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Abstract: Nitric oxide (NO), which is produced by oxidation of L-arginine to L-citrulline in a process catalyzed by 
different isoforms of nitric oxide synthase (NOS), exhibits diverse roles in several physiological processes, including 
neurotransmission, blood pressure regulation and immunological defense mechanisms. On the other hand, an 
overproduction of NO is related with several disorders as Alzheimer’s disease, Huntington´s disease and the amyotrophic 
lateral sclerosis. 

Taking melatonin as a model, our research group has designed and synthesized several families of compounds that act as 
NOS inhibitors, and their effects on the excitability of N-methyl-D-aspartate (NMDA)-dependent neurons in rat striatum, 
and on the activity on both nNOS and iNOS were evaluated. Structural comparison between the three most representative 
families of compounds (kynurenines, kynurenamines and 4,5-dihydro-1H-pyrazole derivatives) allows the establishment 
of structure-activity relationships for the inhibition of nNOS, and a pharmacophore model that fulfills all of the observed 
SARs were developed. This model could serve as a template for the design of other potential nNOS inhibitors.  

The last family of compounds, pyrrole derivatives, shows moderate in vitro NOS inhibition, but some of these compounds 
show good iNOS/nNOS selectivity. Two of these compounds, 5-(2-aminophenyl)-1H-pyrrole-2-carboxylic acid 
methylamide and cyclopentylamide, have been tested as regulators of the in vivo nNOS and iNOS activity. Both 
compounds prevented the increment of the inducible NOS activity in both cytosol (iNOS) and mitochondria (i-mtNOS) 
observed in a MPTP model of Parkinson´s disease. 
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INTRODUCTION 

 Nitric oxide (NO), an ubiquitous biological messenger 
involved in a variety of physiological processes, acts as a 
signal transducer and also exerts a variety of regulatory and 
citostatic functions [1]. Nitric oxide synthase (NOS) 
catalyzes the biosynthesis of NO using L-arginine (L-Arg) as 
substrate, which is firstly converted in Nω-hydroxy-L-
arginine, and further oxidized to L-citrulline and NO [2]. 

 Three isoforms of NOS have been identified: neuronal 
NOS (nNOS) [3], endothelial NOS (eNOS) [4], and 
inducible NOS (iNOS) [5]. These isoforms share 
approximately 50% sequence identity and have identical 
overall architecture. Native NOS is a homodimeric enzyme. 
Each subunit contains a catalytic N-terminal oxygenase 
domain, a C-terminal electron-supplying reductase domain, 
and a calmodulin (CaM)-binding motif linking the two 
functional domains [6, 7]. The oxygenase domain binds 
heme, tetrahydrobiopterin (H4B), and L-Arg. The reductase 
domain binds flavin adenine dinucleotide (FAD), flavin 
mononucleotide (FMN), and nicotinamide adenine 
dinucleotide phosphate (NADPH). The heme domain  
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provides the site for L-Arg oxidation, while the FAD and 
FMN of the reductase domain transfer the electron from 
NADPH to the heme [8]. Dimerization and H4B binding are 
also essential for the catalytic activity [9, 10]. 

 Although similar in their catalytic mechanism, the NOS 
isoforms are distinguished by their regulation and 
localization. nNOS and eNOS are constitutively expressed in 
neurons and endothelial cells, respectively, among other cell 
types. Their activities are regulated at the posttranslational 
level, and NO production is completely dependent on 
Ca+2/CaM binding [11]. However, iNOS is only expressed 
after induction and is located in macrophages. Its activity is 
controlled at the transcription level and, once expressed, that 
isoform will produce NO at a high rate. In addition, iNOS is 
not regulated by CaM, since CaM is bound with high affinity 
and functions as a permanent subunit [12]. Every isoform 
has different physiological functions: blood-vessel dilation 
(eNOS) [11], neuronal signal transmission (nNOS) [13], 
immune response such as cytotoxicity against pathogens and 
tumors (iNOS) [14]. Overproduction of NO has been a factor 
in numerous disease states. NO overproduction by nNOS has 
been implicated in strokes [15], migraine headaches [16], 
and Alzheimer´s disease [17] and with tolerance to and 
dependence on morphine [18]. Studies with nNOS knockout 
mice have indicated that NO produced by nNOS during 
neuronal injury is associated with glutamate toxicity in the 
brain [19].  
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 An overproduction of NO from the inducible isoform 
(iNOS) has been associated with tissue damage, 
inflammation, rheumatoid arthritis, and the onset of colitis 
[20, 21]. Blocking the localized excess production of NO has 
been identified as a potential means of treating these 
diseases. However, because of the critical role that eNOS-
generated NO plays in vascular regulation, the potential 
pharmaceutical utility of NOS inhibitors is restricted to the 
selective inhibition of the neuronal or inducible isoforms 
[22]. 

 On the other hand, a mitochondrial-localized NOS 
isoform situated in the internal membrane of mitochondria 
(mtNOS) was discovered [23-25]. Even there was a 
controversy among the type(s) of mtNOS in terms of their 
classification as constitutive or inducible [26, 27], in a recent 
paper the existence of both constitutive and inducible 
mitochondrial NOS has been proven (c-mtNOS and i-
mtNOS, respectively) [28, 29]. 

 In the last years different selective nNOS and iNOS 
inhibitors have been described [30-33]. We now focus our 
interest on melatonin synthetic derivatives. 

 Melatonin 1 (Fig. 1) is a hormone synthesized in many 
organs and tissues of the organisms including the pineal 
gland [34, 35], that shows inhibitory effects in the rat [36] 
and human [37, 38] central nervous system (CNS), being this 
the reason for its anticonvulsant, and neuroprotective 
properties [39]. Diverse experiments have suggested that 
melatonin attenuates glutamate-mediated responses in the rat 
striatum [40], and this inhibitory effect takes place through 
the inhibition of nNOS [41-43]. nNOS inhibition by 
melatonin has demonstrated to be dose-dependent and CaM-

dependent [44]. Our research group has reported several 
nNOS inhibitors with a kynurenine structure 2 [44, 45]. A 
second type of inhibitors are constituted by the 
kynurenamine derivatives 3 [46], among them the main 
melatonin brain metabolite N1-acetyl-5-methoxykynur-
enamine (AMK: 3, R1=OMe, R2=Me). The third type less 
flexible nNOS inhibitors bear a 4,5-dihydro-1H-pyrazole 
moiety like in the general formula 4, [47]. All these 
compounds inhibit nNOS in a dose-dependent manner and it 
has been found that AMK rather than melatonin is the active 
metabolite against nNOS in rat striatum [48]. Finally, 5-
phenyl-1H-pyrrole-2-carboxamide 5 [49], show moderated 
both nNOS and iNOS inhibition, and in some cases an 
interesting iNOS selectivity is observed. 

PREPARATION AND BIOLOGICAL ACTIVITY OF 
SYNTHETIC KYNURENINES (2a-r) 

 The kynurenine metabolic pathway of L-tryptophan in 
the brain turns out to be of great interest in neuroprotection 
because kynurenic and quinolinic acids, two intermediate 
metabolites of this pathway, modulate the N-methyl-D-
aspartate (NMDA) receptor in a functionally opposite 
manner [50-52]. 

 Kynurenic acid is a nonselective antagonist of the 
glycineB recognition site at the NMDA receptor and has 
neuroprotective properties, whereas quinolinic acid, a 
selective agonist of the NMDA binding site at the NMDA 
receptor, is a potent neurotoxin and has been involved in the 
pathogenesis of a variety of neurological disorders [53-56]. 

 In looking for compounds with neuroprotective 
properties, our research group synthesized a series of 
kynurenine derivatives, and their effect on both NMDA-
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Fig. (1). Melatonin and NOS inhibitors described by our group of research. 
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dependent neuronal excitability in rat striatum and on the 
activity of striatal nNOS were evaluated [44, 45, 57]. 

Chemistry 

 Scheme (1) represents the general synthetic pathway 
followed in the preparation of final kynurenine derivatives 
2a-r included in Table (1) [41]. The key step is the 
condensation between the corresponding α - or β -
haloacetophenone 6-11 with diethyl sodium acylamido-

malonate in dimethylformamide (DMF) at room temperature 
to yield the amidomalonic acid derivatives 12a-r. Basic 
hydrolysis of these intermediates, followed by acidification 
and heating, yields the final kynurenine analogues 2a-r.  

Biological Results 

 The effects of the kynurenine derivatives on the 
excitatory response of striatal neurons to sensorimotor cortex 
(SMCx) stimulation were evaluated (Fig. 2) [45]. Electrical 
stimulation was applied continuously to the deep layers of 
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Scheme 1. Schematic pathway followed for the synthesis of kynurenine derivatives 2a-r. (a) DMF, 5h/RT; (b) NaOH; (c) AcOH/Δ. 
 
Table 1. Structure of kynurenine Derivatives 2a-r 

Comp. R1
 R2

 R3
 R4

 n 

2a NH2 OCH3 H CH3 0 

2b NH2 OCH3 H C3H7 0 

2c N(CH3)2 OCH3 H CH3 0 

2d NHCH2Ph OCH3 H CH3 0 

2e H OCH3 H CH3 0 

2f H OCH3 H C2H5 0 

2g H OCH3 H C3H7 0 

2h H OCH3 H C6H5 0 

2i H OCH3 H C6H11 0 

2j H OCH3 H C3H5
a 0 

2k H OCH3 H C3H5
b 0 

2l H NO2 H CH3 0 

2m H NO2 H C2H5 0 

2n H H H CH3 0 

2o H H H C2H5 0 

2p H H H C3H7 0 

2q H H CH3 C3H7 0 

2r H H H C3H7 1 
a 1-Propenyl. b Cyclopropyl. 
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motor cortex, and recordings were made from the dorso-
medial portion of the striatum. Most of the neurons in this 
region were quiescent unless excited by cortical stimulation. 
Only those neurons showing an excitatory response to SMCx 
stimulation were selected for the study. When a striatal-
responding neurone was identified, one kynurenine was 
microiontophoretically ejected onto this neurone to observe 
its effect on the excitatory response. 

 Taking kynurenine 2e as a reference compounds, it can 
be observed only one compound 2g shows an excitatory 
effect in the SMCx assay. The insertion of an amine group in 
the benzene ring of compounds 2e and 2g to give compounds 
2a and 2b, respectively, produces a significant increment in 
the inhibitory effect. In fact only these compounds behave as 
strong inhibitors in the SMCx assay. Substitution of 2’-NH2 
group by a dimethylamine 2c or benzylamine 2d produces 
again a lack of inhibitory effect, giving place to compounds 
similar to the reference compound 2e. All other compounds 
show similar effect than compound 2e, indicating that 
substitution of 5’-methoxy group by a 5’-NO2 or by H, the 
insertion of an additional methyl group in the side chain, or 
the lengthening the side chain in one carbon atom produce a 
similar inhibitory effect than the reference compound. 

 For further study on the specificity of these compounds 
on the response of striatal neurons, dose response 
experiments were carried out (Fig. 3). In this case, a neuron 
was continuously stimulated, and different doses of 
representative compounds were added. It can be observed 
that for compounds 2a, 2b, and 2e the excitatory response 
decreased in a dose-dependent manner, whereas for 
compound 2g the excitatory response increased also in a 
dose-dependent manner. Compound 2a showed significant 
higher inhibition than the other compounds tested. 

 The cortico-striatal pathway studied in our experimental 
paradigm was chosen because this is a glutamate-mediated 
circuit that mainly uses the NMDA receptor [40, 43, 57-59]. 

To test if the effects of the synthetic kynurenines described 
above involved NMDA receptors, a striatal neurone showing 
excitatory response to SMCx stimulation was chosen for 
each compound. Once the neurone was found, the electrical 
stimulation was stopped and the neurone was silenced due to 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Effects of microiontophoresis of kynurenine derivatives 2a-r (1 mM) on the excitatory response of striatal neurons to SMCx 
stimulation. **P < 0,05 vs the others compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Dose related effect of kynurenine derivatives 
iontophoretically applied to striatal neurones. Increasing the 
ejection current from -25 to -150 nA produces the striatal response 
to SMCx. Stimulation was attenuated when compounds 2a, 2b, and 
2e were iontophoretized. However, the application of compound 2g 
increases the excitatory response. Data represent the percentage of 
change in firing rate with respect to control values (mean ± SEM of 
10 neurones). *P < 0.05and **P < 0.01 vs to control response. 
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its lack of autoexcitation. Then, NMDA was iontophoretized 
to induce the excitatory response in this neurone, and, during 
the NMDA ejection, a series of kynurenines were also 
iontophoretized. Compounds 2a and 2b display stronger 
inhibitory effects (longer duration of inhibition) than 
compound 2e. When the 2’-NH2 group was blocked with a 
dimethyl or a benzyl group, the resulting compounds 2c and 
2d, respectively, behaved as 2e, thus losing part of their 
inhibitory effects.  

 These results confirm that the assayed kynurenines act on 
the NMDA receptor in a structure-related manner. Two main 
possibilities should be kept in mind regarding their 
mechanism of action: (1) the kynurenines may bind to the 
NMDA receptor itself in a manner similar to kynurenic acid 
and some of its derivatives [60-62], or (2) they can modulate 
nNOS activity, and thus, the intracellular production of NO, 
the second messenger of the NMDA receptor. Anyway, 
activation of the NMDA receptor increases Ca+2 influx into 
the cell, resulting in an increase of the nNOS activity by a 
calcium-calmodulin (CaCaM) complex dependent mech-
anism [63]. Consequently, intracellular NO concentration 
increases and diffuses out of the cell, increasing presynaptic 
glutamate output that further stimulates the NMDA receptor. 
Thus, the effects of 2a-e and 2g on neural NOS activity was 
assessed, and the results of this assay are summarized in 
Table (2). It can be seen that 10 pM of 2a or 2b were able to 
significantly reduce nNOS activity to 78.3 and 85.8%, 
respectively. At the maximal concentration tested (1 mM), 
nNOS was reduced by 2a and 2b to 31.5 and 54.9%, 
respectively. These data suggest that 2a is more potent than 
2b in the inhibition of striatal nNOS activity.  

 Interestingly, nNOS was unaffected by the other tested 
compounds at concentrations ranging from 10 pM to 1 mM. 
Since compounds 2a and 2b share the same structure as 2e 
and 2g except for the presence of an amino group at R1, these 
results suggested a relation between this chemical group and 
the biological activity of these compounds. This suggestion 
was further supported because nNOS activity was not 
affected by 2c and 2d, two compounds obtained from 2a by 
blocking the amino group at R1 with a dimethyl or a benzyl 
group, respectively. Finally, compound 2g, which increases 
neuronal excitability, did not modify striatal nNOS activity. 
Compared with melatonin, which has an IC50 for nNOS 
activity above 1 mM [43], we can observe that 2a is at least 

25 times more potent against nNOS. Moreover, the 
electrophysiological and biochemical effects correlated very 
well. As can be seen in Table (3), the kynurenine with the 
smaller IC50 value for their electrophysiological effects has 
the stronger inhibitory effect on nNOS activity. 

Table 3.  IC50 Values for Kynurenine Derivatives Obtained 
from Electrophysiological (nA) and nNOS Activity 
(M) Experiments 

Comp. 
IC50 Electrophysiological  

Activity (nA) 
IC50 nNOS Activity (M) 

2a -69 41 x 10-6 

2b -99 > 10-3 

2c -104 - 

2d -106 - 

2e -111 - 

2g -83 - 

 
PREPARATION AND BIOLOGICAL ACTIVITY OF 
SYNTHETIC KYNURENAMINES (3a-l) 

 Kynureamines 3a-l constituted the second family of NOS 
inhibitors prepared by our research group [46], since they are 
quite similar to kynurenines. In fact, the elimination of the 
COOH group in the active kynurenines yields similar 
kynurenamines.  

 In the brain, melatonin is metabolized by the action of the 
indoleamine 2,3-dioxygenase to afford the N1-acetyl-N2-
formyl-5-methoxykynurenamine (AFMK). This metabolite 
is further transformed into AMK, 3a, and this is one of the 
more important metabolic pathways of melatonin in 
mammalians [64, 65]. Furthermore, it has also been 
proposed that the action of melatonin can be due to one of 
these metabolites [66]. On the other hand, Inhibition of 
kynurenine 3-hydroxylase (KYN3OH) has been proposed as 
a potentially useful strategy for neuroprotection [67, 68], 
because KYN3OH inhibitors decrease the brain 
concentration of the neurotoxic quinolinic acid and 3-
hydroxykynurenine while increasing the biosynthesis of the 

Table 2.  Dose-Dependent Effects of Six Kynurenine Derivatives on Rat Striatal nNOS Inhibitiona 

conc. (M) comp. 2a comp. 2b comp. 2c comp. 2d comp. 2e comp. 2g 

0 100.00 ± 2.69 100.00 ± 2.36 100.00 ± 0.84 100.00 ± 1.12 100.00 ± 7.71 100.00 ± 0.56 

10-11  21.70 ± 1.65** 14.20 ± 0.67* -0.18 ± 0.01 -1.25 ± 0.01 7.35 ± 0.31 0.13 ± 0.01 

10-9  26.62 ± 0.96** 17.87 ± 0.44** 0.14 ± 0.01 -0.30 ± 0.02 -0.07 ± 0.01 -0.56 ± 0.03 

10-7  34.20 ± 2.35** 22.73 ± 1.39** 0.37 ± 0.02 -0.48 ± 0.03 12.76 ± 0.38 -0.91 ± 0.03 

10-5 36.00 ± 2.58** 32.64 ± 2.94** -0.95 ± 0.05 1.84 ± 0.11 -2.90 ± 0.02 0.26 ± 0.01 

10-3 68.65 ± 2.72** 45.05 ± 7.02** 1.01 ± 0.06 -0.31 ± 0.02 4.28 ± 0.10 -5.32 ± 0.26 
a Data represent the mean ± SEM of the percentage of nNOS inhibition of each drug as compared with untreated samples. Each value is the mean of three experiments performed by 
triplicate in homogenates of four rat striata in each one. *P < 0,05 vs control; **P < 0,01 vs control. 



Melatonin Synthetic Analogs as Nitric Oxide Synthase Inhibitors Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 7    605 

neuroprotective kynurenic acid. Due to these reasons, 
kynurenamines 3a-l were synthesized and analyzed as both 
KYN3OH and NOS inhibitors [42]. 

Chemistry 

 Scheme (2) represents the general synthetic pathway for 
all final kynurenamines included in Table (4) [42]. 5-
Methoxy- and 5-chloro-2-nitrophenyl vinyl ketones 13a and 
13b were reacted with phthalimide in the presence of 
NaMeO, and their ketone group was protected by reaction 
with ethylene glycol and p-toluenesulfonic acid to yield the 
dioxolane derivatives 14a-b . The reaction of 14a-b with 
hydrazine opens the phthalimide moiety, and further 
acidification (HCl) of the reaction mixture allows the 
hydrolysis of the dioxolane group to yields the 
corresponding β -aminoketones 15a-b, which were not 
isolated. Acylation in situ of 15a-b by reaction with acetic 
anhydride or with the corresponding acyl chloride gives rise 
to the nitroderivatives 16a-l. Finally, the reduction of the 2’-
NO2 groups in 16a-l allows the preparation of the 
corresponding kynurenamine derivative 3a-l. This reduction 
was accomplished by catalytic hydrogenation (H2, Pd/C) in 
compounds 3a-i and by reaction with Fe/FeSO4 in 
compounds 3j-l to avoid dechlorination. 

Biological Results 

 Table (4) shows the nNOS inhibition in the presence of 1 
mM concentration of each kynurenamine 3a-l. In general, 
most compounds show good range of inhibition. Regarding 
the influence of R2 on the activity, it can be observed that an 
increment in the volume of R2 decreases the inhibitory 
activity. Thus, the change of the Me group by Et, Pr or Bu 
decreases steadily the percentage of inhibition. The insertion 
of a cyclopropyl or a phenyl group in R2 is also detrimental 
for the activity. In relation to R1, it can be observed that 
compounds with R1 = OMe are about 2 times more active 
than the corresponding ones with R1 = Cl, indicating that an 
electron-withdrawing substituent is detrimental for the 
activity.  

 The comparison of the activity of kynurenines 2a-b with 
their corresponding kynurenamines derivatives 3a and 3c 

indicates a slightly higher inhibition activity for compounds 
type 2. Nevertheless, the differences in activity are not high 
enough to consider that kynurenines are more potent as 
nNOS inhibitors. 

 Table (4) also shows the activity of compounds type 3 
against KYN3OH, expressed as the percentage of activity of 
this enzyme in the presence of each final compounds. It can 
be observed that neither kynurenines 2 nor kynurenamines 3 
showed a significant effect on this enzyme, indicating that 
their potential neuroprotective properties could be due again 
to the nNOS inhibition. 

 Among kynurenamines, the melatonin metabolite AMK 
3a is the most potent one, showing a similar inhibition 
percentage than kynurenine 2a.  

DIGGING INTO THE NOS INHIBITION MECH-
ANISM BY KYNURENINES AND KYNURENAMINES 
 Activation of the NMDA receptor by glutamate causes a 
Ca2+ influx into the cells and results in the formation of NO 
from L-Arg [69]. Involved enzymes in this pathway are CaM 
and nNOS [69]. 

 NO modulates several processes in the CNS such as pain 
perception, long term potentiation and memory, and cerebral 
blood flow [70], and has been specifically implicated in the 
glutamate-dependent excitotoxicity and neuronal death [71]. 

 Melatonin (1) exerts neuroprotective properties reflecting 
both antioxidant [72-74] and inhibitory effects on the CNS 
[75-77]. Electrophysiological experiments have demon-
strated that the excitatory response of striatal neurons to 
SMCx stimulation in rats is attenuated by the iontophoretic 
ejection of melatonin [40, 78]. Similarly, some synthetic 
kynurenines affect the excitatory response of striatal neurons 
in a structure-related manner [43, 44]. This excitatory 
response is mainly mediated by glutamate acting on the 
NMDA receptors [40, 58]. 

 Melatonin 1 and kynurenines 2a and 2b inhibit nNOS 
activity in a dose dependent manner [43, 44], being the 
calculated IC50 values for each compound as follows: 1, > 1 
mM; 2a, 41 µM; and 2b, > 1 mM. 
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Scheme 2. Synthetic pathway followed in the preparation of kynurenamine derivatives 3a-l. (a) Phthalimide, NaOMe; (b) (CH2OH)2, H+; (c) 
NH2NH2/EtOH; (d) HCl (aq); (e) Ac2O or R2COCl;(f) H2,Pd/C or Fe/FeSO4. 
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 On the other hand, it was also proved that melatonin 
binds CaM with high affinity [79] and the binding is 
reversible, saturable, and Ca2+-dependent. It was suggested 
that the inhibitory effect of melatonin on nNOS activity 
might be produced by removing free cytosolic CaM through 
a CaM-melatonin interaction [80]. 

 To investigate the mechanism of action of melatonin 1 
and synthetic kynurenines 2a and 2b on nNOS activity, 
kinetics studies of the enzyme-substrate reaction were 
tackled [44] using homogenates of rat striatum and 
commercially available purified rat brain nNOS. Besides, 
experiments with urea-polyacrylamide gel electrophoresis 
(PAGE) were carried out to further assess the possible 
interaction of these compounds with CaM. 

 Rat striatal homogenates were incubated with each drug 
(1 mM) in the presence of increasing concentrations of L-
Arg (0–10 µM) (Fig. 4). Striatal nNOS activity was saturable 
and proportional to the substrate concentration (control). 
However, the activity of the enzyme was significantly 
decreased in the presence of 1 mM of melatonin 1 or 
kynurenines 2a or 2b.  

 Lineweaver-Burk double reciprocal analysis of the data 
demonstrate that, although Km values of control, 1, 2a, and 
2b were similar, the Vmax values for these compounds were 
lower than the control. These results suggest that melatonin 1 
and kynurenines 2a and 2b behave as noncompetitive 
inhibitors of nNOS activity. 

 The existence of a possible interaction between nNOS 
cofactors and melatonin 1 or kynurenines 2a and 2b was also 

studied using commercially available purified rat nNOS. The 
effect of melatonin and kynurenines on nNOS activity was 
investigated in an incubation medium containing 0.0125 U 
of purified nNOS, 17.5 µM CaCl2, 10 µg/ml CaM, 10 µM 
FAD, and 30 µM H4B. In these studies, increasing amounts 
of CaM, FAD or H4B were also added to the incubation 
medium. In the absence of added CaM, these compounds 
inhibit nNOS in a dose-dependent manner (Fig. 5). At a 10 
µg/ml of CaM, melatonin 1 and kynurenine 2b were unable 
to inhibit the nNOS activity, while the inhibition percentage 
of kynurenine 2a was significantly decreased. On the other 
hand, after fixing the CaM concentration at 0.1 µg/ml, 
different concentrations of FAD (0.1 µM to 10 µM) or H4B 
(0.3 µM to 30 µM) in the incubation medium did not modify 
the enzyme inhibition by melatonin 1 nor by kynurenines 2a 
and 2b on purified nNOS activity (data not shown). 

 The possible interaction between melatonin 1 or 
kynurenines 2a and 2b and CaM was also studied by 
electrophoresis, and urea-PAGE of CaM assays were 
performed. The electrophoretic migration mobility of CaM 
was determined in the absence or presence of 1 mM 1 (Fig. 
6A), 1 mM 2a (Fig. 6B), and 1 mM of 2b (Fig. 6C). The 
presence of these inhibitors produced a similar CaM mobility 
into the gel that was faster than the CaM mobility obtained 
in control gels in which these compounds were absent. In the 
presence of ethylene glycol tetraacetic acid (EGTA) (a Ca2+ 
complexing agent), the migration of CaM was slower than 
the observed in the absence of this chelating agent, and in 
these conditions neither melatonin 1, nor kynurenines 2a and 
2b were able to modify the migration pattern of CaM. 
Similar studies were made with other kynurenines, in special 

Table 4. Structure and Biological Activities of Kynurenamines 3a-l as nNOS (% Inhibition) and KYN3OH (% Activity) Inhibitors. 
Biological Activities of Kynurenines 2a and 2b are Also Included for Comparison 

 Compound R1
 R2

 % nNOS Inhibitiona % KYN3OH Activityb 

2a OCH3 Me 68.49 ± 9.92 100.52 ± 9.7 

2b OCH3 Pr 45.05 ± 8.56 88.72 ± 10.2 

3a OCH3 Me 65.36 ± 5.60 101.52 

3b OCH3 Et 50.87 ± 4.36 99.37 

3c OCH3 Pr 42.82 ± 4.00 c 

3d OCH3 Bu 39.65 ± 2.59 97.1 

3e OCH3 c-C3H5 40.41 ± 4.27 99.89 

3f OCH3 c-C4H7 33.73 ± 2.98 92.22 

3g OCH3 c-C5H9 45.04 ± 4.45 96.34 

3h OCH3 c-C6H11 48.24 ± 4.90 99.64 

3i OCH3 C6H5 46.46 ± 4.46 97.23 

3j Cl Me 31.69 ± 1.13 c 

3k Cl c-C3H5 23.28 ± 3.54 c 

3l Cl C6H5 21.71 ± 2.60 c 
a Data represent the mean ± SEM of the percentage of nNOS inhibition produced by 1 mM concentration of each compound. b Data represent the mean ± SEM of the KYN3OH 
activity in the presence of 1mM concentration of each compound Each value is the mean of three experiments performed by triplicate in homogenates of four rat striata in each one. c 
Not tested.  
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Fig. (4). Experiments with homogenates from rat striatum showing the kinetics of enzyme-substrate reaction in the presence of the indicated 
drugs. (Left) Effect of 1, 2a, and 2b on rat striatal nNOS activity. Homogenates from rat striatum were incubated for 30 min at 37ºC with 
increasing concentration of L-Arg and in the absence (C) or in the presence of 1mM drug. Each point is the mean ± SEM of three experiments 
done in triplicate. (Right) Double reciprocal plot of the data showing that the drugs tested modify Vmax and not Km values of the enzyme-
substrate reaction. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Effect of melatonin 1 (left) and kynurenines 2a (center) and 2b (right) (10-9 to 10-3 M) on nNOS activity in the presence of increasing 
concentrations of CaM. (▼, 0 µg/ml; Δ, 0.1 µg/ml; ●, 1 µg/ml; ♦, 10 µg/ml). 

 

 

Fig. (6). Effects of melatonin 1 and kynurenines 2a and 2b on the electrophoretic mobility of CaM. Urea-PAGE gels were made in the 
presence of 1mM Ca+2 (control) or 2 mM EGTA and in the absence or presence of 1 mM each compound.  
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those with the amino group blocked 2e and 2f, and none of 
these compounds affected the migration pattern of CaM 
either in the presence of absence of EGTA. 

 These data suggest an interaction between melatonin 1 
and kynurenines 2a and 2b and the CaCaM complex, being 
the Ca+2 ions necessary for this interaction. Dose-dependent 
experiments with urea-PAGE demonstrate that the 
kynurenines 2a and 2b bind CaCaM with higher affinity than 
melatonin 1, thus supporting the results of kinetic 
experiments [44]. 

 The major findings of these studies are the demonstration 
that melatonin 1 and kynurenines 2a and 2b, inhibit nNOS 
activity through a mechanism involving a complex formation 
with CaCaM. The results also show interesting structure-
related effects of these kynurenines in their ability to bind 
CaCaM. Although kynurenines carrying an NH2 group on 
their molecule (2a and 2b) bind CaCaM inhibiting nNOS 
activity, kynurenines lacking the amino group (2e and 2g) 
are unable to bind CaCaM, losing their inhibitory effect on 
nNOS. The importance of the NH2 group in the inhibition of 
nNOS activity was also demonstrated by blocking it with 
either a dimethyl or a benzyl group (2c and 2d, respectively); 
in this case nNOS was not inhibited further.  

 Finally, similar studies were performed with kynuren-
amine 3a, the main brain melatonine metabolite. These 
studies also demonstrated that compound 3a behaves 
similarly to melatonin and kynurenines, and inhibits nNOS 
activity in a dose-dependent manner. Such inhibition is also 
lost in the presence of increasing amount of CaCaM 
complex, but not by the addition of other nNOS cofactors. In 
this case, interaction between kynurenamine 3a and CaM 
was also studied by means of fluorescence assays, indicating 
a concentration-dependent inhibition of fluorescence in the 
presence of compound 3a [48]. 

PREPARATION AND BIOLOGICAL ACTIVITY OF 
SYNTHETIC PHENYLPYRAZOLES (4a-s) 

 Although NO is not involved in the synaptic transmission 
under normal conditions, an excessive NO production by 
some of the NOS-isoenzymes may be detrimental. Thus, it is 
well-known that an overproduction of NO produces 
neurotoxicity, and this fact has been associated with several 
neurological disorders such as Alzheimer’s disease [81, 82], 
amyotrophic lateral sclerosis [83], and Huntington’s disease 
[84]. For this reason, a recent strategy in the development of 
successful neuroprotective agents is orientated toward the 
synthesis of new structures that interfere with some step of 
the complex chemical signaling system involving NOS, 
including the inhibition of the enzyme itself. 

 The syntheses of a series of kynurenine 2a-r and 
kynurenamine 3a-l derivatives have been described above. 
Among them, kynurenines 2a and 2b show a significant 
nNOS inhibitory activity, and AMK, 3a, the main brain 
metabolite of melatonin is the most potent nNOS inhibitor 
belonging to the kynurenamine family. Compounds 2a-b and 
all kynurenamine derivatives are characterized by the 
presence of a 2’-NH2 group, which restricts the side chain 
conformational mobility by formation of an intramolecular 
hydrogen with the carbonyl ketonic groups. This 
conformational restriction allows kynurenines and 
kynurenamines to mimic the active conformation of 
melatonin 1 when it interacts with its biological target. 
Nevertheless, these structures are still quite flexible, and they 
could adopt several conformations. 

 4,5-Dihydro-1H-pyrazole derivatives 4a-s constitute a 
new type of nNOS inhibitors, showing good inhibitory 
activity [47]. These compounds are characterized by the 
presence of a 4,5-dihydro-1H-pyrazole fragment as well as 
the 2’-NH2 group present in kynurenines and kynuren-
amines. The pyrazole ring restricts the side chain 
conformational flexibility while the 2’-amine group forms an 
intramolecular hydrogen bond with the pyrazole N-2 atom, 
resulting in a less flexible molecule as a whole. To confirm 
the potential neuroprotective activity of these new 
compounds, biological assays to test the inhibitory effect 
against both nNOS and KYN3OH have been performed.  

Chemistry 

 Scheme (3) represents the general synthetic pathway for 
all the final 4,5-dihydro-1H-pyrazole derivatives 4a-s [47]. 
Reaction of the ketones 13a-c with hydrazine in ethanol 
produces the corresponding 4,5-dihydro-1H-pyrazoles 17a-c, 
which are acylated in situ by treatment with acetic anhydride 
or with the corresponding acyl chloride to obtain the 1-acyl-
3-(2-nitro-5-substituted-phenyl)-4,5-dihydro-1H-pyrazoles 
18a-s. Finally, reduction of the aromatic nitro group leads to 
the final compounds 4a-s in a quantitative manner. The 
reduction of compounds 4a-j and 4o-s was carried out by 
catalytic hydrogenation (Pd/C), while in compounds 4j-n 
reduction was accomplished by reaction with SnCl2 (1:5 
molar ratio) in order to avoid dechlorination. 

Biological Results 

 Inhibition of KYN3OH has been proposed as a 
potentially useful strategy for neuroprotection [67, 68], 
because KYN3OH inhibitors decrease the brain 
concentration of the neurotoxic quinolinic acid and 3-
hydroxykynurenine while increasing the biosynthesis of the 
neuroprotective kynurenic acid. For this reason, pyrazoles 
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Scheme 3. Synthetic pathway followed in the preparation of 4,5-dihydro-1H-pyrazole derivatives 4a-s. (a) NH2NH2, EtOH; (b) Ac2O or 
R2COCl, CH2Cl2; (c) H2, Pd/C or SnCl2, EtOH. 
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(4) have been tested as inhibitors of both nNOS and 
KYN3OH, in order to identify the possible mechanism of 
action of these molecules.  

 Table (5) illustrates both the nNOS inhibition and 
KYN3OH activity in the presence of 1mM concentration of 
each pyrazole. Among pyrazole derivatives, only compounds 
4o and 4b (with inhibitions of 22.15% and 18.86%, 
respectively) are very weak inhibitors of KYN3OH, and 
results obtained for the rest of compounds are not 
statistically significant.  

 By contrast, a great number of pyrazoles show good 
nNOS inhibiton, depending on the substitution on both R1 
and R2 groups. In general, it can be observed that a 
cycloalkyl or phenyl substituent in R2 is better than an alkyl 
group, being cyclopropyl the better inhibitor in series A and 
B, and phenyl group in series C. In relation to R1, it can be 
observed that compounds belonging to series A or B are 
more active than those of series C. Only compound 4q (R2 = 
Pr), belonging to series C, shows higher activity than the 
corresponding one of the other series.   

 All these biological assays demonstrate that, like 
kynurenines 2a and 2b, 4,5-dihydro-1H-pyrazole derivatives 
4 could present neuroprotective properties through a nNOS 
inhibition mechanism. A comparison between both types of 

compounds could help to define a putative model for the 
interaction with nNOS. 

DEVELOPING OF A PHARMACOPHORE MODEL 
FOR NOS INHIBITION 

 A comparison of the conformational behavior of 
kynurenines 2, kynurenamines 3 and pyrazoles 4 allowed the 
development of a pharmacophore model for the NOS 
inhibition by these classes of compounds. Conformational 
analyses were performed using Sybyl program [85], running 
on a HP workstation. Three-dimensional models of all 
compounds were built from a standard fragment library, and 
their geometries were subsequently optimized using the 
Tripos force field [86] including the electrostatic term 
calculated from Gasteiger and Marsili [87] charges (ε = 1, 
distance dependent). The method of Powell [88] was used 
for energy minimization, using the energy gradient as a 
convergence criteria (0.01 kcal/mol·Å2). For each compound, 
a conformational analysis was done by means of the random 
search procedure implemented in SYBYL (Maximun cycles: 
1000, maximun hits = 10, RMS threshold = 0.2 Å, energy 
cutoff = +20 kcal/mol). 

 Conformational analysis of kynurenines 2 indicates the 
existence of two main conformational families depending on 
the orientation of the carbonyl group. Because of the 

Table 5. Structure and Biological Activities of 4,5-Dihydro-1H-Pyrazole Derivatives 4a-s. R1 Defines the Series A (R1 = OMe), B 
(R1 = Cl) and C (R1 = H) 

Compound R1
 R2

 % nNOS Inhibitiona % KYN3OH Activityb 

4a OCH3 Me 38.04 ± 1.53 98.84 ± 11.3 

4b OCH3 Et 53.27 ± 2.83 81.14 ± 8.6 

4c OCH3 Pr 34.70 ± 1.32 96.43 ± 10.6 

4d OCH3 Bu 49.76 ± 1.53 120.50 ± 12.3 

4e OCH3 c-C3H5 62.24 ± 4.68 123.35 ± 11.1 

4f OCH3 c-C4H7 38.30 ± 3.33 96.54 ± 9.07 

4g OCH3 c-C5H9 49.87 ± 4.13 105.19 ± 10.1 

4h OCH3 c-C6H11 62.20 ± 1.91 87.36 ± 7.9 

4i OCH3 Ph 58.92 ± 3.55 c 

4j Cl Me 47.58 ± 4.01 110.59 ± 10.5 

4k Cl Et 46.56 ± 5.66 97.74 ± 11.1 

4l Cl Pr 34.43 ± 3.70 97.74 ± 10.2 

4m Cl c-C3H5 70.24 ± 5.60 98.12 ± 10.1 

4n Cl Ph 61.12 ± 3.11 105.71 ± 9.5 

4o H Me 33.69 ± 3.62 77.85 ± 8.6 

4p H Et 36.47 ± 4.52 85.25 ± 7.8 

4q H Pr 52.39 ± 2.24 84.95 ± 7.9 

4r H c-C3H5 38.79 ± 3.18 86.93 ± 9.4 

4s H Ph 57.07 ± 3.13 82.46 ± 9.9 
a Data represent the mean ± SEM of the percentage of nNOS inhibition produced by 1 mM concentration of each compound. Each value is the mean of three experiments performed 
by triplicate in homogenates of four rat striata in each one. b Data represent the mean ± SEM of the KYN3OH activity in the presence of 1mM concentration of each compound. c not 
tested. 
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conjugation with benzene, the carbonyl group prefers to be 
coplanar (or almost coplanar) with the aromatic ring and can 
adopt two possible conformations: in one of them the oxygen 
atom points toward the R1 substituent, and in the other it is 
orientated in the opposite direction conformation type I and 
type II, respectively (Fig. 7).  

 Fig. (7) also shows, as an example, the energy of the 
different conformations found for compounds 2a and 2c as a 
function of the torsional angle C6-C1-C=O (ω61CO). Zone near 
180º corresponds to conformations type I, and zones 
between 0-50º or 300-350º include conformations type II. In 
compound 2a (R1 = NH2), the intramolecular hydrogen bond 
formed between both the 2-amine and the CO groups 
stabilizes conformations type I, and consequently the zone 
near 180º is more populated and includes the more stable 
conformers. On the contrary, compound 2c (R1 = N(CH3)2) 
shows a wide distribution of the conformations over all the 
values of ω 61CO, being more populated conformations type 
II, which are also the most stable ones. This is a 
consequence of the high volume of the dimethylamine group 
that prevents the conjugation with the aromatic ring of either 
the carbonyl or the amine groups. In other compounds, the 
behavior is intermediate between both compounds 2a and 2c, 
depending on the formation or not of the intramolecular 
hydrogen bond.  

 In this sense, in compound 2e (R1 = H), the populations 
of both families are almost equal and both have similar 
energies, and in compound 2d (R1 = NHCH2Ph), the 2-
benzylamine substituent still allows the formation of the 
intramolecular hydrogen bond, and the conformational 
behavior of this compound is similar to that of 2a, showing a 
more populated region near 180º that includes more stable 
conformations (type I). These facts confirm the importance 

of this intramolecular hydrogen bond in the conformational 
behavior of these compounds.  

 The conformational analysis of kynurenines shows that 
conformations type I are favored by about 3 kcal/mol in 
compounds 2a and 2d and by 0.5 kcal/mol in 2e. Only in 2c 
the most stable conformer belongs to type II conformational 
family. The presence of the 2-amine groups in 2a and 2b 
restricts the flexibility of these compounds and allows the 
formation of an additional hydrogen bond between them and 
their potential biological target. 

 Conformational analysis of kynurenamines 3 indicates a 
behavior similar to that of kynurenines 2. Two main 
conformational families similar to that of kynurenines 2 
(families I and II) were identified. Fig. (8) shows as an 
example the most stable conformer of compound 3a, the 
main brain metabolite of melatonin. For comparison, the 
most stable conformer found for compounds 2a have also 
been included. In general, conformations of family I are 
stabilized by the formation of an intramolecular hydrogen 
bond between the CO and the NH2 moieties, whereas 
conformations belonging to family II are more energetic. 

 Finally, conformational analysis of 4,5-dihydro-1H-
pyrazoles 4 indicates the existence of four different 
conformers. Fig. (8) shows the most stable conformer of 
compound 4j, as an example. The greater stability of this 
comformer is due to three structural aspects: (i) The 
existence of a hydrogen bond between the 2’-NH2 group and 
the N-2 nitrogen of the pyrazole ring that stabilizes this 
conformation. (ii) The stabilization due to the conjugation 
between the C=N double bond and the benzene ring. (iii) 
The s-cis conformation adopted by the amide bond, which 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). (up) The two main conformational families found for compounds 2a-r. (down) Representation of the relative energy (Rel. E., 
kcal/mol) versus ω61CO (ω, degree) for all the conformations found in compounds 2a and 2c. Conformations type (I) are situated near 180º, 
and type (II) between 0-50º or 300-350º. 
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minimizes the steric interactions between the methyl group 
and the C-5 atom of the pyrazole ring. 

 In all cases, the intramolecular hydrogen bond makes that 
the side-chain of these compounds adopts a similar 
orientation of the melatonin sidechain, like is also shown in 
the most stable conformer found for melatonin in the 
conformational analysis (Fig. 8). 

 To find the similarities between the conformational 
behavior of compounds 1, 2, 3 and 4, we have compared all 
the conformations of melatonin, kynurenine and/or 
kinurenamine derivatives, with the four conformers found 
for each pyrazole compound. 

 The importance of the 2-NH2 group in the 
pharmacophore of kynurenines have been mentioned 
previously. Since the nitrogen atom of the amide group acts 
as hydrogen bond donor in kynurenines or kynurenamines 
but not in pyrazole derivatives, this nitrogen is not a 
common pharmacophoric feature. Instead of that, the 
terminal carbonyl group could acts as a hydrogen bond 
acceptor, and probably behaves in a similar way in the three 
types of molecules on interacting with the enzyme. Finally, 
the benzene ring is also a common structural template for 
both families of compounds. 

 For these reasons, in the matching process the benzene 
ring, the N atom of the 2’-NH2 group and the carbon atom 
directly joined to the benzene ring were chosen in order to 
superimpose all compounds. In the fitting process, the 
benzene ring, the 2’-NH2 group and the amide oxygen atom 
have been selected as potential pharmacophoric groups.  

 Using this procedure, one low energy conformer of 
melatonin, kynurenine and kynurenamine that fitted very 
well over the most stable conformer of pyrazole derivatives 
was found. In all cases, the most stable conformer is 
stabilized by the presence of the intramolecular hydrogen 
bond. Fig. (9) shows as an example the superimposition of 
melatonin and compounds 2a and 3a over the most stable 
conformer of compound 4j. It can be seen that the relative 
energy of the conformation of melatonin and compound 2a 
and 3a are small (2.82, 1.40 and 2.75 kcal/mol, respectively).  

 In the kynurenine family, substitution of the methyl 
group 2a by a propyl 2b decreases the nNOS inhibitory 
effect from 68.5 % to 45.1 %. In kynurenamines, a similar 
behavior was observed since an increment in the volume R2 
substituyent decreases the inhibitory activity. Nevertheless, 
in the pyrazole derivatives, substitution of the methyl group 
by a more bulky one increases the nNOS inhibitory effect.  

 If we accept these findings as correct, a scheme for the 
interaction could be drawn (Fig. 9), and summarized as 
follow: 

(a) A pocket in the enzyme that accommodates the benzene 
rings present in kynurenines, kinurenamine and 
pyrazoles (black solid arc). Substitution of 5’H (series 
C) by OMe (series A) or Cl (series B) increases the 
inhibitory activity in practically all compounds, and the 
electronic nature of the 5’-substituent (MeO, Cl, H) 
seems to be important for the biological activity. 
Nevertheless, the influence of the substituent is not 
absolutely clear and it cannot be decided what is the 
main type of interaction (hydrophobic or electronic) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). The most stable conformers found for compounds of 1, 2a, 3a and 4j. 
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with this part of the enzyme. Probably both types 
should be important. 

(b) A hydrogen acceptor residue for the interaction with the 
free NH bond of the 2’-NH2 group or the indole NH 
bond of melatonin. Formation of this hydrogen bond 
has proven to be necessary since in the kynurenine 
family, elimination, mono- or bialkylation of the 2’-
NH2 group arise in a lack of nNOS inhibitory activity. 

(c) A hydrogen bond donor residue that can interacts with 
the amide oxygen atom of melatonin, kynurenine, 
kynurenamine and pyrazole derivatives. Both oxygen 
atoms match very well in the superimposed structures 
and have the same character as hydrogen bond 
acceptors. 

(d) The R2 substituent is accommodated in two different 
and near zones of the binding pocket. Since an 
increment in the R2 volume in kynurenines and 
kynurenamines provokes a decreasing in the activity, 
these molecules must orientate its R2 substituent to a 
region with a small steric tolerance (black points arc). 
The methyl group of the acetamide moiety of melatonin 
can probably be inserted in this hindered region. On the 
contrary, R2 substituent in pyrazoles must be orientated 
to a zone sterically allowed (black broken arc).  

PREPARATION AND BIOLOGICAL ACTIVITY OF 
PYRROLE DERIVATIVES (5a-u) 

 A new family of NOS inhibitors has been obtained from 
the 3-phenyl-4,5-dihydro-1H-pyrazole 4 by substituting the 
of pyrazole moiety by a pyrrole ring [49].  

Chemistry 

 These compounds are 5-(5-substituted-2-aminophenyl)-
1H-pyrrole-2-carboxilic acid alkylamides, and the synthesis 
of these new molecules is described in Scheme (4) [49]. The 

synthesis pathway begins with the reaction of 2-
nitrocinnamaldehyde derivatives 20a-c with ethyl 
azidoacetate to yield the corresponding 2-azido-5-(2-nitro-5-
substituted-phenyl)-penta-2,4-dienoic acid ethyl ester 21-c. 
While 2-nitrocinnamaldehyde 20c is commercially available, 
compounds 20a and 20b have been prepared from the 
corresponding 2-nitro-5-substituted-benzaldehyde 19a-b, by 
Wittig reaction with Ph3P=CHCHO. Azides derivatives 21a-
c cyclizise and yield the corresponding nitrophenylpyrroles 
22a-c when heated in p-xylene. These derivatives were 
hydrolyzed to yield the carboxylic acid derivatives, which in 
turn were transformed into the acyl chloride and treated with 
the appropriated amine to yield the corresponding N-
substituted carboxamide 23a-u. Finally, compounds 5a-u 
were obtained by reduction of the nitro group in the 
corresponding derivative 23a-u, performed by treatment 
with Fe/FeSO4. 

Biological results 

 Table (6) shows the inhibition percentage of nNOS and 
iNOS isoforms in vitro produced by a 1mM concentration of 
each compound 5a-u, compared with the control assays. 

 Results are quite variable. Among compounds 5a-f (R1= 
OMe), 5a and 5b do not inhibit nNOS. An increment in the 
volume of N-carboxamide substituent increases the 
inhibition percentage, and compounds 5c and 5d are the best 
inhibitors in this series of compounds. In compounds 5e and 
5f (R2 = c-C5H9, CH2Ph), a decreasing of the nNOS 
inhibition can be observed again. 

 Compounds 5g-k (R1 = Cl) show higher nNOS inhibition 
percentage, indicating that this substituent is the better one 
for the inhibition of this enzyme. Compound 5k with a N-
cyclopropyl substituent is the best inhibitor in this series. 
Compounds 5i and 5j also show good inhibition percentage, 
indicating that a R2 must be a group with a moderate volume. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (9). Superimposition for the corresponding conformations of compound 4j (dark color) and compounds 2a (clear color) (left), compound 
3a (clear color) (center), and 1 (clear color) (right), Relative energies correspond to the conformations of 2a, 3a and 1, respectively. 
RMSD indicates the goodness of the superimposition considering the aromatic ring, the NH2 group and the amide oxygen atom as fitting 
atoms.  
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Scheme 4. Synthetic pathway followed in the preparation of pyrrole derivatives 5a-u. (a) Ph3P=CHCHO;( b) N3CH2CO2Et; (c) thermolysis, 
p-xylene; (d) NaOH, then AcOH; (e) SOCl2, then R2NH2/TEA; (f) Fe/FeSO4. 
 
Table 6. Structure and In Vitro nNOS and iNOS Inhibition (%) Observed in Presence of 1mM Concentration of Compounds 5a-u 

Comp. R1 R2 % nNOS inhibitiona % iNOS inhibitiona 

5a OCH3 H 0.00 ± 2.01 8.95 ± 0.50 

5b OCH3 Me 0.00 ± 2.6 26.17 ± 6.85 

5c OCH3 Pr 43.45 ± 3.38 6.78 ± 3.93 

5d OCH3 c-C3H5 32.54 ± 2.63 21.36 ± 4.68 

5e OCH3 c-C5H9 15.33 ± 2.42 26.25 ± 3.22 

5f OCH3 CH2Ph 8.89 ± 1.13 22.41±1.94 

5g Cl H 34.48 ± 0.99 5.34 ± 2.34 

5h Cl Me 17.11 ± 0.74 1.27 ± 3.39 

5i Cl Et 33.40 ± 2.46 2.8 ± 1.75 

5j Cl Bu 36.46 ± 4.13 3.33 ± 1.27 

5k Cl c-C3H5 48.07 ± 1.30 7.2 ± 0.31 

5l H H 15.01 ± 2.66 3.07 ± 1.79 

5m H Me 0.00 ± 0.21 32.68 ± 2.78 

5n H Et 4.15 ± 0.97 20.49 ± 5.19 

5o H Pr 0.00 ± 2.17 13.17 ± 5.2 

5p H Bu 0.00 ± 1.80 7.53 ± 2.76 

5q H c-C3H5 2.92 ± 0.87 0.00 ± 1.75 

5r H c-C4H7 8.44 ± 1.87 20.1 ± 4.78 

5s H c-C5H9 5.36 ± 3.19 52.79 ± 1.7 

5t H c-C6H11 13.40 ± 0.46 17.2 ± 7.54 

5u H CH2Ph 7.52 ± 2.50 28.11 ± 2.39 

aData represent the mean ± SEM of the percentage of nNOS and iNOS inhibition produced by 1mM concentration of each compound. Each value is the mean of three experiments 
performed by triplicate in homogenates of four rat striata in each one. 
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Finally, compounds 5l-u show a low inhibition percentage. 
This fact indicates that a non-substituted benzene moiety is 
detrimental for the nNOS inhibition activity. 

 Table (6) also shows the iNOS inhibition observed in the 
presence of 1mM concentration of compounds 5. Since 
compounds 5g-k do not inhibit iNOS, it seems that a 5’-Cl 
substituent is detrimental for the activity and consequently a 
5’-MeO substituent or an unsubstituted benzene ring are 
preferable. Regarding the influence of the N-substituent over 
the activity, the available information is also confused: 
compounds 5b and 5m (R2 = Me) or 5n (R2

 = Et) show 
moderate inhibition percentages, compound 5d (R1 = OMe, 
R2 = c-C3H5) also show a moderate inhibition, but compound 
5q (R1 = Cl, R2 = c-C3H5) does not inhibit. On the other 
hand, a further increase in the R2 volume gives place to an 
increment in the inhibition activity. Compounds 5e, 5f, and 
5u show moderate inhibitions and compound 5s (R1 = H, R3 
= c-C5H9 ) is the best inhibitor in all the series. 

 Melatonin 1 reduces the iNOS activity and expression in 
several inflammatory models [89], the mitochondrial i-
mtNOS activity and expression [90, 91] and the nNOS 
activity. It has also found that melatonin shows 
neuroprotection properties in different models, including 
MPTP-induced Parkinson’s disease [92]. For these reasons, 
the most active iNOS inhibitors 5m and 5s have been 
selected to test its ability to reduce the in vivo NOS activity 
in cytosol and mitochondria in the substantia nigra (SN) of 
the MPTP model of Parkinson’s disease. Fig. (10) shows the 
NOS relative activities in each cell fraction considering the 
NOS activities in control animals as 100%.  

 MPTP administration slightly decreases the nNOS and c-
mtNOS activities in cytosol and mitochondria, respectively. 
Melatonin administration significantly reduces nNOS and c-

mtNOS activities in MPTP-treated mice. Administration of 
compounds 5m and 5s reduce the nNOS activity in a lesser 
extent than melatonin, but they provoked a stronger 
reduction in c-mtNOS activity than that produced by 
melatonin. 

 MPTP administration increases 10 times the cytosol 
iNOS activity in relation to that of control animals. 
Melatonin administration partially counteracts the effect of 
MPTP on iNOS activity, while administration of compounds 
5m and 5s significantly reduces the MPTP-induced iNOS 
activity to control values. On the other hand, MPTP 
increases 2 times the i-mtNOS activity whereas melatonin 
absolutely prevented this effect of MPTP. Interestingly, 
compounds 5m and 5e were much more efficient than 
melatonin in reducing i-mtNOS activity in MPTP-treated 
animals. 

 More in deep studies are needed in order to clarify the 
biological mechanism by which these molecules diminish 
the NOS activities in vivo. At present we are testing two 
possibilities: i) compounds 5m and 5s can be metabolized so 
that their in vivo activity can be due to a common metabolite 
that interacts with iNOS, and ii) these molecules, instead of a 
direct blockade of the NOS activity could modify the 
genomic expression of iNOS (or i-mtNOS), diminishing by 
this indirect route the activity of these enzymes. The last 
possibility seems to be more probable. In fact, melatonin 
exerts some of its functions through its interaction with 
ROR/RZR nuclear receptors [93] and compounds 5a-u could 
behave in a similar way. Even if the molecular mechanism is 
still unknown, compounds 5m and 5s selectively decrease 
the NOS activity due to the inducible isoforms of this 
enzyme in both cytosol and mitochondria. Since i-NOS and 
i-mtNOS are those that suffer higher alteration in several 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (10). Relative NOS activities (%) measured in both the cytosol and mitochondria cell fractions isolated from the SN in mice treated with 
MPTP, MPTP/1, MPTP/5m and MPTP/5s. C represents control animals treated with the vehicle (ethanol/saline). Data represents means ± 
SEM of seven experiments performed by triplicate in homogenates of four SN in each one. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. 
control.  
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physiological disorders, the potentiality of these molecules in 
the development of compounds with interesting pharmaco-
logical properties is clear. 

CONCLUSIONS 

 In this work a series of melatonin synthetic analogs with 
kynurenine, kynurenamine and phenyl-pyrazole structures 
and interesting properties as nNOS inhibitors are presented. 
Structural comparison between the three families of 
compounds, allows establishing a pharmacophore model that 
fulfills all the observed SARs. This model could serve as a 
template for the design of other potential nNOS inhibitors. 
Substitution of the dihydro-pyrazole ring by a pyrrole one 
gives place to the last family of compounds, which show a 
significant smaller nNOS inhibitory activity, but some 
derivatives show interesting results to prevent the increase of 
the inducible NOS activity. Compounds more effective than 
melatonin to reduce the i-mtNOS activity in animals treated 
with MPTP were obtained from these assays, indicating a 
clear potential of these molecules in the development of 
compounds with useful pharmacological properties.  

 At the present, our research is centered in the preparation 
and biological evaluation of new compounds with a more 
lipophilic heterocycle rings (thiadiazole, oxadiazole or 
quinazoline) in order to obtain selectivity towards the 
iNOS/i-mtNOS isoforms. 
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ABREVIATIONS 

AFMK = N1-acetyl-N2-formyl-5-
methoxykynurenamine 

AMK = N1-acetyl-5-methoxykynurenamine 

L-Arg = L-arginine 

CaCaM = calcium-calmodulin 

CaM = calmodulin 

c-mtNOS = constitutive mitochondrial nitric oxide 
synthase 

CNS = central nervous system 

DMF = dimethylformamide 

EGTA = ethylene glycol tetraacetic acid 

eNOS = endothelial nitric oxide synthase 

FAD = flavin adenine dinucleotide 

FMN = flavin mononucleotide 

H4B = tetrahydrobiopterin  

i-mtNOS = inducible mitochondrial nitric oxide 
synthase 

iNOS = inducible nitric oxide synthase 

KYN3OH = kynurenine 3-hydroxylase 

mt-NOS = mitochondrial nitric oxide synthase 

MPTP = 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine 

NADPH = nicotinamide adenine dinucleotide 
phosphate 

NMDA = N-methyl-D-aspartate 

nNOS = neuronal nitric oxide synthase 

NO = nitric oxide 

NOS = nitric oxide synthase 

PAGE = polyacrylamide gel electrophoresis  

SMCx = sensorimotor cortex 

SN = substantia nigra 

REFERENCES 
[1] Thomas, D.D.; Ridnour, L.A.; Isenberg, J.S.; Flores-Santana, W.; 

Switzer, C.H.; Donzelli, S.; Hussain, P.; Vecoli, C.; Paolocci, N.; 
Ambs, S.; Colton, C.A.; Harris, C.C.; Roberts, D.D.; Wink, D.A. 
The chemical biology of nitric oxide: Implications in cellular 
signalling. Free Radical Biol. Med., 2008, 45 (1), 18-31.  

[2] Li, H.; Poulos, T.L. Structure-function studies on nitric oxide 
synthases. J. Inorg. Biochem., 2005, 99, 293-305. 

[3] Nakane, M.; Schmidt, H.H.; Pollock, J. S.; Forstermann, U.; 
Murad, F. Cloned human brain nitric oxide synthase is highly 
expressed in skeletal muscle. FEBS Lett., 1993, 316, 175-180. 

[4] Janssens, S.P.; Shimouchi, A.; Quertermous, T.; Bloch, D.B.; 
Bloch, K.D. Cleaning and expression of a cDNA encoding human 
endothelium-derived relaxing factor/nitric oxide synthase. J. Biol. 
Chem., 1992, 267, 14519-14522. 

[5] Geller, D.A.; Lowenstein, C.J.; Shapiro, R.A.; Nussler, A.K.; Di 
Silvio, M.; Wang, S.C.; Nakayama, D.K.; Simmons, R.L.; Snyder, 
S.H.; Billiar, T.R. Molecular cloning and expression of inducible 
nitric oxide synthase from human hepatocytes. Proc. Natl. Acad. 
Sci. U.S.A., 1993, 90, 3491-3495. 

[6] Cary, S.P.L.; Winger, J.A.; Derbyshire, E.R.; Marletta, M.A. Nitric 
oxide signalling: No longer simply on or off. Trends Biochem. Sci., 
2006, 31 (4), 231-239.  

[7] Aoyagi, M.; Arvai, A.S.; Tainer, J.A.; Getzoff, E.D. Structural 
basis for endothelial nitric oxide synthase binding to calmodulin. 
EMBO J., 2003, 22, 766-775. 

[8] Roman, L.J.; Martasek, P.; Masters, B.S. Intrinsic and extrinsic 
modulation of nitric oxide synthase activity. Chem. Rev., 2002, 
102, 1179-1190. 

[9] Blasko, E.; Charles, B.; Glaser, C.B.; Devlin, J.J.; Xia, W.; 
Feldman, R.I.; Polokoff, M.A.; Phillips, G.B.; Whitlow, M.; Auld, 
D.S.; McMillan, K.; Ghosh, S.; Stuehr, D.J. Parkinson, J.F. 
Mechanistic studies with potent and selective inducible nitric-oxide 
synthase dimerization inhibitors. J. Biol. Chem., 2002, 277, 295-
302. 

[10] Wei, C.C.; Wang, Z.Q.; Arvai, A.S.; Hemann, C.; Hille, R.; 
Getzoff, E.D.; Stuehr, D.J. Structure of tetrahydrobiopterin tunes its 
electron transfer to the heme-dioxy intermediate in nitric oxide 
synthase. Biochemistry, 2003, 42, 1969-1977. 

[11] Stuehr, D.J.; Santolini, J.; Wang, Z.Q.; Wei, C.C.; Adak, S. Update 
on mechanism and catalitic regulation in the NO synthases. J. Biol. 
Chem., 2004, 279, 36167-36170.  

 [12] Cho, H. J.; Xie, Q.W.; Calaycay, J.; Mumford, R.A.; Swiderek, 
K.M.; Lee, T.D.; Nathan, C. Calmodulin is a subunit of nitric oxide 
synthase from macrophages. J. Exp. Med., 1992, 176, 599-604. 

[13] Rosen, G.M.; Tsai, P.; Pou, S. Mechanism of free-radical 
generation by nitric oxide synthase. Chem. Rev., 2002, 102 (4), 
1191-1199. 

[14] Mac Micking, J.; Xie, Q.W.; Nathan, C. Nitric oxide and 
macrophage function. Annu. Rev. Immunol., 1997, 15, 323-350. 



616    Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 7 Camacho et al. 

[15] Huang, Z.; Huang, P.L.; Panahian, N.; Dalkara, Y.; Fishman, M.C.; 
Moskowitz, M.A. Effets of cerebral ischemia in mice deficient in 
neural nitric oxide synthase. Science, 1994, 265, 1883-1885. 

[16] Calabrese, V.; Mancuso, C.; Calvani, M.; Rizzarelli, E.; 
Butterfield, D.A.; Stella, A.M. Nitric oxide in the central nervous 
system: Neuroprotection versus neurotoxicity. Nature Rev. 
Neurosci., 2007, 8 (10), 766-775. 

[17] Wilcock, D.M.; Lewis, M.R.; Van Nostrand, W.E.; Davis, J.; 
Previti, M.L.; Gharkholonarehe, N.; Vitek, M.P.; Colton, C.A. 
Progression of amyloid pathology to  Alzheimer’s disease 
pathology in an amyloid precursor protein transgenic mouse model 
by removal of nitric oxide synthase 2. J. Neurosci., 2008, 28, 1537-
1545.  

[18] Bhargava, H.N. Attenuation of tolerance to, and physical 
dependence on, morphine in the rat by inhibition of nitric oxide 
synthase. Gen. Pharmacol., 1995, 26, 1049-1053. 

[19] Nelson, R.J.; Demas, G.E.; Huang, P.L.; Fishman, M.C.; Dawson, 
V.L.; Dawson, T.M.; Snyder, S.H. Behavioural abnormalities in 
male mice lacking neuronal nitric oxide synthase. Nature, 1995, 
378, 383-386. 

[20] Vallance, P.; Leiper, J. Blocking NO synthesis: How, where, and 
why? Nat. Rev. Drug Discovery, 2002, 1, 939-950. 

[21] Alderton, W.K.; Cooper, C.E.; Knowles, R.G. Nitric oxide 
synthase: Structure, function and inhibition. Biochem. J., 2001, 
357, 593-615. 

[22] Erdal, E.P.; Litzinger, E.A.; Seo, J.; Zhu, Y.; Li, H.; Silverman, 
R.B. Selective neuronal nitric oxide synthase inhibitors. Curr. Top. 
Med. Chem., 2005, 5, 603–624.  

[23] Kobzik, L.; Stringer, B.; Balligand, J.L.; Reid, M.B.; Stamler, J.S. 
Endothelial-type nitric oxide synthase (ec-NOS) in skeletal muscle 
fibers: Mitochondrial relationships. Biochem. Biopys. Res. 
Commun., 1995, 211, 375-381. 

[24] Frandsen, U.; López-Figueroa, M.; Hellsten, Y. Localization of 
nitric oxide synthase in human skeletal muscle. Biochem. Biopys. 
Res. Commun., 1996, 227, 88-93. 

[25] Bates, T.E.; Loesch, A.; Burnstock, G.; Clark, J.B. 
Immunocytochemical evidence for a mitochondrially located nitric 
oxide synthase in brain liver. Biochem. Biopys. Res. Commun., 
1995, 213, 896-900. 

[26] Brookes, P.S. Mitochondrial nitric oxide synthase. Mitochondrion, 
2004, 3, 187-204. 

[27] Ghafourifar, P.; Cadenas, E. Mitochondrial nitric oxide synthase. 
Trends Pharmacol. Sci., 2005, 26, 190-195. 

[28] Escames, G.; León, J.; Macías, M.; Khadly, H.; Acuña-Castroviejo, 
D. Melatonin counteracts lipopolysaccharide-induced expression 
and activity of mitocondrial nitric oxide synthase in rats. FASEB J., 
2003, 17, 932-934. 

[29] Escames, G.; López, L.C.; Ortiz, F.; López, A.; García J.A.; Ros, 
E.; Acuña-Castroviejo, D. Attennuation of cardica motichondrial 
dysfunction by melatonin in septic mice. FEBS J., 2007, 274, 2135-
2147. 

[30] Silverman, R.B. Design of selective neuronal nitric oxide synthase 
inhibitors for the prevention and treatment of neurodegenerative 
diseases. Acc. Chem. Res., 2009, 42, 439451. 

[31] Symons, K.T.; Massari, M.E.; Nguyen, P.M.; Lee, T.T.; Roppe, J.; 
Bonnefous, C.; Payne, J.E.; Smith, N.D.; Noble, S.A.; Sablad, M.; 
Rozenkrants, N.; Zhang, Y.; Rao, T.S.; Shiau, A.K.; Hassig, C.A. 
KLYP956 is a non–imidazole-based orally active inhibitor of 
nitric-oxide synthase dimerization. Mol. Pharmacol., 2009, 76, 
153-162. 

[32] Payne, J.E.; Bonnefous, C.; Symons, K.T.; Nguyen, P.M.; 
Marciano Sablad, M.; Rozenkrants, N.; Yan Zhang, Y.; Wang, L.; 
Yazdani, N.; Shiau, A.K.; Stewart A. Noble, S.A.; Rix, P.; Rao, 
T.S.; Hassig, C.A.; Smith, N.D. Discovery of dual 
inducible/neuronal nitric oxide synthase (iNOS/nNOS) inhibitor 
development candidate 4-((2-Cyclobutyl-1H-imidazo[4,5-
b]pyrazin-1-yl)methyl)-7,8-difluoroquinolin-2(1H)-one (KD7332) 
Part 2: Identification of a novel, potent, and selective series of 
benzimidazole-quinolinone iNOS/nNOS dimerization inhibitors 
that are orally active in pain models. J. Med. Chem., 2010, 53, 
7739-7755. 

[33] Ramnauth, J.; Speed, J.; Maddaford, S.P.; Dove, P.; Annedi, S.C.; 
Renton, P.; Rakhit, S.; Andrews, J.; Silverman, S.; Mladenova, G.; 
Zinghini, S.; Nair, S.; Catalano, C.; Lee, D.K.H.; De Felice, M.; 
Porreca, F. Design, synthesis, and biological evaluation of 3,4-

dihydroquinolin-2(1H)-one and 1,2,3,4-tetrahydroquinoline-based 
selective human neuronal nitric oxide synthase (nNOS) inhibitors. 
J. Med. Chem., 2011, 54, 5562-5575. 

[34] Reiter, R.J. Pineal melatonin: Cell biology of its synthesis and of its 
physiological interactions. Endocrine Rev., 1991, 12, 151-180.  

[35] Hardeland, R.; Pandi-Perumal, S.R.; Cardinali, D.P. Melatonin. Int. 
J. Biochem. Cell Biol., 2005, 38, 313-316. 

[36] Rusak, B.; Yu, G.D. Regulation of melatonin-sensitivity and firing-
rate rhythms of hamster suprachiasmatic nucleus neurons: 
pinealectomy effects. Brain Res., 1993, 602, 200-204. 

[37] Acuña-Castroviejo, D.; Escames, G.; Macias, M.; Muñoz-Hoyos, 
A.; Molina-Carballo, A.; Arauzo, M.; Montes, R.; Vives, F. Cell 
protective role of melatonin in the brain. J. Pineal Res., 1995, 19, 
57-63. 

[38] Fauteck, J.D.; Bockmann, J.; Böckers, T.M.; Wittkowski, W.; 
Köling, R.; Lücke, A.; Straub, H.; Speckmann, E.J.; Tuxhorm, I.; 
Wolf, P.; Pannek, H.; Oppel, F. Melatonin reduces low Mg+2 
epileptiform activity in human temporal slices. Exp. Brain Res., 
1995, 107, 321-325. 

[39] Mor, M.; Plazzi, P.V.; Spadoni, G., Tarzia, G. Melatonin. Curr. 
Med. Chem., 1999, 6, 501-518. 

[40] Escames, G.; Acuña-Castroviejo, D.; Vives, F. Melatonin 
dopamine interaction in the striatal projection area of sensorimotor 
cortex in the rat. NeuroReport, 1996, 7, 597-600. 

[41] Pozo, D.; Reiter, R.J.; Calvo, J.R.; Guerrero, J.M. Physiological 
concentrations of melatonin inhibit nitric oxide synthase in rat 
cerebellum. Life Sci., 1994, 55, 455-460. 

[42] Bettahi, I.; Pozo, D.; Osuna, C.; Reiter, R.J.; Acuña-Castroviejo, 
D.; Guerrero, J. Melatonin reduces nitric oxide synthase activity in 
rat hypothalamus. J. Pineal Res., 1996, 20, 205-210.  

[43] León, J.; Vives, F.; Crespo, E.; Camacho, E.; Espinosa, A.; Gallo, 
M.A.; Escames, G.; Acuña-Castroviejo, D. Modification of nitric 
oxide synthase activity and neuronal response in rat striatum by 
melatonin and kynurenine derivatives. J. Neuroendocrinol., 1998, 
10, 297-302. 

[44] León, J.; Macías, M.; Escames, G.; Camacho, E.; Khadly, H.; 
Martín, M.; Espinosa, A.; Gallo, M.A.; Acuña-Castroviejo, D. 
Structure-related inhibition of calmodulin-dependent  nNOS 
activity by melatonin and synthetic kynurenines. Mol. Pharmacol., 
2000, 58, 957-967. 

[45] Camacho, E.; León, J.; Carrión, A.; Entrena, A.; Escames, G.; 
Khadly, H.; Acuña-Castroviejo, D.; Gallo, M.A.; Espinosa, A. 
Inhibition of nNOS activity in rat brain by synthetic kynurenines: 
Structure-activity dependence. J. Med. Chem., 2002, 45, 263-274. 

[46] Entrena, A.; Camacho, M.E.; Carrión, M.D.; López-Cara, L.C.; 
Velasco, G.; León, J.; Escamez, G.; Acuña-Castroviejo, D.; Tapias, 
V.; Gallo, M.A.; Vivó, A.; Espinosa, A. Kynurenamines as neural 
nitric oxide synthase inhibitors. J. Med. Chem., 2005, 48, 8174-
8181. 

[47] Camacho, M.E.; León, J.; Entrena, A.; Velasco, G.; Carrión, M.D.; 
Escames, G.; Vivó, A.; Acuña-Castroviejo, D. 4,5-Dihydro-1H-
pyrazole derivatives with inhibitory nNOS activity in rat brain: 
Synthesis and structure-activity relationships. J. Med. Chem., 2004, 
47, 5641-5650. 

[48] León, J.; Escamez, G.; Rodríguez, M.I.; López, L.C.; Tapias, V.; 
Entrena, A.; Camacho, E.; Carrión, M.D.; Gallo, M.A.; Espinosa, 
A.; Tan, D.; Reiter, R.J.; Acuña-Castroviejo, D. Inhibition of 
neuronal nitric oxide synthase activity by N1-acetyl-5-
methoxykynurenamine, a brain metabolite of melatonine. J. 
Neurochem., 2006, 98, 2023-2033. 

[49] López-Cara, L. C.; Camacho, M. E.; Carrión, M. D.; Tapias, V.; 
Gallo, M.A.; Escames, G.; Acuña-Castroviejo, D.; Espinosa, A.; 
Entrena, A. Phenylpyrrole derivatives as neural and inducible nitric 
oxide synthase (nNOS and iNOS) inhibitors. Eur. J. Med. Chem., 
2009, 44, 2655-2666. 

[50] Schwarcz, R. Metabolism and function of brain kynurenines. 
Biochem. Soc. Trans., 1993, 21, 77-82.  

[51] Swartz, K.J.; During, M.J.; Freese, A.; Beal, M.F. Cerebral 
synthesis and release of kynurenic acid: an endogenous antagonist 
of excitatory aminoacid receptors. J. Neurosci., 1990, 10, 2965-
2973.  

[52] Stone, T.W.; Perkins, M.N. Quinolinic acid: a potent endogenous 
excitant at amino acid receptors. Eur. J. Pharmacol., 1981, 72, 
411-412.  



Melatonin Synthetic Analogs as Nitric Oxide Synthase Inhibitors Mini-Reviews in Medicinal Chemistry, 2012, Vol. 12, No. 7    617 

[53] Schwarcz, R.; Foster, A.C.; French, E.D.: Whetsell, W.O.; Köhler, 
C. Excitotoxic models for neurodegenerative disorders. Life Sci., 
1984, 35, 19-32.  

[54] Beal, M.F.; Kowal, N.W.; Ellison, D.W.; Mazurek, M.F.; Swartz, 
K.J.; Martin, J.B. Replication of the neurochemical characteristics 
of Huntington’s disease by quinolinic acid. Nature, 1986, 321, 168-
171.  

[55] Saito, K.; Nowak, T.S. Jr.; Markey, S.P.; Heyes, M.P. Mechanism 
of delayed increases in kynurenine pathway metabolism in 
damaged brain regions following transient cerebral ischemia. J. 
Neurochem., 1993, 60, 180-182.  

[56] Heyes, M.P.; Saito, K.; Lackner, A.; Wiley, A.; Achim, C.L.; 
Markey, S.P. Sources of the neurotoxin quinolinic acid in the brain 
of HIV-1-infected patients and retrovirus-infected macaques. 
FASEB J., 1988, 12, 881-896. 

[57] León, J.; Vives, F.; Gómez, I.; Gómez, I.; Camacho, E.; Gallo, 
M.A.; Espinosa, A.; Escames, G.; Acuña-Castroviejo, D. 
Modulation of rat striatal glutamatergic response in search for new 
neuroprotective agents: evaluation of melatonin and some 
kynurenine derivatives. Brain Res. Bull., 1998, 45, 525-530. 

[58] Alexander, G.E.; DeLong, M.R.; Strick, P.L. Parallel organization 
of functionally segregated circuits linking basal ganglia and cortex. 
Annu. Rev. Neurosci., 1986, 9, 357-381. 

[59] Escames, G.; Macías, M.; León, J.; García, J.J.; Khaldy, H.; Martín, 
M.; Vives, F.; Acuña-Castroviejo, D. Calcium-dependent effects of 
melatonin inhibition of glutamatergic response in rat striatum. J. 
Neuroendocrinol., 2001, 13, 459-466. 

[60] Kemp, J.A.; Foster, A.C.; Leeson, P.D.; Priestly, T; Tridgett, R.; 
Iversen, L.L.; Woodruff, G.N. 7-Chlorokynurenic acid is a 
selective antagonist at the glycine modulatory site of the N-methyl-
D-aspartate receptor complex. Proc. Nat. Acad. Sci. U.S.A., 1988, 
85, 6547-6550. 

[61] Carling, R.W.; Leeson, P.D.; Moseley, A.D.; Baker, R.; Foster, 
A.C.; Grimwood, S.; Kemp, J.A.; Marshall, G.R. 2-
Carboxytetrahydroquinolines. Conformational and stereochemical 
requirements for antagonism of the glycine site on the N-methyl-D-
aspartate (NMDA) receptor. J. Med. Chem., 1992, 35, 1942-1953. 

[62] Wu, H.Q.; Lee, S.C.; Schwarcz, R. Systemic administration of 4-
chlorokynurenine prevents quinolinate neurotoxicity in the rat 
hippocampus. Eur. J. Pharmacol., 2000, 390, 267-274. 

[63] Domenico, P. Pharmacology of nitric oxide: Molecular 
mechanisms and therapeutic strategies. Curr. Pharm. Des., 2004, 
10(14), 1667-1676. 

[64] Fujiwara, M.; Shibata, M.; Watanabe, Y.; Nukiwa, T.; Hitara, F.; 
Mizuno, N.; Hayaishi, O. Indoleamine 2,3-dioxygenase. Formation 
of L-kynurenine from L-tryptophan in cultured rabbit pineal gland. 
J. Biol. Chem., 1978, 253, 6081-6085. 

[65] Hitara, F.; Hayaishi, O.; Tokuyama, T.; Seno, S. In vitro and in 
vivo formation of two new metabolites of melatonin. J. Biol. 
Chem., 1974, 249, 1311-1313. 

[66] Kennaway, D.J.; Hugel, H.M. Melatonin binding sites: Are they 
receptors? Mol. Cell. Endocrinol., 1992, 88, C1-9. 

[67] Stone, T.W. Kynurenic acid antagonists and kynurenine pathway 
inhibitors. Exper. Opin. Invest. Drugs, 2001, 10, 633-645.  

[68] Stone, T.W. Kynurenines in the CNS: from endogenous obscurity 
to therapeutic importance. Prog. Neurobiol., 2001, 64, 185-218. 

[69] Knowles, R.G.; Palacios, M.; Palmer, R.M.J.; Moncada, S. 
Formation of nitric oxide from L-arginine in the central nervous 
system: A transduction mechanism for stimulation of the soluble 
guanylate cyclase. Proc. Natl. Acad. Sci. U.S.A., 1989, 86, 5159-
5162. 

[70] Garthwaite, J.; Boulton, C. L. Nitric oxide signaling in the Central 
Nervous System. Annu. Rev. Physiol., 1995, 57, 683-706. 

[71] Dawson, V.L.; Dawson, T.M.; London, E.D.; Bredt, D.S.; Snyder, 
S.H. Nitric oxide mediates glutamate neurotoxicity in primary 
cortical cultures. Proc. Natl. Acad. Sci. USA, 1991, 88, 6368-6371. 

[72] Reiter, R.J.; Melchiorri, D.; Sewerynek, E.; Poeggeler, B.; Barlow-
Walden, L.; Chuang, J.; Ortiz, G.C.; Acuña-Castroviejo, D. A 
review of the evidence supporting melatonin’s role as an 
antioxidant. J. Pineal Res., 1995, 18, 1-11. 

[73] Reiter, R.J. Oxidative damage in the central nervous system: 
Protection by melatonin. Prog. Neurobiol., 1998, 56, 359-384. 

[74] Reiter, R.J.; Guerrero, J.M.; Escames, G.; Pappolla, M.A.; Acuña-
Castroviejo, D. Prophylactic actions of melatonin in oxidative 
neurotoxicity. Ann. NY. Acad. Sci., 1997, 825, 70-78. 

[75] Acuña-Castroviejo, D.; Lowenstein, P.R.; Rosenstein, R.; 
Cardinali, P.D. Diurnal variations of benzodiazepine binding in rat 
cerebral cortex: Disruption by pinealectomy. J. Pineal Res., 1986, 
3, 101-109. 

[76] Acuña-Castroviejo, D.; Reiter, R.J.; Menendez-Pelaez, A.; Pablos, 
M.I.; Burgos, A. Characterization of high-affinity melatonin 
binding sites in purified cell nuclei of rat liver. J. Pineal Res., 1994, 
163, 100-112.  

[77] Gomar, M.D.; Fernández, B.; Del Aguila, C.M.; Castillo, J.L.; 
Luna, J.; Acuña-Castroviejo, D. Influence of the behaviorally 
active peptides ACTH1-10 and ACTH4-10 on the melatonin 
modulation of 3H-flunitrazepam receptor binding in the rat cerebral 
cortex. Neuroendocrinology, 1994, 60, 252-260. 

[78] Castillo-Romero, J.L.; Acuña-Castroviejo, D.; Escamaes, G.; 
Vives, F. Age-related changes of neural responsiveness to 
melatonin in the striatum of sham-operated and pinealectomized 
rats. J. Pineal Res., 1995, 19, 79-86. 

[79] Benítez-King, G.; Huerto-Delgadillo, L.; Antón-Tay, F. Binding of 
3H-melatonin to calmodulin. Life Sci., 1993, 53, 201-207. 

[80] Pozo, D.; Reiter, R.J.; Calvo, J. R.; Guerrero, J. M. Inhibition of 
cerebellar nitric oxide synthase and cyclic GMP production by 
melatonin via complex formation with calmodulin. J. Cell. 
Biochem., 1997, 65, 430-442. 

[81] Smich, M.A.; Vasak, M.; Knipp, M.; Castellani, R.J.; Perry, G. 
Dimethylargininase, a nitric oxide protein, in Alzheimer disease. 
Free Radical Biol. Med., 1998, 25, 898-902. 

[82] Yew, D.T.; Wong, H.W.; Li, W.P.; Lai, H.W.; Yu, W.H. Nitric 
oxide synthase in different areas of normal aged and Alzheimer’s 
brains. Neuroscience, 1999, 89, 675-686. 

[83] Wong, N.K.; Strong, M.J. Nitric oxide synthase expression in 
cervical spinal cord in sporadic amyotrophic lateral sclerosis. Eur. 
J. Cell. Biol., 1998, 77, 338-343. 

[84] Norris, P.J.; Waldvogel, H.J.; Faull, R.L.; Love, D.R.; Emson, P.C. 
Decreased neuronal nitric oxide synthase messenger RNA and 
somatostatin messenger RNA in the striatum of 
 Huntington’s disease. Neuroscience, 1996, 4, 1037-1047. 

[85] SYBYL Molecular Modeling Software, Tripos Inc. 1699 S. Hanley 
Rd, St. Louis, MO 63144-2913; www.tripos.com. 

[86] Clark, M.; Cramer, R. D. III; Van Opdenbosch, N. Validation of 
the General Purpose Tripos 5.2 Force Field. J. Comput. Chem., 
1989, 10, 982-1012. 

[87] (a) Gasteiger, J.; Marsili, M. Tetrahedron, 1980, 36, 3219-3228; (b) 
Marsili, M.; Gasteiger, J. Croat. Chem. Acta, 1980, 53, 601-614; 
(c) Gasteiger, J.; Marsili, M. Organ. Magn. Reson., 1981, 15, 353-
360. 

[88] Powell, M. J. D. Restart Procedure for Conjugate Gradient Method. 
Math. Prog., 1977, 12, 241-254. 

[89] Mayo, J.C.; Sainz, R.M.; Tan, D.X.; Antolin, I.; Rodríguez, C.; 
Reiter, R.J. Melatonin and Parkinson’s disease. Endocrine, 2005, 
27, 169-178. 

[90] López, L.C.; Escames, G.; Tapias, V.; Utrilla, P.; León, J.; Acuña-
Castroviejo, D. Identification of an inducible nitric oxide synthase 
in diaphragm mitochondria from septic mice: its relation with 
mitochondrial dysfunction and prevention by melatonin. Int. J. 
Biochem. Cell. Biol., 2006, 38, 267-278. 

[91] Escames, G.; Lopez, L.C.; Tapias, V.; Utrilla, P.; Reiter, R.J.; 
Hitos, A.B.; Leon, J.; Rodríguez, M. I.; Acuña-Castroviejo, D. 
Melatonin counteracts inducible mitocondrial nitric oxide synthase-
dependent mitocondrial dysfunction in skeletal muscle of septic 
mice. J. Pineal Res., 2006, 40, 71-78. 

[92] Escames, G.; Leon, J.; Lopez, L.C.; Acuña-Castroviejo, D. 
Mechanisms of the NMDA receptor inhibition by melatonin in the 
rat brain striatum. J. Neuroendocrinol., 2004, 16, 929-935. 

[93] Wiesenberg, I.; Missbach, M.; Khalen, J.P.; Schrader, M.; 
Carlberg, C. Transcriptional activation of the nuclear receptor 
RZR’ by the pineal gland hormone melatonin and identification of 
CGP 52608 as a synthetic ligand. Nucleic Acids Res., 1995, 23, 
327-333. 

 
 

Received: September 23, 2011 Revised: February 17, 2012  Accepted: February 19, 2012 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




