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Chuju Flavonoids Improve Lipid Metabolic Abnormalities
Induced by a High-fat Diet

NIE Wen'?, LUO Yufang'?, WANG Yue'?, TAO Rui'?, XU Xin'?, MIAO Wenjuan'?, DU Yeye'>"

(1.College of Biological and Food Engineering, Chuzhou University, Chuzhou 239000, China;
2 Nutrition and Safety Research Laboratory of Anhui Cuisine, Chuzhou 239000, China)

Abstract: Objective: This study aimed to investigate the efficacy and mechanisms by which Chuju flavonoids ameliorated
lipid metabolism disorders induced by a high-fat diet in mice, thereby providing a theoretical foundation for dietary inter-
ventions in nonalcoholic fatty liver disease (NAFLD). Methods: Seventy male C57BL/6 mice were acclimatized for one
week and subsequently assigned to the following groups: Normal diet (ND), high-fat diet with low-dose Chuju flavonoid-
rich extracts (CJEL), positive control (CJE), model group (HFD), and high-fat diet with high-dose CJE (CJEH). Modeling
and administration occurred concurrently over a period of 14 weeks. Measurements included body weight, organ indices,
and serum and hepatic lipid parameters. The effects of CJE on lipid metabolism disorders induced by a high-fat diet were
evaluated through histopathological staining, gut microbiota 16S rRNA sequencing, and Western blot analysis. Results:
High-dose Chuju flavonoids significantly decreased total cholesterol (39%+3.8%), triglycerides (41.85%=+3.75%), and non-
esterified free fatty acids (31.1%+2.4%) in the livers of mice subjected to a high-fat diet. Additionally, these flavonoids
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inhibited the activity of alanine aminotransferase (32.4%) and aspartate aminotransferase (29.8%). Histopathological anal-

ysis demonstrated that CJE markedly reduced hepatic lipid accumulation, as evidenced by a 62.5%+6.2% decrease in lipid

droplet area in NAFLD mice. Furthermore, 16S rRNA sequencing confirmed that CJE altered the gut microbiota and acti-

vated the AMPK/PPAR-« signaling pathway, which inhibited lipid synthesis and enhanced fatty acid S-oxidation. Conclu-

sion: CJE significantly ameliorates lipid metabolism abnormalities in NAFLD mice by restoring gut microbiota balance,

activating the AMPK/PPAR-a pathway to suppress hepatic lipid synthesis, and promoting hepatic fatty acid oxidation. This

approach offers a viable dietary intervention strategy for the prevention of NAFLD.
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16414.19+1148.99
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Fig.3 Effects of CJE on lipid accumulation in NAFLD mice
TE: (A) IR H&E B i RERIEUR, F5 R 50 um; (B) L SEEEE (TC) /K- (C) LTS H i =i (TG) /K- (D) ML K5 BEAR
FIHE R (LDL-C) /K- (E) ML v 85 BE AR 4 11 IH [ B (HDL-C) /K~ (F) ML % 2 AR TR (NEFA) K-

ZEIR WoR, FHEET HFD BRI, &35 & CIJE TR
o S AT A R IEL R 1 I =g L JEER IR RS IR
TR AK -, B 43 15k 39%+3.8% . 41.85%+3.75% .
31.1%+2.4%; [FIBF A M7 ALT. AST & ME50 T
% 32.4%. 29.8%, JFNEAETH M AU /L 62.5%+6.2%
[FBsf i & B NEFA < 572 DR T 105 5 4l i, 30
mTOR il FEAE MR TG e o) — &b s 1 # ik &
ek AJFNEITM SR BR B Atk ROENTFHE A LY
7 NEFA BV ERiE 5%/ [ CD36 3 AT R4 At
fRA{E TG 58 &, & B Wi 28 M S5 iR B & L.
T CJE T HiRE R ZEREML NEFA ZK3F-(P<0.001), XLk
ZERARHH, CIE THiAT DR & s s e e s S AL
AR5

F I 7 2R RS IR D7 DO AR RS 4

A ND CJE

RE W I E R IR X — Y, aniE 4A R,
R E S S 09 NAFLD /NSRS AR 7E KB R
JaEs i, FEAERE AR SE IR EENG, MiASFEFIE CIE T
T f= FF I PR R 5T 2 Y A 50 A R/ N S B 7 A
Py, TR A 2 R ] B gsd/)s HLICHH i 9 4R e, I
PREURFNEAS 2] i ek . 20X NAFLD /N
AFHEZH LR P 59 ALT Fll AST Bl ih PEFEATAG I, 4%
BIx5 ND 4/hEAH L, HFD 4HAY ALT 5 AST i
PEoRE TR, Hidh ALT 3G #E i 30.37 U/L ETFZ=
60.62 U/L, AST 75 48.70 U/L _'FH=E 117.14 U/L,
THEFE A= CIE Ay T 3 00 5% T i — it $i
(P<0.05), CJEL i F1 CJEH ZH 1 ALT{E M4 e T
HFD ZH 43 BRI 21.88% F1 36.85%, AST ¥ P43 51l
BEAIG 35.36% 1 41.79%. R4S RFe45- ] CIE 19
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Fig.4 Effects of CJE administration on pathological feature of liver in NAFLD mice
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Fig.5 Effects of CJE on hepatic lipid levels in NAFLD mice
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JHLr O Yetailb—& on (& 5A), ND 4 RFHE4n
FOTEZSHI], 2t = 16 L BR v BT, JCHE BT ad SRR AN AR
P 1 HFD ZH A0 HES TR EL, 40 A % 45 46 Fid) ZxAsE
W1, ELAEBE It R T 5341 LA S G BT AR 51, R 3
JEE A T IR I AIE I AS . T CIE Trﬁ‘uﬁzaﬁt
T TR AR E S SRR B TR (P<0.05) o AT
ZINER AR R T AT 250 2 T 14, JUT L B f) R R L e
FHeIFanaAF N

JHF I S22 P9 B B AR 8 v e, £ B IE [ A
O AR N B AR E M 70%) . TG AR KI5 & 1
ZH 00 JFBE H TC, TG, LDL-C 1 HDL-C [ 28
ACSE DU IR DA QR I Ol 5 B P A TIEFE o an
& 5B~I&l 5C Fiss, HFD 4/ LEZF TC, TG,
LDL-C BJ7K i 35 T+ (P<0.05), FHELT ND 2243
S BT 53.99%. 82.71% #1 81.84%. i CJE T i
EEAR T AP ZHZ A TC, TG, LDL-C B9/K3F. 53
4k, 5 ND g AH ., HFD ¢/ BUIFAEH HDL-C 197K
P RN (P<0.05) o THIKGTIEE(CIEL 2H) sl i
(CJEH 1) CJE T 15 i Bg ik & /N BRI A HDL-
C MKy 5T T 33.80% #1 37.97%. CJE TR
Xof i BE AR/ BRUFF IR B At s ) 55 1 375 AR o i
PREF—2L
24 BRFHEEREISERERE/ N RBEREEEKD
20

SRR Z2 5 R B, W8 R R AR 5 —

FEDRZH”, TN BT s CHE (. I IE TR
TP IR IR AT | SO EENR IR A | Wi B R
AE S SRAE SV, BRZIFEN S X IR B Al . & k5
Srftt . EERZEAE S Y AR A, 2% 1 Eln
IENBAE RS S R, ABFFEHEDI a4
Al figSE CIE Ry A s e IR B i75 S PR B A st
LAV TERE A jﬂT%m CJE 5wtz a]m)
FHEAEH, AR RLH N B IE R T T 16S
rRNA WF53HT. W 6A FTR, £ L34 i P
PR JE 3 A AF A2 W] i 22 55, Ho b norank_f Muribac
ulaceae . Lachnospiraceae NK4A136_group. lleibac-
terium . Bacteroides 1 Faecalibaculum & 7 F & 5
b HEA BT o0 PR s, B2y S TR R 50%
KL b MRS RIS IR S T il Ll
AYAEAE, £1%F ND 205 HFD 21 7 ORI JE 25 757
Fro wiE 6B iR, SIEH KA, 14 ARl
KEIHES T NAFLD /DR iE B AP Bacteroides .
norank f Prevotellaceae. Faecalibaculum. norank
f Lachnospiraceae. Blautia. Thomasclavelia. Ilei-
bacterium Fl Coriobacteriaceae UCG-002 FESY R TA
EHn., AH ND 49 norank f Muribaculaceae
H Helicobacter WZEFE i =T HFD 4H(P<0.05).
SHIRFE CIE WYXt NAFLD /)R8 e 25
FLHYHBGENLEE, JE—2R5E T CIE T3l F 254/ R
B RE LH B, W&l 7 TR, CIE 14524 i 3%
T = IR IR BB S W9 Bacteroides. Faecalibac-
ulum. Blautia. Rikenellaceae RC9 gut group. Tho-

A 1.0 W norank_f Muribaculaceae W Romboutsia
I I W Lachnospiraceae_NK4A136_group W Blautia
W /leibacterium B Ligilactobacillus
M 0.8 W Bacteroides W norank_f_Oscillospiraceae
;H. W Faecalibaculum W Mucispirillum
= 0.6 W Abkermansia B Candidatus_Saccharimonas
E ° . - norank_f Prevotellaceae W Rikenellaceae RCY_gut_group
= W norank o Clostridia_UCG-014 W Adiercreutzia
"—l 0.4 | W Dubosiella W Thomasclavelia
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95% confidence intervals P value
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Fig.6 Effect of CJE on gut microbiota composition at the genus level in NAFLD mice
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Fig.7 Effect of CJE on relative abundance of gut microbiota at the genus level in NAFLD mice

masclavelia 1 Coriobacteriaceae UCG-002 1] = B
SR BT, R BRI T norank_f Muribacula-
ceae. Odoribacter 1 Adlercreutzia WJ=FJF(P<0.05).,
(BRI CIE /YT HiaE B FRK Blau-
tia Ml Coriobacteriaceae_ UCG-002 =E & (P<0.001) .
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CJE X} NAFLD /) EUIgAR I 52 v d=dLEH], SR H
Western blotting Wz T 55 AT i HHAHSCER (i

RIKF-. anE 8 s, K AR IR & s S Al
AMPK # 1R A 7K 7 b 25 B A, i CIE 1Y T 70k 3%
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Fig.8 Effects of CJE administration on the AMPK/PPAR-a signaling pathway in the liver of NAFLD mice
1 : (A) Western blot ¥ 1] F p-AMPK. AMPK., PPAR-a, CPT-1 il SREBP-1 fit] % ik 7K 3F; (B) p-AMPK/AMPK K i€ 1t 43 7
(C)PPAR-a HJE & 43HT; (D)CPT-1 A& & 43#T; (E) SREBP-1 HE & 4347

a A CPT-1 B33k, 55 HFD £AAH Eb, 857 A 31
& CIE i T W4 94 PPAR-a i 2% 35 7K % | 4
40.23% i1 58.35%; fili CPT-1 MIFEIAKF HIE 54.75%
A 71.36%.

VE Sk JBF WIE g S A il 226 P 1 =2 22 00 [ 7
SREBP-1 [ KIA/KPAEH SRR E 155 519 NAFLD
JINERATFIE AP 35 TR HFD 4H4H L T ND ZH5%315
KL 48.91%( P<0.05) . TEL T E il CIE &
SREBP-1 2R 38.46%, Mifik5& CIE M4
2% = BB E S 1 SREBP-1 Kk 54 TH s Jo il
o BRI . DL g5 SRR EA, CIE "l st A
AMPK #§ R 1k 2 5 3G AMPK/PPAR-o 38 % . H:
d1 PPAR-a 1E R 32K, 454 CPT-1 N H 3T
X %) PPRE Jof, M EAZARHE CPT-1 BY3A, Wik
HE PR UE NLRRAR AT B Ak, BE— 20198 A5 DT iR
EALIY /K [ L R4 SREBP-1 1R A=
MR E T SR TR
3 e 54ER

NAFLD 1) &Il 52 2 H 52 2 4 A ZURRIE,
3 ARG R FT T U, T IE B AR SR LS A
ARG S R A 38 BAE 2 B 2R B R 1 A 0o 2
HERU, AR LA IR E S S A NAFLD /s B
I, REedaas T CIE it “ il B AE-AMPK/PPAR-
o 38 7 U R R R B AR ) 4y AL, S NAFLD
AL TR S AR S B S

IR T Az SRR B B AR S AR T AR PE,
HAFIZAGWTEEA . G T A i A Qi g =2
R R BB S B I L 4 i R U E B D, S
ARSI RS RE TR (NEFA ) KB Bk, #3845 NEFA
iH T CD36 ¥4 BifFit A JF4uit, fE2F H il =Hls (TG)
SALERL, 55— WS mTOR 38 BRI T &
AP, AIST B, CIE T n] 3R NAFLD /)
EUAT E TC(35.2%~42.8%) . TG(38.1%~45.6%) &
NEFA (28.7%~33.5%) 7K, [al i 4 il fis 7 i i 5
WK, X—2W 5 CIE & &I 2 -6,8- 7
W . AR ZE-4'-O- i A W A5 il PR A3 DI AR G o
A WFFEUESE, J- 3 RS n @ il B e & i
AR (AN ACLY . FASN) A9 sk 2 18 o A g ™),

AR B 28 W BB L BENR DT R 4 A AU, 41 CIE v
14 22 Fh ] B A T B3 ok BIMEIE L DA v/ AR BT
J- RN BT 43 Xl RELT A g U &5 AR, DT 24
e IR F T 5 L R IR 2SS

(BEASFZ IS, CIE T FU6 55 IR &/ B
& S BBA CUHTC 25 A B XS AR IR B 5 AR
S AR FFEVREVE R, X et T HAE R T
FWHR e A 1niE A kFebr iR, CIE AT [R]E
BB NG Z5EL, SR E A 25 AH L, Hal
T TSRIE IS T S IR 28 i A, Rt 1 A= 254)T
HED | R0 B ImiEAE FRIVEHRY, 2 NAFLD &I ifil
IS H MPRTRAE T SRR AT £

“WRATH IRGE TR RS | & N EE R MU
FEALNCAAZ O, J& NAFLD M et iy i) e
RS PR WPk B 98 (NASH) 3 J/@ 4 S st B s 3231
AWFFEREIL 16S TRNA MFIESS, FilE e 2 (K
T/NERIHIE A norank f Muribaculaceae )=, 7]
I F & T Faecalibaculum . Bacteroides. Blautia 25
{4 R 1 E A, 33X SR NAFLD JE 5 103 B i
FRAE B —2K?%, norank f Muribaculaceae VE R
TE N E YR EENR IR (SCFAs) 7 Ax 1A, HEREREAIR
25 3 BRI RE 55 , (495 2= G E R RS A
Z65(LPS) Foi AL, B 3 A 98 0E S i P75 1
Faecalibaculum )i I8 5H 2R SERR BT R
JBR 5 Z P, Blautia Wi i3 P8 45 4 5E T (TNF-a.
IL-6) FIA N R 450

CJE T ¥ A #F 5 £ = J8 norank_f Muribacu-
laceae W =F 2, [A] B i 40 d1 R A RS 1 5
HHEEH, 3X — B AN, S RN B IR R | A e
) 4 R AR B Sy B AR FARRIE AR ALY, {H CIE X
norank f Muribaculaceae [#0 [a] Y& 35 50 4 i 3, $2
7N IHCAT BRIE A B R BRAA 5 i1 R 0 AR S A AR
FHICEI PR B 4227, SCFAs 1E M B B IR A9
P, AT i GPR4A3/GPR4A1 SZ A4 il it i
S B, R A TR R SriRs A Gt . 45
BT CIBE X I S AW TS B 1 A5 5800,
H#EM CIE 7] 838 i3 /¢ ¥F norank f Muribaculaceae
rEAE 2R TNIREE SCFAs, —J7 58 A7i8 B 5t 2K
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PELAU > LPS AL, 55— 75 T B i - 4r i 9 g
A AN, AT TG “ B 38 PR R A - S AL 0 13-
SERE” BB BLINL, AR —xRF T 51 &1
AT

AFIE AMPK/PPAR-o 38 -2 )R8 B AT 9%
OS5, HIhAE S & NAFLD BB isissaln e
BrAOFHLEHITY . AMPK /E8 GE R ERAIELT, v 8T
BERRALAMHI NG TG MG S, [FIEHEE PPAR-a (R 3ER
iR S A 1T PPAR-a {E A% A2 ARG S 7, RR B4
454 CPT-1 2 K5 3 F X A9 PPRE o, H# 5@ A5 by
TR IE ANLRRARIEAT B AR . AT R B, =
AETRE WM H T NAFLD /) EUFIE AMPK 19
TR, [RIEE T 7% PPAR-a A1 CPT-1 933k, FiH
HE BT & G458 R F SREBP-1 19383k, SEUIS IR 4
ALRE JT R REWT-E M ITHE. CIE 70 ) 57 AR dii P18
i AMPK 216 (CIEH 4H_E1H 57.47%), BEmifie ik
PPAR-a( 34 58.35%)F1 CPT-1(_Fif 71.36%) 15
5, 7] SREBP-1(F i 38.46%), iX —if i 5
& 22T S RIS B S AV E FIAILH B —38erE™,
CIE [FIB Bz 8 AR Y, s HonT geam o “ PR
ARG -3 BRI A TR) 2R 5 B i B A - A R 4
A7 B E IR DR R FEE I .

H— 285G I B R S AR AR A S E 43T
A W, norank f Muribaculaceae W) £ 5 AMPK
BiR kK S R IEA S, 5 SREBP-1 #ik &2 i AHE,
HEW CIE = %A 14 )i B B B 7] el i 774 SCFAs ¥
W iE _E R MUY AMPK G 6, 2R i g ATl
=S AL S I T I AMPK/PPAR-o 18 1% 7% 14 B2,
i CIE H i1 B i S 44 W) o] g BT 92 5 AMPK 340 45
FaIREs &, PR RS T , TR B - BAARE- 1 327 P ]
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RS VR NG DA Qi 225 B AR AR R GO TR
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BRI ARSI ZR

AWFFEUESE, CIE X} = B IR B 155 5 19 NAFLD
HAT 2 SGEE R, HoAZ O HL i i R
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Wi NAFLD /)N ERAS 7 4t S5 8 1R, PR IS 1% K
JFNERR TR, BHWT “ w1k T 51 & 09 RS D5 2815
H.— I norank f Muribaculaceae 54 15 1 J& F
&, N Faecalibaculum . Bacteroides. Blautia %512
R JE b, s IE B R AL, SR LRI S R
RE SN, BEIT “ R FT 5 A B e s JEL = 38 A A
AMPK/PPAR-a {5 5@ %, 18 CPT-1 FRik{2 N5
Wit B 44k, N8 SREBP-1 kM EI g & 1, M
SrFIREPRE N B RS

Zf 1, CIE i@ ad « 280 47 - 2238 7 09 U [FIVE FH ek
% NAFLD /N BRI S5, HAE N KRR 24
FORE TS, £F NAFLD BYTRES S5 Ba 7 hH
AR AT S, [RIE AR A S e
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