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Abstract—The synthesis and pharmacological evaluation of methoxyindazoles as new inhibitors of neuronal nitric oxide synthase
are presented. The 7-methoxyindazole, although less potent than 7-NI, is the most active compound of the series in an in vitro
enzymatic assay of neuronal nitric oxide synthase activity. This result shows that the nitro-substitution is not indispensable to the
biological activity of the indazole ring. 7-Methoxyindazole possesses in vivo NOS inhibitory as well and related antinociceptive

properties. © 2001 Elsevier Science Ltd. All rights reserved.

Nitric oxide (NO) is an important biological messenger
involved in numerous physiological processes, including
neurotransmission, blood pressure and blood flow reg-
ulation, platelet aggregation and inflammation (for
review, see ref 1). On the other hand, overproduction of
NO plays a role in a variety of disorders, such as septic
shock, pain, ischaemia and several neurodegenerative
diseases.? NO is synthesised in several cell types from L-
arginine by different isoforms of nitric oxide synthase
(NOS). To date, three isoforms have been cloned: neu-
ronal (nNOS) and endothelial (eNOS) types, which are
both constitutive and calcium dependent and an indu-
cible, calcium independent one (iNOS).? Since these
isoforms possess a distinct cellular localisation and are
differentially regulated, they represent specific targets
for potential therapeutical approaches. Development of
inhibitors selective of one of these isoforms is therefore
of considerable interest, both for a therapeutic purpose
and for their use as specific pharmacological tools. For
example, NO of neuronal origin is involved in pain
transmission*> and constitutes, thus, a potential target
for antinociceptive drugs. However, such a drug needs
to be selective for nNOS, i.e., leaving the eNOS unaf-
fected, which would otherwise lead to hypotensive side
effects. Though there is a quite low homology between
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the three human NOS primary sequences (approxi-
mately 50%), the active site of the enzymes seems,
however, to be relatively conserved,® presumably
explaining the difficulty to obtain selective inhibitors.
Indeed, several nNOS inhibitors have been developed
over the last decade but only few present both a potency
and a clear selectivity toward this isoform. The first
inhibitors developed belong to the L-arginine analogues
family’ and are mostly not selective for the neuronal
isoform. Another series of inhibitors is constituted by
heterocycles such as substituted indazole and imidazole.
To date, only the 1-(2-trifluoromethylphenyl) imidazole
(TRIM) has been reported to be relatively selective for
nNOS in comparison to eNOS but its potency is rather
weak (ICso=30pM vs nNOS).® The nitroindazole
family (with 7-nitroindazole, 7-NI, as the lead com-
pound) are greater nNOS inhibitors but their selectivity
over the other isoforms remain low, at least in vitro.*°
The aim of this study was to pharmacomodulate the
indazole nucleus with electron-donating substituents in
order to develop novel potent and specific inhibitors of
nNOS.

Chemistry

Most of the syntheses of the indazole derivatives repor-
ted in the literature proceed from benzene precursors in
which the pyrazole moiety was generated by ring closure
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starting from isatines, phenylhydrazines or o-
toluidines.'®~'2 Amongst these reactions, we found that
the most common proceed by a phase transfer catalysed
reaction from o-methylbenzendiazonium tetrafluoro-
borates (Method A),'3 except for compounds 6 and 8
where the cyclisation of N-nitroso derivatives!* was
found to be superior (Method B) as presented in
Scheme 1.

Indazoles bearing either electron-withdrawing or elec-
tron-donating substituents may be prepared by these
routes (Table 1).

We obtained 3-iodo-7-methoxyindazole 9 starting from
8, with a 90% yield by modifying'3 the Bocchi method'®
(Scheme 2).

On the other hand, treatment of 8 with boron tri-
bromide produced suitable 7-hydroxyindazole 10!7 for
further functionalisation. Then, we found that treat-
ment of 10 with either ethyl iodide or benzyl bromide in
the presence of potassium carbonate gave a regioselec-
tively to the O-alkylated derivatives 11a-b without any
traces of N1 or N2 substituted compounds.'®

CH,
MethodA R~©/\
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Scheme 1. Synthesis of 1-H-indazoles. Reagents and conditions: (i) (1)
HBF, aq 50%; (2) NaNO, aq, 0°C; (i) AcOK, 18-crown-6, CHCI;, rt;
(iii) AcOH, HCI concd, NaNO;; (iv) benzene, reflux.

Table 1. Formation of 1-H-indazoles (Method A'? or B!4)

R Method Yield (%)
1 5-Br A 63
2 5-F A 65
3 6-Cl A 90
4 6-CH, A 55
5 4-OCH; A 2
6 5-OCH; B 60
7 6-OCH, A 38
8 7-OCH, B 80

Biological Evaluation

Effects of the derivatives (among them 5,'° 9,20 10,7
11a-b'® are new compounds) on nNOS activity were
evaluated in vitro on rat cerebellum homogenates. ICs’s
were determined from the NOS inhibition curves con-
structed with four concentrations (0.1, 1, 10 and
100 uM). Enzymatic activities were assayed by mon-
itoring the conversion of L-[?H] arginine to L-[*H]
citrulline according to a previously described method’
(1mM CaCl,, 200 uM B-NADPH, 0.88 uM L-arginine,
0.12 uM L-[*H] arginine, 15 min at 37°C). Basal activity
represented 120415 pmol citrulline formed/mg protein/
h and the already described lead compound, 7-NI (dis-
solved in DMSO 0.4%) exhibited an ICsy value of
0.84+0.1 uM (mean+SEM; n= 3 experiments). Since the
1Cso values of the first four indazole derivatives were
relatively high (75 uM, >100uM, 28 uM, >100uM for,
respectively, 5-bromoindazole, 5-fluoroindazole, 6-
chloroindazole, 6-methylindazole), we focused on the
methoxyindazole series. As shown in Table 2, the most
potent compound in this series was 7-methoxyindazole
(7-MI with an ICsy value of 6.3£2.9uM (n=6). This
result confirms the importance of the position 7 on the
indazole nucleus, as already suggested.® Pharmaco-
modulation of the indazole nucleus had been performed
earlier”?! and it had been concluded that substitution
with electron-withdrawing substituents (such as nitro or
halogens) increases the NOS inhibitory potency while
electron-donating substituents would decrease this abil-
ity. This is not the case in our experiments since an
electron-donating substituent such as a methoxy group
rather increases the inhibitory effect of the indazole
(more than 50% inhibition of nNOS for 7-MI vs 11%
inhibition for indazole, both at 10 uM). However, other
factors, such as the size of the substituent, could also
influence the biological activity of 7-substituted inda-
zoles. Addition of a halogen (iodine) on position 3 of 7-
MI did not improve but rather abolished its activity
(Table 2). This result is quite surprising since it had been
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Scheme 2. Synthesis of 7-substituted indazoles 10 and 11. Reagents
and conditions: (i) I, KOH, DMF, rt; (ii) BBr3, CH,Cl,, A; (iii)
C,H;l or BnBr, K,COs, acetone, A.

Table 2. ICs, values of the methoxyindazoles and related substituted indazoles against rat cerebellar nNOS

Compound 1Cs0, tM mean+SEM % Inhibition at 100 uM Vehicle Number of experiments
7-Methoxyindazole 6.3+29 80% Ethanol 0.4% 6
6-Methoxyindazole No effect 0 Ethanol 0.4% 1
5-Methoxyindazole >100 25% DMSO 0.4% 1
4-Methoxyindazole >100 30% DMSO 0.8% 1
3-lodo-7-methoxy indazole No effect 0 DMSO 0.4% 2
7-Hydroxyindazole >100 7% DMSO 0.4% 1
7-Ethoxyindazole 100 50% DMSO 0.4% 1
7-Benzyloxyindazole No effect 0 DMSO 0.4% 1
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Table 3. Antinociceptive activity of 7-methoxyindazole, 7-nitroinda-
zole, and acetylsalicylic acid in the writhing test in mice (n=8 per

group)

Compound Dose Number of writhes
(mg/kg) (mean=+SEM)

Arachis oil 21.2+1.0
7-Methoxyindazole 10 154+1.82

25 12.242.22

50 3.74£1.20
7-Nitroindazole 50 6.2+£1.6°
Acetylsalicylic acid 15 3.5+£0.6°
2P <0.05.

®P <0.001 versus control (arachis oil) (ANOVA and PLSD of Fischer).

Table 4. Effect of L-arginine pre-treatment on antinociceptive activ-
ity of 7-methoxyindazole (n =8 per group)

Compound Dose Number of writhes
(mg/kg) (mean+SEM)

Arachis oil 23.8+1.6

L-Arginine 50 20.8+1.7

7-Methoxyindazole 50 474120

L-Arginine 50

+ 7-Methoxyindazole 50 10.6+1.2%¢

4P <0.05.

®P <0.001 versus control.
°P <0.05 versus 7-methoxyindazole (ANOVA and PLSD of Fischer).

reported that addition of a halogen (bromine) sub-
stantially increased the inhibitory properties of 7-NI.2!
The biological effect of 7-MI seems to be directly linked
to its peculiar structure because neither hydroxy nor
ethoxy or benzyloxy were able to produce NOS inhibition
(Table 2).

In order to characterise the in vivo pharmacology of 7-
MI, the drug was administered intraperitoneally in rats
(50 mg/kg, dissolved in arachis oil, n=06) and the cere-
bellum nNOS activity, according to the previously
described method, was determined ex vivo 30 min later.
7-MI induced an inhibition of nNOS of 42+7% which
is lower than 7-NI tested in the same conditions
(92+1%, n=23)?? but comparable to TRIM (454+3%,
50 mg/kg saline, n=2, data not shown). In vivo inhibi-
tory effects of 7-MI on nNOS were further analysed on
a mouse model of nociception, the writhing test.?3 7-MI
(10, 25, 50 mg/kg, dissolved in arachis oil) and acetyl-
salicylic acid (15 mg/kg) were administered ip, 15 min
before an ip injection of 0.6% acetic acid solution and
the number of writhes was counted during 10 min, 10
min after acetic acid administration (Table 3).

In these conditions, 7-MI produced a dose-dependent
antinociception with, at the higher dose, a maximal
effect close to that of acetylsalicylic acid (15 mg/kg) and
slightly more important than that of 7-NI (50 mg/kg,
ip). The antinociceptive effect of 7-MI (50 mg/kg, ip) was
partially reversed by pretreatment with L-arginine
(50 mg/kg, ip administered 5 min before 7-MI) (Table 4).

As an initial attempt to evaluate the selectivity of 7-MI
toward nNOS versus the other isoforms, the effects of
this compound on systemic arterial pressure were deter-

mined in the conscious rat. At the dose of 50 mg/kg i.p.,
7-MI did not modify mean arterial blood pressure 30
min as well as 1h after injection (116 +4mmHg before
vs 111+£5mmHg 30 min after and 114+5mmHg 60
min after administration, n= 6, not significantly differ-
ent, ANOVA). However, since 7-NI, in the same con-
ditions (50mg/kg, ip) did not alter mean arterial
pressure (117+2 mmHg before vs 113+ 5mmHg 30 min
later, n=06), these results need to be interpreted with
caution in terms of selectivity. Indeed, the effects of 7-
NI on eNOS are rather controversial. Although in vitro
data show that this compound inhibits bovine eNOS
with an ICsy comparable to the ICs, against nNOS,° the
lack of effects of 7-NI on systemic arterial pressure
would suggest an absence of in vivo inhibition of rat
eNOS. Thereafter, it was proposed that the absence of
cardiovascular changes after 7-NI administration was
due to the use of anaesthetics with cardiovascular
depressive effects.”* However, our results do not sup-
port this hypothesis since, in the conscious animal, 7-NI
failed to increase, even slightly, arterial blood pressure.
As neither 7-NI nor 7-MI modified arterial pressure
under our conditions, the comparison of both drugs in
term of specificity is rendered impossible. The selectivity
of 7-MI against the three isoforms will have to be further
analysed on adapted in vitro enzymatic assays.

Conclusion

We have reported the synthesis and pharmacological
evaluation of methoxyindazoles. 7-MI, the most active
compound of the series is a novel lead in the field of
NOS inhibitory drugs development. This result shows
that the nitro-substitution is not indispensable to the
biological activity of the indazole ring. It argues against
the idea that the potency of 7-nitroindazole is due to its
electronic withdrawing effect. We currently aim to
compare the interactions of 7-MI and 7-NI with the
enzyme NOS by modelisation, based on the crystal-
lographic structure of 7-NI,?° 7-MI and of the NOS
oxygenase domain.?°
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