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Highlights:

(1) It was confirmed that astragaloside I could promote the healing of full-thickness skin wounds
in diabetic rats.

(2) Integrated network pharmacology analysis, molecular docking simulation, and molecular
dynamics simulation revealed that astragaloside 1 exerted multi-target reparative effects on
wounds in rats by modulating the forkhead box O signaling pathway and key targets, including
epidermal growth factor receptor, cyclin-dependent kinase 2, and phosphatidylinositol 3-kinase

catalytic subunit alpha.
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[ Abstract] Objective To investigate the effects of astragaloside I (AS- I ) on full-thickness
skin defects in diabetic rats and its underlying mechanism. Methods This study was an
experimental study with grouped design and repeated measures design. Twenty-four male
Sprague-Dawley rats aged 6-8 weeks were divided into control group (n=6) and modeling group (n=
18) using a random number table method (the same grouping method was used throughout). After
successful induction of diabetes mellitus, the modeling group was further divided into model group,
low-dose AS- [ group, and high-dose AS- [ group, with 6 rats in each group. A full-thickness skin
defect wound with a diameter of 10 mm was created on the back of each rat. Wounds in control
group group and model group were treated with normal saline, while those in low-dose AS- I group
and high-dose AS- I group were treated with 1.15 and 11.50 mmol/L AS-I, respectively, for 3
consecutive days. Wound healing rates of rats were calculated at post-injury days (PIDs) 3,5, 7,9, 13,
and 15. At PIDs 15, Masson's trichrome staining was used to assess collagen deposition;
immunohistochemical staining was performed to detect Ki-67 positive expression in wound tissues,
and the expression level was quantified. Network pharmacology analysis was applied to screen for
potential key targets of AS- | intervention in diabetic wound healing. Molecular docking simulation
was utilized to validate the binding of AS-1 to the target proteins, and molecular dynamics
simulation was performed to verify the stability of the interaction between AS- I and forkhead box
protein 01 (FOX01). At PIDs 15, Western blotting was used to determine the protein expression
levels of epidermal growth factor receptor (EGFR), cyclin-dependent kinase 2 (CDK2), growth factor
receptor-bound protein 2 (GRB2), phosphatidylinositol 3-kinase catalytic subunit alpha (PIK3CA),
signal transducer and activator of transcription 3 (STAT3), and FOXO1 in wound tissues of rats
among four groups. Results Compared with those in control group, the wound healing rates of
rats in model group at PIDs 3 and 15 were significantly decreased (P<0.05); whereas the healing
rates of rats in low-dose AS- I group at PIDs 7 and 13, and in high-dose AS- | group at PIDs 5, 7, 9,
13, and 15 were significantly increased (P<0.05). Compared with those in model group, wound
healing rates of wats in both low-dose AS- I group and high-dose AS-I group at PIDs 3,9, 13, and 15
were significantly increased (P<0.05). At PIDs 15, In control group, collagen fibers in the wounds of
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rats were regularly and densely arranged; in model group, they were sparse and disorganized;
improved collagen deposition in the wounds of rats was observed in low-dose AS-1 group
compared with the model group; collagen fibers in the wounds of rats in high-dose AS- I group
exhibited densely and orderly arranged with higher maturity. At PID 15, Compared with that in
control group, the Ki-67 expression level in wound tissues of rats in model group was significantly
lower (P<0.05); compared with that in model group, the Ki-67 expression level in wound tissues of
rats in low-dose AS- [ group was significantly higher (P<0.05); compared with those in control
group, model group, and low-dose AS- [ group, the Ki-67 expression level in wound tissues of rats in
high-dose AS-1 group was significantly higher (with P values all <0.05). The results of network
pharmacology analysis identified 63 overlapping targets between AS- | -associated targets and
diabetic-wound-related targets, involving the FOXO signaling pathway and protein targets including
EGFR, CDK2, GRB2, PIK3CA, and STAT3. The results of molecular docking simulation indicated stable
binding of AS- I to these targets and to FOXO1 protein, while the results of molecular dynamics
simulation demonstrated strong binding affinity between AS- I and FOXO1 protein. Compared with
those in control group, the protein expression levels of STAT3, GRB2, and FOXO1 in wound tissue of
rats in model group were significantly upregulated (with P values all <0.05), while the protein
expression levels of PIK3CA, EGFR, and CDK2 were significantly downregulated (with P values all <
0.05). Compared with those in model group, the protein expression levels of STAT3, GRB2, and
FOXO01 in wound tissue of rats in low-dose group and high-dose AS- I group were significantly
downregulated (with P values all <0.05), while the protein expression levels of PIK3CA, EGFR, and
CDK2 were significantly upregulated (with P values all <0.05). Compared with those in low-dose
AS- I group, the protein expression levels of STAT3, GRB2, and FOXO1 in wound tissue of rats in
high-dose AS- | group were significantly downregulated (with P values all <0.05), while the protein
expression levels of PIK3CA, EGFR, and CDK2 were significantly upregulated (with P values all <
0.05). Conclusions AS- I may promote wound healing in full-thickness skin defects of diabetic
rats and improve collagen fiber arrangement by regulating the FOXO signaling pathway, which
downregulates STAT3, GRB2, and FOXO1 protein expression and upregulates PIK3CA, EGFR, and
CDK?2 protein expression.

[ Key words ] Molecular docking simulation;
Molecular dynamics simulation; Wound healing; Forkhead box 01

Fund program: Joint Project of the Liaoning Provincial Science and Technology Program
(2024011888-JH3/4700)

Diabetes mellitus; Astragaloside;

W R s S 42 Bk DL IS PR e 2 — , T 3
2030 4F BRI AR 2 6. 43427 o IR B
1 (diabetic wound , DW) A >4 5 PR 14 3 2 T A&
Z—, VRSN A I 2 16 s 2 S AR I 45
SRAT R AL, S B0 T A S TR S, T R TR
A TR

DW 715 IR ESZ Z2 i PR 3252 ), 2 2 s il ]
S BOHTAE I T LD HE— 2 ) A A
FUHT, i XS DW BT 28 b T pE 2 ) | Ja s
B 5 PG 5 5 T, BT ROR BAR S TR B
T, BRI R R Y 2 ST T R
1. WEFERW, AR Geh 25 7R A 18 AR 5 4 4B
SO RA W wEAE ARG 2 I
PR B2 TR I iR M O e, 28 ity s
(4 B WS ) BT 4 v e AR B L B o AR
ARG P22k 2 B HAT P AE o A S f 92 )4 1
AL B E Y o RSy 2
R 1 (Astragaloside 1 ,AS- T )J& M EEHFEHL

(R R ITE T Loy, B S L R HE 2 BEAE Y
BYIIERET . AP R AS- T 7SS IR
IR AE 7 T B T O A B . SR
1M, AS- T 3275 X DW HAT IR VR S L BARHL ] v
K%

AT B TER T AS- 1 % DW A4 1 T sk
N, I B B VAR S AL, ks AS- T R & DW
TRYT IR A 16 245 ) B AR S A U 5 R Sl

1 #R5FE®

IS Sk A R T AR R ) S 6 B
58, S S B AT A B AN B I 24 g S 6 3 49 s
(FI45- : SNLL25092501 ) 5 T sl fift FH (9 AH S RILAE -
L1 sh¥ R 2R 5 ER ok R

24 B fedt B T R IR AR % | 6~8 JEl i | R E
180~250 g MEPE SD K B B b oA B R AE MRk Ik
A BR A A 2% A A PRV AT IE 5 - SCXK (5E)
2024-0003 , P4 FH = 2 Bt 1) 52 36 2l Py el 8 T S



<4 - HAE B 500 s E 2% 2026 4E 8 H 4 42 %45 8 1] Chin J Burns Wounds, August 2026, Vol. 42, No. 8

SYXK (3L )2024-0008. K B IR AE 12 h L /12 h
PRI I 20~26 C I 40%~70% I IREE T, OF 45
T 7 R A TRDELRT i ) KR

AS- 1 (ZlEE>98% ) KA A R W H iRl
T AR B A R AR . Rt Bl EGE &2 1K
(epidermal growth factor receptor, EGFR) L1 | Gt
B 241 f ) 300 1 AR 1 93 2 (eyelin-dependent
kinase 2, CDK2)Hifk et BRUAE K I 721K 45 G
F 2 (growth factor receptor-bound protein 2, GRB2) 4T
T L S B BBE IS mE UL B 3- 0 BE A 1L I o
(phosphatidylinositol 3-kinase catalytic subunit alpha,
PIK3CA) FLA APt B L AHE 8 11 01 (forkhead box
01, FOXODHLfh bt i Ki-67 S FEbREY) ) Hiik |
bt B GAPDH HT 1A FH 3¢ 8 Abcam 24 7] , f 4t il
5 5 i S RN SR U0 R F 3 (signal transducer and
activator of transcription 3, STAT3)Hii B 1 & Ak
PIEARIC I 1L SE P05 LG 2 SO REPTLIR I [ S5 1H Cell
signaling A F] . HE Fl Masson 4 (32057 14 [ L R}
LA HORA BRI F . HS50 B3 i e ) 7

EkRAF
L2 BEDR R Bl 42 )2 B IR e B T A5 8 ) g ot
Iref

B 24 HSD KB, @ W MR 77 1 RS $i Bl MLER
FRIE UGS A0 iE AR 73 B2 (6 ) Fil
B2 (18 H) o XHRZH AR BT DA IEF IR &, i K
BT DA e i v i R 2 S S, F 30 mg/kg ) % S
3 dMEREEGTRENRAA TR o R IR 5 BEATL IR , LA I
BEZKF->16. 7 mmol/L & W IR E AL o (]
S JEUBE IR B 4R B R 2R 1A AR ] | 35 30 5
B, H5 EAR 10 mm (422 B JR B B 1 . oKt
BRI 18 R E A BRI AR AS- T 41
Al AS- T 41, B4 6 H o A i i /E 5¢ hi s RR
TR 25 ARFI i AS- T 4 &7 AS- T 4K R
TAT 43 ) U R 50 WL 2R 4 1. 15,11, 50 mmol/L f4
AS- T VW, % BR 2 A 20 R BRI T 34 TR A S AR R
APRERIK ESEA 25 3 d.

1.3 Al A olm s

HiJ5 0.3.5.7.9. 11,1315 d %} 4% 20 K B A1 1
AT I A AT O . H Image) 2R (3£ [H
[ 57 AR B ) DN o) e v AL, 540 05 3.5
7.9 11,1315 d (9 B il @ A R o ARSI RE A
M6,

1.4 AQlmbrAcR4E

fiJE 15 d, TN EEES oI5 | R A R B,
IR L, A5 873G T 22U T -80 “CURFRIRAF
AR ZUE T 40 of L SRR, R
JE AT H R K A WA A B O S A TR R 3
pm PR
1.5 QI ZURA A R e IO D0 55 B B 15 0

B 4l g5 n0 A WD R W B oK AB ST
HE B¢ (0, B Fr J5 365 AR 40 £ 3O A £ T WL
SERTH B JAE | I8 A L B AR Ol . S e
WU R, S KARJS AT Masson B 68, T2 i
52 80 F5 B AL T WL B 1 20 2 e ) e S AR
Olo 3 HATHED) R, BLBE S K 5 BEAT U RE &2, W
LB AR R R S5 AL R AT e H Uk g
— PRI Ki-67 FLiA B Lo 1:200), — 408
B o AL W Wl B A0 09 1L ST AR 1G22 SR T IA
(W B 1:200) , B )5 T8 1 5BE 400 f5 R
FRCT M Ki-67 1Y BH P2 1k (B ) 1 DL 11
Image) B THHH R IA 5, B W61 Th) 2H 2 i) 44 B 1
Ol ARELIFEARZN 6.

1.6 [z 2y 32 A

1t F SwissTargetPrediction 7F & 7 Il °F & (i +-
A WAE B A9 ) TN AS- T AW A AR FHFE A5
L1 “Diabetic wound” & 4 A] , i 1 GeneCards ZU %
JESEATHE SRR . FIH Venny 2. 1. 0 7E 4k T. H.2: il
Y B G e AS- T 15 DW B 38 SE 81 05 . f 38 SR 4
R STRING B e H I 70 A AS- 1 5585 4t
S B A B R 4% 5 B S fE H Cytoscape
3.9.1 By i o B - & A B M E AR
(protein-protein interaction, PPI) I’ 4% , Jf 4 57 24
Wy - WG -iE . A Metascape - 5 % 38 52 #H 5
AT AR S A A B4 A (Kyoto
encyclopedia of genes and genomes , KEGG ) iffl 1% & &
SIAT o HEICHT 20 4 KEGG 3 % , AR 4 PPT % 4% 45
SUBEAEHE Y T4 6 f 0l B A S, IR E DG BREAT A,
RIS AR R4 T S SR S0 IE
L7 7 F XA

M TCMSP 48 2 4K B AS- T 19 MOL2 #% 2 3¢
F, D\ PDB %4l i F SR8 1y =4 ah . ()
AutoDockTools-1. 5. 6 A XF AS- 1 Sz HUA 11 #E47 19
AP, AL AR 2K M ASEERAE IR IS HEAT 03 TR T
HRAGE. M ea S5 EAE 5 E<-20. 92
kJ/mol I}, A LA 5 SZ AR HAT A i 45 G RE D)
1.8 1o gl



BBt S50 E A5 E 4 1 2026 458 A5 42 %45 8 ] Chin J Burns Wounds, August 2026, Vol. 42, No. 8 © 5.

i /] GROMACS B X A% 0 A5 W) (AS- 1 5
FOXO1 8 I ZE &1 152 G R kAT 4373l ) 274
L, LIS - IAR S B s ZSAT . TR Z
=G EERE GAFF2 J3g, X B HEAT S Ak BT
A AR N4 1 B AMBER99SB-ILDN Jj 37 Fil
TIP3P /KBRS, X 3 (4 BEAT AR B, A B gro Je4hi4h3C
o Bl 5 A IFECAR S B Y gro 5 top SUIF, AR S AE
GROMACS # it A7 /R A 5 P R4, f 4%
PR & T RN VBLTEK T ASINES 1 RE R AR /D
UARITY S INEIR S D & =Py K/ £ )
SE UG L THRLE S AR 1) 28 5 AR i 22 (root
mean square deviation, RMSD) . ] J7 # I 3j (root
mean square fluctuation, RMSF) | [F] g 2= 45 I S 4 4%
ZH0, PPl 2R 1 - AR B T AR E M. RMSD
Je i A - PR A B W) e G AR rh 4 A A8 Ak
AR B AR bR s RMSF T 3R AE 85 11 o 2% > B AL IR Bk
BERY Iz SR 5 K, AN [ S R B 5
W BN 55 5 [ AR S 1 1 2 1 BT 4 i) BB AR 1Y
fa b, g A2 B Wt E TR, RIZE S
WEH IR e B s AR R - 88 A B
I SCHEAE T
1.9 QIEAHLUPACHEA YR

B 4P B DKL, R A P 5 e 125 A6
BT 21 2 EGFR . CDK2 . GRB2 . PIK3CA ,STAT3,
FOXO1 FHEHIIFRIA NI . — PRI EGFR,
CDK2.GRB2.PIK3CA .STAT3 .FOXO1 } GAPDH #i
RCRBE LR 1:1.000) , 0 iR i AL P Bibr
Y PR 1gG 2 e BE BT IR (B BE 1L 1: 10
000) o K AL 5% KOt AR & G AR BCEAR 1l ]
Image] FFo0 A 2% IKEEH . LA GAPDH NS IR,
A& HWE AWM RN SR, AR A

BN6,
1.10  Sitortr

K H GraphPad Prism 8. 0 &t i1 3x 4147 8 P8 7
Bro THEFERIMFGIESSMN, Ur + s 3 m, 24
[i) S A LA SR FH B 55 I oy 2 0 BT, BRL PR 3R 40 ()
TR LR FH A IR 3R 5 22 43, A 18] 9 1 L R
Tukey-HSD F55 . JirA R UK 50 15 SR SUINAG: 960, P<
0.05 W ZEFRAGI L,

2 #£R
2.1 BEPRI K A A A Ol

)5 3 &, AAYZH R BB T A A K T X R
2 (P=0.023) ; fIK 7] & AS- T 41 . = & AS- T 41k
R TS R TR (P A A
0.029.0.006) . fiJ75 d, A5 AS- T 44K 54
AT A A% 0 3 3 T R4 (P=0. 015) . 1i)5 7 d, M
FlHEAS- 12 w7t AS- 1 4Kk BB i A & 54y
F e TR B (P{H 40 R 0. 030.0.012) 0 H3)5 9
d, m R AS- T 2K BRUA T A G o3 2 s 0 IR A
(P=0.003) ; K5 AS- T 4 =70 AS- T 44K
B AR R B = TR (PE 551 0. 005 <
0.001). f5)5 13 d, MK & AS- T 41K BB m @4
R I 25 TR BEZH AT (P AE 5331 R 0. 003 <
0.001) ; =5l iE AS- T A R ERAI A A R E ST
X B ZH KA R 4 (P A 19<0.001) o f5)5 15 d, #5550
4 A AS- T 41K BRI AR ) B AT X
HEZH (PAE 3914 0. 024 .<0. 001) ; {5 & AS- T 4H .
i AS- 14K BB G4 i 3 v TR (P
{H#4<0.001), WK1 .£1,
2.2 A48 A SR R TR L

Yi)5 15 d, HE Y0t 7R, o BE 20 K BB T 48

R ALURIRIG R B 25 I 1] 5 42 2 S R B B T A R L (%, % + )

Table 1 Comparison of wound healing rates among four groups of diabetic rats at various time points post-injury in full-thickness

skin defects

2H 5 FEAEL 3d 5d 9d 11d 13d 15d
it HE 2 6 19.7+3.0 17.4+6.4 19.7£2.1 34.3+2.0 50.0£3.0 70.0+7.1 83.6+3.9
AL 6 15.7+2.1° 22.1+2.6 23.75.1 31.7+2.5 52.2+3.8 64.8+3.5 76.4+2.5°
IG5 AS- T 41 6 19.6+1.9" 22.6+3.4 25.5+3.2° 39.4+5.7" 55.5+6.3 84.7+5.8" 88.1+6.1"
i AS- T 4 6 20.6+2.6" 25.3+2.6" 26.3+1.9" 42.4+1.9" 59.6+9.5 88.9+6.1" 94.2+1.9"
FH 5.83 3.92 12.00 2.67 23.10 21.71
PAl 0.005 0.024 <0.001 0.074 <0.001 <0.001

T B2 R BRI R, BT 45 T AR B R K AR B BEAUZH AR B BT 1 (AS- 1) 2 Bl i AS- T 41K UFE M PRI B A0 g 42 g
), HA 20 45 T A4 BEEL /K 1.15 mmol/L A9 AS- T & 11.50 mmol/L (1) AS- T Kb B 5 kb B[R £ 34 , F=215.60, P<0.001 ; i [] K] £ 32500,
F=398.00,P<0.001; Pi& 32 HAEH, F=24.38,P<0.001; 5% LA HE , *P<0.05 ; SRR A Fb ,"P<0.05
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Figure 1 Healing of full-thickness skin defect wounds in four groups of rats at various time points post-injury
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Figure 2 Histopathological changes and collagen deposition in full-thickness skin defects among four groups of diabetic rats
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Figure 3  Proliferation status in full-thickness skin defects among four groups of diabetic rats at post-injury days 15
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Figure 4 Expression of related proteins in wound tissues of four

groups of rats detected by Western blotting at post-injury days 15
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Table 2 Comparison of related protein expression levels in wound tissues of four groups of rats in full-thickness skin defects at

post-injury days 15
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