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Preface to “Brain Injury and Neurodegeneration:

Molecular, Functional, and Translational Approach”

We are glad to introduce this Reprint of the Special Issue “Brain Injury and Neurodegeneration:

Molecular, Functional, and Translational Approach” for the readers. This Special Issue includes

19 articles, including 1 editorial, 10 research articles, and 8 reviews on current topics of brain

injury, pathology, and neurodegeneration. This collection has shed light on many aspects of brain

pathologies, related meta-analysis, and alternative medicines. This Issue will be a good read for

scientists, medical professionals, students, and for the general public.

We would like to acknowledge our gratitude to the authors for publishing in our Issue, and

the reviewers for doing a wonderful job of promptly assessing the articles. We are also thankful to

our Editor in Chief, Prof. Dr. Shaker A. Mousa, our Assistant Editor, Ms. Dora Xie, and the entire

Biomedicines editorial staff for the support we received throughout this journey. Last but not least, I

would like to applaud our team of guest editors, Drs. Meenakshi Ahluwalia and Pankaj Gaur, who

helped and supported the cause.

Kumar Vaibhav, Meenakshi Ahluwalia, and Pankaj Gaur

Editors
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Recently, we have achieved substantial progress in our understanding of brain injury
and neurodegeneration. We have enhanced our knowledge about different brain patholo-
gies or insults (accidental or non-accidental), such as hemorrhages, traumatic brain injury
(TBI), ischemia, hypoxic/hypobaric insults, and neurological disorders such as Parkinson’s
disease and Alzheimer’s disease (PD and AD). Brain pathology is multifactorial, encom-
passing a cascade of inflammation, necrotic, and apoptotic pathways. It is well known
that brain insults or injuries to the brain may lead to neurological disorders over time, and
genetic or environmental factors play essential roles in the progression of a brain disease.
The absence of a specific cure to limit injury progression after an insult has persuaded
the scientific community to study the mechanisms behind brain injury and degenerative
cascade and to explore different therapeutic strategies.

This Special Issue, entitled “Brain Injury and Neurodegeneration: Molecular, Func-
tional, and Translational Approach”, has addressed various important aspects of brain
injury and neurodegeneration, such as TBI, cerebral hypoxia, epilepsy, AD, and SARS-CoV-
2-mediated brain damage. This Special Issue has received an enthusiastic response globally,
resulting in the publication of 18 peer-reviewed articles, including 10 research articles and
8 reviews.

The recent SARS-CoV-2 pandemic caused more than 3 million deaths globally [1].
Similarly to past coronavirus outbreaks, including SARS and MERS, SARS-CoV-2 infections
were associated with fever, dry cough, pneumonia, fatigue, and acute respiratory distress
syndrome (ARDS) [2]. However, each host–pathogen interaction leaves a footprint on the
health of different organs [3]. Clinical studies on COVID-19 patients have revealed atypical
symptoms and neurological signs, including headaches, anosmia, nausea, dysgeusia, dam-
age to respiratory centers, and cerebral infarction [2,4]. Extreme cytokines release (cytokine
storm) occurs due to aberrant immune pathways, and microglial activation propagates
CNS damage in COVID-19 patients [1–4]. Moreover, elderly with neurological problems
such as PD and AD showed a higher incidence of COVID-19-associated complications [4].
In this Special Issue, an Editor’s Choice article by Donegani et al. [5] provided proof of CNS
damage via an [18F]-FDG PET scan. Twenty-two SARS-CoV-2 patients underwent whole-
body [18F]-FDG PET examination, including a dedicated brain acquisition between May
and December 2020 after their recovery from SARS-CoV-2 infection, and fourteen patients
were found to have persistent hyposmia in bilateral fusiform gyri and parahippocampal,
and in left insula, as compared to the controls [5].

Biomedicines 2023, 11, 1947. https://doi.org/biomedicines11071947 https://www.mdpi.com/journal/biomedicines
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Our Special Issue has a large number of TBI-related articles, which includes five
research articles and one review. TBI is a global health concern as it results in substantial
death and disability [6–11]. In light of this, our group [12] has provided a comprehensive
review on TBI. In this Editor’s Choice review, we have provided a broad understanding of
TBI pathology, mechanisms, inflammation, and immune interactions. Understanding these
mechanisms and exploring potential targets for neuroprotective treatments are crucial for
advancing new therapies. This review delves into the molecular events that occur following
TBI, encompassing inflammation and programmed cell death, and offers an overview of
the current literature and therapeutic approaches, contributing to a deeper understanding
of secondary injuries caused by TBI. Cheng et al. [13] have shown that stretch injury (an
in vitro model of TBI) in SH-SY5Y neuroblastoma cells altered the mitochondrial membrane
potential and triggered oxidative DNA damage at 24 h. Stretch injury increased neuronal
stress via reducing brain-derived neurotrophic factors (BDNFs) and increasing amyloid-β.
Mechanistically, neuronal injury was exaggerated through the loss of the insulin pathway
and via increased glycogen synthase kinase 3β (GSK-3β)S9/p-Tau protein levels [13]. In
addition, Puhakka et al. [14] reported that small non-coding RNAs (sncRNAs) play a
crucial role in modulating post-TBI neuroinflammation. Further, increased expression of
the miR-146a profile and of 3′tRF-IleAAT and 3′tRF-LysTTT was found to be associated with
behavioral deficits in animals with chronic TBI-induced neuroinflammation [14]. Another
study by Vorn et al. [15] profiled the plasma exosomal microRNAs from young adults with
mild TBI and from healthy individuals, and identified 25 dysregulated exosomal miRNAs
in the chronic mTBI group 4.48 mean years after injury. These miRNAs are associated with
pathways of neurological disease, organismal injury and abnormalities, and psychological
disease, and can be useful to be diagnostic markers for chronic mTBI [15].

A higher percentage of patients with TBI die from secondary pathological processes
despite the application of preventative measures and the provision of medical supervi-
sion [8–11]. Post-traumatic epilepsy (PTE) is one of the most common debilitating im-
plications of TBI [16]. Post-traumatic seizures (PTS) are experienced in increasing TBI
individuals who also display resistance to traditional anti-seizure medications (ASMs).
Hentig et al. [17] identified an upregulated sonic hedgehog (Shh) signaling pathway in
zebrafish after CNS injury that helps in regeneration. Shh signaling increases excitatory
amino acid transporters (Eaat)2a to inhibit TBI-induced glutamate excitotoxicity and subse-
quent seizure sequelae [17]. Further, Ghosh et al. [18] provided an account for epilepsy, the
roles played by various neurotransmitters and their corresponding receptors in the patho-
physiology of epilepsy. One of the forefront areas of epilepsy research is drug-resistant
epilepsy (DRE), which is the focus of this review. The authors mentioned that drug-resistant
epilepsy (DRE) remains a prominent focus of research due to its link to psychosocial com-
plications and premature mortality, and to a high prevalence among epileptic patients [18].
The review examines various hypotheses relating to DRE and explores unconventional
therapeutic strategies and combination therapy. Additionally, recent studies supporting
modern treatment approaches for epilepsy are discussed, with specific emphasis on the
mTOR pathway, blood–brain barrier breakdown, and inflammatory pathways.

There are other factors, CNS insults and diseases, such as hypoxia, alcohol, viral
infections, ischemia, and neurodegeneration, which contribute towards acute and chronic
deficits in CNS function. Our collection also highlights the interesting findings in these
particular areas. Both chronic alcoholism and human herpesvirus-6 (HHV-6) infection
may cause movement-related disorders and promote neuroinflammation. Jain et al. [19]
observed decreased perivascular CD68+/Iba1+ microglia in the postmortem brain from
alcoholic individuals as compared to the dominant CD68+/Iba1− microglial subpopula-
tion in the control brains. All the control brains were HHV-6 negative. Further, HHV-6
infection in alcoholics elevated microglial dystrophic changes with higher Iba1+ cells and
compounded the microglia-mediated neuroinflammation. Another research article by
Baltanas et al. [20] explored the rare, biallelic variants of the AGTPBP1 gene that caused
its loss of function, and led to childhood-onset neurodegeneration with cerebellar atrophy
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(CONDCA). Mutations in AGTPBP1 led to the substantial loss of cerebellar Purkinje cells
in the mouse model of cerebellar ataxia, and might be used for CONDCA modeling in
mice. Asik et al. [21] provided a review of Alzheimer’s disease in relation to Amyloid-β
(Aβ). They have provided a comprehensive view of Amyloid-β (Aβ)-related pathology
and mechanisms and of the current clinical status of anti-amyloid therapy. They empha-
sized that the relationship between dysfunctional mitochondrial and the progression of
AD required further research. Yoshida et al. [22] reported that higher oxidative stress
in hippocampal mitochondria leads to cognitive impairment in a 5xFAD mice model of
Alzheimer’s disease. They further mentioned that age can be a vital factor in elevated
oxidative stress in AD pathology, and preventing mitochondrial oxidative damage may be
important to protect cognitive function.

Hypoxia as a result of the deprivation of oxygen, temporary or chronic, can either be
adaptive or pathological. A systematic review by Stoica et al. [23] utilized the “Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)” filtering method,
and probed five internationally renowned medical databases. Using this method, they
identified 45 eligible papers and provided information on pathophysiology, mechanisms,
and consequent clinical conditions following hypoxic episodes. Ischemia occurs as a result
of transient or permanent interruption blood supply in a given region, which leads to
poor oxygenation, inflammation, and oxidative stress. Fatty acid-binding proteins (FABPs)
mediate lipid metabolism and regulate the dynamics of fatty acids. Following transient
MCAO, the levels of FABP3, FABP5, and FABP7 were found to be upregulated in the brain.
Guo et al. [24] reported that the FABP inhibitor, i.e., FABP ligand 6 [4-(2-(5-(2-chlorophenyl)-
1-(4-isopropylphenyl)-1H-pyrazol-3-yl)-4-fluorophenoxy)butanoic acid] (referred to here as
MF6), minimized the prostaglandin E2 (PGE2)-mediated inflammation in ischemic brain.
Flavonoids, icariin (ICA), and icaritin (ICT) derived from Herba epimedii have been identified
as neuroprotective phytochemicals. Wu et al. [25] reported that both ICA and ICT treatment
improved neuronal cell apoptosis, minimized oxidative stress, and countered extracellular
matrix (ECM) accumulation in mice brains post-acute cerebral ischemia. Demyanenko
et al. [26] reviewed the role of histone deacetylases and their inhibitors in ischemic stroke..
The authors showed that ischemic stroke generally reduces gene expression via suppression
of the acetylation of histones H3 and H4. Inhibitors to histone deacetylases promoted
functional recovery post-cerebral ischemia by inducing neurogenesis and angiogenesis in
the injured areas of brain. This review aimed to explore neuroprotective activities of histone
deacetylase inhibitors in ischemic stroke. In line with neuroprotection, Haider et al. [27]
investigated the role of mitoquinone in chronic neuroprotection post-TBI, and found that
mitoquinone reduced gliosis, decreased oxidative stress, limited neuroinflamamtion, and
improved axonal integrity and neuronal survival in an open-head CCI mouse model of
moderate TBI.

With the increase in the expectancy of the life span of humans, incidences of accidental
injury and neurodegenerative diseases (NDs) have risen and have imposed a considerable
burden on the family, society, and the nation. The review by Khan et al. [28] explores the
mechanisms of action of the phytochemicals and nutraceuticals available to date for various
NDs. The group has reviewed clinical and pre-clinical studies involving phytochemicals
in neurodegeneration. Despite phytochemicals showing a robust effect in animal studies,
mixed results were observed in several clinical trials, and therefore, the authors stressed
a need to reassess their efficacies in more robust clinical studies [28]. While traditional
medicines and chemical inhibitors are being actively studied in pre-clinical and clinical
settings, non-invasive methods such as exercise [29,30], whole-body vibration [31], or is-
chemic conditioning [32–34] can enhance endogenous protection against many diseases.
Nhu et al. [35] reviewed treadmill exercise (TE) on neural mitochondria in PD. Parkin-
son’s disease is the second most common neurodegenerative disorder [36,37], and TE
has been widely applied in its rehabilitation [30,38]. For this systematic review [35], the
CAMARADES checklist was used to assess the methodological quality of the studies. The
review findings supported the hypothesis that treadmill exercise could attenuate neuronal
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mitochondrial dysregulation and respiratory deficiency in PD and could slow down the
progression of PD.

In conclusion, this Special Issue represents a novel and exciting perspective on brain
injury, hypoxia, ischemia, and neurodegeneration, and it represents a comprehensive
research resource for readers on disease-related pathology, mechanisms, and translational
approach. However, we acknowledge that this field of neuroscience is under active research,
and several new findings are being made daily. Therefore, this Special Issue of articles,
along with new discoveries, will be an interesting and substantial read for scholars in
this field.

Funding: Authors’ research has been supported by grants from the National Institutes of Neurological
Diseases and Stroke (NS114560), National Institutes of Child Health and Development (HD094606),
and AURI Research support to K.V.

Conflicts of Interest: The authors declare no financial or competing conflicts of interest. The funders
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Abstract: We aimed to evaluate the brain hypometabolic signature of persistent isolated olfactory
dysfunction after SARS-CoV-2 infection. Twenty-two patients underwent whole-body [18F]-FDG
PET, including a dedicated brain acquisition at our institution between May and December 2020
following their recovery after SARS-Cov2 infection. Fourteen of these patients presented isolated
persistent hyposmia (smell diskettes olfaction test was used). A voxel-wise analysis (using Statistical
Parametric Mapping software version 8 (SPM8)) was performed to identify brain regions of relative
hypometabolism in patients with hyposmia with respect to controls. Structural connectivity of
these regions was assessed (BCB toolkit). Relative hypometabolism was demonstrated in bilateral
parahippocampal and fusiform gyri and in left insula in patients with respect to controls. Structural
connectivity maps highlighted the involvement of bilateral longitudinal fasciculi. This study provides
evidence of cortical hypometabolism in patients with isolated persistent hyposmia after SARS-Cov2
infection. [18F]-FDG PET may play a role in the identification of long-term brain functional sequelae
of COVID-19.

Keywords: 18F-FDG PET; anosmia; COVID-19; SARS-CoV-2; olfactory dysfunction

1. Introduction

Coronavirus disease 2019 (COVID-19) due to SARS-CoV-2 infection was initially
thought to be mainly restricted to the respiratory system, but it has become evident that
this disease also involves multiple other organs, including the central and peripheral
nervous system. Indeed, neurological complications such as stroke, encephalopathy, delir-
ium, meningitis, seizures, and cranial nerve deficits have been reported in patients with
COVID-19 [1]. Besides these more severe manifestations and complications, other frequent
symptoms of COVID-19 are loss of smell (anosmia) and taste (ageusia) which can occur
as first symptoms of infection or in the absence of any other clinical features [1]. In a
European study including more than 400 COVID-19 patients, olfactory dysfunction and
ageusia were reported in 86% and 82% of patients, respectively [2]. Different underlying
mechanisms have been advocated to explain the presence of anosmia in patients with
COVID-19. These include olfactory cleft syndrome, direct damage of olfactory sensory
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neurons, postviral anosmia syndrome, cytokine storm, and/or impairment of the olfactory
perception centers in the brain [3]. Indeed the olfactory bulb might represent a potential
route of entry of SARS-CoV-2 in the CNS, and the investigation of the pathophysiology of
olfactory dysfunction might help to further understand the pathogenesis and long-term
implications of CNS involvement in COVID-19 [4]. In this framework, the availability
of sensitive biomarkers tracking disease substrates might speed up the investigation of
CNS involvement in patients with SARS-CoV-2 infection and might be used to monitor
and better predict the risk of long-term effects. To date, there are few, partially conflicting,
results on magnetic resonance imaging (MRI) abnormalities in patients with COVID-related
anosmia [5,6]. Indeed normal, transiently increased, and even reduced volume of the olfac-
tory bulb has been reported in patients with isolated or persistent anosmia [5,6]. Similarly,
[18F]-Fluorodeoxyglucose ([18F]-FDG) PET data of COVID-19 patients with anosmia have
to-date been made available only through case reports and small case series of patients
with a self-reported reduction in smell [7–11]. This very preliminary evidence has been
mainly acquired at the time of viral infection or just after recovery in patients affected by
moderate to severe disease, thus complicating data interpretation [11].

[18F]-FDG PET may represent a sensitive tool to further confirm SARS-CoV-2 neu-
rotropism through the olfactory pathway. Furthermore, given the potential functional and
cognitive sequelae of COVID-19 and the established role of PET to support differential
diagnosis of cognitive impairment, [18F]-FDG PET can represent a suitable tool to identify
the concomitant involvement of cortical structures potentially relevant for subsequent
persistent cognitive, sensory or emotion disturbances [8]. Moreover, an increasing number
of patients showing persistent symptoms (such as fatigue, dyspnea, anosmia/dysgeusia,
memory impairment, and pain) have been described after recovery from SARS-CoV-
2, defining an emerging chronic syndrome, so-called Long Covid [12,13]. Given these
premises, we aimed to evaluate the presence of regional brain hypometabolism in patients
with persistent isolated and objectively-assessed olfactory dysfunction after recovery from
SARS-CoV-2 infection.

2. Material and Methods

2.1. Patients

Patients with anosmia after SARS-CoV-2 infection were recruited among subjects
who underwent whole-body [18F]-FDG PET, including a dedicated brain acquisition for
clinical reasons other than SARS-CoV-2 infection in our institution between May and
December 2020 (following their recovery after infection). The main inclusion criteria were
previous SARS-CoV-2 infection, confirmed by polymerase chain reaction (PCR) at the time
of initial symptoms, PET examinations performed during the recovery phase of SARS-CoV-
2 infection, and an olfactory test still demonstrating olfactory dysfunction. The recovery
phase was defined as when at least one negative swab test after infection was available.
Exclusion criteria were demonstration of brain lesions on MRI, previous diagnosis of
encephalopathy/encephalitis or cerebrovascular disorders due to or concomitant with the
SARS-CoV-2 infection, or any other previous or current neurological or psychiatric disease.
Patients that previously required mechanical ventilation or showed severe respiratory
distress syndrome due to SARS-CoV-2 infection were also excluded, given the potential
independent effect of these clinical scenarios on brain metabolism. Patients with a history
of anosmia before SARS-CoV-2 infection, as well as those treated with chemotherapy in the
last 3 months or previous radiotherapy in the head and neck district for oncological reasons,
were also excluded. The study was approved by the Regional Ethical Committee (CER
Liguria code 671/2020), all procedures and informed consent collection were in accordance
with the ethical standards of the 1964 Helsinki declaration.

2.2. Olfactory Test

Olfaction was assessed by means of the Smell diskettes olfaction test [14] on the
same day of PET examination. In fact, while self-reported newly onset loss of smell is
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important from an infection control perspective, self-reporting may result in misdiagnosis.
The test was based on reusable diskettes as applicators of 8 different odorants. Using a
questionnaire with illustrations, the test was designed as a triple forced multiple-choice
test resulting in a score of 0 to 8 correct answers. Hyposmia was defined as making at least
2 mistakes on the questionnaire; the number of correct answers was recorded.

2.3. [18F]-FDG Brain PET Acquisition and Image Processing

A dedicated [18F]-FDG Brain PET acquisition was performed in all recruited patients
according to the European Association of Nuclear Medicine (EANM) guidelines on two
Siemens Biograph PET/CT systems (16 and mCT Flow 40, respectively) in the same
center [15]. Images preprocessing was conducted using Statistical Parametric Mapping
software version 8 (SPM8; Wellcome TrustCenter for Neuroimaging, London, UK) [16]. See
Supplementary Materials for further details.

2.4. Voxel-Wise Analysis of Hypometabolic Signature of Olfactory Dysfunction after
SARS-CoV-2 Infection

After preprocessing, smoothed images underwent a whole-brain voxel-wise group
analysis to identify regions of relative hypometabolism with respect to a control group
of 61 subjects consisting of 48 healthy controls acquired on the Biograph 16 system and
previously recruited in our laboratory without any neurologic or psychiatric disease as
detailed elsewhere [17] and thirteen subjects with smoldering multiple myeloma with both
normal body and brain scans acquired on Biograph mCT Flow 40 PET/CT system (age
61.1 ± 11.1; 10 males). Patients with smoldering myeloma had no present or previous
history of neurologic or psychiatric diseases and were never submitted to chemotherapy.
Age, gender, and scanner type were included as nuisance variables in the analysis. We
set a height threshold of family-wise error (FWE)-corrected p < 0.05 for multiple compar-
isons, at both the peak and cluster levels. Details on SPM analysis are included in the
Supplementary Materials.

2.5. Structural Connectivity of Regions of Hypometabolism in Patients with Olfactory Dysfunction

The hypometabolic clusters in patients with hyposmia with respect to controls (hypos-
mia clusters) which had been obtained by means of the whole brain voxel-based analysis
in SPM8, were saved as a volumetric region of interest (VOI). To assess the structural
connectivity of metabolic correlates of hypo/anosmia after SARS-CoV-2 infection, we used
the “Brain Connectivity and Behaviour” (BCB_ toolkit (18, http://www.toolkit.bcblab.com
(accessed on 10 December 2020)), which included diffusion MRI data from healthy control
subjects. Moreover, using the disconnectome pipeline in the BCB toolkit we computed
structural connection maps of all voxels included in the hyposmia clusters by tracking
fibers passing through them to identify their structural connectivity with other brain ar-
eas [18,19]. Briefly, the hypometabolic clusters present in patients with hyposmia with
respect to controls (hyposmia clusters) and obtained by means of the whole brain voxel-
based analysis in SPM8 were saved as VOI [16]. First, using the Tractotron pipeline, we
evaluated the probability of the major white matter tracts crossing the hyposmia clusters
and considered as significant only those voxels with a probability of at least 0.5. Moreover,
using the disconnectome pipeline of the BCB toolkit [18,19], we computed the structural
connection maps of all voxels included in the hyposmia clusters by tracking fibers passing
through them to identify their structural connectivity with other brain areas as previously
described [20]. Details about this procedure are detailed elsewhere [21].

3. Results

3.1. Patients

Twenty-two consecutive patients (12 males and 10 females; mean age 64 ± 10.5 years,
range 35–79) in the recovery phase of SARS-CoV-2 infection were submitted to whole-
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body [18F]-FDG PET in our center from 1 May and 1 December 2020. [18F]-FDG PET was
performed between 4 and 12 weeks after the first positive RT-PCR nasopharyngeal swab for
SARS-CoV-2. Only nineteen of these patients met our inclusion criteria and were submitted
to Smell diskettes olfaction test, which indicated the presence of hyposmia in fourteen of
them who have been ultimately included in the present analyses. Figure 1 and its notes
report the steps that narrowed the final study group. Further details on reasons for patients’
exclusion are reported in the Supplementary Materials. Characteristics of the 14 analyzed
patients are detailed in Table 1.

Figure 1. Flow-chart reporting steps that narrowed the final study group to fourteen patients still
presenting with hyposmia during early recovery after SARS-CoV-2 infection. Pt, patients.
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Table 1. Patients’ Characteristics.

Characteristics SARS-CoV-2 Patients with Hyposmia (n = 14) *

Age (years) 64.4 ± 10.9 (range 51–79)

Sex

Male 7/14
Female 7/14

Time Since Diagnosis of SARS-CoV-2 infection (weeks) † 8.3 ± 2.1 (range 4–14)
Time Since first negative swab after proven SARS-CoV-2 infection (weeks) 4.0 ± 1.9 (range 1–7)

Olfactory test (number of correct answers)

6/8 2
5/8 2
4/8 5
3/8 2
2/8 3

Values are shown as mean ± standard deviation (range). * None of these patients was complaining of other known possible sequelae of
COVID-19 such as fatigue, chest pain, dyspnea, or reported any other focal neurological signs both at the time of SARS-CoV-2 infection
and at the time of PET. † None of the patients had proven previous COVID-related lung involvement or previously received steroids,
hydroxychloroquine, or other medication specifically aimed to support patients’ response to COVID-19 (other than paracetamol).

3.2. Hypometabolism in Patients with Isolated Persistent Hyposmia after SARS-CoV-2 Infection

With respect to the controls, patients with hyposmia after SARS-CoV-2 infection were
characterized by relative hypometabolism in parahippocampal (Brodmann area (BA) 36),
fusiform (BA 20 and 37) gyri in both hemispheres and in the insula in the left hemisphere
(BA 13). Clusters of significant hypometabolism in patients with hyposmia after SARS-
CoV-2 are reported in Figure 2. Details on coordinates and z-score are reported in Table 2.

Figure 2. Hypometabolism with respect to controls in patients still presenting with hyposmia during
early recovery after SARS-CoV-2 infection was highlighted in parahippocampal and fusiform gyri in
both hemispheres (BA 20, 36, 37) and in the insula in the left hemisphere (BA 13). Height threshold
of significance was set at p < 0.05 FWE-corrected at the cluster level. Regions of significant difference
are shown color-graded in terms of Z values. Talairach coordinates and further details are available
in Table 2.
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3.3. Hyposmia Clusters Tractography and Connectivity

The hyposmia cluster was found to be included in the bilateral longitudinal fasciculi
(ILF) with a probability 0.82 and 1 for the left and right ILF, respectively. The tractography
results for the hyposmia cluster are shown in Figure 3.

 
Figure 3. Structural connectivity of regions of hypometabolism in patients with olfactory dysfunction generated through
the Brain Connectivity and Behaviour (BCB) toolkit (http://www.toolkit.bcblab.com (accessed on 10 December 2020)),
which includes diffusion MRI data from healthy control subjects. Panel (A): The connectome map indicated a significant
probability of connection of the hyposmia cluster with the inferior longitudinal fasciculus; Panel (B): tractography results of
the hyposmia cluster.

4. Discussion

The present brief communication provides a demonstration of brain hypometabolism,
namely in the bilateral limbic cortex, in a group of patients with isolated persistent hy-
posmia proven by olfactory test more than four weeks after SARS-CoV-2 infection. The
highlighted area of hypometabolism also encompassed the insula in the left hemisphere
and included the bilateral ILF.

One of the ongoing hypotheses to explain the anosmia of patients with COVID-19 (in
the absence of nasal congestion) is that the virus enters the CNS through the first neurons
of the olfactory pathway located in the olfactory mucosa [1]. Post-infectious olfactory dys-
function is thought to be caused by damage to the olfactory epithelium or central olfactory
processing pathways [22]. The present evidence of hypometabolism in two symmetric,
similar regions within the limbic cortex may support the occurrence of a distal involvement
of the olfactory pathway. Moreover, the bilateral involvement of key cortical structures is
sound from the pathophysiological point of view. In fact, hyposmia might not be subjec-
tively perceived in case of unilateral involvement of the olfactory pathway [23]. To-date
one case report provided [18F]-FDG PET data in a patient with mild COVID-19 and isolated
and persistent anosmia (in absence of any other COVID-related symptom) [10]. In fact,
Karimi-Galougahi and colleagues reported the case of a 27-year-old woman with persistent
anosmia for six weeks presenting hypometabolism of the left orbitofrontal cortex but with
preserved metabolism in temporal cortex [10]. However, the evaluation of images was
mainly based on visual inspection without observed-independent analysis or comparison
with a control database which might have helped to more accurately evaluate a small region
such as the medial temporal lobe. Evidence about the involvement of the limbic cortex after
recovery from COVID-19 was also provided by two well-documented cases of patients
submitted to whole body PET to assess metabolic activity of residual lung lesions just after
COVID-related pneumonia [8]. Hypometabolism of the olfactory/rectus gyrus was present
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in both patients with additional hypometabolims within the amygdala, hippocampus,
parahippocampus, cingulate cortex, pre-/post-central gyrus, thalamus/hypothalamus,
cerebellum, pons, and the medulla in only one of them (who was not reporting anosmia).
However, at the time of infection both these patients required hospitalization in intensive
care unit and in one case, mechanical ventilation was needed. These more severe presenta-
tions and in particular mechanical ventilation may, at least in theory, have played a role on
[18F]-FDG PET hypometabolic regions especially during early recovery [9,24,25]. However,
this limitation does not apply to our patients’ group. Recently, Guedj and colleagues
provided the first brain FDG PET data in Long COVID patients and again demonstrated
bilateral hypometabolism in the bilateral rectal/orbital gyrus, amygdala and the hippocam-
pus, brainstem and bilateral cerebellum. Thus, our findings largely confirm the topography
of brain hypometabolism in patients in long COVID patients although associated with per-
sistent hyposmia or with other persistent functional complaints [26]. The presence and the
topography of hypometabolism after recovery in all the mentioned case reports, in previous
small group studies and in our hyposmic group repetitively highlighted an involvement of
limbic regions and might point to the risk of developing long-term neurological (possibly
cognitive) sequelae, a hypothesis requiring studies in patients with a much longer recovery
from infection [8,27,28]. Indeed, olfactory cortical area feeds into multimodal integration
relevant for cognition control and the hippocampal regions is known to exchange input
for storage of olfactory memory (also relevant for working memory [29]). Almeria et al.
evaluated the impact of COVID-19 on neurocognitive performance in thirty-five patients
with confirmed COVID-19 infection and found that the presence of anosmia and dysgeusia
at the time of infection were among the main risk factors for cognitive impairment related
with attention, memory and executive function [28].

Of note, the present group of patients showed hypometabolism also in the insula in
the left hemisphere. The insula is densely interconnected with orbitofrontal and anterior
cingulate cortices, amygdala, and hippocampus [30] and plays a key role in processing self-
awareness. Indeed, olfaction aims to provide critical information about the environment
subsequently directed at the cortical level also for multisensory integration.

Regarding the connectivity data, the involvement of the ILF is in line with observations
of its role in hyposmia in Parkinson’s Disease [31]. Interestingly, the ILF has been shown to
be affected early on in viral infections, such as in HIV [32] and hepatitis C virus (HCV) [33].

Finally, it should be noted that MRI cortical signal has been evaluated in patients
with COVID-19 and anosmia in few small studies. However, abnormalities have been
substantially reported in the very early phase of infection [5,6,34,35]. In this framework,
while the presence of hypometabolism at [18F]-FDG PET cannot prove the direct spread
of the virus along the olfactory pathway and cortex, the high sensitivity of FDG PET for
cortical deafferentation may act as a measurable biomarker of persistent impairment of the
transmission along the olfactory pathway [36]. Further investigation might help to under-
stand if [18F]-FDG PET data could be used to predict the prognosis of olfactory function
recovery also at the single patient level [34]. The present study has some limitations, mainly
related to its naturalistic observational nature and to the small group of patients being
submitted to [18F]-FDG PET for other clinical reasons, including the suspect or follow-up
of oncological diseases. Brain lesions were radiologically excluded in all patients, and
to reduce the potential confounding effect of comorbidities, we also excluded patients
submitted to chemotherapy in the last three months or who underwent radiotherapy in the
head and neck district. Indeed despite the small number of included patients, the present
study provides a group analysis on brain metabolism of patients with persisting olfactory
dysfunction after SARS-CoV-2 infection for the first time proven by olfactory test. The
demonstration of hyposmia by means of an olfactory test (that was not possible in larger
epidemiologic studies) and the exclusion of patients who suffered from COVID-related
pneumonia, requested COVID-oriented treatment or mechanic ventilation is a further
strength of the present study [37].
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5. Conclusions

The COVID-19 outbreak has impacted clinical neurology in previous months, and
other challenges might come in the next future. For several reasons, a not negligible
number of neurological and cognitive complaints might emerge once the acute phase of
the pandemic crisis is overcome. It will be of great scientific and clinical relevance to
describe COVID-19 related cognitive symptoms (likely to be reversible or in any case not
progressive) and to identify and characterize biomarkers that will help us to support clinical
differential diagnosis with respect to cognitive impairment caused by neurodegenerative
disease. [18F]-FDG PET might play a role in this clinical setting. To this aim, we will need
to be aware of the confounding effect of subtle sequelae of SARS-COV2 infection and on
their reflection on PET and other biomarkers as demonstrated in the present study.

Supplementary Materials: Descriptive Details on patients’ selection and further details on image
preprocessing and analysis are available online at https://www.mdpi.com/2227-9059/9/3/287/s1.
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Abstract: Studying the complex molecular mechanisms involved in traumatic brain injury (TBI)
is crucial for developing new therapies for TBI. Current treatments for TBI are primarily focused
on patient stabilization and symptom mitigation. However, the field lacks defined therapies to
prevent cell death, oxidative stress, and inflammatory cascades which lead to chronic pathology.
Little can be done to treat the mechanical damage that occurs during the primary insult of a TBI;
however, secondary injury mechanisms, such as inflammation, blood-brain barrier (BBB) breakdown,
edema formation, excitotoxicity, oxidative stress, and cell death, can be targeted by therapeutic
interventions. Elucidating the many mechanisms underlying secondary injury and studying targets
of neuroprotective therapeutic agents is critical for developing new treatments. Therefore, we present
a review on the molecular events following TBI from inflammation to programmed cell death
and discuss current research and the latest therapeutic strategies to help understand TBI-mediated
secondary injury.

Keywords: neurotrauma; neuroinflammation; excitotoxicity; oxidative stress; apoptosis; edema;
brain injury; therapeutic strategies

1. Introduction

Traumatic brain injury (TBI), a leading cause of death and disability, is an international public
health concern. An estimated 53–69 million individuals worldwide sustain a TBI annually [1], and up
to 2 percent of the population lives with neurological disabilities caused by a TBI [2,3]. TBI occurs
when an external mechanical force causes a disruption in normal brain functioning. While commonly
discussed as a single clinical entity, TBI embodies a complex and heterogeneous pathology (Figures 1
and 2). As such, comprehensive knowledge of the cellular and molecular events post-TBI remains a
long-standing goal of preclinical research, with the hope that this knowledge will spur the expansion
of novel therapeutics.
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TBI is categorized according to pathophysiology, etiology, and severity, as assessed by
neuroimaging and physiological responses. The Glasgow Coma Scale (GCS) is most commonly
utilized to define the severity of brain injury in clinical settings, where patients are assessed following
initial resuscitation and within 48 h post-injury [4]. A GCS score of 13–15 is classified as mild injury,
a score of 9–12 is classified as moderate injury, and a score of <9 is classified as severe injury. Another
assessment tool similar to the GCS is the Full Outline of Unresponsiveness (FOUR) score, which can be
used in intubated patients and includes an assessment of brainstem function [5].

Figure 1. Pathophysiology of TBI. A schematic flow chart of the pathological changes after TBI that
lead to acute and chronic neurovascular damage and immune activation. Immediately after the insult
neurovascular damage occurs, and large amounts of DAMPs are released causing gliosis and peripheral
immune cell infiltration. The initial function of these immune cells is to contain the injury and remove
debris and dead cells. However, unregulated immune cells cause enhanced inflammation and injury
progression. Furthermore, energy failure, oxidative stress, prolonged inflammation, and excitotoxicity
lead to progressive injury with white matter damage and chronic behavioral deficits. Abbreviations:
DAMP: Damage associated molecular patterns; PRR: Pattern recognition receptors; ROS: Reactive
oxygen species; RNS: Reactive nitrogen species; RBC: Red blood cells; Na+: Sodium ion; Ca2+: Calcium
ion; ATP: Adenosine triphosphate; TBI: Traumatic brain injury.

The pathogenesis of TBI may be divided into two injury-mechanisms: primary and secondary
injury. Primary injury entails the direct brain damage that occurs immediately after the impact.
The initial injury mechanisms could give rise to extraparenchymal hemorrhages (epidural hematoma,
subdural hematoma, subarachnoid hemorrhage, and intraventricular hemorrhage); focal contusions
and intraparenchymal hemorrhages; traumatic axonal (focal or diffuse) injury (TAI) due to shearing of
WM tracts; and cerebral edema (Figures 1 and 2). Secondary injury mechanisms are also initiated at
the moment of the traumatic incident but are believed to continue for many years through a series of
cellular, physiological and molecular processes impacting all kinds of cells in the brain. Blood-brain
barrier (BBB)-disturbance, excitotoxicity, mitochondrial dysfunction, oxidative stress, inflammation,
and cell loss are the principal identified mechanisms orchestrating secondary injury mechanisms [6].
Thus, a pathophysiological and anatomical based classification system for TBI that links the precise

20



Biomedicines 2020, 8, 389

pathological mechanisms with the appropriate therapeutic interventions would enhance the translation
of therapies from bench to bedside [7]. Therefore, this review provides a synopsis of the main
mechanisms of secondary brain damage, along with targeted current and potential neuroprotective
therapeutic interventions in preclinical and clinical settings. In the following sections, we will present
the historical context for targeting a number of secondary injury pathways. We will discuss the
rationale, preclinical evidence, and where appropriate, the translational data in humans. This will
provide a segue to why we discuss all these topics, show where we have failed, and perhaps gives a
clue why some targets were unsuccessful. This can guide both experimental studies and clinical trial
design as we seek efficacy treatments.

Figure 2. Different phases of traumatic brain injury (TBI) pathophysiology and relative immune
response. Mechanical insult leads to acute neuronal injury and blood-brain barrier (BBB) damage,
which initiates gliosis and glial injury minutes after TBI and continues for days after injury. Necrotic
and apoptotic cell death start immediately after the insult and peak within h to days. Axonal
shearing is another event that leads to demyelination and white matter injury. Neurodegeneration,
traumatic encephalopathy, and axonal injury may sustain for years after a single TBI. Acute insult
and neurovascular damage lead to myeloid accumulation and recruitment of T-cells that last for years
and may cause chronic neurodegeneration and neuropathology. Immune cells respond to trauma
in a timely manner and a differential pattern of activations has been observed by various studies.
An impact to the head leads to cellular damage and results in the rapid release of damage-associated
molecular patterns (DAMPs). DAMPs stimulate local cells to release inflammatory mediators such
as cytokines and chemokines. These mediators recruit myeloid cells specifically neutrophils as first
responders, which phagocytize debris and damaged cells promoting the containment of the injury site.
As neutrophil numbers begin to decline, infiltrated monocytes and glia get activated and accumulate
around the site of injury to perform further phagocytic or repair functions. Depending on the severity
of the brain injury, myeloid cells can recruit T and B cells. T and B cells appear at the sites of brain
pathology at later time points in the response (3–7 days post-injury) and may persist for weeks to
months. Other abbreviation is as CTE: Chronic traumatic encephalopathy.
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2. Excitotoxicity

Excitotoxicity is a pathological process where accumulation of excitatory neurotransmitters,
usually glutamate and over-activation of their receptors (NMDAR), causes BBB damage, loss of
neuronal membrane integrity, edema, and cell loss after TBI [8]. Studies involving the administration
of membrane-resealing polymers following controlled cortical impact (CCI) reported reduced BBB
permeability and cerebral damage, and improved functional recovery [9,10] but failed to rescue
degenerating cells [11]. This may suggest that resealing of these membranes prevents further
alterations of the membrane but did not rescue degenerating cells that were already damaged by
the initial episode of TBI-induced excitotoxicity. Similarly, persistent elevated glutamate in cerebral
tissue and CSF link with TBI severity in patients [12,13]. Although NMDAR antagonism mitigated
TBI-induced neurological damage in rodents [14], global NMDAR antagonists showed side effects
and were associated with poor therapeutic windows [15]. Thus, revelation of the mechanisms linking
glutamate excitotoxicity, NMDAR activation, and consequent neurological damage, may offer a
roadmap to improve neurological outcomes without any adverse effect.

2.1. Glutamate

Glutamate, the principal excitatory neurotransmitter, is essential for normal brain function;
however, metabolic perturbations occurring immediately after neurotrauma result in loss of ATP
production and subsequent failure of neuronal Na+-K+ATPases. These changes disrupt the homeostatic
balance of the electrochemical gradient, causing intracellular sodium accumulation and neuronal
depolarization to exacerbate release of synaptic glutamate. In addition, mechanical stretching of
neuronal membranes induces micropore formation to aggravate intracellular sodium influx. This ionic
shift exacerbates the opening of voltage-gated calcium channels and neuronal depolarization to further
the excessive synaptic release of glutamate. Microdialysis studies have shown that increased levels of
extracellular glutamate post-TBI correlated with the severity of injury, while elevated glutamate levels
in CSF and brain tissues correlated with worse outcomes after clinical TBI [12,16–19].

2.2. Glutamate Receptors

Glutamate receptors are present on membranes of neurons and glial cells both at synaptic
and extra-synaptic regions. There are two types of glutamate receptors: (GluR)-ionotropic (iGluR)
and metabotropic (mGluR). When glutamate binds to iGluRs (ligand-gated nonselective cation
channels), it activates the ion channels, and when it binds to mGluRs (G protein-coupled receptors),
it either upregulates or downregulates signal transduction pathways. iGluRs are in turn categorized
into four subtypes, including N-methyl-D-aspartate receptors (NMDAR), kainate receptors (KAR),
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR), and delta receptors.
Glutamate increases intracellular calcium primarily through activation of postsynaptic ionotropic
receptors, such as NMDARs [20,21]; however, KARs and calcium-permeable AMPARs also may add to
elevated intracellular calcium. Excessive inflow of calcium activates phospholipases, endonucleases,
and proteases (calpains), which then precipitate neuronal cell loss via a process deemed excitotoxicity.
In addition, GluRs, which are particularly sensitive to mechanical injury, may also contribute to delayed
depolarization and injury [22].

2.2.1. Synaptic and Extrasynaptic NMDARs

Based on their location, NMDARs can exert opposing effects. Although stimulation of synaptic
NMDAR upregulates brain-derived neurotrophic factor (BDNF) and cAMP response element-binding
protein (CREB) activity to promote neuronal survival, extrasynaptic NMDAR activation leads to
excitotoxicity and neuronal cell death. This occurs via promotion of a CREB shut-off pathway and
inhibition of BDNF gene expression. Specific targeting of NMDARs based on their location could pave
the way towards more effective neuroprotective therapies [23–25].
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2.2.2. NMDAR Subunits

A more comprehensive analysis of NMDARs shows that they can be made up of seven variable
subunits, including a GluNR1 subunit, four GluNR2 subunits (GluN2A, GluN2B, GluN2C, or GluN2D),
and two GluNR3 subunits (GluNR3A and GluNR3B). NMDARs are heterotetramers with a strictly
regulated subunit composition [26]. Further, extra-synaptic and synaptic NMDARs have different
subunit compositions which could be a reason for their opposing cellular effects. The majority of
extrasynaptic NMDARs are composed of NR1/NR2B subunits, while synaptic receptors also contain
NR2A subunits. Moreover, NMDARs at immature sites markedly contain NR1/NR2B subunits,
while NMDAR composition is more diverse at mature sites and switches from NR2B to NR2A on
synaptic maturation, termed as NR2B to NR2A developmental switch [27]. Recently, it has been
reported that higher expression of the NMDAR subunit NR2A protected neuronal connectivity in the
injured brain, while activation of NR2B-containing NMDARs contributed towards loss of connectivity,
suggesting a potential role for NMDARs in the restructuring of the neuronal network post-TBI [28].

2.2.3. Therapeutic Strategies Targeting NMDARs

Many therapeutic interventions have been designed based on targeting NMDARs, including
NMDAR antagonists, NMDAR subunit inhibitors, and partial agonists of glycine/NMDAR.

NMDAR Antagonists

Administration of NMDAR antagonists (e.g., MK-801) improved outcomes after experimental
TBI [29–32]; yet clinical trials exploring the efficacy of NMDAR antagonists were halted due to
poor efficacy, major side effects, poor drug efficacy, restricted therapeutic windows, and interference
with normal synaptic transmission. These disappointing results, which suggest limited utility of
broad-spectrum NMDAR antagonists after acute brain injury, illustrate the translational challenges
involved in limiting the detrimental effects of glutamate and suggest the need for alternative
approaches [15,33–35].

MK-801: Rats treated with MK-801 prior to injury demonstrated enhanced cognition and
axo-dendritic integrity [30], and co-application of MK-801 with other NMDAR antagonists had
additive neuroprotective effects [31]. Treatment with MK-801 prior to injury, significantly attenuated
neurological deficits; however, MK-801 had minimal influence on neurologic scores when was
administered post-injury [32].

Memantine: Intraperitoneal treatment of memantine (10 and 20 mg/kg), a non-competitive
NMDAR antagonist, immediately after TBI inhibits neuronal death in rats [36]. Memantine (1–10 μM),
when applied to rat hippocampal neurons in vitro, inhibited extrasynaptic NMDAR-induced currents
while largely sparing synaptic activity [37]. In a randomized controlled trial of moderate TBI patients,
enteral administration of memantine (30 mg twice daily for 7 days) post-injury resulted in substantial
improvement in GCS scores at 3 days and significant reduction in neuronal damage at 7 days, as
evident from reduced serum levels of neuron-specific enolase (NSE) [38].

Ketamine: In a moderate TBI rat model, administration of ketamine, a non-competitive
NMDAR antagonist, at a sub-anesthetic dose (10 mg/kg daily) for 7 days resulted in protection of
neuronal dendrites and spines, attenuation of post-traumatic neuroinflammation, and thus, improved
neurobehavioral outcomes [39]. Similarly, a significant association between ketamine treatment and
reduced spreading depolarization events have been reported in TBI, SAH, and hemispheric stroke
patients. Spreading depolarizations are linked with neuronal damage and poor outcome [40].

Magnesium: Magnesium can bind to NMDARs, blocking the passage of ions through the channel,
and can therefore be utilized to augment neuroprotection. A study in rats reported that magnesium
deficiency worsened TBI outcomes while magnesium administration improved neurological outcomes
and mortality after TBI [41]. A Cochrane systematic review including three randomized controlled
trials (RCTs) published in 2008, found no beneficial role for magnesium treatment in acute TBI patients
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in terms of improving neurological outcomes or mortality and therefore did not support its use [42].
Another methodical review of the use of magnesium sulfate in acute TBI management, including
eight RCTs published in 2015, also found no significant improvement in mortality but did report a
nonsignificant improvement in GOS and GCS scores with magnesium therapy [43].

NMDAR Subunit Inhibitors

Ifenprodil: Ifenprodil, a selective inhibitor of NR2B subunit, can differentially suppress
extrasynaptic NMDARs, and therefore could attenuate cell death cascades [44]. Similarly, Ifenprodil
treatment mitigated brain edema and reduced injury volume in a CCI model of rats [45]. In an in vitro
model of TBI, Ifenprodil reduced NMDA-activated currents but failed to limit fluid shear stress-induced
Ca2+ influx in primary rat astrocytes [46].

Ro25-6981: TBI modifies NMDAR expression and functioning. For example, moderate TBI in rats
caused rapid recruitment of NR2B to membrane rafts successively inducing autophagy. Ro25-6981,
a selective inhibitor of NR2B, markedly mitigated autophagy [47]. Activation of NR2B-containing
NMDARs may be further involved in the insertion of calcium-permeable AMPARs (CP-AMPARs)
in an in vitro model of TBI, further worsening the intracellular calcium overload [48]. Stretch injury
of cultured cortical neurons resulted in enhanced extrasynaptic current transmission facilitated by
NR2B-units of NMDARs, with no marked variations in synaptic transmission through NMDAR [49].
In addition, either Ro25-6981 or memantine treatment barred this injury-induced increase in CP-AMPAR
activity [49]. Further, administration of Ro25-6981 (6 mg/kg, i.p.), attenuated edema post-TBI in mice
and limited the NMDA-induced excitotoxicity and release of HMGB1 from injured cortical neurons
in vitro [14].

Traxoprodil (CP-101,606): Intravenous (IV) infusion of traxoprodil in patients, another NR2B
antagonist, for up to 72 h post-injury was reported to be safe and well-tolerated in all cases of TBI [50,51].
Although in an RCT where severe TBI patients were given a 72-h infusion of traxoprodil within 8 h
post-injury, improvements in the dichotomized Glasgow Outcome Scale (dGOS) at 6 months and
mortality rate were noticed; however, this improvement was not significant [52].

Temporal alteration of NMDARs and the partial agonist D-cycloserine (DCS): TBI in rodent models,
leads to dynamic changes in NMDARs with early hyperactivation followed by weeks of functional
loss. Subacute administration (24 to 72 h post-TBI) of DCS, a partial agonist of glycine/NMDARs,
upregulated BDNF expression, restored impaired hippocampal long-term potentiation, and enhanced
recovery of neurobehavioral and cognitive functions in mice [53]. The complex role of NMDARs in
TBI pathophysiology adds to the translational challenges faced by therapeutic interventions targeting
this mechanism.

2.3. Postsynaptic Density Protein 95 (PSD-95) and PSD-95 Inhibitors

PSD-95 is a membrane-associated guanylate kinase (MAGUK) that interacts with NMDARs,
AMPARs, and potassium channels and plays a role in synaptic plasticity [54]. PSD-95 combines
the NR2B subunit of NMDARs with neuronal nitric oxide synthase (nNOS), to form a complex
NMDAR/PSD-95/nNOS, and adds to neurotoxicity [55]. Interestingly, inhibition of nNOS by disturbing
NMDAR-PSD-95 interactions prevented nitration of protein and cell death in vitro [56]. ZL006,
an inhibitor of nNOS-PSD95 interaction, prevented neuronal apoptosis and improved sensorimotor
and cognitive outcomes in rodents [57]. Similarly, disruption of NMDAR-PSD-95 interaction by a
synthetic peptide (now known as NA-1) blocked excitotoxicity in cultured neurons, limited ischemic
cerebral damage, and improved neurological function in rats without altering calcium influx or synaptic
activity [58]. The strategy appears to be very promising as inhibition of this interaction between
PSD-95 and NMDAR-mediated neurotoxic signaling pathways has demonstrated reduced infarct size
and improved outcomes after stroke in macaques [59]. Further, NMDAR-PSD-95-nNOS complex
inhibitor, known as NA-1, has been shown to treat ruptured cerebral aneurism, reduce ischemic brain
damage, and improve neurological scores, and has become the first stroke therapy to demonstrate
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efficacy in humans (NCT00728182) after initial results in primates [60–62]. In addition, two phase
III clinical trials (NCT02315443; NCT02930018) have been completed in acute stroke and awaiting
publication. Interestingly, TBI activated endoplasmic reticulum-associated PKR-like ER kinase (PERK)
which phosphorylates CAMP response element-binding protein (CREB) and PSD-95, resulting in
reduced brain-derived neurotropic factor (BDNF) and PSD-95 in the injured cortex. However, either
PERK inhibitor GSK2656157 or overexpression of kinase-dead mutant of PERK (PERK-K618A) in
primary neurons rescued loss of dendrites and memory in mice [63]. Further, a rodent model of CCI
showed loss of PSD-95 with loss of neuronal NeuN in contused cortex and directly correlated with
behavioral abnormalities [64]. UCCB01-147 [also known as Tat-NPEG4(IETDV)(2), (Tat-N-dimer)],
a dimeric PSD-95 inhibitor, was observed to be neuroprotective in an experimental stroke model [65]
but failed to demonstrate those beneficial effects in experimental TBI [66]. Therefore, it can be argued
that PSD-95 alone or with other effector proteins may provide a potential clinical therapeutic target to
improve memory and learning deficits but must be translated carefully for better results post-TBI.

2.4. mGluR2 Receptors and Gap Junctions

Recently, it was reported that mGluR2 receptors in a fluid percussion TBI model once activated,
upregulated gap junction protein expression, suggesting a possible role for mGluR2 and gap junctions
in secondary brain injury [67]. Gap junctions play critical roles in neuronal differentiation and circuit
formation in the developing CNS and allow for the passage of ions, small molecules, and secondary
messengers (Ca, IP3, cAMP, etc.) in the adult brain [68,69]. However, upregulated gap junctions in
insulted brain may enhance the secretion of pro-apoptotic factors and secondary messengers such as
Ca2+ to add to cell death. Therefore, mefloquine, a gap-junction blocker may be a valuable therapeutic
tool in mitigating TBI-induced excitotoxicity.

2.5. Glutamate Transporters

The solute carrier 1 (SLC1) family of neurotransmitter transporters includes a five-member
family of excitatory amino acid transporters (EAAT) that mediate the rapid uptake of synaptic
glutamate via a process coupled to ion gradients [70]. Amongst the EAAT, EAAT1 [Glutamate
Aspartate Transporter (GLAST)] (human/rodent homolog) and EAAT2 [Glutamate Transporter 1
(GLT-1)] are essential for glutamate clearance related to neurotransmission, whereas EAAT3, EAAT4,
and EAAT5 exhibit less prominent parts in regulating neuronal excitability [70]. In particular, EAAT2
is expressed in glia and mediates 95 percent of glutamate uptake in CNS [71]. Notably, when ionic
gradients are lost, sodium-glutamate transporters can reverse the transport direction to secrete a
high amount of glutamate [72]. Given that excessive glutamate is associated with excitotoxicity,
targeted enhancement of EAAT2 may circumvent the issues associated with administration of NMDAR
antagonists. Postmortem analysis of human brains obtained after TBI showed lower expression of the
glial glutamate transporter EAAT2, which might have impaired reuptake of extracellular glutamate
and thus, have led to excitotoxicity [73,74]. Similarly, lowered EAAT2 expression inversely correlated
with CSF glutamate levels up to 7 days post-injury in CCI model of rodents [75,76].

MS-153 (GLT-1 activator): Functionally, administration of GLT-1 antisense oligodeoxynucleotides
exacerbated hippocampal injury and increased mortality after TBI [76], whereas acute administration
of (R)-(-)-5-methyl-1-nicotinoyl-2-pyrazoline (MS-153), a GLT-1 activator, decreased neurodegeneration
and attenuated calpain activation in cortical and hippocampal tissue for up to two weeks after fluid
percussion injury. While these latter findings warrant further exploration of GLT-1 activators, MS-153
upregulated GLT-1 in the naïve brain but not after brain injury in rats, suggesting that mechanisms
independent from GLT-1 may mediate the observed beneficial effects [77]. Future studies incorporating
more selective pharmacological activators and genetic overexpression approaches will provide clarity
regarding the translational potential of targeting GLT-1 after TBI.

25



Biomedicines 2020, 8, 389

2.6. Blood Glutamate Scavengers

Glutamate transporters located on brain capillary endothelial cells facilitate brain-to-blood
efflux of glutamate and play a role in glutamate homeostasis. When glutamate concentrations are
kept low in blood, this results in a larger concentration gradient of glutamate and enhances its
brain-to-blood efflux [78,79]. Glutamate levels in the blood might be reduced via two enzymes:
glutamate-oxaloacetate transaminase (GOT or AST) (l-glutamate + oxaloacetate� α-ketoglutarate
+ l-aspartate) and glutamate-pyruvate transaminase (GPT or ALT) (l-glutamate + pyruvate �
α-ketoglutarate+ l-alanine). The two serum enzymes (SGOT and SGPT) and co-substrates (oxaloacetate
and pyruvate) may potentially act as glutamate scavengers. In agreement, treatment with co-substrate,
oxaloacetate, and pyruvate resulted in a reduction of glutamate in blood and enhanced neuronal
survival and neurological outcomes in experimental TBI studies [80,81]. In addition, recombinant
GOT1 has also shown promising results in TBI [82], and ischemic stroke [83,84]. Of note, riboflavin
(Vitamin B2) was found to be a potent scavenger of blood glutamate, resulting in reduced infarct
size after ischemia [85]. Similarly, Hoane and colleagues found that riboflavin significantly reduced
sensorimotor and cognitive impairment, reduced edema, and astrogliosis after TBI [86] Furthermore,
a double-blind, randomized phase IIb clinical trial in stroke patients also demonstrated riboflavin
significantly scavenged glutamate in patient blood [85]. Taken together, these studies suggest that
therapies utilizing blood glutamate scavenging may be promising therapeutic avenues for reducing
glutamate-induced excitotoxicity.

2.7. GABAergic Excitotoxicity

Although glutamate is a major player in excitotoxicity, elevated concentrations of other
neurotransmitters have also been detected in the extracellular space of injured brains. These other
neurotransmitters, such as GABA, may also aid in excitotoxicity in both specific and distant cell
populations. A microdialysis study in experimental open-skull weight drop TBI, showed elevated
GABA in the cortical extracellular space [87]. Similarly, hippocampal cell loss has been reported
in multiple experimental models of TBI and may correlate with neurocognitive deficits that occur
in TBI patients [88,89]. Immature neurons in the adult hippocampal sub-granular zone express
voltage-gated channels similar to their embryonic equivalents and may be depolarized by GABAergic
activity via chloride gradient reversal [90,91]. Since selective necrotic cell loss among immature
adult-born neurons has been reported after CCI injury; therefore, the properties of these immature
neurons may be relevant to pathophysiology in TBI [92–94]. However, the mechanism behind
this particular cellular selectivity for necrosis among immature cells is still known. GABAergic
excitotoxicity also contributes to neuronal loss as exposure of isoflurane to the immature pyramidal
cells in culture increased intracellular calcium and led to cellular death [95], suggesting that intracellular
calcium overload may add to immature neuronal death. These studies, coupled with the increased
extracellular GABA concentrations as observed following TBI [87], may implicate an unexplored role
for GABAergic excitotoxicity post-TBI. Understanding the mechanisms of GABAergic excitotoxicity
in the post-traumatic brain may be valuable therapeutically, as several GABA antagonists, approved
by the U.S. Food and Drug Administration (FDA), are available. In terms of treating more canonical
glutamatergic excitotoxicity, it may be argued that antagonists to GluR or inhibitors that block the
release of glutamate inhibitors (e.g., lamotrigine) exert beneficial effects not only through inhibition
of either GluR or glutamate, but also by minimizing the neuronal metabolism. However, given the
contradictory findings of clinical trials utilizing magnesium sulfate as an NMDAR antagonist in acute
stroke patients [96,97], a more comprehensive knowledge of excitotoxicity following TBI, including
non-canonical mechanisms (such as GABAergic excitotoxicity), is critical for developing effective
therapeutic strategies. Further, excitotoxicity and as a result, influx of excessive calcium into cells lead
to oxidative stress, mitochondrial dysfunction, activation of Nox family member, and oxidation of
cellular biomolecules such as lipids, proteins, and DNA. Furthermore, excessive amount of intracellular
calcium activates several proteases and phospholipases, and thus, mediates degradation of cellular
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proteins and lipids, and enhances ROS production, and contributes significantly to secondary injury
post-TBI [98,99].

3. Oxidative Stress

TBI results in cerebral circulation dysfunction, microvascular impairment, and moderate
hypoxia [100,101]. Although primary traumatic injury occurs as a result of the physical impact,
tissue injury is amplified by secondary injury mechanisms. Oxidative damage is unambiguously
one of the most confirmed “secondary injury” pathways observed in TBI. The brain is very sensitive
to free radical-mediated damage because of the presence of abundant polyunsaturated lipids and a
high rate of endogenous oxidative metabolism. Therefore, a balance between oxidant production and
antioxidant machinery is essential for normal functioning of the brain.

3.1. Oxidant-Antioxidant Balance

The reperfusion of blood circulation after trauma ensures the survival of neurons but also elevates
the generation of free radicals and reactive oxygen species (ROS) [102–104]. The generated free radicals,
such as hydrogen peroxide, superoxides, nitric oxide (NO), etc., also cause excitotoxicity and impair the
metabolic activity of cells. Further, superoxide radicals generated due to catalytic activity after TBI react
with NO to form another potent oxidant peroxynitrite, which impairs cerebrovascular function [105,106].
The ROS possesses an unpaired electron and thus, readily binds to different macromolecules such
as protein, nucleic acid, or lipid to cause damage. The endogenous antioxidant system comprises of
glutathione (GSH), and various enzymes (i.e., glutathione reductase (GR), glutathione-S-transferase
(GST), glutathione peroxidase (GPx), catalase (CAT), superoxide dismutase (SOD), and uric acid)
neutralizes these ROS, preventing the oxidation of macromolecules. In a normal brain, oxidants
and antioxidants exist in equilibrium; however, the unwarranted production of ROS following brain
injury overburdens the efficiency of the endogenous antioxidants and shifts the equilibrium towards
oxidants by depleting endogenous antioxidants. This disrupted balance increases membranous lipid
peroxidation, oxidation of proteins, DNA break, and inhibition of the mitochondrial respiration,
which ultimately throws cells into apoptosis or necrosis [107]. Overall, increased oxidants and reduced
activity of antioxidant defense systems may contribute toward the pathogenesis post-TBI.

3.2. Superoxide Radicals and Superoxide Scavengers

Kontos and colleagues demonstrated an acute increase in brain microvascular superoxide
radical (O2•−) contents as a result of compromised autoregulatory function after fluid percussion
injury [108,109]. Within an injured brain, several possible sources of O2•− may be operating from
the very first minute of impact to a few h post-injury, including the arachidonic acid-prostaglandin
cascade, oxidation of leaked hemoglobin and biogenic amines (e.g., norepinephrine, dopamine,
5-hydroxytryptamine), xanthine oxidase activity, and mitochondrial leakage. At later time points,
activated microglia and infiltrating neutrophils and macrophages also provide additional sources
of O2•− Superoxide O2•− is less reactive to biological substrates than hydrogen peroxide (H2O2).
Once formed, O2•− undergoes dismutation to form H2O2 in a reaction that is catalyzed by SOD: O2•−
+O2

− + 2H+→H2O2 +O2 [110]. The H2O2 formed is altered to water by peroxidases, such as Gpx and
peroxiredoxin, or is dismuted to water and oxygen by CAT. Both CAT and GPx enzymes are abundant
in the brain, though the latter has a sevenfold greater activity [111]. In the absence of the antioxidant
system, as in TBI, O2•− actually exists in equilibrium with hydroperoxyl radicals (HO2•): O2•− + H+

→ HO2•, which is a considerably more powerful oxidizing or reducing agent [112]. O2•−/HO2• cause
the pH to fall into acidic ranges (i.e., tissue acidosis), fueling an equilibrium shift in favor of HO2•,
which is much more reactive than O2•−, particularly toward lipids.

SOD and polyethylene glycol (PEG)-conjugated SOD (PEG-SOD): In humans, the three forms
of SOD are SOD1 (Cu/Zn-SOD), SOD2 (Mn-SOD), and SOD3 (Cu/Zn-SOD), which are respectively
sited in the cytoplasm, mitochondria, and outside the cell. In cats, the administration of SOD reverses
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the microvascular dysfunction post-TBI [113]. Transgenic mice overexpressing human Cu/Zn SOD
activity have reduced acute injuries, prevented brain edema, and inhibited BBB permeability following
TBI [114,115]. Studies using both Cu/Zn-SOD and Mn-SOD transgenic and knockout mice have
further solidified the protective role of these enzymes against head trauma [115–119]. In a randomized
controlled phase-II trial with more metabolically stable PEG-SOD (2000–10,000 U/kg intravenously
administered 4 h post-TBI), the higher doses (5000 and 10,000 U/kg) decreased the duration when
ICP > 20 mm of Hg. There was a statistically significant improvement in patient outcomes measured
using the Glasgow Outcome Scale (GOS) at 3 and 6 months post-injury between patients who received
placebo and those who received 10,000 U/kg PEG-SOD [120]. However, a subsequent larger phase-III
randomized trial with higher doses of PEG-SOD (10,000 or 20,000 U/kg within 8 h post-TBI failed
to show significant improvement in neurological outcomes or patient survival [121]. Nevertheless,
it is imperative to shed light on a 4-h difference in the time of administration of PEG-SOD post-injury
between these two trials.

OPC-14117: The superoxide radical scavenger “OPC-14117” reduced cortical damage and
improved neuronal survival and cognitive functions following CCI in rats [122]. A controlled
randomized trial assessing the safety of OPC-14117 (240 mg per day) in HIV-associated cognitive
impairment found it to be tolerable and resulted in improvement of clinical global impression scale
scores and nonsignificant enhancement of cognitive test scores [123]. In light of the neuroprotective
effects of OPC-14117 in this preclinical TBI study and the safety of use in humans, the potential benefits
of OPC-14117 treatment after TBI are worth investigating.

3.3. Iron, Hydroxyl Radicals, and Iron Chelators

The abundance of iron in the CNS makes it vulnerable to oxidative insult [124]. Under normal
circumstances, iron is maintained in a non-catalytic state by plasma transferrin and intracellular
ferritin [110]. However, in the event of tissue acidosis, when pH falls below 6, both proteins readily
release their iron into the traumatized brain parenchyma. Further, hemorrhage occurs as a result of
mechanical impact provides an obvious pool of iron released from hemoglobin via interaction with
H2O2 or lipid hydroperoxides (LOOH) at acidic pH [125,126]. Once released into the brain parenchyma,
iron actively catalyzes Fenton’s reaction to generate ROS [110]. Free iron or iron compounds participate
in production of ROS in two ways: First, autoxidation of Fe2+ produces O2•− [110]: Fe2+ + O2 →
Fe3+ + O2•− and/or secondly, oxidation of Fe2+ by H2O2 gives hydroxyl radicals (•OH) via Fenton’s
reaction: Fe2+ + H2O2 → Fe3+ + •OH + OH−.

Deferoxamine and dextran-conjugated deferoxamine: Experimental TBI studies of deferoxamine
(iron chelator) treatment in rodents have shown neuroprotective effects [127,128]. However, IV infusion
of deferoxamine may cause profound hypotension, but binding of deferoxamine to dextran may
alleviate this effect as low dose dextran-conjugated deferoxamine following TBI improved neurological
outcomes as compared to the deferoxamine group alone [129].

N,N’-Di(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic acid monohydrochloride (HBED):
HBED is an iron chelator, can cross the BBB, and has a relatively longer half-life compared to
that of deferoxamine [130]. HBED treatment resulted in reduced cortical damage and restored
neurological functions in mice post-TBI [131].

3.4. Nitric oxide Synthase (NOS) and NOS Inhibitors

NOS catalyzes l-arginine to give NO and citrulline at the expense of NADPH. The three NOS
isoforms [neuronal (nNOS or NOS1), inducible (iNOS or NOS2), and endothelial (eNOS or NOS3)]
are acutely upregulated in rats following TBI, with levels peaking at 6 to 12 h post-injury and then
declining. eNOS is expressed solely in endothelial cells, nNOS predominantly in neurons but also
in polymorphonuclear cells, and iNOS in immune cells such as myeloid cells [132]. Subsequent to
injury, an upsurge of NO occurs, possibly because of the hyperactivity of iNOS, and the inhibition of
iNOS could be neuroprotective [133]. Clinically, NO levels can be assessed indirectly through CSF
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measurement of the end products of NO metabolism, and a peak concentration is found at 1–3 days
following TBI [134–136].

nNOS, NG-nitro l-arginine methyl ester (l-NAME), and 7-nitro indazole (7-NI): Both l-NAME
(nonselective NOS inhibitor) and 7-NI (nNOS inhibitor) were reported to exert neuroprotection only
when administered within an hour of injury in mice, indicating a narrow therapeutic window post-TBI.
L-arginine, the physiological precursor of NO, when co-administered with NOS inhibitors reverses
their protective effects [137]. Pretreatment with l-NAME or 7-NI reduced NOS activity after FPI in rat,
while 7-NI also improved neurobehavioral outcomes post-TBI [138]. However, another FPI model of
TBI study in rats found no beneficial role of l-NAME administration post-TBI with regards to mortality,
and pretreatment leads to prolonged hypertensive episodes and increased mortality [139].

eNOS and l-arginine: TBI-induced upregulation of eNOS plays a beneficial role by maintaining
cerebral blood flow (CBF) post-head injury. Administration of l-arginine post-TBI in rats activated
eNOS, improved CBF, and attenuated neurological deficits without altering cerebral perfusion pressure
(CPP) [140]. Similarly, eNOS-deficient mice subjected to CCI have shown lower CBF at the cortical
injury site compared to wild-type mice, and l-arginine did not improve the CBF nor the contusion
volume in eNOS-deficient mice [141]. In humans, microdialysates from severe TBI patients showed
elevated levels of NO metabolites in the first 24 h post-injury followed by a gradual decline over 5 days.
There was also a significant direct relationship between the concentration of NO metabolites and
regional CBF [142]. In severe TBI patients, l-arginine administration at 48 h post-injury had a better
response in improving internal carotid artery flow volume than at 12 h following brain injury [143].
The above findings further emphasize the importance of determining the effective therapeutic window
for drug administration following brain injury. In humans, the NOS3 (eNOS) gene, located at 7q35–36,
has several allelic variations and patients having the −786C allele showed lower CBF values than other
severe TBI patients. Thus, genetic makeup may be a potential contributing factor to the variability in
TBI patient outcomes [144].

Statins: Statins are HMG-CoA reductase inhibitors with proven neuroprotective activity in
experimental TBI studies through targeting of multiple secondary injuries [103]. More precisely,
statins upregulate eNOS, have a palliative effect on cerebral autoregulation (CA), and improve stroke
outcomes [145].

iNOS and iNOS inhibitors (Aminoguanidine (AG), L-NIL and 1400W): iNOS is an inducible
type of NOS which is stimulated by injury-induced stimuli, such as inflammatory modulators,
ROS, etc. [146–149]. In rats exposed to FPI, intraperitoneal injection of 100 mg/kg aminoguanidine
(AG) twice daily for 3 days reduced the total cortical necrotic neuron counts but not the contusion
volume [150]. Blast induced-TBI in rats showed that those receiving AG either prophylactically or after
the injury performed better on neurobehavioral tests and had reduced cortical neuron degeneration
compared with those receiving saline injection [151]. In an FPI model of brain trauma in rats at
6 h after injury, the following 3 iNOS inhibitors were given at 6 h post-injury: aminoguanidine
(AG; 100 mg/kg intraperitoneally), l-N-iminoethyl-lysine (l-NIL; 20 mg/kg intraperitoneally),
or N-[3-(aminomethyl)benzyl]acetamide (1400W; 20 mg/kg subcutaneously). All three improved
neurofunctional outcomes, but AG also reduced brain edema [152].

Ronopterin (also termed 4-amino-tetrahydrobiopterin or VAS203): In a phase IIa RCT with
moderate to severe TBI subjects (NO Synthase inhibition in traumatic brain injury, NOSTRA), patients
were given various IV infusion doses (15–30 mg/kg) of ronopterin, a NOS inhibitor. Ronopterin
treatment showed no marked alteration in ICP, CPP, or brain metabolism. Other than a transitory
acute kidney injury in half of the patients receiving the highest dose, no other toxic side effects were
reported. Additionally, ronopterin had a neuroprotective role shown by significant improvement of
extended Glasgow Outcome Scores (eGOS) at 6 months [153]. These positive results lead NOSTRA
trial into phase III which is current and whose study protocol has been published [154].
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3.5. Peroxynitrite and Peroxynitrite Scavengers

Peroxynitrite is formed by the reaction of superoxide and NO radicals, which contributes to
impaired cerebral vascular reactivity after TBI [105,106]. Peroxynitrite interacts with DNA, proteins,
and lipids via oxidizing or radical-mediated mechanisms. In addition, it reacts with tyrosine residues
of proteins to yield nitrotyrosine and impairs activity [155].

Penicillamine and penicillamine methyl ester: The thiol-containing compound penicillamine and
the more brain-permeable penicillamine methyl ester are sulfhydryl-based scavengers of peroxynitrite.
Both of these compounds have improved early neurological recovery in TBI mice. Although
penicillamine remains mainly within the cerebral microvasculature, it showed greater neurological
recovery than highly penetrable penicillamine methyl ester, highlighting the significance of early
scavenging of intravascular peroxynitrite [156].

Tempol and α-phenyl-N-tert-butyl-nitrone (PBN): The peroxynitrite radical scavengers
tempol [157–159] and PBN [160] have demonstrated neuroprotective activity in experimental TBI and
could be good candidates to minimize nitrosative stress.

3.6. Lipid Peroxidation (LP) and LP Inhibitors

Free radical-mediated LP is an extensively studied mechanism of oxidative injury in TBI [161]. The
brain cell membrane is abundant in polyunsaturated fatty acids e.g., arachidonic acid (AA), which is
extremely susceptible to •OH-induced peroxidation. LP starts when a radical species, such as •OH,
extracts hydrogen from an allyl group (AA + R•→ AA• + RH), converting this allylic carbon into an
“alkyl” radical (AA•). During the propagation stage, the resulting alkyl radical binds with a molecule
of oxygen to form a lipid peroxyl radical (AA-OO•; AA• + O2 → AA-OO•). The peroxyl radical
then reacts with a neighboring AA within the membrane and gains its electron to generate a lipid
hydroperoxide (AA-OOH) and a resultant alkyl radical (AA•; AA-OO• + AA→ AA-OOH + AA•).
This cycle of generation of alkyl radicals is continuous and compromises cellular and sub-cellular
membranous integrity. Finally, in the termination step of the LP, lipid radials react with another radical,
giving rise to highly reactive, potentially neurotoxic aldehydes known as carbonyls. The neurotoxic
aldehydes, 4-hydroxynonenal (4-HNE), and 2-propenal (acrolein) bind to basic amino acids (arginine,
histidine, and lysine) and sulfhydryl-containing cysteine residues in cellular proteins, and alter their
conformation and function.

Tirilazad (lazaroid, 21-aminosteroid, a LP inhibitor): Previously, tirilazad has been shown to
enhance neurological recovery and survival in experimental TBI [162–164]. In a multicenter phase III
study, moderate-severely injured patients, treated with tirilazard mesylate (10 mg/kg intravenous),
starting within 4 h post-injury and repeated for every 6 h up to 5 days, did not show significant GOS
on recovery/survival at 6 months. However, a post hoc analysis of data discovered that tirilazad
lowered mortality rates in male TBI patients with accompanying traumatic subarachnoid hemorrhage
(tSAH) [165].

U83836E: U83836E is a very effective second-generation lazaroid with a unique structure giving it
the ability to scavenge lipid peroxyl and to inhibit LP. Further, U83836E also showed the ability to
preserve mitochondrial respiratory function in rodents post-TBI [159].

LP carbonyl (4-HNE or acrolein) scavengers
Hydralazine: Despite being shown to have a good ability to scavenge LP carbonyls, hydralazine

is a powerful vasodilator exacerbating hypotension in TBI and therefore, is not recommended
post-TBI [166,167].

Phenelzine: Phenelzine, a monoamine oxidase inhibitor (MAO-I), is also a good scavenger of LP
carbonyls because of the presence of its hydrazine functional group. Phenelzine inhibited oxidative
damage and mitigated mitochondrial dysfunction in isolated rat brain mitochondria when subjected
to exogenous acrolein or 4-HNE. Further, rats subjected to CCI and given a single dose of 10 mg/kg
phenelzine subcutaneously 15 min post-TBI, protected cortical tissue from injury at 2 weeks [168].
Additionally, repeated doses of phenelzine (an initial dose of 10 mg/kg subcutaneous 15 min post-TBI
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followed by a repeated dose of 5 mg/kg subcutaneous every 12 h up to 60 h post-TBI) protected cortical
tissue loss and attenuated mitochondrial impairment in CCI rats [169].

β-Phenylethylidenehydrazine (PEH): PEH is an active metabolite of phenelzine
(β-phenylethylhydrazine). Both phenelzine and PEH possess a hydrazine functional group,
and therefore, react with LP carbonyls and other LP aldehydes to form hydrazones. Because
the compounds have different impacts on MAO inhibition, use of PEH may avoid the drug interactions
seen with the use of phenelzine and certain sympathomimetics (tyramine) [170].

3.7. Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2)-Antioxidant Response Element (ARE) Pathway

Kelch-like ECH-associated protein 1 (Keap1)-Nrf2-ARE signaling regulates endogenous
antioxidant defense system and thus, plays an important role in protecting cells from intrinsic and
extrinsic oxidants and electrophiles. Nrf2 heterodimerizes with other transcription factors and binds to
ARE leading to expression of ARE-regulated genes that enhance cell survival. Kelch ECH associating
protein 1 (Keap1) is a cytosolic repressor of Nrf2, which enhances its proteasomal degradation by
binding with it [171]. Following TBI, Nrf2-knockout mice exhibited exacerbated brain injury with
increased expression of inflammatory cytokines tumor necrotic factor-α (TNF-α), and interleukins
(IL-1β and IL-6), and decreased activity of antioxidant enzymes NADPH: quinone oxidoreductase-1
(NQO-1) and glutathione S-transferase alpha-1 (GST-alpha1) [172].

Nrf2 activators: Sulforaphane (SFN), an Nrf2 activator, resulted in upregulation of the antioxidant
enzymes heme oxygenase 1 (HO-1) and NQO-1 and lead to significant reduction in neurological
dysfunction, injury volume, and neuronal death in rodent CCI models [173]. Tetra-butylhydroquinone
(tBHQ), another Nrf2 activator, reduced nuclear factor kappa B (NF-κB) activation and inflammatory
cytokines (TNF-α, IL-1β, IL-6) and attenuated cortical injury and brain edema in closed head-injured
mice [174]. In another closed-head mouse model, tBHQ activated Nrf2 and attenuated NADPH oxidase
(NOX2) in order to reduce cerebral edema and neurologic deficits [175]. Carnosic acid (CA) activates
Nrf2 and in turn upregulates cytoprotective (ARE) genes and inhibits pro-inflammatory genes (through
suppression of NF-κB). Early (15 min) and delayed (8 h) administration of CA after CCI in mice, resulted
in restored mitochondrial respiration, and reduced neuronal cytoskeletal breakdown [167,176]. In mice
subjected to repetitive mild TBI, CA administration improved cognitive and motor functions [177].

Melatonin and N-acetylserotonin (NAS): Melatonin (N-acetyl 5-methoxytryptamine) is a
neurohormone with multiple physiological functions and has demonstrated to have anti-inflammatory,
antioxidant, and antiapoptotic properties [178–180]. NAS, a precursor of melatonin, is a melatonin
receptor 1C (MT3) agonist that is also shown to exhibit neuroprotection against TBI in preclinical
studies. It exhibits antioxidant properties by directly scavenging oxidants and indirectly acting
through antioxidant enzymes [181]. Melatonin might act through Nrf2-ARE signaling, as melatonin
treatment in rodents upregulated antioxidant enzymes (HO-1 and NQO-1) downstream to Nrf2, while
knockout of Nrf2 partially reversed its neuroprotective effects [182]. Moreover, a double-blinded
randomized placebo-control clinical trial is investigating the sublingual melatonin in the treatment of
post-concussion syndrome following mild pediatric TBI [183].

N-acetylcysteine (NAC) and N-acetylcysteine amide (NACA): Administration of both NAC and
its more BBB-permeable form, NACA, reduced cortical damage in rodents after experimental TBI [184].
NACA treatment, following TBI in rats, activated the Nrf2-ARE pathway, attenuated oxidative stress,
and inhibited neuronal degeneration [185]. A systematic review including twenty animal studies and
three human trials concluded that although there is sufficient preclinical evidence for neuroprotective
effects of NAC/NACA after TBI, well-designed clinical studies are lacking [186].

3.8. Endothelial Targeted Antioxidant Enzyme Therapy

Following TBI, the damaged endothelium is a key site for oxidative stress, and the damaged
endothelial cells upregulate the expression of cell adhesion molecules, such as Intercellular Adhesion
Molecule 1 (ICAM-1). A novel approach is the use of targeted endothelial nanomedicine/antibodies.
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For example, anti-ICAM-1/CAT is an anti-ICAM-1 antibody conjugated to the antioxidant enzyme
CAT. In an experimental model of TBI, anti-ICAM-1/CAT treatment reduced oxidative stress at the
BBB and attenuated neuropathological outcomes [187].

4. Inflammation

Post-traumatic cerebral inflammation starts within minutes of injury and is characterized by
upregulation and secretion of mediators (such as DAMPs, cytokines, and chemokines), infiltration
of neutrophils and other myeloid cells, and subsequent glial activation and leukocyte recruitment
(Figure 2) [188]. BBB impairment during the acute post-traumatic period allows for the entry
of circulating neutrophils, monocytes, and lymphocytes to the injury site and directly influences
neuronal survival and death [188–190]. The accumulated peripheral and resident immune cells in the
brain parenchyma release inflammatory mediators, including but not limited to DAMPs, cytokine,
chemokines, ROS, prostaglandins, and complement factors [20], which further potentiates inflammation
in the injured brain by recruiting more immune cells to the injury site [191]. However, over time,
subsequent production of anti-inflammatory mediators and endogenous protectants suppress both
humoral and cellular immune activation (Figure 2). In addition to the infiltrating peripheral blood
cells, the resident microglia are activated. These activated microglia help in clearing cell debris and
promote tissue remodeling. However, activated microglia also release various neurotoxic substances,
such as ROS, RNS, and excitatory neurotransmitters, such as glutamate, that may exacerbate neuronal
death [192]. In addition, proliferation and migration of reactive astrocytes, and the development
of a glial scar after brain trauma impair axonal regrowth. Overall, complex astrogliosis and the
trafficking of immune cells to the injury site can promote tissue repair and neurogenesis via the
release of neurotrophic factors, [29] or can exacerbate tissue damage through increased inflammatory
mechanisms as well (Figure 2).

4.1. Inflammatory Mediators

Within minutes to hours after the injury, damaged cells release many intracellular components,
such as heat shock proteins (HSP 60 and 70), nucleic acids, and high mobility group protein B1 (HMGB1)
into circulation and the extracellular space [14,193,194]. These released intracellular components
act as damage-associated molecular patterns (DAMPs) and activate pattern recognition receptors
(PRR) for downstream cell signaling [194–196]. In response, astrocytes, microglia, and neurons at the
injury site begin secreting cytokines and chemokines [191,197]. In addition to their contribution in
immune processes and roles in homeostasis, cytokines also function as messengers of intracellular
communication [198], while the chemotactic cytokines, or chemokines, regulate leukocyte activation
and migration [199]. These inflammatory signals activate microglia and astrocytes, recruit peripheral
immune cells, and increase migration to the site of injury. Once inside the brain, peripheral immune
cells secrete large amounts of inflammatory mediators, which add to further tissue damage and
remodeling [200–203]. Many studies have reported upregulated expression of IL-1β, TNF-α, IL-6,
CCL2, CCL3, CXCL1, CXCL2, CXCL8/IL-8, CXCL10, CCR2, CCR5, CXCR4, and CX3CR1 within 6 h of
TBI [204–206]. Similar to animal models of TBI, the levels of many cytokines and chemokines peak at
4 h post-injury in patients [207,208]. Collectively, the previous reports suggest that early upregulation
of inflammatory mediators is a robust response to injury that also adds to the subsequent secondary
injury and chronic neuropathological processes.

4.2. Cellular (Innate and Adaptive) Responses

The inflammatory mediators released post-TBI not only alter the residential CNS cells, but also
recruit peripheral cells into the brain. These immune cells polarize toward pro-or anti-inflammatory
phenotypes due to surrounding signals from the tissue microenvironment [194,205,209,210]. In cortical
impact TBI models, neutrophils are among the first cell types to respond to injury. Upregulated adhesion
molecules on vascular endothelium mediate neutrophil entry into the traumatized brain during the
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early h of the first day post-injury [195,211,212]. Despite the essential role of neutrophil recruitment
during peripheral infections and damage, they release huge amounts of ROS and RNS in traumatized
brain causing oxidative cellular damage. The presence of neutrophils in the injured brain becomes
greatly reduced by 3–5 days post-TBI, and mononuclear leukocytes begin to predominate [195,211,213].
These infiltrated cells are mostly CD45hiCCR2+Ly6C+monocytes, with a small number of dendritic cells
(DCs), T lymphocytes, and natural killer (NK) cells. DCs and T cells infiltrate the brain in lower numbers
in a similar fashion as monocytes, and perform specific functions depending on the subpopulations
of cells present. DCs are categorized into two- T-cell stimulating conventional dendritic cells (cDCs),
and interferon-α secreting plasmacytoid (pDCs) [213–215]. Further, T cells are categorized into four
sub-types- T helper (TH), memory T, cytotoxic T (TC), and NK cells, each serve distinct functions.
Besides infiltrating peripheral cells, residential microglia and astrocytes simultaneously get activated
during early immune response. Activated microglia, along with infiltrating macrophages, phagocytose
cellular debris, secrete inflammatory mediators, and add to the local inflammation [211,216–218].

Meningeal lymphatic vessels are specialized to facilitate drainage of immune cells and
macromolecules into the deep cervical lymph nodes and act as sites for immune surveillance
of the CNS [219,220]. Notably, following TBI, activated macrophages may drain into cervical
lymph nodes and mediate long-term adaptive response through MHC Class II-dependent antigen
presentation [213,221,222]. In agreement, T-lymphocytes get activated and recruited within deep
cervical lymph nodes by antigen-presenting cells rather than at the site of CNS injury [223]. Interestingly,
HLA-DR, an MHC Class II antigen expressed on macrophages, initiated adaptive immune responses
by binding myelin basic protein (MBP) [224,225]. Thus, myelin-loaded macrophages may initiate white
matter injury (WMI) post-TBI in a similar way to the autoimmune-mediated demyelination in multiple
sclerosis [226]. The fact that pharmacological inhibition of MHC Class II reduced neurodegeneration
after TBI [227], therefore, activated macrophages perhaps be a connected link between TBI and chronic
adaptive immune responses.

T-lymphocytes do not routinely cross the BBB [228,229] but are functionally diverse subsets that
mediate the specific adaptive responses against a presented antigen. In particular, TH cells stimulate
antibody production and release cytokines that potentiate activation of macrophages and TC cells.
Thus, infiltrating macrophages and TH cells cause neurodegeneration as evident in traumatized brain
tissue from animals and TBI patients [227,230,231]. Naïve TH cells differentiate into three TH subtypes,
such as TH1, TH2, and TH17 on the basis of clues obtained from secreted cytokines by activated
macrophages [209,232–234].

Further, TH17 cells promoted microglial polarization after experimental autoimmune
encephalomyelitis (EAE), while, in vitro, myelin-specific T-lymphocytes induced a pro-inflammatory
phenotype in microglia via IL-17 [235,236]. Furthermore, inhibition of TH17 influx into the brain
protected WM and prevented chronic neurological deficits post-neonatal hypoxia-ischemic injury [237].
In agreement, myelin-reactive TH17 cells were found to induce demyelination and to compromise
remyelination in animal models of WMI and in multiple sclerosis patients [238–241]. Moreover,
curcumin, an anti-inflammatory compound in the curry spice turmeric, improved TBI outcomes [242]
and attenuated activation of TH17 in ovalbumin-sensitized mice and in acute graft versus host
disease [243,244]. Curcumin further mitigated RORγT-mediated TH17 differentiation, decreased
MBP-reactive T cells, and attenuated IL-17 secretion by activated TH17 cells in EAE [245]. Therefore,
therapeutic strategies aiming at TH17 production/activity and/or MHC-II inhibition may provide
potential possibilities to improve chronic functional outcomes following TBI.

By 10–14 days post-injury, most of the circulating immune cells are largely absent from the injury
site. However, F4/80+ macrophages and glial fibrillary acidic protein (GFAP)+ astrocytes have been
detected at distant sites far from the primary damage. In addition, injured thalamic neurons and WMI
have been seen many months after the initial impact and thus indicate an effect of chronic diffuse
injury [217,246,247]. More detailed literature on the neuroimmunology of TBI and various components
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of the post-TBI immune response can be obtained from the recent reviews by McKee and Lukens and
Jassam et al. [248,249].

Contrary to previous dogma, cerebral inflammation is now considered to have both injurious
and beneficial roles in TBI resolution. The traumatized brain can benefit from inflammation if
regulated; otherwise, excessive and chronic inflammatory cascades can take over and contribute to
numerous neuropathologies [250]. Therefore, many therapies targeting either specific immune cells or
inflammation are gaining interests scientifically and clinically.

4.3. Therapies Targeting Inflammation in TBI

Glucocorticoids: Glucocorticoids have broad anti-inflammatory actions. A randomized
placebo-controlled trial (Corticosteroid Randomisation After Significant Head injury, CRASH)
investigated the effects of an IV corticosteroid (methylprednisolone) infusion within 8 h of TBI
in adult patients with a GCS score of 14 or less. They reported higher mortality rates at 2 and 24 weeks
in the glucocorticoid-treated patients [251,252].

TNF-α inhibitors: In neuroinflammation, TNF-α induces microglial and astrocytic activation,
and influences BBB permeability, glutamatergic transmission, and synaptic plasticity [253]. Treatment
with intraperitoneal etanercept, a TNF blocker (repeated every 12 h up to 3 days starting immediately
following injury) lowered neuronal and glial apoptosis, attenuated microglial and astrocytic activation,
reduced the cerebral damage, and improved cognition and motor ability [254]. Additionally, systemic
entanercept adminstration was able to penetrate the contused brain tissue reducing the brain
contents of TNF-α, and also stimulated newly formed neuronogenesis [255,256]. Clinically, perispinal
administration of etanercept (PSE) has shown early promising results in several studies investigating its
effects in neurological recovery and chronic pain post-brain injury [257–260]. An observational study
investigating the role of PSE in chronic management of TBI and stroke patients reported significant
improvements of chronic neurological dysfunctions. This beneficial effect was observed irrespective of
the duration of ailment with improvements noted in patients treated more than a decade after stroke
and TBI [261]. The wide therapeutic window of etanercept makes it a valuable therapeutic tool in
the management of patients after TBI. 3,6′-dithiothalidomide, a TNF-α synthesis inhibitor, has also
shown neuroprotective effects in experimental mild TBI (mTBI) studies when given up to 12 h after
injury [262,263]. However, mice lacking TNF-α showed increased post-traumatic mortality without
altering the sequele of TBI pathophysiology, and number of infiltrating cells, suggesting a protective
role after TBI [264] and could be modulated wisely to extract better outcomes.

IL-1 inhibitors: IL-1 receptor antagonist (IL-1ra) (Anakinra, recombinant human IL-1ra, rhIL-1ra):
Both IL-1α and IL-1β bind to IL-1 receptor type 1 (IL-1r1) and initiate signaling. IL-1ra is an
endogenous antagonist of the IL-1r1 and blocks receptor activation by IL-1 [265]. IL-1ra overexpressing
transgenic mice showed improved neurological functions with a delayed secretion of pro-inflammatory
cytokines in a closed-head injury (CHI) model [266]. A review examined previous experimental
studies using anakinra in TBI, elucidated that anakinra has a narrow early therapeutic window with
less neuroprotective effects when given at 2 h compared to 5 min or 15 min post-injury [267]. In a
randomized controlled phase II trial, 100 mg anakinra was administered subcutaneously once daily
for 5 days to severe TBI patients and was observed to be safe, penetrated into plasma and brain
extracellular fluid, and modified the neuroinflammatory response. However, only twenty patients were
recruited, and so the therapeutic effect of anakinra could not be concluded in the study. Furthermore,
considering the evidence from experimental studies regarding the narrow acute therapeutic window
for administration of anakinra, it would have been advisable to administer the medication at an earlier
time point which could be a limitation of the study due to ethical committee requirements [268].

IL-1β neutralizing antibody (anti-IL-1β antibody, IgG2a/k): Intraventricular infusion of anti-IL-1β
antibody (starting 5 min post-injury up to 14 days) reduced cortical microglial activation, minimized
neutrophil and T cell cortical infiltration, diminished lesion volume, and improved cognitive
function [269]. Further, intraperitoneal anti-IL-1β antibody at 30 min and 7 days post-CCI brain
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injury in mice reduced the ipsilateral hemispheric edema [270]. It has been reported that TBI leads to
activation of NOX2 and subsequent NOD-like receptor family pyrin domain-containing 3 (NLRP3)
inflammasome. The activation of NLRP3 inflammasome may lead to recruitment of IL-1 and caspase-1
following TBI [271,272]. Clinically, expressions of IL-18, IL-1β, caspase-1, and apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC) were found to be consistent with
poor outcomes after TBI [273], and targeting inflammasome through inhibiting ASC could show a
promising result in curbing inflammation in mice [274].

IL-1α inhibitors: IL-1α is another important early mediator of inflammation following acute TBI
and its inhibition may be neuroprotective [275]. An experimental research study has investigated
the selective and combined inhibition of both IL-1 subtypes in TBI. They investigated the effect of
inhibiting IL-1α (IL-1α-deficient mice), IL-1β (IL-1β-deficient mice), and IL-1r1 [IL-1r1-deficient mice
and anakinra (IL-1ra)] in cortical FPI. IL-1r1 blockade caused a greater reduction in diffuse cytokine
expression compared to individual ablation of IL-1α or IL-1β. Both genetic (IL-1r1-deficient mice) and
pharmacological (anakinra) blockade of IL-1r1 protected mice from cognitive dysfunction, which was
not seen with selective ablation of both IL-1 subtypes [276]. Therefore, broad targeting of IL-1r1 may
be a more effective neuroprotective approach.

IL-6 inhibitors: In experimental mild TBI models, IL-6 and keratinocyte-derived chemokine (KC)
were elevated 90 min post-injury, and IL-6 levels correlated with injury levels. This makes serum
IL-6 a possible biomarker of TBI severity [277]. In a severe injury, serum IL-6 levels were used as
a valid prognostic marker of ICP elevation only in TBI patients but could not be used in patients
having both polytrauma and TBI [278]. In one study, mice were subjected to mild TBI, treated with
rat monoclonal anti-IL-6 antibodies 10 min after injury, and then immediately exposed to hypoxia for
30 min. Anti-IL-6 treatment reduced brain inflammation and neuronal injury. Additionally, anti-IL-6
antibody administration abrogated the motor incoordination prompted by mTBI and hypoxia [279].

Clinically, there are many medications available for IL-6 inhibition, some of them are monoclonal
anti-IL-6 antibodies (siltuximab) or anti-IL6-receptor antibodies (tocilizumab, sarilumab). Thus,
IL-6 inhibition has a protective effect following TBI and may be the focus of future extensive TBI studies.
Given that IL-1 inhibition improved cognitive but not motor functions and that IL-6 inhibition improved
motor coordination, collective inhibition of both IL-1 and IL-6 could be a promising therapeutic avenue
for further research.

HMGB1 inhibitors
TLR4 inhibitor: HMGB1 is a DAMP and binds to PRRs such as TLR2, TLR4, or receptors for

advanced glycation end products (RAGE). As neuronal HMGB1 leads TLR4-mediated secretion of IL-6
from activated microglial/macrophages, either pharmacological inhibition of TLR4 by VGX-1027 or
genetic mutation limited post-traumatic edema and inflammation in mice post-TBI [14].

Glycyrrhizin (Gly): Gly is a natural triterpenoid, which possesses antiviral and anti-inflammatory
activities and suppresses HMGB1 activities via binding with its HMG box [280]. Previously, glycyrrhizic
acid (600 mg/kg, i.p.) was reported to reduce ipsilateral brain edema 24 h post-TBI when administered
15 min prior to injury [14]. Similarly, IV administration of Gly 30 min post-injury downregulates
HMGB1-(TLR4/RAGE)-NF-κB inflammatory pathway, resulting in attenuation of brain edema and
improvement of motor function in TBI rats [281].

HMGB1 A-box: HMGB1 is comprised of an acidic C-terminus and the DNA-binding domains
A-box (contains binding sites) and B-box (pro-inflammatory domain). Therefore, recombinant HMGB1
A-box fragment may compete with HMGB1 for binding to corresponding receptor, and thus, may be
exert neuroprotection. In a CCI model of TBI in mice, IV administration of HMGB1 A-box daily for
3 days lowered pro-inflammatory cytokine levels, attenuated BBB breakdown, reduced cerebral edema,
and enhanced neurobehavioral outcomes [282].

Other anti-inflammatory interventions
Natural anti-inflammatory compounds [curcumin and epigallocatechin-3-gallate (EGCG)]:

Curcumin, the active compound in the spice turmeric, decreased glial activation, reduced cerebral
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edema, and improved neurological functions after CCI injury in mice, possibly by suppressing IL-1β,
inhibiting NFκB, and downregulating AQP4 [242]. Natural compounds such as curcumin, which have
broad anti-inflammatory effects, may prove to be effective treatments for brain injury since they likely
target multiple inflammatory pathways to prevent cell death. For example, EGCG, an antioxidant in
green tea, reduced cerebral edema and microglial activation following TBI by lowering expression of
AQP4 and GFAP. EGCG further decreased oxidative stress by inhibiting NADPH oxidase activation
and increasing SOD activity [283].

Cannabinoids: A fast-growing field of therapeutic intervention in different brain disorders is to
modulate the endocannabinoid (eCB) system to harness favorable outcomes [205,284]. Cannabis-based
research has come a long way from its introduction in 1838 by William O’Shaughnessy [285] for the
treatment of migraines [286,287] and neuropathic pain [285,288,289]. The current cannabis preparations
available clinically are Cesamet (nabilone), Marinol (dronabinol: Δ9-tetrahydrocannabinol [Δ9-THC]),
and Sativex also branded as Nabiximols (Δ9-THC with cannabidiol) [290]. Sativex has been approved
in thirty countries for multiple sclerosis-associated spasticity and central neuropathic pain [291],
and for opioid-resistant cancer pain as well [292]. The eCB system is an endogenous system that gets
activated by natural cannabinoids or cannabinoid-mimicking substances. The eCB system consists
of two main cannabinoid receptors (CB1 and CB2), their endogenous ligands 2-arachidonyl glycerol
[(2-AG) and N-arachidonoylethanolamine (anandamide)], and ligand-synthesizing and metabolizing
enzymes regulating the secreted ligands [293,294]. The eCB system is essential for cellular homeostasis
and physiology, and may have an important contribution in repair processes either after injury
or during disease [294–298]. However, various inhibitors to AEA-metabolizing enzyme fatty acid
amide hydrolase (FAAH) did not advance to phase III clinical trials as neurological therapeutics [299].
Additionally, an IV cannabinoid analog, dexanabinol (HU-211), has failed to show protective effect
after head trauma in phase III clinical trials [300], but the scientific quest continues in the hope for
other therapeutic preparations for the treatment of stroke and other brain pathologies [301–303].
Treatment with exogenous 2-AG attenuated inflammation, cerebrovascular injury, and subsequent
neurological deficits after TBI [304]. Recently, we reported that selective activation of CB2R helped to
reduce inflammatory macrophages and thus, protected CBF and behavioral function [205]. Synthetic
CB2R agonists such as HU-910 and HU-914 showed enhanced recovery in rodents after closed-head
injury [304]. Thus, eCB possesses potential targets for the modulation in diverse TBI pathologies.
Exogenous compounds, such as the plant-derived phytocannabinoids or synthetic cannabinoids are
being highly incorporated in basic research in TBI therapy. However, full characterization of the eCB
system in the settings of TBI and other brain injuries is not fully revealed, but efforts are being made to
understand its important part in brain homeostasis.

Remote Ischemic Conditioning (RIC): Most studies involving TBI therapies focus on various drugs
that can target secondary injury mechanisms; however, a novel treatment known as RIC involves a
non-pharmacological approach [305]. This treatment involves applying a blood pressure-type cuff
on the arm, which tightens and loosens, subjecting the limb to short cycles of alternate ischemia and
subsequent reperfusion to protect distant organs such as the brain, from any injury [306]. Previously,
RIC has been stated to improve CBF [307], possibly through the secretion of humoral factors, such as
endothelial NOS, NO, and/or nitrites [308], and anti-inflammatory factors that activate protective
pathways against ischemia. These mechanisms may also activate mitochondrial ATP-sensitive
potassium channels [309] that can restore the mitochondrial membrane potential and can suppress
apoptosis following ischemia-reperfusion [310]. Recently, we reported that RIC improved hematoma
resolution in a murine model of intracerebral hemorrhage (ICH) via modulation of AMP-activated
protein kinase (AMPK) in macrophages [210]. RIC is gaining popularity, and more and more research
has started focusing on this method in an effort to enhance endogenous protection [311–315]. A recent
clinical trial on RIC following severe TBI found that RIC significantly decreased levels of blood
biomarkers after TBI [313]. However, this clinical trial was relatively small and only looked at
biomarkers in patient blood at 0, 6, and 24 h after RIC. Further clinical trials on RIC as a treatment
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for TBI are desired to evaluate its effectiveness, particularly in regard to patient outcomes, cognition,
and standards of living. RIC appears to be a promising and non-invasive treatment for numerous
conditions and can be easily combined with other treatments. For example, RIC combined with
minocycline was proved to be a safe and low-cost intervention in a mouse thromboembolic stroke
model [307]. Moreover, exposing rodents to intermittent and sub-acute RIC upregulated endogenous
protection mechanisms limiting secondary injury following TBI [311,312]. Non-invasive approaches,
such as RIC, will be better tools to provide neuroprotection after TBI but will still require further testing
in clinical settings.

5. Programmed Cell Death (PCD)

PCD is another major cause of neuronal cell loss that can continue for days following
TBI and is associated with poor prognosis [316]. Important PCD processes include cell cycle
activation-dependent cell death, cell death mediated by caspases and pro-apoptotic members of Bcl-2
family, PARP/AIF-dependent death, and calpain/cathepsis-dependent death [317,318]. Understanding
these many mechanisms of PCD is essential for developing a therapeutic intervention since multiple
mechanisms of cell death are often simultaneously and excessively activated in response to injury.
Blocking any one individual cell death mechanism may not be beneficial as other mechanisms can still
compensate and lead to cell loss.

5.1. Cell Cycle Activation-Dependent Neuronal Cell Death

In several neurodegenerative disorders, markers of cell cycle reentry can be detected long
before actual neuronal death, suggesting that mature neurons may re-enter the cell cycle and that
these cell cycle events (CCE) may be upstream of neuronal cell death pathways [319]. TBI activates
neuronal apoptosis, upregulating cell cycle markers (e.g., Cyclin D1, CDK4, E2F5, c-myc, and PCNA),
while downregulating various endogenous cell cycle inhibitors [320–322]. Pharmacological inhibitors
of cyclin-dependent kinases (CDKs), which regulate the cell cycle, have been stated to attenuate
neuronal cell death and significantly improve outcomes after TBI in rodent models [321,323].

5.2. Caspase-Dependent Cell Death

Morphological cell changes, such as nuclear fragmentation, chromatic condensation,
and membrane budding following TBI, occur via caspase-dependent cleavage of specific apoptotic
substrates. Caspase-3 activation can follow either the extrinsic pathway, involving TNF and FAS
receptors, or the intrinsic pathway, involving mitochondrial outer membrane permeabilization (MOMP).
MOMP induces the release of cytochrome c (cyt c), an inner mitochondrial membranous protein,
into the cytosol. There, cyt c binds with apoptosis-inducing factor (Apaf-1) to form an ATP-dependent
complex, which in turn activates caspase-9 and caspase-3 [324].

Caspase-3 is an important effector caspase, which plays an important role in injury-induced
neuronal loss after TBI [324]. Many studies have reported the link between activation of caspases
and neuronal apoptosis in both clinical and pre-clinical TBI [325–328]. Treatment with various
caspase inhibitors improves outcomes after experimental TBI, is effective therapeutically, and has a
broad safety window [327,329]. Caspase-12 can be activated by endoplasmic reticulum (ER) stress,
triggering apoptosis and resulting in neuronal cell death [328,330]. Bcl-2 and Bcl-xL are anti-apoptotic
proteins that either inhibit MOMP directly or inhibit pro-apoptotic proteins to regulate MOMP and
caspases. Pro-apoptotic proteins, consist of three subtypes; the first subtype consists of BAX and
BAK, which can directly permeabilize mitochondrial membrane; the second subtype includes BID and
BIM, which activate the first subtype; and the third type includes BAD, PUMA, and NOXA which
can inactivate Bcl-2 and Bcl-xL [318]. The balance between the activities of pro- and anti-apoptotic
members of Bcl-2 family is a major determinant of apoptosis after TBI. Increased Bcl-2 and Bcl-xL
expression leads to survival of cells [331] while upregulation of BAX, BAD, or BIM promotes cell
demise in the post-TBI brain [316].
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5.3. Caspase-Independent Cell Death Pathways

Following MOMP, mitochondrial inner membrane proteins, such as cyt c, Smac/DIABLO, AIF,
and endonuclease G (endoG), may be released into the cytosol and modulate cell death. Calpain I,
a Ca2+-dependent cysteine protease, is activated following TBI [332–334]. Activated calpain I cleaves
the death-promoting Bcl-2 family members BID [335,336] and BAX [337], which then translocate
to mitochondrial membranes. This results in the release of truncated apoptosis-inducing factor
(tAIF) [335], cyt c [338], and endoG [336] in the case of BID or cyt c in the case of BAX [337,338].
These released proteins cause damage to nucleic acids and potentiate the release of inner membrane
proteins [339–341]. While endoG cleaves internucleosomal (180 base pair) DNA [342], tAIF causes DNA
cleavage on a large scale via interaction with phosphorylated histone H2AX (γH2AX) and cyclophilin
A after translocation into nuclei [343,344]. Further, activated calpain I cleaves the Na+-Ca2+ exchanger,
which leads to accumulation of intracellular Ca2+ [345]. Cyt c has also been shown to translocate to
the nucleus and is linked with cytosolic translocation of acetylated histone H2A in irradiated HeLa
cells [346–348].

Most studies have confirmed that AIF mediates cell death, independent of caspase, Apaf-1,
or cyt c [349,350]. PAR polymerase-1 (PARP-1), Cyclophilin A, and HSP-70 are key regulators of
AIF and are responsible for translocation of AIF from mitochondria into the nucleus, which is partly
mediated by activation of PARP-1 [351,352]. PARP-1 activation causes depletion of cytosolic NAD+ and
subsequent mitochondrial dysfunction, which mediates the release of AIF from mitochondria [353,354].
The end-product of PARP-1 activation, poly (ADP-ribose) (PAR) polymer, also cause direct or
calpain-mediated mitochondrial impairment and MOMP [355]. PARP-1 is activated in response
to DNA damage and forms PAR polymers to repair DNA nicks. However, when DNA loss is extensive,
PAR starts building up in the nucleus, and eventually translocates to mitochondria, and causes release of
AIF [356–358]. Further, nuclear PAR glycohydrolase (PARG) hydrolyzes excessive PAR into ADP-ribose.
These ADP-ribose translocate into the plasma membrane to stimulate melastatin-like transient receptor
potential 2 (TRPM-2) channels to cause excessive Ca2+ influx into neurons [359]. In the main region of
injury following cerebral ischemia, where bioenergetics conditions are compromised, cellular death
takes place via AIF- and PARP-1-mediated processes rather than caspase-mediated cell death [349].
In fact, in PARP-1-dependent cell death, mitochondria release AIF and cyt c; however, caspases do not
become activated because of depleted ATP [353,355].

5.4. Therapies Targeting Cell Death Pathways

HSP70: HSP70 is an interesting molecule that is extremely important in neuronal cell
survival [360,361]. This mechanism of neuroprotection includes binding of HSP70 to Apaf-1
and AIF, thereby blocking the creation of apoptosome complexes, and subsequent activation of
caspase-3 [362,363] and attenuating nuclear translocation of AIF [361,364,365]. In addition, deletion of
HSP70 or HSP110 caused increased cell death with upregulated expression of ROS-induced P53-target
genes, such as pig1, pig8, and pig12, while HSP70/110 boosting drug celastrol improved behavioral
outcomes and protected brain cells from secondary injury following TBI [366]. It must be noted that
stress-induced cellular death likely involves multiple pathways [318,367,368]. A key determinant in cell
death dynamics in TBI is likely the cellular bioenergetics of the brain. When bioenergetic processes are
preserved, caspase-dependent cell death mechanisms predominate, while under deficient bioenergetic
conditions, when caspase is not activated, AIF may facilitate cell death. As AIF and caspases act
through parallel pathways in apoptosis, targeting both pathways would have potentially additive
therapeutic effects [369].

CDK inhibitors: Selective CDK inhibitors inhibit the cell cycle that leads to glial activation
and neuronal apoptosis in TBI [370]. These CDK inhibitors are toxic when given chronically, as is
done in cancer treatments; however, short-term treatments, such as could be the case for acute TBI,
would pose less of an issue. In addition, roscovitine and CR-8 show strong neuroprotective effects
when administered as a single dose at a clinically relevant delayed time point [370]. Another TBI study
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found that CDK inhibitors decreased neuronal death, lesion volume, astroglial scarring, microglial
activation, and improved motor and cognition functions [321].

Minocycline: Minocycline is a second-generation tetracycline and has been reported to inhibit
microglial activation and subsequent excitotoxicity in TBI [371–374]. Minocycline also inhibited
caspase-dependent and independent mitochondrial cell death pathways by preventing release of cyt c
in a chronic neurodegeneration model [375]. However, one study found only transient neuroprotection
and no change in apoptosis [189]. Minocycline is already FDA approved as an antibiotic, has a long
half-life, can readily cross the BBB, and is well tolerated in high doses [376]. In addition, clinical trials
of minocycline treatment in acute spinal cord injury found improvements in neurological outcomes
and no significant adverse effects [377]. Therefore, animal studies and clinical trials warrant further
investigation of minocycline as a possible therapeutic intervention in TBI.

Progesterone: Progesterone treatment leads to reduced edema, neuroinflammation, neuronal
excitotoxicity, and apoptosis after TBI in both animal studies and initial clinical trials [378]. Progesterone
modulated AQP4 expression on astrocytes and decreased cerebral edema in rats after TBI [379].
Progesterone may also reduce LP and oxidative stress by upregulating antioxidant enzymes, such as
SOD [380], and ROS scavengers, such as mitochondrial glutathione [381]. Progesterone also attenuated
neuronal excitoxicity by inhibiting voltage-gated calcium channels [382]. Studies have also shown
that progesterone may inhibit activity of cyt c and caspase-3, and upregulate anti-apoptotic Bcl-2
proteins [382]. Despite the widespread success in experimental TBI [378], stage III clinical trials
found no significant improvements in progesterone-treated TBI patients [383]. Similar to progesterone
studies, many seemingly promising TBI treatments also failed in later clinical trials [384]. For example,
erythropoietin restored mitochondrial function in TBI, and thereby reduced oxidative stress and
inflammation [385] but failed to show significant improvements in TBI patients in clinical trials [386].
These failures may be attributed to many different factors including mechanistic and physiological
differences in animal systems, heterogeneity of the injuries in patients, and/or issues with dosage and
durations of treatment [387]. For example, no drug optimization studies were done prior to the phase III
progsterone trials even though pre-clinical trials found many parameters that were critical for treatment
effectiveness [384]. Studies have stated that growth hormone replacement therapy, in patients with
post-traumatic hypopituitarism, partially reversed cognitive impairment, and improved processing
speed and memory after TBI [388,389]. Incidence of endocrine insufficiency/failure after TBI is quite
high but its cognitive symptoms are often mistaken for signs of residual injury [390]. These hormone
deficiencies may be easily treated with hormone replacement therapy, and clinical symptoms respond
well to treatment. Greater awareness of hypopituitarism and adrenal and endocrine failure following
TBI is desirable in order to better manage the chronic effects of TBI.

microRNAs (miRNAs): Widespread research on therapies utilizing miRNAs, small non-coding
RNA molecules that regulate gene expression, is performed in many different disease research
fields [391]. miRNAs have demonstrated great therapeutic potential; however, research on these
therapies is still in its infancy and the part of miRNAs in secondary injury in TBI remains largely
unexplored [392]. Recently, Sabirzhanov et al. found that upregulation of miR-711 in TBI coincided
with downregulation of the pro-survival protein Akt and subsequent activation of apoptotic PUMA
and BIM, and cytosolic translocation of cytochrome c and AIF [392]. Inhibitor of miR-711 decreased
apoptosis, restored Akt, and attenuated long-term neurological deficits after TBI. Another miRNA,
miR-21 repressed apoptosis and supported angiogenesis by increasing Bcl-2 expression, inhibiting
BAX and caspase-3, and activating PTEN-Akt signaling [393,394]. Going forward, miRNA therapies
may be a promising future direction for the development of novel interventions in TBI by enabling
direct targeting and inhibition of cell loss and concurrent targeting of multiple effectors.

6. Conclusions

In conclusion, a comprehensive understanding of TBI pathophysiology will allow for the
development of effective drugs or drug combinations that target multiple secondary injury mechanisms
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and can be administered during optimal therapeutic windows. This approach could augment the
bench to bedside translation of neuroprotective treatments. A few noteworthy treatment strategies
have made it to the clinical trial stage for the treatment of brain injury, including tranexamic acid,
CDP-choline, methylphenidate, NA-1, CBD, and non-invasive RIC. However, there is still a lack of
effective therapeutics for TBI, with treatment mainly consisting of emergency surgeries, maintaining
ICP, and rehabilitation therapies. The heterogeneous nature and complex pathophysiology of TBI
necessitates a combination of therapies to ameliorate secondary injury and post-traumatic deficits.
The fact that neurons and other supporting cells, such as astrocytes, microglia, oligodendrocytes,
and the brain vasculature can all undergo degeneration quickly after trauma in the injured brain,
further complicates its management. Astrogliosis and neuroinflammation are key secondary injury
events that contribute to neurological deficits and even to chronic neurodegeneration after TBI.
Moreover, death of non-neuronal cells can compromise recovery and hinder neurotransmission. Future
therapeutic strategies should be focused on secondary injury, aiming to minimize detrimental events
such as neuroinflammation and create optimal conditions for regeneration and repair post-injury.
Additionally, the classification of patients according to GCS score alone may not be an effective method
for patient inclusion in clinical trials. Advanced analysis of brain imaging has emerged as a vital tool
for identifying progression of disease and efficacy of treatment clinically. Therefore, utilization of novel
imaging methods and biomarkers, in addition to GCS scores, may be more accurate criteria for patient
recruitment in clinical trials of neuroprotective medications.
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Abstract: Traumatic brain injury confers a significant and growing public health burden. It is a
major environmental risk factor for dementia. Nonetheless, the mechanism by which primary me-
chanical injury leads to neurodegeneration and an increased risk of dementia-related diseases is
unclear. Thus, we aimed to investigate the effect of stretching on SH-SY5Y neuroblastoma cells that
proliferate in vitro. These cells retain the dopamine-β-hydroxylase activity, thus being suitable for
neuromechanistic studies. SH-SY5Y cells were cultured on stretchable membranes. The culture
conditions contained two groups, namely non-stretched (control) and stretched. They were subjected
to cyclic stretching (6 and 24 h) and 25% elongation at 1 Hz. Following stretching at 25% and 1 Hz for
6 h, the mechanical injury changed the mitochondrial membrane potential and triggered oxidative
DNA damage at 24 h. Stretching decreased the level of brain-derived neurotrophic factors and
increased amyloid-β, thus indicating neuronal stress. Moreover, the mechanical injury downregu-
lated the insulin pathway and upregulated glycogen synthase kinase 3β (GSK-3β)S9/p-Tau protein
levels, which caused a neuronal injury. Following 6 and 24 h of stretching, GSK-3βS9 was directly
bound to p-TauS396. In contrast, the neuronal injury was improved using GSK-3β inhibitor TWS119,
which downregulated amyloid-β/p-Taus396 phosphorylation by enhancing ERK1/2T202/Y204
and AktS473 phosphorylation. Our findings imply that the neurons were under stress and that the
inactivation of the GSK3β could alleviate this defect.

Keywords: mechanical stimulations; traumatic brain injury (TBI); stretching; neurons; GSK-3β; p-Tau

1. Introduction

Over 60 million new cases of traumatic brain injury (TBI) occur every year worldwide.
TBI is the leading cause of death and disability in people aged 1–40 years [1–3]. Despite
technological advancements, the treatment for TBI has remained static and is limited to
palliative care. The insults leading to TBI include sports injury, crash, falls, and assault [4].
The impact of brain injury can be permanent and can affect an individual in several ways,
such as cognition impairment and personality change [4]. The impact is usually negative,
which can further affect society. Therefore, it is important to understand the kind of strain
that leads to TBI. Moreover, following TBI, even mild physical strain becomes sustained
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in the neurons. Recent studies have associated TBI with the pathologic accumulation of
the neurotoxic proteins Tau, TDP-43, and amyloid-beta, leading to progressive neurode-
generative diseases, including chronic traumatic encephalopathy [5], Alzheimer’s disease
(AD) [6] and other dementias [7,8]. A moderate to severe TBI is sufficient to increase the
risk of developing dementia up to four-fold [6]. Despite these findings, the mechanism
by which primary mechanical injury leads to neurodegeneration and increases the risk
of dementia-related diseases is unclear. Identifying the interplay between environmental
and genetic risk factors for neurodegenerative diseases is critical for the development of
therapeutics to mitigate and prevent subsequent pathology. Recently, researchers have
attempted the development of in vitro TBI models using a bio-inspired mechanic device.
Previous studies have used a high-frequency device to stretch the neurons [9]. This resulted
in an injury to the cell bodies and axons. The neurons were found to grow and survive with
the rearrangement of cytoskeleton proteins, particularly microtubules, on being subjected
to 5% strain. In addition, the aforementioned strain value enhanced the velocity of the
synaptic vesicles. On the contrary, an aggressive strain, such as 50% [10], can change the
MMP [11], release lactate dehydrogenase, and cause cell death [12,13]. Considering the
aforementioned outcomes, mechanical stimulation can alter cell physiology. Therefore,
mechanical stimulation can be used for the development of in vitro TBI models based
on their impact on neuron growth and survival. Nonetheless, the field of mechanical
stimulation on neurons is still unclear.

Reactive oxygen species (ROS) are excessively generated in the injured brain tissue
during and after TBI. This can be attributed to changes in the oxygen demand and an
abnormal accumulation of cells susceptible to lipid oxidation [14]. Together with the inflam-
matory response, oxidative stress is supposedly the culprit that leads to neurodegenerative
diseases. The aforementioned AD biomarkers can be used to study their expressions
and to achieve an in vitro TBI model. Amyloid-β (Aβ) peptides generated from amyloid
precursor protein are the hallmark of AD. Aβ peptides accumulate in the brain tissue of
patients with AD [15]. The accumulation of Aβ peptides can affect insulin signaling [16],
synaptic function, and aberrant gene expressions. In addition, the aforementioned ab-
normal accumulation plays a role in memory loss. Previous studies contain illustrations
representing the diseased neurons with increased Aβ peptides, hyperphosphorylated Tau,
alpha-synuclein, and polyglutamine [17]. Furthermore, Tau (or microtubule-associated
protein Tau) and α-synuclein proteins are aggregated in AD and PD brains [18–20]. Be-
sides, the change in metabolism following TBI includes an impairment of insulin signaling.
Insulin and insulin growth factor (IGF) signaling in the central nervous system regu-
late cognitive function [21,22]. Insulin/IGF resistance in AD brain leads to decreased
phosphoinositol-3-kinase (PI3K)/Akt [23,24] and Wnt/β-catenin signaling [25], as well as
increased activation of glycogen synthase kinase 3β (GSK-3β). The impaired insulin/IGF
signaling can also disrupt Aβ peptide accumulation [26]. In consequence, the metabolism
changes and abnormal protein accumulation promotes oxidative stress in the neurons.

The release of Tau in the cerebrospinal fluid and blood is reportedly a sign of axonal
injury. The level of Tau protein increases in Olympic boxers following a mild trauma to
the head [27]. Previous studies reported that Tau increase possibly indicates an injury to
the central nervous system [28]. The aggregated Tau protein is reportedly toxic, thus was
implicated in forming the association between TBI and neurodegenerative diseases. The
Tau protein becomes hyperphosphorylated and forms an abnormal aggregate in the cell
body of a neuron [21]. It is involved in modulating the binding of microtubule proteins.
Thus, the abnormal aggregation of Tau disrupts microtubule formation. This, in turn,
disrupts the transmission of neuronal signals and vesicle trafficking in the neurons. We
aimed to investigate if mechanical stretching induces oxidative stress and mitochondrial
membrane potential (MMP) that causes insulin signaling defects under pathological condi-
tions. Moreover, we intended to identify events critical to the development of Aβ and Tau
aggregation. In addition, we clarified if a defect in neuronal insulin signaling triggers the
formation of p-TauS396 and pGSK3βS9 complex, thus implying neuronal stress. Overall,
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our results suggest that this neuronal insulin signaling defect is a core mechanism that
induces a form of p-TauS396 and pGSK3βS9 complex, implying that the neuron cells were
under stress and that inactivation of the GSK3β may alleviate this defect.

2. Methods

2.1. Cell Culture

SH-SY5Y neuroblastoma cells were used in this study. The SH-SY5Y cells are fre-
quently used for studying neuron behavior affected by neurotoxic and mechanical injury.
The SH-SY5Y cells were maintained in an undifferentiated state. Previously, differentiated
SH-SY5Y cells were found resistant to oxidative stress with altered mitochondrial function.
The cells were maintained in DMEM, supplemented with 10% FBS, 100 μg/mL penicillin-
streptomycin at 37 ◦C, and 5% CO2. They were seeded on polydimethylsiloxane (PDMS)
at a density of 1.5 × 104/cm2. The PDMS membrane was stretchable and transparent.

2.2. Stretch Device

The stretch device comprised the following two parts: (1) a primary unit with a strain
spindle and (2) a side tray with chambers for cell culture. The cells were cultured in the
chamber, filled with a complete medium on the side tray. The side tray was attached to the
primary unit with a controlled strain amount. The cells attached to the PDMS membrane
were stretched in the biaxial direction. While one end was fixed to the clip, the other end
was being stretched.

2.3. Stretched-Injury Model

The cells were stretched following their complete attachment to the PDMS surface.
The latter was pre-coated with collagen at 24 h following the seeding. Based on a previous
study on moderate and severe stretch-injury model, the neurons were subjected to a severe
mechanical stretch comprising a rapid onset strain pulse (25% membrane deformation
for 6 and 24 h) at a frequency of 1 Hz. The stretching was performed in a humidified
atmosphere at 37 ◦C and 5% CO2.

2.4. Cell Alignment Measurement

After stretching, the cells were observed under the microscope (Leica Camera Incorpo-
ration, Wetzlar, Germany) with a bright field. Images were taken randomly at magnification
200×. Five fields of view were analyzed, with each field of view having at least 30 cells.
The cell orientation or alignment was analyzed using ImageJ software (National Institute
of Health, Bethesda, MD, USA) with the angle analysis tool. Cells with angles equal to and
greater than 30◦, or equal to and less than −30◦ were categorized as aligned cells. The cells
that were between 30 and −30◦ were categorized as not aligned.

2.5. Immunoblotting Assay

We resolved the protein (30 μg/sample assessed by the bicinchoninic acid protein
assay, Pierce Chemical Co., Rockford, IL, USA) on a 6% polyacrylamide gel and transferred
them to a polyvinylidene fluoride membrane (GE Healthcare, Buckinghamshire, UK). The
membranes were incubated with appropriate anti-p-TauT231 (ab151559), anti-P-AktS473
(4060, Cell Signaling Technology, Beverly, MA, USA), anti-P-GSK-3βS9 (05-643, EMD Milli-
pore, Billerica, MA, USA), anti-amyloid precursor protein (ab12266), anti-Tau (ab80579),
anti-Akt (9272), anti-GSK-3β (07-389), or anti-BDNF antibodies. All the primary antibodies
were used at the dilution of 1:1000 in PBST with 5% bovine serum albumin. They were
then incubated in an HRP-labelled goat anti-rabbit secondary antibody at 1:10,000. We
developed the membranes using an ECL-Plus detection kit (GE Healthcare).
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2.6. Measuring BDNF Levels

We measured the BDNF levels using a human BDNF ELISA kit (Life Technologies
Corporation Carlsbad, CA, USA). They were detected using a Biochrom Anthos Zenyth
200 rt Microplate Reader (Cambridge, UK).

2.7. Immunofluorescence Assay

The cells were fixed with 4% paraformaldehyde for 20 min, washed with phosphate-
buffered saline (PBS), and incubated with Triton X-100 for 10 min (0.5% v:v). We performed
blocking by incubating the cells with 5% (w:v) bovine serum albumin for 30 min. Fol-
lowing washing in PBS, the cells were incubated overnight with primary antibody at
4 ◦C. We evaluated the DNA damage using anti-8-hydroxy-2-deoxyguanosine (anti-8-
OHdG, 1:1000; ab62623 Abcam, Cambridge, UK). Following their binding to primary
antibodies, the cells were further incubated with Alexa Fluor-conjugated anti-rabbit, and
anti-mouse (Jackson Immunoresearch, 1:1000) for 1 h. They were eventually stained
and mounted using the Prolong®DiamondAntifade Mounting Medium, containing 4′,6-
diamidino-2-phenylindole (Life Technology). We analyzed them with an Olympus DP71
device (100× and 200× magnification).

2.8. Mitochondrial Membrane Potential

THC-stimulated changes in the mitochondrial membrane potential (MMP) were
assessed using the fluorescent reagent tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
with the JC-1-Mitochondrial Membrane Potential Assay Kit (Abcam, Cat. no. ab113850)
following the manufacturer’s protocol. Cells were washed once with 1× dilution buffer
and then incubated with 20 μM JC-1 dye in 1× dilution buffer for 10 min at 37 ◦C, protected
from light. JC-1 dye was then removed, cells were washed once with 1× dilution buffer,
and 100 μL of fresh 1× dilution buffer was added to each well. The red fluorescence
in excitation (535 nm)/emission (590 nm) and green fluorescence excitation/emission
(475 nm/530 nm) was measured using a Biochrom Anthos Zenyth 200 rt Microplate Reader
(Cambridge, UK). Background fluorescence was subtracted from the fluorescence of treated
cells, then the ratio of red (polarized) fluorescence divided by that of green (depolarized)
fluorescence was obtained.

2.9. Co-Immunoprecipitation

The Catch and Release Reversible Immunoprecipitation System (Millipore) was used
according to the manufacturer’s instructions. The proteins were eluted in 70 μL of the
elution buffer and subjected to an immunoblotting analysis, using the anti-GSK-3βS9 and
anti-p-TauS396 antibodies.

2.10. Statistical Analyses

All measurements were produced at least three times under independent conditions.
The results are shown as mean ± standard error of the mean (SEM). Statistics were analyzed
with Mann-Whitney U-test. All statistical analyses were carried out on raw data using
SPSS, version 20.0 (SPSS Inc, Chicago, IL, USA). * p value < 0.05 indicated a significant
result. ** p < 0.01 indicated an extremely significant result.

3. Results

3.1. Mechanical Injury Induces Neuron Injury through Stretching, thus Altering the
Mitochondrial Membrane Potential and Inducing Oxidative DNA Damage

Neurons rely on signal transmission for cell-to-cell communication in a neuronal
network. The mitochondrial membrane potential plays an important role in maintaining
signal transduction in neurons. Herein, we investigated the effect of mechanical stress on
neurons to establish an injured neuronal cell model. The neurons aligned perpendicularly
to the stretching direction (Figure 1A). Furthermore, the MMP was altered after 6 h of
cyclical stretching at 25% and 1 Hz uniaxial deformation, as shown by JC-1 staining. In turn,
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this alteration substantially increased the ratios of green/red fluorescence compared to
those of the control. Thus, stretching triggers MMP collapse by depolarization (Figure 1B).
TBI-induced oxidative stress in the brain can lead to neurodegenerative diseases as well.
Oxidative stress is a major mediator of the secondary injury that follows TBI [29]. Neuronal
death, a hallmark of TBI, where the loss of dopaminergic neurons and dopaminergic
dysfunction is observed. Levels of dopamine (DA) were shown to be decreased 24 h after
injury in an experimental mouse model of TBI [30]. Therefore, we determined to study if
mechanical stress reduces levels of DA and oxidative DNA damage. Following stretching
at 25% and 1 Hz for 24 h, the 8-OHdG immunoreactivity had substantially increased
compared to the control (Figure 1C), and the levels of DA had substantially decreased
compared to the control (Figure 1D). Hence, stretching-mediated mechanical injury altered
the mitochondrial membrane potential and increased oxidative DNA damage.

Figure 1. Cont.
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Figure 1. Mechanical injury induces neuron injury through stretching. (A) SH-SY5Y neuroblastoma cells are stretched
in the uniaxial direction; cell alignment was measured by an angle deviation of 30◦ in plane, with both ends of each cell.
Cell alignment after 6 h was measured using ImageJ. (B) The cells were stained with JC-1 probe immediately after 6 h
of stretching. The JC-1 probe detects changes in the mitochondrial potential. It was analyzed by flow cytometry for 6 h
after stretching. The mechanical stimulation altered the mitochondrial membrane potential. (C) A set of representative
anti-8-OHdG immunofluorescent stained images (green) depicts an increase in 8-OHdG fluorescence signal at 24 h of
stretching, compared to the control. (D) A set of representative anti-Dopamine immunofluorescent stained images (green)
depicts a decrease in dopamine fluorescence signal at 24 h of stretching, compared to the control. Blue color 4′,6-diamidino-
2-phenylindole denotes nuclei. Blue color 4′,6-diamidino-2-phenylindole denotes nuclei. Data are presented as mean ± SD.
Scale bar = 50 μm; ** p < 0.01. 8-OHdG, anti-8-hydroxy-2-deoxyguanosine.

3.2. BDNF Reduction Is Associated with Increased Amyloid-β/p-Tau

Mechanical stretching triggered neuronal injury by inducing oxidative DNA damage
(Figure 1). The BDNF level, amyloid-β and p-Taus396, was altered following 24 h of cyclical
stretching at 25% and 1 Hz uniaxial strain as shown by immunofluorescence and ELISA
assay. Cyclical stretching decreased BDNF levels and increased amyloid-β/p-Taus396 in
the SH-SY5Y neuroblastoma cells (Figure 2A–C). This BDNF decrease suggests that the
neurons were being invoked by stress, whereby BDNF acted as a neuroprotective factor.
Moreover, its decrease was accompanied by an increase in aggregated p-TauS396 protein,
which is an indication of neuronal injury (Figure 2D). Therefore, we could successfully
establish a neuron injury model by mechanical stretching of the neuroblastoma cells.

Figure 2. Cont.
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Figure 2. Mechanical injury through stretching upregulates amyloid β and p-Tau levels and decreases BDNF expression.
(A,B) Representative green fluorescence images of amyloid β and p-TauS396 positive cells in the SH-SY5Y, before and after
stretching. The nuclei of the SH-SY5Y cells were counterstained with 4′,6-diamidino-2-phenylindole and exhibit blue
fluorescence. Bar graphs representative of the amyloid β and p-TauS396 fluorescence intensity in the SH-SY5Y cells of
the indicated groups. The amyloid β and p-TauS396 fluorescence intensity was significantly high in the 25%, 1 Hz group
at 6 and 24 h. Scale bar = 200 μm. (C) An ELISA assay was performed to analyze BDNF expression. Mechanical injury
significantly lowered BDNF levels, compared to the control. (D) Immunofluorescence assay was performed to analyze
BDNF and p-TauS396 protein expression. Bar graphs representative of the BDNF and p-TauS396 fluorescence intensity in the
SH-SY5Y cells of the indicated groups. The p-TauS396 fluorescence intensity was significantly high in the 25%, 1 Hz group at
6 and 24 h. However, BDNF was attenuated at 24 h. The values are presented as means ± SEM (n = 6). Scale bar = 200 μm;
* p < 0.05. BDNF, brain-derived neurotrophic factor; ELISA, enzyme-linked immunosorbent assay.

3.3. Mechanical Injury through Stretching Upregulated p-GSK3β/p-Tau Protein Levels and Are
Associated with a Reduction of the Insulin Pathway

Insulin/IGF resistance in AD brain results in decreased phosphoinositol-3-kinase
(PI3K)/Akt [23,24] and increased activation of glycogen synthase kinase 3β (GSK-3β).
Furthermore, injured neurons accumulate phosphorylated Tau and GSK3β. Thus, we aimed
to determine if AKT/extracellular-signal-regulated kinase (ERK) signaling pathway defects
upregulated amyloid-β/p-TauS396. Both p-TauS396 and p-GSK3βS9 protein levels were
significantly upregulated, 6 h following the mechanical stretching (Figure 3A). p-AKT/p-
ERK, the proteins were significantly downregulated following 6 and 24 h of mechanical
stretching (Figure 3B). Thus, mechanical stretching downregulates the p-AKT/p-ERK and
upregulates p-GSK3β/p-Tau protein levels, which results in neuronal injury.

 

Figure 3. Cont.
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Figure 3. Mechanical injury through stretching upregulates p-Tau and p-GSK3β protein levels and decreases the insulin
pathway. (A) p-Tau and p-GSK3β; (B) p-AKT and p-ERK; proteins expressions. p-GSK3β and p-TauS396 protein levels
significantly increased in the 25%, 1 Hz group at 6 and 24 h of stretching. However, the p-AKT and p-ERK protein
expressions had the reverse effect. The values are presented means ± SEM (n = 6); *** p < 0.001; * p < 0.05. GSK3β, glycogen
synthase kinase 3; ERK, extracellular-signal-regulated kinase.

3.4. The Interaction between GSK-3β and p-Tau Plays a Crucial Role and Is Associated with the
Reduction of the Insulin Pathway

A defect in the insulin pathway is a critical link between Tau and/or Aβ pathologies
that define AD [31]. The aforementioned upregulation of pGSK3β/p-Tau protein levels
interfered with the insulin pathway. Therefore, we investigated the formation of p-TauS396

and pGSK3βS9 protein complex by co-immunoprecipitation. The p-GSK3βS9 antibody
was able to capture the p-TauS396 protein following 6 and 24 h of mechanical stretching
(Figure 4A). In addition, we determined the involvement of GSK-3β in the stretch-induced
neuronal injury and insulin pathway. TWS119, the GSK3β phosphorylation inhibitor was
administered to the cells at final concentrations of 0, 5, and 10 μM. In combination with
24 h stretching, the p-TauS396 protein level was also downregulated when treated with
10 μM TWS119 (Figure 4B). The administration of TWS119 resulted in an increase in insulin
signaling (Figure 4C). The p-GSK3βS9 protein level was downregulated when treated with
10 μM TWS119. However, β-catenin has the opposite effect (Figure 4D). Moreover, it leads
to a decrease in TauS396 phosphorylation and improves insulin receptor (IR) signaling [32].
Next, we examined the BDNF, Aβ, and TauS396 phosphorylation levels. TWS119 admin-
istration resulted in an increase in BDNF levels and a decreased amyloid-β/p-Taus396

in immunofluorescence (Figure 5A–C). Therefore, stretching-mediated mechanical injury
downregulated the insulin pathway and upregulated p-GSK3β/p-Tau protein levels, which
caused neuronal injury. However, TWS119 attenuates the mechanical stretching-induced ac-
tivity of Aβ-Tau and improves neuronal injury. Hence, GSK3β promotes the expression of
Aβ-Tau, which in turn downregulates IR signaling and BDNF production stretch-induced
neuronal injury.
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Figure 4. Mechanical injury promotes p-Tau-pGSK3β complex formation and affects the insulin pathway. (A) Co-
immunoprecipitation was performed to study the p-TauS396 and anti-GSK-3βS9 protein complex formation. The input
protein comprises 10% of the total lysates, and the remaining 90% protein lysate was incubated with the p-TauS396 or
anti-GSK-3βS9 primary antibody. Co-immunoprecipitation was performed to study the p-Tau and p-GSK3β protein complex
formation. The input protein comprises 10% of the total lysates, and the remaining 90% protein lysate was incubated with
the p-GSK3β primary antibody. (B) We analyzed the function of p-GSK3β by adding the p-GSK3β inhibitor and TWS119
while the cells were being stretched. p-Taus396 protein levels significantly decreased in the 25%, 1 Hz-TWS119 group.
(C,D) We conducted Western blot to analyze phosphorylated p-AktS473, p-ERKT202/Y204, p-GSK-3βS9, and T-β-catenin
protein in SH-SY5Y cells, before and after the stretching or TWS119 administration. The immunoblot demonstrates greater
levels of p-AktS473, p-ERKT202/Y204, p-GSK-3βS9, and T-β-cateninin SH-SY5Y cells, before and after the stretching or TWS119
administration. ** p < 0.01; * p < 0.05. GSK3β, glycogen synthase kinase 3; ERK, extracellular-signal-regulated kinase.
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Figure 5. P-GSK3β reduces BDNF levels and upregulates amyloid β/p-Tau expression in the neuron injury model. (A–C)
Representative green fluorescence images of BDNF, amyloid β, and p-TauS396 positive cells in SH-SY5Y cells, before and
after stretching or TWS119 administration. The nuclei of SH-SY5Y cells were counterstained with DAPI and exhibited blue
fluorescence. Bar graphs are representative of the BDNF, amyloid β, and p-TauS396 fluorescence intensity in the SH-SY5Y
cells of the indicated groups. The BDNF fluorescence intensity increased substantially in the 25%, 1 Hz-TWS119 group,
with diminished amyloid β and p-TauS396 intensity. The values are presented as means ± SEM (n = 6); * p < 0.05. BDNF,
brain-derived neurotrophic factor. Scale bar = 200 μm.

4. Discussion

TBI is defined as damage to the brain that consequently disrupts normal function. Pre-
vious in vitro studies on TBI used to stretch and shear forces on either rodent organotypic
slices [33] or rudimentary single- or two-cell type cultures [34]. Despite being useful for
studying axonal injury, the aforementioned models have limited translational relevance
with regards to the extracellular matrix, stiffness, and cell–cell interactions that substan-
tially influence the biophysical properties of mechanical injury in vivo [35]. The target
signaling pathway for treating degenerative neuron disease is unclear. However, lost and
damaged neurons cannot proliferate in our bodies. Hence, neurodegenerative diseases are
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usually progressive and are difficult to cure. The neurons generally do not move, are not
stretched, or compressed. However, they experience a certain amount of strain during and
even after TBI [9]. Considering their less motile behavior, a minor strain on the neurons
can result in minor injury. The low motility behavior also implicates the significance of
cell–cell communication between neurons. The smallest impact can also affect cell–cell
communication by disrupting neuronal transmission.

Recently, researchers have attempted the development of in vitro TBI models using
a bio-inspired mechanic device. Previous studies have used a high-frequency device
to stretch the neurons [10]. Aggressive stretch can lead to pro-apoptotic neuron death
and axonal damage. The neurons usually survive stretching-induced axonal damage,
thus enabling a study of the injury to the axons [11]. Despite the role of stretching in
promoting neuron growth, axonal growth did not necessarily result in axonal regeneration
in previous studies. The axons repaired the damage; however, they were unable to regrow
the entire length. Thus, stretch-induced neuronal injury can be used for studying neuron
growth, death, and regeneration [12]. The diversity of neuropathology, combined with
the heterogeneity in injury distribution, suggests an extensive pathological remodeling of
the cellular microenvironment of the brain, the causes of which need to be elucidated to
prevent TBI. Considering that mechanical forces are a primary contributor to the etiology of
TBI, understanding the biomechanics of injury may elucidate complex injury mechanisms
and explain the diverse pathophysiology associated with TBI.

Neuronal death, a hallmark of TBI, is related to the development of neurodegenerative
disorders such as Parkinson’s disease (PD), where the loss of dopaminergic neurons and
dopaminergic dysfunction are observed. Hector et al., to simulate TBI subjected to 0%,
5%, 10%, 15%, 25% and 50% deformation, demonstrated that 24 h after injury, cell viability
and apoptosis were determined by lactate dehydrogenase release and DNA fragmenta-
tion. Extracellular dopamine (DA) levels increased only at 50%. Levels of DA remained
unchanged regardless of treatment. These data support the use of stretch as a model
to simulate TBI in vitro in human dopaminergic neurons, replicating the acute effects of
TBI in the dopaminergic system [13]. Besides, there is increasing evidence that apoptosis
induced by TBI often starts with an accumulation of ROS and induces hypofunction of
the striatal dopaminergic system in vitro and in vivo [34,36,37]. In this regard, SH-SY5Y
cells retain dopamine-β-hydroxylase activity, thus being suitable for the neuromechanistic
study [34,37]. Therefore, we determined to study if mechanical stress reduces levels of
DA and oxidative DNA damage. The neurons aligned perpendicularly to the stretching
direction (Figure 1A). Furthermore, the MMP was altered following 6 h of cyclical stretch-
ing at 25% and 1 Hz uniaxial strain as shown by JC-1 staining. This in turn substantially
increased the ratios of green/red fluorescence than the control. Thus, stretching triggers
MMP collapse by depolarization (Figure 1B). Following stretching at 25% and 1 Hz for
24 h, the 8-OHdG immunoreactivity had substantially increased, compared to the control
(Figure 1C) and the levels of DA had substantially decreased, compared to the control
(Figure 1D). Hence, stretching-mediated mechanical injury altered the mitochondrial mem-
brane potential, DA release and increases oxidative DNA damage (Figure 1). Oxidative
stress replicates the key transcriptional programs that are hallmarks of neuronal injury,
including the upregulation of oxidative stress and aberrant phosphorylation of GSK-3β.
Thus, the present founding determined that cyclical stretching increased in DNA damage
downregulated BDNF release and increased amyloid-β/p-Taus396 in the SH-SY5Y neurob-
lastoma cells (Figure 2A–C). This BDNF decrease suggests that the neurons were being
invoked by a stress, whereby BDNF acts as a neuroprotective factor. Moreover, its decrease
was accompanied with an increase in aggregated p-TauS396 protein, which is an indication
of neuronal injury (Figure 2D). In addition, the method accurately recapitulates two key
pathological features of neurodegenerative diseases. The aggregation and accumulation of
Aβ and Tau are the key pathological markers of TBI, which contribute to the progressive
deterioration associated with TBI.
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GSK3 is a key kinase contributing to abnormal phosphorylation of the microtubule-
binding protein Tau in the process thought to cause neurofibrillary tangles in Alzheimer’s
disease [38,39]. It is well known that the action of GSK3β is inhibited by phosphorylation of
the enzyme on serine 9 following insulin activation [40]. However, insulin resistance causes
inhibition of downstream signal transduction and GSK3 remains in its active form, which
hyper-phosphorylates several substrates, including Tau protein, in nerve cells. Hyper-
phosphorylation of Tau destabilizes the microtubules and induces neurofibrillary tangle
formation that leads to AD [41]. Leng et al. demonstrated that GSK3β as a kinase required
for high glucose-induced serine332 phosphorylation, ubiquitination, and degradation of
IRS1 [42]. Besides, Liberman et al. studies identify Ser332 as the GSK-3 phosphorylation
target in IRS-1, indicating its physiological relevance and demonstrating its attenuate
insulin signaling [43]. Thus, GSK3β may play a causative role in the regulation of insulin
pathway and connecting AD. Previous studies have established a correlation between
AD an altered responsiveness to insulin and IGF stimulation in the brain [44]. Further-
more, the aforementioned abnormal accumulation of amyloid-β [45] and Tau aggregates
may be linked to insulin/IGF resistance. Therefore, AD is presumably a metabolic dis-
ease [46]. Insulin/IGF signaling is responsible for regulating neuronal growth, survival,
differentiation, migration, energy metabolism, cytoskeletal assembly, synapse formation,
neurotransmitter function, and plasticity [47]. Insulin/IGF resistance in the brain can result
in the inhibition of pro-survival and pro-growth signaling pathways. Furthermore, insulin
and IGF bind to their own receptors on the cell membrane, leading to the phosphoryla-
tion of insulin receptor substrate (IRS) molecules, which eventually activate downstream
signals. Accumulating evidence indicates that BDNF and its interaction with ROS may
be crucial for neurodegenerative and neuropsychiatric conditions [48]. However, there
is no therapeutic approach that appears promising in reducing the progression of TBI
to chronic neurodegenerative disease. Increased phosphorylation of Tau was previously
correlated to neurodegeneration, in the context of TBI in a rodent model [49] and in nu-
merous clinical studies [5]. Furthermore, we also founding that injured neurons through
mechanical stretching accumulate phosphorylated Tau and GSK3β. Both p-TauS396 and
p-GSK3βS9 protein levels were significantly upregulated, 6 h following the mechanical
stretching (Figure 3A). Besides, p-AKT/p-ERK proteins of survival and cell growth were
significantly downregulated following 6 and 24 h of mechanical stretching (Figure 3B).
Thus, the present result also demonstrated that stretching-mediated mechanical injury
downregulated the insulin pathway and upregulated p-GSK3β/p-Tau protein levels, which
caused neuronal injury.

Multiple lines of evidence strongly suggest that the inhibition of GSK-3 is a potential
target for the treatment of TBI. GSK-3 constitutively inhibits neuroprotective processes
and promotes apoptosis. Following TBI, the receptor tyrosine kinase (RTK) and canonical
Wnt signaling pathways inhibit GSK-3 as an innate neuroprotective mechanism against
TBI. GSK-3 inhibition via GSK-3 inhibitors and RTK-activating drugs or Wnt signaling is
likely to reinforce the innate neuroprotective mechanism. GSK-3 inhibition studies using
rodent TBI models have demonstrated that this inhibition produces diverse neuroprotective
actions, such as a reduction in the size of the traumatic injury, Tauopathy, Aβ accumulation,
and neuronal death, caused by the release and activation of neuroprotective substrates.
The above-mentioned effects are correlated with reduced TBI-induced behavioral and
cognitive symptoms [50]. We investigated the formation of p-TauS396 and pGSK3βS9

protein complex by co-immunoprecipitation. The p-GSK3βS9 antibody was able to capture
the p-TauS396 protein following 6 and 24 h of mechanical stretching (Figure 4A). In addition,
we determined the involvement of GSK-3β in the stretch-induced neuronal injury and
insulin pathway. TWS119, the GSK3β phosphorylation inhibitor was administered to
the cells at final concentrations of 0, 5, and 10 μM, in combination with 24 h stretching,
the p-TauS396 protein level was also downregulated when treated with 10 μM TWS119
(Figure 4B). The administration of TWS119 resulted in an increase in the insulin signaling
(Figure 4C). Moreover, it leads to a decrease in TauS396 phosphorylation and improved
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insulin receptor (IR) signaling. However, TWS119 attenuates the mechanical stretching-
induced activity of Aβ-Tau and improves neuronal injury. Hence, GSK3β promotes the
expression of Aβ-Tau, which in turn downregulates IR signaling and BDNF production in
stretch-induced neuronal injury (Figure 5).

Mechanical stretch injury, which was developed and characterized by Ellis and cowork-
ers, had been used to study the effects of trauma on neurons and astrocytes in vitro [51,52].
Following TBI, neuronal loss is characterized by oxidative stress reaction, mitochondrial
dysfunction, neurotoxicity, and neuroinflammation [53,54]. Our findings demonstrate that
mechanical stretch injury to SH-SY5Y cells resulted in oxidative stress and the produc-
tion of MMP that triggered insulin signaling defects and events critical for Aβ and Tau
aggregation mimicking pathological conditions. In addition, the neuronal insulin signaling
defects promoted the formation of pTauS396 and pGSK-3βS9 complex, thus further implying
the neuronal stress. Thus, inhibition of GSK-3β activity can serve as a potential target
for increasing BDNF levels and insulin signaling as well as reducing phosphorylation
events, which are critical for Aβ and Tau aggregation. Tws119, an inhibitor of GSK-3β,
improves pathological conditions, by positively regulating BDNF and insulin signaling.
Overall, the aforementioned neuronal insulin signaling defect is a core mechanism that
induces the formation of pTauS396 and pGSK-3βS9 complex. Hence, the neurons under
stress may alleviate this defect upon the inactivation of the GSK-3β (Figure 6). The present
findings suggest that the protective role of GSK3β in SH-SY5Y cells that were exposed
to mechanical stretch injury was mainly due to its cause insulin signaling defect and Aβ

and Tau aggregation. Therefore, our study has some limitations such as SH-SY5Y is a
proliferative cell line, which is entirely different from the terminally differentiated neurons.
Although SH-SY5Y cells exhibit some features of neurons [37], primary cultured neurons
might be more appropriate for investigating endogenous mechanisms after injury.

Figure 6. Cont.
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Figure 6. A schematic model suggesting the mechanistic details of the regulation of neurodegener-
ative diseases by GSK-3β. (A) Under normal conditions, the activated PI3K/Akt ERKs signaling
pathway leads to the inactivation of GSK-3β, which suppresses the downstream phosphorylation
of Tau and Aβ that results in positive regulation of cognitive signaling, such as BDNF and insulin.
(B) Under pathological conditions, mechanical stretching increases GSK-3β activity, induces oxidative
stress, and increases MMP. Upregulation of GSK-3β activity negatively regulates BDNF and insulin
signaling and promotes phosphorylation events critical to the development of Aβ and Tau aggrega-
tion. (C) Tws119, an inhibitor of GSK-3β, improves pathological conditions by positively regulating
BDNF and insulin signaling. Moreover, it reduces phosphorylation events critical to the develop-
ment of Aβ and Tau aggregation. BDNF, brain-derived neurotrophic factor; MMP, mitochondrial
membrane potential; and GSK-3, glycogen synthase kinase 3.

5. Conclusions

This is the first study to demonstrate the mechanism by which mechanical stretching
stimulates the accumulation of amyloid-β, a neuronal injury biomarker through p-TauS396

and pGSK3βS9 protein complex formation. The latter, in turn, downregulates IR signaling
and BDNF production. The role of mechanical stretching on neurons requires further
investigation to explore the upstream mechanism underlying amyloid-β accumulation.
This neuron injury model was developed to mimic neurons under stress. Mechanical
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stretching does not normally occur on neurons in vivo. Nonetheless, they respond to
mechanical cues for intracellular signaling. Therefore, the neuron injury cell model can
explain the mechanistic signaling for potential drug discovery in targeting the accumulated
amyloid-β, p-TauS396, and pGSK3βS9 protein complex formation.
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Abstract: Neuroinflammation is a secondary injury mechanism that evolves in the brain for months
after traumatic brain injury (TBI). We hypothesized that an altered small non-coding RNA (sncRNA)
signature plays a key role in modulating post-TBI secondary injury and neuroinflammation. At
3threemonths post-TBI, messenger RNA sequencing (seq) and small RNAseq were performed on
samples from the ipsilateral thalamus and perilesional cortex of selected rats with a chronic inflam-
matory endophenotype, and sham-operated controls. The small RNAseq identified dysregulation of
2 and 19 miRNAs in the thalamus and cortex, respectively. The two candidates from the thalamus
and the top ten from the cortex were selected for validation. In the thalamus, miR-146a-5p and
miR-155-5p levels were upregulated, and in the cortex, miR-375-3p and miR-211-5p levels were upreg-
ulated. Analysis of isomiRs of differentially expressed miRNAs identified 3′ nucleotide additions that
were increased after TBI. Surprisingly, we found fragments originating from 16 and 13 tRNAs in the
thalamus and cortex, respectively. We further analyzed two upregulated fragments, 3′tRF-IleAAT and
3′tRF-LysTTT. Increased expression of the full miR-146a profile, and 3′tRF-IleAAT and 3′tRF-LysTTT
was associated with a worse behavioral outcome in animals with chronic neuroinflammation. Our
results highlight the importance of understanding the regulatory roles of as-yet unknown sncRNAs
for developing better strategies to treat TBI and neuroinflammation.

Keywords: TBI; tRNA; miRNA; isomiR; neuroinflammation; RNAseq

1. Introduction

Traumatic brain injury (TBI) is caused by an external mechanical force to the head [1].
Epidemiologic studies indicate that TBI is most commonly caused by falls and traffic
accidents [2]. Importantly, TBI is the most common cause of disability in people under 40 [1].
After the impact, the primary injury triggers a cascade of molecular dysregulation [3,4],
leading to chronic neuroinflammation [5,6]. These changes contribute to the development of
secondary injuries and chronic post-TBI comorbidities, such as cognitive impairment [7,8]
and epilepsy [9]. Studies of the mechanisms of secondary injury and recovery processes are
essential to identify molecular targets for therapeutic interventions as there are currently no
medications available that alleviate the post-TBI aftermath. Recent technologic advances
toward exploring the transcriptome have led to the discovery of several new classes of small
non-coding RNAs (sncRNAs) with potentially key regulatory roles in normal brain function
and disease [10,11]. Commonly, sncRNAs are defined as transcripts of <200 nucleotides
(nts) that lack a protein-coding capacity [12]. Understanding the functional role of sncRNAs
might lead to the development of new strategies to combat complex brain disorders like TBI.

Among sncRNAs, microRNAs (miRNAs) and miRNA-regulated mechanisms are
most thoroughly studied in brain diseases [13]. MicroRNAs are small (19–22 nts) RNA
molecules that regulate the expression of target genes at the post-transcriptional level via
sequence-specific (seed) binding to the 3′ untranslated region [14]. After experimental TBI,
dysregulated miRNAs reportedly target such processes as cellular functions, transcription,
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signal transduction, growth, protein modification, and response to stress, which can further
impair recovery [15]. While most studies report dysregulation of canonical miRNA, less
emphasis has been paid to alterations in the gene expression of miRNA isoforms, i.e.,
isomiRs [16,17]. Currently, more attention is being focused on isomiRs and researchers are
beginning to unravel the complex functions of these molecules and modification events,
which have been long underappreciated.

Another class of sncRNAs, transfer RNAs (tRNAs), is best known for its canonical role
in protein translation [18]. Interestingly, various stress conditions can induce tRNA cleavage
into short tRNA-derived fragments (tRFs) [19]. This process is potentially mediated by
endoribonucleases, such as angiogenin and dicer [20]. The biogenesis details of tRFs,
however, are not well known [21]. Increasing evidence reveals that tRFs can modulate
diverse biologic processes, including cell proliferation and apoptosis [18,19,22–24]. Further,
tRFs are reported to display miRNA-like activity, thereby influencing posttranscriptional
regulation of their messenger RNA (mRNA) targets [24]. To date, however, few studies
have investigated the role of tRFs in brain pathophysiology [10,25–27].

In the present study, we performed genome-wide sequencing of sncRNAs and mRNAs
of samples originating from post-TBI animals phenotyped to display chronic neuroinflam-
mation. We hypothesized that an altered sncRNA signature plays a key role in modulating
post-TBI neuroinflammation and secondary injury. We analyzed canonical and isomiR
profiles, and quantified dysregulated tRFs in the perilesional cortex and ipsilateral thalamus
at three months post-TBI. We report an association between increased expression of the
full miR-146a profile (canonical miRNA and all isomiRs), 3′tRF-IleAAT and 3′tRF-LysTTT,
and a worse behavioral outcome in animals with chronic neuroinflammation after TBI. Our
results highlight the importance of understanding the regulatory roles of as-yet unknown
sncRNAs for the development of better strategies to treat TBI.

2. Materials and Methods

2.1. Animals

A total of 51 adult male Sprague-Dawley rats (mean body weight at the time of injury,
347–425 g; Harlan Laboratories S.r.l., Udine, Italy) were used in this study. The study design
is presented in Figure 1. The rats were individually housed in a controlled environment
(temperature 22 ± 1 ◦C; humidity 50–60%; lights on from 07:00–19:00 h). Pellet food and wa-
ter were provided ad libitum. All animal procedures were approved by the Animal Ethics
Committee of the Provincial Government of Southern Finland and performed in accordance
with the guidelines of the European Community Council Directives 2010/63/EU.

During the entire study duration, the overall well-being of the rats, as well as their
motor activities, eating and drinking behaviors, and tooth growth were observed daily
as previously described in detail [28]. If an animal exhibited signs of pain (e.g., weight
loss, abnormal movement or posture, excessive grooming), it was treated with carprofen
(Rimadyl®, 5 mg/kg, once per day for 3 days, Zoetis Finland Oy, Helsinki, Finland). Our
pre-study-determined humane endpoint was that if the post-injury weight loss exceeded
30%, the rat would be killed by deep anesthesia induced by 4% isoflurane followed by
decapitation. None of the animals in this study met this criterion.
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Figure 1. Study design.

2.2. Induction of TBI with Lateral Fluid-Percussion

The procedure for inducing the lateral fluid-percussion injury (FPI) was described
previously in detail [29]. Animals (n = 30) were anesthetized with an intraperitoneal (i.p.)
injection of a solution containing sodium pentobarbital (58 mg/kg), magnesium sulfate
(127.2 mg/kg), propylene glycol (42.8%), and absolute ethanol (11.6%), and placed in a Kopf
stereotactic frame (David Kopf Instruments, Tujunga, CA, USA). The skull was exposed
with a midline skin incision and the periosteum extracted. The left temporal muscle was
gently detached from the lateral ridge. A circular craniectomy (Ø 5 mm) was performed
over the left parietal lobe midway between the lambda and bregma, leaving the dura
mater intact. The edges of the craniectomy were sealed with a modified Luer-lock cap
that was filled with saline while the calvaria was covered with dental acrylate (Selectaplus
CN, Dentsply DeTrey GmbH, Dreieich, Germany). Lateral FPI was produced 90 min after
the induction of anesthesia by connecting the rat to a fluid-percussion device (AmScien
Instruments, Richmond, VA, USA) via a female Luer-lock fitting. The mean severity of the
impact was 3.3 ± 0.01 atm. Sham-operated control animals (n = 14) underwent anesthesia
and all surgical procedures, but not the impact. Seven naïve animals were included in the
cohort but were not used in the present study.

2.3. Composite Neuroscore

To assess somatomotor recovery, the rats (n = 22 TBI animals and n = 14 shams)
underwent composite neuroscore testing at baseline (pre-injury), and at 2, 7, 14, 21, and
90 days post-TBI (for details, see [30]). Animals were scored from 0 (severely impaired)
to 4 (normal) in the following categories: (1) left and right forelimb contraflexion while
suspended by the tail, (2) left and right hindlimb flexion when gently pulled back by the
tail, (3) ability to resist left and right lateral pulsion, and (4) ability to stand on an inclined
surface. The first 3 categories allow for a maximum of 4 points from both the left and
right sides. The last category was scored from 0 to 4, leading to a maximum total score of
28 points.
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2.4. Magnetic Resonance Imaging

To distinguish rats with a chronic perilesional inflammatory rim, T2-weighted mag-
netic resonance imaging (MRI) was performed at 2 months post-TBI (n = 22 TBI ani-
mals) using a 7 T Bruker Pharmascan MRI scanner equipped with a volume transmitter
coil and surface receiver coil combo [28]. Briefly, the rats were anesthetized with isoflu-
rane (4% for induction and 2% for maintenance) and positioned in a stereotactic holder.
Thereafter, T2-weighted images were acquired with fast spin-echo from 25 slices (field of
view = 30 mm × 30 mm, matrix slice thickness = 1 mm, TR = 4000 ms, TE = 40 ms).

2.5. Morris Water Maze

The spatial learning and memory performance of the rats (n = 22 TBI animals and
n= 14 shams) was tested in a Morris water maze using a 3-day paradigm [31]. At the end of
day 3, the platform was removed from the maze apparatus and rats were allowed to swim
for 60 s to evaluate their memory of the platform location (probe trial). The time spent in
each of the 4 quadrants of the maze was recorded.

2.6. Sampling of Brain Tissue

Rats (n = 22 TBI animals and n = 14 shams) were anesthetized with 5% isoflurane and
decapitated, and their brains were quickly removed. Each brain was flushed with 0.9% cold
(4 ◦C) sodium chloride to remove blood and hair and placed onto a slicing matrix on ice
(#15007, Rodent Brain Matrix, Ted Pella, Inc., Redding, CA, USA). One 3-mm-thick coronal
slice was cut (between −1 and −4 from the bregma), from which the perilesional cortex
and ipsilateral thalamus were dissected on top of the glass plate placed on ice. Brain tissue
samples were snap-frozen in liquid nitrogen and stored at −70 ◦C. All tissue preparations
were performed in under 12 min (range 9–12 min) after decapitation. The remaining brain
tissue was placed in a 10% formalin solution for 3 days, followed by cryoprotection in 20%
glycerol in a 0.02 M PB buffer for 2 days. Brain pieces were snap-frozen on dry ice and
stored at −70 ◦C until further processed.

2.7. Histologic Analysis

For histologic analysis, brains pieces were sectioned (1-in-6 series, 30 μm) with a sliding
microtome (Leica SM 2000, Leica Microsystems Nussloch GmbH, Nussloch, Germany).
The sections were stored in a cryoprotectant solution (30% ethylene glycol, 25% glycerol in
0.05 M sodium phosphate buffer, pH 7.4) until stained.

Nissl staining. To further characterize the lesion pathology (n = 22 TBI animals and
n= 14 shams), we performed Nissl staining (see [32]).

Immunohistochemical staining for CD68 and GFAP. Freely floating sections were
transferred to 24-well nets for staining. The complete staining protocol for astrocyte (glial
fibrillary acidic protein [GFAP]) and microglial/macrophage response (CD68) immuno-
histochemistry (n = 5 representative post-TBI animals), was previously described in detail
by Huusko et al. [32] with slight modifications. As a primary antibody, we used a mouse
monoclonal antibody to GFAP (1:2000, #814369, Boehringer, Mannheim, Germany), and
a mouse monoclonal antibody to rat CD68 (1:1000, EMD Millipore, Billerica, MD, USA).
One representative brain section per rat was selected using the MRI images as a guide
for determining the lesion location and extent. For GFAP, sections were incubated in the
primary antibody mixture for 2 days. For CD68, the sections were treated for 15 min with
1% sodium borohydride for antigen retrieval prior to incubation in a blocking solution.
In addition, 0.1% Triton-X 100 was used in all steps. Similar to GFAP, the sections were
incubated in primary antibody for 2 days.

2.8. Isolation of Total RNA from Brain Tissue

RNA was extracted from the perilesional cortex and ipsilateral thalamus (n = 6 TBI
animals and n = 6 shams) using a mirVana miRNA isolation kit (#AM1560, Life Technologies
(Ambion) Carlsbad, CA, USA), QIAshredder (#79654, Qiagen, Hilden, Germany), and
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AllPrep DNA/RNA Mini Kit (#80204, Qiagen) as previously described in detail [33,34].
Briefly, to avoid clogging the spin columns, brain tissue was divided into 2–4 pieces (max
~10 mg each) on dry ice. Each tissue piece was then placed into a 2-mL microcentrifuge tube
together with 1 metal ball and 800 μL of Ambion Lysis/binding buffer and homogenized
with a TissueLyser (Qiagen) for 3 min (30 Hz). For further homogenization, the lysate
was transferred to a QIAshredder spin column and centrifuged (16,000× g) for 2 min
at 4 ◦C. Flow-through lysate was transferred back to the QIAshredder spin column and
centrifuged a second time. For DNA separation, tissue lysate was transferred to a Qiagen
All Prep DNA spin column and centrifuged (10,000× g) for 1 min at room temperature.
Flow-through from the All Prep DNA spin column was used for RNA extraction using a
mirVana miRNA isolation kit. Briefly, miRNA homogenate additive (70 μL) was added
to the flow-through. The mixture was vigorously vortexed for 30 s and then incubated on
ice for 10 min. Acid-phenol:chloroform (700 μL) was then added, mixed, and centrifuged
(16,000× g) for 30 s. The aqueous upper phase was transferred to a new microcentrifuge
tube. A total of 500 μL of water was added to the lower phase, which was then mixed
and centrifuged (16,000× g) for 30 s. The upper aqueous phase was collected into the
same tube as the aqueous phase from the previous extraction cycle. Then, 100% ethanol
(625 μL) was added to the tube, mixed, and transferred to the mirVana miRNA isolation
spin column. Finally, RNA was washed and eluted from the spin column according to
instructions provided with the mirVana miRNA isolation kit. Finally, RNA extracted
from each brain region was pooled. Thereafter, RNA purification was performed using
a miRCURY™ RNA Isolation Kit (#300111, Exiqon, Vedbaek, Denmark) according to the
manufacturer’s instructions.

The concentrations and 260/280 ratios of the eluted RNA from the perilesional cortex
and ipsilateral thalamus were measured using a NanoDrop 1000 spectrophotometer. RNA
quality and the RNA integrity number were measured with an Agilent 6000 Nano kit
(#5067–1511, Agilent Technologies, Waldbronn, Germany) using an Agilent Bioanalyzer.
The RNA integrity numbers (range 8.9–9.2) and 260/280 ratios (range 2.01–2.10) prior to
the sequencing service and for samples in the later polymerase chain reaction (PCR) study
are shown in Supplementary Table S1.

2.9. Small RNA and RNA Sequencing from Brain Tissue

All sequencing experiments and data analysis (n = 6 TBI animals and n = 6 shams)
were conducted at Exiqon Services, Denmark.

2.9.1. Small RNA Sequencing

Library preparation and next-generation sequencing. First, 300 ng of total RNA was
converted to microRNA NGS libraries using a NEBNEXT library generation kit (New
England Biolabs Inc., Ipswich, MA, USA) according to the manufacturer’s instructions.
Each individual RNA sample then had adaptors ligated to its 3′ and 5′ ends and converted
into cDNA. The cDNA was pre-amplified with specific primers containing sample-specific
indexes. After 15 cycles pre-PCR, the libraries were purified on QiaQuick columns, and
the insert efficiency was evaluated by a Bioanalyzer 2100 instrument on a high sensitivity
DNA chip (Agilent Inc., Santa Clara, CA, USA). The microRNA cDNA libraries were size-
fractionated on a LabChip XT (Caliper Inc., Princeton, NJ, USA) and a band representing
the adaptors and a 15–40 bp insert was excised according to the manufacturer’s instructions.
Samples were then quantified by quantitative PCR (qPCR) and concentration standards.
Based on the quality of the inserts and the concentration measurements, the libraries were
pooled in equimolar concentrations (all concentrations of libraries to be pooled were of
the same concentration). The library pool(s) were finally quantified again with qPCR
and the optimal concentration of the library pool used to generate the clusters on the
surface of a flow cell before sequencing with a v3 sequencing methodology according to the
manufacturer’ instructions (Illumina Inc., San Diego, CA, USA). Finally, the samples were
sequenced on the Illumina NextSeq 500 system. The system uses quality score binning,
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which enables a more compact storage of raw sequences. The method was tested using only
8 levels (Levels: No call, 6, 15, 22, 27, 33, 37, and 40) of quality and determined to be virtu-
ally loss-less (http://res.illumina.com/documents/products/whitepapers/whitepaper_
datacompression.pdf; accessed on 16 June 2015).

Data analysis. After the sequencing, intensity correction, base calling, and assign-
ing of Q-scores was performed. Adapters were trimmed off as part of the base calling.
Subsequently, the data were quality checked with FastQC [35]. Sequences were mapped
against rat reference genome RGSC3.4 and annotated with mirBase 20. Differential expres-
sion analyses were performed using the edgeR statistical software package (Bioconductor,
http://www.bioconductor.org/; accessed on 10 December 2021). For normalization, the
trimmed mean M-value method was used based on log-fold and absolute gene-wise
changes in expression levels between samples (TMM normalization).

Identification of isomiRs. IsomiR analysis was performed individually for each sam-
ple based on the occurrence of count variants for each detected microRNA. Reads were
mapped to known miRNAs according to the annotation in the miRBase release 20 and
then investigated for the presence of different isomiRs. These variants were identified by
changes in the start or stop position, or the occurrence of mutations within the read. The
results for each sample were then merged to generate a single count file with a consistent
nomenclature across the samples. Only isomiRs that were present at a level of 5% of the
total reads for that miRNA were retained.

Identification of tRNA derived fragments. Reads mapped against small RNA (in-
cluding tRNA) in the rat reference genome RGSC3.4 were counted and visualized with
an Integrative Genomics Visualizer (IGV; [36]). Differential gene expression analysis was
performed similarly as for miRNAs to assess overall change in tRFs originating from one
particular tRNA. Two candidate tRFs were selected for further experiments as they had a
clear cleavage site based on visual analysis with the IGV.

2.9.2. Messenger RNA Sequencing

Library preparation and next-generation sequencing. The library was prepared using
a TruSeq® Stranded mRNA Sample preparation kit (Illumina inc.). The starting material
(300 ng) of total RNA was mRNA enriched using the oligo (dT) bead system. The isolated
mRNA was subsequently fragmented by enzymatic fragmentation. Then, first-strand
and second-strand syntheses were performed and the double-stranded cDNA was puri-
fied (AMPure XP, Beckman Coulter, Brea, CA, USA). The cDNA was end-repaired and
3′ adenylated, Illumina sequencing adaptors were ligated onto the fragments ends, and
the library was purified (AMPure XP). The mRNA stranded libraries were pre-amplified
with PCR and purified (AMPure XP). The libraries’ size distribution was validated and
quality inspected on a Bioanalyzer high sensitivity DNA chip (Agilent Technologies). High
quality libraries were quantified by qPCR, the concentration normalized, and the samples
pooled according to the project specification (number of reads). The library pool(s) were
re-quantified with qPCR and the optimal concentration of the library pool was used to
generate clusters on the surface of a flow cell before sequencing on the Nextseq500 in-
strument using a High Output sequencing kit (75 cycles) according to the manufacturer’s
instructions (Illumina Inc.).

Data analysis. TopHat (v2.0.11) was used to align the sequencing reads to the reference
genome (RGSC3.4) with the sequence aligner Bowtie2 (v.2.2.2). Cufflinks (v2.2.1) was
used to take the alignment results from TopHat and assemble the aligned sequences into
transcripts, thereby constructing a map or a snapshot of the transcriptome. Reference
genome version RGSC3.4 was used. To guide the assembly process, an existing transcript
annotation (Rnor_5.0 Ensembl) was used. When comparing groups, Cuffdiff [37] was used
to calculate the FPKM (number of fragments per kilobase per million mapped fragments)
and test for differential expression and regulation among the assembled transcripts across
the submitted samples using the Cufflinks output.
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2.10. Pathway Analysis of RNA-Seq Data

Qiagen Ingenuity pathway analysis (IPA®, Qiagen; Content version 31813283) was
used to assess regulated molecular pathways and gene networks. IPA analysis was per-
formed using “Experimentally Observed” and “High (predicted)” confidence settings. The
cutoff was set to FDR <0.05 (both up/downregulated). After filtering, the dataset from the
perilesional cortex included 4653 genes. Similarly, 5256 genes from the ipsilateral thalamus
were included in the analysis.

2.11. Validation of the Small RNA-Seq Data with Droplet Digital PCR and Quantitative PCR
2.11.1. microRNA

Reverse transcription (RT) of total RNA from brain tissue with TaqMan chemistry
(n = 6 TBI animals and n = 6 shams). Validation of the small RNA-Seq data was performed
from the same samples subjected to sequencing (n = 6 TBI and 6 sham-operated controls).
All RNA samples were diluted 1:100 with RNAase-free water prior to cDNA synthesis. In
the perilesional cortex, validation was performed for the following miRNAs: miR-132-5p
(002132), miR-212-5p (463930_mat), miR-375-3p (000564), miR-20a-5p (00580), miR-211-5p
(001199), miR-135a-3p (002075), miR-339-5p (002257), miR-34c-3p (000426), miR-128-3p
(002216) and miR-17-5p (002308). In the ipsilateral thalamus, validation was performed
for miR-146a-5p (002163) and miR-155-5p (002571). For normalization, 4 miRNAs were
selected from the small RNA-Seq data as endogenous controls: miR-378a-3p (002243),
miR-3594-3p (464929_mat), miR-330-5p (002230), and let-7b-3p (002404). Reverse tran-
scription for all target and control miRNAs was performed with the TaqMan protocol
(TaqMan miRNA Reverse Transcriptase Kit #4366596, Applied Biosystems, Foster City, CA,
USA https://www.thermofisher.com/document-connect/document-connect.html?url=
https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2F43640
31_TaqSmallRNA_UG.pdf; accessed on 10 December 2021), according to the manufacturer’s
instructions. Samples were stored at −20 ◦C until further processed.

Droplet digital PCR (n = 6 TBI animals and n = 6 shams). Absolute quantification
of miRNA copy numbers was performed with droplet digital PCR (ddPCR). For the
perilesional cortex, cDNA from miR-378a-3p was diluted 1:6, and miR-128-3p was diluted
1:8 in ddPCR. All other cDNA samples were used undiluted. For the ipsilateral thalamus
samples, cDNA from miR-378a-3p and miR-330-5p were diluted 1:4 in ddPCR. Undiluted
cDNA was used for all other miRNAs. The cDNA template (1.33 μL) was added to a 20-μL
reaction mixture containing 10 μL Bio-Rad 2x ddPCR supermix for probes (#186-3010, Bio-
Rad, Hercules, CA USA), 1 μL 20× miRNA PCR primer, and 7.67 μL nuclease-free water.
The 20-μL reaction mixtures were loaded in disposable droplet generator cartridges (#186-
4008, DG8TM Cartridges for QX100TM/QX200TM Droplet Generator, Bio-Rad, Germany)
along with 70 μL of droplet generation oil for probes (#186-3005, Bio-Rad, CA, USA). The
cartridges were covered with gaskets (#186-3009, Droplet Generator DG8TM Gaskets, Bio-
Rad, Hercules, CA, USA) and placed in the droplet generator (#186-3001, Bio-Rad QX100TM
Droplet Generator, Solna, Sweden) for creating the oil-emulsion droplets. The generated
droplets were transferred to 96-well PCR plates (Twin. tec PCR plate 96, semi-skirted,
colorless, Hamburg, Germany) sealed, thermal-cycled (96-well PTC-200 thermal cycler,
MJ Research), and quantified at the end-point in the droplet reader (#186-3001, Bio-Rad
QX100TM Droplet Reader, Solna, Sweden) using QuantaSoft software (v1.7, Product code:
186-4011, Bio-Rad, USA). For each sample, the reaction was performed in duplicate, and
the average miRNA copies/20 μL well from the 2 replicates was calculated.

To normalize PCR measurements, the total RNA input to the cDNA reaction was first
calculated based on the NanoDrop concentrations and the implemented dilution factor
(1:100). For each miRNA, the average number of copies/20 μL well was then normalized
to the total RNA input, to account for the slight sample-to-sample variations in the RNA
input volumes. Normalization was performed as follows:
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The miRNA copies normalized to RNA input = (average miRNA copies/20 μL well)/(total RNA input to
the 15 μL cDNA reaction)

Next, the geometric mean (GM) of the RNA input-normalized copies from the
4 endogenous controls, miR-378a-3p, miR-3594-3p, miR-330-5p, and let-7b-3p, was cal-
culated. Finally, the target miRNAs were normalized to the geometric mean of the
4 endogenous controls as follows:

Normalized target miRNA copies = (miRNA copies normalized to RNA input)/(GM of RNA input
normalized miRNA copies from 4 endogenous controls)

IsomiR analysis of selected candidate miRNAs. For all candidate and control miRNAs
tested for validation with ddPCR, the non-normalized isomiR read count list was obtained
for each biologic sample from the small RNA-Seq data. For each miRNA, the total read
count from all isomiRs, and the number of detected isomiRs were compared among the
TBI and sham-operated controls. Next, analysis was focused on the miRNA candidates
that were validated with ddPCR: miR-375-3p, miR-211-5p, and miR-146a-5p. We excluded
miR-155-5p because it had a low read abundance in all samples, with no detected isomiRs.
For miR-375-3p, miR-211-5p, and miR-146a-5p, the top 6 isomiRs (based on read count
abundance) from all TBI samples were listed, and among them, the top 2–4 isomiRs that
were detected in all the TBI samples were considered. For each of these 2–4 isomiRs, the
read count, change involved (if any), percentage of total reads comprising the isomiR,
and percentage of canonical sequence reads comprising the isomiR were tabulated and
compared between the TBI and sham-operated controls.

Reverse transcription of total RNA from brain tissue with miScript chemistry. Valida-
tion of the small RNA-Seq data was performed from the same samples subjected to sequenc-
ing (n = 6 TBI animals and 6 sham-operated controls). Synthesis of cDNA was performed
with miScript II RT kit (#218161, Qiagen) according to the manufacturer’s instructions.

Quantitative PCR analysis of miR-146a with miScript chemistry. Quantitative RT-
PCR analysis was performed using miScript chemistry according to the manufacturer’s
instructions. For this, a miScript SYBR Green PCR Kit (#218073, Qiagen) was used with a
rno-miR-146a specific 5′ end primer (MS00000441, Qiagen) and a universal 3′ end primer.
For normalization, we used miR-378a-3p (MS00005810, Qiagen) with the formula 2-ΔCt [38].
For each sample, the PCR reactions were performed in triplicate. All samples were run
with a LightCycler® 96 Instrument (Roche). A no-template (nuclease-free water) control
was run in parallel for all assays.

2.11.2. Transfer RNA Derived Fragments

Reverse transcription of total RNA from brain tissue with miScript chemistry (n = 6
TBI animals and n = 6 shams). Validation of the small RNA-Seq data was performed from
the same samples subjected to sequencing (n = 6 TBI and 6 sham-operated controls) as
described in the miRNA paragraph for miScript chemistry.

Quantitative PCR (n = 6 TBI animals and n = 6 shams). Relative quantification of tRNA
fragments was performed as described for miR-146a with miScript chemistry. Custom
designed assays for tRFs derived from the 3′ end of the tRNA-IleAAT (MSC0076231, Qiagen)
and tRNA-LysTTT (MSC0076337, Qiagen) were used.

Agarose gel electrophoresis for size separation (n = 3 TBI animals and n = 3 shams).
First, 2 μL of RNA (150 ng), 16 μL of formamide, and 2 μL of loading dye were mixed
and then heated at 65 ◦C for 5 min. For size separation of the small RNA, 3% agarose gel
(#A9539-500G, Sigma, Tokyo, Japan) was prepared in a 1 × Tris-acetate buffer (TAE) and
run 15 min with 80V in 1 × TAE. A GeneRuler low range DNA ladder (#SM1193, Thermo
Scientific, Waltham, MA, USA) and Sybr Safe DNA gel stain (#S33102, Invitrogen, Waltham,
MA, USA) were used to visualize the RNA size. An appropriate piece of the gel was cut
and minced with a microtome blade. Small RNA was eluted from the gel to nuclease-free
water (600 μL) at room temperature on a shaker overnight. Complementary cDNA and
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reverse transcription (RT)-qPCR was performed as described for the miScript chemistry
earlier, except data normalization was performed relative to miR-124-3p (MS00005593,
Qiagen). Undiluted RNA after elution was directly used for the cDNA reaction.

2.12. In-Silico Prediction and qPCR Validation of mRNA Targets for the Validated miRNAs

In-silico prediction. For the validated miRNA candidates, mRNA target prediction
was performed in-silico with TargetScan v7.2. The predicted target list was then compared
with the differentially expressed mRNA data (FDR <0.05) obtained from our brain RNA-
Seq samples. Only those targets that were predicted in TargetScan and present in our
differentially expressed mRNA list with a fold-change (FC) opposite that of the miRNA
expression were selected for DAVID gene-Gene Ontology term enrichment analysis. Based
on prior literature, evidence of miRNA-mRNA interaction, magnitude of fold-change, and
read abundance identified from RNA-Seq; 2 mRNA targets were selected for validation
with RT-qPCR, ELAVL2 from the perilesional cortex (predicted target of both miR-375-3p
and miR-211-5p) and Syt1 from the ipsilateral thalamus (predicted target of miR-146a-5p).

Complementary DNA (cDNA) synthesis (n = 6 TBI animals and n = 6 shams). The cDNA
synthesis was performed using the High Capacity RNA-to-cDNA Kit (Applied Biosystems)
according to the manufacturer’s instructions (High Capacity RNA-to-cDNA kit Protocol, Part
Number 4,387,951 Rev. C). The total amount of RNA was set to 2 μg/20 μL reaction.

Quantitative RT-PCR (n = 6 TBI animals and n = 6 shams). Quantitative RT-PCR was
performed in a total volume of 20 μL using 12 ng (RNA equivalents) of cDNA as a template,
gene-specific primers and probes (pre-validated TaqMan Gene Expression Assay for Elavl1
and Syt1; Rn01433257_m1 and Rn00436862, Applied Biosystems), and 1× TaqMan Gene
Expression Master Mix (#4369016, Applied Biosystems, Waltham, MA, USA). The following
program was used in the PCR (StepOne Software v2.1, Applied Biosystems): 1 cycle (95
C, 10 min) and 40 cycles (95 C, 15 s; 60 C, 60 s) in a StepOnePlusTM Real-Time PCR
System (Applied Biosystems). The data were normalized to glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) mRNA expression (pre-validated Taqman Gene Expression Assay
for Gapdh; ID: Rn99999916_s1, Applied Biosystems). Each sample was run in triplicate. A
no-template (nuclease-free water) control was run in parallel for all assays.

2.13. In-Silico Prediction and qPCR Vvalidation of mRNA Targets for the Validated tRFs

In-silico prediction. To predict miRNA-like regulation of tRFs, TargetRank [39] was
used to find complementary regions from mRNA 3′ untranslated regions (3′UTRs). Seed
regions (8-nt long) were formed along the length of the tRF. For gene set enrichment anal-
ysis of the predicted targets for the first 8-nt seed region, a gene list of targets for both
tRNA-IleAAT and tRNA-LysTTT was created based on a human database (Supplementary
Material 2). Thereafter, the acquired gene list was transformed to official rat gene symbols
(334 genes). A pre-ranked gene list was created according to the RNA-Seq dataset. The
genes were arranged into negative and positive groups according to the fold-change values.
Downregulated genes were identified with a minus sign. The genes were then arranged
according to their p-value and ranked. Genes with high p-values were ranked closer to zero.
The pre-ranked gene list created for the gene enrichment analysis comprised 18893 features
(genes). FDR <0.05 was considered statistically significant. After gene set enrichment anal-
ysis, all negatively enriched targets (Supplementary Material 2) were included for further
Functional Annotation Tool analysis (DAVID Bioinformatics Resources 6.8, NIAID/NIH).
A Benjamini–Hochberg-corrected p-value <0.05 was used to find the regulated functions.
One candidate target (Cplx1) was selected for further proof-of-concept validation.

Complementary DNA (cDNA) synthesis (n = 5 TBI animals and n = 5 shams). The
cDNA synthesis was performed as described for the predicted miRNA targets.

Quantitative RT-PCR (n = 5 TBI animals and n = 5 shams). Quantitative RT-PCR
was performed as described for the predicted miRNA targets with gene-specific primers
and probes (prevalidated TaqMan Gene Expression Assay for Cplx1; Rn02396766_m1,
Applied Biosystems).
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2.14. qPCR Analysis of tRF Cleaving Enzyme Angiogenin

Complementary DNA (cDNA) synthesis (n = 5 TBI animals and n = 5 shams). The
cDNA synthesis was performed as described for the predicted miRNA targets.

Quantitative RT-PCR (n = 5 TBI animals and n = 5 shams). Quantitative RT-PCR was
performed as described for the predicted miRNA targets with gene-specific primers and
probes (prevalidated TaqMan Gene Expression Assay for angiogenin; Rn03416813_gH,
Applied Biosystems).

2.15. Data Analysis and Statistics

No statistical methods were used to predetermine the sample size. Unsupervised hier-
archical clustering (R environment) was used to cluster animals and visualize differentially
expressed miRNAs and tRFs. The Vienna RNAfold web server (http://rna.tbi.univie.ac.
at/cgi-bin/RNAWebSuite/RNAfold.cgi, accessed on 16 June 2015) was used to predict
the RNA folding. In RT-qPCR analyses, statistical differences were estimated using the
Mann–Whitney U-test (Prism 9). Differences in the neuroscore between 2 groups were
assessed using the Mann–Whitney U-test (Prism 9). All correlations were analyzed with
the Spearman rank correlation (Prism 9). A p < 0.05 was considered to indicate statistical
significance. We did not exclude any data points in this study.

3. Results

3.1. Mortality after Lateral FPI

Acute post-TBI mortality was 27% (8/30). The mean post-impact apnea time was
38 ± 3.6 s. Post-impact seizure-like behaviors were observed in 30% (9/30) of the TBI animals.

3.2. Anatomic Analysis and Assessment of Chronic Neuroinflammation

Visual analysis of 1-mm-thick coronal MRI slices revealed substantial variability in the
extent of the cortical lesion between the animals (example in the Figure 2A). Moreover, the
enhanced T2-weighted signal appeared to be unevenly distributed along the rostrocaudal
extent of the cortical lesion. MRI was used to identify animals with a prominent increase in
T2-enhancement around the lesion (arrow in Figure 2A), indicating perilesional inflamma-
tion (n = 13/22). Nissl-stained sections (Figure 2B) showed detailed cytoarchitectonics of
the perilesional area. Next, immunohistochemical staining was used to confirm chronic
neuroinflammation suggested by the T2-enhancement. Immunohistochemical staining for
CD68 with qualitative analysis showed activated microglia/macrophages in the perile-
sional cortex (Figure 2C). Further, immunohistochemical staining for GFAP with qualitative
analysis showed astrocytic fibers (Figure 2D).

RNA-sequencing was used to assess detailed molecular network alterations after TBI
in the perilesional cortex (Figure 3) and ipsilateral thalamus (Figure 4). Basic quality control
of RNAseq data suggested experimental success (Supplementary Table S2). Overall, we
detected 2773 and 2954 upregulated genes in the perilesional cortex and ipsilateral thalamus,
respectively (Supplementary Figure S1). The number of downregulated genes was 2490 in
the perilesional cortex and 3044 in the ipsilateral thalamus (Supplementary Figure S1).

88



Biomedicines 2022, 10, 136

Figure 2. Assessment of chronic neuroinflammation. (A) Magnetic resonance imaging (MRI) was
used to identify animals with a prominent increase in T2-enhancement around the lesion (arrow in a
high magnification representation (a)) indicating perilesional inflammation. (B) Nissl-stained sections
show detailed cytoarchitectonics of the perilesional area. (C,D) Immunohistochemical stainings were
used to confirm chronic neuroinflammation suggested by T2-enhancement. Immunohistochemical
staining for CD68 (macrosialin) showed activated microglia/macrophages in the perilesional cortex
(panel (C)). Immunohistochemical staining for glial fibrillary acidic protein (GFAP) with qualitative
analysis showed astrocytic fibers (panel (D)). Scale bars = 2000 μm (B), 200 μm (b,C,D) and 50 μm
(insert in panel (C)).
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Figure 3. Graphical summary of pathway analysis of differentially expressed genes in the perilesional
cortex after traumatic brain injury. Analysis highlighted physiologic functions like organismal
survival, tissue morphology, nervous system development and function, and hematologic system
development and function.

Figure 4. Graphical summary of the pathway analysis of differentially expressed genes in the
ipsilateral thalamus after traumatic brain injury. Similar to the perilesional cortex, analysis highlighted
physiologic functions, such as organismal survival, tissue morphology, nervous system development
and function, and hematologic system development and function. Top regulator effect networks
included genes such as Collagen Type XVIII Alpha 1 Chain (COL18A1) and SELPG protein.

90



Biomedicines 2022, 10, 136

Top regulator effect networks included genes like CRK Like Proto-Oncogene Adaptor
Protein (CRKL), Polo Like Kinase 2 (PLK2), and Neutrophil Cytosolic Factor 1 (NCF1). In
the perilesional cortex, the top five regulated canonical pathways were axonal guidance
signaling (38% overlap with dataset, 172/456, p < 0.001), colorectal cancer metastasis
signaling (42% overlap, 106/252, p < 0.001), molecular mechanisms of cancer (37% overlap,
142/382, p < 0.001), role of nuclear factor of activated T cells in cardiac hypertrophy (44%
overlap, 87/199, p < 0.001), and role of macrophages, fibroblasts, and endothelial cells in
rheumatoid arthritis (38% overlap, 120/315, p < 0.001). Similarly, in the ipsilateral thalamus,
the top five regulated canonical pathways were interleukin (IL)-8 signaling (51% 100/197,
p < 0.001), leucocyte extravasation signaling (49% overlap, 103/210, p < 0.001), role of
nuclear factor of activated T cells in cardiac hypertrophy (50% overlap, 96/192, p < 0.001),
G-protein coupled receptor signaling (45% overlap, 123/272, p < 0.001), and Huntington’s
disease signaling (46% overlap, 111/241, p < 0.001).

In the perilesional cortex, IPA analysis revealed the top five molecular and cellular
functions among differentially expressed genes to be cellular assembly and organization
(927 molecules), cellular function and maintenance (1484 molecules), cellular movement
(1079 molecules), cellular morphology (1178 molecules), and cellular growth and prolif-
eration (1744 molecules). The top five molecular and cellular functions in the ipsilateral
thalamus were cellular assembly and organization (1048 molecules), cellular function and
maintenance (1675 molecules), cellular morphology (1321 molecules), molecular transport
(1153 molecules), and cell death and survival (1657 molecules).

Based on these data, we also predicted the top five upstream regulators with IPA. In
the perilesional cortex, all five of these regulators were activated (p < 0.001). These five
regulators were TGFB1, tNF, TP53, IFNG, and APP. In the ipsilateral thalamus, of the top
five regulators, four (APP, TNF, IFNG, and lipopolysaccharide) were activated and one
(L-dopa) was inhibited (p < 0.001).

3.3. Differentially Expressed miRNAs Identified from sncRNA-Seq

Overall, quality control analysis of the sncRNAseq suggested good quality (Sup-
plementary Figure S2A–C). In the perilesional cortex, 19 miRNAs were identified to be
differentially expressed in TBI animals at 3 months post-injury compared with controls
(FDR <0.05, Figure 5A). In the ipsilateral thalamus, only two miRNAs were identified to
be differentially expressed with FDR <0.05. From the 19 differentially expressed miRNAs
in the perilesional cortex, PCR analysis was performed for the top 10 candidates (ranked
based on increasing order of FDR-value; Figure 5B1,B2,C). In the ipsilateral thalamus, the
two differentially expressed miRNAs identified from small RNA-Seq were selected for
further validation. Among the 10 miRNA candidates tested from the perilesional cortex
with ddPCR, upregulation of only miR-375-3p (FC = 3.44, p < 0.01, Figure 5B1) and miR-
211-5p (FC = 1.45, p < 0.05, Figure 5B2) was validated. For the majority (seven of eight) of
the remaining candidates, ddPCR showed a similar expression pattern to that observed
with small RNA-Seq (Figure 5C). The PCR analysis results, however, were not statistically
significant (p > 0.05). From the ipsilateral thalamus, both tested candidates, miR-146a-5p
(FC = 2.01, p < 0.05, Figure 5B3) and miR-155-5p (FC = 2.34, p < 0.01, Figure 5B4), were
successfully validated with ddPCR. Similar to the perilesional cortex, these two miRNAs
were significantly upregulated in the ipsilateral thalamus of the TBI group at 3 months
post-injury compared with sham-operated controls.
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Figure 5. Deregulated microRNAs (miRNAs) after lateral fluid percussion injury. (A) Unsupervised
hierarchical clustering partly separated sham-operated controls from post-TBI rats according to
differentially expressed (D,E) miRNAs in the perilesional cortex. A total of 12 upregulated and
7 downregulated miRNAs were found (FDR <0.05). (B1–B4) Droplet digital PCR (ddPCR) analysis
validated miR-375 (B1, p < 0.01) and miR-211 (B2, p < 0.05) upregulation. In the ipsilateral thalamus,
only 2 miRNAs were upregulated in small non-coding RNAseq analysis (sncRNAseq, FDR <0.05).
Both of these were validated with ddPCR (B3, miR-146a, p < 0.05; B4, miR-155, p < 0.01). (C) All other
sncRNAseq suggested no change in the top 10 DE miRNAs in ddPCR analysis (p > 0.05 for all). Most
of them (7/8), however, were regulated in the same direction detected in the sncRNAseq analysis.
(D) Functional pathway analysis of predicted targets of miR-375 and miR-211. (E) Functional pathway
analysis of predicted targets of miR-146a and miR-155. (F1,F2) Quantitative RT-PCR analysis revealed
no change in the predicted targets selected for validation (ELAV Like RNA Binding Protein 2 (Elavl2)
and Synaptotagmin 1 (Syt1), p > 0.05). Statistical significance: *, p < 0.05; **, p < 0.01.

3.4. mRNA Targets Predicted for the Validated miRNA Candidates

For miR-375-3p, 12/178 (6.7%) of the predicted mRNA targets from TargetScan were
also significantly downregulated in our mRNA-Seq data in TBI animals compared with
sham-operated controls. For miR-211-5p, 7/98 (7.1%) of the predicted mRNA targets
from TargetScan were significantly downregulated in our mRNA-Seq from TBI animals
compared with sham-operated controls. The most common functions among these targets
were cytoplasmic functions, and transferase and protein stabilization (Figure 5D). Similarly,
for miR-146a-5p, 7/137 (5.1%) of the predicted mRNA targets from TargetScan, and for
miR-155-5p, 23/288 (7.9%) of the predicted mRNA targets from TargetScan were signifi-
cantly downregulated in our mRNA-Seq from TBI animals compared with sham-operated
controls. The most common functions among these targets were the integral components
of membranes, ion channels, and ion transport (Figure 5E). For both miRNAs from the
perilesional cortex (miR-375-3p and miR-211-5p), ELAV-like neuron-specific RNA binding
protein 2 (ELAVL2) was a common predicted mRNA target. Previous studies revealed a
role of miR-375 in regulating dendrite formation and maintenance by affecting the levels of
ELAVL4 protein, a paralog of ELAVL2. Thus, ELAVL2 (mRNA-Seq FC = 0.75, FDR <0.05)
was selected for validation with RT-qPCR. From the ipsilateral thalamus, synaptotagmin 1
(Syt1) (mRNA-Seq FC = 0.73, FDR <0.05), a predicted target for miR-146a-5p, was selected
for validation. Because the read abundance for miR-155-5p in the ipsilateral thalamus was
quite low for all samples (TBI: 12.49 (4.61), Sham: 4.56 (0.95), mean (SD)), and there were no
commonly predicted targets for miR-146a-5p and miR-155-5p, targets for miR-155-5p were
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not selected for validation. Quantitative PCR analysis of both targets revealed unaltered
gene expression (p > 0.05, Figure 5F1,F2).

3.5. IsomiRs Identified for the Validated Differentially Expressed miRNAs

To explain the negative miRNA-target expression findings, we performed a detailed
analysis of isomiRs. For miR-375-5p, the total number of reads from all isomiRs, and
the number of different isomiR types (canonical (Figure 6A1) and isomiRs (Figure 6A3),
p < 0.05 for both) identified were significantly higher in the TBI animals compared with the
sham-operated controls. For miR-211-5p, the number of detected canonical miRNA species
was increased (p < 0.05, Figure 6B1). The number of different isomiR types identified
was significantly higher in the TBI animals compared with the sham-operated controls
(Figure 6B3, p < 0.05), but the total number of reads from all isomiRs was not significantly
different (Figure 6B4, p > 0.05). For miR-146a-5p, the total number of reads from all isomiRs,
as well as the number of different isomiR types identified, did not differ significantly
between the TBI and sham-operated controls (Figure 6C1–C4, p > 0.05). For miR-155-5p, no
isomiRs were detected. For the four endogenous controls or non-validated differentially
expressed miRNA candidates in both the perilesional cortex and ipsilateral thalamus, the
total number of reads from all isomiRs and the number of different isomiR types identified
did not differ significantly between the TBI and sham-operated controls (p > 0.05). The
amount of canonical miRNA and isomiRs related to different miRNAs, however, was
highly variable.

Figure 6. Analysis of canonical (miRbase) miRNA sequence and isomiRs of miR-375, miR-211, and
miR-146a. (A1–A4) Read count of canonical miR-375 was increased, (A1) p < 0.05 and there was a
trend toward its proportional increase from all miR-375 aligned reads; (A2) p < 0.1. Additionally,
the total isomiR read count (A3) p < 0.05 and number of isomiRs (B4) p < 0.05, were increased.
((B1–4) Similarly, the read count of canonical miR-211 was increased, (B1) p < 0.05 and there was
a trend toward its proportional increase from all miR-211 aligned reads; (B2) p < 0.1. Total isomiR
read count (B3) p > 0.05 was not changed, but the number of isomiRs (B4) p < 0.05 was increased.
(C1–C4) For miR-146a, we observed no significant changes. The trends for canonical miRNA were
opposite for cortical differentially expressed miRNAs (miR-375 and miR-211), however, as the
proportion of canonical miR-146a was decreased compared to all sequences aligned to it, p < 0.1.
Statistical significance: *, p < 0.05.
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Next, we performed a detailed analysis of different isomiRs observed for validated dif-
ferentially expressed miRNAs. For miR-375-3p, the canonical miRNA sequence (TTTGTTCG
TTCGGCTCGCGTGA) formed on average 32% of the total read count in the TBI animals
(32.42 (2.15)), and 35% in the sham animals (34.68 (3.96)) (p = 0.05, Figure 6A2). For
miR-211-5p, the canonical sequence (TTCCCTTTGTCATCCTTTGCCT) formed on average
52% of the total read count in the TBI animals (51.6 (7.46)), and 44% in the sham animals
(43.64 (4.89)) (p = 0.06, Figure 6B2). For miR-146a-5p, the canonical sequence (TGAGAACT-
GAATTCCATGGGTT) formed on average 38% of the total read count in the TBI animals
(37.71 (8.56)), and 48% in the sham animals (48.32 (9.33)) (p = 0.06, Figure 6C2).

Details of the top 2–4 isomiRs (among the top six) for miR-375-3p, miR-211-5p, and
miR-146a-5p that were detected from all TBI samples are summarized in Figure 6. Most
of these were 3′-isomiRs, i.e., additions, deletions, or nucleotide changes to the canon-
ical miRNA sequence that occurred at the 3′ end. The top two isomiRs detected for
miR-375-3p and miR-211-5p were not significantly different between the TBI and con-
trols (p > 0.05, Figure 7A,B). For miR-146a-5p, among the top four isomiRs, TGAGAACT-
GAATTCCATGGGT and TGAGAACTGAATTCCATGGGTTT were significantly more
abundant in the TBI animals compared with the controls (p < 0.05, Figure 7C). Next, we
performed RT-qPCR to detect all 3′ end isomiRs (Figure 7D, FC = 1.7, p < 0.05) and were
able to detect a difference between the controls and post-TBI animals. Quantitative RT-PCR
and primer assay targeting only canonical miR-146a was not able to detect this increase
(see Supplementary Figure S3, FC = 1.4, p > 0.05). Interestingly, RNA folding assessment
predicted that the linear miR-146a form changes to a hairpin-like structure when insertions
were detected in the miRNAs 3′ end (Figure 7E).

3.6. Elevation of Transfer RNA-Derived Fragments after TBI

We observed a clear upregulated profile of tRFs detected by small RNA sequencing
in both the perilesional cortex (Supplementary Figure S4A) and ipsilateral thalamus (Sup-
plementary Figure S4B) visualized by unsupervised hierarchical clustering. Using IGV to
visualize aligned sequences, we selected two candidate tRNAs, tRNA IleAAT and tRNA
LysTTT, for further inspection. Upregulation of fragments cleaved from these two tRNAs
was evident in both the perilesional cortex (Figure 8A for tRNA IleAAT and Figure 8E for
tRNA LysTTT) and the ipsilateral thalamus (Figure 8C for tRNA IleAAT and Figure 8G
for tRNA LysTTT). Interestingly, both tRNAs had a clear cleavage site of tRFs in their
variable region [40] producing mainly 27–28 nt long fragments from the 3′ end of the tRNA
(Figure 8I for tRNA IleAAT and Figure 8J for tRNA LysTTT). Estimation of a possible
secondary structure predicted hairpin-like folding of both fragments (Figure 8K1 for 3′tRF-
IleAAT and Figure 8K2 for 3′tRF-LysTTT). Quantitative RT-PCR analysis showed a trend
toward the upregulation of fragments originating from tRNA IleAAT in the perilesional
cortex (FC = 1.5, p > 0.05; Figure 8B). Similar to small RNA-Seq analysis, however, RT-qPCR
indicated robust upregulation of the fragments from tRNA IleAAT in the ipsilateral thala-
mus (FC = 5.4, p < 0.01; Figure 8D). Instead, RT-qPCR replicated the observed upregulation
of fragments cleaved from tRNA LysTTT in both the perilesional cortex (FC = 6.9, p < 0.01;
Figure 8F) and the ipsilateral thalamus (FC = 5.2, p < 0.05; Figure 8H). We used agarose
gel electrophoresis to confirm the size of the detected tRFs, as total RNA (including also
pre-tRNA and mature tRNA molecules) was used for the RT-qPCR analysis. Indeed, when
only 20–50 nt long RNA was selected after the size separation of cortical RNA samples
and subsequent RT-qPCR, a similar upregulated profile of 3′tRF-IleAAT (2.1, p > 0.05, n = 3
per group) and 3′tRF-LysTTT (3.3, p > 0.05, n = 3 per group) was detected compared with
the total RNA samples (Supplementary Figure S5A for 3′tRF-IleAAT and Supplementary
Figure S5C for 3′tRF-LysTTT). Analysis indicated a moderate correlation, meaning that
the higher the expression in the total RNA sample, the greater the amount of 3′tRF also
detected after the size separation (Supplementary Figure S5B for 3′tRF-IleAAT (Spearman
r = 0.54, p > 0.05) and Supplementary Figure S5D for 3′tRF-LysTTT (Spearman r = 0.75,
p > 0.05).
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Figure 7. Analysis of isomiR types after traumatic brain injury (TBI). Analysis of cortical differentially
expressed miRNAs revealed an increase, especially in 3′ end modifications (A,B). The miR-211
isomiR 5′–TTCCCTTTGTCATCCTTTGCCTT was significantly increased after TBI (B, p < 0.05). For
miR-146a, (C) several isomiRs were detected. These 2 isomiRs showed increased modifications
at the 3′ end (5′– TGAGAACTGAATTCCATGGGT- and 5′– TGAGAACTGAATTCCATGGGTTT;
p < 0.05). Quantitative RT-PCR chemistry detecting all 3′ end isomiRs (D) (FC = 1.7, p < 0.05) revealed
a difference between controls and post-TBI animals. Primer assay targeting only canonical miR-146a
did not detect this increase (see Supplementary Figure S3, FC = 1.4, p > 0.05). Interestingly, RNA
folding assessment predicted the linear miR-146a form to change to a hairpin-like structure when
insertions were detected in the miRNA 3′ end (E). Statistical significance: *, p < 0.05; **, p < 0.01.
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Figure 8. Transfer RNA fragments (tRFs) cleaved from tRNA IleAAT and tRNA LysTTT were
upregulated in the perilesional cortex and ipsilateral thalamus after traumatic brain injury (TBI).
(A) Alignment of the detected reads toward tRNA IleAAT in sham-operated controls (gray shading)
and post-TBI rats (blue line) in the perilesional cortex samples. (B) Quantitative RT-PCR analysis
showed a trend toward upregulation of 3′tRF-IleAAT (FC = 1.5, p > 0.05). (C) Alignment of the
detected reads toward tRNAIleAAT in sham-operated controls (gray shading) and post-TBI rats (blue
line) in the ipsilateral thalamus samples. (D) Quantitative RT-PCR analysis showed upregulation
of 3′tRF-IleAAT (FC = 5.4, p < 0.01). (E) Alignment of the detected reads toward tRNA LysTTT
in sham-operated controls (gray shading) and post-TBI rats (blue line) in the perilesional cortex
samples. (F) Quantitative RT-PCR analysis showed upregulation of 3′tRF-LysTTT (FC = 6.9, p > 0.01).
(G) Alignment of the detected reads toward tRNALysTTT in sham-operated controls (gray shading)
and post-TBI rats (blue line) in the ipsilateral thalamus samples. (H) Quantitative RT-PCR analysis
showed upregulation of 3′tRF-LysTTT (FC = 5.2, p < 0.05). (I) Most common cleavage site of fragments
from tRNA IleAAT detected based on analysis presented in panels (A and C). (J) Most common
cleavage site of fragments from tRNA LysTTT detected based on analysis presented in panels
(E and G). (K1,K2) Predicted RNA folding structure for 3′tRFs upregulated after TBI. Statistical
significance: *, p < 0.05; **, p < 0.01.

3.7. mRNA Targets Predicted for the Validated tRF Candidates

We used an 8-nt approach [39] to predict mRNA targets for validated 3′ tRFs (Figure 9A1–A3
for 3′tRF-IleAAT and Figure 9B1–B3 for 3′tRF-LysTTT). Gene set enrichment analysis
indicated a negative enrichment of these predicted targets for a combined target list of
both tRFs in the ipsilateral thalamus (ES = −0.22, FDR <0.01, Figure 9C). The thalamus
was selected for further investigation as both fragments were robustly upregulated in this
brain area. We selected one candidate target (Cplx1) of 3′tRF-IleAAT for further validation
with RT-qPCR. In the ipsilateral thalamus, Cplx1 was downregulated (FC = 0.78, p < 0.05,
Figure 9D) and the lower the expression level, the greater the amount of 3′tRF-IleAAT
detected in the same sample (Spearman r = 0.43, p < 0.05, Figure 9D). Gene expression
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of Cplx1 showed a trend toward downregulation in the perilesional cortex (FC = 0.4,
p > 0.05; Spearman r = 0.38, p > 0.05; n = 5 per group; Supplementary Figure S6) where the
upregulation of tRF was also not that high. Further, functional annotation of negatively
enriched predicted tRF targets linked them to glycoprotein, protein binding, nucleotide-
binding, lipoprotein, and neurogenesis (p < 0.05, Figure 9E, Supplementary Spreadsheet 1).

Figure 9. Downregulation of the predicted targets of upregulated tRFs after traumatic brain in-
jury. (A1–A3) Number of predicted targets of 3′tRF-IleAAT for conserved, human and mouse
3′-untranslated regions (UTRs) of protein coding genes. (B1–B3) Number of predicted targets of
3′tRF-LysTTT for conserved, human, and mouse 3′-UTRs of protein-coding genes. (C) Gene set
enrichment analysis of predicted targets of both tRFs (combined gene list) in the ipsilateral thalamus
revealed negative enrichment (ES = 0.22, FDR <0.01). (D) Quantitative RT-PCR analysis validated
downregulation of one selected target candidate of 3′tRF-IleAAT, Cplx1 (FC = 0.78, p < 0.05). Further,
the lower the Cplx1 expression level, the greater the detection of 3′tRF-IleAAT in the same sample
(Spearman r = 0.43, p < 0.05). (E) Functional annotation of negatively enriched predicted tRF targets
linked them to glycoprotein, protein binding, nucleotide-binding, lipoprotein, and neurogenesis
(p < 0.05, DAVID functional annotation tool). Statistical significance: *, p < 0.05.

3.8. No Clear Upregulation of tRF-Cleaving Enzyme Angiogenin after TBI

RNAseq experiments revealed that the tRF-cleaving enzyme angiogenin was upregu-
lated in the ipsilateral thalamus (log2FC = 0.47, FDR <0.01, Supplementary Figure S7A).
We quantified the expression level of angiogenin with RT-qPCR in both the perilesional
cortex (FC = 1.26, p > 0.05) and ipsilateral thalamus (FC = 1.62, p > 0.05, n = 6 for controls
and n = 5 for TBI) but did not detect the expected significant upregulation (Supplemen-
tary Figure S7B). A moderate correlation, however, was observed between angiogenin
expression and the 3′tRF levels (Spearman r = 0.45, p < 0.05 for 3′tRF-IleAAT and Spear-
man r = 0.36, p < 0.05 for 3′tRF-LysTTT) (Supplementary Figure S7C for 3′tRF-IleAAT and
Supplementary Figure S7D for 3′tRF-LysTTT) in the thalamus.

3.9. Elevated 3′tRF and miR-146a Levels Relate to Worse Behavioral Outcome after TBI

We assessed neuromotor functions with the composite neuroscore at acute and chronic
time-points post-TBI and investigated memory deficits in the Morris water maze at 2 months
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post-TBI (Figure 10A). Our correlation analysis showed that rats exhibiting deficits in the
probe trial, represented by less time spent in the correct quadrant, also had the highest
expression of the full miR-146a profile (all isomiRs included; Spearman r = 0.43, p < 0.05,
Figure 10B1), 3′tRF-IleAAT (Spearman r = 0.70, p < 0.001; Figure 10B2) and 3′tRF-LysTTT
(Spearman r = 0.57, p < 0.01; Figure 10B3). As expected, all TBI rats exhibited acute motor
deficits compared with the controls at 2 days post-TBI (p < 0.01, Figure 10C) with recovery
toward subacute at the 7 days (p < 0.01, Figure 10C), 14 days (p < 0.01, Figure 10C) and
21 days (p < 0.01, Figure 10C) post-TBI time-points. When the neuroscore was assessed at
3 months post-TBI, the measured score varied widely between rats. The difference between
post-TBI rats and the controls remained significant (p < 0.01, Figure 10C). Interestingly, our
correlation analysis indicated a relation between the lower neuroscore value at 3 months
post-TBI and the increased expression of the full miR-146a profile (all isomiRs included;
Spearman r = 0.75, p < 0.001; Figure 10(D1)), 3′tRF-IleAAT (Spearman r = 0.78, p < 0.001,
Figure 10(D2)) and 3′tRF-LysTTT (Spearman r = 0.92, p < 0.001; Figure 10D3).

Figure 10. Upregulation of tRFs in the ipsilateral thalamus correlated with a worse behavioral
outcome after traumatic brain injury (TBI). (A) Neuromotor function was assessed by the composite
neuroscore at acute and chronic time-points post-TBI, and memory deficits were investigated with
the Morris water maze at 2 months post-TBI. (B1–B3) Correlation analysis showed that rats showing
deficits in the probe trial, represented by less time spent in the correct quadrant, also had the highest
expression of the full miR-146a profile (all isomiRs included; Spearman r = 0.43, p < 0.05, panel
(B1)), 3′tRF-IleAAT (Spearman r = 0.70, p < 0.001; panel (B2)), and 3′tRF-LysTTT (Spearman r = 0.57,
p < 0.01; panel (B3)). (C) TBI rats exhibited acute motor function deficits compared with controls at
2 days post-TBI (p < 0.01) with recovery to subacute at 7 days (p < 0.01, compared with controls),
14 days (p < 0.01, compared with controls) and 21 days (p < 0.01, compared with controls) post-TBI
time-points. At 3 months post-TBI, high variance in the measured score was observed between
rats, but lower scores were still observed compared with controls (p < 0.01). (D1–D3) Correlation
analysis indicated a relation between a lower neuroscore value at 3 months post-TBI and increased
expression of the full miR-146a profile (all isomiRs included; Spearman r = 0.75, p < 0.001; panel
(D1)), 3′tRF-IleAAT (Spearman r = 0.78, p < 0.001, panel (D2)) and 3′tRF-LysTTT (Spearman r = 0.92,
p < 0.001; panel (D3)). Statistical significance: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

4. Discussion

A growing body of evidence demonstrates the involvement of different non-coding
RNAs in brain diseases, including TBI [41–44]. MicroRNAs have been identified as key
regulators of inflammation after brain injuries [45,46]. In the present study, our objective
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was to identify chronically altered miRNA and tRF signatures after TBI. Our data indicate
that two upregulated miRNAs (miR-155 and miR-146a) in the thalamus at a chronic time
post-TBI might have unfavorable effects for recovery after TBI. The inflammatory role of the
dysregulated miRNAs in the perilesional cortex, however, is not clear. Further, we revealed
a dysregulated profile of isomiRs of quantified differentially expressed miRNAs, and a
novel class of small RNAs, the tRFs, involved in post-TBI pathophysiology. For the first
time, we report here a relation between upregulated tRFs and an unfavorable behavioral
outcome after TBI.

4.1. Chronic Neuroinflammation after TBI

Brain inflammation is a prominent feature after TBI that has long-lasting secondary
injury mechanisms and evolves in the brain for months after TBI [47,48]. The control of neu-
roinflammation may lessen the risk of developing comorbidities, like memory deficits and
epilepsy [47,49]. Yet, brain inflammation is sparsely studied at chronic time-points post-TBI.
Importantly, many inflammatory mediators remain dysregulated at 3 months post-TBI, as
demonstrated by our previous genome-wide transcriptomic analysis [4]. Here we demon-
strated a network level dysregulation of protein-coding genes in the perilesional cortex and
ipsilateral thalamus. As expected, we observed robust regulation of inflammation-related
pathways and regulators in both brain areas. Our analysis also highlighted the regulation
of genes involved in organismal injury and abnormalities, and cell and tissue morphology.
Perilesional cortex-specific changes were observed in axonal guidance signaling pathways.
Further, ipsilateral thalamus-specific changes were observed in functions of molecular
transport and cell death, as well as toxic effects of mitochondrial dysfunction. Interestingly,
our analysis revealed broad regulation of the pathways and functions connected to hema-
tologic system development and function. Early coagulopathies have been reported in
TBI patients and even in patients with isolated severe TBI without severe bleeding [50–52].
Importantly, trauma-induced coagulopathies are independent predictors of poor outcomes
and are linked to secondary injuries. How regulation of the hematologic system in the
brain influences secondary injuries and relates to chronic neuroinflammation remains to
be studied.

4.2. Differentially Expressed miRNAs after TBI

We detected relatively few changes in canonical miRNAs in both brain areas investi-
gated. Based on earlier studies, the neuroinflammatory role of the upregulated miRNAs
(miR-375 and miR-211) in the perilesional cortex is not well known. Upregulation of miR-
375, however, is considered to protect the brain from ischemic stroke resulting in a reduced
infarct volume and decreased cell apoptosis [53]. On the other hand, knockdown of human
miR-375 upregulates NF-κB and pro-inflammatory factors, such as tumor necrosis factor-α,
IL-1β, IL-6 and IL-8, in the colorectal cancer cell line Caco-2 [54]. These findings suggest
the possible anti-inflammatory and neuroprotective roles of miR-375. Further, miR-211
excess regulation is connected to perturbation of learning functions in the Morris water
maze [55]; mice with high miR-211 levels lost the capacity to locate the platform quadrant
in a probe trial assessing reference memory. Interestingly, in our study, post-TBI rats also
showed decreased ability to find the platform in the Morris water maze test and had higher
cortical miR-211 levels. On the other hand, higher levels of miR-211 seem to protect the
brain from hypersynchronization, and nonconvulsive and convulsive seizures [55]. These
findings suggest multileveled, beneficial and harmful, roles of miR-211 in the brain.

MiR-146a is upregulated in the brains of post-TBI patients, animal models of TBI, and
similarly in epilepsy patients and animal models of epilepsy [56] and miR-146a is suggested
to be involved in the development and progression of seizures, especially through the
regulation of inflammation and immune responses [57,58]. A recent study [59] indicated
that the silencing of miRNA-146a decreases oxidative stress and the inflammatory response
in a rat model of temporal lobe epilepsy (TLE); one of the genes involved in the process
was Notch1. This is interesting as we previously reported upregulation of Notch1 in the
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dentate gyrus at 3 months post-TBI [60]. In this study, Notch1 was upregulated in the
perilesional cortex (log2FC = 0.46, FDR < 0.01); however, in the ipsilateral thalamus—
the brain area where miR-146a was upregulated—we observed no significant change
(Log2FC = 0.26, FDR > 0.05). Notch1 did not come up in our miRNA-target analysis
as we were interested in significantly changed targets. It is still possible that miR-146a
downregulates the protein level of Notch1 and decreases its mRNA level in the thalamus.
Our earlier study showed an increase in miR-155 in the rat and human brain post-TBI [56].
This upregulation was associated with activated glial cells. In vitro studies indicate that
human astrocytes acquire a pro-inflammatory phenotype and overexpress miR-155 after
stimulation with a pro-inflammatory macrophage-conditioned culture medium. Thus,
miR-155-promoted neuroinflammation via astrocyte activation is involved in the secondary
injury. Moreover, numerous studies have demonstrated a pro-inflammatory role of miR-
155 [46,61].

4.3. Are 3′isomiRs a Specific Feature of TBI?

General information on the unique mature sequence of each miRNA is cataloged
in the miRBase database [62]. These listed sequences are called miRNA canonical forms.
The sncRNAseq experiments, however, suggest that miRNA lengths and sequences could
be modified in animal and human tissues. These RNA isoforms are called isomiRs [63].
Experiments demonstrate substantial overlap in functional mRNA networks suppressed
by both canonical miRNAs and their isomiRs, and that these isomiRs are functionally
relevant [63].

Detailed analyses of sncRNAseq data have identified especially high fractions of ma-
ture miRNAs containing one or more 3′ nucleotide additions [16,64]. These 3′ nucleotide
additions most commonly include single and double nucleotide additions of adenine
and/or uridine bases. Studies investigating these modifications have found that only
a small fraction of miRNAs derived from a particular miRNA locus are subject to, for
example, 3′ adenine addition (0–20%). These additions could therefore provide a mecha-
nism for the cell to regulate the targeting efficiency of the transcripts derived from specific
miRNA and this profile has been shown to be cell type-specific [16]. Functional distinc-
tion between isomiR production between vertebrates and Drosophila [16] emphasizes
that miRNA modifications may have divergent roles across groups of animals and hu-
mans. For some evolutionarily conserved miRNA families, however, generally comparable
rates of additions have been observed across species [16,65]. Overall, very diverse and
contradictory functions are attributed to these addition events [17]. These functions in-
clude miRNA targeting efficiency, exosome localization, degradation, stabilization, and
influencing associations with argonaute proteins.

In this study we especially observed 3′ nucleotide additions or modifications. Further,
our prediction of RNA folding suggested possible alterations in the folding structure of
miR-146a. Moreover, we were unable to detect any changes in the predicted targets of the
canonical miRNAs analyzed. Whether or not 3′ nucleotide isomiRs are involved in post-
TBI pathology and how each detected nucleotide modification/addition affects miRNA
functionality in the brain remains to be studied.

4.4. Variable Region Cleaved 3′tRFs Are Upregulated after TBI

Transfer RNAs and tRFs support different cellular processes, from canonical functions
in translation to recently unraveled mechanisms as gene expression regulators [24,66].
Interestingly, the recently described TRF-AGO2 association leads to target repression that
is similar to miRNA activity, thereby acting on posttranscriptional regulation [66]. In this
study, we reported an increase in 3′tRFs. Reports suggest that this particular tRF class
regulates gene expression in a miRNA-like manner [67]. Indeed, we found numerous
predicted target candidates for these dysregulated tRFs and showed decreased expression
of Cplx1. Functional annotation of negatively enriched predicted tRF targets linked them
to glycoprotein, protein binding, nucleotide-binding, lipoprotein, and neurogenesis.
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As noted, Cplx1 is predicted to be one of the affected targets of 3′tRF-IleAAT. Cplx1
belongs to the complexin/synaphin gene family and positively regulates exocytosis of
various cytoplasmic vesicles, such as synaptic vesicles and other secretory vesicles [68].
This protein organizes the soluble NSF attachment protein receptor proteins (SNAREs).
Thus, it can prevent SNAREs from releasing neurotransmitters until an action potential
arrives at the synapse [68]. Interestingly, a study by Yi et al. [69] reported transient increases
in the levels of Cplx1 and Cplx2 proteins in the ipsilateral cortex 6 h following lateral FPI.
This increase was followed by a decrease in Cplx1 in the ipsilateral cortex and hippocampus,
and a decrease in both complexins in the ipsilateral thalamus at day 3 and day 7 post-injury.
The authors suggested that alterations in complexin levels may play an important role
in neuronal cell loss following TBI, and thus contribute to the post-TBI pathophysiology.
We have now expanded this finding and report chronic downregulation of Cplx1 gene
expression in the ipsilateral thalamus still at 3 months post-TBI and its possible regulation
through 3′tRF-IleAAT.

Variable region-cleaved tRFs are rarely described in the literature [70] and their biogen-
esis is not well known; however, tRF cleaving is generally mediated by endoribonucleases,
such as angiogenin and dicer [20]. Angiogenin is a component of the acute-phase response
that protects the organism from microbial and environmental stress [71]. Knockdown of
angiogenin sensitizes cells to stress and promotes stress-induced activation of apoptotic
caspases [72]. Treatment of cultured mammalian cells with angiogenin stimulates tRNA
cleavage [73]. Research related to amyotrophic lateral sclerosis revealed that angiogenin
plays an important role in the endogenous protective pathways of motor neurons exposed
to hypoxia [74]. Other studies reported that angiogenin is secreted from motor neurons
and taken up by astroglia where it induces tRNA cleavage [75] that targets specific mRNAs
together with argonaute proteins modulating cell survival following stress [19]. We found
no clear indication of the regulatory role of angiogenin, however, as a single explanatory
factor for variable region-cleaved tRFs. We observed no change in the level of dicer (data
not shown), another tRF cleaving endonuclease. A recent study suggested that the human
RNase T2 generates long and short tRFs in vitro [76]. Interestingly, Rnaset2 was robustly
upregulated in our mRNA-Seq analysis in both the perilesional cortex (Log2FC = 0.74,
FDR <0.01) and ipsilateral thalamus (Log2FC = 1.39, FDR <0.01) after TBI. Detailed func-
tional in vitro studies are needed to unveil the role of RNase T2 in variable region-cleaved
tRF production.

Lastly, our data suggest that increases in the 3′tRFs strongly correlate with miR-146a
(Supplementary Figure S8), a miRNA previously linked to reactive astrocytes [77]. Whether
3′tRF-IleAAT and 3′tRF-LysTTT are indeed increased in reactive astrocytes chronically after
TBI or whether they co-exist with this pathologic feature remains to be studied. Further,
it is not yet known how elevated tRF levels after TBI affect mature tRNA. Whether the
overall role of tRFs is pro-inflammatory or anti-inflammatory remains to be explored.
Despite a single study demonstrating increased seizure susceptibility and dysfunctional
neuronal transmission as a result of mutated tRNA n-Tr20 [26], the link between tRNA and
epileptic-associated phenotypes remains unclear. Moreover, Hogg et al., described tRFs
that were modulated in an in vitro seizure model and could predict seizure imminence
in human epilepsy patients when measured from plasma [25]. Finally, the present study
demonstrated a link between a worse behavioral outcome after TBI and increased 3′tRF
levels in the perilesional cortex and ipsilateral thalamus.

5. Conclusions

These results suggest a possible functional role of 3′tRF-IleAAT and 3′tRF-LysTTT
after TBI and emphasize the importance of future studies to elucidate their mechanisms of
action in chronic neuroinflammation and worse recovery outcomes after TBI. Moreover,
additional studies are needed to reveal the importance and roles of isomiRs in disease
mechanisms and functional outcome.
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Abstract: Chronic mild traumatic brain injury (mTBI) has long-term consequences, such as neurologi-
cal disability, but its pathophysiological mechanism is unknown. Exosomal microRNAs (exomiRNAs)
may be important mediators of molecular and cellular changes involved in persistent symptoms after
mTBI. We profiled exosomal microRNAs (exomiRNAs) in plasma from young adults with or without
a chronic mTBI to decipher the underlying mechanisms of its long-lasting symptoms after mTBI. We
identified 25 significantly dysregulated exomiRNAs in the chronic mTBI group (n = 29, with 4.48
mean years since the last injury) compared to controls (n = 11). These miRNAs are associated with
pathways of neurological disease, organismal injury and abnormalities, and psychological disease.
Dysregulation of these plasma exomiRNAs in chronic mTBI may indicate that neuronal inflammation
can last long after the injury and result in enduring and persistent post-injury symptoms. These
findings are useful for diagnosing and treating chronic mTBIs.

Keywords: mild traumatic brain injury; microRNA; exomiRNA; exosome

1. Introduction

More than 5.5 million mild traumatic brain injuries (mTBI) are reported annually in the
United States [1]. In most individuals with mTBI, the symptoms can resolve within days
to weeks; yet for 10–15% of mTBI patients, symptoms last longer than three months and
can result in disability [2,3]. Repetitive mTBIs, which usually contribute to chronic mTBI
with unresolved and persistent symptoms, are common in athletes and military personnel,
and these individuals have a higher risk of chronic neurologic impairment [4,5]. Over
25% of individuals with long-term mTBI consequences are not able to return to work 1-year
post-injury [1]. Chronic mTBI becomes a major health concern due to life-long disabilities
and long-term consequences that severely compromise the affected individuals’ quality
of life [6–8]. mTBI costs each patient $36,000 for rehabilitation [9] and the entire nation
nearly $17 billion each year [10]. However, molecular mechanisms critical to chronic mTBI
symptoms are currently unknown.

MicroRNAs (miRNAs) are small, single-stranded non-coding RNAs that regulate gene
expression at the post-transcriptional level of target messenger RNA [11,12]. Circulating
miRNAs are found in biofluids such as serum, plasma, saliva, and cerebrospinal fluid. They
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are stable and resistant to RNase digestion because they are encapsulated into extracellular
vesicles called exosomes [13]. Exosomal miRNAs (exomiRNAs) in biofluids are potential
biomarker candidates for diagnosis and prognosis of neurodegenerative disorders [14]
such as Alzheimer’s disease (AD), Parkinson’s disease, and TBI due to their stability, and
have the ability to regulate hundreds of target genes [13,15]. Dysregulated miRNAs may
also reflect changes at the molecular level after the TBI [16].

We performed this comparative research to investigate differential expression of
plasma exomiRNAs in the participants exhibiting chronic mTBIs such as repetitive head
injuries compared with healthy controls. Identified plasma exomiRNAs were analyzed
using bioinformatic knowledge-based Ingenuity Pathways Analysis (IPA) to understand
the molecular pathway associated with plasma exomiRNAs after injury.

2. Materials and Methods

2.1. Study Protocol

Participants were recruited from the protocols granted by the Biomedical Institutional
Review Board Committee at the University of Nevada, Las Vegas (UNLV) (Protocols No.
1048342 & 975928). Voluntary participants of this study were recruited via flyers and email
advertisements addressing members of the UNLV campus, including the Military and
Veteran Services Center and the Las Vegas community. They were voluntary participants
aged 18 years or older with or without a self-reported history of mTBI. Those with mTBI
histories were exposed to closed head trauma with loss of consciousness for less than 30 min
and post-traumatic amnesia for less than 24 h, following the mTBI diagnosis guidelines
defined by the American Congress of Rehabilitation Medicine [17]. The Neurobehavioral
Symptom Inventory (NSI) and the Rivermead Post-Concussion Symptoms Questionnaire
(RPQ) were used to assess the participant’s symptom experiences following mTBI. The
NSI consists of 22 symptoms on a Likert scale of 0 to 4 (0 = none, 1 = mild, 2 = moderate,
3 = severe, and 4 = very severe), with a total sum score range of 0 to 88, and can be divided
into three subscales affective, cognitive, and somatic/somatosensory [18]. The NSI is known
to be reliable and valid for measuring post-concussive symptoms in TBI patients [19]. The
RPQ is a 16-item questionnaire with a Likert scale of 0 to 4 (0 = none, 1 = mild, 2 = moderate,
3 = severe, and 4 = very severe) with a total sum score range of 0 to 64. The RPQ exhibits
excellent internal consistency in TBI patients at all levels of severity—mild, moderate,
and severe TBI [20]. Higher total scores of NSI and RPQ indicate more severe symptoms.
Subjects with a previous or current diagnosis of neuropsychiatric disease (e.g., multiple
sclerosis, attention deficit hyperactivity disorder, mood disorders, substance use disorders,
etc.) or who were currently on any prescription drugs were excluded.

2.2. Plasma Collection

A phlebotomist drew blood in 4 mL blood collection tubes via venipuncture from each
participant in the designated lab. Each 4 mL participant blood sample was centrifuged
at 1900× g at 4 ◦C for 10 min. Once centrifuged, the plasma was carefully aspirated into
DNase- and RNase-free Eppendorf tubes without disturbing the underlying buffy coat layer
where most of the white blood cells were collected. The plasma samples were centrifuged
in the Eppendorf tubes at 3000× g at 4 ◦C for an additional 15 min to remove cellular debris.
The cleared supernatant was transferred to polypropylene cryovial tubes and stored at
−70 ◦C in the UNLV Applied Biomedical Research Lab until purification.

2.3. ExomiRNA Purification

Plasma samples were removed from −70 ◦C storage, thawed, and centrifuged at
3000× g for 5 min to remove cryoprecipitates. The supernatant was transferred to a
new tube to begin total RNA purification. Plasma exosomal total RNA purification was
performed using the exoRNeasy Serum Plasma kit (Cat. # 77064, Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. In short, up to 1 mL or 4 mL of plasma was used,
depending on the use of the Midi or Maxi kit, respectively. Both kits yielded similar output
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volumes. Plasma samples were washed with various buffer solutions provided by the
manufacturer. Once washed, 700 μL of QIAzol lysis solution was added and centrifuged
at 5000× g for 5 min to create a lysate solution. Then chloroform was combined with the
lysate and centrifuged at 12,000× g for 15 min, after which the aqueous phase containing
RNA was isolated. Total RNA purification was thereafter carried out using the RNeasy
MinElute spin column, additional buffer solutions, and RNase-free water. Purified RNA
samples were shipped overnight on dry ice to the Intramural Research Program laboratory
at the National Institute of Nursing Research (NINR), in the National Institutes of Health
(NIH) for additional processing.

2.4. ExomiRNA Profiling

Plasma exomiRNA analysis was performed in a nCounter MAX/FLEX Analysis
System using nCounter® Human v3 miRNA Expression Panels (NanoString Technologies,
Seattle, WA, USA) that contained 798 unique miRNA probes. Probes for housekeeping
genes such as ribosomal protein L10, beta-actin, beta-2-microglobulin, glyceraldehyde
3-phosphate dehydrogenase, and ribosomal protein L19, as well as endogenous miRNAs
that were incorporated in the code sets, were used for analysis in addition to positive and
negative controls. The complete RNA samples were prepared and run according to the
manufacturer’s protocol. Counts of the reporter probes were obtained using the nCounter
Digital Analyzer. Raw data were analyzed by nSolver Software version 4.0 (NanoString
Technologies), and code count normalization was carried out by calculating the geometric
mean of the ligation factors. Multiple testing correction with Benjamini-Hochberg’s False
Discovery Rate (FDR; p < 0.100) was used as a cutoff for the differential dysregulation with
statistical significance.

2.5. Network Analysis

The biological pathways associated with dysregulated plasma exomiRNAs were
determined using Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems Inc.,
Redwood City, CA, USA). All differentially expressed plasma exomiRNAs with FDR correc-
tion of less than 0.100 were uploaded into IPA for core pathway analysis. MicroRNA Target
Filters were then used to identify the plasma exomiRNA-regulated mRNAs and enriched
pathways. The Ingenuity Expert Findings, Ingenuity ExpertAssist Findings, miRecords,
TarBase, and TargetScan Human source were used to assess gene target predictions, and
miRWalk web tools were used for confirmation.

2.6. Statistical Analysis

Statistical analysis was conducted using SPSS version 28.0.0.0 (IBM Corp., Armonk,
NY, USA). Demographic and clinical characteristics were compared between groups using
Chi-square (χ2) and an independent sample t-test. The significance level was set at 0.05 in
all tests.

3. Results

3.1. Demographics of the Study Population

A total of 40 participants, including 29 individuals with a history of mTBI and 11 with-
out, participated in the study. The study participants were aged 19 to 36 years (24.8 ± 5.219).
More than half of the study participants were female (52.5%) or White (57.5%). There were
no statistical differences based on demographic characteristics, including age, gender, race,
and BMI, between the two groups. In the chronic mTBI group (n = 29), 65.5% reported
having more than 1 injury (41.4% with 2 or 3 injuries and 27.6% with 4 or more injuries), and
the average number was 2.55 injuries (SD = 1.325). The average number of years since the
last injury was 4.48 years (SD = 5.000). Only 1 participant in the mTBI group reported that
they experienced both a brief loss of consciousness and post-traumatic amnesia resulting
from the injury (3.4%). Two additional participants with a history of mTBI reported having
post-traumatic amnesia (6.9%). The most common causes of injuries were sports-related
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activities (48.3%) (e.g., boxing, mixed martial arts [MMA] training, skating, football, etc.),
followed by head hitting hard objects (e.g., sharp edge, metal materials, etc.) (20.7%), and
high-level falls (17.2%). A few cases were related to military service activities (10.3%) or
car accidents (3.4%). The demographics and clinical characteristics of the participants are
presented in Table 1.

Table 1. Demographic and Clinical Characteristics of Chronic mTBI and Healthy Control Participants
(n = 40).

Characteristic
Overall
(n = 40)

Chronic mTBI
(n = 29)

Control
(n = 11)

χ 2 or t p

Demographic
Age, Mean (SD) 24.80 (5.22) 25.59 (5.36) 22.73 (4.41) 1.576 0.123
Gender, n (%)

Males 19 (47.5) 15 (51.7) 4 (36.4) 0.755 0.488
Females 21 (52.5) 14 (48.3) 7 (63.6)

Weight (kg), Mean (SD) 69.83 (14.64) 70.18 (13.29) 68.91 (18.45) 0.243 0.810
Height (cm), Mean (SD) 167.52 (10.94) 168.26 (10.48) 165.56 (12.38) 0.691 0.494

BMI, Mean (SD) 24.74 (3.77) 24.65 (3.40) 24.98 (4.81) −0.247 0.807
Ethnicity/Race, n (%)

Hispanic 6 (15.0) 4 (13.8) 2 (18.2) 1.038 0.904
White 23 (57.5) 17 (58.6) 6 (54.5)
Black 1 (2.5) 1 (3.4) 0 (0.0)
Asian 8 (20.0) 6 (20.7) 2 (18.2)
Other 2 (5.0) 1 (3.4) 1 (9.1)

Handedness, n (%)
Right 37 (92.5) 27 (93.1) 10 (90.9) 0.055 1.000
Left 3 (7.5) 2 (6.9) 1 (9.1)

Education, n (%)
In college 31 (77.5) 22 (75.9) 9 (81.8) 0.162 1.000

In graduate school 9 (22.5) 7 (24.1) 2 (18.2)
Marital Status, n (%)

Single 36 (90.0) 26 (89.7) 10 (90.9) 0.412 0.814
Married 4 (10.0) 3 (10.3) 1 (9.1)

Employment Status, n (%)

Yes 30 (75.0) 23 (79.3) 7 (63.6) 1.045 0.418
No 10 (25.0) 6 (20.7) 4 (36.4)

Clinical

RPQ Total, Mean (SD) 12.58 (12.42) 16.76 (12.14) 1.55 (2.07) 6.505 <0.001
NSI Total, Mean (SD) 15.43 (14.06) 19.86 (13.91) 3.73 (4.65) 5.489 <0.001

Somatic/Sensory, Mean (SD) 5.58 (5.81) 7.34 (5.83) 0.91 (1.81) 5.304 <0.001
Cognitive, Mean (SD) 2.75 (2.88) 3.55 (2.89) 0.64 (1.50) 4.156 <0.001
Affective, Mean (SD) 7.10 (6.42) 8.97 (6.56) 2.18 (1.94) 5.023 <0.001

Injury Characteristics

Number of Injuries, Mean
(SD) 2.55 (1.33) N/A

Single Injury 9 (31.0) N/A
Multiple Injuries 20 (69.0) N/A

Time since the last Injury
(years), Mean (SD) 4.48 (5.00) N/A

Mechanism of Injury, n (%)
Sports-related 14 (48.3) N/A

Head hit 6 (20.7) N/A
High-level Falls 5 (17.2) N/A
Military-related 3 (10.3) N/A

Car accident 1 (3.4) N/A

mTBI, mild traumatic brain injury; BMI, body mass index; RPQ, Rivermead Post-Concussion Symptoms Ques-
tionnaire; NSI, Neurobehavioral Symptom Inventory.
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3.2. Differential Expression of Plasma ExomiRNAs

We assessed the expression levels of plasma exomiRNAs in the chronic mTBI group
compared to control subjects. After normalization with ligation factors, we identified 25
plasma exomiRNAs differentially expressed in chronic mTBI compared to healthy control
with an adjusted p-value < 0.100. Among them, 4 plasma exomiRNAs were upregulated,
and 21 plasma exomiRNAs were downregulated in the chronic mTBI group compared with
the control (Table 2).

Table 2. Dysregulated ExomiRNAs following Chronic mTBI.

Probe Name Target Sequence Log2FC Adjusted p-Value

Upregulated
hsa-miR-520e AAAGUGCUUCCUUUUUGAGGG 0.98 0.03

hsa-miR-499b-3p AACAUCACUGCAAGUCUUAACA 0.83 0.01
hsa-miR-520b AAAGUGCUUCCUUUUAGAGGG 0.43 0.04
hsa-miR-4488 AGGGGGCGGGCUCCGGCG 0.42 0.03

Downregulated

hsa-miR-625-5p AGGGGGAAAGUUCUAUAGUCC −0.96 0.08
hsa-miR-421 AUCAACAGACAUUAAUUGGGCGC −1.39 0.08

hsa-miR-664a-3p UAUUCAUUUAUCCCCAGCCUACA −1.43 0.08
hsa-miR-28-3p CACUAGAUUGUGAGCUCCUGGA −1.49 0.04

hsa-miR-125a-5p UCCCUGAGACCCUUUAACCUGUGA −2.10 0.04
hsa-miR-222-3p AGCUACAUCUGGCUACUGGGU −2.14 0.09
hsa-miR-140-5p CAGUGGUUUUACCCUAUGGUAG −2.17 0.07
hsa-miR-98-5p UGAGGUAGUAAGUUGUAUUGUU −2.32 0.09

hsa-miR-148a-3p UCAGUGCACUACAGAACUUUGU −2.63 0.06
hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU −2.65 0.09

hsa-miR-107 AGCAGCAUUGUACAGGGCUAUCA −2.75 0.07
hsa-miR-181a-5p AACAUUCAACGCUGUCGGUGAGU −2.81 0.09
hsa-miR-374a-5p UUAUAAUACAACCUGAUAAGUG −2.86 0.09
hsa-miR-340-5p UUAUAAAGCAAUGAGACUGAUU −2.87 0.07
hsa-miR-29b-3p UAGCACCAUUUGAAAUCAGUGUU −2.95 0.05
hsa-miR-191-5p CAACGGAAUCCCAAAAGCAGCUG −3.03 0.08

hsa-miR-199a-3p ACAGUAGUCUGCACAUUGGUUA −3.13 0.05
hsa-miR-126-3p UCGUACCGUGAGUAAUAAUGCG −3.13 0.09
hsa-miR-23a-3p AUCACAUUGCCAGGGAUUUCC −3.36 0.04
hsa-miR-142-3p UGUAGUGUUUCCUACUUUAUGGA −3.39 0.07
hsa-miR-223-3p UGUCAGUUUGUCAAAUACCCCA −3.62 0.04

ExomiRNA, exosomal microRNAs.

3.3. Pathway Analysis

Pathway analysis using IPA revealed that dysregulated plasma exomiRNAs are related
to neurological disease, organismal injury and abnormalities, and psychological disorders
(Table 3). Top network analysis showed that these plasma exomiRNAs are associated
with connective tissue disorders, inflammatory disease, organismal injury, and network
abnormalities. The specific plasma exomiRNAs associated in this network (Figure 1) were
hsa-miR-103-3p (synonym to hsa-miR-107), hsa-miR-126a-5p, hsa-miR-140-5p, hsa-miR-
142-3p, hsa-miR-199a-3p, hsa-miR-221-3p (synonym to hsa-miR-222-3p), hsa-miR-23a-3p,
hsa-miR-291a-3p (synonym to hsa-miR-520e), hsa-miR-374b-5p, hsa-miR-423-5p, hsa-miR-
625-5p, hsa-miR-664-3p. These plasma exomiRNAs are directly or indirectly associated
with acyl-CoA synthetase long-chain family member 6 (ACSL6), EPH receptor B6 (EPHB6),
growth arrest specific 5 (GAS5), GNAS antisense RNA 1 (Gnasas1), hepatocellular carcinoma
upregulated EZH2-associated long non-coding RNA (HEIH), homeobox A11 (HOXA11),
phosphatase and tensin homolog (PTEN), resolvin D1, ribosomal protein S 15 (RPS15),
tumor necrosis factor (TNF), vasohibin 1 (VASH1), and vascular endothelial growth factor A
(VEGFA). Dysregulated exomiRNAs targeting mRNA associated with neuroinflammation
pathways are presented in Figure 2 and Supplementary Table S1.
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Table 3. Top IPA Biological Functions and Disease Pathway.

Diseases and Disorders p-Value Range Number of Molecules

Neurological disease 4.58 × 10−2–4.85 × 10−14 14
Organismal injury and abnormality 4.95 × 10−2–4.85 × 10−14 23

Psychological disease 4.58 × 10−2–4.85 × 10−14 13
Cancer 4.95 × 10−2–7.96 × 10−13 21

Reproductive system disease 4.85 × 10−2–1.49 × 10−12 20

Molecular and Cellular Functions p-Value Range Number of Molecules

Cell cycle 4.02 × 10−2–2.46 × 10−6 4
Cellular movement 4.88 × 10−2–2.46 × 10−6 12

Cellular development 4.47 × 10−2–5.25 × 10−6 12
Cellular growth and proliferation 4.47 × 10−2–5.25 × 10−6 12

Cell death and survival 3.99 × 10−2–8.71 × 10−5 11

Physiological System Development
and Function

p-Value Range Number of Molecules

Organismal development 3.74 × 10−2–6.45 × 10−9 11
Organismal functions 8.69 × 10−4–7.19 × 10−4 2

Tissue morphology 8.90 × 10−5–1.72 × 10−3 3
Hematological system development and

functions 4.47 × 10−2–1.98 × 10−3 6

Immune cell trafficking 2.74 × 10−2–1.98 × 10−3 2

Figure 1. Top network identified by Ingenuity Pathway Analysis (IPA) for chronic mild traumatic
brain injury (mTBI) versus control: Connective Tissue Disorders, Inflammatory Disease, and Organis-
mal Injury and Abnormalities. Green indicates genes that are downregulated, and red indicates genes
that are upregulated, where increased color saturation represents more extreme down- or upregulated
in the dataset. Solid lines represent direct interactions, nontargeting interactions, or correlations
between chemicals, proteins, or RNA. Dotted lines represented indirect interaction. Arrowed lines
represent activation, causation, expression, localization, membership, modification, molecular cleav-
age, phosphorylation, protein–DNA interactions, protein–TNA interaction, binding regulation, and
transcription. Shapes represent molecule type (double circle = complex/group; square = cytokine;
diamond = enzyme; inverted triangle = kinase; triangle = phosphatase; oval = transcription regulator;
trapezoid = transporter; circle = other). Reprinted from Ingenuity Pathway Analysis under a CC BY
4.0 license, with permission from QIAGEN Silicon Valley, original copyright 2000–2021.
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Figure 2. Target filter analysis of dysregulated exomiRNA targeting mRNA associated with neuroin-
flammation pathways. Green indicates genes that are downregulated, and red indicates genes that
are upregulated, where increased color saturation represents more extreme down- or upregulated in
the dataset. Reprinted from Ingenuity Pathway Analysis under a CC BY 4.0 license, with permission
from QIAGEN Silicon Valley, original copyright 2000–2021.

4. Discussion

In this study, we reported on several dysregulated plasma exomiRNAs in chronic
mTBIs compared to healthy controls. We used multiplexed nCounter miRNA assays
developed by NanoString technology to quantify low expression levels of exomiRNAs in
plasma. The nCounter system is more sensitive than microarray for quantification of gene
expression, with more accurate and reliable detection of very low expression levels [21].
The current study identified 25 dysregulated exomiRNAs that were associated with chronic
mTBI. Pathway analysis showed that 14 plasma exomiRNAs were related to neurological
disease, 23 plasma exomiRNAs were related to organismal injury and abnormalities, and
13 plasma exomiRNAs were related to psychological disease. Our results offered insights
into the molecular mechanisms underlying injuries to brain function after mTBI.

In recent years, the role of miRNAs is indicated in the early diagnosis and progression
of diseases including cancer, AD, and Parkinson’s disease [13–16]. Because they are short,
miRNAs move freely across the blood-brain barrier (BBB) into the peripheral circulation,
which can reflect changes in brain function due to a TBI [11,12,22]. Disruption of the
BBB after injury promotes systemic inflammatory factors, neurotoxins, and pathogens
into the brain and leads to neuronal damage [23]. Pathway analysis revealed that these
plasma exomiRNAs are closely associated with VEGFA. VEGF is predominantly expressed
in endothelial cells and plays an essential role in vascular development and neuroprotec-
tion [24,25]. Increased peripheral circulating levels of VEGF have been linked to alterations
in BBB permeability following the infiltration of immune cells after a TBI [23,26]. Elevated
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concentrations of plasma VEGF and TNF-α protein were reported previously in mTBI
patients [27].

Microglia and astrocytes are key mediators of neuroinflammation in the central ner-
vous system (CNS) because of the release of inflammatory cytokines after brain injury.
Ongoing neuroinflammation was observed when microglia became activated, even after
1 to 18 years of a single moderate-to-severe TBI [28–30]. Inflammatory cytokines were
elevated in the plasma of mTBI patients within 24 h of injury [31], even up to a year
later [32]. Many of the plasma exomiRNAs identified in our study were consistently found
in the exosome and associated with neuroinflammation [5]. Previous studies reported
that downregulation of hsa-miR-223-3p was associated with sporadic amyotrophic lateral
sclerosis patients [33,34]. Downregulation of mitochondria-associated miR-142-3p was
reported in a preclinical model of severe TBI [35]. As confirmed by target miRNAs and
pathway analyses, these plasma exomiRNAs were found in brain cells and highly expressed
in microglia [35], which are involved in neuroinflammation signaling and the glutamate
signaling pathway through targeting the SLC1A3 gene [36,37].

Our targeted analysis showed that downregulated hsa-miR-223-3p, has-miR-29b-3p,
and has-miR-107, present in the chronic mTBI group, targeted the NFIA gene. NFIA is a
member of the transcription factor nuclear factor I (NFI) family (NFIB, NFIC, and NFIX)
and plays an essential role in neural development in the CNS [38]. NFIA is expressed
in mature astrocytes and plays an essential role in retrieving forms of memory. A recent
preclinical study showed that loss of NFIA inhibited neurotransmission and memory
loss [39]. The major neurotransmitter in the CNS includes gamma-aminobutyric acid
(GABA) and glutamate, which are involved in synapse plasticity, learning, and memory
formation [40]. The targeted analysis showed that dysregulated has-miR-107 targeted the
GABA receptor subunit gamma1 (GABRG1) and GABA A receptor subunit beta1 (GABRB1)
genes. Mutation in the GABAA receptor was associated with a neurological disorder
and dysregulated GABAA subunit gene expression as observed in the preclinical TBI
model [41,42].

Downregulation of hsa-miR-107 (synonym to hsa-miR-103-3p) in our current study is
consistent with previous findings [5]. miR-107 was reported as a synaptic region marker
involved in the synaptogenesis signaling pathway targeting the synuclein gamma (SNCG),
synaptotagmin 2 (SYT2), SYT6, and brain-derived neurotrophic factor (BDNF) genes (Sup-
plementary Figure S1) [43]. SNCG genes are predominantly expressed in neuronal tissue
and play an important role in synaptic plasticity and dopamine regulation [44]. Overex-
pressed SNCG was associated with neurodegenerative disease pathogenesis in clinical and
preclinical studies [45–47]. In addition to neurodegeneration, overexpressed SNCG was
linked to poor prognosis in cancer and a preclinical TBI model [48,49]. A previous study
showed that miR-107 was downregulated in AD and enhanced disease progression by
regulating the beta-site amyloid precursor cleaving enzyme1 (BACE1) gene [50]. BACE1
is predominantly expressed in neurons and is responsible for the generation of amyloid-
beta [51]. Overall, our findings suggest that chronic mTBI is associated with exomiRNA
dysregulation, which may impact neurodegenerative disorders.

A major strength of this study is that the cases and controls were well matched.
Although this study provides biological molecular insights into chronic mTBI, it was
constrained by a small sample size. The majority of our sample population consisted of
White individuals, which limits the genetic diversity and generalizability to all chronic
mTBI populations. We were also unable to differentiate plasma exomiRNAs expression
in single or multiple injuries due to our small sample size. Additional studies in a larger
cohort should investigate the effect of single and repetitive injury on exomiRNAs expression
level. Repetitive injury is a major risk for developing chronic neurological symptoms or
impaired behaviors [52]. Future studies with larger cohorts will validate our observations
that plasma exomiRNAs are associated with symptom deficits following brain injury.

In summary, chronic mTBI is associated with dysregulated exomiRNAs in plasma.
These exomiRNAs were associated with inflammation processes that potentially link to neu-
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rological disability. Our data may aid in understanding the pathophysiological mechanism
underlying the long-term impacts of mTBI.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines10010036/s1, Figure S1: Target filter analysis of dysregulated exomiRNA targeting
mRNA associated with neuroinflammation and synaptogenesis pathways. Table S1: microRNA
Target Filter (IPA).
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Abstract: Approximately 2 million individuals experience a traumatic brain injury (TBI) every year
in the United States. Secondary injury begins within minutes after TBI, with alterations in cellular
function and chemical signaling that contribute to excitotoxicity. Post-traumatic seizures (PTS) are
experienced in an increasing number of TBI individuals that also display resistance to traditional
anti-seizure medications (ASMs). Sonic hedgehog (Shh) is a signaling pathway that is upregulated
following central nervous system damage in zebrafish and aids injury-induced regeneration. Using
a modified Marmarou weight drop on adult zebrafish, we examined PTS following TBI and Shh
modulation. We found that inhibiting Shh signaling by cyclopamine significantly increased PTS
in TBI fish, prolonged the timeframe PTS was observed, and decreased survival across all TBI
severities. Shh-inhibited TBI fish failed to respond to traditional ASMs, but were attenuated when
treated with CNQX, which blocks ionotropic glutamate receptors. We found that the Smoothened
agonist, purmorphamine, increased Eaat2a expression in undamaged brains compared to untreated
controls, and purmorphamine treatment reduced glutamate excitotoxicity following TBI. Similarly,
purmorphamine reduced PTS, edema, and cognitive deficits in TBI fish, while these pathologies were
increased and/or prolonged in cyclopamine-treated TBI fish. However, the increased severity of TBI
phenotypes with cyclopamine was reduced by cotreating fish with ceftriaxone, which induces Eaat2a
expression. Collectively, these data suggest that Shh signaling induces Eaat2a expression and plays a
role in regulating TBI-induced glutamate excitotoxicity and TBI sequelae.

Keywords: traumatic brain injury; blunt-force TBI; post-traumatic seizures; zebrafish; sonic hedgehog
signaling; purmorphamine

1. Introduction

Traumatic brain injuries (TBIs) have tremendous and lasting impacts because they
can result in various sequelae and are one of the leading causes of disease burden in
the United States [1–3]. Post-traumatic seizures (PTS) are a common consequence fol-
lowing TBI [3,4]. Development of PTS is influenced by age at time of injury, type of
TBI (blunt vs. penetrating), and injury severity [4–6]. Although the incidence rate varies
greatly, PTS has been reported as high as 30% in military veterans with TBI, while civilians
displayed a 20–50% increased risk of TBI-induced PTS compared to the development of
non-acquired epilepsy [7,8]. Furthermore, PTS can result in a cyclic injury pattern in which
TBI results in PTS, and during seizure event, another TBI occurs from fall-like events.
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Several anti-seizure medications (ASMs) exist that rely largely on γ-aminobutyric acid
(GABA)- regulated mechanisms to combat uncontrolled excitatory-driven seizures [9].
However, a large portion of individuals that experience TBI-induced PTS are resistant to
many ASMs [10,11]. This could be due to TBI resulting in a secondary injury that includes
glutamic excitotoxicity [12].

Although rodents are the traditional neurotrauma model due to their recapitulation
of a variety of human neurobehavioral deficits following injury, alternative models such
as zebrafish have recently emerged [13–17]. Zebrafish possess many features that are
advantageous for studying neurotrauma such as an extensively characterized behavioral
repertoire [18], recapitulate a variety of human pathologies following a TBI [17], and several
orthologs of excitatory amino acid transporters (Eaat), which are thought to play key roles
in TBI excitotoxicity and epileptogenesis [19,20]. It was recently demonstrated using a
zebrafish eaat2a mutant that loss of the glutamate transporter exhibited defects in neuronal
function and epileptic seizures originating in the hindbrain of developing zebrafish [21],
although it remains unknown if upregulating Eaat2 expression can suppress PTS.

We recently described a scalable blunt-force zebrafish TBI model that produced brain
edema, neuroinflammation, cognitive deficits, and PTS, followed by neuronal regenera-
tion [17]. Following injury, components of the Shh signaling pathway were rapidly and
highly upregulated, and Shh was found to be important in the injury-induced prolifera-
tion. The use of purmorphamine, a Smoothened agonist and Shh signaling activator, was
previously shown to ameliorate a variety of disorders, improve behavioral and cognitive
outcomes, reduce neuroinflammation, and minimize edema following CNS trauma [22,23].
However, few studies have examined the effects of modulating Shh signaling in relation to
PTS and regulating excitotoxicity.

Here, we examined the mechanistic interface between Shh and Eaat2 and demon-
strated that prophylactic activation of Shh via purmorphamine attenuated TBI-induced
PTS by reducing extracellular glutamate. In contrast, cyclopamine-induced inhibition of
the innate Shh response following TBI increased PTS events and prolonged injury-induced
edema and cognitive deficits. These data suggest that prophylactic activation of Shh
upregulates Eaat2 and combats excitotoxicity, resulting in reduced injury pathologies.

2. Materials and Methods

2.1. Fish Lines and Maintenance

Adult wild-type albinob4 zebrafish [24] (Danio rerio) of both sexes were maintained
in the Center for Zebrafish Research at the University of Notre Dame Freimann Life
Sciences Center. This study used approximately equal numbers of male and female adult
zebrafish, 6–18 months old, and 3 to 5 cm in length. All experimental protocols in this
study were approved by the University of Notre Dame Animal Care and Use Committee
protocol # 18-03-4558.

2.2. TBI Induction via Modified Marmarou Weight Drop

Zebrafish were anesthetized in 1:1000 2-phenoxyethanol (2-PE, Sigma-Aldrich, St. Louis,
MO, USA) until unresponsive to tail pinch as described in approved IACUC protocol. 2-PE
was used because it is approved for anesthesia in zebrafish and has no effect on neuronal
function even at higher concentrations [25]. A modified Marmarou weight drop protocol
for zebrafish [17,26] was used to administer a blunt-force injury. Following anesthetic, fish
were secured onto a clay mold that stabilized the body and exposed the zebrafish head.
Undamaged fish were anesthetized, secured to the damage rig, and then returned to an
aerated recovery tank. For TBI, fish were anesthetized and either a 1.5 g or 3.3 g ball bearing
weight was dropped down a shaft of either 7.6 or 12.7 cm length to produce the desired
force. All TBIs were induced between 4:00 and 8:00 p.m., and following the TBI, fish were
placed into an aerated tank to recover, and then placed in standard living conditions. At the
desired end points, fish were euthanized in 2-PE (1:500 dilution) until either unresponsive
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to tail pinch or no operculum movement for 30 min, whichever came last as described in
an approved IACUC protocol.

2.3. Survival and Seizure

Following blunt-force injury and recovery from anesthesia, zebrafish were assessed
for post-traumatic seizures within the first 1 h after injury and for 30 min every 12 hpi
up to 5 dpi. Fish were observed and scored for displaying the following clonic-seizure
metrics defined in the zebrafish behavior catalog [18]: ataxia (ZBC 1.9), bending (ZBC 1.16),
circling (ZBC 1.32), and corkscrew swimming (ZBC 1.37). To assess survival and latent
seizure activity, untreated and cyclopamine/purmorphamine-treated fish were observed
for 30 min every 12 hpi and observed for the same metrics: mortality was determined as
no operculum movement over the 30 min observation period, and latent post-traumatic
seizures as defined by the same ZBC metrics. Shh-modulated survival and seizure activity
was calculated as an average of each group (n = 100 fish per control/experimental group).

2.4. Fluid Content Measurement

Edema was measured using a modified Hoshi protocol [26,27]. Whole brains (undam-
aged, sTBI, or sTBI treated fish n = 9 fish control/experimental group) were isolated from
control and injured fish at 1 or 3 dpi, weighed, dried at 60 ◦C for 12 h, and weighed again,
with the percent fluid calculated using the following formula:

%Fluid =
wet weight − dry weight

wet weight
× 100%

2.5. Learning

Learning was assessed as previously described [28]. Treated and untreated naïve
undamaged control or blunt-force-damaged fish were individually placed into the shuttle
box and examined at 1, 3, 5, 7, or 14 dpi, and assessed for learning with no fish being tested
twice. A positive trial was recorded when the fish swam to the other stall in response to
the red-light visual stimulus However, a failed trial was recorded if the fish failed to swim
to the other stall within the 15 s of the red-light exposure, followed by a simultaneous
pulsating electric current (20 V, 1 mA) for up to 15 s (10 electrical shocks/15 s). This was
repeated until the fish successfully completed 5 consecutive trials. The number of trials
that each fish required to learn were determined for each treatment group and averaged
for each experiment, (n = 9 fish control/experimental group). A two-way ANOVA and
Tukey’s post hoc test were performed to statistically compare the undamaged control fish
and the different damage groups.

2.6. Memory

Memory was assessed as previously described [28]. Purmorphamine-treated and
untreated naïve undamaged fish were individually placed into the shuttle box testing
apparatus. Fish were acclimated in a dark and quiet room for 15 min. A red-light visual
and a pulsating electric current (20 V, 1 mA) were simultaneously applied until the fish
swam halfway across the testing tank. Presentation of the visual stimulus and electrical
current was repeated 25 times (training) with 30 s of rest between intervals. Fish were
then tested 15 min later by exposing the fish only to the red-light stimulus (initial testing
period) 25 times. The number of successful trials, in which the fish did not require the
electric shock to cross the tank, was counted to generate the initial testing baseline. Once all
fish were tested, they were randomly selected for either the undamaged control group or
were administered a severe blunt-force injury. To assess immediate recall, undamaged and
experimental groups were then subjected to a post-sham/injury testing period consisting
of 25 iterations 4 h/hpi. To test delayed recall, four days after the initial training and testing
period, fish were randomly selected and given a severe blunt-force injury and allowed to
recover for 4 h/hpi. Both undamaged and experimental groups were then subjected to a
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post-sham/injury testing period of 25 iterations. For both recall examinations, the percent
difference in the number of successful post-sham/injury trials relative to the number of
initial successful trials was calculated and averaged for each group.

2.7. Pharmacological Agents

Sonic hedgehog and EAAT2 modulation was performed as illustrated in Figure 1.

Figure 1. Experimental timeline of Shh modulation. Graphical representation of the dosing schedule
of purmorphamine, ceftriaxone, and cyclopamine in relation to the timing of the TBI.

Purmorphamine: Undamaged fish were intraperitoneally (IP) injected with ~40 μL
of 10 μM purmorphamine (Sigma-Aldrich, St. Louis, MO, USA) using a 30 gauge needle
every 12 h for 48 h (0, 12, 24, 36, and 48 h).

Cyclopamine: Fish were exposed to sTBI and IP injected with ~40 μL of 2 mM cy-
clopamine (Sigma-Aldrich, St. Louis, MO, USA) using a 30 gauge needle at 4, 12, 24, 36, and
48 hpi.

Ceftriaxone: Undamaged fish were IP injected with ~40 μL of 10 mM ceftriaxone
(Sigma-Aldrich, St. Louis, MO, USA) using a 30 gauge needle ever 12 h for 48 h (0, 12, 24,
36, and 48 h).

6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX): Fish were exposed to sTBI and IP
injected with ~40 μL of 2 mM CNQX (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM
cyclopamine using a 30 gauge needle at 4, 12, 24, 36, and 48 hpi.

Valproic acid (VPA): Fish were exposed to sTBI and IP injected with ~40 μL of 2 mM
VPA (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM cyclopamine using a 30 gauge needle
at 4, 12, 24, 36, and 48 hpi.

Gabapentin (GABAP): Fish were exposed to sTBI and IP injected with ~40 μL of 3 mM
GABAP (Sigma-Aldrich, St. Louis, MO, USA) and 2 mM cyclopamine using a 30 gauge
needle at 4, 12, 24, 36, and 48 hpi.

2.8. Glutamate Excitotoxicity

Undamaged fish treated with either purmorphamine, cyclopamine, ceftriaxone, or a
combination of the three were placed in a tank containing 5 mM glutamate (Sigma-Aldrich,
St. Louis, MO, USA) in the tank water for 30 min. The time of the first seizure event per fish
was recorded (once a fish experienced a seizure event, they were removed and placed into
a second tank with 5 mM glutamate for the remainder of the 30 min as to avoid counting
a second seizure as another unique event), and the percent of fish in each cohort that
experienced at least one seizure was quantified. Following the 30 min glutamate exposure,
all surviving fish were transferred to a tank containing only standard tank water and
assessed for an additional 30 min for survival, and the percent of fish in each cohort that
survived was quantified (n = 90 fish control/experimental group). Statistical analysis was
performed with a one-way ANOVA followed by Tukey’s post hoc test.

2.9. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated and purified from whole telencephalons and cerebellums
from ten adult untreated and purmorphamine-treated undamaged fish using Trizol ex-
traction. The RNA was converted to cDNA from 1 ug of RNA using qScript cDNA Su-
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perMix (VWR International, Radnor, PA, USA) as previously described [29]. Taqman
probes were used according to the manufacturer’s instructions with 10 ng of cDNA.
Taqman probes (Thermo Fisher) gli1 (Dr03093665_m1), eaat1a (Dr03120588_m1), eaat2a
(Dr03119707_m1), eaat3 (Dr03108401_m1), and il1β (Dr03114367_g1) were used for quantita-
tive real-time PCR (qRT-PCR) and the data were normalized to 18 s rRNA (Hs03003631_g1)
in each well. Data were acquired using the ABI StepOnePlus Real-Time PCR System (Ap-
plied Biosystems). Cycling conditions were as follows: 2 min at 50 ◦C, 10 min at 95 ◦C,
and 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C with data collection occurring following
the 60 ◦C extension step. The ΔΔCT values were calculated and used to determine the
log2-fold changes [30] of gli1, eaat1a, eaat2a, and eaat3. Expression levels were examined in
technical and biological triplicate.

2.10. Microdialysis and Glutamate Quantification

Post-injury extracellular glutamate concentrations were determined using a modified
Puppala protocol [31]. Undamaged, sTBI, and sTBI fish treated with either purmorphamine,
cyclopamine, or ceftriaxone were collected at 30 min post-injury, 12 hpi, 36 hpi, or 5 dpi and
were euthanized with 1:500 2-PE. Each fish was immobilized by modeling clay, and the skull
removed. A microdialysis probe (CMA7, 2 mm membrane length; CMA/Microdialysis, N.
Chelmsford, MA, USA), which was rinsed and equilibrated for 30 min, was slowly inserted
under a dissection microscope into the cerebellum along the rostral-caudal axis. The corpus
cerebelli was dialyzed with sterile Ringer’s solution (147 mM Na+, 2.3 mM Ca2+, 4 mM K+,
and 155.6 mM Cl−; pH = 6.0) at a flow rate of 5 μL/min. Dialysate fractions were collected
for 30 min and immediately stored at −20 ◦C. Following the manufacturer’s instructions
(Glutamate-Glo™ Assay, Promega, Madison, WI, USA), samples were thawed and 50 μL
was incubated for 1 h with 50 μL mastermix of Luciferin detection solution, reductase,
reductase substrate, glutamate dehydrogenase, and NAD. Samples were analyzed on a
SpectraMax M5 plate reader (Molecular Devices, San Jose, CA, USA), and sample RLU
values were compared to a glutamate serial dilution standard curve to quantify glutamate
concentration. Comparisons were made using a one-way ANOVA followed by either
Tukey’s or Dunnett’s multiple comparison post hoc test.

2.11. Immunoblot

Total protein collection and immunoblotting techniques were performed as previ-
ously described [32], with minor modifications. Five cerebellums were pooled for each
experimental replicate. Both chicken anti-Eaat2a (1:1000, gift of Neuhauss lab) [33] and
rabbit anti-Gapdh (1:2500; cat #: ab210113, Abcam, Cambridge, UK) polyclonal anti-sera
were incubated on membranes (0.45 μm PVDF, VWR, Radnor, PA, USA) that were blocked
overnight at 4 ◦C in 1 × TBS/5% nonfat dry milk/0.1% Tween 20. Membranes were washed
4 × 15 min in 1 × TBS/0.1% Tween 20. The membranes were incubated with anti-chicken or
anti-rabbit peroxidase secondary antibody (1:10,000, chicken, cat #: A9046, Sigma-Aldrich,
St. Louis, MO, USA; rabbit, NA934, VWR International, Radnor, PA, USA), washed, and
detected as described previously [32]. The blot was incubated with the ECL-Prime detection
system (Fischer Scientific, Waltham, MA, USA) and exposed to X-ray film.

2.12. Statistical Analysis

With regard to all data within this study, except for microdialysis and immunoblot,
each experiment was obtained from three independent trials of at least 3 fish per trial. The
data are expressed as the mean ± SE of the mean. Data sets were analyzed in Prism 8
(GraphPad) with either Student’s t-test for single pairwise comparisons with control, one-
way or two-way ANOVA followed by either Tukey’s or Dunnett’s post hoc test for multiple
comparisons, or the Friedman test for repeated-measures data. The statistical test used is
stated in each figure legend.
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3. Results

3.1. Shh Inhibition Increases TBI-Induced Post-Traumatic Seizures

Shh was identified as a key pathway that is activated following damage to the central
nervous system (CNS) in the adult zebrafish and is required for injury-induced regener-
ation [17,34,35]. It was shown that following TBI in zebrafish and rodents, genes encod-
ing Shh signaling components were upregulated as early as 6 h post-injury (hpi) [17,36].
Additionally, Shh activation attenuated sequelae following various forms of CNS
trauma [23,37–39]. We examined undamaged and TBI fish that were either untreated
or treated with the Smo antagonist cyclopamine (a Shh signaling inhibitor) at 4, 12, 24,
36, and 48 hpi. Undamaged fish, whether untreated or cyclopamine-treated, displayed
no seizure behavior, while untreated TBI fish displayed modest, but significant, PTS in a
severity-dependent manner (Figure 2A–C). No PTS was observed within 1 hpi following
a mild TBI (miTBI, Figure 2A), while moderate TBI (moTBI) induced PTS in a significant
percentage of fish immediately following injury (10.66% ± 1.37%, Figure 2B) and this was
further elevated following severe TBI (sTBI, 17.44% ± 1.54%, Figure 2C). Untreated TBI
fish exhibited a rapid decrease in seizure behavior, with no clonic-tonic seizures observed
in moTBI by 1 day post-injury (dpi) and in sTBI by 1.5 dpi (Figure 2B,C). In contrast,
cyclopamine-treated TBI fish (TBI/CYC) displayed a significantly increased percentage of
fish with PTS compared to their matched counterparts. A significantly increased percentage
of miTBI/CYC fish experienced PTS at 12 hpi (29.66% ± 6.10%, p < 0.01) and the percentage
peaked at 1.5 dpi (40% ± 5.76%, p < 0.01, Figure 2A). Similarly, and in a severity-dependent
manner, increased percentages of moTBI/CYC (39.4% ± 4.43%, p < 0.01) and sTBI/CYC
(63.33% ± 7.99%, p < 0.01) fish were observed at 12 hpi and peaked at 1.5 dpi (moTBI/CYC:
52.57% ± 5.70%, p < 0.01, sTBI/CYC: 72.33% 3.73%, p < 0.01, Figure 2B,C). Although
cyclopamine treatment ceased at 2 dpi, all severities continued to experience heightened
seizure activity for a period of time. The percentage of fish exhibiting PTS noticeably
decreased in miTBI and moTBI by 3.5 and 4 dpi, respectively (Figure 2A,B). However,
sTBI/CYC fish continued to experience significant seizure activity out to 5 dpi (p < 0.01,
Figure 2C).

We also observed stark differences in survival between TBI fish and cyclopamine-
treated TBI fish (Figure 2D–F). Over 5 days following injury, all miTBI fish survived
(Figure 2D), and although moTBI and sTBI experienced some mortality, they largely sur-
vived (moTBI: 96.66%, sTBI: 85.71%, Figure 2E,F). In contrast, only 56.66% of miTBI/CYC
fish survived 5 dpi (Figure 2D), while survival continued to decrease in both moTBI/CYC
(46.66%, Figure 2E) and sTBI/CYC fish (28.12%, Figure 2F). For all severities, the great-
est mortality occurred at 12 hpi, shortly after initiating Shh pathway inhibition. For
miTBI/CYC and moTBI/CYC, all death occurred during cyclopamine treatment with no
mortality following the cessation of cyclopamine. In contrast, sTBI/CYC fish continued to
experience mortality following the end of cyclopamine treatment, although slowed, out to
5 dpi (Figure 2F). Collectively, these data suggest that inhibiting Shh signaling plays a role
in seizure activity and overall survival following TBI.

124



Biomedicines 2022, 10, 32

Figure 2. Modulation of Shh alters frequency of TBI-induced PTS events. (A–C) Percentage of fish that
displayed spontaneous seizure events spanning the timeframe from within 1 hpi to 5 dpi with and
without Shh modulation. (D–F) Percentage of survival across 5 days of fish who initially survived the
primary injury across mi-, mo-, and sTBI with and without Shh modulation. Statistical analyses of the
repeated-measures data were performed with the Friedman test, n = 100 fish per control/experimental
group, grey box denotes period of cyclopamine administration, # p < 0.05, ## p < 0.01.

3.2. Blocking Ionotropic Glu Receptors Inhibits TBI-Induced PTS

Neuronal signaling is finely tuned and small deviations that go uncontrolled can
manifest in various aberrant neurobehaviors, including seizures [40,41]. Developmental
and acquired events can induce seizures, usually resulting from misregulation of neuro-
transmitters glutamate or GABA [42,43]. We examined if TBI-induced seizures that were
exacerbated following inhibition of Shh signaling were predominately glutamate or GABA
driven. We coinjected sTBI fish that were treated with cyclopamine at 4, 12, 24, 36, 48 hpi
with either the ionotropic glutamate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), valproic acid (VPA) a common first-line ASM [44], or the synthetic GABA
analog gabapentin (GABAP). Undamaged fish treated with cyclopamine displayed no
seizures, while sTBI/CYC fish experienced rapid and significantly increased percentage
of fish with PTS seizure at 12 hpi (58.33% ± 9.36%, p < 0.01, Figure 3A), peak percentage
at 1.5 dpi (70.16% ± 5.29%, p < 0.01) and remained significantly elevated after ceasing cy-
clopamine (5 dpi: 10.83% ± 2.71%, p < 0.01, Figure 3A). Cyclopamine-treated sTBI that were
coinjected with either VPA or GABAP (VPA/CYC and GABAP/CYC, respectively) showed
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similar percentages of PTS-experiencing sTBI fish that were only treated with cyclopamine.
At 12 hpi, both VPA/CYC- and GABAP/CYC-treated fish experienced significantly in-
creased percentages of fish with PTS (VPA/CYC: 57.5% ± 3.35%, p < 0.01, GABAP/CYC:
62.5% ± 5.59%, p < 0.01, Figure 3A). In contrast, the percentage of sTBI cyclopamine-treated
fish that were coinjected with CNQX (CNQX/CYC) with PTS was significantly decreased
at 12 hpi compared to sTBI/CYC fish (p < 0.05), although still increased compared to
undamaged cyclopamine-injected fish (13% ± 1.34%, p < 0.01, Figure 3A). By 1 dpi, VPA
and GABAP treatments resulted in a noticeably decreased percentage of PTS fish, while
CNQX treatment significantly reduced the percentage of PTS fish greater than either VPA
or GABAP treatment (CNQX/CYC vs. VPA/CYC, p < 0.01, CNQX/CYC vs. GABAP/CYC,
p < 0.01, VPA/CYC vs. GABAP/CYC, p = 0.26, Figure 3A). Additionally, CNQX reduced
the percentage of PTS to a level similar to Undam/CYC by 1.5 dpi compared to 3 dpi for
VPA/CYC- and GABAP/CYC-treated fish (Figure 3A). Similarly, cyclopamine treatment
(sTBI/CYC) negatively impacted survival (5 dpi: 27.5%), as did sTBI/CYC fish cotreated
with GABAP (5 dpi: 33.33%, Figure 3B). sTBI fish cotreated with cyclopamine and VPA
displayed a slight improvement in survival (55.6%). In contrast, sTBI/CYC fish that were
cotreated with CNQX experienced dramatically improved survival (88.89%, Figure 3B), to
a level that was similar to undamaged fish. Collectively, these data suggest that traditional
GABA-driven ASMs had minimal influence on TBI-induced PTS and survival, while block-
ing glutamate receptors with CNQX attenuated PTS and improved survival, suggesting
that TBI-induced PTS may be due to glutamic excitotoxicity.

Figure 3. CNQX attenuates PTS in Shh-inhibited fish. (A) Percentage of undamaged and sTBI that
were Shh inhibited (cyclopamine-treated) and cotreated with either valproic acid (VPA), gabapentin
(GABAP), or CNQX that displayed spontaneous seizure events across 5 dpi. (B) Quantification of
survival across 5 days of undamaged or sTBI Shh-inhibited fish cotreated with VPA, GABAP, or
CNQX. Statistical analysis of the repeated-measures data was performed with the Friedman test,
n = 100 fish per control/experimental group, grey box denotes period of cyclopamine/(VPA or
GABAP or CNQX) administration, ## p < 0.01.

3.3. Shh Activation Combats Excitotoxicity and Upregulates Eaat2a

TBIs result in a wide breadth of pathologies, with excitotoxicity contributing to many
TBI-induced sequelae [43]. Previously, Shh signaling was reported to reduce excitotoxicity
following middle cerebral artery occlusion in rodents [45,46], though it was never examined
following TBI in adult zebrafish. To test if Shh signaling could affect glutamate-induced
excitotoxicity, undamaged fish were either left untreated, treated with the Smo agonist
purmorphamine, which is a Shh signaling activator, or treated with both purmorphamine
and cyclopamine. Fish were then challenged with 5 mM glutamate in their tank water for
30 min and the time of the first seizure, percentage of the cohort to seize, and the overall
survival of the cohort was quantified. Untreated fish experienced rapid seizure onset
with the first seizure recorded an average of 9.26 min (±0.86 min), the majority of the fish
(93.3% ± 3.3%) experienced a seizure, and survival was low (10.6% ± 5.8%, Figure 4A–C).
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In contrast, purmorphamine-treated fish significantly warded off seizure activity, with
the average first recorded seizure event at 18.43 min (±1.07 min, p < 0.01), significantly
experienced fewer fish with a seizure during the glutamate challenge (21.6% ± 6.0%,
p < 0.01), and survival was significantly improved (85% ± 7.63%, p < 0.01, Figure 4A–C).
The attenuation observed in purmorphamine-treated fish was lost when co-treated with
cyclopamine, as time of first seizure was reduced to 7.57 min (±0.82 min, p = 0.61),
90% (±5.77%, p = 0.95) of the fish displayed seizure behavior, and the cohort experienced
low survival (8.66% ± 5.92%, p = 0.99, Figure 4A–C).

The findings from the glutamate challenge suggested that Shh signaling activation
may upregulate one or more excitatory amino acid transporters (Eaat), which would reduce
excessive extracellular glutamate following TBI. Both humans and zebrafish have multiple
Eaat, though Eaat1 (Glast) and Eaat2 (Glt-1) are the most prominent. To identify which, if
any, Eaat may be influenced by Shh activation, we performed qRT-PCR using RNA collected
from telencephalons and cerebellums of untreated and purmorphamine-treated undam-
aged fish. As an internal control, we confirmed Shh activation by observing increased gli1
expression (downstream targe of Shh signaling) in undamaged purmorphamine-treated
brains compared to untreated brains (Figure 4D,E). We then examined eaat1a, eaat2a, and
eaat3 expression (paralogs eaat1b and eaat2b are expressed at extremely low levels in the
zebrafish brain) [47] and observed increased expression of only eaat2a in both the telen-
cephalon and the cerebellum of purmorphamine-treated undamaged brains (Figure 4D,E).

Ceftriaxone was reported to upregulate Eaat2 expression in rodents and zebrafish [48,49].
We treated undamaged fish with 10 mM ceftriaxone every 12 h for 60 h and then collected
telencephalons and cerebellums for qRT-PCR analysis. We did not see upregulation of gli1,
eaat1a, or eaat3, but did observe increased eaat2a expression following ceftriaxone treatment
in both the telencephalon and the cerebellum (Figure 4F,G). We also observed increased
protein expression of Eaat2a in both purmorphamine and ceftriaxone-treated undamaged
brains relative to untreated controls (Figure 4H). In the glutamate challenge, the severe neg-
ative effects observed in the purmorphamine/cyclopamine double-treated fish were sup-
pressed by the ceftriaxone treatment and upregulating eaat2a expression. Both triple-treated
(purmorphamine/cyclopamine/ceftriaxone) and ceftriaxone-only-treated fish exhibited
delayed seizure onset with average time of first seizures observed at 19.54 min (±1.11 min)
and 21.25 min (±1.2 min), respectively (Figure 4A). Both the triple-treated and ceftriaxone-
only-treated groups experienced significantly lower percentage of seizures compared to
untreated fish (triple treated: 13.3% ± 3.3%, p < 0.01, ceftriaxone only: 14.33% ± 2.96%,
p < 0.01, Figure 4B), and both groups exhibited significantly improved survival (triple
treated: 90% ± 5.77%, p < 0.01, ceftriaxone only: 96.6% ± 1.6%, p < 0.01, Figure 4C).

We next examined the temporal expression of eaat2a relative to injury. We performed
qRT-PCR of eaat2a in sTBI fish at 12 hpi, 1, 2, 3, 7, and 14 dpi with Shh modulation (Figure 4I).
Following injury, untreated sTBI fish exhibited upregulated eaat2a expression at 12 hpi,
which then gradually decreased to near undamaged levels by 7 and 14 dpi (Figure 4I).
In sTBI/CYC fish the initial expression was noticeably repressed during cyclopamine
treatment through 2 dpi, followed by a robust increase in eaat2a expression between 3 and
7 dpi that returned near basal levels at 14 dpi (Figure 4I). In contrast, fish that were treated
with both ceftriaxone and cyclopamine exhibited a rapid increase in eaat2a expression that
peaked at 2 dpi, before decreasing through 14 dpi, though it was still elevated relative to
untreated fish (Figure 4I). Similarly, sTBI/PUR fish displayed elevated eaat2a expression
from 12 hpi through 2 dpi, before declining and reaching untreated undamaged levels by
14 dpi (Figure 4I).
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Figure 4. Shh activation combats excitotoxicity and upregulates Eaat2a. Undamaged fish with
and without Shh modulation and ceftriaxone treatment were exposed to 5 mM glutamate in fish
water (n = 90 fish per control/experimental group). (A) Quantification of time to first seizure,
(B) percent of the group to display at least 1 seizure event, and (C) percent of the group that survived
for 1 h. (D,E) Expression of Shh component, gli, and excitatory amino acid transporter (eaat) genes
by qRT-PCR revealed that purmorphamine increased gli and eaat2a mRNAs in both undamaged
telencephalons and cerebellums (n = 3 per control/experimental group, with 5 pooled telencephalons
or cerebellums/trial). (F,G) Administration of ceftriaxone increased eaat2a mRNA expression levels
without Shh activation in undamaged telencephalons and cerebellums (n = 3 per control/experimental
group, with 5 pooled telencephalons or cerebellums/trial). (H) Expression of Eaat2a in the undamaged
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cerebellum (5 pooled cerebellums per control/experimental group) following either purmorphamine
or ceftriaxone treatment was assessed by immunoblot, using GAPDH as a loading control (H, top and
lower bands, respectively). Eaat2a protein expression was increased following either purmorphamine
or ceftriaxone treatment compared to controls. (I) Expression of eaat2a by qRT-PCR in sTBI fish with
either Shh signaling activated, inhibited, or inhibited and cotreated with ceftriaxone at 12 hpi to
14 dpi (n = 3 per control/experimental group, with 5 pooled cerebellums/group). (J) Microdialysis
was performed to quantify extracellular glutamate levels in undamaged and sTBI fish with and
without Shh modulation and ceftriaxone treatment at 30 min post-injury, 12 and 36 hpi, and 5 dpi
(n = 3 per control/experimental group). In panels A-C, the plus sign (+) denotes application of
the reagent and the minus sign (-) denotes the absence of the reagent. Grey box denotes period of
cyclopamine administration. Statistical analyses were performed with a one-way ANOVA followed
by Dunnett’s multiple comparison post hoc test, # p < 0.05, ## p < 0.01.

We next examined the effect of manipulating Shh activation on TBI-induced gluta-
mate excitotoxicity. Due to the heightened and peak seizure activity observed following
cyclopamine treatment at 1.5 days (36 hpi), we examined the concentration of extracellular
glutamate at multiple time-points (30 min, 12 h, 36 h, and 5 days post-injury) from sTBI or
sTBI fish treated with either cyclopamine, ceftriaxone/cyclopamine, or purmorphamine,
and compared to uninjured controls. Glutamate levels in sTBI fish 30 min post-injury
(mpi) and 12 hpi were significantly higher compared to undamaged fish (sTBI 30 mpi:
411.66 ng ± 46.36 ng, p < 0.01, sTBI 12 hpi: 246.3 ng ± 19.53 ng, p < 0.05, Undam:
118.66 ng ± 7.83 ng, Figure 4J), and although still elevated, decreased in sTBI fish at
36 hpi (sTBI 36 hpi: 209 ng ± 32.57, p = 0.27, Figure 4J). First cyclopamine administration
occurred at 4 hpi as it has been shown that injury-induced upregulation of Shh signaling
components occurred as early as 6 hpi [17]. Therefore, assessment of glutamate levels
in cyclopamine-treated fish at 30 mpi was not possible. Cyclopamine-treated sTBI fish
at 12 hpi possessed significantly elevated glutamate levels compared to undamaged fish
(sTBI/CYC 12 hpi: 334.6 ng ± 54.29 ng, p < 0.01), which was further elevated at 36 hpi
(sTBI/CYC 36 hpi: 474.3 ng ± 34.36 ng) compared to both undamaged (p < 0.01) and sTBI 36
hpi fish (p < 0.01, Figure 4J). Cyclopamine treatment ended at 60 hpi, and while glutamate
levels were still elevated at 5 dpi, they were statistically not different than undamaged
levels (sTBI/CYC 5 dpi: 225 ng ± 23.47 ng, p = 0.13, Figure 4J). The sTBI/CYC/CEF fish
exhibited glutamate levels following injury that were not statistically different from undam-
aged fish at any timepoint (Figure 4J). A similar effect was seen in purmorphamine-treated
fish, where extracellular TBI-induced glutamate levels were slightly elevated, but not statis-
tically different, relative to undamaged fish at any time point (Figure 4J). Collectively, these
data suggest that purmorphamine-mediated Shh attenuates excitotoxicity by regulating
extracellular glutamate via Eaat2a.

3.4. Shh Activation Reduces Edema, Neuroinflammation, and PTS following TBI

Increased brain edema and neuroinflammation are highly correlated with increased
PTS following TBI [50], while glutamic excitotoxicity increases edema and neuroinflam-
mation [51]. Based on our data, we hypothesized that reducing glutamic excitotoxic-
ity and extracellular glutamate levels post-TBI would also decrease brain edema. We
quantified edema, measured as percentage of brain fluid, in undamaged and sTBI fish
at 1, 3, 5, 7, and 14 dpi with and without Shh modulation. Following injury, sTBI fish
displayed significantly increased brain edema at 1 and 3 dpi compared to undamaged
brains (undam: 73.4% ± 0.55%, sTBI 1 dpi: 85.3% ± 1.13%, p < 0.01, 3 dpi: 79.3% ± 0.84%,
p < 0.05, Figure 5A). By 5 dpi, brain edema in sTBI fish is reduced near undamaged levels
and remains through 14 dpi. In contrast, sTBI with cyclopamine displayed prolonged and
significantly elevated edema 1–5 dpi compared to undamaged brains (sTBI/CYC 1 dpi:
84% ± 1.43%, p < 0.01, 3 dpi: 82.88% ± 1.51%, p < 0.01, 5 dpi: 78.1% ± 1.08%, p < 0.05)
before decreasing to undamaged levels by 7 dpi (Figure 5A). However, when ceftriaxone is
administered to upregulate eaat2a expression in sTBI/CYC fish no significant brain edema
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was observed at any time point (Figure 5A). Similarly, when sTBI fish were treated with
purmorphamine (sTBI/PUR), we again observed no significant brain edema following TBI
at any time point (Figure 5A).

Figure 5. Prophylactic Shh activation attenuates TBI-induced edema, neuroinflammation, and PTS.
(A) Histogram quantifying brain edema in undamaged and sTBI fish with and without Shh mod-
ulation and ceftriaxone treatment across 1 to 14 dpi (n = 9 fish per control/experimental group).
(B) Expression of il1β by qRT-PCR in the cerebellum of sTBI fish with and without Shh modulation
and ceftriaxone treatment compared undamaged fish (n = 3 per control/experimental group, with
5 pooled cerebellums/trial). (C) Percentage of fish that displayed spontaneous seizure events span-
ning the timeframe of from within 1 hpi to 5 dpi with and without Shh modulation and ceftriaxone
treatment (n = 100 fish per control/experimental group). (C’) Expanded view of early post-traumatic
seizure percentage. Grey box denotes period of cyclopamine administration. Statistical analyses were
performed with either a one-way ANOVA followed by Tukey’s multiple comparison post hoc test (A),
a two-way ANOVA followed by Dunnett’s multiple comparison post hoc test (B), or the Friedman
test of the repeated-measures data (C), # p < 0.05, ## p < 0.01.

In relation to edema, Shh was also reported to affect neuroinflammation through the
regulation il1β expression [39,52], which is often used as a critical biomarker in human
TBI [53] and known to have a role in zebrafish injury-induced regeneration [54]. We
performed qRT-PCR on cerebellar RNA following damage and Shh modulation to assess
the expression of il1β. sTBI fish displayed moderate increase in il1β that gradually declined
returning near undamaged levels of expression by 7 and 14 dpi (Figure 5B). In contrast,
sTBI fish treated with cyclopamine displayed greater expression of il1β, which persisted
through the entire cyclopamine treatment followed by a decrease in expression, though
it was still elevated at 14 dpi (Figure 5B). However, when sTBI fish were treated with
cyclopamine and ceftriaxone, a large reduction in il1β expression was observed relative
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to sTBI and sTBI/CYC fish (Figure 5B). Similarly, purmorphamine treatment exhibited a
reduced il1β expression similar to sTBI/CYC/CEF fish (Figure 5B).

The influence of Shh modulation on PTS (Shh activation decreasing PTS, and inhi-
bition increasing PTS, Figure 2C), and glutamic excitotoxicity suggested that PTS might
be suppressed by CEF-mediated increase in eaat2a expression. As observed previously
(Figure 2), cyclopamine-treated sTBI fish displayed increased seizure activity that per-
sisted significantly to 4 dpi compared to untreated sTBI fish (sTBI/CYC: 15% ± 2.48%,
p < 0.05, Figure 5C). In contrast, when sTBI fish were treated with cyclopamine and ceftri-
axone to upregulate eaat2a, the percentage of fish exhibiting PTS was significantly reduced
(sTBI/CEF/CYC: 4.75% ± 0.92%, p < 0.05, Figure 5C,C’). Similarly, purmorphamine-treated
sTBI fish displayed significantly reduced percentage of PTS fish compared to untreated
sTBI fish (sTBI/PUR: 5% ± 0.81%, sTBI: 19% ± 2.08%, p < 0.05), with no seizure behavior
observed in purmorphamine-treated fish after 12 hpi (Figure 5C,C’). Collectively, these
data suggest that the attenuation seen in purmorphamine-treated fish may be due to the
reduction in brain edema, neuroinflammation, and glutamate excitotoxicity, areas known
to be influenced by Shh modulation.

3.5. Prophylactic Shh Activation Attenuates TBI-Induced Cognitive Deficits

Purmorphamine treatment has also been shown to improve the neurobehavioral and
cognitive recovery following CNS trauma [23,37–39]. Zebrafish was previously shown
to have a significant learning and memory impairment following sTBI, which rapidly
recovered in 4–7 dpi [17,28]. Therefore, we examined the potential of purmorphamine
preconditioning to impact TBI-induced cognitive deficits in zebrafish. We assessed asso-
ciative learning with the shuttle-box assay [17,28], which uses a visual stimulus and an
electrical shock as a negative behavioral reinforcement. Undamaged control fish required
an average of 20 ± 2.22 trials (Figure 6A) to master the assay (completing 5 consecutive
positive trials without the negative reinforcement). Untreated sTBI fish exhibited significant
deficits at 1, 3, and 5 dpi (sTBI 1 dpi: 75 ± 4.6 trials, p < 0.01, 3 dpi: 45 ± 3.22 trials, p < 0.01,
5 dpi: 36 ± 3.6 trials, p < 0.05) relative to undamaged control fish, which gradually de-
creased over time to return statistically to undamaged levels at 7 dpi (22 ± 1.38 trials,
Figure 6A). Significant cognitive deficits persisted in Shh-inhibited fish out to 7 dpi relative
to undamaged fish (sTBI/CYC 1 dpi: 82 ± trials, p < 0.01, 3 dpi: 80 ± trials, p < 0.01,
5 dpi: 67 ± trials, p < 0.01, 7 dpi: 59 ± trials, p < 0.01) before returning to near undamaged
levels at 14 dpi (sTBI/CYC 14 dpi: 16 ± trials, p = 0.98). Additionally, the sTBI/CYC
fish exhibited significant deficits at 3–7 dpi compared to untreated sTBI fish (p < 0.01,
Figure 6A). However, these deficits in the sTBI/CYC fish were rescued by co-treating fish
with ceftriaxone, which did not exhibit any learning deficit at any time point post-injury
(sTBI/CEF/CYC 1 dpi: 17 ± 2.42 trials, p = 0.99, 14 dpi: 14 ± 1.59 trials, p = 0.99, Figure 6A).
Similarly, preconditioning sTBI fish with purmorphamine blocked any significant learning
deficit at any time (1–14 dpi) following injury relative to undamaged controls, (sTBI/PUR
1 dpi: 19 ± 1.56 trials, p = 0.99, 14 dpi: 16 ± 1.7 trials, p = 0.98, Figure 6A).

We next assessed the potential of purmorphamine preconditioning to ameliorate the
deficits seen in memory following TBI [17,28]. To assess immediate and delayed recall, we
again used the shuttle box assay [28]. Untreated sTBI fish displayed significant immediate
memory deficit, with a decrease of −48.77% ± 3.36% (p < 0.01) in successful trials when
retested 4 hpi, while undamaged fish exhibited a slight increase of 5% ± 1.62% in suc-
cessful trials when retested 4 h following testing period 1 (Figure 6B). sTBI fish that were
purmorphamine preconditioned also displayed significant immediate memory deficits
(−14.66% ± 2.99%, p < 0.01); however, they significantly outperformed untreated sTBI fish
(p < 0.01, Figure 6B). Neither group displayed significant delayed memory deficits suggest-
ing that prophylactic Shh activation may dampen the cognitive learning and immediate
memory deficits observed following sTBI.
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Figure 6. Cognitive impairments are attenuated by prophylactic Shh activation. (A) Histogram
quantifying the number of trials required for associative learning assay of undamaged and either
untreated or Shh-modulated sTBI fish at 1, 3, 5, 7 and 14 dpi (n = 9 fish per control/experimental
group). (B) Quantification of immediate and delayed recall of undamaged, sTBI, and sTBI/PUR fish
(n = 9 fish per control/experimental group). Statistical analyses were performed with a one-way
ANOVA followed by Tukey’s multiple comparison post hoc test, # p < 0.05, ## p < 0.01.

4. Discussion

Smo agonists have been demonstrated to play intricate roles in regenerative thera-
pies [37,55] and purmorphamine has been shown to provide neuroprotective effects and
greatly influence recovery of cognitive performance in rodents following neurological insult
and aged postoperative cognitive dysfunction [22,37,56]. We examined the regulation of
TBI-induced excitotoxicity through the mechanistic link between Shh signaling and Eaat2a.
We demonstrated that inhibiting the Shh response following TBI exacerbated PTS, while pre-
conditioning with purmorphamine significantly reduced multiple facets of injury-induced
pathologies, rapidly increased cognitive recovery, and in some instances attenuated the
deficit altogether. To our knowledge, the use of purmorphamine in zebrafish following any
mechanism of TBI has not been examined. Although several studies have demonstrated
the inhibition of cell proliferation in the zebrafish brain following cyclopamine [57–59],
we could not find studies illuminating the persistence of injury-induced pathologies or
cognitive deficits associated with the application of cyclopamine.

The need to further examine TBI-induced PTS and identify potential therapeutics has
become more and more imperative. Over the past decade, the number of ASMs developed
has increased, however these therapeutics largely rely on a similar mechanism of action and
drug-resistant epilepsy has increased among patients with PTS [10,11]. Traditional first line
ASMs are GABA agonists, and rodent models revealed refractory PTS to these ASMs [60,61].
Cho et al. [62] recently examined Valproate (valproic acid, VPA) and other first-line ASMs
(Carbamazepine, and Phenytoin) in their adult zebrafish TBI-PTS model [15] and observed
no significant reduction in seizure activity and persistent cognitive deficits. We recognized
the potential difference in mechanism in inducing TBI and tested both first and second-
line ASMs in our TBI model. We similarly observed no improvement in TBI-induced
seizures, edema, and cognitive deficits (data not shown). In contrast, our findings that
blocking glutamate receptors or increasing expression of the glutamate transporter Eaat2a
reduced TBI-induced PTS supported similar observations of EAAT2 reducing PTS in other
models [63–65].
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Modulation of Shh signaling has been considered a potential therapeutic for various
ailments, though much of this work focused on Shh inhibition and use of Smo antago-
nists as potential cancer targets [66,67]. ERIVEDGE®, the only current FDA-approved
Smo antagonist [68], made it through clinical evaluation and is approved for advanced
basal cell carcinoma. The mechanistic consequences of Shh activation are less known and
long-term Shh activation may stimulate tumor growth [69]. Furthermore, the results of
Shh signaling activators have been inconsistent. For example, in epileptic rodents, Feng
et al. [70] reported that increased Shh expression exacerbated seizure activity and negatively
regulated extracellular glutamate, while others reported data suggesting that Shh activity
upregulated EAAT2 expression, reduced astrocyte reactivity, and combated excitotoxic-
ity [45,46,71,72]. Other studies reported that Shh activation is neuroprotective [23,37–39]
and is effective in regenerative therapies [35,73,74]. However, much work needs to be done
to provide insights into the mechanistic actions contributing these positive neurological
outcomes. Although our study is far from exhaustive, it suggests that low and short doses
of prophylactic purmorphamine may provide a neuroprotective effect against TBI-induced
PTS. This therapeutic protocol may be amendable to targeted populations at higher risk of
TBI and may provide protection beyond current safety measures, such as helmets.
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Abstract: Epilepsy affects around 50 million people across the globe and is the third most common
chronic brain disorder. It is a non-communicable disease of the brain that affects people of all ages. It
is accompanied by depression, anxiety, and substantially increased morbidity and mortality. A large
number of third-generation anti-epileptic drugs are available, but they have multiple side-effects
causing a decline in the quality of life. The inheritance and etiology of epilepsy are complex with
multiple underlying genetic and epigenetic mechanisms. Different neurotransmitters play intricate
functions to maintain the normal physiology of various neurons. If there is any dysregulation of
neurotransmission due to aberrant transmitter levels or their receptor biology, it can result in seizures.
In this review, we have discussed the roles played by various neurotransmitters and their receptors
in the pathophysiology of epilepsy. Drug-resistant epilepsy (DRE) has remained one of the forefront
areas of epilepsy research for a long time. Understanding the mechanisms underlying DRE is of
utmost importance because of its high incidence rate among epilepsy patients and increased risks
of psychosocial problems and premature death. Here we have enumerated various hypotheses
of DRE. Further, we have discussed different non-conventional therapeutic strategies, including
combination therapy and non-drug treatment. The recent studies supporting the modern approaches
for the treatment of epilepsy have been deliberated with particular reference to the mTOR pathway,
breakdown of the blood-brain barrier, and inflammatory pathways.

Keywords: anti-convulsants; anti-epileptic drugs; drug targets; epileptogenesis; non-communicable
disease; seizures; transcriptional modifications; pseudo-resistance

1. Introduction

Epilepsy is a group of chronic non-communicable neurological disorders categorized
by spontaneous recurrent seizures [1,2]. These seizures result from episodes of abnormal
electrical activity in the brain. The process by which epilepsy develops in an otherwise
normal brain is called epileptogenesis. Epilepsy may result from a head injury, brain tumors,
brain infections like meningitis or encephalitis, stroke, birth defects, and sometimes even
altered levels of entities like blood sugar or sodium [3]. It is the third most common chronic
neurological disorder. It is a life-shortening brain disorder that affects around 50 million
people or 1% of the world population. Although it is found across the globe, 80% of
epileptic patients live in low- and middle-income countries. Epilepsy is characterized by
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15 different types of seizures and 30 types of epilepsy syndromes and is accompanied by
substantial comorbidity, depression, increased mortality, and anxiety [4,5].

During the last 30 years, there has been a huge advancement in the treatment of many
types of seizures due to the introduction of over 15 third-generation anti-epileptic drugs
(AEDs) [6]. Around 70–80% of patients enter remission with present AEDs who have new
onset of epilepsy. Among 20–30% of patients, these medications are not able to control
seizures. Besides, there is no AED that can prevent the development of the disease before
the occurrence of the first seizure. Unfortunately, there is also drug-resistant epilepsy that is
not controlled by or responds to AEDs. This shows the urgent need to develop appropriate
therapeutic strategies to tackle the complex situation of epilepsy. Devising better treatment
paradigms for epilepsy using various pharmaceutical and therapeutic approaches would
need a better understanding of the different clinical and experimental strategies for the
development and discovery of more efficient treatment methods that can help prevent and
control the diseases [7–9].

2. Role of Genes, Genetics and Inheritance

The newly emerging genetic technology has played a significant role in the discovery
of a variety of genes that are associated with epilepsy. A list of the few genes related to
epilepsy is summarized in Table 1. The advancement of genomic techniques and gene
sequencing has substantially enhanced the knowledge about the genetic variations taking
place in the human genome. Studies estimate that there is an underlying genetic cause in
about half of all cases of epilepsy [10]. Currently, with the emerging research of epigenetic
biomarkers, MicroRNAs (miRNAs) have been assumed to play a significant role. MiRNA
molecules 19-25 nucleotides long regulate gene expression as post-transcriptional modi-
fiers [11]. Differential expression of more than 100 miRNAs has been reported in epilepsy.
Among them, because of their predominant role in biological processes related to epilepsy,
such as neurodegeneration, neuronal growth, and neuroinflammation, miR-132, miR-155,
and miR-146a have been highlighted primarily [11]. Some cases of genetic mutations result
in the core symptom of epilepsy, while changes in a few of the genes are responsible for
malformations in the gross development of the brain that cause seizures. There are around
84 genes classified as epilepsy genes based on the OMIM database results. Mutation in these
classified genes leads to epilepsy as a core symptom. There are approximately 73 genes
that are categorized as neurodevelopment-associated epilepsy genes [10]. Twenty-four
genetic variants have been identified by two large genome-wide association studies that are
linked with epilepsy [12]. The defect in the FMR1 gene is responsible for causing Fragile X
Syndrome. Fragile X syndrome is one of the abnormalities associated with epilepsy and is
characterized by intellectual dysfunction and abnormal behavior. According to the OMIM
database (https://www.ncbi.nlm.nih.gov/omim, accessed on 24 April 2021), there are
about 536 genes responsible for causing associated diseases of epilepsy [10,13].
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Table 1. List of genes associated with the pathophysiology of epilepsy. The pattern of inheritance, age of onset, and
functional categories has been given in concurrence with the associated genes.

S.No. Epilepsy Genes
Functional
Category

Pattern of
Inheritance

Type Of Syndrome S.No.

1. ALDH7A1 Enzyme Autosomal
recessive Pyridoxine dependent epilepsy. Neonatal period

2. KCNQ2 Potassium channel Autosomal
dominant Benign familial neonatal seizures.

3. GABRA1 Receptor of GABA
A

Autosomal
dominant

Early infantile epileptic
encephalopathy.

Infancy and early
childhood

4. SCN8A,
SCN2A Sodium channel Autosomal

dominant

Benign familial neonatal seizures.
Early infantile epileptic

encephalopathy.

5. CHD2 Enzyme Autosomal
dominant

Childhood onset epileptic
encephalopathy.

6. STX1B Transport across
membrane

Autosomal
dominant Generalized epilepsy.

7. TBC1D24 Modulator of
enzyme

Autosomal
recessive

Familial infantile myoclinic
epilepsy.

Early infantile epileptic
encephalopathy.

8. NECAP1 Not classified Autosomal
recessive

Early infantile epileptic
encephalopathy.

9.
UBA5,

GNAO1 Enzyme
Not known Early infantile epileptic

encephalopathy.HCN1 HCN channel

10. GPR98 Receptor Autosomal
dominant Familial febrile seizures.

11. KCNMA1 Potassium channel Autosomal
dominant

Generalized epilepsy with
paroxysmal dyskinesia.

12. STRGAL3,
WWOX Enzyme Autosomal

recessive
Early infantile epileptic

encephalopathy.

13. PRRT2 Not classified Autosomal
dominant Benign familial infantile seizures.

14. SLC6A1 Transporter Autosomal
dominant Myoclinic atonic epilepsy.

15. ARHGEF9 Modulator of
enzyme X linked recessive Early infantile epileptic

encephalopathy.

16. SCN9A Sodium channel Autosomal
dominant

Dravet Syndrome.
Familial febrile seizures.

17. CDKL5 Enzyme X linked dominant Early infantile epileptic
encephalopathy.

18. GRIN2A NMDA receptor Autosomal
dominant

Focal epilepsy with speech
disorder.

19. STRGAL5 Enzyme Autosomal
recessive Amish infantile epilepsy.

20. CACNA1H Calcium channel Not known
Childhood absence

epilepsy.Idiopathic generalized
epilepsy.

21. ALG13 Enzyme X linked Early infantile epileptic
encephalopathy.

139



Biomedicines 2021, 9, 470

Table 1. Cont.

S.No. Epilepsy Genes
Functional
Category

Pattern of
Inheritance

Type Of Syndrome S.No.

22.
CPA6 Enzyme Autosomal

dominant Familial temporal lobe epilepsy.

Juvenile phase
and later

LGI1 Not classified

23. CACNB4 Calcium channel Autosomal
dominant

Juvenile myoclinic epilepsy.
Idiopathic generalized epilepsy.

24. EFHC1 Signalling
molecule

Autosomal
dominant

Juvenile absence epilepsy.
Juvenile myoclinic epilepsy.

25. CLCN2 Chloride channel Autosomal
dominant

Juvenile generalized epilepsy.
Juvenile absence epilepsy.

Juvenile myoclinic epilepsy.

26. ADRA2B Receptor Autosomal
dominant Familial adult myoclinic epilepsy.

27. GABRD Receptor of
GABA A

Autosomal
dominant

Generalized epilepsy with
febrile seizures.

Juvenile myoclinic epilepsy.

28. CASR Receptor Not known Idiopathic generalized epilepsy.

29. DEPDC5 Not classified Autosomal
dominant Familial focal epilepsy.

Unspecified

30. CHRNB2 Acetylcholine
receptor Unknown Nocturnal frontal lobe epilepsy.

31. KCNC1 Potassium channel Autosomal
dominant Progressive myoclinic epilepsy.

32.

GOSR2 Transport across
membrane

Autosomal
recessive

Progressive myoclinic epilepsy.
CERS1 Enzyme

LMNB2 Protein for
cytoskeleton

KCTD7 Not classified

One crucial feature of epilepsy is cognitive dysfunction. Deregulation of cognitive
dysfunction is linked to activity-dependent transcription, which is essential for the tran-
sition of neuronal plasticity to long-term from short-term [9]. Therefore, it has been put
forward that long-term memory formation, which necessitates activation of transcriptional
programs for various processes such as learning, depends on the chromatin modifications
of activated neurons [14]. Early infantile epileptic encephalopathy (EIEE) is marked by
the presence of intellect deficits and seizures. The X-linked diseases are responsible for
exhibiting many severe phenotypes in males as compared to females. However, epilepsy
caused by mutations in protocadherin 19 (PCDH19) causes epilepsy in females that are
heterozygous but not in males that are hemizygous [15]. Protocadherins (PCDHs) play an
essential role in various neurological processes such as synaptogenesis, axon guidance, etc.
They are considered as the most prominent family of cell-cell adhesion molecules [16]. The
genes that encode for protocadherins are present throughout the genome and are responsi-
ble for demonstrating an overlapping and exclusive pattern of expression in the mature
brain and also during the development of CNS in several populations of neurons. The
mechanism that underlies this X-linked pattern of inheritance of epilepsy is not known [15].
Researchers are working to decipher the basic mechanisms as well as to find appropriate
therapeutic interventions.

3. Epigenetics Involved in Epilepsy

Recent studies show epigenetics playing essential roles in temporal lobe epilepsy [17].
Therefore, studying the role of epigenetic changes in the development of the disease has
become an emerging topic in the area of research. The knowledge of epigenetic mechanisms
helps in providing the putative conceptual framework in the development of therapies

140



Biomedicines 2021, 9, 470

that can help in the prevention of the disease. Epileptogenesis should be considered as
a target point for developing therapy when there is an increment in the severity and
frequency of impulsive recurrent seizures. Various processes that take place along with
epileptogenesis are mossy fiber sprouting, dysfunction of adenosine together with gliosis,
aberrant connectivity, neuronal cell loss, and neuroinflammation [18,19]. TCF4, MECP2,
UBE3A, and CHD2 are some of the regulatory genes associated with epilepsy. Among
these, the CHD2 gene is responsible for encoding a protein that remodels chromatin, and
deregulation of CHD2 might have a downstream effect on other genes [20].

Epigenetic modifications are also responsible for many of the pathological changes
that take place during epileptogenesis. Many changes have been shown to occur in the
central nervous system cells that alter the gene expression due to DNA methylation and
histone acetylation and methylation [12,21]. Moreover, these changes happen quickly
and regularly. DNA methylation-reliant alterations in the process of transcription of
genes get induced by even a single change in neural synchronization, which ultimately
induces a cascade of transcription factors leading to long-term alterations [21]. When
DNA methylation was deliberated globally with the help of antibody capture and in
the BRD2 gene promoter, variations in the lymphoblastoid cell lines were observed in
epileptic patients. Furthermore, in the hippocampus of epileptic patients, alterations in
DNA methylation were observed [12].

Various processes like histone modifications that involve either adding up or elimi-
nating the acetyl or methyl groups are suggested to be associated with epileptogenesis.
According to the hypothesis of DNA methylation implicated in epileptogenesis, seizures
can induce epigenetic modifications and can exaggerate the process of epileptogenesis.
DNA hypermethylation, along with the amplified activity of DNA methylating enzymes
has been implicated in the development of experimental and human epilepsy [22]. During
brain development, DNA methyltransferases (DNMTs) have been shown to perform a
significant role and expressed more predominantly in neurons than glial cells. Moreover, in
the adult brain, studies have exhibited the functional significance of DNMTs in processes
such as memory, learning, behavior, and synaptic plasticity. Thus, DNA methylation is
speculated in mediating the process of epileptogenesis by leaving an imprint on physiolog-
ical processes and gene expression, which might lead to the development of temporal lobe
epilepsy later in life [23,24].

Histone modification is one of the epigenetic mechanisms that have the considerable
potential to alter the neuronal expression of genes by exerting their additive effects in a
correlated manner [17]. The principal role of histone proteins is to support the tertiary and
quaternary structure of the DNA. Disruption in these vital epigenetic machinery leads to
various disorders such as epilepsy, autism, Rett syndrome, etc. Epigenetic alterations that
occur at the histone tail are responsible for influencing the structure of the chromatin that
ultimately modifies the approachability of transcriptional regulators. One of the significant
histone modifications that have been linked to epilepsy is lysine acetylation. In several
animal models, the process of histone deacetylation by restraining histone deacetylase
enzymes proved to be beneficial in preventing the symptoms of epilepsy [25].

DNA methylation is dependent on several biochemical enzymatic reactions. One
such reaction pathway is the S-adenosylmethionine-dependent transmethylation pathway,
which is controlled by glycine and adenosine under the regulation of adenosine kinase
(ADK). In chronic epilepsy, it is observed that there is an increase in the ADK and a
resulting decline in adenosine, which leads to elevated DNA methylation in the brain.
Thus, interference with methylation of DNA gives the new conceptual prospect to control
and prevent epilepsy. Glycine modifying therapies can also be regarded as an alternative
opportunity that affects the process of DNA methylation and, ultimately, the process of
epileptogenesis. Therefore, understanding the epigenetics of epileptogenesis might help
in the discovery and development of therapeutic interventions [18,26]. Ketone bodies are
found to play an important role of signaling molecules as well in addition to be a source of
energy. Class 1 histone deacetylases (HDACs) are inhibited by β–hydroxybutyrate (BHB),
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which is considered as a ketone body with signaling functions. HDACs are responsible for
the subtraction of acetyl groups from histone tails. These epigenetic modifications by ketone
bodies are believed to be regulating gene expression and other epigenome modifications,
which can implicate the treatment of several human diseases like epilepsy [24,27,28].

4. Neurotransmitter Release Machinery in Epilepsy

4.1. Glutamate Receptors

Glutamate is an excitatory neurotransmitter responsible for stimulating an increase
in calcium and sodium conduction through ligand-gated ion channels (Figure 1). A wide
spectrum of anti-convulsant properties is displayed by AMPA antagonists and NMDA
antagonists in animal models with acute and chronic epilepsy [29]. Once seizures begin,
the activity-dependent plasticity of the glutamate receptors becomes a vital feature of the
epileptic brain. Epileptogenesis has been linked to the receptor pore properties through
the mechanism of mutations of the calcium-impermeable and AMPA-sensitive glutamate
receptors. AMPA receptors in the central nervous system contain several subunits like
GluR1, GluR2, GluR3, and GluR4. Mutation of the GluR2 (also known as GluA2 or GRIA2)
subunit leads to the formation of heteromeric AMPA receptors, which lack the essential
pore lining arginine site, which is responsible for conferring both calcium impermeability
as well as single-channel conductance of three-fold attenuation. Mice bearing this mutation
gather AMPA receptors with increased calcium permeability and a neurological phenotype
of cell death and various severe seizures [30,31]. Additionally, glutamate, which is released
at the synapse that acts on the metabotropic and ionotropic receptors, is responsible for
the stimulation and escalation of the seizure activity [29]. The Na+-dependent transporters
remove the glutamate from the extracellular space and synaptic cleft. Reduced expression
of the glutamate transporters can induce seizures. Genetic manipulations related to the
functioning of the glutamate receptor proteins in rodent models can enhance the threshold
of seizures [32].

Figure 1. Neurotransmitter mediated changes in epilepsy. Different changes have been observed in the brain due to the
increase in the levels of glutamate and acetylcholine and a decrease in the levels of serotonin and GABA. Such modulations
due to various physiological conditions or comorbid situations have been reported, which should be taken into account
while designing any pharmacological interventions in the epileptic patients.
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4.2. GABA Receptors

Various pieces of evidence from several clinical and experimental data underline the
role of GABA in the mechanism and management of epilepsy (Figure 1). The synaptic
inhibition by GABA plays an essential role in regulating neuronal excitability, which has
been linked to epilepsy. GABAergic neurotransmission that is controlled by Cl– perme-
able GABAA receptors can exhibit both seizure-repressing and -stimulating activity [33].
GABAergic functions have shown abnormalities in the acquired and genetic animal models
of epilepsy. Several studies have shown changes in the GABA receptor densities and
concentrations of GABA in the human epileptic tissue. It has been found that there are
reduced numbers of GABAA receptors in the human epileptic hippocampus tissue [34].
Many researchers have shown that seizures are suppressed by GABA agonists and are
produced by GABA antagonists. GABA agonists are anticonvulsants whereas GABA antag-
onists are proconvulsant. Seizures are caused by drugs that inhibit the synthesis of GABA.
Some of the GABA synthesis inhibitors include L-allyglycine, isoniazid, thiosemicarbazide,
and 4-deoxypyridoxine. Therefore, inhibition of the synthesis of GABA is known to be
epileptogenic [34]. Effective anti-convulsants like barbiturates and benzodiazepines (BZDs)
function by increasing the GABA mediated inhibition. Barbiturates are responsible for
extending the opening time of the chloride channels. Benzodiazapenes also amplify the
chloride channel opening rate by enhancing the binding of the GABA to its receptors [35].
Drugs like vigabatrin and tiagabine are effective anti-convulsants that enhance synaptic
GABA by decreasing GABA catabolism or reuptake, ultimately responsible for inhibiting
seizure activity. Drugs that play a significant role in increasing synaptic GABA have been
shown to be effective AEDs [36].

4.3. Cholinergic Receptors

The structural and functional diversity of the neuronal nicotinic acetylcholine recep-
tors (nAChRs) perform modulatory functions throughout the mammalian brain (Figure 1).
Nicotinic receptors are involved in various developmental mechanisms such as memory,
attention, and learning. Disruptions in cholinergic mechanisms can lead to several disor-
ders such as epilepsy, Parkinson’s disease, dementia, schizophrenia, autism, Alzheimer’s
disease, etc. [37]. Functional nAChRs are broadly dispersed throughout the central nervous
system and are situated on dendrites, axon terminals, and cell bodies and mediate synaptic
neurotransmission [38]. According to genetic studies conducted in several animal models
and epileptic patients, it has been illustrated that the activity of nAChRs is altered in certain
types of epilepsy such as juvenile myoclonic epilepsy (JME) and autosomal dominant noc-
turnal frontal lobe epilepsy (ADNFLE) [39]. Cholinergic receptors are broadly dispersed
on both inhibitory and excitatory interneurons present in and outside of the frontal lobe.
Pentamers, which are assembled in the subunit pattern of (2α-3β), form the widely held
nicotinic receptors of the brain. Five mutations in these two subunits have been related to
autosomal dominant frontal lobe epilepsy [40]. Acetylcholinergic neurons play an essential
role in the mental development in the pedunculopontine tegmental nucleus. Disturbance
in the nAChRs can give rise to epilepsy [41].

4.4. Serotonin Receptors

Serotonergic neurotransmission has been shown to have a potential role in epilepsy [42].
Serotonin receptors (5-HTRs) have been therefore considered as promising candidate tar-
gets for the development of new AEDs (Figure 1). Studies show 5-HT regulates a wide
variety of focal and generalized seizures. Agents like 5-hydroxytryptophan and 5-HT
reuptake blockers are known to increase the extracellular serotonin levels and hence inhibit
focal as well as generalized seizures. On the other hand, depletion of serotonin levels in
the brain is known to subside the threshold for different evoked convulsions [43]. Selective
serotonin reuptake inhibitors (SSRIs) can enhance the levels of serotonin at synapse but
reduces the synthesis of the serotonin in the brain. Persistent administration of SSRIs are
known to be one of the cause for the decreased synthesis of serotonin and increases seizure
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susceptibility [44]. Spontaneous seizures and a decreased threshold for audiogenic seizures
have been linked to the targeted subtraction of the serotonin 5HT2c receptor gene. The
5HT2c receptor plays a significant role in modulating a persistent Na+ current. It is shown
that in cortical neurons, 5-HT2a/c receptor activation is reduced via rapidly inactivating
Na+ currents by reducing the maximal current amplitude and shifting fast inactivation
voltage dependence. 5-HT2a/c receptor stimulation also reduced the amplitude of persis-
tent Na+ current without altering its activation voltage dependence. This modulation is
mediated by a PKC-dependent mechanism and further reduces the dendritic excitability.
Seizure susceptibility may be enhanced by the loss of inhibition of Na+ channel currents in
5HT2c receptor [45,46].

5. Drug Resistant Epilepsy

Drug-resistant epilepsy (DRE) is also known as refractory epilepsy or pharmaco-
resistant epilepsy. It can be defined as a failure of two or more sufficient trials of tolerated,
chosen, and appropriately used AEDs regimens, which can be administered as monothera-
pies or in combination to get relief from seizures. Around one out of four patients with
seizures develop DRE [47]. DRE patients have increased risks of injuries, psychosocial
problems, and premature death [48–50]. Some of the hypothesized mechanisms underlying
the cause of DRE are discussed below.

5.1. Alterations in the Drug Targets

This hypothesis states that sensitivity to the treatment is decreased due to the alter-
ations in the cellular targets of the drugs. The α2 subunit of the neuronal Na+ channel,
which is encoded by the SCN2A gene, has been found to be related to anti-epileptic drug
resistance [47]. However, this hypothesis cannot explain the contributory role of the al-
terations in drug targets in causing epilepsy in patients resistant to several drugs with
different modes of action [51,52].

5.2. The Inability of the Drugs to Reach Their Targets

This transporter hypothesis postulates that at the epileptic target, drug resistance may
apply to the overexpression of the multidrug efflux transporters. P-glycoprotein is the most
widely researched efflux transporter whose primary function is to maintain the integrity
of the blood–brain barrier by decreasing the cerebral build-up of the substrate drugs [47].
Up-regulation of efflux transporters such as P-glycoprotein in capillaries and abnormal
expression in neuronal and glial cells has been described in various studies on patients
with DRE [53].

5.3. Real Targets Missed by the Drugs

Presently, the primary usage of the AEDs is only to prevent seizures rather than
focusing on the pathogenic processes that are causing the disease. Autoantibodies to the
ion channels that are associated with neuronal inhibition and excitation, including voltage-
gated ion channels and NMDA and GABA receptors, have been identified in patients
with seizures. Such cases have been seen predominantly in multiple circumstances of
encephalitis and occult cancer. However, these patients usually are unable to respond to
conventional anti-epileptic drugs [47,54,55].

6. Non-Conventional Therapeutic Strategies

The available AEDs control the generating tendency of seizures and are effective in
about 60% of individuals. Additionally, most of the existing medications have adverse drug
reactions and hypersensitivity issues. It further aggravates by the increased incidence of
mental health problems, depression, anxiety, and suicidal tendencies [56]. In such intricate
situations, one of the important ways to cope up is the management of the disorder through
patient care and devising different therapeutic strategies.
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6.1. Ruling Out Pseudo-Resistance

It is the phenomenon in which the seizures persevere because the fundamental disor-
der has not been adequately treated. So, it is imperative to rule out or correct the underlying
disorder before the drug treatment can be considered to have failed. There can be several
situations in which misdiagnosis of epilepsy can take place. Cardiac arrhythmia, vasovagal
syncope, and other neurological disorders such as migraine and transient ischemic attacks
are some of the conditions that imitate epileptic seizures [47,57]. The patient’s behavior
and lifestyle can also be the possible cause of pseudo-resistance. Alcohol addiction, stress,
sleep deprivation, and drug abuse are also the common factors that can cause seizures [58].
Therefore, it is essential to first rule out the chances of misdiagnosis before starting the
medication paradigm or changing it once started.

6.2. Combination Therapy

According to many studies and research data, the combination of drugs helps in
controlling the disease. The same drugs at differential dosages have been seen to suit
different patients. This may be due to the fact that at any instance, separate pathophysi-
ological mechanisms can occur in the same individual. Such a situation would warrant
the usage of different therapeutic strategies at different levels for better results. Various
natural or herbal-based drugs like Cicuta virosa and Nux vomica have been shown to be
effective in reducing seizure activity and other physiological parameters in animal models
of epilepsy [9,59]. Several animal models have supported evidence that a combination of
lamotrigine and sodium valproate aids in the management of partial-onset and generalized
seizures. Other usually recommended combinations include valproate with ethosuximide
for controlling absence seizures and lamotrigine with topiramate for controlling a wide
range of seizures [47,60].

6.3. Non-Drug Treatment

Patients who are suffering from DRE have surgery as an alternative method for
treatment, mainly if they have a surgically remedial disease like unilateral hippocampal
sclerosis or other curable lesions. Therefore, depending on the indication, a number of
surgical procedures can be performed to treat and control epilepsy after the deliberation
of further trials of anti-epileptic drugs [61]. In children with DRE, the ketogenic diet
is used as a management strategy. These are also available as formula-based ketogenic
diets for infants [47]. A ketogenic diet seems to be helpful in controlling many types of
seizures. Through the epigenetic mechanism, a ketogenic diet is known to be responsible
for regulating gene expression. It has been found that dietary intake of donors of methyl
groups like choline can have an intense effect on the process of DNA methylation. Ketogenic
diets with high-fat and low-carbohydrate content are observed to be highly useful in
the treatment of refractory seizures in kids [24]. Additionally, various studies on the
micronutrient deficiencies like vitamin B12 show possible involvement in the pathway
and hence may prove to be beneficial in future therapeutic strategies [62,63]. In adults
and adolescents, a device called the vagus nerve stimulator has been approved for use
as an adjunctive therapy with partial-onset seizures that are resistant to anti-epileptic
drugs [47,64]. A vagus nerve stimulator is used to generate a pulse and is implanted in the
upper chest of the patient, which then provides electrical current to the vagus nerve of the
neck [65].

7. Modern Approaches for Treatment

Approved AEDs for the treatment of epilepsy work by various mechanisms that
mainly include the modulation of voltage-dependent ion channels, activation of GABA,
and inhibition of glutamate receptors. Several capable pathways including shared ones
with neurodegenerative disorders [66] and potential drug targets have been identified by
many researchers and some of them are discussed here.
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7.1. MTOR Pathway

This signaling pathway is the mammalian target of rapamycin, which is responsible
for regulating cell growth, cell proliferation, cell differentiation, and cell metabolism in
the brain. Many studies have shown that dysregulation of mTOR is responsible for the
pathogenesis of acquired forms of epilepsy, such as temporal lobe epilepsy [6]. Therefore,
therapeutic intervention in this pathway can lead to the discovery of more tolerable anti-
epileptic and anti-epileptogenic drugs [67,68].

7.2. Inflammatory Pathways

Various studies and researches have shown shreds of evidence, which states that
inflammatory mediators that are released by cells of the brain and peripheral immune cells
are implicated in the foundation of seizures and the process of epileptogenesis [6]. Data
and facts have emerged that changes in the inflammatory and immune pathways might be
the consequences as well as the origin of the different types of epilepsy [69].

7.3. Breakdown of Blood-Brain Barrier

Irrespective of their etiology, dysfunction of the blood-brain barrier is a characteristic
of epileptogenic injuries of the brain. Any harm to the blood-brain barrier microvascu-
lature during the brain injury leads to the leakage of the serum albumin into the micro-
environment of the cerebral cortex, which induces a signaling cascade in astrocytes, which
results in local inflammation by activating the transforming growth factor β receptor
(TGFβR) [70]. Dysfunction of the astrocytes leads to the impairment in the homeostasis of
the extracellular brain environment, which further results in the increased excitability of the
neurons. TGFβR is a remarkable novel target that interferes with the process of epileptoge-
nesis. This is because of the obstruction of TGFβ signaling in the albumin is responsible for
reversing the inflammation and transcriptional modifications linked with activated glia
and thus prevents the progression of epileptogenesis [6,71]. Various approaches that are
being employed in the therapeutics associated with epilepsy have been summarized in
Table 2.

8. Conclusions

Several applicable models are available to study and understand the process of epilep-
togenesis [72]. However, there are still many challenges in dealing with epileptogenesis.
There are so many emerging approaches that are under consideration for the treatment of
DRE. Various researchers are working on pharmacotherapy and many other therapeutic
approaches that can aid in the treatment of epilepsy. Complementary alternative medicines
like Cicuta virosa [59] and Nux vomica [9] could be used in combination with lower doses
of effective drugs for better results. Such newer combinations of drugs need more research
to be done to find their efficacy. Many capable pathways including epigenomic mainte-
nance through dietary intervention [73] and potential drug targets have been identified by
many researchers that provide the approach for the treatment. The discovery of a wide
variety of anti-epileptic drugs has provided great advancement in treating different types of
seizures [72]. Further, understanding the role of different neurotransmitters and their effect
on epileptogenesis can help in the emergence of novel treatment strategies for epilepsy in
near future.

146



Biomedicines 2021, 9, 470

Table 2. Different approaches used for the treatment of epilepsy.

S.
No. Treatment Approaches Interventions Used Action Mechanism Main Uses References

A.
PHARMACEUTICAL

APPROACHES Gabapentin Ca2+ blockage Used for generalised and focal seizures. [74,75]

(Anti-epileptic drugs) Carbamazepine Na+ channel blockage Decrease nerve impulses that are
responsible for causing seizures. [74]

Lamotrigine Na+ channel blockage Used as a first- line drug for generalized
and focal seizures. [60,75]

Tiagabine GABA potentiation Used for partial seizures in adjunctive
therapy. [74]

Zonisamide Na+ channel blockage Used for generalized and focal seizures. [74,75]

Vigabatrin GABA potentiation Used for infantile spasms and for focal
onset of seizures. [74]

Perampanel Glutamate (AMPA) antagonist Used for partial seizures with
focal onset. [74,75]

B.
THERAPEUTIC
APPROACHES

Progressive muscle
relaxation

Tense a group of muscles while
breathing in and relaxes them

while breathing out.

Improves sleep and overall well-being.
Enhances control over epilepsy by the

patients.
[76]

Yoga
Release tension in key joints

through combination of
body postures.

Decrease in automatic dysfunction
during onset of seizures. [76,77]

Cognitive behavioural
therapy

Restructuring of maladaptive
thought patterns.

Improvement in anxiety and depression
and enhanced psychosocial functioning. [76,78]

Vagus nerve stimulation
Used to generate impulse
through electric current in

vagus nerve.

Used as an adjunctive therapy for partial
onset of seizures. [65]

C.
NATURAL

APPROACHES Ketogenic diet Neurotransmitter modulation
in brain by ketone bodies.

Successful in reducing seizures and
enhancing motor function. [27,64,79]

Vitamin D3 Increase Ca2+ uptake and
decrease neuronal excitability.

Produces anti-convulsant effect and
prevent seizures. [80,81]

Herbal treatments
Found to be involved in

potentiation of GABAergic
activity in brain.

Herbal medications control epileptic
seizures and reduce side effects and
increase cognitive effects of AEDs.

[82,83]
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Abstract: Both chronic alcoholism and human herpesvirus-6 (HHV-6) infection have been identified
as promoters of neuroinflammation and known to cause movement-related disorders. Substantia
Nigra (SN), the dopaminergic neuron-rich region of the basal ganglia, is involved in regulating
motor function and the reward system. Hence, we hypothesize the presence of possible synergism
between alcoholism and HHV-6 infection in the SN region and report a comprehensive quantifica-
tion and characterization of microglial functions and morphology in postmortem brain tissue from
44 healthy, age-matched alcoholics and chronic alcoholics. A decrease in the perivascular CD68+
microglia in alcoholics was noted in both the gray and white matter. Additionally, the CD68+/Iba1−
microglial subpopulation was found to be the dominant type in the controls. Conversely, in alco-
holics, dystrophic changes in microglia were seen with a significant increase in Iba1 expression and
perivascular to diffuse migration. An increase in CD11b expression was noted in alcoholics, with
the Iba1+/CD11b− subtype promoting inflammation. All the controls were found to be negative
for HHV-6 whilst the alcoholics demonstrated HHV-6 positivity in both gray and white matter.
Amongst HHV-6 positive alcoholics, all the above-mentioned changes were found to be heightened
when compared with HHV-6 negative alcoholics, thereby highlighting the compounding relationship
between alcoholism and HHV-6 infection that promotes microglia-mediated neuroinflammation.

Keywords: microglia; neuroinflammation; chronic alcoholism; HHV-6; Substantia Nigra

1. Introduction

A linear double-stranded DNA virus, human herpesvirus-6 (HHV-6) is a ubiquitous
β-herpesvirus, first isolated from the peripheral blood mononuclear cells of patients with
lymphoproliferative disorders [1,2]. It has been postulated that the salivary glands act as
the major and persistent reservoir of the virus in humans, especially given its frequent
detection in saliva and the suggested role of saliva in viral transmission [3–6]. A small
proportion (1–2%) of the cases has been reported to be associated with vertical transmission
of the virus during pregnancy [7,8]. A vast majority of children by the age of 2 years
become seropositive as the seroconversion begins as soon as the protection from passive
maternal antibodies starts to wear off [1]. The virus is known to exist in two close vari-
ants: HHV-6A and HHV-6B. Whilst HHV-6A has not yet been etiologically linked to any
disease [1,9,10], HHV-6B is known to cause Roseola infantum (sixth’s disease; exanthema
subitum), which occasionally presents with neurological complications like febrile seizures
or encephalitis [9].

The neurotropic nature of the virus, coupled with its ability to infect a broad range
of cells/tissues in vivo including the endothelium [11] and brain [12,13], leads to a wide
spectrum of clinical complications. Additionally, it has been speculated that it plays a role
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in central nervous system (CNS) -related diseases including meningoencephalitis [14,15],
Alzheimer’s disease [16,17], multiple sclerosis [18,19], and mood disorders [20,21]. Often,
active infection in immunocompromised patients has been described as a fulminant mul-
tifocal demyelinating disease [22–24]. Although active HHV-6 infection predominately
affects the limbic system [25], other brain regions like the olfactory cortex have also been
reported to be altered [26–28]. Reports of patients presenting chorea-like involuntary move-
ments and other movement disorders in HHV-6 infection [25,29,30] leads us to speculate
the possible involvement of basal ganglion, a region associated with the “motor circuit”
and related movement disorders [31].

Substantia Nigra (SN), also known as the black substance, is the dopaminergic neuron-
rich region that modulates motor movement and reward functions as part of the basal
ganglia [32]. It is divided anatomically into two subregions: Pars Compacta (SNpc) and Pars
Reticulata (SNpr). SNpc is composed of densely packed neurons with high concentrations
of neuromelanin (a dark polymer pigment formed by the oxidative polymerization of
dopamine or noradrenaline) [32,33], while SNpr mainly consists of GABAergic (gamma-
aminobutyric acid) inhibitory neurons. SNpc exerts its effects on the motor cortex either
via direct or indirect pathways. In the direct pathway, projections from SNpc reach D1
(dopamine) receptors in the striatum, causing inhibition of the GPi (globus pallidus in-
terna) and SNpr, leading to disinhibition of the thalamic nuclei and allowing the required
movement to occur [33]. In the indirect pathway, projection synapses with D2 striatal
receptors cause the GPe (globus pallidus externa) to be relatively excited, thereby inhibiting
subthalamic nuclei and activating GPi and SNpr, which finally leads to inhibition of motor
function [34].

Alcohol (ethanol) has long been an established modifier of brain activity. At low-to-
moderate doses, it has been recognized as a dose-dependent stimulant of motor activity,
while at high doses, it has been shown to cause ataxic effects (uncontrolled, abnormal
movements) [35–37]. Further, the development of alcohol tolerance and addiction represent
another modulating effect of alcohol on the dopamine-mediated reward system of the brain.
Chronic alcohol use dysregulates the immune system, causing increased susceptibility to
infections and inflammatory reactions in the brain and peripheral organs [38]. Studies in
animal models have shown that β-carbolines and their derivatives (found in abundance
in alcoholic beverages), upon in vivo metabolization, form compounds resembling 1-
methyl-4-phenylpyridinium ions (MPP+), a neurotoxicant involved in the pathogenesis
of idiopathic Parkinson’s disease [39]. Moreover, these derivatives have been shown to
induce early-onset neurodegenerative changes, glial activation in SNpc, and a significant
long-term decrease in spontaneous motor activity [39].

Both HHV-6 and alcohol have been identified as promoters of neuroinflammation.
Neuroinflammation, a broad term that does not correlate to the classical characteristics
seen in peripheral inflammation, represents a chronic, CNS-specific, and glial-mediated
inflammation-like response [40]. Microglial cells, the immune sentinels in the brain
parenchyma that are thought to orchestrate a potent neuroinflammatory response [41], ac-
count for about 5–10% of the total cell population in the brain. Together with nonparenchy-
mal brain macrophages (perivascular, meningeal, and choroid plexus macrophages), each of
these cell types occupies a specific niche, thereby covering the entire CNS [42]. Under phys-
iological conditions, mature microglial cells (so-called “resting/surveillance microglia”)
are usually highly ramified with fine, long processes and small somata; however, upon acti-
vation in response to pathogens or DAMPs (damage-associated molecular patterns) [42], a
change in surface molecule expression along with transformation from ramified to ameboid
(so-called “activated microglia”) shape via a multistep activation cascade is seen [43,44].
While the initial microglial response may provide neuroprotection by eliminating the dis-
tress source and restoring tissue homeostasis, in cases of persistent stimuli like HHV-6, mi-
croglial cells can become chronically active, resulting in upregulation of pro-inflammatory
cytokines which jeopardizes neuronal survival [45–47].
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Evidence from previous studies led us to investigate the potential role and synergistic
effects of these partners-in-crime, i.e., chronic alcoholism and HHV-6 infection, in the
disruption of brain homeostasis and increased neuroinflammatory response in the SN
region of the brain. Additionally, we explored the various subpopulations of microglial cells,
providing valuable insights into the stages of transformation which these cells undergo,
their function, and quantification in both normal and alcoholism-related conditions, thereby
advancing our knowledge of brain homeostasis in the hope of achieving better diagnostic
and treatment modalities for patients.

2. Materials and Methods

2.1. Autopsy Brain Tissue Collection and Characteristics

Brain autopsy specimens from 44 individuals were provided by the Latvian State
Centre for Forensic Medical Examination. Postmortems were performed between 7 and
30 h after death. A complete medical history including evidence of alcoholism (confirmed
by ethanol levels in the blood coupled with tissue changes seen in the liver, pancreas, and
heart) was provided by a certified pathologist. The autopsy brain samples were collected
between 2007–2012 and preserved in paraffin blocks following the appropriate protocols.
Brain tissues for the SN region were obtained using the human brain map atlas [48].
Patients with infections, diabetes, or respiratory system pathologies were excluded from
the study. The inclusion criteria included previous history of alcoholism in accordance
with the criteria established by Harper et al. [49].

The autopsies of alcoholic subjects evidenced alcohol abuse and liver cirrhosis. Ad-
ditionally, ascites, pancreatitis, and cardiomyopathy were found [50]. In the laboratory,
patient specimens were grouped based on age and exposure to alcohol, and assigned
internal codes as shown in Table 1. Group A included 13 control individuals with a median
age of 31 ± 6.79 years and no history of alcohol consumption. Control group individuals
presented no neuropathological abnormalities upon postmortem examination and had
no history of major psychiatric illness [50]. Group B included 13 age-matched alcoholic
individuals with a median age of 31 ± 4.85 years. Group C consisted of 18 non-age-matched
alcoholic individuals with a median age of 49.5 ± 8.66 years.

Table 1. Grouping of individuals along with their age and gender.

Group A
(Control Group)

Group B
(Age-Matched Alcoholics)

Group C
(Non-Age-Matched Alcoholics)

Individual
Code

Age
(Years)

Gender (Male/
Female)

Individual
Code

Age
(Years)

Gender (Male/
Female)

Individual
Code

Age
(Years)

Gender (Male/
Female)

A1 34 M B1 36 F C1 48 M
A2 31 M B2 23 M C2 55 M
A3 27 M B3 31 M C3 60 M
A4 23 M B4 26 M C4 50 F
A5 32 M B5 33 M C5 63 M
A6 37 M B6 34 F C6 45 M
A7 33 M B7 25 F C7 45 M
A8 22 M B8 30 M C8 55 M
A9 36 M B9 35 M C9 45 F
A10 17 M B10 22 M C10 60 F
A11 37 M B11 35 M C11 66 M
A12 20 M B12 34 M C12 63 M
A13 26 M B13 29 M C13 44 F

C14 49 M
C15 45 F
C16 60 M
C17 38 F
C18 40 M

Group median age 31 ± 6.79 Group median age 31 ± 4.85 Group median age 49.5 ± 8.66
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The protocol for the present study was approved by the Ethics Committee of Rı̄ga
Stradin, š University (Decision No. 6-1/12/9) dated 26 November 2020, as per the provisions
of the Declaration of Helsinki. Informed consent was provided by the next of kin for
the autopsy.

2.2. Immunohistochemistry (IHC), Double Immunohistochemistry, and Immunofluorescence (IF)

Routine hematoxylin and eosin (H&E) staining was done using formalin-fixed paraffin-
embedded (FFPE) tissue sections which were examined using a light microscope to verify
that the slides contained the regions of interest for the present study (SNpc and SNpr).
Upon verification, the sections were prepared for standard immunohistochemistry (IHC)
and immunofluorescence (IF) reactions [51]. Following the manufacturer’s guidelines,
tissue sections were incubated overnight with primary antibodies, as described in Table 2.

Table 2. Description and characteristics of the primary antibodies.

Primary
Antibody *

Antibody Characteristics ** Clone Dilution Manufacturer

CD68 Monoclonal mouse AB against human AG Kp-1 1:200 Cell Marque (USA)
CD11b Monoclonal rabbit AB against human AG EP45 1:100 Epitomics (USA)

Iba1 Monoclonal rabbit AB against human AG EP289 1:150 Epitomics (USA)
HHV-6 (20) Monoclonal mouse AB against viral lysate - 1:200 Santa Cruz (USA)

* CD68—cluster of differentiation 68; CD11b—cluster of differentiation 11b; Iba1—ionizing calcium-binding adaptor molecule 1; and
HHV-6—human herpesvirus-6. ** AB, antibody; AG, antigen.

CD68 (Cluster of differentiation 68), also known as LAMP-4 (Lysosomal associated
membrane protein 4), is a transmembrane glycoprotein that is associated with the cellular,
endosomal, and lysosomal compartments [52,53]. A scavenger receptor that binds oxidized
low-density lipoproteins (oxLDL), CD68 is highly expressed in cells of macrophage lineage
with low expression in lymphocytes, fibroblasts, and endothelial cells [54]. Whilst CD68
can be expressed by resting microglia, it is commonly considered as a marker of activated
microglia due to its role in phagocytotic activities [55,56].

CD11b (Cluster of differentiation 11b), a commonly used peptide marker for activated
and resting microglia, is the α-subunit of CR3 (Complement receptor 3), an integrin that is
involved in adhesion processes [57,58]. Iba1 (Ionized calcium-binding adapter molecule1)
is a peptide encoded by the gene AIF1 (Allograft inflammatory factor 1). As a cytoplasmic
protein, Iba-1 is primarily and constitutively expressed by both activated and resting
microglial cells in the brain tissue. Like CD68, it has also been implicated in phagocytic
processes [59,60].

HHV-6 (20) is an antibody that is raised against viral lysate and can be used to detect
the HHV-6A and HHV-6B subtypes [61,62]. The presence of the respective antigens was
determined either by using the HiDef DetectionTM HRP Polymer system (Cell Marque,
Rocklin, CA, USA) and 3,3′ diaminobenzidine (DAB) tetrahydrochloride kit (DAB + Chro-
mogen and DAB + Substrate buffer, Cell Marque, Rocklin, CA, USA) or the goat antimouse
IgG (H + L) antibody, Alexa Fluor® 488 conjugate (Thermo Fisher Scientific, Invitrogen,
UK, 1:300). For nuclear visualization, counterstaining with Mayer’s hematoxylin (Sigma
Aldrich, St. Louis, MO, USA) or 4′,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher
Scientific, Invitrogen, UK, 1:3000) was done, respectively.

In order to detect the two different antigens (double IHC staining), both the HiDef
DetectionTM HRP Polymer system and the HiDef DetectionTM Alk Phos Polymer system
were used successively, followed by counterstaining with a DAB substrate kit (brown color)
and Permanent Red Chromogen Kit (red color), respectively (Cell Marque, Rocklin, CA,
USA). Tissue rinsing, dehydration, clearing, and mounting in Roti® Histokitt (Carl Roth,
Karlsruhe, Germany) or Prolong Gold with DAPI (Thermo Fisher Scientific, Invitrogen,
UK) was done as per the manufacturer’s protocols. Treatment with Sudan Black B solution
(Sigma Aldrich, St. Louis, MO, USA) was done to reduce tissue autofluorescence. Positive
and negative controls were prepared for each antibody reaction (as per the manufacturer’s
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guidelines). Negative controls were prepared using tris(hydroxymethyl)amino -methane
(TRIS) solution in place of the primary antibody.

After conventional immunostaining, the expression of marker proteins was manually
evaluated using a Leica light microscope (LEICA, LEITZ DMRB, Wetzlar, Germany) and
Glissando Slide Scanner (Objective Imaging Ltd., Cambridge, UK) in 10 randomly selected
visual fields per sample per region. IHC markers were considered positive if brown-stained
cell or cell clusters were observed. A quantitative scoring system was used for positively
stained cells or cell groups by two independent observers. Immunofluorescence (IF) was
used to confirm the localization of the viral proteins using a Nikon Eclipse Ti-E confocal
microscope (Nikon, Brighton, MI, USA).

2.3. DNA Extraction and HHV-6 Detection Using Nested Polymerase Chain Reaction (nPCR)

Fine tissue sections of 0.5–1 mm2 were obtained from the formalin-fixed, paraffin-
embedded (FFPE) brain tissue blocks to isolate DNA using the commercial blackPREP
FFPE DNA kit (Analytik Jena AG, Germany) following the manufacturer’s protocol. The
concentration of the extracted DNA was determined using a NanoDrop ND-1000 Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The measurements were
taken according to the manufacturer’s protocol. The quality of genomic DNA (gDNA) was
determined by detecting the β-globin gene sequence with the polymerase chain reaction
(PCR) method using appropriate primers [63]. DNA obtained from Substantia Nigra (SN)
tissue was considered as qualitative if 200 bp products were acquired by PCR. We found
that all samples were β-globin positive.

Detection of viral genomic sequences in the isolated DNA from SN tissue was done
using nested polymerase chain reaction (nPCR). HHV-6 was detected by a two-step PCR
reaction with primers targeting the viral U3 gene that encodes the main capsid proteins
for both variants HHV-6A and HHV-6B [64]. Each experiment was performed along
with positive, negative, and water controls. For positive controls, HHV-6A and HHV-
6B genomic DNA (Advanced Biotechnologies Inc., Columbia, MD, USA) was used. For
negative controls, DNA samples obtained from practically healthy HHV-6 negative blood
donors were used.

2.4. HHV-6A and HHV-6B Variant Detection Using HindIII Restriction Endonuclease

HHV-6A and HHV-6B were differentiated according to the methodology described
by Lyall and Cubie [65]. A two-step PCR reaction was performed again to differentiate
between the two subtypes of the virus with primers targeting the HHV-6 large tegument
protein (LTP) gene following HindIII restriction analysis. The primers used for the PCR
reaction are summarized in Table 3. The obtained nPCR amplicons were digested with
HindIII restriction endonuclease (Thermo Scientific, Waltham, MA, USA) according to the
manufacture’s protocol. HindIII cleaves the HHV-6B positive sample into two fragments
of 66 bp and 97 bp (base pair), but does not cleave HHV-6A at all. All PCR results were
visualized using 1.7% agarose electrophoreses gel.

Table 3. Primers used for two-step PCR reaction for detection of HHV-6 variants.

Primer Primer Sequence

Outer primer O1 5′-AGTCATCACGATCGGCGTGCTATC-3′
Outer primer O2 5′-TATCTAGCGCAATCGCTATGTCG-3′
Inner primer I3 5′-TCGACTCTCACCCTACTGAACGAG-3′
Inner primer I4 5′-TGACTAGAGAGCGACAAATTGGAG-3′

2.5. Viral Load Determination Using Real-Time PCR (RT-PCR)

Positive DNA samples from FFPE whole SN region (SNpc and SNpr) blocks were used
for HHV-6 load detection using the HHV-6 Real-TM Quant (Sacace Biotechnologies, Como,
Italy) commercial kit in accordance with the manufacturer’s instructions. The β-globin
gene was used as the internal control which serves as an amplification control for each
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processed specimen and can aid in the identification of possible reaction inhibitions. HHV-6
viral load > 10 copies/106 cells were considered to be significantly increased.

2.6. Statistical Analysis

The data collected from each visual field (quantitative counting of the immune-positive
structures in IHC) were stored in spreadsheets using MS Excel (Microsoft Office 365) Dis-
tribution of the dataset was checked using the Shapiro-Wilk test for normality (p < 0.05
indicates a violation of normality). Since all our datasets violated the conditions of nor-
mality, nonparametric tests were used for analysis. Kruskal-Wallis ANOVA (analysis of
variance) was used for intergroup analysis with post hoc tests and Bonferroni correction.
The intragroup analysis was done using the related-samples Wilcoxon signed rank test.
p < 0.05 was considered statistically significant. The statistical analysis was done using
SPSS (IBM Corp. Released 2020; IBM SPSS Statistics for Windows, Version 27.0; Armonk,
NY, USA: IBM Corp), while graphs were prepared using R studio and MS Excel.

3. Results

3.1. Alcoholics Showed a Significant Decrease in CD68+ Cells Than Controls in Both Gray and
White Matter

White matter showed more CD68 positive (CD68+; significant only in SNpr) cells in
Substantia Nigra (Table 4), in line with previous studies which indicated that the basal level
of phagocytosis was higher in white matter than gray matter [66–68]. Overall, a decrease
in the number of CD68+ cells in both gray and white matter was noted in alcoholics when
compared with controls (Table 4). Although the decrease was not significant in SNpc, a
significant decrease in CD68+ cells was seen in the gray matter of SNpr between Group A
and Group C (p = 0.025). Similarly, in the white matter of SNpr, a significant decrease was
seen between controls and alcoholics (Groups A–C p = 0.000; Groups B–C p = 0.021).

Table 4. Distribution of CD68+ cells per visual field in different regions of Substantia Nigra (SN).

Region Group A Group B Group C p Value †

Pars Compacta (SNpc)
Gray matter 6.50 ± 0.27 6.32 ± 0.20 6.22 ± 0.15 0.908
White matter 6.55 ± 0.25 6.07 ± 0.18 5.97 ± 0.20 0.360

p value ‡ 0.749 0.145 0.519 -

Pars Reticulata (SNpr)
Gray matter 6.50 ± 0.25 6.34 ± 0.22 5.61 ± 0.25 0.031 **
White matter 7.40 ± 0.29 6.75 ± 0.25 5.86 ± 0.19 <0.001 **

p value ‡ 0.001 ** 0.002 ** 0.020 ** -
† p value was calculated for Kruskal-Wallis ANOVA (intergroup analysis). ‡ p value was calculated for related-samples Wilcoxon Signed
Rank Test (intragroup analysis). The numbers represent the average number of CD68+ cells per visual field ± S.E. (standard error).
** indicates a significant difference between groups (p < 0.05 is considered significant with Bonferroni correction for Kruskal-Wallis ANOVA
and without correction for related-samples Wilcoxon Signed Rank Test).

In Pars Compacta (SNpc), alcoholics showed less diffuse CD68+ cells than controls;
however, the difference was not found to be statistically significant in both gray and white
matter (Figure 1; Kruskal Wallis p = 0.784 and 0.683, respectively). Perivascularly, however,
there were significant differences observed in the white matter (Figure 1b). Alcoholics
showed significantly less CD68+ cells than controls (Groups A–B and A–C; p = 0.003 and
0.027, respectively). No significant differences were noted in the gray matter perivascularly
(p = 0.374).

In Pars Reticulata (SNpr), perivascularly, both alcoholic groups (Groups B and C)
showed a decrease in the number of CD68+ cells when compared with controls (Group A)
in both gray and white matter (Figure 2). A significant decrease in nonmatched alcoholics
was noted in both gray and white matter when compared with controls (p < 0.001). Further,
a significant decrease was noted in the gray matter between age-matched alcoholics and
controls (p < 0.001). Conversely, alcoholics showed an increase in the number of diffuse
CD68+ cells when compared with controls in both the gray and white matter. While
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significant differences were observed in the gray matter (Groups A–C p < 0.001; Groups B–C
p = 0.024), the differences were not statistically significant in the white matter (p = 0.187).

Figure 1. Intergroup analysis of CD68+ cells per visual field in Pars Compacta (SNpc) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of CD68+ cells ± S.E. (Standard Error) seen per visual field. ** indicates a significant difference between
the groups (p < 0.05 with Bonferroni correction is considered significant). Distribution of CD68+ cells per visual field in
(c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular CD68+ cells while red arrows indicate diffuse CD68+ cells. Original magnification, 400×. Scale
bars, 50 μm.

3.2. Alcoholics Showed a Significant Increase in Iba1+ Cells Compared to Controls in Both Gray
and White Matter

The distribution of Iba1+ cells was found to be significantly more abundant in the
white matter in the SNpc (Groups A and B) and SNpr (Group A; Table 5) when compared
with gray matter. In contrast to the average number of CD68+ cells, alcoholics showed
significantly more Iba1+ cells when compared with controls (Table 5) in both SNpc and
SNpr. In both gray and white matter of SNpc, controls had significantly less Iba1+ cells in
comparison to both age-matched alcoholics (p < 0.001) and non-age-matched alcoholics
(p < 0.001). In SNpr, however, there were no significant differences between controls and
age-matched alcoholics. Rather, significant differences in both gray and white matter were
noted between Groups A–C and Groups B–C (p < 0.001).
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Figure 2. Intergroup analysis of CD68+ cells per visual field in Pars Reticulata (SNpr) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of CD68+ cells ± S.E. (Standard Error) seen per visual field. ** indicates a significant difference between
the groups (p < 0.05 with Bonferroni correction is considered significant). Distribution of CD68+ cells per visual field in
(c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular CD68+ cells; red arrows indicate diffuse CD68+ cells while orange arrows indicate monocytes
(seen in the lumen of micro-vessel). Original magnification, 400×. Scale bars, 50 μm.

Table 5. Distribution of Iba1+ cells per visual field in different regions of Substantia Nigra (SN).

Region Group A Group B Group C p Value †

Pars Compacta (SNpc)
Gray matter 2.97 ± 0.15 4.41 ± 0.16 4.72 ± 0.17 <0.001 **
White matter 3.50 ± 0.17 4.57 ± 0.14 4.80 ± 0.17 <0.001 **

p value ‡ <0.001 ** <0.001 ** 0.232 -

Pars Reticulata (SNpr)
Gray matter 1.97 ± 0.13 2.20 ± 0.15 3.27 ± 0.14 <0.001 **
White matter 2.30 ± 0.16 2.45 ± 0.16 3.31 ± 0.13 <0.001 **

p value ‡ <0.001 ** 0.342 0.752 -
† p value was calculated for Kruskal-Wallis ANOVA (intergroup analysis). ‡ p value was calculated for related-samples Wilcoxon Signed
Rank Test (intragroup analysis). The numbers represent the average number of Iba1+ cells per visual field ± S.E. (standard error).
** indicates a significant difference between groups (p < 0.05 is considered significant with Bonferroni correction for Kruskal-Wallis ANOVA
and without correction for related-samples Wilcoxon Signed Rank Test).
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In the SNpc, both age-matched and chronic alcoholics showed a significant increase
in perivascular Iba1+ cells in both the gray and white matter compared with the controls
(p < 0.001; Figure 3). Similar results were observed in the diffuse locations in both gray and
white matter (p < 0.001; Figure 3). The effect of age-related changes could be ignored here
due to significant differences between the controls and age-matched alcoholics (p = 0.001—
perivascular and p = 0.001—diffuse).

Figure 3. Intergroup analysis of Iba1+ cells per visual field in Pars Compacta (SNpc) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of Iba1+ cells ± S.E. (Standard Error) seen per visual field. ** indicates a significant difference between
the groups (p < 0.05 with Bonferroni correction is considered significant). Distribution of Iba1+ cells per visual field in
(c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular Iba1+ cells while red arrows indicate diffuse Iba1+ cells. Original magnification, 400×. Scale
bars, 50 μm.

In the SNpr, however, no statistically significant differences were observed between
controls and age-matched alcoholics (Figure 4), though age-matched alcoholics had more
Iba1+ cells (Table 5). Furthermore, the chronic alcoholics showed a significant increase in
Iba1+ cells compared to controls in both gray and white matter (p < 0.001), and in both
perivascular (p = 0.006) and diffuse locations (p = 0.009). Similar results were obtained
upon comparison of age-matched and chronic alcoholics (p = 0.002 and 0.001, respectively;
Figure 4).
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Figure 4. Intergroup analysis of Iba1+ cells per visual field in Pars Reticulata (SNpr) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of Iba1+ cells ± S.E. (Standard Error) seen per visual field. ** indicates a significant difference between
the groups (p < 0.05 with Bonferroni correction is considered significant). Distribution of Iba1+ cells per visual field in
(c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular Iba1+ cells while red arrows indicate diffuse Iba1+ cells. Original magnification, 400×. Scale
bars, 50 μm.

3.3. Alcoholics Showed Significantly More CD11b+ Cells Than Controls in Both Gray and
White Matter

In SNpc, there was a significant increase in CD11b+ population in non-age-matched
alcoholics compared with controls (Table 6). There were also significant differences between
age-matched alcoholics and controls in both gray and white matter (p = 0.000 and 0.034,
respectively). In SNpr, although there were more CD11b+ cells noted in alcoholics in both
gray and white matter, the difference was not statistically significant. Like Iba1 and CD68,
CD11b was also found to be more abundant in white matter than gray matter.
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Table 6. Distribution of CD11b+ cells per visual field in different regions of Substantia Nigra (SN).

Region Group A Group B Group C p Value †

Pars Compacta (SNpc)
Gray matter 1.02 ± 0.07 1.47 ± 0.07 1.58 ± 0.09 <0.001 **
White matter 1.34 ± 0.09 1.60 ± 0.07 1.73 ± 0.09 0.005 **

p value ‡ 0.002 ** 0.191 0.165 -

Pars Reticulata (SNpr)
Gray matter 0.72 ± 0.08 0.83 ± 0.08 0.88 ± 0.07 0.143
White matter 0.79 ± 0.09 0.83 ± 0.07 0.95 ± 0.09 0.724

p value ‡ 0.815 0.270 0.603 -
† p value was calculated for Kruskal-Wallis ANOVA (intergroup analysis). ‡ p value was calculated for related-samples Wilcoxon Signed
Rank Test (intragroup analysis). The numbers represent the average number of CD11b+ cells per visual field ± S.E. (standard error).
** indicates a significant difference between groups (p < 0.05 is considered significant with Bonferroni correction for Kruskal-Wallis ANOVA
and without correction for related-samples Wilcoxon Signed Rank Test).

In the SNpc, the alcoholics showed a mild increase in CD11b+ cells perivascularly
in both the gray and white matter, though the results were not statistically significant
(p = 0.330 and 0.368, respectively). However, in the diffuse locations in both the gray and
white matter, there was a significant increase between controls and age-matched alcoholics
(p = 0.001 and 0.009, respectively; Figure 5). A similar significant increase was noted
between controls and chronic alcoholics in both the gray and white matter (p = 0.002 and
0.048, respectively; Figure 5).

In the SNpr, however, no significant differences in CD11b+ cell numbers were noted
in either gray or white matter in both perivascular (p = 0.218 and 0.614, respectively) and
diffuse (p = 0.528 and 0.811, respectively) locations (Figure 6).

3.4. Exposure to Alcohol Induces Stronger Iba1 Expression Than CD11b in Microglial Cells

Overall, we observed four distinct microglial subpopulations based on the antibod-
ies used in the present study (CD68, Iba1, and CD11b). These subpopulations were
CD68+/Iba1+; CD68+/Iba1−; Iba1+/CD11b+ and Iba1+/CD11b− (Figure 7). In controls,
the vast majority of microglial cells expressed CD68 but did not express Iba1 (CD68+/Iba1−)
in either gray or white matter in SNpc and SNpr. However, a sharp decrease of this sub-
population was noted in age-matched alcoholics, which was followed by continued decline
in non-age-matched alcoholics. Conversely, prolonged exposure to alcohol led to an in-
crease in expression of Iba1+ microglial subpopulation (an increase by factor of about 1.7×
to 2.4×).

Within the Iba1+ microglial population, both cells with and without CD11b expression
increased with prolonged exposure to alcohol (non-age-matched alcoholics). In both the
regions of Substantia Nigra (SNpc and SNpr), we found that there were discrepancies in the
distribution of CD11b+ and CD11b− subpopulations. In all regions, CD11b− microglia
was the dominant subpopulation (even in controls; Figure 8). In fact, while the increase of
CD11b+ subpopulation in alcoholics was around 1.4× to 1.6× in comparison with controls,
the increase of CD11b− subpopulation was around 1.6× to 2.2× compared with controls.

3.5. Morphological Characterization of Microglial Subpopulations

The findings from the previous section suggest a rather sequential and preferential ex-
pression of certain immunohistochemical markers as microglial cells undergo the different
stages of morphological transformations in response to prolonged alcohol exposure. The
CD68+/Iba1− subpopulation, which was dominant in the controls (Figure 9a,b), showed
different morphologic characteristics in SNpc and SNpr. Whilst in SNpc, microglia were
sparsely branched, in the SNpr, microglia showed complexity in cell processes. On the other
hand, in alcoholics, the CD68+/Iba1+ subpopulation was dominant, which was less rami-
fied and possessed fewer branches and/or beaded processes (Figure 9c,d). Furthermore,
such dystrophic changes were more prominently noticed in the SNpr.
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Figure 5. Intergroup analysis of CD11b+ cells per visual field in Pars Compacta (SNpc) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of CD11b+ cells ± S.E. (Standard Error) seen per visual field. ** indicates a significant difference between
the groups (p < 0.05 with Bonferroni correction is considered significant). Distribution of CD11b+ cells per visual field in
(c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular CD11b+ cells while red arrows indicate diffuse CD11b+ cells. Original magnification, 400×.
Scale bars, 50 μm.

3.6. Alcoholics Showed Detectable HHV-6 Positivity and Viral Load

As expected, none of the individuals in the control group (Group A) showed positive
HHV-6 immunostaining (Figure 10a). This was also confirmed with a negative result
for HHV-6 genomic sequences (using nPCR). Amongst the alcoholics (Groups B and C),
25% (8/31) of the individuals were found to be positive for HHV-6 genomic sequences,
with viral detection seen more commonly in the gray matter (88% of positive individuals)
than the white matter (63% of positive individuals) in the SN region (Figure 10b,c). In all
positive individuals, only the HHV-6B variant was detected, with an average viral load of
101,207.97 copies/106 cells.
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Figure 6. Intergroup analysis of CD11b+ cells per visual field in Pars Reticulata (SNpr) for the three studied groups in both
(a) gray and (b) white matter. The analysis was done for both perivascular and diffuse locations. The bar plots indicate the
average number of CD11b+ cells ± S.E. (Standard Error) seen per visual field. Distribution of CD11b+ cells per visual field
in (c,f) Group A (controls); (d,g) Group B (age-matched alcoholics) and (e,h) Group C (non-age-matched alcoholics). Pink
arrows indicate perivascular CD11b+ cells while red arrows indicate diffuse CD11b+ cells. Original magnification, 400×.
Scale bars, 50 μm.

3.7. Alcohol and HHV-6 Infection in a Synergistic and Potentiating Relationship Cause Disruption
of Homeostasis in the SN Region

To evaluate the synergistic relationship between alcoholism and HHV-6, we next
evaluated their combined effects on microglia (CD68, CD11b and Iba1). This was achieved
by comparing the HHV-6 positive alcoholics (from both Groups B and C) to the HHV-6
negative alcoholics (from both Groups B and C) and the controls (Figure 11). HHV-6
positive alcoholics showed greater decrease in the number of CD68+ cells per visual field
than HHV-6 negative alcoholics, though the difference was not statistically significant
(p = 0.287).
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Figure 7. Distribution of different microglial subpopulations (in %) in both SNpc and SNpc for all three groups. The data
has been shown for (a,c) gray and (b,d) white matter. The figure legend describes the various subpopulations identified
including CD68+/Iba1− and CD68+/Iba1+. Within CD68+/Iba1+, two subtypes were identified namely, Iba1+/Cd11b+
and Iba1+/CD11b−.
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Figure 8. Representative images from double immunohistochemical staining (using two IHC markers in a single slide)
showing different microglial subpopulations in the SN region. (a) Double CD68/Iba1 IHC staining showing two distinct
subpopulations of microglia—CD68+/Iba1− (blue arrow) and CD68+/Iba1+ (red arrow) in the white matter of the alcoholics
(Group C); (b) Double Iba1/CD11b IHC staining showing two distinct subpopulations of microglia—Iba1+/CD11b− (yellow
arrow) and Iba1+/CD11b+ (orange arrow) in the white matter of the controls (Group A). In both images, brown color (DAB)
indicates Iba1+ structures while red color (Permanent red) indicates CD68+ or CD11b+ structures. Original magnification,
400×. Scale bars, 20 μm.
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CD68+/Iba1

SNpc SNpc SNpr SNpr 

a b c d
CD68+/Iba1+

Figure 9. Morphology of different microglial subpopulations as seen in (a,c) SNpc and (b,d) SNpr. In CD68+/Iba1−
subpopulation (dominant in controls in SN region), (a) microglia is sparsely branched in SNpc while (b) show complexity in
cell processes in SNpr. This subpopulation represents microglia in “controlled phagocytotic activated state”. In CD68+/Iba1+
subpopulation (dominant in alcoholics in SN region), (c,d) microglia shows dystrophic changes seen as by appearance of
beaded processes in SNpc and SNpr. Original magnification, 400×. Scale bars, 50 μm.

Figure 10. Representative images illustrating HHV-6 viral proteins (seen as green spots) using immunofluorescence (IF) in
the gray matter of the alcoholics (confocal microscopy; original magnification × 1000). White arrows indicate the clusters of
HHV-6 antigens—(a) controls (Group A) showed no positivity whilst (b) age-matched alcoholics (Group B) and (c) chronic
alcoholics (Group C) showed HHV-6 immunopositivity in the cell cytoplasm.

For Iba1+ cells, there was a significant increase in HHV-6 positive alcoholics from
both controls (2× increase; p = 0.002) and HHV-6 negative alcoholics (1.34× increase;
p = 0.028). Further, although the difference between CD11b+ cells remained nonsignificant
(p = 0.265), HHV-6 positive alcoholics showed an increase of about 1.4× from controls and
1.1 × from HHV-6 negative alcoholics (Figure 11c). This discrepancy in the expression
induction of Iba1+ and CD11b+ in microglial cells demonstrates the synergistic effects
of HHV-6 infection in terms of potentiating a stronger alcoholic induction of Iba1 and a
relatively milder induction of CD11b (Figure 7), leading to the emergence of Iba1+/CD11b−
subpopulation (Figure 8).
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Figure 11. Intergroup analysis between HHV-6 positive alcoholics, HHV-6 negative alcoholics, and controls. The blue dot
indicates the mean of the respective group. Red color indicates controls, green color indicates HHV-6 negative alcoholics
and pink color indicates HHV-6 positive alcoholics. ** indicates a significant difference between the groups (Kruskal Wallis
ANOVA p < 0.05 with Bonferroni correction is considered significant). (a) Boxplot showing the average number of CD68+
cells per visual field in the SN region; (b) Boxplot showing the average number of Iba1+ cells per visual field in the SN
region; (c) Boxplot showing the average number of CD11b+ cells per visual field in the SN region.

4. Discussion

The potential for alcoholism and viral infection to disrupt brain homeostasis has
long been a topic of interest and research. Yet, a lot of questions remain unanswered. In
the present study, we report a comprehensive characterization of microglial functions,
morphology, and quantification in individuals in the SN region, along with the specific
changes that microglial cells undergo due to co-exposure to alcohol and HHV-6 infection.
Since neuroinflammatory changes are also seen in the normal aging process, the inclusion
of age-matched alcoholics (Group B) gives us the power to specifically exclude aging as
an underlying factor in the study. Additionally, with the inclusion of postmortem human
brain tissue from relatively young adults, the insights gained reflect the closest possible
representation to changes in the adult human brain.

4.1. Abundance of CD68+/Iba1− Microglial Subpopulation in Controls Indicates a Special
Physiological “Controlled Phagocytotic Activated State”

Iba1 has been reported to be a universal marker for all microglial subpopulations [56,69,70].
However, emerging evidence suggests otherwise [71]. Recent experiments on the murine
microglia BV2 cell line showed that silencing Iba1 protein in microglial cells leads to a sig-
nificant decrease in cell migration, proliferation, and cell adhesion capabilities [72]. Further,
the authors demonstrated that such silencing leads to an increase in phagocytic activity
along with upregulation of P2 × 7 (ATP-activated P2 purinergic receptors) functioning [72].
This is of immense interest since, in our study, we found that in controls, 45–55% of the
entire microglial population in SNpc and 65–70% of the entire microglial population in
SNpr did not demonstrate Iba1 expression (Figures 7 and 8). Such findings indicate that
in the SN region, microglial cells show reduced motility but a high level of phagocytic
activity. This specific state of activated microglia is different from the one induced by
disease-specific activating mechanisms [72].

The above-mentioned findings compelled us to further explore the reasons behind
the prevalence of such specific microglial phenotype in controls. Firstly, the SN region has
one of the highest densities of microglial cells (around 12% of the total brain microglia
population), with SNpr being denser than SNpc (Table 4) [73,74]. Secondly, we speculate
that such a high proportion of microglia in a relatively smaller region (compared with
cortex) gives microglial cells the ability to monitor the entire region sufficiently without the

166



Biomedicines 2021, 9, 1216

need for excessive migration-related activities. Thirdly, in a recent study by Ayata et al.,
the authors demonstrated that the microglial clearance activity rate is different in different
regions of the brain, with microglial epigenetic regulators restricting clearance activity
in certain regions (striatum, cortex) while promoting it in others (cerebellum) [75]. The
authors further linked this epigenetic regulation to the rate of neuronal attrition [75].

Finally, De Biase et al. found that in a functional state (i.e., in the absence of pathology),
microglia in SNpr exhibited structural complexity in the cell processes with a significant
percentage of cell volume being occupied by lysosomes (10% of the cell volume), while
in SNpc, microglial cells were sparsely branched with 6% cell volume being occupied by
lysosomes [73], in line with our results (Figure 9a,b). In both SNpc and SNpr, the authors
found that the lysosomal content (by % volume occupied) in microglia is more than that
of other regions of the basal ganglia [73], leading us to correlate this with the increased
baseline phagocytotic activity due to non-expression of Iba1 [72]. Our results, combined
with those presented in the literature, lead us to postulate that the microglia in the SN
region, under normal physiological conditions, are in what we are calling a “controlled
phagocytic activated state” which needs further investigation (especially in the context of
Parkinson’s and other neurodegenerative diseases).

4.2. Decrease in the Number of CD68+ Microglia with Increase in Iba1+ Expression Shows
Microglial Dystrophy Which Leads to Compensatory Mobility from Perivascular to
Diffuse Locations

Alcohol has been shown in vitro (BV2 microglial cell line) to accelerate the production
of reactive oxygen species (ROS) in microglial cells, which subsequently leads to activation
of PARP (poly(ADP-ribose) polymerase) and oxidative-stress sensitive TRPM2 (transient
receptor potential melastatin-related 2) channels, ultimately causing microglial death [76].
Additionally, alcohol exposure in rats leads to an increase in dystrophic microglia [77].
Although the classical hypothesis posits that hyperactivated and hypertrophic microglia
are responsible for responding to stress or injury and are responsible for neurodegenerative
changes, emerging evidence from animal studies suggests that alcohol-induced suppression
of normal microglial function (dystrophic changes) also leads to neuronal cell death and
subsequent neurodegenerative changes [77–79].

Long-term and constant microglial activation is thought to cause immune exhaustion
and microglial burn-out, leading to dystrophic changes which are seen as cells being less
ramified and possessing fewer branches and/or beaded microglial processes (Figure 9c,d),
which ultimately causes cytorrhexis (accidental cell death) [80,81]. Additionally, previous
studies have indicated that both microglial dystrophy and microglial activation are simulta-
neous processes [82]. Such dystrophic changes alter the distribution and quantity of CD68+
microglial cells in alcoholics (Table 4), which then require compensatory changes.

We hypothesize two major compensatory changes that the microglial cells demon-
strate. The first is an increase in motility-related activities. This is supported by the
hypothesis that if silencing of Iba1 leads to decreased cellular motility and migration [72],
the increased expression would have the opposite effects. Moreover, it has been shown that
such migrations are needed to remove cellular debris and provide support to salvageable
cells in regions of damage [41,77,83]. It appears that in the SN region, such migratory
movements are rather directed towards diffuse locations, away from perivascular locations
(Figures 1 and 2). The second change is the decrease in phagocytic activities. Our results
also support this notion, as we saw a decrease in the number of CD68+ cells (since CD68
is related to phagocytosis; Table 4) and the fact that Iba1 expression probably leads to
a slowdown in phagocytosis [72]. It has been demonstrated that alcohol may be cyto-
toxic to microglia since there is a complete lack of phagocytic microglia after an acute
alcohol binge [78]. Although we saw an increase in Iba1 expression, the authors reported
otherwise [77,78]. We speculate that such differences are due to the region of the brain
investigated, which further bolsters the findings that microglial regulation is not uniform
across the different regions of the brain [73,75,84].
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4.3. Alcohol and HHV-6 Infection Co-Induce and Accelerate Microglial Dystrophy

In a study by Bortolotti et al., spheroid 3D models of peripheral blood monocyte-
derived microglia from healthy donors were infected with HHV-6A [45]. The authors
reported a significant uptick in Iba1 and substance P (associated with neuroinflammation)
expression and concluded that microglial cells were permissive to HHV-6A infection, which
ultimately resulted in increased Aβ1-42 (beta-amyloid; implicated in Alzheimer’s disease)
expression [45]. Further, they demonstrated that HHV-6A infection leads to microglial
cell migration to the site of infection (under paracrine effect), bringing their results in-line
with our findings. However, in contrast to our findings, the authors reported that the
ramified microglial morphology was predominant in response to HHV-6A infection [45].
Such morphological differences can be attributed to the effects of alcohol, as discussed
above. Like HHV-6A, its cousin HHV-6B has also been shown to infect and dysregulate
microglial function [85,86].

Leibovitch et al. demonstrated increased Iba1 expression in HHV-6B infected mar-
mosets (primates) suffering from experimental autoimmune encephalomyelitis [87]. Ac-
cording to the fertile field hypothesis, in a heightened immune state (which can be induced
by pathogens or self-antigens), there is a lower threshold for autoreactivity due to the
expansion of autoreactive cells against the backdrop of immune response disbalance [88].
Whilst based on multiple clinical studies, the role of alcohol and HHV-6 individually
remains controversial in the pathogenesis of Alzheimer’s disease (AD) and multiple scle-
rosis (MS), we hypothesize that joint exposure to alcohol and HHV-6 is the key trigger
required for clinical manifestations and progression of AD and MS (this hypothesis requires
in vitro and in vivo validation). In such a case, we hypothesize, that HHV-6A and HHV-6B
exposure (or reactivation, immune suppression, alcohol-mediated activation) creates a
fertile field which would probably lead to AD- and MS-like symptoms, while alcohol
exploits the lowered autoreactivity threshold to potentiate the neuroinflammatory and
neurodegenerative changes.

4.4. Dominance of Iba1+/CD11b− Microglial Subpopulation in Alcoholics Leads to Chronic
Inflammation, Hyperalgesia, and Allodynia

Our results indicate that the expression of CD11b was weaker than Iba1 (Figures 7 and 8),
which led to the subsequent dominance of Iba1+/CD11b− microglial cells in alcoholics in
both gray and white matter in SNpr and SNpc (up to 40–50% of all microglial/macrophage
population). Previous studies in mice-brain-derived microglial cells have demonstrated
that CD11b silences TLR4 (toll-like receptor 4) -induced inflammatory responses [89]. Such
physiological silencing in controls (wild-type mice) leads to increased microglial production
of IL-10 and TGF-β (anti-inflammatory cytokines), coupled with decreased production
of IL-6 and TNF-α (pro-inflammatory cytokines) [89], thereby indicating that silencing of
CD11b promotes a pro-inflammatory microenvironment. Further, deficiency of CD11b has
been shown to promote lipopolysaccharide-induced reactive oxygen species production,
leading to the mice being more susceptible to endotoxin shock [86,90].

Recent studies have shown the involvement of SNpc and SNpr in the nociceptive
pathways. SNpc and the ventral tegmental area receives nociceptive-related afferents
from the parabrachial nucleus (PBN) and transfers these signals to subthalamic nucleus
(STN) [91]. From STN, efferent signals reach SNpr which, in turn, sends signals to superior
colliculus and PBN [92,93], thereby creating an anatomic nociceptive signal processing
circuit. Alcohol has been implicated in modulating the reward mechanisms in STN (lesions
in STN have been shown to decrease the motivation for alcohol intake) [94,95]. Such
elevation of activity in STN by alcohol could lead to chronic pain and associated symptoms,
as seen in Parkinson’s disease [91,96] and other neurodegenerative disease such as AD,
motor neuron disease, Huntington’s disease, spinocerebellar ataxia, and spinal muscular
atrophy [96,97]. Apart from the direct effects of alcohol on STN to increase pain sensitivity,
we speculate that the dominance of CD11b− microglia in SN region also plays an amplify-
ing role. CD11b−microglia-deficient mice models have been shown to be more susceptible
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to thermal and mechanical allodynia, which, in turn, have been attributed to increased
microglial inflammatory response [89]. Altogether, our results indicate that attenuation of
microglial CD11b in SN due to alcohol exposure leads to chronic and sustained inflamma-
tion, which leads to paradoxical withdrawal hyperalgesia and allodynia (via STN circuit),
complaints commonly reported as part of alcohol withdrawal process [98,99].

4.5. Limitations of the Present Study

Nonetheless, the results obtained in the present study raise more questions than
answers and are constrained by some limitations. Firstly, the number of investigated
individuals per group was relatively low, and investigations in larger cohorts are needed.
Secondly, to obtain a comprehensive view of the neuroinflammatory and degenerative
changes seen in SN, a wider spectrum of immune markers is needed. Thirdly, we only
investigated the role of microglia in alcohol and HHV-6 infection co-exposure-mediated
changes in SN, and since other regulatory cells like astrocytes, macrophages, monocytes,
neutrophils, etc. also take part in mediating these changes, future studies are needed to
elucidate the specific roles of these cells. Finally, since HHV-6 infection precedes alcohol
exposure (99% of us contract HHV-6 by the age of 2–3 years), it is difficult to elucidate
whether HHV-6 infection amplifies alcohol-mediated damage or the other way around.
Studies in animal models and cell cultures may shed some light on this matter in the future.

5. Conclusions

In the present study, we showed that the neuroinflammation-associated microglia
changes in chronic alcoholics synergizes with the neuroinflammatory changes associated
with HHV-6 infection, which results in a new, enhanced neuroinflammatory phenotype
when both conditions are present. Further, the largely coherent agreement between the
data from non-age matched alcoholics and age matched alcoholics enabled us to exclude
ageing as an underlying covariate in the analysis. Finally, the following three conclusions
are noteworthy.

Firstly, CD68+/Iba1− is the predominant microglial subpopulation in physiological
conditions in the SN region and represents a “controlled phagocytotic activated state” with less
migration-related and more phagocytotic activity. Alcoholics showed a significant decline
of this subpopulation in both SNpc and SNpr.

Secondly, alcohol- and virus-induced immune exhaustion leads to progressive dys-
trophic degeneration of microglia via upregulation of Iba1 expression, leading to the
emergence of CD68+/Iba1+ microglia (seen with less branching and beaded processes),
which may be associated with neuroinflammatory changes. Microglia then compensate for
these changes by increasing their migratory activities. Such a phenomenon is universal in
all the regions of SN (SNpc and SNpr).

Finally, an indiscriminate increase in Iba1 expression when compared to CD11b
in microglial cells in response to HHV-6 and alcohol exposure leads to the emergence of
various subpopulations with Iba1+/CD11b− microglia being associated with the sustaining
and promotion of neuroinflammatory changes in the SN region.
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Abstract: Recent reports have identified rare, biallelic damaging variants of the AGTPBP1 gene that
cause a novel and documented human disease known as childhood-onset neurodegeneration with
cerebellar atrophy (CONDCA), linking loss of function of the AGTPBP1 protein to human neurode-
generative diseases. CONDCA patients exhibit progressive cognitive decline, ataxia, hypotonia or
muscle weakness among other clinical features that may be fatal. Loss of AGTPBP1 in humans
recapitulates the neurodegenerative course reported in a well-characterised murine animal model
harbouring loss-of-function mutations in the AGTPBP1 gene. In particular, in the Purkinje cell degen-
eration (pcd) mouse model, mutations in AGTPBP1 lead to early cerebellar ataxia, which correlates
with the massive loss of cerebellar Purkinje cells. In addition, neurodegeneration in the olfactory bulb,
retina, thalamus and spinal cord were also reported. In addition to neurodegeneration, pcd mice show
behavioural deficits such as cognitive decline. Here, we provide an overview of what is currently
known about the structure and functional role of AGTPBP1 and discuss the various alterations in
AGTPBP1 that cause neurodegeneration in the pcd mutant mouse and humans with CONDCA. The
sequence of neuropathological events that occur in pcd mice and the mechanisms governing these
neurodegenerative processes are also reported. Finally, we describe the therapeutic strategies that
were applied in pcd mice and focus on the potential usefulness of pcd mice as a promising model for
the development of new therapeutic strategies for clinical trials in humans, which may offer potential
beneficial options for patients with AGTPBP1 mutation-related CONDCA.

Keywords: AGTPBP1; CCP1; CONDCA; neurodegeneration; NNA1; pcd

1. Introduction

Childhood-onset neurodegeneration with cerebellar atrophy (CONDCA; OMIM 618276)
is a recently identified, rare and severe autosomal recessive disease that affects the central
and peripheral nervous systems. Individuals present an early global developmental delay
resulting in cognitive decline and motor performance alterations, among other clinical fea-
tures [1–3]. The severity of the disease is variable, and CONDCA can even result in death
during childhood. Whole exome sequencing studies on CONDCA patients have identified
different damaging biallelic variants of the AGTPBP1 gene [1–4], linking AGTPBP1 loss
of function to human neurodegenerative diseases. Nevertheless, the deleterious effects
of AGTPBP1 protein loss of function in animal models, especially in mouse models, have
been known for some time [5–11].
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Two decades ago, studies characterising genes involved in axonal regeneration in
mice led to the identification of a 4-kb-long transcript hotspot. Due to its proposed role
and nuclear localization, the gene encoding this transcript was named Nna1 (Nervous
system Nuclear protein induced by Axotomy) [7]. Although the precise role of the protein
encoded by the AGTPBP1 gene remained elusive for several years, structural analysis of
the AGTPBP1 protein revealed that it belonged to a new subfamily (M14D) of the M14
metallocarboxypeptidase family [12–14]. Subsequent functional analyses revealed that
AGTPBP1, which acts as an enzyme, participates in post-translational modifications (PTMs)
of tubulin. In particular, AGTPBP1 acts as a deglutamylase, catalysing the removal of
polyglutamates at the C-terminal region of tubulin [15,16]. Other functions not directly re-
lated to tubulin processing, including maintenance of chromosomal stability and regulation
of mitochondrial energy metabolism, were proposed for AGTPBP1 [17–19].

More than 40 years ago, the Purkinje cell degeneration (pcd) mouse model, which
harbours a mutation that is autosomal recessive and displays distinct neurological deficits,
causing profound ataxic behaviour, was established [5]. After extensive studies, the mutant
gene responsible for the pcd mutation was mapped to mouse chromosome 13 and identified
as the AGTPBP1 gene [10].

The pcd mutation causes selective postnatal degeneration of certain neuronal popula-
tions, including the mitral cells (MCs) in the olfactory bulb (OB) [20], photoreceptors in the
retina [6], certain subpopulations of thalamic neurons [21] and the Purkinje cells (PCs) in the
cerebellum [10], the latter being responsible for the cerebellar ataxia of pcd mice. Moreover,
a recent analysis has revealed that these animals also undergo peripheral nerve and spinal
motor neuron degeneration [1]. Similarly, recent works have shown that excessive tubulin
polyglutamylation in neurons, which results from AGTPBP1 dysfunction, alters the axonal
transport of vesicles and appears to be the main mechanism of neurodegeneration [22–24].
In addition to ataxia, pcd mice also exhibit progressive cognitive impairments [9,25].

Interestingly, the well-characterised neurological deficits in pcd mice closely mimic the
pathophysiology and clinical manifestations reported in CONDCA patients. Thus, the pcd
mouse is an ideal animal model for investigating other probable but not yet characterised
clinical alterations in patients with CONDCA. Moreover, potential therapeutic options for
preventing, or at least attenuating, the neurodegenerative course in CONDCA patients
could be assessed using this animal model.

Here, we summarise the current knowledge about the structure and function of
the AGTPBP1 gene in different cell types and tissues. We also review the variety of
alterations in mAGTPBP1 in pcd mice and their relationships with the pathological variants
of the hAGTPBP1 gene reported in CONDCA patients. Finally, we focus on the potential
usefulness of the pcd mouse model as a suitable model for the clinical assessment of new
pharmacological strategies and therapies that may offer possible treatment options for
patients with AGTPBP1 mutation-induced CONDCA.

2. The AGTPBP1 Gene

2.1. Genomic Structure and Organisation

NNA1/AGTPBP1 contains a putative Walker A-box ATP/GTP binding motif (GXXGKS),
which is highly conserved throughout evolution. According to the function and location of
the protein encoded by this gene, it has also been called CCP1 (Cytosolic CarboxyPeptidase
1). Henceforth, we will use AGTPBP1 as the preferred term when referring to the gene or
the protein.

The genomic regions occupied by the AGTPBP1 locus vary widely between different or-
ganisms, but the intron/exon distribution of this gene is highly conserved. For example, the
hAGTPBP1 gene is located on chromosome 9 (Chr 9q21.33 position: 85,546,539–85,742,029;
26 exons), whereas the mAGTPBP1 gene is located on chromosome 13 (Chr13 position:
59,445,742–59,585,227; 26 exons) (Figure 1A).
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Figure 1. Genomic structure, organisation, expression and intron/exon distribution of AGTPBP1 in humans and in mice.
(A) Genomic organisation of human AGTPBP1 and mouse AGTPBP1 loci. Figure assembled using current data from the
Ensembl genome browser database (http://www.ensembl.org/index.html) (accessed on 10 July 2021). Chromosomal
location, chromosome strand (+ or −) used for transcription, and the size (Kb) of the genomic stretches containing the
AGTPBP1 locus are also indicated for each species. Exons (solid vertical boxes) are numbered. The open box indicates the
alternatively spliced region of the exon. (B) Schematic representation of [i] overall expression of the hAGTPBP1 gene throughout
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development in all studied brain structures, [ii] the specific expression of the hAGTPBP1 gene in the cerebellum throughout
development, and [iii] region-specific hAGTPBP1 gene expression at 12–13 pcw. (C) Schematic representation of the
primary structure of the human and mouse AGTPBP1 proteins. The structural domains and their relative positions are
indicated. (D) Schematic representation of the human AGTPBP1 gene structure and the encoded protein and the locations
of variations found in patients with AGTPBP1 mutations. DFC: dorsolateral prefrontal cortex; VFC: ventrolateral prefrontal
cortex; MFC: anterior (rostral) cingulate (medial prefrontal) cortex; OFC: orbital frontal cortex; M1C: primary motor cortex;
S1C: primary somatosensory cortex; IPC: inferior parietal cortex; A1C: primary auditory cortex; STC: superior temporal
cortex; ITC: inferolateral temporal cortex; V1C: primary visual cortex; HIP: hippocampus; AMY: amygdaloid complex;
STR: striatum; DTH: dorsal thalamus; CB: cerebellum; CBC: cerebellar cortex. PWC: postconception weeks; MO: Months;
Yr: Year.

2.2. Expression Pattern

hAGTPBP1 mRNA or protein is detectable in practically all human cells, tissues and
organs tested. Of note, the mRNA and protein expression levels of hAGTPBP1 differ
significantly depending on the specific organ and tissue.

According to the consensus dataset of the Human Protein Atlas database obtained
based on transcriptomic analyses of human tissue and organs, the mRNA expression of
hAGTPBP1 is the highest in bone marrow (https://www.proteinatlas.org/ENSG00000
135049-AGTPBP1/tissue) (accessed on 10 July 2021) followed by many regions of the
central nervous system, including the spinal cord, pons and medulla, corpus callosum,
cerebellar cortex, hippocampal formation and olfactory region, among others. hAGTPBP1
mRNA expression is generally higher in the brain than in all other non-brain tissues. For
example, low mRNA expression levels are detected in the ovary, liver, stomach, small
intestine, lung, adrenal gland, spleen, and thymus, among other tissues. Similar distribu-
tion patterns of mAGTPBP1 mRNA were found in mouse tissues [7,12]. In brain regions,
mAGTPBP1 is expressed preferably in differentiating neurons rather than in proliferating
precursors/progenitors. [7].

Using the BrainSpan Developmental Transcriptome database, which contains data
related to human gene expression in 16 specific brain structures obtained using RNA
sequencing and exon microarray analysis of 42 brain samples spanning pre- and post-natal
development, both the temporal and regional specificity of hAGTPBP1 gene expression in
the brain can be examined (https://www.brainspan.org/rnaseq/searches?exact_match=
false&search_term=%22NNA1%22&search_type=gene) (accessed on 10 July 2021). Re-
garding the temporal pattern of hAGTPBP1 expression, overall higher hAGTPBP1 gene
expression is detected during embryonic development than during childhood and adult-
hood (Figure 1B, panel i), with the expression of the gene peaking at approximately
12–13 postconception weeks (pcw). In contrast, the lowest hAGTPBP1 gene transcription is
found in brain samples from children (2–8 years old) (Figure 1B, panel i). A very similar ex-
pression pattern is found in the cerebellum and cerebellar cortex throughout development
(Figure 1B, panel ii). With regards to regional-specific expression, in the specific time win-
dows in which the hAGTPBP1 gene shows the highest transcription levels (~12–13 pcw),
the highest hAGTPBP1 gene expression levels are found in the prefrontal and frontal cor-
tices and the dorsal thalamus, whereas the lowest levels are detected in the hippocampus,
cerebellum and striatum (Figure 1B, panel iii).

3. The AGTPBP1 Protein

3.1. Modular Domain Structure

The hAGTPBP1 gene encodes a 1226-amino acids (aa) protein (https://www.uniprot.
org/uniprot/Q9UPW5) (accessed on 10 July 2021) containing a P-loop ATP/GTP-binding
motif and a nucleotide-binding site. The primary structure of the hAGTPBP1 protein is a
sequential, linearly organised modular configuration featuring conserved distribution of
two well-defined domains: the cytosolic carboxypeptidase N-terminal domain (aa 712–847),
which is highly conserved among M14D subfamily members [12,26], and the catalytic zinc-
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carboxypeptidase domain (aa 859–1063; Figure 1C). The ATP/GTP binding site is at aa
820–825, and an active catalytic site is found at position 970. Using cNLS mapper software
(http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) (accessed on 10 July
2021), two bipartite nuclear localisation signals (NLSs) were predicted: a signal at the
N-terminal region (aa 120–149) and a signal situated at the C-terminus (aa 1139–1165). In
addition, other key residues directly related to the function of the protein were identified,
including zinc-binding sites in the hAGTPBP1 protein (residues 920, 923 and 1017) [12].
Importantly, the hAGTPBP1 protein is highly evolutionarily conserved, sharing ~72.5%
identity with the AGTPBP1 protein in D. melanogaster and D. rerio and 87.2% identity
with the AGTPBP1 protein in mice, supporting the notion that this gene, especially the
catalytic domains, is highly conserved in metazoans [26–28]. The mAGTPBP1 gene encodes
a 1218-aa protein (https://www.uniprot.org/uniprot/Q641K1) (accessed on 10 July 2021)
that also contains a cytosolic carboxypeptidase N-terminal domain (aa 704–839; Figure 1C)
and a zinc-carboxypeptidase domain (aa 851–1027; Figure 1C). The ATP/GTP binding
site is at aa 810–817, and the active site is located at residue 962. Whereas mutation of
the ATP/GTP binding site has no effect in vivo, preservation of a functional zinc-binding
domain is essential for neuronal survival [14,29,30]. Zinc-binding sites in the mAGTPBP1
protein are found at residues 912, 915 and 1009. The NLSs are positioned at both the
N-terminal domain (aa 144–151) and C-terminal domain (aa 996–1016) [9].

3.2. Expression Pattern

hAGTPBP1 protein expression level data have revealed that the protein is expressed at
the highest level in the testis (https://www.proteinatlas.org/ENSG00000135049-AGTPBP1
/tissue) (accessed on 10 July 2021). Moderate protein expression levels are also observed
in human brain regions, such as the cerebral cortex and cerebellum, and other organs,
including the lung, stomach, kidney, pancreas, and muscle.

At the cellular level, the AGTPBP1 protein is detected both in the cytoplasm, mainly
in vesicles and mitochondria, and in the nucleus, particularly in the nucleolus (https:
//www.proteinatlas.org/ENSG00000135049-AGTPBP1/cell) (accessed on 10 July 2021), as
reported for mAGTPBP1 [7,18,26].

3.3. Role of the AGTPBP1 Protein

Microtubules are major components of the cytoskeleton composed of α- and β-tubulin
heterodimer subunits that polymerise to form tubular and polar structures [31]. Both
tubulin subunits are subject to certain PTMs, including the tyrosination/detyrosination
and polyglutamylation of α-tubulin [32]. The tyrosination/detyrosination cycle involves
the reversible removal and re-addition of a tyrosine residue at the C-terminus of α-tubulin.
Two enzymes participate in this cycle: tubulin tyrosine ligase (TTL) and tubulin carboxypep-
tidase (TubCP). The latter cleaves the C-terminal tyrosine residue of α-tubulin, resulting
in Glu-tubulin. The tyrosine residue can be re-added by TTL, forming Tyr-tubulin again.
Another variant of non-tyrosinable α-tubulin (Δ2-tubulin) that lacks the Glu C-terminal
residue was defined.

Several years ago, the enzymes catalysing tubulin PTMs were fully characterised [33].
Cytosolic carboxypeptidase (CCP) subfamily comprises six members (CCP1-CCP6), [12,13].
CCP enzymes process amino acid residues from the C-terminus [15,34] and are also in-
volved in reversing polyglutamylation catalysed by polyglutamylases from the tubulin-
tyrosine ligase-like family and in removing glutamate residues from the C-terminus, thus
transforming α-tubulin into non-tyrosinable Δ2-tubulin [15] (Figure 2A,B). In particu-
lar, CCP1, encoded by the AGTPBP1 gene, acts as a tubulin deglutamylase, generating
Δ2-tubulin from Glu-tubulin, and also counteracts the tubulin–tyrosine ligase-like me-
diated reaction and then shortens the long glutamate chains generated by polyglutamy-
lases [15,16,35]. In addition, myosin light chain kinase and telokin proteins were also
identified as substrates for CCP1 [15] (Figure 2C).
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Figure 2. AGTPBP1/CCP1-mediated tubulin posttranslational modifications. (A,B) Schematic representation of the two
AGTPBP1/CCP1-mediated tubulin posttranslational modifications. (C) Schematic representation of the deglutamylation of
MLCK1 (left) and telokin (right) catalysed by AGTPBP1/CCP1. The numbers indicate the amino acid residues. MLCK1:
Myosin light chain kinase 1. TTL: Tubulin Tyrosine Ligase; TTLL1: Tubulin Tyrosine Ligase-Like 1; TubCP: Tubulin
Carboxypeptidase. Scheme is a modification of [15].

Although AGTPBP1 contains two NLSs [9] and is expressed in the nucleus [7], its
contribution to nuclear physiology remains uncertain; however, it was suggested that this
protein may be involved in chromatin remodelling [7].

4. AGTPBP1 Mutation-Related Childhood-Onset Neurodegeneration with Cerebellar
Atrophy (CONDCA)

Shashi and colleagues (2018) identified biallelic variants in the AGTPBP1 gene in pa-
tients suffering from an infantile-onset neurodevelopmental disorder known as childhood-
onset neurodegeneration with cerebellar atrophy (CONDCA) [1]. At the time this review
was written, a total of 18 individuals from 15 different families were reported to carry
damaging CONDCA-associated, biallelic, loss-of-function variants of the AGTPBP1 gene
(Table 1). The affected individuals, most of them unrelated, were born from both consan-
guineously related and unrelated parents, and the disease appeared to equally affect both
males and females (Table 2).

Complete exome sequencing analysis of CONDCA patient samples revealed rare
allelic variants of the AGTPBP1 gene, including (i) missense mutations predicted to result
in single aa substitutions; (ii) a canonical splice-site change causing disturbance of the
open reading frame; (iii) de novo heterozygous stop-gain variants predicted to generate a
premature stop codon; (iv) an intronic splice-site change predicted to lead to the in-frame
absence of 29 highly conserved aa; and (v) a 12-exon-long genomic deletion (Table 1;
Figure 1D) [1–4]. The majority of these variants affect the highly conserved N-terminal
regions and zinc-carboxypeptidase protein motifs (Figure 1D). As a consequence, the
function of the AGTPBP1 protein is abrogated due to a reduction in mRNA transcription,
nonsense-mediated mRNA decay, early protein truncation and protein misfolding into a
structure that is highly susceptible to proteasome-dependent proteolysis [1].
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Table 1. Identified biallelic variants in the AGTPBP1 gene. M: Male F: Female. * means substitution.

Patient (Age; Sex;
Consanguinity)

Allelic Variant Consequence Region Affected Reference

2-year-old; F; NO
NM_001330701

c.2336-1G>T

Transversion in intron 17.
Results in a splice site

aberration, a frameshift and
premature termination

(M780fs)

Cytosolic carboxypeptidase
N-terminal domain [1]

NM_001330701
c.2736delC

Deletion in exon 21. Results in
a frameshift and premature

termination (T912Ter)

Zinc-carboxypeptidase
domain [1]

12-month-old; M; YES NM_001330701
c.2752C>T

Transition in exon 21. Results
in R918W substitution

Zinc-carboxypeptidase
domain [1]

7-month-old; M; YES - Deletion of exons 1 to 12 Non-defined [1]

Not available NM_015239.2
c.2632C>T

Cerebellar hypoplasia and
lower motor neuron

degeneration. Results in
R878W substitution

Zinc-carboxypeptidase
domain [4]

4-year-old; M; NO
NM_001286715

c.2351A>G Results in a T784C substitution Non-defined
[2]

NM_001286715
c.2998C>T

Results in a frameshift and
premature termination

(R1000Ter)

Zinc-carboxypeptidase
domain

15-month-old; M; YES NM_001286715
c.2342C>T+2T>G

Skips exon 15 (loss of 29 highly
conserved aa)

Non-defined modular
domain [2]

5-year-old; F; NO
NM_001330701

c.2752C>T
Transition in exon 21. Results

in R918W substitution
Zinc-carboxypeptidase

domain [1]
NM_001330701

c.2080T>G
Transversion in exon 15.

Results in a Y694D substitution Non-defined

16-month-old; F; YES NM_001330701
c.2566C>T

Homozygous transition in
exon 19. Results in a Q856 * Non-defined [1]

8-year-old; M; YES NM_001330701
c.2395C>T Results in a R799C substitution Cytosolic carboxypeptidase

N-terminal domain [1]

8-year-old; M; YES NM_001330701
c.2566C>T Results in a P799C substitution Cytosolic carboxypeptidase

N-terminal domain [1]

7-month-old; M; YES NM_001330701
c.2396G>T Results in a P799L substitution Cytosolic carboxypeptidase

N-terminal domain [3]

2-year-old; M; YES NM_001330701
c.2396G>T Results in a P799L substitution Cytosolic carboxypeptidase

N-terminal domain [3]

20-month-old; F; NO NM_001330701
c.988C>T

Results in a R330 * Non-defined
[1]

Results in a Y912X substitution Zinc-carboxypeptidase
domain

8-year-old; M; YES and
5-year-old; F; YES

NM_001330701
c.2728C>T Results in a R910C substitution Zinc-carboxypeptidase

domain [1]

3 infant sibs; YES NM_001330701
c.2362C>T

Transition in exon 18. Results
in a Q788 *

Cytosolic carboxypeptidase
N-terminal domain [1]

14-year-old; M; NO
NM_001330701

c.2552C>T
Transition in exon 19, resulting

in a T851M substitution Non-defined
[1]

NM_001330701
c.2969A>T

transversion in exon 22,
resulting in a H990L

substitution

Zinc-carboxypeptidase
domain

21-month-old; M; YES NM_001330701
c.3293G>A

Mutation in exon 24, resulting
in a S1098N substitution 3′ end domain [36]

17-year-old; F; YES NM_001330701
c.3293G>A

Mutation in exon 24, resulting
in an S1098N substitution 3′ end domain [36]
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Table 2. Clinical findings reported for patients harboring AGTPBP1-mutated gene.

Feature Data from [1–4,36]

Onset Birth to 20 months

Gender 10F, 9M
Not available (1)

Consanguinity 14/19
Not available (1)

Progressive degenerative course 19/20

Microcephaly 11/20
Not available (1)

Motor delay 20/20

Hypotonia 19/20
Not available (1)

Muscle weakness 16/18
Not available (2)

Muscle weakness pattern

Tetraparesis/plegia (8)
Lower limb (2)

Neck (3)
Diaphragm/intercostal (4)

Not specified (8)
Muscle atrophy 9/18

Tongue fasciculations 7/20
Not available (13/20)

Tendon reflexes

Low or absent (10/20)
Normal (3/20)

Increased (6/29)
Not available (1)

Ataxia Yes (6)
Not available (12)

Dystonia 5/20
Not available (1)

Spasticity 7/20
Not available (3/18)

Respiratory distress 9/20
Not available (1)

Feeding difficulties 13/20
Not available (1)

Eye movement abnormalities
Detected (12/20)

Not detected (6/20)
Not available (2/20)

Hearing
Impaired (1/20)
Normal (5/20)

Not available (14/20)

Cognitive delay 17/20
Not available (3/20)

Brain MRI

Cerebellar atrophy (18/20)
Dysplastic corpus callosum (6/20)

Small pons (1/20)
Enlarged CSF spaces (1/20)

Nerve conduction studies

Motor neuropathy (2/20)
Axonal motor neuropathy (5/20)

Normal (1/18)
Not available (12/20)

Electromyography

Denervation (5/20)
Neurogenic (2/20)

Normal (1/20)
Not available (12/20)

The clinical findings of patients with AGTPBP1 mutations are summarised in Table 2.
Overall, the patients display early-onset developmental delays (between birth and 20 months
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of age) with a progressive degenerative course, mainly characterised by hypotonia and
generalised muscle weakness, frequently causing tetraparesis. Brain MRI revealed detected
cerebellar atrophy with respect to non-affected, control individuals (Figure 3A,B). Other
brain alterations, such as microcephaly or dysplastic corpus callosum, were also frequently
detected. Alterations in tendon reflexes were observed in almost all individuals. Muscle
atrophy was found in half of the patients (Figure 3C,D), and other regularly detected clini-
cal manifestations included feeding problems, eye movement abnormalities, respiratory
insufficiency, spasticity, tongue fasciculations and dystonia. Other clinical features, such as
bilateral hearing loss and hand tremors, were sporadically detected.

 

Figure 3. Cranial magnetic resonance imaging (MRI) of a control (A) and a CONDCA patient (B). Whereas the 20-month-old
female healthy control patient (A) shows a typical well-developed cerebellum (yellow arrow), severe cerebellar atrophy
(yellow arrow) is observed in the 24-month-old female CONDCA patient (B). (A) Courtesy of Dr. Ana Canga, “Hospital
Universitario Marqués de Valdecilla”, Santander (Spain). (B) Adapted from [3]. Copyright 2019 American Journal of
Medical Genetics. (C,D) Haematoxylin-eosin (H&E)-stained skeletal muscle tissue biopsies at 7 months of age from healthy
control (C) and CONDCA patients (D). Note the fibre atrophy with a few interspersed hypertrophic fibres in the muscle
tissue of the patient. Scale bars: 50 μm. Adapted with permission from [1]. Copyright 2018 The EMBO Journal. (E,F)
Haematoxylin-eosin (E,H)-stained skeletal muscle tissue cross-sections from control (E) and pcd (F) mice. Note the muscle
atrophy and the notable reduction in muscle fibre size in the pcd mouse. Scale bars: 30 μm. Adapted with permission
from [37]. Copyright 2018 Journal of Tissue Engineering and Regenerative Medicine.

Electrophysiological recordings revealed motor neuropathy affecting the lower limbs
and arms. In particular, electromyography studies have detected signs of denervation
causing muscle atrophy in proximal and distal muscles, including the tibialis anterior and
posterior deltoid, suggesting degeneration of both peripheral nerve motor fibres and spinal
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cord α-motor neurons. In contrast, sensory nerve action potentials seemed to be unaffected,
suggesting that the neuropathy was mainly of motor origin. Progressive advancement
of the neurological disorders resulted in the death of 7 patients out of the 18 individuals
carrying damaging variants of the AGTPBP1 gene.

It is relevant to mention that in a very recently published paper, two members of a
consanguineous family harbouring a novel homozygous variant (c.3293G>A) at the 3′ end
of the AGTPBP1 gene (Figure 1D) showed no signs of cerebellar atrophy [36]. Further
analysis is needed to examine whether only AGTPBP1 mutations affecting the catalytic
domains of the protein are directly associated with cerebellar atrophy.

At the cellular level, deleterious accumulation of polyglutamylated tubulin was de-
tected in biopsies taken from the quadriceps muscles of CONDCA patients with AGTPBP1
mutations [1]. Additionally, this hyperglutamylation is directly related to neurodegen-
eration in mice and humans, most likely due to deficiency in microtubule-based axonal
transport [38].

Interestingly, a recent study has identified the AGTPBP1 gene as being the most
significant gene coexpressed with the amyotrophic lateral sclerosis (ALS)-linked gene
C90RF72 and revealed a positive correlation between the expression of their respective
mRNAs [39]. These findings suggest that AGTPBP1 is an interacting partner of C90rf72 that
contributes to the regulation of important neuronal functions [39]. This raises questions
regarding the potential role of AGTPBP1 in other human neurological disorders.

5. The pcd Mouse as an Animal Model for Studying AGTPBP1
Mutation-Related CONDCA

More than 40 years ago, a spontaneous recessive mutation that causes early cerebellar
ataxia and is associated with rapid degeneration of cerebellar PCs was identified [5]. This
mutation was subsequently called pcd [5]. To date, damaging mutations in AGTPBP1,
including spontaneous mutant variants, chemically induced variants, transgenic alleles
and conditional knockout, were reported (Table 3). The most severe pathological alleles are
pcd1J, pcd3J, pcd5J and pcdJWG [9]. The pcd2J allele is a less severe hypomorphic variant
that causes a mild phenotype and the development of ataxia much later than other pcd
mutants but not thalamic degeneration (Table 3). A recently generated AGTPBP1 KO
mouse model in which exons 21–22 are deleted [40], exhibits similar pathological features
as those reported for pcd1J, pcd3J or pcd5J (Table 3).

Loss of function of the AGTPBP1 gene was subsequently identified as being respon-
sible for the pcd phenotype [7,10]. pcd mice have a smaller body and lower body weight
than their wild-type counterparts [35,40]. In addition to PC degeneration, the pcd mu-
tation leads to postnatal degeneration of other distinct neuronal populations, including
MCs in the OB [20], photoreceptors in the retina [6], a certain subpopulation of thalamic
neurons [21] and peripheral nerve and spinal motor neurons [1].

Interestingly, the time course of degeneration of affected neuronal populations in
pcd mice markedly differs among them, making this animal model highly appropriate for
studying different neuronal degenerative processes caused by the same mutation. Degener-
ation of photoreceptors is slow and takes approximately one year [6,41] whereas the death
of thalamic neurons and MCs takes up to 6 and 4 months, respectively [20,21]. In contrast,
degeneration of PCs occurs extremely quickly, is severe and occurs between 3 and 4 weeks
of age. In fact, almost all PCs are eliminated at a well-defined time point, approximately
by 1 month after birth. To date, no clear findings supporting marked variations in these
neurodegenerative processes exist. Since most pcd mice survive, secondary neuronal death
and remodelling of neuronal networks, as consequences of primary neurodegeneration,
were reported in the affected regions.

Interestingly, cerebellar atrophy is one of the earliest signs of the disease manifested in
CONDCA patients, which resembles the early PC degeneration and the cerebellar atrophy
showed by pcd mice. Nevertheless, although the correspondence of other clinical findings
between CONDCA patients and pcd mice is established (Table 4) it still remains unknown
if the developmental course of the pathologies is comparable in both groups. With the
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currently available data, the assumption of similar developmental phases of the disease
between CONDCA patients and pcd mice cannot be yet established.

Table 3. Summary of AGTPBP1 reported mutant alleles. ENU: N-ethyl-N-nitrosourea.

Allele Name Mutation Mutation Clinical Features Genetic Mutation in AGTPBP1

Agtpbp1pcd−1J Spontaneous

Reduced body size; Ataxia; cerebellar atrophy;
postnatal degeneration of thalamic neurons, PCs,
MCs and retinal photoreceptors; male infertility;

female partial fertility.

Unknown (possibly in regulatory
region)

Agtpbp1pcd−2J Spontaneous Hylomorphic allele with reduced Insertion (~7.8Kb) between exons
14–15

Agtpbp1pcd−3J Spontaneous

Reduced body size; Ataxia; Cerebellar atrophy;
postnatal degeneration of thalamic neurons, PCs,
MCs and photoreceptors; male infertility; female

partial fertility; Reduced number of
antral follicles.

Deletion (~12.2 Kb) between
intron 5 and exon 8

Agtpbp1pcd−4J ENU-induced
mutagenesis Ataxia; degeneration of PCs Unknown

Agtpbp1pcd−5J Spontaneous Ataxia; Degeneration of PCs and MCs Insertion of an aspartic acid
residue (D775) in exon 18

Agtpbp1pcd−6J ENU-induced
mutagenesis

Ataxia; cerebellar and testicular atrophy;
postnatal degeneration of PCs, MCs and

photoreceptors; decreased skeletal muscle fiber
size; male infertility.

Unknown

Agtpbp1pcd−7J Spontaneous Ataxia; postnatal degeneration of PCs; enlarged
hippocampus; abnormal hearing Unknown

Agtpbp1pcd−8J Spontaneous
Affectation of behavior; low size body;

Alteration of nervous system development,
reproductive, and vision.

Unknown

Agtpbp1pcd−9J Spontaneous Ataxia, but has a slightly later onset than that
caused by the original pcd allele. Unknown

Agtpbp1pcd-Tg(Dhfr)1jwg Transgene insertion
Ataxia; degeneration of PCs, MCs and

photoreceptor cells; some male infertility, female
partial fertility; degeneration of sperm

Random gene disruption

Agtpbp1Drunk Mutagenesis Degeneration of Purkinje cells and
photoreceptor cells; Male infertility Unknown

Agtpbp1Rio Mutagenesis Tremor and abnormal sperm Unknown

Agtpbp1babe ENU-induced
mutagenesis Ataxia; paraparesis P804 arginine to a termination

codon

Agtpbp1pcd-Btlr ENU-induced
mutagenesis

Ataxia; degeneration of PCs, MCs and
photoreceptor cells; male infertility,

oligozoospermia and teratozoospermia

a T-to-A transversion in the donor
splice site of intron 11

Agtpbp1pcd-m2Btlr ENU-induced
mutagenesis

Tremors; decreased body size; reduced activated
sperm motility

an A to G transition; destroys the
acceptor splice site of intron 7 of

the gene
Agtpbp1pcd-Sid Spontaneous Reduced body size; Ataxia; Cerebellar atrophy. Deletion of exon 7

Agtpbp1Gt(IST13517F11)Tigm Gene trapped allele one ES cell; unclassified Chr13:59477801-59478055 bp
(-);Chr13:59477801-59477979 bp (-)

Agtpbp1Gt(OST186151)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59531904-59544452 bp (-)
Agtpbp1Gt(OST188387)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59531902-59533237 bp (-)
Agtpbp1Gt(OST252171)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59531904-59544452 bp (-)
Agtpbp1Gt(OST300426)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59531904-59544452 bp (-)
Agtpbp1Gt(OST300428)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59536248-59536374 bp (-)
Agtpbp1Gt(OST301743)Lex Gene trapped allele Lex-1 (ES Cell) Chr13:59531913-59536374 bp (-)

pcdKO Knock-out Ataxia; cerebellar atrophy, postnatal
degeneration of PCs and photoreceptors. Deletion of exons 21 and 22

In summary, the pcd mouse is a suitable animal model for studying ataxia and cere-
bellar atrophy with genetic, clinical and histopathological characteristics similar to those
of human CONDCA patients (Table 4). The following sections describe in detail the
neuropathological signs and mechanisms of neurological dysfunction in pcd mice.

5.1. Degeneration in the Cerebellum

One of the main phenotypic hallmarks of the pcd mutation in mice is early-onset
cerebellar atrophy, which is mainly associated with drastic and premature primary degen-
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eration of PCs [19,40], starting in the vermis and progressively advancing to the cerebellar
hemispheres [42]. As degeneration proceeds, other cerebellar neuronal populations, such
as granule cells and neurons of the inferior olivary complex and deep cerebellar nuclei
(DCN), subsequently degenerate. However, this secondary degeneration process is much
slower, taking approximately one year, probably as a consequence of primary PC death [9].
Consequently, there is an additional thinning of the molecular and granule cell layers with
the subsequent worsening of the cerebellar atrophy [43,44].

Table 4. Comparison of pathological findings between CONDCA patients and the pcd mutant mouse.
N.E: Not examined.

Physiopathological Feature CONDCA Patients pcd Mice

Early-onset YES YES
Progressive degenerative course YES YES

Microcephaly YES YES
Motor delay YES YES
Hypotonia YES N.E

Muscle weakness YES YES
Muscle atrophy YES YES

Tongue fasciculations Frequent N.E
Alteration of tendon reflexes Frequent N.E

Ataxia Frequent YES
Dystonia Frequent N.E
Spasticity Frequent N.E

Respiratory distress Frequent N.E
Feeding difficulties Frequent YES

Eye movement abnormalities Frequent N.E
Defective hearing Occasional YES
Cognitive delay YES YES

Motor and axonal motor neuropathy Frequent YES
Denervation Frequent YES

Olfactory dysfunction N.E YES
Visual deficiency N.E YES
Defective sperm N.E YES

At the molecular level, analysis of the transcriptional signature in the cerebella of
pcd mice has shown that the vast majority of genes with altered transcriptional levels are
related to functional categories such as cell death, developmental disorders, survival and
glial responses [45,46].

5.1.1. Degeneration of Purkinje Cells

One of the phenotypic hallmarks of the pcd mutation in mice is early-onset cere-
bellar atrophy, which is mainly associated with drastic primary degeneration of PCs.
Between two and four weeks of age, PCs rapidly degenerate, with only a few PCs remain-
ing in lobule X of the cerebellar vermis, which is preserved for a few additional weeks
(Figure 4A,B) [10,17,19,47]. The degeneration of a massive number of PCs in pcd mice
sequentially involves an initial “preneurodegenerative” stage, from postnatal day (P) 15 to
P20, during which both cytoplasmic and nuclear alterations occur [17,25,48,49], followed by
a degenerative stage (P25–45), in which all cerebellar PCs degenerate (Figure 4C,D) [17,48],
leading to an alteration in cerebellar-related motor performance. Interestingly, heterozy-
gous pcd mice show a significant reduction in the number of PCs at P300, an observation
that supports the idea that heterozygosity of the AGTPBP1 mutation may influence the
ageing process, causing moderate PC degeneration [50].
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Figure 4. Degenerative features of the Purkinje cells in the pcd mice. (A,B) Representative confocal microscopy images of
sagittal sections of the vermis of P30 control (A) and P30 (B) pcd mutant mice immunolabelled for calbindin D-28k. Note that
in the pcd mouse there was a dramatic reduction in calbindin immunostaining in the molecular and PC layers resulting from
the massive loss of PCs at P30 and that only PCs located in lobule X remained (arrow in B). Scale bars: 1 mm. (C,D) High
magnification of calbindin D-28K immunolabelling of PC perikarya and their dendritic trees in control (C) and pcd mice (D)
at P20. Note the loss of PCs (white asterisks) in the pcd mouse. Scale bar: 100 μm. (E–G) Confocal microscopy images of PC
nuclei from control (E) and pcd mice (F,G) at P20 double immunolabelled for the modified histone γH2AX (green), a marker
of DNA double-strand breaks at sites of DNA damage, and p53-binding protein 1 (P53BP1, red), a key DNA repair factor. (E)
Note the absence of γH2AX labelling and the typical diffuse nucleoplasmic distribution of 53BP1, in the control PC nucleus,
excluding the nucleolus. (F,G) In contrast, the nucleus of the pcd mouse shows prominent nuclear foci of DNA damage
immunostained for γH2AX (F). Although the DNA repair factor 53BP1 was expressed in the nucleoplasm, it was not
concentrated in γH2AX-positive nuclear foci of DNA lesions (G), indicating defective DNA repair. Scale bars: 5 μm. (H) Electron
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microscopy image of PCs from pcd mice at P20. Free polyribosomes were replaced by densely packed monoribosomes.
Cytoplasmic portions containing monoribosomes appear sequestered in autophagic vacuoles bound by isolated RE cisternae
(insert). Scale bar: 1 μm. (I) Electron microscopy image of mutant apoptotic PC Scale bars: 5 μm. (A,B) Adapted with
permission from [17]. Copyright 2011 The Journal of Biological Chemistry. (C,D,H) Adapted with permission from [48].
Copyright 2011 Brain Pathology. (E–G) Adapted with permission from [49]. Copyright 2019 Neurobiology of Disease.

At the early stages of PC degeneration, alterations in the cytoarchitecture of the PCs,
including disrupted dendrites, soma and axons, are already noticeable [40,46]. Ultrastruc-
tural analysis of axonal torpedoes has revealed organelle accumulation and cytoplasmic
densification but the preservation of the myelin sheath [46]. This finding suggests that
degeneration of axons is the primary defect and rules out the possibility that PCs degen-
erate following demyelination, as observed in the cerebral cortex in AGTPBP1-deficient
mice [22]. AGTPBP1 loss of function affects dendritic tree development and architecture;
however, these alterations do not seem to be directly involved in PC death [19,25,40].

Another pre-degenerative characteristic of PCs is a reduction in perikaryal size [25].
Intriguingly, one of the earliest cytoplasmic morphological features of pre-degenerative
PCs is the accumulation of free polyribosomes [19,47,51]. Polyribosome accumulation
correlates with endoplasmic reticulum (ER) stress in the PCs of pcd mice. In the initial
stages of PC degeneration, the stacks of ER cisterns tend to disappear, and PCs show a
prominent mass of densely packed free polyribosomes at the basal pole of PC somas. As
degeneration proceeds, polyribosomes are disassembled into free monoribosomes [48]. A
fraction of these free monoribosomes is sequestered in autophagic vacuoles for lysosomal
degradation through a process termed ribophagy (Figure 4H) [48].

At the molecular level, upregulation of the expression of ER stress-related substrates
and the unfolded protein response accompanied by downregulation of the expression of
initiation factors for translation were detected in the mutant PCs [40,51,52]. Accumula-
tion of hyperglutamylated tubulin in AGTPBP1-deficient PCs directly correlates with ER
stress [51]. Other cytoplasmic alterations, such as the presence of abnormal mitochondria
and reduced mitochondrial complex 1 activity, were also observed in mutant PCs [18,53].

The AGTPBP1 gene contains an NLS (Figure 1B) and encodes nuclear and cytoplasmic
proteins [7]. However, little is known about its potential role in the neuronal nucleus. We
performed an extensive analysis of the effects of AGTPBP1-deficiency in the PC’s nuclear
compartments involved in RNA transcription and processing and DNA damage repair,
evaluating the impact of their dysfunction on neuronal homeostasis and survival [17,48,49].
During the pre-degenerative stage, in PCs, there is a progressive large-scale reorganisa-
tion of chromatin into large, transcriptionally silent, heterochromatin domains associated
with the accumulation of DNA damage, which is one of the first signs of the PC pre-
neurodegenerative stage of in pcd mice [17].

To avoid the detrimental effects of DSBs, neurons exhibit a strong DNA repair response.
However, growing evidence has indicated that defective DNA repair is the basis for brain
ageing and several degenerative disorders [54]. In this context, a progressive accumulation
of unrepaired DNA damage was detected in the PCs of pcd mice (Figure 4E–G) [17,48].
Accordingly, defective DNA repair was implicated in the pathogenesis of several ataxias
with a PC degeneration phenotype [55–60].

In addition to DNA damage and epigenetic changes in chromatin conformation, other
nuclear compartments are affected in the mutant PCs. In particular, the disassembly of
the Cajal bodies [61] and nucleolar disruption are directly correlated with the activation
of nucleolar stress and defective ribosome biogenesis [48,49]. Nucleolar stress has been
associated with several neurodegenerative human disorders, including Alzheimer’s and
Parkinson’s diseases, ALS and spinal muscular atrophy, among others [62–68]. Moreover,
a reduction in both nucleolar size and ribosome biogenesis occurs during ageing and is a
key risk factor related to the onset of neurodegenerative disorders [54,69].

Consistent with all defined cytoplasmic and nuclear alterations, dysfunctional PCs
in pcd mice ultimately activate the caspase-mediated apoptotic pathway (Figure 4I), in-
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cluding by upregulating the expression of neuronal apoptosis facilitators such as Bim3
and Bcl2l11 [9,17–19,48,51,52,70]. In summary, some types of nuclear rearrangement and
pathological alterations observed in PCs harbouring the pcd mutation resemble the cellular
alterations described in certain human neurodegenerative diseases [66,71,72].

5.1.2. Alterations in Other Neuronal Types in the Cerebella of pcd Mice

In the cerebella of pcd mice, late secondary death of granule cells and neurons in
the DCN and the inferior olivary complex, which is likely due to PC degeneration, oc-
curs [9,43,73]. Remarkably, granule cells express the AGTPBP1 gene [7,10]. However, a
significant reduction in granule cell number is only detected at 6 months of age, which
progresses throughout the lifespan of the animal [9].

The loss of presynaptic afferents from PCs to the DCN results in decreased neuron
survival (~30%) at advanced stages of neurodegeneration [44,74]. As a consequence of
the abrogation of its major cortical target, the inferior olivary complex becomes atrophied
subsequent to partial denervation in pcd mice [40,43,75]. In particular, the number of
neurons in the inferior olivary complex is reduced by half at 10 months of age, which then
causes a reduction in the number of climbing fibres that reach the cerebellar cortex [75].

Finally, the disappearance of PCs in pcd mice stimulates severe gliosis [40,46] and
strikingly, oligodendrocytes and their precursors are markedly affected in the cerebellar
cortex in pcd mice [46].

5.1.3. Reorganisation of Cerebellar Circuitry in pcd Mice after Purkinje Cell Loss

The compensatory mechanisms in the cerebellar circuitry following PC loss in pcd mice
were examined [76]. Electrophysiological studies have revealed that despite the absence
of PC-mediated tonic inhibition in the vestibular nucleus (VN) in pcd mice, spontaneous
activity is not greater in AGTPBP1-deficient neurons [76]. In addition, abrogation of
PC input did not underlie disinhibition in neurons from the VN in pcd mice [76]. The
influence of PC input loss in VN neurons in regulating muscle contraction through the
vestibulospinal pathway was also assessed. The response phase is slightly modified in the
pcd mice in comparison with control littermates. This effect may be partially involved in
motor impairment [76].

The impact of AGTPBP1 deficiency on cerebellar neurotransmission was also evalu-
ated. Abrogation of inputs originating from PCs reduces GABAergic inhibitory innervation
and decreases the density of GABAA receptors in the DCN and VN [74,76]. In contrast, the
glycinergic system was promoted in the DCN in pcd mutant mice [74]. On the other hand,
an increase in the number of glutamatergic synapses in both the DCN and the VN was
detected, most likely due to enhanced mossy fibre innervation of the DCN and a secondary
effect of reduced GABAergic-mediated inhibition in DCN neurons [74].

PCs and granule cells are specific targets for serotonergic neurons projecting from
raphe nuclei and other brain areas. The serotonergic centrifugal system in the cerebella
of pcd mice becomes dysfunctional once PCs are completely depleted [77]. In particular,
pcd mice showed a higher 5-HT-IR fibre density [78] and a reduction in the 5-HIAA/5-HT
ratio [77]. Enhanced synthesis of 5-HT transporters and receptors was also detected in
both the cerebellar cortex and DCN [77,79]. Together, these data point to a reduction
in serotonergic modulation, indicating a decrease in serotonergic turnover in the pcd
cerebella [77].

Noradrenergic axon terminals from the locus coeruleus that reach the cerebellar
cortex are preserved in pcd mice despite the absence of PCs, the targets of noradrenergic
projections [80,81]. In addition, an increase in the density of norepinephrine fibres, most
likely due to a reduction in cerebellar mass in pcd mice, was also detected [81]. Likewise,
a moderate increase in the levels of noradrenergic transporters and adrenergic receptors
upon PC loss was observed [82]. Regarding the dopaminergic system, PC loss induces an
increase in the levels of dopamine transporters in the DCN but a significant reduction in
these levels in the molecular layer of the cerebellar cortex [83].
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5.1.4. Alterations in Cerebellar-Dependent Tasks

A large battery of motor tests were used to evaluate the degree of cerebellar atrophy
and the consequent impairment of locomotor coordination, as well as progressive weakness
of musculature and cognitive decline in AGTPBP1-depleted mice.

Analysis of ataxic gait has revealed irregularly spaced and shorter steps in 4-week-old
mutants, with this deficit becoming worse as cerebellar degeneration proceeds [14,40].
Severe early impairments in motor performance, in the rotarod test, which progressively
deteriorates in parallel with PC death, were observed in pcd mice [14,17,19,25,40,84,85]. It
was demonstrated that in the treadmill motor assessment, pcd mice have decreased body
movement coordination [84]. Similarly, front-hind interlimb and whole-body coordination
deficits were characterised using LocoMouse [86].

The grip strength and wire hang tests have revealed that pcd mice experience muscle
weakness [35,40]. In addition, the balance beam test has revealed that 4-week-old AGTPBP1
KO mice fall significantly more frequently than their wild-type counterparts [40].

Delayed eye-blinking conditioning appears to be severely affected and altered
cerebellum-dependent learning is altered in adult pcd mice [87], whereas trace eyeblink
conditioning is unimpaired, suggesting that the cerebellum plays an indispensable role in
the neuronal circuitry regulating this response [88]. The effects of cerebellar dysfunction on
spatial learning in adult pcd mice were determined using the Morris water maze test [89–91].
The novel object recognition test has revealed that long-term memory in pcd mice is affected
in the late stages of PC degeneration, and the results of the social preference test have
suggested that PC loss in pcd mice affects social interaction [25]. Likewise, the results of the
forced swimming test have suggested that pcd mice exhibit depressive-like behaviour [91].

5.2. Degeneration in the Olfactory Bulb
5.2.1. Degeneration of Mitral Cells

The OB is considerably smaller in pcd mice than in control animals, mainly due to
the loss of MCs, the principal relay neurons in the olfactory pathway [5]. The loss of MCs
is accompanied by reductions in the size of glomeruli and the thickness of the external
plexiform layer. Other bulbar layers or neural elements are apparently unaffected by the
loss of AGTPBP1 [8].

Degeneration of MCs occurs later and more slowly than that of PCs, taking place from
P60 to P90 days [8,20]. While there is an extensive amount of data on the mechanisms
underlying PC death, there is limited information regarding the mechanisms involved in
MC degeneration. Similar to that of mutant PCs, degeneration of MCs is associated with ER
stress, transcriptional repression, DNA damage and disruption of nucleoli and Cajal bodies,
which ultimately cause apoptosis [20]. As in the cerebellum, tubulin hyperglutamylation
in the OB was suggested to be a determinant of MC death in pcd mice [15,16].

MC degeneration induces reactive glial activation of astrocytes and microglia in the OB.
However, this response is milder than that detected in the cerebellum [46]. Curiously, bulbar
oligodendrocytes are not affected in pcd mice [46]. Differential glial responses observed in
the cerebellum and the OB seem to correlate with the degree of neurodegeneration in each
brain region and physiological AGTPBP1 expression levels [46].

5.2.2. Reorganisation of Synaptic Circuitry after Mitral Cell Loss

MCs establish reciprocal dendrodendritic synapses with bulbar granule cells. Al-
though the pcd mutation does not compromise the viability of granule cells, MC degenera-
tion prevents afferent inputs from contacting granule cells. Some granule cells establish
new reciprocal dendrodendritic synapses with unaffected tufted cells [92]. However, it
should be noted that mutant granule cells have an effect on the dendritic tree, including
shortening dendrites and reducing the number of spines [93]. In contrast, afferent inputs
reaching the OB from olfactory receptor cells are slightly affected by the loss of MCs [8].

MCs send axonal efferent inputs to the lateral olfactory tract. A general decrease
in the thickness of the olfactory tract was found in pcd mice [92], supporting the notion
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that the number of synapses declines upon MC degeneration. In addition, the diameter
of terminal boutons increases, as does the number of multiple synaptic contacts, in pcd
mutants, suggesting further compensatory mechanisms for the loss of MC presynaptic
terminals [92].

Centrifugal afferences from secondary olfactory structures to the OB upon MC loss
were also examined. Strengthening of the centrifugal input to the OB from the anterior
olfactory nucleus after MC loss was detected in pcd mice and is accompanied by complete
loss of bilaterality in olfactory connections due to degeneration of the anterior commis-
sure [94]. These results point to a dramatic reorganisation of this essential olfactory circuit
between the anterior olfactory nucleus and the OB upon MC degeneration.

Regarding the dopaminergic system in the OB, autoradiography studies have shown
that dopamine receptor and transporter levels are not affected by AGTPBP1 loss of func-
tion [83]. Accordingly, tyrosine hydroxylase activity and immunoreactivity in OB juxta-
glomerular neurons are more preserved in pcd mutants after MC degeneration than in
heterozygous littermates [95].

The serotonergic system undergoes adaptive changes after, but not before, MC loss [96].
Degeneration of MCs causes a decrease in serotonergic input received by the OB, whereas
the number of serotonergic cells in the raphe nuclei remains constant. In this regard, the
neurotrophin BDNF and its main receptor TrkB exhibit altered expression in the OBs of pcd
animals even before the loss of MCs [96].

Although the expression of noradrenaline transporters is not affected by MC degener-
ation, variations in adrenergic receptors in some olfactory regions were defined, suggesting
a local regulation of the NA system in regions influenced by MC loss [82]. The pcd mice
also show reorganisation of zincergic centrifugal projections from the anterior olfactory
nucleus to the OB, indicating that plasticity occurs in response to MC loss [97].

5.2.3. Neural Plasticity in the Olfactory Bulb after Mitral Cell Loss

Neural progenitor cells from the rostral migratory stream differentiate into bulbar
interneurons that modulate MC activity. Interestingly, changes in the proliferation rate,
tangential and radial migration patterns and survival of newly generated neurons in pcd
mice were reported. Consequently, the absence of MCs in these mutants elicits differences
in the final destination of the newly generated interneurons. Moreover, the depletion of
MCs also alters the survival of the newly generated interneurons, in accordance with the
decrease in the number of synaptic targets available [98].

5.2.4. Alterations in Olfactory Task Performance after Mitral Cell Loss

Despite the importance of the olfactory system in learning and affective behaviour
in mice [99], little information about the potentially deleterious consequences of MC
degeneration on olfactory-related task performance in pcd mice is available. Using precision
olfactometry, Diaz and colleagues showed that after MC death, pcd mutants exhibit poor
odourant detection ability and limited odour discrimination ability [100]. In particular, pcd
mice are able to detect elevated, but not low, concentrations of odourants and discriminate
them in a crude manner, suggesting the involvement of MCs in fine odour transmission
and processing [100,101].

5.3. Degeneration in the Thalamus

Discrete populations of thalamic neurons degenerate in pcd mice between P50 and
P60 and are nearly absent at P90 [21,102]. Thus, massive neuronal degeneration is ob-
served in the central division of the mediodorsal nucleus, the ventral medial geniculate,
posterior ventromedial and submedial nuclei, as well as portions of the ventrolateral and
posteromedial nuclei that immediately surround the medial division of the ventrobasal
complex. Degenerating thalamic neurons in the ventral medial geniculate nucleus, the
main auditory thalamic area, show degenerative cellular hallmarks that resemble those
reported for mutant PCs and MCs [102,103].
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The electrophysiological and molecular changes in the ventral medial geniculate
nucleus in pcd mice were also examined [103]. Likewise, a progressive decrease in auditory
evoked potentials and NMDA receptor-dependent fast oscillations in the auditory cortex
were detected in pcd mice [103].

Changes in the regional thalamic distribution of noradrenaline uptake sites, as well
as in the expression of adrenergic receptors, were described following thalamic neuron
loss in pcd mice [82]. In addition, increased levels of dopamine receptors were found in the
centromedian thalamic nucleus in pcd mice [83].

5.4. Degeneration in the Retina

The onset of retinal degeneration of photoreceptors in pcd mice occurs between 3 and
5 weeks of age, when approximately 50% of receptors are quickly lost [104,105]. Afterward,
degeneration progresses quite slowly, with approximately 10% of the photoreceptors
remaining by one year of age [104,105], and rods degenerating faster than cones [105]. The
main photoreceptor alterations include abnormal accumulation of “bead-like” vesicles
and ribosomes, disruption of the Golgi apparatus, and a significant reduction in the
number of connecting cilia [106], which ultimately lead to the death of photoreceptors
by apoptosis [6,40,107]. In addition, the pcd mutation in photoreceptors increases their
vulnerability to the cellular stress produced by constant light exposure [108]. Progressive
accumulation of polyglutamylated tubulin was detected in parallel with the degeneration
of pcd mutant photoreceptors [106]. Progressive loss of dendrites and disorganisation of
axon terminals in retinal bipolar cells were also reported in parallel with degeneration of
photoreceptors [41].

Consistent with cellular alterations, electroretinography of the pcd mutant retina has
revealed a progressive reduction in the amplitude of electrical signals in both rods and
cones at advanced stages of degeneration in comparison with that in the control retina [41].

5.5. Degeneration of Other Neuronal Types

Quantitative estimation of the number of α-motor neurons in the ventral horn of the
lumbar spinal cord has revealed an approximately 50% reduction in the number of these
cells in pcd mice compared with control mice, which is accompanied by dysregulation of
tubulin polyglutamylation [1]. Moreover, peripheral nerve degeneration with reduced
motor nerve caliber, significant loss of myelinated axons and altered axon morphology
were reported in pcd mice [1].

As mentioned, one of the main pathological hallmarks in CONDCA patients is muscle
weakness. Additionally, AGTPBP1 mRNA was found to be expressed in mouse skeletal
muscle [12]. Muscle tissue organisation in pcd mice was found to be hardly affected, with no
obvious accumulation of collagen or fibrosis. However, the diameter of skeletal myofibres
is reduced compared with that of control myofibres, most likely due to ataxia-derived
atrophy (Figure 3E,F) [37] resulting from the decrease in the number of α-motor neuron
axons innervating the skeletal muscle [1]. As in other tissues affected by AGTPBP1 loss of
function, whole-protein extracts from pcd skeletal muscle exhibit higher levels of tubulin
polyglutamylation than those from control skeletal muscle [15].

5.6. Therapeutic Strategies

Due to AGTPBP1 mutation-mediated primary neuronal death and the occurrence of
secondary neurodegenerative processes in the pcd mouse brain, this mouse model may
serve as an attractive model for investigating new neuroprotective strategies to prevent,
or at least attenuate, neurodegeneration. Most of the experimental therapies assessed in
the pcd mice presented here aimed to reverse cerebellar degeneration in pcd mutants. Stem
cell-based neuroregeneration or the use of molecules with neuroprotective potential are
the main experimental approaches that were assessed in pcd mice.
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5.6.1. Stem Cell-Based Transplantation

Under neurodegenerative conditions, grafted cells from healthy donors may provide
neurotransmitters with neuroprotective potential, replace degenerated neurons and pro-
vide trophic support to surviving neurons. Based on this notion, embryonic cerebellar
grafts appear to be a potential therapeutic strategy not only to replace PCs but also to
prevent secondary neuronal death. Cells from solid embryonic cerebellar grafts from
healthy donors implanted into 3-month-old pcd mutants were able to migrate, settle and
establish functional synapses in the host cerebellar cortex [109–113]. Similarly, suspended
normal embryonic cerebellar cells transplanted into the pcd mouse cerebellum were shown
to survive and integrate with the degenerative harmful host environment, develop the
characteristic PC cytoarchitecture and re-establish host-to-graft afferent innervation, while
also ameliorating motor deficits [114–119].

Bone marrow-derived stem cell (BMDSC) transplantation also appears to be a thera-
peutic option for ameliorating neurodegeneration in pcd mice. Initial studies have indicated
that grafted BMDSCs in pcd mice are able to migrate and reach the degenerating cerebellum
and OB, although most of them differentiate into glial cells [120]. Posterior bone marrow
transplantation notably improves skeletal muscle tissue organisation rather than atten-
uating neurodegeneration, which correlates with a partial but significant restoration of
locomotor performance [37]. Thus, recovery of muscular dysfunction appears to be the
basis of this locomotor improvement. BMDSC transplantation in pcd mice also results
in the attenuation of MC degeneration and an associated improvement in odour detec-
tion [100]. Limitations of this approach include that the delivery of healthy BMDSCs to the
damaged site is not fast enough to stop neuronal loss over time. Thus, optimisation of this
technique by ensuring a regular supply of healthy stem cells through continuous, daily
transplants would increase the population of pluripotent cells that reach the target tissue
and potentially fuse with unaffected mutant PCs, increasing their survival [121].

An additional limitation is the physical barrier of the granule cell layer, which impedes
healthy grafted cells from reaching the PC layer. In addition, the complexity of cerebellar
circuitry is too great for it to be finely reconstructed. Moreover, the purposed fate of grafted
cells is strictly regulated by a large variety of factors that may vary according to each
degenerative environment. Therefore, neurotransplantation and stem cell-based therapy in
patients with cerebellar degeneration are still far from being practical [122].

5.6.2. Preservation of Degenerating Neurons in pcd Mice

Other experimental approaches have aimed to protect and preserve mutant PCs
through the administration of neuroprotective molecules, the exogenous administration of
functional AGTPBP1 and the directed modulation of specific signalling pathways involved
in the degeneration of PCs in pcd mice.

The neuroprotective role of insulin-like growth factor (IGF-I) was shown, and IGF-
I has been extensively used to treat several neurodegenerative disorders. Interestingly,
reduced levels of IGF-I were found in patients with cerebellar dysfunction and ataxia [123].
Consistently, IGF-1 administration in pcd mice was shown to significantly increase body
weight and survival and improve motor performance [124]. Interestingly, administration
of IGF-1 in patients with autosomal dominant cerebellar ataxia delays the progression of
the disease and appears to be a potentially promising therapeutic option for CONDCA
patients [125]. In addition, oleoylethanolamide, an endocannabinoid compound, was
proposed to prevent neuronal damage, delay PC death and ameliorate cognitive decline in
pcd mice [126].

Affectation in the auditory cortex in pcd mice following thalamic neuron degeneration
is closely related to a marked upregulation of NMDA expression. Accordingly, the admin-
istration of an NMDA antagonist restores the electrophysiological response evoked in the
auditory cortex in pcd mice [103].

Another important target of neuroprotective agents is the modulation of the glial
response. Accordingly, a harmful glial response in the cerebella of pcd mice could be
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directly related to the rapid degeneration of PCs [46]. In this regard, attenuation of glial
activation following minocycline administration delays the death of PCs in pcd mice
and mildly improves their locomotor performance [52]. Thus, administration of glial
activation inhibitors or genetic modulation of the glial response may be considered potential
therapeutic approaches to ameliorate neurodegenerative disorders [127].

5.6.3. Genetically Mediated Therapeutic Approaches

Genetically mediated restoration of functional AGTPBP1 expression in both the cere-
bellum and the retina is sufficient to rescue PC and photoreceptor degeneration in pcd
mice [14,30]. As mentioned above, AGTPBP1 loss of function leads to excessive tubulin
polyglutamylation, which seems to be the main cause of neurodegeneration in pcd mice.
Based on this notion, the abnormal accumulation of polyglutamylation in the mutant cere-
bellum may be rescued by inactivation of the polyglutamylase tubulin-tyrosine ligase-like 1
(TTL1), resulting in almost complete preservation of PCs in the pcd mouse cerebellum [22].
This raises the possibility that pharmacologically mediated regulation of enzymes counter-
acting AGTPBP1-mediated reactions, such as TTL1, could be considered a new therapeutic
approach for the treatment of AGTPBP1-related diseases.

6. Conclusions

Here, we summarise the most recent experimental findings that support AGTPBP1
as the gene responsible for the development of CONDCA in humans. Additionally, the
pathogenic events that occur in pcd mice, which harbours loss-of-function mutations in
the AGTPBP1 gene, are described in-depth and summarised in the graphical abstract.
The fact that the pathological characteristics of the pcd mutation share clear similarities
with those of CONDCA patients indicates that AGTPBP1 function is essential to the
development of neurological disorders not only in mice but also in humans. In this regard,
it is evident that the pcd mouse appears as a promising model for the development of
new therapeutic strategies for clinical trials in humans. Polyglutamylation inhibition was
recently described as a promising therapeutic option for CONDCA patients. This line of
investigation together with others involving the use of pcd mice and those included in this
review may be considered in the future as therapeutic options for CONDCA treatment.
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Abstract: Amyloid-β (Aβ) is a dynamic peptide of Alzheimer’s disease (AD) which accelerates the
disease progression. At the cell membrane and cell compartments, the amyloid precursor protein
(APP) undergoes amyloidogenic cleavage by β- and γ-secretases and engenders the Aβ. In addition,
externally produced Aβ gets inside the cells by receptors mediated internalization. An elevated
amount of Aβ yields spontaneous aggregation which causes organelles impairment. Aβ stimulates
the hyperphosphorylation of tau protein via acceleration by several kinases. Aβ travels to the
mitochondria and interacts with its functional complexes, which impairs the mitochondrial function
leading to the activation of apoptotic signaling cascade. Aβ disrupts the Ca2+ and protein homeostasis
of the endoplasmic reticulum (ER) and Golgi complex (GC) that promotes the organelle stress and
inhibits its stress recovery machinery such as unfolded protein response (UPR) and ER-associated
degradation (ERAD). At lysosome, Aβ precedes autophagy dysfunction upon interacting with
autophagy molecules. Interestingly, Aβ act as a transcription regulator as well as inhibits telomerase
activity. Both Aβ and p-tau interaction with neuronal and glial receptors elevate the inflammatory
molecules and persuade inflammation. Here, we have expounded the Aβ mediated events in the
cells and its cosmopolitan role on neurodegeneration, and the current clinical status of anti-amyloid
therapy.

Keywords: amyloid beta; Alzheimer’s disease; inflammation; gene regulation; organelle dysfunction

1. Introduction

AD is a chronic debilitating neurological illness constituting 80% of dementia, pri-
marily affecting the aging population above 65 years old. This devastating disorder is the
one of the sixth leading causative of fatality worldwide, which has turned into a scourge
of 21st century creating huge socioeconomic havoc globally and providing a burden to
the caretakers [1]. AD is characterized by gradual neuronal degeneration that affects the
cognitive function with severe memory impairment, lack of thinking, behavioral and social
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skills worsening activities of daily life. Epidemiological survey reveals that the global
prevalence of AD increased in aging population where the incidence rate is higher in
developed countries while in developing countries it is less than 1%. The World Health
Organization (WHO) reported that globally around 47.5 million individuals are affected
by AD as of 2018 with 7.7 million newcases every year, which is estimated to increase to
75.6 million by 2030 and 135.5 million by 2050, with expected cost of care at $1 trillion per
annum [2,3]. Progressive changes in the brain of AD from asymptomatic to symptomatic
transformation such as memory and behavioral disruptions are termed as AD continuum.
AD is categorized as mild, moderate, and severe depending on the degree of symptoms
that affects the day today activities [4–6]. In general, AD is classified into early onset AD
(EOAD) and late onset AD (LOAD) based on the age prevalence. EOAD constitutes 5%
of the total AD cases and is prevalent in people below the age of 65 years. EOAD is also
termed as familial type AD (FAD) caused due to autosomal dominant mutation of genes
coding for the APP, Presenilin 1 and 2 (PS1 and 2) located in Chromosomes 21, 14 and 1, re-
spectively. People with Down’s syndrome (21st trisomy) have a higher risk for EOAD [7,8].
LOAD also termed as sporadic AD which frequently occurs in the elderly population
above the age of 65 years, accounting 95% of total AD cases. Major genetic risk factor for
LOAD is gene encoding for Apolipoprotein E (APOE) involved in cholesterol metabolism
(Chromosome 19), which exists in three forms of APOE2, APOE3, APOE4. Among the
alleles ApoE4 exhibited threefold increased risk for AD development [9]. In addition,
other factors such as aging, diet, lifestyle, environmental factors, and chronic metabolic
disorders such as type II diabetes mellitus, hypertension and vascular disorders intensify
the pathogenesis of LOAD [10]. Pathological trademarks of AD involve classical positive
lesion comprising of amyloid plaques composed of Aβ peptides in the synaptic terminal
of brain parenchyma and in the cerebral blood vessels leading to congophilic angiopa-
thy/cerebral amyloid angiopathy (CAA); NFTs composed of paired helical filaments with
hyperphosphorylated tau in the axonal region, neuropil threads, and dystrophic neurites
accompanied by microgliosis and astrogliosis [11]. In addition, pathological features such
as neuronal loss and synaptic dysfunction representing the core negative features of AD
were also observed along with plaques in the cortical mantle and tangles in limbic and
association cortices. Neuropathology of AD is associated with neuronal loss and atro-
phy in the temporofrontal cortex inducing further deposition of amyloid plaques and
tangled bundles of fibers leading to enhanced migration of monocytes and macrophages
in cerebral cortex provoking neuroinflammation [12,13]. Aβ peptide is the key factor in
AD pathogenesis and fibrogenesis of Aβ peptide, triggers a cascade of events such as
hyperphosphorylation of tau and NFT formation, ER stress, disruption in Ca2+ homeosta-
sis, mitochondrial dysfunction, microgliosis and astrogliosis inducing neuroinflammation
eventually leading to neuronal death [14]. Therapeutic intervention approved by FDA for
AD includes cholinesterase inhibitors (Donepezil, Galantamine, Rivastigmine and Tacrine)
and N-methyl-D-aspartate receptor (NMDAR) agonist (memantine) which are effective
only for mild to moderate dementia and antipsychotic drugs for treatment of behavioral
disturbances [15,16]. These therapeutic interventions possess severe side effects and have
limited therapeutic efficacy on cognitive function, as these drugs only relieve the symptoms
with no effect on progression of disease. Currently researchers are focusing on develop-
ment of disease modifying drugs, which can slow or reverse the progression of disease [17].
However, most of these drug molecules failed in the clinical trials due to the mystery in
understanding AD pathogenesis. Hence, the present review focuses on unravelling the
molecular mechanism and biochemical pathways leading to pathogenesis of AD, which
might help researchers in reassessing AD pathogenesis in different perception, thereby
providing novel ideas for identification of therapeutic strategies to combat AD.

202



Biomedicines 2021, 9, 1126

2. APP Processing

2.1. Post-Translational Modification of APP Alters Aβ Production

APP, a type I integral membrane protein is found in both mammalian and non-
mammalian cells. Three members of APP are present in mammals which are APP, the
APP-like protein-1, and 2 (APLP1 and APLP2) [18]. In humans, APP is encoded in the
chromosome arm 21 (21q21.3) with approximately 240 kb size which has 18 exons [19].
The promotor sequence of APP does not have TATA or CAAT boxes but has a sus sequence
where the transcription factors such as SP-1, AP-1, and AP-4 binds to the promotor site and
commences the gene expression [20]. SP1 is a zinc finger protein that binds to the GC rich
region of APP promoter, which facilitates the binding of RNA polymerase II. Recent reports
reveal that binding of lead (Pb2+) on the Zn2+ site of zinc finger 3 of SP1 (SP1-f3) protein
promotes the APP overexpression and it could cause a high chance of amyloidogenesis [21].
The alternative splicing of APP mRNA engenders several isoforms, which vary from 365 to
770 amino acid residues. The Aβ1-42 is embedded in the proteins such as APP695, APP751,
and APP770. The APP mRNA is localized in multiple tissues of the body. However, the
APP695 is predominantly present in neuronal cells and the other two isoforms are expressed
in other tissues [22,23]. Pre-mature APP protein undergoes several post-translational
modifications (PTM) including N- and O- glycosylation, sumoylation, phosphorylation,
ubiquitination, sulfation, and palmitoylation (Figure 1) [24–26]. N- and O- glycosylation
occurs inside the ER, the oligosaccharyltransferases catalyses the N- glycosylation in Asn467
and Asn496 [27]. O- glycosylation is identified in several sites of APP770 including Thr291,
Thr292, Thr576, and Thr353 [28], and Ser597, Ser606, Ser611, Thr616, Thr634, Thr635,
Ser662 and Ser680 [24]. Furthermore, the single β-N-acetylglucosamine (GlcNAc) residue
is added in serine or threonine residue that leads to the formation of O-GalNAcylation,
which plays an important role in non-amyloidogenic processing of APP [29]. In GC, APP
undergoes phosphorylation in 10 residues of both ecto- and cytoplasmic domains, which are
Ser198, Ser206, Tyr653, Tyr682, Tyr687, Ser655, Ser675, Thr654, Thr668 and Thr686 [25,30].
The cytoplasmic Ser655 and Thr654 are phosphorylated by Ca2+/calmodulin-dependent
protein kinase II (CaMKII) [31]. A decreased level of Ser655 phosphorylation and enhanced
level of Thr668 phosphorylation stimulates Aβ generation [25,32]. Tyr682 and Tyr687
phosphorylation have been found in the AD brain but not in a healthy brain, as well as in
APP overexpressed cells [33]. About 10% APP undergoes palmitoylation process in the ER
by the DHHC-7 and DHHC-21 (palmitoyl acyltransferases) at the site of Cys186 and Cys187.
Palmitoylated APP enriched in the lipid rafts where the Beta-Site APP Cleaving Enzyme 1
(BACE-1) level is also higher facilitating the Aβ production. Thus, suppressing the APP
palmitoylation has therapeutic competence against Aβ through targeting both α- and β-
secretase cleavage [26]. The Lys649, Lys 650, Lys651 and Lys688 are the ubiquitination sites
of APP where the attachment of ubiquitin associates in the protein degradation, interaction,
and the trafficking process. In addition, the sumoylation of APP at Lys587 and Lys595
is catalysed by the enzyme small ubiquitin-like modifier 1 and 2 (SUMO-1 and SUMO-2).
Both the ubiquitination and sumoylation process decreases the Aβ level for example
high-level of APP sumoylation reduce the Aβ production [34–36]. The sulfation occurs at
Tyr217 and Tyr262 residues of APP, however the exact sulfation sites and functions are not
completely discovered [37]. On the other hand, the PTMs analysis of AD molecules revealed
citrullination (Arg301), phosphorylation (Ser366, Ser441), and methylation (Lys624, Lys699)
of APP protein [38]. In addition, citrullination (Arg5→Cit) and deamidation (Asn27→Asp)
of Aβ fragments affects the fibrillation rate of Aβ [39]. The physiological function of APP is
still unclear however the overexpression of wild-type APP promotes the cell proliferation,
neurotoxic and neurotrophic protective effects [40]. Overall, the PTM of APP venues, its
bi-directional therapeutics opportunity via enhancing ubiquitination, O-GalNAcylation,
simulation and diminishing phosphorylation and palmitoylation.
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Figure 1. APP processing and Aβ generation: The PTM of APP alters Aβ production. The APP processing by the secretases
(α, γ, β and η) at plasma membrane (PM), mitochondria, ER, lysosome, GC and lipid rafts generate its metabolites notably
Aβ. Aβ undergoes oligomerization and plague formation at extra cellular matrix (ECM) and the ECM Aβ enters the
cytoplasm through direct PM passing and receptor mediated internalization. Intra cellular Aβ accumulation in the cell
organelle impairs its physiological functions.

2.2. APP-Secretases Processing and Aβ Generation

APP is processed by membrane proteases such as α-, β-, γ- and η-secretases. Cleavage
of α- or β-secretases, followed by γ- secretase leads to generation of non-pathological
(by α-secretase) or pathological (by β-secretase) fragments (Figure 1) [41]. α-secretase
is a type of metalloprotease and disintegrin (ADAM) family member. Further, ADAM
9, 10 and 17 has α-secretase activity. ADAM 10 is the primary secretase that cleaves
the APP in neurons. α-secretase resides within the Aβ domain of APP which cleaves
and produces the extracellular soluble APPα (sAPPα) and C-terminal fragment (CTF)-
α-83 or C83 [42]. BACE-1 is a type-I transmembrane aspartyl protease which cleaves
APP at Asp1 or Glu11 sites generating the soluble APPβ (sAPPβ), the CTFβ-99 (C99)
or CTFβ-89 (C89) [43]. A673V mutation in APP exhibits shifts BACE-1 cleavage from
Glu11 to Asp1 site, increasing the level of C99 and C99/C89 ratio [44]. θ-secretase or
BACE-2 is homologous to the BACE-1, which cleaves APP at Phe19 of the Aβ domain and
produces CTF-80. However, BACE-2 transgenic mice did not show Aβ overproduction
and cognitive deficits [45,46]. γ- secretase is a complex protein comprising of PS1 and PS2,
nicastrin, anterior pharynx-defective 1 (APH-1) and presenilin enhancer (PEN-2) subunits.
PS1 and PS2 are the catalytic unit and nicastrin, APH-1 and PEN-2 are the regulatory
units that mainly functions in substrate recognition [47,48]. Several reports reveal that
the γ- secretase activating protein (GSAP) regulates the γ- secretase specificity, which
induce conformational change of PS1 and substrate recognition. GSAP significantly and
selectively elevates the Aβ production without altering γ- secretase normal functions
such as notch cleavage [49–51]. γ- secretase cleaves the C83 and C99 resulting in the
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production of fragments such as P3, varied length of Aβ(38-49), and APP intracellular
domain (AICD) [42]. C89 processing by γ- secretase reveals generation of truncated Aβ11-
40/42 (Aβ’) peptides [52]. In addition, the Aβ from the AD brain exhibits prominent
modifications in N- terminal site of Aβ including truncation (Aβ’), glutamate conversion
to pyroglutamate and isomerization of L-Asp to D-Asp, which results in the loss of N-
terminal charge that turns the peptide more hydrophobic [53]. γ- secretase assay with
recombinant APP-CTFs in human induced pluripotent stem cell (iPSC) or cell-free system
showed elevated level of 42:40 ratio higher in Aβ′ > Aβ > P3 [54]. η-secretase is a membrane-
bound matrix-metalloproteinase such as MT5-MMP, which cleaves APP at 504/505 residue
and generates truncated sAPP-η and CTF-η (C191). ADAM-10, BACE-1 and γ- secretase
involved in CTF-η cleavage produces Aη-α and Aη-β peptides of ECM, ACID into the
cytoplasm. Hippocampal long-term potentiation (LTP) is lowered upon the treatment of
synthetic Aη-α in mice hippocampal slices [55]. About 440 mutations in APP, PS1, and
PS2 were identified to be linked to FAD (https://www.alzforum.org/mutations searched
on 28 August 2021), and several pathogenic research models were developed thereafter.
PS mutations decreased γ-secretase sensitivity, which increases the number of cuts in a
single substrate. γ- secretase cleavage in multiple sites of C99 (γ, ς and ε-sites) generates
intermediate products 43, 45, 46, 48, 49 and 51 amino acids, which were further cleaved
producing final product Aβ40/Aβ42. FAD APP mutations become partially resistant to
the γ- secretase cleavage. The N-terminal APP mutations show subtle effect on γ- secretase
cleavage efficiency and Aβ40/42 specificity. However, the C-terminal APP mutations
show skewed cleavage and aggregation prone Aβ42 specificity [56]. Several Aβ degrading
enzymes (ADEs) were reported which catalysts the proteolytic degradation [57]. Currently,
researchers are focusing on the disease-modifying anti-amyloid therapy targets to alter Aβ

production/aggregation which includes ADEs, BACE-1, PS1, and GSAP (detailed [49,57]).

2.3. Intra-Cellular Aβ

Aβ is observed as an extracellular product of APP, but later the incidences of intracellular
Aβ production were reported. APP is found in several compartments such as ER, trans-Golgi
network (TGN), mitochondrial membranes, endosomes, and lysosomes (Figure 1) [58–60].
In particular, the exosomes play a significant role in transporting the APP and APP-CTF
where the Aβ release could occur wherever the β- and γ- secretases are co-localized within
the exosomes. AD patient’s extracellular vehicles (EVs) or exosomes has increased levels of
cytotoxic Aβ and prion protein (PrP) which get transferred to neighbor neurons that could
serve as a diagnostic and in therapeutic applications [61–63]. The intracellular Aβ liberation
is found in cells with APPSwe but not in the cells with wild type APP [64]. Sortilin-related
receptor 1 (SORL1) plays a critical role in late-onset AD, where it recovers the uncut APP
from the PM through internalization into endosomes [65]. Endosomes are acidic in nature
where the BACE-1 actively interacts with APP and generates Aβ42 [66]. The decreasing in-
tracellular Aβ lead to extracellular plaque formation, and this is evident in Down syndrome
patients [67]. In addition, the reuptake of the extracellular Aβ is found in the cells through
the Aβ interaction with several biomolecules including lipids, proteins, and proteoglycans.
Aβ can instantly aggregate to form lower molecular weight dimers to fibrils that lead to
amyloid plaques in AD brain. In Aβ aggregation, the intermolecular hydrogen bonds of
β-strand of Aβ peptides form the cross-β structural pattern, and the hydrogen-bonded,
parallel β-sheeted Aβ peptides which induce fibril formation in the presence of tissue
transglutaminase (tTg). These Aβ aggregates exhibit toxic effects mostly from dimers itself,
which interrupts learning and memory and LTP [68,69]. It was anticipated that the elevated
amount of Aβ oligomers (AβOs) may be non-specifically conducted through the direct
interaction with negatively charged phospholipid bilayers [70]. Receptor-mediated Aβ in-
ternalization was found in α7 nicotinic acetylcholine receptor (α7nAChR) [71], APOE [72],
formyl peptide receptor-like 1 (FPRL1) [73], NMDA [74] and receptor for advanced glyca-
tion end products (RAGE) [75] receptors. Aβ oligomerization is found intracellularly in
multiple sites of the cell such as plasma, endosomal and lysosomal membranes, and lipid
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rafts [76,77]. The Tg2576 AD model exhibit Aβ dimers which predominantly accumulate
in the lipid rafts along with APOE and p-tau indicating the fact that lipid rafts are the
important interaction site for the above proteins [78]. Recent reports reveal that AβO
directly inhibits the ubiquitin-proteasome system, which is shown in both animals and cell
lines. The proteasome inhibition upon Aβ interaction leads to accumulation of tau protein.
On the other hand, Aβ internalization is also detected in the mitochondria, which interferes
in its function by diminishing the ETC III and IV and reduced oxygen consumption [79].
Christian and his colleagues reported that Aβ42 treatment in mouse neuronal primary
cells and hippocampal slices induced tau phosphorylation (p-tau), while sAPPα treatment
decreased the levels of Aβ42 and p-tau proteins [80]. In addition, the BACE-1 and GSK3β
activities were also observed to be dropped in cell culture and APP-PS animal models,
associated with decline in tau hyperphosphorylation upon treatment with sAPPα [81].
sAPPα activates mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) which results in neurotrophic and neuroprotective activity [82]. The LTP
of transgenic mice is recovered by sAPPα through microglial invasion on the sites of Aβ

deposits, which upregulates insulin-degrading enzymes (IDE) leading to Aβ clearance and
restoration of spatial learning and synaptic plasticity [83].

3. Tau Pathology

Major neuropathological hall mark of AD in addition to senile plaque is the presence
of intra neuronal neurofibrillary tangles composed of hyperphosphorylated tau protein.
Tau protein is a microtubule-associated phosphoprotein (MAP) abundant in axons of the
neurons engaged in boosting the tubulin assembly into microtubules and its stabilization in
the brain [84]. Microtubule associated protein tau gene is encoded by Chromosome 17. Tau
exists in six isoforms (352–445 amino acids) formed by alternate splicing of exon 2, 3 and 10,
which vary by the presence or absence of 29 or 58 amino acids insert in the N-terminal part
and by three or four microtubule binding repeats (3R or 4R) in the C-terminal end. Exon
10 on alternative splicing forms two isoforms, four repeats isoform tau (4R-tau) or three
repeats isoform tau (3R-tau), which play a vital role in microtubule binding [85]. In addition,
examination of healthy adult brain regions shows N-terminal fragments of tau ranging from
40 kDa and 45 kDa and C-terminal fragments of tau ranging from 17 kDa to 25 kDa in the
age group between 18 and 108 years where the truncations of tau at the Asp421 and Glu391
residues are believed to be an aggregation promoting factor of AD [86]. Tau protein consists
of hydrophilic acidic residue rich N-terminal domain, flanked by basic proline rich domain,
microtubule binding domain (MBD) and downstream is the C-terminal domain. In the adult
brain, the tau protein consists of two to three moles of phosphate per mole of the protein,
with a rich source of proline-glycine motifs facilitating the folding of tau protein [87]. Post
translational modification of tau primarily serine/theronine directed phosphorylation
and glycosylation modulates the affinity of tau for microtubules. Phosphorylation of
tau, which starts during brain embryonic development of the fetal brain is comparatively
higher when compared to adult brain [88]. In addition, deamidation (Asn279→Asp279)
of 4R-tau involving degeneration of several brain regions acts as a biomarker for AD
where the deamidated sequence specific antibodies helps to detect the marker protein [89].
A major role of the tau protein is to facilitate assembly of the microtubules and maintain
its structure for normal axoplasmic flow. Assembly of microtubules is dependent on the
extent of phosphorylation, as hyperphosphorylation affects the assembly and stability
of microtubules. In addition to its interaction with tubulin, tau also binds with the SH3
domain of Src family tyrosine kinases revealing its role in cell signalling [90]. Tau protein
plays a putative role in maintaining the stability of chromosomes [91].

3.1. Aβ Peptide Promotes Hyperphosphorylation of Tau Protein

Tau pathology in AD is mainly contributed by the oxidative stress and inflammatory
response induced by Aβ toxicity. Several kinases are engaged in the phosphorylation of tau
protein (p-tau) which includes proline dependent kinases such as glycogen synthase kinase-
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3 (GSK3), dual specificity tyrosine-phosphorylation-regulated kinase 1A/B (Dyrk1A/B),
cyclin-dependent protein kinase-5 (CDK5), and mitogen activated protein kinases (MAPK)
(p38, Erk1/2, and JNK1/2/3); proline independent kinase such as tau-tubulin kinase 1/2
(casein kinase 1α/1δ/1ε/2), microtubule affinity regulating kinases, phosphorylase ki-
nase, cAMP-dependent protein kinase A, C and N, CaMKII and tyrosine protein kinases
such as Src family kinase (SFK) members (Src, Lck, Syk, and Fyn) and Abelson family
kinase members, ABL1 and ABL2 (ARG) which were considered as target sites for AD
therapeutics (Figure 2) [92]. Among the tau specific kinases, GSK3β is the key enzyme in
hyperphosphorylation of tau protein, which phosphorylates at least 15 residues of Tau
protein. In AD, soluble and fibrillar Aβ peptides tend to be more toxic rather than amyloid
plaques. Several pieces of evidence revealed the inter-relationship between Aβ toxicity
and tau pathology, which remains still unclear. One hypothesis proposed that soluble Aβ

binding to α7nAChR irreversibly activates tau specific kinases promoting persistent p-tau
protein at three proline directed sites that enhances tau protein dislocation from axon to
dendrites and synaptic junction, disrupting axon/dendritic transport followed by neu-
rofibrillary lesion, dendritic breakdown leading to neurofibrillary tangles formation [93].
Evidence also revealed that enhanced intracellular Ca2+ due to Aβ induced mitochondrial
dysfunction and ER stress activates caplapin dependent cleavage of P35 and P39 generating
P25 and P29 fragments, which in turn activates Cdk5 followed by activation of GSK3β
leading to hyperphosphorylation of tau protein forming NFT in AD brain as observed in
transgenic animals [94,95]. The enhanced tau phosphorylation is associated with difficulty
in spatial learning in transgenic mice expressing increased GSK3β [96]. King et al., stated
that oxidative stress induces nitration of tyrosine residue in tau protein and disulphide
bridge formation between tau protein facilitates abnormal folding and detachment of tau
from microtubules thereby, promoting aggregation [97]. Transient activation of PKA in
AD induces continuous hyperphosphorylation of tau in both PKA and non-PKA sites
making tau protein more susceptible to successive phosphorylation by GSK3β, revealing
the fact that stimulation of PKA plays a crucial part in the commencement of the AD [98].
Another enzyme, MAP affinity regulating kinase (MARK) also phosphorylates the KxGs
motif present in MBD of tau protein. Although upstream regulation of MARK is not clear,
a recent study revealed that GSK3β activates MARK2 inducing phosphorylation of Ser-262
of tau [99]. In addition, ERK2 activation in neurons also promotes p-tau reducing its ability
to stabilize microtubules [100]. The rate of p-tau depends on the initial phosphorylation site
Ser 396 and Ser 235, following the phosphorylation of predecessor Ser 400 [101], and prime
phosphorylation of Thr 231 [102], which has significant role in modulating the function
of tau protein, i.e., stabilizing the microtubules. In addition to tau phosphorylation, these
kinases are also involved in APP processing also, e.g., GSK3, especially GSK3α, promotes
Aβ formation from APP offering new approach, that inhibition of GSK3α might attenuate
amyloid plaques and NFT formation [103]. CDK5-p25 regulates APP processing leading to
Aβ production by phosphorylating Thr 668 residue of APP. Other factors such as stress
in the ER and life stress also influence p-tau [104]. A recent study reported that increased
expression of P75 neurotrophin receptor (p75NTR) the pan-receptor for Aβ peptide pro-
moted Aβ neurotoxicity by inducing the production of Aβ via endocytosis of APP and
BACE-1, phosphorylation of tau protein via calpain/CDK5 and AKT/GSK3β pathways.
Calpain promotes truncation and activation of GSK3β. The CDK5 activator protein p25
preferentially binds with and activates GSK3β [105]. In vitro studies revealed a cross
talk between the calpain/CDK5 and AKT/GSK3β pathways downstream of Aβ/p75NTR
signalling in the regulation of p-tau levels in AD (Figure 2) [106].

Three major phosphatases PP1, PP2A, PP2B and PP2C play a major role in de-
phosphorylation of tau protein among, which PP2A has predominant role whose activity
is reduced by 30% in the AD brain [107]. As an inhibitor of PP2A, Aβ deposition and estro-
gen deficiency causes phosphorylation of Y307 subunit of PP2A inactivating the protein
ability to dephosphorylate hyperphosphorylated tau protein, which in turn leads to the
NFT formation [108]. Another report revealed that abnormal increase in mitochondrial
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ROS level in Aβ inhibits PP2A and PP5 activating JNK and Erk1/2 pathways leading to
apoptosis of neuronal cells [109]. Bolmont et al. reported that when tau mutant transgenic
mice were intracerebroventricularly administrated with APP transgenic mice brain extract
NFT formation was observed, depicting the fact that Aβ acts as upstream factor of tau
pathology [110]. Another report revealed that Aβ induces upregulation of gene coding for
tyrosine kinase 1A (DYRK1A) promoting hyper-phosphorylation of tau protein, causing
microtubule disassembly. Similarly, the cytotoxicity of Aβ oligomers is promoted by the
tau protein, revealing the fact that Aβ triggers tau pathology, while tau protein intercede
toxicity of the Aβ protein and both acts synergistically, enhancing AD pathology [111,112].
Despite these studies, the connection between the GSK3β and PP2A with Aβ induced
oxidative stress is still elusive. The p-tau and aggregation are also influenced by PTM of
tau including glycosylation, nitration, truncation, acetylation, sumoylation, ubiquitination,
and polyamination.

Figure 2. Signaling of Aβ in memory impairment, tau hyperphosphorylation and cell death in AD: LRP1 receptor facilitates
the Aβ clearances as well activates the FynK. Aβ binding with receptors such as mGluR, NMDAR, AMPAR, EphB2 triggers
the LTD via NMDAR and AMPAR surface removal. In other hand, prolonged activation of NMDAR elevates the intracellular
Ca2+ level which increases caspase 3. The inflammation is induced by the activation of NF-κB upon Aβ mediated activation
of TLR-4, p75NTR and RAGE receptors. The tau hyperphosphorylation is induced by several kinases including GSK3β,
CDK5, JNK, FynK upon Aβ binding with most of the receptors which destabilizes microtubules, forms the NFT and neurotic
plaques. The LTD, NFT, inflammation, increased caspase cascade leads to dendritic spine loss and cell death.

3.2. Molecular Mechanism of p-Tau Mediated Neurodegeneration

In AD brain cytosol, 40% of abnormally hyperphosphorylated tau exists in oligomeric
and nonfilamentous form. Hyperphosphorylated tau forms of PHF in the soma and thread-
like lesion termed as neurophil neuritis found in the grey or white matter and senile plaque
are associated with dystrophic neuritis. The concentration of total tau and p-tau in CSF
determines the stage of AD [113]. Hyperphosphorylated tau not only bind with normal tau
protein promoting self-assembly into PHF, but it also binds with microtubule associated
proteins (MAP1 and MAP2) and actin disrupting the self-assembled microtubules leading
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to zeiosis of cell membrane ultimately causing neurofibrillary degeneration (Figure 2) [114].
Hyperphosphorylated tau is released within the vesicles formed by pinching of destabilized
membrane, which are taken up by the neighboring cells by a process called endocytosis,
thereby sequestering the healthy tau protein to hyperphosphorylated form via its prion
like nature spreading from one neuronal cell to other disrupting its cytoskeletal structure,
organelle destabilization, interrupting protein synthesis ultimately leading to induction
of zeiosis [115]. Extracellular soluble tau is taken up by the healthy neurons through
muscarinic receptor, which play significant role in the neuronal signal transduction [116].
Based on these facts, Morozova et al., reported that uptake of hyperphosphorylated tau via
muscarinic receptor, in addition to endocytosis, also translocates into the nucleus, alters the
protein expression, move to synapse, and impairs the mitochondrial function [117]. As the
level of phosphorylated tau increases in neurons with disease progression, it disrupts
the microtubule stability and damages the cytoskeletal components triggering neurode-
generation [118]. Pathways involved in removal of damaged, misfolded, and aggregated
protein are the ubiquitin-proteasome and autophagy lysosomal pathways. The brains of
AD patients were characterized by accumulation of polyubiquitylated tau proteins with
reduced proteasome activity. The proteasome activity reflects the amount of PHF in AD
brain and its activity is inhibited by the hyperphosphorylation of tau protein illustrating
the fact that hyperphosphorylation and proteasome inhibition are inter-related [119].

4. Aβ in Mitochondria Dysfunction

The central nervous system has high metabolic demand which is met by the abun-
dant mitochondria present in the neurons. Mitochondria regulate the life and death
cycle through various cellular regulatory process such as ATP production, maintaining
intracellular Ca2+ homeostasis, reactive oxygen species production, detoxification and
apoptosis [120]. Mitochondria generates ROS such as superoxide (O2

−), hydroxyl radical
(OH), and hydrogen peroxide (H2O2) which are counterbalanced by the antioxidants such
as super oxide dismutase, catalase, glutathione peroxidase (GPX), glutathione reductase
(GR) and sirtuins (mammalian class III histone deacetylases) [121,122]. Imbalance in the
proxidant and antioxidant level leads to protein oxidation, lipid peroxidation and DNA
damage altering the mitochondrial membrane potential, disturbing Ca2+ homeostasis,
enhancing cytochrome C ultimately leading to apoptosis. Sirtuins (Sirt) in the mitochon-
dria of neurons regulates the transcription and antioxidant enzymes (SOD2 and catalases)
activities. Sirt1 regulates the peroxisome proliferator-activated receptor-gamma coactiva-
tor1 alpha (PGC-1α), APP metabolism and Aβ level [123]. Sirt3 play an important role in
8-oxoguanidine DNA glycosylase 1 (OGG1) stabilization and deacetylation, promoting
mtDNA repair via nuclear enzyme. Aβ-induced reduction in Sirt1 and Sirt3, upregulates
the tau level and acetylation [124,125]. The dynamin-related protein 1 (Drp1), mitofusins1
and 2 (Mfn1 and Mfn2) and optical atrophy 1 (Opa1) are the key fission/fusion proteins that
regulates the mitochondrial dynamics via maintaining the assembly and stability of ECT
super-complex structure, altering mitochondrial structure and distribution of mitochondria
throughout the neurons [126].

Mitochondrial Dysfunction by Aβ

Mitochondrial dysfunction was found in the post-mortem brain samples of AD pa-
tients and their platelets, AD transgenic mice and in-vitro over expressed mutant APP
or external Aβ treatment [127–130]. Post-mortem brain samples of the AD patients ex-
hibit an elevated level of oxidative damage, increased mtDNA and cytochrome oxidase
in neuronal cytoplasm, which indicates accumulation of mitochondrial products upon
degradation [128]. The glucose metabolism of the AD patient’s brain is down-regulated,
and the late-onset AD brain showed reduced mitochondrial membrane potential through
metabolic shift from mitochondrial oxidative system to glycolysis [129,130]. EOAD pa-
tient’s mRNA investigation revealed down-regulation of complex I and upregulation of
complexes III and IV of ETC when compared to normal subjects indicating the highest
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demand in energy production [131]. AD patient platelets isolated and fused with human
neuroblastoma (SH-SY5Y) and teratocarcinoma (NT2) cells showed reduced endogenous
mtDNA. These cells showed elevated Aβ production along with mitochondrial dysfunction
with lower cytochrome oxidase activity, higher free radical generation, reduced mitochon-
drial membrane potential and altered calcium homeostasis [127]. The transgenic mice
models such as APPswe/Lon and double transgenic APP/PS1 showed reduction in the
mitochondrial chaperon hsp70, reduced glucose metabolism, impaired Cu/Zn SOD activ-
ity, decreased mitochondrial membrane potential and ATP level, increased mitochondrial
permeability transition, a decline in respiratory function, and increased mitochondrial
oxidative stress [132–134]. Overexpression of APPSwe on PC12 cells depicts increased
level of oxidative stress and mitochondrial dysfunction mediated by various caspases
and the stress-activated protein kinase pathway, elevated level of ROS, reduced ATP
generation [135,136]. In addition, APPSwe MC17 cells exhibited elevated level of Aβ pro-
duction, which causes the imbalance in the mitochondrial fission/fusion protein where
the dynamin-like protein 1 (DLP1) and OPA1 levels are decreased and the Fis1 level is
enhanced. These changes results in mitochondrial fragmentation which promotes mito-
chondrial and neuronal dysfunction [137]. Expression of transcription genes (anti-oxidative
and mitochondria-related proteins) in AβO treated BV2 (glial) and SH-SY5Y (neuronal)
cells, transgenic mice (Tg-AD), and human AD brain revealed enhanced expression of
Sod2, Dnm1l, Bcl2 genes and reduction of Gpx4, Sirt1, Sirt3, mt-Nd1, Sdha and Mfn2
genes. In addition, reduction in cell viability was observed with enhanced ROS production
and impaired MMP Tg-AD mice showed significant down-regulation of Sirt1, Mfn1 and
mt-Nd1 and upregulation of Dnm1l. In addition, the human AD brain showed alteration
in microRNA pattern, which is responsible for the reduced Sirt1 expression [138]. SIRT1
activates the transcription of PGC-1α, which improves the antioxidant capacity inducing
the expression of SOD and GPX in cells. Reduction in PGC-1α causes impairment in mito-
chondrial biogenesis, the one-month aged AD mice showed no significant AβO deposition
with elevated PGC-1α, whereas the six months old AD mice exhibited the high level of
AβO deposition with significant reduction in PGC-1α [139].

APP has a binding motif for TOM40 that impairs the routine function of mitochondria,
the APP binding with TOM40 impedes the COX (IV and Vb) transportation, which results
in diminished COX activity and increased ROS production [140]. Mitochondria-associated
ER membrane is a communication point between the ER and mitochondria.

Mitochondria-associated membrane (MAM) play a crucial role in calcium transport,
phospholipids synthesis and mitochondrial fission–fusion dynamics. Remarkably, MAM
has enhanced the level of C99 and γ- secretase where the Aβ is generated via amyloido-
genic pathway [58,141]. In addition, the C99 accumulation at MAM activates sphingomyeli-
nase that generates ceramides, which leads to inhibition of mitochondrial respiration and
apoptosis [142,143]. Further, the Aβ co-localization is found with the complex II of the
mitochondrial ETC, which indicates that the Aβ pass the outer and inner membranes of the
mitochondria [144]. Hansson Petersen et al. studied the import mechanism of Aβ into the
mitochondria using immunohistochemistry, immunoblotting, immunoelectron microscopy
and flow cytometry techniques [145]. Decline in Aβ transportation was observed in mito-
chondria exposed to antibodies towards mitochondrial receptors Tom20 or Tom70, or the
general mitochondrial import pore of the outer membrane Tom40, indicating the fact that
Aβ gets into mitochondria via the TOM40 complex, which translocate Aβ into the inner
membrane via TIM22 complex. Aβ interacts with different mitochondrial proteins upon
entry into the matrix including amyloid binding alcohol dehydrogenase (ABAD), Complex
V and cyclophilin D. Complex V of ETC produces ATP, when Aβ interacts with Complex V
α-subunit disturbing its energy production (Figure 3). Alcohol dehydrogenase catalyses the
reduction of nicotinamide adenine dinucleotide (NAD) to NADH. ABAD has a direct link
with the Aβ to mitochondrial toxicity, the crystal structure of Aβ bound ABAD shows the
deformation of active site that affects the NAD binding. ABAD over expressed mice in Aβ

enriched environment reveal elevated oxidative stress and impaired memory [146]. Com-

210



Biomedicines 2021, 9, 1126

plex V is regulated by the addition of O-linked N-acetylglucosamine (O-GlcNAcylation)
which is catalysed by O-GlcNAc transferase, Aβ interrupt the binding between ATP5A
and O-GlcNAc transferase [147]. The mitochondrial permeability transition pore (mPTP)
regulates the apoptotic pathway via Ca2+ and apoptotic signalling molecules from the
matrix [148]. The Ca2+ enters the mitochondria through either mitochondrial membrane
Ca2+ uniporter (MCU) or voltage-dependent anion channel (VDAC) which results in un-
locking the mPTP and generates the ROS [149]. The mPTP is regulated by the Cyclophilin
D, the interaction of Aβ with Cyclophilin D inhibits Cyclophilin D leaving the mPTP pore
open [150]. Further, the specific loss of oligomycin sensitivity conferring protein (OSCP), a
subunit of Complex V upon interaction with Aβ results in mPTP activation, decreased ATP
production, and increased oxidative stress (Figure 3) [151]. The oligomeric Aβ treatment
showed an entry of extracellular calcium into the mitochondria, which causes the mitochon-
drial mediated apoptosis via opening the mPTP channels and releasing the cytochrome
C [152]. Cym1/PreP proteasome degrades the pre-sequence of the protein and Aβ peptides.
In oxidizing condition, the Cys527 and Cys90 can form a disulphide bridge that results in
PreP inactivation elevating the amount of Aβ in mitochondria. Aβ inhibits the degradation
of pre-sequence peptides, which results in the dysfunction of preprotein processing leading
to imbalanced organellar proteome and multiple mitochondrial defects including reduced
membrane potential, oxygen conception and increased ROS [153,154]. Aβ exposed brain
vascular endothelial cells show increased level of inter mitochondrial calcium (Ca2+) and
reduced cytosolic Ca2+ resulting in enhanced amount of oxygen conception, higher ATP
production and increased ROS generation, which in turn contribute to cerebrovascular
dysfunction [155].

Figure 3. Mechanism of Aβ induced mitochondrial dysfunction: Aβ enters the mitochondria (MT) through the TOM40 and
TIM 23 complex. Aβ interacts with the Aβ-binding alcohol dehydrogenase (ABAD), Cyclophilin D and electron transport
complexes (ETC) (C2, C3 and C5) which enhance the ROS production, Cytochrome C liberation, ROS mediated MT-DNA
damage, MT impairment and mPTP opening where CytC exported to the cytoplasm. In addition, MAM bound APP
fragment (C99) activates ceramides that inhibits the ETC.
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5. Aβ in ER Stress

The ER is a functional organelle that coordinates the proteostasis of the eukaryotic cells
including protein biosynthesis, folding, assembly, trafficking, and ruining. Accurate protein
folding according to intracellular or extracellular signal is crucial for normal cell survival
and physiological functions [156]. The ER maintains the Ca2+ homeostasis, where the lumen
of the ER has the utmost level of Ca2+ ions within the cell via the active transportation of
Ca2+ through Ca2+ ATPase channel [157]. Ca2+ plays a vital in the processing and folding
of new-born proteins, since these mechanisms are strictly Ca2+ dependent so high Ca2+

level is required for the proper functioning [158]. Any disruption in ER function such as
dysregulation of Ca2+ homeostasis, inhibition of PTM and hypoxia heaps the accumulation
of unfolded or misfolded proteins, which leads to the ER stress due to the huge unwanted
protein load and the long-term accumulation of these proteins induce the cell damage [159].
To decrease the unfolded protein level, the cells activate several cellular systems including
UPR and ERAD, which protects the cells against the toxic proteins that augments the ER
capacity and quality control [160].

ER Dysfunction by Aβ

Several lines of evidence including cultured cells, animals and human brain slices re-
veal the relationship between the ER stress and Aβ. The most widely proposed connection
is Ca2+ where the Aβ induced Ca2+ dysregulation triggers the ER stress mediated cell death.
Analysis of AD brain revealed proteostasis dysfunction, Ca2+ dysregulation, and elevated
level of molecular chaperones such as heat shock protein-27 (HSP27) and 78-kDa glucose-
regulated protein or binding immunoglobulin protein (GRP78/BiP), the characteristic
features of ER stress [161,162]. Interestingly, the FAD mutations in PS1 and PS2, and Aβ

triggers inositol 1,4,5-trisphosphate receptor (IP3R) and ryanodine receptor (RyR) pro-
moting release of Ca2+ ions from the ER, the early pathogenic sign in AD [163,164]. The
detrimental role of Aβ is broadly studied in neuronal cells where the AβO increases the
Ca2+ influx into the cells via stimulation of NMDA receptor (Figure 4) [165]. However,
in cortical neurons, Aβ treatment prompted Ca2+ discharge from ER into the cytoplasm
via IP3R and RyR, provoking ROS production, which in turn disrupts MMP enhanc-
ing the release of cytochrome C eventually leading to caspase-mediated apoptosis [166].
The crosstalk between the ER and mitochondria via MAMs play a significant role in the
induction of apoptosis. The MAM, Mfn2 dimers restrains the tight junction between
both the organelles. Sigma-1 receptor (Sig-1R) recognizes the ER-IP3R released Ca2+ con-
centrations facilitating its diffusion into the mitochondria [167]. During ER stress, the
adaptive response from ER stimulates the increased mitochondrial metabolism and energy
production. However, the maladaptive response from the ER impairs the mitochondria
progression and triggers the cell death signalling which is directly proportional to the level
of Ca2+ exchange between the two organelles [168,169]. The excessive ER Ca2+ discharge
promotes the rapid accumulation of the toxic proteins including unfolded and misfolded
proteins that leads to activation of UPR signalling. PERK activation and its signalling are
engaged in the cognitive impairment of AD mice, where the increased p-eIF2α reduces the
global protein synthesis inducing synaptic dysfunction and neurodegeneration. However,
several reports suggest that Aβ treatment promotes ER stress. The APP/PS1 transgenic
mice and Aβ treated SH-SY5Y cells showed enhanced level of GRP78, p-eIF2α, p-PERK,
CHOP, and ATF-6 [170,171]. The E693Δ mutation in APP expresses high level of AβO,
not fibrillation provoking ER stress and TGC dysfunction in cultured cells [172]. In the
drosophila AD model, expression of XBP1 decreases the Aβ neurotoxicity where it in-
hibits the Aβ mediated overloading of the Ca2+ in the cytoplasm [173]. Multiple pieces
of evidence reveal IRE1 mediated neurodegeneration in AD. IRE1 interaction with PS1
activates the proapoptotic pathway via JNK. A high level of JNK3 and phosphorylated
JNK is observed in the post-mortem brain samples and cerebrospinal fluid (CSF) of AD
patients, which is correlated with the Aβ42 levels [174]. A mechanism postulated that the
IRE1 activates proapoptotic signaling via forming a complex between tumor necrosis factor
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receptor-associated factor 2 (TRAF2) and apoptosis signal-regulating kinase 1 (ASK1) that
activates the various proteins and signalling pathways including NF-κB, JNK, caspase-12
and p38MAPK mediated CHOP [175–177]. Analysis of AD mice brain (Tg2576) samples
reveal a substantial increase in the level XBP1 mRNA splicing in comparison with the age
matched controls. The elevated level of XBP1 induces activation of CHOP, caspase cascade
including caspase-3, 4 and 12 which pave the way to cell death [178]. The pathogenic role of
IRE1-XBP1 is validated in various samples including the AD human tissue, IRE1 knockout
(IRE1cKO) 5xFAD mice and XBP1 silenced Neuro2A cells. The human AD brains samples
showed enhanced levels of p-IRE1 and spiced XBP1, whereas the healthy control brain
samples reveal lower or undetectable levels of p-IRE1 and spiced XBP1. The IRE1cKO-
5xFAD mice exhibits the characteristic of at least 50% reductions in the levels of the APP,
Aβ monomers and Aβ plaques with improved learning and memory, and restoration of
LTP in comparison with 5xFAD control. The level of APP is dramatically declined in the
IRE1cKO-5xFAD mice, but not APP mRNA, which suggests that UPR controls the APP
at post-translational level. Similarly, the XBP1 over expressed cells show increased APP
expression, which is attenuated in the XBP1 silenced cells. Overall, XBP1 further elevates
the expression of APP and production Aβ which facilitates the neurodegeneration by the
maladaptive UPR (Figure 4) [179].

Bundles of literature evidence reveal relationship between the Aβ and ubiquitin-
proteasome system (UPS). The E3 enzyme performs an important role in the ubiquitination
process, which connects the Ub substrate protein and proteasome. The enzymes Parkin,
HRD1 and UCHL-1 regulates the ERAD mechanisms including ubiquitination, ER mem-
brane translocation, and proteasomal degradation [180]. The hippocampal and cortex
regions of the AD patient showed co-residents of Aβ and parkin, which suggest that
the parkin ubiquitinates the Aβ. However, the parkin over expressed AD mice showed
Aβ-parkin ubiquitination, but the parkins expression was downregulated, and increased
extra cellular plaque formation was observed, which indicates that the Ub-Aβ suppresses
the parkins activity [181]. In the AD patient brain, the mRNA and protein expression
studies revealed that the level of HRD1 is drastically decreased in comparison with healthy
brain. Moreover, the biochemical analysis of Aβ is significantly increased in AD brain,
which correlates with the HRD1 expression. On the other hand, the HRD1 over expressed
SHSY5Y cells exhibits decreased expression of APP and Aβ production inside the ER.
The immunocytochemistry analysis expresses that colocalization of HRD1 with APP in
proline-rich sites promotes ubiquitination and degradation. The mutant and wild type
HRD1 expressed HEK293 cells alters the APP ubiquitination, the wildtype HRD1 promotes
the APP degradation whereas the mutant HRD1 elevates the APP expression and Aβ gener-
ation [35]. The UCHL-1 is a deubiquitinating enzyme that maintains the cellular ubiquitin
process. In AD transgenic mice, downregulation of UCHL-1 was observed which, impaired
the expression of BDNF/TrkB. Similarly, the Aβ treated cortical or hippocampal neurons
showed downregulation of BDNF trafficking and signaling (including ERK5 activation
and CREB-dependent gene regulation) due to the decreased level of UCHL-1, which was
reversed by overexpression of UCHL-1 [182]. A report reveals that Aβ diffuses into the cy-
toplasm from the lumen of the ER where the Aβ is ruined by the proteasome and IDE [183].
In contrast, the proteasome inhibition by lactacystin decreases the Aβ degradation in the
primary cortical and astrocyte cells. In addition, alteration in the ubiquitin-proteasome
leads to the unusual accumulation of Aβ (Figure 4) [184]. The AD brain shows increased
accumulation of Ub-protein complex, which results in proteasomal dysfunction induced by
Aβ. It is hypothesised that the Aβ get into the active site of 20S proteasome subunits and in-
hibits its chymotrypsin-like activity. Further, Aβ aggregates acts as a competitive substrate
of the chymotrypsin-like activity of 20S proteasome where the proteasomal functions get
impaired elevating the level of AβO in the AD patients (Figure 4) [185]. On the other hand,
the membralin is an ER protein with predicted transmembrane loops and does not have
any domains. A recent genome wide association approach revealed that a 500bp single
nucleotide polymorphism is linked with LOAD. Interactome network analysis discovers
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that the membralin is an ERAD component that retains homeostasis by degradation of
membrane and pathological substrates including nicastrin [186]. However, the mRNA and
protein expression of membralin is reduced in AD brain, where significant enhancement of
γ-secretase activity was observed. The membralin shRNA treated mice brain and N2a cells
showed downregulation of membralin in dentate gyrus region and elevated level of CHOP
and XBP1. In addition, a significant rise in the amount of nicastrin and Aβ plaque load
was noted [187].

 

Figure 4. The molecular mechanisms of Aβ prompted ER, GC and Lysosome dysfunction: Aβ induces the ER stress via
increasing Ca2+ outflux from ER through IP3R and RyR which accelerates the apoptosis via mitochondrial Cyt C release.
The maladaptive UPR signalling in ER is facilitated via PERR, IRE1 receptors where the cells undergo apoptosis and
inflammation. Aβ interacts with 20S proteosome and inhibits its functions such as degradation of the unfolded proteins.
ATF6 is transported and processed in GC which acts as a transcription factor, transcribes the genes related to ERAD and
XBP1. GC fragmentation is induced by the activation of several kinases which phosphorylates the GRASP65 and GM130.
Autophagy and lysosome gene transcription is impeded via TFEB inhibition. On the other hand, the autophagy elongation
is perturbed, as well as inhibition of autophagosome/endophagosome fusion with lysosome enhances its accumulation
which drives cell death. In addition, Aβ ruptures the lysosome membrane, deacidify the niche and inhibits its hydrolases.
All together the stress recovery mechanism is completely affected by the Aβ.

6. Autophagy/Lysosomal Dysfunction

6.1. Autophagy Physiology

The cells undergo clearance of damaged organelles and unwanted protein aggre-
gates via lysosome mediated degradation termed as autophagy. Autophagy supports the
organelles to regulate its homeostasis and maintains the cellular nutrient level. Based
on consignment transport the autophagy is broadly divided into three distinct groups
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such as micro-autophagy, chaperone-mediated autophagy (CMA), and macro-autophagy.
Micro-autophagy involves direct invagination of the cytoplasmic portion by the lysosomes
for degradation. CMA deals with the specific KFERQ sequence of the cytoplasmic proteins
targeted by the Hsc 70 and its co-chaperones where this complex is transported to the
lumen of the lysosome via membrane receptor lysosome associated membrane protein
type 2A (LAMP-2A) for degradation. The p38-MAPK regulates the CMA process via phos-
phorylation and activation of LAMP-2A where inhibition of MAPK specifically inhibits
the CMA [188,189]. Macro-autophagy (here referred as autophagy) is regulated in three
steps, nucleation, elongation, and lysosomal degradation. In brief, autophagy nucleation
is required for the Atg1/Unc-51-like kinase (ULK) complex to recruit the crucial proteins
for autophagosome formation. Autophagy initiation is controlled by phosphorylation of
ULK1 by the mammalian target of rapamycin complex 1 (mTORC1). Under nutrients rich
condition the mTORC1 is recruited to lysosome membrane by Rag complex where the
mTORC is activated by GTP-bound Rheb. The activated mTORC1 phosphorylates the
ULK1 at Ser757, which suppresses the autophagy initiation as well as the transcription
factor EB (TFEB). Under stress, mTORC1 becomes inactivated that results in activation of
TFEB and AMPK mediated by galectins. The galectins interaction with the Rag complex
inactivates the mTORC1 upon dissociation where the activated TFEB translocate into nu-
cleus and activates the autophagy and lysosomal genes. In addition, AMPK activation
phosphorylates the ULK1, which further phosphorylates the proteins FAK family kinase
interacting protein of 200 kDa (FIP200) and the autophagy-related proteins ATG13 and
ATG101. Further, ULK1 activates beclin1-vacuolar protein sorting 34 (VSP34) complex,
which works as a Class III phosphatidylinositol 3-kinase (PI3KCIII) to generate phos-
phatidylinositol 3-phosphate (PI3P) that hires its binding proteins for the phagophore
nucleation. The phagophore elongation depends on either ATG8 (LC3 and GABARAP)
or ATG12 (ATG12 and ATG5) ubiquitin-like conjugation systems. The E1 (ATG7) and E2
(ATG10) ubiquitin ligases conjugates the ATG12 and ATG5, further ATG12-ATG5 binds to
the ATG16L1 which primes the recruitment of microtubule associated proteins LC3. The
ATG5-ATG12- ATG16L1 complex produces LC3-II that helps the extension and closure
of the phagophore to become mature autophagosome. At last, the lysosome fusion with
the autophagosome takes place where the lysosome hydrolases digest the contents of the
autophagosome [190,191].

6.2. Autophagy Impairment by Aβ

Several lines of evidence prove that autophagy impairment plays a vital role in the
neurodegeneration. In the AD brain, the abundant accumulation of autophagic vacuoles
(AVs) in dystrophic dendrites illustrates impaired AVs maturation (Figure 4). Subsequently,
the AVs act as a reservoir for Aβ, the purified AVs are enriched with β-CTF (C99) together
with the components of γ- secretase. Further, the genesis of AD specific EVs containing
MHC class-type markers where the disruption of autophagic proteins such as GABARAP
and LAMP1 are the symptomatic appearance of AD patients which aids the AD clinical
diagnostics and treatment [192]. In addition, the rapamycin-induced mTOR inhibition
activates the autophagy where the γ- secretase complex translocates predominantly from
the endosomes to AV [193,194]. Fedeli et al. uncovered that PS2 mutations impair au-
tophagy through clogging the autophagosome-lysosome fusion process, which due to
the lessened recruitment of GTPase RAB7 to autophagosome and altered Ca2+ homeosta-
sis [195]. Beclin-1- an autophagy regulating protein is diminished in AD patients. Baclin-1
deleted mice exhibited reduction in autophagy and impaired lysosome, thereby accelerat-
ing intra-neuronal Aβ accumulation [196]. Beclin-1 stimulates degradation of the PM-APP
and its metabolites via endosomes and endo-lysosome which is negatively regulated by
AKT [197]. Autophagic proteins such as ATG5, ATG 12, and LC3 were discovered in associ-
ation with the Aβ plaque in AD cells [198]. In the drosophila model, the ATG1, ATG8a, and
ATG18 were downregulated depending on the age, subsequently the autophagy induction
is decreased with increase in Aβ production [199]. Accretion of mutant APP and Aβ in
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the hippocampus cells of APP mice explicates the decreased level of autophagy protein
(ATG5, LC3BL1, and LC3BII) [200]. The LC3-II is ambiguously increased along with ac-
cumulated Aβ, which indicates the induction of autophagy, whereas LC3-II lysosomal
degradation is hindered. A prenylated protein Rab7 is vital for autophagy progression,
which colocalizes with LC3-II, though the Aβ treatment has dropped its colocalization
with LC3-II (Figure 4) [201]. Further, Aβ disturbs the functions of the dynein and kinesin
which are essential for the axonal anterograde and retrograde transportation. Aβ within
the AVs competitively impedes the pairing of dynein and snapin, and its complex, which is
necessary for AVs cargo transportation towards the perinuclear space for lysosomal degra-
dation. Aβ precisely interacts with the dynein, axonemal, intermediate chain (DNAIC)
which clogs the organization of dynein-snapin motor-adaptor complexes [202,203]. Like-
wise, the dynein subunit dynactin-P50 expression is downregulated in AD brain with
APOE mutations and the dynactin-P50 colocalized with Aβ plaques [204]. AβO inhibits
the bidirectional axonal transport via the endogenous activation of casein kinase 2 (CK2)
which is reversed by CK2 inhibitors. Both AβO and CK2 enhance the phosphorylation of
kinesin-1 light chains (LLCs) which causes the kinesin-1 liberation from vesicular loads
that perturb the fast-axonal transport [202]. Autophagy is transcriptionally regulated by
the NRF2 (nuclear factor, erythroid 2 like 2) where it activates autophagic genes. NRF2
deficient mice along with APPV717 and MAPTP301L mutations exhibit elevated levels of
APPV717 and MAPTP301L proteins and the expression P62, NDP52, ULK1, ATG5 and
GABARAPL1 is reduced [205]. The reverse translational studies (man to mice) revealed
that the NRF2 deficiency increases the p-tau and AβO, which renders significant rise in
oxidative and inflammatory stress [206]. Furthermore, the increased BACE1 and mRNA
stabilizing antisense (BACE-1-AS) is silenced by NRF2 by linking with antioxidant re-
sponse elements, whereas the NRF2 deficiency upregulates the BACE-1 and BACE-1-AS
expression and Aβ generation thereby enhancing the cognitive impairment [207]. Overall,
the data suggest that the activation of NRF2 may act as a potential therapeutic target to
reduce AD pathogenesis.

Lysosome plays a key role in maintaining the protein homeostasis of a cell where
proteins are degraded in the heterogeneous compartments, the autolysososme or endolyso-
some. Several lines of evidence prove the lysosomal proteolytic failure could potentially
cause the accumulation of intermediate autophagy compartments autophagososmes, au-
tolysosome and AVs in the neurons [193]. Mutations in PS1 or deletion of PS1 aggravate
the autophagy pathology. Apart from participating in γ-secretase complex, the PS1 is in-
volved in lysosome acidification and accelerates the autophagosome-lysosome fusion [208].
The reports explore that PS1 acts as a chaperon for v-ATPase (vacuolar ATPase) where
it mediates N-glycosylation of V0a1 subunit which facilitates the lysosomal acidification
through pumping the protons whereas the PS1-/- impairs the lysosomal acidification [209].
Coen et al., postulated an alternative hypothesis that the PS1-/- cells exhibit the lysosomal
Ca2+ efflux which may impair the lysosomal fusion capacity [210]. Immunogold electron
microscopy studies reveal the coresidents of mature nicastrin, PS-1, and APP with lyso-
somal associated membrane protein-1 (cAMP-1) in lysosomal membrane where the Aβ

production occurs within the lysosome [57]. The intracellular Aβ is unaffected by proteases
which last at least 48 h in the cultured neuron. Aβ exposure in neuronal cells evokes the
oxidative stress which disrupts the membrane proton gradient via damaging the lysosomal
membrane which is blocked by treatment with either methylamine or n-propyl gallate
that prevents the lysosomal leakage [211]. Several reports showed that the function of
lysosomal enzymes was diminished in the AD patients impairing the toxic Aβ clearance
and autophagic functions (Figure 4) [212]. The acidic environment accelerates the lyso-
somal enzyme activity, failure of which leads to protein clearance deficiency. A master
protein TFEB regulates the functions of autophagy and lysosomes via manifesting the
lysosomal enzymes and producing the membrane proteins upon translocating to the nu-
cleus. Further, osteopetrosis-associated transmembrane protein 1 (OSTM1) in collaboration
with chloride channel 7 (CLCN7) controls the lysosomal pH and Aβ clearance, which is
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closely regulated by the nucleus translocation of the TFEB. Aβ treated microglial cells
showed dose dependent nuclear diminution of TFEB, with parallel increase in cytoplasm.
Similarly, OSTM1 expression was significantly downregulated along with poor lysosome
acidification, which suggest that inhibition of the TFEB nuclear translocation mediates the
lysosomal dysfunction [213]. A lysosomal aspartic protease, Cathepsin D is responsible for
the degradation of aged and toxic proteins including Aβ. Cathepsin D zymogen is activated
in an acidic compartment by cleaving the pro-peptide. Cathepsin D is highly expressed in
the AD brain as an initial event. APP-C99 impairs the lysosomal functions by increasing
the lysosomal pH and inactivating the cathepsin D and other hydrolases, while silencing
APP or inhibiting BACE-1 rescues the cathepsin functions [214]. Aβ treated neuroblastoma
cells exhibit cellular alterations as observed in AD such as external administration of Aβ

was initially detected in the clathrin-positive organelles, and later in lysosomes. Further,
cellular Aβ uptake facilitates the formation of autophagosome and destruction of lysosomal
membranes, leaking its contents into the cytoplasm. Notably, the cells showed enhanced
autophagosomes invagination in the nuclear envelopes, which showed the connection
between autophagosomes accumulation and cell death [215]. Gowrishanker et al. demon-
strated that Aβ accumulated vesicles is dwelled within the swollen axons of the neurons,
where the LAMP1 staining explores the recruitment of LAMP1 by autophagosome fused
late endosome for maturation to lysosomes. These lysosomes have Aβ plaques within its
compartment where it contains very lower concentrations of cathepsins B, D, and L (as well
as AEP) than the lysosomes present in the soma of a cell. Further, the enhanced BACE1
expression within the swollen axons indicates that the defective axonal lysosome transport
and maturation might boost up the Aβ production [216].

7. Aβ-Accelerated Golgi Fragmentation

7.1. APP Processing in GC

GC is a warehouse of cells where the lipids and proteins are processed and sorted
as well as transported to various destinations. In addition, GC is playing a vital role in
ion homeostasis, apoptosis, and stress sensing in mammals. GC is assembled with closely
connected parallel cisterna known as Golgi stacks which are laterally associated by tubules
forming a continuous ribbon that helps for the protein processing and transporting to
its targets. The Golgi stacks has two distinct sides, cis- and trans-, where the cis-Golgi
network located near ER for the entry and processing of substances and TGN is inhabited
near the PM to deliver the products to its destination. This transportation amongst these
organelles is mediated by the coat vesicles. GC plays an important role in processing the
synthesized APP and BACE-1 and transportation through the secretory pathway. Tan et al.
discovered the transportation route of BACE-1 which is different from APP transportation.
In primary neurons and HeLa cells, BACE-1 transportation is facilitated by the AP-1 and
Arf1/4 dependent manner, as well as BACE-1, which is recycled through the endosomal
pathway. Inhibition of BACE-1 transportation increases the amyloidogenic cleavage of
APP and Aβ production [217]. On other hand, the APP transportation is facilitated via
recruitment of Arl5b-AP4 but not AP-1 to the GC. The perturbation in either Arl5b/AP4
raises the APP accumulation but not BACE-1 which indicates the diverted transportation
of APP and BACE-1 [218]. Despite the literature proving that APP processing occurs in the
endosomes, Choy et al. investigated the post-endocytic trafficking events in Aβ through
the RNAi technique. HRS and TSG101 reduction present the APP at early endosomes
and reduces the Aβ production. In opposition, diminution of CHMP6 and VPS4 rerouted
the APP from endosome to GC for APP processing; where VSP35 mediated retrograde
transport is needed for Aβ production. It has been suggested that the GC may be one of
the intracellular sites for Aβ production [59].

7.2. Golgi Fragmentation by Aβ

The Golgi stack and ribbon organization are maintained by a complex molecular
system such as Golgi matrix proteins (GRASP55, GASP65, GM130, Golgin-45, Golgin-84,
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Golgin-160), tethering proteins (p115/SNARE protein), microtubule related motor proteins,
signaling proteins and proteins related to pH and Ca2+ homeostasis [219]. Under physio-
logical conditions, the Golgi fragmentation is crucial to begin the mitosis, which is a highly
organized process. Several kinases such as Cdc2, GSK3β, RAF/MEK1/ERK1c, Plk1, and
Plk3 phosphorylates number of Golgi proteins, which facilitate the Golgi dispersion for
mitosis. After cytokinesis, the fragmented Golgi reunites and serves its normal functions.
However, under the pathological conditions such as apoptosis, the Golgi fragmentation
is irreversible due to the caspase-mediated proteolytic cleavage of several Golgi proteins
including golgin, t-SNARE syntaxin 5 and GRASP-65 [220]. Notably, many neurodegen-
erative diseases such as Alzheimer’s and Parkinson’s exhibit the Golgi fragmentation
as a common hallmark. However, the Golgi fragmentation in neurodegeneration is an
earlier irreversible process, which triggers the apoptosis. Several reports from both AD
patients and animal models depict the Golgi fragmentation as a consequence of ER stress
and oxidative/nitrosative insults or excitotoxins. In the AD brain, Aβ deposition alters
the morphology of GC by dropping the mitochondrial membrane potential and release
of cytochrome c in the cytoplasm. The immunogold-electron microscopic studies on AD
mice (APP-PS1) model and Aβ-treated BV-2 cells showed Golgi cisternae fragmentation
mediated by the COPI depletion which affects the intra-Golgi transport through Aβ depo-
sition [221]. The Golgi morphological defects were observed in both AD animal and cells
models such as Golgi fragmentation. The GC of AD mice (APPSwe/PS1ΔE9) hippocampal
and cortical tissues were fragmented with swollen cisternae, but in wild type mice normal
ribbon-like organization was observed [222]. Similarly, APPSwe/PS1ΔE9 overexpressed
CHO cells reveal Golgi fragmentation, which decreases the APP trafficking and increases
the Aβ production [222].

The molecular view of Aβ mediated Golgi fragmentation is reported by Joshi et al.
where the AD mice and APPswe/PS1ΔE9 transfected cells exhibit an elevated amount of
Aβ. Aβ induced CDK-5 activation facilitates the Golgi fragmentation via phosphorylation
of Golgi proteins such as GRASP65 which is rescued by CDK-5 inhibition as well as expres-
sion of non-phosphorylatable GRASP65 mutants that also reduces Aβ production [223].
However, Golgi fragmentation in the Aβ treated cells is reversible upon removal of Aβ

treated cell culture media. The electron microscope analysis portraits that the GC ribbons
are disconnected with shorter and low numbers of cisternae per stack, with numerous vesi-
cles adjacent to each stack. The relationship between the CDK5 and Golgi fragmentation in
AD is explored upon the Aβ and glutamate treatment in the PC12, SHSY5Y cells where the
cells undergo Golgi fragmentation via phosphorylation of GM130 which leads to cell death.
GM130 acts as a substrate for CDK5 which impedes the binding of GM130 and vesicle
docking protein p115 [224]. Furthermore, the CDK5 induces the p-tau and formation
intracellular NFT. Reports indicates that siRNA mediated Golgin-84 diminution in HEK293
cells induce Golgi fragmentation and p-tau is mediated by the CDK5 and ERK kinases
which indicates that depletion of Golgin-84 activates the CDK5 and ERK kinases [225]. On
the other hand, GSK3β is activated by the Aβ which indicates that the GSK3β activation
could develop a feedforward loop that promotes further APP amyloidogenic processing
via activation of BACE-1 [222]. Further, GSK3β facilitates p-tau, which disturbs the micro-
tubule network inducing Golgi fragmentation and neuronal malfunction [226]. In addition,
many reports indicate that the JNK activity is highly linked with AD progression through
higher Aβ generation and NFT formation. JNK2 plays a vital role in the separation of
Golgi stacks via phosphorylation of GRASP65, whereas RNAi, or JNK inhibitors mediated
JNK2 inhibition can restore the Golgi ribbon [227]. On other hand, the Golgi fragmentation
in progressive motor neuronopathy mice lack TBCE and TBCE-depleted motor neurons
with defective Golgi engaged microtubules and decreased COPI vesicles diminishing the
recruitment of p115/GM130 proteins and SNARE mediated vesicle fusion. siRNA me-
diated SNARE Syx5 inhibition facilitates the Golgi fragmentation, similar to the reports
of the Golgi fragmentation in the AD brain cells (Figure 4). In contrast, overexpression
of Syx5 shows accretion of APP in the ER, which restrains the APP processing towards
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Aβ [228,229]. Recently, Suga et al. explored that Syx5 works as a stress rescuing component
that involves in the neuronal cell survival. In detail, the apoptosis inducers decrease the
expression of Syx5, whereas the ER stress inducers increased the levels of Syx5 and Bet1
protein expression. Syx5 deletion during apoptosis or ER stress causes the cell highly
vulnerable. Further, Golgi stress increased the expression of Syx5 and concurrently reduced
the Aβ production. These data suggest that the Syx5 is a common stress reducing agent for
both ER and Golgi, where the Syx5 reduction in AD is due to the Aβ mediated inhibition
of stress response [230]. Hence, protecting the Golgi structure and function denotes a new
comprehension to reduce the Aβ generation and its toxicity.

8. Aβ in Gene Regulation

8.1. Aβ as Transcription Factor

Nucleus is a global control center of a cell where the genetic information is replicated
and transcribed, which regulates the cellular behaviours. Bundles of reports confirm that
as observed in other organelles, Aβ translocate into the nucleus, interacts with several
nuclear proteins, and alters the gene expression. The soluble Aβ translocation into the
nucleus is confirmed multiple techniques such as chemical testing of nuclear fragments,
biotin labelled Aβ confocal imaging and transmission electron microscopic analysis of
cultured cells. Possibly, the Aβ is passed directly into the nucleus through the channel-like
pores. Remarkably, this study also explores the involvement of Aβ in nuclear signaling, the
ChIP assay shows the specific interaction of Aβ with the LRP1 and KAI1 promotors, which
potentially decreases the mRNA expression of the candidate genes [231]. Both LRP1 and
KAI1 protect the neuronal cells against Aβ neurotoxicity. Aβ acts as a putative transcription
factor for AD linked genes such as APOE, APP and BACE1. The electrophoretic mobility
assay reveals that Aβ is precisely docked with the Aβ interacting domain (AβID) of the
nucleus with the consensus of “KGGRKTGGGG” where any mutation in it, the peptide-
DNA interaction is neglected [232]. Hence, Aβ itself act as a transcription factor and can
control the transcription of candidate genes. The Aβ-chromatin interaction is discovered in
the polymorphic APP-promotor CAT fusion clones transfected PC12 cells using ChIP assay.
This transfected cells when supplemented with Aβ elucidates the DNA sequence specific
response where it regulates its own amyloidogenic proteins such as APP and BACE-1
that induces more Aβ production [233]. Similarly, the transcriptional regulation of Aβ

is validated upon studying several genes including (I) the amyloidogenic genes such as
ADAM10, BACE1, PS1, PS2, Nicastrin and APP, (II) AD risk genes APOE and TREM2, (III)
learning and memory factors genes such as NMDAR and PKC zeta, (IV) kinases which
contribute for p-tau including GSK3α, GSK3β and Cdk5 and (V) enzyme 1α-hydroxylase
(1αOHase). The qRT-PCR analysis explores the upregulation of amyloidogenic and p-tau
related genes, which generate toxic Aβ and p-tau, and the downregulation of NMDARs,
ApoE, Trem2, and 1αOHase genes [234]. DNA microarray analysis of Aβ treated neurob-
lastoma cells explore the upregulation of the insulin-like growth factor binding proteins
3 and 5 (IGFBP3/5). The qRT-PCR results confirm the above finding that the expression
level of IGFBP3/5 is two-fold increased. Literatures indicate that IGFBP3/5 contributes to
p-Tau. Further, the immunohistochemistry studies support these data illustrating higher
expression of IGFBPswere observed in the hippocampal and cortical neurons. Further, the
proteomic studies CSF of human AD, illustrates the appearance of elevated amount of
IGFBP. These data suggest that both transcriptional and translational regulation of IGFBP
by Aβ could be an early biomarker for AD [235]. In addition to Aβ, several reports im-
plicate that the secretase cleaved fragments undergo nuclear translocation and controls
the transcription regulation. In an AD patient’s brain, the γ-secretase cleaved ~6 kDa CTF-
APP-like protein 2 translocate to nucleus and interacts with CP2 transcription factor where
it upregulates the expression of GSK3β which contribute variety of pathological events
for neurodegeneration [236]. Similarly, the γ-secretase cleaved APP-CTF in cytoplasm
binds with an adapter protein Fe65, the confocal and FRET analysis discloses colocalization
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of GFP-APP-CTP and myc-Fe65 and translocation to the nucleus. Taken together, the
APP-CT-Fe65 complex can potentially modify the transcription of the cells [65].

8.2. Telomerase, Spliceosome Inhibition and DNA Methylation by Aβ

Several reports discovered the relationship between the telomerase and the AD pathol-
ogy where the shortened telomerase involved in AD progression whereas the increased
telomerase activity protects the neurons from the neurotoxic aggregates [237–240]. The
cellular senescence also known as DNA damage response (DDR) is a prime factor of
age-linked diseases. In the sight of DNA damage, the DDR coordinate the DNA damage
through cell cycle arrest until the DNA damage is recovered, also DDR facilitates the per-
petual growth arrest if the cells are failed to repair the damage [241]. Increasing evidence
shows that the telomeres are engaged in development of neurodegeneration including
AD [238,239]. In tissues and peripheral blood cells preferentially aged patient’s leucocyte,
the telomere length is highly associated with AD risk and cognitive deficits. Few studies
showed contrariety data in the telomerase length; however, numerous reports confirm
that the leucocyte in reference to the age showed the excessive telomerase loss leading
to AD development [242]. Recently, Wang et al. discovered that the AβO potentially
inhibited the telomerase activity through interacting with DNA-RNA templates and RNA
templates of telomerase and blocking the telomeric DNA elongation [240]. In addition, the
Aβ colocalized telomere is also observed as a cause of telomerase inhibition. In contrast,
overexpression of catalytic subunit of the telomerase decreases the Aβ induced cell apopto-
sis, which might be capable of defending the age-related neurodegeneration [237]. On the
other hand, the epigenetic regulation including DNA methylation and histone modification
controls the gene expression. DNA methylation obstructs the transcription factors binding
with the DNA via transferring the methyl group to the cytosine CpG dinucleotides, which
is catalysed by specific DNA methyltransferases. DNA methylation plays an important role
in gene silencing/inactivation. The AD brain shows loss of DNA methylation through the
increased concentrations of S-adenosylhomocysteine, a potential inhibitor of methyltrans-
ferase. Induction of DNA hypomethylation in the promotors of the AD associated genes
including APP, PS1 and BACE1 accelerates abnormal expression of these genes, which
leads to increased production and accumulation of Aβ [243]. Aβ-treated samples are di-
gested with a methylation-sensitive (HpaII) or a methylation-insensitive (MspI) restriction
endonuclease for the DNA microarray analysis. The results showed significant methylation
changes in the genomic loci with highly enriched cell-fate genes, which control the apop-
tosis and neuronal differentiation involved in potentially inducing the brain contraction
and memory deficits in AD [244]. The AD brain cortex and AD patient’s lymphocytes are
analysed for epigenetic alterations at the promotor regions of several genes including PS1,
and APOE. The PS1 is usually hypomethylated which triggers unusual Aβ generation,
whereas the APOE has a bimodal structure where at most it is found in a hypermethy-
lated state. Hence, the data suggest that the concurrent manifestation of both hyper- and
hypo-methylation could potentially contribute for AD progression [245]. The Aβ mediated
epigenetic regulation including DNA methylation/demethylation of a specific promotor is
widely studied. The Aβ induced oxidative stress is a prime causative of DNA hypermethy-
lation in an aging brain. Chen et al. discovered that the Aβ suppresses the neprilysin (NEP)
promotors via DNA methylation [246]. The HPLC and methylation specific PCR studies of
the Aβ treated endothelial cells showed increased NEP methylation which suppresses the
NEP mRNA and protein expression. The NEP is a zinc metalloproteinase, which facilitates
Aβ clearance in AD mice. Thus, the results suggest that the DNA methylation of NEP
is a consequence of Aβ accumulation. In addition, the modification in the alternative
splicing is highly linked with the AD progression. The LOAD is characterized with U1
small nuclear ribonucleoprotein (snRNP) tangle-like deposition due to the aberrant genetic
mutations in PS1and APP, which results in unusual APP processing leading to formation of
snRNP aggregates [247]. Aβ treated neuroblastoma cells were subjected to the proteomic
analysis to expound the early events of AD pathogenesis. Remarkably, the bioinformatics
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results imply the downregulation of ribosomal biogenesis and splicing process. Further,
Western blot analysis explicated the downregulation of each splicing steps facilitating
the downregulation of every subunit of the spliceosome. These results suggest that the
spliceosome dysfunction is a consequence of Aβ deposition. Overall, Aβ is acting as gene
regulating factor upon interacting with telomerase/telomeres, epigenetic and transcrip-
tional regulation, and aberrant spliceosome function which contributes to high risk of
AD progression.

9. Signalling Mechanism of Aβ Leading to Memory Impairment and Cell Death

9.1. Receptor Mediated Long Term Potentiation Inhibition

It is well known that the extracellular Aβ interacts with the surface of the brain cells
where the Aβ activates several signalling mechanisms unusually that triggers the cells
either to survive or die. As a good sign, Aβ interaction with the receptors such as low-
density lipoprotein receptor-related protein 1 (LRP1), low-density lipoprotein receptor
(LDLR), scavenger receptors A1 and A2 (SCARA1 and SCARA2) facilitates the Aβ up-
take and clearance [248–250]. In addition, Aβ binding to the macrophage receptor with
collagenous structure (MARCO) activates the extracellular signal regulated kinase 1/2
(ERK1/2) signalling pathway, which reduces inflammation [251]. In contrast, various
receptors on synapse show toxic effect, causing the synaptic dysfunction and neurodegen-
eration. The receptors of Aβ transduce the specific intracellular changes via activating the
extracellular factors either directly or association with other molecules. The AMPARs and
NMDAR are the ligand gated ionotropic glutamate receptors, and the mGluRs regulates
the learning and memory via LTP and long-term depression (LTD) at excitatory synapses.
The lower synaptic signal activates AMPARs, and the stronger synaptic signals unblock
the NMDARs, which results in increased number of AMPARs on the post synaptic mem-
brane [252]. The increased LTP was observed when there is over-expression of AMPAR
at postsynaptic membrane; in contrast, some reports reveal that elimination of AMPARs
increases the LTD [253,254]. The role of AMPARs in AD is still unclear, however, the
results suggest that the AMPARs are downregulated during the preliminary stage of AD.
Aβ25-35 treated rat embryonic hippocampal cells showed elevated level of caspase activity,
which leads to enzymatic degradation of the AMPAR not NMDAR [255]. Apart from
the enzymatic cleavage, Aβ directly interacts with AMPAR and modulates it functions.
Iontophoretically exposed aggregated Aβ1–42 on the hippocampal CA1 neurons reduces
the AMPA-induced neuronal firing, but NMDA-evoked neuronal firing was enhanced,
which suggest that the LTP disruption and attenuation of field excitatory postsynaptic
potential (fEPSP) [256]. On the other hand, lower synaptic stimuli trigger either NMDARs
to generate NMDA-mediated LTD or mGluRs to make mGluR-dependent LTD, which
prompt the removal of postsynaptic AMPAR [257]. Patient-specific human iPSCs derived
neurons produced Aβ exhibits synaptotoxic mediated cell death showing impaired axonal
vesicle clusters, postsynaptic loss of AMPAR and rise in Aβ mediated tau phosphoryla-
tion [258]. Numerous protein kinases and phosphatases play a vital role in generation
of LTP and LTD. AβO interrupts the postsynaptic Ca2+signalling through increasing the
accessibility of glutamate molecules to the NMDAR. The enhanced activation of NMDAR
causes abnormal redox reactions as well as increased Ca2+ influx into neurons that activate
the Ca2+-dependent protein phosphatase calcineurin/PP2B and protein phosphatase 2A
(PP2A) [259]. Activation of calcineurin further activates or deactivate the target proteins
via dephosphorylation. The synaptic dysfunction is mediated by the surface removal and
endocytosis of AMPAR. Aβ-stimulated AMPAR endocytosis is reliant on the activation
of calcineurin/PP2B, which is mediated by downregulation of CaMKII [260,261]. Like
AMPARs, Aβ also can prompt NMDARs internalization, which is mediated by dephospho-
rylation of GluN2B (NMDAR subunit) of p-Tyr1472 in the striatal-enriched protein tyrosine
phosphatase (STEP) [262]. AβO downregulates the glutamate transporters EAAT1 and
EAAT2 of glial cells, which disrupts the glutamate uptake causing the glutamate overflow
at synaptic cleft that over-activates the GluN2B [263].
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NMDAR and AMPAR interactions with post-synaptic density scaffolding protein
(PSD-95) at post-synaptic membrane regulate the protein assembly and neural plastic-
ity [264]. Aβ exposed cortical neurons exhibits CDK5 and NMDAR mediated reduction
on PSD-95 that leads to synaptic dysfunction and surface AMPAR removal [265]. Co-
immunoprecipitation studies on human post-mortem AD brain and AβO treated murine
neurons shows that the Aβ directly interacts with PSD-95 at post synaptic membrane
causing synaptic loss [266]. Cellular PrPC has high affinity with AβO, such molecular
associations of AβO-PrPC found only in the AD brains, but not control brains [267]. AβO-
PrPC inhibits the hippocampal LTP that manifests the memory deficit in an AD mouse
model [268]. AβO bound PrPC influences the activation of Fyn kinase that in switches the
GluN2B phosphorylation, resulting in NMDARs surface removal. The AβO-PrPC complex
demands both mGluR5 and LRP1 co-receptors to activate the Fyn [269,270]. In addition, the
Fyn activation steers on tau phosphorylation [271]. PrPC resides at cholesterol- and
sphingolipid-abundant, detergent-resistant lipid rafts. The saturated acyl chains of glyco-
sylphosphatidylinositol trigger the N-terminal signal interaction with the heparan sulfate
proteoglycan, glypican-1 [272]. PrPC knockout or anti-PrPC antibodies rescues the AβO-
stimulated synaptic dysfunction and spatial memory, which indicates that the PrPC play a
crucial role on AD pathogenesis [267]. In addition, the AβO activates α7-nAChR which
increases the presynaptic Ca2+ level and disrupts the rafts by cholesterol depletion [273].
AβO activated α7-nAChR causes the elevated cytosolic Ca2+, calcineurin activation and
dephosphorylation and activation of STEP61. The enhanced STEP61 inactivates Fyn and
lowers the NMDAR exocytosis because of the GluN2B dephosphorylation mediated NM-
DAR internalization [261]. Likewise, AβO binds to the receptor tyrosine kinase EphB2
resulting in its degradation that causes reduction in NMDA receptor subunits such as
GluN2B, which leads to impairment in NMDAR-mediated synaptic activity and cogni-
tive function. In opposite, the EphB2 overexpressed AD Tg mice reverses the deficits of
NMDAR-dependent LTP and cognitive impairments [274]. Further, Ephrin A4 (EphA4)
was discovered as a putative Aβ receptor. Aβ mediated EphA4 activation leads to repres-
sion of LTP and spine loss in AD transgenic mice where the EphA4 shRNA or EphA4
inhibitors/antagonists inhibits these deficits [275,276]. Overall, the Aβ interaction with
various receptors stimulates the neurotoxicity via NMDAR (Figure 2).

9.2. Receptor Mediated Cells Death Induced by Aβ

Ligand binding cell surface death receptors (DR) are the tumour necrosis factor (TNF)
gene superfamily receptors that confer caspase mediated death pathway. DR contains
cysteine rich extracellular domain and intra cellular death domain. The receptors including
TNF receptor 1 (TNFR1), Fas receptor (FasR), TRAIL receptor 1 and 2 (TRAIL-R1 and R2),
p75NTR and lymphoid cell specific receptors CD30, CD40 and CD27 facilitating the death
signaling [277]. Interestingly, the Aβ has high affinity with these receptors and activates the
apoptotic pathway. Ivins et al. hypothesised that Aβ may activate the Fas/TNFR mediated
apoptosis signalling. The Aβ treated hippocampal neurons exhibit recruitment of caspase-8
and FADD proteins during the apoptotic event, which was prevented by the pre-treatment
of caspase-8 specific inhibitor IETD-fmk and viral mediated dominant negative FADD gene
delivery. Ivins and colleagues concluded that both the caspase-8 and FADD requirement in
apoptosis support that the cell death might be initiated through Fas/TNFR family receptors
upon interaction with Aβ (Figure 2) [278]. The vascular Aβ mediated extrinsic apoptotic
signalling mechanism discovered using the human brain microvascular endothelial cells
treated Aβ40 or its vasculotropic variants E22Q or L34V. The apoptotic cell death facilitated
via binding of AβO with the (TRAIL) death receptors DR4 and DR5 followed by the
activation of caspase-8 and caspase-9. Further, the caspase-8 inhibitor FLICE-like inhibitory
protein (cFLIP) downregulated the mitochondrial path associated with the BH3-interacting
domain death agonist (BID) cleavage. DR4 and DR5 up-regulation and co-localization with
AβO indicate the receptor specific interaction, which was attenuated upon RNA silencing
of both DR4 and DR5 [279].
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Numerous reports discovered that the p75NTR, a nerve growth factor (NGF) receptor
mediated cell death. The p75NTR is structurally similar to the p55 TNF and Fas receptors.
Alteration in the p75NTR expression promotes cell death or survival, a decreased p75NTR
increases cell survival whereas increased p75NTR induces apoptosis by silencing Trk-
mediated survival signals. On the other hand, Aβ mediated cell death via p75NTR is
altered by the NGF, the NGF binding instead of Aβ inhibits the p75NTR death signalling,
however, the Aβ-p75NTR induced death is found in PC12 cells [280], NIH 3T3 cells [281],
human neuroblastoma cells [282] and hippocampal neurons [283]. Aβ exposed mutant
(p75NTR−/−) mice reveals the least cell death on the hippocampus compared with wild-
type mice [284]. Aβ facilitates the apoptosis in cultured neurons through the activation of
JNK–c-Jun–Fas ligand–Fas pathway [284]. Knowles et al. investigated the AβO interaction
on the surface of p75NTR using fluorescence resonance energy transfer (FRET)-imaging
technique. The role of p75NTR in Aβ-induced neuronal death and c-Jun expression is
validated using p75NTR−/− mutant mice derived neuronal cultures and p75NTR−/− AD
mice model. The results reveal that neurodegeneration through p75NTR requires AβO
interaction on the surface domain of p75NTR [285]. A high level of Ca2+ inflow is reported
as an important factor for AD, which is mediated via upregulated L-type Ca2+ channel in
AD mice not in wild type mice. The overexpression of p75NTR prevented the Ca2+ channel
current, but Aβ1-42 treatment significantly increased the Ca2+ channel current, due to the
blockage or decreasing expression of p75NTR. The Aβ1-42 induced Ca2+ channel current
activation is removed when the p75NTR expression is dropped (Figure 2) [286]. The high
mobility group box 1 (HMGB1) acts as a proinflammatory mediator and it activates the
inflammatory response via docking RAGE and Toll-like receptor 4 (TLR-4). The RAGE
entails significantly in neurodegeneration by the action of several signalling moieties such
as CaMK-β-AMPK, the RAGE/(ERK1/2), GSK-3β, and NF-κB, which directs the Aβ and
p-tau pathology [287–289] while the TLR-4 acts as an immune receptor elucidating the
immune response.

10. Inflammation a Central Mechanism in AD

Extensive research on pathogenesis leading to AD revealed that gap exists in between
core pathologies, Aβ plaques and NFT in understanding AD pathogenesis. Paramount
evidence indicated the existence of inflammatory markers in the brain of AD patients and
preclinical AD model system, other than the neuropathological hallmarks senile plaques
and PHF, indicating that inflammation acts as interlink between early lesion senile plaques
and the later lesion NFT in AD pathogenesis [290]. Inflammation acts as double-edged
sword, in a healthy brain, as acute inflammation plays the role of defense mechanism
against various infection, toxin and injury clearing the invading pathogen or injurious
agent. On the other hand, imbalance between pro and anti-inflammatory mediators due to
Aβ accumulation in AD leads to chronic inflammation, characterized by the activation of
microglial cells, which was observed to be accumulated around Aβ plaques in AD brain
and transgenic animal models [291]. Microglial cells and astrocytes in its activated state
release mediators of inflammation-like cytokines, chemokines, complements, monocyte
chemoattractant, ROS and prostaglandins, etc., disrupting the balance between the normal
neurophysiologic conditions associated with cognition, learning and memory. Inflamma-
tory mediators activate more glial cells and astrocytes to release cytokines, which promotes
the migration of monocytes and lymphocytes across the BBB towards Aβ accumulated site
in brain of AD individuals triggering inflammatory response (Figure 5) [292,293]. Initially,
constant inflammatory response was considered as causative for neuronal loss in AD
patients, later substantial evidence revealed that persistent immune response facilitates
and exacerbate both Aβ and NFT pathologies. Hence, inflammation is considered as a driv-
ing force, which induces or accelerates the pathogenesis of AD. Epidemiological studies
revealed the linkage between the polymorphisms in the immune molecule involved in AD
and the role of nonsteroidal anti-inflammatory drugs in attenuating the incidence of AD.
The degree of inflammatory response depends on the level of Aβ, tau and ubiquitin and
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APOE ε4 as observed in AD sub types. McGeers et al. observed enhanced expression of
HLA-DR (human leukocyte antigen, antigen D related) a Class II major histocompatibility
complex (MHC) in microglial cells around the senile plaques [294]. Further, Giometto
et al. revealed the presence of high level of complement and acute phase proteins in AD
blood sample depicting the fact that both immune and inflammatory response synergisti-
cally triggers AD pathogenesis [295]. Scientific evidence on the use of anti-inflammatory
drugs for the treatment of rheumatoid arthritis, in transgenic mice and human showed
convincing results on reduction in AD pathogenesis revealing the fact that inflammation
play key role in AD pathogenesis [296]. Microglia on chronic activation produces several
proinflammatory mediators such as ROS, RNS and chemokines. Increase in the level of
interleukin 1 (IL-1) enhancing the level of cerebral Aβ deposit was observed in deceased
patient affected by head trauma, illustrating the facts that IL-1 promotes amyloidogenic
processing of APP enhancing the level of Aβ peptide.

Figure 5. Neuroinflammation in the pathogenesis of Alzheimer’s disease: Aβ activates microglial cells via TLR and RAGE
receptors which stimulates the NF-κB and AP-1 transcriptional factors leading to release of inflammatory cytokines (IL-1,
IL-6, TNFα), ROS and RNS inducing oxidative/nitrosative stress mediated neuronal damage. Inflammatory cytokines
stimulate astrocytes leading to amplification of inflammatory signals inducing neurotoxic effect. Chemokines also attracts
peripheral immune cells towards amyloid plaque exacerbating inflammatory response.
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IL-1β enhances the release of IL-6 which activates CdK5 inducing hyperphospho-
rylation of tau [297]. These reports reveal that incidence of neuroinflammation occurs
before the neuropathological hall marks aggravating Aβ load and hyperphosphorylation
of tau protein, which in turn further activates the inflammatory pathway revealing the
inter-relationship between these apparently contrasting core pathologies leading to AD
(Figure 5).

10.1. Cellular Mediators Involved in Neuroinflammation
10.1.1. Microglial Cells

Microglial cells are the specialized macrophages found in CNS which plays a vital
role in restoring the brain homeostasis via inflammatory response, phagocytosis of Aβ

plaques and NFT. Microglial cells in the resting state exist in ramified morphology por-
trayed with small cell body, which interacts with neurons and other glial cells via signaling
mechanism through numerous receptors for neurotransmitters, cytokines maintaining
the neurons healthy [298]. Microglia interacts with Aβ peptide through several recep-
tors such as scavenger receptors (SR-SCARA-1, MARCO, SCARB-1, CD36 and RAGE); G
protein-coupled receptors (GPCRs- formyl peptide receptor 2 (FPR2) and chemokine-like
receptor 1 (CMKLR1)), and toll-like receptors (TLRs- TLR2, TLR4, and the co-receptor
CD14). Receptors SCARA-1, SCARB-1, MARCO and CMKLR1 interact with Aβ promoting
its cellular uptake, during which RAGE activates microglial cells to release proinflamma-
tory molecules, while other receptors such as TLR, CD36 and FPR2 exhibit dual functions
(Table 1) [299]. In early AD pathogenesis, Aβ peptide acts as primary driver triggering mi-
croglial cells towards plaques and provokes phagocytosis of Aβ peptide, but on prolonged
activation results in exacerbation of AD pathology. Overall, neuroinflammation in AD is
caused by microglial priming on interaction of Aβ peptide with receptors (SR1, GPCR,
TLRs). Aβ fibrils recognizes the complex CD36-α6β1-CD47 leading to generation of ROS,
providing signal for heterodimerization of TLR4-TLR6 transmitting signal for activation of
NLRP3 a component of inflammasomes in microglial cells. Inflammasomes is an intracellu-
lar multiprotein complex composed of NLR family pyrin domain containing three (NLRP3),
apoptosis-associated speck-like protein containing a caspase-recruitment domain (ASC)
and procaspase- 1, which acts as first line of defense. Inflammasomes acts as platform for
activation of caspase-1, which activates cytokines IL-1β and IL-18 the key mediators of
inflammation [300]. CD36 promotes entry of Aβ into the lysosome inducing destabilization,
dysfunction of lysosomes with consequent release of cathepsin B into cytosol. Cathep-
sin B induces NLRP3 dependent caspase-1 activation of IL-1β and IL-18, which in turn
triggers the release of several chemokines (IL-1, IL-18 and TNF-α), chemotactic mediators
stimulating nuclear factor-kappa-B (NFκB) dependent pathway [301,302]. Cytokines and
chemokines exacerbate Aβ accumulation leading to activation of microglial cells enhanc-
ing the production of proinflammatory mediators provoking neurodegeneration in cyclic
manner (Figure 5) [303]. Aβ peptide promoted activation of microglial cells, releasing proin-
flammatory mediators which in turn induced microgliosis and astrogliosis decreasing the
efficiency of microglial cells to phagocytize Aβ peptide, reduction in Aβ degrading enzyme
affecting the clearance of Aβ peptide leading to the deposition of amyloid plaques [304].
Although the Aβ clearance is compromised, persistent immune response induces pro-
duction of proinflammatory mediators by microglial cells recruiting additional microglial
cells towards plaque creating halo of activated microglial cells surrounding plaques. In
addition, peripheral macrophages are also attracted towards the Aβ plaque deposition to
clear Aβ peptide exacerbating neuroinflammation contributing to neurodegeneration. In
AD patients, microglial cells exhibit a mixture of classical and alternate activation pathways
causing irreparable damage resulting in continuous neurodegeneration.
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10.1.2. Astrocytes

Activated astrocytes are distributed near the vicinity of amyloid deposits in cortical
pyramidal neurons in early stages of AD, which contribute to clearance of plaques by
degradation and phagocytosis of accumulated Aβ in parenchyma. Like microglial cells,
TLRs and RAGE pathways activate astrocytes promoting local inflammation intensifying
neuronal death. Astrocyte activation causes disruption of normal activities essential for
normal neuronal function leading to local neuron depolarization ultimately leading to
neuronal damage. Retro-splenial cortex administration of oligomeric Aβ forms in rats
revealed the presence of activated astrocyte associated with activated NF-κB, signaling
molecules leading to inflammation (COX-2, TNFα and IL-1β) and expression of cell surface
receptors such as SRs, proteoglycans and lipoprotein receptors, via which it binds to Aβ

peptides [305,306]. Astrocytes on activation express inflammation associated factor S100β
leading to dystrophic neuritis in AD patients. Activation of NF-κB regulates the secretion
of chemokine and cell adhesion molecules enhancing infiltration of peripheral lymphocyte
enhancing neuroinflammation ultimately leading to neurodegeneration. Astrocytes, in its
activated stage, protects the brain, however, on extreme activation, it aggravates damage
to the neurons hastening the progression of AD.

10.1.3. Oligodendrocytes

Abnormalities in the white matter and myelin sheath have been observed in asymp-
tomatic FAD preferentially under PS1 mutation [307]. Mutation in PS1 and Aβ accumula-
tion alters the function and differentiation of oligodendrocyte inducing abnormal patterns
in myelin basic protein (MBP), affecting homeostasis of oligodendrocytes [308]. As a re-
sult, the trophic supports provided by these cells to neurons are lost and neurons become
vulnerable to oxidative stress and inflammation provoking neurodegeneration.

10.1.4. Neurons

Neurons are also involved in inflammatory response which is evident by the presence
of proinflammatory mediators such as COX-2-derived prostanoids, cytokines such as IL-1β
and IL-18, complement and macrophage colony-stimulating factor. In addition, iNOS the
inflammation induced enzyme expression in degenerating neurons is also observed in
brain of AD individuals substantiating the involvement of neurons in inflammation [309].
Neurons generally produce TRM2, CD22, CD200, CD59 and fractalkine to suppress in-
flammation and these molecules were observed to be deficient in AD [310]. Studies on
the expression of mediators of inflammation in neuronal cells are not yet completely
investigated and it remains still elusive.

10.2. Inflammatory Mediators in AD

Aβ deposition activates the microglial cells and astrocytes to acute immune response
provoking the release of mediators of inflammation-like complement factors, cytokines
and chemokines (IL-1, IL-6 and TNF-α) and transforming growth factor β (TGF-β) which
exhibits cascade of events with both beneficial and harmful effects.

10.2.1. Complement System

The complement system regulates T-helper cell differentiation and response in adap-
tive immune response. In the brain, the complements are produced locally, which are
dysregulated during brain trauma and neurodegenerative AD [311]. In the brain of AD
patients, an enhanced level of complement components of classical pathways (C1q, C3b,
C4d, C5b-9, and MAC) were observed in the vicinity of senile plaques along with microglial
cells illustrating the relationship between Aβ peptide aggregation, activation of classical
complement pathway and inflammatory response [312]. A recent report showed that
the interaction of C1q/C3b with Aβ aggregates, and NFT activates the classical pathway,
which on subsequent interaction with the C1q receptor of microglial cells, activates it lead-
ing to the clearance of Aβ and tau aggregates by phagocytosis, together with unwanted
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inflammation causing neurotoxicity [313]. Complement receptor 1 (CR1), widely found on
the surface of phagocytic cells with binding affinity for C3b and C4b play a vital role in
phagocytosis. Chibnik et al. [314] studied the genome-wide association screening (GWAS)
in AD patients, where they observed an inter-relationship between CR1 gene variants with
impairment in cognitive function associated with enhanced formation of amyloid plaque.
Complement fragment C5a in neuronal excitotoxicity induced apoptosis, promotes chemo-
taxis and glial cell activation leading to the development of neurodegenerative disease.
Although complement activation in AD play beneficial role in Aβ clearance, its activation
becomes deregulated, promoting unwanted inflammation leading to neurotoxicity which
remains unclear and need to be studied.

10.2.2. Chemokines

Chemokines in the CNS were synthesized by astrocytes and microglial and its re-
ceptors are highly localized in the neurons which might be responsible for inflammation
mediated neurodegeneration [315]. Expression of chemokines and their receptors promotes
communication between microglia and neuronal cells leading to commencement of local
inflammatory response promoting phagocytosis of Aβ peptide in early AD. This inflam-
mation also contributes to Tau pathology accelerating progression of the disease [316].
Enhanced chemokine level recruits the phagocytic and microglial cells which co-localizes
near the senile plaques during the process of chronic inflammation in AD. Enhanced level
of CCL2 in CSF correlates with cognitive decline and IL-8 production by neurons is related
to formation of brain-derived neurotrophic factor (BDNF) [317]. Overall, chemokines in
the CNS promotes migration of local and peripheral immune cells to establish an immune
response, which on chronic production, leads to inflammation mediated neurodegeneration
in AD.

10.2.3. Cytokines

Cytokines are non-structural soluble proteins produced by immune cells such as
microglial cells and astrocytes in the CNS which play a significant role in the development
of the brain during embryonic stages. An elevated level of pro-inflammatory cytokines
(IL-1β, IL-6, IL-10, TNF-α, and TGF-β) was found in the CSF and brain of AD patients,
illustrating the role of cytokines in aggravating AD pathology. The transgenic animal
model expressing mutant hAPP protein revealed the link between the cytokines level
and Aβ aggregates [318]. Aβ aggregates activate the microglial cells to produce pro-
inflammatory cytokines, which in turn, activate microglial cells leading to microgliosis and
astrogliosis, amplifying the cytokine level leading to neurodegeneration, amyloidosis due
to upregulation of β and γ secretase affecting learning and spatial memory [319].

10.3. Proinflammatory Mediators
10.3.1. Interleukin 1 (IL-1)

IL-1 up-regulated in early AD induces endothelial APP-β at mRNA expression which
can be inter-related to enhanced Aβ, level in AD patients [320]. Microglial cells sur-
rounding neuritic plaques (NPs) in AD patients produce IL-1, which promotes S100β
synthesis in reactive astrocytes leading to dystrophic neurite formation ultimately lead-
ing to neuronal death [321]. In addition, IL-1 also promotes p38-MAP kinase activ-
ity enhancing tau hyperphosphorylation and enhances the level of neurotrophin-3 and
neurogenin-1 promoting neurogenesis through promoting outgrowth. We also found that
IL-1β increased mRNA and protein levels of Wnt5a, promotes neurogenesis through the
Wnt5a/RhoA/ROCK/JNK pathway [322]. IL-1β is the master regulator in brain inflamma-
tory cascade regulating the level of TNFα and IL-6. An elevated level of IL-1β was observed
in the cerebral cortex and the hippocampal region of brain tissue from AD patients. IL-1β
interacts with receptor (IL-1R) widely found in the dentate gyrus and pyramidal cells of
hippocampal region of brain, which are highly susceptible to early AD pathogenesis early
development of AD pathology [323]. IL-1β regulates the synthesis and secretion of APP in
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glial cells, upregulates β-secretase activity leading to increased amyloidogenic processing
of APP enhancing Aβ burden, creating a vicious cycle where enhanced Aβ load, in turn,
activates microglial cells leading to IL-1β production [324].

10.3.2. IL-6

IL-6 is a multifaceted cytokine exhibiting dual role as anti-inflammatory myokine and
proinflammatory cytokine depending on the condition, thereby, maintaining homeostasis
of neuronal tissue. Serum and CSF of LOAD patients showed enhanced level of IL-6.
Aβ aggregates induces the glial cells to produce IL-6 which enhances APP transcription,
promotes tau hyperphosphorylation through activation of Cdk5 via cdk5/p35 pathway
contributing to NFT formation serving as a bridge between AD core pathologies [325].

10.3.3. Tumor Necrotic Factor Alpha (TNF-α)

TNF-α exhibits its biological activity via TNFR1 and TNFR2 receptors which was
observed to be overexpressed in the hippocampal tissue and CSF of MCI and AD patients.
Aβ aggregates stimulates microglial cells to produce TNF α through activation of NFκB
pathway, which induces the pro-inflammatory factors involved in neuronal survival such
as calbindin, Mn-SOD enzyme, BCl-2 protein and on contrary also activates glutaminase in
microglial cells leading to glutamate induced excitotoxicity promoting neurodegenerative
disorders [326]. TNF–α increases Aβ load by upregulating β and γ secretase activity
enhancing amyloidogenic processing of APP protein. TNF–α enhances the cell adhesion
molecule in vascular endothelial cells facilitating the migration of phagocytic cells and
lymphocytes towards stress induced areas promoting inflammatory response [327].

10.3.4. NF-κB

Transcription factor NF-κB acts as primary regulator of inflammation, which is acti-
vated in response to proinflammatory signals, TNF-α or IL-1. Aβ activates NF-κB via RAGE
widely found in the glial cells and neurons in the vicinity of senile plaques enhancing the
release of inflammatory markers which activates microglial cells and astrocytes provoking
release of proinflammatory mediators, intensifying inflammation resulting in neurode-
generation. In addition, NF-κB also promotes TNG-α induced β secretase transcription
increasing Aβ burden. Several studies revealed that utilization of NF-κB inhibitors and
NSAIDs reduce NF-κB activity which lowered the Aβ1-42 level [328,329].

10.4. Anti-Inflammatory Mediators
10.4.1. TGF-β (Tumour Growth Factor- β)

In AD patients, the level TGF-β is enhanced in the CSF, serum and brain microvas-
cular endothelial cells which induces secretion of pro-inflammatory cytokines (IL-1β and
TGF-α) [330]. TGF- β1 is the most abundant isoform of TGFβ secreted by astrocytes and
its receptors widely distributed in neurons, astrocytes and microglial cells. TGF β1 primar-
ily involves in neuroprotection by inhibiting Aβ production and deposition, regulating
neuroinflammation, inhibiting GSK3β thereby attenuating tau hyperphosphorylation and
enhancing the expression of antiapoptotic protein Bcl-2 and Bcl-xl [331]. TGF-β1 level is
found to be decreased in plasma of AD patients. Deficiency in TGF-β1 induces impairment
in TGF-β1 mediated Smad signaling pathway leading to Smad2/3 phosphorylation present
in the hippocampal neurons accumulated with NFT and Aβ plaques [332].

10.4.2. IL-10

Interleukin 10 (IL-10) secreted by microglial cells and astrocytes in healthy neurons in
response to proinflammatory mediator inhibits cytokines such as IL-1α, IL-1β, TNF-α, IL-6
and MCP-1 to restore the brain homeostasis. IL10 level is increased in AD patients which
serves as biomarker for diagnosis and progression of AD. Scientific evidence revealed that
in some population, IL-10 polymorphism enhances the risk of AD [333,334].
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10.5. Inflammatory Mediators
10.5.1. Cyclooxygenases (COX)

In AD the microglial cells surrounding neuritic plaques (NPs) exhibited increased
expression of COX-1 suggesting inflammation, while COX-2 expression in hippocampal
CA3 region causes neurotoxicity depending on the level of NFT and Aβ and the observed
cognitive impairment [335]. COX-2 increases the γ-secretase activity promoting amyloido-
genic processing of APP enhancing the formation of amyloid plaque in parenchyma and
prostaglandin E2 synthesis [336]. Increase in caspase-3 immunoreactivity and phosphory-
lation of retinoblastoma protein causing cell growth suppression was observed in triple
transgenic mice model (hAPP/PS1/hCOX-2) due to increased expression of COX-2. The
above fact was further substantiated by the primary cultures of cortical and hippocampal
neurons derived from transgenic mice exhibited apoptotic mediated cell death [337]. Early
stages of AD, Aβ aggregates promote IL-1β to enhance the COX-2 expression leading to
synthesis of prostaglandin [338].

10.5.2. Nitric Oxide (NO)

In a healthy state, the expression of inducible NOS (iNOS) is less, however under
inflammatory conditions it is enhanced in microglia and astrocytes leading to an increased
level of NO provoking oxidative stress mediated neuronal damage, synaptic dysfunction,
and apoptosis of neurons [339]. Examination of neuronal tissue of AD patients illustrated
that other than iNOS Aβ induced IL-1β and TNF-α also promotes NO and peroxynitrate
release, which induces oxidative stress mediated mitochondrial damage and enhanced γ-
secretase activity promoting Aβ formation [329,340]. Further, the NO leads to the formation
NFT and thereby accelerates the pathogenesis in AD [341].

Overall, the scientific evidence reveals that inflammation exhibits significant role in
the initiation and progression of AD pathogenesis. Several hypotheses revealed that pro-
duction and accumulation of Aβ and inflammation converge and synergize the progression
of this neurodegenerative disease. Inflammation starts very early in AD even before the
formation of amyloid plaques as innate immune response to clear the Aβ fibrils, which
becomes intense during the progression of disease and ends up in cell mediated immunity.
In the late inflammatory response, the Aβ plaques induces microglial priming followed by
recruitment of glial cells around amyloid plaques with predominant phagocytic activity
for the removal of toxic Aβ fragments. Activated astroglial cells, together with peripheral
monocytes, invade CNS forming secondary cellular corolla surrounding amyloid plaques.
These immune cells produce bulk cytokines and chemokines which along with immune-
related molecules such as antibodies, complement, complement-related proteins, MHC
proteins, and inflammasome protein complexes activates late inflammatory response of late
AD pathology. TREM2-dependent activation of microglia with disease-mitigating proper-
ties supports the fact that late AD inflammation represents a tissue-resolution stage. In the
end stages of AD, CNS inflammation becomes less relevant as it declines with senescence.
Despite much evidence, there remains a knowledge gap on the cells associated with AD
and the pathway which link Aβ accumulation and on-going inflammation. Unravelling
these mechanisms will help in identifying new therapeutic molecules in combating AD.
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Table 1. Receptors associated with inflammatory response in AD.

Model System
CNS Cells Expressing

Receptor
Ligands Role in AD Pathogenesis References

Complement receptors
(CR1, CR3) CD88

Neurons, microglial cells,
astrocytes, and

oligodendrocyte

C3b, C4b
C3 C5a

Neuroinflammation, uptake
and clearance of Aβ

[342–344]

FPRL1 and FPRL2 Macrophages, glial
cells, astrocytes Aβ

Proinflammation, Aβ42
internalization, formation of

fibrillar aggregates,
phagocyte chemotaxis and

oxidant stress

[251,298,345,346]

Scavenger receptor (SR-A)
CD36 (SR-B)

LDLR, RAGE, LRP1

Microglia, human monocytes
astrocytes

Macrophages neurons
Aβ, β-sheet fibrils, HMGB1

Aβ clearance, synaptic
dysfunction,

neuroinflammation,
production of chemokines,

and neurotoxic ROS,
NLRP3 activation

[248–250,287,288,302,347–351]

Toll-like receptors
(TLR2 TLR4, TLR2, TLR9) Microglia, astrocytes LPS, Aβ

LTP deficit and neuronal
death, neuroinflammation,
Aβ uptake and clearance.

[288,289,352–354]

CX3CR1 Microglia, neurons, astrocytes CX3CL

Neuroprotection against AD.
AD patients showed reduced
level of CX3CR1 which led to

enhanced activation of
microglial cells with

enhanced tau
phosphorylation

[355]

TREM2 Microglia and neurons Aβ

Microglial depolarization,
apoptosis activation of
Wnt/β-catenin leads

to inflammation.

[356,357]

CD33 Microglia Aβ
Increased expression of CD33
attenuates Aβ uptake leading
facilitating plaque formation

[358]

NALP3/NLRP3 Microglia, macrophage cells Aβ and other mediators
Enhanced caspase-1 activity
leading to IL-1β and IL-18

mediated neuroinflammation
[300–302]

11. Conclusions

To start with review elaborated in detail, the genomics and proteomics modifications of
APP and secretases mediated amyloidogenic processing of APP in both cell membrane and
cellular organelles leading to the release of insoluble Aβ peptides which tends to aggregate
as oligomers and plaques in synaptic junction causing organelle dysfunction and disease
progression. Despite of multiple etiological factors, mounting evidence hypothesised that
Aβ is the key triggering factor inducing AD pathogenesis via hyperphosphorylation of
tau protein, ER stress, Golgi stress/fragmentation, mitochondrial dysfunction, lysosome
dysfunction, inflammation, obstruction of the synaptic communication and genomic dys-
regulation. Current symptomatic treatment approved by FDA for the AD therapeutics
involves AChE inhibitors and NMDA receptor antagonist which can only slow down
the progression of disease. As AD is a complex disorder involving several biochemical
pathways, drugs with multipotent targeting ability are needed for the AD therapy. Several
treatment strategies have been proposed which showed positive results in preclinical trials
but suffered limitation under human trial due to blood brain barrier reducing the bioavail-
ability of the drug to brain. Hence, an effective treatment strategy for the prevention and
cure of AD is still at the developmental stage.

Recent evidence suggests that nutritional supplementation rich in antioxidants, vita-
min B12 and folic acid attenuates the fibrillation of Aβ α-synuclein and p-tau, consequently,
inhibits Aβ mediated toxicity and attenuates the neuronal inflammation [359–361]. Hence
combinatorial therapy of a nutritional diet along with less toxic natural drugs inhibiting
Aβ production will be effective for AD therapy. Drugs screened for AD therapy should
abide the following properties (i) targeting the amyloidogenic pathway proteins either in
genomic/proteomic level, (ii) potentially activating the enzymes, or directly modifying the
Aβ hydrophobic properties upon binding, and (iii) developing epitope-specific monoclonal
antibodies. However, most of the pharmaceutical industries approaching in the above
aspects, observed that the drugs screened were toxic in nature and less efficient due to
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poor bioavailability. Few drugs have entered successfully into Phase3 clinical trials [362].
Complete understanding of disease pathogenesis, pharmacokinetics and bioavailability
of drug is necessary to solve the puzzle in AD therapy. As this review unwinds all the
plausible mechanisms leading to AD pathogenesis, it provides new insightsinto identifying
the key targets for the treatment of AD.
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125. Jęśko, H.; Wencel, P.; Strosznajder, R.P.; Strosznajder, J.B. Sirtuins and their roles in brain aging and neurodegenerative disorders.
Neurochem. Res. 2017, 42, 876–890. [CrossRef] [PubMed]

126. Youle, R.J.; Van Der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062–1065. [CrossRef] [PubMed]
127. Swerdlow, R.H. Mitochondria in cybrids containing mtDNA from persons with mitochondriopathies. J. Neurosci. Res. 2007, 85,

3416–3428. [CrossRef]
128. Hirai, K.; Aliev, G.; Nunomura, A.; Fujioka, H.; Russell, R.L.; Atwood, C.S.; Johnson, A.B.; Kress, Y.; Vinters, H.V.; Tabaton, M.

Mitochondrial abnormalities in Alzheimer’s disease. J. Neurosci. 2001, 21, 3017–3023. [CrossRef]
129. Szablewski, L. Glucose transporters in brain: In health and in Alzheimer’s disease. J. Alzheimers Dis. 2017, 55, 1307–1320.

[CrossRef]
130. Sonntag, K.-C.; Ryu, W.-I.; Amirault, K.M.; Healy, R.A.; Siegel, A.J.; McPhie, D.L.; Forester, B.; Cohen, B.M. Late-onset Alzheimer’s

disease is associated with inherent changes in bioenergetics profiles. Sci. Rep. 2017, 7, 14038. [CrossRef]
131. Manczak, M.; Park, B.S.; Jung, Y.; Reddy, P.H. Differential expression of oxidative phosphorylation genes in patients with

Alzheimer’s disease. Neuromol. Med. 2004, 5, 147–162. [CrossRef]
132. Caspersen, C.; Wang, N.; Yao, J.; Sosunov, A.; Chen, X.; Lustbader, J.W.; Xu, H.W.; Stern, D.; McKhann, G.; Du Yan, S. Mitochondrial

Aβ: A potential focal point for neuronal metabolic dysfunction in Alzheimer’s disease. FASEB J. 2005, 19, 2040–2041. [CrossRef]
133. Gillardon, F.; Rist, W.; Kussmaul, L.; Vogel, J.; Berg, M.; Danzer, K.; Kraut, N.; Hengerer, B. Proteomic and functional alterations in

brain mitochondria from Tg2576 mice occur before amyloid plaque deposition. Proteomics 2007, 7, 605–616. [CrossRef] [PubMed]
134. Eckert, A.; Hauptmann, S.; Scherping, I.; Rhein, V.; Müller-Spahn, F.; Götz, J.; Müller, W.E. Soluble beta-amyloid leads to

mitochondrial defects in amyloid precursor protein and tau transgenic mice. Neurodegener. Dis. 2008, 51, 57–159. [CrossRef]
[PubMed]

135. Eckert, A.; Steiner, B.; Marques, C.; Leutz, S.; Romig, H.; Haass, C.; Müller, W.E. Elevated vulnerability to oxidative stress-induced
cell death and activation of caspase-3 by the Swedish amyloid precursor protein mutation. J. Neurosci. Res. 2001, 64, 183–192.
[CrossRef]

136. Marques, C.A.; Keil, U.; Bonert, A.; Steiner, B.; Haass, C.; Müller, W.E.; Eckert, A. Neurotoxic Mechanisms Caused by the
Alzheimer’s Disease-linked Swedish Amyloid Precursor Protein Mutation oxidative stress, caspases, and the jnk pathway. J. Biol.
Chem. 2003, 278, 28294–28302. [CrossRef] [PubMed]

137. Wang, X.; Su, B.; Siedlak, S.L.; Moreira, P.I.; Fujioka, H.; Wang, Y.; Casadesus, G.; Zhu, X. Amyloid-β overproduction causes
abnormal mitochondrial dynamics via differential modulation of mitochondrial fission/fusion proteins. Proc. Natl. Acad. Sci.
USA 2008, 105, 19318–19323. [CrossRef]
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Abstract: Many neurodegenerative disorders, including Alzheimer’s disease (AD), are strongly
associated with the accumulation of oxidative damage. Transgenic animal models are commonly
used to elucidate the pathogenic mechanism of AD. Beta amyloid (Aβ) and tau hyperphosphorylation
are very famous hallmarks of AD and well-studied, but the relationship between mitochondrial
dysfunction and the onset and progression of AD requires further elucidation. In this study we
used transgenic mice (the strain name is 5xFAD) at three different ages (3, 6, and 20 months old) as
an AD model. Cognitive impairment in AD mice occurred in an age-dependent manner. Aβ1-40
expression significantly increased in an age-dependent manner in all brain regions with or without
AD, and Aβ1-42 expression in the hippocampus increased at a young age. In a Western blot analysis
using isolated mitochondria from three brain regions (cerebral cortex, cerebellum, and hippocampus),
NMNAT-3 expression in the hippocampi of aged AD mice was significantly lower than that of young
AD mice. SOD-2 expression in the hippocampi of AD mice was lower than for the age-matched
controls. However, 3-NT expression in the hippocampi of AD mice was higher than for the age-
matched controls. NQO-1 expression in the cerebral cortex of AD mice was higher than for the
age-matched controls at every age that we examined. However, hippocampal NQO-1 expression in
6-month-old AD mice was significantly lower than in 3-month-old AD mice. These results indicate
that oxidative stress in the hippocampi of AD mice is high compared to other brain regions and may
induce mitochondrial dysfunction via oxidative damage. Protection of mitochondria from oxidative
damage may be important to maintain cognitive function.

Keywords: Alzheimer’s disease; reactive oxygen species; oxidative stress; cognitive impairment; mi-
tochondria

1. Introduction

Alzheimer’s disease (AD) is a severe irreversible brain disorder. The number of
patients suffering from it in Japan is currently higher than 3 million, and the rate of
its increase there is the fastest in the world [1]. The most important symptom of AD is
dementia via dysfunction of cholinergic neurons [2]; in particular, neuronal cell death occurs
frequently in the hippocampal region [3]. Donepezil hydrochloride, an AD therapeutic,
acts as an inhibitor of acetylcholine esterase [4], but because treatment with donepezil does
not stop AD progression [5], the development of novel therapeutic agents is necessary.

To elucidate the mechanisms of AD onset and progression, researchers have used many
experimental models, such as fruit flies [6], Caenorhabditis elegans [7], and monkeys [8].
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The most frequently used animal models are transgenic mice, and many kinds have been
developed [9]. AD research focuses on two major neuropathological features, namely,
the accumulation of amyloid-beta (Aβ) [10] and tau hyperphosphorylation [11], but their
relative contributions have not been determined.

Reactive oxygen species (ROS) such as superoxide anion radicals are mainly produced
in the mitochondrial electron transport chain [12,13]. Superoxide is reduced to hydroxyl
radicals in several steps and attacks cell membranes. Because oxygen is essential for life,
ROS production cannot be eliminated in aerobic organisms. The accumulation of oxidative
products such as lipid hydroperoxides is associated with many serious diseases such as
aging, cancer, cardiovascular disease, arteriosclerosis, and high blood pressure [13,14]. In
particular, the brain is rich in polyunsaturated fatty acids and consumes a large volume of
oxygen compared to other organs; thus, it is easily affected by ROS. Recently, many reports
have noted a relationship between ROS and AD [15]. ROS accelerates Aβ production, and
Aβ plaques release ROS, resulting in neuronal cell death [16]. Our previous study found
Aβ deposits in the hippocampal CA1 region of rats with vitamin E deficiency, normally
aged rats, and young rats exposed to high oxygen [17]. These animals showed significant
oxidation, especially in the brain, compared to normal young rats [17].

To prevent AD onset and progression, identification of early changes in the brain is
necessary, and many researchers have searched for suitable markers. In the early stage of
AD, axonal degenerative effects, such as shrinkage and beading, appear in the brain [18,19].
These phenomena are also seen in other neurodegenerative disorders such as Huntington’s
disease [20] and multiple sclerosis [21]. In our previous study, treatment with a low
concentration of hydrogen peroxide induces axonal degeneration [22]. In this condition,
calcium homeostasis is disrupted, and mitochondrial oxidation is induced [23]. These
results indicate that mitochondrial dysfunction via oxidation is strongly related to the onset
and progression of AD. To further our understanding of this relationship, in this study we
used AD-transgenic mice (5xFAD) and isolated mitochondria at different ages to measure
ROS-related protein expression.

2. Materials and Methods

2.1. Animals

All animal experiments were approved by the Animal Protection and Ethics Com-
mittee of Shibaura Institute of Technology (Approval number #15001), and 5xFAD trans-
genic mice (#008730, MMRRC034848, B6.Cg-Tg (APPSwFlLon, PSEN1*M146L*L286V)
6799Vas/Mmjax, Alias/5XFAD) from The Jackson Laboratory (Bar Harbor, ME, USA) and
self-bred prior to use in these experiments. In the present study, 3-, 6- and 20-month-old
AD-transgenic mice were used. C57BL/6 Ncr male mice of the same age were obtained
from Sankyo Labo Service Corp. Inc. (Tokyo, Japan) and used as a control group. All mice
were maintained in conditions of controlled temperature (22 ± 2 ◦C) and a 12 h light/dark
cycle, and were provided with free access to food and water. Food consisted of normal diet
pellets (Labo MR Stock) purchased from Nosan Corp. (Kanagawa, Japan). Cognition and
motor function were assessed using tests as described below. Following assessments, the
mice were euthanized, and brain samples (cerebral cortex (Cortex), cerebellum (Cer), and
hippocampus (Hip)) were collected for analysis. All other chemical agents were obtained
from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan).

2.2. Behavioral Assessment
2.2.1. Morris Water Maze

Cognitive function was assessed using a Morris water maze apparatus [24,25]. The
maze apparatus (140 cm in diameter and 45 cm in height) consists of a pool constructed
of acrylic resin. The bottom of the pool was divided into four quadrants by lines and
was set up with four different visible marks positioned around the pool. A submerged
platform was placed in the center of one quadrant. The water temperature of the pool
was maintained at 22 ± 2 ◦C. Before starting the cognitive performance trials, the animals
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were acclimated to the pool. by being allowed to swim freely for 60 s in the absence of a
platform, and to handling by the experimenter over a 3-day period. The cognitive trials
were performed four times per day and continued for five consecutive days. All trials were
performed at the same time of day, and were carried out every 3 h (starting at 9:00, 12:00,
15:00, and 18:00). We performed a total of 20 trials per mouse. The platform was maintained
in the same location of the pool for all trials. The escape latency (time to reach the goal),
swimming distance, swimming speed, and the proportion of time spent swimming in the
quadrant containing the platform were measured using the ANY-maze software (ver. 4.98;
Stoelting Co., Wood Dale, IL, USA).

2.2.2. Rota-Rod Test

The rota-rod (Muromachi Kikai Co., Ltd., Tokyo, Japan) test was used to assess
coordinated movement ability, as described previously with some modifications [26]. The
rod was accelerated from 5 to 50 rpm over a duration of 120 s. The latency to the time to
fall was measured.

2.3. Mitochondria Isolation

Mitochondria were isolated from the cerebral cortex, cerebellum and hippocampus
of each mouse using a self-made buffer (2.5 M sucrose, 5 mM 2-[4-(2-hydroxyethyl)-1-
piperazinyl] ethanesulfonic acid (HEPES), 1 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.2). After sonication, the samples were centrifuged at 500× g for 10 min at 4 ◦C. The
supernatant was centrifuged at 10,000× g for 10 min at 4 ◦C. The precipitate was diluted in
lysis buffer and mixed with 5× sodium dodecyl sulfate (SDS) buffer.

2.4. Western Blotting

All samples except isolated mitochondria samples were homogenized in lysis buffer
and used in Western blotting as described previously [27], with some modifications. Sample
lysates were centrifuged, and protein contents were determined using the Bradford assay
(Bio-Rad protein assay, #500-0006JA, Bio-Rad Laboratories, Inc., Hercules, CA, USA) accord-
ing to the manufacturer’s protocol. Protein extracts (brain homogenate samples of 10 and
50 μg, respectively) were separated on 10, 12, and 15% SDS-polyacrylamide gels and trans-
ferred to polyvinylidene difluoride (PVDF) transfer membranes (Immobilon; Merck KGaA,
Darmstadt, Germany). The PVDF membranes were washed and incubated in blocking solu-
tion (Tris-HCl-buffered saline, pH 7.6 (TBS), containing 0.1% Tween 20 and 2% non-fat skim
milk) for 1 h at room temperature. The membranes were washed in TBS containing 0.1%
Tween 20, and then treated with each primary antibody (anti-β-amyloid (1-40), mouse mon-
oclonal antibody (4H308), #GTX17420, GeneTex Inc., Los Angeles, CA, USA; anti-amyloid
beta 42 rabbit polyclonal antibody, #PA3-16761 Thermo Fisher Scientific Inc., Waltham, MA,
USA; anti-tau [TAU-5] mouse monoclonal antibody, #ab80579, Abcam Inc., Cambridge,
UK; anti-tau (phosphor-S262) rabbit polyclonal antibody, #ab131354 Abcam Inc.; anti-brain-
derived neurotropic factor (BDNF) (N-20) rabbit polyclonal antibody, #sc-546 SANTA
CRUZ BIOTECHNOLOGY (SCBT) Inc., Dallas, TX, USA; anti-nerve growth factor (NGF)
(H-20) rabbit polyclonal antibody, #sc-548, SCBT Inc.; anti-tropomyosin receptor kinase A
(TrkA) (763) rabbit polyclonal antibody, #sc-118, SCBT Inc.; anti-TrkB (H-181) rabbit poly-
clonal antibody, #sc-8316, SCBT Inc.; rabbit polyclonal anti-COX-IV mitochondrial loading
control antibody, #ab16056, Abcam plc.; mouse monoclonal [2A12] anti-3-nitrotyrosine
antibody (3-NT), #ab52309, Abcam plc.; mouse monoclonal anti-cytochrome C [37BA11] an-
tibody, #ab110325, Abcam plc.; goat polyclonal anti-nicotinamide mononucleotide adenylyl
transferase (NMNAT-3) antibody, #ab121030, Abcam plc.; rabbit polyclonal anti-nicotine
adenine dinucleotide phosphate (NAD(P)H) quinone oxidoreductase-1 (NQO-1) antibody,
#bs-2184R, Bioss Antibodies Inc., Woburn, MA, USA; rabbit polyclonal anti-superoxide
dismutase-2 (SOD-2) antibody, #bs-1080R, Bioss Antibodies Inc.) overnight at 4 ◦C. Anti-
mouse, -rabbit or -goat IgG horseradish peroxidase-conjugated antibodies (Promega Corp.,
Madison, WI, USA) were used as secondary antibodies at 1:4000 dilution for 1 h at room
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temperature. All Western blotting experiments were performed at least three times. All
chemiluminescent signals were generated by incubation with the detection reagents (Im-
mobilon; Merck KGaA) according to the manufacturer’s protocol. For normalization of the
bands for each protein, the membranes were reprobed with anti-α-tubulin rabbit mono-
clonal antibody (#2125, Cell Signaling Technology Inc., Danvers, MA, USA). The relative
intensities were determined using LAS-3000 (FUJIFILM Corp., Tokyo, Japan). Expression
ratios were calculated by dividing each protein value by that of α-tubulin using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

2.5. Statistical Analysis

Data are expressed as means ± standard error (SE). They were analyzed using Graph-
Pad Prism 9.2.0 (GraphPad Software, San Diego, CA, USA); p values of less than 0.05 were
considered statistically significant. The detailed statistical methods are described in the
individual figure captions.

3. Results

The results of the Morris water maze test are shown in Figure 1. The goal time
gradually decreased for all mouse groups. The average goal times on the final trial day for
6- and 20-month-old AD mice were significantly higher than those of age-matched control
groups (Figure 1A). The swimming trajectories of the AD mice showed that their swimming
distances were remarkably longer than those of age-matched controls (Figure 1B). However,
no significant differences in the swimming speeds among all mouse groups were noted
(Figure 1C). The ratio of staying time in the platform area was higher for the control mice
compared to the age-matched AD mice (Figure 1D). However, no significant differences
were found for any mouse groups.

Figure 1. Differences in cognitive function between control and Alzheimer’s disease (AD) transgenic
mice depending on age. The time to goal (escape latency) in the Morris water maze test is shown in
panel (A). The swimming trajectory and swimming speed are shown in panels (B,C). The ratio of
staying time in the platform quadrant is shown in panel (D). Three different ages of AD mice (3 M,
6 M, 20 M) were used (3 M AD, n = 10; 6 M AD, n = 10; 20 M AD, n = 5). Age-matched C57BL/6 mice
were used as a control group (3 M control, n = 15; 6 M control, n = 15; 20 M control, n = 10). * p < 0.05,
vs. the age-matched control group. The data are shown as means ± SE. Statistical analyses of goal
time were performed using two-way analysis of variance. Statistical analysis of goal time among all
group was performed using the two-way analysis of variance. Statistical analyses of the goal time of
each day, swimming speed, and the ratio of staying time in the platform quadrant were performed
using the Tukey–Kramer method.
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The coordination abilities were measured using a rota-rod apparatus (Figure 2). The
time to fall for control and AD mice gradually decreased in an age-dependent manner.
The time to fall for young mice did not differ between AD and control mice. However,
the time to fall for 6- and 20-month-old control mice tended to decrease compared to the
age-matched AD mice.

Figure 2. Time to fall in the rota-rod test. Three different ages of AD mice (3 M AD, n = 8; 6 M AD,
n = 8; 20 M AD, n = 8) and age-matched C57BL/6 mice (3 M control, n = 8; 6 M control, n = 8; 20 M
control, n = 5) were used. * p < 0.05 *** p < 0.001 vs. 3 M control. The data are shown as means ± SE.
Comparisons were performed using the Tukey–Kramer method.

We measured Aβ protein expression using Western blotting, and measured band
intensities for Aβ1-40 expression (Figure 3A). Aβ1-40 protein expression in all regions in
AD and control mice gradually increased in an age-dependent manner. A band of high
molecular size (fibril formation), representing Aβ1-42 was seen, and the band intensity was
calculated (Figure 3B). Aβ1-42 expression in the hippocampus of AD mice dramatically
increased compared to age-matched controls. The ratio of the hippocampal score for Aβ1-42
expression in the AD mice was higher than the score in the other two brain regions.

Figure 3. Changes in the levels of Aβ protein according to Western blot and immunohistochem-
ical analyses. Western blotting experiments were performed using three different ages (3, 6, and
20 months) and three different brain regions (cerebral cortex, Cortex; cerebellum, Cer; hippocampus,
Hip). Total protein expression in all bands was calculated for Aβ1-40 analysis (A). For Aβ1-42 analy-
sis, the high-molecular-weight band (amyloid fibrils) was used for calculation (B). The ratio of each
protein band intensity to Ponceau S intensity is shown in panels (A) and (B), with the ratios of each
brain region of 3 M control samples set to 1. Black columns show 3 M, 6 M, and 20 M AD transgenic
mice (3 M AD, n = 9; 6 M AD, n = 8; 20 M AD, n = 5), and white columns show age-matched C57BL/6
mice (3 M control, n = 10; 6 M control, n = 10; 20 M control, n = 10). Asterisks show significant
differences (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). The data are shown as means ± SE.
Comparisons were performed using the Tukey–Kramer method; 6 M AD and control mice were used.
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We used 5xFAD mice in this experiment, in which no mutation at the site of tau
phosphorylation is present. To analyze the relationship between Aβ accumulation and
the ratio of tau protein including the phosphorylated form in AD mice, we analyzed tau
and phospho6-tau expression in the three different brain regions with Western blotting
(Figure 4).

Figure 4. Western blotting analysis of the levels of tau and phospho6-tau expression in the brains of
three different ages of AD mice. All experiments were performed using three different brain regions
(cerebral cortex, Cortex; cerebellum, Cre; hippocampus, Hip). Western blotting images are shown
in panel (A). Tau protein expression was calculated and shown in panel (B). Phospho-tau protein
expression was calculated using two different band sizes (52 (C) and 75 kDa (D)). The ratio of each
phospho-tau band intensity to Ponceau S intensity is shown, with the ratios of each brain region of
3 M control samples set to 1. Black columns show 3 M, 6 M, and 20 M AD mice (3 M AD, n = 10; 6 M
AD, n = 10; 20 M AD, n = 5), and white columns show age-matched C57BL/6 mice (3 M control, n = 10;
6 M control, n = 10; 20 M control, n = 5). Asterisks show significant differences (* p < 0.05, ** p < 0.01).
The data are shown as means ± SE. Comparisons were performed using the Tukey–Kramer method.

No differences in tau expression were seen among any samples. Two bands of different
sizes representing phospho-tau (52 and 75 kDa) were detected and calculated. Each
phospho6-tau expression was nominally increased (but not significant) in AD and control
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mice in an age-dependent manner. However, phospho6-tau (75 kDa) in the 6-month-old
AD mice tended to be lower than that in the 3-month-old AD mice.

To clarify the relationship between cognitive dysfunction in AD mice and neuronal
function, we assessed the expression of neurotrophic factors and their receptor proteins
(Figure 5). However, the expression ratios of NGF, BDNF, and their receptors did not differ
in any brain regions of either mouse group, except for NGF and TrkB expressions in the
cortex region, and parts of cerebellum and hippocampus.

Figure 5. Western blotting analysis of the levels of neurotrophic-factor-related proteins in the brains
of three different ages of AD transgenic mice. All experiments were performed using three different
brain regions (cerebral cortex, Cortex; cerebellum, Cre; hippocampus, Hip). The ratio of each protein
band intensity to Ponceau S intensity is shown, with ratios of each brain regions of 3 M control
samples set to 1. Black columns show 3 M, 6 M, and 20 M AD mice (3 M AD, n = 8; 6 M AD, n = 8;
20 M AD, n = 4), and white columns show age-matched C57BL/6 mice (3 M control, n = 8; 6 M control,
n = 8; 20 M control, n = 8). Asterisks show significant differences (* p < 0.05, ** p < 0.01, *** p < 0.001).
The data are shown as means ± SE. Comparisons were performed using the Tukey–Kramer method.

We isolated mitochondria and measured protein expression using Western blotting.
First, we checked the quality of our mitochondria isolation technique using our self-made
buffer (Figure 6A). After isolation, we checked COX-IV expression using Western blotting,
and found that the COX-IV band was very clear. These results suggest that our self-
made buffer and isolation method has the same separation ability as the commercial kit.
Hippocampal 3-NT expression in the AD and control mice gradually increased in an age-
dependent manner. The 3-NT expression level in the hippocampus of the AD mice was
higher than that in the age-matched controls. NQO-1 expression levels in the cerebral
cortex of the AD mice were higher than those in the age-matched controls. However, the
hippocampal SOD-2 expression level in AD mice was lower than those in the age-matched
controls. NMNAT-3 expression tended to be lower in 20-month-old AD mice compared to
the age-matched controls of all brain regions.
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Figure 6. Western blotting analysis of the levels of each protein in isolated mitochondria of brains of
three different ages of AD-transgenic mice. All experiments were performed using three different
brain regions (cerebral cortex, Cortex; cerebellum, Cer; hippocampus, Hip). The mitochondrial
isolation method is shown in panel (A). Western blotting images are shown in panel (B). The number
of each sample is shown in panel (C). The ratios of each protein band intensity to COX-IV intensity are
shown, with ratios of each brain region in 3 M control samples set to 1 (D). Black columns show 3 M,
6 M, and 20 M AD mice. White columns show age-matched control mice. Asterisks show significant
differences (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). The data are shown as means ± SE.
Comparisons were performed using the Tukey–Kramer method.

4. Discussion

4.1. AD Transgenic Mice Developed Cognitive Dysfunction, but Swimming Speed Did Not Change

To clarify the relationship between senescence and cognitive function in AD transgenic
mice, we assessed their cognitive function using the Morris water maze task at three
different ages. The goal time gradually decreased for all mouse groups with or without
AD. The goal time of the final trial day gradually decreased in an age-dependent manner in
both mouse groups. These results showed that cognitive function was gradually impaired
by aging with or without AD and are consistent with our previous study [24]. The goal
times on the final trial day for 6- and 20-month-old AD mice were significantly impaired
compared to the age-matched controls. The goal time on the final trial day for the 3-month-
old AD mice was nominally impaired (but not significantly) compared to the age-matched
controls. The swimming distance of the AD mice was longer than that of the age-matched
controls. These results showed that the AD mice developed cognitive dysfunction even at
a young age, and the difference in the goal time between the controls and the AD mice at
the same age gradually widened.
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To clarify that these differences were not simply due to motor dysfunction, we mea-
sured swimming speed. We found no significant differences among the mouse groups.
Additionally, we measured coordination ability using the rota-rod test. The fall time gradu-
ally decreased in an age-dependent manner in mice with or without AD. The fall time for
the 20-month-old control group was significantly faster than that of the 3-month-old group.
These results, using two different apparatuses, showed that AD mice did not induce much
motor dysfunction and coordination disorder. Even during normal breeding, we found
no particular difference in gait or movement in the AD mice. We found that the cognitive
function of the AD mice simply deteriorated at a younger age. However, the fall time in
the rota-rod test for the AD mice tended to be nominally longer (but not significantly so)
compared to that of the age-matched controls. The reason is likely due to the difference in
body weight. The fall time in the rota-rod test tends to be body-weight-dependent. In our
previous study, obese mice fell faster than age-matched controls, and a negative correlation
between body weight and fall time was observed [28]. In this study, the mean body weights
of the AD mice at each age were lower than those of the age-matched controls, despite
being fed ad libitum (control 3-month-old (3 M), 22.44 g; control 6-month-old (6 M), 30.8 g;
Control 20-month-old (20 M), 29.18 g; AD 3 M, 18.6 g; AD 6 M, 20.4 g; AD 20 M, 24.2 g).
The difference in the fall time in the rota-rod test may be due to the difference in weight
between the two groups. The reason why the body weight of the AD mice was lower than
those of the age-matched controls is unknown.

4.2. Aβ Expression, but Not Phospho-Tau Was Significantly Increased in AD Transgenic Mice

In this experiment, we purchased AD transgenic mice, which are widely used [29,30].
Basic information on the 5xFAD strain is provided on the JAX official website (https:
//www.jax.org/strain/008730, accessed on 17 December 2021). This strain overexpresses
both human Aβ precursor protein with the Swedish (K670N, M671L), Florida (I716V), and
London (V717I) Familial Alzheimer’s Disease (FAD) mutations and human presenilin-1
harboring two FAD mutations, M146L and L286V. JAX recommends that this strain be used
as an Aβ1-42-induced neurodegeneration model. To elucidate which AD-related proteins
affected cognitive dysfunction in the Morris water maze trial, we examined Aβ1-40, -42,
tau, and phospho-tau protein expression using Western blotting analysis.

Aβ1-40 expression in the AD mice was increased in all brain regions in an age-
dependent manner. However, the rate of the increase in its expression in the AD mice,
especially in the 20-month-old mice, was lower than that of Aβ1-42, and the control mice
also gradually showed an increase in Aβ1-40 in every brain region in an age-dependent
manner. Aβ1-42 expression in the AD mice also increased in an age-dependent manner,
except in the hippocampus of the 20-month-old mice. Surprisingly, the increased rate of
Aβ1-42 expression in the hippocampus was much higher than that of the other two brain
regions in all AD mouse groups. Generally, the toxicity of Aβ1-42 is considered to be
stronger than that of Aβ1-40 [31], and Aβ1-42 tends to aggregate [32]. Changes in the
ratio of Aβ1-40 and -42 are associated with Aβ toxicity, and increased Aβ1-42 exacerbates
the AD condition [33]. We selected a high-molecular-weight band (more than 180 kDa)
and used it in the calculations for this study. Our results indicated that Aβ1-42 began to
aggregate in the hippocampus of the AD mice from a young age. JAX explains that Aβ1-42
aggregation begins to accumulate in 1.5-month-old mice, which is broadly consistent with
our results. Unfortunately, we did not examine the protein expression of both Aβ species
in mice younger than 3 months. Because AD mice are self-breeding, they are expensive,
time consuming, and very difficult to produce in quantity. We prioritized the creation of a
20-month-old group in this study. In the near future, we intend to conduct a similar study
in AD mice younger than 1.5 months to clarify when Aβ1-42 aggregates.

We found no significant difference in tau expression in any of our samples. We
calculated phospho-tau expression using two different molecular weight bands, and the
expression of the 75-kDa band gradually increased in an age-dependent manner in both
the AD and the control mice, except in the 6-month-old AD mice. The increased rate of
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75-kDa phospho-tau expression was higher than that of the 52-kDa band, and hippocampal
expression of the 75-kDa band was higher than that in the other two brain regions in both
the AD and the control mice. These results indicate that cognitive impairment in AD mice
is likely induced by Aβ1-42 aggregation in the hippocampus.

4.3. Neurotrophic Factors and Their Receptor Expression Were Unchanged in AD Transgenic
Mouse Brains

Neurotrophic factors such as NGF and BDNF play an important role in the main-
tenance of higher brain function. The functions of neurotrophic factors include axonal
elongation, neuronal survival, and neurotransmitter synthesis [34]. To clarify the effect
of neurotrophic factor expression in cognitive dysfunction in AD mice, we examined the
expression of NGF, BDNF, and their receptors with Western blotting. Contrary to expecta-
tion, we found no significant differences in any samples except for parts of the NGF and
TrkB expressions in the cerebral cortex. In general, neurotrophic factor secretion declines
gradually with age [35], but this study did not show that trend. Cholinergic neurons are
severely damaged in AD mice, but NGF-releasing cells may not be significantly affected,
and the rate of damage or dysfunction may vary by neuron type. Had we looked at the
mRNA, a difference may have been seen or large individual differences may have been
apparent. Any underlying causal factors remain unknown.

4.4. Mitochondrial Oxidative Damage Was Increased in AD Transgenic Mouse Brains

ROS attack many tissues and induce oxidative damage and cell death. The “free
radical theory of aging” hypothesis was first proposed by Harman in 1956 [36]. The
accumulation of oxidative damage is related to the onset or progression of many severe
diseases, including neurodegenerative disorders and aging [13]. Oxidation levels in the
brain are accelerated in AD mice and cause various symptoms [37]. Lipid hydroperoxides
are one golden marker for determining oxidation. Thiobarbituric acid-reactive substances,
4-hydroxynonenal and prostaglandin F2alpha may also be measured. However, these are
end products. We wanted to determine the oxidation-related markers that occur further
upstream, not in the final product. We thought that there might be significant changes
upstream, even if there were no significant differences in the final product. In particular,
mitochondrial dysfunction is critical and plays a key role in aging and disease [38], and
mitochondrial dysfunction-induced cellular calcium homeostasis deterioration is a major
issue [15,39]. In our previous study, treatment with a low concentration of hydrogen
peroxide induced neurite degeneration in neuroblastoma cell lines, and mitochondria
accumulated in regions of neurite degeneration [40]. Excessive influx of calcium ions
induces mitochondrial superoxide generation and membrane oxidation [23]. These results
suggest that ROS-induced mitochondrial damage may be closely related to neuronal
survival.

To determine the mitochondrial oxidation levels, we measured the expression of
proteins using isolated mitochondria. SOD-2 (also known as Mn-SOD), which detoxifies
superoxide, is specifically present in mitochondria. SOD-2 mutations are related to the
onset of AD, Parkinson’s disease, and stroke [41]. SOD-2 expression levels, especially in
the hippocampus, were nominally (but not significantly) lower compared to age-matched
controls in our experiment. This result indicates that AD mice may have an imbalanced
redox state. However, 3-NT expression in the hippocampi of the AD mice was higher than
that in the age-matched controls. 3-NT, which is an index of nitric oxide production in
cells, is synthesized from peroxynitrite and tyrosine, and peroxynitrite is synthesized from
superoxide and nitric oxide [42]. 3-NT is a marker of protein modification and is related to
many diseases such as arteriosclerosis and AD [43,44]. These results indicated that nitric
oxide production in the hippocampus of AD mice may be relatively high compared to other
brain regions of AD mice, as well as in age-matched controls.

NMNAT-3 levels were also attenuated in every region of AD mouse brains in this study.
NMNAT-3 catalyzes the formation of nicotinamide adenine dinucleotide (NAD+) synthesis
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from nicotinamide mononucleotide and ATP, and is localized in the mitochondria [45].
NAD+ is needed for the citric acid cycle and respiratory chain in mitochondria, and the
NAD+ level is an index of mitochondrial function [46]. The activation of NMNAT-3 induces
mitochondrial function and has an anti-aging effect in NMNAT-3 over expression mouse
model [47]. We could not demonstrate a direct interaction between oxidative stress and
changes in NMNAT-3 levels in mitochondria. Low NMNAT-3 levels in AD mice indicate
that mitochondrial function may be impaired by ROS. Further investigation is needed to
clarify this interaction.

NQO-1 is a flavin-adenine-dinucleotide-dependent flavoprotein that serves as an
oxidative stress response protein [48]. NQO-1 expression is regulated by a complex of the
Kelch-like ECH-associated protein 1 (Keap 1) and the nuclear factor erythroid 2-related
factor 2 (Nrf2) system [49]. The induction or knockdown of NQO-1 may be directly
related to the reduction or enhancement of the oxidative stress status in cells [50]. NQO-1
expression in the cerebral cortex of the AD mice was higher than that in the age-matched
controls at every age that we examined. However, hippocampal NQO-1 expression in
6-month-old AD mice was significantly lower than 3-month-old AD mice. These results
suggest that the antioxidant response function, including the Keap1/Nrf2 system, was
functioning in the cerebral cortex, albeit with gradual weakening. In the hippocampus,
the response of defense mechanisms including the expression of antioxidant enzymes
such as SOD-2 to ROS was already weakened, and as a result, oxidation including 3-
NT was promoted. Oxidation may result in impaired mitochondrial function, such as
by NMNAT-3, leading to mitochondrial dysfunction, and finally, to the development of
cognitive dysfunction.

However, all analytical data for Western blotting of isolated mitochondria were nor-
malized by COX-IV. COX-IV is one of the mitochondrial-specific proteins and is a subunit
of cytochrome c oxidase in the mitochondrial respiratory chain. For Western blotting using
isolated mitochondria, COX-IV, VDAC1/Porin, and heat shock protein 60 (HSP60) may
be used as loading controls. However, care should be taken when using these proteins as
loading controls. COX-IV may already be damaged in AD transgenic mice [51,52]. It is
important to consider the use of multiple loading proteins for more accurate results. In that
sense, this result may not be completely correct, so that this should be kept in mind for
future experiments.

5. Conclusions

In our experiments, we found that the AD mice showed significant damage from ROS.
However, the number of samples of isolated mitochondria from AD mice was limited other
than for the outside of the cerebral cortex region. If mitochondria can be protected from
ROS, mitochondrial function and cognitive function may be maintained. Future studies
should explore compounds that can specifically exert a strong antioxidant capacity in
mitochondria.
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Abstract: Hypoxia represents the temporary or longer-term decrease or deprivation of oxygen in
organs, tissues, and cells after oxygen supply drops or its excessive consumption. Hypoxia can be
(para)-physiological—adaptive—or pathological. Thereby, the mechanisms of hypoxia have many
implications, such as in adaptive processes of normal cells, but to the survival of neoplastic ones, too.
Ischemia differs from hypoxia as it means a transient or permanent interruption or reduction of the
blood supply in a given region or tissue and consequently a poor provision with oxygen and energetic
substratum-inflammation and oxidative stress damages generating factors. Considering the implica-
tions of hypoxia on nerve tissue cells that go through different ischemic processes, in this paper, we
will detail the molecular mechanisms by which such structures feel and adapt to hypoxia. We will
present the hypoxic mechanisms and changes in the CNS. Also, we aimed to evaluate acute, subacute,
and chronic central nervous hypoxic-ischemic changes, hoping to understand better and systematize
some neuro-muscular recovery methods necessary to regain individual independence. To establish
the link between CNS hypoxia, ischemic-lesional mechanisms, and neuro-motor and related recovery,
we performed a systematic literature review following the” Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA”) filtering method by interrogating five international medical
renown databases, using, contextually, specific keywords combinations/”syntaxes”, with supple-
mentation of the afferent documentation through an amount of freely discovered, also contributive,
bibliographic resources. As a result, 45 papers were eligible according to the PRISMA-inspired selec-
tion approach, thus covering information on both: intimate/molecular path-physiological specific
mechanisms and, respectively, consequent clinical conditions. Such a systematic process is meant to
help us construct an article structure skeleton giving a primary objective input about the assembly of
the literature background to be approached, summarised, and synthesized. The afferent contextual
search (by keywords combination/syntaxes) we have fulfilled considerably reduced the number of
obtained articles. We consider this systematic literature review is warranted as hypoxia’s mechanisms
have opened new perspectives for understanding ischemic changes in the CNS neuraxis tissue/cells,
starting at the intracellular level and continuing with experimental research to recover the consequent
clinical-functional deficits better.

Keywords: hypoxia; ischemia; neuraxis; hypoxic-ischemic injuries; neural ischemia; neural tissue
hypoxic injuries; neuro-recovery; neurorehabilitation
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1. Introduction

Without oxygen, many species on Earth would not survive because molecular oxygen
is indispensable for biochemical and bioenergetic cellular processes [1,2]. Therefore, hy-
poxia is defined as the decrease or deprivation of oxygen in organs, tissues, and cells by
decreasing oxygen supply (due to damage to the vascular network— in case of ischemia;
due to anemia or other lack of oxygen conditions) or increasing oxygen consumption (as in
the sudden increase in the rate of cell proliferation) [3,4].

Hypoxia can be physiological (with beneficial effects on the nervous system, respira-
tory system, cardiovascular system, and different metabolisms) or pathological (neoplasms,
rheumatoid arthritis, and atherosclerosis) [5,6]. Although the brain represents only 2% of
the body’s weight, it is the organ that consumes the most energy, needing at least 20% of
the total oxygen to function normally [7]. Furthermore, it seems that the medullary blood
supply is similar to the cerebral one, with a blood flow of 5:1 between the white substance
and the grey matter, and the mechanisms of cerebral and medullary vascular self-regulation
are independent of blood pressure values. In contrast, systemic variations in blood gases
alter the medullary vascular flow (without redistributing it) [8,9]. Therefore, reducing the
amount of oxygen can be harmful to nerve tissue, leading to neurological disorders, with
significant medical and socio-economic implications.

Each cell and tissue has characteristic abilities to adapt to hypoxia conditions by
stabilizing HIF alpha and regulating the various genes involved in angiogenesis and
oxygen transport [6].

In 2019, the Nobel Prize for Medicine and Physiology was awarded for clarifying the
molecular mechanism of cell sensitivity to oxygen, with implications in cell physiology
and the pathophysiology of complex processes such as metabolic adaptation, neovascu-
larization, and tumor progression. The mechanisms of molecular biology through which
hypoxia influences cellular activity are difficult to understand, their complete elucidation
being performed only recently, when the correlations between cellular oxygenation level
and hypoxia-inducible factor (HIF), HIF inhibiting factor (FIH), hypoxia regulating element
(HRE), Von Hipple-Lindau protein (VHL), proline hydroxylase (PHD) were understood,
along with all cellular elements modulated by these factors [10].

Perinatal hypoxic-ischemic lesions produce brain injuries. About 40% of newborns
do not survive, and 30% develop permanent neurological disorders (cerebral palsy, visual
disturbances, epilepsy, neuro-cognitive delay, learning disorders). Hypoxic-ischemic lesions
from perinatal nerve distress cause energy disorders in cell metabolism, leading to cell
death through apoptosis, necrosis, and autolysis (autophagic cell death) [11].

Experimentally, it has been observed how prenatal hypoxia affects the migration of
embryonic neuroblasts with the subsequent impairment of the development of the CNS
in rats [12,13]. Furthermore, experimental ischemia in mice, through MCAO (middle
cerebral artery occlusion—model of stroke), is associated with immune cells presence in the
meningeal vessels and, respectively, ”the mice with MCAO showed an invasion of LysM
GFP+ cells into the brain parenchyma especially in the peri-infarct region” [14].

On the other hand, in human adults, vascular disorders (such as stroke) are risk
factors for neurodegenerative diseases [15], like Parkinson’s disease [16], dementia (and
other cognitive impairments). In addition, there are also innate metabolic disorders that
affect the CNS’s functioning, such as hyperhomocysteinemia (a consequence of impaired
homocysteine metabolism or other cofactors involved in its degradation), which is an
independent risk factor for stroke [17,18] occurrence [19,20].

Considering the implications of hypoxia on nerve tissue cells that go through different
ischemic processes, in this paper, we will detail the molecular mechanisms by which
cells feel and adapt to hypoxia. We will present the hypoxic mechanisms and changes
in central nervous tissue. We also aim to evaluate acute, subacute, and chronic central
nervous hypoxic-ischemic changes in the hope of discovering or improving some methods
of neuro-muscular recovery necessary to regain individual independence.
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2. Method

The documentation afferent to this paper (about the relationship between the processes
of ischemia—hypoxia—recovery in the central nervous system—CNS) relies on both works
freely identified in the literature and a rigorous related selection within a systematic litera-
ture review, following the “PRISMA” paradigm. Thereby, we interrogated the following
medical databases: Elsevier, NCBI/PubMed, NCBI/PMC, PEDro, and—to check whether
the (initially) found articles are published in ISI indexed journals—ISI (Institute for Scientific
Information—ex Thomson Reuters—currently administered by Clarivate Analytics).

Our search referred to the period 1 January 2016 to 31 December 2020. We considered
only works published in English and issued in ISI-indexed journals. Accordingly, we
used—contextually—a series of key word combinations/”syntaxes”: ” Hypoxia” + ”nerve
tissue” + ”lesion(s)”, ”Hypoxia” + ”nerve tissue” + ”injury(es)”, ”Hypoxia” + ”nerve tissue”
+ ”recovery”, ”Hypoxia” + ”nerve tissue” + ”cellular mechanisms”, ”Hypoxia” + ”CNS”
+ ”lesion(s)”, ”Hypoxia” + ”CNS” + ”lesion(s)”, ”Hypoxia” + ”CNS” + ”injuries(es)”,
”Hypoxia” + ”CNS” + ”injury(es)”, ”Ischemia” + ”nerve tissue” + ”lesion(s)”, ”Ischemia” +
”nerve tissue” + ”injury(s)”, ”Ischemia” + ”nerve tissue” + ”recovery”, ”ischemia” + ”nerve
tissue” + ”cellular mechanisms”, ”Ischemia” + ”CNS” + ”lesion(s)”, ”Ischemia” + ”CNS” +
”lesion(s)”, ”Ischemia” + ”CNS” + ”injuries(es)”, ”Ischemia” + ”CNS” + ”injury(es)” The
articles thus found have then been filtered in five steps (without meta-analysis), on the
standardized base of the PRISMA inspired selection methodology.

3. Results

The PRISMA standardized methodology for achieving systematic reviews requires
specific steps and a high level of strictness, which we have respected, resulting in 45 eligible
and contributive works (see Figure 1 and Table S1). Although our systematic literature
review has been thoroughly conducted, some bibliographic resources of interest still might
have been overlooked. However, considering the contribution mentioned above of the
freely discovered publications, hopefully, we have adequately covered the necessary infor-
mation, as presented in the skeleton structure (see Table 1 at the end).

3.1. The Intimate Mechanisms of Hypoxia

HIF plays a central role in detecting and adapting cells to oxygen by transcriptionally
activating genes controlling oxygen homeostasis and metabolic activation (Figure 2) [21].
There are several cytoplasmic HIF isoforms: HIF-1α and HIF-2α (activating the HRE’s
transcription, without redundant activity) and HIF-3α (the most distant isoform which,
in some cases, may encode a polypeptide that inhibits the expression of HRE-dependent
genes). HIF-2α is present in tumor cells (such as those in clear-cell renal cell carcinoma
associated with von Hippel-Lindau disease), and HIF-1α has been found in normal cells
of the human body. However, it appears that activation of the erythropoietin production
gene (EPO) is preferentially achieved under the action of HIF-2α (also occurring through
activation produced by HIF-1α) [3,22].

HIF-1 is essential for normal development and the response to ischemia/hypoxia, tu-
mor development, energy metabolism, angiogenesis, apoptosis, proliferation, and vasomo-
tor function [23]. HIF 1 binds many genes that contain in their structure hypoxic response
elements such as vascular endothelial growth factor (VEGF), glucose transporter 1 (GLUT-
1), adenylate kinase 3 (AK-3), aldolase A (ALD-A), phosphoglycerate kinase 1 (PGK-1),
6-phosphofructokinase, liver type (PFK-L), and lactate dehydrogenase A (LDH-A) [24].
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Figure 1. PRISMA flow diagram adapted to our study.

The HIF-DNA complex is a heteromer, the binding being achieved by the subunits
α and β. While the expression of the HIF-1β subunit is constitutive, the presence of the
HIF-1α-subunit increases exponentially with the decreases of cellular oxygenation below
6%. That means an oxygen partial pressure of 40 mmHg measured at sea level when the
average partial pressure of the oxygen in the nervous tissue is 30–48 mmHg [25–27]. The
amino-terminal end of HIF-1α is sufficient for dimerization with the HIF-1β subunit and
DNA binding [25]. Cellular sensitivity to oxygen is ensured by the activity of the enzyme
proline hydroxylase (having 3 isoforms), which, in the presence of iron ions and oxygen,
adds two hydroxyl groups to the HIF-1α subunit (to 2 terminal proline residues: Pro-402
and Pro-564) [10,28,29]. At the same time, the oxygen-dependent hydroxylation, performed
by FIH to arginine residue of HIF-1α C-terminal transactivation domain (CAD), cancels the
HIF-1α interaction with p300, preventing its translational activity [27,30].

Under normal oxygenation, the HIF-1α protein subunit is rapidly degraded by proteo-
somes. The whole process is mediated by the Von Hipple-Lindau protein factor (pVHL),
an E3 ubiquitin recognition and binding component that promotes ubiquitin-dependent
proteolysis of this subunit [31]. Under hypoxic conditions, the degradation of the HIF-1α
subunit is suppressed, leading to gene transcription activation. At the experimental level,
cobalt ions and iron chelators simulate the conditions of cellular hypoxia. In their presence,
the binding of HIF-1α to pVHL is prevented [10,32].

HIF-1 is also found in mammalian cell cultures raised under low oxygen pressure
conditions and is needed to amplify the transcription of genes that mediate erythropoietin
(EPO) production in hypoxic cells [33–35]. Oxygen is essential for mammalian life through
oxidative phosphorylation and adenosine triphosphate (ATP) synthesis [36,37].

In response to hypoxia, HIF-1 mediates the activation of anaerobic glycolysis path-
ways, erythropoietin synthesis pathways (in anemia or individuals living at altitude), and
production of VEGF (with new blood vessel formation as in chronic myocardial ischemia).
HIF influences genes such as VEGF, EPO by binding to the HRE gene sequence (thus, HRE
shows HIF activity) [6]. Molecular mechanisms that mediate the cellular response to hy-
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poxia have been studied regarding erythropoietin production, which controls erythrocytes
formation (and increased tissue oxygenation) through specific growth factors. Hypoxia
conditions (growth of cell cultures in the atmosphere with 0.1% oxygen, in the presence
of cobalt chloride or deferoxamine) determine the binding to the cis end of the EPO3
gene of the trans region of the α subunit of HIF-1. In conditions of deficient oxygenation
obtained by treating the cell cultures with deferoxamine or cobalt chloride, the EPO3 gene
expression has cell specificity based on HIF-1α-mediated activation [38]. The persistence of
HIF-1α in cells grown in hypoxemic environments is due to the binding of cobalt ions and
deferoxamine to CAD located at the carboxy-terminal end of HIF-1 [25].

Figure 2. The cellular mechanism of hypoxia (showing how oxygen partial pressure, pO2, in-
fluences deoxynucleic acid, DNA, via hypoxia-inducible factor, HIF; with involvement of factor
inhibiting HIF, FIH; arginine, ARG; C-terminal transactivation domain, CAD; protein 300, p300 and
Von Hipple-Lindau factor, VHL and proline hydroxylase, PHD. We can see how hypoxia response
elements (HRE) are activated, as the atypical Nuclear Factor kB, NF-kB, activation pathway, with
involvement of inhibitor kB, I-kb. This triggers the genes of lactate dehydrogenase A, LDH-A;
adenylate kinase 3, AK-3; aldolase A, ALD-A; phosphoglycerate kinase 1, PGK-1; phosphofructoki-
nase, liver type, PFK-L 6; vascular endothelial growth factor, VEGF; erythropoietin, EPO; glucose
transporter 1, Glut-1; interleukin 8, IL 8; B cell lymphoma-2, Bcl-2; matrix metalloproteases, MMP;
stromal cell-derived factor 1, SDF).

Nuclear Factor kB (NF-kB) is a major transcription factor under stress, being activated
(see Figure 3) by hypoxia or decreased oxygen availability [39]. NF-kB is part of a family
of transcription factors composed of RelA, RelB, cRel, NF-kB1 (p105/p50), and NF-kB2
(p100/p52) [40]. These transcription factors are maintained in the cytoplasm in an inactive
form by the kB inhibitor family’s action (IkB) [41]. The stimulation produced by various
stressors leads to the accumulation of NF-kB in the nucleus and its binding to DNA,
using some paths classified as canonical, non-canonical, and atypical. The most studied
pathway is the canonical (or classical) activation of NF-kB. This one involves the activation
of transforming growth factor activating kinase-B (TAK1) and the kB inhibitor complex
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kinase (IKK), composed of IKKα, IKKβ, and IKKγ or the essential modulator of NF-kB
(Nemo) [41]. The non-canonical NF-κB activation pathway consists of NF-κB-induced
kinase (NIK) and the IKKγ activating homodimer [42,43]. The atypical NF-kB activation
pathway usually does not require the presence of the IKK complex and acts directly on
the IkB [41]. NF-κB activation pathways are strongly influenced by changes in ubiquitin
components [39].

A ligand for the receptor, such as cytokines or foreign deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA), is usually required to activate most NF-κB pathways. Stim-
ulation by damaged DNA activates sensitive NF-kB kinase in the nucleus, followed by
cytoplasmic growth of IKK. When activating HIF, the cell uses oxygen sensors such as
PHD and FIH. PHD links oxygen sensitivity to NF-kB activation, acting directly on IKK.
At the same time, PHD1 was identified as the enzymatic isoform with the highest level
of control of IKK activity [39]. Most studies have investigated the activation of NF-κB
in response to hypoxia in neoplastic cells and have shown a decrease in apoptosis and
increased angiogenesis.

Figure 3. The Nuclear Factor kB (NF-kB) pathways activation: the canonical pathway (triggered by
the action of tumor necrosis α, TNFα; interleukin 1, IL-1, and lipopolysaccharides, LPS, on T cell
receptor, TCR, with involvement of transforming growth factor activating kinase—B, TAK1; the kB
inhibitor complex kinase α, β, IKK α, β; of the essential modulator of NF-kB, IkB-α, β, ε kB inhibitor
family, Nemo), the non-canonical pathway (involving NF-κB-induced kinase, NIK, and IKK γ) and
the atypical pathway.

However, the situation is different in tissues such as the brain and myocardium, in
which NF-kB’s role appears to be more complex through the induction and suppression of
apoptosis depending on the context [39]. Under hypoxic conditions, NF-kB modulates the
expression of numerous proteins involved in controlling apoptosis (such as members of
the Bcl-2 family) and the inhibition of programmed cell death [44–46]. In addition, NF-kB
increases the expression of IL-8, an essential cytokine in inducing angiogenesis that con-
tributes to the generation of neovascularization in hypoxia [47,48]. NF-kB also induces the
expression of proteins involved in motility and adhesion, such as matrix metalloproteases
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(MMP) and stromal cell-derived factor 1 (SDF) in tumor, immune and neuronal cells [46,49].
Therefore, the hypoxia-induced NF-kB factor is essential for many cellular responses to this
stimulus, (especially) prevention of apoptosis, induction of angiogenesis, and promotion of
cell motility [39,50,51].

3.2. The Influence of Hypoxia on the Nervous Tissue

Hypoxia complexly influences the physiology of all types of cells, including the
nerve cells, in all stages of nerve tissue development (starting with the neonatal period
and ending with that of old age), as well as in various traumatic conditions (spinal cord
injury, traumatic brain injury) and non-traumatic conditions (stroke, chronic pain, epilepsy,
certain congenital or acquired neurodegenerative diseases). Hypoxia has some pathological
consequences on the CNS (CNS) in different post-lesional stages divided into acute (in the
first 2 weeks), subacute (in the next 3–11 weeks), early chronic (for the 12–24 next weeks),
and chronic (for a more extended period than 24 weeks) [52–54].

Nerve tissue comprises neurons and glial cells, such as microglia or astrocytes [55]. Mi-
croglia are derived from erythromyeloid progenitors migrated to the brain during intrauter-
ine life [56]. Microglia have an essential role in defending against microbial aggression and
CNS aggression and synaptic budding, neurogenesis, and cerebral homeostasis [57,58]. It
has also been observed that, among flavonoids, wogonin and baicalein inhibit microglial
inflammatory activity (by decreasing the production of nitric oxide (NO) and the inducible
activity of NO synthase and NF-κB activation) [59]. In addition, melatonin is a pineal
hormone with an anti-inflammatory effect after stroke (by clearing ROS and inhibiting the
inflammatory response) in microglia [60].

Astrocytes are essential in maintaining the integrity of the blood-brain barrier and the
perineuronal environment; in the metabolism of glutamate (and decreased excitotoxicity),
in the preservation of calcium and potassium homeostasis in the extracellular environ-
ment [61]. In addition, astrocytes have a critical homeostatic role in the CNS through
neurogenesis, neuroprotection, immunomodulation, and their antioxidant role [62]. It has
also been found that HIF1α stimulates the production of peroxisomes (organelles with
essential functions in glial cell metabolism) [62].

In the glial cell membranes, Aquaporin 1 (AQP-1) water channel [63] is very little
expressed in white and grey matter (in astrocytes ependymal cells and thin fibers in the
posterior medullary horns of the normal CNS), act as an ion channel in the secretion of
cerebrospinal fluid and is well expressed in choroid plexus cells [64].

At the nuclear level, the High mobility group box 1 (HMGB1) protein is present
in all cells, having a role in stabilizing and repairing deoxyribonucleic acid (DNA) [65].
HMGB1 is released from necrotic neurons or is actively secreted from microglia, mono-
cytes/macrophages, and neutrophils, mediating the neuroinflammatory response and
contributing to the pathogenesis of ischemic stroke [66]. Extracellular HMGB1 binds to
different membrane receptors as toll-like receptors (TLR-2, TRL-4). HMGB1 can be altered
by redox reactions with implications for acute and chronic cellular changes in stroke [67,68].

The mechanisms of hypoxia act in a very complex manner on the CNS through
all the molecules it involves. In this way, erythropoietin has a neuroprotective effect,
engaging in antiapoptotic, anti-inflammatory, neuro-neurovascular remodeling, and stem
cell proliferation mechanisms [69].

At the mitochondrial level, hypoxia causes the reprogramming of the functioning
of the respiratory chain by changing (transient and reversible) the path of nicotinamide
adenine dinucleotides oxidation (NAD) of the substrate (complex I) to the oxidation of
succinate (complex II). Activation of the respiratory chain complex II is a vital hypoxia
adaptation mechanism required for the production of cellular energy by succinate (for
immediate resistance of the body), stabilization of HIF-1α by succinate and initiation of
its transcriptional activity for long-term adaptation, and activation of the GPR91 succinate
receptor (G protein receptor 91) [70]. This mechanism of activation of the respiratory chain
complex II has the following regulatory functions: sensitization and adaptation to the
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gradual decrease of oxygen in the environment (for the selection of the most efficient ways
of oxidation of the substrate in hypoxia), compensation (with the immediate formation
of the body’s response and resistance to hypoxia), transcriptional (with activation of HIF-
1α synthesis and genes that ensure adaptation to hypoxia for long periods), receptor
(for mitochondrial participation in the GPR91 succinate receptor-mediated intercellular
signaling system) [71–73].

A specific neural pathway for adapting to hypoxia has been discovered, which de-
termines the increase in the biosynthesis of cellular fatty acids with their subsequent
esterification. Experimentally, it was observed that the inhibitors of fatty acid synthe-
sis (such as Acetyl-Co-A carboxylase and fatty acid synthetase) increased the ratios of
NADH+2/NAD+ and NADPH+2/NADP+ in hypoxic conditions. Inhibition of fatty acid
synthetase increased lactic acid levels in normoxia and hypoxia. They show that fatty acids
can be proton acceptors from anaerobic glycolysis under hypoxic conditions [74].

3.3. Newborn Hypoxic-Ischemic Encephalopathy

Perinatal hypoxic ischemia is the leading cause of cerebral distress in newborns.
Therefore, this condition can have significant individual and social implications [75,76].

Hypoxic-ischemic brain lesions in the newborn are significantly influenced by inflam-
mation, activating neural cells, and local infiltration of circulating leukocytes. An initial
inflammatory response is followed by a secondary one (which can last for several days)
and a subsequent anti-inflammatory reaction. The pathophysiology of hypoxic-ischemic
encephalopathy is based on reduced blood flow and brain oxygenation. Mitochondria tend
to hyperpermeability in response to the process of hypoxia-ischemia, and this excessive
permeabilization of the mitochondrial membrane is considered a point of irreversibility in
the apoptosis following perinatal hypoxic encephalopathy [11,77,78].

Severe hypoxic-ischemic lesions initially cause energy deficiency followed by pri-
mary neuronal death, correlated with the decrease in ATP and the increase in lactic acid
production intracellular level associated with an increase in the level of reactive oxygen
species (ROS). ROS are involved in cell physiological processes but can cause cell damage,
inflammation, and oxidative stress [79]. Thus, rapid swelling and cell necrosis occur. Severe
hypoxic-ischemic lesions shorten the period of revascularization and cerebral metabolic
recovery, leading to secondary lesions (at least 6 h after the initial lesion) with delayed
neuronal apoptosis (related to excitotoxicity, oxidative stress, and inflammation) [11,80].

Hypoxic-ischemic lesions of the newborn’s brain intensely activate microglial cells,
which are involved in secondary energy disorders through the production of proinflam-
matory cytokines (TNF-α, IL-1b, IL-6, and IL-18), complement system factors, excitotoxic
amino acids. On the other hand, microglia are involved in the relief of inflammation and
repair processes after suffering from hypoxic-ischemic encephalopathy by phagocytosis
processes of cell debris [81,82].

Proinflammatory cytokines and ROS resulting from damage of hypoxic-ischemic neu-
rons [11] may activate reactive astrogliosis and delay local production of proinflammatory
cytokines (TNF-α, IL-1a, and b IL-6). It appears that reactive astrogliosis also produces
anti-inflammatory cytokines (IL-9, IL-10, and IL-11), promoting tissue healing by activating
Toll-like receptor 3 (TLR3). As a result of neonatal hypoxic-ischemic brain damage, T
lymphocytes can also enter the CNS releasing micro RNA 210 (miR-210) due to transient
focal ischemia [83]. MiR-210 inhibits HIF-1α by performing a negative feedback loop in
hypoxic differentiation of T lymphocytes [84]. In other words, acute or chronic suffering
in the CNS causes the release of adenosine triphosphate (ATP), which in the intercellular
space has an immediate excitotoxic effect by coupling with astrocyte receptors such as P2X7
(ion gate type) and P2Y1 (G protein-coupled receptor) following astrogliosis (which isolates
the injured areas) and the synthesis of neurotrophic substances (necessary for neuronal
recovery). It seems that purine mechanisms mediate astrogliosis following neurotrauma
and local hypoxia/ischemia. In the long run, the effect of nucleotides is to amplify primary
lesions, with involvement in chronic pain, epilepsy, and post-traumatic cell death [85].
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3.4. Adult Brain Ischemic Vascular Lesions

Stroke (which can have multiple etiologies and is at higher risk of production in
diabetic patients or after SARS COV2 infection) is a neurological condition that is becoming
more common, with many individual, family, and social implications [86–89].

In adulthood, ischemic vascular lesions in stroke are risk factors for neurodegenerative
diseases, and systemic hypoxic episodes increase the production and accumulation of Aβ

proteins along with the decreased expression of neprilysin (NEP) [90]. The decrease of
NEP, the primary enzyme that degrades Aβ proteins, affects the clearance of this protein.
On the other hand, Aβ proteins derived from the transmembrane domain of amyloid
precursor protein (APP), together with other active metabolites (including the C-terminal
fragment in the intracellular domain of APP), regulate the expression of NEP and other
neuronal genes. Some studies have also shown that caspase activation may be necessary
for regulating brain NEP in hypoxic and ischemic conditions, and the decrease of the Aβ

proteins elimination increases the risk of Alzheimer’s dementia [15,91,92]. In the acute
phase, post-stroke VEGF increases the permeability of the brain-blood barrier; in the chronic
phase, this molecule promotes neurogenesis and cerebral angiogenesis [93]. In patients
with hyperhomocysteinemia (a genetic disorder involving cellular hypoxia), neural cells are
sensitive to prolonged exposure to the elevated level of homocysteine, due to the adverse
effects of the reactive oxygen species and posttranslational changes in proteins (which occur
later), and the adaptive CNS (survival) response to sublethal ischemia is also preserved [19].

Primary and secondary lesions occur in traumatic brain injury (TBI). Primary lesions
are triggered by endogenous changes such as oxidative stress, glutamate-related excitotoxi-
city, immune response, disorders of ionic homeostasis, and increased vascular permeability,
causing degeneration and neuronal apoptosis [94]. Secondary TBI lesions result from
oxidative stress, by excessive accumulation of ROS that causes damage to cellular compo-
nents (lipids, proteins, DNA), followed by impaired functioning and apoptosis of neuronal
cells [95]. For its role in proliferation, signal transduction, and regulation, miRNA can also
be considered a TBI biomarker [57,58,83,96–98].

3.5. Adult Spinal Cord Injury and Hypoxia

The dimensions of the modern world are moving at increasing speeds, and the risk of
polytrauma (including TBI and SCI) is growing proportionately, with consequences that
often are difficult to manage [87,99,100].

After SCI (similar to TBI), primary and secondary lesions appear. The initial injuries are
consecutive to the direct traumatic impact (and are accompanied by neuro-vascular lesions),
and secondary lesions subsequently occur through vascular dysfunction, inflammation,
demyelination, and neuronal morphophysiological impairment [86,101].

In spinal cord injury (SCI) and TBI, the neural stem cells (NSCs) migrate and differen-
tiate around damaged nerve tissue areas. In the case of SCI, the interstitial environment
changes its composition due to transient hypoxia, accumulation of potassium ions, calcium,
reactive oxygen species, and increase of glutamate activity. All these biochemical changes
are not conducive to the survival of locally migrated NSCs. The granulocyte-macrophage
colony-stimulating factor (GM-CSF), a cytokine that stimulates the differentiation and
proliferation of hematopoietic cells, influences the nervous system’s functioning. After SCI,
GM-CSF accumulates locally and ensures the survival of dopaminergic neurons, inhibits
the formation of glial scars, having a neuroprotective role. Experimentally, GM-CSF may
promote in vitro NSC proliferation and in vivo motor recovery in adult mice. Overex-
pression of the GM-CSF gene protects the NSC by increasing the resistance of these cells
to apoptosis induced by hydrogen peroxide in hypoxia, thus ensuring the survival and
differentiation of NSC in experimental SCI models [57,102–104].

It has been observed that VHL protein is increased at the medullary level after SCI,
reaching a peak level at 3 days post-trauma. The increase of VHL protein was associated
with neuronal apoptosis because it was not found in astrocytes and microglia. Decreased
VHL levels may reduce glutamate-dependent neuronal apoptosis, but increased expression
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of VHL protein above a critical limit does not appear to produce further changes in neuronal
apoptosis [31].

HIF-1α and VEGF expression in spinal cord injury areas after SCI was associated with
the process of angiogenesis and improvement of local microcirculation. The main function
of VGEF in the CNS is angiogenesis, which can protect nerve cells against ischemic and
mechanical damage to the axons [105–107].

Increasing HIF-1α expression has a protective role in promoting functional recovery
after spinal cord injury. Using DMOG-dimethyloxalylglycine treatment, it was obtained a
sustained activation of HIF-1α by inhibition of prolyl hydroxylase. DMGO treatment sig-
nificantly increases HIF-1α expression, inducing molecule stability that decreases apoptotic
protein expression and promotes neuronal survival. This treatment also stimulates axonal
regeneration by controlling the stability of microtubules in both in vivo and in vitro. On
the other hand, DMGO promotes neuronal survival and axonal regeneration by activat-
ing the autophagy induced by the HIF-1α/BNIP3 signaling pathway. These experiments
sustain the idea that the DMGO molecule can help treat patients with SCI [108]. It seems
that amplification of autophagy reduces initial cell death by restricting the function of
autophagy-associated genes and modulating the expression of inflammatory cytokines
(TNF α, IL 1β) [109].

3.6. Hypoxia and Functional Recovery

Experiments with intermittent exposure to hypoxia have also been performed in
relatively short sessions in patients with incomplete deficits after SCI. Respiratory, psycho-
logical, and motor function benefits were observed. In addition, following intermittent
exposure to hypoxia of rats with SCI, a serotonin-dependent increase of brain-derived neu-
rotrophic factor (BDNF) synthesis was observed in the areas of the anterior medullary horns
containing the phrenic nerve nucleus; this could explain the improvement in respiratory
function [110–113].

Other potential mechanisms of the beneficial exposure to intermittent hypoxia in
SCI could be the increase of cytoglobin, the induction of heat shock protein 70 (HSP70),
together with the rise of HIF-1α [114]. Hypoxic exposure (60 cycles of 30 s of intermittent
hypoxia with 1.5% atmospheric oxygen, followed by 5 min of normoxia) induced HIF-
1α accumulation, following the generation of reactive oxygen species by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase. Also, in rodents exposed to intermittent
hypoxia, there was increased gene expression of VEGF and increased growth hormone
release [115,116].

This conditioning of neural activity by intermittent hypoxic stimulation is thought
to stimulate neuroplasticity of the CNS [117–119]. It has also been found that sleep apnea
syndrome (in its mild to moderate forms) is associated with better outcomes rather than
intermittent exposure to hypoxia (in patients with incomplete SCI) [120].

It has also been observed that HIF-1α expression is increased during hypoxia or in the
ischemia/reperfusion change after SCI, which could suppress the autophagy of neuronal
cells. On the other hand, HIF-1α activation produces an anti-inflammatory effect (by
decreasing TNF-α, IL-1β, IL-6, and IL-18 in SCI models in rats). In addition, intermittent
hypoxia may induce HIF-1α expression, resulting in intermittent activation of autophagy
(HIF-1α-dependent during the process of intermittent hypoxia) [121]. HIF-1α can cause
additional expression of transcriptional factor p62, which can subsequently release from
its binding to the Bcl-2 protein, activating it to participate in the autophagy process [38].
HIF-1α may be decreased in the first 24 h after SCI, just as it can be slightly lowered under
normoxic conditions. It was also reported that HIF-1α had a significant increase after the
first 24 consecutive hours of an SCI [38].

Erythropoietin is essential for the recovery of cognitive and memory disorders (fol-
lowing ischemic hypoxia) by inducing long-term synaptogenesis and repairing lesions
of nerve terminals based on increased expression of synaptic proteins (synapsin 1 and
postsynaptic density protein 9, PSD95) of the dendritic marker microtubule-associated
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protein 2 (MAP-2), of the axonal density and the decrease of a factor associated with the
axonal injury, amyloid precursor protein (APP) [122].

Knowing the importance of mild chronic hypoxia in functional recovery by stim-
ulating vascular remodeling in the brain, its implication in spinal vascular remodeling
has been investigated after exposure to chronic mild hypoxia (8% O2, for 7 days) [123].
Thus, it was observed how chronic mild hypoxia promotes endothelial proliferation and
increased vascularization by increasing angiogenesis and arteriogenesis markers such as
rising vascular expression of fibronectin in the extracellular protein matrix, simultaneously
with increased endothelial expression of the α5β1 integrin receptor of fibronectin and
increased endothelial expression of the junctional proteins claudin-5, ZO-1 and occluding
and astrocyte activation (Halder SK, 2018). It was noted that these changes in exposure
to mild chronic hypoxia were more critical in the medullary white matter. Spinal blood
vessels appear to have considerable remodeling potential, with α5β1 integrin essential in
promoting endothelial proliferation [19,123].

Research has also been done on the effect of deferoxamine administration in the first
1–2 weeks after SCI in rats. Significant neovascularization was observed in the spinal cord
injury [124], demonstrating increased expression of HIF-1α and VEGF. In addition, after
deferoxamine treatment, rats with SCI showed a significant improvement in motor deficit,
spared nerve tissue area, and electrophysiological conduction. However, all these favorable
effects produced after deferoxamine treatment in post-SCI advance were suppressed by
treatment with lenvatinib, a VEGF receptor inhibitor, suggesting that deferoxamine’s main
pharmacological effect in SCI is to promote neovascularization by HIF-1α and VEGF
overexpression [125].

It was also found that VEGF production is stimulated by neuropeptide Y (NPY), whose
serum levels increase during exercise, hypoxia, cold exposure, tissue injury, ischemia,
and hemorrhagic shock [126]. In addition, NPY is an orexigenic hormone whose insulin
negatively regulates hypothalamic activity [127,128].

Erythropoietin appears to promote functional recovery after spinal cord injury (SCI).
Studies regarding EPO efficiency have been performed both in vitro, on neural stem cells
harvested from animals, and in vivo, on rats that have undergone spinal cord contusive
patterns. In vivo results showed superior β-tubulin production in erythropoietin-treated
neuronal and glial cells. Also, only rats with SCI treated with erythropoietin resumed gait
compared to the control group [129]. The positive effects of erythropoietin are also found
in recovery after traumatic brain injuries (TBI) [130].

The role of aquaporins in pathogenesis and post-SCI recovery was also studied. In
SCI, AQP-1 is 4–8 times better expressed in the traumatic area, probably having a role
in the appearance of post-traumatic edema and the formation of spinal cysts. Moreover,
maintaining elevated AQP-1 values in the subacute and chronic post-SCI phases, similar to
high HIF-1α values, may result in consecutive SCI hypoxia.

Another study highlighted the post-SCI protective role of glutamine synthetase, which
metabolizes glutamate to glutamine. Thus, protection against hypoxia-induced excitability
has been observed (with inhibition of decreased compound action potentials), probably by
blocking gamma-aminobutyric acid A (GABA A) receptors [131].

An interesting fact also refers to the Mediterranean diet based on an abundant con-
sumption of olive oil. Olive oil has anti-inflammatory and immunomodulatory effects
on the nervous system via (poly)-phenols, which modulate the activity of NF-κB, HIF-1α,
signal transducer, and transcriptional activator 3 (STAT3), and mitogen-activated protein
kinases (MAPKs) [132,133].

Natural flavonoids (such as wogonin, baicalein, curcumin, apigenin, quercetin, lu-
teolin) have an anti-inflammatory effect because they have been shown to inhibit the
production of IL-6, TNF-α, and IL-1β from the MAPK pathway of the nervous sys-
tem [59,134,135]. It should also be mentioned that a beneficial effect of cannabinoid receptor
agonists on oligodendrocytes (and their precursor cells) has been studied, like apamin (bee
venom) [136–140].

271



Biomedicines 2022, 10, 481

Table 1. PRISMA resulting conceptual skeleton structure of the article’s organization approach.

1. The cellular mechanism of hypoxia

Article Ref. no Subject

(Thornton, 2017) [11] Hypoxic-ischemic lesions cause energy disorders in cell metabolism,
leading to cell death through apoptosis, necrosis and autolysis

(Cai, 2019) [14] MCAO mice showed an invasion of immune cells into the brain

(Nowak-Sliwinskaet, 2018) [22]
HIF-1 is essential for normal development and the response to
ischemia/hypoxia, tumor development, energy metabolism,
angiogenesis, apoptosis, proliferation, and vasomotor function

(Yuniati, 2019) [43] NF-kB modulates the expression of numerous proteins

(Gschwandtner, 2019) [44] apoptosis and the inhibition of programmed cell death

(Yang, 2017) [47] NF-kB increases the expression of IL-8, inducing angiogenesis that
contributes to the generation of neovascularization in hypoxia

2. The influence of hypoxia on the nervous tissue

(Clark, 2019) [54] Nerve tissue is made up of neurons and glial cells

(Miller, 2017) [55] Microglia are derived from erythromyeloid progenitors

(Greenhalgh, 2018) [56] Microglia have an essential role

(Barrett, 2017) [57] cerebral homeostasis

(Ginwala, 2019) [58] NO synthase and NF-κB activation

(Liu, 2019) [59] Melatonin is a pineal hormone with anti-inflammatory effect

(Becerra-Calixto, 2017) [60] calcium and potassium homeostasis

(Islinger, 2018) [61] HIF1α stimulates the production of peroxisomes

(Gorgulho, 2019) [63] High mobility group box 1 (HMGB1) protein

(Kim, 2017) [64] neuroinflammatory response, pathogenesis of ischemic stroke

3. Newborn hypoxic-ischemic encephalopathy

(Geisler, 2019) [75] reduced blood flow and brain oxygenation

(Rohowetz, 2018) [76] Mitochondria tend to hyperpermeabilize

(Weiskirchen, 2016) [77] ROS are involved in cell physiological / pathological processes,

(de Faria, 2019) [80] phagocytosis processes of cell debris

4. Adult brain ischemic vascular lesions

(Carvajal, 2016) [85] The ionotropic glutamate receptor AMPA

(Galicia-Garcia, 2020) [86] Stroke (neurological condition) - individuals, family and social

(Pennisi, 2020) [87] Stroke neurological condition and SARS-CoV-2

(Shahabipour, 2017) [88] Aβ proteins along with the decreased expression of neprilysin

(Tanaka, 2020) [90] Aβ proteins - Alzheimer's dementia

(Şekerdağ, 2018) [91] acute phase post stroke VEGF increases permeability of BBB

(Morya, 2019) [92] Primary and secondary lesions occur in traumatic brain injury

(Ramirez, 2018) [94] proliferation, signal transduction

(Iraci, 2016) [95] regulation, miRNA - traumatic brain injury

(Ciregia, 2017) [96] Traumatic brain injury (TBI) biomarker
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Table 1. Cont.

5. Adult spinal cord injury and hypoxia

(Poniatowski, 2017) [98] risk of polytrauma

(Lin, 2020) [99] primary and secondary lesions

(Kim, 2019) [102] Overexpression of the GM-CSF gene protects

6. Hypoxia and functional recovery

(Miranda, 2019) [111] intermittent exposure to hypoxia

(Zhou, 2016) [117] hypoxic stimulation is thought to stimulate neuroplasticity

(Ke, 2019) [119] intermittent hypoxia may induce HIF-1α expression

(Tan, 2018) [124] VEGF production is stimulated by neuropeptide Y (NPY)

(Yung, 2020) [126] NPY is an orexigenic hormone, negatively regulated by insulin

(Gaforio, 2019) [130] Mediterranean diet based on an abundant consumption of olive oil

(Angeloni, 2017) [131] olive oil has anti-inflammatory and immunomodulatory effects

(Libro, 2016) [132] Natural flavonoids (wogonin, curcumin, apigenin, quercetin)

(Teleanu, 2019) [133] anti-inflammatory effect

(Ilyasov, 2018) [134] inhibit the production of IL-6, TNF-α, and IL-1β - MAPK pathway

(Gu, 2020) [137] apamin (bee venom)

(Cramer, 2020) [138] cannabinoid receptor agonists on oligodendrocytes

4. Discussion and Conclusions

In the last decade, huge scientific research efforts have been deployed to acquire a
better understanding of CNS lesions and to significantly improve the clinical-function
outcomes, including management, because of their dreadful, multiplane life-threatening,
and disabling potential, but at least for now, there are still no medical (of any kind) inter-
ventions [17,18,141] able to cure or decisively contribute to their healing [14,140].

Under these circumstances, enhancing the thorough approach of this very complex
and challenging pathology domain must be continued without omitting any possible
contribution. Serving this purpose, for instance, there are to be found in the literature
the beneficial effects in restoring the nervous system through the action of natural plant
substances on the mechanisms of hypoxia [140].

It is known that hypoxia induces various adaptive and survival changes for both nor-
mal and tumor cells. However, there are essential differences between hypoxic mechanisms
in normal cells compared to tumor ones. Therefore, further hypoxia is critical for recovery
from ischemic disorders in neuraxis tissue, for instance, by modulating the related involve-
ment of BDNF [141–143], cytoglobin [114], HSP70, VEGF, erythropoietin, fibronectin.

In contrast, in tumoral tissue, due to the uncontrolled cell proliferation and relative low
vascularization—ischemia—it results in cell oxygen-starvation—hypoxia. Even if hypoxia
inhibits normal cell development, neoplastic cells develop, and hypoxic mechanisms are
used for tumor proliferation (although unsystematized tumor development can cause
central necrosis and cell death) [144]. All neoplastic ischemic changes, called “pseudo-
hypoxia”, are essential for angiogenesis, growth, and tumor metabolic adaptation, including
thorough the NF-kB way and resistance to treatment. The discovery of links between
hypoxia and neoplastic metabolism has led to the development of immuno-oncology (and
the synthesis of cytostatics that specifically inhibit specific pathways of pseudo-hypoxia
like VEGF inhibitors HIF-2α inhibitors) [145,146].
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As mentioned above, the functional recovery of CNS lesions appears to be positively
influenced by the activation of normal hypoxia pathways.

Considering all the above, the study regarding hypoxia’s mechanisms and ischemia
mechanisms targeted to emphasize and synthesize the actual perspectives in understand-
ing ischemic related CNS changes, especially at the intimate level involved in lesions
development and or (dialectical, paradoxically) recovery.

Thus, it was observed that HIF-1α and VEGF expression in spinal cord injury areas
after SCI is associated with the process of angiogenesis and improvement of local micro-
circulation. Erythropoietin is essential for recovering cognitive and memory disorders
(following ischemic hypoxia) and appears to promote functional recovery after spinal cord
injury. Also, after SCI, GM-CSF ensures the survival of dopaminergic neurons inhibits
the formation of glial scars, having a neuroprotective role, too. The short intermittent
experimental exposure to hypoxia produced respiratory, psychological, and motor function
benefits in patients with incomplete deficits after SCI. In addition, deferoxamine treatment
of rats with SCI induced a significant improvement in motor deficit, spared nerve tissue
area, and electrophysiological conduction.

All these experimental findings justify the need to study the influence of hypoxia in
the recovery of CNS disorders.
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Abstract: Fatty acid-binding proteins (FABPs) regulate the intracellular dynamics of fatty acids,
mediate lipid metabolism and participate in signaling processes. However, the therapeutic effi-
cacy of targeting FABPs as novel therapeutic targets for cerebral ischemia is not well established.
Previously, we synthesized a novel FABP inhibitor, i.e., FABP ligand 6 [4-(2-(5-(2-chlorophenyl)-1-
(4-isopropylphenyl)-1H-pyrazol-3-yl)-4-fluorophenoxy)butanoic acid] (referred to here as MF6). In
this study, we analyzed the ability of MF6 to ameliorate transient middle cerebral artery occlusion
(tMCAO) and reperfusion-induced injury in mice. A single MF6 administration (3.0 mg/kg, per os)
at 0.5 h post-reperfusion effectively reduced brain infarct volumes and neurological deficits. The
protein-expression levels of FABP3, FABP5 and FABP7 in the brain gradually increased after tMCAO.
Importantly, MF6 significantly suppressed infarct volumes and the elevation of FABP-expression
levels at 12 h post-reperfusion. MF6 also inhibited the promotor activity of FABP5 in human neu-
roblastoma cells (SH-SY5Y). These data suggest that FABPs elevated infarct volumes after ischemic
stroke and that inhibiting FABPs ameliorated the ischemic injury. Moreover, MF6 suppressed the
inflammation-associated prostaglandin E2 levels through microsomal prostaglandin E synthase-1
expression in the ischemic hemispheres. Taken together, the results imply that the FABP inhibitor
MF6 can potentially serve as a neuroprotective therapeutic for ischemic stroke.

Keywords: ischemia; FABP3; FABP5; FABP7; mPGES-1; PGE2

1. Introduction

Ischemic stroke is the most common cerebrovascular disease, accounting for ap-
proximately 80% of all strokes and causing a large number of deaths and disabilities
worldwide [1,2]. Ischemic stroke is caused by the blockage of the artery supplying blood
to the brain, and an insufficient blood supply triggers a series of complex neurochemical
responses including excitotoxicity, oxidative stress and inflammation, which ultimately
leads to the death and dysfunction of brain cells [3–5]. Even though the administration
of intravenous thrombolysis with recombinant tissue plasminogen activator is the only
clinically approved drug therapy that can effectively treat ischemic stroke, a short ther-
apeutic window and intracerebral hemorrhagic complications limit its availability [5].
Therefore, alternative neuroprotective drugs are still required for treating acute-phase
cerebral ischemia.

Fatty acid-binding proteins (FABPs) are expressed in various tissues in a highly specific
manner, where they regulate fatty acid uptake, transport and metabolism [6], and play vital
roles in the pathogenesis of many common diseases [7]. Most mammals produce 12 distinct
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subtypes of FABPs, although humans produce up to 10 [8], three of which are expressed
in the brain, including FABP3 (heart-type), FABP5 (epidermal-type) and FABP7 (brain-
type) [9,10]. These three FABPs are expressed at specific stages during brain development.
For example, FABP3 is not expressed during embryonic period and its expression gradually
increases in rodent brains after birth, whereas FABP5 and FABP7 show an opposite pattern
and decrease postnatally in rodents [9]. FABP homeostasis is critical for normal brain
development and functions at different stages, and FABP imbalances can cause various
neurodegenerative and neuropsychiatric disorders. FABP5 and FABP7 mRNA levels were
higher in the cortexes of postmortem brains from schizophrenic patients than in those from
healthy controls, and similar results were found for FABP7 mRNA in postmortem brains
from patients with autism spectrum disorder [9]. Higher FABP3 levels have been observed
in the cerebrospinal fluid and serum of patients with Alzheimer’s disease, dementia
with Lewy bodies or Parkinson’s disease [11,12]. FABP3 deficiency prevents nicotine-
induced preference behavior [13,14]. The FABP3 deficiency also completely abolished
the induction of Parkinson’s syndrome after 1-methyl-4-phenyl-1,2,3,6-tetrahydropiridine
(MPTP) treatment in mice [15].

Developing specific ligands for each FABP is essential for studying the mechanisms
of FABPs in neurological diseases. For example, the FABP4 ligand BMS309403 has been
used as a potent and selective biphenyl azole inhibitor to improve ischemia/reperfusion
(I/R) injury of the brain [16] and kidneys [17] in mice. Recently, we have developed a
series of FABP3 ligands, based on BMS309403 [18]. Among these ligands, we confirmed
that MF1 [19] and MF8 [20] could target FABP3 and improve motor deficits and cognitive
impairments in a mouse model of MPTP-induced Parkinson’s disease. Therefore, we
hypothesized that FABP ligands also have neuroprotective effects to rescue neurons from
ischemic injury.

In this study, we used a newly synthesized ligand 6 [4-(2-(5-(2-chlorophenyl)-1-(4-
isopropylphenyl)-1H-pyrazol-3-yl)-4-fluorophenoxy)butanoic acid] (named here as MF6),
which has a high affinity for FABP7 (dissociation constant [Kd] value: 20 ± 9 nM) [21] and
has a much weaker affinity for FABP3 (Kd value: 1038 ± 155 nM) and FABP5 (Kd value:
874 ± 66 nM) [22,23], to examine its therapeutic effects on ischemic stroke. We defined
the elevation of FABP3, FABP5 and FABP7 expression after I/R injury in mice brain and
the neuroprotective effects of FABP inhibitor MF6. Our results provided a new target
protein for ischemic stroke therapeutics and demonstrated the potential of FABP ligands as
neuroprotective therapeutic drugs.

2. Materials and Methods

2.1. Animals

Male ICR mice (Institute of Cancer Research (ICR) mice, Slc:ICR) (5 weeks old, 25–30 g)
were purchased from Japan SLC, Inc. (Shizuoka, Japan). The animals were housed under
conditions of constant temperature and humidity, kept on a 12-h light-dark cycle (lights on:
09:00–21:00) and fed ad libitum. All procedures for handling animals complied with the
Guide for Care and Use of Laboratory Animals and were approved by the Experimentation
Committee of Tohoku University Graduate School of Pharmaceutical Sciences [2019PhLM0-
021 (approved date: 1 December 2019) and 2019PhA-024 (approved date: 1 April 2019)].

2.2. Surgical Procedures Used for Establishing Transmit Middle Cerebral Artery Occlusion
(Tmcao) and Reperfusion

Mice were randomly assigned to tMCAO and sham groups. The mouse model
of tMCAO was generated as previously described [24]. Briefly, adult male ICR mice
were anesthetized via intraperitoneal injection with a combination of 0.3 mg/kg body
weight medetomidine (Domitol, Meiji Seika Pharma Co., Ltd., Tokyo, Japan), 4.0 mg/kg
midazolam (Dormicum, Astellas Pharma Inc., Tokyo, Japan) and 5.0 mg/kg butorphanol
(Vetorphale, Meiji Seika Pharma Co., Ltd.). Following this, tMCAO surgical procedure
was performed as follows: a silicone-coated 6–0 suture (602356PK10, Doccol Corporation,
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Sharon, MA, USA) was inserted from the right external carotid artery to the internal carotid
artery, extending to the origin of a middle cerebral artery, for 2 h. After 2 h, the suture was
removed, allowing reperfusion to occur. Mice in the sham-operation group underwent
the same procedure, except for the suture insertion. Following reperfusion, mice were
sacrificed at the indicated time. A homoeothermic heating blanket was used to the maintain
core body temperature in each mouse at 37 ◦C during the I/R operation. Regional cerebral
blood flow (rCBF) was monitored by laser-doppler flowmetry (FLOC1, OMEGAWAVE,
Tokyo, Japan) to confirm whether the right hemisphere was in an ischemic state. When
CBF was reduced by approximately 70–90%, the surgery was considered successful as
previously described [25].

2.3. Drug Treatment

MF6 (FABP ligand 6) was synthesized from BMS309403 [23], and its chemical structure
is shown in Figure 1A. MF6 was suspended in 0.5% carboxymethyl cellulose (CMC; Wako,
Osaka, Japan) and administered per os (p.o.) at different doses (0.5, 1 or 3 mg/kg) just
before the experiments were initiated, according to the experimental schedule described
in Figure 1B–E. The corresponding control group was orally administered an equivalent
volume of 0.5% CMC.

2.4. Infarct Volume Evaluation

After 24 h of reperfusion, the mice were decapitated, and their brains were rapidly
removed and cooled to −30 ◦C for 10 min. The brains were sliced into five sections (2-mm
thick), incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC; Wako, Osaka, Japan)
for 20 min at 37 ◦C and then soaked overnight in 4% paraformaldehyde (PFA; Wako,
Osaka, Japan). The infarcted areas appeared white, whereas the non-infarcted regions
appeared red. Infarct volumes were measured using ImageJ software and were expressed
as a percentage of the total hemisphere [24].

2.5. Neurological Score

Neurological function impairment was also evaluated after 24 h of reperfusion using
a neurological deficit grading system with a scale ranging from 0 to 4, as described pre-
viously [24]. The following scale was used as a rating system: 0, normal motor function;
1, forelimb flexion when lifted by the tail; 2, circling to the contralateral side when held by
the tail on a flat surface, but a normal posture at rest; 3, spontaneous leaning towards to the
contralateral side when moving freely; 4, no spontaneous motor activity with an apparent
reduction in consciousness. The mice in the sham group exhibited no manifestations of
neurological deficits.

2.6. Western Blot Analysis

Following decapitation, a second coronal slice was dissected at 12 h after reperfusion,
and regions of the right hemisphere (the ischemic side, ipsilateral) and left hemisphere (the
contralateral side) were selected and stored at −80 ◦C Frozen samples were homogenized
in lysis buffer (50 mM Tris–HCl, pH 7.4, 0.5% Triton X-100, 4 mM EGTA, 10 mM EDTA,
1 mM Na3VO4, 40 mM Na2P2O7·10H2O, 50 mM NaF, 100 nM calyculin A, 50 μg/mL
leupeptin, 25 μg/mL pepstatin A, 50 μg/mL trypsin inhibitor and 1 mM dithiothreitol).
The samples were then centrifuged at 12,000 rpm for 10 min at 4 ◦C to remove insoluble
material. Protein concentrations were determined using Bradford’s assay, and samples
were boiled for 3 min at 100 ◦C with 6× Laemmli’s sample buffer [26].

For electrophoresis, equal amounts of proteins were loaded on 15% sodium dodecyl
sulfate-polyacrylamide gels and transferred to a polyvinylidene difluoride membrane for
2 h. After blocking with T-TBS solution (50 mM Tris–HCl, pH 7.5, 150 mM NaCl and 0.1%
Tween 20) containing 5% fat-free milk powder for 1 h at room temperature, the membranes
were incubated overnight at 4 ◦C with primary antibodies against the proteins of interest.
The following working dilutions were used for the indicated monoclonal antibodies, per
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manufacturer’s suggestions: mouse anti-FABP3 (1:1000; Hycult Biotech, HM2016, Uden,
NLD), goat anti-FABP5 (1:1000; R&D Systems, AF3077, Minneapolis, MN, USA), goat
anti-FABP7 (1:1000; R&D Systems, AF3166, Minneapolis, MN, USA), rabbit anti-mPGES-1
(1:200; Cayman Chemical, 160140, Ann Arbor, MI, USA) and mouse anti-β-actin (1:5000;
Sigma, A5441, St Louis, MO, USA). After washing, membranes were incubated with
appropriate secondary antibodies diluted in T-TBS solution for 2 h, at room temperature.
The membranes were developed using an enhanced chemiluminescence immunoblotting
detection system (Amersham Biosciences, NJ, USA) and visualized with a Luminescent
Image Analyzer (LAS-4000 mini, Fuji Film, Tokyo, Japan). The densities of the bands were
analyzed with ImageJ software (NIH, Bethesda, MA, USA).

Figure 1. Experimental schedule for MF6 administration (0.5, 1 or 3 mg/kg, p.o.) in I/R mice.
(A) Chemical structure of MF6. (B) ICR mice were subjected to tMCAO for 2 h. Subsequently, they
were administered orally (p.o.) different concentrations of MF6 (0.5, 1 or 3 mg/kg) 30 min after
reperfusion (for dose–response experiments) or 3 mg/kg MF6 at 0.5, 1 and 2 h after reperfusion (for
time–response experiments). TTC staining was performed at 24 h after reperfusion. (C) MF6 (0.5,
1 or 3 mg/kg) was administered p.o. to mice 30 min before reperfusion to study the effects of pre-
treatment. (D) MF6 (3 mg/kg) was administered to mice 30 min after reperfusion, and FABP levels
were measured after 6, 12, 24 and 48 h. (E) I/R mice were administered MF6 (3 mg/kg) 30 min after
reperfusion, and after 12 h, the brains were collected for Western blot and immunostaining analyses.
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2.7. Immunofluorescence Staining

Mice were anesthetized and transcardially perfused 12 h after reperfusion with ice-
cold phosphate-buffered saline (PBS) immediately followed by 4% PFA, as previously
described. Mouse brains were removed and fixed in 4% PFA overnight at 4 ◦C The brain
samples were cut into 50 μm coronal sections using a vibratome (Dosaka EM Co. Ltd.,
Kyoto, Japan). Sections were washed in PBS for 30 min, permeabilized in PBS with 0.1%
Triton X-100 for 2 h and blocked in PBS containing 1% BSA and 0.3% Triton X-100 for 1 h at
room temperature [26]. The brain samples were then incubated with the following primary
antibodies in blocking solution for 3 d at 4 ◦C: mouse anti-FABP3 (1:500), goat anti-FABP5
(1:500), goat anti-FABP7 (1:500), rabbit anti-mPGES-1 (1:200) and antibodies against cellular
markers (1:500). After washing with PBS, the brain sections were incubated with Alexa
Flour-conjugated secondary antibodies overnight at 4 ◦C. After sufficient washing with
PBS, the brain sections were mounted on slides with Vectashield (Vector Laboratories, Inc.,
Burlingame, CA, USA). Immunofluorescent images were analyzed using a confocal laser
scanning microscope (Nikon, Tokyo, Japan).

2.8. Measuring MF6 Concentrations in the Blood and Brain

MF6 (3 mg/kg, p.o.) was administered to the mice directly (sham group) or 30 min
after reperfusion (I/R group). Blood was collected from the tail vein for measurement
at specific time intervals after injection. At 1, 4 and 48 h after injection, the mice were
anesthetized and perfused with ice-cold PBS to remove blood to obtain brain samples,
which were stored at −80 ◦C until use. The blood in heparinized tubes was centrifuged at
16,500× g for 10 min at 4 ◦C, after which the supernatants were collected as plasma. Plasma
samples (10 μL) were deproteinized by adding 250 μL of acetonitrile containing ligand 2
(2 ng/mL) as an internal standard, followed by vortexing and sonication. The samples were
centrifuged at 16,500× g for 10 min at 4 ◦C. After centrifugation, the supernatants were
evaporated to dryness with a centrifugal concentrator (CC-105, TOMY, Tokyo, Japan), and
then the residues were dissolved in 20 μL 80% acetonitrile. For brain sample preparations,
1 mL of acetonitrile was added to 1.5 mL tubes containing brain hemisphere sections,
after which the mixtures were homogenized with an ultrasonic homogenizer (SONIFIER
Model: 250-Advanced, Branson, CT, USA) for 1 min. Then, the samples were centrifuged at
16,500× g for 10 min at 4 ◦C. Ten micro-liters of each supernatant were processed following
the same procedure used for the plasma samples.

Ultra-performance liquid chromatography (UPLC; Ultimate 3000, Dionex) was per-
formed with an ACQUITY UPLC®BEH C18 column (2.150 mm, 1.7 μm, Waters, Milford,
MA, USA) maintained at 40 ◦C, with a flow rate of 400 μL/min (0–1.0 min, 2.0–3.0 min) or
600 μL/min (1.0–2.0 min). Mobile phase A was composed of water containing 0.1% formic
acid, and mobile phase B was composed of acetonitrile containing 0.1% formic acid. The
following gradient program was used: 0–1.0 min, 80% B; 1.0–2.0 min, 98% B; 2.0–3.0 min,
80% B. An injection volume of 1 μL was used for analysis.

Mass spectrometry (MS) was performed using a TSQ Vantage mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) with an electrospray ionization inter-face.
Quantitative analysis was performed in selected-reaction monitoring mode (ligand 6; m/z
[M + H]+ 493.2 > 407.2, ligand 2; m/z [M + H]+ 479.1 > 393.1).

2.9. Measuring Brain PGE2 Concentrations by Performing Enzyme-Linked Immunosorbent
Assays (ELISAs)

Prostaglandin E2 (PGE2) concentrations in the ipsilateral and contralateral hemi-
spheres (Figure 4A) were determined using a Prostaglandin E2 ELISA Kit (Cayman Chem-
ical, 514010, Ann Arbor, MI, USA). Samples were collected into liquid nitrogen as de-
scribed above and weighed. Fifty microliters homogenization buffer (0.1M phosphate,
pH 7.4, containing 1 mM EDTA and 10 μM indomethacin) was added to 1 mg of each
tissue, the samples were homogenized and centrifugated at 10,000× g for 15 min at 4 ◦C,
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and then PGE2 was extracted from the supernatant and quantitated according to the
manufacturer’s protocol.

2.10. Cell Culture and Luciferase Reporter Assay

Human neuroblastoma cells (SH-SY5Y) were grown in Dulbecco’s modified Eagle’s
medium (DMEM, Wako) supplemented with 15% fetal bovine serum (FBS, Gibco, CA,
USA) and 1% penicillin-streptomycin at 37 ◦C in a humidified incubator with 5% CO2/95%
air. Human genomic DNA extracted from HEK293 cells was used to amplify the FABP5
promoter fragment (positions -1250/-1) and subcloned into pGL3-Basic-luciferase vector
(Promega, Madison, WI, USA). All cloned DNA fragments were confirmed by DNA se-
quencing. SH-SY5Y cells in 35 mm dishes were transfected with 2 μg of FABP5-pGL3 vector,
as well as 50 ng of renilla luciferase plasmid (internal control) for 6 h using lipofectamine
LTX and Plus Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. After transfection, cells were treated with BSA-AA (arachidonic acid) and MF6
and maintained in D-MEM (1% penicillin-streptomycin) without FBS for 24 h. AA (Sigma,
10931, St Louis, MO, USA) and BSA (Sigma, A7030, fatty acid free) were used to pre-
pare BSA-AA complexes at a 1:5 ratio mixed in binding buffer (10 mM Tris-HCl (pH 8.0),
150 mM NaCl) at 37 ◦C for 30 min. Firefly luciferase and renilla luciferase activities were
measured with the dual-luciferase reporter assay kit (Promega) using a luminometer (Gene
Light 55, Microtec, Funabashi, Japan). Relative luciferase activity was expressed as the
ratio of firefly luciferase activity to renilla luciferase activity [25].

2.11. Statistical Analysis

The results are presented as box and whisker plots (median, first and third quartile,
range), overlaid by dot plot of the raw data. Statistical analysis was conducted using
SigmaPlot®version 14 (SYSTAT Software Inc., San Jose, CA, USA). Data from all experi-
ments were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s
test for multiple comparisons (results of concentration gradient and time gradient), or
two-way ANOVA followed by Student–Newman–Keuls test for multiple comparisons
(MF6 treatment groups). A value of p < 0.05 was considered to reflect statistically signifi-
cant differences.

3. Results

3.1. Pharmacokinetics of MF6 in the Blood and Brain after I/R

We initially determined whether MF6 could penetrate the blood–brain barrier (BBB)
as a prerequisite step for evaluating the therapeutic effects of MF6 on cerebral ischemic
injury. We measured MF6 concentrations in the plasma and brain tissues of mice after
administering MF6 (3 mg/kg). The results revealed that MF6 easily entered the blood-
stream. MF6 concentrations in the plasma of sham-operated mice increased rapidly within
the first 3 h (15 min: 88.88 ± 25.46 nM; 3 h: 514.95 ± 66.12 nM), reached the maximum
value after approximately 4 h (Cmax = 522.18 ± 74.33 nM) and then gradually decreased
to 47.14 ± 7.50 nM by 48 h (Figure 2A). However, concentrations of MF6 in the brain did
not increase in mice with I/R-induced BBB dysfunction (Figure 2B), indicating that MF6
penetrates to brain even in non-ischemic mice. Moreover, no significant difference was
found in MF6 concentrations between the contralateral and ipsilateral portions of ischemic
brains (Figure 2B).
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Figure 2. Pharmacokinetics of MF6 in the plasma and brain in sham and I/R mice. (A) MF6 plasma concentrations were
measured at 0.25, 0.5, 1, 2, 3, 4, 6, 24 and 48 h after MF6 administration in sham mice (n = 5 per group). The data shown in
each represent the mean ± SEM. (B) The MF6 concentrations in the contralateral and ipsilateral regions of the brains of
sham and I/R mice were measured at 1, 4 and 48 h after MF6 administration (n = 5 per group). No statistical difference was
observed among the groups at the same time point by one-way analysis of variance (ANOVA) followed by Dunnett’s test.

3.2. MF6 Reduced Infarct Volumes and Ameliorated Neurological Deficits in I/R Mice

We then examined whether MF6 treatment could reduce cerebral ischemic injury.
Mice were treated with or without MF6 (0.5, 1 or 3 mg/kg) 30 min after reperfusion.
Mice with I/R surgery showed large infarct volumes (70.28±3.19%) and MF6 treatment
signif-icantly reduced infarct volumes in a concentration-dependent manner (1 mg/kg
group: 50.13 ± 5.70%, p = 0.021 vs. I/R group; 3 mg/kg group: 43.26 ± 4.63%, p < 0.001 vs.
I/R group; Figure 3A,B). Moreover, MF6-treated I/R mice showed significantly decreased
neurological deficits compared to those of the I/R group treated without MF6 (1mg/kg
group: p = 0.034; 3 mg/kg group, p = 0.014 vs. I/R group; Figure 3C). Next, we tested the
optimal timing of MF6 treatment and confirmed that the time of MF6 administration after
reperfusion was crucial for the therapeutic effects, with earlier treatment resulting in better
outcomes. Administering MF6 30 min after reperfusion was more effective (46.64 ± 3.01%,
p = 0.007 vs. I/R group, 76.66 ± 3.10%), than administering MF6 1 h or 2 h after reperfusion
(60.70±9.88%, p = 0.231; 63.98 ± 8.80%, p = 0.403, respectively; Figure 3D–F).

To confirm the long-lasting protective effects of MF6 on I/R-induced cerebral infarct
after the single administration, we evaluated the brain infract volumes and neurological
scores at 7 days after reperfusion. The MF6 administration (3 mg/kg) reduced the cerebral
infarction and improved the neurological deficits on day 7 after reperfusion (25.93 ± 2.09%,
p < 0.001 vs I/R group, 55.79 ± 3.32%; Figure 3H,I) and improved the mortality of mice
caused by ischemia (p = 0.0276 vs. I/R group; Figure 3J). Furthermore, we confirmed the
protective effects of MF6 pre-administration in which MF6 was administered once 30 min
before ischemia surgery. The MF6 pre-administration significantly reduced the infarct
volume (I/R group: 72.88 ± 6.24%) at 1 mg/kg (47.61 ± 3.00%, p = 0.012 vs. I/R group)
and 3 mg/kg (39.31 ± 5.11%, p < 0.001 vs. I/R group) (Supplementary Materials Figure S1).
Taken together, MF6 protects brain against I/R injury. Since the effects of 3 mg/kg MF6
treatment were re-productive, we chose the dose of 3 mg/kg as the optimum concentration
for the subsequent experiments.
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Figure 3. Effects of MF6 post-treatment on I/R injury in mice. Mice were subjected to tMCAO for 2 h. (A–C) MF6
was administrated at different concentrations (0.5, 1 or 3 mg/kg) 30 min after reperfusion. Representative images of
TTC staining (A), quantitative analysis of the infarct volumes (B) and neurological deficits (C) at 24 h after reperfusion
(n = 11–13). (D–F) MF6 (3 mg/kg) was administrated at 0.5, 1 or 2 h after reperfusion. Representative images of TTC staining
(D), quantitative analysis of infarct volumes (E) and neurological deficits (F) at 24 h after reperfusion (n = 7–8). (G–J) MF6
was administrated with different concentrations (0.5, 1, 3 mg/kg) 30 min after reperfusion. Representative images of TTC
staining (G), quantitative analysis of infarct volume (H) and neurological deficits (I) at day 7 after reperfusion. The number
of living animals in each group every day was recorded, and survival rate (J) was calculated (n = 9–14). * p < 0.05, ** p < 0.01
vs. the I/R-treated group with the CMC group (vehicle). Differences were statistically analyzed using one-way analysis of
variance (ANOVA) followed by Dunnett’s test.

3.3. I/R Induced FABP3, FABP5 and FABP7 Protein Expression in Mouse Brains

As previous findings indicated that the FABP5 and FABP7 proteins were significantly
upregulated in post-ischemic adult monkey brains [27,28], we hypothesized that the FABP3,
FABP5 and FABP7 proteins might also be upregulated in ischemic mouse brains. We mea-
sured protein-expression levels in the half-brain region including the cortex and striatum
(Figure 4A), as previously described [25]. In the right ischemic hemisphere (ipsilateral
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area), FABP3 significantly increased at 12 h after reperfusion (p = 0.004 vs. sham group) and
maintained high protein-expression levels until 48 h (24 h: p = 0.024 vs. sham group; 48 h:
p = 0.047 vs. sham group). I/R also significantly upregulated FABP3 expression in the left,
non-ischemic hemisphere (contralateral area; 12 h: p = 0.001 vs. sham group; 24 h: p = 0.047
vs. sham group), although the trend was weaker than observed with the ipsilateral areas
and declined after 24 h (Figure 4C). Moreover, FABP5 and FABP7 expression were also
upregulated in ipsilateral brain tissues (Figure 4D,E), and their expression levels increased
faster than that of FABP3 (FABP3: 6 h: p = 0.088 vs. sham group) and had significantly
increased at 6 h post-reperfusion (FABP5: p = 0.016 vs. sham group; FABP7: p = 0.048 vs.
sham group). Specifically, FABP7 expression did not peak until 24 h. However, the rate
of FABP7 upregulation was stronger than that of FABP5 in contralateral brain tissues. All
considered, these results show that I/R upregulated the FABP3, FABP5 and FABP7 proteins
in a time-dependent manner in the whole brains of mice.

Figure 4. Effects of I/R injury on FABP3, FABP5 and FABP7 expression levels in the brain. (A) The locations of samples.
Brains were cut into four slices (2-mm thick) from the front of the cortex. The second slices (designated as con and ips
slices) of the brain, including the cortex and striatum, were used for Western blot analysis and PGE2-content analysis in
the following experiments. (B–E) Mice were subjected to right tMCAO for 2 h. At 6, 12, 24 and 48 h after reperfusion, the
second slice of the right brain (ipsilateral) and the left brain (contralateral) areas were collected for Western blot analysis
of FABPs levels. (B) Representative images of Western blots. Quantitative analyses of FABP3 (C), FABP5 (D) and FABP7
(E) expression levels in contralateral (black) and ipsilateral (blue) areas of the brains. # p < 0.05, ## p < 0.01 vs. the sham
group (contralateral); * p < 0.05, ** p < 0.01 vs. the sham group (ipsilateral) (n = 6 per group). Differences were statistically
analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s test.

3.4. I/R-Induced FABPs Were Expressed in Specific Cells in the Cortex

We investigated the phenotypes of FABP3-, FABP5- and FABP7-positive cells in the
cortical area of the penumbra (Figure 5A) at 12 h after reperfusion. We co-stained the
FABP3, FABP5 and FABP7 proteins and cell type-specific markers, which included NeuN
for neurons, GFAP for astrocytes, Olig2 for oligodendrocytes and Iba1 for microglia. In
non-ischemic mouse cortexes, FABP3 was almost co-expressed with NeuN (Figure 5B1) but
not with Iba1 (Figure S2A), indicating that FABP3 was localized to neurons. I/R-induced
FABP3 expression also occurred almost in neurons (Figure 5B2). A previous report showed
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that FABP5 was expressed both in neurons and glial cells [10]. In agreement, we found that
FABP5 was expressed in Olig2-positive cells (Figure 5D1), expressed at a slightly lower level
in NeuN-positive cells (Figure 5C1) and weaker still in GFAP-positive cells (Figure S3A) in
non-ischemic mouse cortexes, but that FABP5 was not co-expressed with Iba1 (Figure S2B).
After I/R, FABP5 was significantly expressed in oligodendrocytes (Olig2+ cells, Figure 5D2)
and neurons (NeuN+ cells, Figure 5C2), and marginally expressed in astrocytes (GFAP+

cells, Figure S3B). Furthermore, FABP7 was usually expressed in astrocytes (GFAP+ cells,
Figure 5E1) and oligodendrocytes (Olig2+ cells, Figure 5F1) in the cortex, and I/R-induced
FABP7 expression was mainly observed in astrocytes (Figure 5E2) but was not obviously
induced in oligodendrocytes (Figure 5F2). In addition, FABP7 was not co-expressed with
Iba1 (Figure S2C).

 

Figure 5. Immunofluorescence of FABP3, FABP5 and FABP7 in the cortexes of sham and I/R mice. (A) Representative
micro-graphs of immunofluorescence staining of the cortical penumbra region (shown in the black box area) at 12 h after
reperfusion. (B) Double staining for FABP3 (green) and NeuN (a neuronal marker, red) expression in sham mice (B1) and
I/R mice (B2, ipsilateral). (C,D) Double staining for FABP5 (green) and NeuN (red; C) or Olig2 (an oligodendrocyte marker,
red; D) in sham mice and I/R mice (ipsilateral). (E,F) Double staining for FABP7 (green) and GFAP (an as-trocyte marker,
red; E) or Olig2 (red; F). Scale bar = 50 μm. The two small images on the left show immunofluorescence for FABPs and cell
markers, whereas the larger image on the right is a merged image.
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3.5. MF6 Suppressed FABP3, FABP5 and FABP7 Protein Upregulation in I/R Mouse Brains

FABP3, FABP5 and FABP7 expression levels significantly increased at 12 h post-
reperfusion, without particularly serious destruction to the structures of brain tissues.
Therefore, we next determined whether MF6 could prevent activation of the FABP3, FABP5
and FABP7 proteins at 12 h after reperfusion. MF6 slightly attenuated the increase in FABP3
protein expression (p = 0.034 vs. vehicle-treated I/R group) in the ischemic area (ipsilateral),
but not in the contralateral area (p = 0.851 vs. vehicle-treated I/R group), as shown in
Figure 6B. FABP5 and FABP7 expression in ischemic area were significantly suppressed
by MF6 treatment (both: p < 0.001 vs. vehicle-treated I/R group), and FABP5 expression
in the contralateral area was also significantly suppressed (p = 0.015 vs. vehicle-treated
I/R group), but FABP7 was not (p = 0.051 vs. vehicle-treated I/R group) (Figure 6C,D).
Moreover, MF6 did not affect FABP3, FABP5 and FABP7 protein levels in non-ischemic
mouse brains (sham mice). The present Western blotting data showed that MF6 ameliorated
the effects of I/R injury by inhibiting FABP3, FABP5 and FABP7 upregulation.

Figure 6. Effects of MF6 administration on FABP3, FABP5 and FABP7 expression levels in I/R mice. Mice were subjected to
right tMCAO for 2 h and administered 3 mg/kg MF6 at 30 min after reperfusion. At 12 h after reperfusion, the second slice
of the right (ipsilateral) and left (contralateral) brain areas, including the cortex and striatum, were used for Western blot
analysis of FABP levels. (A) Representative images of Western blots. Quantitative analyses of FABP3 (B), FABP5 (C) and
FABP7 (D) proteins expression levels in the contralateral (black) and ipsilateral (blue) regions of the brains. ** p < 0.01 vs.
the sham-treated group, administered the vehicle (contralateral/ipsilateral); # p < 0.05, ## p < 0.01 vs. the I/R-treated group,
administered the vehicle (contralateral/ipsilateral) (n = 6 per group). Differences were statistically analyzed using two-way
analysis of variance (ANOVA) followed by Student–Newman–Keuls test.

3.6. MF6 Prevented AA-Induced FABP5 Upregulation in SH-SY5Y Cells

To elicit the mechanism of MF6 on FABP induction, we focused on FABP5 gene
expression because the neuronal expression of FABP5 is pronounced compared to FABP3.
Moreover, the stimulation with arachidonic acid (AA) increases the activation of PPARβ/δ
in MCF-7 cells [29] and PPARβ/δ agonist, GW0742 up-regulates FABP5 expression in
PC3M cells [30]. SH-SY5Y human neuroblastoma cells were used to investigate the effects
of AA on FABP5 transcriptional activity. When SH-SY5Y cells were exposed to AA for 24 h,
the FABP5 promoter activity increased significantly (30 μM AA, 1.89-fold the control cells
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level, p < 0.001) and AA effects was bell shape. (Figure 7A). MF6 treatment with 1 μM
inhibited the increased FABP5 promoter activity by AA (p = 0.001 vs. vehicle-treated AA
group, Figure 7B). Taken together, MF6 reduces FABP5 protein expression by inhibiting
FABP5 transcription activity.

Figure 7. Effects of MF6 administration on AA-induced FABP5 transcriptional activity in SH-SY5Y cells. SH-SY5Y cells were
co-transfected with FABP5-pGL3 and Renilla luciferase reporter vectors for 6h. (A) After transfection, cells were stimulated
with different doses of AA (5 μM, 10 μM, 15 μM, 30 μM, 50 μM or 100 μM) for 24 h (n = 5 per group). (B) After transfection,
cells were treated with AA/BSA and MF6 (0.1 μM, 1 μM or 3 μM) at the same time for 24 h (n = 4 per group). Promoter
activity were represented as firefly/Renilla luciferase activity and were normalized to control cells (without AA treatment).
* p < 0.05, ** p < 0.01 vs. the BSA-treated cells (Con.); # p < 0.05, ## p < 0.01 vs. the AA and vehicle-treated cells. Differences
were statistically analyzed using Student’s t-test or one-way analysis of variance (ANOVA) followed by Dunnett’s test.

3.7. MF6 Suppressed the Microsomal Prostaglandin E Synthase-1 (mPGES-1)–PGE2 Signaling
Pathway in I/R Mouse Brains

Post-ischemic inflammation is an important part of the injury mechanism occurring
in ischemic stroke. Accumulation of PGE2 and its synthase mPGES-1 aggravates cerebral
I/R injury [31]. Therefore, we examined changes of mPGES-1 protein expression and
PGE2 levels after reperfusion in mice. Our results showed that I/R significantly increased
mPGES-1 protein expression in ischemic and contralateral areas, and both peaked at 24 h
after reperfusion (p < 0.001 vs. sham group) (Figure 8A). After 12 h of reperfusion, the
PGE2 levels in ischemic brains were significantly higher than those of sham-operated
brains (ipsilateral: p < 0.001 vs. vehicle-treated sham group, contralateral: p = 0.003 vs.
vehicle-treated sham group) (Figure 8D). Moreover, MF6 treatment significantly reversed
I/R-induced increases in mPGES-1 expression (p = 0.001 vs. vehicle-treated I/R group)
and PGE2 levels (p = 0.001 vs. vehicle-treated I/R group) in ipsilateral areas without
contralateral area (mPGES-1: p = 0.435, PGE2: p = 0.304; Figure 8C,D). By immunostaining
mPGES-1-positive cells with cell-type specific markers, we observed that mPGES-1 was
expressed in NeuN+ neurons but not in GFAP+ astrocytes or Olig2+ oligodendrocytes in the
cortexes of sham mice (Figure 8B) and that I/R-induced increases also occurred in neurons.
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Figure 8. Effects of MF6 administration on mPGES-1 expression and PGE2 levels in I/R mice. (A) Mice were subjected
to tMCAO for 2 h. Representative Western blot images and quantitative analyses of mPGES-1 protein expression in
contralateral and ipsilateral brain regions at 6, 12, 24 and 48 h after reperfusion. # p < 0.05, ## p < 0.01 vs. the sham
group (contralateral); ** p < 0.01 vs. the sham group (ipsilateral) (n = 6 per group). (B) Representative micrographs
of immunostaining for mPGES-1 (green) and NeuN, GFAP or Olig2 (red) in the cortical penumbra region at 12 h after
reperfusion. Scale bar = 50 μm. (C) Mice were subjected to tMCAO for 2 h and administered 3 mg/kg MF6 at 30 min after
reperfusion. Representative Western blot images and quantitative analyses of mPGES-1 protein expression in contralateral
and ipsilateral brain regions at 12 h after reperfusion in I/R mice, treated with MF6 30 min after reperfusion (n = 6 per
group). (D) PGE2 levels in contralateral and ipsilateral regions (Figure 4A) of sham and I/R mice treated with or without
MF6 (n = 5 per group). ** p < 0.01 vs. the sham-treated group, administered the vehicle (contralateral/ipsilateral); # p < 0.05,
## p < 0.01 vs. the I/R-treated group, administered the vehicle (contralateral/ipsilateral). Differences were statistically
analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s test (A) or two-way analysis of variance
(ANOVA) followed by Student–Newman–Keuls test (C,D).

4. Discussion

In this study, we demonstrated that MF6 decreased brain infarction volumes and
neurological deficits in mice subjected to tMCAO and reperfusion by inhibiting FABP3,
FABP5 and FABP7 expression in the brain. The FABP inhibitor MF6 inhibited the mPGES-
1-dependent induction. These results supported our hypothesis that brain FABPs are
key molecules in ischemic stroke and that their excessive activation exacerbates brain
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inflammation through mPGES-1. Therefore, our findings show that MF6 was beneficial for
treating ischemic stroke.

In this study, we first discovered that I/R significantly induced FABP3, FABP5 and
FABP7 protein expression in the mouse brain, especially that of FABP5 and FABP7. Our
results were consistent with several previous findings showing that FABP5 and FABP7 pro-
teins were abundantly expressed in the post-ischemic hippocampus in adult monkeys [28]
and that FABP7 gradually increased in the cerebellar cortex of adult monkeys after ischemia,
reaching a maximum at day 15 [27]. These results imply that FABP3, FABP5 and FABP7
protein induction appears to exhibit beneficial of detrimental effects for ischemic injury.
Moreover, co-staining FABPs in different cell types in the cortical area of the penumbra
suggests that increased FABP3, FABP5 and FABP7 expression occurred only in specific cells
expressing these proteins before ischemia. FABP3 immunoreactivity increased in neurons,
whereas FABP7 was predominantly expressed and increased in astrocytes. In contrast,
FABP5 expression increased both in neurons and oligodendrocytes. The localization of
FABP3, FABP5 and FABP7 are consistent with previous studies [10,11,32,33].

Under pathological conditions, elevated FABP3 expression level promotes embryonic
cancer cell apoptosis [34] and cardiomyocyte apoptosis during myocardial infarction [35].
These studies proposed that FABP3 overexpression reduces mitochondrial activity charac-
terized by lower ATP synthesis and a lower mitochondrial membrane potential, as well as
increased reactive oxygen species (ROS) levels and abnormal mitochondrial morphology.
FABP3 is also critical for the loss of mitochondrial activity and ROS production during the
neurodegenerative process in dopaminergic neurons [36]. In contrast, FABP5 expression is
elevated in CA1 neurons (which are apoptotic after ischemia), but was unchanged in DG
neurons that remained relatively stable after ischemia in the hippocampus of adult mon-
keys, suggesting that FABP5 is likely involved in the survival of hippocampal neurons [37].

Furthermore, FABP7 can participate in the proliferation of hippocampal astrocytes
after ischemia [37]. However, it remains unclear whether the ischemia-induced enhance-
ment of reactive astrocytes and FABP7 levels elicit beneficial or deleterious effects in
neurons [38,39]. Astrocytes expressing FABP7 are crucial for the normal development
of dendritic arbors, the formation of and transmission through the excitatory synapses
of cortical neurons [40], and even increases the loss of ventral horn neurons in FABP7-
knockout mice with spinal cord injury [41]. Conversely, FABP7 overexpression can directly
promote a nuclear factor-kappa B (NF-κB)-driven pro-inflammatory response in astrocytes
of mice with amyotrophic lateral sclerosis and can ultimately reduce motor neuron sur-
vival [42], whereas FABP7 knockdown in the developing brain can increase the proportion
of neurons [43,44]. Based on these findings, we hypothesized that FABPs elicit detrimental
effects on mitochondrial homeostasis and neuroinflammation, whereas FABP7 is partially
required for neuronal differentiation in the developmental stages. However, further studies
are required to identify the roles of FABP3, FABP5 and FABP7 after I/R injury.

In addition, we identified important roles for the elevated FABP levels in non-ischemic
areas (left hemispheres) after brain ischemia. Previous reports indicated that ischemic
lesions cause metabolite changes [45], edema and decreased cerebral blood flow [46]
in remote non-ischemic regions. However, in non-ischemic areas, ischemia does not
directly cause these changes, and some intermediate incentives are necessary to explain the
induction processes. In addition to cerebral ischemia, many findings have also confirmed
that in other neurodegenerative disorders (such as Alzheimer’s disease and Parkinson’s
disease), cerebrospinal fluid (CSF) FABP3 levels [47,48] and serum FABP7 levels [49]
are elevated in patients, and FABP5 is upregulated in a mouse model of Alzheimer’s
disease [50]. Since neuroinflammation is a key contributing factor for neurodegenerative
diseases, the high levels of pro-inflammatory cytokines, such as tumor necrosis factor-
alpha (TNF-α), interleukin (IL)-1β and IL-6 [51–53], are found in the brain and CSF of
patients. We speculated that pro-inflammatory cytokines spread from the ischemic core
lesion to non-ischemic areas. FABP5 expression is upregulated by lipopolysaccharide (LPS)
in human lung epithelial BEAS-2B cells [54] or by TNF-α in human aortic endothelial
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cells [55]. FABP7 levels are upregulated in spinal cord astrocytes in a mouse model of
experimental autoimmune encephalomyelitis [56] and in primary cortical neuronal cultures
after exposure to glutamate [57]. Taken together, FABPs trigger the neuronal injury in
non-ischemic regions. However, further studies are required to confirm the FABP-induced
neuronal injury.

In this study, we administrated MF6 to treat I/R injury in mice, and MF6 effectively
reduced infarct volumes and lessened neurological dysfunction, suggesting that it can
potentially be used as a therapeutic drug for ischemic injury. Regarding the site of action
of MF6, we previously determined that MF6 significantly inhibited FABP3 and FABP5
protein expression and had a high affinity for both proteins [23]. Based on the above
results, we envisioned the mechanisms underlying the ameliorative effects of MF6 on an
ischemic injury. After administering MF6, it quickly entered the brain through the BBB
and associated with FABP3 and FABP5 to different degrees to block their activities, which
inhibited FABP-induced signaling pathways such as apoptosis and inflammation [8,34].
Consequently, the degree of cerebral ischemic injury was reduced, and then the weakened
injury in turn lowered the stimulation of FABP expression levels.

We recently found that FABP5 causes cell death under oxidative stress in glial cells [58].
When cells were exposed with psychosine, a phospholipase A2 activator, it caused the
mitochondria-induced glial death via forming mitochondrial macropores with voltage-
dependent anion channel (VDAC-1) and BAX [58]. The MF6 treatment completely abol-
ished the psychosine-induced mitochondrial injury. Even though cell type expressed
FABP5 are different between neuronal cells in brain ischemia in the present study and glial
cells treated with psychosine by Cheng et al, FABP5-mediated mitochondrial injury in part
mediates the neuronal death in the brain ischemia.

FABPs themselves may participate in the FABP upregulation, because MF6 inhibited
the FABP5 transcriptional activity induced by AA. AA is known to elevate in during
ischemia [59] and it is also a strong ligand of FABP3 and FABP5 [23]. Moreover, AA is an
endogenous activator of PPARs [60]. In this context, we speculate that FABPs transport AA
from the cytoplasm to the nucleus to promote the activities of PPARs [61].

In addition, there are several the binding sites (PPRE) of PPARs on the promoter
region of FABP3, FABP5 and FABP7 genes and the activations of PPARβ/δ and PPARγ
mediate the expression of FABP5 [30,62]. Taken together, MF6 may reduce functions of
FABPs, thereby inactivating transcriptional activities through PPARs. However, to resolve
the precise interaction between PPAR subclasses (α, β/δ and γ) and FABP isoforms in
neuronal cells, further extensive studies are required.

As a major inflammatory mediator, PGE2 is involved in the development of injury in
several inflammatory neurological diseases, such as stroke and Alzheimer’s disease [63,64]. In
this study, we confirmed that ischemia induced PGE2 accumulation in the brain, which was
caused by the activation of mPGES-1, as previously reported [31]. Since COX-2 level is not
changed in the non-ischemic regions [31], the increased mPGES-1 in the contralateral region
may count for the increased PGE2 level. Since PPARγ activation enhances FABP5 mRNA
expression and increase the levels of mPGES-1 mRNA and PGE2 in porcine trophoblast
cells, and a PPARγ antagonist blocked their up-regulation [62], the regulation of the
FABP5 and mPGES-1 upregulation may depend on PPARγ. Furthermore, FABP5 inhibition
reduces the nuclear transport of NF-κB, thereby decreasing mPGES-1 expression and PGE2
synthesis [65], NF-κB also induces the expression of various pro-inflammatory genes [66]
and induces neuronal death in cerebral ischemia [67]. In this context, both PPAR and
NF-κB may underly the mechanism of upregulation of mPGES-1–PGE2 in brain ischemia.
Moreover, our findings showed that administering MF6 inhibited FABP3 and FABP5
expression and strongly prevented the induction of mPGES-1 expression and PGE2 levels
in the brain of I/R mice, indicating that the activation of FABP–mPGES-1–PGE2-signaling
pathways promotes ischemic injury. However, it is unclear whether one FABP or FABP3,
FABP5 and FABP7 collectively induced mPGES-1 after ischemia. This question requires
further investigation, but our data indicated that at least FABP5 was present. Further
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extensive studies are required to define whether FABP3 or FABP7 is involved in PPAR and
NF-κB signaling and whether MF6 treatment inhibits the activity of NF-κB.

Our present results first defined that FABP inhibitor MF6 can inhibit ischemic brain
injury by inhibiting the expression and function of activated FABPs after ischemia. Further
extensive studies are required to confirm the detrimental functions of FABPs in neuron and
glia by using the knockout mice of FABPs. In addition, MF6 has high affinity for FABP7 as
compared to FABP3 and FABP5. Since FABP7 is extensively expressed in the astrocytes,
the effect of MF6 on the PGE2 production should be defined in the astrocytes after brain
ischemic injury.

In summary, the present study suggested that increased FABP3, FABP5 and FABP7
expression in the brain is a novel biochemical marker of cerebral ischemia and that the
FABP inhibitor, MF6 inhibited their expression levels to play a neuroprotective role in
cerebral I/R in mice.
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.3390/biomedicines9050529/s1, Figure S1: Effects of MF6 pre-treatment on ischemia/reperfusion
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Iba1 (a marker of microglia), in the cortexes of sham and ischemia/reperfusion mice, Figure S3:
Immunofluorescence of FABP5 with GFAP in the cortex of sham and ischemia/reperfusion mice.
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Abstract: Stroke, which is the second leading cause of mortality in the world, is urgently needed to
explore the medical strategies for ischemic stroke treatment. Both icariin (ICA) and icaritin (ICT) are
the major active flavonoids extracted from Herba epimedii that have been regarded as the neuroprotec-
tive agents in disease models. In this study, we aimed to investigate and compare the neuroprotective
effects of ICA and ICT in a middle cerebral artery occlusion (MCAO) mouse model. Male ICR mice
were pretreated with both ICA and ICT, which ameliorated body weight loss, neurological injury,
infarct volume, and pathological change in acute ischemic stroke mice. Furthermore, administra-
tion of both ICA and ICT could also protect against neuronal cell apoptotic death, oxidative and
nitrosative stress, lipid peroxidation, and extracellular matrix (ECM) accumulation in the brains. The
neuroprotective effects of ICT are slightly better than that of ICA in acute cerebral ischemic stroke
mice. These results suggest that pretreatment with both ICA and ICT improves the neuronal cell
apoptosis and responses of oxidative/nitrosative stress and counteracts the ECM accumulation in
the brains of acute cerebral ischemic stroke mice. Both ICA and ICT treatment may serve as a useful
therapeutic strategy for acute ischemic stroke.

Keywords: extracellular matrix; icariin; icaritin; ischemic stroke; middle cerebral artery occlusion

1. Introduction

According to the statistic report of the World Health Organization (WHO), stroke
is the second leading cause of mortality in the world [1]. The health care disbursements
spent on stroke have been estimated to be approximately 3% to 4% of total expenditures in
many countries [2]. Although the death rates and prevalence of stroke have reduced over
time, the medical burden or substantially rehabilitative economic costs for post-stroke care
remain likely to become a heavy load of many countries [3]. The latest published Global
Burden of Disease Study revealed an estimated 5.5 million people died due to stroke, while
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116 million people suffered stroke-associated problems, including aphasia, spasticity, and
memory problems worldwide [4]. On the basis of the difference of the etiological process
of stroke, approximately 80% of all cases are ischemic stroke, the rest being hemorrhagic
stroke [5]. Ischemic stroke occurs when clogged blood vessels occur due to thrombus or
atherosclerosis, leading to the interruption of the blood supply to the brain [6]. During
ischemic stroke, low levels of oxygen are delivered into the brain to first evoke the hypoxia
response signals, and then the reperfusion injury-associated networks, such as glutamate
excitation with calcium overload, oxido-nitrosative stress, danger-associated molecular
patterns (DAMPS) [7], matricellular protein accumulation [8,9], and proinflammatory
induction [10,11], which are aroused after removing or dissolving the clots. The increased
number of peri-infarct depolarization during ischemic stroke triggers a larger infarct
region [12]. The apoptotic neuronal cell death [13] and accumulated fibrotic proteins [14]
are consequently developed to lead the permanent brain damage. The therapeutic effects
of traditional thrombolytic agents, including plasminogen activators, for ischemic stroke
are limited. Exploring the medical strategies for ischemic stroke prevention or therapy is
urgently needed.

Both icariin (ICA) and icaritin (ICT) are the major bioactive flavonoids isolated from the
Chinese medicine horny goat weed (also known as Ying Yang Huo and Herba epimedii) [15].
ICT, a metabolite of ICA, has been suggested to process several biological activities, in-
cluding neuroprotection against β-amyloid-induced neurotoxicity [16], immunomodula-
tion [17], and anticancer effects [18]. ICA and ICT have been used to improve memory
and learning abilities in experimental Alzheimer’s disease models [19,20]. Furthermore,
ICT has also been indicated to reveal an anti-inflammatory property and adjust a chloride
influx in mouse brain cortical cells [21] or act as an antioxidant agent to prevent neuronal
cells against oxidative stress [22]. Zhu et al. [23] and Xiong et al. [24] have shown that ICA
treatment can protect the brain from ischemia–reperfusion injury in mice and rats, respec-
tively. Recently, the neuroprotective effects of ICT on focal cerebral ischemic–reperfusion
injury in mice have been reported [17]. However, the detailed effects and mechanisms of
both ICA and ICT on acute cerebral ischemic stroke still remain to be clarified.

In this study, we aimed to investigate and compare the effects and mechanisms of ICA
and ICT on acute ischemic stroke using a middle cerebral artery occlusion (MCAO) mouse
model. The neuronal functions, infarct volume, and pathology changes were assessed. The
examinations for apoptosis, oxidative/nitrosative stress, and matricellular proteins in the
cortex and hippocampus were also performed.

2. Materials and Methods

2.1. Cerebral Ischemia–Reperfusion (I/R) Injury Model

Male ICR mice aged 4 to 5 weeks old were purchased from the Laboratory Animal
Center of the College of Medicine, National Taiwan University (Taipei, Taiwan). Mice were
housed under controlled temperature as well as photoperiod conditions (12 h light/dark)
with food and water freely available. All animal surgical procedures were followed to
the approved animal protocol (no. 20190111) and guidelines of the Animal Research
Committee of the College of Medicine in National Taiwan University. Briefly, mice (n = 30)
were randomly divided into five groups, namely, sham, I/R, I/R + edaravone (3 mg/kg;
Selleck Chemicals, Houston, TX, USA), I/R + ICA (60 mg/kg), and I/R + ICT (60 mg/kg).
Drugs were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA).
The dosage of 60 mg/kg for both ICA and ICT was selected according to the previous
studies [25,26] and our preliminary test. Edaravone treatment was as a positive control [27].
ICA and ICT were purchased from Sigma-Aldrich (cat. no.: 56601, Purity > 95%; St. Louis,
MO, USA) and Cayman Chemical (cat. no.: Cay20236-500, Purity > 98%; Ann Arbor, MI,
USA), respectively. Drugs edaravone, ICA, and ICT were given by intraperitoneal injection
(i.p.) before the focal cerebral ischemia for 1 h, and then the procedure of MCAO surgery
was carried out. Mice were anesthetized by inhalation of isoflurane (Tokyo Chemical
Industry Co., Tokyo, Japan), which was mixed with 3% oxygen. The middle incision was
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operated on the neck, and then the left common carotid artery was separated. A 6-0 nylon
thread was inserted from the incision of external carotid artery to the middle cerebral
artery for 50 min occlusion. During this process, a Laser Doppler (PeriFlux 4001, Perimed,
Stockholm, Sweden) was applied to monitor the cerebral blood flow of MCAO mice as
previously described [28,29]. The same procedure was also operated on the sham group
without the nylon thread insertion. After 24 h of reperfusion, all mice were euthanized,
and necropsy was performed to observe the ischemic stroke signal networks. The rectal
temperature of mice was maintained at 37.0 ◦C with a temperature-control heating pad
during and after the MCAO surgery. The dose selection for ICT, ICA, and edaravone was
decided according to the previous studies and a preliminary test.

2.2. Neurological Score Assessment

To evaluate the neurological injury, we assessed the modified neurological severity
score (mNSS). It was scored on a scale of 0 to 14 (normal score, 0; maximal deficit score, 14),
which was detected for the behavior of motor, sensory, reflex, and balance. The evaluated
neurological functions for mice have been indicated and modified by Li et al. [30]. The scales
were followed to the levels: 10–14, severe injury; 6–10, moderate injury; 1–5, mild injury.

2.3. Determination of Infarct Volume and Histopathological Detection

After assessing the behavior and neuronal functions, we euthanized the mice, and
the brains were isolated and sliced into 2 mm thick coronal sections. The tissue sections
were stained with 2% 2,3,5-triphenyl tetrazolium chloride (TTC; Sigma-Aldrich, St. Louis,
MO, USA) at 37 ◦C for 20 min. In viable brain tissue, TTC was converted by mitochondria
to appear red in color, while the colorless area was considered as an infarct. TTC-stained
slices were photographed, and infarct volumes were analyzed by ImageJ software [31]. The
infarct areas were summed and divided through the total volume of the slices, which were
shown as the percentage of the volume of the contralateral hemisphere.

The brain tissue preparation and histopathological detection were determined as previ-
ously described [29]. The paraffin-embedded 4 μm sections were stained with hematoxylin
and eosin (H&E; Sigma-Aldrich, St. Louis, MO, USA) for histological examination.

2.4. Terminal Deoxynucleotidyl Transferase (TdT) dUTP Nick end Labeling (TUNEL) Assay

The TUNEL assay was determined by a DeadEnd™ Fluorometric TUNEL System
(Promega, Madison, WI, USA) as previously described [30]. The procedure was followed
to the manufacturer’s instruction to detect the DNA fragments of late apoptotic cells.
Briefly, brain slides were deparaffinized at 60 ◦C for 30 min and then transferred to xylene
buffer for washing and then rehydrated through the decreased strength of ethanol/saline
buffer with 0.85% NaCl. The sections were fixed with paraformaldehyde for 15 min. The
slides were washed with a saline buffer and incubated in a dark humidity chamber at
37 ◦C in 100 μL of TdT incubation buffer for 1 h. The sections were counterstained with
4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA), slides were
mounted, and we detected the fluorescein-12-dUTP-label DNA by using a fluorescence
microscope.

2.5. Western Blotting Analysis

The brain tissues of the cortex and hippocampus were collected. The samples were
lysed by radioimmunoprecipitation (RIPA; Sigma-Aldrich, St. Louis, MO, USA) buffer
and centrifuged at 13,000 rpm for 30 min. After the quantification of protein with a
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA),
the equal concentrations (10–20 μg) of supernatants with sodium dodecyl sulfate (SDS;
Millipore, Burlington, MA, USA) buffer were heated at 95 ◦C for 10 min. Next, the protein
samples were separated by 10–15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and blotted onto polyvinylidene difluoride (PVDF) membrane (Millipore, Burlington, MA,
USA). The membranes were blocked with 5% skimmed milk, which was dissolved in 0.1%
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TBST (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% Tween 20) buffer for 1 h. Samples
were incubated with primary antibodies for CD31 (#3528, 1:1000 dilution; Cell Signaling,
Danvers, MA, USA), Bax (#14796, 1:1000 dilution; Cell Signaling, Danvers, MA, USA),
Bcl-2 (#3498, 1:1000 dilution; Cell Signaling, USA), caveolin-1 (#3267, 1:1000 dilution; Cell
Signaling, Danvers, MA, USA), cleaved caspase 3 (#9664, 1:1000 dilution, Cell Signaling,
Danvers, MA, USA), cleaved PARP (#9548, 1:1000 dilution, Cell Signaling, Danvers, MA,
USA), vimentin (#5741, 1:1000 dilution, Cell Signaling, Danvers, MA, USA), eNOS (#32027,
1:1000 dilution, Cell Signaling, USA), fibronectin (#26836, 1:1000 dilution, Cell Signaling,
Danvers, MA, USA), iNOS (610431, 1:1000 dilution, BD Biosciences, San Jose, CA, USA),
and β-actin (sc-47778, Santa-Cruz, Dallas, TX, USA) overnight at 4 ◦C. Samples were
washed by 1% TBST for 10 min three times and then incubated with HRP-conjugated
secondary antibodies for 1 h. Finally, the levels of protein expression were densitometric
quantification by ImageJ analysis software [32] and normalized by β-actin.

2.6. Measurement of Lipid Peroxide (Thiobarbituric Acid Reactive Substances, TBARS) Levels

The levels of malondialdehyde (MDA; a product of lipid peroxidation) were measured
as previously described [33]. A TBARS Assay Kit (Cayman Chemical, Ann Arbor, MI,
USA) for colorimetric measurement of MDA was used. The brain tissues of the cortex and
hippocampus were collected. The reaction between thiobarbituric acid (TBA) and MDA
in the tissue homogenates was performed. The absorbance at 540 nm was detected by a
spectrophotometer.

2.7. Statistical Analysis

The results are presented as the mean ± standard error of the mean of at least three
independent experiments. The statistical significance of differences between groups was
analyzed by one-way analysis of variance (ANOVA) and followed by Dunnett’s post hoc
test. When the p-value was less than 0.05, it was considered as a significant difference. Data
analysis was performed by the GraphPad Prism software (San Diego, CA, USA).

3. Results

3.1. Both ICT and ICA Ameliorated the Neurological Functions and Brain Pathological Changes in
Acute Ischemic Stroke Mice

To evaluate the neuroprotective potency, we pretreated ICA, ICT, and edaravone (a
positive control) before MCAO surgery in mice. The chemical structures of ICA and ICT
are shown in Figure 1A. We first observed the effects of these drugs on the brain patho-
logical changes and neuronal function loss in MCAO mice. As shown in Figure 1B–E, the
bodyweight loss, infarct volume, and the mNSS assessment were significantly increased
in MCAO group. After both ICA and ICT treatment, these pathological changes and
neurological dysfunctions were significantly reversed. Edaravone treatment significantly
reversed the pathological changes and neurological dysfunctions, but not bodyweight
loss, in MCAO mice (Figure 1). The histopathological changes of the cerebral cortex and
hippocampus in MCAO mice showed a locally extensive neuronal necrosis, neuronal cell
loss with cytoplasmic vacuolation of neuropils, and the increased amount of irregularly
atrophic neuronal cells as well as the shrunken nucleus (Figure 2). The hemorrhagic dots
were also presented in the brain cortex after MCAO surgery (Figure 2). These histopatho-
logical changes in the cerebral cortex and hippocampus of MCAO mice could be effectively
reversed by both ICA and ICT treatment (Figure 2).
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Figure 1. The preventive effects of both icariin (ICA) and icaritin (ICT) on body weight loss, neurological severity, and infarct
volume in mice with acute cerebral ischemia–reperfusion. Mice were pretreated with ICA (60 mg/kg), ICT (60 mg/kg), and
edaravone (E; 3 mg/kg, as a positive control) before MCAO followed by reperfusion. (A) The average body weight loss
percentage of mice in each group was calculated. (B) Photographs of the mice cerebral infarct areas in each group were
shown. (C) The quantification of infarct volume is shown. (D) The modified neurological severity score (mNSS) in each
group was evaluated. Data are presented as mean ± SD (n = 6). * p < 0.05 compared to the MCAO group.

3.2. Both ICA and ICT Protected against Neuronal Cell Apoptosis in the Brains of Acute Ischemic
Stroke Mice

To evaluate the numbers of apoptotic cells in the ischemic brain, we performed TUNEL
staining to detect the fragmented DNA of apoptotic cells. As shown in Figure 3, the TUNEL-
positive cells were revealed as a green color while the cell nucleus was stained by DAPI to
a blue color. TUNEL-positive cells were clearly observed in the cerebral hippocampus and
cortex of MCAO mice, which could be effectively reversed by both ICA and ICT treatment.

We next examined the protein expression for apoptosis-related signaling molecules
in the cerebral hippocampus and cortex as determined by Western blot. As shown in
Figure 4, the levels of protein expression for cleaved caspase-3, cleaved PARP, and Bax
were markedly increased, while the protein expression of Bcl-2 was dramatically decreased
in the MCAO group. Nonetheless, pretreatment with both ICA and ICT could effectively
reverse the changes of protein expression for these apoptosis-related proteins in MCAO
mice (Figure 4).

3.3. Both ICT and ICA Counteracted Oxidative Stress and Nitrosative Stress in the Brains of Acute
Ischemic Stroke Mice

We next observed the changes in the levels of protein expression for antioxidant
enzymes and nitric oxide synthases and the lipid peroxide generation in acute ischemic
stroke mice. As shown in Figure 5A, the levels of protein expression of catalase and SOD-1
were significantly decreased in the cortex and hippocampus of MCAO mice. Both ICT and
ICA treatment significantly and conspicuously reversed the decreased protein expression
of SOD-1, while partially reversing the decreased catalase protein expression (Figure 5A).
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Figure 2. Both ICA and ICT treatment alleviated the histological changes in the left cerebral hemi-
sphere of mice with acute cerebral ischemia–reperfusion. H&E staining was used to detect the
histological changes of both cortex and hippocampus under 40× and 200× magnification. The
typical ischemia–reperfusion-injured neuronal cells are demonstrated to be irregularly atrophic and
eosinophilic cytoplasm as well as a shrunken nucleus with darkly stained pyknotic nuclei (irreversible
condensation of chromatin). Black scale bar = 100 μm; white scale bar = 500 μm. Sham (a,f,k), MCAO
(b,g,l), MCAO + ICA (c,h,m), MCAO + ICT (d,i,n), and contralateral hemisphere (e,j,o) are shown.
The results are representative from at least four independent experiments.

The activated nitrosative stress is one of the important initial signals to arouse the
stroke-induced neuroinflammation and the followed extracellular matrix deposition as well
as fibrosis [8]. We next investigated whether both ICA and ICT possess preventive effects
on the reduction of nitrosative stress. Caveolin-1 can react with NOSs and inhibit NO
synthesis [34]. Caveolin-1 has been found to be reduced after cerebral ischemia–reperfusion
injury [35]. As shown in Figure 5A, the protein expression of caveolin-1 was diminished
after cerebral ischemia–reperfusion injury, while both eNOS and iNOS protein expression
was elevated. Pretreatment with ICT effectively reversed the changes in these protein
expression levels in the cortex and hippocampus of MCAO mice (Figure 5A). Moreover,
the levels of lipid peroxidation product MDA in the brains of MCAO mice were markedly
and significantly increased in MCAO mice, which could be reversed by both ICA and ICT
administration (Figure 5B).

3.4. Both ICT and ICA Alleviated the Endothelial–Mesenchymal Transition in the Ischemic
Stroke Mice

It has been reported that ischemia–reperfusion may lead to endothelial cell damage
and trigger endothelial-to-mesenchymal transition (EndMT) during ischemic acute kidney
injury [36]. We next examined the effects of ICA and ICT on endothelial–mesenchymal
transition in the brains of MCAO mice. As shown in Figure 6, the levels of protein
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expression for CD31 (an endothelial cell marker) as well as fibronectin and vimentin (the
fibroblast/mesenchymal markers) were significantly decreased and increased, respectively,
in the brains of MCAO mice. Both ICA and ICT treatment significantly reversed the
increased fibronectin and vimentin protein expression in both cortex and hippocampus
tissues of MCAO mice (Figure 6). Both ICA and ICT treatment could not significantly
reverse the decreased CD31 protein expression in the cortex tissues of MCAO mice, but ICT
treatment significantly reversed the decreased CD31 protein expression in the hippocampus
tissues of MCAO mice (Figure 6). These results suggest that both ICA and ICT can inhibit
endothelial–mesenchymal transition and extracellular matrix accumulation in the brains of
acute ischemic stroke mice.

 

Figure 3. Both ICA and ICT treatment inhibited the neuronal cell apoptosis in the left cerebral hemisphere of mice with
acute cerebral ischemia–reperfusion. TUNEL staining was used to detect neuronal apoptotic cells in the hippocampus ((a),
Sham; (b), MCAO; (c), MCAO + ICA; (d), MCAO + ICT; (e), Contralateral hemisphere) and cortex ((f), Sham; (g), MCAO;
(h), MCAO + ICA; (i), MCAO + ICT; (j), Contralateral hemisphere). TUNEL-positive cells were presented as a fluorescent
green color, while cell nuclei were displayed as a fluorescent blue color. Scale bar = 75 μm. BF: bright field. The results are
representative of at least four independent experiments.

Figure 4. Cont.
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Figure 4. Both ICA and ICT treatment reduced the levels of protein expression of apoptotic markers
in the left cerebral hemisphere of mice with acute cerebral ischemia–reperfusion. The levels of
protein expression of apoptotic markers (cleaved caspase-3, cleaved PARP, Bcl-2, and Bax) in the
hippocampus and cortex areas were determined by Western blot. The quantification of protein
expression was determined by densitometry. Data are presented as mean ± SD (n ≥ 4). * p < 0.05
compared to sham group; # p < 0.05 compared to MCAO group.

Figure 5. Both ICA and ICT treatment decreased oxidative/nitrosative stress and lipid peroxidation in the left cerebral
hemisphere tissues of mice with acute cerebral ischemia–reperfusion. (A) The levels of protein expression for antioxidant
enzymes (catalase and SOD1) and nitrosative stress-related proteins (caveolin-1, eNOS, and iNOS) in the hippocampus and
cortex tissues were determined by Western blot. The quantification of protein expression was determined by densitometry.
(B) The measurement of brain lipid peroxidation product MDA is shown. Data are presented as mean ± SD (n ≥ 4).
* p < 0.05 compared to sham group; # p < 0.05 compared to MCAO group.
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Figure 6. Both ICA and ICT treatment reduced endothelial-to-mesenchymal transition and extracellular matrix accumulation
in the left cerebral hemisphere tissues of mice with acute cerebral ischemia–reperfusion. (A) The levels of protein expression
for CD31 (endothelial marker) and fibronectin and vimentin (fibroblast markers) in the hippocampus and cortex tissues were
determined by Western blot. The quantification of protein expression was determined by densitometry. Data are presented
as mean ± SD (n ≥ 4). * p < 0.05 compared to sham group; # p < 0.05 compared to MCAO group. (B) A schematic summary
of our main findings for the effects of both ICA and ICT on the acute cerebral ischemia–reperfusion injury is shown.

4. Discussion

Stroke is a life-threatening morbidity condition that causes long-term disability. Al-
though the first FDA-approved thrombolytic agent recombinant tissue plasminogen activa-
tor for stroke has been developed for a decade, the current therapeutic drugs remain prob-
lematic and controversial. Researchers have developed the therapeutic strategies for stroke
including searching the neuroprotective agents, such as antioxidants, anti-inflammatory
agents, and anti-atherosclerosis drugs [37–39]. Both ICA and ICT, the bioactive com-
pounds from Herba epimedii, have been revealed to possess the biological properties of
antioxidant and anti-atherosclerosis [40,41]. ICA administered by gavage at doses of
50–200 mg/kg/day after reperfusion has been shown to alleviate ischemia reperfusion-
induced brain injury in MCAO mice [23]. Xiong et al. [24] have also found that ICA
administered by gavage at doses of 10 and 30 mg/kg twice per day for three consecutive
days before reperfusion attenuates cerebral ischemia–reperfusion injury. Recently, ICT
administered by intraperitoneal injection at a dose of 3 mg/kg/day at before reperfusion
has been shown to possess the neuroprotective effects in cerebral I/R mice [17]. In this
study, our results revealed that both ICA and ICT administered by intraperitoneal injection
at a dose of 60 mg/kg effectively improved brain injury in acute cerebral ischemic stroke
mice. The efficacy of ICT seemed to be slightly better than that ICA treatment. In a cell
model of Alzheimer’s disease, the effects of ICT on decreasing the levels of GSK-3β and
phosphorylated Tau have been found to be slightly better than that of ICA [19]. Taken
together, these results suggest that both ICA and ICT treatment may potentially possess
the advantaged neuroprotective function in stroke.
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The progression of ischemic stroke can induce the activation of stress signals, hypoxia,
oxygen–glucose deprivation, and oxidative/nitrosative stress, leading to further neuro-
inflammation and fibrosis in the brains [8]. As the stroke clot is removed, the reperfusion
injury may refer to the reactive oxygen species (ROS)/reactive nitrogen species (RNS)
response; protein expression of EMC; and its associated proteins such as matrix metallo-
proteinases [42,43], basement membrane changes [44], and inflammation induction [45].
Sun et al. [17] have indicated that ICT pretreatment effectively prevents the neuroinflam-
matory response and oxidative damage in the brains of cerebral ischemia–reperfusion mice.
On the other hand, cerebral ischemic stroke-induced apoptosis is known to contribute to a
significant proportion of neuronal death [13,46]. The overproduction of free radicals, Ca2+

overload, and excitotoxicity may be the key molecular events to initiate apoptosis during
acute brain ischemia [46]. Both apoptotic and anti-apoptotic proteins have been suggested
to be simultaneously over-expressed in the penumbra after ischemic stroke [47]. In the
present study, we observed that treatment with both ICA and ICT could also mitigate the
pathophysiological changes, TUNEL-positive neuronal cells, imbalance of pro-apoptotic
and anti-apoptotic proteins, apoptosis-related signaling molecules, and ROS/RNS-related
signaling molecules in the hippocampus and cortex of the MCAO mice. Taken together,
these results suggest that both ICA and ICT treatment protects against ischemic stroke
injury-associated oxidative/nitrosative stress and apoptosis in the brain.

Fibrosis refers to excess accumulation of fibrous connective tissue during the repair
process reacted to specific damage in tissues. EndMT, which endothelial cells lose in
their specific phenotype and de-differentiate into cells with mesenchymal phenotype, is a
complex process involved in physiologically embryonic development and pathogenesis of
human diseases, such as vascular, inflammatory, and fibrotic disorders and cancer [48,49].
EndMT-derived fibroblasts may contribute to the formation of atherosclerotic plaques,
leading to the development of cardiac or vascular disorders including stroke [49]. EndMT
has been shown to be induced in an acute renal ischemia–reperfusion pig model that the
expression of endothelial marker CD31 was significantly decreased, while the expression of
fibrotic marker α-SMA was obviously elevated after 24 h reperfusion [50]. Jiang et al. [51]
have revealed that vimentin participates in neurotoxicity and microglia activation in
cerebral ischemia mice. Fasipe et al. [52] have indicated that the pharmacological targets to
the vimentin/VWF (von Willebrand Factor) interaction complex can effectively improve
brain injury after ischemic stroke. Furthermore, it has been indicated that the expression
of fibronectin is associated with brain edema, hemorrhagic transformation, and poor
functional outcome after stroke [53]. Khan et al. [54] have also found that the expression of
fibronectin promotes inflammatory injury after ischemic stroke, which prolongs chronic
inflammatory conditions. In the present study, we also found that endothelial marker
CD31 was decreased, and fibroblastic/mesenchymal markers fibronectin and vimentin
were increased in the brains of acute cerebral ischemia–reperfusion mice, which could be
effectively reversed by administration of both ICA and ICT. These results suggest that
both ICA and ICT administration counteract the EndMT induction and improves ischemic
stroke injury in mice.

5. Conclusions

In conclusion, these results demonstrate for the first time that both ICA and ICT
pretreatment ameliorate the acute cerebral ischemia–reperfusion injury through the im-
provement in apoptotic neuronal cell death, ROS/RNS-induced lipid peroxidation, ECM
accumulation, and EndMT-related fibrosis in the mouse brains (Figure 6B). Both icariin and
icaritin treatment may serve as a useful therapeutic strategy for acute ischemic stroke.
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Abstract: Cerebral ischemia is the second leading cause of death in the world and multimodal stroke
therapy is needed. The ischemic stroke generally reduces the gene expression due to suppression of
acetylation of histones H3 and H4. Histone deacetylases inhibitors have been shown to be effective
in protecting the brain from ischemic damage. Histone deacetylases inhibitors induce neurogenesis
and angiogenesis in damaged brain areas promoting functional recovery after cerebral ischemia.
However, the role of different histone deacetylases isoforms in the survival and death of brain cells
after stroke is still controversial. This review aims to analyze the data on the neuroprotective activity
of nonspecific and selective histone deacetylase inhibitors in ischemic stroke.

Keywords: ischemic stroke; epigenetics; histone deacetylase; histone deacetylase inhibitor

1. Ischemic Stroke Treatment Challenges

Stroke is one of the leading causes of death in the world [1]. About 5 million people
die every year. No more than 20% of surviving patients can return to their previous job.
2/3 of strokes occur in people over 65. However, strokes are getting younger. In recent
years, about 20% of cerebrovascular accidents have been reported in people aged fewer
than 50, and this number is steadily increasing. Thus, the stroke problem is of extreme
medical and social importance [2–7].

In ischemic stroke (about 80% of all strokes) the occlusion of cerebral arteries by a
thrombus, atherosclerotic plaque, spasm, or abrupt changes in blood pressure sharply
decreases or stops the blood supply of the brain tissue [4–6,8]. Cerebral ischemia may
be the presenting manifestation of hematological diseases and hematological disorders
account for about 1.3% of all causes of acute stroke [9,10].

Stroke is a developing over time multi-stage process. It starts from the primary minor
changes and leads to the formation of a penumbra, death or restoration of its cells, and
to the irreversible structural damage of brain tissue causing neurodegeneration. A huge
number of pathophysiological and biochemical processes in intracellular and intercellular
signaling, proteolysis, and regulation of the transcriptional activity of the genome are
occurred in between these phases. Each of these stages is the time point of possible
application of anti-stroke drugs. Many compounds tested in animal and cell models with
the exception of tissue plasminogen activator (tPA) or endovascular thrombectomy [11]
reduced apoptotic cell counts, increased infarction size, and improved neurological deficits
after stroke [12–14]. However, none of these drugs have been successful in clinical trials.
Probably, the complex pathophysiology of cerebral ischemia, the complexity of signaling
cascades and differences in the mechanisms of the acute and restorative phases of stroke
are the main reasons for failures in translating experimental studies into clinical practice.

Numerous studies searching targets for neuroprotection have highlighted the impor-
tance of multimodal stroke therapy. An example of such a strategy, which has been shown
to be effective in various models of ischemia, is the inhibition of histone deacetylases
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(HDACs) [15–19]. This review analyzes data on the neuroprotective activity of nonspecific
HDACs inhibitors (iHDACs) and selective iHDACs.

2. Histone Deacetylases

Cerebral ischemia generally reduces the global level of gene expression due to sup-
pression of acetylation of histones H3 and H4 [20,21]. The antibody microarray study and
immunofluorescence microscopy have shown the twofold decrease in the acetylation of
lysine 9 in histone H3 (H3K9Ac) in the ischemic penumbra at 1 h after photothrombotic
stroke in the rat brain cortex, and more than fourfold decrease at 4 and 24 h. H3K9Ac was
shown to localize exclusively in the neuronal, but not astroglial nuclei. These effects could
be associated either with downregulation of histone acetyltransferases, or with overex-
pression of histone deacetylases [22]. Histone acetyltransferases (HATs) acetylate lysine
residues in the histone tails. This promotes DNA unfolding and chromatin decondensation
that facilitates transcription and protein synthesis. Histone deacetylases remove the acetyl
groups from histones. This leads to formation of the transcriptionally inactive heterochro-
matin, in which gene expression is hindered. To maintain the transcriptionally active state
of chromatin, HATs and HDACs should work together [23–25].

Among a large number of cellular non-histone proteins deacetylated by HDACs
are transcription factors and co-regulators (e.g., c-MYC, HMG, YY1, EKLF, E2F1, factors
GATA, HIF-1α, MyoD, NF-κB, and FoxB3), tumor suppressor proteins (e.g., p53, RUNX3),
signaling mediators (e.g., STAT 1 and 3, β-catenin, and SMAD7), steroid receptors (e.g.,
androgens, estrogen, and SHP), and chaperone proteins and nuclear transport proteins (e.g.,
α-tubulin, importin-α, cortactin, Ku70, and HSP90) [26–28]. These proteins determine the
growth, differentiation, migration, and activity of the protein determining cell survival both
in normal conditions and under damage [27]. Thus, deacetylation-dependent signaling
pathways play a crucial role in cell homeostasis.

Four classes of HDACs are distinguished in mammals according to their functions,
intracellular localization, and expression patterns (Figure 1). Class I includes HDAC1,
HDAC2, HDAC3, and HDAC8, class II consists of HDAC4, HDAC5, HDAC6, HDAC7,
HDAC9, and HDAC10), and class IV contains only one HDAC11. All of them are zinc-
dependent enzymes. Sirtuins use nicotinamide adenine dinucleotide NAD+ as a cofactor.
They form the class III histone deacetylases. HDACs are evolutionary conservative [29–32].
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Figure 1. The acute phase after stroke in the neuron. The localization of histone deacetylases (HDAC 1-6) including
sirtuins (SIRT 1,2) in the cell is shown. HDAC3 and HDAC1 interact with histone deacetylase-related protein (HDRP),
a shortened form of HDAC9. HDRP inhibited the HDAC1/HDAC3 interaction. HDAC1 and HDAC2 are included in
the repressor element-1 silencing transcription factor (REST) corepressor 1 (CoREST) complex. HDAC3 in the nuclear
receptor co-repressor (NCOR)/silencing mediator for retinoid or thyroid-hormone receptors (SMRT) complex suppresses
the production of the pro-apoptotic transcription factor E2F1. HDAC4 suppresses the activity of myocyte enhancer
factor 2 (MEF2) and cAMP response element-binding protein (CREB). HDAC4 interacts with the co-repressor complex
HDAC3/NCOR. HDAC5 suppressed myocardial transcription factor-A (MRTF-A). One of the cytoplasmic substrates of
HDAC6 - α-tubulin is shown. SIRT1 deacetylates p53, FOXO, and Ku70 proteins. The cytoplasmic SIRT1 induces nerve
growth factor NGF. SIRT6 stimulates the nuclear factor erythroid 2–related factor (Nrf2).

3. Role of Histone Deacetylases in Cell Damage and Recovery after Cerebral Ischemia

3.1. Class I HDACs

The first class HDACs is widely represented in the brain [31]. HDAC1 localizes both
in the neuronal nuclei, and in the cytoplasm, where it deacetylates some cytoplasmic
proteins. HDAC2 localizes exclusively in the neuronal nuclei [22,33]. HDAC1 suppresses
the production of proteins, which regulate the cell cycle in somatic cells. It also contributes
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to cell protection against DNA damage [34]. HDAC1 can serve as a molecular switch
between neuronal survival and death [35]. HDAC2 regulates apoptosis in the ischemic
penumbra [33,36]. HDAC1 and HDAC2 can be included in the multienzyme complexes
Sin3, NuRD, CoREST, or NODE that suppress transcription of different sets of target
genes [37–39]. The complex CoREST suppresses genes involved in synaptic plasticity and
post-stroke recovery [40,41] (Figure 1).

The upregulation of HDAC2, but not HDAC1, in the PTS-induced penumbra was
associated with development of apoptosis [22]. Other authors also showed the critical
role of HDAC2 in death of neurons in the peri-infarction area after ischemic stroke. The
upregulation of HDAC2 observed in the early recovery phase from five to seven post-stroke
days reduced survival of neurons and augment neuroinflammation. HDAC2 targeting
is apparently a novel therapeutic strategy for stroke recovery [36]. MCAO-induced over-
expression of HDAC2 decreased the number of synapses, impaired synaptic plasticity,
reduced memory, and deteriorated other cerebral functions [42,43]. Knockdown or knock-
out of the HDAC2 gene restored brain functions due to plasticity of the surviving neurons
in the peri-infarction zone [43,44].

The overexpression of HDAC1 and HDAC2 in ischemic penumbra neurons and
white matter glial cells was observed in the mouse brain during the early regeneration
period, 1 week after MCAO. Their levels in the infarct core, oppositely, decreased [31].
Long-term overexpression of HDAC2 and HDAC8 was observed in neurons and astro-
cytes at 3–14 days after photothrombotic stroke in the mouse cerebral cortex [45]. Thus,
HDAC2 deteriorates synaptic processes, impairs memory, disturbs various cerebral func-
tions, and stimulates apoptosis in the ischemic brain.

HDAC3 also deacetylates histones H3 and H4 and some non-histone proteins. It also
contributes to regulation of DNA replication and repair. The complex HDAC3/NCOR/SMRT
is essential for maintaining chromatin structure and genome stability [46]. Overexpression
of HDAC3, HDAC6, and HDAC11 was observed in the ischemic penumbra 3 and 24 h after
MCAO, and persisted for a week after reperfusion. The upregulation of HDAC3 and HDAC6
in the mouse cortical neurons was also observed in vitro in the neuronal cell culture. The
inhibition of HDAC3 or HDAC6 expression by the short hairpin shRNA increased cell viability.
This suggested their involvement in ischemia-induced neurotoxicity [47]. The ischemia-
induced neurotoxicity of HDAC3 was demonstrated in other studies [35,48,49]. The neurotoxic
effect of HDAC3 was associated with its binding to HDAC1. Actually, the knockdown of
HDAC3 suppressed the neurotoxicity of HDAC1, whereas HDAC1 knockdown suppressed
the neurotoxicity of HDAC3. HDAC3 and HDAC1 interact with histone deacetylase-related
protein (HDRP), a shortened form of HDAC9, whose expression was reduced during neuronal
death. The interaction between HDRP and HDAC1, but not HDAC3 protected neurons.
HDRP inhibited the HDAC1/HDAC3 interaction and prevented the neurotoxic effect of
any of these proteins. This is a possible mechanism of HDAC1-mediated action as a switch
“survival/death” in cerebral neurons. HDAC1 interaction with HDRP promotes neuron
survival, whereas its interaction with HDAC3 leads to apoptosis [50]. On the other hand,
HDAC3 was shown to suppress the production of the pro-apoptotic transcription factor E2F1
in neurons, and thus to contribute to survival of these cells [51].

Another class I histone deacetylase HDAC8 is present mainly in the cytoplasm of neurons
and astrocytes of the cerebral cortex, amygdala, hippocampus, and hypothalamus [45,52].
The expression of HDAC8 in the mouse cortical neurons and astrocytes increased significantly
during the recovery period, from 3 to 14 days after photothrombotic stroke [43].

3.2. Class II HDACs

The data on the role of HDAC4 in neurodegeneration and neuroprotection are con-
tradictory. On one hand, some authors have reported the ability of HDAC4 to maintain
neuronal survival [53–55]. However, other authors did not find a dependence of neuronal
survival on HDAC4 expression [56,57]. In cultured neurons, HDAC4 rapidly translocates
into the nucleus under glutamate release, or decreased K+ concentration in the medium.
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This stimulated cell death [58,59]. The administration of brain-derived neurotrophic factor
(BDNF) prevented nuclear translocation of HDAC4 [60]. On the contrary, inhibition or
loss of calmodulin-dependent kinase IV (CaMKIV) stimulated HDAC4 accumulation in
the neuronal nuclei [59,61]. Nuclear HDAC4 was shown to promote neuronal apoptosis
by suppressing the activity of prosurvival transcription factors MEF2 (myocyte enhancer
factor 2) and CREB (cAMP response element-binding protein) [58]. Other authors have
reported that HDAC4 translocation into the nuclei of neurons, but not astrocytes, did
not cause apoptosis in the MCAO-induced ischemic penumbra. Moreover, the nuclear
localization of HDAC4 promoted post-stroke brain recovery [62]. The HDAC4 level in
the cytoplasmic, but not nuclear fraction of the rat brain cortex decreased at 24 h after
photothrombotic stroke [33]. The downregulation of HDAC4 and its relocalization into the
neuronal nuclei continued during the recovery period, 2 weeks after stroke [63,64]. In the
neuronal nuclei HDAC4 deacetylates histones H3 and H4 and decreases the levels of some
prosurvival proteins that finally lead to the neuronal death [58,59,64]. Since HDAC4 was
assumed to be inactive against histones, these effects could be mediated by its interaction
with other nuclear proteins. Actually, HDAC4 was shown to exhibit deacetylase activity
after interacting with the co-repressor complex HDAC3/NCOR [65]. Further studies of
HDAC4 interactions with different proteins are needed to understand its role in survival
and death of cerebral cells after stroke.

HDAC5, another member of class II histone deacetylases, is involved in neuronal differ-
entiation and axon regeneration in the injured sensory neurons [66,67]. The overexpression of
HDAC5 and its nuclear localization was shown to be associated with apoptosis of the cultured
neurons from the cerebellar granular layer [68]. After transient MCAO, HDAC5 suppressed
the antiapoptotic effect of the transcription factor MRTF-A (myocardial transcription factor-
A) in the rat brain neurons [69]. HDAC5 expression in the ischemic penumbra decreased
1, 2, and 14 days after MCAO [47,64]. The downregulation of HDAC5 in the mouse cerebral
cortex was observed at 3 days after photothrombotic stroke. However, the number of the
apoptotic HDAC5-positive cells did not change [63]. Possibly, the decrease in the level of
HDAC5 in cortical neurons was associated with the regeneration processes [70].

HDAC6 belongs to the IIb class of histone deacetylases. It is involved in various
cellular processes such as degradation of damaged proteins, cell migration, and inter-
cellular interactions [71]. One of the cytoplasmic substrates of HDAC6 is α-tubulin. Its
deacetylation induced destabilization of microtubules in the course of cytoskeleton reor-
ganization and axonal growth during post-stroke regeneration [72]. In the mouse or rat
brains HDAC6 presents not only in the cytoplasm, but also in the nuclei of some cortical
neurons, but not astrocytes [33,63]. During the first two weeks after the photothrombotic
stroke, HDAC6 was upregulated in the neurons not only in the penumbra, but also in the
contralateral cerebral cortex, where it appeared in the neuronal nuclei. In the PTS-induced
penumbra, HDAC6 co-localized with apoptotic neurons that indicated its involvement in
neuronal apoptosis [57,63].

Thus, HDACs are widely represented in the brain. The expression of HDAC1, HDAC2,
HDAC3, HDAC4, and HDAC6 increased in the ischemic penumbra. Some of them are
located in the neuronal nuclei, some in the cytoplasm, and others—both in the nucleus
and cytoplasm. Their functions after ischemic stroke differed. Some HDACs mediate
prosurvival processes, whereas others are involved in neurotoxicity. HDAC2 and HDAC6
were apparently involved in apoptosis in the post-ischemic brain.

3.3. Sirtuins

Sirtuins (SIRT) are class III histone deacetylases. The coenzyme nicotinamide adenine
dinucleotide (NAD+) makes sirtuins sensitive to metabolic and redox changes [73]. In
mammals, seven sirtuins have been identified. Of these, SIRT1 and SIRT6 are localized
mainly in the cell nuclei, SIRT7 in the nucleoli, SIRT2 in the cytoplasm, and SIRT3, SIRT4,
and SIRT5 are mitochondrial proteins [74]. Sirtuins deacetylate a variety of substrates such
as transcription factors, enzymes, and histones. They control diverse biological processes

319



Biomedicines 2021, 9, 1445

including metabolism, cell growth, aging apoptosis, and autophagy [75]. In the present
review we focus on the role of non-mitochondrial SIRT1, SIRT2, and SIRT6 in the brain
damage and recovery after ischemic stroke.

SIRT1 content in the brain is higher than in other organs [74]. In the hippocampus it
regulates synaptic plasticity and memory. Since SIRT1 deacetylates histones and various
transcription factors [72,76], and, also, has the chaperone-like activity [77], its subcellular
localization is of significant importance for its functioning. The presence of the nuclear
localization signal (NLS) and the nuclear export signal (NES) in the SIRT1 molecule allows
it to shuttle from the nucleus to the cytoplasm and back that was assumed to be required
for synaptic plasticity and memory formation [78,79]. The subcellular location of SIRT1
changed during brain development and in response to physiological and pathological
stimuli [79,80].

SIRT1 mediates neuroprotection after ischemic stroke, traumatic brain injury, and
neurodegenerative diseases. It regulates neurogenesis, neurite outgrowth, and gliogenesis,
which are involved in postischemic brain regeneration [76,81]. In the SIRT1 knockout mice,
MCAO induced greater cerebral infarction than in control animals [82]. On the contrary,
mice overexpressing SIRT1 were more resistant to ischemia than control animals [83]. The
activation of SIRT1 by resveratrol reduced the MCAO-induced infarction volume [84].
SIRT1 was overexpressed in the ischemic penumbra 7 days after MCAO in the mouse
cerebral cortex [82]. Nuclear SIRT1 was reported to prevent apoptosis by deacetylation
of proteins p53 [85], FOXO [86], and Ku70 [87]. On the contrary, SIRT1 localized in the
cytoplasm enhanced caspase-dependent cell apoptosis [88]. Nevertheless, the translocation
of SIRT1 into the cytoplasm was not associated with cell apoptosis in the peri-infarct area
at 7 days after photothrombotic stroke in the mouse cerebral cortex. In this case, the
cytoplasmic localization of SIRT1 was associated with the upregulation of synaptophysin
and GAP-43 that mediate the axon outgrowth and restoration of synaptic connections [89].
The cytoplasmic SIRT1 was shown to enhance the neurite outgrowth that was induced
by nerve growth factor NGF. Oppositely, inhibitors of SIRT1 or SIRT1-siRNA significantly
reduced this effect [90].

SIRT2 is expressed predominantly in oligodendrocytes and in the myelin-rich regions
of the ischemic brain. It was not found in astrocytes, microglia, or neurons [91]. However,
other authors reported the presence of SIRT2 in the cytoplasm of neurons, but not astrocytes
in the mouse cerebral cortex [89,92]. In the cytoplasm, SIRT2 such as HDAC6 regulates
the microtubule dynamics through deacetylation of α-tubulin [93]. SIRT2 and HDAC6 can
deacetylate α-tubulin either together [94], or separately [93]. Interestingly, the inhibition
of SIRT2 increased acetylation of the microtubular α-tubulin mainly in the perinuclear
zone, whereas inhibition of HDAC6 caused the general hyperacetylation of microtubules
throughout the cell [95]. Although some studies pointed to the pathological role of SIRT2
after cerebral ischemia [76,96], the functions of SIRT2 in the ischemic brain are possibly
more complicated than only pathological or only neuroprotective. Indeed, transient MCAO
reduced the expression of SIRT2 and its translocation into the neuronal nuclei that played a
neuroprotective role [96]. On the contrary, the overexpression of SIRT2 in the cytoplasm of
the cerebellar neurons or in vitro in the differentiated PC12 cell line was shown to induce
apoptosis [77,97]. Sirt2 was shown to mediate the myelin-dependent neuronal dysfunction
during the early phase after MCAO in the mouse brain. Notably, the dynamics of Sirt2
mRNA and the protein level after ischemia differed [91].

SIRT6 was found in both: cerebral neurons and astrocytes [89,98]. It deacetylates
mainly the lysine residues 9 and 56 in histone H3 that possibly represses genes associated
with aging [99]. The role of SIRT6 in ischemia is still unclear and controversial. On one
hand, SIRT6 protected the brain from postischemic reperfusion injury due to stimulation
of transcription factor Nrf2 (nuclear factor-like (erythroid 2)-like 2), which regulates the
expression of antioxidant proteins and suppresses oxidative stress [100,101]. SIRT6 was
co-expressed with GAP-43, a marker of axon growth and synapse formation, at 14 days
after photothrombotic stroke in the mouse cerebral cortex [89]. Whether SIRT6 functions as
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a part of the multiprotein complex in the postsynaptic membranes [102], or it regulates the
neurite growth during the post-stroke recovery phase should be further studied. SIRT6
immunofluorescence was not observed in apoptotic cells in the PTS-induced penumbra [89].
On the other hand, its overexpression in cultured neurons under oxygen and glucose
deprivation was associated with necrosis of cortical cells [103].

Thus, sirtuins, SIRT1 and SIRT6, are involved in the postischemic brain regeneration.
SIRT1 regulates synaptic plasticity, memory, neuritogenesis, neurogenesis, and gliogen-
esis. SIRT6 protects neurons and astrocytes from the post ischemic reperfusion injury
via stimulation of the transcription factor that regulates the production of antioxidant
proteins Nrf2.

The HDAC inhibitors that have been developed to date are capable of inhibiting
almost all HDAC isoforms of these four classes with varying degrees of specificity.

4. Pan-Inhibitors of Histone Deacetylases in Cerebral Ischemia

Inhibitors of different histone deacetylases that efficiently protect the brain from
ischemic injury belong to two chemical groups: (a) Small carboxylates: valproic acid
(VPA), sodium butyrate (SB), and sodium 4-phenylbutyrate (4-PBA), and (b) Hydroxamate-
containing compounds: suberoylanilide hydroxamic acid (SAHA, Vorinostat), trichostatin
A (TSA), and others. They protect the brain against excitotoxicity, oxidative stress, ER stress,
apoptosis, inflammation, and BBB breakdown. They also induce angiogenesis, neurogen-
esis, and migration of stem cells to the damaged brain regions that improves functional
recovery after cerebral ischemia. HDAC inhibitors are the promising neuroprotectors for
treating ischemic stroke [15–18].

VPA, a pan-HDAC inhibitor, was shown to reduce brain injury in various stroke
models. It improved the functional outcome, and demonstrated the anti-inflammatory
activity [104–106]. VPA induces different proteins such as NeuroD, Math1, Ngn1, and
p15, which contribute to differentiation of neural precursors in the hippocampus [107].
VPA administration during 7 days after MCAO considerably improved the neurologi-
cal outcome in rats. This effect was associated with enhanced white matter repair and
neurogenesis [108,109]. The VPA treatment increased survival of oligodendrocytes and
caused the generation of new oligodendrocytes. These effects were associated with the
increased density of myelinated axons in the ischemic boundary around the infarction
core. At the molecular level, VPA increased the acetylation of histone H4 and caused
overexpression of glutamate transporter 1 (GLT1) in neuroblasts. It also increased the
number of new neurons [109]. Prolonged application of VPA during two weeks after
MCAO increased the acetylation of histones H3 and H4 in the rat brain, and caused the
upregulation of transcription factor HIF-1α (hypoxia-inducible factor-1α) and its down-
stream pro-angiogenic molecules such as vascular endothelial growth factor (VEGF) and
matrix metalloproteinases MMP2 and MMP9. This enhanced the microvessel density
and promoted functional recovery [106]. VPA suppressed the nuclear translocation of the
NF-κB subunit p65, reduced activity of matrix metalloproteinase MMP9, and restored the
BBB integrity that was broken after stroke [110].

Other pan-HDAC inhibitors SB and 4-PBA showed similar neuroprotective
activity [111–113]. SB stimulated proliferation of neuronal progenitor cells and neurogenesis
in the SVZ and DG zones of the rat brain after MCAO. It increased the levels of acetylated
histone H3, neural cell adhesion molecule nestin, glial fibrillary acidic protein, transcription
factor CREB (phospho-cAMP response element-binding protein), and brain-derived neu-
rotrophic factor (BDNF) that were reduced after cerebral ischemia [111]. The neuroprotective
effect of SB was also associated with inhibition of oxidative stress, reduction of BBB perme-
ability, and anti-inflammatory action [110]. Notably, VPA and SB stimulated neurogenesis
in the peri-infarct regions during the post-stroke recovery period [108,109,111]. SB effect
on proliferation, differentiation, and migration of the neural precursor cells was mediated
by the BDNF-TrkB signaling pathway [114]. Microglia-mediated neuroinflammation is an
important component of the stroke-induced brain pathology. As shown in vitro, SB reduced
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the acetylation of histone H3 that was increased in the activated microglial cells. It also altered
the transcription of pro-inflammatory genes Tnf-α, Nos2, Stat1, and Il6. Simultaneously, SB
induced the expression of anti-inflammatory genes regulated by the IL10/STAT3 pathway. In
the microglia of mice subjected to MCAO, SB reduced the expression of pro-inflammatory
proteins TNF-α and NOS2, and stimulated expression of the anti-inflammatory mediator IL10.
Therefore, HDAC inhibition by SB turned the microglial activity in the ischemic brain from
the pro-inflammatory to the anti-inflammatory mechanism [115].

The application of SAHA protected the rat brain from MCAO-induced ischemia [116].
It prevented the ischemia-induced decrease of the histone H3 acetylation level and reduced
the infarct volume. It also increased the levels of neuroprotective proteins Hsp70 and Bcl-2
in both control and ischemic brains [117]. The intraperitoneal administration of SAHA at
12 h after transient MCAO reduced the infarction volume in the mouse brain and improved
the post-stroke outcome. It reduced the level of pro-inflammatory cytokines and inhibited
the microglia-mediated inflammatory response [118].

TSA increased survival of cultured neuronal cells after oxygen and glucose depriva-
tion. It also decreased the stroke-induced infarct volume in the mice brain. These effects
were associated with the activation of antioxidant processes. TSA mediated HDAC inhi-
bition and activated the transcription factor Nrf2, which regulates expression of diverse
antioxidant proteins. As a result, heme oxygenase 1, NAD(P)H:quinone oxidoreductase 1,
and glutamate-cysteine ligase were overexpressed and mediated neuroprotection in the
neuronal culture and in the ischemic brain [106,116].

These HDAC inhibitors are non-selective. The neuroprotective effects of non-selective
inhibitors such as TSA, SB, and SAHA have been well reviewed [119–122]. They inhibit a
group of HDACs that belong to class I, or II, or both. Some HDACs in these groups are
involved in ischemia-induced cell death, whereas others participate in the neuroprotective
processes. It is of interest to use more selective inhibitors in order to affect only the
pathogenic HDACs in the ischemic brain.

5. Selective Inhibitors of Histone Deacetylases in Cerebral Ischemia

5.1. Inhibition of Class I HDACs

In the work of Lin and colleagues photothrombotic stroke impaired neuronal survival
and neuroplasticity in the mouse brain, deteriorated motor functions, and stimulated
neuroinflammation [36]. These effects were associated with the upregulation of HDAC2
in the peri-infarct zone from 5 to 7 days after PTS. Since the absolute selective inhibitors
of some HDACs are not available, the author used several HDACs inhibitors with the
limited anti-HDAC selectivity: MGCD0103 that inhibits HDAC1, HDAC2, and HDAC3;
SAHA that inhibits mostly HDAC1 and HDAC2, and TMP269, a class II inhibitor that acts
on HDAC4, HDAC5, HDAC7, and HDAC9. The comparison of their effects showed the
critical role of HDAC2 inhibition in the restoration of brain function, whereas HDAC2
overexpression exacerbated the stroke-induced functional disorders. HDAC2 inhibition
at 5 to 7 post-stroke days promoted survival and neuroplasticity of neurons, suppressed
neuroinflammation, recovered motor functions, and improved the stroke outcome. The
inhibition of other HDAC isoforms was ineffective [36].

The recent inhibitory analysis also confirmed the participation of HDAC2 in the
PTS-induced injury of the mouse cerebral cortex. The administration of α-phenyltroplon
that inhibits both HDAC2 and HDAC8 [123], or MI-192, an inhibitor of HDAC2 and
HDAC3 [124], suppressed apoptosis of cortical cells in the penumbra and decreased the
infarct volume after photothrombotic stroke in mice. These effects contributed to the
restoration of cerebral functions. However, the selective HDAC3 inhibitor BRD3308 was
ineffective. Hence, HDAC2 was involved in PTS-induced apoptosis in the mouse brain,
and its inhibition was beneficial against ischemic stroke [57,123] (Table 1).
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Table 1. Effects of selective HDAC inhibitors and activators in animal models of ischemic stroke.

Class I Inhibitor Model of stroke Treatment time Effective Doses Effects on Stroke Citations

HDAC1/2/3 MS-275, entinostat Mouse, MCAO
Mouse, MCAO

Post at 7 h
Post at 0h, 24 h

and 48 h

20μg/kg
200μg/kg
30 mg/kg

↓Infarct volume
↓Neurological deficit

↑Cell survival

[20]
[125]

HDAC2/3 MI192 Mouse, PTS Post for 3 days 40 mg/kg

↓Infarct volume
↓Apoptosis

↑Acetylated α-tubulin
↑GAP43

↓Neurological deficit

[124]

HDAC2/8 α-phenyl
tropolone Mouse, PTS Post for 7 days 10 mg/kg ↓Infarct volume

↓Apoptosis
[123]

HDAC6
Tubastatin A Rats, MCAO

Mouse, PTS
Post for 1 or 3 days
Post for 4 or 7 days

25 mg/kg
40 mg/kg
25 mg/kg

↓Infarct volume
↓Apoptosis

↑Acetylated α-tubulin
↓Neurological deficit

↑FCF-21
↑GAP43

[126]
[22]

Tubacin Mouse, MCAO Pre for 3 h 5 mg/kg ↓Infarct volume
↑eNOS

[127]

HPOB Mouse, PTS Post for 7 days 10 mg/kg ↓Infarct volume
↓Apoptosis

[89]

SIRT1 EX-527 Rats, MCAO Post at 6 h, 12 h or
24 h 10 μg

↓Infarct volume
↓Necroptosis
↑Survival

[128]

SIRT1
and SIRT2 Sirtinol Mouse, MCAO Post at 48 h 10 mg/kg

↑Infarct volume
↑Apoptosis

↑Acetylated p53 and p65
[82]

SIRT2
AGK2 Mouse, MCAO Post at 24 h 1 mg/kg

↓Infarct volume
↓Apoptosis

↓Neurological deficit
↓JNK, c-jun

↓AKT/FOXO3a

[128]

Activators

SIRT1 Resveratrol
Mouse, MCAO
Mouse, MCAO

Rats, MCAO

Post for 7 days
Post for 7 days

Post at 24 h

50 mg/kg
6800μg/kg
30 mg/kg

↓Infarct volume
↓Neurological deficit

↑MMP-2
↑VEGF

↓Infarct volume
↓Neurological deficit

↓Infarct volume
↓Neurological deficit

↑pAkt
↑pGSK-3β

[129]
[20]
[130]

Tetrahydroxystilbene
glucoside (TSG) Mouse, MCAO Post at 24 h 15 mg/kg

40 mg/kg

↓Infarct volume
↓Apoptosis

↓ROS
[131]

Icariin Mouse, MCAO Post for 1, 3 or 7
days

100 mg/kg
200 mg/kg

↓Infarct volume
↓Brain edema

↓Neurological deficit
↑PGC-1α

[132]

Activator III Mouse, MCAO Post at 48 h 10 mg/kg ↓Infarct volume [82]

Alpha-lipoic acid
(ALA) Mouse, MCAO Post at 24 h 50mg/kg

↓Infarct volume
Brain edema

↓Neurological deficit
[133]

Model of transient middle cerebral artery occlusion (MCAO), photothrombotic stroke (PTS).

It has been shown that in ischemia reperfusion kidney injury in HDAC1 or HDAC2
knockout mice, deletion of HDAC2 but not HDAC1 leads to an ischemic damage decrease [134].

Recently, it was shown that in ischemic reperfusion kidney injury in mice with in-
ducible HDAC1 or HDAC2 knockout, it is the deletion of HDAC2, but not HDAC1, that
leads to a decrease in ischemic damage.

Currently, new carbamide based inhibitors of ortho-amino anilides have been devel-
oped which show high selectivity for HDAC2 compared to the highly homologous isoform
HDAC1. These kinetically selective HDAC2 inhibitors (BRD6688 and BRD4884) increased
the acetylation of histones H4K12 and H3K9 in primary mouse hippocampal cell cultures
and improved learning and memory in a model of neurodegenerative disease in mice [135].
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The selective HDAC3 inhibitor RGFP966 reduced infarction size and alleviated neuro-
logical deficits after MCAO by reducing the inflammatory response. RGFP966 enhances
STAT1 acetylation and subsequently attenuates STAT1 phosphorylation that may lead
to AIM2 inflammasome downregulation by RGFP966 [136]. Inhibition of HDAC3 by
RGFP966 was protective against I / R cerebral injury in in vivo and in vitro models of
diabetes by modulating oxidative stress, apoptosis, and autophagy that may be mediated
by upregulation of Bmal1 [137].

RGFP966 administration mimicked the neuroprotective effect of ischemic tolerance
after MCAO causing a decrease in infarction volume and neurological deficits. The mech-
anism of the protective action of the HDAC3 inhibitor may be based on the weakened
recruitment of HDAC3 to the promoter regions after preconditioning potentiating the
initiation of transcription of genes including Hspa1a, Bcl2l1, and Prdx2 [138].

The selective HDAC8 inhibitor PCI-34051 has a neuroprotective effect. However, it
was found that HDAC8 is not involved in the PCI-34051 mechanism of action [139]. Using
BRD3811, an inactive PCI-34051 ortholog, has been shown to exhibit strong neuroprotective
properties despite its inability to inhibit HDAC8. Research by Sleiman et al. (2014) [139]
showed that the protective effects of small molecules containing hydroxamic acid, such
as PCI-34051, are probably not related to direct epigenetic regulation through inhibition
of HDAC8, but rather their neuroprotective effect is based on their ability to bind metals
exhibiting antioxidant properties.

5.2. Inhibition of Class II HDACs

Selective inhibition of the class IIa HDACs by MC1568 worsened brain recovery. This
was associated with the inactivation of CREB and c-Fos and exacerbated neurological
deficit [140]. However, recent studies have shown that pharmacological inhibition of class
IIa HDAC by MC1568 reduces infarction volume and neurological deficit in rats after
tMCAO [138]. The effect was associated with the activation of transcription of the ncx3
gene encoding the plasma membrane Naþ / Ca2þ exchanger 3 (NCX3), which plays a
neuroprotective role in stroke.

LMK235, a selective inhibitor of HDAC, did not influence the infarct volume, apoptosis
of penumbra cells, and the neurological deficit. This indicated that HDAC4 did not
participate in the apoptosis of penumbral cells after photothrombotic stroke [57]. On the
other hand, LMK235 dose-dependently inhibited MKK7 transcription and JNK / c-Jun
activity, which protected cultured cerebellar granule (CGN) neurons from apoptosis caused
by potassium deficiency [141].

HDAC6 inhibitors were reported to reduce ischemia-induced apoptosis in the rat
brain [126,142], the retina [143], or the myocardium [144]. They inhibited oxidative stress
by decreasing the acetylation of peroxiredoxin 1 [144]. The selective HDAC6 inhibitors
tubastatin A or HPOB promoted post-stroke regeneration of the mouse brain. They reduced
apoptosis of the penumbral cells, and decreased the infarction volume after photothrom-
botic stroke. These compounds also stimulated the axon outgrowth, as was evidenced by
the overexpression of GAP43 and restoration of acetylation of α-tubulin [57,63]. Tubas-
tatin A also recovered the acetylated state of fibroblast growth factor-21 (FGF-21) that
contributed to restoration of brain functions [126].

Another selective HDAC6 inhibitor tubacin increases eNOS expression in vivo im-
proving endothelial function in diabetic db / db mice and significantly reduces ischemic
brain damage in a mouse stroke model [127].

Currently, new low molecular weight inhibitors of HDAC6 pyrimidine hydroxyl
amide have been developed that are bioavailable in the brain when administered system-
ically, such as ACY-738 and ACY-775, which have antidepressant effects [145] and are
effective in peripheral neuropathy [146]. Their effectiveness in cerebral ischemia has not
been studied yet.

These data showed the involvement of different HDACs in some neuropathological
processes. In particular, HDAC2 and HDAC6 are involved in the stroke-induced death
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of neurons in the ischemic brain. Their activity may be associated with deacetylation
of histones H3 and H4, following chromatin condensation, and inhibition of protein
biosynthesis in the cell. Additionally, some HDACs deacetylate cytoplasmic proteins and
modulate their functions. HDAC inhibitors prevent these effects and improve cell viability.
Notably, some HDAC inhibitors showed the efficient neuroprotection not only during
3–6 h, but later, up to 5-7 days after ischemic stroke. Such delay may expand the therapeutic
window that is very important for practical anti-stroke medicine.

5.3. Sirtuins Activators and Inhibitors

Since the modulation of the sirtuin activity can have a beneficial effect on many
diseases, there is growing interest in the development and testing of sirtuin activators and
inhibitors [147,148]. Here we consider those compounds that activate or inhibit sirtuins
under conditions of cerebral ischemia, discuss the data confirming their effectiveness in
cellular and animal models of ischemia.

Almost all sirtuin activators are described only for SIRT1 (Table. 1) The most famous
of the SIRT1 activators is resveratrol (3, 5, 4′-trihydroxy-trans-stilbene). It is a natural
compound that activates SIRT1 and may help treat or prevent obesity, reduce carcinogenesis,
and age-related decline in heart function and neuronal loss. Pharmacological modulation
of SIRT1 can have a pronounced effect on the outcome of ischemic stroke [76].

Resveratrol applied to mice before and after reperfusion reduced neurological deficit
and infarction volume in the MCAO model by increasing the expression of angiogenic fac-
tors MMP-2 and VEGF and the number of microvessels [129]. Preliminary administration
of resveratrol to mice for 7 days reduced the expression and activity of MMP-9, increasing
the viability of neurons [79]. Recent studies have shown that pre-intraperitoneally adminis-
tered resveratrol reduced neurological deficits and infarction volume 24 hours after MCAO
in male rats (30 mg/kg) [130]. Moreover, the same study showed that resveratrol attenuated
neuronal cell death by increasing the phosphorylation level of Akt and GSK-3β [130].

A recent review by Ghazavi H et al (2020) [149] collected evidence that resveratrol may
not only affect neuronal function, but also plays an important role in reducing neurotoxic-
ity by altering glial activity by modulating a number of signaling pathways. Numerous
studies indicate that resveratrol enhances anti-inflammatory effects and decreases inflam-
matory cytokines by acting on signaling pathways in microglia such as AMP-activated
protein kinase (5′-adenosine monophosphate-activated protein kinase, AMPK), SIRT1,
and SOCS1 (suppressor of cytokine signaling Resveratrol increases AMPK activity and
inhibits GSK-3β (glycogen synthase kinase 3 beta) activity in astrocytes), which makes ATP
available to neurons and reduces reactive oxygen species (ROS). In addition, resveratrol
promotes microglial activation and increases survival oligodendrocytes, which can lead to
the maintenance of post-stroke brain homeostasis [149].

Intraperitoneal combined administration of the MS-275 histone deacetylase I inhibitor
(20 μg / kg) with resveratrol (680 μg / kg) to mice after tMCAO reduced infarction volume
and neurological deficits, assessed 48 hours after tMCAO [150]. Then, 24 hours after
administration of the drugs, a decrease in the binding of RelA to the Nos2 promoter was
observed, which reduced the overexpression of a number of proteins associated with the
activation of microglia and macrophages, which ultimately led to a decrease in leukocyte
infiltration in the ischemic region [150].

In addition to sirtuins, resveratrol affects many other targets (e.g., kinases and ATP
synthase) [151], so the molecular mechanisms found in physiological studies with resver-
atrol should be interpreted with caution. In addition, resveratrol can also inhibit SIRT1,
SIRT3, or SIRT5 depending on the substrate used [152,153].

It should be noted that natural resveratrol suffers from low bioavailability and activity
and, like early synthetic SIRT1 activators such as SRT1720, has low selectivity [147]. How-
ever, SRT1720 induced mitochondrial biogenesis, increasing the mitochondrial respiration
rate and ATP level, reducing ischemia-reperfusion kidney damage [154,155]. SRT1720 ac-
celerated the recovery of mitochondrial function after acute oxidative damage to renal prox-
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imal tubule cells [156]. The SRT1720 activator was also effective in ischemia-reperfusion
myocardial injury [157]. In a model of brain oxidative stress in vivo, it was shown that
SRT1720 has a neuroprotective effect, reducing neurological deficit by inhibiting poly
(ADP-ribose) polymerase [158].

In addition to SRT1720, molecules structurally unrelated to resveratrol, such as
SRT2104, SRT2379, and SRT3657, have been developed to stimulate the activity of sirtuins,
but similar to SRT1720 these SIRT1 activators have not been shown to have a neuroprotec-
tive effect in models of ischemic stroke.

Other SIRT1 activators such as tetrahydroxystilbene glucoside (TSG) reduced the
effects of OGD and MCAO in cultured neurons and animals, respectively [23]. Icariin
is able to increase the expression of SIRT1 and its downstream target PGC-1α, which
stimulates mitochondrial activity, both in the MCAO mouse model and in neurons treated
with OGD. Incarion improved neurological parameters after MCAO in mice, reduced
the size of myocardial infarction and cerebral edema [132]. The neuroprotective effect of
incarion was reversed by inhibition of SIRT1.

Treatment of mice with Activator III reduced the infarction volume, while the SIRT1
and SIRT2 inhibitor sirtinol increased ischemic damage both in the model of ischemic
stroke [82] and in the model of hemorrhagic stroke [159]. Sirtinol increased acetylation of
p53 and nuclear factor κB (p65), which led to the activation of neuronal apoptosis [82,159].

Another SIRT1 activator, citicoline (CDP-choline) was effective for patients with
moderate stroke [160]. Treatment with citicoline increased SIRT1 levels in rat brains after
tMCAO concurrently with neuroprotection. Sirtinol blocked the decrease in infarction
volume caused by citicoline, while resveratrol caused a strong synergistic neuroprotective
effect with citicoline [160].

Thus, most studies provide evidence of a neuroprotective effect of SIRT1 activators.
Inhibition of neuroprotective SIRT1 usually worsens stroke outcome [76]. On the other
hand, the SIRT1 inhibitor nicotinamide can also protect neurons from excitotoxicity and
cerebral ischemia [109]. Clinically used selective inhibitor SIRT1 Selisistat, also known as
EX-527, reduces the volume of ischemic brain infarction and improves survival, but does
not reduce neurological deficits associated with stroke [128]. In addition, the administration
of EX-527 effectively increased the expression of metabolic enzymes associated with the
regulation of necroptosis [128].

Besides SIRT1, modulation of the activity of other sirtuins can also influence the
progress or outcome of cerebral ischemia.

The administration of AGK2, a potent inhibitor of SIRT2, had a neuroprotective effect
in the MCAO model; neurological indicators were better compared to the control group [96].
Inhibition of SIRT2 by AGK2 or SIRT2 knockdown reduced cell death caused by hydrogen
peroxide by decreasing ROS production in cell culture [97].

However, the use of another SIRT2 inhibitor AK-7 in animal stroke models did not
show a neuroprotective effect in the MCAO mouse model [161]. Whereas the admin-
istration of other SIRT2 inhibitors AK-1 and AGK2 reduced the infarction volume by
suppressing the proapoptotic signaling pathways AKT / FOXO3a and MAPK [162].

Thus, SIRT2 also performs contradictory functions in stroke [163]. Its effect probably
depends on the localization of the enzyme [63] as well as on the stage of ischemic stroke. It
is known that Sirt2 is able to mediate myelin-dependent neuronal dysfunction at an early
stage after ischemic stroke [91].

Modulators for other sirtuins are less studied. To date, little is known about the
effectiveness of the pharmacological modulators SIRT3-7 in cerebral ischemia.

6. Conclusions

The brain responses to ischemic stroke are very complex and dynamic. They involve a
plethora of molecular processes that occur in different cerebral elements—neurons, glial
cells, and blood vessels. The neuroprotective strategies in vivo have failed in human
trials [164]. However, the previous presence of a transient ischemic attack is associated—in
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humans—with a good early outcome in nonlacunar ischemic strokes, thus suggesting a
neuroprotective effect of transient ischemic attack possibly by inducing a phenomenon of
ischemic tolerance [165]. After numerous unsuccessful searches of effective neuroprotective
anti-stroke agents, which used the compounds affecting only one side of this complex
process, such as glutamate-mediated excitotoxicity, calcium homeostasis, or different
apoptosis stages, it became that the complex approach aimed at several targets in the
ischemic cerebral tissue is needed. In addition to brain neuroprotection, it is also important
to study and stimulate the processes involved in neurorepair in the adult brain, either
from angiogenesis, neurogenesis, or synaptic plasticity, including through endogenous
neurorepair phenomena [166].

The inhibitors of different histone deacetylases efficiently protected the animal brains
from ischemic injury. They induce angiogenesis, neurogenesis, stem cell migration to the
damaged brain regions in order to promote functional recovery after cerebral ischemia.
Hence, HDAC inhibitors may be considered as the hopeful neuroprotector agents for
treatment of ischemic stroke. The first generation HDAC inhibitors are non-selective. They
inhibit not only the HDACs involved in the ischemia-induced cell death, but also those
participating in the neuroprotective processes. Possibly, more selective inhibitors that affect
specific pro-apoptotic HDACs in the ischemic brain may be promising neuroprotectors for
treating ischemic stroke.
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hippocampal dentate gyrus DG
reactive oxygen species ROS
Nitric oxide NO
endothelial NO synthase eNOS
neuronal NO synthase nNOS
iNOS inducible NO synthase
amyloid precursor protein APP
MBD methyl-CpG-binding domain
acetylation of lysine 9 in histone H3 H3K9Ac
Histone acetyltransferase HAT
HAT1 histone acetyltransferase 1
PCAF p300/CREB binding protein-associated factor
Histone deacetylase HDAC
BDNF brain-derived neurotrophic factor
calmodulin-dependent kinase IV CaMKIV
MEF2 myocyte enhancer factor 2
CREB cAMP response element-binding protein
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Abstract: Traumatic brain injury (TBI) is a heterogeneous disease in its origin, neuropathology, and
prognosis, with no FDA-approved treatments. The pathology of TBI is complicated and not suffi-
ciently understood, which is the reason why more than 30 clinical trials in the past three decades
turned out unsuccessful in phase III. The multifaceted pathophysiology of TBI involves a cascade of
metabolic and molecular events including inflammation, oxidative stress, excitotoxicity, and mito-
chondrial dysfunction. In this study, an open head TBI mouse model, induced by controlled cortical
impact (CCI), was used to investigate the chronic protective effects of mitoquinone (MitoQ) adminis-
tration 30 days post-injury. Neurological functions were assessed with the Garcia neuroscore, pole
climbing, grip strength, and adhesive removal tests, whereas cognitive and behavioral functions were
assessed using the object recognition, Morris water maze, and forced swim tests. As for molecular ef-
fects, immunofluorescence staining was conducted to investigate microgliosis, astrocytosis, neuronal
cell count, and axonal integrity. The results show that MitoQ enhanced neurological and cognitive
functions 30 days post-injury. MitoQ also decreased the activation of astrocytes and microglia, which
was accompanied by improved axonal integrity and neuronal cell count in the cortex. Therefore,
we conclude that MitoQ has neuroprotective effects in a moderate open head CCI mouse model by
decreasing oxidative stress, neuroinflammation, and axonal injury.

Keywords: neurotrauma; oxidative stress; neurodegeneration; neuroinflammation; moderate trau-
matic brain injury

1. Introduction

Globally, TBI is one of the leading causes of death and long-lasting disability. The
incidence of TBI is estimated to be 939 in 10,000 worldwide, with major causes being falls,
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vehicle accidents, wars, and sports [1]. The mortality rates worldwide are assessed to be
between 7% and 23%, 90% of which are in developing countries [2]. TBI studies in the
Middle East are limited; however, it was predicted that the incidence in the region is 45
per 100,000 [2]. Survivors suffering from disabilities endure major socioeconomic burdens
as well [3]. TBI leads to neurological complications through two major events, dynamic
and overlapping, denoted as primary and secondary injuries. Primary injury defines the
severity of TBI and therefore represents the major prognostic factor. Damaged neural cells
undergo ionic imbalance characterized by an influx of calcium (Ca2+), potassium (K+),
and glutamate [4]. The resultant excitotoxicity leads to an energetic crisis and oxidative
stress by increasing reactive oxygen species (ROS) [5]. These can then directly stimulate the
release of cytokines and pro-inflammatory factors, contributing to an elevated inflammatory
state [6,7]. Following this, secondary injury is triggered, initiating a cascade of metabolic
events that include further excitotoxicity, neuroinflammation, disruption of the blood–brain
barrier (BBB), and cell death [8]. Notably, mitochondrial dysfunction, characterized by
their membrane disruption and fission/fusion imbalance, plays an important role in the
pathology of TBI via the excessive production of ROS, eventually leading to apoptotic cell
death [9].

Finding a treatment for TBI remains a major challenge as there are currently no FDA-
approved drugs with present approaches mainly targeting the symptoms. Depending on
the severity of the injury, these can range from anti-seizure drugs and diuretics to coma-
inducing drugs. Anti-seizure prophylaxis is administered to prevent the development of
epileptic episodes post-TBI; however, due to the shortage of evidence on its effects in the
long term, it is usually discontinued a week after injury [10]. Intracranial pressure is also
monitored when individuals experience TBI, and in the case of its elevation, pressure is
released by medically inducing venous flow and removing cerebrospinal fluid (CSF) from
the intracranial regions [11].

Current animal studies on possible therapies have explored multiple candidates such
as calcium channel blockers, erythropoietin, and hypothermia. Calcium channel blockers
such as nimodipine and ziconotide have been considered as possible agents to enhance
mitochondrial function and improve outcomes in patients with spontaneous subarachnoid
hemorrhage [12]. However, the former was later revealed to have no effects on mortality
and morbidity in TBI patients, and the latter was shown to lead to numerous side effects
such as hypotension [13,14]. On the other hand, other suggested treatments target oxidative
stress since antioxidants have been shown to ameliorate the pathology of TBI [15,16]. An
example of these is the mitochondria-targeted drug mitoquinone (MitoQ). It is synthesized
by conjugating a ubiquinone moiety to a triphenylphosphonium cation (TPP+) [17]. TPP+

is a lipophilic cation that directs the ubiquinone moiety to the inner mitochondrial mem-
brane (IMM) and enables its accumulation due to the high electrochemical potential [18].
Accumulated MitoQ in the IMM is reduced by complex II into its antioxidative quinol
form [19], noting that almost all molecules that enter the mitochondria are adsorbed to
the matrix surface of the IMM where they are constantly recycled [20]. MitoQ can easily
cross the BBB [21] and has been shown to act by activating the nuclear factor erythroid 2
(NFE2)-related factor 2 (Nrf2) pathway (Nrf2-ARE) [22]. Previous studies from our labora-
tory (currently under review) have shown that MitoQ improved the outcomes of closed
head repetitive mild TBI in mice at acute, subacute, and chronic time points. Our current
study aimed at assessing MitoQ’s neuroprotective effects on the long-term behavioral,
cognitive, and molecular outcomes in a moderate open head TBI mouse model. We hy-
pothesized that improved outcomes are carried out by MitoQ’s ability to dampen the
state of oxidative stress, decrease cellular injury, and ameliorate neuroinflammation. We
were able to show that MitoQ indeed exhibits neuroprotective properties in a moderate
controlled cortical impact (CCI) mouse model, with effects translating to the molecular and
behavioral/cognitive levels.
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2. Materials and Methods

2.1. Animals

Thirty-four C57BL/6 male mice were housed in a controlled environment (12 h
light/dark cycles, 22 ± 2 ◦C). The study was carried out at the Animal Care Facility
of the American University of Beirut (AUB) and all animal experiments were performed in
compliance with the AUB Institutional Animal Care and Use Committee (IACUC) guide-
lines with the reference number 17-01-458, 1 February 2019. All animals were handled
under pathogen-free conditions and fed chow diet ad libitum. 7–8 weeks old male mice
were divided into three groups: Sham, CCI, and CCI + MitoQ. The mice in the CCI and
CCI + MitoQ groups were subjected to TBI using a controlled cortical impact machine (CCI).
Thirty minutes after TBI, mice in the CCI + MitoQ group were injected intraperitoneally
(IP) with MitoQ at a dosage of 8 mg/kg administered three times per week over 30 days,
starting at 30 min post-injury. The dose was adopted from a previous study on MitoQ and
TBI [22].

Keeping in mind that the test most prone to variability is the Morris water maze, we
used it to determine the number of mice required for cognitive and behavioral tests. To
achieve 90% power to detect a difference with 95% confidence, 9 animals were required.
Therefore, we assigned 11–12 mice per group for behavioral, cognitive, and neurological
tests: group 1: Sham (n = 10); group 2: CCI (n = 10); and group 3: CCI + MitoQ (n = 10).
Animals were assigned to experimental groups by randomly selecting which animals
received the treatment from those that underwent the injury. Animals that showed weak
health post-surgery and exhibited any disease condition were not included in the study as
per the IACUC regulations. Following sacrifice, four animals per group (n = 4) were used to
perform immunofluorescence and another four animals (n = 4) per group for the RT-qPCR.

2.2. Stereotaxic Surgery: Controlled Cortical Impact

Each mouse was anesthetized with a ketamine/xylazine mixture (50 mg/kg and
15 mg/kg, respectively) administered intraperitoneally. Each mouse was then fixed on a
stereotaxic frame, and a longitudinal skin incision was made in the middle of the mouse’s
head by a surgical scalpel to expose the skull. An ointment (Xailin®,, Nicox, France) was
applied to the eyes to protect vision during surgery. Using a drill and forceps, the part of
the skull above the somatosensory area of the parietal lobe was removed to expose the
brain. The injury was created using the Leica Impact One Angle Controlled Cortical Impact
(CCI) machine. The center of the impactor was placed above the somatosensory area of the
parietal cortex of the brain using the following coordinates: +1.0 mm AP, +1.5 mm ML, and
−2 mm DV. The duration of impact was kept constant with a dwell time of 1 s, at a velocity
of 4 m/s. The depth of the injury was set to 1.5 mm. The tip of the impactor was 1 mm in
diameter. The size of the bone flap was 1.7 mm in diameter, which was carefully removed
using a manual trephine to expose the dura matter without damaging it. The wound was
closed using silk sutures (MERSILK™-W587H, Ethicon, OH, USA). Each mouse was placed
on a heating pad to maintain the body’s temperature. The CCI + MitoQ group received the
first MitoQ injection 30 min following injury. For the animals in the Sham group, drilling
was performed to remove confounding factors.

2.3. Mitoquinone Supplementation

Mitoquinone (Focus Biomolecules, 10-1363, MW = 663.64) was prepared by dis-
solving 25 mg in 10% dimethylsulfoxide (DMSO) (100 μL in 900 μL phosphate-buffered
saline (PBS)). Further dilutions using PBS were carried out to obtain working solutions
of 1 mg/mL. MitoQ was intraperitoneally (IP) supplemented at a dose of 8 mg/kg three
times per week over 30 days, starting at 30 min post-injury. The experimental timeline is
presented below in Figure 1A.
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Figure 1. Experimental timeline of the study. (A) Mice were divided across three groups: Sham,
CCI, and CCI + MitoQ. MitoQ injections were supplemented starting 30 min after the first injury
via IP injections at a dose of 8 mg/kg every 3 days for 30 days. Behavioral and cognitive testing
commenced after day 21 of the experimental timeline and continued until day 30. (B) A coronal
section showing the site of injury and the brain regions (green and blue) that were investigated for
quantification parameters. The section was obtained from the Allen Mouse Brain Atlas and Allen
Reference Atlas—Mouse Brain [23].

2.4. Garcia Neuroscore

The neuroscore was adopted from Garcia et al. to assess the integrity of neurological
function via different criteria [24]. Every group was tested 3 days before CCI and then on
days 3, 7, and 30 after the injury. The animals underwent six different evaluations on every
test day, each being scored from 0 to 3, according to Table 1.

Table 1. Evaluation criteria for Garcia neuroscore.

Criteria Evaluation

Spontaneous Activity Ability to approach all four walls of the cage

Limb Symmetry Limb symmetry when held by the tail

Forepaw Outstretching Outstretching symmetry of both forelimbs while the hindlimbs
are kept in the air

Climbing Ability to climb into and hang onto the cage

Body Perception Reaction to stimulus while the mouse is touched on each side of
the body with a stick

Vibrissae Touch Reaction to stimulus while whiskers of the mouse are touched
with a stick without entering the visual field

2.5. Grip Strength Test

This grip strength test was performed to assess endurance of motor skills and muscular
dysfunction using the 4700-grip strength meter (UGO BASILE®, Gemonio, Italy). Each
animal was held by its tail and was allowed to catch a trapeze-shaped metal object with
both of its paws. A total of three trials were conducted for each animal. Muscle strength
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in gram force (gf) was recorded along with the total time of grip and the time the mouse
applied the force. For analysis, the average of muscle strength, in gf, in the three trials, was
normalized to the mouse weight [25].

2.6. Pole Climbing Test

The pole climbing test was conducted to evaluate motor coordination. The apparatus
consisted of a metal pole with a length of 60 cm and a diameter of 1 cm, set perpendicularly
in a big cage. The pole was wrapped with tape to facilitate the animal’s grip on the
apparatus. Animals were habituated to descend on the pole for three trials before the
recorded testing. The mice were placed on top of the pole with their heads directed
upwards and allowed to descend freely [26]. The time needed for each mouse to reach the
bottom of the pole (total time) was recorded. For each animal, a total of three testing trials
were conducted on the testing day.

2.7. Adhesive Removal Test

This test was performed by placing a rectangular adhesive tape strip on each mouse’s
nostril to assess sensorimotor function. Then, the animal was placed back in its cage. Two
different values were recorded using two stopwatches: (i) the time needed to make the first
contact with the tape, which represents nose sensitivity, and (ii) the time needed to remove
the tape, which represents dexterity.

2.8. Forced Swim Test

This test was used to assess despair and depression-like behavior. Animals were
placed in a glass cylinder (20 (height) × 11 cm (diameter)) filled with 25 ◦C water to a depth
of 15 cm for 6 min. The 6 min included a 6 min acclimation period at the beginning of the
test, followed immediately by 5 min of testing. Depression was reflected by the time mice
spent floating on the surface of the water without moving. Animals were then dried with
a towel and returned to their heated cage. The behavior of the mice was recorded using
a camera, and immobility time was analyzed later during the last five-minute period of
the test. Immobility time was defined as the time a mouse spent floating and only making
necessary movements to keep its body balanced and head above the water.

2.9. Morris Water Maze Test

The Morris water maze (MWM) was used to study spatial learning and memory. The
apparatus consisted of a circular pool (110 cm diameter, 55 cm depth) half-filled with
water and maintained at 22 ◦C. A 10 cm-diameter platform was placed in the water. Three
extra-maze cues were located around the pool to spatially guide the mice. Black and white
cues were used to omit any variance in color discrimination among mice. Non-toxic white
paint was added to the water surface to make it opaque and ensure accurate tracking.
The ANY-maze 5.2 software (Stoelting Co., Wood Dale, IL, USA) was used to track the
movement of mice and record the different parameters to be evaluated during the five days
of testing.

On the first day, the platform was made visible by mounting a flag for cued trials.
Four trials were carried out for each animal where the position of the platform and the
starting position of animals changed among trials. On days two through four, which are the
acquisition days, the flag was removed, and the platform was fixed in the northeast (NE)
quadrant submerged in the water. However, the starting position of the animals varied
among trials where three trials were carried out. The maximum time of a trial was set to
one minute. If the animal failed to find the platform during this time, it was guided to the
platform by the experimenter, where the animals were allowed to sit on the platform for
20 s for memory consolidation. If the animals found the platform before this time, the test
was considered completed, and the animals were kept on the platform for five seconds. On
day five, or the probe trial day, the platform was removed, and the mice were allowed to
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swim for 1 min for one trial only. After each trial on all days, the mice were dried with a
towel and allowed to rest in a heated cage.

2.10. Novel Object Recognition Test

Novel object recognition depends on the innate capacity of rodents to discriminate
a novel object from a familiar object (previously encountered). Mice were placed in the
center of an open field at the beginning of each trial and freely explored the open field
and objects. At the end of each trial (5 min), mice were removed from the open fields and
placed in their home cages next to each testing area for the inter-trial interval (ITI—5 min).
The open fields and objects were cleaned with 70% ethanol during the ITI. During Trial 1
(learning trial), the animals explored an open field with two identical objects. During trial 2
(testing trial), one object was kept in the testing field, while the other was replaced by a
novel object for exploration. All data were recorded by a video camera that was connected
to image analyzer software Any-Maze 5.2 (Stoelting Co., Wood Dale, IL, USA). The zones
were located 5 cm around each object on the software, and the software recorded the time
the animal spent in each zone.

2.11. RT-qPCR

RNA was extracted using Trizol (T9424-100ML, Sigma Aldrich, St. Louis, MO, USA),
and then any contaminating genomic DNA was removed using TURBO DNA-free™ Kit
(AM1907, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. An amount of 1.5 μg of total RNA was reverse transcribed using the iScript™
cDNA Synthesis Kit (1708890, Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR
was applied to 1 μL of the obtained cDNA using the Quantifast® SYBR® Green PCR Master
Mix (204054, Qiagen, Hilden, Germany) with 10 μM of each of the reverse and forward
primers. Cycling conditions were as follows: 95 ◦C for 10 min for one cycle, then 95 ◦C for
10 s followed by 60 ◦C for 30 s and 72 ◦C for 30 s for 40 cycles, and, finally, 72 ◦C for 5 min
for one cycle. The primers used are listed in Table 2.

Table 2. Different primer sequences used in RT-qPCR.

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′)

mSOD2 GGCCAAGGGAGATGTTACAA GAACCTTGGACTCCCACA

mCAT TGAGAAGCCTAAGAACGCAATTC CCCTTCGCAGCCATGTG

mNrf2 CGAGATATACGCAGGAGAGGTAAGA GCTCGACAATGTTCTCCAGCTT

mβ-actin CAGCTGAGAGGGAAATCGTG CGTTGCCAATAGTGATGACC

2.12. Immunofluorescence Staining

The animals allocated for immunofluorescent staining underwent perfusion right after
terminal tissue collection. Prior to surgery, the mice were anesthetized via IP injection
of ketamine and xylazine solution (50 mg/kg and 15 mg/kg, respectively). A lateral
incision was made through the integument and abdominal wall beneath the rib cage. The
diaphragm was then incised, and the pleural cavity was exposed. The sternum was then
lifted and any tissue connecting it to the heart was cut. A perfusion needle was introduced
into the left ventricle without reaching the aorta, and an incision was made to the animal’s
right atrium. PBS was firstly perfused into the animals until the fluids were running clear
and the liver was clear as well. When this occurred, PBS was switched with PFA until
fixation tremors were observed. Brain tissue was placed in PFA for 48 h before being
transferred into 30% sucrose solution for further preservation.

In preparation for immunofluorescence staining, brain tissue underwent sectioning
using a microtome and was stored as free-floating sections in sodium azide. Free-floating
brain sections (40 μm thick) were washed with PBS followed by PBST (0.1% Triton in PBS)
and then incubated for 1.5 h in a blocking solution of 10% heat-inactivated fetal bovine
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serum (FBS) in PBST. Tissues were then incubated overnight at 4 ◦C with primary antibodies,
diluted in 1% FBS solution. The primary antibodies used were anti-GFAP (1:1000 dilution;
MCA-5C10, Encor Biotechnology, Gainesville, FL, USA) as an astrocyte marker; anti-NeuN
(1:1000 dilution; RPCA-FOX3-AP, Encor Biotechnology) as a marker of mature neurons;
anti-Iba-1 (1:1000 dilution; 019-19471, Fujifilm Wako Chemicals, Richmond, WV, USA) as
a microglia marker; anti-MBP (1:1000 dilution; MCA-7D2, Encor Biotechnology) as an
axonal marker. Then, sections were rinsed in PBST and incubated with the appropriate
fluorochrome-conjugated secondary antibody (1:1000 dilution) for 1 h at room temperature,
followed by three washes in PBST. The secondaries used were Donkey Anti-Mouse IgG
H&L Alexa Fluor® 488 (ab150105, Abcam, MA, USA) and Goat Anti-Rabbit IgG H&L
(Alexa Fluor® 568) (ab175696, Abcam, MA, USA). Finally, all sections were counterstained
in 1 μg/mL of Hoechst (Sigma Aldrich), diluted in PBS, and mounted using Fluoromount
(F4680-25ML, Sigma Aldrich). Microscopic imaging was conducted using a Zeiss LSM
710 confocal microscope. Images were acquired as tile scans with 40× oil objectives and
analyzed using the Zeiss ZEN 2009 image analysis software and NIH ImageJ program.
Images for the different experimental interventions were acquired under the same laser and
microscopic parameters for the purpose of consistency. At least three sections per mouse
were used for quantification with different levels to cover the hippocampus and cortex
areas. For the hippocampus, quantification was conducted along the CA3 and the dentate
gyrus (DG). For the cortex, the entire area around the injury in the somatosensory cortex
was captured via tile scanning (Figure 1B). The fields from all three sections were averaged
for every animal.

2.13. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 9.0 (La Jolla, CA, USA). The
Kruskal–Wallis test was performed to compare the datasets that contained more than two
groups. Then, Dunn’s test was used to compare the three groups simultaneously. All results
were considered significant at a p-value of < 0.05: *** (p < 0.001), ** (p < 0.01), * (p < 0.05).

3. Results

3.1. MitoQ Improves General Neurological Function by Ameliorating Motor Coordination, Muscle
Strength, and Sensorimotor Function

We investigated the general neurological function of TBI mice using the modified
Garcia neurological score test. The experiment was first conducted 3 days before the
injury to make sure that all animals (n = 10 per group) had a similar basal score and no
prior neurological dysfunction was present (Figure 2A). As expected, all animals had a
perfect score, showing that they were eligible to be included in the study. The test was
then repeated at 3, 7, and 30 days post-injury (DPI). On day 3 post-injury, the difference
between the CCI + MitoQ and CCI groups was not significant. However, at 7 and 30 days
post-injury, the CCI + MitoQ group performed significantly better compared to the CCI
group (p < 0.05). This first step showed us that MitoQ improved overall neurological
performance in mice. However, to be able to further assess this, additional testing was
performed, from 21 to 23 DPI, to evaluate specific sensorimotor deficits and observe overall
motor coordination.

To start with, the adhesive removal test was performed to assess sensorimotor function
by observing sensitivity and dexterity. The CCI + MitoQ group performed significantly
better than the CCI group by establishing first contact with the adhesive faster (p < 0.05)
(Figure 2B,C). This showed improved sensitivity. Additionally, the CCI + MitoQ group
required less time to remove the adhesive (p < 0.05), indicating better dexterity.

Then, motor function was investigated by exploring motor coordination via the pole
climbing test, and muscle strength using the grip strength test. The CCI + MitoQ group
was able to perform better by taking less time to descend the pole (p < 0.05) (Figure 2E)
and revealed increased muscle strength (p < 0.001) (Figure 2D) compared to the CCI group.
Therefore, MitoQ administration helped improve gross motor function. It is noteworthy
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here that the data show no significant difference between the CCI and Sham groups in the
pole climbing test due to increased variability.

Figure 2. MitoQ ameliorates neurological deficits post-CCI. (A) Garcia neuroscore allowed testing for
neurological function in mice and showed that MitoQ improved overall neurological performance
7 and 30 days post-CCI. Further testing was conducted to assess sensorimotor function via the
adhesive removal test. Mice that received MitoQ took less time to establish contact (B) and were
able to remove the adhesive faster (C) than the CCI group. Additionally, gross motor function was
investigated by two tests. (D) The grip strength test showed that MitoQ improved overall muscle
strength, and the pole climbing test (E) showed that CCI + MitoQ had better motor coordination. All
tests were executed on Sham (n = 10), CCI (n = 10), and CCI + MitoQ (n = 10). * (p < 0.05); ** (p < 0.01);
*** (p < 0.001).

3.2. Learning Deficits and Recognition Memory Dysfunction Are Alleviated by MitoQ

MitoQ’s ability to potentially alleviate cognitive deficits that result from CCI was
subsequently evaluated using the Morris water maze (MWM) test. No differences in
latency to the platform were found among groups on day 1 of the test, which was performed
25 DPI. During the acquisition days of the test, CCI mice took more time to reach the hidden
platform as compared to the Sham and CCI + MitoQ groups. This delay was significant on
days 2 (p < 0.05), 3 (p < 0.001), and 4 (p < 0.05) of the acquisition days (Figure 3A). The data
indicate that CCI results in a cognitive learning deficit reversed upon MitoQ administration.
On the probe trial day of the test, there were differences in the latency to reach the target
quadrant by the CCI group, indicating that retention deficits are caused by CCI in the model
(Figure 3B,C). However, this was shown to be attenuated by MitoQ since the CCI + MitoQ
group required less time to reach the target quadrant (p < 0.05) and spent more time in it
(p < 0.05) (Figure 3B,C).
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Figure 3. MitoQ improves special learning and recognition memory. Spatial learning and memory in
mice from the three groups were evaluated using the Morris water maze. (A) shows the time taken
for the first arrival at the platform by mice from the three study groups on the acquisition days where
the mice learned how to reach the platform based on visual cues. (B) shows the time to reach the
target quadrant (NE) on the probe trial day. (C) shows the percentage of time spent in the target
quadrant. (D,E) show the representative heat maps and trace plots on the probe trial day, respectively.
(H,I) show the representative heat maps and trace plots on the testing day of the object recognition
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test. For further investigation of memory acquisition, the novel object recognition test was performed.
(F) Exploration time for all three groups was recorded, and (G) the discrimination index was calcu-
lated, showing that recognition memory was enhanced in the CCI + MitoQ group. Data represent the
mean ± SEM (n = 10 per group). * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

The novel object recognition (OR) test was conducted for further learning assessment
and recognition memory testing. On the testing day, after carrying out habituation and
training for the mice in the platform, the total exploration time for all three groups showed
no significant difference. This ensured that all animals had an equal chance of exploring the
platform and thus ensured the viability of the test (Figure 3F). During the testing trials, the
CCI group exhibited no differentiation between familiar and novel objects (p < 0.01). This
was not the case in the CCI + MitoQ group, which spent more time exploring the novel
object, resulting in a positive differentiation index (p < 0.05) (Figure 3G).

3.3. MitoQ Decreases Depressive-like Behavior

To understand the effects of MitoQ on depressive-like behavior, the forced swim
test allowed quantifying hopelessness in all study groups by measuring the immobility
time. The CCI-only group showed an increased immobility time when compared to Sham
(p < 0.001). Of interest, the CCI + MitoQ group demonstrated a decrease in the immobility
time compared to the CCI group (p < 0.05) (Figure 4). Therefore, MitoQ administration
helped in reducing depressive-like behavior in mice.

Figure 4. Depressive-like behavior is reduced by MitoQ. Animals were placed in a water con-
tainer during the forced swim test to measure the immobility time as a sign of hopelessness. The
CCI + MitoQ group performed better than the CCI group, with a decreased immobility time. Data
represent the mean ± SEM (n = 10 per group). ** (p < 0.01), *** (p < 0.001).

3.4. MitoQ Upregulates Antioxidative Enzymes

The expression level of Nrf2 and downstream antioxidant enzymes, particularly CAT
and SOD2, was quantified by RT-qPCR to draw similarities between previous studies and
make sure MitoQ acted on the same axis in this experiment. After collecting ipsilateral
cortices 30 DPI, the experiments were performed on total mRNA obtained from all three
groups (n = 4). For all three genes of interest, MitoQ treatment resulted in a significant
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improvement in expression as compared to CCI (p < 0.05) (Figure 5). This means that MitoQ
increased the expression of antioxidative enzymes via the Nrf2–ARE axis.

Figure 5. MitoQ improves expression of Nrf2, SOD2, and CAT in the cortex post-CCI. The mRNA
levels of Nrf2, CAT, and SOD2 were determined using RT-qPCR in Sham (n = 4), CCI (n = 4), and
CCI + MitoQ (n = 4). Data were normalized to β-actin. * (p < 0.05).

3.5. MitoQ Diminishes Chronic Activation of CNS Inflammatory Cells, Neuronal Death, and
Axonal Damage

We attempted to assess if the decreased state of oxidative stress could be translated into
ameliorated cellular recovery post-CCI. For this reason, immunofluorescence staining was
performed to examine the activation of glial cells, axonal damage, and neuronal loss (n = 4
for every group, three fields were quantified for every n and averaged). Ionized calcium-
binding adaptor protein-1 (Iba-1), an actin-binding protein, was used to stain activated
microglia using immunofluorescence. The results show that MitoQ administration signifi-
cantly attenuated the number of activated microglia both in the ipsilateral cortex (p < 0.05)
and hippocampus (p < 0.05) compared to that of the CCI group (Figure 6A,B). Quantifying
the number of microglia in both brain regions was not enough without examining the
morphology of these cells. The CCI group exhibited amoeboid and elongated microglia
with thick extensions, representing an activated phenotype [27] (Figure 6C). This, however,
was not the case in the Sham and CCI + MitoQ groups, where microglia retained their
ramified shape with extended ramification, indicative of the resting surveillant phenotype.
Taken together, these data show that MitoQ reduces microgliosis following CCI, which
is indicative of decreased chronic inflammation. Further investigation was conducted by
assessing astrogliosis using the astrocytic activation marker GFAP.

Glial fibrillary acidic protein (GFAP) is an intermediate filament protein used as a
marker of reactive astrocytes. The intensity of its expression was used as a marker of active
astrocytes. GFAP expression was significantly higher in the ipsilateral hippocampus and
cortex of the CCI group compared to that of the Sham group (p < 0.05). It was noticeable that
activated astrocytes congregated around the injury site and were absent in the contralateral
side of the cortex of the injured group (Figure 7A). Such a result conforms with the focal
nature of the injury. Upon quantification, our data show that this state of increased GFAP
expression was significantly improved by MitoQ administration in the cortex (p < 0.05) and
the hippocampus (p < 0.05) (Figure 7B,C). Likewise, the morphology of activated astrocytes
was noticeable through Z-stack imaging of the dentate gyrus (DG), where they exhibited
abundant arborization exclusively in the CCI group and retained an inactive morphology
in the CCI + MitoQ group (Figure 7D).
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Figure 6. MitoQ decreases microglial activation in the cortex and the hippocampus. Microgliosis
was assessed by immunofluorescence staining for Iba-1 (blue/green). (A) shows Iba-1-positive cells
(arrowheads) across the three experimental groups in the ipsilateral cortex. (B) shows the same as
(A), but in the ipsilateral hippocampus. Scale bar = 100 μm. (C) exhibits a depth-coded Z-stack of
individual microglial cells to showcase different morphologies across the three groups. (D,E) are bar
graphs showing quantification of Iba-1-positive cells per mm2. Iba-1-positive cells were counted, and
then the obtained number was divided by the area of the selected field in an average of three fields
per animal, four animals per group. * (p < 0.05); ** (p < 0.01); *** (p < 0.001).
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Figure 7. MitoQ ameliorates astrocytosis in the cortex and hippocampus post-CCI. Astrocytosis was
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assessed by immunofluorescent staining of GFAP (red). (A) shows the assessment of GFAP positivity
in the entire brain section of all three groups. (B) shows GFAP-positive cells in the cortex and (C) in the
hippocampus. Hoechst was used as a nuclear counterstain. (C) represents Z-stacks of sections in the
hippocampal DG from all three groups to show different astrocytic morphologies. Scale bar = 100 μm.
(D) shows a Z-stack of GFAP-positive cells in the hippocampus across the three groups. (E,F) are bar
graphs showing the quantification of GFAP intensity per mm2. GFAP mean fluorescence intensities
(MFI) of 3 fields per animal and 4 animals per condition were measured using the NIH ImageJ 1.41
software. Bar graphs display averages ± SEMs of GFAP MFI/mm2. * (p < 0.05); ** (p < 0.01).

Next, we investigated the neuronal cell count to assess cell death. Immunofluorescence
staining for NeuN, a nuclear protein found in the nuclei and perinuclear cytoplasm of neu-
rons, was used to assess the number of mature neurons in a semi-quantitative manner [28].
Our results show a significant decrease in the neuronal cell count in CCI as compared to
Sham in the cortex and the hippocampus (p < 0.05) (Figure 8), with significant improvement
in the cortex (p < 0.05), but not in the hippocampus, in the CCI + MitoQ group.

To measure axonal integrity, which has been shown to correlate with cognitive and
behavioral deficits [29], we investigated myelin basic protein (MBP). Used as a marker for
myelination, MBP is responsible for the adhesion of myelin to the cytosolic surfaces of
cells [30]. Prominent axonal damage was observed in the cortex of the CCI group, with
characteristic axonal shearing and blebbing (Figure 9B). However, in the CCI + MitoQ
group, the axons exhibited a more refined integrity similar to that shown in the Sham
group. Quantification of the MBP intensity in the cortex showed a significant decrease
in the CCI group compared to the Sham group. This was significantly increased upon
MitoQ administration (Figure 9D,E). Unlike the cortex, the hippocampus did not exhibit
any differences in the integrity of MBP between all three experimental groups, retaining
the focal nature of the injury.
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Figure 8. MitoQ decreases neuronal cell loss in the cortex. NeuN staining (red) was performed
to assess the number of mature neurons. (A) shows representative fluorescent images of NeuN
staining in the cortex from the different study groups. NeuN-positive cells were counted, and then
the number was divided by the area of the field. (B) shows the same as (A), but in the hippocampus.
GFAP mean fluorescence intensities (MFIs) of 3 fields per animal and 4 animals per condition were
measured using the NIH ImageJ software. Scale bar = 100 μm. (C,D) are bar graphs displaying
average MFIs ± SEMs of NeuN per mm2. * (p < 0.05).
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Figure 9. MitoQ decreases axonal shearing in the cortex after CCI. Representative fluorescent
images of MBP staining (green) that were used to assess axonal morphology in the cortex and
hippocampus for Sham, CCI, and CCI + MitoQ in (A–C), respectively. Major axonal blebbing and
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shearing are highlighted with arrowheads. Scale bars = 500, 100, 50 μm. (D,E) are bar graphs
showing the quantification of the MBP intensity per mm2 in the cortex and hippocampus. MBP mean
fluorescence intensities (MFIs) of 3 fields per animal and 4 animals per condition were measured
using the NIH ImageJ software. (D,E) are bar graphs displaying averages ± SEMs of MBP MFI/mm2.
* (p < 0.05).

4. Discussion

TBI involves a plethora of pathological pathways that contribute to its heterogenic
nature, making it extremely difficult to understand and treat. This explains the lack of
FDA-approved drugs against TBI, exacerbating the need to investigate potential therapeutic
approaches. For that purpose, this study was conducted to assess the potential protective
effects of MitoQ in a CCI mouse model. Previously, MitoQ was demonstrated to ameliorate
pathological effects of TBI by decreasing neuronal apoptosis, improving neurobehavior, and
enhancing antioxidative capacity in the cortices of mice subjected to mild TBI (mTBI) [22].
Other studies exploring the neuroprotective properties of MitoQ in animal models of
Huntington’s disease, Alzheimer’s disease (AD), and anterolateral sclerosis (ALS) also
showed it can improve memory, enhance motor function, and decrease amyloid-beta (Aβ)
accumulation [31–33]. In compliance with this, results from our laboratory further support
the claim that MitoQ can decrease neurological and cognitive deficits in mTBI at a chronic
time point (paper in publication).

In our study, MitoQ was supplemented at a concentration of 8 mg/kg, adapted from
Zhou et al., who investigated the effects of MitoQ in experimental traumatic brain injury
for the first time in vivo [22]. During the study, different doses of MitoQ were administered
to compare dose-dependent effects. The injured mice that received MitoQ at 8 mg/kg
exhibited improved neurological severity scores compared to the vehicle-treated group,
as well as decreased edema. There was a lack of any improvement in both parameters
when the mice received a dose of 2 mg/kg. This study showed that administering MitoQ
at 8 mg/kg was safe and revealed neuroprotective effects in a mouse model of weight
drop TBI. Similarly, in another study by Xiao et al., MitoQ was administered in mice at
a concentration of 5 mg/kg IP to investigate its effects through the Nrf2 pathway [34].
This concentration yielded significant results, where MitoQ was able to provide protective
effects in tubular injury via mitophagy.

Any concerns on the side effects of MitoQ, especially its administration for long
periods (30 days in our case), have also been addressed in previous studies. There is
a comprehensive body of literature showing this in both clinical and pre-clinical trials.
Gane et al. showed that MitoQ helped decrease liver damage in hepatitis C patients with
no adverse side effects over 28 days [21]. More recently, Rossmann et al. studied the
effect of MitoQ on vascular function in adults. The study was conducted over six weeks
and showed no significant adverse side effects following administration [35]. Similarly,
Rodriguez-Cuenca et al. showed that long-term administration of MitoQ on wild-type
mice for up to 28 weeks was safe and did not act as a pro-oxidant or cause damage over
this period [36].

Having said that, the first step in our study was to observe the effects of MitoQ on
a macroscale and thus investigate its potential in improving cognitive and neurological
functions post-CCI. To start with, general neurological testing was carried out via the
modified Garcia neurological score test. This allowed scoring the animals on a scale
from 0 to 18 to assess general sensorimotor function, motor skill, and coordination-based
functions [24]. In this study, MitoQ was shown to improve overall neurological integrity by
resulting in better scores at 7 and 30 DPI, which represented the subacute and chronic phases
of injury. With these results, we decided to investigate which aspects of the neurological
functions were affected by CCI and which were improved by MitoQ.

The adhesive removal test showed that the current CCI model induced sensorimotor
deficits in mice, where they took longer to establish contact with and remove tape that
was placed on their noses. However, MitoQ was able to shorten this time, showing that
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it improved sensorimotor function at a chronic time point. To be more specific, this test
provided us with the insight that MitoQ improved both dexterity and sensitivity. On the
other hand, during the pole climbing test and grip strength test, the current CCI model
displayed decreased muscle strength and adversely affected motor coordination, both of
which were improved by MitoQ. Although there was a significant difference between the
CCI and CCI + MitoQ groups in the pole climbing test, there was no significance between
the CCI and Sham groups. This could either be due to high variability in the test scores or
the injury model not being sufficient to induce motor coordination dysfunction. In either
case, further investigation is warranted. In addition to this, MitoQ demonstrated a positive
impact on depressive-like behavior during the forced swim test, revealing that it helped
with the notion of hopelessness. This is especially important as TBI has been linked to
many neuropsychiatric sequelae in the long run [37,38].

Moreover, CCI resulted in learning deficits and impairment of recognition memory,
as seen in the MWM and OR tests. Firstly, during the former, the CCI group displayed
latency to reach the platform on the learning days and a tendency towards worsened
memory retention, as seen by the latency to reach the target quadrant and the time spent
in it on the probe trial day. During the latter, the CCI group showed no differentiation
between the familiar and novel objects, revealing recognition memory dysfunction. These
findings align with other studies describing increased latency to reach the hidden platform
in mice subjected to TBI [39–41]. However, when animals received MitoQ for 30 days,
they exhibited improved learning and memory retention. Their ability to recognize and
differentiate novel from familiar objects was also significantly improved, showing enhanced
recognition memory. Therefore, we were able to demonstrate two things in this part of
the study: (a) the animal model used was sufficient to induce cognitive, neurological, and
behavioral dysfunctions, in compliance with the previous literature [42–45]; and (b) MitoQ
administration showed exciting potential in improving cognitive dysfunctions in the mice
at a chronic time point.

Having seen these data on the macroscale, it was important to assess how MitoQ
could affect different pathways involved in TBI pathology at a molecular level. We needed
to investigate this in the cortex since it retained the injury, and the hippocampus since
it is involved in emotions, memory, and other functions impaired in TBI and the CCI
model here [46–48]. The observed alterations in cognitive functions translate to damaged
neuronal structures in the cortex and hippocampus [44,49]. Due to synapse disruption and
other pathological effects such as chronic inflammation, oxidative stress, and glutamate
altercations, circuit alterations have been linked to memory impairment in TBI and other
neurological deficits [50–52]. We were able to see in the previous data that MitoQ treatment
following CCI resulted in enhanced learning ability and recognition memory, pointing
at its potential effects on oxidative stress, chronic inflammation, and neuronal circuitry
disruption. This is especially true when referring to a previous study by Zhou et al., which
showed MitoQ’s potential in decreasing neuronal apoptosis and enhancing Nrf2 nuclear
localization to induce antioxidative effects [22]. For this reason, we performed RT-qPCR
analysis to observe how effective MitoQ was, in the current animal model, in acting on
the previously described Nrf2-ARE pathway [22]. In our experiment, MitoQ significantly
increased the expression of the Nrf2 transcription factor and its downstream antioxidative
enzymes SOD2 and CAT. This showed us that it worked on the antioxidative pathway
involving Nrf2 and thus exerted its antioxidative effect as expected. After examining the
effect of MitoQ on antioxidative enzymes, it was important to investigate other parameters
that might be related to improved cognition and neurological function. This was conducted
via immunofluorescence.

Previous studies have shown that TBI was followed by microglia and astrocyte activa-
tion, leading to several neurological and cognitive dysfunctions [53–57]. This is accompa-
nied by neuronal cell loss via activation of the cell death machinery [58–60]. The described
CCI model exhibited results that are in line with these previous studies. There was an
increased expression of GFAP and Iba-1, showing the presence of chronic activation of astro-
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cytes and microglia, indicative of an active inflammatory state [54,57]. The injury also led to
a decreased neuronal count, as examined using the neuronal marker NeuN. This pathology
in the cortex and the hippocampus is reflected in the depressive-like state exhibited by the
mice, and by the disrupted neurological function and cognition. It must also be highlighted
that prominent axonal damage and shearing were observed in the cortex with decreased
MBP reactivity due to the breakdown of the protein, indicating disrupted circuitry. How-
ever, MitoQ was able to help decrease these effects, where astrocytes and microglia showed
dampened activation in the cortico-hippocampal system, and there was reduced neuronal
cell loss in the cortex. This decreased activation was apparent in the morphology of both
glial cells in the ipsilateral cortices and hippocampi of the mice that received the drug. The
used CCI model induced a prominent presence of activated intermediate microglia denoted
as bushy microglia, characteristic of their activated morphology [27].

The mitigated neuroinflammatory profile may be related to the antioxidant activity of
MitoQ that enhances oxidative enzyme production and therefore prevents excessive pro-
duction of ROS. Enhanced ROS production is known to directly stimulate the expression of
the pro-inflammatory interleukins IL-1α and IL-1β within hours after injury [6,7]. Secreted
pro-inflammatory cytokines subsequently contribute to the activation of Ca2+-dependent
proteolytic enzymes that activate the cell death machinery and induce a pro-inflammatory
state [61]. However, these protective effects could also pertain to unexplored pathways that
require further investigation. Therefore, this cycle of oxidative stress, neuroinflammation,
and neuronal cell death holds potential for many questions that need to be addressed in
MitoQ administration. The proposed mechanisms of MitoQ’s effect are summarized in
Figure 10.

There are a number of limitations that should be addressed. In this work, only male
mice were used, which ignores the female hormonal system that has been shown to have
effects in TBI [62]. Additionally, between the animal groups, there was no vehicle-only
group because MitoQ was injected in PBS, and previous data from our laboratory showed
no difference between the vehicle and Sham groups.
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Figure 10. Summary of proposed MitoQ neuroprotective activity post-CCI. When MitoQ is adminis-
tered, it exerts its effects via several pathways that eventually translate into improved neurological
and cognitive functions. (A) MitoQ helps in increasing Nr2 expression and translocation into the
nucleus by affecting its sequestration by the Kelch-like ECH-associated protein 1 (Keap1) protein.
This allows Nrf2 to bind Maf proteins and interact with its antioxidant response element (ARE),
leading to increased expression of antioxidative enzymes such as SOD2 and CAT. (B) Neurons are
prone to increased apoptosis and axonal shearing due to the hostile environment created by the
primary and secondary injuries. MitoQ helps decrease neuronal loss and maintains axonal integrity,
resulting in improved circuitry in the brain. These effects translate into enhanced cognitive and
neurological functions. (C) MitoQ helps decrease the activation of both microglia and astrocytes and
therefore might help in decreasing chemical signals produced by both cells such as tumor necrosis
factor α (TBFα), interleukin 1β (IL-1β), interleukin 6 (IL-6), cytokines, damage-associated molecular
proteins (DAMPs), and alarmins. During a chronic inflammatory state, these would lead to damage
to brain tissue and neurodegeneration.

5. Conclusions

This study shows that MitoQ administration appears to efficiently reduce the delete-
rious consequences associated with moderate open head TBI at both the molecular and
behavioral/cognitive levels. This paves the way towards identifying a potential therapy for
TBI that may improve the quality of life for those affected by it. Moreover, the obtained data
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provide an additional line of evidence on the potential role of oxidative stress and chronic
inflammation in the pathology of brain disorders by mechanisms that need to be unraveled.
This also opens more questions on the effects of this supplement on the mitochondrial
complexes and neuronal regeneration. This emphasizes two important next steps that
need to be addressed. The first is exploring further pathways implicated in the activity
of MitoQ in moderate TBI. The second is conducting further assessment of biomarkers of
neurodegenerative disorders to check the extent of MitoQ’s protective effects at chronic
time points.
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Abstract: With the increase in the expectancy of the life span of humans,
neurodegenerative diseases (NDs) have imposed a considerable burden on the family, society,
and nation. In defiance of the breakthroughs in the knowledge of the pathogenesis and underlying
mechanisms of various NDs, very little success has been achieved in developing effective therapies.
This review draws a bead on the availability of the nutraceuticals to date for various NDs
(Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis, Huntington’s disease,
vascular cognitive impairment, Prion disease, Spinocerebellar ataxia, Spinal muscular atrophy,
Frontotemporal dementia, and Pick’s disease) focusing on their various mechanisms of action
in various in vivo and in vitro models of NDs. This review is distinctive in its compilation to
critically review preclinical and clinical studies of the maximum phytochemicals in amelioration
and prevention of almost all kinds of neurodegenerative diseases and address their possible
mechanism of action. PubMed, Embase, and Cochrane Library searches were used for preclinical
studies, while ClinicalTrials.gov and PubMed were searched for clinical updates. The results from
preclinical studies demonstrate the efficacious effects of the phytochemicals in various NDs while
clinical reports showing mixed results with promise for phytochemical use as an adjunct to the
conventional treatment in various NDs. These studies together suggest that phytochemicals can
significantly act upon different mechanisms of disease such as oxidative stress, inflammation,
apoptotic pathways, and gene regulation. However, further clinical studies are needed that should
include the appropriate biomarkers of NDs and the effect of phytochemicals on them as well as
targeting the appropriate population.

Keywords: neurodegenerative diseases; phytochemicals; natural products; neuroprotection

1. Introduction

Various conditions affecting nerve cells and the nervous system due to the loss of neurons and
their connecting networks are described under the superordinate phrase “Neurodegenerative diseases”.
They lead to disability due to gradual neuronal death in both the central nervous system (CNS) and
the peripheral nervous system (PNS). Several diseases are genetic with few coming being caused
due to the exposure to various toxins and chemicals. The main symptoms associated with these
disorders are related to movements (ataxia) or mental functioning (dementia) or both causing morbidity
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and death. This fostered the profound social and economic implications [1]. The most common
NDs include cognitive and behavioral disorders, Alzheimer’s disease (AD), Parkinson’s disease
(PD), Amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), Spinocerebellar ataxia (SCA),
Spinal muscular atrophy (SMA), Vascular cognitive impairment Prion disease, Frontotemporal disease,
Pick’s disease, etc. The treatment available for these disorders gives only symptomatic relief to the
patient by extending the lifespan to a few years [2]. Still, a lot of research is in progress to find the
therapeutic markers in these diseases [3].

There has been an extensive approach to non-pharmacological therapies to combat the ill effects of
NDs. Many of them include disease-modifying therapies, non-invasive brain stimulation techniques,
physical exercise, adaptive physical activity, complementary and alternative medicine, and several
nutraceutical compounds. In a meta-analysis, it was reported that repetitive transcranial magnetic
stimulation (rTMS) therapy with Parkinson’s patients resulted in mild to moderate improvement
of motor activities [4]. In another study, it was reported that both rTMS and transcranial direct
current stimulation (tDCS) have shown improvement in the cognitive performance of Alzheimer’s
patients [5]. Fisicaro and colleagues stated in their review that rTMS can be effectively used as a
non-pharmacological tool for various motor and non-motor neurorehabilitation. They suggested
that this technique along with other conventional rehabilitative modalities can be effectively used in
clinics but still the regime is not clear [6]. Physical exercise has been a promising therapy for motor
deficits for years. It could have therapeutic potential for the prevention of mental disorders and
neurodegeneration. Extensive research to explain different molecular pathways involved in this therapy
is under progress, suggesting multiple pathways may be involved together in neuroprotection [7,8].
The major cornerstones in managing ataxic patients are physiotherapy and kinesitherapy in the
present scenario. Studies confirm that customized programs for various exercises of coordination,
balance, cognitive skills, and posture maintenance have shown extensive improvement along with
the conventional pharmacological therapeutics [9]. Complementary and alternative medicines have
always attracted various disease prevention including NDs [10,11]. In addition to these, the various
nutraceuticals [12] and phytochemicals multi-target approaches have proved to be a promising adjunct
to the present treatment [13].

The large number of pharmacological or biological activities of the phytochemicals have
made them appropriate candidates for the treatment of the NDs [14]. They exhibit antioxidant
(resveratrol, zingerone), anti-inflammatory property (cineole, thymoquinone), inhibitors of
gamma-aminobutyric acid (GABAA) receptors (diterpenes and cyclodepsipeptides), and Monoamine
oxidase-B (MAO-B) receptors (selegiline rasagiline), although not proven clinically. Combating disease
symptoms by phytochemicals and herbal nutraceutical is known in traditional medicines, and several
new research for preventing NDs by phytochemicals are under progress [15]. In this review, our focal
point is to discuss the recent advancements in the field of neuroprotection related to the NDs by
various phytochemicals and to elicit their potential mechanism of actions. In particular, we discuss
phytochemicals used in the prevention of all kinds of NDs and related signaling pathways and
mechanism of recovery highlighting the role of phytochemicals. The basic structures of most the
common neuroprotective phytochemicals are given in Figure 1.
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Figure 1. Chemical structures of some common phytochemicals used in the prevention of
neurodegenerative diseases (NDs).
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2. Methodology

A Medline (PubMed), Cochrane Library and Embase based literature survey was
performed by using keywords of “neurodegenerative diseases, prevention, non-pharmacological
therapies, and neurodegenerative diseases, phytochemicals, Alzheimer’s disease natural products,
Parkinson’s disease (PD) phytochemicals, Huntington’s disease phytoprotection, natural product
amyotrophic lateral sclerosis, phytochemicals cerebral ischemia, phytochemicals prion disease,
spinocerebellar ataxia prevention by natural products, natural product and spinal muscular atrophy,
frontotemporal dementia natural products, pick’s disease, and natural products” till June 2020.

Two independent authors (A.K. and S.J.) screened all the titles and abstracts of the retrieved
data, disagreements were resolved by the consensus of a third author (Z.I.). Duplicated entries,
retracted publications, studies on other diseases or conditions different from NDs or its subtypes,
studies without statistical analysis, non-English written papers, publications that are not research
studies (i.e., commentaries, letters, editorials, reviews, meta-analysis), and any other article that did not
fit within the scope of this review, were excluded. Articles listed in the references were also reviewed
in search of more data.

A total of 873 results were retrieved and screened with the above keywords. Out of these
115 publications were selected and eventually used for qualitative analysis (Figure 2) and the same
are summarized in Table 1. In more detail, 28 studies work with AD, 17 with PD, 7 with ALS, 8 with
HD, 20 with VCI and stroke, 4 with prion, 7 with FTD, 2 with SMA, and 1 with SCA and others on
non-pharmacological therapy and neurodegenerative diseases.

 

Figure 2. Flow diagram showing the search strategy, the number of records identified, and the
included/excluded studies [16].

3. Multifunctional Phytochemicals as Novel Therapeutic Agents for Neurodegenerative
Disorders

3.1. Alzheimer’s Disease and Related Dementias

AD is a multifactorial, pernicious disease with genetic and environmental factors leading to
irreversible cognitive impairment [17]. The main neuropathological features of AD comprises of
neuronal loss, amyloid-β plaques, and neurofibrillary tangles in limbic and neocortical regions [18].
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Various mechanisms are associated with the progression of the disorder which includes amyloid
deposition, tau hyperphosphorylation and aggregation, loss of cholinergic system, oxidative stress,
inflammation, apoptosis, glutamatergic excitotoxicity, and decrease in neurogenesis and neurotrophic
factors [17,19,20]. In recent years, approved drugs for AD are only modulators of cholinergic and
glutamatergic systems, which can only delay the symptoms to some extent [21]. Divergent antioxidant
and anti-inflammatory medications are also approved for AD patients [22]. There are recent reports that
herbal products and nutraceuticals can act as a multi-target approach as suggested in the traditional
system of medicines [23]. Recently extensive research has been conducted which supports their potential
in in vitro, in vivo, and clinical studies. In the list of natural compounds, curcumin is considered on the
top because of its miraculous qualities. In this section, the mechanistic approach of the curcumin and
other important natural compounds will be discussed. Curcumin is a polyphenolic compound and a
natural herb which is an integrative part of every Indian kitchen. In literature, many beneficial properties
are reported like anti-inflammatory, anti-cancerous, anti-apoptotic, antioxidative, neuroprotective [24].
Apart from that curcumin is also reported as a therapeutic agent to treat rheumatoid disorders, cough,
and neurological disorders. Fortunately, it has intensive effects and have multiple sites of action [25].
The relationship between curcumin consumption and a lower prevalence of AD has been observed.
In one study, curcumin emulates the improvement of the spatial learning and memory in the rat
model and it is reported as an inhibitor of BAC1 in in vitro study. Curcumin has a promising effect in
neuroblastoma SHSY5Y cell lines and also has a therapeutic effect on the AD-induced mechanisms [26].
Acrolein exposed HT22 murine hippocampal neuronal cells were protected by curcumin by following
the BDNF/TrkB signaling [27]. Orally administrated curcumin downregulates the level of GSK3β and
also inhibit the hippocampus Aβ plaques with the improved cognitive impairment and improved maze
test in in vivo study [28]. Curcumin effectively counteracted the p25-mediated glial activation and
pro-inflammatory chemokines/cytokines production in p25Tg mice. Moreover, this curcumin-mediated
suppression of neuro-inflammation reduced the progression of p25-induced tau/amyloid pathology
and in turn ameliorated the p25-induced cognitive impairments [29]. Therefore, through the series of
research, curcumin is found to be promising phytochemicals against Aβ accumulation and would be
a determined remedy against AD. Pilot study with curcumin and Ginkgo on 34 possible or probable
AD patients was carried out with curcumin and Ginkgo extract. It was found that no side effects of
curcumin along with that mini-mental examination scores or plasma amyloid beta40 level between 0
and 6 months [30]. AD-related pathology in the brain is well documented, the disease has also been
reported to affect the retina, a developmental outgrowth of the brain, which is more accessible for
imaging. Early detection of AD, utilizing curcumin fluorescence imaging to highlight Aβ aggregates in
the retina. Results show that retinal fluorescence imaging is justified with brain plaque burden from PET
scan [31]. Apigenin, a known phytochemical also targets the AD by its antioxidative effects. In plants,
Apigenin is found as aglycon and more often in glycoside form. Apigenin inhibits the copper-mediated
β-amyloid neurotoxicity (copper-induced) via antioxidative mechanism followed by MAPK signal
inactivation in an AD cell model [32]. The Apigenin follows the ERK/CREB/BDNF pathway for
neuroprotection [33]. On the list of phytochemical-induced mechanistic pathways, genistin also
has an important role in neuroprotection. It is a component of the soya bean meal. The effect of
genistin (100 μM) was studied on the in vitro culture of rat neurons [34]. It was observed that the
amyloid-beta peptide instigated the damage of mitochondrial membrane potential, nuclear DNA
damage, high expression of Bcl-2 associated X protein (BAX), p53, Caspases and lower expression
of B-cell lymphoma-2 (Bcl-2) [35]. The 100 μM dose of genistin was found to be efficient against
the deleterious effects of AD and restores the neuronal activity by following the caspase signaling
pathways [36]. It is also reported to lower calcium overload and reverse the low fluidity of the neuronal
membranes in the AD model. Free radicles were also reduced with the use of genistin and thus it is
suggested for the targeting of anti-ROS (reactive oxygen species) pathway and protect the cells from
death. Astrocytes are also studied for the efficiency of genistin [37]. Pretreatment of 5 μM concentration
of genistin was used against astrocytes and it protects by working on interleukin 1 beta (IL-1β),
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tumor necrosis factor-α (TNF-α), cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS)
cascade, and reversing the effect of NDs in the AD model [38]. In another study, 50 μM concentration
of genistin was effective and initiate IL-1β /TLR4/NF-κB/ IκB-α cascade against neuroinflammation
induced by Aβ in the secondary culture of C6 [39]. It can downregulate TNF-α, IL-1β, TLR4, and NF-κB
and promote the upregulation of IκB-α. Other phytochemicals are also having miraculous properties
against many NDs specifically AD [40]. Genistein protects Aβ-induced neurotoxicity by inducing
the PKC signaling pathway, which further regulates the activities of α- and β-secretase and thereby
inhibits the formation and toxicity of Aβ [41]. Genistein also protected the hippocampal neurons
against injury by calcium/calmodulin dependent protein kinase IV protein levels in AD model [42].
Ginkgo biloba is also considered as a neuroprotective agent. Ginkgolide A inhibits Aβ-induced neuronal
degradation via JNK phosphorylation and NMDA/AMPA-induced depolarization, thus suppress the
activity of plaque [43]. EGb 761 increases the neurogenesis in the adult hippocampus region and CREB
phosphorylation in the transgenic mouse model of AD [44]. In one study, G. biloba demonstrated
protection against a high dose of Bisphenol A (BPA) and played a role in the improvement of cognitive
deficits [45]. A flavonoid, luteolin, would be discussed against the AD model as a possible therapeutic
agent. In an in vivo study (rat model), it protects against the cognitive dysfunction which was induced
by chronic cerebral hypoperfusion [46]. It is also found to be protective against high-fat diet-induced
cognitive abnormalities. GSK 3α isoform is involved in the mechanistic signaling. The inactivation of
GSK 3α isoform phosphorylates the PS1 which is the catalytic core of the γ-secretase complex causing
a decrease in PS1-APP interaction and generation of Aβ. In literature, the role of luteolin against
zinc-induced hyperphosphorylation of the protein τ in SH-SY5Y secondary cell culture is reported [47].
Luteolin is suggested as a promising candidate because of its antioxidative properties as well. In the
AD animal model, luteolin slows down the escape latency and traveled distance parameters in the
morris water maze while increasing the time spent in the target quadrant [48]. Melatonin modulates
the proteins (i.e., GSTP1 and CPLX1) that are involved in depression and anxiety. The modulation
improves the neuropsychiatric behaviors in the AD model [49]. Melatonin improves anxiety and
depression-like behaviors and targets the proteomic changes in the triple transgenic AD mice model [50].
A multicenter, randomized, placebo-controlled clinical trial of 2 dose formulations of oral melatonin
coordinated by the National Institute of Aging-funded Alzheimer’s Disease Cooperative Study, and it
was found that melatonin was effective against AD [51]. Naringenin protects Aβ25-35-caused damage
via ER and PI3K/Akt-Mediated Pathways [49,52]. Naringenin also protects AlCl3/D-galactose-induced
neurotoxicity in the rat model of AD via inhibition of attenuation of acetylcholinesterase levels and
attenuation of oxidative stress [53]. A new study suggested the therapeutic effects of piperine against
oxidative insult, neuroinflammation, and neurochemical changes induced by ICV-STZ infusion in
mice [54]. In the human brain, microvascular endothelial cells from fibrillar β-amyloid are protected by
quercetin [55]. The flavonoid quercetin improves Alzheimer’s disease pathology and protects cognitive
and emotional function in aged triple transgenic Alzheimer’s disease model [56]. in vitro AD model,
resveratrol works on oxidative damage via activating mitophagy [57]. Resveratrol is found to be
active against the harmful process that occurs in AβPP/PS1 mouse hippocampus and inhibit memory
loss [58]. For the AD model, resveratrol is studied in randomized, double-blind, placebo-controlled,
phase II trial. Resveratrol was found to be safe, effective, and can protect the BBB integrity with CNS
response [59]. Thymoquinone inhibits the Aβ-induced neurotoxicity by blocking the mitochondrial
dysfunction and oxidative stress [60]. S-allyl cysteine also targets the oxidative stress-induced cognitive
neuronal impairment and provide possible rescue from the diseased [61]. In mice model treated
with D-galactose, S-allyl cysteine involves in the alleviation of β-Amyloid, oxidative damage [62].
Eucalyptol ameliorates inflammation induced by Aβ(25–35) in differentiated PC12 cells by following
the NOS-2, COX-2, and NF-κB associated pathways [63]. Silibinin and silymarin administration
could recover memory impairment and could decrease Aβ plaque in the brain of APP/PS1 mice [64].
By following the BDNF/TrkB pathway, Silibinin ameliorates anxiety/depression-like behaviors in
amyloid β-treated rats [65]. From all the above discussion of the phytochemicals, it is imminent that
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researchers would be able to hit the specific targets for providing promising therapeutic relief against
AD Figure 3. The details of several phytochemicals in AD protection are enlisted in Table 1.

 

Figure 3. Schematic representation of the several mechanisms associated with Alzheimer’s Disease
(AD) and their possible prevention by some phytochemicals. The main hallmarks of AD; amyloid
plague and NFT are prevented by curcumin and luteolin via GSK 3β pathway. Curcumin, genistin,
and luteolin decreases the oxidative stress in the neuron. Neuroinflammation is also inhibited by
genistin and apigenin. The pathway of apoptosis, activated in AD is blocked by the use of apigenin.
Apigenin also activates BDNF/ERK/CREB pathway leading to neuronal survival.
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3.2. Parkinson’s Disease and Parkinsonism

PD is the second most prevalent NDs of the elderly after AD, characterized by dopaminergic
neuronal loss in substantia nigra pars compacta region of the brain, the striatum, locus ceruleous,
raphe nuclei, nucleus basalis of meynert, and hippocampus. The main sign and symptoms of PD patients
are resting tremors, rigidity, bradykinesia, muscular impairment, postural instability, difficulty in
walking, soft speech, sleep problems, slow handwriting [127]. The pathological findings are the presence
of Lewy Bodies (LBs, aggregation of α-synuclein) with DNA mutations in the brain of PD patients [128],
with neuronal cytoplasmic inclusions in the cortex and brain stem [129,130]. The treatment of PD mainly
rotates around the enhanced activities of dopaminergic neurons or inhibition of cholinergic effects [131].
Several mechanisms associated with PD accounts for oxidative stress, mitochondrial dysfunction,
apoptotic pathway activation etc. [132,133] There is no cure for PD but drugs available in the market
increases the life expectancy with relief in the symptoms [131]. Besides, the drug therapy demonstrates
many side effects in patients [134,135]. Therefore, researchers have to treat PD at molecular and cellular
levels, and use such treatments that have a multifactorial approach. Several scientists have reported
plant compounds to be effective in the treatment of PD. After dissecting the oxidative stress role in the
pathophysiology of PD, the phytochemicals having antioxidative properties are drawing the attention
of researchers [136]. This section deals with the phytochemicals which are generally considered as
antioxidative agents. In many fruits and vegetables (apples, broccoli, and onions), a polyphenolic
compound is detected named quercetin. It restricts the hippocampal neuronal damage resulting in
improved memory and learning (by maze test) in the rat model [137]. In one study, when quercetin was
administrated to the PD model, it reversed the neuronal impairment via antioxidative pathways [138].
In PD MitoPark transgenic mouse model, quercetin protects against mitochondrial dysfunction
and progressive dopaminergic neurodegeneration [66]. Quercetin also plays a specific role in the
upregulation of cognitive effects in the 6-hydroxydopamine (6-OHDA) rat PD model [67]. An isoflavone,
genistin is also having several health benefits including nourishment of neurons [139]. It is known as
antioxidative, anti-inflammatory, and neuroprotective agent. Genistin (oral dose 10, 50, or 100 mg/kg for
one week) acts as a therapeutic agent against LPS-induced cognitive impairment. These dose-dependent
treatments of genistin determines to lessen memory deficits, decrease the malondialdehyde levels in
the hippocampus region, increases the level of superoxide dismutase, catalase, and glutathione [140].
Moreover, genistin reformed the level of AChE activity in the hippocampus against LPS insult in in vivo
model. It targets the modulation of Nrf2/NF-κB/IL-6/TNFα/COX2/iNOS/TLR4/GFAP and thus promote
neuronal protection via inhibiting the neuronal inflammation and improve cognitive deficits [140].
Genistein shows the neuroprotection in the A53T mutant α-synuclein overexpressed SH-SY5Y cells [68].
Genistin protects the Transgenic Drosophila Model of Parkinson’s Disease against oxidative stress [69].

Other phytochemical Naringin was studied and was found to be involved in the neuroprotection
by triggering the Nrf2/ARE signaling against 6-OHDA-induced neurotoxicity [141]. In in vitro
study (neuroblastoma SH-SY5Y cells), it is reported to show neuronal protection by blocking the
c-Jun N-terminal kinase (JNK) phosphorylation and regulation of BAX in the rotenone-induced cell
line [142]. Additionally, it also inhibits the caspase-3 and PARP cleavage [143]. Naringin can lead
to the anti-inflammatory pathway and provide neuroprotection in PD [70]. In in vitro PD model
of SH-SY5Y cells, curcumin imparts a role in neuroprotection against toxic insult via controlling
the HSP-90 [71]. Curcumin was studied in Pheochromocytoma Cell Line 12 (PC12) cells against
1-methyl-4-phenylpyridinium (MPP+) toxicity and fixation of mitochondrial membrane potential
was found against enhancement of intracellular ROS which leads to the instigation of iNOS,
and over-expression of Bcl-2 [144]. Curcumin leads to the restoration of mitochondrial membrane
potential (MMP) which causes the up-gradation in Cu/Zn SOD and modulates NF-κB nuclear
translocation by inhibition of interleukin-6 (IL-6) and TNF-α [145]. It was further reported that it lowers
the iNOS mRNA levels and inhibits the induction of NF-κB. It is found to be effective against oxidative
stress via following cytochrome c release or caspase-3 activation. In in vitro study, it is reported to act on
the aggregation of synuclein inhibition and aggregation of the PD associated, A53T mutant-synuclein
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in SH-SY5Y cells in a dose-dependent manner [146]. By inhibiting the α-synuclein aggregation in
lipopolysaccharide-induced PD model curcumin plays a role as a promising therapeutic agent [72].
Epigallocatechin-3-gallate (EGCG) is also an important bioactive component with neuroprotective
potential. The mode of action of EGCG is on neuroinflammation, oxidative stress, and autophagy.
Likewise curcumin, EGCG also ameliorates the mitochondrial restoration by antioxidative properties
and associated signaling pathways i.e., via blocking the expression of COX-2, iNOS, and all other
enzymes which causes the generation of pro-inflammatory mediators [147]. EGCG protects by
antioxidative activity against 6-OHDA administration in SH-SY5Y cells (in vitro dopaminergic
model) [148]. EGCG also functions as antagonistic against the NF-κB transcription factor and
participates to remove the poisonous accumulation of amyloidogenic α-synuclein in many in vitro
models. 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated mice also show improvement
when EGCG is administrated orally [149]. EGCG also inhibits the oxidative stress in rotenone-induced
in vitro model of SH-SY5Y cells [73]. In the MPTP-induced mouse model of PD EGCG helps in the
modulation of peripheral immunity [74]. A natural polyphenolic compound, resveratrol, is involved
in the mitochondrial biogenesis by initiating the antioxidative cascade mechanism. It also protects
neurotoxic chemicals i.e., 6-OHDA and MPTP in in vitro models [150]. This natural compound shows
the promising cure against cell toxicity induced by dopamine (DA) and reverse the neuronal impairment
by following the cAMP/PKA pathway and thus inhibit the α-synuclein aggregation [151]. Further study
also points out the SIRT1/AMPK/PGC1-α axis as a key neuroprotective pathway and provides a rationale
for exploring the therapeutic potential of resveratrol in delaying PD progression [152]. By leading the
CXCR4 signaling pathway, resveratrol helps in the restoration of the 6-OHDA-induced damage in the
PC 12 cells [75]. Resveratrol attenuates the PD like condition via inhibition of programmed cell death
through inducing MALAT1/miR-129/SNCA signaling pathway [76]. A total of 119 participants were
randomized to placebo or pure synthetic resveratrol 500 mg orally once daily with a dose-escalation by
500-mg increments every 13 weeks until a final dose of 1000 mg twice daily was reached for the final
13 weeks. Visits occurred at screening, baseline, and every 6 weeks with a total resveratrol exposure
of 52 weeks. Compliance with resveratrol and with placebo was confirmed by mass spectrometry
of blood samples. Resveratrol may have many other molecular effects, including anti-inflammatory,
antioxidant, and anti-Aβ aggregation. 480 PD patients, randomized, double-blind three dosage
groups of green tea polyphenol and one placebo control group. Delay in motor function progression,
increased cognition, mood, and quality of life was reported [153]. 20 double-blind, crossover,
randomized, placebo-controlled phase 1 study BIA 6-512 (trans-resveratrol) 25 mg dose, 50 mg
dose, 100 mg dose To study BIA 6-512 effect on levodopa pharmacokinetics when administered with
levodopa/benserazide [154]. Rutin, another phytochemical act as an anti-inflammatory agent for
neuroprotection which is associated with the involvement of microglia response, cytokines level,
and iNOS activation [155]. Rutin facilitates protection in 6-OHDA-induced neurotoxicity in rat
pheochromocytoma (PC-12) cells [77]. Rutin also targets the oxidative stress and protects dopaminergic
neurons in the animal model of PD [78]. Hesperidin can be a possible promising guide for the
designing of inhibitors of mutant SOD1 for therapeutic purposes. Antioxidative and anti-inflammatory
properties make hesperidin reliable herbal compound against NDs. ERK/Nrf2 are key signaling
molecules for following the neuroprotective pathway [156]. Neurotoxicity induced by 6-OHDA
can be suppressed by the use of hesperidin in the mice model of PD [79]. Piperine treatment
attenuated rotenone-induced motor deficits, and rescued the loss of dopaminergic neurons in the
substantia nigra [157]. Piperine stimulates the anti-apoptotic and anti-inflammatory pathway and
shows protection in 6-OHDA-induced PD rat model [80]. PD is known as the second rank on the list of
NDs with poor availability of effective treatments still, the studied phytochemicals have given hope
for promising and long-lasting therapy. Figure 4. The briefing of phytochemicals and their therapeutic
effects on PD are listed in Table 1.
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Figure 4. Diagrammatic presentation of Parkinson’s disease, cause, and role of phytochemicals to
reverse the sign of PD. Mitochondrial dysfunction, oxidative stress, and uncontrolled cell death
leads to the accumulation of Lewy bodies and resultant neuronal damage. Phytochemicals function
with multiple targets. Curcumin targets the inducible nitric oxide synthase (iNOS) and regulates
the ratio of BCL-2/BAX which leads to the restoration of mitochondrial function. Genistin increases
the activity of SOD, Catalase, and GSH and protect the neurons from damage ignited by oxidative
stress. Resveratrol inhibits the formation of Lewy body (aggregation of α-syn protein-a major cause
of PD). Rutin protects the neuron by leading the anti-inflammatory pathway and EGCG inhibits the
transcriptional factor NFκB and restores the normal function of mitochondria. EGCG also plays a role
to inhibit DNA fragmentation. All over the activities of phytochemicals escape neurons from damage.

3.3. Amyotrophic Lateral Sclerosis

ALS also called motor neuron disease (MND) or Lou Gehrig’s disease is another NDs that is
heterogeneous and both upper and lower motor neurons are degenerated causing motor symptoms.
The initial symptoms vary between individuals, some exhibiting spinal-onset disease with muscle
weakness of limbs, and others present with bulbar-onset disease in which they have dysarthria and
dysphagia [158]. The preponderance of patients face death within 3–5 years after the first sign of
disease due to respiratory failure [159]. The cause of this diseases is unknown but few cases are
linked to familial history with gene mutations as a major contributor [160] and associated mechanisms
of oxidative stress [161], calcium toxicity [162], inflammation [163], chronic viral infections [164],
and excitotoxicity [165]. Other symptoms are spasticity, sialorrhoea, pain, muscular cramps, liver
problems, deep venous thrombosis, mood alterations, respiratory insufficiency, fever, vomiting, fatigue,
and nausea. In the case of ALS, the ability of the brain to convert the toxic radicals into non-toxic
substances gets compromised because of mutations in SOD1 [166]. Although, this kind of mutation
does not lead to the progression of the disease but the mutation makes the SOD1 more prone to the
misfolding which causes the accumulation of protein and thus involves the reduction in the activity of
motor neurons. The treatment of ALS is often symptomatic with Riluzole (Rilutek) and Edaravone
(Radicava) as the only drugs approved by the FDA. These drugs can only increase the life expectancy
by three to six months. Much of the efforts of physicians and other health workers is to make the quality
of life (QOL) better for ALS patients. Several studies on natural plants and their active compounds are
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in progress to combat the dreadful symptoms of this disease. The molecular mechanisms and potential
therapeutic role of the plant compounds have to be studied and implemented.

Few phytochemicals and their possible known mechanism of actions will be discussed in this
section. Ginseng root shows the protective effect in SOD-1 (G93A) transgenic mice [81]. An isoflavone,
genistin can easily cross the blood–brain barrier (BBB) and attributes its role by anti-inflammatory
activity via extracellular-signal-regulated kinase (ERK) and microtubule-associated protein kinase
(MAPK) signaling in the microglia which leads to the neuronal inflammation. The neuroprotective role
of genistin was detected in the SOD1-G93A mice [82]. Ginseng roots inhibit the onset and increase the
survival of affected cells delays the onset and prolongs the survival of affected cells [167]. The most
promising phytochemical, curcumin has a protective role in ALS too. It acts for mitochondrial biogenesis
leading the AMP/PGC-1α and/or Nfr2 pathway [83]. The clinical studies show the effectiveness of
curcumin for slowing down the progress of the disease. Curcumin helps in the improvement of aerobic
metabolism and oxidative stress. The antioxidative mechanism is responsible for leading the protective
effect against ALS [83]. A studied phytochemical named withaferin A shows an anti-inflammatory
effect by working as antagonistic of NF-κB and is found to be effective for the improved motor activity
in transgenic mice model [84]. ALS mouse model generated by the point mutation in SOD1 was
studied and it was observed that by the withaferin treatment there was a late progression of the
disease and more survival time in comparison to the non-treated ALS mice. The root extract of
Withania was also tested against mutated transgenic mice (TDP-43A315T mice) and manifested with
removal of abruptly cytoplasmic motor neurons, reduction in inflammatory markers, and improvement
in cognitive performance [168]. It is reported that ALS is following numerous pathways therefore,
combined therapy could be more efficient for targeting more than one signaling pathway within a single
attempt. EGCG has a power of antioxidation, hampered activation of caspase-3, NF-κB and thus reduces
microglial activation resulting in decreased neuroinflammation and increased neuronal survival [169].
EGCG stimulates the iNOS/NF-κB/ Caspase-3 and shows the increased number of neuronal cells,
lower microglial activation in transgenic mice model [85]. One more phytochemical named celastrol
also reveals the anti-inflammatory, antioxidative property. Celastrol exhibits an antioxidative effect in
SOD1G93ANSC34 cells by leading MEK/ERK and PI3K/Akt signaling pathways [86] Celastrol protects
the H2O2-induced oxidative stress model by activating the antioxidative pathway in ALS model [86].
The bran oil treatment helps in the significant enhancement of antioxidative enzymes and suppress the
effect of ROS and malondialdehyde (MDA) in rotenone-induced ALS model [170].

ALS study was also conducted in bone marrow-derived mesenchymal stem cells (MSCs) by
activating the SIRT1/AMPK pathway and it is noted a significant decrease in the ALSMSCs compared
to normal healthy control originated BM-MSCs by using resveratrol. Neuro-progenitor markers
were increased in resveratrol treated ALS-MSCs [87]. All these phytochemicals along with the ones
enumerated in the table could be promising therapeutic agents which can be the best alternative of
commercial drugs with negligible side effects Table 1.

3.4. Huntington’s Disease

HD is an annihilative, inherited, and familial illness, with progressive loss of brain and muscle
functions. This is a single-gene disorder in which there is programmed degeneration of neurons
within different regions of the brain. In wild type gene, there are 6-35 CAG repeats in exon 1 of
the Huntingtin (Htt) gene on chromosome number 4 whereas, in the affected persons, this repeat
increases to more than 36 [171]. As a result of this, there is an accumulation of Huntingtin protein in
the neuron causing its death. Almost 95% of GABAergic medium spiny neurons (MSNs) projecting to
substantia nigra and globus pallidus are lost causing atrophy of cortex, thalamus, and hypothalamic
nuclei. The symptoms include concentration problems, short-term memory, tumbling, lack of
focus, clumsiness, depression weight loss, feeding problems, difficulty in speech, uncontrolled face
movements, itching etc. [172]. There is a lot of research going on in the field of HD prevention and
treatment. Many experimental models have been experimentally validated to test the efficacy of
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different drugs. Hitherto, there is no cure for the disease, drugs available only give symptomatic relief.
There have always been natural compounds linked to various diseases and a lot of them have shown
promising effects in preclinical studies.

One of the major factors for the progression of HD is the abrupt function of mitochondria [173].
The activity of complex II of the respiratory chain gets reduced in the affected brain region.
Protopanaxtriol limits the overproduction of free radicals and attenuates the expression of heat
shock protein 70 (Hsp-70), along with the restoration of SOD activity inhibiting the formation of
free radicals. Protopanaxtriol enhances the Nrf2 entry to the nucleus and increases the expression of
Heme oxygenase-1 (HO-1) and NAD(P)H dehydrogenase [quinone]1(NQO1) [88]. Melatonin also has
been shown to reduce neural damage in PD, AD as well as in ischemia-reperfusion injury against
d-aminolevulinic acid and a variety of other neural toxins. In the case of mitochondrial injury,
induced by 3-nitropropionic acid there was a restoration by the treatment with melatonin by leading the
antioxidative pathway [88,174]. Melatonin also rescues the HD animal model from the oxidative stress
induced by 3-nitropropionic acid [89]. Resveratrol attenuates the expression of ATG4 and permits the
lipidation of LC3 and promotes the mortification of the polyQ-Htt accumulation and saves the neuronal
cells against dopamine-induced toxicity [90]. EGCG inhibits the accumulation of misfolded proteins
and oligomerization of mutant Htt exon 1 protein in vitro, which indicates the early interference of
EGCG in the misfolded protein accumulation [175]. In another study, EGCG reduced the cytotoxicity
and polyQ-mediated htt protein aggregation in a yeast model of HD [176]. EGCG attenuates the
adverse effect of misfolded huntingtin protein in early-stage in HD model [91].

One more phytochemical, trans-ε-Viniferin (viniferin), was also found to be effective against
mutant Htt-induced depletion of SIRT3 and thus save the cells from a mutant protein [177]. Viniferin also
plays a crucial role in reducing the level of free radicals and thus participate in the protection of MMP
in the cells having mutant Htt. The presence of mutant Htt indicates the lower deacetylase activity of
SIRT3 which leads to decreased cellular NAD levels with the biogenesis of mitochondrial cells [178].
Viniferin enhances the mitochondrial biogenesis by activation of AMP-activated kinase [92]. It was
reported that systemic 3-NP administration significantly enhances the level of lipid peroxidation (LPO),
nitrite and lactate dehydrogenase (LDH), downregulate the antioxidant enzyme (superoxide dismutase
and catalase) levels, and inhibit the synthesis of ATP by blocking the activity of mitochondrial
complex in the different regions (striatum and cortex) of the brain [179]. Figure 5. The root extract
of Withania somnifera is used against 3-NP-induced gait abnormalities, mitochondrial dysregulation,
and oxidative stress, in striatum and cortex of the rat brain, in vivo model [93]. The detailed functions
of phytochemicals are well explained in Table 1.

3.5. Vascular Cognitive Impairment

Vascular cognitive impairment is distinguished by a specific cognitive profile involving preserved
memory with impairments in attentional and executive functioning [180]. Vascular dementia should
be broadened to recognize the important part cerebrovascular disease plays in several cognitive
disorders, including the hereditary vascular dementia, multi-infarct dementia, post-stroke dementia,
subcortical ischemic vascular disease and dementia, mild cognitive impairment, and degenerative
dementias (including Alzheimer’s disease, frontotemporal dementia, and dementia with Lewy bodies).
Alzheimer’s disease (AD) and vascular dementia (VD) share key pathologies including oxidative
damage, oral supplement of phytochemical medicines, which are well-known for their antioxidant
properties, can be a viable therapy for both types of dementia. In this study, the therapeutic potential
of the Aster ageratoides extract (AAE), was found to be effective in experimental rat models of AD and
VD. These results provided evidence that AAE supplements can exert anti-AD and -VD efficacies
and suggested that AAE might be used as an edible phytotherapeutic for the two major types of
dementia [94]. Another study suggested that bilobalide (BB) protected against learning and memory
impairments, neuronal apoptosis, and oxidative stress in a rat model of AD induced by Aβ25–35 peptide.
Additionally, the inhibition of TNF-α and Aβ1–40 expression is also involved in the action mechanism of
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BB in this experimental model. The results indicated that BB has protective effects on Aβ25–35-induced
learning and memory impairments and neuronal oxidative damage [95]. Ginkgo biloba extract (EGb 761)
is widely used to treat cerebral disorders. EGb761 increases proliferation of neural stem cells in the
subventricular zone and dentate gyrus, and significantly improves learning and memory in rats with
vascular dementia. Studies reported the effects on endogenous NSCs in rat models of vascular dementia
and NSCs in the mouse cochlear. G. biloba seemed to slow down the cognitive deterioration in patients
with VCI, but the effect was shown in only one of the four neuropsychological tests administered [96].
In a randomized, double-blind, placebo-controlled clinical trial G. biloba standardized extract showed
effectiveness against vascular cognitive impairment [97]. Huperzine A is a new type of Lycopodium
alkaloid monomer isolated from Huperzia serrata. It inhibits acetylcholinesterase activity and increases
levels of acetylcholine in the brain thereby improving cognitive function in patients with dementia [98].
A total of 92 participants were included in the two studies, with 46 in the Hup A group and 46 in the
control group. The number of patients in the individual studies ranged from 14 to 78, and the duration
of trial ranged from 12 to 24 weeks [99].

Figure 5. Diagrammatic presentation of Huntington Disease progression and protection of neurons
with phytochemicals: 6-35 CAG repeats lead to the formation of Huntingtin protein which consequently
accumulates in the neurons and damage motor neurons. In the early stage, damaged motor neurons
result in short term memory while on a later stage, this condition changes into depression, weight loss,
and many more. The studied phytochemicals generally work against free radicals and restrict the
accumulation of Huntingtin protein in the cells. This inhibition further leads to neuronal survival.
Resveratrol works on LC3 lipidation while protopanaxtriol and viniferin leads to the antioxidative
pathway and restore the function of mitochondria to protect the neurons and stop further accumulation
of Huntingtin protein in neurons.

Stroke is itself not a neurodegenerative disease but can lead to a secondary neurodegeneration.
It has been known to be a major cause of VCI. It is the third major cause of death in brain disorders
worldwide [181]. There is a sudden cessation of transient or permanent reduction of the blood flow to
a particular area in the brain leading to deficiency of oxygen, glucose, and energy. The main region
affected in the case of Ischemia is cornu ammonis 1 (CA1) of the hippocampus [182]. There is the
death of pyramidal neurons of the CA1 region, delayed to 4 to 5 days of ischemia, hence the name is
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“delayed neuronal death” (DND). It is followed by a series of pathological processes working together
including excitotoxicity, oxidative stress, apoptosis, inflammation, gliosis of astrocytes, and microglia in
the CA1 region after ischemia/reperfusion. There is a huge burden of the depletion of the endogenous
antioxidants and loss of mitochondrial function engendering neuronal death via intrinsic programmed
cell death causing behavioral and histological alterations [183]. All this is followed by the breakdown
of BBB causing edema. Edema activates the secretion of proinflammatory cytokines like TNF-α, IL-1β,
and IL-6 by activated immune cells [184]. The oxidative stress pathway along with the inflammatory
and apoptotic pathway causes further loss of neurons and brain tissues expanding the infarct area [184].
The treatment of this dreaded disease may lie in the science of phytochemicals. Many studies showing
prevention against stroke have been extensively published, some of them are discussed below.

Resveratrol has been used in one of the studies where it is reported that pretreatment of
resveratrol improved the neuronal functions by lowering the chances of ischemic injury in in vivo
model. Additionally, it also inhibits axonal deterioration and promotes neuronal growth and synaptic
formation. In in vitro study, it is found to be effective against oxygen-glucose deprivation/reoxygenation
(OGD/R) injury and promoted neural stem cell (NSC) proliferation [100]. SIRT 1 is involved in
the Shh signaling arbitrated the effects of resveratrol on the OGD/R injury neuronal model [100].
Its administration leads to neuronal survival, reticent the apoptosis, and synaptic formations with the
upregulation of SIRT1. In rat stroke model, resveratrol slows down the ischemic injury and upgraded
the neuronal functions by Sonic Hedgehog Signalling [101]. Ginkgolide B stimulated the proliferation
and differentiation of neural stem cells in the in vivo models of NSCs in the rat brain following cerebral
ischemia, thereby increasing the proportion of neurons to improve neurological outcomes [102].
Ginkgolide B is a potential neuro-protectant and in a study, the cellular and molecular mechanisms
were dissected out by following the BDNF, EGF, and Suppressor of cytokine signaling 2 (SOCS2) [185].
Another phytochemical, curcumin, extensively studied shows beneficial effect in case of stroke too.
The role of inflammation is the key factor in raising the problem of the ischemic stroke. Curcumin has
shown the neuroprotective effect in the in vivo model of brain ischemia by showing anti-inflammatory
properties [186]. It has also shown protection against ischemic injury in N2a cells and mouse brain
with stroke [103]. Curcumin plays a significant role in neuronal survival and proliferation in the
model of global brain ischemia [104]. EGCG, another phytochemical, also can remove the free radicals
by increasing the antioxidative enzyme level and also downregulating the MMP-9. It inhibits the
neuronal damage in transient focal cerebral ischemia instigated by middle cerebral artery occlusion
(MCAO) in mice. It follows the mTOR-AMPK pathway in stressed ER and impaired the oxidative
stress responses and enhance autophagy-dependent survival. It also promotes cell multiplication,
differentiation, neovascularization, tube formation, and cell homing by associating the vascular
endothelial growth factor (VEGF), regulation of BAX, Bcl-2, LC3B, caspase-3, mTOR and Beclin-1 [187].
It has also protected HBMVECs from Ischemia/Reperfusion injury by ameliorating apoptosis and
autophagy and promoting neurovascularization [105]. EGCG has a protective effect on rat brain
injury induced by MCAO, possibly by modulating the PI3K/Akt/eNOS signaling pathway [106].
Baicalein also has shown a promising effect in the subacute phase of cerebral Ischemia/reperfusion
(I/R) injury in a rat model of ischemia-induced by occlusion of the middle cerebral artery (MCA).
Furthermore, it is showed that baicalein inhibits the expression of NF-κB by reducing the IκBα
phosphorylation and nuclear translocation of NF-κB/p65, this cascade of signaling molecules is
associated with the down-regulation of the pro-inflammatory factors IL-6, IL-18, and TNF-α [107].
Additionally, baicalein inhibits the phosphorylation of ERK, p38, and JNK. These key molecules
were involved with the modulation of microglia/macrophage M1/M2 polarization. Studies show the
antioxidative activity by decreasing the expression of caspase-3 along with increasing the Bcl-2/Bax
ratio, thus protecting the neurons. Baicalein follows the PI3K/Akt/mTOR signaling pathway via
decreasing the LC3-II/ LC3-I ratio [188]. Figure 6. Ligusticum chuanxiong is used as a therapy for
cerebrovascular and neuronal diseases. It works against OGD-reoxy-induced injury and can induce
protective HSP-70 expression via the activation of the MAPK pathway [108]. Sinomenine, a natural
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phytochemical shows the neuroprotection by behaving as an anti-inflammatory and anti-apoptotic
agent in a mouse model of middle cerebral artery occlusion (MCAO) and astrocytes/microglia treated
with oxygen-glucose deprivation (OGD). It was observed that OGD downregulates the p-AMPK and
at the same time activates the inflammasome NLRP3 in mixed glial culture (in vitro model) [109,189].
Honokiol, the main biphenyl neolignan, also shows the antioxidative effects, anti-inflammatory,
anti-apoptotic activity. It helps to reduce the cerebral infarction [190]. Honokiol attenuates the
inflammatory reaction during cerebral ischemia-reperfusion via inhibiting the by NF-κB activation and
cytokine production of glial cells [110]. Zingerone targets the oxidative stress and provide protections
in focal transient ischemic rats model [111]. Zingerone (4-(4-hydroxy-3-methoxyphenyl)-2-butanone) is
an innocuous, easily available, and economically cost-effective compound with promising therapeutic
effects. Having anti-inflammatory, antispasmodic, antioxidative properties, zingerone protects against
oxidative stress and damage. It leads to the antioxidative pathway for protection, thus help
against ischemic insult [111]. Perillyl alcohol ameliorates the condition of ischemia-reperfusion
injury via inhibition of the oxidative damage by following the NF-κB, COX-2, and NOS-2
associated pathway in in vivo Rat model [112]. It is also reported that piperine vanquishes the
cerebral ischemia–reperfusion-induced inflammation anti-inflammatory pathway i.e., NOS-2, COX-2,
and NF-κB [113]. The list of phytochemicals and the associated mechanisms are explained in Table 1.

Figure 6. Overall pathogenesis of neuronal loss in ischemic stroke and their prevention by
phytochemicals. Oxidative stress, found in the neurons of the ischemic brain is prevented by
resveratrol and curcumin. These phytochemicals also prevent the inflammation and apoptosis induced
by oxidative stress. Baicalein prevents the formation of inflammasome reducing inflammation and
edema. Resveratrol activates SMO/GLI pathway leading to the development of hippocampal neuronal
circuit. It also activates the PI3K/Akt/mTOR pathway leading to cell survival. Another phytochemical
ginkgolide B acts on MEK/ERK/SOCS2 pathway causing inhibition of inflammation in neurons.

3.6. Prion Disease

Prion disease is also known as transmissible spongiform encephalopathies (TSE) and is the only
naturally occurring infectious protein misfolding disorder. Human prion disease is caused by the
unnatural conversion of normal prion protein (PrPc) into an abnormal form of a protein called prions
(PrPsc), it stands for pertinacious infectious particles [191]. PrPc is a surface glycoprotein expressing

381



Biomedicines 2020, 8, 284

in multiple tissues, however, it is highly expressed in the CNS [192]. The onset and progression of
the prions disease are explained by the “protein only-hypothesis”, wherein it is understood how a
protein self-replicates without a nucleic acid. It claims that PrPc itself is the infectious agent [193].
During the progression of prion disease, the infectious protein PrPsc aggregates and becomes resistant
to proteinase digestion. This is followed by PrPsc-seeded conversion of PrPc into PrPsc, therefore,
resulting in the high accumulation of PrPsc in an individual, which leads to neurodegeneration and the
clinical manifestation of the disease [194]. This disease is classified as rare both in the progression and
manifestation [195].

Several studies have been done to identify the potent agents for drug development for Prion disease.
In a recent study, synthetic human prion protein (PrP 106-126) was used as an inducer to manifest
prion diseases like signaling. Baicalein from Scutellaria biacalenesis attenuated ROS production and also
inhibited ROS-induced mitochondrial dysfunction in PrP 106-126-induced-SH-SY5Y. JNK plays an
important role in PrP 106-126-induced neuronal apoptosis in SK-N-SH cells, however, baicalein inhibited
the JNK signaling in SK-N-SH cells [114]. Resveratrol, a flavonoid with several bioactivities is
also known to prevent the PrP 106-126-induced neurotoxicity in SH-SY5Y and SK-N-SH cells by
activating autophagy. Thus preventing the mitochondrial dysfunction, apoptosis, and neuronal cell
death [115]. Autophagy is a cellular mechanism opted by several phytochemicals to protect against
PrP-106-126-induced neurotoxicity, hinokitiol is a monoterpene that activates autophagy and it inhibits
apoptosis through stabilization of hypoxia-inducible factor (HIF)-1α, which is important for the
regulation of oxygen homeostasis [116]. Rutin has been found to prevent the PrP 106-126-induced
neurotoxicity in mouse hippocampal cell line (HT22). Their results showed that rutin was able to
increase the expression levels of neurotrophic factors like BDNF, glial cell-derived neurotrophic factor
(GDNF), and nerve growth factor (NGF). They also observed the inhibition in apoptosis through
suppression of FASL, FAS, caspase 8, and by inhibiting the activity of caspase 3 [117]. Table 1 enlist
various neuroprotectant phytochemicals used in the case of Prion disease.

3.7. Frontotemporal Dementia (FTD)

FTD is a term that encompasses a broad group of heterogeneous progressive neurological
syndromes. These are non-Alzheimer dementias characterized by the atrophy in the frontal and
temporal lobe [196]. As frontal and temporal lobes are highly affected in this disease, the functions
controlled by these areas are the outcome of FTD such as behavior and language. Some people
with FTD have drastic behavioral and personality changes that make them socially inappropriate
and impulsive whereas some people lose the ability to use language [197]. Some other common
symptoms include lack of inhibition, apathy and judgment, repetitive compulsive behavior, decline in
personal hygiene, eating the inedible objects, and loss of sensitivity towards another person’s
feelings [198]. FTD can be categorized into three common variant syndromes; behavioral variant
FTD (bvFTD), non-fluent/agrammatic variant primary progressive aphasia (nfvPPA), semantic variant
PPA (svPPA) [199]. A subtype of FTD is Pick’s disease (PiD) which is a neurodegenerative condition
that results in irreversible dementia where an excessive amount of tau inclusions known as Pick
bodies is a key pathological feature [200]. Pick bodies are round argyrophilic neuronal inclusions.
PiD causes cortical atrophy affecting frontal and temporal poles including limbic systems, neocortex,
and dentate granular cells of the hippocampus. Such neuronal degenerations result in behavioral
changes/alterations and personality disorders [201]. The early signs for PiD are apragmatism and
mutism. Some studies refer to PiD as Niemann-Pick disease (NPD) based on the name of the scientist
who reported the first case [200].

Not many phytochemicals have been explored for their effect on FTD. Nicotine, a plant alkaloid
has been found to have a correctional effect on the behavior of Grn-/- (progranulin gene) mice.
Haploinsufficiency of progranulin levels is the result of any mutation in the Grn gene, which is one of
the cases of FTD [118]. Mice with insufficient amounts of progranulin secrete inflammatory cytokines
at elevated levels and develop microgliosis [202,203]. This study reported that daily intervention
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of nicotine reversed the sociability and improved the behavioral change in the Grn-/- mice [202].
A traditional Chinese herbal medicine known as Yi-Gan San also known as Yokukansan in Japan
containing a mixture of seven dried herbs Atractylodes lancea, Cnidium officinale, Uncaria rhynchophylla,
Angelica acutiloba, Poria cocos, Bupleurum falcatum, and Glycyrrhiza uralensis in a ratio of 4:3:3:3:4:2:1.5 [204]
was found to alleviate behavioral changes in patients with FTD [205]. Extracts of Piper nigrum (fruit)
and Curcuma longa (rhizome) also inhibited the AChE significantly which is considered one of the key
targets for therapeutic strategies against dementia [119]. The nanoformulation of curcumin can be a
promising agent against Niemann-Pick disease type C astrocytes [120]. Curcumin has been reported to
have several medicinal properties, wherein it was observed that nanoformulations of curcumin were
able to increase cytosolic calcium ion levels and cell viability in astrocytes [120]. Another compound
δ-tocopherol was found to decreased cholesterol levels and also lipid accumulation, it also reduced
lysosomal enlargement. It was also reported to increase intracellular Ca2+ levels [121]. A study by
Nekohashi et al., reported that quercetin and luteolin significantly decreased the cholesterol levels as
cholesterol [122] as cholesterol is one of the key characteristics of PiD. The details of phytochemicals
are given in Table 1.

3.8. Spinocerebellar Ataxia (SCA)

SCA is a term used to refer to hereditary (autosomal dominant) ataxias, these are neurodegenerative
conditions affecting the cerebellum (movement controlling) part of the brain and the spinal cord [206].
It comprises a large group of neurodegeneration characterized by cerebellar ataxia with oculomotor
dysfunction, dysarthria, also affecting the brain stem. The resulting ataxia is an outcome of atrophy
in the cerebellum [207]. All types of SCA are associated with the loss of coordination in eye and
hand movements including speech. SCA usually has an adult-onset and the progression is gradual,
therefore worsening with time [208]. To date, 44 types of SCA have been identified and classified as
SCA1 through SCA44. Many SCAs are an outcome of CAG nucleotide repeat expansion encoding
polyglutamine, resulting in the involvement of toxic polyglutamine protein (polyQ). The most recent
genetic cause of SCA44 reported in 2017 [209].

The focus on nutraceuticals against this disease is not that much, however, trehalose is a natural
compound abundantly found in invertebrates, plants, and microorganisms. Studies have shown
that it has a neuroprotective effect exhibited through interaction with protein folding. Analog of
trehalose, melibiose has been reported the combat neurotoxicity/neurodegeneration by upregulating
autophagy [123]. Melibiose significantly inhibited the aggregation of polyQ decreased ROS levels.
It also displayed potential in decreasing SCA17TBP/Q79 and significant inhibition to Purkinje cell
aggregation in SCA17 transgenic mice [124] Table 1.

3.9. Spinal Muscular Atrophy (SMA)

SMA is a genetic disorder characterized by the atrophy in skeletal muscle. The onset of SMA
takes place due to the loss of motor neurons that regulate muscle movement. It results in weakness
and makes the movement or any physical activity challenges, this condition worsens with time [210].
This disease is caused by the inadequate production of survival motor neuron (SMN) which is mainly
expressed by gene SMN1. SMN2 is also responsible for the production of SMN but relatively far
less. [211]. Mutations in SMN1 such as alter or loss results in observed in patients with SMA [212].
The presence of additional third or more copies of the SMN2 gene partially compensates for the damage
caused due to the SMN1 gene and milder symptoms are seen in patients [213]. It mainly affects infants
and restrict physical movement. SMA is categorized into five types (0-IV) based on the age of the
patient and the severity of the disorder [214].

Since SMA is a genetic disorder, the plant products that can reverse or correct the damage are to
be identified. Brucea javanica and its major compound as found to be bruceine D were found to have
SMN2 splicing-correcting property. This study showed that they corrected the splice defect and also
increased the activity of SMN2 significantly. B. javanica was able to ameliorate the muscle defects [125].
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Triptolide is another phytochemical that showed a significant effect in combating SMA in SMA-like
mice. The results showed that triptolide isolated from Tripterygium wilfordii elevated the production
of SMN protein and transcription of SMN2 both in vivo and in vitro experimental models. Hsu et al.
concluded that triptolide is a modulator of SMN expression. Triptolide enhances the expression of
transcript and protein levels of survival motor neurons in human SMA fibroblasts and improves
survival in SMA-like mice [126] Table 1.

4. Conclusions

This review focuses on the use of phytochemicals as a preventive approach to neurodegenerative
disorders as they are cost-effective, readily applicable, and easily accessible compounds with a
promise in future use. On the other hand, there have always been limitations to the clinical use
of these phytochemicals. The main issue focuses on the bioavailability and digestibility of these
natural compounds in the body of the patients. Blood–brain barrier is another hurdle in the use of
phytochemicals for problems related to the nervous system. Moreover, it is time-consuming therapy
for effectiveness against the disease.

Natural products possess variable neuroprotective properties, which can be exploited to target
ND therapeutically. Phytochemicals have multi-targeted applications with numerous advantages
over currently targeted drugs on the market and have limited adverse reactions. They can also
help in developing food supplements and tonics from the edible plants possessing neuroprotective
activity. However, given the complexities and heterogeneity of phytochemicals, a cautious approach is
necessary to define herbal mixtures and compositions of different compounds for treatment purposes.
Keeping this in mind, more preclinical and clinical studies are being conducted. Finally, these plants
and other remaining body of studies can very well be executed in not only designing safer drugs to
combat the NDs but also preventing the onset. Consequently, this review will abet the researchers for
further extensive study in this field.
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Abstract: This systematic review sought to determine the effects of treadmill exercise on the neural
mitochondrial respiratory deficiency and neural mitochondrial quality-control dysregulation in
Parkinson’s disease. PubMed, Web of Science, and EMBASE databases were searched through March
2020. The English-published animal studies that mentioned the effects of treadmill exercise on neural
mitochondria in Parkinson’s disease were included. The CAMARADES checklist was used to assess
the methodological quality of the studies. Ten controlled trials were included (median CAMARADES
score = 5.7/10) with various treadmill exercise durations (1–18 weeks). Seven studies analyzed
the neural mitochondrial respiration, showing that treadmill training attenuated complex I deficits,
cytochrome c release, ATP depletion, and complexes II–V abnormalities in Parkinson’s disease. Nine
studies analyzed the neural mitochondrial quality-control, reporting that treadmill exercise improved
mitochondrial biogenesis, mitochondrial fusion, and mitophagy in Parkinson’s disease. The review
findings supported the hypothesis that treadmill training could attenuate both neural mitochondrial
respiratory deficiency and neural mitochondrial quality-control dysregulation in Parkinson’s disease,
suggesting that treadmill training might slow down the progression of Parkinson’s disease.

Keywords: treadmill exercise; Parkinson’s disease; neural mitochondrial functions

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
causing a considerable number of disabilities globally [1,2]. The underlying mechanisms
of PD are unclear, making it difficult to find efficient targeted therapies [3]. The current
treatment of PD addresses symptomatic improvement only because none of the available
treatment strategies have been confirmed to slow down PD progression [2].

Recently, neural mitochondrial respiratory deficiency has emerged as a central hall-
mark of Parkinsonian etiology [4,5]. In PD, the electron transport system of the neural
mitochondria is impaired, mainly characterized by mitochondrial complex I deficit, cy-
tochrome c release, and ATP depletion [6]. Impaired mitochondrial respiration in the brain
increases oxidative stress and neuron loss, thereby augmenting PD progression [4].

Studies have also linked neural mitochondrial respiratory deficiency to neural mi-
tochondrial quality-control dysregulation in PD [7,8]. In the physiological condition,
neural mitochondrial quality-control involves a balance among biogenesis, dynamics (fu-
sion/fission), and mitophagy (autophagy of mitochondria) [7]. Mitochondrial biogenesis
produces the new mitochondria and mitochondrial content, accompanied by mitochondrial
fusion to maintain a healthy mitochondrial network [9]. Meanwhile, mitochondrial fis-
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sion segregates the damaged mitochondria and provides those for the mitophagy process,
preventing the accumulation of dysfunctional mitochondria in the brain [10].

In PD, the biogenesis regulators and import machinery of neural mitochondria are
reduced, leading to inhibition of mitochondrial biogenesis [11]. Additionally, PD has been
confirmed to induce an imbalance of neural mitochondrial dynamics (fusion/fission) [4].
Moreover, the mitophagy process has been proven to be impaired with reductions of
lysosomal activities in PD [12]. Disorders of biogenesis, fusion/fission, and mitophagy
reduce the quantity and quality of neural mitochondria, leading to a neural mitochondrial
respiratory deficiency in PD [4,7].

Treadmill exercise (TE) has been widely applied in PD rehabilitation [13,14]. Previous
evidence indicated that TE training improved both the symptoms and the quality of life
in PD patients [13]. In addition, a previous study showed that TE training improved gait
functions by modulating neural mitochondrial dynamics in a PD rats model [15]. Another
study reported that TE training reduced both neuron loss and behavioral disorders by
improving mitochondrial respiration in a PD mouse model [16]. Those data suggested
that TE training not only improves symptoms but also delays PD progression by attenuat-
ing PD-induced neural mitochondrial damage. However, the various approaches of the
individual studies make it difficult to comprehensively understand the effects of TE on
neural mitochondria in PD. Although several systematic reviews have been carried out to
summarize the neuroprotective effects of TE training on PD, none of them specifically ana-
lyzed neural mitochondrial respiratory deficiency and neural mitochondrial quality-control
dysregulation.

Therefore, we conducted a systematic review of animal studies to summarize the
effects of TE training on mitochondrial functions in PD, focusing on the following objectives:
(1) The effects of TE training on neural mitochondrial respiratory deficiency in PD; and
(2) The effects of TE training on neural mitochondrial quality-control dysregulation in PD,
including neural mitochondrial biogenesis, neural mitochondrial dynamics (fusion/fission),
and neural mitophagy.

2. Materials and Methods

2.1. Protocol and Registration

The protocol of this systematic review was registered on PROSPERO with the reg-
istration number: CRD42020164122. We followed “the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) checklist” [17] and “the PRISMA for
abstract checklist” [18] to conduct and report this systematic review.

2.2. Eligibility Criteria

Types of study designs: controlled-trial animal studies with separate experimental
groups. The studies were English publications without any restriction of publication date.
Protocol articles, case reports, reviews, and conference abstracts were excluded from this
systematic review.

Types of animal models: animal models of PD. Sex, age, and species of the subjects were
not restricted. Studies were excluded if they did not provide sufficient data about the
animal species or the PD induction (model types and timing).

Types of intervention: treadmill exercise (TE) training without any restriction of the
protocol. The information about timing, duration, and frequency must be provided. Studies
that evaluated the effects of TE in combination with the other therapies were excluded.

Type of comparators: studies that at least reported a comparison among a normal group,
a sedentary PD group, and a TE-trained PD group. The normal control group must not be
treated with any other therapeutic methods.

Type of outcomes: for the effects of TE training on neural mitochondrial respiratory
deficiency in PD (the first objective), our outcomes were the components of the electron
transport system (complexes I–V, cytochrome c, coenzyme Q10) and ATP production. For
the effects of TE training on neural mitochondrial quality-control dysregulation in PD
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(the second objective), our outcomes included neural mitochondrial biogenesis, neural
mitochondrial dynamics (fusion/fission), and neural mitophagy. The neural mitochondrial
biogenesis outcome was measured through biogenesis regulators and translocase factors.
The neural mitochondrial dynamic outcome was measured through fusion factors and
fission factors. The neural mitophagy outcome was measured through dysfunctional
mitochondria detectors, autophagosomal factors, and lysosomal factors.

2.3. Information Sources and Search Strategy

Relevant studies were identified by keywords searching on PubMed, Web of Science
and EMBASE databases through March 2020, with a combination of the terms: (“Parkinson”
OR “Parkinsonism” OR “Parkinsonian”) AND “treadmill” AND (“mitochondria” OR “mitochon-
drial” OR “mitochondrion” OR “mitophagy” OR “ATP” OR “SIRT” OR “AMPK” OR “PGC-1α”
OR “TFAM” OR “NRF” OR “mito-fusion” OR “mito-fission”). We also reviewed references
of the included studies to find other eligible papers. Briefly, the titles and abstracts of
studies were screened to exclude duplications and irrelevant studies that did not mention
the relevant information of Parkinson’s disease and exercise in their abstracts. Then, full
texts were assessed and read to see if they met the eligibility criteria. Two independent
assessors conducted the process of study selection. When a disagreement occurred, two
assessors discussed with a third consultant to make the final decision.

2.4. Data Collection Process

Two independent reviewers extracted the data (including study characteristics and
outcomes) by reading the text, graphs, and tables of the included studies. If the data
were not available, we contacted the corresponding authors to request it. For study
characteristics, we extracted the data of the first author’s name, published year, PD model
(type, species, and sex), and TE protocol (timing, frequency, duration, and speed). For
the outcome extraction, we extracted the data of neural mitochondrial respiration, neural
mitochondrial biogenesis, neural mitochondrial dynamics (fusion/fission), and neural
mitophagy.

2.5. Study Quality Evaluation

The study quality was evaluated by using the “Collaborative Approach to Meta-
Analysis and Review of Animal Data from Experimental Studies” (CAMARADES) checklist
with ten items [19]. Two authors independently evaluated and filled in the predesigned
datasheets of the CAMARADES checklist, then disagreements were resolved by discussing
among the two evaluators and the third consultant.

2.6. Data Synthesis and Presentation

The results of the search strategy are shown in the PRISMA flowchart and the nar-
rative synthesis. Text and tables were used to present the study characteristics and the
outcomes. For presentation of study characteristics, the summaries of the PD models, TE
protocols, and types of outcomes are provided. For presentation of the outcomes, the effects
of TE on neural mitochondrial respiratory deficiency and mitochondrial quality-control
dysregulation in PD are described in the comparison among the normal control group, the
PD group, and the TE-trained PD group.

3. Results

3.1. Search Results

A total of 76 articles were found from PubMed (n = 15), Web of Science (n = 28), and
EMBASE (n = 33) (Figure 1). After title and abstract screening, we removed 50 records:
31 duplications and 19 irrelevant studies. After full-text reviewing, we excluded 15 studies,
including 1 erratum paper, 2 reviews, 4 conference abstracts, and 1 ex-vivo study. In
addition, we excluded 2 studies that did not use TE, 4 studies that did not mention our
outcomes, and 1 study that was missing data. There were two publications that came from
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one group of authors, conducting the same protocol and reporting the same outcome in
one year. We considered them as one study, therefore reported one study and excluded the
other. Besides, the studies that came from the same group of authors and conducting the
same protocol, but reported different outcomes were considered as separated publications
to discuss. Finally, ten publications were included in the current systematic review. No
additional articles were found by reading the reference lists of the included studies.

Figure 1. PRISMA flow chart for the selected protocol.

3.2. Study Characteristics

Types of PD models: rats and mice were used with two models, including the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model (n = 6) and the 6-hydroxydopamine
(6-ODHA) model (n = 4). Eight studies used young animals (7–8 weeks old), whereas two
studies used middle-aged animals (6–10 months old) (Table 1).
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Type of TE training protocol: there were three types of TE protocol: preventive training
(n = 2), treatment training (n = 6), and both preventive and treatment training (n = 2). The
exercise duration ranged from 1 to 18 weeks. TE training was conducted 3–7 days/week,
20–60 min for each session. The speed of the TE ranged between 10 m/min to 21 m/min
(Table 1).

Type of outcome: the included studies analyzed substantia nigra (n = 7), striatum (n = 7),
and hippocampus (n = 1). For the electron transport system outcome, six studies reported
the expression of neural mitochondrial complex I–V and cytochrome c. One study reported
the ATP production outcome. For the mitochondrial biogenesis outcome, six studies
evaluated the levels of neural mitochondrial biogenesis regulators, including sirtuin-3
(SIRT3), sirtuin-1 (SIRT1), AMP-activated protein kinase (AMPK), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α), Nuclear respiratory factor 1 and
2 (NRF-1,2), and mitochondrial transcription factor A (TFAM). Two studies reported the
alterations of import machinery, including translocase of the outer membrane 20 and 40
(TOM-20, TOM-40), translocase of the inner membrane-23 (TIM-23), and mitochondrial heat
shock protein (mtHSP70). For the mitochondrial dynamic outcome, two studies reported
fusion proteins, i.e., dynamin-like 120 kDa protein (OPA-1) and mitofusin-1,2 (MFN-1,2),
as well as fission proteins, i.e., dynamin-related protein-1 (Drp-1) and the phosphorylation
at Ser637 of Drp-1 (Drp-1Ser637). For the mitophagy outcome, three studies reported the
dysfunctional mitochondria detector proteins, i.e., PTEN-induced kinase-1 (PINK1), parkin,
and p62; autophagosomal proteins, i.e., beclin-1 and microtubule-associated protein 1A/1B-
light chain 3 (LC3II); as well as lysosomal proteins, i.e., lysosome-associated membrane
proteins 2 (LAMP2) and cathepsin L (Table 1).

3.3. Outcome Summary
3.3.1. Effects of TE Training on Neural Mitochondrial Respiratory Deficiency in PD

Three studies analyzed the effects of TE training on mitochondrial complex I in
PD [15,23,26]. Two of those showed that the protein levels of complex I were reduced in PD
compared to normal, whereas TE training enhanced their levels in PD [15,26]. However, the
other study observed that the protein levels of complex I were similar among the normal
control group, the PD group, and the TE-trained PD group [23].

Two studies observed that the protein levels of cytochrome c in neural mitochondria
were reduced in PD compared to normal, whereas TE training increased those levels
in PD [20,24]. One study reported that ATP production was reduced in PD compared to
normal, whereas TE training enhanced ATP production in PD [25].

Five authors accessed the expression of complexes II, III, IV, and V, reporting different
results [15,20,21,23,26]. One study reported that the protein levels of complexes II, III, IV,
and V were unchanged among the normal control group, the sedentary PD group, and the
TE-trained PD group [26]. The other study showed that the protein levels of complex II and
complex V were reduced in PD compared to normal and those levels were restored by TE
training in PD, whereas the protein levels of complex III and complex IV were unchanged
among the normal control group, the PD group, and the TE-trained PD group [23]. Another
study observed that TE training reduced the overexpression of complex II, complex III,
and complex IV protein levels in PD, whereas complex V protein levels were unchanged
among the normal control group, the PD group, and the TE trained-PD group [15]. Two
studies showed that the protein levels of complex IV were reduced in PD compared to
normal, whereas TE training increased those levels in PD [20,21].

3.3.2. Effects of TE Training on Neural Mitochondrial Biogenesis in PD

Six publications analyzed TE effects on biogenesis regulators of neural mitochon-
dria in PD [16,20,22–24,26]. Four of those showed that the protein levels of biogenesis
regulators, including SIRT3 [23], SIRT1 [16,20], PGC-1α [20,26], NRF-1,2 [20,23,26], and
TFAM [20,23,26] were reduced in PD compared to normal, whereas TE training increased
those levels in PD. In the other study that analyzed mRNA and protein levels of biogenesis

405



Biomedicines 2021, 9, 1011

regulators, they observed reduced levels of two biogenesis regulators (AMPK and PGC-1α)
along with increased levels of two others (SIRT1 and TFAM) in PD compared to normal [22].
However, in this study, all of those levels were enhanced by TE training in PD [22]. On the
contrary, another study showed that the mRNA levels of biogenesis regulators (PGC-1α
and TFAM) were increased in PD compared to normal, and those levels were reduced by
TE training in PD [24].

Two studies analyzed the effects of TE on translocase factors of neural mitochondria
in PD [15,21]. One study reported that the protein levels of translocase proteins (TOM-
20, TOM-40, TIM-23, and mtHSP70) were reduced in PD compared to normal, whereas
TE training increased those levels in PD [21]. The other study showed that the level of
translocase protein (TOM-20) in the substantia nigra was reduced in PD and recovered by
TE training, but its level in the striatum was similar among the normal control group, the
PD group and the TE-trained PD group [15].

3.3.3. Effects of TE Training on Neural Mitochondrial Dynamics in PD

Two studies analyzed the effects of TE training on mitochondrial fusion and fission
proteins [15,23]. They reported that the protein levels of fusion proteins (OPA1, MFN2)
were reduced in PD compared to normal, whereas TE training enhanced those levels
in PD [15,23]. Regarding neural mitochondrial fission, one of two studies showed that
the fission protein (Drp-1) was reduced in PD compared to normal, whereas TE training
enhanced those levels in PD [15]. However, the other study showed that the anti-fission
protein level (p-Drp1Ser637) was reduced in PD compared to normal, whereas TE training
enhanced those levels in PD [23].

3.3.4. Effects of TE Training on Neural Mitophagy in PD

Three studies analyzed the effects of TE training on neural mitophagy in PD [15,20,27].
Those studies showed that the levels of mitophagy detector proteins, including PINK1 [15,27],
parkin [27], and p62 [20,27] were increased in PD compared to normal, whereas TE training
reduced those levels in PD. Two of those studies showed that the levels of autophagosomal
proteins, including beclin-1 [20] and LC3 II/I [20,27] were increased in PD compared to
normal, whereas TE training had no effect on their levels in PD. One of those studies
reported that the levels of lysosomal proteins (LAMP2 and cathepsin L) were reduced in PD
compared to normal, whereas TE training enhanced those levels in PD [27].

3.4. Study Quality Evaluation

All of the studies were published in peer-reviewed journals (item 1), providing a
statement of compliance with regulatory requirements (item 9). All of the studies used
validated models of PD (item 7). However, 100% of the studies did not mention allocation
concealment (item 4), blinded assessment (item 5), or sample size calculation (item 8).
Five papers (50%) did not clearly explain the anesthetics process (item 6). Four studies
(40%) did not report the randomization of allocation (item 3). Three studies (30%) did
not provide temperature control (item 2). Two studies (20%) did not provide conflicts
of interest statements (item 10). Together, according to the CAMARADES checklist, the
median quality score was 5.7/10 (Table 2).
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Table 2. The quality of studies basing-on the CAMARADES checklist.

Study
CAMARADES Checklist of Study Quality

1 2 3 4 5 6 7 8 9 10 Total

Koo and Cho, 2017 [20]
√ √ √ √ √ √

6
Koo et al., 2017a [21]

√ √ √ √ √ √
6

Rezaee et al., 2019 [22]
√ √ √ √ √ √ √

7
Chuang et al., 2017 [15]

√ √ √ √ √ √ √
7

Jang et al., 2018 [23]
√ √ √ √ √ √

6
Tuon et al., 2015 [16]

√ √ √ √ √ √
7

Patki and Lau, 2011 [24]
√ √ √ √

4
Lau et al., 2011 [25]

√ √ √ √
4

Ferreira et al., 2020 [26]
√ √ √ √ √

5
Hwang et al., 2018 [27]

√ √ √ √ √
5

Note: (1) Publication in peer-reviewed journal, (2) Statement of control of temperature. (3) Randomization of treatment or control,
(4) Allocation concealment, (5) Blinded assessment of outcome, (6) Avoidance of anesthetics with marked intrinsic properties, (7) Use of
animals with PD, (8) sample size calculation (9) Statement of compliance with regulatory requirements, (10) Statement regarding possible
conflict of interest.

4. Discussion

4.1. Summary of Evidence

Our review findings are synthesized as follows: (1) Treadmill training attenuated neu-
ral mitochondrial respiratory deficiency in Parkinson’s disease, supported by the evidence
that treadmill training normalized the levels of complexes I–V, cytochrome c, and ATP
production in the Parkinsonian brain. (2) Treadmill training optimized neural mitochon-
drial biogenesis in Parkinson’s disease, supported by the evidence that treadmill training
increased or normalized the levels of biogenesis regulators (SIRT3, SIRT1, AMPK, PGC-1α,
NRF-1,2, and TFAM) and import machinery (TOM-20, TOM-40, TIM-23, and mtHSP70)
in the Parkinsonian brain. (3) Treadmill training enhanced the neural mitochondrial fu-
sion in Parkinson’s disease, supported by the evidence that treadmill training increased
mitochondrial fusion factors (OPA-1 and MFN-2) in the Parkinsonian brain. (4) Treadmill
training repaired the impairment of mitophagy in Parkinson’s disease, supported by the
evidence that treadmill training reduced the levels of dysfunctional mitochondria detec-
tors (PINK1, parkin, and p62) and increased the levels of lysosomal factors (LAMP2 and
cathepsin L) in the Parkinsonian brain. Taking these findings with the previously hypoth-
esized pathophysiology of Parkinson’s disease together, we drew a hypothesized figure
(Figure 2), which suggests that treadmill training could counteract the neurodegeneration
of Parkinson’s disease in both the neural mitochondrial respiratory system and neural
mitochondrial quality-control. Our review findings implied that treadmill training might
provide therapeutic effects to slow down the progression of Parkinson’s disease.

As mentioned, the neurodegeneration of Parkinson’s disease on the neural mitochon-
drial respiratory system is characterized by a complex I deficit, cytochrome c release, and
ATP depletion [6]. The included studies showed that treadmill training enhanced the
complex I level, cytochrome c concentration, and ATP production in Parkinsonian neural
mitochondria [15,20,24–26], suggesting that treadmill training could attenuate the neural
mitochondrial respiratory deficiency in Parkinson’s disease. Supportively, previous evi-
dence showed that treadmill training increased brain-derived neurotrophic factor (BDNF),
which activated neural mitochondrial complex I in Parkinson’s disease [28,29]. Of note, a
mitochondrial complex I deficit induces oxidative stress and cytochrome c release, promot-
ing neural apoptosis in Parkinson’s disease [4,7,30]. Treadmill training appeared to enhance
BDNF and complex I level to reduce the progressive development of Parkinson’s disease.
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Figure 2. The hypothesized figure. The figure shows the structure of the electron transport system and the cycle of
mitochondrial quality-control. The electron transport system includes complexes I–V and cytochrome c, taking the primary
responsibility for producing ATP (adenosine triphosphate) in neurons. Neural mitochondrial quality-control is the balance
among mitochondrial biogenesis, mitochondrial dynamics (fusion/fission), and mitophagy (autophagy of mitochondria).
Mitochondrial biogenesis produces the new mitochondria and mitochondrial content, controlled by biogenesis regulators
(e.g., SIRT3, SIRT1, AMPK, PGC-1α, NRF-1,2, and TFAM). SIRT3/SIRT1/AMPK activates PGC-1α, then PGC-1α binds
with NRF-1,2 in both the nucleus and mitochondria. In the nucleus, PGC-1α and NRF-1,2 promote the production of
nuclear-encoded mitochondrial proteins. Nuclear-encoded mitochondrial proteins are imported into mitochondria, which
involves the import machinery (e.g., TOM, TIM, and mtHSP70). In the mitochondria, PGC-1α and NRF-1,2 bind with TFAM
to activate replication, transcription, and translation of mitochondrial DNA. Mitochondrial fusion merged mitochondria
to the large mitochondrion, regulated by OPA-1 in the inner membrane and MFN-2 in the outer membrane. When the
mitochondria are damaged, Drp-1 promotes mitochondrial fission to segregate and provide dysfunctional mitochondria
for the mitophagy process to destroy. In the mitophagy process, the overexpression of detectors (e.g., PINK1, parkin,
p62) on the dysfunctional mitochondrial membrane recruits autophagosomal factors (e.g., beclin-1 and LC3II) to form
an autophagosome. Supported by LAMP2, the autophagosome fuses with lysosomes, destroying the dysfunctional
mitochondria by enzymes (e.g., cathepsin L). In Parkinson’s disease, the evidence shows that complex I, cytochrome c, and
ATP production in the mitochondria are reduced. Moreover, the mitochondria quality-control is dysregulated in Parkinson’s
diseases, characterized by biogenesis reduction, fusion/fission imbalance, and mitophagy reduction. The included studies
suggested that treadmill training activated complex I, cytochrome c, and ATP production. Additionally, treadmill training
was shown to optimize the levels of mitochondrial biogenesis regulators (SIRT3, SIRT1, AMPK, PGC-1α, NRF-1,2, and
TFAM), translocase factors (TOM-20, TOM-40, TIM-23, and mtHSP70), fusion proteins (OPA-1 and MFN-2), and lysosomal
factors (LAMP2 and cathepsin L) as well as reducing dysfunctional mitochondrial detectors (PINK1, parkin, and p62). These
data imply that treadmill training could attenuate neural mitochondrial respiratory deficiencies and neural mitochondrial
quality-control dysregulation in Parkinson’s disease.
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In the current included studies, the abnormal expression of complex II, complex III,
complex IV, and complex V in Parkinson’s disease were varied [15,20,21,23,26]. Consistent
with those data, previous studies showed that the alterations of complexes II–V in Parkin-
son’s disease were diverse, which seemed to be remodeled in response to the complex I
deficits [5,11,30]. The current included studies showed that treadmill training normalized
the levels of neural mitochondrial complexes II–V, suggesting that treadmill training pre-
vented the abnormal remodeling of complexes II–V in Parkinson’s disease. In addition to
Parkinson’s disease, a previous study showed that 12-week treadmill training attenuated
the deficits of neural mitochondrial complexes I–IV in the brain of a Huntington’s disease
mice model [31]. Another study reported that 36-week treadmill training normalized the
protein levels of complexes I–V in the cerebral cortex and hippocampus of 40-week-old
rats compared to 5-week-old rats [32]. Therefore, we further hypothesized that treadmill
training could repair the impairment of the electron transport system in neurodegenerative
disorders.

In the physiologic condition, mitochondrial biogenesis is regulated to optimize the
neural energy status and guarantee neuronal survival [9]. In Parkinson’s disease, α-
synuclein binds with genes to inhibit the expression of mitochondrial biogenesis reg-
ulators in the brain [33]. The current included studies showed that treadmill training
increased or normalized the levels of biogenesis regulators (SIRT3, SIRT1, AMPK, PGC-
1α, NRF-1,2, and TFAM), as well as the import machinery (TOM-20, TOM-40, TIM-23,
and mtHSP70) [16,20,22–24,26], suggesting that treadmill training could optimize neural
mitochondria biogenesis to attenuate the neural energy deficits in Parkinson’s disease.

One theory explained that exercise increased oxygen consumption, promoting
metabolism challenge and mitochondrial adaptive responses, and thus, the recovery of
neural mitochondrial biogenesis [34]. Another researcher suggested that treadmill training
may reduce α-synuclein accumulation in Parkinson’s disease, thereby increasing the trans-
lation of biogenesis regulators and the import of nuclear-encoded mitochondrial proteins
into mitochondria [20]. Therefore, our review findings suggested that treadmill training
could improve neural mitochondrial biogenesis in Parkinson’s disease. Additionally, one
study showed that 12-week treadmill training also increased the protein levels of biogenesis
regulators (SIRT1, PGC-1α, and TFAM) along with the reduction of beta-amyloid accumu-
lation in the brain of Alzheimer’s disease rats model [35]. Another study reported that
12-week treadmill training enhanced neural mitochondrial biogenesis in a Huntington’s
disease mice model, as evidenced by increases in the ratio of mitochondrial DNA/nucleus
DNA in the brain [31]. Overall, we further hypothesized that treadmill training could
improve neural mitochondrial biogenesis in neurodegenerative disorders.

In the current review, we found that treadmill training activated neural mitochondrial
fusion in Parkinson’s disease, as evidenced by increases of mitochondrial fusion factors
(OPA-1 and MNF-2) after treadmill training in the Parkinsonian brain [15,23]. Supportively,
a previous study showed that 12-week treadmill training increased the levels of fusion pro-
teins (OPA-1 and MNF-2) in the hippocampus of an Alzheimer’s disease mouse model [36].
The improvement of neural mitochondrial fusion could reduce the genome mutations and
protect the healthy neural mitochondria against the neurodegenerative progression.

Regarding neural mitochondria fission, two included studies reported opposite find-
ings [15,23]. One study showed that neural mitochondrial fission was increased in PD and
reduced by TE training [23]. In contrast, another showed that neural mitochondrial fission
was reduced in PD and restored to normal by TE [15]. One possible explanation for such a
discrepancy is that neural mitochondrial fission is controlled by neural optimization and
homeostasis, which are different among Parkinson’s disease models [23]. Supportively,
a previous study reported that 12-week treadmill exercise normalized the protein levels
of fission factors (Drp-1) in the hippocampus of Alzheimer’s disease mice model [36].
However, due to the lack of studies, the effect of treadmill training on neural mitochondrial
fission was not provided by the current systematic review.
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In addition, our review found that treadmill training restored the mitophagy process
in Parkinson’s disease. In the included studies, treadmill training reduced mitophagy detec-
tors (PINK1, parkin, and p62) but there was no change in autophagosomal factors (beclin-1
and LC3II) in Parkinson’s disease [15,20,27], suggesting that treadmill training reduced
the accumulation of dysfunctional mitochondria as well as maintained autophagosome
flux in Parkinson’s disease. Moreover, treadmill training has been shown to upregulate
lysosomal proteins (LAMP2 and cathepsin L) in Parkinson’s disease, implying that tread-
mill training increased the activities of the lysosome to fuse with the autophagosome and
destroy dysfunctional mitochondria in neural cells [27]. The underlying mechanisms of
those benefits may be associated with treadmill training-reduced α-synuclein aggregation
in the Parkinsonian brain [20,27]. In addition to Parkinson’s disease, a previous study
reported that 12-week treadmill training also enhanced mitophagy in an Alzheimer’s dis-
ease mice model, as evidenced by reductions in the levels of dysfunctional mitochondrial
detectors (PINK1 and p62) [37]. Thus, we hypothesized that treadmill training prevents
the progressive development of neurodegenerative disorders partially through improving
neural mitophagy.

4.2. Study Quality Evaluation

In the current systematic review, we used the CAMARADES checklist to evaluate
the methodological quality of the included studies strictly. Because the included studies
conducted treadmill training on animals, it is not possible to allocate them in a blinded
manner. As is common in animal studies, none of the included studies calculated sample
size or used blinded outcome measurements. However, most of the included studies
randomly allocated experimental groups and declared no conflicts of interest, suggesting
that those studies had no or only minor selection bias and reporting bias. Furthermore,
all of the included studies were published in peer-reviewed journals—credible resources.
Although there were two publications that were from one group of authors and conducted
the similar protocol, they conducted with different sample sizes and reported different
aspects of neural mitochondrial functions [24,25]. Similarly, the other two publications
were from another group of authors and had the similar protocol, but provided different
outcomes [20,21]. Therefore, the data analysis issues (or reporting bias) in those studies
might be considered as moderate concern. Taken together, the reviewed findings from
the included studies are reasonable. However, due to a lack of data and some concerns
mentioned above, further studies need to be conducted to support our review findings.

4.3. Limitations

There were several limitations in our systematic review. First, we only collected the
English-published articles with full text, and therefore, we did not include the evidence
from non-English articles, conference articles, unpublished articles, or locally published
articles. Second, most of the included studies used young animals (n = 8), and all of the
included studies used toxin models, but not genetic models. Furthermore, eight of ten
studies used male animal models, but not female animal models. All those biases men-
tioned above limited the generalizability of our review findings to the entire Parkinson’s
disease population. Third, the studies reviewed herein used treadmill training with various
duration (1–18 weeks) and intensities (10–21 m/min). Most of the included studies (n = 9)
did not compare durations or intensities of treadmill training on neural mitochondrial
functions in Parkinson’s disease. Therefore, the current systematic review cannot provide
evidence for the optimal protocol of treadmill training in Parkinson’s disease. Finally, it
should be noted that neural mitochondrial dysfunction in Parkinson’s disease involves
many factors such as oxidative stress, neuro-inflammation, α-synuclein accumulation, and
calcium flux [4]. Our systematic review reported the therapeutic effects of treadmill training
on neural mitochondrial functions in Parkinson’s disease but cannot provide cause-effects
of why treadmill training could attenuate neural mitochondrial respiratory deficiency and
neural mitochondrial quality-control dysregulation in Parkinson’s disease.
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4.4. The Implications for Future Research

In the studies reviewed here, treadmill training appeared to improve both symptoms
and neural mitochondrial function in Parkinson’s disease animal models. An included
study showed that, alongside the enhancement of mitochondrial functions, stride length
and swing speed in Parkinsonian rats were enhanced after one month of treadmill train-
ing [15]. The other included study reported that, along with neural mitochondrial functions
improvement, rest tremor and rigidity in Parkinsonian mice were reduced after 6 weeks of
treadmill training [23]. Those results suggested that there may be a possible correlation be-
tween symptoms and neural mitochondrial function in Parkinson’s disease. Supportively,
in clinical observations, a previous randomized controlled clinical trial showed that tread-
mill training improved symptoms and quality of life in Parkinson’s disease patients [38].
Moreover, a previous systematic review showed that treadmill training improved the cog-
nitive function of Parkinson’s disease patients [39]. Thus, we hypothesized that treadmill
training might reduce the motor and cognitive impairments in Parkinson’s disease patients
partially through improving neural mitochondrial functions. Further clinical studies should
address the correlation between symptoms and mitochondrial function in Parkinson’s
disease patients with treadmill training.

As mentioned, there were two included studies showed that treadmill exercise train-
ing before the onset of PD might also maintain neural mitochondrial functions in animal
models of PD [16,22]. Consistently, a previous study provided that 8 weeks of treadmill
training could enhance neural mitochondrial biogenesis regulator (PGC-1α protein) as well
as neural mitochondrial DNA in the hippocampus of the healthy aged mice (21-month-
old) [40]. Another study showed that long-term treadmill training (36 weeks) could increase
the protein expressions of neural mitochondrial electron transport chain (complex I, III,
and IV) as well as neural mitochondrial biogenesis (SIRT-1, PGC-1α, AMPK) in the hip-
pocampus of 42-week-old healthy rats [32]. Those findings implied that treadmill training
might control both neural mitochondrial respiratory functions and neural mitochondrial
quality-control to prevent or attenuate the damage of neurodegeneration, including PD.
Supportively, regarding clinical evidence, a previous systematic review and meta-analysis
has been shown that exercise training could reduce the risk of PD [41]. Therefore, people
with the high-risk of neurodegeneration or the neurodegenerative patients should devote
themselves to exercise training with treadmill exercise as one choice.

The animal models of PD used in the included studies, including MPTP model and
6-ODHA model, have been proven to be the reliable models and are commonly used to
mimic PD in animals [42]. In MPTP model, once entering brain blood barrier, MPTP directly
inhibit neural mitochondrial complex I, thereby reduce neural mitochondrial respiration
and damage neural mitochondrial functions [42,43]. MPTP has been proven to induce
oxidative stress (the accumulation of MPP+ could produce reactive oxygen species) and
neuroinflammation (MPTP could activate macrophages, microglia) [43]. In 6-ODHA model,
previous evidence proved that 6-ODHA not only generate reactive oxygen species, but
also interact with mitochondrial complex I and complex IV to inhibit neural mitochondrial
respiration [42]. It should be noted that, in PD, both neural oxidative stress and neuroin-
flammation could further promote neural mitochondrial dysfunction [44,45]. Alongside
the improvement of neural mitochondrial functions, the results of the included studies
showed that treadmill training could enhance the levels of antioxidants (e.g., superoxide
dismutase) in both neural cytoplasm and neural mitochondria in MPTP mice [20,25] as well
as reduce the levels of pro-inflammatory cytokines, including TNF-α, IFN-γ, and IL-1β
level in the striatum and hippocampus of 6-ODHA mice [16]. Supportively, a previous
study showed that 14-day treadmill training reduced neural oxidative stress in PD, as
evidenced by the decreased levels of lipid peroxidation in the striatum of 6-ODHA rats [46].
Another study provided that 4-week treadmill training could attenuate neuroinflammation
via the inactivation of microglia in MPTP mice [47]. Those findings might suggest that
treadmill exercise could protect neural mitochondrial functions due partially to attenuating
the damage of neural oxidative stress and neuroinflammation on neural mitochondria
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in PD. This issue needs to be addressed in the further studies to clarify the complicated
interdependences among the mechanisms of neurodegenerative disorders, including PD.

Epidemiological statistics showed that men have higher risks and proportion to suffer
from Parkinson’s disease than women in all ages [48]. This phenomenon might be also due
partially to the gender-specific characteristics of neural mitochondria. Evidence indicated
that the activities of neural mitochondrial electron transport system (complex I–V) and
neural mitochondrial capacities in males was lower than that in females [49]. Moreover,
the dysregulation of genes associated to neural mitochondrial respiration (neural oxidative
phosphorylation) has been proven to be stronger in males when compared to females in PD,
suggesting that neural mitochondria in males are more sensitive to the damage of several
Parkinsonian mechanisms (e.g., neuroinflammation, neural oxidative stress) than that in
females [48]. Supportively, another study provided that estradiol (a hormone in females)
could restore the number of hippocampal mitochondria in aged rats (24-month-old), imply-
ing that estradiol could maintain neural mitochondrial biogenesis in females [50]. Basing
on the differences in neural mitochondrial functions between two genders mentioned here,
we might hypothesize that the effects of the same protocol of treadmill training in neural
mitochondrial respiratory function as well as neural mitochondrial quality-control in two
genders might be different. Therefore, in order to further understand the mitochondria-
related effects of treadmill exercise as well as to find the suitable protocol of treadmill
training for each gender in PD, further studies are required to evaluate and compare the
benefits of treadmill exercise on neural mitochondrial functions in both males and females,
regarding the underlying mechanisms (e.g., genes, hormones).

Because treadmill exercise is widely applied for symptomatic improvement in pa-
tients with Parkinson’s disease [38], the highlighted issue for future clinical trials is how
to determine the optimal protocol of treadmill training, which could slow down the pro-
gression and improve symptoms in Parkinson’s disease patients. To establish this issue,
it is necessary to have an efficient method to measure the change of Parkinson’s disease
mechanisms during and after treadmill training. Recently, the evidence has suggested that
31 phosphorus-magnetic resonance spectroscopy (31P-MRS) is a promised approach for the
evaluation of mitochondrial function in Parkinson’s disease patients in both the rest-stage
and moving-stage [5]. Although the application of 31P-MRS on Parkinson’s disease needs
to be further investigated, future studies should determine the optimal protocol of tread-
mill training on neural mitochondrial function in Parkinson’s disease by carrying out TE
training on Parkinson’s disease patients with a 31P-MRS monitor.

5. Conclusions

Our systematic review summarized the recent evidence from animal studies to deter-
mine the effects of treadmill training on the neural mitochondrial respiratory deficiency
and neural mitochondrial quality-control dysregulation in Parkinson’s disease. From the
included studies with various Parkinson’s disease models and treadmill training proto-
cols, both preventive treadmill training and treatment training were shown to positively
affect neural mitochondria in the Parkinsonian brain. Overall, the review found that
treadmill training could attenuate the abnormalities of neural mitochondrial complexes
I–V, cytochrome c, and ATP production, as well as improve the neural mitochondrial
biogenesis, neural mitochondrial fusion, and neural mitophagy in Parkinson’s disease. Our
systematic review suggested that treadmill training might attenuate the neurodegeneration
of Parkinson’s disease on neural mitochondria, leading to prevention of or delaying the
development of Parkinson’s disease.

Further interdisciplinary studies are required to investigate the effects of treadmill
training on the neural mitochondrial respiratory system, biogenesis, dynamics, and mi-
tophagy in both genetic models and toxin models of Parkinson’s disease. Additionally,
clinical studies should clarify the possible therapeutic applications through different exer-
cise interventions into neural mitochondrial dysfunction in Parkinson’s disease.
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