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Abstract

Aberrant self-assembly of ataxin-3 (ATX3) into amyloid aggregates is a key pathological
event in spinocerebellar ataxia type 3 (SCA3). Bioactive nutraceutical compounds, particu-
larly polyphenols, have emerged as promising candidates for targeting protein aggregation
and cellular stress responses associated with neurodegenerative disorders. Here, we inves-
tigated cinnamon bud extract as a natural source of neuroprotective molecules, focusing on
its total extract (Etot) and two bioactive fractions: a polyphenol-enriched fraction (Fr. B)
and a cinnamaldehyde-rich fraction (Fr. C). By integrating biochemical and biophysical
techniques, we demonstrate that cinnamon-derived compounds modulate ATX3 aggre-
gation by reducing the formation of β-sheet-rich amyloid assemblies and promoting the
generation of SDS-resistant, soluble, structurally distinct, non-fibrillar species. NMR pro-
filing identified flavonoids, cinnamaldehyde, and cinnamic acid as key ATX3-interacting
molecules, supporting their contribution to the anti-amyloidogenic activity of the extract.
Moreover, in a Caenorhabditis elegans SCA3 model, Etot and Fr. B improved locomotor
defects and enhanced resistance to oxidative and thermal stress, indicating broader cyto-
protective effects beyond direct aggregation modulation. Overall, these findings highlight
cinnamon bud extract, particularly its polyphenol-rich fraction, as a promising nutraceuti-
cal source of bioactive compounds with potential neuroprotective properties and provide a
basis for further investigation of nutraceutical strategies targeting polyglutamine-related
neurodegenerative diseases.

Keywords: antioxidant; Caenorhabditis elegans; cinnamon buds; neurodegeneration; nutrition

1. Introduction
“Let food be thy medicine and medicine be thy food”. With this sentence, Hippocrates

highlights the long-recognized importance of nutrition in maintaining human health [1,2].
This concept remains highly relevant in modern scientific research, which is increasingly
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focused on the identification and characterization of bioactive compounds in food. These
natural compounds, often derived from plant-based dietary sources, are gaining consider-
able attention for their potential to promote health and prevent chronic diseases [3–5]. The
interest is particularly timely for the challenges posed by an aging global population, where
evidence-based interventions are urgently needed to counteract frailty and age-related
pathologies [6,7].

Among the most extensively studied bioactive compounds are phytochemicals, par-
ticularly polyphenols, which are well known for their wide spectrum of biological ac-
tivities. These include antimicrobial [8,9], anticancer [10,11], anti-inflammatory [12,13],
anti-aging [14,15] and neuroprotective effects [16–18]. The beneficial health properties of
polyphenols are largely attributed to their potent antioxidant activities, which enables
them to neutralize reactive oxygen species (ROS) and reduce oxidative stress, a key factor
implicated in the pathogenesis of neurodegenerative disorders [19–21]. Their unique chem-
ical structures, characterized by multiple phenolic rings, confer strong radical-scavenging
capacities [21].

Polyphenols are abundantly found in a variety of commonly consumed foods, in-
cluding fruits (particularly wild berries and apples), vegetables, legumes, dark chocolate,
black tea, coffee, and spices such as cinnamon, ginger, and cumin [2,5,22,23]. Regular con-
sumption of these polyphenol-rich foods is therefore regarded as a key dietary strategy for
maintaining health and preventing disease. Among these, Cinnamomum cassia has emerged
as a particularly interesting source of bioactive polyphenols. In particular, its bark and buds,
widely used in traditional Asian cuisine, are rich in procyanidins and cinnamaldehydes,
compounds associated with various health-promoting effects [4,24,25]. While much of
the previous research has focused on the pro-longevity and neuroprotective properties
of the burk [26,27], recent interest has shifted toward the unopened flowers (buds) of the
cinnamon tree. In previous studies, the metabolic profile of these buds was characterized
using nuclear magnetic resonance (NMR) spectroscopy [28] and ultra performance liquid
chromatography coupled with high-resolution mass spectrometry (UPLC-HR-MS) [29].
Specifically, non-targeted 1H-NMR profiling of the hydroalcoholic extracts highlighted
a complex chemical framework. The aromatic fractions are heavily dominated by (E)-
cinnamaldehyde and its structural congeners (such as 2-methoxycinnamaldehyde and
2-hydroxycinnamaldehyde), alongside organic acids like benzoic, cinnamic, and shikimic
acids, and primary metabolites including sucrose, glucose, fructose, and choline. When
compared to the bark extracts via UPLC-HRMS analysis of the polyphenol-enriched frac-
tions, the buds present a highly distinct and diversified polyphenolic fingerprint. While
sharing common compounds like catechin and epicatechin, the bud extract is uniquely
enriched with a wider cascade of high-molecular-weight oligomeric tannins, specifically
extending from B-type procyanidin dimers and trimers up to hexamers and heptamers.
Furthermore, the buds stand out for their abundance of glycosylated flavonoids, phenyl
glycosides, and organic conjugates. Notable exclusive or characteristic markers identified in
the buds include specific flavonol glycosides such as quercetin 3-vicianoside, isoquercitrin,
avicularin, astragalin, quercitrin, and juglanin, alongside kaempferol derivatives, the chal-
cone poncirin chalcone, and other specific glycosides like rosavin, cichorioside L, and
phenylethyl primeveroside.

The occurrence of these structurally complex polyphenols is particularly noteworthy
because they have been associated with a wide range of biological activities and may
retain their bioactivity despite the extensive metabolic transformations that often limit the
therapeutic potential of dietary polyphenols [30,31]. Subsequent in vitro studies demon-
strated that cinnamon bud extract exhibits significant antioxidant and neuroprotective
activities, including the ability to inhibit Aβ-peptide and tau aggregation, two critical
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pathogenic events in Alzheimer’s disease [28,29,32]. Collectively, these findings high-
light cinnamon buds as a promising, yet underexplored, natural source of nutraceutical
compounds with potential neuroprotective properties and relevance for the prevention of
neurodegenerative disorders.

In light of these findings, we further investigated the anti-amyloidogenic capacity
of cinnamon bud extract in the context of spinocerebellar ataxia type 3 (SCA3), the most
common subtype of autosomal dominant cerebellar ataxias and a member of the polyglu-
tamine (polyQ) disorder family. These neurodegenerative diseases are characterized by the
abnormal expansion of CAG trinucleotide repeats within specific coding regions [33–35].
In SCA3, the pathogenic CAG expansion occurs in the ATXN3 gene, which encodes the
deubiquitinating enzyme ataxin-3 (ATX3) protein. When the polyglutamine tract exceeds
approximately 55 glutamine residues, ATX3 undergoes misfolding and adopts β-sheet-rich
conformations [36]. These structural changes promote the self-association of the protein
into the oligomeric intermediates and insoluble amyloid fibrils that accumulate within
neuronal nuclei, particularly in the cerebellum and brainstem [37–39]. These aggregates
compromise cellular integrity by disrupting critical cellular processes, including transcrip-
tional regulation, proteostasis, and mitochondrial function, ultimately contributing to
neuronal dysfunction and cell death [40,41]. In addition to proteotoxicity, oxidative stress
has been increasingly recognized as a major contributor to SCA3 pathogenesis [42,43].
The expanded ATX3 protein disrupts mitochondrial homeostasis, leading to elevated ROS
production and a chronic oxidative environment that damages lipids, DNA, and pro-
teins [42,44,45]. This redox imbalance also impairs cellular clearance mechanisms, such
as the ubiquitin–proteasome system and autophagy, exacerbating the accumulation of
misfolded proteins and enhancing neuronal vulnerability [46,47]. Therefore, targeting both
protein misfolding and oxidative stress represents a promising therapeutic strategy in
SCA3. For this reason, we explored the anti-amyloidogenic properties of cinnamon bud
extract and of its polyphenolic-enrich fraction on ATX3 aggregation using a combination
of in vitro biochemical and biophysical approaches, as well as assessing their potential
beneficial effects in vivo using the model organism Caenorhabditis elegans. To this end, we
employed the N2 wild type strain and two transgenic strains expressing either a normal
or an expanded human ATX3 variant in the nervous system. This experimental design
allowed us to evaluate not only the ability of the extract to affect aggregation and mitigate
SCA3-associated phenotypes but also to examine its potential to reduce ATX3-induced
toxicity through modulation of oxidative stress.

2. Results and Discussion
2.1. Anti-Amyloidogenic Effects of Cinnamon Bud Extract and Its Principal Components on
Ataxin-3 Aggregation

The anti-amyloidogenic potential of cinnamon bud extract (Etot) and its two major
fractions, the polyphenol-enriched fraction B (Fr. B) and the rich-in-cinnamaldehyde-and-
its-derivatives fraction C (Fr. C), was initially evaluated using the Josephin domain (JD),
the structured domain of the ataxin-3 (ATX3) protein. The focus on JD arises from its
key role in the early steps of protein aggregation. Following native-like oligomerization,
JD undergoes partial unfolding and transitions into β-sheet-rich structures, ultimately
leading to the formation of oligomeric intermediates within the full-length protein [36,48].
Therefore, identifying compounds capable of interfering with this early conformational
transition is particularly valuable in developing anti-aggregation strategies. To evaluate
the effects of Etot and its fractions, JD aggregation kinetics were monitored using the
Thioflavin T (ThT) spectrofluorimetric assay, which exploits the enhanced fluorescence of
this benzothiazole dye upon binding to β-sheet-rich aggregates. Monomeric JD (50 µM)
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was incubated in PBS at 37 ◦C in the presence of ThT and either the Etot or fractions B
or C at concentrations ranging from 0.025 to 0.25 mM. Fluorescence emission at 535 nm
was recorded every 30 min over a 24 h period. Aware of the limitations of the ThT
assay, particularly potential interference by polyphenols, we used it mainly to determine
the appropriate concentrations of the extract and fractions for subsequent experiments.
Figure 1A–C shows the fluorescence percentages measured after 24 h, when maximum
fluorescence was reached, and normalized to the DMSO control. At this time point, the
interference of the compounds incubated alone was minimal (see Figure S1). Under these
conditions, Etot, Fr. B, and Fr. C showed a clear dose-dependent reduction in fluorescence,
with maximum decreases of 84%, 86%, and 86% at 0.25 mg/mL, respectively. The assay
was then applied to evaluate the effect of Etot and Fr. B and C on the aggregation kinetic of
the expanded ATX3 carrying 55 glutamine residues (ATX3Q55) (Figure 1D). Monomeric
ATX3Q55 (20 µM) was incubated in PBS at 37 ◦C in the presence of ThT and of Etot, Fr.
B or C, at a concentration of 0.1 mg/mL and with DMSO 1% used as a control. This
concentration was selected to balance the strong effect observed on JD at this concentration
(about 60% reduction) with minimal interference with DMSO, which perturbs aggregation
at higher concentrations. Under these conditions, a maximum reduction of 70%, 88%
and 77% was observed in the presence of Etot, Fr. B or Fr. C, respectively (Figure 1D),
thereby demonstrating that this dose is sufficient to induce the activity also on the full-
length protein. Notably, neither fraction showed stronger inhibitory activity than the
whole extract, suggesting that these components represent relevant contributors to the
overall anti-amyloidogenic properties of the extract. Although cinnamaldehyde and the
polyphenol-enriched fraction appear to account for a substantial part of this activity, the
contribution of additional constituents present in the extract cannot be excluded. Indeed,
other components within the phytochemical matrix may modulate the biological response
through additive, synergistic, or antagonistic interactions. Nevertheless, considering that
the tested preparation represents a nutraceutical product, its biological activity should be
interpreted as an intrinsic property of the whole extract, where the combined action of
multiple bioactive molecules ultimately determines the observed anti-amyloidogenic effect.

2.2. Solubility Assay Confirms the Capability of Cinnamon Extract and Its Fractions to Affect
Ataxin-3 Aggregation

To further characterize the effects of Etot and its fractions on ATX3 aggregation, sol-
ubility assays were performed to assess the stability and solubility of protein aggregates,
key indicators of amyloidogenesis. Aliquots of monomeric JD (50 µM; Figure 2A) and
full-length ATX3Q55 (25 µM; Figure 2B) were incubated with or without 0.1 mg/mL of Etot,
Fr. B and Fr. C, respectively. At selected time points, samples were centrifuged at 19,000× g
to separate soluble and aggregated fractions. SDS-PAGE analysis of the supernatants,
combined with densitometry (Figure 2C,D), revealed that Etot and its fractions markedly
reduced soluble protein levels after 24 h compared with the control, indicating accelerated
ATX3 aggregation. The appearance of higher molecular weight bands strongly supports
an off-pathway mechanism, leading to the formation of SDS-resistant soluble aggregates.
Notably, these bands were reproducibly detected across all replicates with highly compara-
ble intensity, underscoring the robustness of the observation. These findings are in strong
agreement with our previous results obtained using epigallocatechin-3-gallate and cocoa
extract [49,50], further supporting a shared mechanism of action. Notably, both fractions
demonstrated comparable efficacy in modulating aggregation.
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Figure 1. Thioflavin T assay of JD (A–C) and ATX3Q55 (D) incubated with different concentrations of
cinnamon bud extract (Etot) and its enriched Fr. B and C. Additionally, 50 µM of purified JD protein was
incubated at 37 ◦C in the presence of different concentrations (0, 0.025, 0.05, 0.1 and 0.25 mg/mL) of
Etot (A), Fr. B (B), or C (C). Further, 25 µM of purified ATX3Q55 was incubated alone (control) or in
the presence of 0.1 mg/mL of Etot, Fr. B, or C. ThT fluorescence was monitored for 24 h and reported
as a percentage of the untreated JD (0 mg/mL) or ATX3Q55 control (D). Extracts incubated with ThT
alone were used as controls, and their fluorescence was subtracted to correct for background. Data
are represented as mean ± SEM from three technical replicates and derived from three independent
experiments. Statistical analyses were assessed by a one-way factorial analysis of variance (one-way
ANOVA), followed by Dunnett’s multiple comparisons test. ** p < 0.01; *** p < 0.001; and **** p < 0.0001.

2.3. Fourier Transform Infrared Spectroscopic Analysis Reveals the Protein Structural Changes
Induced by Cinnamon Extract Components on ATX3 Aggregation

To monitor the structural changes in the ATX3Q55 samples over time, in the absence
and in presence of cinnamon Etot and fractions, an Fourier transform infrared (FTIR)
spectroscopic characterization was carried out. Figure 3A presents ATX3Q55 second
derivative spectra within the Amide I band region, captured at various points (0 h to
14 days) during incubation at 37 ◦C. The Amide I band peak position is highly sensi-
tive to the protein secondary structures, as it primarily reflects the C=O peptide bond
absorption [51]. In the 0 h spectrum, the second derivative revealed two main components
appearing as negative peaks: one at ~1654 cm−1, assignable to α-helices and random coils,
and another at ~1637 cm−1, which, alongside a shoulder near 1690 cm−1, corresponds
to native, intramolecular β-sheets [36,49]. In the earliest stage of incubation, a shoulder
appeared around 1625 cm−1. This feature developed into a well-resolved peak within 24 h,
quickly reaching very high intensity. Simultaneously, a distinct component emerged around
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1694 cm−1 and intensified. Both the ~1625 cm−1 and ~1694 cm−1 components are attributed
to intermolecular β-sheets, which are characteristic of protein aggregates [52,53]. Addi-
tionally, beginning at 144 h, a novel spectral component became evident near 1604 cm−1.
This was observed alongside an upshift of the ~1654 cm−1 band to ~1657 cm−1, which
concomitantly increased in intensity. These spectroscopic characteristics are assignable to
C=O stretching and NH2 deformation modes, respectively, of glutamine side chains within
amyloid-like aggregates [36,49].

Figure 2. Solubility test of JD (A,C) and ATX3Q55 (B,D) incubated with different concentrations
of Etot and Fr. B and Fr. C. Additionally, 50 µM and 25 µM of purified JD and ATX3Q55 proteins,
respectively, were incubated at 37 ◦C in the presence of 0.1 mg/mL of Etot, Fr. B, or Fr. C. Protein
signal quantification from SDS-PAGE gels was normalized on untreated JD (A) or ATX3Q55 (B). The
arrows indicate the presence of SDS-resistant species. Data are reported as mean ± SEM from
three independent experiments. Statistical analyses were assessed by a two-way factorial analysis
of variance (2-way ANOVA), followed by Dunnett’s multiple comparisons test. Representative
SDS-PAGE gels of JD (C) and ATXtQ55 (D) treated with 0.1 mg/mL of Etot, Fr. B, or Fr. C. * p < 0.05,
** p < 0.01; *** p < 0.001; and **** p < 0.0001.

Before exploring the ATX3Q55 aggregation via FTIR in the presence of the total
cinnamon extract and its two fractions, we analyzed the protein aggregation in 0.7%
ethanol (Figure 3B), as the Etot and the fractions for IR measurements were dissolved in this
solvent. Ethanol was, indeed, employed in place of DMSO because DMSO is unsuitable
for ATR measurement on hydrated protein films as it evaporates too slowly under normal
conditions. As displayed, the aggregation of ATX3Q55 in ethanol closely resembled that of
the protein in the absence. Figure 3C displays the second derivatives of ATX3Q55 in the
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presence of the Etot, from 0 to 14 days of incubation at 37 ◦C. What emerges is that at the end
of the kinetics, the intensity of the band at ~1625 cm−1 is significantly lower than observed
for the protein alone (see Figure 3A,B), indicating a lower amount of intermolecular β-sheet
structures. Furthermore, the appearance of a resolved band at ~1604 cm−1 is not observed
within the analyzed time-frame, indicating the absence of fibril formation.

Since the solubility assay (Figure 2) indicates an increased formation of aggregates
in the presence of cinnamon extract, the reduced ~1625 cm−1 component, compared to
ATX3Q55 alone, can be interpreted as the formation of aggregates with a more disordered
internal structure and a reduced amount of intermolecular β-sheet structures in the presence
of the compounds. This result resembles that found for ATX3Q55 aggregation in the
presence of EGCG [49].

Quite similar results were obtained for the protein incubated with fraction B (Fr. B, see
Figure 3D) and C (Fr. C, Figure 3E), though with a different intensity of the 1625 cm−1 peak
(Figure 3F) and of the 1604 cm−1 component (Figure 3A–E), which was more evident for
Fr. C (Figure 3E).

Figure 3F displays the mean intensity of the 1625 cm−1 band, primarily attributed
to intermolecular β-sheets, for each protein preparation after 14 days of incubation at
37 ◦C. Despite the high variability, this peak shows a significantly reduced intensity in the
presence of the extracts compared to the protein alone, indicating, along with the solubility
data, that aggregate formation results in fewer intermolecular β-sheet structures when the
compounds are present.

 

Figure 3. ATR-FTIR analysis of ATX3Q55 aggregation. Second-derivative spectra, calculated from
absorption spectra normalized to the Amide I band area, of ATX3Q55 incubated at 37 ◦C for different
time points: alone (A), in ethanol (EtOH) (B), in the presence of Etot (C), Fr. B (D), or Fr. C
(E). Representative second-derivative spectra from one of three independent experiments are shown.
(F) Intensity of the 1625 cm−1 band, determined from the second-derivative spectra at 336 h, shown
as mean ± SD from three independent protein purifications. For clarity, second-derivative band
intensities were multiplied by −1. Statistical analysis was performed by Student’s t-test using the
ATX3Q55 (EtOH) sample as the reference group; * p < 0.05.
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2.4. AFM Analysis Confirms That Cinnamon Bud Extract and Its Fractions Suppress Fibrillar
Aggregation of ATX3Q55

Using AFM in imaging mode, a systematic study of the ATX3Q55 aggregation in the
presence of Etot and Fr. B and Fr. C at different time points was conducted. Figure 4 shows
representative images of samples deposited on mica immediately after sample preparation
(t = 0, upper rows, Panels A and B) and after 96 h of incubation at 37 ◦C (lower rows).
Surface height is depicted using a color-coded scale, where darker colors correspond to
regions of lower height and lighter colors to regions of higher height. Panel A covers an
area of 6 µm × 6 µm, whereas Panel B shows a magnified 3 µm × 3 µm view to highlight
fine structural details. At t = 0, all conditions show a uniform surface with no detectable
large aggregates (Figure 4A,B, upper rows). However, comparison of the samples revealed
that the total extract and both fractions already promoted the formation of a greater number
of small aggregates compared with the control condition (ATX3Q55 alone), suggesting an
early stimulatory effect on the aggregation process. After 96 h, ATX3Q55 alone exhibits
large fibril-like structures (Figure 4A,B, second row on the left in both panels), confirming
the intrinsic propensity of ATX3Q55 toward fibrillar aggregation. A detailed 3D rendering
of one representative fibril-like structure is shown in Supplementary Figure S2B, revealing
the morphological features of these aggregates. In contrast, samples incubated with Etot,
Fr. B, or Fr. C remain free of large fibrillar structures (Figure 4A,B, lower rows, second, third,
and fourth columns, respectively), indicating that these compounds effectively interfere
with ATX3Q55 aggregation.

To complement these qualitative observations, we performed a quantitative analysis
based on image binarization (Figure S2A), allowing us to measure both the number and
equivalent-radius distribution of objects on mica (see Section 3.4 for details). Figure 4C
presents histograms of object size distributions for equivalent radii > 20 nm (dark colors)
and >50 nm (light colors) from 3 µm × 3 µm images, comparing ATX3Q55 alone and in
the presence of Etot, Fr. B, or Fr. C at t = 0 h and t = 96 h. The comparison of the data at
t = 0 h (Figure 4C, first row) and t = 96 h (Figure 4C, second row) reveals the evolution
in the number of smaller and larger objects over time. Histograms do not account for the
larger fibril-like objects. It is important to note that the aggregation phenomena are not
simply related to the total number of objects detected on the surface (or the total area of
the histograms) but also to the redistribution among smaller or larger objects. Indeed, by
focusing on the right-hand tails of the histograms (light colors)—corresponding to larger
objects—we observe that at t = 96 h in the absence of extracts (Figure 4C, second row,
pink histogram), a substantial number of objects with sizes of several tens of nanometers
are present. Conversely, in the presence of Etot, Fr. B, and Fr. C (Figure 4C, second row,
green, blue, and cyan histograms, respectively), the number of larger detected objects is
systematically reduced, in particular, Fr. B more effectively than Etot and Fr. C.
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Figure 4. AFM analysis of ATX3Q55 aggregation in the presence of Etot, Fr. B, and Fr. C. (A) Repre-
sentative AFM images of ATX3Q55 alone (first column), ATX3Q55 + Etot (second column), ATX3Q55
+ Fr. B (third column), and ATX3Q55 + Fr. C (fourth column) at t = 0 h and t = 96 h (first and second
rows, respectively). Images correspond to 6 µm × 6 µm scan areas (z-scale 10 nm). (B) Magnified
AFM images of the same samples as in (A), corresponding to 3 µm × 3 µm scan areas (z-scale 8 nm).
(C) Histograms of the equivalent-radius size distribution of detected objects larger than 20 nm at t = 0
h (upper row) and t = 96 h (lower row), obtained from the 3 µm × 3 µm AFM images. Color code:
ATX3Q55 (pink), ATX3Q55 + Etot (green), ATX3Q55 + Fr. B (blue), and ATX3Q55 + Fr. C (cyan). Note
that the histograms do not include the larger fibril-like objects.

2.5. STD NMR Analysis Identifies ATX3-Interacting Ligands in Cinnamon Bud Extract

In order to identify the specific components of Etot that interact with ATX3 and are
thus primarily implicated in the modulation of protein aggregation propensity, Saturation
Transfer Difference (STD) NMR spectroscopy was employed [54]. STD NMR represents a
highly versatile and powerful approach for the characterization of transient ligand–receptor
interactions, owing to its robustness, high sensitivity, and reliability. The technique is
broadly applicable to the screening of individual compounds [55,56] and focused libraries
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of small molecules, as well as complex mixtures [50,57], particularly in the context of
identifying ligands capable of interacting with amyloid species [57].

NMR spectra (Figure 5) were acquired on samples of ATX3Q55 either immediately
after purification (Figure 5C,D), when the protein is predominantly monomeric, or fol-
lowing incubation at 37 ◦C for 4 days (Figure 5E,F), a condition under which ATX3 is
mainly present in its oligomeric form. In both cases, the presence of ATX3 ligands was
unequivocally confirmed by the observation of their characteristic resonances in the STD
NMR spectra. As shown in Figure 5, the compounds directly interacting with ATX3Q55
include flavonoids, major constituents of Fr. B, and cinnamaldehyde and cinnamic acid,
two structurally related molecules differing in the oxidation state of the carbonyl group and
representing the most abundant components of Fr. C [28,29]. These findings may account
for the significant modulation of ATX3 aggregation observed upon treatment with both Fr.
B and Fr. C. Notably, the relative STD intensities of cinnamaldehyde are higher in the pres-
ence of monomeric ATX3 (Figure 5D) but significantly decrease following incubation with
the oligomeric form (Figure 5F). From a structural perspective, this differential behavior
indicates that the specific binding pocket or surface epitope recognized by cinnamaldehyde
on the monomer surface becomes sterically hindered, buried, or conformationally rear-
ranged during the protein self-assembly process. This suggests that cinnamaldehyde acts
preferentially at the monomer level, potentially stabilizing the native state or blocking the
very earliest stages of oligomerization. Conversely, cinnamic acid and flavonoids exhibit
comparable STD intensities in both monomeric and oligomeric samples (Figure 5D,F),
suggesting similar binding affinities across ATX3 conformational states. This structurally
implies that their target binding sites remain exposed and fully accessible throughout the
protein’s structural transitions. Consequently, these multi-component constituents possess
the capacity to target multiple species along the aggregation pathway, interacting effectively
with both early monomers and advanced oligomeric assemblies.

Taken together, these in vitro findings place cinnamon bud extract within the broader
context of polyphenol-mediated modulation of protein aggregation. A growing body of
evidence has demonstrated that isolated polyphenols, including epigallocatechin-3-gallate
(EGCG), resveratrol, curcumin, quercetin, and proanthocyanidins, can interfere with amy-
loidogenic pathways of several disease-associated proteins by reducing nucleation and fibril
growth, remodeling preformed aggregates, or redirecting misfolding pathways toward
soluble and less toxic species [58–60]. Similarly, complex polyphenol-rich extracts derived
from natural sources, including cocoa, green tea, and other plant matrices, have shown
anti-aggregation activity, supporting the concept that mixtures of bioactive compounds
may act through synergistic or complementary mechanisms rather than through a single
active constituent [50,61,62].

Within the specific context of ATX3 aggregation, however, evidence from natural
extracts remains limited. Recently, cocoa flavanol-rich extract was shown to inhibit ATX3
amyloid aggregation and ameliorate disease-associated phenotypes in a cellular and C.
elegans model of spinocerebellar ataxia type 3 [50]. Consistently, our results demonstrate
that cinnamon bud-derived fractions can modulate ATX3 aggregation by reducing β-sheet-
rich assemblies, suppressing fibrillar structures, and promoting the formation of soluble
non-fibrillar species. Unlike cocoa, whose activity has been mainly associated with flavanol
constituents, the effects observed here likely arise from the combined contribution of
multiple cinnamon-derived molecules, including procyanidins, flavonoids, cinnamic acid
derivatives, and cinnamaldehyde. Thus, our findings extend the current evidence on
natural polyphenol-based aggregation modulators by identifying cinnamon bud extract
as an additional phytochemical source capable of interfering with ATX3 misfolding and
aggregation pathways.
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Figure 5. NMR binding studies with ATX3 monomers and oligomers. (A) 1H-NMR spectrum
of a solution containing Etot (5 mg/mL); (B) Blank STD NMR spectrum of the same sample of
(A); (C) 1H-NMR spectrum of a solution containing Etot (5 mg/mL) and ATX3 protein (10 µM) im-
mediately after protein purification; (D) STD NMR spectrum of the same sample of (C); (E) 1H-NMR
spectrum of a solution containing Etot (5 mg/mL) and ATX3 protein (8 µM) after protein incubation
at 37 ◦C for 4 days; (F) STD NMR spectrum of the same sample of (E). Samples were dissolved in the
PBS buffer, pH 7.2. STD spectra were acquired with 1024 scans and 2 s of saturation time at 600 MHz,
25 ◦C.

2.6. Polyphenol-Rich Cinnamon Bud Extract Ameliorates SCA3 Phenotypes in C. elegans via
Locomotion Rescue and Oxidative Stress Protection
2.6.1. Cinnamon Bud Polyphenol Enhances Mobility in a C. elegans SCA3 Model

A Caenorhabditis elegans model of SCA3 was employed to evaluate the potential therapeu-
tic effects of Etot and Fr. B on disease-associated phenotypes. Fr. C was not included in these
experiments due to its high cinnamaldehyde content, which has been shown to significantly
alter the expression of multiple metabolic genes, particularly those involved in glutathione
metabolism (gst-1, gst-2, gst-4, gst-5, gst-6, gst-7, gst-8, gst-25, gst-30, gst-38, gst-44, and gcs-
1) [63]. Such transcriptional changes could independently influence oxidative stress responses
and cellular homeostasis, thereby confounding the interpretation of neuroprotective effects by
masking or amplifying the impact of Fr. C on SCA3-associated phenotypes. Therefore, the
in vivo evaluation was limited to Etot and Fr. B, allowing the assessment of aggregation-related
biological effects while minimizing potential confounding metabolic responses.

Transgenic strains expressing in neuronal cells either the wild-type (ATX3Q17-GFP) or
pathogenic (ATX3Q130-GFP) variant of human ATX3, fused to a GFP tag and expressed
under the pan-neuronal unc-119 promoter, were employed [49]. Etot and Fr. B were admin-
istered at a final concentration of 0.1 mg/mL by supplementing Escherichia coli OP50, the
standard food source for C. elegans. This concentration was selected based on the in vitro
assays, in which it showed the highest biological activity. A dose–response evaluation
was also performed in wild-type N2 worms, and lifespan analysis demonstrated that treat-
ment with either Etot or Fr. B at 0.1 mg/mL did not induce detectable toxicity under our
experimental conditions (Figure S3). Higher concentrations were not evaluated because
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they would have required increasing the DMSO concentration; therefore, to minimize
solvent exposure, the DMSO content was maintained below the 2% threshold reported
to be well tolerated by C. elegans [64]. Phenotypic analyses were performed up to 96 h
post-treatment, including lifespan assessment and evaluation of motor function, measured
by body bend frequency (Figure 6). None of the tested compounds produced a statistically
significant extension of lifespan (Figure S3). However, after 72 h of treatment, both Etot and
Fr. B significantly improved locomotor function in the ATX3Q130-GFP strain compared to
untreated controls, with body bend frequencies increasing by 12% and 26%, respectively
(Figure 6B,D). These improvements were maintained at 96 h, showing similar enhance-
ments (Figure 6B,D). No significant changes were observed in the ATX3Q17-GFP strain
(Figure 6A,C), confirming that the effect is specific to the ataxic phenotype. rather than a
general consequence of heterologous protein expression.

Figure 6. In vivo properties of Etot and its polyphenol-enriched Fr. B. Etot extract (A,B) and Fr. B
(C,D) neuroprotective activity in C. elegans models of SCA3: control and ataxic strains were employed,
expressing respectively the non-pathological ATX3 variant with 17Q (ATX3Q17; panels (A,C)) and the
toxic form with 130Q (ATX3Q130; panels (B,D)). Synchronous 1-day adult worms were placed on a
plate seeded with heat-killed OP50 in the presence or absence of 0.1 mg/mL Etot extract/Fr. B at 25 ◦C.
Worms were transferred daily on a new plate, and body bends were counted for 20 s after 24, 48, 72, and
96 h of treatment. Data were expressed as a percentage of motility increase compared to the 0 h time
point. The mean ± SEM was reported. Etot extract and Fr. B antioxidant activity in wild-type worms
by heat (E) and oxidative (F) stress resistance assays. One-day adult worms were treated for 48 h with
0.1 mg/mL of both extract and fraction. The ability of treated vs. untreated animals to contrast heat
stress was determined by their survival at 37 ◦C. Survival after the exposure to an oxidative agent (H2O2

for 2 h) allowed measurement of oxidative stress resistance of treated vs. untreated nematodes. The
median lifespan of control animals at 37 ◦C and after 2 h exposure to H2O2 was identified, and percent
survival of treated vs. untreated worms was calculated at this time point. The mean survival rate of at
least three biological replicates was reported. * p ≤ 0.05, ** p ≤ 0.01 by two-way ANOVA with Sidak’s
multiple comparisons test; * p ≤ 0.05; **** p ≤ 0.0001 by unpaired t-test.
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2.6.2. Oxidative Stress and the Potential Protective Role of Cinnamon Bud Extract in SCA3

Oxidative stress is a key contributor to SCA3 pathogenesis. Expanded ATX3 impairs
mitochondrial function, increasing ROS production and promoting lipid peroxidation,
DNA oxidation, and protein misfolding [42,44,45]. Furthermore, oxidative stress further
compromised the ubiquitin-proteasome system and autophagy, hindering the clearance of
mutant ATX3 and amplifying protein aggregation and cellular toxicity [46,47]. Conversely,
the accumulation of misfolded and aggregated ATX3 further exacerbates oxidative stress
by disrupting mitochondrial homeostasis and proteostasis, establishing a self-perpetuating
pathogenic cycle in which oxidative stress promotes ATX3 aggregation, while protein
aggregation further enhances oxidative damage [42]. Interrupting this positive feedback
loop therefore represents an attractive therapeutic strategy. To elucidate whether the
beneficial effect of Etot and its polyphenol-enriched Fr. B is due not only to the direct
alteration of ATX3 aggregation but also to a reduction in oxidative stress, stress-resistance
assays were performed in the wild-type N2 C. elegans strain. One-day-old adult worms
were pre-treated for 48 h with 0.1 mg/mL of Etot or Fr. B and then exposed to thermal
and oxidative stress. A heat stress assay was used as an indirect indicator of neuronal
dysfunction and impaired proteostasis in C. elegans [65]. For thermal stress, animals were
exposed to 37 ◦C, and survival was assessed. Median lifespan under control conditions
was reached within 5 h of heat exposure. This point was used to compare survival rates
across treatments (Figure 6E). Both Etot and Fr. B significantly increased thermal stress
resistance, improving survival by 40% and 52%, respectively. For oxidative stress, worms
were exposed to 0.03% H2O2 on an NGM plate seeded with live E. coli OP50. Survival was
monitored hourly over a 2 h period until all animals had died. Etot and Fr. B significantly
enhanced oxidative stress resistance, increasing survival by 13% and 17%, respectively
(Figure 6F), consistent with previous reports on bioactive compounds in C. elegans [66].

Overall, our findings support the hypothesis that the beneficial effects of the cinnamum
bud extract result from a dual mechanism of action, combining the direct modulation of
ATX3 aggregation with the attenuation of oxidative stress. By acting on both processes, the
extract may interrupt the pathogenic positive feedback loop linking protein aggregation
and oxidative stress, thereby reducing the cellular damage associated with mutant ATX3.

3. Materials and Methods
3.1. Cinnamon Bud Extract and Polyphenol-Enriched Fractions

Cinnamon bud extract was obtained by ultrasound-assisted hydroalcoholic extraction,
whereas polyphenol-enriched fractions were obtained by reverse-phase C18 flash chro-
matography as described in Ciaramelli et al. (2022) [28]. The same study also characterized
the metabolic profile of the buds using nuclear magnetic resonance (NMR) spectroscopy and
ultra-performance liquid chromatography coupled with high-resolution mass spectrometry
(UPLC-HR-MS), highlighting the enrichment in B-type procyanidins and glycosylated
flavonoids [28].

3.2. Protein Expression and Purification

The JD and ATX3Q55 proteins were expressed through the pET21-a inducible system
using the Escherichia coli BL21 Tuner (DE) as the expression strain [67]. The purification
procedures are reported in Amigoni et al. (2019) [67] and Bonanomi et al. (2014) [49] for JD
and ATX3Q55, respectively. Cells were grown at 37 ◦C in LB low-salt–ampicillin medium
and induced with 0.5 mM IPTG at OD600 0.8 for 3 h for JD and 45 min for ATX3Q55 at 30 ◦C.
Protein purification was performed using HisPur™ Cobalt Resin (Thermo Fisher Scientific,
Rockford, IL, USA) for the affinity chromatography and loading purified fractions onto a
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Superose 12 10/300 GL gel filtration column (GE Healthcare, Life Sciences, Little Chalfont,
UK) to isolate the JD and ATX3Q55 monomeric form.

3.3. Thioflavin T Assay

The JD and ATX3Q55 aggregation kinetics in the presence of the extracts were followed
by monitoring the Thioflavin T (ThT) fluorescence as previously described [50]. Briefly,
different concentrations of both total extract (Etot) and its fractions (Fr. B and Fr. C) were
incubated at 37 ◦C for 24 h in PBS pH 7.2 with 50 µM of freshly purified JD protein and in
the presence of ThT 20 µM (Sigma-Aldrich, St. Louis, MO, USA). The ATX3Q55 protein
was used at 25 µM and tested with 0.1 mg/mL of both the Etot and its enriched fractions.
The use of a lower concentration of AT3Q55 reflects the higher aggregation propensity of
the full-length protein compared to the JD alone. The control samples were incubated with
DMSO in the same amount as the treated samples. Data were expressed as a percentage
relative to the untreated samples and were reported as mean ± SEM of the maximum ThT
fluorescence values reached. The experiments were replicated at least three times.

3.4. Solubility Test

A solubility test was performed as described before [50]. Briefly, ATX3Q55 and JD
proteins were incubated at 25 and 50 µM, respectively, in PBS pH 7.2 in the presence of
0.1 mg/mL of both Etot and its fractions B and C. For the untreated samples, DMSO was
added to reach the same amount of DMSO as the treated samples. Aliquots at different
incubation times (0 h, 2, 4, 6, 24, 48 and 72 h) were centrifuged at 19,000× g for 15 min,
and 3 µL of the supernatants were loaded on SDS-PAGE performed with 10% (ATX3Q55)
or 14% (JD) polyacrylamide gel. EZBlue Gel Staining Reagent (Sigma-Aldrich, St. Louis,
MO, USA) was used to stain the gels, and densitometric analysis was performed using
the Image Studio software 5.2 (LI-COR Biosciences, Lincoln, NE, USA). Data was reported
as a percentage and normalized to the time 0 h of the control. At least three independent
experiments were performed.

3.5. Fourier Transform Infrared (FTIR) Spectroscopy

For FTIR measurements in attenuated total reflection (ATR), 2 µL of each protein
sample was placed on a diamond plate within a single-reflection ATR device (Quest,
Specac, Mount Kisco, NY, USA). After the solvent evaporated, spectra were recorded and
analyzed as previously detailed [52,53]. A Varian 670-IR spectrometer (Varian Australia
Pty Ltd., Mulgrave, VIC, Australia) was used with the following settings: 1024 scan co-
additions, 2 cm−1 spectral resolution, 25 kHz scan speed, triangular apodization, and a
nitrogen-cooled Mercury Cadmium Telluride (MCT) detector. The spectra were collected
from three independent experiments, each performed on a different protein purification.

Before analysis, buffer absorption (collected under identical conditions to the protein
samples) and, if needed, residual vapor peaks were subtracted from the absorption spectra.
The spectra were then smoothed using the Savitsky–Golay method (25 points). Finally,
after normalization of the spectra at the Amide I band area, second-derivative calculations
were performed using Resolutions-Pro software 5.2.0 (Varian Australia Pty Ltd.). Second
derivatives are useful for observing spectral changes, provided that the same analytical
methods are applied to the original data and that the initial absorption spectra are of high
quality [68].

3.6. Atomic Force Microscopy (AFM)

The AFM imaging procedure adopted to characterize the ATX3Q55 stage of aggrega-
tion has been previously described [69,70]. Briefly, 5 µL of each 25 µM ATX3Q55 sample
was collected at two incubation times (0, 96 h), diluted 1:4 in PBS, and incubated for 5 min
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on a freshly cleaved mica substrate with a final volume of 20 µL. Similarly, ATX3Q55 was
incubated at 25 µM with Etot, Fr. B, and Fr. C at a final concentration of 0.1 mg/mL at
37 ◦C and analyzed at the same timepoints (0, 96 h). After incubation, samples were rinsed
3 times with 1 mL of MilliQ water and dried under a gentle nitrogen flow.

All the Atomic Force Microscopy (AFM) measurements were performed in Tapping
Mode in air using stiff silicon cantilevers (RTESP-Bruker, Billerica, MA, USA, resonant
frequencies ∼300 kHz, spring constant ∼40 N/m). AFM images (6 µm × 6 µm) were
acquired with a JPK Nanowizard 4XP (Bruker Nano GmbH, Berlin, Germany) at a scan
rate of 1 Hz with 1024× 1024 pixels resolution. The AFM images were analyzed using the
commercial JPK Image Processing software 8.1.70 and then by a customized image analysis
software [71] in Mathematica™ 12.1 capable of detecting the number and the equivalent
radius of objects in each image. A crucial step of the analysis is the binarization of the
images. A representative example of the binarization is shown in Figure S2A. All data in
this study were verified by sampling a wide range of areas over the sample surfaces.

3.7. NMR-Binding Studies

Cinnamon total extract (Etot), dissolved in deuterated PBS (d-PBS) 10 mM (5 mg/mL)
was added to an aliquot of ATX3Q55, reaching the final concentration of 5 mg/mL and
10 µM, respectively. The pH of samples was measured with a Microelectrode (InLab Micro,
Mettler Toledo, Columbus, OH, USA) and adjusted to pH 7.4 with NaOD and/or DCl. All
pH values were corrected for the isotope effect. Experiments were run on an AVANCE III
600 MHz NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a TXI (1H, 13C,
15N, and 2H lock) probe. A basic sequence from the Bruker library was used for the STD
experiments. A train of Gaussian-shaped pulses of 50 ms each was employed to saturate the
protein envelope selectively; the total saturation time of the protein envelope was adjusted
to the number of shaped pulses and set at 2 or 3 s. On- and off-resonance spectra were
acquired in an interleaved mode with the same number of scans. The STD NMR spectrum
was obtained by subtracting the on-resonance spectrum from the off-resonance spectrum.

3.8. C. elegans Strains Maintenance and Synchronization

The following strains were used in this work: wild-type N2 Bristol, ATX3Q17, and
ATX3Q130. N2 was provided by the Caenorhabditis Genetics Center (CGC, Minneapolis,
MN, USA), University of Minnesota, while ATX3Q17 and ATX3Q130 were previously
derived by microinjection in a lin-15(n765ts) C. elegans strain [49].

All the strains were maintained on Nematode Growth Medium (NGM) plates (2.5 g/L
bacteriological peptone, 3 g/L NaCl, 17 g/L agar, 1 mM CaCl2, 1 mM MgSO4, 1 mM choles-
terol, 25 mM KH2PO4) seeded and spread with alive Escherichia coli OP50 at the OD600 = 0.3.
N2 were kept at 20 ◦C while ATX3Q17 and ATX3Q130 were cultured at 25 ◦C. All the experi-
ments were performed starting from a synchronous population of worms on the first day of
adulthood (day 0): briefly, gravid adult worms were allowed to lay eggs for 16 h and then
sacrificed. Newly laid eggs grew and developed, giving rise to a synchronous population of
1-day adults after 3 days. The same procedure was applied at both 20 ◦C and 25 ◦C.

3.9. Body Bends Assay

20 fluorescent 1-day adult ATX3Q17 and ATX3Q130 synchronized worms were se-
lected and placed on fresh plates seeded with heat-killed OP50 in the presence or absence
of 0.1 mg/mL Etot extract or its polyphenol-enriched Fr. B. Dead OP50 was obtained by
heating up alive OP50 OD600 = 0.3 at 65 ◦C for 1 h. Body bends per minute were counted
under a microscope (Leica MZ FLIII, Leica Microsystem, Wetzlar, Germany) every 24 h for
5 days of treatment after moving nematodes onto a new plate. The percentage of motility
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in the presence of the extract and its fraction was calculated for each time point. Data from
three biological replicates were represented.

3.10. Thermal Stress Resistance Assay

Synchronized 1-day adult N2 were pre-treated for 48 h on NGM plates seeded with
heat-killed E. coli OP50 in the presence or absence of 0.1 mg/mL Etot extract or Fr. B.
Additionally, 30 worms per each group were incubated at 37 ◦C for 5 h on NGM plates
seeded with alive E. coli OP50 OD600 = 0.3 and pre-heated at 37 ◦C for 20 min. Survivals
were scored every hour using a stereo microscope (Leica MZ FLIII, Leica Microsystem),
and the mean ± SEM of the survival percentage of at least three biological replicates
was represented.

3.11. Oxidative Stress Resistance Assay

Synchronous 1-day adult N2 were placed on NGM plates containing 0.1 mg/mL
Etot extract or Fr. B and seeded with heat-killed E. coli OP50 for 48 h. At the end of the
48 h pre-treatment, 30 worms were transferred to NGM plates added with a 0.03% final
concentration of H2O2 (Sigma-Aldrich/Merck, St. Louis, MO, USA) and seeded with alive
E. coli OP50 OD600 = 0.3. Nematode survival after 2 h of H2O2 exposure was scored every
hour under a stereo microscope. The mean ± SEM of the survival percentage of at least
three biological replicates was reported.

3.12. Statistical Analysis

GraphPad Prism 8.0.2 software was used for statistical analyses. The statistical analysis
of Tht and solubility tests were performed using the one-way ANOVA and two-way
ANOVA, respectively, both followed by Dunnett’s multiple comparisons test. Statistical
significance of the body bends assay was determined using two-way ANOVA and Sidak’s
multiple comparisons test; an unpaired t-test was applied in thermal and oxidative stress
resistance assays.

4. Conclusions
Numerous studies have shown that polyphenolic compounds, beyond their well-known

antioxidant properties, exert anti-amyloidogenic activity against several proteins implicated
in neurodegenerative diseases [72–74]. Among these compounds, procyanidins represent
particularly interesting candidates due to their structural complexity, biological activity and
previously reported neuroprotective effects [28–30]. This prompted us to investigate cinnamon
buds as a natural source of bioactive molecules capable of interfering with ATX3 pathogenic
aggregation, one of the key pathological hallmarks of spinocerebellar ataxia type 3. Through a
combination of biochemical and biophysical approaches, it was demonstrated that both the
polyphenol-enriched fraction (Fr. B) and the cinnamaldehyde-rich fraction (Fr. C) contribute
to the anti-amyloidogenic properties of the total extract by inhibiting the formation of β-
sheet-rich aggregates of both the Josephin domain and the full-length expanded ATX3Q55,
while promoting the accumulation of soluble, SDS-resistant, and non-fibrillar assemblies.
The convergence of kinetic, biochemical, structural, and morphological evidence presented
here indicates that these aggregates are distinct from canonical amyloid intermediates and
mature fibrils, supporting the conclusion that cinnamon-derived compounds redirect ATX3
aggregation toward an off-pathway route rather than simply delaying fibril formation. STD
NMR profiling identified flavonoids, cinnamaldehyde, and cinnamic acid as direct interactors
of ATX3 in the different aggregation states. Consistently, AFM confirmed the ability of the
Etot and both fractions to suppress the formation of large fibrillar assemblies, supporting their
role in remodeling the ATX3 aggregation pathway.
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Although the biophysical experiments were performed under simplified cell-free con-
ditions, the relevance of this aggregation-modulating activity was further supported by
complementary experiments in the C. elegans SCA3 model, demonstrating that the molecu-
lar effects observed in vitro translate into beneficial phenotypic outcomes in a living organ-
ism. In this model, both Etot and Fr. B (Fr. C was not evaluated because cinnamaldehyde
strongly altered the expression of glutathione-related metabolic genes [63]) significantly
improved locomotor deficits associated with expanded ATX3 expression, without affecting
the motility of worms expressing the non-pathogenic ATX3Q17. Moreover, these treatments
enhanced resistance to thermal and oxidative stress, suggesting that cinnamon-derived
compounds provide broader cytoprotective effects beyond the direct modulation of protein
aggregation by influencing cellular stress responses and redox homeostasis.

Taken together, our findings indicate that cinnamon bud extract, particularly its
polyphenol-enriched fraction, exerts a dual protective action by directly remodeling ATX3
aggregation toward structurally distinct off-pathway assemblies while simultaneously
enhancing cellular stress resistance. These results identify cinnamon bud as promising
sources of bioactive compounds with potential neuroprotective properties in the context of
SCA3 and other polyglutamine disorders. Future investigations in more advanced preclini-
cal models will be necessary to confirm these effects, evaluate their translational relevance,
and determine whether these natural compounds may contribute to the development of
nutraceutical-based approaches for human neurodegenerative disorders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31142510/s1, Figure S1. Representative ThT fluores-
cence profiles of Cinnamomum cassia bud extracts on JD and ATX3Q55 aggregation. Figure S2.
Supplementary AFM characterization and surface analysis. Figure S3. Representative survival curves
of nematode strains N2 (A), ATX3Q17 (B) and ATX3Q130 (C). Table S1: Evaluation of cinnamon bud
extract and fraction B on nematode lifespan.

Author Contributions: Conceptualization, B.S., C.A. and M.E.R.; methodology, B.S., R.P., D.A., R.C.,
A.S., V.C., A.N., A.P., C.A. and M.E.R.; validation, B.S., R.P., D.A., R.C., A.S., A.P. and C.A.; formal
analysis, B.S., R.P., D.A., R.C., A.S., A.P. and C.A.; investigation, B.S., R.P., D.A., R.C., A.S., V.C., A.N.,
A.P., C.A. and M.E.R.; resources, V.C., A.N., A.P., C.A. and M.E.R.; data curation, B.S., R.P., D.A.,
R.C., A.S., V.C., A.N., A.P., C.A. and M.E.R.; writing—original draft preparation, B.S., R.P., D.A., R.C.,
A.S., V.C., A.N., A.P., C.A. and M.E.R.; writing—review and editing, B.S., D.A., V.C., A.N., A.P., C.A.
and M.E.R.; supervision, V.C., A.N., A.P., C.A. and M.E.R.; project administration, M.E.R.; funding
acquisition, V.C., A.N., A.P., C.A. and M.E.R. All authors have read and agreed to the published
version of the manuscript.

Funding: R.C., A.S. and V.C. gratefully acknowledge the support of a grant from the Italian Ministry
for Universities and Research (MUR), Dipartimenti di Eccellenza 2023–2027 (l. 232/2016, art. 1,
commi 314–337).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data supporting the findings of this study are included within the
article and its Supplementary Materials.

Acknowledgments: The authors gratefully acknowledge the support of the ISIS@MACH ITALIA
Research Infrastructure, the hub of ISIS Neutron and MuonSource (UK) [MUR official registry
U. 0008642.28-05-2020—16 April 2020]. IM@IT is listed in the Italian Ministry of University and
Research’s Piano Nazionale delle Infrastrutture di Ricerca (PNIR2021–2027) “in the broader notion of
ISIS”, and the ISIS Facility and IM@IT are jointly listed in high-priority RIs (see Table 6, page 30, note
38, PNIR in 2021–2027).

https://doi.org/10.3390/molecules31142510

https://www.mdpi.com/article/10.3390/molecules31142510/s1
https://www.mdpi.com/article/10.3390/molecules31142510/s1
https://doi.org/10.3390/molecules31142510


Molecules 2026, 31, 2510 18 of 21

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Longo, V.D.; Anderson, R.M. Nutrition, Longevity and Disease: From Molecular Mechanisms to Interventions. Cell 2022, 185,

1455–1470. [CrossRef] [PubMed]
2. Okoro, N.O.; Odiba, A.S.; Osadebe, P.O.; Omeje, E.O.; Liao, G.; Fang, W.; Jin, C.; Wang, B. Bioactive Phytochemicals with

Anti-Aging and Lifespan Extending Potentials in Caenorhabditis Elegans. Molecules 2021, 26, 7323. [CrossRef] [PubMed]
3. Altemimi, A.; Lakhssassi, N.; Baharlouei, A.; Watson, D.G.; Lightfoot, D.A. Phytochemicals: Extraction, Isolation, and Identifica-

tion of Bioactive Compounds from Plant Extracts. Plants 2017, 6, 42. [CrossRef] [PubMed]
4. Kumar, J.; Park, K.-C.; Awasthi, A.; Prasad, B. Silymarin Extends Lifespan and Reduces Proteotoxicity in C. Elegans Alzheimer’s

Model. CNS Neurol. Disord. Drug Targets 2015, 14, 295–302. [CrossRef] [PubMed]
5. Mohd Sahardi, N.F.N.; Makpol, S. Ginger (Zingiber Officinale Roscoe) in the Prevention of Ageing and Degenerative Diseases:

Review of Current Evidence. Evid. Based Complement. Altern. Med. 2019, 2019, 5054395. [CrossRef] [PubMed]
6. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of Aging: An Expanding Universe. Cell 2023, 186,

243–278. [CrossRef] [PubMed]
7. Tartiere, A.G.; Freije, J.M.P.; López-Otín, C. The Hallmarks of Aging as a Conceptual Framework for Health and Longevity

Research. Front. Aging 2024, 5, 1334261. [CrossRef] [PubMed]
8. Daglia, M. Polyphenols as Antimicrobial Agents. Curr. Opin. Biotechnol. 2012, 23, 174–181. [CrossRef] [PubMed]
9. Taguri, T.; Tanaka, T.; Kouno, I. Antimicrobial Activity of 10 Different Plant Polyphenols against Bacteria Causing Food-Borne

Disease. Biol. Pharm. Bull. 2004, 27, 1965–1969. [CrossRef] [PubMed]
10. Fujiki, H.; Sueoka, E.; Watanabe, T.; Suganuma, M. Primary Cancer Prevention by Green Tea, and Tertiary Cancer Prevention by

the Combination of Green Tea Catechins and Anticancer Compounds. J. Cancer Prev. 2015, 20, 1. [CrossRef] [PubMed]
11. Zhou, Y.; Zheng, J.; Li, Y.; Xu, D.-P.; Li, S.; Chen, Y.-M.; Li, H.-B. Natural Polyphenols for Prevention and Treatment of Cancer.

Nutrients 2016, 8, 515. [CrossRef] [PubMed]
12. Fraga, C.G.; Oteiza, P.I.; Galleano, M. Plant Bioactives and Redox Signaling: (-)-Epicatechin as a Paradigm. Mol. Asp. Med. 2018,

61, 31–40. [CrossRef] [PubMed]
13. Kim, H.-S.; Quon, M.J.; Kim, J.-A. New Insights into the Mechanisms of Polyphenols beyond Antioxidant Properties; Lessons

from the Green Tea Polyphenol, Epigallocatechin 3-Gallate. Redox Biol. 2014, 2, 187–195. [CrossRef] [PubMed]
14. Luo, J.; Si, H.; Jia, Z.; Liu, D. Dietary Anti-Aging Polyphenols and Potential Mechanisms. Antioxidants 2021, 10, 283. [CrossRef]

[PubMed]
15. Liu, L.; Guo, P.; Wang, P.; Zheng, S.; Qu, Z.; Liu, N. The Review of Anti-Aging Mechanism of Polyphenols on Caenorhabditis

Elegans. Front. Bioeng. Biotechnol. 2021, 9, 635768. [CrossRef] [PubMed]
16. Aquilano, K.; Baldelli, S.; Rotilio, G.; Ciriolo, M.R. Role of Nitric Oxide Synthases in Parkinson’s Disease: A Review on the

Antioxidant and Anti-Inflammatory Activity of Polyphenols. Neurochem. Res. 2008, 33, 2416–2426. [CrossRef] [PubMed]
17. Noguchi-Shinohara, M.; Yuki, S.; Dohmoto, C.; Ikeda, Y.; Samuraki, M.; Iwasa, K.; Yokogawa, M.; Asai, K.; Komai, K.; Nakamura,

H.; et al. Consumption of Green Tea, but Not Black Tea or Coffee, Is Associated with Reduced Risk of Cognitive Decline. PLoS
ONE 2014, 9, e96013. [CrossRef] [PubMed]

18. Rossi, L.; Mazzitelli, S.; Arciello, M.; Capo, C.R.; Rotilio, G. Benefits from Dietary Polyphenols for Brain Aging and Alzheimer’s
Disease. Neurochem. Res. 2008, 33, 2390–2400. [CrossRef] [PubMed]

19. Cardoso, S.M.; Fassio, A. The Antioxidant Capacities of Natural Products 2019. Molecules 2020, 25, 5676. [CrossRef] [PubMed]
20. Grünz, G.; Haas, K.; Soukup, S.; Klingenspor, M.; Kulling, S.E.; Daniel, H.; Spanier, B. Structural Features and Bioavailability of

Four Flavonoids and Their Implications for Lifespan-Extending and Antioxidant Actions in C. Elegans. Mech. Ageing Dev. 2012,
133, 1–10. [CrossRef] [PubMed]

21. Sroka, Z.; Cisowski, W. Hydrogen Peroxide Scavenging, Antioxidant and Anti-Radical Activity of Some Phenolic Acids. Food
Chem. Toxicol. 2003, 41, 753–758. [CrossRef] [PubMed]

22. Chattopadhyay, D.; Thirumurugan, K. Longevity Promoting Efficacies of Different Plant Extracts in Lower Model Organisms.
Mech. Ageing Dev. 2018, 171, 47–57. [CrossRef] [PubMed]

23. Sutphin, G.L.; Bishop, E.; Yanos, M.E.; Moller, R.M.; Kaeberlein, M. Caffeine Extends Life Span, Improves Healthspan, and Delays
Age-Associated Pathology in Caenorhabditis Elegans. Longev. Heal. 2012, 1, 9. [CrossRef] [PubMed]

24. Lv, C.; Yuan, X.; Zeng, H.-W.; Liu, R.-H.; Zhang, W.-D. Protective Effect of Cinnamaldehyde against Glutamate-Induced Oxidative
Stress and Apoptosis in PC12 Cells. Eur. J. Pharmacol. 2017, 815, 487–494. [CrossRef] [PubMed]

25. Rao, P.V.; Gan, S.H. Cinnamon: A Multifaceted Medicinal Plant. Evid. Based Complement. Altern. Med. 2014, 2014, 642942.
[CrossRef] [PubMed]

26. Schriner, S.E.; Kuramada, S.; Lopez, T.E.; Truong, S.; Pham, A.; Jafari, M. Extension of Drosophila Lifespan by Cinnamon through
a Sex-Specific Dependence on the Insulin Receptor Substrate Chico. Exp. Gerontol. 2014, 60, 220–230. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142510

https://doi.org/10.1016/j.cell.2022.04.002
https://www.ncbi.nlm.nih.gov/pubmed/35487190
https://doi.org/10.3390/molecules26237323
https://www.ncbi.nlm.nih.gov/pubmed/34885907
https://doi.org/10.3390/plants6040042
https://www.ncbi.nlm.nih.gov/pubmed/28937585
https://doi.org/10.2174/1871527314666150116110212
https://www.ncbi.nlm.nih.gov/pubmed/25613505
https://doi.org/10.1155/2019/5054395
https://www.ncbi.nlm.nih.gov/pubmed/31531114
https://doi.org/10.1016/j.cell.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36599349
https://doi.org/10.3389/fragi.2024.1334261
https://www.ncbi.nlm.nih.gov/pubmed/38292053
https://doi.org/10.1016/j.copbio.2011.08.007
https://www.ncbi.nlm.nih.gov/pubmed/21925860
https://doi.org/10.1248/bpb.27.1965
https://www.ncbi.nlm.nih.gov/pubmed/15577214
https://doi.org/10.15430/JCP.2015.20.1.1
https://www.ncbi.nlm.nih.gov/pubmed/25853098
https://doi.org/10.3390/nu8080515
https://www.ncbi.nlm.nih.gov/pubmed/27556486
https://doi.org/10.1016/j.mam.2018.01.007
https://www.ncbi.nlm.nih.gov/pubmed/29421170
https://doi.org/10.1016/j.redox.2013.12.022
https://www.ncbi.nlm.nih.gov/pubmed/24494192
https://doi.org/10.3390/antiox10020283
https://www.ncbi.nlm.nih.gov/pubmed/33668479
https://doi.org/10.3389/fbioe.2021.635768
https://www.ncbi.nlm.nih.gov/pubmed/34327192
https://doi.org/10.1007/s11064-008-9697-6
https://www.ncbi.nlm.nih.gov/pubmed/18415676
https://doi.org/10.1371/journal.pone.0096013
https://www.ncbi.nlm.nih.gov/pubmed/24828424
https://doi.org/10.1007/s11064-008-9696-7
https://www.ncbi.nlm.nih.gov/pubmed/18415677
https://doi.org/10.3390/molecules25235676
https://www.ncbi.nlm.nih.gov/pubmed/33271992
https://doi.org/10.1016/j.mad.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22155175
https://doi.org/10.1016/s0278-6915(02)00329-0
https://www.ncbi.nlm.nih.gov/pubmed/12738180
https://doi.org/10.1016/j.mad.2018.03.002
https://www.ncbi.nlm.nih.gov/pubmed/29526449
https://doi.org/10.1186/2046-2395-1-9
https://www.ncbi.nlm.nih.gov/pubmed/24764514
https://doi.org/10.1016/j.ejphar.2017.09.009
https://www.ncbi.nlm.nih.gov/pubmed/28893578
https://doi.org/10.1155/2014/642942
https://www.ncbi.nlm.nih.gov/pubmed/24817901
https://doi.org/10.1016/j.exger.2014.09.019
https://www.ncbi.nlm.nih.gov/pubmed/25456850
https://doi.org/10.3390/molecules31142510


Molecules 2026, 31, 2510 19 of 21

27. Yu, Y.-B.; Dosanjh, L.; Lao, L.; Tan, M.; Shim, B.S.; Luo, Y. Cinnamomum Cassia Bark in Two Herbal Formulas Increases Life Span
in Caenorhabditis Elegans via Insulin Signaling and Stress Response Pathways. PLoS ONE 2010, 5, e9339. [CrossRef] [PubMed]

28. Ciaramelli, C.; Palmioli, A.; Angotti, I.; Colombo, L.; De Luigi, A.; Sala, G.; Salmona, M.; Airoldi, C. NMR-Driven Identification of
Cinnamon Bud and Bark Components With Anti-Aβ Activity. Front. Chem. 2022, 10, 896253. [CrossRef] [PubMed]

29. Palmioli, A.; Forcella, M.; Oldani, M.; Angotti, I.; Sacco, G.; Fusi, P.; Airoldi, C. Adjuvant Effect of Cinnamon Polyphenolic
Components in Colorectal Cancer Cell Lines. Int. J. Mol. Sci. 2023, 24, 16117. [CrossRef] [PubMed]

30. Yang, H.; Tuo, X.; Wang, L.; Tundis, R.; Portillo, M.P.; Simal-Gandara, J.; Yu, Y.; Zou, L.; Xiao, J.; Deng, J. Bioactive Procyanidins
from Dietary Sources: The Relationship between Bioactivity and Polymerization Degree. Trends Food Sci. Technol. 2021, 111,
114–127. [CrossRef]

31. Perrone, P.; D’Angelo, S. Hormesis and Health: Molecular Mechanisms and the Key Role of Polyphenols. Food Chem. Adv. 2025,
7, 101030. [CrossRef]

32. Viola, G.; Sperotto, A.; Palmioli, A.; Tira, R.; Munari, F.; Assfalg, M.; Airoldi, C.; D’Onofrio, M. Cinnamon Bud Extract Is a Source
of Biomolecules Active against the Aggregation and Condensation of Alzheimer′s-Associated Tau Protein. J. Agric. Food Chem.
2026, 74, 11592–11604. [CrossRef] [PubMed]

33. Fan, H.-C.; Ho, L.-I.; Chi, C.-S.; Chen, S.-J.; Peng, G.-S.; Chan, T.-M.; Lin, S.-Z.; Harn, H.-J. Polyglutamine (PolyQ) Diseases:
Genetics to Treatments. Cell Transpl. 2014, 23, 441–458. [CrossRef] [PubMed]

34. Lieberman, A.P.; Shakkottai, V.G.; Albin, R.L. Polyglutamine Repeats in Neurodegenerative Diseases. Annu. Rev. Pathol. 2019, 14,
1–27. [CrossRef] [PubMed]

35. Paulson, H.L.; Bonini, N.M.; Roth, K.A. Polyglutamine Disease and Neuronal Cell Death. Proc. Natl. Acad. Sci. USA 2000, 97,
12957–12958. [CrossRef] [PubMed]

36. Natalello, A.; Frana, A.M.; Relini, A.; Apicella, A.; Invernizzi, G.; Casari, C.; Gliozzi, A.; Doglia, S.M.; Tortora, P.; Regonesi, M.E. A
Major Role for Side-Chain Polyglutamine Hydrogen Bonding in Irreversible Ataxin-3 Aggregation. PLoS ONE 2011, 6, e18789.
[CrossRef] [PubMed]

37. Paulson, H.L. Dominantly Inherited Ataxias: Lessons Learned from Machado-Joseph Disease/Spinocerebellar Ataxia Type 3.
Semin. Neurol. 2007, 27, 133–142. [CrossRef] [PubMed]

38. Riess, O.; Rüb, U.; Pastore, A.; Bauer, P.; Schöls, L. SCA3: Neurological Features, Pathogenesis and Animal Models. Cerebellum
2008, 7, 125–137. [CrossRef] [PubMed]

39. Zoghbi, H.Y.; Orr, H.T. Glutamine Repeats and Neurodegeneration. Annu. Rev. Neurosci. 2000, 23, 217–247. [CrossRef] [PubMed]
40. Li, X.; Liu, H.; Fischhaber, P.L.; Tang, T.-S. Toward Therapeutic Targets for SCA3: Insight into the Role of Machado-Joseph Disease

Protein Ataxin-3 in Misfolded Proteins Clearance. Prog. Neurobiol. 2015, 132, 34–58. [CrossRef] [PubMed]
41. Seidel, K.; Meister, M.; Dugbartey, G.J.; Zijlstra, M.P.; Vinet, J.; Brunt, E.R.P.; van Leeuwen, F.W.; Rüb, U.; Kampinga, H.H.; den

Dunnen, W.F.A. Cellular Protein Quality Control and the Evolution of Aggregates in Spinocerebellar Ataxia Type 3 (SCA3).
Neuropathol. Appl. Neurobiol. 2012, 38, 548–558. [CrossRef] [PubMed]

42. Mohd Hisam, N.S.; Wong, K.H. Oxidative Stress in Spinocerebellar Ataxia Type 3 and Its Attenuation by Herbal Remedies in
Traditional Chinese Medicine: A Systematic Review. Antioxidants 2024, 13, 375. [CrossRef] [PubMed]

43. Mendonça, L.S.; Moreira, R.; Henriques, D.; Zuzarte, M.; Ribeiro-Rodrigues, T.M.; Girão, H.; Pereira de Almeida, L. Autophagy-
and Oxidative Stress-Related Protein Deregulation Mediated by Extracellular Vesicles of Human MJD/SCA3 iPSC-Derived
Neuroepithelial Stem Cells and Differentiated Neural Cultures. Cell Death Dis. 2025, 16, 383. [CrossRef] [PubMed]

44. Harmuth, T.; Weber, J.J.; Zimmer, A.J.; Sowa, A.S.; Schmidt, J.; Fitzgerald, J.C.; Schöls, L.; Riess, O.; Hübener-Schmid, J.
Mitochondrial Dysfunction in Spinocerebellar Ataxia Type 3 Is Linked to VDAC1 Deubiquitination. Int. J. Mol. Sci. 2022, 23, 5933.
[CrossRef] [PubMed]

45. Yu, Y.-C.; Kuo, C.-L.; Cheng, W.-L.; Liu, C.-S.; Hsieh, M. Decreased Antioxidant Enzyme Activity and Increased Mitochondrial
DNA Damage in Cellular Models of Machado-Joseph Disease. J. Neurosci. Res. 2009, 87, 1884–1891. [CrossRef] [PubMed]

46. Menzies, F.M.; Huebener, J.; Renna, M.; Bonin, M.; Riess, O.; Rubinsztein, D.C. Autophagy Induction Reduces Mutant Ataxin-3
Levels and Toxicity in a Mouse Model of Spinocerebellar Ataxia Type 3. Brain 2010, 133, 93–104. [CrossRef] [PubMed]

47. Luo, H.; Todi, S.V.; Paulson, H.L.; Costa, M.d.C. Regional and Age-Dependent Changes in Ubiquitination in Cellular and Mouse
Models of Spinocerebellar Ataxia Type 3. Front. Mol. Neurosci. 2023, 16, 1154203. [CrossRef] [PubMed]

48. Scarff, C.A.; Sicorello, A.; Tomé, R.J.L.; Macedo-Ribeiro, S.; Ashcroft, A.E.; Radford, S.E. A Tale of a Tail: Structural Insights into
the Conformational Properties of the Polyglutamine Protein Ataxin-3. Int. J. Mass. Spectrom. 2013, 345–347, 63–70. [CrossRef]
[PubMed]

49. Bonanomi, M.; Natalello, A.; Visentin, C.; Pastori, V.; Penco, A.; Cornelli, G.; Colombo, G.; Malabarba, M.G.; Doglia, S.M.;
Relini, A.; et al. Epigallocatechin-3-Gallate and Tetracycline Differently Affect Ataxin-3 Fibrillogenesis and Reduce Toxicity in
Spinocerebellar Ataxia Type 3 Model. Hum. Mol. Genet. 2014, 23, 6542–6552. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142510

https://doi.org/10.1371/journal.pone.0009339
https://www.ncbi.nlm.nih.gov/pubmed/20179756
https://doi.org/10.3389/fchem.2022.896253
https://www.ncbi.nlm.nih.gov/pubmed/35755250
https://doi.org/10.3390/ijms242216117
https://www.ncbi.nlm.nih.gov/pubmed/38003308
https://doi.org/10.1016/j.tifs.2021.02.063
https://doi.org/10.1016/j.focha.2025.101030
https://doi.org/10.1021/acs.jafc.5c17659
https://www.ncbi.nlm.nih.gov/pubmed/41925203
https://doi.org/10.3727/096368914X678454
https://www.ncbi.nlm.nih.gov/pubmed/24816443
https://doi.org/10.1146/annurev-pathmechdis-012418-012857
https://www.ncbi.nlm.nih.gov/pubmed/30089230
https://doi.org/10.1073/pnas.210395797
https://www.ncbi.nlm.nih.gov/pubmed/11058149
https://doi.org/10.1371/journal.pone.0018789
https://www.ncbi.nlm.nih.gov/pubmed/21533208
https://doi.org/10.1055/s-2007-971172
https://www.ncbi.nlm.nih.gov/pubmed/17390258
https://doi.org/10.1007/s12311-008-0013-4
https://www.ncbi.nlm.nih.gov/pubmed/18418689
https://doi.org/10.1146/annurev.neuro.23.1.217
https://www.ncbi.nlm.nih.gov/pubmed/10845064
https://doi.org/10.1016/j.pneurobio.2015.06.004
https://www.ncbi.nlm.nih.gov/pubmed/26123252
https://doi.org/10.1111/j.1365-2990.2011.01220.x
https://www.ncbi.nlm.nih.gov/pubmed/21916928
https://doi.org/10.3390/antiox13030375
https://www.ncbi.nlm.nih.gov/pubmed/38539908
https://doi.org/10.1038/s41419-025-07659-0
https://www.ncbi.nlm.nih.gov/pubmed/40374597
https://doi.org/10.3390/ijms23115933
https://www.ncbi.nlm.nih.gov/pubmed/35682609
https://doi.org/10.1002/jnr.22011
https://www.ncbi.nlm.nih.gov/pubmed/19185026
https://doi.org/10.1093/brain/awp292
https://www.ncbi.nlm.nih.gov/pubmed/20007218
https://doi.org/10.3389/fnmol.2023.1154203
https://www.ncbi.nlm.nih.gov/pubmed/37122622
https://doi.org/10.1016/j.ijms.2012.08.032
https://www.ncbi.nlm.nih.gov/pubmed/25844046
https://doi.org/10.1093/hmg/ddu373
https://www.ncbi.nlm.nih.gov/pubmed/25030034
https://doi.org/10.3390/molecules31142510


Molecules 2026, 31, 2510 20 of 21

50. Sciandrone, B.; Palmioli, A.; Ciaramelli, C.; Pensotti, R.; Colombo, L.; Regonesi, M.E.; Airoldi, C. Cell-Free and In Vivo
Characterization of the Inhibitory Activity of Lavado Cocoa Flavanols on the Amyloid Protein Ataxin-3: Toward New Approaches
against Spinocerebellar Ataxia Type 3. ACS Chem. Neurosci. 2024, 15, 278–289. [CrossRef] [PubMed]

51. Barth, A. Infrared Spectroscopy of Proteins. Biochim. Biophys. Acta 2007, 1767, 1073–1101. [CrossRef] [PubMed]
52. Ami, D.; Mereghetti, P.; Natalello, A. Contribution of Infrared Spectroscopy to the Understanding of Amyloid Protein Aggregation

in Complex Systems. Front. Mol. Biosci. 2022, 9, 822852. [CrossRef] [PubMed]
53. Lavatelli, F.; Natalello, A.; Marchese, L.; Ami, D.; Corazza, A.; Raimondi, S.; Mimmi, M.C.; Malinverni, S.; Mangione, P.P.; Palmer,

M.T.; et al. Truncation of the Constant Domain Drives Amyloid Formation by Immunoglobulin Light Chains. J. Biol. Chem. 2024,
300, 107174. [CrossRef] [PubMed]

54. Mayer, M.; Meyer, B. Characterization of Ligand Binding by Saturation Transfer Difference NMR Spectroscopy. Angew. Chem. Int.
Ed. Engl. 1999, 38, 1784–1788. [CrossRef]

55. Bonanomi, M.; Visentin, C.; Natalello, A.; Spinelli, M.; Vanoni, M.; Airoldi, C.; Regonesi, M.E.; Tortora, P. How Epigallocatechin-
3-Gallate and Tetracycline Interact with the Josephin Domain of Ataxin-3 and Alter Its Aggregation Mode. Chemistry 2015, 21,
18383–18393. [CrossRef] [PubMed]

56. Guzzi, C.; Colombo, L.; Luigi, A.D.; Salmona, M.; Nicotra, F.; Airoldi, C. Flavonoids and Their Glycosides as Anti-Amyloidogenic
Compounds: Aβ1-42 Interaction Studies to Gain New Insights into Their Potential for Alzheimer’s Disease Prevention and
Therapy. Chem. Asian J. 2017, 12, 67–75. [CrossRef] [PubMed]

57. Palmioli, A.; Airoldi, C. An NMR Toolkit to Probe Amyloid Oligomer Inhibition in Neurodegenerative Diseases: From Ligand
Screening to Dissecting Binding Topology and Mechanisms of Action. Chempluschem 2024, 89, e202400243. [CrossRef] [PubMed]

58. Xiang, L.; Wang, Y.; Liu, S.; Liu, B.; Jin, X.; Cao, X. Targeting Protein Aggregates with Natural Products: An Optional Strategy for
Neurodegenerative Diseases. Int. J. Mol. Sci. 2023, 24, 11275. [CrossRef] [PubMed]

59. Chandrasekaran, V.; Hediyal, T.A.; Anand, N.; Kendaganna, P.H.; Gorantla, V.R.; Mahalakshmi, A.M.; Ghanekar, R.K.; Yang, J.;
Sakharkar, M.K.; Chidambaram, S.B. Polyphenols, Autophagy and Neurodegenerative Diseases: A Review. Biomolecules 2023,
13, 1196. [CrossRef] [PubMed]

60. Arias-Sánchez, R.A.; Torner, L.; Fenton Navarro, B. Polyphenols and Neurodegenerative Diseases: Potential Effects and Mecha-
nisms of Neuroprotection. Molecules 2023, 28, 5415. [CrossRef] [PubMed]

61. Porat, Y.; Abramowitz, A.; Gazit, E. Inhibition of Amyloid Fibril Formation by Polyphenols: Structural Similarity and Aromatic
Interactions as a Common Inhibition Mechanism. Chem. Biol. Drug Des. 2006, 67, 27–37. [CrossRef] [PubMed]

62. Wang, J.; Varghese, M.; Ono, K.; Yamada, M.; Levine, S.; Tzavaras, N.; Gong, B.; Hurst, W.J.; Blitzer, R.D.; Pasinetti, G.M. Cocoa
Extracts Reduce Oligomerization of Amyloid-β: Implications for Cognitive Improvement in Alzheimer’s Disease. J. Alzheimer’s
Dis. 2014, 41, 643–650. [CrossRef] [PubMed]

63. Lu, L.; Shu, C.; Chen, L.; Yang, Y.; Ma, S.; Zhu, K.; Shi, B. Insecticidal Activity and Mechanism of Cinnamaldehyde in C. Elegans.
Fitoterapia 2020, 146, 104687. [CrossRef] [PubMed]

64. AlOkda, A.; Van Raamsdonk, J.M. Effect of DMSO on Lifespan and Physiology in C. Elegans: Implications for Use of DMSO as a
Solvent for Compound Delivery. MicroPubl. Biol. 2022, 2022, 10-17912. [CrossRef] [PubMed]

65. Kumsta, C.; Chang, J.T.; Schmalz, J.; Hansen, M. Hormetic Heat Stress and HSF-1 Induce Autophagy to Improve Survival and
Proteostasis in C. Elegans. Nat. Commun. 2017, 8, 14337. [CrossRef] [PubMed]

66. Abbas, S.; Wink, M. Epigallocatechin Gallate from Green Tea (Camellia sinensis) Increases Lifespan and Stress Resistance in
Caenorhabditis Elegans. Planta Med. 2009, 75, 216–221. [CrossRef] [PubMed]

67. Amigoni, L.; Airoldi, C.; Natalello, A.; Romeo, M.; Diomede, L.; Tortora, P.; Regonesi, M.E. Methacycline Displays a Strong
Efficacy in Reducing Toxicity in a SCA3 Caenorhabditis Elegans Model. Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 279–290.
[CrossRef] [PubMed]

68. Dong, A.; Huang, P.; Caughey, W.S. Protein Secondary Structures in Water from Second-Derivative Amide I Infrared Spectra.
Biochemistry 1990, 29, 3303–3308. [CrossRef] [PubMed]

69. Cassina, V.; Seruggia, D.; Beretta, G.L.; Salerno, D.; Brogioli, D.; Manzini, S.; Zunino, F.; Mantegazza, F. Atomic Force Microscopy
Study of DNA Conformation in the Presence of Drugs. Eur. Biophys. J. 2011, 40, 59–68. [CrossRef] [PubMed]

70. Cassina, V.; Manghi, M.; Salerno, D.; Tempestini, A.; Iadarola, V.; Nardo, L.; Brioschi, S.; Mantegazza, F. Effects of Cytosine
Methylation on DNA Morphology: An Atomic Force Microscopy Study. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2016, 1860, 1–7.
[CrossRef] [PubMed]

71. Corti, R.; Cox, A.; Cassina, V.; Nardo, L.; Salerno, D.; Marrano, C.A.; Missana, N.; Andreozzi, P.; Silva, P.J.; Stellacci, F.; et al.
The Clustering of mApoE Anti-Amyloidogenic Peptide on Nanoparticle Surface Does Not Alter Its Performance in Controlling
Beta-Amyloid Aggregation. Int. J. Mol. Sci. 2020, 21, 1066. [CrossRef] [PubMed]

72. Sironi, E.; Colombo, L.; Lompo, A.; Messa, M.; Bonanomi, M.; Regonesi, M.E.; Salmona, M.; Airoldi, C. Natural Compounds
against Neurodegenerative Diseases: Molecular Characterization of the Interaction of Catechins from Green Tea with Aβ1-42,
PrP106-126, and Ataxin-3 Oligomers. Chemistry 2014, 20, 13793–13800. [CrossRef] [PubMed]

https://doi.org/10.3390/molecules31142510

https://doi.org/10.1021/acschemneuro.3c00560
https://www.ncbi.nlm.nih.gov/pubmed/38154144
https://doi.org/10.1016/j.bbabio.2007.06.004
https://www.ncbi.nlm.nih.gov/pubmed/17692815
https://doi.org/10.3389/fmolb.2022.822852
https://www.ncbi.nlm.nih.gov/pubmed/35463965
https://doi.org/10.1016/j.jbc.2024.107174
https://www.ncbi.nlm.nih.gov/pubmed/38499153
https://doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
https://doi.org/10.1002/chem.201503086
https://www.ncbi.nlm.nih.gov/pubmed/26538519
https://doi.org/10.1002/asia.201601291
https://www.ncbi.nlm.nih.gov/pubmed/27766768
https://doi.org/10.1002/cplu.202400243
https://www.ncbi.nlm.nih.gov/pubmed/38712695
https://doi.org/10.3390/ijms241411275
https://www.ncbi.nlm.nih.gov/pubmed/37511037
https://doi.org/10.3390/biom13081196
https://www.ncbi.nlm.nih.gov/pubmed/37627261
https://doi.org/10.3390/molecules28145415
https://www.ncbi.nlm.nih.gov/pubmed/37513286
https://doi.org/10.1111/j.1747-0285.2005.00318.x
https://www.ncbi.nlm.nih.gov/pubmed/16492146
https://doi.org/10.3233/JAD-132231
https://www.ncbi.nlm.nih.gov/pubmed/24957018
https://doi.org/10.1016/j.fitote.2020.104687
https://www.ncbi.nlm.nih.gov/pubmed/32681860
https://doi.org/10.17912/micropub.biology.000634
https://www.ncbi.nlm.nih.gov/pubmed/36158529
https://doi.org/10.1038/ncomms14337
https://www.ncbi.nlm.nih.gov/pubmed/28198373
https://doi.org/10.1055/s-0028-1088378
https://www.ncbi.nlm.nih.gov/pubmed/19085685
https://doi.org/10.1016/j.bbagen.2018.10.008
https://www.ncbi.nlm.nih.gov/pubmed/30420336
https://doi.org/10.1021/bi00465a022
https://www.ncbi.nlm.nih.gov/pubmed/2159334
https://doi.org/10.1007/s00249-010-0627-6
https://www.ncbi.nlm.nih.gov/pubmed/20882274
https://doi.org/10.1016/j.bbagen.2015.10.006
https://www.ncbi.nlm.nih.gov/pubmed/26475643
https://doi.org/10.3390/ijms21031066
https://www.ncbi.nlm.nih.gov/pubmed/32033502
https://doi.org/10.1002/chem.201403188
https://www.ncbi.nlm.nih.gov/pubmed/25179684
https://doi.org/10.3390/molecules31142510


Molecules 2026, 31, 2510 21 of 21

73. Visentin, C.; Pellistri, F.; Natalello, A.; Vertemara, J.; Bonanomi, M.; Gatta, E.; Penco, A.; Relini, A.; De Gioia, L.; Airoldi, C.;
et al. Epigallocatechin-3-Gallate and Related Phenol Compounds Redirect the Amyloidogenic Aggregation Pathway of Ataxin-3
towards Non-Toxic Aggregates and Prevent Toxicity in Neural Cells and Caenorhabditis Elegans Animal Model. Hum. Mol.
Genet. 2017, 26, 3271–3284. [CrossRef] [PubMed]

74. Palmioli, A.; Mazzoni, V.; De Luigi, A.; Bruzzone, C.; Sala, G.; Colombo, L.; Bazzini, C.; Zoia, C.P.; Inserra, M.; Salmona, M.;
et al. Alzheimer’s Disease Prevention through Natural Compounds: Cell-Free, In Vitro, and In Vivo Dissection of Hop (Humulus
lupulus L.) Multitarget Activity. ACS Chem. Neurosci. 2022, 13, 3152–3167. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules31142510

https://doi.org/10.1093/hmg/ddx211
https://www.ncbi.nlm.nih.gov/pubmed/28633380
https://doi.org/10.1021/acschemneuro.2c00444
https://www.ncbi.nlm.nih.gov/pubmed/36283035
https://doi.org/10.3390/molecules31142510

	Introduction 
	Results and Discussion 
	Anti-Amyloidogenic Effects of Cinnamon Bud Extract and Its Principal Components on Ataxin-3 Aggregation 
	Solubility Assay Confirms the Capability of Cinnamon Extract and Its Fractions to Affect Ataxin-3 Aggregation 
	Fourier Transform Infrared Spectroscopic Analysis Reveals the Protein Structural Changes Induced by Cinnamon Extract Components on ATX3 Aggregation 
	AFM Analysis Confirms That Cinnamon Bud Extract and Its Fractions Suppress Fibrillar Aggregation of ATX3Q55 
	STD NMR Analysis Identifies ATX3-Interacting Ligands in Cinnamon Bud Extract 
	Polyphenol-Rich Cinnamon Bud Extract Ameliorates SCA3 Phenotypes in C. elegans via Locomotion Rescue and Oxidative Stress Protection 
	Cinnamon Bud Polyphenol Enhances Mobility in a C. elegans SCA3 Model 
	Oxidative Stress and the Potential Protective Role of Cinnamon Bud Extract in SCA3 


	Materials and Methods 
	Cinnamon Bud Extract and Polyphenol-Enriched Fractions 
	Protein Expression and Purification 
	Thioflavin T Assay 
	Solubility Test 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Atomic Force Microscopy (AFM) 
	NMR-Binding Studies 
	C. elegans Strains Maintenance and Synchronization 
	Body Bends Assay 
	Thermal Stress Resistance Assay 
	Oxidative Stress Resistance Assay 
	Statistical Analysis 

	Conclusions 
	References

