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New amidine-benzenesulfonamides as iNOS inhibitors for 

the therapy of the triple negative breast cancer

Abstract

Triple negative breast cancer (TNBC) is a specific breast cancer subtype, and poor prognosis is associated to 

this tumour when it is in the metastatic form. The overexpression of the inducible Nitric Oxide Synthase 

(iNOS) is considered a predictor of poor outcome in TNBC patients, and this enzyme is reported as a 

valuable molecular target to compromise TNBC progression. In this work, new amidines containing a 

benzenesulfonamide group were designed and synthesized as selective iNOS inhibitors. An in vitro 

biological evaluation was performed to assess compounds activity against both the inducible and 

constitutive NOSs. The most interesting compounds 1b and 2b were evaluated on MDA-MB-231 cells as 

antiproliferative agents, and 1b capability to counteract cell migration was also studied. Finally, an in-depth 

docking study was performed to shed light on the observed potency and selectivity of action of the most 

promising compounds.
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1 Introduction

Breast cancer (BC) is the most prevalent cancer in females worldwide. In 2020, 2.3 million women were diagnosed 

with BC and 685000 deaths were recorded [1], which represents a public health issue. Among the BC subtypes, the 

hormone receptor (HR) positive is the most common one, followed by the human epidermal growth factor receptor 2 

(HER2) positive and the so-called triple negative (TN). Based on the specific subtype, the 5-year survival to not 

metastatic BC can spread from 85% for the TNBC to 99% for the HR positive cancer. These percentages are 

dramatically lower for the metastatic disease, since the overall survival spreads from 4 to 5 years in HR and HER2 

positive patients to about 1 year for the TN subgroup [2]. Considering these alarming data, it is necessary to support 

early screening for patients and provide new therapeutic options.

Nitric oxide (NO) is a small biomolecule which exerts multiple effects on tumor biology [3]. In general, based on the 

tumor micro-environment and on its concentration, NO can affect cell proliferation, migration and apoptosis [4,5]. This 

free radical is biosynthesized by Nitric Oxide Synthase (NOS), an oxido-reductase which is responsible for the 

conversion of L-arginine into L-citrulline and NO in the presence of oxygen, nicotinamide adenine dinucleotide 

phosphate (NADPH) and other cofactors. There are two constitutive NOS isoforms: the endothelial and the neuronal 

NOS (eNOS and nNOS, respectively); the eNOS plays essential roles in the vascular homeostasis, and its uncoupling 

is associated with the development of cardiovascular diseases [6], while the nNOS is mainly implicated in synaptic 

plasticity, learning and memory, and in smooth muscle relaxation [7]. Besides the constitutive NOS isoforms, there is 

also an inducible NOS isoform (iNOS), which is expressed in response to pro-inflammatory stimuli and, therefore, is 

essential in the immune system. However, iNOS can be overexpressed in many disease conditions with uncontrolled 

generation of NO, such as in the inflammatory bowel disease, rheumatoid arthritis, psoriasis, amyotrophic lateral 

sclerosis, and cancer; therefore, the inhibition of iNOS could represent a therapeutic strategy for these pathologies [8,9].

In general, the iNOS overexpression is considered a predictor of poor outcome in TNBC patients, being associated 

with decreased relapse-free survival [10], and different potential TNBC therapeutic targets can be modulated by iNOS [

11]. It was reported that the iNOS inhibition by means of L-NAME and 1400W (Fig. 1) suppressed TNBC 

proliferation and migration both in vitro and in vivo, impairing the EMT transcription factors, HIF1α and the reticulum 

stress/TGFβ/AFT4/ATF3 crosstalk [12]. Moreover, iNOS modulates the EGFR/MAPK pathway, regulating tumor 

progression in a pro-inflammatory environment [13]. From the clinical viewpoint, promising results were obtained from 

a phase 1/2 clinical trial combining the pan-NOS inhibitor L-NMMA with taxane in patients with chemorefractory, 

locally advanced breast cancer and TNBC [14]. At the same time, however, it should be noted that both L-NAME and 

1400W are usually used in TNBC models at very high doses, typically in the mM range [12], and that 1400W has 

never passed clinical trials due to its acute toxicity.

Therefore, the development of safer iNOS inhibitors with ameliorated pharmacokinetic properties is desirable in order 

to have new valuable therapeutic tools to manage TNBC. A major problem in this regard is the lack of proper isoform 

and tissue selectivity for a given iNOS inhibitor. The design of selective compounds is a challenging problem because 

the active sites of the three NOS isozymes are highly conserved. However, modelling studies have highlighted some 

structural differences in the NOS active sites, mainly in the substrate access channel, and they can be exploited by 

introducing lipophilic and ionizable moieties in the ligand structure [15,16]. Very interestingly, an anchored plasticity 

approach has revealed an iNOS-specific pocket which is accessible upon conformational changes of flexible residues [

17]. The introduction of rigid bulky groups in the ligand structure that extend to this specific pocket could finally result 

in isoform-selectivity gain [17].

In past years we have already disclosed different compounds directed against the NOS, highlighting the acetamidines 

CM544 [18] and FAB1020 [16] (Fig. 2) that showed anticancer, immunomodulatory, pro regenerative and 

neuroprotective activities [19–21]. Despite their potency of action against the iNOS and their improved biological 

profile with respect to 1400W, these compounds are still very polar and require to be used at high doses.

alt-text: Fig. 1

Fig. 1

Chemical structure of iNOS inhibitors able to impair TNBC development.

i Images are optimised for fast web viewing. Click on the image to view the original version.



Considering the mentioned possibility to exploit the differences between the NOSs active sites by introducing 

appropriate moieties and based on the results of W1400 in the treatment of TNBC, in the present work we decided to 

modify its leading structure to obtain more lipophilic and bulky potential iNOS inhibitors (Fig. 3). To these aims, the 

acetamidine moiety was replaced by a benzamidine one, and the primary amine was linked to a benzenesulfonamide 

group. The latter is a well-established pharmacophoric element [22,23], and it was selected considering that the 

introduction of both lipophilic and ionizable groups in the structure of a potential iNOS inhibitor, can increase its 

potency and selectivity with respect to the constitutive isoforms [16]. A first set of compounds was prepared by linking 

a 4-methyl- or 4-nitro-benzenesulfonyl group to the primary amine of the 1400W and replacing its acetamidine moiety 

by a substituted benzamidine one (1a-g). A second small set of molecules in which the 4-nitro-benzenesulfonamide 

moiety was connected to the para position of the N-benzylacetamidine (2a) or of a substituted N-benzylbenzamidine 

(2b-d), were synthesized in order to evaluate potential improvements in the biological activity.

The most active iNOS inhibitors 1b and 2b were further investigated as agents able to impair TNBC proliferation and 

migration with selectivity over non tumoral cells. Additionally, a computational study was performed to shed light on 

their binding mode into both iNOS and eNOS active sites. Finally, a microsomal stability assay was carried out on 1b 

in order to predict its bioavailability.

2 Results and discussion

2.1 Chemistry

alt-text: Fig. 2

Fig. 2

Chemical structure of iNOS inhibitors with improved potency of action.

i Images are optimised for fast web viewing. Click on the image to view the original version.
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Fig. 3

Chemical structure of the designed compounds.

i Images are optimised for fast web viewing. Click on the image to view the original version.



Syntheses started with the preparation of the benzimidothioates 3b-d (Scheme 1), which was carried out in refluxing 

CH
2
Cl

2
. These compounds were then used for the preparation of the desired final compounds.

Compounds 1a-g were synthesized as reported in Scheme 2. The m-xylylenediamine was mono Boc-protected by 

means of the di-t-butyl-dicarbonate, and the resulting compound 4 was reacted with 4-methyl or 4-nitro-benzensulfonyl 

chloride, giving the intermediates 5a-b, respectively, in high yields. These compounds were then deprotected in 

standard acidic conditions, obtaining the free base compounds 6a-b that were finally combined with the commercial 

ethyl acetimidate 3a or the benzimidothioates 3b-d, affording 1a-g.

Molecules 2a-d were prepared following Scheme 3, starting from the selective protection of the 4-aminomethyl group 

of 4-aminomethylaniline with di-t-butyl-dicarbonate to obtain the intermediate 7, using the same conditions as those 

reported for 4. Next, compound 7 was reacted with p-nitrobenzenesulfonyl chloride and the obtained sulfonamide 8 

was subsequently deprotected in acidic conditions, and finally condensed with the ethyl acetimidate 3a or the 

benzimidothioates 3b-d.

alt-text: Scheme 1

Scheme 1

Synthesis of benzimidothioates 3b-d. Reagents and conditions: CH2Cl2, reflux, 2 h.

i Images are optimised for fast web viewing. Click on the image to view the original version.

alt-text: Scheme 2

Scheme 2

Synthetic route of novel derivatives 1a-g. Reagents and conditions: a) Boc2O, CH2Cl2, 0 °C, then room temperature (r.t.), 24 h; b) 4-

methyl- or 4-nitro-benzenesulfonyl chloride, triethylamine (TEA), 0 °C, then r.t., 24 h; c) trifluoroacetic acid (TFA), CH2Cl2, 0  °C, 

24 h; d) EtOH, r.t., 24 h.

i Images are optimised for fast web viewing. Click on the image to view the original version.

alt-text: Scheme 3

Scheme 3

i Images are optimised for fast web viewing. Click on the image to view the original version.



2.2 Nitric Oxide Synthase inhibition

All the synthesized compounds were evaluated as iNOS inhibitors, by using the L-citrulline assay with fluorimetric 

detection. Compounds were evaluated at 1  μM against the iNOS, and at 10  μM against the eNOS, in order to 

determine their isoform selectivity. Indeed, this last constitutive enzyme plays essential role in the cardiovasculature, 

and its inhibition must be avoided. The obtained results were expressed as enzyme percent inhibition normalized to 

1400W as the reference compound (positive control, 100% inhibition at 10 μM) and are reported in Table 1.

Table Footnotes

Synthetic route of novel derivatives 2a-d. Reagents and conditions: a) Boc2O, CH2Cl2, TEA, 0  °C, then r.t., 24  h; b) 4-

nitrobenzenesulfonyl chloride, TEA, 0 °C, then r.t., 24 h; c) TFA, CH2Cl2, 0 °C, 24 h; d) EtOH, r.t., 24 h.

alt-text: Table 1

Table 1

iNOS and eNOS inhibition by compounds 1a-g and 2a-d. Results are expressed as enzyme percent inhibition.

Compound

Inhibition (%)
a

iNOS
b

eNOS
c

1a n.a. n.a.

1b 83 ± 3 n.a.

1c 72 ± 2 18 ± 2

1d 59 ± 2 28 ± 2

1e 71 ± 4 35 ± 3

1f 65 ± 3 19 ± 4

1g 72 ± 3 26 ± 2

2a n.a. n.a.

2b 52 ± 4 n.a.

2c 69 ± 3 46 ± 43

2d n.a. n.a.

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely 

purposed for providing corrections to the table. To preview the actual presentation of the table, please view the Proof.

Values given are mean ± SD of three experiments.
a

Evaluated in the presence of 1 μM concentration of each compound.
b

Evaluated in the presence of 10 μM concentration of each compound. n.a. = not active.
c



As for the first family of amidines, compounds 1b-g were all good inhibitors of the iNOS, with enzyme percent 

inhibition ranging from 59% (1d) to 83% (1b). In addition, a moderate eNOS inhibition was observed, except for 1b 

which was completely inactive against this isoform. Interestingly, its corresponding acetamidine 1a did not inhibit both 

the NOS isoforms. Moreover, it was observed that compounds bearing the p-nitro-benzamidine, i.e. 1e-g, while 

retaining a good inhibition of iNOS, were more active against eNOS, compared to their methylated analogues 1b-d. 

Some interesting results were obtained also from compounds 2b-d, with a slight decrease in the inhibition of iNOS 

with respect to the first family of amidines (per cent inhibition were 0%, 52%, and 69%, respectively for compounds 

2a, 2b and 2c). However, molecule 2b resulted a quite selective iNOS inhibitor with respect to eNOS, while its 

corresponding acetamidine 2a was completely inactive.

Based on these data, compounds 1b and 2b were selected for biological evaluations, and their IC
50

 were at first 

evaluated (Table 2). Interestingly, 1b shows an IC
50

 value against iNOS of 0.065 μM, which is very close to that of 

1400W (0.081 μM), and an excellent isoform selectivity with respect to eNOS. Although less potent with respect to the 

reference compound, also 2b confirmed its potency against iNOS, while resulting inactive against eNOS. Considering 

their inhibition potency, both 1b and 2b were further investigated.

Table Footnotes

2.3 1b TNBC antiproliferative effects and selectivity evaluation

Based on the potential role that iNOS plays in TNBC tumor biology, we next evaluated the antiproliferative activity of 

compounds 1b and 2b in a TNBC cell line, using reference compound 1400W as control. MDA-MB-231 cells were 

treated with increasing concentrations of iNOS inhibitors (0.001–100 μM) and cell viability was determined at day 5 

using PrestoBlue reagent. EC
50

 values were calculated from the generated 10-point semilog concentration-response 

curves. As shown in Fig. 4, no reduction in cell viability was observed after treatment with compound 2b up to 

100  μM. Interestingly, compound 1b, that proved higher potency and selectivity than 2b, exhibited greater 

antiproliferative activity with an EC
50

 value of 24.71 μM. On the other hand, compound 1b turned out to be 4-fold 

more active as antiproliferative agent than iNOS inhibitor 1400W which presented an EC
50

 value > 100 μM in this 

assay. These findings demonstrate that the chemical modifications carried out in 1400W structure to obtain compound 

1b have improved dramatically the therapeutic effect of 1400W.

alt-text: Table 2

Table 2

Inhibition of iNOS and eNOS by compounds 1b and 2b: IC50 evaluation.

Compound

IC50 (μM)
a

eNOS/iNOS selectivity

iNOS eNOS

1b 0.065 ± 0.003 >50 >770

2b 0.832 ± 0.025 >50 >60

1400W 0.081 ± 0.02 >50 >617

i The table layout displayed in this section is not how it will appear in the final version. The representation below is solely 

purposed for providing corrections to the table. To preview the actual presentation of the table, please view the Proof.

Values given are mean ± SD of experiments performed in triplicate at seven different concentrations.
a

alt-text: Fig. 4

Fig. 4

i Images are optimised for fast web viewing. Click on the image to view the original version.



In order to investigate whether compound 1b had an anti-proliferative effect selectively on breast cancer cells, we 

performed the same experiment on breast non-tumoral MCF-12A cell line. Cells were treated with increasing 

concentrations of 1b (0.001–100  μM) and cell viability was determined at day 5 by using PrestoBlue reagent. 

Untreated cells (0.1% v/v DMSO) were used as control. As shown in Figure 4, 5-day treatment with compound 1b 

moderately elicited a reduction in cell viability, and the calculated EC
50

 was 78.96 μM, with a 3-fold selectivity ratio 

with respect to the MDA-MB-231 cells. Interestingly, MCF-12A viability was not impaired at 25 μM treatment, while 

only a slight decrease in cells proliferation was observed at 50 μM, being reduced to 91%.

2.4 Wound healing assay

To assess whether compound 1b could prevent migration of TNBC cells, we performed a scratch-wound healing assay. 

Once the wound was made, MDA-MB-231 cells were treated with 1b for 24 h and compared with untreated cells 

(0.1% v/v DMSO). Fig. 5A shows that treatment with compound 1b reduced cell motility. Particularly, the percentage 

of wound closure was 15% lower in TNBC cells treated with 1b than untreated cells (Fig. 5B). This result is consistent 

with previous studies that support that selective iNOS inhibition efficiently decreases migration of TNBC cell line [12].

2.5 1b Microsomal stability evaluation

Some druglikeness, bioavailability and toxicity parameters of 1b were predicted by means of the SwissADME on line 

tool (see Supporting Information), and a quite encouraging pharmacokinetic profile emerged. Moreover, 1b toxicity 

prediction on CYP1A2 and CYP2C19 enzymes showed that the compound is not a substrate of these enzymes, 

although an in depth evaluation should be performed. To confirm 1b metabolic stability, the evaluation of its stability in 

liver microsomes was carried out according to a literature method [24]. Based on the obtained data, the compound 

shows a reasonably metabolic stability, with a t
1/2

 of 38 min and an intermediate in vivo intrinsic (hepatic) clearance 

(CL
int

) of 39,6 mL/min Kg
−1

. These preliminary data warrant further preclinical investigation of 1b in a TNBC model.

2.6 Docking study

Compounds 1b and 2b were selected for docking studies based on their IC
50

 values and observed isoform selectivity. 

PDB IDs 4CX7 and 6AV7, corresponding to human iNOS and eNOS, respectively, were chosen as candidates to 

assess the molecular interactions of both compounds. Docking of compound 1400W was carried out first as a positive 

control on both human NOS isoforms. The obtained binding poses in both proteins match those observed on published 

Antiproliferative activity. A): Concentration-response curves and calculated EC50 values for 1b, 2b and 1400 W against MDA-MB-

231 cells after 5 days of treatment. Error bars: ±SD from n = 3. B): Concentration -response curve of 1b in MCF-12A cells after 5 days 

of treatment. Error bars: ±SD from n = 3.

alt-text: Fig. 5

Fig. 5

Migration assay. (A) Snapshots of the scratch-wound area of MDA-MB-231 cells treated with DMSO and 1b at time zero (left) and 

after 24 h (right). Green lines highlight the gap created by the scratch. (B) Bar graph showing the percentage of wound closure of 

MDA-MB-231 cells after treatment with 1b compared to untreated cell control (DMSO). Error bars: ±SD from n = 3; p ≤ 0.05, * 

(ANOVA).

i Images are optimised for fast web viewing. Click on the image to view the original version.

https://elsevier.proofcentral.com/en-us/4CX7
https://elsevier.proofcentral.com/en-us/6AV7
https://elsevier.proofcentral.com/en-us/4CX7


crystal structures (see  in S.I.). Ligands 1b and 2b were studied next, and their preferred binding poses on 

hiNOS (PDB ID 4CX7) are shown on Fig. 6A. In both ligands, the amidine moiety mimics the guanidinium group of 

the natural substrate L-arginine, stablishing bidentate H-bonds with Glu377 residue and stacking interactions with the 

heme cofactor. However, a difference in the interplanar angle between the inhibitor phenyl ring and heme appears (5° 

for 1b and 35° for 2b), suggesting a better stacking on 1b. As for the rest of the molecule, both inhibitors display their 

p-substituted phenyl rings toward the arginine pocket, although 2b tilts it slightly toward the heme cofactor. Moreover, 

in 1b the benzyl ring forms a stacking interaction with Tyr373, while in 2b it sits away from Tyr373 and toward 

Gln263, with whom it forms a stacking interaction. On the other hand, the p-methyl-substituted phenylsulfonimide tail 

of 1b is H-bonding Asp382 and establishing a cation-stacking interaction with Arg388, while the p-nitrophenyl ring of 

2b is placed in between Arg381 and the heme propionate A.

On human eNOS (PDB ID 6AV7), a different interaction pattern can be seen for inhibitors 1b and 2b (Fig. 6B). Here, 

both compounds display their amidine group toward Glu361, but only 1b can establish bidentate H-bonds with Glu361 

although not in a coplanar orientation. Therefore, the inhibitor loses its capacity to properly H-bond Glu361 

undermining the stability of the complex.

An isozyme-specific pocket has been described on iNOS. This pocket results from conformational changes of 

conserved first-shell (Gln263, Arg266) and second-shell (Asn283) residues upon inhibitor binding, and are in the end 

allowed by the less bulky, and iNOS isozyme specific, third-shell residues Val305 and Phe286 [25]. The opening and 

closing of this pocket is ultimately determined by the movement of Arg266 and Gln263, the former an essential residue 

that participates, together with Tyr373 and Glu377, in the binding of the natural substrate L-arginine [26]. Our docking 

results on iNOS show that both inhibitors 1b and 2b take advantage of the open-pocket conformation, inserting their 

middle phenyl ring in this cavity and allowing inhibitor 1b to form an extra H-bond, through its sulfonimide moiety, 

with the iNOS-specific Asp382 (Fig. 7). This interaction might support its high selectivity toward iNOS and the nM 

IC
50

 value showed on in vitro assays. On eNOS, however, this pocket is closed, forcing the inhibitors middle phenyl 

ring and tails to pose underneath the heme cofactor and toward the opposite side of the catalytic site entrance, 

disrupting the effectiveness of the benzamidine binding on the catalytic site and supporting their low eNOS selectivity.

Fig. S3

alt-text: Fig. 6

Fig. 6

Superposition of predicted binding poses of 1b (white) and 2b (green) on human iNOS (PDB ID 4CX7, tan. 5A) and human eNOS (pdb 

ID 6AV7, blue. 5B). Hydrogen bonds are represented by dashed yellow lines.

i Images are optimised for fast web viewing. Click on the image to view the original version.
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Fig. 7

i Images are optimised for fast web viewing. Click on the image to view the original version.
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Moreover, a 10 ns molecular dynamic simulation was also carried out on the docked pose of 1b on iNOS, and their 

results further sustain its stability and specificity toward this isozyme. In particular, this simulation demonstrates the 

stability of the amidine-Glu377 and sulfonamide-Asp382 H-bonds seen in the docked pose, and the generation of a 

new H-bond interaction between the amidine and the carbonyl group in the backbone chain of Trp372 (see  in 

Supporting Info). This interaction, not initially present in the docking pose of 1b on iNOS, is characteristic when the 

natural substrate, L-arginine, binds the catalytic site of NOS enzymes, hence supporting the predicted binding pose of 

1b on iNOS and its selectivity toward this isoform (see Supporting Info for more details).

3 Conclusion

The inhibition of iNOS is considered a promising approach to ameliorate the standard chemotherapy of patients with 

TNBC, and although many different iNOS inhibitors with excellent selectivity profile were reported to date [17], no 

clinically approved iNOS inhibitor is currently available. Therefore, it appears urgent to find new candidates directed 

against the iNOS and develop them for the TNBC therapy. In the present work, we make a significant contribution to 

this field, reporting the design and synthesis of new amidines bearing a benzenesulfonyl moiety able to inhibit the 

iNOS isozyme. Compound 1b emerged as the most interesting compound, since it is a potent and selective iNOS 

inhibitor (IC
50
  =  0.065  μM), and a promising antiproliferative agent against the TNBC cell line MDA-MB-231 

(EC
50
 = 24.71 μM). Noteworthy, at this concentration 1b had no effect on non-tumoral cells MCF-12A, thus revealing 

the promising tumor-cell specificity of this compound. Moreover, this compound compromises the MDA-MB-231 cells 

migration, and therefore it could be able to inhibit the TNBC invasiveness. Compared to the 1400W activity against 

TNBC, a general and significant improved was obtained, in terms of potency of action of 1b with respect to the 

reference compound. The performed docking study sheds light on the binding mode of the new amidines into the iNOS 

and eNOS catalytic sites and suggests that 1b is a stable and specific iNOS isoform inhibitor. Moreover, 1b shows 

good predicted pharmacokinetic properties (Supporting information, ) with no presumable Central Nervous 

System side effects and displays a reasonable metabolic stability, although an in-depth evaluation by means of 

qualitative nucleophile trapping assays is necessary to establish if toxic metabolites are generated. In light of the 

collected results, 1b can be considered a candidate for the pre-clinical development and a valuable potential agent for 

the therapy of TNBC.

4 Experimental

4.1 Chemistry

4.1.1 General methods and materials

All starting materials, reagents and solvents, were commercially available. 
1
H NMR and 

13
C NMR spectra were 

obtained using Bruker Avance NEO spectrometers with Smart Probe BBFO equipped, operating at 400.57 MHz for 

1
H and 100.73 MHz for 

13
C, in the deuterated solvents. Chemical shifts are reported in ppm (δ ppm) and are referenced 

to the residual solvent peak. HRMS was conducted on a Waters LCT Premier Mass Spectrometer. Melting points were 

determined on an electrothermal melting point apparatus and were uncorrected.

4.1.2 Synthesis of tert-butyl (3-(3-aminomethyl)benzyl)carbamate 4 [18]

A solution of di-tert-butyl dicarbonate (13.7 mmol) in DCM (45 mL) was added dropwise to a solution of 1,3-

phenylenedimethanamine (55 mmol) in DCM (30 mL) cooled to 0 °C. Afterward, the reaction mixture was warmed to 

r.t. and stirred overnight. The crude was filtered and the filtrate was evaporated under reduced pressure. The residue 

obtained was then solubilized in AcOEt (20 mL) and washed with brine (3 × 20 mL), dried over anhydrous Na
2
SO

4
, 

filtered and evaporated. Finally, the crude was purified by flash chromatography (CH
2
Cl

2
/MeOH 9:1) saturated with 

NH
4
OH. The compound was obtained as a pale yellow oil; 69% yield.

4.1.3 Synthesis of tert-butyl (3-aminobenzyl)carbamate 7 [27]

Surface representation of the docking pose of inhibitors 1b (white) and 2b (green) on the open conformation of human iNOS isozyme 

(PDB ID 4CX7). Pocket surface is colored in purple. H-bonds are represented by dashed yellow lines.

Fig. S5

Table S1

https://elsevier.proofcentral.com/en-us/4CX7


A solution of di-t-butyl dicarbonate (19.6 mmol) in CH
2
Cl

2
 (30 mL) was added dropwise to a cooled (0 °C) solution of 

4-aminobenzylamine (19.6 mol) in CH
2
Cl

2
 (35 mL) and TEA (39.3 mmol). After the addition, the reaction mixture 

was warmed to r.t. and stirred overnight. It was subsequently washed with saturated NH
4
Cl solution (3 × 30 mL), dried 

over anhydrous Na
2
SO

4
, filtered and evaporated. The crude was used without further purification. Orange solid; 98% 

yield.

4.1.4 General method for the synthesis of the Boc-protected sulfonamide intermediates 5a-b and 

8

A solution of p-toluenesulfonyl chloride or p-nitrobenzenesulfonyl chloride (9.5 mmol) in DCM (17 mL) cooled to 

0 °C, was added dropwise to a solution of the amine 4 or 7 (8.6 mmol) and TEA (17.2 mmol) in CH
2
Cl

2
 (85 mL), 

under magnetic stirring. After the addition, the reaction mixture was warmed to r.t. and stirred for 24 h. The crude was 

then washed with 5% NaHCO
3
 solution (2 × 80 mL) and with brine (80 mL), dried over anhydrous Na

2
SO

4
, filtered 

and evaporated. The residue obtained was purified by flash chromatography or recrystallization.

Tert-butyl (3-(((4-methylphenyl)sulfonamido)methyl)benzyl)carbamate 5a. Purification by flash chromatography 

(hexane/AcOEt 7:3). Colorless solid; 83% yield. 
1
H NMR (400 MHz, CDCl

3
): δ 1.47 (s, 9H), 2.45 (s, 3H), 4.12 (s, 

2H), 4.23 (s, 2H), 4.84 (bs, 1H), 4.94 (bs, 1H), 7.10–7.13 (m, 2H), 7.18 (dt, 1H, J = 1.5 Hz, J = 7.7 Hz), 7.25 (t, 1H, 

J = 7.5 Hz), 7.32 (d, 2H, J = 8.0 Hz), 7.76 (d, 2H, J = 8.3 Hz). 
13

C NMR (100 MHz, CDCl
3
): δ 21.54, 28.41, 44.41, 

47.16, 79.68, 126.86, 126.95, 127.21, 128.97, 129.74, 136.72, 136.93, 139.50, 143.53, 155.89. HRMS (ESI): m/z 

calcd for C
20

H
26

N
2
O

4
NaS [M+Na]

+
: 413.1511; found 413.1531.

Tert-butyl (3-(((4-nitrophenyl)sulfonamido)methyl)benzyl)carbamate 5b. Purification by recrystallization with MeOH. 

White solid; 85% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 1.40 (s, 9H), 3.18 (d, 2H, J = 4.7 Hz), 4.05 (s, 2H), 7.04–

7.09 (m, 3H), 7.18 (t, 1H, J = 7.5 Hz), 7.37 (t, 1H, J = 6.2 Hz), 7.98 (d, 2H, J = 8.5 Hz), 8.35 (d, 2H, J = 8.8 Hz), 

8.54 (s, 1H). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 28.72, 43.69, 46.73, 78.28, 124.86, 126.28, 126.54, 126.78, 128.51, 

128.67, 137.44, 140.74, 146.90, 149.86, 156.25. HRMS (ESI): m/z calcd for C
19

H
23

N
3
O

6
NaS [M+Na]

+
: 444.1205; 

found 444.1205.

Tert-butyl (4-((4-nitrophenyl)sulfonamido)benzyl)carbamate 8. Purification by flash chromatography (DCM/AcOEt, 9: 

1). Yellow solid; 80% yied. 
1
H NMR (400 MHz, CDCl

3
): δ 1.47 (s, 9H), 4.27 (s, 2H), 4.90 (bs, 1H), 7.04 (d, 2H, 

J = 8.0 Hz), 7.18 (d, 2H, J = 8.0 Hz), 7.94 (d, 2H, J = 8.5 Hz), 8.29 (d, 2H, J = 8.5 Hz). 
13

C NMR (100 MHz, 

CDCl
3
): δ 28.40, 43.91, 79.90, 122.64, 124.28, 128.45, 128.52, 134.52, 137.30, 144.80, 150.23, 156.02. HRMS 

(ESI): m/z calcd for C
18

H
20

N
3
O

6
S [M − H]

-
: 406.1073; found 406.1061.

4.1.5 General method for the synthesis of the amines 6a-b and 9

TFA (58.8 mmol) was added at 0 °C to a solution in CH
2
Cl

2
 (36 mL) of the suitable Boc-protected sulfonamide 

intermediate 5a-b or 8 (5.9 mmol) and the resulting reaction mixture was stirred overnight at r. t. Afterward, the crude 

was basified with 40% NaOH to pH = 14 and left under stirring for another 30 min at r.t. The aqueous phase was then 

separated from the organic phase and extracted with CH
2
Cl

2
 (2 × 15 mL). The combined organic phases were finally 

washed with brine (50 mL), dried over anhydrous Na
2
SO

4
, filtered and evaporated. The residue was purified through 

the procedure described below.

N-(3-(aminomethyl)benzyl)-4-methylbenzenesulfonamide 6a. Purification by flash chromatography (CH
2
Cl

2
/MeOH 

9:1). Colorless oil; 86% yield. 
1
H NMR (400 MHz, CDCl

3
): δ 2.44 (s, 3H), 3.52 (bs, 2H), 3.76 (s, 2H), 4.09 (s, 2H), 

7.07–7.24 (m, 4H), 7.30 (d, 2H, J = 8.3 Hz), 7.77 (d, 2H, J = 8.3 Hz). 
13

C NMR (100 MHz, CDCl
3
): δ 21.53, 45.58, 

47.07, 126.70, 126.92, 127.19, 128.87, 129.72, 136.94, 137.00, 141.92, 143.43. HRMS (ESI): m/z calcd for 

C
15

H
19

N
2
O

2
S [M+H]

+
: 291.1167; found 291.1173.

N-(3-(aminomethyl)benzyl)-4-nitrobenzenesulfonamide 6b. Purification by recrystallization with MeOH. White solid; 

71% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 3.63 (s, 2H), 4.05 (s, 2H), 7.03–7.18 (m, 4H), 8.00 (d, 2H, J = 8.2 Hz), 

8.36 (d, 2H, J = 8.4 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 45.91, 46.82, 124.88, 126.09, 126.42, 126.88, 128.52, 

128.55, 137.25, 144.61, 146.99, 149.83. HRMS (ESI): m/z calcd for C
14

H
16

N
3
O

4
S [M+H]

+
: 322.0862; found 

322.0881.

N-(4-(aminomethyl)benzyl)-4-nitrobenzenesulfonamide 9. Purification by recrystallization with MeOH. Yelow solid; 

77% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 3.70 (s, 2H), 6.82 (d, 2H, J = 8.0 Hz), 7.00 (d, 2H, J = 8.0 Hz), 7.90 

(d, 2H, J = 8.3 Hz), 8.21 (d, 2H, J = 8.3 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 43.83, 121.09, 124.03, 127.24, 

127.94, 128.94, 148.04, 148.27, 153.43. HRMS (ESI): calcd for C
13

H
12

N
3
O

4
S [M − H]

+
: 306.0549; found 306.0558.

4.1.6 General method for the synthesis of the benzyl-benzimidothioates 3b-d

A solution of benzyl bromide (2.5 mmol) in CH
2
Cl

2
 (2 mL) was added dropwise at r.t. to a solution of the appropriate 

commercially available benzothioamide (benzothioamide, 4-chlorobenzothioamide, 4-(trifluoromethyl)benzothioamide) 



(2.4 mmol) in DCM (5 mL). The reaction mixture was refluxed for 2 h. Subsequently, the solvent was removed under 

reduced pressure and the residue was purified by crystallization with Et
2
O.

Benzylbenzimidothioate hydrobromide 3b [28]. White solid; mp: 194–196 °C; 97% yield.

Benzyl 4-chlorobenzimidothioate hydrobromide 3c [29]. White solid; mp: 182–184 °C; 95% yield.

Benzyl 4-(trifluoromethyl)benzimidothioate hydrobromide 3d [30]. White solid; mp: 147–145 °C; 90% yield.

4.1.7 General method for the synthesis of the final compounds 1a-g and 2a-d

The amines 6a-b or 9 (1.3 mmol) were dissolved in EtOH or acetone (8 mL); then, ethyl acetimidate hydrochloride 3a 

or the benzimidothioates 3b-d (1.0 mmol) were added. The mixture was stirred for 24 h at r.t. Afterward, the reaction 

mixture was evaporated under reduced pressure and the residue was purified by flash chromatography (CH
2
Cl

2
/MeOH 

9:1).

N-(3-(((4-methylphenyl)sulfonamido)methyl)benzyl)acetamidine hydrochloride 1a. Pale yellow solid; mp: 123–125 °C; 

88% yield. 
1
H NMR (400 MHz, (CD

3
)
2
CO): δ 2.42 (s, 3H), 2.45 (s, 3H), 4.07 (d, 2H, J = 7.0 Hz), 4.66 (d, 2H, 

J = 6.8 Hz), 7.23–7.39 (m, 6H), 7.83 (d, 2H, J = 8.3 Hz). 
13

C NMR (100 MHz, (CD
3
)
2
CO): δ 18.41, 20.56, 45.79, 

46.57, 126.91, 127.13, 127.42, 127.79, 128.59, 129.48, 135.02, 138.25, 142.73, 164.81. HRMS (ESI): m/z calcd for 

C
17

H
22

N
3
O

2
S [M+H]

+
: 332.1433; found 332.1452.

N-(3-(((4-methylphenyl)sulfonamido)methyl)benzyl)benzamidine hydrobromide 1b. Pale yellow solid; mp: 137–140 °C; 

98% yield. 
1
H NMR (400 MHz, (CD

3
)
2
CO): δ 2.39 (s, 3H), 4.06 (s, 2H), 4.92 (s, 2H), 7.23 (d, 2H, J = 5.0 Hz), 7.35 

(d, 2H, J = 7.8 Hz), 7.50–7.71 (m, 5H), 7.81 (d, 2H, J = 8.3 Hz), 8.07 (d, 2H, J = 7.2 Hz). 
13

C NMR (100 MHz, 

(CD
3
)
2
CO): δ 20.57, 45.97, 46.53, 126.98, 127.12, 127.41, 127.89, 128.45, 128.58, 128.62, 129.01, 129.48, 133.71, 

135.36, 138.21, 138.23, 142.80, 163.30. HRMS (ESI): m/z calcd for C
22

H
24

N
3
O

2
S [M+H]

+
: 394.1589; found 

394.1544.

4-Chloro-N-(3-(((4-methylphenyl)sulfonamido)methyl)benzyl)benzamidine hydrobromide 1c. Pale yellow solid; mp: 

180–182 °C; 71% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 2.39 (s, 3H), 3.96 (d, 2H, J = 6.2 Hz), 4.67 (s, 2H), 7.22–

7.25 (m, 1H), 7.33–7.41 (m, 5H), 7.72 (dd, 4H, J = 5.2 Hz, J = 8.3 Hz), 7.82–7.84 (m, 2H), 8.14 (t, 1H, J = 6.3 Hz). 

13
C NMR (100 MHz, DMSO‑d

6
): δ 21.45, 46.10, 46.38, 126.99, 127.03, 127.24, 127.53, 128.19, 129.09, 129.47, 

130.11, 130.80, 135.76, 138.19, 138.71, 138.87, 142.90, 162.95. HRMS (ESI): m/z calcd for C
22

H
23

N
3
O

2
SCl 

[M+H]
+
: 428.1200; found 428.1201.

N-(3-(((4-methylphenyl)sulfonamido)methyl)benzyl)-4-trifluoromethyl)benzamidine hydrobromide 1d. Pale yellow 

solid; mp: 223–225 °C; 86% yield. 
1
H NMR (400 MHz, CD

3
OD): δ 2.33 (s, 3H), 3.97 (s, 2H), 4.59 (s, 2H), 7.14–

7.35 (m, 6H), 7.64 (d, 2H, J = 8.3 Hz), 7.83 (d, 2H, J = 8.5 Hz), 7.88 (d, 2H, J = 8.4 Hz). 
13

C NMR (100 MHz, 

CD
3
OD): δ 20.07, 46.09, 46.36, 123.52 (q, J = 272.0 Hz), 125.93 (q, J = 3.9 Hz), 126.61, 126.67, 126.80, 127.47, 

128.81, 128.84, 129.38, 132.96, 134.47, 137.64, 138.87, 143.34, 163.79. HRMS (ESI): m/z calcd for C
23

H
23

N
3
O

2
SF

3
 

[M+H]
+
: 462.1463; found 462.1474.

N-(3-(((4-nitrophenyl)sulfonamido)methyl)benzyl)benzamidine hydrobromide 1e. Pale yellow solid; mp: 224–226 °C; 

77% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.09 (s, 2H), 4.67 (s, 2H), 7.19–7.36 (m, 4H), 7.62–7.82 (m, 5H), 8.04 

(d, 2H, J = 8.3 Hz), 8.38 (d, 2H, J = 8.2 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 45.90, 46.45, 124.97, 127.00, 

127.25, 127.55, 128.57, 128.72, 129.13, 129.44, 129.49, 133.89, 136.06, 138.29, 146.81, 149.92, 163.81. HRMS 

(ESI): m/z calcd for C
21

H
21

N
4
O

4
S [M+H]

+
: 425.1284; found 425.1273.

4-Chloro-N-(3-(((4-nitrophenyl)sulfonamido)methyl)benzyl)benzamidine hydrobromide 1f. Pale yellow solid; mp: 185–

187 °C; 70% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.09 (s, 2H), 4.66 (s, 2H), 7.19–7.35 (m, 4H), 7.73 (d, 2H, 

J = 8.7 Hz), 7.83 (d, 2H, J = 8.7 Hz), 8.04 (d, 2H, J = 8.8 Hz), 8.38 (d, 2H, J = 8.9 Hz), 8.65 (bs, 1H). 
13

C NMR 

(100 MHz, DMSO‑d
6
): δ 46.03, 46.44, 124.96, 127.09, 127.34, 127.60, 128.20, 128.57, 129.14, 129.48, 130.77, 

135.84, 138.31, 138.73, 146.81, 149.92, 162.90. HRMS (ESI): m/z calcd for C
21

H
20

N
4
O

4
SCl [M+H]

+
: 459.0894; 

found 459.0925.

N-(3-(((4-nitrophenyl)sulfonamido)methyl)benzyl)-4-trifluoromethyl)benzamidine hydrobromide 1g. Pale yellow solid; 

mp: 168–170 °C; 77% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.10 (s, 2H), 4.69 (s, 2H), 7.20–7.37 (m, 4H), 8.03–

8.06 (m, 6H), 8.38 (d, 2H, J = 8.5 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 46.24, 46.44, 124.92 (q, J = 272.0 Hz), 

124.95, 126.24 (q, J = 3.8 Hz), 127.15, 127.40, 127.61, 128.58, 129.14, 129.99, 133.54, 135.82, 138.30, 146.81, 

149.92, 162.76. HRMS (ESI): m/z calcd for C
22

H
20

N
4
O

4
SF

3
 [M+H]

+
: 493.1157; found 493.1180.

N-(4-((4-nitrophenyl)sulfonamido)benzyl)acetamidine hydrochloride 2a. Pale yellow solid; mp: 145–147  °C; 86% 

yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 2.18 (s, 3H), 4.36 (d, 2H, J = 5.0 Hz), 7.14 (d, 2H, J = 8.2 Hz), 7.25 (d, 2H, 

J = 8.2 Hz), 8.03 (d, 2H, J = 8.4 Hz), 8.39 (d, 2H, J = 8.4 Hz), 8.70 (s, 1H), 9.18 (s, 1H). 
13

C NMR (100 MHz, 

DMSO‑d
6
): δ 19.19, 45.12, 121.13, 125.16, 128.77, 129.40, 131.90, 137.14, 145.49, 150.34, 164.69. HRMS (ESI): 

m/z calcd for C
15

H
17

N
4
O

4
S [M+H]

+
: 349.0971; found 349.0967.



N-(4-((4-nitrophenyl)sulfonamido)benzyl)benzamidine hydrobromide 2b. Pale yellow solid; mp: 140–143  °C; 84% 

yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.59 (s, 2H), 7.16 (d, 2H, J = 8.3 Hz), 7.33 (d, 2H, J = 8.2 Hz), 7.59–7.77 

(m, 5H), 8.04 (d, 2H, J = 8.6 Hz), 8.38 (d, 2H, J = 8.6 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 45.59, 121.17, 

125.14, 128.71, 128.76, 129.22, 129.39, 131.94, 133.88, 137.22, 145.61, 150.31, 163.81. HRMS (ESI): m/z calcd for 

C
20

H
19

N
4
O

4
S [M+H]

+
: 411.1127; found 411.1127.

4-Chloro-N-(4-((4-nitrophenyl)sulfonamido)benzyl)benzamidine hydrobromide 2c. Pale yellow solid; mp: 204–206 °C; 

70% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.59 (s, 1H), 7.16 (d, 2H, J = 8.1 Hz), 7.35 (d, 2H, J = 8.1 Hz), 7.70 

(d, 2H, J = 8.4 Hz), 7.80 (d, 2H, J = 8.2 Hz), 8.04 (d, 2H, J = 8.5 Hz), 8.38 (d, 2H, J = 8.5 hz). 
13

C NMR (100 MHz, 

DMSO‑d
6
): δ 45.72, 121.14, 125.14, 128.13, 128.77, 129.33, 129.42, 130.78, 131.86, 137.28, 138.68, 145.57, 

150.30, 162.79. HRMS (ESI): m/z calcd for C
20

H
18

N
4
O

4
SCl [M+H]

+
: 445.0737; found 445.0729.

N-(4-((4-nitrophenyl)sulfonamido)benzyl)-4-trifluoromethyl)benzamidine hydrobromide 2d. Pale yellow solid; mp: 

137–139 °C; 72% yield. 
1
H NMR (400 MHz, DMSO‑d

6
): δ 4.59 (s, 2H), 7.16 (d, 2H, J = 8.3 Hz), 7.35 (d, 2H, 

J = 8.2 Hz), 7.95–8.05 (m, 6H), 8.39 (d, 2H, J = 8.7 Hz). 
13

C NMR (100 MHz, DMSO‑d
6
): δ 45.89, 121.12, 125.16, 

126.22 (q, J = 3.8), 127.90 (q, J =  271.0 Hz), 128.77, 129.40, 129.99, 131.72, 133.44, 137.19, 145.52, 150.34, 

162.84. HRMS (ESI): m/z calcd for C
21

H
18

N
4
O

4
SF

3
 [M+H]

+
: 479.1001; found 479.1039.

4.2 Biology

4.2.1 NOS inhibition assay

Recombinant human iNOS was purchased from Enzo Life Sciences, Inc. (New York, USA). Recombinant bovine 

eNOS was purchased from Cayman Chemical (Ann Arbor, USA). To measure iNOS activity, 10 μL of enzyme stock 

solution were added to 80 μL of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer pH = 7.4, 

100 mM, containing 0.1 mM CaCl
2
, 1 mM D,L-dithiothreitol (DTT), 0.5 mg/mL BSA, 10 μM flavin mononucleotide 

(FMN), 10 μM flavin adenine dinucleotide (FAD), 30 μM tetrahydrobiopterin (BH4), 10 μg/mL calmodulin (CaM), 

10 μM L-Arg. For the eNOS activity evaluation, 25 μL of the enzyme stock solution were added to 65 μL of HEPES 

buffer containing 2 mM CaCl
2
 and the same cofactors cocktail used for the iNOS assay Then, 10 μL of the test 

compound solution or 1400 W (0.1–100 μM) were added to the enzyme assay solution, followed by pre-incubation of 

15 min at 37 °C. Each reaction was initiated by the addition of 10 μL of NADPH 7.5 mM, carried out at 37 °C for 

30 min, and stopped by adding 500 μL of ice-cold CH
3
CN. The mixture was brought to dryness under vacuum and 

eventually stored at −20 °C, before the HPLC analysis.

4.2.2 HPLC analysis of the NOS assays

The analysis were performed according to a previously reported method [31], with minor modifications. The o-

phthalaldehyde-N-acetylcysteine (OPA/NAC) reagent for fluorescence derivatization of the NOS reaction mixtures was 

prepared with the molar ratios of 1:3, reacting 5 mL of methanolic OPA solution and 20 mL of 0.2 M borate buffer 

containing 0.1 g of NAC for 90 min to final pH 9.3 ± 0.05. The OPA/NAC solution was stored at 4 °C and saved for 

no longer than seven days. 600  μL of HPLC grade water was added to the residue of the enzymatic assay and 

centrifuged at 6000 rpm for 20 min. The fluorescence reaction is realized stirring 190 μL of supernatant and 60 μL of 

OPA/NAC solution for 5 min. HPLC analyses were performed using a Waters (Milford, MA, USA) system composed 

of a P600 model pump, a 2996 photodiode array detector, a 2475 multi-fluorescence detector, and a 7725i model 

sample injector (Rheodyne, Cotati, CA, USA). Chromatograms were recorded on a Fujitsu Siemens Esprimo computer 

and the Empower Pro software (Waters) processed data. The analyses were performed on an XTerra MS C8 column 

(250 × 4.6 mm id, 5 μm particle size) (Waters), equipped with an XTerra MS C8 guard column (Waters). A column 

thermostat oven mod-ule Igloo-Cil (Cil Cluzeau Info Labo, France) was used. The HPLC column was eluted at a flow 

rate of 0.7 mL/min with linear gradients of buffers A (5% CH
3
CN in 15 mM sodium borate with 0.1% v/v TFA, pH 

9.4) and B (50% CH
3
CN in 8 mM sodium bo-rate with 0.1% v/v TFA, pH 9.4). The solvent gradient was 0–20% B at 

0–10 min, B to 25% at 10–15 min, then to 40% at 15–20 min and to 70% at 20–28 min. This composition was 

maintained until t = 35 min, before being reduced to the initial 0% B composition. The injection volume was 5 μL. The 

fluorescence intensity in the column eluate was monitored at 335 nm (excitation) and 439 nm (emission).

4.2.3 Metabolic stability

The stability of 1b in liver microsomes was measured according to a literature method [24]. Briefly, 0.5 μL of the 

compound (2 mM in DMSO stock solution) was diluted with PBS (432 μL) and a 13 μL aliquot of Sprague−Dawley 

rat liver microsomes (Sigma-Aldrich, No. M9066) was added. The tube was vortexed at 37  °C for 5 min, then 

NADPH (50 μL, 10 mM in PBS stock solution) was added. The mixture was incubated at 37 °C for 60 min, and 

quenched by 250 μL of ice-cold CH
3
CN and centrifuged at 6000 rpm for 10 min. The supernatant was then analyzed 

by PDA-HPLC on Atlantis dC
18

 column (250 × 4.6 mm id, 5 μm particle size) (Waters). The HPLC column was 

eluted at a flow of 1 mL/min using a mixture of CH
3
CN and Milli-Q H

2
O (70:30). The injection volume was 5 μL. 

The procedure was repeated at least three times, and verapamil was used as a positive control. The microsomal intrinsic 

clearance (CL
int, micr

) was calculated according to the following equation:



Finally, CL
int, micr

 was scaled to intermediate in vivo intrinsic (hepatic) clearance (CL
int

), using suitable scaling factors 

obtained from literature [30], according to the following equation:

where 45 mg of microsomal protein per gram of liver tissue and 40 g of liver tissue per kilogram of body weight were 

applied [32].

4.2.4 Cell culture

Human breast carcinoma MDA-MB-231 cells (purchased from ATCC) were cultured in Dulbecco's Modified Eagle 

Media (DMEM) with 10% fetal bovine serum (FBS) and L-glutamine (2 mM). Human non-tumoral breast MCF-12A 

cells (purchased from ATCC) were grown in DMEM/F12, 1:1, 5% equine serum, 20  ng/mL EGF, 0.5  μg/mL 

hydrocortisone, 0.1 μg/mL cholera toxin, and 10 μg/mL insulin. Both cell lines were maintained in a tissue culture 

incubator at 37  °C, 5% CO
2
 and 95% relative humidity. Cells were frequently tested negative for mycoplasma 

infection.

4.2.4.1 Cell viability study

MDA-MB-231 and MCF-12A cells were seeded in a 96-well plate (2000 cells/well) in triplicate and allowed to grow 

for 24 h before treating them with compounds 1b, 2b and 1400  W (0.01–100  μM) for 5 days. . Untreated cells 

(control) were treated with DMSO (0.1% v/v). Each condition was performed in triplicates. PrestoBlue™ cell viability 

reagent (10% v/v) was added to each well and the plate incubated for 120 min. Fluorescence emission was detected 

using a GloMax-Multi Detection System (excitation filter at 540 nm and emission filter at 590 nm). All conditions were 

normalized to the untreated cells (100%) and curves fitted using GraphPad Prism using a sigmoidal variable slope 

curve. EC
50

 (half-maximal effective concentration) values are expressed as mean ± SD of 3 independent experiments.

4.2.4.2 Wound healing assay

MDA-MB-231 cells were seeded in a 12-well plate format at 20 × 10
4 cells/well. After 12 h of incubation, the media 

was replaced and cells kept in starvation conditions (1% FBS) for 24 h. Then, cells were gently scratched using a 

pipette tip, washed with PBS to remove cell debris and treated with 1b (25 μM) in starvation conditions. Untreated 

cells (DMSO, 0.1% v/v) were used as controls. Images were acquired at time zero and after 24 h of incubation using an 

Olympus CKX53 microscope (4× objective magnification). Wound areas were measured using ImageJ® software.

4.3 Docking study

4.3.1 Docking protocol

Docking studies were carried out with Autodock 4.2.6 (AD4) [33] on the iNOS and eNOS isozymes (pdb IDs 4CX7 

and 6AV7 respectively). Ligands structures were built on Avogadro [34] and optimized using Gaussian [33] (HF/6-

31G(d,p)). Once optimized, ligands PDBs were prepared for docking using the prepare_ligand4.py script included 

MGLTools 1.5.4 [35]. Protein structures, on the other hand, were prepared for docking using the PDB2PQR tools [36]. 

Water and ligand molecules were removed and charges and non-polar hydrogen atoms were added at pH 7.0. The 

produced structures were saved as a pdb files and prepared for docking using the prepare_receptor4.py script from 

MGLTools. The Fe atom of heme was assigned a charge of +2. AD4 was used to automatically dock the ligands into 

the iNOS and eNOS binding sites. For both enzymes, the docking grid was centered on the ligand binding site and set 

with the following grid parameters: 60 Å × 60 Å × 60 Å with 0.375 Å spacing. In all calculations, AD4 parameter file 

was set to 100 GA runs, 2.500.000 energy evaluations and a population size of 150. The Lamarckian genetic algorithm 

local search (GALS) method was used for the docking calculations. All dockings were performed with a population 

size of 250 and a Solis and Wets local search of 300 rounds was applied with a probability of 0.06. A mutation rate of 

0.02 and a crossover rate of 0.8 were used. The docking results from each of the 100 calculations were clustered based 

on root-mean square deviation (RMSD) solutions differing by less than 2.0 Å between the Cartesian coordinates of the 

atoms and ranked on the basis of free energy of binding. The obtained conformations were individually inspected using 

UCSF Chimera 1.15 [37]. This software was also used for figures generation.

4.3.2 Molecular dynamics (MD) protocol

https://elsevier.proofcentral.com/en-us/4CX7
https://elsevier.proofcentral.com/en-us/6AV7


The docked pose of inhibitor 1b obtained in AD4 was fit into a model of human iNOS generated using as template a 

modeled pdb structure of the iNOS oxygenase domain (PDB ID 4CX7). This crystal structure is missing a loop section 

of 16 residues and the complete oxygenase domain was built using CHARMM-GUI online server [38] and the 

aforementioned pdb (4CX7) as template. The inhibitor-protein ensemble was subjected to atomistic molecular dynamic 

(MD) simulation on NAMD 2.14 [7]. Protein and ligands were parametrized using CHARMM force field [38–41] and 

the MD simulation was run using NAMD 2.14. The initial ensemble was first submitted to a 30  ps (ps) energy 

minimization at 300K on periodic boundary conditions to remove high-energy contacts, followed by successive 300 ps 

NVT and a 1 ns (ns) NPT equilibration before the productive 10 ns MD simulation. During the productive MD, water 

bonds were constrained using the SHAKE algorithm [42]; for every 2 fs, neighbors were searched in grid cells with 

1 nm as the cutoff value for short-range neighborlist, electrostatic, and van der Waals; long-range electrostatics were 

treated with the particle mesh Ewald method [43] with a grid spacing of 1; constant temperature and pressure were 

maintained by coupling the system to an external bath at 300  K and 1  bar, using velocity rescaling [44] and 

Parrinello−Rahman [45], respectively. A RESPA propagator with the integration time step of 1 fs was used [46]. 

TIP3P model was applied for water [47], and UCSF Chimera 1.15 was used to perform the trajectory analyses and 

generate the final images [37].
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