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Abstract

Estrogenplaysacriticalroleinthe developmentand progression of hormone-sensitive
breast cancer. Aromatase (CYP19A1), the key enzyme catalyzing the final step in
estrogen biosynthesis, has emerged as a promising therapeutic target. Although
third-generation synthetic aromatase inhibitors (Als) are effective, their use is
limited by serious side effects, highlighting the need for safer natural alternatives. In
this study, we evaluated three major flavonoids from Tussilago farfara L., quercetin-
3-rutinoside (1), quercetin-3-O-B-D-glucoside (2), and kaempferol-3-0-glucoside (3)
for aromatase inhibitory potential. In vitro assays showed that compound 3 was the
most potent (ICs, = 3.46 uM), followed by compound 2 (3.79 uM) and compound
1 (3.81 uM), with activities comparable to potent dietary flavonoids and stronger
than some reported natural analogues. Molecular docking supported these findings,
showing favourable docking scores (-6.73 to -4.19) and binding energies (-60.3
to -43.7 kcal mol?), comparable to those of the standard inhibitor exemestane
(ICso = 0.20 uM; -68.3 kcal mol?t). However, the computational predictions did
not fully replicate the experimental ranking, reflecting the limitations of docking
methods. Overall, these results highlight the significance and therapeutic potential
of T. farfara flavonoids as natural aromatase inhibitors.

1. Introduction

more, androgens such as testosterone, which are
converted to estrogens by the enzyme aromatase,

Cancer remains a primary cause of death world-
wide, with rising rates in both developed and devel-
oping countries. In 2020, roughly 19.3 million new
cancer cases, and 10 million cancer-related deaths
were reported worldwide, with breast cancer ac-
counting for 11.7% of all cases [1]. In Egypt, breast
cancer accounts for around 38.85% of all female
cancer cases [2]. Epidemiological research confirms
that extended estrogen exposure considerably rais-
es the risk of developing breast cancer [3]. Further-
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have been related to an increased risk of breast can-
cer, regardless of other recognized risk factors [4, 5].

Aromatase (CYP19A1) is a key enzyme that con-
verts male hormones (androstenedione, testos-
terone) into female hormones (estrone, estradiol).
This is the final step stage in steroid production [6].
Hence, aromatase is an important therapeutic target
for estrogen suppression [7, 8]. Aromatase activity in
the tumor microenvironment is especially important
in postmenopausal women because breast cancers
produce local estrogen, which drives cancer growth
[9, 10]. As a result, successful therapy requires
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targeting both peripheral, and elevated levels of in-
tratumoral aromatase [11]. Early aromatase inhibi-
tors (Als), such as aminoglutethimide, successfully
lowered estrogen levels but lacked selectivity, re-
sulting in undesired inhibition of other steroidogenic
pathways and side effects such as cortisol, and aldo-
sterone suppression [5, 12]. Second-generation Als
such as formestane (steroidal), and fadrozole (non-
steroidal) had improved potency and safety profiles,
but their selectivity and clinical efficacy remained
inferior to tamoxifen [13, 14]. Third-generation Als,
including anastrozole, letrozole (nonsteroidal), and
exemestane (steroidal) provided better selectivity
and clinical results; however, vorozole were with-
drawn due to minimal benefit [15]. Despite these
developments, the need for safer, more effective,
and less expensive alternatives remains [16].

Natural products have long been important re-
sources in anticancer drug discovery, with several
studies continuing to investigate their therapeutic
potential [17]. Tussilago farfara L. (coltsfoot), a pe-
rennial herb traditionally used to treat respiratory
disorders, includes about 150 phytochemicals such
as flavonoids, sesquiterpenes, triterpenoids, phe-
nolics, and alkaloids [18, 19]. Various flavonoids,
such as chrysin [20], apigenin [21], and kaempferol
[22], which are found naturally, have been report-
ed to inhibit aromatase in vitro. Nevertheless, the
aromatase-inhibitory properties of the dominant
flavonoids of Tussilago farfara L., quercetin-3-ru-
tinoside, quercetin-3-O-D-glucoside, and kaemp-
ferol-3-0O-D-glucoside, have not been explored.

Since the plants are rich in phytochemistry and
have an extensive history of therapeutic application,
we considered them as potential natural aromatase
inhibitors. In particular, this paper looks at them in
vitro inhibitory activity and in silico interactions with
aromatase and also conducts molecular docking,
which shows that they have binding energies similar
(although slightly lower) to the standard aromatase
inhibitor exemestane and thus are a promising scaf-
folds to construct safer aromatase inhibitors.

2. Experimental
2.1. Plant material

The aerial parts of the Tussilago farfara (10 kg)
(Fig. 1) were collected in April 2023 from the lle-Ala-
Tau State National Natural Park near Almaty, Kazakh-
stan (76°30'12"-77°50'27" E, 42°48'30"-43°19'35"
N) at an altitude of approximately 800 meters above
sea level. The species was authenticated and vali-

Fig. 1. Tussilago farfara L., flower buds and bloomed
flowers.

dated by Professor G.T. Sitpayeva of the Botany In-
stitute and Phytointroduction, Almaty, Kazakhstan
(Accession number: 3318).

2.2. Isolation and purification

Isolation and purification of the quercetin-3-ru-
tinoside (1), quercetin-3-0-B-D-glucoside (2), and
kaempferol 3-O-glucoside (3) have been published
[23]. Here we are focusing in the aromatase poten-
tial of the purified compounds in vitro, and in silico.

R, R, Ry
1: ORwt OH OH

2: OGlu OH OH
3: OGlu H OH

Fig. 2. Chemical structures of active compounds against
aromatase.

2.3. In vitro studies

The in vitro human placental aromatase inhibi-
tion experiment was carried out utilizing a previous-
ly known technique. The experiment used a 96-well
black fluorescent plate with a final reaction volume
of 200 pL. The test compounds were dissolved in
DMSO, and the substrate, 7-methoxy-4-(trifluoro-
methyl)coumarin (MFC) was prepared in acetoni-
trile. The enzyme solution contained 2 mg/mL of
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human placental microsomes suspended in 0.1 M
potassium phosphate buffer (pH 7.4) and was mixed
with MFC to reach a final substrate concentration of
25 uM. To start the assay, 5 pL of each test com-
pound at different doses was added to 95 pL of en-
zyme-substrate combination in each well. The plate
was pre-incubated at 37 °C for 5 minutes. To start
the reaction, 100 pL of NADPH (1 mM) was added
to each well, bringing the total volume to 200 pL.
After a 20-minute incubation at 37 °C, the reaction
was stopped by adding 75 pL of acetonitrile (0.1
M of Tris base). Fluorescence measurements were
taken with a Kanlt-lux plate reader at an excitation
wavelength of 400 nm and emission at 540 nm to
guantify metabolite production and aromatase inhi-
bition [24]. Background fluorescence was measured
by adding the stop solution to wells containing the
enzyme-substrate mixture before adding NADPH,
which prevented the enzymatic process. Under
the assay conditions, metabolite production was
found to be linear in terms of incubation duration
and protein concentration. We obtained the ICg,
values, which represent the concentration of each
test chemical necessary to inhibit 50% of enzyme ac-
tivity, by fitting the fluorescence data to a dose-re-
sponse curve using GraphPad Prism 5 [25].

50-A
IC.,)=—x(D-C)+C
(ICp) =2 x(0=C)

where, A is less than 50% of inhibition and B is high-
er than 50% of inhibition. C is the concentration of
low inhibition A and D is the concentration of high
inhibition B.

2.4. In silico studies

2.4.1. Ligand Preparation

Ligands were prepared using the LigPrep pro-
gram, which optimized their structures by changing
torsional angles, assigning appropriate protonation
states, producing relevant stereoisomers, and esti-
mating the most likely ionization states at pH 7.0 £
2.0 [24].

2.4.2. Molecular Docking Studies

Molecular docking investigations were carried
out using Schrodinger Suite 2023-1's Glide 6.9 mod-
ule. The docking was done with the crystal struc-
ture obtained from the Protein Data Bank (PDB ID:
4KQ8). To characterize the active site, a receptor
grid (10 x 10 x 10 A) was generated, centered on

the co-crystallized ligand, 4-androstene-3,17-dione.
Ligands were docked in Glide XP (extra precision)
mode, and the top poses were selected based on the
lowest (most negative) docking scores, which reflect
stronger binding affinity. The Glide scoring function
evaluates hydrogen bonding, hydrophobic contacts,
steric and electrostatic interactions, and desolvation
effects to identify the most stable ligand—protein
conformations [26].

2.4.3. MM-GBSA tool for Binding Energy Estimation

Molecular docking is a computer technique that
predicts the most favorable orientation of a ligand
when it binds to a protein, resulting in a stable com-
pound. The Molecular Mechanics-Generalized Born
Surface Area (MM-GBSA) method estimates the bind-
ing free energy between a ligand and a protein by
combining molecular mechanics energies with implic-
it solvent and surface area term represents non-polar
solvation effects, providing an overall assessment of
binding affinity [27]. The Prime MM-GBSA module
from Schrodinger Suite 2023-1 was used to assess
binding affinity and optimize docked postures. This
utility reranked the ligand conformations produced
by Glide XP docking and estimated their respective
binding free energies. A lower binding energy value
(kcal mol?) indicates a higher expected binding affini-
ty between the ligand and protein [28, 29].

3. Results and Discussion
3.1. Structure elucidation of compounds (1-3)

The structural elucidation of quercetin-3-rutino-
side (1), quercetin-3-O-B-D-glucoside (2), and kae-
mpferol 3-O-glucoside (3) has been reported previ-
ously [23].

Here the in vitro human placental aromatase ex-
periment was carried out. Compounds (1-3) were
found to be active against the aromatase, which
is directly involved in human breast cancer. These
compounds showed ICs, values in the range of 3.46
+ 0.002 uM to 3.81 £ 0.001 puM. For instance, com-
pound 1 showed an ICs, value of 3.81 + 0.002 pM.
Similarly, compound 2 indicated 3.79 + 0.001 uM,
while compound 3 showed 3.46 + 0.002 uM, which
showed notable inhibition of the human placental
aromatase activity as compared to the standard an-
ticancer drug exemestane (ICs, = 0.204 + 0.051 uM).
Yet the tested flavonoids remained active within the
low-micromolar range, indicating meaningful biolog-
ical potential.
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Our findings (ICso = 3.46-3.81 uM) are compara-
ble to the potent flavonoid chrysin (ICs, ~ 4.6 UM)
[20] and stronger inhibitory potential than kaemp-
ferol (Ki ~ 27 uM) (although it should be noted that
ICso and Ki values are not directly interchangeable)
[22]. To the best our knowledge, this is the first re-
port of these T. farfara flavonoids as aromatase in-
hibitors. Moreover, our molecular docking results
showed binding energies of -60.3, -51.8, and -43.7
kcal mol*and docking scores -6.73 to -4.19, which
are comparable, though somewhat weaker, to the
standard aromatase inhibitor exemestane (binding
energy -68.3 kcal mol?), thereby supporting the bio-
chemical findings (Fig. 3 and Table 1).

Within our series, compound 3 (kaemp-
ferol-3-O-glucoside, ICs, = 3.46 uM) was the most
potent. A likely explanation is the influence of glyco-
sylation pattern and steric bulk: larger or more com-
plex sugar moieties (e.g., the rutinoside in compound
1) increase polarity and steric hindrance, which can
reduce access and optimal fitting into the aromatase
active site compared with smaller glucosides. This
general effect of O-glycosylation reducing immediate
enzyme-inhibitory potency (while improving solubili-
ty and stability) has been noted in comparative stud-
ies of flavonoid glycosides versus aglycones [30].

Despite the fact that, the MM-GBSA rescoring
and docking showed that compound 1 would bind
best (docking score -6.73; MM-GBSA = -60.33 kcal
mol?), it was experimentally found that compound
3 is the strongest (ICs, of 3.46 uM). Such deviation
is no surprise: docking and rescoring algorithms are
estimating largely enthalpic, static binding, and are
machine dependent, scoring functions and recep-
tor/ligand preparation, and experimental potency is
also determined by solubility, permeability, dynam-
ics and assay conditions. Thereby, docking/MM-GB-
SAis to be taken qualitatively in order to justify bind-
ing modes in our dataset but not as predictors of the
ICs, values [31].

ICso (uM)

Exemestane

4
35
3
25
2
15
1
05
0
1 2 3

Compounds (1-3) and standard

Fig. 3. Comparison of ICs, values of compounds 1-3 and
exemestane for aromatase inhibition.

Table 1. The ICs, values, docking score, and MM-GBSA
binding energies of compounds 1-3 and standard

exemestane.

No Compounds ICso £ UM Docking MM-GBSA
Score  (Kcal/mol)

1 1 3.81+0.002 -6.734 -60.33

2 2 3.79+0.001 -4.291 -44.68

3 3 3.46+0.002 -4.198 -43.70

5 Exemestane® 0.204+0.051 -6.01 -68.31

3Positive control

Protein-ligand docking has several limitations.
Most docking methods use a rigid protein approxi-
mation where the ligand is flexible but the protein
conformation is restricted [32]. Docking poses and
scores can also depend strongly on the ligand input
structure, so small conformational differences may
lead to large variations in the results [33]. Important-
ly, the scoring functions used do not always provide
a reliable prediction of binding affinity [34], and the
best energy score is not necessarily a reliable criteri-
on for compound activity [35]. Docking scores from
different programs also cannot be directly compared
because they depend on the specific force fields and
protocols applied [36]. In addition, handling of water
molecules in the binding site can affect the accura-
cy of predicted interactions [31], and the ability of
docking to separate active compounds from decoys
is strongly influenced by the protein structure used
and the similarity to co-crystallized ligands [37].

Consequently, although a direct relationship be-
tween docking scores, binding energies, and exper-
imental inhibitory activity might be expected theo-
retically, no consistent linear correlation is typically
observed. This discrepancy reflects the combined ef-
fects of biological variability, target-specific respons-
es, and differences in experimental conditions [38].

Compound 1 showed the highest docking score
of -6.734 against the aromatase enzyme, which is ac-
tively involved in breast cancer (Fig. 5). Compound 1
suggest a good network of interactions with the ac-
tive pocket of the receptor protein. For instance, the
OH group at C-8 of ring 1 showed an H-bond. Similar-
ly, the OH group at C-3' of ring 3 formed the H-bond
with the amino acids ILE132 and ARG 115. The OH
group at C-4' showed an H bond with TRP 141. In
ring 5, the hydroxyl groups located at C-2"' and C-4""
established the aromatic H-bond and H-bond with
the amino acids PHE 430 and PRO 429 consecutively
(Fig. 4). The protein-ligand complex showed a high
negative binding energy of -60.33 kcal mol?, which
indicated the stability of compound 1 with the re-
ceptor protein aromatase (Fig. 6).
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©

Fig. 4. 3D-docked pose of compound 1 (a), 2 (b), and 3 (c) with the active domains of aromatase. The black, pink, and
blue dotted lines showed the hydrogen, aromatic H, and m-it stacking bonding interactions respectively.

Docking Scores
A T R

Compound (1-3) and exemestane

Fig. 5. Docking scores of compounds 1-3 and
exemestane against aromatase (CYP19A1).

0

-10

Exemestane|

-20
-30
-40
-50

-60

MMGBSA calculations

70 Compound (1-3) and exemestane

Fig. 6. Binding energy affinity of compounds 1-3 and
exemestane with aromatase.

Compound 2 showed a docking score of -4.291
(Fig. 5). It showed best network of interactions with
the receptor protein. For instance, the OH group at
C-8 of ring 1 showed two H-bonds with the amino
acids ARG 435 and ARG 115 consecutively. Ring 3
of the compound 2 formed the m-m stacking inter-
actions with TRP 224. The hydroxyl group at C-3" of
ring 4 showed the H-bond with the THR 310 locat-
ed at the active site of the receptor protein (Fig. 4).
To estimate the stability of the protein-ligand com-
plex, the MM-GBSA tool showed a binding energy
of -44.68 kcal mol?, which indicated the stability of
compound 2 with the receptor protein (Fig. 6).

Compound 3 showed a docking score of -4.198
(Fig. 5). This demonstrates three different types
of noncovalent interactions. For instance, the OH
group attached at C-8 of ring 1 formed the H-bond,
while the proton at C-9 exhibited the aromatic
H-bond with the amino acid LEU 477. Similarly, ring
3 formed two n-mt stacking interactions with TRP 224
and PHE 221 consecutively. The hydroxyl group at-
tached at C-2" of ring 4 showed the H-bond with the
amino acid ALA 306 (Fig. 4). The protein-ligand com-
plex showed the binding energy -43.70 kcal/mol and
exhibited the stability of compound 3 at the active
site of aromatase (Fig. 6).

Eurasian Chemico-Technological Journal 27 (2025) 315-321
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4. Conclusion

This study emphasizes the potential of some
phytochemicals from Tussilago farfara L. as natural
aromatase (CYP19A1) inhibitors. In vitro, the flavo-
noids quercetin-3-rutinoside (1), quercetin-3-0O-B-
D-glucoside (2), and kaempferol-3-O-glucoside (3)
showed notable aromatase inhibitory activity in the
low micromolar range. Among these, compound 3
(kaempferol-3-O-glucoside) was the most potent in
vitro. Molecular docking and binding energy anal-
yses supported these findings by revealing favour-
able ligand-enzyme interactions, although compu-
tational predictions did not perfectly reproduce
experimental potency. The docking profiles showed
similar binding patterns to those of the reference
inhibitor exemestane, indicating a plausible binding
mechanism rather than meaningful inhibition. Over-
all, these findings suggest that T. farfara derived fla-
vonoids represent promising leads for the develop-
ment of safer, plant-based aromatase inhibitors for
estrogen-dependent breast cancer. Further in vivo
studies and clinical validation will be essential to
establish their efficacy, pharmacokinetic properties,
and safety profiles.
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