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The exploration of innovative aromatase inhibitors represents an important approach for the identifi-
cation of new therapeutic treatments of breast cancer. In this respect, a series of phenyldiazenyl sul-
fonamides was designed, synthesized and tested. Compounds 3b, 3f and 5f showed an aromatase
inhibition in the micromolar range and were evaluated in vitro on the human breast cancer cell line MCF7
by MTT assay, cytotoxicity assay (LDH release), cell cycle analysis and apoptosis, revealing a dose-
dependent inhibition profile. In particular, 3f displayed the best reduction in terms of metabolic activ-
ity and an anti-proliferative effect on MCF7 cells, being blocked in the G1/S phase checkpoint. Moreover,
computational studies were carried out to better understand at a molecular level of detail the rationale
behind the effective binding to the active site of aromatase of the more active inhibitor 3f. The obtained
results allow to consider this compound as an interesting lead for the development of a new class of non-
steroidal aromatase inhibitors.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Aromatase cytochrome P450 (CYP) enzyme complex is respon-
sible for estrogen biosynthesis. In particular, the steroidal sex hor-
mone estrogens (estrone, 17b-estradiol) are biosynthesized by the
conversion of their corresponding androgens, androstenedione and
testosterone [1,2]. In this regard, the Cytochromes P450 (CYP450)
are responsible for catalyzing the aromatization of the six-
membered alicyclic moiety of these compounds to produce estro-
gen rings. These enzymes are highly expressed in men, but espe-
cially in the peripheral adipose tissue of postmenopausal women,
in the ovaries of premenopausal women and in the placenta of
, University of Chieti “G. d.
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pregnant women [3]. CYP450 enzymes carry a polypeptide chain
comprising 503 amino acids including a Fe2þ-bearing heme moiety
[4,5].

The androstenedione, whose chemical structure is shown in
Fig. 1, is the natural substrate of aromatase being involved in the
coordination of the Fe2þ-bearing heme group at the enzyme active
site [5].

Its aromatization proceeds via three successive oxidation steps
with the conversion of androgens (C19) to estrogens (C18) by
demethylation and aromatization of the steroidal A-ring [6]. The
gene of aromatase, CYP19, is located on chromosome 15q21.1 and
codes cytochrome P450arom. Estrogens are responsible for a variety
of physiological functions in numerous tissues in both females and
males. For examples, they exert physiological activity in repro-
ductive/gonadal tissue, in neuroendocrine tissue, in adipose tissue
and bone but they also play a pivotal role in the regulation of
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Fig. 1. Chemical structures of natural substrate of aromatase, steroidal and non-
steroidal third generation of AIs.
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calcium homeostasis with beneficial effects in preventing heart
diseases, osteoporosis, and Alzheimer's disease [7].

Disorder of aromatase levels can initiate several pathological
conditions in both genders [8]. In particular, postmenopausal
estrogen-dependent breast cancer is the most common female
cancer. In this case, an abnormally elevate expression of aromatase
causes an increase of the production of estrogens with consequent
growth and progression of the pathology [9]. Therefore, the inhi-
bition of estrogen biosynthesis by aromatase inhibitors (AIs) con-
stitutes one of the principal therapies for postmenopausal
estrogen-dependent breast cancer [10].

The research on the development of the AIs began in the 1970s
and has expanded significantly in recent years [11]. At first,
competitive inhibitors were developed [12,13]; compounds as
exemestane (Fig. 1) are defined as steroidal Ais. They bind irre-
versibly the catalytic site of aromatase P450 as well as the substrate
androstenedione by determining a permanent inhibition of the
enzyme. Non-steroidal AIs interfere reversibly with steroid hy-
droxylation by the binding with the heme iron of the CYP450.
Aminoglutethimide was the first non-steroidal AI to be used
although no longer in use for the occurrence of several side effects
[14]. For these reasons, a lot of studies have been conducted to
develop safer non-steroidal AIs.

The third generation of AIs, including drugs such as anastrozole
and letrozole (Fig. 1), is clinically used and well tolerated; such
inhibitors are more effective than tamoxifen in postmenopausal
patients with metastatic breast cancer [15]. However, these AIs
show side effects, such as increase of bone loss, joint pain, heart
problems, and cellular resistance, especially after prolonged ther-
apy with a potential acquired resistance [16,17].

For these reasons, during the last years, the discovery of new
potent and selective molecules with lower side effects and devoid
of resistant phenomena, has been a goal of utmost importance in
medicinal chemistry programs focused on breast cancer research.

Natural compounds, such as stilbenes and stilbenoids, have
been shown to have anti-inflammatory, cardioprotective, neuro-
protective, antiobesity, antiangiogenic, antiproliferative and cancer
chemopreventive effects [18,19] and they have also been shown to
function as AIs [20]. In particular, resveratrol (Fig. 2) is one of the
2

most studied natural compounds, although it is considered a poor
drug candidate for its low potency, lack tissue and target specificity,
rapid metabolism, and low serum concentrations [21]. For this
reason, many stilbene analogues have been synthesized in order to
improve the pharmacokinetic properties and to enhance the ac-
tivity [18,22]. In particular, several resveratrol analogues have been
developed with the aim to improve the anticancer activity [23]
especially as AIs [20,24]. For example, Sun et al. synthesized
different derivatives and among them, 4-aminostilbene (H-2-29)
with an IC50 ¼ 22 mM showed a better aromatase inhibition than
resveratrol (IC50 ¼ 80 mM) (Fig. 2) [25].

Through the use of classical bioisosterism in the stilbenoid nu-
cleus, it is possible to obtain resveratrol analogues [26]. The phe-
nyldiazenyl bioisostere of stilbene has been shown to be an
important scaffold in medicinal chemistry. The C]C bond is a
bridge between the two phenyl rings of stilbene that plays an
important role especially in the antioxidant activity, allowing an
electronic delocalization on the whole molecule [27]. Applying
simple rules of bioisosterism, it is possible to replace the C]C bond
with the isosteric N]N bond, obtaining azostilbene derivatives
with interesting biological activities [28,29].

Sulfonamides have been shown to be an interesting option with
a wide range of biological properties including anticancer, antimi-
crobial, antimalarial, and antiviral activities [30,31]. In particular,
the sulfonamide pharmacophore is found in several AIs [32e35],
and some of them are reported in Fig. 2. Through the oxygen and
nitrogen atoms of the sulfonamide group these compounds could
form hydrogen bonds with relevant residues of the target protein
[36].

In the search for new non-steroidal AIs, we have recently
discovered a series of sulfonamide derivatives [37e39]. In the
present work, we report the synthesis, the biological evaluation,
and the docking studies of a series of new sulfonamide compounds.
To this end, we considered that stilbene is a scaffold present in
many natural and synthetic compounds with aromatase inhibition
and also anticancer chemopreventive effects [20]. In the current
study, in order to investigate how the phenyldiazenyl bioisoster of
stilbene and sulfonamide moieties can be combined in a single
molecule with the aim to exploit their positive features as AIs, non-
steroidal compounds containing these two pharmacophores were
developed.

As shown in Fig. 3, we joined the phenyldiazenyl bioisoster of
stilbene and sulfonamide moieties in a single molecule assuming
that the integration of these two pharmacophore features could be
effective for the rational design of new and more potent AIs.

The phenyldiazenyl moiety was kept unchanged and the sul-
fonamide group, which should be involved in making hydrogen
bonds, was decorated with different aromatic or alkyl groups that
should interact with the hydrophobic pocket of the enzyme. The
sulfonamide nitrogen is not included in a cycle and, in some new
compounds, it was substituted with a methylbenzimidazole group
in order to investigate whether this pendant is able to interact with
the heme iron or to generate van der Waals contacts.

The inhibition of human aromatasewasmeasured as percentage
of inhibition through an in vitro kinetic study by a fluorescence-
based assay using letrozole as reference compound. The IC50 was
then calculated for the compounds with the best activity. The cell
viability and cytotoxicity were also evaluated by using MTT assay
and LDH release assay over the MCF7 breast cancer cell line using
resveratrol as reference compound. The apoptosis occurrence and
the modulation of cell cycle were afterwards analyzed in the
presence of the most promising compound. Further, a docking
study was performed to evaluate how the best active compound
approaches the active site of the enzyme.



Fig. 2. Representative aromatase inhibitors containing stilbene and sulfonamide moieties.

Fig. 3. Analogue-based design of new stilbene sulfonamide derivatives as AIs.
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2. Results and discussion

2.1. Chemistry

The phenyldiazenyl sulfonamide compounds were synthesized
as reported in Scheme 1. (E)-4-(phenyldiazenyl)aniline (1) was
reacted with proper sulfonyl chloride (2a-k) to obtain (phenyl-
diazenyl)phenyl-benzenesulfonamides (3a-k).

In order to understand whether the introduction of a substitu-
ent in sulfonamide moiety improves the activity, we synthesized
the benzoimidazol-methyl derivatives of compounds 3a, 3c and 3f
as depicted in Scheme 2. Compounds 3a, 3c or 3f were reacted, at
0 �C and under N2, with sodium hydride. The subsequent treatment
with 2-(chloromethyl)benzimidazole (4) gave compounds 5a, 5c or
5f.
2.2. In vitro aromatase inhibition assay

The human aromatase inhibitory activity of all synthesized
compounds was determined using an in vitro fluorescence based
assay (Aromatase CYP19A Inhibitor Screening Kit, BioVision). This
assay employs a fluorogenic substrate that is converted into a
highly fluorescent metabolite detected in the visible range (Ex/
Em ¼ 488/527 nm). Our compounds 3a-k and 5a, 5c, 5f were
3

dissolved in acetonitrile and tested at 1 mM and compared with
letrozole used as reference at the same concentration. The inhibi-
tion percentages were calculated with respect to letrozole with the
100% of aromatase inhibition. The percentages of inhibition of all
new compounds are reported on Table 1.

Phenyldiazenyl sulfonamide compounds showed limited inhi-
bition of aromatase with a percentage of inhibition lesser than 20%
except for 3b, 3f and 5f. Sulfonamide substitution in R1 with 4-
cyano-phenyl (3b) and with 2,4-dimethoxy-phenyl (3f) groups
led to a strongly increase of the aromatase inhibition, when
compared to letrozole, with values of 147% and 142%, respectively.
The introduction of methyl-benzoimidazol substituent, instead of
sulfonamide hydrogen of compound 3f, led to a moderate inhibi-
tion of the enzyme for compound 5f that showed a value of inhi-
bition of 50%. However, this substitution resulted in a decrease of
the activity referred to the unsubstituted analogue 3f. For this
reason, and because the othermethyl-benzoimidazol derivatives 5a
and 5c showed low percentage of aromatase enzyme inhibition
(<20%), we decided to not synthesize the methyl-benzoimidazol
analogues of compounds 3b, 3d, 3e and 3g-k.

After this first screening, compounds 3b, 3f and 5f, which
showed a percentage of aromatase inhibition greater than or equal
to 50%, were selected to calculate the IC50. Compounds were tested
at five concentrations from 0.01 to 100 mM; the IC50 values were
determined from the obtained concentration-response curves and
reported in Table 2. In this table the IC50 value of resveratrol [27] is
also reported because these compounds (3b, 3f and 5f) are its
derivatives.

When benzensulfonamide was substituted in para positionwith
a cyano group (3b), there was a strong increase of the activity
compared to resveratrol. Compound 3b, with an IC50 ¼ 7.9 mM, was
about ten times more active than resveratrol. Compound 3f
(IC50 ¼ 1.6 mM) showed an increase of the activity five times more
than 3b and fifty times more than resveratrol. The orto/para
dimethoxy substitution of the benzensulfonamide group returned
the best activity for 3f as AI. As expected, the introduction of the
methyl-benzoimidazol group in compound 5f (IC50 ¼ 5.7 mM)
implied a decrease of the activity if compared to 3f but, however,
14-fold increase in activity if compared to resveratrol.



Scheme 1. Synthesis of compounds 3a-k. Reagents and conditions: pyridine, DMF, 0e5 �C, r.t., 24h.

Scheme 2. Synthesis of compounds 5a, 5c, 5f. Reagents and conditions: Sodium hydride 60% dispersion in mineral oil, DMF dry, 0e5 �C, N2, r.t., 300 , r.t., 3e4 days.
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2.3. In vitro evaluation of biological effects on human breast cancer
cells (MCF7), cytotoxicity and selectivity against human fibroblasts
(HFF-1)

Phenyldiazenyl sulfonamides 3b, 3f and 5f can be considered
resveratrol derivatives because the C]C bond of stilbene moiety
was replaced with the isosteric N]N bond. As reported in litera-
ture, resveratrol has an IC50 of 80 mM on the aromatase enzyme
[27]; replacing the C]C bond with N]N bond and introducing
benzensulfonamide moiety, compounds 3b, 3f and 5f with IC50

values of 7.9, 1.6 and 5.7 mM respectively, showed a good
improvement of the inhibitory activity on aromatase when
compared to resveratrol. For this reason, increasing concentrations
(0e250 mM) of 3b, 3f and 5f were administered up to 72 h to
evaluate the biological effectiveness of the most promising com-
pounds on the human breast cancer cell line MCF7 in terms of cell
metabolic activity [MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test] and cytotoxicity [LDH (lactate
dehydrogenase) assay]. The biological activity of the compounds
was compared to that of resveratrol, here used as reference com-
pound (Fig. 4 and Fig. 5A).

At the earliest exposure time (24 h), all the administered com-
pounds reveal a weak but significant reduction (around 20%) in
terms of cell metabolic activity with respect to resveratrol up to the
50 mM concentration, mainly in the presence of 3b and 3f. At higher
concentrations, the 3f displays the best reduction of cell metabolic
4

activity (47.4% of metabolically active cells at 100 mM) compared to
DMSO alone (100%) and resveratrol (78.2%). Interestingly, a dra-
matic peak in the LDH released from MCF7 cells is registered with
3f at 50 mM after 24 h (2.5 folds more than DMSO alone), being
besides the highest value registered for this set of experiments
(Fig. 5A).

Indeed, a significant increase in the LDH leakage cannot be
assessed for the other compounds, including resveratrol. This trend
is maintained also at the highest administered concentration
(250 mM). Based on these results, we can hypothesize that 3f is
cytotoxic for MCF7 cells showing the best reduction of cell meta-
bolic activity and the highest value of LDH released.

A key signature for necrotic cells is the permeabilization of
plasma membrane, observed both in normal and pathological dis-
eases [40]. Since the release of LDH is enhanced in cells showing a
damaged cell membrane because of late apoptosis and necrosis
occurrence, the Annexin V-Propidium iodide assay was carried out
at 24 h on MCF7 cells in the presence of the most cytotoxic com-
pound 3f. In accordance with the LDH data, a significant dose-
dependent increase of the percentage of cells found in the
apoptotic stage is assessed in the presence of 3f at 100 mM (19.7%)
and at 250 mM (14.7%) compared to the control sample (7.3%).
Likewise, percentages related to necrotic cells are higher with
respect to the control, confirming the LDH data (Fig. 5B).

Furthermore, no significant differences between the three
compounds can be registered after 48 h up to 50 mM as regards cell



Table 1
In vitro aromatase inhibition for compounds 3a-k and 5a, 5c and 5f.

Compound R R1 Percentage of aromatase enzyme inhibition

3a H <20%
5a <20%

3b H 147%

3c H <20%
5c <20%

3d H <20%

3e H <20%

3f H 142%
5f 50%

3g H <20%

3h H <20%

3i H <20%

3j H -CH3 <20%
3k H -CH2CH3 <20%
Letrozole 100%

Table 2
The IC50 values of the aromatase-active compounds 3b, 3f and 5f.

Compound IC50 values of the aromatase (mM)

3b 7.9

3f 1.6

5f 5.7

Resveratrol 80
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Fig. 5. Cytotoxicity and apoptosis occurrence in human breast cancer cells (MCF7) after 24 h. (A) Lactate dehydrogenase released (LDH) in the presence of increasing concentrations
of compounds 3b, 3f and 5f. Data shown are the means ± standard deviations of three replicates (n ¼ 9) and are expressed as the fold increase on the LDH released by cultures in the
presence of vehicle (DMSO) set as 1 (not shown). (B) Dot plots are representative images showing the distribution of the cell population in the various phases of apoptosis and
necrosis: viable cells (lower left quadrant), early apoptotic cells (lower right quadrant), late apoptotic cells (upper right quadrant) and necrotic cells (upper left quadrant). The bar
graph summarizes the percentage of viable cells (Annexin-V and 7AAD negative), cells in apoptosis (Annexin-V and 7AAD positive) and cells in necrosis (7AAD positive) as
means ± S.D. of three replicates (n ¼ 3).
a ¼ p < 0.01; b ¼ p < 0.001; c ¼ p < 0.0001 between compounds and DMSO.

Fig. 4. Cell metabolic activity of human breast cancer cells (MCF7) in the presence of increasing concentrations of compounds 3b, 3f and 5f after 24, 48 and 72 h. Data shown are the
means ± standard deviations of three replicates (n ¼ 9) and are expressed as percentages of cultures in the presence of vehicle (DMSO) set as 100%. a ¼ p < 0.01; b ¼ p < 0.001;
c ¼ p < 0.0001 between compounds and DMSO; e ¼ p < 0.001; f ¼ p < 0.0001 between compounds and resveratrol at the same concentration.

L. Giampietro, M. Gallorini, N. Gambacorta et al. European Journal of Medicinal Chemistry 224 (2021) 113737
metabolic activity. Compared to the 24 h administration, meta-
bolically active cells in the presence of all the compounds are fewer,
being percentages of metabolic activity around 60%. Once again, 3f
displays the best reduction in terms of metabolic activity with
respect to both DMSO alone and resveratrol. Finally, when com-
pounds are administered for 72 h on MCF7 cells, a dose-dependent
decrease of cell metabolic activity can be registered for compounds
3b, 3f and resveratrol, definitively showing that 3f is the best
compound in decreasing the percentage of metabolically active
cells.

For the sake of completeness, the cell cycle profile of MCF7 cells
in the presence of increasing concentrations of the most promising
compound 3f was evaluated. It has been frequently reported that
aromatase inhibitors are able to induce a decrease in cell prolifer-
ation, and these anti-proliferative effects seem to be due to a
disruption in cell cycle progression and cell death enhanced
6

through the apoptosis induction [41]. In our experimental model,
the decrease of cell metabolic activity at 72 h is confirmed by the
analysis of cell cycle at the same experimental time in the presence
of 3f, which highlights a dose-dependent reduction of cells found in
the S phase and an increase of the G1 phase at the highest con-
centrations administered (Fig. 6).

In the mammary gland, estrogens promote cell proliferation
acting as mitogens and can modify the expression of hormone-
responsive genes involved in the progression of cell cycle and/or
programmed cell death through activation of estrogen receptors
(ERs). It has been reported that estradiol stimulates MCF7 prolif-
eration and growth through the induction of the G1/S phase tran-
sition and protects toward apoptosis, whereas estrogens
deprivation through aromatase inhibitors inhibits cell proliferation
and induces apoptosis in breast cancer models [41]. Based on our
results, it is plausible to assume that our potent aromatase inhibitor



Fig. 6. Cell cycle analysis in the presence of increasing concentrations of compound 3f in MCF7 cells after 72 h. (A) Cell cycle profiles represented by fluorescence emission peaks
obtained after the propidium iodide staining (y-axis ¼ cell count; x-axis ¼ propidium iodide fluorescence emission in the FL-3 channel). (B) The bar graph shows cell percentages in
the various phases of cell cycle (G1, S, and G2). Data are reported as means ± standard deviations of independent experiments (n ¼ 3).
a ¼ p < 0.01; b ¼ p < 0.001; c ¼ p < 0.0001 between compounds and DMSO.

Fig. 7. Cell metabolic activity of human fibroblasts (HFF-1) in the presence of increasing concentrations of compounds 3b, 3f and 5f after 24, 48 and 72 h. Data shown are the
means ± standard deviations of three replicates (n ¼ 3) and are expressed as percentages of cultures in the presence of vehicle (DMSO) set as 100%. a ¼ p < 0.01; b ¼ p < 0.001;
c ¼ p < 0.0001 between compounds and DMSO.
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3f behaved similarly, thus acting as an anti-proliferative agent on
MCF7 cells, which are blocked in the G1/S phase checkpoint.

As a whole, 3f is supposed to exert the best performance on
breast cancer cells having the lowest IC50 registered on the aro-
matase enzyme (1.6 mM) compared to 3b (7.9 mM) and resveratrol
(80 mM). Contrariwise, compound 5f behaves differentially; in
detail, it shows a weak reduction of cell metabolic activity per-
centages up to 50 mM comparable to the other two compounds and
to resveratrol. Moreover, MCF7 cells seem to recover and this effect
is dose and time-dependent, being the percentage of metabolically
active cells assessed at 134.2% at 250 mM after 72 h. However,
compound 5f seems to bind the aromatase enzyme better than 3b,
being the IC50 assessed at 5.7 mM. As described for other aromatase
inhibitors tested on the MCF7 cell line, this behavior could be
ascribed to mechanisms related to chemoresistance [39e43].

Being aware that (ER)-positive breast cancer cells can adapt to
estrogen deprivation during aromatase inhibitors treatment (i.e.,
7

letrozole) by activating alternative signaling pathways [44], and
that MCF7 LTED (Long-Term Estrogen Deprived) show a higher
amount of exosomal RNA delivering information to promote
metastasis and drug resistance with respect to MCF7 cells [45], a
similar behavior is likely to be adopted by 3f. Nevertheless, deeper
molecular studies on 3f will clear up the biological actions related
to the observed promising effects.

In order to evaluate the selectivity against a non-cancerous cell
line, compounds 3b, 3f and 5f were also tested on the normal hu-
man fibroblast cells (HFF-1) [46]. Also in this case, increasing con-
centrations (0e250 mM) of 3b, 3f and 5f were administered up to
72 h and cell metabolic activity through the MTT was evaluated
(Fig. 7).

All the tested compounds are not effective on HFF-1 cells and a
reduction of cell metabolic activity can be registered only at the
highest concentration administered (250 mM), especially for com-
pound 3f. The selectively index (SI) was calculated as follows: SI ¼



Fig. 8. Zoomed in view at aromatase CYP19A1 binding site. Two conformations of
receptor returned from induced-fit docking are shown with yellow and white cartoon,
for 3f and resveratrol, respectively. Compound 3f and resveratrol are rendered as green
sticks and black wireframes, respectively. Eme group and Fe2þ ion are rendered as
white wireframes and orange sphere, respectively. Hydrogen bonds are depicted with
red and black dashed arrows, and p-p contacts are depicted with and green and black
dashed lines, for 3f and resveratrol, respectively.
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IC50 on normal fibroblast cells (HFF-1)/IC50 on cancer cell line
(MCF7). Compounds 3b and 5f show some selectivity only at 24 h
(3b SI > 1.6; 5f SI > 2.55). Nevertheless, compound 3f displays an
increase of the selectivity index from 24 h to 72 h. In particular, this
molecule shows a SI ¼ 2.12 after 24 h, a SI ¼ 3.19 after 48 h and a
SI ¼ 3.74 after 72 h. These results corroborate the hypothesis that
2,4-dimethoxy-phenyldiazenyl-phenyl-benzenesulfonamide de-
rivative (3f) is the most promising AI with a powerful decrease of
MCF7 viability and a notable SI towards HFF-1, which is more
consistent after longer exposure.
2.4. Computational studies

To help the interpretation of biological data and to increase our
understanding of the molecular bases for the more active aroma-
tase inhibitor 3f referred to resveratrol, we carried out some
computational simulations in order to study the molecular in-
teractions responsible for the effective binding to the active site of
aromatase.

Molecular interactions engaged by compound 3f and resveratrol
to target aromatase CYP19A1 were investigated by performing
induced-fit docking simulations and MM-GBSA calculations. In this
respect, the computed values for docking score were equal
to �9.111 kcal/mol and �9.577 kcal/mol, and MM-GBSA free en-
ergies were equal to �76.15 kcal/mol and �26.47 kcal/mol, for 3f
and resveratrol, respectively.

Looking at Fig. 8, compound 3f can engage p-p interactions
through its azobenzene moiety with H480 and W224, the latter
already flagged in a previous work concerning resveratrol based
aromatase inhibitors [25]. Furthermore, the para-methoxy group
can establish a hydrogen bondwith the nitrogen of M374 backbone.
Noteworthy, this interaction is also experienced by the X-ray solved
carbonyl group of androstenedione cognate ligand in complex with
CYP19A1 aromatase and by the hydroxyl group of resveratrol.
Overall, a network of hydrophobic interactions made with I133,
W224, I305, M374, L477 and H480 side chains contributes signifi-
cantly to ligand binding.

Computational studies have been employed in order to shed
light on the interactions of 3f towards CYP19A1 aromatase and
8

have given a sound explanation at molecular level of experimental
data. Although resveratrol returned a slightly better docking score
value than that of 3f, a substantial gap concerning the MM-GBSA
value in favor of the latter was observed. MM-GBSA method per-
forms a rescoring of selected docking poses and exploits empirical
corrections for describing hydrogen bonds and hydrophobic inter-
action [47], thus returning more reliable results, which are in
agreement with the experimental data.

As far as the binding mode is concerned, compound 3f can
explore a wider area of the binding pocket compared to that visited
by resveratrol, impacting with an additional hydrophobic area
made up by L477 and H480. Interestingly, the induced-fit docking
protocol allows to introduce structural changes in the receptor.
Therefore, it can suggest which residue in the binding pocket can
slightly shift its conformation to better accommodate 3f. In
particular, hydrophobic side chains of L477 and H480 slightly move
their positions to give access to the azobenzenemoiety of 3f, as well
as I133 with respect to its benzosulfonamide moiety.

3. Conclusion

A series of sulfonamides with phenyldiazenyl bioisoster of stil-
bene moiety was synthesized and evaluated as aromatase in-
hibitors by an in vitro enzymatic assay. Three compounds, 3a, 3f and
5f showed a percentage of enzymatic inhibition better than letro-
zole and IC50 values, in the range of micromolar (7.9, 1.6 and 5.7 mM,
respectively), 10 to 50 times better than IC50 of resveratrol (80 mM).
These three compounds were evaluated in vitro on MCF7 breast
cancer cells by MTT assay and cytotoxicity assay. The best results
were obtained for compound 3f andwere confirmed by the analysis
of cell cycle and apoptosis. A significant dose-dependent increase of
the percentage of cells found in the apoptotic stage was assessed in
the presence of 3f; moreover, 3f showed an anti-proliferative effect
on MCF7 cells, being blocked in the G1/S phase checkpoint.
Furthermore, 3f was also not effective on HFF-1 showing an in-
crease of the selectivity index from 24 h to 72 h.

Computational studies were carried out and gave a sound
explanation at molecular level of experimental data. The obtained
results allow to consider 3f as an interesting lead for the develop-
ment of a new class of non-steroidal aromatase inhibitors.

4. Experimental section

4.1. Chemistry

Büchi B-540 apparatus was used to measure melting points and
these values were uncorrected. Infrared spectra were recorded on a
FT-IR 1600 PerkineElmer spectrometer. A Varian instrument was
utilized to run NMR spectra at 300 MHz using tetramethylsilane as
an internal reference, and chemical shifts (d) are reported in ppm.
Splitting patterns are designed as s, singlet; d, doublet; t, triplet; q,
quartet; dd, double doublet; m, multiplet; b, broad.

Elemental analyses were carried out using a PerkinElmer 240 B
microanalyzer and were found to bewithin ±0.4% of the theoretical
values for C, H, and N for all compounds. The purity of all com-
pounds was over 98%. All commercial and cell culture reagents,
medium and reference compounds were obtained from Sigma-
Aldrich (Milan, Italy). Chemical reactions were monitored by
thin-layer chromatography (TLC) on F254 silica gel 60 TLC plates.
Flash chromatography was performed on silica gel 60 (Merck).

4.1.1. General procedure for synthesis of compounds 3a-k
To a solution of (E)-4-(phenyldiazenyl)aniline (1) (0.507 mmol,

0.1000 g) in DMF (0.400 mL/mmol) at 0 �C was added slowly pyr-
idine (0.400 mL/mmol) and proper sulfonyl chloride (2a-k)
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(0.507mmol). The reactionwas allowed to stir at room temperature
for 24 h. After completion of the reaction, the resulting mixturewas
poured into water (10 mL) and extracted with ethyl acetate
(3 � 10 mL). The combined organic layers were washed with water
(30 mL), brine (30 mL), dried over Na2SO4, filtered and concen-
trated under reduced pressure. Purification by column chroma-
tography on silica gel (CH2Cl2 100% or cicloexane:AcOEt 9:1) gave
compounds 3a-k.

4.1.1.1. (E)-N-(4-(phenyldiazenyl)phenyl)benzenesulfonamide 3a.
Orange solid, yield 60%; m.p. 137e138 �C; IR (KBr) 3268, 1328,
1158 cm�1; 1H NMR (CDCl3) d 6.84 (s, 1H, NH), 7.22 (d, 2H, Harom),
7.44e7.55 (m, 6H, Harom), 7.81e7.88 (m, 6H, Harom); 13C NMR
(CDCl3) d 120.21, 122.79, 124.20, 127.24, 129.10, 129.25, 131.04,
133.39,138.74,138.82,149.67,152.49. Anal. calcd for C18H15N3O2S: C
64.08, H 4.48, N 12.45; Found C 64.15, H 4.46, N 12.48.

4.1.1.2. (E)-4-cyano-N-(4-(phenyldiazenyl)phenyl)benzenesulfona-
mide 3b. Orange solid, yield 65%; m.p. 179e180 �C; IR (KBr) 3211,
2234, 1347, 1166 cm�1; 1H NMR (CDCl3) d 6.98 (s, 1H, NH), 7.23 (d,
2H, Harom), 7.48e7.53 (m, 3H, Harom), 7.76 (d, 2H, Harom),
7.84e7.94 (m, 6H, Harom); 13C NMR (CDCl3) d 117.06, 121.61, 122.87,
124.36, 127.85, 129.16, 131.31, 133.04, 137.59, 137.64, 142.89, 150.23,
152.40. Anal. calcd for C19H14N4O2S: C 62.97, H 3.89, N 15.46; Found
C 63.01, H 3.90, N 15.44.

4.1.1.3. (E)-4-methyl-3-nitro-N-(4-(phenyldiazenyl)phenyl)benzene-
sulfonamide 3c. Orange solid, yield 60%; m.p. 135e136 �C; IR (KBr)
3231, 1344, 1160 cm�1; 1H NMR (CDCl3) d 2.64 (s, 3H, CH3), 7.00 (s,
1H, NH), 7.25 (d, 2H, Harom), 7.44e7.51 (m, 4H, Harom), 7.84e7.89
(m, 5H, Harom), 8.47 (d, 1H, Harom); 13C NMR (CDCl3) d 20.66,
121.29, 122.85, 123.79, 124.37, 129.95, 129.13, 130.92, 131.22, 134.00,
137.83, 138.16, 139.31, 150.10, 152.44. Anal. calcd for C19H16N4O4S: C
57.57, H 4.07, N 14.13; Found C 57.50, H 4.08, N 14.10.

4.1.1.4. (E)-3-nitro-N-(4-(phenyldiazenyl)phenyl)benzenesulfona-
mide 3d. Gold solid, yield 63%; m.p. 180e182 �C; IR (KBr) 3277,
1348, 1166 cm�1; 1H NMR (CDCl3) d 7.00 (s, 1H, NH), 7.26 (d, 2H,
Harom), 7.49e7.53 (m, 3H, Harom), 7.68 (t, 1H, Harom, J ¼ 8.1 Hz),
8.84e7.88 (m, 4H, Harom), 8.11 (d, 1H, Harom) 8.42 (d, 1H, Harom,
J¼ 8.1 Hz), 8.73 (s, 1H,Harom, J¼ 8.1 Hz); 13C NMR (CDCl3) d 121.46,
122.49, 122.88, 124.40, 127.80, 129.15, 130.64, 131.30, 132.76, 137.60,
140.88, 150.20, 152.40, 155.99, 180.56. Anal. calcd for C18H14N4O4S:
C 56.54, H 3.69, N 14.65; Found C 56.55, H 3.69, N 14.66.

4.1.1.5. (E)-2-chloro-4-cyano-N-(4-(phenyldiazenyl)phenyl)benzene-
sulfonamide 3e. Orange solid, yield 66%; m.p. 184e185 �C; IR (KBr)
3266, 2235, 1387, 1158 cm�1; 1H NMR (CDCl3) d 7.24e7.27 (m, 3H,
Harom þ NH), 7.48e7.53 (m, 3H, Harom), 7.65 (d, 1H, Harom),
7.80e7.87 (m, 5H, Harom), 8.18 (d, 1H, Harom); 13C NMR (CDCl3)
d 115.78, 118.19, 121.43, 122.86, 124.29, 129.13, 130.85, 131.31, 132.47,
132.73, 134.76, 137.00, 140.31, 150.35, 152.40. Anal. calcd for
C19H13ClN4O2S: C 57.50, H 3.30, N 14.12; Found C 57.49, H 3.31, N
14.11.

4.1.1.6. (E)-2,4-dimethoxy-N-(4-(phenyldiazenyl)phenyl)benzene-
sulfonamide 3f. Orange solid, yield 61%; m.p. 176e177 �C; IR (KBr)
3232, 1317, 1149 cm�1; 1H NMR (CDCl3) d 3.79 (s, 3H, OCH3), 3.99 (s,
3H, OCH3), 6.43e6.84 (m, 2H, Harom), 7.22 (d, 2H, Harom),
7.44e7.49 (m, 3H, Harom), 7.60 (s, 1H, NH), 7.77 (d, 2H, Harom),
7.82e7.86 (m, 3H, Harom); 13C NMR (CDCl3) d 55.69, 56.37, 99.43,
104.52, 117.96, 120.21, 122.71, 124.05, 129.08, 130.92, 133.01, 139.63,
149.35, 152.50, 157.69, 165.27. Anal. calcd for C20H19N3O4S: C 60.44,
H 4.82, N 10.57; Found C 60.49, H 4.80, N 10.56.
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4.1.1.7. (E)-5-chloro-N-(4-(phenyldiazenyl)phenyl)thiophene-2-
sulfonamide 3g. Red solid, yield 64%, m.p. 135e137 �C; IR (KBr)
3230, 1318, 1147 cm�1; 1H NMR (CDCl3) d 6.86 (d, 1H, Hthiop), 6.99
(s, 1H, NH), 7.29 (d, 2H, Harom), 7.36 (d, 1H, Hthiop), 7.48e7.53 (m,
3H, Harom), 7.89 (d, 4H, Harom); 13C NMR d 121.30, 122.86, 124.29,
126.84, 129.13, 131.19, 132.69, 136.88, 138.04, 138.37, 150.14, 152.49.
Anal. calcd for C16H12ClN3O2S2: C 50.86, H 3.20, N 11.12; Found C
50.89, H 3.19, N 11.13;

4.1.1.8. (E)-1-phenyl-N-(4-(phenyldiazenyl)phenyl)meth-
anesulfonamide 3h. Orange solid, yield 60%; m.p. 187e190 �C; IR
(KBr) 3235, 1315, 1152 cm�1; 1H NMR (CDCl3) d 4.41 (s, 2H, CH2),
6.52 (s, 1H, NH), 7.23e7.35 (m, 4H, Harom), 7.35e7.39 (m, 3H,
Harom), 7.48e7.55 (m, 3H, Harom), 7.90e7.95 (m, 4H, Harom); 13C
NMR (CDCl3) d 57.76, 119.21, 122.81, 124.52, 128.26, 128.99, 129.13,
130.82, 131.05, 139.36, 140.70, 149.34, 152.55. Anal. calcd for
C19H17N3O2S: C 64.94, H 4.88, N 11.96; Found C 64.99, H 4.87, N
11.94.

4.1.1.9. (E)-N-(4-(N-(4-(phenyldiazenyl)phenyl)sulfamoyl)phenyl)
acetamide 3i. Red solid, yield 58%; m.p. 157e161 �C; IR (KBr) 3238,
1311, 1148 cm�1; 1H NMR (CDCl3) d 2.19 (s, 3H, CH3CO), 7.79e7.56
(m, 5H, Harom), 7.74 (d, 2H, Harom), 7.92e7.99 (m, 6H, Harom); 13C
NMR d 29.6, 119.30, 122.00, 122.35, 125.35, 128.58, 129.30, 124.52,
135.50,141.83,145.72,152.20,168.40. Anal. calcd for C20H18N4O3S: C
60.90, H 4.60, N 14.20; Found C 60.91, H 4.59, N 14.21.

4.1.1.10. (E)-N-(4-(phenyldiazenyl)phenyl)methanesulfonamide 3j.
Orange solid, yield 59%; m.p. 187e190 �C; IR (KBr) 3235, 1315,
1152 cm�1; 1H NMR (CDCl3) d 3.10 (s, 3H, CH3), 6.66 (s, 1H, NH), 7.34
(d, 2H, Harom), 7.47e7.54 (m, 3H, Harom), 7.89e7.91 (m, 2H,
Harom), 7.95 (d, 2H, Harom); 13C NMR (CDCl3) d 39.84, 114.99,
119.75, 122.83, 124.57, 129.13, 131.09, 145.94, 152.52. Anal. calcd for
C13H13N3O2S: C 56.71, H 4.76, N 15.26; Found C 56.73, H 4.5, N 5.28.

4.1.1.11. (E)-N-(4-(phenyldiazenyl)phenyl)ethanesulfonamide 3k.
Orange solid, yield 57%, m.p. 164e166 �C; IR (KBr) 3230, 1318,
1149 cm�1; 1H NMR (CDCl3) d 1.41 (t, 3H, CH3CH2), 3.14 (q, 2H,
CH3CH2), 7.36e7.55 (m, 6H, Harom þ NH), 7.89e7.95 (m, 4H,
Harom); 13C NMR (CDCl3) d 8.27, 46.34, 119.47, 122.83, 124.55,
129.15, 131.05, 139.44, 149.41, 152.52. Anal. calcd for C14H15N3O2S: C
58.11, H 5.23, N 14.52; Found C 58.15, H 5.4, N 14.50.

4.1.2. General procedure for synthesis of compounds 5a, 5c and 5f
To a solution of compound 3a, 3c or 3f (1.2 eq) in DMF (9 mL/

mmol) at 0 �C, under N2, was added sodium hydride 60% dispersion
in mineral oil (3 eq). The reaction was allowed to stir at room
temperature for 30min. After this period, themixturewas cooled at
0 �C and 2-(chloromethyl)benzimidazole (4) (1 eq) was added.
After 2e4 days, the resulting mixture was poured into water
(15 mL) and extracted with ethyl ether (3 � 15 mL). The combined
organic layers were washed brine (3 � 15 mL), dried over Na2SO4,
filtered and concentrated under reduced pressure. Purification by
column chromatography on silica gel (CH2Cl2 100% or cicloex-
ane:AcOEt 9:1) gave compound 5a, 5c or 5f.

4.1.2.1. (E)-N-((1H-benzo[d]imidazole-2-yl)methyl)-N-(4-(phenyl-
diazenyl)phenyl)benzenesulfonamide 5a. Orange solid, yield 20%;
m.p. 180e182 �C; IR (KBr) 3200, 1318, 1154 cm�1; 1H NMR (CDCl3)
d 5.16 (s, 2H, CH2), 7.22e7.29 (m, 3H, Harom), 7.48e7.60 (m, 9H,
Harom), 7.66e7.70 (m, 3H, Harom), 7.76 (d, 2H, Harom), 7.85e7.88
(m, 2H, Harom); (CDCl3) d 49.56, 112.30, 114.79, 120.36, 121.47,
122.86, 123.67, 126.84, 128.75, 129.08, 131.21, 138.59, 140.90, 146.27,
149.17, 150.75, 156.29, 159.45. Anal. calcd for C26H21N5O2S: C 66.79,
H 4.53, N 14.98; Found C 66.81, H 4.54, N 14.96.
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4.1.2.2. (E)-N-((1H-benzo[d]imidazole-2-yl)methyl)-4-methyl-3-
nitro-N-(4-(phenyldiazenyl)phenyl)benzenesulfonamide 5c. Red
sticky solid, yield 30%; m.p. 187e188 �C; IR (KBr) 3210, 1320,
1150 cm�1; 1H NMR (Acetone-d6) d 2.64 (s, 3H, CH3), 5.32 (s, 2H,
CH2NSO2), 7.26 (d, 1H, CHCCH3), 7.43e7.54 (m, 5H, CHar), 7.85 (d,
1H, CHCSO2), 7.86e7.90 (m, 4H, Har), 8.47 (s, 1H, CHCNO2). 13C NMR
(CDCl3): d 20.66, 46.83,115.20, 121.29,122.85,123.05, 124.37,131.22,
134.00, 137.83, 138.16, 138.90, 139.31, 141.50, 149.10, 150.12, 158.35,
160.89,161.36. Anal. calcd for C27H22N6O4S: C 61.59, H 4.21, N 15.96;
Found C 61.57, H 4.22, N 15.93.

4.1.2.3. (E)-N-((1H-benzo[d]imidazole-2-yl)methyl)-2,4-dimethoxy-
N-(4-(phenyldiazenyl)phenyl)benzenesulfonamide 5f. Yellow oil,
yield 35%; m.p. 190e192 �C; IR (KBr) 3225, 1322, 1150 cm�1; 1H
NMR (CDCl3) d 3.87 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 5.35 (s, 2H,
CH2), 6.49e6.52 (dd, 2H, Harom), 6.55 (m, 1H, Harom), 7.34 (d, 5H,
Harom), 7.47e7.53 (m, 4H, Harom), 7.78 (d, 2H, Harom), 7.80 (d, 2H,
Harom), 7.85e7.87 (m, 2H, Harom), 10.25 (s, 1H, NH); 13C NMR
(CDCl3) d 50.29, 55.80, 56.19, 99.5 0, 104.64, 118.33, 120.36, 121.47,
122.86, 123.67, 126.84, 128.75, 129.08, 131.21, 133.88, 141.85, 150.60,
150.87, 152.44, 158.25, 165.52. Anal. calcd for C28H25N5O4S: C 63.74,
H 4.78, N 13.27; Found C 63.77, H 4.76, N 13.28.

4.2. Biological assays

4.2.1. Aromatase activity inhibition assay and IC50 calculation
The aromatase inhibitory activity of the novel compounds was

determined using a commercial fluorimetric assay (Aromatase
CYP19A Inhibitor Screening kit, BioVision, Milpitas, CA, USA). The
assay utilizes a fluorogenic aromatase substrate, that is converted
into a highly fluorescent metabolite detected in the visible range
(Ex/Em ¼ 488/527 nm), ensuring a high signal-to-background ratio
with little interference by autofluorescence.

The inhibition assay and the IC50 calculation were performed as
reported in a previous work [37,38]. Concentration-response curves
were fitted with GraphPad Prism 5.0 (GraphPad Software, San
Diego, CA, USA).

4.2.2. Cell viability evaluation
4.2.2.1. Cell culture. Human skin fibroblasts (HFF-1-SCRC-1041™)
and human breast cancer cells (MCF7-HTB-22 ™) were purchased
from ATCC and maintained in Dulbecco's modified Eagle's medium
(DMEM) high glucose (EuroClone, Milan, Italy) supplemented with
10% of fetal bovine serum (FBS) and 1% of penicillin/streptomycin
(Gibco - Thermofisher Scientific, MD, USA).

4.2.2.2. Cell metabolic activity (MTT assay). Cell metabolic activity
of HFF-1 and MCF7 cells was assessed by MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) test
(Sigma Aldrich, Milan, Italy). Cells were seeded (0.1 � 104/well) in a
96-well tissue culture-treated plate (Falcon®, Corning Incorpo-
rated, NY, USA) and let them adhere for 24 h. Next, medium was
removed, and the cell monolayer was incubated in the presence of
loading concentrations of compounds 3b, 3f and 5f (0e250 mM) for
24, 48 and 72 h. After the exposure time, cells were incubated with
100 ml/well of MTT (5 mg/mL) 1:10 with fresh growth medium
(final concentration 0.5 mg/mL) for 4 h at 37 �C and 5% CO2. Finally,
the MTT solution was removed and replaced with 100 ml/well of
DMSO. Cells were incubated for additional 20 min at 37 �C and 5%
CO2 and afterwards gently swirled for 10 min at room temperature.
The optical density was measured at 540 nm by means of a spec-
trophotometer (Multiskan GO, Thermo Scientific, Monza, Italy).
Results were expressed as the percentage of cells in the presence of
10
vehicle (DMSO) set as 100% and each experiment was performed in
triplicate (n ¼ 3). Concentration-response curves and IC50 were
fitted and calculated with GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA).

4.2.2.3. Cytotoxicity test (lactate dehydrogenase release). MCF7 cells
were seeded and stimulated as previously described for the MTT
test. After the exposure time, cell supernatants were collected,
centrifugated at 450�g for 4 min and stored on ice. To quantify the
cytotoxicity of loading concentrations of compounds 3b, 3f and 5f
(0e250 mM), the CytoTox 96® Non-Radioactive Cytotoxicity Assay
(Promega Corporation, WI, USA) was performed. The CytoTox 96®
Assay quantitatively measures lactate dehydrogenase (LDH), a
stable cytosolic enzyme that is released upon cell lysis. Released
LDH in supernatants is measured with a 30-min coupled enzymatic
assay, which results in the conversion of a tetrazolium salt (iodo-
nitrotetrazolium violet; INT) into a red formazan product. The
absorbance signal was measured at 490 and 690 nm (background)
with a spectrophotometer (Multiskan GO, Thermo Scientific,
Monza, Italy). The results were normalized on MTT absorbances
and expressed as fold increases on the LDH released by cultures in
the presence of vehicle (DMSO) set as 1.

4.2.2.4. Detection of apoptosis. MCF7 cells were cultured in 6-well
plates for 24 h at 37 �C in a humidified atmosphere. The growth
medium was then removed, and the cells were subsequently
exposed to increasing concentrations of the 3f compound. After
24 h, cells were washed once with PBS at room temperature. Next,
cells were trypsinized and collected by centrifugation together with
floating cells in the supernatants. Apoptotic and necrotic cells were
detected after staining cells with APC Annexin-V antibody (BD
Pharmingen, San Jose, CA, USA) and 7-Aminoactinomycin D (7AAD)
(Thermo Fisher Scientific, MA, USA), following the manufacturer's
instructions. Briefly, samples were incubated in 197 mL of binding
buffer and 3 mL of APC Annexin-V for 15min at room temperature in
the dark. Volumes were afterwards doubled, cells were washed
once by centrifugation and re-suspended into 300 mL of binding
buffer with 7AAD. The fluorescence was determined by a CytoFlex
flow cytometer (Beckman Coulter, CA, USA). Data acquisition
(2� 104 events/sample) and data analysis were performedwith the
CytExpert Software (Beckman Coulter, CA, USA). The percentages of
viable cells (Annexin V�; 7AAD�) were detected in the lower left
quadrant (unstained) of density plots, as well as the cells in
apoptosis (Annexin Vþ/7AAD�, lower right quadrant), late
apoptosis (Annexin Vþ/7AADþ, upper right quadrant) and necrosis
(Annexin V�/7AADþ, upper left quadrant).

4.2.2.5. Cell cycle analysis. The MCF7 cells were seeded and
exposed as previously described for the apoptosis assay. After 72 h,
the medium was removed and cells were washed once with PBS,
trypsinized and collected by centrifugation. Next, the cells were
fixed in cold ethanol 70% v/v and kept at 4 �C overnight. After that,
the cells were gently washed with cold PBS and centrifuged at
2700�g for 10 min at 4 �C. After having discarded supernatants,
each sample was incubated in 300 mL of the staining solution
containing PBS without calcium and magnesium, RNase 100 mg/mL
(stock solution 10 mg/mL in 10 mM sodium acetate buffer, pH 7.4)
and PI 10 mg/mL (stock solution 1mg/mL inwater) (all purchased by
Sigma Aldrich, MI, USA) and kept at 4 �C overnight in the dark. PI
fluorescence was detected by a flow cytometer equipped with a
488 nm laser (CytoFlex flow cytometer, Beckman Coulter, CA, USA)
in the FL-3 channel (620 nm of wavelength emission). 2 � 104

events/sample were collected and analyzed with CytExpert
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Software (Beckman Coulter, CA, USA). The percentage of cells in G1,
S, or G2 phase of the cell cycle was calculated after mathematical
modeling of histograms using the ModFit LT™ software (Verity
Software House, CA, USA).
4.2.2.6. Statistics. Data are presented as mean values ± standard
deviations (S.D.) of three independent experiments. Statistical dif-
ferences were determined by one-way ANOVA and post hoc Tukey
multiple comparison tests using the Prism software (version 5.0,
GraphPad Software, San Diego, CA, USA). P values < 0.05 were
considered statistically significant.
4.3. Computational studies

Computational studies were carried out for compound 3f by
using X-ray solved structure of aromatase CYP19A1, whose crystal
was fetched from the Protein Data Bank with entry 3EQM [48]. The
protein structure was refined and optimized employing the Protein
Preparation Wizard tools [49,50], available in Schrodinger Suite,
allowing to addmissing hydrogen atoms, correct protonation states
and reconstruct incomplete side chains. Ligprep tool [51] was used
to evaluate all possible tautomers and protonation states at phys-
iological pH. The enclosing box was centered on the cognate ligand,
having an edge of 15 Å � 15 Å � 15 Å and 27 Å � 27 Å � 27 Å for
inner and outer boxes, respectively, and a van der Waals scaling
factor equal to 0.7 was set. In order to corroborate the robustness of
docking protocol, redocking analysis was performed on the cognate
ligand within the aromatase binding site. Satisfactorily, the best
pose of cognate ligand returned from redocking simulation showed
a Root Mean Square Deviation (RMSD) value considering all heavy
atoms equal to 0.756 Å. The Induced-Fit docking protocol [52e54]
was employed by using GLIDE [55] with OPLS3e force field [56], in
order to inspect the binding mode of the selected ligands along
with conformational changes experienced by the receptor. Such
structural changes are not generally observable when using stan-
dard docking protocols. Side chains prediction was performed on
residues within 5 Å of the ligand poses. For the sake of complete-
ness, induced-fit docking protocol for compounds targeting
CYP19A1 aromatase was already employed elsewhere [36]. Finally,
an estimation of ligand-binding affinity was obtained by running
Molecular Mechanics/Generalized Born Surface Area (MM-GBSA)
method implemented in Prime [54,57], which uses the VSGB 2.0
implicit solvation model [47].

In this respect, binding free energy (DGbind) of compound 3f
towards CYP19A1 was computed as reported below:

DGbind ¼DEMM þ DGsolv þ DGSA

where, DEMM, DGsolv and DGSA correspond to minimized energy of
the ligand-protein complex, solvation energy and surface area en-
ergy, respectively. For completeness and to better address molec-
ular modeling analyses, all computational simulations were
performed also for resveratrol, since it was used as reference for
experimental biological evaluations.
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