
Edited by

Neurodegenerative 
Diseases
From Molecular Basis to Therapy

Marcello Ciaccio and Luisa Agnello

Printed Edition of the Special Issue Published in  

International Journal of Molecular Sciences

www.mdpi.com/journal/ijms



Neurodegenerative Diseases: From
Molecular Basis to Therapy





Neurodegenerative Diseases: From
Molecular Basis to Therapy

Editors

Marcello Ciaccio

Luisa Agnello

MDPI ‚ Basel ‚ Beijing ‚ Wuhan ‚ Barcelona ‚ Belgrade ‚ Manchester ‚ Tokyo ‚ Cluj ‚ Tianjin



Editors

Marcello Ciaccio

Department of Biomedicine,

Neurosciences and Advanced

Diagnostics

University of Palermo

Palermo

Italy

Luisa Agnello

Department of Biomedicine,

Neurosciences and Advanced

Diagnostics

University of Palermo

Palermo

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: www.mdpi.com/journal/

ijms/special issues/Neurodegenerative Therapy).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-7075-4 (Hbk)

ISBN 978-3-0365-7074-7 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/ijms/special_issues/Neurodegenerative_Therapy
www.mdpi.com/journal/ijms/special_issues/Neurodegenerative_Therapy


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”Neurodegenerative Diseases: From Molecular Basis to Therapy” . . . . . . . . . . . ix

Luisa Agnello and Marcello Ciaccio

Neurodegenerative Diseases: From Molecular Basis to Therapy
Reprinted from: Int. J. Mol. Sci. 2022, 23, 12854, doi:10.3390/ijms232112854 . . . . . . . . . . . . . 1

Pauline E. M. van Schaik, Inge S. Zuhorn and Wia Baron

Targeting Fibronectin to Overcome Remyelination Failure in Multiple Sclerosis: The Need for
Brain- and Lesion-Targeted Drug Delivery
Reprinted from: Int. J. Mol. Sci. 2022, 23, 8418, doi:10.3390/ijms23158418 . . . . . . . . . . . . . . 5

Tim Fieblinger, Chang Li, Elena Espa and M. Angela Cenci

Non-Apoptotic Caspase-3 Activation Mediates Early Synaptic Dysfunction of Indirect Pathway
Neurons in the Parkinsonian Striatum
Reprinted from: Int. J. Mol. Sci. 2022, 23, 5470, doi:10.3390/ijms23105470 . . . . . . . . . . . . . . 43

Stephanie Cristine Hepp Rehfeldt, Joana Silva, Celso Alves, Susete Pinteus, Rui Pedrosa and

Stefan Laufer et al.

Neuroprotective Effect of Luteolin-7-O-Glucoside against 6-OHDA-Induced Damage in
Undifferentiated and RA-Differentiated SH-SY5Y Cells
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2914, doi:10.3390/ijms23062914 . . . . . . . . . . . . . . 61

Ning Wang, Rui Li, Bainian Feng, Yuliang Cheng, Yahui Guo and He Qian

Chicoric Acid Prevents Neuroinflammation and Neurodegeneration in a Mouse Parkinson’s
Disease Model: Immune Response and Transcriptome Profile of the Spleen and Colon
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2031, doi:10.3390/ijms23042031 . . . . . . . . . . . . . . 79

Sarah Thomas Broome and Alessandro Castorina

The Anxiolytic Drug Buspirone Prevents Rotenone-Induced Toxicity in a Mouse Model of
Parkinson’s Disease
Reprinted from: Int. J. Mol. Sci. 2022, 23, 1845, doi:10.3390/ijms23031845 . . . . . . . . . . . . . . 99
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Neurodegenerative diseases (NDs) are a heterogeneous group of complex diseases
characterized by neuronal loss and progressive degeneration of different areas of the
nervous system [1,2].

NDs represent a significant health problem worldwide, with an increasing incidence
rate. Although the exact pathogenesis of NDs remains unclear, a complex interaction among
genetic, epigenetic, and environmental factors has been proposed. To date, no effective
therapeutics have been developed to slow, halt, or prevent any NDs. Thus, information on
the molecular mechanisms underlying the pathogenesis of NDs is strongly sought after.

This Special Issue titled “Neurodegenerative Diseases: From Molecular Basis to Therapy”
collected papers discussing advances in the field of NDs, including multiple sclerosis (MS)
and Parkinson’s disease (PD), focusing on the underlying pathobiological mechanisms.

PD represents the second most common neurodegenerative disorder worldwide after
Alzheimer’s Disease. In recent decades, significant advances have been achieved in the field
of PD research. In an interesting review, Fonseca Cabral et al. described the emerging role
of genetic variants, epigenomic modifications, and microbiome in the onset and progression
of PD [3]. The exploration of these molecular aspects in an integrative and multidisciplinary
manner is pivotal to the rise of personalized medicine.

In an experimental PD model, Fieblinger et al. showed that the inhibition of caspase-3
prevented the loss of dendritic spines and long-term depression in spiny projection neurons
without interfering with the ongoing degeneration of nigrostriatal dopamine neurons [4].
Thus, these findings support a possible role of caspase-3 in PD pathogenesis.

Recently, Rab1 emerged as a promising candidate for therapeutic strategies [5]. It
belongs to the family of GTPases, which are involved in regulating membrane traffic.
Interestingly, Rab1 has been linked to alfa-synuclein toxicity in PD. In a cellular model of
PD and human samples, it was overexpressed in surviving nigral neurons, highlighting its
protective role in PD. Rab1 expression/function could be modulated by small molecules
interacting with selective regions of this protein. Thus, there is an ongoing search for
therapeutic approaches modifying Rab1-dependent α-syn toxicity.

Another emerging therapeutic target is the dopamine D3 receptor (D3R). In PD ex-
perimental models, it has been shown that D3R-signalling promotes disease progres-
sion by favouring neuroinflammation and by stimulating the pathogenic CD4+ T cell
response. Moreover, microglial activation is suppressed in D3R-deficient mice. Note-
worthily, molecules able to block D3R attenuated the cerebral inflammation and, conse-
quently, slowed the progression of PD. According to such evidence, Broome et al. evaluated
the effect of the anxiolytic drug buspirone, a potent D3R antagonist in an experimental
PD model [6]. The authors showed that buspirone had a neuroprotective effect and im-
proved mitochondrial function and antioxidant activities. These findings encourage further
investigation of buspirone in PD.

Research has also focused on natural compounds as an alternative treatment for PD.
Recently, chicoric acid (CA), a polyphenolic acid extracted from chicory and echinacea,
which has antiviral, antioxidative, and anti-inflammatory activities, has been tested as a
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candidate in experimental studies. Wang et al. showed that CA prevented dopaminergic
neuronal lesions, motor deficits, and glial activation in PD mice, along with increments
in striatal brain-derived neurotrophic factor, dopamine, and 5-hydroxyindoleacetic acid.
Furthermore, it regulated immunological response by reducing the levels of proinflam-
matory cytokines [7]. The authors hypothesised that the neuroprotective effect could be
related to the manipulation of CA on the brain–spleen and brain–gut axes in PD. Fur-
ther studies are warranted to confirm the beneficial effect of CA and to elucidate the
underlying mechanisms.

Hepp-Rehfeldt et al. investigated the potential beneficial effect of luteolin, a flavonoid
present in many fruits and vegetables, on the central nervous system [8]. Specifically, the
authors evaluated the antioxidant and anti-inflammatory activities of the glycosylated
form of luteolin, known as luteolin-7-O-glucoside (Lut7), in an in vitro human neurode-
generative model (SH-SY5Y cells induced with 6-OHDA) in both undifferentiated and
differentiated cells. They found that Lut7 has several neuroprotective effects, especially, a
high antioxidant capacity.

In recent decades, the neurotoxic effect of mercury has emerged in several studies,
but little evidence is available on the negative effect of inorganic mercury (IHg) species,
which have been detected in both contaminated food and cells of central nervous system
origin. IHg represents one of the main targets of mercury associated with the neurological
symptomatology of mercurial poisoning. Bittencourt et al. explored the effects of long-term
exposure to IHg in adult rats’ cerebellum by evaluating the proteomic profile associated
with the motor dysfunction outcome, including molecular, biochemical, and morphological
approaches [9]. The global proteomic profile revealed several molecules involved in
different biological processes, such as synaptic signalling, energy metabolism, and nervous
system development, with all being associated with increased cytotoxicity and apoptosis
and leading to poor motor coordination and balance. Thus, these findings reveal new
molecular mechanisms involved in mercury toxicity.

Another important research area includes multiple sclerosis. The aetiology of MS is still
not fully understood, although the involvement of several mechanisms has been proposed.
Among these proposed mechanisms, excitotoxicity has emerged as the mechanism behind
the excess glutamate, the main excitatory neurotransmitter. Glutamate-induced neuronal
degeneration is mainly mediated by N-methyl-D-aspartate (NMDA) receptors, and it is
characterised by the formation of reactive oxygen species (ROS) and the activation of
both caspase-dependent and caspase-independent cell death. Dąbrowska-Bouta et al.
evaluated the effect of memantine, the uncompetitive NMDA receptor antagonist, on the
modulation of neurological deficits and oxidative stress in experimental models of MS [10].
The authors showed that the pharmacological inhibition of ionotropic NMDA glutamate
receptors has several beneficial effects, including an improvement in the physical activity
of rats, a reduction in neurological deficits such as paralysis of the tail and hind limbs,
and the modulation of oxidative stress. These findings provide evidence of a new possible
therapeutic strategy for MS treatment.

In an exciting review, Van Schaik et al. described the multifaceted roles of fibronectin
in MS pathogenesis and discuss promising therapeutic targets and agents to overcome
fibronectin-mediated inhibition of remyelination [11].

Finally, in recent decades, miRNA emerged as promising tools in several clinical
conditions, including MS. Pietrasik et al. described the current state of knowledge on
miRNA panel expression in the different forms of MS [12].

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Multiple sclerosis (MS) is a neuroinflammatory and neurodegenerative disease with un-
known etiology that can be characterized by the presence of demyelinated lesions. Prevailing
treatment protocols in MS rely on the modulation of the inflammatory process but do not impact
disease progression. Remyelination is an essential factor for both axonal survival and functional
neurological recovery but is often insufficient. The extracellular matrix protein fibronectin contributes
to the inhibitory environment created in MS lesions and likely plays a causative role in remyelina-
tion failure. The presence of the blood–brain barrier (BBB) hinders the delivery of remyelination
therapeutics to lesions. Therefore, therapeutic interventions to normalize the pathogenic MS lesion
environment need to be able to cross the BBB. In this review, we outline the multifaceted roles of
fibronectin in MS pathogenesis and discuss promising therapeutic targets and agents to overcome
fibronectin-mediated inhibition of remyelination. In addition, to pave the way for clinical use, we
reflect on opportunities to deliver MS therapeutics to lesions through the utilization of nanomedicine
and discuss strategies to deliver fibronectin-directed therapeutics across the BBB. The use of well-
designed nanocarriers with appropriate surface functionalization to cross the BBB and target the
lesion sites is recommended.

Keywords: blood–brain barrier; extracellular matrix; fibronectin; liposomes; multiple sclerosis;
nanomedicine; oligodendrocytes; PLGA; remyelination; therapeutic targets

1. Introduction

Multiple sclerosis (MS) is a neuroinflammatory and neurodegenerative disease that is
characterized by the presence of demyelinated lesions. MS is generally diagnosed between
the third and fifth decade of life, with women being two to three times more likely to
be affected than men [1]. Initially, MS can present itself as a clinically isolated syndrome
(CIS) [2] when patients typically face symptoms indicatory of a demyelinating insult to
the optic nerve, spinal cord, brainstem, or cerebral hemisphere [1]. A second neurological
event converts the CIS to clinically definitive MS. Initially, patients experience spontaneous
recovery due to endogenous remyelination of the lesioned area. Most patients with this
relapsing–remitting (RRMS) disease course will enter a secondary progressive disease
(SPMS) phase in which their disability progressively worsens. A small proportion of
patients progressively deteriorate without showing relapses and remissions at first and are
classified as primary progressive MS (PPMS) patients [3,4].

The exact cause of MS is yet unknown, though several risk modifiers were identified.
Genetic association studies revealed several MS risk gene variants, many of which are involved
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with immune functioning [5]. Environmental factors include viral infections [6,7], vitamin
D deficiency, cigarette smoking, and diet [8]. Current therapies are either symptomatic in
nature or rely on immune-modulating strategies, thereby delaying the time and severity of
new lesion formation. However, these therapies do not prevent disease progression and
often fail in progressive MS patients. Progressive axonal loss is key to the continuous and
irreversible neurological decline in progressive MS [9]. In addition to ensuring saltatory
conduction, oligodendrocytes secrete via myelin metabolic and trophic factors that maintain
the integrity and survival of axons [10,11]. Therefore, next to primary axon damage, a
major cause of axonal loss in chronic stages of MS is secondary axon degeneration because
of remyelination failure [12]. Hence, to halt disease progression, the development of
treatments that preserve axons, i.e., via the promotion of remyelination, is an essential
therapeutic goal.

Oligodendrocytes (OLGs) are responsible for myelinating neuronal axons in the CNS
and mature from oligodendrocyte progenitor cells (OPCs). Remyelination in MS lesions
is often insufficient despite the presence of OPCs and/or surviving mature OLGs in most
lesions [13,14]. Therefore, therapeutic interventions must overcome the pathogenic MS
lesion environment. Perturbed remodeling of the extracellular matrix (ECM) in MS lesions
likely plays a causative role in remyelination failure [15,16]. In this review, we focus on
the ECM protein fibronectin (Fn) that, in its aggregated form, persists in MS lesions and
impairs OPC differentiation and remyelination [17,18]. We outline the beneficial roles of Fn
in the neurovascular unit and the detrimental roles of Fn in MS pathology and discuss ther-
apeutic strategies and agents to prevent Fn aggregation and/or to overcome Fn-mediated
inhibition of remyelination. In addition, to translate these therapeutic strategies for myelin
regeneration to the clinic and consider the beneficial role of Fn in the neurovascular unit, we
discuss the need and strategies for the brain- and lesion-targeted delivery of nanomedicine.

2. Multiple Sclerosis: An Unmet Need for a Remyelination-Based Therapy to Stop
Disease Progression

MS has long been perceived as an autoimmune disease mediated by autoreactive T
and B cells, which is an ‘outside-in hypothesis’ that has been substantiated by successful
disease-modifying immunomodulatory therapies [19]. Demyelinating plaques arise due
to an autoimmune response against myelin, mediated by CD8+ and CD4+ T cells, called
autoimmune encephalomyelitis [20]. Oligoclonal bands detected in the cerebrospinal fluid
(CSF) simultaneously indicate the presence of immunoglobulin-producing B cells [21].
Especially in the early stages of RRMS, immunomodulatory therapies show high efficacy,
indicating that inflammation appears to play a crucial role in disease development [3,22].
Alternatively, intrinsic neuronal or glial disturbances may initiate a cascade of inflammation,
which is coined the ‘inside-out hypothesis’ [3,9]. This is corroborated by the finding that
brain atrophy manifests early and is a more important determinant of disease progression
than lesion load. Additionally, brain atrophy in PPMS may exceed that observed in
RRMS [23]. Furthermore, due to the low efficacy of immunomodulatory therapies in
the progressive phase of MS, alternative disease mechanisms appear to play a role in
disease progression.

While remyelination is known to occur in the early stages of the disease, this regenera-
tive capacity of the CNS diminishes with age, ultimately leading to the accumulation of
permanently demyelinated lesions and aggravated clinical disability [24]. In RRMS, new
lesions form during relapses, which in the white matter are characterized by inflamma-
tion and blood–brain barrier (BBB) damage. MS lesions display profound heterogeneity,
leading to the development of several lesion classification systems, each of which focuses
on different aspects of the lesion stage and activity. Kuhlmann et al., proposed an up-
dated classification system of demyelinated white matter lesions based on the presence
and distribution of macrophages/microglia, resulting in the classification of active, mixed
active/inactive, or inactive lesions [25]. Typical actively demyelinating lesions as observed
in RRMS are not commonly seen in PPMS, though it was recently shown that a large
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majority of PPMS patients had mixed active/inactive lesions [26]. This indicates that ongo-
ing demyelination and inflammation may be ubiquitously present. In addition, chronic
diffuse inflammation of (normal-appearing) white matter and cortical demyelination are
frequently observed in progressive MS [27–29]. Cortical lesions are classified based on
location and are less associated with the infiltration of immune cells, as is generally seen
in actively demyelinating lesions of the white matter [30]. The amount of intracortical
and leukocortical lesions shows a strong correlation with clinical impairment [26]. For
example, a substantial proportion of (progressive) MS patients develops a form of cognitive
impairment, which strongly correlates with cortical demyelination [31,32]. Particularly,
reductions in information processing speed, working memory, and executive functioning
are reported [33,34], which reflect deficits in frontal lobe functioning [35]. Furthermore, a
direct link between white matter lesion volume and cognitive impairment in early-stage
MS was recently reported [36]. Due to the functional relationship between demyelinating
lesions and clinical symptoms, remyelination can ameliorate clinical symptoms, including
cognitive and physical functioning [37]. Indeed, post-mortem inspections of brain lesions
demonstrated that MS patients with a higher load of remyelinated lesions had lower clinical
disability scores [26,38].

Remyelination of lesioned areas occurs, causing the appearance of so-called ‘shadow
plaques’, or partly remyelinated areas at the border of lesions [25]. Remyelinating areas
are more pronounced in active than in inactive lesions and are hardly present in mixed ac-
tive/inactive lesions [14]. Nevertheless, only a small proportion of lesions fully remyelinate,
which is a process that negatively correlates with the amount of TMEM119+ and iNOS+
(indicative of an inflammatory phenotype) myeloid cells present in the lesion [14] and
diminishes with age and disease chronicity [39]. Thus, demyelination and subsequent re-
myelination are two antagonistic processes in which inflammatory and neurodegenerative
processes concurrently contribute to the development and maintenance of lesions. Next
to mitigating the excessive inflammatory response promoting demyelination, strategies
aimed at enabling remyelination may contribute to alleviating the disease burden [3,40].

3. Remyelination Failure in MS: Perturbed ECM Remodeling in White Matter Lesions

Recent evidence has demonstrated that pre-existing surviving mature OLGs retain
their myelinating capacity after a demyelinating insult [41]. Moreover, remyelination in
shadow plaques can mainly be attributed to pre-existing mature OLGs rather than newly
differentiating OPCs [42]. Nevertheless, OLGs surviving a demyelinating insult in zebrafish
were shown to make few and not-well-targeted myelin sheaths, which is a finding that
corresponds to observations in remyelinated MS lesions [43]. In contrast, OPC-based
remyelination, i.e., the generation of newly formed OLGs, is more efficient, as evident in
experimental models of demyelination. OPCs are present in the adult brain throughout
the lifespan and preserve the capacity to differentiate into mature OLGs [13]. The absence
of pro-oligodendrogenic factors and the presence of anti-oligodendrogenic factors in MS
lesions were postulated as complicit elements in preventing OPC maturation [44]. Indeed,
most chronically demyelinated lesions contain OPCs that apparently fail to differentiate and
mature [45–48], while in a subset of mixed active/inactive lesions, few OPCs are present,
which is likely due to cellular expression of chemorepellent factors [47]. Both cell-intrinsic
factors, such as the maturation and differentiation stages of OLG lineage cells [49], and
cell-extrinsic factors, such as the composition of the ECM, determine the inhibitory milieu
at the injury site [50]. Moreover, other inhibitory factors present in the lesioned area, such
as infiltrating lymphocytes and inflammatory mediators, oxidative stress, and irreversible
damage to OPCs and OLGs, may all be conducive to the non-permissive milieu [51,52].

General aging has been hypothesized to play an important role in the reduced re-
generative capacity of the brain [39,53,54], as age is also the best predictor of disease
progression [55,56]. In rats, remyelination following toxin-induced demyelination slowed
down with age [57] due to an impairment in OPC recruitment and differentiation [53].
Inefficient epigenetic downregulation of OLG genes that inhibit OPC maturation may
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underlie this [58], as well as a failure of OPCs to respond to pro-differentiation signals with
aging [54,59]. Whether the intrinsic aging of OPCs or the aging environment induces these
deficits has been elusive, though recent data hint at a significant role of environmental
cues, namely, a gradual stiffening of the extracellular microenvironment and general brain
tissue stiffening may contribute to OPC malfunctioning over time [60]. Thus, OPCs increas-
ingly lose their capacity to proliferate, migrate, and differentiate with age, likely due to a
non-permissive stiffened aging environment. In situations where demyelination is exacer-
bated, as in MS, this poses an increased risk as OLGs surviving demyelinating insults and
OPCs also exhibit diminished myelinating capacities and face additional disease-specific
alterations in stiffness [60].

The composition of the ECM is a major determinant of tissue stiffness. The ECM
restrains the movement of cells by forming a physical scaffold and is simultaneously
important for maintaining healthy brain homeostasis by directing cell differentiation,
growth, and migration [61–63]. It is composed of an interactive network of fibrous-forming
proteins, such as collagens, elastin, Fn, laminins, glycoproteins, proteoglycans, and gly-
cosaminoglycans. Cells receive and integrate signals from the ECM via specified surface
receptors with an affinity for one of the ECM constituents [63]. Concurrently, signaling
molecules, such as growth factors, cytokines, and chemokines, can be stored temporar-
ily within the matrix and released when needed, meaning the cells and the extracellu-
lar milieu form a bi-directional synergy [63,64]. In turn, cytokine release (i.e., TFG-β,
TNF-α, and IFN-γ) during inflammation can affect ECM synthesis and turnover, thereby
causing changes in the ECM composition [16,65]. In particular, due to their repeating
glycosaminoglycan (GAG) chains, proteoglycans have the ability to bind cytokines and
growth factors [66]. For example, heparan sulfate chains are known to bind basic fibroblast
growth factor (bFGF) [67]. Furthermore, fibronectin domains were found to bind growth
factors, in particular vascular endothelial growth factor (VEGF) [68] and hepatic growth
factor [69]. Subsequent proteolytic cleavage of ECM proteins can result in a directed release
of these factors in the extracellular milieu, thereby contributing to local cell differentiation
and proliferation [66].

The interaction between ECM and OLG lineage cells decides whether remyelination
can occur based on ECM rigidity and activation of intracellular signaling pathways. A softer
matrix inhibits cell differentiation and myelination, while gliosis is stimulated by a stiff
matrix [70,71]. OPCs are mechanosensitive [72] and in vitro data suggest that a relatively
stiff matrix favors OPC proliferation and differentiation, while a soft matrix is beneficial for
myelination [73]. Distinct ECM proteins differentially affect OPC differentiation. While
Fn induces OPC proliferation and impedes OPC differentiation [17,74], laminin stimulates
the expression of mature OLG markers and myelin components, including myelin basic
protein (MBP) and proteolipid protein (PLP) [75–77]. Hence, changes in the ECM protein
composition modulate reparative processes by allowing for altered cell behavior, be it
beneficial or detrimental [15]. In acute demyelinating conditions, a transient change in
ECM components occurs, which consists of increased tissue stiffness that reverses upon
remyelination. In chronic demyelinating conditions, these changes are not reversed and
are accompanied by enhanced ECM deposition [78]. This demonstrates that an adequate
response to acute changes in the lesioned area is stalled in areas of chronic demyelination.
However, the transient deposition of ECM proteins is a natural response to CNS injury,
particularly the deposition of chondroitin sulfate proteoglycans (CSPGs) and Fn at the
lesion [50,79]. Astrocytes are the main source of Fn and CSPGs in the CNS [80], which form
a glial scar at the lesioned area through a process of reactive astrogliosis [81]. CSPGs and
Fn deposited in demyelinated lesions aid OPC recruitment but impair OPC differentiation
and myelination, indicating that timely Fn and CSPG removal is required for efficient
remyelination to occur [17,82–84].

Hence, the composition of the ECM and perturbed remodeling during inflamma-
tory and demyelinating insults typically hampers the establishment of a remyelination-
permissive milieu. Theoretically, this implies that ECM-mediated inhibition of OPC dif-
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ferentiation in MS lesions may be therapeutically targeted by degradation enzymes that
remove the inhibitory ECM proteins. Indeed, enzymatic digestion of CSPGs with si-
multaneous supplementation of growth factors aids OPC differentiation and migration
after injury [85,86]. However, as CSPGs are also components of the interstitial ECM in
the healthy adult brain and Fn is also a component of the BBB BM, targeted delivery of
ECM-degradation enzymes to MS lesions is a prerequisite to avoid unwanted side effects.
Alternatively, as shown for CSPGs, blocking the transient deposition of ECM proteins upon
injury and interfering with ECM-mediated signaling appear to be feasible approaches to
prevent or overcome impaired OPC differentiation [87–91]. Nevertheless, the complete
absence of an ECM-remodeling response does not necessarily benefit healthy regenera-
tion. Before discussing brain- and lesion-targeted delivery approaches for remyelination
therapeutic agents, we first present an overview of the beneficial roles of Fn at the BBB
and detrimental roles of Fn in MS pathology and provide potential therapeutic agents to
overcome Fn-mediated remyelination failure. For CSPG-targeting approaches to promote
remyelination in MS, we refer to excellent recent reviews [92,93].

4. Fibronectin: Multifaceted Roles in the CNS and in the Pathogenesis of MS

The Fn gene (FN1) contains three repeating domains (I, II, and III), each of which can
be found in other molecules, indicating that Fn evolved through exon shuffling [94–96].
Though Fn is transcribed from a single gene, 20 different human splice variants are known,
suggesting that the protein has a multitude of functions depending on the splicing of the
pre-mRNA [95]. Broadly speaking, Fn is present in plasma and body fluids in its soluble
dimeric form, while an insoluble variant with a cellular origin can be found in the ECM of
tissues. Cellular Fn exclusively expresses extradomain A (EDA, EIIIA in rodents) and/or
EDB (EIIIB in rodents) and shows higher heterogeneity than plasma Fn due to its role in
the ECM modeling of different tissues [96]. Fn is a ligand for integrins of the β1, β3, β5,
and β6 families [95–98]. Integrins are cell surface heterodimers composed of an α subunit
noncovalently linked to a β subunit. Of these, about 20 heterodimers are known, each of
which binds to specific ligands [99]. They form a physical link between the ECM and the
cytoskeleton of cells, thereby allowing for the transduction of extracellular signals [100,101]
and the control of cell behavior.

4.1. Fibronectin and Its Role in BBB Functioning

In the healthy adult brain, the presence of Fn is restricted to the BBB. The BBB consists
of a layer of tightly connected endothelial cells that line the brain capillaries and play an
important role in maintaining brain homeostasis (Figure 1). The polarized brain endothelial
cell monolayer differentially harbors lipids and proteins at its luminal (blood-side) and
abluminal (brain-side) membrane [102]. For BBB endothelial cells to maintain their tight
barrier function, close contact with astrocytes and pericytes is necessary. Perivascular
astrocytic end feet make up the glia limitans, which fully cover the BBB endothelial cells
and part of the pericytes. Microglial processes can enter through interspersed slits in
the glia limitans, thereby allowing for direct contact with the endothelial basal lamina.
This interface is important for controlling water and ion exchange between blood and the
brain [103]. The basal lamina, also known as the basement membrane (BM), is a sheet-like
ECM structure that provides cells with an adhesive substrate to grow and migrate on and
allows for the modulation and transmission of intracellular signals and mechanosensitive
physical cues [99,104]. The BBB BM is composed of two parts: an endothelial BM that
lines the vascular wall, and one that forms the parenchymal BM of the glia limitans,
which is produced by astrocytes (Figure 1) [105–107]. The two parts combine to form a
protein network that contributes to the maintenance and barrier tightness of the endothelial
BBB [61]. In healthy conditions, the parenchymal BM protects the brain parenchyma from
leukocyte infiltration, while in inflammatory disease states, its degradation by matrix
metalloproteinases (MMPs) disrupts this function [108]. Pericytes, which are believed to
derive from migrating mesenchymal cells, neural crest cells, or macrophages [109–112], are
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embedded in the BM of the BBB, where direct exchange of cellular signals is mediated by
GAP junctions. Hence, the BBB is not solely formed by tightly connected endothelial cells
but also consists of endothelial cells, astrocytes, pericytes, and an ECM, which is referred to
as the neurovascular unit (NVU) [113].

Figure 1. Schematic representation of the blood–brain barrier and active transport mechanisms. The
blood–brain barrier (BBB) is formed by a monolayer of specialized endothelial cells, which form
together with pericytes, astrocytes, and the basement membrane (BM) to create the neurovascular
unit. The BM is a thin sheet of supporting extracellular matrix, including fibronectin, and is composed
of endothelial BM and the astrocyte-derived parenchymal BM. Endothelial cells are tightly connected
via tight and adherens junctions, which prevent the paracellular passage of molecules. Active
transport mechanisms across the BBB include receptor-mediated transcytosis (RMT) or adsorptive-
mediated transcytosis (AMT). RMT involves ligand–receptor binding, followed by endocytosis of the
receptor complex, intracellular trafficking, and exocytosis at the basal membrane [114]. Conversely,
cationic molecules can interact with the negatively charged membrane, thereby inducing transcellular
transport of the positively charged molecule. See the text for more details. JAM—junction adhesion
molecule; TJ—tight junction.
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The main components of the BM are Fn, laminin, and collagen type IV [115], which
are tethered to nidogens and proteoglycans [116,117]. As the composition of the BM plays
a pivotal role in providing endothelial cells with a supportive growth substrate, changes in
the BM protein composition induce functional changes in endothelial cell phenotypes [118].
The importance of the supporting cell types for BBB integrity is highlighted by the lower
endothelial barrier integrity and an altered cytoplasmic anchoring of tight junctions (TJs) in
monocultures [119] compared with co-cultures [120,121]. Indeed, endothelial cells grown
on an ECM produced by astrocytes and pericytes show enhanced barrier impermeability
compared with cells grown on non-astrocyte/pericyte-derived ECM [122]. A pericyte-
derived ECM most rapidly increased the barrier resistance of endothelial cells, induced
stronger expression of the TJ proteins occludin and claudin-5, and contained the largest
relative amount of Fn, indicating that Fn is essential for proper barrier induction [61]. The
Fn-binding integrins α5β1 and αvβ3 induce proliferation and aid the survival of BBB
endothelial cells via the MAP kinase signaling pathway [123], while on laminin endothelial
cells enter growth arrest on laminin via integrin α2β1 [124]. Alongside regulating inter-
actions with ECM components, integrins organize the proper functioning of BBB-specific
molecules. For example, VE-cadherins form the molecular basis of adherens junctions that
regulate the permeability of the BBB endothelium. Like integrin receptors, VE-cadherins are
able to transduce extracellular signals and coordinate cell attachment and migration [106].
Fn treatment of endothelial cell layers can disrupt VE-cadherin-mediated cell–cell inter-
action through interaction with integrin αvβ3 [125]. Direct activation of integrin αvβ3
similarly disrupts the endothelial monolayer integrity by mislocalizing VE-cadherins [126].
These results demonstrate a direct link between endothelial–ECM interactions and func-
tional properties of BBB endothelial cells, as reviewed in [127].

The altered composition of ECM proteins surrounding the BBB in disease states plays
a causative role in disturbing barrier integrity in several neurological diseases. In MS,
the BBB becomes disrupted, meaning the barrier’s tightness is reduced, followed by an
increase in leakiness [106]. In addition, monocytes and T cells cross the BBB endothelium,
after which they gain access to the vascular and astroglial BM and brain parenchyma [128].
MMPs are known to degrade the ECM surrounding the blood vessels, thereby allowing for
leukocyte infiltration into the CNS [129,130]. Furthermore, adhesion molecules, such as
ICAM-1, act as receptors for leukocytes and are upregulated in MS lesions [131], thereby
facilitating their migration across the BBB [132]. In active and mixed active/inactive lesions,
mononuclear cells accumulate between the astroglial and vascular BM, which leads to a
widened perivascular space and the appearance of so-called perivascular cuffs [107]. The
ECM of these perivascular cuffs has a differential composition, with fiber-like networks
containing several laminin isoforms, Fn, collagen IV, and heparan sulfate proteoglycans.
This diverging composition may aid the migration of leukocytes [107]. Astrocytes are
likely a source of the altered ECM in the BM, including extracellular Fn [133], and the
expression of a splice variant of Fn that binds integrin α4β1 may facilitate leukocyte
migration into the CNS [134] (Figure 2). Blocking α4-integrins indeed inhibits leukocyte
infiltration in EAE and alleviates clinical symptoms [135,136]. Natalizumab, which is an
antibody against α4-integrins used in the treatment of MS and Crohn’s disease, similarly
blocks peripheral leukocyte trafficking to the CNS and was shown to be highly effective in
preventing relapses in RRMS [137,138]. Nevertheless, natalizumab treatment carries the
substantial risk of developing progressive multifocal leukoencephalopathy (PML) with
long-term treatment [139].
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Figure 2. Role of fibronectin in the physiological adult brain, upon demyelination, and in multiple
sclerosis. In the non-injured adult brain, fibronectin (Fn) expression is limited to the basement
membrane (BM) of the blood–brain barrier (BBB), stabilizing the BM, thereby supporting BBB main-
tenance. Upon demyelination in the non-MS brain, Fn expression in the parenchyma is transiently
upregulated, which aids (1) oligodendrocyte progenitor cell (OPC) proliferation in the lesioned
area, (2) activation and recruitment of pro-inflammatory microglia and macrophages, and (3) myelin
debris removal via phagocytosis. Conversely, upon demyelination in the MS brain, Fn expression
persists and aggregates under the influence of Toll-like receptor 3 (TLR3) activation. Fn aggregates
(1) impede remyelination by preventing OPC differentiation and (2) inhibit the switch from a pro-
inflammatory to anti-inflammatory phenotype in microglia and macrophages. In addition, in an
MS BM, Fn accumulates in perivascular cuffs near the BBB, which aids leukocyte transmigration
across the BBB via integrin α4β1–Fn interaction. Natalizumab, which is a clinically approved MS
medication, stops leukocyte entry into the CNS by blocking α4-integrins. Furthermore, several matrix
metalloproteinases (MMPs) are upregulated in MS, which degrade Fn and other BM constituents,
contributing to BBB destabilization and leukocyte entry into the brain parenchyma. Furthermore,
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in MS, plasma Fn (pFn) may interact with integrin αvβ3 expressed on endothelial cells, thereby
destabilizing VE-cadherins and increasing the BBB permeability. Upward arrow indicates ‘enhanced’.
cFn—cellular fibronectin; pFn—plasma fibronectin; VE-cadherin—vascular endothelial-cadherin.

4.2. Fibronectin as a Vasculogenic Regulator in MS

During angiogenesis new blood vessels are being formed, which requires signaling
from growth factors, e.g., vascular endothelial growth factor (VEGF) and bFGF [140,141],
and the ECM through integrins [123,142,143]. Fn was found to promote cell survival,
proliferation, and migration of endothelial cells [123,144–146], while laminin induces differ-
entiation and stabilization [123,147,148]. Thus, high expression levels of Fn are required
during the formation of new blood vessels to support endothelial cell proliferation, while
the presence of laminin is essential for their maintenance. Alterations in vasculature
properties contribute to disease development and maintenance in experimental models
of MS. For example, in EAE, VEGF is upregulated in the spinal cord during relapses and
is correlated to demyelination and cell infiltrate levels [149,150]. An increase in vascular
density (neo-angiogenesis) may be a regenerative response to hypoxic conditions [151,152],
but can eventually lead to the formation of abnormal, leaky blood vessels (pathological
angiogenesis). Angiogenesis under hypoxic conditions is (at least partly) regulated by
Fn–integrin α5β1 interactions [153]. In EAE, an increase in the number of blood vessels
in the white matter of the spinal cord is observed during the pre-symptomatic phase of
the disease, which is accompanied by an elevation in Fn and α5β1 levels. This indeed
reinforces the notion that α5-integrins mediate endothelial cell proliferation, thereby bol-
stering the formation of new blood vessels in EAE [154]. However, it is unclear whether this
temporal increase in angiogenesis is mainly detrimental or beneficial. In MS, an increase in
blood vessels is reported at lesions [155], indicating angiogenic remodeling. In addition,
MS lesions have increased vessel expression of Fn, which correlates with the degree of
inflammation [156]. Indeed, while plasma Fn levels are low under homeostatic conditions,
they sharply increase during episodes of heightened inflammation, such as those observed
during MS relapses and acquired vascular damage [157,158]. Whether this increase in
plasma Fn or enhanced expression of cellular Fn by endothelial cells or astrocytes and
deposition in the BMs contributes to angiogenesis remains to be determined.

4.3. Fibronectin (Aggregates) as a Remyelination Inhibitor in MS

In the adult brain, Fn expression in the parenchyma is very low. However, transient
Fn expression by resident cells is a common response to tissue injury [159]. Several studies
similarly reported a transient upregulation of Fn in toxin-induced demyelinated CNS
lesions, which declined at the onset of remyelination of the lesioned area [17,84,160,161].
The source of this interstitial Fn could partly be attributed to nearby cellular Fn-producing
astrocytes [17,74]. In addition, the reduction in BBB integrity in MS results in blood proteins,
including plasma Fn, gaining access to the brain parenchyma [162] and implicates BBB
breakdown as one of the primal factors in disease onset [162–164]. The appearance of Fn
in demyelinated lesions has a bifold effect on OPCs (Figure 2). Fn promotes proliferation
and migration of OPCs via integrins αvβ3 and αvβ1, respectively [74,165–167], while Fn
hinders the maturation of OPCs into fully differentiated OLGs and the formation of new
myelin membranes [168–170]. The latter may be beneficial by allowing first for myelin
debris removal and OPC recruitment to the lesion. Degradation-resistant Fn aggregates
are observed in inflammation-mediated demyelination, including at the relapse phase in
EAE and in chronic demyelinated MS lesions. The persistent presence of Fn (aggregates)
in MS lesions impedes myelin biogenesis in a β1-dependent manner [169], which is an
effect that is dominant over laminin-2-mediated positive signals for myelin biogenesis [171].
Therefore, the presence of Fn (aggregates) in lesions explains why spontaneous regeneration
in MS does not occur (Figure 2). This hypothesis was confirmed by studies showing that
intralesional injection of Fn aggregates into toxin-induced demyelinated lesions inhibits
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OPC differentiation and remyelination [17,18]. Moreover, remyelinated lesions contain
hardly any Fn aggregates [17].

Microglia are innate immune cells specific to the brain, where they exist as distinct
subtypes that are involved in several regulatory functions. These include the removal of
remyelination-inhibiting myelin debris [172–174] after injury in conjunction with infiltrated
peripheral-derived macrophages [175,176] and the generation of pro-regenerative signaling
factors [177]. In fact, while a pro-inflammatory response is initially required to remove
myelin debris [178], a switch to a more regenerative phenotype of microglia is required for
remyelination to proceed [179]. This illustrates how the presence of an inflammatory re-
sponse in MS is not unequivocally deleterious [180]. Microglia and macrophages are located
in MS lesions and express the appropriate receptors for binding Fn [181–183]. Therefore,
Fn aggregates in MS lesions may not only influence the behavior of OPCs, but also that of
microglia and macrophages (Figure 2). Indeed, microglia and macrophages that are grown
on aggregated Fn adopt an activated phenotype consisting of an amoeboid morphology and
the expression of both pro- and anti-inflammatory markers [184]. If the pro-inflammatory
phenotype of microglia and macrophages in the lesion is sustained, this may impair the
subsequent remyelination process [185]. Of relevance, immunohistochemical analysis
demonstrated that microglia and macrophages in MS lesions still display pro-inflammatory
markers [14,186,187]. Remarkably, and in contrast to Fn’s effect on OPCs, soluble dimeric
(plasma) Fn and aggregated Fn differentially affect microglia and macrophages. The en-
hanced expression of Fn during an inflammatory insult increases the expression of integrins
α4β1 and α5β1, activates microglia [181], and increases the expression of MMP9 [188].
The β1-integrin-induced proliferation of microglia is regulated by cAMP-dependent PKA
signaling, which plays a negative regulatory role in β1-integrin translocation [189]. By
doing so, Fn plays a role in the activation and recruitment of microglia to the inflamed area
(Figure 2). Simultaneously, soluble Fn containing the EIIIA domain was demonstrated to
stimulate inflammatory processes through TLR4 activation [190,191], thereby stimulating
microglia phagocytosis [192], migration, and proliferation [193]. As such, the appearance
of soluble Fn plays a beneficial role in regenerating the lesioned area. Nevertheless, aggre-
gated Fn does not bind TLR4, and its effect on microglial activation is β1-independent [184].
Thus, aggregated Fn differentially affects the lesion environment from soluble Fn and does
not aid lesion regeneration. This shows that for successful remyelination, an upregulation
of α5-integrins and soluble Fn may initially be important, as these signal to microglia to
remove myelin debris present at the lesioned site.

Taken together, in the adult brain, Fn plays a significant regulatory role in (1) main-
taining BBB integrity, (2) increasing angiogenesis upon injury, and (3) initial OPC and
microglia recruitment to demyelinated lesions. However, its aggregation in MS lesions
results in a gain of function, as its aggregated form is resistant to degradation and is
an impeding factor in OPC maturation and the sustained presence of pro-inflammatory
microglia within MS lesions (Figure 2). Given that Fn signaling to OPCs is dominant
over laminin-mediated signals [171], we next discuss therapeutic strategies to specifi-
cally overcome Fn-aggregate-mediated inhibition of OPC differentiation to overcome
remyelination failure.

5. Promoting Remyelination in MS: Therapeutic Strategies to Overcome Fn-Mediated
Inhibition of Remyelination Failure

Fn aggregates impair OPC differentiation and remyelination, either directly, or indi-
rectly via Fn-mediated microglia and macrophage dysfunction. Accordingly, a therapeutic
benefit will be achieved by counteracting the negative signals of Fn aggregates (Table 1).
One strategy to stimulate remyelination in chronically demyelinated lesions is by utilizing
factors that can aid OPC differentiation in the presence of aggregated Fn, i.e., blocking or
bypassing signals from Fn aggregates to cellular receptors on OPCs and microglia. For
instance, exposure to ganglioside GD1a stimulates OPC differentiation, maturation, and
myelination in cuprizone-induced demyelinated lesions that contain externally injected Fn
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aggregates [18]. Although the underlying mechanism remains to be determined, the effect
of GD1a is evoked by a PKA-mediated signaling pathway and is mimicked by increasing
cAMP levels [18]. Theoretically, agents that increase or prolong cAMP levels, such as PDE
inhibitors that are beneficial in experimental models of MS and/or are currently used in
clinical trials [194–197], may overcome Fn-mediated inhibition of OPC differentiation, and
thus, benefit remyelination. On the other hand, agents that modulate intracellular signaling
pathways may induce unwanted side effects in other cell types, such as microglia and
neurons in healthy and injured tissue. GD1a’s effect on OPC maturation and differentiation
is, however, (cell-type) specific and only effective in an Fn-containing environment [18],
making it a promising therapeutic agent for the treatment of chronically demyelinated
MS lesions.

Another strategy to overcome remyelination failure is to prevent Fn aggregate forma-
tion, by allowing for timely Fn degradation. The formation of Fn aggregates is associated
with an inflammatory process and encompasses disrupted Fn fibrillogenesis [198]. The
assembly of fibrillar Fn into a network of high molecular weight fibrils is mediated at
the astrocyte surface by integrin α5β1. Soluble Fn dimers bind the receptor, assemble
into high-molecular-weight Fn, and self-associate using non-covalent bonds [199–201]. As
stated before, FN1 has many splice variants, of which some have specific relevance to
fibrillogenesis [202]. These include variants containing cellular Fn-specific EIIIA and/or
EIIIB domains. The relative abundance of either domain changes the conformational shape
of Fn, thereby altering its function [203–207]. A ‘double inflammatory hit’ mechanism
induces Fn aggregation and involves an initial exposure of astrocytes to pro-inflammatory
cytokines that are associated with a demyelinating event, resulting in altered Fn splicing
and a relative upregulation of the EIIIA-containing Fn [198]. A subsequent hit with a TLR3
agonist interferes with Fn cell-surface binding, thereby increasing Fn aggregation [198].
The degradation of myelin can result in the release of endogenous TLR3 agonists, such
as stathmin [208], which is upregulated in myelin obtained from MS lesions [209]. Thus,
timely treatment with factors that interfere with Fn splicing and/or TLR3 signaling in
astrocytes may preclude Fn aggregation [198].

A possible reason for the absence of Fn aggregates in experimental toxin-induced
demyelination models is not only the absence of a combination of BBB disturbances and a
prolonged inflammatory component in toxin-mediated demyelination but also the efficient
clearance of Fn before it has the chance to aggregate. Due to the efficient clearance of myelin
debris and Fn in toxin-induced demyelination models, the likelihood of encountering a
TLR3 agonist is small, hence Fn aggregates are unlikely to form during Fn fibrillogenesis.
Simultaneously, the upregulation of MMPs, which are endogenous proteinases able to
digest ECM components, during the earliest phase of toxin-induced demyelination may aid
in the timely removal of Fn [210,211]. In chronic MS lesions, a lack of MMP7 activity may
underlie the impairment in Fn clearance [211], thereby increasing the possibility of TLR3-
mediated Fn aggregation due to prolonged inflammation and inefficient myelin debris
clearance [198]. In addition, MMP7 is pivotal in cleaving aggregated Fn [211]. MMP7 and
MMP3 are increasingly expressed in actively demyelinating MS lesions [212–214], implying
their natural upregulation after a demyelinating insult, while MMP7 is absent in inactive
MS lesions [211]. This data hints at the possibility of utilizing MMPs, particularly MMP7,
as a relevant therapeutic target for MS to clear Fn (aggregates). Thus, a locally induced
upregulation of MMP7 could prepare the lesioned area for subsequent remyelination,
mainly by aiding the removal of aggregated Fn. Notably, MMP7 is a powerful enzyme,
which in addition to Fn aggregates, also cleaves other ECM proteins, as well as cell surface
receptors and growth factors [215]. This emphasizes the importance of local, targeted, and
controlled MMP7 delivery to Fn aggregates.

Additionally, Fn aggregation may be influenced by heat shock proteins (HSPs). HSPs
are intracellular chaperones that aid in the folding of denatured proteins [216]. Their
extracellular presence increases in response to injury and under stress [217,218]. Proteomic
analysis indicates that Fn aggregates serve as a scaffold for HSP70, which in turn induce

15



Int. J. Mol. Sci. 2022, 23, 8418

both pro- and anti-inflammatory phenotypes in microglia and macrophages [184]. Fur-
thermore, HSP70 increases the expression of ECM proteins, such as collagen I and Fn via
transforming growth factor type β1 (TGF-β1) [219]. An exacerbated increase in HSP70
expression in response to heat shock and LPS stimulation was found in immune cells
from MS patients compared with healthy subjects [220]. Furthermore, HSP47 and HSP90β
are associated with Fn aggregates [184]. While HSP47 is involved in fibrillar collagen
deposition [221,222], HSP90β contributes to the unfolding of Fn dimers to facilitate Fn
fibrillogenesis [223]. Notably, the presence of antibodies against HSP90β is elevated in
CSF of MS patients and implicated in OPC death [224], indicating a role for HSP90β in
MS pathogenesis. These data point to the idea that, in MS lesions, HSP dysfunction may
contribute to Fn aggregation and that the accumulation of HSPs in Fn aggregates impairs
the functioning of glial cells.

Table 1. Potential therapeutic strategies to overcome the fibronectin-aggregate-mediated inhibition
of remyelination failure.

Strategy Method Mechanism of Action Reference

Prevent Fn expression Prevent TG2 expression or
activity

Mediates Fn expression and deposition [161,225]

Prevent Fn aggregation Modulate Fn splicing Induces conformational changes in Fn to
increase cell surface binding

[198]

Prevent Fn aggregation Prevent TLR3 signaling
(astrocytes)

Prevents the release of Fn
fibrils from the cell surface

[198]

Prevent Fn aggregation Modulate HSP90β activity Contributes to the unfolding of Fn to facilitate
Fn
fibrillogenesis

[223]

Degrade Fn aggregates Increase MMP7 expression
and activity

Cleaves Fn, including Fn
aggregates

[211]

Bypass Fn aggregates Treat with ganglioside GD1a Overcomes the Fn-mediated inhibition of OPC
maturation via a PKA-mediated signaling
pathway

[18]

Bypass Fn aggregates Treat with PDE inhibitors Prolongs cAMP levels, thereby potentially
activating PKA, and enhances CNS
remyelination

[194–197]

cAMP—cyclic adenosine monophosphate; CNS—central nervous system; Fn—fibronectin; HSP90β—heat shock
protein 90 beta; MMP7—matrix metalloproteinase 7; PDE—phosphodiesterase; PKA—protein kinase A; TG2—
tissue transglutaminase 2; TLR3—Toll-like receptor 3.

In conclusion, promising options to overcome the impairment of remyelination by Fn
aggregates are (1) bypassing its signals to OLG lineage cells by GD1a, (2) preventing its
aggregation by interfering with TLR3 signaling and/or HSP function, and (3) facilitating
its clearance via the lesional delivery of MMPs, such as MMP7 (Table 1). Via stereotactic
intralesional injection, the pharmacological effect of GD1a was documented [18], while
the efficacy of the other potential therapeutic strategies still requires testing in relevant
experimental models. Notably, as in the absence of astrocytic or plasma Fn, remyelination
still occurs [74] and the transient increase in Fn upon toxin-induced demyelination is re-
dundant for remyelination, making the degradation of its aggregates or even premature
degradation of Fn feasible approaches to overcome remyelination failure in MS. For the lat-
ter, downregulation of tissue transglutaminase 2 (TG2) is an attractive option, as astrocytic
TG2 mediates Fn expression and deposition [161,225].

Nevertheless, the beneficial effects of Fn should be considered when designing thera-
peutic strategies. In particular, Fn’s involvement in BBB maintenance complicates targeting
Fn for myelin regeneration in MS, as altering the functioning or presence of this protein
may adversely affect the BBB. For example, MMP7 may negatively affect BBB function-
ing by promoting the breakdown of the BBB when administered peripherally. Indeed,
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in patients suffering from traumatic brain injury serum levels of MMP7 correlated with
dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), which measures the
BBB permeability and breakdown [226]. Furthermore, elevated MMP9 serum levels were
observed in RRMS patients, with higher serum levels predicting new gadolinium-positive
lesions, i.e., active lesions with a disrupted BBB [227]. Targeting Fn aggregates directly by
increasing MMP activity may therefore not be the most suitable tactic for preventing the
remyelination block observed in MS, especially when these changes are effectuated on a
systemic rather than local level. Moreover, despite BBB alterations in the early stages of
MS, PPMS is characterized by lesions with a different inflammatory profile, where the BBB
remains largely intact and remyelination is marginal [228]. This highlights the necessity for
a ‘two-step approach’, i.e., brain-targeted and locally delivered therapeutics. Nevertheless,
this is complicated when treating brain diseases [229,230], mainly due to the presence of
the BBB, for which solutions will be discussed next.

6. MS Therapeutics: Drug Delivery Vehicles for Delivery to the Brain

Plasma proteins and other compounds that are neurotoxic at high concentrations
damage neurons and other brain-resident cells when allowed free access to the brain. For
example, the blood plasma components thrombin and plasmin can induce apoptosis or
lead to seizures [231,232], while high levels of the excitatory neurotransmitter glutamate
are toxic to neurons [233]. Therefore, passive diffusion of hydrophilic and hydrophobic
compounds across the BBB is restricted by the presence of TJs and efflux transporters,
respectively, while active transport through substrate-specific transporters and receptor-
mediated transcytosis allows for the regulated uptake and excretion of compounds [234] in
order to maintain brain homeostasis (Figure 1).

The encapsulation of drugs in a carrier system that is able to cross the BBB seems a
promising strategy for obtaining brain penetration of medicinal compounds while provid-
ing several additional advantages [235]. Techniques are being used to develop nanocarriers
with a high drug-loading profile [236] and those that aid controlled and sustained release of
the drug of interest [237–240]. By doing so, the need for frequent dosing is reduced. Nanove-
hicles can improve the bio-availability of hydrophobic and hydrophilic compounds by
providing protection against chemical and biological degradation and improving target-site
delivery [241–243]. Additionally, nanoparticle design can be optimized for the development
of precision medicine, where the personal characteristics of patients in conjunction with
specified nanomedicine engineering allow for patient-specific disease treatments [244].

However, systemically delivered nanocarriers still face several hurdles, including the
acidic environment of the gastrointestinal tract (when administered orally), clearance by the
liver and spleen, clearance by immune cells, and physical barriers that prevent easy access
to target sites [245]. Overall, for in vivo efficacy, nanocarriers need to show high stability,
low toxicity, prevent clearance by the reticuloendothelial system, and efficiently accumulate
at the target site [229,246,247]. Hence, the physicochemical properties of the nanocarrier
(i.e., size, shape, charge, and type of material) and the properties of the biological barri-
ers that hinder their transport to the target site need to be taken into account [245,248],
as well as how these properties influence the interaction between the nanocarriers and
cell barriers. Furthermore, a myriad of nanocarrier modifications are invented, which
are aimed at the sustained release of the drug, target specificity, and circumvention of
intra- and extracellular clearance. For example, tuning the charge of lipid nanoparticles
(LNPs) resulted in tissue-specific gene delivery by LNPs [249]. Furthermore, analyte-
responsive hydrogels bind or release drugs of interest in a controlled manner, i.e., glucose
oxidase-containing hydrogels can interact with glucose in the environment, swell, and
subsequently release insulin [250–252]. Moreover, reversible PEGylation enhances the sta-
bility and circulation time of nanocarriers in vivo without preventing target cell uptake and
drug release [253].

Commonly studied nanocarriers are lipid- or polymer-based and include liposomes,
polymersomes, micelles, dendrimers, nanogels, nano-emulsions, and exosomes [229,254,255].
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Unfortunately for brain-targeted therapeutics, the brain endothelium (BBB) appears more
difficult for nanoparticles to penetrate than lung, liver, and kidney endothelial barriers [256].
Several studies utilized nanocarrier formulations with either the aim to improve the delivery
of established drugs that reduce the number and severity of relapses in MS or to test
experimental therapeutic agents in experimental models of MS aimed at alleviating disease
progression (Table 2) [257–279].

6.1. Lipid-Based Nanoparticles as Drug Delivery Vehicle for RRMS Treatment

Liposomes are small biocompatible vesicles that consist of one or multiple lipid bilay-
ers. Commonly used lipids include cholesterol, phosphatidylcholine, and soy lecithin [280].
Liposomes can entrap hydrophilic and lipophilic compounds in their aqueous core and
lipid bilayer(s), respectively [229,281], thereby making liposomes versatile nanocarriers for
a multitude of therapeutics. The addition of PEG moieties to the outer surface of liposomes
endows them with stealth properties, limiting an immune response and reducing their
plasma clearance [282]. The biodistribution and brain penetration of liposomes were tested
in relevant experimental models for MS. The temporary BBB disturbance observed in
RRMS is equally observed in experimental MS models that simulated its inflammatory
profile, such as EAE. This allowed researchers to test liposomal treatments for MS that
are not specifically targeted to the BBB [257]. For example, in EAE, 99mTc-DTPA-labeled
liposomes accumulated more in the brain and spinal cord compared with healthy con-
trols, which is an effect that may rely on BBB disruption and/or infiltrating macrophages
that transport liposomes to the CNS (Figure 3) [258]. Notably, DTPA is a low-molecular-
weight molecule that can cross the BBB during injury or inflammation-induced endothelial
permeability. Compared with free DTPA, DTPA conjugated to liposomes accumulated
more in lesioned areas, which is an effect that could be attributed to monocytes that
phagocytosed liposomes before significant BBB damage had occurred (Figure 3) [257]. In
addition to employing infiltrating liposome-laden monocytes as a means of transporting
anti-inflammatory drugs to target inflammatory lesions in MS [259], Schweingruber et al.,
provided evidence that glucocorticoids, which are approved MS therapeutics, entrapped
in liposomes induced macrophages to adopt an anti-inflammatory phenotype rather than
inducing T cell apoptosis [262]. Similarly, glucocorticoids entrapped in inorganic–organic
hybrid nanoparticles (IOH-NP) were shown to exclusively modulate macrophage function-
ing [283]. Conversely, using a long-circulating prednisolone liposome formulation, Schmidt
et al., demonstrated that glucocorticoid administration via liposomes restored BBB integrity,
reduced inflammation caused by T cells, diminished macrophage infiltration into the CNS,
and slowed down disease progression in EAE [261]. Active targeting of glucocorticoid
liposomes to the brain was also achieved by labeling liposomes with glutathione, which is a
BBB-targeting ligand [264].

Another approved MS medication is dimethyl fumarate (DMF), which is an orally
administered anti-inflammatory drug with neuroprotective properties [284,285]. Due to
its low brain permeability and oral administration, it requires high and frequent dosing.
Accordingly, the drug may benefit from incorporation into a nanocarrier system. Indeed,
the encapsulation of DMF into solid lipid nanoparticles increased the half-life and bioavail-
ability of the orally administered drug in rats [265]. In the cuprizone model, DMF-loaded
lipid-based nanoparticles administered orally once a day improved remyelination to the
same extent as a three-times a day free oral DMF treatment [266]. Hence, incorporation
into nanoparticles reduces the need for excessive dosing, particularly for a drug with a fast
clearance rate. Other than the encapsulation of approved MS medication in liposomes, the
encapsulation of autoantigens [267] and MBP-peptides [275,276,278,286] in liposomes was
successfully tested as a potential disease-modifying medication. Thus, there is compelling
evidence that the encapsulation of approved or experimental therapeutics in liposomes
allows for the safe administration of drugs in MS patients that cannot be administered in
free-form due to their instability in circulation and/or can have beneficial effects on top of
the curative response of the drug itself, such as less frequent dosing.
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Figure 3. Strategies to deliver MS therapeutics that overcome the fibronectin-mediated inhibition
of remyelination failure in the brain. Therapeutic compounds encapsulated in nanoparticles that
contain a blood–brain barrier (BBB)-targeting ligand or carry a positive charge enter the brain via
transcytosis through receptor-mediated transcytosis (RMT) or adsorptive-mediated transcytosis
(AMT), respectively. Alternatively, in relapsing–remitting MS, surveilling monocytes may phagocy-
tose nanoparticles and transport these across the compromised BBB during relapses. Furthermore,
the identification of lesion-specific BBB alterations (i.e., upregulation of receptors at the BBB near
lesions) would aid the targeting of lesion-directed medication. In the brain, lesion targeting of
therapeutic-containing nanoparticles may be achieved by cell-specific ligands targeting receptors
that are present on, e.g., oligodendrocyte lineage cells, or ligands targeting the altered, and therefore
specific, environment in MS lesions. For example, targeting specific splice variants of fibronectin
that are abundant in fibronectin aggregates can aid the cell- and lesion-specific delivery of the thera-
peutic compound. This ‘two-step approach’ utilizes ligands that facilitate transcytosis across brain
endothelium (BBB) and ligands that direct the delivery of therapeutics to MS lesions.

Table 2. Nanoparticles used for treatment in experimental MS models and in MS patients.

Treatment
Administration

Means
Administration

Time Point
Outcome Measure Reference

Experimental MS Models

99mTc-DTPA-loaded
liposomes in EAE

Intravenous At induction of disease Biodistribution of liposomes [258]

MOG40–55-loaded
liposomes in EAE

Intraperitoneal At induction of disease Preventive and preclinical
treatment effects on EAE
development

[267]

MBP-loaded liposomes
in EAE

Subcutaneous At disease onset for 6 days Effect of different MBP isoforms
on EAE progression

[275]

Prednisolone-loaded
liposomes in EAE

Intravenous At peak of disease Effect on EAE progression, BBB
permeability, and drug
biodistribution

[261]

(Methyl)prednisolone-
loaded liposomes in
EAE

Intravenous At peak of disease Effect on EAE progression and
macrophage functioning

[262]
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Table 2. Cont.

Treatment
Administration

Means
Administration

Time Point
Outcome Measure Reference

Methylprednisolone-
loaded liposomes in
EAE

Intravenous Prophylactic, at disease
onset, and disease peak

Brain-targeted effect on EAE
symptoms

[264]

MOG-loaded PLGA
particles in EAE

Intravenous/
subcutaneous

Prophylactic Effect on EAE development [268]

MOG-anti-Fas-PD-L1-
Fc-CD47-Fc-TGFβ-
loaded PLGA particles
in EAE

Intravenous At disease onset and
disease peak

Modulation of auto-reactive T cells
in EAE and disease progression

[269]

MOG-IL10-loaded
PLGA particles in EAE

Subcutaneous Prophylactic, at disease
onset, and disease peak

Effect of ‘inverse vaccination’ on
EAE progression

[270]

PLP-coupled PLGA
particles in EAE

Intravenous At disease onset Treatment of EAE and
nanoparticle uptake in vitro by
antigen-presenting cells

[272]

PHCCC-loaded PLGA
particles in EAE

Subcutaneous From induction of disease,
every 3 or 5 days

Effect on DC activation and EAE
disease progression

[273]

miR-219a-5p liposomes,
PLGA particles, and
extracellular vesicles in
EAE

Intranasal 2 and 8 days
post-induction of disease
(before symptom onset)

Effect on remyelination in EAE [274]

Curcumin-loaded
HPPS in EAE

Intravenous 8, 10, 12, and 14 days
post-induction of disease

Restriction of immune cell
infiltration of the brain in EAE by
modulation of monocytes

[259]

PLP-coupled PLGA
particles in
relapsing–remitting
EAE

Intravenous At disease onset, disease
peak, and disease
remission

Prevention and treatment of
relapsing EAE disease

[271]

(Methyl)prednisolone-
loaded liposomes in
chronic relapsing EAE

Intravenous At first peak of disease Effect on disease progression, their
effect on relapse risk, and
macrophage CNS
infiltration

[263]

Dimethyl-fumarate-
loaded solid lipid
nanoparticles in
cuprizone

Oral Daily cuprizone and
nanoparticles for 30 days

Effect on remyelination [266]

LIF-loaded PLGA
particles in focal
demyelination

Intralesional 8 days post-lysolecithin
lesioning

Effect on OPC differentiation
in vitro and remyelination in vivo

[279]

MS Patients

MBP-loaded liposomes Subcutaneous Once a week for 6 weeks Safety profile of
CD206-targeted liposomal MBP
treatment in RRMS and SPMS
patients

[286]

MBP-loaded liposomes Subcutaneous Once a week for 6 weeks Serum cytokine analysis and
Th1/Th2 ratio in RRMS and SPMS
patients

[278]

BBB—blood–brain barrier; CNS—central nervous system; DTPA—diethylenetriaminepentacetate;
EAE—experimental autoimmune encephalomyelitis; HPPS—high-density lipoprotein-mimicking peptide-
phospholipid scaffold; LIF—leukemia inhibitory factor; MOG—myelin oligodendrocyte glycoprotein;
MS—multiple sclerosis; OPC—oligodendrocyte progenitor cell; PHCC—N-phenyl-7-(hydroxyimino)
cyclopropa[b]chromen-1a-carboxamide; PLGA—poly(lactic-co-glycolic acid); RRMS—relapsing–remitting MS;
SPMS—secondary progressive MS.
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6.2. Polymer-Based Nanoparticles as a Drug Delivery Vehicle for RRMS Treatment

Alongside lipid-based nanoparticles, polymeric nanoparticles were demonstrated to
be an effective and safe drug delivery system, though for clinical applications, the toxicity
profile of polymeric particles needs to be critically assessed. Poly(lactic-co-glycolic acid)
(PLGA) is a synthetic polymer that shows potential for clinical applications due to its
biocompatibility, biodegradability, and low immunogenicity profile. Despite its promise,
few PLGA-based medications are currently approved for clinical use [287]. Variations in
product design may underlie the low success rate of PLGA nanospheres on the market.
Since minor alterations in the production process may alter the pharmacodynamics of
the desired product, a strong emphasis needs to be placed on the optimization of particle
properties [288]. PLGA particles consist of polymerized lactic acid and glycolic acid sub-
units. The proportion of lactic acid to glycolic acid determines the hydrophobicity of the
particle, with higher proportions of lactic acid conferring a higher degree of hydrophobicity.
Simultaneously, lactic-acid-rich PLGA particles degrade slower than particles relatively
high in glycolic acid, though particles with equal amounts of lactic acid and glycolic acids
degrade the fastest [289,290]. The therapeutic effectiveness of PLGA particles depends
on their physicochemical properties, drug loading efficiency, and drug release behavior,
which altogether determine successful drug delivery. Biodistribution and (immune) clear-
ance of PLGA nanoparticles are largely determined by their size and surface charge (zeta
potential) [291]. Properly designed PLGA particles demonstrated improved delivery of
therapeutics in vivo. For example, the incorporation of the chemotherapeutic docetaxel in
pegylated PLGA particles showed minimal liver accumulation in rats, enhanced accumula-
tion in tumors in mice, and induced tumor shrinkage in humans at a lower dose than when
free docetaxel was administered [292].

PLGA particles are tested as vehicles to induce immune tolerance in experimental
models of MS. Inhibition of the inflammatory phenotype of autoreactive T cells and a delay
in disease onset were achieved by injecting PLGA particles containing myelin oligoden-
drocyte glycoprotein (MOG) prior to the induction of EAE [268]. Similarly, an ‘inverse
vaccination’ treatment with MOG-PLGA, PLP-PLGA, and IL10-PLGA particles inhibited
EAE development and equally ameliorated EAE progression when administered post-EAE
induction [270,271]. In vitro data suggest that disease-relevant peptide-conjugated PLGA
nanoparticles diminished inflammatory signaling in macrophages and dendritic cells, i.e.,
antigen-presenting cell types with a known role in nanoparticle clearance from blood
circulation. These in turn reduced T cell proliferation and induced T cell apoptosis [272].
Other compounds (indirectly) affecting T cell polarization also benefit from encapsulation
in nanoparticles. For example, (hydroxyimino)cyclopropa[b]chromen-1a-carboxamide
(PHCCC) affected glutamate metabolism in dendritic cells, which indirectly affected T cell
polarization through cytokine secretion. The incorporation of PHCCC in PLGA particles
resulted in a controlled release of PHCCC, thereby allowing for a reduction in dosing
frequency from daily to once every three days in mice [273].

6.3. Drug Delivery Vehicles for Treatment of Progressive MS

To date, most approved MS drugs modulate the peripheral immune system with the
purpose of reducing the inflammatory response associated with relapses [293]. Hence, most
previously described studies targeting MS rely on the presence of a disrupted BBB or a
significant inflammatory response characterized by infiltrating macrophages. As stated
earlier, treatment aimed at restoring remyelination in progressive MS when inflammation
has largely subsided requires BBB-penetrating capabilities of drugs or nanocarriers that
ideally recognize chronic lesions (i.e., with a low inflammatory profile) and/or target cells
within the lesion. Few nanoparticle studies have specifically targeted OLGs in MS or
assessed nanoparticle accumulation in the brain when the BBB is largely intact to determine
whether particles could cross the BBB. A recently published study by Osorio-Querejeta
et al., compared liposomes, PLGA particles, and extracellular vesicles (exosomes) for the
delivery of miR-219a-5p, which is a microRNA capable of inducing OPC differentiation
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and myelination [274]. Liposomes and PLGA particles were more efficiently taken up
by OPCs in vitro, though exosomes were more effective at inducing OPC differentiation,
as assessed by the expression of myelin-related genes. Additionally, in an in vitro BBB
model, exosomes crossed the BBB more easily than liposomes or PLGA particles. Intranasal
delivery of miR-219a-5p-containing exosomes after EAE induction enhanced remyelination
and attenuated clinical disability scores compared with treatment with control exosomes.
This study demonstrated the effectiveness of remyelination-inducing therapy, albeit in
conditions where inflammation was present. As inflammation-induced alterations in the
vasculature are inherent to EAE, it is likely that particles could reach the brain through
a breached BBB. Indeed, the binding of cationic liposomes to endoneural vessels in the
spinal cord occurred throughout the disease course of EAE, which was not observed for
control animals. This binding effect was correlated to changes in animal’s vasculature
and inflammatory profile [294]. For this reason, testing remyelination therapy in non- or
low-inflammatory conditions is necessary to understand the applicability of these therapies
to progressive MS.

Leukaemia inhibitory factor (LIF) is a known pro-myelinating factor shown to improve
remyelination [295–297]. A single treatment with LIF-containing PLGA particles induced
differentiation of OPCs into mature OLGs by activating pSTAT-3 signaling in vitro. In vivo,
these particles increased myelin thickness, as well as the percentage of remyelinated axons
after a focal demyelinating insult [279]. OPC-specific targeting was achieved by decorating
nanoparticles using anti-NG2 antibodies, thereby avoiding off-target effects. As LIF is
rapidly degraded in vivo, the utilization of PLGA particles improved the stability of the
drug [279]. However, as particles were injected directly into the demyelinated lesions,
systemic stability and the BBB-traversing capability of the particles were not assessed.
Hence, an effective drug delivery system for the treatment of progressive MS that is
systemically administered and targeted to the brain needs to be developed, for which
considerations and potential strategies are reflected upon in the next section.

7. Progressive MS Treatment: Considerations for Designing a Brain-Targeted Drug
Delivery System

The ideal drug delivery system for the treatment of progressive MS shows no toxicity,
has high specificity for the target site (i.e., the brain and specifically demyelinated lesions),
only releases the drug when it has arrived at the lesioned area, and is biodegradable and/or
biocompatible. To achieve such a highly specific delivery of the therapeutic compound,
several complicating factors must be addressed. Although endocytosis followed by in-
tracellular disintegration of the nanoparticle and subsequent drug release is required for
the drug to reach its intracellular targets, first, transcytosis across the endothelial cells of
the BBB is needed to get from the blood to the brain. Several strategies for blood-to-brain
transport are developed, as well as alternatives to circumvent the BBB, which are discussed
next in more detail.

7.1. Receptor-Mediated Transcytosis (RMT)

A commonly used brain-targeting approach uses the conjugation of BBB endothelial
cell-recognizing ligands, targeting peptides, or antibodies to nanoparticle formulations,
which allows them to cross the BBB. Examples include nanoparticles decorated with ligands
for the transferrin (Tf), insulin, lipoprotein (LRP), lactoferrin (LfR), and diphtheria toxin re-
ceptors; the GM1-binding G23 peptide; and glutathione [264,298–308]. Many of these brain-
targeting peptides and ligands cross the BBB through ATP-dependent receptor-mediated
transcytosis (RMT) [309]. RMT is the process by which ligand binding to membrane-bound
receptors induces internalization of the ligand–cargo complex through endocytosis, fol-
lowed by intracellular vesicular trafficking and exocytosis of the cargo at the opposite side
of the endothelial cell monolayer (Figure 1) [114]. The use of specific coatings and nanopar-
ticle materials may hence prove to be important for organ-targeted drug design [256]. For
example, a poloxamer-188 coating caused the adsorption of blood apolipoproteins to the
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surface of PLGA particles, which then induced BBB transcytosis through an interaction
with the LDL receptor (LRP1) [310]. Poloxamer-188-coated PLGA particles demonstrated
efficient BBB transcytosis in vitro and successful delivery of an anti-viral HIV drug to
macrophages and microglia [311,312].

7.2. Adsorptive-Mediated Transport (AMT)

Another strategy to target the brain is the utilization of positively charged moieties
that mimic the transport of polycationic proteins, such as protamine, across the BBB [313].
The use of cationic polymers promotes BBB transport through adsorptive-mediated trans-
port (AMT) [313,314]. AMT relies on electrostatic interactions between the negatively
charged endothelial cell membrane and the positively charged molecule (Figure 1). Based
on the same electrostatic interactions, the cationic polymer poly(β-amino ester) (PbAE),
when mixed with siRNA, self-assembled into 100 nm sized nanoparticles and released
the siRNA content when exposed to the reducing environment of the cytosol [315]. In
an iPSC-derived human BBB transwell model co-cultured with glioblastoma cells, the
PbAE particles delivered siRNA to glioblastoma cells after transcytosis by the in vitro
BBB. Successive in vivo experiments demonstrated that these particles reached and deliv-
ered siRNA to orthotopically implanted patient-derived glioblastoma cells in mice after
intravenous administration [316].

Some cell-penetrating peptides (CPPs), such as HIV-1 trans-activating protein (TAT),
also employ AMT [317]. The decoration of nanoparticles with CPPs strongly increased
transcytosis and improved targeted brain delivery and controlled release of nanoparticle
contents [318–320]. Liposomes decorated with a combination of the cyclic Arg-Gly-Asp
(cRGD) peptide, which binds to integrin αvβ3 at the BBB [321] and induces clathrin-
mediated endocytosis in cells [322], with a histidine-rich pH-sensitive cell-penetrating
peptide (TH) that evades lysosomal degradation [323] resulted in their efficient transcytosis
across the BBB endothelium. After binding to integrin αvβ3, nanoparticles were internal-
ized by glioma cells due to the positive charge of the CPP, which was achieved via histidine
protonation in the acidic microenvironment around the tumor cells [318].

7.3. Focused Ultrasound

Besides ligand-based nanoparticle modifications aimed at transporting drugs across
tightly connected BBB endothelial cells, temporarily opening the BBB through focused ultra-
sound (FUS) is also considered a viable method of brain-targeted drug delivery [324]. The
technique, which was first described approximately twenty years ago [325,326], involves
the local application of pulsed sonication. In combination with gas-filled microbubbles,
reversible openings in the BBB can be achieved, through which therapeutics gain access
to the brain [324]. Since then, FUS has demonstrated promising benefits for the treatment
of neurodegenerative diseases [327–330]. FUS appears to rely on both paracellular and
transcellular transport mechanisms. Thus, FUS induces the temporary disintegration of TJ
complexes, thereby allowing for paracellular entry into the brain [331], and was also shown
to increase endocytosis [332,333]. With the appropriate ultrasound settings, it has promise
for the selective delivery of medication into the brain, though its safety and application
in humans still need to be properly assessed. For application in MS, it is disadvantageous
that individual lesions need to be targeted, which is complex when using FUS.

7.4. Intranasal Drug Delivery

A way to circumvent the BBB is by administering drugs intranasally. A portion of
intranasally administered particles is expected to reach the brain via trigeminal neurons and
olfactory nerves without entering the systemic circulation. The CSF can be reached directly
via a route that involves the nasal epithelium and the perineuronal and subarachnoid
space [334,335]. Direct nose-to-brain delivery through the olfactory bulb may involve
paracellular, transcellular, and neuronal transport [335]. Thus, intranasal dispensation
of nanoparticles, e.g., PLGA particles [336–338], and liposomes [339–341] may offer a
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means of fast and efficient delivery of brain therapeutics. However, as the nasal cavity is
small, only a limited amount of the drug can be administered at each dose. Furthermore,
mucociliary clearance and enzymatic degradation in the nasal cavity reduce brain uptake
of the administered drug [342], causing less than 1% of the drug administered to reach the
brain [343]. For this reason, enzyme inhibitors, mucoadhesives, and absorption enhancers
are incorporated in intranasal formulations, which themselves can be irritating to nasal
mucosa [343,344]. In addition, the efficiency of intranasal drug delivery across olfactory
cells in vitro differed between PLGA and lipid carriers (with lipid carriers having a higher
transcytotic ability) [320]. Furthermore, though intranasal drug delivery is promising, it
appears to not evade systemic circulation completely [345]. Thus, BBB targeting through
RMT or AMT may still be relevant to nanoparticles following nasal administration.

8. MS Therapeutics: Considerations for Intracellular Delivery of Therapeutic Agents

An important consideration for nanocarrier design for the treatment of MS are proper-
ties that allow systemically administered nanoparticles to release their content only after
crossing the BBB and accumulation at the target site, i.e., an MS lesion (Figure 3). Upon
endocytosis of nanoparticles by target cells, the therapeutic payload needs to escape from
the endolysosomal system to circumvent the acidic and enzymatic environment of the
lysosome that may destabilize or inactivate therapeutics [346–348]. Where hydrophobic
drugs can passively cross the endosomal membrane, intracellular delivery of hydrophilic
drugs, e.g., DNA, RNA, and proteins, requires permeabilization of the endosomal mem-
brane [349–351]. At least for mesoporous silica nanoparticles, repeated administration
resulted in reduced intracellular delivery of hydrophilic cargo [346], which signifies that
the development of nanocarriers with a high drug-loading capacity is important. PEGyla-
tion, which is commonly used to confer stealth properties on nanoparticles to promote their
blood circulation time, has an inhibiting effect on endo/lysosomal escape. The addition of
PEG lipids onto gene-carrying liposomes inhibited the endosomal release of the genetic
material and thus gene delivery [352–354]. To overcome this limitation, exchangeable [354],
cleavable [355,356], and pH-sensitive PEG chains are used [357]. Finally, small extracel-
lular vesicles (sEVs) were shown to enter cells via endocytosis and fuse with endosomal
and/or lysosomal membranes in order to release their cargo in the cytosol [358]. As it was
demonstrated that sEVs could efficiently cross the BBB and deliver a pro-myelinating drug
in vivo [274], their applicability for brain-targeted medicinal delivery seems promising.
Overall, nanoparticle design aims for nanoparticle stability during systemic circulation and
the release of therapeutics, i.e., nanoparticle destabilization, at the target site.

9. Active Targeting to MS Lesions: Considerations for Controlled Drug Delivery to
Overcome Fibronectin-Mediated Inhibition of Remyelination

While the previous sections largely focused on drug vehicles’ requirement to cross
the BBB, drug delivery to demyelinated lesions also requires lesion-targeting approaches.
To this end, conjugation of nanoparticles with ligands, such as antibodies or peptides
that interact with binding sites on lesion-resident cells or environmental factors that are
only present in MS lesions, ensures controlled drug delivery. In particular, peptides are
favorable for being small, easy to synthesize, and less immunogenic than antibodies. In the
following, we reflect on how to control and functionally deliver medication to MS lesions to
overcome the Fn-mediated inhibition of remyelination failure. The need for nanoparticles
targeting Fn aggregate-bearing lesions is essential for drugs that may interfere with Fn
expression and/or degradation, as these may also affect Fn in the BBB BM without lesion-
specific targeting. Contrariwise, drugs that interfere with Fn aggregation or bypass the
negative effect of Fn aggregates on OPC maturation and have minimal off-target effects
are unlikely to interfere with Fn functioning outside of lesions. Additionally, similar
delivery approaches can be considered for other remyelination-directed medications. For
an overview of peptide-based targeted drug delivery to cells and ECM components in MS
lesions, we refer to a recent comprehensive review [359].
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9.1. Active Targeting to Fn Aggregates

Active targeting of Fn aggregates is relevant for both functional cellular delivery of
therapeutic agents that bypass Fn-mediated inhibition of remyelination (e.g., GD1a), and
treatment approaches aimed to clear Fn aggregates at MS lesions (e.g., MMP7), with the
latter requiring extracellular release of nanoparticle content or local stimulation of MMP
production. As mentioned before, Fn is not abundantly present in healthy adult brains,
allowing for Fn-targeting approaches in demyelinated areas. In addition, the targeting of Fn
was utilized for drug delivery to tumor tissues [360–363]. The EDA and EDB splice variants
of cellular Fn are mainly expressed during fetal development but become re-expressed
at locations of tumor growth [360]. Using phage display, a peptide recognizing the EDB
splice variant of Fn was identified that showed specific targeting to human prostate tumor
xenografts implanted in mice [364]. Moreover, imaging of xenografted tumor tissue in
mice was achieved using an EDB Fn-splice-variant-binding high-affinity peptide (named
an aptide) [365]. Conjugation of these aptides to liposomes or PLGA particles [366–368]
and an aptide–docetaxel conjugate [369] improved chemotherapy delivery to the tumor
and inhibited tumor growth (reviewed in [359]). In addition, liposomes decorated with an
aptide recognizing the EDB domain of Fn showed improved drug delivery to MCF7/ADR
orthotopic tumors in vivo and delayed tumor growth [363]. One of the features of Fn
aggregates in demyelinated MS lesions is their relative abundance in the EDA over the EDB
splice variant [74,198]. This hints at the possibility of using an EDA-recognizing ligand
to target Fn aggregates in MS. Advantageously, this method of interaction with plasma
Fn can be circumvented, as EDA is unique to cellular Fn. Future studies need to uncover
whether such Fn-targeted nanoparticles will indeed reach MS lesions. A complicating
factor is that in healthy brain tissue, EDA Fn in the basement membrane is limited to larger
blood vessels, while in actively demyelinating MS lesions, EDA Fn is abundantly present
in perivascular networks [107]. It would be undesirable if nanoparticles that targeted
lesional Fn aggregates remain within the perivascular space rather than penetrate the
lesioned parenchyma. However, this may not be a problem in chronic demyelinated MS
lesions, as in chronic MS lesions, EDA Fn is less abundant in the basement membrane,
while parenchymal Fn aggregates are more abundant [17] and remyelination failure is
more prominent [14,17]. Alternatively, other ECM components in MS lesions can be
utilized as bait for peptide-targeted drug accumulation in MS lesions [359]. For example,
a CSPG-targeting peptide was used for functionalizing nanoparticles to target traumatic
brain injury [370].

9.2. Active Targeting of Cells

Alternatively, functional delivery of ganglioside GD1a to OLG lineage cells, which
has minimal off-target activity in healthy tissue, and specificity to overcome Fn-induced
remyelination failure can be employed [18]. The use of a nanocarrier conjugated with
OLG lineage cell-targeting peptides or antibodies may facilitate specific delivery to the
cells of interest. To this end, anti-NG2-antibody-coated nanoparticles were successfully
used to functionally deliver LIF to OPCs [279], while targeting OPCs with anti-PDGFRα
antibodies offers an alternative approach [371]. Given that GD1a is hardly degraded in OLG
lineage cells and the addition of GD1a to OPCs can overcome Fn-mediated inhibition of
myelin membrane formation in vitro [18], GD1a incorporation in anti-NG2 or anti-PDGFRα
antibody-coated nanoparticles may be a feasible approach. As an alternative, nanocarriers
decorated with antibodies against GPR17 may be considered. GPR17 surface expression is
restricted to immature OLGs and is absent on mature myelinating OLGs [372]. Strategies
to prevent Fn synthesis (e.g., with the enzyme TG2) and/or to interfere with aggregation
(e.g., with TLR3 antagonists) may benefit from functional delivery of therapeutic cargo to
astrocytes present in MS lesions. Astrocyte-targeting peptides were identified [373–375];
however, given astrocyte heterogeneity per se and functional remodeling of astrocytes
in response to demyelination and inflammation, the knowledge on selective targeting of
astrocyte subpopulations, and therefore, the suitability of these peptides to specifically
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target astrocytes in MS lesions, is still limited. Nevertheless, to specifically target cells in
MS lesions, exploiting a peptide that binds to a lesion-specific environmental factor, e.g., Fn
or other ECM components that are upregulated in MS lesions, likely represents an effective
approach to accomplishing lesion-specific cellular drug delivery method for lesion-targeted
functional drug delivery [359].

10. Concluding Remarks and Future Perspectives

MS is a heterogeneous disease involving inflammation, as well as neurodegenerative
processes that simultaneously contribute to disease pathology. The underlying cause of
MS is still unknown and likely to differ between patients. This heterogeneity in disease
pathology asks for a multitude of treatment approaches as each stage of the disease and
likely each lesion type has its hallmarks. Therefore, no single MS treatment is appropriate
for all MS patients, nor will it be effective for all the different disease stages. This means
that MS treatment is likely to benefit from personalized medicine. During later stages of the
disease, impaired remyelination results in secondary neurodegeneration that overshadows
the initial flares of demyelinating insults, meaning that a sustained and gradual decline in
neurological functioning appears. Current therapeutic approaches mainly focus on mitigat-
ing the inflammatory components of the disease but do not halt underlying degenerative
processes affecting disease progression. Several factors that are addressed in this review,
including changes in ECM composition and stiffness, contribute to remyelination failure.
Moreover, BBB malfunctioning appears to underlie disease initiation, while a relatively
intact BBB concomitantly impedes disease treatment in progressive MS. We focused on
a particular ECM aberration that is typical of chronically demyelinated lesions, namely,
the occurrence of remyelination-impairing Fn aggregates, and discussed distinct means to
specifically negate the effect of Fn aggregates. Given the role of Fn in BBB maintenance and
angiogenesis, the release of pro-remyelination drugs that interfere with Fn signaling at the
BBB should be prevented. Therefore, to overcome Fn-mediated inhibition of remyelina-
tion in chronic demyelinated lesions, we stress the importance of employing nanocarrier
systems with a ‘two-step approach’: decoration of drug-containing nanoparticles with
ligands that facilitate transcytosis across the BBB and delivery to Fn aggregates, OPCs,
or astrocytes for lesion-specific drug release. Ideally, these nanocarriers possess a high
drug-loading capacity, shield the drug from environmental influences, allow for controlled
release of the drug, decrease the need for frequent dosing, and reduce undesirable side
effects. Lipid (liposomal)- and polymer (PLGA)-based nanomedicines are being used for
(experimental) MS nanomedication. Whether one or the other would be most suitable
for remyelination-based treatment of MS lesions depends on the type of therapeutic to
be delivered. For instance, hydrophilic and amphiphilic drugs have a low encapsulation
efficiency into PLGA particles in contrast to hydrophobic compounds [376]. In turn, lipo-
somes can encapsulate hydrophilic compounds in their aqueous core, preventing rapid
clearance and enabling sustained release [377], and amphiphilic molecules in their lipid
bilayer. For example, to bypass Fn aggregate-mediated inhibition of remyelination, the
encapsulation of ganglioside GD1a, which is an amphiphilic compound, into liposomes
would be preferred. Notably, lesion-specific alterations of the BBB and its BM were reported
in MS [378], which may provide a means to specifically target nanomedicine toward lesions.
Moreover, a study with an induced pluripotent stem cell-derived in vitro MS BBB model
implied the existence of intrinsic differences in BBB functioning between RRMS patients
and healthy controls [379]. Thus, to improve the targeting of nanomedicine to MS lesions,
future advances in MS treatment require the identification of targets at the MS BBB and
knowledge of the (patient-specific) MS lesion microenvironment to identify stimuli that
can be used to induce lesion-specific drug release. Alternatively, therapeutic agents, such
as GD1a, that treat lesions while leaving healthy tissue unaffected may obviate the need for
lesion-specific targeting.

Besides functional recovery, no optimal measure of remyelination in patients exists
yet [380]. Therefore, in parallel, clinical biomarkers for remyelination should be developed
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and optimized to assess the effectiveness of (remyelination) therapy. MRI is currently
not a reliable measure of remyelination [381]. Instead, advanced MRI techniques, such as
diffusion tensor imaging, which measures the diffusion of water along axons, is particu-
larly useful for the imaging of white matter tracts in the brain [381,382]. Other potential
biomarkers or diagnostic tools include the plasma levels of neurofilament light chains [383],
position emission tomography tracers for myelin [384], and multifocal visually evoked
potential [385]. As of yet, none of these techniques have the sensitivity required to assess
the remyelination of individual MS lesions. Nonetheless, they may still provide benefits
for the global assessment of remyelination therapy effectivity. An interesting development
is the use of magnetic resonance elastography (MRE), which measures the mechanical
properties of tissue [386,387]. Brain viscoelasticity is reduced in MS [388,389] and appears
to correlate with demyelination and ECM degradation in the cuprizone model [390] and
inflammation in EAE [391]. Advantageous to MRE is that it allows for in vivo, localized
imaging of inflammatory lesions. Interestingly, reduced brain viscoelasticity correlates with
the upregulated expression of cellular Fn during inflammation in EAE [392]. Nevertheless,
even though MRE correlates with de- and remyelination in experimental models [390], it is
not a direct measure of remyelination, nor has it been established as a direct measure of
de- and remyelination in MS. Moreover, it was recently observed that MRE measures of
demyelinated white matter and normal-appearing white matter did not differ [393]. Thus,
the search for a reliable biomarker or diagnostic tool for the detection of remyelination in
patients is still ongoing and will require further optimization of existing techniques or the
development of new techniques in the future.
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Abstract: Non-apoptotic caspase-3 activation is critically involved in dendritic spine loss and synaptic
dysfunction in Alzheimer’s disease. It is, however, not known whether caspase-3 plays similar roles
in other pathologies. Using a mouse model of clinically manifest Parkinson’s disease, we provide the
first evidence that caspase-3 is transiently activated in the striatum shortly after the degeneration
of nigrostriatal dopaminergic projections. This caspase-3 activation concurs with a rapid loss of
dendritic spines and deficits in synaptic long-term depression (LTD) in striatal projection neurons
forming the indirect pathway. Interestingly, systemic treatment with a caspase inhibitor prevents
both the spine pruning and the deficit of indirect pathway LTD without interfering with the ongoing
dopaminergic degeneration. Taken together, our data identify transient and non-apoptotic caspase
activation as a critical event in the early plastic changes of indirect pathway neurons following
dopamine denervation.

Keywords: Parkinson’s disease; striatum; caspase-3; spiny projection neurons; dendritic spines;
long-term depression; Q-VD-OPh; mice

1. Introduction

Caspases are a family of cysteine proteases classically associated with apoptosis (i.e.,
programmed cell death) [1–3]. However, accumulating evidence shows that caspases also
fulfill non-apoptotic roles in both neurons and glial cells [4,5]. Studies in hippocampal
neurons have shown that caspase-3 can mediate the pruning of axons, dendrites and spines
in the absence of cell death [6–8]. Moreover, restricted activation of caspase-3 in dendrites
has been linked to long-term depression (LTD) of Schaffer collateral-CA1 synapses [8]. In
microglia and astrocytes, caspase activation regulates the transition to proinflammatory or
reactive phenotypes [9–11], and cytosolic expression of active caspase-3 has been observed
in various brain cells even under basal conditions [5,12]. In models of Alzheimer’s disease,
non-apoptotic caspase-3 activation has been shown to mediate hippocampal synaptic
dysfunction, including altered AMPA receptor phosphorylation, loss of dendritic spines,
and LTD deficits [6,13].

Loss of dendritic spines and deficits in LTD induction also occurs in striatal neurons in
animal models of Parkinson’s disease (PD), a neurodegenerative disorder with typical mo-
tor symptoms caused by the degeneration of nigrostriatal dopaminergic projections [14–21].
Using toxin-based models of PD, previous studies have reported high levels of caspase-3
activity in the striatum [22,23]. In contrast, a non-symptomatic genetic model of autosomal
recessive PD (the PINK1 knockout mouse) shows normal striatal levels of caspase-3 activity
at baseline, but an activity-dependent reduction of caspase-3 activity appears to be causally
linked to synaptic plasticity deficits in this model [24]. These studies warrant further
investigations into the functional role of caspase-3 in the pathophysiology of PD.
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In the present study, we set out to investigate whether caspase-3 plays a role in
the loss of dendritic spines and the concomitant synaptic deficits that develop in striatal
spiny projection neurons (SPNs) upon the loss of dopaminergic innervation. Loss of SPN
spines and glutamatergic synapses have been well-documented in all animal models of
PD exhibiting severe nigrostriatal dopamine (DA) depletion [15,16,19,25,26], and have
moreover been detected post-mortem in PD patients (reviewed in [27]).

Striatal SPNs divide into two major groups, called direct and indirect pathway SPNs
(dSPNs and iSPNs, respectively). These two populations differ in their respective projec-
tion targets, expression of DA receptors, physiological properties, and response to DA
denervation [27–29]. In models of PD, spine pruning and a concomitant loss of LTD are
more prominent in iSPNs than dSPNs [15–17,20]. Although marked pathophysiological
adaptations affect dSPNs too [14,19,25,26], spine loss is delayed and more variable in these
neurons [27,30]. Based on these considerations, we chose to focus our study on the spine
loss and synaptic dysfunction affecting the iSPNs.

Our results reveal that caspase-3 is promptly and transiently activated in the striatum
upon DA denervation, and that iSPNs show loss of dendritic spines and LTD disturbance at
the same early time points. Treatment with Q-VD-OPh, a third-generation broad-spectrum
caspase inhibitor with therapeutic potential [31], prevented the loss of dendritic spines
and LTD in iSPNs without interfering with the ongoing degeneration of DA neurons. Our
study, therefore, points to a connection between spine loss and early synaptic dysfunction
of iSPNs and non-apoptotic activation of caspase-3 in the parkinsonian striatum.

2. Results

2.1. Transient and Early Non-Apoptotic Caspase-3 Activation in the DA-Denervated Striatum

To investigate the time course of caspase-3 activation, we performed 6-OHDA in-
jections in the medial forebrain bundle (MFB) and euthanized the mice at 3 to 28 days
post-lesion. Striatal sections were immunostained using an antibody recognizing both pro-
and cleaved caspase-3, as in [23]. On the side contralateral to the lesion (“intact”), the levels
of caspase-3 immunostaining were low, and comparable to those found in sham-operated
mice (Figure 1A–F, left). In contrast, a large number of cell bodies and processes were im-
munoreactive for caspase-3 on the DA-denervated side (“lesion”), particularly at early time
points (Figure 1A–F, right). The peak of caspase-3 expression in the DA-denervated stria-
tum was detected at five days post-lesion (1.75 +/− 0.19-fold over intact side, Figure 1C,G),
after which the signal steadily declined. At five days post-lesion, the caspase-3 immunos-
taining co-localized with the astrocyte markers GFAP and S100β (Figure 1H,I) and the
microglial marker IBA1 (Figure 1J). To assess whether caspase-3 also was expressed in
iSPNs, we labeled this neuron population using BAC-adora2a-Cre mice and a Cre-inducible
AAV-eGFP vector. Upon examining these mice five days after a 6-OHDA lesion, we found
labeling for caspase-3 in multiple puncta along iSPN dendrites (Figure 1K,L).

Why is caspase-3 elevated so shortly after the 6-OHDA lesion? Due to its known
role in axon degeneration, a likely reason could be the involvement of caspase-3 in the
breakdown of DAergic fibers that richly innervate the striatum. To test this hypothesis, we
performed Western blot analysis of striatal tyrosine-hydroxylase (TH) levels, a widely used
dopaminergic cell marker. Our analysis shows a rapid, exponential decay of striatal TH
levels after the 6-OHDA injection, with the bulk already being lost three days post-lesion
(0.29 +/− 0.03 and 0.20 +/− 0.04 relative to the intact side, at three and five days post-lesion,
respectively; Figure 2A). This is in line with the report by Rentsch and colleagues, showing
that striatal TH vanishes quickly even though the degeneration of dopaminergic neurons
in the substantia nigra takes weeks to become established [32]. We then examined the
same striatal samples for caspase-3 activation, measured as the ratio of cleaved caspase-3
fragments (17 and 19 kDA bands) over the pro-caspase-3 protein (35 kDa band). This
ratio was significantly increased at five days (1.86 +/− 0.32 relative to intact side) but not
three days post-lesion (1.21 +/− 0.12 relative to intact side; Figure 3B), indicating that the
degeneration of TH axons precedes the peak of caspase-3 activation.
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Figure 1. Caspase-3 is transiently upregulated in the DA-denervated striatum. (A–F) Striatal sections
immunostained with a caspase-3 antibody depict the time course of caspase-3 activation in the
DA-denervated striatum (right) relative to the control side (left) post 6-OHDA lesion. Scale bar:
100 µm. (G) Densitometric analysis reveals an increase of caspase-3 levels in the DA-denervated
striatum at three- and five-days post-lesion as compared to sham-lesioned animals (represented by
“Day 0” datapoint). * p < 0.05, ** p < 0.01 vs. Sham, ANOVA and post hoc Bonferroni test, N = 4–7.
(H–K) Dual-antigen immunostaining demonstrates caspase-3 co-labeling with markers for astrocytes
(GFAP and S100β; H,I), microglia (IBA1; J) and iSPN dendrites (eGFP; K). The latter were labeled
using an AAV-based strategy (see methods). (L) Zoom-in of inset in (K) shows puncta of caspase-3
expression within iSPN dendrites. Scale bar: 20 µm (H–J), 10 µm (K), 3 µm (L).
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Figure 2. The peak of caspase-3 activation follows the loss of striatal DAergic innervation. (A) Western
blot analysis of striatal TH levels shows an exponential decline of DAergic innervation between one
and five days after the 6-OHDA lesion (dotted line depicts a one-phase decay fit with the given R2

value). **** p < 0.0001 vs. one day post-lesion, ANOVA and post hoc Bonferroni test, N = 6–7. Right:
Representative immunoblots with TH bands (60 kDa). (B) Caspase-3 activation was assessed as a
ratio of the cleaved (19 and 17 kDa bands) over the uncleaved protein (35 kDa). The ratios are shown
relative to the corresponding intact striatum and confirm a peak of caspase-3 activation at five days
post-lesion. * p < 0.05 vs. one day post-lesion, ANOVA and post hoc Bonferroni test, N = 6–7. Right:
Example of caspase-3-stained blots. (C,D) TUNEL staining was used to reveal apoptotic nuclei in
sections through the caudal diencephalon (encompassing the MFB, C) and DA-denervated striatum
(D). At the peak of caspase activation (five days post-6-OHDA lesion), no TUNEL positivity was
found in the striatum (D,D’), whereas numerous cells displayed apoptotic features along the track of
the 6-OHDA infusion (C,C’). (C’,D’) High magnification of (C,D), as indicated. TUNEL (magenta) is
overlaid with TO-PRO-3 counterstain of neuronal nuclei (gray). Among the TUNEL-positive cells,
some are colabeled with TO-PRO-3 and others are not, indicating different stages of apoptosis. Scale
bars: 1 mm (C), 40 µm (C’) 10 µm (D’).
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Figure 3. Early synaptic deficits after DA denervation are prevented by pharmacological caspase
inhibition. (A) Dendritic spine density of iSPNs is reduced 5–6 days post-6-OHDA lesion. This loss is
prevented by systemic treatment with the caspase inhibitor Q-VD-OPh (“QVD”). **** p < 0.0001 vs.
6-OHDA + vehicle, ANOVA and post hoc Bonferroni tests. N = 7–13 cells. (B) Two-photon images
of iSPN dendrites, visualized after dye-filling the neurons through the patch pipette. Maximum-
intensity projections of dendrites from controls and 6-OHDA-lesioned mice treated with vehicle
or QVD are shown from left to right. Scale bar: 5 µm. (C) Sketch of the LTD recording paradigm.
GFP-positive iSPNs were patched in the dorsolateral striatum and the stimulus electrode was placed
near the border of the cortex. To induce LTD, high-frequent input stimulation (1 s at 100 Hz) was
paired with postsynaptic depolarization. (D) Corticostriatal EPSCs are depressed using this protocol
in control iSPNs (black). However, EPSC amplitudes are unchanged after HFS in 6-OHDA lesioned
mice at 5–6 days after lesion (magenta). Co-treatment with QVD rescues this deficit, and LTD is
readily induced (cyan). (E) Example traces from the recordings. Single EPSCs are shown before
(black) and after (red) HFS. (F) Quantification shows loss and rescue of HFS-LTD. *** p < 0.001,
**** p < 0.0001 vs. 6-OHDA + vehicle, ANOVA and post hoc Bonferroni test, N = 6-8 cells (G) After
HFS-LTD induction, paired-pulse ratios (PPRs) are increased in control iSPNs (black) and unchanged
in the DA-denervated striatum (magenta). Treatment with QVD rescues the LTD induction, with
concomitant increase in PPRs (cyan). * p < 0.05, paired t-test, N = 6-8 cells.
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When associated with apoptosis, caspase-3 activation shows a predominantly nuclear
localization. However, in the DA-denervated striatum, caspase-3 immunostaining occurred
mostly in filamentous structures. Accordingly, using terminal deoxynucleotidyl transferase-
mediated biotinylated dUTP nick end labeling (TUNEL), we did not detect any apoptotic
cells in DA-denervated striatal sections (Figure 2D,D’), whereas we found many intensely
stained nuclei along the 6-OHDA injection track in the caudal diencephalon (Figure 2C,C’).
The lack of striatal apoptosis is in keeping with previous studies finding a normal number
of neurons in the MFB lesion model [22,33].

Taken together, these results indicate that the degeneration of dopaminergic fibers is
promptly followed by prominent and transient non-apoptotic activation of caspase-3 in
the striatum, with conspicuous upregulation of caspase-3 protein levels in both iSPNs and
glial cells.

2.2. Caspase Activation Mediates Early Structural and Synaptic Changes in
DA-Denervated iSPNs

Spine loss and synaptic deficits are prominent in hippocampal neurons in models
of Alzheimer’s disease, and caspase-3 is an important mediator of these changes [6,13].
Loss of dendritic spines and an inability to induce LTD are also observed in iSPNs after
DA-denervation [14–20]. However, previous studies have not established when exactly
these changes first appear. We therefore investigated if the loss of iSPN dendritic spines
and LTD deficits already occur during the time window of marked caspase-3 activation.

At 5–6 days post-6-OHDA lesion, dendritic spine density was significantly reduced in
iSPNs (1.36 +/− 0.06 and 1.03 +/− 0.04 spines per µm in sham and 6-OHDA + vehicle,
respectively; Figure 3A,B). To evaluate if the activation of caspase-3 is causally linked to this
spine loss, we co-treated 6-OHDA-lesioned mice with an effective dose of the systemically
active pan-caspase-inhibitor Q-VD-OPh (10 mg/kg, s.c., twice daily on days 1-5 post-
lesion; [34,35]). Interestingly, in the treated mice, iSPN spine density was not different
from that in sham-lesioned controls (1.28 +/− 0.02 spines per µm; Figure 3A,B). Blocking
caspase activation therefore prevents the loss of iSPN spines induced by DA denervation.

In PD models, the structural reorganization of iSPNs is accompanied by a deficit in LTD
formation [14,17,18,20,21]. To induce LTD, we used an established protocol based on pairing
high-frequency stimulation (HFS) of cortical afferents with postsynaptic depolarization
(Figure 3C). In sham-lesioned mice, this protocol reduced evoked EPSCs in iSPNs by >30%
(Figure 3D–F, black). This was accompanied by an increase in the paired-pulse ratio (PPR;
1.32 +/− 0.09 and 1.45 +/− 0.10 PPR at baseline and post HFS, respectively; Figure 3G).
The PPR was measured by delivering two stimuli at a short interval (50 ms) and then
dividing the amplitude of the second EPSC by the amplitude of the first. PPRs are a
well-described indicator of synaptic release probabilities [36] and an increase in the PPR
(indicating a reduced probability of presynaptic glutamate release) is expected for this
form of LTD [37–39]. Interestingly, both LTD formation and the concomitant PPR increase
were lost already 5–6 days after DA-denervation (1.06 +/− 0.06 EPSC amplitude relative
to baseline; 1.16 +/− 0.05 and 1.18 +/− 0.05 PPR at baseline and post HFS, respectively;
Figure 3D–G, magenta). However, upon cotreatment with the caspase-inhibitor Q-VD-OPh,
HFS-induced LTD and concomitant PPR change did not differ from those in sham-lesioned
controls (0.58 +/− 0.04 EPSC amplitude relative to baseline; 1.01 +/− 0.02 and 1.16 +/−
0.05 PPR at baseline and post HFS, respectively Figure 3D–G, cyan).

To determine whether Q-VD-OPh treatment had affected the extent of dopaminergic
degeneration, we measured striatal TH levels by optical density analysis and the number of
TH-positive neurons in the substantia nigra pars compacta (SNc) by unbiased stereological
cell counting. In line with a previous study, we find that the loss of striatal TH-positive
fibers precedes the loss of TH-positive cells in the SNc [32]. Additionally, striatal TH levels
were reduced by over 90% regardless of the treatment (99 +/− 1.7 %, 4 +/− 0.6% and
3 +/− 0.5% of the intact side in Sham, 6-OHDA + vehicle and 6-OHDA + QVD, respectively;
Figure 4A,C). Stereological counts of TH-positive cells in the SNc revealed a similar extent
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of DA neuron loss in 6-OHDA lesioned mice treated with Q-VD-OPh or vehicle (99 +/− 8%,
67 +/− 8% and 65 +/− 7% of the intact side in Sham, 6-OHDA + vehicle and 6-OHDA
+ QVD, respectively; Figure 4B,D). These data show that Q-VD-OPh treatment had not
interfered with the process of dopaminergic degeneration induced by 6-OHDA.

Figure 4. Q-VD-OPh treatment does not protect against 6-OHDA-induced dopaminergic degenera-
tion. (A,B) Low-magnification images of striatal (A) and nigral (B) sections immunostained for TH,
with the side ipsilateral to the 6-OHDA lesion on the right. Scale bar: 400 µm (C) Densitometric
analysis shows that the loss of striatal DAergic innervation does not differ between vehicle- and
QVD-treated animals. **** p < 0.0001 vs. sham, ANOVA and post hoc Bonferroni test, N = 4–5.
(D) Stereological cell counts show that the 6-OHDA-induced loss of nigral DA neurons is not pre-
vented by QVD treatment. * p < 0.05 vs. sham, ANOVA and post hoc Bonferroni test, N = 4–5.

Taken together, these results indicated that spine loss and the inability to form HFS-
LTD affect iSPNs early after DA-denervation, coinciding with a period of high caspase-3
activity in the striatum. Interestingly, both alterations can be prevented by pharmacological
treatment with a caspase inhibitor that does not modify the extent nor the pattern of
nigrostriatal dopaminergic denervation.

3. Discussion

Our results show that transient, non-apoptotic activation of caspase-3 in the DA-
denervated striatum temporally coincides with dendritic spine pruning and synaptic
plasticity deficits in iSPNs. Treatment with a pan-caspase inhibitor prevented the loss of
iSPN spines and preserved HFS-LTD, although it did not protect against the 6-OHDA-
induced dopaminergic degeneration.

Previous studies addressing the role of caspase-3 in PD models have focused on its
possible involvement in the apoptotic death of DA-producing neurons [23,40–47]. Thus,
caspase-3 activation has been shown to mediate the apoptosis of nigral dopaminergic
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neurons in MPTP models [23,44,45,47], although results from 6-OHDA lesion models
have varied between studies [40–43,46]. Few studies have investigated the expression
and/or activity of caspase-3 in the striatum. One study reported that caspase-3 is apop-
totically activated in the striatum of MPTP-treated mice seven days after the last MPTP
dose [23], and a second study using a partial 6-OHDA lesion model observed expression
of active caspase-3 in enkephalin-positive striatal neurons at four weeks post-lesion [22].
This upregulation of caspase-3 was reported to occur in the absence of cell loss, and its
functional significance remained unclear [22]. We provide here the first evidence that
non-apoptotic caspase-3 activation mediates early synaptic adaptations in iSPNs deprived
of their dopaminergic afferents.

It is well established that, in both PD patients and DA-denervated animals, SPNs
undergo a process of dendritic regression and loss of spines [16,48–52]. Previous studies
in 6-OHDA-lesioned mice observed that the spine loss primarily occurs in iSPNs [15,16],
or in the rare sub-population of SPNs expressing both the D1 and D2 receptors [53].
Although dSPNs undergo many modifications, spine pruning occurs only late in this cell
population [30], presumably depending on a different mechanism. However, what does a
loss of iSPN dendritic spines signify? An influential hypothesis states that the pruning of
spines serves as a homeostatic response to rebalance the activity of iSPNs, which become
hyperactive in the absence of D2 receptor stimulation [54]. Yet, maladaptive implications
cannot be excluded since iSPN spine pruning concurs with loss of corticostriatal synapses
and deficits in synaptic plasticity.

The present study provides valuable new insights into the temporal evolution and
molecular mechanisms of iSPN spine loss. Our data show that spine pruning and LTD
disruption are present in iSPNs already five days post lesion. This is a surprisingly early
time point if one considers that the degeneration of nigral dopaminergic neurons and
other SPN adaptations take weeks to manifest completely. The loss of iSPN dendritic
spines is therefore very rapid, most likely directly triggered by the loss of DA afferents
and the ensuing lack of D2 receptor stimulation. In line with this interpretation, iSPN
dendritic spine density has been reported to decrease after pharmacological DA depletion
with reserpine [15] or treatment with the D2 receptor-antagonist haloperidol, even when
administered for only 5 days [55].

In a seminal study, Day et al. showed that selective elimination of iSPN spines in PD
models is due to increased Ca2+ influx via CaV1.3 channels, which are positioned in spines.
Accordingly, SPNs of CaV1.3-knockout mice have higher spine densities and are resistant to
6-OHDA-induced spine loss [15]. However, the mechanisms linking intraspine Ca2+ levels
to spine removal have not been established. Based on the present results, we propose that
caspase-3 activation provides a critical link, in a fashion similar to what has been described
for hippocampal neurons. In these neurons, dendritic Ca2+ influx leads to sequential
activation of caspase-9 and caspase-3, followed by spine pruning [7,8]. Caspase-3 could
initiate spine removal by cleaving cytoskeletal components, such as actin [56] and actin-
regulating proteins [57]. It also increases the activity of calcineurin [58], a Ca2+-dependent
phosphatase regulating cytoskeletal proteins [59]. Another potential role of caspase-3 may
consist in promoting the release of chemoattractant factors necessary for phagocytic cells
to engulf and remove damaged cellular components. This function of caspase-3 has been
demonstrated in a model of dendritic pruning in Drosophila [60] and in various cellular
models of apoptosis [61].

Besides the roles in neuronal plasticity, caspase-3 also activates microglia [11] and
pushes astrocytes towards a reactive phenotype [9,10]. This glial activation can itself
orchestrate the removal of dendritic spines [62]. We observed that many glia cells were
labeled for caspase-3 in the DA-denervated striatum. Thus, a caspase-regulated glial
contribution to the process of spine pruning seems likely. However, if spine loss was solely
dependent on the lesion-induced glial activation, it would equally affect the two SPN
populations, whereas it is well established that spine pruning selectively affects iSPNs for
up to six weeks after 6-OHDA infusion, at least in the MFB lesion model [16,27]. Moreover,
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the observation that selective iSPN spine loss can be induced using pharmacological
treatments that do not cause any significant glial activation [15,55] speaks in favor of an
intraneuronal triggering mechanism.

The inability to induce HFS-LTD in iSPNs after DA denervation has been reported
previously [14,17,18]. Here, we add that this deficit already occurs five days after the
6-OHDA lesion. In parallel with the preservation of dendritic spines, pharmacological
caspase inhibition preserved the ability to induce LTD in iSPNs. HFS-LTD is mediated by
postsynaptic endocannabinoid release and activation of presynaptic CB1 receptors (CB1Rs),
which leads to an inhibition of transmitter release from the glutamatergic axon terminal. The
CB1Rs are, however, only expressed on corticostriatal and not thalamostriatal terminals [39].
This is remarkable because we have previously shown that specifically corticostriatal
synapses are pruned in iSPNs in this model of PD [16]. It is tempting to speculate that the
selective loss of cortically innervated dendritic spines causes the disruption of this form
of corticostriatal LTD by simply eliminating its structural substrate, and that Q-VD-OPh
treatment preserves HFS-LTD in iSPNs by maintaining the integrity of their dendritic spines
and the connected corticostriatal terminals. Interestingly, a previous ultrastructural study
has revealed a marked loss of VGluT1-positive corticostriatal presynaptic terminals in
MFB-lesioned rodents [63], and our previous study showed that denervation-induced iSPN
spine pruning goes hand in hand with a loss of corticostriatal synapses [16]. Additionally,
several studies show that input neurons from the motor cortex undergo various changes
following DA-denervation [64–66]. The present set of data does not allow us to exclude that
loss of iSPN spines and HFS-LTD are two independent consequences of DA denervation.
The disadvantage of this viewpoint is, however, that it fails to readily explain why caspase-
inhibition restores both phenomena, since our data show that DA innervation is not spared
by such treatment.

We chose Q-VD-OPh because the more specific caspase-3 inhibitors like Z-DEVD-
FMK do not cross the blood–brain barrier and would need to be injected directly into the
brain. While being principally feasible, this approach is disadvantageous, as delivery of
compounds directly into the striatum through cannulas is prone to induce tissue trauma
and inflammatory responses that can confound the data. Q-VD-OPh on the other hand is
a caspase inhibitor with therapeutic potential [67], and has been tested in several disease
models. For example, it has been found to delay disease progression in AIDS models [68],
reduce brain damage in models of stroke [69], and attenuate Alzheimer’s pathology [35].
In the MPTP model of PD, systemic treatment with Q-VD-OPh reduces DA cell death and
spares TH positive fibers in the striatum when low doses of MPTP are used [70], potentially
by preventing caspase-3-mediated apoptosis of nigral dopaminergic neurons [71]. In our
6-OHDA model, however, Q-VD-OPh did not prevent the loss of dopaminergic neurons or
TH fibers in the striatum. In agreement with a previous study [41], our results therefore
indicate that the 6-OHDA-induced dopaminergic degeneration is largely independent of
caspase-3-mediated apoptosis.

The functions of caspase-3 beyond apoptosis have started to be investigated relatively
recently. After the pioneering results obtained in glutamatergic pyramidal neurons [6–8,13]
we here provide the first evidence that also in the GABAergic, principal neurons of the
striatum, caspase-3 serves non-apoptotic roles in mediating the pruning of dendritic spines
and the associated synaptic alterations in a model of PD. Our results further show that
loss of spines and dysfunctional LTD go hand in hand in iSPNs after DA denervation,
which is reminiscent of the reports from other pathologies, such as hippocampal neurons in
Alzheimer’s disease models [6,13] and accumbal neurons in ethanol-dependent rats [72]. In
future studies, it will be interesting to determine whether caspase-3 mediates the synaptic
remodeling of SPNs also in non-pathological situations, such as during development or
striatum-dependent learning tasks.
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4. Materials and Methods

4.1. Animals

We used heterozygous BAC-adora2a-GFP and BAC-adora2a-Cre transgenic mice (GEN-
SAT project) on a C57BL/6 background and their non-transgenic littermates (bred in the
Animal Facility of Lund University, Biomedical Center). Mice were housed under a 12 h
light/12 h dark cycle with free access to food and water. The animals were at least nine
weeks old at the beginning of the experiments and a total of 80 mice of both sexes were used.
Animal numbers and experimental layouts are provided in Figure S1. All experiments
were approved by the Malmö-Lund Ethical Committee on Animal Research (ethical permit
number M47-16, granted on 20 April 2016) and were conducted in adherence with the EU
directive 2010/63/EU.

4.2. Stereotactic Surgeries

Unilateral 6-OHDA lesions and adeno-associated virus (AAV) injections were per-
formed as described previously [73]. In brief, mice were anesthetized with a mixture of
4% isoflurane in air (Isoba vet, Apoteksbolaget) and placed in a stereotaxic frame (Kopf
Instruments, Model 923-B mouse Gas Anethesia Head Holder, with 922 Ear Bars for mouse).
6-OHDA hydrochloride was dissolved in 0.02% ascorbic acid (3.2 µg free-base per µL)
and 0.7 µL was injected at 0.2 µL/min in the median forebrain bundle at following co-
ordinates: AP = −0.7, ML = −1.2, DV = −4.7, tooth bar: −4.0 [73]. For marking iSPNs,
we injected AAV5-hSyn-DIO-EGFP-WPRE into the striatum at two injection sites (0.5 µL
each): AP = +1, ML = −2.1, DV = −2.9; and AP = +0.3, ML = −2.3, DV = −3.0 [73]. Af-
ter the surgery, the wound was closed with tissue glue and the animal received an s.c.
injection of an analgesic (Marcaine, AstraZeneca; 2.5 mg/mL, 1 µL/g b.w.). To prevent
dehydration, mice received s.c. injections of sterile glucose-ringer acetate (0.6 mL) imme-
diately after the surgery. Further injections and dietary supplementations were given as
necessary in the days post-lesion. Control mice received a sham-lesion surgery (capillary
was inserted without delivering any injection). The success of the lesion was verified by
TH-immunohistochemistry after the experiments.

4.3. Western Immunoblotting

Striatal samples were analyzed as described previously [74]. Animals were anes-
thetized with pentobarbital (500 mg/kg, i.p.) and briefly perfused with artificial cere-
brospinal fluid (aCSF, see below). The brains were rapidly extracted and cut into thick
sections on a Vibratome (Leica VT1200S) in ice-cold aCSF. The striatum was dissected
out, transferred into tubes, rapidly frozen on crushed dry ice and stored at −80 ◦C un-
til used. Samples were homogenized in RIPAlysis buffer, containing 65 mM Tris-base,
150 mM NaCl, 1% Triton-X, 0.25% sodium deoxycholate, 1 mM EDTA, and phosphatase
and protease inhibitors (“phosSTOP” and “Complete, mini, EDTA-free,” Roche Applied
Science, Penzberg, Germany). Protein concentration was determined using the BCA Pro-
tein Assay Kit (Pierce #23225, Thermo Scientific, Uppsala, Sweden). Samples were run
on a 7.5% SDS gel and transferred on PVD membranes. Membranes were blocked with
5% nonfat dry milk and incubated overnight with the following antibodies: anti-tyrosine
hydroxylase (Pel-Freez, P40101), anti-caspase-3 (Cell Signaling, #9662, Lot 17, Danvers, MA,
USA) and beta-actin (Sigma, A-3854). After washing, the membranes were incubated with
HRP-linked secondary antibodies (anti-biotin HRP-linked antibody Cell Signaling, #7075;
anti-rabbit-IgG HRP-linked antibody, Cell Signaling, #7074) and bands were visualized
by chemiluminescence using an ECL kit (Pierce, #32106, Thermo Scientific). Images were
acquired using a CCD camera (LAS1000 system, Fuji Films, Tokyo, Japan) and analyzed
using ImageJ (National Institutes of Health, Bethesda, MD, USA). After image acquisition,
membranes were stripped and re-blotted for loading controls.
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4.4. Immunohistochemistry and Optical Density Analysis

Mice were anesthetized with sodium pentobarbital (240 mg/kg, i.p., Apoteksbolaget,
Uppsala, Sweden) and transcardially perfused with 0.1 M phosphate-buffered saline (PBS,
pH 7.4), followed by ice-cold 4% paraformaldehyde in PBS. Brains were post-fixed in the
same solution overnight. Coronal sections of 30 µm thickness were cut while immersed
in PBS at 4 ◦C using a vibratome (VT 1200S, Leica, Wetzlar, Germany). Sections were
stored at −20 ◦C in a non-freezing solution (30% ethylene glycol and 30% glycerol in 0.1 M
phosphate buffer).

Bright-field immunohistochemistry for TH and caspase-3 was performed according
to previously described protocols [75], with minor modifications. Caspase-3 expression
was studied using a primary antibody that recognizes both the pro- and cleaved caspase-3
(mouse anti-caspase-3, BD Transduction Laboratories, cat # BD 611049; 1:100). The im-
munostaining specificity was confirmed through omission of either primary or secondary
antibodies, and through comparisons with the regional and cellular expression patterns
produced by other caspase-3 antibodies (BD Transduction Laboratories #BD610322; Cell
Signaling Technology, #9662; SCBT, #56053). Briefly, sections were rinsed in 0.02 M potas-
sium phosphate-buffered saline (KPBS, pH 7.4) and transferred to a citrate buffer (pH 6.0)
for antigen retrieval (carried out at 80 ◦C for 30 min). After three rinses with KPBS, sections
were pretreated for 5 min in a solution of 3% hydrogen peroxide (H2O2) and 10% methanol
to quench endogenous peroxidase activity. Sections were then pre-incubated for 1 h in a
blocking buffer (5% normal horse serum in KPBS with 0.1% Triton-X, KPBS-T). This was
followed by overnight incubation at 4 ◦C with the primary antibody. Next, sections were
rinsed and incubated with biotinylated horse-anti-mouse secondary antibodies (Vector
Laboratories, # BA2001, 1:200, Burlingame, CA, USA) for two hours, followed by incuba-
tion in an avidin-biotin-peroxidase solution (Vectastain Elite ABC, Vector Laboratories)
for one hour at room temperature. The immunocomplexes were visualized using 3,3-
diaminobenzidine (DAB) and H2O2 (0.05% and 0.04%, respectively). Finally, sections were
rinsed in KPBS-T, mounted onto chromalum-coated slides, and coverslipped using DPX
mounting medium. Images were taken on a Nikon Eclipse 80i microscope under a 20×
objective (0.50 NA). Sections immunostained for TH (Pel-Freez, P40101-150; 1:1000) were
digitized at low magnification (4× objective, NA 0.10) per our established methods [75,76].
Densitometric measurements of caspase-3 and TH immunostaining were carried out on
predetermined regions of interest using ImageJ. Results from the side ipsilateral to the
lesion were expressed as a percentage of the values measured on the contralateral side in
each section.

Sections spanning the striatum were also processed for dual-antigen immunofluo-
rescence to detect caspase-3 in iSPNs, microglia and astrocytes using the following pri-
mary antibodies: rabbit anti-caspase-3 (Cell Signaling Technology, #9662, 1:200) or mouse
anti-caspase-3 (BD Transduction Laboratories, BD611049, 1:50), mouse anti-S100β (Sigma
Aldrich, S2532, 1:100, St. Louis, MO, USA) and chicken anti-Iba1 (Synaptic Systems,
#234009, 1:500, Göttingen, Germany). Sections were rinsed in Trizma buffered-saline (TBS)
prior to a one hour pre-incubation in a blocking solution consisting of 5% normal serum
(from goat or donkey) in TBS with 0.1% TritonX (TBS-T). Primary antibodies were diluted
in the same blocking solution and sections were incubated overnight at 4 ◦C. On the second
day, sections were incubated in secondary antibody solution for 2 h at room temperature.
We used the following antibodies: Alexa Fluor 488-conjugated goat-anti-rabbit (Invitrogen,
1:200, Waltham, MA, USA); Alexa Fluor 647-conjugated donkey-anti-mouse (Invitrogen,
1:200) and Alexa Fluor 647-conjugated donkey anti-chicken (Jackson Immuno Research,
1:200, West Grove, PA, USA). Secondary antibodies were diluted in the same blocking
solution as the primary antibody. Alexa FluorTM 488 Tyramide SuperBoostTM Kit (Invit-
rogen, B40922) was used to improve the signal-to-noise ratio for primary antibody rabbit
anti-caspase-3. After secondary antibody incubation, sections were rinsed in TBS, mounted
and coverslipped with polyvinyl alcohol mounting medium with DABCO (PVA-DABCO,
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Sigma-Aldrich), and imaged using a confocal laser scanning microscope (LSM710 NLO,
Zeiss, Jena, Germany).

4.5. Stereological Counts of Nigral DA Neurons

The number of TH positive cells was determined by unbiased stereology according to
the optical fractionator method [77] using the protocol detailed previously [75,76]. In brief,
four serial sections spanning the rostrocaudal extent of the substantia nigra pars compacta
(from −2.9 to −3.6 mm posterior to bregma) were sampled in each animal. Analysis
was performed using a Nikon 80i microscope with an x-y motorized stage controlled by
NewCAST software (Visiopharm). The area of interest was outlined under 4× objective
and counting of neurons was performed under 100× objective. The area sampling fraction
and slice sampling fraction were set to 30% and 33.3%, respectively. The total number
of TH-positive neurons in the substantia nigra pars compacta was estimated in each
hemisphere using the optical fractionator formula, i.e., number of neurons = 1/ssf (slice
sampling fraction) × 1/asf (area sampling fraction) × 1/tsf (thickness sampling fraction)
× Σ(number of objects counted) [77].

4.6. Visualization of Apoptosis (TUNEL)

Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling
(TUNEL) was carried out in paraffin-embedded sections of 5 µm thickness, prepared from
3 mice that had been euthanized at 5 days post-lesion. The procedure was applied to
both, striatal and midbrain sections encompassing the medial forebrain bundle (target of
6-OHDA infusion). We used a fluorescence-based TUNEL in situ cell death detection kit
(FITC; Roche) according to the manufacturer’s instructions and previous studies [24,78].
In brief, after preheating at 60 ◦C for 30 min, sections were rehydrated through a series
of washing in xylene, absolute ethanol, graded ethanol and deionized distilled water.
Following section rehydration, antigen retrieval in Proteinase K (20 µg/mL in 10 mM
Tris/HCl, pH 7.4) was performed for 15 min at room temperature. Thereafter, the enzyme
solution and label solution from the TUNEL kit were applied for 60 min at 37 ◦C. After
washing three times with PBS the sections were counterstained with TO-PRO-3 Iodide
642/661 (Invitrogen, T3605) at a final concentration of 1 µM for 5 min at room temperature.
Following a last washing step, sections were coverslipped with PVA-DABCO. Not all
TUNEL-positive cells co-labeled with TO-PRO-3, which likely indicates different stages
of apoptosis, as it has been shown that TO-PRO-3 labels early apoptotic and necrotic cells
differentially [79].

4.7. In Vivo Caspase Inhibition with Q-VD-OPh

Q-VD-OPh (APExBio, Cat.No.: A1901) was dissolved first in DMSO and then diluted
to the final concentration (2 mg/mL, 50% DMSO) with saline. Animals received injections
of 10 mg/kg s.c., twice daily, with an injection volume of 5 mL/kg body weight.

4.8. Electrophysiology and Two-Photon Imaging

Acute brain slices were prepared as described previously [74,80]. In brief: mice were
deeply anesthetized with Pentobarbital (65 mg/kg, i.p.) and shortly perfused with ice-
cold aCSF containing (in mM): 124.0 NaCl, 3.0 KCl, 2.0 CaCl2, 1.0 MgCl2, 26.0 NaCO3,
1.0 NaH2PO4 and 16.66 glucose. The osmolarity was 300–310 mOsm/L and the pH 7.4. Oxy-
genation and pH were maintained by gassing the aCSF with 5%/95% CO2/O2. Parasagittal
slices (275 µm) were cut on a vibratome (VT1200s, Leica, Germany) and incubated at 34 ◦C
for 30 min. Afterwards, the temperature was allowed to return to room temperature. LTD
measurements were done at 30 ◦C.

The iSPNs in the dorsolateral striatum were identified by somatic eGFP expression.
Patch pipettes (3–5 MOhm) were pulled from thick-walled borosilicate glass on a Sutter
P-97 puller. Recordings were sampled at 10–20 kHz using a Multiclamp 700B amplifier
(Molecular Devices, San Jose, CA, USA) and digitized (Digidata 1440, Molecular Devices,
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USA). Data were analyzed in pClamp (v.10, Molecular Devices, USA). For voltage clamp
recordings the internal solution contained (in mM): 120 CsMeSO3, 5 NaCl, 10 TEA-Cl, 10
HEPES, 5 QX-314, 4 ATP-Mg and 0.3 GTP-Na. A stimulation electrode was placed in the
dorsal striatum at the border with the corpus callosum. EPSCs were evoked at 0.05 Hz and
cells were held at a potential of −70 mV in the presence of picrotoxin (50 µM). For LTD
induction, synaptic inputs were stimulated with four trains (each 1 s at 100 Hz), spaced
10 s apart. During the stimulation, the cell was depolarized to 0 mV. All EPSCs were
normalized to the average EPSC size of the respective baseline. Baseline EPSCS were not
significantly different for the different groups: −241 +/− 15.6 pA, −269 +/− 25.4 pA
and −386 +/− 77.9 pA, for Sham, 6-OHDA + vehicle and 6-OHDA + QVD, respectively
(One-way ANOVA, F(2, 17) = 2.728, p = 0.0938; Bonferroni’s multiple comparison test).
For PPR measurements, two electric stimuli were given at an interstimulus interval (ISI)
of 50 ms. To calculate the PPR, the amplitude of the second EPSC was divided by the
amplitude of the first EPSC. Cortico-striatal synapses typically paired-pulse facilitate with
short ISI, hence show a PPR > 1, and changes in PPRs are commonly interpreted as changes
in presynaptic release probabilities [36–38]. Access resistance was continuously monitored
and recordings were discarded if the access resistance at the end of the experiment was
altered by >20%.

Two-photon imaging was performed on a Zeiss 710 NLO with a MaiThai laser (Spectra
Physics, Sweden), as previously described [48,80]. To reveal SPN morphology, 50 µM of
AlexaFluor-568 was added to the internal recording solution and excited at 780 nm through
a 63× water-immersion objective (1.0 NA, Zeiss). For spine analysis, dendritic regions of
interest were imaged at mid-distance from the soma (typically 50–100 µm), avoiding the
aspiny proximal and the very distal regions (>100 µm). Dendritic stretches of 25–35 µm
length were optically sectioned in a z-stack, with an x-y pixel size of 0.053 × 0.053 µm2 and
z-sections were spaced 0.65 µm apart. Typically, 2–3 dendrites were analyzed per cell and
dendritic spines were manually counted using ImageJ, in a blinded manner, as described
previously [80].

4.9. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism 8 and tests are specified in
the respective figure legends and detailed results are provided in Table S1. A probability of
p < 0.05 was considered statistically significant.

5. Concluding Remarks and Perspectives

This study presents three major findings: (1) the loss of dendritic spines and HFS-LTD
in iSPNs occurs soon after striatal DA denervation, (2) caspase-3 is activated early and
non-apoptotically in the same time frame, and (3) pharmacological caspase inhibition using
a clinically relevant compound prevents the early synaptic alterations of iSPNs in a manner
that does not require sparing or restoration of striatal DA fibers. These findings contribute
new knowledge to the growing field of non-apoptotic caspase functions and an improved
understanding of the striatal response to DA denervation. From a therapeutic perspective,
our results point to a possible application of caspase inhibitors to prevent SPN alterations
that are associated with the motor dysfunction of PD (reviewed in [27]). This suggestion,
however, needs to be substantiated by new dedicated investigations.
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6-OHDA 6-hydroxy-dopamine
AAV Adeno-associated virus
aCSF Artificial cerebrospinal fluid
CCD Charge-coupled device
DA Dopamine
DAB 3,3’-diaminobenzidine
dSPN Direct pathway spiny projection neuron
ECL Electrochemiluminescence
EPSC Excitatory postsynaptic potential
HFS High-frequent stimulation
iSPN Indirect pathway spiny projection neuron
KPBS Potassium phosphate-buffered saline
LTD Long-term depression
MFB Median forebrain bundle
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
PBS Phosphate-buffered saline
PD Parkinson’s disease
PPR Paired pulse ratio

Q-VD-OPh
(3S)-5-(2,6-difluorophenoxy)-3-[[(2S)-3-methyl-2-(quinoline-2-carbonylamino)
butanoyl]amino]-4-oxopentanoic acid

SPN Spiny projection neuron
TBS Trizma-buffered saline
TH Tyrosine hydroxylase
TUNEL Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling

References

1. Li, J.; Yuan, J. Caspases in apoptosis and beyond. Oncogene 2008, 27, 6194–6206. [CrossRef] [PubMed]
2. Riedl, S.J.; Shi, Y. Molecular mechanisms of caspase regulation during apoptosis. Nat. Rev. Mol. Cell Biol. 2004, 5, 897–907.

[CrossRef] [PubMed]
3. Shi, Y. Mechanisms of caspase activation and inhibition during apoptosis. Mol. Cell 2002, 9, 459–470. [CrossRef]
4. Hyman, B.T.; Yuan, J. Apoptotic and non-apoptotic roles of caspases in neuronal physiology and pathophysiology. Nat. Rev.

Neurosci. 2012, 13, 395–406. [CrossRef] [PubMed]
5. Shen, X.; Venero, J.L.; Joseph, B.; Burguillos, M.A. Caspases orchestrate microglia instrumental functions. Prog. Neurobiol. 2018,

171, 50–71. [CrossRef]
6. D’Amelio, M.; Cavallucci, V.; Middei, S.; Marchetti, C.; Pacioni, S.; Ferri, A.; Diamantini, A.; De Zio, D.; Carrara, P.; Battistini, L.;

et al. Caspase-3 triggers early synaptic dysfunction in a mouse model of Alzheimer’s disease. Nat. Neurosci. 2011, 14, 69–76.
[CrossRef]

56



Int. J. Mol. Sci. 2022, 23, 5470

7. Erturk, A.; Wang, Y.; Sheng, M. Local pruning of dendrites and spines by caspase-3-dependent and proteasome-limited
mechanisms. J. Neurosci. 2014, 34, 1672–1688. [CrossRef]

8. Li, Z.; Jo, J.; Jia, J.M.; Lo, S.C.; Whitcomb, D.J.; Jiao, S.; Cho, K.; Sheng, M. Caspase-3 activation via mitochondria is required for
long-term depression and AMPA receptor internalization. Cell 2010, 141, 859–871. [CrossRef]

9. Acarin, L.; Villapol, S.; Faiz, M.; Rohn, T.T.; Castellano, B.; Gonzalez, B. Caspase-3 activation in astrocytes following postnatal
excitotoxic damage correlates with cytoskeletal remodeling but not with cell death or proliferation. Glia 2007, 55, 954–965.
[CrossRef]

10. Aras, R.; Barron, A.M.; Pike, C.J. Caspase activation contributes to astrogliosis. Brain Res. 2012, 1450, 102–115. [CrossRef]
11. Burguillos, M.A.; Deierborg, T.; Kavanagh, E.; Persson, A.; Hajji, N.; Garcia-Quintanilla, A.; Cano, J.; Brundin, P.; Englund, E.;

Venero, J.L.; et al. Caspase signalling controls microglia activation and neurotoxicity. Nature 2011, 472, 319–324. [CrossRef]
[PubMed]

12. Hollville, E.; Deshmukh, M. Physiological functions of non-apoptotic caspase activity in the nervous system. Semin. Cell Dev. Biol.

2018, 82, 127–136. [CrossRef] [PubMed]
13. Park, G.; Nhan, H.S.; Tyan, S.H.; Kawakatsu, Y.; Zhang, C.; Navarro, M.; Koo, E.H. Caspase Activation and Caspase-Mediated

Cleavage of APP Is Associated with Amyloid beta-Protein-Induced Synapse Loss in Alzheimer’s Disease. Cell Rep. 2020, 31,
107839. [CrossRef] [PubMed]

14. Bagetta, V.; Picconi, B.; Marinucci, S.; Sgobio, C.; Pendolino, V.; Ghiglieri, V.; Fusco, F.R.; Giampa, C.; Calabresi, P. Dopamine-
dependent long-term depression is expressed in striatal spiny neurons of both direct and indirect pathways: Implications for
Parkinson’s disease. J. Neurosci. 2011, 31, 12513–12522. [CrossRef]

15. Day, M.; Wang, Z.; Ding, J.; An, X.; Ingham, C.A.; Shering, A.F.; Wokosin, D.; Ilijic, E.; Sun, Z.; Sampson, A.R.; et al. Selective
elimination of glutamatergic synapses on striatopallidal neurons in Parkinson disease models. Nat. Neurosci. 2006, 9, 251–259.
[CrossRef] [PubMed]

16. Fieblinger, T.; Graves, S.M.; Sebel, L.E.; Alcacer, C.; Plotkin, J.L.; Gertler, T.S.; Chan, C.S.; Heiman, M.; Greengard, P.; Cenci, M.A.;
et al. Cell type-specific plasticity of striatal projection neurons in parkinsonism and L-DOPA-induced dyskinesia. Nat. Commun.

2014, 5, 5316. [CrossRef]
17. Kreitzer, A.C.; Malenka, R.C. Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson’s disease models.

Nature 2007, 445, 643–647. [CrossRef]
18. Lerner, T.N.; Kreitzer, A.C. RGS4 is required for dopaminergic control of striatal LTD and susceptibility to parkinsonian motor

deficits. Neuron 2012, 73, 347–359. [CrossRef]
19. Suarez, L.M.; Solis, O.; Carames, J.M.; Taravini, I.R.; Solis, J.M.; Murer, M.G.; Moratalla, R. L-DOPA treatment selectively restores

spine density in dopamine receptor D2-expressing projection neurons in dyskinetic mice. Biol. Psychiatry 2014, 75, 711–722.
[CrossRef]

20. Thiele, S.L.; Chen, B.; Lo, C.; Gertler, T.S.; Warre, R.; Surmeier, J.D.; Brotchie, J.M.; Nash, J.E. Selective loss of bi-directional
synaptic plasticity in the direct and indirect striatal output pathways accompanies generation of parkinsonism and l-DOPA
induced dyskinesia in mouse models. Neurobiol. Dis. 2014, 71, 334–344. [CrossRef]

21. Shen, W.; Flajolet, M.; Greengard, P.; Surmeier, D.J. Dichotomous dopaminergic control of striatal synaptic plasticity. Science 2008,
321, 848–851. [CrossRef] [PubMed]

22. Ariano, M.A.; Grissell, A.E.; Littlejohn, F.C.; Buchanan, T.M.; Elsworth, J.D.; Collier, T.J.; Steece-Collier, K. Partial dopamine loss
enhances activated caspase-3 activity: Differential outcomes in striatal projection systems. J. Neurosci. Res. 2005, 82, 387–396.
[CrossRef] [PubMed]

23. Zhu, J.; Gao, W.; Shan, X.; Wang, C.; Wang, H.; Shao, Z.; Dou, S.; Jiang, Y.; Wang, C.; Cheng, B. Apelin-36 mediates neuroprotective
effects by regulating oxidative stress, autophagy and apoptosis in MPTP-induced Parkinson’s disease model mice. Brain Res.

2020, 1726, 146493. [CrossRef] [PubMed]
24. Imbriani, P.; Tassone, A.; Meringolo, M.; Ponterio, G.; Madeo, G.; Pisani, A.; Bonsi, P.; Martella, G. Loss of Non-Apoptotic Role of

Caspase-3 in the PINK1 Mouse Model of Parkinson’s Disease. Int. J. Mol. Sci. 2019, 20, 3407. [CrossRef]
25. Suarez, L.M.; Alberquilla, S.; Garcia-Montes, J.R.; Moratalla, R. Differential Synaptic Remodeling by Dopamine in Direct and

Indirect Striatal Projection Neurons in Pitx3−/− Mice, a Genetic Model of Parkinson’s Disease. J. Neurosci. 2018, 38, 3619–3630.
[CrossRef]

26. Suarez, L.M.; Solis, O.; Aguado, C.; Lujan, R.; Moratalla, R. L-DOPA Oppositely Regulates Synaptic Strength and Spine
Morphology in D1 and D2 Striatal Projection Neurons in Dyskinesia. Cereb. Cortex 2016, 26, 4253–4264. [CrossRef]

27. Fieblinger, T.; Cenci, M.A. Zooming in on the small: The plasticity of striatal dendritic spines in L-DOPA-induced dyskinesia.
Mov. Disord. 2015, 30, 484–493. [CrossRef]

28. Gerfen, C.R.; Surmeier, D.J. Modulation of striatal projection systems by dopamine. Annu. Rev. Neurosci. 2011, 34, 441–466.
[CrossRef]

29. Fieblinger, T. Striatal Control of Movement: A Role for New Neuronal (Sub-) Populations? Front. Hum. Neurosci. 2021, 15, 697284.
[CrossRef]

30. Graves, S.M.; Surmeier, D.J. Delayed Spine Pruning of Direct Pathway Spiny Projection Neurons in a Mouse Model of Parkinson’s
Disease. Front. Cell. Neurosci. 2019, 13, 32. [CrossRef]

57



Int. J. Mol. Sci. 2022, 23, 5470

31. Caserta, T.M.; Smith, A.N.; Gultice, A.D.; Reedy, M.A.; Brown, T.L. Q-VD-OPh, a broad spectrum caspase inhibitor with potent
antiapoptotic properties. Apoptosis 2003, 8, 345–352. [CrossRef] [PubMed]

32. Rentsch, P.; Stayte, S.; Morris, G.P.; Vissel, B. Time dependent degeneration of the nigrostriatal tract in mice with 6-OHDA
lesioned medial forebrain bundle and the effect of activin A on L-Dopa induced dyskinesia. BMC Neurosci. 2019, 20, 5. [CrossRef]
[PubMed]

33. Lindgren, H.S.; Rylander, D.; Ohlin, K.E.; Lundblad, M.; Cenci, M.A. The “motor complication syndrome” in rats with 6-OHDA
lesions treated chronically with L-DOPA: Relation to dose and route of administration. Behav. Brain Res. 2007, 177, 150–159.
[CrossRef] [PubMed]

34. Han, W.; Sun, Y.; Wang, X.; Zhu, C.; Blomgren, K. Delayed, long-term administration of the caspase inhibitor Q-VD-OPh reduced
brain injury induced by neonatal hypoxia-ischemia. Dev. Neurosci. 2014, 36, 64–72. [CrossRef] [PubMed]

35. Rohn, T.T.; Kokoulina, P.; Eaton, C.R.; Poon, W.W. Caspase activation in transgenic mice with Alzheimer-like pathology: Results
from a pilot study utilizing the caspase inhibitor, Q-VD-OPh. Int. J. Clin. Exp. Med. 2009, 2, 300–308.

36. Regehr, W.G. Short-term presynaptic plasticity. Cold Spring Harb. Perspect. Biol. 2012, 4, a005702. [CrossRef]
37. Choi, S.; Lovinger, D.M. Decreased probability of neurotransmitter release underlies striatal long-term depression and postnatal

development of corticostriatal synapses. Proc. Natl. Acad. Sci. USA 1997, 94, 2665–2670. [CrossRef]
38. Gerdeman, G.L.; Ronesi, J.; Lovinger, D.M. Postsynaptic endocannabinoid release is critical to long-term depression in the

striatum. Nat. Neurosci. 2002, 5, 446–451. [CrossRef]
39. Wu, Y.W.; Kim, J.I.; Tawfik, V.L.; Lalchandani, R.R.; Scherrer, G.; Ding, J.B. Input- and cell-type-specific endocannabinoid-

dependent LTD in the striatum. Cell Rep. 2015, 10, 75–87. [CrossRef]
40. Dati, L.M.; Ulrich, H.; Real, C.C.; Feng, Z.P.; Sun, H.S.; Britto, L.R. Carvacrol promotes neuroprotection in the mouse hemiparkin-

sonian model. Neuroscience 2017, 356, 176–181. [CrossRef]
41. Ebert, A.D.; Hann, H.J.; Bohn, M.C. Progressive degeneration of dopamine neurons in 6-hydroxydopamine rat model of

Parkinson’s disease does not involve activation of caspase-9 and caspase-3. J. Neurosci. Res. 2008, 86, 317–325. [CrossRef]
[PubMed]

42. Hanrott, K.; Murray, T.K.; Orfali, Z.; Ward, M.; Finlay, C.; O’Neill, M.J.; Wonnacott, S. Differential activation of PKC delta in the
substantia nigra of rats following striatal or nigral 6-hydroxydopamine lesions. Eur. J. Neurosci. 2008, 27, 1086–1096. [CrossRef]
[PubMed]

43. Hernandez-Baltazar, D.; Mendoza-Garrido, M.E.; Martinez-Fong, D. Activation of GSK-3beta and caspase-3 occurs in Nigral
dopamine neurons during the development of apoptosis activated by a striatal injection of 6-hydroxydopamine. PLoS ONE 2013,
8, e70951. [CrossRef] [PubMed]

44. Koo, J.H.; Jang, Y.C.; Hwang, D.J.; Um, H.S.; Lee, N.H.; Jung, J.H.; Cho, J.Y. Treadmill exercise produces neuroprotective effects in
a murine model of Parkinson’s disease.e by regulating the TLR2/MyD88/NF-kappaB signaling pathway. Neuroscience 2017, 356,
102–113. [CrossRef] [PubMed]

45. Singh, A.; Verma, P.; Raju, A.; Mohanakumar, K.P. Nimodipine attenuates the parkinsonian neurotoxin, MPTP-induced changes
in the calcium binding proteins, calpain and calbindin. J. Chem. Neuroanat. 2019, 95, 89–94. [CrossRef] [PubMed]

46. Stott, S.R.; Barker, R.A. Time course of dopamine neuron loss and glial response in the 6-OHDA striatal mouse model of
Parkinson’s disease. Eur. J. Neurosci. 2014, 39, 1042–1056. [CrossRef]

47. Yamada, M.; Kida, K.; Amutuhaire, W.; Ichinose, F.; Kaneki, M. Gene disruption of caspase-3 prevents MPTP-induced Parkinson’s
disease in mice. Biochem. Biophys. Res. Commun. 2010, 402, 312–318. [CrossRef]

48. Fieblinger, T.; Zanetti, L.; Sebastianutto, I.; Breger, L.S.; Quintino, L.; Lockowandt, M.; Lundberg, C.; Cenci, M.A. Striatonigral
neurons divide into two distinct morphological-physiological phenotypes after chronic L-DOPA treatment in parkinsonian rats.
Sci. Rep. 2018, 8, 10068. [CrossRef]

49. McNeill, T.H.; Brown, S.A.; Rafols, J.A.; Shoulson, I. Atrophy of medium spiny I striatal dendrites in advanced Parkinson’s
disease. Brain Res. 1988, 455, 148–152. [CrossRef]

50. Stephens, B.; Mueller, A.J.; Shering, A.F.; Hood, S.H.; Taggart, P.; Arbuthnott, G.W.; Bell, J.E.; Kilford, L.; Kingsbury, A.E.;
Daniel, S.E.; et al. Evidence of a breakdown of corticostriatal connections in Parkinson’s disease. Neuroscience 2005, 132, 741–754.
[CrossRef]

51. Villalba, R.M.; Lee, H.; Smith, Y. Dopaminergic denervation and spine loss in the striatum of MPTP-treated monkeys. Exp. Neurol.

2009, 215, 220–227. [CrossRef] [PubMed]
52. Zaja-Milatovic, S.; Milatovic, D.; Schantz, A.M.; Zhang, J.; Montine, K.S.; Samii, A.; Deutch, A.Y.; Montine, T.J. Dendritic

degeneration in neostriatal medium spiny neurons in Parkinson disease. Neurology 2005, 64, 545–547. [CrossRef] [PubMed]
53. Gagnon, D.; Petryszyn, S.; Sanchez, M.G.; Bories, C.; Beaulieu, J.M.; De Koninck, Y.; Parent, A.; Parent, M. Striatal Neurons

Expressing D1 and D2 Receptors are Morphologically Distinct and Differently Affected by Dopamine Denervation in Mice. Sci.

Rep. 2017, 7, 41432. [CrossRef] [PubMed]
54. Zhai, S.; Shen, W.; Graves, S.M.; Surmeier, D.J. Dopaminergic modulation of striatal function and Parkinson’s disease. J. Neural

Transm. 2019, 126, 411–422. [CrossRef]
55. Sebel, L.E.; Graves, S.M.; Chan, C.S.; Surmeier, D.J. Haloperidol Selectively Remodels Striatal Indirect Pathway Circuits.

Neuropsychopharmacology 2017, 42, 963–973. [CrossRef]

58



Int. J. Mol. Sci. 2022, 23, 5470

56. Oo, T.F.; Siman, R.; Burke, R.E. Distinct nuclear and cytoplasmic localization of caspase cleavage products in two models of
induced apoptotic death in dopamine neurons of the substantia nigra. Exp. Neurol. 2002, 175, 1–9. [CrossRef]

57. Sebbagh, M.; Renvoize, C.; Hamelin, J.; Riche, N.; Bertoglio, J.; Breard, J. Caspase-3-mediated cleavage of ROCK I induces MLC
phosphorylation and apoptotic membrane blebbing. Nat. Cell Biol. 2001, 3, 346–352. [CrossRef]

58. Mukerjee, N.; McGinnis, K.M.; Park, Y.H.; Gnegy, M.E.; Wang, K.K. Caspase-mediated proteolytic activation of calcineurin in
thapsigargin-mediated apoptosis in SH-SY5Y neuroblastoma cells. Arch. Biochem. Biophys. 2000, 379, 337–343. [CrossRef]

59. Spires-Jones, T.L.; Kay, K.; Matsouka, R.; Rozkalne, A.; Betensky, R.A.; Hyman, B.T. Calcineurin inhibition with systemic FK506
treatment increases dendritic branching and dendritic spine density in healthy adult mouse brain. Neurosci. Lett. 2011, 487,
260–263. [CrossRef]

60. Williams, D.W.; Kondo, S.; Krzyzanowska, A.; Hiromi, Y.; Truman, J.W. Local caspase activity directs engulfment of dendrites
during pruning. Nat. Neurosci. 2006, 9, 1234–1236. [CrossRef]

61. Lauber, K.; Bohn, E.; Krober, S.M.; Xiao, Y.J.; Blumenthal, S.G.; Lindemann, R.K.; Marini, P.; Wiedig, C.; Zobywalski, A.; Baksh, S.;
et al. Apoptotic cells induce migration of phagocytes via caspase-3-mediated release of a lipid attraction signal. Cell 2003, 113,
717–730. [CrossRef]

62. Siskova, Z.; Tremblay, M.E. Microglia and synapse: Interactions in health and neurodegeneration. Neural Plast. 2013, 2013, 425845.
[CrossRef] [PubMed]

63. Zhang, Y.; Meredith, G.E.; Mendoza-Elias, N.; Rademacher, D.J.; Tseng, K.Y.; Steece-Collier, K. Aberrant restoration of spines and
their synapses in L-DOPA-induced dyskinesia: Involvement of corticostriatal but not thalamostriatal synapses. J. Neurosci. 2013,
33, 11655–11667. [CrossRef] [PubMed]

64. Chen, L.; Daniels, S.; Kim, Y.; Chu, H.Y. Cell Type-Specific Decrease of the Intrinsic Excitability of Motor Cortical Pyramidal
Neurons in Parkinsonism. J. Neurosci. 2021, 41, 5553–5565. [CrossRef]

65. Guo, L.; Xiong, H.; Kim, J.I.; Wu, Y.W.; Lalchandani, R.R.; Cui, Y.; Shu, Y.; Xu, T.; Ding, J.B. Dynamic rewiring of neural circuits in
the motor cortex in mouse models of Parkinson’s disease. Nat. Neurosci. 2015, 18, 1299–1309. [CrossRef] [PubMed]

66. Viaro, R.; Morari, M.; Franchi, G. Progressive motor cortex functional reorganization following 6-hydroxydopamine lesioning in
rats. J. Neurosci. 2011, 31, 4544–4554. [CrossRef]

67. Brown, T.L. Q-VD-OPh, next generation caspase inhibitor. Adv. Exp. Med. Biol. 2004, 559, 293–300. [CrossRef]
68. Laforge, M.; Silvestre, R.; Rodrigues, V.; Garibal, J.; Campillo-Gimenez, L.; Mouhamad, S.; Monceaux, V.; Cumont, M.C.;

Rabezanahary, H.; Pruvost, A.; et al. The anti-caspase inhibitor Q-VD-OPH prevents AIDS disease progression in SIV-infected
rhesus macaques. J. Clin. Investig. 2018, 128, 1627–1640. [CrossRef]

69. Keoni, C.L.; Brown, T.L. Inhibition of Apoptosis and Efficacy of Pan Caspase Inhibitor, Q-VD-OPh, in Models of Human Disease.
J. Cell Death 2015, 8, 1–7. [CrossRef]

70. Yang, L.; Sugama, S.; Mischak, R.P.; Kiaei, M.; Bizat, N.; Brouillet, E.; Joh, T.H.; Beal, M.F. A novel systemically active caspase
inhibitor attenuates the toxicities of MPTP, malonate, and 3NP in vivo. Neurobiol. Dis. 2004, 17, 250–259. [CrossRef]

71. Turmel, H.; Hartmann, A.; Parain, K.; Douhou, A.; Srinivasan, A.; Agid, Y.; Hirsch, E.C. Caspase-3 activation in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice. Mov. Disord. 2001, 16, 185–189. [CrossRef]

72. Spiga, S.; Talani, G.; Mulas, G.; Licheri, V.; Fois, G.R.; Muggironi, G.; Masala, N.; Cannizzaro, C.; Biggio, G.; Sanna, E.; et al.
Hampered long-term depression and thin spine loss in the nucleus accumbens of ethanol-dependent rats. Proc. Natl. Acad. Sci.

USA 2014, 111, E3745–E3754. [CrossRef] [PubMed]
73. Alcacer, C.; Andreoli, L.; Sebastianutto, I.; Jakobsson, J.; Fieblinger, T.; Cenci, M.A. Chemogenetic stimulation of striatal projection

neurons modulates responses to Parkinson’s disease therapy. J. Clin. Investig. 2017, 127, 720–734. [CrossRef] [PubMed]
74. Fieblinger, T.; Sebastianutto, I.; Alcacer, C.; Bimpisidis, Z.; Maslava, N.; Sandberg, S.; Engblom, D.; Cenci, M.A. Mechanisms

of dopamine D1 receptor-mediated ERK1/2 activation in the parkinsonian striatum and their modulation by metabotropic
glutamate receptor type 5. J. Neurosci. 2014, 34, 4728–4740. [CrossRef] [PubMed]

75. Francardo, V.; Bez, F.; Wieloch, T.; Nissbrandt, H.; Ruscher, K.; Cenci, M.A. Pharmacological stimulation of sigma-1 receptors has
neurorestorative effects in experimental parkinsonism. Brain 2014, 137, 1998–2014. [CrossRef] [PubMed]

76. Francardo, V.; Recchia, A.; Popovic, N.; Andersson, D.; Nissbrandt, H.; Cenci, M.A. Impact of the lesion procedure on the profiles
of motor impairment and molecular responsiveness to L-DOPA in the 6-hydroxydopamine mouse model of Parkinson’s disease.
Neurobiol. Dis. 2011, 42, 327–340. [CrossRef] [PubMed]

77. West, M.J. Stereological methods for estimating the total number of neurons and synapses: Issues of precision and bias. Trends

Neurosci. 1999, 22, 51–61. [CrossRef]
78. Ren, Q.; Hu, Z.; Jiang, Y.; Tan, X.; Botchway, B.O.A.; Amin, N.; Lin, G.; Geng, Y.; Fang, M. SIRT1 Protects Against Apoptosis by

Promoting Autophagy in the Oxygen Glucose Deprivation/Reperfusion-Induced Injury. Front. Neurol. 2019, 10, 1289. [CrossRef]
79. Jiang, L.; Tixeira, R.; Caruso, S.; Atkin-Smith, G.K.; Baxter, A.A.; Paone, S.; Hulett, M.D.; Poon, I.K. Monitoring the progression of

cell death and the disassembly of dying cells by flow cytometry. Nat. Protoc. 2016, 11, 655–663. [CrossRef]
80. Sebastianutto, I.; Cenci, M.A.; Fieblinger, T. Alterations of striatal indirect pathway neurons precede motor deficits in two mouse

models of Huntington’s disease. Neurobiol. Dis. 2017, 105, 117–131. [CrossRef]

59





Citation: Rehfeldt, S.C.H.; Silva, J.;

Alves, C.; Pinteus, S.; Pedrosa, R.;

Laufer, S.; Goettert, M.I.

Neuroprotective Effect of

Luteolin-7-O-Glucoside against

6-OHDA-Induced Damage in

Undifferentiated and

RA-Differentiated SH-SY5Y Cells. Int.

J. Mol. Sci. 2022, 23, 2914. https://

doi.org/10.3390/ijms23062914

Academic Editors: Marcello Ciaccio

and Luisa Agnello

Received: 14 January 2022

Accepted: 3 March 2022

Published: 8 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Neuroprotective Effect of Luteolin-7-O-Glucoside against
6-OHDA-Induced Damage in Undifferentiated and
RA-Differentiated SH-SY5Y Cells

Stephanie Cristine Hepp Rehfeldt 1,† , Joana Silva 2,† , Celso Alves 2 , Susete Pinteus 2 , Rui Pedrosa 3,

Stefan Laufer 4,5 and Márcia Inês Goettert 1,4,*

1 Cell Culture Laboratory, Graduate Program in Biotechnology, University of Vale do Taquari (Univates),
Lajeado 95914-014, RS, Brazil; srehfeldt@universo.univates.br

2 Marine and Environmental Sciences Centre (MARE), Polytechnic of Leiria, 2520-630 Peniche, Portugal;
joana.m.silva@ipleiria.pt (J.S.); celso.alves@ipleiria.pt (C.A.); susete.pinteus@ipleiria.pt (S.P.)

3 MARE—Marine and Environmental Sciences Centre, ESTM, Polytechnic of Leiria, 2520-614 Peniche, Portugal;
rui.pedrosa@ipleiria.pt

4 Department of Pharmaceutical and Medicinal Chemistry, Institute of Pharmacy, Eberhard Karls Universität
Tübingen, D 72076 Tubingen, Germany; stefan.laufer@uni-tuebingen.de

5 Tübingen Center for Academic Drug Discovery (TüCAD2), D 72076 Tubingen, Germany
* Correspondence: m.goettert@uni-tuebingen.de
† These authors contributed equally to this work.

Abstract: Luteolin is one of the most common flavonoids present in edible plants and its potential
benefits to the central nervous system include decrease of microglia activation, neuronal damage and
high antioxidant properties. The aim of this research was to evaluate the neuroprotective, antioxidant
and anti-inflammatory activities of luteolin-7-O-glucoside (Lut7). Undifferentiated and retinoic acid
(RA)-differentiated SH-SY5Y cells were pretreated with Lut7 and incubated with 6-hydroxydopamine
(6-OHDA). Cytotoxic and neuroprotective effects were determined by MTT assay. Antioxidant
capacity was determined by DPPH, FRAP, and ORAC assays. ROS production, mitochondrial
membrane potential (∆Ψm), Caspase–3 activity, acetylcholinesterase inhibition (AChEI) and nuclear
damage were also determined in SH-SY5Y cells. TNF-α, IL-6 and IL-10 release were evaluated
in LPS-induced RAW264.7 cells by ELISA. In undifferentiated SH-SY5Y cells, Lut7 increased cell
viability after 24 h, while in RA-differentiated SH-SY5Y cells, Lut7 increased cell viability after 24
and 48 h. Lut7 showed a high antioxidant activity when compared with synthetic antioxidants.
In undifferentiated cells, Lut7 prevented mitochondrial membrane depolarization induced by 6-
OHDA treatment, decreased Caspase-3 and AChE activity, and inhibited nuclear condensation
and fragmentation. In LPS-stimulated RAW264.7 cells, Lut7 treatment reduced TNF-α levels and
increased IL-10 levels after 3 and 24 h, respectively. In summary, the results suggest that Lut7 has
neuroprotective effects, thus, further studies should be considered to validate its pharmacological
potential in more complex models, aiming the treatment of neurodegenerative diseases.

Keywords: 6-hydroxydopamine; apoptosis; mitochondrial membrane potential; neurodegenerative
diseases; oxidative stress; cell culture techniques; neurodegenerative disorders; neuroprotective effect;
biological products

1. Introduction

Neurodegenerative diseases (ND) are comprised of distinct and heterogeneous disor-
ders characterized by the progressive and selective loss of neurons. Usually, the prevalence
and symptoms worsening are intimately related with age, and as the global population
gets older, the need for new ND therapeutic alternatives and deeper knowledge of their
pathophysiology is urgent. The World Health Organization (WHO) estimates that by 2040,
ND such as Alzheimer’s disease (AD), and other types of dementia, or conditions that
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compromises motor function like Parkinson’s disease (PD) or amyotrophic lateral sclerosis
(ALS), will be the second most prevalent cause of death, after cardiovascular diseases [1].
However, due to the complexity and heterogeneity of NDs, most of the synthetic drugs
evaluated in in vitro models and/or clinical trials end up failing [2], and thus further efforts
must be conducted to develop an efficient disease-modifying treatment.

Luteolin, a phytochemical belonging to the flavone class of polyphenols, is one of
the most common flavonoids present in edible plants. Its potential benefits to the CNS
include the decrease of microglia activation and neuronal protection [3–5]. However,
the glycosylated form of luteolin, known as cyranoside or luteolin-7-O-glucoside (Lut7)
(PubChem ID 5280637), was reported as a selective JNK3 inhibitor, five times more selective
than luteolin [6], which plays a key role in neurodegenerative diseases [7–11], suggesting
that patients with neurodegenerative diseases might benefit from a natural or bio-inspired
product-based therapy [12–16].

The effects of herbal extracts containing Lut7 as a majority compound are extensively
explored in the literature. However, it is not possible to confirm that those reported effects
are a result of the Lut7 activity or if other components are mediating the observed effects.
Therefore, the aim of this study was to evaluate the antioxidant and anti-inflammatory
activities of Lut7, as well as its neuroprotective effects in an in vitro human neurode-
generative model (SH-SY5Y cells induced with 6-OHDA) in both undifferentiated and
differentiated cells.

2. Materials and Methods

2.1. Cell Lines and Reagents

Dulbecco’s modified Eagle medium (DMEM) (D5523), F12 (N6760), heat-inactivated
fetal bovine serum (FBS) (F4135), 6-hydroxydopamine hydrobromide (6-OHDA) (162957), 3-
[4,5-dimethylthiazol-2]-2,5 diphenyltetrazolium bromide (MTT) (M5655), Penicillin (P3032),
streptomycin (S9137), lipopolysaccharide (LPS) (from Escherichia coli, O111:B4, L2630),
trypsin-EDTA (T4049), 2′,7′-dichlorofluorescin diacetate (DCFDA) (D6883), Caspase-3
Activity Fluorimetric kit (CASP3F), 2,4,6-Tris(2-pyridyl-s-triazine (TPTZ) (T125), FCCP,
and oligomycin A were purchased from Sigma-Aldrich™ (St. Louis, MO, USA). DMEM
(1200-058) used to culture RAW264.7 cell line and enzyme-linked immunosorbent assay
(ELISA) kits for TNF-α, IL-6, and IL-10 were acquired from Gibco®, Invitrogen Life Science
Technologies (Grand Island, NY, USA). All-trans-retinoic acid (ATRA) (SC200898) was
purchased from Santa Cruz Biotechnology, (Dallas, TX, USA). Spectrophotometer analysis
was performed using a SpectraMax® i3 microplate reader (Molecular Devices, San Jose,
CA, USA). 5,5,6,6-tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
staining was acquired from Molecular Probes (Eugene, OR, USA) and 4,6-diamidino-
2-phenylindole (DAPI) staining was obtained from Applichem (Darmstadt, Germany).
Photographs for the DAPI probe were taken with a fluorescence microscope Zeiss, model
Axio Vert. A1, (Oberkochen, Germany). Lut7 (26-S) was obtained from Extrasynthese
(Genay, Cedex, France). SH-SY5Y (ATCC® CRL-2266™) and RAW264.7 cell line (ATCC®

TIB-71™) were acquired from American Type Culture Collection (ATCC). MAPK inhibitors
(SP600125 and SB203580) were synthesized by Prof. Dr. Stefan Laufer research laboratory
with a high purity grade (≥95%).

2.2. Cell Culture Methods

2.2.1. SH-SY5Y Cell Line

Undifferentiated human SH-SY5Y neuroblastoma cells were cultured in DMEM mixed
with F12 (1:1) and supplemented with 10% (v/v) FBS and 1% streptomycin/penicillin under
controlled conditions in a 95% humidified atmosphere, at 37 ◦C and 5% CO2. Culture
medium was replaced every two days until the cells reached confluence 4–5 days after the
initial seeding. For subculture, SH-SY5Y cells were dissociated with trypsin-EDTA, split
into a 1:3 ratio. Cells were grown to 80% confluence before treatment. Culture conditions
were performed according to ATCC recommendations.
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2.2.2. SH-SY5Y Differentiation Protocol

The differentiation of SH-SY5Y cells was carried out in two steps. Firstly, SH-SY5Y
cells were cultivated in media with 1% FBS supplemented with 10 µM of all-trans retinoic
acid (ATRA) for 4 days. At the 5th day, the cell culture medium was replaced by fresh
medium and cells were cultivated for 6 days.

2.2.3. RAW264.7 Cell Line

RAW264.7 cells were cultured in DMEM supplemented with 10% FBS (v/v) and 1%
streptomycin/penicillin. The medium was replaced every 2 to 3 days. Sub-culturing was
carried out with a cell scraper at a 1:4 split ratio. All procedures were performed according
with ATCC recommendations.

2.3. Determination of Cell Viability and Neuroprotection Potential by MTT Assay

2.3.1. Evaluation of Lut7 Cytotoxicity

Cell viability was assessed using the colorimetric MTT assay [17] with slight modifi-
cations as described by Rehfeldt et al. [11]. SH-SY5Y (differentiated and undifferentiated)
and RAW264.7 cells were seeded in 96-well dishes and left overnight for proper attachment.
Cells were exposed to different concentrations (10–0.1 µM) of Lut7 over 24 or 48 h. MTT
reagent was then added to each well at a final concentration of 5 mg/mL and the plate was
placed in a humidified incubator at 37 ◦C with 5% CO2 during 3 h. Formazan salts were
dissolved in DMSO and the colorimetric determination of MTT reduction was estimated at
570 nm wavelength using the SpectraMax® i3 microplate reader. Untreated cells were used
as control and considered as 100% viable.

2.3.2. Neuroprotection Potential

Neuroprotection effect was assessed using the colorimetric MTT assay with slight
adaptations [11,17,18]. To investigate the neuroprotective potential of the compound, SH-
SY5Y (differentiated and undifferentiated) cells were seeded at a density of 2 × 104 per
well in a 96-well dish and cultivated overnight. Cells were then treated with different
concentrations (1 or 0.1 µM) of Lut7 over 30 min before adding 6-OHDA (100 µM) stabilized
with 0.02% of ascorbic acid to avoid its auto-oxidation. Cells’ medium was then removed
following 24 or 48 h of treatment and MTT (5 mg/mL) solution was added and the cells
were incubated for 3 h. Following the MTT removal, DMSO was used to dissolve the
formazan salts and the absorbance read at 570 nm.

2.4. Determination of Antioxidant Activity

The antioxidant activity of Lut7 was evaluated by the means of different method-
ologies, namely (a) 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging ability [19];
(b) oxygen radical absorbance capacity (ORAC) [20]; and (c) ferric reducing antioxidant
power (FRAP) assays [21] with slight adaptations [15]. Butylated hydroxytoluene (BHT)
was used as a positive control for antioxidant activity.

2.5. Mechanisms of Cell Recovery after 6-OHDA-Induced Damage

2.5.1. Mitochondrial Membrane Potential (MMP) Assay

Cells were seeded in 96-well plates and left overnight in the incubator. SH-SY5Y cells
were then treated with 6-OHDA (100 µM) for 6 h, in the absence or presence of Lut7 (0.1 or
1 µM). After exposure, cells were washed with PBS 1× and incubated with JC-1 at 37 ◦C
for 30 min. Then, the reagent was gently removed, and cells were washed with PBS 1×.
100µL/well PBS 1× was added and the fluorescence was measured at 490/595 nm (red
fluorescence) and 490/530 nm (green fluorescence) of excitation and emission wavelengths,
respectively [11,22]. FCCP (2.5 µM) plus oligomycin A (1 µg/mL) conjugate solution was
used as positive control. Mitochondrial membrane potential was estimated by measur-
ing the fluorescence of free JC-1 monomers (green) and JC-1 aggregates in mitochondria
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(red) and the results were expressed as the ratio of the monomers/aggregates of JC-1 in
percentage of control.

2.5.2. ROS Production

The levels of reactive oxygen species (ROS) were determined using the 5-(and-6)-
carboxy-2′, 7′-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) probe as pre-
viously described [11,22] with slight modifications. Briefly, SH-SY5Y cells were treated
with Lut7 at different concentrations (0.1 or 1 µM) and 6-OHDA (100 µM) over 6 h. Fol-
lowing treatment, cells were washed with PBS (1×) and20 µM carboxyH2DCFDA so-
lution, previously dissolved in serum-free medium, and cells were incubated for 1 h at
37 ◦C. The fluorescence was read at 527 nm and 495 nm wavelength of emission and
excitation, respectively.

2.5.3. Caspase 3 Activity

The enzyme was assessed using the Caspase-3 Activity Fluorometric kit, according
to manufacturer’s instructions. SH-SY5Y cells were cultured in 6-well plates and treated
with 6-OHDA (100 µM) for 6 h in the presence or absence of Lut7 (0.1 or 1 µM). Caspase-3
activity was calculated from the slope of the linear phase of the fluorescence resulting from
the rhodamine 110 accumulation and expressed in arbitrary fluorescence units per mg
protein per minute (∆ fluorescence (a.u.)/mg protein/min) [22].

2.5.4. DAPI Staining

The nucleic condensation and/or fragmentation was determined by 4,6-diamidino-2-
phenylindole (DAPI) staining. SH-SY5Y cells were cultured in 6-well plates and treated
with 6-OHDA (100 µM) for 24 h in the presence or absence of Lut7 (0.1 or 1 µM). The
cells were fixed in paraformaldehyde (4%) over 30 min. After this time, the solution was
removed, and cells were incubated in Triton X-100 (0.1%) over 30 min. Then, Triton X-100
was removed, followed by the addition of DAPI (1 µg/mL) solution. After a 30 min
reaction, DAPI was removed, and 1 mL PBS (pH 7.4) was added to each well. Then, the
cells were observed using an Axio Vert. A1 fluorescence microscope (Zeiss, Oberkochen,
Germany) [22].

2.5.5. AChE Activity

AChE activity was measured spectrophotometrically in a 96-well microplate according
to a modified Ellman assay [23,24]. SH-SY5Y cells were cultured in 6-well plates overnight
and treated with 6-OHDA (100 µM) for 6 h, in the absence or presence of Lut7 (0.1 or 1 µM).
Then, cells were trypsinized with PBS (1×) + 0.1% Triton X-100. The supernatant was
transferred to a 96-well microplate and incubated with DTNB (0.5 mM) and acetylcholine
(Ach; 1 mM). The absorbance was measured at λ = 414 nm.

2.6. Cytokine Levels in RAW264.7 Cell Line

RAW264.7 cells were seeded at a density of 5 × 105 cells per well in a 24-dish plate.
After adherence time, cells were pretreated for 1 h before LPS (1 µg/mL) treatment. The
supernatant was collected at different times as described by Rehfeldt and co-workers [11].
To evaluate TNF-α release, samples of supernatant were collected after 3 and 24 h of
treatment. For IL-6 analysis, samples were collected after 12 h of treatment, and for IL-10
after 48 h of treatment. All samples were frozen at −80 ◦C until further analysis. ELISA was
performed according to the manufacturer’s instructions. The absorbances were measured
at 450 nm and 570 nm using a spectrophotometer (SpectraMax® i3). Values of 570 nm were
subtracted from those of 450 nm to remove background interference. TNF-α, IL-6 and IL-10
standard curves were used to quantify the release from each cytokine by the cells.
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2.7. Data and Statistical Analysis

The statistical analysis was performed on GraphPad Prism 6.0 software (GraphPad soft-
ware, San Diego, CA, USA) using ANOVA. The results are expressed in mean ± standard er-
ror of the mean (SEM). Differences were considered significant at level of 0.001 (*** p < 0.001),
0.01 (** p < 0.01), and 0.05 (* p < 0.05). At least three independent experiments carried out
in triplicate were performed.

3. Results

3.1. Cytotoxic and Neuroprotective Effect of Lut7 in Undifferentiated and RA-Differentiated
SH-SY5Y Cells

The first set of experiments examined the impact of Lut7 on cell viability. The results
shown in Figure 1A indicate that 10 µM Lut7 reduced SH-SY5Y cells viability by 33%
(p < 0.05). At 1 µM and 0.1 µM, the compound did not significantly decrease the cells’
viability, thus, these concentrations were selected for the neuroprotective assays.

The capacity of undifferentiated SH-SY5Y cells to recover from 6-OHDA stimuli was
evaluated. Cells were pretreated with Lut7 at sub-toxic concentrations over 1 h before
6-OHDA treatment. The exposition of SH-SY5Y cells to 6-OHDA (100 µM) significantly
reduced the cell viability after 24 h when compared to the untreated cells. However,
when cells were treated with 0.1 µM Lut7, there was a 13% increase in cell viability when
compared with 6-OHDA treatment (Figure 1B). However, this effect was not observed after
48 h (Figure 1C).

After differentiation, cells start to upregulate genes involved with antioxidant defense.
This modified profile of gene expression reflects directly in the capacity of cells to recover
from the oxidative stress caused by 6-OHDA. To confirm this higher resistance, one positive
control with doxorubicin (10 µM) was included. The mechanism of action of doxorubicin
is achieved by specifically blocking the activity of the enzyme topoisomerase II, which is
involved in DNA replication during mitosis, and does not interfere in oxidative stress and,
therefore, does not impact the damage caused by 6-OHDA. In this sense, SH-SY5Y cells
were differentiated 10 days before neuroprotective assay. RA-differentiated SH-SY5Y cells
pretreated with Lut7 at 1 and 0.1 µM increased cell viability in 27.4 and 27.1%, respectively
(p < 0.001) (Figure 1D). On the other hand, after 48 h, RA-differentiated SH-SY5Y cells
pretreated with 1 and 0.1 µM Lut7 increased cell viability in 112% (p < 0.001) and 67.5%
(p < 0.001), respectively, when compared with 6-OHDA treatment (Figure 1E).

3.2. Lut7 Antioxidant Activity

The antioxidant activity of Lut7 was evaluated by three different chemical methods:
(a) DPPH assay to determine the capacity of Lut7 scavenging potential; (b) FRAP to
determine the Lut7 capacity to reduce ferric ions; (c) ORAC method to evaluate the presence
of antioxidant molecules with the ability to neutralize the peroxyl radicals. The results are
presented in Table 1 and Figure 2.

Table 1. Antioxidant activity of Lut7 and BHT.

DPPH (A) FRAP (B) ORAC (C)

Lut7 6.8 (0.76–0.9) 19,570.78 ± 291.48 8804.19 ± 409.99

BHT >100 2821.50 ± 63.03 143.70 ± 23.36
BHT (butylated hydroxytoluene) was used as a standard. The values in the table represent the mean ± SEM
from 3 independent experiments. (A) radical scavenging activity (EC50 µg/mL); (B) µM of FeSO4 per gram of
compound; (C) µM of Trolox equivalent (TE)/g of compound.
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Figure 1. Cytotoxicity induced by Luteolin-7-O-glucoside (Lut7) in SH-SY5Y cells after 24 h of
treatment (A); Neuroprotective effects of Lut7 against 6-OHDA induced neurotoxicity on undiffer-
entiated SH-SY5Y cells: 24 h incubation (B); 48 h incubation (C). Neuroprotective effects of Lut7
against 6-OHDA induced neurotoxicity on RA-differentiated SH-SY5Y cells: 24 h incubation (D); 48 h
incubation (E). The values in each column represent the mean ± SEM of at least three independent
experiments carried out in triplicate. Statistical calculations were performed with ANOVA via the
Tukey post hoc test and significant differences were considered for *** p < 0.001; ** p < 0.01 (vs. control);
### p < 0.001 and # p < 0.05 (vs. 6-OHDA). Doxorubicin was used as positive control; DMSO 0.1%
was used as vehicle. Negative control (untreated cells) was considered to be 100% viable.
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Figure 2. DPPH scavenging ability of Lut 7 and BHT—dose response analysis.

It was observed that Lut7 presented the highest potential of scavenging DPPH radical
with an EC50 value of 6.80 µM when compared to the standard BHT (EC50 > 100 µM). In the
ORAC method, Lut7 showed the highest antioxidant activity with 8804.19 ± 409.99 µmol
of Trolox/g compound, when compared with BHT (143.70 ± 23.36 µmol of Trolox/g
compound). Lut7 was also effective in reducing ferric ions (19,570.78 ± 291.48 µM FeSO4/g
of compound) when compared with the synthetic antioxidant.

3.3. Lut7 Effects on Cellular Hallmarks Associated with ND

Hallmarks of apoptotic cell death include the activation of caspases, the disruption
of mitochondrial membrane potential and DNA fragmentation. These same events are
also present during neurodegenerative diseases. To verify if the neuroprotective effect
demonstrated by Lut7 on undifferentiated SH-SY5Y cells was associated with these hall-
marks, different in vitro assays on cells treated with neurotoxin 6-OHDA in the absence or
presence of Lut7 were carried out (Figure 3).

Firstly, the Caspase-3 activity was measured to understand if the Lut7 had capability
to prevent the cell death mediated by apoptosis when exposed to the 6-OHDA neurotoxin.
At 1 µM, Lut7 was able to decrease Caspase-3 activity by 57.6% (Figure 3A).

Secondly, the ability of Lut7 to prevent a condition of oxidative stress was evaluated
through ROS quantification. After exposing SH-SY5Y cells to 6-OHDA (100 µM, 6 h) a
two-fold increase in ROS levels was verified when compared to vehicle. However, Lut7
was not able to decrease ROS levels induced by 6-OHDA treatment (Figure 3B).

Thirdly, the MMP was determined to evaluate mitochondrial dysfunction and to
understand if the neuroprotective effects of Lut7 were mediated by biological events
that usually take place on mitochondria. Treatment with 6-OHDA at 100 µM for 6 h
increased depolarization of SH-SY5Y cells mitochondrial membrane potential in 359.2%
when compared to vehicle. On the other hand, the treatment with Lut7 (1 µM) exhibited
a protective effect against cell depolarization induced by 6-OHDA treatment in 320%
(139.2% vs. 459.2% of 6-OHDA). At 0.1 µM, Lut7 showed a similar effect decreasing the
monomers/aggregates ratio of JC-1) in 192% (Figure 3C).

Considering the mechanism of action of many FDA-approved drugs to treat AD, the
AChE activity was evaluated after Lut7 treatment. It is well documented that the AChE
inhibition decreases the breakdown and promotes the accumulation of ACh, therefore,
compensating the loss of functional cholinergic neurons and alleviating cognitive symptoms
of AD. The results presented here showed that 6-OHDA treatment increased AChE activity
in 43.47%. On the other hand, cells treated with 1 µM Lut7 reduced AChE activity in
77.49 ± 8.63% when compared with 6-OHDA treatment (Figure 3D). Cells pre-treated with
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0.1 µM Lut7 followed by 6-OHDA exposure showed approximately 1-fold increase in AChE
activity (242.67 ± 8.9%) when compared to the neurotoxin.

Finally, to understand if Lut7 had the ability to prevent the DNA fragmentation
induced by 6-OHDA treatment, the integrity of SH-SY5Y DNA was observed following
DAPI staining (Figure 4).
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Figure 3. Effect of Luteolin-7-O-glucoside (Lut7) on SH-SY5Y cells after exposition to 6-OHDA
(100 µM) over 6 h. (A) Effect on Caspase-3 activity (∆ Fluorescence (U.A)/mg of protein/min);
(B) ROS production; (C) MMP (ratio of monomers/aggregates of JC-1); and (D) AChE activity
(nmol/min/mg of protein). The values in each column represent the mean ± standard error of the
mean (SEM) of at least 3 independent experiments carried out in triplicate. Statistical calculations
were performed with ANOVA via the Tukey post hoc test and significant differences were considered
for *** p< 0.001 (vs. control); ### p < 0.001 and ## p < 0.01 (vs. 6-OHDA). Negative control (untreated
cells) was considered to be 100% viable and is represented by the red dashed line. DMSO 0.1% was
used as a vehicle.

The exposition of SH-SY5Y cells to 100 µM 6-OHDA over 24 h led to nuclear conden-
sation and fragmentation, which are characteristic features of apoptosis. However, it was
possible to verify that Lut7 decrease the occurrence of those events induced by 6-OHDA.
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3.4. Cytokines Levels on LPS-Induced RAW264.7 Cells Treated with Lut7

Cytokines play a crucial role in the inflammatory response. Before evaluating the
effects of Lut7 treatment over cytokine release, its cytotoxic effects on the RAW267.4 cells
viability were evaluated (Figure 5).

 

α
α

Figure 4. Nuclear morphology of SH-SY5Y cells stained with DAPI probe. SH-SY5Y cell stained with
DAPI showing the anti-apoptotic effect of the Lut7 (0.1 or 1 µM) against neurotoxicity mediated by
6-OHDA (100 µM; 24 h). Arrows show nuclear abnormalities (fragmentation pattern), which is an
indicator of apoptosis. Red Boxes represent the amplified zone where is visible nuclear changes.

Since at 10 µM, Lut7 reduced SH-SY5Y cells’ viability, the cytotoxic effect of Lut7 in
RAW264.7 cells was only tested at 1 and 0.1 µM. It was verified that at 0.1 and 1 µM, Lut7
did not induce cytotoxicity in RAW 264.7 cells (Figure 5A), and thus, these concentrations
were used in the following assays. It was verified that, at both concentrations, Lut7 did not
stimulate IL-6 release (Figure 5B). On the other hand, after 3 h, cells pretreated with 1 µM
and 0.1 Lut7 decreased TNF-α levels in 30.97% and in 43.02%, respectively (Figure 5C).
Lut7 treatment showed no effect over TNF-α levels after 24 h (Figure 5D). Concerning IL-10
release, which is delayed, the supernatant was collected after 24 and 48 h of treatment.
Only after 24 h, Lut7 at 0.1 µM was able to stimulate the IL-10 release in 96.9% (Figure 5E).
However, these effects were not maintained over 48 h (Figure 5F).
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α

Figure 5. (A) Cytotoxicity of luteolin-7-O-glucoside (Lut7) on RAW264.7 cells viability after treatment
for 24 h; (B) IL-6 levels were determined after 12 h of treatment; (C) TNF-α levels were determined
after 3 h and (D) 24 h of treatment. IL-10 levels were estimated (E) after 24 h; and (F) 48 h of treatment.
The values represent the mean ± SEM of at least three experiments carried out in triplicate. ** p < 0.01;
*** p < 0.001; (vs. control); ### p < 0.001 and # p < 0.05 (vs. LPS). Doxorubicin was used as positive
control; DMSO 0.1% was used as vehicle.
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4. Discussion

Pre-clinical studies reported that luteolin, a flavonoid present in many fruits and veg-
etables, has anti-inflammatory and antioxidative properties [25–28]. However, the impact
on neuroprotection using the RA-differentiated SH-SY5Y cell line has been poorly explored.
Despite both differentiated and undifferentiated SH-SY5Y cells being used in experiments
as suitable in vivo models of NDs, authors suggest that cells should be differentiated since
undifferentiated cells are prevenient from a metastatic tumor and continuously undergo
division, making it difficult to predict the effect of protective agents against neurotoxins.
Indeed, differences in gene expression profiles, antioxidant capacity, synthesis of neuro-
transmitters and other phenotypic aspects have been observed between differentiated and
undifferentiated cells [29–31]. Additionally, authors evaluated the enzymatic activity of
AChE and choline acetyltransferase (ChAT) (cholinergic markers) in both differentiated
and undifferentiated SH-SY5Y cells and demonstrated that cells show a different pattern
of AChE activity when treated with RA [32]. Those findings suggest that the SH-SY5Y
cell line may respond to the 6-OHDA stimuli differently, depending on whether they are
differentiated or not.

In undifferentiated SH-SY5Y cells, our findings did not reveal a significant neuropro-
tection effect. These results are in line with a previous study performed with Lut7, in which
the compound also did not show significant differences in SH-SY5Y cells’ viability when
treated with an amyloidogenic molecule [33]. On the other hand, on RA-differentiated cells,
Lut7 showed a marked protective effect against 6-OHDA-induced damage, probably due
to its increased ability to promote the expression of genes related to antioxidant defenses.
This is consistent with previous studies where RA-induced differentiation of SH-SY5Y cells
has been related with resistance to oxidants, possibly due to modulation of ROS production
and oxidative stress responses [34–37]. This result ties well with a previous study wherein
intensified oxidative phosphorylation in differentiated SH-SY5Y was observed [38].

The results herein presented show that Lut7 display high antioxidant capacity. This
potential is especially relevant since neuronal cells present a high metabolic rate, continu-
ously generating reactive oxygen species (ROS) during aerobic metabolism, as a result of
electron transport chain (ETC) action during oxidative phosphorylation. As a consequence,
brain tissue is particularly susceptible to oxidative stress [39,40]. Several events have been
associated with neurodegeneration such as synaptic dysfunction, excitotoxicity, and oxida-
tive stress. Indeed, because of its high metabolic rate combined with a limited capacity of
cellular regeneration, the brain is particularly sensitive to oxidative damage.

The neurotoxin 6-OHDA is a potent inhibitor of complex I and causes direct oxidative
damage through superoxide and hydrogen peroxide production and indirect damage
after suffering auto-oxidation, generating even more ROS [41–44]. In order to evaluate
ROS production and the capacity of Lut7 to promote cell recovery from 6-OHDA-induced
damage, undifferentiated SH-SY5Y cells were used. Our findings revealed that Lut7 did
not affect ROS production. Another study reported that Lut7 did not interfere on hepatitis
B virus-induced intracellular ROS accumulation in HepG2 cells [45]. However, in contrast
to our results, previous studies reported that Lut7 decreases ROS in many cell lines or
in vivo models. Palombo et al. evaluated ROS production in IL-22 or IL-6-stimulated
human keratinocytes (HEKn cells) and verified that at 20 µM, Lut7 treatment reduced ROS
generation [46]. Similarly, in HUVEC cells (human umbilical vein endothelial cells) Lut7 at
20 µM reduced ROS generation and downregulated genes involved in inflammation [47].
The divergent results found in literature may derive from different cellular responses to
different Lut7 concentrations, and/or different cell lines.

A correlation between mitochondrial membrane potential (∆Ψm) and reactive oxygen
species (ROS) production has been demonstrated [48–50]. Additionally, ∆ψm depolari-
sation is usually correlated with neuronal death [51,52]. In this case, the present results
indicate that Lut7 reverted the 6-OHDA-induced ∆ψm depolarisation but it was not able
to reduce the ROS production [45]. The MMP recovery mediated by Lut7 observed in
SH-SY5Y cells after 6-OHDA-induced cell injury was similar to a previous study conducted
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with cisplatin in HK-2 cells (human proximal tubule cell line). According to Nho et al.,
(2018) Lut7 decreased cell death, promoted a recovery in MMP and abolished Caspase-3 ac-
tivity [53]. In this study, Lut7 also decreased Caspase-3 activity in SH-SY5Y cells exposed to
6-OHDA. In H9c2 cells (rat cardiomyoblast cell line), Lut7 pretreatment reduced apoptosis,
intracellular ROS, chromatin condensation and DNA damage, and reverted mitochondrial
dysfunction induced by doxorubicin [54]. Another study reported similar results in H9c2
cells (reduction of apoptosis, ROS generation and mitochondrial dysfunction) but also
showed downregulation of Caspase-3, p-ERK1/2, p-JNK and p-P38 inhibition, and p-ERK5
activation in angiotensin II-induced cells [55].

It was reported that mitochondrial dysfunction is mediated by JNK activation, while
its inhibition prevent both the loss of ∆ψm and apoptotic events [56–59]. One possible
explanation for these findings is that JNK plays a significant role in apoptosis via the
intrinsic pathway (also known as the ‘mitochondrial pathway’), which is activated by
extracellular or intracellular perturbations usually found in AD, such as oxidative stress. In
response to a deleterious stimulus (such as ROS), JNK phosphorylates 14-3-3 protein, and
induces the translocation of pro-apoptotic proteins (Bax and Bad) from the cytoplasm to
the mitochondria, the major source of ROS in cells. The translocation of these pro-apoptotic
proteins induces mitochondrial outer membrane permeabilization (MOMP), allowing the
cytosolic release of pro-apoptogenic factors that normally reside in the mitochondrial
intermembrane space, such as cytochrome c and Smac/DIABLO [60,61]. Cytochrome c
then associates with Apaf-1, pro-Caspase 9 (CASP9), (and possibly other proteins) to form
an apoptosome, which activates CASP9. When activated, CASP9 catalyzes the proteolytic
activation of CASP3 and CASP7 (known as ‘executioner caspases’), which handle cell
demolition during intrinsic and extrinsic apoptosis pathways. However, DNA damage can
also activate JNK. p53 is another JNK substrate that induces expression of pro-apoptotic
genes (puma, fas and bax), leading to apoptosis in a mitochondrial-independent manner.
On the other hand, p53 can trigger the MOMP as well in a transcription-independent
manner by activating pro-apoptotic Bcl-2 proteins (Bax or Bak) or by inactivating anti-
apoptotic Bcl-2 proteins (Bcl-2 and Bcl-X1) [62,63].

Recently, the role of JNK3 in Alzheimer’s disease (AD) was reviewed [64]. It was
demonstrated that synthetic JNK3 inhibitors have a promising future as therapeutic alter-
natives for AD treatment as they appear to attenuate many neurodegenerative-associated
phenomena in different models. Interestingly, Lut7 also showed important JNK3 selectivity.
The IC50 for JNK3 was reported to be as low as 2.45 ± 0.1 µM, while the IC50 for p38α was
87.1 ± 2.1 µM, indicating a 35-fold increase of selectivity to JNK3 over p38. Authors hy-
pothesized that the selectivity for JNK3 is a result of the interaction of Lut7 and the residues
Asn152, Gln155, Asn 194 and Ser 193 of JNK3 [6]. Therefore, according to our results,
it is possible that the main mechanism of Lut7 in preventing mitochondrial-dependent
apoptosis may be related with JNK3 inhibition.

Although many drugs have been evaluated as AD treatment in vivo, in vitro and in
silico models, one of the best pharmacological alternatives by far, still consist in AChE
inhibitors (AChEI), such as galantamine, rivastigmine or donepezil. It is believed that
in early or mid-stages of AD, the increase of ACh induced by AChEI compensates the
loss of cholinergic neurons and prolongs the cholinergic sinalization, improving cognitive
symptoms, such as learning and memory impairment [65–67]. Indeed, AChEIs have been
used for over 30 years to increase the levels of ACh in muscarinic and nicotinic receptors,
and interestingly, galantamine, an AChEI which has been approved since 2001 by the FDA
in the treatment of AD, was first isolated from botanical sources back in the 1950s [68],
which reinforces the potential of natural products in providing efficient treatments to
several diseases.

Here, we demonstrated that Lut7 is able to inhibit AChE activity in 6-OHDA-treated
cells. Corroborating with our results, the role of flavonoids (including Lut7) as potential
AChEI have been reviewed elsewhere [13,69,70]. The AChE inhibitory capacity of Lut7
has been also demonstrated by in vivo and in silico studies [71–73] despite other studies
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having reported a wide range of IC50 values, probably due to distinct methodologies. The
in vitro study conducted by Liu et al. (2020) indicated an IC50 of 18.24± 2.33µM [73], while
the in vitro and in silico study of Sevindik et al. (2015) identified an IC50 of 1.65 µM to
AChEI [72].

Both toxic protein accumulation and oxidative stress are main hallmarks of NDs and
contribute to neuroinflammation, further worsening the disease. Previously, studies had
already reported that luteolin suppressed the production of proinflammatory cytokines
in macrophages by blocking kappa B (NF-KB), and activator protein 1 (AP1) nuclear
signaling pathways, and inhibited the production of nitric oxide and proinflammatory
eicosanoids. In addition, luteolin decreased the release of TNF-α and superoxide after
LPS induced in microglial cell cultures, and reduced the production of LPS-induced IL-6
in cerebral microglia in vivo and in vitro [74,75]. In the CNS, it decreased inflammation
and axonal damage by preventing monocyte migration through the blood–brain barrier
(BBB) [3–5]. Since both microglia cells and RAW264.7 cells are capable of expressing major
histocompatibility complex (MHC) antigens, as well as T and B cell markers and share other
phenotypic traits and innate immunological functions with other mononuclear phagocytes,
we also demonstrated that Lut7 can reduce TNF-α after 3 h, and increase IL-10 after 24 h.
In the past two decades, neuroinflammation has been considered an important component
of the NDs’ pathogenesis. It is well established that the CNS is composed of distinct kinds
of cells that perform specific roles in brain homeostasis and therefore, may contribute
differently to the worsening of symptoms or progression of ND.

A previous study reported that pretreatment with Lut7 suppressed the induction
of nitrite, ROS, PGE2, and TNF-α in a dose-dependent manner in IL-1β-stimulated rat
primary chondrocytes [76], suggesting that Lut7 has a potent anti-inflammatory effect.
Additionally, Lut7 inhibited the IL-1β-induced nuclear accumulation of NF-κB subunit
p65 by suppressing phosphorylation and degradation of IκB-α and significantly inhibited
the IL-1β-induced phosphorylation of ERK, JNK, and p38 MAPK in a dose-dependent
manner [76].

Despite the promising potential of Lut7, there are some limitations in our study that
should be addressed in future research. The primary focus of our study was to evaluate
the neuroprotective, antioxidant and anti-inflammatory effect of Lut7 in in vitro models
of neurodegenerative diseases, yet, further studies are necessary to attest the results here
described. Therefore, evaluation of inflammatory mediators such as iNOS and COX-2,
as well as the expression of transcription factors (e.g., Nrf2, AP1, NF-KB), antioxidant
enzymes (e.g., SOD, GSH-Px), and other apoptosis-related proteins (e.g., Caspase-9 and
-8, Bax, cytochrome C, JNK, p38) would be of extreme value to fully elucidate the anti-
inflammatory, anti-apoptotic and antioxidant mechanisms of Lut7, especially based on
co-culturing systems (e.g., neuron and microglia-derived cells co-culture, 3D) or more
complex models (e.g., in vivo models) of neurodegenerative diseases.

5. Conclusions

In summary, our results suggested that Lut7 protected SH-SY5Y cell line against 6-
OHDA-induced damage and protected differentiated SH-SY5Y cells against neurotoxicity
induced by 6-OHDA over 48 h. Although we did not observe a reduction of ROS production,
Lut7 protected SH-SY5Y cells against 6-OHDA-induced mitochondrial and nuclear damage
and reduced Caspase-3 and AChE activity. In RAW264.7 cell line, Lut7 was able to decrease
TNF-α and to increase IL-10 levels (Figure 6).

Several questions remain unanswered but we believe this is an interesting topic for
future work and may be a good starting point for further investigation in in vivo models of
neurodegenerative diseases to validate Lut7 pharmacological potential.
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Figure 6. Proposed mechanism of action of Luteolin-7-O-glucoside (Lut7). Regarding the mito-
chondria, Lut7 prevented membrane depolarization induced by 6-OHDA and indirectly reduced
mitochondrial dysfunction and oxidative stress. Lut7 also decreased Caspase-3 activity protecting
cells against 6-OHDA-induced apoptosis. Additionally, at low concentrations, Lut7 was able to
inhibit AChE activity, which may contribute to alleviating AD symptoms. In RAW264.7 cells, Lut7
was able to reduce TNF-α production (after 3 h), and induce IL-10 release (after 24 h), which may
contribute to modulate the neuroinflammation.
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Abstract: Chicoric acid (CA), a polyphenolic acid compound extracted from chicory and echinacea,
possesses antiviral, antioxidative and anti-inflammatory activities. Growing evidence supports the
pivotal roles of brain–spleen and brain–gut axes in neurodegenerative diseases, including Parkinson’s
disease (PD), and the immune response of the spleen and colon is always the active participant in
the pathogenesis and development of PD. In this study, we observe that CA prevented dopamin-
ergic neuronal lesions, motor deficits and glial activation in PD mice, along with the increment in
striatal brain-derived neurotrophic factor (BDNF), dopamine (DA) and 5-hydroxyindoleacetic acid
(5-HT). Furthermore, CA reversed the level of interleukin-17(IL-17), interferon-gamma (IFN-γ) and
transforming growth factor-beta (TGF-β) of PD mice, implicating its regulatory effect on the immuno-
logical response of spleen and colon. Transcriptome analysis revealed that 22 genes in the spleen
(21 upregulated and 1 downregulated) and 306 genes (190 upregulated and 116 downregulated)
in the colon were significantly differentially expressed in CA-pretreated mice. These genes were
functionally annotated with GSEA, GO and KEGG pathway enrichment, providing the potential
target genes and molecular biological mechanisms for the modulation of CA on the spleen and gut in
PD. Remarkably, CA restored some gene expressions to normal level. Our results highlighted that
the neuroprotection of CA might be associated with the manipulation of CA on brain–spleen and
brain–gut axes in PD.

Keywords: chicoric acid; Parkinson’s disease; neuroinflammation; neurodegeneration; peripheral
immune system; spleen; gut

1. Introduction

Parkinson’s disease (PD) is the most prevalent neurodegenerative movement disorder
caused by the progressive loss of dopaminergic neurons in the substantia nigra pars com-
pacta region of the midbrain [1,2]. Neuroinflammation is well documented as the common
pathological characteristic of PD. Notably, the neuroinflammatory phenotypes of PD can
be modulated by peripheral immunoreactions through the molecular crosstalk between
resident and blood-derived cellular components, suggesting that peripheral immunity
is an active participant in the neuroinflammatory and neurodegenerative progression of
PD [3–5].

The spleen and gut, two of the largest peripheral immunological organs, were pro-
posed as the targets for anti-neurodegeneration owing to their modulatory roles in the
immune system [4,6]. For example, increased splenic macrophages with activated M1
subtype could induce the systemic proinflammatory response, leading to the neurologi-
cal damage and motor disorder in a mouse model of parkinsonism [7]. In addition, the
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1-methyl-4-phenyl-1,2,3,6-tetrathydropyridine (MPTP)-induced mice treated with an im-
mune modulator exhibited increased splenocytes and spleen size, which suppressed the
neuroinflammatory response, motor dysfunctions and dopaminergic neuronal depletion,
implicating a mediating role of the spleen in the immunological communication between
central nervous system (CNS) and peripheral immune system of PD [8–10]. Increasing
evidence has shown that gut microbial dysbiosis might be a major mediator for neuroinflam-
mation in PD via gut microbial metabolites through the microbiota–gut–brain axis [11,12].
Microbial-dysbiosis-driven inflammation in the gut may lead to the hyperpermeability of
the colon responsible for the leaky gut and the release of gut-derived toxins in PD [13].
Moreover, α-synuclein, a neuroinflammatory mediator in PD, might retrograde transport
from the enteric nervous system to the CNS [12,14], suggesting that the gut plays a key role
in maintaining the balance of the gut–brain axis in PD. Taken together, the spleen and gut
are the vital peripheral organs that are essential for systemic immunity, are heavily involved
in the pathomechanism and development of PD, and might be the potential targets aiming
to combat PD neurodegeneration.

Chicoric acid (CA), a polyphenolic acid compound obtained from plants, such as
chicory, purple coneflower, lettuce, dandelion, and other edible plants, exhibits antiviral,
antioxidative and anti-inflammatory activities [15]. Previous studies reported that CA
possessed anti-neuroinflammatory and immunoregulatory properties [16–18]. However,
limited researches focus on the neuroprotective effects of CA on PD, and the evidence
for the influence of CA on peripheral immune organs, such as the spleen and colon, in
MPTP-intoxicated PD mice is lacking.

In this paper, we demonstrate that CA prevents the neurodegenerative progression in
MPTP-induced PD mice. The mechanism exploration indicates the CA-regulated immune
response as well as gene expression of the spleen and colon in PD. Moreover, target genes
and molecular biological mechanisms for the modulation of CA on the spleen and gut
in PD are obtained by transcriptome analysis. Our study provides the evidence that
the neurorescue effects of CA are associated with the peripheral immune system in PD,
especially the spleen and colon, which may present the potential target organs for PD
therapy.

2. Results

2.1. CA Improves Motor Deficits in PD Mice

The pole test and traction test were conducted to assess the effects of CA on motor
disorder caused by MPTP. Mice treated with MPTP displayed motor dysfunction including
longer pole descent time in pole test (Figure 1c) and lower scores in traction test (Figure 1d).
However, CA alleviated motor disorder significantly. Mice pretreated with CA shortened
the time of downward climbing from top to the bottom of the pole in the pole test (Figure 1c)
and exhibited a better performance with a higher score in the measurement of gripping the
rope in the traction test (Figure 1d). The results revealed that CA possessed neuroprotective
effects on the motor function of PD mice.

2.2. CA Promoted Dopaminergic Neuron Survival and Striatal TH Levels in PD Mice

The most prominent pathological feature of PD is the death of nigrostriatal dopamin-
ergic (DA) neurons. Therefore, the survival of DA neurons in the substantia nigra (SN) was
investigated by immunofluorescence (IF) staining, and the expression of striatal tyrosine
hydroxylase (TH) was determined by Western blot. The results displayed that MPTP
induced a decrease of TH-positive DA neurons in SN and CA pretreatment reversed the
MPTP-mediated loss of DA neurons (Figure 2a,b). Western blotting analysis showed a
lower expression of striatal TH in MPTP group, but CA exhibited an enhanced effect on
striatal TH expression (Figure 2c,d). The above results indicated that MPTP destroyed DA
neurons in SN and TH in striatum, while this lesion was attenuated by CA.
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Figure 1. CA improved behavioral deficits in PD mice. (a) Chemical structure of CA. (b) Timeline for
the experimental procedure. (c) Pole test: time to descend the pole. (d) Traction test: score of traction
reflexes. Statistical comparison by one-way ANOVA with Tukey’s post hoc test. Data represent
means ± SEM. ** p < 0.01, *** p < 0.001. n = 10.

2.3. CA Improved the Reduction in Striatal Dopamine and Serotonin of PD Mice

Striatal neurotransmitters, dopamine (DA) and 5-hydroxytryptamine (5-HT), and
their metabolites, including 3,4-dihydroxyphenylacetic (DOPAC), homovanillic acid (HVA)
and 5-hydroxyindoleacetic acid (5-HIAA), were detected by high-performance liquid
chromatography (HPLC) with fluorescence detection. The turnover of DA and 5-HT was
used to evaluate their metabolism in PD represented as the ratio of (DOPAC+HVA)/DA
and 5-HIAA/5-HT, respectively. As shown in Figure 2e–h, MPTP mice displayed a decrease
of DA and 5-HT, as well as an increased ratio of (DOPAC+HVA)/DA and 5-HIAA/5-HT.
CA increased the level of DA and 5-HT of PD mice, likewise the MPTP-mediated increment
in the ratio of (DOPAC+HVA)/DA and 5-HIAA/5-HT were decreased by CA, indicating
that CA alleviated the MPTP-induced reduction in striatal DA and 5-HT, and contributed
to the restoration of their metabolite level.

2.4. CA Suppressed Glial-Mediated Neuroinflammation Accompanied by an Increment in Striatal
Neurotrophic Factors

To investigate whether the neuroinflammation accompanied by glial activation occurs
in PD mice, glial fibrillary acidic protein (GFAP) and ionized calcium binding adaptor
molecule-1 (Iba-1), the markers of astrogliosis and microgliosis, were detected by double IF
staining for TH and GFAP or Iba-1, respectively. Simultaneously, GFAP, Iba-1, cluster of
differentiation molecule 11b (CD11b) (microglia marker) and BDNF in the striatum were
examined by Western blotting to verify the changes in striatal protein and neurotrophics.
The highest level of GFAP and Iba-1 in SN were observed in MPTP group along with the
reduction in TH-positive cells (Figure 3a–d). CA-pretreated mice exhibited an inhibition
of astrocyte and microglial activation shown as a decline in number of positive cells for
GFAP and Iba-1, respectively (Figure 3a–d), as well as a higher level of TH-positive cells.
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Western blotting analysis confirmed the neuroinflammatory response induced by MPTP, as
evidenced by the enhanced expression of striatal GFAP, Iba-1, as well as CD11b, another
microglia-activation marker (Figure 3e,g–i). Of note, these increased proteins were reduced
by CA (Figure 3e,g–i). We further explored the effects of CA on striatal BDNF, an essential
neurotrophic factor for DA neuronal survival. As displayed in Figure 3f,j, a severe depletion
of BDNF appeared in MPTP group; CA partially but significantly restored the BDNF level.

 

Figure 2. CA promoted the dopaminergic neuron survival, TH expression in striatum and the
enhancement in neurotransmitters. (a) Representative IF staining for TH in the right and left SN,
respectively. Scale bar: 100 µm. (b) Quantification for the number of TH-positive cells in left SN.
(c) Representative bands of Western blotting for striatal TH expression. (d) Quantification for striatal
TH expression, band intensity normalized to GAPDH. (e) The level of striatal DA. (f) The level of
5-TH. (g) The turnover rate of striatal DA ([DOPAC+HVA]/DA). (h) The turnover rate of striatal
5-HT (5-HIAA/5-HT). Statistical comparison by one-way ANOVA with Tukey’s post hoc test. Data
represent means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. n = 4 for IF, n = 5 for the measurement of
neurotransmitter and Western blotting.
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Figure 3. CA inhibited MPTP-induced microglial and astrocyte activation in SN and striatum,
respectively, accompanied by the restoration of striatal BDNF. (a) Representative double-IF staining
for TH (green) and GFAP (red) in SN. Scale bars: 100 µm. (b) Representative double-IF staining for TH
(green) and Iba-1 (red) in SN. Scale bars: 100 µm. (c) Quantification for the number of GFAP-positive
cells. (d) Quantification for the number of Iba-1-positive cells. (e,f) Representative bands of Western
blotting for the expression of striatal GFAP, Iba-1, CD11b and BDNF. (g–j) Quantification for protein
expression, band intensity normalized to GAPDH or β-actin. Statistical comparison by one-way
ANOVA with Tukey’s post hoc test. Data represent means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.
n = 4 for IF, n = 5 for Western blotting.

2.5. CA Restored the Protein Levels of IL-17, IFN-γ and TGF-β in the Serum, Striatum, Spleen
and Solon of PD Mice

In order to explore the influence of CA on the peripheral immune system, the protein
expression of T helper 17 (Th17) cell-related cytokine (IL-17), T helper 1 (Th1)-related
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cytokine (IFN-γ) and regulatory T cells (Tregs)-related cytokine (TGF-β) in the serum,
striatum, spleen and colon were determined by ELISA. As shown in Figure 4a–c, mice in
MPTP group exhibited high levels of IL-17 and IFN-γ, and a low level of TGF-β in the
serum, striatum, spleen and colon, respectively. Notably, CA pretreatment reduced the
protein levels of IL-17 and IFN-γ, and increased TGF-β expression in the serum, striatum,
spleen, and colon of PD mice.

β

γ and TGF β in 

γ) and β) in 

γ, and a low level of TGF β in 

γ, and increased TGF β expression in 

γ and TGF β at the protein level and 

γ. ( β. (
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γ, and a decrease β in 
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Figure 4. CA restored MPTP-mediated changes in IL-17, IFN-γ and TGF-β at the protein level
and mRNA level in the serum, striatum, spleen, and colon. (a) The protein level of IL-17. (b) The
protein level of IFN-γ. (c) The protein level of TGF-β. (d) The relative expression of IL-17 mRNA.
(e) The relative expression of IFN-γmRNA. (f) The relative expression of TGF-βmRNA. Statistical
comparison by one-way ANOVA with Tukey’s post hoc test. Data represent means ± SEM. * p< 0.05,
** p< 0.01, *** p < 0.001, vs. Control group; + p < 0.05, ++ p < 0.01, vs. MPTP group. n = 4 for ELISA,
n = 5 for qPCR.

2.6. CA Restored the mRNA Levels of IL-17, IFN-γ and TGF-β in the Striatum, Spleen and Colon
of PD Mice

To further verify the ELISA results, the mRNA expressions of IL-17, IFN-γ and TGF-β
of the striatum, spleen and colon were examined by quantitative PCR (qPCR). The primers
of the cytokines are presented in Table 1. As expected, MPTP mice showed an enhancement
of mRNA expression of IL-17 and IFN-γ, and a decrease in TGF-β in the striatum, spleen
and colon (Figure 4d–e), respectively. These changes in mRNA expression were attenuated
by CA, as a downregulation of IL-17 and IFN-γ mRNA, and an upregulation of TGF-β
mRNA were observed in the striatum, spleen and colon of mice in CA+MPTP group
(Figure 4d–e).

Table 1. Sequences of PCR primers.

Gene Forward Primers Reverse Primers

IL-17 5′-TGGACTCTGAGCCGCAATG-3′ 5′-GGCGGACAATAGAGGAAACG-3′

IFN-γ 5′-CATAGATGTGGAAGAAAAGAG-3′ 5′-AGAGTCTGAGGTAGAAAGAGATA-3′

TGF-β 5′-CGAAGCGGACTACTATGCTA-3′ 5′-GAATGTCTGACGTATTGAAGAA-3′

β-actin 5′-CCTCTATGCCAACACAGT-3′ 5′-AGCCACCAATCCACACAG-3′

84



Int. J. Mol. Sci. 2022, 23, 2031

2.7. CA Modulated the Gene Expression of the Spleen in PD Mice Based on
Transcriptome Analysis

The above results indicate that MPTP caused neuroinflammation and neurodegen-
eration, which was suppressed by CA markedly. In an attempt to explore the molecular
mechanism role of the spleen and colon for the neuroprotection of CA in PD, the transcrip-
tome profile of the spleen and colon was performed.

Differentially expressed genes (DEGs) were identified by the comparison between
CA+MPTP and MPTP groups. The results show that a total of 22 DEGs in the spleen were
expressed, of which 21 were upregulated and 1 was downregulated (Figure 5a). However,
there were no significant differences of splenic gene expression between the CA+MPTP
and control groups at the difference threshold of (|log2 Fold change (FC)|) > 1.2 and
adjusted p-value (padj) < 0.05 (results not shown in figure). These results were also verified
by the cluster analysis of splenic DGEs between the NC, MPTP and CA+MPTP groups
(Figure 5c), as CA restored some splenic genes to normal levels in PD mice, suggesting that
CA could improve neuronal survivals involving its regulation on splenic gene expression
in MPTP mice.

Figure 5. The influence of CA on splenic gene expression in PD mice based on RNA-Seq. (a) Volcano
plot of splenic DEGs between the MPTP and CA+MPTP groups. (b) Volcano plot of colonic DEGs
between the MPTP and CA+MPTP groups. The heatmaps showing the results of cluster analysis
for DGEs between the control, MPTP and CA+MPTP groups in the spleen (c) and colon (d). CA
pretreatment significantly restored the gene expression in the colon and spleen of MPTP mice;
combining with the regulation of CA on IL-17, IFN-γ and TGF-β in PD mice, it was indicated that the
neuroprotective effects of CA were closely related to the modulation of CA on peripheral immune
system. Cut-off value of (|log2FC|) > 1.2 and padj < 0.05, n = 3 per group. S: spleen, C: colon. CAM:
CA+MPTP group, M: MPTP group, NC: control group.
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Next, the functional annotation of splenic DEGs between the CA+MPTP and MPTP
groups was conducted using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment with the significant cut-off value of padj < 0.05. The analysis
of GO functional dissimilarity showed that the DEGs were mainly enriched in the cellular
responses to dexamethasone and insulin stimulus, and the responses to dexamethasone,
ketone, insulin, glucocorticoid and corticosteroid, as well as the immunoglobulin produc-
tion and negative regulation of cytokine biosynthetic process (Table 2). The enrichKEGG
analysis indicated that splenic DEGs were mainly involved in PPAR signaling pathway
(Table 3). Gene Set Enrichment Analysis (GSEA) demonstrated that the expression of
splenic genes induced by CA was positively enriched in epithelial mesenchymal transition,
apoptosis, Kirsten rat sarcoma viral oncogene homolog (KRAS)-signaling, notch signaling,
inflammatory response and TGF-β signaling (Figure 6a). The results reveal the molecular
biological mechanisms for the regulation of CA on the spleen, which might be related to
CA-mediated neuroprotection.

Table 2. List of GO terms enriched with splenic DEGs (padj < 0.05).

Category GO ID Description Gene Name Count Up Down padj

BP GO:0042036 negative regulation of
cytokine biosynthetic process Errfi1↑Muc16↑ 2 2 0 0.037678798

BP GO:0051384 response to glucocorticoid Errfi1↑Dusp1↑Pck1↑ 3 3 0 0.037678798
BP GO:0031960 response to corticosteroid Errfi1↑Dusp1↑Pck1↑ 3 3 0 0.037678798

BP GO:0032869 cellular response to insulin
stimulus Pdk4↑Errfi1↑Pck1↑ 3 3 0 0.037678798

BP GO:1901654 response to ketone Errfi1↑Dusp1↑Pck1↑ 3 3 0 0.037678798

BP GO:0071549 cellular response to
dexamethasone stimulus Errfi1↑Pck1↑ 2 2 0 0.037678798

BP GO:0071548 response to dexamethasone Errfi1↑Pck1↑ 2 2 0 0.046519989

BP GO:0002377 immunoglobulin production Igkv9-124↑Igkv14-
100↑Igkv4-91↑ 3 3 0 0.046927892

BP GO:0032868 response to insulin Pdk4↑Errfi1↑Pck1↑ 3 3 0 0.046927892
↑ upregulation.

Table 3. List of pathway enriched with splenic DEGs (padj < 0.05).

KEGG ID Description Gene Name Count Up Down padj

mmu03320 PPAR signaling
pathway Pck1↑Plin4↑ 2 2 0 0.00949221

↑ upregulation.

2.8. CA Modulated the Gene Expression of the Colon in PD Mice Based on Transcriptome Analysis

Inflammatory processes participate in the initiation and development of PD due
to their effects on the brain–gut axis, including the immune system [19,20]. We further
investigated the influence of CA on the colon in PD at the transcriptome level. As displayed
in Figure 5b, a total of 306 colonic DEGs in PD mice were expressed with CA pretreatment,
of which 190 were upregulated and 116 were downregulated. Notably, compared to the
control group, only one downregulated DEG in the CA+MPTP group was obtained under
the screening threshold of (|log2FC|) > 1.2 and padj < 0.05 (results not shown in the
figures). Moreover, the results of cluster analysis for colonic DGEs between the NC, MPTP
and CA+MPTP groups demonstrated that the MPTP-induced gene expression of the colon
was significantly reversed by CA (Figure 5d). We thus inferred that CA pretreatment
could modulate MPTP-induced gene expression in the colon, which was involved in the
neuroprotection of CA.
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Figure 6. Enrichment plots from the gene set enrichment analysis (GSEA). (A) The significantly
enriched hallmark terms associated with CA-mediated modulation on the spleen in PD mice. (B) The
significantly enriched hallmark terms associated with CA-mediated modulation on the colon in PD
mice. Cut-off value of |Normalized Enrichment Score (NES)| > 1.0 and nominal p-value < 0.05, n = 3
per group. S: spleen, C: colon. CAM: CA+MPTP group, M: MPTP group.

GO enrichment results show that DEGs between MPTP and CA+MPTP mice were
largely involved in the processes of fatty acid metabolism, organic acid biosynthesis, lipid
catabolism and drug catabolism, as well as in the cellular response to xenobiotic stimulus,
and the activity of monooxygenase and oxidoreductase; the rest of the enrichGO terms
are displayed in Table 4. Furthermore, KEGG pathway annotations showed that colonic
DEGs were mainly enriched in retinol metabolism, steroid hormone biosynthesis, chemical
carcinogenesis, bile secretion and serotonergic synapse; the rest of involved pathways are
displayed in Table 5. Additionally, GSEA enrichment plots indicated that the expression
of colonic genes induced by CA were mainly enriched in fatty acid metabolism, IFN-γ
response, oxidative phosphorylation, bile acid metabolism, peroxisome and xenobiotic
metabolism (Figure 6b). These results provided biological molecular mechanisms in the
CA-mediated communication between the brain and gut.
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Table 4. List of GO terms enriched with colonic DEGs (padj < 0.05).

Category GO ID Description Gene Name Count Up Down padj

BP GO:0006805 xenobiotic metabolic process Acaa1b↑Cyp2c66↑Ugt1a1↑Lpo↑Cyp2c65↑Cyp2c55↑Nceh1↑
Ugt1a7c↑Cyp2d12↓Cyp2d9↓Srd5a2↓Cyp2c68↓Cyp2c69↓Cyp2f2↓ 14 8 6 1.06 × 10−8

BP GO:0042737 drug catabolic process
Cyp2c66↑Cyp2c65↑Akr1c18↑Cyp4b1↑Adh5↑Cyp2c55↑Cubn↑
Aldh3b1↑Cyp2d12↓Cyp2d9↓Adh1↓Cyp2c68↓Nt5e↓Cyp2c69↓
Cyp2f2↓

15 8 7 1.79 × 10−7

BP GO:0042738 exogenous drug catabolic process Cyp2c66↑Cyp2c65↑Cyp4b1↑Cyp2c55↑Cyp2d12↓Cyp2d9↓
Cyp2c68↓Cyp2c69↓Cyp2f2↓ 9 4 5 1.79 × 10−7

BP GO:0006690 icosanoid metabolic process Cyp2c66↑Cyp2c65↑Akr1c18↑Cyp2c55↑Tlr2↑Ggt1↑Cyp2d12↓
Cyp2d9↓Pla2g4f↓Cyp2c68↓Pla2g5↓Cyp2c69↓Cyp2f2↓ 13 6 7 1.79 × 10−7

BP GO:0006631 fatty acid metabolic process
Acaa1b↑Ces1f↑Ppara↑Cyp2c66↑Lpin2↑Ces1d↑Pdk4↑Acsf2↑
Cyp2c65↑Akr1c18↑Lpl↑Cyp2c55↑Slc27a4↑Ggt1↑Ehhadh↑Abhd3↑
Adipoq↑Cyp2d12↓Cyp2d9↓Pla2g4f↓Cyp2c68↓Cyp2c69↓Cyp2f2↓

23 17 6 3.37 × 10−7

BP GO:0016042 lipid catabolic process
Acaa1b↑Ces1f↑Lpin2↑Ces1d↑Akr1c18↑Lpl↑Ces1g↑Aspg↑Nceh1↑
Slc27a4↑Ugt1a7c↑Ehhadh↑Abhd3↑Adipoq↑Pla2g4f↓Srd5a2↓
Pla2g2a↓Pla2g5↓Ces3a↓Hexb↓

20 14 6 7.85 × 10−7

BP GO:1901568 fatty acid derivative
metabolic process

Cyp2c66↑Cyp2c65↑Akr1c18↑Cyp2c55↑Tlr2↑Ggt1↑Cyp2d12↓
Cyp2d9↓Pla2g4f↓Cyp2c68↓Pla2g5↓Cyp2c69↓Cyp2f2↓ 13 6 7 2.80 × 10−6

BP GO:0046394 carboxylic acid
biosynthetic process

Gapdh↑Hkdc1↑Ppara↑Pdk4↑Akr1c18↑Nags↑Lpl↑Malrd1↑
Aldh1a1↑Ggt1↑Abhd3↑Ugdh↑Tkfc↑Gpd1↑Rdh16↓Eno3↓Pla2g4f↓
Hif1a↓Hk2↓Rdh9↓Pla2g5↓

21 14 7 2.80 × 10−6

BP GO:0016053 organic acid biosynthetic process
Gapdh↑Hkdc1↑Ppara↑Pdk4↑Akr1c18↑Nags↑Lpl↑Malrd1↑
Aldh1a1↑Ggt1↑Abhd3↑Ugdh↑Tkfc↑Gpd1↑Rdh16↓Eno3↓Pla2g4f↓
Hif1a↓Hk2↓Rdh9↓Pla2g5↓

21 14 7 2.80 × 10−6

BP GO:0071466 cellular response to
xenobiotic stimulus

Acaa1b↑Cyp2c66↑Ugt1a1↑Lpo↑Cyp2c65↑Cyp2c55↑Nceh1↑
Ugt1a7c↑Cyp2d12↓Cyp2d9↓Srd5a2↓Cyp2c68↓Cyp2c69↓Cyp2f2↓ 14 8 6 2.80 × 10−6

MF GO:0016712

oxidoreductase activity, acting on
paired donors, with incorporation
or reduction of molecular oxygen,
reduced flavin or flavoprotein as
one donor, and incorporation of

one atom of oxygen

Cyp2c66↑Cyp2c65↑Cyp2d26↑Cyp4b1↑Cyp3a44↑Cyp2c55↑
Cyp2d12↓Cyp2d9↓Cyp2c68↓Cyp2c69↓Cyp2f2↓ 11 6 5 2.77 × 10−9

MF GO:0004497 monooxygenase activity
Tph1↑Fmo5↑Cyp2c66↑Cyp2c65↑Cyp2d26↑Akr1c18↑Cyp4b1↑
Cyp3a44↑Cyp2c55↑Akr1c19↑Cyp2d12↓Cyp2d9↓Cyp2c68↓
Cyp2c69↓Cyp2f2↓

15 10 5 2.02 × 10−8

88



Int. J. Mol. Sci. 2022, 23, 2031

Table 4. Cont.

Category GO ID Description Gene Name Count Up Down padj

MF GO:0008395 steroid hydroxylase activity Cyp2c66↑Cyp2c65↑Cyp3a44↑Cyp2c55↑Cyp2d12↓Cyp2d9↓
Cyp2c68↓Cyp2c69↓Cyp2f2↓ 9 4 5 8.37 × 10−7

MF GO:0052689 carboxylic ester hydrolase activity Ces1f↑Ces1d↑Ces2b↑Car1↑Lpl↑Ces1g↑Aspg↑Nceh1↑Abhd3↑
Bche↑Pla2g4f↓Pla2g2a↓Pla2g5↓Ces3a↓ 14 10 4 8.37 × 10−7

MF GO:0016705
oxidoreductase activity, acting on
paired donors, with incorporation
or reduction of molecular oxygen

Tph1↑Fmo5↑Cyp2c66↑Cyp2c65↑Cyp2d26↑Akr1c18↑Cyp4b1↑
Cyp3a44↑Cyp2c55↑Akr1c19↑Cyp2d12↓Cyp2d9↓Cyp2c68↓
Cyp2c69↓Cyp2f2↓

15 10 5 2.51 × 10−6

MF GO:0008392 arachidonic acid
epoxygenase activity Cyp2c66↑Cyp2c65↑Cyp2c55↑Cyp2c68↓Cyp2c69↓Cyp2f2↓ 6 3 3 5.79 × 10−6

MF GO:0008391 arachidonic acid
monooxygenase activity Cyp2c66↑Cyp2c65↑Cyp2c55↑Cyp2c68↓Cyp2c69↓Cyp2f2↓ 6 3 3 1.12 × 10−5

MF GO:0046906 tetrapyrrole binding Cyp2c66↑Lpo↑Cyp2c65↑Cyp2d26↑Cyp4b1↑Cyp3a44↑Cyp2c55↑
Cubn↑Cyp2d12↓Cyp2d9↓Cyp2c68↓Cyp2c69↓Cyp2f2↓ 13 8 5 1.56 × 10−5

MF GO:0005506 iron ion binding Tph1↑Cyp2c66↑Cyp2c65↑Cyp2d26↑Cyp4b1↑Cyp3a44↑Cyp2c55↑
Cyp2d12↓Cyp2d9↓Cyp2c68↓Nt5e↓Cyp2c69↓Cyp2f2↓ 13 7 6 4.05 × 10−5

MF GO:0020037 heme binding Cyp2c66↑Lpo↑Cyp2c65↑Cyp2d26↑Cyp4b1↑Cyp3a44↑Cyp2c55↑
Cyp2d12↓Cyp2d9↓Cyp2c68↓Cyp2c69↓Cyp2f2↓ 12 7 5 4.27 × 10−5

↑upregulation
↓downregulation
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Table 5. List of pathways enriched with colonic DEGs (padj < 0.05).

KEGG ID Description Gene Name Count Up Down padj

mmu00830 Retinol metabolism Ugt2b5↑Cyp2c66↑Ugt1a1↑Cyp2c65↑Cyp3a44↑Aldh1a1↑Ugt2b36↑
Adh5↑Cyp2c55↑Gm15368↑Ugt1a7c↑Rdh16↓Adh1↓Cyp2c68↓Rdh9↓ 15 11 4 1.76 × 10−10

mmu00140 Steroid hormone biosynthesis
Ugt2b5↑Cyp2c66↑Ugt1a1↑Cyp2c65↑Cyp2d26↑Akr1c18↑Cyp3a44↑
Ugt2b36↑Cyp2c55↑Gm15368↑Ugt1a7c↑Cyp2d12↓Cyp2d9↓Srd5a2↓
Cyp2c68↓

15 11 4 1.99 × 10−10

mmu05204 Chemical carcinogenesis Ugt2b5↑Cyp2c66↑Ugt1a1↑Cyp2c65↑Cyp3a44↑Ugt2b36↑Adh5↑
Cyp2c55↑Gm15368↑Ugt1a7c↑Aldh3b1↑Adh1↓Cyp2c68↓ 13 11 2 4.60 × 10−7

mmu00591 Linoleic acid metabolism Cyp2c66↑Cyp2c65↑Cyp3a44↑Cyp2c55↑Pla2g4f↓Cyp2c68↓Pla2g2a↓
Pla2g5↓ 8 4 4 1.34 × 10−5

mmu04976 Bile secretion Ugt2b5↑Ugt1a1↑Slc51a↑Slc10a2↑Sct↑Ugt2b36↑Gm15368↑Nceh1↑
Ugt1a7c↑Adcy9↑ 10 10 0 0.000109402

mmu00053 Ascorbate and aldarate metabolism Ugt2b5↑Ugt1a1↑Ugt2b36↑Gm15368↑Ugt1a7c↑Ugdh↑ 6 6 0 0.000126403

mmu00982 Drug metabolism - cytochrome P450 Ugt2b5↑Fmo5↑Ugt1a1↑Ugt2b36↑Adh5↑Gm15368↑Ugt1a7c↑
Aldh3b1↑Adh1↓ 9 8 1 0.000135848

mmu00980 Metabolism of xenobiotics by
cytochrome P450

Ugt2b5↑Ugt1a1↑Ugt2b36↑Adh5↑Gm15368↑Ugt1a7c↑Aldh3b1↑
Adh1↓Cyp2f2↓ 9 7 2 0.000182884

mmu04726 Serotonergic synapse Tph1↑Cyp2c66↑Cyp2c65↑Cyp2d26↑Slc18a1↑Cyp2c55↑Cyp2d12↓
Cyp2d9↓Pla2g4f↓Cyp2c68↓Htr4↓ 11 6 5 0.000408708

mmu00590 Arachidonic acid metabolism Cyp2c66↑Cyp2c65↑Cyp2c55↑Ggt1↑Pla2g4f↓Cyp2c68↓Pla2g2a↓Pla2g5↓ 8 4 4 0.001096684

mmu00040 Pentose and glucuronate
interconversions Ugt2b5↑Ugt1a1↑Ugt2b36↑Gm15368↑Ugt1a7c↑Ugdh↑ 6 6 0 0.001096684

mmu00983 Drug metabolism - other enzymes Ces1f↑Ugt2b5↑Ugt1a1↑Ces1d↑Ces2b↑Ugt2b36↑Gm15368↑Ugt1a7c↑
Gm45727↑ 9 9 0 0.0021122

mmu03320 PPAR signaling pathway Acaa1b↑Ppara↑Lpl↑Angptl4↑Hmgcs2↑Slc27a4↑Ehhadh↑Adipoq↑ 8 8 0 0.002234301

mmu00860 Porphyrin and chlorophyll
metabolism Ugt2b5↑Ugt1a1↑Ugt2b36↑Gm15368↑Ugt1a7c↑ 5 5 0 0.008876674

mmu00010 Glycolysis / Gluconeogenesis Hkdc1↑Adh5↑Pgm2↑Aldh3b1↑Eno3↓Adh1↓Hk2↓ 7 4 3 0.008876674
mmu00592 alpha-Linolenic acid metabolism Acaa1b↑Pla2g4f↓Pla2g2a↓Pla2g5↓ 4 1 3 0.01005902
mmu00500 Starch and sucrose metabolism Hkdc1↑Sis↑Pgm2↑Hk2↓ 4 3 1 0.030913453

mmu00520 Amino sugar and nucleotide sugar
metabolism Hkdc1↑Pgm2↑Ugdh↑Hk2↓Hexb↓ 5 3 2 0.036511025

mmu00052 Galactose metabolism Hkdc1↑Sis↑Pgm2↑Hk2↓ 4 3 1 0.041823524

↑upregulation
↓downregulation
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3. Discussion

Previous studies reported that the CNS inflammation could be regulated by systemic
immunity targeting the spleen and gut, implicating the immunological communication
between the brain and periphery [5,6]. In the current study, a neuroinflammatory response
was observed in PD mice, as the glia population increased after being MPTP challenged,
which was characterized by higher levels of CD11b, Iba-1 and GFAP, the hallmarks of
activated microglia and astrocytes. In addition, MPTP induced an increment in IL-17 and
IFN-γ, and decrease in the TGF-β of PD mice. Since IL-17, IFN-γ and TGF-β are well
known as the markers of Th17, Th1 and Treg [21], respectively, it was suggested that the
immunoreactions of peripheral organs participated in the neuroinflammatory and neu-
rodegenerative progress of PD. Of note, Th1 and Th17, the CD4 effector T cells, have been
considered as the potential contributors to neuroinflammation in PD [10], and microglio-
sis can exacerbate the deterioration of DA neuron via a proinflammatory mediator, such
as IFN-γ released from Th1 [22]. Consistent with this, our data reveal gliosis-mediated
neuroinflammation and enhancement in IL-17 and IFN-γ, whereas CA reduced their pro-
duction, and prevented MPTP-mediated microgliosis as well as astrogliosis along with
increased BDNF, the improvement in DA neuronal survival and motor function, suggest-
ing that CA acted as an immunological mediator of the peripheral immune system and
inhibited neuroinflammation in PD. Compelling evidence showed that the immunologic
modulation of Tregs had an inhibitory effect on neuroinflammation leading to the reduc-
tion in the motor disorder of PD [22], and TGF-β released from Tregs acted against the
MPP+-induced DA neuronal death via TβR-I on microglia [23–25], which also supported
our results that CA upregulated TGF-β expression accompanied by the decrease in gliosis.
Furthermore, a previous demonstration that CA could promote neuronal survivals and
prevent LPS-induced neuroinflammation in vitro and vivo [16] is also consistent with our
results. Accordingly, it is reasonable to infer that the neuroprotection of CA might be
associated with the immunological modulation of CA on the peripheral immune system by
targeting the spleen and colon.

CA is a diester of caffeic acid with L-tartaric acid (2,3-dicaffeoyl-L-tartaric acid), and a
previous study has reported an inhibitory activity of caffeic acid against intestinal inflam-
mation [26]. Additionally, gut inflammation may initiate and aggravate neuroinflammatory
reaction in PD [20]. Our results demonstrated CA significantly alleviated gut inflammation
and neuroinflammation in PD mice. Thus, targeting gut inflammation might be a promising
therapy to inhibit neuroinflammation in PD and phenolic acid compounds with the basic
structure of caffeic acid could be the potential candidates.

To further explore the prominent role of the spleen and gut in PD, and the regulatory
effects of CA on them, we investigated transcriptome-level changes in the spleen and colon
between the MPTP and CA+MPTP groups to provide a holistic view of genetic networks
and demonstrate the molecular mechanism of the spleen and gut for the neuroprotection
of CA on PD.

The heatmaps showed a remarkable gene expression change in the spleen and colon
of PD mice, but CA pretreatment blocked these changes and restored some gene expression
to normal levels, suggesting a favorable modulation of CA on the spleen and colon in
PD. Notably, these genes might have a direct correlation with the self-function and self-
homeostasis of organs and might be the potential targets for the regulation of CA on the
spleen and colon in PD.

GO terms enriched with splenic and colonic DEGs were mainly involved in biological
processes and cellular components, such as cellular responses to dexamethasone and in-
sulin stimulus, and the responses to dexamethasone, ketone, insulin, glucocorticoid and
corticosteroid, and the immunoglobulin production and negative regulation of cytokine
biosynthetic process for the spleen, as well as the processes of fatty acid metabolism, organic
acid biosynthesis, lipid catabolism and drug catabolism, cellular response to xenobiotic
stimulus, and the activity of monooxygenase and oxidoreductase for colon. The KEGG
analysis indicated peroxisome proliferator-activated receptors (PPAR) signal pathway for
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the spleen, and retinol metabolism, steroid hormone biosynthesis, chemical carcinogenesis,
bile secretion and serotonergic synapse pathway for the colon. Moreover, GSEA identi-
fied some biological functions, including epithelial mesenchymal transition, apoptosis,
KRAS-signaling, notch signaling, inflammatory response and TGF-β signaling, for the
spleen, and fatty acid metabolism, IFN-γ response, oxidative phosphorylation, bile acid
metabolism, peroxisome and xenobiotic metabolism for the colon. Thus, it is suggested
that CA might influence the self-function and self-homeostasis of the spleen and colon
to impact the neurological function in PD via these molecular biological processes and
signaling pathways.

In this work, we observed that ERBB receptor feedback inhibitor 1 (ERRfi1), dual
specificity phosphatase 1(Dusp1) and Phosphoenolpyruvate Carboxykinase (Pck1) were
up regulated in the spleen. ERRfi1, also known as MIG-6 and RALT, is an indirect regu-
lator for immunoreactions, which could drive epidermal growth factor receptors (EGFR)
internalized and degraded due to its selective inhibition on EGFR [27,28], and multiple
immune-related signal pathways can be activated by EGFR, including PI3K/AKT, STAT-
1/STAT-3 and Raf/Ras/MEK/ERK [29]. Moreover, Dusp1 is described as an element of
innate immunity to suppress the MAPK/ERK signals, which is essential for restraining the
activation of JNK and p38 pathways to trigger anti-inflammatory responses [30,31]. Consis-
tently, the results in this study showed that CA inhibited the IFN-γ-mediated inflammation
in the spleen possibly via the related immunological pathways by upregulating ERRfi1 and
Dusp1. In addition, PCK1 is a metabolic enzyme that is indispensable for gluconeogen-
esis [32,33], which is consistent with our results that the splenic PCK1 was upregulated
and gluconeogenesis-related pathways, including PPAR signaling, are activated by CA. We
inferred that CA exerted a neuroprotective effect on PD involving the brain–spleen axis by
regulating these genes.

In PD, the imbalance of the microbiome–gut–brain axis plays a pivotal role [11], and
gut microbial dysbiosis could conduce to the changes of metabolites, such as SCFAs, which
might be one of the major mediators of neuroinflammation and gut inflammation [12,20].
In our previous work, we observed that CA showed a modulatory effect on gut microbiota
and reduced gut inflammation [34], indicating that the gut is a crucial participant in PD.
In the current study, transcriptome analysis was performed to examine the impact of
CA on the gut in PD mice. PI3k serves as a pivotal part of the central pathway bearing
cell proliferation, metabolism and cell survival, whose results alternate in the autophagy
disruption in neurodegenerative diseases, including Alzheimer’s disease and PD [35].
In our study, gene PI3k of the colon was reversed to nearly to the normal level by CA,
indicating that the regulation of CA on gene PI3k plays a key role in the gut function in
PD. Furthermore, we found that the colonic dominant DEGs induced by CA in PD mice
were mainly from cytochrome P450 (CYP) enzymes, and the inhibition and induction of
CYP450 are the central mechanisms for pharmacokinetic interactions [36]. CYP450 pathway
in vascular diseases provided anti-inflammatory oxylipins to prevent the inflammatory
process [37]. We thus inferred that the anti-neuroinflammation of CA might be heavily
involved in the inhibition of CA on gut inflammation via the regulation of CA on colonic
CYPs. Notably, multiple pathways were activated by CA in the colon of PD mice, suggesting
a modulatory role of CA on the gut–brain axis. For instance, retinol deficiency may lead
to gut microbiota disorder that is proposed as a mediator of PD [38], and CA activated
this pathway in PD via the regulation of related genes. In addition, steroid hormone is
the initiator and maintainer for sexual differentiation and reproduction responsible for
water and salt balance, metabolism and stress response [39]; in the current study, CA
retained steroid hormone biosynthesis in the colon by regulating some gene expressions,
including certain CYPs, which are the functional enzymes for biosynthesis of all steroid
hormones. Moreover, the PPAR pathway, ligand-activated transcription factors, is capable
of controlling energy homeostasis, its activation can boost fatty acid metabolism and
enhance the glucose metabolism resulting from insulin sensitization [37,40]. Intriguingly, it
was observed that the PPAR pathway was activated in both the spleen and colon in PD
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mice, suggesting that the CA-mediated PPAR pathway in the spleen and colon may play a
key role in preventing the neurotoxicity of PD.

4. Materials and Methods

4.1. Materials

CA (≥98%) was purchased from Yiyan Bio-technology (Shanghai, China); its chemical
structure is shown in Figure 1a. MPTP (M0896) was purchased from Sigma (Missouri, MO,
USA). The primary antibodies used were mouse anti-TH (MAB318, Millipore, Burlington,
MA, USA), rabbit anti- BDNF (ab108319, Abcam, UK), rabbit anti-GFAP (#80788, Cell
Signaling, Beverly, MA, USA), rabbit anti-Iba-1 (#17198, Cell Signaling, Beverly, MA, USA),
rabbit anti-CD11b (#17800, Cell Signaling, Beverly, MA, USA), mouse anti-β-actin (66009-
1-Ig, Proteintech, Chicago, IL, USA) and rabbit anti-GAPDH (10494-1-AP, Proteintech,
Chicago, IL, USA). The secondary antibodies used were FITC-conjugated goat anti-mouse
IgG (A0568, Beyotime, Shanghai, China) and CY3-conjugated goat anti-rabbit IgG (A0516,
Beyotime, Shanghai, China); goat anti-rabbit IgG (15015, Proteintech, Chicago, IL, USA)
and goat anti-mouse IgG (15014, Proteintech, Chicago, IL, USA) conjugated to horseradish
peroxidase (HRP). The materials for RNA-sequence are indicated in methods below.

4.2. Animals and Treatment

The male C57BL/6 mice used in this study were obtained from Beijing Weitonglihua
Laboratory Animal Technology Institute (Shanghai, China). After acclimation under stan-
dard conditions at 20–22 ◦C on a 12–12 h light/dark cycle with food and water provided ad
libitum, the mice (6–8 weeks old, 18 g ± 2 g) were randomly assigned to the control group,
MPTP group and CA+MPTP group (n = 10 per group). For the CA treatment, mice were
pretreated with CA (40 mg/kg) intragastrically daily for 12 days. For the MPTP injection,
2 h after CA administration, the mice received daily MPTP (30 mg/kg) injections intraperi-
toneally on the 8th day for 5 days. The mice in the control group were given the same
volume of normal saline. After the last injection of MPTP, no further treatments were given
to the animals for 7 days. The behavioral test was performed after 7 treatment-free days.
Subsequently, the mice were sacrificed after being anesthetized with isoflurane (Yuyan,
Shanghai, China); the serum, striatum, spleen and colon were harvested immediately,
and the whole brain was obtained from the mice perfused transcardially with 0.01 M of
phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). This experimen-
tal timeline is illustrated in Figure 1b. All experimental procedures were approved by the
Animal Ethics Committee of Jiangnan University (Wuxi, China).

4.3. Behavioral Tests

On the 5th day of the 7-day treatment-free period, the mice underwent behavioral
training once per day for 3 days, and the formal behavioral experiments were conducted
the next day. The behavioral test was carried out as previously described [41,42].

Pole test: a straight wooden pole with a diameter of 1 cm, a height of 50 and a spherical
protuberance (diameter 2 cm) on the top was entangled with non-adhesive gauze. The
mice were placed head-down on the top of the pole fixed in the home cage vertically, the
total time of downward climbing from the top to the bottom of the pole was recorded for
each animal. The test for each mouse was conducted three times at 10 min intervals, and
the average time was obtained for the subsequent statistical analysis.

Traction test: the mice were placed on a straight and horizontal rope (diameter 5 mm)
with the fore limbs gripping the rope; the placement of limbs was observed for 10 s and
scored from 1 to 4. The scores were evaluated as: 1 for the mice gripping the rope with one
front paw, 2 for the mice gripping the rope with both front paws, 3 for the mice gripping
the rope with both front paws and 1 hind paw, and 4 for the mice gripping the rope with
both front paws and both hind paws. The test for each mouse was repeated three times
and the average score was obtained for statistical analyses.

93



Int. J. Mol. Sci. 2022, 23, 2031

4.4. Measurement of Neurotransmitters

Striatal neurotransmitters DA and 5-HT, and their metabolites including DOPAC,
HVA and 5-HIAA were measured by HPLC (Waters 2475, Milford, MA, USA) as described
previously (Ahmed et al., 2014; Rangasamy et al., 2019). The HPLC was equipped with
a fluorescence detector and an Atlantis T3 column (150 mm × 4.6 mm, 5 µm, Waters);
gradient elution was performed with the mobile phases composed of water, acetonitrile
and 0.01 M PBS (pH 4.0). Striatum from half of the brain was homogenized in 0.1 M
perchloric acid, and the resulting homogenates were centrifuged at 13,000× g, 4 ◦C for
15 min to collect the supernatant. A total of 25 µL supernatant of each sample were injected
into the column. The standard solution was freshly prepared with DA, 5-HT and their
metabolites DOPAC, HVA, 5-HIAA. Then, standard peaks were generated to calculate the
concentrations of each neurotransmitter in each sample. Data were presented in ng/mL.

4.5. Immunofluorescence

The whole brain for frozen sectioning was post-fixed in 4% PFA at 4 ◦C for 24 h, then
dehydrated in 20% and 30% sucrose successively at 4 ◦C based on the subsidence of the
brain in the solution. Next, the dehydrated brain was embedded in an optimal cutting
temperature compound (SAKURA, Torrance, CA, USA) for frozen sectioning. Each mouse
brain was cryosectioned at 10µm by cryostat microtome (Leica CM1950, Wetzlar Germany)
and the sections containing major part of substantia nigra pars compacta from bregma
−2.92 mm to −3.52 mm were used for immunofluorescent staining.

Brain slices were subjected to antigen retrieval by being immersed in 0.01 M sodium
citrate buffer (pH 6.0) (Solarbio, Beijing, China), and blocked with 5% goat serum (v/v)
(Beyotime, Shanghai, China) diluted with PBS containing 0.2% Triton X-100 (v/v) (Beyotime,
Shanghai, China) for 1 h at 37 ◦C. The slices were then incubated overnight at 4 ◦C with
the primary antibodies against TH (1:1000), GFAP (1:2000) or Iba-1 (1:1000), and then
incubated with the secondary antibodies conjugated to the FITC or Cy3 (1:1000) in the dark
for 1 h at 37 ◦C. Finally, the brain slices were mounted with a mounting medium containing
4′,6-diamidino-2-phenylindole (DAPI) and imaged with a fluorescence microscope (ZEISS
AXIO IMAGER, Oberkochen, Germany). The positive cells for TH, GFAP and Iba-1 were
counted by a blind experimenter using Image J software (National Institutes of Health,
Bethesda, MA, USA). A total of 6 brain sections containing major part of SN were quantified
for each animal, and 5 animals in each group.

4.6. Western Blot Analysis

Striatum tissues were homogenized in ice-cold RIPA buffer (Beyotime, China) with an
addition of a protease and phosphatase inhibitor cocktail (Solarbio, China), then centrifuged
at 13,000 rpm, 4 ◦C for 10 min to collect supernatant. The concentration of proteins was
determined using a BCA kit (BioSharp, Shanghai, China) following the manufacturer’s
instructions. The supernatant samples were boiled at 95 ◦C for 10 min with loading buffer.
A total of 30µg of total proteins from each sample were separated by electrophoresis in 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore, Burlington, MA, USA). After
being blocked in 5% BSA at room temperature for 2 h, the membranes were probed
overnight at 4 ◦C with primary antibodies against TH (1:1000), BDNF (1:1000), CD11b
(1:1000), GFAP (1:1000), Iba-1 (1:500), GAPDH (1:4000) and β-actin (1:2000), then incubated
at room temperature for 2 h with HRP-conjugated secondary antibodies: goat anti-rabbit
IgG (1:8000) and goat anti-mouse IgG (1:4000). Finally, the protein bands were exposed
to be visualized using the super enhanced chemiluminescent (ECL; Millipore, Burlington,
MA, USA) and imaged by a Gel Image System (Bio-Rad, Hercules, CA, USA). The protein
content was normalized to GAPDH or β-Actin, and the grey value was analyzed by Image
J software.
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4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

The content of IL-17, IFN-γ and TGF-β in the serum, striatum, spleen and colon
was detected by a commercial ELISA kit (Mouse IL-17 Kit, Mouse IFN-γ Kit and TGF-β)
(Nanjing Senbeijia Bioengineering Institute, China). All experimental procedures were
conducted according to the manufacturers’ protocol. IL-17, IFN-γ and TGF-β concentration
were expressed in ng/L protein.

4.8. qPCR for Cytokines IL-17, IFN-γ and TGF-β

Total RNA was extracted from the striatum, spleen and colon using the Trizol reagent
(Invitrogen, Waltham, MA, USA) following the manufacturer’s protocol. Then, RNA
samples were reverse transcribed into complementary DNA (cDNA) using the PrimeScript
RT Master Mix reverse transcription kit (TaKaRa, Shiga, Japan). The mRNA expression
was quantified by qPCR with SYBR Green Master Mix (Roche, Mannheim, Germany) and
CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA). Relative gene expression was
calculated by the ∆∆Ct method, and Ct value was normalized to β-actin.

4.9. The Isolation of Total RNA

RNAs samples were isolated from the spleen and colon tissue using TRIzol Reagent
(Invitrogen, Waltham, MA, USA) following the manufacturer’s protocol and treated with
DNase using TURBO DNA-free kit (AM1907, Thermo Fisher Scientific (Waltham, MA,
USA)). The quality and quantity of total RNAs were determined by the Agilent 2100 Bioan-
alyzer system. RNA samples whose RNA integrity numbers were greater than 8.0 were
submitted to the following library preparation.

4.10. cDNA Library Construction and Sequencing

The transcriptome library was constructed using NEBNext® UltraTM RNA Library
Prep Kit (NEB, Ipswich, MA, USA) according to the manufacturer’s recommendations.
The oligo(dT)-enriched mRNA was fragmented, and the interrupted RNA fragments
were converted into the first cDNA strand using random hexamer primers and reverse
transcriptase, followed by the synthesis of the second cDNA strand using DNA Poly-
merase I and RNase H. Subsequently, the double-stranded cDNAs were end-repaired
and ligated to adaptors. Next, the size-selected cDNA was enriched by polymerase
chain reaction (PCR), and the PCR products were purified by AMPure XP system to
establish the final transcriptome library. After being assessed for quality by the Agilent
Bioanalyzer 2100 system, the library was sequenced on an Illumina Novaseq platform
(Illumina, San Diego, CA, USA). Each group consists of three biological replicates each
with three technical replicates. The gene expression data were submitted to the National
Center of Biotechnology Information (NCBI) Sequence Read Archive (SRA) repository
(https://submit.ncbi.nlm.nih.gov/about/sra/, accessed on 20 October 2021) under ac-
cession numbers SRX12648145, SRX12648146, SRX12648147, SRX12639649, SRX12639650,
SRX12639651, SRX12648142, SRX12648143, SRX12648144, SRX12639641, SRX12639642,
SRX12639645.

4.11. Sequencing Data Analysis

DEGs were measured by the DESeq2 R package (1.16.1) with |log2FoldChange|
(|log2FC|) > 1.2 and adjusted p-value (padj) < 0.05. The functional annotation of DEGs
was performed with GO and pathway enrichment assessment; the functions enrichGO
and enrichKEGG were analyzed using clusterProfiler package R under the R programing
environment. GSEA was performed using the TCGA dataset with |NES| > 1.0 and nominal
p-value < 0.05.

4.12. Statistical Analysis

Data are expressed as the mean ± SEM. Statistical analyses were conducted using
GraphPad Prism Software 8.2.1. Differences were analyzed by one-way analysis of variance
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(ANOVA) with Tukey’s post hoc test for multiple groups comparisons. A p-value of <0.05
was set as the threshold for significance.

5. Conclusions

The present findings demonstrated that CA could prevent neuroinflammation and
neurodegeneration via motor deficits, DA neuronal survivals in SN and glial reactions,
along with the increased BDNF, DA and 5-HT of PD mice. The underlying mechanism
might be associated with the modulatory role of CA on the immunological response and
gene expression of the spleen and colon. This study provides the supportive evidence that
the effects of CA on the spleen and colon may play a neuroprotective role in PD. However,
further studies are needed to elucidate how a dysfunctional spleen and colon affect the
brain–spleen and brain–gut axes in the pathology and development of PD.
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Abstract: A pharmacological and genetic blockade of the dopamine D3 receptor (D3R) has shown
to be neuroprotective in models of Parkinson’s disease (PD). The anxiolytic drug buspirone, a sero-
tonin receptor 1A agonist, also functions as a potent D3R antagonist. To test if buspirone elicited
neuroprotective activities, C57BL/6 mice were subjected to rotenone treatment (10mg/kg i.p for
21 days) to induce PD-like pathology and were co-treated with increasing dosages of buspirone
(1, 3, or 10 mg/kg i.p.) to determine if the drug could prevent rotenone-induced damage to the
central nervous system (CNS). We found that high dosages of buspirone prevented the behavioural
deficits caused by rotenone in the open field test. Molecular and histological analyses confirmed that
10 mg/kg of buspirone prevented the degeneration of TH-positive neurons. Buspirone attenuated
the induction of interleukin-1β and interleukin-6 expression by rotenone, and this was paralleled by
the upregulation of arginase-1, brain-derived neurotrophic factor (BDNF), and activity-dependent
neuroprotective protein (ADNP) in the midbrain, striatum, prefrontal cortex, amygdala, and hip-
pocampus. Buspirone treatment also improved mitochondrial function and antioxidant activities. Lastly,
the drug prevented the disruptions in the expression of two neuroprotective peptides, pituitary adenylate
cyclase-activating polypeptide (PACAP) and vasoactive intestinal peptide (VIP). These results pinpoint
the neuroprotective efficacy of buspirone against rotenone toxicity, suggesting its potential use as a
therapeutic agent in neurodegenerative and neuroinflammatory diseases, such as PD.

Keywords: Parkinson’s disease; neurodegeneration; rotenone; neuroinflammation; dopamine; dopamine-
D3-receptor; buspirone

1. Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder,
characterised by the progressive loss of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) and resulting in a deficit of dopamine (DA) in the striatum [1]. PD is a
multi-factorial disease that arises from a complex interplay between several environmental
factors, a genetic predisposition, and defective cellular processes [2,3]. Many attempts were
made in rodents to reproduce some of the pathological domains of PD. For example, the
environmental toxin, rotenone, is a popular PD-mimetic due to its ability to reproduce
the major clinical and behavioural features of PD in rodents, including motor deficits,
dopaminergic degeneration, mitochondrial impairment, and neuroinflammation [4,5].

Neuroinflammation describes the local immune response within the central nervous
system (CNS), and is predominantly driven by resident microglia [6,7]. It is a major
contributor to PD pathology and is consistently linked to disease progression and clinical
severity [8]. Furthermore, it was shown that neuroinflammation alone is sufficient to
promote the death of dopaminergic neurons, as shown in a study involving an injection of
the inflammatory mimetic, LPS, into the rodent brain, which resulted in increased levels of
inflammatory mediators prior to the loss of dopaminergic neurons [8]. Adding complexity
to PD pathogenesis is the discovery that DA itself can control inflammation [9].
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The discovery of functional dopamine receptors expressed on the surface of multiple
immune cell subtypes, including microglia [10], suggests that DA itself can modulate at
least certain immune responses [9]. This is clearly seen in the ability of the dopamine
D3 receptor (D3R) to promote inflammation. It was shown that D3R-signalling pro-
motes disease progression by favouring neuroinflammation and promoting the pathogenic
CD4+ T cell response associated with PD [11,12]. Additionally, microglial activation is
repressed in D3R-deficient mice [11]. Most importantly, compounds able to block D3R
reduced CNS inflammation and, consequently, slowed the progression of PD [11,13].

Computational and neuroimaging studies have revealed that the anxiolytic drug
buspirone, a partial 5-hydroxytryptamine receptor (5-HT1Ar) agonist, has a strong “off-
target” function as a D3R antagonist [14–16]. In recent work, we demonstrated that either
the genetic deletion of D3R or buspirone treatment reliably attenuated LPS-triggered
inflammation in BV2 microglia [17]. It is well accepted that blocking microglial-induced
inflammation reduces neurodegeneration and slows disease progression [18,19].

The emerging evidence extending the pharmacological properties of buspirone, to-
gether with the neuroprotective effects seen in response to D3R blockade, prompted us to
investigate if buspirone can protect from dopaminergic degeneration by attenuating neu-
roinflammation in a rotenone mouse model of PD. We focused on the ability of buspirone
to protect against rotenone-induced behavioural deficits, dopaminergic degeneration, mi-
tochondrial dysfunction, and inflammation. To the best of our knowledge, this is the
first study to characterise the neurochemical changes triggered by buspirone as an anti-
inflammatory agent in several CNS structures. Our results indicate that, at high dosages,
buspirone is able to prevent rotenone-induced deficits in locomotor and exploratory be-
haviour, protect dopaminergic neurons from degeneration, and reduce the expression of
inflammatory mediators whilst heightening the expression of neurotrophic factors and
protective neuropeptides in several CNS regions. Collectively, these findings support the idea
that buspirone protects the CNS against rotenone intoxication in a mouse model of PD.

2. Results

2.1. Buspirone Prevents Rotenone-Induced Deficits in Locomotor and Exploratory Behaviour

Buspirone is clinically used as an anxiolytic and has been previously utilised as a positive
control in the assessment of the exploratory behaviour of C57BL/6 mice in the open field
(OF) [20] (Supplementary Figure S1). Rotenone (10 mg/kg) induced significant deficits in the
exploratory behaviour of mice, as determined by a reduction in the number of entries and
the time spent in the centre quadrant of the OF (inner white box on representative heat maps;
Figure 1A). Notably, at day 21 there was a significant reduction in the number of entries in the
centre of the OF (* p < 0.05; Figure 1B), which correlated with a reduction in the time spent in
the centre at both day 14 (* p < 0.05) and day 21 (* p < 0.05) (Figure 1C). As expected, buspirone
was able to prevent rotenone-induced deficits in exploratory behaviour (Figure 1B–C).

Drug-induced effects on locomotor behaviour were also appraised by comparing the
total distance travelled (Figure 1D) and the average speed (Figure 1E). Rotenone significantly
impaired locomotion after only 14 days of treatment. There was a significant reduction
in the total distance travelled at day 14 (* p < 0.05 vs. baseline) and day 21 (* p < 0.05)
(Figure 1D), concurrent with a reduction in the average speed at both day 14 (* p < 0.05) and
21(* p < 0.05) (Figure 1E). In rotenone-treated mice, 1 mg/kg of buspirone was unable to
prevent deficits in locomotor behaviour. In fact, mice still displayed a significant reduction in
the total distance travelled at both day 14 (* p < 0.05 vs. baseline) and day 21 (* p < 0.05 vs.
baseline) (Figure 1D), which correlated with a slower average speed at day 21 (*** p < 0.001 vs.
baseline; Figure 1E), compared to baseline measurements. However, higher concentrations of
buspirone (3 and 10 mg/kg) prevented these locomotor deficits (Figure 1D,E).

100



Int. J. Mol. Sci. 2022, 23, 1845

 

Figure 1. Buspirone prevents rotenone-induced locomotor and exploratory behavioural deficits.
The open field (OF) test was used to assess the locomotor and exploratory behaviours of mice on a
weekly basis for a total of 21 days. Representative heat maps generated from MouBeAt Software
illustrate the locomotor pattern of mice during 5 min spent in the OF (A). Exploratory behaviour
was determined by measuring the number of entries (B) and the total time (C) each mouse spent
in the centre quadrant. Locomotor activity was assessed by comparing the total distance travelled
(D) and average speed (E) of mice. Comparisons were made within the same treatment group com-
pared to baseline measurements. Data shown represents 8–12 mice per group. * p < 0.05, ** p < 0.01, or
*** p < 0.001 as determined by a one-way ANOVA followed by Dunnett’s post-hoc test.

2.2. Buspirone Prevents the Loss of Dopaminergic Neurons in Rotenone-Treated Mice

To assess if buspirone protected dopaminergic neurons from the detrimental effects of
rotenone, we analysed the expression two dopaminergic markers, tyrosine hydroxylase
(TH) and dopamine transporter (DAT), in the midbrain and striatum, respectively (Figure 2).
As expected, rotenone administration resulted in a significant reduction of TH mRNA
(**** p < 0.0001 vs. vehicle; Figure 2A) and protein expression (**** p < 0.0001 vs. ve-
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hicle; Figure 2B,C) in the midbrain. Buspirone treatment upregulated the expression
of TH transcripts in the midbrain, at all dosages, compared with rotenone-treated mice
(**** p < 0.0001; Figure 2A). These results were associated with a dose-dependent increase in
TH expression at the protein level, which was statistically significant at the highest dosage
of buspirone (### p < 0.001 vs. rotenone-treated mice; Figure 2B). Immunohistochemical
data corroborated these findings, as the significant reduction in the number of TH-positive
cells in the SNpc (** p < 0.01 vs. vehicle) was prevented by buspirone in a dose-dependent
manner, although results were significant only at the highest dosage tested (### p < 0.001,
buspirone 10 mg/kg vs. rotenone-treated mice; Figure 2D,E).

ΔΔ

Figure 2. Buspirone at high dosages protects nigro-striatal dopaminergic neurons from degeneration.
TH mRNA (A) and protein expression in the midbrain (B,C). Representative photomicrographs
depicting TH immunoreactivity and semi-quantitative measurement of staining intensity in the SNpc,
scale bar = 150 µM (D,E). Striatal DAT mRNA (F) and protein expression (G,H). Gene expression
was measured by qRT-PCR and quantified using the ∆∆Ct method after normalization to s18 (the
housekeeping gene). qRT-PCR results are reported as mean fold changes with respect to vehicle-
treated control mice. Protein expression was determined by Western blot and normalized to GAPDH
(the loading control). Western blots are cropped and removed lanes depicting drug-treatment controls
are included in Supplementary Figure S1. Densitometry results are presented as means ± S.E.M.
TH-positive cells are reported as the percent of TH-positive cells normalized to the total number
of nuclei ± S.E.M. Data represents 3–4 mice per group. * p < 0.05, *** p < 0.001, or **** p < 0.0001,
## p < 0.01, ### p < 0.001, or #### p < 0.0001, as determined by an ANOVA followed by Dunnett’s
post-hoc test. TH, tyrosine hydroxylase; DAT, dopamine transporter; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; kDa, Kilodalton; s18, ribosomal protein s18 gene.
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2.3. Buspirone Triggers Brain-Region-Specific Changes in the Expression of Glial Activation Markers

To determine if buspirone treatment prevented rotenone-induced activation of astro-
cytes and microglia, we measured the relative mRNA and protein expression of GFAP
(astrocytic activation marker) and CD11b or Iba1 (microglial activation markers) in several
brain regions (i.e., midbrain, striatum, prefrontal cortex, amygdala, and hippocampus). To
our surprise, glial activation followed a region-specific pattern and was more pronounced
in extra-nigral regions (Figure 3).

ΔΔ

β

β

Figure 3. Buspirone triggers region-specific changes in the expression of glial activation markers.
Real-time qPCR analyses of GFAP and CD11b in the midbrain (A,B), striatum (F,G), prefrontal cortex
(K,L), amygdala (P,Q), and hippocampus (U,V) reported as mean fold changes calculated with the
∆∆Ct method after normalization to s18 (the housekeeping gene). Western blot and densitometric
analysis of GFAP and Iba1 in the midbrain (C–E), striatum (H–J), prefrontal cortex (M–O), amygdala
(R–T), and hippocampus (W–Y). Western blots are cropped and removed lanes depicting drug-
treatment controls are included in Supplementary Figure S3. Densitometric results are expressed
as means ± S.E.M. All data represents 4–6 samples per treatment group. * p < 0.05, ** p < 0.01, or
**** p < 0.0001, compared to vehicle-treated controls; or # p < 0.05, ## p < 0.01, ### p < 0.001, or
#### p < 0.0001, compared to rotenone (10 mg/kg)-treated mice, as determined by an ANOVA
followed by Sidak’s post-hoc test. GFAP, Glial Fibrillary Acidic Protein; Iba1, ionized calcium
binding adapter molecule 1; s18, ribosomal protein s18 gene; GAPDH, Glyceraldehyde 3-phosphate
Dehydrogenase; kDa, Kilodalton.
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In the midbrain, GFAP mRNA and protein expression were increased in rotenone-
treated mice (* p < 0.05 vs. vehicle; Figure 3A,C,D); however, co-treatment with buspirone
failed to prevent GFAP gene and protein induction at all the dosages tested
(p > 0.05 vs. rotenone). Striatal GFAP transcripts and proteins were not significantly
affected by rotenone exposure or buspirone co-treatment, although expression levels were
slightly increased when compared with controls (p > 0.05 vs. vehicle; Figure 3F,H,I). In
the prefrontal cortex, GFAP transcripts were significantly downregulated in response
to rotenone administration (** p < 0.01 vs. vehicle; Figure 3K), but not in animals that
were co-treated with buspirone, where levels were comparable to controls (p > 0.05 vs.
vehicle). In contrast, GFAP protein levels were not diminished by rotenone and were signif-
icantly increased in animals that received 10 mg/kg of buspirone (# p < 0.05; Figure 3M,N).
In the amygdala, GFAP mRNA expression was slightly reduced by rotenone exposure
(p > 0.05 vs. vehicle). Surprisingly, buspirone co-treatment caused a strong increase in
GFAP transcripts at all dosages (#### p < 0.0001 vs. rotenone; Figure 3P). Conversely, GFAP
protein expression was remarkably increased in the amygdala or rotenone-intoxicated mice
(**** p < 0.0001 vs. vehicle) and significantly reduced by buspirone co-administration
(#### p < 0.0001 vs. rotenone; Figure 3R,S). Hippocampal GFAP transcripts were not affected
by rotenone (p > 0.05 vs. vehicle); however, mRNA levels were significantly increased when
animals were co-administered with the two highest dosages of buspirone (## p < 0.01 and
### p < 0.0001 vs. rotenone, respectively; Figure 3U). GFAP protein expression in the
hippocampus did not match mRNA data. In fact, GFAP protein levels were significantly
reduced upon rotenone treatment (** p < 0.01 vs. vehicle) and increased in response to the
highest dosage of buspirone (### p < 0.001 vs. rotenone; Figure 3W,X).

Gene expression studies of the microglial marker CD11b across the different brain
regions did not show any major effects of rotenone (p > 0.05 vs. vehicle; Figure 3B,G,L,Q,V),
although some trends towards a reduction were seen in the striatum and prefrontal cortex.
In contrast, buspirone co-treatment induced significant CD11b gene upregulation in the
striatum (#### p < 0.0001 vs. rotenone at 3 and 10 mg/kg; Figure 3G), prefrontal cortex
(#### p < 0.0001 vs. rotenone at 1, 3, and 10 mg/kg: Figure 3L), amygdala (#### p < 0.0001
vs. rotenone at 1, 3, and 10 mg/kg: Figure 3Q), and, to some extent, in the hippocampus,
although not significantly (p > 0.05 vs. rotenone at 1, 3, and 10 mg/kg: Figure 3V).

Protein expression of the microglial marker Iba1 showed a robust induction in the
CNS following rotenone exposure, and levels were in great part prevented upon buspirone
co-administration (Figure 3E,J,O,T,Y). In more detail, rotenone significantly increased Iba1
protein expression in the midbrain (**** p < 0.0001 vs. vehicle; Figure 3C,E), striatum
(**** p < 0.0001 vs. vehicle; Figure 3H,J), prefrontal cortex (**** p < 0.0001 vs. vehicle,
Figure 3M,O), amygdala (** p < 0.01 vs. vehicle; Figure 3R,T), and, to a minor extent, in the
hippocampus, although not significantly (p > 0.05 vs. vehicle; Figure 3W,Y).

In the midbrain, all dosages of buspirone prevented rotenone-induced Iba1 upregula-
tions (#### p < 0.0001 vs. rotenone; Figure 3E). Within the striatum, Iba1 expression was
not affected by either buspirone at 1 mg/kg or at 10 mg/kg; however, it was significantly
increased at 3 mg/kg (# p < 0.05 vs. rotenone; Figure 3H,I). Buspirone also reduced Iba1
expression in the amygdala (# p < 0.05 at 1 and 3 mg/kg and #### p < 0.0001 at 10 mg/kg
buspirone vs. rotenone; Figure 3R,T) and in the hippocampus, but only at the dosage of
10 mg/kg of buspirone (# p < 0.05 vs. rotenone; Figure 3Y).

2.4. Buspirone Reduces Neuroinflammation and Promotes the Expression of Neurotrophic Factors

In view of the effects of buspirone in the glial compartment, we sought to interrogate
the mRNA expression of several pro-inflammatory cytokines (IL-1β and IL-6) and the
anti-inflammatory marker (Arg1), as well as that of two neurotrophic factors (BDNF and
ADNP) after 21-days of systemic rotenone administration with or without buspirone
co-administration by qRT-PCR (Figure 4). The systemic administration of rotenone (10
mg/kg) significantly induced the expression of IL-1β in the midbrain (**** p < 0.0001;
Figure 4A) and hippocampus (**** p < 0.0001; Figure 4E), but not in the striatum, prefrontal
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cortex, or amygdala (p > 0.05 vs. vehicle; Figure 4B–D). Similarly, the expression of IL-
6 was significantly upregulated in the midbrain (**** p < 0.0001; Figure 4F), striatum
(**** p < 0.0001; Figure 4G), amygdala (**** p < 0.0001; Figure 4I), and hippocampus
(**** p < 0.0001; Figure 4J), but not in the prefrontal cortex (p > 0.05; Figure 4C).

β

ΔΔ

β

Figure 4. Buspirone reduces the expression of inflammatory cytokines and upregulates the expression
of neurotrophic factors. Real-time qPCR analyses of the pro-inflammatory cytokines IL-1β (A–E) and
IL-6 (F–J), the anti-inflammatory cytokine Arg1 (K–O), and the neurotrophic factors BDNF (P–T) and
ADNP (U–Y) in the midbrain (box 1), striatum (box 2), prefrontal cortex (box 3), amygdala (box 4),
and hippocampus (box 5) were reported as mean fold changes calculated with the ∆∆Ct method
after normalization to s18 (the housekeeping gene). All data represents 5–8 samples per treatment
group. * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001, compared to vehicle-treated controls;
or # p < 0.05, ## p < 0.01, ### p < 0.001, or ####p < 0.0001, compared to rotenone (10 mg/kg)-treated
mice, as determined by an ANOVA followed by Sidak’s post-hoc test. IL-1β, interleukin-1beta; IL-6,
interleukin-6; Arg1, arginase 1; BDNF, brain-derived neurotrophic factor; ADNP, activity-dependent
neuroprotective protein; s18, ribosomal protein s18 gene; GAPDH, Glyceraldehyde 3-phosphate
Dehydrogenase; kDa, Kilodalton.

Gene expression of the pro-inflammatory cytokines IL-1β and IL-6 were globally down-
regulated in response to buspirone co-treatment (Figure 4A–J). Both IL-1β
(#### p < 0.0001; Figure 4A) and IL-6 (#### p < 0.0001; Figure 4F) were robustly downregu-
lated in the midbrain compared with rotenone-treated mice. In the striatum, all buspirone
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dosages were able to reduce IL-6 expression (#### p < 0.0001; Figure 4G), but only the
10 mg/kg buspirone does was able to reduce IL-1β mRNA expression in the striatum
(## p < 0.01 vs. rotenone-treated mice; Figure 4B). Similarly, in the hippocampus, 10 mg/kg
of buspirone was required to fully prevent rotenone-driven upregulation of IL-6 expression
(#### p < 0.0001; Figure 4J), whilst all buspirone dosages reliably attenuated IL-1β levels
within the same brain region (#### p < 0.0001; Figure 4E). Both 3 and 10 mg/kg of buspirone
significantly downregulated IL-6 expression in the amygdala (## p < 0.01 and #### p < 0.0001,
respectively; Figure 4I). Buspirone treatment had no effects on IL-1β in the amygdala or on
either pro-inflammatory cytokines in the prefrontal cortex (p > 0.05; Figure 4C,D,H).

Real-time qPCR analyses revealed that rotenone administration did not alter the
expression of the anti-inflammatory marker Arg1 in the brain (Figure 4K–O). Conversely,
both 3 and 10 mg/kg of buspirone significantly increased Arg1 mRNA in the midbrain
(#### p < 0.0001 and ## p < 0.01 vs. rotenone, respectively; Figure 4K) and hippocampus
(## p < 0.01 and # p < 0.05, respectively; Figure 4O). In the amygdala, all buspirone
treatment groups demonstrated an increase in Arg1 mRNA expression in response to drug
co-treatment (### p < 0.001, ## p < 0.01 and # p < 0.05 at 1, 3, and 10 mg/kg, respectively;
Figure 4N), whereas it had no ameliorative effects in the striatum and prefrontal cortex
(p > 0.05 vs. rotenone; Figure 4L,M).

The mRNA expression of the neurotrophic factors BDNF and ADNP was assessed
in the CNS of mice exposed to rotenone and/or co-treated with buspirone. As shown,
rotenone significantly increased BDNF transcripts in the midbrain and prefrontal cortex
(*** p < 0.001 and ** p < 0.01 vs. vehicle, respectively; Figure 4P,R), but not in the striatum,
amygdala, and hippocampus, where transcripts were marginally decreased (p > 0.05 vs.
vehicle; Figure 4Q,S,T). The co-administration of buspirone to rotenone-treated mice partly
reversed the effects of the toxicant on gene expression. In the midbrain, it significantly
reversed BDNF gene induction at all the dosages tested (## p < 0.01 at 1 and 3 mg/kg and
# p < 0.05 at 10 mg/kg; Figure 4P). Striatal BDNF mRNA were significantly increased when
buspirone was used at 3 and 10 mg/kg (### p < 0.001 and #### p < 0.0001 vs. rotenone;
Figure 4Q), an effect that was seen at all dosages in the hippocampus (## p < 0.01 at 1 mg/kg
and #### p < 0.0001 vs. rotenone at 3 and 10 mg/kg; Figure 4T). In the prefrontal cortex,
drug co-treatment reliably reduced BDNF gene expression (### p < 0.001 at 1 mg/kg and
# p < 0.05 at 10 mg/kg, respectively; Figure 4R). In the amygdala, BDNF gene expression
was not affected by rotenone or buspirone co-administration (p > 0.05; Figure 4S).

A global trend towards a reduction of ADNP transcripts was observed in the CNS of
animals treated with rotenone, although this was significant only in the striatum (* p < 0.05
vs. vehicle; Figure 4U–Y). In contrast, buspirone robustly increased ADNP mRNA in the
CNS regions tested. In the midbrain, buspirone increased ADNP (### p < 0.001, ## p < 0.01
and #### p < 0.0001 vs. rotenone at 1, 3 and 10 mg/kg; Figure 4U). Similarly, in the striatum,
both 1, 3, and 10 mg/kg of buspirone significantly increased the expression of ADNP
(# p < 0.05, ## p < 0.01, and #### p < 0.0001, respectively; Figure 4V). Additionally,
all buspirone treatments promoted the upregulation of ADNP in the prefrontal cortex
(#### p < 0.0001, #### p < 0.0001, and ### p < 0.001 at 1, 3, and 10 mg/kg buspirone,
respectively; Figure 4W) and hippocampus (#### p < 0.0001; 1, 3, and 10 mg/kg buspirone,
respectively; Figure 4Y), whereas only a trend was seen in the amygdala (p > 0.05 vs.
rotenone; Figure 4X).

2.5. Buspirone Dampens Rotenone-Induced Oxidative Stress in Distinct Brain Regions

Rotenone is a known mitochondrial complex I inhibitor that is able to increase the
levels of reactive oxygen species, promoting oxidative stress and mitochondrial damage. To
determine if buspirone could prevent mitochondrial damage, we assessed mitochondrial
function by analyzing OPA1 mRNA expression and the expression of the antioxidant
enzyme SOD1, as an indirect measure of oxidative stress, throughout the brain (Figure 5).
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Figure 5. Buspirone dampens rotenone-induced oxidative stress in the brain. The mitochondrial
marker, OPA1, was analysed to determine rotenone-induced mitochondrial damage and the antiox-
idant enzyme SOD1 was investigated as an indirect measure of oxidative stress. Real-time qPCR
analyses of OPA1 and SOD1 mRNA expression in the midbrain (A,B), striatum (E,F), prefrontal cortex
(I,J), amygdala (M,N), and hippocampus (Q,R) following the administration of rotenone (10 mg/kg)
and/or buspirone (1, 3, or 10 mg) daily for 21 days. Fold-changes were calculated using the ∆∆Ct
method after normalization to s18 (ribosomal protein s18 gene), the housekeeping gene. Each data
point represents the mean value from n = 5–8 mice per each group. Representative Western blots and
densitometry of SOD1 protein expression in the midbrain (C,D), striatum (G,H), prefrontal cortex
(K,L), amygdala (O,P), and hippocampus (S,T). Protein expression was normalized to GAPDH, the
loading control. Western blots are cropped and removed lanes depicting drug-treatment controls are
included in Supplementary Figure S5. Densitometric results are expressed as means ± S.E.M from
n = 5–8 mice per each group. * p < 0.05, ** p < 0.01 or **** p < 0.0001, compared to vehicle-treated
controls; or # p < 0.05, ## p < 0.01 or ####p < 0.0001, compared to rotenone (10 mg/kg)-treated mice,
as determined by an ANOVA followed by Sidak’s post-hoc test. OPA1, Mitochondrial dynamin like
GTPase; SOD1, superoxide dismutase 1; s18, ribosomal protein s18 gene; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; kDa, Kilodalton.
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Analyses of OPA1 transcripts revealed that rotenone attenuated gene expression
throughout the CNS, but not significantly (p > 0.05; Figure 5A,E,I,M,Q). Buspirone treat-
ments promoted the expression of OPA1 mRNA, specifically in the midbrain (# p < 0.05 vs.
rotenone at 1 and 10 mg/kg, Figure 5A), striatum (#### p < 0.0001; Figure 5E), prefrontal
cortex (#### p < 0.0001; Figure 5I), amygdala (#### p < 0.0001; Figure 5M), and hippocampus
(# p < 0.05 and ## p < 0.01 at 3 and 10 mg/kg; Figure 5Q).

Real-time qPCR analysis of SOD1 mRNA levels did not show any changes in the
midbrain and striatum after treatment with rotenone and/or co-treatment with buspirone
(Figure 5B,F). However, Western blots to measure SOD1 protein levels in these same
brain regions showed significant increases following rotenone exposure (** p < 0.01 and
* p < 0.05 vs. vehicle, respectively), which were prevented using buspirone (midbrain:
## p < 0.01 and #### p < 0.0001 vs. rotenone at 3 and 10 mg/kg; striatum: # p < 0.05
vs. rotenone; Figure 5C,D,G,H). In the prefrontal cortex, SOD1 mRNA expression was
significantly reduced by rotenone (** p < 0.01 vs. vehicle) and rescued by 3 and 10 mg/kg
buspirone (# p < 0.05 for both; Figure 5J). However, results in this brain region were not
corroborated by protein expression analyses. Prefrontal SOD1 protein expression was
slightly increased by rotenone (p > 0.05) and diminished following buspirone treatment
(## p < 0.01 at both 1 and 10 mg/kg; Figure 5K,L). Similar to the midbrain and striatum,
SOD1 mRNA were not affected by rotenone and/or buspirone treatments in the amygdala
(Figure 5N). However, at the protein level, we observed a significant increase of SOD1
expression after rotenone exposure (**** p < 0.0001 vs. vehicle), which was prevented
by co-treatment with the highest dosage of buspirone (#### p < 0.0001 vs. rotenone; Fig-
ure 5O,P). Lastly, hippocampal SOD1 mRNA levels were significantly increased by rotenone
(**** p < 0.0001 vs. vehicle) and fully prevented by co-administration with buspirone at
all dosages (#### p < 0.0001 vs. rotenone; Figure 5R). Transcript results were corroborated
by protein findings, as SOD1 protein expression was induced by rotenone (* p < 0.05 vs.
vehicle) and mitigated by buspirone (# p < 0.05 vs. rotenone at 1 and 3 mg/kg, ## p < 0.01
vs. rotenone at 10 mg/kg; Figure 5S,T).

2.6. Buspirone Prevents Dysregulations of the PACAP and VIP Neuropeptides in the Brains of
Rotenone-Treated Mice

The neuropeptides PACAP and VIP are involved in a range of neuroprotective and
immune modulatory functions in the CNS [21]. We have previously shown that the genetic
blockade of the D3R promotes the expression of PACAP [22]. To determine if buspirone, a
D3R antagonist, altered the expression of these peptides during rotenone intoxication, we
analysed their gene and protein expression throughout the brain (Figure 6).

In the midbrain, rotenone exposure alone had no effects on PACAP mRNA (p > 0.05 vs.
vehicle); however, the highest dosage of buspirone reduced gene expression (# p < 0.05 vs.
rotenone; Figure 6A). Protein analyses did not show significant changes in PACAP protein
expression in response to rotenone and/or buspirone co-treatment (p > 0.05; Figure 6C,D).
In the striatum, PACAP mRNA were slightly reduced, and co-treatment with buspirone
prevented these effects, although not significantly (p > 0.05 vs. rotenone; Figure 6F). In
contrast, PACAP protein expression was robustly increased by rotenone in the striatum
(**** p < 0.0001 vs. vehicle) and buspirone reduced the expression at 3 and 10 mg/kg
(# p < 0.05 and #### p < 0.0001 vs. rotenone; Figure 6H,I). In the prefrontal cortex,
PACAP transcripts were downregulated in response to rotenone (* p < 0.05 vs. vehi-
cle). Co-treatment with buspirone significantly increased gene expression (# p < 0.05 vs.
rotenone; Figure 6K). At the protein level, PACAP showed no changes after rotenone expo-
sure; however, buspirone co-treatment significantly reduced PACAP protein expression
(#### p < 0.0001 vs. rotenone; Figure 6M,N). In the amygdala, rotenone did not modify
the mRNA expression of PACAP (p > 0.05 vs. vehicle); however, a significant induction
was seen after 1 mg/kg buspirone co-administration (## p < 0.01 vs. rotenone; Figure 6P).
In contrast, PACAP protein analyses showed that rotenone strongly increased protein
expression (**** p < 0.0001 vs. vehicle) and levels were remarkably diminished in the
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amygdala of mice co-treated with both rotenone and buspirone (# p < 0.05 at 1 mg/kg and
#### p < 0.0001 vs. rotenone at 3 and 10 mg/kg, respectively; Figure 6R,S). Hippocam-
pal PACAP transcripts were only modestly reduced by rotenone (p > 0.05 vs. vehi-
cle) and significantly increased in response to 3 mg/kg of buspirone (## p < 0.01 vs.
rotenone; Figure 6U). At the protein level, PACAP was significantly reduced by rotenone
(* p < 0.05 vs. vehicle) and reliably increased by buspirone (#### p < 0.0001 at 1 and 3 mg/kg,
## p < 0.01 vs. rotenone at 10 mg/kg; Figure 6W,X).

ΔΔ

Figure 6. Buspirone prevents PACAP and VIP neuropeptide dysregulations in the brain of rotenone-
treated mice. Real-time qPCR analyses of PACAP and VIP mRNA expression in the midbrain
(A,B), striatum (F,G), prefrontal cortex (K,L), amygdala (P,Q), and hippocampus (U,V) following
the administration of rotenone (10 mg/kg) and/or buspirone (1, 3, or 10 mg) daily for 21 days.
Fold-changes were calculated using the ∆∆Ct method after normalization to s18 (ribosomal protein
s18 gene), the housekeeping gene. Each data point represents the mean value from n = 5–8 mice per
each group. Representative Western blots and densitometry of PACAP and VIP protein expression
in the midbrain (C–E), striatum (H–J), prefrontal cortex (M–O), amygdala (R–T), and hippocampus
(W–Y). Protein expression was normalized to GAPDH, the loading control. Western blots are cropped
and removed lanes depicting drug-treatment controls are included in Supplementary Figure S6.
Densitometric results are expressed as means ± S.E.M from n = 5–8 mice per each group. * p < 0.05,
** p < 0.01, *** p < 0.001, or **** p < 0.0001, compared to vehicle-treated controls; or # p < 0.05,
## p < 0.01, ### p < 0.001, or #### p < 0.0001, compared to rotenone (10 mg/kg)-treated mice, as
determined by an ANOVA followed by Sidak’s post-hoc test. PACAP, pituitary adenylate cyclase-
activating peptide; VIP, vasoactive intestinal peptide; s18, ribosomal protein s18 gene; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; kDa, Kilodalton.
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Analyses of VIP transcripts in the midbrain revealed a significant reduction in gene
expression after rotenone exposure (** p < 0.01 vs. vehicle), which was not ameliorated
by buspirone co-treatment (p > 0.05 vs. rotenone; Figure 6B). However, Western blots did
not support these results, as VIP expression was upregulated by rotenone (* p < 0.05 vs.
vehicle) and not further affected by buspirone (p > 0.05 vs. rotenone; Figure 6C,E). We
did not observe any significant transcript changes in the striatum (p > 0.05; Figure 6G),
whereas protein results showed that buspirone significantly reduced VIP expression
(### p < 0.001 at 1 mg/kg, #### p < 0.0001 vs. rotenone at 3 and 10 mg/kg; Figure 6H,J).
In the prefrontal cortex, VIP mRNA was reduced by rotenone (** p < 0.01 vs. vehicle)
and returned to control levels upon buspirone co-treatment (## p < 0.01 and ### p < 0.001
at 3 and 10 mg/kg, respectively; Figure 6L). However, these results were not confirmed
by Western blots, as VIP expression was unchanged in response to treatments (p > 0.05;
Figure 6M,O). In the amygdala, VIP mRNA expression was not affected by rotenone
treatment (p > 0.05 vs. vehicle); however, transcripts were upregulated by buspirone
(### p < 0.001 vs. rotenone; Figure 6Q). Instead, VIP protein expression was upregulated by
rotenone (*** p < 0.001 vs. vehicle) and robustly reduced upon buspirone co-administration
(#### p < 0.0001 vs. rotenone at all dosages; Figure 6R,T). Finally, hippocampal VIP mRNA
levels were unchanged after rotenone and/or buspirone co-treatment (p > 0.05; Figure 6V).
However, VIP protein expression was reduced in the hippocampus of mice co-treated
with rotenone and buspirone (### p < 0.001 at 1 mg/kg, ## p < 0.01 at 3 mg/kg and
#### p < 0.0001 vs. rotenone at 10 mg/kg; Figure 6W,Y).

3. Discussion

Pharmacological blockade of the D3R has previously been shown to reduce inflamma-
tion and, consequently, slow disease progression in animal models of PD [11]. Interestingly,
computational analyses have identified buspirone as a drug endowed with strong off-target
function as D3R antagonist [16]. In addition, we previously demonstrated that buspirone
treatment reliably attenuated LPS-triggered microglial polarization in BV2 cells, an effect
that was not seen in D3R knockout (D3R−/−) microglia [17]. This led us to test the efficacy
of buspirone to reduce inflammation and promote neuroprotection in a rotenone mouse
model of PD.

To our knowledge, this is the first study to investigate the ability of buspirone to pre-
vent inflammation and promote neuroprotection in a model of PD. We report that bus-
pirone prevented rotenone-induced deficits in locomotor and exploratory behaviour, and
dose-dependently rescued dopaminergic degeneration in the substantia nigra pars compacta,
midbrain, and striatum. Interestingly, buspirone also prevented glial activation in a brain-
region-specific pattern. Concurrently, the drug robustly prevented the induction of pro-
inflammatory cytokines by rotenone and increased the expression of neurotrophic and
anti-inflammatory factors, suggesting that buspirone is able to afford some of its beneficial
effects by modulating the immune response and by promoting the release of protective fac-
tors. Additionally, buspirone restored the levels of the mitochondrial marker OPA1 and the
antioxidant enzyme SOD1, as well as prevented the disruptions to the two neuroprotective
and immune modulatory peptides PACAP and VIP throughout the brain.

Several studies have described behavioural deficits in mice after systemic administra-
tion or rotenone [23–26]. These studies, consistent with current findings using 10 mg/kg
of rotenone, indicate that a three-week induction regime using this dosage of pesticide is
sufficient to attain locomotor impairments consistent with PD-like pathology. Previous
studies on D3R−/− mice revealed that this dopamine receptor subtype mediates inhibitory
effects on aversive learning [27] and both spontaneous and forced ethanol consumption
in mice [16]. In this study, we did not observe any specific changes in general locomotor
and exploratory behavior, nor in the expression of dopaminergic markers in mice treated
with buspirone alone (Supplementary Figures S1 and S2), in contrast to previous reports
from other laboratories using rats [28]. However, when the drug was co-administered
with rotenone at the highest dosages (3 and 10 mg/kg), it successfully prevented the
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behavioural impairments caused by the insecticide. As such, it is conceivable that any
preventative effect of buspirone on rotenone-induced behavioural impairments was likely
to be attributed to its widespread restorative capacity in the CNS. Interestingly, similar anx-
iolytic and motor effects have been previously reported in mice treated with minocycline, a
tetracycline antibiotic endowed with anti-inflammatory functions, further suggesting that
agents able to attenuate inflammation may also be effective in preventing any associated
behavioural deficits [20]. These effects are likely to be attributed to buspirone-mediated
D3R antagonistic activity, as our results corroborate prior evidence of reduced anxiety-
like behaviour in D3R−/− mice [29]. Unfortunately, buspirone’s ameliorative effects on
locomotor activity in rodents haven’t been successfully translated into a clinical setting, as
PD patients subjected to a buspirone drug treatment protocol showed poor outcomes in
terms of anxiolytic response [30]. This species-specific diversity in drug response could
be due to the different D3R vs. D2R distribution in the CNS between mice and humans.
Additionally, given that buspirone also binds to D2R (with much lower affinity than D3R)
to antagonize receptor activation [30], it is also possible that a drug-induced D2R blockade
in humans (but not in rodents) may elicit some anti-psychotic effects that, however, are
not accompanied by improvements on motor function, as shown in other studies [31]. It is
the high homology between D2R and D3R that renders the development of specific D3R
antagonists challenging and often results in mixed effects. Further refinement of the drug
to enhance receptor selectivity may be a viable strategy to overcome this unwanted effect.
However, it should be noted that the lack of motor improvements in PD patients is not
necessarily paralleled by the lack of other critical disease-modifying effects of the drug,
such as the reduced neuroinflammation and increased trophic support reported in this
study. In addition, we cannot exclude that some of buspirone’s inherent activities may also
promote some degree of glial activation and stimulate the expression of trophic factors in
certain CNS regions (Supplementary Figures S3–S6), whose significance warrants addi-
tional investigations. Furthermore, the neuroprotective effects can also be partly attributed
to its canonical 5HT1a agonist activity, which may act synergistically to the D3R to improve
the neurochemical disbalances seen in PD.

The landmark study by Elgueta and colleagues [11] demonstrated that pharmacologi-
cal antagonism of D3R reduced the extent of dopaminergic degeneration in an MPTP model
of PD [11]. Here, we report a similar dose-dependent protection of dopaminergic neurons
in response to 10 mg/kg of buspirone. This finding corroborates the hypothesis that high
dosages of buspirone are required to achieve enough D3R occupancy [32]. The protection
of dopaminergic neurons is suggested to be secondary to buspirone’s ability to reduce
neuroinflammation. Accordingly, we analysed the expression of glial activation markers,
inflammatory cytokines, and neurotrophic factors in distinct brain regions to determine
how buspirone modulated the immune response in the brain.

Gao and colleagues [18] revealed that the presence of microglia greatly enhanced
the neurodegenerative and neurotoxic effects of rotenone by increasing the susceptibility
of neuron-enriched cultures to the toxin. In line with this study, we show that rotenone
treatment induced the upregulation of microglial activation markers and pro-inflammatory
cytokines. Previously, our laboratory has shown that D3R gene deletion and/or buspirone
treatment prevented LPS-triggered microglial activation [17]. Here, we sought to determine
if buspirone could exert similar effects in vivo. Therefore, we interrogated the expression
of glial activation markers along with that of pro-inflammatory cytokines and neurotrophic
factors. In contrast to our in vitro study, in vivo we observed a drug-induced reduction of
Iba1 expression in the midbrain and amygdala, and an increase in the prefrontal cortex
compared with mice receiving rotenone alone. Unexpectedly, these results were accompa-
nied by a global increase in CD11b transcripts, which contrasts with the Iba1 response to
the anxiolytic drug. These differences in the expression of glial activation markers could
be due to the acquisition of differing microglial phenotypes during the course of PD. It
is known that activated microglia exist in two main phenotypes, M1, considered to be
pro-inflammatory, and M2, considered to be anti-inflammatory [33]. Depending on disease
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severity and the local CNS inflammatory state, microglia may present as heterogeneous
subpopulations that may or may not benefit from the anti-inflammatory effects of the
drug, although this remains to be ascertained. This theory would explain why we saw a
region-specific variability in the expression of glial activation markers.

Buspirone also produced a robust downregulation of the pro-inflammatory cytokines
IL-1β and IL-6. This was accompanied by a global upregulation of the anti-inflammatory
marker Arg1, as well as a remarkable increase in the expression of neuroprotective and
neurotrophic/growth factors, all known to exert a range of protective effects in the CNS [34].
Rotenone is known to reduce the expression of BDNF in vulnerable CNS regions [35]. This
was partly seen in the hippocampus and amygdala, whereas levels were increased in the
midbrain and prefrontal cortex. Irrespective of how BDNF transcripts were regulated by
rotenone in the different CNS sites, buspirone prevented these changes. These results
suggest that the drug is able to promote neuroplasticity, cell survival, and perhaps axonal
growth during rotenone toxicity [36]. This is corroborated by the significant and robust
induction of ADNP in all the brain regions we studied. ADNP is also essential in neuronal
survival and brain formation, and is dysregulated in neurodegenerative and neuroinflam-
matory diseases [37]. The combined cytokine and neurotrophic profiles reported in this
study indicate that buspirone favours the adoption of the M2 phenotype that promotes
the dampening of neuroinflammation, CNS repair, and neuroprotection [38]. This is in
agreement with our in vitro study that showed that D3R−/− and/or buspirone treatment
inhibited M1 markers, including NO, NOS2, IL-1β, and TNF-α [17]. However, microglia
are not the only glial cell type mediating the immune response. They work closely with as-
trocytes; however, more studies are needed to elucidate the role of buspirone on astrocytes.
We report minimal changes in the expression of the astrocytic marker, GFAP. This correlates
with analysis of GFAP-positive cells and morphology in D3R−/− mice that did not differ to
wild-type animals [39], suggesting that the anti-inflammatory effect observed is primarily
the result of buspirone’s activity on microglia and, perhaps, on other immune cells. However,
it was shown that the neuroprotective effects of 5HT1a agonism are mediated by astrocytes,
which prevent the dopaminergic degeneration in parkinsonian mice [40]. This suggests that
the 5HT1a agonist activity of buspirone may also contribute to the neuroprotective effects
reported in this study. 5HT1a agonists, including buspirone, have been reported as effective
neuroprotective agents in traumatic brain injury [41]. The role of the serotonin system in PD
is being revealed, with some studies suggesting the 5HT1a receptor could be a target alone for
improving both motor function [42] and microglial responses [43].

Rotenone toxicity is mediated by its inhibitory action on mitochondria, which ulti-
mately results in oxidative stress [44]. To determine if the effects of buspirone were due
to rotenone intoxication, we analysed the expression of OPA1, a mitochondrial marker,
and SOD1, an antioxidant enzyme, as indirect evidence of oxidative stress. As expected,
rotenone significantly reduced the expression of OPA1, indicating mitochondrial dysfunc-
tion. This was also verified by the upregulation of SOD1 throughout the various CNS
regions. The widespread distribution of rotenone intoxication suggests this model may
be capturing additional prodromal dysfunctions of the disease, as changes in extra-nigral
regions correlated with changes in CNS regions that are associated with some of the
non-motor symptoms that usually remain silent or do not clinically manifest until motor
symptoms appear [45–47]. This could also explain the lack of glial activation, which is
commonly observed in the late stages of the disease due to chronic neuroinflammation.

PACAP and VIP have both been shown to promote neuroprotection and reduce
inflammation in several models of PD [48]. Notably, in primary rat mesencephalic neuron-
glia cultures, PACAP prevented microglial polarization and protected against LPS-induced
DAergic neurotoxicity [49]. This aligns with our recent study demonstrating the ability
of these peptides to reduce LPS-induced inflammation and promote unique microglial
phenotypes in vitro [50]. We have previously shown that D3R deletion enhances the
expression of theses peptides [22]. The upregulation of neuroprotective growth factors
and peptides by buspirone provides additional evidence of its neuroprotective activity and
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therapeutic potential in neurodegenerative diseases; however, further investigations on
the exact role exerted by these protective agents with respect to the specific brain regions
remains a topic of further investigation.

4. Materials and Methods

4.1. Animal Experiments

Seventy-two 7-week-old C57BL/6 male mice were purchased from ARC (Perth,
WA, Australia) (Table 1). Mice were housed in individually ventilated cages (4 mice
per cage), under normal 12:12 h light/dark cycle, with access to food and water ad libitum.
All experiments were conducted in line with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes. All animal experiments were approved by
the University of Technology Sydney Animal Care and Ethics Committee (ETH19-3322,
approved on the 10 May 2019).

Table 1. Summary of treatment groups included in this study.

Group Parkinson’s Disease Buspirone

1 Saline (vehicle) Saline (vehicle)
2 Rotenone 10 mg/kg Saline (vehicle)

3 1 Saline (vehicle) Buspirone 1 mg/kg
41 Saline (vehicle) Buspirone 3 mg/kg
5 1 Saline (vehicle) Buspirone 10 mg/kg
6 Rotenone 10 mg/kg Buspirone 1 mg/kg
7 Rotenone 10 mg/kg Buspirone 3 mg/kg
8 Rotenone 10 mg/kg Buspirone 10 mg/kg

1 Buspirone control groups (groups 3–5) are included as Supplementary Figures S1–S6.

4.2. Experimental Protocol

Rotenone was prepared as a stock solution in 0.1% DMSO diluted in 0.1% saline. The
0.1% DMSO was added to Parkinson’s disease saline treatment groups (Groups 1, 3–5) as
a control. Buspirone was prepared as a stock solution in 0.1% saline. The experimental
regime (Figure 7) lasted for 21 days, and involved daily intraperitoneal injections (i.p)
of rotenone or saline, followed 2 h later by buspirone or saline, also administered by
intraperitoneal injection. Mice were weighed daily and were subjected to the open field test
every 7 days to assess locomotor and exploratory behavior. On day 22, mice were sacrificed
and brains were collected. Brains were either snap frozen for molecular analysis or fixed in
4% paraformaldehyde for immunohistochemical analysis. Brains for molecular analysis
were micro dissected into the following regions: prefrontal cortex, striatum, amygdala,
hippocampus, and midbrain.

4.3. Open Field

The open field (OF) test was performed every 7 days. Baseline measurements were
performed prior to any intervention. Animals were acclimated in the testing room for
30 min for habituation. The OF test was conducted in the dark using a square box made
of grey Plexiglass plastic (30 × 30 × 30 cm). Individually, mice were placed in the centre
of the OF and allowed to freely explore for 5 min while being recorded. The OF was
cleaned thoroughly between each mouse to eliminate excretions and any odour cues using
70% ethanol and allowed to air dry. The FIJI/ImageJ Plugin Mouse Behavioural Analysis
Toolbox (MouBeAT) software ver. 1.00 [51] was used to analyse videos. Locomotor activity
was determined by the total distance travelled and average speed of the mice, as calculated
by MouBeAt. Exploratory behavior was defined as the number of times a mouse entered
the centre of the OF and the time spent in the centre.
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Figure 7. Experimental timeline. (A) Schematic of experimental timeline of injection regimen. Seven-
week-old C57BL/6 male mice were allowed to acclimate for one week. Mice were exposed to daily
intraperitoneal injections of rotenone (10 mg/kg), followed 2 h later by 1, 3, or 10 mg of buspirone
for 21 days. At baseline, mice were subjected to the open field test for locomotor and exploratory
behavioural assessment, and again on days 7, 14, and 21. On day 22, mice were euthanised and brains
were collected for molecular and histological analysis. (B) Mice were weighed daily to monitor health
and well-being. Data are represented as a daily average. N = 8–12 mice per group.

4.4. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using TRI-reagent and precipitated with 2-propanol follow-
ing established protocols [52]. Single-stranded cDNA was synthesized using the Tetro
cDNA synthesis kit (Bioline, Sydney, NSW, Australia) as per the manufacturer’s instruc-
tions. Real-time qPCR was performed to analyse the mRNA levels of 12 genes (Table 2).
The ribosomal protein 18S was used as the housekeeping gene. Each reaction consisted of
3 µL of cDNA (final concentration 100 ng), 5 µL iTaq Universal SYBR Green Master Mix
(BioRad, VIC, Australia), and 0.8 µL of forward and reverse primers. To examine changes
in expression, the mean fold changes of each sample was calculated using the ∆∆Ct method
as previously described [17]. PCR product specificity was evaluated by melting curve
analysis, with each gene showing a single peak (data not shown).
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Table 2. List of primer sets used in real-time qPCR analysis. Forward and reverse primers were
selected from the 5′ and 3′ region of each gene. The expected length of each amplicon is indicated in
the right column.

Accession # Gene Primer Sequence (5′-3′) Length (bp)

NM_009377.3 Tyrosine hydroxylase
(TH)

Fwd GCCCTACCAAGATCAAACCTAC
Rev ATACGAGAGGCATAGTTCCTGA 93

NM_010020.3 Dopamine transporter
(DAT)

Fwd
ATGACATCAAGCAGATGACTGG

Rev
CACGACCACATACAGAAGGAAG

95

NM_001131020.1 Glial fibrillary acidic protein (GFAP)
Fwd

GAGATTCGCACTCAATACGAGG
Rev CTGCAAACTTAGACCGATACCA

79

NM_001082960.1 CD11b Fwd GAGCAGGGGTCATTCGCTAC
Rev GCTGGCTTAGATGCGATGGT 94

NM_008361.4 Interleukin-1β
(IL-1β)

Fwd GCTACCTGTGTCTTTCCCGT
Rev CATCTCGGAGCCTGTAGTGC 164

NM_007482.3 Arginase-1
(Arg1)

Fwd ACAAGACAGGGCTCCTTTCAG
Rev TTAAAGCCACTGCCGTGTTC 105

NM_011434.2 Superoxidase dismutase (SOD1)
Fwd

CAATGGTGGTCCATGAGAAACA
Rev CCCAGCATTTCCAGTCTTTGTA

77

NM_001199177.1 Mitochondrial dynamin like GTPase
(OPA1)

Fwd GCCCTTCTCTTGTTAGGTTCAC
Rev ACACCTTCCTGTAATGCTTGTC 88

NM_007540.4 Brain derived neurotrophic factor (BDNF) Fwd CGAGTGGGTCACAGCGGCAG
Rev GCCCCTGCAGCCTTCCTTGG 160

NM_001310086.1 Activity-dependent neuroprotective
protein (ADNP)

Fwd
GTGACATTGGGTTGGAATACTGT

Rev AGGTTTTGTCCGATAGTCCTGA
149

NM_016989.2 Pituitary adenylate cyclase-activating
polypeptide (PACAP)

Fwd AGGCTTACGATCAGGACGGA
Rev CTCCTGTCGGCTGGGTAGTA 121

NM_053991.1 Vasoactive intestinal peptide
(VIP)

Fwd CCTGGCGATCCTGACACTCT
Rev CTGCAGCCTGTCATCCAACC 100

NM_213557.1 18S ribosomal subunit
(s18)

Fwd GGCGGAAAATAGCCTTCGCT
Rev AGCCCTCTTGGTGAGGTCAA 101

4.5. Western Blot

Protein was extracted by homogenizing tissues in radioimmunoprecipitation assay
(RIPA) buffer as previously described, and quantified using the bicinchoninic acid assay
(Pierce BCA Protein Assay Kit, ThermoFisher Scientific, VIC, Australia). Next, 30 µg of
protein was separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 4–20%
Mini-PROTEAN TGX Stain-Free Gels (15 well, BioRad, VIC, Australia). The Precision Plus
Protein Prestained Standard in All Blue (BioRad, VIC, Australia) was included for comparison.
Transfer to a PVDF membrane was performed using the semi-dry method (BioRad Trans-
Blot Turbo Transfer System). Primary antibodies were incubated overnight in 5% skim milk
in TBST blocking solution at 4 ◦C. Antibodies and dilutions are summarized in Table 3.
Membranes were incubated in secondary antibody 1 hr at RT. Western blots were visualized
using chemiluminescence BioRad Clarity Western ECL Blotting Substrate Solution. Images
were acquired using the BioRad ChemiDoc MP System. Images were analysed using Fiji
ImageJ and ratios normalized to GAPDH which was used as a loading control.

4.6. Immunohistochemistry

Brains were fixed in 4% paraformaldehyde at 4 ◦C for 48 h before dehydration and
embedding in paraffin. Next, 5 µM thick coronal sections were cut with a microtome
and mounted on glass slides. The sections were deparaffinised in xylene and rehydrated
through decreasing concentrations of ethanol. Dopaminergic neurons were labeled with
TH. The immunoreactivity of TH was visualized using the Rabbit-specific HRP/DAB
(ABC) Detection IHC Kit (ab64261, Abcam, VIC, Australia) according to the manufacturer’s
protocol. Negative controls were created for all regions analysed by not incubating with
the primary antibody. Hematoxylin was used as a counterstain to visualize nuclei. Sections
were dehydrated in increasing concentrations of ethanol and xylene before being mounted.
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Images were taken on a ZEISS AxioScan.Z1 (Carl Zeiss Australasia, NSW, Australia)
at ×20 magnification. Fiji ImageJ was used for the semi-quantification of DAB-positive
cells normalized to nuclei (hematoxylin stain) [53].

Table 3. Antibodies used in Western blots and immunohistochemistry.

Antibody Dilution Source (Cat. #)

Tyrosine hydroxylase (TH) 1:200 (WB)
1:500 (IHC-P) Abcam (ab112)

Dopamine transporter (DAT) 1:1000 Abcam (ab128848)
Glial fibrillary acidic protein

(GFAP) 1:1000 Abcam (ab68428)

Ionized calcium binding protein
(Iba1) 1:1000 Sigma Aldrich (SAB2702364)

Mitochondrial dynamin like
GTPase (OPA1) 1:1000 GeneTex (GTX129917)

Superoxidase dismutase (SOD1) 1:1000 GeneTex (GTX100554)
Pituitary adenylate

cyclase-activating polypeptide
(PACAP)

1:1000 GeneTex (GTX37576)

Vasoactive intestinal peptide
(VIP) 1:1000 GeneTex (GTX129461)

Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) 1:1000 BioRad (VPA00187)

Goat anti-Rabbit IgG HRP 1:10,000 BioRad (STAR208P)
Goat anti-Mouse IgG (H + L)-HRP 1:10,000 BioRad (1706516)

WB, Western blot; IHC-P, immunohistochemistry on paraffin embedded tissue.

4.7. Statistical Analysis

All data are reported as the mean ± SEM. Statistical analyses were calculated using
GraphPad Prism software v. 9.0.2. (GraphPad Software, La Jolla, CA, USA). Comparisons
between two or more groups were analysed by ANOVA followed by Dunnett’s or Sidak’s
post-hoc tests, as appropriate. p-values ≤ 0.05 were considered statistically significant.

5. Conclusions

In conclusion, our results corroborate the idea that D3R receptor blockage may serve as
a neuroprotective and anti-inflammatory mechanism to attenuate PD burden. Buspirone ef-
fectively prevented rotenone-induced behavioural deficits and dose-dependently protected
dopaminergic neurons from the detrimental effects of rotenone intoxication. Buspirone
mitigated rotenone toxicity throughout the brain, mainly by alleviating mitochondrial
dysfunction, reducing inflammation, and promoting the expression of neuroprotective
factors, including anti-inflammatory cytokines, neurotrophic and growth factors, and neu-
ropeptides. Overall, this evidence suggests that buspirone may be a viable candidate
for drug repurposing, as its anti-inflammatory and neuroprotective effects may prevent
disease severity and progression in patients with neurodegenerative/neuroinflammatory
conditions such as PD.
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Abstract: Mercury is a severe environmental pollutant with neurotoxic effects, especially when
exposed for long periods. Although there are several evidences regarding mercury toxicity, little
is known about inorganic mercury (IHg) species and cerebellum, one of the main targets of mer-
cury associated with the neurological symptomatology of mercurial poisoning. Besides that, the
global proteomic profile assessment is a valuable tool to screen possible biomarkers and elucidate
molecular targets of mercury neurotoxicity; however, the literature is still scarce. Thus, this study
aimed to investigate the effects of long-term exposure to IHg in adult rats’ cerebellum and explore
the modulation of the cerebellar proteome associated with biochemical and functional outcomes,
providing evidence, in a translational perspective, of new mercury toxicity targets and possible
biomarkers. Fifty-four adult rats were exposed to 0.375 mg/kg of HgCl2 or distilled water for 45 days
using intragastric gavage. Then, the motor functions were evaluated by rotarod and inclined plane.
The cerebellum was collected to quantify mercury levels, to assess the antioxidant activity against
peroxyl radicals (ACAPs), the lipid peroxidation (LPO), the proteomic profile, the cell death nature by
cytotoxicity and apoptosis, and the Purkinje cells density. The IHg exposure increased mercury levels
in the cerebellum, reducing ACAP and increasing LPO. The proteomic approach revealed a total
419 proteins with different statuses of regulation, associated with different biological processes, such
as synaptic signaling, energy metabolism and nervous system development, e.g., all these molecular
changes are associated with increased cytotoxicity and apoptosis, with a neurodegenerative pattern
on Purkinje cells layer and poor motor coordination and balance. In conclusion, all these findings
feature a neurodegenerative process triggered by IHg in the cerebellum that culminated into motor
functions deficits, which are associated with several molecular features and may be related to the
clinical outcomes of people exposed to the toxicant.

Keywords: mercury; central nervous system; proteomic; motor functions
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1. Introduction

Mercury is a hazardous toxic pollutant distributed in the environment and is con-
sidered a severe public health concern [1,2]. Humans are subjected to the mercurial
compound by different sources because of anthropogenic activities, such as occupational
exposure and environmental contamination by illegal gold mining that contaminates fish
and seafood [3,4]. Elemental mercury (Hg0) and methylmercury (MeHg) are considered
the main species of exposure in occupational and environmental (via seafood) outbreaks,
respectively [3,4]. However, even in the case of MeHg exposure, consequences would
additionally be due to inorganic mercury (IHg), since the latter specie was detected in both
contaminated food and cells of central nervous system (CNS) origin [5,6].

Considering the presence of IHg in fish, this becomes a serious public health problem
since those who consume them, especially populations whose food bases are these items [7],
are subject to prolonged exposure. Some evidence points out that commercially available
predatory species of fish have significant levels of IHg, reaching mean values of 0.15 µg/g
of IHg [6]. Moreover, although IHg species present lower liposolubility than organic
ones, they also cause damage. Due to its toxicokinetic characteristics, after absorption,
kidneys [8] and the blood and cells from the human central nervous system (CNS) are also
affected by IHg poisoning [9–11].

Neurological manifestations are the primary symptomatology of chronic mercury
poisoning, including cognitive impairments, tremors, and ataxia [4]. Tremors and ataxia
are symptoms associated with loss of motor control and higher brain function [12], and
when it comes to motor functions, the cerebellum is a pivotal structure of the CNS that
plays an essential role in cognitive and motor skills [12,13]. The organ is a dense network
of reciprocal crossed cerebellum-cerebral connections, interconnected with supratentorial
motor areas, paralimbic, and associated with cortices pathways [12,13]. Moreover, dam-
ages in cerebellum interrupt the complex cerebellar circuitry between the neurons of the
cerebellar cortex which brings clinical implications, including multiple system atrophy,
spinocerebellar ataxia, hypoxia in Purkinje cells, associated with neuropathologies, such
as autism spectrum disorder, attention deficit-hyperactivity disorder, and developmental
dyslexia [14,15].

In this way, seeking to investigate even more the molecular features associated with
IHg-induced neurotoxicity, our group has been researching the effects of IHg exposure
in rats under a model that has shown to be capable of generating outcomes similar to
those observed in humans, from systemic to regional analyses [16–21]. Moreover, some
of these studies showed damages to essential areas to motor function, such as the motor
cortex [19–21] and spinal cord [18]. However, the relationship between long-term exposure
to IHg and its influence on the biochemistry and functionality of the cerebellum still lacks
evidence. Thus, this study aimed to investigate the global proteomic profile underlying
IHg-induced neurotoxicity associated with the motor dysfunction outcome, including
molecular, biochemical, and morphological approaches.

2. Results

2.1. Long-Term Exposure to IHg Did Not Impair Mass Body Gain of Adult Rats

The exposure to IHg did not cause any body weight change over time (p > 0.05), and
no loss of animals was observed (Figure 1).
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Figure 1. Body mass (g) register of adult rats exposed to 0.375 mg/kg of HgCl2 for 45 days. Results
are expressed as mean ± S.E.M. Two-way ANOVA with Sidak‘s post-test, p > 0.05.

2.2. Prolonged IHg Exposure Increased the Total Mercury Content in Cerebellar Parenchyma of
Adult Rats

The total mercury levels were significantly higher (p = 0.0003) in the IHg group
(0.0394 ± 0.004 mg/kg) in comparison with the control group (0.0120 ± 0.0001703 mg/kg),
as observed in Figure 2.

 

Figure 2. Total mercury (Hg) content in the cerebellum of adult rats exposed to 0.375 mg/kg of HgCl2
for 45 days. Results are expressed as mg/kg (mean ± S.E.M.), * p < 0.05, t-Student test (n = 10).

2.3. IHg Long-Term Exposure Triggered Oxidative Stress in the Cerebellum of Adult Rats

The IHg reduced the cerebellar ACAP in 66.15% (±7%) in comparison with the control
group (100 ± 6.67%; p = 0.0002) and in parallel, the LPO increased 41.70% (±5.75) when
compared with the control (100 ± 3.63%) (p = 0.023) (Figure 3).
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Figure 3. Oxidative biochemistry analyses of adult rats’ cerebellum exposed to 0.375 mg/kg of HgCl2
for 45 days. In (A) analyses of Antioxidant Capacity Against Peroxyl Radicals (ACAPs) and (B)
lipid peroxidation (LPO). Data presented as percentage (%) of control (mean ± S.E.M.). * p < 0.05,
t-Student test (n = 10).

2.4. The Cerebellar Proteomic Profile Was Significantly Modulated after Exposure to IHg Rats

The proteomic approach revealed the modulation of 419 proteins in the cerebellum
of rats exposed to IHg. Among them, 24 proteins with exclusive expression in the IHg-
exposed group and 166 with unique expression in the control group. Moreover, 196 proteins
were found down-regulated and 33 up-regulated. Table 1 shows some proteins highlighted
in the discussion, and the complete data are available in Supplementary Table S1 (See
Supplementary Materials).

The bioinformatic analysis showed 31 biological processes associated with the proteins
modulated in the cerebellum of exposed rats (Figure 4). Among them, the five most
impaired processes were neuron projection development (19.2%), purine ribonucleotide
biosynthetic process (6.7%), ADP metabolic process (6.2%), cerebellum development (3.9%),
and regulation of synaptic vesicle exocytosis (3.9%).

−
−
−
−
−
−
−
−
−
−
−

 

Figure 4. Functional distribution of proteins identified with differential expression in the cerebellum
of rats exposed to IHg vs. control group. Categories of proteins based on gene ontology annotation of
biological process. Terms significant (Kappa Score = 0.4) and distribution according to the percentage
of the number of genes. UNIPROT provided proteins access number. The gene ontology was
evaluated according to the ClueGo® plugin of Cytoscape® software 3.7.
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Table 1. Identified proteins with expression significantly altered in the cerebellum of rats of the IHg
group versus control group.

a Accession ID Protein Name Description PLGS Score Fold Change

P34926 Microtubule-associated protein 1A 71.4 4.35
P10888 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial 146.14 1.46
P0DP29 Calmodulin-1 1825.33 1.39
P0DP30 Calmodulin-2 1825.33 1.39
P0DP31 Calmodulin-3 1867.79 1.38
Q63345 Myelin-oligodendrocyte glycoprotein 290.08 1.30
P21707 Synaptotagmin-1 113.9 1.20
P07825 Synaptophysin 286.54 1.16
P68035 Actin, alpha cardiac muscle 1 10,468.68 −0.94
P39052 Dynamin-2 127.72 −0.92
P63039 60 kDa heat shock protein, mitochondrial 870.92 −0.91
P08413 Calcium/calmodulin-dependent protein kinase type II subunit beta 450.44 −0.90
P11730 Calcium/calmodulin-dependent protein kinase type II subunit gamma 323.39 −0.90
P00406 Cytochrome c oxidase subunit 2 786.54 −0.89

P0DMW0 Heat shock 70 kDa protein 1A 485.48 −0.87
Q06647 ATP synthase subunit O, mitochondrial 905.81 −0.86
P11275 Calcium/calmodulin-dependent protein kinase type II subunit alpha 220.44 −0.85
P12075 Cytochrome c oxidase subunit 5B, mitochondrial 942.79 −0.84
P15791 Calcium/calmodulin-dependent protein kinase type II subunit delta 215.3 −0.84
P60711 Actin, cytoplasmic 1 18,625.63 −0.83
P35704 Peroxiredoxin-2 2627.63 −0.82
P09951 Synapsin-1 1081.01 −0.82
P02688 Myelin basic protein 13,414.88 −0.76
P82995 Heat shock protein HSP 90-alpha 1727.77 −0.73
P07895 Superoxide dismutase [Mn], mitochondrial 514.65 −0.70
Q5U300 Ubiquitin-like modifier-activating enzyme 1 207.98 −0.69
P21575 Dynamin-1 876.32 −0.69
Q08877 Dynamin-3 202.61 −0.69
P31399 ATP synthase subunit d, mitochondrial 589.98 −0.66
P10719 ATP synthase subunit beta, mitochondrial 11,814.81 −0.65
O35244 Peroxiredoxin-6 2447.06 −0.64
P31016 Disks large homolog 4 86.82 -
Q62671 E3 ubiquitin-protein ligase UBR5 48.7 -
O88600 Heat shock 70 kDa protein 4 62.06 -

Q66HA8 Heat shock protein 105 kDa 45.92 -
Q63560 Microtubule-associated protein 6 72.62 -
P07722 Myelin-associated glycoprotein 55.31 -
P34064 Proteasome subunit alpha type-5 83.39 -
P61959 Small ubiquitin-related modifier 2 152.37 -
Q5XIF4 Small ubiquitin-related modifier 3 152.37 -
B2RYG6 Ubiquitin thioesterase OTUB1 121.2 -
Q7M767 Ubiquitin-conjugating enzyme E2 variant 2 735.2 -

+372 proteins with different status of regulation. a Accession ID according to Uniport.org database. Positive
and negative values of fold change indicate up- and down-regulated proteins, respectively. Sign of—indicates
exclusive expression in the control group, i.e., absent in the IHg group. Results of the comparison between the
IHg group versus the control group.

2.5. The IHg Exposure Increased Cell Death by Cytotoxicity and Apoptosis in the Cerebellum of
Adult Rats

After 45 days of exposure, the cell death markers of apoptosis increased around 41.70%
(±7.35%) in comparison with the control (100 ± 1.81%; p = 0.0002), and in parallel, the
marker of cytotoxicity increased around 63.10% (±4.19%) in comparison with the control
(100 ± 1.66%; p < 0.05), as observed in Figure 5.

125



Int. J. Mol. Sci. 2022, 23, 111

   

 

Figure 5. Nature of cell death analyses in the cerebellum of adult rats exposed to 0.375 mg/kg of
HgCl2 for 45 days. The apoptosis analysis (A) was initially represented as relative luminescence unit
(RLU), and cytotoxicity analysis (B) was expressed initially as relative fluorescence unit (RFU). Data
are presented as percentage (%) of control (mean ± S.E.M.). * p < 0.05, t-Student test (n = 10).

2.6. The IHg Intoxication Reduces Purkinje Cells Density in Adult Rats

The histological analysis showed a significant reduction in Purkinje cells number in
rats (20.22 ± 1.593 cells/mm) in comparison with the control (28.67 ± 2.198 cells/mm;
p = 0.011) (Figure 6).

 

Figure 6. Morphological analysis of the cerebellum of rats exposed to 0.375 mg/kg of HgCl2 for
45 days. In (A,B), representative photomicrographs of control and exposed groups, respectively. In
(C), results are expressed as mean ± S.E.M and * p < 0.05, t-Student test (n = 12). Scale bar: 20 µm.

2.7. The Successive IHg-Induced Damages on the Cerebellum of Rats Led to a Poor Motor Function

The exposed animals showed a worse motor performance on the inclined plane than
the control group (p = 0.0129). The control group showed a score of 76.2◦ (± 0.51◦), while
the exposed group 73.5◦ (±0.83◦) (Figure 7A). Moreover, the cerebellar functions associated
with the rotarod performance were affected by IHg long-term exposure. The latency to
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the first fall in the exposed group was shorter than the control group in all test sessions
(p < 0.0001, Figure 7B).

 

Figure 7. Inclined plane and rotarod performances of rats exposed to 0.375 mg/kg of HgCl2 for
45 days. In (A), an average of the falling degree of five test sessions in inclined plane. In (B), latency
(seconds) to the first fall in rotarod. Results are expressed as mean ± S.E.M. * p < 0.05, t-Student test
(A) or one-way ANOVA with repeated measures (B) (n = 20).

3. Discussion

This study is the first investigation that brings to the literature evidence regarding the
cerebellar global proteomic profile of rats exposed to IHg that underlies the IHg-induced
neurotoxicity. Our results demonstrate the IHg exposure triggers oxidative stress and
cell death by cytotoxicity and apoptosis, besides the reduction in Purkinje cells density in
the cerebellum of rats. Those changes drove to impairments on cerebellar-related motor
function as an inclined-plan and rotarod performance. In addition, the cerebellar proteome
of IHg exposed rats revealed the modulation of proteins associated with cerebellar devel-
opment, proteostasis, synaptic activity, and metabolic functions, which may be underlying
the impairments on cerebellar-related motor function of adult rats.

IHg is known for its lower liposolubility, hence the lower capacity of crossing bio-
logical barriers as cell membranes, blood-brain-barrier, and placental barrier [22]. The
detrimental effects IHg are directly associated with the oxidation state of the ion, i.e.,
mercurous (Hg+) ion causes minor damage in comparison with mercuric ions (Hg2+) [22],
in which the latter was the chemical form used in this study. Although inorganic species
have unfavorable physical-chemical characteristics to biomagnify and bioaccumulate, the
presence of IHg in contaminated fish commercially available and consumed by humans
was already evidenced [6]. In the past few years, our group has shown that several other
organs are susceptible to IHg toxicity, such as blood [16], salivary glands [23], and the
central nervous structures such as the hippocampus, motor cortex, and spinal cord [17–21]
after the exposure to 0.375 mg/kg per day of HgCl2. Then, despite all the toxicokinetic
features, the long-term exposure to IHg increased the levels of total mercury in cerebellar
parenchyma of adult rats about 4-fold higher than non-exposed animals significantly.

The literature shows that after systemic distribution, IHg can trigger cellular damage
such as inhibition of microtubule assembly [24], DNA damage [25,26], mitochondrial
impairments [27,28], and oxidative stress [17,29], which in turn, can trigger or aggravate
those previously mentioned targets of mercury-induced toxicity. Oxidative stress is caused
after an imbalance of cellular redox status, when there is an overproduction of reactive
oxygen species (ROS) in detriment to the lower antioxidant capacity [29], being an essential
mechanism of mercury damage as previously reviewed [30]. In addition, these biochemical
impairments are also visualized in a systemic perspective once we observed oxidative
stress triggering in peripheral blood of rats exposed to IHg under the same experimental
protocol [16].
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To investigate whether this dose of IHg would be capable of reproducing the classic
features of mercury mechanisms of damage, we assessed the redox status by the cerebellar
capacity of neutralizing peroxyl radicals and the lipid peroxidation. The peroxyl radical
affects cells by oxidizing the DNA [31] and initializing the lipid peroxidation of cell and
organelle membranes [32]. There is an essential link between peroxyl radicals and lipid
peroxidation, which is why we also evaluated the malondialdehyde levels, that indicate the
oxidation of polyunsaturated fatty acids present in cell and organelle membranes [33]. Our
results showed a decrease in ACAP and increased levels of malondialdehyde, indicating
a process of oxidative stress in the cerebellum of rats exposed to IHg, which is consistent
with the literature on mercury toxicity, and possibly associated with the down-regulation of
Peroxiredoxin 2 (P35704) and 6 (O35244), and Superoxide dismutase (P07895) as shown in
the proteomics, suggesting that the decrease on enzymatic antioxidant competence against
ROS, such as superoxide anions, peroxides and peroxide nitrites derived from IHg-induced
toxicity increased lipid peroxidation [34,35].

Oxidative stress impairs several biological processes, such as mitochondrial function,
energy metabolism, cell death, synaptic plasticity, and protein homeostasis (proteosta-
sis) [36–39]. As part of the energy imbalance, the reduction in ATP levels may lead to a
transient downregulation of global translation processes to generate new proteins, and,
indeed, in time, an oxidative stress state; this is a natural strategy to prevent protein un-
folding and aggregation [40,41]. Corroborating this fact, the proteomic approach showed a
significant reduction in translation processes in the cerebellum of rats exposed to IHg, as
shown by the 362 proteins down-regulated or exclusively found in the control group.

In addition, the adequate regulation of the ubiquitin-proteasome and molecular chap-
erones, such as heat shock proteins (HSP), is involved in proteome protection [40,42]. The
former is a proteolytic system that degrades oxidized proteins, working as quality control,
and the latter, mainly the HSP, is related to protein maturation, re-folding, and degra-
dation [41,43]. The proteomic approach showed the down-regulation of Ubiquitin-like
modifier-activating enzyme 1 (Q5U300) and exclusive regulation of E3 ubiquitin-protein lig-
ase UBR5 (Q62671), proteasome subunit alpha type-5 (P34064), small ubiquitin-related mod-
ifier 2 and 3 (P61959 and Q5XIF4, respectively), ubiquitin thioesterase OTUB1 (B2RYG6) and
ubiquitin-conjugating enzyme E2 variant 2 (Q7M767) in the control group (i.e., absent in
exposed group), revealing an evident impairment on the ubiquitin-proteasome system. Fur-
thermore, we also observed the exclusive regulation of HSP 70 kDa protein 4 and 105 kDa
(O88600 and Q66HA8, respectively) in the control group and down-regulation of several
HSP with different molecular weights as 60 kDa (P63039), 70 kDa (P0DMW0), 90 (P82995).
It is worth mentioning that HSP with molecular weights between 40 and 105 kDa are
ATP-dependent [44], and interestingly, our proteomic approach also demonstrated the
down-regulation of several ATP-synthase subunits (e.g., Q06647, P31399, P10719), suggest-
ing not only a cellular energy metabolism failure but also a compromise on HSP functioning.
In fact, HSPs have been previously proposed as important therapeutic tools for many dis-
eases [45], and here we provide evidence on their possible role as early biomarkers of
neurological damage.

Besides the oxidation of essential macromolecules as proteins and lipids, we also
had the firing of cell death pathways after mitochondrial impairment [46]. In this way,
cytochrome c plays a crucial role in apoptosis once its release from mitochondria to cyto-
plasm promotes the generation of the apoptosome and further activation of pro-caspases
3 and 7 [47]. The proteomic analysis showed the modulation of some cytochrome c oxidase
subunits, such as subunits 4 (P10888, up-regulated), 2 (P00406, down-regulated), and 5B
(P12075, down-regulated). Corroborating these findings, we also observed increased apop-
tosis markers (caspase 3/7) in the IHg-exposed group. Regarding the result of cytotoxicity,
it ratifies the outcome triggered by apoptotic mechanisms once the method used assesses
the activity of a protease released from cells when there is a compromised membrane.

In addition to that, a reduction in Purkinje cell density was observed. These cells
play a pivotal role in motor functions, so we elected them to perform the histological
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analysis. Indeed, the cerebellum presents several structures and different cells; however,
the Purkinje cells are integrators and effectors in cerebellar neuronal communication and
are important to sensorimotor calibration and motor learning. Each cell receives inputs
from several parallel fibers, besides inputs and synaptic contacts from climbing fibers to
regulate the movements [48–50]. In this way, our data indicate that the increase in apoptosis
and cytotoxicity markers, besides the oxidative stress, may reduce Purkinje cell numbers.

Besides the structural component, it is important to highlight the role of proteins
related to synaptic communication in neural functions. Firstly, we must clarify that synap-
tic transmission has a complex dynamic involving the formation, transport, docking of
vesicles, the neurotransmitters, the rearrangement of the pre- and post-synaptic neuronal
cytoskeleton and the calcium homeostasis [51,52]. Then, the first set of proteins that
we observed significantly changed was calmodulin unities 1 (P0DP29), 2 (P0DP30), and
3 (P0DP31) found to be up-regulated, while calcium-calmodulin-dependent protein ki-
nase type II subunit(s) alpha (P11275), beta (P08413), gamma (P11730), and delta (P15791)
were down-regulated. The second set of proteins are constituents of the cytoskeleton,
such as actin subunits (e.g., P68035 and P60711) down-regulation; microtubule-related
proteins, as expected due to the mercury toxicity mechanisms, such as Dynamin 1, 2, and 3
(P21575, P39052, and Q08877, respectively, down-regulated); and several tubulin subunits.
Calcium-calmodulin kinase II proteins play several biological roles, such as neurotrans-
mitter synthesis and release, in cognitive and motor functions [53,54], while actin and
microtubule-related proteins are important for cytosolic transport vesicles, exocytosis, and
endocytosis of vesicles [55].

Comprising the third set of proteins involved in synaptic transmission, we highlight
the vesicle constituents, such as synaptotagmin-1 (P21707, up-regulated) and synapsin-1
(P09951, down-regulated). However, four proteins must be emphasized: synaptophysin
(P07825; up-regulated); microtubule-associated proteins 1A (P34926; up-regulated) and
6 (Q63560; absent in exposed group) and Disks large homolog 4 (P31016, absent in exposed
group). These proteins represent one of the most studied synaptic complexes because
they are components of synaptic vesicles [56], besides the pre-and post-synaptic plat-
forms [44,57]. This modulation on the synaptosome suggests an impact on cerebellar
functions caused by IHg long-term exposure, which may have led to the loss of balance
and motor control demonstrated by the behavioral assessment.

For cerebellar functions and development, structural proteins play a crucial role in the
action potential and synaptic communication. Considering that, we observed the down-
regulation of myelin basic protein (P02688), the up-regulation of myelin-oligodendrocyte
glycoprotein (Q63345), and exclusive regulation of myelin-associated glycoprotein (P07722)
in the control group, indicating damages to the myelin-sheath structure. P02688 is an abun-
dant protein in CNS, and it acts to mediate the cytosolic adhesion of multilayered compact
myelin [58]. Besides that, P07722 and Q63345 are proteins associated with the myelin
maintenance and axon-glial interplay [59,60]. Thus, modifications on the regulation status
of those proteins may compromise the cerebellar functioning by myelin decompaction
and axonal regeneration, which impair the action potentials of neurons, and hence, the
cerebellum-related motor functions.

In this way, it is evident that IHg triggers considerable damages to the cerebellum,
since in the proposed model, the increase in total mercury levels in cerebellar parenchyma
was associated with oxidative stress triggering and a neurodegenerative pattern, possibly
associated with the cytotoxic and apoptotic mechanism. Besides that, the global proteomic
profile revealed several proteins that underlie these successive damages, culminating in
the motor dysfunction of rats, as evidenced by rotarod and inclined plane assessment.
The motor function depends on several anatomical regions in CNS, and the cerebellum
plays a crucial role in balance, motor refinement, and even cognitive aspects [61]. For that
reason, we used rotarod and inclined plane tests to assess the rats’ abilities and validate the
functional damages triggered by IHg long-term exposure. The results showed an evident
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impairment in balance and motor refinement as an outcome of IHg exposure and these
data reinforce the understanding that IHg affects multiple motor-related regions from CNS.

4. Materials and Methods

4.1. Ethical Statement and Experimental Protocol

All experiments were performed following bioethical instructions after authorization from
the Ethics Committee on Animal Experimentation from the Federal University of Pará under
protocol NO 9228050418 and followed the ARRIVE 2.0 guideline (see Supplementary Table S2).

Fifty-four male Wistar rats (Rattus novergicus), weighing about 200 g and 90 days old,
were used in this study. The animals were divided into two groups (control and exposed)
by simple randomization and kept in plastic cages (4 animals per cage). The animals were
maintained at a temperature of 25 ◦C with a 12 h dark/light cycle (lights on at 7 a.m.). The
exposed group received a single concentration of 0.375 mg/kg/day for 45 days as HgCl2
(Sigma-Aldrich, San Louis, MO, USA) solubilized in distilled water and administered by
oral gavage. This dosage was previously established and seen as capable of triggering
damage in CNS structures [17–21]; besides, the dose was adjusted weekly according to
the body weight. The control group received only distilled water by intragastric gavage
for the same period and proportional volume. The animals would be excluded in case of
malnutrition and the presence of bruises on the body. During the experimental period
there were no deaths and exclusions.

4.2. Behavioral Assessment

After 24 h from the last exposure to IHg, behavioral tests were performed. Afterward,
ten random animals were conducted to the assay room with attenuation of noise levels and
low illumination (12 lux) and acclimated for at least one hour before the behavioral tests
to assess the motor functions associated with the cerebellum as primary outcomes. The
animals were identified as sequential numbers by L.O.B and V.S.C., and the researchers
who performed the behavioral assessment were blinded regarding this information.

4.2.1. Inclined Plane Test

The animals’ ability to maintain its postural stability, a crucial cerebellar skill, was
assessed with the inclined plane test. The rats were positioned individually in an apparatus
consisting of an inclined plane with adjustable angulation. The angle is raised every
5 degrees (from 0◦ to 90◦) every 5 s, which can be used as an index of climbing strength.
The animals were subjected to five test sessions in which the maximum inclination that the
animal was able to maintain itself for 5 s was recorded as the final degree. The average
angle of the five sessions was analyzed [62,63].

4.2.2. Rotarod Test

To evaluate the motor coordination and balance through a forced task, we performed
the rotarod test, consisting of an apparatus (Insight Scientific Equipment, Ribeirão Preto,
Brazil) of a grooved metal roll (8 cm in diameter) with separated compartments for each
animal. The animals were initially trained to stay on the rotating rod at 15 revolutions per
minute (rpm) for 3 min (training phase). Then, we assessed the animal’s ability to remain
on the roll for three successive sessions of 3 min each at 15 rpm with an interval of 60 s [64]
to evaluate the latency to first fall.

4.3. Sample Collection and Preparation

After behavioral assays, the animals were deeply anesthetized with a solution of
xylazine hydrochloride (30 mg/kg) and ketamine chloride (180 mg/kg) (i.p.). Then, after
total loss of paw and corneal reflexes, the animals were euthanized. The cerebellums were
collected after brain removal, and some specimens were gently washed in cold saline
solution. After, they were stored in microtubes, frozen in liquid nitrogen, and kept at
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−80 ◦C until further procedures, while others were dissociated by collagenase as detailed
below, both to assess secondary outcomes.

Before the oxidative biochemistry analyses, the samples were thawed and resuspended
(1:1, w/v) in Tris-HCl buffer (20 mM, pH 7.4, at 4 ◦C) and sonically disaggregated. Then,
each sample was divided into two aliquots and frozen. For mercury measurements and
proteomic analysis, the entire samples were frozen until further analyses. The evaluation
of apoptosis and cytotoxicity required tissue dissociation right after the sample collection,
executed with collagenase in concentrations of 2 mg/mL (20 min) and 4 mg/mL (40 min)
at 37 ◦C. Details are described in the respective topics below.

4.4. Mercury Measurements

The samples were digested in a nitric acid, perchloric acid, and sulfuric acid solution
(1:1:5). The samples were heated, and the Hg2+ present in the samples was converted into
Hg0 after stannous chloride addition. The equipment used was the Semi-Automatic Mer-
cury Analyzer-Hg 201 (Sanso Seisakusho Co. Ltd., Tokyo, Japan) as previously reproduced
by our group [16,65–67], following the protocol of Suzuki et al. [68] and. The total mercury
content was expressed as mg/kg.

4.5. Oxidative Biochemistry Analyses

4.5.1. Antioxidant Capacity against Peroxyl Radicals (ACAPs)

This analysis was proceeded based on Amado et al. [68]. One aliquot of the ho-
mogenate was centrifuged at 14,000 rpm at 4 ◦C for 10 min to collect the supernatant. From
the supernatant, 200 µL was incubated with a peroxyl radical generator (2,2′-azobis-2-
methylpropionamidine dihydrochloride (ABAP; 4 mM; Sigma-Aldrich, San Louis, MO,
USA) in triplicate to verify the oxidation of ABAP and generate fluorescence. After the
reaction with ABAP, the generated fluorescence was measured on a fluorimeter (Victor
X3, Perkin Elmer, Waltham, MA, USA) at a controlled temperature of 35 ◦C. After the first
reading to determine the fluorescence value, a total volume of 10 µL of 2′,7′ H2DCF-DA
(40 nM) was added to the microplate, with cyclic readings every 5 min for 60 min. High
relative areas under the curve established by a second-degree polynomial curve indicate
a low antioxidant capacity to neutralize peroxyl radicals. The inverse relative difference
between the area with and without ABAP was considered a measure of antioxidant capacity.
The results were later expressed as the percentage of control.

4.5.2. Lipid Peroxidation (LPO)

For LPO, 5 µL from total homogenate was diluted with Tris-HCl buffer (1:30, v:v)
followed by quantifying total protein content by Bradford’s method [69] for data normal-
ization. The remaining lysate was centrifuged at 5600 rpm for 10 min at 4 ◦C, and the
supernatant was collected to determine LPO [70]. A volume of 325 µL of 10.3 mM NMFI
diluted in methanol (1:3, v:v) and 75 µL of methanesulfonic acid were added to 100 µL of
the standard malondialdehyde (MDA) solutions or samples and heated at 45 ◦C for 40 min.
Then, absorbances were measured at 570 nm, and the results were expressed as nmol of
MDA/mg of protein and then converted to the percentage of control.

4.6. Proteomic Approach and Bioinformatic Analyses

A total of six samples from each group were used. A pool of two samples was
performed, and the analysis was carried out in biological triplicate. The detailed protocol is
available elsewhere [18,71,72]. The samples were cryofractured using a cryogenic mill and
liquid nitrogen followed by the extraction of proteins with lysis buffer (urea 7 M, thiourea
2 M, diluted in ammonium bicarbonate) in constant stirring at 4 ◦C; then the samples were
centrifuged for 30 min at 14,000 rpm at 4 ◦C. Subsequently, 50 µg of protein (determined
by Bradford’s method) were diluted in 50 µL of ammonium bicarbonate (50 mM), and
each sample 10 µL ammonium bicarbonate (50 mM) and 25 µL Rapigest (0.2%) (Waters
Co., Manchester, UK) were added and incubated at 37 ◦C for 30 min. Subsequently, 2.5 µL
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of dithiothreitol (100 mM) was added and incubated at 37 ◦C for 60 min, followed by
2.5 µL of 300 mM iodoacetamide (BioRad, Hercules, CA, USA) addition and incubation for
30 min at room temperature and in the dark. Then, the protein digestion was preceded
by adding 10 µL of trypsin (Thermo Fisher, Waltham, MA, USA) for 14 h at 37 ◦C. On the
following day, 10 µL of 5% trifluoroacetic acid (Sigma-Aldrich, St. Louis, MO, USA) was
added for 90 min at 37 ◦C and centrifuged at 14,000 rpm at 6 ◦C for 30 min. Afterwards, the
supernatants were collected and purified using C18 spin columns (Thermo Fisher, Waltham,
MA, USA). The samples were resuspended in 12 µL of ADH (1 pmol·µL−1) + 108 µL of
3% acetonitrile (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% formic acid (Thermo Fisher,
Waltham, MA, USA).

The reading and identification of the peptides were performed using a nanoAcquity
UPLCXevo QTof MS system (Waters, Manchester, UK) and the Protein Lynx Global Server
(PLGS) software, applying the Monte-Carlo algorithm and identifying the peptides by
Uniprot database for Rattus norvegicus. Our analyses considered p < 0.05 for down-regulated
proteins and 1 − p > 0.95 for up-regulated proteins. After compiling the results, we per-
formed the bioinformatic analysis using the Cytoscape v. 3.8 software with the ClueGO
plugin to determine the functional categories of proteins based on gene ontology annota-
tions of biological processes.

4.7. Apoptosis and Cytotoxicity Assays

After dissociation, 100 µL of the homogenate containing the dissociated cells were
added to a 96-well microplate with 100 µL of the reagent from the Caspase-Glo 3/7 Assay
System, a luminescent assay to measure caspase-3/7 activities and CytoTox-Glo (Promega
System, Delft, The Netherlands), which uses a luminogenic peptide substrate to measure
dead cell protease activity. Readings were performed on GloMax equipment (Promega
System, Delft, The Netherlands) according to the manufacturer’s recommendations. The
results were expressed in the relative luminescence unit (RLU) for cytotoxicity and relative
fluorescence unit (RFU) for apoptosis and then converted into a percentage of control.

4.8. Morphological Analysis

A set of animals was deeply anesthetized with a solution of xylazine hydrochloride
(30 mg/kg) and ketamine chloride (180 mg/kg) (i.p.). Then, after total loss of paw and
corneal reflexes, the animals were perfused with heparinized saline solution (0.9%) and
fixed with 4% paraformaldehyde. The samples were collected and post-fixed in Bouin’s
solution for six hours and then embedded in paraplast (Sigma-Aldrich, St. Louis, MO,
USA). Coronal sections (7 µm) were obtained with a manual microtome and stained by
hematoxylin and eosin routine staining.

The Purkinje cell density was evaluated using a grid attached to the eyepiece of the
microscope, with dimensions corresponding to an area of 0.0625 mm2 to count the cells in
three different fields from each section. The cells are displayed in a linear form, and then,
after counting the cells, a proportional area was considered of grids filled with the cells.
The representative photomicrographs were taken by a DS-Fi3 microscope camera attached
to the Nikon Eclipse Ci H550s bright field microscope.

4.9. Statistical Analyses

After tabulation of the results obtained, the values were analyzed through the Graph-
Pad Prism 7.0 software. The normality of data distribution was tested by the Shapiro–Wilk
method, and to analyze the difference between groups, we used Student’s t-test (inclined
plane score, total mercury determination, oxidative biochemistry assays, cell death nature
evaluation, and morphological analysis). We also used a two-way ANOVA 2 way with
Sidak’s post-test to analyze the significant difference between groups in body weight regis-
ter during the experimental period and rotarod test. It was adopted p < 0.05 as significance
in all statistical methods. For proteomic data, the statistical analysis was performed using
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the equipment’s software as described above. All methodological steps are summarized
in Figure 8.

 

Figure 8. Schematic figure of all methodological steps. In (1), the experimental protocol of HgCl2
long-term exposure in adult Wistar rats, followed by motor functions assessment (2) by inclined
plane (A) and rotarod (B) tests and then, cerebellum collection (3); in (4), quantification of total
mercury (Hg) levels by atomic absorption spectrometry; in (5), oxidative biochemistry analyses
by the determination of lipid peroxidation (LPO) levels and antioxidant activity against peroxyl
radicals (ACAPs); in (6), proteomic analysis by mass spectrometry with bioinformatics analysis
though Cytoscape software. In (7), evaluation of cell death nature by cytotoxicity and apoptosis
assays and in (8), Purkinje cell counting by bright field microscopy.

5. Conclusions

In conclusion, the results pointed out that IHg long-term exposure increases the
mercury bioavailability in the cerebellum parenchyma and triggers several molecular,
biochemical, and morphological impairments associated with the poor motor functions
related to the cerebellum. It triggers oxidative stress and cell death by cytotoxicity and
apoptosis, modulates several proteins from biological processes that may be potential new
targets of researches designed to elucidate the mechanisms of damage.
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IHg Inorganic Mercury
CNS Central Nervous System
i.p. Intraperitoneal
w/v weight/volume
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LPO Lipid Peroxidation
MDA Malondialdehyde
UPLC Ultra performance liquid chromatography
PLGS Protein Lynx Global SERVER
RLU Relative Luminescence Unit
RFU Relative Fluorescence Unit
ROS Reactive Oxygen Species
HSP Heat Shock Proteins
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Abstract: Parkinson’s disease (PD) is the second most frequent neurodegenerative disease. It is
characterized by the loss of dopaminergic neurons in the substantia nigra and the formation of
large aggregates in the survival neurons called Lewy bodies, which mainly contain α-synuclein
(α-syn). The cause of cell death is not known but could be due to mitochondrial dysfunction, protein
homeostasis failure, and alterations in the secretory/endolysosomal/autophagic pathways. Survival
nigral neurons overexpress the small GTPase Rab1. This protein is considered a housekeeping Rab
that is necessary to support the secretory pathway, the maintenance of the Golgi complex structure,
and the regulation of macroautophagy from yeast to humans. It is also involved in signaling,
carcinogenesis, and infection for some pathogens. It has been shown that it is directly linked to the
pathogenesis of PD and other neurodegenerative diseases. It has a protective effect against α–σψν
toxicity and has recently been shown to be a substrate of LRRK2, which is the most common cause
of familial PD and the risk of sporadic disease. In this review, we analyze the key aspects of Rab1
function in dopamine neurons and its implications in PD neurodegeneration/restauration. The
results of the current and former research support the notion that this GTPase is a good candidate for
therapeutic strategies.

Keywords: Rab1; GTPases; Parkinson’s disease; secretory pathway; Golgi fragmentation; autophagy;
α-synuclein; LRRK2

1. Introduction to PD Pathogenesis

PD is the second most frequent neurodegenerative disease, affecting around 4 mil-
lion people around the world, with a prevalence and incidence rate of 108–257/ and
11–19/100,000 per year, respectively [1]. Even though a detailed analysis of the disease
and almost all of its variations has been provided before, only palliative treatments for
it exist. Unfortunately, diagnosis is almost exclusively based on symptomatology, while
the only accurate diagnosis can be made by the post-mortem analysis of the brain [2,3].
Apart from classic motor symptoms such as rigidity or akinesia, non-motor symptoms
have also been described, including dementia and other specific cognitive disorders, as
well as gastrointestinal problems [4–6].

This disease is characterized by the loss of dopaminergic neurons in the substan-
tia nigra pars compacta (SNpc), which affects many cerebral circuits controlling motor
movements and other functions [7]. The cytopathological hallmark of the survival nigral
neurons is the formation of insoluble deposits, called Lewy bodies (LBs), as well as the less
studied Lewy neurites and pale bodies [8]. A recent electron microscopic analysis showed
that these bodies contain filamentous materials, lipids, and altered organelles, such as
mitochondria, lysosomes, and autophagosomes [9]. Although more than one hundred pro-
teins have been identified, they are primarily composed of insoluble forms of α-synuclein
(α-syn) [10]. This small protein (14 kDa) is detected in many compartments, such as cytosol,
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the nucleus, and mitochondria, although it is functionally associated with synaptic vesicles
in presynaptic terminals. It is encoded by the SNCA gene and belongs to a well-conserved
family of synaptic proteins formed by β-, γ-, and α-syn [11]; however, only the α isoform is
able to form toxic fibrillary structures. Its exact function is unclear, although it has been
suggested that it regulates synaptic vesicles’ exocytosis and recycling and the formation of
fusion pores [12]. Cytosolic α-syn is able to sense membrane curvature and bind negatively
charged phospholipids present in the membranes of synaptic vesicles [13]. It has been
proposed that it acts as a chaperone for the assembly of SNARE complexes (complexes
mediating the specific fusion of compartments) at the terminal end, regulating the release
of dopamine and avoiding non-specific interactions [14]. This protein is a major player in
PD pathogenesis [10]. Monomers of α-syn can assemble to form beta-sheet-rich oligomers,
protofibrils, and amyloid fibrils, which can aggregate to form LBs. These can alter many
cellular processes, such as secretory and endocytic trafficking, autophagy, mitochondrial
and nuclear functions, and proteasome degradation, which may induce cell stress and
death [15,16]. The internalization of aggregates of misfolded α-syn might contribute to the
spread of the pathology between neurons in a mechanism resembling prions [17]. Age is a
key factor in α-syn aggregation and propagation [18].

The reason that dopaminergic neurons are particularly affected remains unclear;
multiple alterations related to mutations in key proteins involved in protein homeostasis,
mitochondria function, lysosome/autophagy pathways, dopamine synthesis, metabolism,
the immune system, and inflammation have been proposed [19,20]. Many experimental
data strongly support the notion that defective intracellular transport could be a major
cause of nigral neuron death [21–23]. The axon of each nigral dopamine neuron travels a
very long way to the striatum (the mesostriatal pathway); there, it branches extensively
and establishes thousands or even millions of synapses with medium spiny neurons [24].
Thus, these neurons need to maintain “well-oiled” transport machinery to maintain a high
flux of secretory proteins (and concomitantly a recycling apparatus), and its failure may
trigger cell death.

The cause of sporadic PD is unknown, but 5–15% of cases are familial. Multiple
mutations present in family members with PD are known, including autosomal dominant
(SNCA, LRRK2, VPS35) and recessive (PARK2, PINK1, DJ-1) forms [25], although many
additional risky loci have been identified [26,27]. The overexpression (duplication or
triplication) or mutation of the SNCA gene is known to be a cause of familial PD [25,28,29].
Most SNCA point mutations are associated with the early onset of disease. These mutations
and the greater production of α-syn result in aggregation, leading to the formation of LBs.
The SNCA locus is also a risk for sporadic PD.

However, the most common causes of familial PD are mutations in leucine-rich repeat
kinase 2 (LRRK2), and this is a strong risk factor for sporadic disease [30]. This is a large
multi-domain protein (280 kDa) with a GTPase domain, serine/threonine kinase domains,
and other domains involved in protein–protein interactions [31]. This kinase interacts
with many molecules, including Rab GTPases. Mutations in these domains may lead to a
hyperactive protein with toxic effects. LRRK2 plays multiple roles in cells, including in
vesicular trafficking, endosomal transport, autophagy, cytoskeleton dynamics, ciliogenesis,
neurite growth, mitochondrial morphology, and mitochondrial calcium regulation [31–35].
In nigral neurons, it is specifically involved in vesicle formation and docking, as well
as ER-to-Golgi and Golgi-to-membrane transport and the internalization of dopamine
receptors at the synapse [36,37].

VPS35 is also involved in transport, specifically in endosome–TGN retrograde trans-
port mediated by the retromer complex. A PD-related mutation of this retromer subunit
enhances the LRRK2-dependent phosphorylation of Rabs [38]. Mutations in the PARK2
(parkin), PINK1, and DJ-1 genes affect mitochondrial functions/homeostasis [39].

Many intracellular processes are altered in dopaminergic neurons, which can lead to
their death [40]. All/most of these processes are connected and several molecules can be
key regulators and monitors all of these routes. Thus, knowledge of these molecules is
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very important in order to understand neurodegeneration and could be the target of future
therapeutic strategies. Rab GTPases are important regulators of membrane traffic. In the
present review, we analyzed one of these small GTPases, Rab1. This protein has long been
known as a regulator of the early steps of secretory traffic. It was a surprise when it was
found to be related to α-syn toxicity. Furthermore, it was demonstrated to play a key role in
autophagy and many other processes, such as unfolding protein response (UPR), signaling
and carcinogenesis [41], glucose homeostasis [42], and infection with some parasites (such
as Legionella pneumophila) [43,44].

Surviving nigral neurons have been found to overexpress this GTPase in a cellular
model of PD and human samples [45,46]. Now, it is evident that it is a key molecule
in PD and other neurodegenerative diseases. Thus, the alteration of Rab1-dependent
ER–Golgi transport is a pathogenic mechanism involved in common types of familiar
amyotrophic lateral sclerosis [47]. One of these disease-related mutants (FUS) was found
to impair autophagy and, importantly, Rab1 overexpression plays a protective role [48].
Rab1 is also involved in the transport and processing of amyloid precursor protein (APP)
in Alzheimer’s disease [49]. Here, we analyze the molecular/functional aspects of the
molecular biology of Rab1 directly related to PD.

2. Rab GTPases

Rab proteins are the largest subfamily of GTPases, with more than 60 members of
approximately 25 kDa, sharing around 30% sequence identity. Their functions include the
maintenance of the shape and dynamics of intracellular membranes and the establishment
of membrane identity [50]. Rabs are involved in the formation, cytoskeleton-dependent
transport, docking, and fusion of transport vesicles. To fulfill their functions, Rabs inter-
act with many molecules, called effectors, which include coat proteins, tethering factors,
cytoskeleton elements, etc. They were first discovered in nervous tissue, where vesicular
transport is essential for dendrite and axon organization as well as synaptic transmis-
sion [51]. Each Rab or group of Rabs localizes in a particular membrane and regulates
a specific transport step, including bidirectional ER–Golgi trafficking, intra-Golgi trans-
port, endolysosomal routes, and autophagy [52,53]. In addition, they also regulate signal
transduction, cell survival, and development [54].

Rabs are considered molecular switches and cycle between an active GTP-bound form
and an inactive GDP-bound form [55] (Figure 1). In their active form, they are able to
interact with many effector proteins, regulating multiple cellular processes. Their activity
is regulated by guanine nucleotide exchange factors (GEFs), which promote the exchange
of GDP to GTP and GTPase-activating proteins (GAPs); these activate the intrinsic low
GTPase capability of Rabs. Inactive GDP-bound Rabs are found soluble in the cytosol,
whereas, in their GTP-bound active forms, they are located in cellular membrane joints
by geranylgeranyl groups. This binding is regulated by GDP dissociation inhibitor (GDI),
which removes inactive GDP-bound Rabs from membranes. It has been proposed that
GDI displacement factors (GDF) at the membrane inhibit this complex and maintain the
association of Rabs with membranes. The association with membranes is also sensible to
lipid composition, as it senses the curvature elastic energy stored in the membrane [56].
Rab activity is also finetuned by phosphorylation. This post-translational modification
can affect the mode of interaction between Rabs and their partners [57]. Interestingly, a
serine/threonine kinase that is specific for some Rabs is the above-mentioned LRRK2.
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Figure 1. Regulation of GTP–GTP cycle of Rab GTPases by guanine nucleotide exchange factors
(GEFs), GTPase-activating proteins (GAPs), GDP dissociation inhibitor (GDI), and GDI displacement
factors (GDF). Membrane-associated GTP-bound Rabs are able to interact with effectors.

Rabs participate in many aspects of neuron life, including development, the polarized
growth of neurites, endocytosis at the neuron end, axonal transport, the exocytosis of
synaptic vesicles, and the dynamics of neurotransmitter receptors [58,59]. A few Rabs are
selectively enriched in neurons, i.e., Rab3A (synaptic vesicle exocytosis), Rab8 (dendrite-
specific transport), and Rab23 (neuron development and endosomal transport), all of which
are associated with the post-Golgi transport step [60]. Most neurodegenerative diseases,
including PD, are related to vesicular transport alterations mediated by Rabs [53,61,62]. Sev-
eral Rabs (Rab8B, Rab11A, Rab13, and Rab39B) regulate the toxic aggregation of α-syn [63].
The LRRK2-dependent phosphorylation of Rab35 has been found to be involved in α-syn
propagation between neurons [64]. The overexpression of Rab7 reduces α-syn aggregates
by enhancing autophagy [65]. Wild-type α-syn physically interacts with Rab3A/B/C,
Rab4B, Rab6A, Rab8A, Rab15, and Rab35 [66]. The PD-related mutant A30P α-syn interacts
with Rab3A, Rab5, and Rab8, therefore affecting synaptic vesicle trafficking, endocytosis,
and α-syn transport [67]. In a few cases, Rabs are the direct cause of the disease [51]. This
is the case for Rab39B, which is involved in α-syn homeostasis, endosomal traffic, neurite
outgrowth, synaptic maturation, and autophagy [50]. Rab39B mutation causes a rare form
of early-onset PD with an α-syn pathology [68].

3. Rab1

Rab1 is one of the five Rabs present in all eukaryotes and is considered a housekeeping
Rab. In yeast, Rab1 is encoded by the YTP1 gene. Two isoforms have been described,
Rab1A and 1B, which share 75% and 66% amino acid identity with Ytp1, respectively, with
92% identity between them [69,70]. Both isoforms are expressed in all tissues, but there
are important differences in their levels of expression [71]. The functional dissimilarities
between these isoforms have not been exhaustively analyzed but there are differences in
the interactions with coated vesicles and subcellular distribution (see below) and the role
in the secretory flux of some proteins [72].

Rab1 interacts with many effectors related to membrane traffic, including p115 [73],
GM130 [74,75], golgin 84 [76], and giantin [77]. Another effector of unknown function is
Iporin, a ubiquitous protein that is highly expressed in the brain and that also interacts
with GM130 [78]. Additionally, it interacts with members of the MICAL family and could
form a link between membrane traffic and the cytoskeleton [79]. Rab1A and B interact
with Golgi phosphoprotein 3 (GOLPH3), a protein involved in post-Golgi transport that is
considered a Golgi oncoprotein and associated with several types of cancer [80].
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As with all Rabs, GEFs, GAPs, GDI, and GDF regulate the association of Rab1 with
membranes [55]. Two well-conserved GEFs for Rab proteins have been identified; these are
named Transport Protein Particle (TRAPP) III and II (TRAPPI is now considered to be the
core subcomplex of the other two). These regulate the early and post-Golgi transport steps,
respectively. The multicomplex TRAPIII specifically activates Rab1, although TRAPPII
has some activity on this Rab of unknown physiological significance [81]. In yeast, the
membrane anchoring of TRAPIII is mediated by the Trs85 subunit, which is also necessary
for Ypt1 activation [82]. The Bet5, Trs31, and Bet3 subunits are also important for this
activity [83]. In mammals, TRAPPC4 (the ortholog of yeast Trs23) is a core component of the
TRAPP complexes and is also essential for the GEF activity of Rab1 [55]. TRAPPC8 (which
shares some characteristics with yeast Trs85) is also important for Rab1 activation [81].
TRAPPIII is located in COPII vesicles and Golgi. Its location in COPII vesicles depends
in the interaction of the TRAPP core and the COPII component Sec23 [84,85]. TRAPPIII is
also located in Atg9 vesicles and pre-autophagosomal structures in a process involving the
Trs85 subunit [86] (see below for its role in autophagy). Interestingly, variants of TRAPPC4
are associated with human neurological disorders [87].

GAPs for Ypts are named GYPs in yeast and TBC1 domain proteins in other species due
to all of them sharing this domain [88]. The yeast Gyp8 is a GAP for Ypt1, which is present
in the ER. Gyp1, another GAP for Ypt1, is located in the early Golgi [89]. Their location
in membranes depends on Arf1 GTPase, which recruits Gyp1 inactivating Ypt1 [90]. This
sequential gradient of activation/inactivation of GTPases is important for maintaining com-
partment identity, ensuring cisternae maturation, and guiding the secretory traffic [91,92].
Gyp1 also plays a role in autophagy. It regulates the disassembly of Ytp1–Atg1 complexes,
as well as the interaction of cargo receptor and Atg8 proteins in selective autophagy [93].
In humans, 38 Rab GAPs have been identified, with TBC1D20 (Gyp8 in yeast) being the
specific (but not exclusive) GAP for Rab1. It regulates the exit from the ER of the secretory
cargo, as well as the Golgi architecture [94]. It is also involved in the maturation of au-
tophagosomes [95]. Interestingly, this study showed that TBC1D20-deficient mice display
an altered autophagy flux in neurons, resulting in adult-onset motor dysfunction.

Less is known about the role of GDF and GDI in the location of Rab1. Prenylated
Rab acceptor 1 (PRA1) (the mammalian homolog of yeast Yip3) has GDF activity for Rab1
(and other Rabs) [96] and is involved in its association with membranes. Interestingly,
PRA1 interacts directly with α-syn [97]. Several well-conserved isoforms of GDI have been
described that bind a wide spectrum of Rab proteins, with α-GDI being restricted to the
brain [98]. GDI is involved in the retrieval of Rab1 from Golgi membranes [55].

4. The Role of Rab1 in the Secretory Pathway

It is well known that newly synthetized proteins and lipids move from the ER to the
Golgi in COPII-coated vesicles, while retrograde transport is mediated by COPI-coated
vesicles. The role of COPI-coated vesicles in the anterograde (i.e., ERGIC to Golgi and
intra-Golgi transport) is under discussion. In contrast with yeast, in mammals, there is
an intermediate compartment between the two organelles called ERGIC. The origin and
role of these membranes are not completely understood. It is likely that it is formed by the
fusion of ER-derived vesicles, which then move in block to the Golgi. Rab1 locates to the
early membranes of the secretory pathway—more specifically, ERGIC and the cis-Golgi
cisternae—but not in the ER [99]. In vivo experiments have shown that Rab1A is located in
dynamic tubules with bidirectional movements, whereas Rab1B is concentrated in vesicular
stationary elements [100], although these differences might be cell-type-specific. Rab1A-
positive tubules exclude COPI and p58 (an ERGIC marker) [101], whereas Rab1B elements
allow COPI budding [102].

Early studies support the notion that Rab1/Ypt1 is involved in the bidirectional traffic
between ER and Golgi traffic (Figures 2A and 3), and its location is highly dynamic in living
cells [55]. It has been implicated in regulating COPII vesicle formation and subsequent
tethering and fusion with Golgi/ERGIC membranes [83,103–105]. Thus, GDP-bound
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Rab1A and Rab1B (inactive forms) inhibit ER to Golgi transport [106]. Rab1B interacts with
the COPII components Sec23, Sec24, and Sec31 [107]. Recent studies support the notion
that cargo leaves the ER in Rab1-dependent carriers, whereas COPII components remain in
stable ERES even when the cargo is released [108]. The Rab1 present in COPII vesicles may
recruit p115, tethering these vesicles to the ERGIC membranes; similarly, Ypt1p interacts
with Uso1, the yeast homolog of p115 [103]. The Rab1–p115 complex may anchor these
elements to the cis-Golgi by interacting with GM130-GRASP65 [74]. The complex Rab1–
p115 might be also involved in the tethering of COPI vesicles via giantin [77]. GM130,
giantin, and p115 belong to the golgin family, which are Golgi matrix proteins characterized
by extensive coiled-coil domains that, together with Rabs, organize Golgi membranes and
transport [109]. Rab1 also interacts with another golgin, golgin-84, which is involved in
the lateral linking of Golgi stacks, forming a continuous ribbon [110]. This interaction is
necessary to maintain the Golgi structure and protein transport [111].

Figure 2. Main effectors of Rab1 involved in secretory traffic (A) and autophagy (B).

Ypt1 is also involved in COPI-dependent retrograde transport from the Golgi [112].
Ypt1 interacts with COPI [113]. In contrast with Rab1A, Rab1B regulates COPI coat re-
cruitment to ERGIC and Golgi membranes because it is necessary for the recruitment of
Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 (GBF1), which
is the GEF that is specific for Arf1 [102], a GTPase involved in the recruitment of COPI
components to membranes. In addition, Ypt1/Rab1 interacts with different subunits of the
conserved oligomeric Golgi (COG) complex [114], which is involved in the tethering of
vesicles during intra-Golgi retrograde transport.

Rab1 has recently been detected in the membrane of immature secretory granules,
where it is recruited by Rab11 and might be involved in their maturation [115]. Whether
this a general mechanism or restricted to the salivary glands of Drosophila remains to
be clarified.

Rab1 also regulates the association of transport carriers and the cytoskeleton. Rab1
at the ERGIC can recruit WASP Homolog Associated with Actin, Golgi Membranes and
Microtubules (WHAMM), which stimulates Arp2/3-mediated actin polymerization and
interacts with microtubules, inducing membrane deformation [116]. The interaction of
WHAMM with these cytoskeleton elements mediates membrane tubule elongation and
formation, respectively [117]. Rab1 is also involved in the recruitment of the motor protein
kinesin KifC1 to endocytic vesicles [118]. In addition, an effector of Rab1, GM130, is
involved in microtubule polarization at the cis-Golgi [119]. Thus, Rab1 is a regulator of
Golgi morphology and positioning.
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Figure 3. Overview of the roles and regulation of Rab1 and how it may be affected in PD. Activity
and association with membranes of Rab1 are regulated by TRAPPIII (a guanine nucleotide exchange
factor, GEF), TBC1D120 (a GTPase-activating protein, GAP), PRA1 (a GDI displacement factor,
GDF), and αGDI (a GDP dissociation inhibitor, GDI). This activity is also regulated by the PD-
related protein LRRK2. Rab1 regulates the early steps of the secretory pathway and autophagy
through many effectors (see the full text for details). In addition, it regulates Hrr25, a member of
the casein kinase 1 family, which also regulates these pathways. The expression of mutant forms
of α-synuclein or overexpression of the wild type impair the secretory pathway, resulting in the
activation of the UPR, the fragmentation of the Golgi ribbon, and the failure of the lysosomal
route. These PD-associated alterations also affect autophagy. PD-related mutants of LRRK2 may
enhance the activity of this GTPase, impairing secretory and autophagy pathways. Unbalanced
secretory/autophagic/endolysosomal routes may lead to the formation of Lewy bodies.

Rab1 may also have specific roles in neuron trafficking. Most dendrites (80%) lack a
Golgi outpost but contain ERGIC elements in close contact with early endosomes, forming
a so-called satellite [120]. It has been proposed that, at this level, proteins and lipids are
delivered from the ER to the synaptic spine membrane, using these two compartments
by bypassing the Golgi [121]. Rab1-positive ERGIC tubules move to the growth cones of
neurite-like processes in differentiated PC12 cells, a common model used for studying
neuronal differentiation [101]. Thus, Rab1 may have a specific role in neuron development.
In vivo experiments have shown that Rab1 tubules move bidirectionally between the
central body and neurites connecting central Golgi and peripheric ERES. Rab1 is also
involved in the formation of cell protrusions (i.e., neurites). It forms part of a conserved
signaling pathway where the KDEL receptor stimulates the Golgi-resident monomeric Gαo,
which uses Rab1 (and 3) for the promotion of secretion to form protrusions [122].
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There is a link between Rab1-dependent traffic and ER homeostasis. Protein aggre-
gation induced by the pesticide rotenone decreases the levels of Rab1 in hippocampal
neurons, which may impair secretory traffic and, as a consequence, trigger an unfolded
protein response (UPR) [123]. In yeast, Ypt1 plays an important role in the regulation of
UPR by stabilizing unprocessed HAC1 RNA under normal growth conditions, avoiding
UPR activation when there are no stress conditions [124]. In fact, Ypt1 can switch molecu-
larly and functionally from GTPase to a molecular chaperone under heat stress conditions,
enhancing the resistance of the cell under these conditions [125].

5. Rab1 as a Regulator of Autophagy

Macro-autophagy is an important mechanism for the maintenance of cellular home-
ostasis through the degradation of damaged organelles or protein aggregates, the recycling
of materials in the absence of nutrients or stress conditions, and even the elimination of
pathogens. Apart from macroautophagy, the lysosome is also involved in two other mecha-
nisms of autophagy: chaperone-mediated autophagy and microautophagy. In the first type,
proteins bearing the KFERQ sequence motif are recognized by heat shock cognate 71 kDa
protein (HSC70) and target lysosomal-associated membrane protein 2 (LAMP2) [126,127].
In the second type, a small portion of the cytoplasm is engulfed by invaginations of the
lysosomal membranes, leading to the formation of small internal vesicles [128].

Macro-autophagy (hereafter autophagy when not specified) involves the formation of
double-membrane autophagosomes sequestering cytoplasmic portions that will fuse with
lysosomes. Although autophagy protects cells against stress, an excess may induce cell
death. It has been considered a bulk mechanism, but it can be also a highly selective process
where specific receptors recognize specific cargo [129]. This is the case for the degradation
of fibrillar aggregates (aggrephagy) or mitochondria (mitophagy), among others. In non-
dividing cells such as neurons, it is an important mechanism for maintaining cellular
homeostasis. However, few autophagosomes are found in normal neurons, and special
mechanisms, such as engulfing Golgi cisternae, may cooperate in degrading materials [130].
The consequence of the failure of autophagy is the accumulation of damaged organelles
and proteins, which may lead to neurodegeneration [131].

The initial elements of autophagy are small structures called phagophores or isolation
membranes. In yeast, autophagosome formation occurs in a specific place in close proximity
to the ER and the vacuole named phagophore assembly sites (PAS) or pre-autophagosomal
structures, where specific molecules are selectively recruited when autophagy is acti-
vated [132]. In mammals, phagophores grow in multiples places in close proximity to the
ER, especially in the ring-like subdomains of this organelle, called omegasomes, which
are enriched in phosphatidylinositol-3-phosphate (PI3P) and specific PI3P-binding pro-
teins [133–135]. Direct continuities between the phagophore (and autophagosome) and the
ER have been described [136], as well as tubular connections between the omegasome and
the phagophore [137]. ER exit sites, ER–mitochondria contact sites, and ERGIC can also be
the places of initiation. Different membranes have been proposed as sources for the nascent
autophagosome, including the ER, mitochondria, Golgi complex, endocytic elements, and
plasma membrane. The phagophore grows, curves around a portion of the cytoplasm, and
finally closes, forming a double-membrane organelle called the autophagosome. Finally, it
fuses with the lysosome and the inner membrane and the content is degraded, releasing
simple molecules such as amino acids, lipids, and sugars [138]. Autophagosomes can also
fuse with late endosomes, forming amphisomes, which also fuse with lysosomes [139].

Many aspects of the complex molecular machinery involved in this process are well
known (for a detailed explanation, see [140,141]). This process is regulated by evolutionar-
ily conserved autophagy-related (ATG) proteins. Twenty of these ATG proteins constitute
the core machinery and can be grouped into different functional unities [142]. Initiation re-
quires two kinase complexes: the unc-51 like kinase (ULK) complex (Atg1 complex in yeast)
and the phosphatidylinositol 3-kinase class 3 (PI3KC3)/vacuolar protein sorting 34 (VPS34)
complex. The ULK complex is the first inductor of the autophagic process. Upstream
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nutrient/energy-sensing kinases (e.g., the mammalian target of rapamycin complex 1,
mTORC1) activate this complex, which is mostly cytosolic, and recruit to phosphatidylinos-
itol synthase-enriched subdomains of the ER [143]. The activation of ULK phosphorylates
downstream effectors, including ATG9, in vesicles [144] to induce autophagosome forma-
tion. ATG9 is the only membrane protein and, in mammals, is under steady-state conditions
in the TGN/late endosomes; however, after autophagic activation, ATG9 vesicles move
close to the autophagosome in their formation (the Atg9 compartment in yeast) [145]. ATG9
vesicles seem to provide membranes for the formation of the autophagosome, but also
supply important regulators such as lipid-metabolizing enzymes. In fact, its role as a lipid
scramblase has recently been demonstrated [146]. Soon after ULK, the PI3KC3/VPS34
lipid kinase complex is recruited, inducing the production of PI3P (at low levels in the ER
in basal conditions), which recruits autophagy effectors that drive the formation of the
omegasome: DFCP1 and WIPI proteins [133,147]. WIPI proteins recruit two ubiquitin-like
conjugation systems that work in cascade: ATG7-ATG3 (acting as E1- and E2-like enzymes)
and ATG12- 5/ATG16L1 (acting as E3-like enzyme) [148]. These systems enable the lip-
idation of microtubule-associated protein light chain 3 (LC3) isoforms, members of the
Atg8 family of proteins. These ubiquitin-like proteins are usually unlipidated and cytosolic
(LC3-I) but become covalently bound to the amino acid of phosphatidylethanolamine in
the membrane of the phagophore (LC3-II). The last one is usually used as a marker of
autophagic flux. The insertion of lipidated Atg8 proteins and ATG9-containing vesicles
(which putatively supply lipids from different membranes) is responsible for the growth
of the phagophore and its closure to form the autophagosome [149,150]. Atg8 proteins
work as adaptors to recruit other factors that contribute to the membrane expansion of the
autophagosomal membrane and the recruitment of selective autophagy receptors.

Autophagy operates as an intracellular membrane pathway. Thus, it is evident
that it shares some regulatory mechanisms with other transport routes, including Rabs.
Rab1/Ypt1 is an important regulator of autophagy, operating at early steps [151–156]
(Figures 2B and 3). In addition to Rab1, other Rabs are also known to be regulators of
autophagy, including Rab33B (autophagosome elongation), Rab7 (fusion autophagosome-
lysosome), Rab32 (autophagosome formation), Rab5 (autophagosome closure), Rab24
(co-localized with LC3), and Rab2 (autophagosome and autolysosome formation) [157,158].

In yeast, Ypt1 is activated by the Trs85 subunit of TRAPIII and regulates autophagy by
recruiting the Atg1 complex to the PAS [159]. In mammals, Rab1 regulates the translocation
of the ULK complex to the autophagosome formation sites [160]. In addition, it also
regulates PI3P production at the omegasome. Thus, Rab1 is a specific activator of the VPS34
complex I (involved in autophagic sorting) but not II (involved in endocytic sorting) [161].

Ypt1 is activated by the TRAPPIII subunit Trs85 and also interacts with Atg11, which
may be involved in the recruitment of Atg9 vesicles to PAS [154,162]. In mammals, Rab1
has been found in ATG9 vesicles and LC3-positive autophagosomes [152,163]. During
starvation, ATG9 moves from Rab11-positive TGN/recycling endosomes to Rab1-positive
ERGIC/Golgi membranes. This process is controlled by the interaction of TBC1D14 with
the TRAPPC8 subunit (the mammalian ortholog of Trs85) of TRAPPIII [164]. There are
several differences in the roles of Rab1 isoforms [165]. The depletion of Rab1A induces the
mis-location of ATG9 and decreases omegasome formation. This route is independent of
ER–Golgi transport. Thus, Rab1A specifically inhibits the very early steps of autophagy. In
contrast, the depletion of Rab1B and Rab2 (another Rab involved in ER–Golgi transport) has
the opposite effect of increasing autophagy. The significance of these differences remains
to be established.

It has been proposed that there is a functional and spatial link between the secretory
pathway and autophagy at the early stages, and the key component of this cross route may
be Rab1. Under starvation conditions, there is a reduction in protein secretion and secretory
compartments are redirected to the autophagy pathway. Autophagosomes are spatially and
functionally linked to ERES [166]. Moreover, COPII vesicles and ERGIC can be sources of
membranes for autophagy. Under stress conditions, ER-derived COPII vesicles, instead of
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being directed to the Golgi, can be a source of membranes for autophagosomes [85,167,168].
However, ERGIC can be the source of COPII vesicles after the activation of autophagy.
ERGIC is a source of the small vesicles involved in LC3 lipidation, a process that requires
the activation of phosphotidylinositol-3 kinase (PI3K) and the recruitment of COPII proteins
in this compartment [169,170]. This process requires the remodeling of ERES, which is
specifically mediated by some specific components of the UKL complex [171]. A critical
step of this process is the phosphorylation of the COPII component Sec23B by ULK [172].
The ULK-dependent phosphorylation of COPII subunits also regulates ERES morphology
and causes a reduction in secretion during active autophagy [173]. As an activator of ULK
and an abundant component of the ERGIC, Rab1 may regulate this mechanism under
stress conditions. TRAPPIII, the GEF for Rab1, binds the COP II coat subunit Sec23 at the
PAS, which is necessary for autophagy [85]. In addition, Ypt1/Rab1 directly recruits the
casein kinase 1 (CK1δ) family member Hrr25, a Golgi-localized serine–threonine kinase that
regulates ER–Golgi traffic and autophagy, to COPII vesicles, activating its kinase activity
and regulating the traffic of these vesicles in these two pathways [174,175].

6. Rab1, Secretory Pathway, and PD

Rab1A and Rab1B are expressed in SN, although at a lower level than other Rabs, such
as Rab3A and Rab3C [71]. Interestingly, the levels of this Rab rose by 50% in human PD
samples [46], as well as in a cellular model of PD [45]. Whether this overexpression is an
attempt by the cell to rescue normality or is the result of cellular damage is not known.

The first connection between Rab1 and PD was observed in a yeast model [176].
Researchers have found that the main toxic effect of wild-type and PD-related mutant
α-syn is due to the alteration of ER–Golgi transport and the best suppressor of this toxicity
was found to be Ypt1. A few other proteins inhibit this toxicity, and, interestingly, all of
them are involved in the same transport step, including Gyp8, which is the GAP for Ypt1.
This effect is not restricted to this simple cellular model; is has also been shown that Rab1
protects against the mammalian dopaminergic neurons’ death induced by α-syn. For the
first time, intracellular trafficking, and, more specifically, ER–Golgi trafficking, has been
related to the pathogenesis of PD. In yeast, only this Rab rescues α-syn. However, Rabs
associated with later transport steps in neuronal models of PD (i.e., Rab3A and Rab8) have
been shown to protect against α-syn toxicity [177]. In mammalian cells, the overexpression
of wild-type or A53T mutant α-syn inhibits COPII vesicles’ docking and fusion with
early Golgi by the inhibition of the SNARE complex assembly [178]. The pathological
accumulation of α-syn affects hydrolase trafficking and therefore lysosomal activity, and
this dysfunction can be improved by Rab1 overexpression [179]. This alteration is due to
the aberrant interaction of α-syn with GM130, which disrupts Rab1-dependent ER–Golgi
traffic and the Golgi structure.

7. Relationship between PD-Associated Golgi Fragmentation and Rab1

GC is a cellular organelle that acts as the central station of intracellular transport. It is
involved in the post-translational modification (mainly adding sugar moieties) of proteins
and lipids synthesized in the ER. A network of tubule–vesicular elements associated with
the trans side, the TGN, is involved in the classification, packaging, and delivery of these
products to the final destination in or out of the cell. It is especially developed in cells with
synthetic activity, as is the case of cells of neurons. It is commonly found in a perinuclear
position, showing a half-moon disposal. Under the electron microscope, it appears as
stacked cisternae, classified according to their position in the organelle as cis, medial, and
trans cisternae. In mammalian cells, Golgi stacks are laterally linked, forming a so-called
Golgi ribbon [180–182].

Interestingly, the Golgi complex of neurons appears to be fragmented in most neu-
rodegenerative diseases, including AD and PD [45,46,183]. The Golgi ribbon is broken and
stacks appear dispersed throughout the cytoplasm. Even though it has been demonstrated
that the GC remains functional after fragmentation, the ribbon structure is implicated in
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high-level functions, such as mitosis entry, apoptosis regulation, stress response, axoden-
dritic polarity, and cell migration [184,185]. Therefore, Golgi fragmentation significantly
alters neural physiology, inducing traffic failure and thereby causing a deficiency in the
dopaminergic transport in PD, resulting in the limited capture of this neurotransmitter
in vesicles and its limited accumulation in the cytosol. Toxic dopamine could aggregate
and modify α-syn and increase its toxicity, which could lead to the formation of LBs and,
finally, cell death [186].

The maintenance of the GA cytoarchitecture depends on many structural (including
golgins and Golgi reassembling stacking proteins, GRASPs) and regulating proteins (Rabs,
SNARE, etc.) and the cytoskeleton. The alteration of these elements may be the cause
of this fragmentation. In addition, the alteration in intracellular transport caused by
AG fragmentation has been shown to cause deficits in cell degradation activity due to
the deficiency of lysosomes with proteases such as cathepsin D, which facilitates the
degradation of α-syn [187]. Previous studies support the notion that Golgi fragmentation
occurs before the formation of α-syn aggregates [45]. In fact, it is the alteration of Rab1-
dependent ER-to-Golgi transport that causes imbalances in the traffic into and out of the
GC. Rab1 is also involved in intra-Golgi transport, although it has not been detected in
medial/trans cisternae. It is important for the Golgi structure, because the downregulation
or microinjection of mutants induces Golgi alterations [188–190]. The increased amount of
Rab1a observed in survival nigral cells is theorized to be an attempt to restore the Golgi’s
structure during fragmentation. Thus, Rab1 rescues Golgi fragmentation in dopamine cells
overexpressing α-syn and, interestingly, also improves the control of motor function in
hemiparkinsonian rats [183]. The alteration of Rab1-dependent ER–Golgi transport seems
to be a common cause of Golgi fragmentation in several neurodegenerative diseases [185].

8. Rab1, Autophagy, and PD

Altered autophagy seems to be a common feature of neurological diseases. The dele-
tion of genes coding for essential proteins in autophagosome formation, such as Atg5 [191]
or Atg7 [192], causes neurodegeneration. In AD brains, autophagosomes and cathepsin-
containing autophagolysosomes are common in neurite processes, including synaptic
ends [193]. Autophagic vacuoles containing cytoplasmic materials are also common in ni-
gral neurons affected by PD [194]. Interestingly, Lewy bodies are not observed in cells with
high amounts of these vacuoles. Lewy bodies and neurites contain autophagic markers,
and the lipidated form of LC3 (LC3-II) is highly expressed in PD nigral samples [195,196].
Impaired autophagy may contribute to the development of sporadic PD. Thus, a deficit
of ATG7 in dopamine neurons induces high alterations in these cells but delays neu-
rodegeneration and the appearance of late-onset locomotor deficits in mice models [197].
The whole-brain loss of this ATG protein induces the presynaptic accumulation of α-syn
and LRRK2.

LRRK2 and α-syn have been extensively studied in relation to their involvement
with aberrant autophagy. Mutations in these PD-related genes affect autophagic func-
tion [198]. Wild-type α-syn contains a KFERQ sequence motif, so it is degraded by
chaperone-mediated autophagy. Conversely, autophagy is the main mechanism for the
degradation of fibrillary α-syn, while the proteasome system is preferred for phosphory-
lated α-syn oligomers [199]. Some PD-related mutations affect this pathway. Thus, A53T
and A30P mutations block chaperone-mediated autophagy but enhance autophagy, which
may be a compensatory response [200]. Moreover, autophagy is increased in samples of
PD patients (with or without A53T mutations) [201]. In contrast, another study supports
the notion that the overexpression of the A53T mutant inhibits autophagy, resulting in the
accumulation of this defective protein [202]. In addition, α-syn can affect autophagosome
formation by altering the actin cytoskeleton. It induces an excess of stabilization, which
is dependent on Arp2/3, which was found to impair autophagosome maturation and
mitophagy in a Drosophila model of PD [203].
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The wild-type form of LRRK2 is degraded by chaperone-mediated autophagy or the
ubiquitin–proteasome system but not autophagy [204]. LRRK2 is a negative regulator of
autophagic activity and the expression of PD-related mutations and induces abnormal au-
tophagy [205]. The G2019S mutation, the most common PD-related mutation that increases
kinase activity, induces autophagy abnormalities and affects neurite development [206,207].
This mutation induces defective autophagy by affecting autophagosome transport and
maturation [208]. Many Rabs are substrates of LRRK2 (Rab3A/B/C, Rab3D, Rab8A, Rab8B,
Rab10, Rab12, Rab29/RAB7L1, Rab35, and Rab43) [209], and all PD-related mutations
enhance Rab phosphorylation [210]. Interestingly, it was recently demonstrated that Rab1
is also an endogenous substrate of this kinase [211] and might be the mechanism used for
autophagy regulation.

A relationship between Rab1, autophagy, and neurodegenerative diseases has been
described [160]. A GGGGCC hexanucleotide repeat expansion in the C9orf72 gene is the
most common genetic cause of amyotrophic lateral sclerosis and frontotemporal dementia
(C9ALS/FTD) and is also associated with sporadic forms. C9orf72 is a Rab1 effector that
regulates the translocation of the ULK complex in the initial steps of autophagy. This link
is also evident in PD. The overexpression of α-syn inhibits autophagy by inhibiting Rab1A,
which results in the mislocalization of Atg9 and a reduced number of omegasomes [165].
Moreover, the overexpression of Rab1A rescues the effects of the overexpression of α-syn.

9. Concluding Remarks

Rab1 controls the early steps of the secretory pathway and autophagy, as summarized
in Figure 1. The overexpression of this GTPase by survival nigral neurons can have the effect
of minimizing PD abnormalities. An elevation of the secretory flux may help to restore
the reduction in dopamine traffic to the terminal end and the lysosomal defects caused by
the alteration of α-syn-dependent ER to Golgi trafficking [176]. In addition, it also may
restore the Golgi ribbon architecture, which affects polarized transport in neurons [185]. In
fact, Rab1 overexpression was found to ameliorate motor symptoms in a PD model [183].
The activation of autophagy has been proposed as a treatment for PD. However, the
results found are contradictory. The autophagy-stimulating antibiotic rapamycin prevents
the loss of dopamine neurons [212]. Impaired autophagy induces progressive dopamine
cell loss but, conversely, enhances dopamine neurotransmission and ameliorates motor
symptoms [21]. It is possible that unbalanced autophagy could result in cell stress and,
finally, death [213]. The overexpression of Rab1 (at least Rab1A) enhances autophagy and
restores the defects produced by α-syn [165]. In fact, our group found that it reduced
the number of α-syn aggregates in a cellular model of PD (Figure 4). Recent research
has focused on α-syn as a therapeutic target for PD in an attempt to reduce the levels of
production and aggregation or increase the degradation [214]. Rab1, as a regulator of α-syn
toxicity and substrate of LRRK2, may also be a good candidate. Rab1 expression/function
(and their binding partners) may be altered using small molecules that interact with
selective regions of this protein that physically interact with regulators/effectors [215].
The search for therapeutic agents modulating Rab1-dependent α-syn toxicity is currently
underway [216]. Alternatively, the function of Rab1 may be modified by targeting the
regulatory proteins, including GEF, GAPs, and GDIs. Several compounds have been tested
in attempts to inhibit the disease-dependent activation of members of the Ras superfamily
of small GTPases (including Rabs), although these investigations are only at the initial
laboratory/preclinical stage [217]. This inhibition can be achieved by the inhibition of
GEF activity, GEF–GTPase interaction, or GAP activity or through the stabilization of
the GTPase–GDI complex, among other strategies. However, it should be taken into
consideration that most of these regulatory proteins are not specific for a single GTPase.
Given that most data support the notion that Rab1 activation has a positive effect on
dopamine neurons, it is necessary to look for specific Rab-activating compounds. As
indicated above, the prenylation of Rab by isoprenoid groups is necessary for membrane
location and interaction with effectors, meaning that this molecular mechanism can be
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also used as a regulator of Rab function. Isoprenoids are produced by the mevalonate
pathway, which is also involved in cholesterol biosynthesis. Some inhibitors of this route
have been successfully used as therapeutic approaches for type 2 diabetes, given that Rab
GTPases (including Rab1) are necessary for glucose homeostasis [218]. Statins, which
are well-known blockers of cholesterol generation, are inhibitors of hydroxymethyl-3-
methylglutaryl coenzyme A, a critical enzyme of this pathway. The effects of statins in
PD patients have been tested, although the results gained are conflicting [219]. Again, this
approach does not seem to be as specific as needed. New experiments in cellular and animal
models will be necessary to clarify the role of Rab1 in the development of PD and elucidate
how specific compounds affect α-syn aggregation, Golgi structure, secretory traffic, and
autophagy in dopamine neurons. This small GTP is a good example of how basic research
may help us to understand complex pathologies and search for new therapeutic approaches.

Figure 4. Rab1 overexpression reduces α-synuclein aggregates. These aggregates were induced in
neuron-like differentiated PC12 cells by treatment with METH as a model of PD. Cells overexpressing
Rab1-GFP have a reduced number of aggregates.
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Abstract: Multiple sclerosis (MS) is a debilitating neurodegenerative, highly heterogeneous dis-
ease with a variable course. The most common MS subtype is relapsing–remitting (RR), having
interchanging periods of worsening and relative stabilization. After a decade, in most RR patients,
it alters into the secondary progressive (SP) phase, the most debilitating one with no clear remis-
sions, leading to progressive disability deterioration. Among the greatest challenges for clinicians
is understanding disease progression molecular mechanisms, since RR is mainly characterized by
inflammatory processes, while in SP, the neurodegeneration prevails. This is especially important
because distinguishing RR from the SP subtype early will enable faster implementation of appropriate
treatment. Currently, the MS course is not well-correlated with the biomarkers routinely used in
clinical practice. Despite many studies, there are still no reliable indicators correlating with the
disease stage and its activity degree. Circulating microRNAs (miRNAs) may be considered valuable
molecules for the MS diagnosis and, presumably, helpful in predicting disease subtype. MiRNA
expression dysregulation is commonly observed in the MS course. Moreover, knowledge of diverse
miRNA panel expression between RRMS and SPMS may allow for deterring disability progression
through successful treatment. Therefore, in this review, we address the current state of research on
differences in miRNA panel expression between the phases.

Keywords: circulating microRNA; relapsing–remitting multiple sclerosis; secondary progressive
multiple sclerosis; biomarker; neuroinflammation

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease characterized by chronic inflam-
mation, demyelination, and neurodegeneration of the central nervous system (CNS) [1].
According to the latest data, the estimated number of people who suffer from MS in
2020 was 2.8 million worldwide (35.9 per 100,000 population) [2]. Just as in other autoim-
mune diseases, MS is found to be more prevalent in women than in men (female:men ratio
3:1) [3]. The disease is most often diagnosed in young adults between 20 and 40 years of
age, who are in the period of the greatest activity in life; however, there are cases of the
disease onset both in children (2–10% of patients being younger than 18 years) and older
people (near 4% after age 50) [4,5]. MS is generally most prevalent in northern geographic
latitudes, and it is suggested to be mainly due to the influence of environmental, genetic,
and ethnicity, as well as behavioral differences [6,7].

The first neurological incident suggesting MS is known as a clinically isolated syn-
drome (CIS), which lasts at least 24 h and is characterized by symptoms and signs indicating
either the presence of a single lesion (monofocal episode) or several lesions (multifocal
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episode) within the CNS. Patients who experience CIS may or may not develop MS [8].
Most people who suffer from MS (85–90%) are diagnosed with relapsing-remitting multiple
sclerosis (RRMS), portrayed by active bouts of disease followed by a relative stabilization
until the next relapse. Eventually, after 10–15 years from disease onset, more than 70% of
RRMS patients transit to secondary progressive multiple sclerosis (SPMS), characterized
by steadily increasing neurological disability, independent of relapses. The remaining
10–15% of MS patients develop primary progressive multiple sclerosis (PPMS), character-
ized by slowly worsening symptoms from the beginning, without prior or intermittent
exacerbations and remissions [9].

This is the result of its very heterogeneous, multifactorial etiopathogenesis and un-
predictable disease course, in which several clinical phenotypes with distinct underlying
pathogenic mechanisms can be distinguished [9–12]. Another difficulty in the form of a
varied response to applied therapies among patients additionally aggravated the challenges
doctors face [13].

The pathophysiology of MS is a complex autoimmunological process characterized by
the progressive loss of neurological function caused by the destruction of the axonal myelin
sheath in several areas of the brain and the spinal cord [14]. MS is believed to be driven
by systemic immune activation of autoimmunity against CNS components. In MS, the
inflammatory state is mediated by the interaction between several immune cells, such as T
and B cells, macrophages, CNS glial cells (microglia and astrocytes), as well as antigens
reactive against myelin, including myelin basic protein (MBP) and myelin oligodendrocyte
glycoprotein (MOG) [15]. The commonly implicated myelin-reactive CD4+ cells in the
pathophysiology of MS are Th1 and Th17 lineage, defined on the basis of the production
of interferon-γ (IFN-γ) and interleukin-17 (IL-17), respectively [16]. Autoreactive Th cells
and activated monocytes secrete elevated amounts of proteolytic enzymes, such as matrix
metalloproteinases (MMPs), which can degrade tight junction proteins and cause blood–
brain barrier (BBB) disruption [17]. Moreover, Th1 and Th17 cells can cross the BBB and
migrate to the CNS, followed by microglia activation and secretion of pro-inflammatory
cytokines, such as tumor necrosis factor α (TNF-α), IL-1β, and IL-6 [18].

The interplay between relapses and progression during MS has led to the split of the
disease into two leading phases, which are characterized by different but still mutually
interacting pathological processes within the CNS [19]. In the early RRMS, the critical mech-
anism of the initiation of the disease process is inflammation and BBB damage. Patients
with the RR subtype display stronger inflammatory features than progressive forms (PP
and SP subtypes) [20]. In the advanced stages of the disease, the ongoing inflammation pro-
cess gradually contributes to neurodegeneration, which seems to dominate in progressive
MS [21]. SPMS is manifested by predominant neurodegeneration, brain atrophy, and steady
clinical exacerbation, even when a patient is not experiencing a relapse [22]. Since therapies
mainly exert a dampening effect on the immune system, this may be one explanation as to
why therapeutic effects are poor in progressive MS. Moreover, many disease-modifying
therapies (DMTs) used in RRMS are ineffective or even harmful for SPMS patients, thus
highlighting the need to modify the therapeutic interventions used [23–26].

Currently, diagnosis of the conversion from RRMS to SPMS is based only on ret-
rospective clinical and radiological assessment. However, the retrospective assessment
presents many difficulties in terms of establishing the time point of disease progression [27].
Lublin et al. proposed a one-year retrospective clinical assessment of disability progres-
sion, as measured by the expanded disability status scale (EDSS), as diagnostic criteria
for SPMS [28]. Nevertheless, disability progression in SPMS is not frequently clearly
measurable by clinical scales. Moreover, EDSS is widely criticized for its lack of linearity,
over-reliance on inferior limb function and ambulation, low sensitivity, and high interrater
variability [29].

According to the 2017 McDonald’s criteria, the primary tests for MS diagnosis are
magnetic resonance imaging (MRI) findings and cerebrospinal fluid (CSF) examination.
Indeed, oligoclonal band (OCB) analysis, despite being an invasive diagnostic method
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linked to the lumbar puncture, is a recommended analysis in CSF samples, while basic
CSF biochemistry, as well as tests for intrathecal immunoglobulin G (IgG) index, are
not recommended [30]. At the early MS stage, the volume of demyelinating lesions is
superior in the white compared to the gray matter, whereas progressive MS manifests
by widespread gray matter demyelination. It was shown that focal gray matter atrophy
is an untimely indicator of progression, and the pace of gray matter atrophy correlated
with MS development [9,31–33]. Nevertheless, standard MRI-based imaging does not fully
reflect the ongoing disease mechanisms, such as demyelination/remyelination, microglial
activation, astrogliosis, as well as neurodegeneration, which contribute to subclinical
disease activity [34].

The available literature data report the existence of biologically active molecules that
could be a potentially helpful tool for differentiating the RR phase from SP. Pasquali et al.
reported that the plasmatic levels of proinflammatory cytokines, both IFN-γ and IL-17,
are higher in RRMS compared to SPMS patients, while the level of transforming growth
factor-β (TGF-β), a molecule with immunosuppressant activity, was much lower in RRMS
in comparison to SPMS [35]. Another group of active molecules indicated in the literature
are light neurofilaments (NFL) and glial fibrillary acid protein (GFAP), a marker of astrocyte
damage and astrogliosis, in serum [36,37]. Högel et al. claimed that GFAP and NFL levels
in serum are higher in patients with SPMS than RRMS, as well as correlate with a higher
EDSS parameter [38]. Whereas Ayrignac et al. demonstrated higher levels of both NFL and
GFAP in serum from PPMS compared to RRMS, indicating that they might be markers of
the disease progression [37]. Based on the above studies, we consider NFL and GFAP as
potential progressive MS and RRMS distinguishing biomarkers.

Most importantly, the majority of autoimmune diseases are accompanied by inflam-
mation, which is why it is strongly recommended not to take inflammatory factors into
account as proper MS markers.

Therefore, it is imperative to identify suitable diagnostic tools, for instance, in the form
of sensitive, reliable, and stable biomarkers that can help distinguish the clinical phenotypes
of MS, predict disease progression, and provide a correlation with disability [33]. It is
firmly not recommended to consider cytokines/chemokines measured in serum/plasma
as a reliable marker, especially because they are highly non-specific to concrete disease
entity [39]. Therefore, the inflammatory markers mentioned above can only complement
MRI and patients’ clinical characteristics [9]. Recent studies have demonstrated that altered
expression of some miRNAs may serve as valuable biomarkers to diagnose MS, and rapidly
and effectively distinguish RR from the SP phase [40,41].

2. Biogenesis and Characteristics of miRNA

In the past few years, numerous studies have confirmed the essential role of small
(19–25 nucleotides) non-coding RNA molecules, called microRNAs (miRNAs), as signif-
icant regulators of biological processes associated with the pathophysiology of various
autoimmune and neurodegenerative disorders, including MS [42–45]. MiRNAs are remark-
ably stable, resistant to endogenous RNase activity, simple to obtain, and above all, highly
sensitive to the processes taking place in the organism [46]. Furthermore, microRNAs
have distinct expression level patterns, which could be characteristic of the specific dis-
ease [47]. Those features have made circulating miRNAs a potentially promising prognostic
biomarker, being investigated for various human disorders, including neurodegenerative
diseases and other neurological pathologies [48]. Despite those analyses, no diagnostic
miRNA has been effectively applied in clinical examination until now. Still, more research
regarding miRNA activity in MS, especially at the genetic level, needs further clarification.
The analysis of the expression level of miRNAs potentially involved in neurodegeneration
processes might provide new knowledge of MS etiopathogenesis and might be helpful
while choosing the proper therapy used in different stages of the disease.

The formation of miRNA consists of several steps [49]. Gene-encoding miRNA is
transcribed by RNA polymerase II, which leads to the formation of a long primary tran-
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script, termed primary miRNA (pri-miRNA). In the nucleus, the pri-miRNA is cleaved by
a microprocessor complex of the RNase III endonuclease Drosha with DiGeorge syndrome
critical region 8 (DCGR8) protein into pre-miRNA. Next, pre-miRNA is transported to
the cytoplasm by exportin-5, where it is cleaved by the RNase III endonuclease Dicer to
produce an RNA duplex [50]. Finally, the mature miRNA is transferred to Argonaute
family proteins (Ago) in the RNA-induced silencing complex (RISC) core. One strand of
the duplex (-3p) is typically degraded by Ago. The other strand (-5p) is loaded into RISC
(usually, this strand is the one with lower thermodynamical stability at the 5′end) [51].
However, both strands (-5p and -3p) may be loaded into RISC at similar frequencies for
some miRNAs. In fact, while RISC loading may strongly favor the incorporation of one
strand (-5p), recent research has demonstrated a small fraction of the -3p strand loaded
into RISC for essentially all miRNA families [52].

Together with the RISC, single-stranded miRNA, using as few as 6–8 nucleotides
(so-called ‘seed region’) which are located at the 5′end, hybridizes to the complementary
sequences of the target messenger RNA (mRNA) in the 3′UTR (untranslated region),
known as a miRNA response element (MREs). The hybridization results in specific post-
transcriptional gene silencing—RNA interference (RNAi) [53]. Moreover, the interaction
of miRNAs with other regions, including coding sequence and 5′UTR, has also been
reported [54].

The effects of RNAi depend on the grade of the complementarity of miRNA with the
target mRNA. Excellent complementarity leads to the destabilization and degradation of
the mRNA transcript by the catalytic Ago2 protein. Whereas, if the complementarity is
not full (this effect is more often), it results in translational repression [55]. In this way,
miRNAs modulate more than 60% of all mammalian mRNAs, and therefore a wide range of
cellular processes, including development, differentiation, proliferation, metabolism, and
apoptosis [56]. Furthermore, there is a complex network of mutual interactions between
miRNAs and mRNAs—one miRNA can bind to hundreds of target mRNAs, and a single
mRNA can be targeted by various miRNAs [57]. This means that the combination of
multiple miRNAs determines the expression of the same gene, and the lack of a single
regulator can be compensated by other miRNA molecules complementary to the same
target transcripts [58,59].

MiRNA expression profiling is conducted using a set of various methods, such as
miRNA microarray platforms, quantitative real-time polymerase chain reaction (qRT-
PCR), digital PCR (dPCR), in situ hybridization, and high-throughput sequencing (next-
generation sequencing, NGS). Nowadays, the NGS technique is most frequently used to
profile miRNA in distinct sets of diseases. It is noteworthy that each of these methods
provides a large amount of information about miRNAs profile in different diseases; never-
theless, every method also has some disadvantages. Although NGS is challenging due to
cost, labor, time consumption, and professional bioinformatics support for data analysis, it
profiles both known and unknown miRNAs, which are beyond the capabilities of qRT-PCR
and microarrays. Microarrays require a higher concentration of miRNAs and have lower
specificity than qRT-PCR. On the other hand, sensitive and specific qRT-PCR, the standard
technique to measure miRNA expression, provides medium-throughput concerning the
number of samples processed per day [60–63]. Furthermore, quantification of samples
with low concentrations of nucleic acids using this method can be challenging, while dPCR
technology enables absolute quantification through partitioning the reaction. dPCR, highly
sensitive and accurate in molecular detection, has demonstrated applications such as trace
DNA detection, rare mutation detection, and copy number variation. Unfortunately, its
disadvantages compared to qPCR are narrow dynamic range and high cost [64].

It was demonstrated that circulating miRNAs present in various bio-fluids, such
as saliva, blood, plasma, serum, and CSF, can be released or produced due to different
events, including (1) passive leakage from damaged cells due to chronic inflammation,
apoptosis, or necrosis, (2) active secretion through cell-derived microparticles, exosomes,
shedding vesicles, and apoptotic bodies, and (3) active transport by a complex with protein,
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such as Ago2 [65]. Furthermore, exosomes can provide an excellent source of miRNA
biomarkers because of their easy extraction from body fluids [66]. Circulating miRNAs
enclosed in membrane vesicles are extremely stable in the extracellular environment, with
high RNAse activity [67]. High stability means that circulating miRNAs are long-lived
in bio-fluids and are consequently proposed as attractive diagnostic [68] and prognostic
biomarkers [69,70]. Some experimental studies also demonstrated strong resistance of
endogenous circulating miRNAs for stressful conditions, such as repeated freeze–thaw
cycles, temperature differences, and prolonged storage time, which are favorable traits
for their analyses [71,72]. miRNAs circulating in the human body have the potential for
being used as multi-marker models that could be non-invasive, less expensive, and less
time-consuming methods in monitoring the disease course and its response to treatment
than the classical protein markers used so far [73]. This is due to the simplicity of their
obtaining, high sensitivity, and specificity for a given disease entity [74].

According to the miRNA repository, miRbase (www.mirbase.org; accessed date:
21 September 2021) currently lists 1917 precursors and 2654 mature miRNAs in Homo sapi-
ens, which control the expression of hundreds of different genes [75]. The understanding of
which miRNAs or panels are dysregulated in particular diseases makes miRNAs emerge as
valuable therapeutic targets [76]. The human miRNA-associated disease database (HMDD)
(www.cuilab.cn/hmdd; accessed date: 21 September 2021) operates as a rich resource for
scientists, screening the permanently growing number of miRNA profiles for a broad range
of diseases.

3. MiRNAs as Potential Biomarkers in MS

At the time of writing this review, the HMDD covered 148 different miRNAs associated
with MS pathogenesis, predisposing to a disease marker [77].

Using a literature search for peer-reviewed articles, conducted through the PubMed
and Sage Journals databases, we have retrieved and compared all significantly different
circulating miRNAs between RRMS and SPMS. Google Scholar was also used to seek open-
access articles. The data from the World Health Organization (WHO) and clinicaltrials.gov
websites were also considered in the above review. The review consists of 176 literature
positions, including 98 original research (case reports, clinical trials, cohort studies), 73 re-
views (systemic reviews, literature reviews, and meta-analyses), 1 website, and 4 chapters
in books. The cited works are in the 1982 to 2021 range of years. Identified relevant
reviews were hand-searched for additional relevant references. The following search terms
were used to locate articles specific to this study: relapsing–remitting multiple sclerosis,
secondary progressive multiple sclerosis, biomarkers, circulating miRNAs, plasma, serum,
differences, and expression. Variations of these terms were used to ensure exhaustive
search results. After identifying all the keywords, synonyms, and phrases, the Boolean op-
erators “AND” and “OR” were used. The PubMed search was performed using terms and
database-appropriate syntax: “expression” AND “differences” AND “plasma” OR “serum”
AND “circulating miRNAs” OR “miR-92a-1-3p” OR “miR-633-5p” OR “miR-485-3p” OR
“miR-337-3p” OR “miR-326-5p” OR “miR-30b-5p” OR “miR-27a-3p” OR “miR-223-3p”
OR “miR-181c-5p” OR “miR-145-5p” OR ”let-7c” OR “let-7d” AND “biomarkers” AND
“relapsing–remitting multiple sclerosis” OR “secondary progressive multiple sclerosis”.
Furthermore, the search terms relating to “multiple sclerosis” were not useful as the search
facilities were not precise. Based on the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) template, a diagram representing the literature strategy was
created (Figure 1) [78].
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Figure 1. Flow diagram representing the study selection process based on the PRISMA template.

It is evident that miRNAs are recognized as essential modulators of inflammatory
responses; however, against intuition, the activity of miRNAs is not only restricted to a
simple inhibition of inflammation. The earlier discoveries of a handful of miRNAs involved
in inflammatory responses have encouraged researchers to focus their studies on their
systematic profiling in different cells and cell-free biological fluids to understand their
function in regulating the inflammatory process [79]. Recent studies have uncovered a sig-
nificant role for microRNAs as regulators of major cellular functions, such as development,
differentiation, growth, and metabolism. Due to their abilities, microRNAs are believed
to be implicated in many human pathologies, including inflammatory, autoimmune, and
neurodegeneration, all characteristics of MS [80–83]. What is more, miRNAs modify the
transcripts for proteins engaged in remyelination, neurogenesis, and gliogenesis [84–87].

In the literature are emerging several circulating miRNAs being either up- or down-
regulated in MS patients vs. healthy controls (HCs) and differently expressed in vari-
ous disease subtypes [88]. Dysregulated miRNAs in MS obtained from different tissues
and cell types were analyzed, for instance, in a comprehensive review by Piket et al. or
Gandhi [89,90]. Piket et al. provided a detailed overview of 61 studies that examined
miRNAs in MS (most of them analyzed RRMS vs. HCs). They focused on the mechanisms
of the most dysregulated miRNAs and also used predicted targets of the most dysregu-
lated miRNAs to highlight affected pathways. From their research, it resulted that the
prime affected pathway was TGF-β signaling, which is important in the differentiation
and function of Th17 and Treg cells. Moreover, some of the miRNAs which can be found
in their comprehensive overview overlap with miRNAs which we found dysregulated
in RRMS vs. SPMS, including let-7d, 181c, or 145-5p [89]. Otaegui et al. indicated that
cell-derived miRNAs are promising biomarkers in MS and selected those that may be
indicators of the relapse and remission phases [91]. It was also shown that circulating
miRNAs help distinguish MS subtypes [92]. Furthermore, other miRNA analyses have
been performed between MS subtypes (Vistbakka et al. refers to PPMS vs. SPMS, Man-
dolesi et al. refers to CIS/Radiologically Isolated Syndrome vs. RRMS vs. progressive MS,
or Perdaens et al. refers to relapsing and remitting MS vs. HCs) [88,93,94]. The panel of
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miRNAs with disturbed expression in the course of MS obtained from different bio-fluids,
such as CSF, whole blood, plasma, as well as T- and B-cells, which includes, e.g., let-7,
miR-320, miR-27a, miR-223, miR-155, and their target genes, has been found [95]. One
of the more thoroughly studied miRNAs in the context of MS pathogenesis is miRNA-
155, for which the pro-inflammatory effect is associated with activation of inflammatory
cells, increasing permeability of the BBB, phagocytosis of myelin by macrophages, and
neurodegenerative processes [96,97]. Circulating miR-155 contributes to microglial activa-
tion and polarization of astrocytes towards the neurotoxic A1 phenotype, thereby driving
demyelination processes [98,99]. Additionally, miR-155, by having a suppressive effect on
mothers against decapentaplegic homolog 2 (SMAD2) and SMAD4, leads to upregulation
of the Nogo receptor (NgR), which is engaged in the suppression of neuronal growth.
Hence, upregulated miR-155 may induce demyelination [100,101]. MiR-155 also has a
huge impact on the development of neuropathic pain and indirectly influences a Treg cell
differentiation involved in alleviating pain hypersensitivity [102]. Another documented
miRNA engaged in neuroinflammatory processes, which could have an effect on MS, is
let-7a. As proven by Kacperska et al., this miRNA revealed a statistically significant differ-
ence in the expression in patients’ plasma (downregulated in RRMS vs. HCs (p = 0.002)),
whereas Gandhi et al. showed a statistically significant difference in the expression of
let-7a in the plasma obtained from SPMS and the HCs (p = 0.002); however, no significant
differences were reported for the RRMS vs. HC comparison [103,104]. Let-7a serves as an
essential modulator of neuroinflammatory processes, inhibits apoptosis, and promotes the
neuroprotective M2 phenotype in microglia under active inflammatory conditions, as a
result being involved in the anti-inflammatory process [105]. In response to inflammation,
upregulated circulating let-7a represses the production of IL-6 and promotes the expression
of brain-derived neurotrophic factor (BDNF) and anti-inflammatory cytokines, such as
IL-4 and IL-10 in microglia [106]. IL-4′s role in regulating inflammation within the CNS was
demonstrated in the experimental autoimmune encephalomyelitis (EAE), an animal model
of MS, in which mice deficient in IL-4 exhibited more severe EAE clinical disease [107].
Another huge miRNA family involved in MS pathology is the miR-320 family (miR-320a,
miR-320b, miR-320c, miR-320d, and miR-320e). Studies on the mice with EAE showed
that overexpression of cell-free miR-320 isoforms plays a possible role in the autoimmune
neuroinflammation and the pathogenesis of MS disease. Talebi et al. found that miR-
320 isoforms could target SMAD2 and TGFBR2 (TGF-β Receptor 2), thereby diminishing
the TGF-β signaling pathway [108]. This pathway contributes to the increasing differentia-
tion of naive T cells into Treg cells and inhibition of Th1, leading to the decrease in IFN-γ
production and lessening EAE [109]. As a result, overexpression of miR-320 isoforms might
be involved in the neuroinflammation and pathogenesis of MS through reducing neuropro-
tective and immunomodulatory effects of TGF-β [108]. Moreover, in B cells of MS patients
during a disease relapse, the expression of miR-320a is decreased, leading to increased
MMP9 expression, being a marker of disease activity in patients with MS [110,111]. An
elevated level of MMP9 can be implicated in the pathogenesis of MS, as this enzyme is
involved in BBB degradation, thereby intensifying neuroinflammation and worsening the
disease course [112].

In 2016, the clinical trial, which was based on a pilot study that seeks to characterize
differences in miRNA profiles and cell products obtained from blood and CSF of patients
in the early (CIS) and later (SP) stage of MS, as well as healthy participants (with no
neurological or autoimmune illness), was completed. Although no results have been
published, the aforementioned study is particularly promising, taking into account that
obtained miRNA panels could then be correlated to clinical manifestations and subtypes of
MS [113].

167



Int. J. Mol. Sci. 2021, 22, 11887

4. Potential Candidates for a Panel Distinguishing the RR from SP Phase

The use of miRNAs as biomarkers in MS is still being developed. Until now, in the
case of differences between RRMS and SPMS, only a few reported studies have analyzed
circulating miRNA in cell-free biological fluids.

Recently, it has been a trend to use a panel of multiple miRNAs, more favorable than
a single miRNA, focusing on early diagnostic and/or prognostic biomarkers in many
diseases [114–116]. Using a specific panel of several miRNAs increases the credibility of
the obtained results and reduces the risk of a false-positive diagnosis to a minimum.

The study conducted by Haghikia et al. showed that miR-181c (p = 0.02) and miR-633
(p = 0.0005) are downregulated in the CSF of SPMS when compared to RRMS [117]. Kramer
et al. confirmed that those miRNAs are dysregulated in the CSF in MS. However, their study
claimed that miR-181c is upregulated in SPMS compared to RRMS (p = 0.036) and miR-633-
5p does not reach the statistically significant differences (p = 0.468) [118]. It was reported
that this miRNA could predict the conversion from CIS to RRMS, and the enhanced
level of miRNA-181c in the CSF could be the early marker of the highly active phase of
MS [119]. There is an experimental study on rat cortical neurons, which demonstrated the
involvement of miR-181c-5p in the regulation of neuronal maturation and synaptogenesis
in the cortex and the molecular responses of astrocytes under inflammatory conditions [120].
What is more, several target genes were identified for miR-181c-5p, including SMAD7
(a negative regulator of TGF-β signaling) engaged in Th17 differentiation, being a major
driver of CNS autoimmunity in MS [121]. Nevertheless, no targets for miR-633-5p have
been validated so far. However, the bioinformatics prediction tool, TargetScan, revealed a
few potential binding sites, including macrophage scavenger receptor 1 (MSR1), which is
also discussed in the context of TGF-β-induced microglia toxicity [118].

The study of Gandhi et al. explored the potential of miRNA profiling to distinguish
subtypes of MS. Their research based on qRT-PCR analysis showed that expression of
miR-92a-1-3p, let-7c, let-7d, and miR-145-5p is significantly upregulated in plasma from
RRMS in comparison to SPMS (p = 0.022, p = 0.04, p = 0.047, and p = 0.01, respectively) [104].
In the multivariate model, miR-92a-1-3p showed a significant association with RRMS
(adjusted OR = 1.35, p = 0.022), whereas it demonstrated no link with SPMS. Furthermore,
they showed a positive correlation between miR-92a-1-3p expression and EDSS and dis-
ease duration, which may indicate that miR-92a-1-3p may be an early marker of disease
progression [104]. In the same study, the additional biostatistical analysis showed that
miR-92a-1-3p targets genes which regulate the CD40-CD40L pathway [104]. CD40-CD40L
dyad was found to be essential in modulating the aberrant inflammatory response in MS.
Although CD4+ and CD8+ T cells are extensively present during immune activation and
can express CD40L, in MS, CD40L expression is only detected on CD4+ T cells, not on
CD8+ T cells [122]. CD40L is neither identified in the CNS of healthy people nor patients
with other neurodegenerative diseases [123]. CD40–CD40L interactions can promote the
inflammatory response underlying MS, whereas it is confirmed that inhibition of the CD40-
CD40L pathway reduces disease severity in the EAE [124]. Additionally, Balashov et al.
demonstrated that CD40L-dependent Th1 differentiation and immune activation were
only observed in the progressive MS but not in the RRMS, suggesting a link to disease
pathogenesis and progression and providing a basis for immune response intervention
in the disease [125]. The data considered above suggest that upregulated miR-92a-1-3p
expression in RRMS via the CD40-CD40L pathway may be a genuine marker of early
inflammation burst induced by CD4+ T cells, both in MS and EAE. MiR-92a-1-3p is in-
volved in the pathogenesis of EAE, and it might function as a positive regulator of T cell
differentiation towards pathogenic Th1 cells [126].

Subsequent miRNAs from the let-7 family, apart from let-7a, differently expressed in
MS, are let-7c and let-7d. Banerjee et al. suggested an important role of let-7c in regulating
macrophage polarization derived from bone marrow cells of mice. They found that overex-
pression of let-7c in macrophages promotes their polarization into the anti-inflammatory
M2 phenotype, possibly by targeting the C/EBP-δ transcription factor, which plays a vital
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role in the inflammatory response [127]. Kim et al. conducted experiments on mice with a
dendritic cell (DC)-specific deletion of the transcriptional repressor B lymphocyte-induced
maturation protein1 (Blimp1), which showed that the increased level of let-7c that is present
when Blimp1 expression is low results in a proinflammatory DC phenotype [128]. Besides,
toll-like receptor 7 (TLR7), a noncatalytic receptor protein present in macrophages and DCs
involved in innate immunity and inflammation, recognizes let-7c and plays a negative role
in controlling neuronal growth in cultured neurons. Thereby, let-7c might suppress the
dendritic growth of cortical neurons [129]. It is worth emphasizing that neuronal innate
immune responses may influence neurodevelopment and neurodegeneration through the
regulation of neuronal morphology [129]. Let-7d is predicted to target IL-10 since there is a
strong positive correlation between the pro-inflammatory cytokine IL-1B and let-7d [130].
This is important, taking into consideration that IL-10 has significant regulatory effects on
immunological and inflammatory responses, for instance, because of its capacity to inhibit
the production of proinflammatory cytokines by monocytes [131].

In the next study, Regev et al. found that the miR-27a-3p was the only miRNA out
of 652 analyzed miRNAs that differentiated progressive patients from relapsing ones.
Expression of miR-27a-3p in serum was significantly upregulated in the RRMS compared
to SPMS. AUC for miR-27a-3p was high and reached a value of 0.78 [92]. It was also
demonstrated that miR-27a-3p expression shows a strong link to the neurotrophin signaling
pathway [92]. In CNS, neurotrophins, which play a protective role for neuronal circuitry,
facilitate synaptic transmission, and regulate brain plasticity, are essential for memory and
regenerative processes [132]. It was shown that reduced production of neurotrophic factors,
such as BDNF in patients with SPMS, can contribute to the progression of demyelinating
disease and axonal loss [133]. Probably, miR-27a-3p, through regulation of the neurotrophin
pathway, may be an early marker of neurodegeneration in patients with late RRMS and play
a role as the prognostic marker of RR-to-SP transition. MiR-27a-3p targets many proteins of
intracellular signaling networks, which regulate, for example, the activity of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-κB) and mitogen-activated protein
kinases (MAPKs), which control numerous cellular events associated with the inflammatory
response, apoptosis, and cell proliferation [134,135]. Lu et al. revealed that downregulation
of miR-27a-3p inhibits the inflammatory response (reduced the expression levels of pro-
inflammatory cytokines, such as IL-1β, IL-6, and TNF-α) and hippocampal neuronal cell
apoptosis by targeting mitogen-activated protein kinase 4 (MAP2K4) in epilepsy. Thus,
increased expression of miR-27a-3p may induce inflammatory burst and hippocampal
neuronal apoptosis by targeting MAP2K4 [136]. Ahmadian-Elmi et al. suggested that
high expression of miR-27a-3p can suppress the TGF-β signaling pathway by directly
targeting some key transcription factors, such as SMADs and Cul1 proteins [137]. It was
shown that the SMAD2/3 complex and SMAD4 can regulate forkhead/winged-helix
transcription factor 3 (FOXP3) gene expression [138]. FOXP3 is especially involved in
the development and function of Treg cells, and it can inhibit the expression of the IL-
17A gene by interacting with retinoic acid receptor-related orphan receptor-γt (RORγt),
a transcription factor that directs the differentiation of inflammatory Th17 cells [139]. In
RRMS patients, silencing SMADs and Cul1 by upregulated miR-27a-3p may block the
TGF-β signaling pathway, leading to the suppression of naïve T cell differentiation into
Treg cells. Finally, reducing the Treg number and enhancing the number of Th17 cells in
the relapsing phase will promote inflammation in the RR stage of MS [137]. Additionally,
miR-27a-3p is a regulator of oligodendrocytes’ development and survival. Increased miR-
27a-3p level leads to inhibition of oligodendrocytes differentiation/maturation in mice
and human oligodendrocyte progenitor cells and myelination and remyelination in vivo in
mice. Therefore, decreasing the levels of miR-27a-3p following demyelination is critical for
facilitating remyelination [140].

In another study, Regev et al. reported that miR-337-3p in serum was significantly
downregulated in SPMS compared to RRMS in one of the cohorts (p = 0.01), while no
significant differences were found for the other cohorts [141]. Moreover, its increased
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expression negatively correlated with the EDSS in three independent MS cohort studies.
Thus, it may be accepted that miR-337-3p might be a potential biomarker candidate for
disability and disease progression [141]. Of interest, it was demonstrated that miR-337-3p
targets Ras-related protein 1 (Rap1) A protein, which is a well-established major component
of the integrin activation pathway, hence indicating a potential role of miR-337-3p to serve
as a biomarker for predicting the therapy response to natalizumab (an α4β1-integrin
inhibitor) in MS patients [142]. Additionally, Rap1 signaling impacts upon autoimmune T
cells at various levels and confirms the concept that sustained Rap1 activation diminishes
T cell-mediated autoimmunity. Therefore, miR-337-3p via Rap1 signaling may initiate
the pathogenic character of T cells in immune-mediated inflammatory diseases, such as
MS [143].

There is also Sharaf-Eldin et al.’s study, which is promising, however, it requires
future verification on a larger number of patients and detailed validation. Sharaf-Eldin
et al. carried out a study on miR-145-5p, miR-223-3p, and miR-326-5p, and concluded that
only miR-326-5p indicated a statistically significant difference (p = 0.018) between RRMS
and SPMS patients (overexpression in RRMS vs. SPMS). Additionally, combinations of
miR-145-5p + miR-326-5p, miR-223-3p + miR-326-5p, and miR-145-5p + miR-223-3p + miR-
326-5p can differentiate RRMS from SPMS, with the area under the curve (AUC) and 95%
confidence intervals (95% CI) values of (0.737 (0.57–0.904), p = 0.014), (0.713 (0.531–0.896),
p = 0.027), and (0.772 (0.619–0.925), p = 0.005), respectively [144]. AUC is a parameter
providing an estimate of the miRNA’s ability to discriminate the groups compared, known
as an area under the receiver operating characteristic curve [145]. Kornfeld et al. demon-
strated that miR-145-5p targets myelin gene regulatory factor (MYRF), a transcriptional
regulator required for CNS myelination and oligodendrocyte maturation. This was con-
firmed by the fact that mice lacking MYRF display severe neurological abnormalities and
severe deficits in myelin gene expression [146]. Studies on transient middle cerebral artery
occlusion in rats indicated that miR-145 plays a role in the brain’s antioxidant defense
because its lower expression led to increased protein expression of superoxide dismutase-2
(SOD2), one of the major antioxidants [147]. Moreover, miR-145-5p was identified as a
putative regulator of nuclear receptor subfamily 4 group A member 2 (NR4A2), also known
as Nurr1 [148]. The research performed on the secondary spinal cord injury in the rat model
indicated that miR-145-5p inhibition decreases inflammation and oxidative stress, which,
together with mitochondria dysfunction, feature prominently in MS [149], by targeting
Nurr1 to block TNF-α signaling [150].

It was reported that miR-223-3p is involved in regulating hematopoiesis, myeloid pro-
genitor proliferation, granulocyte differentiation, and thereby immune response [151]. Stud-
ies on the EAE model suggested that miR-223-3p has an important role in the development
of CNS inflammation. MiR-223-3p regulates myeloid DC-induced activation of pathologic
Th17 responses during autoimmune inflammation, controlling IL-1β, IL-6, and IL-23 cy-
tokines [152]. Mice with miR-223–3p-knockout exhibited reduced numbers of myeloid
DCs and Th17 cells in the CNS, thereby reducing EAE disease severity linked to decreased
inflammation [152]. Besides, miR-223 is required for efficient macrophage M2 polarization,
and mice lacking miR-223 display impaired CNS remyelination [153]. Depending on the
type of regulated pathway, miR-233-3p exhibits anti- and pro-inflammatory properties.
On the one hand, Li et al. demonstrated that miR-223-3p modulates the noncanonical
NF-κB (nuclear factor-κB) pathway by targeting transcripts of the inhibitor of kappa B
kinase alpha (IKKα) (engaged in activation of NF-κB), which is an anti-inflammatory factor
that may prevent the spontaneous activation of macrophages, thus promoting controlled
inflammation in the human myeloid leukemia cell line [154]. On the other hand, miR-223-
3p, by targeting TNF receptor-associated factor 6 (TRAF6) and TGF-β activated kinase
1 binding protein 1, suppresses the canonical NF-κB pathway. Therefore, miR-223-3p
expression was indicated to decrease neutrophil activation, suggesting anti-inflammatory
effects [155]. Furthermore, Chen et al. demonstrated that miR-223-3p directly targets the
transcription factor signal transducer and activator of transcription 3 (STAT3). It was shown
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that miR-223-3p overexpression was associated with a significant decrease in STAT3 lev-
els and reduction in the production of IL-1β and IL-6, but not TNF-α, in macrophages.
Thereby, miR-223-3p might regulate processes associated with the regulation of inflam-
matory responses in macrophages [156]. In addition, miR-223-3p could downregulate the
nod-like receptor pyrin domain containing 3 (NLRP3), which is thought to be a critical and
necessary factor in MS development. Decreasing the NLRP3 level inhibits inflammation
through caspase-1 and IL-1β, thus reducing brain edema and improving neurological
functions [157–159]. Besides, miR-223-3p appears to promote neuronal protection partly
through the regulation of glutamate receptor signaling. Glutamate receptor 2 and N-methyl
D-aspartate receptor 2B expressions are subunits for glutamate’s ionotropic transmembrane
receptors that mediate fast synaptic transmission in the CNS. It was demonstrated that
miR-223-3p overexpression in the retina and optic nerve, by reducing the expression of the
above subunits, had blocked the formation of EAE-driven pathological axonal swellings,
which are attributed to excitotoxicity of glutamate [160,161].

It was investigated that miR-326-5p downregulates the expression of transcription
factor Ets-1 [162], a negative regulator of Th17 differentiation, thereby promoting Th17 dif-
ferentiation. MiR-326-5p expression is closely correlated with disease severity, both in
patients with MS and mice with EAE [162]. Nevertheless, the exact role of Ets-1 in reg-
ulating the differentiation and function of Th17 cells still remains unknown [163]. In
another study, Honardoost et al. also confirmed the potential of miR-326-5p, obtained
from peripheral blood lymphocytes, as a diagnostic biomarker to discriminate between
relapsing and remitting phases of MS disease [164]. Studies performed on phosphatase
and tensin homolog-induced kinase 1 (PINK1)-deficient mice suggest that miR-326 may
upregulate GFAP expression during neural stem cells’ (NSCs) differentiation and brain
development [165]. In addition, Junker et al. showed that miR-326, upregulated in ac-
tive MS lesions, targets the 3′-UTR of CD47 in brain-resident cells. The decreasing level
of CD47 releases macrophages from the inhibitory control, thereby increasing myelin
phagocytosis [166].

Additionally, there is a study that compares RRMS patients with a group of progres-
sive MS, including both SPMS and PPMS. Although the researchers did not split up those
progressive phases, we would like to draw attention to their work because they detected
miRNAs, whose combination improves discriminatory power between RRMS and progres-
sive MS, and which might play a role in neuroinflammation and neurodegeneration in MS.
Ebrahimkhani et al. profiled exosomal miRNAs and reported nine miRNAs (miR-15b-5p,
miR-23a-3p, miR-223-3p, miR-374a-5p, miR-30b-5p, miR-433-3p, miR-485-3p, miR-342-3p,
miR-432-5p), differently expressed in RRMS and progressive MS [167]. They showed that
the combination of three miRNAs (miR-223-3p + miR-485-3p + miR-30b-5p) improves
discriminatory power between RRMS and progressive MS with a 95% accuracy rate [167].

A recent study revealed that miR-485-3p might impact the differentiation and pro-
liferation of NSCs to neuron and astrocytes cells, the activity of which is disrupted in
neurodegenerative diseases. It was indicated that miR-485-3p targets thyroid receptor-
interacting protein 6 (TRIP6) expression, which mediates signal transduction modulation
during cell migration and adhesion, thereby diminishing proliferation and inducing dif-
ferentiation of NSCs [168]. Yu et al. claimed that miR-485-3p might play a neurotoxic role
while reducing neuronal viability and exacerbating neuroinflammation. Their experiments
established that the knockdown of miR-485-3p promoted decreased cell proliferation and
increased cell apoptosis induced by amyloid β-peptide in Alzheimer’s disease [169]. Stud-
ies performed on the BV2 microglial cells after lipopolysaccharide treatment exhibited that
the reduction of miR-485-3p could inhibit inflammatory responses, which suggested the
negative regulatory effects of miR-485-3p on neuroinflammation [170].

It was reported that downregulation of miR-30b-5p is necessary to generate fully
functional macrophages and DCs. Its upregulation inhibits the release of inflammatory
cytokines, such as TNF-α, IL-6, and IL-12, in lipopolysaccharide-stimulated cells in cul-
tured and transfected cells [171]. The examination of the Kyoto Encyclopedia of Genes and
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Genomes (KEGG) database for miR-30b-5p, performed by Brennan et al., pointed out that
this miRNA is able to target genes of pathways connected to neurodegeneration, including
the Wnt pathway engaged in oligodendrocyte development and the remyelination pro-
cess [172,173]. Zheng et al. demonstrated that miR-30b-5p is associated with a diminished
expression level of the anti-apoptotic protein Bcl2 on the mouse pancreatic β-cell line [174].
It could be possible that this miRNA could also have an impact on Bcl2 expressed in
peripheral lymphocytes whose dysregulated expression is a feature of clinically active
MS [175]. Moreover, as proved by Zettl et al., chronic progressive MS patients exhibited a
higher proportion of bcl-2-expressing T cells than patients with RRMS. In addition, active
demyelinating lesions revealed a lower bcl-2-positive T cells number than remyelinating
and demyelinated lesions. Therefore, this protein, expressed in MS plaques, might have
important effects on the regulation of the persistence of the inflammatory cells in the
CNS [176].

MiRNAs differentiating RR from SP described in this review are illustrated in Figure 2
and summarized in Table 1.

Figure 2. Potential role of circulating microRNAs (miRNAs) involved in multiple sclerosis (MS) pathogenesis, which
could be useful in discriminating between relapsing-remitting multiple sclerosis (RRMS) and secondary progressive
multiple sclerosis (SPMS) (miR-145-5p, miR-181c-5p, miR-223-3p, miR-27a-3p, miR-326-5p, miR-92a-1-3p, let-7c, let-7d,
miR-337-3p, miR-633-5p). Upregulation and downregulation of specific miRNAs influence the Th cell differentiation into
pro-inflammatory Th17 and Th1 cells, which together with B cells can cross the blood–brain barrier (BBB) and migrate
to the central nervous system (CNS), where they proliferate and secrete pro-inflammatory cytokines (interleukin-1 (IL-1),
IL-6, IL-17, interferon-γ (IFN-γ), and tumor necrosis factor α (TNF-α)). In the CNS, different miRNAs play various roles
in cytokine secretion, monocyte stimulation, or neuronal maturation. As a consequence, dysregulation of these processes
causes myelin sheath damage and, eventually, neuronal loss. Red arrow—upregulation of specific miRNA in MS compared
to healthy controls; increased effect exerted by a given miRNA. Blue arrow—downregulation of specific miRNA in MS
compared to healthy controls; decreased effect exerted by a given miRNA.
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Table 1. Circulating miRNAs and combinations of miRNAs as potential tools in distinguishing RRMS from SPMS.

miRNA Function SPMS vs. RRMS
Biological
Material

Patients
Number

miRNAs
Number

Included in the
Analysis

Ref.

miR-181c-5p Regulates neuronal maturation and
synaptogenesis in the cortex

Upregulated

CSF

81 RRMS
106 SPMS

0 HCs
211 OND

3 [118]

Downregulated

17 RRMS
30 SPMS

0 HCs
39 OND

760 [117]

miR-633-5p Targets mRNAs transcripts involved in
neuroinflammatory pathways Downregulated CSF

17 RRMS
30 SPMS

0 HCs
39 OND

760 [117]

miR-27a-3p

Regulates the differentiation of
Th1 and Th17 cells and the

accumulation of Tregs
Regulates oligodendrocytes

differentiation

Downregulated Serum
29 RRMS
19 SPMS
30 HCs

652 [92]

miR-337-3p Initiates through Rap1 signaling
pathogenic character of T cells Downregulated Serum

115 RRMS
51 SPMS
88 HCs

652 [141]

miR-92a-1-3p
Targets CD40-CD40L pathway

Regulates cell cycle and cell signaling
Promotes Th1 differentiation

Downregulated Plasma
51 SPMS
50 RRMS
32 HCs

368 [104]miR-145-5p Regulates the expression of myelin
gene regulatory factor

let-7c Plays a role in suppressing the
dendritic growth of cortical neuron

let-7d Regulates immunological and
inflammatory responses

Combination of:
miR-223-3p +
miR-326-5p +
miR-145-5p;

miR-326-5p +
miR-145-5p;

miR-223-3p +
miR-326-5p

miR-223-3p:
Modulates the nuclear factor κB

pathway
Regulates inflammatory responses in

macrophages

No statistical
significance

Serum
18 RRMS
19 SPMS
23 HCs

3 [144]miR-326-5p:
Regulates Th17 differentiation Downregulated

miR-145-5p:
Regulates the expression of myelin

gene regulatory factor

No statistical
significance

All patients were untreated with disease-modifying therapies at the time of the sample collection, except the cohort of Kramer et al. (miR-
181c-5p), which comprised both untreated patients and patients treated with azathioprine, interferons, glatiramer acetate, mitoxantrone,
natalizumab, fingolimod, or fumaric acid. Detection technique: qRT-PCR. Abbreviations: other neurologic diseases—OND, relapsing–
remitting multiple sclerosis—RRMS, secondary progressive multiple sclerosis—SPMS, healthy controls—HCs, cerebrospinal fluid—CSF.

5. Limitations in miRNA Biomarker Studies

To summarize, available published studies point out that circulating miRNAs may
have an important role as biomarkers in the diagnosis and prognosis of MS in future clinical
practice. However, there are a small number of studies concerning circulating miRNAs’
expression in MS, especially in the context of miRNA profile difference between RRMS
and SPMS subtypes. Furthermore, the research on circulating miRNAs as biomarkers is
still in the early stage; thus, the findings usually lack reproducibility and are often even
divergent. Studies evaluating circulating miRNAs have significant limitations, including
the variability in biological sources and different techniques used to isolate and analyze
(e.g., microarray, qRT-PCR, dPCR, and NGS) miRNAs. There are still no studies that
analyze the differences in the level of miRNA expression measured in cell populations
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between RR and SP patients. Performing such an analysis would significantly narrow the
pool of analyzed miRNA molecules to those which are cell-specific, and could constitute an
important object in targeted therapies. Currently, there are studies that reported differences
in miRNAs’ expression in different types of cells in each subtype of MS separately, in
comparison to the control group. However, there are still not enough studies that analyze
the level of miRNA expression in cells as a potential marker distinguishing the RR from
the SP subtype. The next limitation is the lack of a large sample size and validation of
results in independent cohorts, which is why the works with limited sample size and those
with poor study design should be carefully considered. Another limitation factor of many
original works is the fact that the authors do not specify the time of the biological fluids’
collection (at the diagnosis or at a different time point) and do not add the information on
the treatment of patients. It would certainly allow us to take into consideration the potential
influence of drugs on the level of miRNA and increase the reliability of the obtained results.
Ultimately, one of the biggest hurdles facing researchers who want to determine the role
of individual miRNAs in various disease entities is the complex network of relationships
between the miRNAs and target transcripts. All those factors pose a huge problem as far
as finding reliable and foolproof miRNAs, which might be characteristic for specific MS
stage and effective prognosis of the RRMS-to-SPMS transition. Therefore, although some
miRNAs might be useful during discrimination between RRMS and SPMS, there is a need
to confirm their effectiveness via clinical trials.

6. Conclusions

Circulating miRNAs are particularly interesting molecules that may be able to identify
differences in epigenetic regulation and pathophysiological mechanisms in different types
of diseases. Research conducted on miRNAs in MS seems to be very promising. The find-
ings suggest significant differences in the expression of many miRNAs between RRMS and
SPMS subtypes. Currently, there is no sufficient data that would support the association
of the expression level of specific circulating miRNA molecules with the development of
pathological processes characteristic of particular stages of the MS course. While current
immunomodulatory therapies have been shown to be efficacious in the early stages of
MS, these therapies are less potent in the later phases of MS. Thus, distinguishing the
conversion of RRMS to SPMS early is a great need. When the disease transits from the
RR to the SP phase, the modification of the therapeutic protocol is required, ensuring a
slower development of the disease by increasing the effectiveness of the treatment. Po-
tential markers for RR-to-SP transition include: miR-92a-1-3p, let-7c, let-7d, miR-145-5p,
miR-27a-3p, miR-337-3p, miR-633-5p, miR-181c-5p, and panels of miR-223-3p + miR-326-5p
+ miR-145-5p, miR-326-5p + miR-145-5p, and miR-223-3p + miR-326-5p. Nevertheless, the
functions of most miRNAs in the pathophysiology of MS still remain largely unexplained.
Currently, there are many miRNAs as potential markers of neuroinflammation and neu-
rodegeneration, but further studies are desirable to verify those biomarkers as useful tools
in clinical application, being novel therapeutic targets for treating MS. Each subtype of MS
still requires its own specific miRNA profile.
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Abstract: Experimental autoimmune encephalomyelitis (EAE) is an animal model most commonly
used in research on the pathomechanisms of multiple sclerosis (MS). The inflammatory processes,
glutamate excitotoxicity, and oxidative stress have been proposed as determinants accompanying
demyelination and neuronal degeneration during the course of MS/EAE. The aim of the current
study was to characterize the role of NMDA receptors in the induction of oxidative stress during the
course of EAE. The effect of memantine, the uncompetitive NMDA receptor antagonist, on modula-
tion of neurological deficits and oxidative stress in EAE rats was analyzed using several experimental
approaches. We demonstrated that the expression of antioxidative enzymes (superoxide dismu-
tases SOD1 and SOD2) were elevated in EAE rat brains. Under the same experimental conditions,
we observed alterations in oxidative stress markers such as increased levels of malondialdehyde
(MDA) and decreased levels of sulfhydryl (-SH) groups, both protein and non-protein (indicating
protein damage), and a decline in reduced glutathione. Importantly, pharmacological inhibition of
ionotropic NMDA glutamate receptors by their antagonist memantine improved the physical activity
of EAE rats, alleviated neurological deficits such as paralysis of tail and hind limbs, and modulated
oxidative stress parameters (MDA, -SH groups, SOD’s). Furthermore, the current therapy aiming to
suppress NMDAR-induced oxidative stress was partially effective when NMDAR’s antagonist was
administered at an early (asymptomatic) stage of EAE.

Keywords: EAE; glutamate receptor antagonist; excitotoxicity; oxidative stress; -SH groups;
superoxide dismutase

1. Introduction

Experimental autoimmune encephalomyelitis (EAE) is the most popular and well
characterized animal model of multiple sclerosis (MS). MS is an immune-mediated de-
myelinating disease of the central nervous system (CNS) with inflammatory and neu-
rodegenerative components that often affects young adults between the ages of 20 and
40, more frequently female than male [1]. The characteristic features of the disease are
demyelinating areas in the white and grey matter of the spinal cord and brain. The etiology
of MS is still not fully understood, although the role of both genetic and environmental
factors has been demonstrated [1]. In demyelinating lesions, the presence of lympho-
cytes, macrophages and activated microglia has been observed in the proximity of the
perivascular area [2,3], suggesting that these types of cells are involved in the process of
demyelination [4]. Macrophages and reactive microglia activate the complement pathway,
produce pro-inflammatory cytokines, release excitatory amino acids, and generate free rad-
icals [2]. All of these factors can damage myelin and oligodendrocytes and, consequently,
disrupt neurotransmission or induce injury and death of neurons. Inflammation, glutamate
excitotoxicity and oxidative stress have all been proposed as the most important determi-
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nants associated with demyelination and degeneration of neurons during the course of
MS [2,5,6].

Additionally, in the EAE rat brain, glutamate-induced cell death and activation of
glial cells (microglia and astrocytes) has been reported, which consequently leads to the
production and release of inflammatory mediators, such as cytokines and chemokines, and
oxygen free radicals [7–9].

Glutamate is the main excitatory neurotransmitter in the mammalian brain and plays
an important role in both physiological and pathological mechanisms operating in the CNS.
The extracellular level of glutamate must be tightly controlled because an excess of this neu-
rotransmitter leads to excitotoxic cell death [10]. In MS, excitotoxicity is caused by different
mechanisms, but the ultimate consequence is neuronal damage due to overstimulation
of glutamate receptors (GluRs), especially of NMDA subtype receptors [11]. Correlations
between altered glutamate homeostasis, cell death, axonal damage, and disturbances in
glutamatergic neurotransmission have been identified during both MS and EAE [2,12,13].
The exact mechanisms of glutamate-mediated disturbances are still not fully understood,
but the overstimulation of glutamate receptors has been shown to be a main cause of the
excessive production of reactive oxygen and nitrogen species (ROS/RNS) and the resulting
oxidative stress (OS) [14]. It is widely accepted that acute glutamate-induced neuronal
degeneration is mainly mediated by NMDA receptors, the activation of which leads to a
massive influx of extracellular Ca2+ into the cells followed by an increase in intracellular
Ca2+ concentration to pathological levels [10]. Increased intracellular Ca2+ levels may
further lead to a series of downstream neurotoxic cascades, resulting in the increased
formation of ROS and activation of both caspase-dependent and caspase-independent
cell death, in which mitochondria play a key role [15]. Ca2+ overload depolarizes the
mitochondrial membrane and initiates OS mediated by the mitochondrial pathway [16].
Overproduction of ROS causes deleterious effects on proteins, lipids, and nucleic acids,
leading to the disruption of cellular functions [17]. High intracellular Ca2+ levels also
activate a number of Ca2+-dependent enzymes such as proteases, phospholipases, kinases,
nitric oxide synthase (NOS), and endonucleases, which mediate proteolysis, free-radical
production, or lipid peroxidation, thereby enhancing OS and subsequent oligodendrocyte
and neuronal death. Ca2+-related stimulation of mitogen-activated protein kinase p38
(MAPK p38) activates transcription factors that modify the nucleus and cause neuronal
injury and apoptosis [8,10,18–20]. Several studies also suggest that overstimulation of
GluRs may contribute to the pathogenesis of MS/EAE by altering the integrity of the
blood–brain barrier (BBB). The mechanisms of GluRs-mediated changes in neurovascular
integrity are unclear but have been shown to involve vasoactive molecules such as nitric
oxide (NO) and superoxide radical (O2˙) that can combine to form damaging levels of
peroxynitrite (ONOO−) [21,22]. Therefore, it appears that glutamate has the potential to
mediate both myelin and BBB breakdown in MS/EAE via the action of free radicals and
up-regulation of various enzymes [23].

Under physiological conditions, ROS/RNS are neutralized by enzymatic (superoxide
dismutases-SODs, catalase, and peroxidase) and non-enzymatic (glutathione, uric acid, and
ascorbic acid) antioxidant defense systems. Under pathological conditions, elevated levels
of ROS/RNS, which are produced as a result of inflammatory processes, mitochondrial
respiratory chain dysfunction, or overstimulation of glutamate NMDA receptors, induce a
tissue response that includes upregulation of various scavenger molecules, such as cytosolic
SOD1 and mitochondrial SOD2 (the SOD family enzymes most commonly expressed in the
CNS). Superoxide anion is neutralized by SOD, which converts the radical to the less toxic
hydrogen peroxide, which is further neutralized by the antioxidant enzyme catalase and
via the glutathione peroxidase pathway. The level of SODs has been reported to increase in
astrocytes and macrophages of the brain of MS patients [5,24,25].

When ROS are not counterbalanced by cellular antioxidative defense systems, ROS
metabolites cause OS, leading to protein and lipid peroxidation and DNA alkylation, all of
which were observed in MS patients [26]. The induction of lipid peroxidation may be a
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major factor in free radical-mediated CNS damage. It is a complex process involving the
interaction of oxygen-derived free radicals with polyunsaturated fatty acids, resulting in the
formation of a variety of highly active electrophilic aldehydes with harmful potential [27].

In the current study, we assessed the contribution of NMDA glutamate receptors to
oxidative/nitrosative stress during EAE. We investigated whether inhibition of NMDA
receptors by their antagonist, memantine, affects markers of oxidative stress in the brain of
rats subjected to EAE. An experimental approach included an analysis of the changes in the
parameters indicating the oxidation of proteins (the level of protein sulfhydryl groups -SH)
and lipids (the level of malondialdehyde, MDA). Furthermore, we evaluated the relevant
antioxidative mechanisms focusing on the estimation of the enzymatic (SOD1 and SOD2)
and non-enzymatic (glutathione-related non-protein -SH group) status during the different
phases of the disease.

2. Results

2.1. The Effect of Memantine on the Course of EAE

The first symptom during the course of EAE is a change in body weight. In all
experimental groups, except the control group, the rats achieved the highest body weight
at about 8 d.p.i. At this time, body weight was in the same range for both the EAE untreated
and EAE drug treated groups. From 8 d.p.i. to 14 d.p.i., EAE rats underwent a progressive
20–30% weight loss compared to their body weight at the beginning of the experiment,
which corresponded to the acute phase of the disease and maximal neurological deficits.
At 25 d.p.i., the mean body weight returned to the value observed at the beginning of the
experiment. In the groups of EAE rats treated with NMDAR antagonist memantine, weight
loss was significantly lower (by about 15%) relative to EAE rats (untreated) (Table 1).

Table 1. Changes in the body weight of experimental rats in different phases of EAE.

Body Weight (g)

Days Post Immunization (d.p.i.) Control EAE EAE + Memantine

0 194.0 ± 8.7 193.6 ± 10.4 195.9 ± 11.8

4 198.4 ± 10.8 190.4 ± 10.1 191.6 ± 9.1

12 210.7 ± 4.3 157.9 ± 9.9 *** 166.0 ± 10.3 ***

20 212.0 ± 3.3 163.2 ± 7.7 *** 182.1 ± 5.1 ***,###

25 211.8 ± 2.6 172.0 ± 12.9 *** 188.4 ± 8.8 **,#

The values represent the means ± SD from n = 64 animals.** p < 0.01, *** p < 0.001 significantly different vs. control. # p < 0.05, ### p < 0.01
vs. experimental autoimmune encephalomyelitis (EAE) rats not subjected to therapy (one-way ANOVA with post hoc Tukey’s test).

The neurological deficits observed during the course of EAE were classified daily.
Neurological symptoms of the disease included developmental paralysis of tail and hind
limbs and reduced physical activity of experimental rats. The neurological symptoms
of EAE started to develop at 10–11 d.p.i. and peaked at 12–13 d.p.i. At 14 d.p.i., rats
achieved partial recovery from neurological symptoms and full recovery was observed
at 17 d.p.i. We did not observe any further neurological symptoms of the disease until
the end of the experiment at 25 d.p.i. (Figure 1). Clinical parameters and the effects of
memantine are presented in Table 2 and have been described in detail in our previous
publications [28–30]. In the current study we observed a reduction in the severity and
duration of neurological deficits after the administration of memantine. All rats in the
memantine-treated EAE group showed better physiological conditions than the untreated
EAE rats. Notably, the duration of the acute phase of the disease was also shortened by
1–2 days in the memantine-treated EAE group compared to the EAE rats. The lethality
observed in the EAE rats after the administration of memantine, although not significant,
was noticeable but was found to be lower than that of the EAE untreated rats.
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Figure 1. Scores of the neurological symptoms in experimental autoimmune encephalomyelitis (EAE) and memantine-
treated EAE rats in different phases of the disease between 0 and 25 days post immunization (d.p.i.). Memantine was
administered at a dose of 60 mg/kg b.w./day from 5 to 11 d.p.i. The values indicated neurological scores ± S.D. Results are
combined data from 8 animals in each group. ** p < 0.01 *** p < 0.001 vs. untreated EAE rats (Student’s t-test).

Table 2. Characteristics of the EAE model and the clinical parameters of EAE rats prior to and after treatment with memantine.

Characteristics/Clinical Parameters EAE EAE + Memantine

Animals with clinical symptoms (%) 100 98.44

Animals with severe EAE (%) 76.67 61.11

Lethality (%) 3.33 2.22

Inductive phase (days) 9.5 ± 1.4 11.3 ± 0.8 ***

Cumulative CI (score) 16.93 ± 1.16 9.57 ± 0.67 ***

Duration of disease (days) 17.5 ± 1.4 15.2 ± 1.0 ***

Number of animals 90 90

Administration of the NMDAR antagonist memantine reduced the neurological deficits and improved the condition of the experimental
rats during the course of the disease. (CI, cumulative index). The values represent the means ±SD from n = 64 animals. *** p < 0.001
significantly different vs. experimental autoimmune encephalomyelitis (EAE) untreated rats (Student’s t-test).

2.2. The Effect of NMDA Receptor Antagonists on the Level of Oxidative Stress Markers

To investigate the involvement of the NMDA receptor antagonist on the processes
related to oxidative stress, we analyzed lipid peroxidation by measuring the concentration
of a small end-product of oxidized fatty acid degradation, malondialdehyde (MDA). The
obtained results showed that the level of MDA significantly increased between 4 and
25 d.p.i. in all experimental groups by about 40–60% compared to the control (Figure 2A).
After administration of memantine, MDA levels decreased by about 50–100% between 12
and 25 d.p.i. relative to untreated EAE rats (Figure 2A).

The levels of total -SH groups (Figure 2C), protein -SH groups (Figure 2B), and non-
protein -SH groups (Figure 2D) in brain homogenates obtained from untreated EAE rats
decreased by about 20%, 30%, and 60%, respectively, compared to the control at 4 d.p.i., and
these changes were stable until 25 d.p.i. (Figure 2B–D). The administration of memantine
to EAE rats significantly prevented the decrease in non-protein-SH groups (Figure 2D)
between 12 and 25 d.p.i. Moreover, it increased the levels of total protein (by about 20%)
and protein–SH groups (by about 30%) at 12 d.p.i. (Figure 2B,C).
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Figure 2. Thiobarbituric acid reactive substances (TBARS) content expressed as the level of malondialdehyde (MDA), a 
Figure 2. Thiobarbituric acid reactive substances (TBARS) content expressed as the level of malondialdehyde (MDA), a
product of membrane lipid peroxidation (A), the level of total SH groups (B), protein SH groups (C), and non-protein
SH groups (D) in brain homogenate obtained from the control, experimental autoimmune encephalomyelitis (EAE) rats
and memantine-treated EAE rats in different phases of the disease. The results are the means from n = 4 animals and are
expressed as percentages of the control. * p < 0.05, ** p < 0.01, *** p < 0.001 significantly different vs. control rats. # p < 0.05,
### p < 0.01 significantly different vs. untreated EAE rats (one-way ANOVA with post hoc Bonferroni’s test).

2.3. Memantine-Induced Changes in the Expression of SOD Enzymes

To investigate the expression of mRNA coding for of SOD1 and SOD2 during the
course of EAE and after treatment with memantine, we performed a qPCR test. Western blot
was used to estimate immunoreactivity of SOD1 and SOD2 proteins in brain homogenate
obtained from control rats, rats with EAE and memantine-treated rats. A strong positive
immunoreaction was observed in a single band near 18 kDa and 25 kDa for SOD1 and
SOD2, respectively.

The results revealed a statistically significant increase of around 50% in SOD1 mRNA
in EAE rats between 4 and 20 d.p.i. compared to controls. At the end of the experiment
(25 d.p.i.), the level of SOD1 mRNA was still above the control value (Figure 3B). After
administration of memantine, it was found that EAE-developing animals still exhibited
higher SOD1 mRNA expression levels than untreated EAE rats (Figure 3B), while significant
upregulation of the enzyme by memantine (by about 20%) was only observed at 12 d.p.i.
Identified changes in mRNA expression corresponded to the alterations observed in protein
levels. The immunoreactivity of the SOD1 protein in EAE rats remained elevated above
control values within the range of 90–110% at 4–20 d.p.i. (Figure 3A). Administration
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of memantine resulted in the increased expression of SOD1 protein by 10–20% relative
to untreated EAE rats at 12–20 d.p.i. The memantine-treated rat model exhibited a 15%
decrease in SOD1 protein compared to EAE untreated animals at 25 d.p.i. (Figure 3A).

 

Figure 3. The expression of superoxide dismutases SOD1 and SOD2 in the brain of control and experimental autoimmune
Figure 3. The expression of superoxide dismutases SOD1 and SOD2 in the brain of control and experimental autoimmune
encephalomyelitis (EAE) rats at different times post-immunization and after therapeutic treatment with memantine.
Representative immunoblots and bars showing the relative levels of enzymatic protein (A), bars showing the expression of
enzymatic mRNA (B), and bars showing the total activity of SODs enzymes (C). The results are the means from n = 4 animals
in each group and are expressed as a percentage of control. * p < 0.05; ** p < 0.01; *** p < 0.001 significantly different vs.
control rats; # p < 0.05, ### p < 0.01 significantly different vs. EAE rats not subjected to therapy. (one-way ANOVA followed
by Bonferroni’s multiple comparison post-test).
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Alterations in the SOD2 mRNA expressions and protein levels were found to be
similar to those observed in SOD1 expression only between 4 and 12 d.p.i., reaching an ele-
vation of about 70–80% compared to the control value (Figure 3D). In agreement with this
observation, an elevated expression of SOD2 protein was also observed at 4–12 d.p.i., reach-
ing 50–70% of control (Figure 3A). Interestingly, memantine administration significantly
reduced both mRNA and SOD2 protein levels to control values at 12 d.p.i. (Figure 3A,B).

2.4. Memantine-Dependent Changes in SOD’s Activity

We next investigated whether memantine administration affected specific enzyme
activity. As shown in Figure 3C, total SOD activity markedly decreased in EAE rats
compared to the control by about 20%, 40%, and 30% at 4, 12, and 20 d.p.i., respectively.
In the group of animals treated with memantine, we observed a statistically significant
increase in SOD activity of about 60%, 40%, and 20% compared to untreated EAE animals at
12, 20, and 25 d.p.i, respectively, and by about 10% relative to the control group (Figure 3C).

3. Discussion

In the current study, we analyzed the effect of the uncompetitive NMDA receptor
antagonist, memantine, on the selective parameters of oxidative stress and neurological
deficits in EAE rats. We demonstrated that administration of memantine: (i) significantly
decreases the level of MDA relative to untreated EAE rats; (ii) significantly prevents the
decrease in non-protein-SH groups and slightly increases the levels of total protein and
protein–SH groups at a peak of the disease; (iii) increases expression of SOD1 protein rela-
tive to untreated EAE rats; (iv) significantly increases SOD activity compared to untreated
EAE animals in all experimental groups; and (v) improves the physiological condition of
immunized rats and partially ameliorates clinical symptoms.

Memantine, like other agents that specifically block the pathological stimulation of
iGluRs (mainly of the NMDA class), might be expected to restore physiological function of
synaptic nerve transmission and produce positive disease-modifying effects. Memantine is
a weak, uncompetitive antagonist of the NMDA receptor that has been approved by the
European Union and the U.S. Food and Drug Administration (FDA) for the treatment of
dementia and Alzheimer’s disease. In contrast to other NMDAR channel blockers such
as dizocilpine, ketamine, and phencyclidine, which also inhibit NMDA receptors in a
noncompetitive manner, memantine does not exhibit serious side effects [31]. Due to its
uncompetitive antagonism and relatively fast off-rate, memantine blocks excessive NM-
DAR activation but allows for low (physiological) levels of NMDAR activity seen during
normal neurotransmission. This may be due to the fact that it more effectively inhibits the
extra-synaptic than the synaptic subpopulation of the NMDARs. Importantly, memantine
binds at the ‘intracellular’ Mg2+ site in the channel pore and displays differential affinity for
specific and non-specific binding sites of the NMDAR. These molecular interactions confer
upon memantine favorable kinetic properties that contribute to the clinical tolerability of
the drug, as well as its neuroprotective profile [32,33].

The potential use of NMDAR antagonists as neuroprotective agents has been estab-
lished in preclinical studies [32]. Memantine has been found to reduce the NMDA-induced
neuronal loss in culture [34] and to be effective in relieving symptoms of MS/EAE [28–30,35].
In our previous [28–30] and present studies, we investigated the neuroprotective effects of
memantine in a rat model of MS. The method of administration and optimal therapeutic
doses of the drug were selected based on the previously published data [12,35] and our
own experience. The drug was administered starting on days 7 to 11 post-immunization,
i.e., in an asymptomatic phase of the disease. We observed that memantine effectively
reduced the development and duration of neurological deficits and modified all assessed
parameters of the disease. The clinical status of treated rats was significantly improved and
the severity of their developed neurological deficits was reduced compared to untreated
EAE rats. After therapy with memantine, the disease score decreased to 2.2–2.6, while in
untreated EAE rats, it was still 4.5. Additionally, the duration of the disease was reduced
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by about 2–3 days, whereas the inductive phase was prolonged by about 2 days relative to
untreated animals.

The contribution of oxidative stress to the mechanisms operating during immune-
mediated inflammatory disease has been previously demonstrated [2,5,6,23,27]. Tis-
sue damage by ROS/RNS was an important cytotoxic mechanism of myeloid immune
cells [25,36] and the presence of ROS/RNS has consistently been demonstrated in acute
and chronic active MS lesions in correlation with the severity of the disease [36]. Within
MS brains, active demyelinating lesions, in particular, show signs of ongoing severe OS
as demonstrated by the extensive accumulation of oxidized phospholipids, proteins, and
DNA, as well as the enhanced expression of antioxidant factors [37]. Our current study
indicates that the applied rodent model of EAE replicates key aspects of the contribution of
OS to MS/EAE pathology. The results of our study show changes in the level of both OS
markers and antioxidant enzymes. The rate of lipid peroxidation (expressed as MDA level)
in the brains of all experimental groups was elevated at all stages of the disease, showing a
downward trend only at a late stage of EAE (25 d.p.i.), and was consistent with the data
showing the high level of lipid peroxidation (LP) at 15 d.p.i. in the CNS of EAE rats [38,39].
In addition, the level of thiol groups, both protein-bound and non-protein-bound, de-
creased in the brain homogenates of EAE untreated rats from 4 to 25 d.p.i., suggesting
the oxidative damage of proteins and a decrease in reduced forms of glutathione, a non-
enzymatic antioxidant defense system. The results correspond with those observed in the
early stages of EAE in mice, where the decline in GSH of the brain and spinal cord were
also noticed [38]. The administration of memantine significantly prevented the oxidative
damage of lipids and restored the levels of non-protein-SH groups at all the examined time
points, while it significantly increased the concentration of protein-related and total -SH
groups only at 12 d.p.i. Parallel to the markers indicating the presence of oxidative damage,
we observed the upregulation of the enzymatic antioxidant defense system, represented by
SOD enzymes. The expression of SOD1 was noticeably enhanced over the control during
the whole course of EAE at both mRNA and protein levels. Interestingly, SOD2 protein
and mRNA levels were elevated only in the early (4 d.p.i.) and acute (12 d.p.i.) phases
of EAE, but not in the late phase of the disease (20–25 d.p.i.). Although the expression of
both enzymes was enhanced, total SOD activity decreased below the control values in the
early and late phases of the disease (12–25 d.p.i.), which is consistent with the previously
published data [38]. It has been demonstrated that SOD2 plays a critical role in the mito-
chondrial signaling pathway and is particularly vulnerable to inactivation by ROS and
RNS (RNS in particular), which nitrates its tyrosine residues [40]. The appearance of the
SOD2 upregulation in our model may represent the compensatory mechanism of cellular
systems to the diminished activity. Administration of memantine not only significantly pre-
vents the loss of total SOD activity by reducing NMDA-mediated oxidative stress, but also
upregulates the enzymes, particularly SOD1.Świadczy o tym również wzrost aktywności
enzymatycznej SOD obserwowany u zwierząt z EAE między 4-20 d.p.i.

Taken together, our results suggest that blocking the NMDAR-mediated overpro-
duction of ROS/RNS partially reduces the oxidative stress-related damage of lipids and
proteins by stimulation of the SOD1-relevant antioxidant defense system. Notably, all these
changes are accompanied by the improvement of the physiological condition of immunized
rats and partial amelioration of EAE clinical symptoms. The current evidence described
here highlights the positive effects of memantine that are important from the clinical point
of view, suggesting a new therapeutic strategy for MS treatment.

4. Materials and Methods

4.1. Animal Model

Female Lewis rats weighing approximately 190–200 g were used throughout the study.
Females are more often used in the EAE model because they are more susceptible to disease
induction than males [41], reflecting the tendency observed in humans [1]. All procedures
were carried out in accordance with ethical guidelines for the care and use of laboratory
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animals and were approved by the IV Local Care of Experimental Animal Committee in
Warsaw (61/2009). To induce EAE, we immunized rats subcutaneously in both hind feet
with an inoculum containing guinea pig spinal cord homogenate emulsified in Freund’s
complete adjuvant containing 5.5 mg/mL Mycobacterium tuberculosis H37Ra (Difco, Detroit,
MI, USA).

During the experiment, the rats were housed in environmentally controlled conditions
and were provided with free access to food and water. Body weight and neurological
deficits were determined daily according to the following scale: 0 = no signs of neurological
deficits, 1 = flaccid tail, 2 = impairment of fighting reflex and/or loss of muscle tone in
hind limbs, 3 = complete paralysis of hind limbs, 4 = paraplegia, and 5 = a moribund
state or death [42–44]. Sham-immunized rats (the control group) received subcutaneous
injections of Freund’s complete adjuvant containing exclusively M. tuberculosis (Difco,
Detroit, MI, USA).

Glutamate receptor antagonist memantine was administered at a dose of 60 mg/kg
b.w./day. Memantine was dissolved in PBS and administered intraperitoneally to the EAE
rats once daily for 7 consecutive days, starting from day 5 post immunization (p.i.) until
day 11 p.i. [12].

4.2. Experimental Groups and Tissue Processing

A total of 64 animals were used in the study. The rats were arranged into 8 groups
(one control group and seven experimental groups sacrificed at different phases of EAE
with different recovery periods after treatment with memantine): group I, control (healthy);
group II, EAE 4 d.p.i.; group III, EAE 12 d.p.i.; group IV, EAE 20 d.p.i.; group V, EAE
25 d.p.i.; group VI, EAE 12 d.p.i. + memantine; group VII, EAE 20 d.p.i. + memantine; and
group VIII—EAE 25 d.p.i. + memantine. Each group consisted of 8 animals. During the
experiments, rats were monitored until days 4, 12, 20, and 25 after the initial injection of
EAE-inducing inoculum.

At the respective time points, four rats from each experimental group were sacrificed
for biochemical analysis and four rats were sacrificed for immunoblotting and real time PCR
analysis. The determination of SOD activity was performed in fresh brain homogenates
stored on ice and assayed the same day. The others’ brains were quickly removed, frozen
in liquid nitrogen and stored at −80 ◦C for further experiments that included extraction
of RNA or preparation of tissue homogenates. To obtain homogenates for immunoblots,
the forebrains were homogenized in 50 mM phosphate buffer (pH 7.4) containing 10 mM
EGTA, 10 mM EDTA, 0.1 mM PMSF, and 100 mM NaCl in the presence of a protease
inhibitor cocktail (1 µg/mL leupeptin, 0.1 µg/mL pepstatin and 1 µg/mL aprotinin).

4.3. Measurement of Lipid Peroxidation

Lipid peroxidation was measured in the brain homogenates using the thiobarbituric
acid (TBAR) test, according to the methods reported by Wilbur and modified by Asakawa
and Matsushita [45]. This method determines the concentration of malondialdehyde
(MDA), which is the most important end-product of lipid peroxidation. Forebrains were
homogenized and suspended in Krebs-Ringer buffer (pH = 4.0). The samples were prein-
cubated with 25 µM Fe3+, 800 µMadenosine diphosphate (ADP), and 200 µMascorbate at
30 ◦C in a water bath. After incubation, 1 mL of 30% TCA, 0.1 mL of 5 M HCl, and 1 mL of
0.75% TBAR were added. The mixture was heated at 100 ◦C for 15 min in boiling water
and centrifuged. The optical density of the supernatant was determined at 535 nm. The
molar extinction coefficient (M = 1.56 × 105 M−1·cm−1) was used to calculate the amount
of MDA. The results were expressed as percentage of control.

4.4. Measurement of the Level of Sulfhydryl Groups

The level of sulfhydryl (-SH) groups was determined by the method of Sedlak and
Lindsay [46]. Briefly, samples of brain homogenates were mixed with 0.2 M Tris buffer,
pH 8.2 and 0.1 M dithionitrobenzoic acid (DTNB) to determine total -SH groups. Non-

191



Int. J. Mol. Sci. 2021, 22, 11330

protein SH groups that reflect the content of non-enzymatic antioxidant defense system
(glutathione) were estimated after the addition of 50% TCA to each sample. The tubes
were centrifuged at 3000× g for 10 min. The absorbance of the supernatants was read
within 5 min at 412 nm after the addition of 0.4 M Tris buffer (pH = 8.9) and 0.1 M DTNB
against a reagent blank. The content of protein-bound SH groups that reflect the status of
protein oxidation during OS was calculated as a difference between total and non-protein
SH groups.

4.5. Western Blot Analysis

Protein concentrations in the probes were determined according to the method of
Lowry [47], using bovine albumin as a standard. Samples containing 50 µg of protein
were subjected to SDS-polyacrylamide gel (10%) electrophoresis (Laemmli, 1970, [48]).
Samples transferred onto nitrocellulose membranes were incubated overnight (4 ◦C) with
primary monoclonal antibodies anti-SOD1 (1:1000) and anti-SOD2 (1:2000) (Santa Cruz
Biotechnology, Dallas, TX, USA) and then with the secondary antibody conjugated with
HRP (1:10,000) (Sigma-Aldrich, St. Louis, MO, USA). Polyclonal anti-β actin antibody
(Sigma-Aldrich, St. Louis, MO, USA, 1:500) was used as an internal standard. Bands
were visualized using the chemiluminescence ECL kit (Amersham, Buckinghamshire, UK),
exposed to Hyperfilm ECL, and quantified by densitometric analysis (Image Scanner III (GE
Healthcare, LabScan 6.0 Freiburg, Germany) with the Image Quant TL v. 2005 program).

4.6. Determination of SOD’s Expression by Quantitative Real Time PCR

Total RNA was extracted from the brain cortex of all experimental groups of animals.
Isolation was performed using TRI Reagent (Sigma, St. Louis, MO, USA) according to the
method of Chomczyński [49]. RNA (2 µg) was reverse transcribed using random primers
and AMV reverse transcriptase (Life Technologies, Forest City, CA, USA). The RT-PCR
conditions included reverse transcription at 42 ◦C for 45 min followed by denaturation
at 94 ◦C for 30 s. TaqMan assays were used for quantitative real time PCR analysis. Rat-
specific primers for SOD1 Rn00566938_m1 and SOD2 Rn00690588_m1 were used. The
probes were obtained from Life Technologies (Forest City, CA, USA). The levels of SODs
and actin mRNAs were determined using the TaqMan assay reagents (Life Technologies,
Forest City, CA, USA). Quantitative real time PCR (qPCR) analysis was conducted on
a Roche LightCycler ® 96 system using 5 µL of RT product, TaqMan PCR Master Mix
primers, and a TaqMan probe at a total volume of 20 µL. Cycle conditions for the qPCR
were as follows: initial denaturation at 95 ◦C for 10 min, 45 cycles of 95 ◦C for 15 s, and
60 ◦C for 1 min. Each sample was analyzed in triplicate. The relative expression of SODs’
mRNA was normalized to actin (Actb) as a reference gene and calculated on the basis of
the ∆∆Ct method.

4.7. Measurement of SOD’s Activity

To obtain homogenates for the measurement of SOD activity, the forebrains were
homogenized in cold 20 mM HEPES buffer (pH 7.4) containing 1 mM EGTA and 70 mM
sucrose. The homogenates were centrifuged at 10,000× g at 4 ◦C and the supernatants were
stored on ice and assayed immediately for SOD activity. The activity of the enzyme was
determined with a commercially available assay kit (catalog nr 19160, Sigma St. Louis, MO,
USA) according to the manufacturer’s instructions. The assay is based on a colorimetric
method with a tetrazolium salt that is reduced by superoxide anions (O2

−) to form a
formazan dye. SOD activity is determined indirectly as an inhibition of the production rate
of O2

− by xanthine oxidase at 37 ◦C by measuring the decrease in absorbance of light at
440 nm. SOD activity was measured against standards, calculated using a standard curve
and expressed as units (U)/mg protein.
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4.8. Statistical Analysis

The results are expressed as percentages of the control or as the mean ±SD from
3–4 experiments as identified in the legends of the respective figures. Statistical signifi-
cance was assessed by Student’s t-test or a one-way-ANOVA with Bonferroni’s or Tukey’s
multiple comparison tests to identify the changes that were significantly different from the
values of the control or untreated EAE rats using GraphPad PRISM software, version 6.0
(San Diego, CA, USA).
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Abstract: Background: Parkinson’s disease (PD) is currently the second most common neurode-
generative disorder, burdening about 10 million elderly individuals worldwide. The multifactorial
nature of PD poses a difficult obstacle for understanding the mechanisms involved in its onset and
progression. Currently, diagnosis depends on the appearance of clinical signs, some of which are
shared among various neurologic disorders, hindering early diagnosis. There are no effective tools to
prevent PD onset, detect the disease in early stages or accurately report the risk of disease progression.
Hence, there is an increasing demand for biomarkers that may identify disease onset and progression,
as treatment-based medicine may not be the best approach for PD. Over the last few decades, the
search for molecular markers to predict susceptibility, aid in accurate diagnosis and evaluate the
progress of PD have intensified, but strategies aimed to improve individualized patient care have not
yet been established. Conclusions: Genomic variation, regulation by epigenomic mechanisms, as well
as the influence of the host gut microbiome seem to have a crucial role in the onset and progress of PD,
thus are considered potential biomarkers. As such, the human nuclear and mitochondrial genome,
epigenome, and the host gut microbiome might be the key elements to the rise of personalized
medicine for PD patients.

Keywords: Parkinson’s disease; neurodegeneration; genetics; non-coding RNAs; microbiome; mito-
chondria; epigenetics; biomarkers; precision medicine

1. Introduction

As life expectancy rises as a result of technological advances, humanity faces an
increased burden of aging diseases, such as cancer, diabetes, cardiovascular and neurode-
generative disorders. Degenerative diseases affecting the nervous system are recognized
as major causes of death and disabilities among the elderly population worldwide [1].
However, the molecular mechanisms engaged in the onset and progression of neurode-
generative diseases remain elusive. A complete understanding of the molecular biology of
neurodegeneration will benefit the search for biomarkers to be employed in strategies for
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disease detection and patient management, as seen with the efforts being made towards
cancer research [2,3].

Among the most common neurodegenerative disorders, Parkinson’s Disease (PD) has
gained a leading position, preceded only by Alzheimer’s Disease [1,4,5], affecting 1% of
individuals above 60 years old and 3% of the elderly above 80 years old, and may also
rarely affect individuals under 50 years old (early PD and juvenile PD) [4,6,7]. According
to recent reports, there may be about 10 million individuals living with PD worldwide,
a number that is predicted to multiply three-fold in the next few decades, as the elderly
population grows.

Despite all the advances, the diagnosis of PD is based mainly on the observation
of classic parkinsonism symptoms, such as muscle rigidness, dyskinesia, and tremor
leading to postural imbalance and the investigation of family history of PD [8]. Individuals
with PD also present other non-motor symptoms—most of which appear after 40–50%
of neuronal loss, including the development of cognitive impairment and Parkinson-
related dementia [9–11]. However, most PD patients are diagnosed in late stages, both
because of the lack of tools for the evaluation of disease progress risk and the difficulty in
differentiating PD from other neurological disorders, since many symptoms of PD overlap
with clinical manifestations of other diseases, such as Essential Tremor, Multiple Sclerosis,
and Alzheimer’s Disease [12].

Currently, the lack of molecular markers to predict susceptibility, accurate diagno-
sis, and evaluate the progress of PD continues to hinder the establishment of precision
medicine strategies. Moreover, it is essential that we consider the findings of multi-omics
approaches, which reveal molecular aspects of PD from multiple perspectives and may
lead to the establishment of genetic and epigenetic and other circulating markers, which
are less invasive, to be used for accurate diagnosis and clinical management of the disease.
Here, we discuss findings concerning the identification and validation of potential genetic,
epigenetic and microbial biomarkers to enlighten the state-of-the-art in PD molecular
biomarker research.

2. Parkinson’s Disease

Since James Parkinson’s first medical description in the 19th century, PD has been
defined as a neurodegenerative disorder caused by progressive and irreversible degener-
ation of dopaminergic neurons of the substantia nigra (SN) pars compacta (SNpc) [9,13],
although Parkinsonism descriptions can be found in earlier fragments [14,15]. PD is the
principal cause of Parkinsonism, which describes a syndrome defined by muscular rigidity,
resting tremor and bradykinesia [16]. Regarding the dopaminergic neuron degeneration
in SNpc, the main feature that characterizes PD pathology is a progressive reduction in
levels of dopamine (60–80%), a neurotransmitter involved in various brain functions, such
as learning, memory, mood and sleep regulation [9,17,18].

This degenerative loss of neurons in substantia nigra occurs most profoundly in
the lateral–ventral tier, which contains neurons that project to the dorsal putamen of the
striatum. Therefore, progressive loss of neurons in this brain area explains the major clinical
symptoms [19]. Another relevant hallmark in PD is Lewy pathology. The Lewy body is a
neuronal inclusion not only found in substantia nigra but also in others brain regions in
PD, mainly composed of altered neurofilaments that aggregation [20]. α-synuclein (α-syn)
was identified as the main aberrantly folded protein that aggregates to form inclusions,
called Lewy bodies, in PD [21].

PD is considered a heterogeneous disease that can progress slowly or quickly, depend-
ing on several factors, many of which are still not well understood [22]. It is commonly
divided into (a) monogenic or familial PD, which the main cause is related to specific
mutations present in key genes within members of the same family; and (b) idiopathic or
sporadic PD, found in 85–90% of cases and whose etiology is still unknown [23]. In addi-
tion, α-syn is encoded by the SNCA gene, in which the first causal missense mutation was
identified to be related to the monogenic form of this disease [24].
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Therapeutic strategies for many of the disabling motor features are insufficient due to
poor response rates to dopaminergic therapies or the development of long-term complica-
tions after its use, likely caused by the late appearance of clinical symptoms, in which there
is severe damage in SNpc [25]. Thus, personalized and more efficient therapeutic strategies
must be developed.

Currently, there are no effective tools to prevent PD onset, as there is no method of
detecting the disease in its early stages or that can accurately inform the risk of disease
progression. Consequently, further studies are needed to determine molecular factors that
can be used as disease-specific biomarkers in preventive medicine (Figure 1). These can
assist in the detection of PD before the onset of motor symptoms or in cases where the
symptoms presented by the patient are insufficient for an accurate diagnosis. In addition
to allowing an increase in the accuracy in the diagnosis process, these biomarkers could
also differentiate PD from other forms of parkinsonism and other neurodegenerative
diseases [6]. With this, many studies have explored the role of different genetic and
epigenetic alterations, as well as alterations in the gut microbiome that may be involved in
PD onset and progress, aiming to identify PD biomarkers and novel therapeutic targets.

–
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Figure 1. Molecular factors that may be involved in Parkinson’s Disease onset and progression. There
are various points of view in PD biomarker research, thus, there is a lot to be understood from the
earliest molecular alterations until de development of the firsts symptoms. In this review, we decided
to discuss these multi-omics factors to highlight how they can be applied for preventive measures.

3. Genetic Alterations in Parkinson’s Disease

The characterization of the genetic architecture of PD is essential for understanding
the cascade of events that leads to PD onset and to find genetic biomarkers to identify
individuals or populations at risk of developing PD and patient prognosis. Hence, over
the last few decades, various studies investigated the relationship between monogenic
and/or idiopathic PD and gene variants (Table 1). Several genes have been associated
with monogenic, sporadic, and both forms of PD. Among these, variants in the SNCA
gene, which encodes α-syn, are the main genetic factor associated with PD in both etiolo-
gies [25,26]. Under pathological conditions, α-syn cannot fulfill its physiological functions,
plaques of α-syn aggregates are formed, which may be toxic [25,27]. In addition, α-syn
is an inhibitor of tyrosine hydroxylase (TH), an essential enzyme for dopamine produc-
tion [28–30], and it may also interact with dopamine transporters (DAT), affecting the
dopaminergic synapse [31]. Moreover, α-syn may undergo exocytosis and be absorbed by
nearby astrocytes and microglia, forming more aggregates, which stimulates the release of
pro-inflammatory cytokines and chemokines—such as interleukins, Tumor Necrosis Factor
α (TNF-α), and interferon-γ (IFN-γ) [32].
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Table 1. Parkinson’s disease-associated genes.

Gene Protein PD Type Main Function Reference

SNCA α-Synuclein Monogenic and
Sporadic PD

Increase local Ca2+ release to enhance ATP-induced
exocytosis;

Regulation of synaptic vesicle trafficking and
neurotransmitter release;

Modulation of Dopamine transporter (DAT)

[26]
[33]
[34]
[31]

GBA Glucocerebrosidase Sporadic PD
Degradation of complex

lipids;
Cholesterol metabolism

[35]
[36]
[37]
[38]
[39]

LRRK2 Dardarin Monogenic and
Sporadic PD

Cellular response to Dopamine
Mitochondrial organization, location

Regulation of autophagy
Mitochondrial depolarization

[40]
[41]
[42]
[43]
[44]

PARK2 Parkin Familial and
Sporadic PD

Mediates ubiquitination to remove and/or detox
abnormal folded or damaged proteins

[45]
[46]

PARK6 Pink1 Familial and
Sporadic PD

Regulation of damaged mitochondrial clearance by
mitophagy

[47]
[45]
[48]

PARK7 DJ-1 Sporadic PD
Mitophagy

Response to ROS
Regulation of neural apoptosis

[49]
[50]
[51]
[52]

MAPT TAU Sporadic PD

Astrocyte activation;
Axonal transport of

mitochondria
Microglial cellular activation

Cellular response against ROS
Regulation of Autophagy

Regulation of Synaptic
Plasticity

[53]
[54]
[55]
[56]

Further, α-syn aggregation increases the production of reactive oxygen (ROS) and
nitrogen species (RNS) [32,57,58]. Under healthy conditions, ROS and RNS molecules are
readily neutralized. However, in neurons affected by advanced neurodegenerative pro-
cesses, the decline in production and functionality of ROS and RNS neutralizing enzymes—
such as Superoxide Dismutase (SOD), Catalase (CAT), Glutathione (GSH), and Glutathione
Peroxidase (GPx), intensifies the damage caused by oxidative stress [59,60]. This leads to the
development of microenvironmental alterations that affect the entire neuronal circuitry and
stimulates immune response through the activation of Toll-like receptors (TLRs) present in
the brain microglia [61]. In turn, this initiates a cascade of events that culminates in the
activation of NFκb, which mediates the expression of genes related to the inflammatory
response, like cytokines, IFN-γ, TNF-α, complement proteins, and other pro-inflammatory
mediators that reactivate TLRs, creating a state of chronic inflammation [57,62,63].

Moreover, the literature also shows that α-syn is involved in several mitochondrial
functions such as cell respiration, mitochondrial membrane potential (MMP) modulation,
and mitochondrial integrity [64], hence, gene variants may also lead to mitochondrial
impairment. Additionally, SNCA may induce ER stress and intracellular release of Ca2+,
leading to mitochondrial dysfunctions, which are the main cause of increased production
of ROS and RNS, and activation of pro-apoptotic pathways [65–67].

In fact, several variants in nuclear genes essential for the pathogenesis of PD can
lead to mitochondrial dysfunctions. For example, the PARK2 and PARK6 genes (which
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encode parkin and PINK1 proteins, respectively) are essential for mitophagy—a process in
which damaged mitochondria are selectively degraded, crucial for functional mitochondria
maintenance in senescent cells, such as neurons [68].

The LRRK2 gene, the most frequent cause of late-onset autosomal dominant and sporadic
PD [69], contributes to the recognition of damaged mitochondria by promoting the inhibition
of mitochondrial motility [70], also being important for mitochondrial fusion/fission pro-
cesses [71]. The DJ-1 protein, encoded by the PARK7 gene, is associated with the recognition
and neutralization of ROS and modulates the MMP, being important for the regulation of
calcium levels and the stabilization of anti-apoptotic protein Bcl-X [64,72,73]. Variants in the
glucocerebrosidase gene (GBA) were also found in both familial and idiopathic cases of PD
and there is evidence that it may be involved in early-onset PD [39,74,75].

The activation of transposable elements (TE) in brain cells has also been a topic of
interest in PD research, since retrotransposons such as LINE-1. These ancient viral particles
(which were inserted in the human genome throughout the evolution) remain mostly
inactive in our genome due to their potential to cause impairments in functional genes,
however, they can be reactivated in the aging brain. In fact, it has been suggested that
TE insertions are more common in brain cells [76–78]. Their activation leads to cellular
mosaicism which is important for neuronal evolution [79]. Moreover, it is suggested that TE
retrotransposition may also regulate gene expression in Neuronal Precursor Cells (NPCs)
and differentiated neurons [78,80,81]. Despite that, TE insertions can also cause DNA
damage and gene expression disruption, and their transcription may trigger microglial
antiviral response, activating inflammatory pathways [76,82].

Furthermore, TE recombination events are associated with early-onset PD. Bravo
et al., (2018) reported five structural variations in the PRKN gene, which is the most
frequently mutated gene in this condition, including deletions and exon rearrangements,
all of which were caused by recombinatory events triggered by TE reactivation [83]. It was
also reported that pathogenic Tau protein leads to a decrease in piRNA-mediated regulation,
which increases TE retrotransposition in PD neurons, triggering oxidative stress and cell
death [84,85]. Although the mechanisms of TE reactivation in the brain remain elusive, the
reported piRNA-mediated regulation of TEs in mammalian brain cells may be an important
mechanism of neuroprotection and their deregulation may be involved in the development
of neurodegenerative disorders as PD [86].

The investigation of pathogenic variants in PD-related genes is important to characterize
the disease at a population level and better understand disease progression and clinical presen-
tations in diverse patient groups, as what has been done for other diseases [87]. Nonetheless,
most known variants were identified in populations of Europe, South and East Asia, and
North America. For instance, recent studies reported pathogenic variants in PARK2 and
LRRK2 in Spanish PD patients, and rare variants in ATP13A2 and GIGYF2 that may contribute
to PD risk on a population scale [88]. Moreover, Wu et al., (2021) [89] showed an association
between the p.V16A variant in superoxide dismutase gene (SOD2) and PD in Han Chinese
individuals, while a large-scale investigation in the UK revealed copy number variants in
the SNCA gene region in individuals without phenotypic PD manifestation [89,90]. Further-
more, a study performed by the International Parkinson’s Disease Genomics Consortium showed
24 novel risk loci for PD in the European population [91]; and 17 risk loci for PD in ITPKB
and ZNF184 were identified in a study with East Asians [92]. On the other hand, the contri-
bution of Amerindian and/or African Ancestry to the development of PD in populations of
Central and South America remains unknown, mostly due to insufficient data. Thus, it is
important to highlight the importance of these studies since they may enlighten individual
and populational variations in the course of the disease.

Although it is not completely understood, the genetic aspects of PD have been widely
explored, in both nuclear and mitochondrial genomics. Recent studies point to the influ-
ence of epigenetic aspects in PD onset, as well as how host–microbiome interactions may
influence PD progression. These findings are a valuable source of new biomarkers and
therapeutic targets that may not only help us understand the mechanisms involved in

201



Int. J. Mol. Sci. 2021, 22, 9839

neurodegeneration, but also provide improvements in clinical practice and patient man-
agement through the comprehension of differences and particularities of each patient and
population. As highlighted above, a lot of knowledge was elucidated using brain tissue
biomarkers. Currently, though, it is important to convert this knowledge into less invasive
biomarkers, as circulating molecules altered in tissue and biofluids, which could be useful
in the patient management in precision medicine approaches.

4. Epigenetic Alterations in Parkinson’s Disease

Advances in sequencing technologies allowed the exploration of the role of alterations
not related to the DNA sequence, but associated with mechanisms of gene regulation.
The main mechanisms involved in this process are DNA methylation, histone modifica-
tions and the regulation performed by non-coding RNAs (ncRNAs). Their modulation
is involved in processes such as modulation of cell homeostasis and the onset of human
diseases [93]. Among the various mechanisms of epigenetic regulation, the role of ncRNAs
has been largely explored in different organs and tissues, including the brain. However,
the epigenetic modulation of neurons remains elusive and a controversial issue.

We still do not fully understand how epigenetic modulators are involved in neuron
activity, survival and death. Nonetheless, there is evidence that they may be important in
healthy conditions and may contribute to the onset and progression of neurodegenerative
disorders. These mechanisms may be an important source of PD biomarkers and thera-
peutic targets, since the epigenetic regulators can be modulated in patients to return to a
healthy condition [94–96]. Below, we discuss some of the main findings regarding the role
of ncRNAs in neurons and evidence that shows how these molecules may be involved
in neurodegeneration and PD development, focusing mainly on microRNAs (miRNAs),
Piwi-interacting RNAs (piRNAs) and Circular RNAs (circRNAs).

4.1. Chromatin Remodeling Mechanisms

The mechanisms of DNA methylation and histone modifications regulate the acces-
sibility of DNA strands to transcription factors, enhancers and RNA polymerase, thus
interfering directly in the transcription process (Figure 2). The involvement of DNA methy-
lation and histone modifications in PD has been recently reported, suggesting a mechanism
of genome reprogramming. Young et al., (2019) reported the alteration of DNA methylation
profile in patients with PD, mainly located not only in dopaminergic neurons but also in
regions such as the Cingulate gyrus and, especially, the dorsal motor nucleus of the vagus
nerve, which is one of the first areas affected in early PD stages [97]. Thus, it is possible that
the deregulation in DNA methylation patterns may explain the gastrointestinal symptoms
related to the pre-diagnostic stages.

 

h as the α

–

Figure 2. Mechanisms of gene expression regulation. Gene expression is regulated by a network
which includes chromatin modulators, with the addition of molecules such as acetyl and/or methyl
in histones and the methylation of DNA strands. Additionally, ncRNAs participated in several steps
both in transcriptional and post-transcriptional levels. Within the nucleus, ncRNAs may play the
role of enhancers, transcription factors or as gene silencing tools. In cytoplasm, they may inhibit
RNA translation or modulate the action of other ncRNAs and be used as a sponge of RBP, inducing
mRNA degradation.
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Alterations in DNA methylation profile were also found in blood and saliva samples
of patients living with PD, mainly affecting regions harboring genes related to the immune
response, leading to an alteration in blood cells composition [98]. More recently, Wang et al.,
(2019) found 85 hypomethylated and hypermethylated genes in blood samples of patients
with PD, suggesting PD-associated blood biomarkers [99]. It is important to emphasize
studies investigating PD biomarkers present in blood and other biofluids, since the sample
collection of these fluids is less invasive, therefore, less harmful to the patients, especially
those in advanced stages and/or individuals living with dementia.

Södersten et al., (2018) performed an analysis of histone modification patterns in neu-
ral progenitor cells and in differentiated dopaminergic and serotoninergic neurons [100].
They observed how the repression of progenitor genes and genes involved in the differenti-
ation of each neuronal subtype is correlated with the distribution of epigenetic landscapes
of gene activation and silencing for both adult neuron subtypes. Furthermore, they re-
vealed a stress-induced differential gene expression profile in murine models of PD, which
is characterized by the repression of various genes with a dual pattern of activation marks
(H3K4me3 and H3K27me3) in promoter regions, especially in promoter regions of genes
involved in cell cycle regulation. Toker et al., (2020), also suggested genome-wide alter-
ations in histone acetylation profiles in PD-affected brains, triggering the hyperacetylation
of H3K27 in genes such as SNCA, PARK7, PRKN and MAPT, which are associated with the
development of PD [101].

Considering these studies, it is possible to infer that, although not fully understood,
differential gene expression caused by alterations in chromatin states may be directly asso-
ciated with the events involved in the pathogenesis of neurodegenerative disorders, such
as the α-syn aggregation observed in PD. Moreover, it means that might the comprehensive
map of epigenetic alterations in PD might be a good source of disease-specific biomarkers.

4.2. Non-Coding RNA Regulation

4.2.1. MicroRNAs

MicroRNAs (miRNAs) are a class of 21-nucleotide long molecules, distributed in a
wide range of organisms [102–104]. They are known for their role in post-translational gene
silencing in which they are loaded into Argonaut proteins, forming RNA-induced silencing
complexes (miRISC) to mediate the degradation of the target messenger RNA (mRNA).
In human cells, most of the canonical miRNAs are transcribed from intronic sequences of
coding and non-coding regions, although there are miRNAs encoded from exons [103].
Additionally, many miRNA loci are in close proximity, forming clusters, and miRNAs
within the same cluster are usually co-transcribed, although some might be suppressed
depending on cellular necessity [103].

Briefly, a mature miRNA binds to the argonaut 2 protein (AGO2), forming a complex
called miRISC [102,103]. Here, the miRNA molecule works as a guide to recognition of the
target mRNA, meanwhile the AGO2 works as an effector of the endonucleolytic cleavage of
the mRy6 NA [102,105]. The recognition of the target mRNA depends on the complemen-
tarity between the miRNA binding site—located at the 3′ UTR region of the mRNA, and the
seed region of the miRNA [102]. Depending on the strength of this complementarity, the
mRNA can (i) be cleaved by the miRISC (in case of the perfect match); or (ii) the complex
can mediate translational repression through the recruitment of additional proteins and
enzymes that will degrade the mRNA by decapping and deadenylation [106].

This mechanism is part of a strictly regulated network and it was reported that,
in neurons, the regulation of miRNAs was related to virtually all neuronal functions,
including neurogenesis and neural development [107–109], synaptic plasticity [110,111],
neural activities [112,113], and processes related to learning and memory [114]. Therefore,
it would be expected that the deregulation of miRNAs would affect these processes,
potentially leading to disease. In fact, age-related alterations in miRNA profile were
reported in several studies [115,116].
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Moreover, the deregulation of miRNAs was reported in several neurodevelopmental
and neurodegenerative diseases, such as autism spectrum disorder [117], schizophre-
nia [118,119], and Huntington’s disease [120]. It also has been linked to the pathogenesis
and progression of Alzheimer’s disease (AD) [121,122] and PD [123].

Several studies have demonstrated the potential of miRNAs for acting as PD biomark-
ers and therapeutic targets given their role in regulating genes classically associated with
PD pathogenesis. Cardo et al., (2014) revealed a set of 11 miRNAs in the SNpc of PD
patients [124]. Kim et al., (2007) reported that miR-133b was specifically expressed in mid-
brain dopaminergic neurons, associated with cell survival, and that PD patients presented
hypoexpression of this miRNA [125]. MiR-7, miR-153 and miR-433 were shown to confer
neuroprotective effects by regulating the levels of α-syn, and downregulation of these miR-
NAs was associated with SNCA overexpression and increased oxidative stress [126–128].
In PD models, Thome et al., (2016) [129] showed that miR-155 overexpression was associ-
ated with proinflammatory responses to α-syn aggregation. As α-syn aggregates are one
of the various sources of oxidative stress in PD, these findings highlight the importance of
further investigating the role of miRNAs in this disease.

Besides α-syn, it was demonstrated that miR-205 regulates the expression of LRRK2
contributing to a pathogenic increase of this gene in PD patients [130] and Gehrke et al.,
(2010) demonstrated a bidirectional regulation between miRNAs and LRRK2, where
pathogenic variants of the gene modulated the levels of miR-let-7 and miR-184 [131].
In addition, Xiong et al., (2014) [132] showed that miR-494 is directly involved in PD patho-
genesis by targeting DJ-1 and that the upregulation of the miRNA leads to hypoexpression
of the gene. Furthermore, in a recent study, miR-221 levels were demonstrated to be modu-
lated by the expression of DJ-1, a function lost in pathogenic mutants [133], and miR-221
showed a neuroprotective effect against the exposure to the dopaminergic neurotoxin
1-methyl-4-phenylpyridinium (MPP+) and the inhibition of the miRNA reduced the cell
survival response against the MPP+-induced neurotoxicity.

It is important to emphasize that disease-induced deregulation of miRNAs (and some
other ncRNAs) can be detected in patient blood circulation. Blood-based biomarkers are
important for their applicability in clinical practice, for tracing of individuals at risk (espe-
cially among patient relatives), early diagnosis, and prognosis. Furthermore, in the case
of neurodegenerative disorders, it is common to observe the overlapping of symptoms
leading to additional complexity in identifying the disease [12,134]. Hence, circulating
biomarkers may be helpful for differential diagnosis among neurological diseases, and the
deregulation of ncRNAs such as miRNAs is a potential source of these biomarkers. For in-
stance, mir-7 controls dopaminergic neuron and oligodendroglial cell fate by regulating
genes of Wnt/β-catenin signaling [135]. Moreover, Zhang et al., (2019) observed that mir-
let-7a can suppress neuroinflammation caused by microglia activation in PD patients [136].
Moreover, research of miRNA expression profiles identified apoptotic, inflammatory and
axonal guidance pathways shared by PD and Alzheimer’s disease [137]. Another study
revealed a unique molecular signature based on the deregulation of miRNAs and piRNAs
in Alzheimer’s disease [121]. To our knowledge, this was the first study to investigate both
small ncRNA classes in these diseases, and here we suggest that this approach could also
be used to aid in PD diagnosis and patient management.

Recent studies have investigated the functional roles of miRNAs and other ncRNAs
in neurodegeneration, exploring aspects such as the expression profile of miRNAs and
potential target genes, thus indicating the biological processes affected by the deregulation
of these molecules. One of the main points that remain to be elucidated is the identification
of miRNA species that are shared among neurodegenerative disorders and disease-specific
features miRNAs.

4.2.2. Piwi-Interacting RNAs

PIWI-interacting RNAs (piRNAs) are molecules with up to 31 nucleotides in length
that were identified in 2006, whose sequences are, generally, not conserved [138–140].
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Currently, there are at least 30,000 piRNAs described in the human genome and they are
suggested to be the most diverse class of small ncRNAs [141]. PiRNAs bind to proteins
of the Argonaut/PIWI subfamily—in humans called Piwi-like (Piwil) proteins, forming
regulatory complexes (piRISC) that perform (i) post-transcriptional gene silencing by medi-
ating the deadenylation or endonucleolytic cleavages of the mRNA; and (ii) transcriptional
silencing by inducing chromatin remodeling by interacting with proteins involved in this
process [142–144].

They are highly abundant and mostly described in germline cells—especially in models
such as Drosophila melanogaster, Mus musculus, and Caenorhabditis elegans. The first and main
function attributed to piRNAs was the silencing of TE, which is the reason why they are
known as the guardians of genome integrity [143,145]. However, not all piRNAs target
TE sequences, indicating that piRNA regulation might be more complex than what was
first thought [146]. Further studies in germline and somatic cells revealed other functions,
including the euchromatin remodeling and epigenetic reprogramming [147,148], modulation
of mRNA stability [140], and regulation of the translation of protein-encoding genes, sequences
of other ncRNAs (such as long non-coding RNA—lncRNAs), and pseudogenes [149–151].

Currently, there are several reports concerning their role in the progression of several
diseases, especially cancer. The deregulation of piRNAs was reported in various tumors
such as gastric [2,152], colorectal [153], and breast [154] cancers, being associated with
biological processes that contribute to tumor progression and metastasis. Meanwhile,
their functions in the central nervous system (CNS) and their roles in the development
of neurodegenerative diseases remain poorly understood. Among somatic cells, piRNAs
are slightly more abundant in the brain [155,156]. Rouget et al., (2010) observed that
impaired piRNA regulation of the mRNA encoding the posterior morphogen Nanos (Nos)
in D. melanogaster early embryo leads to head development malformations [157]. Studies
using MILI-piRNA mutant mice showed that piRNA pathways may act in locomotory and
exploratory drives and normal anxiety-like behavior [86].

Notably, the mechanisms of piRNAs have been investigated in different organisms.
For instance, Lee et al., (2011) reported the presence of piRNAs in murine brain and hip-
pocampus cells, where they were associated with the regulation of genes related to the
dendritic spine development and the organization of postsynaptic density [158]. In ad-
dition, Yan et al., (2011) reported the presence of piRNAs in neurons of Rhesus macaque
(Macaca mulatta) [159]. Rajasethupathy et al., (2012) suggested that, in cells of the sea
worm of genus Aplysia, neuron-specific piRNAs were associated with neuronal plastic-
ity, learning, and the establishment of long-term memories; the synaptic release of the
serotonin neurotransmitter induces the neurotransmitter-dependent activation of piRNAs
and, in response, serotonin-induced piRNAs modulate DNA methylation patterns in the
promoter region of the gene encoding the activating transcription factor 4 (CREB2) [151].
The CREB protein family is composed of transcription factors mediating cAMP responses,
associated with neuroprotective pathways, related to neuronal plasticity, neurogenesis and
memory formation [160,161]. CREB2 is also an antagonist of CREB1, which is modulated by
miRNAs, and the modulation of CREB2 and CREB1 neurons may signalize which neurons
hold memory traces and which are susceptible to draw new memories [151].

The interplay among piRNA and other ncRNAs was demonstrated to be important
for regulating the permeability of the blood–brain barrier (BBB) in patients diagnosed with
glioma. As revealed by Shen et al., (2018), the deregulation of the piR-DQ593109/Piwil1
complex leads to the upregulation of lncRNA maternally expressed 3 (MEG3)—which
sponges the miRNA miR-330-5p [162]. Therefore, MEG3 upregulation leads to an increased
hijacking of this miRNA. Meanwhile, miR-330-5p targets the Runt-related transcription
factor (RUNX3), which binds to the promoter region of genes encoding the proteins
occludin, claudin-5, and Zonula Occludens-1 (ZO-1), associated with the enhancement
BBB permeability. Hence, the downregulation of miR-330-5p contributes to increased BBB
permeability by promoting the upregulation of RUNX3, and consequently causing the
hyperexpression of ZO-1, occludin and claudin-5 [162].
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There is evidence linking piRNAs to the pathological features of multiple CNS-related
diseases. For instance, piRNA deregulation was reported in studies involving Ischemia,
Rett, Alzheimer’s disease, and PD [155,163–166]. Additionally, in neurons of C. elegans, the
piRNA pathway was related to the inhibition of axonal regeneration via post-transcriptional
regulation of the target genes, suggesting that understanding piRNA biology in the brain
may be relevant to the treatment of neuronal injuries [167].

It is important to consider the roles of piRNAs in aging and in the progression of
neurodegenerative diseases. Differentially expressed (DE) piRNAs play important roles in
apoptotic cell death and neurodegeneration in Alzheimer’s Disease [164]. Alterations in the
expression profile of piRNAs were also reported among cell lines of healthy and sporadic
PD patients, as revealed by Schulzer et al., (2018) [163]. In this study, piRNA expression
profile was able to distinguish cell lines of (i) fibroblasts; (ii) fibroblast-derived induced
pluripotent stem cells (iPSCs); and (iii) midbrain neurons, from healthy individuals and
PD patients. The authors revealed a PD-specific piRNA signature in all three cell lines,
as well as the presence of Piwil2 and Piwil4 proteins in midbrain neurons. Among the
downregulated piRNA set, there was an enrichment of Line-derived piRNAs, indicating
the activation of these TEs. They also observed that CREB pathways were impaired in
PD patients [163]. As discussed above, CREB pathways are involved in neuroprotective
processes and some elements of this pathway are regulated by piRNAs in response to
neurotransmitter activities [151,160,161]. Therefore, piRNAs might play an important role
in PD development, although more studies are needed to further comprehend this process.

Moreover, recent studies have reported the occurrence of polymorphisms lying within
piRNA genes, although the effects of these variants are still not well understood, especially
when related to neurodegenerative diseases, since most studies are focused on cancer-
related polymorphisms [155,164]. Single-Nucleotide Polymorphisms (SNPs) in piRNA
genes were associated with increased risk for breast cancer [168], melanoma [169], and
glioma [170] development, suggesting a probable impact of SNPs in piRNA functions in
the CNS.

Finally, as mitochondrial dysfunctions are believed to play key roles in PD progression,
the discovery of mitochondrial piRNAs in cancer cells [171–173] derived from genes
involved in the oxidative phosphorylation chain, indicate a more complex regulatory
network involving mitochondrial DNA (mtDNA), and is one more reason we should
consider investigating the functional roles of piRNAs in healthy CNS and in disease onset.

4.2.3. Long-Noncoding RNAs

Long non-coding RNAs (lncRNA) are the most studied class of ncRNAs. The term
is commonly used to refer to linear RNA molecules with more than 200 nucleotides that
may be involved in various processes such as DNA translation—acting as enhancers,
protein scaffolds, guides for transcription factors, regulating pre-mRNA splicing and
other processes [174,175]. Thus, it is suggested that lncRNAs can be involved in several
mechanisms of disease onset, as reported in oncology studies. However, regarding PD, few
studies associated the deregulation of lncRNAs with PD progression by regulating miRNA
repression in neurons. Taurine Upregulated Gene 1 (TUG1) was associated with PD by
regulating the miR-152-3p/PTEN pathway [176]. LncRNA GAS5 acts as a sponge of miR-
223-3p, promoting microglial inflammatory response in PD by regulating inflammatory
pathways [177].

LncRNAs also have a potential effect on PD onset and progression for being associ-
ated with damage and inflammatory responses in microglia and dopaminergic neurons.
This is the case of lncRNA AK039862, for which upregulation was associated with the
neuronal injury provoked by pesticides, inhibiting dopaminergic neuron proliferation and
microglia migration [178]. NEAT1 is another lncRNA that is overexpressed in PD patients.
Several studies demonstrated that its downregulation represses α-syn-induced activation
of NLRP3 inflammation, apoptosis, and cytotoxicity by targeting miR-1301-3p, the miR-
212-5p/RAB3IP axis, miR-124-3p and miR-212-3p [179–181]. The deregulation of NEAT1
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downregulates microRNA-212-3p to accelerate the progression of PD. The knockdown
of NEAT1 negatively affects the expression of AXIN1, a target of miR-212_3p reversing
the suppression effect [179], meaning that the deregulation of this lncRNA is associated
with PD development, characterizing it as a candidate therapeutic target. Furthermore,
increased levels of NEAT1 were also detected in peripheral blood cells of patients with
PD [182], revealing its potential as a PD progression biomarker.

Regarding lncRNAs in PD patient biofluids, the downregulation of lncRNAs MEG3
was reported as a potential PD biomarker in the plasma of PD patients when compared to
that of healthy individuals, being associated with the aggravation of non-motor symptoms,
cognitive decline, and PD stage [183]. Additionally, lncRNAs and α-syn were detected in
plasma L1CAM exosomes and, combined with β-Glucocerebrosidase activity in plasma,
they were correlated with the increase in motor/cognitive impairment [184].

In murine models of PD, lncRNAs decreased during PD development and were
further decreased after the administration of L-DOPA therapy [185], suggesting that this
set of lncRNAs were associated with both PD and Levodopa-induced dyskinesia (LID)
pathogenesis, the latter is a common complication of the chronic dopamine replacement
therapy. Gene Ontology analysis revealed the involvement of lncRNAs in processes such
as oxidative stress response, inflammation, neurotransmission and apoptosis [185].

4.2.4. Circular RNAs

Circular RNAs (circRNAs) are a class of long ncRNAs formed by the covalent bonding
of their 5′-3′ ends . The lack of free terminations makes them resistant to degradation by
exonucleases and, therefore, highly stable [186,187]. The biogenesis of circRNAs occurs
in parallel with mRNA transcription in a process called back-splicing, processed with the
spliceosome machinery, cis sequences in flanking introns, and some specific regulatory
proteins [188,189].

About 183.000 circRNAs have been identified in humans [188,190,191]. They function
by regulating gene expression mainly at the transcriptional and post-transcriptional levels,
can act as microRNA or protein scaffolds and some can be translated [187,192]. Of all the
known circRNAs, about 20% are produced by genes of neural function, making circRNAs
significantly more abundant in nervous tissue compared to other tissues [187]. This can
be explained, in part, by the high number of exons and long introns present in neural
genes, making them more likely to be back-spliced [193]. In addition, studies report
that the levels of circRNAs, produced in the CNS and other tissues are higher in the
brain, suggesting specific neuronal regulation [193,194]. In the CNS, most circRNAs
are produced by synaptic function genes and are transported from the cell body to the
dendrites, indicating a potential role in neuronal communication [187]. As they are more
stable than linear RNAs and extremely abundant in the CNS, it is suggested that circRNAs
may serve as potential biomarkers of neurological disorders [195].

Some studies have demonstrated a relationship between changes in circRNA expres-
sion and the development of PD [187,196,197]. Among these circRNAs, ciRS-7, which
stands out as the most abundant and the most studied in the CNS, is highly expressed in
neurons. It has 73 binding sites for miR-7, working as a sponge for this microRNA that reg-
ulates several genes, including SNCA [187,197]. Cells transfected with miR-7 impair α-syn
production, which is restored with the overexpression of ciRS-7 [128,197]. Another circRNA
involved in the regulation of miR-7 is circSNCA. Sang et al., (2018) [196] demonstrated that
the increased expression of this circRNA leads to increased production of α-syn.

Another circRNA, CircDLGAP4 has shown a key role in the PD pathogenesis, as its
expression was significantly reduced and in 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine
(MPTP+) cell cultures and in animal models with MPTP-induced PD. Among its functions,
CircDLGAP4 can reduce mitochondrial damage and apoptosis, attenuate the neurotoxic
effect of MPP+, and increase autophagy and cell viability [198]. In silico investigations
suggested the regulation of miR-124-5p by the circDLGAP4 [198]. This miRNA directly
targets genes involved in the CREB pathway, which is essential for the expression of neuro-
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protective factors, such as BDNF, BCL-2, and PGC-1α. Feng et al., (2019) demonstrated in
MPTP-induced PD cellular and animal models that a reduction in circDLGAP4 expression
leads to an increased expression of miR-134-5p. This suggests that the circDLGAP4/miR-
134-5p/CREB axis has a key role in PD onset and progression [198].

Hanan et al., (2020) [199] stated that in PD brain tissues, the SNpc had a lower number
of expressed circRNAs when compared to other brain regions. In contrast, circSLC8A1
was significantly more expressed in PD. They also observed that the increase in oxidative
stress leads to higher levels of this circRNA. Despite this, there was no change in the
expression of host mRNA SLC8A1, previously associated with neurodegeneration [199].
Data suggest that alterations of circSLC8A1 expression occur due to either increased circu-
larization or deregulation and consequent reduced degradation [199,200]. CircSLC8A1 has
seven miR-128 binding sites, participating in the regulation of this microRNA. After circ-
SLC8A1 knockdown, 24 miR-128 target mRNAs were differentially expressed, including
neurodegenerative regulators, dopaminergic neuron protectors, regulators of mitochon-
drial function, and mRNAs involved in chronic inflammation [201,202]. Recent studies
have focused on evaluating the roles of circRNAs in CNS disorders. Despite that, few
studies focus on the role of circRNAs in PD [193,194].

5. Mitochondrial Genetics and Epigenetics in Parkinson’s Disease

Mitochondria are cytoplasmic organelles that are involved in essential processes for
proper cellular functioning, such as calcium (Ca2+) buffering, regulation of cell death, lipid
homeostasis, among other metabolic signals [203,204], but their most notable function
is the generation of chemical energy (ATP, adenosine triphosphate) through the electron
transport chain (ETC) in the process of oxidative phosphorylation (OXPHOS) [173,204,205].

The mtDNA encodes 13 proteins for OXPHOS complexes and 24 encode for RNA
molecules (22 tRNAs and two rRNAs), besides containing non-coding regions such as
the displacement loop (D-loop), where the sequences for the initiation of replication and
transcription are located [206]. Mitochondria also need 1200–1400 nuclei-encoded proteins
for their overall functioning, a process controlled by mitonuclear communication, which is
crucial for the performance of both parties and the consequent cellular balance, including
energy generation [207,208]. For instance, the ETC comprises five protein complexes (I-V),
of which four (complexes I, III, IV and V) are encoded by both the mitochondrial genome
(mtGenome) and the nuclear genome, and one (complex II) is encoded exclusively by the
nuclear genome [205,209].

Remarkably, most ATP is produced during OXPHOS and, thus, mitochondrial dys-
functions would greatly affect the energy supply. These dysfunctions may be caused by
genetic or epigenetic alterations. In this sense, it should be noted that reactive oxygen
species (ROS) are also generated during OXPHOS; in excess, ROS may lead to cellular
damages and oxidative stress, with a special impact on mitochondria. Therefore, mtDNA
is particularly vulnerable to oxidative damage and mutations, which in turn may affect
mitochondrial bioenergetics and increase ROS production [203,210]. Considering that
neurons demand high ATP rates, mitochondrial malfunction might have a particular in-
fluence on the energy generation of these cells, impairing neural circuitry homeostasis,
neurotransmission and neuroplasticity [211–213].

Mitochondria started to be associated with the etiology of PD from the observation
of animal models developing parkinsonism after treatment with (MPTP) [214] and, in the
following years, with other drugs such as rotenone, all potent neurotoxins that are now
known to inhibit complex I activities in the SNpc [215]. Indeed, defects in complex I were
identified in different tissues of PD patients, including the SN of postmortem brains [216],
skeletal muscles [217] and platelets [218]. Interestingly, the transfection of platelet mtDNA
from PD patients into normal cell lines caused the reduction of complex I and IV activity
in the receiving cells [219]. While malfunction of Complex I seems to have an important
role in the increase of neurotoxic vulnerability, oxidative stress and consequent loss of
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dopaminergic neurons, other mitochondrial mechanisms have also been pointed out as
PD-related factors, such as calcium regulation, biogenesis, dynamics and mitophagy [220].

Currently, there is an increasing interest in the possibility of mtDNA variants predis-
posing to idiopathic PD [221–223]. Several studies have suggested an association of SNPs
in mitochondrial genes with an enhanced risk for PD, such as 4216T>C in MT-ND1 [224],
5460G>A in MT-ND2, as well as 4336T>C [225,226] and 4336A>G in MT-TQ [227]. Whole
mtGenome sequencing of PD patients revealed an accumulation of mtDNA deletions in
SN dopaminergic neurons [228] and heteroplasmic variants in genes of complex III (CYTB)
and complex IV (COXI and COXII) in SN and frontal cortex tissues [229].

Although defects in complex I have been extensively shown as important etiological
factors for idiopathic PD, the sequencing of whole mtGenome [228,229] or specific complex
I genes [226] has failed to find variants that explain such defects and only a few studies
have found mitochondrial SNPs associated with the risk of PD [224,230]. Interestingly,
in different studies, the variants 10398A>G (MT-ND3) [231], 2158T>C (MT-RNR2) and
11251A>G (MT-ND4) [232], related to the classification of some European mitochondrial
haplogroups, were associated with reduced risk to PD. Considering these studies together,
haplogroups JT, T, J or K seem to present a decrease in the risk of PD in comparison to other
European haplogroups (H or HV).

Dysfunctional mitochondria are also related to monogenic forms of PD: genetic meth-
ods have identified variants in mitophagy regulatory genes—e.g., PINK1 (PTEN-induced
putative protein kinase 1), Parkin (PRKN, parkin RBR E3 ubiquitin protein ligase) and
DJ-1 (protein deglycase DJ-1)—as hereditary factors of PD etiology, being associated with
early-onset autosomal recessive PD (age less than 45 years) through alterations in mi-
tophagy [233,234]. In order to maintain mitochondrial homeostasis in the nervous system,
mitophagy (the process of autophagic degradation of damaged mitochondria) may take
place, mainly through the PINK1/Parkin pathway [223,235]. Thus, considering mitophagy
is part of mitochondrial quality control, variants in genes related to this mechanism may
impair the elimination of dysfunctional mitochondria in the brain of PD patients [236].

Over 20 years ago, the Parkin gene was first described and associated with autosomal
recessive juvenile parkinsonism in Japanese families (being named PARK2) [237]. A few
years later, independent studies have mapped novel loci and associated them with early-
onset PD: one in an Italian family [238] and the other in the Netherlands [239], being named
PARK6 and PARK7, which were later related to PINK1 and DJ-1 genes, respectively. Since
then, many studies have suggested the association of genetic factors in mitophagy with
PD. Recently, a review by Cai and Jeong (2020) [240] highlighted that defects in mitophagy
have been widely associated with PD (especially in the PINK1/Parkin pathway but also in
others like lipid-mediated mitophagy) and that increased rates of mtDNA deletions have
been observed in PD patients, which could be related to dysfunctions in this process of
mitochondrial quality control.

In addition to mtDNA variants, epigenetic mechanisms such as DNA methylation
and the presence of ncRNAs have also been described in these organelles, giving birth
to a research field that is now called mitochondrial epigenetics (mitoepigenetics) [173].
Since the 1970s, the occurrence of mtDNA methylation has been widely discussed and
considered to be controversial; currently, not only is this type of epigenetic regulation
recognized in mitochondria, but it is known that the metabolism of these organelles is in-
volved in regulating the production of the universal methyl donor (S-adenosylmethionine,
SAM) [241,242]. In addition, a study investigating mtDNA methylation in different brain
tissues demonstrated that such patterns in the mitochondrial epigenome may vary among
tissues [243]. Recently, a study reported genome-wide mtDNA methylation in different cell
lines and tissue samples, providing patterns in both CpG and non-CpG contexts (but espe-
cially in non-CpG sites) and suggesting the involvement of varied DNA-methyltransferases
(DNMT1, DNMT3A and DNMT3B) in this mitochondrial process [244].

As for ncRNAs, their discovery in mitochondria is more recent than mtDNA methyla-
tion. In 2011, a study reported the first human mitochondrial transcriptome and reinforced
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some ncRNAs shown in mitochondria a few years earlier, highlighting novel levels of
complexity in mitochondrial regulation and encouraging the investigation of ncRNAs in
these organelles [245]. Since then, different classes of ncRNAs have been described in
human mitochondria (circRNAs, miRNAs, piRNAs, lncRNAs and sncRNAs), as recently
reviewed by Cavalcante et al., (2020) [173]. These ncRNAs in mitochondria are known to
participate in mitonuclear communication and may be either nuclear-encoded ncRNAs
(nuclear-ncRNAs) or mitochondrial-encoded ncRNAs (mt-ncRNAs), involved in antero-
grade signaling (nucleus regulating mitochondria) or retrograde signaling (mitochondria
regulating nucleus), respectively. Although many aspects of these mechanisms remain
largely unknown, several mitochondrial-located lncRNAs and miRNAs have presented
target genes involved in different mitochondrial functions [246].

In this context, epigenetic mechanisms in mitochondria have been associated with
neurodegenerative diseases such as PD. For instance, reduced levels of mtDNA methylation
(5-methylcytosine, 5mC) were observed in the D-loop region (but not in the other analyzed
region, MT-ND6, which encodes a subunit of Complex I) in the SNpc of PD patients
when compared to controls [247]. It should be noted that the differential methylation in
nuclear genes related to mitochondrial apoptosis in association with cognitive and motor
progression in PD was also reported, reinforcing mitochondrial influence on the evolution
of this disease [248]. Similarly, a recent review by Lyu et al., (2019) [249] highlighted
that mitochondrial-related lncRNAs might also play a role in PD through mitochondrial
dysfunction or abnormalities in processes related to the management of oxidative stress,
like mitophagy and apoptosis. Although there are currently few studies on this matter,
it is increasingly clear that mitochondrial epigenetics may play an important role in the
development and progression of PD and should be given more attention. Therefore,
the investigation of different aspects in both mitochondrial genetics and epigenetics is
presented as a promising strategy in the search for biomarkers of onset and treatment of
PD, known to be a multifactorial disease.

6. Gut Microbiome in Parkinson’s Disease

The gut microbiome (GM) consists of trillions of microorganisms that inhabit the
human gastrointestinal tract and constantly interact with the host at multiple genetic
and metabolic levels [250]. This community is known to have a strong effect on human
health and its disruption has been associated with the development of various human
diseases, such as inflammatory bowel disease, metabolic, immune, and neurodegenerative
disorders [251,252]. The crosstalk between the microbiome, the gut and the nervous system
is collectively referred to as the microbiota–gut–brain axis [253].

In Braak and colleagues’ dual-hit hypothesis regarding the staging of LB accumula-
tion in neuronal cells [254], the enteric nervous system (ENS) is one of the sites in which
neurodegeneration begins. In this scenario, α-synuclein toxic forms would initially in-
vade the ENS and eventually reach the CNS via the vagus nerve, triggering PD motor
symptoms. Several lines of evidence show support of such a mechanism. First, results
show that complete vagotomy is effective in decreasing the risk of developing PD [255].
Secondly, chronic constipation is one of the major and widespread early symptoms of PD,
affecting approximately 80% of patients and with such signals being detected decades
before diagnosis [10]. Additionally, Sampson et al., (2016) [256] showed worsening of
motor impairments when α-syn overexpressing mice were inoculated with the GM of PD
patients when compared to non-PD control GM. Recently, such findings were corroborated
with evidence showing exacerbated motor impairments in a mouse model of PD with
gut dysbiosis and intestinal inflammation [257–260]. Altogether, these findings establish
convincing evidence for the role of the GM in regulating motor deficits in PD development.

To date, no single microbial species or taxa has been determined to have a causal role
in PD development. However, structural differences between the GM of PD patients and
healthy controls have been previously documented and accumulating evidence shows the
abundance of certain fecal microbial taxa are differentially distributed among PD patients
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and healthy controls. Lactobacillus, Bifidobacterium, Verrucomicrobiaceae, and Akkermansia
show an increase in PD patients while Faecalibacterium, Roseburia, Coprococcus, Blautia,
Prevotella, and Prevotellaceae have lower abundances [261–264].

Scheperjans et al., (2015) [265] found that the relative abundance of Prevotellaceae
taxa was reduced by nearly 80% in PD patients when compared to controls, and that
the abundance of four microbial taxa was able to classify PD patients with over 90%
specificity. Further, disease phenotypes such as postural instability were associated with
the abundance of Enterobacteriaceae in PD patients from the same cohort. More recently,
Aho et al., (2019) also found that Prevotella taxa are less abundant in faster-progressing pa-
tients [261]. Hegelmaier et al., (2020) tested dietary and enema interventions in PD patients
and observed changes in the abundance of certain bacterial taxa, such as Ruminococcaceae
associated with improved motor symptoms and decreased levodopa daily doses [266].
Hertel et al., (2019) [267] and Baldini et al., (2020) [268] proposed that B. wadsworthia, found
in higher abundances in PD patients, is crucial for sulfite production in the gut, thus medi-
ating brain mitochondrial energy balance, acting as a neurotoxin and promoting impaired
metabolite secretion in PD [267,268].

In fact, communication between the host and the gut microbiome often consists of in-
teractions involving short-chain fatty acids (SCFA), a major group of metabolites produced
by the GM from dietary substrates [269]. SCFA production is crucial to metabolic homeosta-
sis promotes overall systemic health. For instance, butyrate and propionate, two of the main
SCFAs, have neuroprotective effects and aid in the rescue of motor capacity in PD [270],
However, fecal SCFA levels have been found to be reduced in PD patients [263,271]. Cirstea
et al., (2020) [272] demonstrated that butyrate synthesis is reduced in PD while deleterious
aminoacid metabolites are increased, aggravating gut inflammation and constipation [273].
GM is also responsible for converting dietary flavonols into phenolic acids, another im-
portant metabolite [273]. Ho et al., (2019) demonstrated that individual GM metabolic
repertoires of polyphenol production have the ability to protect against neurological disor-
ders involving α-syn toxicity [274].

The mechanisms by which the GM affects neurodegenerative conditions are likely
impaired production of neuroprotective factors, increased levels of pro-inflammatory
cytokines, and unbalanced immune responses [275]. A reduction in the abundance of
anti-inflammatory and neuroprotective metabolite-producing bacteria, such as members of
the Lachnospiraceae family, has been documented for PD patients [276]. Further, taxa such as
Bacteroides and Verrucomicrobia species were found in positive correlation with the abun-
dance of pro-inflammatory cytokines TNF-α and IFN-γ in Asian PD patients [264]. Another
inflammation-mediated GM effect is through small intestinal bacterial overgrowth (SIBO),
present in around 25% of PD patients [277,278]. SIBO, which influences gastrointestinal
dysfunction, seems to interfere in PD pathogenesis by increasing intestinal permeability,
pro-inflammatory cytokine activation and, consequently, microglial activation. This leads
to worsening of motor capacities and may also interfere in levodopa absorption [278].

Host–microbiome interactions in PD gain another level of complexity when consider-
ing host-derived epigenetic interference upon microbial metabolism. It has been shown that
gut microbial DNA expression is affected by ncRNA molecules produced by gut epithelial
cells, and may influence important bacterial pathways [279]. Such findings still require
validation and more fecal ncRNA data for PD are needed. However, such associations
attest to the intricate involvement of the GM in PD pathogenesis and encourage future
studies to investigate this relationship further.

Current therapeutic interventions related to the GM are focused on probiotics, prebi-
otics, antibiotics and fecal microbiota transplantations (FMT) in a wide range of disorders,
such as cancer and neurological diseases [280,281]. Probiotics could be employed to im-
prove gut health, and antibiotics have been shown to ameliorate motor dysfunction by
preventing dopamine neuron loss [282,283]. To date, one report has shown a successful case
of FMT in improving constipation and leg tremors in a PD patient [284]. In Alzheimer’s
disease, FMT has also been shown to be useful for improving symptoms following
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C. difficile infections [285]. It is important to note that GM-based therapeutic approaches do
not necessarily involve proof of the causal role of microbial communities in PD pathogene-
sis, considering the GM modulates various metabolic systems and could improve quality
of life in diverse aspects, such as gastrointestinal inflammation or constipation [286].

Gut microbiome data may be employed to determine the initial steps and progression
of PD, considering not all patients experience enteric neurodegeneration at first. Addi-
tionally, profiling and measurement of GM metabolites could be applied to the clinical
environment once we determine its predictive value to disease progression and/or progno-
sis. This could lead to personalized approaches in patient management as the GM could
become a crucial part of PD treatment and diagnosis [286].

7. Future Perspectives in Parkinson’s Disease

The multifactorial nature of PD poses a difficult obstacle for understanding the mech-
anisms involved in its onset and progression. However, it does provide a multitude of
possibilities when it comes to the discovery of cellular pathways and biomarkers that
can be employed for diagnostic or treatment purposes. Future efforts should focus on
expanding population representation in PD databases as well as standardizing methods to
avoid conflicting results due to different approaches.

Perspectives for PD biomarker discovery are promising as we invest in multi-omics
techniques for characterizing patient genomic, epigenomic and gut microbial profiles.
In this context, we might be moving towards personalized medicine approaches that
employ a combination of different biomarkers. For instance, as GI tract alterations are one
of the first symptoms related to PD onset, metagenomic data may be an important tool for
early diagnosis.

Furthermore, the study of PD-related variants at a population level may also highlight
individuals at risk, leading to early clinical interventions, and the role of ncRNAs may shed
light on PD regulation mechanisms. Although there is no cure for PD yet, it is important
to emphasize that the molecular factors involved in PD onset and progression may not
only be applied for population screening and early diagnosis, they can also become new
therapy targets, being involved in the development of new pharmacological approaches.
Therefore, these potential biomarkers might help the development of innovative therapeutic
approaches, elucidate neurodegeneration processes and improve patient care.

We would like to highlight that, considering the increasing amount of data from
genomics, epigenomics, metagenomics, and other various omics, it is essential to analyze
data in an integrative approach to understand the complexity of PD, find disease-specific
biomarkers for population screening, early detection, as well as discovering new therapies
to attenuate disease progress.

8. Conclusions

The post-genomic era has expanded our knowledge on several molecular processes,
producing data that have been applied for early diagnosis and improvement of patient
care in various diseases, such as cancer. However, the same is not a reality when it
comes to neurodegenerative disorders, mainly due to scarce data and the obstacles in fully
understanding the molecular mechanisms leading to neuronal death. The data discussed
in this review highlight that genomic variation, regulation by epigenomic mechanisms,
as well as the influence of host gut microbiome have a crucial role in the onset and progress
of PD. The investigation of these molecular aspects in a collaborative and multidisciplinary
manner is key to the rise of personalized medicine for PD patients.
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Abstract: The impacts of menopause on neurodegenerative diseases, especially the changes in steroid
hormones, have been well described in cell models, animal models, and humans. However, the ther-
apeutic effects of hormone replacement therapy on postmenopausal women with neurodegenerative
diseases remain controversial. The steroid hormones, steroid hormone receptors, and downstream
signal pathways in the brain change with aging and contribute to disease progression. Estrogen and
progesterone are two steroid hormones which decline in circulation and the brain during menopause.
Insulin-like growth factor 1 (IGF-1), which plays an import role in neuroprotection, is rapidly de-
creased in serum after menopause. Here, we summarize the actions of estrogen, progesterone, and
IGF-1 and their signaling pathways in the brain. Since the incidence of Alzheimer’s disease (AD) is
higher in women than in men, the associations of steroid hormone changes and AD are emphasized.
The signaling pathways and cellular mechanisms for how steroid hormones and IGF-1 provide neu-
roprotection are also addressed. Finally, the molecular mechanisms of potential estrogen modulation
on N-methyl-d-aspartic acid receptors (NMDARs) are also addressed. We provide the viewpoint
of why hormone therapy has inconclusive results based on signaling pathways considering their
complex response to aging and hormone treatments. Nonetheless, while diagnosable AD may not be
treatable by hormone therapy, its preceding stage of mild cognitive impairment may very well be
treatable by hormone therapy.

Keywords: menopause; estrogen; neurodegenerative disease; Alzheimer’s disease; IGF-1; NMDAR

1. Introduction

Neurodegenerative diseases include movement, cognitive, and behavioral disorders
which are caused along the process of neurodegeneration. The most common neurodegen-
erative diseases are Alzheimer’s disease (AD), Parkinson’s disease (PD), and dementia with
Lewy bodies (DLB) [1–3]. Slow progression, lack of definitive diagnosis tools, and complex
pathophysiology make these neurodegenerative diseases, especially AD, difficult to treat.
In these neurodegenerative diseases, increases in neuronal loss are found with disease
progression [4–6]. The causes of neuronal loss can be protein misfolding, overloaded pro-
teostasis networks, oxidative stress, programmed cell death, and neuroinflammation [7]. In
addition, endocrine dyscrasia by menopause and andropause is also correlated to neuronal
dysfunction, cell death, and cognitive decline [8].
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Many neurodegenerative diseases display sex-specific features. Pieces of evidence
show that aging and female gender are more commonly related with incidence and preva-
lence of AD but not parkinsonism [9,10]. In addition to incidence and prevalence, the
disease progression and treatment responses are also different according to gender [11].
Estrogen and progesterone show protective activity on brain functions, and thus loss of
these steroid hormones at menopause is an important risk factor for AD progression [12,13].
In rats, ovariectomy causes a decrease in dendritic spines in hippocampus pyramidal cells,
and this reduction can be reversed by 17β-estradiol treatment [14]. The same situation has
also been observed in non-human primates. Compared to premenopausal rhesus macaques,
rhesus macaques with natural menopause showed worse recognition memory and lower
synapse density in the hippocampus [15]. In addition, the frequency of multisynaptic
boutons decreased by over 50% after ovariectomy in aged monkeys compared to normal
aging monkeys [16].

In this review, we first present evidence showing the sex differences, especially the
impacts of menopause, in major neurodegenerative diseases. Then, we review the lit-
erature on the possible mechanisms of estrogen, progesterone, and other neurotrophic
factors in the progression of neurodegenerative diseases. Finally, we present details on
what is known about the molecular pathways through which menopause contributes to
neurodegenerative diseases.

2. Sex Differences in Major Neurodegenerative Diseases

2.1. Alzheimer’s Disease (AD)

Sex-related differences in AD have been well identified in clinical manifestations [17].
Women are more susceptible to AD, and incidence rates are higher in women than in men
in Europe and the U.S. [18–22]. Beam and colleagues analyzed 16,926 women and men with
any dementia, AD alone, and non-AD dementia alone and found that the incidence rates of
all were greater in women [20]. Compared to men, women with AD dementia reach partial
loss of autonomy faster, which means they live with more disability longer [23]. Amyloid-
beta (Aβ) and hyperphosphorylated tau accumulation are the two major pathological
changes in AD progression. Several studies show there is no sex difference in diffuse Aβ
plaque deposit in brain or in cerebrospinal fluid (CSF) concentrations [24,25]. Unlike Aβ,
higher numbers of neurofibrillary tangles in brains are found in women with AD than in
men [24]. PET imaging studies have revealed no gender associated with tau accumulation
in aging and early AD [26,27]. Studies which evaluated total tau and phosphorylated
tau levels in CSF showed that sex had no impact on patients with AD or mild cognitive
impairment (MCI) [28,29].

2.2. Parkinson’s Disease (PD)

The prevalence of PD, the second most common neurodegenerative disease, is about
315 per 100,000 persons of all ages [30]. PD is attributed to progressive degeneration of
midbrain dopaminergic neurons and motor symptoms. The loss of dopaminergic neurons is
sex-related, which has been found in PD animal models and PD patients. Epidemiological
studies show that the male sex is one of the risk factors for PD at all ages [22,31–36].
Comparing women of similar ages, the incidence and prevalence of PD are higher in
postmenopausal than in premenopausal women [37–39], which implicates the benefit
of estrogen and progesterone on PD onset. However, hormone replacement therapy in
women has inconsistent results. A clinical trial on women with Parkinson’s disease with or
without dementia showed that estrogen replacement therapy has protective effects for the
development of dementia [40]. Another multicenter case–control study showed that oral
contraceptives could increase the risk of PD [41]. A meta-analysis showed that estrogen
replacement therapy can significantly decrease the risk of onset and/or development of
PD [42].
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2.3. Dementia with Lewy Bodies (DLB)

The gender difference in prevalence of DLB is still inconclusive. A systematic review
from 2014 summarized eight studies of DLB and reported that five studies showed dispro-
portionately more females with the disease [43]. Later studies also showed inconsistency
in gender distribution. Some studies showed that male sex is more prevalent [44–47],
some favored women [48], and others showed no significance [49]. Mouton et al. in-
vestigated gender differences in DLB, AD, PD, and Parkinson’s disease dementia (PDD)
from the French national database spanning from 2010 to 2015. The result from a total of
237,695 patients showed that the sex ratio (female percent/male percent) is 1.21 for DLB,
2.34 for AD, 0.76 for PD, and 0.83 for PDD. This large-scale study agrees with the balanced
sex distribution in DLB compared with AD and PD–PDD. Regarding biomarkers in the
CSF of patients with DLB, women had lower alpha-synuclein (α-syn) CSF Aβ42 levels
compared to men, and no sex differences for phospho-tau concentrations were found [50].

3. Role of Hormones and Trophic Factors in Neurodegenerative Diseases

There are several possible factors that contribute to sex differences in neurodegenera-
tive diseases. Estrogen is the most frequently discussed factor due to its neuroprotective
effects. Loss of estrogen after menopause increases the risk of neurodegenerative diseases,
which indicates that estrogen plays an important role in disease progression and onset.
During menopause transition, the follicle-stimulating hormone (FSH) to estrogen ratio
increases due to increased FSH levels and decreased estrogen levels. The FSH/estrogen
ratio can be applied as a screening method for MCI in postmenopausal women [51]. In
AD patients under sodium benzoate treatment, reversal of the FSH/estrogen ratio is as-
sociated with better cognition improvement [11]. FSH and the FSH receptor are found in
hippocampal neurons [52], and FSH-mediated neuroestrogen generation is associated with
the regulation of neuroplasticity [53].

In addition to estrogen, other neurosteroids—i.e., the steroids produced within the
nervous system—are reported to have neuroprotective effects [54,55]. Circulating pro-
gesterone is decreased during menopausal transition and drops dramatically following
menopause [56,57]. The neuroprotective effects of progesterone are well documented,
and progesterone and its metabolites, 5α-dihydroprogesterone (5α-DHPROG) and 3α,5α-
tetrahydroprogesterone (3α,5α-THPROG), decrease with aging [58]. Levels of insulin-like
growth factor 1 (IGF-1), which can be regulated by estrogen, are also reported to decline in
serum with aging, especially after the age of 40 years [59,60]. Interestingly, production and
secretion of estrogen, progesterone, and IGF-1 by the Central Nervous System (CNS) have
been also detected [61–63]. In this section, we will discuss the effects of estrogen and other
neurosteroids on neuroprotection and the impacts of menopause on neurodegeneration.

3.1. Effects of Estrogen on Neuroplasticity

The association of estrogen with AD progression has been implicated in morphologi-
cal changes of neuronal cells, the cholinergic system, and amyloid processing. Through
cell culture systems and ovariectomies in rodents, the effects of estrogen or menopause
on nerve degeneration have been well characterized. 17β-estradiol, an estrogen steroid
hormone, can rapidly induce long-term potentiation (LTP) and increase the spine density of
the neurons of hippocampal slices. These synaptic plasticity effects are mediated through
mitogen-activated protein kinase (ERK/MAPK) pathways [64]. Through binding to estro-
gen receptor (ER), 17β-estradiol increases the phosphorylation of AKT and Tropomyosin
receptor kinase B (TrkB), the receptor of brain-derived neurotrophic factor (BDNF), in
the hippocampus [65]. As AKT and BDNF are molecules which play well-known roles
in synaptic plasticity, this result indicates that 17β-estradiol and ER have the ability to
regulate hippocampal synaptic plasticity and improve memory. There are several studies
showing that activation ERs can increase dendritic spine density and/or cognitive per-
formance [66]. Using selective ERβ agonists, it has been shown that estrogen increased
key synaptic proteins in the hippocampus, which might affect synaptic plasticity and
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memory through Erβ [67]. Moreover, infusion of ERα or ERβ agonists to the hippocampus
enhanced memory in ovariectomized female mice in an ERK-dependent manner [68]. The
expression levels of membrane ERα in synapse are higher in female mice, and ERα is
essential in 17β-estradiol-induced LTP in females, as well as ERβ in males [69]. In addition,
17β-estradiol and the G-protein-coupled estrogen receptor 1 (GPER1)-specific agonist G1
can induce BDNF release and trigger LTP [70].

The impacts of menopause on the central nervous system are mostly due to the dra-
matic loss of estrogen. The hypothalamic–pituitary–gonadal axis, in which endocrine and
neural systems interact with each other, is disturbed during pre- and postmenopause, lead-
ing to neurodegeneration [71]. Lower 17β-estradiol concentration is related to hippocam-
pal dysfunction and poorer performance on initial learning and memory retrieval [72,73].
Moreover, shorter 17β-estradiol exposure due to delayed age at menarche, younger age
at menopause, shorter reproductive span, and hysterectomies are correlated to higher
dementia risk [74]. The average density of N-methyl-d-aspartic acid receptors (NMDARs)
current in dorsal root ganglia is much higher in female rats than male rats [75]. Interest-
ingly, 17β-estradiol-increased LTP depends on NMDA receptors in females and AMPA
receptors in males [76,77]. The positive effects of 17β-estradiol on the hippocampus and
memory are enacted through different signal pathways in males and females. In females,
17β-estradiol enhances memory consolidation through ERK, but not in males [78], and
metabotropic (mGluR1a) and ionotropic (NMDA) glutamate receptors are essential for
17β-estradiol-mediated ERK activation and memory consolidation [68,79]. However, the
effects of hormone replacement therapy on preventing AD or dementia in postmenopausal
women are inconsistent [80,81]. In addition, although epidemiology studies indicate that
estrogen loss after menopause might trigger severe symptoms in AD, the results from
hormone replacement therapy in postmenopausal AD patients are varied [82,83]. The
latest meta-analysis study showed that hormone replacement therapy is correlated with
reduced risk of AD. Moreover, longer duration and natural steroid formulations are linked
to better protection [84]. A recent review suggested that during the time frame of MCI,
typically preceding fully developed AD, hormone replacement treatment could postpone
and possibly even prevent the onset of diagnosable AD [85].

3.2. Immunomodulatory Effects of Estrogen

In addition to reproductive and sexual functions, estrogen has been shown to be
able to modulate the immune system. Most immune cells and epithelial cells express
ERs and progesterone receptors, and steroid hormones regulate innate immunity against
bacteria in epithelial tissues [86]. 17β-estradiol protects the epithelium through modulating
the expression of inflammatory cytokines and antimicrobial proteins [87]. Treatment
with 17β-estradiol in epithelial cells can reduce inflammation but increase antimicrobial
molecules, which maintain the balance between inflammation-induced tissue damage
and antimicrobial ability [88]. Moreover, loss of ERα on epithelial cells also impairs the
vaginal structural integrity and increases leukocyte infiltration [89]. These effects on
the epithelium protect the vagina, urinary tract, and respiratory tract from infectious
agents [90–92]. In addition to antimicrobial ability, estrogen can modulate gastrointestinal
epithelial secretions [93]. For instance, 17β-estradiol inhibits Cl- secretion in rat distal
colonic epithelium caused by endotoxins, which may prevent diarrhea [94,95]. Thus, the
gastrointestinal tract is also a sex-steroid-targeted organ.

Since estrogen can affect the GI tract and the gut–brain axis participates in the patho-
genesis of neurodegenerative diseases, the impact of menopause on the gut microbiota
needs to be discussed. The gut microbiota is essential in maintaining homeostasis, and
changes in the gut microbiota can also lead to alteration of behavior and cognition [96].
During menopause transition and the early menopausal period, abdominal irritation was
found and negatively related to estrone glucuronide levels [97]. In postmenopausal women,
the urinary estrogen level is associated with fecal microbiota [98]. Soy isoflavones, which
exhibit estrogen-like properties, can significantly change the fecal bacterial community in
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postmenopausal women [99]. In ovariectomized mice, ovariectomy was associated with
a shift in the beta diversity of the gut microbiota analyzed by 16S rRNA gene sequence
analysis [100]. A recent study showed that Verrucomicrobia and Actinobacteria were signifi-
cantly increased in ovariectomized mice compared with a control group [101]. In addition,
the reduction in microbiota diversity in ovariectomy was changed by a probiotic and soy
isoflavone diet treatment [102]. Another study on ovariectomized mice demonstrated that
long-term conjugated estrogens plus bazedoxifene did not change the overall cecal or fecal
microbiome community but modulated gut microbial β-glucuronidase activity [103]. These
results show that changes in sex steroid hormones did affect the intestinal microecological
environment, which might contribute to neurodegenerative diseases.

3.3. The Role of Estrogen in AD

Neurotoxic Aβ is one of the major pathogenic agents involved in the onset and
progression of AD. The amyloid precursor protein (APP), which is highly expressed in
nerve cells, plays a crucial role in AD pathogenesis. Aβ is generated by APP processing.
At first, APP is cleaved by β-secretase BACE-1, leading to soluble APPβ (sAPPβ) and the
membrane-bound fragment β-CTF. Further processing of β-CTF by γ-secretase creates
Aβ, and the depositions of Aβ induce neurotoxicity [104]. Another processing pathway of
APP is mediated by α-secretase, which can generate sAPPα [105]. Interestingly, sAPPα can
protect neurons against Aβ-dependent neuron toxicity [106]. Incubation with 17β-estradiol
induces the release of sAPPα by the ERK pathway in mouse hippocampal HT22 cells and
human neuroblastoma SK-N-MC cells [107]. A study on primary rat cortical neurons also
showed that 17β-estradiol increased the secretion of sAPPα through protein kinase C [108].
These data imply that estrogen might decrease Aβ neurotoxicity by increasing sAPPα
secretion (Figure 1). It is becoming more and more appreciated that viral, bacterial, and
fungal brain infections can be causative for AD [109]. Similarly, it is becoming understood
that generation of Aβ, including Aβ plaques, is part of the response process against such
brain infections [85,110]. Interestingly, hormone replacement appears to be effective against
at least several very serious infections, i.e., against the infectious agents [92,111]. Thus,
the immunoenhancing effects of estrogen might also be involved in reducing abnormal
Aβ accumulation.

Figure 1. Proposed model of the mechanism of 17β-estradiol (E2) regulating amyloid precursor
protein (APP) processing. E2 increases α-secretase (α-sec) via the PKC-ERK pathway and enhances
sAPPα secretion (created with BioRender.com).
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Estrogen can regulate Aβ expression, accumulation, and degradation. A brain-
selective 17β-estradiol estrogen prodrug could decrease amyloid precursor and Aβ protein
levels in an APPswe/PS1dE9 double-transgenic mouse model [112]. In the same transgenic
model, 17β-estradiol and its prodrug could decrease Aβ (1–40) and Aβ (1–42) levels in the
brain in both intact and ovariectomized animals [113]. 17β-estradiol regulates βAPP traf-
ficking within the late secretory pathway in neuroblastoma cells and primary neurons [114].
17β-estradiol and progesterone increased the expression level of insulin-degrading en-
zyme (IDE), which is related to Aβ clearance, and this overexpression of IDE is inversely
associated with soluble Aβ levels [115]. Administration of 17β-estradiol reduced Aβ accu-
mulation and plaque formation and increased hippocampal IDE expression in 3xTg-AD
mice with ovariectomy [116]. In addition to IDE, 17β-estradiol-induced matrix metallopro-
teinases and neprilysin are also associated to Aβ degradation [117,118]. These Aβ clearance
pathways are one of the treatment strategies which might be used to remove amyloids and
improve cell survival in AD [119].

Another benefit of estrogen for AD is its neuroprotective effects, and this cellular effect
might delay the progression of AD. In Aβ-indued neuronal death, estrogen can protect
cells against death by enhancing BcL-2, BCLxL, and heat shock protein 70 and decreasing
Bax proteins [120–122]. In the mouse cholinergic cell line SN56, 17β-estradiol could prevent
Aβ-induced cell death through estrogen-receptor-mediated pathways [123]. Treatment
with estren, 4-estren-3α, and 17β-diol could activate non-genomic estradiol pathways,
restored loss of cholinergic neurons, and attenuated learning deficits which were induced
by Aβ (1–42) injection to mouse basal forebrain [124]. In addition, estrogen promoted the
degradation of Cav1.2 through ERα in neuronal cells and in an AD mouse model, and
Cav1.2 is the subunit of the L-type calcium channel, which is important in calcium overload
and cell death in AD [125]. 17β-estradiol protects against oxidative stress-induced cell
death in hippocampal neurons through TRPV1 [126]. In a combined bioinformatics analysis
of female AD patients and AD mouse models, thioredoxin-interacting protein (TXNIP)
was found specifically expressed in the hippocampus in AD. Pan et al. found that estrogen
treatment protects SH-SY5Y neuroblastoma from Aβ42-induced apoptosis by increasing
thioredoxin and reducing TXNIP, which is mediated by the AMPK signal pathway [127].
Since TXNIP reduces thioredoxin and increases oxidative stress, the protective effects of
estrogen in AD can be linked to oxidative stress and inflammation [128].

The antioxidative properties of estrogen in neuroprotection against AD have been well
discussed. Aging or ovariectomy in rodents increases mitochondrial dysfunction, which
can lead to reactive oxygen species (ROS) production. This phenomenon is observed in AD
animal models and patients with AD [129,130]. In aged or AD brains, not only excessive
ROS but also decreased antioxidant ability contribute to neurodegeneration [131,132].
Aβ induces calcium influx, leading to mitochondrial dysfunction and oxidative stress in
astrocytes, and this overproduced oxidative stress causes antioxidant molecular depletion
and cell death in neurons [133]. This evidence indicates that oxidant/antioxidant imbalance
can be a therapeutic target in AD [134]. 17β-estradiol induces SH-SY5Y neuroblastoma
cells to express neuronal nitric oxide synthase (NOS) and manganese superoxide dismutase
(MnSOD), which are linked to antioxidative and neuroprotective ability [135]. Although
estrogen shows inhibitory effects on lipid peroxidation, DNA damage, and intracellular
peroxide accumulation [136,137], its protective effect on Aβ-induced oxidative stress is
inconclusive. Chronic incubation with Aβ increases the lipid peroxidation level, and
estrogen treatment can decrease peroxidation in human SK-N-SH neuroblastoma cells
by almost half [138]. In another study of human neuroblastoma SH-SY5Y cells, 17β-
estradiol had little effect on Aβ-induced ROS generation [139]. Along with Aβ-induced
oxidative stress in the brain, increased biomarkers of lipid peroxidation in blood were
found in mild cognitive impairment (MCI) or AD patients [140,141]. Plenty of evidence
shows that estrogen displays a strong antioxidant ability, and estrogen treatment providing
neuroprotection by reducing lipid peroxidation is a possible therapeutic approach to slow
down or prevent progression of AD [142].
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Inappropriate immune response in the CNS contributes to the severity of the pathol-
ogy in AD. During AD progression, resting microglia, the immune cells in the brain, are
activated by Aβ deposition and tau protein [143]. A longitudinal study on microglial
activation in MCI and AD subjects showed that there are two peaks of microglial activation
in the trajectory [144]. The pro-inflammatory cytokines and ROS released from activated
microglia contribute to neuronal damage and neurodegeneration [145]. On microglia, the
presence of estrogen receptors, namely ERα, ERβ, and GPER1, has been detected [146].
17β-estradiol inhibits inflammatory genes’ expression by reducing the transcription fac-
tor NF-κB [147]. 17β-estradiol can downregulate lipopolysaccharide-induced inducible
nitric oxide synthase (iNOS) expression, and this anti-inflammatory effect is mediated
by the MPAK pathway [148]. In addition to NO, estrogen inhibits cerebral ischemia-
induced inflammatory cytokines such as IL-1β and TNF-α from releasing via GPER1on
forebrain microglia [149]. ERα phosphorylated at Ser216 is only observed on microglia,
not astrocytes, in mixed astrocyte and microglia culture or mouse brain. Stimulation of
mouse brain or microglia with lipopolysaccharide induces inflammatory cytokines, and
these pro-inflammatory cytokines are upregulated in the brain and in microglia bearing a
phosphorylation-blocked ERα S216A mutation. These data validate that estrogen conducts
anti-inflammatory action via ERα in microglia [150]. Moreover, patients with higher ERα
promoter methylation rates showed decreased ERαmRNA expression and impaired cogni-
tion [151], which implies the importance of ERα in AD. As mentioned, it is becoming more
and more appreciated that infection may be one causative factor for AD.

Apolipoprotein E (APOE), the strongest genetic risk factor for late-onset AD, is another
key factor contributing to sex-specific differences in AD. In the brain, APOE is highly
expressed on astrocytes, and APOE modulates lipid homeostasis [152]. Ratnakumar et al.
compared neuronal genes regulated by estrogen in ovariectomized rhesus macaques and
exome sequencing data from female AD patients and found that estrogen upregulates
APOE gene expression [153]. In cultured hippocampal neurons and rat hippocampus,
17β-estradiol increased APOE mRNA and protein expression via ERα but not ERβ [154].
However, unlike rodents, which only have one APOE isoform, there are three different
APOE isoforms, namely APOE2, APOE3, and APOE4, in humans. APOE4 is associated
with a higher risk of AD, and people with APOE2 homozygotes present an exceptionally
low likelihood of AD [155]. In transgenic mice with human APOE2, APOE3, or APOE4,
Nathan et al. found that 17β-estradiol-induced APOE2 and APOE3, but not APOE4, can
enhance neuritic outgrowth [156]. Thus, although estrogen can induce APOE expression,
the APOE genotype may decide the outcomes of estrogen exposure.

Mitochondrial dysfunction has been associated with AD progression in pre- and post-
menopausal patients. Pieces of evidence indicate that Aβ-mediated toxicity is the key factor
that triggers mitochondrial dysfunction [157]. Aβ overload increases membranes’ perme-
abilization of calcium, and excessive calcium leads to increased mitochondrial membrane
permeability, which causes apoptosis and necrosis [158]. The voltage-dependent anion
channel (VDAC), which is expressed on cell membranes and mitochondria, regulates cal-
cium homeostasis and interacts with ERs in neuronal membranes [159]. Administration of
estrogen modulates VDAC phosphorylation within a few minutes and leads to a reduction
in VDAC opening. This phenomenon might be another mechanism of estrogen-provided
neuroprotection [160]. In addition to VDAC, ERβ on neuronal mitochondria (mtERβ) can
also affect mitochondrial function. In female AD patients, mtERβ expression and mito-
chondrial cytochrome C oxidase activity were significantly reduced, which implies that the
deficiency of mtERβmight be associated with the dysfunction of mitochondria in AD [161].
A recent study showed that mitochondrial damage, including abnormal mitochondrial
function and biogenesis, occurs prior to cognitive decline in the hippocampus of ovariec-
tomized mice [162]. Compared to a premenopausal control, post- and perimenopausal
females displayed reduced platelet mitochondrial activity, which was highly correlated to
cerebral glucose metabolism [163]. The same group also analyzed in vivo brain mitochon-
drial ATP production of female participants across the pre-, peri-, and postmenopausal
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phases using multi-modality neuroimaging. Their results showed that postmenopausal
brains have higher mitochondrial ATP production, which was correlated with preserved
cognition [164], which implies that there might be a compensatory mechanism.

3.4. The Role of Estrogen in PD

Women have a lower risk of PD; however, PD symptoms increase in women after
menopause due to the drop in endogenous estrogen [165]. Since estrogen can improve
object recognition memory [166], which depends on dopamine neurons, it is not surprising
that estrogen can modulate dopamine-dependent cognition. Administration of estrogen
can alter dopamine transmission in the striatum, nucleus accumbens, and prefrontal
cortex [167]. However, ERα- and GPER are found in cholinergic neurons and glia, not in
axons and terminals of dopamine neurons [168]. Moreover, sERα/β and GPER express
mainly on pyramidal cells of the hippocampus [169,170]; thus, the improvement of memory
and cognition by estrogen might not be directly related to dopamine neurons. 17β-estradiol
treatment stimulates the expression of glial cell-line-derived neurotrophic factor (GDNF)
and protects dopaminergic neurons from 6-hydroxydopamine toxicity [171]. Moreover,
estrogen can increase circulating IGF-1 and protect postmenopausal women from PD via
IGF-1 [172]. Results from a meta-analysis also showed that hormone replacement therapy
in menopausal women may reduce the risk of PD [42,173]. Altogether, lack of estrogen
after menopause appears to play an important role in PD development.

3.5. The Effects of Progesterone on Neurodegenerative Diseases

Although the neuroprotective effects of progesterone are well known, the association
of progesterone and neurodegenerative diseases, especially AD, is not very clear [174].
Endogenous progesterone and 3α,5α-THPROG are decreased by Aβ administration in vivo
and in vitro. Exposure to progesterone of primary neuron culture and rat brain can induce
Aβ-clearance-related factor expression, especially insulin-degrading enzyme [115]. In
an AD mouse model, progesterone could prevent tau hyperphosphorylation but not Aβ
accumulation [175]. However, some hormone replacement therapies including estrogen
plus progesterone increased risk of AD [176]. A meta-analysis of hormone replacement
therapy showed that synthetic progestin reduced the protective effects of estrogen on
reducing risk of AD, but natural progesterone did not [84]. 3α,5α-THPROG, a metabolite
of progesterone, showed superior effects on pathophysiology, cognition, and memory in a
3xTg AD mouse model [177,178], and the underlying mechanism involved 3α,5α-THPROG
regulating glucose metabolism, mitochondrial bioenergetics, and cholesterol homeostasis
in the brain [179]. In contrast to the inconclusive results of progesterone treatment for
PD [58], 3α,5α-THPROG showed better improved cognitive and motor functions in MPTP-
or 6-OHDA-induced PD mouse models [180,181].

3.6. The Role of IGF-1 in Neurodegenerative Diseases

Although the IGF-1 level decreases with aging, the role of IGF-1 in menopause-related
neurodegenerative diseases is still unclear. Several studies have shown decreased IGF-1
levels in blood are associated with cognitive decline or risk of AD [182–189], and some stud-
ies found increasing IGF-1 in the serum of AD patients [190–192]. A meta-analysis did not
show a clear correlation between IGF-1 level and AD in human subjects [193]. Compared to
age-matched controls, a lower CSF/plasma ratio of IGF-1 was found in AD patients [192],
which implies that IGF-1 transportation from blood to brain might be important in AD.
Moreover, decreased mRNA expression of IGF-1, IGF-1R, and insulin was detected in late
AD cases compared to controls [194]. In early PD patients, decreased serum IGF-1 levels are
correlated to poor cognition, attention, and verbal memory [195]. Using the cyclic glycine-
proline (cGP)/IGF-1 ratio to represent bioactive IGF-1, it has been shown that higher IGF-1
function is correlated to better cognition in normal aged people and the PD group [196].
However, this positive correlation of IGF-1 and cognitive function is sex-dependent. A
cohort study showed that IGF-1 is positively related to cognitive function measured by the
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Mini-Mental State Examination and Verbal Fluency test in males but not females [197]. A
cross-sectional study in Ashkenazi Jews with exceptional longevity (age ≥ 95 years) showed
that lower serum IGF-1 is associated with better cognitive function in females but not
males [198]. These results imply that the role of IGF-1 in neurodegenerative diseases is not
only sex-related but also age-dependent.

4. Menopause and Estrogen, Progesterone, and IGF-1 Signals

Numerous studies aimed to identify the role of estrogen, progesterone, and IGF-1 in
neurodegenerative diseases. The following section will summarize the signaling pathways
involved in menopause-related neurodegenerative diseases.

4.1. Genomic Action of Estrogen

Estrogens can mediate their neuroprotective effects in the brain through a number of
mechanisms. In nature, there are three main estrogens: estriol, estrone, and 17β-estradiol.
Frederiksen et al. analyzed these three estrogens’ levels throughout life and found that
the 17β-estradiol level is higher than that of estrone in premenopausal women but lower
than that of estrone in postmenopausal women [199]. Regarding neuroprotection in AD,
all these estrogens can inhibit Aβ oligomer formation, and estriol had the strongest in vitro
activity [200]. 17β-estradiol is the most potent estrogen, and the decrease in 17β-estradiol
in blood during menopause contributes to the increasing risk of cardiovascular disease
due to loss of cholesterol and triglyceride metabolism regulation [201]. Furthermore,
cardiovascular diseases also contribute to cognitive decline [202]. The typical mechanism is
via the genomic pathway, for which estrogens bind to their receptors, ERα and ERβ. ERα
and ERβ are steroid nuclear hormone receptors, and they also belong to ligand-activated
transcription factors [203]. After estrogens bind to ERs, the conformational change of
inactive ERs induces homodimerization of the estrogen receptors and removal of the
regulatory receptor-associated protein Hsp90 [204,205]. The activated ERs translocate
to the nucleus and bind to estrogen response elements (EREs) on specific genes [206].
This ERE binding facilitates the recruitment of other transcription factors, leading to an
increase or decrease in target genes’ expression, such as brain-derived neurotrophic factor
(BDNF) and GDNF [171,207], which are important in neural protection. The responses
described above are genomic responses which involve ERs and downstream signal cascades
activating/repressing gene transcription. Interestingly, the response of BDNF transcription
to estrogen during hippocampus development is gender- and region-dependent [208],
which indicates cell-type- and gender-specific effects of estrogen on neuronal cells.

4.2. Non-Genomic Pathway Signals of Estrogen

The non-genomic response, also called the non-classical pathway, which does not
involve ERE transcription factors, acts much faster than the genomic response. It usually
responds within seconds because signals are mediated by the G-protein-coupled receptor
and kinases [209]. There are four estrogen-binding membrane receptors, include G-protein-
coupled estrogen receptor (GPER), Gq-coupled membrane estrogen receptor (Gq-mER),
membrane subpopulation of ERs (mERα/β), and ER-X [210]. Gq-mER mainly distributes
in hypothalamic proopiomelanocortin (POMC) neurons, and Gq-mER activation is related
to homeostasis [211]. GPER, also named GPER1 or GPR30, is a transmembrane intracellular
receptor and is found highly expressed on some breast cancer tissue and cell lines [212].
GPFER is expressed not only on cancer cells but also in the hippocampus. Immunohis-
tochemistry staining results showed that GPER is strongly expressed in CA1 and the
dentate gyrus in the hippocampus [213]. In addition, infusion of GPER agonists to the
hippocampus could enhance memory in ovariectomized female mice [214]. Besides GPER,
mERα/β, Erα, and ERβ localize to the plasma membrane and are found in neurons and
glia [79]. Activation of mERα/β rapidly regulates neuron function in a sex-specific manner.
17β-estradiol treatment increases spontaneous excitatory postsynaptic current amplitude
in female hippocampus, but not in that of males [215]. After estrogen binds to membrane
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estrogen receptors, it modulates neuroplasticity by activating second signals [216]. The
most frequently mentioned downstream signal of GPER is extracellular signal-regulated
kinase (ERK1/2) [217]. The other molecular signals which are involved in GPER path-
ways are phosphatidylinositol 3-kinase (PI3-K)/Akt and cAMP [218,219]. However, in
an embryonic mouse hippocampal cell line, 17β-estradiol dose-dependently increased
forskolin-stimulated cyclic AMP levels without activating the ERK1/2 pathway [220]. In
a PD mouse model, GPER was required for ERα-induced neuroprotection on dopamine
neurons [221]. In a global cerebral ischemia model, estrogen, as well as the GPER agonist
G1, promoted neuronal survival through GPER activation of this pathway [213]. Similar
protective effects were also found in a spinal cord injury mouse model and traumatic brain
injury [222,223]. In these two studies, activation of GPER by estrogen or G1 could increase
the phosphorylation of ERK and AKT, as well as increasing BDNF expression and decreas-
ing cell apoptosis. Estrogen can increase Trkb receptor, BDNF receptor, phosphorylation,
and ERK signals via GPER and can also stimulate RhoA and Rac signals via mERα/β.
These signals regulate protein synthesis and actin polymerization in hippocampal neu-
rons [224]. In addition to GPER-induced signals, GPER participates in the IGF-1-mediated
neuroprotective effect [225,226]. IGF-1 receptor (IGF-1R) and GPER regulate each other
through the PI3-K and ERK/MAPK signaling pathways. Interestingly, insulin-induced
hypoglycemia significantly decreases GPER protein expression in A2 noradrenergic nerve
cells in females but not males [227], which indicates a sex difference in GPER gene expres-
sion regulation. In addition, ERα and ERβ are also expressed in mitochondria and against
mitochondrial-mediated oxidative stress via a non-genomic pathway [228], and estrogen
deficiency causes mitochondrial dysfunction prior to cognitive decline in ovariectomized
mice [162].

4.3. IGF-1 and IGF-1R Signals in AD

Among the neuroprotective factors that are affected by menopause, IGF-1 cannot
be excluded. IGF-1 is involved in synaptic plasticity, neural regeneration, and cognitive
function [229]. In aged rats, administration of IGF-1 can increase NMDAR2A and NM-
DAR2B protein expression, which is decreased in the hippocampus of aged rats [230].
Restoration of IGF-1 levels in an adult rat brain significantly restores the age-dependent
reduction in neurogenesis in the dentate subgranular proliferative zone [231]. In peri- and
postmenopausal women, serum levels of IGF-1 were significantly reduced compared with
the premenopausal group [60]. In an APPSwe/PS1∆E9 AD mouse model, decreased serum
IGF-1 levels were associated with early Aβ deposition in the brain [232]. Systemic slow-
release formulation of IGF-1 significantly rescued Aβ accumulation and memory decline
in AD rodent models [233,234]. On the contrary, the role of IGF-1R in AD is different to
that of IGF-1. Through IGF1RKO conditional mutant mice and an APP/PS1 AD mouse
model, George et al. showed that reduction in neuronal IGF-1R prevents Aβ-induced
cognitive deficits and inflammation, which indicates that suppression of IGF-1R signaling
can improve AD progression [235]. The same group also showed that IGF-1R knockout
in adult APP/PS1 AD mice results in improved spatial memory and lower accumulation
of Aβ-containing autophagic vacuoles [236]. Treatment with picropodophyllin, an IGF-
1R inhibitor, attenuated insoluble Aβ and microgliosis in the hippocampi of AβPP/PS1
mice [237]. IGF-1R can form hybrid receptors with insulin receptor (IR), and insulin resis-
tance is one of risk factors of neurodegenerative diseases. Thus, the interactions between
IGF-1, IGF-1R, and IR form a more complex signaling pathway. The controversial results
from therapeutic strategies targeting modulation of IGF-1 or IGF-1R alone indicate that
this may not be an appropriate therapy for AD patients with diabetes or insulin resistance.
On the other hand, one-month administration of IGF-1 by subcutaneous minipump had
no effects on Aβ protein level, plaque pathology, or phospho-tau expression in a Tg2576
AD mouse model [238]. A recent study showed that adenovirus-mediated transduction of
IGF-1 protected mice from Aβ-induced memory impairment [239]. Although some studies
in AD animal models show that IGF-1 treatment reduces Aβ accumulation and improves
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behavioral and pathological AD, the therapeutic strategy targeting increasing circulating
IGF-1 failed to delay AD progression in a clinical trial [240]. In agreement with the clinical
trial, increasing IGF-1 by MK-677 in 5xFAD AD mice failed to prevent hippocampal Aβ
deposition and other AD pathogenesis [241].

4.4. Progesterone Signals and Neuroprotection

Similar to estrogen, progesterone can act through classical and non-classical pathways.
In the classical pathway, progesterone binds to nuclear progesterone receptors (PGRs)
and stimulates gene expression. In the non-classical pathway, progesterone can bind pro-
gesterone membrane receptors (mPRs) or the membrane-associated protein progesterone
receptor-membrane component 1 (PGRMC1), leading to faster responses. In addition, pro-
gesterone can be converted to 3α,5α-THPROG, which can modulate GABA receptors [242].
Progesterone attenuates Aβ-induced primary cortical neuron apoptosis by inhibiting the
mitochondria-associated apoptotic pathway via PGRMC1-mediated JNK inactivation [243].
3α,5α-THPROG can reduce Aβ-induced ERK phosphorylation in SH-SY5Y human female
neuroblastoma cells in a GABA-receptor-independent manner [55]. The neuroprotective ef-
fects of progesterone and 3α,5α-THPROG are also related to anti-inflammation and myelin
repair. 3α,5α-THPROG can change microglia morphology and inhibit oligodendrocyte
phagocytosis via microglia [244]. These results explain the protective effects of proges-
terone on demyelination and oligodendrocyte degeneration in the cuprizone-induced
demyelination mouse model [245]. Progesterone and its synthetic derivative nestorone
were also shown to promote myelin regeneration in chronic demyelinating lesions [246,247].
Since alterations in myelination are correlated to AD and MCI [248], the AD preventive
ability of progesterone, 3α,5α-THPROG, and nestorone might be due to their protective
effects on myelination. Progesterone and 3α,5α-THPROG also exhibit an anti-inflammatory
ability for neuroprotection [249]. Progesterone treatment induced microglia phenotype
change from pro-inflammatory M1 to anti-inflammatory M2-type in a demyelination
mouse model [250]. Progesterone can also reduce lipopolysaccharide-induced microglia
activation in brain [251]. In MPTP-induced PD mouse models, five-day administration of
progesterone could reverse MPTP-induced striatal glial fibrillary acidic protein (GFAP)
overexpression, which is the marker of activated astrocytes [252]. Results from the same
paper also show that progesterone increased the BDNF level. In human Schwann cell-like
cells which are differentiated from adipose stem cells, progesterone and mPRα agonist acti-
vate mPRα and increase the BDNF level, in which the Src and PI3K-Akt signaling pathways
are involved [253]. Although the neuroprotective effects of progesterone and its associate
neurosteroids are clear, continued treatment with progesterone or medroxyprogesterone
acetate had no benefit, or even a negative impact, on memory in surgically menopausal
rats [254]. This indicates that simply activating progesterone signals is not sufficient to
treat AD. In addition, the age-associated changes in sensitivity of the brain to progesterone
create “therapeutic time windows” for hormone replacement therapy. This issue has been
discussed thoroughly in several reviews [254,255].

4.5. Estrogen, IGF-1, and IGF-1R Signals

Through in vitro studies, the neuroprotective effects of the estrogen/IGF-1/IGF-1R
axis have been well characterized. Estrogen enhances IGF-1 transcription via the genomic
pathway, which induces ER nucleus translocation and binds to ERE on the IGF-1 pro-
moter [256]. Increased IGF-1 levels expand IGF-1R signals. Estrogen can also increase
IGF-1R activity through non-genomic pathways. IGF-1-mediated cell proliferation requires
GPER, and GPER transcription is also enhanced by the IGF-IR/PKCδ/ERK pathway [257].
In addition, ERα can also affect IGF-1R function [258,259]. Downstream of IGF-1R, the
PI3K/Akt and Ras/MEK/ERK pathways are most frequently mentioned. These signals
stimulate cell survival and proliferation. Moreover, IGF-1R activation can increase BDNF
expression, which plays an important role in cognition [260]. Increased IGF-1 or IGF-1R ac-
tivity can promote hippocampal progenitor cell proliferation [261], and lack of IGF-1 leads
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to a smaller hippocampal volume [262]. In addition, IGF-1R signals seem to interfere with
Aβ clearance. Reduced IGF signaling in AD mice can protect mice from AD pathogenesis,
which is associated with less hyperaggregation of Aβ in the brain [236,263]. As the disease
progression is difficult to reverse, including Aβ accumulation formed in the late AD phase,
the ineffectiveness of potent inducers of IGF-1 on AD patients might be due to the negative
effects of IGF-1R on Aβ clearance. Considering that oxidative stress and glia-mediated in-
flammation also contribute to neurodegenerative diseases, the anti-inflammatory effects of
IGF-1/IGF-1R still cannot be ruled out. Although IGF-1 suppresses MPTP/MPP +-induced
astrocyte activation via GCER [225,264], the IGF-1R inhibitor prevented neuroinflammation
in the hippocampus in an AD mouse model [237]. Since MPTP/MPP induced dopamin-
ergic neurotoxicity in a PD model, these controversial results imply that IGF-1/IGF-1R
signals might play different roles in PD compared to AD. Figure 2 illustrates the interaction
of estrogen, estrogen receptors, IGF-1, and IGF-1R signals.

Figure 2. The correlation of estrogen, estrogen receptors, IGF-1, and IGF-1R. Estrogen (E2) increases
IGF-1 gene expression through genomic pathways and enhances IGF-1 receptor activity through
non-genomic pathways, including mER and GPER (created with BioRender.com).

5. Estrogen and NMDA Receptor Signals in Neurodegenerative Diseases

Estrogen is well known to influence cognition by regulating synapse structure and
function. On CA1 pyramidal cells in the hippocampus of adult female rats, 17β-estradiol
can increase dendritic spine density and excitatory synapses [14]. In addition, 17β-estradiol
treatment increased the LTP magnitude in CA1, which involved NMDA receptors [265].
In CA1 pyramidal neurons, which are innervated by the temporoammonic pathway, 17β-
estradiol induces LTP via ERα and PI 3-kinase signaling, and this ERα-induced LTP is
NMDAR-dependent [266]. By using NMDA receptor antagonists and cAMP inhibitors, a
study in mice showed that estrogen improves object memory through NMDA receptors
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and PKA activation within the dorsal hippocampus [267]. In ovariectomized rats, 17β-
estradiol enhanced hippocampal LTP and novel object recognition via NMDA receptors
that contained NR2B, and these enhancements could be reduced by the NR2B subunit
antagonist Ro25-6981 [268]. However, 17β-estradiol treatment did not alter the protein
expression level of NMDA receptor subunits, including NR1, NR2A, and NR2B [269].
The possible mechanism by which 17β-estradiol improves memory and cognition might
include phosphorylation and recruitment of NR2B-containing NMDARs to synapses. In
addition, a study in the dentate gyrus of juvenile male rats showed that low and high
doses of 17β-estradiol had opposite effects on NMDA receptors. The bidirectional effect on
NMDA receptors due to the different doses of 17β-estradiol implies activating ERα or ERβ
as their downstream signaling [270]. Thus, dosage of 17β-estradiol should be considered,
as high and low dosages result in vastly different effects.

Estrogen may also influence NMDA receptor signals through interaction with metabo-
tropic glutamate receptors (mGluRs). In CA3-CA1 hippocampal pyramidal neurons, 17β-
estradiol activates ERα and regulates CREB phosphorylation via activation of mGluRs [271].
Treating the dorsal hippocampus with ERα and ERβ agonists also enhanced novel object
recognition and object placement memory via ERK signals in ovariectomized mice, and
the 17β-estradiol-improved novel object recognition could be reduced by the mGluR1
antagonist [68]. Since ERα, ERβ, mGluR1, and ERK gather at specialized membrane
microdomains, the 17β-estradiol-induced enhancement might be the consequence of
ER/mGluR complex formation and downstream signaling. Moreover, activation of mGluR1
reinforces NMDA current through Src kinases [69,272], and 17β-estradiol is reported to
be able to increase NR2B phosphorylation through Src signaling [273]. The depressive-
like phenotype and reduced neurogenesis of male mice lacking sigma-1 receptor can be
rescued by 17β-estradiol treatment. These neuroprotective and antidepressant effects
of 17β-estradiol are mediated by Src and NR2B [274]. These results indicate that estro-
gen might enhance NMDA signals via the mGluR1 and Src pathways, and these signals
participate in estrogen-induced neurogenesis [273] (Figure 3).

Figure 3. Interaction of estrogen and NMDA receptor with mGluR1 and signaling molecules. General
description of the proposed mechanism of how estrogen activates mGluR1 through mERα and leads
to activation of NMDA receptor by Src and other second messenger signaling cascades (created with
BioRender.com).
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Although cell and animal studies all show estrogen can provide neuroprotective
effects via NMDARs [275], randomized clinical trials of hormone replace therapy on female
AD patients show no improvements in cognitive symptoms [276]. One possibility is the
imbalance of NMDARs and signal molecular expression at the postmenopause stage and
under estrogen stimulation. The NMDA receptor type 2D (NR2D) gene, which contains
estrogen response elements (EREs), is a target for estrogen signals in the brain [277].
Indeed, NR2D mRNA expression is decreased in ovariectomized mice and can be restored
by estrogen [278]. In AD patients, as well as in aging mice, a decreased expression level of
NR2A and NR2B, but not NR2D, has been noted [279–281]. Unlike NR2A, more related
to neuroprotection, NR2D overexpression induces neuronal death [282]. Dedicator of
Cytokinesis 3 (DOCK3), which is decreased in the brains of AD patients, can protect
neurons from NR2D- and NR2B-induced excitotoxicity [283–285]. Although estrogen can
prevent NR2B-induced neural cytotoxicity via the GPR30/ERK signal pathway [286], it
might also increase neuronal death by increasing NR2D expression. Moreover, there is
no evidence showing that estrogen can modulate DOCK3 expression. Thus, the failure
of hormone replacement therapy in AD patients might be due to the unwanted excessive
NR2D expression but no equally inhibitory signal from DOCK3 (Figure 4).

Figure 4. Proposed mechanism of why estrogen treatments fail in promoting neuron survival via
NMDA receptors in AD patients (created with BioRender.com).

6. Other Potential Therapeutic Strategies

6.1. Effects of Phytoestrogens on AD

In addition to classic hormone replacement therapy, the use of phytoestrogens in
women with menopause can help reduce symptoms. Phytoestrogens, having a similar
structure to 17β-estradiol, are plant-based compounds, including isoflavones, lignans,
cumestan, and lactones [287]. Among these phytoestrogens, isoflavones have the strongest
estrogenicity [288] and have been proposed as synthetic selective estrogen modulators [289].
A meta-analysis study showed that isoflavone supplementation may improve cognition
in postmenopausal women regardless of methodological flaws [290]. Isoflavones have
shown their neuroprotective, antioxidant, and anti-inflammatory effects in several animal
models [291–294]. Moreover, isoflavones can improve cognition and reduce Aβ and tau
levels in cell and rodent AD models [295–298]. Genistein, an isoflavone, is able to reduce
Aβ-induced neurotoxicity and oxidative stress through various intracellular signals, includ-
ing the ERK/MAPK pathway [299]. A recent study showed that polyhydroxyisoflavones
can serve as a scaffold that prevents Aβ and tau aggregation [300]. Compared to estrogen,
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the binding ability of phytoestrogens to ERs is weak, and some phytoestrogens have a
higher binding affinity for Erβ, which can inhibit proliferation in breast cancer [301]. Thus,
phytoestrogens seem to have similar neuroprotective effects as estrogen but less carcino-
genic potential. However, more studies are needed for evaluating the risks and therapeutic
effects of phytoestrogens on preventing or treating AD.

6.2. Genomic and Non-Genomic Aspects of AD

The exact cause of Alzheimer’s disease is not clear, but both genetic and non-genetic
factors contribute to the etiopathogenesis of AD. The genetic factors of early-onset AD are
well studied, and mutations of the APP, PSEN1, and PSEN2 genes are the main cause of
early-onset AD [302]. These genes mutation result in the Aβ1-42 peptide overproduction,
which is connected to γ-secretase activity [303].

Genetic factors play important roles not only in early-onset AD but also in late-onset
AD. One or two APOE ε4 alleles increase the risk of late-onset AD [304,305]. Carrying
the APOE ε4 allele is associated with increasing Aβ accumulation and enhanced neuroin-
flammation [306]. In addition to APOE ε4, several gene variants, including BIN1, ABC7,
PICALM, MS4A4E/MS4A6A, CD2Ap, CD33, EPHA1, CLU, CR1, and SORL1, were also
found to be associated with Aβ accumulation and linked to late-onset AD [307]. The
variants of estrogen metabolic-related genes, such as estrogen receptor β gene (ESR2), cy-
tochrome P450 19A1 gene (CYP19A1), and cytochrome P450 11A1 gene (CYP11A1), are also
associated with AD risk [308]. Through meta-analysis, polymorphisms of the CYP19A1
gene were found to be significantly correlated with increasing AD susceptibility [309].
To identify more genomic variants contributing to AD, several genome-wide association
studies (GWASs) have been conducted to identify multiple susceptibility loci [310], and
deep learning models can be used for detecting AD through the findings of GWASs [311].
These results suggest that combing GWAS on AD and menopause may identify novel
pathways for therapeutic targets.

Although genomic factors are inherited and fixed, non-genomic factors associated
with the onset and progression of AD may offer chances for treatment. The non-genomic
factors contributing to AD risk include head injury in males, age, diabetes mellitus, conju-
gated equine estrogen use with medroxyprogesterone acetate, current smoking, and lower
social engagement [312]. Estrogen and progesterone have neuroprotective effects on head
injury [223], and the changes in sex hormones at menopause may increase diabetes risk
as well [313]. Moreover, menopause and diabetes mellitus are well-known risk factors of
cardiovascular diseases, and several cardiovascular diseases are related to dementia [314].
Thus, interventions targeted to menopause may also reduce non-genomic factors and
enable prevention and treatment of AD.

7. Conclusions

There are growing lines of evidence correlating menopause with risk and progression
of neurodegenerative diseases. In this review, we summarized the association of estrogen,
progesterone, IGF-1, and their signal pathways with AD and PD. Based on the current
literature, decreases in estrogen, progesterone, and IGF-1 increase inflammation, impair Aβ
clearance, and hinder their neuroprotective effects. Not all clinical trials of hormone replace-
ment or IGF-1R potentiator showed convincing benefits in AD patients. The modulation of
estrogen, progesterone, or IGF-1 levels alone in aging populations may not be sufficient
to reverse disease progression due to the complex signal pathways in neurodegenerative
diseases. While diagnosed AD may not be consistently treatable by hormone replacement,
its preceding stage entailing MCI may be. The combination of estrogens, IGF-1, or other
neurotrophic factors in specific time windows, such as in the phase of MCI preceding fully
developed AD, may provide a therapeutic strategy in postmenopausal AD patients.
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