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Abstract

Isoflavones are bioactive compounds found in vegetables, particularly legumes, with potential
nutraceutical properties. Their estrogenic activity, attributed to structural similarity to estradiol,
allows them to bind and modulate estrogen receptors, conferring beneficial effects such as cancer
prevention and treatment, osteoporosis, sarcopenia, and diabetes. However, their bioactivity and
nutraceutical potential are limited by bioavailability. This study analyzed the pharmacokinetic
properties, druglikeness, and bioavailability of 13 isoflavones using the web tool SwissADME.
Results showed that none of the isoflavones fell completely within the optimal physicochemical
properties for oral bioavailability, primarily due to their characteristic unsaturation. Puerarin
exhibited high polarity and violated several druglikeness criteria, suggesting potential issues with
absorption and permeability. The remaining compounds complied satisfactorily with druglikeness
rules. Most isoflavones exhibited high intestinal membrane permeability, with neobavaisoflavone,
formononetin, and daidzein also able to cross the blood-brain barrier. None acted as substrates for P-
glycoprotein, and they generally worked as inhibitors of cytochromes CYP1A2, CYP2D6, and

CYP3A4. These findings provide valuable insights into the pharmacokinetic behavior and
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druglikeness of isoflavones, aiding in the development of nutraceutical products and guiding further
research on their bioavailability and biological effects.
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Introduction

The nutraceutical properties of phytoestrogens are of great interest primarily because of their potential
ability to alleviate symptoms associated with menopause. These compounds are widely used as
alternatives to hormone-replacement therapies. Among these bioactive compounds, isoflavones are
particularly noteworthy (1).

Their estrogenic activity is attributed to their structural similarity to estradiol, the primary endogenous
estrogen in mammals. They can bind to and modulate the activity of estrogen receptors alpha and
beta, with the latter being recognized for its anticancer activity. Most isoflavones preferentially bind
to beta-estrogen receptors (2). Estrogen receptors can regulate biological processes through different
mechanisms. In genomics, ligands bind to estrogen receptors in the nucleus and generate
conformational changes that dissociate chaperones, enabling dimerization and activation of target
gene transcription. Non-classical regulation of gene expression involves protein-protein interactions
of the receptor with other transcription factors, such as AP-1, and stimulation proteins (SP-1) with
response elements (3). The beneficial effects associated with their consumption include cancer
prevention and treatment (4,5), osteoporosis (6), sarcopenia (7), and diabetes (8).

Vegetables, particularly legumes, such as soybeans, beans, and alfalfa, are rich sources of isoflavones.
The foods that contribute the most to isoflavone intake include soy-derived products, soybeans, soy
flour, soy flakes, soy beverages, and fermented soy products such as miso and tempeh, among others.
Some of the most promising compounds within this group are daidzein, genistein, glycitein, biochanin
A and formononetin (9). Owing to their beneficial effects, isoflavones are now used in various
commercial products such as functional health supplements, cosmetics, and beverages (2).

The bioactivity and nutraceutical potential of these compounds are limited by their bioavailability
(10). In silico analyses can help predict behavior and reduce cost and time consumption. SwissADME
is a web tool that can assist with this regard (11). The objective of this study was to analyze the
pharmacokinetic properties, druglikeness, and bioavailability of 13 isoflavones using SwissADME.
Materials and methods

The SMILES (Simplified Molecular Input Line Entry System) strings of the studied isoflavones were
obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Table 1 provides detailed

information including the compound name, database identifier, and SMILES.
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Table 1. Smile codes of the 13 isoflavones evaluated in their bioavailability, druglikeness and

pharmacokinetics profile using SwissAdme web platform services.

Compound Pubchem Canonical SMILES
CID

Genistein 5280961 C1=CC(=CC=C1C2=COC3=CC(=CC(=C3C2=0)0)0)0

Daidzein 5281708 C1=CC(=CC=C1C2=COC3=C(C2=0)C=CC(=C3)0)0
Biochanin A 5280373 COC1=CC=C(C=C1)C2=COC3=CC(=CC(=C3C2=0)0)0
Tectorigenin 5281811 COC1=C(C2=C(C=C10)0C=C(C2=0)C3=CC=C(C=C3)0)0

Puerarin 53850774 C1=CC(=CC=C1C2=COC3=C(C2=0)C=CC(=C3C4C(C(C(C(04)

C0)0)0)0)0)O
3.4 7- 5284648 C1=CC(=C(C=C1C2=COC3=C(C2=0)C=CC(=C3)0)0)0

Trihydroxyisoflavone
Barpisoflavone A 9944143 COC1=CC(=CC2=C1C(=0)C(=C02)C3=C(C=C(C=C3)0)0)0

2'-Hydroxygenistein 5282074 C1=CC(=C(C=C10)0)C2=COC3=CC(=CC(=C3C2=0)0)0
5-O-Methylgenistein 5748551 COC1=C2C(=0)C(=COC2=CC(0)=C1)C1=CC=C(0)C=C1
Gerontoisoflavone A 15223506  COC1=C(0)C=CC(=C1)C1=COC2=CC(0)=CC(OC)=C2C1=0
Calycosin 5280448 COC1=C(C=C(C=C1)C2=COC3=C(C2=0)C=CC(=C3)0)0
Formononetin 5280378 COC1=CC=C(C=C1)C2=COC3=C(C2=0)C=CC(=C3)0
Neobavaisoflavone 5320053  CC(=CCC1=C(C=CC(=C1)C2=COC3=C(C2=0)C=CC(=C3)0)0)
C

Using SMILES strings, in silico analysis was conducted on the freely accessible web platform

SwissAdme (http://www.swissadme.ch/).

Results

Physicochemical properties and bioavailability

Bioavailability of a bioactive compound is influenced by its chemical and physical properties. Figure
1 shows the chemical structures of the studied isoflavones and the corresponding radar graph of
bioavailability is shown below. In these graphs, the shaded pink area indicates the optimal

physicochemical properties for optimal oral bioavailability.
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Figure 1. Chemical structures and bioavailability radars of isoflavones (lipophilicity: XLOGP3
between —0.7 and +5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and
130 A2, solubility: log S not higher than 6, saturation: fraction of carbons in the sp® hybridization not
less than 0.25, and flexibility: no more than 9 rotatable bonds). The coordinate values are defined in
(11).

Analysis of the graphs shows that none of the isoflavones fall completely within the shaded pink area,
which is due to the characteristic unsaturation of their structures. As shown in Table 2, the predicted
values of the sp3 carbon fraction are less than the required 0.25, except for puerarin, whose
corresponding value is 0.29. This compound also exhibited high polarity, given by a topological
surface area of 160 A2 Despite these results, a bioavailability score of 0.55 is predicted in all cases.

Table 2. The physicochemical properties of isoflavones were calculated using SwissADME.

M.W1 nAHAS3 F.

Csp34

Compound nHA? RB> nHBA® nHBD’ MR® TPSA
p

(g/mol) (A2)°
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Genistein 270.24 20 16 0.00 1 5 3 73.9 90.90
Daidzein 254.24 19 16 0.00 1 4 2 71.97 70.67
Biochanin A 284.26 21 16 0.06 2 5 2 78.46 79.90
Tectorigenin 300.26 22 16 0.06 2 6 3 80.48  100.13
Puerarin 416.38 30 16 0.29 3 9 6 10459  160.82
3.4',7- 270.24 20 16 0.00 1 5 3 73.99 90.90

Trihydroxyisoflavone

Barpisoflavone A 300.26 22 16 0.06 2 6 3 80.48 100.13
2'-Hydroxygenistein 286.24 21 16 0.00 1 6 4 76.01  111.13
5-O-Methylgenistein 284.26 21 16 0.06 2 5 2 78.46 79.90
Gerontoisoflavone A 314.29 23 16 0.12 3 6 2 84.95 89.13

Calycosin 284.26 21 16 0.06 2 5 2 78.46 79.90
Formononetin 268.26 20 16 0.06 2 4 1 76.43 59.67
Neobavaisoflavone 322.35 24 16 0.15 3 4 2 95.69 70.67

'M.W: Molecular weight; 2 nHA: No. heavy atom; *nAHA: No. aromatic heavy atom; “F. Csp*: No.
of sp* hybridized carbon out of total carbon count; RB: Rotatable bonds; nHBA: No. H-bond
acceptors; 'nHBD: No. H-bond donors; ®MR: Molar refractivity; “TPSA: Topological Polar Surface
Area.

Druglikeness

The analyzed isoflavones pass druglikeness evaluation whith five tools: Lipinski, Muegge, Ghose,
Veber and Egan (Table 3). Puerarin (except for Ghose) deviates owing to its elevated hydrogen bond
donors and TPSA.

Table 3. Druglikeness of isoflavones.

Compound Lipinski Ghose Veber Egan Muegge
Genistein Yes Yes Yes Yes Yes
Daidzein Yes Yes Yes Yes Yes

Biochanin A Yes Yes Yes Yes Yes

Tectorigenin Yes Yes Yes Yes Yes
Puerarin Violation Yes Violation Violation Violation

OH>5 TPSA>140 TPSA>131.6 TPSA>150
H-don>5
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3.4 7- Yes Yes Yes Yes Yes
Trihydroxyisoflavone
Barpisoflavone A Yes Yes Yes Yes Yes
2'-Hydroxygenistein Yes Yes Yes Yes Yes
5-O-Methylgenistein Yes Yes Yes Yes Yes
Gerontoisoflavone A Yes Yes Yes Yes Yes
Calycosin Yes Yes Yes Yes Yes
Formononetin Yes Yes Yes Yes Yes
Neobavaisoflavone Yes Yes Yes Yes Yes

Pharmacokinetic profile

As shown in Figure 2, the isoflavones included in this study exhibited high permeability of the
intestinal membrane, except for puerarin. Only neobavaisoflavone, formononetin, and daidzein, in
addition to high intestinal absorption (HIA), can cross the blood-brain barrier (BBB)., can cross the
blood-brain barrier.

Other relevant pharmacokinetic parameters are summarized in Table 4. It is important to note that
none of these phytoestrogens act as substrates for P-glycoprotein (PGP). Generally, they work as
inhibitors of cytochrome CYP1A2, CYP2D6, and CYP3A4.

[ Actions |
(J show Molecules Name
BBB
HIA
4 Neobav:?soﬂavone © PGP+
© PGP-
Q.
Fomononetn 0 ©  © | ______Remarks |
Daidzein o ©
° None
[+]
Puerarin
20 40 60 80 100 120 140 160 180 TPSA
Figure 2. Boiled egg graph representations of isoflavones.
Table 4. Pharmacokinetic profile of isoflavones.
Compound Inhibitor
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Gl P-gp CYP1A2 CYP2C19 CYP2C9 CYP2D6 CYP3A4

abs.  subs.
Genistein Hig No Yes No No Yes Yes
h
Daidzein Hig No Yes No No Yes Yes
h
Biochanin A Hig No Yes No No Yes Yes
h
Tectorigenin Hig No Yes No No Yes Yes
h
Puerarin Low No No No No No No
3'4'7- Hig No Yes No No Yes Yes
Trihydroxyisoflavone  h
Barpisoflavone A Hig No Yes No No Yes Yes
h
2'-Hydroxygenistein  Hig No Yes No No Yes Yes
h
5-O-Methylgenistein  Hig No Yes No No Yes Yes
h
Gerontoisoflavone A Hig No Yes No Yes Yes Yes
h
Calycosin Hig No Yes No No Yes Yes
h
Formononetin Hig No Yes No No Yes Yes
h
Neobavaisoflavone  Hig No Yes No Yes No Yes
h
Discussion

Lipinski established the importance of physicochemical properties of a compound for ADME. He
proposed five well-recognized and widely used rules to filter compound libraries, suggesting that
violations of these rules could be associated with poor oral absorption and low permeability of the

molecules (12). The characteristics of these rules are MW < 500 Da, MLOGP < 4.15, N or O < 10,
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and NH or OH <5 (11). Puerarin, in its structure, has six hydroxyl groups that act as hydrogen donors,
thus violating one of these rules. There is a correlation between the number of hydrogen acceptors
and donors and the TPSA, where an increase in these groups reduces permeability and, therefore,
absorption. The remaining compounds complied satisfactorily with these criteria.

This isoflavone also showed violations according to the Veber, Egan, and Muegge criteria. Its TPSA
was 160.82 A2, exceeding the recommended values of less than 140 A2 131.6 A2, and 150 A2 This
parameter is critical for the permeability through passive membrane transport. When TPSA exceeds
120 A2, poor absorption occurs; for brain penetration, negative effects are observed when TPSA
exceeds 90 A2 (12). In the case of Muegge, as with Lipinski, the number of hydrogen donors is also
considered, resulting in two violations of puerarin. These findings suggest that puerarin has poor
gastrointestinal absorption. This is a crucial aspect to consider given its intended use as a bioactive
compound for incorporation into foods, which may negatively impact its subsequent biological
activity.

None of the isoflavones were predicted to behave as substrates for P-glycoprotein, which acts as a
biological barrier by expelling toxins and xenobiotics from the body. This is a key pharmacokinetic
factor to consider because of its influence on absorption, which is decisive for the oral bioavailability.
Its function limits absorption from the intestine into the systemic circulation during oral
administration, restricts penetration into the brain, and facilitates excretion (13).

The biodisponibility radar showed that these compounds have an sp3 carbon fraction below the
optimal lower range, set at 0.25. This factor was considered to be correlated with the solubility of the
compounds. Higher saturation values give a molecule a greater chance of success during the discovery
and use processes (14). Isoflavones are known for their low solubility in water, which can contribute
to their reduced bioactivity (10).

Only puerarin exceeded the specified range for TPSA values. This is a critical aspect related to the
ability of compounds to traverse biological membranes, such as those in the intestine and brain (11).
This relationship is depicted in the boiled egg diagram, where the shaded white area corresponds to
compounds with high gastrointestinal absorption and the yolk represents molecules capable of
permeating the brain (15). As observed, only one phytoestrogen falls outside these areas.

The inhibition of cytochrome P-450 isoenzymes by the studied compounds is of interest, as it reveals
which enzymes may be affected. This is significant because isoenzymes inhibition can lead to drug
interactions and induce undesired effects (11).

Except for puerarin, the studied isoflavones have good absorption, distribution, metabolism, and
excretion profiles. Abbott bioavailability score seeks to predicts the probability of a compound to

have at least 10 % oral bioavailability in rat or measurable Caco-2 permeability which predicts
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probability of a compound to have F >10 % based on the predominant charge at biological pH in a
rat model (11). All isoflavones exhibited a uniform and good bioavailability score of 0.55. These
results coincide with previous ADME studies carried out on daidzein (16) and other compounds such
as genistein, glycitein, formononetin and biochanin A (17). The prediction of an adequate ADME
profile makes it possible to identify them as potential candidates to continue with subsequent studies
until their effective incorporation as bioactives in functional foods. However, numerous studies have
indicated that they have a low bioavailability in vivo. Factors such as the food matrix, age, and gender
of consumers, as well as extensive biotransformation by the microbiota, play a role in this aspect (18).
The last issue is gaining interest from the scientific community (19,20). Further studies should be

conducted to clarify these issues.

Conclusions

The in silico analysis of ADME properties, with a focus on pharmacokinetics, druglikeness, and
bioavailability, of 13 estrogenic isoflavones using the SwissAdme web tool predicted an adequate
profile. The exception was puerarin, which had a high TPSA value and six hydroxyl groups acting as
hydrogen donors and showed poor absorption. All compounds met the druglikeness criteria
established by Lipinski, Veber, Egan, and Muegge. None of these compounds was predicted to act as
substrates for P-glycoprotein. Adequate bioavailability with high gastrointestinal absorption is
predicted, along with the ability of neobavaisoflavone, formononetin, and daidzein to permeate the
blood-brain barrier. These results contribute to identifying the phytoestrogenic isoflavones studied
with an adequate ADME profile as potential candidates for incorporation as bioactuve compounds in
foods.
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