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Abstract: Based on the ProTide technology, structural modification was performed on the 3'-hydroxyl group
of 2'-deoxy-5-fluorouridine (FAUR) to design and synthesize a series of novel 5-FU phosphoramidate diester dual
prodrugs (A1-A10). The structures of all compounds were confirmed by spectroscopic techniques, and their anti-
hepatocellular carcinoma activity was evaluated using the MTT assay. The results indicated that several compounds
exhibited significant anti-liver tumor activity. Among them, compound A6 showed the most potent activity with
IC,, values of 0.15 pmol-L" (against HepG2 cells) and 0.34 pumol-L" (against Huh7 cells), which were superior to
the positive control 11b. It also demonstrated good selectivity towards normal cells. Mechanistic studies revealed
that *'P NMR monitoring confirmed that A6 follows the classic ProTide activation pathway and can be hydrolyzed
by carboxypeptidase Y to remove the carboxylate ester. /n vitro metabolic stability studies indicated that A6
remained stable in rat plasma for up to 48 h, whereas it underwent rapid activation in liver homogenate. Further in
vivo experiments confirmed that in a mouse orthotopic Huh7 xenograft model, A6 (45 mg-kg', administered every
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2 days) achieved a tumor inhibition rate of 55.84%, which was significantly higher than that of the sorafenib

control group (38.98%), without causing significant changes in body weight. The animal protocols were approved
by the Animal Ethics Committee of Capital Medical University (No. AEEI-2025-536). This study successfully
developed a class of 5-FU dual prodrug candidates with significant anti-HCC activity. Among them, A6 exhibited

excellent in vitro activity, metabolic stability, and in vivo antitumor efficacy. Its activation mechanism aligned with

the designed pathway, providing a valuable lead compound and theoretical support for anti-HCC drug development.
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Figure 1 Chemical structures of representative marketed and clinical-stage ProTide prodrugs
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Figure 2 Structures of the antitumor-active 5-fluorouracil (5-FU) prodrugs reported by our group
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Scheme 1 Synthetic route of all the target compounds. Reagents and conditions: (a) fer-Butyldimethylsilyl chloride, imidazole, DMAP, DMF,
RT, 12 h. (b) Boc,0, DMAP, TEA, DCM, RT, 5 h. (c) Tetrabutylammonium fluoride (1 mol-L™" in THF), THF, RT, 3 h. (d) 4, --BuMgCl/
THF, 0 °C to RT, 12 h. (e) Trifluoroacetic acid, 0 °C, 5 min. (f) DMAP, EDCI, DCM, RT, 8 h. DMAP: 4-Dimethylaminopyridine; DMF: N,N-
Dimethylformamide; RT: Room temperature; Boc,0: Di-tert-butyl dicarbonate; TEA: Triethylamine; DCM: Dichloromethane; THF: Tetra-
hydrofuran; --BuMgCl: tert-Butylmagnesium chloride; EDCI: N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
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Figure 3 Metabolic activation mechanism and in vitro stability of compound A6. A: Proposed intracellular metabolic activation pathway

of compound A6; B: *'P NMR spectra of compound A6 incubated with carboxypeptidase Y over time; C: Metabolic stability curve of

compound A6 in rat plasma (0—48 h); D: Metabolic stability curve of compound A6 in rat liver homogenate (0—4 h); E: Time-dependent

concentration curves of A6, intermediate b, and the active metabolite FAUMP in rat liver homogenate
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Figure 4 Evaluation of the antitumor activity of compound A6 in orthotopic Huh7 mouse model. A: Body weight changes of mice during

the experiment; B: Final tumor volumes in each group; C: Tumor growth inhibition (TGI) rates calculated based on the final tumor volume;

D: Representative photographs of tumors harvested from mice at the end of the study. n =5, x+s. """ P < 0.000 1
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(1.50 g, 4.33 mmol), %% 94.99%. 'H NMR (400 MHz,
DMSO-d,) d,: 11.89 (s, 1H), 8.20 (d, J = 7.1 Hz, 1H),
6.12 (td, J=7.2, 1.9 Hz, 1H), 5.39~5.29 (m, 1H), 4.09~
3.99 (m, 1H), 3.68~3.58 (m, 2H), 2.34~2.24 (m, 2H),
1.43 (s, 9H).
1.4 3-0-BTESHEE-S-B-2-BRERE-5-0-(FE
(RREE-L-RREL))BBREE (6) FIE K

TER B R 1A = ke B i\ 4 (500 mg,
1.44 mmol) A1 THF (10 mL), fifi J5 7£ 0 °C% 1 T
T] S S A N T mol- L R T Ik UK B8 THEF 9% Wi
(2.16 mL, 2.16 mmol), Hi K H B IFEY) . K R MR
L6 AR TR N B #E 30 min, B85 7E 0 °C4& 4K, MR
NIR A TR R L & 5 (907 mg, 2.88 mmol) T

THF (10 mL) ¥ . =R 12 he RS HMA
TFI @A B IS A K, R TG (30 mLx3) ZEHY, 4R
ANUAH, TooK B R BT, 8, R R4 . =k
IR EHT AL (Z SR e/ EE = 7001, viv), 15 3 ([
RAED 6 (753 mg, 1.22 mmol), 7% 84.72%. '"H NMR
(400 MHz, CDCL,) 6,: 9.02 (s, 1H), 7.82 (d, J = 6.2 Hz,
1H), 7.36~7.28 (m, 2H), 7.25~7.13 (m, 3H), 6.28~
6.20 (m, 1H), 5.13 (d, J = 6.5 Hz, 1H), 5.02 (hept, J =
6.3 Hz, 1H), 4.46~4.32 (m, 2H), 4.29~4.24 (m, 1H),
4.05~3.90 (m, 1H), 3.89~3.78 (m, 1H), 2.52~2.42 (m,
1H), 1.93~1.80 (m, 1H), 1.50 (s, 9H), 1.38 (d, /= 7.0 Hz,
3H), 1.24 (dd, J= 6.3, 1.3 Hz, 6H).
1.5 5-J-2-FERF-S-0-GFEEREE-L-BAE
Bt ) i ER R (7) B & R

150 °CME T, Kb 5976 (750 mg, 1.22 mmol) &
fift T =9 &1 (5 mL) 1 IFHEHES mine 2R)5, AR &
VIR I &R G HAE R NG . B R A nE
A E AT ALK =) (S B/ B = 4011, viv), 1531
I E AL 507 (505 mg, 0.98 mmol), 723K 80.34%.
'H NMR (400 MHz, DMSO-d,) ,;: 11.86 (s, 1H), § 7.90
(d, J= 6.9 Hz, 1H), 7.41~7.31 (m, 2H), 7.24~7.13 (m,
3H), 6.18~6.09 (m, 1H), 4.86 (hept, J = 6.3 Hz, 1H),
429~4.14 (m, 2H), 4.16~4.05 (m, 1H), 3.98~3.90
(m, 1H), 3.86~3.71 (m, 1H), 2.14~2.05 (m, 2H), 1.21
(d, J=7.1 Hz, 3H), 1.15 (d, J= 6.3 Hz, 6H).
1.6 5-FURBEREERIZS (A1~A10) FUA R

FIRFMT, HALEY T (300 mg, 0.58 mmol), &
fi2 (0.87 mmol) Y TE/K & B %E (10 mL) & W+ in A
EDCI (222 mg, 1.16 mmol).DMAP (71 mg, 0.58 mmol)
P HE 4 h, TLC M il S S 58 1%, 6 s 82 7KW e, A
B (20 mLx3) ZEEL, A AU AT oK B EREE T,
T8, R R SE . A & B/ EE (5001, viv) {E R
TR, R = e i hE A E A A (S b R =
5001, viv), 12 HFRETZ
1.6.1 LAMAIBARK 7% 90%. 'HNMR (400 MHz,
CDCL,) 6,: 7.83 (d, J = 6.2 Hz, 1H), 7.34~7.28 (m, 2H),
7.22 (dt, J = 7.5, 1.3 Hz, 2H), 7.15 (ddt, J = 8.2, 7.3,
1.1 Hz, 1H), 6.21 (ddd, J = 9.1, 5.2, 1.7 Hz, 1H), 5.24
(dt, J=6.6, 1.7 Hz, 1H), 5.01 (p, J = 6.3 Hz, 1H), 4.42~
4.30 (m, 2H), 4.17 (p, J = 2.5 Hz, 1H), 4.00~3.90 (m,
1H), 3.76 (dd, J = 11.4, 9.4 Hz, 1H), 2.39 (ddd, J = 14.1,
5.3, 1.4 Hz, 1H), 2.09 (s, 3H), 1.86 (ddd, J = 14.0, 9.1,
6.5 Hz, 1H), 1.36 (d, J = 7.0 Hz, 3H), 1.22 (dd, J = 6.3,
1.2 Hz, 6H); "C NMR (100 MHz, CDCL,) 6.: 172.94 (d,
J=17.2Hz),170.54,157.08, 156.82, 150.40 (d, J= 6.7 Hz),



- 1290 - 242224 Acta Pharmaceutica Sinica 2026, 61(4): 12831293

149.02, 141.95, 139.58, 129.90, 125.44, 124.12, 123.78,
120.37 (d,J=4.7 Hz), 85.17, 83.34 (d, J= 7.6 Hz), 74.28,
69.60, 66.23 (d, J = 5.3 Hz), 50.51, 37.54, 21.71 (d, J =
4.6 Hz), 21.26~20.84 (m); HRMS (ESI) m/z Calcd. for
C,,H,,;FN,NaO, P [M+Na]' 580.146 7, found 580.145 9.

162 KEWA2ZHERKR % 90%. 'HNMR
(400 MHz, CDCL,) d,;: 7.83 (d, J = 6.2 Hz, 1H), 7.34~
7.28 (m, 2H), 7.22 (dt, J = 8.6, 1.2 Hz, 2H), 7.15 (dddd,
J=85,71,23, 1.1 Hz, 1H), 6.21 (ddd, J = 9.1, 5.2,
1.7 Hz, 1H), 5.25 (dt, J = 6.6, 1.7 Hz, 1H), 5.01 (hept,
J=6.2Hz, 1H), 4.36 (tq, J = 5.3, 2.4 Hz, 2H), 4.16 (p,
J=2.6 Hz, 1H), 3.96 (tq, J = 9.0, 7.1 Hz, 1H), 3.76 (dd,
J =114, 9.4 Hz, 1H), 2.39 (ddd, J = 8.8, 5.3, 1.3 Hz,
1H), 2.37~2.32 (m, 2H), 1.86 (ddd, J = 14.1, 9.1,
6.5 Hz, 1H), 1.62 (s, 1H), 1.37 (d, J = 7.0 Hz, 3H), 1.22
(dd, J = 6.2, 1.2 Hz, 6H), 1.14 (t, J = 7.5 Hz, 3H);
“C NMR (100 MHz, CDCL,) 6.: 174.05, 172.94 (d, J =
7.3 Hz), 157.12, 156.86, 150.41 (d, J = 6.7 Hz), 149.04,
141.95, 139.58, 129.89, 125.43, 124.13, 123.79, 120.38
(d, J = 4.6 Hz), 85.18, 83.43 (d, J = 7.6 Hz), 74.15,
69.59, 66.26 (d, J = 5.1 Hz), 50.51, 37.58, 27.46, 21.70
(d, J=4.6 Hz), 21.08 (d, J = 4.8 Hz), 8.94; HRMS (ESI)
m/z Caled. for C,,H, FN,NaO, P [M+Na] " 594.160 3,
found 594.159 9,

1.63 HEMAIHER % 90%. 'H NMR
(400 MHz, methanol-d,) J,: 7.81 (d, J = 6.5 Hz, 1H),
7.33 (t, J=17.9 Hz, 2H), 7.26~7.21 (m, 2H), 7.19~7.14
(m, 1H), 6.18~6.12 (m, 1H), 5.26 (dt, J = 6.7, 2.0 Hz,
1H), 4.96 (p, J = 6.3 Hz, 1H), 4.34 (dd, J = 6.0, 3.1 Hz,
2H), 4.20 (q, J = 2.8 Hz, 1H), 3.90 (dq, J = 10.1, 7.2 Hz,
1H), 2.59 (p, J = 7.0 Hz, 1H), 2.37 (ddd, J = 14.3, 5.6,
1.7 Hz, 1H), 2.10 (ddd, J = 14.7, 8.7, 6.6 Hz, 1H), 1.32
(dd, J=17.1, 1.0 Hz, 3H), 1.20 (dd, J = 6.3, 1.5 Hz, 6H),
1.16 (dd, J = 7.0, 1.2 Hz, 6H); "C NMR (100 MHz,
CDCL) 6. 176.75, 172.95 (d, J = 7.2 Hz), 157.21,
156.94, 150.41 (d, J = 6.5 Hz), 149.06, 141.94, 139.57,
129.88, 125.42, 124.13, 123.79, 120.38 (d, J = 4.7 Hz),
85.18, 83.52 (d, J = 7.4 Hz), 74.11, 69.58, 66.30 (d, J =
5.2 Hz), 50.50, 37.57, 33.77, 21.70 (d, J = 4.8 Hz), 21.06
(d, J = 4.8 Hz), 18.85; HRMS (ESI) m/z Calcd. for
C,;H,;FN,NaO, P [M+Na]' 608.178 0, found 608.177 1.

1.64 HEMAABERK ™ %F 90%. 'HNMR
(400 MHz, CDCL,) J,;: 7.83 (d, J = 6.1 Hz, 1H), 7.34~
7.27 (m, 2H), 7.21 (dt, J = 8.5, 1.4 Hz, 2H), 7.14 (t, J =
7.3 Hz, 1H), 6.20 (ddd, J = 9.1, 5.3, 1.7 Hz, 1H), 5.21

(dt, J = 6.6, 1.6 Hz, 1H), 5.00 (p, J = 6.2 Hz, 1H), 4.38
(dt, J=6.2, 1.6 Hz, 2H), 4.10 (p, J = 2.4 Hz, 1H), 3.99~
3.86 (m, 2H), 2.38 (ddd, J = 14.1, 5.3, 1.3 Hz, 1H), 1.88
(ddd, J = 14.1, 9.1, 6.6 Hz, 1H), 1.36 (d, J = 6.6 Hz,
3H), 1.23~1.19 (m, 15H); *C NMR (100 MHz, CDCI,)
9.2 178.16, 172.97 (d, J = 7.2 Hz), 157.29, 157.02, 150.41
(d, J = 6.7 Hz), 149.08, 141.92, 139.55, 129.88, 125.41,
124.16, 123.82, 120.38 (d, J = 4.6 Hz), 85.21, 83.56 (d,
J=17.6 Hz), 74.21, 69.57, 66.33 (d, J = 5.2 Hz), 53.53,
50.50, 38.69, 37.58, 27.11 (d, J = 12.5 Hz), 21.69 (d, J =
4.8 Hz), 21.04 (d, J = 4.9 Hz); HRMS (ESI) m/z Calcd. for
C,H,;FN,NaO, P [M+Na]" 622.193 6, found 622.192 5.

165 HLEMASHERK ™ % 90%. 'HNMR
(400 MHz, CDCL,) d,: 7.83 (d, J = 6.2 Hz, 1H), 7.30
(dd, J = 8.6, 7.2 Hz, 2H), 7.23~7.20 (m, 2H), 7.15 (ddd,
J=182,7.1, 1.1 Hz, 1H), 6.23 (ddd, J=9.1, 5.2, 1.7 Hz,
1H), 5.24 (dt, J = 6.5, 1.6 Hz, 1H), 5.01 (h, J = 6.3 Hz,
1H), 4.42~4.30 (m, 2H), 4.18 (p, J = 2.4 Hz, 1H), 3.96
(ddt, J = 16.1, 9.0, 7.0 Hz, 1H), 3.74 (dd, J = 11.4,
9.4 Hz, 1H), 2.44~2.37 (m, 1H), 1.84 (ddd, J = 14.1,
9.1, 6.5 Hz, 1H), 1.64 (dd, J = 7.9, 4.6 Hz, 1H), 1.36 (d,
J=7.0 Hz, 3H), 1.22 (d, J = 6.2 Hz, 6H), 1.01 (tt, J =
4.3,2.3 Hz, 2H), 0.96~0.91 (m, 2H); *C NMR (100 MHz,
CDCL,) d.: 174.54,172.92 (d, J=7.3 Hz), 157.07, 156.80,
150.41 (d, J = 6.7 Hz), 149.00, 141.94, 139.57, 129.89,
125.42, 124.15, 123.81, 120.39 (d, J = 4.6 Hz), 85.20,
83.40 (d, J= 7.5 Hz), 74.29, 69.58, 66.27 (d, J = 5.2 Hz),
50.50, 37.60, 21.71 (d, J = 4.5 Hz), 21.11 (d, J = 4.8 Hz),
12.79, 9.19 (d, J = 5.7 Hz); HRMS (ESI) m/z Calcd. for
C,.H, FN,NaO, P [M+Na]" 606.162 3, found 606.161 9.

166 EMAHERKR 7 % 90%. 'H NMR
(400 MHz, CDCL,) d,: 7.83 (d, J = 6.2 Hz, 1H), 7.31 (4,
J =179 Hz, 2H), 7.21 (dt, J = 7.5, 1.3 Hz, 2H), 7.19~
7.11 (m, 1H), 6.21 (ddd, J=9.2, 5.2, 1.7 Hz, 1H), 5.26~
5.22 (m, 1H), 5.01 (p, J = 6.3 Hz, 1H), 4.37 (pd, J = 5.2,
2.3 Hz, 2H), 4.15 (p, J= 2.4 Hz, 1H), 4.01~3.91 (m, 1H),
3.80 (dd, J=11.4, 9.4 Hz, 1H), 2.38 (ddd, J = 14.1, 5.2,
1.3 Hz, 1H), 2.32 (t, J= 7.5 Hz, 2H), 1.85 (ddd, J = 14.1,
9.1, 6.5 Hz, 1H), 1.61 (p, J = 7.4 Hz, 2H), 1.36 (d, J =
7.0 Hz, 3H), 1.29 (td, J = 8.5, 7.5, 4.3 Hz, 4H), 1.22 (dd,
J=16.3, 1.2 Hz, 6H), 0.89 (t, J = 6.8 Hz, 3H); °C NMR
(100 MHz, CDCL,) 6.: 173.43, 173.04, 172.97, 157.36,
157.10, 150.44, 150.37, 149.19, 141.94, 139.58, 129.86,
125.38, 124.10, 123.76, 120.38, 120.33, 85.15, 83.44,
83.37, 74.10, 69.53, 66.30, 66.25, 53.55, 50.48, 37.53,
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34.06, 31.26, 24.47, 22.31, 21.70, 21.65, 20.98, 20.93,
13.93; HRMS (ESI) m/z Caled. for C,H,,FN,NaO,P
[M+Na]" 636.209 3, found 636.207 7.

1.67 {EWATHER 7 % 90%. 'H NMR
(400 MHz, CDCl,) ¢,;: 7.84 (d, J = 6.2 Hz, 1H), 7.33~
7.28 (m, 2H), 7.22 (dt, J = 8.7, 1.3 Hz, 2H), 7.15 (ddq,
J=28.4,7.1, 1.1 Hz, 1H), 6.21 (ddd, /= 9.0, 5.2, 1.7 Hz,
1H), 5.24 (dt, J = 6.5, 1.7 Hz, 1H), 5.00 (h, J = 6.3 Hz,
1H), 4.41~4.33 (m, 2H), 4.15 (p, J=2.5 Hz, 1H), 4.02~
3.92 (m, 1H), 3.74 (dd, J = 11.4, 9.4 Hz, 1H), 2.38 (ddd,
J=14.0,5.2, 1.3 Hz, 1H), 2.34 (d, J = 7.7 Hz, 2H), 2.20
(dt, J = 15.5, 7.6 Hz, 1H), 1.91~1.84 (m, 1H), 1.68~
1.50 (m, 6H), 1.37 (d, J= 7.0 Hz, 3H), 1.22 (dd, J = 6.3,
1.1 Hz, 6H), 1.19~1.10 (m, 2H); "C NMR (100 MHz,
CDCL) d.: 17293 (d, J = 5.5 Hz), 157.12, 156.86,
150.41 (d, J = 6.8 Hz), 149.02, 141.93, 139.57, 129.89,
125.43, 124.14, 123.80, 120.38 (d, J = 4.7 Hz), 85.21,
83.49 (d, J = 7.6 Hz), 74.03, 69.59, 66.28 (d, J =
5.3 Hz), 50.51, 40.20, 37.59, 36.43, 32.49, 25.04, 21.71
(d, J=4.7 Hz), 21.09 (d, J = 4.8 Hz); HRMS (ESI) m/z
Calcd. for C,;H,,FN,NaO, P [M+Na]" 648.209 3, found
648.208 2,

1.68 L&MW ASHIE M /% 90%. 'H NMR
(400 MHz, methanol-d,) d,: 7.81 (d, J = 6.5 Hz, 1H),
7.37~17.30 (m, 2H), 7.23 (dt, J=17.5, 1.3 Hz, 2H), 7.19~
7.11 (m, 1H), 6.14 (ddd, J = 8.8, 5.5, 1.7 Hz, 1H), 5.25
(dt, J = 6.6, 2.0 Hz, 1H), 4.96 (p, J = 6.3 Hz, 1H), 4.33
(dd, J = 6.0, 3.1 Hz, 2H), 4.19 (p, J = 2.8 Hz, 1H), 3.90
(dq, J =10.0, 7.1 Hz, 1H), 2.36 (dddd, J = 9.8, 8.0, 4.6,
3.0 Hz, 2H), 2.09 (ddd, J = 14.7, 8.8, 6.6 Hz, 1H), 1.89
(d, J=12.8 Hz, 2H), 1.74 (dt, J=11.9, 3.6 Hz, 2H), 1.65
(dd, J= 8.8, 4.8 Hz, 1H), 1.44 (dd, J = 12.6, 9.4 Hz, 2H),
1.37 (dd, J=6.0,2.4 Hz, 1H), 1.34~1.33 (m,2H), .31 (t,
J=2.4Hz, 3H), 1.20 (dd, J= 6.2, 1.4 Hz, 6H); “C NMR
(100 MHz, CDCl,) 6.: 175.68, 172.96 (d, J = 7.2 Hz),
157.21, 156.94, 150.41 (d, J = 6.7 Hz), 149.09, 141.94,
139.57, 129.88, 125.41, 124.13, 123.79, 120.38 (d, J =
4.7 Hz), 85.18, 83.56 (d, J = 7.6 Hz), 73.96, 69.57, 66.31
(d, J=5.1 Hz), 53.53, 50.50, 42.87, 37.58, 28.90, 25.67,
25.34, 21.70 (d, J = 4.8 Hz), 21.06 (d, J = 4.8 Hz);
HRMS (ESI) m/z Caled. for C,;H,,FN.NaO, P [M+Na]"
648.209 3, found 648.208 3,

1.69 EWAIMER 7~ K 90%. 'H NMR
(400 MHz, methanol-d,) J,: 7.81 (d, J= 6.5 Hz, 1H), 7.33
(t,J=17.9 Hz, 2H), 7.23 (dt, J = 8.6, 1.3 Hz, 2H), 7.19~

7.13 (m, 1H), 6.14 (ddd, J = 8.8, 5.5, 1.6 Hz, 1H), 5.23
(dt, J = 6.7, 1.9 Hz, 1H), 4.96 (p, J = 6.3 Hz, 1H), 4.33
(dd, J = 6.0, 3.1 Hz, 2H), 4.18~4.14 (m, 1H), 3.90 (dq,
J=10.0,7.1 Hz, 1H), 2.34 (ddd, J=14.3, 5.6, 1.7 Hz, 1H),
2.10 (ddd, J=14.7, 8.8, 6.5 Hz, 1H), 1.99 (q, J = 3.2 Hz,
3H), 1.90 (d, J = 2.9 Hz, 6H), 1.74 (qd, J= 12.2, 6.3 Hz,
6H), 1.34~1.31 (m, 3H), 1.20 (dd, J = 6.3, 1.6 Hz, 5H);
"C NMR (100 MHz, CDCL,) d.: 177.28, 172.96 (d, J =
7.2 Hz), 157.22, 156.96, 150.42 (d, J = 6.7 Hz), 149.03,
141.92, 139.56, 129.88, 125.41, 124.17, 123.83, 120.39
(d, J = 4.7 Hz), 85.22, 83.66 (d, J = 7.6 Hz), 73.95,
69.57, 66.36 (d, J = 5.3 Hz), 50.50, 40.63, 39.28, 38.69,
37.60, 36.40, 27.83, 21.71 (d, J = 5.2 Hz), 21.09 (d, J =
4.7 Hz); HRMS (ESI) m/z Calcd. for C,,H, FN,NaO, P
[M+Na]" 700.240 6, found 700.239 9.
1.6.10 LA AIOBE R 7~ % 90%. 'H NMR
(400 MHz, CDCI,) ¢, 7.84 (d, J = 6.2 Hz, 1H), 7.33~
7.27 (m, 2H), 7.22 (dt, J = 8.7, 1.2 Hz, 2H), 7.17~7.12
(m, 1H), 6.21 (ddd, J = 9.0, 5.2, 1.7 Hz, 1H), 5.23 (dt,
J =65, 1.7 Hz, 1H), 5.01 (p, J = 6.3 Hz, 1H), 443~
4.32 (m, 2H), 4.17 (p, J = 2.5 Hz, 1H), 3.96 (tq, J = 9.0,
7.1 Hz, 1H), 3.78 (dd, J = 11.4, 9.3 Hz, 1H), 2.39 (ddd,
J =140, 5.3, 1.4 Hz, 1H), 2.09 (s, 2H), 2.00~1.95 (m,
4H), 1.87 (ddd, J = 14.0, 9.0, 6.4 Hz, 1H), 1.75~1.67
(m, 4H), 1.64 (d, J = 3.1 Hz, 4H), 1.59 (d, J = 2.9 Hz,
8H), 1.37 (d, J = 7.0 Hz, 3H), 1.23 (d, J = 1.5 Hz, 3H),
1.22 (d, J = 1.4 Hz, 3H); "C NMR (100 MHz, CDCl,)
5.1 172.91 (d, J=7.4 Hz), 171.35, 157.08, 156.81, 150.40
(d, J = 6.7 Hz), 148.93, 139.53, 129.90, 125.44, 124.18,
123.83, 120.38 (d, J = 4.7 Hz), 85.29, 83.55 (d, J =
7.5 Hz), 73.88, 69.61, 66.27, 50.52, 48.48, 42.50, 37.68,
36.71, 33.13, 28.60, 21.72 (d, J = 5.3 Hz), 21.12 (d, J =
4.7 Hz); HRMS (ESI) m/z Calcd. for C,;H,,FN,NaO, P
[M+Na]" 714.256 2, found 714.254 8.
2 MTTi{Eg

HepG2.Huh7 f#THUVEC 4 Al [ H E R} 27 B 41 i
J% . HepG2 1 Huh7 7& A -4t B 40 it %, i HUVEC
FEIEH NI BRIk 4 i . BT 3 Fign i R34 4 B 10
AT T 10% B4 LT (FBS)-50 TU 7 25 % A1 50 pg-mL™
BB R ML K R Eagle 35 75 5k (DMEM) B} Roswell
Park Memorial Institute1640 3% 7% % /1, 41}l #£ 37 °C.
5% CO, I IEM 5 i 77

15 F 3-(4,5-— W B e M -0 J8) -2, 5- — % 5k PO 4
TRALH) (MTT) 32 VP46 B A A6 & W0 0 41 B3 0 ) Bt 38
BETEVE o % IR 240 B B E R A B Bl 21 96 FL AR H I
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WE IR . B, BRI A [V R TE R
LA (DMSO) H1 5 F 55 7= B B ) LA — R BV I
FUrR, BEFLIR AR AR N 200 pl. ARG #8572 AE 37 °C
T E 488072 ho W H AL WG, MIAEFLIIA 20 uL
MTT VAW, A MAE37 °C R 4k4E H 4 h. 1 HE G,
W 2 b 3H VR, FE T BRI B o 4 I R 7E DMSO .
fifi H} SpectraMax i A5 1 7E 490 nm 4b 1 5 W )6 BEAH -
I Z A A LR AR

IRs (%) = [1 = (A sy = A ) (A 3y = A )] ¥ 100
3 RIMEEMIRLE

Bk &9 A6 (1 mg-mL! ZJEEW) 25 F 37 °C
N5 R A AL E R E, R E
FEZH SARuERE S 2l . b, I RRE A IR 9% 5 I 18] 138 5
N 0.0.5.1.2.4.8.24 [ 48 h; T 5] FEA 1) 0% & i (7]
FOBEEN0.0.25.0.5.1.2 S 4 ho FEREANET ] 51, &F
ANBE SR 600 ul i 2 K B, 9% %% 30 s, 20 °C
TR BL12 000 r-min™ &0 15 min J5 i€ (0.22 um).
FE &R Agilent 1260 =1 8000AH EL B A7 #r, BL#& C18
%A (2.1 mm x 100 mm, 3.5 pm), 1t & 4 A6 1
HPLC 3 #1 26 41« UL 20 AR A &y W I/ 1R 5k 2% i R
(% 8 mmol-L"' KH,PO, 1 2 mmol-L" K,HPO,), Ji i i%
ZEN 1 mL-min”, 7210 nm L4 KK &N . 1hE
W) A6 IRIRR FE 25 F: 0~ 12 min, FF B 4E 55 80%, BElR 2k
G 4ERE 20%
4 FREKES Y M E I8

15 A6 (5 mg) ¥ fELE AR EA (0.15 mL)
SRIG I 0.30 mL Trizma Z2/ W (pH 7.6), id3:'P NMR
TEAX . ARG, EEEH IR KEE Y (0.1 mg 5 f#
#£0.15 mL Trizma H). 7E25 °CHILE N, iC2 1125 A6
[P NMR 04 75 A xt 8 . X T 16 &4 A6 F 90 min
AR R T 20 Bh A0 3% — VP NMR, &4 °'P NMR 9 #f
128 . *'P NMR ic 5 (1) £ 45 48 F MNova #4247 Ak
LT
5 RMIAT B EE M IR IR

AT TV S BT ) SE 58 35 CL3R A B #EE AR
)W) SIS AR FE R S AL (HE#ESR 5 AEEI-2025-
536), H. 5256 45 1F 35 7™ 4 38405 S50 B AR A 5 46 3 AR
RUEN .

RN 4~6 JE i AR T 18~22 g i) CSTBL/6 B /N
U [07 DUAE (A6 R EARF IR A w], 315 &S R
5:110324251108276218, ¥F 1] iE 5 : SCXK () 2024-
0001], 7E SPF 22 2y 4 SIZ 46 Jf B P 5 r 3 7 44 1) 57 — ]
J& FHF 5256 . Huh7 40075 7% 10% Jifi 4 135 Y] DMEM
EHE RS R IE T, F 37 °C L 5% CO, 15 77 46 P i AL S 9% .
BN S0 K4, & R B 1L PBS B &1 4UE,

VRGN 2 T BT 5x1074 . R =8 O WS
TS BRI /N B, T2 MU 5 R B E — /N D)1, B8R T
JIRE A2 o A5 R fRlCER R S 88 K S50 ul (£ 2x10° ) Huh7
B Z IR AT . 4500, £/ R0
S TR PR R, R 5 A R

FrERAE 3 KJG, ¥ 8 /N BB AL 73 8 3 40 (n = 6):
BRSO IRZE (45 7 S R B R & B AE e ok A
(10 mg-kg") X A6 iR IT 4 (45 mgkg"). 45 Z# Mk h
8% Tween 80, 2% DMSO 1 90% 4= Bf 5 K 41 . &4
A REB AT, A6 BT EFIKIF A2, 42
J7 RN 2 R—IK, LG L9 IR HIARE 2 RS Ui
A RO R K AR (a) FI4EAZ (B), RIE AR V=a x
b/ 2 i SRR, SR H W SR D /N RARE R AT A
RE. RIRGZj24 h)g, RHBMEBEELLTE/N R, 58
ke S R S GO L e Sl S 2
(TGI) #% LA F AR HH: TGL (%) =[1 - (T, - T,)/ (C, -
C,)] x 100, Hr T T, 25 53l N6 I7 4 2 R R 46 ~F- 35
g A AR, €, C, SR 8 28 AR AT] s < 32 o Jeg A A
S 06 B0 HE PL mean £ SEM 7, K i GraphPad Prism
10.4.1 BAFEAT Geat o A, 2R 10 LR B SR 36 07 2%
38T (ANOVA), P < 0.05 N ZE T BHAG G548 Lo

fEE T 5T IR S LAk Bt
AOEFE 7 BT B AR 26 I IR 22 30 93 H AR S P10 & B A
BT 5 HARL G YD EIE B ¥4 55T A B MR A
BDDEER; T3ROS 58 I AR H I e R i S AL
TA MRS, JEA TS T ARG RS S T AE,

FIEEHSE: A CTAEE B AR EER G RR R
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