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Abstract—A series of 6-arylamino-2,3-bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones were synthesized and evaluated for their
inhibitory activity on rat aortic smooth muscle cell (RAoSMC) proliferation. The quinoxaline-5,8-diones exhibited a potent anti-
proliferative activity. Further mechanistic study revealed that the inhibitory effect of one representative quinoxaline-5,8-dione on
SMC proliferation was mediated by modulation of the extracellular signal-regulated kinase 1/2 signaling pathway in the

RA0SMCs.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The abnormal proliferation and migration of vascular
smooth muscle cells (SMCs) play a pivotal role in pro-
gression of coronary artery atherosclerosis and resteno-
sis following angioplasty.' Arterial injury results in the
migration of SMCs into the intimal layer of the arterial
wall, where they proliferate and synthesize extracellular
matrix components. Several growth factors induce the
proliferation and migration of arterial SMCs.? Plate-
let-derived growth factor (PDGF) is one of the most po-
tent promoters of the proliferation and migration of
SMCs.?

Heterocyclic quinonoid compounds are an attractive
class of biologically active molecules.* Therefore, we
synthesized and tested various quinone derivatives to
elucidate their contribution to the antiproliferative ef-
fects on PDGF-stimulated SMC proliferation. Among
the quinones tested, quinoxaline-5,8-dione derivatives
1 (Fig. 1) showed potent antiproliferative activity.
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Figure 1. Quinoxaline-5,8-dione derivatives.

There have been several reports® ' on some quinoxa-

line-5,8-dione derivatives which exhibited antibacterial®
and antimalarial® effects, cytotoxic activity’ against
cancer cell lines, and antiasthmatic and antiallergic
activity.?

However, the antiproliferative activity on the SMCs of
quinoxaline-5,8-diones has not been reported yet to
the best of our knowledge. We describe herein our pre-
liminary results on the synthesis of 6-arylamino-2,3-
bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones 2 and
their antiproliferative activity on the rat aortic SMCs
(RA0SMCs).

Additional mechanistic study of SMC antiproliferative
activity by compound 2¢ was also performed. The mito-
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gen-activated protein kinase (MAPK) cascade known as
the extracellular signal-regulated kinase (ERK) pathway
mediates mitogenic responses induced by a wide variety
of growth factor receptors in many cell types, including
SMCs.” MAPKs play an important role in regulating
cell growth and survival, and are also involved in both
mitogenic and stress responses of cells.'® MAPK is acti-
vated through a specific phosphorylation cascade. In
general, the ERK pathway plays a major role in regulat-
ing cell growth and differentiation, being highly induced
in response to growth factors and cytokines.!! The ERK
pathway is required for cell cycle arrest, apoptosis and
growth of the SMCs.'? Along this line, we determined
whether the inhibitory effect of quinoxaline-5,8-diones
on the proliferation of SMCs is related to the modula-
tion of ERK activation and cell cycle arrest using a rep-
resentative compound 2c.

2. Chemistry

The method used to synthesize the 6-arylamino-2,3-
bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones 2 is
shown in Scheme 1. 2,3-Diamino-1,4-dimethoxybenzene
(3) was prepared according to the known method with
minor modifications.'® Cyclizations of compound 3 with
2,2"-pyridil gave 2,3-bis(pyridin-2-yl)-5,8-dimethoxy-
5,8-dihydroquinoxaline'* (4), resulting in 91% yields.
2,3-Bis(pyridin-2-yl)-6,7-dichloro-quinoxaline-5,8-dione
(5) was synthesized by oxidizing compound 4 with
HNO5/HCI combination in 89% yields. 6-Arylamino-
2,3-bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones
2a-i (Table 1) were prepared by nucleophilic substitu-
tion on compound 5 with appropriate arylamines. Most
of these substitutions went as expected and had overall
high yields of 74-94%.
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Scheme 1. Synthesis of 6-arylamino-2,3-bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones. Reagents and conditions: (a) 2,2’-pyridil/H,O/rt/0.5 h/
91%; (b) concd HCl/concd HNOs/reflux/0.5 h/89%; (c) arylamine (1 equiv)/EtOH/reflux/5 h/74-94%.

Table 1. Structures and 1Cs, values of 6-arylamino-2,3-bis(pyridin-2-yl)-7-chloro-quinoxaline-5,8-diones for inhibition of SMC proliferation

=
A H 1
§ N N R
S SN CI\@ R2
_N R®

Compound R! R? R? SMC? ICs0® (uM)
2a H Cl H 1.5
2b H OH H 5.5
2c H F H 1.0
2d H CF; H 1.1
2e H OCF; H 1.0
2f H OCH; H 3.5
2g H H H 3.1
2h cl Cl H 1.0
2i F F F 1.2
4 >100
MPA 1.0

#The SMCs were isolated from rat thoracic aorta.
®The inhibitory activity against the PDGF-induced proliferation of the SMCs.
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3. Biological activity

6-Arylamino-2,3-bis(pyridin-2-yl)-7-chloro-quinoxaline-
5,8-diones 2 were evaluated in vitro for their antipro-
liferative activity on the RAoSMCs. Inhibition of
proliferation of these cells was determined by WST col-
orimetric assay.!>!'® The ICs, values were determined
and compared to the positive control mycophenolic
acid'” (MPA). As shown in Table 1, most of the test
compounds exhibited good activity. In particular, quin-
oxaline-5,8-diones 2¢, 2e, and 2h revealed potent inhib-
itory activities and also were comparable to that of
MPA. In contrast, compounds 2b, 2f, and 2g exhibited
relatively lower activity.

These results suggest that 6-arylamino-2,3-bis(pyridin-2-
yl)-7-chloro-quinoxaline-5,8-diones 2 might be a promi-
sing lead for the development of potential inhibitors of
SMC proliferations.

From the viewpoint of the structure-activity relation-
ship there is no significant difference between the ha-
lide substituents (R: F, CI, Br) in the 6-arylamino
moieties of quinoxaline-5,8-diones 2. In addition,
the quinone moiety in quinoxaline-5,8-diones 2 might
be essential for the antiproliferative activity, for
example, as nonquinonoid compound 4 lost activity.

Compound 2¢

Figure 2. Morphological change in cultured SMCs treated with
compound 2¢. SMCs treated with DMSO alone (control) or com-
pound 2¢ (1 pg/mL) for 48 h were observed under the phase-contrast
microscope and photographed.

Further mechanistic study on the antiproliferative activ-
ity was performed using one of the potent compounds
2¢ in cultured SMCs. As shown in Figure 2, when SMCs
were treated with compound 2¢ for 48 h morphological
changes also revealed that the cell density was decreased
by observation under the phase-contrast microscope.

To further explore whether the antiproliferative effects
of compound 2c¢ were mediated by the modulation of
the cell cycle in SMCs, DNA contents were analyzed
by flow cytometry (Figs. 3A and B).'® As illustrated in
Figure 3, when SMCs were treated with compound 2¢
for 48 h the DNA contents accumulated in the S phase
of the cell cycle.

To investigate whether the cell cycle arrest by the test
compound was related to the expression of cell cycle
regulator proteins, Western blot analysis was per-
formed.!” As shown in Figure 4A, the level of cdk 2
was markedly reduced by the treatment of compound
2¢. In addition, the down-regulation of cyclin A, which
binds to cdk 2 and promotes progression through the S
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Figure 3. Effect of compound 2¢ on cell cycle progression in cultured
SMCs. Cells were treated with compound 2¢ (1 pg/mL) for 48 h and
then the cell cycle was analyzed by flow cytometry analysis.
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Figure 4. Effect of compound 2¢ on protein expression in cultured
SMCs. (A) Total cell lysates from SMCs treated with compound 2¢
(1 pg/mL) for 48 h were analyzed for pRb, cyclin D1, PCNA, cdk 2,
and cyclin A. (B) Compound 2¢ was exposed to SMCs for 1 h, and the
expression of phosphorylation of ERK and phosphorylation of Akt
was examined.

phase of cell cycle, was also observed in compound 2c-
treated cells. However, the expression levels of pRb and
cyclin D1, which are related to the progression of G1 into
S phase were not much affected by the treatment of com-
pound 2¢. These results indicate that the test compound
might affect the exit of S phase cell cycle and thus accumu-
late the DNA contents of S phase in the cells.

In addition, to further explore the underlying mecha-
nisms on the antiproliferative effect exerted by quinoxa-
line-5,8-diones we investigated ERK and Akt cell
signaling pathways. As a result, a remarkable decrease
of ERK (1/2) phosphorylation, but not Akt, was de-
tected with the treatment of compound 2¢ (1 pg/mL)
for 1 h (Fig. 4B), indicating that the ERK signaling
pathway might be involved in the inhibition of SMC
proliferation by compound 2c.

The ERK and Akt signaling pathways have been known
to play pivotal roles in SMC proliferation. Several stud-
ies have indicated that the inhibition of SMC prolifera-
tion is ERK-dependent.?’ In this study, the regulation of
ERK by the test compound 2¢ was manifested, but not
much related to the regulation of Akt. In this stage, the
involvement of and relationship to ERK by Akt for the
inhibition of SMC proliferation are unclear. Further
study will be designed to clarify the relationship.

In conclusion, 6-arylamino-2,3-bis(pyridin-2-yl)-7-
chloro-quinoxaline-5,8-diones are considered to be a
new class of inhibitors of smooth muscle cell prolifera-
tion, and the antiproliferative effects might be associated
with its blockade of cell cycle progression and suppres-
sion of ERK signaling activation in the cell. Further
pharmacological investigations of these quinoxaline-
5,8-diones and the structural optimization are in pro-
gress in our group.

4. Statistical analysis
The results are shown as means £ SD of the number (n)

of experiments. Statistical analysis of difference was
determined by a one-way analysis of variation

(ANOVA). Differences were accepted as statistically sig-
nificant at a p value of <0.05.
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