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VALENTINA LAGHEZZA MASCI 2, DANIELE ZAGO ? MATTEO AMURA 2, STEFANIA GARZOLI ®,
ANTONIO TIEZZI *, ELISA OVIDI 2

2 Department for Innovation in Biological, Agro-Food and Forest Systems, Tuscia University,01100 Viterbo, Italy (ORCID ID: https://orcid.org/0000-0002-7680-
7404 (VLM), https://orcid.org/0000-0002-3190-8447 (AT), https://orcid.org/0000-0001-8876-6331 (EQ)).
® Department of Drug Chemistry and Technology, Sapienza University, 00185 Rome, Italy (ORCID ID: https://orcid.org/0000-0001-8535-0533 (SG).

ABSTRACT

This study investigates the biological activity of leaf extracts obtained from two allochthonous plant species, Ailanthus altissima and Albizia julibrissin, selected
for their invasiveness, for their use in traditional medicine and their distinctive biological interaction with the surroundings.

Experimental methodology included preparation of extracts by Soxhlet extraction, followed by biological analysis to assess antibacterial, cytotoxic and
antiproliferative activities on cancer cell line and evaluation of antioxidant properties. Specifically, the potential antibacterial activity was evaluated determining the
Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC). Cytotoxic and antiproliferative effects were examined using the MTT
assay on the human breast cancer cell line MDA-MB-231 and the non-tumorigenic epithelial cell line MCF-10A. DPPH and ABTS assays were used to evaluate
antioxidant activity in vitro, while intracellular ROS were quantified in SH-SY5Y cells to determine antioxidant capacity at the cellular level. Finally, total polyphenols
were determined by the Folin-Ciocalteu assay and CG-MS analysis was performed to chemically characterize the extracts found to be the most active.

The results indicate that acetone extract of A. altissima exhibits bacteriotoxic activity on Bacillus cereus and antiproliferative as well as significant cytotoxic and
antiproliferative effects on MDA-MB-231. In addition, acetone extract of A. altissima and A. julibrissin showed marked antioxidant activity in vitro and a cellular
protection against oxidative stress in SH-SY5Y cells.

Overall, these findings highlight the potential of these plant extracts as sources of bioactive compounds for the development of therapeutic strategies targeting

oxidative stress-related disorders.
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1. INTRODUCTION

Allochthonous (non-native) plants are plant species occurring outside their
natural (historical) range and beyond their past or present natural dispersal
capacity, whose presence in a given area is directly or indirectly attributable to
human-mediated activities [1]. Invasive alien plant species (IAPS) are those alien
plants that subsequently develop self-sustaining populations, spread beyond sites
of introduction (often reaching remote areas), and become competitively
dominant or otherwise impactful [2,3,4]. This invasive behavior is typically
facilitated by efficient reproductive strategies that enable high propagule
production, effective dispersal, and persistence under competition [5].

For some species, the production of secondary metabolites is an important
functional trait in plant invasions [6]. since they act as allelopathic agents,
inhibiting germination and growth of neighboring plants and act in herbivore
defense, reducing damage by generalist and sometimes specialist herbivores.
Furthermore, secondary metabolites modify soil biota and soil chemistry,
influencing nutrient cycling and microbial communities help invaders gain a
competitive advantage over native species and establish and spread by altering
the resource and interaction landscape in invaded communities [6].

It was showed that exotic, often invasive, plants exhibit richer and more
distinctive chemical fingerprints than closely related native species [7] and
computational methods and omics approaches have determined that the
secondary metabolomes of invasive plants have differentiated from non-invasive
populations and from each other when native selective pressures are removed

8.

The same secondary metabolites that function as allelochemicals or defences
(phenolics, terpenoids, alkaloids, saponins, lectins, quassinoids) are often
pharmacologically active in vitro (antioxidant, antimicrobial, cytotoxic,
enzyme-modulating) [9,10,11].

As with waste and by-products originating from agriculture and the processing
of its products [12], the valorization of invasive plant biomass represents a
promising strategy to mitigate ecological impacts while generating added values.
In particular, invasive species can serve as renewable feedstocks for the recovery
of high-value bioactive and structural compounds, including lipids, polyphenols,
alkaloids, carbohydrates, fibers, and essential oils. These substances have
potential applications across multiple sectors such as pharmaceuticals,
cosmetics, nutraceuticals, bio-based materials, and bioenergy. Integrating
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extraction and biorefinery approaches within sustainable utilization frameworks
not only reduces waste and management costs associated with invasive species
control, but also supports circular economy principles by transforming an
environmental problem into an economic and ecological opportunity [13,14,15].

Ailanthus altissima (tree of heaven) is an Asian tree introduced into Europe
and other regions in the 18th century as an ornamental plant that has since
become a highly invasive alien species. It spreads mainly in urban areas,
agricultural lands, and along transportation corridors, particularly in southern and
Mediterranean regions of Europe. Its invasiveness strongly impacts native plant
communities, soil properties, and ecosystem stability, while in cities it can
damage infrastructures, buildings, and historical monuments through its roots,
and may also cause allergic and respiratory problems in humans. Due to these
impacts, it has been listed as an invasive alien species by the European and
Mediterranean Plant Protection Organization (EPPO, https://www.eppo.int)
since 2004, and its control remains difficult despite chemical and mechanical
strategies.

A. altissima has attracted considerable scientific and pharmacological interest.
Phytochemical and pharmacological studies have demonstrated a broad spectrum
of biological activities associated with different plant organs, including
antioxidant and antimicrobial effects in the leaves, neuroprotective properties in
the bark, and anti-inflammatory activity in seeds and vegetative tissues
[16,17,18]. The species contains a wide range of bioactive compounds, including
alkaloids, terpenoids, quassinoids, steroids, and phenolics, with leaves
particularly rich in antioxidant polyphenols [19,20,21,22]. Caramelo and
coworkers (2021) reviewed about the chemical composition and the biological
activities of different plant parts of A. altissima. In Chinese medicine it is used
to treat disorders such as epilepsy, diarrhea, asthma, eye diseases, and seborrhea,
and the bark is employed for digestive and reproductive problems. Moreover, its
extracts show strong herbicidal and insecticidal properties, suggesting potential
agricultural applications as environmentally friendly biopesticides. However, the
environmental and human health impacts of extracts from this invasive species
remain insufficiently studied, and the natural origin of these compounds does not
necessarily guarantee safety, as the plant is also known to produce toxic
metabolites [23].

Albizia julibrissin is native to southwestern and eastern Asia but has been

widely introduced as an ornamental tree and is now naturalized on several
continents. In Europe, including Mediterranean countries, it is broadly
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naturalized and locally spreading, though generally regarded as a lower-impact
invader than A. altissima [24].

Pharmacologically, A. julibrissin is rich in oleanane-type triterpenoid saponins
(“julibrosides”) and flavonoids that show low-micromolar cytotoxicity against
multiple human cancer cell lines and anti-angiogenic effects in vitro and in vivo
[25,26,27]. Extracts and purified fractions also exhibit antidepressant- and
anxiolytic-like actions, neuroprotection, anti-inflammatory and antioxidant
activities, and are being developed as vaccine-adjuvant candidates [28].

Taken together, these data indicate that a tree capable of invasive behavior in
some regions also constitutes a chemically rich pharmacological resource,
although the safety and activity profiles of extracts from naturalized or invasive
European populations remain largely unexplored.

The aim of this study was to evaluate the antibacterial, cytotoxic,
antiproliferative, antioxidant, and intracellular reactive oxygen species—
modulating activities of leaf extracts from the invasive species A. altissima and
A. julibrissin, in order to assess their potential biological relevance and
applications.

2. MATERIALS AND METHODS
2.1 Plant materials

Plant material from A. altissima and A. julibrissin was collected during the
month of August 2022 at the Angelo Rambelli Botanical Garden of the
University of Tuscia, Viterbo (Latitude: 42°25'N; Longitude: 12°05'E). Leaf
samples were thoroughly washed with distilled water, air-dried and stored at -80
°C. The samples were subsequently freeze-dried and kept at 4 °C until use.

2.2 Preparation of plant extraction

Freeze-dried leaves of A. altissima and A. julibrissin were subjected to
sequential Soxhlet extraction using solvents of increasing polarity such as
petroleum ether 40-60 (PE), diethyl ether (DE), and acetone (AC), respectively
each under gentle reflux for six cycles. After extraction, the solvents were
removed using an Ika RV 8 Basic V-C Rotary Evaporator, at reduced pressure
and the resulting fractions were named EP, DE, and AC for A. altissima and A.
julibrissin according to the used solvents.

2.3 Antibacterial activity assays
2.3.1. Bacteria strains

The antibacterial activity assays were performed using two different bacteria
strains such as the Gram-negative strain Escherichia coli (ATCC 25922) and the
Gram-positive strain Bacillus cereus (ATCC 10876). The bacteria were
maintained in culture in Luria—Bertani (LB) agar (10 g/L Tryptone, 5 g/L yeast
extract, 5 g/L sodium chloride, 12 g/L agar) at a temperature of 26 °C for B.
cereus and 37 °C for E. coli. All inoculations were performed with cultures plated
the day before the experiment.

2.3.2. Determination of the Minimum Inhibitory Concentration (MIC)
and Minimum Bactericidal Concentration (MBC)

MIC was determined by testing the effect of 12 dilutions of the samples on the
bacterial strains at the concentration of 10° CFU/mL in 96-well plates. The
samples were solubilized in LB broth broth (10 g tryptone, 5 g sodium chloride,
and 5 g yeast extract per liter), sterile-filtered, and serially diluted to obtain ten
concentrations ranging from 8 to 0.02 mg/mL. Treatment with 3.2% of DMSO
was used as solvent control while gentamicin (100 pg/mL) was used as positive
control. A sterility check was also carried out by using the medium in the absence
of bacteria. After treatment, the plates were placed in an incubator at the
respective temperatures for the bacterial strain used (26 °C and 37 °C) for 24 h.
The inhibition activity of the extracts was visualized by adding 20 uL of a
solution of MTT (200 pg/mL) to each well, which labeled viable bacteria. The
assay was conducted in triplicate.

For MBC determination, 10 L aliquots from the last four wells of the 96-well
plate used for MIC determination that showed no visible bacterial growth were
plated onto LB agar plates and incubated for 24 h. The lowest concentration at
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which no bacterial growth was observed on agar plates was defined as the MBC
value.

To evaluate the antibacterial activity of the extracts, the MBC/MIC ratio was
calculated. The treatment is defined as bacteriostatic when the ratio is greater
than 4 (MBC/MIC > 4) and bactericidal when the ratio is less than or equal to 4
(MBC/MIC <4) [29].

2.4 Cytotoxic and antiproliferative activities
2.4.1. Cell cultures

MCF7 (HTB-22TM ATCC,USA) and MDA-MB-231 (CRM-HTB-26 ATCC,
USA) human adenocarcinoma breast cells and MCF-10A (CRL-10317, ATCC,
USA) human breast cells were used to define the cytotoxic and antiproliferative
activities of the selected extracts. Human neuroblastoma SH-SY5Y cells (CRL-
2266, ATCC, USA) were used to define the ability to reduce the intracellular
formation of reactive oxygen species (ROS).

MCF7, MDA and SH-SYS5Y cells were cultured in Dulbecco Modified Eagle’s
Medium supplemented with F-12 (DMEM F-12) containing 10% fetal bovine
serum (FBS), 1% of glutamine and 1% of penicillin/streptomicin (Pen/Strep).
The MCF-10A cell line was used as a non-tumor control cell line and was
maintained in DMEM-F12 with 5% horse serum (HS), 20 ng/mL growth factors
(EGF), 0.5 mg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 pg/mL insulin
and 1% Pen/Strep, for cell viability assays, the medium was modified by
reducing HS to 2% and removing EGF.

The cells were maintained at 37 °C with 5% CO: and controlled humidity until
they reached 70-80% confluence.

2.4.2 Cell viability

The MTT cell viability assay was used to evaluate cytotoxic and
antiproliferative activity. The cells (1x10* cells/well) were seeded 24 h before
treatment in 96-well plates. The extracts, solubilized in DMSO at a concentration
of 250 mg/mL, were used at 10 different geometric dilutions (from 1 mg/mL to
0.002 mg/mL) and incubated at 37 °C in 5% CO, for 24, 48 and 72 h,
respectively. Cells treated with DMSO alone were used as a solvent control.

At the end of the incubation time, the treatment was removed and 100 pL of a
0.5 mg/mL MTT solution was added. After 3 h, the MTT solution was removed
and the formazan crystals formed were solubilized for 30 min with 100 pL/well
of DMSO in shaking condition. The absorbance was measured at a wavelength
of 595 nm using an absorbance microplate reader (Sunrise TecanTM).

The treatment concentration causing 50% inhibition of cell proliferation (ECso)
was calculated using GraphPad-Prsism 9 software.

2.4.3 Flow cytometry

To evaluate the mechanism of action of A. altissima AC on cell cycle, the
double staining with BrdU and Propidium lodide (P1) were used and detected by
flow cytometer. The MDA cells were seeded 24 h before treatment in a 6-well
plate, after 48 h of incubation with 0.1 mg/mL of A. altissima AC extract, 10 uM
of Bromodeoxyuridine (BrdU) were placed into each well for 2 h, allowing the
incorporation of BrdU into the DNA of actively dividing cells. After this
incubation period, the cells were fixed with 70% ethanol and stored at -20 °C o/n
to ensure proper fixation and permeabilization. Subsequently, the cells
underwent denaturation by being treated with 2M hydrochloric acid (HCI) for 30
min at 37 °C, which facilitated the detection of BrdU by breaking down the DNA
structure. Following this denaturation step, cells were neutralized using sodium
borate buffer at pH 8.5 for 10 min. To detect the incorporated BrdU, the cells
were incubated with an anti-BrdU antibody (Merck KGaA, Darmstadt,
Germany) at a dilution of 1:1000 for 1 h at room temperature, followed by
thorough washing with phosphate-buffered saline (PBS) to remove unbound
antibodies. For the analysis of total DNA content and cell viability, the cells were
stained with 50 pg/mL Propidium lodide (PI) in PBS for 15 min. Finally, samples
were analyzed using a flow cytometer equipped with the appropriate lasers and
filters to detect both BrdU and Pl fluorescence. The resulting data were collected
and analyzed using Floreada software to determine cell proliferation and
viability.
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2.5 Antioxidant activity assays

In order to measure the antioxidant capacity of the extracts, two different
electron transfer (ET)-based colorimetric in vitro assays such as DPPH and
ABTS, and an Intracellular Measurement of ROS were performed.

2.5.1. DPPH

The microplate method was employed to assess the antioxidant activity of the
extracts by measuring the removal of DPPH radicals. In a 96-well microplate, 20
uL of samples at various dilutions were mixed with 180 pL of'a 0.15 mM DPPH
solution. After a 40-minute incubation in the dark at room temperature,
absorbance was recorded at 515 nm using a Tecan Sunrise™ UV-vis
spectrophotometer. A standard curve was constructed using Trolox at
concentrations ranging from 2 to 0.002 mM. Results, conducted in triplicate,
were expressed as pmol TE/g DW, and calculated using the formula from Xiao
et al. (2020):

DPPH value (umol TE/g DW) =¢ x V x t/m

where ¢ represents the Trolox concentration (umol/mL) from the standard
curve of the diluted sample, V is the sample volume (mL), t is the dilution factor,
and m is the weight of the dry sample (g) [30].

2.5.2. ABTS

The free radical-scavenging ability of all samples was evaluated using the
ABTS (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt)
radical assay, following the method outlined by Xiao et al. (2020) [30]. For this
reaction, 7 mM of ABTS was combined with 2.45 mM of potassium persulfate
and incubated in the dark at room temperature for at least 16 h to produce the
ABTSe+ radical cation. The resulting working solution was diluted with
methanol until it reached an absorbance of 0.70 + 0.02 at 734 nm. Next, 180 uL.
of the diluted ABTS™ solution was added to 20 pL of sample extracts and
incubated in the dark at room temperature for 6 min. The absorbance was then
measured at 734 nm using a Tecan Sunrise™ UV-Vis spectrophotometer.
Different concentrations of Trolox (from 2 to 0.002 mM) were utilized to create
the standard curve. Results were obtained in triplicate and expressed as pmol
TE/g DW, as previously described.

2.5.3. Quantification of total poliphenols (TPC)

The Total Phenolic Content (TPC) was measured using the Folin—Ciocalteu
colorimetric method [31], with slight modifications as described by Alicandri et
al. (2023) [64]. In summary, methanol extracts ranging from 0.01 to 5 mg of dry
weight per mL were combined with 100 pL of Folin—Ciocalteu reagent and
vigorously shaken. After adding 80 pL of 7.5% Na,COs, the mixture was
incubated in the dark at room temperature for 2 h. Absorbance was then measured
at 765 nm using an Ultrospec 1000 spectrophotometer (Phamacia Biotech,
Uppsala, Sweden). Quantification was performed using a gallic acid calibration
curve, and results were expressed as mg gallic acid equivalents per g dry weight
(mg GAE/g DW). The results were obtained in triplicate and expressed as mg
gallic acid equivalents (GAE)/g DW.

2.5.4. Cell-based antioxidant activity assays: intracellular quantification
of ROS

Intracellular ROS formation was assessed using the fluorescent DCFH-DA
probe. In brief, differentiated SH-SY5Y cells were treated for 24 h with 0.1
mg/mL and 0.05 mg/mL of A. altissima AC and A. julibrissin AC extracts. After
treatment, the cells were incubated with 10 pM of DCFH-DA in DMEM-F12
supplemented with 1% FBS and without phenol red for 30 min. Following this
incubation, DCFH-DA was removed, and the cells were exposed to 400 uM H,0,
in DMEM with 1% FBS and without phenol red for 15 min. Afterward, the H,0,
solution was replaced with PBS. Cell fluorescence was then measured at 485 nm
(excitation) and 535 nm (emission) using a Viktor X3 multilabel plate reader.

2.6 Chemical analysis

GC/MS analyses of the extracts were performed using a PerkinElmer Clarus
500 gas chromatograph (Waltham, MA, USA) equipped with a flame ionization
detector (FID) and coupled to a single-quadrupole mass spectrometer
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(PerkinElmer Clarus 500). Separation was achieved using a Varian Factor Four
VF-1 capillary column. Ultrapure helium was used as the carrier gas at a constant
flow rate of 1 mL/min. The mass spectrometer was equipped with an electron
impact (EI) ion source operating at 70 eV and set in full-scan acquisition mode
over the m/z range 40-550 amu.

Prior to GC/MS analysis, chemical derivatization was performed to
characterize the A.a. AC and A.j. AC samples. For this purpose, 300 pL of
pyridine and 100 pL of bis(trimethylsilyl) trifluoroacetamide (BSTFA) were
added to each extract. The samples were then heated at 80 °C for 60 min.

After cooling, 1 pL of the silylated extract was manually injected into the GC
injector at 280 °C. The oven temperature program was as follows: initial
temperature of 80 °C, increased at 7 °C/min to 170 °C, followed by an increase
of 8 °C/min to 250 °C, and then at 8 °C/min to 300 °C, which was held for 25
min. Compound identification was achieved by comparing the acquired mass
spectra with those available in the instrument library and the TurboMass software
database.

3. RESULTS AND DISCUSSION
3.1 Antibacterial activity

A. altissima DE and AC showed antibacterial activity against B. cereus. In
particular, AC demonstrated the highest antibacterial effect, with a MIC of 0.5
mg/mL and a MBC of 1 mg/mL, whereas DE showed weaker activity, with both
MIC and MBC values of 4 mg/mL (Table 1). Among the six samples tested, none
exhibited antibacterial activity against E. coli.

The lack of activity observed against E. coli is consistent with the known
resistance of Gram-negative bacteria, which is largely attributed to the presence
of an outer membrane that limits the penetration of bioactive compounds. Similar
findings have been reported for A. altissima leaf extracts, which often display
weak or no antibacterial effects against Gram-negative strains such as E. coli
[23,32]

The observed activity against the Gram-positive strain B. cereus agrees with
previous studies reporting selective antibacterial effects of A. altissima extracts
toward Gram-positive species. Such activity has been attributed to the presence
of phenolic compounds, quassinoids, and other secondary metabolites capable of
disrupting bacterial cell walls and membranes [33,23]. The stronger antibacterial
effect of the A. altissima AC compared to the A. altissima DE extract is also in
line with literature data [34,35,21] suggesting that more polar organic solvents
tend to be more efficient in extracting antibacterial phenolic constituents from
plant material.

Table 1. MIC and MBC values of the tested samples against B. cereus. Values
are expressed in mg/mL; na, not attained.

Sample MIC (mg/mL) (ml\g?nsL) MIC/MBC
A. altissima EP Na Na na
A. altissima DE 4 4 1
A. altissima AC 0.5 1 05
A. julibrissin EP Na na na
A. julibrissin DE Na na na
A. julibrissin AC Na na na

3.2 Cytotoxic and antiproliferative activity
3.2.1 Cell viability

To evaluate the cytotoxic activity the MCF7 and MDA cell lines were treated
for 72 h with the six extracts under study. The obtained results from the MTT
assays are shown in Figure 1. Our study revealed that only A. altissima AC
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exhibited significant cytotoxic activity toward the MDA-MB-231 cells, with an
ECs value of 0.12 + 0.03 mg/mL. This finding suggests a potent cytotoxic effect
of the A. altissima AC extract, potentially owing to the presence of bioactive
compounds such as ailanthone. Ailanthone, a quassinoid extracted from A.
altissima, is known for its antitumor properties, particularly against various
cancer cell lines [36,37].

Conversely, the extracts obtained from A. julibrissin and the EP and DE A.
altissima did not demonstrate significant biological activity, as evidenced by
their ECso values > 0.25 mg/mL. The lack of cytotoxic effects from these extracts
could be attributed to several factors, including lower concentrations of bioactive
compounds or the specific extraction methods employed [38].

4 iima A . alisina e

Figure 1. MTT assay results conducted on MCF7 and MDA cell lines
following treatments with A. altissima and A. julibrissin EP, DE and AD extracts.
A) MCF7 cells treated for 72 h with A. altissima EP, DE and AC extracts. B)
MCEF?7 cells treated for 72 h with A. julibrissin EP, DE and AC extracts. C) MDA
cells treated for 72 h with A. altissima EP, DE and AC extracts. D) MDA cells
treated for 72 h with A. julibrissin EP, DE and AC extracts.

Previous studies have shown variable efficacy of A. julibrissin extracts against
cancer cells_suggesting that the specific solvents used may influence the
extraction of active constituents_of A. julibrissin such as saponins, flavonoids,
and alkaloids, which contribute to its medicinal properties_[39].

The selective cytotoxicity of A. altissima AC toward MDA cells, while MCF7
cells remained unresponsive, indicates heterogeneity in the sensitivity of
different cancer cell lines to phytochemicals_[40]. MDA is a triple-negative
breast cancer cell line, known for its aggressive and metastatic characteristics,
while MCF7 is an estrogen receptor-positive cell line. This specificity is crucial
for developing targeted therapies, as it posits A. altissima AC as a potential
candidate for further investigation in breast cancer treatment, particularly against
aggressive phenotypes such as triple-negative breast cancer represented by the
MDA cell line [41]. The observed ECs, of 0.12 mg/mL for A. altissima AC is
promising when compared to the thresholds commonly regarded in anticancer
research, highlighting its potential as a low-concentration therapeutic agent [42].
Further studies are warranted to explore the pathways involved in its cytotoxic
effects and to identify the specific phytochemicals responsible for this activity.

To verify the antiproliferative activity of A. altissima AC on MDA cells, ECs
values were measured at different exposure times (24, 48 and 72 h). The obtained
results showed that the ECs, value decreased from 0.29 + 0.06 mg/mL to 0.12 +
0.03 mg/mL from 24 h to 72 h, respectively. This value demonstrates that this
extract has both cytotoxic and antiproliferative activity on MDA cells (Table 2).

Table 2. Antiproliferative activity. ECso values (mg/mL + SD) obtained from
MTT assays performed on the MDA cell line after treatment with A. altissima
AC extract at incubation times of 24, 48, and 72 h. Statistically significant values
(p <0.05)

24h 48h 72h

A. altissima AC 0.29 £ 0.06 0.11+0.03 0.12+0.03

The observed time-dependent decrease in ECs aligns with the mechanism of
action of A. altissima bioactive compounds, such as ailanthone, which require
time to exert their effects on cancer cells. The observed ECs, values and their
decrease over time suggest that A. altissima AC effectively inhibits the
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proliferation of these cells, likely by interfering with their rapid cell division. The
time-dependent reduction in cell viability, as indicated by the decreasing ECso
values, suggests that the A. altissima AC impairs the metabolic activity of MDA
cells over time. Other studies have reported the cytotoxic effects of A. altissima
extracts and ailanthone on various cancer cell lines, including MDA [43]. These
studies support the present findings and highlight the potential of A. altissima as
a source of anticancer compounds. The time-dependent nature of the cytotoxic
effects observed in this study underscores the importance of considering
exposure time in future investigations of A. altissima and its bioactive
compounds.

The MTT assay was performed at the 72 h incubation time with A. altissima
AC, also on the normal MCF-10A line to evaluate the selectivity index (SI)
which is calculated by the ratio of the ECs, of the normal cell line to that of the
respective tumor line (Table 3).

Table 3. ECso values at 72 h of incubation for A. altissima AC sample on the
MDA cancer cell line and the MCF10A normal cell line, together with the
Selectivity Index (SI). Statistically significant values (p < 0.05).

ECso (mg/mL) + DS
MDA *0.12+£0.03
MCF10A *0.35+0.03
Sl (Selectivity Index) 2.89

The calculated selectivity index (SI) of 2.89 for A. altissima AC sample
indicated a preferential cytotoxic effect on MDA cancer cells compared to
normal MCF-10A cells. A Sl value greater than 1 suggests that the compound is
more effective against tumor cells than it is toxic to normal cells. While there is
no universal threshold for "high selectivity," some studies consider compounds
with Sl values greater than 3 as highly selective [44]. However, even with an Sl
of 2.89, the A. altissima AC extract demonstrates a meaningful degree of
selectivity, suggesting its potential as a therapeutic agent with reduced off-target
effects.

The selectivity observed in this study is particularly relevant because triple-
negative breast cancer (TNBC), represented by the MDA cell line, often lacks
targeted therapies and is associated with poorer prognosis. Agents that
selectively target TNBC cells while sparing normal breast cells are highly
desirable [45].

3.2.2. Flow cytometry

To evaluate the mechanism of action of A. altissima AC on the MDA cell
cycle, double staining with BrdU and PI was performed, followed by detection
using flow cytometry analysis (Figure 2). The results indicated a significant
reduction in G2/M phase cells, decreasing from 12.57% in the control group to
7.20% in the A. altissima AC-treated group. Concurrently, the percentage of cells
in the G1/GO0 phase decreased from 54.65% to 49.00%, while the percentage of
cells in the S phase increased from 25.17% to 31.34% when comparing untreated
MDA-MB-231 cells with treated cells. These findings suggest a potential S phase
arrest, indicating a possible impediment to cells completing their cycle and
progressing into the G2/M phase (Table 4).

108 Ctrl o A. altissima AC
1

10° 10°
T T 2
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=10t 10t
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; T Frs
g -
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10 S — — 100 — S
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PerCP-A::FL3-A PerCP-A::FL3-A
A B

Figure 2. BrdU double staining in Flow Cytometry analysis. A) Ctrl, MDA
cells untreated. B) MDA cells treated with 0,1 mg/mL of A. altissima AC extract.
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Table 4. Percentage of MDA cells event revealed by flow cytometry analysis
in the three different cell cycle phases G1/G0, S and G2/M. The percentage was
calculated gating the data cluster with low signal both in FITC-H (y-axis) and IP
(x-axis) indicating the G1/GO0 phase; high signal of FITC-H related to the S phase
and low signal in FITC-H and high signal in IP for G2/M phase.

Sample G1/GO0 phase S phase G2/M phase
Ctrl 54.65 % 25.17 % 12.57 %
A. altissima AC 49.00 % 3134 % 7.20%

The observed reduction in G2/M phase cells and accumulation of cells in the
S phase suggests that A. altissima AC extract may be interfering with DNA
replication or repair processes_[46]. The S phase is critical for DNA synthesis,
and any disruption during this phase can trigger cell cycle arrest or apoptosis.
This S phase arrest could be due to the activity of compounds like ailanthone, a
quassinoid found in A. altissima, which has been shown to exhibit antitumor
properties and induce DNA damage [43,36]. Several studies have demonstrated
that A. altissima extracts and its components can induce cell cycle arrest in
various cancer cell lines_[47]. Ailanthone can activate DNA damage responses
and modulate the expression of microRNAs, leading to cell cycle arrest and
apoptosis._ The observed effects on the MDA-MB-231 cell cycle may be related
to the ability of A. altissima AC extract to inhibit DNA polymerases, leading to
a stall in DNA replication [36]. The extract's ability to induce S phase arrest in
these cells suggests a potential therapeutic avenue, as S phase arrest is seen as a
prime candidate for effective cancer therapy. Further mechanistic studies are
needed to fully elucidate the molecular pathways involved in the A. altissima
AC-induced S phase arrest. These studies could include examining the
expression of key cell cycle regulatory proteins, assessing DNA damage markers,
and investigating the role of specific A. altissima compounds in mediating these
effects [48,49]. Understanding these mechanisms could provide insights into the
potential of A. altissima AC extract as a therapeutic agent for triple-negative
breast cancer.

3.3 In vitro antioxidant activity assays
3.3.1. DPPH and ABTS

The antioxidant activity of the acetone extracts was evaluated using DPPH and
ABTS assays, and the results are reported in Table 5 as pmol of Trolox/mg of
Dry Weight (DW) of extract (TEAC). Among the tested samples, the extracts of
A. altissima AC and A. julibrissin AC showed markedly higher antioxidant
activity compared to the other extracts. Specifically, the TEAC values were 0.46
+0.02 umol TE/mg DW and 0.20 + 0.00 pmol TE/mg DW for DPPH and ABTS
of A. altissima AC, respectively and 0.55 + 0.01umol TE/mg DW and 0.11 +
0.00 pmol TE/mg DW for DPPH and ABTS of A. julibrissin AC, respectively.

Table 5: Effects of A. altissima and A. julibrissin extracts on antioxidant
activity. Results are expressed as umol Trolox equivalents per mg of extract
(umol TE/mg DW). *Significant values (p<0.05). nd, not determined

Sample DPPH ABTS TPC

A. altissima EP <0.02 <0.02 nd

A. altissima DE <0.02 <0.02 nd

A. altissima AC *0.46 £ 0.02 *0.20 £0.00 251.01£0.01
A. julibrissin EP <0.02 <0.02 nd

A. julibrissin DE <0.02 <0.02 nd

A. julibrissin AC *0.55+0.01 *0.11£0.00 344.07 £0.01

The acetone extracts, which exhibited the highest in vitro antioxidant activity,
were further evaluated for total poliphenols content (TPC) using the Folin—
Ciocalteu assay. As reported in Table 5, results are expressed as mg gallic acid
equivalents per g of Dry Weight (mg GAE/g DW) + SD. Among the analyzed
samples, A. altissima AC and A. julibrissin AC showed the highest polyphenol
contents, with values of 344.07 £ 0.01 GAE/g DW and 251.01 + 0.01 mg GAE/g
DW, respectively.
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A recent study characterized the phenolic profile of A. altissima aerial parts
and reported the presence of multiple flavonoids (e.g., rutin, hesperidin, (+)-
catechin) and phenolic acids (e.g., rosmarinic and salicylic acids). Ethanolic
extracts of flowers, leaves, and stem bark exhibited significant antioxidant
activity in DPPH, ABTS, FRAP, and CUPRAC assays, with the highest activity
observed in flower extracts, indicating that phenolic constituents contribute
substantially to the antioxidant potential of this invasive species [50].

Our results indicate a strong correlation between polyphenol content and
antioxidant activity, as the acetone extracts with the highest TPC (A. altissima
AC and A. julibrissin AC) also exhibited the greatest radical scavenging activity
in both DPPH and ABTS assays. Several studies across diverse plant matrices
have similarly demonstrated significant positive correlations between total
polyphenolic content and antioxidant capacity, confirming that polyphenols are
major contributors to antioxidant activity due to their ability to donate electrons
or hydrogen atoms to neutralize free radicals [51]. The higher TEAC values of
A. julibrissin AC compared to A. altissima AC suggest a richer profile of active
polyphenols, consistent with its higher TPC (344.07 mg GAE/g DW vs. 251.01
mg GAE/g DW). The influence of solvent polarity on phenolic extraction and
antioxidant activity is well documented, with acetone often yielding higher
amounts of phenolic antioxidants due to its moderate polarity and solubilizing
properties [52,53]. Consequently, these findings support the potential of these
invasive plant species as sources of natural antioxidants, with acetone-extracted
polyphenols playing a key role in their radical scavenging activity.

3.3.2. Cell-based antioxidant activity assays: intracellular quantification
of ROS

Antioxidant activity tests were performed on SHSY-5Y cells treated with
extracts of A. altissima AC and A. julibrissin AC, which showed the highest
radical scavenging activity in the DPPH and ABTS tests.

At concentrations of 0.1 mg/mL and 0.05 mg/mL, the treated MDA cells
showed the ability to reduce reactive oxygen species (ROS) levels when
stimulated for 30 min with 400 uM hydrogen peroxide.

Figure 2 shows the ROS levels detected by fluorometric assay with DCFH-
DA. The values obtained were 44.69 + 4.89 % and 78.29 + 5.87 % for cells
treated with A. altissima AC at treatment concentrations of 0.1 and 0.05 mg/mL,
respectively. Meanwhile, treatments with A. julibrissin AC extract showed a
lower reduction in ROS than those treated with A. altissima AC, equal to 81.25
+5.90 % and 87.15 + 8.34 % for treatment concentrations of 0.1 and 0.05 mg/mL,
respectively.

However, both extracts demonstrated the ability to reduce the levels of reactive
oxygen species (ROS) in cells compared to the control treated with hydrogen
peroxide (H20:) alone, restoring, especially for the treatment with 0.10 mg/mL
of A. altissima AC, the ROS values of the samples not treated with hydrogen
peroxide (Ctrl) equal to 44.13 + 10.37%.
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Figure 2. Effect of A. altissima AC and A.julibrissin AC extracts on
intracellular ROS levels. Cells were treated with 0.10 mg/mL and 0.50 mg/mL
of each extract and exposed to H-O.-induced oxidative stress. A significant
reduction in ROS (p < 0.05) was observed compared to the H.O--treated group.
CTRL represents untreated cells.
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These findings indicate that both A. altissima AC and A. julibrissin AC exerted
protective effects against oxidative stress in  SH-SY5Y cells, consistent with
their strong in vitro radical scavenging activity. The reduction in intracellular
ROS suggests that compounds present in these extracts can mitigate oxidative
damage induced by hydrogen peroxide.

Andonova et al. (2023) reported that A. altissima ethanolic leaf and aerial part
extracts have demonstrated significant antioxidant activity in DPPH and ABTS
assays and attributed to phenolic constituents such as flavonoids and phenolic
acids, indicating a strong radical-scavenging capacity in vitro [50]. Similarly,
studies on A. julibrissin bark and foliage have reported radical scavenging
activity and ROS inhibition in biochemical assays, with isolated flavonoids such
as sulfuretin and 3',4',7-trihydroxyflavone showing potent inhibition of total
ROS and DPPH radicals [54].

Taken together, our results contribute to the emerging evidence that extracts
from invasive medicinal plants like A. altissima and A. julibrissin are not only
potent radical scavengers in chemical assays but also capable of attenuating
oxidative stress at the cellular level, supporting their potential as sources of
bioactive antioxidant compounds.

3.4 Chemical analysis

Following the assay results, two samples were selected for GC/MS analysis
(Table 6). In this work, considering the already known presence of phenolic
compounds as reported in literature, we applied the GC/MS technique on the
extracts subjected to silanization, in order to determine the presence of any other
chemical classes of compounds characterizing the non-volatile chemical profile.
The chemical profile of the two samples was different both qualitatively and
quantitatively. The results showed that A. altissima AC sample was particularly
rich in carbohydrates with the identification of six compounds. 3-a-mannobiose
(39.1+4.33 %) was the most abundant followed by D-xylose (22.8+3.42 %) and
L-rhamnose (21.44+2.52 %). In contrast, A. julibrissin AC was characterized by
the presence of four identified compounds, among which D-pinitol (85.2+7.45
%) was the predominant constituent, followed by ascorbic acid 11.9+1.04 %).

Table 6: Chemical composition (percentage mean values + SD) of A. altissima
AC and A. julibrissin AC flakes after derivatization, as determined by GC-MS.

A. altissima AC A. julibrissin AC

Components % %
dihydroxymalonic acid 0.7+0.03 -
L-idopyranuronic acid 0.9+0.05 -
D-lyxose 15.0£1.10 -
L-rhamnose 21.4+2.52 -
D-xylose 22.8+£3.42 -
3-a-mannobiose 39.1+4.33 -
D-fructose - 0.3+0.02
Catechin - 2.7£0.23
Ascorbic acid - 11.9+1.04
D-pinitol - 85.2+7.45

Sugars are common constituents of plant extracts and may contribute to the
structural or physicochemical properties of bioactive fractions. Although the
observed biological activities could be attributable to phenolic and other
secondary metabolites, L-rhamnose has been reported to exhibit growth-
inhibitory effects in cancer cell lines. These effects, while weaker than those of
2-deoxyglucose, are thought to result from interference with cellular energy
metabolism rather than from classic cytotoxic mechanisms [55]. In vivo, L-
rhamnose and L-fucose suppressed tumor growth in mice with a modulatory
associated with glucose metabolism, immune or metabolic stress responses,
rathen than throught direct DNA damage or apoptosis induction like
chemotherapeutics [56].
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The main compounds identified in A. julibrissin AC, catechin, ascorbic acid,
and D-pinitol, are associated with diverse biological activities. Numerous studies
reported that catechins exert significant antioxidant effects in various systems by
scavenging reactive oxygen species and enhancing oxidative stability [57,58,59].
Similarly, ascorbic acid acts as a primary water-soluble antioxidant, directly
neutralizing free radicals and enhancing cellular antioxidant systems [60].

D-pinitol, the most abundant compounds in A. julibrissin AC has demonstrated
dose-dependent antioxidant activity in DPPH assay and was effective in
scavenging superoxide and nitric oxide radicals [61]. More recent studies also
suggest antioxidant mechanisms involving GSH modulation and activation of
cellular defense pathways [62]. Pandi et al. (2022) reviewed the pharmacological
effects including antioxidant, antidiabetic, anti-inflammatory, and protective
activities in multiple organ systems supporting its potential therapeutic role in
mitigating oxidative stress and related pathological conditions [63].

CONCLUSIONS

Plants are a rich reservoir of bioactive molecules that can be extracted, isolated,
and evaluated for medical, pharmaceutical, and cosmetic applications, providing
the basis for important drug discoveries and diverse biological activities. In this
context, valorizing the biomass of invasive alien plants offers a promising
strategy to both mitigate their ecological impact and generate added value
through sustainable utilization of their bioactive compounds.

A. altissima AC extract exhibits time-dependent antiproliferative activity
against MDA cells, demonstrating its potential as a cytotoxic agent. The findings
from this study define the potential application of A. altissima AC extract as a
candidate for further research into its anticancer properties, warranting more
comprehensive studies, including in vivo investigations and possible
combination therapies with existing chemotherapeutics.

The notable antioxidant activities of A. altissima AC and A. julibrissin AC,
demonstrated by their strong radical-scavenging capacity in biochemical assays
and their ability to reduce oxidative stress in cells, underscore their potential as
natural sources of bioactive antioxidant compounds for pharmaceutical,
nutraceutical, and cosmetic applications.

The variability in the biological activity of the extracts highlights the
importance of exploring diverse solvent systems and extraction methods to
maximize the potential therapeutic effects of natural products and their biological
properties.
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