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ABSTRACT: Nitric oxide is an important inflammation mediator with a recognized role in the
development of different cancers. Gliomas are primary tumors of the central nervous system with
poor prognosis, and the expression of the inducible nitric oxide synthase correlates with the degree of
malignancy, changes in vascular reactivity, and neo-angiogenesis. Therefore, targeting the nitric oxide
biosynthesis appears as a potential strategy to impair glioma progression. In the present work a set of
aryl and amido-aryl acetamidine derivatives were synthesized to obtain new potent and selective
inducible nitric oxide synthase inhibitors with improved physicochemical parameters with respect to
the previously published molecules. Compound 17 emerged as the most promising inhibitor and was e

evaluated on C6 rat glioma cell line, showing antiproliferative effects and high selectivity over ig mm m

i

astrocytes.

Rat glioma cells (C6)
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nflammation is widely recognized as a key factor in the isoenzyme is a homodimer, and each subunit contains an

development of different human cancers, due to its role in oxygenase domain and a reductase domain, and dimerization is
tumorigenesis, disease progression, and metastasis.' An necessary for the catalytic activity. Different molecules able to
important inflammation mediator is the free radical nitric inhibit this isoform have been disclosed so far both from
oxide (NO), which is typically produced in inflammatory and academia and industry, such as heterocyclic amino acids,
epithelial cells and is biosynthesized by NO synthase (NOS). amilciinzgamino acids, cyclic amidines, imidazopyridines,
This is a family of three enzyme isoforms, two of which are etc. °~ 7 INOS inhibitors can act with different mechanisms,
constitutive (namely the neuronal NOS or nNOS, and the i.e. they can be substrate analogues, dimerization inhibitors,
endothelial NOS or eNOS), and one of which is inducible cofactor analogues, or down regulators of enzyme expression.
(iNOS), with this last one being extensively expressed during Some of these compounds have also beenuinvestigated as
inflammation. In chronic inflammation, the sustained gen- antiglioma agents, with encouraging results.” However, no
eration of NO by iNOS tends to increase the levels of reactive iNOS inhibitor has been approved for clinical applications, and

actually there is a need for new molecules with improved
pharmacodynamics and pharmacokinetics. Moreover, due to
the important physiological roles of constitutive isoforms, and
especially of eNOS, it is important to disclose iNOS inhibitors
showing a high degree of isoform selectivity. In the past years,
different acetamidine derivatives have been reported able to
give potent and selective iNOS inhibitors. These molecules
show an acetamidine group or a bioisoster able to give a

oxygen species (ROS) and nitrogen species (RNS), which are
responsible for the damage of a wide variety of biomolecules,
such as nucleic acids, proteins, and Iipids.z_4 The over-
expression of iNOS occurs in different malignancies, including
melanoma, breast and ovarian cancer, and gliomas.s_7 These
last are primary tumors of the central nervous system with
poor prognosis, and iNOS expression correlates with the
degree of their malignancy, changes in vascular reactivity, and
neo-angiogenesis, prompting disease progression.8 Interest- —
ingly, it has been observed that the treatment with iNOS Received: May 27, 2020 ) U s
inhibitors in mice implanted with human glioma xenografts Accepted:  June 19, 2020
reduces tumor volumes,” as well as ameliorates photodynamic Published: June 19, 2020
therapy effects.'’ Importantly, the iNOS overexpression is also

associated with chemoresistance, with NO being implicated in

the adaptive responses of tumoral cells.”"'™"> The iNOS
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bidentate hydrogen bonding with a conserved L-Glu residue
into the iNOS catalytic site, spaced through an aromatic or
alkyl chain from a moiety containing polar, ionizable groups
(Figure 1).227%¢
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Figure 1. Chemical structure of some iNOS inhibitors.

W1400 was investigated as a promising agent against glioma
stem cells, although due to its unfavorable pharmacokinetic
profile, it does not pass the brain blood barrier.””** Very
recently, compound CMS544 has revealed antiproliferative and
cytotoxic effects against C6 rat glioma cells without impairing
astrocytes viabilit;f, and being able to compromise glioma cells
chemoresistance.”” However, also CMS544 is a quite polar
molecule with poor pharmacokinetics, being effective on C6
rat glioma cells only at high concentrations. Considering the
need for more potent and lipophilic iNOS inhibitors, in the
present work a new small set of acetamidine-aryl derivatives
was designed, aiming to obtain new potent and selective iNOS
inhibitors with improved molecular physicochemical properties
to be investigated as antiglioma agents (Figure 2).
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Figure 2. General structures of the designed compounds.

In these compounds, the pharmacophoric acetamidine group
is connected to a hydrophobic aromatic tail by a phenyl, or
benzyl, or thiazolyl group, which were introduced with the aim
of increase molecular lipophilicity. Differently from the
previously reported iNOS inhibitors, in the designed molecules
the aromatic substituents are in the para position instead of in
the meta one, since this structural modification contributes to
increase lipophilicity (Table S1 in the Supporting Informa-
tion). Moreover, the thiazole moiety was introduced into the
new molecules since it was previously investigated as an iNOS
inhibitor,”® and it is recurrently included in anticancer
compounds.”"** Compounds 2—6 were synthesized according
to Scheme 1, by reacting the appropriate aniline or amine
derivative with the S-naphtyl-thioacetimidate hydrobromide 1,
which was prepared as previously reported.”’

As for molecules 9 and 10, they were synthesized as reported
in Scheme 2. The appropriate phenacyl bromide was reacted
with thiourea, and the isolated 2-aminothiazole derivatives 7
and 8 were then reacted with compound 1, to obtain the
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Scheme 1. Synthesis of Compounds 2—6“
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Scheme 2. Synthesis of Compounds 9 and 10
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“Reagents and conditions. (a) EtOH abs; b.t. 2 h; (b)1, TEA, EtOH
abs,, r.t,, S days.

desired acetamidines. Finally, in Scheme 3 the synthesis of
molecules 17, 18, 23, and 24 is reported. In the first step, the
amino group of the 4-aminomethylbenzoic acid or p-amino-
benzoic acid was protected by means of the benzyloxycarbonyl
group, obtaining intermediates 11 and 12. These latter were
then coupled with the p-fluoroaniline by means of isobutyl-
chloroformate, to give intermediates 13 and 14, or with 2-
aminothiazole by means of EDC hydrochloride, obtaining
intermediates 19 and 20.

All of them were subsequently deprotected with hydro-
chloric acid in dioxane, obtaining the corresponding
ammonium salts 15, 16, 21, and 22. These latter, after
treatment with NaOH 1 N, were then reacted with compound
1, affording the desired target molecules 17, 18, 23, and 24.
The synthesized compounds were then evaluated for their in
vitro NOS inhibitory activities by measuring the conversion of
L-arginine to L-citrulline, using a HPLC-fluorimetric method®*
(Table 1).

In order to screen the activity of the synthesized molecules
toward the three NOS isoforms, the percent inhibition of
iNOS and nNOS at 1 yuM compound and the eNOS percent
inhibition at 10 yuM compound were at first evaluated. This
difference in compound concentration was used to have a
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Scheme 3. Synthesis of Compounds 17, 18, 23, and 24"

L
NH
OH a

- . OH
- b
n=0,1 o) 1m0 o
n=
12 n=1

['\{>—NH2 lc

S
Boc.
"y
|
[¢] N\/>

19 n=0
20 n=1

Boc.
oc~

H n

HNTA

S

N
21 n=0
22 n=1

Boc .
N
n H
HH\CYN d
: F

HNT H
HCI N
o \©\
F

[0)
13 n=0 15 n=0
14 n=1 16 n=1
\ :
)r\ﬂ-i HBr
N
o \©\F
17 n=0
18 n=1
HBr)lJ\T
N H
N
|
23n=0 ©O N\/)
24 n=1

“Reagents and conditions: (a) di-tert-butyl-dicarbonate, dioxane, NaOH 1 N, from 0 °C to r.t,, 24 h; (b) isobutylchloroformate, DMF dry, N,, —15
°C to r.t, 24 h; (c) EDC HCl, DMAP, DMF dry, N,, 0 °C, 24 h; (d) HCI 4 N, dioxane, r.t. 24 h; (e) 1, CHCL;, b.t. 24—48 h.

Table 1. NOS Inhibition% Given by Compounds 2—6, 9, 10,
17, 18, 23, and 24

%inhibition @ 1 uM* % inhibition @ 10 uM*“

Cpd iNOS nNOS eNOS“
2 81 + 0.35 47 +£0.23 3 +0.01
3 85 + 0.58 10 + 0.06 0 + 0.01
4 93 + 0.27 0 + 0.07 S +0.02
S 86 + 0.25 14 + 0.08 62 + 0.21
6 70 + 0.23 0 + 0.03 4 + 0.0
9 100 + 0.55 2 + 0.08 14 + 0.12
10 100 + 0.44 13 + 0.24 4 + 0.02
17 100 + 0.76 0 + 0.03 0 + 0.01
18 87 + 0.33 97 £ 0.21 0+ 0.01
23 84 + 0.24 96 + 0.11 0 + 0.01
24 100 + 0.69 0 + 0.01 0 + 0.01

“Values given are mean + SD of experiments performed in triplicate.

(Table 2), compound 17 was selected for further biological
studies. Indeed, it appears more lipophilic (cLogP = 2.07 and

Table 2. Calculated Physicochemical Parameters of
Compounds 17 and 24

Cpd cLogP cLogD;, TPSA Solubility (g/L)
17 2.07 0.91 64.98 4.19
24 118 0.15 77.87 2.89

cLogD;, = 0.91) with respect to 24 (cLogP = 1.15 and
cLogD,, = 0.15), displaying a smaller topological polar surface
area (64.98 vs 77.87) and a higher solubility (4.19 g/L vs 2.89
g/L). Therefore, IC;, of 17 toward human iNOS, nNOS, and
eNOS were evaluated (Table 3), confirming a high potency of
action (hiNOS ICy, 11 nM), as well as an excellent degree of
selectivity, especially with respect to eNOS (>900-fold).

preliminary evaluation of molecule selectivity with respect to
eNOS. In general, all the synthesized compounds were able to
inhibit iNOS, although best results were obtained from
molecules 9, 10, 17, and 24, which gave 100% iNOS
inhibition.

These molecules showed also some selectivity with respect
to the constitutive isoforms. In particular, an important effect
on the INOS/nNOS isoform selectivity seems to be related to
the acetamidine distance from the aromatic linker: indeed, the
couples of molecules 3 and 4, § and 6, 17 and 18, and 23 and
24 are homologues, differing only for the presence of a phenyl
or benzyl group, and only 4, 6, 17, and 24 are selective toward
iNOS. On the other side, this structural feature does not seem
to affect activity toward eNOS, although 2—10 gave some
inhibition of this isoform, therefore failing selectivity require-
ments. Moreover, since compounds 18 and 23 fully inhibited
also nNOS, molecules 17 and 24 emerged as the most
promising iNOS inhibitors from this preliminary evaluation.
On the basis of its better calculated physicochemical profile
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Table 3. Potency and Selectivity of Compound 17 against
Human NOS

ICyo (uM)“ Selectivity
nNOS/ eNOS/
Cpd hiNOS hnNOS heNOS iNOS iNOS
17 0.011 + 0.02 6.2 + 0.08 >10 563 >900
1400W 0.080 + 0.02 7.8 + 0.04 304 + 2 72 3800

“Values given are mean + SD of experiments performed in triplicate
at seven different concentrations.

Subsequently, the potential activity of 17 as an antiglioma
agent was evaluated (Figure 3). To demonstrate the biological
activity and selectivity of compound 17, the metabolic activity
of both rat astrocytes (CTX) and glioma cells was measured
through the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay after a 24 h exposure. As for rat
astrocytes, compound 17 is ineffective, with the percentages of
cell metabolic activity being comparable to the one of control
(0 uM) up to 1000 uM (Figure 3, left graph). A significant

https://dx.doi.org/10.1021/acsmedchemlett.0c00285
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Figure 3. Cell metabolic activity of rat astrocytes and rat glioma cells
in the presence of increasing concentrations of compound 17. Data
shown are the means + SD of three replicates and are expressed as
percentages of untreated cultures (set as 100%) (*p < 0.05; ***p <
0.00S; **#¥p < 0.001).

decrease in rat astrocyte metabolizing capacity is registered
only when 1500 yM of compound 17 is administered.
Contrariwise, compound 17 significantly affects C6 rat glioma
cell metabolic activity in a dose-dependent manner, starting
from a dose of S0 uM (86.45%) up to 750 uM (64.86%)
(Figure 3, right graph). After that, cell metabolic activity
remains stationary, being assessed at 65.22% and 64.42% for
1000 and 1500 M compound 17, respectively. The flattening
of metabolic activity starting from a dose of S00 uM could be
ascribed to Nrf2-related chemoresistance mechanisms, which
have been reported on the C6 rat glioma cell line in our
previous work” and in accordance with recent studies.’>*°
However, comparing these results with those previously
obtained from the investigation on CM544, Temozolamide
(TMZ), which is the only drug approved for the glioma
palliative treatment, and 1400W,”>*” it appears that 17 gives
considerably potentiated antiproliferative effects even after a
short exposure time (24 h) (Figure S1 in the Supporting
Information). In more detail, TMZ at the dose of 500 uM
inhibits C6 cell proliferation only for 12%, whereas compound
17 for 31%. Notably CM544 and 1400W are ineffective at the
same dose, starting to inhibit cell proliferation only at higher
concentrations, as previously reported. Therefore, it appears
that 17, being more potent and lipophilic than CMS$44 and
1400W, is able to better impair glioma cells proliferation, also
with respect to the reference TMZ treatment.

In order to deepen into the biological effects of 17,
cytotoxicity occurrence was afterward evaluated by means of
LDH release on rat glioma cultures after 24 h (Figure 4). The
percentage of LDH release slightly increases in a dose-
dependent manner at lower concentrations with respect to
untreated cultures (13.49%), being assessed at 22.48% when
compound 17 is administered at 250 pM. At higher doses
(500—1000 uM range), LDH release is significantly raised up

50

40

i

50 100 250 500 750 1000 1500
Dose [uM]

LDH released (% of lysate)

Figure 4. Cytotoxicity occurrence in rat glioma cells in the presence
of increasing concentrations of compound 17. Data shown are the
means + SD of three replicates and are expressed as percentages of
the untreated cell lysate (set as 100%) (*p < 0.0S).
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to 27%. The dose-dependent increase of LDH let us
hypothesize that the antiproliferative effect of 17 could be
related to its cytotoxicity.

In conclusion, a new set of acetamidine derivatives was
synthesized as selective iNOS inhibitors. Among these
molecules, compound 17 emerged as the most interesting
one, demonstrating high potency of action against the human
iNOS (IC5, = 11 nM) and an excellent profile of selectivity
with respect to the constitutive isoforms. The effectiveness of
this molecule was then evaluated on C6 rat glioma cells,
obtaining encouraging antiproliferative and cytotoxic effects,
notably ameliorated with respect to our previous findings on
less potent and more polar iNOS inhibitors, as well as
compared to the standard drug TMZ. The present study, while
supporting knowledge on the important role of iNOS in glioma
progression, points to the potential therapeutic value of
selective and potent iNOS inhibitors against this type of
cancer.
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B ABBREVIATIONS

NO, nitric oxide; iNOS, inducible nitric oxide synthase; nNOS,
neuronal nitric oxide synthase; eNOS, endothelial nitric oxide
synthase; ROS, reactive oxygen species; RNS, reactive nitrogen
species; DMF, dimethylformamide; TEA, triethylamine; EDC
HCI, N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide hy-
drochloride; DMAP, 4-(dimethylamino)pyridine; ICs,, half
maximal inhibitory concentration; LDH, lactate dehydrogen-
ase; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide
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