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The mechanism of Tripterygium wilfordii carbon dots in inhibiting
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Abstract: Breast cancer bone metastasis disrupts bone metabolism, enhancing osteogenic differentiation can
improve the metastatic microenvironment and treatment outcomes. Thus, developing agents that inhibit breast
cancer and promote osteogenesis may offer new strategies. Tripterygium wilfordii possesses antitumor and bone-
regulating properties, but its toxicity limits clinical application. Here, a carbon dot was synthesized from
Tripterygium wilfordii (Tripterygium wilfordii carbon dots, T-CDs) and characterized by spectral analysis, dynamic
light scattering, and transmission electron microscopy. T-CDs exhibited a near-spherical morphology with a lattice
spacing of 0.20 nm, an average size of 5.38 nm, and a { potential of —8.46 mV. The surface was rich in -OH, C=0,
and C=C groups, with ultraviolet absorption at 280 nm. T-CDs disrupted redox homeostasis in breast cancer cells,
inducing ferroptosis and immunogenic cell death. Moreover, T-CDs modulated cytokine secretion and promoted

osteogenic differentiation, offering potential for the treatment of breast cancer and its bone metastasis.
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LB A2 A BR 2 M o A A AR P R, A R
AW ETE, ©RON B Lot e B R R
L0 ARG T T BOA BTt 2, SRR ) R 22 A
Oy ¥ R AT AR A2 i R VG 7 B R B, DGR e
M) R A — A 5 )RR A A TR O A R AR A
R H AL RS (IR T TR S OB R £ A
RANKL ] 77 R 45 FH B, e AT A BA B i 4 H L %)
Ji IR A P ) B R O PR, BRI, PR 2 4 20
254y, [R) I e AL HE R T AL o b R

T AR TP LR AR A, s
BT R VE O R AL A AN CE AT ) I e ok Y
8 17, 3 BAT 28 KGR A KN RVA 9T BCCE IR E
FHW, ABUER 2 Ji o IE 5 240 i £ 5 2 B o) 1 G I PR R
Ko F R 259 IF RPY o Zj K p (traditional Chinese
medicine-derived carbon dots, TCM-CDs) s& LA 1 2 5,
FCUE A By B U 11 2% () B AT sp® 45 4 O B 40 K 4
(< 10 nm), 3L 5 T SOrE AR 5 10 4= 90 A0 25 M 1 78 122
R IT U & 2 RN BT R B, TCM-CDs AY
TR BT AR Hh 24 B 43 24 B E PR, 8 T e R AR R
(25 FAE U AT AT LT T Ak, DASE
I a0 B 4G 251, Ly, e R RR VA 0 ) 45 B B
T, 5 #GA 5] % TCM-CDs [ R 3 AH AL . R, i1 35
2 ] %% TCM-CDs, Hoifi 1% i 0 A B4 A H i) R X
RAEL .

FH b T 28 A2 AN B it il B2, KGR I R B
TR AT AT 4%, ST BT OR B A 2 R MR R Y. R T b
AW T L K A & T ATAE B R AR XD e
. (Tripterygium wilfordii carbon dots, T-CDs), — J7 [,
Xf T-CDs I 40 i 2 1t S AR LI BEAT WP R R 5
— J7 T, 38 A4 HE AT1-MC3T3-E1 40 i 3k 85 7% 3L R
HH RS R, 5 2R MY 7 1 2% %% T-CDs X 7L i e 41 J B
TR R 20 B 7 AL R S

R 57E%E

o B /) BROFL MR 4 MR 4T1 (H % 5 : SCSP-
5056)~ A FL IR & 41 fg MDA-MB-231 ( H 3% 5 : SCSP-
5043) A FL e 40 it MCF-7 (H 3¢5+ SCSP-531). A #L
Jif b Bz 418 MCF 10A (H 345 SCSP-575) Mo /N B
9 MO AT K 40 M 7 5 % 14 (MC3T3-El Subclone 14,
MC3T3-E1 S14, H 3% 5 : GNM15) 40 il kW & b B B
e MY B SRR S s M e . 4T 1 48l \MCF-7

41 g F1 MCF 10A 41 i {5 F & 10% ifi 4 i3 (fetal
bovine serum, FBS) Fl 1% X $i [f] DMEM }% 77 3 1% %,
MDA-MB-231 4l L i H] & 10% FBS F1 1% X $it i)
RPMI-1640 ¥ 7% 3£ £ 3%, MC3T3-E1 S14 41 jg {5 &
10% FBS 1 1% WAL a-MEM 55 75 555 7%, fir T 40
BITE 37 °C5% CO, A 55 746 h 15 5% .

Zm5iH AR S 231210) B B E
e 24 b7, 28 1L 2R e 2 K S 2 22 B R e B %5 € N
Dx R E A BEEYE A B Tripterygium wilfordii
Hook. f. F & B s /N 58 38 38 ] 7 -« (tumor
necrosis factor o, TNF-a) ELISA iR 7] f (EK282/4-48)
W H BB B E W HOR B A R A & b AR
(SP132640, # 4 4> T & 1 000 Da). 4E 4 & E (vitamin
E, VE, B21296) . 2k %€ 1= 1) i 77 (ferrostatin-1, Fer-1,
S81461) 1 4= IfiL i 1 £ H (bovine serum albumin,
BSA, S12012) 1 { st AR S A R A =] 3
“A (reactive oxygen species, ROS) F il 7 & (S0033S)-.
168 W Ik 1 (methylthiazolyldiphenyl-tetrazolium bromide,
MTT, ST316). = % FR i# ¥ (adenosine triphosphate,
ATP) & & & W &€ 5 & (S0026). g Fi A fh
(malondialdehyde, MDA) #& ll i 7 & (S0131S).
Hoechst 33342 42k} (C1005). £ [ B 4741 77 (P1008)-
T ERBEHI #1175 (P1086) £r 158 )t —$T (PO186). Al s 5
i W (radioimmunoprecipitation assay buffer, RIPA,
P0013B). — H 3& W # (dimethyl sulfoxide, DMSO,
GC203002) £ ff $i @ X-100 ¥ % (Triton X-100,
ST797) 1 F i 38 2= RAEMH AR B AnH IR A & ; B
AB 5 e 3 [ 305 1 3 (phosphorylated signal
transducer and activator of transcription 3, p-STAT3) #i
4 (AP0070) F145 # 2 19 (calreticulin, CRT) £ 7 B 3t
 (A1066) T B 20 % 18 72 w0 ALV RO IRA W)
a-MEM 5 7: 3£ (C12571500BT) W [ 28 2R KA /R Bl
O] R EAR K T 51 11 (solute carrier family 7
member 11, SLC7A11) Fifk (DF12509) 1l 25t % — i
(S10013) 1 [ 58 /R A% Affinity A 7 ; 15 5 55 5 J2 e 5 I
1% 2 1 3 (signal transducer and activator of transcription
3, STAT3) Puik (10253-2-AP) 4 H i =& £ A
H IR A A BB H K S AP B 4 (glutathione
peroxidase 4, GPX4) i 14 (ab125066) Ji H % [E Abcam
T N A A & -18 (interleukin-14, IL-14) ELISA i
7 & (GEM0002-42T). & iE # X J& & (1 Bl (high
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mobility group box 1, HMGB1) £ 7 FE A (GB11103).
PEER A S Yt (G1038) RPMI 1640 15773 (G4531).
DMEM #4 3% % (G4511). Tris 2% i £ % Wi -Tween 20 ji
& (Tris buffered saline Tween, TBST, G0004) 4 B 1%
DRYE R AR A PR A 7] #% KT «B (nuclear factor
kappa-light-chain-enhancer of activated B cells, NF-«xB)
Pk (dbl1612) ) H BT BAS D EARG IR 2 7 .

128 BBI150 % CO,4Hl g 5 iif £ 72 41 L ECO 8 1%
TAF & NanoDrop ffl & 58 4b T W43 5606 & 1 F1 Multi-
skan SkyHigh 4 % K 8§ #5 1X (35 [E Thermo Fisher
Scientific 73 7 ); KM-9007 HL 3% X T4 56 (BT 4218 R}
AR A R 2 W)); U-2910 54— 1T L 4 ol 6 1t
F-4700 9567 e 6 it (H A H L2 w)); {8 BLIH- A8 3
21 A 9% W% 4% (Fourier transform infrared spectroscopy,
FTIR, 3 [ PerkinElmer 2 &]); JEM-2100 %% 4} F1
{4 8% (transmission electron microscopy, TEM, H A<
L7k U2 ), CKX53 BbK T2 20 451 B & e (H A&
Olympus 2 7); Zetasizer Advance 2% K Fi 42 Fl Hi A7 43
T4 (3 E Malvern 2 7)); PowerPac HC & A i I B H,
JKAX « ChemiDoc XRS'#t /I 1% & 4 (3 [ Bio-Rad
Laboratories 2\ ] ); SCIENTZ-10ND/A ¥ % T 1ML (7
B 2R T W% I A BR A 7); Centrifuge 5425R 1Y
IR = O AL (78 [ Eppendorf 2 H]).

T-CDs B & R 5 2 Bk T 1R B iR 14 5ok K,
R % PR 1.500 0 g, 7 2 58 40 mL 267K 15 AF
TE 5 AL G B a4 6 h, F P S 8 F UE %
B v e RS 200 °CTF [ 10 hy [ 58 B, A
FH0.22 um /K R AL I 98, JE AL 1 000 Da i Hr
ARENT 48 h UL L, 220 R T 1 R AT 314G T-CDs By K

YHRERR & K AT LA LA 1% 10°AN/FLI 2 FE P AE
6 FLAR H, 40 Atk BE 5, AT 1 mL & T-CDs (100 pg-mL™)
f\) DMEM (10% FBS) 4b ¥ 41 g 20 #1140 min. PBS ¥
e, R E 26 BB ROt N IRIAA

MTT SC36 K5 40 DL 6x10° AN/FL 1) 25 J 45 74 2]
96 FLAR 1, 4 B I BE 5, H 547 0.40.80.120 pg'mL"!
T-CDs [ $5 7R L4k 2L 55 95 24 h JG 7o 40 B WR, 4R
MTT %W (1 mg-mL™", 100 pL), 7£37 °C Rl H 4 h
J& FE 45 RIS W, NN DMSO 4% 2238 S 5% & 10 min, B
J 5 B bR A 12 3% 490 nm i K Ab WO B2 AR, 18 A
GraphPad 9.5 7 #7153

MAERIIRSEIE 4 4T1 5 MDA-MB-231 41 jfig LA
HH IR B2 25 ST R A AE 6 LR o 24 %85 K 31 90% I,
FERFAN L RIR, IE0E 3 B 5O BB e L 4]
G EA% . SRJE1E R &4 0.40.80.120 ug'mL" T-CDs
(B IR B AR S 15 9% 24 h i, FHAB) B 900 B Il T

# J5 B, 8 F Imagel A4S0 vE RIR B F 1F 540

ROSHM 4T 1AL 1x10°ANFLIE FE R 2]
6 FLAR T . 4N BE J5, s F 5 47 0.40.80.120 pg'mL!
T-CDs 35 JR B4k 8215 9% 6 h J5 FE sl HId W, 4o &
F2,7-—H A RN E  LEREE (2',7-dichlorofluo-
rescin diacetate, DCFH-DA, 1.0x10” mol-L") ff DMEM
BrFR Ak, 7£37 °C N 6HF E 30 min, £ PBS ek G, £
{515 %6 s TR %O EMA, 18 H Image) #4F4¢
THR R

RIERASLI B AT L 1x10°A/FL I %5
R g6 fLAR A . 40 G BEJS, B & A 0..40. 80.
120 pg'mL"' T-CDs (15 FR L 40 8215 9% 24 h J5 7o pi 135
5 4% £ % W EE [H %€ 20 min, i 0.2% Triton X-100
JH 3% 10 min, £ 5% BSA & M 1.5 h 5, ¥4l 5 bt
CRT.$i GPX4 A1 HT HMGBI1 JLfA{E 4 °C N i & 1L 1%,
SR G BN GRER I BRI E 1 h; P E T
Jii, M\ Hoechst 33342 T~ 37 °CH# & 20 min, /£ 18] & %
R T A .

Western blot SE56  F 4T 1 41 i LAAH [ %5 & 45 2
FEFPTE 6 FLAR H, 2 40 B 25 Bk 31 90% B, 43 H &5 0.
40.80.120 ug-mL" T-CDs {3 7= B 4k 8255 9% 24 h J5 77
P FIE W . RIPA 2L (5 1% H E I 0 1) 751 A1
2% 1 TR i 410 1) 571 E UK b 24 AR A0 e, B S I A R
IR, N RS P AE 100 °C F 4 1 5 min, &
10% [1) SDS-PAGE Hi¥k J5 #% % PVDF i, 48 5% it Jig 2
W & 1 2 h, K R 5 T STAT3. Bt p-STAT3 Al Hit
SLCTALL HEALE 4 °C R & IF & ; TBST Befi 5, 514
NHRPARICHI I EP R —HEEME 1 hy f£H
ChemiDoc XRS™%E i B4 & 4t g % 85 F i o atr, H
Imagel] BAT AT 7347 o

RONEIEFF LW FIFE RIS E R4 MTT &
6 049 0 TR AT 41 B B TR, O S AR AR R R SRR R I
PR EE, {8 24 FLAR AN Transwell /N=E (6.5 mm, 24 L,
0.4 um) @ ARSMLEER IR R, LR FRE R T AR
B 2 FUHEAT HORF 7. o IR ZH 5 B AL MC3T3-El
S14 40 T S A E AT g0 i) b8 . 7E % 9546
JEHEFE12 h g, RS04 b = I AN [ 3 BE (1 T-CDs
(0.25.50.75 pg-mL™"), kL3557 48 h, Bl J5 PR AT A
b, kSRR A RCE G0 14 K, 4% 2 R H R
i 7€ 15 min. R JEMR4E S H BT R S e ta, 18
55 %O B N W A TR . A, Jhss R
S5O JE e R 2 MC3T3-E1 S14 40 fitg, I 78 UKk b HE B
), #8 Western blot [ 5 155 B 40 il 1 NF-«B &
I R IE BT R
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ELISA SE38 MR FI &M ELISA 5256 K& k5
SRS S 3 4 BRI R 4 R SR D BRI AT .

LA FED  RHXUR AL T LR Se it 2
B X T2 E L, R R 7 25 5T (ANOVA)
Al Tukey K30 . P<0.05# W NERH BEEEFT.

R
1 T-CDsHIZRAF

LHb-1] WIRISOEHE (ultraviolet-visible spectroscopy,
UV-vis) 78 T-CDs £ 280 nm [} ¥ B A W fig g, 2 B
o A AE R 8 BT BRIT (B 1A). FTIR il £
C-H (2940 cm™).O-H (~3 400 cm™).C=0 (1 685 cm™)+
C-O-C (1 109 A1 040 cm™) f C=C (1 454 cm™) HIFFAE
45 PRS0 0% (K 1B), #8575 T-CDs R 1H 77 /5 FR ¥ L Fe 3
FgRFE . CHLAL S T3 I T-CDs 4 47 £t i 17 (~8.46 mV,
1C). TEM E {4 7R T-CDs 535 5] 73 By (130 Bk 45
¥ (5.38 nm), B A & W0 & A& 5% 80, &R (R BE
0.20 nm (& 1D). =4 5%t 6 1% i 78 T-CDs 7£ 400~
500 nm P LI AR E 2O R (B LE), JFE3 A

REF R R (B 1F). Ak, T-CDs fERR P41 K
B Bk e R, R W& (pH > 7.0) %
FEIRSEA BTN R, (E R S B R R A AR A, R
HA RGBT RS pH LK (B 1G). % T s 40 o (1)
55 8 MR BE, T-CDs AT 7EHEN 4T 1 40l J5, 76 20 i
ok H S I €58 (B TH) .
2 T-CDs I FL AR f2 40 A G FE FNIT 5

WK 2A~D i, T-CDs 4 2 24 h J&, FL R 40
Jfl (MCF-7.4T1.MDA-MB-231) 77 3% 2 1 5K ik
M T B . ML R, T-CDs X} IE ¥ 3L IR 48 i MCF
TOA (12 Jif 25 M 341K, AN AE MR B2 3 250 pg-mL i 4
T B R ER

YIRSz 06 45 LW, T-CDs & 2% 1 # 4T1 Al MDA-
MB-231 40 Jfl (53T 7, i T-CDs ¥ S5 A9 48 1, 40 i il R
(A T RIS, TR R B E L (K 2E~H). &4
IR G5, T-CDs e W% A5 28040 i) L 968 40 B 1 3% 56 5
iR
3 T-CDsiES4T1 {HRESKTE T

B o B L T A 3 U AE 22 i R 28 R o g s

A B C 104
Z 10 =
3
5 :
S 05 2 ==
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Characterization of Tripterygium wilfordii carbon dots (T-CDs). A: Ultraviolet-visible (UV-Vis) absorption spectra of T-CDs and

corresponding images under daylight and 365 nm UV illumination; B—E: Fourier transform infrared spectroscopy (FTIR) spectrum (B), {

potential (C), transmission electron microscope (TEM) image and particle size distribution (D), three-dimensional fluorescence emission

spectrum of T-CDs (E); F: Time-dependent fluorescence intensity of T-CDs in PBS; G: Fluorescence emission spectra of T-CDs under

different pH conditions; H: Cellular uptake of T-CDs in 4T1 cells, scale bar: 20 um. n=3,x £
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Figure 2 T-CDs inhibit proliferation and migration of breast cancer cells. A-D: Cytotoxicity of T-CDs to MCF-7 (A), 4T1(B), MDA-MB-

231 (C), and MCF 10A (D) cells; E, F: Representative images and quantification of cell migration in 4T1 cells treated with T-CDs; G, H:
Representative images and quantification of cell migration in MDA-MB-231 cells treated with T-CDs. Scale bar: 200 um. n =3, ¥ £s. P <

0.05, P <0.001, ""P < 0.000 1 vs the control group

A SFEIET, QR AR, B E AR Y
SRR X R R T AT OB PR Rk, A R A2 A
T-CDs 8 Al i 75 S IE T R AL 4 i . 8] 3A.
B 45 7R, BE T-CDs W< B2 38 0, 4T1 48 i b ROS /K-
BETHE . H¥T-CDs > 80 pg-mL" I}, MDA % il &
SEWIN (B 3C). AN, 4T1 40/ GPX4 & [ £k FE
T-CDs < 5% 34 i1 5. 2 P& A% (B 3E); T-CDs (200 pg-mL™)
X AT 4H i 34 B (1 400 ) 1 F 48 4 58 T2 401 1 7 Fer-1
(5.0x107 mol-L™") F1 VE (1.0x10* mol-L™) i¥ #% ( [&
3D). HHT A EAREEMLE R, 5x 4 A
L, T-CDs > 40 pg-mL™" [ ] 2 25 401 i STAT3 & [ 1)
i1k & SLCTALL & H R IE (Kl 4), W T-CDs 7] fig
T I 51 R L e A R S T R AR MR
4 T-CDsiES4T1 iR ZEIRE ML T

a8 e 6 S 45 R BA, T-CDs LUK & 4K #6115
0 3 ek CRT & 7 4T1 40 v (1) 35 Fl HMGBI
& A A B AN 4w (B 5ALB); H T-CDs > 80 pg-mL’
B AT HE 4T 1 40 i ATP FIRE L (1 5C),
5 T-CDsEERMIMERIRE T

9 1 5T T-CDs X FLER e 40 B (4T1) 5 Bt 4i i
(MC3T3-E1 S14) [a]3@ iR ¥ 50, 857 a0 & 6A Bz 1)

e AR AN IL B IR R G0, A MTT iA i L RE 97
SR DR BE, W TR P A AT I 28 38 KT 80% (194 FE 1 78
ARG L RS 3R I 45 25 (25~75 pg'mL, & 6B).
L FREE T, FvE R A S A 4l i g £, B 6C 1
G EIR, M T &L EE IR R4S T T-CDs ¥R 97 (1%
HEZH, B T-CDs ¥ £ A 25 pg-mL" 3 fin 2 75 pg-mL",
LG 9% H45 T T-CDs 1R 7 I 5250 2H Hh 35 i 22 21 B 12
(IR Ak 45 1 28 i, 15 B T-CDs o B 40 A 70 1k 80—
SEWERER; HA LR 75, il 40 i o NF-«B & H
1) 1% B T-CDs ¥ BE 39 iy T~ F% (B 6D), NF-xB & 5
W B AE BCE A R 4 U AR B, B 7E Krum
010 £ R R NLEA T B KRG R, L5 W0
TN FEALGS 112, d It A I S 15 97 5 At i L3 T
7 KF, AWF R B, T-CDs = 50 pg-mL" & 2% K i
AT1 20 4 P K 7 TL-14 A1 TNF-a [ 43 W 7K °F (B 6E.
F). £ LR, T-CDs A A& 38 i<t 17 7L i 4 2 1 73 4
1) 98 PR /K7, ]2 528 MC3T3-E1 S14 4 i 4 NF-
kB Rk, DRI R 40 ) 4

g

AHIE FE L 248 23 iR O B R ] % T-CDs, JF1E 1K
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Figure 3 T-CDs induce ferroptosis in 4T1 cells. A, B: Intracellular reactive oxygen species (ROS) levels and quantification of fluorescence
intensity [represented by the fluorescence intensity of 2',7'-dichlorofluorescin diacetate (DCFH-DA)], scale bar: 200 um; C: Measurement of
malondialdehyde (MDA) release; D: Inhibitory effect of ferroptosis inhibitor [ferrostatin-1 (Fer-1) and vitamin E (VE)] on T-CDs-induced
cytotoxicity; E: Immunofluorescence images of intracellular glutathione peroxidase 4 (GPX4) protein expression, scale bar: 100 pym. n = 3,

Fxs. P <0.001, P <0.000 1 vs the control group; “P < 0.05, *P < 0.01 vs the T-CDs group

Ak

Concentration of T-CDs / pg'mL-!

15
0 40 80 120 28
STAT3 ’ P— P ‘ 88kDa T,
Sal »
=N S
GAPDH‘ — —— — — ‘361(133 g; T
<ZD ; 0.5 sokokeok
-STAT3 &
p ” -y 86 kDa 0.0
(Tyr 705) | S
— - = 0 40 80 120
>y -
GAEDH LU Concentration of T-CDs / pg-mL"!
o 15
Concentration of T-CDs / pg-mL-! 2 %
o3
0 40 80 120 §g10 M
T = T
SLC7ALL ‘ P TS G - ‘55 kba  E<os -
20
GAPDH’— — — —‘36kDa 7,
T 0 40 80 120

Concentration of T-CDs / pg-mL™!
Figure 4 Western blot analysis of the effects of T-CDs on signal transducer and activator of transcription 3 (STAT3), phosphorylated trans-

ducer and activator of transcription-3 (p-STAT3), and solute carrier family 7 member 11 (SLC7A11) protein expression in 4T1 cells, along

wkx

with their normalization analysis. n =3, x £s. "P<0.01,""P<0.001,

BMPF Ak H A ) 7L MR 2 B B 5 Rt S A A
BE 77 M AP0 O Do A 2 2% TR T B3™ Y 4 45
3, (2 AR P AR B S AR M )2 AR RO R b B
figt H T SR A W, el S L O S B0 M 5 4,
GPX4 i H &2 5l 12 i 8 82 ™7 H S0 B
A A A A L B R T Y B R TR, STAT3 R H

ok

P <0.000 1 vs the control group

J&T15 5 % SR SR Y) (STAT) B A XK IE, 1N —
Pl OCHEHE IR T, LR AU S5 7T 5 B 6 B8 1 L s 4
o F FR B REAL 2R T (SOST) & AR EATE I, 0% TGF-p/
Kras {5 5 18 2, {2 3F 7L B 58 R A2 R P JF
H STAT3 i ] J8 i 12 4t 41 B 70 75 0k e () 3 B, 17
YA P9 25 EER IR, 1233k SLCTATLL A 5 o 40 i 41 e



-

3432 - 2552224k Acta Pharmaceutica Sinica 2025, 60(11): 3426-3434

At g AL .
A Concentration of T-CDs / pg-mL C
0 40 80 120
2 .20
8 sokok ok
CRT )
5 0.15+
&
S *%
E 0.104 T
Hoechst =
g -
€ 0.054 —
3
=
< 0.00-

0 40 80 120

- ---

B Concentration of T-CDs / pg'mL"!

Concentration of T-CDs / pg-mL"!

0 40 80 120

HMGBI1

Hoechst

Figure 5 T-CDs induce immunogenic cell death in 4T1 cells. A, B: Immunofluorescence analysis of calreticulin (CRT, A) and high
mobility group box 1 (HMGBI1, B) protein expression in 4T1 cells treated with T-CDs, scale bar: 100 pm; C: ATP release from 4T1 cells.
n=3,%+s. "P<0.01,""P<0.000 1 vs the control group

A B 120
411 T-CDs < - IZ[CjTS-_ElSM 4T1
2 80 -
DMEM g -
(10% FBS) ~ - causo i
-MEM ~aniaten = 407
(10% FBS) = o]
T C T T T T T T
MC3T3-E1 S14 0 25 50 75 100 125
Concentration of T-CDs / pg'mL"!
C 4T1 . + + + +
MC3T3-El S14 + + -+ + £o
T-CDs / pg'mL! - - 25 50 75‘
Alizarin red
(MC3T3-E1 S14)
D E 5 F' 200
T T - O
4T1 + + + + glOO Tk E>EDISO
MC3T3-E1S14 + + + + 2 xon & oo
L
T-CDs/pgmL-1 - 25 50 75 a5 E
NEBEE TR sk 5 50
GAPDH | s s s |37 kD2 0 0
4T1 + + + + + 4T1 + + + + +
MC3T3-E1S14 - + + + + MC3T3-E1S14 - + + + +
T-CDs/pgmL! - - 25 50 75 T-CDs/pgmL? - - 25 50 75

Figure 6 T-CDs improve inflammatory environment to facilitate osteogenic differentiation. A: Schematic illustration of the in vitro 4T1-
MC3T3-E1 S14 co-culture system; B: Optimization of T-CDs concentration in the co-culture system; C: Alizarin red S staining of
mineralized nodules in MC3T3-E1 S14 cells, scale bar: 200 um; D: Western blot analysis of NF-xB protein expression in MC3T3-El S14
cells after co-culture; E, F: IL-18 (E) and TNF-a (F) release levels in 4T1 cells within the co-culture system. n =3, % 5. "P<0.01, ""P <

0.000 1 vs the co-culture control group without T-CDs treatment

BRI, 5 B R 2R M SR PR T B R AR AR GPXATEBEDYIE T AT IR Bk ST T, Bl 51K S A
WL 1 T-CDs Al (2 4TI 40 W ROSTA R PREHMsET .

MDA BT, #] GPX4 5 1 R E UL i 8 240 i S AL iE L O R Sl R 2 A B R IR R & 3B
JRARAS; e # i) STAT3 S AU BEER 6 5 SLCTALL/ TP, 5@ R T8 A= 25 07 1) L i e 248 e v 3 ik 38 45 240



SRR SLAR T A FRE O AT ) PR 00 L 1 A0 ML A R I BIL AR AT

3433

PR - 43 W 40| e o4k, A E B 5 30 I BLRRE 4H
J Ty e 52 1B 2 T 0B RO B3 1)~ IR A, 3k — 22 51K
IR FAECS S R IR T ORI AR R K
PEFU MR BB 3 I3 o IL-18 A1 TNF-o KT B 5 5
B T BE BN B PIAR 20, AHIF 7 K B, T-CDs B4
A LB R 4T 4080 7 IL-18 S TNF-a 5 W 7K1
LB BB 4 A

25 L PR, ASHIE FE DL 2 A R D ) H — X
& CDs. — J7 i, T-CDs A i75 3 3L i 982 41 i 4 92 J5 1
BRBET; S — 5T, T-CDs A 38k i 5 0 M 40 e I8 7
B4 3 06, 0 1) 400 L NK - B 2K 1 32 0K 1 i a3k e 4
Mok, X R HLUR IR T T-CDs 1E A 97 B 5 B 1 FL AR
i P RNEEANE . BT REUS TV R, B H
By ) BB A — B R . B 6, T-CDs [ 40 g 35 B
SN iz R e E D Re Se Il b R OCRER . 2
1T 5 2 B, CDs 7] i 1 clathrin.caveolae 25/ G it &
WA A AR AR N, 28 B A IR IR AR R G itk
ITHEIZ, 4 CDs i AT AR5 5T -6 47 28505 S5 0L P4 44 36
MR R AT AL i R B 4 AR AT T-CDs B AH I 72,
ELHE I G TT B vy AL 458 58 A0 B P9 38 16 S5 ORE JG FLIR,
T-CDs 7E 44 P 25490 o0 A AR 1T % 45 B A2 9 22 4 T i
ROAHf . RSk TAE T 5 A& T-0F 0 T-CDs 1940 B £ A
s ML, RN 7 R P 3 1% R D e S Ui R [
I, ik — B TF AR A 2543 ) 2 e Atk Ko RO,
DU 3 T-CDs [ R F41K

e SR B R S0 0T RS0 9 BT MO A S T
AR AR AR R T T I 0 R X RE I B T A A A SR A
TRAR A BT IR T R VIR TE S TR O R R A R A
o WA EE I 7 TR R 2R .

FIZEHSE: Fr A 1EE BB A ER 2 vl R

References

[1] Giaquinto AN, Sung H, Newman LA, et al. Breast cancer
statistics 2024 [J]. CA Cancer J Clin, 2024, 74: 477-495.

[2] Wilcock P, Webster RM. The breast cancer drug market [J]. Nat
Rev Drug Discov, 2021, 20: 339-340.

[3] Gnant M, Frantal S, Pfeiler G, et al. Long-term outcomes of
adjuvant denosumab in breast cancer [J]. NEJM Evid, 2022, 1:
EVID0a2200162.

[4] Dhesy-Thind S, Fletcher GG, Blanchette PS, et al. Use of
adjuvant bisphosphonates and other bone-modifying agents in
breast cancer: a Cancer Care Ontario and American Society of
Clinical Oncology clinical practice guideline [J]. J Clin Oncol,
2017, 35:2062-2081.

[5] Liu XH, Zhao PY, Wang XJ, et al. Celastrol mediates autophagy
and apoptosis via the ROS/INK and Akt/mTOR signaling

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

pathways in glioma cells [J]. J Exp Clin Cancer Res, 2019,
38: 184.

Luo P, Zhang Q, Shen S, et al. Mechanistic engineering of
celastrol liposomes induces ferroptosis and apoptosis by directly
targeting VDAC?2 in hepatocellular carcinoma [J]. Asian J Pharm
Sci, 2023, 18: 100874.

Chen PC, Zhong XR, Song YL, et al. Triptolide induces
apoptosis and cytoprotective autophagy by ROS accumulation
via directly targeting peroxiredoxin 2 in gastric cancer cells [J].
Cancer Lett, 2024, 587: 216622.

Liu MM, Guo JT, Zhao J, et al. Activation of NRF2 by celastrol
increases antioxidant functions and prevents the progression of
osteoarthritis in mice [J]. Chin J Nat Med, 2024, 22: 137-145.

Li XX, Du FY, Liu HX, et al. Investigation of the active
components in Tripterygium wilfordii leading to its acute
hepatotoxicty and nephrotoxicity [J]. J Ethnopharmacol, 2015,
162:238-243.

Xu YL, Wang BY, Zhang MM, et al. Carbon dots as a potential
therapeutic agent for the treatment of cancer-related anemia [J].
Adv Mater, 2022, 34: ¢2200905.

Zhang Y, Jia Q, Nan F, et al. Carbon dots nano photosensitizers
with tunable reactive oxygen species generation for mitochondrion-
targeted type I/I photodynamic therapy [J]. Biomaterials, 2023,
293:121953.

Deng K, Zhang LL, Gao W, et al. A functional carbon dots
induce ferroptosis by suppressing PLPP4 activity to inhibit
glioblastoma growth [J]. Chem Eng J, 2023, 475: 146473.

Liu Y, Zhang LL, Cai HJ, et al. Biomass-derived carbon dots
with pharmacological activity for biomedicine: recent advances
and future perspectives [J]. Sci Bull (Beijing), 2024, 69: 3127-
3149.

Zhao YS, Tian Y, Li WY, et al. Nano-components derived from
Descurainiae Semen Carbonisatum and its hemostatic mechanism
[J]. Acta Pharm Sin (£]% %K), 2022, 57: 492-499.

Luo J, Hu J, Liu YH, et al. The effect of Moutan cortex
carbonisata nano-components on the
hemostatic [J]. Acta Pharm Sin ( 2§ % 2% #), 2021, 56: 2093-
2101.

Yao L, Zhao MM, Luo QW, et al. Carbon quantum dots-based

blood-cooling and

nanozyme from coffee induces cancer cell ferroptosis to activate
antitumor immunity [J]. ACS Nano, 2022, 16: 9228-9239.

Luo WK, Zhang LL, Li XX, et al. Green functional carbon dots
derived from herbal medicine ameliorate blood-brain barrier
permeability following traumatic brain injury [J]. Nano Res,
2022, 15: 9274-9285.

Li JT, Fu WIJ, Zhang XY, et al. Green preparation of ginger-
derived carbon dots accelerates wound healing [J]. Carbon,
2023, 208: 208-215.

Zhou YY, Wei JP, Chen LY, et al. Research progress on the

processing of Tripterygium wilfordii [J]. Chin Wild Plant Resour



y

3434 - 2552224 Acta Pharmaceutica Sinica 2025, 60(11): 3426-3434

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(B AR A B2 UR), 2022, 41: 55-60.

Zhang T, Shi CY, Wang QP, et al. Research progress in prepara-
tion, characterization methods, and pharmacological activities of
carbon dots derived from traditional Chinese medicine [J]. Chin
Tradit Herb Drugs ("1 % 24), 2025, 56: 2224-2237.

Li BH, Chen ZC, Zhang ZY, et al. Zuogui pill disrupt the
malignant cycle in breast cancer bone metastasis through the
Piezo1-Notch-1-GPX4 pathway and active molecules fishing [J].
Phytomedicine, 2024, 123: 155257.

Ding Y, Bai Y, Chen T, et al. Disruption of the sorcin-PAXS5
protein-protein interaction induces ferroptosis by promoting the
FBXL12-mediated ubiquitination of ALDHIAI in pancreatic
cancer [J]. ] Hematol Oncol, 2025, 18: 27.

Yang F, Xiao Y, Ding J, et al. Ferroptosis heterogeneity in triple-
negative breast cancer reveals an innovative immunotherapy
combination strategy [J]. Cell Metab, 2023, 35: 84-100.e8.

Krum SA, Chang J, Miranda-Carboni G, et al. Novel functions
for NF«B: inhibition of bone formation [J]. Nat Rev Rheumatol,
2010, 6: 607-611.

Wang X, Zhang T, Zheng B, et al. Lymphotoxin- § promotes
breast cancer bone metastasis colonization and osteolytic
outgrowth [J]. Nat Cell Biol, 2024, 26: 1597-1612.

Stockwell BR. Ferroptosis turns 10: emerging mechanisms,
physiological functions, and therapeutic applications [J]. Cell,
2022, 185:2401-2421.

Liu Y, Wan YC, Yang J, et al. GPX4: the hub of lipid oxidation,
ferroptosis, disease and treatment [J]. Biochim Biophys Acta
Rev Cancer, 2023, 1878: 188890.

Li G, Liao C, Chen J, et al. Targeting the MCP-GPX4/HMGB1
axis for effectively triggering immunogenic ferroptosis in
pancreatic ductal adenocarcinoma [J]. Adv Sci, 2024, 11:
€2308208.

Catanzaro E, Demuynck R, Naessens F, et al. Immunogenicity of
ferroptosis in cancer: a matter of context? [J]. Trends Cancer,
2024, 10: 407-416.

Sun L, Zhang Y, Chen G, et al. Targeting SOST using a small-
molecule compound retards breast cancer bone metastasis [J].
Mol Cancer, 2022, 21: 228.

Li Y, Zhang C, Martincuks A, et al. STAT proteins in cancer:
orchestration of metabolism [J]. Nat Rev Cancer, 2023, 23:
115-134.

Luo Y, Gao X, Zou LT, et al. Bavachin induces ferroptosis

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

through the STAT3/P53/SLC7A11 axis in osteosarcoma cells [J].
Oxid Med Cell Longev, 2021, 2021: 1783485.

Zhang WF, Gong MY, Zhang WN, et al. Correction: thiostrepton
induces ferroptosis in pancreatic cancer cells through STAT3/
GPX4 signalling [J]. Cell Death Dis, 2022, 13: 789.

He JQ, Wang XM, Chen KY, et al. The amino acid transporter
SLC7All-mediated crosstalk implicated in cancer therapy and
the tumor microenvironment [J]. Biochem Pharmacol, 2022,
205: 115241.

Lin Y, Dong YB, Liu WY, et al. Pan-cancer analyses confirmed
the ferroptosis-related gene SLC7A11 as a prognostic biomarker
for cancer [J]. Int J Gen Med, 2022, 15: 2501-2513.

Coleman RE, Croucher PI, Padhani AR, et al. Bone metastases
[J]. Nat Rev Dis Primers, 2020, 6: 83.

Zheng RS, Chen R, Han BF, et al. Cancer incidence and
mortality in China, 2022 [J]. Chin J Oncol (7 % fif 5§ 24 &),
2024, 46: 221-231.

Satcher RL, Zhang XH. Evolving cancer-niche interactions and
therapeutic targets during bone metastasis [J]. Nat Rev Cancer,
2022, 22: 85-101.

de Visser KE, Joyce JA. The evolving tumor microenvironment:
from cancer initiation to metastatic outgrowth [J]. Cancer Cell,
2023, 41: 374-403.

Monteran L, Ershaid N, Scharff Y, et al. Combining TIGIT
blockade with MDSC inhibition hinders breast cancer bone
metastasis by activating antitumor immunity [J]. Cancer Discov,
2024, 14: 1252-1275.

Shinde A, Chandak N, Singh J, et al. TNF-a induced NF-xB
mediated LYRM7 expression modulates the tumor growth and
metastatic ability in breast cancer [J]. Free Radic Biol Med,
2024, 211: 158-170.

Tulotta C, Lefley DV, Freeman K, et al. Endogenous production
of IL1B by breast cancer cells drives metastasis and colonization
of the bone microenvironment [J]. Clin Cancer Res, 2019, 25:
2769-2782.

Jiang L, Cai H, Zhou WW, et al. RNA-targeting carbon dots for
live-cell imaging of granule dynamics [J]. Adv Mater, 2023, 35:
€2210776.

Mohammadinejad R, Dadashzadeh A, Moghassemi S, et al.
Shedding light on gene therapy: carbon dots for the minimally
invasive image-guided delivery of plasmids and noncoding

RNAs-a review [J]. J Adv Res, 2019, 18: 81-93.



