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Phenolic phytometabolites are promising bioactive compounds for management of genomic instability related
diseases. Formononetin (FMN) and arbutin (ARB) are found in several plant sources. Our goal was to investigate
the safety and efficacy of FMN and ARB using in vitro both standardized and alternative toxicogenetic methods.
FMN and ARB were evaluated through the OECD’S guidelines No. 471 (Bacterial Reverse Mutation Test
—Salmonella/microsome) and No. 487 (In vitro Mammalian Micronucleus Test — CBMN assay), accordingly to the

mentioned recommendations. Also, antimutagenicity of FMN and ARB was assessed in S. Typhimurium strains
TA98, TA100 and TA1535, following pre-, co- and post- treatment protocols. Liver human lineages HepG2 and F
C3H were assayed for cytotoxicity after exposure to FMN and ARB (24, 48 and 72 h) using in vitro WST-1 test.
ARB showed no mutagenicity in the Salmonella/microsome test under both metabolic conditions (in presence or
absence of 4 % S9 mix), but FMN was cytotoxic to the TA97 and TA100 strains after metabolic activation. Under
this same condition, FMN induced an increase in the mutagenic index of strain TA1535 at two of the highest
tested concentrations. Even so, ARB and FMN exhibited protection against the induced alkylation of DNA in
multiple action modes. In the antimutagenicity assay, FMN reached the maximum of 80 % of oxidative-provoked
mutagenicity reduction in TA98 strain in co-treatment with known mutagen, besides 69 % of reduction in TA100
in the same exposure condition. ARB showed up to reduce induced mutagenicity in strains TA100 and TA1535,
reaching percentages from 55 % to 100 % of antimutagenicity in all of the tested exposure models against
alkylating agent. In the CBMN assay, no increase in micronuclei formation was observed. The results suggest that
FMN and ARB prevent DNA from mutation using multi-targeted antimutagenic roles. Finally, our data suggests
that FMN and ARB are not genotoxic and presented encouraging antimutagenicity action in vitro, being prom-
ising compounds for use in genomic instability-related diseases therapeutics.

1. Introduction

Cyrtopodium glutiniferum Raddi is an orchid found in southeastern
Brazil, and its bulbs are used in folk medicine to treat skin lesions and
infectious abscesses. The Cyrtopodium genus is popularly called
“Sumaré”, and the species are frequently confused with each other due
to difficulties in visually distinguishing them [1]. The genus has eth-
nopharmacological relevance reported, and it is used in ointments and
juices to treat chest colds, tuberculosis, bacterial infections, and to
diminish inflammatory responses, actions mainly related to the presence

of self-protection glucomannans and stilbenes, produced as a result of
the orchid’s secondary metabolism [2].

A previous investigation of our group [3] presented results on the
chemical composition of an aqueous extract of pseudobulbs from
C. glutiniferum Raddi. T6th et al. [4] also highlighted the most abundant
molecules from this plant. A genotoxicity assessment and in vitro anti-
proliferative activity was also reported, suggesting that the plant has
promising potential as a phytopharmaceutical [3].

Of the phenols identified by Araujo-Lima et al. [3], phenanthrene
was the main class of molecules. However, dihydroformononetin, caffeic
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acid 4-O-glucoside, and arbutin were detected in more significant
quantities, being the most abundantly found secondary metabolites in
C. glutiniferum Raddi. Dihydroformonetin is a reduction product of for-
mononetin (FMN), an isoflavone mainly found among polyphenols from
the Leguminosae family [5]. Caffeic acid 4-O-glucoside (or caffeic acid)
represents the hydro cinnamic class, and its structure comprises an ar-
omatic acid derived from catechol phenols [6]. Arbutin (or -arbutin,
ARB) belongs to the hydroquinone glucoside (p-glucose) group and is
widely distributed in the Plantae kingdom [7]. Several remarkable
biological effects exerted by these compounds have been described
[8-12], such as anti-inflammatory action and skin protection against
UV-induced pigmentation, which is of great importance since they are
the main components of the extract from C. glutiniferum Raddi.

Due to the large number of molecules and therapies intended for
human use, it is crucial to standardize and set regulations for testing
chemicals regarding their toxicological safety and efficacy [13,14].
Regulatory agencies from countries worldwide make use of recom-
mendations from the Organisation for Economic Co-operation and
Development (OECD) to produce experimental protocols on risk
assessment, which facilitates commercial transactions between coun-
tries with legislation disparities in the field of chemicals in general.
These guidelines (e.g., TG471, Bacterial Reverse Mutation Test and
TG487, In Vitro Mammalian Cell Micronucleus Test) [15,16] are
employed, for instance, in the pre-clinical stages of pharmaceutical
development and provide strong scientific evidence that can be used to
determine whether a substance can be made available for consumption
or otherwise [17].

International organisations worldwide validate the usage of alter-
native approaches in genotoxic testing, and have delineated guidelines
and parameters for its applications with regulatory character [18]. Such
fact could be related to the constantly increasing concern on evaluating
the true necessity of applying animal testing in research. This concept
was introduced in the 1960’s since the contributions from Russel and
Burch, that cemented the Three R’s principles, a very well absorbed
notion in genotoxicity assessment [19].

This becomes noticeable in the toxicogenetic field by the use of
emerging scientific findings in the field of nanotechnology and compu-
tational chemistry to various purposes, with prominent advances in drug
discovery, design and delivery research [20,21].

For the drug discovery area, ligand-based (e.g. molecular docking)
and structure-based (e.g. quantitative structure-activity relationship,
QSAR) [22] techniques are available for a variety of applications for the
goal of describing new leader compounds [23,24]. The usage of
computational predictors for in silico research is becoming a useful tool
for screening molecules for genotoxic profile [25]. In silico alternatives,
such as QSAR-related prediction for pharmacokinetic properties (ab-
sorption, distribution, metabolization, excretion and toxicity, ADMET)
of substances also impose great advantage in terms of saving time and
financial resources. [26].

Nanotechnology provided new insights into drug delivery systems, in
which is very currently seen that natural occurring element (e.g. metals)
or substances (e.g. secondary metabolites from plants) are modified
through nano systems in order to improve its physicochemical proper-
ties [27,28]. Utilizing nanostructured-based tools (e.g. liposomes), it is
possible to increase absorption, solubility and targeted distribution of
natural bioactive molecules, and even more, reduce the toxicity of such
therapeutic-intended substances to organisms and to the natural envi-
ronment [29-31].

Despite the mistaken common belief that medicinal plants or their
products are safe and can only pose benefits to health, there is increasing
scientific evidence that clarifies this misconception [32]. Thus, the main
objective of the present study was to employ both standardized and
alternative toxicogenetic methods to assess the in vitro safety and effi-
cacy of FMN and ARB, two of the most present phenolic compounds
obtained from C. glutiniferum Raddi, and search for an understanding of
how these plant molecules might provide health benefits to humans,
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especially in the context of diseases related to genomic instability, like
cancer.

2. Material and methods
2.1. Chemicals

Formononetin (FMN) (CgH1204) (CAS #485-72-3) and arbutin
(ARB) (Ci12H1607) (CAS #497-76-7) were purchased from Sigma
Aldrich (St. Louis, MO, USA), as were all the other chemical reagents
used in the experiments detailed below.

2.2. Prokaryotic models

2.2.1. Salmonella/microsome assay (Ames Test)

The Salmonella/microsome assay (also referred to as the Ames test)
was applied as described by Maron and Ames [33], following recom-
mendation from OECD’s test guideline 471 [15], and with consider-
ations from recently published work from our group [34]. Briefly, a set
of five strains of enterobacteria Salmonella enterica serovar Typhimu-
rium (TA97, TA98, TA100, TA102, and TA1535) were submitted to a
pre-incubation (20 min at 37° C, under agitation) protocol in the pres-
ence and absence of an exogenous metabolic activation system (4 % S9
mix, Moltox Inc., USA). The cells were exposed (20 min at 37° C with
agitation) to FMN and ARB (prepared to final concentrations of from
0.001 to 10 uM/plate). Stock solutions of FMN and ARB were prepared
based upon maximum solubility in dimethyl sulfoxide (DMSO, CAS
#67-68-5), then gradually add sterile water to each stock solution of
50 mM of FMN and 25 mM of arbutin (reaching up 25 % of water in
each, kept in freezer). Sterile water (0.0 uM/plate) was the negative
control. Positive controls (mutagens) were used as listed: (without
metabolic activation, -S9) 4-nitroquinoline 1-oxide (4-NQO, CAS
#7608-65-0) for TA97 and TA98 (1.0 pg/plate and 0.5 pg/plate,
respectively), sodium azide (NaN3, CAS #26628-22-8) for TA100 and
TA1535 (5.0 pg/plate for both strains); and mitomycin C (MMC, CAS
#50-07-7) for TA102 (0.5 pg/plate); (with metabolic activation, +S9)
2-aminoanthracene (2-AA, CAS #613-13-8) for TA97 and TA1535
(5.0 pg/plate for both strains), and also for TA98 and TA100
(1.0 pg/plate for both strains); Benzo[a]pyrene (B[a]P, CAS
#634-6671-7) (50 pg/plate) for TA102. All the mutagens were pur-
chased from Sigma-Aldrich as mentioned above. After incubation, 2 mL
top agar containing traces of essential amino acids (0.05 mol L™?
L-histidine and D-biotin) were added to the reaction mix tubes and then
spread on top of minimum glucose agar plates. After 30 minutes, the
inverted plates were incubated at 37° C, protected from light, for up to
72 h (2-3 days). Revertant colonies from each strain and treatment
group were visually counted (separately). Mutagenicity index (M.I.) was
determined as a ratio between the average number of colonies from the
sample concentration divided by the average number found in the
negative control (spontaneous revertants). The mutagenic criterion was
based upon: 1) an increase in M.L at least twice as high as in the
spontaneous revertants (M.I. > 2.0); and 2) statistically significant re-
sults. This procedure was repeated at least three independent times
(n=3), using triplicates for all concentrations and controls, testing all
five strains. The results were reported as the mean number of revertant
colonies + standard deviation (SD), and statistical differences between
the groups were determined by a univariate one-way ANOVA (p <0.05)
with Tukey’s post hoc pairwise analysis.

2.2.2. Antimutagenicity assay

Antimutagenicity was determined as previously described by our
group [35,36] with a few modifications. The pre-, co-, and post- treat-
ments (without the addition of metabolic activation) were carried out
for strains TA98, TA100, and TA1535. A volume of 0.1 mL of bacterial
suspension (2 %108 cells/ml of nutrient broth) was added to reaction
tubes containing 0.5 mL of a 0.1 mol/L sodium phosphate buffer (pH
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7.4). FMN and ARB were prepared the same way as in the previous assay
(final concentrations of from 0.0 to 10 uM/plate). The strains were
either submitted to 0.1 mL of methyl methanesulfonate (MMS, CAS
#66-27-3, diluted to a final concentration of 250 pg/plate) or 4-nitro-
quinoline 1-oxide (4-NQO, diluted to a final concentration of
0.5 pg/plate). For co-treatment, FMN or ARB were added concurrently
with the chosen mutagen for 1 h (MMS for TA1535 and TA100, 4-NQO
for TA98). In the pre-treatment, the strains reacted with FMN or ARB for
30 min before adding the mutagen substance (followed by another
30 min incubation), whereas in the post-treatment, the first incubation
time (30 min) was just between the bacterial cells and the mutagen, then
followed by 30 min of exposure to FMN or ARB. All treatment formats
occurred for a total time of 1 h, and then top agar was added and the
mixtures incorporated in plates (as in the Ames test). After 72 h, the
revertant colonies were counted in each treatment group. The experi-
ments were carried out at three independent times (n=3), in triplicate
for each set of exposed samples. The results were compiled as the mean
values + SD of revertant colonies, and the percent reduction in muta-
genicity calculated using a linear regression analysis (MMS or 4-NQO as
0 % of reduction, and negative control — untreated — as 100 %). Statis-
tical differences between groups were determined using one-way
ANOVA with Tukey’s post hoc pairwise analysis.

2.3. Eukaryotic models

2.3.1. Cytotoxicity to hepatic cell lineages (WST-1)

The HepG2 (human hepatocellular carcinoma, purchased from the
American Type Culture Collection, Manassas, VA, USA, #HB-8065) and
F C3H (mouse liver fibroblast, purchased from the Banco de Células do
Rio de Janeiro, BCRJ, Brazil, #BCRJ0082) cell lineages were maintained
in stock solution (liquid nitrogen, approximately —70°C), harvested
after centrifugation (10000 g for 5 min) and added to fresh culture
media (Dulbecco’s Modified Eagle Media, DMEM, Gibco) supplemented
with antibiotics (1 % penicillin 100 pg/mL and streptomycin 100 ng/
mL) and nutrients from foetal bovine serum (10 % FBS). The cells were
allowed to spread and adhere to 75 cm? flasks (Thermo Fischer, Wal-
tham, MA, USA) in an atmosphere with 95 % humidity and 5 % CO3 at
37°C for at least 48 h (or until they reached 80-90 % confluency), before
being harvested by chemical removal (0.05 % trypsin and 0.02 % EDTA)
and prepared for the assay. The live and dead cells were distinguished by
the trypan blue exclusion method [37]. Both lineages were assayed
using the WST-1 cytotoxicity assay kit (Roche Co., Manheim, Germany)
according to the manufacturer’s instructions and the considerations of
our group [36]. Shortly after, the cells were seeded in 96-well
flat-bottomed plates with 1 x10* cells/well. The day after seeding, the
plates were exposed to FMN and ARB (up to a final concentration of
1000.0 uM on a semi-log scale), to distilled water (negative control), and
to the positive control (5 % Triton X-100, CAS #9036-19-5), for every
corresponding triplicate for 24 h, 48 h or 72 h. After incubation, the cells
were washed with PBS (1X), and replaced with a water-soluble tetra-
zolium salt (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,
3-benzene disulfonate) solution (90 pl cell media and 10 ul WST-1, per
well), and incubated under the same conditions for 3 h. The absorbance
signals were detected using a cell plate reader (Polaris, MG, Brazil) at
440 nm. In viable cells, the WST-1 salt undergoes reduction mediated by
mitochondrial dehydrogenases, going from clear red to dark yellow
when transformed into the formazan salt. The amount of absorbance
measured is proportional to the number of metabolically active cells in
the culture. The absorbance readings from the negative control were
considered as 100 % viable cells, while the positive control was
considered as non-viable cells (0 %). All further comparisons were based
upon this reference level to determine lethal concentration to 50 %
cultured cells (LCsp). The nonlinear regression fit of the dose-response
curves was calculated using the GraphPad Prism software (version
8.0.2), and the same program was employed to determine the statistical
differences between the groups, using one-way ANOVA with Tukey’s
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post hoc test. The experiments were repeated at least three times (n =3)
in triplicate for each exposure setting.

2.3.2. Cytokinesis-block micronucleus assay (CBMN-assay)

For the cytokinesis-block micronucleus assay, the HepG2 cell culture
was maintained as previously described and the CBMN-assay carried out
including the recommendations of both OCED’s TG487 [16] and Fenech
[38], with a few modifications. Briefly, fresh HepG2 cells were harvested
from the culture and seeded into 24-well plates (1 mL per well), with a
density of 2-3 x10% cells/mL. A thin glass slide (0.13 mm) treated with
HNO;3 (0.1 M) was previously added to each well to enhance cell
adhesion to the glass surface. After 24 h, of exposure to FMN and ARB,
each sample was diluted to 0.0-100 uM/mL (prepared in fresh cell
media, negative control), and benzo[a]pyrene (0.1 mg/mL) was used as
the positive control. After 2 h of incubation with the samples and con-
trols, the cell media from all wells were replaced with a solution of
cytochalasin-B (3 pg/mL) and incubated for another 20-24 h. For all
steps, the incubations were carried out under the cell culture conditions
mentioned above. The media were then removed, the wells carefully
washed with 1X PBS, 1 mL of freshly prepared fixative solution (meth-
anol-glacial and acetic acid, 3:1) added, and incubated for a further
15 min. The fixed cells were placed on coverslips and stained with 0.6 %
(w/w) Giemsa dye (Merck, Darmstad, Germany) (1:5) for 1 h. Finally,
the coverslips were collected, excess dye removed with distilled water
and allowed to dry for a few minutes before preparing the slides with
Entellan-New (Merck). The slides were observed under a light micro-
scope (Olympus CX31) with X40 magnification. Together with binu-
cleated cells, other classical CBMN presentations (e.g., nuclear buds,
nucleoplasmatic bridges, multinucleated cells) and death events
(apoptosis and necrosis) were scored. The nuclear division indexes (NDI)
and frequency of micronuclei in once-divided cells (MNi) were calcu-
lated by counting at least 2000 binucleated cells per slide for each
exposure set (approximately 666 binucleated cells per replicate).
Mathematical models for the acquisition of the cytokinesis block pro-
liferation index were calculated as suggested by Fenech [39] and sta-
tistical differences between the groups were determined by a univariate
one-way ANOVA (p<0.05) with Tukey’s post hoc pairwise analysis.

3. Results
3.1. Mutagenicity

Without metabolic activation, neither FMN nor ARB induced muta-
genicity in S. Typhimurium strains. However, to the contrary, after
activation with the S9 mix, FMN increased the mutagenicity index (M.I.
= 2.3) for TA1535 at 10 pM/plate, although no significant differences in
comparison to the negative control were detected in the statistical
analysis. FMN also showed cytotoxicity (cell viability <70 % as related
to the negative control revertants, data not shown) for TA97 and TA100
(up to 0.1 pM/plate and 1.0 uM/plate, respectively) (Table 1). ARB did
not induce cytotoxicity in any of the strains tested, neither in the pres-
ence nor absence of metabolic activation.

3.2. Antimutagenicity

Both FMN and ARB were shown to protect DNA from chemical
attack, significantly reducing the number of chemically-induced point
mutations (Figs. 1-5). For FMN, this outcome was present for the TA98
strain in the co-treatment with mutagen, yielding an 80 % reduction in
the mutagenicity caused by 4-nitroquinoline 1-oxide (4-NQO) at 1 uM/
plate (Fig. 1¢). For the TA100 strain, the protective response of FMN was
observed in the post and co-treatments, reducing 54 % and 69 % of the
methyl methane sulfonate (MMS) induced damage, respectively (Fig. 2e,
f). For TA1535, the percent reduction caused by FMN reached 98 %
(0.01 uM/plate) when in co-incubation with MMS and 100 % in the pre-
treatment condition (0.1 pM/plate) (Fig. 3g, i). Similarly, ARB induced a
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Table 1
Mean values + SD resulting from His+ revertants of S. Typhimurium in the Salmonella/microsome assay facing phenolic compounds from C. glutiniferum Raddi.
FMN ARB
-89° +59° -S9 +59
Strain uM/plate M.LC His*+ SD! M.I His™ + SD M.L His™+ SD M.I His™ 4+ SD
TA97 0 1.0 54.0 £ 9.5 1.0 148.7 £ 17.0 1.0 54.0 £ 9.5 1.0 148.7 £ 17.0
0.001 1.0 51.3+1.2 0.9 129.0 + 21.1 0.8 41.0 £12.5 1.0 156.0 + 4.2
0.01 1.1 59.0 £+ 3.6 0.8 121.3 £ 16.6 0.8 41.0 £ 8.5 0.9 140.3 £ 16.7
0.1 1.1 58.7 £ 2.1 — cytotoxic 1.1 61.7 £ 10.2 1.0 143.7 + 23.7
1 1.1 57.3 £10.5 — cytotoxic 1.0 55.7 £ 10.0 0.9 136.3 + 11.0
10 0.9 50.0 + 3.0 — cytotoxic 1.0 56,0 + 4.0 1.4 201.0 £ 9.5
TA98 0 1.0 25.3+23 1.0 37.3 +£21.9 1.0 25.3 + 2.3 1.0 37.3£21.9
0.001 1.1 28.0 £ 5.3 1.1 40.0 +£17.0 1.1 28.7 £ 7.6 0.7 26.0 + 6.0
0.01 0.9 24.0 £+ 2;8 0.9 34.0 £ 8.5 0.9 22.3 £ 4.7 0.9 34.0 £ 14.1
0.1 1.0 25.7 £ 3.5 1.0 37.3£8.3 0.7 185+ 7.8 1.3 46.7 £ 5.8
1 1.2 31.3+£31 1.1 41.0 £ 9.9 0.8 21.3+21 1.1 42.0 £5.3
10 11 28.0 + 3.0 0.9 32.0 £+ 5.7 1.0 24.7 £ 15 1.3 49.3 £ 8.1
TA100 0 1.0 124.3 + 4.5 1.0 127.0 £ 12.7 1.0 124.3 + 4.5 1.0 127.0 + 12.7
0.001 1.0 143.0 + 4.2 0.4 50.0 + 8.5 1.1 134.3 + 20.8 0.6 75.3 £ 14.2
0.01 1.0 122.0 + 15.6 0.7 83.3 £ 21.9 1.2 154.3 + 20.3 1.1 144.7 £ 179
0.1 1.0 128.3 + 8.1 0.5 65.0 £ 15.6 1.1 141.7 £ 13.6 0.6 78.0 £ 36.8
1 1.0 119.0 + 3.6 — cytotoxic 1.4 169.3 + 19.1 1.2 149.0 £ 1.2
10 1.0 119.5 + 6.4 — cytotoxic 0.9 108.0 + 7.1 0.7 90.0 + 23.1
TA102 0 1.0 209.0 + 14.1 1.0 235.0 £ 1.7 1.0 209.0 + 14.1 1.0 235.0 + 1.7
0.001 1.0 235.0 £ 15.1 1.0 224.0 £ 9.5 1.0 211.3 +17.0 0.9 221.7 £ 6.7
0.01 1.0 201.0 £ 1.4 0.9 209.5+ 2.1 1.0 200.5 £ 4.9 1.2 277.5 + 40.3
0.1 1.0 210.7 + 15.3 0.9 221.0 + 21.7 1.1 232.0 +£ 14.1 1.2 272.0 + 19.8
1 1.1 230.7 + 8.1 1.0 227.7 £ 17.0 1.1 222.0 £ 26.5 1.0 225.5 + 6.4
10 1.0 214.5+9.2 1.0 231.7 £ 19.6 1.0 2155+ 2.1 1.1 253.3 + 35.7
TA1535 0 1.0 10.0 + 2.8 1.0 20.0 + 5.7 1.0 10.0 + 2.8 1.0 20.0 £ 5.7
0.001 0.6 6.3+23 1.3 26.0 + 3.5 0.8 83+1.5 1.5 30.0 £ 2.8
0.01 0.9 9.3+25 1.4 28.0 + 8.7 0.6 6.0 + 1.0 0.7 14.0 + 2.0
0.1 0.7 7.3+1.2 1.4 27.0 £ 4.2 0.5 4.7 £ 0.6 0.7 14.0 + 0.0
1 1.1 11.0 + 4.2 1.7 34.7 £ 11.7 0.6 5.5+ 0.7 1.5 30.0 + 2.8
10 1.2 10.3+1.5 2.3 46.7 + 4.2 0.8 7.3+ 4.0 1.5 30.7 £2.3

Different of negative control (one-way ANOVA followed by Tukey’s post hoc test, *p <0.05).

Experiment done in triplicate plates, repeated at least three times (n=3).

Positive controls without S9 (-S9): 4-NQO (1.0 pg/plate) for TA97, 1333.0 + 309.7 revertants; 4NQO (0.5 pg/plate) for TA98, 133.7 + 16.3 revertants; AS (5.0 ug/
plate) for TA100, 1290.7 + 30.0 revertants; AS (5.0 pg/plate) for TA1535, 1109.3 + 28.6 revertants; MMC (0.5 pg/plate) for TA102, 1157.3 + 305.1 revertants.
Positive controls with S9 (+59): 2-AA (5.0 pg/plate) for TA97 and TA1535, 205.5 + 18.0 and 38.0 + 6.6 revertants, respectively; 2-AA (1 pg/plate) for TA98 and
TA100, 245.3 + 61.2 and 332.0 + 84.9 revertants, respectively; B[a]P (50 pg/plate) for TA102, 311.0 + 53.1 revertants.

@ Experiment done in absence of metabolic activation (-S9).
b Experiment done in the presence of metabolic activation (4S9).

¢ Mutagenicity index: No. of His* induced revertants in the sample/number of spontaneous His™ spontaneous revertants in the negative control (sterile water).

4 SD: standard deviation.

reduction in MMS-mediated mutagenicity for both the TA100 and
TA1535 strains. For TA100, a reduction of 42 % was observed only in the
post-treatment and was marked at the higher concentration tested
(10.0 uM/plate) (Fig. 4b). Finally, the results caused by ARB for TA1535
stood out when compared to the effects of FMN for the same strain,
obtaining antimutagenicity percentages above 55 % for all exposure
models and concentrations assessed (Fig. 5d, e, f).

3.3. Micronuclei formation and genotoxicity in eukaryotic cells

Considering that the results of the WST-1 assay for FMN and ARB
suggested that none of the compounds resulted in cytotoxicity for
HepG2 or F C3H at any of the concentrations tested during 24 h, 48 h or
72 h (Table 2), safe concentrations for viability were established to carry
out the in vitro genotoxicity testing. In the CBMN assay, no FMN or ARB
concentration tested induced micronuclei (MNi) formation in HepG2
cells (Fig. 6, a, b), and no cytostatic or cytotoxic markers were observed.
The nuclear division indexes (NDI) for FMN and ARB showed no sta-
tistical significance when compared to the NDI of the negative control
(untreated binucleated cells) (Fig. 6, c, d).

4. Discussion

Species from all over the Plantae kingdom produce substances as a
result of enduring abiotic and biotic threats imposed by natural condi-
tions (e.g., herbivores, bacterial or fungal attacks, UV radiation from
sunlight, or a scarcity of nutrients and water), besides unnatural impo-
sitions (e.g., climate changes imposed by human industrial activities)
[40]. These compounds are referred to as secondary metabolites, and
phenolic compounds are representatives of these molecules and of great
interest to the field of phytochemistry [41-43].

The contribution given by orally transmitted information on the use
of plants to oppose various diseases must be addressed. However, the
natural path of perpetuating this traditional knowledge presumes it is
undoubtedly liable to modifications with time [44]. Nevertheless, it is
imperative to challenge these misconceptions or popular beliefs that a
product extracted from plants cannot cause adverse effects on health
[32,45].

As part of the genotoxic approach, the Ames test is recommended for
assessing the ability of a substance to provoke a point mutation in the
DNA of Salmonella Typhimurium strains, therefore enabling the result-
ing events to be counted visually [15]. This methodology is useful to
assess the mutagenicity potential of a wide variety of chemicals, since
genetically bioengineered strains are sensitive to very specific base pair
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Fig. 1. FMN protective response against the oxidative damage of 4-NQO in the
antimutagenicity assay for the S.Typhimurium strain TA98. Different from the
positive control (one-way ANOVA followed by Tukey’s post hoc test; *p < 0.01,
**p < 0.001, ***p =0.0001, ****p <0.0001). Pre- (a), post- (b) and co- (c)
incubation of FMN with the mutagen 4-nitroquinoline 1-oxide (4-NQO, “pos
ctr]”, 0.5 pg/plate). His* revertant colonies. ns: not statistically different from
the untreated or positive controls. Reduction percentages are indicated along
with the corresponding concentration.

or frameshift mutations [33,46]. However, some substances, referred to
as pro-mutagens, do not pose a direct mutagenic risk to organisms, and
depend on biotransformation (such as metabolic enzymes from the P450
cytochrome family) to attack the DNA structure, as well as other mac-
romolecules (e.g., lipids) [47]. To overcome this obstacle, an exogenous
metabolic system was proposed for use in the assay, since bacteria do not
possess this endogenous machinery [48]. In this work, we applied the
Salmonella/microsome assay in the absence and presence of metabolic
activation using the S9 mix. Only FMN induced an increase in mutage-
nicity index for TA1535 (10 uM/plate) after metabolic activation, even
though no statistical relevance was found for this event (p > 0.05).
However, we observed a cytotoxic effect on the strains TA97 and TA100
promoted by FMN, starting at 0.1 uM/plate for TA97 and 1.0 uM/plate
for TA100. This outcome may have been a response of cellular units
facing accumulative mutagenic events leading to cell death. TA100 is
specifically susceptible to base pair substitution inducers, whereas TA97
detects mutagens that can alter the reading frame of DNA, and both
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Fig. 2. FMN protective response against the alkylation damage of MMS in the
antimutagenicity assay for the S.Typhimurium strain TA100. Different from the
positive control (one-way ANOVA followed by Tukey’s post hoc test; *p <0.01,
**p <0.001, ***p =0.001, ****p <0.0001; n=3). Pre- (d), post- (e) and co- (f)
incubation of FMN with the mutagen MMS (methyl methanesulfonate, “pos
ctrl”, 250 pg/plate). His™ revertant colonies. ns: not statistically different from
the untreated or positive controls. Reduction percentages are indicated along
with the corresponding concentration.

strains were designed to be responsive to various known mutagens [33].
In this specific case, it is possible that FMN was chemically transformed
into a more reactive intermediate by the CYP enzymes (mainly CYP 1 A)
present in the S9 mix, therefore becoming mutagenic and hence cyto-
toxic for these strains. As previously reported by Bartholomew and Ryan
[49], eight other isoflavones, including FMN, were found to be not
mutagenic to strains TA1538, TA98 and TA100 in the Salmonella/mi-
crosome evaluation. Even more, phytoestrogen isoflavones tested in the
presence and in absence of S9 mix were not able to induce cytotoxicity to
the bacterial cells, in comparison to 2-anthramine (in the presence of
exogenous metabolization) and quercetin (either presence or absence of
exogenous metabolization) which are also naturally occurring
estrogen-like substances [49]. The discussed mutagenic mechanism
proposed for isoflavones, such as quercetin, rely on the chemical
structure of the substance where a free hydroxyl group is available in C-3
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Fig. 3. FMN protective response against the alkylation damage of MMS in the
antimutagenicity assay for the S.Typhimurium strain TA1535. Different from
the positive control (one-way ANOVA followed by Tukey’s post hoc test; *p <
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Reduction percentages are indicated along with the corresponding
concentration.

position, therefore capable of inducing nucleophilic attack to the DNA
structure [50]. This behaviour could be related to the increase in
revertant colonies (M.I. = 2.3) in TA1535 that we observed for FMN,
after metabolic activation.

As recommended by OECD, the assessment of genotoxicity must
comprise a combination of alternative bacterial and mammalian in vitro
approaches to be considered consistent [16]. Thus, we applied the
CBMN-test in HepG2 cells to investigate the occurrence of morpholog-
ical events in the nuclei related to clastogenic or aneugenic features,
when facing exposure to FMN or ARB [38]. Using the CBMN method-
ology, mammalian cells can be examined regarding alterations in their
DNA (via whole chromosome loss or smaller breakages) that correspond
to dividing cells when in the presence of genotoxins or under a scarcity
of nutrients (e.g., folic acid) [51]. Besides MNi, the CBMN also provides
results from particular cellular events during cell division: the extrusion
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Fig. 4. ARB protective response against the alkylation damage of MMS in the
antimutagenicity assay for the S.Typhimurium strain TA100. Different from the
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with the corresponding concentration.

of excessive amplificated DNA through small nuclear buds (NBUDs)
[52]; visualization of nucleoplasmic bridges (NPBs), formed when cen-
tromeres from dicentric chromosomes are pulled to opposite sides dur-
ing the anaphase, which accumulate since cytokinesis is inhibited by
cytochalasin B [39]. Finally, this method allows for the observation of
cell death (apoptosis or necrosis), and the calculation of the nuclear
division index (NDI), which is related to cell proliferation, and it sug-
gests whether, for instance, a chemical substance is preventing cells
from entering the cell cycle or being an enhancer of this event [53].
Our findings using CBMN methodology showed that FMN and ARB
do not induce micronuclei formation in binucleated cells after 24 h of
exposure at any of the concentrations tested for either of the compounds
(Fig. 6, a, b). Not only were no NBUDs or NPBs formed (Fig. 6, c, d), but
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dead cells were not detected, significantly different from the untreated
cells (data not shown). Altogether, the results of the CBMN-assay with
HepG2 cells suggest that both compounds are safe in a genotoxic context

Toxicology Reports 13 (2024) 101753

with metabolically competent eukaryotic cells, since no losses or chro-
mosome breaks from dividing cells were perceived. Hazman and col-
leagues [54], reported previously that p-arbutin (in comparison to
a-arbutin) is capable of inducing DNA breaks and increase micronuclei
formation in treatment-resistant breast cancer cell lineage in vitro
(MCF-7). HepG2, a transformed liver cancer lineage, is capable of
endogenously expressing phase I and II metabolic enzymes, and this
characteristic is applicable to various assays aiming to unveil indirect
and direct mutagenic substances [55,56]. Benzo[a]pyrene, the mutagen
chosen for this test, is a well-known polycyclic aromatic hydrocarbon
that is considered a promutagen [57]. Thus, the mutagenic potential of
this substance was perceived by the metabolically competent cell model
used.

Contrary to our results, other reports indicate that FMN is involved in
molecular effects related to the cell cycle, causing overall disturbance
and death in cancer cells. Previous studies have reported that FMN
promoted cell apoptosis in human colon carcinoma cells (HCT) after
48 h of exposure with an ECsy of 50 uM [58]. Cell cycle arrest was
observed at Go/G1 in MCF-7 breast cancer cells when treated with FMN,
besides inhibition of cell proliferation and the growth of tumours in
nude mouse xenografts [8]. The findings of Gyémant et al. [59] revealed
that FMN could act synergistically with epirubicin and enhance an
antiproliferative effect on multidrug-resistant cell models, such as
MDA-MB-231 human breast cancer cells. FMN has gained a significant
relevance in the field of cancer therapy research and disease prevention
based on chemical entities found in Nature [60]. Pre-clinical studies
reported in vitro cytotoxicity evaluated in many cell lineages, including
breast cancer (MCF-7 and MDA-MB-231), ovarian cancer (OV90, ES2),
prostate cells (PC3, DU145), colon cancer (HCT116) [60]. The
anti-tumorigenic potential of FMN is attributed mainly to its estrogenic
activity, which allows the interaction with nuclear mediators (such as
pro- and anti-apoptotic proteins) to regulate endogenous signalling
pathways (e.g. p38, MAPK, PI3K/Akt, STAT3, EFGR) involved in
important biological processes in cancer, like cell death and division
[61]. Antitumor in vitro activity of FMN has been described in a range
from 10 to 300 uM in inhibition for 50 % (ICsg) of tested cancer cell
lineages [60]. FMN shows prominent results on antitumor therapy
strategies [62]. However, as many other benzene-derived phenolic
compounds from plants, it has limited solubility in water, which results
in poor rates of absorption, low bioavailability, being rapidly cleared
from the organism [61]. To overcome this fact and ensure pharmaco-
logical activity, researches worldwide have been dedicated to produce
nanoparticle-based (NPs) systems with FMN [62]. Drug delivery systems
loaded with FMN are being designed based upon a plethora of carriers,
including polymeric forms combined with dextrose (e.g. poly [lactic--
co-glycolic acid] PLGA-cyclodextrin complex); single-walled carbon
nanotubes conjugated with dextrose; p.a-tocopherol polyethylene glycol
1000 succinate (TPGS) micelles of FMN [62]. Pre-clinical studies in
animals of a water-soluble derivatives of FMN (e.g. sodium-formono-
netin-3’-sulfonate, Sul-F, and 7-O-phosphate formononetin) evaluated
acute toxicity in rats and dog models. Results indicate that these com-
pounds should be further studied owing their toxicity, but provided safe
concentrations to be applied for this purpose [60,61]. In comparison to
other isoflavones, FMN is known to possess very concise biologic effect
in terms of chemoprevention and exhibits less toxicity. Not only, FMN is
also an anti-inflammatory and microbial agent, among other

Table 2
Lack of cytotoxicity of FMN and ARB after 24, 48 and 72 h of exposure to HepG2 and F C3H cells.
LCso (M)
Compound HepG2 F C3H
24h 48 h 72h 24 h 48 h 72h
FMN >1000.0 >1000.0 >1000.0 >1000.0 >1000.0 >1000.0
ARB >1000.0 >1000.0 >1000.0 >1000.0 >1000.0 >1000.0

LCso: lethal concentration of 50 % of exposed HepG2 cells. FMN: formononetin. ARB: arbutin. T-X100: Triton X-100 (positive control).
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Fig. 6. Genotoxicity in vitro panel of FMN and ARB in the HepG2 human lineage. FMN and ARB induction of micronuclei in HepG2 cells. To determine the number of
micronuclei (MN/2000 BNC) a sum of 2000 binucleated cells per slide was counted. The NDI was obtained from mono-, bi-, tri- and polynucleated cells, scored from
the same parameter. FMN is presented on the left (a and c), ARB on the right (b and d). B[a]P: benzo[a]pyrene (0.1 mg/mL), positive control Sterile water (0):

negative control. Different from the negative control (one-way ANOVA, with Tukey’s post hoc analysis. *p <0.01, **p <0.001, ***p =0.0001,

soybean-derived compounds [63].

Formononetin belongs to the isoflavonoid group, and this class is
composed mainly of secondary metabolites that act through estrogenic-
like responses [5]. For this reason, isoflavonoids are referred to as
phytoestrogens and are known in the fields of nutrition, cosmetology,
and medicine, which recommend the ingestion of flavonoid-rich food for
fighting metabolic syndrome symptoms such as those of the menopause
in women [64]. It is found in many species of the Fabaceae family, such
as red propolis (Dalbergia ecastophyllum), red clover (Trifolium pratense
L.) [58], and Astragalus membranaceus (Fisch) [65]. FMN is not present
directly in the human diet, but it is known that the isoflavones from
soybeans are metabolized by the gut microflora and CYP enzymes into
estrogenic intermediates such as genistein [5]. Genistein is one of the
principal metabolites from soybeans, along with daidzein, and was re-
ported to induce apoptosis in HepG2 and Hep3B hepatic tumour cells via
endoplasmic reticulum stress and mitochondrial injury [66,67].

Aligned to anticancer therapies using phenolic compounds, the
antimutagenicity assay is a reliable means for assessing substances
capable of reverting or blocking DNA damage caused by mutagens [68,
69]. The test is employed as a risk-benefit assessment of substances that
could be considered to integrate chemo preventive therapies. Diseases
related to mutation propagation (e.g., chronic degenerative heart dis-
eases) can be prevented by either diminishing exposure to the carcino-
genic agents or by exploiting the self-defence mechanisms enhanced by
substances that improve these tools [70,71]. Mutagenic agents possess
different modes of action to pose injuries to DNA, and are classified
according to the assigned specific mechanism [68]. Alkylating agents,
such as methyl methane sulfonate (MMS), act by transferring an alkyl
group to purines and pyrimidines forming adducts, which, in turn,
produce double-strand breaks (DSB) and consequently mispairing of
sequences [72]. Guanine is a frequent location for the formation of ad-
ducts, and MMS damage produces O%-methylguanine, involved in the
mispairing of purines [35]. The compound 4-nitroquinoline 1-oxide
(4-NQO) is known to cause both frameshift and base pair mutations in a
direct manner, and is classified as an oxidative mutagen using

*p <0.0001, n=1).

nucleophilic reactions [72]. In the present study, we assayed the TA98,
TA100 and TA1535 strains of the Salmonella enterica serovar Typhimu-
rium, using pre-, post- and co- incubation models without metabolic
activation. The strain TA98 detects frameshift alterations in GC hotspots
of the hisD3052 region, whilst the strains TA1535 and its correspondent
TA100 are sensitive to base pair substitutions (transition from G:C to A:
T) in the hisG46 operon location. The TA98 and TA100 strains have the
addition of a pKM101 plasmid which enhances induced and sponta-
neous mutations through an error-prone DNA repair system. This
plasmid is absent in TA1535, making the derivative strain TA100 more
sensitive to mutagens detected by TA1535 [33]. Thus, the use of this set
of strains to assess FMN (TA98, TA100 and TA1535) and ARB (TA100
and TA1535) is feasible, to observe a variety of specific mutations
caused by different modes of action. The results indicated antimutagenic
effects in all three exposure models proposed in this work. For TA98,
FMN showed a 60 % reduction in induced mutations (Fig. 1). Such a
response may be classified as a blocking activity of FMN against 4-NQO,
preventing the cells from oxidative damage by inactivating this direct
electrophilic mutagen outside the cellular space [72]. Antimutagens that
pose this effect are named desmutagens, since they protect cells from
mutational damage before it occurs, as it was represented in the
co-incubation exposure [69]. When facing MMS exposure, FMN also
featured better reduction results with co-incubation, both for TA100 and
TA1535, reaching an almost complete reduction (98 %) with a con-
centration of 0.1 uM in TA1535 (Figs. 2 and 3). Similar to the previous
strain, the effect exerted by FMN in the co-incubation model suggests
blocking of the action of mutagens extracellularly via chemical in-
teractions between the sample and the mutagen. As in the case of the
results with ARB, a promising antimutagenic profile was presented. This
compound markedly reduced over 40 % of the alkyl transfer mediated
by MMS in TA100, and even higher values appeared for TA1535 (Figs. 4
and 5). With this bacterial strain, ARB was antimutagenic in all three
sets of exposure testing and reached a complete reduction of mutage-
nicity in cells already attacked by MMS. This response was attributed to
substances named bioantimutagens, which interfere in the fixation of a
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mutation already implied to the cell (intracellular), altering the steps in
the DNA replication and repair system triggered to stop the mutation
from being established [72,73]. Bioantimutagenic agents are distin-
guished according to whether they are found in pre-treatment exposure
(when the test sample already penetrated bacterial cells) or
post-incubation exposure (where the antimutagen removes damage
about to be fixed [74]. Therefore, applying different modes of exposure
in the antimutagenicity evaluation is a feasible tool to clarify the
mechanistic involved in the protection responses of DNA facing muta-
gens [75,76].

Antioxidant substances from natural compounds have been reported
as potent antimutagens and are found in many vegetable species [77].
Several antioxidant mechanisms can be exerted by these molecules,
resulting in interactions with various free radical species and preventing
injuries to macromolecules from happening. Eliminating these reactive
intermediates (such as peroxyl radicals and O3 ions) is extensively
applied as adjuvant therapy for various disease outcomes [71,77]. Be-
sides the inactivation of free radicals, either through hydrogen atom
transfer or by scavenging an electron from the oxidant substance, anti-
oxidants also play an indirect action when related to the redox balance
mediated by endogenous enzymes [75,77].

Arbutin exhibits well-known antioxidant properties assigned to its
hydroquinone skeleton. It has been proposed that this substance acts as a
direct scavenger of hydroxyl radicals and other free forms of reactive
species, thus neutralizing their oxidative effect. Furthermore, ARB has
been described as interacting with mediators from self-antioxidant
defence mechanisms to promote an indirect antioxidant effect, a role
it plays in melanin-related diseases. The synthesis of melanin mediated
by tyrosine forms reactive oxygen species (ROS), and the accumulation
of these intermediates is related to the death of melanocytes and to
hyper or hypopigmentation pathogenesis [78]. Nrf2 (nuclear factor
erythroid 2-related factor 2) illustrates this since it binds to
antioxidant-responsive elements (ARE, such as ARB) on promoter re-
gions, leading to the expression of self-antioxidant molecules, such as
glutathione. When stimulated by polyphenols from the diet, the
Nrf2-ARE pathway also suppresses melanogenesis induced by UVR light
[11]. ARB is highly soluble in water and is commonly conjugated to
glycosides to enhance its resistance to oxidation and light degradation
[12]. These glycosylated forms of ARB — be they the alpha or beta iso-
forms - are often found in nature, such as in the Rosaceae family (Pyrus
pyrifolia, an Asian pear), or blueberries (Vaccinium sp.) amongst many
other foods [7]. In summary, our observations of the antimutagenic
properties of ARB as shown in the antimutagenicity assays, reveal that
this widely produced natural compound is likely to present a
multi-target antimutagen effect, indicating that further investigations of
this molecule are of interest, above all with respect to the pathogenesis
of mutation-related diseases.

5. Conclusions

The present study assessed the toxicogenetic aspects of formononetin
(FMN) and arbutin (ARB), the metabolites found in C. glutiniferum Raddi,
a traditional orchid used in Brazilian folk medicine. Mutagenicity assays
suggest that both FMN and ARB are considered safe from the risk of
inducing point mutations. Also, FMN and ARB did not provoke struc-
tural damage to chromosomes in the in vitro CBMN test. Finally, the data
from antimutagenicity assays presented remarkable endpoints with
respect to protecting DNA from chemically induced alkylation. To our
knowledge, this the first report discussing pre-clinical aspects of FMN
and ARB through the landscape of a standardized toxicogenetic assess-
ment, encompassing a DNA protection efficacy. Seen from this point of
view, here we reported evidence-based prospects of possible applica-
tions of FMN and ARB in a variety of therapy strategies to confront
diseases related to the occurrence and perpetuation of mutations. The
results suggest that FMN and ARB play multi-targeted antimutagenic
roles in protecting DNA from mutagens, blocking the alkylation action of
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MMS through chemical interactions before the DNA is injured, and
reverting any mutation about to occur. Therefore, our future perspec-
tives are that further investigations should mind on novel strategies that
can challenge such substances in different contexts of diseases, since our
screening describes efficacy of FMN and ARB against very common DNA
damage agents (e.g. reactive oxygen species inducers). It is imperative to
consider and make use of innovative alternatives to delineate more
green-conscious tools for the discovery of drugs. In conclusion, our
findings show that FMN and ARB should be considered for subsequent
investigations aimed at chemo preventive approaches and therapy
strategies for diseases related to genomic instability and mutation, like
cancer.
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