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The effect of reversing drug resistance and exact mechanism of
novel platinum(IV) hybrids based on GSTs inhibitors
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Abstract: Based on the octahedral modifiable structures and kinetic inertness, platinum (IV) complexes have
become antitumor prodrug candidates to mitigate platinum (II) drug resistance and side effects. The
nitrobenzoxadiazole derivative (NBDHEX) can inhibit the activity of glutathione S-transferases (GSTs) and be
introduced to conjugate with platinum(II) complexes DN603 and DN604 to yield two platinum (IV) complexes
DN603/DN604-NBD. [n vitro assays demonstrated that DN603/DN604-NBD could significantly inhibit the
proliferation of cisplatin-sensitive A549 and resistant A549/cDDP cancer cells. The uptake of DN603/DN604-NBD
in A549/cDDP cells was much higher than that of cisplatin, causing a higher rate of cell apoptosis and a greater
ratio of Bax/Bcl-2, the activation of caspase-3 and cleavage of DNA repair enzyme (PARP), inducing the
mitochondria-dependent cell apoptosis pathway. DN603/DN604-NBD could induce higher reactive oxygen species
(ROS) levels, significantly enhance phosphorylation of histone H2AX on Ser-139 (y-H2AX) fluorescence intensity
and cause a greater degree of DNA double-stranded damage. Studies have shown that GSTs kinase GSTP1 was
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highly expressed in cisplatin-resistant cancer cells. Moreover, DN603/DN604-NBD targeted GSTP1 to suppress its
expression level. By using the ROS scavenger NAC and the c-Jun N-terminal kinase (JNK) inhibitor SP600125 in
advance, it was found that DN603/DN604-NBD could significantly increase the number of living cells and
decrease the phosphorylation levels of JNK and c-Jun. The results indicated that DN603/DN604-NBD could
produce higher levels of ROS to activate JNK-mediated signaling pathway, induce apoptosis in tumor cells to
overcome cisplatin resistance. All the animal experiments were approved by Animal Ethics Committee of
Southeast University (grant No. 20210303025). In vivo assays confirmed that DN603/DN604-NBD could inhibit
the growth of A549 xenograft tumors with nearly no toxicity and fewer side effects. Taken together, DN603/

DN604-NBD are investigated as two potential novel platinum (IV) prodrug candidates for anticancer therapy.
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NBDHEX R EfTEMBIARK  LL4-5-7-f 52K
WEIH (1-1) F6-37 3 -1- LB (1-2) AR 4R J5 k& Rk
NBDHEX (1-3) K& T ZBRATAY) 1-4, W& 3 firs .

NBDHEX (1-3) )& il FRHEL 1.0 gtk 5911 T
250 mL B JE B A, N 80 mL £ [#/0.1 mol-L™ i iz
BREER (pH = 7.0, viv=1:1), R FHHHE. &
B 14 mLAGEW1-2 I N, A 1 mol- L & &AL 4
VWO pH 2, A5 M, EW B RN 6 he R
NESEEE G, FREL 1.3 g 3-IR A B ER I\ 13 ) B A& &,
WA 10 min, FE 1 h, T IEIREDTE, & 2K,
40 CCH T T, B8 a5 1.20 g, 72 % 80.5%.
ESI-MS (m/z): [M-H] = 296.09. 'H-NMR (300 MHz,
CDCl,) 6: 8.42 (d, J = 9.0 Hz, 1H), 7.17 (d, J = 9.0 Hz,
1H), 3.69 (t, J = 6.0 Hz, 2H), 3.30 (t, J = 7.5 Hz, 2H),
1.89 (m, 2H), 1.70~1.45 (m, 6H), 1.40 (s, 1H). ¥
0.1 mol- L™ B B A — ¥4 61.5 mL F10.1 mol-L™ B iR
TAKRVE R 38.5 mL VRS, BN ATEC A A% 0.1 mol L R
BRZZ 100 mL (pH = 7.0).
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MeOH =20:10:1 (viviv), AL ED 1.3 g 7K
81.3%. ESI-MS (m/z): [M-H] = 396.08. 'H-NMR
(300 MHz, CDCL,) 6: 8.43 (d, J = 9.0 Hz, 1H), 7.18 (d,
J=6.0 Hz, 1H), 4.14 (t,J= 7.5 Hz, 2H), 3.30 (t, /= 7.5 Hz,
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2H), 2.73~2.61 (m, 4H), 1.95~1.82 (m, 2H), 1.75~
1.67 (m, 2H), 1.67~1.53 (m, 2H), 1.53~1.42 (m, 2H).
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1k & ) DN603-NBD (1-5) [ & B : B8 & [ 14
243.9 mg, = & 54.2%. ESI-MS (m/z): [M-H] =
896.14. Anal. caled (%): C 37.48, H 4.04, N 7.81,
found: C 37.53, H 4.09, N 7.79. 'H-NMR (300 MHz,
DMSO-d,) d: 8.57 (d, J = 9.0 Hz, 1H), 8.50~7.55
(DACH-NH,, 4H), 7.52 (d, J = 9.0 Hz, 1H), 4.00 (t, J =
7.5 Hz, 2H), 3.51~3.42 (4H), 3.36 (t, J = 7.5 Hz, 2H),
2.75~2.52 (m, 4H), 2.15~1.95 (m, 2H), 1.83~1.72 (m,
2H), 1.65~1.00 (m, 14H). “C-NMR (75 MHz, DMSO-
d) ¢: 203.42, 178.76, 175.90, 175.78, 172.23, 149.12,
142.60, 139.93, 132.25, 132.04, 122.16, 63.79, 61.60,
61.27, 59.64, 59.02, 45.69, 31.30, 31.03, 30.82, 30.56,
30.48, 29.47, 27.89, 27.75, 27.27, 24.80, 23.44. '*°Pt-
NMR (129 MHz, DMSO-d,) 6 =1 004.17

1k & ¥) DN604-NBD (1-6) ) & i%: 35 {0 [ 14
278.0 mg, 7% 68.1%. ESI-MS (m/z): [M - H] = 816.07,
[M + CI]" = 852.05. Anal. caled (%): C 32.34, H 3.45,
N 8.57, found: C 32.42,H3.48, N 8.61. 'H-NMR (300 MHz,
DMSO-d,) 6: 8.57 (d, J = 6.0 Hz, 1H), 7.52 (d, J = 9.0 Hz,
1H), 6.25 (-NH,, 6H), 4.01 (t, J = 7.5 Hz, 2H), 3.51
(4H), 3.37 (t, J = 7.5 Hz, 2H), 2.40~2.60 (m, 4H),
1.85~1.70 (m, 2H), 1.65~1.30 (m, 6H). “C-NMR (75 MHz,
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Figure 2 Design of Pt(IV) antitumor complex with glutathione S-transferases (GSTs) inhibition
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Figure 3 Synthesis of NBDHEX and its derivatives
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Figure 4 Design of Pt(IV) antitumor complex with GSTs inhibition

DMSO-d,) 6: 203.50, 177.84, 175.62, 172.23, 149.12,
142.60, 139.95, 132.26, 132.04, 122.15, 63.77, 59.76,
59.22, 45.46, 30.56, 30.45, 29.65, 27.87, 27.75, 27.27,
24.81. "Pt-NMR (129 MHz, DMSO-d,) 6 = 1 338.67.
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A ITE 58 4 Vi A, 3T F AR AU 5E 490 nm &4 T A
UGB (4), FF30 3L SPSS FLE T 5 HY 21 H i i ik
FE (IC,,), B 45 A 3 AT SLUR ISP 3 {E . i) 2
(T 575 IHIER (%) = (A s — Az A sy o
SHIRE AR AW B 5 40 M F 1F F R OREK,
AP U A 2 FC A P A L B B o K At R 5 ok T
6 FLI, 37 °CHE B I - W BE J5 W 25 IR 35 7 4k, 4L
N B 7% 5 e B 0 40 . DN603 fil DN604. DN603/
DN604-NBD (15 pmol-L", 2 mL). 12 h Ji Y 5 41 Jfd,
HAA 1T mL PBS 5 ih#. B0 3¢ Bif, 4L 200 pL
WAL, 65 CCRMLA, FH ICP-MS Rl £H 2 .
Annexin V-FITC/PI X #3% K A549 Fl A549/
cDDP 41 fitd & 75 I T RPMI-1640 1% 97 % b 5 9% i 1% .
Vo 20 B Bl T 6 FLAR R BE 7% 12 h, 5L I |
DN603. DN604. NBDHEX £ DN603/DN604-NBD
(10 pmol-L™"). K 40 g i £ T 850 & v, 1 500 r'min”
#5025 min, 3 FIEHE E 2. M binding buffer ZZ 11
W 500 pL # &, I\ Annexin V-FITC 1 PI % 5 uL, i
JEH 15 min, {5 I A0 B ACHEAT I TSI .
REENE IR 7t DN603/DN604-NBD i 5 4 il
JE T, ASHIE F R0 P Fh ok AL (V) Bl A 4% 8 T
BAREACFRIR . K g0 iR & 6 LA, I BE
JE IR TS B B9 2590 (10 pmol-L™). E ] 24 h a1k
A, NN R UK F 24 % 50 min, 13 300 rrmin” &
L 30 min, Y4 EiE W, F BCA & A &0 e & H
. BUE R E (RS T SDS-PAGE Bt i ek,
HI B A5 E PVDF . H— P #RNE P, 1
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FRAC I U AT B S AL o FH Xeray JiIE R GREAT
BT,

BEEARRFEREST AR & 6 FLAR, WAEIR &
12 he 7 B3, 43 BN 10 umol- L™ iii%1 .DN603
DN604. NBDHEX . DN603-NBD 5 DN604-NBD. f1f
F 24 h 5K b3 e 20800 R, B I AR I 0 40
FHU4E, 1 000 r-min™ B0 5 min. 3 B3, FH PBS ek
41 B (2 000 r-min” & > 5 min). JI A 500 pL T ¥
75% W%, 4 °ClE SE i 7% . PBS PRI (1 000 r-min”
20 3 min), M 500 pL 443 (RNase A:PI=1:9) i
JEYe £t 45 min. A5 I A0 A ASCRS: I 5 3 A 440 At JE) 34
A BL o

ROS 7K F #ff 3¢ i i 4% M ROS 77 4 kR 7t
DN603/DN604-NBD Hifi s /E I HLE . A pFERh 22 6 L
BRI E 12 h RIEE . W2 BiE N 10 pmol L™
DN603-NBD 5 DN604-NBD 1F [} 24 h. 2 595 W,
4L 10 pmol' L' DCFH-DA 1 mL J&%J 4% {% 30 min,
Ve Uk A0, 2¢Ot B OB B RO g%, A Al B A A BT
ROS /KF-.

EEIW ofLIREMEEMM, IR EA 2.
25 &R FE N 10 umol-L7, /F A 24 ho K 41 i 35 1L,
PBS Ve B0, BRI ER. BIEHFEENIE
S EERERE NMA, 25 )2 IR A 4 AR A 55 2 B
BELMA, 55 = 28 AR AR 0 LMA. i A\ 21
% PP 2L R S0 mine B BB RN BT 2% v
(1 mmol-L" EDTA, 300 mmol-L"' NaOH) # & 30 min,
£ 3k DNA fi#lig. 25 V HL & HL¥K 30 min, 0.4 mmol-L"!
Tris-HC1 (pH 7.5) £ ¢ - FH 3 2k, PT 4% £, A FH 3L 5%
F BB AT IR .

RIERNEE DNA WHE K (DSB) & i A 5L
FEE A7 AP B R 16 1Y) H2AX (phosphorylation
of histone H2AX on Ser-139, y-H2AX) 54 1% 5 W 5%
DNA f& &, @ ik & W y -H2AX K W 5 DN603/
DN604-NBD Xf DNA #3518 S /EH . BT Je = T
75% LB 48 hI¥ G5 3 R, AT 6 FLAR G B Fh 4i i, % &
Z I EE, N 10 umol-L” DN603/DN604-NBD 4k 45 i
H 24 ho 7 LiEH PBS e, M 4% % 5 H [ 2,
20 min 5 F PBS %% HIIA 0.5% TritonX-100 i 17 4H
MuiZ Ak, 20 min J5 A PBS YEi 3 K. 5% BSA 3 [ AL 2
40 min, MA—$i 4 °CHF B, PBSTIHVE3 K. A
AR HUREEHE 1 h, DAPI (% 10 min, 5¢) 5 145
o G

GSTP1 FRIAKFEFEMEM  GSTP1 & i 1 41
c-Jun % 5 R Ui ¥ (c-Jun N-terminal kinase, JNK) 1
U /> 44 B H TP, DN603/DN604-NBD 4 [a] 18 I

NBDHEX, A fiff 50 38 i 50 9% B Ac & W A549 Fl A549/
cDDP 1 GSTP1 R IA /K F K VA 245 4 % GSTP #1 il £
. GSTs A% 1L GSH 5 1 &-2,4- “fH K4 4.
{8 H GSTs ¥ L 7 % W 7 DN603-NBD F1 DN604-
NBD X} GSTP1 (4% /E . sl B AB.C.D T.1F
Wi HU30 pL JE 5 (A TAEW S 1 mmol-L" GSH A it
AR = 1:1) I\ 96 fLi . H DMSO ¥ fi%# DN603/
DN604-NBD Jf IiC. ] ji A [\ % BZ @ 0.1, 0.5, 1. 2.5,
5 umol-L"'s HX 20 nmol-L" GSTP1 & 4 4 5l 5 5 Fh ik
FE I VR C B R 10 L VR AW, 37 °C/K ¥ I M 10 min.
BN 200 pL CHAT 50 uL D, %5 FI4L 0N 200 pL
B, bRAELALINN 200 pL GSH kRt FHIE W (20 pmol-L™)
ISR A . FIRN 15 min, 412 nm il E &4 A1H. L
NBDHEX N FHPEA, T 5 2590 GSTP1 S B %

INKESIBEMoT  MATm o g 2 251510
E H ¥ (mitogen-activated protein kinase, MAPK) 15
530 B T T A MR T T SR B GSTs [F] 1
GSTP1 5 MAPK JNK 254 Ff 4l Hoyd =", AR YR
HE T 258 INK K c-Jun FBEBR ALK P 8200, 5] A4k
PR ME INK 05 I e #ER (1, 9-pyrazoloanthrone,
SP600125) & ROS #1ll 551 N- 2, 1 - Bt 2 B2 (N-acetyl-
cysteine, NAC) KK 7T GSTP1 171 INK 15 51 % 1) #f
DIMLH o 18 i 3% FE 41 X% 057 £ (calcein AM/PI XL
L) K I SP600125 A NAC T Ak HE Ji5 45 2155 5 4H i 4
BTGB . T G EPCAS I INK & c-Jun ¥ & (9 A5
R 1L 7K F, SR H SP600125 Fil NAC Ab B SRR 5t 24 9 5%+
INK# B AE o

BREBEBARNAYEE 8 AS49 B
FEAE IR AR, WL gt /N BB A28 4. IR T
X HAE K () AS49 4R L, PBS 15 Bk 2 Y 1T %, 4
J EE B R A T RGN o 2 R A R K B
150 mm’ B, B4R BRBEAL 2 7 41, S s Ko FH 1K
PERE RS 45 25 (8 mg-kg), Fh4 k. W& MR K % 254
Fr, TH SR AR AL 7=0.5LW* (V/mm®, L/mm, W/mm),
AR 2. AL BN B, o R EORR AR R R DT A
9B IR S 1 o SO A AN iR 2H AT S
HALTHC W7, DN RAREFRES A S G R

Gt asE i SPSS 16.0 #HAT 41 40T, it
BRI x £ 5, BRI RE A 4856, 2 4IRR H
BRE T Z0H. P<0.05 NEHEER, A8t L.

$R
1 DN603/DN604-NBD X )i §8 85 2% A549 0I5 $8 i 25
A549/cDDP 4 4E KNI {E F

5 HoAh 32 346 & Y0 HH B, DN603/DN604-NBD s
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AS549 g0 A= KA A B, B 2 ] A549/cDDP
9 M AE AR (Do 1E A549 41 i 7, DN603-NBD
IC, 16 4 3.77 pmol-L", 4 g # 1E H 1 T~ DN603
NBDHEX [f] 4.44 f1 1.49 £ . DN604-NBD IC, {6 N
3.94 umol-L™", 1T DN604 FINBDHEX 1] 7.90 F11.43 1%
DN603-NBD £l DN604-NBD [ A549/cDDP 4 i & 1t
53 5% T DN603 F1 DN604, H: LA 15.77 £ 14.96 fi5 5 T
NIEA, i 25 X7 RF A 7.94 B& %2 0.73 F10.74, 45 7%
B, A3 T oA 4 B4k & %), DN603-NBD £l DN604-
NBD At 13 203 1] A549 F11 A549/cDDP 45, W — %
RE 6% 50 AW 25 4 . T N IE BT 9 40 il 102,
DN603-NBD £l DN604-NBD 4 fitd 7 1 5% . 45 % %
i, DN603-NBD fll DN604-NBD .7 1 T H Al 1k &4
(e e g v, TTREM B DR FEBAV) BTSN T
NBDHEX.

Table 1 The IC,; values of the tested compounds after 72 h on

A549, A549/cDDP and LO02 cells. “Resistance factor (RF) = IC,,
(A549/cDDP)/IC, (A549)

Compound ICy/umol L RF*
A549 A549/cDDP L02

Cisplatin 5.50+0.31 43.68 £0.71 16.09 +1.34 7.94
DN603 16.75 +1.22 50.78 £ 4.25 18.07 £ 0.46 /
DN604 31.11+£0.74  93.13+5.04 5550+ 1.20 /
NBDHEX 5.63+0.13 4.12£0.32 5.58+0.29 /
DN603-NBD 3.77+0.12 2.77+0.23 6.56+£0.30  0.73
DN604-NBD 3.94+0.13 2.92+0.19 5.88+0.26 0.74

2 DNG603/DN604-NBD X} A549 F1 A549/cDDP $A3%
ER

Y5 %5 12 h )5, A549 41 i % DN603 1 DN604 (1] 4%
HUCEAK T 4A, 15 A549/cDDP 4 it % DN603 £1 DN604
FR 5 X = = T A, 15 B DN603 F1 DN604 2 A5 78 15 7
RIS 40 Tk 25 4F ) . T DN603-NBD 7E A549 Fll A549/
cDDP 45 B 2 4 1) 1.13 113,78 % . A549/cDDP
DN604-NBD 151 45% U & & £ 1) 3.33 75, H DN603-
NBD FI DN604-NBD F# 2 378 = i 41, 75 10° /> 41
Wy Ik B 34 130 ng. 25 R UH, ITEA TR 24 i 988 41
It s} A 5% R 4 o PH(IV)) TS 40 e BT 24 F SR TR 2
—, DN603-NBD #l1 DN604-NBD At % 50 [ i 411 i 24 /F
H (G&2).

Table 2 The platinum uptake of the tested compounds in A549
and A549/cDDP cells

Pt content in 10° cells/ng

Compound A549 A549/cDDP
Cisplatin 15+ 0.40 9+ 0.06
DN603 12£0.25 10£0.12
DN604 13+0.28 11£0.15
DN603-NBD 17 £ 0.40 34050
DN604-NBD 14£0.19 30 +0.48

3 DN603/DN604-NBD iS5 A549 F1 A549/cDDP 4f
ATIER

550 BEALAH L, I 51 S AS49 48 i B vm o T 2
(61.30%), DN603 5 DN604 %5 5 ¥4 1= 1k T it 41,
DN603/DN604-NBD fit 1% 5| K 5 & 7 12 % (96.37%,
95.10%), 1M NBDHEX 7= 4 [ T- % &% 15 (97.61%).
Ak, 54 7 S A549/cDDP 41 i )8 T % B 5 PR A
(12.95%). DN603 Fil DN604 i75 5 I T W& A% T Wi 41,
NBDHEX # S 1-% 5 93.23%. DN603-NBD ft % &
Ok 4 TS (95.38%) H. 1t T DN604-NBD
(89.95%) (K 5). 45K % W], DN603/DN604-NBD 3 r]
75 AS49 MU PH T . DN603-NBD % 5§ A549/cDDP
JHT-1E F 55T DN604-NBD, 5 41 i SR i 5 1EAH 5% o
4 DN603/DN604-NBD X} A549 1 A549/cDDP £R L)
THXERPEER

76 AS49 A0 Hh, IR e 5 52 = (2 98 T2 8 (1 Bax I
N T H Bel-2 RIAJKE . T DN603/DN604-
NBD {2 5 5 g0 A 2 BAL T HAbtb &4 . i
JE o S 2 B =R 2K 1 B caspase-3 3 B RIA,
fit 5 DNA 12 & 1 < 1) %€ (ADP) #% ¥# 5K & i (PARP)
A ST . 7E A549/cDDP 40, 1% Bel-2
FIE KB T EAE K. DN603/DN604-NBD £t i
2 $& 5 Bax/Bcl-2 L 5 Fl caspase-3 [ 3 ik /K °F, fif
PARP %2 fiff 11t 5 3 i £11 i 245 240 e 0 T2 (] 6). DN603-
NBD F1 DN604-NBD 75 5 A549/cDDP 41 Jfl 7 17 % 1
It T DN603. DN604 Fl 4, 2% B 9 & LA B o 1 v
RGN 24 B
5 DN603/DN604-NBD [H i A549 1 A549/cDDP £0 R
EHA{EF

JIEEE1 5 T 4 e JE B BEL i 72 S 3, DN603 F11 DN604
75 5 40 i BEL 3 7F S 5% G2/M ] . NBDHEX i 5 A549
41 H BELE S B, 175 5 A549/cDDP 41 i L 78 S B3 G2/M
1. W72 ¥, DN603-NBD 1 DN604-NBD 7% 5 41l fil
JE IR E S 1, B AT AS49 4 i A Ab T S 3K 4H g
H 17.97%32 52 51.07% F142.30%, 3T HRRERK (7).
DN603-NBD 1 DN604-NBD ¥ 21l iy J& 1] 3= ZEBH 7 4E S
1, BH# 2R T NBDHEX
6 DN603/DN604-NBD iff #5 A549 1 A549/cDDP £
ROS 7K F

16 AS49 4H fg rf, 4 5 2 42 & ROS /K F, T
DN603 F1 DN604 12 = ROS /KFAE I #:59. £ A549 41
Je H, NBDHEX #i% ROS 1€ F& T £ ; 1 75 A549/
cDDP H 5 T i1, ¢ B NBDHEX E. 15 7 7€ ¢ I 411
it 251F Fl . DN603-NBD £ DN604-NBD 5| it 5 55 5%
SR, i S A549 1 A549/cDDP 41 Jitd ROS /K- &
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Figure S The apoptotic effect induced by the tested compounds in A549 (A) and A549/cDDP (B) cells
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Figure 6 Analysis of apoptosis-related protein expression in A549 (A) and A549/cDDP (B) cells
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Figure 8 Levels of reactive oxygen species (ROS, A) in A549 (B) and A549/cDDP (C) cells under the influence of the tested compounds
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