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2-Piperazinyl naphthoquinones (2) and 2-piperidinyl naphthoquinones (3) were designed and synthe-
sized as new cytotoxic and apoptosis inducing agents by utilizing the anti-parasite drug atovaquone as
lead compound. Several compounds displayed significantly improved cytotoxic activities against a panel
of cancer cell lines than that of atovaquone. These compounds also induced apoptosis through activating
pro-apoptotic caspases 9 and 3.

© 2009 Elsevier Ltd. All rights reserved.

Given the extraordinarily high costs and poor successful rates of
drug development, repositioning (or repurposing) of existed drugs,
in which to find new indications of old drugs, has become an
attractive approach to accelerate drug development process.! As
part of our chemical biology program, we aimed to identify small
molecules with potent anti-tumor activity. By using cell growth
inhibitory assay, a number of FDA approved anti-infectious drugs
and antibiotics were found to display promising anticancer activity
in vitro, among which atovaquone had moderate anti-proliferation
activity against different cancer cells with ICsq values of 15-30 pM.
Herein, we report the structural optimization and in vitro biologi-
cal evaluation of atovaquone derivatives as new cytotoxic and
apoptosis inducing agents.

Atovaquone is an anti-parasite drug selectively targeting the
mitochondrial respiratory chain of malaria parasite.? This drug
has poor water solubility and oral bioavailability because of its
structurally hydrophobic nature. The chemical structure of ato-
vaquone comprised a naphthoquinonyl head, a cyclohexanyl linker
and a hydrophobic 4-chlorophenyl tail (Fig. 1). Many compounds
consisted of naphthoquinonyl moiety have been reported to be
cytotoxic,>* which indicated that the naphthoquinonyl head might
be the crucial part for atovaquone to display anti-tumor activity.
The cyclohexanyl linker and/or the hydrophobic tail would provide
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potential sites for structural optimization. Based on these consider-
ations, 2-piperazinyl naphthoquinones (2) and 2-piperidinyl naph-
thoquinones (3) were designed as new atovaquone derivatives. Of
note, the 2-hydroxyl group in atovaquone was erased for the syn-
thetic feasibility and chemical stability of the designed derivatives
(Fig. 1).

The designed compounds were readily prepared by a condensa-
tion of naphthoquinones 4 with different arylpiperazines or arylpi-
peridines (Scheme 1). For the coupling reaction of 5-hydroxyl
naphthoquinone 6 with arylpiperazine or arylpiperidine 5, both
5-hydroxyl and 8-hydroxyl substituted products were obtained.
The major products were identified as 8-hydroxyl analogues by
using an X-ray crystallographic analysis of 8-hydroxy-2-(4-phen-
ylpiperazin-1-yl)naphthalene-1,4-dione (2q)° (Fig. 2).

1.
Atovaquone

Figure 1. Chemical structures of atovaquone and designed derivatives.
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Scheme 1. Synthesis of 2-piperazinyl naphthoquinones (2) and 2-piperidinyl naphthoquinones (3).
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Figure 2. X-ray structure of compound 2q.

The anti-tumor activity of the designed compounds was prelim-
inarily screened by cell growth inhibitory assay (MTT assay)
against Du145 human prostate carcinoma cells. From Table 1, it
was clear that almost all the compounds designed display good
or moderate anti-proliferation activity against Du145 cells. 2-(4-
(4'-chlorophenyl)piperazin-1-yl)naphthalene-1,4-dione (2a), a
structurally close derivative of atovaquone, display almost identi-
cal anti-tumor activity with that of atovaquone. When the 4'-Cl
group was removed (2f) or replace with F, methyl groups (2b,
2e), the activity was improved 3-4 folds. However, the Br or meth-
oxyl group substituted analogues (2c, 2d) were much less active.
Further structure-activity relationship analysis indicated that
o-position of the phenyl tail in compound 2 might be the optimal
position for substitution. For examples, compound 2a had an ICsg
value of 29.5 uM, while the ICsq value for m-Cl (2g) and o0-Cl (2h)
analogues were 8.3 and 2.9 uM respectively. Compounds with
multiple substitutions (2m, 2n, 20, 2p) were less potent.

5-Hydoxyl and 8-dydroxyl derivatives were also designed on
the basis of 2f. The results revealed that 8-dydroxyl compound
2q is 3.5-fold more potent than 2f, while 5-hydoxyl analogue 2r
was less active. Other 8-dydroxyl analogues 2s, 2u, 2v and 2w also
displayed promising anti-tumor activity. The 5, 8-didydroxyl com-
pound 2x had an ICsq value of 1.3 pM.

The 2-piperidinyl naphthoquinones 3a-3f also displayed good
cell anti-tumor activity. Similar to that of 2-piperazinyl analogues
(2), the introduction of 8-hydroxyl group obviously improved the
anti-tumor activity (3b, 3d and 3f).

The anti-tumor activity of compounds 2q, 2u, 2v, 2w, 2x, 3b, 3d
and 3f was further evaluated on various human cancer cell lines by
using doxorubicin (adriamycin) as a positive control. As shown in
Table 2, almost all the compounds displayed broad-spectrum
anti-proliferation activity against solid tumor cells with low uM
ICs values. Although doxorubicin is highly cytotoxic to T-cell leu-
kemia Molt-4 cells in our cell growth assay, most of the deigned

e
O

Table 1
Anti-proliferation activities of compounds 2 and 3 against prostate Du145 cells
Compds R! R? R® X Cell growth
inhibitory
activities®
I1Cso (LM)
Atovaquone 293+1.2
2a p-Cl H H N 295+2.7
2b p-F H H N 11.7+£1.8
2c p-Br H H N >50
2d p-MeO H H N 46.1+2.0
2e p-Me H H N 82+1.6
2f H H H N 99+13
2g m-Cl H H N 8317
2h o-Cl H H N 29+038
2i m-Me H H N 74+1.0
2j 0-Me H H N 5.7+0.8
2k m-OMe H H N 15.0£0.7
21 0-OMe H H N 8.0+19
2m 3,5-di Methoxyl H H N 149+2.6
2n 3,4-di Methoxyl H H N 17.8+2.4
20 3,4,5-tri Methoxyl H H N 11.6+32
2p 4-F-3-Cl H H N 32.2+4.9
2q H OH H N 2803
2r H H OH N 152+1.2
2s 4-F OH H N 84+13
2t 4-F H OH N 224+35
2u o-Cl OH H N 23+02
2v 0-OMe OH H N 1.8+0.2
2w 0-Me OH H N 2303
2x H OH OH N 13+0.3
3a H H H CH 6.0+1.1
3b H OH H CH 3.0+£03
3c p-Cl H H CH 7316
3d p-Cl OH H CH 26+04
3e 0-Me H H CH 6.1+0.9
3f 0-Me OH H CH 25+03

2 Values are means of three experiments.
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Table 2
Anti-proliferation activities of compounds 2q, 2u, 2v, 2w, 2x, 3b, 3d and 3f against 13 human cancer cell lines
Compds I1Cs0® (M)

IMR-90 A549 Hela HepG2 HT-1080 HT-29 KB L-78 MCF-7 MOLT-4 0S-RC-2 SGC-7901 U251¢
Doxorubicin® 1.0 19(7.97) 1.0(077) 03(1.2%) 0.1(02°% 13(1.1'% 03(02'") 24 07(0.7'° 0.002(0.062) 54 09 (3.7") 06
2q >50 42 6.9 5.4 8.2 2.9 7.0 36 52 >50 15 3.7 6.1
2h >50 10.3 113 11.1 15.4 18.9 3.7 28.8 10.3 >50 8.9 41.8 30.8
2u 16.9 4.5 7.2 7.7 5.8 1.4 4.4 52 238 27.6 2.5 8.2 8.0
2v >50 3.6 6.5 3.9 5.1 2.8 2.8 46 56 25.8 1.9 6.8 4.4
2w >50 53 7.2 10.3 11.0 2.8 6.6 151 9.7 >50 44 53 10.2
2x >50 1.7 2.1 5.4 2.8 2.6 14 1.9 3.0 >50 1.5 2.5 6.1
3b >50 >50 8.6 9.7 11.1 5.4 2.2 134 88 2.7 0.7 111 10.8
3d >50 17.2 18.2 5.4 224 6.9 14.0 40.6 20.5 >50 5.2 >50 6.1
3f >50 52 9.7 16.6 >50 6.7 4.4 44 89 >50 32 39 30.4

@ Values are means of three independent experiments.
b Reported values are given in parentheses.

€ A549: Lung adenocarcinoma cell line; hela: epithelial carcinoma cell line; HepG2: hepatocellular carcinoma cell line; HT1080: fibrosarcoma cell line; HT-29: colon
adenocarcinoma cell line; KB: mouth epidermoid carcinoma cell line; L-78: lung squamous carcinoma cell line; MCF-7: breast adenocarcinom cell line; MOLT-4: acute
lymphoblastic leukemia cell line; OS-RC-2: renal carcinoma cell line; SGC-7901: gastric carcinoma cell line; U251: human glioma cell line; IMR-90: a human lung fibroblast
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Figure 3. Induction of apoptosis by 2q in the human prostate cancer Du145 cell line. Cells were treated for 72 h, and apoptosis was determined using AnnexinV conjugated 7-

AAD staining by flow cytometry.

compounds did not showed obvious inhibition against Molt-4 cells.
It was noteworthy that compound 2x had comparable cell growth
inhibitory activity with doxorubicin against several cancer cell
lines such as A549 lung cancer cells, Hela epithelial carcinoma
cells, HT-29 colon adenocarcinoma cells, L-78 lung squamous
carcinoma cells,® and 0S-RC-2 renal carcinoma cells in a parallel
comparison. In order to monitor the potential toxicity of the com-
pounds to non-cancerous cells, their inhibitory activities against
IMR-90 human lung fibroblast cells were evaluated. Different from
that of doxorubicin, almost all the compounds did not showed
obvious cytotoxic activity to non-cancerous IMR-90 fibroblast cells
under high concentrations (ICso >50 M), which indicated that the
compounds might selectively target tumor cells.

The apoptosis inducing activity of the compounds was investi-
gated by using flow cytometric analysis to detect the phosphatidyl-
serine content (PS) on the outer leaflet of the plasma cell
membrane (PS externalization) in Du145 cells. Annexin V is a PS-
binding protein that can be conjugated to fluorescent groups and
used in flow cytometric analysis to determine cell viability.
7-AAD (7-amino-actinomycin) is a fluorescent molecule that is
impermeable to cells with intact membranes but permeable to
dead cells. As shown in Figure 3, the majority of untreated cells
appeared negative for staining with Annexin V and 7-AAD, indicat-
ing that the cells were healthy. Almost all the compounds dose-
dependently induced the cells to be positive for both Annexin V
and 7-AAD, which indicated these cells were dead either by necro-
sis or apoptosis (Fig. 3 and Supplementary data). In addition, the
population of cells undergoing apoptosis, which were more sensi-

tive to Annexin V than to 7-AAD, was also increased. For example,
about 84% cells were in healthy condition before treatment, but the
number was dramatically decreased to 2.8% after treatment with
10 UM compound 2q. Over 58% cells were found to be dead, and
37.6% cells were under apoptosis.

Apoptosis can be characterized by morphological and biochem-
ical changes in the cell nucleus, such as chromatin condensation
and nuclear shrinking.'* Morphological analysis of treated cells
by using fluorescent micrograph with Hoechst 33342 staining
clearly revealed compound 2q significantly induced chromatin
condensation after a 24-h treatment (Fig. 4). While western blot
analysis indicated compound 2q dose-dependently caused the
activation of pro-apoptotic caspase 9 and 3 (Fig. 5). These data fur-
ther verified the apoptosis inducing effect of compound 2q.

0.2% DMSO 20 0 M 2q

Figure 4. Fluorescent micrographs of Hoechst 33342 staining (100x ). The arrows
indicate apoptotic cells.
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Figure 5. Compound 2q induced the activation of caspase 9 and capase 3 after 24-h
treatment.

In summary, atovaquone derivatives were designed and synthe-
sized as new cytotoxic and apoptosis inducing agents. Both 2-pip-
erazinyl analogues (2) and 2-piperidinyl analogues (3) displayed
good cytotoxic activities against a panel of cancer cell lines. The
study also indicated that the cell growth inhibitory activity might
be related to apoptosis induced by the compounds. Further mech-
anism studies are under going and will be reported in due course.
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