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Hydroxytyrosol and Parkinson’s
disease: protective actions against
alpha-synuclein toxicity
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Parkinson’s disease: Parkinson’s disease (PD) is
the second most prevalent neurodegenerative
disease, after Alzheimer’s disease, affecting 1%
of the general population over the age of 65
years. According to data from the World Health
Organization (WHO), its prevalence has doubled
in the past 25 years. In 2019, global estimates
indicated over 8.5 million individuals with PD and
it is suggested that PD caused 329000 deaths, an
increase of over 100% since 2000 (WHO, 2022).
Although there are pharmacological interventions
that improve the quality of life of PD patients, this
brain disorder still has no cure.

The accumulation of misfolded a-synuclein (asyn)
protein in dopaminergic neurons is the main
histopathological hallmark of PD. asyn is a small
protein (140 amino acids) that presents a spectrum
of various species, including monomers, oligomers,
and fibrils. Both oligomers and fibrils have been
shown to be toxic in different contexts. However,
their different sizes and shapes determine
differences in their reactivity and toxicity. For this
reason, whether asyn oligomers or fibrils are more
toxic keeps on intense discussion (Alam et al.,
2019). What is clear is that the formation of asyn
aggregates is toxic to dopaminergic neurons, so it
must be avoided to prevent neuronal death.

Dysfunction and death of dopaminergic neurons
are also associated with an increase in microglial
activity. This is due to the increased microglial
activation can result in the upregulation of pro-
inflammatory cytokines (neuroinflammation)
and reactive oxygen species (ROS) (oxidative
stress). These processes seem to play a key
role in the development and progression of PD,
hence suppression of microglial activation can
be considered as an important strategy for PD
prevention.

Recently, some non-pharmacological strategies to
reduce the incidence or slow down PD progression
have been under development. In this sense, since
it was demonstrated that PD incidence could be
influenced by environmental factors such as diet,
much attention has been directed toward dietary
interventions. Thus, emerging and promising
therapeutic approaches based on diet are focused
on avoiding important processes associated
with this disorder including the formation and
propagation of asyn oligomers and fibrils, and
microglial activation, among others.

Hydroxytyrosol: Among the different diets,
increasing evidence supports that adherence to
the traditional Mediterranean diet is related to
a significant reduction in the risk of age-related
pathologies such as dementia, Alzheimer’s
disease, and PD (Gardener and Caunca, 2018). This
dietary pattern is characterized by a considerable
consumption of plant foods (grains, fruits,
legumes, vegetables, and nuts); moderate intake
of poultry, fish, and wine (especially red wine);
low intake of processed and red meat; and extra-
virgin olive oil as the primary fat source. Extra-
virgin olive oil is rich in polyphenols, particularly
hydroxytyrosol (HT) (3,4-dihydroxyphenylethanol;
also known as DOPAC). This polyphenol and its
derivatives are one of the most relevant bioactive
compounds, and they are recognized for their

cardioprotective properties. In fact, in 2010, the
European Food Safety Authority (EFSA) authorized
a health claim for olive oil polyphenols (HT and
its derivatives; containing at least 5 mg/20 g of
olive oil), substantiating their contribution to the
protection of blood lipids from oxidative stress
(Commission Regulation EU 432/2012) (EFSA
Panel on Dietetic Products, Nutrition and Allergies
(NDA), 2011). Thus, given the number of beneficial
properties of HT, its neuroprotective effects are
being increasingly studied because of its ability
to easily cross the blood-brain barrier (Wu et al.,
2009). Specifically, regarding HT properties as an
anti-parkinsonian agent, more and more research
has been carried out in recent years, which we will
discuss below.

HT-anti-aggregation effect and prevention of the
formation of toxic a-syn oligomers and fibrils:
The first evidence of the anti-aggregative effect of
HT on the formation of asyn fibrils dates to 2018.
In this sense, and using different physicochemical
techniques (thioflavin T, transmission electronic
microscopy, and electrophoresis), it was
demonstrated that HT (25-200 uM) can very
actively inhibit (between 70-90%) asyn fibril
formation (70 uM) (Hornedo-Ortega et al., 2018).
These results were later confirmed by Gallardo-
Fernandez and his co-workers, proving that HT
alone and in combination with other bioactive
compounds from food (protocatechuic acid and
melatonin) counteracts asyn fibrillation (80%,
HT: 100 uM/asyn: 70 uM) (Gallardo-Fernandez
et al., 2019a). These observations were also
corroborated by Palazzi et al. (2020), noting that
HT completely abolished asyn aggregation at

the 1:1 protein/HT ratio (Palazzi et al., 2020).
Regarding the potential mechanism underlying
this anti-aggregative effect, it was demonstrated
that HT stabilizes the monomeric asyn and
induces the formation of non-toxic oligomeric
species due to its ability to chemically modify
asyn by the oxidation of methionine and the
formation of covalent adducts in the N-terminal
region. Additionally, HT catechol moiety possesses
the capacity to specifically bind to the non-Ap
component of the amyloid plaques (NAC) region (a
central region responsible for protein fibrillation)
and the C-terminal region of the asyn protein
through non-covalent hydrophobic interactions
(Palazzi et al., 2020; Figure 1). These protein
modifications caused by HT prevent the growth of
amyloid-like fibrils. Interestingly, with the use of
wild-type and E46K mutant asyn (which develops
species that are more toxic than wild-type asyn),
it has been demonstrated that HT interacts
differently with each of these proteins. In fact,
E46K mutant asyn requires higher concentrations
of HT for its complete inhibition than wild-type
asyn. The interaction with HT led to the formation
of structures different from the fibrils, which
were identified as off-pathway aggregates (stable
oligomers that lead to fibril formation inhibition)
(Fongaro et al., 2022). In addition to inhibiting
aggregation and preventing the formation of toxic
asyn fibrils, HT has been shown to destabilize
preformed fibrils in vitro. In this way, HT can
effectively (30-80%; HT: 25—100 uM/asyn fibrils:
70 uM) destabilize preformed asyn oligomers/
fibrils, reversing the neurotoxic effects of these
ordered structures (Hornedo-Ortega et al., 2018).
Very recently, this fact was confirmed and the
potential destabilizing mechanism of action
and the interaction between HT and the asyn
trimer were elucidated by molecular dynamics
simulations (Kaur et al., 2023). A significant
decrease in the B-sheet content (40-63%) of the
residues of the pre-NAC and NAC regions of the
asyn trimer was observed after the incorporation
of HT. Hydrogen bond interactions of the hydroxyl
groups of HT with these residues lead to the
weakening of interchain interactions in the asyn
trimer and result in the disruption of the asyn
oligomer (Kaur et al., 2023; Figure 1).
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Figure 1 | Representative scheme of the molecular mechanisms by which HT could exert its anti-aggregative, anti-
inflammatory, antioxidant, and neuroprotective actions against the toxic effects of asyn oligomers and fibrils.
Created with BioRender.com and ChemDraw 20.1.1. asyn: a-Synuclein; CXCL10: interferon-y-inducible protein 10; HO-
1: heme oxygenase-1; HSP-70: heat shock protein 70; IL: interleukin; iNOS: inducible nitric oxide synthase; NAC: non-AB
component of amyloid plaques; NADPH: nicotinamide adenine dinucleotide phosphate; ROS: reactive oxygen species;

SIRT-2: sirtuin-2; TNF-a: tumor necrosis factor a.
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HT-anti-inflammatory, antioxidant, and
neuroprotective effects against asyn-induced
toxicity: The aggregation of asyn is known
to trigger the activation of glial cells such as
microglia, inducing neuroinflammation by releasing
cytokines such as interleukin (IL)-1pB, IL-18, IL-
6, and tumor necrosis factor-a, among others
(Du et al., 2020). The pro-inflammatory microglia
also release ROS, reactive nitrogen species, and
nitric oxide by activating the enzymes inducible
nitric oxide synthase or nicotinamide adenine
dinucleotide phosphate oxidase (NADPH oxidase).
Hence, aggregated asyn is capable of inducing
an inflammatory and oxidative environment that
also results in neuronal death (Du et al., 2020).
HT is known to possess anti-inflammatory and
antioxidant activities in different cell lines and
animal models of PD, using neurotoxins such as
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)/1-methyl-4-phenylpyridinium (MPP"),
6-hydroxydopamine, paraquat, and rotenone
(DiRosa et al., 2020; Abdul-Latif et al., 2021).
However, the anti-inflammatory and antioxidant
actions of HT against asyn-induced microglial
activation have not been studied.

Recently, it has been demonstrated for the
first time in microglial cells that HT is capable
of reducing inflammation and the oxidative
environment induced by asyn (Gallardo-Fernadndez
et al., 2019b). Thus, BV2 murine microglial cells
were treated with asyn fibrils (5 uM), with and
without HT (1-50 puM) for 6 hours. A reduction
in the expression levels of pro-inflammatory
mediators tumor necrosis factor-a, inducible
nitric oxide synthase, IL-1B, IL-6, and interferon-y-
inducible protein 10 (CXCL10) was observed after
HT treatment (Figure 1). Moreover, the levels
of AKT and p-p38 measured by Western Blot
were also reduced by HT. These results suggest
the potential molecular pathways that could be
implicated in the anti-inflammatory effect of HT
(Gallardo-Fernandez et al., 2019b).

Regarding the antioxidant properties in an
oxidative environment induced by asyn, treatment
with HT prevents the association of the different
subunits of NADPH oxidase (mRNA expression of
p22, p47, and gp91), affecting its activation and
consequent ROS production (Gallardo-Fernandez
etal., 2019b; Figure 1).

Concerning the neuroprotective activity of this
bioactive compound, the co-treatment of HT with
neuronal cells (PC12 cell line) exposed to asyn
as an inducer of toxicity, produced a significant
increase in cell viability. Interestingly, HT was
able to reverse the toxic effect of asyn (140 uM),
reaching control viability values (100%) at 25 uM
(Hornedo-Ortega et al., 2018). Emerging evidence
has proved the high potential of the vitagene
system as a target for neuroprotective strategies.
Vitagenes are a group of genes (including
heat shock proteins (Hsp) Hsp32, Hsp70, the
thioredoxin, and the sirtuin protein systems)
involved in preserving cellular homeostasis under
stressful conditions. In addition, these genes
are also involved in the cellular degradation of
misfolded asyn, thus protecting against asyn-
induced toxicity (Calabrese et al., 2011). The
modulation of this system may be responsible for
the neuroprotective effects of HT since an increase
in the expression of sirtuin-2, heme oxygenase-1,
Hsp-70 was observed in the neurons exposed to
asyn and co-treated with this bioactive (Gallardo-
Fernandez et al., 2019a; Figure 1).

Palazzi et al. (2020) also evaluated the
neuroprotective effect of HT on SH-SY5Y human
neuroblastoma cells. They observed that cell
viability increased between 20-30% when the cells
were treated with asyn aggregated (5 uM) grown
in the presence of HT during 48 hours or 168
hours (1:1 and 1:4 asyn/HT), in comparison to cells

treated with asyn aggregates grown in the absence
of HT. Besides, an important reduction of ROS
production and in the binding of asyn aggregates
to the cell membranes was observed when cells
were exposed to asyn aggregates grown in the
presence of HT, a fact that could also explain
HT neuroprotective effect (Palazzi et al., 2020;
Figure 1). The PD-model UA440 of Caenorhabditis
elegans is characterized by the expression of
asyn in dopaminergic neurons. Also supporting
the neuroprotective activity of HT, a significant
reduction in the number of degenerated neurons
was observed in this model by HT treatment (250
ug/mL; DiRosa et al., 2020).

Perspectives: Based on the above, we can
conclude that HT has important potential
properties (anti-aggregative, anti-inflammatory,
antioxidant, and neuroprotective) to combat
the toxic effects of asyn oligomers and fibrils,
which, consequently, may be beneficial in
counteracting PD. These activities are strictly
related to the chemical structure of HT and,
specifically, to the presence of the catechol
functional group that makes this molecule
highly reactive. But elucidation of the molecular
mechanisms underlying these potential effects
of HT is essential, and to date, has not been
sufficiently demonstrated. The existing literature
on this subject is interesting, but further studies
are necessary to support these observations.
For example, there are few in vivo studies using
animals overexpressing asyn, and no human
studies (cohort or randomized control trials) have
evaluated the effect of this compound against
PD. Despite the potential role of HT as an anti-
parkinsonian agent, a great deal of effort and time
is needed from the scientific community before it
can be considered as a preventive or therapeutic
strategy for PD.
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