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ABSTRACT

Introduction: Ferroptosis contributes to Parkinson's disease progression given dysregulation of iron homeostasis
and redox status. Polygala virgata is used ethnomedicinally for memory enhancement. This study assessed the
cytoprotective and antioxidant properties of crude extracts and fractions of P. virgata using a 6-hydroxydop-
amine-induced (6-OHDA) SH-SY5Y neuroblastoma cytotoxicity model.

Method: Dried roots of P. virgata (14% w/v) were sequentially extracted using dichloromethane/methanol (1:1)
and methanol, which was combined to give a crude extract. The crude extract was separated into seven fractions
using different ratios of water, acetonitrile and methanol on solid phase extraction (SPE). Inherent cytotoxicity of
the samples (10 pg/mL), as well as their ability to reduce 6-OHDA-induced cytotoxicity (35 pM), was determined
using the sulforhodamine B (SRB) assay after 48-h (h) exposure. The active fractions' cytoprotective effect in
relation to reactive oxygen species (ROS), glutathione levels (GSH), lipid peroxidation, and mitochondrial
integrity was determined fluorometrically. Cytoprotective fractions’ phytochemical constituency was elucidated
using liquid chromatography high resolution mass-spectrometry (UPLC-HRMS).

Results: Fractions 3 to 7 increased cell density after exposure to 6-OHDA by 31.14%, 28.08%, 30.72%, 40.58% (p
< 0.01) and 28.86%, respectively, with no inherent cytotoxicity observed. Fraction 4 reduced 6-OHDA-induced
ROS generation (2.09-fold) and lipid peroxidation (0.28-fold). Non-significant increases in GSH were noted (1.34
to 19.25%), while all fractions hyperpolarised the mitochondrial membrane. Multi-hydroxylated xanthones,
flavones and flavans were tentatively identified using UPLC-HRMS.

Conclusion: P. virgata fractions reduced 6-OHDA-induced cytotoxicity via decreased oxidative stress and hyper-
polarisation of the mitochondrial membrane, most likely ascribed to the identified xanthones, flavones and
flavans. Isolation and purification of these compounds are warranted as potential antioxidant scaffolds.
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1. Introduction

Aging is the biggest risk factor for the development of neurodegen-
erative diseases (Cenini et al., 2019). Neurodegenerative diseases, such
as Alzheimer's, Huntington's, and Parkinson's disease (PD), are
becoming the leading cause of disability in the modern world (Ou et al.,
2021). Neurodegenerative diseases comprise a myriad of pathologies
incurred by the loss of neurophysiological properties (Kovacs, 2018;
Frank-Cannon et al., 2009). In 2019, the death rate associated with
neurodegenerative diseases increased to 5.67 per 100 000
(Lampropoulos et al., 2022). Data regarding the prevalence of neuro-
degenerative diseases in sub-Saharan Africa (SSA) is scarce, with most
information reported being from Central and Western Africa (Callixte
et al., 2015; Guerchet et al., 2014; Paraiso et al., 2011). The prevalence
of neurodegenerative diseases in SSA was estimated to be 2.3 to 7.6% in
2018 (Kuate-Tegueu et al., 2020).

With over 8.5 million people in the world living with Parkinson's
disease (PD), it is the second most prevalent neurodegenerative disease
(Zhu et al., 2024; Balestrino and Schapira, 2020). Incidence rates of PD
increase steadily from 65 years of age, with a notable rise between 70
and 79 years of age (Hirsch et al., 2016). There is also a higher incidence
of PD in males (Cerri et al., 2019). The expected increase in neurode-
generative diseases will place an exceptional burden on the healthcare
infrastructure. Parkinson's disease is characterised by a loss of dopami-
nergic neurons in the midbrain, leading to tremors, bradykinesia, a
shuffling gait and other non-movement symptoms, such as depression
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and a loss of smell (Costa et al., 2023). As there is no known cure for PD,
treatment remains symptomatic for both the motor and non-motor
symptoms (Aminoff, 2004). The current standard treatment for
tremors and bradykinesia is levodopa (L-dopa)/carbidopa (Sinemet®,
Carbilev®, Teva Carbi-Levo®), which supplements dopamine stores in
the brain due to the provision of the dopamine precursor, while carbi-
dopa prevents the peripheral metabolism of L-dopa (Hamid et al., 2021).
More selective treatments for motor symptoms include dopamine
agonist therapy with either pramipexole (Pexola®) or bromocriptine
(Parlodel®) (Perez-Lloret and Rascol, 2010), or the monoamine oxidase
B (MAO-B) inhibitor, rasagiline (Azilect®), which inhibits the degra-
dation of dopamine in the synaptic cleft resulting in a higher concen-
tration of free dopamine (Robakis and Fahn, 2015).

Ferroptosis, a non-apoptotic means of cell death (Lang and Espay,
2018) has been linked to neurodegeneration (Dixon et al., 2012). The
central nervous system (CNS) is rich in polyunsaturated fatty acid
(PUFA) and is vulnerable to ferroptosis (Bazinet and Laye, 2014) due to
its increased susceptibility to peroxidation (Zhou et al., 2022). The
depletion of glutathione (GSH) impairs glutathione peroxidase 4 (GPx4)
function, a key enzyme that prevents excessive lipid peroxidation by
neutralising lipid peroxides (Stockwell et al., 2017; Yang et al., 2016).
GPx4 is the only selenoprotein in its family capable of this reaction
under normal conditions (Seiler et al., 2008). In the presence of
adequate GSH, oxidation of the reduced GPx4 active site by a
hydroperoxide-type compound occurs (Brigelius-Flohe and Flohe,
2020), which sequentially converts the latter into the corresponding safe
alcohol (Weaver and Skouta, 2022). Chelation agents and antioxidants
decrease ferroptosis in vitro (Zhang et al., 2024), which supports the use
of iron chelators (phase II trials) for advanced PD therapies (Perez-Lloret
and Rascol, 2010; Tirmenstein et al., 2005). The FAIR-PARK 1 trail,
however, decreased iron in the substantia nigra pars compacta (SNpC),
and improved motor symptoms in patients on stabile L-dopa therapy
(Devos et al., 2014, 2022).

Traditional medicine remains a vital healthcare resource, particu-
larly in regions where access to Western medicine is limited due to
infrastructure, financial constraints, and cultural preferences (WHO,
2023; Mokgobi, 2013). Many communities perceive traditional healing
as more holistic, integrating herbal remedies with spiritual and cultural
beliefs (Krah, 2014; Mahomoodally, 2013; Chavunduka). Traditional
healers are often more accessible and affordable than Western practi-
tioners, providing treatment within community settings, reducing costs
and travel burdens (Suroowan and Mahomoodally, 2013). The reliance
on ethnomedicine is further driven by the high cost of pharmaceuticals,
long waiting times, and limited access to healthcare (Metiso and Mbo-
weni, 2025; Legesse and Babanto, 2023; Haimanot, 1985).

Polygala virgata Thunb., commonly known as “purple bloom™, be-
longs to the family Polygalaceae (Bashir et al., 1991), and is commonly
used an anti-inflammatory gargle and blood purifier in South Africa
(Burkill, 2000). As a blood purifier, the plant is used to improve overall
health and holistic prophylaxis (van Vuuren and Frank, 2020), which
includes mitigation of weakness, build-up of toxins and bolstering of
general health outside of spiritualism (Zwane et al., 2024). Such
enhanced blood perfusion and nourishment to vital organs, which in-
cludes the brain (Maciocia, 1989), provides greater protection against
diseases. The Polygala genus has been used to improve mental function,
forgetfulness, and depression (Zhao et al., 2020; Magama et al., 2013),
and elicit CNS effects (The Ministry of Health, 2016). Phytochemicals
isolated from the Polygala genus include saponins, chemotaxonomic
xanthones (Ikeya et al., 1991, 1994; Bashir et al., 1991) and oligosac-
charide esters, all involved in neuroprotection (Chen et al., 2015; Choi
et al., 2011; Donnelly and Boland, 1995; Bashir et al., 1992), as well as
reduction in inflammatory markers. Other plant genus's used for mental
health in South Africa is the Boophone (Stafford et al., 2005), Xysma-
lobium (Stafford et al., 2008; Nielsen et al., 2004) and Croton (Palmer
and Pitman, 1973), The aim of this study was to assess the
anti-ferroptotic properties of crude extracts and semi-automated
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fractions of Polygala virgata in a 6-hydroxydopamine (6-OHDA)-induced
SH-SYS5Y neuroblastoma cytotoxicity model, including reactive oxygen
species scrubbing, lipid peroxide scrubbing and GSH depletion.

2. Materials and methods
2.1. Extraction of dried plant material

Dried P. virgata root material (repository identification number:
P22085, Specimen number: PRE1017723-0, collector's field number:
FP01602) was sourced from the Biodiscovery Centre (Department of
Chemistry, University of Pretoria). Herbarium samples were deposited
and identified by the South African National Biodiversity Institute
(SANBI). The material was stored in polyurethane zip-lock bags, which
were kept in sealed cardboard boxes in the dark. For extraction, 7.24 g of
dried plant material was subjected to ultrasound-assisted extraction
using a sintered glass funnel with a stopcock. The first UAE was per-
formed by partially submerging the material in a 50 mL dichloro-
methane (UnivAR®, Merck):methanol (UnivAR®, Merck) (DCM:MeOH;
1:1) solvent system for 1 h, ensuring that the water temperature
remained below 28 °C to prevent DCM evaporation. The solvent was
then filtered into round-bottom flasks and temporarily stored at room
temperature. A second extraction was carried out on the marc using 50
mL MeOH (UnivAR®, Merck), and the resulting extract was pooled with
the initial DCM:MeOH extract to form the crude extract. The crude
extract was concentrated under reduced pressure using a Biichi Rota-
vapor R-300 system (Labotec, Midrand, South Africa). The dried extract
was then reconstituted in MeOH and transferred into pre-weighed 20 mL
No. 8 glass polytops. Final drying was completed at 35 °C for 6 h using a
Genevac® EZ-2.3 Plus centrifugal evaporator (United Scientific, Ips-
wich, United Kingdom).

2.2. Fractionation of crude extracts

The crude extract (311.30 mg) was transferred into pre-weighed 10
mL plastic tubes for fractionation. The extract was reconstituted in
6.917 mL of a 6:3:1 mixture of HPLC-grade (>98%) MeOH, ethyl ace-
tate, and methyl tert-butyl ether (MTBE), as measured by the Hamilton®
Microlab® STARlet™ automated liquid handler (Hamilton Robotics,
Inc., Nevada, USA). The reconstituted extract was vortex-mixed until
fully dissolved, then decanted onto dental cotton wool placed in 7 mL
glass No.1 polytops. The adsorbed extracts were then dried in a Gene-
vac® HT-6 Series 3i centrifugal evaporator. The dried extract-saturated
cotton wool was then transferred into empty 6 cc polypropylene Phe-

Fraction yield (%) =

Weight of tube post-drying (g) — weight of tube before fraction (g)
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Table 1
Gradient solvent system used for the preparation of the fractions.

Fraction (F) suffix Methanol (%) Water (%) Acetonitrile (%)

F1 5 95 0
F2 20 80 0
F3 40 60 0
F4 80 20 0
F5 90 10 0
F6 100 0 0
F7 50 0 50

elution step (F7) to enhance the recovery of highly non-polar or strongly
retained compounds that could not be efficiently eluted using methanol-
water gradients alone. ACN provides a stronger elution strength and
lower viscosity compared to methanol, improving desorption of lipo-
philic phytochemicals from the C8 stationary phase. This step ensures
comprehensive fractionation by capturing compounds with higher hy-
drophobicity, which are often pharmacologically relevant but poorly
soluble in aqueous methanol systems. After elution under positive
pressure, each fraction was stored in barcoded plastic tubes at —40 °C
until further use.

The fractions were transferred into a BioPointe Scientific® 96 deep-
well plate (BioPointe Scientific Inc., Claremont, California, USA) and
mapped automatically into a spreadsheet while using the Microlab®
system. The deep-well plates were then dried under reduced pressure for
14 h using the Genevac® HT-6 Series 3i centrifugal evaporator (United
Scientific, Ipswich, UK). Once dried, the tubes were sealed in poly-
urethane bags and stored at 4 °C for future use.

The dried samples in the deep-well plate were reconstituted in
microbiology-grade dimethyl sulfoxide (DMSO) at 5 mg/mL, as deter-
mined by the Microlab® system, and transferred into a FluidX® 1.0 mL
EXT Co-Mold Jacket Tubes (FluidX Ltd., Cheshire, UK). Samples (40 pL)
were pipetted into the well of a deep-well plate and heat-sealed with
aluminium using the BIOBASE® PS-2 Semi-Automated Plate Sealer
(BIOBASE Group, Shandong, China). Plates were stored at —80 °C to
prevent phytochemical degradation. After extraction, the final weight
was recorded, and the extraction yield was calculated using the
following equation:

Final weight of dried extract (g)
Starting weight of plant material (g)

Extraction yield (%) = x 100%

After drying the fractions, the tubes were weighed, and fraction yield
was calculated using the following equation:

x 100%

Original sample weight before fractionation (g)

nomenex® solid-phase extraction cartridges (Separations, Phenomenex,
Torrance, California, USA) and stored at 4 °C until fractionation. Frac-
tionation was performed using a Gilson® GX-241 ASPEC® liquid
handler, coupled to a Gilson® Verity® 4060 solvent pump, (Lasec,
Midrand, South Africa) with C8 HyperSep® 2 g/6 mL cartridges
(ThermoFisher Scientific Inc., Waltham, USA). Cartridges were condi-
tioned with 11 mL 100% MeOH (HPLC-grade), followed by equilibration
with a 5:95 MeOH:water (11 mL) mixture. The cotton wool-loaded
cartridges were then attached to the C8 HyperSep® cartridges, and
fractionation was carried out at a flow rate of 9 mL/min, with a washout
step for the probe between solvent changes. Fractions were designated
as F1 through F7, corresponding to progressively increasing MeOH
concentrations (Table 1). Acetonitrile (ACN) was introduced in the final

2.3. Acellular assays

2.3.1. Ferric reduction antioxidant power assay

The FRAP assay measures the antioxidant capacity of a sample
relative to its iron reduction activity. This reduction is indicated by the
formation of a blue colour as ferric ions bind to 2,4,6-tri(2-pyridyl)-
1,3,5-triazine (TPTZ), which can be measured spectrophotometrically
at 593 nm as described by Wang and Wang (2023). The following was
pipetted into a 96 well plate: 150 pL acetic acid buffer (0.30 M, pH 3.5),
15 pL TPTZ solution (10 mM, with 0.006% hydrochloric acid in 100 mL)
and 15 pL iron chloride (FeCls) solution (20 mM). The reaction was
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initiated by the addition of 5 pL of crude extract or fraction (370 pg/mL
to achieve 10 pg/mL in-well), or the iron (II) sulphate (Fe(II)SO4)
standard (0 to 1000 pM) and was incubated at 37 °C for 20 min (min).
The absorbance was measured at 593 nm (Synergy II, Biotek Instruments
Inc., Winooski,USA)."The FRAP value was interpolated from the stan-
dard curve (r2 = 0.9925) and the antioxidant capacity was calculated
using the following formula:

FRAP value (mmol FeSO, equivalanece .g"' sample) =

mM eq FeSO,
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cells/mL) were seeded into 96-well plates and incubated overnight for
cellular attachment. Cells were exposed to in-well concentrations of
either 100 pL medium (negative control), 0.05% ascorbic acid (vehicle
control), 1% saponin (positive control) (Sigma Aldrich, St Louis, USA)
and a range of 6-OHDA concentrations (0.25 to 500 pM, respectively)
prepared in FCS-free medium for 48 h. Blanks (200 pL) consisting of 5%
FCS-supplemented medium were used as sterility and background noise
control. Following exposure, the cells were fixed with 50 pL of a 50%

2.3.2. Chelation ability

Chelation refers to the bonding of ions and molecules with metal ions
(Muller, 1994).Ferrozine reacts with Fe?* to form a stable pink/magenta
colour, thus, the principle of the assay is to pretreat the Fe(I1)SO4 and
then measure the change in baseline absorbance, with absorbance
correlating with the percentage change of Fe?* when compared to the
negative control (Gulcin and Alwasel, 2022; Ghous et al., 2014). A new
method was developed by combining aspects of Ghous et al. (2014) and
Gulcin and Alwasel (2022).

Chelation ability was determined using Fe(II)SO4 (2 mM, 10 pL) with
the addition of 200 pL of either plant fraction, crude extract or distilled
water (vehicle control), iron sulphate (2 mM, Fe(II)SO4) or ethyl-
enediaminetetraacetic acid (EDTA) (400 mg/mL) in the well of a 96-well
plate, after which the plates were agitated for 20 min. Ferrozine (5 mM,
40 pL) was added to the mixture to achieve a final sample concentration
of 10 pg/mL, and read at 562 nm on a Synergy II spectrometer after 10
min incubation at room temperature. The chelation ability was
expressed as a percentage using the following formula:

Average absorbance (sample)

% Chelation =
° Average absorbance (negative control)

x 100

2.4. Cell maintenance and assays

2.4.1. Maintenance of SH-5YSY neuroblastoma cells

The SH-SY5Y neuroblastoma cell line (ATCC CRL-2266) was gifted
by the Department of Pharmacology (North-West University, Potch-
efstroom, South Africa). Cells were cultured in a 1:1 mixture of Ham's
F12 medium and Dulbecco's Modified Eagle's Medium (DMEM) (Sigma
Aldrich, St Louis, USA). Complete medium was prepared by supple-
menting the mixture with 1% non-essential amino acids, penicillin (100
IU/mL), streptomycin (100 IU/mL) and 10% foetal calf serum (FCS)
(Sigma Aldrich, St Louis, USA). The cells were maintained at 37 °C in a
humidified environment of 5% CO,. Confluent cells (80%) were washed
three times with 1 mL sterile phosphate-buffered saline (PBS) and
chemically detached using 3 mL TrypLE™ Express Enzyme (~5 min).
Cells were harvested using centrifugation (5 min, 200 g), and the pellet
was resuspended in 1 mL complete medium. The trypan blue exclusion
assay was used to count the number of viable cells, after which they were
re-suspended at 1 x 10° cells/mL for seeding into 96-well plates, and 35
000 cells/mL for 12-well plates.

2.5. Cytotoxicity determination

2.5.1. 6-Hydroxydopamine cytotoxicity

A volume-adjusted SRB assay was used to determine the cytotoxicity
of 6-OHDA (Vichai and Kirtikara, 2006). The 6-OHDA was prepared at
25 mM in a 1% ascorbic acid solution to prevent auto-oxidation during
storage (Offenburger and Gartner, 2018). Cells (100 pL, 1 x 10°

~ final in-well weight of sample (g)

(v/v) trichloroacetic acid solution overnight at 4 °C. The fixed cells were
washed twice with tap water, dried, and stained for 30 min with 100 pL
SRB solution (0.057% w/v in 1% acetic acid). After staining, cells were
washed three times with 150 pL of a 1% acetic acid solution and allowed
to dry. Bound dye was dissolved using 200 pL Tris-base (10 mM; pH
10.5) for 30 min using a shaker. Plates were then read spectrophoto-
metrically using an EL-X 800 microplate reader at 510 nm with a
reference wavelength of 630 nm. Cell density (relative to the negative
control) was calculated using the following equation:

. . Absorbanceof sample
90 =
Celldensity (% of negativecontrol) <Average absorbanceof negative control)

x100

2.5.2. Plant crude extract and fractions cytotoxicity and cytoprotection

A volume-adjusted SRB assay was used to assess the cytotoxicity and
potential cytoprotective effects of both fractions and crude extracts
(Vichai and Kirtikara, 2006). Cells (100 pL, 1 X 10° cells/mL) were
seeded into 96-well plates and incubated overnight for attachment.
Treatments included in-well concentrations of 100 pL medium (negative
control), 0.05% ascorbic acid (vehicle control), 0.5% DMSO (vehicle
control), 35 pM 6-OHDA, and fractions or crude extracts, prepared in
FCS-free medium at 10 pg/mL (cytotoxicity or cytoprotection assay). For
cytoprotection studies, cells were first exposed to 35 pM 6-OHDA for 2 h
before treatment with fractions or crude extracts for 48 h. The concen-
tration for cytotoxicity assessment followed the National Cancer In-
stitute's Natural Products Discovery (NCI-NPD) one-dose screening
guideline (Grkovic et al., 2020). Blanks consisting of cells with 5%
FCS-supplemented medium were used as sterility and background noise
control.

2.6. Mechanistic endpoint assays

Only active fractions (F3 to F7) were selected for further mechanistic
endpoint evaluation as they demonstrated cytoprotection (>60% pro-
tection) and minimal cytotoxicity (>90% cell density). All mechanistic
endpoint assays were conducted as described in Section 2.5.2 with
alteration to the assay type and positive control.

2.6.1. Lipid peroxidation

Lipid peroxidation assessment was conducted using the thio-
barbituric acid reactive substances (TBARS) assay (Stern et al., 2010; De
Leon and Borges, 2020) The same exposure and incubation time as per
section 2.5.2 was employed, with a 10-fold increase in volume. Cells (1
mL at 35 000 cells/mL) were seeded into 12-well plates and incubated
overnight for cellular attachment. After attachment, cells were exposed
to in-well concentrations of either 1 mL medium (negative control),
0.05% ascorbic acid (vehicle control), 0.5% DMSO (vehicle control),
500 pL of 35 pM 6-OHDA (for 2 h), and 500 pL fractions prepared in
FCS-free medium at 10 pg/mL for 48 h. The oxidant 2,2-azobis
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(2-amidinopropane) (AAPH, 500 pM in-reaction) served as a positive
control. A 400 pL aliquot of the culture medium was transferred to 5 mL
tubes, after which the cells were detached using 100 pL of TrypLE and
combined with the culture medium. The cellular suspension was mixed
with 100 pL trichloroacetic acid (16.5%) and 100 pL TBA (2.5% in 0.1 M
sodium hydroxide and 50 pM EDTA). The mixture was incubated for 20
min in a water bath at 95 °C. This was followed by adding 250 pL of
butanol, and the mixture was vortex mixed. The organic phase (100 pL)
was carefully transferred into a black-walled, clear-bottom 96-well plate
following separation from the aqueous phase. The fluorescence intensity
(FI) was measured at an excitation wavelength of 508 nm and an
emission wavelength of 590 nm (Synergy II, Biotek Instruments, Inc.,
Winooski, USA). The fold-increase in MDA-TBARS was expressed rela-
tive to the average of the negative control using the following equation:

Fold-increase of MDA — TBARS adducts = M
FI(negative control)

2.6.2. Reactive oxygen species

2,7-Dihydrochlorofluorescein (HyDCFDA) is used as a probe to
determine the intracellular ROS concentration. The enzymatic cleavage
and subsequent interaction with ROS produce the highly fluorescent
dicholorofluorescein (DCF) (Ng and Ooi, 2021). The same exposure and
incubation time as per Section 2.5.2 was employed. Potassium persul-
phate (500 pM in-reaction) was used as a positive control. After 48 h
exposure to the 2 x ICso 6-OHDA (70 pM) the media was replaced with
100 pL of a 10 pM HyDCFDA in FCS-free media and incubated for 2 h at
37 °C. The FI was measured at excitation wavelength of 480 nm and
emission wavelength 590 nm (Synergy II, Biotek Instruments, Inc.,
Winooski, USA). The FI was blank-adjusted and was normalised ac-
cording to cell density (as measured by the SRB assay) to account for
treatment-induced cell-death. The fold-increase in ROS was expressed
relative to the average of the negative control using the following
equation:

Normalised FI(sample)
Normalised FI(negative control)

Fold-increase of ROS =

2.6.3. Mitochondrial integrity

The CytoPainter Red dye accumulates within intact mitochondrial
membranes (ab139482, Abcam), as 6-OHDA induces mitophagy, this
measures the total amount of healthy mitochondria (Eldeeb et al.,
2022). The same exposure and incubation time as per Section 2.5.2 was
employed. Potassium persulphate (500 pM in-reaction) was used as a
positive control. After exposure, the media was aspirated and replaced
with 100 pL of a 0.3X solution of CytoPainter Red (6 pL of 500X dye to a
total of 10 mL FCS-free media) (Abcam, catalogue number AB112145).
The cells were incubated for 30 min in a humidified incubator at 37 °C.
After incubation, the dye was replaced with 100 pL FCS-free media and
the FI measured at an excitation wavelength of 544 nm and emission
wavelength of 620 nm (FLUOstar Optima plate reader, BMG Labtech,
Offenburg, Germany). Results were expressed as the ratio of active
mitochondria to the normalised cell density compared to the average of
the negative control, using the following equation:

Ratio — Ratio FI : cell density(sample)
" Ratio FI : cell density(negative control)

2.6.4. Glutathione depletion

The conjugation of monochlorobimane to GSH (and the consequent
formation of a fluorescent adduct) was used to determine intracellular
GSH concentration (Rastogi and Timme-Laragy, 2021). The same
exposure and incubation time as per Section 2.5.2 was employed.

n-Ethylmaleimide (10 pM in-reaction) was used as a positive control.
The medium was replaced with 100 pL monochlorobimane (16 pM in
FCS-free media), after which the plates were incubated for 2 h. After
incubation, the FI was measured at an excitation wavelength of 340 nm
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and an emission wavelength of 450 nm (Synergy II, Biotek Instruments
Inc., Winooski, USA). The FI was blank adjusted and the fold-increase in
GSH expressed relative to the average of the negative control.

RFU(sample)
RFU(negative control)

Fold-increase of GSH=

2.7. Mass spectrometry and compound elucidation

2.7.1. Ultra-performance liquid chromatography-high resolution mass
spectrometry

The active fractions were subjected to ultra-performance LC-high
resolution mass spectrometry (UPLC-HRMS) analysis to tentatively
identify the phytochemical compounds therein. The analysis was per-
formed using a Waters™ Acquity™ UPLC™ system (Waters Corp., MA,
USA) with a binary solvent delivery system and auto-sampler. The crude
extract was prepared by dissolving the dried sample in a 1:1 MeOH:
water solution, followed by filtration through a 0.22 pm nylon syringe
filter to remove particulates. Compound separation was carried out
using an Acquity UPLC BEH™ (2.1 x 100 mm, 1.7 pm particle diameter)
column (Waters Inc., Milford, MA, USA).

Gradient elution was performed and consisted of solvent A (de-ion-
ised water, 0.1% formic acid) and solvent B (ROMIL® SpS-grade MeOH,
0.1% formic acid) (Microsep, South Africa). The elution profile began at
97% solvent A for 0.1 min, followed by a linear gradient to 100% solvent
B at 14 min. A 3-min washout (14 to 17 min) was followed by column
reconditioning to starting conditions (17.5 to 20 min). The column
temperature was maintained at 40 °C, with a flow rate of 0.3 mL/min
and an injection volume of 5 pL.

Detection was performed using a Waters® Xevo G2 QTof high-
resolution mass spectrometer (HRMS) (Waters Inc., Milford, MA,
USA), controlled via MassLynx™ v. 4.1 software (Waters Inc., Milford,
MA, USA). The system was calibrated using sodium-caesium iodide
clusters via the IntelliStart™ software over a mass range of 50 to 1200
Da.

Electrospray ionisation (ESI) was performed in positive mode, with
source parameters set as follows: source temperature, 120 °C; extraction
cone voltage, 4.0 V; sampling cone, 30.0 V; cone gas flow, 20.0 L/h;
desolvation temperature, 350 °C; desolvation gas flow, 600.0 L/h;
capillary voltage, 2.8 kV. Internal lock mass calibration was performed
using a 2 ng/pL leucine enkephalin solution ([M+H]" m/z = 556.2771;
[M-H]" m/z = 554.2615), infused at 3 uL/min every 10 s (s), to correct
for mass drift. For negative mode ionisation, the capillary voltage was
set to 2.0 kV.

The system also featured a Waters photodiode array detector, opti-
mised with a sampling rate of 10 points/sec, an ultraviolet (UV) scan
range of 210-700 nm, and a resolution of 4.8 nm.

2.7.2. Preliminary identification of compounds

After injection, chromatograms were generated, and major peaks
were tentatively identified and characterised for the selected fractions.
Information generated from these chromatograms was used in
conjunction with the online database known as the Dictionary of Natural
Products (Buckingham, 1995). The database uses the molecular weight
(MW) and the corresponding UV emission to match existing compounds
with similar parameters. The database lists compounds based on their
natural sources, requiring independent verification for relevance to the
target plant. Compounds were deemed accurate if identified in the same
or a related species within the genus or as chemotaxonomic markers at
the family level. Overlapping molecular weights were assessed based on
their likelihood of occurring within the genus or family and their solvent
extraction profiles.
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2.8. Absorption, distribution, metabolism, excretion, and toxicity
prediction

The SwissADME online platform (Swiss Institute for Bioinformatics)
was used to determine the physicochemical parameters of compounds
identified through mass spectrometry (Daina et al., 2017). The molec-
ular structures of the identified compounds were uploaded onto the
SMILES interface. Properties which included MW, molecular refrac-
tivity, and topological surface polar area (TPSA) were calculated using
OpenBabel (v2.3.0). Lipophilicity (LogP) was determined via Swis-
SADME using multiple fragmentation models (XLOGP3, WLOGP,
MLOGP, and iLOGP), which were combined into a consensus LogP
(cLogP) for improved accuracy (Daina et al., 2014, 2017; Cheng et al.,
2007; Ertl et al., 2000; Wildman and Crippen, 1999; Moriguchi et al.,
1992, 1994).

SwissADME estimates solubility using two topological models: the
estimated solubility (ESOL) (Delaney, 2004) model and linear re-
lationships identified by previous studies (Ali et al., 2012). ESOL pre-
dicts aqueous solubility (log S) based on MW, rotatable bonds, aromatic
heavy atom fraction, and lipophilicity. SwissADME replaces cLogP with
XLOGP3 for log S predictions (Delaney, 2004). The models in Swis-
SsADME predict log S values, which are subsequently converted to sol-
ubility values expressed in mol/L and mg/mL. Based on these values, a
qualitative classification of solubility is provided according to the
following log S scale: highly soluble (>0), very soluble (0 to —2), soluble
(—2 to —4), moderately soluble (—4 to —6), poorly soluble (—6 to —10),
and insoluble (<—10). The relationship between LogP and TPSA forms
the basis for assessing gastrointestinal absorption (GIa) and blood-brain
barrier permeation (BBBp) (Daina and Zoete, 2016).

2.9. Statistics

Raw data was captured using Microsoft Excel (Microsoft Office Suite)
and statistical analyses were performed using GraphPad Prism 8.0.2. At
least three biological and technical repeats were performed (n > 9),
expect for lipid peroxides where an n = 8 was used due to the change in
plate size. All data was expressed as the mean =+ standard error of the
mean (SEM). Changes in protein content was calculated using the
Kruskal-Wallis analysis of variance test with a Dunn's multiple com-
parison post-test. Outliers were identified and removed using GraphPad
Robust regression and the outlier removal (ROUT) method. The indi-
cator of significance was p < 0.05.

3. Results and discussion
3.1. Acellular anti-ferroptotic activity

Fractionation with high-polarity solvents (F1, F6) provided the
highest yields, while moderate polarity solvent systems (F3, F4) resulted
in the lowest yields (Table 1). The intermediate polarity system (F7)
produced a moderate yield, highlighting the influence of solvent polarity

Table 2
Antioxidant and chelation activity of the crude extract and fractions of Polygala
yirgata.

Fraction/ Yield FRAP activity (umol FeSO,4/g extract) ~ Chelation
Extract (%) + SEM (%)
Crude 12.74 34.03 +£8.35 ND
F1 15.38 ND ND
F2 12.85 ND ND
F3 4.52 13.13 £ 1.52 ND
F4 4.63 61.51 + 5.12 ND
F5 11.31 146.40 + 11.51 ND
F6 15.80 23.14 + 4.61 ND
F7 10.26 50.23 £+ 5.99 ND

ND: not detected; FRAP: Ferric reduction antioxidant power.
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on extraction efficiency. A total crude yield of 922.40 mg was obtained.

P. virgata displayed varying antioxidant potential across different
solvent fractions and the crude extract (Table 1). Highly water-based
fractions (F1 and F2) exhibited no detectable FRAP activity, suggest-
ing that the antioxidants within P. virgata are not highly hydrophilic. In
contrast, moderately polar fractions (F3 and F4) displayed an increased
FRAP activity. The highest FRAP activity was observed in F5, which was
extracted using higher MeOH concentrations, suggesting moderately
polar antioxidant compounds. However, F6, prepared using pure MeOH,
showed a decrease in activity, which may be ascribed to the solvents
reduced efficiency in extracting certain antioxidants. Fraction 7
exhibited moderate activity, likely due to the combined polarity of the
solvents used in fractionation. These results highlight the role of solvent
polarity in the extraction of antioxidant compounds. Regarding iron
chelation, neither the fractions nor the crude plant exhibited any
detectable activity (Table 2).

3.2. Cytotoxicity and cytoprotection

The 6-OHDA exhibited an ICsy of 35 pM and demonstrated dose-
dependent cytotoxicity (Fig. S1). In contrast, all fractions of P. virgata
showed no inherent cytotoxicity, but rather an increase in cell density
(Fig. 1A, Table S1). The fractions obtained from solvent systems with
moderate to low polarity resulted in a reduction in 6-OHDA-induced
cytotoxicity. Thus, the more organic fractions (F3-F7) were the most
effective in cytoprotection, whereas the highly polar fractions F1 and F2,
as well as the crude extract, resulted in non-significant increases in cell
density (Fig. 1B). Notably, F5 (a lower polar fraction indicative of
moderate polarity) and F6 (a pure methanolic fraction that still retains
protic properties) suggest that compounds with a moderate lipophilicity
(LogP) were successfully isolated, thereby stabilising potential charged
species. Previous studies has also seen cytoprotection in different SSA
plants in the SH-SY5Y cell line between 10 and 15 pg/mL, such as in
Boophone disticha and Acokanthera oppisitofolia (Lepule et al., 2019), and
Anethum graveolens (Sharma et al., 2024).

3.3. Compound identification

Tentative elucidation of compounds for F3 to F7 is presented in
Table 3, indicating their presence in ESI-positive or ESI-negative mode
(Figs. S2-S5). Three distinct peaks were noted UPLC MS chromatogram in
F3, which eluted after 4.69, 5.22 and 8.293 min, respectively. The initial
peak observed at 4.69 min was tentatively identified as one of three
potential compounds: 6-O-(4-hydroxy-3-methoxy-E-cinnamoyl), 3'-O-
(4-hydroxy-3-methoxy-E-cinnamoyl), or 1'-O-(4-hydroxy-3-methoxy-E-
cinnamoyl) derivates of a feruloylsucrose scaffold. These compounds
have been previously identified in the roots of P. arillate and P. tenuifolia.
Similar derivatives have also been previously isolated from P. virgata
(Bashir et al., 1993).

Fraction 4 contained several peaks presenting a diverse mix of com-
pounds. Although the peak at 4.68 min may resemble an alkaloid due to
the presence of a single nitrogen atom in its chemical formula, a definitive
identification could not be established. A potential compound resembling
a2,7'-cyclo-8,8"-lignan (2-[ [6-hydroxy-8-(4-hydroxy-3-methoxyphenyl)-
6,7-bis(hydroxymethyl)-1,3-dimethoxy-7,8-dihydro-5H-naphthalen-2-
yl]loxy]-6-(hydroxymethyl)oxane-3,4,5-triol) was observed at 6.538 min
(with a UV value of 234), as similar compounds have been documented in
P. chinensis (Ghosal et al., 1974).

Possible glycated protoberberine alkaloids could be present at 6.805
min across all three UV values, however, there is no evidence of these
alkaloids being previously isolated from Polygala species. Using both the
UV value and chemical formula, no tentative identification could be
made for the peak at 7.272 and 7.539 min.

Several derivatives of chromones and coumarins, including glycated
and sucrose-bound forms, as well as derivatives of benzo-pyran-4-one,
may be observed based solely on the chemical formula and weight (at
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Fig. 1. The effect of the crude extract and fractions of Polygala virgata on A) SH-SY5Y cell density alone or B) after 6-hydroxydopamine (6-OHDA)-induced cyto-
toxicity after 48 h of exposure. Significance was determined using a Kruskal-Wallis with post-hoc Dunn's test between the crude extract or fraction relative to the

negative control (A) or 6-OHDA (B). *p < 0.05, **p < 0.01, ****p < 0.0001.

7.539 min). However, this approach lacks precision, and further puri-
fication is necessary to determine which specific derivative scaffold can
be identified. Two structures can be seen at 7.539 min using the UV 239
nm. Haworforbin B and a glycated derivative of saccharonol A (6-O-$-D-
glucopyranoside derivative of 6,8-dihydroxy-3,7-dimethylisocoumarin
or 6-O-(4-O-methyl-p-D-glucopyranoside) derivative of 6,8-dihydroxy-
3-methylisocoumarin) were also identified. Coumarins have been
found in both P. boliviensis (Silva et al., 2016) and P. altomontana
(Tizziani et al., 2017). The peak observed at 7.849 min may be a de-
rivative of either butanedioic or pentanedioic acid. However, its iden-
tification remains challenging, as none of the compounds exhibit
matching UV values.

The potential co-elution observed between F5 and F6 also occurs in F7
at 10.018 and 10.162 min, with identical structures being detected.
Fraction 5 of P. virgata contained chemotaxonomic xanthone markers for
the Polygala genus. Xanthones accumulate in Polygala sp. and is used to
identify and characterise several Polygala species (Lacaille-Dubois et al.,
2020). Polygalaceae is one of the few higher plant families rich in xan-
thones and their O- and C-glycosidic derivatives that exhibit multiple
biological activities, such as cytotoxic, antimicrobial, anti-inflammatory,
antioxidant, and chemotherapeutic effects (Zhou et al., 2018). The peak
seen at 7.481 min (Table 3) can be interpreted as either 6,8-dihydroxy-3,
7-dimethyl-1H-2-benzopyran-1-one (6-O-p-D-glucopyranoside deriva-
tive) or 7-hydroxy-6-(2-hydroxyethyl)-2H-1-benzopyran-2-one (2'-O-f-
D-glucopyranoside derivative). The same base scaffold is seen in F 4 at
7.593 min, hence possible co-elution. Xanthones have been identified in
both peaks at 9.179 and 10.162 min, with a plethora of structures. Posi-
tive identification of the specific xanthone structure is not possible
without further purification and subsequent characterisation. Possible
xanthones seen at 9.179 min can be 1,2,8-trihydroxy-5-methoxy-3-me-
thylxanthone, 3,5-dihydroxy-1,2-dimethoxyxanthone, 1,5-dihydroxy-2,
3-dimethoxyxanthone,  3,7-dihydroxy-1,2-dimethoxyxanthone, 1,
5-dihydroxy-2,7-dimethoxyxanthone or 1,5-dihydroxy-2,3-dimethoxyx-
anthone. Xanthone structures were present when identified at all UV
values. For 10.162 min, the following xanthones can be seen at all UV
values; 1,3-dihydroxy-2,4,7-trimethoxyxanthone, 3,8-dihydroxy-1,2,
7-trimethoxyxanthone, 7,8-dihydroxy-1,2,3-trimethoxyxanthone, or 1,
8-dihydroxy-2,3,5-trimethoxyxanthone.

The same co-elution can be seen at 10.017 min, with several flavan and
isoflavan derivatives that may be present, with the structures being isolated
and identified from P. virgata in a different study (Bashir et al., 1992). 4/,
7-Dihydroxy-3-methoxyflavan, 3',4'-dihydroxy-7-methoxyflavan, 2/,
7-dihydroxy-4'-methoxyisoflavan or 2',4-dihydroxy-7-methoxyisoflavan
are possible compounds for all UV values.

Fraction 6 has the same profile as F5, indicating a co-elution
throughout the fractionation process. At 10.162 min (UV values of
244, 267 and 391) the following xanthones can be seen: 3,6-dihydroxy-
1,2,7-trimethoxyxanthone, 3,8-dihydroxy-1,2,6-trimethoxyxanthone,
1,3-dihydroxy-2,4,7-trimethoxyxanthone and 1,8-dihydroxy-2,3,5-tri-
methoxyxanthone. The compound 2',3',4,4'-tetrahydroxy-6,7-methyl-
enedioxyisoflavan could be identified at the UV value of 305. The
compound 2,3-dihydro-2-(2-hydroxy-3,5-dimethoxyphenyl)benzofuran
(UV value of 288) can be identified at 10.017 min for fraction 6, as
well as 4',7-dihydroxy-3'-methoxyflavan, 3',4'-dihydroxy-7-methoxy-
flavan, which was also seen in F5.

Possible co-elution of as seen in F4 with the peaks of F7 could be seen
at 7.529 min, with haworforbin B and a glycated derivative of saccha-
ronol A (6-O-p-D-glucopyranoside derivative of 6,8-dihydroxy-3,7-
dimethylisocoumarin and 6-0O-(4-O-methyl-p-D-glucopyranoside) de-
rivative of 6,8-dihydroxy-3-methylisocoumarin) being detected once
more in F7.

The co-eluting peaks between F5, F6, and F7 at 10.017 min were
further investigated by calculating the respective areas under the
smoothed peaks. The area ratio for F5, F6, and F7 was found to be
approximately 1.64:1.41:1.00. This represents the relative proportions
of the areas normalised by the smallest area (F7). The co-elution sug-
gests the presence of similar structures at the same retention time, as
previously noted. A similar pattern is observed at 10.162 min, where the
area ratio normalised by the smallest area (F6) is approximately
9.42:1:4.78. This ratio change in the same compound could be what is
driving the change in activity seen across the fractions (F5, F6, and F7)
in antioxidant power (146.40, 23.14, 50.23 pmol FeSO4/g extract,
respectively).

3.4. Oxidative status

The exposure concentration for 6-OHDA was increased for the ROS,
GSH and mitochondrial integrity assays due to a decrease in cytotoxicity
observed in subsequent screenings. Given experimental timelines, a
phenotypic shift may have occurred. Thus, 70 pM (2 x ICsp) was used to
achieve a comparable cytotoxic response for the mechanistic assays.

3.4.1. Lipid peroxidation

The 6-OHDA molecule induces toxicity by significantly elevating
oxidative stress through multiple interconnected pathways. According
to the assay mechanism, the fractions may inhibit lipid peroxidation
through two potential pathways: either by interfering with the initial
production of OH@ or by preventing the subsequent formation of LOO@
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Table 3
Compounds identified in the extracts and fractions of Polygala virgata.

Retention time (min) m/z Experimental M (Da) Ton Chemical formula Theoretical M (Da) uv ESI mode”

Fraction 3

4.699 517.15 518.1626 [M-HT Ca2H30014 518.1636 244; 282; 324 -

5.226 433.13 432.1262 [M+H]" C18H24012 432.1268 258 +
455.11 432.1275 [M+Na]™ C18H24012 432.1268 N/D +
431.11 432.1257 [M-H]" C15H23012 432.1268 N/D -

8.293 340.26 339.2529 [M+H]* Ci1gH33N305 339.2522 N/D +

Fraction 4

4.689 320.15 319.14 [M+H]" C17H21NOsg 319.142 N/D +

6.538 567.2 568.21 [M-H] Ca7H36013 568.2156 234; 281; 324 -

6.805 597.21 598.22 [M-HT CogH3g014 598.2262 239; 277; 324 -

7.272 605.18 582.19 [M+Na]* Co7H34014 582.1949 249; 300 +
583.2 [M+H]" Ca7H34014 249; 301 +

7.529 547.24 548.24 [M-HT Cas5H40013 548.2469 239; 330 -

7.539 369.11 368.11 [M+H] " C17H2009 368.1107 239; 330 +

7.849 187.09 188.1 [M-HT CoH1604 188.1049 234; 281; 324 -

Fraction 5

7.481 369.118 368.1105 [M+H]" C17H2009 368.1107 239; 330 +

9.179 287.055 288.062 [M-HT Cy5H1206 288.0634 243; 262; 305; 376 -
575.118 288.0624 [2M-H]" 288.0634 N/D -

10.017 273.112 272.1051 [M+H]" C16H1604 272.1049 249; 289 +
295.095 272.1054 [M+Na]*™ N/D +

10.162 319.081 318.0741 [M+H] " C16H1407 318.074 235; 267; 305; 392 +
341.063 318.0742 [M-+Na]™ C16H1407 N/D +
317.066 318.0729 [M-HT C16H1407 N/D -
635.141 318.0739 [2M-H] C16H1407 N/D -

Fraction 6

10.017 273.112 272.1051 [M+H] " C16H1604 272.1049 249; 288 +

10.162 319.081 318.0736 [M+H]" C16H1407 318.074 244; 267; 305; 391 +

Fraction 7

7.529 369.118 368.1104 [M+H]" C17H2009 368.1107 239; 330 +

10.018 273.113 272.1052 [M+H]" C16H1604 272.1049 249; 287 +
295.095 272.1053 [M+Na]* Ci6H1604 N/D +
567.201 272.1057 [2M + Na]*t C16H1604 N/D +

10.163 319.082 318.0742 [M+H]" C16H1407 318.074 238; 267; 305; 392 +
341.064 318.0746 [M+Na]*™ C16H1407 318.074 N/D +

Da: Dalton, M: molecular mass; m/z: experimental mass without ion amendment; UV: ultraviolet absorption.

2 ESI Mode is either positive (+) or negative (—).

(De Leon and Borges, 2020). In this model, 6-OHDA increased
TBARS-MDA by 1.43-fold (Fig. 2A, Table S2). Fractions 3, 4, 6 and 7
reduced TBARS-MDA levels by 0.21-, 0.28-, 0.22- and 0.15-fold,
respectively (Fig. 2A). Fraction 4 exhibited the most significant reduc-
tion in TBARS-MDA, potentially attributed to the ability of the identified
coumarin and isocoumarin derivatives to mitigate lipid peroxides (Di
Stasi, 2021). No antioxidative studies appear to be available for
P. virgata, however, P. tenuifolia has presented with lipid peroxide
reduction (Shi et al., 2010). Fractions 5 to 7 predominantly contain
xanthones as the main phytochemical class, with variations in activity
among these fractions likely attributed to ratiometric differences in their
associated phytochemicals, which influence their reducing potential.
Both xanthones and flavans exhibit distinct antioxidative properties
(Panda et al., 2013). The activity of xanthones is strongly influenced by
their substituents, with tetra- and trihydroxy xanthones exhibiting
greater antioxidant potency than dihydroxy xanthones. Within the
dihydroxy framework, the presence of a catechol ring is considered a
crucial structural feature (Santos et al., 2010). The proposed mechanism
of action involves hydroxyl groups scavenging OH@ radicals, thereby

reducing TBARS-MDA formation (Shi et al., 2013).

3.4.2. Reactive oxygen species

After 48 h, 6-OHDA increased ROS concentration 3.44-fold, with a
2,4-fold increase compared to the negative control (Table S3). Whilst F4
reduced intracellular ROS levels significantly (p < 0.05) by the largest
margin (2.09-fold) (Fig. 2B), F3, F5, F6 and F7 had comparable re-
ductions. Coumarins with hydroxyl groups in the ortho position on ring
A exhibit strong ROS-scavenging activity, like the catechol moieties
previously observed (Filipsky et al., 2015). While haworforbin B has a
single hydroxyl substituent, saccharonol A contains two hydroxyl groups
in a meta configuration. These structural variations may explain the
pronounced ROS reduction observed for F4, as their conformations
could enhance the activation or induction of antioxidant enzymes (Fil-
ipsky et al., 2015). Although the same coumarins were identified in F7,
differences in their concentration or ratio may have contributed to the
variation in activity.
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Fig. 2. Effect of fractions of P. virgata on (A) TBARS-MDA conjugate concentrations, (B) reactive oxygen species (ROS) levels, (C) glutathione (GSH) concentration,
and (D) mitochondrial activity, expressed as fold change or percentage relative to the negative control (NC; 10% FCS-supplemented media) + SEM after 48 h
exposure (n = 8-9), with 6-OHDA as the oxidative stress inducer and positive controls including potassium persulphate (500 uM) in (A), (B), and (D), and n-eth-
ylmaleimide (10 pM) in (C), where significance is against 6-OHDA (*p < 0.05, **p < 0.01, ****p < 0.0001).

3.4.3. Glutathione depletion

6-Hydroxydopamine reduced available GSH by 48% compared to the
negative control. Fraction 6 increased GSH levels by 19.25%
(Fig. 2C-Table S4), surpassing the activity of other fractions and indi-
cating a strong antioxidant response, likely driven by its identified fla-
vonoids, xanthones, and coumarins. Flavonoids and polyphenols have
been shown to upregulate genes involved in GSH production (Moskaug
et al., 2005). In contrast, F5 exhibited the lowest GSH recovery, with a
1.34% increase compared to 6-OHDA, despite containing xanthones,
which are typically associated with antioxidant activity (Oriola and Kar,
2024). This limited effect may be attributed to poor passive perme-
ability, reduced cellular uptake, or minimal direct influence on intra-
cellular redox balance (Sypniewski et al., 2018).

As 6-OHDA induces oxidative stress, cells initially respond by
increasing GSH levels to counteract the resulting oxidative products.
Evidence suggests a rise in glutathione disulfide (GSSH) concentration,
shifting the GSSH/GSH ratio in favour of oxidative products (Griffith,
1999), which the assay is unable to distinguish. However, a reduction in

endpoint GSH levels has been observed in SH-SY5Y cells following 48 h
of 6-OHDA exposure (Lepule, 2017; Tirmenstein et al., 2005).

3.4.4. Mitochondrial integrity

Exposure to 6-OHDA results in a significant increase in the ratio of
healthy mitochondria to cell density (1.66), which is indicative of
mitochondrial dysfunction and elevated oxidative stress. All fractions of
P. virgata significantly (p < 0.001) reduced this ratio compared to the 6-
OHDA control group (Fig. 2D-Table S5). This indicates that while these
fractions increased cell density, the number of actively respiring mito-
chondria did not increase proportionally. Notably, F4, F5, and F6 of
P. virgata exhibited significant reductions in the ratio of active mito-
chondria to cell density, suggesting that these fractions may counteract
the cytotoxic effects of 6-OHDA without promoting mitochondrial
biogenesis.

Mitochondrial membrane integrity and potential are compromised
by 6-OHDA as early as 2 h post-incubation, with losses of 20% and 35%
observed at concentrations of 50 pM and 23.5 pM, respectively (Lepule,
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Table 4
Physicochemical characteristics for the compounds identified in fractions 3 to 7 of Polygala virgata.
Compound” MW TPSA CLogP  ESOLclass  Gla BBBp
Fraction 3
6-0 -(4-hydroxy-3-methoxy-e-cinnamoyl) 518.47 225.06 -1.8 Very Low No
soluble
3'-0-(4-hydroxy-3-methoxy-e-cinnamoyl) 518.47 225.06 -1.7 Very Low No
soluble
1'-0-(4-hydroxy-3-methoxy-e-cinnamoyl) 518.47 225.06 —1.77  Very Low No
soluble
Fraction 4
2-[[6-hydroxy-8-(4-hydroxy-3-methoxyphenyl)-6,7-bis(hydroxymethyl)-1,3-dimethoxy-7,8-dihydro-5h- 568.57 207.99 —0.23  Soluble Low No
naphthalen-2-yl]oxy]-6-(hydroxymethyl)oxane-3,4,5-triol
6-0--d-glucopyranoside-6,8-dihydroxy-3,7-dimethylisocoumarin 368.34  149.82 0.31 Soluble Low No
6-0-(4-0-methyl-p-d-glucopyranoside)-6,8-dihydroxy-3-methylisocoumarin 368.34  138.82 0.36  Soluble Low No
Fraction 5
6,8-dihydroxy-3,7-dimethyl-1h-2-benzopyran-1-one (6-o-p-d-glucopyranoside derivative) 368.34  149.82 0.31 Soluble Low No
7-hydroxy-6-(2-hydroxyethyl)-2h-1-benzopyran-2-one (2'-o-p-d-glucopyranoside derivative) 368.34 149.82 -0.22  Very Low No
soluble
1,2,8-trihydroxy-5-methoxy-3-methylxanthone 288.25 100.13 2.13  Soluble High No
3,5-dihydroxy-1,2-dimethoxyxanthone 288.25 89.13 1.93  Soluble High No
1,5-dihydroxy-2,3-dimethoxyxanthone 288.25 89.13 2.06  Soluble High  No
3,7-dihydroxy-1,2-dimethoxyxanthone 288.25 89.13 1.91 Soluble High No
1,5-dihydroxy-2,7-dimethoxyxanthone 288.25 89.13 2.08  Soluble High  No
1,5-dihydroxy-2,3-dimethoxyxanthone 288.25 89.13 2.06  Soluble High No
1,3-dihydroxy-2,4,7-trimethoxyxanthone 318.28 98.36 2.09  Soluble High No
3,8-dihydroxy-1,2,7-trimethoxyxanthone 318.28 98.36 2.07 Soluble High No
7,8-dihydroxy-1,2,3-trimethoxyxanthone 318.28 98.36 2.1 Soluble High No
1,8-dihydroxy-2,3,5-trimethoxyxanthone 318.28 98.36 2.13  Soluble High No
4',7-dihydroxy-3'-methoxyflavan 272.3 58.92 2.64 Soluble High  Yes
3',4'-dihydroxy-7-methoxyflavan 272.3 58.92 2.65  Soluble High  Yes
2',7-dihydroxy-4'-methoxyisoflavan 272.3 58.92 2.56  Soluble High  Yes
2',4'-dihydroxy-7-methoxyisoflavan 272.3 58.92 2.56  Soluble High  Yes
Fraction 6
3,6-dihydroxy-1,2,7-trimethoxyxanthone 318.28 98.36 1.96  Soluble High No
3,8-dihydroxy-1,2,6-trimethoxyxanthone 318.28 98.36 2.11 Soluble High No
1,3-dihydroxy-2,4,7-trimethoxyxanthone 318.28 98.36 2.09 Soluble High No
1,8-dihydroxy-2,3,5-trimethoxyxanthone 318.28 98.36 2.13  Soluble High No
2',3',4,4'-tetrahydroxy-6,7-methylenedioxyisoflavan 318.28 108.61 1.3 Soluble High No
2,3-dihydro-2-(2-hydroxy-3,5-dimethoxyphenyl)benzofuran 272.3 47.92 2.76  Soluble High  Yes
4',7-dihydroxy-3'-methoxyflavan 272.3 58.92 2.64  Soluble High  Yes
3',4'-dihydroxy-7-methoxyflavan 272.3 58.92 2.65  Soluble High  Yes

BBBp: Blood brain barrier permeation; CLogP: consensus LogP; ESOL: estimated solubility; Gla: gastrointestinal absorption; MW: molecular weight, TPSA: topological

surface area.
@ Fraction 7 presented with the same compounds as fractions 5 and 6.

2017; Tirmenstein et al., 2005). Furthermore, 6-OHDA has been shown
to promote cytochrome C (Cyt ¢) release and reversibly inhibit complex I
(NADH dehydrogenase) in the electron transport chain (Glinka and
Youdim, 1995). Additionally, there are indications of a decline in total
ATP production following 6-OHDA exposure (Simoes et al., 2022).

3.5. Physicochemical properties of selected fractions

The flavan-based compounds identified in fractions F4 to F7 may be
able to cross the BBB due to their physicochemical properties, particu-
larly their lower TPSA compared to xanthone structures. The calculated
CLogP values for these compounds, ranging from 0 to 3 (Table 4),
further support their favourable balance between aqueous solubility and
lipid membrane permeability. These characteristics make flavan scaf-
folds promising candidates for CNS-targeted drug development. While
minor differences in the substitution patterns on the rings can signifi-
cantly influence a compound's pharmacokinetic properties, such as
solubility, stability, and interactions with target proteins or receptors,
the core scaffold offers substantial potential for structural modification
with various substituents. The findings from this study suggest that
fractions F5, F6, and F7 may be the most promising due to the potential
BBBp of the isoflavans, along with their strong ROS reduction and GSH-
enhancing effects.
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4. Conclusion

This study is the first to report the neuroprotective properties of
P. virgata. The crude extract and fractions of P. virgata demonstrated
varying degrees of cytoprotection in the SH-SY5Y model of 6-OHDA-
induced cell death, with different mechanisms contributing to their
anti-ferroptotic effects. Although no iron chelation was observed in
acellular assays, some fractions exhibited FRAP activity, highlighting
the importance of the solvent system used. All fractions increased cell
density following 6-OHDA pre-treatment. Fractions 3 to F7 reduced
oxidative stress, with F4 being the most effective at lowering ROS and
TBARS-MDA levels, despite its limited impact on GSH recovery. Fraction
6 exerted cytoprotection by scavenging lipid peroxides and reducing
ROS, accompanied by an increase in GSH levels, though it did not
normalize the mitochondria-to-cell density ratio, suggesting it stabilized
existing mitochondria rather than promoting mitochondrial restoration.

The presence of soluble, non-BBB-permeable glycosylated com-
pounds in F4 may explain its strong ROS reduction without an increase
in GSH, due to limited membrane penetration. In contrast, BBB-
permeable xanthones in F5 to F7 suggest their potential for neuro-
protection in Parkinson's disease (PD). The observed increase in cell
density, coupled with the absence of unpolarized mitochondria, suggests
mitochondrial hyperpolarisation. Reduced cytoplasmic ROS may
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stabilise mitochondrial membrane potential, potentially alleviating
complex I inhibition by 6-OHDA or associated ROS.

Fractions from P. virgata exhibited a broad range of activities, with
notable ratiometric differences in the compounds tentatively identified
in F5 to F7. Further investigation, particularly in combination, may
reveal synergistic effects between individual compounds. Assays to
further elucidate effects may focus on biological pathways affected by
ferroptosis, which includes GPx4 expression, iron metabolism, and
adenosine triphosphate depletion. Furthermore, synergistic properties
with known PD therapies may infer potential additional cytoprotective
properties, or may include other compounds that have been identified as
disease modifying. The SwissADME profile supports their pharmacoki-
netic potential, making them promising candidates for PD treatment.
The results in this study also shows the potential for the Polygala genus
as novel neuroprotective scaffolds.
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