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Abstract Four novel f-galactoside prodrugs were designed and synthesized from anthraquinones HAQ-OH and
AQ-OH in an attempt to use the prodrugs to selectively release superoxide anion (O, ) in cancer cells and to
achieve selected anticancer activity by utilizing the Warburg effect and the elevated level of S-galactosidase in
certain cancer cells. Cellular assays showed that the prodrugs Gal-HAQ and Gal-AQ selectively inhibited the
proliferation and induced apoptosis of ovarian cancer OVCAR-3 cells overexpressing S-galactosidase. Using O,
fluorescent probe, it was found that in OVCAR-3 cells Gal-HAQ and Gal-AQ could time-dependently release
0O, ", which was essential for their anticancer activity. Furthermore, it was found that Gal-HAQ and Gal-AQ were
effective senolytics toward senescent cells overexpressing f-galactosidase without affecting the viability of
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corresponding non-senescent cells, further confirming the f-galactosidase-dependent cytotoxicity of the prodrugs.

In conclusion, Gal-HAQ and Gal-AQ, which release O, in response to S-galactosidase, are expected to serve as

candidate prodrugs targeting cancer cells.
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Design of O, -releasing B-galactoside prodrugs of 5-hydroxy-1,2,3,4,4a,9a-hexahydro-1,4-acetyl-9,10-anthraquinone (HAQ-

OH) and 5-hydroxy-1,2,3,4-tetrahydro-1,4-ethylidene-9,10-anthraquinone (AQ-OH)
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Reagents and conditions: (a) CH,Cl,, HBr, CH;COOH,
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Synthetic route of target prodrugs Gal-HAQ, Gal-AQ, Gal-HAQ-NO,, and Gal-AQ-NO,
rt; (b) CH.Cl,,

H,O, NaOH, 4-hydroxybenzaldehyde or 3-nitro-4-

hydroxybenzaldehyde, r.t.; (c) THF, NaBHy,, r.t.; (d) CH,Cl,, PBrs, r.t.; () CH,Cl,, Ag,O, HAQ-OH or AQ-OH, r.t..
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ok ZFE@ MW EE(5 mL), fin AR ALER (139.0 mg, 0.6
mmol), TZ IR FRIN 12~24 h, RV IRERER: T3t
UE, W MR 4 e AR 2L . ML R A R 4l A
(LR TE-ArilEE, 1:2), J5Zhl & rHaifb 2] B
NIER

%725 Gal-HAQ-NO,  IRE{ {4 {4 (61.8 mg,
12.1%): mp 220.8 ~221.8 C, 'H NMR (CDCl;, 600
MHz) 6: 7.95 ~ 7.97 (1H, t, J = 1.9 Hz, Ar-H), 7.83 ~
7.88 (1H, dt, J = 8.8, 2.7 Hz, Ar-H), 7.61 (1H, d, J =
2.3 Hz, Ar-H), 7.60 (1H, s, Ar-H), 7.46 (1H, d, J = 8.6

Hz, Ar-H), 7.20 ~ 7.24 (1H, dd, J = 5.8, 3.6 Hz, Ar-
H), 6.13 ~ 6.24 (2H, m, AQ-2 fil AQ-3), 5.55 ~ 5.61
(1H, dd, J=10.5, 7.9 Hz, Gal-2), 5.48 ~ 5.52 (1H, dd,
J=13.4,12 Hz, Gal-4), 5.19 (2H, d, J = 2.5 Hz, CH,),
5.11 ~ 5.16 (1H, dd, J = 10.5, 3.4 Hz, Gal-3), 5.11
(1H, d, J = 8.1 Hz, Gal-1), 4.26 ~ 4.32 (1H, dd, J =
11.3, 6.9 Hz, Gal-6), 4.17 ~4.23 (1H, dd, J=11.3, 6.2
Hz, Gal-6), 4.07 ~ 4.13 (1H, t, J = 6.5 Hz, Gal-5), 3.35
(2H, d, J = 6.0 Hz, AQ-1 il AQ-4), 3.25 (2H, d, J =
1.5 Hz, AQ-4a fll AQ-9a), 2.22, 2.16, 2.12, 2.04
(12H, 4s, OCOCH;), 1.71 ~ 1.78 (2H, m, AQ-CH,),
1.39 ~ 1.45 (2H, m, AQ-CH,). "“C NMR (151 MHz,
CDCly) 6: 197.93, 196.16, 170.49, 170.33, 170.28,
169.55, 156.80, 149.08, 138.87, 134.47, 134.24,
133.73, 132.61, 132.48, 126.46, 123.67, 123.65,
120.28, 119.84, 118.75, 100.97, 71.60, 70.71, 69.55,
67.98, 66.85, 61.45, 34.45, 34.39, 33.80, 33.74, 29.85,
2478, 24.74, 20.83, 20.81, 20.72, MS m/z Calcd. for
C37H;,NO, 5 (M+Na)" 758.6, Found 758.3.,

A7 25 Gal-AQ-NO, B [ R (69.9 mg,
17.7%): mp 232.0 ~ 232.6 °C. 'H NMR (CDCls, 600
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MHz)4:8.05 (1H,d,J=2.3 Hz, Ar-H),7.92~7.97(1H, dt,
J=8.8,2.8 Hz, Ar-H), 7.81 (1H, d, J = 7.6 Hz, Ar-H),
7.60 ~7.66 (1H, t, J= 8.0 Hz, Ar-H), 7.47 (1H, d, J =
8.6 Hz, Ar-H), 7.27 (1H, d, J = 8.6 Hz, Ar-H), 6.38 ~
6.46 (2H, dt, AQ-2 1 AQ-3), 5.53 ~5.60 (1H, dd, J =
10.5, 7.9 Hz, Gal-2), 5.48 (1H, d, J = 3.4 Hz, Gal-4),
5.17~5.26 2H, t, J= 2.4 Hz, CH,), 5.09 ~ 5.14 (1H,
dd, J = 10.6, 3.3 Hz, Gal-3), 5.09 (1H, d, J = 8.1 Hz,
Gal-1), 4.52 ~ 4.57 (1H, m, AQ-1), 4.46 ~ 4.51 (1H,
m, AQ-4), 4.24 ~ 4.31 (1H, dd, J = 11.3, 6.9 Hz, Gal-
6), 4.15 ~ 421 (1H, dd, J = 11.4, 6.2 Hz, Gal-6), 4.05
~4.11 (1H, t, J = 6.6 Hz, Gal-5), 2.20, 2.15, 2.11, 2.02
(12H, 4s, OCOCH3), 1.49 ~ 1.55 (2H, m, AQ-CH,),
1.36 ~ 1.43 (2H, m, AQ-CH,), "C NMR (151 MHz,
CDCly) &: 181.23, 181.00, 170.49, 170.33, 170.27,
169.56, 158.03, 152.40, 149.05, 148.47, 141.44,
135.11, 134.62, 134.09, 134.00, 132.69, 132.35,
123.62, 120.84, 120.38, 12034, 119.45, 101.02,
71.60, 70.73, 69.50, 68.00, 66.86, 61.46, 34.44, 34.04,
24.86, 24.84, 20.84, 20.81, 20.80, 20.72. MS m/z
Caled. for C;;H;NO,s (M+Na)' 756.6, Found
756.3,

A 25 Gal-HAQ ¥4 [E R (709 mg,
21.4%): mp 198.2 ~ 198.9 °C. 'H NMR (CDCl,, 600
MHz) : 7.51 ~ 7.58 (2H, m, 2Ar-H), 7.49 (2H, d, J =
8.6 Hz, 2Ar-H), 7.20 ~ 7.24 (1H, dd, J = 7.1, 2.3 Hz,
Ar-H), 7.06 (2H, d, J = 8.7 Hz, 2Ar-H), 6.12 ~ 6.23
(2H, m, AQ-2 Fil AQ-3), 5.46 ~ 5.54 (2H, dd, m, Gal-
2 fll Gal-4), 5.17 (2H, d, J = 3.5 Hz, CH,), 5.10 ~
5.15 (1H, dd, J= 10.5, 3.4 Hz, Gal-3), 5.07 (1H, d, J =
7.9 Hz, Gal-1), 422 ~ 428 (1H, dd, J = 11.3, 6.9 Hz,
Gal-6), 4.15 ~ 421 (1H, dd, J = 11.3, 6.4 Hz, Gal-6),
4.05~4.10 (1H, td, J= 6.6, 1.2 Hz, Gal-5), 3.34 (2H, d,
J =133 Hz, AQ-1 fil AQ-4), 3.24 2H, t, J = 1.2 Hz,
AQ-la fll AQ-4a), 2.21, 2.09, 2.09, 2.04 (12H, 4s,
OCOCH;), 1.69 ~ 1.76 (2H, m, AQ-CH,), 1.38 ~ 1.44
(2H, m, AQ-CH,). “C NMR (101 MHz, CDCl;) J:
198.11, 196.14, 170.52, 170.39, 170.28, 169.54,
157.32, 156.81, 138.74, 134.28(2C), 133.61, 131.28,
128.60, 126.40, 119.13, 118.82, 117.27, 99.84, 71.16,
70.96, 70.68, 68.74, 66.97, 61.44, 52.20, 51.10, 34.33,
34.30, 33.62, 33.60, 24.77, 24.71, 20.89, 20.82(2C),

20.74, MS m/z Calcd. for C37H350,5 (M+Na)® 713.6,
Found 713.3,

A 25 Gal-AQ  HE A [ER(67.8 mg, 14.3%):
mp 207.4 ~208.0 °C., 'H NMR (CDCl;, 600 MHz) ¢
7.74 ~ 7.77 (1H, dd, Ar-H), 7.58 (1H, t, J = 8.0 Hz,
Ar-H), 7.54 (2H, d, J = 8.6 Hz, 2Ar-H), 7.26 ~ 7.29
(1H, dd, J = 9.1, 1.5 Hz, Ar-H), 7.06 (2H, d, J = 8.6
Hz, 2Ar-H), 6.38 ~ 6.45 (2H, m, AQ-2 il AQ-3), 5.47
~5.52 (1H, dd, J = 10.5, 8.0 Hz, Gal-2), 5.45 ~ 5.47
(1H, dd, J = 3.9, 1.1 Hz, Gal-4), 5.20 (2H, d, J = 3.1
Hz, CH,), 5.09 ~ 5.13 (1H, dd, J = 10.4, 3.4 Hz, Gal-
3), 5.05 (1H, d, J = 8.0 Hz, Gal-1), 4.52 ~ 4.56 (1H,
dt, J = 5.5, 2.1 Hz, AQ-1), 4.45 ~ 4.50 (1H, dt, J =
42,2.1 Hz, AQ-4), 420 ~ 426 (1H, dd, J=11.3, 6.9
Hz, Gal-6), 4.14 ~ 4.19 (1H, dd, J = 11.3, 6.4 Hz, Gal-
6), 4.04 ~ 4.09 (1H, td, J = 6.6, 1.2 Hz, Gal-5), 2.19,
2.08, 2.07, 2.02 (12H, 4s, OCOCH;), 1.47 ~ 1.54 (2H,
m, AQ-CH,), 1.36 ~ 1.42 (2H, m, AQ-CH,), “C
NMR (101 MHz, CDCl3) 6: 181.31, 181.01, 170.41,
170.28, 170.17, 169.44, 158.53, 156.72, 152.30,
148.13, 134.88, 134.32, 133.97, 133.88, 131.19,
128.45(2C), 120.49, 119.63, 119.38, 117.21(2C),
99.77, 71.05, 70.86, 70.52, 68.63, 66.87, 61.34, 34.31,
33.86, 29.71, 24.74, 20.78, 20.71(2C), 20.63, MS
m/z Caled. for Cy3;H360,3 (M+Na)™ 711.6, Found
711.3,

23 &R At

Eclipse XDB-Cg = 80 AH {4 35% 4+ (9.4 mm x
250 mm, 5 pm) o GBI AH: K -2, WEEE 0.5
mL/min. P S AHPE RS : 0~5 min, 10%—70% <,

% 5 5~15 min, 70%—90% & fiE ; 15~20 min,
90%—10% LN . Wi 24 Gal-AQ-NO, fll Gal-AQ iff
i BRGSO SAAR 2], HEEEEYRT 99%.

3 AIEEM

3.1 BT 24 e g A ]9,

PLJE 24 HAQ-OH Fll AQ-OH i FHM:XT R, 5%
MTT b k" M AT 25 % OVCAR-3, HEK-293 fil
L-02 4 A8 7 016 . OVCAR-3 Rid ik g-
- ZLBE T I 1 DN 5598 40 i, HEK-293 1 L-02 4 g
B3k Bt ZLWE A Il 5 i A A R g 4 ™,
KPR, SAEME 48 h 5, Bi 25 Gal-HAQ Fi
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Gal-AQ WIFEFEPEH I H] T OVCAR-3 4 g Y3 5,
Wi % OVCAR-3 4 (1) 1Cs, 39710 23.8 F1 105.6
umol/L 5525 HAQ-OH F1 AQ-OH #%i(22.0, 37.7
umol/L) . $X 1M, Gal-HAQ H1 Gal-AQ %} 3 fith 983 41
il HEK-293 1 L-02 B9 &EHERA 2 T &, H: 1C5, #°K
T 800 wmol/L, T 1 1 Ji 245 X 33 19 Al 1 4t A i)
ICs /59R7E 10 ~ 30 pumol/L., LA F %5 5 55 40 UE W,
Gal-HAQ Fl Gal-AQ i p-F- L g A& 44 241 M
Fk. SR, BN HT2Y Gal-AQ-NO, il Gal-HAQ-
NO, ZIVA JR B 1 B 8 1 e A B e B8 v, X I
B YA A AR R . B AHEI, XA T2 7
WA p-2L R 2 B o R 2

Table 1 Cytotoxicity of indicated compounds in OVCAR-3,
HEK-293, and L-02 cells as measured by MTT assay
(x+s,n=3)

1C5o/(pmol/L)
Compd.

OVCAR-3 HEK-293 L-02
HAQ-OH 22.0+0.9 18.0+1.1 9.5+1.9
AQ-OH 37.7+13 22105 179134
Gal-HAQ 23.8+1.1 >800 >800
Gal-AQ 1056+1.5 >800 >800
Gal-HAQ-NO, 116.1+£2.3 1255+ 1.1 130.8 £ 2.1
Gal-AQ-NO, 175.6+27 271.4+3.1 159.8+2.4

3.2 A EhAS R MK
R T EE R R, LR Z) HAQ-OH Al AQ-
OH K2 %, il 2 HPLC K& 4 ~7i 257 PBS(pH
7.4, 100 mmol/L) I ERE £ . ¥4 4 DHTZIHE PBS
37 C &M T 48 h, BUSL K 50 pL fin A H
M 50 uL A, 5505 BUE R HPLC A6 .
HPLC 4514575 ¥ Eclipse XDB-C,5 1o S0 AH
3% 45 (4.6 mmx 250 mm, 5 ym) . W EIHH: K-2
W&, i 0.5 mL/min. i s AHPE AL B : 0~1 min,
10% & i ;5 1~4 min, 10%—70% Z B ; 4~9 min,
70%—90% Z.JE; 9~10 min, 90%—10% i .
2ERL P, 25 Gal-HAQ Fll Gal-AQ T PBS
H 48 h J& A UL AT fof B f#, T AT 25 Gal-HAQ-NO,
Al Gal-AQ-NO, 1 PBS H14% 48 h J& 43 S B 24
8.4% A1 10.1% 1Y i 25 HAQ-OH Hil AQ-OH([& 2) .,
PRl e REAE A p-2F FLBE T B i B A2 1Y Gal-
HAQ F1 Gal-AQ MG LT X4
3.3 #I'%5 Gal-HAQ #= Gal-AQ #4248 it WX H4T A
P BT IEAE, BT2Y Gal-HAQ Fl Gal-AQ 7E4H
Ji6L P9 4 26 R T K A 1 U B SRR, Akl

A
Gal-HAQ-NO,
0Oh
48 h ,l 1HAQ-OH
0 2 4 6 8 10
t/min
B
Gal-AQ-NO,
Oh
AQ-OH
48 h 1
0 2 4 6 8 10

t/min
Figure 2 Stability of prodrugs in PBS as analyzed by HPLC
A:Stability of Gal-HAQ-NO, in PBS; B:Stability of Gal-AQ-NO, in
PBS
Gal-HAQ’Fl Gal-AQ’, #RJ5 F5-9% B->F ZUNE T Bk K fit
FERCREZ o 5, A TR 24 7E A PN R S A AR
JIt IR SE A T B, e B2 LM H I 25 1 4
A5 4 A i 965 40 L A-549, LB 1F Gal-HAQ’ il Gal-
AQ #E— 4 g FLMETT K. PIDETZY S A-
549 4 MM 24 h 5k RS A0, B A
JOT TEAS DU 240 L R B U . 2 SR I, 7 A A
W XA DU B T 245 M £ e ) Gal-HAQ Al
Gal-AQ’ (&l 3), X7E—EFEFE L uEB] 1 A 25 7 4 Al
W E SR I S ™) .

R T M T 25 Gal-HAQ Il Gal-AQ fig
AE B FUM T B R 1 OVCAR-3 4 Rk
HIRZ) . $ OVCAR-3 4NN A 50 umol/L ¥ B Aij
T B SR, ARLEIEE 24 5K 48 he A Lk
(R4 7 12 B 1 A4, B A s 1) A 0, B |
TH UG ST, WS FH B 20 pL i f#d it HPLC K
M2 53 . HPLC SR ik fm] “3.27 5, 45
R, WARTZ5 5 OVCAR-3 40U & 24 h i,
il BNy Rl ESIDE2 TR = S g = s g R
TEAN A PN AT LLGE o SR AR SRR B B AR AL, PRI
T[] T 24 90 55 174 40 e P 249 AT ] B A 21 HAQ-
OH il AQ-OH([® 4). & 48 h J5, HiZY Gal-HAQ
1 Gal-AQ eI M2, .

3.4 il O, £ ien

MATATEH BN RS2 R, SR 2 Ak S E A
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Figure 3 Deacetylation of prodrugs Gal-HAQ' (A)and Gal-AQ’
(B) in A-549 cells as evidenced by mass spectrometry
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Figure 4 Release of HAQ-OH (A) and AQ-OH (B) from
prodrugs in OVCAR-3 cells as evidenced by HPLC
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Figure 5 Determination of intracellular O, generation by dihydroethidium (DHE) probe
A: Principle of O, detection by DHE; B: Generation of O,” by HAQ-OH, AQ-OH, Gal-HAQ and Gal-AQ in OVCAR-3 or HEK-293 cells
after 12 h;C: Generation of O,” by Gal-HAQ and Gal-AQ in OVCAR-3 cells at different time (x £ s, n = 3)
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Figure 6 Effect of 2,2,6,6-tetramethylpiperidoxyl (TEMPOL) (50
umol/L) on cytotoxicity of prodrugs in OVCAR-3 cells as analyzed
by MTT assay (X £ s, n =3)

A: Effect of TEMPOL on cytotoxicity of Gal-HAQ in OVCAR-3('P <
0.001 vs Gal-HAQ); B:Effect of TEMPOL on cytotoxicity of Gal-
AQ in OVCAR-3('P < 0.001 vs Gal-AQ)

Table 2 Effects of glucose transporter-1 (GLUT1) inhibitor
phlorizin (1 mmol/L) on the cytotoxicity of indicated compounds in
OVCAR-3 cells (X £ s, n=3)

I1Cs0/(umol/L)
Compd.
Without phlorizin Phlorizin pretreatment
HAQ-OH 23.2+0.5 253+1.2
AQ-OH 19.5+0.8 248+1.0
Gal-HAQ 239+14 86.7+2.1
Gal-AQ 105.6 £ 2.0 168.9+2.6°

P < 0.001 vs without phlorizin
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Figure 7 Death- and apoptosis-inducing effects of Gal-HAQ and Gal-AQ
A: Cell live/death staining of Gal-HAQ and Gal-AQ in OVCAR-3 cells(scale bar: 50 pmol/L); B: Annexin V-FITC/PI staining of apoptosis

cells treated by indicated compounds (20 pmol/L)
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Figure 8 Effects of Gal-HAQ and Gal-AQ on non-senescent/senescent A-549 or L-02 cells

A: Cytotoxicity of Gal-HAQ and Gal-AQ in non-senescent/senescent A-549 or L-02 cells as analyzed by MTT assay (X £s, n = 3).
*P < 0.001, **P < 0.01 vs non-senescent A-549 cells; **P < 0.01, ***P < 0.05 vs non-senescent L-02 cells; B: Cytotoxicity of Gal-HAQ
and Gal-AQ in non-senescent/senescent A-549 cells as revealed by crystal violet stain
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