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ABSTRACT: N-[(3-Aminomethyl)benzyl]acetamidine derivatives were synthe-
sized and in vitro evaluated as inhibitors of the inducible isoform of nitric oxide
synthase (iNOS). Because of the high potency of action and the excellent
selectivity over the endothelial nitric oxide synthase (eNOS), compound 10 was
ex vivo evaluated on isolated and perfused resistance arteries. The results confirm
that compound 10 selectively inhibits the iNOS, without affecting the
endothelial isoform. The outcome of the docking studies showed that the
hydrophobic interaction is the driving force of the binding process, especially for
iNOS, where the binding pocket is characterized by a significant lipophilic
region.
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Nitric oxide (NO) is a highly diffusible pleiotropic
molecule, involved in the regulation of many biological

processes. It is biosynthesized from L-arginine (L-Arg) by nitric
oxide synthase (NOS), in a two step reaction involving oxygen,
reduced nicotinamide adenine dinucleotide phosphate
(NADPH), and many other cofactors. An essential prerequisite
for NOS activity is the enzyme dimerization, which requires the
cofactor tetrahydrobiopterin (BH4).

1 Under physiological
conditions, the so-called “NO tone” (i.e., the production of
basal NO levels) is mediated by two constitutive NOS
isoforms: the endothelial one (eNOS), mainly expressed in
vascular endothelial cells and responsible for the vasculature
homeostasis,2 and the neuronal one (nNOS), which is involved
in neurotransmission.3 A third NOS isoform, inducible NOS
(iNOS), plays an important role in the defense against
pathogens and is expressed in several cells and tissues,
including endothelial and vascular smooth muscle cells,4 in
response to pro-inflammatory stimuli such as bacterial
endotoxins (LPS), and/or different cytokines and interleukins.5

In contrast to the regulated production of NO by eNOS and
nNOS, iNOS may generate large amounts of NO over long
periods of time, if substrate and cofactors are not limited.4 In
the vascular system, the excessive amount of NO produced by
iNOS is associated with decreased function of eNOS and
subsequent impairment of both vasoconstriction and endothe-
lium-dependent vasorelaxation.6,7 Furthermore, the iNOS-
dependent detrimental overproduction of NO and related
species such as peroxynitrites are implicated also in

pathophysiological conditions such as asthma,8 hypertension,9

inflammatory bowel disease,10 and cancer.11,12 Selective
inhibition of iNOS could therefore represent a feasible
therapeutic strategy to treat the aforementioned and other
conditions, and intense efforts to identify selective iNOS
inhibitors have been carried out.13 According to their different
mechanism of action, these compounds may be divided into
two major groups: molecules targeting the L-Arg binding site
and acting as competitive inhibitors of the natural substrate,
and inhibitors of the enzyme dimerization.14 The first class of
compounds is characterized by the presence of a guanidine-like
moiety, able to mimic the L-Arg guanidine−protein interactions
in the binding site. Owing to their structural similarities with L-
Arg, earlier substrate-competitive inhibitors block the three
isoforms indiscriminately, with unacceptably severe side effects.
Later, several selective non amino acid iNOS inhibitors were
disclosed, many of which are amidines showing remarkable
potency and selectivity of action.15 In this context, we
previously identified new acetamidines able to inhibit iNOS
with a very high selectivity profile over eNOS or nNOS.16−19 In
particular, within a series of compounds structurally related to
the selective iNOS inhibitor N-[(3-aminomethyl)benzyl]-
acetamidine (1400W),20 we found that compounds 1 and 2
showed encouraging in vitro activity against iNOS (IC50 = 0.1 ±
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0.01 and 0.5 ± 0.04, respectively) and high selectivity over
eNOS (Figure 1). A docking study revealed that the benzyl tail

of 1 and 2 extends in the substrate access channel, where the
major differences between NOS isoforms are localized. Indeed,
this specific interaction is responsible for the observed activity
and selectivity,18 confirming that the most important
determinants for the potency and selectivity of the NOS
inhibitors are hydrophobic and charge−charge interactions.21

On this basis, we designed compounds 9−14 (Figure 2),
showing the N-[(3-aminomethyl)benzyl]acetamidine scaffold

linked to an amidoalkyl or amidoaryl moiety, ending with a
carboxylic or amino group. What we expected was that the
hydrocarbon chain of these ligands could provide hydrophobic
contacts, while the ionizable group, exploiting differences
between the isoform non conserved residues, could play a role
in the selectivity toward the eNOS. Here we report the
synthesis of compounds 9−14, together with their in vitro
activity and selectivity. Biological activity and physiological
relevance of selective iNOS inhibition were further evaluated ex
vivo on isolated and perfused resistance arteries. Finally, insights
from a docking study are also discussed.
Synthesis of 9−13 was performed according to Scheme 1.

Monoterbutyl esters of malonic and succinic acids and the
BOC protected amino acids Gly, β-Ala, and GABA were
coupled with N-[(3-aminomethyl)benzyl]acetamidine,21 giving
intermediates 3−7. Acidolysis of 3−7 protecting groups
generated final products 9−13. In order to synthesize 14,
methyl terephthaloyl chloride was coupled with 1400W
affording intermediate 8, which was then hydrolyzed to give
the desiderate compound (Scheme 2).

The synthesized compounds were evaluated for their in vitro
NOS inhibitory activities by measuring the conversion of
[3H]L-arginine to [3H]L-citrulline ([3H]L-Cit), using a radio-
metric method (Table 1). Compound 9, which contains a

malonyl residue, was quite inactive against iNOS (IC50 >10
μM), but interestingly, the homologous compound 10,
containing a succinyl residue, proved to be a potent iNOS
inhibitor (IC50 = 0.428 μM) with an excellent degree of
selectivity with respect to eNOS (IC50 > 1000 μM; eNOS/
iNOS selectivity ratio >2300-fold). The introduction of the
therephthalic residue in compound 14 gave a more potent
iNOS inhibitor (IC50 = 0.165 μM), albeit less selective (eNOS
IC50 = 90.8 μM; eNOS/iNOS selectivity ratio 550-fold).
Comparing these results to potency and selectivity of the parent
compounds 1 and 2, it appears that the main advantage of the
new molecules is their higher selectivity toward iNOS. Anyway,
in comparison with 1400W, new molecules are less selective,
albeit it could be hypothesized that 10 is endowed with a
similar selectivity compared to the lead compound (>2300-fold
vs 3500-fold). Molecules 11−13, containing an ending amino
group instead of the carboxylic one, were quite inactive against
iNOS. These results, supported by docking study, suggest that,
limited to the molecular scaffold used, the carboxylic residue
plays a positive role in anchoring the inhibitors into the iNOS
binding site.

Figure 1. Structures of 1400W and its benzyl derivatives 1 and 2.

Figure 2. Target molecule structures.

Scheme 1. Synthesis of 9−13a

aReagents and conditions: (a) 1400W, iBuOCOCl, NMM, DMFdry,
N2, 0 °C to r.t., 24 h; (b) 4 N HCl, dioxane, r.t., 24 h.

Scheme 2. Synthesis of 14a

aReagents and conditions: (a) 1400W, TEA, DMAP, DMFdry, N2, 0
°C, 6 h; (b) 4 N HCl, dioxane, r.t., 24 h.

Table 1. Inhibition of iNOS and eNOS by 9-14: IC50 and
Selectivity

IC50
a (μM)

compd iNOS eNOS eNOS/iNOS selectivity

9 >10 n.d.
10 0.428 ± 0.032 >1000 >2300
11 >10 n.d.
12 >10 n.d.
13 >10 n.d.
14 0.165 ± 0.008 90.8 ± 7.2 550
1 0.1 ± 0.0118 30 ± 2.518 300
2 0.5 ± 0.0418 100 ± 8.118 200
1400W 0.1 ± 0.095 350 ± 2.4 3500

aValues given are mean ± SD of experiments performed in triplicate at
seven different concentrations.
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Because of the promising in vitro results, chemical and
enzymatic stability of 10 were assessed. Phosphate buffer (pH =
7.4), HCl solution (pH = 2.0), NaOH solution (pH = 9.0), and
human plasma were adopted as media. Immediately after
dissolution and at appropriate time intervals, 5 μL of each
solution was withdrawn and injected into an HPLC apparatus
(Waters, Milford, USA), equipped with a X-Terra C8 column
(Waters), eluted using a mixture of H2O/CH3CN/TFA (25:75
+ 0.1%) and revealed by means of a photodiode array.
Solutions were kept at 37 °C and monitored for 24 h.
Compound 10 proved to be stable in each of the considered
medium, as no loss of product was observed.
Ex vivo assays were then performed to deepen 10 selectivity

profile. In healthy vessels, where iNOS is not expressed, the
selectivity of a prospective iNOS inhibitor may be inferred from
its inability to reduce NO-mediated (eNOS-dependent)
vasodilation. Since acetylcholine (ACh) administration leads
to eNOS activation and subsequent NO-mediated vasodilation
in rat isolated mesenteric arteries,22 inhibition of ACh-mediated
vasorelaxation was evaluated in the absence and in the presence
of 10. The obtained dose−response curves were compared with
those produced under 1400W and Nω-nitro-L-arginine methyl
ester (L-NAME), a selective and unselective NOS inhibitor,
respectively (Figure 3A). As expected, treatment with 1400W
(1 μM/30 min preincubation) did not affect the ACh-induced
vasodilation, whereas L-NAME (100 μM/30 min preincuba-
tion) was able to significantly inhibit the vasodilator effect
produced by ACh at all doses tested (Figure 3A; *p < 0.01 vs
CTRL). Compound 10 was preincubated for 30 min at
concentrations starting from 0.43 μM (IC50 value) and up to

1.2 μM, and its ability to modify ACh-mediated vasodilation
was compared to that elicited by subsequent administration of
L-NAME. At 0.43 μM (Figure 3B) and up to 0.7 μM
concentration (Figure 3C), 10 did not exert any significant
effect on vasodilation in response to ACh. Indeed, under these
conditions, ACh-mediated vasodilation curves in CTRL and
compound 10 groups were comparable. Conversely, L-NAME
almost completely abrogated ACh-mediated vasodilation
(Figure 3B, p < 0.05; C, p < 0.01 vs respective compound 10
curves). When the vessels were coinfused with 10 at
concentrations of 0.85 μM (Figure 3D), a substantial decrease
was observed for vasodilation elicited by the higher doses of
ACh (p < 0.05 vs respective CTRL curve). Starting from
concentrations of 1 μM (Figure 3E) and up to 1.2 μM (Figure
3F), 10 was able to lessen ACh-dependent relaxation (*p <
0.05; **p < 0.01 vs respective CTRL curve), with no additional
difference with respect to the inhibitory effect produced by L-
NAME (Figure 3E-F). Thus, in line with results from
experiments in vitro, concentrations of 10 up to 0.7 μM did
not interfere with physiological activity of eNOS ex vivo.
Compound 10 eNOS/iNOS selectivity was then tested in
vessels from rats treated with bacterial lipopolysaccharide (E.
coli LPS, 30 mg kg−1, i.p.). The endotoxin-induced septic shock
is characterized by hyporeactivity to noradrenaline (NA)-
mediated vasoconstriction that depends on dysregulated
synthesis and release of several vascular mediators, including
IL-1β, TNFα, IL-10, and cyclooxygenase-2-mediated prostaci-
clin. Nevertheless, the abnormal production of NO generated
by iNOS remains a crucial element in the cardiovascular
dysfunction of LPS-treated rats.23 Overexpression of iNOS was

Figure 3. Effects of compound 10 on ACh-mediated NO-dependent vasodilation. Mesenteric vascular arteries (MVA) isolated from SD rats were
contracted to ∼80% of maximal vasoconstriction with 10 μM NA. (A) Dose−response curves for ACh-induced vasorelaxation (0.01−3 μM/30 s)
were obtained in MVA under control conditions and after pretreatment with 1400W (1 μM) and subsequent treatment with L-NAME (100 μM).
(B−F) Dose−response curves for ACh-mediated vasorelaxation were obtained in MVA under control conditions, and after pretreatment with
increasing concentrations of compound 10 and subsequent treatment with L-NAME. Results are mean ± SEM of duplicates from four independent
experiments for each condition. Asterisks refer to significant differences found between indicated curves assessed by two way ANOVA for repeated
measures. *p < 0.05; **p < 0.01 vs L-NAME (panels A−C) or CTRL (panels D−F) curves, respectively.
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observed in the homogenate of aortas isolated from LPS-
treated rats (Figure 4A). Dose−response curves to NA (10
nM−10 μM), obtained in mesenteric vessels from LPS-treated
rats were compared to NA curves obtained under subsequent
administration of 10 (0.43 μM/30 min), L-NAME (100 μM/30
min), and 1400W (1 μM/30 min) (Figure 4). When compared
to CTRL curve, the maximal vasoconstrictor effect (peak effect)

induced by individual doses of NA was slightly but significantly
increased after preincubation with 10 (Figure 4B, *p < 0.05).
This ameliorated NA-induced contraction was comparable to
that obtained under incubation with the selective iNOS
inhibitor 1400W (Figure 4B). With respect to both 10 and
1400W, L-NAME treatment induced a much higher increase in
NA-mediated vasoconstriction (Figure 4B, p < 0.001 vs CTRL;
° p < 0.01 vs compound 10). Similarly, when compared to basal
conditions, the total extent of vasoconstriction induced by NA
(AUC) was substantially increased by 10 and 1400W (Figure
4C: * p < 0.01 vs CTRL), and further enhanced by treatment
with L-NAME (Figure 4C: *p < 0.001 vs. CTRL; ° p < 0.01 vs
compound 10). Thus, biological properties from ex vivo
conditions strongly support the idea that 10 has a selective
inhibitory activity (resembling that of 1400W) toward iNOS
isoforms.
To shed light on the structural basis for the evaluated

potencies and selectivities, we preliminarily considered 9−14
lipophilicity by calculating logP (n-ottanol/water) with MoKa
software.24,25 As expected, ligand lipophilicity increased with
the growth of the hydrocarbon spacer between the amide and
the terminal carboxylic/amino groups. Calculated logP values
are −0.75 for 9, −1.08 for 11, −0.28 for 10, −0.76 for 12,
−0.26 for 13, and 1.89 for 14, and Table S2 in Supporting
Information summarizes such a relationship between the
growth of spacer unit in acyl moiety and the ligand lipophilicity.
Subsequently, a molecular docking study of 9, 10, and 14,

into eNOS and iNOS binding sites, was performed. The
structure of the two isoforms eNOS and iNOS was prepared by
means of Protein Preparation Wizard,26 starting from 1FOI and
1QW5 pdb files, respectively. Docking calculations were
performed employing the XP approach implemented in
Glide,26 and results are summarized in Table 2 together with
the most significant contributions to the XP G score function.25

The best ranking poses of 14 are shown in Figure 5 (other
docking poses in SI).
Similarly to 1400W (see for instance 1QW5 pdb file), all the

ligands interact with the Glu371(2) and Trp366(1) residues of
the iNOS binding site through their acetamidine moiety,
forming two and one H-bonds, respectively. Compounds 9 and
10 show additional interactions of the acyl group, forming two
more hydrogen bonds, one with residue Asn348 and one with
the propionate group of heme. On the other hand, compound
14 shows no additional hydrogen bonds, but the phenyl spacer
shows good contacts in the lipophilic region. It is worth noting
that, although 9 and 10 have a more favorable H-bond
contribution, 14 has a higher Lipophilic EvdW contribution
and, at variance with 9 and 10, shows no conformational
penalty in the binding pose. This result can be visually
appreciated superimposing the ligand poses with the SiteMap25

fields (see Figures in SI): 14 better interacts with the lipophilic
region, and moreover, the terephthalyl moiety is planar, so that
the π electrons are delocalized on all the π-system (amide−
benzene−carboxylate), thus justifying the lack of a conforma-
tional penalty. The 1400W core of 10 docking pose also better
interacts with the lipophilic region, but although the aliphatic
chain of succinyl moiety is located near the lipophilic region,
the alpha C atom has a negative partial charge, resulting in a
bad contact. Moreover, the CH2−CH2 unit shows a gauche
conformation consistent with RotPenalty of 0.983. Finally, 9
has the less favorable XP Lipophilic EvdW and the highest XP
RotPenalty contributions; in the docking pose the benzene
moiety does not properly fit the lipophilic area, and the partial

Figure 4. Effects of compound 10 on NA-induced vasoconstriction.
(A) Aortas were isolated from SD rats injected with vehicle or LPS.
Samples were homogenized and subjected to immunoblotting with
iNOS, eNOS or β-actin antibodies. Representative blot shows
overexpression of iNOS from vessels of LPS-treated, but not of
vehicle-treated animals. (B) Dose−response curves for NA-induced
vasoconstriction (10 nM−10 μM) were obtained in MVA under basal
conditions (CTRL), after pretreatment with compound 10, and after
subsequent treatment with L-NAME and 1400W. Maximal vaso-
constriction to individual NA doses (peak effect) was measured as
perfusion pressure value and expressed in mmHg. (C) Duration of
vasoconstriction obtained with individual NA doses (10 nM−10 μM)
was calculated as area under the curve (AUC) and expressed as
perfusion pressure (mmHg) × time (sec). Values were compared
among curves obtained under CTRL conditions, pretreatment with
compound 10, and subsequent pretreatment with L-NAME and
1400W. Results are mean ± SEM of duplicates from four independent
experiments repeated for each condition. Symbols refer to significant
differences between NA doses under treatment with compound 10 vs
CTRL (*p < 0.05), vs L-NAME (°p < 0.05), and 1400W (†p < 0.05),
respectively.
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negative charged C alpha is immersed into hydrophobic region
leading to an unfavorable interaction. Moreover, the malonyl
moiety is characterized by an eclipsed conformation, as
reflected by the high rotational penalty value.
All three ligands also interact with the eNOS binding site

through the Glu363(2) and Trp358(1) residues, forming three
H-bonds. Ligand 14 forms three more H-bonds through the
Hie373(1) and Arg367(1) residues and the propionic group of
heme cofactor; 10 forms four more H-bonds with Arg374(2)
and Hie373(1) residues and the propionic group of heme(1); 9
forms three more interactions with Ser248(1) and Gln249(2).
However, the hydrocarbon spacer of the acyl moiety points in
the H-bond acceptor region of binding site rather than in the
lipophilic region and cannot establish the hydrophobic
stabilizing interactions observed in iNOS. The order of the
calculated XPscore and Emodel function25 for the docking of
14, 10, and 9 to eNOS are in agreement with experimental
data. Moreover, the values of XPscore and Emodel function for
the docking to eNOS, in particular the XP Lipophilic EvdW
term, are lower than the corresponding values for the docking
to iNOS, in line with the observed selectivity. These results are
consistent with SiteMap calculations (see Table S3 in SI): the
lipophilic area of eNOS binding pocket is smaller (142.1 Å2)
and the hydrophobic interaction has the same importance of
the hydrophilic one (balance = 0.91), even if the latter is
slightly more relevant (Phili = 1.16 against Phobic = 1.06).
In this situation, only a part of the ligand can fit the

hydrophobic region, justifying the smallest contribution of the
XP Lipophilic EvdW to the final XP Gscore function. The
importance of the H-bonds in eNOS binding site is highlighted
by the values of XP H-bond terms, which are higher for eNOS
rather than iNOS. The XP RotPenalty terms calculated for
eNOS binding site are higher than the values obtained for

iNOS for all ligands; in particular the π-system (amide−
benzene−carboxylate) of 14 is not planar, breaking the π-
electron delocalization, while the acyl moieties of 10 and 9 have
an almost eclipsed conformation. Taking into account the
Emodel function also allows to reproduce the relative selectivity
of the three ligands. Indeed, the values of Emodel for the
binding to eNOS is significantly lower than that for the binding
to iNOS, and the largest difference for 10 is consistent with the
experimental data, showing for this ligand the highest eNOS/
iNOS selectivity ratio.
A docking investigation was also performed for 11−13 into

iNOS and eNOS binding sites (results in Table S4 and Figure
S4 in Supporting Information) to try to understand why the
biological activity dramatically changes by replacing the
negative carboxylate group with positive ammonium group.
The analysis of docking poses reveals that the ammonium
group is placed in the donor H bond region, located exactly on
the opposite side of the lipophilic surface. Consequently, for
11−13, the alkyl chain is forced in the hydrophilic region, far
from hydrophobic surface, thus reducing the binding efficiency.
Conversely, for 9, 10, and 14, the negatively charged carboxylic
group is placed in the acceptor H-bond region, which is located
adjacent to the lipophilic region, thus allowing the hydrocarbon
chain to point toward it and stabilize the interaction.
In summary, we have disclosed new potent and selective

iNOS inhibitors. Compounds 10 and 14 showed submicromo-
lar activities (0.428 and 0.165 μM, respectively) and excellent
selectivity over eNOS (>2300- and 550-fold, respectively).
Altogether, findings from in silico, in vitro, and ex vivo
procedures reveal promising properties for these molecules
and support a potential role for future therapeutic applications.
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Table 2. Most Important Terms of XP Gscore Function, Experimental IC50 and Calculated logP(n-Ottanol/Water) for 9, 10,
and 14

iNOS eNOS

properties 14 10 9 14 10 9

IC50 (μM) 0.1651 0.4279 >10 90.82 >10 >10
−log(IC50) 0.7822 0.3687 n.a. −1.9582 n.a. n.a.
XP Gscore −10.073 −9.540 −8.735 −9.998 −9.335 −8.637
XP Hbond −1.976 (3)a −2.439 (5) −2.406 (5) −2.815(6) −3.026(7) −2.639 (6)
XP Lipohilic EvdW −2.733 −2.285 −1.605 −1.966 −1.633 −1.610
XP RotPenal 0.000 0.983 1.076 0.372 1.124 1.076
Emodel −84.296 −81.657 −76.840 −80.296 −73.634 −66.537
glide EVdW −30.901 −28.311 −26.356 −25.808 −24.152 −24.482
log P (n-ottanol/H2O) 1.89 −0.28 −0.75 1.89 −0.28 −0.75

aValues in parentheses are the total number of ligand−receptor H-bonds.

Figure 5. Best ranking pose of 14 in (left) iNOS and (right) eNOS
binding sites. The H-bonds between ligand and receptor are
represented by yellow dotted lines; in gray the side chains involved
in H bonds with ligand, and in orange the cofactor heme.
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