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Abstract: This paper aims to compare the in silico and in vitro properties of a series of diphenyl
acetone derivatives, specifically six chalcone analogues, namely benzophenone, chalcone, phloretin,
phloridzin, nothofagin and 4-methylchalcone. The in silico studies were conducted using the Spar-
tan’14 mechanistic program to perform a comparative analysis of the molecular, quantum and
bioactivity parameters of the six analogues under study. The in vitro MTS studies were designed
to investigate the cytotoxic and anti-proliferative effect of the reference substances (r.s.) of three
main chalcone derivatives in nature, namely phloretin, phloridzin and 4-methylchalcone, on the
Caco-2 cell line. Overall, the in silico results foremost suggested the potential of phloretin to traverse
the blood-brain barrier, and the abilities of phloridzin and nothofagin to act as broad cell enzyme
inhibitors; the in vitro results demonstrated that phloretin and 4-methylchalcone have the potential
to induce both cytotoxic and anti-proliferative effects, depending on their concentration level: the
antiproliferative effects were noticed in the interval from 1 to 50 pg of r.s. per sample, while the
cytotoxic effects were noticed from 1 to 50 pg of r.s. per sample in the case of 4-methychalcone,
and at 50 pg of r.s. per sample in the case of phloretin. Phloridzin did not affect the viability of the
Caco-2 line.

Keywords: chalcone analogues; in silico quantum; bioactivity and docking studies; TNKS1 target;
in vitro studies; MTS method; cytotoxicity and antiproliferative assays; Caco-2 cells

1. Introduction

The benzene nucleus and its substituted derivatives (hydroxyl, carboxyl, methoxyl,
etc.) are the basis of countless natural and synthetic compounds, many of which have
important pharmacological activities and certain human health benefits.

More complex variants, such as those obtained by condensing multiple benzene
nuclei or derivatives through the interposition of alkene, polyene, keto, amino groups, or
by adding heterocyclic groups containing O,N,S heteroatoms, often deepen one or more
pharmacological effects. However, the more complex the natural or new-fashioned active
molecules, the more complex the testing of their safety for practical use. For example,
although planar lipophilic and planar symmetrical lipophilic molecules are known to be
highly effective drug compounds, they have the ability to switch the dipole moment of the
cell membranes, causing chaotic effects or even disrupting the lipid layer, which may lead
to the death of the cells [1-4].
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As is well known, symmetrical molecules achieve maximum interaction potency and
effectiveness when combined with molecular targets that also exhibit symmetrical confor-
mation; thus, symmetrical molecules are highly effective in targeting active proteins with
symmetrical sub-unit arrangements or proteins that display a symmetrical arrangement of
the amino acids in their binding pockets [5,6].

The concept of the superiority of symmetrical drugs for symmetrical targets is based
on the notion of the dyad axis, which refers to “the best axis which gives the lowest
root mean square deviation between each atom of a pair and the 180° rotated position
of its partner” [7]); by calculating the best dyad axis of a drug molecule in relation to
its interaction partner (the binding site in the active protein), the development of highly
effective drug—receptor couple force molecular pairs has become possible.

An example of a symmetrical, non-polar, natural drug molecule is benzophenone
(Figure 1a), a diphenyl ketone compound considered a fundamental and ubiquitous struc-
ture in pharmaceutical chemistry, thus being the basis of numerous active compounds [8].
Benzophenone is naturally produced by certain microorganisms (fungi) and can also be
found in green plants and some edible fruits, such as grapes [9].

Figure 1. Structures of bezophenone core (a) stilbene core (b), and chalcone core (c).

Stilbene (Figure 1b) is another example of a symmetrical, non-polar, natural drug
molecule of high pharmacological interest. Interposing a vinyl group between the ben-
zophenone nuclei or a ceto group between the stilbene nuclei results in a new chemical
analogue: 1,3-diphenylprop-2-en-1-one. This analogue forms the basis of some of the
most active subclasses in the green plant and polyphenol series, namely, the chalcone
(Figure 1c) series.

The most well-known chalcone-type compounds in nature are phloretin (aglycone)
and its O-glucoside derivate, phloridzin. Phloretin and phloridzin belong to the class
dihydrochalcones and can be found in many edible fruits and medicinal herbs. For example,
the content of phloridzin in apples, strawberries, plums and apricots ranges from 0.5 to
3 mg per 100 g wet weight/(WW), while Mexican oregano has the highest content of
phloridzin in nature, at 136 mg % (WW) [10].

In vitro and in vivo studies on different chalcone derivatives, particularly the phloretin
aglycone, have shown their ability to induce a plethora of biological effects. The most
noteworthy are antimicrobial, antifungal and antiparasitic effects, cytotoxic, antitumor,
antiproliferative, angiogenic and antimetastatic effects, antidiabetic and antiobesity effects,
antioxidant and anti-inflammatory effects, cardioprotective, vasculoprotective, hepato-
protective and neuroprotective effects, effects on skin conditions, and even immunosup-
pressant effects [11-15]. However, some studies have also reported significant harmful
effects [3,4,12].

These harmful effects have specifically been attributed to the planar non-polar struc-
ture of the phloretin, which can induce changes in the membrane dipole potential, poten-
tially causing the disruption of the membrane permeability and cell homeostasis.

Studies have confirmed that phloretin aglycone can modify the dipole potential of the
lipid bilayers by bonding the cholesterol-rich domains, thereby altering the permeability of
the cell membrane for various compounds and further disrupting cellular homeostasis [3,4].
Phloretin is in fact an example of a so-called PAIN molecule (Pan-Assay compound),
meaning a molecule that has the ability to interfere with compound bioassays through
different molecular mechanisms [16].
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However, due to the introduction of a C-glucoside moiety into the phloretin molecule
(specifically at position 3’ of ring A) resulting in a more polar analogue, namely nothofagin,
the new chalcone derivative is not able to alter the membrane dipole potential of cells [14,17].
Yet, phloridzin, the O-glucoside derived at position 2’ of ring A and in fact the major
chalcone derivate in green plants, also showed harmful effects in the in vivo model; the
harmful effects were seen in either muscle mass and strength, or in osteoporotic changes in
the studied mouse groups [18].

Apart from these, studies have revealed that both phloretin and phloridzin glucoside
exhibit very low bioavailability (8.67%) in humans [14,19-21]; as is well known, phloridzin is
metabolized into its aglycone, phloretin, and glucose unit with the help of lactase hydrolase,
an intestinal enzyme involved in the metabolism of many other flavonoids derivates. Lactase
hydrolase is found in the epithelial brush border membrane of the small intestine. Thus,
similar to other flavonoid derivates, the bioavailability and the bioactivity of O-glucoside
derivatives are those of aglycones. Research also shows that the intestinal permeability of the
phloretin aglycone decreases as the pH increases, therefore following this absorption pattern:
colon > duodenum > jejunum > ileum [14]. Pharmacokinetic in vitro and in vivo studies
have also demonstrated that microemulsion, liposome and self-nanoemulsion formulations
result in a 4-to 7-fold increase in bioavailability [14,19,22-26], as well as in a reduction in the
membrane disruption effects [14]. Furthermore, the 4-methylchalcone derivative, the main
chalcone metabolite in humans, along with many other methyl analogues obtained through
chemical synthesis have shown lower toxicity in normal cells and/or stronger activity in
cancer cells, and improved pharmacokinetic profiles too [14,19,22-26]; as a result, interest
in their green synthesis has increased [27-31].

Considering all these aspects, to enhance our knowledge and valorization of the chal-
cone analogues in the current plant-derived medicines, the present study aimed to analyze
the in silico, molecular, quantum and bioactivity parameters of six chalcone analogues
from green plants, namely benzophenone, chalcone, phloretin, nothofagin, phloridzin and
4-methylchalcone; docking studies were performed on a molecular target for the tumorige-
nesis process and particularly for colon cancer in humans, named TNKSI. In silico studies
were followed by an in vitro comparison of the anti-proliferative potency of phloridzin (the
major glucoside form present in the green plants), phloretin (the aglycone form released
by the specialized enzymes in the small intestine) and 4-methylchalcone (the metabolized
form that results after passing the intestinal metabolism) on Caco-2 cells. The choice of
using Caco-2 cells is based on the fact that chalcone derivatives are very active natural
compounds when they come into direct and long-term contact with the intestinal cells
during the digestion process in humans; therefore, the results could be of interest for the
chemical pharmaceutical and food supplement industries In vitro studies were performed
on the reference substances (r.s.) solubilized in 50% ethanol, at concentration levels ranging
from 1 to 50 pg of test chalcone per sample, therefore suggesting the daily intake of humans.

2. Materials and Methods
2.1. In Silico Molecular, Quantum and Bioactivity Parameters Studies

The structures of the six investigated compounds (benzophenone, chalcone, phloretin,
phloridzin, nothofagin and 4-methylchalcone) were first drawn and converted into 3D.
Their lower energy conformers were obtained by energy minimization using the Merck
molecular force field (MMEFF) [32], by means of Spartan software, Wavefunction, Inc. Irvine,
CA, USA [33]. The Density Functional Theory [34] algorithm and basis set were settled
to give good accuracy predictions for the molecular property calculations; the B3LYP
hybrid functional [35] with the basis set 6-311G (d,p) was used [36], as demonstrated by
previous investigations [37-39]. Specifically, the computations were performed for the
equilibrium geometry at ground state in gas, without any solvent corrections. The purpose
of the property computations was to achieve a comparative analysis of several major
molecular features and structural descriptors, including the molecular weight, total surface,
volume, polar surface area (PSA), water-octanol partition coefficient (logP), dipole moment,
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polarizability, ovality, number of hydrogen bond donors (HBDs) and acceptors (HBAs).
These descriptors suggest their potential use as new natural medicines. In addition, to gain
insights on the chemical reactivity of the investigated structures, the quantum descriptors
related to the chemical reactivity were also calculated; these descriptors included the
highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular
Orbital (LUMO), the Frontier Molecular Orbitals (FMOs) energy gap (AE), the ionization
potential (I), the electron affinity (A), the chemical hardness (y), the electronegativity
(x), the chemical potential (1), the chemical softness (), the electrophilicity (w), and the
nucleophilicity (g).

The bioactivity scores and quantum parameter prediction computation of the six
compounds under investigation were obtained using the Molinspiration Cheminformatics
free web services, Slovensky Grob, Slovakia [40]. Specifically, the ability of the six chalcone
analogues to inflect the protein-coupled receptor (GPCR) ligand and nuclear receptor ligand
were analyzed, as well as the ion channel, kinase, protease and cell enzyme activities.

2.2. In Silico Docking Studies

Molecular docking studies were performed through CLC Drug Discovery Workbench
(QIAGEN, Aarhus, Denmark) software in order to investigate the potential inhibitory effect
of the six chalcone analogues under study upon the activity of one important molecular
target for colon cancer development in humans, the human tankyrase 1 (TNKS1) enzyme.
According to the available data [41-43], the catalytic domain of the human tankyrase 1 is
implicated in the oncogenesis process by the Wnt/3-Catenin signaling pathway, which
is particularly responsible for the regeneration of the intestinal epithelial cells and the
development and progression of colorectal cancer. The PDB entree 4W6E, correspond-
ing to the TNKSI target, in complex with the native inhibitor encoded Co-crystallized
3J5A [43] was retrieved from the Protein Data Bank (https://www.rcsb.org, accessed on
1 January 2020). The TNKSI preparation consisted of removing the co-factor (Zn ion) and
the water molecules, protonation, and setting up the binding site and binding pocket
at 140.29 A2, The ligand’s preparation was achieved by energy minimization using the
Spartan’14 software program from Wavefunction, Inc., Irvine, CA, USA [33]; validation
was performed by re-docking the native ligand, after which the interactions of the test
ligands in complex with the catalytic domain of TNKS1 were determined by docking. More
detailed information can be found in the authors’ previous studies [44,45].

2.3. In Vitro Studies

In vitro pharmacological studies were performed on Caco-2 cells (ATCC, HTB-37) fol-
lowing the protocol described by the CellTiter 96 AQueous One Solution Cell Proliferation
Assay Promega Corporation (Madison, WI, USA) for the cytotoxicity and anti-proliferative
MTS assays, respectively [46]. Essentially, the MTS Promega protocol is based on the
selective ability of the viable cells in culture to reduce the tetrazolium component of the
MTS salt [3-(4,5-dimethylthiazol-2-yl1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] to a purple-colored formazan; the resulting colored formazan in the medium
can then be measured at 492 nm. Briefly, the MTS cytotoxicity and anti-proliferative assays’
setup consists of the cells being exposed to the test/control samples when a “semiconflu-
ent” or a “sub-confluent”-type cell type culture is achieved, meaning 70% cell proliferation
versus 30% cell proliferation, respectively. MTS studies were performed on three main chal-
cone derivatives in nature: phloretin (by Molekula GmbH, Miinchen, Germany), phlorizin
hydrate (by TCI, Tokio Chemical Industry, Tokio, Japan), and 4-methylchalcone (by Sigma
Aldrich, Merck Darmstadt, Germany); these were presented as reference substances (r.s.)
prepared as stock solutions of 1 mg/1 mL of 50% ethanol (w/v). The three reference
substances (r.s.) were further prepared as a six-point dilution series in the interval from
1 to 50 ng/mL of test sample, also using 50% ethanol. The same dilution series were used
for the positive control series using 50% ethanol, and for the negative control series using
Caco-2 cell growth medium supplemented with FBS (from Merck Sigma-Aldrich, Saint
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Louis, MO, USA distributor in Romania). Briefly, after reaching the Caco-2 cell culture
confluence established by the two Promega protocols, the cells were detached from the
flask with Trypsin-EDTA; the resulting suspensions were centrifuged at 2000 rpm for 5 min,
after which they were re-suspended in the Caco-2 growth medium. The resulting cells
were further seeded in 96-well plates at a density of 4000 cells per well, in 200 pL of Caco-2
growth medium. After reaching the Caco-2 cell culture confluence established (70% and
30%, respectively), each one test sample in the three series, as well as the positive and the
negative control sample series at each one dilution point in the series, were applied to the
Caco-2 cell culture in triplicate (n = 3). After 20 and 44 h of Caco-2 cell exposure to the test
and positive/negative control series, the culture medium was removed. The cells were
incubated with MTS solution for another two hours and, after that, the viability of the
adherent cells was determined by evaluating the absorbance of the solutions at 492 nm
(BMR-100 Microplate Reader, Boeco, Germany). The Optical Densities (O.D.) at 492 nm, as
well as the viability percentages of the test series against the positive control series along the
concentration series (mean values, n = 3), were computed for their statistical significance
(Student “t” test). The notation (*) represents results without statistical significance and
p > 0.05; the notation (**) represents results with statistical significance and 0.05 < p < 0.01;
and the notation (***) represents results with statistical significance and p < 0.01.

3. Results
3.1. In Silico Studies Results
Quantum Bioactivity Parameters Computation of the Six Test Compounds

The first part of the investigation aimed to compare the main molecular properties
(molecular weight, area, volume, polar surface area, water-octanol partition coefficient,
dipole moment, polarizability, ovality, the number of hydrogen bond donors and accep-
tors) of the six test compounds under investigation: benzophenone, chalcone, phloretin,
nothofagin, phloridzin and 4-methylchalcone.

Their chemical structures are shown in Figure 2.

o0 a0 CrLO
o] o

Benzophenone

Chalcone Phloretin

Phloridzin

Nothofagin 4-Methylchalcone
Figure 2. Chemical structure of the six chalcone analogues.

Table 1 shows the data on the molecular properties of the six chalcone analogues under
study, computed using DFT/B3LYP functional with the 6-311(d,p) basis set.
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Table 1. The main molecular properties of the six chalcone analogues in the study.

Test Compounds MW Area  Volume PSA logP 1\1/?;}1;:,:;’: Polarizability Ovality HBD HBA
Benzophenone 18222 21535 20324  14.069 3.24 3.01 56.69 1.29 0 1
Chalcone 208260 251.74  236.07 13.761 3.76 3.09 59.53 1.36 0 1
Phloretin 274272 29331  269.08  90.979 2.05 6.6 62.0 1.46 1 5
Phloridzin 436.413 43151  405.89 153.365 0.21 7.26 73.12 1.63 7 10
Nothofagin 436413 416.69 399.79 151334 —0.58 8.42 72.76 1.59 7 10
Methylchalcone 222287 26593  253.63  14.379 4.25 3.75 60.91 1.37 0 1

Where: MW—molecular wight (Da), area (A?), volume (A3), PSA—polar surface area (A?), logP—water-octanol
partition, dipole moment (Debye), polarizability (10-3° m?), ovality, HBDs—number of hydrogen bond donors
and HBAs—number of hydrogen bond acceptors.

As is well known, the area (A) and volume (V) of the compounds are in close relation
with the molecular weight (MW), while the polar surface area (PSA) generally depends
on the number and configuration of the hydroxyl groups in a compound, and other polar
hetero-atoms or functional groups, respectively. The PSA value is also known as a measure
of the presence of oxygen sp? or sp? hybridization in a molecule; therefore, it increases with
the number of hydroxyl groups in the molecule. The PSA value estimates the ability of a
molecule to pass through the hydrophilic or hydrophobic medium, too; thus, the higher
the PSA value, the more hydrophilic the molecule.

The logarithm of the water—1-octanol partition coefficient, LogP, is an indicator of the
lipophilicity /hydrophilicity balance of a molecule, being in fact the widely used molecular
descriptor for the prediction of the oral bioavailability of biologically active compounds in
humans; LogP is estimated according to the method of Ghose, Pritchett and Crippen [47],
who used refined atomic parameters to predict the octanol-water partition coefficient
by taking into account 125 compounds and obtaining a good correlation given by good
standard deviation and correlation coefficients. As was stated [48-52], a negative logP
indicates the compound’s affinity for the aqueous phase; a logP value near to zero means
that there is equal affinity for the lipid and the aqueous phases; a positive value for logP
suggests a higher affinity for the lipid phase than the aqueous phase; logP = 1 means a
10:1 ratio of the compound partitioning between the organic and aqueous phases; a logP
value close to 2 indicates the ability of the compound to cross the blood-brain barrier; a
logP value in the interval from 1.35 to 1.8 describes a compound targeting the common
oral-intestinal absorption in humans; and a logP higher than 5 describes a compound able
to undergo sublingual absorption in humans.

Furthermore, the dipole moment and the polarizability are both closely related to the
electronic structure of the compound; therefore, they can estimate the reactivity and the
potential bonding to a molecular target [53,54]. Since it combines area, volume and PSA
three-dimensional information, the ovality index offers cumulative information about the
investigated molecule; the ovality index also represents the deviation from the spherical
shape, which corresponds to an ovality index equal to 1. Hereby, the higher a value is,
the further it is from the shape of a sphere; therefore, it also indicates an increase in the
linearity of the molecule. It must be noted that studies on 16 phenolic compounds in the
series of flavonoid derivatives indicated that their ovality index is related to their ability
to act as trypsin and trypsin-like enzyme inhibitors [55]; these data are very useful for the
health and dietary and food supplement industries.

Finally, the counts of the hydrogen-bond donors (HBDs) and acceptors (HBAs) are
based on the atomic connectivity following special cases for common organic functional
groups; they are related to the potency of a molecule to bind a specific molecular target,
and stand as pharmacological filters when discussing the Lipinsky rule of five [56].

Altogether, the results in Table 1 suggest the high probability of phloretin crossing the
blood-brain barrier in humans, as well as the capability of 4-methylchalcone to undergo
sublingual absorption. Benzophenonone, phloridzin and nothofagin suggest intestinal
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metabolism and absorption in humans. Cumulatively, phloridzin and nothofagin suggest
similar bioavailability and formulation needs for humans.

Figure 3 compares the main molecular properties of the four chalcone derivatives
under study: differences between the polar and less polar chalcone derivatives in the
study in terms of the logP, dipole moment, HBAs and HBDs can be observed. These areas
anticipate the lipophylicity, hydrophilicity and formulation needs of phloretin, phloridzin,
nothofagin and 4-methylchalcone for their usage in humans.

HBA

10

—— Phloridzin
Nothofagin

—— Phloretin

4-Methyl-chalcone

logP — Dipole moment

HBD

Figure 3. The abstraction of the main molecular properties: logP, dipole moment, HBA and HBD.

Table 2 resumes the bioactivity scores of the six test compounds against the six cell
modulators in the eukaryotes: the G protein-coupled receptors (GPCRs), the ion channel,
the kinase inhibitor, the nuclear receptor, the protease and the enzyme inhibitor activities.
As is well known, a high bioactivity score indicates the greater probability of the test
molecule modulating/impacting the molecular target subjected; in accordance with other
predictive studies analyzed [57,58], the molecules that exhibit bioactivity scores more than 0
are highly active; the molecules with bioactivity scores between —5.0 and 0.0 are moderately
active; and the molecules with bioactivity scores less than —5 are inactive.

Table 2. The bioactivity scores of the six chalcone analogues against the six cell modulators.

Ion Nuclear

GPCR Kinase Protease Enzyme No. of
Test Compounds Ligand IV([: hannel Inhibitor Re.ceptor Inhibitor Inhibitor Values > 0
odulator Ligand
Benzophenone —0.47 —0.10 —0.46 —0.39 —-0.72 —0.14 0
Chalcone —0.43 —0.18 —0.66 —0.51 —0.60 —0.12 0
Phloretin 0.03 0.19 —-0.17 0.27 —0.03 0.28 4
Phloridzin 0.17 0.17 —0.09 0.26 0.14 0.44 5
Nothofagin 0.21 0.20 —0.06 0.23 0.19 0.51 5
4-Methylchalcone —041 —0.26 —0.61 —0.46 —0.59 —-0.17 0

As a general observation, the chalcone analogues investigated are moderate to highly
active natural molecules, and are able to impact the general function of the eukaryotic
cells; the compounds with the lowest PSA values, specifically benzophenone, chalcone
and 4-methylchalcone, have the lowest ability to influence the molecular targets selected;
the compounds phloridzin and nothofagin both suggest a high ability to impact the cell
enzyme activity and the nuclear receptor activity of the eukaryotic cells; and phloretin
is less active than its glucoside derivatives. Similar to other polyphenolic species [39,55],
chalcone derivatives appear to also potentially interfere with the activity of the enzymes in
humans; therefore, they should be paid attention to in digestive diseases.
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Table 3 presents the quantum chemical reactivity parameters of the six chalcone
derivatives in the study, computed with the DFT/B3LYP/6-311 (d,p) method for the lowest
energy conformers. These values are the basis for the prediction of other chemical reactivity
descriptors derived from relationships established by Koopmans’ theory [59-61], together
providing information about charge transport within the molecule.

Table 3. Quantum chemical reactivity parameters of the six chalcone analogues.

Parameter  Formula Benzo Chal Phlore Phlori Notho 4-Methyl
Phenone Cone Tin Dzin Fagin Chalcone
Enxomo —6.87 —6.56 -5.91 —5.85 —5.96 —6.31
Erumo -1.94 —2.35 —0.85 —0.84 —1.55 -1.92
AE AE = Exjomo — ELumo 4.93 4.21 5.06 5.01 4.41 4.39
I I = —Exomo 6.87 6.56 5.91 5.85 5.96 6.31
A A =—Erumo 1.94 2.35 0.85 0.84 1.55 1.92
n n=010—-A)/2 2.465 2.105 2.530 2.505 2.205 2.195
X x=(0+A)/2=—pn 4.405 4.455 3.380 3.345 3.755 4115
U u=—I+A)/2 —4.405 —4.455 —3.380 —3.345 —3.755 —4.115
o c=1/y 0.4056 0.4750 0.3952 0.3992 0.4535 0.4556
w w=u>/27 3.936 4714 2.258 2.233 3.197 3.857
w* w = +3A)2/16 (I — A) 2.0415 2.7498 0.8840 0.8739 1.5954 2.0741
w” w™ =B+ A)?/16 (I — A) 6.4465 7.2049 4.2640 4.2189 5.3504 6.1891
€ e=1/w 0.254 0.212 0.443 0.448 0.313 0.259

Where: Eyomo—energy of the HOMO orbital (eV); Eymo—energy of the LUMO orbital (eV); AE—FMOs energy
gap (eV); [—ionization potential (eV); A—electron affinity (eV); 7—chemical hardness (eV); xy—electronegativity
(eV); w—chemical potential (eV~'); —chemical softness (eV~!); w—electrophilicity; e—nucleophilicity.

Accordingly, in a comparison of the quantum parameters of the six chalcone analogues
under study, we first suggested a high similarity between benzophenone, chalcone and 4-
methylchalcone, and between phloretin and phloridzin; nothofagin differs in its analogues
mainly in terms of electron affinity and electrophilicity. These data suggest that polarity,
in fact the number and the position of the hydroxyl groups at the benzene nucleus, is the
basis of the similarity between the quantum reactivity parameters in an analogue series.

The number and position of the hydroxyl groups in the benzene nucleus also are at
the basis of antioxidant activity. Nevertheless, the antioxidant potency of the analogue’s
series cannot be predicted using nucleophilicity and electrophilicity values. According
to previous studies [62], “oxidants are electrophiles that take one or two electrons from a
nucleophile, without forming an adduct” and “reductants are nucleophiles that give one
or two electrons to and oxidant, without forming an adduct”; the antioxidants (reactive
oxygen scavengers) are “nucleophilic reductants that directly react with oxidants, thus
preventing the oxidation of a third molecule”. This way, the antioxidant activity is, in fact,
a complex interplay of nucleophilic and electrophilic reactions and, therefore, cannot be
predicted based on the quantum and energy parameters in silico.

Finally, the HOMO-LUMO energy gap (AE) (see Figure S1A-G) gives indications
about the stability of the series analogues; the larger the difference between the HOMO-
LUMO frontier orbital energy (AE), the more stable the individual molecules; in particular,
AE for the six series analogues corresponds to 4.39-5.06 eV, suggesting the high stability of
the chalcone analogues. Also, a high HOMO energy in a compound suggests the greater
probability of the respective molecule undergoing an electrophilic attack; therefore, by
comparison, phloretin and phloridzin are the most stable compounds in the series, while
the chalcone core is the most potentially reactive species in the series.

Table 4 shows the results of docking studies on the TNKS1 (PDB ID: 4W6E) molecular
target. Figure S2 (see the Supplementary Materials) shows the interactions between the amino
acids in the active pocket of TNKS1 and the native ligand and chalcone analogues, respectively.
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Table 4. Results of a molecular docking study on TNKS1 (PDB ID: 4W6E, chain A) [43].

Test Ligand Interacting Group/4W6E, Chain A Hydrogen Bonds: A Score/RMSD
MET1207, GLY1206, ILE1204, GLU1291,
ALA1202, TYR1203, HIS1201, TYR1213, 01 sp®-Osp? GLU1291: 3.393

The native ligand PHE1214, ALA1215, PHE1183, LYS1220, o1 sp3—Osp2 GLU1291: 3.250 —104.15/0.16

(Co-crystallized 3J5A)  HIS1184, ILE1228, GLY1185, TYR1224, O sp?-Osp® SER1221: 2.778 B
SER1185, PHE1188, PRO1187, LY1227, O sp?-Nsp? GLY1185: 2.895
SER1121, ALA1290.
PHE1188, PRO1187, VAL1225, GLY1185,
TYR1224, HIS1184, PHE1183, SER1221,

Benzophenone ILE1228, ALA1215, PHE1214, TYR1203, Nobonds —59:52/0.03
GLU1291, LYS1220, TYR1213
ILE1228, TYR1203, GLY1227, PRO1187,
PHE1188, ALA1202, SER1186, GLY1185,
HIS1184, PHE1183, PHE121, TYR1213, 2 . B

Chalcone GLY1227, ALA1215, SER1221, ALA1290, OO0 sp~—Nsp~ HIS1184: 3.261 69.30/0.03
ALA1215, LYS1220, GLY1291,
PHE1214, ALA1290
ALA1290, GLU1291, TYR1292, GLY1211, A _
ALA1202, TYR1203, ILE1212, TYR1213, 8; SP3‘8SP2 fﬁgllzlgf ; '121691

. PHE1214, ALA1215, GLY1216, LYS1220, SP.7 5P, -

Phloretin 02 sp°-Osp~ GLY1211: 3.167 —67.28/0.52
SER1221, HIS1184, PHE1183, ILE1228, Op s N2 TYRIZ13: 3,049
SER1186, PHE1188, PRO1187, ILE1192, o4 SP3‘OSP2 PHE1214. 3969
TYR1224, GLY1185 i "
ILE1204, TYR1203, ILE1228, GLY1227, 09 sp3-Osp? TYR1213: 2.977
TYR1223, PRO1187, SER1186, SER1221, 08 sp3-Nsp? HIS1201: 2.688

. GLY1185, LYS1184, PHE1188, GLY1196, 03 sp®~Nsp? HIS1184: 2.752

Phloridzin ALA1191, PHE1197, ASP1198, GLU1199, O4 sp®-Osp? HIS1201: 3.156 —74:58/0.82
ARG1200, ALA1202, HIS1201, ALA1202, 02 sp3-Osp? HIS1201: 3.002
GLY1211, HIS1184 02 sp3-Osp? ASP1198: 2.678
GLY1227, ILE1228, TYR1224, PRO1187,
SER1186, GLY1185, GLU1291, SER1221, 02 sp3-Nsp? HIS1201: 2.877

Nothofagin PHE1214, ALA1215, PHE1183, HIS1184, 05 sp3-Osp? TYR1224: 3.085 —83.95/0.10
TYR1213, PHE1188, ALA1202, HIS1201, 08 sp?-Nsp? HIS1184: 3.026
TYR1203, ARG1200, ILE1204, GLY1205
ILE1228, GLY1227, TYR1226, TYR1224,
PRO1187, TYR1203, HIS1201, TYR1213,

4-Methylchalcone ALA1202, ILE1212, TYR1213, PHE1214, No bonds —67.80/0.12

ALA1215, HIS1184, PHE1183, GLY1185,
PHE1188, SER1186, LYS1220, TYR1224

The docking results reveal that the native ligand (the Co-crystallized 3]5A) had the
greatest inhibitory score (—104.15) among the test ligands; this high score was due to the
formation of four hydrogen bonds with three amino acid residues (GLU1291, SER1221,
and GLY1185) in the TNKS1’ active pocket. Also, nothofagin presented the highest in-
hibitory score in the chalcones series (—84.47), followed by phloridzin (—74.58), chalcone
(—69.30), 4-methylchalcone (—67.80), phloretin (—67.28) and benzophenone (—59.52). Ben-
zophenone and 4-methylchalcone did not make hydrogen bridges with the amino acids
in the active pocket; nevertheless, they show an inhibitory effect on TNKS1, most likely
through hydrophobic bonds. Altogether, the docking scores suggest the ability of all six
chalcone analogues to interfere with the activity of one important molecular target for
carcinogenesis in humans, TNKS1, which is known to be responsible for the development
and progression of colorectal cancer. Furthermore, the docking results emphasize the high
inhibitory potential of the glycosylated derivatives in the series, as is also clear from the
bioactivity computation studies (Table 2). Yet, glycosylated polyphenols do not usually
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reach the inside of the (intestinal) cells in humans, as only their aglycones and metabolites
do. Accordingly, the docking results must be seen in the context of molecular and quantum
parameters and biophysical information, and also in the context of bioavailability data and
formulation assemblage as well.

3.2. Pharmacological In Vitro Studies Results
In Vitro MTS Cytotoxicity and Anti-Proliferative Assessments

Pharmacological studies aimed to investigate the effects of three main chalcone deriva-
tives in nature, phloretin (the aglycone form), phloridzin (the main O-glucoside found in
the green plants) and 4-methylchalcone (the main chalcone metabolite in humans), upon
the viability and the proliferation of the human tumor colon cells Caco-2 (ATCC, HTB-37).
Studies were performed by the MTS method and cytotoxicity and anti-proliferative assays,
respectively [46]. For the reference substance (r.s.) of the three test chalcones under investi-
gation, each one was prepared as six dilution series, in 50% ethanol (w/v). The punctual
concentrations obtained were as follows: 1, 5, 10, 25, 35, 50 pg test chalcone (r.s.) per
1 mL of sample. Tests were performed against negative control 1 (cells treated with Caco-2
growth medium only) and negative control 2 (cells treated with Caco-2 growth medium
and 50% ethanol), in triplicate (n = 3). The use of two negative control series assures a
better visualization of the effect of the solvent on the cells under investigation, and provides
indications regarding the presence of some chemical species with protective effects against
the potential harmful effects of alcohol on the environment. The results, O.D. at 492 nm and
the percent (%) of cell viability along the dilution series were computed against negative
control series 2, after which they were assigned for statistical signification; specifically, the
notation (*) refers to results without statistical significance (p > 0.05); the notation (**) refers
to results with statistical significance (0.05 < p < 0.01); and the notation (***) refers to results
with high statistical significance (p < 0.01).

Figure 4a,b present the results on the in vitro MTS cytotoxicity assay after 24 h (h) of
Caco-2 cell line exposure to the three chalcones under study, namely the phloretin/Phl, phlo-
ridzin/Phd and 4-metylchalcone/4MeCh dilution series, against the positive control series
and the negative control series, with the mean values of the triplicates (n = 3), respectively.

—hd Cell viability, 24 h gd
. MeCh (against negative control 2) _—

s AMeCh

Negative control 1

. . O
Negative control 2 (ethanol solvent series) = e ﬂ;* e o % e -
—— e - o e . 100 e e n e
e il T 80 *
n en ot
e
: 60
et
40 ok
wht
I ’ I
0
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Figure 4. MTS cytotoxicity assay at 24 h after Caco-2 cell exposure to phloretin/Phl, phloridzin/Phd
and 4-methylchalcone/4-MeCh at concentrations from 1 to 50 pug of test chalcone (r.s.) per sample:
(a) The dynamic of the Caco-2 cell line proliferation and O.D. at 492 nm along the dilution series, in
comparison with negative control series 2 (meaning Caco-2 cells treated with 50% ethanol—the blue
line); the red line represents negative control series 1, meaning the Caco-2 cells in the presence of
Caco-2 growth medium only; (b) the dynamic of the Caco-2 cell line viability and percents (%) along
the dilution series, in comparison with negative control series 2. Where: notation * = results without
statistical significance (p > 0.05); notation ** = results with statistical significance (0.01 <p <0.05,n =3,
mean values); notation *** = results with statistical significance (p < 0.01, n = 3, mean values, relative
to negative control series 2).
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The analysis of the results in Figure 4, which compare the dynamic of the Caco-2
cell proliferation (a) and Caco-2 cell viability (b) along with the control positive series
(the blue line) and the control negative series (the red line), specifically the results in the
interval ranging from 1 to 35 ug of r.s. per sample, indicate the lack of cytotoxic effects in
the case of phloretin and phloridzin; the 4-methylchalcone derivative indicated potential
cytotoxic effects, starting with 1 pg of r.s. per sample. At the highest concentration in
the study, 50 pg of r.s. per sample, both the 4-methylchacone derivate and the phloretin
aglycone demonstrated cytotoxic effects. By comparison with the positive control series,
the cell viability inhibitory effects were computed to be 66% in the case of 4-methylchalcone
(4MeCh) and 26% in the case of phlorizin (Phl); phloridzin (Phd) did not affect the viability
of the human tumor colon cells Caco-2 in vitro, not even at the highest concentration in the
study (50 ug of r.s. per sample).

Figures 5a,b and 6a,b present the results of the in vitro MTS anti-proliferative assay
after the 24 h and 48 h exposure of cells to the chalcone series, respectively; the results are
the mean values of the test and positive/negative control series (n = 3).

Specifically, the MTS anti-proliferative assay on Caco-2 cells at 30% cell confluence
indicated that, after 24 h of cell exposure (Figure 5), both 4-methylchalcone and phloretin
aglycone induced a decrease in the proliferation (a) and the viability (b) of the human colon
cancer cell line in vitro; their inhibitory effects started with 1 ug of r.s. per sample, and
achieved 35% and 26% cell viability inhibition at the maximum concentration in the study
(50 pg of r.s. per sample). Phloridzin emphasized the potential anti-proliferative effects
upon the viability of the Caco-2 cell line at above 35 pg of r.s. per sample, and a maximum
cell viability inhibition potential percentage ranging from 6 to 8% in the interval from 35 to
50 ug of r.s. per sample.
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Figure 5. MTS anti-proliferative assay at 24 h after Caco-2 cell exposure to phloretin/Phl, phlo-
ridzin/Phd and 4-methylchalcone/4-MeCh at concentrations from 1 to 50 pug of test chalcone (r.s.)
per sample: (a) the dynamic of the Caco-2 cell line proliferation and O.D. at 492 nm along the di-
lution series, in comparison with negative control series 2 (meaning Caco-2 cells treated with 50%
ethanol—the blue line); the red line represents negative control series 1, meaning the Caco-2 cells in
the presence of Caco-2 growth medium only; (b) the dynamic of the Caco-2 cell line viability and
percents (%) along the dilution series, in comparison with negative control series 2. Where: notation
** = results with statistical significance (p < 0.01, n = 3, mean values, relative to negative control series 2).

The MTS anti-proliferative assessment after 48 h of cell exposure to the three chalcone
derivatives (Figure 6a,b), in comparison to the control positive (the blue line) and the control
negative (the red line) series samples, both reconfirmed the ability of the 4-methylchalcone
and phloretin derivatives to decrease the viability of the Caco-2 cells, with 1 ug of r.s. per
sample. Specifically, phloretin (Phl) indicated a cell viability inhibition potential of up to
7% at 1 ug/mL sample, of up to 20% in the interval from 5 to 20 ug/mL, and of up to 34%
in the interval from 35 to 50 pug/mL; 4-methylchalcone (4MeCh) has revealed a cell viability
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inhibition potential of up to 10% in the interval from 1 to 25 pg/mL, and of up to 42% in the
interval from 35 to 50 pug/mL; phloridzin’s effects were computed at values ranging from
—1% to +4% in the interval from 1 to 50 pg of r.s./sample; therefore, this study supports
the lack of effect upon the Caco-2 cell viability in the cytotoxicity experiment.
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Figure 6. MTS anti-proliferative assay at 48 h after Caco-2 cell exposure to phloretin/Phl, phlo-
ridzin/Phd and 4-methylchalcone/4-MeCh at concentrations from 1 to 50 pug of test chalcone (r.s.)
per sample: (a) the dynamic of the Caco-2 cell line proliferation and O.D. at 492 nm along the di-
lution series, in comparison with negative control series 2 (meaning Caco-2 cells treated with 50%
ethanol—the blue line); the red line represents negative control series 1, meaning the Caco-2 cells in
the presence of Caco-2 growth medium only; (b) the dynamic of the Caco-2 cell line viability and
percent (%) along the dilution series, in comparison with negative control series 2. Where: notation
** = results with statistical significance (p < 0.01, n = 3, mean values, relative to negative control series 2).

4. Discussion

As is well known, symmetrical molecules are highly effective in targeting active
proteins with symmetrical sub-unit arrangements or proteins that display a symmetrical
arrangement of amino acids in their binding pockets. The planar lipophilic, and all the more
planar lipophilic symmetrical molecules, are very effective pharmaceutical substances; at
the same time, they have important side effects derived from their ability to switch the
dipole moment of the cell membranes, causing chaotic effects or even the death of the
cells. Diphenyl acetone derivatives and the top of the series, benzophenone, a symmetrical
molecule, are the basis of countless biologically active compounds. On the other hand, the
geometry, molecular size, and lipophilicity of biologically active molecules, are of primary
interest in pharmaceutical chemistry and the global curative therapeutic market today.
Diphenyl acetone derivatives, particularly chalcone analogues, are highly valued for their
pharmacological activities and certain human health benefits. Analyzing these compounds
through in silico and in vitro studies can provide valuable insights into their practical
applications. As is known, information obtained through in silico computation is highly
useful and practically necessary. The comparison of molecular, quantum, and bioactivity
parameters across a series of chemical analogues can provide insights into their reactivity,
bioavailability, and potential impact upon the function of the cells, leading to the prediction
of the most appropriate formulation needs. Also, in silico docking studies targeting specific
molecular sites can predict the effectiveness of the compounds in addressing key biological
targets and pathologies.

Apart from the fact that they significantly reduce the time and the cost required to
identify new active compounds for human health benefits, in silico studies can also be
successfully utilized in the case of natural products, such as in food and dietary supple-
ments, functional foods and cosmetics, which may not require or allow in vivo studies.
These health products are usually recommended based on centuries of use for the treatment
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of various health issues, while in silico computation may provide valuable data for their
manufacturing and usage.

An example of the usefulness of bioactivity score computation in the food and dietary
supplements industry is its ability to show the potential for some plant-derived products
to act as broad enzyme inhibitors. Many plant-derived products are based on the total
extracts, meaning that they contain most of the polyphenols found in the species. However,
many polyphenolic compounds, especially flavonoid derivatives, are certain inhibitors
of digestive enzymes in humans (e.g., amylase, protease, lipase, etc.). Products based
on compounds with high inhibitory potency could negatively affect individuals with
digestive enzyme disorders, making it essential to provide warnings or remedies about
this possibility, e.g., the addition of digestive enzymes to drug formulations.

Another example of the usefulness of in silico studies in the field of natural medicines
and plant-derived products is their ability to compute the lipophilicity and hydrophilic-
ity character of key compounds. According to recent data, three of the top active anti-
inflammatory compounds in green plants, namely curcumin, arctigenin and boswellic acid,
require liposomal formulation to achieve their maximum bioavailability and effectiveness
in humans [63-68]. This need could be predicted based on molecular parameters and by
corroborating the logP, PSA, dipole moment, and HBA and HBD values.

Furthermore, chalcone derivatives are among the most active flavonoid subclasses
found in green plants. Phloretin, the major chalcone aglycone in nature, can have potentially
severe side effects on the cell function, but also acts as a highly effective anti-cancer remedy
by providing chemopreventive, cytotoxic, antiproliferative, angiogenic and antimetastatic
effects. In addition, according to in silico, in vitro and in vivo data, phloretin aglycone has
the ability to cross the blood-brain barrier (logP = 2.05). These characteristics strongly
recommend its use in neurological applications, for which there are only a few natural
compounds available.

Supporting this, studies [69] have revealed the ability of phloretin aglycone to ame-
liorate 2-chlorohexadecanal-mediated brain microvascular cell disfunction in vitro; in fact,
it completely abrogated 2-CIHDA-induced BMVEC barrier dysfunction and cell death.
Studies have also proved the ability of phloretin to reduce the inflammatory phenotype
of bone marrow-derived macrophages in vitro, as well as autoimmune encephalomyelitis
neuroinflammation in a mice model; the effects were explained by phloretin’s ability to
induce autophagy-mediated Nrf2 (Nuclear factor erythroid 2-related factor 2) activation in
macrophages [70].

Other combined studies, including in vitro (on macrophages), ex vivo (on cerebel-
lar slice cultures) and in vivo (on mice model) approaches [71], have demonstrated that
phloretin aglycone, at concentration levels ranging from 10 to 50 uM in vitro and ex vivo,
and at 50 mg/kg body weight in vivo, can stimulate remyelination and thereby promote
central nervous system (CNS) repair, specifically through the activation of the peroxizome
proliferator-activated receptor gamma (PPARy) pathway. In vivo studies [72] on rats with
chronic mild stress (CMS) induced by a variety of randomized stressors during a 3-week
period also revealed phloretin’s ability to decrease CMS-induced synapse losses by inhibit-
ing the deposition of complement C3 onto synapsis and subsequent microglia-mediated
synaptic engulfment; these findings suggest the potential of using phloretin chalcone in
brain-targeted drug formulations.

Furthermore, introducing new active groups (e.g., hydroxyl, methyl, carboxyl, and
alkene, heterocycles, etc.) and increasing the asymmetry of the molecule usually increase
one or more pharmacological activities, as has been shown in the case of the anticancer
activity of chalcone derivatives. Accordingly, it has been demonstrated that the intro-
duction of new heterocyclic groups into the chalcone core can significantly enhance their
anticancer activity [13,73-78]. These chalcone derivatives, with newly inserted N,S hete-
rocyclic groups, can modulate a major pro-tumor sequence involving tubulin protein, the
epidermal growth factor receptor (EGFR), and topoisomerase activity. Furthermore, the
introduction of quinazoline and pyrazole groups into the chalcone core directly enhanced
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their in vitro efficacy; in the specific case of the MCF-7 cell line, the new azole chalcones
showed a decrease in IC5, values, below 0.01 uM; also, the incorporation of a piperazine
moiety into the chalcone core resulted in the augmentation of multiple biological attributes,
particularly increasing antioxidant, anti-inflammatory, anti-infective, and anticarcinogenic
activities [73-76]. Finally, the introduction of some imidazole-type groups into the chalcone
core led to increased cytotoxicity and a higher anti-proliferative potency [77,78].

Regarding the anticancer activity, studies conducted over time [11-15,79-97] have
emphasized phloretin’s ability to act against a wide range of human cancer cell lines
in vitro; according to the data reported, their interval of efficacy ranged from 10 to 200 uM,
with efficacy at concentrations greater than 50 uM. The reviewed studies [13-15] high-
light phloretin aglycone’s effectiveness against various cancers, including human oral
cancer, human nasopharyngeal cancer, human esophageal cancer, human gastric cancer,
colon cancer, human liver cancer, human cervical cancer, human ovarian cancer, human
prostate cancer, human breast cancer, human lung cancer, human glioblastoma, human
T-lymphocyte blood cancer, human leukemia, human erythroid leukemia and mouse
melanoma cells. Similarly, apoptosis induction, the inhibition of cell migration and in-
vasiveness, cell cycle arrest, and angiogenesis inhibition appear to be the most probable
mechanisms of action in vitro [13-15], which converge to stimulate the apoptosis process
via the intrinsic pathway.

The present study also aimed to investigate the effects of three main chalcone deriva-
tives in nature, namely phloretin (the aglycone), phloridzin (the main O-glucoside derivate
in green plants) and 4-methylchalcone (the main chalcone metabolite in humans), upon
the viability of the human cancer colon line (Caco-2); the studies aimed to estimate their
potential cytotoxic and antiproliferative effect at an interval of high interest for neurological
and cancer applications, from 1 to 50 ug/mL, respectively. This way, the in vitro MTS
cytotoxicity assay after 24 h of Caco-2 cell exposure to the three test chalcone dilution
series indicated the cytotoxic potency of the 4-methylchalcone, against the no or slight
effects of phloretin and phloridzin derivatives at 1 to 35 ug of reference substance (r.s.)
per sample and between 35 and 50 pg of r.s. per sample for 4-methylchacone; phloretin
aglycone also indicated potential cytotoxic effects (66% and 26% of cell viability inhibition,
respectively), while phloridzin did not affect the viability of the Caco-2 cells. Subsequently,
MTS anti-proliferative studies at 24 h and 48 h practically refined the cytotoxic potency
of the three chalcone derivates under study. Accordingly, after 24 h of young Caco-2 cell
culture exposure to the three test chalcones, it was observed that 4-methylchalcone and
phloretin started to decrease the viability of the Caco-2 cells with 1 ug of r.s. per sample,
while phloridzin decreased the viability with 35 ug of r.s. per sample; at the maximum con-
centration in the study, 50 pg of r.s. per sample, 4-methylchacone and phloretin achieved
up to 35% and 26% cell viability inhibition, respectively. Phloridzin indicated up to 8%
cell viability inhibition. After 48 h of Caco-2 cell exposure, the results were as follows:
phloretin achieved up to 7% inhibitory potency at 1 pug per sample, up to 20% in the interval
from 5 to 20 pg per sample and up to 34% in the interval from 35 to 50 pg per sample;
4-methylchalcone achieved a cell viability inhibition efficacy up to 10% in the interval from
1 to 25 ug per sample and up to 42% in the interval from 35 to 50 pg per sample; and
phloridzin indicated no effects on the Caco-2 cell viability in the interval from 1 to 50 ug
per sample. Therefore, the conclusion drawn in the cytotoxicity assay was confirmed, with
there being a lack of activity upon the Caco-2 cells, respectively.

Regarding the ability of in silico studies to estimate the behavior of the compounds
in vitro, the bioactivity scores in the present study suggest a high bioactivity score for
phloretin and phloridzin versus a decreased bioactivity score for 4-methylchalcone; in
addition, the docking studies against one suggestive molecular target for colon cancer
development in humans, the TNKS1 enzyme, indicated the following scale of inhibitory
potency along the chalcone’ analogues: phloridzin > 4-methylchalcone > phloretin. In
practice, in vitro studies on human cancer colon cell line Caco-2 have demonstrated the lack
of activity of phloridzin, in both cytotoxicity and anti-proliferative assays, while phloretin
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presents activity over 35 ug of r.s. per sample in the cytotoxicity assay, and starting with 1 pg
of r.s. per sample in the anti-proliferative assay; in contrast, the 4-methylchalcone derivate
showed broad activity in both in vitro assays, along the entire interval tested (1-50 pg r.s.
per sample). These apparently inconsistent results could also be explained by taking into
account the bioavailability predictions (logP) for the three tested compounds, which in fact
suggested the ability of 4-methylchalcone and phloretin to cross the intestinal cell barrier
(logP =4.25 and logP = 2.05), compared to the low bioavailability of the phloridzin derivate
(logP = 0.21) in humans, likely explaining its inefficacy in vitro.

5. Conclusions

The diphenyl acetone-type structure, specifically the chalcone core, is at the basis
of the most used active series in green plants, the polyphenol class; therefore, chalcone
derivatives are of increased interest for health industries today. At the same time, in silico
studies can be successfully used for the prediction of numerous chemical, biophysical and
pharmacological attributes of natural and synthetic biologically active molecules.

In the current study, by in silico and in vitro investigations of six chalcone analogues
(benzophenone, chalcone, phloretin, nothofagin, phloridzin and 4-methylchalcone) of high
chemical pharmaceutical interest, valuable information regarding their practical usefulness
and potential negative effects upon humans was obtained.

In this way, in silico studies of the molecular, quantum and bioactivity parameters
of the six chalcone analogues under study showed the ability of phloretin aglycone to
cross the blood-brain barrier, as well as phloridzin and nothofagin’s potential to inter-
fere with the activity of the digestive enzymes in humans. The in vitro MTS studies
on phloretin (the main chalcone aglycone in nature), phloridzin (the main chalcone-O-
glucoside derivate in green plants) and 4-methylchalcone (the main chalcone metabolite
in humans), tested for their effects on the viability of the Caco-2 cell line, showed that
phloretin and 4-methylchalcone induced both cytotoxic and antiproliferative effects on the
human cancer colon cells, whereas phloridzin did not influence the viability of the Caco-2
cell line in vitro. Specifically, phloretin and 4-methylchalcone induced anti-proliferative
effects along the entire interval from 1 to 50 ug of r.s. per sample; the cytotoxic effects were
noticed at 50 ug of r.s. per sample in the case of phloretin and started with 1 ug of r.s. per
sample in the case of the 4-methy derivative.

These results show that phloretin, in equivalent doses under 35 pg per sample in vitro,
may have protective anti-tumor effects on human intestinal cells.
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