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The growth inhibitory activity of imidazoquines, antimalarial imidazolidin-4-ones derived from prima-
quine, on human cancer cell lines HT-29, Caco-2, and MCF-7 has been evaluated. Primaquine, N-dipepti-
dyl-primaquine derivatives, and other quinolines have been included in the study for comparison
purposes. Primaquine and some of its derivatives were significantly active against the MCF-7 human

breast cancer cell line, so these compounds might represent useful leads targeted at the development
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of novel specific agents against breast cancer. Conversely, all compounds were generally inactive against
HT-29, with only one of the imidazoquines having ICso below 50 M. Activities against the Caco-2 cell
line were modest and did not follow any defined trend.

© 2009 Elsevier Ltd. All rights reserved.

Quinolines and derivatives have been classically known for
their antimalarial properties.' Quinolines may have other rele-
vant biological effects, such as the potent and selective antagonism
to aixc-adrenoreceptors of some 4-aminoquinolines with potential
applications in the therapy of CNS disorders.* Recently, Strobl
and co-workers found that the cinchona tree bark antimalarial
quinidine inhibited growth of human breast tumor cells,” which
prompted them to engage in the study of other anti-proliferative
quinolines and to the proposal of four of such compounds as breast
tumor cell differentiation agents.® Mahajan et al. have also de-
scribed new 7-chloroquinolyl thioureas structurally related to
chloroquine as potential antimalarial and anticancer agents.” The
mechanism of anti-tumoral action of quinolines is not fully estab-
lished,® but reported increase of caspase 3 levels in breast cancer
cells suggests involvement in apoptosis.® Reports on new drug can-
didates with dual antimalarial and anticancer activity are not lim-
ited to quinoline derivatives, as shown by most recent works by
O’Neill’s and Posner’s groups with trioxanes.'®!! While the former
authors have found artemisinin-acridine hybrids that displayed
in vitro antimalarial and anti-tumor activity,'° the latter have con-
ceived new dimeric trioxane sulfones able to cure malaria-infected
mice with a single oral dose and to display potent and selective
cytotoxicity against several cancer cell lines.!!

* Corresponding author.
E-mail address: pgomes@fc.up.pt (P. Gomes).

0960-894X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2009.10.081

At the light of the above findings and of our former promising
results with imidazoquines, derivatives of the 8-aminoquinoline
antimalarial primaquine, 1, as a new class of antimalarials not sus-
ceptible to oxidative deamination,'>"'® we decided to investigate
their activity as anti-proliferative agents against the human tumoral
cell lines HT-29 (human colon adenocarcinoma), Caco-2 (human
epithelial colo-rectal adenocarcinoma), and MCF-7 (breast cancer).
The study was focused on imidazoquines 2-4, but also included the
parent drug (1), its N-acetyl (5) and two N-dipeptidyl (6 and 7)
derivatives, as well as other three quinolines (8-10) for compari-
son and establishment of preliminary SAR.

Primaquine (1) and quinolines 8-10 were commercially avail-
able from Sigma-Aldrich, whereas primaquine derivatives (2-7)
were prepared in good yields and with correct spectral data, by
previously reported methods'>"'°® described in Supplementary
data.

Cytotoxicity assays were performed according to the procedure
adopted by the National Cancer Institute (NCI, USA),2%2! as detailed
in Supplementary data, where inhibition curves obtained for all
compounds against all three cell lines are also given.

Figure 1 displays the inhibition curve obtained for 3a on MCF-7
cells, as an example. ICsq values were deduced from these curves
and are given in Table 1. From these data, it can be inferred that
compound activity against the cell lines assayed depends on both
compound structure and specific cell line. The clearest observation
is that compounds have highest growth inhibitory effects (lower
ICso values) on the breast cancer cell line (MCF-7), while are
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Figure 1. Effect of imidazoquine 3a on the growth of different human tumoral cell
lines evaluated by Sulforhodamine B assay. Cells, seeded in 96-well plates, were
treated with a broad concentration range (6.3-100.0 uM) of each compound for
48 h. Each value represents the mean + SEM (n =3-6). **p <0.001, ***p <0.0001
(significant decrease vs control).

practically inactive against the colon adenocarcinoma cell line (HT-
29). In what concerns growth inhibition of Caco-2 cells, results are
more disperse and no clear structure-activity relationships could

be drawn in this case.

Table 1
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Interestingly, while quinolines 8-10 were generally inactive
against any of the three cell lines, primaquine (1) had the highest
activity against MCF-7 and Caco-2 cells and the second highest
activity against HT-29 cells, suggesting a key role of the aliphatic
chain of primaquine (the 4-amino-1-methylbutyl substituent at
the quinolinic’s 8-amino group) for its anti-tumoral activity. This
becomes quite clear when comparing 8-amino-6-methoxyquino-
line (8) with primaquine (1).

Modification of the primaquine’s terminal primary amine, by
insertion of either imidazolidin-4-one (3, 4) or dipeptide (6, 7)
moieties generally had a detrimental effect on anti-tumoral activ-
ities, which was more pronounced for imidazolidin-4-one pepti-
domimetic structures (3, 4). Exception is made for imidazoquine
3a that was the best against HT-29 cells and one of the best against
MCEF-7 cells. For these two cell lines, comparison of data for 3a with
those for 3b show that replacement of the N'-aminoacyl substitu-
ent of the imidazoldin-4-one ring by an N'-acetyl group leads to
activity loss, thus indicating that the primary amine from the N-
terminal amino acid has a relevant role for the anti-tumoral activ-
ity of peptidomimetic imidazoquines as 3a. This is possibly a key
structural requirement for activity against MCF-7 cells, as the com-
pounds displaying lowest ICsq values on this cell line, that is, pri-
maquine (1), imidazoquine 3a and N-dipeptidylprimaquines 6, 7
all have an aliphatic primary amine whose acetylation leads to sig-
nificant loss of activity (5 vs 1, 3b vs 3a). We believe that it is the
presence of such a primary amine rather than the existence of an
amino acid or dipeptide moiety that is relevant, otherwise prima-
quine would not rank the best. Interestingly, the primary amine

In vitro activity of test compounds against HT-29, Caco-2, and MCF-7 human tumoral cell lines (average + SEM from 3 to 6 independent experiments)
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Compd IC50 £ SEM (1uM) mMW (g/mol) Log P? Log S? (solubility in mg/L) Drug score”
HT-29 Caco-2 MFC-7
1 69.7 +1.4 48+16 6.90 £ 0.55 259.35 2.76 —3.66 (56.4) 0.48
2 >100 71+18 423+20 370.49 3.25 —4.10 (29.8) 0.76
3a 46.3+0.7 >100 200+1.2 44157 2.59 ~3.57 (120) 0.77
3b >100 60 + 22 >100 398.50 333 —3.70 (79.7) 0.76
4a >100 58.0 5.7 383+2.4 427.54 252 —4.20 (27.3) 0.76
4b >100 747 +38 27.0+2.6 467.60 3.15 —4.42 (17.8) 0.54
5 >100 46 £ 10 57.3+55 301.38 2.95 —4.05 (26.8) 0.64
6 92.3+1.9 >100 213427 387.48 1.82 —4.20 (24.5) 0.78
7 >100 64+ 14 15.0+1.5 427.54 2.39 —3.98 (44.3) 0.76
8 >100 >100 86.5+8.6 174.20 1.58 ~1.91 (2140) 0.57
9 >100 81+14 >100 207.61 2.04 ~3.09 (170) 0.54
10 >100 52.3+7.8 63.0 £5.0 231.60 3.46 —3.70 (46.4) 0.39

Estimated values for log P, log S and overall drug scores are also given (see text).

2 Estimated by the ALOGPS 2.1 algorithm.??
b Estimated by the Osiris Property Explorer.?>
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group of primaquine has been claimed to also have a key role on
the drug’s antimalarial activity.!? Possibly, the aliphatic primary
amine has the appropriate pK, (ca. 10.6 and 9.7 for, respectively,
butylamine and alanine®*?%) for cellular internalization, whereas
molecules devoid of primary amino groups or where such groups
are aromatic (pK, for aniline is ca. 4.22°) have not. Apparently, spe-
cific amino acid or oligopeptide transporters like hPept1272® do not
have a role here, or else better results would expected for 3a, 6, and
7 on Caco-2 cells, given their high expression of such transporters
and their consequent use in intestinal absorption studies of com-
pounds bearing oligopeptide moieties.?”-*8

At this preliminary stage, we can say that results are promising
concerning compounds’ specific anti-proliferative action against
the MCF-7 cell line model of breast cancer. Though primaquine
(1) and its N-alanylprolyl derivative (7) were better than imidazog-
uine 3a against MCF-7 cells, the latter has the advantage of being
both resistant against proteases (that promptly degrade the pep-
tide moiety of 7) and oxidative deamination (the main metabolic
process behind premature deactivation and low oral bioavailability
of primaquine).’?"1°2° Known algorithms???* were used to calcu-
late parameters relevant to predict drug oral bioavailability, like
log P or log S and to estimate the overall drug score of the test com-
pounds (Table 1). Data show that imidazoquine 3a has not only the
highest drug score of the set, but is also considerably soluble
(120 mg/L) and has a log P value that falls within the optimal inter-
val for gastric absorption (2 +1).3°

Imidazoquines like 3a had already been found to display inter-
esting antimalarial and anti-pneumocystic activities.!®!”1° Rele-
vantly, such activities were consistently higher for those
compounds derived from smaller amino acids (Gly or Ala, i.e., R!
and/or R?=H or Me), as is the case of 3a. Moreover, the in vitro
activity of imidazoquines 3 may become more pronounced
in vivo due to their expectedly higher oral bioavailability as com-
pared to 1, 6, and 7.

In view of the above, we believe that imidazoquines like 3a may
constitute useful leads as multi-drugs against malaria, pneumocy-
stic pneumonia (PCP), and breast cancer. Obviously, the develop-
ment of novel anticancer agents is of undeniable value worldwide.
Though breast cancer prevails in North-Western and temperate
regions of the World, with relatively low incidence on African,
South-American, and East-Asian regions where malaria is
endemic,®! recent reports account for a significant increase of
incidence in young Asian women>? and to alarming mortality rates
among African women.>? So, we believe that discovery of multi-tar-
get drugs effective against cancer, malaria, and opportunistic infec-
tions like PCP, which may be deadly for HIV-infected persons, is
especially relevant for those regions of the globe.

Finally, we must again outline that the mechanisms of both
antimalarial and anti-proliferative action of quinolines are not fully
understood. 4-Aminoquinolines, like chloroquine, are likely to
exert their antimalarial action by impairment of hemozoin crystal-
lization (the mechanism through which blood-stage parasites get
rid of heme after digestion of host’s hemoglobin), which explains
why is chloroquine active only against intraerythrocytic para-
sites.>* In what concerns chloroquine’s anti-tumoral activity,
DNA intercalation-induced apoptosis has been proposed>® but is
still controversial.>®

In the case of 8-aminoquinolines like primaquine (and, proba-
bly, imidazoquines 3), which are not active against intraerythro-
cytic parasites and exert an antimalarial role complementary to
that of 4-aminoquinolines, the mechanism of action is certainly
quite different. So far, studies on primaquine’s mode of action
suggests a key role for active quinone metabolites behind inter-
ference with the mitochondrial respiratory chain, as swelling of
parasite’s mitochondria and collapse of the mitochondrial mem-
brane potential have been observed.>3* Further, primaquine

treatment is known to cause oxidative stress in liver, kidneys,
and blood by generating reactive oxygen species (ROS).237-38
ROS have a crucial role both on differentiation and suppression
of hypoxic (e.g., breast) tumors>~** and on lipid peroxidation,384°
whose enhancement is known to be protective against breast can-
cer.® In view of this, the anti-proliferative action of primaquine, 1,
and derived imidazoquine, 3a, herein reported might be related to
the intracellular generation of drug-derived ROS.

Ongoing in vitro redox and radical-scavenging properties of
primaquine and imidazoquines 3, as well as in vivo anti-tumoral
activity and oral bioavailability studies on the same compounds
are in course and will be timely reported.
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