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Preface

Dear Colleagues,

A new report from the World Health Organization (WHO) shows that neurological disorders

affect up to one billion people worldwide. Neurological disorders are medically defined as disorders

that affect the brain as well as the nerves found throughout the human body and the spinal cord.

Structural, biochemical, or electrical abnormalities in the brain, spinal cord, or other nerves can

result in a range of symptoms. Some of the most common are epilepsy, Alzheimer’s and other

dementias, stroke, migraine, multiple sclerosis, Parkinson’s disease, Amyotrophic lateral sclerosis,

polyneuropathies, neurological infections, brain tumours, traumatic conditions of the nervous system

such as head injuries, and disorders caused by malnutrition or by an imbalance in metabolism such

as diabetes (i.e., diabetic retinopathy).

In this Special Issue for IJMS, we will focus on new discoveries and treatments of neurological

disorders. New therapies in this area must be aimed at improving the quality of life, symptoms, and

treatment of the disease itself.

Thanks to all the scientists and colleagues who decided and chose this Special Issue.

Nicoletta Marchesi

Editor
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Abstract: Vascular cognitive impairment and dementia (VCID) represents a broad spectrum of
cognitive decline secondary to cerebral vascular aging and injury. It is the second most common
type of dementia, and the prevalence continues to increase. Nuclear factor erythroid 2-related
factor 2 (NRF2) is enriched in the cerebral vasculature and has diverse roles in metabolic balance,
mitochondrial stabilization, redox balance, and anti-inflammation. In this review, we first briefly
introduce cerebrovascular aging in VCID and the NRF2 pathway. We then extensively discuss the
effects of NRF2 activation in cerebrovascular components such as endothelial cells, vascular smooth
muscle cells, pericytes, and perivascular macrophages. Finally, we summarize the clinical potential of
NRF2 activators in VCID.

Keywords: aging; blood–brain barrier; oxidative stress; neuroinflammation; perivascular macrophage;
lymphatic system

1. Introduction

Vascular cognitive impairment and dementia (VCID), an age-related neurodegener-
ative disorder, is the second most common cause of dementia after Alzheimer’s disease
with no available treatment yet [1]. VCID accounts for approximately 20% of dementia
cases in the developed world such as North America and Europe, with an even higher
percentage in the developing world and Asia [2–4]. The prevalence of VCID rises rapidly
with increasing age. It is estimated that 1.6% of individuals over 65 years old are suffering
from VCID, and the figure increases up to 5.2% among those over 90 years old [2]. In an
epidemiological study, the disability-adjusted life year (DALY), a parameter that measures
the number of years lost due to illness, disability, or early death, has been estimated as
316 per 100,000 person-years for vascular dementia, and the years of life lived with disabil-
ity as 85 per 100,000 [5]. It has been estimated that VCID patients have the highest annual
cost of care among dementia patients [6]. Hypoperfusion due to vascular dysfunction is
the key pathophysiology of VCID [7]. In fact, vascular pathology is fairly common in all
types of dementia, and is present in up to 75% of dementia patients upon autopsy [8].

Nuclear factor erythroid 2-related factor 2 (NRF2) plays a crucial protective role in oxidative
stress and inflammation [9]. NRF2/Kelch-like ECH-associated protein 1 (Keap1)–antioxidant
response element (ARE) signaling is potentially the most important regulation in redox
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homeostasis [10–12]. NRF2 has robust potential for attenuating oxidative and hemody-
namic stress in cardiovascular diseases [13]. In this regard, NRF2 is essential for protecting
microvasculature, especially when under oxidative stress [14].

In this review article, we first briefly introduce the concept of cerebrovascular aging
in VCID and the NRF2 pathway. We then more extensively address the effects of NRF2 in
cerebrovascular components such as endothelial cells (ECs), vascular smooth muscle cells
(VSMCs), pericytes, and perivascular macrophages (PVMs). Finally, we summarize the
clinical potentials of the currently available NRF2 activators in VCID.

2. An Overview of Vascular Aging in VCID and the NRF2 Pathway
2.1. Cerebrovascular Aging in VCID

The term VCID needs clarification due to the inconsistent and often interchangeable
use of the terms vascular dementia (VaD), vascular cognitive impairment (VCI), and
vascular cognitive impairment and dementia (VCID), which has been addressed in detail
by John et al. [1]. VCI is a recently coined term referring to cognitive impairment caused
predominantly by cerebrovascular diseases. It includes a wide spectrum of diseases ranging
from mild cognitive impairment to VaD [15]. VaD refers to a broader variant of VCI where
disruption to daily activities is present. In the present review, we use the term VCID, which
encompasses the full range of disease severity.

Several risk factors have been identified for VCID, with aging and vascular disease
considered the most important. Female sex, hypertension, stroke, and brain atrophy on
structural magnetic resonance imaging (MRI) also play a role [2,16–19]. Deterioration
of vascular function at different levels of the cerebral vasculature, especially structural
components of the blood–brain barrier (BBB) (Figure 1), can occur in normal aging and is
associated with dementia [20]. Although accounting for only 2% of body mass, the brain
consumes 20% of oxygen and 25% of glucose [21]. Due to the limited ability of the brain to
store energy, a constant and sufficient blood supply is essential for the brain to carry out
complex and highly energy-consuming tasks [22]. The exchange of nutrients and metabolic
waste products occurs predominantly at the capillary level of the brain vasculature [21].
Mounting evidence suggests that aging-related dysfunction of brain microvasculature
contributes to neurodegeneration [23–26].Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 3 of 23 
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VCI can be caused by the “entire spectrum of vascular brain pathology” including
infarcts, hemorrhages, and diffuse hypoperfusion [27]. The pathobiology of VCID is highly
complex, and most commonly involves brain infarcts and white matter (WM) injury [28,29].
Cerebral infarction due to large vessel atherosclerosis and arteriolosclerosis with microb-
leeds both contribute to the development of VCID [1], with direct tissue injury playing
a major role. At autopsy, up to 80% of patients with dementia demonstrate evidence of
vascular pathology [30]. Macrovascular infarcts are historically recognized as the major
pathophysiology of VCID and are associated with a higher risk of dementia [31]. On the
other hand, microvascular infarcts are more common in VCID patients [27,32]; they are
present in 20–40% of individuals aged 80 years or older [33] and in nearly half (48.0%)
of dementia patients at autopsy [34]. The reasons why microvascular infarcts can cause
cognitive impairment are not fully understood, but may involve inappropriate immune re-
sponse and impairments in waste protein removal [35–37] and cerebral hypoperfusion [38].
According to Costantino et al., there are multiple mechanisms that can explain the patho-
physiology of cognitive impairment in diseases such as VCID, including WM infarction,
BBB breakdown, oxidative stress, inflammation, trophic uncoupling, demyelination and
remyelination, neurovascular coupling dysfunction, and disposal of unwanted proteins.
The current review focuses on several of these mechanisms to address how NRF2 can play
a role in fighting against VCID.

In addition to gray matter injury, WM injury can negatively affect the cognitive
function of the brain, as the latter is critical for fidelity and precision of information
transfer [39]. Compared to gray matter, WM is more vulnerable to ischemia insult because
of its physiologically lower perfusion and grey matter steal [40]. WM lesions are very
common in VCID, and their presentation on MRI scans in the form of WM hyperintensities
is regarded as the hallmark of small vessel diseases [41–43].

Aging is inevitable and irreversible [44]. As an organ mostly composed of postmitotic
cells such as neurons and oligodendrocytes, the brain is especially vulnerable to DNA
damage which increases and accumulates with advanced aging [44,45]. The association be-
tween neuroinflammation and neurodegeneration has been consistently reported. Chronic
inflammation, primarily in response to DNA damage, produces excessive reactive oxygen
species (ROS) and accelerates the process of age-related neurodegenerative diseases and
aging itself [44,46,47]. On top of that, mitochondrial dysfunction is one of the antagonistic
responses to DNA damage. Although initially compensatory, the overwhelming ROS
production beyond the mitochondrial compensatory capacity eventually increases NF-κB
signaling and causes chronic inflammation, which leads to further damage and tissue
degeneration [44,48]. Indeed, in a recent VCID study imperatorin was found to reduce mi-
tochondrial membrane potential and thereby ameliorate cobalt chloride-mediated primary
hippocampal neuronal damage dependent on the NRF2 signaling pathway [49].

2.2. An Overview of the NRF2 Pathway and Its Implications in VCID

NRF2 plays an essential role in the regulation of redox hemostasis and protection of
endothelial cells, potentially by targeting ARE-regulated antioxidants through a variety
of downstream players such as heme oxygenase-1 (HO-1) and NAD(P)H quinone dehy-
drogenase 1 [10,50]. Keap1 is the major regulator controlling the activation of NRF2/ARE
(Figure 2). Details on the NRF2/Keap1 pathway and its regulation have been thoroughly re-
viewed by us and other groups elsewhere [51–54]. In brief, in non-stress conditions, NRF2 is
sequestered by the Cul3-Keap1 complex in the cytosol and subjected to proteasomal degra-
dation. NRF2 can be released in response to oxidative stress and subsequently translocated
to the nucleus, serving as a transcription factor for downstream antioxidant genes [55,56].
The deactivation of NRf2 is regulated by negative feedback, where NRF2 accumulation
induces the expression of the Rbx1-Cul3-Keap1 complex, leading to rapid elimination
and deactivation of NRF2 [57]. It is worth mentioning that activation of NRF2/HO-1 also
leads to downregulation of proinflammatory cytokines and ameliorates systemic inflamma-
tion [58]. The interplay between NRF2 and nuclear factor (NF)-κB tunes the equilibrium of
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oxidation and inflammation [59,60]. NRF2 regulates inflammation through downregulation
of proinflammatory gene expression such as interleukin (IL)-1β and IL-6 and upregulation
of anti-inflammatory factors such as HO-1.
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NRF2 activity is positively related to species longevity, and NRF2 dysfunction plays
an essential role in aging [61]. Indeed, multiple age-related transcriptomic changes, such as
proteinopathy, have been observed in NRF2-knockout mice [47]. Accumulating evidence
suggests that NRF2 expression and activity decrease in an age-dependent manner [62–64].
Similar results were reported in rat and Rhesus monkey aorta organoid cultures [65,66].
In rat livers, NRF2 expression has been confirmed to decrease in an age-dependent man-
ner [62], while the opposite has been observed in the brain, liver, and lungs of young
mice [67]. Although NRF2 expression may increase or decrease with age, studies have
consistently reported declining efficiency of NRF2 signaling with aging, which is related
to decreased antioxidant response [68]. A possible explanation for this is that an age-
dependent increase in NRF2 protein levels serves as an internal compensatory mechanism
in early aging, while later on a decline in NRF2 expression ensues. In fact, given the
multifaceted involvement of the NRF2/KEAP1 pathway in aging physiology and disease
pathology, this pathway is currently an emerging hot topic in many fields, including but
not limited to metabolic disorders, degenerative disorders, inflammatory disorders, and
cancerous disorders [69–72]. Therefore, it is reasonable to propose that activating NRF2 may
be a potential approach to managing age-related and vascular-oriented neurodegenerative
disorders such as VCID.

Aging is in a close relationship with vascular dysfunction in both primates and ro-
dents [65,66]. Chronic inflammation has been observed in normal aging, leading to damage
and microvascular barrier dysfunction, which might in turn accelerate brain aging [73],
forming a vicious cycle. Because NRF2 plays a role in BBB preservation [59] and mitigates
inflammation through complex interactions with nuclear factor (NF)-κB signaling, NRF2
may be a promising target for vascular protection in VCID [59]. In addition, the aging
process can potentially be slowed down by NAD-dependent enzymes such as SIRT1 that
serve to protect the endothelium from oxidative stress [74]. In light of the complex intercon-
nection between NRF2 and SIRT1, it is highly likely that targeting NRF2 might also mitigate
vascular aging indirectly through regulating SIRT1 signaling [75–77]. The following review
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of NRF2 functions in different cell types in the brain vasculature is intended to provide a
better understanding of its protective role in VCID (Figure 3).
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Figure 3. Schematic image showing NRF2 effects in different cell types of the cerebral vascula-
ture in VCID. BBB, blood–brain barrier; CAM, cell adhesion molecule; CSF, cerebrospinal fluid;
EC, endothelial cell; PVM, perivascular macrophage; rCBF, regional cerebral blood flow; TJ, tight
junction; VSMC, vascular smooth muscle cell. ↑: increase/upregulate. ↓: decrease/downregulate.

3. Effects of NRF2 in Vasculature Components
3.1. Endothelial Cells (ECs)

ECs line the lumen of blood vessels and play multiple roles in permeability, inflamma-
tion, thrombosis, and regulation of blood flow [78]. In particular, cerebrovascular ECs line
the border between the central nervous system (CNS) and the periphery, playing important
roles in BBB function and neuroinflammation [79]. One of the earliest manifestations of
vascular aging is impaired endothelial-dependent vasodilation function [80]. ECs regulate
blood flow by releasing vasodilators such as nitric oxide (NO), and dysfunction of this
process plays a major role in the pathophysiology of VCID.

3.1.1. Role of ECs in Inflammation and Oxidative Stress

Inflammation and oxidative stress are important in the pathophysiology of VCID,
where aging alone leads to low-grade inflammation [59]. The inflammatory cascade starts
with proinflammatory cytokines such as tumor necrosis factor (TNF)-α and IL-1β [60],
which subsequently increase ROS production (serving as a major source of oxidative
stress [10]) and represent the hallmark of vascular aging [20,59]. ECs play a pivotal role in
the inflammatory processes. ECs per se can be activated by proinflammatory molecules
such as TNF-α and IL-1, and respond by producing NO and prostaglandin I2 which
increase the leakiness of venules [81]. ECs can also respond to chronic inflammation with
angiogenesis [82–84]. In addition, leukocyte and macromolecule extravasation during
inflammation penetrates ECs either intracellularly or transcellularly through EC junction
proteins [85]
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ROS are produced through complex enzyme-mediated processes during aging and
cerebral hypoperfusion, and mitochondria are considered their major source [86–90]. Alter-
ation of mitochondrial metabolism causes excessive generation of ROS due to interruption
of the electron transport chain [91]. Recent studies have demonstrated that NRF2-Keap1
senses the ROS produced by mitochondria, and it has been suggested that NRF2 plays a
role in regulating mitochondrial ROS [92]. Indeed, upregulation of HO-1, a downstream
effector of NRF2, has been found to prevent H2O2-mediated cytotoxicity [50].

NFR2 is related to decreased EC inflammation as well. For example, overexpression of
NRF2 through adenoviral transduction significantly decreased expression levels of proin-
flammatory cytokines, including TNF-α and vascular cell adhesion molecule-1 (VCAM-1),
and remarkably increased the expression of antioxidant proteins such as HO-1 and glu-
tathione in aortic EC cultures [93]. NRF2 improved brain EC permeability by reducing
inflammation in an in vitro model [94]. As a downstream effector of NRF2, targeted expres-
sion of HO-1 demonstrated atheroprotective effects in low-density lipoprotein-receptor
knockout mice [95].

3.1.2. Cell Adhesion Molecules (CAMs)

During chronic hypoperfusion and VCID, CAMs are upregulated on EC surfaces to
facilitate white blood cell extravasation [96–98]. Proinflammatory cytokines such as TNF-α
and IL-1β induce upregulation of CAMs such as intracellular cell adhesion molecule-1
(ICAM-1) and VCAM-1 on ECs [99,100]. Therefore, CAMs are important molecules for
leukocyte recruitment, which generates oxidative stress and inflammation.

NRF2 may play a protective role in decreasing CAM expression induced by TNF-α [101].
In a mouse model of brain ischemia, NRF2 was found to confer protection by suppressing
CAM upregulation in brain EC [102]. In traumatic brain injury (TBI), NRF2 knockdown
was found to activate NF-κB and induce proinflammatory cytokines secretion, and re-
sulted in overexpression of CAMs such as ICAL-1 [103]. In human umbilical vein ECs,
hydroxyanthranilic acid was found to upregulate NRF2 translocation and subsequently
induce HO-1 expression in association with reduced VCAM-1 expression [104]. In cancer
studies, NRF2 was found to downregulate the expression of E-cadherin [105]. These find-
ings demonstrate the universal and crucial role that NRF2 plays in regulating CAMs and
CAM-induced inflammation.

3.1.3. Neurovascular Coupling (NVC)

Blood flow control is regulated by different cells in different blood vessels. In large
arteries, lumen diameter control is endothelial-dependent [106,107]. In small arteries and
arterioles, vascular smooth muscle cells control the lumen diameter [108]. The term NVC
describes the phenomenon that increasing neural activity leads to increasing local blood
supply [109]. EC-dependent NO synthesis and release serve as the predominant modulator
of local cerebral blood flow (CBF) for normal NVC functioning [110].

NO synthase (NOS) is critical for matching regional CBF with neural activities, as NOS
inhibitors can reduce NVC response by 30% in humans [111]. In addition, endothelial NOS
(eNOS) activity is essential for EC proliferation, pericyte recruitment, and angiogenesis after
ischemia injury in vivo [112,113]. Aging is related to decreased levels of NO and antioxi-
dant enzymes, and impaired vasodilation is a typical manifestation of aging [20,114–117].
In addition, chronic brain hypoperfusion is associated with EC dysfunction leading to
NVC failure, which is also responsible for WM lesions [97,98]. Impaired NVC is a key
pathobiology in neurodegenerations such as VCID [38,118–120]. Therefore, maintenance
and restoration of normal EC functioning is critical for NVC and VCID management.

EC dysfunction and chronic hypoperfusion are closely associated with oxidative
stress, and are modulated by the balance between ROS and NO [10]. ROS inhibits the
activity of eNOS, decreasing the level of NO and eventually compromising EC-mediated
vasodilation [121]. As we previously described, NRF2 plays a vital role in facilitating NVC
by modulating eNOS and tetrahydrobiopterin [59].
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It is worth noting that vasodilation is one of the primary pathobiological events
during tissue inflammation, and NO is the primary vasorelaxant [83,122]. NO directly
facilitates acute inflammation by vasodilation, increasing endothelial permeability and
angiogenesis [83]; therefore, it is recognized as a marker of acute inflammation. Proper
control of NO levels to allow appropriate vasodilation without compromising its integrity
is critical for maintaining normal NVC function.

3.1.4. Junction Protein and BBB

BBB breakdown has been observed in numerous neurodegenerative diseases, includ-
ing VCID, and may contribute to early stages of cognitive dysfunction [123,124]. The
breakdown of BBB leads to neurotoxic chemicals entering the brain and tissue inflamma-
tion arising from leukocyte extravasation into the brain parenchyma [125–127]. Junction
proteins such as the adherens junction (AJ) and tight junction (TJ) are critical for BBB func-
tion and participate in regulating the paracellular permeability for the diffusion of water,
ions, and small molecules [59,128,129]. The production of TJ proteins relies on normal mi-
tochondrial and NVU function, both of which are vulnerable to oxidative stress [130–133].
Indeed, decreased expression of claudin-5 protein, the most enriched TJ protein, is observed
in ECs with NRF2-knockdown [134,135].

Chronic inflammation and atherosclerosis, which typically accompany VCID, cause
excessive blood coagulation, which leads to EC damage and BBB disruption [136]. Sub-
sequent release of cytokines, including vascular endothelial growth factor (VEGF), can
further disrupt cerebral vasculature, forming a vicious cycle [137,138]. Chronic cerebral
hypoperfusion is directly related to TJ loss, as the release of proinflammatory cytokines
such as TNF-α can upregulate the apoptosis signaling–regulating kinase 1 (ASK1), leading
to angiotensin II-related EC apoptosis and degeneration of TJ proteins such as claudin
and occludin [139,140]. This process could contribute to VCI, as it has been shown that
inhibiting ASK1 activation can alleviate memory loss in VaD mice [141].

NRF2 is important for BBB integrity. In vitro models have demonstrated BBB disrup-
tion in NRF2 knockout samples, along with reduced expression of junction proteins such
as occludin and claudin-5 [134,142]. Through promoter analysis, NRF2 seems to be able to
directly target the claudin-5 gene and contribute to stable BBB integrity [134]. Interestingly,
obese mice lacking NRF2 have a higher degree of BBB disruption along with a significant
increase in blood protein leakage, which is associated with a higher level of oxidative
stress [14]. Sulforaphane (Sfn), a potent NRF2 activator, has demonstrated a protective
effect against claudin-5 loss through an NRF2-dependent pathway in VCID mice [134,143].
Sfn has proven effective in protecting BBB in stroke and TBI models [144]. Importantly,
such a protective effect of Sfn is lacking in NRF2 knockdown mice, supporting a pivotal
role of NRF2 in the protection of the BBB [143,145]. Mechanistically, NRF2 directly acts on
the promoters of the claudin-5 and VE-cadherin genes, as evidenced by promoter analysis
and promoter activity studies [134,144].

Interestingly, in a study with a VCID rat model, oral administration of Artemisia
annua Linné, a plant harboring antioxidant properties, helped to maintain BBB integrity
by increasing platelet-derived growth factor (PDGF) receptor β and platelet-endothelial
CAM-1 levels associated with NRF2/Keap1 pathway [145], although CAMs are generally
believed to be inflammatory markers and may lead to BBB breakdown.

3.1.5. Cell Death and Angiogenesis

NRF2 dysfunction results in increased ROS-mediated EC apoptosis [65,66,146]. Aging-
associated NRF2 dysfunction causes significant endothelial apoptosis and vascular rarefac-
tion [65,147–151]. Without a properly functioning NRF2, ECs lose their protection against
physiological ROS production, becoming more vulnerable to pro-apoptotic factors such as
H2O2 or high glucose, as observed in an obesity mouse model [152].

Mitochondrial protection is another important mechanism in NRF2 antiapoptotic
function. NRF2 takes part in mitophagy by upregulating PINK1 or p62 expression. NRF2
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also plays a role in mitochondrial biogenesis, which compensates for the natural loss of
mitochondria, by modulating the expression of related mitochondrial genes [153]. As the
upstream gene of NRF2, PI3K/Akt plays an important role during oxidative stress by upreg-
ulating NRF-2/HO-1 expression. On the other hand, extracellular regulated kinase (ERK)
works directly on the dissociation of NRF2 and Keap1 by phosphorylation of NRF2, which
promotes the transcription of NRF2 and thereby upregulates HO-1 expression. PI3/Akt
and ERK work together to tune the expression of NRF2. Hypoxia activates PI3K/AKT,
while HIF-1α is regulated by ERK1/2. In a lung tissue injury model induced by cerebral
ischemia/reperfusion in rats, PI3K and ERK levels were significantly higher compared to
the sham group and trended consistently with NRF2/HO-1 [154]. In another study using a
rat ischemia/reperfusion model, brain endothelial cells responded to oxidative stress with
increased NRF2/HO-1 levels through ERK and Akt phosphorylation [155].

Angiogenesis is an important rescue pathway under the circumstances of hypop-
erfusion. Evidence suggests that angiogenesis occurs at the same time as neurogenesis
and synaptogenesis after ischemic brain injury [156,157]. In angiogenesis, angiogenic
growth factors such as VEGF and insulin-like growth factor activate NRF2 at the level
of both expression and transcription, the latter of which is likely achieved by activating
Akt1 [158,159]. NRF2, on the other hand, promotes angiogenesis by regulating the ser-
ine/threonine domain of growth factor receptor [160]. ROS act as a double-edged sword
for endothelial angiogenesis [161]. At the physiological level, ROS are essential, and may
have a beneficial effect during the tissue repair process by regulating angiogenesis [162].
Acting as signaling molecules, ROS take part in angiogenesis and maintain newly formed
blood vessels [163–165]. Mechanistically, ROS upregulate angiogenic factors such as VEGF
and promote the response of these factors by upregulating their receptors [166–168]. On
the other hand, pathological levels of ROS may exceed the antioxidant capacity and result
in cell death. Moreover, excessive ROS levels are involved in pathological angiogenesis
such as in cancer and atherosclerosis [169].

Studies in different models have consistently proved that NRF2 promotes angio-
genesis in many organs. For example, knockdown of NRF2 or overexpression of Keap1
impaired angiogenic processes in human coronary artery EC cultures, with abnormal
EC adhesion, migration, and microtubule formation [152]. In cardiac microvascular ECs,
NRF2 knockdown was associated with reduced VEGF expression level [170]. In the devel-
oping retina, NRF2 deficiency reduced angiogenic sprouting and vascular density [171].
In a rodent model of myocardial infarction, resveratrol, an NRF2 activator, promoted
angiogenesis [172–174]. In VCID models, resveratrol has shown the ability to improve
NVC responses by restoring EC function and subsequently improving cognitive function
in aging mice [175]. Mechanistically, NRF2 is critical to preserving mitochondrial structural
and functional integrity in ECs [176,177], in particular endothelial progenitor cells [178].

In light of the complicated and dual-directional role of ROS in regulating angiogenesis,
the extent to which ROS should be eliminated by NRF2 activity is an important issue
to consider. Unfortunately, the vast majority of studies have not addressed this concern.
In addition, the time window for manipulating angiogenesis might be a critical issue.
For example, in the retinopathy of a prematurity model where retinal vessel obliteration
was present due to hyperoxia-mediated oxidative stress, Nrf2 was found to be critical for
preserving the retinal vessels in P9 mice, but not in those after P12 [179].

3.2. Vascular Smooth Muscle Cell (VSMC)

Impaired CBF contributes to cognitive dysfunction, as decreased baseline CBF has
been shown to correlate with the severity of cognitive impairment [180]. Atherosclerosis
and arteriosclerosis both contribute to the development of VCID [1]; however, dementia
caused solely by vascular pathology is rare, and results mostly from large vessel disease,
while small vessel disease accounts for most milder forms of VCID [1].

Contractile VSMC phenotype, as its name suggests, controls blood vessel diameters by
relaxation and contraction [181]. The local renin–angiotensin (Ang) system (RAS) is critical
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in vasoconstriction, while NO plays a pivotal role in vasodilation [182,183]. RAS changes
contribute to neurodegenerative diseases such as Parkinson’s disease, while Ang II can
promote inflammation by producing ROS [184,185]. Synthetic VSMC phenotype, on the
contrary, has lower contractile phenotype-related protein expression but is active in the
synthesis of proinflammatory factors and matrix proteins as well as in proteins associated
with migration and proliferation [181]. Synthetic VSMCs such as H2O2 proliferate after
ischemic arterial injury mediated by ROS [186], which in turn narrows the lumen, leading
to reduced CBF. Additionally, they secrete inflammatory factors such as IL-6, indirectly
disrupting BBB integrity [187]. Indeed, oral administration of an ROS scavenger reduced
proinflammatory cytokines in synthetic VSMCs in a traumatic carotid injury model [55].

Limited evidence is present on the role of NRF2 in VSMCs in VCID. Ang II could
induce abnormal proliferation of VSMCs through NADPH-oxidase-mediated ROS produc-
tion and inflammation, which has been proven to exacerbate pre-existing vascular damage
and accelerate atherosclerosis [188]. NRF2 demonstrates antiproliferative effects and is
capable of suppressing VSMC migration through the NOX4/ROS/NRF2 pathway. NRF2
depletion, on the other hand, enhanced ROS-dependent VSMC migration upon PDGF stim-
ulation [189,190]. Another research studying the relationship between NRF2 and abdominal
aortic aneurysm (AAA) showed similar results; increased NFR2 degradation by Keap1
overexpression resulted in tremendous VSMC-mediated inflammatory factor expression,
which subsequently disrupted the aortic structure and led to AAA formation [191,192].

3.3. Pericytes—Oxidative Stress and Microvascular Barrier Dysfunction

Pericytes are closely associated with microvasculature, in line with their distribution
in small vessels such as arterioles, capillaries, and venules [193]. Pericytes play an essential
role in maintaining BBB integrity and in regulating vascular permeability, angiogenesis,
capillary diameters, and blood flow, as well as in the removal of toxic metabolites [194,195].

3.3.1. Barrier Function

The location and contractile nature of pericytes suggests their function in regulating
microvascular permeability. Increased vascular permeability in the setting of inflam-
mation mostly occurs at the level of venules, the majority of which are surrounded by
pericytes. In an in vitro lung pericyte/EC co-culture study, pericytes were proven to serve
as an additional barrier compared to EC alone [73]. Permeability of water and a range
of different molecular weight tracers were significantly increased in pericyte-deficient
mice [194,196,197], suggesting that pericytes may serve as a means of salvage to prevent a
higher degree of leakage when EC dysfunction occurs [73]. Several potential mechanisms
have been proposed. First, pericytes participate in BBB maintenance, which is highly depen-
dent on redox balance. In a mouse model of hypoglycemia-mediated cognitive dysfunction,
both pericyte loss and BBB leakage were restored by Mito-TEMPO, a mitochondria-targeted
antioxidant shown to reduce ROS in pericyte cultures [198]. Indeed, in a mouse traumatic
brain injury model, TNFα-related oxidative stress and inflammation were responsible for
pericyte loss, BBB damage, and vasogenic edema [199]. Second, pericytes interact with ECs
to regulate BBB permeability by regulating BBB-specific gene expression on ECs, such as
Glut1 and transferrin receptor [194,200]. Last but not least, pericytes promote astrocyte
endfeet attachment and normal polarization, thereby maintaining the normal functioning
of the BBB [194]. Given the robust antioxidant and anti-inflammatory effect of NRF2, it
is plausible that pericytes could be protective of the BBB in VCID, although more direct
evidence is required.

3.3.2. Contractile Function/Cerebral Blood Flow

Whether the contractile function of pericytes plays an important role in CBF is contro-
versial. Though studies in the cortex and retina have proved the contractility of pericytes, it
is questionable whether and to what extent this contraction impacts the rCBF [201,202]. It
has been reported that, unlike VSMCs, pericytes are unable to contract in response to multi-
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ple stimuli, which may be due to their lack of smooth muscle actin [203]. In contrast, other
studies have suggested that, as compared to VSMC-dominant penetrating arterioles, the
majority of CBF upregulation after neuronal activation takes place at the pericyte-dominant
capillary level, supporting a crucial role of pericytes in CBF regulation [204–206].

Small vessel disease (SVD) is the most common cause of VCID, and it plays a significant
role in stroke and Alzheimer’s disease (AD) [207–209]. CBF decrease and amyloid β (Aβ)
changes are present in both AD and VCID. In AD, Aβ deposition generates excessive ROS
and triggers the release of vasoconstrictive peptides such as endothelin-1, altering pericyte
tone and causing vasoconstriction [210,211]. Therefore, it is reasonable to hypothesize that
NRF2 may rescue pericyte dysfunction and increase CBF in both AD and VCID.

3.4. Perivascular Macrophage

Brain-proximal arterioles and venules are surrounded by perivascular space, which
hosts perivascular macrophages (PVMs) [212–215]. PVMs are specialized myeloid cells
that play an active role in the maintenance of BBB integrity and lymphatic drainage under
physiologic conditions. Increased PVM numbers are observed in diseases associated with
infection, vascular impairment, and amyloid deposition [215].

3.4.1. Inflammation/Oxidative Stress

As the resident macrophages in the CNS, PVMs are an important source of ROS [216].
For example, in spontaneous hypertensive mice, damage to the BBB resulted in Ang II ac-
cessing the perivascular space, leading to activation of PVMs which produce excessive ROS
and resulting in cognitive impairment [216]. On the other hand, BBB breakdown facilitates
penetration of fibrinogen into brain tissue, which turns to fibrin and activates microglia,
causing inflammation [217]. Several experimental studies have examined the relation-
ship between fibrin and perivascular macrophages. In a rabbit retina model, perivascular
macrophages accumulated around fibrin in the setting of IL-1-induced inflammation [218].
Fibrin in the brain tissue was associated with Aβ deposits and loss of pericytes [217]. NRF2
has great potential to break these pathological cascades by eliminating ROS and rescuing
cognitive function in VCID.

Two traditional categories of activated macrophages, M1 (pro-inflammatory) and M2
(anti-inflammatory), have been identified [219], though this concept has been increasingly
questioned in the field. Our group has demonstrated the presence of PVM subtypes by ex-
amining their specific markers [215]. Importantly, NRF2 plays a role in phenotype shifting
in macrophages and microglia. For example, human umbilical cord mesenchymal stem
cell-derived extracellular vesicles were found to inhibit M1 differentiation of microglia and
thereby decrease inflammation levels in a VCID rat model through the PI3K/AKT/NRF2
pathway [220]. In mice modeling Parkinson’s disease, NRF2 KO was associated with signif-
icantly increased proinflammatory M1 cytokine levels and decreased anti-inflammatory M2
cytokine levels [221]. In a stroke model, activated microglia converted to pro-inflammatory
M1 and anti-inflammatory M2, acting as double-edged sword. Therefore, it could be im-
portant to promote differentiation towards the anti-inflammatory state in patients with
stroke [222]. NRF2 can likely facilitate the formation of M2 an anti-inflammatory phenotype
in PVMs, which would benefit cognitive function in VCID.

3.4.2. Clearance of Interstitial Fluid (ISF) or Metabolic Waste (e.g., Aβ)

Lymphatic drainage is somewhat unique in the CNS because the brain parenchyma
lacks lymphatic vasculature. Details on brain lymphatic pathways have been thoroughly
reviewed elsewhere [223]. Importantly, perivascular space serves as an important route
for the removal of waste products such as Aβ [224]. In transgenic AD mice, an impaired
lymphatic system enhanced Aβ deposition [224]. PVMs contribute to lymphatic clear-
ance in two major pathways: the glymphatic pathway and the intramural perivascular
pathway [215].
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Interestingly, PVMs appear to be a double-edged sword in the pathogenesis of aging-
related proteinopathies such as diseases characterized by the pathological accumulation of
Aβ, α-synuclein, and p-Tau [225]. Aβ has been reported to impact neurovascular coupling
and contribute to impaired cognition [226]. Perivascular space is a major site for both
disposal and accumulation of Aβ [37,227–230]. Residing in the perivascular space, PVMs
are, on the one hand, involved in Aβ clearance through phagocytosis; this lessens Aβ

deposition in the brain tissue as well as in the blood vessels in the setting of cerebral
amyloid angiopathy [231]. On the other hand, PVMs release large amounts of ROS in
response to excessive Aβ [232]; in this way, selective removal of PVMs using clodronate
liposomes was able to reduce ROS production, preserve BBB integrity, and protect cognitive
function in AD mice and spontaneous hypertension mice [232,233].

NRF2 has been proven to influence Aβ levels in the brain. For example, NRF2 de-
ficiency was associated with upregulated Aβ precursor protein (APP) gene expression
in obese mice [14]. When crossed with transgenic AD mice with APP or Tau mutations,
NRF2 KO led to increased Aβ and p-Tau, resulting in early-onset cognitive dysfunction [47].
Hexahydrocurcumin was found to decrease Aβ and p-Tau production, which are associated
with increased NRF2 activity, and to improve memory function in a VCID rat model [234].
In addition, transcriptomic analysis of NRF2-KO mouse brains revealed pathways repli-
cating those in human aging and AD brains. Persistent activation of proinflammatory
microglia and expression of proinflammatory cytokines induced by Aβ play a vital role in
cellular senescence and the progression of neurodegenerative diseases. At the same time,
the SIRT1/NRF2 pathway is partially blocked and NRF2 translocation is diminished by
Aβ stimulation, which was reversed by aspirin in a mouse model [232].

4. Future Perspectives on NRF2 in VCID

Though preclinical studies support the potential value of NRF2 in VCID prevention
and/or management, clinical trials are still lacking at this time. It should be noted that
NRF2 dysfunction occurs with aging, which can impair expected responses upon NRF2
activation [59,235]. This is especially important in VCID, where cerebrovascular aging
appears to play a central pathogenetic role. Another point to consider is that BBB per-
meability may or may not be crucial for drug efficacy, given that the vasculature, rather
than the brain parenchyma, could be the major site of drug action in VCID, which greatly
expands the candidate pool for clinical trial design. In addition, VCID comorbidities such
as hypercapnia may impose an additional layer of complexity on NRF2 expression [236],
which is commonly the case in the real world given the demographic characteristics of the
VCID population.

Studies have identified that NRF2 plays a protective role against newly identified
forms of cell death, such as ferroptosis and pyroptosis. Ferroptosis is characterized
by iron accumulation and lipid peroxidation [10,11]. In a VCID rat model, gastrodin
has been proven to inhibit ferroptosis and improve memory impairment through the
NRF2/Keap1–glutathione peroxidase 4 pathway [11]. Pyroptosis is a form of inflammatory
programmed cell death mediated by the NLRP3 inflammasome. Activation of ChemR23, a
G-protein-coupled receptor, was observed to inhibit pyroptosis and improve cognitive func-
tion via the PI3K/AKT/NRF2 pathway in a chronic cerebral hypoperfusion rat model [12].
These could be novel mechanisms for future NRF2-VCID research.

NRF2 activators have been extensively studied in preclinical settings; however, which
compounds to proceed with in VCID clinical trials is hard to determine. Five candidate
compounds (curcumin, trichostatin-a, panobinostat, parthenolide, and entinostat) have
been identified for AD treatment based on structural similarities, NRF2-diseasome, targeted
pathways, and modes [237]. A selected list of NRF2 activators that are currently being
trialed in CNS diseases is listed in Table 1. Because no NRF2 activators are currently
being trialed in VCID studies, patient selection, drug dose, delivery modalities, timing of
administration, and administration protocol need to be developed and optimized for the
best therapeutic effects while avoiding potential side effects.
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Table 1. NRF2 activators that are being trialed in CNS diseases.

Compounds Trial ID Disease Comments References

Dimethyl fumarate NCT02634307 Multiple sclerosis

• FDA approved, currently in phase III trial.
• Good tolerance.
• Improvements from baseline in clinical and

radiological efficacy outcomes, including
significantly reduced annualized relapse rates.

[77]

Omaveloxone NCT02255435 Friedreich ataxia

• Significantly improved neurological function
with good tolerance.

• Mild adverse effects.
• High accumulation in the brain with significant

and stable upregulation of NRF2 downstream
genes in monkeys and humans.

[238,239]

Sfn NCT02561481 Autism spectrum
disorder

• Only small non-significant changes were found
in the primary outcome measures (Ohio Autism
Clinical Impressions Scale).

• Safety and tolerance were confirmed.
• Significant changes in glutathione redox status,

mitochondrial respiration, inflammatory
markers, and heat shock proteins.

[240]

SFX-01 (Evgen
Pharma)

NCT02614742,
NCT01948362,
NCT02055716

SAH
• Currently in phase II trial.
• No serious adverse events were reported in

healthy volunteers per phase I trials.
[241]

In conclusion, NRF2 is a promising target for the management of VCID in light of its
robust protective effects in the cerebral vasculature and its multimodal anti-aging potency.
In-depth preclinical and clinical trials are needed for better VCID outcomes.
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Abstract: Multiple sclerosis (MS), traditionally perceived as a neurodegenerative disease, exhibits
significant vascular alternations, including blood–brain barrier (BBB) disruption, which may predis-
pose patients to increased cardiovascular risks. This vascular dysfunction is intricately linked with
the infiltration of immune cells into the central nervous system (CNS), which plays a significant role
in perpetuating neuroinflammation. Additionally, oxidative stress serves not only as a byproduct
of inflammatory processes but also as an active contributor to neural damage. The synthesis of
these multifaceted aspects highlights the importance of understanding their cumulative impact on
MS progression. This review reveals that the triad of vascular damage, chronic inflammation, and
oxidative imbalance may be considered interdependent processes that exacerbate each other, under-
scoring the need for holistic and multi-targeted therapeutic approaches in MS management. There is
a necessity for reevaluating MS treatment strategies to encompass these overlapping pathologies,
offering insights for future research and potential therapeutic interventions. Whole-body cryotherapy
(WBCT) emerges as one of the potential avenues for holistic MS management approaches which may
alleviate the triad of MS progression factors in multiple ways.

Keywords: multiple sclerosis; neurodegeneration; neuroinflammation; vascular impairment; oxidative
stress; whole-body cryotherapy

1. Introduction

Clinicians face significant challenges in understanding and treating conditions charac-
terized by a complex, multifactorial, and elusive pathogenesis. A prime example may be
multiple sclerosis (MS), an autoimmune and demyelinating disorder that affects the central
nervous system (CNS) and is characterized by inflammation, loss of myelin sheaths, and
ultimately neurodegeneration [1,2].

The MS pathogenesis is not clearly defined due to its highly varied and heteroge-
neous clinical and imaging manifestations [3]. Based on immanent features and symptom
progression, two main clinical courses may be distinguished. The initially diagnosed
relapsing–remitting stage (RR) is the most common form of MS characterized by periods
of exacerbation (an acute inflammation relapsing) and followed episode resolutions (re-
mission). The exacerbation usually occurs 1–2 times a year, for several days (from 24 h to
one week), and then spontaneously reduces until it disappears, in the initial phase of the
disease, but episodes worsen as it progresses [4]. The manifestation of RRMS symptoms
during flare periods is the result of autoimmune inflammation in the CNS. Autoreactive im-
mune cells, primarily T cells, are activated and cross the blood–brain barrier (BBB), leading
to the destruction of myelin sheaths surrounding nerve fibers. However, inflammation is
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transient and remyelination occurs, and although it is not durable, neurological symptoms
resolve completely in the initial phase of the disease [5]. Typically, as the disease develops,
after an average of approximately 15 years since the first symptoms occur, approximately
three-fourths of patients with RRMS advance into the secondary progressive stage (SP),
which is marked by the progression of neurodegenerative phenomena leading to disabil-
ity [4]. So, in the progressive subtype, during disease duration, the neurodegeneration
processes are more prominent features than inflammation and gradually increase, leading
to progressive deterioration of the patient’s disability. In addition to RRMS and SPMS,
there is also primary progressive multiple sclerosis (PPMS), which is the rarest type of MS
(observed only in approximately 10% of diagnosed individuals). The typical progression
of symptoms seen in PPMS makes it appear similar to SPMS; however, in PPMS, the pro-
gressive disability begins at the very onset of the disease [6]. In progressive MS subtypes,
over time, long-standing established astroglia activation, secretion of pro-inflammatory
cytokines, chemokines, and free radicals cause persistent lesions in the gray and white
matter of the brain and spinal cord. Demyelination and neurodegeneration in the CNS are
associated with profound astroglia reactions, forming a dense glial scar in long-standing
established inflammatory lesions. Focal demyelinated plaques diffuse and create large
confluent demyelinated lesions. This includes deprivation of nerve fibers and permanent
damage to axons and finally results in profound brain tissue loss and atrophy [7].

Many MS patients demonstrate increased susceptibility to cardiovascular diseases
and impaired function of the BBB; such vascular damage not only indicates a pathology of
the CNS, but also raises critical questions about the role of the BBB [8,9]. Such disruption
allows inflammatory factors and immune cells to penetrate protected areas, such as the
CNS, leading to a persistent state of inflammation, characterized by microglia activation
and lymphocyte infiltration, thus contributing to tissue damage [10].

Moreover, neuroinflammation, marked by the accumulation and activation of immune
cells within the CNS, serves as both response to and a driver of neurological damage;
it plays a crucial role in the development of demyelinated plaques, whose presence is a
distinctive feature of MS. Such a persistent inflammatory state poses a challenge to the
clinician for distinguishing the protective responses from those that perpetuate disease
progression [11].

Adding to this complexity is the role of oxidative stress, characterized by an imbalance
between the generation of reactive oxygen species (ROS) and the capacity to neutralize them.
In MS, oxidative stress is not merely a byproduct of neuroinflammation but a significant
contributor to neuronal and axonal damage, which exacerbates the disease process [12].

Understanding the interplay between vascular damage, neuroinflammation, and ox-
idative stress is critical for comprehending the pathogenesis of neurodegenerative diseases.
This triad of pathological processes not only coexist, but also actively contribute to the pro-
gression of existing disorders by reinforcing each other (Figure 1). To provide multifaceted
therapeutic approaches for ameliorating disease progression and improving clinical out-
comes, it is crucial to first understand the molecular basis of the key etiological components
of the disease.

In neurological and psychiatric conditions, rehabilitation is typically focused on learn-
ing lost skills and becoming as independent as possible. Recently, many novel strategies
in neurorehabilitation have been introduced, one of them being whole-body cryother-
apy (WBCT), which is used in multiple sclerosis. WBCT and other cooling therapies are
promising methods that can improve function and quality of life [13]. Although the neu-
robiological basis of WBCT in MS is not fully understood, it has been proposed that the
procedure may decrease oxidative stress by enhancing antioxidative enzyme activity or
partially inhibiting the generation of reactive oxygen species (ROS) [14]. Many studies
have shown that exposure of the whole body to low temperatures can change the level of
selected enzymes and hormones in bodily fluids.
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within the central nervous system (CNS), closely linked to blood vessel damage and heightened the 
permeability of the blood–brain barrier (BBB) [2]. The interaction between platelets and leukocytes 
entails an augmented production of pro-inflammatory cytokines and the recruitment of immune 
cells, including macrophages, dendritic cells (DCs), T cells, B cells, and immature monocyte-derived 
DCs (iDCs), traversing the disrupted BBB and initiating an inflammatory cascade. This process re-
sults in the persistent activation of microglia, collaborating with barrier-associated macrophages 
(BAMs) and CNS-associated macrophages (CAMs), and oxidative stress, thereby contributing to 
neuroinflammation and disease progression. Mitochondrial dysfunction, driven by increased reac-
tive oxygen species (ROS), further amplifies neuronal damage [10–12]. Figure—own elaboration us-
ing elements generated by DALL·E 3, OpenAI. 
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effect of WBCT on molecular and morphological indices in patients with MS. 
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thoritative sources such as clinicaltrials.gov were also incorporated into the analysis. The 

Figure 1. Multiple sclerosis (MS) manifests as inflammatory demyelination and neuronal death
within the central nervous system (CNS), closely linked to blood vessel damage and heightened the
permeability of the blood–brain barrier (BBB) [2]. The interaction between platelets and leukocytes
entails an augmented production of pro-inflammatory cytokines and the recruitment of immune
cells, including macrophages, dendritic cells (DCs), T cells, B cells, and immature monocyte-derived
DCs (iDCs), traversing the disrupted BBB and initiating an inflammatory cascade. This process
results in the persistent activation of microglia, collaborating with barrier-associated macrophages
(BAMs) and CNS-associated macrophages (CAMs), and oxidative stress, thereby contributing to
neuroinflammation and disease progression. Mitochondrial dysfunction, driven by increased reactive
oxygen species (ROS), further amplifies neuronal damage [10–12]. Figure—own elaboration using
elements generated by DALL·E 3, OpenAI.

Generally, evidence suggests that WBCT increases blood serum levels of adrenaline,
noradrenaline, adrenocorticotropic hormone, cortisol, and testosterone and decreases
certain parameters of inflammatory reactions [15]. However, no studies have yet assessed
the effect of WBCT on molecular and morphological indices in patients with MS.

2. Methods

A search for peer-reviewed articles was conducted across multiple databases, includ-
ing PubMed, Sage Journals, and SCOPUS, to compile relevant literature for this review.
Additionally, Google Scholar was utilized to identify open-access articles. Data from author-
itative sources such as clinicaltrials.gov were also incorporated into the analysis. The review
encompasses 117 literature sources, comprising 64 original research studies (including case
reports, clinical trials, and cohort studies) and 53 reviews (encompassing systemic reviews,
literature reviews, and meta-analyses). The timeframe for the included publications ranges
from 1994 to 2023, with a predominant concentration between 2019 and 2023. Identified
relevant reviews underwent manual screening to ensure comprehensive coverage of per-
tinent references. Search terms utilized in this study encompassed a spectrum of topics
relevant to multiple sclerosis, including neurodegeneration, neuroinflammation, vascular
impairment, oxidative stress, and whole-body cryotherapy. Variations of these terms were
employed to maximize the scope of search results. Boolean operators “AND” and “OR”
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were strategically applied after compiling all keywords, synonyms, and phrases to refine
the search strategy and enhance result relevancy.

3. Complications in Multiple Sclerosis: From Blood–Brain Barrier Disruption to
Increased Cardiovascular Disease Risk

Although MS is classified as an inflammatory demyelinating disorder of the CNS, it is
intimately associated with vascular impairment, and with heightened permeability of the
BBB [16]. Research has confirmed a higher susceptibility to cardiovascular diseases, notably
ischemic stroke, myocardial infarction, and deep vein thrombosis, among patients with
MS. Ischemic events are particularly closely linked to an intensified coagulation cascade
and abnormal pro-thrombotic activity among platelets [17–24]. A population-based cohort
study involving 17,418 Danish MS patients found that the disease itself to be a long-term
risk factor for venous thromboembolism [25], while another analysis of 9881 MS patients
found that they are over 30% more likely to die due to cardiovascular events than the
general population [21]. A post-mortem analysis of 6000 Danish MS patients showed that
the most common cause of death was not the disease itself, but cardiovascular diseases [24].
It has also been noted that the duration of the disease is one of the main risk factors for
deep vein thrombosis [22].

A cohort study of 13,963 Danish MS patients found that the highest risk of stroke is
within the first year after diagnosis and that it was most common among MS patients up to
56 years of age [22]; however, it is important to note that relapses occurring in the RRMS
are often misdiagnosed as a stroke. Indeed, the opposite trend was observed in a Swedish
cohort of 8281 MS patients which confirmed a positive correlation between age and risk of
stroke [24]. In the later stages of the disease, the patient is typically not as fit, and a more
sedentary lifestyle can elevate the risk of stroke [26]. Furthermore, stroke is strongly linked
with deep venous thrombosis, the incidence of which increases by 40% in the late stage
of MS [27]. Therapies for MS might also heighten the susceptibility to thromboembolic
events, while disease-modifying therapies (DMTs) with anti-inflammatory properties could
potentially mitigate cardiovascular risk factors [28].

It is, however, possible to reduce disease activity, influence the intensity of relapses,
and treat concomitant clinical symptoms. Nevertheless, despite our more detailed knowl-
edge about the pathomechanism of MS, the condition is characterized by a multitude of
symptoms, and the possibilities for pharmacological treatment are unfortunately limited.
Therefore, the key roles in treatment are played by physical activity and physiotherapy.

The increased risk of stroke, myocardial infarction, heart failure, and deep vein throm-
bosis observed in MS patients may all result from certain pathological mechanisms that
are also implicated in cardiovascular diseases, such as oxidative stress, inflammation, and
thrombotic factors (Figure 2) [29].

Pathological overactivation of blood platelets and thrombotic lesion formation within
the wall of the coronary artery are widely recognized as major contributors to heart attack.
Patients with acute myocardial infarction are characterized by elevated blood platelet
activation and increased aggregation potential within the coronary circulation. Thrombotic
occlusion of coronary vessels due to the formation of cellular aggregates can reduce or
completely block blood flow [30]. Similarly, ischemic stroke can also result from the
occlusion of cerebral blood vessels [31]. As the clotting cascade intensifies, excessive
thrombin generation occurs; this enzyme converts soluble fibrinogen into insoluble fibrin,
thus forming the clot responsible for venous thrombosis [32]. Thrombin serves as both
the principal coagulation factor of the blood clotting cascade and the most potent agonist
of blood platelets, thereby contributing to pro-thrombotic platelet activity [33]. However,
in addition to thrombin, a number of endogenous physiological agonists are known to
also activate blood platelets, with various consequences, including adhesion to the vessel
wall, secretion of biologically active compounds accumulated in their numerous granules,
and the generation of pro-thrombotic and pro-inflammatory microparticles. They can also
increase receptor expression, which ultimately triggers the formation of platelet aggregates.
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The excessive activation of blood platelets is well known to play an important role in the
pathophysiology of MS [34,35]. MS patients exhibit enhanced surface receptor activity and
expression on blood platelets, as well as a heightened response to platelet agonists, such as
adenosine diphosphate (ADP). They are also characterized by elevated mRNA expression
of the P2RY12 gene, in both blood platelets and megakaryocytes (platelets’ precursor
cells), along with a higher density of P2Y12, a crucial ADP receptor, on the platelet surface.
Platelets and megakaryocytes derived from patients with MS also demonstrate higher levels
of fibrinogen and exhibit changes in the composition and genetic sequences of fibrinogen
chains [36,37].
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Figure 2. Multiple sclerosis (MS) pathophysiology includes chronic inflammation, blood–brain barrier
(BBB) disruption, and the increased response to platelet agonists, leading to enhanced platelet activa-
tion and a predisposition towards pro-thrombotic phenotype and elevating the risk of cardiovascular
disease [29]. In MS, platelets show increased expression of surface receptors, including P2RY12,
CD40L, CD62P, and GPIIb/IIIa, which are essential for their activation. Once activated, platelets
release molecules that trigger both pro-inflammatory and pro-thrombotic responses. The interaction
between platelets, leukocytes, and endothelial cells, particularly through the CD40/CD40L and
CD62P/P-selectin glycoprotein ligand (PSGL-1) pathways, exacerbates vascular impairment and
activates the clotting cascade. The CD40/CD40L pathway, significant in autoimmune pathologies,
enhances leukocyte adhesion and infiltration, leading to increased recruitment of immune cells to
vascular injury sites [30–33]. Furthermore, the interaction between platelets and leukocytes inten-
sifies vascular permeability involving platelet-derived microparticles (PMPs), platelet-activating
factor (PAF), and matrix metalloproteinases (MMPs), disrupting endothelial junctions and promoting
inflammation [30–33]. Figure—own elaboration using elements generated by DALL·E 3, OpenAI.

The inflammatory response causes plasma fibrinogen levels to rise two- to three-
fold [38]. Fibrinogen can modulate the inflammatory response by activating leukocytes
and synthesizing pro-inflammatory mediators [39]; it can also activate glial cells, resulting
in BBB dysfunction in MS patients [40]. However, Ptaszek et al. [41] report no increase in
fibrinogen levels in women with MS, although a significant increase was noted in healthy
women after a series of 20 WBCT sessions.

Activated blood platelets play a pivotal role in the coagulation cascade by serving as
primary contributors to cellular hemostasis. Additionally, they have also been implicated
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in the development of neuroinflammatory processes associated with MS. The activated
coagulation cascade stimulates blood platelets, which in turn amplify coagulation [42].
Therefore, the thrombin cascade also plays a significant role in the inflammatory response
in MS. Studies profiling the proteome specific to the cerebrospinal fluid (CSF) found that
the coagulation cascade also plays a pivotal role in MS patients with an increased burden
of cortical lesions [43]. Later studies found blood platelets to be ensnared in chronic active
demyelinating MS lesions, thus confirming their participation in the pathogenesis of MS
through involvement in the inflammatory reaction [44]. Most importantly, a decrease in
the number of platelets together with blockage of the main surface receptor GPIIb/IIIa,
determining pro-thrombotic activity, inhibited the inflammation process and markedly
improved symptoms in experimental autoimmune encephalomyelitis (EAE) [45].

The inflammatory response is acknowledged to play a crucial role in neuronal dis-
orders like MS. In MS in particular, chronic inflammation and heightened pro-oxidative
activity are known to be primary factors inducing excessive blood platelet activation. Blood
platelets interact with immune cells to exacerbate inflammation via various inflammatory
and immune pathways.

Overactivated blood platelets have a strong influence on the inflammatory response,
and this is directly correlated with their increased adhesiveness to altered endothelial cells
or proteins within the subendothelial layer of blood vessel walls. Moreover, stimulation
increases the ability of platelets to activate both leukocytes and dendritic cells and their
tendency to form aggregates with leukocytes [46,47]. It is important to note that the platelets,
immune cells, and endothelial cells are all activated by reciprocal cellular interactions taking
place between them. This activation has serious implications for maintaining the integrity
of the blood vessel wall and contributes to the escalation of the local inflammatory response.

The interaction between blood platelets and leukocytes generates platelet-activating
factor (PAF), which increases BBB permeability by interrupting endothelial junctions [48–50].
Similarly, the formation of cellular aggregates increases the production of matrix metallopro-
teinases (MMPs) by leukocytes, which are generally recognized as significant participants in
BBB disruption [51]. MMPs are also produced by overactivated blood platelets; these share
platelet-derived microparticles (PMPs), which act as a reservoir of a range of biologically
active proteins [52].

Another important determinant in autoimmune disease is the CD40/CD40L platelet–
leukocyte inflammatory signaling pathway. Increased levels of sCD40L, the soluble form
of CD40L, a membrane glycoprotein of the TNF family, have been found in serum and
CSF from MS patients [53]. Cellular interactions mediate the adhesion of circulating
leukocytes to the endothelium, facilitating their recruitment and initiating their diapedesis
and infiltration into the inflamed vessel. This process enables the selective recruitment of
leukocytes to inflamed areas of vascular wall injury.

One of the earliest phases of the creation of new demyelination lesions is endothelial
monolayer dysfunction. Briefly, a pro-inflammatory and pro-thrombotic phenotype of the
endothelium increases blood platelet activation and the adhesion and subsequent migration
of immune cells to the subendothelial space, resulting in vasomotor alterations [54,55].
Assuming the hypothesis that the interplay between blood platelets, leukocytes, and
endothelial cells contributes to the breakdown of the BBB, this may be the pivotal initial
step in certain neurological inflammatory diseases, such as MS; this process leads to
the infiltration of lymphocytes and subsequent formation of inflammatory lesions in the
brain [56]. The autoimmune reaction initiates a significant influx of inflammatory cells
and provokes pro-inflammatory activation of microglia cells. This cascade leads to the
disruption of the myelin sheath, resulting in the formation of demyelinating lesions and
subsequent axonal/neuronal degeneration.

A fundamental role in the initiation and propagation of demyelinating plaque forma-
tion is believed to be played by T lymphocytes. Autoreactive T cells infiltrate the CNS and
subsequently release pro-inflammatory cytokines. These cytokines activate macrophages,
triggering inflammation in the white matter and the subsequent destruction of myelin [42].
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In peripheral blood, under physiological conditions, the ratio of T to B cells is 9:1; how-
ever, the size of the B-cell population increases during the progression of autoimmune
disease [57]. Blood platelets primarily enhance T-cell adhesion to endothelial cells, thus
contributing to the formation of lymphocyte–platelet conjugates, disrupting BBB perme-
ability. Studies indicate that T cells exhibit greater adhesive properties compared to B cells.
This may suggest that T lymphocytes are most prevalent in the areas with developing
inflammation; however, the B cell population represents almost 40% of all lymphocytes
infiltrating the CNS structures [58,59]. The intricate relationship between MS and cardiovas-
cular events sets the stage for a deeper exploration of neuroinflammation as a fundamental
factor in MS progression.

4. Inflammatory Mechanisms in Multiple Sclerosis: Insights into Microglial
Activation and CNS Immune Responses

One of the primary pathological characteristics of MS is an inflammatory process
marked by the accumulation of immune cells within the CNS. In general, MS patients
experience both acute and chronic inflammation, and these inflammatory processes have
a crucial impact on the clinical manifestations of the disease. The acute inflammation
associated with relapses leads to sudden neurological symptoms, such as muscle weakness,
sensory disturbances, and visual impairments. These symptoms typically resolve partially
or fully between relapses, reflecting the temporary nature of the inflammation. In contrast,
the chronic inflammation observed in progressive MS contributes to a gradual decline in
neurological function, leading to increasing disability over time. The accumulated damage
to myelin and axons impairs the transmission of nerve impulses, gradually diminishing
the ability of the brain to control muscles, senses, and cognitive processes. The chronic
stage of MS is characterized by the accumulation of microglia, specialized CNS immune
cells, which remain activated and contribute to the ongoing degeneration of white and grey
matter of the brain [60].

One significant aspect of MS pathology is the disruption of the BBB, which allows
immune cells, primarily T and B lymphocytes, to infiltrate into the brain. This leads to
the development of active demyelinated plaques, the hallmark of MS, visible on magnetic
resonance imaging (MRI), characterized by damaged myelin, inflammation, edema, and
destruction of axons and nerve fibers [61].

Microglia play an essential role in maintaining homeostasis within the CNS. Under
physiological conditions, microglia exhibit multiple, modulating functions in the brain,
scavenging cellular debris, clearing apoptotic neurons, and promoting synapse formation.
However, in response to injury, infection, or autoimmune processes, microglia generate an
innate immune response and activate inflammatory mediators, exacerbating neuroinflam-
mation and contributing to neurodegeneration (Figure 3) [62].

The inflammatory state in MS is characterized by both the pro-inflammatory and
anti-inflammatory actions of monocyte-derived macrophages and microglia. Microglia
are the innate immune cells native to the CNS, while monocyte-derived macrophages
originate from peripheral blood monocytes and migrate into the CNS during inflammatory
processes. Microglia can contribute to synaptic loss and cognitive decline by disrupting
the homeostatic maintenance of neuronal synaptic plasticity [63]. Activated microglia
and monocyte-derived macrophages intensify neuroinflammation by generating various
pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukins
(IL)-1β and IL-6. These cytokines can also promote the differentiation of T cells into T
helper (Th)17, further exacerbating the inflammatory response, and leading to neuronal
damage and synaptic loss [64]. Nevertheless, the cells also play a vital role in tissue repair
and recovery, clearing away debris and dead cells, and promoting oligodendrocyte differ-
entiation and remyelination, which are essential for restoring myelin sheaths and restoring
neural function [65,66]. Anti-inflammatory microglia express transforming growth factor
(TGF)-β and cytokines such as IL-4 and IL-10, which can decrease the inflammatory re-
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sponse and promote tissue repair. The equilibrium between these two activations is crucial
for preserving brain homeostasis [67].
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Figure 3. The balance between pro-inflammatory and anti-inflammatory activity of microglia is
crucial for maintaining a balance between myelin loss and oligodendrocyte differentiation and
remyelination. However, in the chronic stage of multiple sclerosis (MS), microglia accumulate and
remain activated, contributing to white and grey matter degeneration [62]. The pro-inflammatory
phenotype of microglia promotes the innate immune response, differentiation of T cells into T
helper (Th)17 cells, generation of pro-inflammatory cytokines (e.g., tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, IL-6, IL-17), and reactive oxygen species (ROS) and nitric oxide (NO), all leading
to synaptic loss and neurodegeneration [63–67]. Figure—own elaboration using elements generated
by DALL·E 3, OpenAI.

In addition to microglia, barrier-associated macrophages (BAMs) and CNS dendritic
cells (DCs) play critical roles in CNS immunity. Their ability to rapidly sense damage
signals and modulate the immune response makes them crucial for maintaining CNS
homeostasis and orchestrating the delicate balance between neuroinflammation and repair.
During autoimmune-mediated neuroinflammation, the BBB becomes compromised, allow-
ing immune cells from the peripheral circulation, including DCs, to enter the CNS [68].
BAMs interact with the BBB and monitor the constant molecular exchange between the
bloodstream and the CNS; these are located in the non-parenchymal regions of the CNS,
primarily in the meninges, choroid, and perivascular spaces, which all act as critical entry
points for immune cells into the CNS [69,70]. BAMs actively participate in the neuroim-
mune response and communicate with astrocytes, the star-shaped glial cells that support
neurons and contribute to maintaining the integrity of the BBB [71,72].
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Early studies have shown that immature monocyte-derived DCs (iDCs) are more
efficient at traversing the inflamed BBB than mature DCs. This is likely due to their ability
to adhere more effectively to activated endothelial cells. Moreover, the adhesion between
iDCs and BBB endothelial cells is mediated by adhesion molecules, including vascular
(V)CAM-1, platelet endothelial (PE)CAM-1, intercellular adhesion molecule (ICAM)-1, and
ICAM-2. While iDCs are more effective in passing the BBB, mature DCs are more selective
in their crossing. Studies have shown that mature DCs are only affected by ICAM-1 [73].
This suggests that mature DCs require more specific signals to cross the BBB, perhaps
indicating that they are only recruited in a severe state of CNS damage. CD18 and the
DC-specific intracellular adhesion molecule-3-grabbing non-integrin (SIGN), expressed on
both immature and mature DCs, also contribute to this process [74].

E- and P-selectins are adhesion molecules that play a crucial role in leukocyte re-
cruitment during inflammation. However, it has been found that despite their elevated
expression at the BBB during neuroinflammation, E- and P-selectins are not necessary
for leukocyte recruitment across the BBB or the development of EAE [73,74]. Even so, it
remains unclear whether selectins are essential for DC recruitment across the BBB, with
current evidence being contradictory [75,76].

MS presents a multifaceted challenge for clinicians. It requires a comprehensive
approach, balancing the need to prevent relapses, slow disease progression, effectively
manage acute relapses and symptoms, and minimize the adverse effects of medications
to manage the various aspects of the disease. Understanding the role of inflammation in
MS has paved the way for the development of effective therapeutic strategies aimed at
alleviating neuroinflammation, promoting tissue regeneration, and preventing neurode-
generation. Modern MS treatments aim to suppress the immune response and reduce the
frequency and severity of relapses, slowing the progression of the disease and improving
overall outcomes for patients.

The inflammation associated with MS may stimulate the respiratory burst system in
activated microglia, raising ROS levels and thus increasing oxidative stress. ROS have
been implicated as mediators of demyelination and axonal damage. It is assumed that
the resulting free-radical-mediated tissue destruction may be prevented by antioxidants,
which may also inhibit some of the early pro-inflammatory events and the trafficking of
cells into the CNS [77]. It is hence recommended to support the mechanisms that can limit
the severity of oxidative stress when treating diseases such as MS. One common approach
is WBCT, which has been found to be very well tolerated by patients. A study of WBCT of
MS patients by Bryczkowska et al. [78] found key antioxidant enzymes to act as reducing
factors that neutralize the oxidative compounds before they can cause any damage to
various biomolecules [79].

5. Oxidative Stress in Multiple Sclerosis: Unraveling the Complex Interplay

Persistent neuroinflammatory processes not only inflict direct damage to myelin
sheaths and axonal structures but also create a milieu conducive to another critical aspect
of MS pathology: oxidative stress. This alteration shifts the balance between the produc-
tion of ROS and the effectiveness of endogenous antioxidant defense systems, thereby
promoting neuronal damage and contributing to the progression of MS. Understanding
the interaction between inflammation and oxidative damage is crucial for elucidating the
pathophysiological underpinnings of MS.

5.1. General Facts about Oxidative Damage in MS

Oxidative stress is a key aspect of the pathophysiology of MS, resulting from a lack of
balance between the production of ROS and the activation of antioxidant protection mecha-
nisms, which is primarily influenced by the aberrant levels of the free radical scavenging
enzymes [80]. Within the CNS, persistent inflammation and disrupted redox equilibrium
impair brain plasticity, resulting in gradual demyelination and impaired neuronal signaling.
These factors constitute the primary driver of psycho-motor disability. Oxidative stress is
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known to be associated with increased damage to myelin and axons in MS, and therefore,
it almost certainly contributes to the observed clinical symptoms [81]. Furthermore, excess
ROS production might trigger increased T-cell activation through an arachidonic acid
cascade or inflict harm upon the BBB or myelin sheath, either directly or indirectly.

Despite the presence of natural antioxidant mechanisms, CNS cells, especially neurons
and oligodendrocytes, are not entirely shielded against excessive ROS production. Indeed,
the brain consumes 20% more oxygen than other organs, rendering it particularly suscep-
tible to oxidative stress. Furthermore, brain cells are rich in polyunsaturated fatty acids
with lower regenerative capacity [82], which additionally makes them more susceptible to
oxidative damage.

Overproduction of highly reactive free radicals, including nitric oxide (NO), perox-
ynitrite (ONOO−), singlet oxygen (O2), superoxide anion (O2•−), hydrogen peroxide
(H2O2), and hydroxyl radicals (OH•) [83], can lead to harmful protein oxidation, lipid
peroxidation, nucleic acid damage, antioxidant enzyme inhibition, and programmed cell
death pathway activation [84]. NO is a reactive nitrogen species (RNS) consisting of a free
radical possessing an unpaired electron; it is a key regulator of blood flow and synaptic
transmission [85]. Serum NO level is significantly higher in RRMS patients during relapse
(p < 0.0001) [86]. The rapid reaction between NO and O2•− produces short-lived RNS,
particularly highly reactive ONOO−, which may prompt oxidative/nitrative alterations in
a diverse range of biomolecules [87]. Excessive NO production by immune cells induces
hypoxia, hindering electron transport in the mitochondrial respiratory chain. This incom-
plete oxygen reduction triggers substantial ROS synthesis, altering mitochondrial structure
and function and ultimately increasing oxidative stress [88]. Siotto et al. indicate elevated
oxidative stress in RRMS patients with low levels of disability [89]. Moreover, clinical
investigations have revealed increased oxidative stress in the bloodstream of patients with
MS, characterized by dysregulated superoxide dismutase (SOD) [90] and glutathione (GSH)
activity [91].

5.2. Mitochondrial Dysfunction in MS

Numerous human studies have provided compelling evidence indicative of mito-
chondrial dysfunction in patients with MS [92–94]. In mammalian cells, mitochondria
represent a substantial source of ROS, and any impairment in the functionality of the
respiratory chain could influence cell survival [95]. Persistent neuroinflammatory stimuli
in MS disrupt neuroaxonal homeostasis, resulting in heightened oxidative stress marked
by increased levels of ROS and mitochondrial damage. Such disruption increases excito-
toxicity and disrupts the balance in neurotrophic factors needed to maintain neurons and
oligodendrocytes [96]. The resultant impairment compromises mitochondrial functionality,
exacerbating ROS generation and thus diminishing energy production efficiency. In this
state, the cell is incapable of providing the necessary energy levels within demyelinated
axons. As reduced ATP production reaches a critical point, ionic homeostasis becomes
increasingly imbalanced, triggering the activation of apoptosis mechanisms [97,98].

Although ROS can damage mitochondria by altering their protein and lipid con-
tent, their predominant impact is observed on mitochondrial DNA, where they inactivate
promoters and suppress mitochondrial gene expression. It is assumed that increased gener-
ation of ROS in mitochondria, encompassing species with prolonged half-life, such as H2O2
or lipid hydroperoxide, particularly may precipitate mitochondrial dysfunction, disrupting
biological processes and contributing to various metabolic diseases [99].

Furthermore, previous studies suggest a reduction in peroxisome proliferator-activated
receptor-gamma coactivator (PGC)-1α levels, a transcriptional factor crucial for regulating
mitochondrial function; this decline is notably evident in the pyramidal neurons in SPMS
and PPMS. This reduction in PGC-1α was correlated with the diminished expression of key
components in mitochondrial machinery, such as oxidative phosphorylation (OXPHOS)
subunits and antioxidants. These findings were confirmed with a functional model em-
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ploying neuronal cells, which demonstrated a correlation between these alterations and
increased ROS production [100].

Moreover, an independent study found that elevated ROS levels adversely impact
the binding capacity of nuclear factor erythroid 2-related factor (NRF)-2, a transcription
factor governing electron transport chain (ETC) proteins in SPMS patients, even within
seemingly normal regions of the gray matter cortex [101]. In progressive MS patients
(including 14 SPMS and 5 PPMS patients), heightened ROS production in the CNS was
linked to an increase in the number of mitochondria in axons and astrocytes. Higher levels
of ROS have been correlated with the translation of mitochondrial proteins in both active
and inactive MS lesions; this is evidenced by heightened expression of proteins originating
from the mitochondrial ETC complex IV and elevated levels of the mitochondrial stress
marker mtHSP70 compared to controls [100].

A study comparing 10 post-mortem brains from individuals with MS (including 9 with
SPMS and 1 with PPMS) revealed distinct alterations in the MS cortex in comparison to
the control group. Notable differences in both nuclear DNA and mitochondrial (mt)DNA
transcripts were observed between the groups. Furthermore, functional analysis conducted
on identical samples revealed diminished activity in complexes I and III from neurons
localized in the motor cortex of patients with MS; this was accompanied by a decline in
GABAergic synaptic elements [102]. A separate study involving 13 SPMS patients identified
significant mtDNA deletions in neurons, with some of these mutations being specific to the
subunits of complex IV [103].

5.3. Genetic Factors Potentially Responsible for Oxidative Stress in MS

There has been a growing interest in the genetic predisposition to generating free
radicals and the occurrence of MS. Evidence suggests that genetic factors, including single-
nucleotide polymorphisms (SNPs) in genes encoding enzymes involved in oxidative stress
pathways, play a pivotal role in determining treatment outcomes for MS.

The NOX3 gene, located on chromosome 6q25.1, is responsible for synthesizing
NADPH oxidase 3 (NOX3), an enzyme primarily found in the plasma membrane of the
lung and cerebral cortex. NOX3 facilitates the generation of O2•− through a single-electron
reduction of O2, with NADPH serving as the electron donor [104]. NOX3-generated ROS
are particularly common in oligodendrocyte precursor cells, where they influence their dif-
ferentiation and sensitivity to oxidative stress. It has been proposed that NOX3 generation
stimulates oligodendrocyte maturation in MS patients [105]. Carlström et al. [86] report a
significant association between the G allele of the rs6919626 (G > A,T) polymorphism in the
NOX3 gene and a decrease in ROS production by monocytes following ex vivo stimulation
(p = 0.057) in a study of 564 RRMS patients in Sweden. This allele was also linked to a
diminished response to dimethyl fumarate [106].

The GSTP1 gene, located on chromosome 11 in the q13.2 region, is responsible for
encoding the glutathione S-transferase P protein, an antioxidative enzyme that facilitates
the merging of endogenous GSH. This enzyme is implicated in the modulation of MS
progression, as disease advancement appears correlated with oxidative stress resulting
from inflammation [107]. One extensively investigated polymorphism associated with
varied responses to natalizumab is rs1695 (A > G, Ile105Val) [108]. A study on the rs1695
polymorphism found an improvement in disability among RRMS patients harboring the A
allele (χ2 = 0.031; df = 1; p = 0.861) [108].

The NQO1 gene, located on chromosome 16 in region q22.1, is responsible for produc-
ing an antioxidative enzyme known as NAD(P)H quinone oxidoreductase (NOQO1). Its
function is to catalyze the double-electron reduction of quinones, thereby impeding their
involvement in the redox cycle and ROS production [109]. One study found the rs1800566
polymorphism (C > T, Pro187Ser) to correlate with the reaction to natalizumab in RRMS
patients; the identified association was particularly noticeable in MS patients possessing
the C allele (χ2 = 3.320; df = 1; p = 0.068) [108].
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WBCT offers promise for treating various disorders. WBCT is currently being used
to relieve symptoms in diseases affecting the musculoskeletal system and the nervous
system, such as MS. The application of low-temperature stimuli to the entire body is
known to influence the autonomic, endocrine, circulatory, neuromuscular, and immuno-
logical systems [110]. Indeed, Capodaglio et al. [111] report that WBCT is an effective
anti-inflammatory and antioxidant treatment that minimizes secondary tissue damage by
reducing the production of pro-inflammatory and oxidative substances.

Attempts should be made to rehabilitate patients with MS throughout the course of the
disease, not only during hospitalization. Such rehabilitation should be multidisciplinary
and address both motor function and mental status. The rehabilitation protocol itself
should be individualized and include physical rehabilitation intended to reduce spasticity
and improve balance and posture [112]. Many studies underline the need for continued re-
search into the effectiveness of different physiotherapeutic methods and types of therapies;
however, current studies indicate that an effective approach is based on a combination of
pharmacological treatment and physiotherapy.

It is known that ROS play an important role in demyelination [41], and hence, oxidative
stress is believed to be one of the key factors involved in the pathogenesis of MS. Indeed,
patients with MS show tend to present higher oxidative stress indices, as well as greater
DNA failure [113]. Studies indicate that a course of at least 10 WBCT sessions can improve
antioxidant potential: although MS patients usually demonstrate higher oxidative stress
than healthy subjects, this value decreases after WBCT. While further research is clearly
needed, WBCT appears to be an effective method of improving the antioxidant capacity of
the body [114].

6. Whole-Body Cryotherapy (WBCT): Antioxidant Effects and Clinical Implications

The treatment approaches for MS include pharmacological interventions and various
methods of physical medicine and rehabilitation. The latest research highlights the impor-
tance of exercise as a key therapy that can improve the functional status of MS patients.
However, about 60–80% of MS patients are heat-sensitive, and exposure to a warm environ-
ment could potentially result in a transient exacerbation of symptoms. Therefore, WBCT
and cooling therapies are very promising methods that can reduce fatigue and improve
functional status and quality of life [13].

Recent clinical investigations indicate that WBCT has an antioxidant effect in MS
patients resulting in improvements in plasma total antioxidative status, SOD, and uric acid
levels [41,115]. However, there is a need to conduct more extensive clinical trials involving
larger cohorts of participants and with consistent protocols. In Poland, WBCT is widely
applied; according to National Health Fund data, 14,239 of the total 641,737 covered cry-
ochamber therapy services were performed each year with MS patients during 2010–2019,
representing about 2.3–2.5% of the total.

The molecular mechanisms responsible for the effectiveness of cryotherapy in mini-
mizing oxidative damage remain unclear. Nevertheless, some studies have indicated that
the induction of hypothermia may play a role in partially inhibiting ROS generation [14].

It has been proposed that long-term WBCT decreases oxidative stress by enhancing
antioxidative enzyme activity. Repeated exposure to acute cold temperatures over several
months may induce adaptive mechanisms, potentially contributing to body hardening. This
adaptation to cold stimuli is believed to enhance protection against oxidative stress [116].

Siems et al. [117] discovered that regular winter swimming or intense endurance
exercise increased enzymatic protection, suggesting activation of the antioxidant defense.
Our studies showed that MS patients treated with three cycles of 10 exposures in a cryogenic
chamber increased total antioxidant status (TAS) (an indicator of redox status) in plasma
and improved disease symptoms. Moreover, SOD and CAT activities were further enhanced
during WBCT sessions using melatonin supplementation (10 mg daily), without affecting
TAS levels. The combined approach showed promise, emphasizing the need for further
research on the antioxidative mechanisms of WBCT in MS treatment [96].
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7. Conclusions

Our analysis confirms that the progression of MS is characterized by a critical conver-
gence of vascular impairment, neuroinflammation, and oxidative stress, which form an
intricate interplay. It is important to consider that MS manifests not as a singularly defined
neurological disorder but rather as a spectrum of intertwined pathological processes.

A pivotal factor in the pathophysiology of MS is vascular impairment, particularly the
disruption of the BBB. This disruption facilitates the infiltration of autoreactive immune
cells in the CNS, thereby setting the stage for sustained neuroinflammation. The resulting
inflammatory milieu, characterized by activated microglia and infiltrating lymphocytes,
contributes to the demyelination and degeneration of the axons that are pathological fea-
tures of MS. The pro-inflammatory factors released in this environment further perpetuate
BBB permeability, creating a vicious cycle of inflammation and vascular compromise.

A critical role is also played by oxidative stress, which serves as both a consequence
and a driver of neuroinflammation and vascular damage. Excessive production of ROS in
this milieu causes direct damage to cellular elements, including DNA, proteins, and lipids.
This oxidative damage not only exacerbates demyelination but also impairs remyelination
processes, crucial for CNS repair. Mitochondrial dysfunction, particularly in neuronal cells,
underscores the significance of oxidative injury in MS. The complex interrelation between
oxidative stress and inflammatory and vascular pathology represents a multifaced aspect
of MS pathogenesis.

This understanding calls for a holistic approach to the management and treatment
of the disease, where therapeutic strategies should be multi-targeted and personalized,
addressing the specific needs and pathophysiological profiles of individual patients. In-
corporating modalities such as WBCT, which involves the application of extremely cold
temperatures to affected areas, can aid in reducing inflammation and promoting vascular
health. Additionally, WBCT can complement rehabilitative efforts for individuals recov-
ering from a stroke, helping to improve motor function and overall well-being. Thus, the
integration of WBCT into holistic therapies and rehabilitation programs for MS patients
can offer promising avenues for comprehensive care and management of the condition.
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Abstract: Reperfusion stroke therapy is a modern treatment that involves thrombolysis and the
mechanical removal of thrombus from the extracranial and/or cerebral arteries, thereby increasing
penumbra reperfusion. After reperfusion therapy, 46% of patients are able to live independently
3 months after stroke onset. MicroRNAs (miRNAs) are essential regulators in the development of
cerebral ischemia/reperfusion injury and the efficacy of the applied treatment. The first aim of this
study was to examine the change in serum miRNA levels via next-generation sequencing (NGS)
10 days after the onset of acute stroke and reperfusion treatment. Next, the predictive values of
the bioinformatics analysis of miRNA gene targets for the assessment of brain ischemic response to
reperfusion treatment were explored. Human serum samples were collected from patients on days 1
and 10 after stroke onset and reperfusion treatment. The samples were subjected to NGS and then
validated using qRT-PCR. Differentially expressed miRNAs (DEmiRNAs) were used for enrichment
analysis. Hsa-miR-9-3p and hsa-miR-9-5p expression were downregulated on day 10 compared to
reperfusion treatment on day 1 after stroke. The functional analysis of miRNA target genes revealed
a strong association between the identified miRNA and stroke-related biological processes related to
neuroregeneration signaling pathways. Hsa-miR-9-3p and hsa-miR-9-5p are potential candidates for
the further exploration of reperfusion treatment efficacy in stroke patients.

Keywords: stroke; reperfusion treatment; miRNA; NGS; hsa-miR-9-3p; hsa-miR-9-5p; enrichment
analysis; GO; KEGG

1. Introduction

Stroke is one of the leading causes of death and long-term disabilities in adults world-
wide. The Global Burden of Diseases report states that the number of strokes increased
worldwide between 1990 and 2019, particularly in the population of patients under the
age of 65 [1]. The modern reperfusion treatment (RT) of ischemic stroke allows for lysis
and/or the removal of thrombus from the closed lumen of the carotid or cerebral arter-
ies via intravenous thrombolysis with the IV RT-plasminogen activator (rt-PA), and/or
mechanical thrombectomy (MT). These methods increase the likelihood of penumbra reper-
fusion, which occurs in the ischemic region around the heart of the brain infarct. RT (i.e., IV
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rt-PA and MT) aims to preserve as many hypoxic cells as possible in this zone, including
neuronal, endothelial, and glial cells.

In 2015, a randomized trial confirmed the efficacy and safety of MT in patients with
stroke. Notably, 3 months after performing MT in the acute phase of stroke, 46% of patients
were living independently, compared to 26.5% in the conservative treatment group from
the trial [2]. Recent studies and meta-analyses have highlighted MT as an important
treatment modality for stroke due to its potential to increase the length of the therapeutic
window [3,4]. Now, physicians perform MT up to 24 h after stroke onset, according to the
patient’s clinical and radiological profile, improving their chances of clinical success.

Based on the results of the meta-analysis, the use of MT in stroke patients results in
the recanalization of more than 80% of the arteries that underwent the intervention and
a return to full patient independence in approximately 45% of patients within 3 months
after stroke. However, this means that a significant post-stroke neurological deficit remains
in half of the patients, including some of those who have favorable angiographic results
after MT. This reveals that a significant proportion of patients have futile recanalization (as
their angiogram showed recanalization). There are likely many factors that influence the
clinical outcome of thrombectomy. The unfavorable prognostic parameters identified in the
subpopulation of endovascularly treated stroke patients include the following: older age,
diabetes mellitus, severe neurological deficit on the first day of stroke, and a low ASPECTS
scale score [5–8]. Regardless, up to 9% of patients reocclude within 48 h after complete
recanalization. Identifying parameters that reduce the clinical benefit of MT can improve
therapeutic strategies and ultimately better guide stroke reperfusion treatment. The search
for the optimal qualifying tools for stroke treatment has been ongoing for years. Using
patients’ miRNA profiles when selecting them for MT might help neurologists reduce the
risk of failure and improve the clinical effects of MT.

In the age of emerging personalized medicine, biochemical and molecular biomarkers
are being investigated to improve prognostic value with respect to the course of stroke and
post-stroke disability. Therefore, many studies are focused on discovering miRNAs for
use as potential biomarkers for stroke diagnosis and prognosis. Most of them involve the
extraction of differentially expressed miRNAs (DEmiRNAs) from large-scale expression
profiles, such as next-generation sequencing (NGS) data. The discovery of DEmiRNAs
allows miRNAs with significant changes in expression levels, which have the potential to
become biomarkers, and those with insignificant changes to be distinguished. Therefore,
by examining the patient’s miRNA profile in the first hours and days after ischemic stroke,
one could predict which processes (i.e., neuroprotection or neurodegeneration) will pre-
dominate in that patient [9–13]. Understanding specific molecular processes associated
with restoring blood flow in hypoxic areas and the mechanisms underlying reperfusion
injury could help predict clinical deficits in patients who have suffered an ischemic stroke.

The presented study is the first to report on changes in miRNA expression in the acute
phase of stroke in patients who have undergone endovascular treatment. The clinical status
of patients can change over several hours and days after the onset of a stroke. Therefore,
we analyzed how reperfusion treatment affects the miRNA profile 10 days after stroke
onset. Next, we used the results of the statistical NGS data to search for target genes of
DEmiRNAs, which we validated using qRT-PCR. Then, we performed a functional analysis
of the target genes to find out which metabolic pathways they are involved in. To identify
and understand the biological role of miRNAs, we analyzed how reperfusion-induced
changes in the miRNA expression profile might affect estimated targets (ETs) and how
these changes might relate to ischemic stroke treatment.

2. Results
2.1. Study Design

We analyzed circulating miRNA in serum samples from stroke patients on days 1 and
10 after stroke onset to find differentially regulated miRNAs and perform the enrichment
analysis of significant miRNA gene targets. Figure 1 presents the study design. Table 1
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summarizes the detailed clinical characteristics of the patients included in the NGS study,
and Table 2 summarizes the detailed clinical characteristics of the patients included in the
RT-qPCR validation study.
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Figure 1. Study overview flowchart. The flowchart illustrates the key steps of our study as follows:
(1) blood collection and serum separation, (2) miRNA/small RNA sequencing, (3) statistical testing
(Exact Test), (4) Bonferroni correction, (5) miRNAs using qRT-PCR on a larger patient group and
the statistical testing of qRT-PCR data, (6) estimation of gene targets based on MSigDB, (7A) GSEA
(gene set enrichment analysis), (7B) TSEA (Tissue-Specific Expression Analysis), and (7C) CSEA
(cell-type-specific expression analysis).

Table 1. Characteristics of the patients included in the NGS study.

Parameter Patients, n = 5

Age, mean., med. [ref.] 66.6, 64 [50–82]

Occluded artery

MCA right 3 (60%)

ICA left 2 (40%)

rtPA 4 (80%)

OCSP_TACI 5 (100%)

TOAST_A 3 (60%)

TOAST_C 2 (40%)

MT

Stent retriever 4 (80%)

Aspiration 1 (20%)

Stroke onset–groin puncture, mean [ref.] min. 270 [210–360]

TICI

1 0
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Table 1. Cont.

Parameter Patients, n = 5

1a 0

2b 2 (40%)

3 3 (60%)

AF 2 (40%)

AH 5 (100%)

DM 2(40%)

CAD 2 (40%)

PAD 1 (20%)

LD 1 (20%)

RBC_1 4.32 × 106/µL
[4.00–5.00]

WBC_1 10.72 × 103/µL
[4.00–10.00]

Lymphocyte_1 1.89 × 103/µL [1.00–4.50]

Neutrophile_1 8.39 × 103/µL [2.00–6.14]

Basophile_1 0.03 × 103/µL [0.00–0.10]

Eosinophile_1 0.08 × 103/µL [0.05–0.50]

PLT_1 197 × 103/µL [135–350]

HCT_1 35.88% [36.00–47.00]

Hb_1 12.24 g/dL [12.00–16.00]

Creatinine 0.57 mg/dL [0.51–0.95]

eGFR 89 mL/min/1.73 m2

[>60]

CRP 13.0 mg/l [<5.0]

RBC_10 4.20 × 106/µL [4.00–5.00]

WBC_10 8.83 × 106/µL [4.00–10.00]

PLT_10 320 × 103/µL [135–350]

HCT_10 36.20% [36.00–47.00]

Hb_10 12.35 g/dL [12.00–16.00]

Smoking 1 (20%)

NIHSS_1 med. [ref.] 13 [5–19]

NIHSS_2 13 [6–18]

NIHSS_10 8 [0–16]

mRS_dis 3 [0–4]

mRS_3m 3 [0–5]

Parameter Patients, n = 5

Age, mean., med. [ref.] 66.6, 64 [50–82]

Occluded artery

MCA right 3 (60%)

ICA left 2 (40%)

rtPA 4 (80%)

OCSP_TACI 5 (100%)

TOAST_A 3 (60%)

TOAST_C 2 (40%)

MT

Stent retriever 4 (80%)

Aspiration 1 (20%)

Stroke onset–groin puncture, mean [ref.] min. 270 [210–360]
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Table 1. Cont.

Parameter Patients, n = 5

TICI

1 0

1a 0

2b 2 (40%)

3 3 (60%)

AF 2 (40%)

AH 5 (100%)

DM 2(40%)

CAD 2 (40%)

PAD 1 (20%)

LD 1 (20%)

RBC_1 4.32 × 106/µL
[4.00–5.00]

WBC_1 10.72 × 103/µL
[4.00–10.00]

Lymphocyte_1 1.89 × 103/µL [1.00–4.50]

Neutrophile_1 8.39 × 103/µL [2.00–6.14]

Basophile_1 0.03 × 103/µL [0.00–0.10]

Eosinophile_1 0.08 × 103/µL [0.05–0.50]

PLT_1 197 × 103/µL [135–350]

HCT_1 35.88% [36.00–47.00]

Hb_1 12.24 g/dL [12.00–16.00]

Creatinine 0.57 mg/dL [0.51–0.95]

eGFR 89 mL/min/1.73 m2

[>60]

CRP 13.0 mg/l [<5.0]

RBC_10 4.20 × 106/µL
[4.00–5.00]

WBC_10 8.83 × 106/µL
[4.00–10.00]

PLT_10 320 × 103/µL [135–350]

HCT_10 36.20% [36.00–47.00]

Hb_10 12.35 g/dL [12.00–16.00]

Smoking 1 (20%)

NIHSS_1 med. [ref.] 13 [5–19]

NIHSS_2 13 [6–18]

NIHSS_10 8 [0–16]

mRS_dis 3 [0–4]

mRS_3m 3 [0–5]
ICA—internal carotid artery, MCA—middle cerebral artery, rtPA—recombinant tissue plasminogen activator,
OCSP—Oxfordshire Community Stroke Project, TACI—total anterior cerebral artery, TOAST—trial of ORG 10172
in acute stroke treatment, TOAST_A—atherosclerosis, TOAST_C—cor, MT—mechanical thrombectomy, AF—atrial
fibrillation, AH—arterial hypertension, DM—diabetes mellitus, CAD—coronary artery disease, PAD—peripheral
artery disease, LD—lipid disorders, RBC_1—red blood cells on the 1st day, RBC_10—red blood cells on the 10th
day, WBC_1—white blood cells on the 1st day, WBC_10—white blood cells on the 10th day, PLT_1—platelets on
the 1st day, PLT_10—platelets on the 10th day, HCT_1—hematocrit on the 1st day, HCT_10—hematocrit on the
10th day, Hb_1—hemoglobin on the 1st day, Hb_10—hemoglobin on the 10th day, eGFR_1—estimated glomerular
filtration rate on the 1st day, eGFR_10—estimated glomerular filtration rate on the 10th day, CRP_1—C-reactive
protein on the 1st day, CRP_10—C-reactive protein on the 10th day, NIHSS—National Institutes of Health Stroke
Scale, NIHSS_1—NIHSS on the 1st day, NIHSS_2—NIHSS on the 2nd day, NIHSS_10—NIHSS on the 10th day,
mRS—modified Rankin Scale, mRS_dis—mRS at discharge, and mRS_3m—mRS on the 90th day. For laboratory
tests, values in the square [ ] brackets indicate reference values for the presented parameter. In other cases, the
square [ ] brackets enclose the lowest and highest value for a given parameter assessed in patients included in
the study.
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Table 2. Characteristics of the patients included in the RT-qPCR study.

Parameter Patients, n = 38

Age, mean., med. [ref.] 66.6, 64 [50–82]

Occluded artery

MCA right 7 (18.42%)

MCA left 20 (52.63%)

ICA left 4 (10.53%)

PCA left 1 (2.63%)

VA right 1(2.63%)

No occlusion 5 (13.16%)

rtPA 28 (73.7%)

OCSP_TACI 12 (31.58%)

OCSP_PACI 21 (55.26%)

OCSP_LACI 3 (7.89%)

OCSP_POCI 2 (5.26%)

TOAST_A 14 (36.84%)

TOAST_C 11 (28.95%)

TOAST_S 11 (28.95%)

TOAST_U 2 (5.26%)

MT

Stent retriever 18 (47.37%)

Aspiration 8 (21.05%)

Stroke onset–groin puncture, mean [ref.] min. 282 [145–360]

TICI

0 2 (5.26%)

2C 1 (2.63%)

3 23 (60.53%)

AF 16 (42.11%)

AH 36 (94.74%)

DM 16 (42.11%)

CAD 17 (44.74%)

PAD 14 (36.84%)

LD 23 (60.52%)

RBC_1 4,03 × 106/µL [4.00–5.00]

WBC_1 8,44 × 103/µL [4.00–10.00]

Lymphocyte_1 1.36 × 103/µL [1.00–4.50]

Neutrophile_1 6.09 × 103/µL [2.00–6.14]

Basophile_1 0.03 × 103/µL [0.00–0.10]

Eosinophile_1 0.04 × 103/µL [0.05–0.50]

PLT_1 201 × 103/µL [135–350]

HCT_1 36.95% [36.00–47.00]

Hb_1 12.9 g/dL [12.00–16.00]

creatinine 0.87 mg/dL [0.51–0.95]
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Table 2. Cont.

Parameter Patients, n = 38

eGFR 83 mL/min/1.73 m2 [>60]

CRP 9.4 mg/L [<5.0]

RBC_10 4.06 × 106/µL [4.00–5.00]

WBC_10 7.8 × 106/µL [4.00–10.00]

PLT_10 228 × 103/µL [135–350]

HCT_10 36.75% [36.00–47.00]

Hb_10 12.6 g/dL [12.00–16.00]

Smoking 12 (31.59%)

Statins 15 (39.5%)

ASA 9 (23.7%)

DAPT 3 (7.9%)

VKA 5 (13.16%)

NIHSS_1 med. [ref.] 12 [1–28]

NIHSS_2 4.5 [0–28]

NIHSS_10 2 [0–24]

mRS_dis 2 [0–6]

mRS_3m 2 [0–6]
ICA—internal carotid artery, MCA—middle cerebral artery, PCA—posterior cerebral artery, rtPA—recombinant
tissue plasminogen activator, OCSP—Oxfordshire Community Stroke Project, TACI—total anterior cerebral artery,
PACI—partial anterior cerebral artery, LACI—lacunar infarct, POCI—posterior circulation infarct, TOAST—trial of
ORG 10172 in acute stroke treatment, TOAST_A—atherosclerosis, TOAST_C—cardioembolism, TOAST_S—small
vessel occlusion, TOAST_U—unknow/others origin of stroke, MT—mechanical thrombectomy, AF—atrial fib-
rillation, AH—arterial hypertension, DM—diabetes mellitus, CAD—coronary artery disease, PAD—peripheral
artery disease, LD—lipid disorders, RBC_1—red blood cells on the 1st day, RBC_10—red blood cells on the 10th
day, WBC_1—white blood cells on the 1st day, WBC_10—white blood cells on the 10th day, PLT_1—platelets on
the 1st day, PLT_10—platelets on the 10th day, HCT_1—hematocrit on the 1st day, HCT_10—hematocrit on the
10th day, Hb_1—hemoglobin on the 1st day, Hb_10—hemoglobin on the 10th day, eGFR_1—estimated glomerular
filtration rate on the 1st day, eGFR_10—estimated glomerular filtration rate on the 10th day, CRP_1—C-reactive
protein on the 1st day, CRP_10—C-reactive protein on the 10th day, Statins prior to stroke event (atorvas-
tatin or rosuvastatin), ASA—aspirin, DAPT dual antiplatelet therapy (clopidogrel and aspirin), VKA—warfin,
NIHSS—National Institutes of Health Stroke Scale, NIHSS_1—NIHSS on the 1st day, NIHSS_2—NIHSS on the
2nd day, NIHSS_10—NIHSS on the 10th day, mRS—modified Rankin Scale, mRS_dis—mRS at discharge, and
mRS_3m—mRS on the 90th day. For laboratory tests, values in the square [ ] brackets indicate reference values for
the presented parameter. In other cases, the square [ ] brackets enclose the lowest and highest value for a given
parameter assessed in patients included in the study.

2.2. NGS miRNA Discovery

We used NGS analysis to find DEmiRNAs in the serum of stroke patients between day
10 after the reperfusion procedure and day 1 after stroke onset. Because of the small sample
set mentioned above and the variations that might be due to individual differences, we
assumed errors in categories I and II (the occurrence of false positives and false negatives).
Therefore, we applied a larger confidence range to avoid potentially removing significant
preliminary data. We found 30 preliminary significant miRNAs (p < 0.05) in a dataset of
2632 miRNAs. In total, 18 miRNAs had an upregulated expression, and 12 had a down-
regulated expression (Figure 2). After correction for multiple tests (Bonferroni correction,
p-adjusted < 0.05) 3 significant and downregulated miRNAs emerged from 30 preliminary
significant miRNA: hsa-miR-9-3p (p = 1.78 × 10−7), hsa-miR-9-5p (p = 5.54 × 10−9), and
hsa-miR-129-5p (p = 7.37 × 10−5). These miRNAs were used in further target prediction
and enrichment analysis (Figure 3).
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Figure 2. DEmiRNAs. (A) A heatmap depicting preliminary significant miRNAs based on a normal-
ized expression. The heatmap shows the fold change in miRNA expression from the lowest to highest
for samples between day 10 after reperfusion and day 1 after stroke onset. The sample description
indicates the time of sample collection (i.e., an odd number indicates the sample was collected on
day 1 post-stroke, and an even-numbered sample was collected on day 10). (B) A table listing the
preliminary significant miRNAs and their fold change values. The top three scores in the table are the
following DEmiRNAs: hsa-miR-9-3p, hsa-miR-9-5p, and hsa-miR-129-5p.
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Figure 3. Volcano plot. Expression changes in preliminary significant miRNAs are presented in the
volcano plot. Red dots indicate increased expression (12 preliminary significant miRNAs), and blue
dots indicate decreased expression (18 preliminary significant miRNAs). Larger font indicates the
following 3 significant DEmiRNAs: hsa-miR-9-5p, hsa-miR-3-5p, and hsa-miR-129-5p.

2.3. DE-miRNAs Validation

We performed the validation of the following three significantly downregulated
DEmiRNAs from NGS statistical analysis: miR-9-3p, miR-9-5p, and miR-129-5p (Figure 4).
The levels of miR-9-3p and miR-9-5p significantly decreased between day 10 and day 1
after stroke. However, the miR-129-5p level did not reach statistical significance.
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Figure 4. Expression level of DEmiRNAs according to Livak’s method. (A) Histogram representing
the fold change, 2−∆∆Ct, for validated miRNAs. (B,C) Dot plots representing individual values for
miR-9-3p and miR-9-5p, the level of which was significantly different between day 10 (turquoise
dots) and day 1 (magenta dots) (normalized against UniSp6). ∆Ct = Ct (target miRNA) − Ct (control
miRNA); ** p-value < 0.01 (one sample t-test, µ = 1), miR-9-3p p-value = 0.0087 and miR-9-5p
p-value = 0.0046.

The results of the Spearman correlation are presented in Figure 5. We did not find any
significant correlation between the level of miR-9-3p (r = −0.13) or miR-9-5p (r = −0.15)
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on day 10 after stroke occurrence and the patient’s functional status on day 90 following a
stroke as per the mRS scale [14].
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Figure 5. The Spearman correlation between the levels of miRNA on the 10th day after a stroke
and the patient’s functional outcome on day 90, where red dots present data for patients with bad
functional outcomes based on the mRS (3–6) and blue dots present data for patients with good
functional outcomes based on mRS (0–2). (A) hsa-miRNA-9-3p (Spearman, r = −0.13); (B) hsa-miR-9-
5p (Spearman, r = −0.15).

2.4. miRNA Target Prediction for DEmiRNAs

Based on the target prediction analysis in the MSigDB database, we distinguished
1117 gene targets affected by DEmiRNAs [15]. Then, we restricted the number of targets
to those shared between DEmiRNAs (Figure 6). For hsa-miR-9-5p and hsa-miR-9-3p, we
found the following 32 common targets: ACOT7, ATP11A, C21orf91, CAPZA1, CCSER2,
CPEB3, DCBLD2, DCUN1D4, DR1, ENPEP, FAM126B, FAM91A1, FOXG1, HIC2, HIPK3,
ICMT, ID4, IGF2BP3, KITLG, MAP3K1, MFSD14A, MICAL2, ONECUT1, ONECUT2,
POU2F1, POU3F2, PRTG, REST, SMARCE1, TGFBR2, ZBTB41, ZDHHC21. The hsa-miR-
129-5p and hsa-miR-9-3p shared the following 22 common targets: ACSL4, AUTS2, BICD2,
HAPLN1, HIPK2, IFT80, IGF1, MINAR1, NEXMIF, NRXN1, PIK3R1, SCAI, SESTD1, SOX4,
STIM2, TENT4B, VASH2, WNK3, YIPF5, ZFHX3, ZNF281, ZNF704. Hsa-miR-129-5p
and hsa-miR-9-5p shared 23 common targets: AMMECR1, ARID1B, CHMP2B, CLOCK,
DSE, FRYL, GALNT1, HIPK1, LMNA, NFIC, PAK3, PDE12, PGRMC2, POU2F2, PSD3,
PWWP3B, RBMS3, SBNO1, TENM1, UBASH3B, UNC80, VGLL4, ZBTB20). Hsa-miR-9-3p,
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hsa-miR-9-5p, and hsa-miR-129-5p shared the following four common targets: CREB5,
OTUD7B, PCDH7, and PHIP. For further DEmiRNA gene target analysis, we chose four
common targets, CREB5, OTUD7B, PCDH7, and PHIP, because gene co-targeting analyses
show that miRNAs synergistically regulate cohorts of genes that participate in similar
processes [15,16].
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Figure 6. DEmiRNA ETs. The Venn diagram presents the ETs selected for DEmiRNAs. Targets shared
by miR-9-5p and miR-129-5p, miR-9-3p and miR-129-5p, and miR-9-3p and miR-9-5p are shown in
green-, orange-, and purple-framed boxes, respectively. Targets shared by miR-9-3p, miR-9-5p, and
miR-129-5p are presented in a black-framed box.

Given the large absolute values of DEmiRNA fold changes and their impact on previ-
ously mentioned targets, we used all targets in the enrichment analysis.

2.5. Pathway Enrichment for DEmiRNAs’ Targets Based on GO, HALLMARK, KEGG, and
PANTHER Databases

Analysis using the GO database showed that the ETs and DEmiRNAs were enriched in
biological processes (BP), including cellular component (CC) morphogenesis, cell morpho-
genesis, neuron development, neuron differentiation, the generation of neurons, cellular
responses to endogenous stimulus, and neurogenesis pathways (Figure 7A). Enrichment re-
sults identified up to 180 genes affected in these signaling pathways due to the DEmiRNAs.
For CCs, the ETs were enriched in the transcription regulator complex, the perinuclear
region of cytoplasm, and cell body pathways with up to 130 genes affected by DEmiRNAs
(Figure 7B). We observed the effect of DEmiRNAs on their targets in the synaptic membrane,
the neuronal cell body, the axon, and the post-synapse cellular compartment.
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Figure 7. GO, BP, and CC analyses. (A) GO enrichment analysis of target genes regulated by
significant DEmiRNAs. The diagram presents the top 10 target gene terms in BP pathways. (B) GO
enrichment analysis of target genes regulated by significant miRNAs. The diagram presents the top
10 target gene terms in CC signaling pathways [16].

Pathway enrichment analysis using the HALLMARK database showed that ETs pri-
marily augmented in HALLMARK were the apical surface, protein secretion, UV response
DN (down-regulated genes), apical junction, PI3K AKT MTOR signaling, hypoxia, and mi-
totic spindle pathways. DEmiRNAs’ targets were present within KRAS signaling up (genes
up-regulated by KRAS activation), IL2 STAT5 signaling, and the myogenesis pathways
(Figure 8A).

Pathway enrichment analyses using the KEGG database showed that ETs were ex-
pressed in the longevity-regulating pathway, dilated cardiomyopathy, miRNAs in cancer,
cellular senescence, and signaling pathways regulating the pluripotency of stem cells
(Figure 8B).

Pathway enrichment analysis using the PANTHER database showed DEmiRNA tar-
gets involved in axon guidance mediated by netrin, the p38 MAPK pathway, Ras pathway,
p53 pathway, PDGF signaling pathway, endothelin signaling pathway, integrin signaling
pathway, TGF-beta signaling pathway, and angiogenesis pathway (Figure 8C).
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Figure 8. HALLMARK, KEGG, and PANTHER analyses. (A) The top 10 target gene terms in BP
pathways for the HALLMARK enrichment analysis of target genes regulated by DEmiRNAs. (B) The
top 10 target gene terms in CC pathways for the KEGG enrichment analysis of target genes regulated
by significant miRNAs. (C) The top 10 target gene terms for the PANTHER enrichment analysis of
target genes regulated by significant miRNAs.

2.6. Tissue-Specific Expression Analysis (TSEA) and Cell-Type-Specific Expression
Analysis (CSEA)

TSEA for DEmiRNA targets based on the Human Protein Atlas for pooled targets of
miR-9-3p, miR-9-5p, and miR-129-5p (Figure 9A) demonstrated a fold change value greater
than one in the gallbladder, placenta, cerebral cortex, prostate, adrenal gland, heart muscle,
cervix, uterine and adipose tissue, which referred to weak enrichment. However, the
Benjamin–Hochberg correction only demonstrated significant enrichment in the cerebral
cortex. Although some fold changes for individual DEmiRNA TSEAs are greater than one,
the Benjamini–Hochberg correction showed no significance.
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(B) TSEA for miR-9-3p. (C) TSEA for miR-9-5p. (D) TSEA for miR-129-5p. * The data show significance
(p-value < 0.05) for summed targets of DEmiRNAs for the cerebral cortex; however, no data showed
the significance of TSEA for separate targets of miRNAs.
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The TSEA for targets of DEmiRNAs based on RNA-Seq data from GTEx (Figure 10A)
showed significant enrichment in the nerve, muscle, blood vessels, and adipose tissues.
The p-value suggested a strong association in nerve, muscle, and blood vessel tissues.
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Figure 10. Specific expression analysis. (A) TSEA based on GTEx (http://genetics.wustl.edu/jdlab/
tsea/#, accessed on 6 June 2023). Significant enrichment in nerve, muscle, blood vessels, and adipose
tissues. (B) CSEA based on data from the Brainspan collection (http://genetics.wustl.edu/jdlab/csea-
tool-2/, accessed on 6 June 2023). Significant enrichment in the cerebellum, cortex, and thalamus.

CSEA for human brain cells and DEmiRNA targets (Figure 10B) showed significant
enrichment in the cerebellum, cortex, and thalamus. Enrichment for CSEA was qualified as
significant based on the p-value.

3. Discussion

MT is a recently developed treatment and has been used as a very efficient therapy
for large vessel occlusion stroke. Currently, RT-PA is the main method of treating cerebral
infarction. However, due to the short time window (4.5 h), its application is restricted to
only a limited number of patients receiving thrombolytic therapy. Endovascular treatment
(i.e., MT) increases the recanalization rate of occluded large vessels and prolongs the time
window for stroke intervention (up to 24 h) compared to rt-PA. The biological mechanism
behind its effectiveness has not yet been fully explored. Various miRNAs have been shown
to be elevated or decreased in a stroke. These studies have been mostly advantageous for
the prognosis or diagnosis of strokes, but none of them focused on miRNA relevance in
stroke therapy effectiveness, its role in patient enrollment to a certain type of endovascular
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recanalization treatment, or the patient’s recovery rate. More comprehensive studies
investigating the miRNA profile are needed to evaluate the effects of reperfusion treatment.

The research project presented here aimed to show whether the reperfusion therapy
affected miRNA between the beginning and the end of the acute post-stroke phase, and
we believe our preliminary results help to fill a significant knowledge gap. MiRNAs are a
representative class of non-coding RNA molecules that mediate neurological alterations
before, during, and after an ischemic stroke. Several miRNAs have been proposed as po-
tential biomarkers for ischemic stroke to support the process of stroke risk assessment and
the early detection of the disease [17,18]. However, we know very little about the impact
of therapy on the miRNA profile and recovery prognosis. In this paper, we integrated
preliminary miRNA NGS data from stroke patients after reperfusion treatment with de-
tailed bioinformatics analyses. We identified 30 DEmiRNAs (p < 0.05), but after Bonferroni
correction, we narrowed down the potential DEmiRNAs to the following 3: miR-9-3p,
miR-9-5p, and miR-129-5p. The qRT-PCR validation confirmed the significant downregu-
lation of identified miR-9-3p and miR-9-5p but did not obtain statistical significance for
miR-129-5p. Human studies on serum from stroke patients [19], serum exosomes [20],
or cerebral spinal fluid (CSF) [21] found elevated levels of miR-9-5p in acute ischemic
stroke patients compared to those in healthy individuals. Wang et al. found a pronounced
correlation between miR-9-5p upregulation and poor outcomes in patients after stroke.
Increased miR-9 has been identified as a potential biomarker for diabetes complicated
with stroke [22]. CSF shows elevated levels of miR-9-3p and miR-9-5p after subarachnoid
hemorrhage, and these miRNAs are associated with a poor neurological outcome of de-
layed cerebral ischemia [23]. The analysis of serum from patients after traumatic brain
injury (TBI) [24] revealed increased levels of miR-9-3p after TBI compared to the controls.
Bioinformatic analysis revealed that miR-9-3p was significantly enriched in the brain com-
pared to other tissues in patients with TBI [24]. In another study, elevated serum levels
of exosomal miR-9 were positively correlated with the stroke severity scale and infarct
volume [20]. Beske et al. showed that increased plasma levels of miR-9-3p were associated
with unfavorable neurological outcomes following out-of-hospital cardiac arrest, and they
reported peak levels of miR-9-3p 48 h after cardiac arrest [25]. The temporal analysis of
altered miRNA in human stroke showed that miR-129-5p was upregulated and unique
to the post-stroke recovery period [26]. We believe that the downregulated expression of
miR-9 family members via reperfusion treatment confirms that miR-9-3p and miR-9-5p
may have a functional value. Based on the functional analysis we performed here, we
suggest that reperfusion treatment itself by reducing the levels of miR-9-3p and miR-9-5p
affects the dependent metabolic pathways engaged in neuroprotection and, therefore, may
influence the neuroprotective mechanisms in stroke patients.

Target prediction analysis revealed that DEmiRNAs regulate the following four
common genes: CREB5, OTUD7B, PCDH7, and PHIP. CREB5 is a cyclic AMP (cAMP)-
responsive element binding protein (CREB) that belongs to the family of leucine zipper
transcription factors. CREB5 is specific for brain tissue (white matter) and is expressed in
many regions of the brain, such as the thalamus, basal ganglia, hypothalamus, or medulla
oblongata. Additionally, CREB5 is found in various neuronal cells but mainly in oligoden-
drocytes. In the nervous system, growth factors (e.g., NGF, BDNF), hypoxia, oxidative,
or glutamate stressors trigger the robust phosphorylation of CREB and CRE-mediated
genes in neurons, which regulate a wide range of processes, including the proliferation,
growth, and survival of neuronal precursors, and the synaptic connectivity of developing
neurons [27,28]. The list of CREB target genes includes genes that control neurotransmis-
sion, cell morphology, signal transduction, transcription, and metabolism. Brain damage
in stroke eliminates the somatosensory body map in the brain, and recovery from stroke
involves the reorganization of the surviving cortical areas in adjacent motor and ectopic
somatosensory regions [29–31]. Treadmill exercise improved short-term memory via the
ERK-Akt-CREB-BDNF signaling pathway and resulted in the inhibition of apoptosis in the
hippocampus of ischemia-affected gerbils [32]. CREB takes part in learning and memory
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consolidation through its involvement in adult hippocampal neurogenesis [33]. The down-
regulation of DEmiRNAs by reperfusion treatment may accelerate the CREB-mediated
remapping mechanisms of sensorimotor functions associated with better recovery in hu-
man stroke [34]. Inflammation is another important factor in brain ischemia. Cerebral
ischemic injury and the reperfusion of blood flow cause an inflammatory cascade, includ-
ing oxidative stress, excitotoxicity, inflammatory cell infiltration, and the release of toxic
inflammatory mediators that further contribute to neural tissue damage and cell death.
CREB5 is associated with the immune system, where it plays various roles. CREB primarily
promotes anti-inflammatory immune responses through the inhibition of NF-κB functions,
induction of IL-10, and generation of Tregs. However, depending on the context, these
responses can have a protective or pathogenic effect on the tissue [35]. We found that
CREB5 is enriched in neutrophils, but its detailed function in these cells is still unknown.
Though another member of the CREB family, CREB1 is responsible for neutrophil activa-
tion and pro-inflammatory cytokine production [36]. Neutrophils play a significant role
in post-stroke pathology, where they promote blood–brain barrier disruption, cerebral
edema, cellular injury, and neurological impairment. Anti-neutrophil therapy targets neu-
trophil activation, recruitment, and adhesion, as well as the release of proteases, ROS, and
cytokines. However, early human studies face challenges, suggesting that the selective
targeting of neutrophils may be required [37,38]. Several properties of neutrophils are
protective, and thus, their antimicrobial, anti-inflammatory, and neuroprotective functions
may be important to preserve tissue remodeling and repair during nerve cell recovery [39]
in patients with stroke [40].

The next DEmiRNA target we discovered was the OUT domain-containing 7B (OTUD7B),
called Cezanne, as a multifunctional deubiquitylate [41]. OTUD7B plays a diverse role
in cancer and vascular diseases. Similarly, OTUD7B controls many important signaling
pathways, including the inhibition of the NF-KB-mediated inflammatory response and
restraining pro-inflammatory transcription in response to TNF receptor (TNFR) signal-
ing [42,43]. In cardiovascular research, Cezanne has been implicated in scar formation, cell
survival, the regulation of hypoxia, arterial remodeling, and neovascularization [44]. In the
penumbra region, many neurons undergo reversible degeneration because of the supply
of collateral circulation. This process provides the possibility to rescue the neurons and
neurovascular unit via reperfusion treatment. The immediate restoration of local blood
flow promotes the formation of new blood vessels in the ischemic region, which is not only
necessary to rescue degenerated neurons but also provides a good microenvironment for
neural stem cell survival, proliferation, and remodeling for functional repair. However, not
much is known about the role of Cezanne in cerebral ischemic injury. Recently, Cheng et al.
investigated the role of Cezanne-SIRT6-DNA DSB signaling pathways in I/R-induced is-
chemic brain injury in rats. The inhibition of Cezanne increased SIRT6 levels and conferred
neuroprotection after cerebral ischemia injury in rats and in cultured neurons after OGD
insult [45]. However, clinical research data showed that the prognosis of patients with a
high density of new capillaries in the brain region affected by cerebral ischemia injury is
significantly better than that of patients with a low density of new capillaries [46].

In the penumbra region, many neurons undergo reversible degeneration because of the
supply of collateral circulation. This process provides the possibility to rescue the neurons
and neurovascular unit by reperfusion treatment. The immediate restoration of local blood
flow promotes the formation of new blood vessels in the ischemic region, which is not
only necessary to rescue degenerated neurons but also provides a good microenvironment
for neural stem cell survival, proliferation, and remodeling for functional repair. The
prognosis of patients with a high density of new capillaries in the brain region affected by
cerebral ischemia injury is significantly better than that of patients with a low density of
new capillaries [46].

Another DEmiRNA target was PCDH7, which belongs to the non-clustered proto-
cadherin PCDHδ1 subfamily and is termed brain–heart (BH)-protocadherin due to its
predominant expression in the brain and heart [47]. In the brain, PCDH7 is produced in
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neurons and astrocytes [48], where it modulates axon/dendrite morphology. At the molec-
ular level, PCDH7 is present in the excitatory synaptic cleft [49–53]. Although most studies
on PCDH7 have focused on its role in cancer [50], some studies in recent years have linked
PCDH7 to central nervous system disorders [53]. MeCP2 binds to the promoter region
of PCDH7 and downregulates its mRNA level, suggesting that the dysregulation of these
molecules may be related to the neuronal and synaptic dysfunction observed in the brains
of patients with Rett syndrome [54]. Genome-wide association studies have linked PCDH7
to epilepsy, shorter sleep [55], and antipsychotic treatment responses in schizophrenic
patients [56]. In hypertensive African Americans who suffer from a higher stroke burden
due to hypertension, PCDH7 is a plausible genetic determinant for stroke incidence [57].

The last target of DEmiRNA identified in this study was the PHIP gene, which en-
codes the pleckstrin homology domain interacting protein, which is involved in multiple
biological processes, including cancer pathogenesis [58–60], cell cycle control [61] and
metabolism [62]. Studies on PHIP-mutant mice [63] and mouse embryonic stem cells
demonstrated that PHIP is dispensable for neurogenesis but is essential for postnatal
growth and survival. However, PHIP’s chromatin binding is disrupted in neurodevelop-
mental disorders [64]. Loss-of-function mutations in the PHIP gene are associated with the
neurodevelopmental disorder Chung–Jansen syndrome [65], which includes dysmorphic
features, cognitive dysfunction, aberrant behavior, childhood-onset obesity, and severe
childhood obesity related to the inhibition of pro-opiomelanocortin (POMC) expression: a
neuropeptide that suppresses appetite [62].

Further tissue (TSEA) and cell (CSEA) enrichment analyses demonstrated that DEM
targets are specific to brain cells in the cerebellum, cortex, and thalamus. The GO analysis
of BPs and CCs revealed that targets were involved in neurogenesis (e.g., the generation of
neurons) and neuronal differentiation (e.g., CC morphogenesis and neuron development).
Analyses performed using the HALLMARK and PANTHER databases are consistent with
stroke pathology. HALLMARK showed significant enrichment for DEmiRNAs in several
pathways, including hypoxia [66], inflammation [67] (HALLMARK: Interleukin 2 STAT 5 sig-
naling), the blood–brain barrier [68] (HALLMARK: apical surface, apical junction), cell growth
and metabolism [69] (HALLMARK: PI3K AKT mTOR signaling), and cell proliferation [70]
(HALLMARK: Mitotic spindle). PANTHER scores overlapped some of the above-mentioned
metabolic pathways discovered in the GO and HALLMARK databases (e.g., axon guidance
mediated by netrin). Several enrichment scores were similar for the PANTHER, GO, and
HALLMARK databases, including the p38 MAPK pathway [71], RAS pathway [72], p53
pathway [73], PDGF signaling pathway [74], endothelin signaling pathway [75], integrin
signaling pathway [76], TGF-beta signaling pathway, and angiogenesis [77].

KEGG enrichment analyses for DE genes revealed significant metabolic pathways
related to longevity-regulating signaling pathways, which encompass genes regulating
autophagy, mitochondrial activity, or oxidative stress and may trigger cellular senescence
pathways, leading to irreversible cellular arrest. Conversely, DE genes retain the potential
for self-renewal and differentiation by activating pathways that regulate stem cell pluripo-
tency, focal adhesion, and the actin cytoskeleton in the nervous system. The prevailing
conclusion is that stroke is a polygenic condition. Reperfusion treatment affected the
miRNA profile of stroke patients and elicited the expression of targets commonly associ-
ated with dilated cardiomyopathy, cancer (hepatocellular carcinoma and gastric cancer),
and human T-cell leukemia virus 1. These diseases are risk factors for stroke and indi-
cators of poor post-stroke outcomes. Cardiomyopathy, associated with the macro- and
microstructural remodeling of the heart cavities, affects systemic hemodynamic factors
and could be the source of systemic embolism. Neoplasm disease is associated with a
pro-thrombotic state and is one of the leading causes of embolic stroke. The association
between brain ischemia and cancer is multifactorial and bidirectional. Furthermore, the
mechanism of brain ischemia in cancer patients may be polyetiological. Tumors can re-
lease circulating microparticles into the bloodstream and increase the concentration of
procoagulant factors, including factor X. Tumors can release mucins that activate platelets
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and endothelial cells through the binding of P- and L-selectin [78]. Cancers stimulate
neutrophils to release de-condensed chromatin, forming neutrophil extracellular traps
(NETs), which promote inflammation and thrombosis [79]. In particular, brain tumors
can overexpress podoplanin, which is a transmembrane sialoglycoprotein and a potent
activator of platelet aggregation [80].

Limitations

Our study has a few limitations. First, the limited number of patients (total n = 43)
and the small group size of the validated group (n = 38) could be responsible for the non-
significant outcome for miR-129-5p or lack of correlation between the levels of miRNAs on
day 10 and the patient’s functional outcome on day 90 in the mRS scale. The individual
variations in patients, like the patient’s medication dosage, economic situation, rehabilita-
tion, and the patient’s mental condition between day 10 and day 90 may significantly affect
the functional outcome evaluation on day 90. As a result, it may mask the biological effect
of tested miRNA on the patient’s functional outcome in the presented preliminary study.
Therefore, further studies should be performed on a bigger cohort of patients, together with
subgrouping patients according to their TICI (thrombolysis in cerebral infraction) scores.
Second, the target estimation research was based on the recently published data package
but did not include the most recent studies. The estimated targets for miRNA 9-3p and
miR9-5p were enriched by the analysis of the OMIC databases and need further in situ
revalidation. Therefore, further investigations are needed to demonstrate the importance
of reperfusion treatment for molecular processes in ischemic cerebral tissue.

4. Materials and Methods

This study included patients hospitalized in the Upper Silesian Medical Center of
the Silesian Medical University in Katowice between 2020 and 2022 due to stroke. The
patients suffered from an ischemic stroke due to large vessel occlusion and were treated
with reperfusion treatment within six hours of ischemic stroke onset.

4.1. Study Population

During the study period, 443 stroke patients were treated with reperfusion therapy
(MT and/or RT-PA) at our Comprehensive Stroke Center. Among these patients, we
selected a group of 63 individuals. Based on the inclusion criteria, we initially included
31 patients in the study and finally qualified 5 patients for the NGS study (Table 1). Later,
we qualified an additional 38 patients for the RT-qPCR study (Table 2).

Inclusion criteria are as follows: (1) 50–85 years of age, (2) patient’s first ever symp-
tomatic ischemic stroke diagnosed according to the WHO definition and head CT and/or
MRI result, (3) informed consent to participate in the study (with limitations in verbalizing
their consent, a written declaration was provided by two people: a family representa-
tive and/or staff member uninvolved in the study’s course), (4) a pre-stroke status of
0–2 mRankin, (5) no history of intracranial hemorrhage and no other severe and/or dis-
abling neurological disorders, and (6) the onset of symptoms up to 24 h prior to study
enrollment. Exclusion criteria are as follows: (1) hemorrhagic transformation of stroke
lesion, (2) pregnancy, (3) alcohol abuse/chronic use of a psychostimulant, (4) chronic in-
fection/active neoplastic disease, (5) brain tumor, (6) history of a transient ischemic attack
(TIA) or stroke, (7) renal/hepatic failure, or (8) surgery in the last three months. Table 1
summarizes the characteristics of the patients included in the study.

4.2. Sampling of Serum

Blood samples (5 mL) were collected twice from each patient by venipuncture into serum
separator tubes (BD) on days 1 and 10 after the stroke’s onset. After incubation at room
temperature for 30–45 min to allow clotting, the samples were then centrifuged at 1940× g
for 10 min at room temperature. The supernatant was collected and pipetted into aliquots
(500 µL). The samples were stored at –80 ◦C until further NGS and qRT-PCR analyses.
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4.3. Library Preparation and Sequencing of miRNA/Small RNA-Seq from Serum

The Exiqon Genomics Services performed RNA extraction from the serum and small
RNA sequencing (Hilden, Germany; n = 5). For 5 patients, 2 samples of 500 µL serum
aliquot tubes (10 in total) were shipped to the Qiagen center (Hilden, Germany). The
qPCR assay evaluated the quality of the tested samples. First, the expression levels of
the samples were tested to see if the miRNA expressions were within the expected range
for the miRNA content (hsa-miR-103a-3p, hsa-miR-191-5p, hsa-miR-451a, hsa-miR-23a-3p,
and hsa-miR-30c-5p miRNAs are expressed in biofluids such as serum and plasma). The
samples were then screened for the inhibition of enzymatic reactions (spike in control
UniSp6) and potential hemolysis (miR23a-miR451a) [81]. The expression levels of the
samples were within the expected range of miRNA content, and no inhibition or hemolysis
was observed. The preparation of the small RNA library was then performed using the
QIASeq miRNA library kit, including unique molecular identifiers (UMIs) for Illumina NGS
systems (performed at the Qiagen center, Hilden, Germany). The single-end sequencing of
75 bp reads (50 bp in target and 25 bp for UMIs) was performed at a depth of 20 M, with
one sample/lane in the Illumina Next-Seq 550.

4.4. Quantification of miRNAs and Differential Expression Analysis of miRNA

The raw fastq files acquired from small RNA-Seq were first manually inspected with
FastQC (v. 0.11.3) to check the overall quality of the sequencing data. The fastq files
were then uploaded to the Qiagen Geneglobe data analysis center (DAC), which is the
web platform to analyze data from Qiagen’s QIASeq NGS library kits (https://geneglobe.
qiagen.com/in/analyze/ (accessed on 15 September 2019). The primary quantification of
read counts in the DAC was performed through the following three steps: (i) trimming
the 3′-adapter and low-quality bases using cutadapt, (ii) identifying the insert sequences
and UMIs (reads with <16 bp insert sequences or <10 bp UMI sequences were discarded),
and (iii) aligning the processed reads to the human reference genome GRCh38 with a
sequential alignment strategy using bowtie (with a perfect match to miRBase mature,
miRBase hairpin, non-coding RNA, mRNA, and other RNAs, and ultimately a second
mapping to miRBase mature, where up to 2 mismatches were tolerated). The annotation of
miRNAs was performed with miRBase (v. 21). After primary quantification, we performed
a differential expression analysis for miRNAs with DESeq2 (v. 1.22.2) in the R environment
(v. 3.5.3). Data were visualized with R (v. 3.5.3). The mean expression levels were used for
subsequent analysis. Preliminary statistical analysis was performed using the ‘Exact Test’
for two group comparisons [82]. Group 1 comprised samples acquired from patients on
their 1st day (<24 h) after stroke, and group 2’s samples were from the same patients on
the 10th day after reperfusion treatment. Sample description denoted the time of sample
collection. An odd number signified that the sample was collected on day 1 after the stroke,
and even-numbered samples were collected on day 10. We selected preliminarily significant
miRNAs based on the ‘Exact Test’ (p < 0.05) and excluded the miRNAs that did not present
a change in the mean expression level (the fold change for miRNAs was equal to 0) from
further analysis. We conducted additional statistical tests on the remaining data with the
Bonferroni test (p-adjusted < 0.01). Further analysis was performed on miRNAs that met
the criteria of the Bonferroni correction (DEmiRNAs).

4.5. DE-miRNAs Validaton

Total miRNA was extracted from serum plasma samples of 38 stroke patients treated
with reperfusion treatment using the GeneMATRIX Universal RNA/miRNA Purification
Kit (E3599; EURx) according to the product’s instructions. The synthesis of cDNA was
performed using the miRCURY LNA RT Kit (339340; Qiagen) with a total reaction volume
of 10 µL, including 0.5 µL of UniSp6 and 10 ng/µL of miRNA. The expression level of
DE-miRNAs was detected using RT PCR Mix SYBR (2008; A&A Biotechnology, Gdańsk,
Poland), with cDNA as a template and the miRCURY LNA miRNA PCR assay. The mix
reaction contained 6 µL of cDNA, 7 µL of SYBR Green, 1 µL of the primer (Table 3), and
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1 µL of ddH2O. A 2-step cycling qPCR protocol (95 ◦C for 2 min followed by 60 cycles
at 95 ◦C for 10 s and 56 ◦C for 60 s) was conducted using the CFX Opus 96 Real-Time
PCR System (Bio-Rad, Hercules, CA, USA). The relative expression of each miRNA was
normalized to UniSP6 by a relative quantitative method. The miRNA primer sequence is
presented in Table 3.

Table 3. miR-9-3p, miR-9-5p, miR-129-5p primer sequences.

miRNA Sequence

miR-9-3p 5′AUAAAGCUAGAUAACCGAAAGU

miR-9-5p 5′UCUUUGGUUAUCUAGCUGUAUGA

miR-129-5p 5′CUUUUUGCGGUCUGGGCUUGC

miRNA levels were measured relative to UniSp6 levels, which served as an internal
control. Relative miRNA levels were calculated using the comparative Ct method and
expressed using the Livak method as fold changes relative to control samples [83]. Next,
we used one sample t-test (µ = 1) to assess the statistical significance of 2−∆∆Ct values.
Differences at p < 0.05 were considered to be statistically significant.

Additionally, we performed the Spearman correlation between the level of miR-9-3p or
miR-9-5p and the functional status on day 90 following stroke as per the modified Rankin
Scale (mRS) [14].

4.6. Target Estimation Based on NGS Analysis and Enrichment Analysis

Based on the DEmiRNAs, we performed the target estimation [84]. First, we created a
list of DEmiRNA targets using the molecular signatures database (MsigDB, category = “C3”,
subcategory = “MIR: MIRDB”) (v. 7.5.1) [85,86]. To assess the number of individual and
shared targets for DEmiRNAs, a Venn diagram was constructed [87].

Assuming that the DEmiRNA targets were significant, we performed an enrich-
ment analysis (ShinyGO 0.80) for which we used HALLMARK [82,88], Gene Ontology
(GO) [89,90], the Protein Analysis Through Evolutionary Relationships (PANTHER) classi-
fication system [88,89], and the Kyoto Encyclopedia of Genes and Genomes (KEGG) [91,92]
databases. The p-value for the enrichment analysis was calculated by comparing the ob-
served frequency of an annotation term with the frequency expected by chance [93]. The
cut-off for significant pathways affected by targets of DEmiRNAs was set at p < 0.05 [82,88].
In the following evaluation, a fold change greater than or equal to 2 was assumed to be
significant, according to Fold-Change-Specific Enrichment Analysis (FSEA) [94].

4.7. Tissue-Specific Expression Analysis (TSEA) and Cell-Type-Specific Expression
Analysis (CSEA)

In addition to enrichment through the HALLMARK, KEGG, PANTHER, and GO
databases, we performed the tissue-specific analysis of DEmiRNAs targets based on the
Human Protein Atlas and Genotype-Tissue Expression (GTEx) projects. First, we used
RNA-seq data from the Human Protein Atlas project for tissue enrichment [95]. Second,
we used GTEx to perform tissue-specific expression analysis (TSEA), where the list of
targets affected by DEmiRNAs [96,97] was checked for overlapping transcripts enriched in
a particular tissue using Fisher’s Exact Test with a Benjamini–Hochberg correction.

To find cell populations likely to be affected by altered DEmiRNA levels in the adult
human brain, we performed cell-type-specific expression analysis (CSEA). In this analysis,
we used data from the Brainspan collection to indicate transcripts enriched in specific
regions of the human brain [98].

The interpretation of TSEA and CSEA plots is given as follows (): the dendrogram
skeleton depicts an approximation of the hierarchical clustering of tissues based on gene
expression. The size of the outer hexagon is proportional to the number of transcripts
enriched in a particular tissue at the least stringent threshold of pSI < 0.05. The size of the
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concentric hexagons is proportional to the number of transcripts enriched in a particular
tissue at the more stringent threshold (0.001, 0.001, 0.0001 from the outermost to the
innermost). A heatmap color scheme is added at the appropriate hexagon to depict the
significance of Fisher’s Exact Test. Note that any significance in the outermost hexagon is
hashed to reflect that the transcript lists are less specific at this threshold [99].

5. Conclusions

We discovered a significant decrease in hsa-miR-9-3p and hsa-miR-9-5p expression
during the acute phase of stroke in patients treated with reperfusion treatment. Bioinfor-
matic analysis showed that the negative regulation of hsa-miR-9-3p and hsa-miR-9-5p can
promote neuroregeneration in treated stroke patients. Thus, we believe our data advances
knowledge on the biological mechanism behind the efficacy of reperfusion treatment and
points to the miRNA involved in reperfusion treatment efficacy as well as their target genes
CREB5, OTUD7B, PCDH7, and PHIP, and proteins encoded by these target genes in the
neuroprotective role of reperfusion treatment in stroke treatment. Our findings respond to
the urgent need to further investigate the significance of miRNA in the development of a
treatment strategy for acute stroke intervention.
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Abstract: Oxidative stress (OS) and inflammation are two important and well-studied pathological
hallmarks of neurodegenerative diseases (NDDs). Due to elevated oxygen consumption, the high
presence of easily oxidizable polyunsaturated fatty acids and the weak antioxidant defenses, the brain
is particularly vulnerable to oxidative injury. Uncertainty exists over whether these deficits contribute
to the development of NDDs or are solely a consequence of neuronal degeneration. Furthermore,
these two pathological hallmarks are linked, and it is known that OS can affect the inflammatory
response. In this review, we will overview the last findings about these two pathways in the principal
NDDs. Moreover, we will focus more in depth on amyotrophic lateral sclerosis (ALS) to understand
how anti-inflammatory and antioxidants drugs have been used for the treatment of this still incurable
motor neuron (MN) disease. Finally, we will analyze the principal past and actual clinical trials and
the future perspectives in the study of these two pathological mechanisms.

Keywords: oxidative stress; neurodegenerative diseases; amyotrophic lateral sclerosis; reactive
oxygen species; inflammation

1. Introduction

Neurodegenerative diseases (NDDs) are a group of age-related disorders, which cause
the death of neural cells of specific types [1]. They are more common in the community as the
average age of the population rises, becoming a serious worldwide diffuse health problem [2].
Annual incidence rates of NDDs are typically approximated at 10 to 15 per 100,000 people
worldwide [3]. The diagnosis of NDDs is challenging because of the variety of clinical signs
and symptoms and it is frequently only confirmed with a neuropathological investigation
following the patient’s passing [4]. Despite their various symptoms, due to the distinct cell
types and areas of the nervous system affected, they all manifest in two forms, a familial form
and a sporadic one, not correlated with a familial history of the disease [1]. They share many
pathological processes, including dysfunctions in the autophagosomal, ubiquitin/proteasomal,
and lysosomal systems, proteins misfolding, and their aggregation. Moreover, they are all
characterized by oxidative stress (OS) and neuroinflammation [5–7]. In this review, we will
focus on the most common NDDs, Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS), as well as on the role
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of OS and neuroinflammation in these diseases. Furthermore, we will dig deeper into ALS
and the use of antioxidant and anti-inflammatory drugs in its therapy.

2. Oxidative Stress

The term OS was first formulated in 1985 [8] and refers to an imbalance between
oxidants and antioxidants in a biological system, either because of the presence of elevated
levels of reactive oxygen species (ROS) or due to a deficient function of the antioxidant
system [6]. In a metabolic system there is a redox balance: physiological deviations from
this balance are referred to as “oxidative eustress”, whereas non-physiological deviations
are defined as “oxidative distress” [9]. Although oxygen is essential for human life, because
of its structure and the presence of two unpaired electrons, it has the tendency to form
radicals, including ROS. ROS are a class of oxygen-derived reactive molecules with a short-
term life and a high reactivity [6] and include superoxide anions (O2−), hydroxyl radical
(OH), hydrogen peroxide (H2O2), nitric oxide (NO), and lipid radicals [10]. ROS can have
both an exogenous and an endogenous production. Exogenous sources include specific
pharmaceuticals, ionizing radiations, and the metabolism of environmental chemicals,
whereas endogenous sources are mitochondrial or non-mitochondrial ROS-developing en-
zymes [11]. In healthy cells, more than 90% of ROS are produced when an electron escapes
from the electron transport chain in mitochondria and attaches to oxygen, whereas 10%
of ROS are produced by enzymes, including dihydroorotate dehydrogenase, monoamine
oxidase, and nicotinamide adenine dinucleotide phosphate oxidase [12,13]. Due to elevated
oxygen consumption, in the brain, there is a high production of ROS, mainly due to electron
transport chain complex 1, which contributes to the neurodegeneration of cells modulating
important biomolecules, including DNA, RNA, proteins, lipids, and pathways, such as
nucleic acid oxidation and lipid peroxidation [6]. Moreover, it was widely demonstrated
that ROS can damage mitochondria affecting their proteins, lipids, and DNA, hampering
their functions and leading to various diseases [14–16]. In complex organisms, such as
humans, lipid and protein oxidation are more relevant than DNA oxidation, especially
regarding NDDs, in which oxidized proteins acquire a toxic function and aggregate [13].
Also noteworthy is the nitrosative stress, which refers to combined biochemical reactions of
NO and O2−, with the production of peroxynitrite anions. Peroxynitrite anions, in turn, can
lead to the nitration of proteins, lipids, and DNA, affecting the enzyme activity of mitochon-
dria and finally causing cell death [17]. It was widely demonstrated that nitrosative stress
is associated with OS, inasmuch that some ROS involved in OS act also in the formation
and scavenging pathways of nitrogen species. The combination of both OS and nitrosative
stress is involved in many different pathologies, including NDDs [18].

There are many different mechanisms, both enzymatic and non-enzymatic, involved in
the protection of the organism from the effects of ROS. The principal enzymatic antioxidants
include the following: catalase, which is involved in the conversion of H2O2 to water and
oxygen, using manganese or iron as cofactors; superoxide dismutases, which convert
reactive O2− to less reactive H2O2 and oxygen; and glutathione peroxidase, which allows
for the reduction of H2O2 and lipid peroxides. Besides that, non-enzymatic antioxidants
include thioredoxin; glutathione; vitamins A, E, and C; flavonoids; proteins; and trace
elements [19–21] (Figure 1).

Numerous studies pointed out that OS-induced damages are key factors in the aging
process and, consequently, in the development of NDDs. Various mitochondrial DNA
deletions and a decrease in the number of antioxidants have been found in elderly in-
dividuals [22–25]. For these reasons, it is evident that treatments using antioxidants are
fundamental to act against OS in mitochondria. To maintain mitochondrial homeostasis,
drugs should accumulate in the mitochondria and interact with their targets. Conventional
antioxidants do not accumulate in disease mitochondria, but in recent years, mitochondria-
targeted antioxidant (MTA) compounds have been developed [26,27]. These compounds
are antioxidant molecules conjugated with a carrier, such as triphenylphosphonium (TPP),
which allows for the transport of antioxidants through cellular membranes, thanks to its
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lipophilicity [28]. They act by interrupting the intramitochondrial cascade caused by OS
and lead to apoptosis [27].
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Figure 1. Redox balance and imbalance in organisms. (a) The redox balance in living organisms
is maintained by the equilibrium between reactive oxygen species (ROS) levels and the action
of antioxidants. O2− = superoxide anions, OH = hydroxyl radical, H2O2 = hydrogen peroxide,
NO = nitric oxide, MTA = mitochondria-targeted antioxidant. (b) Moreover, both physiological
and non-physiological deviations in ROS levels could occur leading to oxidative eustress and ox-
idative distress, respectively. Oxidative distress causes lipid and protein oxidation, DNA damage,
mitochondria damage and finally cellular death (figure created with Biorender.com accessed on 28
January 2024).

Different studies have demonstrated that the treatment using MTA compounds has
beneficial effects against mitochondria OS. Among them, mitoquinone, resulted from the
conjugation of a triphenylphosphonium carrier and a modified ubiquinone, is the most
known, inasmuch as it acts in the scavenging of ROS in the mitochondria and remains
active for a long time [29]. MitoVitE, derived from the conjugation of TPP and α-tocopherol,
a type of vitamin E, acts by counteracting lipid peroxidation, protecting mitochondria and
cells from OS and reducing apoptosis [29,30]. Finally, MitoTEMPO, composed of (2,2,6,6-
Tetramethylpiperidin-1-yl)oxyl and TPP, acts by converting mitochondrial superoxide into
water [31].

A valide alternative to TPP-targeting is the encapsulation of antioxidants in lipo-
somes. Liposome-encapsulated antioxidants allow for the delivery of antioxidants, such as
quercetin, N-acetyl-L-cysteine, and vitamin E, without altering their structures and bioac-
tivity. They enter the cells via micropinocytosis, fusing with the mitochondrial membrane
and releasing the antioxidants [26].

3. Neuroinflammation

Inflammation is the response of the immune system to adverse factors, including
pathogens and toxic molecules. Normally, the inflammatory response acts as a defense
mechanism to restore tissue homeostasis. When the tissue is injured, a chemical signaling
cascade occurs, activating leukocyte chemotaxis at the site of injury. Leukocytes produce
cytokines and induce the inflammatory response, characterized by swelling, heat, redness,
pain, and a loss of tissue function [32,33]. It is a complex mechanism with the involvement
of different cell types, including macrophages, monocytes, lymphocytes, and mast cells [34].
The inflammation resolution process occurs with a cessation of neutrophils’ action and
with a reduction in cytokines’ gradient [32,35]. When immediate inflammatory responses
to tissue injury are ineffective, chronic inflammation rises [36].

The term neuroinflammation refers to the inflammatory response in the brain and
it is one of the main characteristics of NDDs. It could be defined as the inflammatory
response to factors that cause a change in the homeostasis in the central nervous system
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(CNS) [13]. It was widely demonstrated that the inflammatory response in the brain can
cause cell injury and increase the blood–brain barrier permeability, leading to a decrease
in its protective role [32]. In brain diseases characterized by inflammation, there is the
activation of the brain’s immune cells and microglia, which form the primary innate
immunity of brain, with the consequent activation of inflammatory mediators, including
cytokines, chemokines, secondary messengers, and ROS [37–39]. Moreover, microglia
undergo cytoskeletal modifications and changes in receptors’ expression, which allow for its
migration toward sites of injury [40]. Curiously, CNS protection and host-organism benefits
are the goals of microglial activation and of increased cytokine expression, which are
also important for processes such as synaptic pruning and memory consolidation [41–45].
However, persistent, excessive, or amplified microglial activation can result in significant
pathogenic alterations [40]. Moreover, it was observed that astrocytes play a critical role in
the infiltration of CNS by leukocytes, represented mainly by lymphocytes and mononuclear
phagocytes [46].

The inflammatory process is directly linked with OS. ROS can promote the expression
of pro-inflammatory genes and, simultaneously, neuroinflammation can stimulate ROS
production. In a physiological condition, in which redox balance occurs, the inflammatory
response acts as a defense mechanism. On the contrary, under pathological conditions, the
redox imbalance causes the activation of inflammatory mechanisms, leading to the secretion
of pro-inflammatory molecules and of neoepitopes [46,47]. In parallel, pro-inflammatory
cytokines, including interleukines (interleukin 1β and interleukin 6), interferons, and tumor
necrosis factor, induce the generation of ROS in non-phagocytic cells, principally by the
activation of NADPH oxidase (NOX) [46].

Both OS and inflammation are involved in NDDs’ pathogenesis, causing common and
different manifestations Their involvement is synthesized in Figure 2 and will be discussed
in the next paragraphs.
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Figure 2. Clinical manifestations of OS and inflammation in four different neurodegenerative diseases
(NDDs): Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS) (figure created with Biorender.com accessed on 28 January 2024).

4. Oxidative Stress and Inflammation in AD, PD, and HD

AD is the most common type of dementia and it is caused by the loss of cognitive and
behavioral capacities, due to the death of neurons of the neocortex, enthorinal cortex, and
hippocampus [48]. It is characterized by the accumulation of neurotoxic beta-amyloid (Aβ)
oligomer peptides and of tau protein, which causes neuroinflammation, neurotransmitter
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imbalance, dendritic alterations, and synaptic impairments, all linked to the neurodegenera-
tion [6]. Numerous studies have reported that OS induced by the accumulation of toxic Aβ

peptides causes lipids, proteins, and DNA oxidation. Accumulation of Aβ plaques causes
different damages, including the disruption of the electron transport chain via cytochrome
oxidase inhibition, inevitably leading to OS [48–51]. Moreover, decreased levels of antioxi-
dant enzymes were found in AD patients [52,53]. An important role of biometals, such as
zinc, iron, and copper, was widely demonstrated in AD neurodegeneration, inasmuch as
they have been frequently found in Aβ plaques. This causes a deficiency of such metals,
important cofactors for antioxidant enzymes in brain cells [54–56]. Moreover, Cu2+ and
Zn2+ can bind peptides causing a redox reaction and leading to the production of ROS [57].

Numerous clinical trials have focused on the association between AD and OS, studying
the effects of fatty acid supplementation, with some beneficial effects, most of all in cognitive
assessment [58–60]. For example, it was demonstrated that eicosapentaenoic and docosa-
hexaenoic acids have antioxidant, anti-apoptotic, anti-inflammatory, and neurotrophic
properties, enhancing nerve growth factor levels and improving cognitive function [60].

Various studies have demonstrated that AD is characterized by a chronic pro-inflammatory
condition in the brain, including both astro- and microgliosis. Aβ-associated depositions
cause an increase in pro-inflammatory cytokines’ production by microglia, and, in turn,
systemic inflammation enhances β-amyloid generation in the brain [61–63]. Moreover, it
was recently demonstrated that cytokines produced by microglia, including interleukin
1α, tumor necrosis factor α, and complement component C1q, activate reactive astro-
cytes involved in neuronal death. Neuroinflammation might prime microglia for such
activation [64].

PD is a NDD characterized by the loss of midbrain dopaminergic neurons of the
substantia nigra pars compacta, causing a reduction of the dopaminergic input to basal
ganglia and a hyperactivation of the cholinergic one. The aberrant activation of these
pathways contributes to difficulties in memory and learning, and, above all, to the loss of
control in motor functions [65].

OS and the overproduction of ROS are important factors involved in degeneration of
dopaminergic neurons. The accumulation of ROS was associated with different mecha-
nisms including the metabolism of dopamine itself, mitochondrial dysfunctions in neurons
and neuroglia, inflammation, and increased levels of iron and calcium [13,66,67]. It was
also observed that neurons of substantia nigra accumulate granules of neuromelanin, a
pigment which can cause ROS production. Moreover, it was demonstrated that alterations
in neuromelanin composition and density can cause α-synuclein aggregation and iron
accumulation [68].

Additionally, PD mutations, including the ones on DJ-1, PINK1, Parkin, SNCA, and
LRRK2, have numerous consequences on mitochondrial functions, causing an exacerbation
of ROS production [69,70]. With regard to dopamine metabolism, this neurotransmitter is
an unstable molecule that is prone to auto-oxidation to form quinones and free radicals.
Numerous enzymes are involved in its metabolism and in its degradation by catalyzing
its oxidative deamination. However, due to neuronal degeneration, there is an imbalance
of these enzymes, which causes the production of ROS [69,70]. Moreover, two enzymes
are involved in the defense against ROS, dopamine transporter and vesicular monoamine
transporter 2. They both are involved in the uptake of free dopamine from synapses and
in its packing into synaptic vesicles to be protected from oxidation. It was demonstrated
that dopamine transporter concentration declines with age and that vesicular monoamine
transporter 2 is inhibited by α-synuclein, the presynaptic neuronal protein which is found
aggregated in PD [68]. Finally, it was proved that in PD patients’ brains, there is a de-
creased concentration of important antioxidants, such as glutathione and vitamin E, and
an alteration in the levels of calcium, iron, and lipids [71–76]. As for AD, also for PD,
numerous clinical trials have been focused on OS in PD and have studied the deficiency of
antioxidants in this pathology and how to ameliorate ROS-caused symptoms. For example,
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a still ongoing phase II clinical trial is evaluating the effect of the antioxidant N-acetyl
cysteine on the dopaminergic function of PD patients [13].

The important role of neuroinflammation in PD was widely demonstrated, mainly
due to the activation of microglia and astrocytes. Microglial cells would specifically harm
dopaminergic neurons because they are more prevalent in the midbrain than in the other
brain areas. It was proved that there was an abundant presence of reactive astrocytes
and microglia and an increase in the complement component C1q in the substantia nigra
of PD-affected subjects, suggesting PD-associated neuroinflammation [77–80]. Moreover,
microglia-activated neuroinflammation mediators, such as cytokines and interleukins, have
been detected in the cerebrospinal fluid (CSF) of PD patients [81]. Eventually, the fact that
the human leukocyte antigen was found to be a risk factor for PD demonstrated that there
is a possibility of a more general pro-inflammatory state in PD, not caused by neuronal loss,
although it can worsen the neuroinflammation as well [82].

HD is an inherited NDD that occurs in young individuals. It is a protein-misfolding
disease, where the huntingtin protein is mutated and causes an aberration in normal
biological functions interacting with other proteins [83]. The mutant protein gains a toxic
function leading to OS and inflammation. However, it is still not clear whether OS causes
HD or it is a consequence of earlier events and the studies about this aspect are fewer
than for other NDDs [84]. Oxidative damage in cells and tissues in HD models and
patients has been reported. Lipid peroxidation, protein oxidation, and DNA damage
have been linked to this pathology and to huntingtin mutation [85–90]. As for the other
NDDs, an accumulation of metal ions, especially iron and copper, and a decrease in
antioxidant concentrations have been found [91–95]. Moreover, mitochondrial dysfunctions
have been detected in HD patients’ brains [96,97]. It was recently demonstrated that the
deregulation of HSF1, a transcriptional regulator of the heat shock response, contributes to
mitochondrial dysregulation in HD, by impairing the peroxisome proliferator co-activator
PGC-1α and its downstream targets such as the mitochondrial transcription factor TFAM
and cytochrome c [97]. Neuronal death can activate inflammatory mechanisms, which in
turn cause neurodegeneration leading to a vicious cycle [98]. Elevated levels of cytokines
have been found in fluids of both animal models and HD patients [99–103]. Unfortunately,
until now, anti-inflammatory and antioxidant agents have rarely achieved effectiveness in
HD treatment [103].

5. Oxidative Stress and Inflammation in ALS

ALS is an NDD which affects the upper and lower motor neurons (MNs) of the cortex,
brainstem, and spinal cord, causing the death of patients within three to five years after
symptoms’ onset. There are two types of ALS, a sporadic form and a familial one, which
can be related to both mutations in specific genes and to epigenetic factors. Despite ALS
principal symptoms being related to motor dysfunctions, patients often show signs of
behavioral and cognitive impairment [1,104].

There are different factors involved in ALS onset and progression including the presence
of OS. In fact, different studies reported OS hallmarks in ALS patients and animal models.
Oxidative damage was found in lipids and proteins of post-mortem tissues, as well in plasma,
urine, and CSF [105–109]. Moreover, it was demonstrated that nerve terminals are sensitive to
ROS and to inflammation, amplifying the decline of neuromuscular junctions [110]. OS was
often associated with gene mutations, especially in SOD1. SOD1 catalyzes the conversion of
O2− into H2O2 and molecular oxygen, which are nontoxic for the cells. Specific SOD1 muta-
tions lead to a higher peroxidase activity and convert H2O2 to hydroxide, which inactivates
the dismutase structure. Furthermore, O2− leads to peroxynitrite production and finally to
neuronal death [111]. It is obvious that mutations in this gene can cause serious problems in
respiration and the metabolic activities of cells [112]. The gain of function of mutant SOD1
and aberrant aggregation of this protein were associated with MNs’ death in ALS patients.
SOD1 protein aggregation contributes to dysfunction of the ubiquitin/proteasome system and
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interferes with mitophagy. In addition, mutant SOD1 leads to impairment in the respiratory
chain of mitochondria [113–115].

TARDBP encodes for the TDP-43 protein, involved in many different processes, in-
cluding RNA transcription, maturation, transport, and translation. It also participates in
intracellular stress management, taking part in the biogenesis and maintenance of stress
granules. Mutation in TARDBP causes TDP-43 aggregation and cytoplasmic mislocal-
ization, but TDP-43 inclusions were found also in non-mutated patients [111,116]. In
turn, aggregated TDP43 causes a mitochondrial imbalance that increases OS [117–119].
It was found that OS induces conformation modifications in TDP-43, causing cysteine
disulphide cross-linking or promoting lysine acetylation, leading to TDP-43 aggregation
and its acquisition of an aberrant function [120,121]. Finally, mutated TARDBP decreases
antioxidant expression [122,123], influencing the nuclear factor erythroid-2-related factor 2
(Nrf2) antioxidative pathway. TDP43 was also found in stress granules, structures formed
in response to stress. In 2011, Dewey and co-authors demonstrated that both wild-type
and mutant TDP-43 form stress granules, but mutant TDP-43 sets up larger ones and
incorporates them earlier [123,124].

Other common ALS-associated gene mutations include the ones in FUS and in
C9ORF72. FUS encodes for an RNA/DNA-binding protein and it is implicated in RNA
metabolism and DNA repair. It was demonstrated that FUS deficits and mutations fail to
repair OS-caused DNA damage due to nick ligation defects, eventually leading to MNs’
death [125]. As for TDP-43, mutations in FUS cause mitochondria damage, a decrease in mi-
tochondrial membrane potential and respiration, and a dysregulation in mitochondrial gene
transcription [126,127]. In 2020, Tsai and co-authors demonstrated that in FUS-mutated
cells, FUS protein associates with mitochondria and with mRNAs encoding mitochondrial
respiratory chain components. This association causes mitochondrial networks’ disorgani-
zation, impairment in aerobic respiration, and an increase in ROS production [126].

Finally, C9ORF72 is the most commonly mutated gene in ALS patients. In 2016,
Onesto and co-authors found that ROS production in C9ORF72 mutated ALS patients’
cells, causing hyperpolarization of mitochondrial membranes [128]. More recently, Birger
and co-authors demonstrated that astrocytes carrying the C9ORF72 expansion inhibit the
production of antioxidant molecules, enhancing OS also in MNs [129]. Additionally, it was
found that mutations in this gene increase O2− levels and reduce mitochondrial potential
and cell survival [130].

However, signs of OS, including protein and lipid peroxidation, were found in non-
mutated ALS cases as well [131–133] and were associated with a decrease in antioxidant
enzymes’ activity and with a possible pro-oxidative state [134].

As for other NDDs, it is difficult to determine if oxidative damage is a primary cause or
a secondary consequence of ALS. Moreover, it is very problematic to evaluate OS markers
at an early stage of the disease, ruling out the possibility of evaluating if oxidative damage
appears early or late in its course [133]. Nevertheless, animal models have brought some
insights into this context. For example, in 2007, Kraft and co-authors obtained a mutant
SOD1 mouse and found an activation of nuclear Nrf2—an antioxidant response element
during the disease course. The earliest activation occurred in distal muscles of mice and
subsequently caused MN loss [135]. Vande Velde and co-authors arrived at the same
conclusions in 2011. They found that mutant SOD1 causes mitochondria disruption at an
early pathogenic stage [136].

The exact oxidative mechanism in ALS is still to be determined, and the involvement
of mitochondria in this process is not clear. Moreover, Edaravone, a drug approved in
the USA for alleviating ALS symptoms, involved in lipid peroxides and hydroxyl radical
elimination, is not particularly effective in disease treatment [137]. In 2019, Walczak and
co-authors compared ALS patients and control subjects in terms of mitochondrial function
and antioxidant enzymes, and they found a decreased expression in ALS patients’ mito-
chondria complexes I, II, III, and IV proteins; in mitochondrial membrane potential; and in
SOD1 and catalase, both antioxidant enzymes [138]. In addition, ALS patients carrying mu-
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tations in CHCHD10, involved in ALS pathology and in mitochondrial cristae morphology
maintenance, manifest fibroblasts with mitochondrial damage and mitochondrial network
fragmentation [139].

With regard to oxidative DNA damage, 8-hydroxy 2 deoxyguanosine is the most
abundant oxidative alteration in DNA, inasmuch as guanine has a low electron reduction
potential [137]. Elevated levels of 8-hydroxy 2 deoxyguanosine were found in the motor
cortex and spinal cord DNA of ALS patients [140,141]. Furthermore, signs of p53 activation,
indicating the apoptosis process, were found in both ALS cellular models and in ALS
patients [125,141–143]. Altered levels of antioxidant enzymes were found in ALS.

Apurinic/apyrimidinic endonuclease 1 is an enzyme involved in redox regulation and
in DNA repair. Its concentration and localization were altered in both ALS patients and
animal models [144–146]. In addition, alterations in the levels of 8-oxoguanine glycosylase,
involved in the removal of oxidized guanine, were found in spinal MNs of both sporadic
and mutated ALS cases [144,147].

OS can also bring about abnormalities in RNA metabolism, which in turn can cause OS.
It was found that oxidative RNA modifications occur early in the disease progression and
precede MN death. Proteins encoded by TARDBP, FUS, and SOD1 are involved in miRNA
processing and some miRNAs regulate the expression of genes involved in OS [137].
In 2017, Pegoraro and co-authors found an upregulation of both muscle-specific and
inflammatory miRNAs in ALS patients compared to control subjects and this upregulation
was associated with an earlier age of symptoms onset. Moreover, they found differential
miRNA expressions in muscles from males and females, suggesting the influence of sexual
hormones [148]. The expression of miR-388-3p, involved in both mitochondrial function
and apoptosis, was found increased in SOD1 mutant mice [149], while the expression of
miR-34a, involved in OS regulation, was found decreased in both ALS patients and mouse
models [150,151]. MiR-155, involved in inflammatory response and mitochondrial function,
was found upregulated in skeletal muscles of ALS patients and in the spinal cord of SOD1
mice [152–154].

Finally, hyperexcitability is a decisive characteristic of ALS, and it was detected be-
fore early clinical symptoms, with a strengthening which causes disruption in energy
metabolism, mitochondrial disfunctions, and increased OS [155–157]. This altered neu-
ronal excitability and the consequent manifestation of OS were associated with defects
in ion channels, including sodium, potassium, calcium, and chloride ones, of neuronal
and non-neuronal cells [158]. In fact, while most ALS patients do not manifest deleterious
mutations in ion channel-associated genes, many studies reported alterations in channels
in both mutated and non-mutated ALS subjects and animal models [158,159]. Already in
2006, Kaiser and co-authors demonstrated a reduction in potassium channels in SOD1G93A

mice leading inevitably to MN death. More recently, alterations in chloride channels were
associated with muscle channelopathies, atrophy, and OS [160,161] and the decreased
expression of calcium channels in the spinal MNs of SOD1G93A mice was correlated with
excess mitochondrial calcium and the production of ROS [162,163].

Noteworthy, Riluzole acts by blocking voltage-gated channels, especially sodium ones,
allowing for the inhibition of glutamate release in presynaptic terminals and interfering
with the excitatory transmission caused by this amino acid [164].

With regard to the inflammatory response, alterations in the immune system can cause
an increase in neuroinflammation in ALS patients which has been associated with neuronal
loss in both animal models and in humans [134]. Alterations were observed in all the
cell types involved in inflammation, including microglia, astrocytes, lymphocytes, and
macrophages. Activated microglia were found in both ALS patients and animal models,
and they were correlated with MN deficits [165–167]. The loss of function of C9ORF72
causes alterations in microglia, macrophages, and neuroinflammation [168]. In addition,
different studies have demonstrated a defective lysosomal system with the accumulation
of innate immune cells in C9ORF72 mutated mice [169–171].
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Many studies have demonstrated that microglia activation and their switch from
a protective phenotype to a deleterious one can be mediated by the receptor P2X7, the
inhibition of which may provide positive outcomes in ALS patients [172–175]. Furthermore,
injured MNs induce microglia to acquire a cytotoxic phenotype with the consequent
release of ROS and pro-inflammatory cytokines [176–179]. Among them, interleukin 6 was
correlated with disease progression in ALS [180]. A more recent study tested a cohort of
53 ALS patients through positron emission tomography. Authors used [11C]-PBR28, a
radiotracer that binds to a protein typically expressed in activated microglia, and found
that glial activation is increased in the pathological brain region and is correlated with
clinical measures [181].

Even mutated astrocytes are toxic to normal MNs, causing their death [182–184]. In
2017, Qian and co-authors demonstrated that both non-MNs and MNs degenerate after ALS
astrocyte transplantation, suggesting that neural degeneration is not specific to MNs and that
the astrocyte-mediated neuronal death occurs through a non-cell autonomous toxicity [185].
Moreover, ALS causes the loss of glutamate transporter on astrocytes, responsible for the
uptake of excess glutamate from synaptic clefts. It was demonstrated that the inefficient
glutamate uptake exacerbates MN degeneration [186,187]. As well as microglia, astrocytes
exert toxic effects on MNs by secreting pro-inflammatory molecules, including NO, NOX2,
prostaglandin E2, and leukotriene B4, or inducing necroptosis [188–191].

In addition to astrocytes and microglia, dysregulation in T lymphocytes and macrophages
was observed in ALS patients and ALS animal models [192–197]. In 2020, Chiot and
co-authors demonstrated that the replacement of macrophages in SOD1 mice by more
neurotrophic macrophages led to a decrease in macrophage and microglia activation.
Moreover, they found that when the replacement occurs in pre-symptomatic stages, it
causes a delay in disease onset, whereas when it occurs at the disease onset, it is able to
increase mice survival [198].

6. ALS Therapeutic Approaches Related to OS and Inflammation

Several trials to find therapies for ALS have been conducted or are still on course,
and some of them are related to OS. In this regard, one of two drugs approved in the
USA for the treatment of ALS, Edaravone, acts as a scavenger of ROS, thus preventing
OS propagation [199,200]. In a recent study, Ohta and co-authors demonstrated that in the
CSF and plasma of ALS patients, there is a reduction in antioxidant capacities, measured
using the OXY-adsorbent test, which is reversed by Edaravone treatment [201]. The other
approved drug, Riluzole, blocks glutamatergic neurotransmission and inhibits glutamate
release. Different studies have proved that it can also attenuate OS injuries in in vitro
and in vivo ALS models [202,203]. However, the exact mechanism of action of Riluzole is
still unknown.

Studies have been performed also on molecules which upregulate genes containing the
antioxidant response element. Among them, sulforaphane activates the Nrf2/antioxidant
response element pathway but did not show effects in ALS treatment [204,205]. A lim-
itation in the use of sulforaphane could be that the combination of sulforaphane and
antioxidants reduces the protective effects of sulforaphane itself, specifically in the induc-
tion of autophagy [206]. Moreover, further studies have pointed out possible side effects of
sulforaphane, which can induce a lowering of the seizure threshold in mice [207] and can
influence thyroid activity [208]. More recently, CuATSM, a positron emission tomography-
imaging agent which is able to deliver copper to cells with altered mitochondria, has been
proved to extend the survival and to delay ALS onset in SODG93A mice, acting on OS
response [209,210]. However, it is not tolerated at a high dose in mice, causing toxicity
signs including motor aberrations, weight loss, and low activity [190].

Studies have also focused on mitochondrial-targeting drugs, such as mitoquinone
and Szeto-Schiller peptides, which act by decreasing oxidative damage and maintaining
normal mitochondrial function [111,211]. Additionally, the p62-mediated mitophagy in-
ducer was seen as a promoter of the quality control of mitochondria and an inducer of
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autophagy in damaged organelles, without evident adverse effects, acting as a potential
ALS therapeutic molecule [212,213].

Other promising approaches to reduce OS are the use of phytochemicals, such as
quercetin, which decreases ROS in SOD1 mutated cells [214] but could, however, have
possible nephrotoxic effects and interact with other drugs [215], and the use of cannabidiol
or the target of cannabinoid receptors [216–218]. Finally, many studies have suggested
the possibility to use modifiers of OS-related molecules, such as NOX inhibitors. NOX
activity is unregulated in ALS patients and animal models, causing inflammation and
glial activation. It was observed that the use of NOX inhibitors, such as perphenazine,
thioridazine, and apocynin, reduces O2− levels, increases the numbers of MNs, and extends
the lifespan, but it could have also sedative effects [219,220].

Despite different approaches, finding a definitive drug is difficult, because the direct
pathogenic mechanism of ALS is not clear. One promising option would be the design of an-
tioxidant therapies also associated with anti-inflammatory therapeutics [110]. Multiple
anti-inflammatory compounds have been tested and have been shown to be effective for
ALS treatment, especially in animal models. Minocycline was tested on ALS animal models,
demonstrating a high efficacy in reducing MN loss, extending mice survival, and suppress-
ing microglia activation [221,222]. However, a phase III trial on 412 ALS patients revealed
harmful effects, including gastrointestinal, respiratory, and neurological ones, without
significant results on disease progression [223]. On the contrary, a recently concluded phase
II trial on NP001, a regulator of macrophage activation, revealed the good tolerability of
this compound, leading to the slowing of ALSFRS-R and vital capacity scores in a subgroup
of treated patients [224,225]. The only side effect reported was higher infusion-related
sensations of burning [225]. Better results were obtained with the use of masitinib, a
tyrosine-kinase inhibitor, that is able to decrease aberrant glial cells, microgliosis, and MN
degeneration in mice [226]. The clinical trial on ALS patients demonstrated a slowing in
functional decline in patients and a prolonged survival by over two years, with the most
common side effects including maculopapular rash and peripheral edema [227,228].

In the field of drug repurposing, Fingolimod, a modulator of sphingosine-1-phosphate
receptor approved for the treatment of relapsing remitting multiple sclerosis, was tested on
SOD1 mutated mice and was observed to act on inflammation, having beneficial effects
modulating microglia and innate immunity and reducing the levels of inducible NO
synthase [229]. In a recent phase II trial, Fingolimod resulted as well tolerated by ALS
patients and showed the possibility to reduce circulating lymphocytes, with no serious
adverse events [230]. Moreover, it was demonstrated that Fingolimod acts also on OS,
reducing the levels OS markers and increasing antioxidants, especially SOD [231,232]. A
recent study by Yevgi and Demir tested the action of this drug on multiple sclerosis patients
and demonstrated a reduction in the total OS after three months of treatment [233].

Other studies focused on the use of immune modulatory drugs. In a pilot trial of 2019,
authors treated ALS patients with RNS60, an immune-modulatory agent, demonstrating
its safety and tolerability, with common adverse effects including falls, headaches, na-
sopharyngitis, and contusions and no serious adverse effects [234]. More recently, a trial
targeted T cells with a low dose of interleukine 2, demonstrating a high tolerability and
an immunologically efficacy in ALS patients, with an increase in Treg levels. No serious
adverse events were reported and the non-serious adverse effects were transient [235].
Moreover, numerous studies have focused on cell-based treatments, especially for the use
of mesenchymal, embryonic, and neural progenitor cells [236,237].

Finally, it was demonstrated that the regular use of anti-hypertensive drugs could
have a protective role against ALS incidence. Hypertension is one of the most common
comorbidities in ALS and it was related to progression, incidence, and survival, mainly for
the involvement of angiotensin 2 in ROS production. Angiotensin 2 is a potent stimulator of
NAD(P)H oxidase, one of the major sources of ROS. ROS generated by NAD(P)H oxidase
can induce the production of other ROS and could lead to inflammation [238–241]. In 2020,
Pfeiffer and co-authors demonstrated that numerous hypertension drugs, including beta

76



Int. J. Mol. Sci. 2024, 25, 2698

blockers, angiotensin-converting enzyme inhibitors, calcium channel blockers, diuretics,
and angiotensin 2 receptor blockers, were correlated with a lower risk of ALS [242]. More-
over, it was demonstrated that the angiotensin system can be involved in different NDDs
and that its blocking can be a new method for neuroprotection [243–245].

These studies demonstrated that many drugs tested are effective in animal models
but not in clinical practice. This gap can be explained by the complexity of the ALS disease
mechanism and by the fact that preclinical models could not completely recapitulate the
disease processes which occur in humans [246.

The still ongoing clinical trials, testing the efficacy of the abovementioned drugs, are
reported in Table 1.

Table 1. Ongoing clinical trials. List of the still ongoing clinical trials of the mentioned drugs
(https://clinicaltrials.gov accessed on 29 January 2024).

Drug Action Mechanism of
the Drug Name of the Trial Clinical Trial ID Clinical Trial Phase

Edaravone Scavenger of ROS

Study to investigate the efficacy and
safety of FAB122 (daily oral
Edaravone) in patients with
amyotrophic lateral sclerosis

NCT05178810 Phase III

Radicava® (Edaravone) Findings in
Biomarkers from ALS (REFINE-ALS)

NCT04259255 Phase IV

Riluzole
Glutamatergic

neurotransmission
blocking

Treatment combining riluzole and
IFB-088 in bulbar amyotrophic lateral

sclerosis (TRIALS protocol)
NCT05508074 Phase II

Cannabidiol and
cannabinoids

OS reducing

Outcomes Mandate National
Integration with Cannabis as Medicine

(OMNI-Can)
NCT03944447 Phase II

Safety and efficacy on spasticity
symptoms of a cannabis sativa extract

in motor neuron disease
NCT01776970 Phase II and phase III

Efficacy of Cannabinoids in
Amyotrophic Lateral Sclerosis or

Motor Neurone Disease
NCT03690791 Phase III

EMERALD TRIAL Open Label
Extension Study (EMERALD-OLE) NCT04997954 Phase IV

Masitinib Anti-inflammatory
compounds

Efficacy and Safety of Masitinib Versus
Placebo in the Treatment of ALS

Patients
NCT03127267 Phase III

RNS60 Immune modulatory
drug

Nebulized RNS60 for the Treatment of
Amyotrophic Lateral Sclerosis NCT02988297 Phase II not yet

recruiting

Stem cells Immune system
modulator

The Evaluation of the Effect of
Mesenchymal Stem Cells on the

Immune System of Patients with ALS
(ALSTEM)

NCT04651855 Phase I and II

Derivation of Induced Pluripotent
Stem Cells from an Existing Collection

of Human Somatic Cells
NCT00801333 Observational

CNS10-NPC-GDNF Delivered to the
Motor Cortex for ALS NCT05306457 Phase I

Neurologic Stem Cell Treatment Study
(NEST) NCT02795052 Interventional

Development of iPS From Donated
Somatic Cells of Patients with

Neurological Diseases
NCT00874783 Interventional

Calcium channel
blockers ROS reducer Rho Kinase Inhibitor in Amyotrophic

Lateral Sclerosis (REAL) NCT05218668 Phase II

7. Conclusive Remarks

OS and inflammation are important mechanisms involved in NDDs and, among
them, in ALS pathology. They can be caused by external or internal triggers, such as
chemicals and ROS-developing enzymes, respectively, but they always lead to pathological

77



Int. J. Mol. Sci. 2024, 25, 2698

aberrations, including DNA and RNA damage, mitochondrial dysfunction, and cell death.
Despite many studies focused on their role in neurological diseases, uncertainty still exists
over whether they contribute to the development of NDDs or are solely a consequence of
neuronal degeneration. This review summarized the recent findings on the involvement of
these two pathological pathways in NDDs, with a specific focus on ALS. We highlighted that
all the discussed NDDs, i.e., AD, PD, HD, and ALS, are characterized by an oxidative and
inflammatory state which leads to similar pathological mechanisms, including cell damage,
lipid and protein oxidation, DNA aberrations, and finally neuronal death. Moreover, we
underlined how these two mechanisms are intrinsically correlated in a vicious cycle. The
generation of ROS causes neuronal damage and the release of molecules that activate
microglia and astrocytes. In turn, these cells release pro-inflammatory cytokines which
cause inflammation and exacerbate neuronal injury.

Finally, we discussed some evidence of possible therapeutic approaches targeting OS
and the inflammation pathway for the treatment of ALS. As for the other NDDs, many stud-
ies focused on the use of antioxidants and anti-inflammatory compounds for the treatment
of this still incurable pathology, but few drugs, including NP001 and Fingolimod, have
shown efficacy in humans especially for the multifactorial characteristic of these diseases.
Although the finding of a definitive drug is difficult and there is a need for future studies,
there are numerous clinical trials which will deepen the knowledge about these diseases
and will elucidate the precise mechanisms underlining OS and the inflammatory response.
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Abstract: Patients with Alzheimer’s disease (AD) often present with imaging features indicative of small-
vessel injury, among which, white-matter hyperintensities (WMHs) are the most prevalent. However, the
underlying mechanism of the association between AD and small-vessel injury is still obscure. The aim
of this study is to investigate the mechanism of small-vessel injury in AD. Differential gene expression
analyses were conducted to identify the genes related to WMHs separately in mild cognitive impairment
(MCI) and cognitively normal (CN) subjects from the ADNI database. The WMH-related genes identified
in patients with MCI were considered to be associated with small-vessel injury in early AD. Functional
enrichment analyses and a protein–protein interaction (PPI) network were performed to explore the
pathway and hub genes related to the mechanism of small-vessel injury in MCI. Subsequently, the
Boruta algorithm and support vector machine recursive feature elimination (SVM-RFE) algorithm were
performed to identify feature-selection genes. Finally, the mechanism of small-vessel injury was analyzed
in MCI from the immunological perspectives; the relationship of feature-selection genes with various
immune cells and neuroimaging indices were also explored. Furthermore, 5×FAD mice were used
to demonstrate the genes related to small-vessel injury. The results of the logistic regression analyses
suggested that WMHs significantly contributed to MCI, the early stage of AD. A total of 276 genes were
determined as WMH-related genes in patients with MCI, while 203 WMH-related genes were obtained
in CN patients. Among them, only 15 genes overlapped and were thus identified as the crosstalk genes.
By employing the Boruta and SVM-RFE algorithms, CD163, ALDH3B1, MIR22HG, DTX2, FOLR2,
ALDH2, and ZNF23 were recognized as the feature-selection genes linked to small-vessel injury in
MCI. After considering the results from the PPI network, CD163 was finally determined as the critical
WMH-related gene in MCI. The expression of CD163 was correlated with fractional anisotropy (FA)
values in regions that are vulnerable to small-vessel injury in AD. The immunostaining and RT-qPCR
results from the verifying experiments demonstrated that the indicators of small-vessel injury presented
in the cortical tissue of 5×FAD mice and related to the upregulation of CD163 expression. CD163 may
be the most pivotal candidates related to small-vessel injury in early AD.

Keywords: CD163; Alzheimer’s disease; white-matter hyperintensities; mild cognitive impairment;
transcriptome

89



Int. J. Mol. Sci. 2024, 25, 2293

1. Introduction

Alzheimer’s disease (AD) and cerebral small-vessel disease (CSVD) rank as the pre-
dominant causes of dementia [1]. Recent data prognosticates that, by 2050, the prevalence
of dementia will triple worldwide. Notably, this estimate increases threefold when con-
sidering a biological definition of AD, rather than relying on clinical criteria [2]. AD, a
neurodegenerative disorder, manifests through the abnormal accumulation of amyloid
beta (Aβ) plaques and neurofibrillary tangles (NFTs), along with progressive neuronal
loss, culminating in brain atrophy, cognitive decline, and behavioral disturbances [3]. The
continuum of AD, stretching over a period of 15–25 years, can be present without any
overt symptoms via a stage of mild cognitive impairment (MCI) leading up to demen-
tia [2]. The stage of MCI is always considered as early AD, which is a critical period for
disease modification. In addition, CSVD, encompassing white-matter lesions (WML), an
enlarged perivascular space (EPVS), cortical superficial siderosis, lacunes, and cerebral
microbleeds [4], plays a pivotal role not only in the direct etiology of vascular dementia but
is also prominently encountered within AD brains [5,6]. The two-hit vascular hypothesis
for AD proposes that primary damage to the brain microcirculation (hit one) initiates a
non-amyloidogenic pathway leading to Aβ accumulation (hit two). These peptides, in turn,
exert vasculotoxic and neurotoxic effects [7].

White-matter hyperintensities (WMH) have traditionally been viewed as one of the
most prevalent neuroimaging features of small-vessel injury, especially for CSVD. Many
neuroimaging studies have shown a relationship between AD pathologies and WMH [8,9].
For instance, a recent study emphasized the clinical relevance of WMHs in AD, especially
posterior WMHs, and most notably, splenium of the corpus callosum (S-CC) WMH [10].
Another study pointed that posterior WMHs might be related to degenerative mechanisms
secondary to AD pathology, while anterior WMH could be associated with both CSVD and
degenerative mechanisms [11], indicating that the pathological mechanism of small-vessel
injury in AD may be different from that in sporadic CSVD. Compared with traditional struc-
tural MRI sequences, indices extracted from diffusion tensor imaging (DTI) more sensitively
detected white-matter microstructure damages due to small-vessel injury [12–14].

Recently, bioinformatics approaches have been developed to explore the underlying
mechanisms of diseases. Feature-selection algorithms, including the Boruta algorithm
and support vector machine recursive feature elimination (SVM-RFE) algorithm, have
already been applied in transcriptomic, proteomic, and metabolomic analyses for targeted
substance screening [15–18]. However, there have been few studies on the mechanisms of
small-vessel injury in AD based on these technologies. Therefore, the primary objective
of this study is to investigate the distinct mechanism of small-vessel injury in AD, by
utilizing neuroimaging with transcriptome analysis, immunological explorations, and
further experimental verification.

AD datasets sourced from the ADNI database were employed for comprehensive
systemic analysis. First, logistic regression models were constructed to evaluate the con-
tributions of WMH and cerebral atrophy in distinct stages of AD. Second, transcript-level
differential analysis was conducted to obtain DEGs. Third, hub genes were identified
using maximal clique centrality (MCC) and the molecular complex detection (MCODE).
Fourth, the Boruta algorithm and SVM-RFE algorithm were used to obtain feature-selection
genes. Machine Learning models were then employed to verify the robustness of these
feature-selection genes. Fifth, the correlation analyses between feature-selection genes,
the abundance of infiltrating immune cells, and neuroimaging features were subsequently
conducted to illustrate the small-vessel injury during early AD from immunological per-
spectives and establish connections in multidimensional data. Finally, the results were
further validated through cellular and animal experiments. The detailed analytic workflow
chart is shown in Figure 1.
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Figure 1. The study workflow chart. Abbreviations: WMH, white-matter hyperintensities; DTI_ROI,
diffusion tensor imaging region of interest; CN, cognitively normal; MCI, mild cognitive impairment;
AD, Alzheimer’s disease; ln_WMH_TCV, natural logarithm of standardized white-matter hyperin-
tensities (WMH) to total cerebrum cranial volume (TCV); MCI_WMH+, mild cognitive impairment
with severe white-matter hyperintensities, whose values of ‘ ln_WMH_TCV’ were above the median;
MCI_WMH–, mild cognitive impairment with no or mild white-matter hyperintensities, whose
values of ‘ ln_WMH_TCV’ were below the median.

2. Results
2.1. WMH and Cerebral Atrophy Both Contributed to Early Stage of Alzheimer’s Disease

Demographic characteristics, neuropsychological tests, and neuroimaging findings
of the different cognitive groups are shown in Table 1. Standardized total cerebrum
brain volume to total cerebrum cranial volume (TCB_TCV) and standardized segmented
total hippocampi volume to TCV (T_hippo_TCV) significantly decreased sequentially in
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cognitively normal (CN) patients, MCI, AD (all p < 0.05). Meanwhile, indicators of WMH
did not exhibit significant differences among the groups (all p > 0.05). Differences in DTI
indices, including fractional anisotropy (FA), and mean, axial, and radial diffusivity (MD,
AxD, RD) values, were observed among the three groups, especially for the following fiber
bundles: tapetum, bilateral splenium of the corpus callosum, bilateral fornix, posterior
thalamic radiation_left, fornix (cres)/Stria terminalis_left (FDR-adjusted p < 0.05). These
were consistent with the vulnerable regions reported in previous studies [14] and may be
associated with AD pathology (Figure 2A,B, Table S1).

Table 1. Demographic characteristics, neuropsychological tests, and neuroimaging indices.

CN (n = 149) MCI (n = 304) Dementia (n = 44) p

Demographic
characteristics

Male, n (%) 68 (45.60%) 163 (53.60%) 25 (56.80%) 0.090
Age, mean (SD) 73.45 (5.99) b 71.46 (7.42) ac 75.23 (9.20) b 0.001

Education, mean (SD) 16.68 (2.53) c 16.10 (2.64) 15.50 (2.71) a 0.013

APOEε4 carriers, n (%) 105/38/6
(70.50%/25.50%/4.00%) bc

175/106/23
(57.60%/34.90%/7.60%) ac

11/26/7
(25.00%/59.10%/15.90%) ab <0.001

Neuropsychological tests
MMSE, mean (SD) 29.03 (1.21) bc 28.11 (1.62) ac 22.52 (3.04) ab <0.001
FAQ, mean (SD) 0.16 (0.60) bc 2.44 (3.56) ac 13.57 (7.20) ab <0.001

MoCA, mean (SD) 25.72 (2.16) bc 23.52 (3.07) ac 17.19 (4.93) ab <0.001
CDRSB, mean (SD) 0.03 (0.14) bc 1.38 (0.86) ac 4.64 (1.77) ab <0.001

Neuroimaging
ln_WMH_TCV, mean (SD) −1.34 (1.16) ×1.23 (1.20) −0.99 (1.10) 0.209

TCB_TCV, mean (SD) 77.71 (2.52) c 77.56 (3.02) c 74.26 (2.39) ab <0.001
T_hippo_TCV, mean (SD) 0.56 (0.05) bc 0.54 (0.07) ac 0.46 (0.07) ab <0.001

The χ2-test for gender and APOEε4, and one-way ANOVA were performed to assess group comparison for other
indices, and Bonferroni correction for homoscedasticity and Tamhane’s T2 test for heteroscedasticity were carried
out; p < 0.05 was considered to be statistically significant. a: Significantly different from NC; b: Significantly
different from MCI; c: Significantly different from dementia. Abbreviations: CN, cognitively normal; MCI,
mild cognitive impairment; SD, standard deviation; MMSE, mini mental state examination; FAQ, functional
activities questionnaire; MoCA, Montreal cognitive assessment; CDRSB, clinical dementia rating scale sum of
boxes; ln_WMH_TCV, natural logarithm of standardized white-matter hyperintensities (WMH) to total cerebrum
cranial volume (TCV); TCB_TCV, standardized total cerebrum brain volume (TCB) to total cerebrum cranial
volume (TCV); T_hippo_TCV, standardized segmented total hippocampi volume (T_hippo) to total cerebrum
cranial volume (TCV).

Multivariate logistic regression models revealed that TCB_TCV was associated with
both MCI and dementia (all p < 0.05), while the natural logarithm of standardized WMH
to TCV (ln_WMH_TCV) was only related to MCI (p < 0.05). Joint diagnostic effectiveness
for TCB_TCV and ln_WMH_TCV in MCI yielded an area under the curve (AUC) value of
0.682 (TCB_TCV: OR = 0.882 (0.804~0.966) p < 0.01; ln_WMH_TCV, OR = 1.278 (1.053~1.559)
p < 0.05) (Table 2, Figure 2C).

2.2. Differentially Expressed Genes (DEGs) and Functional Enrichment Analysis of WMH-Related
Genes in MCI

Demographic characteristics, neuropsychological tests, and neuroimaging indices
for either CN patients or those with MCI stratified by the median of ln_WMH_TCV are
shown in Table S2. WMH+ indicates where the values of ‘ ln_WMH_TCV’ were above
the median, while WMH– indicates values below the median. A total of 109 upregu-
lated DEGs and 94 downregulated DEGs were identified in the CN_WMH+ group, while
112 upregulated DEGs and 164 downregulated DEGs were identified in the MCI_WMH+
group (Figure 3A,B). Only 15 genes overlapped between the CN_WMH+ and MCI_WMH+
groups (Figure 3C). These results suggested that the mechanism of small-vessel injury in
patients with MCI (due to AD pathology) differed from that in CN patients.
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Figure 2. The difference among CN, MCI, and dementia in DTI indices and the prediction accuracy
of ln_WMH_TCV and TCB_TCV in predicting AD progression: (A) The intersection of difference
in FA, MD, RD, and AxD indices were considered the most fragile fiber bundles; (B) The predictive
effectiveness of cerebral atrophy and small-vessel injury at different stages of AD diagnosis; (C) differ-
ent cross-sectional views of the fragile fiber bundles. Red: bilateral splenium of the corpus callosum
(SUMSCC, SCC_R, SCC_L), blue: bilateral fornix (SUMFX), violet: posterior thalamic radiation_left
(PTR_L), yellow: fornix (cres)/stria terminalis_left (FX_ST_L, FX_L), cyan: tapetum (TAP_R, TAP_L).
Abbreviations: FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; AxD, axial
diffusivity, TAP_R, tapetum right; TAP_L, tapetum left; SUMSCC, bilateral splenium of the corpus
callosum; SUMFX, bilateral fornix; SCC_R, splenium of corpus callosum right; SCC_L, splenium of
corpus callosum left; PTR_L, posterior thalamic radiation left; FX_ST_L, fornix (cres)/stria terminalis
left; FX_L, fornix left; CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s
disease; ROC, receiver operating characteristic; AUC, area under the curve; TCB_TCV, standard-
ized total cerebrum brain volume (TCB) to total cerebrum cranial volume (TCV); ln_WMH_TCV,
natural logarithm of standardized white-matter hyperintensities (WMH) to total cerebrum cranial
volume (TCV).

The results of the gene set enrichment analysis (GSEA) of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways further revealed that the WMH-related genes in
MCI were mainly enriched in pathways related to infection, immunity, and metabolism, in-
cluding “lysosomes”, “phagosomes”, “neutrophil extracellular trap formation”, “Influenza
A” and “retinol metabolism” (Figure 3D,E). GSEA of gene ontology (GO) yielded similar
outcomes as well (Supplementary Figure S1).
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Table 2. Logistic regression analysis of diagnosis during AD continuum.

Odds Ratio (95% CI) p C-Statistics

CN vs. MCI [1]

ln_WMH_TCV 1.262 (1.041–1.537) 0.019 0.6614
CN vs. MCI [2]

TCB_TCV 0.887 (0.809–0.970) 0.010 0.671
CN vs. MCI [3]

ln_WMH_TCV 1.278 (1.053–1.559) 0.014
0.682TCB_TCV 0.882 (0.804–0.966) 0.007

CN vs. Dementia [4]

ln_WMH_TCV 1.322 (0.874–2.083) 0.202
0.918TCB_TCV 0.505 (0.385–0.634) <0.001

MCI vs. Dementia [5]

ln_WMH_TCV 1.081 (0.759–1.548) 0.668
0.845TCB_TCV 0.657 (0.554–0.768) <0.001

Model [1] and [2] only included ln_WMH_TCV or TCB_TCV for univariate logistic regression analysis, Model [3],
[4], and [5] included two dependent variables, ln_WMH_TCV and TCB_TCV, for multivariate logistic regression.
All logistic regression models were adjusted for age, gender, APOEε4, and education. Abbreviations: 95%
CI, 95% confidence interval; C-statistics, concordance statistic; CN, cognitively normal; MCI, mild cognitive
impairment; ln_WMH_TCV, natural logarithm of standardized white-matter hyperintensities (WMH) to total
cerebrum cranial volume (TCV); TCB_TCV, standardized total cerebrum brain volume (TCB) to total cerebrum
Cranial Volume (TCV).

2.3. PPI Network Construction of WMH-Related Genes in MCI

Based on the STRING results, a PPI network of WMH-related genes was constructed
using 269 nodes and 285 edges in MCI (Figure 4A). A total of 19 genes and 30 genes
were identified as being closely related genes using the MCODE (Figure 4B–D) and cyto-
Hubba plugins (MCC) (Figure 4E), respectively. Interestingly, there were 15 hub genes that
overlapped in both hub genes selection processes (Figure 4F).

2.4. Feature-Selection Genes from WMH-Related Genes in MCI

Based on the MCI_WMH-related gene set, 15 feature-selection genes were selected
using the Boruta algorithm (ALDH2, MAST2, TCN2, CD163, ALDH3B1, CCDC170, ZNF23,
MIR22HG, CCR6, NLRP3, PNPLA8, FOLR2, DTX2, EPHX1, PLEK) and 22 feature-selection
genes were selected using the SVM-RFE algorithm. The results of feature-selection genes
based on the Boruta and SVM-RFE algorithms are shown in Figure 5A,B. A total of
seven variables were selected by both algorithms (Figure 5C), namely CD163, ALDH3B1,
MIR22HG, DTX2, FOLR2, and ALDH2, ZNF23. Using the above feature-selection genes,
seven machine learning models were established to predict the degree of WMH in the
MCI group. The receiver operating characteristic (ROC) curve of each model showed
predictive effectiveness, represented by the AUC value (Figure 5D). The gradient boosting
machine (GBM) (AUC = 0.741) was the best model for predicting the degree of WMH in
MCI groups, followed by random forest (RF) (AUC = 0.727) and k-nearest neighbors (KNN)
(AUC = 0.705). The predictive effectiveness of seven machine learning methods in the
training set is illustrated in Supplementary Figure S2. In summary, these seven genes were
identified as the feature-selection genes and demonstrated their potential as biomarkers
for predicting the degree of small-vessel injury in patients with MCI. From the expression
values of boxplots, CD163, FOLR2, ALDH3B1, DTX2, and ALDH2 were highly expressed
in the MCI group with severe small-vessel injury (Figure 5E).

2.5. Immune Landscape and Feature-Selection-Genes Correlation Analysis

The boxplot of infiltrating immune cell types revealed that the abundances of regula-
tory T cells, macrophages, monocytes, natural killer T cells, myeloid-derived suppressor
cells, central memory CD8 T cells, and immature dendritic cells were much more increased
in the MCI_WMH+ group than in the MCI_WMH– group, whereas the activated B cells
were significantly reduced (Figure 6A). The correlation between feature-selection gene
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expression and the abundance of infiltrating immune cell types showed that most immuno-
cytes positively connected with the seven feature-selection genes (Figure 6B). These results
implied that the inflammatory components play an essential role in small-vessel injury in
MCI, and most feature-selection genes are primarily associated with the positive regulation
of immune function.
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Figure 3. Identification of DEGs and functional enrichment analysis: (A) Volcano plot of DEGs
constructed using the fold-change values (0.12) and p-value (0.05); red-orange color dots represent
genes upregulated in MCI_WMH+, gray dots represent genes not differing significantly between
MCI_WMH+ and MCI_WMH–, and cyan dots represent genes downregulated in MCI_WMH+.
(B) Volcano plot of DEGs constructed using the fold-change values (0.12) and p-value (0.05); red-
orange color dots represent genes upregulated in CN_WMH+ group, gray dots represent genes
not differing significantly between CN_WMH+ and CN_WMH– groups, and cyan dots represent
genes downregulated in CN_WMH+ group. (C) Venn plot. Only fifteen genes shared between
WMH-related genes in CN patients and those with MCI. (D,E) The results of GSEA analysis of
KEGG in MCI_WMH+ samples. Abbreviations: MCI_WMH+, mild cognitive impairment with
severe white-matter hyperintensities; MCI_WMH–, mild cognitive impairment with no or mild white-
matter hyperintensities; CN_WMH+, cognitively normal with severe white-matter hyperintensities;
CN_WMH–, cognitively normal with no or mild white-matter hyperintensities; KEGG_GSEA, gene
set enrichment analysis (GSEA) of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways;
DEGs, differentially expressed genes.
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Figure 4. Screening of closely related genes and hub genes of WMH-related genes in MCI group
using cytoHubba and MCODE plugins: (A) Macroscopic display of PPI networks for all DEGs of
WMH-related genes in MCI group, with a redder color indicating a higher degree score; the gene
nodes in the topological characteristics of this PPI network were ranked in descending order of degree
value (B–D), with a deeper purple color indicating a higher score. The top three modules’ genes are
filtered by MCODE; (E) A redder color indicates a higher score and a yellower color indicates a lower
score. The hub genes are filtered by the MCC for the top 30 genes; (F) Venn plot the common genes
are both filtered by MCODE and MCC. Abbreviations: MCODE, molecular complex detection; MCC,
maximal clique centrality.

The feature-selection genes, especially CD163 and FOLR2, exhibited significant cor-
relations with FA values. This correlation was related to the fragility of small vessels
in specific brain regions, with a tendency towards the left side, including left posterior
thalamic radiation and the left fornix, considered as posterior WMHs (Figure 6C, Table S3).

Based on the results of PPI and machine learning, CD163 and FOLR2 were determined
as the key WMH-related genes of MCI (Figure 6D). The significant correlations of either
CD163 or FOLR2 with ln_WMH_TCV are shown in Figure 6E.

2.6. AD Pathology Resulted in Small-Vessel Injury and Elevated CD163 Expression

To further validate the alterations in the expression of CD163 following small-vessel in-
jury in the context of AD pathology, we performed experiments using 6-month-old 5×FAD
mice. Immunofluorescence results revealed the existence of cortical EPVS, which is an
important indicator of small-vessel injury (Figure 7A–E). Real-time quantitative polymerase
chain reaction (RT-qPCR) results from cortical tissues exhibited the upregulation of CD163
expression (Figure 7F). RT-qPCR analysis of rat primary microglia showed that CD163
expression increased after Aβ treatment (Figure 7G,H). This suggested that AD pathologies,
especially Aβ plaques, may contribute to small-vessel injury and upregulate the expression
of CD163.
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Figure 5. Screening feature-selection genes from DEGs between mild and severe small-vessel injury in
MCI group: (A) 15 feature-selection genes were screened by Boruta algorithm; (B) 22 feature-selected
genes were screened by SVM-RFE algorithm; (C) Venn plot, seven variables including CD163, FOLR2,
ALDH3B1, DTX2, ALDH2, ZNF23, and MIR22HG intersected by Boruta and SVM-RFE algorithms;
(D) the ROC curve of seven machine learning models, and the AUC value represents the model
predictive effectiveness in testing set; (E) the expression level of feature-selection genes CD163, FOLR2,
ALDH3B1, DTX2, ALDH2, ZNF23, and MIR22HG in the MCI between mild and severe small-vessel
injury. CD163, p-value = 1.2 × 10−4; FOLR2, p-value = 6.4 × 10−4; ALDH3B1, p-value = 4.7 × 10−4;
DTX2, p-value = 1.8 × 10−3; ALDH2, p-value = 3 × 10−3; ZNF23, p-value = 5.1 × 10−4; MIR22HG,
p-value = 8.6 × 10−5. ** p < 0.01; *** p < 0.001. Abbreviations: SVM-RFE, support vector machine
recursive feature elimination; RMSE, root mean square error; AUC, area under the curve; gbm,
gradient boosting machine; rf, random forest; KNN, k-nearest neighbors; SVM, support vector
machine; GLM, generalized linear model; XGboost, extreme gradient boosting; rpart, recursive
partition tree.
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Figure 6. Alterations in the abundance of immune cells in MCI group with severe small-vessel
injury (MCI_WMH+) and correlation analysis between hub genes with the abundance of immune
cell and FA values: (A) Estimated proportions of 28 immune cell types between two groups in MCI
group; (B) Correlation analysis of hub genes with different immune cell types; (C) Correlation
analysis of hub genes with differential brain-area FA values; (D) Venn plot, two genes (CD163 and
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FOLR2) intersected by Feature-selection algorithms and PPI. (E) The correlation between CD163,
FOLR2, and ln_WMH_TCV. * p < 0.05; ** p < 0.01. Abbreviations: FA, fractional anisotropy; SUMFX,
bilateral fornix; TAP_R, tapetum right; SCC_L, splenium of corpus callosum left; SCC_R, splenium
of corpus callosum right; SUMSCC, bilateral splenium of the corpus callosum; PTR_L, posterior
thalamic radiation left; FX_ST_L, fornix (cres)/stria terminalis left; FX_L, fornix left; TAP_L, tapetum
left; ln_WMH_TCV, natural logarithm of standardized white-matter hyperintensities (WMH) to total
cerebrum cranial volume (TCV).
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Figure 7. AD pathology leads to small-vessel injury and elevates CD163 expression. Immunofluores-
cence staining results of (A) 5×FAD cerebral cortex (left scale bar = 25 um; right scale bar = 10 um)
and (B) WT cerebral cortex, green: CD31; red: AQP4; magenta: Aβ; blue: DAPI. (C–E) Cal-
culation of the width of the perivascular spaces and the comparation between WT and 5×FAD.
(F) rt-qPCR results from cortical tissues exhibited an upregulation of CD163 expression in 5×FAD
mice. (G) Immunofluorescence staining: control vs. Aβ-treated rat primary microglia (scale
bar = 50 um), green: CD163; red: iba-1; blue: DAPI. (H) Immunofluorescence staining results of
CD163 showing the MFI and the percentage of cells in different MFIs. * p < 0.05; *** p < 0.001;
**** p < 0.0001. Abbreviations: MFI, mean fluorescence intensity; Aβ, amyloid beta.
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3. Discussion

There has been limited research centered around transcriptomic strategies on the
mechanisms of small-vessel injury in AD. Through comprehensive analyses of clinical data,
reviews of the relevant literature, and the verification experiments, our study suggested a
distinct mechanism of small-vessel injury in early-stage AD.

From both clinical and neuroimaging perspectives, although WMHs did not show
significant differences among the three groups, sensitive DTI indices, such as FA values,
identified vulnerable regions associated with small-vessel injury in the AD continuum. We
also identified that WMHs, an indicator of small-vessel injury associated with the diagnosis
of early-stage AD, and TCB, which represents cerebral atrophy, can associated with the
entire course of AD. Small-vessel injury played a potential role in the initial phases of the
disease, whereas degenerative factors predominated in all stages of the disease [19,20].
These results also provide evidence to support the “two-hit vascular hypothesis” of AD
etiology [21].

After bioinformatics analyses, we found that the gene expression of small-vessel injury
in patients with MCI were quite different from that in CN patients. Increasing evidence
shows that WMHs may predict the probability for diagnosing MCI [19,22], and the period
of MCI is a crucial period for disease intervention within the AD continuum. This intrigues
us and we subsequently wish to focus on small-vessel injury in the context of MCI. Seven
feature-selection genes (CD163, FOLR2, ALDH3B1, MIR22HG, DTX2, ALDH2, and ZNF23),
out of 276 WMH-related genes in MCI, were selected by the Boruta algorithm and the SVM-
RFE algorithm and further validated as the predictable biomarkers of WMH through seven
machine learning risk prediction models. Notably, they were highly correlated with the
immune cells, as well as the immune-related pathway, indicating a potential role through
immune-related biological pathways in the development of small-vessel injury in early AD.
Finally, CD163 and FOLR2 were identified as the pivotal genes.

CD163, a glycoprotein within class B of the scavenger receptor cysteine-rich super-
family, primarily participates in iron metabolism, inflammation, and immune responses.
Traditionally, its expression was thought to be restricted to perivascular and meningeal
macrophages (Supplementary Figure S3) [23,24]. However, CD163 is also expressed in
the microglia in various nervous system diseases, such as AD, Parkinson’s disease (PD),
HIV-encephalitis, multiple sclerosis, and head injury tissue [24–27]. Notably, CD163 ex-
hibits heightened expression in AD, particularly in the frontal and occipital cortices, with
co-localization with Aβ; in addition, it was found at a higher density around compromised
blood vessels [24,28]. Our experimental results also reveal the presence of small-vessel
injury in the cortex of 5×FAD mice, accompanied by an elevated expression of CD163. Ad-
ditionally, exposure to Aβ induces the increase in CD163 expression in primary microglial
cells. Research on human coronary artery plaques has demonstrated that the presence of
CD163+ macrophages were associated with increased expression of endothelial vascular
cell adhesion molecule (VCAM), angiogenesis, inflammatory cell recruitment, and high
microvascular permeability through the CD163/HIF1α/VEGF-A pathway [29].

Increased CD163 expression was found in the MCI_WMH+ group by our analysis.
Therefore, it is reasonable to hypothesize that early hypoperfusion may hinder Aβ clearance,
thereby promoting Aβ deposition and upregulating CD163 expression. This upregulation
of CD163 expression, driven by the CD163/HIF1α/VEGF pathway, initiates non-functional
angiogenesis, chronic inflammatory cell recruitment, and heightened vascular permeabil-
ity, and exacerbates Aβ deposition. These processes create a detrimental feedback loop,
ultimately resulting in development of the MCI stage. Certainly, these hypotheses need
further validation by modulating the expression of CD163 in microglial cells to investigate
its impact on the blood-brain barrier (BBB).

The GO annotations for FOLR2, which encode a member of the folate receptor (FOLR)
family, include folic acid binding and folic acid transmembrane transporter activity. Folate
deficiency is associated with cerebrovascular diseases, neurological diseases, and mood
disorders [30]. Given the reported protection exerted by folic acid against oxidative stress,
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resulting from exposure to amyloid beta [31], the observed upregulation of folate receptors
and folate binding could represent a response to the increased intracellular vitamin need.
Therefore, lower circulating serum folate may be attributable to increased folate binding in
peripheral tissues such as via fibroblasts [32]. In addition, the upregulation of FOLR2 may
contribute to an unfavorable vascular phenotypic switch induced by obesity [33]. However,
limited evidence exists on the relationship between this gene and cerebral blood vessels,
especially small vessels.

It is noteworthy that CD163 and FOLR2 serve as frequently observed biomarkers
of M2 macrophages [34–37], which are well-known for their anti-inflammatory proper-
ties [38]. Our investigation also revealed a positive correlation between the expression
of CD163 and FOLR2, suggesting an upregulation of anti-inflammatory macrophages in
patients with MCI with pronounced cerebral small-vessel injury. An increased abundance
of anti-inflammatory macrophages may signify a compensatory response to an elevated
immune milieu within the organism. Furthermore, this finding aligns with the heightened
macrophage abundance revealed by immune infiltration analysis.

However, ALDH2 and ALDH3B1 are both members of the aldehyde dehydrogenase
(ALDH) protein family, critical for detoxifying aldehydes. ALDH2, a nuclear gene, is
transported and functions in the mitochondrial matrix. Elevated blood ALDH2 expression
may indicate a protective response to toxic aldehydes in mitochondria [39]. ALDH2 mRNA
expression was significantly higher in late-onset AD than in controls and increased with
age in wildtype mice [40]. ALDH3B1 also protects cells from oxidative stress [41] and may
have protective roles in various brain diseases including epilepsy [42].

DTX2 is a member of the DELTEX (DTX) family of E3 ubiquitin ligases (comprising
five members: DTX1, DTX2, DTX3, DTX3L, and DTX4) in mammals and it is closely related
to cell growth, differentiation, apoptosis, signal transduction, and some diseases, including
tumors [43,44]. MIR22HG, a well-studied lncRNA, functions as a master regulator in
diverse malignancies, playing a critical role in various aspects of carcinogenesis, including
proliferation, apoptosis, invasion, and metastasis [45]. ZNF23 induces apoptosis in human
ovarian cancer cells [46]. However, these three genes have been the subject of limited
research in regard to the nervous system.

There are several limitations of this study that are worthy of mentioning. Firstly,
brain MRI and gene expression data were available only in the subsamples, primarily
due to limited access. Notably, there is a lack of databases containing comprehensive
neuroimaging and gene expression data for the AD continuum. To compensate for this
limitation, we randomly divided the dataset into a training set (20%) and a testing set (80%),
employing as many as seven machine learning algorithms to create ROC curves and verify
the robustness of these feature-selection genes. The predictive effectiveness of the GBM, RF,
and KNN algorithms had accuracies exceeding 0.7, confirming the robustness of our results.
In addition, we are in the process of constructing an independent AD-cohort dataset to
further evaluate the generalizability of these feature-selection genes.

Secondly, we have only validated the coexistence of small-vessel injury and elevated
CD163 expression in the context of AD pathology. More systematic experiments, including
the modulation of CD163 expression in microglia, are required to investigate its impact
and the underlying mechanisms of small-vessel injury in the future. Despite the insuf-
ficient evidence from the literature reviews regarding the association between FOLR2
and small-vessel injury, this represents one of the research directions that requires further
experimental validation.

Finally, some cells and molecules from the central nervous system (CNS) can tra-
verse the BBB and enter the peripheral blood, which provide insights for the state of
the CNS, especially in disease research and monitoring. It is essential to acknowledge
that peripheral changes cannot directly and fully reveal the pathological and physiologi-
cal changes in the brain, which is an inherent limitation when studying central diseases
through peripheral approaches.
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4. Materials and Methods
4.1. Description of ADNI Subjects in the Study, Dataset Acquisition, and Data Preprocessing

Brain imaging and gene expression data were obtained from the ADNI database
(http://adni.loni.usc.edu; accessed on 3 July 2023), a large dataset established in 2003 to
measure the progression of healthy and cognitively impaired participants with brain scans,
biological markers, and neuropsychological assessments [47]. Peripheral blood samples
were collected and the Affymetrix Human Genome U219 Array (Affymetrix, Santa Clara,
CA, USA) was utilized for expression profiling. Tabulation of gene expression profiles from
blood RNA and all quality control and normalizations were conducted by ADNI before
inclusion in the dataset.

Diagnosis, age, gender, education, cognitive test scores, and the most recent imaging
data, including WMH as well as DTI indices extracted from MRI, were obtained from
ADNI. Using the conversion between VISCODE and VISCODE2, the intervals between MRI,
diagnosis, and blood sample collection were controlled so as to not exceed three months.

TCB and WMH were adopted to represent the severity of cerebral atrophy and small-
vessel injuries [48–50]. For analytical purposes, Both TCB and WMH were standardized by
TCV and subsequently multiplied by 100. WMH_TCV was a natural logarithm transformed
to mitigate the impact of left skewness distributions (Supplementary Figure S4).

Logistic regression models were utilized to estimate the odds ratios (ORs) and 95%
confidence intervals (CIs) for AD stages associated with cerebral atrophy and small-vessel
injury. Age, gender, education level, and APOE mutation were adjusted before regression
and correlation analysis.

4.2. MRI Analysis

DTI indices including FA, MD, AxD, and the RD of white matter, were sourced from the
ADNI database under the same screening criteria as previously described. The GRETNA
toolbox [51] was used to perform a one-way ANOVA on the DTI data of the three groups
(CN, MCI, dementia), controlling for age, gender, and education level, and corrected for
false discovery rate (FDR). Referring to the “JHU ICBM-DTI-81 White-Matter Labels” fiber
bundles label, differential fiber bundles were extracted by employing FMRIB’s Software
Library (FSL) [52,53] and subsequently visualized using the MRIcron toolbox.

4.3. Differential Gene Expression Analysis

To identify WMH-related genes both in the CN and MCI groups, each group was
separately stratified into two subgroups. These subgroups, denoted as the WMH+ and
WMH– groups, were distinguished based on the median ln_WMH_TCV. This categorization
allowed a comprehensive exploration of WMH-related genetic factors within and between
the CN and MCI groups. Differential gene expression analysis between WMH- and WMH+
groups with MCI was undertaken using the limma package in R (v4.2) [54]. |log2(fold
change) | > 0.12, and p < 0.05 were considered as screening thresholds to obtain DEGs.
Volcano plots of DEGs were plotted using ggplot2 in R.

4.4. Enrichment Analysis

Functional enrichment analysis was carried out using three domains of gene ontology
(GO), including biological process (BP), cellular component (CC), and molecular function
(MF). KEGG pathway analysis was adopted to identify the pathways of biological molecular
interaction. GSEA, utilizing annotations from both GO and KEGG, was executed with the
clusterProfiler R package [55]. Visualization of the results was achieved using gseaplot2, with
significance set at a threshold of p < 0.05.

4.5. Protein–Protein Interactions (PPIs)

All of the DEGs were imported into the STRING online database (https://cn.string-db.
org/; accessed on 12 October 2023), a functional protein association network, assembling all
known and predicted proteins. The PPI network interactions file with medium confidence
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scores ≥ 0.4 was downloaded. The MCC plugin [56] and MCODE plugin in Cytoscape
were used for further analysis of the interaction network and hub genes. The criteria of
MCODE were set as degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max depth
= 100. And the top subnetworks were shown using the MCODE plugin. Subsequently,
MCODE analysis was performed and the top three modules in each DEG’s upregulated
and downregulated PPI network were obtained. The hub genes were filtered by the MCC
plugin for the top 30 genes.

4.6. Identification and Validation of Feature-Selection Genes Using Machine Learning

The dataset’s DEGs were subjected to feature selection using the Boruta algorithm [57]
and the SVM-RFE algorithm. Following the execution of these algorithms, we determined
the feature-selection genes by identifying the intersection of the selected features, and
subsequently integrated them into the machine learning model. Seven machine learning
algorithms were used to build models, namely the generalized linear model (GLM), gra-
dient boosting machine (GBM), K-nearest neighbors (KNN), random forest (RF), extreme
gradient boosting (XGBoost), support vector machine (SVM), and recursive partition tree
(RPART). The data of 304 patients with MCI were randomly divided into the training set
(80%) and testing set (20%) according to the ratio of 8:2. In order to assess the robustness
of the model, we employed tenfold cross-validation on the training set and repeated it
three times. On the training set, seven machine learning algorithms were used to build
the models, and the testing set was used to test the effectiveness of the model. The model
with the maximum AUC value of the receiver ROC was evaluated as the best model. The R
packages used included Boruta, caret, e1071, pROC, XGboost, and dplyr.

4.7. Immune Cell Infiltration

The relative abundances of 28 infiltrating immune cells in the ADNI dataset were quan-
tified using the ssGSEA algorithm. Boxplots were drawn to demonstrate the differential
abundances of the 28 infiltrating immune cells.

4.8. The Correlation Analyses of Feature-Selection Genes

Spearman correlations were calculated for the abundances of 28 infiltrating immune
cells and FA values, which represent specific fiber bundles susceptible to microvascular
damage in the MCI group, with feature-selection genes, followed by visualization using
the pheatmap package.

4.9. Animal and Cell Experiments
4.9.1. Animal and Cell Model of Alzheimer’s Disease

Animal experiments were approved by the Animal Ethics and Experimentation Com-
mittee of Shanghai Jiao Tong University, Shanghai, China, and carried out according to
the Guide for the Care and Use of Laboratory Animals: Reporting of In Vivo Experiments
(ARRIVE) guidelines [58]. Five-month-old 5×FAD and WT mice were purchased from
Aniphe Biolaboratory Inc. (n = 5). The mice had free access to food and water ad libitum.
Mice were sacrificed one month later (m = 6 month); left brain tissues were obtained for
immunofluorescence (IF) staining and right brain tissues for RT-qPCR analysis.

Primary mixed glial cells were prepared from the frontal cortices of grouped male and
female post-natal day 2 Sprague Dawley rats from the same litter, purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. In brief, cerebral cortices were cleaned
from all meninges, digested in trypsin, and dissociated into a single-cell suspension by
trituration through syringes. The cells were plated onto a Poly-D-lysine 75T bottle and
grown in Dulbecco’s modified Eagle’s media (DMEM) supplemented with 10% inactivated
fetal bovine serum (FBS) and 1% antibiotics (P/S, penicillin/streptomycin; NCM). The
next day, cells were washed with DMEM to remove debris, and the media were changed
twice per week. After 10 days, loosely attached microglia were removed from underlying
astrocytes by shaking the bottle at 180 RPM for 30 min at 37 ◦C. Cells were collected,
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replated onto dishes in the original culture medium, and allowed to adhere overnight.
The next day, the media were replaced with new media. Primary microglia were treated
with 5uM Aβ1-42 (GL Biochem Ltd., Shanghai, China) for 18 h to construct a cell model of
Alzheimer’s disease.

4.9.2. IF Staining

Brain tissues were fixed with 4% paraformaldehyde (PFA) for 10 min. For IF staining,
the tissue slices were permeabilized with 0.1% Triton X-100 for 10 min, blocked with 1%
BSA for 1 h at 37 ◦C, and then incubated with antibodies against AQP4 (Servicebio, Wuhan,
China, GB12529, 1:200), CD31 (R&D, AF3628, 1:200), and Aβ (Abcam, ab201060, 1:200)
at 4 ◦C overnight. The next day, tissue slices were incubated with fluorescent secondary
antibodies for 1 h at room temperature. The nuclei were stained with DAPI Fluoromount-
G™ (Yeasen, Shanghai, China, 36308ES20) for 10 min prior to imaging.

After the same pre-treatment as before, the cell slides were incubated with antibodies
against CD163 (ProteinTech Group, Chicago, IL, USA, Cat No: 16646-1-AP, 1:400) and iba-1
(WAKO, 011-27991) and the next steps are also consistent with the above. Representative
regions and cells were selected and photographed.

4.9.3. RNA Extraction and RT-qPCR

RNA was extracted from the cerebral cortex tissues using NGzol reagent (Invitrogen,
Waltham, MA, USA, 15596018) and reverse-transcribed to cDNA using the Hifair® II 1st
Strand cDNA Synthesis Kit (Yeasen Biotechnology, Shanghai, China, 11119ES60). Primer
sequences were obtained from PrimerBank (https://pga.mgh.harvard.edu/primerbank;
accessed on 20 October 2023) and synthesized at Synbio Technologies (Suzhou, China)
(Table 3). RT-qPCR was performed using the Hieff® qPCR SYBR Green Master Mix (High
Rox Plus; Yeasen Biotechnology, 11203ES03) on a 7900HT Fast real-time PCR System. PCR
amplification was conducted in triplicate for each sample, and the expression of target genes
was normalized to GAPDH. Relative expression was determined using the 2−∆∆Ct method.

Table 3. The RT-PCR primer.

Gene Primer

CD163 (mouse) CD163-F AATCACATCATGGCACAGGTCACC
CD163-R TCGTCGCTTCAGAGTCCACAGG

GADPH (mouse) GAPDH-F GGCAAATTCAACGGCACAGTCAAG
GAPDH-R TCGCTCCTGGAAGATGGTGATGG

4.10. Statistical Analysis

Differences between two groups were assessed using the Student’s t-test. For compar-
isons involving three groups, in the analysis of normally distributed continuous variables,
group characteristics were compared using a one-way analysis of variance (ANOVA), fol-
lowed by a Bonferroni multiple-comparison post-hoc test. In cases where the assumption
of equal variance was violated, Tamhane’s T2 test was applied [59]. The Kruskal-Wallis test
for continuous variables with skewed distribution and the chi-square test for categorical
variables were also used. All clinical statistical analyses were performed using IBM SPSS
Statistics (version 26.0), and experimental data analyses were performed using GraphPad
Prism 9 (GraphPad Software Inc., La Jolla, CA, USA). A two-tailed p-value of <0.05 was
considered statistically significant.

5. Conclusions

Utilizing the ADNI database and combining the comprehensive reports showed that
CD163 is related to small-vessel injury in AD patients. Subsequent validation studies
revealed a potential correlation between CD163 and small-vessel injury in the cortical tissue
of 5×FAD mice. Additionally, we conducted an analysis of the correlation among the
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expression levels of feature-selection genes, the abundance of infiltrating immune cells, and
DTI indices in brain regions affected by small-vessel injury. These insights may contribute to
an enhanced comprehension of the pathological mechanisms of MCI, specifically in relation
to small-vessel injury. Furthermore, we suggest that high-risk individuals take measures
aimed at preventing microvascular damage, including the control of vascular risk factors
such as hypertension, diabetes, hyperlipidemia, etc., as well as the promotion of healthy
lifestyles, especially limiting alcohol consumption and embracing an anti-inflammatory
dietary regimen.

In conclusion, this research may serve as a predictive tool for estimating the conversion
probability from being CN to having MCI and provide novel insights into the physiological
mechanisms of early AD with small-vessel injury.
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Abstract: The RNA-binding protein HuD has been shown to play a crucial role in gene regulation
in the nervous system and is involved in various neurological and psychiatric diseases. In this
study, through the creation of an interaction network on HuD and its potential targets, we identified
a strong association between HuD and several diseases of the nervous system. Specifically, we
focused on the relationship between HuD and the brain-derived neurotrophic factor (BDNF), whose
protein is implicated in several neuronal diseases and is involved in the regulation of neuronal
development, survival, and function. To better investigate this relationship and given that we
previously demonstrated that folic acid (FA) is able to directly bind HuD itself, we performed in vitro
experiments in neuron-like human SH-SY5Y cells in the presence of FA, also known to be a pivotal
environmental factor influencing the nervous system development. Our findings show that FA
exposure results in a significant increase in both HuD and BDNF transcripts and proteins after 2
and 4 h of treatment, respectively. Similar data were obtained after 2 h of FA incubation followed by
2 h of washout. This increase was no longer detected upon 24 h of FA exposure, probably due to a
signaling shutdown mechanism. Indeed, we observed that following 24 h of FA exposure HuD is
methylated. These findings indicate that FA regulates BDNF expression via HuD and suggest that FA
can behave as an epigenetic modulator of HuD in the nervous system acting via short- and long-term
mechanisms. Finally, the present results also highlight the potential of BDNF as a therapeutic target
for specific neurological and psychiatric diseases.

Keywords: ELAV/HuD; BDNF; folic acid; neurodegenerative diseases; Alzheimer’s disease

1. Introduction

Neurodegenerative diseases (NDs) are a heterogeneous group of diseases character-
ized by a progressive loss of function of the autonomic, peripheral, or central nervous
system (CNS). These include Alzheimer’s disease (AD), Parkinson’s disease, multiple
sclerosis, amyotrophic lateral sclerosis, and other neurological disorders. The WHO ranked
NDs at 7th place in the leading causes of death worldwide. Moreover, the health, economic,
and social burden caused by NDs is expected to dramatically rise in the next few decades
as a result of the global population growth and aging. Therefore, the WHO recognized
NDs as a global public health problem and included them in the top four challenging
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diseases that medicine and pharmacology should quickly address in the near future. The
current, yet decade-old, pharmacological treatments for NDs are mainly symptomatic or
focused on slowing down as much as possible the progression of the disease. For instance,
concerning AD, in 2021, after 20 years of research failures in this field, FDA approved
aducanumab, a monoclonal antibody able to target oligomeric and fibrillary beta-amyloid
(Ab) protein aggregates in the brain, hence interrupting amyloid aggregation kinetics.
However, reports of serious complications potentially related to the treatment have cast
a shadow on that decision. Thus, research on new strategies, targets, and, consequently,
new drugs to prevent neurodegeneration or to act as neurodegenerative disease-modifying
therapies is still demanding [1]. Among the new putative therapeutic targets, RNA-binding
proteins (RBPs), including the ELAV family, have gained attention. RBPs play a prominent
role in modulating various aspects of RNA metabolism, including splicing, polyadeny-
lation, nucleo-cytoplasmic shuttling, intracellular localization, stability, and translation
of target mRNAs, thus contributing to a dynamic regulation of gene expression. This
RBPs-mediated regulation has a strong impact on the levels of proteins that control key
cellular functions such as proliferation, development, differentiation, and death. Indeed,
a tight regulation of the expression of proteins involved in these biological processes is
critical, and its dysregulation is linked to the pathogenesis of several diseases [2–6].

The ELAV family encompasses four members, namely HuR (ELAVL1), HuB (ELAVL2),
HuC (ELAVL3), and HuD (ELAVL4) [7,8]. HuR is ubiquitously expressed, and it is mainly
implicated in cell growth and cell cycle regulation [6]. Conversely, HuB, HuC, and HuD
are the neuron-specific members of the family (nELAV), since they are mainly expressed in
the nervous system, and they regulate the fate of target mRNAs coding for pivotal proteins
taking part in key functions of neuronal cells. Among all the neuronal RBPs, HuD has
been intensively investigated. A number of studies have leveraged the combination of
mRNA-RBP complex purification methods and bioinformatic analyses, striving to identify
the cellular targets regulated by HuD and thereby elucidating its biological function [9,10].
The gene ontology and the computational biological pathway analyses of identified HuD
mRNA targets have unveiled the implication of this RBP in regulating neuronal differen-
tiation and development, nerve regeneration, cellular response towards oxidative stress,
repairing of the nervous tissue after nerve injury, as well as synaptic plasticity and memory
processes [11–17]. Interestingly, recent research revealed that HuD may also indirectly
regulate mRNA levels by controlling the expression of non-coding RNAs such as circular
RNAs (circRNAs) and microRNAs (miRNAs). Indeed, deletion of HuD in the striatum has
been observed to alter the levels of circRNAs and miRNAs and to affect their interactions
with mRNAs. Bioinformatic analyses detected HuD-binding adenine/uracil-rich elements
(ARE) in approximately 26% of brain-expressed circRNAs, indicating that HuD interactions
with circRNAs might regulate their expression and transport. The subsequent alterations
in HuD-regulated circRNA networks could thus influence neuronal differentiation and
synaptic plasticity. Further bioinformatic examination of differentially expressed miR-
NAs revealed that the most likely mRNA targets of these miRNAs are associated with
biological pathways and networks linked to transcriptional and epigenetic regulators (i.e.,
Jun, EGR3, MECP2, HDAC 1 and 9, and SMARC2), including BDNF and its associated
proteins. Interestingly, the two foremost biological networks of these targets center on two
proteins associated with neurodegeneration: the amyloid precursor protein (APP), which is
linked to Alzheimer’s disease, and Huntingtin (HTT), a genetic mutation associated with
Huntington’s disease [18].

As a result, alterations in the expression of HuD-targeted mRNAs are associated with
neurodegeneration and mood disorders, epilepsy, schizophrenia, and intellectual disabili-
ties [15,19,20]. Moreover, alterations in HuD activity through different post-translational
modifications, including phosphorylation, ubiquitination, and sumoylation, can alter the
binding affinity of HuD for its target mRNAs. As an example, phosphorylation of HuD in
threonine residues by PKCα has been shown to modulate the stability of its down-stream
target GAP-43 mRNA and to affect nELAV/HuD localization, also favoring HuD binding
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with polysomes [21,22]. Also, PKCα-mediated HuD phosphorylation is able to counteract
an ADAM10 deficit following Ab challenge [23]. Furthermore, methylation of HuD in
arginine residues by CARM1 (coactivator-associated arginine methyltransferase 1) has been
shown to reduce HuD function and the binding with its target mRNAs, leading to their
decreased post-transcriptional regulation. Conversely, an increase in non-methylated, HuD
favors binding with the neuronal mRNA targets, promoting differentiation and elongation
of neurites, and contributing to the proper development of the nervous system [24].

Accordingly, these findings suggest HuD as a novel target for the development of
brand-new pharmacological interventions aimed at counteracting NDs. In addition to
the comprehensive biochemical and functional characterization of HuD, the availability
of crystallographic structures for the first two RNA recognition motif (RRM) domains of
the HuD protein in complex with C-FOS mRNA (PDB ID: 1FXL) and TNFα mRNA (PDB
ID: 1G2E [25]), together with a combined NMR and in silico approaches, has contributed
to the expansion of our understanding of the structural characteristics of the protein
domains interacting with the target mRNAs and the postulation of a putative ligand-
binding site [19,26–30]. These insights pave the way for Structure-based Drug Design.

Starting from these premises, we performed a drug repurposing study that allowed the
identification of new ligands able to bind HuD, thus potentially influencing the formation
of HuD-mRNA complexes. More in detail, by combining a virtual screening of natural
compounds and FDA-approved drugs databases and STD-NMR studies, we selected folic
acid (FA), rosmarinic acid, cefazolin, and enalapril maleate. Molecular dynamics studies
performed to further investigate the ligand–protein interaction profile further support
STD-NMR results, suggesting FA as the most attractive HuD binder (Figure 1; see also [31]).
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FA, also known as vitamin B9, has fundamental roles in CNS function at all ages, and it
has been recognized as a crucial environmental factor for the nervous system development.
From the early fetal stages of the formation of the presumptive spinal cord and brain to
the maturation and maintenance of the nervous system during infancy and childhood,
as well as during the entire adult life, folate levels and their supplementation have been
considered influential in the clinical outcomes of neurological diseases. Moreover, several
studies proved the role of FA in the prevention of CNS developmental disorders, mood
disorders, and dementias, including AD and vascular dementia. However, notwithstanding
the vast epidemiological information recorded on folate function and neural tube defects,
neural development, and neurodegenerative diseases, the mechanisms of folate action in
the developing neural tissue is remaining still elusive.
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Given the involvement of HuD in the maintenance and function of the CNS, our
identification of FA as a potential ligand of HuD represented another brick in the wall to
unravel the mechanism of action of FA at CNS level.

Accordingly, to gain a deeper insight into the effect of FA on HuD, in this study, we
investigated at the cellular level the impact of FA on HuD expression, and we explored how
this modulation influenced the regulation of specific HuD down-stream targets, crucial
for maintaining a proper CNS function or for being involved in the development of NDs
selected through the creation of a protein–protein interaction network.

2. Results
2.1. Protein–Protein Interaction Network of the Targets Controlled by HuD

The PPI network generated by STRING consisted of 33 nodes (Figure 2) and 76 edges.
The number of edges is significantly larger than the one expected for a random network of
the same size (degree ≤ 10–16); the nodes were more connected than randomly distributed.
It suggested that the PPI network could be considered as a relatively small world in
comparison with the random graph, and the proteins might be biologically relevant. The
results of the topological analyses showed that BDNF was a hub extensively connected
with their neighbors in the network (with the largest being k = 14) and the bottleneck
had significant control over the network (BC = 0.151) in the PPI network. Moreover,
BDNF is involved in 9 out of the 13 CNS-related pathological pathways examined (i.e.,
Huntington disease, amnestic disorder, toxic encephalopathy, cognitive disorder). BDNF is
a neurotrophin that emerged as a key regulator of neuronal survival and differentiation,
and it is strongly implicated in synaptic plasticity linked to learning and memory processes.
Further, alterations in BDNF levels and signaling have been identified in various NDs and
have been also associated with symptom onset and disease progression [32]. Among the
14 targets of HuD involved in neuronal and non–neuronal pathologies interconnected with
BDNF, it is noteworthy to point out the interconnection with the Growth Associated Protein
43 (GAP43) [14,33,34], a primary contributor of neurite outgrowth, the Nerve Growth
Factor (NGF) [35], which has an impact on neuronal differentiation, neurogenesis, dendritic
maturation, neuronal plasticity, synaptic transmission, and neuronal signaling pathways,
the Amyloid Precursor Protein (APP), whose abnormal processing leads to the production
and accumulation of Aβ peptides, thus contributing to AD pathogenesis [36], and the
Vascular Endothelial Growth Factor (VEGF), whose reduced levels or an impaired signaling
may take part in NDs progression by compromising the neuroprotective mechanisms [37].
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are strongly connected are positioned closely together and have a greater number of edges enter-
ing each node. The nodes of the same color represent the same disease-gene associations with
HuD. ACHE: Acetylcholinesterase, APP: Amyloid Precursor Protein, ATG5: autophagy related 5,
BACE1: Beta-Secretase 1, BDNF: Brain-derived neurotrophic factor, CAMK2A: Calcium/Calmodulin-
Dependent Protein Kinase II Alpha, DCTN6: Dynactin Subunit 6, SOD1: superoxide dismutase 1,
ELAVL1: ELAV-like protein 1, GAP43: Growth-Associated Protein 43, GCG: glucagon, GLS: Glu-
taminase, IK: Ikaros, INSIG1: Insulin-Induced Gene 1, INSM1: Insulinoma-associated protein 1,
KCNA1: Potassium Voltage-Gated Channel Subfamily A Member 1, KCNH2: Potassium Voltage-
Gated Channel Subfamily H Member 2, MAPT: Microtubule-associated protein tau, MFN2: mitofusin
2, MME: Membrane Metallo endopeptidase, MMP2: Matrix Metallopeptidase 2, MMP9: Matrix
Metallopeptidase 9, MSI1: Musashi 1, MYCN: MYCN proto-oncogene, NGF: nerve growth factor,
NOVA1: ventral neuron-specific protein 1, NTF3: Neurotrophin 3, NRN1: Neuritin 1, SATB1: special
AT-rich sequence-binding protein-1, SERPINI1: Serpin Family I Member 1, TCEAL1: Transcription
Elongation Factor A Like 1, TIFA: TRAF Interacting Protein With Forkhead-Associated Domain,
VEGFA: Vascular endothelial growth factor A.

2.2. Effect of Folic Acid on Cell Viability and BDNF mRNA Content

The cytotoxicity of FA on human neuroblastoma SH-SY5Y cells was examined via
MTT assay at different concentrations (100 nM, 1 µM, and 100 µM) and at both 24 and 48 h
of exposure. The results, expressed as a percentage of cell viability, are reported in Figure
S1. As expected, FA shows a good safety profile with no significant cell death vs. control at
all the tested concentrations and times of exposure.

To identify the optimal concentration of FA to be used in the subsequent experiments,
SH-SY5Y cells were treated with 100 nM, 1 µM, and 100 µM FA for 2 h. This timeframe
was chosen based on previous experiments and on our own experience as being optimal
for BDNF transcriptional activity, mRNA half-life (t1/2 132 ± 30 min) [38], and protein
expression. As reported in Figure 3, FA induced a two-fold significative increase in BDNF
mRNA levels at 100 nM, whereas no variation in BDNF transcript with respect to the
control was detected at higher concentrations (1 and 100 mM). This profile likely indicates
a concentration-dependent effect of FA on BDNF transcript content. Based on these results,
100 nM FA was chosen as the optimal concentration for the following experiments.
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Figure 3. Effect of folic acid on BDNF transcript. SH-SY5Y cells were treated for 2 h with increasing
concentrations of folic acid (0.1–1–100 µM) or phosphate-buffered saline (PBS) as vehicle control.
mRNA levels were evaluated via RT-PCR. Each value represents the mean± S.E.M. of independent ex-
periments with respect to the control (100%). Statistical analysis was performed by two-way ANOVA
followed by Dunnett’s Multiple Comparisons test; * p < 0.05 vs. control, n = 3 independent samples.
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2.3. Effect of Folic Acid on HuD and BDNF Expression

The effect of 100 nM FA on both HuD and BDNF mRNA content and the relative
protein expression was evaluated at two timeframes, namely 2 and 4 h. As reported in
Figure 4 (panels A and B), FA was able to significatively increase BDNF and HuD mRNA
levels after 2 h of treatment, whereas a return to the baseline level for both transcripts was
observed after 4 h of incubation.

Int. J. Mol. Sci. 2023, 24, 12201 7 of 16 
 

 

 
Figure 4. HuD and BDNF expression following 2 and 4 h of folic acid treatment. (A,B) Determina-
tion of HuD (A) and BDNF (B) mRNA levels via RT-PCR in SH-SY5Y cells exposed to solvent (phos-
phate-buffered saline; PBS) or to folic acid (FA) for 2 (2 h) and 4 h (4 h). The amounts of the total 
mRNA were normalized using the corresponding levels of GAPDH mRNA. The values are ex-
pressed as mean percentages ± S.E.M. with respect to the control (100%). * p < 0.05, ** p < 0.01, *** p 
< 0.001, Tukey’s multiple comparisons test, n = 3 independent samples. (C,D) Representative 
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BDNF (D) proteins and the respective a-tubulin in the total homogenates of SH-SY5Y cells following 
exposure to solvent (PBS) or FA for 2 h and 4 h. Results are expressed as mean grey levels ratios 
(mean ± S.E.M.) of HuD/a-tubulin (C) and BDNF/a-tubulin (D) ×1000. * p < 0.05, ** p < 0.01, *** p < 
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Figure 4. HuD and BDNF expression following 2 and 4 h of folic acid treatment. (A,B) Determination
of HuD (A) and BDNF (B) mRNA levels via RT-PCR in SH-SY5Y cells exposed to solvent (phosphate-
buffered saline; PBS) or to folic acid (FA) for 2 (2 h) and 4 h (4 h). The amounts of the total mRNA
were normalized using the corresponding levels of GAPDH mRNA. The values are expressed as
mean percentages ± S.E.M. with respect to the control (100%). * p < 0.05, ** p < 0.01, *** p < 0.001,
Tukey’s multiple comparisons test, n = 3 independent samples. (C,D) Representative cropped Western
blotting (upper panel) and densitometric analysis (lower panel) of HuD (C) and BDNF (D) proteins
and the respective a-tubulin in the total homogenates of SH-SY5Y cells following exposure to solvent
(PBS) or FA for 2 h and 4 h. Results are expressed as mean grey levels ratios (mean ± S.E.M.) of
HuD/a-tubulin (C) and BDNF/a-tubulin (D) ×1000. * p < 0.05, ** p < 0.01, *** p < 0.001, Tukey’s
multiple comparisons test, n = 3–7 independent samples.

To further investigate whether the observed increase in HuD and BDNF mRNA
levels after FA treatment translates into an effective promotion of HuD and BDNF protein
expression, their protein levels were measured after 2 and 4 h of FA exposure. The obtained
results show a significant increase in the amount of both proteins after 4 h of FA exposure,
while no changes were observed after 2 h compared to the control (Figure 4, panels C and D).
This result is in line with the time lapse between gene transcription and protein expression.

Based on these findings, we then performed a washout period after 2 h of FA treat-
ment to understand if this time of exposure is enough to activate the FA-dependent
HuD/BDNF cascade.

The obtained data indicate that a 2-h FA treatment is sufficient to trigger the HuD/BDNF
cascade (Figure 5). Indeed, as expected, at this time, we observed an increase in the amount
of both HuD and BDNF transcripts with no changes in the corresponding protein content.
However, following 2 h of washout, we could detect a significant rise in both HuD and
BDNF protein levels, thus mirroring the profile previously observed following 4 h of FA
incubation. Following 2 h of washout, we also found a further increase in the mRNA levels
of both HuD and BDNF in comparison to the corresponding amounts detected after 2 h of
FA only.
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observed in HuD and BDNF expression either at the transcript or protein level. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. HuD and BDNF expression following 2 h + 2 h of washout of folic acid treatment. (A,B) De-
termination of HuD (A) and BDNF (B) mRNA levels via RT-PCR in SH-SY5Y cells exposed to solvent
(phosphate-buffered saline; PBS) or to folic acid (FA) for 2 h (2 h) and 2 h + 2 h of washout (2 + 2 h).
The amounts of the total mRNA were normalized with the corresponding levels of GAPDH mRNA.
The values are expressed as mean percentages ± S.E.M. with respect to the control (100%). * p < 0.05,
** p < 0.01, *** p < 0.001, Tukey’s multiple comparisons test, n = 3 independent samples. (C,D) Repre-
sentative cropped Western blotting (upper panel) and densitometric analysis (lower panel) of HuD
(C) and BDNF (D) proteins and the respective a-tubulin in the total homogenates of SH-SY5Y cells
following exposure to solvent (PBS) or FA for 2 h and 2 + 2 h. Results are expressed as mean grey
levels ratios (mean ± S.E.M.) of HuD/a-tubulin (C) and BDNF/a-tubulin (D) ×1000. * p < 0.05,
** p < 0.01, Tukey’s multiple comparisons test, n = 3–7 independent samples.

To further investigate the effects of a prolonged FA treatment on BDNF and HuD
expression, cells were exposed to FA for 24 h. As shown in Figure 6, no changes were
observed in HuD and BDNF expression either at the transcript or protein level.
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ages ± S.E.M. with respect to the control (100%). (C,D) Representative cropped Western blo ing 
(upper panel) and densitometric analysis (lower panel) of HuD (C) and BDNF (D) proteins and the 
respective a-tubulin in the total homogenates of SH-SY5Y cells following exposure to solvent (PBS) 
or FA for 24 h. Results are expressed as mean grey levels ratios (mean ± S.E.M.) of HuD/a-tubulin 
(C) and BDNF/a-tubulin (D) ×1000, n = 3–7 independent samples. 

2.4. HuD Post-Translational Modification after Prolonged Folic Acid Treatment. 
Lastly, to obtain further insight into the mechanism by which a prolonged FA expo-

sure might modulate HuD function, and given that FA is a methyl donor, we performed 
immunoprecipitation experiments to investigate FA-mediated potential post-translational 
modifications in the HuD protein. In particular, we focused on the implication of arginine 
methylation, as this modification affects the activity of proteins involved in various cellu-
lar pathways, including nuclear-cytoplasmic signaling, transcriptional activation, and 
pos ranscriptional modulation [24,35,39]. As reported in Figure 7, a significant increase 
in mono-methyl arginine after 24 h of FA exposure, compared to the treatment with PBS 
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or after washout (2 + 2 h), suggesting that FA specifically induces arginine methylation 
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Figure 6. HuD and BDNF expression following 24 h of folic acid treatment. (A,B) Determination of
HuD (A) and BDNF mRNA (B) levels via RT-PCR in SH-SY5Y cells exposed to solvent (phosphate-
buffered saline; PBS) or folic acid (FA) for 24 h (24 h). The amounts of the total mRNA were
normalized with the corresponding levels of GAPDH mRNA. The values are expressed as mean
percentages ± S.E.M. with respect to the control (100%). (C,D) Representative cropped Western
blotting (upper panel) and densitometric analysis (lower panel) of HuD (C) and BDNF (D) proteins
and the respective a-tubulin in the total homogenates of SH-SY5Y cells following exposure to solvent
(PBS) or FA for 24 h. Results are expressed as mean grey levels ratios (mean ± S.E.M.) of HuD/a-
tubulin (C) and BDNF/a-tubulin (D) ×1000, n = 3–7 independent samples.
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2.4. HuD Post-Translational Modification after Prolonged Folic Acid Treatment

Lastly, to obtain further insight into the mechanism by which a prolonged FA expo-
sure might modulate HuD function, and given that FA is a methyl donor, we performed
immunoprecipitation experiments to investigate FA-mediated potential post-translational
modifications in the HuD protein. In particular, we focused on the implication of arginine
methylation, as this modification affects the activity of proteins involved in various cel-
lular pathways, including nuclear-cytoplasmic signaling, transcriptional activation, and
posttranscriptional modulation [24,35,39]. As reported in Figure 7, a significant increase
in mono-methyl arginine after 24 h of FA exposure, compared to the treatment with PBS
alone, was observed. Conversely, no HuD methylation was observed at 2 h of treatment or
after washout (2 + 2 h), suggesting that FA specifically induces arginine methylation only
after a longer timeframe. In our experimental conditions, this methylation likely affects
HuD activity.
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Figure 7. HuD methylation after folic acid treatment. Densitometric analysis of HuD methylation in
arginine residues following folic acid exposure for 2 h (2 h), 2 h + 2 h of washout (2 + 2 h), or 24 h. The
results are expressed as mean percentages + S.E.M. with respect to the control (PBS, 100%). ** p < 0.001,
Dunnett’s multiple comparisons test, n = 3–6 independent samples. PBS: phosphate-buffered saline.

3. Discussion

RBPs are trans-acting factors involved in gene regulation at the post-transcriptional
level. Through binding to target mRNA molecules, RBPs have a significant impact on their
fate, primarily influencing their stability and/or translation [2,40,41]. One of the extensively
studied RBPs is the ELAV family of proteins, also known as “Hu” proteins [42]. Among
them, HuD activity has been extensively studied in neuronal development, plasticity, and
regeneration. Further, in support of its key implication in the CNS, recent studies suggest
that HuD misregulation might underlie neurological disorders, including neurodegenera-
tive diseases such as Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral
sclerosis. Thus, these discoveries emphasize the concept that HuD represents a promis-
ing focus for the creation of innovative pharmaceutical interventions intended to combat
neurodegenerative disorders.

In this regard, in our previous study, we demonstrated that FA is a HuD binder [31].
Folic acid plays a crucial role in various aspects of CNS development, maintenance, and
function. Substantial epidemiological evidence has been gathered on the role of folate in
neural tube defects, neural development, and in counteracting neurodegenerative diseases.
However, the specific mechanisms through which folate produces its effects have remained
unclear, thus requiring further investigation. Based on our previous findings, in this study,
we performed a deeper investigation into the effect of FA on HuD at the cellular level
with possible future implications in the prevention of NDs. To this aim, the identification
of the molecular targets whose expression and regulation is mediated by HuD, as well
as a thorough understanding of their reciprocal interactions, was our first goal. Very
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recently, all the known transcripts controlled by HuD that play an important role in the
CNS have been reviewed [43]. We processed the available data into a comprehensive
PPI network (Figure 2). The analysis of this network revealed a remarkable degree of
interconnections implicating the neuronal targets regulated by HuD. Among them, the
BDNF stands out as the hub and bottleneck of the PPI network. Moreover, it is involved
in 9 out of the 13 CNS-related pathological pathways examined (i.e., Huntington disease,
amnestic disorder, toxic encephalopathy, cognitive disorder), and it is able to interact with
an additional 14 targets, all under HuD control and also involved in CNS pathologies. In
light of these considerations, we investigated the effects of FA on both the modulation of
HuD and on the expression of the down-stream target BDNF.

Prior to conducting the experiments, we confirmed the non-toxic nature of FA through
the assessment of mitochondrial activity, ensuring the safety of the concentrations used
in the subsequent experiments performed in SHSY5Y neuronal cells. Notably, SH-SY5Y
cells are commonly used as an in vitro model for studying neuronal function and disease.
As depicted in Figure 4, the results demonstrated that FA exposure leads to a significant
increase in both HuD and BDNF transcripts and proteins after 2 and 4 h of treatment,
respectively. These data strongly indicate that HuD protein, once activated by FA, not only
has a positive effect on its target transcript BDNF, but also acts on itself, thus boosting its
own expression through a mechanism of auto-modulation.

Subsequently, we conducted additional experiments where the cells were exposed to
folic acid for 2 h followed by a 2-h washout period (2 + 2 h; Figure 5) to assess whether
this timeframe was sufficient to activate the HuD/BDNF cascade. Indeed, the results
obtained in this experimental setting mirror, for both HuD and BDNF proteins, the profile
previously observed following 4 h of FA incubation. Surprisingly, after 2 + 2 h treatment
we found a further increase in the mRNA levels of both HuD and BDNF in comparison
to the corresponding amounts detected after 2 h of FA only. This finding was unexpected
when considering the results obtained following 4 h of FA treatment. In this regard, we
may postulate that while a short exposure produces a long-lasting stimulation of the
transcriptional phase, a prolonged incubation with FA (i.e., 4 h) can, instead, “freeze” the
transcription process itself.

Moreover, the increase in HuD and BDNF expression was no longer detected after
24 h of folic acid exposure (Figure 6). This observation suggests the presence of a signaling
shutdown mechanism occurring over time, probably acting on HuD functioning. To
test this hypothesis, and given that FA is a methyl donor, which is a process requiring
prolonged incubation times, we explored, via immunoprecipitation experiments, possible
post-translational modifications in the HuD protein after 24 h of FA exposure. Intriguingly,
we observed a methylation of HuD in arginine residues (Figure 7). As previously mentioned,
the methylation of HuD in arginine residues has been shown to reduce HuD function and
to negatively affect its activity on the down-stream targets [24]. Therefore, we can postulate
that following 24 h of incubation, FA acts as an epigenetic modulator of HuD, switching off
its activity.

Overall, the obtained results provide evidence for a time-dependent regulation of HuD
mediated by folic acid. Namely, while a short-term exposure to FA leads to an increase in
HuD activity, a long-term treatment induces a signaling shutdown, likely via methylation
of HuD, with a consequent impact on the down-stream processes regulated by HuD, such
as BDNF expression.

4. Material and Methods
4.1. Protein–Protein Interaction (PPI) Network

The Search Tool for Retrieval of Interacting Genes (STRING; https://string-db.org,
accessed on 29 July 2022) database was exploited to build the PPI network among the CNS
targets whose modulation is affected by HuD. Giving a list of proteins as an input, STRING
can search for their neighbor interactors, namely the proteins that have direct interaction
with the inputted proteins. Then, STRING can generate the PPI network consisting of all
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these proteins and all the interactions between them [43]. The interactions were analyzed
by selecting “Homo sapiens” as organism and setting the confidence basis to 0.4 [44,45]. To
evaluate the nodes in the PPI networks, it was imported in Cytoscape for the computing
of several topological measures including degree (k) and between centrality (BC). The k
and BC values are often used for detecting the hub or bottleneck in a network. The k of a
node is defined as the number of edges linked to it. A node with a high k denotes a hub
having many neighbors. The BC of a node is the proportion of the number of shortest paths
passing through it to the number of all the shortest paths in the network, quantifying how
often a node acts as a bridge along the shortest paths between two other nodes. A node
with high BC has great influence on what flows in the network and has more control over
the network. It can represent the bottleneck in the network. The protein nodes with high k
or BC as the hubs or bottlenecks were considered.

4.2. Cell Culture

Human neuroblastoma SH-SY5Y cells were obtained from ATCC (Manassas, VA, USA)
and cultured in a humidified incubator at 37 ◦C with 5% CO2. The SH-SY5Y cells were
grown in Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal bovine
serum, 1% penicillin–streptomycin, L-glutamine (2 mM), nonessential amino acids (1 mM),
and sodium pyruvate (1 mM).

4.3. MTT Assay

Mitochondrial enzymatic activity, as evaluation of the cell viability, was estimated via
MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Sigma-Aldrich,
Darmstadt, Germany). An amount of 200 mL of a suspension of 3.5 × 105 cells/well was
seeded into 96-well plates. The cells were treated with 100 nM, 1 µM, and 100 µM FA
(solubilized in phosphate-buffered saline, PBS) for 24 and 48 h and then subjected to MTT
assay following the protocol published in our previous paper [46]. The absorbance values
were measured at 595 nm using a Synergy HT microplate reader (BioTek Instruments, Santa
Clara, CA, USA), and the results were expressed as % with respect to control.

4.4. Western Blotting

SH-SY5Y cells were treated with 100 nM FA for 2, 4, and 24 h, and then they were
homogenized in a specific cell lysis buffer (Cell Signaling Technology, Denvers, CO, USA).
Proteins were diluted in 2X sodium dodecyl sulphate (SDS) protein gel loading solution,
boiled for 5 min, separated on 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
and processed following standard procedures [47]. The mouse monoclonal antibodies were
diluted as follows: the anti-ELAVL4/HuD antibody (Sigma-Aldrich, Darmstadt, Germany )
at 1:1000; the anti-BDNF (anti-brain-derived neurotrophic factor; Sigma-Aldrich, Darmstadt,
Germany ) at 1:500; and the anti-α-tubulin (Sigma-Aldrich, Darmstadt, Germany ) at
1:1000. The nitrocellulose membrane signals were detected via chemiluminescence (by
using WesternBright® ECL HRP substrate, Advansta, San Jose, CA, USA) by means of an
Imager Amersham 680 detection system. All the experiments were performed in duplicate.
Alpha-tubulin was used for data normalization. Statistical analysis was performed on the
densitometric values obtained with the ImageJ image processing program.

4.5. Real-Time Quantitative RT-PCR

RNA was extracted from total homogenates using RNeasy Micro Plus Kit (Qiagen,
Hilden, Germany). The reverse transcription was performed following standard proce-
dures. PCR amplifications were carried out using the Rotor-Gene Q (Qiagen, Hilden,
Germany) in the presence of QuantiTect SYBR Green PCR mix (Qiagen, Hilden, Germany)
with primers predesigned by SIGMA. Primer sequences used were as follows: forward:
5′-CATCGTCAACTATTTACCCC-3′ and reverse: 5′-GTCCTGTAATTTTGTCTCTCAC-
3′ (for ELAVL4/HuD); forward: 5′-AACCATAAGGACGCGGACTT-3′ and reverse: 5′-
TGCAGTCTTTTTATCTGCCG-3′ (for BDNF); forward: 5′-CAGCAAGAGCACAAGAGGA
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AG-3′; and reverse: 5′-CAACTGTGAGGAGGGGAGATT-3′ (for GAPDH). The GAPDH
mRNA was chosen as control since it is relatively stable during all the treatments, and it is
unaffected by HuD because it does not possess ARE sequences (not shown). ELAVL4/HuD
and BDNF mRNA expression was normalized over GAPDH mRNA.

4.6. Immunoprecipitation

Immunoprecipitation was performed according to a previously published protocol
with minor modifications [48]. Immunoprecipitation was carried out at room temperature
using 1 µg of an anti-HuD antibody (Sigma-Aldrich, Darmstadt, Germany ) per 50 µg of
total proteins diluted in the immunoprecipitation buffer (50 mM Tris pH7.4, 150 mM NaCl,
1 mM MgCl2, 0.05% Igepal, 20 mM EDTA, 100 mM DTT, protease inhibitor cocktail, and
RNAase inhibitor) in the presence of 50 µL A/G plus agarose (Santa Cruz Biotechnology
Inc., Dallas, TX, USA). The sample, representing the immunoprecipitated HuD protein, was
then subjected to Western blotting using an antibody recognizing methylated residues [Cell
Signaling; Mono-Methyl Arginine (R*GG)]. An irrelevant antibody (Santa Cruz Biotech-
nology Inc., Dallas, TX, USA) with the same isotype as the specific immunoprecipitating
antibody served as a negative control.

4.7. Statistical Analysis

The GraphPad Prism statistical package (version 9, San Diego, CA, USA) was used for
the statistical analysis. The data were analyzed by analysis of variance (ANOVA) followed,
when significant, by an appropriate post hoc comparison test, as detailed in the legends.
Differences were considered statistically significant when p-value ≤ 0.05. The results are
expressed as mean ± S.E.M.

5. Conclusions

In conclusion, our findings shed light on the potential neuroprotective effect of folic
acid through the upregulation of HuD and BDNF expression. Of interest, considering
that decreased levels of BDNF are associated with neurodegenerative diseases, includ-
ing Alzheimer’s and Parkinson’s diseases, the observation that FA can increase BDNF
expression holds promise for the prevention and treatment of these conditions. Further-
more, our findings also support HuD as a novel target of drugs focused on counteracting
neurodegenerative diseases.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with variable phenotypic
expressions which has been associated with autonomic dysfunction. The cardiovascular system
seems to be affected especially in the context of bulbar involvement. We describe four new cases of
Tako-Tsubo syndrome (TTS) in ALS patients with an appraisal of the literature. We present a late-stage
ALS patient with prominent bulbar involvement that presented TTS during hospitalization. We then
retrospectively identify three additional ALS–TTS cases reporting relevant clinical findings. TTS
cardiomyopathy has been observed in different acute neurological conditions, and the co-occurrence
of ALS and TTS has already been reported. Cardiovascular autonomic dysfunctions have been
described in ALS, especially in the context of an advanced diseases and with bulbar involvement.
Noradrenergic hyperfunction linked to sympathetic denervation and ventilatory deficits coupled in
different instances with a trigger event could play a synergistic role in the development of TTS in
ALS. Sympathetic hyperfunctioning and ventilatory deficits in conjunction with cardiac autonomic
nerves impairment may play a role in the development of TTS in a context of ALS.

Keywords: motor neuron disease; autonomic system; mortality; non-invasive ventilation; PEG;
NIMV; vascular; cardio-vascular

1. Introduction

ALS is a fatal neurodegenerative disease that generally presents during the fifth to
sixth decades, with concomitant upper motor neuron (UMN) and lower motor neuron
(LMN) signs [1,2]. It causes progressive paralysis leading to respiratory failure within
3–5 years. In about 20% of cases, ALS presents with a bulbar onset, which is generally
associated with an earlier development of nutritional and/or respiratory failure and,
consequently, a poorer prognosis. However, up to 80% of ALS patients develop bulbar
involvement regardless of the onset site [1,3]. While ALS has traditionally been considered
a pure motor disease, recent advances in our understanding have revealed heterogeneous
extra-motor involvement [2]. In addition to the well-recognized cognitive impairment,
ALS is known to be associated with varying degrees of autonomic and cardiovascular
dysfunction. These dysfunctions typically present during the advanced stages of the
disease and are often associated with bulbar involvement [4–8]. However, they have also
been described in early or even prodromal stages [5,9]. ALS has been linked to Tako-Tsubo
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syndrome (TTS) [7,10–13], an acute cardiomyopathy triggered by stress-related adrenergic
dysregulation, mimicking acute coronary syndrome. TTS causes apical ballooning and
transient left ventricular dysfunction. Although TTS is generally considered reversible,
affected patients may experience persistent cardiac dysfunction even after the acute phase
and the resolution of apical ballooning [14,15]. In this report, we present four new cases of
ALS–TTS co-occurrence, focusing on autonomic dysfunction. We also provide an overview
of the existing literature and speculate on the possible underlying pathophysiological
mechanisms.

2. Case Presentation

A 59-year-old man with a 6-year history of ALS, diagnosed according to the revised El
Escorial criteria [16] and the Awaji criteria [17], was admitted to the Neurorehabilitation
Unit due to progressive development of dysphagia and respiratory failure in order to assess
the need for non-invasive ventilation (NIV) or percutaneous endoscopic gastrostomy (PEG)
placement.

At the time of diagnosis, the patient presented with a spinal onset, initially involving
the lower limbs, and riluzole therapy was started. Two years later, he required a walker
for ambulation, and three years later, he became wheelchair-bound. The upper limbs were
gradually affected, with relatively preserved distal function.

In the two months leading up to admission, the patient reported progressive dyspha-
gia, dyspnea with minimal effort or prolonged speech, orthopnea, and ineffective cough.
One month prior, he underwent a cardiological assessment due to new-onset palpitations,
and sporadic paroxysmal supraventricular tachycardia runs were observed on an electrocar-
diogram (ECG). Consequently, he was started on Flecainide. No other cardiac comorbidities
were reported.

Upon admission, a routine ECG revealed a prolonged cQT interval (>530 ms), a right
bundle branch block, and an anterior left hemiblock with T wave alterations suggestive of
possible cardiac ischemia (Figure 1A). However, the patient was asymptomatic. Treatment
with intravenous acetylsalicylate was initiated and later switched to a low-dose oral formu-
lation, along with metoprolol and ramipril. Blood tests showed a mild elevation of troponin
T and a severe elevation of pro-BNP. Echocardiography revealed concentric thickening of
the left ventricle with a 45% ejection fraction (FE) and medial-apical dyskinesia, which was
suggestive of Tako-Tsubo syndrome (TTS). To confirm the suspicion of TTS, a coronary CT
scan was performed, which showed no stenosis in the coronary arteries. As a result, the
previous therapy was discontinued, and Bisoprolol was initiated. In the following days,
Troponin T and pro-BNP levels, as well as ECG findings (Figure 1B) and echocardiography
results, progressively normalized.

2.1. Case Series

Reviewing a 10-year cohort of approximately 800 ALS patients, we retrospectively
identified three additional cases of ALS–TTS (Table 1). The onset of TTS occurred at dif-
ferent disease durations, ranging from 38 to 73 months. Three out of the four patients
had a spinal onset, with two presenting classical upper and lower motor neuron (UMN
and LMN) signs, and one showing isolated LMN involvement. The fourth patient (pt.2)
had a bulbar onset, characterized by dysarthria. All patients received treatment with
riluzole and underwent testing for ALS-related genes, including a panel of 30 genes such
as SOD1, TARDBP1, and FUS, as well as repeat-primed PCR for detecting the C9orf72
repeat expansion [18]. A C9orf72 mutation was detected only in the patient with bulbar
onset, while no relevant mutations were found in the others. At the time of TTS diagnosis,
two patients had a Revised Amyotrophic Lateral Sclerosis Functional Rating Scale score
below 20, indicating functional impairment. Patient 2 (pt.2) had mild bulbar symptoms,
including mild drooling, slight dysarthria, and dysphagia. All patients exhibited apical
dyskinesia on echocardiography and elevated levels of Troponin T. ECG findings showed
non-specific changes (Table 1). Three patients underwent coronary CT or angiography,
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which showed no evidence of coronary artery obstruction. Three patients had mild car-
diovascular comorbidities, such as supraventricular tachycardia and hypertension, while
patient 4 (pt.4) had coronary artery disease. Remarkably, pt.2, despite the bulbar onset,
developed TTS without concomitant respiratory or nutritional failure. In contrast, pt.1 and
pt.3 developed TTS concurrently with non-invasive ventilation (NIV) initiation, and pt.4
experienced TTS coinciding with tracheostomy and percutaneous endoscopic gastrostomy
(PEG) placement. A potential trigger event for TTS was identified in pt.2 and pt.3, who
were diagnosed with pulmonary embolism (PE) and a urinary tract infection, respectively.
Pt.4 experienced TTS in association with tracheostomy and PEG placement, while in pt.1,
TTS was an incidental finding.
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Figure 1. (A) ECG on admission revealed T-wave inversion on almost all leads, especially on 
precordial leads V2–V6, mimicking myocardial ischaemia. (B) ECG after 4 days revealed negative 
T-wave in anterior precordial leads, of smaller depth than previous one. 
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Table 1. Summary of the patient with ALS–TTS identified in our center. Abbrevia-
tions: ALS = amyotrophic lateral sclerosis; ALSFSR-R = Revised Amyotrophic Lateral Scle-
rosis Functional Rating Scale; CAD = coronary artery disease; CPK = creatine phos-
phokinase; HT = hypertension; LMN = lower motor neuron; M = male; MiToS = MiToS
functional staging system; PE = pulmonary embolism; PEG = percutaneous endoscopic
gastrostomy; PSVT = paroxysmal supraventricular tachycardia; T2DM = type 2 diabetes melli-
tus; TS = tracheostomy; TTS = Tako-Tsubo syndrome; UTI = urinary tract infection; † = exitus;
* at TTS diagnosis.

Patient (Sex) 1 (Case Report, M) 2 (F) 3 (M) 4 (F)

ALS age of onset (years) 54 74 60 71

Site of onset Upper limbs Bulbar Lower limbs Lower limbs

ALS phenotype (according to
Chiò, et al., 2011 [2]) Classic Bulbar LMN Classic

ALS disease duration (from
clinical onset) 73 months 19 months (†) 103 months (†) 38 months (†)

TTS (months after ALS onset) 73 months 11 months 86 months 38 months

Awaji at ALS diagnosis Probable Probable Possible Possible

ALSFRS-R * 15 45 19 18

KSS * 4 1 4 4

MiToS * 3 1 3 3

ALS genetics / C9orf72 / /

Concomitant Medication Riluzole,
Acetyl-L-carnitine

Riluzole,
Acetyl-L-carnitine,

Baclofen
Riluzole Riluzole

Time to Ventilation 73 months N/A 86 months 32 months

Time to Tracheostomy N/A N/A 91 months 38 months

Time to PEG 75 months N/A N/A 38 months

Elevated ST/negative T at ECG Prolonged QT, unspecific
T wave alterations

Sinus tachycardia,
VEBs

Negative
antero-septal T

Aspecific
conduction
alterations

Troponin T (ng/dL) 231 421 459 316

pro-BNP (pg/mL) 939 34.309 3.074 /

CPK (U/L) N/A 44 71 49

Ejection Fraction 45% 30% 35% 35%

Apical dyskinesia/ballooning at
echocardiography Yes Yes Yes Yes

Coronary CT/coronarography Heart angio-CT: negative Coronarography:
negative N/A Heart CT:

negative

Pulmonary arterial Pressure Normal 75 mmHg Normal Normal

Cardiovascular comorbidities PSVT HT HT T2DM, CAD

Intervening condition Respiratory failure
(adapted to NIV) PE PE + lower UTI TS + PEG

2.2. Literature Review

The literature exploring the ALS–TTS association is heterogenous, and few reports
could be retrieved. In our review, we found 10 relevant articles reporting on TTS in ALS,
comprising a total of 32 patients (Table 2). In two cases [11,19], TTS was presented in
association with overt bulbar signs, while Choi [20] reported nine patients with cervical
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or bulbar onset which developed TTS in late ALS stages. Data on respiratory failure were
available for 13 patients. A TTS putative trigger was reported in all cases except for a single
series [21].

Table 2. Summary of the ALS–TTS reported cases in the literature, focusing on bulbar impairment as
TTS possible cause. Abbreviations: CR = case report; CS = case series; NIV = non-invasive ventilation;
TIV = tracheostomy invasive ventilation; UTI = urinary tract infection.

Reference Number of
Cases Type of Onset Ventilatory

Support Bulbar Signs Intervening Conditions

Takayama
et al., 2004 [12] 1 Classic N/A N/A

Surgical gastrostomy; repair of
incisional hernia (with tracheal

intubation)

Mitani et al.,
2005 [11] 1 Bulbar NIV Dysphagia,

dysarthria. Long-term NIV

Matsuyama
et al., 2008 [10] 1 Classic TIV N/A Tracheostomy

Massari et al.,
2011 [19] 1 Classic NIV Dysphagia,

dysarthria Pneumonia

Peters,
2014 [22] 1 N/A NIV N/A Respiratory distress syndrome,

pneumonia

Santoro et al.,
2016 [23] 1 N/A N/A N/A

Emotional distress (first episode);
Femoral artery thrombosis

(second episode)

Gdynia et al.,
2006 [24] 1 Classic N/A N/A Major surgery

Choi et al.,
2017 [20] 9

Bulbar (pt.2,5,6)
Cervical

(pt.1,3,4,7,8)
Respiratory (pt.9)

NIV (pt.2,5,7),
TIV (pt.6,8) N/A N/A

Izumi et al.,
2018 [13] 4 Bulbar (pt.1,4), Classic

(pt.2,3) TIV (pt.1,2) N/A UTI (pt.1); acute cholangitis (pt.2);
pneumonia (pt.3)

3. Discussion

In our cohort, three ALS patients were diagnosed with TTS at relatively advanced
stages, with increasingly evident bulbar impairment. Interestingly, the only patient with a
bulbar onset developed TTS in an earlier disease stage, with only modest bulbar symptoms,
but exhibited the most severe cardiac involvement. ALS has been associated with varying
degrees of autonomic dysfunction. Parasympathetic hypofunctioning has been linked to
altered salivary and gastrointestinal excretion, orthostatic or nocturnal hypotension, and
decreased heart rate variability (HRV) [5,6]. On the other hand, sympathetic hyperfunc-
tioning is associated with an increased risk of cardiac arrest [6,21,25]. While dysautonomia
in ALS typically appears in late stages, it has rarely been reported early in cases with
bulbar onset [4,8]. These manifestations may result from the involvement of cardiovascular
and autonomic centers in the medulla oblongata. Pathological evidence has supported
bulbar abnormalities in pTDP-43-related pathologies [26], possibly due to disease spread
through contiguous anatomical structures rather than trans-synaptic propagation. This
evidence might explain the co-occurrence of ALS–TTS, as previously described in several
reports [10–12,19,20].

The relations between ALS and TTS and, more broadly, autonomic involvement in
ALS have not been clearly understood and the currently available literature on this topic is
heterogeneous and mostly based on case reports or small case series. In a Korean cohort
study of 624 ALS patients, among 64 patients who underwent echocardiography after
the presentation of cardiologic symptoms, TTS was detected in 9 cases, 8 of whom pre-

126



Int. J. Mol. Sci. 2023, 24, 12096

sented with bulbar or cervical onset and 1 with a respiratory onset, suggesting a potential
role of bulbar involvement in TTS development [20]. Another retrospective analysis of a
cohort of 250 ALS cases and 870 synucleinopathies found 4 TTS cases in the ALS group
and none in the synucleinopathy group [13]. Interestingly, while Parkinson’s disease,
Lewy body dementia, and multiple system atrophy are known for their association with
autonomic dysfunction [27], their co-occurrence with TTS seems rather uncommon, indi-
cating a specific link between ALS-specific pathological mechanisms and cardiomyopathy
development [24].

Several hypotheses on TTS pathophysiology have been proposed, involving neuro-
chemical, hormonal, and genetic factors that point towards a stress-triggered catecholamin-
ergic toxicity [14]. TTS has been observed not only in the context of pathologies compro-
mising the medulla oblongata but also in several acute neurological conditions without
clear evidence of bulbar involvement, such as traumatic brain or spinal injury, cerebral
hemorrhages, stroke, seizures, cerebral surgery, neuromuscular diseases, and psychiatric
comorbidities such as anxiety and depression [24,28,29]. This supports the etiopatho-
genetic hypothesis of an underlying stress-triggered mechanism causing an imbalance in
plasma levels of epinephrine, norepinephrine, and cortisol and subsequent sympathetic
dysfunction at the level of cardiac myocytes.

Autonomic disturbances related to bulbar involvement, necessitating tracheostomy,
tracheal intubation, or long-term respiratory support, may exacerbate the physiological
stress response, promoting the onset of TTS or even favoring TTS recurrence [23]. ALS-
related autonomic dysfunctions have also been assessed in the context of cardiovascular
involvement, with studies showing altered HRV related to impaired vagal response in rest-
ing conditions, particularly in patients with prominent bulbar signs [5]. Altered responses
to orthostasis have also been demonstrated in ALS through spectral analysis of HRV and
systolic arterial pressure [6], as well as through cardiological assessments with tilting-tests,
transthoracic echocardiography, and Holter-ECG [21].

Sympathetic hyperfunctioning has been demonstrated even in early stages of ALS.
A retrospective analysis showed a significant increase in QTc intervals and dispersion at
terminal stages, inversely correlated with a decrease in neuronal density in the sympathetic
intermediolateral nucleus of the upper thoracic cord, also correlating with an increased rate
of sudden cardiac arrest [25]. A heart MRI study on 35 ALS patients without overt cardiac
involvement showed a reduction of myocardial mass and volumes in 77% of patients and
myocardial fibrosis in 23.5%, with these structural changes hypothesized to be caused
by sympathetic hyperactivation secondary to denervation of autonomic cardiac nerves
or respiratory weakness [30]. Moreover, a 123-I-MIBG-SPECT study on early-stage ALS
demonstrated a significantly reduced MIBG uptake in the majority of subjects, associated
with a reduction in HRV, supporting an early sympathetic denervation process as a possible
cause of cardiac dysfunction [9]. Loss of adrenergic receptors due to myocardial denervation
has been linked to an increased responsiveness of the remaining receptors, supporting the
idea that compensatory noradrenergic hyperfunction due to sympathetic denervation and
ventilatory deficits, frequently observed in the context of bulbar involvement, could play a
synergistic role in the development of TTS cardiomyopathy [31]. As the bulbar phenotype is
characterized by a more aggressive disease progression, the stressful conditions secondary
to disability progression may also contribute to sympathetic surge and serve as triggering
factors for TTS [5,9].

4. Conclusions

TTS is a rare stress-related cardiomyopathy that may arise in the context of ALS.
Sympathetic hyperfunction may play a crucial role in its pathogenesis and may be related
to bulbar structures involvement, independently of onset type. Bulbar onset seems to relate
to an earlier TTS presentation and to a more severe cardiological prognosis. However, the
relation between ALS and TTS, as well as its relationship with bulbar involvement, needs
further investigations in order to reveal the potential underlying pathological mechanisms.
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Abstract: Diabetic retinopathy (DR) is the most frequent microvascular retinal complication of
diabetic patients, contributing to loss of vision. Recently, retinal neuroinflammation and neurode-
generation have emerged as key players in DR progression, and therefore, this review examines the
neuroinflammatory molecular basis of DR. We focus on four important aspects of retinal neuroinflam-
mation: (i) the exacerbation of endoplasmic reticulum (ER) stress; (ii) the activation of the NLRP3
inflammasome; (iii) the role of galectins; and (iv) the activation of purinergic 2X7 receptor (P2X7R).
Moreover, this review proposes the selective inhibition of galectins and the P2X7R as a potential
pharmacological approach to prevent the progression of DR.

Keywords: diabetic retinopathy; neuroinflammation; ROS; ER stress; NLRP3 inflammasome; galectins;
P2X7R

1. Diabetic Retinopathy (DR): An Overview

Diabetes is known as a chronic disease with multiple complications [1]. One of the
most harmful and common complications is diabetic retinopathy (DR) [2,3]. This is a
leading cause of blindness worldwide [4], with 103.1 million adults affected by DR in 2020
and a predicted 160.5 million affected in 2045 [5]. Moreover, DR individuals often develop
a visual impairment, leading to a poor quality of life for the patient and impacting on
the health care system in terms of direct and indirect costs. Indeed, in 2020, there were
28.5 million patients affected by vision-threatening DR, and it is estimated this number will
be 44.8 million by 2045 [5].

Historically, DR has been considered as a microangiopathy, and is characterized
by increased retinal vascular permeability and endothelial damage [2,6,7]. In particular,
the hallmarks of DR onset include the thickening of the basement membrane, the loss
of pericytes, the alteration of tight junctions and the endothelial barrier, the formation
of microaneurysms and the uncontrolled proliferation of endothelial cells [8–10]. These
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events later translate into capillary occlusion that anticipates retinal ischemia, which is,
in turn, associated with vascular endothelial growth factor (VEGF) overexpression and
neovascularization [9,11].

Accordingly, DR can be clinically classified as either non-proliferative diabetic retinopa-
thy (NPDR) or proliferative diabetic retinopathy (PDR) [8], which are usually diagnosed
by fluorescein angiography (FA) or mydriatic fundus camera examinations [12]. However,
other imaging methods such as optical coherence tomography (OCT), Doppler OCT, OCT
angiography and retinal imaging of the fundus can be used [12]. While NPDR is the early
stage of the disease (which can be further classified as mild, moderate and severe), PDR rep-
resents the advanced stage of retinopathy. NPDR is characterized by progressive changes
in retinal capillary microcirculation, resulting in microaneurysms, blood–retinal barrier
(BRB) breakdown and intraretinal exudates [13]. Specifically, mild NPDR is diagnosed by
the presence of few microaneurysms; moderate NPDR is characterized by microaneurysms,
venous beading or intraretinal hemorrhages; severe NPDR is defined by the presence of
hemorrhages or microaneurysms or both, venous beading or prominent intraretinal mi-
crovascular abnormalities (IRMAs) [14]. In contrast, PDR is characterized by the presence
of numerous ischemic retinal areas, VEGF overproduction and neoangiogenesis [15,16],
and is diagnosed by neovascularization of the disc retina and iris or by tractional retinal
detachment or vitreous hemorrhage [14]. Indeed, PDR can evolve into more severe stages
such as diabetic macular edema (DME), neovascular glaucoma and, in rare cases, retinal
detachment [9,13,15,17].

While the glycemic, lipidic and blood pressure controls are needed for DR primary
prevention, the current surgical and pharmacological options for DR management include
pan-retinal laser photocoagulation in severe NPDR and PDR patients, focal retinal laser
photocoagulation in patients with diabetic DME, anti-VEGF intravitreal injections in PDR
and DME patients, and steroid intravitreal injections for non-responder DR patients or
naïve patients when appropriate [18]. In particular, the early use of laser photocoagulation
or intravitreal injections of glucocorticoids or anti-angiogenics drugs has proven effective in
preventing the onset of blindness [19], while anti-VEGF intravitreal injections are considered
the actual gold standard for DR therapy. However, DR management is still challenging,
with the 40% of inadequately treated NPDR cases evolving to PDR within 12 months [13,20].
Therefore, several studies have been performed to identify new molecular pathways or
circulating biomarkers as new potential pharmacological tools in DR prevention and/or
treatment. Among these, an important role as predictive and therapeutic targets in DR
progression has been proposed for melanocortin receptors, retinol binding protein 3 (RBP3),
angiopoietin-like 3 (ANGPTL3), microRNAs, extracellular vesicles, metabolites as 12-
hydroxyeicosatetraenoic acid and 2-piperidone, along with several mediators involved in
the resolution of inflammation [21–27].

Currently, intraretinal inflammation and neurodegeneration have emerged as key pro-
cesses in DR progression [16,28]. Indeed, along with microvascular damage, inflammatory
and neurodegenerative processes contribute to alterations in the “retinal neurovascular
unit”, a functional unit composed of endothelial cells, glial cells and neurons [29]. In this
regard, early retinal neurovascular alterations have been recently associated with specific
serum microglial biomarkers such as ionized calcium-binding adapter molecule 1 (Iba-1),
glucose transporter 5 (GLUT5), and translocator protein (TSPO) [27].

In this review, we focus on the importance of endoplasmic reticulum stress (ERS) and
the consequent activation of the nucleotide-binding oligomerization domain-, leucine-rich
repeat- and pyrin domain-containing 3 (NLRP3) inflammasome during retinal neuroin-
flammation. In particular, ERS modulation by specific proteins binding beta-galactoside
residues on glycated proteins known as galectins is detailed. The galectin family consists of
15 identified members, all of which contain conserved carbohydrate-recognition domains
(CRDs) of about 130 amino acids [30]. Based on the CRD organization of the polypeptide
monomer, the galectins have been classified into three types: proto-type, chimera-type, and
tandem-repeat-type [31]. The prototypical galectins have one CRD (galectin-1, -2, -5, -7, -10,
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-11, -13, -14 and -15); the tandem-repeat-type galectins contain two homologous CRDs in
a single polypeptide chain, separated by a linker of up to 70 amino acids (galectin-4, -6,
-8, -9 and -12); galectin-3 contains a non-lectin N-terminal region (about 120 amino acids)
connected to a CRD [32]. Outside the cell, galectins bind to cell-surface and extracellular
matrix glycans; however, galectins are also detectable in the cytosol and nucleus. They may
influence cellular signaling pathways, such as cell migration, autophagy, immune response,
and inflammation [32].

Moreover, the importance of purinergic 2X7 receptor (P2X7R) in NLRP3 activation
underlying neuroinflammation is analyzed, along with the options for their selective
inhibition in several clinical settings. Specifically, the state of the art on galectins and P2X7R
inhibitors in DR is described, along with their potential use as pharmacological tools to
prevent DR progression.

2. The Role of Neuroinflammation in DR

The “retinal neurovascular unit” includes specific retinal glia elements, such as mi-
croglial cells and macroglia (Müller cells and astrocytes) [28,33,34]. These express marked
ERS [35–37] and subsequent activation of NLRP3 inflammasome [38], as a consequence of
advanced glycation end products (AGEs) and reactive oxygen species (ROS) formation,
strongly induced by chronic hyperglycemia [39]. In this regard, increases in many pro-
inflammatory cytokines and chemokines, such as interleukin 1 beta (IL-1β), interleukin
6 (IL-6), interleukin 8 (IL-8), tumor necrosis factor alpha (TNF-α) and monocyte chemoat-
tractant protein-1 (MCP-1), have been found in serum and in ocular samples (vitreous and
aqueous humor) of DR patients. The accumulation of these cytokines is mainly mediated
by cells from the macroglia and microglia [40].

Microglial cells represent the first defense line in neural retina [41–43]. Specifically, the
retinal inner layers are characterized by the presence of ramified microglial cells [44,45] con-
trolling the regulation of retinal growth, blood vessel formation and the retinal endothelial
cell–glia–neuron interactions [46–50]. When activated by hyperglycemia, retinal hypoxia,
ischemia and ER stress [51–54], these cells are classified as M1 macrophages and release
pro-inflammatory mediators such as IL-6 and IL-12, TNF-α and interferon gamma (IFN-γ),
known inducers of inflammation, apoptosis and neurotoxicity [55–57]. Microglial cells can
be alternatively classified as M2 macrophages and release anti-inflammatory mediators,
thus exerting anti-inflammatory effects and neuroprotection [42,55,58].

Retinal microglia polarization directly influences Müller cells and macroglia cells,
spanning the entire retinal width and connecting neurons and vascular components [59,60].
In healthy retina, Müller cells contribute to the BRB integrity, modulate retinal blood flow
and regulate the production of ions, neurotransmitters and metabolites that favor retinal
blood vessel dilatation or constriction [61]. As a consequence of hyperglycemia-induced ER
stress [35,39], Müller cell activation leads to the release of pro-inflammatory cytokines and
chemokines [62] which favor leucocytes recruitment [63], a phenomenon termed gliosis.
Moreover, Müller cell inflammatory actions across the retinal laminal structure seems to
favor microglia attraction and adhesion by modulating retinal injury response [60].

Lastly, astrocytes are the most abundant central nervous system (CNS) macroglial
cell type, forming the inner retinal BRB [64]. These are prevalent in the retinal ganglion
cell layer (GCL) and nerve fiber layer (NFL) and modulate the neuronal metabolism,
neurotransmission, and the neurorepair process [65–67]. Astrocytes can exert either pro- or
anti-inflammatory actions, depending on the microenvironment in which they are located
and the received signal [68].

3. Mechanisms of DR Neuroinflammation
3.1. Endoplasmic Reticulum (ER) Stress

In the diabetic retina, hyperglycemia leads to elevated ROS production by various
mechanisms, including the reduction of antioxidant enzymes [69] and the activation of
hypoxia-inducible transcription factor 1 (HIF-1) [70,71].
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During DR, the hyperglycemia-induced ER stress (ERS) affects all the components
of the “neurovascular unit” and leads to the apoptosis of both vascular and neuronal
cells [72,73]. In particular, the abnormal ERS causes the apoptosis of retinal pericytes [74]
with BRB impairment and retinal neuroinflammation [75,76]. Among the ERS inducers,
key roles are played by glycative stress and activation of the unfolded protein response
(UPR) that are stimulated by AGEs and ROS formation, respectively [77]. Glycative stress is
used to monitor the status of protein folding and ensure that only properly folded proteins
are trafficked to the Golgi [78,79]. UPR is an adaptive signaling pathway which tends to
enhance the ER capacity for protein folding and modification to restore an efficient protein-
folding environment [77]. The main UPR actors are the inositol-requiring kinase 1 (IRE1),
the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and the activating
transcription factor 6 (ATF6) [77,80]. When the accumulation of protein aggregates exceeds
the ER load capacity, the activation of UPR exacerbates ERS [81] (Figure 1).
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ERS-induced microglial activation occurs during the different DR stages [27,47]. In-
deed, activated microglial cells have been observed in the retinal plexiform layers (RPL) of
NPDR patients and around the ischemic areas in PDR patients [82]. Notably, changes in
M1/M2 microglia polarization can lead to visual loss by increasing the apoptosis of retinal
neurons with consequent retinal NFL thinning [83].

Conversely, ERS-induced Müller cell activation seems to precede the DR vascular
alterations [84], with NPDR patients showing Müller cell gliosis and swelling in the retinal
inner nuclear layer (INL) and outer plexiform layer (OPL) [85], although PDR neuronal
damage and DME cyst formation also characterize gliosis [86]. Lastly, retinal astrocytes
are responsible for a sustained production of the pro-inflammatory IL-1β in response to
hyperglycemia-induced ERS [87].

3.2. NLRP3 Inflammasome

ROS-induced ER stress leads to the activation of the NLRP3 inflammasome, a multi-
proteic complex found as monomer when inactive [88–91] (Figure 1). In particular, ERS
exacerbation leads to activation of the NLRP3 inflammasome [92] through the binding of
thioredoxin-interacting protein (TXNIP) to NLRP3 [93,94].

133



Int. J. Mol. Sci. 2023, 24, 9721

The NLRP3 complex consists of a sensor component (NLRP3 protein), an effector com-
ponent (caspase-1) and, in some cases, an adapter protein (known as apoptosis-associated
speck-like protein—ASC) linking the sensor and the effector [93,95,96]. The NLRP3 sen-
sor is characterized by three different domains known as cytosolic pattern recognition
receptors (PRRs): an amino-terminal pyrin domain (PYD), a central nucleotide-binding
and oligomerization domain (NOD domain), and a C-terminal leucine-rich repeat (LRR)
domain. Through these, NLRP3 is known to sense an extremely broad range of both
exogenous and endogenous stimuli, known as pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular patterns (DAMPs), including changes in the
ion gradient across the cell, cellular stress mechanisms such as higher ROS production
after lysosomal rupture, mitochondrial stress and ERS in response to the accumulation of
misfolded proteins [97–100]. When activated, the pyrin domain of NLRP3 interacts with
the ASC pyrin domain to initiate inflammasome assembly [100,101] (Figure 2).
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Figure 2. Involvement of P2X7R in NLRP3 activation. ASC: apoptosis-associated speck-like protein;
ATP: adenosine triphosphate; Ca2+: Calcium; IL-1β: interleukin 1 beta; IL-18: interleukin 18; P2X7R:
purinergic 2X7 receptor; ROS: reactive oxygen species; Na+: sodium; NLRP3: nucleotide-binding
domain, leucine-rich-containing family, pyrin domain-containing-3 inflammasome; K+: potassium.
Arrow: increase. Created with BioRender.com, accessed on 2 May 2023.

The pyrene domain connects to the NLRP3 pyrene domain through an oligomeriza-
tion process; in addition, the adaptor protein ASC brings pro-caspase 1 monomers near
to each other through the CARD domain by inducing a proximity-mediated caspase-1 au-
toactivation [101]. Active caspase-1 can induce the release of pro-inflammatory cytokines,
such as IL-1β and interleukin 18 (IL-18), favoring both apoptosis and pyroptosis, a cell
death process during which some pro-inflammatory cytokines are released to attract and
activate immune cells [93,95,102,103]. Moreover, active caspase-1 is also necessary for the
proteolytic cleavage of Gasdermin D (GSDMD) and the consequent release of the GSDMD
N-terminal fragment, which is necessary to mediate pyroptosis [104].

Similarly, NLRP3 is pivotal in DR progression [89,91,105–107]. Indeed, retinal NLRP3
levels were increased in serum and vitreous samples from patients affected by PDR com-
pared with NPDR patients [40,106,107].
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NLRP3 activation is shown by retinal epithelial [108–111] and endothelial cells [112–114].
However, it is evident also in retinal neuronal layers, such as retinal ganglion cells (RGC)
in mouse models of retinal degeneration and in photoreceptors from a genetic mouse
DR model [115–117]. Moreover, NLRP3 levels were increased in retinal microglial cells
exposed to high glucose [118] and in retinal macroglia from a mouse model of ocular
hypertension [119].

4. New Actors in Neuroinflammation
4.1. Galectins and ERS

Overall, galectin dysregulation has been linked to different pathological conditions,
such as fibrosis, heart disease, cancer, and diabetes [32]. In this regard, Gal-1 has been
associated with type 2 diabetes [120], while Gal-3 has been correlated to both type 1 and
type 2 diabetes [121–123], with a suggested role for this galectin in mediating the chronic
inflammation underlying the progression from prediabetes to the diabetic stage [124].
Moreover, in diabetic patients, diabetic nephropathy, diabetic foot, diabetic microvascular
complications, and diabetic cardiomyopathy have been all related to changes in Gal-3
serum levels [125]. In particular, Galectin 1 (Gal-1) and Galectin 3 (Gal-3) seem to initiate
the inflammatory response by acting as chemotactic agents towards the inflammatory
site for the neutrophils, facilitating their binding to the endothelium and their trafficking
through the extracellular matrix [126].

Galectins, induced by AGEs and considered as receptors for AGEs (RAGE), have
emerged as ERS regulators. For example, the elevation of Galectin 9 (Gal-9) has been
linked to inflammatory processes in both type 1 and type 2 diabetes [127,128]. However,
an additional protective role against ERS has been described for Gal-9 [129], along with its
importance in the facilitation of NLRP3 autophagic degradation [130].

In addition, Gal-1 and Gal-3 have also emerged as ERS regulators (Figure 1). Specifi-
cally, Gal-1 is upregulated in hypoxic microenvironments [131], resulting in increased ROS
production and activation of the nuclear factor kappa B (NF-κB) signaling pathway [132].
This protein is considered a key regulator of endothelial cells functions and shows potent
proangiogenic properties [133,134].

Gal-3 is localized at the ER-mitochondria interface and regulates the UPR [135]. It
is involved in several processes underlying retinopathies, such as oxidative stress, prolif-
eration, phagocytosis, apoptosis, oxidative stress, and angiogenesis [136]. Interestingly,
Gal-3 may favor adaptive UPR following ERS by acting as both a pro- and anti-apoptotic
regulator [135]. Tian and colleagues demonstrated that Gal-3 is also implicated in the
process of activating the NLRP3 inflammasome, discovering a direct link of the N-terminal
domain of Gal-3 to the NLRP3 inflammasome [137]. Several studies have shown alterations
in the concentration of galectins in the brain and blood of patients with neurodegenerative
diseases compared with healthy subjects. In particular, Gal-1 was found in neurofilamen-
tous lesions of patients affected by amyotrophic lateral sclerosis (ALS) [138], while patients
with multiple sclerosis showed a higher concentration of Galectin 4 (Gal-4) in chronic
lesions of the brain [139]. However, Gal-3 can be considered as an indicator of prognosis,
mortality or remission in neurodegenerative diseases [140] since its expression was found
to be increased in patients with ALS, Alzheimer’s and Parkinson’s diseases (AD and PD,
respectively) [141].

This could be firstly due to the high affinity showed by galectins forβ-galactosides [142,143],
which are involved in neuroprotection and neuroinflammation [144,145]. Moreover, galectins
are expressed by glial cells. In particular, Gal-1 expression was reported in astrocytes
and Müller cells, participating in the protection from axonal damage as it mediates T-cell
activation and differentiation, whereas Gal-3 expression was mainly observed in M1 mi-
croglial cells and was associated with microglial activation in cell damage, ischemia, and
encephalitis [30,140,146]. Particularly astrocyte-derived Gal-1 seems to play a key role in
the modulation of inflammation, phagocytosis, axon growth and gliosis after spinal cord
injury [147,148]. It was also found to be important in the modulation of microglia polar-
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ization and neuromodulation in a multiple sclerosis model [149], as well as modulation
of axonal degeneration in a transgenic mouse model of ALS [150]. Regarding Gal-3, in
primary rat microglia and macroglia, Gal-3 exposure increases the expression of TNF-α,
IL-1β, IL-6 and INF-γ [151]. Accordingly, in a mouse model of Huntington’s disease, Gal-3
increased the microglial expression of IL-1β [152]. Moreover, the suppression of Gal-3 in
AD mice improved their cognitive performance, reducing amyloid plaques [153], as well as
cognitive impairment, neuroinflammation and oxidative stress associated with diabetes in
rats caused by modified citrus pectin (MCP) [154].

4.2. Purinergic 2X7 Receptor (P2X7R) and NLRP3 Inflammasome

P2X7R is a trimeric ion channel that belongs to the P2X family of ionotropic receptors
preferably permeable to sodium, potassium and calcium, which are exclusively triggered
by extracellular adenosine triphosphate (ATP) [96]. P2X receptors are widespread in
different tissues and exert various functions: in some smooth muscle cells, activated P2X
receptors mediate depolarization and contraction; in the CNS, activated P2X receptors
allow calcium to enter neurons, leading to slower neuromodulatory responses; and in the
cells of the immune system, activated P2X receptors trigger the release of pro-inflammatory
cytokines [155].

P2X7R presents five domains: one extracellular domain; two transmembrane domains
(classified as transmembrane 1 and 2); and two intracellular domains (N- and C-terminus),
which form homotrimeric receptors after their activation [156,157]. Its signaling is im-
portant for regulating both the innate and adaptive immune response [156] and also
inflammatory processes [96].

P2X7R is highly expressed in different cell types and tissues, such as retinal neural
cells and the retinal vasculature [158], but also in immune cells [159]. In particular, in
the human retina, P2X7R is localized in INL, OPL and GCL and is expressed by human
retinal Müller cells, the native retinal pigment epithelium (RPE) and adult retinal pigment
epithelial cell line-19 (ARPE-19) [160].

P2X7R has a key role in linking inflammation with purinergic signaling: this receptor
and the NLRP3 inflammasome interact at distinct cytoplasmic sites, where changes in
P2X7R-dependent ion concentrations (specifically a K+ efflux) occur [156,161,162], proba-
bly mediated by the cytoplasmic kinase never-in-mitosis A- related kinases (NEK) [156]
(Figure 2). In particular, during NLRP3 inflammasome activation, the K+ efflux seems to be
mediated by P2X7R following an increase in extracellular ATP [163]. This allows the release
of pro-inflammatory cytokines associated with NLRP3 inflammasome activation [156]. In
this regard, P2X7R is upregulated [162] in pathological conditions as a consequence of
increased extracellular microglial ATP concentration [164]. This is indicative of the pro-
inflammatory M1 phenotype microglia activation [164]. P2X7R is widely expressed in the
CNS regions and is associated with neuroinflammation and neurodegeneration [164–166].
Therefore, P2X7R has been extensively investigated in order to develop small molecules
that could act as potent blockers of the receptor [155].

Indeed, P2X7R activation in glial cells overall results in the release of the pro-inflammatory
cytokines, thereby triggering or potentiating neuroinflammation [167]. This contributes
to neurodegeneration by inducing microglia-mediated neuronal death [168], glutamate-
mediated excitotoxicity and NLRP3 inflammasome activation, with the consequent release
of IL-1β and IL-18 [96,164,169].

Several studies evidenced that P2X7R expression is upregulated in the activated mi-
croglia of AD patients and is concentrated in amyloid plaques [170,171]. Similarly, P2X7R
was upregulated in the hippocampus of an AD animal model [172,173]. Furthermore, pre-
clinical evidence suggests that P2X7R may have a role in the pathogenesis of Huntington’s
disease [174]. P2X7R also has a possible involvement in PD by mediating activation of
the NLRP3 inflammasome [175]. This aspect is under investigation in an observational
prospective study at the University of Pisa (Italy). This study is evaluating changes in
P2X7R levels and their association with changes in NLRP3 inflammasome levels in patients

136



Int. J. Mol. Sci. 2023, 24, 9721

with newly diagnosed PD or AD receiving routine treatment in comparison with an age-
and gender-matched group [176]. P2X7R was also recently identified as a key contributor
to cognitive impairment in a mouse model of migraine; activation of the NLRP3 inflamma-
some and P2X7R upregulation led to gliosis, neuronal loss and neuroinflammation [177].
Astrogliosis related to P2X7R has also been reported in a rat model of autoimmune en-
cephalomyelitis [178].

5. Inhibition of Galectins and P2X7R and Its Potential Therapeutic Application for
DR Neuroinflammation

It is well known that galectins and P2X7R are two key mediators in DR pathology and
progression [84,157,179–189]. Therefore, these neuroinflammatory actors represent two
potential pharmacological targets to prevent the onset of DR by their selective inhibition.

In this regard, different compounds inhibiting galectins have been evaluated in clinical
trials. In particular, although Gal-1 inhibitor OTX0008 has been tested in patients with
advanced solid tumors [190], Gal-3 inhibition has gained a wider application in several
ongoing clinical trials. Indeed, both the Gal-3 inhibitors GR-MD-02 and GB1211 are in
evaluation for liver fibrosis in non-alcoholic steatohepatitis (NASH) [143,191,192]. Admin-
istration of GB1211 alone has also been investigated for hepatic impairment [193], and its
combination with atezolizumab (a monoclonal antibody targeting the Programmed Death
Ligand-1) has been considered in non-small cell lung cancer patients [194]. Furthermore,
the co-administration of GR-MD-02 with ipilimumab (a monoclonal antibody targeting the
Cytotoxic T-Lymphocyte Antigen 4) or pembrolizumab (a monoclonal human antibody
targeting the Programmed Cell Death protein 1) is undergoing evaluation in patients with
metastatic melanoma [195] and in patients with advanced melanoma, non-small cell lung
cancer and head and neck squamous cell cancer, respectively [196,197].

Gal-3 inhibition by GB0139 and TD139 compounds is under evaluation in idiopathic
pulmonary fibrosis (IPF) [143,198,199], while MCP as a Gal-3 inhibitor has been considered
for both hypertension and osteoarthritis [200,201].

Regarding P2X7R, different compounds have been tested on healthy volunteers to
assess their safety and tolerability, bioavailability, pharmacokinetics, and pharmacody-
namics as P2X7R antagonists. These include GSK1482160 [202], AZD9056 [203,204], and
ce-224,535 [205,206]. In particular, ce-224,535 and AZD9056 have both been in evaluation
for patients with rheumatoid arthritis (RA) [207,208], with ce-224,535 considered also for
patients with knee osteoarthritis pain [209].

To date, none of these inhibitors has been considered for DR patients. However,
several pre-clinical studies evidenced the potential role of galectin and P2X7R inhibition
strategies in modulating diabetic retinal damage [179,181,183,184].

5.1. Galectin Inhibition in DR

Gal-1 and Gal-3 have been recently associated with the insurgence and progression of
DR pathology (Table 1).

Table 1. Galectins in DR studies.

Study Main Results Treatments Reference

Clinical
Vitreous fluid samples from 36

patients with PDR
(20 patients undergoing
vitrectomy as controls)

VEGF and Gal-1 levels significantly higher in
PDR patients compared with controls - [179]

Clinical
Plasma samples from

20 PDR cases
(20 non-diabetic, idiopathic

macular diseases as controls)

Plasma levels of Gal-1, AGEs and IL-1β
significantly

increased in PDR patients
- [185]
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Table 1. Cont.

Study Main Results Treatments Reference

Clinical
23 vitreous fluids aspirated from PDR

(non-diabetic control eyes with
idiopathic ERM

and MH)
Neovascular ocular tissues

surgically excised from PDR
patients

(non-diabetic tissues as
controls)

Gal-1 levels were
significantly elevated in the vitreous fluids of

PDR eyes compared with
controls

Gal-1 upregulated in PDR
tissues and co-localized with VEGFR2

- [186]

In vivo
STZ-Sprague Dawley rats

(non-diabetic rats as controls)
STZ:55 mg/kg

(single dose, i.v. injection)
Vehicle: 10 mM sodium citrate buffer (single

dose i.v. injection)

Retinal Gal-1 levels
increased in diabetic rats compared with

controls
- [179]

In vivo
Gal-3 knockout
C57/BL6 mice

(wild-type mice as controls)

Gal-3 knockout mice
exhibited less activated

inflammatory cells within the optic nerve after
crush

- [180]

In vivo
Diabetic Gal-3 knockout

C57/BL6 mice
(wild-type diabetic mice

as controls)
STZ:160 mg/kg

(single dose, i.p. injection)
Vehicle: sodium citrate buffer

(single dose i.p. injection)

Gal-3 knockout reduced RGC apoptosis, Iba-1
and GFAP in the distal optic nerve in

diabetic mice; moreover, it
prevented the loss of

myelinated fibers

- [188]

In vivo
Diabetic Gal-3 knockout

C57/BL6 mice
(wild-type diabetic mice

as controls)
STZ:165 mg/kg

(single dose, i.p. injection)
Vehicle: sodium citrate buffer

(single dose i.p. injection)

Gal-3 knockout reduced
AGEs, VEGF and BRB

breakdown in diabetic mice
- [189]

In vitro
Hypoxic (CoCl2) human
retinal Müller glial cells

(non-hypoxic cells as controls)
CoCl2: 300 µM for 24 h

OTX008 attenuated the
upregulation of Gal-1, VEGF and NF-κB in

hypoxic retinal Müller cells

Gal-1 selective
inhibitor
OTX008

OTX008: 10 µM
for 24 h

[179]

In vitro
ARPE-19 cells
exposed to HG

(NG cells as controls)
HG: 35 mM
NG: 5 mM

OTX008 induced a
significant increment in

cell viability;
while Gal-1 protein, ROS and TGF-β1

levels were
reduced after OTX008

Gal-1 selective
inhibitor
OTX008

(2.5–5–10 µM)

[181]

Abbreviations. AGEs: advanced glycation end products; ARPE-19: adult retinal pigment epithelial cell line-19;
BRB: blood-retinal barrier; CoCl2: cobalt chloride; ERM: epiretinal membrane; Gal-1: galectin 1; Gal-3: galectin 3;
GFAP: glial fibrillary acidic protein as activated macroglia marker; h: hours; HG: high glucose; Iba-1: ionized
calcium-binding adapter molecule 1; IL-1β: interleukin 1 beta; i.p.: intraperitoneal; i.v.: intravenous; MH:
macular hole; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; NG: normal glucose; OTX008:
calixarene 0118; PDR: proliferative diabetic retinopathy; RGC: retinal ganglion cells; ROS: reactive oxygen species;
STZ: streptozotocin; TGF-β1: transforming growth factor beta 1; VEGF: vascular-endothelial growth factor;
VEGFR2: Vascular Endothelial Growth Factor Receptor 2.
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In particular, Gal-1 levels were increased in the vitreous fluid and epiretinal fibrovas-
cular membrane of PDR patients compared with non-diabetic controls [179]. This was
probably due to the higher Gal-1 secretion induced in retinal Müller cells and astrocytes
by hyperglycemic conditions [136]. The upregulation of Gal-1 protein levels in vitreous
samples rose substantially with DR progression, being present from the pre-ischemic
inflammatory stage [186]. Increased Gal-1 plasma levels were also detected in PDR pa-
tients compared with non-diabetic controls, along with a Gal-1 correlation with AGEs
and IL-1β [185]. In line with this evidence, Gal-1 was also found to be upregulated in
neovascular ocular tissues surgically excised from PDR patients, where it exhibited a co-
localization with Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) [186]. While
in this study, Gal-1 exhibited no correlation with VEGFA, in a mouse model of oxygen
induced-retinopathy (OIR), Gal-1 was shown to mediate vascular alterations concomitantly
to VEGF up-regulation [187].

Gal-1 also seems to be involved in the regulation of the RPE that forms the BRB. Indeed,
ARPE-19 cells exposed to high glucose exhibited high Gal-1 levels, which was associated
with epithelial fibrosis and epithelial-mesenchymal transition [181]. Both processes were
reduced by selective Gal-1 blocking with OTX008 [181].

Although Gal-1 has been associated with neuronal alterations in a mouse OIR model,
and particularly with neuroglial injuries at post-natal day 26 [187], retinal neuroinflam-
matory actions have been specifically shown for Gal-3, whose pro-inflammatory role in
diabetic optic neuropathy occurs through ROS-induced ERS [84]. Accordingly, within
the neuronal retina, Gal-3 knockout resulted in reduced microglial activation and led to
better preservation of RGC, nerve fibers, axons and cell bodies in diabetic mice [180]. This
evidence was recently confirmed by Mendonça and colleagues [188], who showed that
Gal-3 knockout in diabetic mice attenuated neuroinflammation in the retina and optic nerve.
This effect was exerted by reducing the activation of retinal microglia and macroglia, and
by increasing the number of myelinated fibers. Gal-3 knockout has also been associated
with AGEs and VEGF reduction, along with the amelioration of BRB dysfunction, during
short-term diabetes in mice [189].

5.2. P2X7R Inhibition in DR

Recent evidence suggests a role of the P2X7 receptor in controlling the BRB function
and integrity [210,211]. Once P2X7R is activated, it mediates inflammatory vascular reac-
tions induced by cytokines which degrade the BRB integrity and lead to retinal vascular
occlusion and ischemia [182,210,212]. Moreover, P2X7R seems to mediate the accumulation
of microglia and macrophages in the subretina [213].

A specific role for the P2X7R-NLRP3 inflammasome pathway in retinal endothelial
inflammation and pericyte loss during the NPDR stage has been also described [182–184]
(Table 2). Moreover, P2X7R stimulation or overexpression positively regulates VEGF
secretion and accumulation, thus promoting DR neo-angiogenesis [157].

Therefore, a P2X7R inhibition strategy could represent a useful therapeutic tool to
manage the early phase of DR. In this regard, the P2X7R selective inhibitor A74003 reduced
the apoptosis of mice retinal endothelial cells (mRECs) stimulated with high glucose and
lipopolysaccharide (LPS) [183]. Furthermore, Platania and colleagues analyzed the possible
anti-inflammatory role of the selective P2X7R antagonist JNJ47965567 in diabetic human
retinal pericytes [184]. While high glucose levels induced pericyte cell damage and a
significant release of IL-1β, the treatment with JNJ47965567 decreased the IL-1β release by
blocking P2X7R and consequently, NLRP3 inflammasome activation [184].
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Table 2. P2X7R in DR studies.

Study Treatment Main Results References

In vivo
STZ-C57BL/6J mice

(non-diabetic mice as
controls)

STZ:50 mg/kg
(daily, i.p. injection)

for 5 days
Vehicle: 0.1% mol/L citrate buffer

(daily, i.p. injection)
for 5 days

P2X7R selective inhibitor A74003
(100 µg/kg/d);

NLRP3 inflammasome
selective inhibitor MCC950 (100

µg/kg/d)
A74003: 100 µg/kg/d, i.p.

injection
every alternate day

from week 9 to week 12
MCC950: 100 µg/kg/d, i.p.

injection daily for the first 3 days
and then every alternate day

from week 9 to week 12

P2X7R mRNA
Significantly higher in
the retinal tissues of

STZ-mice; A74003 and
MCC950

reduced retinal
inflammation and

apoptosis in STZ-mice

[183]

In vitro
Pericyte-containing retinal

microvessels from
STZ-Long Evans rats
(non-diabetic rats as

controls)
STZ: 75 mg/kg

(single dose, i.p. injection)
Vehicle: 0.8 mL

(single dose,
citrate buffer i.p. injection)

P2X7R agonist
BzATP

BzATP: 100 µM for 24 h

BzATP (100 µM)
increased the apoptosis

of
pericyte-containing
retinal microvessels

from STZ-rats

[182]

In vitro
mRECs exposed to HG, alone or in

combination
with LPS,

(NG cells as controls)
HG: 50 mM for 24 and 48 h

LPS: 20 ng/mL for 48 h
NG: 5.5 mM for 24 and 48 h

P2X7R selective inhibitor A74003;
NLRP3 inflammasome

selective inhibitor MCC950
A74003: 100µmol/L 6 h before

HG or HG + LPS, until 72 h
MCC950: 100 µmol/L,

6 h before
HG or HG + LPS, until 72 h

A74003 reduced
apoptosis and

pyroptosis in mRECS
exposed to

HG combined with LPS

[183]

In vitro
Human retinal pericytes

exposed to HG
(NG cells as controls)
HG: 25 mM for 48 h
NG: 5 mM for 48 h

P2X7R agonist BzATP;
P2X7R novel antagonist

JNJ47965567
BzATP: 100 µM for 48 h
JNJ47965567: 10–100 nM

for 48 h

BzATP induced human
retinal pericyte cell

death
and increased the
pro-inflammatory
cytokines levels;

JNJ47965567
Protected pericytes

viability and reduced
pro-inflammatory

cytokines

[184]

Abbreviations: BzATP: benzoylbenzoyl-adenosine triphosphate; h: hours; HG: high glucose; i.p.: intraperitoneal;
LPS: lipopolysaccharide; mRECs: mice retinal endothelial cells; mRNA: messenger ribonucleic acid; NG: nor-
mal glucose; NLRP3: nucleotide-binding domain, leucine-rich–containing family, pyrin domain–containing-3
inflammasome; P2X7R: purinergic 2x7 receptors; STZ: streptozotocin.

6. Conclusions

Due to the role of galectins in ERS modulation and the role of P2X7R in NLRP3
inflammasome activation, both these mediators could represent two new potential targets,
whose specific inhibition could help counteract the inflammatory process underlying DR
progression, although evidence for a specific molecular relation and interlink between them
is not available yet (Figure 3).
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Abstract: Ischemic stroke is the most common cause of adult disability and one of the leading
causes of death worldwide, with a serious socio-economic impact. In the present work, we used a
new thromboembolic model, recently developed in our lab, to induce focal cerebral ischemic (FCI)
stroke in rats without reperfusion. We analyzed selected proteins implicated in the inflammatory
response (such as the RNA-binding protein HuR, TNFα, and HSP70) via immunohistochemistry
and western blotting techniques. The main goal of the study was to evaluate the beneficial effects of
a single administration of minocycline at a low dose (1 mg/kg intravenously administered 10 min
after FCI) on the neurons localized in the penumbra area after an ischemic stroke. Furthermore,
given the importance of understanding the crosstalk between molecular parameters and motor
functions following FCI, motor tests were also performed, such as the Horizontal Runway Elevated
test, CatWalk™ XT, and Grip Strength test. Our results indicate that a single administration of
a low dose of minocycline increased the viability of neurons and reduced the neurodegeneration
caused by ischemia, resulting in a significant reduction in the infarct volume. At the molecular
level, minocycline resulted in a reduction in TNFα content coupled with an increase in the levels
of both HSP70 and HuR proteins in the penumbra area. Considering that both HSP70 and TNF-α
transcripts are targeted by HuR, the obtained results suggest that, following FCI, this RNA-binding
protein promotes a protective response by shifting its binding towards HSP70 instead of TNF-α.
Most importantly, motor tests showed that reduced inflammation in the brain damaged area after
minocycline treatment directly translated into a better motor performance, which is a fundamental
outcome when searching for new therapeutic options for clinical practice.

Keywords: ischemic stroke; penumbra; minocycline; HuR; RNA-binding protein; inflammation;
motor test

1. Introduction

Stroke is the most common cause of adult disability and one of the leading causes of
death worldwide. Approximately 87% are ischemic [1–5], with a serious socio-economic
impact [6]. The therapeutic actions aimed at saving the hypoxic area (the penumbra)
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must be balanced with the risks of negative consequences associated with the undertaken
treatment. Moreover, a very important factor within the therapeutic approach, primarily
based on thrombolysis or thrombectomy, is the narrow “time window” available. This
drawback renders the use of the most effective therapies (i.e., alteplase) ineffective in
protecting against secondary damage [7,8]. Therefore, due to these limitations, only a
small percentage of patients (<10%) affected by ischemic stroke qualify for this type of
intervention [9,10]. Hence, the search for new therapeutic approaches for patients affected
by ischemic stroke is a compelling medical need [11,12]. Within this context, the use of
animal models is one of the most valid strategies to develop effective therapies [11,13].
Notably, the animal model of focal cerebral ischemia (FCI) allows for more reproducible
results compared to other models [14–16] and closely mimics what happens in humans
(i.e., the ischemic area takes a relatively small area of the entire cerebral cortex) [17,18].
Furthermore, this model is characterized by a low burden on the animals and enables the
verification of the tested substance’s effect through motor tests [17,19]. A poor prognosis in
ischemic stroke results from the irreversible loss of neurons [20], which is due to an abrupt
blood flow shortage and excitotoxicity. Inflammation persists over an extended period,
beginning at the time of stroke. Consequently, an increased level of pro-inflammatory
cytokines and chemokines is observed, together with the infiltration of leukocytes into
the areas affected by ischemia. Several studies have reported that pro-inflammatory cy-
tokines (i.e., interleukin-1, interleukin-6 and TNFα (tumor necrosis factor alpha)) play a
major role in the development of inflammation after stroke [21–24]. This suggests that
anti-inflammatory treatments could expand the “therapeutic window” and facilitate the
implementation of current clinical interventions [25]. Moreover, post-stroke inflamma-
tion plays an important role in the survival and regeneration of nerve cells, exerting a
beneficial effect on brain tissue [26,27]. Therefore, in the search for new pharmacological
strategies, the modulation of inflammation has been identified as a promising therapeutic
option [28]. Antibiotics, especially tetracyclines, have gained a growing interest in this
regard. Minocycline is a broad-spectrum antibiotic belonging to the tetracycline group
with anti-inflammatory, antioxidant, and anti-apoptotic effects [29–32]. Previous studies on
stroke have shown that the administration of minocycline attenuates neurological deficits
and reduces ischemic infarct volume [8]. The anti-inflammatory properties of minocycline
have been identified as an important feature of the action of this drug in various models
of ischemic stroke [14,33–35]. Therefore, in the present study, we investigated the effect of
minocycline on selected proteins implicated in the inflammatory response after ischemic
stroke, including TNFα, HSP70, and the RNA-binding protein HuR.

TNFα is produced by various cell types, including neurons, microglia, astrocytes, and
endothelial cells [28,36]. Previous studies have indicated that the prompt induction of TNFα
mRNA in the photothrombotic model likely originates from ischemic neurons and not from
activated glial cells [37]. In addition, TNFα is one of the earliest cytokines to appear in
the context of the inflammatory reaction after ischemic brain injury, contributing to the
stimulation of the inflammatory process in the cerebrospinal fluid and blood serum [38,39].
In contrast to TNFα protein, HSP70 (Heat Shock Protein 70) plays a protective role during
the inflammatory process by inhibiting the response of pro-inflammatory cytokines such
as TNFα and interleukin-1 [40]. Moreover, published research has shown that HSP70
regulates inflammation both intracellularly, where it exhibits anti-inflammatory properties,
and extracellularly, where it may enhance immune responses [41–44]. Within this context,
RNA-binding proteins (RBP) of the ELAV (embryonic lethal abnormal visual) family, which
include the ubiquitously expressed HuR protein (also known as ELAV1) and three neuron-
specific members (HuB, HuC, and HuD), may also play an important role. These RBPs act
post-transcriptionally and influence the post-synthesis fate of the target transcripts, thereby
regulating gene expression by binding to distinct signatures (known as ARE, adenine-uracil-
rich elements) [45]. HuR, the most extensively studied member, is primarily localized in the
nucleus and is known to affect the stability, translation, pre-mRNA splicing, and nuclear
export of target mRNAs [42,45–47]. Within the general context of inflammation, HuR can
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play a dual role by participating in both non-inflammatory and inflammatory pathways.
For example, HuR can bind to HSP70 mRNA in both in the nuclear and cytoplasmic
compartments [48,49]. Under conditions of oxidative stress [50], it can promote a defense
response in vulnerable neurons, thus directly blocking or delaying neuronal death [46,51].
On the other hand, HuR protein may also promote inflammation by interacting with
mRNAs that encode pro-inflammatory cytokines such as TNFα [45,52–55]. Considering
that both HSP70 and TNF-α transcripts are targeted by HuR, it was of interest to examine the
role of this RBP following FCI and explore the effect of minocycline on its protein expression.

Finally, given the importance of understanding the crosstalk between molecular pa-
rameters and motor functions following FCI, motor tests were also carried out in this
work (Figure 1). Specifically, our goal was to assess whether minocycline can modulate
inflammation and whether possible improvement at the molecular level translates into
a better motor performance after non-reperfusion ischemic stroke. This outcome holds
considerable importance and relevance in the pursuit of novel and more effective therapies
for clinical intervention.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 24 
 

 

elements) [45]. HuR, the most extensively studied member, is primarily localized in the 
nucleus and is known to affect the stability, translation, pre-mRNA splicing, and nuclear 
export of target mRNAs [42,45–47]. Within the general context of inflammation, HuR can 
play a dual role by participating in both non-inflammatory and inflammatory pathways. 
For example, HuR can bind to HSP70 mRNA in both in the nuclear and cytoplasmic 
compartments [48,49]. Under conditions of oxidative stress [50], it can promote a defense 
response in vulnerable neurons, thus directly blocking or delaying neuronal death [46,51]. 
On the other hand, HuR protein may also promote inflammation by interacting with 
mRNAs that encode pro-inflammatory cytokines such as TNFα [45,52–55]. Considering 
that both HSP70 and TNF-α transcripts are targeted by HuR, it was of interest to examine 
the role of this RBP following FCI and explore the effect of minocycline on its protein 
expression. 

Finally, given the importance of understanding the crosstalk between molecular 
parameters and motor functions following FCI, motor tests were also carried out in this 
work (Figure 1). Specifically, our goal was to assess whether minocycline can modulate 
inflammation and whether possible improvement at the molecular level translates into a 
better motor performance after non-reperfusion ischemic stroke. This outcome holds 
considerable importance and relevance in the pursuit of novel and more effective 
therapies for clinical intervention. 

 
Figure 1. Graphical flowchart providing an overview of the study. Groups S1, S2, and S3 consisted 
of animals without minocycline administration; the time elapsed between ischemic stroke induction 
and euthanasia was equal to 12 h, 24 h, and 48 h, respectively. Groups S1 + m, S2 + m, S3 + m included 
animals with minocycline administration; the time elapsed between ischemic stroke induction and 
euthanasia (DX) was equal to 12 h, 24 h, and 48 h, respectively. In order to verify the effect of 
minocycline administration on the level of motility after stroke induction, the following motor tests 
were also performed on the animals: CatWalk™ XT (CWT), Grip Strength test (GST), and the 
Horizontal Runway Elevated (HRE) test. 

2. Results 
In total, six rats died immediately after anesthesia administration, resulting in a 

mortality rate of 6.25% for the entire study. No complications were observed at the sites 
of inflammation and necrosis within the skin incision or at dye injection sites. 

2.1. Characterization of the Peri-Infarct Area following Ischemic Stroke 
Nissl staining was performed to localize the necrotic and the penumbra areas after 

ischemic stroke in rats in the ipsilateral hemisphere. This staining allowed an easy 
localization of the ischemic area, which appeared much brighter compared to the healthy 

Figure 1. Graphical flowchart providing an overview of the study. Groups S1, S2, and S3 consisted of
animals without minocycline administration; the time elapsed between ischemic stroke induction and
euthanasia was equal to 12 h, 24 h, and 48 h, respectively. Groups S1 + m, S2 + m, S3 + m included
animals with minocycline administration; the time elapsed between ischemic stroke induction and
euthanasia (DX) was equal to 12 h, 24 h, and 48 h, respectively. In order to verify the effect of
minocycline administration on the level of motility after stroke induction, the following motor
tests were also performed on the animals: CatWalk™ XT (CWT), Grip Strength test (GST), and the
Horizontal Runway Elevated (HRE) test.

2. Results

In total, six rats died immediately after anesthesia administration, resulting in a
mortality rate of 6.25% for the entire study. No complications were observed at the sites of
inflammation and necrosis within the skin incision or at dye injection sites.

2.1. Characterization of the Peri-Infarct Area following Ischemic Stroke

Nissl staining was performed to localize the necrotic and the penumbra areas after
ischemic stroke in rats in the ipsilateral hemisphere. This staining allowed an easy localiza-
tion of the ischemic area, which appeared much brighter compared to the healthy tissues.
In order to compare the dynamics of the necrosis and the peri-infarct tissue changes among
all groups (n = 5), the following parameters were measured: brain area (the entire area of
the slice), necrosis area in relation to the brain area, necrosis width, and necrosis depth. For
each rat, three measurements were made for each variable, and the mean was calculated.
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Then, variable statistic was performed for the “brain area” variable (ANOVA, p = 0.838).
This result confirmed the lack of statistical significance of the “brain area” variable, regard-
less of the administration of minocycline and the time interval. For the control group (n = 6)
statistical calculations were also made for the “brain area” variable (ANOVA, p = 0.091).

Infarct formation was already well advanced at 12 h (S1 and S1 + m groups) after the
induction of the photothrombotic stroke, as evidenced by the increase in the volume of the
“necrosis area to brain area” (Figure 2b). The infarct volume reached its maximum after 24 h
(S2 and S2 + m groups); then, the infarction volume decreased significantly on the second
day (S3 and S3 + m groups). Statistical analysis revealed significant differences (the Mann
Whitney U test, p = 0.008) in all tested variables, including “necrosis area to brain area”,
“necrosis width”, and “necrosis depth” at each time interval between the groups without
administration of minocycline (S1, S2 and S3) and with administration of minocycline
(S1 + m, S2 + m and S3 + m). The greatest decrease in infarct volume was observed between
the S2 and S2 + m groups, where the administration of minocycline resulted in an average
decrease of 0.8% in the volume of the infarcted area compared to the group without the
administration of minocycline (Figure 2b).

2.2. Effect of Minocycline on Inflammation in the Peri-Infarct Area following Ischemic Stroke

Immunohistochemical staining was used to characterize the morphological and bio-
chemical responses in the peri-infarct area immediately adjacent to the necrosis. By labeling
the neurons with the NeuN neuronal marker, we were able to determine the extent of the
necrosis after stroke induction. Only living neurons were labeled with NeuN, while dead
neurons were not. The images showed that the necrotic area had already formed 12 h
after the stroke, reaching its maximum extension at 24 h (S2 group).e NeuN labeling was
retained at the edge of the infarct focus and in the healthy tissue (see Figure S1 in the Sup-
plementary Materials). Next, we studied the expression of HuR, TNFα, and HSP70 proteins
in living neurons by performing double immunolabelling in brain sections (HuR+NeuN,
TNFα+NeuN, HSP70+NeuN) and analyzing five regions of interest (ROIs), as shown in
Figure 2a. Concerning HuR protein, the variables “nNeuN”, “nHuR” and “relative HuR”
were examined for the Ipsi1, Ipsi2, Ipsi3, Cont4, and Cont5 regions in all the experimental
groups. The Control group showed the same level of “relative HuR”, approximately 71%,
in five ROIs (Figure 3a). The “relative HuR” variable was similar in the S1 and S1 + m
groups, decreased slightly in the S2 + m group, and decreased drastically in the S2 group
(reaching a level similar to the Control group at 24 h). At 48 h post-stroke induction, the
expression of “relative Hurt” in the S3 + m group did not fall below 82% (Figure 3a). A
comparison between the groups without the administration of minocycline and the groups
with minocycline at each time point showed a statistically significant difference for all
the three variables in favor of the groups with minocycline (the Mann-Whitney U test,
p = 0.002; Figure 3a). With respect to the TNFα protein, the variables “nNeuN”, “nTNFα”,
and “relative TNFα” were examined for the Ipsi1, Ipsi2, Ipsi3, Cont4, and Cont5 regions in
all experimental groups. The Cont4 and Cont5 regions did not show any signal in any of
the experimental group. The Control group exhibited a very low level of “relative TNFα”,
approximately 0.02%, in all ROIs (Figure 3b). A comparison between the groups without
minocycline versus those with minocycline at each time point (the Mann-Whitney U test,
p = 0.002) showed a more significant increase in TNFα expression in the groups without
minocycline (Figure 3b). Concerning the HSP70 protein, the variables “nNeuN”, “nHSP70”
and “relative HSP70” were examined for the Ipsi1, Ipsi2, Ipsi3, Cont4, and Cont5 regions.
There were no HSP70-positive cells in the Cont4 and Cont5 regions in any experimental
group (Figure 3c). The results revealed statistically significant differences between the
groups without the administration of minocycline and those with minocycline at all time
points examined for all the “nNeuN”, “nHSP70”, and “relative HSP70” variables (Mann-
Whitney U test, p = 0.002). HSP70 expression in the minocycline groups was statistically
significantly higher than in the groups without the administration of minocycline. The
“relative HSP70” variable peaked 24 h after stroke induction in both groups (Figure 3c).
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Figure 2. Effect of minocycline on infarct volume. Comparison of dynamics of volume, width, and
depth of the necrotic area after ischemic stroke induction in rats: Nissl staining. Administration of
minocycline caused less intense histopathological changes compared to the groups without minocy-
cline (IS: ischemic stroke groups, IS + minocycline: ischemic stroke + minocycline groups). (a) A
Nissl-stained coronal section of a rat brain 24 h after the induction of a photothrombotic stroke show-
ing a clearly defined infarct area (left panel) and the ROIs (right panel). The scale is in millimeters
(Ipsi: ipsilaterally hemisphere, Cont: contralateral hemisphere). (b) Changes in the average necrosis
area (%) over time and the relative effect of minocycline. The results for the variable “necrosis area
to brain area” for groups without minocycline (Kruskall-Wallis test, p = 0.005) and groups with
minocycline (Kruskall-Wallis test, p = 0.002). For the pairs S1 + m vs. S2 + m and S1 vs. S2, a
statistically significant difference was demonstrated (Dunn’s post hoc test, p < 0.05), where * p < 0.05
for intragroup comparisons. For each time interval, the differences between the studied groups were
significant (Mann-Whitney U test, p = 0.008), where ## p < 0.01 for the comparison of groups without
versus groups with the administration of minocycline. (c) The necrosis width spread after stroke
induction. Within the groups: with minocycline (Kruskall-Wallis test; p = 0.0652), groups without
minocycline (the Kruskall-Wallis test, p = 0.004). For S1 vs. S2, a statistically significant difference
was demonstrated (Dunn’s post hoc test, p < 0.05), where * p < 0.05 for intragroup comparisons. For
each time interval, the differences between the studied groups were significant (Mann-Whitney U
test, p = 0.008), where ## p < 0.01 for the comparison of groups without versus groups with the
administration of minocycline. The analyses for groups S1 and S1 + m did not show any statistically
significant differences. (d) The necrosis depth deepened after stroke induction. Within the groups:
with minocycline (Kruskall-Wallis test, p = 0.008), without minocycline (Kruskall-Wallis test, p = 0.003).
For the pairs S2 + m vs. S3 + m and S1 vs. S2, a statistically significant difference was demonstrated
(Dunn’s post hoc test, p < 0.05), where * p < 0.05 for intragroup comparisons. For each time interval,
the differences between the studied groups were significant (Mann-Whitney U test, p = 0.008), where
## p < 0.01 for the comparison of groups without versus groups with the administration of minocycline.
The analysis between groups S1 and S1 + m did not show any statistically significant differences.
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Figure 3. Effect of minocycline on selected parameters of inflammation after the induction of ischemic
stroke in rats. HuR, TNFα, and HSP70 were investigated in the peri-infarct area after ischemic
stroke induction: immunohistochemistry (IS: ischemic stroke groups; IS + minocycline: ischemic
stroke + minocycline groups; Control: control group). (a) HuR and NeuN double - immunolabeled
neurons. The variables “nNeuN”, “nHuR”, and “relative HuR” show statistically significant differ-
ence (KruskalWallis test, p = 0.0002). S1 vs. Control, S2 vs. Control, S3 vs. Control, S1 vs. S3, and
S1 + m vs. S3 + m showed a statistically significant difference (Dunn’s post hoc test, p < 0.05).
S1 + m vs. Control, S2 + m vs. Control, S3 + m vs. Control, S1 vs. S3, and S1 + m vs. S3 + m showed
a statistically significant difference for the relative “HuR” variable (Dunn’s post hoc test, p < 0.05),
where * p < 0.05 for intragroup comparisons and comparisons with the control group. Comparing
the groups without the administration of minocycline and with the administration of minocycline at
each time point revealed the presence of statistically significant differences for all the three examined
variables, “nNeuN”, “nHuR”, and “relative HuR”, in favor of the minocycline groups (Mann-Whitney
U test, p = 0.002), where ## p < 0.01 for the comparison of groups without versus groups with the
administration of minocycline. (b) TNFα and NeuN double-immunolabeled neurons. The obtained
results for the “nNeuN”, “nTNFα”, and “relative TNFα” variables showed statistically significant
differences for all variables only between the S2 vs. Control groups (Kruskall-Wallis, p = 0.0005;
Dunn’s post hoc test, p < 0.05). For each studied variable, the pairs S1 vs. S3 and S1 + m vs. S3 + m were
statistically significant (Dunn’s post hoc test, p < 0.05), where * p < 0.05 for intragroup comparisons
and comparisons with the control group. The occurrence of differences between the groups without
minocycline and with minocycline at each time point were compared for the “nNeuN”, “nTNFα”,
and “relative TNFα” variables. All three variables were statistically significantly different at each
time point between the groups without minocycline and with minocycline (Mann-Whitney U test,
p = 0.002), where ## p < 0.01 for the comparison of groups without versus groups with the admin-
istration of minocycline. (c) HSP70 and NeuN double-immunolabeled neurons. The values of the
“nNeuN”, “nHSP70”, and “relative HSP70” variables showed a statistically significant difference
between all groups without minocycline and those with minocycline (Kruskall-Wallis test, p = 0.0001).
The pairs S1 vs. S3 and S1 + m vs. S3 + m showed a statistically significant difference (Dunn’s post
hoc test, p < 0.05) for the “nNeuN” and “nHSP70” variables. The pairs S1 vs. S3, S1 + m vs. S2 + m,
and S1 + m vs. S3 + m showed a statistically significant difference in the “relative HSP70” variable
(Dunn’s post hoc test, p < 0.05), where * p < 0.05 for intragroup comparisons and comparisons with the
control group. The “nNeuN”, “nHSP70”, and “relative HSP70” variables results showed statistically
significant differences (Mann-Whitney U test, p = 0.002) between the groups without minocycline and
those with minocycline at all time points examined, where ## p < 0.01 for the comparison of groups
without versus groups with the administration of minocycline.
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The effect minocycline on the amount of HuR, TNFα, and HSP70 proteins in peri-
infarct and infarct tissues was evaluated using the Western blotting technique. Concerning
HuR protein, there was a significantly higher HuR protein expression in rats from the
S3 + m group compared to the S3 group after FCI induction. There were no statistically
significant differences for the other groups (Mann-Whitney U test, p = 0.041; Figure 4a).
With respect to the HSP70 protein, there was a statistically significant difference in the level
of HSP70 protein expression between the S3 and S3 + m groups. There were no statistically
significant differences in the other groups (Mann-Whitney U test, p = 0.025; Figure 4b). With
respect to the TNFα protein, a non-parametric analysis was performed. After inducing FCI
in the rats, the level of TNFα protein was statistically significantly higher in the S3 group
than in the S3 + m group (Kruskall-Wallis test, p = 0.004; Dunn’s post hoc test, p = 0.0362).
There were no statistically significant differences in the other groups (Figure 4c).
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Figure 4. Effects of minocycline administration on selected markers of inflammation after pho-
tothrombotic stroke in rats. HuR, TNFα, and HSP70 levels in the peri-infarct area after ischemic
stroke induction; Western blotting (IS: ischemic stroke groups; IS + minocycline: ischemic stroke
+ minocycline groups; Control: control group). (a) HuR protein levels: the results confirmed a
significantly higher HuR protein expression in the S3 + m rats compared to the S3 group after FCI
induction (the Mann Whitney U, p = 0.041), where # p < 0.05 for the comparison of groups without
versus groups with the administration of minocycline. (b) HSP70 protein levels: the results confirmed
a statistically significant difference in HSP70 protein expression between the S3 and S3 + m groups
(Mann Whitney U, p = 0.025), where # p < 0.05 for the comparison of groups without versus groups
with the administration of minocycline. (c) TNFα protein levels: there was a statistically significant
difference between the S3 and S3 + m groups (Kruskall-Wallis test, p = 0.004; Dunn’s post hoc test,
p = 0.0362), where # p < 0.05 for the comparison of groups without versus groups with the administra-
tion of minocycline.
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2.3. Effect of Minocycline on the Level of Motor Performance in Rats after FCI

In our study, we also aimed to assess whether the administration of minocycline can
improve motor performance in rats after the induction of ischemic stroke. For this purpose,
all the stroke animals underwent motor tests including the Horizontal Runway Elevated
test (HRE), Grip Strength test (GST) and CatWalk™ XT. None of the animals had any
health problems or complications following the procedures, and no animals were excluded
from the tests, except for groups S1 and S1 + m, which had a short duration between
general anesthesia and euthanasia, making it impractical to perform motor tests [17]. Using
the GST test, we were able to analyze the strength of the front paws in stroke rats. Two
variables were measured: the “peak pull force”, which represents the maximum strength
of the animal, and the “time of peak pull force”, which represents average time in which
the animal reached the maximum strength of the front paws. The variables at each time
point were treated as multiple measures. Some of the variables did not have a normal
distribution within the groups (Shapiro-Wilk test, p > 0.05); therefore, an ANOVA test was
used [56,57]. The analysis of variance for the “peak pull force” variable for the groups
showed a statistically significant difference between the S2 and S2 + m groups (ANOVA,
p < 0.026). The results revealed no differences in the mean strength of animals among the
studied groups before the procedure (which indicates a homogeneous starting point) and a
negative effect of stroke induction. In each time point at which the measurement was taken
was different from the others (Bonferroni post hoc test, p < 0.001; Figure 5a). For the “time of
peak pull force” variable, the analysis was statistically significant (ANOVA, p < 0.00001).
Each time peak at which the maximum power was reached was different from the other
(Bonferroni post hoc test, p < 0.001). The animals from the group without minocycline lost
some strength after FCI induction already on the first day. They also had lower levels of
strength in their forelimbs. Therefore, they reached their peak strength within a very short
time compared to the animals treated with minocycline. (Figure 5b).
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strength relative to animals without minocycline. (a) For the “peak pull force” variable, the analysis 
of variance showed statistically significant differences in the mean values of the variable between 
the S2 vs. S2 + m groups (ANOVA, p = 0.0254) and as a function of time (ANOVA, p = 0.0000). The 
interaction between these two factors, group and time, was significant (ANOVA, p = 0.0000). The 
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Figure 5. Effect of minocycline on the strength level of the front paws after prothrombotic stroke
induction in rats: Grip Strength test. Administration of minocycline after stroke increased front paw
strength relative to animals without minocycline. (a) For the “peak pull force” variable, the analysis
of variance showed statistically significant differences in the mean values of the variable between
the S2 vs. S2 + m groups (ANOVA, p = 0.0254) and as a function of time (ANOVA, p = 0.0000). The
interaction between these two factors, group and time, was significant (ANOVA, p = 0.0000). The
comparison showed that each time point at which the measurement was made differed from the
other (The Bonferroni post hoc test, p < 0.001), where ### p < 0.001 for comparison of groups without
versus groups with the administration of minocycline. (b) For the “time of peak pull force” variable,
the analysis was significant for the two factors “group” (ANOVA, p = 0.00001) and “time” (ANOVA,
p = 0.0000), as well as for the interaction between these two factors (ANOVA, p = 0.00000). The
comparison showed that each peak time at which the maximum power was reached was different
from the other (Bonferroni post hoc test, p < 0.001), where ### p < 0.001 for the comparison of groups
without versus groups with the administration of minocycline.
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The Horizontal Runway Elevated (HRE) test was performed to assess the effect of
minocycline on motor performance in rats after FCI. Specifically, this test allowed us to
evaluate the walking speed and the accuracy of beam crossing. To analyze changes in the
motility of animals, all the experimental groups were compared based on the following
two variables: “sum of errors” (number of paw slips) and “mean time of passage” through
the beam. The comparison was carried out from the day before the induction of ischemic
stroke (D6) until the day of euthanasia (DX). After four days of training (D2–D5), the rats
always traversed the beam flawlessly on D5 (Figure 6a). In addition, during the HRE test, a
dynamic learning process was observed in rats, with the acquisition of flawless motor skills
on the beam followed by a rapid decline in motor skills after FCI induction. Following
stroke, the administration of minocycline resulted in a reduction in the number of errors
made by rats at both 24 h and 48 h post-stroke induction compared to those not receiving
minocycline. Additionally, both the time elapsed since stroke induction and the use of
minocycline had a statistically significant effect on the number of errors made by rats in
the HRE test (ANOVA, p = 0.0309; Figure 6a). For the variable “mean time of passage”,
the analysis revealed that this variable was affected by training (D2-D5), the time elapsed
since FCI induction, and the administration of minocycline (ANOVA, p < 0.05; Figure 6b).
The animals that did not receive minocycline had a higher mean time of passage than the
animals treated with minocycline. Moreover, the administration of minocycline resulted in
a statistically significant reduction in the time needed to cross the beam in rats both 24 h
and 48 h following FCI (Bonferroni post hoc test, p < 0.05; Figure 6b).

In order to assess the effect of minocycline on various gait parameters, CatWalk™ XT
system (CWT) was used. CWT allowed us to assess the effect of ischemic stroke on locomo-
tor functions and detect possible improvements induced by minocycline administration.
The gait efficiency was assessed based on the nine most commonly used parameters: “Base
of Support”, “Print area”, “Intensity”, “Duty cycle”, “Max area of contact”, “Stride length”,
“Support time”, “Swing speed”, and the “Regularity Index”. Given that the stroke focus
was on the left motor cortex of the brain, gait analysis was only performed on the front right
paw (RF) and hind right paw (RH). The “Swing Speed” variable allowed us to measure
the speed of paw in the air. For this variable, the analysis of variance showed a statistically
significant decrease in the RF and RH movement speed in rats after FCI induction. The
animals treated with minocycline had a statistically significantly faster swing rate in air
than the untreated animals at each time point (Figure 7a,b). For the “Stride length” variable,
the analysis of variance revealed a statistically significant effect of both stroke induction
and minocycline administration on the RF stride length. Following stroke, the animals
not receiving minocycline made an approximately 1.5 cm shorter step compared to those
treated with minocycline 48 h after FCI. The analysis of variance for the RH showed a
statistically significant effect of both stroke induction and minocycline on the RH stride
length. The post-stroke animals without minocycline had an approximately 3.0 cm shorter
RF stride at 48 h compared to animals treated with minocycline (Figure 7c,d).

With respect to the “Regular Index” variable, the analysis of variance showed a
statistically significant effect of minocycline on the level of step regularity. Animals without
minocycline after the FCI challenge had a decrease in step regularity compared to animals
treated with minocycline (Figure 8a). The “Duty cycle” (%) variable represents the ratio of
stand time to step cycle (Duty cycle = stand time/step cycle). Stand time (s) was calculated
by the duration of contact with the walkway of a specific paw. Step cycle (s) was calculated
by the duration of two consecutive initial contacts of a specific paw (step cycle = stand
time + swing time). Regarding this variable, the analysis of variance for the RF showed a
statistically significant effect of stroke induction, substance, and time interval. Similarly,
for the RH, the ANOVA demonstrated a statistically significant effect of stroke induction,
substance, and time interval. Animals without minocycline had a higher “Duty cycle” ratio
than animals receiving minocycline (Figure 8b,c). Concerning the other variables “Base of
Support”, “Print paw area”, “Intensity of paw contact”, “Max area of paw contact”, and “
Support time” the analysis of variance revealed no statistically significant differences.
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Figure 6. Influence of minocycline on the speed of passage and the number of errors after induction
of prothrombotic stroke in rats: Horizontal runway elevated test (HRE). The administration of
minocycline after stroke increased the speed of passage through the beam and reduced the number
of errors made. (a) Concerning the “sum of errors”, an analysis of variance was performed: “beam
passage time” (ANOVA, p = 0.0009) and “minocycline” (ANOVA, p = 0.009) influenced the number of
errors made by the rats. Moreover, the interaction between “minocycline” and “beam passage time”
showed a statistically significant result (ANOVA, p = 0.0000). The “beam passage time” interaction
with groups (pre-stroke vs. 24 h post FCI vs. 48 h post FCI) also reached a statistically significant result
(ANOVA, p = 0.0309). Training days (D2–D5) and testing days (D6 and DX) differed significantly in
terms of the average number of errors (ANOVA, p = 0.0000). Interactions between “minocycline” over
time were statistically significant (ANOVA, p = 0.0000), as well as the beam passage time interaction
between groups (pre-stroke vs. 24 h post FCI vs. 48 h post FCI; Bonferroni post hoc test, p < 0.05),
where *** p < 0.001 for intragroup comparisons. (b) With respect to the “mean time of passage”, the
analysis of “mean time of passage” was performed. The variable was affected by training (D2–D5),
time elapsed since FCI induction (24 h post-induction or 48 h post-induction), and minocycline
administration (ANOVA, p < 0.05). The animals without minocycline had a higher mean time of
passage. In the case of the animals with minocycline, time played a role—the animals passed the beam
slower 48 h after the procedure than after 24 h (Bonferroni post hoc test, p < 0.05). The administration of
minocycline resulted in a statistically significant reduction in the time needed for minocyclinetreated
rats to pass the beam both 24 h and 48 h after FCI compared to the animals without minocycline (the
Bonferroni post hoc test, p < 0.05); where * p < 0.05 for intragroup comparisons.
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and right hind (RH) paws. For the variable “Swing speed” (a,b) the analysis showed a decrease
in RF (ANOVA, p = 0.0003) and RH (ANOVA, p = 0.001) movement speed after FCI induction.
The animals receiving minocycline had a statistically significantly faster swing speed than animals
without minocycline in each time group (ANOVA, p = 0.0001). Concerning the “Stride length” variable
(c,d), the analysis revealed the effect of both stroke induction (ANOVA, p = 0.003) and minocycline
(ANOVA, p = 0.008) on the RF stride length. Following FCI, animals without minocycline made
an approximately 1.5 cm shorter step compared to animals with minocycline 48 h following FCI.
The analysis of variance for RH showed the effect of both stroke induction (ANOVA, p = 0.0000)
and minocycline (ANOVA, p = 0.009) on RH stride length. Following FCI, the animals without
minocycline had an approximately 3.0 cm shorter RF stride compared to the animals with minocycline
48 h following FCI, where *** p < 0.001 for intragroup comparisons and ## p < 0.01, ### p < 0.001 for
the comparison of groups with and without the administration of minocycline.
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Figure 8. Effect of minocycline on gait regularity and step interval in rats after ischemic stroke
induction: CatWalk XT. Selected gait parameters improved after minocycline administration for
both the right front (RF) and right hind (RH) paws. Regarding the “Regular Index” variable (a), the
analysis showed the effect of minocycline on the level of steps regularity (ANOVA, p = 0.013). Groups
S2 and S3 displayed a decrease in step regularity after FCI compared to animals given minocycline
(S2 + m and S3 + m). With respect to the “Duty cycle” variable (b,c), the analysis of the RF showed
the effect of stroke induction (ANOVA, p = 0.00000), minocycline (ANOVA, p = 0.0307), and time
interval (ANOVA, p = 0.006) on this parameter. For the RH, the results showed the effect of stroke
induction (ANOVA, p = 0.000057), minocycline (ANOVA, p = 0.03589), and time interval (ANOVA,
p = 0.00751) on this parameter, where *** p < 0.001 for intragroup comparisons, and # p < 0.05 for the
comparison of groups with and without administration of minocycline.
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3. Discussion

Overall, the results obtained in our research show that early administration of minocy-
cline after ischemic stroke inhibits the enlargement of the necrotic area. At the molecular
level, this event is associated with an increase in the content of both HSP70 protein and the
RNA-binding protein HuR, and a decrease in the amount of TNFα in the peri-infarct tissue.
Importantly, minocycline administration also produced an improvement in certain motor
parameters following FCI.

Specifically, using Nissl staining, we assessed the volume, width, and depth of the
necrotic focus. In our study, the stroke focus covered 5.5–7.0% of the brain volume, which is
similar to that observed in humans [19]. In our study, the stroke focus covered 5.5–7.0% of
the brain volume, which is similar to that observed in humans. This similarity enhances the
translational potential of the results obtained using this animal model for the development
of new therapies for humans. The volume of the stroke focus in rats progressed significantly
12 h after the induction of ischemic stroke and reached its maximum volume after 24 h,
followed by a decrease after 48 h. This dynamic pattern of changes in the area affected
by ischemic stroke aligns with other studies [14,58]. In the groups that received a single
dose of minocycline, we observed statistically significant reductions in the infarct volume,
width, and depth of the necrotic focus, with particularly remarkable improvement found
in 12-week-old male rats. Reduced infarct volume after the administration of minocycline
has also been observed in other studies using various animal models of ischemic stroke
(i.e., FCI and middle cerebral artery occlusion (MCAO)) [14,31,33,59–62].

Accumulating evidence indicates that inflammation may play a key role in the patho-
genesis of stroke, making it an interesting target for therapeutic interventions. Ischemic
stroke is accompanied by inflammation, which is associated with elevated levels of pro-
inflammatory cytokines, chemokines, and peripheral blood leukocytes (e.g., neutrophils,
monocytes, T lymphocytes) observed in these areas [14,28,63–68]. The development of
inflammation and the infiltration of pro-inflammatory cells (e.g., monocytes) are considered
to be one of the phenomena responsible for increasing the area of secondary damage [69].
Notably, studies on animal models of ischemic stroke have demonstrated that minocy-
cline has some anti-inflammatory properties [35,61,62,70,71] that inhibit the expression of
pro-inflammatory cytokines and reduce brain damage [72,73]. Within this context, sev-
eral investigations have documented that neuronal ischemia increases the expression of
TNFα as early as 1 h after the onset of ischemia in the MCAO model [74,75]. Furthermore,
Kondo et al. and Meng et al. demonstrated that the expression of TNFα in cells other
than neurons (i.e., microglia and astrocytes) becomes visible more than 24 h after the onset
of a stroke [37,76]. Considering that inflammatory processes stimulate neuroprotective
effects if they persist for a short time but cause neurodegenerative processes if they persist
for a longer time [28], we also examined the time course of TNFα expression in neurons
located in the peri-stroke tissue. Using double labeling with TNFα and the neuronal marker
NeuN, we were observed TNFα expression in neurons as early as 12 h after the induction
of ischemic stroke. Similarly, Li et al. and Yang et al. showed that within 6–12 h from the
onset of symptoms, an increasing amount of TNFα was detected in the blood of human
patients and in the cerebral tissues of rats following stroke [77,78]. We used Western blot-
ting to assess the amount of TNFα protein in the peri-stroke tissue, which supported the
immunohistochemistry results. The data analysis showed a statistically significant decrease
in TNFα levels in the groups receiving minocycline. Consistent with these findings, other
authors have also noted a decrease in TNFα content after the administration of minocycline
in animal models of ischemic stroke [33,71,79]. In particular, Yang et al. showed that a
single dose of minocycline given immediately after the start of reperfusion significantly
inhibits microglial activation after 48 h, indicating that early administration of minocycline
after stroke can reduce inflammation levels [79]. Therefore, our results may be related to the
inhibitory effect of minocycline on the inflammatory response in the acute phase of stroke.
As mentioned earlier, HSP70 protein regulates inflammation both intracellularly, where
it appears to play an anti-inflammatory role, and extracellularly, where it may enhance
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immune responses. We found that under homeostatic conditions, as also reported in other
studies [80,81], HSP70 levels are low. Using NeuN-HSP70 double labeling, we observed
changes in the number of HSP70-positive neurons in the peri-infarct tissue as early as 12 h
after stroke induction. Most importantly, HSP70 expression was statistically significantly
higher in the groups receiving minocycline compared to the groups without minocycline.
The Western blotting data supported the results of immunohistology, demonstrating a sta-
tistically significant difference in HSP70 protein expression on the second day after stroke
induction between the minocycline-treated groups and the untreated animals. Consis-
tently, other authors have also reported an increase in the amount of HSP70 after ischemic
stroke [80–83], suggesting that minocycline itself is likely responsible for the increase in
HSP70 protein levels in the peri-stroke tissue [84,85].

Given that both HSP70 and TNF-α transcripts are targeted by HuR [45,50], we also
determined the level of HuR protein in the peri-stroke tissue in order to examine the
direct effect of minocycline on this RNA-stabilizing protein. Using NeuN-HuR double
immunolabeling, we conducted analyses comparing the groups without minocycline to the
groups with minocycline, which revealed a statistically significant increase in the number of
neurons in the minocycline-treated groups. Furthermore, in the group without minocycline
administration, the number of HuR-positive cells already decreased dramatically 24 h after
the stroke, indicating the developing of inflammation in the peri-stroke tissue. Western
blotting data analysis confirmed a statistically significantly higher HuR protein expression
in the minocycline-treated group compared to the untreated group 48 h after FCI induction.
These results suggest that following FCI, this RNA-binding protein promotes a protective
response by shifting its binding towards HSP70 instead of TNFα. Notably, at 48 h, we
observed a concomitant increase in HSP70 protein content and a decrease in TNFα expres-
sion. Similarly, Jamison et al. demonstrated a correlation between HuR and HSP70 protein
levels following ischemic stroke, highlighting the functional importance of the correlation
between HuR and the concomitant appearance of HSP70 in the same neurons [51]. Hence,
our results suggest that HuR protein may play a role in modulating inflammation mitigate
some secondary damage in the aftermath of stroke. Given that low-level inflammation has
a protective effect on neurons while chronic high-level inflammation is detrimental [86–89],
determining the exact role of HuR protein in the inflammation process may contribute to the
improvement of new post-stroke therapies, especially in the context of neuronal protection.

In the present study, we also assess whether the positive biochemical and morphologi-
cal changes observed under the influence of minocycline would translate into improved
motor functions. In this regard, we would like to emphasize that our improved and mini-
mally invasive animal model of ischemic stroke allows for motor tests to be performed after
FCI [17]. The data from selected tests showed positive changes in gait, balance level, speed
of movement, and leg strength. Specifically, the results obtained from the GST indicate that
minocycline-treated animals achieved a statistically significant higher level of maximum
paw strength duration and reached the maximum strength later compared to the untreated
animals at each time point. In this respect, Soliman et al. also used GST in the MCAO model
of ischemic stroke and demonstrated a statistically significant improvement in the animals
treated with minocycline [31]. Using the HRE test, we examined the effect of minocycline
on the speed of movement along the beam and the number of errors during the transition
in stroke rats. The animals that did not receive minocycline were characterized by a statisti-
cally significantly higher number of errors (paw slipping off the beam during the transition)
both 24 h and 48 h after FCI induction. We also document that, after FCI, the administration
of minocycline resulted in a statistically significant reduction in the time needed by rats
to cross the beam at each time point. In this regard, Soliman et al. along with Li et al.,
using the HRE test in the MCAO model, also demonstrated that the administration of
minocycline improved the motor function of animals [31,90]. Using the CWT, we explored
whether there was an improvement in gait parameters in the animals receiving minocycline
after FCI. For the following gait parameters: stride length, duty cycle, swing speed, and
regularity index, we observed statistically significant improvements in favor of minocycline
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administration. The animals receiving minocycline had a statistically significantly faster
swing rate, longer strides, increased step regularity, and lower standing time to step cycle
ratios compared to the untreated animals. All the motor tests used allowed us to observe
even very subtle improvements in many parameters of gait, balance, and fitness in the acute
phase of ischemic stroke in the rats treated with minocycline. It is worth emphasizing that
these tests are much more accurate than neurological scales and provide objective changes
in the parameters. In conclusion, our results indicate that motor tests are a valuable tool
to verify whether positive changes, both biochemical and morphological, translate into
improved motor efficiency after ischemic stroke. Improved motor performance is one of the
goals of therapy after ischemic stroke in humans. Therefore, the use of these approaches
can strongly improve the translation of therapies from animal models to patients with
ischemic stroke [91–93].

4. Materials and Methods
4.1. Animals

Experimental protocols were approved by the Local Bioethics Committee at the Medi-
cal University of Silesia, Katowice, Poland, and were consistent with international guide-
lines on the ethical use of animals. All rats were bred in the Department for Experimental
Medicine, Medical University of Silesia in Katowice, Poland. Throughout the entire study,
the animals were housed in a temperature-controlled and humidity-controlled room with a
12 h light/dark cycle. They had ad libitum access to water and standard rat chow. From
the 5th week of the animals’ life until the start of the study, routine behaviors were im-
plemented according to our protocol (see our previous publication [17]), resulting in a
significant stress reduction in the animals.

Ninety-six male Long-Evans (LE) rats weighing 223–239 g were used. The rats were
randomly divided into six experimental groups (Figure 1). Groups S1 (n = 14), S2 (n = 14),
and S3 (n = 14) consisted of animals without minocycline administration, and the time
between ischemic stroke induction and euthanasia was 12 h, 24 h, and 48 h, respectively.
Groups S1 + m (n = 14), S2 + m (n = 14), and S3 + m (n = 14) consisted of animals with
minocycline administration, and the time elapsed between ischemic stroke induction
and euthanasia (DX) was equal to 12 h, 24 h, and 48 h, respectively. The Control group
(n = 12) used in this study consisted of animals that did not undergo any procedures. For
this animal model of ischemic stroke, in accordance with the 3R principles and our previous
results, only one control group was created [17]. In order to verify motor deficits and the
relative effects of minocycline, all groups underwent the Horizontal Runway Elevated test,
CatWalk™ XT, and Grip Strength test both before the induction of ischemic stroke and on
the euthanasia day.

4.2. Animal Model

A full and detailed description of the ischemic model used in the present study is
available in our previous publication [17]. During the stroke induction surgery, the animals
were placed under general anesthesia induced by intraperitoneal administration of xylazine
hydrochloride (10 mg/kg of body weight) and ketamine hydrochloride (100 mg/kg of
body weight). The infarct was created in the posterior motor cortex (the spot was marked
with the coordinates 0.5 mm anterior to bregma and 3.0 mm laterally from the centerline).
The center was determined using an optical fiber with a 5 mm diameter. A non-transparent
mask was used to protect the remaining skull areas from the laser light. The skull was
irradiated with white light at a wavelength of 560 nm and 3200 K [94] (KL2500, LCD
SCHOTT, Mainz, Germany). The irradiation lasted for 15 min. The dye injection took place
during the first minute of irradiation. Specifically, a Bengal Rose (BR) solution (20 mg of
BR in 1 mL of PBS (Sigma-Aldrich, St. Louis, MO, USA)) was slowly injected at a dose of
1 mL/kg of body weight through a pre-inserted polyethylene catheter into the tail vein
(lateral caudal vein) of each rat. After the irradiation was finished, the optical fiber was
removed and the incisions were sutured with skin sutures.
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4.3. Treatment with Minocycline

Rats in groups S1 + m, S2 + m, and S3 + m received a single dose of minocycline
(Sigma-Aldrich, St. Louis, MO, USA) at 1 mg/kg body weight, dissolved in 1 mL 0.9% NaCl,
administered intravenously 10 min after the ischemic stroke induction. The chosen single
dose [32,79,95] of minocycline was based on previous studies that reported neuroprotection
in the ischemic stroke model under similar conditions. Based on the reports obtained
after a single dose in our experience, we decided to administer the lowest possible dose
of 1 mg/kg body weight. This allows for the design of further in-depth studies, with
the possibility of modulating the dose volume or changing the frequency of minocycline
administration to the animals. Animals in groups S1, S2, and S3 received the same volume
of saline intravenously.

4.4. Horizontal Runway Elevated Test

In this study, motor deficits resulting from the induction of ischemic stroke in rats were
tested using the horizontal runway elevated (HRE) test. The HRE test is commonly used in
animal models to evaluate forelimb and hindlimb function and coordination [96–99]. For
each experimental group (n = 12–14), two variables were measured: the sum of the average
number of errors made and the average time taken to pass through the slat. The HRE
test consisted of an elevated ladder apparatus and a camera (GoPro Hero 8, San Mateo,
CA, USA). The camera was necessary to register the animals’ passage over the beam. The
recorded videos were needed for a quantitative and qualitative analysis of the rats’ gait.
The HRE test used in this study was constructed by our team [17]. Successful completion of
the HRE test required six runs for each animal: three runs from cage A to cage B, and three
runs from cage B to cage A. The rats began by crossing the slat from cage A to cage B. This
action was repeated in the opposite direction until the sixth successful passage. The final
run concluded in cage A for all rats. The HRE test was divided into two phases: the training
phase (D2–D5) and the official passage phase (D6–DX). After the training period, during
the official passage phase, all rats performed one official pre-stroke passage on the stroke
induction day (D6), and one official passage post-stroke on the day of euthanasia (DX).

4.5. Grip Strength Test

The forelimb Grip Strength test (GST) was performed using an electronic digital force
gauge grip-strength meter (47200, UGO Basil, Gemonio, VA, Italy). The use of the GST
following ischemic stroke is consistent with previous publications [100–103]. For each
experimental group (n = 12–14), two variables were measured: the peak force exerted by
the animal while gripping the sensor bar and the time of peak force. The back part of the
rat’s body was gently held and pulled back until its front paw loosened its grip on the
sensor, and the maximum grip strength was automatically recorded. GST was performed
three times on the day of ischemic stroke induction (D6) and three times after the ischemic
stroke induction, on the euthanasia day (DX). The duration of the GST was 5 s; if the rat
did not pull/hold the sensor within that time, the measurement was not recorded, and the
animal was excluded.

4.6. CatWalk™ XT

An automated quantitative gait analysis system was used to assess rat motor function
and coordination: CatWalk™ XT (CWT; Noldus, Wageningen, The Netherlands). Each
test group consisted of the same number of rats (n = 10). The CWT system has a unique
application in the study of strokes [104,105]. The CWT assessment was conducted in a
quiet and darkened room. When rats made contact with the glass plate, the light signals
from their paws were reflected and transformed into digital messages by a video camera.
The performance of the CWT was divided into two phases: the training phase (5 days long;
D1–D5) and the official passage phase (2 days long; D6–DX). After the training days, during
the official passage phase, all rats performed one official pre-stroke passage on the stroke
induction day (D6) and one official passage post-stroke on the day of euthanasia (DX). The
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five-day training phase helped to minimize stress in rats and ensure the performance of
three consecutive uninterrupted runs [90,106]. A correctly performed CWT assessment
consisted of three undisturbed runs for each rat [90]. A series of gait statistics were
automatically generated when the system identified and marked each footprint. The
statistics included the following parameters: “Base of Support”, “Print paw area”, “Intensity
of paw contact”, “Max area of paw contact”, “Support time”, “Duty cycle”,” Stride length”,
“Swing speed”, and “Regularity Index” [90,106–109].

4.7. Histological Analysis

Histological evaluation required the collection of brain tissues from each experimental
group (n = 6) and the Control group (n = 6) in accordance with the assigned time interval
between the induction of ischemic stroke and euthanasia. The rats were anesthetized and
transcardially perfused with 4% paraformaldehyde. The fixed brains were then removed and
postfixed in a paraformaldehyde solution overnight at 4 ◦C. Subsequently, the brains were
dehydrated, embedded in paraffin, and sectioned using a microtome (Leica Microsystems,
Mannheim, Germany) into coronal planes (−2.50 mm to −2.90 mm from bregma) with
7 µm-thick slices. The distance between each of the 10 sections used per animal was 50 µm.

4.7.1. Nissl Staining

The preparations were stained with 1 g/L cresyl violet dye (Sigma-Aldrich, St. Louis,
MO, USA) in water, following the classical Nissl staining protocol with our own modifi-
cations [17,110]. Images of the peri-infarct cortex area in the ipsilateral hemisphere and a
reference calibration slide were acquired using a digital camera (Olympus OM-D E-M10
Mark IV, Tokyo, Japan). The area of the infarct in each section, identified by pale staining,
was measured using the ImageJ 1.43 software (Madison, WI, USA) [111]. The same software
was also used to calculate the infarct volume, width, and depth of each brain.

4.7.2. Immunohistochemistry

Immunohistochemistry assay was used to measure the levels of HuR, TNFα, and
HSP70 proteins expression in paraffin-embedded brain tissue slides. The tissue slices
were blocked with 0.1% Triton X-100 (Sigma-Aldrich) and 10% serum (goat normal serum,
Vector Labs). The sections were then incubated overnight at 4 ◦C with primary antibodies
against HuR, NeuN, TNFα, and HSP70 (Table 1). The primary antibodies were followed
by the following fluorochrome-conjugated secondary antibodies: goat anti-mouse Alexa
Fluor® 488 (green Alexa; Cambridge, UK) and goat anti-rabbit Alexa Fluor® 594 (red
Alexa; Cambridge, UK), which were incubated for 1h at room temperature. Finally, the
sections were mounted on slides using a DAPI-containing medium. To initially characterize
the changes in the brain tissue after FCI in ipsilateral hemisphere, images were obtained
from double-immunolabeled sections of HuR-NeuN, TNFα-NeuN and HSP70-NeuN. Five
regions of interest (ROIs) were incorporated, as shown in Figure 2a. These included ROIs
at the lateral and medial edges of the infarct and more distant sites in the contralateral
cerebral cortex. The immuno-positive cells were counted in the field of view from the ROI
areas: Ipsi1, Ipsi2, Ipsi3, Cont4, and Cont5. The variables “nNeuN”, “nX”, and “relative
X” (n = number of immunohistochemically positive cells in the field of view; X—double
HuR+NeuN, TNFα+NeuN, or HSP70+NeuN immuno-positive cells from the tested protein
in the field of view) were calculated. We also calculated the relative value from the growth:
“relative X”(%) = nX/(nX + nNeuN). The sections of double-immunolabeled ROIs were
captured and analyzed under a fluorescence microscope (Olympus BX43, Tokyo, Japan)
using cellSens Standard software (Olympus) and processed with ImageJ 1.43usoftware.
The ROIs with size of 500 × 500 µm were analyzed.
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Table 1. Table of the antibodies used in the experiments.

Antibody Abbreviation Type Company Catalog Number Dilution Order

HuR/ELAV1 HuR mouse monoclonal Santa Cruz Biotechnology sc-5261 for IHCP we used 1:1000 primary antibodies
Neuronal Marker NeuN rabbit monoclonal Abcam ab177487 for IHCP we used 1:1000 primary antibodies

Anti-TNFα TNFα mouse monoclonal Santa Cruz Biotechnology sc-52746 for IHCP we used 1:1000 primary antibodies
Anti-Hsp70 HSP70 mouse monoclonal Abcam ab2787S for IHCP we used 1:500 primary antibodies

HuR/ELAV1 HuR mouse monoclonal Santa Cruz Biotechnology sc-5261 for WB we used 1:1000 primary antibodies
Anti-TNFα TNFα rabbit monoclonal Abcam ab205587 for WB we uded 1:500 primary antibodies

HSC70/HSP70 HSP70 mouse monoclonal Santa Cruz Biotechnology sc-24 for WB we uded 1:500 primary antibodies
Anti-α-Tubulin α-Tubulin mouse monoclonal Sigma-Aldrich T0198 for WB we udes 1:1000 primary antibodies

Goat anti-mouse Alexa Fluor® 488 green Alexa goat anti-mouse IgG Abcam ab150113 for IHCP we used 1:500 secondary antibodies

Goat anti-rabbit Alexa Fluor® 594 red Alexa goat anti-rabbit IgG Abcam ab150080 for IHCP we used 1:500 secondary antibodies
Goat anti-mouse IgG-HRP anti mouse goat anti-mouse IgG Sigma-Aldrich A4416 for WB we used 1:3000 secondary antibodies
Goat anti-rabbit IgG-HRP anti rabbit goat anti-rabbit IgG Merck Millipore AP156P for WB we used 1:3000 secondary antibodies

4.8. Western Blotting

Samples were collected from all the experimental groups (n = 6) and the Control group
(n = 5) to determine proteins expression using the Western blot technique. The rats were
sacrificed by decapitation and their brains were immediately removed from the skulls. The
area containing the infarct, along with approximately 1.0 mm of the surrounding tissue,
was dissected for analysis. For each rat, the material was collected using a biopsy punch
of the same size. The tissue samples were immediately frozen on dry ice and stored in
a freezer at −80 ◦C. Protein levels were measured using the Bradford method. Bovine
albumin was used as an internal standard. The proteins were diluted in 2x SDS protein gel
loading solution, boiled for 5 min, and separated on a 12% SDS-PAGE gel. HuR, TNFα and
HSP70 antibodies were according to the instructions provided in each datasheet (Table 1).
The nitrocellulose membrane signals were detected using chemiluminescence. The same
membranes were re-probed with an α-tubulin antibody and used to normalize the data.
Densitometric values obtained with the ImageJ image-processing program were subjected
to statistical analysis for the Western blot data.

4.9. Statistical Analysis

The statistical analysis was performed using Statistica 13.1 software (Dell, Austin,
TX, USA). The significance level was set at p = 0.05. Descriptive statistics of the studied
variables in groups were presented, and tests examining the normality of distribution
were carried out when appropriate (Shapiro-Wilk test p > 0.05). Additionally, Levene’s test
was performed to assess the homogeneity of variance. Based on these results, parametric
(ANOVA) or non-parametric tests (Kruskal-Wallis, U Mann-Whitney) were selected, and
when statistically significant results were obtained, appropriate post hoc tests (Bonferroni’s
and Dunn’s) were carried out. The values are presented in charts as the mean ± standard
deviations for variables analyzed with parametric tests, and as medians along with the
quartile range (IQR) for variables analyzed with non-parametric tests.

5. Conclusions

Severe cerebral ischemia leads to neuronal damage and death in the ischemic area.
Several previous studies have suggested that minocycline protects neurons from damage
caused by cerebral ischemia. Our study confirmed that the administration of minocycline
increases the viability of neurons and reduces neurodegeneration caused by ischemia. The
effects of minocycline led to a significant reduction in the infarct volume after ischemia.
Minocycline also affected selected parameters of inflammation: it reduced the content of
TNFα in the peristroke tissue, while increasing the levels of HSP70 and HuR proteins in the
same area. After ischemic stroke, minocycline could play an important role in modulating
inflammation, particularly at the level the stability and/or translation of target mRNAs.
The results show that the minocycline influences the level of ubiquitously expressed HuR
protein (RNA-binding protein). The increase in the level of HuR protein translates into
the improvement of molecular and motor parameters after ischemic stroke. Therefore,
the role of the HuR protein in modulating inflammation may be important, although
further in-depth research is required. Motor tests have demonstrated that the reduction
in inflammation parameters and the decrease in the area of brain tissue damage after the
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administration of minocycline directly translates into a better motor performance. Therapies
based on targeting inflammation appear to be a very interesting and effective approach
in post-ischemic stroke therapy available to most patients. We believe that understanding
both the cellular and molecular changes in the brain throughout all phases of ischemic
stroke is essential for developing the most effective therapies capable of counteracting the
negative effects of this devastating process.
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Abstract: Amyloid Precursor Protein (APP) and its cleavage processes have been widely investigated
in the past, in particular in the context of Alzheimer’s Disease (AD). Evidence of an increased
expression of APP and its amyloidogenic-related cleavage enzymes, β-secretase 1 (BACE1) and
γ-secretase, at the hit axon terminals following Traumatic Brain Injury (TBI), firstly suggested a
correlation between TBI and AD. Indeed, mild and severe TBI have been recognised as influential risk
factors for different neurodegenerative diseases, including AD. In the present work, we describe the
state of the art of APP proteolytic processing, underlining the different roles of its cleavage fragments
in both physiological and pathological contexts. Considering the neuroprotective role of the soluble
APP alpha (sAPPα) fragment, we hypothesised that sAPPα could modulate the expression of genes
of interest for AD and TBI. Hence, we present preliminary experiments addressing sAPPα-mediated
regulation of BACE1, Isthmin 2 (ISM2), Tetraspanin-3 (TSPAN3) and the Vascular Endothelial Growth
Factor (VEGFA), each discussed from a biological and pharmacological point of view in AD and TBI.
We finally propose a neuroprotective interaction network, in which the Receptor for Activated C
Kinase 1 (RACK1) and the signalling cascade of PKCβII/nELAV/VEGF play hub roles, suggesting
that vasculogenic-targeting therapies could be a feasible approach for vascular-related brain injuries
typical of AD and TBI.

Keywords: BACE1; TSPAN3; VEGF; ISM2; ELAV; secretase; PKC; RACK1

1. Introduction

Alzheimer’s Disease (AD) is a chronic neurodegenerative disease characterised by
a progressive impairment of cognitive functions ultimately resulting in dementia. Many
hypotheses for AD development have been proposed, including the formation of twisted
fibres of Tau proteins inside neurons called Neurofibrillary Tangles (NFTs), ribosomal
impairment and the RNA-binding protein cascade hypothesis [1,2]. However, one of the
most accredited theories suggests the abnormal deposition of Amyloid β (Aβ) protein
oligomers in neuronal intracellular space as one of the main pathology drivers [3]. Aβ
is a 4 kDa peptide derived from the cleavage of its precursor, the Amyloid Precursor
Protein (APP), whose role in the pathogenesis and progression of AD has been intensively
investigated [4]. Neuropathologic markers like NFTs and senile plaques composed of
Aβ aggregates histopathologically characterise the brain tissue of AD patients [5]. In this
regard, the AD amyloid hypothesis focuses on the toxic role of the excessive formation
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of Aβ, which tends to accumulate into extracellular senile plaques, directly responsible
for AD pathogenesis. Accordingly, the excessive formation of Aβ derives either from
an increased production of Aβ after APP processing or from its reduced elimination [3].
Mutations in APP gene, located on chromosome 21, have played an important role to
understand AD aetiology, although APP mutations accounted only for a small fraction of
all AD cases. Further studies reported mutations also in different APP processing-related
genes, including Beta-site APP Cleaving Enzyme 1 (BACE1, that codes for β-secretase 1),
the structural components of the γ-secretase complex PSEN1 and PSEN2 (located on
chromosome 14 and 1 and coding for Presenilin 1 (PS1) and PS2, respectively) and other
genes belonging to the γ-secretase complex [3]. In addition, the ε4 polymorphism in the
APOE gene (coding for apolipoprotein E, which modulates Aβ oligomerisation into fibrils
leading to senile plaques formation) is associated with an increased risk of late-onset AD [6]
and represents a major susceptibility risk factor for AD [7].

Observational epidemiological studies suggested a series of additional environmental
influences that can be either protective or risk factors for AD. Among the protective factors,
anti-inflammatory and anti-oxidant influences associated with increased brain neurogene-
sis and Brain-Derived Neurotrophic Factor (BDNF) production promote a healthier brain
aging [8,9], while a history of cancer appears to be beneficial at reducing the likelihood
of AD development [10]. Environmental risk factors for AD include depression [11,12],
cardiovascular and metabolic status and history of head injury [13]. In this regard, Trau-
matic Brain Injury (TBI) has been suggested to trigger a deleterious cascade of secondary
damage, leading to neuroinflammation, persistent neurological and cognitive impairment,
and ultimately dementia [14,15]. Both mild and severe TBI are influential risk factors for
different delayed-onset neurodegenerative diseases, including AD [16,17]. Following TBI
with axonal transection, APP, β-secretase 1 and γ-secretase (the enzymes that contribute to
APP cleavage towards Aβ formation) show an increased expression particularly prominent
at the hit axon terminals [18–20]. This leads to an increased Aβ production and deposition
at the axon bulbs and strengthens the correlation between TBI and increased risk for AD.

APP and the implications of its processing are important not only for neurodegener-
ation, particularly for AD, but also for TBI. Hence, the aim of this work is to present the
state of the art of APP proteolytic processing, highlighting the different roles of its cleavage
fragments in both physiological and pathological contexts, with a particular focus on the
soluble APP fragments. In addition, we aim to discuss specific genes of interest for AD and
TBI, and regulated by soluble APP peptides emerged from our preliminary in vitro data
here presented from a biological and pharmacological point of view.

2. Amyloid Precursor Protein: Structure, Expression and Processing
2.1. APP Structure, Expression, Trafficking and Modification
2.1.1. APP Structure and Expression

The human APP gene, which is mapped to chromosome 21q21.3, spans 290,586 bp
and consists of 18 exons. As a result of alternative splicing, the generation of multiple
APP mRNA isoforms allows the production of different APP proteins with a number of
amino acids ranging from 365 to 770 residues (APP365–APP770) [4] (Figure 1a). The highly
conserved APP family consists of APP, the homologous APP-Like Protein 1 (APLP1) and
APLP2, which are single-pass integral membrane proteins that feature a bulky N-terminal
extracellular domain, an intramembrane domain and a small, intracellular C-terminal
tail characterised by a sequence identity highly conserved among the three APP family
members. However, APP is the only member of the family characterised by the presence of
an Aβ domain [21]. The glycosylated N-terminal portion is relatively conserved among
the different APP family members and the different APP isoforms and contains: the Signal
Peptide (SP) sequence, the cysteine-rich globular domain (E1), the Extension Domain (ED),
the Acidic Domain (AcD), a helix-rich domain (E2) and part of the Aβ domain, [4]. The
E1 domain features a Heparin-Binding Site (HBS) (that confers APP its neuroprotective
effects [22]) and a Metal-Binding Motif (MBM) with Cu+ and Zn2+ binding sites (ZnBS
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and CuBS, respectively). Specific splicing variants feature additional domains, e.g., the
Kunitz Protease Inhibitor (KPI) after the AcD domain and the OX-2 antigen domain after
the KPI domain, while others lack these particular regions [4]. The E2 domain features
six α-helices that form a coiled-coil structure, an HBS and a Collagen Binding Site (CBS).
Importantly, the short cytoplasmic C-terminal domain contains the conserved YENPTY
motif important for the protein–protein interactions (Figure 1b). Both APP N-terminal
and C-terminal portions are involved in different cellular mechanisms (reviewed in [23])
and appear to participate in several signalling pathways as APP full-length and cleavage
fragments. In the Central Nervous System (CNS), APP works as a cell surface receptor
and is correlated with neurite growth, neuronal adhesion and axonogenesis [24]. However,
increasing evidence suggests that both APP and its cleavage fragments play important roles
also in peripheral tissues, where their abnormal expression, location and cleavage have
been linked to the development of metabolic diseases (reviewed in [23]). Regarding APP
isoforms, different splicing variants exhibit a tissue-specific expression and, among the
brain-specific APP splicing variants, APP695 is the most abundant isoform expressed in the
brain [25], although APP751 and APP770 are the main coding proteins of Aβ peptide [4].
Among the different APP family members, APLP1 expression is restricted to neurons
and, while APLP2 and APP are highly brain-enriched and their expression has been
found also in several peripheral tissues. While APP and APLP2 appear to be functionally
redundant, the solely CNS-expressed APLP1 may have distinct roles as part of the synaptic
network (reviewed in [26]). Indeed, recent findings point at APLP1 functions in neuronal
morphology [27], synaptic plasticity [28,29], dendritic spine maintenance [30] and even as
a possible biomarker of AD progression [31].

2.1.2. APP Trafficking and Post-Translational Modifications (PTMs)

After its synthesis, APP is firstly translocated to the Endoplasmic Reticulum (ER) upon
the removal of its SP sequence, then it transits the ER/ER-Golgi Intermediate Compartment
(ERGIC) to locate into the Golgi apparatus and the Trans-Golgi Network (TGN). Although
the majority of APP localises in the Golgi apparatus and TGN, a small fraction of the
nascent APP is translocated to the plasma membrane, where either α-secretase mediates its
non-amyloidogenic cleavage or its C-terminal YENPTY motif mediates its internalisation
into endosomes [32]. Internalised APP then traffics through the endo-lysosome pathway
(mostly for APP degradation or, to a less extent, for its recycling to the plasma membrane or
TGN), secretory pathway and recycling pathway. APP trafficking is strictly correlated with
its processing, since α-secretase mainly resides in the plasma membrane, while β-secretase
1 locates in endosomes and lysosomes [32]. In the secretory pathway, APP can undergo
different PTMs that influence its residency and trafficking, ultimately affecting the pro-
duction of the different APP fragments. In this regard, each of APP PTMs here presented
have different effects on Aβ generation (reviewed in [32]) and abnormal APP PTMs and
alterations of its trafficking have been reported in AD patients [32].
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Figure 1. APP gene, mRNA and protein structure. (a) Structure of APP gene and mRNA. APP
gene, located on chromosome 21q21.3, features 18 exons. Alternative splicing of exons 7 and 8 (dark
grey) leads to the expression of APP695, 751 and 770 major isoforms, while differential splicing of
exons 2 and 15 (light grey) generates APP639 and L-APP, respectively. (b) Structure of the three
APP protein family members APP, APLP1 and APLP2. From the N-terminus to the C-terminus,
APP features the cysteine-rich E1 domain (with Heparin-Binding Site (HBS), a Zinc-Binding Site
(ZnBS) and Copper-Binding Site (CuBS)), the Extension Domain (ED), the Acidic Domain (AcD), the
helix-rich E2 domain (with a second HBS and a Collagen-Binding Site (CBS)), the Juxtamembrane
Region (JMR), the Aβ sequence, the Transmembrane Domain (TM) and APP Intracellular Domain
(AICD) which contains a YENPTY sorting motif. APP751 and APP770 contain the additional Kunitz
Protease Inhibitor (KPI) domain and an OX-2 antigen domain. Amino-acid sequence of Aβ region is
shown along with the different secretases cleavage sites as well as the Aβ product lines. Both APLP1
and APLP2 lack Aβ sequence and present the APLP-intracellular domain 1 (ALID1) and ALID2,
respectively. APLP2 features a KPI domain similarly to some APP isoforms.
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• Glycosylation and phosphorylation

Upon its translocation into the ER, APP is N-glycosylated at N467 and N496 by
the Oligosaccharyl Transferase (OST) complex forming immature APP, while APP O-
glycosylation at multiple sites (T291, T292, T353, T576, S606, S611, T616, T634, T635,
S662 and S680 found in cell cultures and human Cerebrospinal Fluid (CSF)) occurs in
Golgi apparatus to allow APP maturation and its localisation in TGN and the plasma
membrane [32]. APP PTMs and the interplay between APP classical O-GalNAcylation
and O-GlcNAcylation (i.e., the addition of a single β-N-acetylglucosamine) at serine and
threonine residues is pivotal for APP trafficking. Its N-glycosylation is essential for APP
sorting from the Golgi apparatus to the plasma membrane as well as for its transport to
the axonal synaptic membrane [32]. APP O-GlcNAcylation favours its trafficking from the
TGN to the plasma membrane while inhibiting its endocytosis. Indeed, alterations of this
APP O-glycosylation is crucial for the regulation of APP processing and Aβ production [33].

APP can undergo phosphorylation at two sites in the ectodomain (S198, S206) and
eight sites in the cytoplasmic domain (Y653, Y682, Y687, S655, S675, T654, T668, T686) [32].
These PTMs are mainly catalysed by Protein Kinase C (PKC) (on S655, mainly detected
in the mature APP), Ca2+/Calmodulin-dependent Protein Kinase II and APP kinase I (on
S655 and T654), Glycogen Synthase Kinase 3 beta (GSK-3β), Cyclin-Dependent Kinase 1
(CDK1), CDK5, Stress-Activated Protein Kinase 1 beta (SAPK1β), Dual-specificity Tyrosine
phosphorylation-Regulated Kinase 1A (DYRK1A) and c-Jun N-terminal protein Kinase
(JNK) (on T668 mainly detected in immature APP and occurring in the ER) [32]. APP phos-
phorylation is required for its trafficking as demonstrated by mutagenesis experiments [32].

• Palmitoylation, ubiquitination, SUMOylation and sulphation

The two palmitoyl acyltransferases DHHC-7 and DHHC-21 catalyse APP palmi-
toylation at C186 and C187 in the ER. APP palmitoylation is pivotal for the regulation
of its trafficking, maturation, localisation to lipid rafts and its interactions with other
proteins as demonstrated by double mutagenesis experiments on the involved cysteine
residues [34]. Regarding ubiquitination, different ubiquitin-activating enzymes (E1),
ubiquitin-conjugating enzymes (E2) and ubiquitin ligases (E3) act in concert to catalyse
APP ubiquitination at residues K649–651 and K688 located in its ectodomain to regulate
maturation, degradation and protein–protein interactions. This process is required for
APP sorting and trafficking, especially to the endosomal compartment, as observed in
hippocampal neurons [35]. Conversely, APP ubiquitination mediated by F-Box/LRR-repeat
protein 2 (FBXL2) inhibits its endocytosis, increases its exposure to the plasma membrane
and decreases its presence in lipid rafts [36]. Similarly to ubiquitination, SUMOylation
(i.e., the covalent addition of Small Ubiquitin-like Modifier (SUMO) SUMO-1, -2 and -3)
is catalysed by SUMO E1, E2 and E3 at APP K587 and K595 to regulate its functions [37].
Finally, APP sulphation (common PTM for cell surface proteins) at Y217 and Y262 residue
occurs in the late Golgi compartment and has been hypothesised to be implicated in APP
trafficking and degradation, although APP sulphation sites and functions still need to be
completely elucidated [32].

2.2. APP Processing

As previously mentioned, APP can undergo different cleavage mechanisms that dif-
ferentially produce several smaller peptides. Notably, APP cleavage processing involves
a canonical and a non-canonical pathway. APP canonical cleavage processing includes
two different proteolytic mechanisms, i.e., the non-amyloidogenic and the amyloidogenic
pathways, that differently cleave APP via α-, β-, and γ-secretases and release different
proteolytic products. Rather than a single α-secretase, several A Disintegrin And Met-
alloprotease (ADAM) family members, in particular ADAM9, ADAM10 and ADAM17
(also known as Tumour necrosis factor α-Converting Enzyme, TACE) are involved in APP
cleavage [21,38]. In addition, unlike α-secretase, β-secretase 1 is a single transmembrane
aspartyl protease. Finally, γ-secretase is a high molecular weight complex that consists
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of PS1 and/or PS2, Presenilin Enhancer 2 (PEN2), Anterior Pharynx defective 1 (APH1)
and Nicastrin (NCSTN, also known as APH2) [39]. On the other hand, APP non-canonical
cleavage includes different soluble and membrane-bound secretases whose mechanisms
and their actual contribution to AD are still under investigation.

2.2.1. APP Canonical Cleavage: Amyloidogenic and Non-Amyloidogenic Pathways

In the amyloidogenic pathway, APP is firstly cut by β-secretase 1 in endosomes at
the N-terminal side of the Aβ sequence (termed β-site, M671-D672). This produces an
externally released, N-terminally truncated APP form termed soluble APPβ (sAPPβ) and
the membrane-associated C-terminal fragment (C99 or β-CTF), which remains associated to
the endosomal system (Figure 2a, right green panel). A second, less prominent β-secretase 1
cleavage site (termed β′-site, Y681-E682) located 10 residues to the C-terminus of APP leads
to the generation of β′-CTF (or C89), whose further cleavage results in the production of
the N-terminally truncated Aβ11–X [40]. sAPPβ can undergo a further cleavage at APP286
residue to produce N-APP [41], a 35 kDa peptide reported to bind death receptor 6 (DR6,
also known as Tumour Necrosis Factor Receptor Superfamily member 21, TNFRSF21)
thus triggering apoptosis and axon pruning, but also neuronal death and possibly AD
development [42,43]. The β-CTF fragment is then cleaved into two additional peptides, i.e.,
APP Intracellular Domain (AICD) and Aβ peptides, by the γ-secretase complex. AICD50
(composed of 50 residues) is the dominant fragment, although other species (i.e., AICD48,
AICD51 and AICD53) have also been identified and demonstrated to result from additional
γ-secretase-mediated cleavages. In contrast, in the non-amyloidogenic pathway, APP is
firstly cut by α-secretase between K687-L688 (termed α-site) in the plasma membrane,
cleaving APP within the Aβ sequence and thereby preventing Aβ formation. This pro-
teolytic cleavage produces soluble APPα (sAPPα), a secreted peptide released into the
extracellular space, and the membrane-associated C-terminal fragment (C83 or α-CTF) [44].
From this remaining peptide, two additional peptides, i.e., AICD and the 3 kDa product p3,
are generated after its cytoplasmatic cleavage by the γ-secretase complex (Figure 2a, left
blue panel). Even though they share a similar peptide sequence, AICD produced in these
two proteolytic pathways appear to have distinct functions. AICD produced through the
non-amyloidogenic pathway undergo a rapid cytoplasmatic degradation through the endo-
lysosomal system [45] and by the Insulin-Degrading Enzyme (IDE, a large zinc-binding
protease of the M16 metalloprotease family) [46,47]. In contrast, AICD generated via the
amyloidogenic pathway bind the Fe65 adaptor protein and translocate into the nucleus,
where they associate with Tip60 to form the ATF complex [48]. The ATF complex acts as a
transcription factor and regulates the expression of different APP-related genes, including
APP itself (its own precursor), BACE1, GSK3B (coding for GSK-3β) and MME (coding for
the Aβ-degrading enzyme Neprilysin, also known as Membrane Metallo-Endopeptidase
(MME), Neutral Endopeptidase (NEP), cluster of differentiation 10 (CD10), and Common
Acute Lymphoblastic Leukaemia Antigen (CALLA)) among the others [49–51].

The two APP homologues APLP1 and APLP2 are similarly processed by the same
secretases, producing the intracellular fragments APLP-Intracellular Domain 1 (ALID1)
and ALID2, respectively [52]. Similarly to AICD, ALID1 and ALID2 have been proposed
to play a functional role as transcriptional regulators [53], although the validity of these
speculations is still controversial due to the lack of adequate animal models.
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Figure 2. Schematic overview of APP-processing pathways. (a) APP canonical proteolytic processing.
In the canonical cleavage, APP is either processed in the non-amyloidogenic pathway, where the
sequential cleavage by α-secretase (ADAM10) (blue square) and the γ-secretase complex (purple
square) produces sAPPα and p3, or in the amyloidogenic pathway, where the sequential cleavage
by β-secretase 1 (green square) or Cathepsin B and the γ-secretase complex liberates sAPPβ and
Aβ. While α-produced AICD are rapidly degraded in the cytoplasm, β-generated AICD form the
transcriptional factor ATF complex together with Fe65 and Tip60, that translocates into the nucleus to
up-regulate APP-related genes (see text for details). (b–f) APP non-canonical proteolytic processing.
(b) APP processing mediated by δ-secretase (orange square) releases three soluble APP fragments
(sAPP1–585, sAPP1–373, and sAPP374–585) and δ-CTF, which is further processed by β- and γ-secretases,
releasing Aβ, AICD and the C586–695 fragment. (c) η-secretase (light green square) releases sAPPη and
η-CTF, which is further processed by either α- or β-secretase 1, releasing Aη-α or Aη-β respectively;
the remaining CTFs are cleaved by the γ-secretase complex, releasing p3 and AICD, or Aβ and AICD
respectively. (d) Meprin-β (brown rectangle) produces sAPPβ* (similar to sAPPβ) and two shorter
soluble fragments (sAPP1–124 and sAPP1–380/3), while the remaining β*-CTF is processed by the
γ-secretase complex, releasing AICD and Aβ2–X. (e) θ-secretase (grey square) can either cleave APP at
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the θ-site, releasing sAPPθ and a θ-CTF that is further processed by the γ-secretase complex releasing
AICD and a truncated form of Aβ, or act as a conditional β-secretase. (f) Caspase-3, -6 and -8 (yellow
rectangle) cleave within APP Intracellular Domain, releasing C31 while, after the sequential cleavage
operated by the γ-secretase complex, the small peptide JCasp is released in the cytoplasm.

The γ-secretase complex can operate different proteolytic cleavages in the CTFs pro-
duced by both amyloidogenic and non-amyloidogenic pathways. The proteolytic cleavage
operated by γ-secretase can be further separated in the sequentially occurring γ-, ζ-, and
ε-cleavage sites (five γ-sites, two ζ-sites and two ε-sites) [54] (Figure 1b). This is partic-
ularly important for the generation of Aβ species, since the diverse possible cleavages
exerted by γ-secretase result in the production of different Aβ peptides. After β-secretase
1-mediated APP cleavage, β-CTFs are processed through ε-cleavage, either producing Aβ49
and AICD50–99 or Aβ48 and AICD49–99. Within the Aβ40 product line, Aβ49 is cleaved at
the ζ-site to Aβ46 and at γ-sites to Aβ43, Aβ40 and Aβ37 via a tripeptide trimming. On the
other hand, within the Aβ42 product line, Aβ48 is cleaved at the ζ-site to Aβ45 and at γ-sites
to Aβ42 and Aβ38 via a tetrapeptide trimming [55]. A balanced generation and elimination
of Aβ peptide products occurs in the healthy brain and the length of Aβ species found in
CSF ranges from 37 to 43 amino acids [56]. However, in AD brain, Aβ peptides are more
prone to aggregation into toxic amyloid oligomers—that eventually evolve in protofibrils
and fibrils—via different assembly processes, affecting neuronal function and synaptic
activity ultimately leading to synapse loss and impaired cerebral capillary blood flow [57].
The production ratio Aβ42/Aβ40 is around 1 to 9 but, due to its enhanced hydrophobicity,
Aβ42 has a stronger aggregation ability and is more toxic than Aβ40. Indeed, Aβ42 is the
major amyloid plaques component, although Aβ43 was also reported in the human AD
brain amyloid deposition [23,56].

2.2.2. APP Non-Canonical Cleavage

Although its canonical cleavage has been thoroughly investigated in the past, the
complete APP processing involves an increasing number of additional secretases—globally
referred to as APP non-canonical cleavage—able to proteolytically cleave APP in both the
ectodomain and the intracellular domain, recently identified also in vivo [58].

• δ-secretase

δ-secretase (also known as Asparagine Endopeptidase (AEP) and Legumain) is a solu-
ble, pH-controlled lysosomal cysteine protease, previously linked to AD due to its ability
to proteolytically cleave Tau [59] and recently reported to participate in APP ectodomain
processing [60]. δ-secretase has been shown to cut APP between N373-E374 and N585-I586
both in vitro and in vivo, producing three soluble fragments (sAPP1–373, sAPP1–585 and
sAPP374–585) and the membrane-bound C-terminal fragment (δ-CTF), which is then pro-
cessed by β- and γ-secretases, resulting in Aβ and AICD release [60] (Figure 2b). Increased
δ-secretase expression and activity were reported in aged mice and in the brains of AD
patients. On the other hand, its knock-out (KO) resulted in decreased Aβ production,
dendritic spine and synapse loss, as well as behavioural impairments, protecting against
memory deficits in two different AD mice models (i.e., 5 × FAD and APP/PS-1) [60]. In
addition, the δ-secretase-generated APP C586–695 fragment has been shown to directly
bind the inflammation-related CCAAT/Enhancer Binding Protein beta (C/EBPβ) tran-
scription factor, eliciting its nuclear translocation and enhancing its transcriptional activity.
This resulted in the induced transcription and expression of APP, MAPT (coding for the
microtubule-associated protein Tau), LGMN (coding for δ-secretase) and inflammatory
cytokines, escalating AD-related gene expression and pathogenesis and resulting in AD
pathology and cognitive disorder [61]. These results suggest a role for δ-secretase in AD,
although further studies are required to confirm and elucidate its contribution to AD and
to consider δ-secretase as a potential drug target.
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• η-secretase

η-secretase (also known as Membrane-type 5-Matrix Metalloproteinase, MT5-MMP,
and MMP-24) is a glycosylated transmembrane proteinase and Zn2+-dependent MMP,
intracellularly activated by the Ca2+-dependent proprotein convertase furin and primarily
expressed in neural cells [62]. η-secretase has been shown to contribute to both physiologic
and pathologic processes in the nervous system and its co-localisation with senile plaques
suggested its possible involvement in AD pathogenesis [62]. η-secretase cleaves APP
between N504-M505, producing a N-terminal soluble 95 kDa fragment (sAPP95 or sAPPη)
and the membrane-bound C-terminal fragment (η-CTF or C191) [63,64]. η-CTF is then cut
by α- or β-secretase, releasing the soluble fragments Aη-α or Aη-β, respectively, while the
remaining CTF is then cleaved by the γ-secretase complex, producing p3 and AICD or Aβ
and AICD, respectively [63,64] (Figure 2c). In addition to proteolytically cleave APP and
release Aβ both in vitro and in vivo [65,66], η-secretase has been shown to contribute to the
production of proteolytic fragments able to induce synaptic dysfunction [63,64]. Notably,
η-secretase KO in 5xFAD mice led to a significant reduction of Aβ plaque deposition in
the brain, along with preserved hippocampal function and improved spatial memory [63].
These observations indicate a potentially important role for η-secretase in AD context,
although further investigations to confirm its pathophysiologic implications are required.

• Meprin-β

Meprin-β is a Zn2+ metalloprotease that acts as β-secretase 1 and competes with
it [67], proteolytically cleaving within APP β-site M596-D597 as well as in the adja-
cent sites (D597-A598 and A598-E599) [68]. However, unlike for β-secretase 1, this APP
cleavage takes place at the cell surface, indicating a direct competition with α-secretase
in vivo [67]. Meprin-β proteolytic cleavage produces a fragment similar to sAPPβ (sAPPβ*)
and two shorter soluble fragments (sAPP1–380/3 and sAPP1–124), while the remaining
membrane-bound CTF (β*-CTF) undergoes a γ-secretase-mediated cleavage releasing
Aβ2–X and AICD (Figure 2d). However, Aβ2–X abundance in the brain is severalfold
lower compared to Aβ42 species [67], indicating that meprin-β possible contribution to
AD pathogenesis needs further investigation. Moreover, meprin-β KO resulted in an
increased production of sAPPβ, altering the Aβ2–40/Aβ1–40 ratio [67]. In addition to the
β-site, meprin-β can cleave APP in three further sites, between A124-D125 (resulting in the
production of the 11 kDa fragment p11), E380-T381 and G383-D384 [69]. Therefore, it has
been proposed that meprin-β can process APP by proteolytically cleaving in these different
sites depending on APP subcellular localisation (soluble meprin-β releases the N-terminal
APP fragments, while membrane-bound meprin-β cleaves at APP β-site) [70].

• θ-secretase

θ-secretase (also known as β-secretase 2, encoded by BACE2) is a BACE1 homologue
located on chromosome 21q22.2-q22.3. θ-secretase-mediated APP cleavage releases the
soluble N-terminal fragment sAPPθ and the membrane-bound C-terminal fragment (θ-
CTF or C80), which is further cleaved by the γ-secretase complex, producing AICD and
truncated Aβ (Figure 2e). By performing a proteolytic cleavage at APP θ-site F690-F691,
downstream of the α-site, θ-secretase cleaves APP within the Aβ domain, abolishing Aβ
production [71]. For this reason, it is considered as a possible therapeutic target to prevent
the disease progression. Its relevance in AD has been suggested not only for its role
as θ-secretase but also as a conditional β-secretase capable of processing APP at β-site,
although APP Juxtamembrane Region (JMR) normally inhibits this activity. An increased
binding of clusterin protein to JMR and the presence of JMR-disrupting mutations have
been found in aged mouse brain, which correlated to an enhanced θ-secretase β-cleavage
during aging. In this regard, both clusterin-JMR binding and JMR mutations prevent
APP θ-cleavage, favouring β-cleavage of nascent APP and worsening AD symptoms [72].
Indeed, θ-secretase has been reported to be dysregulated in AD and this dysregulation has
been hypothesised to be mediated by proteasomal and lysosomal impairments observed
in AD [73]. However, since θ-secretase regulation has been less investigated compared
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to β-secretase 1, further studies are needed to elucidate its contribution to AD as well as
putative drug target.

• Other secretases

The identification of additional Aβ peptides—both N-terminally truncated (e.g., Aβ5–X)
and N-terminally extended [74,75]—and APP N-terminal fragments (e.g., N-APP18–286 frag-
ment) [76,77] in human CSF suggests that APP could be proteolytically cleaved by addi-
tional secretases. Different caspases—namely caspase-3, caspase-6 and caspase-8 (reviewed
in [58])—can mediate APP C-terminal domain cleavage at D664. This cleavage releases a
membrane bound N-terminal fragment (APP-Ncas) and the C-terminal 31 residues-long
fragment (APP-Ccas or C31) in the cytoplasm [64], which plays a role in neuronal apop-
tosis [58]. Notably, after α- or β-secretase 1 cut, the resulting CTF undergoes a combined
cleavage by γ-secretase and caspase, releasing p3 or Aβ, respectively, in the extracellu-
lar space and the small intracellular peptide JCasp (Figure 2f), which interacts with and
sequesters proteins involved in the vesicle-release machinery [78]. Moreover, the Rhomboid-
like protein-4 (RHBDL4) is mainly located in the ER and belongs to the five-member family
of intramembrane proteinases rhomboids (the secretory pathway-located RHBDL1-4 and
the mitochondrial Presenilin Associated Rhomboid Like (PARL)). RHBDL4 cleaves APP
ectodomain at multiple sites, generating ~70 kDa different N-terminal and C-terminal
fragments with unknown functions. RHBDL4-mediated APP cleavage is negatively reg-
ulated by cholesterol and decreases Aβ38, Aβ40 and Aβ42 levels, although these in vitro
observations still need to be validated for their relevance regarding AD pathogenesis [79].
Finally, Cathepsin B is a lysosomal cysteine protease proposed as a putative β-secretase and
whose role in Aβ pathology is still debated due to conflicting evidence [80–82]. Cathepsin
B cleaves APP at the A673-E674 site, producing the Aβ peptides Aβ3–X or Aβ11–X, whose
N-terminal glutamate residue undergoes a glutaminyl cyclase-mediated cyclisation to
release N-terminally truncated pyro-glutamylated Aβ peptides (pE-Aβ) [83].

2.3. APP and Its Processing in TBI

An increased expression of APP, β-secretase 1 and γ-secretase components, accompa-
nied by increased Aβ production and deposition, were observed at the hit axonal terminals
after both mild and severe TBI [18–20], hinting at a possible correlation between TBI his-
tory and AD development. Epidemiological evidence highlighted that even remote TBI
history may anticipate AD onset trajectory, with greater Aβ deposition accompanied by
cortical thinning [84]. Indeed, an elevated accumulation of Aβ peptides—in particular
the Aβ42 species—in peripheral blood was reported among patients with a history of TBI
with impaired cognition [85]. Moreover, Aβ persistency in the blood of both mild and
severe TBI patients even months after the injury incident [86] clearly indicates a correlation
between TBI, Aβ production and presence of symptoms. In this regard, TBI activates
C/EBPβ transcription factor, leading to increased δ-secretase expression and activity, medi-
ating AD pathogenesis by promoting Aβ production as well as Tau hyperphosphorylation
(Figure 3a). This results in neurotoxicity and neuroinflammation [87,88], which is also
exacerbated in the presence of a defective BDNF and TrkB neurotrophic signalling [89].
KO of CTSB gene that codes for Cathepsin B—involved in the production of Aβ pep-
tides relevant for AD—resulted in the amelioration of brain dysfunctions in both AD and
TBI contexts, improving behavioural deficits and neuropathology in both diseases [90].
Moreover, caspase-3-mediated APP processing has been observed in axons undergoing
traumatic axonal injury after TBI, co-localising with Aβ formation and suggesting that
non-canonical APP processing pathways may have an important role in TBI and future AD
development [91]. Although the precise mechanism that links TBI with APP alterations
and Aβ production has still to be completely elucidated, an epigenetic and a physical com-
ponents have been proposed. In this regard, TBI has been reported to induce a differential
CpG methylation of different genes related to neurodegeneration, among which APP and
MAPT were top differentially methylated CpG sites [92]. As for the physical component,
the inertial loading stress to the head causes a dynamic mechanical shearing within the
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brain, leading to a deformation of the brain tissue that damages long-tract structures like
axons and blood vessels [93]. Notably, APP is transported through a fast axoplasmic trans-
port and accumulates in proximity of the axonal injury site [93]. Hence, the TBI-induced
distortion of the axonal cytoskeleton impairs normal transport and triggers APP cleavage
in the injured region, disrupting APP axonal transport and leading to Aβ generation and
alteration of neuronal homeostasis [94] (Figure 3b).
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Figure 3. Alteration of APP processing after TBI. (a) Acute axonal damage after TBI induces the
expression of APP, β-secretase 1 and γ-secretase components PS1 and PS2 (dark green arrow), as
well as an increased Aβ generation and deposition. In addition, TBI triggers C/EBPβ activation,
which induces the expression of δ-secretase (dark green arrow) that, in turn, cleaves APP forming Aβ
and the C586–695 peptide that activates C/EBPβ. This suggests the establishment of a deleterious
vicious loop possibly correlated to AD development. (b) Epigenetic and mechanical components of
TBI-triggered APP processing alterations. After TBI, a differential CpG methylation of APP, MAPT,
Neurofilament Heavy (NEFH), Neurofilament Medium (NEFM) and Neurofilament Light (NEFL) is
observed [92]. Moreover, the induced axonal cytoskeleton distortion impairs the fast-axonal transport
of APP (light green arrow), which accumulates in proximity of the axonal injury site, resulting in
Aβ deposition.
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3. Physiological and Pathological Roles of APP and Its Cleavage Fragments

Although it has been reported to act as a cell surface receptor to facilitate cell adhesion
and regulate synapse formation and cell division, APP has been shown to exhibit both
neuroprotective and neurotoxic effects [4]. However, both in vitro and in vivo models
employed to investigate APP processing pathways and their contribution to AD and TBI
pathologies rely on its over-expression or down-regulation. For these reasons, address-
ing the precise physiological roles of non-cleaved APP is rather challenging. In addition,
most literature data focused their studies on Aβ or other APP fragments and the possible
existence of compensatory mechanisms of APLP1 and APLP2 further complicate its investi-
gation [4]. Despite these experimental caveats, full-length APP and its cleavage fragments
have been widely studied in the past decades, thus generating an increasing amount of data
that contributes to extricate this complex landscape in both physiological and pathological
contexts. Hence, for a more functional presentation of their effects reported in literature,
properties of the different proteolytic fragments generated from APP processing pathway
here treated, as well as full-length APP functions, are presented in Table 1.
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The literature data reported that α-secretase-mediated APP processing occurs via
constitutive pathways in response to physiological processes in neuronal circuits and to
nervous system injury like TBI, specifically through multiple receptor-mediated activa-
tion of signal transduction pathways, among which PKC plays a pivotal role [131,132].
As reported in Table 1, several studies suggested sAPPα involvement in neuroprotective
mechanisms, such as synaptic plasticity, synaptogenesis and neurite outgrowth as well
as neurotrophic actions [133]. It is well known that the dysregulation of APP process-
ing and metabolism is correlated to neurological disorders not limited to AD, but also
Down’s Syndrome (DS), Fragile X Syndrome and Autism, in which increased sAPPα levels
contributed to an excessive induction and stimulation of brain growth signals during
development [134–136]. Conversely, reductions of constitutive and regulated release of
sAPPα and decreased sAPPα levels have been reported in the CSF of AD patients [137–139].
Therefore, a loss of sAPPα neuroprotective and neurotrophic functions could be involved in
the decreased neuronal plasticity and the increased neuronal susceptibility to cellular stress
observed in aging and neurodegeneration. Experimental evidence suggests that sAPPα
neuroprotective actions are correlated with effects on ion channel function followed by late
transcription-dependent events [140], as well as pleiotropic effects on cell survival via the
PI3K/Akt/NF-κB pathway as we previously demonstrated [141]. In this context, a deeper
understanding of the sAPPα-correlated modulation of genes of interest for both AD and TBI
could be significant in terms of basic research and future pharmacologic intervention [142].

4. Results
4.1. Neuron-Related Differential sAPPα-Mediated Gene Regulation In Vitro

Experiments on sAPPα-treated SH-SH5Y cells—which are widely used as preliminary
in vitro models for both AD and TBI preclinical investigations [143,144]—resulted in the
activation of MAPK-related pathway (Figure 4a–c) in line with literature data [145], and
consequently in the differential modulation of the expression of different genes at mRNA
level, as reported in Table 2. Genes of our interest (bold and highlighted in Table 2) were
then validated through quantitative PCR (qPCR).

Table 2. In vitro sAPPα-mediated differentially regulated genes obtained from the differential display
analysis performed on SH-SY5Y neuroblastoma cells (green highlight = up-regulated genes of interest;
orange highlight = down-regulated genes of interest).

Gene Accession
Number Location Encoded Protein sAPPα-Mediated

Regulation
TSPAN3 NM_198902.3 15q24.3 Tetraspanin-3 Up-regulated

ISM2 NM_199296 14q24.3 Isthmin 2 Up-regulated

MNAT1 AY165512.1 14q23.1 MNAT1 component of CDK
activating kinase Up-regulated

HSPA8 NM_153201.4 11q24.1 Heat Shock Protein Family A (Hsp70)
Member 8 Up-regulated

SOX11 AB028641.1 2p25.2 SRY-Box Transcription Factor 11 Up-regulated

USE1 AB097050.1 19p13.11 Unconventional SNARE in the ER 1 Up-regulated

KALRN NM_007064.5 3q21.1-q21.2 Kalirin RhoGEF kinase Up-regulated

MAP3K5 NM_005923 6q23.3 Mitogen-Activated Protein Kinase
Kinase Kinase 5 Up-regulated

PTGES3 NM_006601.7 12q13.3; 12 Prostaglandin E Synthase 3 Up-regulated

188



Int. J. Mol. Sci. 2023, 24, 6639

Table 2. Cont.

Gene Accession
Number Location Encoded Protein sAPPα-Mediated

Regulation
BACE1 BC065492.1 11q23.3 β-secretase 1 Down-regulated

VEGFA AF022375.1 6p21.1 Vascular Endothelial Growth
Factor A Down-regulated

RBM8A NM_005105.5 1q21.1 RNA Binding Motif Protein 8A Down-regulated

SLC27A3 BC003654.2 1q21.3 Solute Carrier Family 27 Member 3 Down-regulated

METTL21A BC009462.1 2q33.3 Methyltransferase 21A, HSPA Lysine Down-regulated

RPS28 NM_001031.5 19p13.2 Ribosomal Protein S28 Down-regulated

RPL24 NM_000986.4 3q12.3 Ribosomal Protein L24 Down-regulated

UBE3A NM_130839.5 15q11.2 Ubiquitin Protein Ligase E3A Down-regulated

QDPR BC000576.2 4p15.32 Quinoid Dihydropteridine Reductase Down-regulated

MTX1 BC001906.1 1q22 Metaxin 1 Down-regulated

COMMD1 NM_152516.4 2p15 Copper Metabolism Domain
Containing 1 Down-regulated

PSMC6 NM_002806.5 14q22.1 Proteasome 26S Subunit, ATPase 6 Down-regulated
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Figure 4. Effects of sAPPα treatment on early MAPK activation and BACE1, TSPAN3 and ISM2
transcriptional regulation. Human neuroblastoma SH-SY5Y cells were cultured and treated with 10 nM
sAPPα for 15, 30 or 60 min (a–c) or for 24 h (d–f) as previously detailed [141]. Western blot analysis
and qPCR were performed as previously reported [141]. (a–c) Evaluation of early MAPK activation.
The image is a representative Western blot. Phosphorylation of p42 and p44 was normalised to their
respective total p42 and p44 levels. (d–f) Evaluation of sAPPα-mediated transcriptional regulation on
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BACE1, TSPAN3 and ISM2. mRNA levels were evaluated by qPCR (endogenous reference, RPL6).
Results are expressed as mean ± SEM, n = 3 independent experiments. Statistical analysis was
performed with one-way ANOVA followed by Dunnett’s multiple comparison test (b,c) or with
Student’s t-test (d–f) with * p < 0.05 and ** p < 0.01 vs. control (CTRL). Statistical significance is
detailed in the respective figure panel.

We performed preliminary experiments on four sAPPα-modulated target genes, (i.e.,
BACE1, TSPAN3, VEGFA and ISM2) with potential correlations with sAPPα neuroprotective
actions. Then, we discussed these genes in light of sAPPα neuroprotective actions aiming
to unravel possible novel cytosolic- and membrane-related molecular players interesting
for AD and TBI contexts [141,142]. Other sAPPα modulated genes are presented in Table 3
with their putative or reported roles in AD and TBI.

Table 3. Reported involvement in AD and TBI of sAPPα-correlated up- and down-regulated genes
here not investigated.

Gene Reported Correlation with AD/TBI Ref.

HSPA8

Decreased in AD patients’ samples and possible molecular biomarker for
prognosis among HSP70 family in AD; part of the alcohol-sensitive protein
networks modulated by AD-associated proteins that exacerbate neural and

behavioural pathology upon alcohol drinking; potential drug target for
preventing protein misfolding aggregation and cell death in AD and other

neurodegenerative pathologies

[146–148]

SOX11

Hypothesised to participate in the modulation of neuron plasticity in the
dentate gyrus of the hippocampus; involved in the early attempts of axon

regeneration and neuronal survival; modulates peripheral nerve
regeneration in adult mice and BDNF expression in an exon

promoter-specific manner; favours endogenous neurogenesis and locomotor
recovery in mice spinal cord injury

[149–153]

USE1 Involved in ER morphology maintenance and in the regulation of ER
stress-induced neuronal apoptosis [154]

KALRN

Key role in synaptic plasticity and in dendritic arbours and spines
formation; proposed as possible therapeutic target for pharmacological

intervention for synapse dysregulation; its deficit contributes to AD-related
cognitive decline and memory loss; prevents dendritic spine dysgenesis

induced by Aβ oligomers

[155–157]

MAP3K5

Neuroprotective action against apoptosis as part of the Notch1/ASK1/p38
MAPK signalling pathway; neuroprotective role against oxidative stress;

involved in neuronal death after its IRE1α-mediated recruitment upon ER
stress and UPR

[158–160]

RBM8A Potential contribution to AD pathophysiological changes by regulating
components of key complexes in autophagy [161]

SLC27A3 Highly expressed in in human neural stem cells and involved in early
brain development [162]

RPS28 Promotion of P-body assembly and hypothesised to be linked with
neurodegeneration [163,164]

UBE3A
Involved in synaptic function and plasticity; age-dependently decreased in
AD mice models; possible critical player in AD pathogenesis and potential

therapeutic target
[165,166]

COMMD1
Hypothesised to be involved in hypoxia-induced AD neurodegeneration
and brain injury via its interaction with Hypoxia-Inducible Factor 1 alpha

(HIF-1α)
[167]

4.2. BACE1

The human BACE1 gene is located on chromosome 11q23.3 and encodes forβ-secretase 1,
the main APP degrading enzyme involved in the amyloidogenic pathway. Research on
BACE1 has been historically focused on its role in AD development/Aβ production and
its neuronal and non-neuronal roles, as well as its state of the art, have been recently and
excellently reviewed [160]. BACE1 is abundantly expressed in brain and pancreatic tissues,
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although its low expression is also detected in many other cell types and has been investi-
gated in multiple pathological contexts [160]. Together with its homologue BACE2, BACE1
encodes for a type 1 membrane protein part of the membrane-bound aspartyl proteases
subfamily [168]. β-secretase 1 is a 501 residues pre-protein, whose structure features five
domains: SP, Pro-Peptide (PP), Catalytic Domain (CD), Transmembrane Domain (TM) and
the C-Terminal Region (CTR). The SP traffics BACE1 to the ER, where furin cleaves PP to
form mature β-secretase 1, while the TM domain localises β-secretase 1 to the late Golgi
and its post-transcriptional activation occurs in the trans-Golgi. Subsequently, β-secretase
1 proteolytically cleaves its substrates in endosomes while being membrane-bound [168].
Due to its involvement in APP amyloid cleavage processing, β-secretase 1 has a key role
in controlling Aβ production. Noteworthy, sAPPα has been shown to act as a potent
β-secretase 1 allosteric inhibitor [169], regulating APP processing and decreasing Aβ pro-
duction [170]. Moreover, sAPPα could affect APP processing also by inducing a significant
down-regulation of BACE1 expression (Figure 4d). Therefore, these data suggest that
restoring sAPPα levels or enhancing its association with β-secretase 1 in AD patients to
rebalance the impaired APP processing could be potential strategies to ameliorate AD
symptoms, as also indicated by sAPPα inhibitory effects on Tau phosphorylation [171].

4.3. TSPAN3

The human TSPAN3 gene is located on chromosome 15q24.3 and encodes for Tetraspanin-
3 (previously known as Oligodendrocyte-Specific Protein (OSP)/Claudin-11-Associated
Protein, OAP1), a N-terminally glycosylated transmembrane protein [172] belonging to the
Tetraspanin superfamily (also named Tetraspans or Transmembrane 4 Superfamily, TM4SF),
which comprises 33 mammalian members [173]. Tetraspanins are evolutionarily conserved,
glycosylated and palmitoylated transmembrane proteins, characterised by four TMs (with
TM1, 3 and 4 containing polar residues), a short extracellular loop (EC1), a very short
(4 residues) intracellular loop, a long extracellular loop (EC2) subdivided into a constant
region (containing the A, B and E α-helices) and a variable region, and short (8–21 residues)
N-terminal and C-terminal cytoplasmic regions [173]. Structurally, all tetraspanins present
the CCG motif after the B helix and two conserved cysteine residues forming intramolecular
disulphide bonds. Cysteine number varies among different tetraspanins, with members
presenting two additional cysteines to seven or eight cysteine residues, forming both
intramolecular and intermolecular disulphide bonds [173]. In addition to interact with
a variety of transmembrane proteins—e.g., integrins, cell adhesion proteins, cytokines
and Growth Factor (GF) receptors, membrane-bound enzymes—different tetraspanins can
interact with each other via their TM domains, EC2 loop and the surrounding lipid compo-
sition. Acting in concert, they form an interaction network called “Tetraspanin Web” or
Tetraspanin-Enriched Microdomains (TEMs), localising different membrane-bound molecu-
lar players in segregated microdomains in a tissue-specific fashion [174–177]. Tetraspanins
have been reported to take part in the regulation of multiple biological processes, including
cell adhesion, migration and proliferation, as well as regulation of immune responses,
infection, cancer progression and nervous system development [173,178]. However, their
supramolecular organisation and function at synapses is still being investigated [179–181].
Tetraspanin-3 presents six cysteine residues in the EC2 loop and was reported to interact
with Integrin β1 and Claudin-11 to regulate oligodendrocyte proliferation and migra-
tion [172,182]. In addition to oligodendrocytes, Tetraspanin-3 is highly expressed also in
astrocytes and neurons [172], where it interacts with Sphingosine-1-Phosphate Receptor 2
(S1PR2), regulating its clustering with its ligand Nogo-A to control cell spreading and
neurite outgrowth inhibition [183]. Importantly, Tetraspanin-3 has been found highly
expressed in human AD brains and demonstrated to act in concert with other tetraspanins
to stabilise APP, ADAM10 and the γ-secretase complex in both the cell membrane and
the endocytic pathway [184]. Since TSPAN3 expression is positively regulated by sAPPα
treatment (Figure 4e), altogether these data support the notion that sAPPα could also exert
neuroprotective effects promoting the APP non-amyloidogenic pathway. Accordingly, as
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mentioned, sAPPα also induces a significant down-regulation of BACE1 expression, thus
affecting Aβ formation.

4.4. ISM2

The human ISM2 gene is located on chromosome 14q24.3 and encodes for Isthmin 2
(also known as Thrombospondin and AMOP containing Isthmin-like 1, TAIL1), which is
present in three different isoforms [185]. Isthmin 2 belongs to the isthmin family, a group
of secreted proteins [186] characterized by an N-terminal SP, a central Thrombospondin-1
(TSR1) domain and C-terminal Adhesion-associated domain in MUC4 and Other Proteins
(AMOP) domain, as well as multiple sites of C-mannosylation and N-glycosilation [187].
The two different human isthmin genes, ISM1 and ISM2, encode for secreted proteins of
50 and 64 kDa respectively. Isthmin 1 structure and functions have been investigated in
different contexts, reporting both angiogenic and anti-angiogenic activities [188–190] as
well as a pleiotropic role as adipokine [186,191], while Isthmin 2 is still poorly characterised.
Isthmin 2 structure suggests a possible angiogenic activity, since, besides Isthmin 1, the only
other proteins in the human genome that feature a C-terminal AMOP domain—namely,
Mucin 4 Cell Surface Associated (MUC4) and Sushi Domain Vontaining 2 (SUSD2)—are
important elements in angiogenesis [185]. However, the presence of the central TSR-1
domain in Isthmin 2 structure may indicate that, like Isthmin 1, can be both pro-angiogenic
and anti-angiogenic [185]. In this regard, our cellular in vitro model shows that sAPPα sig-
nificantly up-regulated ISM2 expression (Figure 4f) suggesting a possible role in neuronal
context. Interestingly, ISM2 is mainly expressed in the placenta and has been associated
with preeclampsia and choriocarcinoma [185]. However, multiple transcriptomic analyses
revealed that ISM2 is also highly expressed in the brain, in particular in the nucleus accum-
bens (part of the basal ganglia) [192]. Within this context, it should be emphasised that
Deep Brain Stimulation (DBS) of the nucleus accumbens itself has been observed to enhance
learning and cognitive functions after TBI [193,194]. Interestingly, electromagnetic stimula-
tion of SH-SY5Y neuroblastoma cells resulted in the increased expression of ADAM10 and
an enhanced sAPPα release [195], suggesting the existence of a positive feedback loop and
hinting at a possible correlation with Isthmin 2 putative, yet to be demonstrated neuronal
roles of interest for TBI.

4.5. VEGFA

The human VEGFA gene is located on chromosome 6p21.1 and encodes for the Vas-
cular Endothelial Growth Factor A (VEGF-A or VEGF, previously known as Vascular
Permeability Factor, VPF), a secreted and glycosylated protein member of a family in-
cluding VEGF-B, VEGF-C and VEGF-D (implicated in lymphangiogenesis regulation),
the virally encoded VEGF-E, VEGF-F (snake venom VEGF), Endocrine Gland-derived
VEGF (EG-VEGF) and the Placental Growth Factor (PLGF) [196]. VEGF plays a variety of
different roles with key functions in regulating vasculogenesis and angiogenesis in both
homeostatic and pathological contexts—promotes growth of the vascular endothelium,
participates in differentiation mechanisms, increases permeability and molecule transport,
supports anti-apoptotic processes and contributes to blood and lymphatic vessels devel-
opment [196]. As a consequence of VEGF mRNA alternative splicing, VEGF is present
in different isoforms, namely VEGF121 (highly diffusible), VEGF145, VEGF148, VEGF165
(the most frequently expressed isoform), VEGF183, VEGF189 (extracellular matrix-bound
isoform) and VEGF206, and each isoform exhibits a differential heparin-binding ability [197].
VEGF family members can bind to three different receptors belonging to the tyrosine kinase
receptor superfamily: VEGFR1 (Fms-like tyrosine kinase 1, Flt-1) and VEGFR2 (Kinase-
insert Domain Receptor, KDR) are mainly expressed on vascular endothelial cells and are
bound by VEGF-A/VEGF-B and VEGF-A/VEGF-E, respectively, while VEGFR3 (Flt-4)
is expressed only on lymphatic endothelial cells and is therefore bound by VEGF-C and
VEGF-D. VEGF-A heparin-binding isoforms and PLGF can also bind Neuropilin 1 (NRP-1)
to increase their affinity for VEGFR2, while VEGF-C and VEGF-D can bind NRP-2 through
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a similar interaction involving VEGFR3 to regulate lymphangiogenesis [197]. From the
N-terminus to the C-terminus, VEGFs present a SP sequence, the N-terminal portion, the
dimerisation sites, VEGFR1 binding site, N-glycosylation site, VEGFR2 binding site, Plas-
min Cleavage Sequence (PCS), multiple heparin-binding sites and the Neuropilin binding
site. However, VEGFs and VEGF-Rs expression is not limited to endothelial cells, but they
are also found in blood system cells, tumour cells and neurogenic cells [198]. VEGF has
been shown to contribute to neuronal development and regeneration in the CNS [199,200]
and to exert neuroprotective and neurorestorative effects [201]. In particular, VEGF has
been recognised to promote neurogenesis, neuronal survival, proliferation and migration,
as well as axonal growth and guidance. VEGF exerts its effects also in neuron-related
cell types, by favouring glia survival, and glia and oligodendrocyte migration [202]. The
modulation of VEGF expression has been suggested as a potential mechanism associated
with AD development and its clinical deterioration [203] and VEGF was found lowly
expressed in patients with AD [204]. In this regard, our preliminary in vitro observations
showed that sAPPα could exert its neuroprotective effects through the regulation of VEGF
expression (Figure 5a,b) specifically the pro-angiogenic isoforms VEGF165 and VEGF189
(Figure 5c). Within this context, as a consequence of alternative splicing, the 8-exon VEGF
pre-mRNA is differentially spliced to form mRNAs encoding for the so-called VEGFXXXb
isoforms [205]. The differential splice-acceptor-site selection in the 3′UTR within exon
8 results in the presence of two sub-exons, 8a and 8b, distinguishing an alternate family of
VEGF termed VEGFXXXb (opposed to the canonical family VEGFXXX), mainly formed by
VEGF121b, VEGF145b, VEGF165b, VEGF183b, VEGF189b and VEGF206b [205]. All VEGFXXX
family members feature the 8a sub-exon, while VEGFXXXb isoforms present the 8b sub-
exon. The alternative C-terminal region allows VEGFXXXb family members to inhibit
the pro-angiogenic, proliferative, migratory and vasodilatory properties of VEGFXXX pro-
teins [205,206]. The observed sAPPα-mediated up-regulating effects on VEGF mRNA were
due to a sAPPα-induced increased stability of VEGF mRNA (Figure 5d) mirrored by an
increased VEGF release (Figure 5e).

An additional up-stream player in the regulation of VEGF expression is the PKCβII/
ELAV (Embryonic Lethal Abnormal Vision) cascade [207–209]. ELAV are a small family
of proteins, which includes the ubiquitously expressed ELAVL1 (also known as HuA and
HuR) and the neuron-specific members neuronal ELAV (nELAV, namely HuB, HuC and
HuD). These RNA binding proteins act post-transcriptionally to dictate the fate of several
transcripts during their journey from the nucleus to the cytoplasm [210]. At brain level,
nELAV proteins contribute to regulate neuronal differentiation and maintenance, and are in-
volved in synaptic plasticity associated with learning and memory processes [211–214]. The
amount of nELAV proteins was found significantly reduced, along with clinical dementia
progression, in the hippocampi from AD patients, where it also negatively correlated with
Aβ levels [215]. Further, the direct treatment of human SH-SY5Y cells with both Aβ40 [216]
and Aβ42 [215] induces a strong decrease in nELAV content together with a reduction in
ADAM10, the best characterised α-secretase involved in APP non-amyloidogenic pathway
and sAPPα production. Noteworthily, sAPPα treatment resulted in the increased transloca-
tion of nELAV in the nucleus (Figure 6a) and cytoskeleton (Figure 6c,d), along with their
concomitant decrease in the cytosol (Figure 6b). Notably, the cytoskeleton represents an
important site of protein synthesis and, at this level, a parallel rise in PKCβII amount
was also observed (Figure 6c–e) which is in line with PI3K/Akt activation [141]. This
strongly suggests the implication of the PKCβII/nELAV cascade in the regulation of VEGF
expression at neuronal level as well.
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Figure 5. Effects of sAPPα treatment on VEGF expression. SH-SY5Y cells were treated with 10 nM
sAPPα for 6 or 24 h. (a) SH-SY5Y cells transiently transfected with ∆1_VEGF luciferase-reporter
plasmid and treated with sAPPα were lysed and luciferase activity was measured as previously
described [141]. Luciferase activity is expressed as RLU% normalised to non-treated construct (set as
100%). (b,c) Evaluation of sAPPα-mediated VEGFA transcriptional regulation. mRNA levels were
assessed by qPCR and normalised on RPL6 (b) or the respective VEGFA isoform (employed primers
described in [206]) (c). (d) Evaluation of sAPPα effects on VEGFA mRNA stability. SH-SY5Y cells were
pre-treated with 50 µM DRB 53-85-0 (a classic RNA polymerase II inhibitor), then treated with 10 nM
sAPPα for 0, 4, 6 or 8 h. RNA was extracted and reverse-transcribed as previously described [141].
mRNA levels were assessed by qPCR. Results are expressed as a percentage of the initial steady-
state VEGFA mRNA levels. (e) Evaluation of VEGF protein levels in cell lysates and supernatants
(SN). The image is a representative Western blot. Results are expressed as mean ± SEM, n = 3
independent experiments. Statistical analysis was performed with one-way ANOVA followed by
Dunnett’s multiple comparison test (a–c), with Bonferroni multiple comparison test (d) or Student’s
t-test (e) with * p < 0.05 and ** p < 0.01 vs. control (CTRL), *** p < 0.001 DRB vs. DRB + sAPPα
(6 h) and §§ p < 0.01 DRB vs. DRB + sAPPα (8 h). Statistical significance is detailed in the respective
figure panel.

The observed VEGF increase in human SH-SY5Y cells after sAPPα exposure is in line
with data showing that VEGF is able to improve the cognitive decline in Tg2576 AD mouse
model [217]. Besides the importance of this vascular factor in AD, Cerebrovascular Injury
(CVI) is a recognised hallmark of TBI that affects function and integrity of the cerebrovascu-
lar system, contributing to neuronal dysfunction and neurodegeneration [218]. VEGF has
been reported to mediate TBI amelioration [219], suggesting that new vasculogenic thera-
pies targeting VEGF and its expression could be a feasible approach for vascular-related
brain injuries typical of AD and TBI.
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Figure 6. Evaluation of the PKCβII/nELAV/VEGF pathway in sAPPα-mediated effects on VEGF.
(a–e) SH-SY5Y cells were treated with 10 nM sAPPα alone or in combination with 0.2 µM Wortmannin
(an irreversible PI3K inhibitor). Subcellular fractionation was performed as previously described [141].
The image is a representative Western blot. nELAV protein levels were analysed in the nucleus (a),
cytosol (b) and cytoskeleton (c,d) fractions. PKCβII protein levels were analysed in the cytoskeleton
fraction (c,e). Protein levels were normalised to α-tubulin expression. Results are expressed as
mean ± SEM, n = 3 independent experiments. Statistical analysis was performed with one-way
ANOVA followed by Dunnett’s multiple comparison test with * p < 0.05 and ** p < 0.01 vs. control
(untreated cells). Statistical significance is detailed in the respective figure panel.
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5. Discussion

The functions of APP and its cleavage fragments in the CNS have been extensively
investigated in the past, especially for their relationship with AD. As a consequence of the
increasingly aging population and the improvement of quality of life, the prevalence of AD
and other neurodegenerative diseases is also increasing. In parallel, TBI has been effectively
recognised as an important risk factor for the development of sporadic AD. Hence, it is of
great significance to elucidate the role of APP and its cleavage peptides in these diseases.
APP fragments produced through non-amyloidogenic pathways, particularly sAPPα, exert
favourable effects in the CNS with important neuroprotective actions. Conversely, APP
fragments generated via the amyloidogenic and non-canonical pathways have been demon-
strated to have detrimental effects in the CNS. Indeed, amyloidogenic pathway-generated
AICDs aggravate AD progression through positive feedback mechanisms by transcription-
ally up-regulating APP and BACE1 expression. Noteworthily, an increasing number of
β-secretase 1 substrates has been reported together with the accumulation of neurotoxic
APP fragments (e.g., η-CTF and Aη-α) upon β-secretase 1 genetic and pharmacological
inhibition [64]. Consequently, specifically blocking β-secretase 1-mediated APP cleavage
without affecting other substrates and ensuring that alternative neurotoxic APP fragments
accumulation does not occur under the investigated therapeutic intervention will be manda-
tory for future research in this field. Therefore, pharmacological approaches aiming to
reduce the production of detrimental APP fragments and, at the same time, to increase the
generation of non-amyloidogenic pathways peptides could be feasible strategies for the
prevention and treatment of AD, and may also provide new guidance for TBI treatment.

5.1. A Possible Therapeutic Intervention via sAPPα?

Since TBI has been proven as an important risk factor for AD, sAPPα modulatory
activity on gene transcription may be of great interest for its neurotrophic effects. The ability
of sAPPα not only to inhibit β-secretase 1 activity [169,170] but also to transcriptionally
regulate BACE1 mRNA expression may have important consequences on future β-secretase
1-targeting therapies aiming to reduce the production of amyloidogenic APP fragments.
The sAPPα-mediated up-regulation of TSPAN3 mRNA, together with its reported stabil-
ising activity towards APP, ADAM10 and γ-secretase [184], suggest Tetraspanin-3 as a
possible novel drug target to increase APP non-amyloidogenic processing. In addition, its
importance for S1PR2/Nogo-A clustering and Nogo-A important role in AD pathogenesis
due to its ability to modulate Aβ generation [220], further hints at Tetraspanin-3 as a possi-
ble important player in the sAPPα neuroprotective circuit. Although ISM2 has not been
investigated yet in neuronal context, the ability of sAPPα to mediate its up-regulation at
mRNA level together with its elevated expression in the nucleus accumbens, important in
TBI context [193,194], may suggest a possible role in sAPPα neuroprotective network and
warrant further analyses. Finally, the early VEGF up-regulation and the late VEGF down-
regulation mediated by sAPPα suggest a physiologic fine-tuning of its production in which
isthmins may play a possible important role (although available data are limited to ISM1
and cancer context [188,190]). Moreover, besides VEGF, ADAM10 mRNA is also a target
of PKC/nELAV pathway [216] and Aβ was shown to impair ADAM10 expression both
in vitro and in AD hippocampi [215]. VEGF has been shown to improve the cognitive de-
cline in Tg2576 AD mouse model by inducing ADAM10 expression and decreasing BACE1
production [217], thus suggesting the existence of a loop between APP cleavage fragments
functions, PKC/nELAV/VEGF pathway and the potential protective functions of non-
amyloidogenic sAPPα. These considerations may have possible important consequences in
the dysregulated APP metabolism occurring in several conditions (e.g., from physiological
aging and AD to brain injury response) [141] and point towards possible sAPPα-based
therapeutic strategies. The neuroprotective, neurotrophic and neurogenic properties of
sAPPα relevant against AD and TBI are mediated via the HBS located in APP E1 domain,
within residues 96–110 [221]. In addition, the peptide APP derivative APP96–110 has been
shown effective towards TBI following intravenous administration [222,223]. In this regard,

196



Int. J. Mol. Sci. 2023, 24, 6639

recent studies both in vitro and in vivo reported that sAPPα acute administration in mice
models or its chronic delivery through gene therapy effectively ameliorated both AD and
TBI symptoms, further hinting at the proposed neurotrophic and neuroprotective roles of
sAPPα [224,225].

5.2. A Putative Interaction Network for the Receptor for Activated C Kinase 1?

We previously demonstrated that sAPPα activates the PI3K/Akt/NF-κB pathway,
influencing PKCβII signalling via the up-regulation of the Receptor for Activated C Kinase
1 (RACK1) [141]. RACK1 is a scaffold and ribosomal protein involved in a variety of molec-
ular mechanisms, with crucial roles in both physiologic and pathologic conditions. RACK1
exerts its roles in several cellular contexts, including the immune system [226–235], can-
cer cells [236–240], intestinal homeostasis [241,242] and neurons [2,44,141,243–245]. In this
regard, at a neuronal level, RACK1 has been reported to be required for point contact forma-
tion, axon outgrowth [246,247], dendritic arborisation [248], corticogenesis [249], synaptic
plasticity, addiction, learning and memory by regulating N-methyl D-Aspartate (NMDA)
receptor function [250], metabotropic glutamate receptor 1/5 (mGluR1/5)-triggered con-
trol of protein synthesis via its association with PKCβII [2], protection against oxidative
stress [251] and BDNF expression [252–254]. Notably, reduced RACK1 levels were observed
in both aged rat and human AD brains [255–257]. Aβ oligomers decrease RACK1 distri-
bution in the membrane fraction of cortical neurons impairing PKC-mediated GABAergic
transmission [258]. Moreover, RACK1 decreased levels have been also reported to induce
Beclin-1-mediated autophagy in neurons [259]. In TBI context, RACK1 exerts neuroprotec-
tive effects via the activation of the Integrated Stress Response (ISR) pathway involving
Inositol-Requiring Enzyme 1 (IRE1) and X-box Binding Protein 1 (XBP1) [260]. Although
RACK1 has been initially discovered as the scaffold of different isoforms of activated
PKC [231,245], literature data indicate that its interaction network is still increasing. Thanks
to its β-propeller structure, RACK1 is able not only to interact with a broad range of binding
partners, but also to participate in a variety of cellular mechanisms with potential impli-
cations also in neuronal context. Besides its well-known interaction with different PKC
isoforms, RACK1 interacts directly or indirectly with genes/proteins here discussed or
mentioned, including MAPK [261] and ADAM10 [262] via PKC signalling in neuronal con-
text and VEGF via the PI3K/Akt/mTOR pathway [263–266], although these observations
were limited to cancer cells. In addition, both RACK1 [2] and nELAV [267] are observed
within stress granules, although their putative interaction has still to be demonstrated.
Finally, despite the negative correlation between ISM1/Isthmin 1 and VEGF in cancer
context [188,190], literature data correlating ISM2/Isthmin 2 with VEGF are still lacking,
although a possible interaction could be hypothesised based on its pro- or anti-angiogenic
properties. Therefore, the reported interactions among the different players presented in
the previous sections and the possible existence of additional correlations—not yet demon-
strated or investigated—indicate a possible important role played by VEGF and RACK1 in
the construction of a sAPPα-related interaction network, with potential implications for
neuroprotection (Figure 7).
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Figure 7. Putative sAPPα-related VEGF-RACK1 neuroprotective interaction network. RACK1 has
been demonstrated to play pivotal roles in neuronal context and its modulation has been observed to
be influenced by sAPPα treatment. Therefore, considering the reported and putative interactions
among RACK1 and several players here discussed, it is possible to hypothesise a molecular network
correlated to sAPPα and with potential implications in both AD and TBI context, from both a
biological and pharmacological point of view (bold lines = protein-protein interactions or protein
functional correlations reported in literature and cited in the text; dash lines = putative structural
and/or functional protein correlations hypothesised based on available literature data).

6. Materials and Methods
6.1. Chemicals

Wortmannin (PubChem CID: 312145), sAPPα and the RNA polymerase II inhibitor 5,6-
dichloro-1-beta-D-ribofuranosylbenzimidazole (DRB) (PubChem CID: 5894) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Wortmannin and DRB were dissolved in DMSO
at concentration of 100 mM and frozen in stock aliquots, then diluted at the concentration
of use in culture medium. All reagents for cell culture were supplied by EuroClone
(Milan, Italy). Mouse monoclonal anti-α-tubulin was purchased from Sigma-Aldrich.
Rabbit polyclonal anti-PKCβII, rabbit polyclonal anti-VEGF and the anti-nELAV were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anti-
p42/44 MAPK and anti-phospho-p42/44 MAPK (Thr202/Tyr204) were purchased from
Cell Signaling Technology, Inc. (Danvers, MA, USA). Host-specific peroxidase conjugated
IgG secondary antibodies were purchased from Pierce (Rockford, IL, USA). Electrophoresis
reagents were from Bio-Rad (Richmond, CA, USA).

6.2. Cell Culture and Treatments

Human neuroblastoma SH-SY5Y cells from the European Collection of Cell Cultures
(ECACC No. 94030304) were cultured in 1:1 MEM-Ham’s F-12 medium mixture sup-
plemented with 10% Foetal Bovine Serum (FBS), 2 mM glutamine, 100 U/mL penicillin,
100 µM streptomycin, 1% non-essential amino acids. Cells were maintained at 37 ◦C
in a humidified 5% CO2 atmosphere. At 24 h before treatments, cells were cultured in
medium without FBS and antibiotics. Subsequently, cells were treated with 10 nM sAPPα
and/or Wortmannin 0.2 µM for different timings as reported in figure legends. When
indicated, cells were exposed to 50 µM DRB [214] (or DMSO as vehicle control) for 1 h
before sAPPα treatment.
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6.3. Subcellular Fractionation

A total of 2 × 106 cells were seeded in 60 mm dishes and incubated in fresh serum-free
medium for 24 h at 37 ◦C before treatments. After treatment, cells were washed with
1 × PBS and homogenised 15 times using a Teflon glass homogeniser in fractionation
buffer (0.32 M sucrose, 20 mM Tris-HCl pH 7.4, 2 mM EDTA, 10 mM EGTA, 50 mM
β-mercaptoethanol, 0,3 mM phenylmethylsulfonyl difluoride, 20 µg/mL leupeptin). Ho-
mogenates were centrifuged at 3600× g for 5 min to the obtain the nuclear fraction; su-
pernatants were centrifuged at 100,000× g for 30 min to separate cytosol and membrane
fractions. The pelleted membrane fraction was sonicated in the same fractionation buffer
supplemented with 0.2% (vol/vol) Triton X-100, incubated at 4 ◦C for 45 min and then
centrifuged at 100,000× g for 30 min to separate membrane (supernatant) and cytoskeleton
(pellet) fractions. Aliquots of the different fractions were assayed for protein quantification
via the Bradford method.

6.4. Plasmid DNA Preparation, Transient Transfections and Luciferase Assays

Plasmids were purified with the HiSpeed® Plasmid Midi Kit (Qiagen, Valencia, CA,
USA). DNA was quantified and assayed for purity using a DUR24 530UV/Vis Spectropho-
tometer (Beckman Coulter Inc., Fullerton, CA, USA). Transient transfections were carried
out using Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) following manufacturer’s
instructions and performed in 24 multi-well culture plates. For each well, 7 × 105 cells
were seeded in MEM-Ham’s F-12 medium without FBS, antibiotics and supplemented
with 1% L-glutamine. The pGL3-VEGF luciferase-reporter construct plasmid (indicated as
∆1_VEGF and obtained as indicated in literature [268,269]) was co-transfected with pRL-TK
Renilla luciferase expressing vector to measure transfection efficiency (Promega, Madison,
WI, USA). During transfection, SH-SY5Y cells were incubated at 37 ◦C in 5% CO2 and
then treated directly for with 10 nM sAPPα. Cells were then lysed with 1 × Passive Lysis
Buffer provided by Dual-Luciferase Reporter Assay System according to manufacturer’s
specifications (Promega, Madison, WI, USA). Luminescence was measured employing a
20/20n Luminometer (Turner BioSystems, Sunnyvale, CA, USA) with 10 s integration time.

6.5. qPCR

qPCR was carried out as previously described [270]. A total of 2× 106 cells were seeded
in 60 mm dishes and treated as described. Total RNA was extracted using RNeasyPlus
Mini Kit (Qiagen, Valencia, CA, USA) following manufacturer’s instructions. QuantiTect®

reverse transcription kit and QuantiTect® SYBR Green PCR kit (Qiagen, Valencia, CA, USA)
were used for cDNA synthesis and gene expression analysis following manufacturer’s
specifications. QuantiTect® primers for BACE1, TSPAN3, ISM2, VEGFA and RPL6 were
provided by Qiagen. Primers for VEGFA isoforms were purchased according to literature
data [206]. RPL6 was used as endogenous reference because it remained substantially stable
in the 8 h time frame of the experiments with DRB [214]. Transcript quantification was
performed via the 2(−∆∆Ct) method.

6.6. mRNA Stability Analysis

The decay rate analysis of VEGFA mRNA was carried out as previously described [214].
2 × 106 cells were seeded in 60 mm dishes, pre-treated with 50 µM DRB for 1 h and
then treated with 10 nM sAPPα. Cells were collected at different time points (0, 4, 6 or
8 h). Total RNA was extracted and reversed transcribed as previously mentioned. Kinetic
determination of VEGFA mRNA levels was assessed via qPCR as previously described [214].
VEGFA mRNA levels were normalised to RPL6 mRNA levels and expressed as a percentage
of the initial steady-state VEGFA mRNA levels.
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6.7. Immunoblot

Immunoblot samples were prepared by mixing the cell lysate with 5× sample buffer
(125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 6% β-mercaptoethanol, 0.1% bromo-
phenol) and denaturing at 95 ◦C for 5 min. Samples were electrophoresed into a 10% SDS-
polyacrylamide gel under reducing conditions. Proteins were transferred to poly-vinylidene
fluoride (PVDF) membrane (Amersham, Little Chalfont, UK), blocked in TBS-Tween 5%
non-fat dry milk, and subsequently incubated with primary antibodies (mouse anti-α-
tubulin, anti-nELAV, anti-p42/44 and anti-phospho-p42/44 1:1000, rabbit anti-PKCβII 1:300,
rabbit anti-VEGF 1:150) diluted in TBS-Tween 5% non-fat dry milk. Immuno-reactivity
was measured using host-specific secondary IgG peroxidase conjugated antibodies (1:5000
diluted) and ECL.

6.8. Densitometry and Statistics

Following immunoblot image acquisition through an AGFA scanner and analysis by
means of the NIH IMAGE 1.47 program (Wayne Rasband, NIH, Research Services Branch,
NIMH, Bethesda, MD, USA), the relative densities of the bands were expressed as arbitrary
units and normalised to data obtained from control samples run under the same conditions.
Data were analysed using the analysis of variance test followed, when significant, by an
appropriate post hoc comparison test. A p value < 0.05 was considered significant. The
data reported are expressed as mean ± SEM of at least three independent experiments.

7. Conclusions

The identification of further APP proteolytic cleavages in addition to the canonical α-,
β-, and γ-secretases considerably complicates the whole APP biological frame. This raises
important questions not only on the physiological role of APP full-length and its cleavage
fragments, but also their possible pathological contributions in both AD and TBI contexts.
Evidence shows that most non-canonical APP secretases, particularly δ- and η-secretases,
increase Aβ production and generate neurotoxic fragments. Hence, investigating their
actual contribution to AD development and progression may suggest possible future
pharmacologic strategies also for TBI. Further research is required to fully understand the
complexity of APP biology in health and disease. Among the different APP fragments,
sAPPα neuroprotective effects have been addressed and studied in different research
models, both in vitro and in vivo, strengthening the correlation between sAPPαmodulating
effects on gene transcription and its observed neuroprotective effects. Indeed, investigating
sAPPα ability to modulate the expression of genes relevant for neuroprotection in both
AD and TBI contexts may offer relevant and feasible approaches for future pharmacologic
interventions.
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