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Abstract: The increasing popularity of herbal supplements emphasizes the need of scientific data
regarding their health benefits and possible toxicological concerns. The complexity of botanical
extracts, which include thousands of distinct compounds, contributes to the challenging nature
of this endeavor. In this study, we explored the hormetic effects of two Trifolium pratense extracts
on breast cell lines. Using a wide range of concentrations (0.1 to 3.33 mg/mL), we analyzed how
extracts modulate cellular processes such as viability, proliferation, and oxidative stress on breast
adenocarcinoma highly invasive estrogen receptor negative (ER-) and noninvasive ER+ cells, as
well as on non-tumorigenic ER- normal cells. The cytotoxicity and real-time cell analysis (RTCA)
assays showed that both extracts exercised a biphasic dose effect on adenocarcinoma ER+ and normal
ER- cell proliferation and oxidative stress. We report a monotonic dose-dependent cytotoxicity on
highly invasive adenocarcinoma ER- cells; the induced apoptosis was based on the pro-oxidant
activity of extracts. The reactive oxygen species (ROS) generation by high-dose ethanolic extract was
observed in all cells, followed by mitochondria dysfunction. Oxidative stress parameters, such as
malondialdehyde (MDA) and reduced glutathione (GSH) levels, and superoxide dismutase (SOD)
activity were affected. Our study demonstrates that T. pratense extracts have chemoprevention
potential in normal and tumorigenic breast cells by modulating cellular proliferation and oxidative
stress.

Keywords: red clover; plant extracts; hormetic; biphasic dose-response effects; chemoprevention;
oxidative stress; antioxidant; pro-oxidant; antiproliferative; pro-proliferative

1. Introduction

Nowadays, the herbal supplement demand has grown worldwide with an expected
market size to reach USD 205 billion by 2030 [1]. Although herbs have been used from
ancient times for health promotion as well as for prevention and treatment of chronic
diseases, the scientific basis of their bioactivity, safety and efficacy is still largely underin-
vestigated. The medicinal plants are identified as rich sources of phytochemicals, which
can have potential applications in both cancer prevention and the development of new
drugs. Actually, the modern medicine includes more than 80% of antimicrobial, cardiovas-
cular, immunosuppressive, and anticancer drugs with origin from plants or other natural
sources [2].

Dietary chemoprevention is based on the principle that bioactive compounds found in
diets rich in vegetables, fruits, or plant-based supplements can act as preventive agents to
reverse or neutralize carcinogenesis. The chemoprevention involves action in multiple cel-
lular events, including inhibition of precancerous and cancer cell proliferation, modulation
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of cell cycle, induction of programmed cell death (apoptosis), suppression of inflammatory
factors and enhancement of antioxidant cellular defense systems [3]. Phytochemicals have
demonstrated the capacity to regulate specific cellular events by acting as antioxidant,
anti-inflammatory, antiangiogenic, or immunostimulatory agents. At molecular levels,
phytochemicals can modulate epigenetic alterations connected to the onset and progression
of cancer [3-6].

Currently, due to the increased popularity of herbal products, the scientific community
is making efforts to document and scientifically validate the pharmacological potential
of plant extracts. A botanical supplement can comprise hundreds or even thousands of
distinct bioactive compounds at different concentrations, so it is considerably challenging
to identify a specific phytochemical or class of compounds linked to a particular biological
activity of a plant extract. The overall efficacy arises from the collective action of various
compounds that may exhibit synergistic, additive, or even antagonistic biological activities.
Whether it is due to cumulative or complementary effects or enhanced bioavailability of
compounds, in-depth in vitro and in vivo research is needed to confirm the beneficial effect
of a botanical supplement to establish the limits of its toxicity and, then, translate the results
to clinical trials.

The exogenous antioxidant molecules are intended to protect and balance the cellular
redox homeostasis. While lower levels of reactive oxygen species (ROS) are required for
cell proliferation and signal transduction, prolonged exposure to even moderate levels of
ROS can compromise the cellular antioxidant defense system, favoring ROS accumulation
and resulting in oxidative modifications to DNA, lipids, and proteins [7]. The oxidative
damage process is recognized as one of the significant contributors to cancer development
and progression [7,8]. The antioxidant properties of numerous plant-based phenolics have
been thoroughly investigated, emphasizing their capacity to prevent oxidative stress and
inhibit carcinogenesis [8]. However, the pro-oxidant potential of bioactive compounds
found in food or dietary supplements has been relatively understudied, frequently linked
to toxicity.

Recently, compelling evidence has shown that individual phytochemicals or plant
extracts can have nonmonotonic responses and, depending on the type of target cells or
concentration, can exert opposite effects [9-11]. Particularly, flavonoids and other poly
or monophenolics can act as antioxidants and pro-oxidant molecules depending on the
dose, cellular environments, and the type of target cells. This biphasic dose-response
phenomenon induced by naturally occurring molecules is raising concerns that these
molecules can cause adverse effects, acting as cancer promotors, or they can produce
beneficial effects by enhancing ROS-governed cancer chemotherapy approaches [12].

Moreover, the capacity of a particular class of phytochemicals, namely, phytoestrogens,
which mimic the estrogen hormone’s structure, to exert opposite effects as agonists and
antagonists of estrogen receptors (ERs) has been demonstrated by in vitro and in vivo
studies [13]. The phytoestrogens” dual activities have been reflected in their biological
effects in the cellular context, for example, acting to stimulate breast cancer cell proliferation
or inhibit their growth depending on dose and estrogen receptor status [14]. Furthermore,
the consumption of supplements or foods rich in phytoestrogens can cause adverse effects
on the reproductive system in animals and humans when a defined threshold has been
exceeded [15].

Currently, phytochemicals are considered hormetic compounds, which, along with
drugs and other stressors, induce mild cellular responses [9,16]. The hormesis concept
describes the cellular adaptive response characterized by a nonlinear relationship between
different doses of a compound and their biological effects. A stimulation of a cellular
process at low doses and a disruption at high doses, leading to damaging effects, were
observed in many cases. Thus, a high range of phytochemicals and food supplements,
such as resveratrol, curcumin, chalcones, ferulic acid, ginseng, and green tea among many
others, have presented dose-response opposite effects when analyzed in the cellular context
in vitro or in vivo studies [16,17]. The underlying molecular mechanisms of hormetic bipha-



Antioxidants 2024, 13, 1435

3 of 40

sic dose effects are not fully understood, but several hypotheses, including that hormesis is
related to interactions of phytochemicals acting as ligands with two target receptors that
have functionally opposite responses at different concentrations, have been proposed [17].
Moreover, even though hormesis is highly complex, few signaling pathways have been
identified as the ones mediating the hormetic effects, namely, sirtuin—FOXO, nuclear factor
kappa-B (NF-«B), mitogen-activated protein kinase (MAPK), adenosine 5'-monophosphate
(AMP)-activated protein kinase (AMPK), and nuclear factor erythroid 2-related factor 2—
antioxidant response element (Nrf-2—ARE) pathways [18]. All these signaling pathways
are interconnected and play critical roles in maintaining cellular homeostasis, regulating
oxidative stress, and influencing cell survival and metabolic processes.

Nevertheless, it is important to identify hormetic biphasic dose effects induced by
an individual natural compound or by herb-based supplements for risk assessment and
toxicological evaluations. Notably, in view of their chemopreventive potential, it is impor-
tant to investigate the metabolic and oxidative stress cellular response that may prevent
cancer cells from metastatic dissemination and sustain the anticancer therapy such as the
pro-oxidant activity of phytochemicals and herb extracts [12].

Red clover (Trifolium pratense) is a perennial plant part of Leguminosae family and has
been used for centuries as an analgesic, antioxidant, anti-inflammatory, anti-dermatosis,
and expectorant remedy to ameliorate various health conditions [19]. Based on its chemical
content, the plant has been identified as a valuable source of nutraceuticals and bioactive
compounds, mainly with estrogenic and antioxidant properties. The abundant phytochem-
icals are flavonoids, phenolic glycosides, coumarins, and, especially, isoflavones, which
makes T. pratense compete with soy for the most affordable botanical rich in phytoestro-
gens [19]. While soy contains mostly glycosidic isoflavones (e.g., genistin, daidzin), the
red clover includes aglycones forms, mainly biochanin A and formononetin, which are the
methylated derivates of genistein and daidzein. Moreover, aglycones are absorbed and
metabolized approximately three times better than glycosidic compounds [20]. Thus, red
clover-based food or supplements can have a greater impact on humans than soy.

Currently, the T. pratense supplements are recommended as alternative hormone re-
placement therapy, claiming to alleviate pre- and postmenopausal syndromes. However,
the clinical evidence of its efficacy is still in dispute. The standardized extracts of red
clover isoflavones, at a daily dose of 80 mg, have demonstrated the capacity to reduce
hot flushes in menopause [21] and can positively influence the lipid profile in peri- and
postmenopausal women [22]. On the other hand, other studies have suggested a very
small positive health effect with uncertain clinical relevance in different human patholo-
gies, such as cardiovascular and osteoporotic markers and nervous system disorders [23].
Moreover, due to red clover’s ability to interfere with endogenous estrogen activities, there
are concerns about red clover supplements which may produce adverse effects in the
case of premalignant hormone-sensitive conditions, particularly in the breast cancer risk
population.

Several in vitro studies have revealed that the extracts prepared from different parts
of red clover were capable of inducing cytotoxicity and inhibiting tumorigenic cells prolif-
eration, such as breast cancer, hepatocarcinoma, and glioblastoma. The cytotoxic effect was
found to be correlated with induced apoptosis and autophagy in glioblastoma and breast
cancer cells, leading to reduced cell viability in a time- and dose-dependent manner [24-26].
Additionally, red clover extracts have been shown to inhibit angiogenesis and inflamma-
tion, which are key processes involved in cancer progression [27]. The antioxidant and
free radical scavenging properties of red clover compounds may also contribute to plant
extract chemoprevention potential by protecting cells from oxidative stress damage that
can lead to cancer. Furthermore, phytoestrogens present in T. pratense have been proven
to act as antioxidants and possess tyrosine kinase inhibitory activity [28]. As potent aryl
hydrocarbon receptor (AhR) agonists, biochanin A and formononetin can transactivate the
receptor and influence the ER signaling, and thus, in certain contexts, they might sustain
tumor growth [29].
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There are few in vivo studies on red clover extracts, most of them examining the
estrogenic effect induced by administration on ovariectomized rat models. A red clover
extract standardized with 15% isoflavones produced a dose-dependent growth in uterine
weight and increased vaginal cell differentiation, yet it did not stimulate mammary gland
cell proliferation [30]. The anti-inflammatory potential of a 40% ethanolic extract of T.
pratense leaves was demonstrated on LPS-treated murine macrophages and in vivo on a
carrageenan-induced inflammation model. Pretreatment with extract significantly inhibited
inflammatory cytokines, like tumor necrosis factor (TNF)-« and interleukin (IL)-183, by
suppressing the nuclear translocation of nuclear factor (NF)-«B and the phosphorylation
of mitogen-activated protein kinases (MAPKSs). Oral administration of extract reduced
carrageenan-induced edema in a concentration-dependent manner by inhibition of inflam-
matory mediators such as histamine and serotonin [27].

Overall, the available evidence suggests that T. pratense extracts exhibit promising
anticancer and chemoprevention effects, particularly through their ability to inhibit can-
cer cell proliferation, as well as reduce inflammation, oxidative stress, and angiogenesis.
However, there are no reports exploring possible biphasic dose effects of T. pratense ex-
tracts on breast cell proliferation and oxidative stress, knowing that it is a plant rich in
phytoestrogens and compounds with antioxidant properties. In this study, we aimed to
perform the phytochemical characterization of two red clover extracts and investigate their
biological effects on cell proliferation and viability and examine the extracts’ capacity as
antioxidants or as generators of ROS on human breast normal and malignant cells. To the
best of our knowledge, this is the first study investigating the possible pro-oxidant effect of
T. pratense extracts on breast normal ER-insensitive cells, adenocarcinoma ER-positive cells,
and highly invasive adenocarcinoma ER-negative cells.

2. Materials and Methods
2.1. Chemicals and Reagents

All the reagents and chemicals were of analytical grade and were purchased from
the following companies: Sigma-Aldrich (St. Louis, MO, USA) provided gallic acid 100%,
anhydrous sodium carbonate, 2,2-Diphenyl-1-picrylhydrazyl ACS reagent; VWR Chem-
icals (Radnor, PA, USA): Folin—Ciocalteu reagent, sodium acetate trihydrate, sodium
nitrite, sodium hydroxide, ferrous sulfate heptahydrate; Merck (Darmstadt, Germany):
butylated hydroxytoluene (purity > 99%); Acros Organis (Geel, Belgium): neocuproine (2,9-
dimethyl-1,10-phenanthroline), TROLOX ((+£)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid); Alfa Aesar (Haverhill, MA, USA): anhydrous aluminum chloride, am-
monium acetate, anhydrous iron (III) chloride; Cayman Chemical (Ann Arbor, MI, USA):
quercetin standard; PanReac AppliChem (Darmstadt, Germany): Cu (II) sulfate pentahy-
drate, methanol > 99.8%, acetonitrile > 99.9%, formic acid > 98%, all of them with HiPer-
Solv CHROMANORM® or Ph. Eur, standards. The isoflavones standards: daidzein (>98%),
genistein (>98%), formononetin (>98%), and biochanin A (>98%), were purchased from
Shanghai Juyuan Biological Technology Co., Ltd. (Shanghai, China).

2.2. Plant Material and Extracts Preparation

The plants were collected from the cultivated lands of Hofigal SA in September 2021.
The aerial parts were harvested in order to obtain adequate amounts for physicochemical
analysis and in vitro studies. Both leaves and flowers were examined to verify the absence
of contamination and their integrity. The aerial parts were dried for 48 h at a temperature
of 35 °C (Dehydrator Drying Oven, Biovita, DELUXE-10) and, then, were powdered using
a mill grinder (GRINDOMIX GM 200, Verder Scientific, Secunderabad, India).

The aqueous extract of Trifolium pratense (Tp-aq) was prepared by heat reflux extraction
(HE) performed for 30 min at a temperature of 80 °C using 5 g of powder raw material
and 50 mL solvent (ultra-purified water). After reflux, the sample was left to cool down
until it reached a temperature of 25 & 2 °C. Next, the sample was centrifuged for 10 min at
7800 g, followed by the decantation of the supernatant.
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The ethanolic extract of Trifolium pratense (Tp-eth) was obtained by ultrasound-assisted
extraction (UAE) using an ultrasound bath (Elmasonic, P70H, Elma Schmidbauer GmbH,
Singen, Germany). The same ratio of plant material to solvent 1:10 (w/v) was used, and
the solvent was a solution of 50% ethanol prepared in distilled water. The extraction time
was 30 min with a processing frequency of 50 kHz at a temperature of 60 £ 2 °C. After the
extraction, the mixture was left to cool down and then centrifuged for 10 min at 7800x g,
followed by decantation of the supernatant. After the filtration through PVDF syringe
filters (pore size 0.22 pm), both extracts were kept at +4 °C until use. Fresh extracts were
prepared from the same batch of dried plants whenever needed.

2.3. Determination of Total Phenolic Content (TPC)

The total phenolic content of T. pratense extracts was quantified using the method
described by [31] with slight modifications. Briefly, a volume of 1 mL of extract solution
was mixed with 5.0 mL of 1:10 diluted Folin—Ciocalteu’s phenol reagent and 4 mL of 7.5%
(w/v) sodium carbonate. Absorbance was measured at a wavelength of 765 nm (Jasco V-530
UV-Vis Spectrophotometer, Jasco Corporation, Tokyo, Japan) after 1 h of incubation of the
reaction mix. The total phenolic content was expressed as mg gallic acid equivalents per
gram extract (mg GAE/g extract).

2.4. Determination of Total Flavonoid Content (TFC)

The total amount of flavonoids from plant extracts was measured as quercetin equiv-
alents using the aluminum chloride colorimetric method [32]. In summary, the sample
extracts were mixed with 4 mL distilled water and 0.3 mL of 5% sodium nitrite solution,
then incubated for 5 min at room temperature. A volume of 0.3 mL of 10% aluminum
chloride was added and the mixture was incubated for another 6 min at room temperature.
Finally, 2 mL of 1 M sodium hydroxide was added, and the volumes were brought up
to 10 mL with distilled water. The absorbance was measured at 510 nm using a UV /Vis
spectrophotometer (Jasco V-530 UV-Vis Spectrophotometer, Jasco Corporation, Tokyo,

Japan).
2.5. HPLC-UV Method for Isoflavones Analysis

The analysis of isoflavones from T. pratense extracts was carried out using an in-
house method developed after the validated HPLC method described by Kumar et al. [33]
and was performed on VWR Hitachi Chromaster HPLC System (Hitachi, Tokyo, Japan)
equipped with a Chromolith® HighResolution RP-18 endcapped 100-4.6 HPLC column
(Merck, Darmstadt, Germany). In summary, samples of 1.5 g of each extract were mixed
with methanol at a 1:10 (w/v) ratio and then ultrasonicated for 10 min at 80 kHz. An
aliquot of 5 uL was injected into the HPLC for analysis. The gradient system was used
for isoflavone separation, with methanol, acetic acid 0.1%, and acetonitrile as mobile
phases. The flow rate was also gradient 1.5-3.5 mL/min. The effluents were monitored at
255 nm with a DAD 5430 detector at ambient temperature. All four isoflavones (daidzein,
genistein, formononetin, and biochanin A) from samples were identified by comparing
their retention times and UV spectra with those of the corresponding standards. The
standard solutions were prepared in methanol and a good linearity (R*> > 0.999) was
obtained with 5 concentrations of each isoflavone within the range of 19.8-99 pg/mL
(daidzein), 9.648 ng/mL (genistein), 7.4-373.4 pg/mL (biochanin A), and 39.6-198 pg/mL
for formononetin.

2.6. Antioxidant Activity Evaluation
2.6.1. DPPH Scavenging Activity Assay
Briefly, a solution of 0.5 mM DPPH in methanol and 0.1 M acetate buffer was mixed

with the sample dissolved in methanol. After 30 min incubation at room temperature, the
absorbance of the mixture at 517 nm was measured using a JASCO V-530 UV / VIS Spectropho-
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tometer (Jasco Corporation, Tokyo, Japan) [34]. Butylated hydroxytoluene (BHT) was used for
the calibration curve, and the results are presented as mg BHT equivalent/gram extract.

2.6.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The experiment followed the technique described by Csepregi et al. [35], with sev-
eral alterations. A freshly prepared FRAP reagent was mixed with samples dissolved in
methanol (100-500 pg/mL) to reach a volume of 2 mL, which consequently was refilled
with distilled water to a final volume of 10 mL. The mixture was incubated at 37 °C tem-
perature for 10 min, then the absorbances were measured at 593 nm using a JASCO V-530
UV/VIS Spectrophotometer (Jasco Corporation, Tokyo, Japan). The results were expressed
as mg Fe*? equivalent/gram extract.

2.6.3. Cupric Ion Reducing Antioxidant Capacity Assay (CUPRAC)

The antioxidant activity was measured using the CUPRAC assay, as described by
Munteanu et al. [34]. The antioxidant activity was calculated using a Trolox standard
calibration curve and expressed as mg Trolox equivalent per gram extract.

2.7. Cell Culture

All cell lines were purchased from the American Type Culture Collection (ATCC):
MCF-12A (CRL-3598™) human breast epithelial non-tumorigenic cell line; MCE-7 (HTB-
22™) human breast adenocarcinoma cell line, and MDA-MB-468 (HTB-132™) human
breast metastatic adenocarcinoma cell line. MCF-12A cells were cultured in Dulbecco’s
modified Eagle medium /nutrient mixture F-12 (DMEM:F12) supplemented with 20 ng/mL
of epidermal growth factor, 500 ng/mL of hydrocortisone, 0.01 ng/mL of insulin, 5%
horse serum, and 1% penicillin/streptomycin mixture, all from Gibco (Waltham, MA,
USA). The MCEF-7 cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis,
MO, USA) and MDA-MB-468 cells in high glucose DMEM media (Gibco, Waltham, MA,
USA); the culture media were supplemented with 10% bovine serum (Sigma-Aldrich, St.
Louis, MO, USA) and 1% penicillin/streptomycin solution (Sigma-Aldrich, St. Louis, MO,
USA). For E-screen experiments, the cell media without phenol red was used: RPMI-1640
(Lonza Bioscience, Walkersville, MD, USA) for MCF-7 cells and DMEM:F12 (Thermo Fisher
Scientific, Waltham, MA, USA) for MCF-12A cells. The normal serum was replaced by
charcoal-stripped fetal bovine serum from Sigma-Aldrich (St. Louis, MO, USA). The cells
were maintained in standard conditions such as a humidified atmosphere with 5% CO,
and 37 °C.

2.8. Cytotoxicity of Plant Extracts Was Assessed by Cell Viability Test (MTS) and by LDH
Released Test

The cell viability test was performed according to the Technical Bulletin of Promega
Corporation (Madison, WI, USA), CellTiter 96 Aqueous One Solution Cell Proliferation
Assay, as described previously [36]. Briefly, cells were placed for 24 h on 96-well plates at a
density of 10,000 cells/well (MDA-MB-468) and at a density of 8000 cells/well (MCE-12A
and MCF-7). Next, the culture media were changed and new media with the plant extracts
at the corresponding concentration were added for 48 and 72 h of treatment. The assay was
performed by adding 20 uL/well of MTS reagent directly to culture wells, incubating for
1-4 h, and then recording the absorbance at 490 nm with a BIOBASE-EL10 microplate reader
(Jinan, China). The cell viability was presented as a percentage by reporting the normalized
OD 490 nm reading of samples to the normalized OD 490 of control, untreated cells. The
results are expressed as a percentage of cell viability of the treated sample compared with
untreated cells (negative control—considered as 100% of cell viability for each type of the
cell line).

The LDH test for measuring the cytotoxicity of plant extracts was assessed using
CytoTox 96° Non-Radioactive Cytotoxicity Assay (Promega Corporation, Madison, W1,
USA). The lactate dehydrogenase (LDH) amount released in the culture medium measures
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the cell membrane integrity. According to the manufacturer’s instructions, a lysis solution
was used to generate a maximum LDH release, which was considered the positive control
and was determined for each type of cell used in this study. The reaction was stopped by
adding 50 L of a stop solution, and the absorbance was read at 490 nm using a BIOBASE-EL10
microplate reader (Jinan, China). The cytotoxicity is presented as a percentage by reporting
the LDH release from the sample to the total amount of LDH present in lysed cells.

Each treatment (cell series treated with plant extracts at different concentrations)
was carried out in triplicate and the experiments were repeated at least three times. The
experiments with cells treated with vehicle alone (ultrapure water and 50% ethanol-water
solution), at the corresponding concentrations, were performed, and no significant variation
in comparison with untreated cells (control) was observed for both tests.

2.9. Real-Time Cellular Proliferation Monitoring

The proliferation of the cells was monitored in real time using the xCELLigence RTCA
system (Agilent, San Diego, CA, USA). This system enables continuous monitoring of
the adhesion properties of cells by detecting variations in electrical impedance that are
transformed into a dimensionless factor referred to as the cell index (CI) [37]. The CI was
recorded every 30 min for approximately 7 days. Briefly, a number of 6000 cells (MCF-7 and
MDA-MB-468) and 4000 cells (MCF-12A) were plated in a 96-well format on the E-Plate and
their growth rate was monitored 24 h prior to treatment. Then the medium was changed
and new culture media with the corresponding treatment were added (total volume of
200 puL/well). Control samples were cells with media without treatment. All the samples
and controls were tested in triplicates for each experiment. Three independent experiments
were performed. For each experiment, an additional control of media with extract solvent
at the highest concentration was added. No significant differences were observed for cells
treated with vehicles at concentrations used in the present study. The CI was normalized
to the time point of plant extract addition. Growth curves for each treatment and control
were obtained and compared using RTCA software (Version 2.0).

2.10. E-SCREEN Assay

The estrogenic activity of plant extracts was evaluated using an E-screen assay [38]
with some modifications. The MCF-7 and MCF-12A cells exposed to the corresponding
steroid-free experimental medium served as negative control, while cells treated with 1 nM
of 173-estradiol (E2) from Sigma-Aldrich (St. Louis, MO, USA) were positive control. A
number of 6000 cells for MCF-7 and 4000 cells for MCF-12A were seeded in each well of a
96-well plate. The cells were treated with the indicated concentrations of the plant extracts
for 6 days. For samples co-treated with plant extracts and ER antagonist, fulvestrant, ICI
182,780 (Abcam, Cambridge, UK) was added to reach a final concentration of 100 nM. To
estimate the cell viability (proliferation) after 6 days of treatment, the MTS kit was used as
described above.

2.11. Cellular Antioxidant Activity Evaluation

The OxiSelect™ Cellular Antioxidant Assay Kit (Cell Biolabs, San Diego, CA, USA)
was used to assess the cellular antioxidant activity of plant extracts, following the man-
ufacturer’s instructions, with some modifications. The MCF-12A and MCF-7 cells were
plated into 96-well plates at a cell density of 40,000 cells/well. Twenty-four hours later,
the cells were washed with PBS and incubated overnight with plant extracts at different
concentrations. The next day the cells were washed in PBS 1x and incubated for 1 h with
DCFH-DA solution. A 100 pL volume of the free-radical generator, namely, 2,2'-azobis
(2-amidinopropane) dihydrochloride (AAPH) solution, was added to testing wells in order
to generate intracellular free radicals. The background signal for each plant extract treat-
ment was considered the fluorescence recorded on the cells untreated with a free radical
generator; instead, PBS 1x solution was added. All samples were analyzed in triplicate
and the experiments were repeated three times. The fluorescence was recorded for 1 h,
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at every 10 min with Microplate Multimode Detector Zenyth 3100 (Anthos Labtec Instru-
ments GmbH, Salzburg, Austria). The results were calculated according to the instructions
presented by the manufacturer and were represented as ROS production (%) reported to
control cells without plant extract treatment, which generated the maximum ROS in the
presence of AAPH solution.

2.12. Cellular NO Scavenging Capacity Evaluation

The cells were stimulated to produce NO radicals by treatment with sodium nitro-
prusside dihydrate (Sigma-Aldrich, St. Louis, MO, USA) as described [39]. The sodium
nitroprusside dihydrate (SNP) stock solution was prepared in distilled water at a 50 mM
concentration. A number of 2 x 10° cells per well on a 24-well plate were placed the day
before the experiment. The cells were pretreated overnight with plant extracts at the noted
concentrations. Cells were washed with PBS 1x and then exposed for 6 h to SNP solution
(1 mM) in culture media without phenol red. The NO scavenging activity of plant extracts
was evaluated in each type of cell by measuring the quantity of nitrite released into the
supernatant culture media using the Griess reagent system (Promega Corporation) and
following the manufacturer’s instructions. The spectrophotometric readings at 540 nm
were performed on a BIOBASE-EL10 microplate reader (Jinan, China). The positive control
sample was represented by cells incubated just with SNP solution to assess the maximum
quantity of nitrite released. The experiments were conducted three separate times, and each
time the samples were worked in quadruplicates. The amount of nitrite was calculated
from a NaNO; standard curve (0-200 uM). The results were presented as a percentage of
nitrite production (%) reported to the positive control sample.

2.13. Intracellular ROS Detection by Time-Lapse Imaging

Reactive oxygen species (ROS) were detected using the CellROX Green reagent (Life
Technologies, Molecular Probes, Carlsbad, CA, USA). This reagent is a cell-permeant
dye that is weakly fluorescent while in a reduced state. Once inside the cell, the dye is
oxidized by ROS and becomes highly fluorescent with an absorption/emission maxima
at ~485/520 nm. The level of fluorescence is proportional to the amount of ROS present in
the cells and the signal can be measured using live imaging techniques. Approximately
40,000 cells were plated on each compartment of p-dish 35 mm quad (Ibidi, Gréfelfing,
Germany). The cells were kept for 24 h to attach, then washed with PBS 1x, and new
media supplemented with 5 uM CellROX Green reagent were added and left to penetrate
the cells for 45 min. Finally, the cells were placed in new media supplemented with plant
extracts at different concentrations. The vehicle at the highest concentration corresponding
to 3.33 mg/mL was tested and no differences in ROS generation in comparison with
untreated cells were observed. In all experiments, one out of four compartments of Ibidi
p-dish was kept with cells without treatment as a control sample. The Ibidi u-dishes were
placed into BioStation IM (Nikon, Tokyo, Japan), which is a platform for live cell imaging.
Phase contrast and green channel images were taken every 1 h for approximately 24 h of
cells under the treatment with plant extracts. Therefore, the oxidative stress induced by
plant extracts was detected by time-lapse imaging and quantified in live cells in real time.
Each experiment was repeated three times and the images were analyzed by the Image]
program (version 1.50i, National Institutes of Health, Bethesda, MD, USA).

2.14. Determination of ATP Levels

The ATP levels were measured using an ATP determination kit (Invitrogen™, Thermo
Fisher Scientific, Waltham, MA, USA). Cells were seeded into 6-well plates at a density
of 200,000 cells/well in 1 mL volume of corresponding cell culture media and allowed to
grow overnight. The next day, media were replaced with media supplemented with plant
extracts at desired concentrations, and the cells were incubated for 48 h. Following the
manufacturer’s instructions with slight modifications, the cells were lysate using an ATP
assay buffer supplemented with 1% Triton X-100. The cells were dislodged by scraping
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with a pipette tip and transferred to 1.5 mL Eppendorf tubes on ice for 5 min. A volume of
10 pL of cell lysate was then added in triplicate to a white 96-well plate, containing ATP
standards. The luminescence was recorded with Microplate Multimode Detector Zenyth
3100 (Anthos Labtec Instruments GmbH, Salzburg, Austria). Protein concentration was
determined using the Pierce 660 nm Protein Assay (660 nm absorbance). The results were
presented as ATP level/mg protein and reported to the ATP level of the control sample.
The experiments were repeated three times.

2.15. Mitotracker and Cellrox Staining

Cells seeded at 40,000 cells/well of p-Dish 35 mm Quad (Ibidi, Grafelfing, Germany)
were treated for 48 h with plant extracts. Then, the cells were washed with PBS 1x and
were double-stained with a mixture of CellROX green reagent (5 pM) for ROS staining and
150 nM of MitoTracker® red CMXRos (Thermo Fisher Scientific, Invitrogen, Waltham, MA,
USA) solution for mitochondria visualization. -The protocol followed the manufacturers’
instructions, and after the 30 min incubation at 37 °C, the cells were fixed in 4% formalde-
hyde for 30 min. The cells were washed in PBS and were immediately observed under the
microscope (Eclipse Ti, Nikon, Tokyo, Japan). Approximately 200 cells were observed for
each experimental condition in one experiment setting. The experiments were repeated
three times. The MitoTracker Red® CMXRos reagent can accumulate in active mitochondria
and is retained even after formaldehyde fixation, thus being well suited for multicolor
labeling experiments. The CellROX green and MitoTracker® red CMXRos signals were
analyzed by using Image | software (version 1.50i, National Institutes of Health, Bethesda,
MD, USA).

2.16. Assessment of Lipid Peroxidation

Lipid peroxidation assessment was measured as MDA content in cells using the
OxiSelect™ TBARS Assay Kit (MDA Quantitation kit), from Cell Biolabs (San Diego, CA,
USA). The protocol provided by the manufacturer was followed with slight modifications.
A number of 1 x 107 cells were used for each experiment, and after 48 h of incubation with
plant extracts, the cell homogenates were resuspended in 1 M HCl solution. Thus, in the
necessary acidic environment (pH 4) the MDA and thiobarbituric acid can react and form
the final product that was quantified fluorometrically at 540 nm excitation and 590 nm
emission by Microplate Multimode Detector Zenyth 3100 (Anthos Labtec Instruments
GmbH, Salzburg, Austria). The protein concentration was determined using Pierce 660 nm
Protein Assay. Data were calculated as pumol MDA /g protein and reported as percentages
to control, untreated cells. The experiments were repeated three times.

2.17. Assessment of SOD Activity and GSH Content

A number of 2 x 10° cells were used for each experimental condition, for both types
of assessment. The cells were incubated for 48 h with Tp extracts at 0.33 and 3.33 mg/mL,
and then, the specific determination for each assay was performed.

The activity of SOD was detected by the commercial SOD Determination Kit from
Sigma-Aldrich (St. Louis, MO, USA). The kit’s protocol was followed and the cells” su-
pernatant was used for total SOD (cytosol and mitochondria) activity assessment. The
absorbance of samples was read at 450 nm using a BIOBASE- EL10 microplate reader
(Jinan, China). The protein concentrations were determined by Pierce 660 nm Protein Assay
(Thermo Fisher Scientific, Waltham, MA, USA) using BSA as standard. The results were
expressed as a percentage of SOD activity reported to protein concentration (mg/mL) and
then compared with control (untreated cells) values.

The OxiSelect™ Glutathione Reductase Assay Kit (Cell Biolabs, San Diego, CA, USA)
was used for measuring glutathione reductase activity. The kit employs the enzymatic
recycling reaction for glutathione quantification, and the reduction in the chromogen
compound is correlated to glutathione reductase enzymatic activity. The manufacturer’s
instructions were followed, and the optical density of samples and glutathione reductase
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standards were recorded at 405 nm (BIOBASE- EL10 microplate reader, Jinan, China). The
protein concentration of samples was analyzed as above and the results were expressed as
a percentage of GSH level reported to protein concentration (mg/mL) and then to the GSH
level of control (untreated cells), which is considered 100%. All samples were analyzed in
triplicate for one experiment setting, and the experiments were repeated three times.

2.18. Morphological Assessment of Cell Death Using Hoechst 33342/Propidium lodide (PI)
Staining and Fluorescence Microscopy

A number of 1 x 109 cells/well were seeded for plant extract treatment and for
control (untreated cells) in 6-well plates. After 48 h of treatment, all cells were collected
and double-stained with 1 uM Hoechst 33342 dye (Thermo Fisher Scientific, Waltham,
MA, USA) and with 50 pg/mL propidium iodide (PI) from Sigma-Aldrich (St. Louis,
MO, USA), as previously described [40]. The cells were immediately observed under the
fluorescent microscope (Nikon Eclipse Ti, Tokyo, Japan), and random images of different
fields were collected in blue and red channels and phase contrast. A minimum of 200 cells
for each sample/experiment were analyzed using the Image J cell counter software (version
1.50i, National Institutes of Health, Bethesda, MD, USA). The experiments were repeated
three times.

2.19. Statistical Analysis

Data are presented as means = SEM. One-way ANOVA analysis was used to compare
all groups with control conditions (as indicated in the Figure legends) using a Dunnett
post-test. Statistical significance is indicated as * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results
3.1. Total Phenolic and Flavonoids Content of T. pratense Extracts

The values obtained for TPC and TFC assessments are presented in Table 1. The Tp-eth
extract contains the highest amounts of polyphenols extract in comparison with Tp-aq. Our
results are aligned with the findings of other studies, which reported values of TPC in a
range of 5.22-8.38 mg GAE/g extract for Romanian T. pratense obtained by UAE using
different parameters and as solvent a 70% ethanol solution [41]. Less polyphenolic content
as 46.56 mg GAE /100 g d.w. was obtained by Antonescu et al., using ultrasonication for
5 min and 70% ethanol solution as solvent [42]. The flowers and leaves of six different
varieties of T. pratense from Poland were analyzed and the results showed significant
differences of TPC values ranging from 12.758 to 56.178 mg GAE/g d.w., with more
polyphenolic content in flowers compared with leaves [43]. In general, the pre-extraction
drying condition of original plant material could influence the total polyphenolic content.
The polyphenol oxidases, the enzymes which are degrading the polyphenolic compounds,
can be inactivated by drying at temperature above 55 °C [44]. In the present paper, the aerial
parts (flowers, leaves, stems) were dried at 35 °C for 48 h, so the polyphenol oxidases were
still active and could degrade the polyphenols, resulting in a decrease in TPC. Specifically
for T. pratense, Schmitz et al. demonstrated that polyphenol oxidases can be activated with
a 10- to 40-fold increase in enzymatic activity by long incubation of the plant at ambient
temperature [44].

Table 1. TPC and TFC of T. pratense extracts.

T. pratense TPC TFC
Extract (mg GAE/g) (mg QE/g)
Tp-aq 649 £0.17 % 299+0.15*
Tp-eth 9.66 £0.18 * 6.05£0.16 *

* concentrations are expressed as mean £ SEM.

The total flavonoids analysis demonstrated that the ethanolic extract contains approxi-
mately twice as much flavonoids as Tp-aq extracted by heat reflux method, as Table 1 shows.
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The values obtained in the present study were approximately similar to those obtained
in other studies using Romanian red clover aerial parts extracted by UAE in 70% hydro-
alcoholic solvent [41,42]. Moreover, Vlaisavljevi¢ et al. [45] showed that the TFC values
of leaves from plants at different growing stages varied between 3.87 and 7.32 mg QE/g
of extract. They applied the microwave-assisted extraction and a 70% methanol solution
was used as a solvent, demonstrating that the highest flavonoid content was present at
the lowest red clover growth stage [45]. Others reported much higher values for TFC,
such as 18.17 & 0.67 or 20.51 £ 0.39 mg RU/g d.w., in flowers extracted by heat reflux
method, using water or 50% ethanol as solvents [46], or even lower values close to 15.0 ug
rutin equivalents/g extract of the aqueous phase obtained from aerial parts prepared by
maceration in 80% methanol [28].

The higher values of TPC and TFC obtained for Tp-eth were determined by the
extraction method. UAE is a nonconventional method, which allows for a rapid extraction
due to an increase in the permeability of cell walls. Furthermore, the binary solvent, 50%
ethanol in water, is more successful in the extraction of polyphenols, including flavonoids,
than water as a single solvent [47]. UAE is recognized as a more effective technique to
increase the yields of polyphenols than other traditional methods, including heat reflux
extraction [47]. Beyond quantity, the profile of present species will also vary according to
the extraction method used (regardless of the analyzed matrix).

3.2. HPLC Analysis for Isoflavones Content of T. pratense Extracts

The representative HPLC chromatograms of both extracts, showing the separated
isoflavones in aglycone form, are presented in Figure 1.
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Figure 1. The representative HPLC chromatograms obtained for Tp-aq (A) and Tp-eth (B) extracts.
The main isoflavonoid compounds found in T. pratense extracts were formononetin,
biochanin A, daidzein, and genistein. The Tp-eth extract obtained by UAE method con-
tains a slightly higher amount of total isoflavones, such as 636.43 & 16.2 pug/g extract in
comparison with Tp-aq, which had 603.94 + 13.7 pug/g, as Table 2 shows.
Table 2. The isoflavones content of T. pratense extracts detected by the HPLC-UV method.
Lo S . . . Total
Sample Daidzein Genistein Formononetin Biochanin A
Isoflavones
Tp-aq 41.37 £2.37 % 62.58 £3.05* 369.46 &= 5.24 ¢ 130.53 £3.04 * 603.89 £13.7*
Tp-eth 40.92 £ 0.94 * 160.15 £ 4.32* 139.76 =3.81* 295.60 = 7.23 * 636.43 = 16.3 *

* ug/g extract. All concentrations are expressed as mean + SEM.

While daidzein was recovered approximately in the same amount in both extracts, the
genistein concentration was 2.5 times higher in Tp-eth compared with Tp-aq. In the case of
daidzein, our results were similar to those obtained by Gligor et al., using aerial parts of
Romanian T. pratense and different types of extraction, and by analyzing the isoflavones
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with a more sensitive method, HPLC-MS [41]. They reported that UAE applied for 20 min at
a temperature of 50 °C and with a frequency of 50 Hz led to the highest yield of isoflavones
such as daidzein, genistein, and their glycosidic correspondents [41]. Approximately the
same amount of genistein was reported by Kazlauskaite et al., who also demonstrated that
the two isoflavones, genistein and daidzein, can be extracted in aglycone forms without
any extra step of chemical hydrolysis [48]. Indeed, the parameters for extractions used
in the present paper allow for the spontaneous conversion of glycosides to aglycones by
-glucosidase, which is active in red clover grounded powder at high temperatures and
during the ultrasonication treatment. Overall, our results show that the amount of daidzein
is constant in both extracts, but the genistein is more abundant than daidzein and it is
present in higher concentration in Tp-eth in comparison with Tp-aq. This can be explained
by the fact that genistein is one of the isoflavones that are more susceptible to degradation at
high temperatures, including 80 °C, which was the temperature for Tp-aq preparation [49].
In contradiction, formononetin, which is a derivative of daidzein with a methoxy radical in
the 4’ position seemed to be more reliably extracted by HE using water as a solvent than
by UAE in 50% water—ethanol mixture (369.46 vs. 139.76 ug/g). The concentration was
approximately twice as high in the ethanolic extract as in the aqueous one. Our data are
comparable with those reported by Temerdashev et al. [50] where the maximum amount of
isoflavones extracted from flowers using the supercritical method was 598 pg/g extract [50],
which is very close to the value obtained in the present study. Moreover, the approximately
similar ratio of daidzein, genistein, and formononetin was recovered from Romanian T.
pratense of spontaneous flora extracted by UAE, with the mention that biochanin A was
not included in the HPLC-UV analysis [51]. There are reports showing the same pattern of
the presence of four isoflavones in extracts obtained from flowers or leaves of red clovers
collected from all over of Europe [50,52]. Biochanin A and formononetin made up over
70% of total isoflavones [52], very similar to what was obtained in the present paper.

3.3. Antioxidant Capacity of T. pratense Extracts Evaluated by Chemical-Based Assays

The antioxidant capacity of Tp extracts was established using three different chemical-
based assays. It is highly recommended to assess the antioxidant potential of plant extracts
by different methods, given their complex composition consisting of many different classes
and types of chemical compounds [34,53]. The selected methods concern different ways of
testing antioxidant potential, and herein, a free radical scavenging assay (DPPH), ferric ion
reducing antioxidant power (FRAP), and cupric-reducing antioxidant capacity (CUPRAC)
were used. The DPPH assay measures the capacity of test samples to reduce DPPH radical to
DPPH-H by transferring atoms of hydrogen and, consequently, decreasing the absorbance
of the reaction mixture [53]. This method has some drawbacks, and one of them is that the
compounds with strong antioxidant capacities in lipid peroxidation may react slowly or
even will not react with DPPH radicals [34]. The second test, FRAP assesses the antioxidant
compounds as reductants in a redox-linked colorimetric method where at low pH (3.6), the
Fe3* is reduced to Fe?* by electron transfer [53]. In this method, the increase in absorbance
is directly related to the reducing power of the electron-donating antioxidants present in
the reaction solution. In general, the FRAP assay detects hydrophilic antioxidants (e.g.,
hydroxybenzoic and hydroxycinnamic acids) that complete the reaction rapidly, within
10 min. However, it has been demonstrated that several other polyphenols are slow-reacting
substances, (e.g., caffeic, gallic, or tannic acid) that can be totally oxidized after several hours.
Thus, in the case of a higher amount of those slowly reacting compounds, the antioxidant
capacity of plant extracts will be under-evaluated by the FRAP assay. The cupric-reducing
antioxidant capacity assay is similar to the FRAP method. CUPRAC measures the capacity
of plant extracts to reduce Cu (II) to Cu (I) as a result of a redox reaction by electron
transfer. This method could be applied to the quantification of both hydrophilic and
lipophilic antioxidants because the Cu (II) reagent is soluble in both aqueous and organic
environments [34]. Additionally, the CUPRAC assay works at physiological pH =7, as
opposed to FRAP and Folin tests, which are completed at pH 3.6 and pH 10, respectively.
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Moreover, the assay can measure the reducing power of glutathione and nonprotein thiols,
so the thiol-type antioxidants are also quantified [34]. For some specific compounds,
including caffeic, chlorogenic, gallic, and rosmarinic acids, catechin, epicatechin, quercetin,
and rutin, the best antioxidant capacities were observed using this method [34].

The results of antioxidant capacity evaluation based on all three methods are presented
in Table 3.

Table 3. Antioxidant capacity of T. pratense extracts.

T. pratense DPPH FRAP CUPRAC
Extract (mg BHT/g) (mg FeZ*/g) (mg Trolox/g)
Tp-aq 2.02 £0.05% 1.96 £ 0.08 * 3.89 £ 0.09 *
Tp-eth 461 +012* 226 £0.11* 6.98 £0.29 %

* concentrations are expressed as mean + SEM.

The highest values of antioxidant capacity were obtained for the ethanolic extract in
comparison with the aqueous extract by all three methods, as was expected. The CUPRAC
assay showed notably higher values than the other two assays, indicating that the red
clover extracts contain many compounds with optimal number and orientation of hydroxyl
groups for transferring the electrons to reduce Cu (II) reagent [34]. The results reported by
Antonescu et. al. for a 70% hydro-alcoholic extract were similar to what was obtained in this
study for Tp-eth [42]. Other reports showed lower values with the CUPRAC method, with
values ranging from 0.644 to 3.363 mg/mL, with the mention that the antioxidant capacity
of leaves and flowers of different species of T. pratense were analyzed and the standard
substance was ascorbic acid instead of Trolox as was used in the present paper [43].

A previous study reported values between 9 and 10 pg Trolox equivalents/g for
red clover aqueous extracts and between 10 and12 ug Trolox equivalents/g for ethanolic
extracts in DPPH assay for flowers of Lithuanian T. pratense [46]. Moreover, compared
with the DPPH values obtained from other studies, our results were significantly higher,
indicating that water or ethanol as solvents and the methods of extraction were suitable
for recovering the compounds with strong scavenging capacity from red clover aerial
parts [25,46]. In contrast, the FRAP assay results showed that both extracts had the weakest
ability to reduce Fe3*, with values of 1.96 + 0.08 for Tp-aq and 2.26 4 0.11 mg Fe?* /g for
Tp-eth, notably lower than results reported by others [46,54]. However, there are scientific
papers that presented a much lower reducing antioxidant power, as 0.0251 mg Fe?*/g
d.w. [55] or even undetected FRAP activity [56] for red clover flower extracts. This means
that the presence of phenolic compounds with different antioxidant capacities and their
distribution in the T. pratense could vary due to many factors—the origin of species, cultivar
conditions, growing stages, harvesting season, and so on, as mentioned before [57,58].

3.4. Cytotoxic Activity of T. pratense Extracts and the Effect on Cells Viability

The cytotoxic activity of both extracts was evaluated on breast non-tumorigenic ER- cell
line (MCF-12A), breast estrogen-dependent (ER+) cells (MCF-7), and metastatic estrogen-
independent (ER—) adenocarcinoma cells using MTS and LDH assays. All three cell lines
were tested for 48 and 72 h of treatment with aqueous and ethanolic extracts of T. pratense
at concentrations ranging between 0.1 to 3.33 mg/mL. The cell viability of all three cell
lines was affected by Tp-eth extract at the highest concentration of 3.33 mg/mL in a time-
dependent manner (Figure 2). The adenocarcinoma ER- cells were more sensitive to Tp-eth
extract, showing a decrease in cell viability, with 63% (48 h) and 44% (72 h) in comparison
with untreated cells (Figure 2E). Actually, a dose-dependent cytotoxicity of Tp-eth was
observed for this cell line.
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Figure 2. Cell viability (%) and cytotoxicity (%) expressed based on the MTS test and, respectively,
as LDH released on MCF12A cells (A,B), MCF7 cells (C,D), and MDA-MB-468 cells (E,F) treated
with Tp-aq or Tp-eth for 48 and 72 h. The red line indicates 100% cell viability. The results represent
the mean + SME of at least three independent experiments with p < 0.05 (*), p < 0.01 (**), and
p <0.001 (***) compared with control (untreated cells for cell viability and to complete lysed cells for
cytotoxicity).

The Tp-aq extract had a lesser effect on ER- adenocarcinoma cells, with 60% of cells
still viable after 72 h of incubation, with the highest concentration of 3.33 mg/mL. For
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less-concentrated aqueous extracts (0.1 and 0.333 mg/mL), the metabolic activity of cells
was not affected.

An increased number of viable cells was observed when Tp-aq and Tp-eth were
applied to ER+ adenocarcinoma cells and non-tumorigenic breast cells, (Figure 2A,B) at
the lowest concentrations of 0.1 or 0.33 mg/mL, with the values of cell viability exceeding
110% of control samples. This effect can be associated with a pro-proliferative activity
of both extracts on ER+ breast cancer cells and, also, on normal mammary gland cells.
For MCF-7 cells, a slightly more pronounced pro-proliferative effect was observed for
both extracts at the same concentration (Figure 2C) compared with normal breast cells
(MCF-12A). This biphasic dose response of T. pratense extracts on the proliferation of normal
breast and estrogen-dependent adenocarcinoma cells was not reported in the scientific
literature until now. Several other studies presented results on individual phytoestrogens
or phenolic compounds, which are able to sustain and stimulate cell proliferation at lower
concentrations and induce cytotoxicity at a higher dose [14].

LDH release test, which is depicted as cytotoxicity in Figure 2, confirmed the MTS
assay’s results showing an increase in LDH release for all three cell lines treated with
the highest concentration (3.33 mg/mL) of Tp-eth (Figure 2B,D,F, with p < 0.001). For
ER- cell line, the cytotoxicity (%) was approximately twice as high as what was obtained
for untreated cells (the control sample). Actually, the ethanolic extract at the maximum
concentration could induce an LDH leakage, which might be associated with losing cellular
membrane integrity on all tested cell lines. For the lowest concentrations of Tp-eth (0.1,
0.33 mg/mL), no significant cytotoxicity was detected for both time intervals on all three
cell lines.

Interestingly, the Tp-aq at a concentration of 3.33 mg/mL was able to induce cytotoxi-
city on both tumorigenic cells (ER+ and ER—) but not on non-tumorigenic cell lines. In fact,
we could not detect any significant LDH release on normal gland mammary cells incubated
with aqueous plant extracts. Based on these results, the T. pratense aqueous extract showed
a selective cytotoxic activity toward cancer cells as other plant extracts demonstrated [59].
This property can be a criterion in the search for new anticancer drug candidates with
cancer cell-selective toxicity and protection toward normal cells.

The cytotoxicity experiments, which combined cell viability testing and LDH release
assessment, showed different biological effects of T. pratense extracts on cells depending on
ER expression and malignancy status. The most relevant observation, which has not been
reported in the literature until now, is that both ethanolic and aqueous extracts induced a
biphasic dose response on the cellular proliferation process of ER+ adenocarcinoma and
breast normal cells. Additionally, the dose- and time-dependent cytotoxic effect of both
extracts on ER- invasive adenocarcinoma cells were observed.

3.5. Real-Time Cellular Proliferation Monitoring of Breast Cell Lines Treated with
T. pratense Extracts

Based on the results obtained on viability and cytotoxicity tests, we decided to per-
form real-time experiments to monitor cell growth for a longer period of time using the
xCELLigence system. The RTCA system is continuously recording the cellular impedance,
which produces specific time/dose-dependent cell response profiles upon treatment with
bioactive compounds. The measurements through many time points enable us to create
profiles that reflect cellular proliferation, growth, and morphological modifications before
and after adding a compound. Recorded cellular curves can be associated with the modu-
lation of cell physiology by bioactive compound treatment [60]. The cells were observed
for 144 h under the treatment with three different concentrations of extracts, namely, 0.33,
1.0, and 3.33 mg/mL, and compared with untreated cells. The representative cell response
profiles of all three cell lines incubated with plant extracts are depicted in Figure 3. The
addition of Tp-aq at 0.33 and 1.0 mg/mL concentrations to MCF-12A cells induced an
increase in CI values above the values obtained for control samples (Figure 3A). This might
indicate that the Tp-aq treatment is able to stimulate the cell proliferation rate and to
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shorten the doubling time of the cell population. An antiproliferative effect was observed at
the highest concentration of 3.33 mg/mL, with CI values reaching half the value obtained
for the control sample by the end of the incubation period. As for Tp-eth treatment, the
cell proliferation curve showed a slight increase for the lowest concentration (0.33 mg/mL)
at the last 72 h of treatment and a slight decrease in CI values for the next concentration
of 1.0 mg/mL in comparison with the control sample. The results are similar to what was
obtained by viability and cytotoxicity test, indicating that the ethanolic extract does not
significantly influence the proliferation rate as Tp-aq does, nor does it induce cytotoxicity
at 0.33 and 1.0 mg/mL concentrations. Instead, the highest dose of Tp-eth of 3.33 mg/mL
produced a negative effect reflected by the cell proliferation profile, which indicates a much
stronger antiproliferative effect than what was obtained for Tp-aq treatment. The CI values
recorded for Tp-eth at the highest concentration were 1.5 times as low as values obtained
for Tp-aq during the last two days of treatment.
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Figure 3. Representative cellular proliferation curves recorded in real time by xCELLigence (RTCA)
system: (A) MCF-12A cells, (B) MCF-7 cells, and (C) MDA-MB-468 cells. The cells are untreated (con-
trol, 0.0 mg/mL) or treated with indicated concentrations of Tp-aq or Tp-eth (0.33, 1.0, 3.33 mg/mL).
Normalized cell index of three different experiments.
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A similar effect of Tp-aq on ER+ adenocarcinoma cells was observed (Figure 3B)
with increasing CI values at 0.33 and 1.0 mg/mL concentrations, while at the highest
concentration of 3.33 mg/mL, a steady level of CI with values below what was registered
for control samples was observed. For MCF-7 cells treated with Tp-eth at 0.33 mg/mL and
3.33 mg/mL, the proliferation curves showed a similar pattern to that obtained for Tp-aq at
the same concentrations. For treatment with Tp-eth at 1.0 mg/mL the MCE-7 cell response
profile mimicked the control cellular proliferation curve during the first 72 h of treatment,
whereas for the remaining hours, the CI values decreased showing an antiproliferative
profile.

The ER-adenocarcinoma cells were the most affected by the treatment with Tp-aq and
Tp-eth, as Figure 3C shows. The antiproliferative effect of both extracts was time- and
dose-dependent, with continuously decreasing values of CI in comparison with untreated
cells, except for the cells treated with 0.33 mg/mL of extracts, which showed lower CI
values for the last 4 days of treatment. However, the CI registered after 72 h of treatment
with Tp-eth at a concentration of 3.33 mg/mL reached the values of 0.01-0.1. A significant
change in cell proliferation curves was observed immediately after adding the high dose of
plant extracts, in comparison with the profiles of cells treated with low doses. This pattern
reflects a dynamic cell response curve typical for the induction of cell apoptosis following
the addition of extracts, which reflects a transient morphological change, followed by a
gradual, dose-dependent decrease in CI [60]. For example, on A549 lung carcinoma cells,
the R. C. stauntonii extract produced similar time- and dose-dependent cell response profiles;
by TUNEL DNA fragmentation assay, the authors confirmed that apoptosis occurred under
higher doses of plant extract treatment [60].

In general, the real-time cellular proliferation monitoring data were comparable with
the results from viability and cytotoxicity assays. The main observations are that Tp-eth is
more cytotoxic and has a significant antiproliferative effect on the ER- adenocarcinoma cell
line at all tested concentration in comparison with Tp-aq. Additionally, the biphasic effect
induced by both extracts on ER+ adenocarcinoma and on non-tumorigenic mammary gland
cells, with a pro-proliferative activity at lower concentrations and an antiproliferative effect
at the highest concentration, was registered in real-time experiments. T pratense, especially
the aqueous extract, can enhance the proliferative process of breast ER+ adenocarcinoma
cells, and the non-tumorigenic ER insensitive cells.

No similar effects of T. pratense extracts on cell models, supporting cells proliferation
at lower concentrations while inducing negative effects at higher concentrations have
been reported until now. The biphasic dose-response of several classes of phytochemi-
cals, especially of phytoestrogens on ER+ cell proliferation were documented in scientific
reports [14].

3.6. Estrogenic Activity of T. pratense Extracts

The increase in cell proliferation observed at concentrations of 0.1-1.0 mg/mL on MCEF-
7 and MCEF-12A cell lines could be explained by possible estrogenic effects exercised by
the T. pratense extracts, which are rich in phytoestrogens. To investigate this, the cells were
incubated for a long period of time (6 days) with extracts at these low doses, in the presence
or absence of an ER antagonist (ICI 182,780) and, then, analyzed based on E-screen assay.
This molecule acts as a pure antiestrogen by binding to the ERs, causing disassociation
of receptor-associated proteins, impaired receptor dimerization, and increased receptor
degradation [38].

In Figure 4A, the pro-proliferative effect on MCF-12A cells of different concentrations
of Tp extracts (0.1, 0.33, and 1.0 mg/mL) can be observed. The proliferation rate for
all tested concentrations was statistically significant with p < 0.001, in comparison with
the control, untreated cells. Interestingly, the same pro-proliferative effect was observed
when cells were co-treated with ER antagonist ICI 182,780 at 100 nM, which can indicate
a non-estrogenic proliferation process. Moreover, our data indicate that E2 has no ability
to facilitate the proliferation of non-tumorigenic cell lines, which is in accordance with
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previous scientific reports. By using multiple assays, a couple of reports have shown
that MCF-12A cells are unresponsive to E2 in culture conditions, both in regard to cell
proliferation and the expression of estrogen-regulated genes [61].
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Figure 4. Evaluation of estrogenic activities of Trifolium pratense extracts at different concentrations
of 0.1, 0.33, and 1.0 mg/mL on MCF-12A cells (A) and MCF-7 cells (B) measured by the E-screen
assay. The cells treated with 1 nM of E2 represented the positive control and the ICI 182,780 (ICI)
solution at 100 nM concentration was used for co-treatment experiments. The red line indicates 100%
cell viability. The results represent the mean + SEM of at least three independent experiments with
p <0.05 (*), and p < 0.001 (***) compared with the control (untreated cells).

The evaluation of the estrogenic potential of T. pratense extracts on MCF-7 cells can be
observed in Figure 4B. The Tp-eth at 0.1 mg/mL and Tp-aq at 0.33 mg/mL concentration
induced strong stimulatory effects, with a proliferation rate close to 200%, being even
higher than what was obtained for cells treated with E2 at 1 nM (160%). Our results were in
alignment with what was reported by Spagnuolo et al., who found that batches of T. pratense
with different content of isoflavones have a higher estrogenic potential than E2 and individual
isoflavones. They postulate that the phytocomplex composition of extracts can influence the
modulation of the pharmacological activity of its individual components [62]. Additionally,
for Tp-eth a dose dependency of the proliferative effect was observed, with a maximum of
estrogenic effect at a concentration of 0.1 mg/mL; after that, it decreased with the increase
in the extract concentration. A plausible explanation is that an increased concentration of
extract will provide a higher amount of phytoestrogens. In addition to isoflavones, other
flavonoids possess estrogenic activities, and by reaching a threshold of concentration, some of
the phytoestrogens might exhibit antagonist effects on ER-positive cells.

The MCEF-7 cell proliferation was mitigated almost completely (60% proliferation rate
compared with untreated cells) when cells were co-treated with plant extracts and ICI,
confirming that the plant extracts acted through ER signaling pathways.

In conclusion, based on E-screen tests, the T. pratense extracts at low doses showed a
strong estrogenic effect able to stimulate ER+ adenocarcinoma cell proliferation at a high
rate. Instead, the moderate stimulatory effect on proliferation of ER-insensitive normal
breast cells could be unrelated to the estrogenic signaling pathways. The MCF-12A cells
are considered to mimic the human normal mammary gland cells, so the stimulatory effect
on normal cells” proliferation can be noted as a beneficial effect of T. pratense extracts.
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3.7. Cellular Antioxidant Activity of T. pratense Extracts

The antioxidant activity of extracts was assessed in cells with oxidative stress generated
either by ROS or RNS inducers. The MCF-12A and MCF-7 cells were pretreated for several
hours (~16 h) with plant extracts with concentrations (0.1-1.0 mg/mL) at which the cellular
viability was not affected, as previous experiments showed. Then, the oxidative stress
was induced and the cellular response was recorded. The MDA-MB-468 cells’ viability
was affected by extracts in a dose-dependent manner; furthermore, the reactive species
generators increased the cytotoxicity. Therefore, ER- adenocarcinoma cells did not meet the
criteria for testing the cellular antioxidant capacity of extracts.

Figure 5 presents the assessment of the cellular antioxidant capacity of extracts at
concentrations of 0.1, 0.33, and 1.0 mg/mL against ROS and RNS. The overnight pretreated
cells were exposed to the ROS-initiator compound and the oxidized fluorescent dichloroflu-
orescein (DCF) signal was recorded (Figure 5A). The decrease in cellular fluorescence of
pretreated cells is proportional to the cellular antioxidant capacity of extracts, and it was
reported to be the high fluorescence level generated by ROS in cells with induced oxidative
stress (control).
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Figure 5. T. pratense extracts showed ROS and RNS scavenging potential in MCF-12A and MCE-7 cells.
The overnight plant extract-pretreated cells were exposed to free radical initiators for ROS (1 h) and
RNS (6 h) generation. ROS production was assessed by cellular antioxidant assay on MCF-12A cells
(A) and on MCF-7 cells (B). Nitrites production was assessed by the Griess assay on MCF-12A cells (C)
and on MCF-7 cells (D). The results of both assays are expressed as a percentage of ROS and nitrates
production vs. control (extract untreated cells with induced oxidative stress) and represent the mean
=+ SEM of at least three independent experiments with p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

The ROS production decreased, in a dose-dependent manner, in MCF-12A cells prein-
cubated with either Tp-aq or Tp-eth extracts, achieving the highest reduction of approxi-
mately 60% of fluorescent signal for the Tp-eth at 1.0 mg/mL concentration compared with
the control cells (with p < 0.001). The same concentration-dependent capacity to scavenge
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ROS was observed in ER+ adenocarcinoma cells where extracts showed even a higher
antioxidant potential at all tested concentrations in comparison with non-tumorigenic cells.
The ethanolic extract, which contains a greater quantity of flavonoids than the aqueous one,
acted as a more promising antioxidant source in this experimental setting.

Nitric oxide is a free radical produced in mammalian cells that is involved in the
regulation of various physiological processes. However, excess production of NO is asso-
ciated with the inflammation process, which is a precondition in many chronic diseases,
including breast cancer [63]. Nitric oxide is a very unstable molecule that reacts with O, to
produce stable nitrate and nitrite species. The nitrites production can be assessed using the
Griess reagent, and the RNS scavenger capacity of a plant extract can be estimated in cells
under externally induced oxidative stress. In the present study, the nitrite produced by the
incubation of cells with the SNP solution was significantly reduced by both extracts. This
may be due to the antioxidant capacities of flavonoids found in extracts, which compete
with oxygen to react with nitric oxide, leading to the reduced production of nitric oxide.

Pretreatment of cells with T. pratense extracts at indicated concentrations (0.1, 0.33,
and 1.0 mg/mL) reduced, in a dose-dependent mode, the nitrite level generated by SNP
in both types of cells, as Figure 5B shows. Overall, a higher reduction was observed for
non-tumorigenic cells (MCF-12A) in comparison with ER+ adenocarcinoma cells (MCF-
7) for all tested concentrations. Nevertheless, the ethanolic extract possesses a greater
RNS scavenging capacity in both cells as the experimental data showed. At the highest
concentration of 1.0 mg/mL, the Tp-eth reduced the nitrites production by close to 28%
versus 55% when Tp-aq was applied to MCF-12A cells. In MCF-7 cells, the Tp-eth (60%)
was two times more potent in reducing the RNS generated by SNP than the Tp-aq (30%).
However, for MCEF-7 cells pretreated with 0.1 mg/mL of Tp-aq, the nitrite concentration
remained unchanged compared with the control, yet for a higher concentration of Tp-aq
(0.33-1.0 mg/mL), the RNS reduction was robust, statistically relevant with p < 0.001.

In summary, the aqueous and ethanolic extracts at concentrations ranging between 0.1
to 1.0 mg/mL showed a concentration-dependent scavenging potential to inhibit the excess
of radical species in normal and adenocarcinoma ER+ breast cells under oxidative stress.

3.8. Pro-Oxidant Effect of T. pratense Extracts

Plant extracts contain polyphenols, which can have antagonist activities, both anti- and
pro-oxidant effects in cellular systems. Over the past decade, numerous studies have shown
that polyphenolic compounds have different redox potentials that can modulate antagonist
effects on cells [10,64]. As antioxidants, they scavenge intracellular ROS, and conversely,
they can act as pro-oxidant agents by generating ROS under certain conditions, such as high
doses or in the presence of transition metals [64]. Therefore, by producing oxidative stress
the plant polyphenols can induce DNA damage and lipid or protein oxidation, which can
promote cell death [7]. In addition, several studies reported that antiproliferative activity
and cytotoxic effect of polyphenolic compounds may be mediated by their capacity to
induce oxidative stress by generating intracellular ROS [8].

Based on real-time cellular proliferation profiles, which showed a strong antiprolif-
erative effect on MCF-12A and MCEF-7 cells and cell death induction on MDA-MB-468 at
high doses of extracts (3.33 mg/mL), the possibility of intracellular ROS generation was
investigated using time-lapse imaging microscopy. The previously CellROX green-stained
cells were treated with plant extracts at two concentrations (1.0 or 3.33 mg/mL) and were
immediately placed into the BioStation IM platform and monitored for 24 h. The CellROX
green reagent becomes fluorescent only upon oxidation by ROS and then binds to DNA,
showing a signal localized primarily in the nucleus and mitochondria. Therefore, the
increase in the fluorescent signal in the cells will be an indicator of greater ROS production.
The representative images captured at 1, 4, and 16 h after cell treatment started and the
images of untreated cells at the same interval of time are presented in Figure 6. No sig-
nificant increase in fluorescent signal for the observed period of time can be detected for
untreated cells (control) (Figure 6A). Both tumor cell lines showed a basic weak fluorescent
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signal and a lack of measurable fluorescent signal for normal mammary gland cells. Indeed,
tumor cells present a basal production of ROS, which is a consequence of increased rates of
metabolism and a defective antioxidant system compared with non-tumorigenic cells [65].
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Figure 6. The detection of ROS generation using CellROX green reagent. The cells previously loaded
with CellROX were left untreated for control (A), treated with 3.33 mg/mL concentration of Tp-aq
extract (B) and Tp-eth extract (C), and observed under the microscope for 24 h. The representative
images obtained at 1, 4, and 16 h after starting the incubation of MCF-12A, MCF-7, and MDA-MB-468
cells with extracts are presented. The live cell imaging was performed using a BioStation IM platform

(Nikon); the time-lapse images were taken with 20x objective on phase contrast and green channel.
Scale bar = 10 pm.

The experimental settings allowed us to monitor four samples simultaneously and
record images in each selected field. So, the signal generated by ROS within Tp-eth-treated
cells was recorded simultaneously with a very weak or a lack of fluorescent signal within
untreated cells. At a 4-h time point, strong fluorescence localized in the nucleus and
mitochondria was captured for all types of cells treated with the highest concentration of
Tp-eth (3.33 mg/mL), and the signal maintained its intensity for all monitored periods of
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time (Figure 6C). No such intense fluorescence can be observed within cells incubated with
the same concentration of Tp-aq extract (Figure 6B), although the ROS production cannot
be excluded. Weak green fluorescence was noticed in all types of cells treated with aqueous
extract when visually compared with corresponding untreated cells.

The production of ROS was also observed when the cells were treated with Tp-eth at
1.0 mg/mL concentration (Figure S1) although the signal was dimmer in comparison with
the cells exposed to the more concentrated ethanolic extract. However, the adenocarcinoma
ER— cells displayed the strongest signal compared with adenocarcinoma ER+ and ER—
non-tumorigenic cells exposed to the same concentration of extracts. Therefore, by mon-
itoring the intracellular ROS generation using fluorescent time-lapse microscopy, strong
dose-dependent oxidative stress can be observed for cells treated with Tp-eth extract, in
comparison with cells treated with Tp-aq extract.

3.9. Mitochondria and ATP Levels Evaluation

To further explore the intracellular oxidative stress occurrence in cells incubated
with high dose of plant extract, the ATP production and the mitochondria activity were
investigated. Mitochondria plays a crucial role in cellular energy production, and its
activity can be compromised by ROS overproduction with profound implications for
cell homeostasis. Extra generation of ROS can damage mitochondrial permeability and
structure and might have an impact on ATP synthesis in cells [7]. Consequently, the ATP
level becomes a key indicator of mitochondrial health and the metabolic state of cells. A
bioluminescence assay was used to measure the mitochondrial ATP production of cells
treated for 48 h with low and high doses (0.33 and 3.33 mg/mL) of extracts. This ATP assay
accurately detects the viability and metabolic activity of cells, has a higher sensitivity, and is
less prone to artifacts than other cell viability assays based on colorimetric or fluorometric
measurements.

As Figure 7A shows, the ATP level decreased in all three cell lines treated with the
highest dose of Tp-eth (3.33 mg/mL). The most significant depletion of ATP was observed
in ER- adenocarcinoma cells, MDA-MB-468, which had close to 60% less ATP content
compared with the control. The ER+ adenocarcinoma (MCE-7) cells showed 40% and
non-tumorigenic, MCF-12A, cells almost 30% less ATP production in comparison with
the corresponding controls. The same extract at low dose (0.33 mg/mL) in MCF-12A
and MCF-7 cells alleviated such energy inhibition, which was consistent with the results
from cell viability and real-time cellular analysis experiments. Instead, for MDA-MB-468
cells, a statistically significant (p < 0.001) depletion of ATP production was observed for
Tp-eth at 0.33 mg/mL. Both tumorigenic cells, MDA-MB-468 and MCF-7, exposed to
the highest concentration of 3.33 mg/mL of Tp-aq lost more than 30% and 25% of their
ATP levels, respectively. These changes were statistically significant, with p < 0.001 when
compared to control. The non-tumorigenic cells were less affected by this treatment, with
an approximately 20% (with p < 0.01) decrease in ATP level in comparison with control
cells. No significant modifications of ATP metabolism were observed for Tp-ag-treated
cells at 0.33 mg/mL with the exception of MDA-MB-468 cells, which had approximately
12% less ATP in comparison with the control.

The effect of high-dose extracts on ATP production might be a sign of mitochondria
damage induced by the generation of ROS. Next, the presence of oxidative stress after 48 h
of incubation with high-dose plant extracts was evaluated. The ROS were stained with
CellROX green reagent and mitochondria with MitoTracker® red CMXRos; then, the cells
were fixed in 4% paraformaldehyde and observed under the fluorescent microscope. The
Mitotracker is a cell-permeable reagent and is non-fluorescent until it binds covalently to
mitochondrial lipids and proteins. The red fluorescent dye accumulates in active mitochon-
dria, exhibits good photostability, and responds to changes in mitochondrial membrane
potential [65]. In addition, both dyes are retained after cell fixation, so the oxidative stress
and the effect on mitochondrial potential can be observed simultaneously after exposure
to the highest dose of extracts (3.33 mg/mL). A decrease in the intensity of MitoTracker
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reagent staining indicates an alteration in mitochondrial activity, and the increase in green
fluorescence in the nucleus and mitochondria is signaling the overproduction of ROS.
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Figure 7. The ATP level reported for the protein concentration and expressed as % relative to the
control (untreated cells) treated for 48 h with Tp extracts at concentrations of 0.33 mg/mL and
3.33 mg/mL. Each experiment was repeated three times and the results represent the mean + SEM
with p <0.05 (*), p < 0.01 (**), and p < 0.001 (***) compared with the control (A). Representative images
of MDA-MB-468 cells double-stained with CellROX green for ROS and MitoTracker Red CMXRo for
active mitochondria after 48 h of Tp eth (3.33 mg/mL) treatment or untreated cells (control). Images
collected with 20x objective (B) and 80 x objective (C) of the Eclipse TE300 Nikon microscope. Scale
bar, 10 pm.

The representative images of double-stained MDA-MB-468 cells treated with 3.33 mg/mL
of Tp-eth extract and the untreated cells (control) can be observed in Figure 7B. The pop-
ulation of untreated cells largely resembles healthy and proliferating cells with intact
mitochondria as the bright red fluorescence shows. The dimmer CellROX green signal
indicates a very low presence of ROS. In comparison, a large number of cells exposed to
Tp-eth extract presented a strong CellROX signal localized in the nucleus, signalizing ROS
generation even after 48 h of treatment. A relatively weaker red fluorescence was present
in the majority of treated cells, compared with the untreated cell population. Thus, the
double-staining method revealed that by inducing oxidative stress through ROS genera-
tion, the mitochondria potential of treated cells can be affected. Examples of treated and
untreated MDA-MB-468 cells observed at higher magnification can be found in Figure 7C.
The other two cell lines were tested in the same condition and a smaller population of cells
presented the same pattern of staining after treatment with Tp-eth at a concentration of
3.33 mg/mL, consistent with ATP assay results.

No significant differences were observed between the intensity of the Mitotracker
signal for all three cell lines incubated with Tp-aq at 3.33 mg/mL and the corresponding
controls. The ROS signal was weaker, similar to what was observed for 24 h treatment
experiments, but a strong staining of mitochondria was detected, similar to the staining of
untreated cells (unpublished data).
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The obtained data suggest that high-dose Tp-eth extract has a greater capacity to reduce
the mitochondrial membrane potential and ATP production than Tp-aq extract in 48 h.

3.10. Evaluation of Lipid Peroxidation

Next, we analyzed whether the pro-oxidant activity of high-dose extracts impacted the
cellular oxidative stress markers. Lipid peroxidation is one of the indicators of oxidative
damage and implies that ROS mediate the degradation of polyunsaturated fatty acids
localized in cell membranes [7]. The by-products of lipid peroxidation, such as malondi-
aldehyde, can be detected by TBAR assay. The cells were exposed for 48 h to 0.33 and
3.33 mg/mL concentrations of extracts and then were analyzed, with the results presented
as MDA content reported to the control (Figure 8).
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Figure 8. MDA content measured in cells exposed to different concentrations of plant extracts for 48 h.
The results represent the mean 4= SEM of at least three independent experiments with p < 0.01 (**),
and p < 0.001 (***) compared with the control (untreated cells).

The MDA content was two times as high in MDA-MB-468 and MCF-12A cells treated
with Tp-eth at the 3.33 mg/mL concentration as in the untreated cells. For MCF-7 cells,
the MDA level increased 1.75 times compared with what was obtained for the control
sample. In the case of Tp-aq treatment at the same concentration, lipid peroxidation was
present for the two tumorigenic cell lines (MCF-7 and MDA-MB-468) with a significant
statistic (p < 0.01) increases in MDA content in comparison with untreated cells. The results
obtained at lower concentrations were close to what was obtained for the control, and
no lipid peroxidation could be observed for cells treated for 48 h with plant extracts at a
concentration of 0.33 mg/mL.

The obtained results confirm that the high concentration of Tp-eth extract can affect
lipid peroxidation, while at the same concentration of Tp-aq, a slight increase in the MDA
content was determined just for the two tumorigenic cell lines.

3.11. SOD Activity and GSH Level Evaluation

For counteracting the ROS damaging effects, cells use antioxidant defense systems
formed by enzymes such as SOD or by endogenous antioxidant molecules such as GSH.
The SOD enzymes have a direct role in catalyzing the dismutation of superoxide anion
(O%*7) into hydrogen peroxide and molecular oxygen. In addition, SODs also participate in
cell signaling processes through the H,O, molecules, which can act as a second messenger
to modulate inflammation, angiogenesis, and gene expression [3].

The GSH is an antioxidant molecule necessary for reducing ROS and thiol within cells
and responsible for its cellular availability is glutathione reductase, part of the enzymatic
antioxidant defense system. The reduced glutathione is a tripeptide thiol (y-glutamyl cys-
teinyl glycine) molecule and its intracellular concentration is an indicator of oxidative stress.
Within the cells, glutathione in reduced form can neutralize ROS, including superoxide
anion (O;7), hydroxyl radical (-OH), hydrogen peroxide (H,O,), or other organic radicals
through a concerted cascade of detoxification mechanisms. A depletion of GSH in cells can
compromise the intracellular redox homeostasis leading to alterations in the cellular redox
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balance, which can disrupt redox signaling events that modulate cell death activation and
progression [66].

The activity of SOD and GSH levels were investigated in cells incubated for 48 h
with the 0.33 mg/mL and 3.33 mg/mL concentrations of plant extracts and the results are
presented in Figure 9. All cells treated with Tp-eth at 3.33 mg/mL showed a significant
downregulation of the SOD activity (Figure 9A), with the most reduction of 50% observed
in ER- adenocarcinoma cells (MDA-MB-468). The low dose of Tp-eth (0.33 mg/mL) affected
the SOD activity in all tested cells. The most significant decrease was observed in MDA-
MB-468 cells, with almost 20% of reduction in comparison with the control (with p < 0.001),
followed by MCF-7 (15%, with p < 0.01) and MCF-12A cells (12%, with p < 0.05).
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Figure 9. The effect of Tp extracts at 0.33 and 3.33 mg/mL concentrations on the SOD activity (A)
and GSH levels (B) in cells treated for 48 h. The results represent the mean + SEM of at least three
independent experiments, with p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) as compared with control
(untreated cells).

The high-dose Tp-aq extract led to a less pronounced decrease in the SOD activity
than Tp-eth but still statistically significant in comparison with control samples, with
p < 0.001 for both adenocarcinoma cells MCF-7 and MDA-MB-468 cells, and with p < 0.05
for non-tumorigenic MCF-12A cells.

Nevertheless, the ER- adenocarcinoma cell line (MDA-MB-468) was the most affected
in terms of the SOD activity by both extracts at all tested concentrations.

A strong depletion of GSH levels was observed in all cell lines when the high con-
centration of Tp-eth was applied for 48 h, as Figure 9B shows. The GSH level decreased
significantly in MCF-12A cells by almost 60%, followed by 55% for MCEF-7 cells, and 51%
for MDA-MB-468 cells, compared with the corresponding controls. In the case of MCF-12A
and MCEF-7 cells, the reduction in the GSH level was even more pronounced than the
decrease in the SOD activity. A moderate effect on the GSH level was observed when the
high-dose Tp-aq was applied to all three cell lines, with a depletion close to 40% for MCF-7
cells, followed by almost 30% reduction for MDA-MB-468 cells, and, finally, approximately
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20% reduction for MCF-12A in comparison with the corresponding controls. The low
doses of both extracts did not affect the GSH level, with the exception of Tp-eth extract,
which reduced the GSH level to 82% (with p < 0.05) in MDA-MB-468 cells compared with
untreated cells.

Overall, the Tp-eth at a high dose had a significant effect on the SOD activity and GSH
content in all breast cell lines.

3.12. Apoptosis Assessment

To further explore the cytotoxic effect of high-dose plant extracts, experiments to
detect apoptosis by assessing cellular morphological changes were conducted. The 48 h
incubation of cells with extracts at low and high concentrations (0.33 and 3.33 mg/mL)
was followed by double-staining with Hoechst 33342 and propidium iodide (PI) solutions.
Thus, the stained cells can be visualized using a fluorescent microscope, and their status
regarding viability and apoptosis stages can be quantified. The apoptosis process features
typical well-defined morphological changes, including chromatin condensation and DNA
fragmentation, nuclear convolution, the formation of apoptotic blebs within the plasma
membrane, and a reduction in cell size [40]. These changes can be observed, identified,
and classified as early and late apoptosis events. The blue fluorescent Hoechst 33342 is a
cell-permeable nucleic acid binding dye; whereas, the red fluorescent PI is a membrane-
impermeable reagent, so it can only enter cells with compromised membranes. PI and
Hoechst 33342 double-staining allow for differentiating between viable and dead cells [40].
The results obtained in apoptosis assessment experiments are presented in Figure 10.

The classification of cells was based on their staining intensity and was correlated with
morphological changes observed in phase contrast, accordingly (Figure 10A). Thus, the
absence of PI staining and a weak signal of the Hoechst 33342 reagent are specific for viable
cells, which have normal-size nuclei and intact cellular membranes. Instead, a strong blue
signal and a lack of partial PI staining are specific for condensed chromatin of shrinking
cells and can be attributed to early apoptotic cells. The late apoptotic cells presented an
overlap of both staining, with strong signals due to leaking cellular membranes and further
DNA condensation. Stage four is represented by secondary necrotic cells characterized by a
lack of Hoechst 33342 staining and a strong PI signal when apoptotic cells are not efficiently
cleared by phagocytes, leading to the progression of apoptosis into a necrotic state [40].

The experiments confirmed the cytotoxic activity of the high-dose plant extracts on all
types of cells. The results showed a decline in the MDA-MB-468 cell population, which
had 42% viable cells and 35% late apoptotic cells after being treated with the Tp-eth extract
at 3.33 mg/mL (Figure 10D). In comparison, the control showed 84% of viable cells and
approximately 5% of late apoptotic cells. A high dose of Tp-eth induced a decrease in
viable cells on MCEF-7 (Figure 10C) and MCF-12 cells (Figure 10B) and, consequently, an
increase in early and late apoptotic cells when compared with the corresponding controls.
However, the extent of the percentage of apoptotic cells was not the same as for MDA-MB-
468 cells. The Tp-aq treatment at a 3.33 mg/mL concentration produced more damage
to MDA-MB-468 cells than to the other two cell lines. After 48 h of incubation with a
lower concentration of extracts (0.33 mg/mL), the MDA-MB-468 cell viability was the most
affected in comparison with untreated cells. The MCF-7 and MCF-12A cell populations
were less affected by the lowest concentration of both extracts, with a smaller percentage
of apoptotic cells and with viable cells at a percentage above 80%, as can be seen in
Figure 10C,D.
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Figure 10. Apoptosis assessment. (A) Representative composite images showing the morphological
changes of treated cells with the 3.33 mg/mL Tp-eth extract, detected with dual staining of Hoechst
33342 /PL Cells were treated with Tp extracts for 48 h and imaged by fluorescence microscope and
in phase contrast (magnification 20x). Scale bar, 10 um. Numbers indicate (1) viable cells with
normal nuclei: Hoechst dim/+; (2) early apoptotic cells: Hoechst++/PI— or +; (3) late apoptotic
cells: Hoechst++/PI++ and (4) dead cells with secondary necrosis: Hoechst—/PI++. Percentage
of cells classified as viable, early apoptotic, late apoptotic, and secondary necrosis for MCF-12A
(B), MCF-7 (C), and MDA-MB-468 (D). Each experiment was repeated three times and the results
represent the mean + SEM with p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) compared with the control.

4. Discussion

Dietary plant-based supplements, including red clover, are becoming increasingly
popular worldwide as they are used to prevent acute and chronic diseases and improve
health conditions. Thus, the scientific community has started to investigate the biological
effects of popular herb extracts to explore phytochemical content and their potential phar-
macological uses and to establish their efficacy and safety [4]. In the past, the T. pratense
extracts have been studied mainly to establish their estrogenic activity, yet in recent years,
other biological effects, such as cellular antioxidant and anti-inflammatory activities, have
been demonstrated [19].

The present study started from the hypothesis that the differences in phytochemical
content will dictate the intensity of biological activities of extracts on different breast cell
lines. In addition, it aimed to investigate the potential differential response of human breast
cells incubated with different doses of extracts and to establish if there is a dependency with



Antioxidants 2024, 13, 1435

28 of 40

cells’ tumorigenic status and ER expression. Thus, using a wide range of concentrations
(0.1 to 3.33 mg/mL), the study has analyzed how the extracts modulate cellular processes
such as cellular viability, proliferation, and oxidative stress. Human breast cell lines used
in this study were as follows: MDA-MB-468, which are highly invasive adenocarcinoma
triple-negative cells (ER™, PR, Her2™); MCF-7, which are noninvasive adenocarcinoma
ER positive (ER+) cells; and MCF-12A, which are non-tumorigenic ER-negative (ER—),
mimicking normal breast cells.

The cytotoxicity results and real-time cellular proliferation monitoring experiments
revealed that both T. pratense exercised a biphasic dose effect on adenocarcinoma ER+ and
normal ER— breast cells. As MTS tests and the proliferation curves show, at low doses, an
increase in cell proliferation was observed, and at high doses, an antiproliferative effect
occurred. This biphasic dose response was not found when adenocarcinoma ER— cells
were tested. Instead, a dose- and time-dependent decrease in cell viability and proliferation
rate was observed, with a significant drop in cell growth profile after 48 h of treatment with
both extracts at the highest concentration of 3.33 mg/mL.

The literature has reported that dietary phytoestrogens, at low doses, yet physiologi-
cally relevant, were able to stimulate the growth of estrogen-sensitive cells, presumably due
to estrogenic agonist activity, and to suppress their proliferation at high levels by blocking
DNA synthesis and inducing cell death. These findings have been correlated with their
capacity to act as agonist or antagonist ligands on ERs for modulating different cellular
processes [14].

The mechanisms of action ascribed to phytoestrogens are based on their genomic and
non-genomic ER interactions, along with their ER-independent activities, for instance, as
epigenetic modulators. The genomic mechanism implies a direct binding to ERs, followed
by nuclear translocation and interaction with estrogen response elements (EREs) or with
non-ERE sites from gene promoters. Finally, the agonist activity relies on the activation of
ER-dependent gene transcription that controls cellular processes like cell growth, differ-
entiation, and cell survival [13,67]. Alternatively, estrogenic molecules can induce rapid
non-genomic effects mediated by plasma membrane-associated ERs (mERo« and mER) or
by the intracellular transmembrane G protein-coupled estrogen receptor (GPER) [13,67].
Thus, complex intracellular events are activated, such as cytoplasmatic kinase cascades, ion
channels efflux, and interaction with growth factor receptors, leading to the modulation of
various gene expressions.

Recent emerging evidence highlighted the phytoestrogens’ capacity to act through
ER-independent pathways by modulating epigenetic mechanisms [6,13,67]. DNA methy-
lation, histone post-translational modifications, and non-coding RNA expression are the
main epigenetic mechanisms that regulate gene expression [67,68]. Through a dynamic
mechanism, the active epigenetic markers on DNA sequences and histones are produced
to signal active or inactive transcriptional sites. Many chronic diseases, including cancer,
might be generated by early epigenetic alteration that can be reversed by phytochemi-
cals [5,68,69]. Isoflavones can directly bind and inhibit the DNMT and HDAC proteins,
which are responsible for DNA methylation and histone deacetylation in epigenetic mech-
anisms. So, isoflavones can modulate global and local DNA methylation patterns and,
consequently, can influence the expression of genes involved in cellular processes [5,6,67].
Genistein modulates the levels of global DNA methylation and DNA methyltransferase
(DNMT) activity in ER-positive and ER-negative breast cancer cells. It has the ability to
demethylate and activate various silenced tumor suppressor genes, like ataxia telangiectasia
mutated (ATM), phosphatase and tensin homolog (PTEN), and mammary serpin peptidase
inhibitor (SERPINBS5) by direct binding to the DNMTT1 catalytic region [69]. Biochanin A
at physiological concentrations modulates histone methylation patterns by inhibiting the
activity of lysine-specific histone demethylase 1A (LSD1) in gastric cancer cells [70]. More-
over, on ER-positive cells, biochanin A and formononetin can accelerate cell proliferation
by upregulating miR-375 expression and, consequently, activate the ERo-miR375-PTEN-
ERK1/2-bcl-2 pathway through an ER-independent mechanism [6]. Furthermore, in vivo
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studies on diabetic rats have demonstrated that long-term formononetin treatment could
reduce oxidative stress and improve insulin resistance, potentially through re-expression
of the epigenetic regulator protein, Sirtuin 1 (SIRT1), in kidney tissues [71].

More likely, there is a cross-talk between the genomic and non-genomic actions and
epigenetic modulator activity of estrogenic molecules, allowing them to fine-tune the
expression of various genes, thus affecting several cellular processes in cancer and normal
cells depending on or regardless of ER status.

To further investigate whether the stimulatory proliferation effect of extracts was
mediated through estrogen-depending pathways, the E-screen assay was performed on
MCF-7 and MCF-12A. The results showed that by long-term incubation of MCF-7 cells
with low doses of extracts, a stimulatory effect on cell proliferation was induced. More-
over, the rate of cell proliferation was even higher than what was observed for E2 alone.
The co-treatment of cells with extracts and ER antagonist (ICI 182,780) inhibited the ER+
cell’s growth, and the rate of proliferation was downregulated for all tested conditions to
approximately 60% compared with untreated cells. Our results were in alignment with
what was observed in other studies regarding the agonistic effect of plant extracts rich in
phytoestrogens. Despite the fact that phytoestrogens have a low affinity to both ERs, with a
greater binding preference for ERf3 compared with ER«, the ERs-mediated gene transcrip-
tion levels can sometimes be higher than those induced by E2 [13]. The two nuclear ERs
have opposite functions, with ER«x participating in cell proliferation and survival, while
ERB modulates ERx activity when both are co-expressed in cells and tissues. Thus, ERf ac-
tivation might reduce proliferation-related transcriptional activity of ERcc. Therefore, based
on the higher affinity of phytoestrogens for ERf3, it should be reasonable to assume that
at physiological concentrations, they will not be able to activate ERx. Yet, several studies
have demonstrated that plant extracts with estrogenic activity have the capacity to activate
several ER-mediated signaling pathways with higher potency than isolated phytoestrogens
or E2. A red clover extract at a concentration of 20 pg/mL containing a high amount of
hydrolyzed isoflavones (30%) showed an increased potency to activate ERE- mediated
transcription, stronger than E2 or single isoflavone in MCF-7 and Ishikawa cells. Moreover,
the extract increased progesterone receptor (PR) and alkaline phosphatase (AP) mRNA
expression at higher levels than biochanin A and genistein alone [72]. A study on red clover
extracts with different isoflavone content demonstrated that the estrogenic proliferative
capacity depends on their ratios of 5,7-dihydroxyisoflavones versus 7-hydroxyisoflavones.
In addition, a mixture of the major isoflavones (biochanin A, formononetin, genistein, and
daidzein) at the highest concentration found in an extract was not able to induce the same
proliferative estrogenic efficacy as the extract itself [62].

In the current study, the T. prafense extracts acted, at low doses, as agonists by activating
ER-cellular proliferation pathways in breast adenocarcinoma ER-positive cells. Based on
the results of isoflavone quantification, both extracts showed a moderate content, yet
they exerted a potent estrogenic effect based on E-screen results. This can be explained
by the presence of other unquantified phytoestrogens, such as coumestans, lignans, and
approximately 40 different isoflavones (e.g., prunetin, irilone) that can act additionally
with the four quantified isoflavones to induce a strong estrogenic effect of the whole plant
extract [19].

In normal breast cells, the ER antagonist (ICI 182,780) had no effect on plant extract-
induced cell proliferation. The rate of proliferation remained higher than in the control,
with values close to those obtained for plant extract-treated cells in the absence of ER
antagonists. Thus, the results might suggest an ER-independent pathway for the pro-
proliferative effect of extracts on normal breast cells. This is a reasonable assumption
knowing that the MCF-12A cells are described in the literature as breast cells lacking ERs
or expressing extremely weak ER transcripts [61].

No study of the biological effects induced by T. pratense extracts on normal breast
cells has been reported until now. Instead, individual phytoestrogens at physiological
concentrations have been reported to modulate different cellular processes through ER-
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independent mechanisms. Genistein and quercetin stimulated the proliferation of other
normal breast cells that do not express ERs (MCF-10A cells) and the effect was not abolished
by ICI 182,780 or by E2 co-treatment [73]. Moon et al. tested genistein and biochanin A on
MCEF-12A cells at 1 uM concentration and observed beneficial effects on genes involved in
breast cell proliferation (e.g., tumor suppressor neurofibromin 2) mediated by independent
ER mechanism [74]. Another study indicated that genistein epigenetically regulated the
expression of tumor suppressor genes p21 and p16 by influencing histone post-translational
modifications and, consequently, inhibited the recruitment of oncogenic BMI1-c-MYC
complex during early breast tumorigenesis in vitro and in vivo [6]. Recently, stilbenes were
reported to have the ability to produce subtle alterations of DNA methylation patterns
in regions of transcriptional regulation (e.g., promoters and enhancers) of several genes
related to cancer progression, aging, and metabolism disorders. The incubation of MCF-
10A cells with noncytotoxic doses of resveratrol for a long period of time changed the
methylation pattern of several genes. Among them, RUNX3, which influences cell cycle
and apoptosis, was found to be epigenetically modulated in normal breast cells and, also,
in plasma DNA from healthy rats fed with stilbene-based supplements [75].

Thus, T. pratense extracts may promote the proliferation of normal, non-tumorigenic
breast cells through an ER-independent mechanism, potentially involving epigenetic pro-
cesses. However, further research on investigating epigenetic mechanisms and the molecu-
lar basis of normal cell proliferation in the presence of phytoestrogens is required.

For decades, the concept of plant extracts’ chemoprevention potential has revolved
around the idea that their bioactive components can act as antioxidant agents. A potential
antioxidant agent should be able to directly scavenge free radicals or effectively suppress
Phase I metabolism reactions to reduce the overall cellular oxidative burden and/or to
enhance activities of Phase II metabolism reactions by activating antioxidant enzymes [12].

In this study, the examined T. pratense extracts underwent a preliminary evaluation of
antioxidant efficacy, which included a screening of their DPPH radical scavenging abilities
and reducing power (copper and ferric ions) in inorganic experimental systems. The re-
sults showed that the Tp-eth extract has approximately two times as much of antiradical
and reducing ability as Tp-aq. These results correlate with their different polyphenolic
and flavonoid content and are in accordance with what was previously reported by oth-
ers [42,46,54]. Interestingly, the total amount of the four quantified isoflavones was similar
for both extracts, which may suggest that differences in the antioxidant capacity of extracts
is based on the content of other classes of plant polyphenolics rather than on isoflavonoid
content. Studies on structure—activity relationships revealed that among others, the position
and number of hydroxyl groups on the aromatic rings significantly influence the phyto-
chemical antioxidant capacity. Compounds with multiple hydroxyl groups, particularly in
ortho or para positions, tend to exhibit stronger antioxidant properties due to enhanced
resonance stabilization and intramolecular hydrogen bonding [53]. Antonescu et al. found
that the ethanolic extract of Romanian T. pratense was rich in flavonols such as rutin and
catechin and phenolic acids such as ferulic and caffeic, all having a strong scavenging
activity [42]. Our preliminary HPLC analysis on flavonoid and polyphenol quantification
(unpublished data) shows that the Tp-eth contains approximately two times as much rutin
and 3-glycosylated quercetin as the Tp-aq extract. Regarding the phenolic acids, the biggest
differences were found for caffeic acid, yet similar amounts of others like chlorogenic, trans-
ferulic, and rosmarinic acid were determined in both extracts. In general, the isoflavonoids
have lower antiradical and reducing capacity than other polyphenolics mentioned above.
Moreover, the two 4'-O-methoxy isoflavones (formononetin and biochanin A) are less
potent than their precursors, daidzein and genistein [28]. Therefore, it is assumed that
flavonoids with multiple hydroxyl groups (especially a catechol group), such as quercetin
and kaempferol, along with phenolic acids, which possess dihydroxylation structures
like caffeic acid, among others with similar structures, are the principal contributors to
scavenger and reducing capacities of T. pratense extracts.
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Nevertheless, as no single chemical method can predict in vivo effectiveness of the
antioxidant capacity of plant extracts, we tested them at doses for which the cells are
viable even in oxidative stress-induced conditions. The results show that both extracts
have the capacity to scavenge ROS and RNS generated in adenocarcinoma ER+ and in
non-tumorigenic ER— cell lines in a concentration-dependent manner. Congruently with
other reports, the intracellular ROS scavenging capacity of extracts was significantly higher,
especially for Tp-eth. For instance, a 70% ethanolic extract of Romanian red clover showed
a potent scavenging activity in normal human fibroblast cell lines (BJ cells) under oxidative
stress induced by HyO,. At concentrations between 0.1 and 0.3 mg/mL, the ROS production
in viable BJ cells was reduced with an increase in a concentration of extracts. In addition, the
biphasic dose effect on cells proliferation was observed [76]. In non-stimulated conditions
and in the presence of a pro-oxidant (t-BOOH), the fermented T. pratense sprout extracts
decreased the ROS production in breast adenocarcinoma ER-+ and ER— cells and in human
umbilical vein endothelial cells to a lesser extent (approximately 20-40%) than what we
observed in our study (30-65%) for MCF-7 cells. The biphasic dose effect on the proliferation
of breast ER-positive cells and normal endothelial cells was not observed. Instead, a dose-
dependent chemopreventive potential was demonstrated related to the inhibitory effect
of extracts on migration and cell viability and by regulating MMP-9, N-cadherin, and E-
cadherin gene expressions and VEGF secretion on all types of cells [77]. Aqueous and ethyl
acetate extracts of red clover leaves showed protective effects by decreasing the activity
of the xanthine oxidase enzyme in mice exposed to a hepatotoxic agent. The differences
between antioxidant potential were mainly due to their phytochemical composition, with
the ethyl acetate extract having a higher polyphenolic content higher than the aqueous
one [28]. Recently, Akbaribazm M et al. have demonstrated that co-administration of T.
pratense extract and doxorubicin reduced the side effects of the chemotherapeutic agent,
inhibited the ROS generation, decreased the estradiol synthesis, and, overall, extended the
survival rate of tumor-bearing mice [78].

The potential of T. pratense aerial part extracts to capture intracellular generated RNS
has not been reported in the literature, yet a study showed that in noncellular context, a
fraction enriched in red clover volatile oils has a greater potential to scavenge nitric oxide
radicals than BHT and BHA, two very potent synthetic antioxidants [79]. Low concen-
trations of NO are sufficient to sustain its physiological functions, acting as an effector
molecule in diverse biological processes. In contrast, supra-production of nitric oxide radi-
cal is associated with inflammatory conditions and carcinogenesis. Moreover, the cellular
toxicity of NO increases greatly when it reacts with superoxide radicals, forming the highly
reactive peroxynitrite anion that can rapidly initiate oxidative damage in cellular macro-
molecules [39]. Kolodziejczyk-Czepas J et al. reported that extracts and phenolic fractions
of aerial parts of different species of Trifolium are capable, at noncytotoxic concentrations,
of scavenging peroxynitrites generated in blood cells [80].

Regarding possible underlying mechanisms of cellular antioxidant properties of T.
pratense, it can be attributed to the high content of flavonoids, especially kaempferol,
quercetin, and rutin, followed by isoflavones. Additionally, cellular antioxidant effect can
be exerted by phenolic acids such as caffeic, cinnamic, and chlorogenic acid, along with
polyphenolic amides, namely, clovamides, which are all present in T. pratense extracts and
have been tested separately in a cellular environment [80]. Therefore, they can act syner-
gistically to directly scavenge free oxygen and nitrogen radicals in cells [28], yet indirect
action of plant phenolics has been reported. The Nrf2- EpRE/ARE signaling pathway is the
master regulator of the cellular oxidative stress system by controlling the activity of over
200 genes, which are mostly encoding Phase II enzymes involved in antioxidant defense
and detoxification [12]. Lee et al. demonstrated that a red clover extract exerted a strong
antioxidant activity on lipopolysaccharides-stimulated macrophages by decreasing the
Nrf2 gene expression and phosphorylation of mitogen-activated protein kinases (MAPKSs).
Moreover, the extract acted as a potent anti-inflammatory agent by suppressing the nu-
clear translocation of NF-kB [27]. Individual isoflavones like biochanin A, which has a
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low radical scavenging activity, can effectively activate the Nrf2-ARE signaling pathways
in cells with induced oxidative stress. One possible mechanism is the direct binding of
biochanin A to Keap1, which is the cytoplasmatic suppressor of Nrf2, as molecular docking
studies have demonstrated [81]. In addition, genistein can mimic the action of E2 in reg-
ulating antioxidant genes by binding to ERs and inducing signal transduction leading to
phosphorylation of ERK1/2 kinase and, consequently, activating NF«kB and increasing the
expression of the antioxidant enzymes [6]. By their ability to interact with other nuclear
receptors, like the aryl hydrocarbon receptor (AhR) and peroxisome proliferator-activated
receptors (PPARs) that further influence metabolic processes, isoflavones present in T.
pratense might contribute to activating the cellular oxidative defense system [82].

Although most of the beneficial effects of plant polyphenols can be ascribed to their
antioxidant properties, emerging evidence indicates that they act as pro-oxidants and this
might define their cytotoxic, antiproliferative, and apoptotic effects in pre-premalignant or
malignant cells [11]. Various factors favor the transition of plant phenolics from antioxi-
dant to pro-oxidant agents in the cellular environment [11]. The alkaline pH and a high
concentration of polyphenolic compounds in the cell environment, along with the presence
of oxygen and transition metal ions (particularly Fe>* and Cu?*), can oxidize the phenolics
to produce phenoxyl radicals and, finally, superoxide anions [11,83]. The superoxide in
the mentioned conditions can be transformed further in hydrogen peroxide and, by metal
ion-catalyzed reactions, can undergo into the most powerful oxidizing agent, such as
a hydroxyl radical [11]. Despite having less scavenging potential compared with other
flavonoids, both coumestrol and genistein can generate ROS in the presence of intracellular
copper ions [83]. The oxidative stress leads to mitochondrial membrane depolarization and,
finally, to inhibition of cellular proliferation and induced apoptosis in ER+ breast cancer
cells [83]. Moreover, in the absence of transition metal ions, but in the presence of O,, plant
phenolics can autoxidize, generating phenoxyl radicals and superoxide, thus increasing
cellular oxidative stress [11].

In general, selective pro-oxidant cytotoxicity toward cancer cells has been reported
for plant phenols, which has been explained mainly by the presence of more copper in
malignant cells than in normal ones [83]. Moreover, as we mentioned before, cancer cells
are characterized by a higher basal endogenous ROS level compared with precancerous
and normal cells; therefore, the extra ROS generated by plant extracts will further sensitize
cancer cells to induced oxidative stress [65].

In the present study, we further demonstrate that T. pratense extracts can act selectively
on cell proliferation and viability depending on cells’ ER status and grade of malignancy.
We observed a higher cytotoxic and antiproliferative effect, followed by cell apoptosis in
highly invasive triple-negative cells (MDA-MB-468) incubated with both extracts. The dose-
and time-dependent antiproliferative and apoptotic effect was a consequence of oxidative
stress induced by T. pratense extracts.

Consistent with the results of cell viability, treatment with Tp-eth significantly in-
hibited the proliferation of MDA-MB-468 cells through the generation of ROS, as we
demonstrated. The time-lapse microscopy allowed for the visualization of ROS over-
production in all three breast cell lines incubated with high-dose Tp-eth. The strong
fluorescence signal appeared at 4 h after the extract was placed into cell media and it
was maintained during the observed period of time. Next, the co-staining of ROS and
mitochondria membrane revealed a significant reduction in mitochondria potential during
48 h of treatment. The ATP assessment confirmed that the ROS generation reduced the ATP
levels as a consequence of mitochondria potential damage. The most affected were highly
invasive triple-negative cells (MDA-MB-468), followed by adenocarcinoma ER-positive
(MCF-7) and non-tumorigenic cells (MCF-12A), and the results were similar to what was
obtained in cytotoxicity tests. The low dose of Tp-eth significantly affected ATP levels in
highly invasive triple-negative cells, rather than in adenocarcinoma ER+ and normal breast
cell lines. Furthermore, the evaluation of lipid peroxidation content as a marker of the
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oxidative stress process revealed the presence of high values of MDA in all tested cells
incubated with high-dose Tp-eth.

Oxidative stress in cells occurs when the balance between ROS production and neutral-
ization is disrupted due to the dysfunctional antioxidant defense system, which is formed
by enzymes and endogenous antioxidant molecules, such as GSH [65]. The treatment with
Tp-eth significantly reduced GSH levels in all cells; instead, the SOD activity was affected
depending on the malignancy grade of cells. The GSH depletion, accompanied by reduced
SOD activity and combined with increased lipid peroxidation implies that the high dose of
Tp-eth extract disrupted the cellular antioxidant defense system and triggered oxidative
stress-induced apoptosis. The morphological assessment of cells under 48 h of treatment
with high-dose Tp-eth extract showed a decreasing percentage of viable cells depending
on the grade of malignancy, with MDA-MB-468 cells more affected. Congruently the
number of early and late apoptotic cells increased from non-tumorigenic to highly invasive
cells. A small percentage of cells under secondary necrosis was observed, especially for
triple-negative adenocarcinoma cells, as we expected. Cells incubated with low-dose of
Tp-eth showed differential inhibition of the SOD activity depending on the tumorigenic
grade and ER status, with MDA-MB-468 cells more affected versus MCF-7 cells. For normal
breast cells, the smallest reduction in the SOD activity was noted, rather than GSH or ATP
depletion, and an increase in lipid peroxidation.

No significant intracellular ROS generation was observed for high-dose Tp-aq extract,
yet a slight depletion of ATP levels was noted for all types of cells. The least affected were
MCF-12A cells (20%), followed by MCF-7 (30%), and the most decreasing level of ATP
was observed for MDA-MB-468 cells (40%). However, even a moderate reduction in the
ATP levels can unbalance the energetic status of cells and might further increase oxidative
stress damage [7]. The possibility of Tp-aq, which contains less polyphenolics than Tp-eth,
to disrupt the cellular antioxidant defense system cannot be ruled out. It is reasonable to
assume that by extending the time of incubation with the aqueous extract, the oxidative
stress process can be induced, as MDA and GSH level assessments show. A slightly, yet
statistically relevant, increase in lipid peroxidation was observed for malignant cells, as
well as a more consistent depletion of the GSH level compared with what was observed for
non-tumorigenic cells. The SOD activity was affected more in invasive adenocarcinoma
cells, MDA-MB-468 cells, confirming that the cells with a higher grade of tumorigenicity
are more sensitive to plant phenolic pro-oxidant action.

Our results are consistent with what others reported. Dutta et al. demonstrated that
soyabean and flaxseed aglycone-rich extracts can induce ROS generation and a decrease in
SOD and glutathione peroxidase activities, thereby leading to accumulation of superoxide
ions and peroxide in MCF-7 and MDA-MB-231 cells, depending on extract concentrations
and ER status. The soy extract containing a high fraction of genistein and daidzein had
the total quantity of isoflavones similar with what was found in T. pratense extracts used in
our study. The apoptotic effect was more evident on triple-negative breast adenocarcinoma
cells, and for MCE-7 cells, a decrease in proliferation rate due to cell cycle arrest was seen
after 24 h incubation of cells with aglycone-rich extracts [84]. Furthermore, olive leaf and
Annurca apple extracts at elevated concentrations caused a decrease in mitochondria func-
tionality by generating ROS, consequently suppressing the activity of antioxidant enzymes
and inducing a strong antiproliferative effect and apoptosis in breast and ovary cancer
cells [36,85]. Moreover, the combination of a phenolic acid and a flavonoid (chlorogenic
acid and cinnamaldehyde) selectively triggered breast cancer cell apoptosis and had little
cytotoxic effect on normal breast cells. The decrease in mitochondrial membrane poten-
tial and reduced mitochondrial and glycolytic ATP production finally led to oxidative
stress-induced apoptosis in breast malignant cells [86].

In general, phytoestrogens modulate the oxidative stress in breast cancer cells and
breast tumors, which express both ERs depending on the ERot/ERJ ratio. For instance,
activation of ERx promotes ROS production, while binding to ERf inhibits the oxidative
stress process. In MCF-7 cells, characterized by a high ERot/ERp ratio, genistein treatment
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at high doses induced a decrease in antioxidant enzyme expression, namely, thioredoxin
reductase and SOD, along with the upregulation of glutathione peroxidase expression.
Thereby, the oxidative stress process was favored with consequent cell apoptosis and
autophagy [87].

In cells lacking ER expression, genistein was able to induce cell death by mobilization
of endogenous copper ions to produce ROS and enhance oxidative stress. The genistein
treatment in MDA-MB-231 cells generated superoxide anions, which were rapidly con-
verted to hydrogen peroxide. Then, in the presence of copper, the formation of hydroxyl
radicals was possible, and after ROS accumulation, irreversible DNA damage, which led
to cell death, was observed [87]. Furthermore, the dose inhibition of triple-negative cell
growth by genistein was reported and was correlated with the reduction in NF-kB activity
through Nocth-1 signaling pathway. Several genes expression was downregulated, namely,
cyclin B1, Bcl-2, and Bcl-xL, which are related to cell cycle and programmed cell death [88].
In the normal breast cell line, genistein at physiological concentration can suppress the
activities of cytochrome enzymes CYP1A1 and CYP1B1, consequently reducing the DNA
damage induced by carcinogen agents, such as polycyclic aromatic hydrocarbons [87].
Thus, the isoflavones can have chemopreventive potential to block carcinogenesis.

Recently, Pons el al. demonstrated that genistein can modulate SIRT1 expression and,
depending on ER ratio, can control ROS production, cell proliferation, and inflammatory
response [89]. SIRT1 is a NAD*-dependent histone deacetylase that acts as major metabolic
regulator. It reprograms inflammation through epigenetic mechanisms by altering his-
tones and transcription factors such as NF-kB. In addition, SIRT1 regulates mitochondrial
function and biogenesis, enhances antioxidant enzyme activities, and engages in complex
signaling networks that modulate cellular responses to oxidative stress. This interplay is
crucial for maintaining cellular health and longevity [90]. Recently, Oza MJ et al. have
demonstrated that red clover extracts stimulated SIRT1 expression in pancreatic tissue of
rats with type 2 diabetes, improved insulin sensitivity at the cellular level and lipid profile
and promoted liver glycogen synthesis by modulating Akt-GSK signaling pathway [91].

The proteome profiling studies have confirmed that isoflavones can exert their bio-
logical activities through distinct molecular pathways depending on the cellular ER status
and dose [92,93]. In breast adenocarcinoma ER + cells (MCE-7), low doses of isoflavones
activated the signaling pathways related to sustained cell proliferation, such as tyrosine
kinase signaling and cytoskeleton organization. In breast adenocarcinoma ER-, MDA-
MB-231 cells, isoflavones altered lipid and phospholipid catabolism, extracellular matrix
degradation, mRNA splicing, and, thus, inhibited cell proliferation. Furthermore, in MCF-7
cells depending on isoflavone concentrations, different changes in the proteome have been
observed, mainly related to cell cycle alterations [93].

Recently, flavonoids have been reported to exert biphasic dose response on cellular
oxidative stress and proliferation process in breast cancer cells. Low doses of flavonoids
such as quercetin and apigenin promoted breast human and murine cancer cell growth
independent of ER status or degree of malignancy. Moreover, they exerted antioxidant ac-
tivity, alleviated the MDA content, and restored the SOD activity in LPS-induced oxidative
stress in MCF-7 cells. At high doses, flavonoids triggered apoptosis via oxidative stress,
which was evidenced by ROS generation, higher MDA levels, and downregulation of the
SOD activity [10]. However, in recent years, several in vitro and in vivo studies have iden-
tified the biphasic dose response as a common feature of herbal extracts rich in bioactive
compounds with antioxidant, anti-inflammatory, and estrogenic properties [94-96].

5. Conclusions and Future Perspective

Given the rapid increase in global consumption of plant-based supplements and the
fact that phytochemicals with estrogenic and antioxidant properties are commonly present
in the human daily diet, in vitro studies investigating their dual biological efficacy and
establishing the threshold of toxicological concern are still necessary. The red clover extracts
analyzed in this study have a moderate content of isoflavones and phytochemicals with
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antioxidant properties. The study demonstrated that T. pratense extracts exerted a biphasic
dose response on the proliferation and oxidative stress of breast cells depending on their
grade of malignancy and ER levels of expression. For cells being either non-tumorigenic or
having a moderate grade of malignancy, at low doses, a stimulatory effect on cell prolifer-
ation and strong cellular antioxidant activity was established. The cellular proliferation
effect induced in ER+ breast adenocarcinoma cells was ER-dependent. Furthermore, both
T. pratense extracts showed an estrogenic effect, which was higher than E2 alone. The prolif-
eration of non-tumorigenic breast cells was induced by an ER-independent mechanism, so
the possibility of extracts to act as epigenetic modulators could be a future perspective of
the study.

A distinct monotonic cytotoxic effect depending on time and extract concentration
was observed in the adenocarcinoma highly invasive ER- cell line, which is reflected by a
decrease in proliferation and oxidative stress-induced apoptosis, more strongly evidenced
by T. pratense ethanolic extract treatment.

Actually, one of the main results obtained in this study is that high-dose T. pratense
ethanolic extracts can generate intracellular ROS, leading to mitochondrial dysfunction,
ATP and GSH level depletion, an increase in lipid peroxidation, and a reduction in SOD
activity in all tested cells. The kinetics of the ROS-induced apoptosis process should be
studied in the future to understand the underlying molecular mechanism of action of
ethanolic extracts. The loss of mitochondrial membrane integrity and GSH depletion earlier
than modulated expression of Bcl-2 family proteins might suggest that plant extracts can
directly target mitochondria [97]. Moreover, the subsequent cytochrome c release, followed
by caspase-9 activation and cleavage of caspase-3, could link the oxidative stress induced
by ethanolic extract to its pro-apoptotic effect [98].

However, a dependency of polyphenolic and flavonoid content was observed as T.
pratense aqueous extract, which has only half of the phytochemical content, showed rather
moderate modulation of oxidative markers. Nevertheless, the intensity of oxidative stress
induced by T. pratense extracts, followed by apoptosis, was stronger in highly invasive
adenocarcinoma cells. Additionally, this is the first study showing that T. pratense aqueous
extract at low doses has a protective role in normal breast cells lacking ER expression, by
enhancing cell proliferation and inducing a noncytotoxic, protective effect. Moreover, both
extracts at high doses showed selective toxicity toward tumor cells, with the proliferation
rate and oxidative stress markers being less affected in normal cells.

Thus, our results confirmed that plant extracts rich in phytoestrogens and phyto-
chemicals with radical scavenging and ion-reducing capacities can induce a biphasic dose
response on breast cell proliferation and oxidative stress processes, depending on ER status
and grade of malignancy.

Knowledge of the biological properties and phytochemical content of herbs is required
prior to further exploring them in drug development, the food industry, and, also, for
chemoprevention and as an adjuvant therapeutic approach in cancer.

Although results from in vitro studies are not always predictive of the chemopreven-
tive potential of herbs in humans, they constitute a valuable tool for studying the biological
effects on cellular processes and molecular targets involved in carcinogenesis and tumor
growth. More studies are clearly needed to explore the phytochemical and plant extract
hormetic biphasic dose response in order to understand the adaptive cellular response for
further exploitation in pharmacology and medicine.

Nevertheless, future in vivo and clinical studies are necessary to confirm that T.
pratense extracts are effective in preventing symptoms associated with estrogen deficiency
during menopause or other associated diseases. It will be necessary to take into account
all the factors that may impact digestion, absorption, bioavailability, and, ultimately, the
efficacy of the phytocomponents of plant extracts. Evidently, it is essential to assess the
biological effects of T. pratense at multiple levels in order to differentiate its impact on
various human physiological or pathological states, including hormone-dependent prema-
lignancies.
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