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Abstract: Synucleinopathies, typified by Parkinson’s disease (PD), entail the accumulation of α-
synuclein (αSyn) aggregates in nerve cells. Various αSyn mutants, including the αSyn A53T variant
linked to early-onset PD, increase the propensity for αSyn aggregate formation. In addition to
disrupting protein homeostasis and inducing proteostatic stress, the aggregation of αSyn in PD is
associated with an imbalance in iron metabolism, which increases the generation of reactive oxygen
species and causes oxidative stress. This study explored the impact of αSyn A53T expression in
transgenic hairy roots of four medicinal plants (Lobelia cardinalis, Artemisia annua, Salvia miltiorrhiza,
and Polygonum multiflorum). In all tested plants, αSyn A53T expression triggered proteotoxic stress
and perturbed iron homeostasis, mirroring the molecular profile observed in human and animal
nerve cells. In addition to the common eukaryotic defense mechanisms against proteostatic and
oxidative stresses, a plant stress response generally includes the biosynthesis of a diverse set of
protective secondary metabolites. Therefore, the hairy root cultures expressing αSyn A53T offer a
platform for identifying secondary metabolites that can ameliorate the effects of αSyn, thereby aiding
in the development of possible PD treatments and/or treatments of synucleinopathies.

Keywords: α-synuclein; Lobelia cardinalis; Polygonum multiflorum; Artemisia annua; Salvia miltiorrhiza;
proteostasis; iron homeostasis; synucleinopathy models

1. Introduction

α-synuclein (αSyn) is a soluble protein highly expressed in the central nervous system,
comprising approximately 1% of neuronal cytoplasmic protein [1]. Its exact function is not
fully understood, but it is notably enriched in presynaptic regions where it interacts with
vesicles and membranes [2]. In humans, the SNCA gene encodes αSyn, a 140-amino-acid
intrinsically disordered protein, a protein that lacks a stable three-dimensional structure in
its native form and can adopt various shapes depending on its environment and interactions
with other molecules [3,4].

αSyn gained significant attention due to its association with neurodegenerative disor-
ders, particularly Parkinson’s disease (PD) [2]. Beyond PD, αSyn pathology is also impli-
cated in other neurodegenerative disorders collectively referred to as synucleinopathies,
which include dementia with Lewy bodies (DLB) and multiple system atrophy (MSA). In
PD, αSyn undergoes a process of misfolding and aggregation, forming insoluble protein
aggregates (Lewy bodies), a hallmark pathological feature of the disease. It is believed
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that these aggregated forms of αSyn disrupt normal cellular processes and contribute to
the degeneration of dopamine-producing neurons in the brain, leading to the motor and
non-motor symptoms characteristic of PD. While the majority of PD cases are sporadic (ap-
proximately 85%), there are rare familial forms associated with the αSyn-encoding SNCA
gene [5]. One group of familial forms involves mutations in SNCA. The first discovered
mutation, found in several Italian and Greek families, leads to the formation of the αSyn
A53T (αSyn-A53T) variant, known for its increased aggregation propensity compared to
normal αSyn [6,7]. The second group of familial PD forms connects SNCA to PD through
an alternative mechanism, namely triplications of the SNCA locus that lead to increased
accumulation and aggregation of αSyn [8].

Both (over)expression and mutations of an intrinsically disordered protein such as
αSyn can lead to alterations in protein aggregation pattern, which challenges cellular
protein homeostasis (proteostasis) and often causes proteotoxic stress [9,10]. All eukary-
otes possess three integrated but distinct subsystems for combating proteotoxic stress:
chaperones and two protein degradation systems (the ubiquitin/proteasome system and
autophagy) [10,11]. The first line of defense against the aggregation of improperly folded
and unfolded proteins is the chaperones, most of which belong to the heat shock protein
(Hsp) family and are subclassified based on the mass of their monomeric subunits (e.g.,
Hsp70 family and the Hsp20 family) [11]. If the chaperone system is overwhelmed by
the amount of damaged or misfolded proteins, these aberrant proteins are directed to
the ubiquitin/proteasome system (UPS) or autophagy for degradation [12,13]. Both UPS-
dependent and autophagy-dependent degradation of αSyn have been described in animal
models [14,15].

In addition to the proteostatic stress, the aggregation of αSyn is linked to the dys-
regulation of iron metabolism, which is believed to contribute to or enhance the disease
syndrome [16,17]. Two hallmarks of iron dysregulation in PD are elevated iron content and
reduced ferritin levels [16,18]. Ferritins are iron storage proteins present in all biological
kingdoms. Although an amino acid sequence comparison of ferritin subunits revealed that
plant and animal ferritins have evolved from a common ancestor gene, there are two major
differences between plant and animal ferritins [19,20]. The first difference concerns their
subcellular localization: whereas ferritins are mostly cytosolic soluble proteins in animal
cells, they are mainly found in the stroma of various plastids in plants [19,20]. The second
difference between plant and animal ferritins concerns the regulation of their synthesis in
response to excess iron: whereas this regulation occurs mainly at the translational level in
animals, the regulation is transcriptional in plants [21]. Additionally, the expression of plant
ferritin is not modulated only by iron surplus, but it is also regulated by oxidative stress,
drought, cold, light intensity, and pathogen attack [22]. This has led to the suggestion that
plant ferritins primarily function to sequester iron, hindering the initiation of cascading
redox reactions rather than storing iron for future metabolic use [22]. This hypothesis
is supported by the finding that, in plants, the rapid increase in ferritin transcript levels
induced by iron excess can be counteracted by antioxidants [23].

Due to its crucial involvement in some neurodegenerative diseases, αSyn has become
a primary focus of research aimed at devising strategies to hinder its aggregation or alle-
viate its adverse cellular effects. A promising avenue involves the identification of small
molecules with anti-αSyn aggregation or stress-alleviating properties. Currently, a number
of small-molecule inhibitors of αSyn aggregation from synthetic sources have been discov-
ered, mostly through high-throughput screening strategies (e.g., [24–26]). However, plants
offer another screening palette for the identification of aggregation inhibitors, expanding
the potential pool of compounds that may hold therapeutic promise. In plants, defense
against cell-damaging agents is commonly accomplished through the synthesis of diverse
small bioactive molecules, collectively known as secondary metabolites [27–29]. These
secondary metabolites, often specific to particular taxonomic groups, play a crucial role in
protecting plants from various biotic and abiotic stressors, rather than directly participating
in plant growth, development, and reproduction [30].
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Hence, while both plants and animals have proteostatic and iron homeostasis regula-
tory mechanisms, plants uniquely possess the ability to synthesize intricate molecules as a
defense against cytotoxic stimuli, such as the aggregation of intrinsically disordered pro-
teins. Given that, we hypothesized that if the expression of the human αSyn-A53T protein
in plant cells triggers both proteostatic defense mechanisms and alters iron homeostasis,
then it is likely to trigger the synthesis of species-specific secondary metabolites that aid in
defending cells against αSyn-induced dysregulation of cellular homeostasis. Our findings
in four medicinal plants with documented neuroprotective effects—Lobelia cardinalis, Poly-
gonum multiflorum, Artemisia annua, and Salvia miltiorrhiza [31–36]—confirm that αSyn-A53T
expression indeed leads to proteostatic stress and iron homeostasis dysregulation. Thus,
this approach yields plant models with a molecular signature of synucleinopathies, which
may enable the discovery of novel neuroprotective natural products and/or the develop-
ment of plant-based bioassays for potentially identifying drugs for treating or altering the
progression of synucleinopathies.

2. Materials and Methods
2.1. Plant Materials

L. cardinalis, A. annua, and S. miltiorrhiza seeds were surface sterilized with 4% PPMTM

(Plant Cell Technology, Washington, DC, USA) for ~16 h with constant agitation (180 rpm),
followed by three rinses with sterile water. Seeds were cold–moist stratified for 14 days
with 1 µM gibberellin A3 (GA3; Sigma-Aldrich, St. Louis, MO, USA) and sown on plates
with Murashige and Skoog medium (MS, pH 5.7; [37]; Phytotech, Lenexa, KS, USA) supple-
mented with 3% sucrose and solidified with Gelrite (0.3%). Seedlings grown in controlled
environmental growth chambers at 24 ◦C under a 16 h light/8 h dark photoperiod at
80 µmol m−2 s−1 were used for transformation. P. multiflorum seeds, procured from diverse
sources, yielded seedlings with inconsistent and widely varied leaf and stem morphologies,
leading to a general lack of trust in their authenticity. Instead, we obtained seedlings from
Stricly Medicinal Seeds (https://strictlymedicinalseeds.com/; accessed on 17 May 2024).
The supplied plants were vines with a stem twining from right to left and an alternate ar-
rangement of cuneate leaves, which are gross morphological characteristics of P. multiflorum
plants [38]. Seedlings were transplanted into 6.5-inch pots and kept in a control environ-
mental chamber under continuous light (22 ◦C and a light intensity of 80 µmol m−2 s−1).
Prior to transformation, young and mature leaves were harvested, washed in running tap
water for 30 min, and surface sterilized by immersion in 70% ethanol (5 min) followed by a
30 min long incubation in 30% commercial bleach.

2.2. Genetic Construct

To generate human αSyn-A53T expression hairy root lines, a full-length hSNCA
cDNA clone (based on NM_000345) was synthesized by GeneArt™ Services (Thermo
Fisher Scientific, Cincinnati, OH, USA) and recombined by BP reaction into the pDONR221
vector. The cDNA was then transferred from the resulting pENTR-SNCA mutant clone into
the pEarleyGate100 binary vector by LR reaction using the Gateway protocols (Thermo
Fisher Scientific). pEarleyGate100 carries a Basta (DL-Phosphinothricin or glufosinate-
ammonium; Phytotech) resistance gene for selection of transformants [39]. The resulting
construct and the empty pEarleyGate100 binary vector were introduced into Agrobacterium
rhizogenes strain R1000 using the heat-shock protocol optimized to reduce the generation of
antibiotic-resistant A. rhizogenes clones [40].

2.3. Generation of Transgenic Hairy Root (HR) Lines

L. cardinalis, A. annua, and S. miltiorrhiza were transformed following the same protocol.
In brief, leaves and cotyledons of two-month-old seedlings were excised, cut into 0.25 cm2

pieces, and used as explants for the transformation. A. rhizogenes strains containing the
empty binary vector or pEarelyGate100-hSNCA A53T construct were grown for 48 h in LB
medium supplemented with kanamycin at 28 ◦C and 180 rpm. The freshly cut explants were

https://strictlymedicinalseeds.com/
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submerged into a bacterial suspension that contained 100 µM acetosyringone (Sigma) and
incubated for 20 min. The excess bacteria suspension was removed by blotting onto sterile
Whatman filter paper. The explants were then transferred to the MS media and incubated
in darkness for 3 days. After solid-media co-culture with A. rhizogenes, explants were rinsed
with sterile water, blotted dry and transferred onto hormone-free transformation media
(MS solidified with 0.3% Gelrite supplemented with 3% sucrose, 500 mg/L cefotaxime (TCI)
and 40 mg/L Basta). The explants were kept in controlled environmental growth chambers
at 24 ◦C in the dark. HRs were excised from the explants, transferred to MS plates with
cefotaxime and Basta, and sub-cultured every three weeks onto plates with a halved dose
of the antibiotic.

Although previous studies reported protocols for the transformation of P. multiflo-
rum (e.g., [41]), we could not obtain transgenic roots even after extensive adjustments of
most of the variables. Instead, we used sonication-assisted Agrobacterium transformation
(SAAT), an approach used when there is a need to increase the efficiency of transforma-
tion in low-susceptibility or non-susceptible plant species [42–44]. SAAT transformation
was performed using leaf discs of sterilized, in vitro grown plants following a published
protocol [45]. In brief, the sterilized tissue was sonicated for 5, 10, or 20 s in 15 mL of D40
medium (MS salts, B5 vitamins, 40 mg/L 2,4-D, 6% sucrose; pH 7.0), in which A. rhizogenes
strains were diluted to the OD600 of 0.2. The leaf tissue (unwashed) was transferred to
D40 media without antibiotics for a two-day-long solid-media co-cultivation in the dark.
Explants were then transferred to D40 media 500 mg/L cefotaxime and kept in the growth
chamber. Three weeks after infection, leaf discs sonicated for 20 s and maintained in low
light on MS media with cefotaxime started developing HRs. HRs were excised from the
explants, transferred to MS plates with cefotaxime, and sub-cultured every three weeks
onto plates with a halved dose of the antibiotic.

2.4. Anthocyanin Measurements

For anthocyanin extraction, root tips of approximately 5 mm in length were removed,
weighed, placed in acidic methanol, and kept at 4 ◦C in the dark with regular agitation,
following an established procedure [46]. Anthocyanin levels were quantified using a
Nanodrop 2000 (Thermo Fisher Scientific). Each HR sample was measured in six replicates,
and a minimum of five roots per line were tested.

2.5. Treatments

To test the relative importance of the UPS and autophagy in the degradation of αSyn-
A53T in the HR OEX lines, apical parts of HRs were excised and treated with either DMSO
(control), MG132 (100 µM; [47]; Enzo, Farigdale, NY, USA), or the autophagy inhibitor
wortmannin (10 µM; [48]; Enzo). After a 24 h long incubation, DMSO-treated, MG132-
treated, and wortmannin-treated HRs were blotted dry, snap-frozen, and used for protein
extraction and immunoblotting analyses as described [49]. To assess the effects of short-
term iron treatments, we treated HR cultures with a 20 mM aqueous solution of iron(II)
ammonium sulfate for 2 h at room temperature. Samples were then blotted dry, snap-frozen,
and used for protein extraction.

2.6. Immunoblotting Analyses

For protein extraction, HR segments were weighed, and approximately 100 mg per
sample was transferred to tubes with zirconium beads and frozen in liquid nitrogen. Five
volumes of 2X Laemmli sample buffer were added to each sample, and tissues were dis-
rupted in a BeadBug bead beater (MidSci, Feton, MO, USA) for a total of 4 min at 3000 rpm.
Samples were spun for 10 s, heat denatured at 95 ◦C, and centrifuged at room temperature
for 15 min at maximum speed. After the debris was pelleted, proteins were separated
on 4–20% SDS-PAGE gels (Bio-Rad, Hercules, CA, USA) and transferred to nitrocellulose
membranes. Membranes were blocked using 10% fat-free milk and incubated with primary
antibodies diluted in PBS containing 0.2% Tween-20 (PBST). Primary antibodies used were
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anti-αSyn antibody raised against the full-length recombinant protein with the epitope
mapped to amino acids 118–123 (1:10,000 dilution; abcam ab138501; Abcam, Bosto, MA,
USA), anti-Hsp17.6 (1:5000 dilution; Agrisera Product No. AS07 254; Agrisera, Reveljgränd
4, 903 47 Umeå, Sweden), anti-Hsp17.6 (1:1000; Agrisera AS07 254), anti-Hsp70 (1:5000;
Agrisera AS08 371), anti-glutamine synthase (GS) (1:1000, Agrisera AS01 018), anti-alpha-
tubulin (TUA) (1;10,000; Millipore-Sigma T5168: Burligton, MA, USA), anti-NBR1 (1:1000,
Agrisera AS14 2805), anti-polyubiquitin (Ub) (1:1000, Santa Cruz Biotechnology sc-58448;
Santa Cruz, CA, USA), anti-ferritin (1:1000, Agrisera AS15 2898), and anti-FIT (1:1000, Phy-
toAB, PHY0939A; San Jose, CA, USA). Secondary antibodies used were goat anti-mouse
IgG-HRP (Santa Cruz Biotechnology, 1:1000 dilution) and goat anti-rabbit IgG-HRP (Santa
Cruz Biotechnology, 1:1000). Immunoblots were developed using SuperSignal West Femto
substrate (Thermo-Pierce, Rockford, IL, USA) using a ChemiDoc XRS molecular imager
and quantified using Quantity One® software Version 4.5 (Bio-Rad) or ImageJ Version 1.53r
(https://imagej.net/ij/).

2.7. Ferric Chelate Reductase (FCR) Activity Measurements

HR cultures passaged onto fresh media and cultivated in light for three weeks were
used as a source of root apical segments. Tissue was rinsed with distilled water, blotted dry,
weighed, and used for the ferric chelate reduction assay following a described protocol [50].
In brief, root segments were immersed into 1 mL of the assay solution (0.1 mM Fe-EDTA,
0.3 mM FerroZine; both from Sigma-Aldrich, St. Louis, MO, USA) and incubated in the
dark for 25 min at 24 ◦C. The absorbance of the assay solution was then measured at 526 nm
and normalized to root weight.

2.8. Experimental Procedure Overview and Statistical Analyses

An overview of our approach is illustrated in Figure 1. Descriptive statistics, plotting,
and hypothesis testing were performed using Prism 9.3 (GraphPad Software Inc., La Jolla,
CA, USA). All data are presented as mean ± SD. The statistical tests used to analyze the
data, the size of tested sample sets, and the number of biological replicates are stated in the
Section 3 or figure legends.
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3. Results and Discussion
3.1. Growth Patterns of the Hairy Root (HR) Cultures

HR cultures were generated with varying levels of difficulty and exhibited distinct
morphologies among the different plant species. L. cardinalis, A. annua, and S. miltiorrhiza
were easily transformed using the basic HR generation protocols. P. multiflorum proved
to be more recalcitrant, and HR cultures were obtained only after the SAAT protocol was
used (see Section 2).

HR lines derived from L. cardinalis, A. annua, S. miltiorrhiza, and P. multiflorum had
unique morphologies (Figure 2A), and with the exception of L. cardinalis HR lines (see
Section 3.2), vector control and αSyn-A53T expression lines of each species did not visibly
differ. L. cardinalis HR cultures were most prolific, were green or purple, and had less
pronounced root hairs compared to HR cultures of the other species. The root tips of A.
annua HRs were white with pronounced root hairs, whereas the older parts accumulated
polyphenols (i.e., became darker) and thickened with prolonged cultivation. S. miltiorrhiza
was morphologically similar to A. annua with the exception that fewer polyphenols accu-
mulated in older cultures and fewer polyphenols were released into the growth media
with prolonged cultivation (Figure 2B). P. multiflorum-derived HRs had a distinct pale root
growth zone with a profusion of long root hairs. Older parts of the P. multiflorum-derived
HRs did not thicken but rather accumulated dark pigments and necrotized. Extended
cultivation on MS media proved detrimental, leading to the transformation of these HRs
into calli. Of all the HR lines, the P. multiflorum lines were particularly difficult to work
with. The scarcity of root branching, the stunted lateral root growth, and the fragile, brown,
and brittle nature of mature roots, which were susceptible to calli formation, constrained
the quantity of tissues accessible for analysis (Figure S1 in Supplementary Materials).
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Figure 2. Basic growth patterns of generated HR cultures. (A) Representative photographs of root
tips of cultures passaged onto MS media and grown for three months. (B) Image of S. miltior-
rhiza root tip region emphasizing the accumulation of dark pigments in the root cap (arrowheads).
(C) Representative root tip regions of the L. cardinalis vector control (VC) and two αSyn-A53T expres-
sion (EX) lines, illustrating the difference in the accumulation patterns of anthocyanins. Arrowhead
points to the region accumulating the anthocyanins in EX1 line. (D) Anthocyanin accumulation in L.
cardinalis VC and two αSyn-A53T EX lines is presented as absorbance at 530 nm (A530) per milligram
fresh weight. Data are expressed as mean ± SD (n ≥ 20; significance of the difference calculated with
one-way ANOVA with Tukey’s post-test is indicated).
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3.2. Expression of αSyn-A53T in L. cardinalis HRs Leads to Proteostasis Dysregulation

L. cardinalis HR cultures, being the most prolific and least susceptible to tissue necrosis,
were selected for comprehensive analyses of the effects of αSyn-A53T expression. Among
L. cardinalis transgenic HR lines, we noted variations in color and selected two of these vari-
able lines, αSyn-A53T expressors #1 and #2 (EX #1 and #2), for further analyses (Figure 2C).
Given that anthocyanins are the most prevalent purple pigment in plants [51], we measured
the total anthocyanin content in these two lines and confirmed that the purple-colored HR
line was indeed an anthocyanin hyperaccumulator (Figure 2D). Immunoblotting analyses
utilizing anti-αSyn antibodies validated the expression of αSyn-A53T in both lines and
demonstrated that the detectable form of αSyn-A53T was predominantly the monomeric
variant (Figures 3 and 4A). Notably, the HR line with high anthocyanin levels expressed
αSyn-A53T monomer at a higher level (~2-fold) compared to the line with lower antho-
cyanin content.
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Figure 3. Expression of αSyn-A53T in L. cardinalis HRs leads to proteostatic stress. Representative
immunoblots illustrating the levels of αSyn-A53T monomer, small heat shock proteins (Hsp17.6 and
Hsp17.7), and Hsp70 in the vector control (VC) and expression lines (EX) #1 and #2. Apical regions of
the HRs grown on fresh media for three weeks were excised, weighed, and used for protein isolation
and immunoblotting. Glutamine synthase (GS) is shown as a loading control.

The overexpression of αSyn and the disruption of proteostasis are closely connected
processes in neurodegenerative diseases, such as PD [52]. Since proteostasis mechanisms are
operational in all eukaryotes [9,10], we posited that expressing αSyn-A53T in plants would
also induce proteostatic stress. To assess this, we compared the levels of various components
of the proteostasis maintenance systems in the control and αSyn-A53T-expressing HR lines
(Figure 3). Beginning with the chaperones, we tested the levels of Hsp17.6 and Hsp17.7,
two members of the small Hsps belonging to the Hsp20 subfamily [53,54]. In L. cardinalis
HR cultures, the Hsp17.6 antiserum detected multiple proteins and revealed that the
abundance of the lowest molecular weight isoform was markedly increased in αSyn-A53T-
expressing HR lines when compared to the vector control (3.4 ± 0.3- and 2.5 ± 0.2-fold
increase in EX #1 and EX #2 lines). Interestingly, the abundance of different Hsp17.6
isoforms differed between the higher (EX #2) and lower (EX #1) αSyn-A53T-expressing HR
lines. As small Hsps interact with partially folded proteins to stabilize them and prevent
aggregation [53,54], the increase in total Hsp17.6 levels within αSyn-A53T HR lines implies
heightened proteostatic stress. Additionally, the line-specific variations in Hsp17.6 levels
appear to reflect the stress intensity, with the highest αSyn-A53T-expressing line likely
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invoking defensive mechanisms beyond small Hsps. Interestingly, small Hsps were shown
to exhibit a notable impact on αSyn aggregation, positioning them as promising candidates
for synucleinopathy therapeutics [55]. For example, human Hsp27 has shown promise
in alleviating αSyn-induced neurotoxicity in cell cultures, displaying higher effectiveness
in combating αSyn aggregation compared to other Hsps (e.g., Hsp70) [55]. Our findings
indicate that the involvement of small Hsps in combating αSyn overaccumulation is
evolutionarily conserved.
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autophagy receptor NBR1, poly-ubiquitinated proteins (poly-Ub), and αSyn-A53T in the vector
control (VC) and the αSyn-A53T EX #2 line. Apical regions of the HRs grown on the fresh media for
three weeks were excised, incubated in DMSO control (C), MG132 (MG, 100 µM), or wortmannin
(Wort, 10 µM) for 24 h, and then used for immunoblotting. Membranes were probed with anti-
glutamine synthase (GS) antibodies as a loading control. Exp1 and Exp2 refer to a shorter and longer
exposure of the immunoblot. (B) Quantification of signal intensity of αSyn-A53T monomers. The
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We next compared the abundance of Hsp17.7 between control and EX lines. The anti-
Hsp17.7 antibody recognized two proteins in L. cardinalis HR, with the higher-molecular-
weight species aligning with the predicted molecular weight (Figure 3). Notably, Hsp17.7
levels were increased in the low-level αSyn-A53T-expressing line and significantly reduced
in the high-level αSyn-A53T-expressing HR line. This expression profile reinforces our
conclusion that while a lower level of αSyn-A53T expression already triggers proteostatic
stress, the increase in transgenic protein load necessitates the recruitment of proteostatic
mechanisms that act beyond the stabilization of partially folded proteins.

Next, we tested the levels of Hsp70 (Figure 3). In contrast to Hsp17.6 and Hsp17.7,
which functionally belong to the holdase-type chaperones that interact with partially folded
proteins in an ATP-independent manner, Hsp70s are foldase-type chaperones that facilitate
the folding of protein intermediates to their native folded state in an ATP-dependent
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manner [56,57]. The rise in the Hsp70 level in the higher αSyn-A53T expression line, in
contrast to the control and low-level αSyn-A53T HR line, suggests that energy-dependent
chaperone subsystems needed to be activated in this line.

In summary, the immunoblotting results confirmed that the expression of αSyn-A53T
in HR cultures triggers a dose-dependent induction of proteostatic stress.

3.3. αSyn-A53T Expressed in L. cardinalis HRs Is a Degradation Target of the UPS

In animal models, both UPS-dependent and autophagy-dependent degradation path-
ways for αSyn have been documented [14,15]. For example, while some studies employing
a pharmacological proteasome inhibition approach demonstrated αSyn degradation by
the proteasome, others reported no significant accumulation of αSyn or showed that in-
termediate oligomeric forms of αSyn were degraded by the UPS whereas monomer and
higher-order αSyn were not [58–62]. The current belief is, therefore, that the UPS may be
responsible for the degradation of a fraction of αSyn, and the identity and the size of the
αSyn fraction targeted to the proteasome may depend on the experimental system and
conditions [14]. Similarly, both upregulation of autophagic flux and inhibition of autophagy
were described in αSyn-overexpressing cell lines and animal models [15]. Collectively, these
studies show that high levels of wild-type, mutant, and modified αSyn species interfere
with both proteasome-dependent degradation and autophagy, and how these two basic
proteostatic systems are affected depends on several variables (e.g., cell culture type, type
of model organism, experimental conditions) [15].

To test the relative importance of the UPS and autophagy in the degradation of
αSyn-A53T in the HR lines, we treated the L. cardinalis control line and the higher-level
αSyn-A53T-expressing line with 100 µM of the proteasome inhibitor MG132 or 10 µM of
the autophagy inhibitor wortmannin for 24 h (Figure 4). To validate the efficacy of the
treatments, we assessed the levels of NBR1 and polyubiquitinated proteins (Figure 4A).
NBR1 functions as a selective autophagy receptor, directing the NBR1/cargo protein
complex to the autophagy pathway for degradation [63,64]. Inhibition of autophagy is
expected to increase NBR1 levels, which we observed in both control and expression
lines. Next, we examined the levels of polyubiquitinated protein (i.e., proteins covalently
modified with chains of the small protein ubiquitin, which serves as a sorting tag for UPS
degradation as well as for directing some of the aggregated protein cargo for autophagic
processing [12,64]). Inhibiting both the proteasome and autophagy should lead to elevated
polyubiquitinated protein levels, a treatment response observed in both control and αSyn-
A53T lines. However, in the αSyn-A53T line, polyubiquitinated proteins significantly
accumulated without treatment, and the increases induced by MG132 and wortmannin
were insignificant compared to those in the control line (Figure 4A). This suggests that αSyn-
A53T expression increases polyubiquitination rates or decreases the degradation rates of
polyubiquitinated proteins, possibly due to overload in the UPS and autophagic pathways,
both indicative of heightened proteostatic stress. The αSyn-A53T-induced buildup of
polyubiquitinated proteins in plant cells echoes the finding that in PD, Lewy bodies contain
high levels of ubiquitin, similarly indicating increased ubiquitination rates, a decline in the
degradation of ubiquitinated cargo, or both [65].

Analysis of αSyn-A53T levels revealed an increase in monomeric and oligomeric forms
only in response to treatment with the proteasome inhibitor, suggesting the UPS as the
main degradation pathway (Figure 4A,B). There were no significant differences in Hsp17.6
levels between vector control and αSyn-A53T expression HR lines in response to MG132 or
wortmannin (Figure 4C).

3.4. Expression of α-Syn-A53T Results in Disruption of Iron Homeostasis

The levels of the iron-binding protein ferritin are considered a reliable indicator
of iron status in both animals and plants, with elevated ferritin levels associated with
increased iron content [17,21,66]. Ferritin-dependent sequestration of iron is instrumental in
limiting the levels of free reactive iron in cells, thereby preventing iron-mediated oxidative
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stress [19,67]. However, ferritin regulation in PD is atypical. In PD, αSyn aggregation is
linked to an increase in iron content in synaptic neurons, surprisingly accompanied by
ferritin downregulation. This unusual alteration of iron and ferritin levels is believed to
be a significant contributor to the disease, as the resulting rise in oxidative stress further
amplifies αSyn aggregation [16,68].

To investigate the effects of αSyn-A53T expression on iron homeostasis in HRs, we
analyzed the levels of ferritin and the transcription factor FIT. FIT is a key regulator of the
iron uptake system in plant roots as it orchestrates the upregulation of essential iron uptake
genes [22,69,70]. During iron starvation, the expression of FIT increases, and as FIT protein
accumulates, it is actively and continuously degraded by the UPS to prevent iron overload
and its adverse effects [22,69–71]. To determine ferritin and FIT levels in HR cultures, apical
root segments were treated with 20 mM aqueous solution of iron(II) ammonium sulfate for
2 h and used for immunoblotting analyses with anti-ferritin (FER), anti-FIT, and anti-αSyn
antibodies (Figure 5A).
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expressing αSyn-A53T. (A) Representative immunoblots display ferritin (FER), FIT, and αSyn-A53T
levels in vector control (VC) and αSyn-A53T-expressing line #2 (EX #2). HR cultures were treated
with iron(II) ammonium sulfate for 2 h. The levels of glutamine synthase (GS) are shown as the
loading control. A higher-molecular-weight band recognized by Arabidopsis anti-FIT antibodies is
labeled as FIT-R (FIT-related). (B) Ferric chelate reductase (FCR) activity in the apical portions of the
HRs of VC and EX #2 lines. Three separate roots from three different cultures per lane were harvested,
pooled, weighed to normalize the data per fresh weight (in mg), and used for FCR measurements.
The data are presented as mean ± SD (n = 3). The significance of the difference between the control
and the EX line was calculated using a two-tailed unpaired t-test.

Ferritin levels were notably lower in the untreated αSyn-A53T-expressing line com-
pared to the untreated vector control (0.4 ± 0.2 of the control levels; n = 3). Similarly, FIT
levels in untreated HR cultures differed significantly, with the α-Syn A53T-expressing line
showing a lower FIT level compared to the vector control. Given that FIT levels typically
increase in response to iron deficiency, this suggests that αSyn-A53T expression in HR
leads to iron accumulation, consistent with findings in human and animal systems [16]. In
the treated cultures, ferritin levels did not increase in either the control or the αSyn-A53T
expression line, aligning with previous studies indicating that short-term iron treatments
do not significantly impact ferritin expression [72,73]. In contrast, this short-term iron
treatment downregulated the iron-response regulator FIT in both lines, indicating that the
HRs indeed detected a change in intracellular iron levels.
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To explore another facet of iron metabolism in HR lines, we measured the activity
of ferric chelate reductases (FCRs). Despite iron being the second most abundant metal
on Earth, its primary form in the environment is the water-insoluble and metabolically
inactive Fe3+ [74]. One strategy—known as Strategy I—that evolved in plants to allow the
absorption of bioactive and water-soluble ferrous ions depends on ferric chelate reductases
(FCRs). FCRs catalyze the transfer of electrons from cytosolic NADPH to extracellular ferric
ions (Fe3+), generating ferrous ions (Fe2+) which are then transported across the plasma
membrane by specific iron transporters [69,75]. Although no published studies currently
focus on iron uptake and homeostasis in any of the plant species used to generate HR
cultures, we hypothesized that, since all tested species are non-gramineous (and thus do
not acquire iron from soils using the siderophore-based Strategy II [75]), FCR is an essential
component of their iron uptake mechanisms.

Total FCR activity was significantly reduced in the αSyn-A53T-expressing line
(Figure 5B). In Arabidopsis, an FCR isoform named FRO2 is considered the major Fe3+

chelate reductase, and its gene is transcriptionally induced by FIT1 [69,76]. Based on these
data and assuming the existence of homologs of FRO2 and FIT1 in L. cardinalis, the decrease
in FCR activity in the αSyn-A53T line aligns with the observed lower levels of FIT compared
to the vector control.

These findings not only reinforce the conclusion that HRs expressing αSyn-A53T are
valid plant models for synucleinopathy but also suggest that the molecular pathways un-
derlying the associated iron homeostasis dysregulation might be universal across different
biological kingdoms.

3.5. Dysregulation of Proteostasis and Iron Metabolism Is Observed in αSyn-A53T Expression
Lines of Other Plant Species

Proteostatic imbalance and dysregulated iron homeostasis have been consistently
observed across various systems related to αSyn overexpression or the expression of
aggregation-prone αSyn mutant variants, including different animal models, actual Parkin-
son’s disease patient tissues, and L. cardinalis HRs. To assess whether these effects of αSyn
can be extended to plants more broadly, we tested the abundance of Hsp17.6 and ferritin
in HR lines of Artemisia annua, Salvia miltiorrhiza, and Polygonum multiflorum. To do so,
we extracted total proteins from the respective vector control cultures as well as from two
separate αSyn-A53T-expressing lines of each species and conducted immunoblotting anal-
yses (Figure 6). Similar to L. cardinalis, changes in Hsp17.6 and FER levels were observed
in all αSyn-A53T-expressing lines (Figure 6A,B). However, only changes in A. annua HRs
closely resembled those observed in L. cardinalis (a dose-dependent increase in Hsp17.6
and a marked decrease in FER levels). The reduction in FER levels was less pronounced
in both S. miltiorrhiza and P. multiflorum, and the increase in Hsp17.6 in S. miltiorrhiza was
not correlated with the αSyn-A53T expression level. The FCR activity measured in the
apical portions of roots of the vector control and αSyn-A53T expression lines of A. annua
and P. multiflorum followed the same trend observed in L. cardinalis, with the strongest FCR
downregulation observed in A. annua (Figure 6C). However, the FCR level in S. miltiorrhiza
increased in response to αSyn-A53T expression.

We concluded that while the expression of αSyn-A53T in HRs of other tested plant
species also resulted in an imbalance of protein and iron homeostasis, there are species-
specific effects of αSyn-A53T expression. These effects may reflect the biochemical mi-
lieu of the plant cells of different species, determined by the stress defenses offered by
secondary metabolites.
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Figure 6. Effect of αSyn-A53T expression on proteostasis and iron homeostasis markers in A. annua,
S. miltiorrhiza, and P. multiflorum HR cultures. (A) Representative immunoblots illustrating the levels
of the αSyn-A53T monomer and Hsp17.6 in two independent αSyn-A53T expression (EX #1 and #2)
HR cultures of the denoted species. Glutamine synthase (GS) levels are shown as a loading control.
(B) Ferritin (FER) levels in HR cultures of different plant species. Glutamine synthase (GS) levels
are shown as a loading control. (C) Ferric chelate reductase (FCR) activity in the apical portions of
roots of the respective vector controls (VCs) and EX #2 lines of different plant species. Three separate
roots of three different cultures per lane were harvested, pooled, and used for measurements. Data
are presented as mean ± SD (n = 3; significance of the difference between the vector control of each
species and the EX line was calculated using a two-tailed unpaired t-test).

4. Concluding Remarks

A number of homeostatic changes have been observed in mice and other PD models
expressing the human A53T mutant αSyn variant [77]. In mice, for example, the expression
of A53T leads to alterations in dopamine metabolism and neurotransmission, dysregu-
lation of iron homeostasis, impaired proteostasis and protein aggregation, disruption of
mitochondrial function and dynamics, dysfunction in autophagy and lysosomal pathways,
increased reactive oxygen species production, and dysregulation of calcium signaling and
homeostasis [78–88]. While some of these homeostatic alterations are specific to animals,
others involve pathways and mechanisms that are common to eukaryotes in general.

In this study, we discovered two homeostatic imbalances that are common to both
animal and plant synucleinopathy models: proteostatic and iron homeostatic dysregulation.
Although the plant model system presented here does not allow for the investigation of
PD progression at the level of neurodegeneration, it offers opportunities to explore αSyn
toxicity at the proteostasis and iron dysregulation levels, both of which are core components
that trigger the onset of PD.

In animal cells, αSyn exists in an equilibrium between a soluble, intrinsically disor-
dered state and a membrane-bound, partly α-helical state [89]. Soluble monomeric αSyn is
a natively unfolded protein, assuming various conformational states [90]. Under normal
conditions, soluble αSyn exists in a dynamic equilibrium between unfolded monomers
and α-helically folded tetramers with a low aggregation propensity. Each conformational
state of αSyn has a specific lifespan, directly determined by the chemical and physical
properties of the monomer’s environment [4,90]. Any condition (e.g., membrane damage,
overexpression) that diminishes the tetramer/monomer ratio, thereby increasing the level
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of disordered αSyn monomers, promotes aggregation, protofibril, and fibril formation, lead-
ing to cytotoxicity [4,90,91]. Understanding this, the relatively low abundance of tetrameric
forms in the transgenic HR cultures suggested that these low tetramer/monomer ratios
were conducive to aggregation-mediated cellular stress. Indeed, we observed that αSyn-
A53T expression in HRs triggers a proteostatic stress syndrome similar to that observed in
humans and animals.

While the proteostatic stress response was unsurprising, given the conservation of
misfolded protein response mechanisms among eukaryotes, the accompanying change
in iron homeostasis was less expected. There are essential differences in iron regulation
between plants and animals. For example, the downregulation of ferritin, seen in both
human and plant cells, has different regulatory components—translational in humans
and transcriptional in plants, involving plant-specific regulatory proteins. The consistent
downregulation of ferritin in response to toxic αSyn expression in both animal and plant
cells indicates a crucial involvement of this iron homeostasis protein in the cellular stress
induced by αSyn. It also implies a common mechanism in its downregulation, potentially
independent of the differential transcriptional and translational controls.

The development of plant models for synucleinopathies holds clinical relevance as it
expands our understanding of the disease and provides an additional tool for investigating
its molecular pathophysiology. This may lead to the discovery of new diagnostic methods,
biomarkers, or criteria that can enhance disease detection, monitoring, or risk assessment.
Additionally, it offers a platform for identifying new pharmaceutical agents and evaluating
the effectiveness of existing ones at a fraction of the costs associated with research in animal
models and humans. Thus, our findings indicate that plants offer a triple advantage—
serving as a model for investigating key aspects of pathological αSyn expression, a source
of potential drug candidates for PD, and possibly a plant bioassay that can be used to
screen for drugs that affect synucleinopathies. The credibility of using plant models to
analyze common molecular denominators in αSyn pathologies is reinforced by the observed
interaction between dopamine and iron in plant cells [92]. This interaction is pivotal,
mirroring the αSyn/dopamine/iron interactions observed in synucleinopathies in human
and animal systems [93,94]. The importance of the plant model in identifying potential
PD drug candidates stems from the intrinsic ability of plants to generate a wide variety
of species-specific secondary metabolites [27–30]. Notably, the αSyn-A53T expression
in L. cardinalis resulted in a dosage-dependent increase in anthocyanin accumulation—a
significant proof of concept, especially considering the demonstrated neuroprotective roles
of specific anthocyanin species in a PD model [95]. Consequently, our results suggest the
potential utilization of the expression of αSyn in medicinal plants recognized for their
neuroprotective properties (such as the ones used in this study [31–36]) as a resource for
discovering drugs that possibly affect the treatment and/or progression of PD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/applbiosci3020016/s1, Figure S1. Growth characteristic of the P.
multiflorum HR cultures.

Author Contributions: Conceptualization, J.K., G.A.G. and J.A.S.; Methodology, J.K. and J.A.S.;
Validation, J.K. and K.A.B.; Formal Analysis, J.K. and K.A.B.; Investigation, J.K. and K.A.B.; Resources,
J.K. and K.A.B.; Data Curation, J.K.; Writing—Original Draft Preparation, J.K. and J.A.S.; Writing—
Review and Editing, J.K., K.A.B., G.A.G. and J.A.S.; Visualization, J.K.; Supervision, J.A.S.; Project
Administration, G.A.G. and J.A.S.; Funding Acquisition, G.A.G. and J.A.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by USPHS 2R44NS108804 and The Charles D Lucas, Jr.
Professorship for Parkinson’s Disease Research at the University of Kentucky.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/applbiosci3020016/s1
https://www.mdpi.com/article/10.3390/applbiosci3020016/s1


Appl. Biosci. 2024, 3 246

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: We are grateful to the late John Littleton for initiating this work and securing
funding for it.

Conflicts of Interest: Kristen A. Bruce was employed by the company Naprogenix. The remaining
authors declare no conflicts of interest. The funders had no role in the design of the study; in the
collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References
1. Stefanis, L. α-Synuclein in Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2, a009399. [CrossRef] [PubMed]
2. Calabresi, P.; Di Lazzaro, G.; Marino, G.; Campanelli, F.; Ghiglieri, V. Advances in understanding the function of alpha-synuclein:

Implications for Parkinson’s disease. Brain 2023, 146, 3587–3597. [CrossRef] [PubMed]
3. Siddiqui, I.J.; Pervaiz, N.; Abbasi, A.A. The Parkinson Disease gene SNCA: Evolutionary and structural insights with pathological

implication. Sci. Rep. 2016, 6, 24475. [CrossRef] [PubMed]
4. Deleersnijder, A.; Gerard, M.; Debyser, Z.; Baekelandt, V. The remarkable conformational plasticity of alpha-synuclein: Blessing

or curse? Trends Mol. Med. 2013, 19, 368–377. [CrossRef] [PubMed]
5. Tran, J.; Anastacio, H.; Bardy, C. Genetic predispositions of Parkinson’s disease revealed in patient-derived brain cells. NPJ Park.

Dis. 2020, 6, 8. [CrossRef] [PubMed]
6. Kang, L.; Wu, K.P.; Vendruscolo, M.; Baum, J. The A53T mutation is key in defining the differences in the aggregation kinetics of

human and mouse α-synuclein. J. Am. Chem. Soc. 2011, 133, 13465–13470. [CrossRef] [PubMed]
7. Polymeropoulos, M.H.; Lavedan, C.; Leroy, E.; Ide, S.E.; Dehejia, A.; Dutra, A.; Pike, B.; Root, H.; Rubenstein, J.; Boyer, R.; et al.

Mutation in the alpha-synuclein gene identified in families with Parkinson’s disease. Science 1997, 276, 2045–2047. [CrossRef]
[PubMed]

8. Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.; Nussbaum,
R.; et al. alpha-Synuclein locus triplication causes Parkinson’s disease. Science 2003, 302, 841. [CrossRef] [PubMed]

9. Morimoto, R.I. Proteotoxic stress and inducible chaperone networks in neurodegenerative disease and aging. Genes. Dev. 2008,
22, 1427–1438. [CrossRef]

10. Orosa, B.; Üstün, S.; Calderón Villalobos, L.I.A.; Genschik, P.; Gibbs, D.; Holdsworth, M.J.; Isono, E.; Lois, L.M.; Trujillo, M.;
Sadanandom, A. Plant proteostasis—Shaping the proteome: A research community aiming to understand molecular mechanisms
that control protein abundance. New Phytol. 2020, 227, 1028–1033. [CrossRef]

11. Bukau, B.; Weissman, J.; Horwich, A. Molecular chaperones and protein quality control. Cell 2006, 125, 443–451. [CrossRef]
[PubMed]

12. Smalle, J.; Vierstra, R.D. The ubiquitin 26S proteasome proteolytic pathway. Annu. Rev. Plant Biol. 2004, 55, 555–590. [CrossRef]
[PubMed]

13. Marshall, R.S.; Vierstra, R.D. Autophagy: The master of bulk and selective recycling. Annu. Rev. Plant Biol. 2018, 69, 173–208.
[CrossRef] [PubMed]

14. Stefanis, L.; Emmanouilidou, E.; Pantazopoulou, M.; Kirik, D.; Vekrellis, K.; Tofaris, G.K. How is alpha-synuclein cleared from the
cell? J. Neurochem. 2019, 150, 577–590. [CrossRef]

15. Hou, X.; Watzlawik, J.O.; Fiesel, F.C.; Springer, W. Autophagy in Parkinson’s disease. J. Mol. Biol. 2020, 432, 2651–2672. [CrossRef]
[PubMed]

16. Belaidi, A.A.; Bush, A.I. Iron neurochemistry in Alzheimer’s disease and Parkinson’s disease: Targets for therapeutics. J.
Neurochem. 2016, 139, 179–197. [CrossRef]

17. Zhang, N.; Yu, X.; Xie, J.; Xu, H. New insights into the role of ferritin in iron homeostasis and neurodegenerative diseases. Mol.
Neurobiol. 2021, 58, 2812–2823. [CrossRef] [PubMed]

18. Mochizuki, H.; Choong, C.-J.; Baba, K. Parkinson’s disease and iron. J. Neural Transm. 2020, 127, 181–187. [CrossRef]
19. Briat, J.-F.; Duc, C.; Ravet, K.; Gaymard, F. Ferritins and iron storage in plants. Biochim. Biophys. Acta Gen. Subj. 2010, 1800,

806–814. [CrossRef] [PubMed]
20. Briat, J.-F.; Lobréaux, S.; Grignon, N.; Vansuyt, G. Regulation of plant ferritin synthesis: How and why. Cell Mol. Life Sci. 1999, 56,

155–166. [CrossRef]
21. Briat, J.-F.; Ravet, K.; Arnaud, N.; Duc, C.; Boucherez, J.; Touraine, B.; Cellier, F.; Gaymard, F. New insights into ferritin synthesis

and function highlight a link between iron homeostasis and oxidative stress in plants. Ann. Bot. 2010, 105, 811–822. [CrossRef]
[PubMed]

22. Herlihy, J.H.; Long, T.A.; Mcdowell, J.M. Iron homeostasis and plant immune responses: Recent insights and translational
implications. J. Biol. Chem. 2020, 295, 13444–13457. [CrossRef]

23. Savino, G.; Briat, J.-F.; Lobréaux, S. Inhibition of the iron-induced ZmFer1 maize ferritin gene expression by antioxidants and
serine/threonine phosphatase Inhibitors. J. Biol. Chem. 1997, 272, 33319–33326. [CrossRef]

https://doi.org/10.1101/cshperspect.a009399
https://www.ncbi.nlm.nih.gov/pubmed/22355802
https://doi.org/10.1093/brain/awad150
https://www.ncbi.nlm.nih.gov/pubmed/37183455
https://doi.org/10.1038/srep24475
https://www.ncbi.nlm.nih.gov/pubmed/27080380
https://doi.org/10.1016/j.molmed.2013.04.002
https://www.ncbi.nlm.nih.gov/pubmed/23648364
https://doi.org/10.1038/s41531-020-0110-8
https://www.ncbi.nlm.nih.gov/pubmed/32352027
https://doi.org/10.1021/ja203979j
https://www.ncbi.nlm.nih.gov/pubmed/21721555
https://doi.org/10.1126/science.276.5321.2045
https://www.ncbi.nlm.nih.gov/pubmed/9197268
https://doi.org/10.1126/science.1090278
https://www.ncbi.nlm.nih.gov/pubmed/14593171
https://doi.org/10.1101/gad.1657108
https://doi.org/10.1111/nph.16664
https://doi.org/10.1016/j.cell.2006.04.014
https://www.ncbi.nlm.nih.gov/pubmed/16678092
https://doi.org/10.1146/annurev.arplant.55.031903.141801
https://www.ncbi.nlm.nih.gov/pubmed/15377232
https://doi.org/10.1146/annurev-arplant-042817-040606
https://www.ncbi.nlm.nih.gov/pubmed/29539270
https://doi.org/10.1111/jnc.14704
https://doi.org/10.1016/j.jmb.2020.01.037
https://www.ncbi.nlm.nih.gov/pubmed/32061929
https://doi.org/10.1111/jnc.13425
https://doi.org/10.1007/s12035-020-02277-7
https://www.ncbi.nlm.nih.gov/pubmed/33507490
https://doi.org/10.1007/s00702-020-02149-3
https://doi.org/10.1016/j.bbagen.2009.12.003
https://www.ncbi.nlm.nih.gov/pubmed/20026187
https://doi.org/10.1007/s000180050014
https://doi.org/10.1093/aob/mcp128
https://www.ncbi.nlm.nih.gov/pubmed/19482877
https://doi.org/10.1074/jbc.REV120.010856
https://doi.org/10.1074/jbc.272.52.33319


Appl. Biosci. 2024, 3 247

24. Gitto, R.; Vittorio, S.; Bucolo, F.; Peña-Díaz, S.; Siracusa, R.; Cuzzocrea, S.; Ventura, S.; Di Paola, R.; De Luca, L. Discovery of
neuroprotective agents based on a 5-(4-Pyridinyl)-1,2,4-triazole scaffold. ACS Chem. Neurosci. 2022, 13, 581–586. [CrossRef]
[PubMed]

25. Wang, Q.; Yao, S.; Yang, Z.-X.; Zhou, C.; Zhang, Y.; Zhang, Y.; Zhang, L.; Li, J.-T.; Xu, Z.-J.; Zhu, W.-L.; et al. Pharmacological
characterization of the small molecule 03A10 as an inhibitor of α-synuclein aggregation for Parkinson’s disease treatment. Acta
Pharmacol. Sin. 2023, 44, 1122–1134. [CrossRef]

26. Galkin, M.; Priss, A.; Kyriukha, Y.; Shvadchak, V. Navigating α-synuclein aggregation inhibition: Methods, mechanisms, and
molecular targets. Chem. Rec. 2024, 24, e202300282. [CrossRef]

27. Hassan, S.S.U.; Jin, H.-Z.; Abu-Izneid, T.; Rauf, A.; Ishaq, M.; Suleria, H.A.R. Stress-driven discovery in the natural products: A
gateway towards new drugs. Biomed. Pharmacother. 2019, 109, 459–467. [CrossRef] [PubMed]

28. Erb, M.; Kliebenstein, D.J. Plant secondary metabolites as defenses, regulators, and primary metabolites: The blurred functional
trichotomy. Plant Physiol. 2020, 184, 39–52. [CrossRef]

29. Li, Y.; Kong, D.; Fu, Y.; Sussman, M.R.; Wu, H. The effect of developmental and environmental factors on secondary metabolites
in medicinal plants. Plant Physiol. Biochem. 2020, 148, 80–89. [CrossRef]

30. Fernie, A.R.; Pichersky, E. Metabolites, metabolites everywhere. Plant Physiol. 2015, 169, 1421–1423. [CrossRef]
31. Yuen, C.W.; Murugaiyah, V.; Najimudin, N.; Azzam, G. Danshen (Salvia miltiorrhiza) water extract shows potential neuroprotective

effects in Caenorhabditis elegans. J. Ethnopharmacol. 2021, 266, 113418. [CrossRef] [PubMed]
32. Folquitto, D.G.; Swiech JN, D.; Pereira, C.B.; Bobek, V.B.; Halila Possagno, G.C.; Farago, P.V.; Miguel, M.D.; Duarte, J.L.; Miguel,

O.G. Biological activity, phytochemistry and traditional uses of genus Lobelia (Campanulaceae): A systematic review. Fitoterapia
2019, 134, 23–38. [CrossRef] [PubMed]

33. Zheng, Q.; Wang, Y.; Zhang, S. Beyond Alkaloids: Novel Bioactive Natural Products From Lobelia Species. Front. Pharmacol. 2021,
12, 638210. [CrossRef] [PubMed]

34. Feng, X.; Cao, S.; Qiu, F.; Zhang, B. Traditional application and modern pharmacological research of Artemisia annua L. Pharmacol.
Ther. 2020, 216, 107650. [CrossRef]

35. Lu, B.W.; Baum, L.; So, K.F.; Chiu, K.; Xie, L.K. More than anti-malarial agents: Therapeutic potential of artemisinins in
neurodegeneration. Neural Regen. Res. 2019, 14, 1494–1498. [PubMed]

36. Zhang, X.Z.; Qian, S.S.; Zhang, Y.J.; Wang, R.Q. Salvia miltiorrhiza: A source for anti-Alzheimer’s disease drugs. Pharm. Biol. 2016,
54, 18–24. [CrossRef] [PubMed]

37. Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays withtobacco tissue cultures. Physiol. Plant 1962, 15,
473–497. [CrossRef]

38. Lee, B.-J.; Lee, K. Discrimination and proper use of Polygoni multiflori radix, Cynanchi wilfordii radix, and Cynanchi auriculati radix
in Korea: A descriptive review. eCAM 2015, 2015, 827380. [CrossRef] [PubMed]

39. Earley, K.W.; Haag, J.R.; Pontes, O.; Opper, K.; Juehne, T.; Song, K.; Pikaard, C.S. Gateway-compatible vectors for plant functional
genomics and proteomics. Plant J. 2006, 45, 616–629. [CrossRef]

40. Manuel Jiménez-Antaño, J.; Pérez Vargas, J.; Ariza-Castolo, A.; Gómez Guzmán, O.; Calva-Calva, G. An efficient heat-shock
protocol for transformation of Agrobacterium rhizogenes without spontaneous generation to antibiotic resistance. Plant Omics 2018,
11, 20–29. [CrossRef]

41. Huang, B.; Lin, H.; Yan, C.; Qiu, H.; Qiu, L.; Yu, R. Optimal inductive and cultural conditions of Polygonum multiflorum transgenic
hairy roots mediated with Agrobacterium rhizogenes R1601 and an analysis of their anthraquinone constituents. Pharmacogn. Mag.
2014, 10, 77–82. [PubMed]

42. Georgiev, M.I.; Ludwig-Müller, J.; Alipieva, K.; Lippert, A. Sonication-assisted Agrobacterium rhizogenes-mediated transformation
of Verbascum xanthophoeniceum Griseb. for bioactive metabolite accumulation. Plant Cell Rep. 2011, 30, 859–866. [CrossRef]
[PubMed]

43. Santarém, E.R.; Trick, H.N.; Essig, J.S.; Finer, J.J. Sonication-assisted Agrobacterium-mediated transformation of soybean immature
cotyledons: Optimization of transient expression. Plant Cell Rep. 1998, 17, 752–759. [CrossRef] [PubMed]

44. Trick, H.N.; Finer, J.J. Sonication-assisted Agrobacterium-mediated transformation of soybean [Glycine max (L.) Merrill] embryo-
genic suspension culture tissue. Plant Cell Rep. 1998, 17, 482–488. [CrossRef]

45. Rana, M.; Han, Z.-X.; Song, D.-P.; Liu, G.-F.; Li, D.-X.; Wan, X.-C.; Karthikeyan, A.; Wei, S. Effect of medium supplements on
Agrobacterium rhizogenes mediated hairy root induction from the callus tissues of Camellia sinensis var. sinensis. Int. J. Mol. Sci.
2016, 17, 1132. [CrossRef]

46. Kubasek, W.L.; Shirley, B.W.; McKillop, A.; Goodman, H.M.; Briggs, W.; Ausubel, F.M. Regulation of flavonoid biosynthetic genes
in germinating Arabidopsis seedlings. Plant Cell 1992, 4, 1229–1236. [CrossRef] [PubMed]

47. Lee, D.H.; Goldberg, A.L. Proteasome inhibitors: Valuable new tools for cell biologists. Trends Cell Biol. 1998, 8, 397–403. [CrossRef]
[PubMed]

48. Wipf, P.; Halter, R.J. Chemistry and biology of wortmannin. Org. Biomol. Chem. 2005, 3, 2053. [CrossRef] [PubMed]
49. Kurepa, J.; Smalle, J.A. Assaying transcription factor stability. In Plant Transcription Factors; Humana Press: Totowa, NJ, USA,

2011; pp. 219–234.
50. Yi, Y.; Guerinot, M.L. Genetic evidence that induction of root Fe(III) chelate reductase activity is necessary for iron uptake under

iron deficiency. Plant J. 1996, 10, 835–844. [CrossRef]

https://doi.org/10.1021/acschemneuro.1c00849
https://www.ncbi.nlm.nih.gov/pubmed/35179861
https://doi.org/10.1038/s41401-022-01039-6
https://doi.org/10.1002/tcr.202300282
https://doi.org/10.1016/j.biopha.2018.10.173
https://www.ncbi.nlm.nih.gov/pubmed/30399582
https://doi.org/10.1104/pp.20.00433
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1104/pp.15.01499
https://doi.org/10.1016/j.jep.2020.113418
https://www.ncbi.nlm.nih.gov/pubmed/32991971
https://doi.org/10.1016/j.fitote.2018.12.021
https://www.ncbi.nlm.nih.gov/pubmed/30664918
https://doi.org/10.3389/fphar.2021.638210
https://www.ncbi.nlm.nih.gov/pubmed/33762957
https://doi.org/10.1016/j.pharmthera.2020.107650
https://www.ncbi.nlm.nih.gov/pubmed/31089038
https://doi.org/10.3109/13880209.2015.1027408
https://www.ncbi.nlm.nih.gov/pubmed/25857808
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1155/2015/827380
https://www.ncbi.nlm.nih.gov/pubmed/26539235
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.21475/poj.11.01.18.pne918
https://www.ncbi.nlm.nih.gov/pubmed/24696550
https://doi.org/10.1007/s00299-010-0981-y
https://www.ncbi.nlm.nih.gov/pubmed/21184229
https://doi.org/10.1007/s002990050478
https://www.ncbi.nlm.nih.gov/pubmed/30736587
https://doi.org/10.1007/s002990050429
https://doi.org/10.3390/ijms17071132
https://doi.org/10.2307/3869409
https://www.ncbi.nlm.nih.gov/pubmed/12297632
https://doi.org/10.1016/S0962-8924(98)01346-4
https://www.ncbi.nlm.nih.gov/pubmed/9789328
https://doi.org/10.1039/b504418a
https://www.ncbi.nlm.nih.gov/pubmed/15917886
https://doi.org/10.1046/j.1365-313X.1996.10050835.x


Appl. Biosci. 2024, 3 248

51. Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223. [CrossRef]
52. Aguzzi, A.; O’Connor, T. Protein aggregation diseases: Pathogenicity and therapeutic perspectives. Nat. Rev. Drug Discov. 2010, 9,

237–248. [CrossRef] [PubMed]
53. Waters, E.R.; Vierling, E. Plant small heat shock proteins—Evolutionary and functional diversity. New Phytol. 2020, 227, 24–37.

[CrossRef] [PubMed]
54. Haslbeck, M.; Weinkauf, S.; Buchner, J. Small heat shock proteins: Simplicity meets complexity. J. Biol. Chem. 2019, 294, 2121–2132.

[CrossRef] [PubMed]
55. Jones, D.R.; Moussaud, S.; McLean, P. Targeting heat shock proteins to modulate α-synuclein toxicity. Ther. Adv. Neurol. Disord.

2013, 7, 33–51. [CrossRef] [PubMed]
56. Cox, D.; Carver, J.A.; Ecroyd, H. Preventing α-synuclein aggregation: The role of the small heat-shock molecular chaperone

proteins. Biochim. Biophys. Acta Mol. Basis Dis. 2014, 1842, 1830–1843. [CrossRef] [PubMed]
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