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W E: [86] 23R8 2 I0H (Sphingomonas echinoides) 1K04342 A A3t %, #RI. 4 B4
A H A 91 % #E (extracellular polysaccharide, EPS), FFR 70 4h4b /& 49 % 45 %t i BR (oleic acid, OA) A
9% 20 Bl (HepG2) 48 Jg Xt T 2L a9 B EAE A A . [ 05) @ BRAR & oh & & B Af 18] fedd J Bt 9]
3B & #4702 @RI X I, A R AR B B R 3R IR S. echinoides 1K04342 9N % 6 AE T 2
St RIS 694 EPS B AT L& @ 4 3, [ )5 i@ i DEAE- % A5 #2 %t Ik FF (DEAE-Sepharose
Fast Flow)/ & FAH 2 &, HF5X o B 41/5 49 EPS 3t HepG2 ta lR3g7aE . H A BHE. o-F)
E) M 3 B Ae MR G oy B A | R 69 Fom, Ik ik b AR R 82 OA 55 M8 B & 4K 41-HepG2 (insulin resistance-
HepG2, IR-HepG2) 4m L4 A5 Kt 8L AR E 20 o, FFxd AT iF A o AT AL AT An it — F /& M
5. (4R EPS BRI T L A: L5 HhF 5939 W; A& 581 42.08 s, 3EFR019 9.24 h,
T T EPS WS RIRE A 213 g/L. HRABEFZRRE S, BRBRAZGAZEARE S E OW,
AT 42s, 3EARETE] 9.2 h, R T UATIRIEAFE) EPS 094 IRE 4 2.10 g/, 5 BRI
FTQRIZGL)VEF AR FE, %t &5 545 3| F44% IR-HepG2 20 4B s Rt 5249 2405 2 EPS-2.
Bl A, xt EPS-2 #4785 A7, EPS-2 89 &AES 2 H 743%, SHBARLIELEFEE. ASHE. &7
FAaAE. F LB, F HAERHEE. EPS-2 ME T OA #5349 IR-HepG2 4m e 45 Ig AR Z 4L .
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EPS-2 484 1% 4% OA %t HepG2 4m fi& /) P = A& 64 i @ 4F I . EPS-2 +T #t i iT % 7% IR-HepG2 ¥
IRS-1/PI3K/AKT 1z 5 i@ %%, L F % GSK3B ﬁn FoxOl %& @& & ik, T il PEPCK #» G6Pase mRNA
Fo kG kik, #mEBAENRS T, EPS-2 7T 488 1L 7% IR-HepG2 ¥ AMPK/ACCI1/SREBP-1C 13

i B4 &K H b = B (triacylglycerol, TG). & 2 B ﬁa— (total cholesterol, TC)#=1& % /& i§ & @ (low-density
lipoprotein, LDL)7K-F, 4% 2 & % /&5 & & (high-density lipoprotein, HDL)7K-F, #t 4 fi# OA %%
) & }%4&1% ’éL [4 ] S. echinoides 1K04342 J& 4t % 4% EPS-2 f£ IR-HepG2 4m &b ¥ #e A 2K 2 &
e P A

KB HEBFLICE; RIS HE, R, &k EERHEFTIL, HepG2 @i

Effects of extracellular polysaccharides from Sphingomonas
echinoides on oleic acid-induced glucose and lipid metabolism
disorders in IR-HepG2 cells
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Abstract: [Objective] To extract and purify extracellular polysaccharides (EPS) from
Sphingomonas echinoides 1K04342 and investigate the ameliorating effects and mechanisms of the
purified EPS on glucose and lipid metabolism disorders induced by oleic acid (OA) in human
hepatoma cells (HepG2). [Methods] A response surface methodology was employed to optimize
the ultrasound power, ultrasound time, and incubation time for maximizing the EPS yield of
S. echinoides 1K04342 from ultrasound-assisted extraction. The crude EPS underwent
deproteinization and was further purified through a DEAE-Sepharose Fast Flow anion exchange
column. The effects of the purified EPS on the proliferation, glucose uptake, and o -glucosidase
inhibition and pancreatic lipase inhibition rates in HepG2 cells were evaluated. The most effective
EPS component for mitigating OA-induced glucose and lipid metabolism disorders in IR-HepG2
cells was selected for in-depth physicochemical and bioactivity analyses. [Results] The optimal
EPS extraction parameters were as follows: ultrasound power at 59.39 W, extraction for 42.08 s,
and incubation for 9.24 h, under which the estimated yield of EPS reached 2.13 g/L. Under the
adjusted parameters (60 W, 42 s, and 9.2 h), the EPS yield was 2.10 g/L, which was statistically
consistent with the theoretical value (2.13 g/L). The optimal component for ameliorating glucose
and lipid metabolism disorders in IR-HepG2 cells was EPS-2, which showed the total sugar content
of 74.3%, with a monosaccharide profile comprising fucose, rhamnose, arabinose, galactose,
glucose, and mannose. EPS-2 alleviated OA-induced glucose and lipid metabolic disorders in
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IR-HepG2 cells. EPS-2 reversed OA-induced decreases in cell viability. EPS-2 may activate the
IRS-1/PI3K/AKT pathway, up-regulating the protein levels of GSK3p and FoxO1l and down-
regulating the mRNA and protein levels of PEPCK and Gé6Pase, thereby mitigating glucose
metabolism disorders. EPS-2 may regulate OA-induced lipid metabolism disorders by activating
the AMPK/ACC1/SREBP-1C pathway, lowering the triacylglycerol (TG), total cholesterol (TC),
and low-density lipoprotein (LDL) levels, and increasing the high-density lipoprotein (HDL) level.
[Conclusion] EPS-2 derived from S. echinoides 1K04342 could effectively ameliorate glucose and
lipid metabolism disorders in IR-HepG2 cells.

Keywords: Sphingomonas echinoides; extracellular polysaccharide; extraction; separation and

purification; glucose and lipid metabolism disorders; HepG2 cells
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AW T HE ST T B M B (Sphingomonas
echinoides) 1K04342 Jifd 7 Z2 4l 1) 368 75 % Bl $2
TZ2FEx Hitfr s gtk . DL HepG2 4 h
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T 2216E A FRFGEL 2 5, #EFhE] 100 mL
2216E WA 55, 20 °C. 120 r/min 3§ 3% 5%
I 12 h JRAGFP 7 R B . KT R R AR TR
BN 2% BRI E] 500 mL 2216E WA Rs F 5L
20 °C . 160 r/min i y7 55 3% 48 h, 15 % & &
1K04342 KR .
1.3.2 BE4E
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PEATHEE AL I, B R BRI B B R,
FEREHEAWRE T 1 om ZbBEATAbRE, Ab PR 7R
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(1.0 s ON 1 1.0 s OFF)PRFFAALS . #f 75 AbHHL5E AL
SRk % 30 he
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1.3.5 Mo @it

R T I B R 226 0 %% HF X EPS $EHRL
SRR 3 N2 A DR | 75 B ) A
IR 1K04342 Fr Rt a] . L, mp Ry i i)

http://journals.im.ac.cn/actamicrocn



2952

SONG Yan et al. | Acta Microbiologica Sinica, 2025, 65(7)

F Box-Behnken H 02 A 3K i T R B, X2
i EPS #EBCR AL E 3 AR R E L. K
PRIZ KL 1.

SIS ER LA R 2 AR ALy AR,
T (DR .

Y=o+ D X+ D0 Bl +
z;i:l}z:j:iJrl}'B{i/}Xin (0
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1.4 RashHERI D BEAEKE

fitd7h 2 ¥ % H DEAE-Sepharose Fast Flow i
1t TEE AR DEAE-Sepharose Fast Flow 5
FAEAIAM Z AT (0.5 g/mL), FHZEIRKHI
NaCl {7 (0.1, 0.2, 0.3, 0.4, 0.5 mol/L)¥EMx ,
SR FH AR B - B R T A T 22 A 1) 5 . RO TRD A
oy, Jakds . B, SR TGS 4L
B4 EPS-1. EPS-2 F1 EPS-3,
1.5 BashZHEE ML 57 HITFIE
1.5.1 HepG2 4HAEIEFF

K 10% BG4 N5 A1 DMEM KifR3E, 78
37°C. 5% CO, &4 FRiFE.
1.5.2  4HRESE S E

CCK-8 by i 2 RS IR P ik
1.5.3 EPS¥t OAES IR-HepG2 MO E EHE
THERNE

SRR Pk, I OA i S di sy
Jil &% 2 4% ¥T -HepG2 (insulin resistance-HepG2,
IR-HepG2) i it . 155534 Control 4. OA

*®1 ETFMKFR

Table 1 Factor and level table
Level Ultrasound Ultrasound Incubation
power X; (W) time X, (s) time X3 (h)
-1 30 20 5
0 60 40 10
1 90 60 15
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AbFH IR-HepG2 41 2 24 h, BH 1 X} B 20) DL K
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i I EPS-2 HOBE 41 B A U7 1k = I Wang
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52 min, 60% A. 40% B; 52.1 min, 95% A.
5% B; 60 min, 95%A. 5% B.
1.6 EPS-2 3% OA 5|#2#] IR-HepG2
“HARPERS X = EL
1.6.1 HepG2 HAELEF . JEJIME K EPS-2
%t OA iES IR-HepG2 A E G HEHERDN
A

HepG2 21 i 15 3% J L3 7 g 25 i #E %
BN E kTR 1.5.1-1.5.3 35,
1.6.2 EPS-2 X} OA 55 1Y IR-HepG2 4 AR
BER 41 TG, TC. LDL. HDL 221
Al
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J&i, JH EPS-2 4bBE 24 h, FIFHIMZL O Yo kR0
W %E IR-HepG2 AN BT 735, MR 150) & i
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T
163 FERINEEREMTEAR N
(RT-qPCR) 53 #7

1% HepG2 41 i1 25 OA (1 mmol/L) &b ¥ 24 h
J&, i EPS-2 4bFH 24 h, $EEBUE RNA J5,
PrimeScript™™ RT {77 &0Kf RNA SR cDNA.
L cDNA NN, 78 PCRAY b i#E47 PCR §7 34,
PCR FUBARZ (20 uL): 2xBeyoFast™ SYBR Green
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1 uL, DNA #54% 2 pL, ddH,0 6 uL. PCR JZ )/
ZAF: 95 °CHIARYE 5 min; 95 °CZEME 15's, 60 °C
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GAPDH ANZ, L 27 FoR HAYEER mRNA fy
X FREE . 519758 PEPCK-F (5-CAATG
CCGACCTCCCCTGTG-3")#l PEPCK-R (5'-CTG
CTCCCGGTGTGGTGATG-3"), G6Pase-F (5'-TC
ATCTTGGTGTCCGTGATCG-3") Fl G6Pase-R
(5"-TTTATCAGGGGCACGGAAGTG-3'), GAPDH-R
(5-TGGCATGGTCTGTGGTCATGAGT-3")#l
GAPDH-F (5-CAACAGCCTCAAGATCATCAGCA-3)) .

1.6.4 FEHRZENTE5#7T(Western blotting)
Western blotting 175 7 11 Xu 2>k . 48
BB NG, SFmEENMEmL SDS-PAGE, A5
575 PVDF BOIFAEZ IR N H 5% BG4 Wit bl
2 ho JHAHRL ) — BT (p-IRS-1, IRS-1, p-PI3K,
PI3K. p-AKT. AKT. p-GSK-3p. GSK-3B.
p-FoxO1. FoxOl, PEPCK. Go6Pase. p-AMPK,
AMPK . p-ACCl. ACCIl. SREBP-1C. B-actin)
T 4 CWHEARIFIMA—IET 2h. &5, ff
H ECL &hiiir s, M=k sE A5
TR, H Image) FAFX R AT #E T8 i
G3HT . HEFE B-actin EEFMEHNSENH, HMWE
P55 0 R M AR B-actin AUM5 SR JE, 45
TR R b FREAHRT X REZH AR ek
1.7 HESH
Ak E 3 AEE R, mas R
- AR M2 (mean+SD) 7R, fd1 ] SPSS 23.0
XF A G5 R AT B R 5 2253 BT (ANOVA), i
I ab 3 AH 2 (] 1Y 25 R B E . P<0.05 KRR
A W

2 BERE5AM

2.1 BEHEIREER 1K04342 fash %
EEIZM
2.1.1 MWNEREREEREGESHR

#2 3l Design Expert 13.0 111 Box-Behnken
RIS TR, SECH S R R B R R
PR 1K04342 55500 3 NIRRT 17 415,
ok EPS $EHL A&, g T A R UL 2,
PSRRI T 2000, A5 ILER 3. LA EPS
PR 25 R (A by e BB R 7 [l 504, 5101
F R R . ¥=2.12-0.033x4+0.084xB-0.11xC+
0.009 42x4B - 0.11x4AC - 0.013xBC - 0.39x4> -
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2 AR RMER

Table 2 Experimental design program and results

Group Ultrasound  Ultrasound Incubation EPS
power (W)  time (s) time (h) (g/L)

1 90 40 5 1.617 42
2 30 60 10 1.41592
3 60 20 5 1.302 32
4 60 60 5 1.494 77
5 60 40 10 2.146 11
6 30 40 5 1.485 46
7 60 20 15 1.241 03
8 90 20 10 1.197 45
9 90 60 10 1.384 37
10 60 40 10 2.173 46
11 60 40 10 2.070 45
12 60 40 10 2.074 44
13 30 40 15 1.360 68
14 60 40 10 2.117 64
15 60 60 15 1.380 14
16 90 40 15 1.062 83
17 30 20 10 1.266 29
G55 ey J57 TR ) 4PL 5 AR R, RPN LR [l )3 4

B S 2 ARG B 4 SR AN 3 BT o T R AR A
W& 4>, B>, C*1J F KB gs B3k 20 &K
F(P<0.000 1), C 1 F Ry 25 ik 8] 174
FIKF(P<0.01), AC, B Wy F K56 45 F 243k 5|
BEIKF(P<0.05). ZBRATE RE R*=0.982 7,
PRI P=0.069 2 A2, FRIIZH RS PR
HARL, IERR M TR TR . JSETE
Bk 1K04342 15350} E] A1 EPS HEHCE Z [A] 1 C A .
2.1.2  FUMEERIGUEST A

BT LA pr gAY 3 s B oA T
FEAT R EPS MIRRAE T 2 40 R . M TR
59.39 W, ABFH I [E] 42.08 s, ¥EFEAFE 9.24 h,
TEMLAAE T 00 EPS $2HUR R 2.13 g/L. % JE5KL
PREEVE T8, B dedh T2 280 % o 75 Tl
60 W, AR 42 s, $Egemtia 92 h, P THE
AT DL B UEA R AT SE 0, 15 EPS SRR
210 g/L, UEW T FTERAIA K B AR T2 AR
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AIATYE, AR EBE R EPS By Tl fb Ay 4
HE—E BRI
2.2 SN EERI St

P RRIPE 1K04342 Kl ISR At Bl a 145
(A Z2 B RE i I 85 1 J5 B #E 31 DEAE-Sepharose
Fast Flow F1 &1 2c4 )2 Mt L, 38 ad 40 Ve i
Wtk ZhE . ML LW EPS BB T A0 B )5 15
3Gy, SRl 4a ol EPS-1., EPS-2 il EPS-3,
2.3 BEINZHEEMLE 58I THIR
2.3.1 EPS 7 E4E 57X HepG2 HHPRIETETE
=021

AT YR IR 20, B AENE T2
WA 3 P EPS 4 B 4143 7F 100-300 pg/mL ¥R
70 FBl X HepG2 40 Mg 3% 78 16 M 52 i . & 1
Fion, YA Z A 3 Fl EPS 4355 21 43 Ab B e JiF
200 pg/mL I, 20 MG 58 5 7 5 1R (P<0.05)
I, BEFH 200 pg/mL N JF2e 4RI e i
232 EPS B BEHESX} OA iF5 IR-HepG2
AR B EHFE R RIS

6 KL 22 8K 3 R EPS (200 pg/mL) % OA
753 IR-HepG2 41 i A BHFER 0052 mT,  LATH
VefeAt EPS 24y, W 2 fis, SxHRAAaL,
OA AbBH i ZHEAR T A BHE FE 2 (P<0.05), 5
OA HAbFRZIAH L, Metformin, EPS. EPS-1.
EPS-2 il EPS-3 JfE i & 1% OA 5|2 i) 8 2 b
THHE ARG (P<0.05); EPS-2 Ab 35 14 4 4 B
¥ W 3w T EPS. EPS-1 i EPS-3 Ab B 40
(P<0.05), 1B EMLT Metformin £H(P<0.05).
2.3.3 EPS HBANXT a-EEEHEEE
BE AR BEHDH 2= A F2

il 3 Fft EPS 43 25 414 7E 0.25-2.0 mg/mL
VAR T T PN XS - 2 R T TRt R IR I I Tt 410 o] 232
FIsZm, DATREETE M0, Wi 3A 7R, EPS-1.
EPS-2 fll EPS-3 ¥ £ 7F 0.25-1.5 mg/mL s} 7] 5]
SRS oA EEG , 1.5 mg/mL ZJ5
P RARAR R, RV EE T EPS-2 #iilfE 5k T
EPS-1 1 EPS-3, fl& 3B s, 0.25-0.5 mg/mL



KiE 45| BEER, 2025, 65(7) 2955

R’ RESDNE
Table 3  Analysis of variance (ANOVA) results

Source of variance Sum of squares  Degree of freedom  Mean square F value P value Significance
Model 2.280 9 2.280 44.09 <0.000 1 kkx
A-ultrasound power 0.009 1 0.009 1.54 0.2550
B-ultrasound time 0.056 1 0.056 9.72 0.016 9 *
C-incubation time 0.091 1 0.091 1591 0.005 3 ok
AB 0.000 1 0.000 0.06 0.8109
AC 0.005 1 0.004 8.03 0.025 2 *
BC 0.001 1 0.000 0.12 0.7354
A 0.630 1 0.630 109.50 <0.000 1 ok
B? 0.720 1 0.720 125.34 <0.000 1 kokx
c 0.510 1 0.510 88.70 <0.000 1 kkx
Residual 0.040 7 0.005
Lack of fit 0.032 3 0.011 5.36 0.069 2 Not significant
Pure error 0.008 4 0.002
Cor Total 2.380 16

R=0.9827 R?,5=0.960 4 CV=4.81%

IR 0 (P<0.05); 54 5 BE 3 (P<0.01); ** 24K % (P<0.001).
* indicates significant effect (P<0.05); ** indicates highly significant effect (P<0.01); *** indicates extremely significant effect
(P<0.001).

1300 0100 pg/mL O150 pg/mL. @200 pg/mL @ 250 pg/mL 5300 pg/mL
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b b . ab ab b
110.0 b b a
ab aT & ab T ab ab ab
100.0 - a a
@ 1

90.0 1

80.0

70.0 |

HepG?2 cell viability (% of control)

e EPS EPS-1 EPS-2 EPS-3

E1l fAZHEMEPSS BELE D 3 HepG2 AR A IETEE IR . 45 KRR N FIH AR EZE (n=3) . A7)
FR IVEUEA .35 22 5(P<0.05).

Figure 1 Effects of crude polysaccharide and EPS isolate fractions on proliferative activity of HepG2 cells.
Results are expressed as the mean+SD (n=3). Values having different letters are significantly different (£<0.05).

W SE T I A BR EPS-1 SR AL SIS s i BEHI $2 2 2.0 mg/mL B, EPS-1 X s 0 il 5 5
Al ERAR T 72 0.5-1.5 mg/mL ¥EESERIN EPS AR, How 2 Fhdl/ramiil = FRE, HAAWER)
ST MHEERETE; 3 FEMREEM 1.5 mg/mL  EPS-2 XHHRARHREIIHIZCR LT Hdx 2 4415
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Figure 2  Effects of crude polysaccharides and three
EPS components consumption of
IR-HepG2 cells OA. Results
expressed as the meantSD (n=3). Values having
different letters are significantly different (P<0.05).
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Aps . PILE . AR, YiEL
H: 2:9.35:0.7:14.71:33.57:39.66., i 4 WA H &%
Wi & EPS-2 1 B RO 5, 20 i B AR
33.57% Hl1 39.66%.
2.4 EPS-2 B3 OA 5|8 IR-HepG2
MAmERE I AL
2.4.1 EPS-2 %f HepG2 ZRAf3E IRV M0
miE 4 Fs, S5xFEGUAHEL, $l OA 4bFH
i EREAL T HepG2 4 MUY J1(P<0.05); S5
M OA AbHZHAHH, OA+EPS-2 4H 1 HepG2 4H
MO A TE 70 B 5 (P<0.05), UiFH EPS-2 AT
Wik OA X HepG2 20 71 10 67 T 500
2.42 EPS-2 ¥t OA 55 IR-HepG2 4Hiu#E
R FEEL IS
EPS-2 %} OA 558 IR-HepG2 40 kAL i3
ERLMH XS & 5 iR, g SA
fiEas, SXFRRAM L, OA AbF i 25 R T 4
) FEIHAER(P<0.05); 5 OA FUMAL A L,
OA+EPS-2 41 I 25 103 5% 1 45 28 Wl T A 32 1 [ AIX
(P<0.05).

900 _ +Orlistat
——EPS-1
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70.0 t EPS-3
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40.0}
300t
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10.0
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ZHEPSH BLE N M o- B MEH EEFRASHEHIE RAOFIM. A —FPEPSIFES AL A - 1 20 WY H T

M ZRAREE s B —FPEPST B2 73 X ERIE B M i R B0 o S5 RN N I (HEAREZE (n=3) .
Figure 3  Effect of three EPS isolation fractions on the inhibition rate of a-glucosidase and pancreatic lipase. A:
Effect of three EPS isolation fractions on the inhibition rate of a-glucosidase; B: Effect of three EPS isolation

fractions on the inhibition rate of pancreatic lipase. Results are expressed as the mean+SD (n=3).
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Figure 4 Effect of EPS-2 on HepG2 cell viability.
Results are expressed as the mean+SD (n=3). Values

having different letters are significantly different
(P<0.05).
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El5 EPS-23JOAIEFHIIR-HepG22BAER S RELMIFM . A: EPS-2XJ 4B FE A ; B: EPS-2
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Figure 5 Effect of EPS-2 on glucose metabolism disorder of IR-HepG2 cells induced by OA. A: Effects of EPS-2
on glucose consumption rate; B: Effects of EPS-2 on PEPCK and G6Pase mRNA levels; C, D: Effects of EPS-2
on the relative protein levels of p-IRS-1, IRS-1, p-PI3K, PI3K, p-AKT, AKT, p-GSK-3p3, GSK-3f, p-FoxOl,
FoxO1, PEPCK and G6Pase. Results are expressed as the mean+SD (n=3). Values having different lowercase
letters are significantly different (P<0.05).
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Figure 6 Effect of EPS-2 on lipid metabolism of IR-HepG2 cells induced by OA. A: Oil red O staining diagram,;
B: Effects of EPS-2 on TG, TC, LDL and HDL contents; C, D: The effect of EPS-2 on the relative protein levels
of p-AMPK, AMPK, p-ACCI1, ACC1, SREBP-1C. Results are expressed as the mean+SD (n=3). Values having
different lowercase letters are significantly different (P<0.05).
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ZHAHH, OA+EPS-2 £ HepG2 #iiffih TG, TC Fi
LDL & E/0, HDL & & B8 hP<0.05),
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3 Wik
3.1 N EAE R 1K04342 BAINZ HE
HIHEEY

R Il el B AT R R A R M S5 AL,
PEMCR, 455 SR (R], H A A 2 pk
4R B0 7 T T R P AR B T A
FIERAR e, g I 2 TR LA B T AR A
AT B WS 52 I 3 5 % 5248 br Z 8] 1) 28
HAERAXRPY, ARBF5E R A DL, U
HAFE T M ISR R RR 1K04342 55 7715 7]
J s, EPS Rl g pi A, fhibfs
EPS Wy T 224 AR S % 5939 W,
FRFETE] 42.08 s, $EFEEITE] 9.24 h, FEMAFMET
A 2] EPS AUSREGE M 2.13 g/L. M4 PR
VR # i T 2SO0 RUE SR R i, 15
H EPS AUHRHUE N 2.10 g/L, 5 FHI0{E HE A AH
5, FUNAI0SE LR B, 8 i L T
AL IS RO T T .
3.2 EHR 1K04342 AN S HER D B 4h
1\ FEMRTE IR MR A

L I 8 2 RE P A A0 B AR 2R PR SR AT
Z RO EZ WA e, T 2 A
SRR Z . TR R, ZRA
Vs S AR IE (o T BB AR B
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PI3K Il Akt 123842 18 oo 38 16 W D5 T il
3B (glycogen synthase kinase-3B, GSK-3B) Fll 3 3k
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(14 52 20 AL EL AR D SR 804 4 2 3 T R AR S 2 12
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