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[Abstract] Objective: This paper aims to investigate the action mechanism of betulinic acid (BA) in inhibiting ferroptosis

and improving non-alcoholic fatty liver disease (NAFLD) through bioinformatics analysis and experimental validation, providing
references for both basic research and clinical applications of NAFLD. Methods: Based on bioinformatics analysis, the NAFLD-
related microarray datasets, GSE89632 and GSE63067, were downloaded from the gene expression omnibus (GEO) database.
Ferroptosis-related genes were downloaded from the ferroptosis database, and differentially expressed genes (DEGs) related to
NAFLD ferroptosis were screened to construct enrichment analyses of protein-protein interaction (PPI) networks, gene ontology
(GO), and Kyoto encyclopedia of genes and genomes (KEGG). Different algorithms were used to mine key DEGs, which were
further analyzed for correlation, immune infiltration, and immune cell differences of key DGEs. Least absolute shrinkage and
selection operator (LASSO) regression analysis was conducted to identify disease feature genes from the key DEGs. The
intersection of key genes from various algorithms of Cytoscape and the disease feature genes identified through LASSO regression
was used to select core genes. The survival curve, namely receiver operating characteristic (ROC) curve, was performed to
validate these core genes. Potential new targets for NAFLD were analyzed and predicted, and molecular docking was used to verify
the core targets and active components of traditional Chinese medicine. Animal experiment was conducted. Fifty C57BL/6J mice
were randomly divided into the normal group, model group, low-dose/high-dose BA groups, and silymarin group. The model was
established by feeding a high-fat and high-cholesterol diet combined with 2.5% dextran sulfate sodium (DSS) in drinking water,
followed by continuous gavage for 24 days in the drug groups. Body weight and liver index of mice were measured at sampling,
and hematoxylin and eosin (HE) staining was used to assess hepatic lipid droplet deposition. Western blot and real-time polymerase
chain reaction (Real-time PCR) were performed to detect the expression levels of glutathione peroxidase 7 (GPX7) ,
lactotransferrin (LTF), S100 calcium binding protein A8 (S100A8) , ferroptosis markers GPX4, and acyl-CoA synthetase long-
chain family member 4 (ACSL4) at the protein and mRNA levels. Results: Data analysis identified 10 key genes in the ferroptosis
process of NAFLD, including SUMO-specific peptidase 1 (SENP1) , aldo-keto reductase family 1 member C3 (AKR1C3), and
others. Least absolute shrinkage and selection operator- receiver operating characteristic (LASSO-ROC) analysis confirmed that
GPX7, LTF, and S100A8 were core genes [area under the curve(AUC)=0.771-0.821]. KEGG enrichment analysis revealed that
these differentially expressed genes were involved in ferroptosis, advanced glycation end-products/receptor (AGE/RAGE) , and
other pathways. Correlation analysis of key genes in ferroptosis process of NAFLD showed significant positive correlations between
SENPI1 and AKR1C3 as well as other genes (P<0.01), and significant negative correlations between dipeptidyl peptidase 4 (DPP4)
and GPX7 as well as other genes (P<0.01). Immune infiltration analysis showed that myeloid-derived suppressor cells (MDSCs) ,
activated dendritic cells, and other immune cells were the primary immune cells infiltrating in NAFLD and involved in the
ferroptosis process. Differential correlation analysis of immune cell revealed a significant negative correlation between GPX7 and
follicular helper T cells as well as others (P<0.01), while SI00A8 showed a significant positive correlation with MDSCs (P<0.01).
In the animal experiments, NAFLD mice with BA intervention showed significantly reduced liver index and lipid droplet
deposition. Compared to the normal group, the model group exhibited significantly increased proteins/mRNA levels of SI00A8 and
ACSL4 (P<0.01) and significantly decreased levels of LTF, GPX7, and GPX4 (P<0.01). In comparison with the model group,
both the silymarin and BA groups partially reversed these trends in a dose-dependent manner. Conclusion: BA may inhibit the
ferroptosis process and alleviate liver inflammation and lipid deposition by regulating GPX7, LTF, and S100A8. The mechanism is
related to the restoration of GPX4 activity and downregulation of ACSL4 expression.

[Keywords] bioinformatics; betulinic acid; molecular docking; non-alcoholic fatty liver disease; ferroptosis
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34 oH ERE KLY BENLEE 10 B/ R
IEH A, Hogx 40 HUNREAT NAFLD #5485, DL g &
JOEL 1 TR £ B 2.5% i SR BH B R 4 (DSS) Sy it A5 5
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HEAT = R /N B3l P A5 R g A L DL 10 mg kg Al
30 mg-kg B FHE i 2 BR A Ry AR ) 5t 4 0 0 7 ik 2
ANERHEAT A 10 10 d i T TAL HEE K R AT TEE N
B 24 % [7] 45 24 20 4k #9775 (100 mg-kg™) ™, 45 11
KRR (MC) 4l 7K Rl 52 2 AR 7 e 2 2 e )
A PEATNI 7 d IR KB R SR A 18 K X AR
RUA AR e 2 B v ) o 2 R AT R R AR SR
2.5%DSS H M KK B A 4B 7 d, #F 5 A 505G i
H GG TR i A R o 2 Rk R AT MR TR AR
WHE S K REI RS K CEI W E L IC
si B A R R /N B R B i AR AL 2 B A B R
A SN B 40 P9 RN R — IR 2 i
FVAER R AR by s A5 1 Ty ) A > e A8E o AL 1
5o 11 R BEE kA ke o

3.5 CREMEA  PHLSEE RO R RS
[ 2 /N B VO e, i T 75% <0 B 25 1 5 4 bk, BT T
R I ITE s, 5% 68 BB AR R L O WEE 1 R I E
LRt N = I E AR N TR TN = L I
Oy VR YT, 54T HE B €5, AR 2 3 R A7 T80 °C
VKA -

3.6 HEZ Y 5 M EOTR W4 A EbR A
e FRAG 50 b HEAE AR P (SOP)#EAT K B 8Y 4
MY R Y e B S AR B ok R LA Y X R
20075 B 7, FE 062 W GUBE T W56 45 2 /N BUIF 4.
SUPR I 22 O o 4G BBl W S 3 2 A KN B
12 h, W R T i AR R BRI R AR R T A /N R
HEATIUM o BRI 21 /0N BRUFF IR T o, T 53 48 28
3.7 Real-time PCR Ky I 5& H 3R ik K 7 ff o I
fE T =80 CCUKAE A LUFEA , Sy I 2L, LAk, 1
4 CCHEE T, B0 HEBUM RNA, 5 H RNA (1) 4f &
Ik B 300 %% 5 i cDNA, L GAPDH i § £, PCR
P4 TR 95 °C T A2 1k 2 min, f§ 3 17K, 95 °C 75
10 5,60 °Cil K /4E i 30s, fE ¥ (409K ) o 514751 L
F N, SN B U AR AR X A ik 20T AR R
FE AW, A EE SR 3K, TR E R
WE 25 o K I A 2N BRI 41 2 A O gk A% 0 S
GPX7.LTF, S100A8 mRNA & £k %E 1= #H % it
GPX4  ACSL4 mRNA % ik,

3.8 THEHMAEE % (Western blot) K ] BT i 26 24
EERIKKE 25 AE-80 °C UK A 5 AT (19 T IE 21
2l R AT M B A o R SR IO T, O
BE T R B - 5 N s Tk i 5 e i VK (SDS-PAGE ) ¢ Ji Ak
AR H BT, K A, e A8 R NS B NS R
GAPDH, & F R —P(1: 100 000) F1 —Hi (FikE L 1:



5532 455 16 1] FEXRAFFERE Vol. 32,No. 16
20264E8 H Chinese Journal of Experimental Traditional Medical Formulae Aug. ,2026
x1 351MF5 F2 BMPEEX NAFLD /MNRBEFAE REA M (x+s5,n=10)
Table 1 Primer sequences Table 2 Effect of betulinic acid on liver index in NAFLD mice
514 FEAI(57-3") ) bp (F£s5,1=10)
GAPDH L CCTCGTCCCGTAGACAAAATG 133 i Flik/mg-kg'  RFiE/g JHHE 0%
Fif TGAGGTCAATGAAGGGGTCGT EH 4 31.48+1.37 2.70+0.10
GPX4 i GCACATGGTCTGCCTGGATAAG 192 7 24 26.55+0.72%  4.03£0.15%
F Ui TCTTGATTACTTCCTGGCTCCTG s R 100 248740757 2.8840 11
ACSL4 y AAAGCAAACTGAA 141
¢ L GG ac CTGAAGGEGE 1 I T A ) 4k 2H 10 22.47+0.84"  3.23x0.15Y
T GCTCCCAGCTCCTCTACTGA N
1M T T 1 ) £ 2 30 20.55+0.84"  3.03+0.15"
LTF i CCCAAACCATGCTGTAGTGTCTC 100
N T 5 IE R AV P<0.05, 7 P<0.01; 5 BRI 4] 1L B P<0.05,
Tiif ACACCTCTGTCCATTTCTCTCCCAA ;
YP<0.01(F3.F4[)
S100A8  [lif AGTGTCCTCAGTTTGTGCAGAATAT 110
T TTTTATCACCATCGCAAGGAACTC
GPX7 _Fiif ATCCGAGCAGGACTTCTACGACT 256

Fi# GCGGGCAAAGTTCTCAATCT

8 000) , i Image JERF 43 454, 115 K BE(E, I
— AR K AR YR BEAELBR LA 2 8 1 Y R AR 4R
FRARXE IR BEAR AT GE T 0HT , 22 il a2
3.9 HiteEar A SR D x + s Rox ]
SPSS 27.0 4t i1 R AR HE AT 58 42 BE ML T 1 B 3Ry
2% 43 HF (One-way ANOVA) , 45 ¥ AR 50 Z 8] i) £
H, BR3P 25 5 ik (LSD) -k 5
P<0.05 Bl 22 A g it 2 X
4 PYTHER
4.1 HEMENRER X NAFLD /N U 5 K48 50 3
W) R T WLEE P R T NAFLD i 51038 Y
SR, AR B 5 08 P o A R A K 4+2.5%DSS i
T NAFLD /)N BRUBE B | W58 AN [] JA T 7 125 6 4 Joit &
FFHR R . ARSI AR A R WoR , 5 IE R 4
Fb R, TR 2 R 5T dak W S R AIG, TR R A 2 T L 2
S HA G X (P<0.01), SHEMH L, KK
i 2 2 N 1 RE R R AR e )k 2H X A Jo e 4 3 O
B ERI, 25 BA %0 E L (P<
0.01), W2,
4.2 FIHENS R X NAFLD /) B 40 219 B % i 5% i
JFZH 2N HE Y 0 25 R B, 5 1 & 41 i, f A 4y
/I BRI 40 HE 50 L, A0 i BB A A Bk R
A5 [R) s RT 08 ¢ B B A AR A IR . SR A I
A, 7KK B AL /0N BT 40 A HE 37 R R 4 M L AR
BT A0 ARER AR AR 2 2 AR A i VR T A
T ZH Y, M i R AIC s 91 o 4, /0N BRI 4 e HE 571
AR ZH R LU T R 3K 5% I A M AR AR S 2 2L
Hh 48 A0 M IR T A A T 4% i, 3R IME R R RT RE AR IR
J¥ NAFLD /5 i BEA B KR 1. WK 1,

TE:ALIE R 2B BRI CK A S 20 ; D. AR R AR5 4k 2
E. FIMENR 2w 77 10 20 (P 2 1))
Bl1 BH#EBRX NAFLD /MR AFIEA S KM (HE, x200)
Fig. 1 Effect of betulinic acid on liver tissue of NAFLD mice
(HE, x200)

4.3  HHERRERXT NAFLD /N R 48U 0 At T 5
mRNA FRR# M 5 IEH 4] R BRI L] GPX T,
GPX4.LTF mRNA B & T % (P<0.05, P<0.01) ; 5
AL LA, K R B A K HE T R K L T A
GPX7, GPX4, LTF mRNA % ik /K *F & & b 4
(P<0.01), HIE#H 4% ,S100A8 ACSL4 mRNA %
IRIKT I 1G5 (P<0.01) 5 SROAIZE oA, 7K R T 20
K FAMERRRA i 7441 ST00A8 . ACSL4 mRNA %1k
JKSEBA R R (P<0.05,P<0.01). W3,

4.4 [IMENE R X NAFLD /) BUIF 41 41 LTF . GPX4,
GPX7.S100A8 fll ACSL4E 1R  HIEH
2H H A M ZH GPX 7 .GPX4 LTF & 13635 i Wik
(P<0.01) ; 5HIRIG] L #5 , 7K W 22 41 K P HERR BRI
B A4 GPX7.GPX4 LTFHE £k B % LM
(P<0.01). HIEW 4, BAI4H S1I00A8 . ACSL4
R (P<0.01) s SRR AL K KRBT 4] K
HENR TR A | 5 7 5 2H S100A8 , ACSL4 4 2 111 25 1k W]
BRI (P<0.05,P<0.01). L4 &2,
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#®3 AIEEY NAFLD /MR AFA S LTF.GPX4.GPX7.S100A8 F1 ACSL4 mRNA K&k FHFIM (x+s,n=3)
Table 3 Effect of betulinic acid on mRNA expression levels of LTF, GPX4, GPX7, S100A8, and ACSL4 in liver tissue of mice in each

group (x£s,n=3)

21 ) Fl it /mg- kg LTF GPX4 GPX7 S100A8 ACSL4
LAY 2 0.79+0.04> 0.82+0.02" 0.62+0.02” 1.53+0.07” 1.31+0.08”
K TR 4 100 1.33+0.04" 1.30+0.04" 1.33+0.04" 1.26+0.03" 1.53+0.04”
P HE i 1 A1 7] 4L 10 1.800.05" 1.69+0.14" 1.69+0.04" 0.43+0.03" 0.52+0.08"
1 M I TR e ) £ 2H 30 2.29+0.03" 1.97+0.05" 2.14+0.05% 0.21+0.01% 0.11£0.01%

#4 BEHEEEY NAFLD /NRAFAL LTF.GPX4,.GPX7.S100A8 1 ACSL4 E A RIXM I (3+s5,n=3)
Table 4 Effect of betulinic acid on protein expression of LTF, GPX4, GPX7, S100A8, and ACSL4 in liver tissue of mice (x+s,n=3)

215 4 /mg - kg LTF/GAPDH GPX4/GAPDH GPX7/GAPDH S100A8/GAPDH  ACSL4/GAPDH
14 1.15+0.08 0.73+0.03 0.43+0.04 0.73+0.04 1.96+0.07
H R 2 0.29+0.02% 0.43+0.03% 0.18+0.01% 0.89+0.03 2.45+0.11%
K T2 100 0.71+£0.01% 0.83+0.02" 0.78+.03% 0.87+0.02" 1.60+0.07%
11 M g 1 A1 1] o 2 10 0.83+0.02" 1.19+0.01" 0.96+.03% 0.58+0.04" 0.68+0.05"
P HE i 1% e ) dak 2 30 1.01£0.05" 1.39+0.09" 1.29+.04" 0.54+0.05" 0.57+0.03"

80 kDa

20 kDa

36 kDa

21 kDa

S100A8 11 kDa

ACSL4 79 kDa
GAPDH 36 kDa
A B ¢ D E
2 BINEAFFAHAL GPX7.LTF.S100A8 . GPX4 . ACSL4 EH R IE
ik

Fig. 2 Protein expression levels of GPX7, LTF, S100A8, GPX4,

and ACSL4 in liver tissues of each group

5 iFit
NAFLD 54 5k H £ Wi 47 B9 JE ik % U1 AH ¢, JF
AR A B N 22 T B R 24 RO 1 L g
WO, O B M S T R R T E M A 7
i E T4 40 R T Bl BA 2 AT 40 M AE T Y
F By MR T 10 4F 3k & B — Fh kK
J M B P M A L SE T 25 Y 5 NAFLD 1) %% 9 i
A OC AR R 22 8] B0 G & AL R 58 4 e
AR AR BB R AE T A BT U it O 1 9
FEHLH A 697 NAFLD B 7 i 4 o FIAENR IR 2
— PP B 2 Fh 2 B S AR 0 T G 3 S B e
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A =5 20 E W WE 98 3R WA B s Ak I i A B s
ik SR Ak BB D A AR L R R S R BB RPN
o PR N 95 4 R RO AR 2R BB T A A OG izl 4K
D AR EEESAEYE R FHE ST
NAFLD 5 8k %8 7~ #H ¢ 19 22 4, 43 Bt 50 1IE i 3%
NAFLD £k 46 17 AH 5¢ 19 4% 0 B I, 38 2o 43 1 X 42 5
IE T [ HE g 2 5 NAFLD £k 36 - A0 0C #% 0 5
(LTF.S100A8.GPX7) 45 & R 4f , F it , 28 3 #fE il
BA 7] GE 8 1 91 4% 5 1= 2% it NAFLD Yk & . #x
Ji 38 3 Bl ) S 5 0 UE 1 ME B R IR YT NAFLD 97 2L
IR T FLHLH -

AR R 5 S g Bt AL 9K 3 7E NAFLD
BAT R bR E B REZEMENY . SRaEKk
i B GPX4 R4 2 3 51 6 /) B I ok Sk S g 9Tk
2 R Sl A0 LA BT A R AT i S 45 4 5 ) BE RS T
WG RO R ER . B T A R A e T
T FE K B 9 BT AL ) GSH, AR HL A /Y Bt 4 Ak 7k
ST A R TR GSH B R BT RE  FRAE TR .
GPX4 .GPX7 /2 7% Bt H kit A6 Wy i 5 v iy B
GPX 5 i &b W 57 A g A aod 4204k AU AE T O A it
BT EAR G W TEPE A (ROS) I/ g it iat 4 Ak
Yy = 2 ACSL4 J& Z2 AN AR I % (PUFA) AR
A TR o T RS T U TR AR
ACSLA ik & Z AN FIIR 195 2 14 IR o 26 0 4 A, A
HERG T A W R B S R AE T, R, A
5% 18 i 2K 15 S 22 BN E M PCR G I NAFLD /) BRI
20 2 GPX7.GPX4 ., ACSL4 mRNA & & 4 /K F LU
AL X NAFLD S A0 R 33 BRFE T 52 . 5 15 % 41
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Fe 3 , NAFLD B 5/ fRUAY GPX7 .GPX4 mRNA K &
K WA, ACSLA FF 5, I HERS 1% T il AT 384
NAFLD /N HY GPX4 . GPX7 ) mRNA M 1 k7K
-, B ACSL4 Y mRNA S 85 4 6 167K, AT B3
JHF I 4 Ak 107 98 el 2 Bl T 3k 4804k 0 B9 7 2RI 4
JiL X R B0 T A SRR L EL I MERR R AIC L= R A1 2 ()
mRNA & 13RI KVA 25 ARSI A58 & 3 HE
JI 2 T 38 3k 384 0 AU A R B b g o i 4R Ak B
AR T M R E T8 NAFLD R 2 24
Py 3R iR

Jig I3 AR08 28 L B2 R A SV & NAFLD i) 8 20
fiE, 2546 DL B RRAE , A B0 58 R 5 B e 1L ] K £
Ik 4 DSS #37 NAFLD gh ¢ #554  iff 5% & 3L NAFLD
/)N B A AT UL 4 B3 = % NAFLD 4G RR1E , (A
HE NG R 7T 5 25 B I NAFLD /N BRUAY T 98 54, /0 BT
JE /I, e I e B B AR B +DSS 5 5 NAFLD /)
JFFHIE 28 HE % £6 m] UL 40 B HE 50 AL, I & B, i
Ui AERBE AR K A IR o e R R T TS AT
3% NAFLD /) BRUFF 40 i AR FE AR i o 35 R I %
Ui LR o UL, 1 ME R R RT3 O 23 NAFLD i
B A & FETR YT AR

Bon R e ARG R B R TR ™
5 R 45 T Al R A0 M PN BR A A RN TR SR 5 I Bk 0
Z A RS WS- 50 . LTF 22— Fh R TR A Rk
MRS SR O E R AR iR ECE R
YERP . LTF C 8 UE B 5 A7 §0 0 Ak R 28 5 1
I X5 Fig Jot A2 2 R0 AR TR P B 107 JF (NAFLD) & % 77
AR E AR A A G H T B A B A A R HAS —
. AT K BLLTE o] G of #0140 R -k f5 iz
B 1 (FPn) %l 2 38 T JiF 40 it 26 i i, 8 0 3 o ) il
Bt A A R G0 4t A I e 8T i, S5 2 000 ) JH 240 1
FET. LTF id 2o B s 4 18 A K JIr 0b 75 19 4 ok 1 5 i
F A PE BT . A AR A IE & BLLTF B4k 45 & 4
PEAG BN 0 & AR 1 4 AR T Y . fE &t
FY L Bl 2 R T Bk A T R A 22 e T R R AR
I & (apo ) -LTF i iz 478 A3l 725 2K A EG in SLCTALL %
KR H > ROS [ 7= A, Tk 6 2k FE T-7 . LTF /]
RO KRR B O3 3 4k e 18 2R 11 (FPN) 4 =5 i
R R F AT AE T . AR AR B R,
1EH 4 8, NAFLD A8/ B9 LTF 8 H R k7K F
A . /K T T R T R T T A
T NAFLD /M UIF41 41 LTF B9 mRNA/ZE ([ %35 K
o BIRTFSE AR, I HENR PR 7F NAFLD R J7
rhE o I8 4% LTF & #8203 NAFLD fEH .

S100A8 FR Ay i AH & FH (MRPS) , J&t—Filt Ca™ 4%
A7 1,7 HFD+AdCxell 7% 5 i) NASH /N B B8 i
A 2P0 gy N TR RE AR 2 R bR FE R R Y
N E B W7 41 28 h S100A8 i1 S100A9 1Y £ ik 8
pg e TR i (ICH) J5 3 52 98 45 STO0A8/A9 M
17 A8 S ) o kAR, I R SE T2, 0% ICH 5 1Y
ak &R, R O A HiRGE R NASH S i
15 ST00A8/A9 7KF-H] i Fh i, KM, S100A8/A9TE
JIg W 75 P 2 SR NASH 2 J&& v 189 7 T 18 A #4138, AR 512
538 i B 4 520 96 & B AE (AR IR R T B
S100A8 7£ /N U IE L 21 f mRNA HR [ R T8 7K F %
%, 3 156 BH 1 HE RS 8 78 = IR TK & 175 5 19 NAFLD #4 Al
AT BB AT A ST00A8 # 5% /K SF- 52 I NAFLD (1)
s iR

Zx ik, AU MERE IR T fE il i) I 4% GPX7 . LTF .
S100A8, ¥k & GPX4 % 1 . T i ACSL4 4 1) il 2k 5t
1o, % 2% NAFLD %55 2 e o AL AT 8 = 1 v 41
ARG W g T A A T A R T 2 Bk
PRI A0 ] 5 i B2 I 55 B A 8] & HE VR D 8K i AR
S A AR AR HLE AT IR AR S, IS S T R
20 S , 45 A T U0 O 0 114 A% 0 L 0 R 4y 22 T 9
P K RIEAT IR AW 5T, 8 NAFLD A9 8 25 JF & #2434t

— € B BRI S S A
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