaA Lt Gal &A%, 32 RE & &% RG-I X3,
TR LU s PL 40 Aol L) DR s AR Rz i,
o i Ve PR PERRAR, ] RELR B B2 sl i 4544 s HPX 7™
Y1 GalA 5 bbdiw s, {H PR EL )R B, U BH O AUfR
AnTREE T [ 3R N AR R SRR IR, fLsEE Mk
AR PR A SR PR 2 A R ZH R
2.2.5 BARFAEEALSIHT  UNER 3 FNE 3 s, SR
R RSt = I REAR 53 AT YE B A 157~659 nm, &A™
PR AR INT RS AT TR T FA A S Tl SR
AN RE. PL P2 BT 4 X HER T 30 mV, PaAHH:
IKIEFBARARNR RIFRAE o
T3 IRME R BRAR FT AL
Table 3  Average particle size and potential of pectin
and its degradation products

R 2R PR (nm) LA (mV)
PC 651.48+7.64° —43.80+0.99°
RE 612.44+4.69° —54.4140.58"
PL 225.18+0.49° —35.65+1.95°

HPX 159.04+1.28¢ —26.17+0.48¢

SRIE (%)

0 500 1000 1500 2000
HiAE (nm)
P 3 SR SR AR 20 A1 P
Fig.3 Particle size distribution diagram of pectin
and its degradation products

2.3 IAESEMEITY

2.3.1 4UMEFETETEY  AnE 4 s, SRR R LR
YFHUE, LO2 4ififsFll HK2 4AiI7E 0~400 pg/mL K
R BE YL BB Y FOAF G R EIHE 80% LA L, FRBAYEIZ &A1
TNARZRBLH I A BT EVE T
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Fig.4 Effects of different concentrations of pectin and its

=]

degradation products on the survival rates of LO2 and HK2 cells
TE: 5 0 pg/mL AAH L, A [R)/ING FRE R AR R 2 5 AN TR]
WP 225+ 0. (P<0.05)
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2.3.2 AAMIIEPETEMY WE S A, 7E 25~400 pg/
mL [T Y R PN, SRS B LR fie = g %ok — s
2 8 FE B A R RR B i P i A . EL SR MR AR
Mo SEBEBA L, PL 1 HPX FE45 3 R
T SR AP O . =i, PL A R 4R
15%~20%; PL F1 HPX Xf A549 2 Jifg 4% 41 1] %5 5 AH
T, AMHRIE T 16%; HPX F=4 %+ Huh-7 44 )i
2SR e Ay i 2, AR B E IR T2 26%~
31%; 1M RE X = Flvis 40 i 329 o 2 B0 B 5 90 il 4
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Fig.5 Inhibitory effects of pectin and its degradation products
on the proliferation of Huh-7 cells (A), A549 cells (B),
and MCF-7 (C) cells
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Table 4 Fuzzy function values of tumor-attacking activity
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Fig.6 Pectin and its degradation products on Huh-7 live/dead
cell staining images
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Fig.7 Effects of pectin and its degradation products on apoptosis of Huh-7 cells
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