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Tanshinone 114 improves premature ovarian failure in rats by regulating Aktl/
FDX1 signaling to inhibit granulosa cell cuproptosis
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Abstract: Objective To investigate the mechanisms of tanshinone IIa regulates Akt1/FDX1 signaling to inhibit cuproptosis in ovarian
granulosa cells, thereby ameliorating cyclophosphamide-induced premature ovarian failure in rats. Methods Forty-nine adult female
SD rats were randomly divided into control group, model group, tanshinone IIa (10, 20 mg/kg) group, tanshinone IIa+A-674563 group,
tanshinone IIa+siNC group, tanshinone [Ia+siFDX1 group. The levels of serum E2, FSH, and the levels of DLAT and DLST in ovarian
tissue were detected using ELISA. Ovarian copper ion content was determined by atomic absorption spectrophotometry, ROS levels
were assessed using a fluorescence probe, expression of p-Akt1/Aktl and p-FDX1/FDXI1 proteins was analyzed by Western blotting,
cell proliferation (Ki67 positivity rate) and apoptosis were evaluated using immunofluorescence chemistry and terminal
deoxynucleotidyl transferase dUTP nick end labeling assays, respectively. And ovarian histopathological changes were assessed by HE
staining. Results Compared to the model group, the tanshinone I1a group significantly increase serum Ez levels and primordial follicle
count, decreased FSH, copper ion content, lipid ROS, apoptosis rate, and tissue fibrosis/inflammation scores (P < 0.05), while p-

Aktl/Aktl and p-FDX1/FDX1 ratios, and Ki67 positivity rate were significantly increased (P < 0.05). Compared with tanshinone I1a
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20 mg/kg group, tanshinone IIa+A-674563 reversed above indicators (P < 0.05). Compared to the tanshinone IIa+siNC group,
tanshinone I1a+siFDX1 group were significantly decreased E2 levels, follicle counts, p-Aktl/Aktl, p-FDX1/FDXI1 ratios, and Ki67

positivity rates, while FSH, copper ion content, lipid ROS, apoptosis rates, and tissue damage scores were significantly increased (P <

0.05). Conclusion Tanshinone IIa ameliorates premature ovarian progression by activating the Aktl/FDX1 signaling, inhibiting

granulosa cell cuproptosis and apoptosis, and improving hormonal imbalance and histopathological damage.

Key words: tanshinone IIa; premature ovarian failure; ovarian granulosa cells; Akt1/FDX1 signaling; cuproptosis
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=apA

SRR A L, FFS 1a %77 AL By /KT
JRUA NI H ) B35 THR, FSH &35 4K (P<<0.05),
HEREMKME. 5P Ua 20 mg/kg 4L,
Zi Ta+ A-674563 2H B /K P FI iR 45 U1 v 50 I 35 1%
ik, FSH B& T (P<<0.05). 510 s +siNC
LIk, IS Ma+siFDX1 2 Ey /KPR R 46 5P 5
BEK, FSH BE A m (P<0.05), W& 1.

F1 RERRMEREKFLSIEHBHLLE (X2, n=7)
Table 1 Comparison of serum hormone levels and follicle numbers in each group of rats ( x=* ssn=17)
4151 & E2/(pg mL1) FSH/(mIU mL™) B AR UR R E

POyt — 4531+3.47 12.35+1.24 25.65+2.30
ei) — 18.76+2.35" 35.62+3.20" 8.77+1.21"
FHZ 11a 10 mg-kg™ 28.41+2.83" 24.55+2.37* 15.64 +1.89*

20 mg-kg™! 36.83+3.40%& 18.24+1.68%& 20.40+2.11%&
FFZH 1o+ A-674563 20 mg-kg'+10 mg-kg™! 22.38+2.50@ 29.41+2.420@ 12.37+1.52@
F+ 20 11a+siNC 20 mg-kg~'+30 nmol-L™! 36.72+3.42 18.20+1.47 20.35+2.27
FFZH lla+siFDX1 20 mg-kg~'+30 nmol-L™! 20.67+2.23" 30.14+3.18" 10.44+1.31"

HXIRALR: "P<0.05; SHBALE: #P<0.05; S5FBHH 1, 10 mg-kg ' AELHR: €P<0.05; 5P 1M, 20 mg-kg ™' A ELHR: @P<0.05;

5P 1,+siNC 4L H#: "P<0.05.

“P < 0.05 vs control group; *P < 0.05 vs model group; P < 0.05 vs tanshinone I, 10 mg-kg™! group; @P < 0.05 vs tanshinone I, 20 mg-kg™' group; P <

0.05 vs tanshinone IT5 + siNC group.

TSR 1 3 KRN E LB L RIBEF G IER
X IR ZHL OP LA U A E S, JERH B 7o i ofn
PRI AP S 11 10 mg/kg 2150 8] 57 a W78 1
WX, PERE SRR R D FESEE 1A 20 mg/kg
HFNFL 2 Ta+siNC 2H 5P 520 2373 1fin o 1 B S5 4
=, INEEEN, FESE A+ A-674563 AP
Z: Ta+siFDX1 ZH 7] W78 i H I X4, 4 i oY
WHERD, WE 1.

3.2

R 10

20
FHSH Ua/(mg-kg ™)

1 HE REUERAKFRIVEMEBERIZENL (X100)

Fig. 1 HE staining observation of the pathological changes of ovarian cells in each group of rats (x 100)

AL, PSR AR A 4R
Iy KRR K RS R B E R (P<
0.05), HEIWREMHINE. 5P 20 mg/kg 4HAHEL,
PS5 Ta+A-674563 AR 4EALTEr KRR
TR J O AR ) B & T (P<<0.05). 5}
Zi 1a+siNC 4L, PFZE Ua+siFDX1 4H 8] i
YT RYERIE VRS S ORI B %) B T
H (P<<0.05), WL 2.




FEANEE4H 202658£4HA AKX H w5 %L Drugs & Clinic Vol. 41 No. 4 April 2026 + 893

2 SEIPEBLBRETES ( x*s, n=7)

Table 2 Ovarian tissue injury scores of each group ( xts,n=7)

2H 5 & ARy RUERIEESS ORI BIR%
payict — 0.47+0.09 0.31+0.04 10.23+1.12
e 252+0.13" 2.42+0.21" 65.67+6.75"
FHZHR 11a 10 mg-kg™ 1.63+0.12* 1.55+0.17% 42.30+5.61%
20 mg-kg™! 1.1240.17%& 0.87+0.09%& 25.43+3.44%&
FFZT la+ A-674563 20 mg-kg' 410 mg-kg™! 2.01+0.20@ 1.82+0.20@ 48.76+5.80@
FFZT la+siNC 20 mg-kg™'+30 nmol-L™! 1.12+0.13 0.90+0.09 25.39+3.41
FFZH Nla+siFDX1 20 mg-kg™'+30 nmol-L™! 2.23+0.27° 1.94+0.22n 55.07 =6.33"

x4t "P<<0.05; SHEIALE: *P<0.05; H5FFSEH L, 10 mg-ke ' AHE: 4P<0.05; 55 11, 20 mg-kg ' 41HL#: @P<0.05;
5FSE U, +siNC 415 "P<0.05.

*P <0.05 vs control group; *P < 0.05 vs model group; &P < 0.05 vs tanshinone IT5 10 mg-kg™! group; ©P < 0.05 vs tanshinone 1T, 20 mg-kg™" group; "P <
0.05 vs tanshinone II5 + siNC group.
33 P2 U ST KRIPEFRAEIEESHTE B A +A-674563 21 UP SR Ki67 FHM: 5 0 3 FEAIK,
BIEER SR TSR R B IN(P<0.05) . 5FFEE 1, +siNC
SEAEMEL, FISE O &7 B4 Kie7 BT 4, FF2E Ha+siFDX1 4 Ki67 Bk R 52
R FEYEIN, UPSEANME T R R RRK (P<0.05), FRAK, U TR EEHm (P<0.05), W 2.
HEMEMXME. 57130 20 mgkg AMLEL, 7= %3,

FIBHA A +A674563  FIEBER A +SINC PR I, +siFDX1

S Ta/(mg kg ')

2 FHEARINELMM TUNEL & (A, X100) 5 Ki67 £RERARERE (B, X400)
Fig.2 TUNEL staining of ovarian cells (A, x 100) and Ki67 immunofluorescence staining diagram (B, x 400) in each group

of rats

*3 REAARINEMAT RS Kie7 FAMRMLE ( X+s, n=7)

Table 3 Comparison of apoptosis rate and Ki67 positive rate of ovarian cells in each group of rats ( xts,n=7)

21 51 H & P S 40 T2 % Ki67 [H T %/%
pagit — 5.31+0.57 85.60+7.21
it — 28.40+3.28" 40.28 +5.60"
FHZE A 10 mg-kg™! 18.71+2.30" 61.32+6.81*

20 mg-kg ™! 12.374+1.50% 74.4947.40%&
FFZHH 1o+ A-674563 20 mg-kg'+10 mg-kg™! 23.55+2.67@ 55.60+6.31@
FFS1 11a+siNC 20 mg-kg™'+30 nmol-L™! 12.41+1.26 75.42+7.43
P10 11a+siFDX1 20 mg-kg™' 430 nmol-L™! 26.14+2.10" 50.20+5.71"

SR "P<<0.05; SERALLE: #P<0.05; S5FFEE I, 10 mg-kg ' AHLLE: 4P<<0.05; 5FFEME 1, 20 mg kg HLLE: @P<0.05;
5120 T +siNC AL "P<0.05.

“P < 0.05 vs control group; *P < 0.05 vs model group; P < 0.05 vs tanshinone I, 10 mg-kg™! group; @P < 0.05 vs tanshinone I, 20 mg-kg™' group; P <
0.05 vs tanshinone IT5 + siNC group.
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3.4 FESE N X RRIPE TR T D FRS4IRY 8
=1ER

ERBHAALE, P& R S TSR
flEJfi ROS. DLAT. DLST /K-FH# & & EML (P<
0.05), HEIREMKN:. H5PFZE 114 20 mg/kg 24

L, RS A+ A-674563 44 515 & . DLAT.
DLST 7K~F & JIg it ROS /KP4 52 i (P<0.05).
5P Ua+siNC 4, FF2E a+siFDX1 4
FIREBE T LR BT B2 iR (P<0.05),
W& 4.

F4 ZEARINERFEFESEIER ROS KEHELE ( X+s, n=7)

Table 4 Comparison of copper ion content in the ovaries and lipid ROS levels of rats in each group ( xts,n=7)

Eikl] FIEsS M T58l(ug g7") IR ROS (RFU)  DLAT/(pgmL™!) DLST/(pg mL™")
xif R — 2154021  125.62+12.31 412.374+35.28  398.54+32.17
AR — 5.91+0.52"  320.44+28.76" 1 047.82498.43" 1085.63+95.26"
FHZ 1A 10 mg-kg™ 4.21+0.40%  245.47421.22* 836.45+72.69  865.21178.34"

20 mg-kg™! 3.154+0.34%¢  180.27 +18.45% 576.29+51.48%& 59473453624
P15 la+A-674563 20 mg-kg'+10 mg-kg™! 486+051@  290.31+25.65@ 935.46+84.51@  958.92+86.27C
FIZ8A 1la+siNC 20 mg-kg™'+30 nmol-L™! 3.08+0.32  180.18+15.73 572.18+50.33  589.36+52.18
FIZ8 11a+siFDX1 20 mg-kg™'+30 nmol-L™! 5.03+0.54"  310.12427.49" 1008.54+92.67" 1032.45+94.38"

x4tk "P<<0.05; SHEIALE: *P<0.05; SIS L, 10 mg-ke ' AHE: 4P<0.05; 55 11, 20 mg-kg' 41HL#: @P<0.05;

5FSE U, +siNC 41HE: "P<0.05.

P < 0.05 vs control group; P < 0.05 vs model group; P < 0.05 vs tanshinone I, 10 mg-kg™! group; @P < 0.05 vs tanshinone I, 20 mg-kg™' group;"P <

0.05 vs tanshinone II5 + siNC group.

3.5 5 . SRR IVE Aktl/FDX1 ES5@ K
HiEE S BT EWIE

H5EMAME, S0 . &7 824 p-
Aktl/Aktl. p-FDX1/FDX1 & HIFRIEKFEE L
(P<<0.05), H2FEM M. 5P 1A 20 mg/kg
AL, FHSE A+ A-674563 41 p-Aktl/Aktl. p-
FDX1/FDX1 £ F IR IEKF R EFFE (P<0.05).
5P Ta+siNC ZHAHEL, FHZ0 114 +siFDX1 4
p-FDX1/FDX1 & ARIE/KFEF L (P<0.05),
TR 3. £S5,
4 g

WA ST O SR NIRRT 78 2 £ T 0k

Akl]l GEND Gy P Gaur GNP GNP W 56X 10
PAK D a— G — _— 5.6} 10
FDX] quume GNND axsp 40D (D G @ |4 <10

DN gy — D w G — 1 4x10*
GAPDH ------- 3.6X 104

PO R T 10 20 A-674563 siNC siFDXI
S a/(mg-kg™)

[El3  Western blotting £ % 4H KFRIPE Akt1/FDX1 i@
HBREEENRIE
Fig. 3 Western blotting method was used to detect the
expression of key proteins in the Akt1/FDX1 pathway of the

ovaries in each group of rats

%5 BEARIVE AktI/FDX1 BB ERBEATERLE ( X5, n=7)
Table 5 Comparison of key protein expressions in the Akt1/FDX1 pathway of the ovaries of each group of rats ( xts,n=17)

2 5 HlE p-Akt1/Aktl p-FDX1/FDX1
pagict — 1.0040.08 1.0040.12
e — 0.29+0.06" 0.25+0.05"
FHZH 11a 10 mg-kg™! 0.53+0.05* 0.65+0.08"
20 mg-kg ™! 0.8740.08% 0.85+0.09%&
FFZHH 1o+ A-674563 20 mg-kg'+10 mg-kg™! 0.11+0.02@ 0.50+0.06@
FFS1 11a+siNC 20 mg-kg™'+30 nmol-L™! 0.85+0.09 0.84+0.07
FFZH Nla+siFDX1 20 mg-kg~'+30 nmol-L™! 0.88+0.12 0.18+0.05"

IR LR P<<0.05; SRIMALLE:: #P<0.05; 5JFZHH 1, 10 mg:

571208 1,+siNC 4 "P<0.05.

kg | ALLEE: 4P<<0.05; 5FFB 11, 20 mg-kg ' LLE: @P<0.05;

“P < 0.05 vs control group; *P < 0.05 vs model group; P < 0.05 vs tanshinone I, 10 mg-kg™! group; @P < 0.05 vs tanshinone I, 20 mg-kg™' group; P <

0.05 vs tanshinone IT5 + siNC group.
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M FAGR. AVRSEE S A T 05,
XA /> BT PR A0 T o S T RE S 5 o
PR N SR 43(),  {HL i oA B R A S0 T O 8L
LR R ) T TS . BEEOST S
M 1la 7EOP P I FE, ZUFsH s A
oy PURTIRAUGE OV T RED: 121, ABF RT3
AT i 175 11 O B B R RS ARY, 255 PHS B 1w 771
AT Akel REFPERDH] & FDX1 BT ER A
RS, $EH P 1 @8 B0E Aktl/FDX1 {55
IR RIURE 4 0 A6 T e O SRR A R, &R
G B T PSR 1A XIS N i DRe . AR ER
Bifh . BRI T AR TSR A OME S
B % )R 458 KON

G L P 3 WA AR 2 A I IR R B S UKL 48 2R
[ 5 RSP B 4%, Eo P FSH Jh sy B Hi R
N S R 11 P N A I
(CYP19A1) &M BFAE 22 N B i - HEAR - 5P 5 4
(HPO i) s i 200, AT RN, FHSEH A
Al AN B Ers N FSH, HiZBEAER AT
B Aktl FHIFIEL FDX1 JUER IS . XK TS
T A B4 4R HPO Sl 3 , 1 /2 8 i Aktl/FDX1
G SRR AN A S ThRefa s, SEEEm i+
FFSH Ta B35 PI3K/Akt BB EHE CYPI9A1 Kk,
VD TR AT B R T R 45 1 — 1200,

HBET A% Co s A R P 0 28 TR s ARk A, &
W TR AR R P ARE . I RHER ROS M
A, HASHMIETIRY, FDX1 1F AR U e
EE, HA T 0B R S AR TR Bh i O P
B, WRAIESE Aktl T EERERL FDX105), 1 H
Aktl BERRAL TS FDX 1 3% M 4ERr A fa 051, iX 78
Iy XFF Akt1/FDX1 155 AR A0 AR SE T k% O
VAHHLA] . HIBET AR OO AR B T e s Ot
AR RE LA B 7 R AR S E R K P 2
fil, H 4 DLAT. DLST /2450 121845 H B 1 26 br
RARIEEILER 1, FDX1 &2 A RmH L S HsET- 1 =
Witz R T, BB ROS NHMAET FERE R 2%
AL TRIR « BT RIN, FHSEH Ua 7T 525 FEAIK
U B B TR R 58 ROS A, FFZHH 114 20
mg/kg HAPIHIIETROR R, H Aktl #H]5EE
FDX1 JUER AT 58 Az S . 1X 5 Sun SESIF 5T
Hh Aktl BB BRI FDX1 984N S 10 I8 i
ARS8 — 3, IESRFE S 1, T
Aktl/FDX1 {55 4ERpafazs . fMHIiE R ROS, 2

% OF S B RO AL

ORI TR BEEERE ) N PR O R
YRV FEE I ELIE IR K], Ki67 FIPER 5T R0 5k
W RURE £ P 398 B 7 2 5 O SRR R AR B2 AR A
INFFS Ua 7] EAE DGR & Ki67 BHPEZR . PR
T, SIS A 20 mg/kg 20T IEH Mpfass
Ko MESIEEE, p-Aktl AJEEHRAT EA.
FOHR I T8 A AE R A BAAE, FDX1 nlidEd iR4%
LRI IR R L S M FF ATP A i DL SRR B ; A5
4 p-Aktl/Aktl. p-FDX1/FDX1 Fuff &A%,
S Ta Al 525 LB E B KE, 1 Aktl $05]
FE FDX1 JLER T FHIBriZ 28, K Aktl /& FDX1
AR T, FFEE 1, Aktl/FDX1 {55 W
HI AT SIS R T

G 5553 [ 2H 2R BRARRAE A B S ) o £ 4R 4L
RAEIRIE LGP AR T iy, 1K S U AR A
LR SR L IR 40 B PR 5123 s AW AR
P2 1 0] 8 E R LIRS, FHSEE 1A 20
mg/kg MRS IER, HiZBEEH T
Aktl #1555 FDX1 JUBRIY A . ML b, GRS F4E
1.5 TGF-B/Smad 8 B IH0E AH O, 4 i 2 T i i NF-
kB @SR A R R, TIPS 1A DA IESE
A0 TGF-B/Smad JE#S. AT 4/ I B NF-«xB
TEPEN2.24, 3B ISAF Aktl/FDX1 15 S IR 4 fa
AR HPUR BRI 5k

gE LRTIA, P2 A B EE Aktl/FDX1 15
T, HERERURLAN N B AR HIHIR T ROS
N R DA R AR T3, RIS iR 3 SR 4 i 5. -
ATV SCGEOPER N I TIRE, LR AR 4T 4
105 BRI P B
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